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Abstract

EBSD Investigation of High-Temperature Magnetite from Apatite-Iron-Oxide Deposits:
Implications for the Formation of Giant Kiruna-Type Deposits
Jens Henriksson

European iron production is to a large extent dependant on massive Kiruna type apatite-iron ore deposits.
In this contribution, high-temperature magnetite samples from apatite-iron-oxide deposits are
investigated by means of Electron Backscattered Diffraction. However, the origin of Kiruna-type
deposits is still unresolved. Although magmatic processes are likely, it is not clear how small-scale
processes can form giant Kiruna-type deposits. The sample suite consists of magnetite samples from six
global apatite-iron-oxide deposits: the famous Kiirunavaara deposit and the Malmberget deposit, both
located in northern Sweden, the Grängesberg deposit in south-central Sweden, the iconic El Laco deposit
in north-eastern Chile, the Bafq deposit in central Iran, and the Varena deposit in south Lithuania. Fe-O
systematics has been conducted to complement existing δ18O and δ56Fe isotope data and ensure
magmatic origin of the samples from the Malmberget deposit (n=6) and the Varena deposit (n=2). This
is the first effort to characterise magnetite samples from apatite-iron-oxide deposits utilising EBSD. In
total, twelve EBSD maps have been produced. Evaluation of the EBSD data have been performed to
quantify the preferred orientation of the magnetite crystals. Four deposits, with Kiirunvaara being the
prime example, shows no preferred alignment of the magnetite crystals. Whereas the El Laco samples
exhibits a strong preferred alignment of {111}. The EBSD data from magnetite samples in equilibrium
with a magmatic source indicate that apatite-iron-oxide deposits are formed in both intrusive and
extrusive environment and that magmatic crystal accumulation is a key process in aggregating magnetite
to form large and even giant Kiruna-type deposits.

Keywords: Kiruna-type deposit, electron backscattered diffraction, crystal settling, Fe-O systematics,
crystal alignment
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Populärvetenskaplig sammanfattning

EBSD-undersökning av högtemperaturmagnetit från apatit-järnmalmsfyndigheter:
Implikationer för bildningen av gigantiska fyndigheter av Kiruna-typ
Jens Henriksson

Europeisk järnmalmsproduktion är i stor utsträckning beroende av massiva apatit-järnmalmsfyndigheter
av Kiruna-typ. I det här arbetet, undersöks magnetitprover av hög-temperaturs ursprung från olika apatit-
järnmalmsfyndigheter med Elektron Bakåtspridande Diffraktion. Bildningsmekanismen av apatit-
järnmalmsfyndigheter av Kiruna-typ är än idag oklar. Bevisen indikerar magmatiska bildningsprocesser,
det är dock fortfarande oklart hur småskaliga magmatiska processer bildar gigantiska apatit
järnmalmsfyndigheter av Kiruna-typ. Provserien består av magnetitprover från sex globala apatit-
järnmalmsfyndigheter: den världsberömda Kiirunavaara fyndigheten och Malmberget fyndigheten, båda
lokaliserade i Norrbotten, Sverige, Grängesberg fyndigheten i Bergslagen, Sverige, den ikoniska El
Laco fyndigheten i nordöstra Chile, Bafq fyndigheten i centrala Iran, och Varena fyndigheten i södra
Litauen. För att fastställa ett magmatiskt ursprung och komplettera befintlig δ18O och δ56Fe isotopdata
har Fe-O-systematik utförts på magnetitproverna från Malmberget (n=6) och Varena (n=2). Det här är
den första dokumenterade EBSD-undersökningen av magnetitprover från apatit-järnmalmsfyndigheter.
Totalt tolv EBSD-kartor har producerats. Utvärdering av EBSD-data har utförts för att kvantifiera den
föredragna riktningen på magnetitkristallerna. I fyra fyndigheter, med Kiirunvaara som typexempel,
uppvisar magnetitkristallerna ingen föredragen riktning, medan magnetitproverna från El Laco uppvisar
en tydlig föredragen riktning längs {111}. EBSD-data från magnetitprover i jämnvikt med en magmatisk
källa påvisar att apatit-järnmalmer bildas i både intrusiva miljöer och extrusiva miljöer och att
magmatiskackumulation är en nyckelprocess för att aggregera magnetitkristaller och bilda stora till
gigantiska apatit-järnmalmsfyndigheter av Kiruna-typ.

Nyckelord: apatit-järnmalm av Kiruna-typ, elektron bakåtspridande diffraktion, kristallutfällning, Fe-
O-systematik, föredragen kristallinriktning
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1. Introduction
Kiruna-type deposits or Apatite-Iron-Oxide (AIO) deposits are of global economic significance (SGU,

2020). Approximately 90% of all European iron ore production is sourced from two AIO deposits in

northern Norrbotten, Sweden (LKAB, 2022; Kaunis Iron 2021; SGU, 2020), namely, the Kiirunavaara

deposit and the Malmberget deposit, both operated by Loussavaara-Kiirunavaara AktieBolag (LKAB).

The formation mechanism of AIO deposits is one of the longest ongoing debates in ore geology. A

recent investigation on samples from AIO deposits utilising Electron Backscattered Diffraction (EBSD)

revealed that the apparently massive grains in the AIO magnetite ore from Kiruna in fact consist of

countless tiny crystals, of apparently random orientation (Andersson, 2020). This realization now

provides an opportunity for a revision of genetic formation scenarios on textural grounds but requires a

systematic micro-textural investigation. The project thus aims, to by means of EBSD analysis,

investigate the crystals alignment of magnetite samples from six AIO localities (Fig. 1). Three Swedish

AIO deposits: the iconic Kiirunavaara deposit and the Malmberget deposit, both in northernmost

Sweden as well as the Grängesberg deposit in south-central Sweden. In addition, three AIO deposits

outside Sweden will be investigated: The famous El Laco deposit in northeastern Chile, the Bafq deposit

in central Iran, and the ambiguous Varena deposit in southernmost Lithuania.

Figure 1. Global overview map showing the location of the investigated AIO ore deposits: Kiirunavaara,
Malmberget, Grängesberg, El Laco, Bafq and Varena.
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1.1 The apatite-iron-oxide concept
Herein, the term AIO refer to magnetite-hematite-apatite deposits of Kiruna-type, not to be confused

with nelsonites, which are mainly composed of apatite and ilmenite (Dymek & Owens, 2001).

AIO deposits occur globally, and range in age from Paleoproterozoic to Quaternary. The ore bodies

commonly occur in packages of andesitic to trachytic volcanic rocks, where the volcanic rocks proximal

to the ore have a more mafic character (Geijer, 1931; Jonsson et al., 2013; Velasco et al., 2016; Heidarian

et al., 2017). Large AIO deposits that are of economic interest generally constitute massive stratabound

lenses, surrounded by ore breccias (Martinsson et al., 2016). Magnetite dominates the AIO ore bodies,

but subordinate amounts of hematite and fluorapatite also occur (Fig. 2). Accessory minerals, present in

the ore and/or the host rock include, but are not limited to: actinolite, anhydrite, gypsum, calcite,

phlogopite, talc, epidote, titanite, pyrite, chalcopyrite, pyrrhotite and Rare Earth Element (REE) bearing

phases as monazite, xenotime and allanite (Harlov et al., 2002; Majka et al., 2013; Nordstand &

Andersson, 2013; Jonsson et al., 2016). Chemically, the AIO ore is characterised by high phosphorous

(up to 20%) and vanadium contents (up to 0.1%), as well as low titanium (< 0.31%) and chromium

contents (< 200 ppm) (Loberg & Horndahl, 1983). Alteration in AIO deposits is multifaceted, but

albitisation is consistently present (Hildebrand, 1986; Naranjo et al., 2010; Heidarian et al., 2017).

Figure 2. Magnetite samples from five out of the six investigated AIO deposits. a) Apatite banded magnetite ore
from Kiirunavaara. b) Magnetite ore sample from the Kiirunavaara deposit, Sweden, showcasing two
generations of magnetite crystals were a coarse-grained vein crosscuts the fine-grained groundmass. c) Coarse-
grained apatite-bearing magnetite sample from the Malmberget iron ore deposit. d) Apatite bearing magnetite
ore from the Grängesberg iron ore deposits (Image from Stephens et al., 2009). e) Magnetite sample with large
crystals of syngenetic apatite from the Chador-Malu deposit, Bafq (Image from Majidi et al., 2021) f) Magnetite
sample from El Laco, with what appears to be crossbedding (Image from Nyström et al., 2016).
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Formation of the AIO deposits is temporally associated with changes in magma affinity, when

subduction related calc-alkaline magma changes towards a more alkaline affinity (Witschard, 1984;

Martinsson & Perdahl, 1995). Injection of the magma into zones of crustal weakness and subsequent

assimilation of evaporitic beds at mid-crustal levels, facilitates unmixing, forming an iron-oxide melt

and a silicate melt (Frietsch et al., 1997; Martinsson et al., 2016; Bain et al., 2021; Peters et al., 2021).

Several formation mechanisms have been suggested for AIO deposits since the beginning of the

2000th century (Geijer, 1910, 1931; Parak, 1975; Hildebrand, 1986; Nyström & Henríquez, 1994; Sillitoe

& Burrows; 2002). Presently two main genetic models of Kiruna-type deposits prevail; 1) hydrothermal

origin and 2) magmatic origin. The model of hydrothermal origin suggests that the AIO deposits are

formed through metasomatic replacement of the andesitic host rock and can therefore be included as an

iron-rich endmember of the Iron-Oxide-Copper-Gold (IOCG) classification (Hildebrand, 1986; Hitzman

et al., 1992; Hitzman, 2000; Sillitoe & Burrows, 2002; Dare et al., 2015;).

The model of magmatic origin of AIO deposits was originally proposed by Geijer (1910, 1931, 1967)

suggest that AIO deposits are formed directly from an iron-rich silicic melt, and therefore must be

distinguished from hydrothermal IOCG deposits. Recent work, mainly conducted on the Kiirunavaara

and the El Laco deposits further supports the purely magmatic to magmatic-hydrothermal origin. It is

proposed that AIO deposits are formed from a hot, volatile-rich Fe-oxide melt. The interpretation is

based on: stable isotope data (Nyström et al., 2008; Jonsson et al., 2013; Bilenker et al., 2016; Tornos

et al., 2016; Troll et al., 2019; Peters et al., 2020), major element, trace element and REE distribution

data (Frietsch & Perdahl, 1995; Simon et al., 2018; Knipping et al., 2019a; La Cruz et al., 2019; Palma

et al., 2019; Palma et al., 2020), liquid immiscibility experiments (Lester et al., 2013; Hou et al., 2018;

Xie et al., 2019), inclusion petrography and microthermometry (Bain et al., 2021), floatation

experiments (Knipping et al., 2019b) textural grounds (Nyström, 1985; Nyström & Henríquez, 1994;

Henríquez & Nyström, 1998; Nyström et al., 2016; Ovalle et al., 2018) and structural grounds (Nyström

& Henríquez, 1989; Andersson, 2013).

An ongoing discussion among the researchers suggesting a magmatic origin of AIO deposits revolves

around the magmatic process responsible for the formation of AIO deposits. Two main processes are

suggested, in here referred to as the model of liquid immiscibility and the model of crystal fractionation

and possibly cumulative and/or flotation processes. The group favouring the liquid immiscibility model

suggests that an originally iron-rich, silicic melt is separated through liquid immiscibility, into one silicic

melt and one Fe-rich melt. Where the later melt subsequently crystallises as the AIO deposit (Nyström

& Henriquez, 1994; Andersson, 2013; Tornos et al., 2016; Velasco et al., 2016; Hou et al., 2018; Xie et

al., 2019). The group arguing for a model of crystal fractionation and cumulative or floatation processes

instead suggest that AIO deposits are formed through bubble flotation, with magma ascent during

decompression (Ovalle et al., 2018; Knipping et al., 2019a; Knipping et al., 2019b).
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Both crystal fractionation with subsequent cumulative and/or flotation processes and liquid

immiscibility explains how individual magnetite crystals and aggregates of magnetite crystals are

formed in a melt. However, the subsequent process forming giant Kiirunavaara sized deposits remains

unresolved.

1.2 Project objective
Previous work on magnetite samples from AIO deposits indicated that the massive ores may be

comprised of complex crystal populations (Troll et al., 2019; Andersson 2020), which requires further

investigation. Electron Back Scatter Diffraction (EBSD) will be utilised for microtextural investigation.

Detailed microtextural EBSD investigation of magnetite from AIO ore samples have never been

documented. The aim is thus to characterise samples from six AIO deposit using EBSD and compare

the findings to known geological process, with the aim to further expand the understanding of

mechanisms involved in AIO deposit formation. In addition, stable isotope systematics will be used to

ensure that all sampled analysed by EBSD originate from a high-temperature (high-T) magmatic/fluid

source.

Isometric crystals are assumed to behave isotropic in all types of geological systems. However,

computational modelling of homogeneous flows suggests that rigid bodies align with the flow direction

(Wittig et al., 2012; Richter & Nikrityuk, 2013; Marques et al., 2014; Bazargan et al., 2019). In

octahedral magnetite, flow alignment occurs along one of its three crystallographic axes, resulting in an

alignment of {111} (Baer et al., 1997; Palmer & MacDonald, 1999). By evaluating the alignment of the

magnetite crystals, we can further understand the different process forming giant Kiruna-type deposits.

The aim of this thesis is to:

1. Determine isotope signatures for the magnetite from Malmberget and Varena deposits.

2. Characterise microtextures and structures in the massive AIO ores with EBSD in respect of

a single or multiple crystal populations.

3. To resolve whether AIO deposits show crystal alignment. If so, why?

4. Use the textural results to advance our understanding of how giant AIO deposits are

formed.
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2. Geological background
In this thesis 13 magnetite samples from six different AIO deposits will be investigated with EBSD. To

adequately put the acquired data in a context, a sufficient background description regarding the regions

geological evolution is required. Below, this will be provided together with a description of the

individual deposits.

2.1 The Northern Norrbotten ore province
AIO deposits are abundant in the Northern Norrbotten Ore Province and approximately forty apatite-

iron-oxide deposits are currently known (Martinsson, 2004). The two largest AIO deposits in the region

are the Kiirunavaara deposit and the Malmberget deposit, both mined by LKAB. In total, the two mines

produce approximately 90% of all the iron ore in the European union (LKAB, 2022; SGU, 2020).

Additional mineralisations in the region includes numerous porphyry Cu-Au, Banded-iron-formations,

orogenic gold, VMS, stratiform Fe-Cu-Zn, Cu-Au ±Fe and skarn hosted Fe-Mn mineralisations

(Martinsson et al., 2016).

The rocks in the Northern Norrbotten Ore Province (Fig. 3) are dominated by variably deformed and

metamorphosed Paleoproterozoic rocks formed during the 2.0–1.75 Ga Sveckokarelian orogeny

(Bergman et al., 2001; Bergman & Weihed, 2020). The Sveckokarelian rocks are underlain by Archean

rocks and early Paleoproterozoic pre-orogenic rocks, outcropping in the region's northernmost part. In

the westernmost segment of the province, the Precambrian basement is overlain by Ediacaran to

Cambrian metasedimentary rocks, which subsequently have been overthrust by Caledonian nappes

(Bergman, 2018; Bergman et al., 2001).

The initial building blocks of the Fennoscandian shield were formed by tonalaitic-trondhjemitic

magmatism in the ca. 3.1–2.9 Ga Saamian orogeny, followed by intrusions of plutonic rocks into

supracrustal sequences in the Lopian orogeny ca. 2.9–2.6 Ga. (Gaal & Gorbatchev, 1987). Subsequently,

prolonged plume induced extensional tectonics started at ca. 2.5 Ga and formed several shallow marine

basins, climaxing with a continental break up and the development of a passive continental margin at

ca. 2.1 Ga (Gaal & Gorbatchev, 1987; Hanski & Huhma, 2005). Coevally with the basin development

deposition of large amounts of komatiitic to rhyolitic volcanics with intercalations of carbonates and

clastic to pelitic sediments formed the Karelian greenstone belts (Hanski & Huhma, 2005).

The oldest rocks within the Proterozoic greenstone belts belong to the 2.5–2.3 Ga Kovo group which

constitute a basal conglomerate on top of the Archean-Paleoproterozoic unconformity. In turn, the

conglomerate is overlain by amygdaloidal basaltic lava, basaltic-andesitic rocks of calc-alkaline affinity

and volcanogenic greywackes. The lower part of this volcano-sedimentary sequence has subsequently

been intruded by diabase dikes at ca. 2.18 Ga (Martinsson, 1997; Martinsson et al., 2016).

Unconformably overlying the Kovo group is the 2.3–2.0 Ga Kiruna greenstone group which is

dominated by volcanic rocks of tholeiitic affinity. The volcanic rocks range from komatiitic lava flows
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and pillow basalts to andesitic-dacitic tuffs, but also subordinate occurrences of conglomerates with

intercalations of carbonates, evaporites and graphite bearing black schists (Martinsson, 1997).

Figure 3. Simplified geological map of the Northern Norrbotten ore province with known Apatite-Iron-Oxide
mineralisations. KADZ = Karesuando–Arjeplog deformation zone, KNDZ = Kiruna–Naimakka deformation
zone, NDZ = Nautanen deformation zone, PSZ = Pajala shear zone. (Modified after Bergman et al., 2001)

The Kurravaara Conglomerate is a 300 m thick ruditic to arenitic sedimentary package in the Kiruna

area, deposited coevally with the porphyrite group and is mainly derived from the underlying Kiruna

greenstone rocks. In the upper part of the Kurravaara Conglomerate minor intercalations of intermediate

calc-alkaline volcanic rocks occur (Forsell, 1987).
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Svecokarelian supracrustal rocks unconformably overlie the Kiruna greenstone group, in the

following stratigraphic order: the Kurravaara conglomerate and the Porphyrite group (1.91–1.88 Ga),

the Kiirunavaara group (1.89–1.87 Ga) and the Hauki group (<1.88 Ga) (Martinsson et al., 2016:

Bergman, 2018). The porphyrite group rocks form an extensive volcano-sedimentary package, covering

large areas of the Northern Norrbotten ore province. Significant lateral facies variations can be observed

within the Porphyrite group; however, it generally comprises subduction-related, calc-alkaline to alkali-

calcic, andesitic volcanic rocks, interlayered by siliciclastic sedimentary rocks (Martinsson & Perdahl,

1995).

Subsequently, comagmatic emplacement of mildly alkaline magma formed the Kiirunavaara Group

volcanic rocks and the Perthite-Monzonite Suite in an extensional environment at ca. 1.88 Ga,

(Witschard, 1984; Martinsson & Perdahl, 1995). The Kiirunavaara Group rocks are bimodal in

composition and can be distinguished from the Porphyrite Group rocks based on comparatively high

levels of Ti and Zr (Bergman et al., 2001). The largest AIO deposits of Northern Norrbotten ore province

are found within the Kiirunavaara group and have been dated at 1.87–1.86 Ga (Westhues et al. 2016:

Bergman, 2018). Sarlus et al. (2020) suggest that the AIO ore formation is related to an intracontinental

back-arc, within an Archean basement above an E-NE-dipping subduction zone.

Eastward subduction beneath the western margin of the Fennoscandian shield resulted in the

emplacement a large magmatic chain, referred to as the Transcandinavian Igneous Belt (TIB)

(Andersson, 1991; Högdahl et al., 2004). TIB rocks are syn-tectonic to post tectonic in character and

were formed in several episodes (TIB-0, TIB-1, TIB-2+3) from 1.85–1.67 Ga (Andersson, 1991;

Högdahl et al., 2004). The formation of TIB rocks is attributed to a continental arc, were Svecofennian

juvenile crust have been reworked and supplemented by mantle-derived material (Andersson, 1991).

The plutonic TIB rocks are generally alkali-calcic monzogranitoids with a chemical composition ranging

from I-type to A-type (Andersson, 1997). It is not uncommon to observe homogenized hybrids of felsic-

mafic magma-mixing in TIB rocks, typically spatially related to porphyritic TIB granites (Andersson,

1991). Rocks of TIB affinity in the Northern Norrbotten ore province includes monzonites, syenites and

granites (1.79-1.71 Ga), found in the region’s western part and gabbroic intrusions (ca. 1.80 Ga) in the

region’s northeastern part (Romer et al., 1994; Martinsson et al., 2004).

In part coeval with the formation of TIB rocks is the generation of minimal melt granites and

pegmatites of the Lina suite, dated at ca. 1.75 Ga (Sarlus et al., 2018). Lina suite rocks cover most of

the south-central areas around Pajala and Gällivare, while it is less common in the region’s northern

parts (Fig. 3).

The metamorphic grade in the northern Norrbotten ore province ranges from greenschist facies to

upper amphibolite facies (Bergman et al., 2001; Bergman & Weihed, 2021). Limited data indicates that

deformational events coincide with peak metamorphic conditions (Bergman, 2001). In total, three major

Precambrian deformational and metamorphic events are recorded in the Northern Norrbotten ore

province, one event in the Archean and two events in the Svecokarelian. This was followed by brittle
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deformation and low-grade metamorphism in the southern parts of the Northern Norrbotten ore province

at ca. 1.75 Ga (Bergman et al., 2006). Emplacement of the Perthite Monzonite suite and the Lina suite

coincides with the two regional Svecokarelian deformational events, dated at ca. 1.88 Ga and ca 1.80

Ga, respectively (Bergman et al., 2001; Martinsson, 2004a). The extent of the deformation varies in the

Northern Norrbotten ore province, and structurally well-preserved rocks, as well as rocks with a strong

penetrative foliation occur in the region (Bergman et al., 2001). Further evidence of ductile deformation

is recorded in numerous ductile shear zones present in the Northern Norrbotten ore province (Bauer et

al., 2018; Andersson et al., 2021). In general, the shear zones exhibit two dominating trends, NNE-SSW

and NNW-SSE, concordant with the general structural grain of the region (Bergman et al., 2001; Bauer

et al., 2021). The majority of the AIO deposits occur in the vicinity of the major shear zones in the region

(Fig 3.).

2.1.1  The Kiirunavaara AIO deposit
The Kiirunavaara AIO ore deposit is the type-

locality for AIO ore deposits. The first recorded

outcrop observation is from 1696. Although,

phosphorus iron ore was not of commercial interest

until the invention of the Thomas-Gilchrist process

in the mid-1800 hundreds. Larger mining operations

firstly commenced in the early 1900 hundreds, when

the Malmbanan railway from Kiruna to Narvik was

completed. The main Kiirunavaara ore comprises an

over 4 km long, 120–80 m thick main ore body, with

a proved depth extension to at least 2300 m (Geijer,

1910; Bergman et al., 2001; LKAB, 2022).

Several smaller deposits occur in the area around

the main Kiirunavaara deposit, namley, the

Luossavaara deposit and the Per Giejer deposits

(Nuktus, Henry, Rektorn and Haukivaara).

Luossavaara have the same stratigraphic position as

the Kiirunavaara deposit, whereas the Per Geijer

ores are located higher up in the stratigraphy. The

Kiirunavaara ore body is hosted in the middle part of

the Kiirunavaara Group (Fig. 4), emplaced between

the footwall trachyandesite (traditionally referred to

as syenite porphyries) and the hangingwall

porphyritic rhyodacite (traditionally referred to as

Figure 4. Geological map of the Kiruna AIO ore
deposits. Names in black refer to major ore bodies.
(Modified after Martinsson & Perdahl 1993, Romer et
al. 1994 and Bergman et al. 2001)
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quartz-bearing porphyries) (Geijer, 1910). In total, the footwall trachyandesite is ca. 700 m thick and

consist of intermediate to alkaline igneous rocks (Geijer, 1910). The grain size of the footwall

trachyandesite progressively increase with distance from the ore, from fine-grained and feldspar-phyric

towards medium grained (Geijer, 1910). The upper part of the footwall trachyandesite exhibit flow like

textures with increasing nodular content towards each individual flow top, indicating a formation by

repeated eruptive lava flows (Bergman et al., 2001). In the hanging wall rhyodacite, vesicular lapilli tuff

indicates a pyroclastic origin (Martinsson & Hansson, 2004). Breccias with magnetite-actinolite-apatite

filling are developed both in the footwall and hanging wall contacts of the main Kiirunavaara ore body.

At places, veins of magnetite and actinolite extends up to tens of meters into the footwall and the hanging

wall, and locally form rich ore breccias or smaller massive ore bodies (Martinsson, 2004). Occurrences

of columnar and dendritic magnetite suggest rapid crystallization of a supercooled magma (Geijer, 1910;

Nyström, 1985; Nyström and Henriquez, 1989). The apatite content decreases progressively from the

footwall to the hanging wall (Geijer, 1910). Close to the footwall, the ore exhibits well-developed apatite

banding and lamination. Geijer (1967) interpreted the banding as a result of rhythmic crystallisation or

flow banding, developed in a crystallising oxide magma.

Albitisation is extensively developed in the footwall to the Kiirunavaara deposit. Pronounced

albitisation can be observed in the nodular metavolcanics, together with subordinate amounts of

magnetite, actinolite, titanite, and minor tourmaline (Geijer, 1910). U-Pb dating of titanite in the

trachyandesite lava indicates that the albitisation event occurred around 1876 Ma (Romer et al. 1994).

Actinolite is present in and around the contacts of the footwall and the hanging wall, commonly as clast

of wall rock which have been completely replaced by actinolite, both within massive the ore and in the

ore breccia (Bergman et al., 2001).

2.1.2 The Malmberget AIO ore deposit
The Malmberget deposit is located outside the town of Gällivare in the southern parts of the northern

Norrbotten ore province. Early records of mining in Malmberget dates back to the 1660s, but large-scale

operations did not commence until the completion of the Malmbanan railway in year 1888 (Forsström,

1973).

The Malmberget AIO deposit is characterised by a large-scale synform and consist of approximately

20 elongated ore lenses, of which 10 are currently mined. Locally, the ore bodies are divided based on

chemistry, degree of oxidation, and extent of alteration into two ore fields: the Eastern field and the

Western field (Lund et al., 2013).  The Eastern field comprises several isolated magnetite ore bodies

(Fabian, Kapten, Printzsköld, ViRi in Fig. 5), with relatively low amounts of apatite. While the ore

bodies in the Western field (Välkomman, Baron, Johannes, Hens, Skåne, Josefina and Tingvallskulle)

form an elongated, nearly coherent lens of apatite rich magnetite-hematite ore (Martinsson et al., 2013).

Bauer et al. (2018) recognizes at least two ore-bearing horizons in the Malmberget deposit, interpreting

the Western Field, Printzsköld, Alliansen and ViRi as the stratigraphically lower ore horizon, whereas
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the Fabian deposit is interpreted to sit higher in the stratigraphy, structurally positioned in the hinge of

the Malmberget synform.

The ore lenses are hosted in a package of mafic-felsic metavolcanic rocks (traditionally referred to

as leptites in Malmberget), belonging to the Kiirunavaara group (Geijer, 1930; Martinsson et al., 2013;

Bergman et al., 2018). The mafic to intermediate metavolcanic rocks occur proximal to the ore and

comprises several sequences rich in amygdules (Geijer, 1930). In each individual sequence, the

amygdule content progressively increases upwards, indicating several repeated lava flows (Geijer, 1930;

Martinsson et al., 2013). The felsic metavolcanic rocks, most commonly occurring in the western field,

range in composition from trachytic to rhyolitic (Martinsson et al., 2013; Sarlus et al., 2020). The ore

and the metavolcanic succession are frequently intruded and crosscut by rocks belonging to the Lina

granite pegmatite suite (Martinsson et al., 2004).

Figure 5. Geological map over the Malmberget AIO ore deposit. Names refer to specific ore bodies. (m)
indicates the depth of the outlined ore body geometry. (Modified after Bergman et al. 2001 and Lund et al.
2013).

A varied degree of brecciation can be observed within side rock proximal to the ore. Breccia matrix

mainly comprises magnetite, apatite and actinolite, but also lesser amounts albite and scapolite. In

general, the breccia filling progressively transitions from magnetite-rich proximal to the ore, into more

amphibole-dominated with increasing distance from the ore.

At least two deformational events are recognised in Malmberget, which both are related to the

regional deformational events, dated at ca. 1.88 Ga and 1.80 Ga, respectively (Sarlus et al., 2020). A

large-scale fold structure characterises the Malmberget deposit (Bergman, 2001; Bauer et al., 2018).
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Originally, the individual ore bodies belonged to at least two large, coherent ore lenses, which during

folding and stretching was horizontally boudinaged, forming several upright ore bodies (Bauer et al.,

2018).

In contrast to the Kiirunavaara deposit, the Malmberget deposit has been subjected amphibolite facies

metamorphism, contemporaneous with the emplacement of the large Lina granite-pegmatite intrusion

(Fig. 5). Consequently, the host rocks and the ore in Malmberget is more coarse-grained and generally

lacks primary features. In addition, feldspar alteration, scapolitisation and skarn alteration is extensively

developed in the metavolcanic rocks, complicating rock characterisation (Allen, 2022).
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2.2 The Bergslagen ore province
The Grängesberg AIO deposit is situated in the classic ore province of Bergslagen, south-central

Sweden. Records of organised mining in Bergslagen dates back to the 12th century. Today, mining is

still an important industry in Bergslagen and three mines are currently in operation. The Bergslagen

rocks (Fig. 6) were formed during the large-scale, 2.0–1.75 Ga Svecokarelian orogeny (Stephens et al.,

2009; Stephens & Jansson, 2020). The setting of Bergslagen is interpreted to be a back-arc basin, which

was formed inboard the active continental margin (Vivallo & Rickard, 1986; Allen et al., 1996). The

basin was filled with sediments and volcanic rocks, which subsequently were intruded by several suites

of plutonic rocks (Allen et al., 1996; Stephens et al., 2009).

Figure 6. Simplified geological map of the Bergslagen region. (Modified after Stephens et al. 2009).
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The metavolcanic sequences in Bergslagen, dated at ca. 1.91–1.89 Ga, comprises voluminous

bimodal metavolcanic rocks interlayered by carbonates (Allen et al., 1996). In these horizons a multitude

of varied mineralisations occur, but they are predominantly complex base metal sulphide mineralisations

and diversely mineralised oxide mineralisations, commonly rich in iron and/or manganese (Allen et al.,

1996; Andersson et al., 2004; Stephens & Jansson, 2020). The metavolcanic units are stratigraphically

underlain by meta-pelites and stratigraphically overlain by metaargillites. In turn, the meta-supracrustal

succession have been intruded by pre-orogenic, syn-orogenic, and post-orogenic granitoids which by

Stephens et al. (2009) are termed Granitoid-dioritoid-gabbroid (GDG) meta-intrusive rock suite,

Granite-syenitoid-dioritoid-gabbroid (GSDG) intrusive or meta-intrusive rock suite and Granite-

pegmatite (GP) intrusive rock suite, respectively. Rocks of the GSDG suite are also referred to as

Transscandinavian Igneous Belt (TIB) rocks (Andersson, 1991; Högdahl et al., 2004).

The exact details regarding the orogenic evolution of Bergslagen is still debated. Currently two

schools of thought prevail: 1) A model suggesting several overlapping orogenic episodes between 1.92

and 1.79, where the initially linear accreted arcs have been oroclinally bended and rotated (Nironen,

1997; Lahtinen et al., 2005; Lahtinen et al., 2009; Beunk & Kuipers, 2012), and 2) a tectonic switching

model based on Collins (2002) “hot orogen”, where cyclical tectonic switching, alternates between a

retreating and an advancing subduction system, forming several back-arc basins during the lifetime of

the subduction system (Hermansson et al., 2008; Stephens et al., 2009; Stephens & Jansson, 2020).

Bergslagen is characterised by polyphase ductile deformation and polyphase low-pressure and

variable temperature metamorphism, dominantly in the LP-HT amphibolite facies (Stephens et al.,

2009). Although, local areas of granulite facies metamorphism and greenschist facies metamorphism

occur (Andersson et al., 1992; Stephens et al., 2009). Two main anatectic events are recognised, one at

ca. 1.86 Ga and a second one at ca. 1.84–1.80 Ga, coinciding with the emplacement of syn-orogenic and

post-orogenic granitoids (Stephens et al., 2009; Stephens & Jansson, 2020).

As mentioned above, the Bergslagen ore province mainly hosts complex sulphide mineralisation,

diversly mineralised oxide mineralisations and skarn mineralisations. However, an anomalous belt

hosting several AIO deposits exists in the Grängesberg-Ludvika area. The Ap-Fe oxide deposits are

distributed in an NNE direction, from Grängesberg via Blötberget to Idkerberget (Jonsson et al., 2013).

Historically, the largest mining operation has been in the Export field, Grängesberg, which is the sample

locality for this project.
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2.2.1 Grängesberg AIO ore deposit
The metavolcanic rocks in the vicinity of the

Grängesberg AIO deposits exhibit a more

intermediate to mafic composition, compared to the

relatively felsic metavolcanic rocks dominating the

Bergslagen ore province (Geijer & Magnusson,

1944). The host rocks in the Export-field, the main ore

zone of the Grängesberg deposit, comprises variable

feldspar-porphyric meta-dacites to meta-andesites

and subordinate meta-rhyolites (Fig. 7).

At large, the Grängesberg AIO ores mainly

constitute fine- to medium-grained magnetite with

subordinate fine-grained hematite and accessory

amphibole, biotite, and chlorite (Jonsson et al., 2016).

Fluorapatite banding is common in both the magnetite

and hematite dominated ores. The banding is

considered a primary feature which have been

enhanced by later deformation (Jonsson et al., 2016).

Zonation patterns present in the fluorapatite within the

ore bodies exhibits an enrichment in Y+REE towards

the rim of the crystals (Jonsson et al., 2016).

Additional REE bearing mineral constitutes

monazite-(Ce), xenotime-(Y), allanite-(Ce), and

REE-bearing epidote (Jonsson et al., 2016).

Brecciation of the host rocks around the main ore

zone is common. The constituents of the breccia

matrix vary form silicate-dominated to magnetite-

dominated (Högdahl et al., 2013). Two intrusions

exist in the vicinity of the ore (Fig. 7). In the footwall,

west of the main ore zone, a metagranite and

associated pegmatites occurs, while a large gneissic

granodiorite dated at ca. 1895 Ma borders the dacite-andesite footwall east of the main ore zone.

Moreover, subvolcanic dikes of variable compositions crosscut the rocks in and around the Export field

(Högdahl et al., 2013).

Two types of alteration can be observed in the metavolcanic host rock. Large-scale regional Na or K

alteration, and more localised Mg ± K alteration, either as disseminations or as zones rich in

phyllosilicates and calcic Mg-Fe-clinoamphiboles (Geijer & Magnusson, 1944).

Figure 7. Geological map of the main ore zone
in the Grängesberg AIO ore deposit. (Modified
after Jonsson et al., 2013).
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According to Högdahl el al. (2013) three ductile deformation phases (D1-D3) are recognized in the

Grängesberg area, with peak metamorphic conditions reached during D2 at 1.86 Ga (Högdahl et al.,

2013). Large competence contrasts caused strain partitioning during ductile deformation, between the

less competent host rock and alteration zones, and the more competent ore bodies and granite intrusions

(Högdahl et al., 2013). This resulted in strong, penetrative fabric development in the host rock, and the

alteration zones. In contrast, the more rigid ore bodies accommodated strain by forming mega-boudins,

leaving them mainly unaffected by the penetrative deformation (Geijer & Magnusson, 1944; Högdahl

et al., 2013). The folding sequence consist of: F1) upright isoclinal folds with a crenulated foliation and

a steep stretching lineation, F2) double plunging fold with the fold axis parallel to the stretching lineation

of F1, and F3) large scale open folds formed during retrograde conditions (Högdahl et al., 2013).
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2.3 Central Andes
The Plioscene El Laco AIO deposit is situated in

the Andean Central Volcanic Zone (CVZ)

(Nyström & Henriquez, 1994). In addition to the

El Laco deposit, this area hosts several AIO

deposits located in the Cretaceous Chilean Iron

Belt (Fig. 8) (Oyarzun et al., 2002). The Central

Andes is the archetypical example of a non-

collisional orogenic system, where the oceanic

crust subducts below an active continental

margin.

The pre-Andean basement beneath CVZ

mainly consist of igneous and metamorphic rocks

of Paleoproterozoic and Mesoproterozoic age

(Stern, 2004). Accretion along the Pacific margin

of South America started after the breakup of

Rodina in the Neoproterozoic (Ramos, 2009 and

references therein). Since then, several orogenic

systems have formed and accreted onto the Pacific

margin (Charrier et al., 2014). The Current

Andean cycle began in the Early Jurassic by

opening of the Southern Atlantic Ocean

(Pichowiak et al. 1990). In the Late Jurassic, formation of a volcanic arc occurred when the cold and

dense Aluk plate subducted eastwardly underneath the South American plate (Oyarzun et al., 2002).

Rollback of the subducting plate resulted in an extension of the overriding plate, which in turn resulted

in emplacement of batholiths and development of several back-arc basins (Charrier et al., 2014). During

the Late Jurassic minor adjustment within the orogenic system led to cycles of uplift and subsidence,

forming several evaporitic layers.

Subsequently, the emplacement of the Mid-Pacific Superplume in the Early Cretaceous, yielded

major ridge push forces which ultimately resulted in an increased coupling between the subducting and

the overriding plate (Oyarzun et al., 2002). Which in turn, suddenly and completely changed the tectonic

environment in the Central Andes, aborting the extensional regime and changing to a compressional

regime, ultimately closing the back arc basin (Oyarzun et al., 2002).  Increasing crustal scale stresses

consequently emplaced over-pressurized dioritic magmas along the Atacama Fault Zone, which are

thought to be related to the formation of the AIO deposits in the Chilean Iron Belt (Oyarzun et al., 2002).

Figure 8. Conceptual regional map of the Central
Andes. RVA - Recent Volcanic Arc, CIB - Chilean
Iron Belt. (Image from Tornos et al. 2017)
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At about 26 Ma, split of the Farallon Plate, into the Nazca and Cocos plates initiated the current

Andean subduction system (Pardo-Casas & Molnar, 1987). The subduction angle of the Nazca plate is

ca. 25° and descends to a depth of >400 km (Dorbath et al. 1996). The volcanic front (CVZ) stretches

through southern Perú, northeastern Chile, southwestern Bolivia and northwestern Argentina. The CVZ

forms a high elevation terrane (>4,000 m) and contains 44 active volcanic edifices and at least six

potentially active caldera systems. Crustal thickness below the CVZ in many cases reaches >70 km (de

Silva and Francis, 1991).

2.3.1 The El Laco AIO deposit
Mining operations at El Laco have been active between the late 1970s and the late 1990s, and shortly in

2009 (Sillitoe & Burrows, 2002; USGS, 2011). The current reserves are estimated to approximately 730

Mt of ore (Ovalle et al., 2018). The El Laco deposit is part of an andesitic volcanic complex. Totally

constituting seven minor stratovolcanoes, which sits on top of an Ordovician basement composed of

marine sandstone and quartzite. Unconformably overlying the basement is a succession of Mesozoic

and Cenozoic detrital sediments, which envelopes an extensive layer of rhyolitic eruptives deposited in

the Middle to Late Tertiary (Frutos et al., 1990).

Andesitic volcanism forming the El Laco volcanic

complex commenced in the Early Pleistocene.

Whole rock K-Ar dating reveals several pulses of

andesitic volcanism between 5.3–1.6 Ma (Naranjo

et al., 2010). The Volcanic Complex includes

several superimposed andesite and magnetite flows

emanating from a now sub-eroded volcanic plug

(Velasco et al., 2016). Four volcanic  units are

recognised, in stratigraphic order: the Lower

andesite flow, the magnetite ore flow, the Upper

andesite flow and the Later andesite flow (Tornos

& Velasco, 2016). The Lower and Upper andesite

consist of porphyritic lava flows characterised  by

large phenocrysts of plagioclase and pyroxene with

a groundmass abundant in dispersed magnetite

(Tornos & Velasco, 2016).

Several ore bodies, concentrically dispersed

around Pico Laco make up the EL Laco AIO

deposit (Fig 9.). Structure and morphology of the

deposits varies, Laco Norte and Laco Sur comprises

a five layered eruptive sequence which includes: a

Figure 9. Simplified geological map of the El Laco
AIO ore deposit with individual mineralisation named.
(Modified after Tornos et al., 2017).
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basal andesite, pyroclastic magnetite, magnetite lava flow, magnetite bearing pyroclastics, and a top

layer andesite (Nyström & Henríquez, 1994). The other El Laco deposits has been interpreted as dykes,

veins and lava domes (Broman et al., 1999). Presences of columnar magnetite and magnetite spherules

within the massive ore indicates rapid cooling (Nyström & Henríquez, 1989; Nyström et al., 2016).

 Mineralogically the El Laco deposits comprises magnetite, martite, hematite, fluor-apatite, and

pyroxene, where the latter is commonly partly to completely replaced. Martite and hematite most

commonly occur at the surface of outcrops. Apatite is sparse in the massive ore bodies but abundant in

dikes, veins, and sub volcanic bodies. Brecciation of the host rock is present but limited. The breccia

matrix constitutes magnetite, pyroxene, and apatite (Naranjo et al., 2010).

Several stages of alteration are recognized in the El Laco deposit, attributed to the evolution and

cooling of the volcanic system (Naranjo et al., 2010). The first stage includes contact metasomatism and

is evident by extensive scapolitsation. This is temporally followed by a hydrothermal phase where

disseminated pyrite and chalcopyrite were formed. The final, hydrothermal-geothermal phase is

characterised by argillitization and gypsum filling in open spaces (Naranjo et al., 2010).
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2.4 The Bafq-Saghand metallogenic belt
The Bafq-Saghand metallogenic belt in central Iran hosts 39 AIO deposits. In total, the regions iron ore

reserve is estimated to 1500 Mt of ~ 55% Fe (Majidi et al., 2021). In addition to magnetite, some of the

deposits also contains high-grade apatite mineralisations, mined for phosphorous. Currently mined

deposits include Chardormalu (Fe), Choghart (Fe), Se-Chahun (Fe), Lakke Saih (Fe) and Esfordi (P)

(Majidi et al., 2017). Other ore grade mineralisations in the region include Pb-Zn and Mn-Fe deposits

(Majidi et al., 2021).

The Bafq-Saghand metallogenic belt is part of the Central Iranian terrane, which display a complex

mosaic of active and recently active thrust and fold belts (Fig 10a). All faults originate from three first

order fault-systems, trending north, northeast and northwest, respectively. The northeast trending and

the northwest trending fault-system together form the north to south trending, arcuate Kashmar-Kerman

tectonic zone (Fig. 10b). This zone is a result of a combination of thrust and strike-slip movements that

have resulted in a complex regional deformation pattern, including crustal shortening, horizontal block

rotation and localised uplift (Jackson & McKenzie, 1984).

Figure 10. a) Map showing the location of the Kashmar-Kerman zone in Central Iran. b) Simplified structural
map showing the Yazd-, Tabas- and Lut-block, and the Kashamr-Kerman zone stripped in red. Red diamonds
indicate location of iron ore deposits. Black square indicates the area shown in c). c) Simplified geological map
of the Bafq-Saghand area with location of the main deposits marked. (Modified after Madiji et al., 2021).

The geological history of the Central Iran terrane composes several orogenies, ranging from the

Neoproterozoic to the Quaternary. Excluding the Late Neoproterozoic to Early Cambrian events, which

will be covered more in detail below, there are two major geological events in the Bafq-Saghand region.

1) Emplacement of granite-tonalite plutons in the Triassic (220–213 Ma) and 2) Eocene post-kinematic

intrusions and high-grade metamorphism at 47–44 Ma.
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The basement rocks of central Iran are an assemblage of several Precambrian fragments of

Gondwanaland, embedded within the Alpine-Himalayan orogenic system. These fragments are overlain

by Mesozoic to Cenozoic fold and thrust belts, formed as a sequence of the Alpine-Himalayan orogenic

system (Stocklin, 1968; Alavi, 1996). In total, three fault-bounded, horst-graben, tectono-metamorphic

terranes are recognised. These are from east to west, the Lut Block, the Tabas Block, and the Yazd Block

(Fig. 10c).

Correlation of the sedimentary sequences over the block boundaries indicates a significant variation

in facies and/or bed thickness (Ramezani & Tucker, 2003). The Tabas block and the Yazd Block are

separated by the Kashmar-Kerman tectonic zone, which constitute an 80 km wide and 1000 km long,

N-S trending, arcuate belt of structurally complex and variably deformed Mesozoic to Cenozoic

supracrustal rocks. The lowermost unit of the Bafq-Saghand belt is the Late Neoproterozoic Tashk

formation (627–533 Ma), which includes several metamorphic complexes. Metamorphic grade varies

across the complexes, from amphibolite facies gneisses, marbles, quartzites and schists to low grade

slaty shale, carbonate rocks, quartzitic sandstone and greywacke (Ramezani & Tucker, 2003).

Unconformably overlaying the Late Neoproterozoic rocks is the approx. 1500 m thick, Early

Cambrian (554–529 Ma) Volcano-Sedimentary Unit which includes dolostones, volcanic rocks with

calc-alkaline affinity and AIO ores (Stöcklin, 1968). The volcanic rocks range in composition from

rhyolitic to rhyodacitic, but also subordinate andesite and spil litic basalt, indicating periods of bimodal

volcanism (Ramezani & Tucker, 2003; Mokhtari et al., 2013). The Volcano-Sedimentary Unit and the

AIO deposit ranging in ages from ca. 554–529 and ca. 539–510, respectively. The volcanic rocks of the

Volcano-Sedimentary Unit are associated with calc-alkaline intrusives of granitic to granodioritic

composition emplaced at ca. 530 Ma (Ramezani & Tucker, 2003). Furthermore, a thermotectonic change

in the region occurred between 529 Ma and 525 Ma, when voluminous leucogranites of trondhjemitic

composition were emplaced (Ramezani & Tucker, 2003).

2.4.1 Chadormalu iron ore deposit
The Bafq-Saghand AIO deposits are hosted within the low-grade metamorphic Cambrian Volcano-

Sedimentary Unit. The host rocks comprise: (1) rhyolitic to dacitic rocks of subvolcanic, effusive and

pyroclastic origin, (2) subvolcanic granites, (3) mafic to intermediate intrusive bodies and dikes, and (4)

schists (Heidarian et al., 2017). The ore occurs as two massive, lenticular bodies of magnetite (Fig. 11),

which to a varied degree have been martitised (Heidarian et al., 2017). The host rock adjacent to the

massive ore is brecciated. Matrix constitutes magnetite-actinolite-apatite assemblages, increasing in

magnetite content with proximity to the massive magnetite body (Heidarian et al., 2017; Majdi et al.,

2020). Martitisation is mainly present along fractures and grain boundaries and is most likely as result

of introduction of late, oxidizing hydrothermal fluids (Torab & Lehman, 2007). Aside from magnetite,

hematite, and apatite, Chardomalu also contains minor calcite, chlorite, gypsum, anhydrite, Fe-

hydroxides, ankerite, siderite, and pyrite.
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Hydrothermal alteration is prevalent at Chardomalu, and primary features in the host rocks have

partially to pervasively been replaced. The host rocks proximal to the ore bodies are more intensely

replaced and altered (Torab, 2008). The alteration paragenesis mainly includes albite, actinolite, sericite,

and quartz (Heidarian et al., 2017).  In general, sodic alteration is widespread, while calcic alteration

dominates proximal to the ore and sericitisation and saussauritization of plagioclase can be observed

distal to the ore. Later potassic alteration is distinguished by development of K-feldspar replacing the

sodic, calcic and sericitic alteration (Heidarian et al., 2017).

Figure 11. Simplified geological map of the Chardomalu AIO ore deposit. (Image from Heidarian et al., 2017)
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2.5 Latvian-East Lithuanian domain
The Paleoproterozoic Varena deposit is located in the East Lithuanian domain (Fig. 12), a segment of

the South-Baltic region. The South-Baltic region is considered an offshoot of the Svecokarelian orogenic

system, formed during a relatively late stage in the orogenic cycle (Bogdanova et al., 2006). The South

Baltic region is interpreted as an assemblage of several crustal belts, metamorphosed in amphibolite to

granulite facies, which have been tectonically stacked during the collision of Fennoscandia and Volgo-

Sarmatia at ca. 1.82–1.80 Ga (Skridlaite & Motuza, 2001; Bogdanova et al., 2006). 40Ar/39Ar-dating of

amphiboles from mylonites located along the fault boundaries in Lithuania and Belarus indicates that

the final arrangement of the South Baltic belts was reached after ca. 1.7 Ga (Bogdanova et al., 2001).

Figure 12. a) Simplified map showing the arrangement of the rock belts and terranes in western part of the
European Craton. Red rectangle highlights the area shown in b). b) Simplified geological map of the
Precambrian basement in Lithuania. Abbreviations: WLG – West Lithuanian Granulite Domain; MLSZ –
Middle Lithuanian Suture Zone; ELD – East Lithuanian Domain; BBG – Belarus Baltic Granulite Belt; V –
Varena Ore Zone. (Modified after Skridlaite & Motuza, 2002).
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Later geological events characterising the South Baltic bedrock includes high grade metamorphism and

extensional tectonics with reactivation of the lithosphere (Bogdanova, 2001; Skridlaite et al., 2014).

Most notably, episodes of A-type and Anorthosite-Mangerite-Charnockite-Granite magmatism between

1.65–1.45 Ga, and the formation of a set of E-W trending transtensional shear zones at ca. 1.53–1.50 Ga

(Rämo et al., 1996; Wiszniewska et al., 2002; Skridlaite et al., 2003; Skridlaite et al., 2008). These two

events are interpreted as a far-field responses to the orogenic system active along south-western margin

of the East European craton (Bogdanova et al., 2008; Skridlaite et al., 2014). At ca. 1.47–1.44 Ga.,

during a transpressional regime, the fault zones in Lithuania and western Belarus were rearranged. This

rearrangement transformed the structural grain of the region by displacing and bending the older

Palaeoproterozoic crustal fabric and structures, further complicating Paleogeographic reconstruction of

the Fenno-Sarmatian collision (Skridlaite & Motuza, 2001; Bogdanova et al., 2006).

Several rock types, of various origin and metamorphic grade, can be distinguished in the Latvian

East-Lithuanian domain. In the region around Varena, the lithologies mainly comprises felsic to mafic

metavolcanics, metagreywackes and marbles (Skridlaite & Motuza, 2001). The dolomite-rich crystalline

carbonates and meta-igneous rocks are associated with Mg- Fe-rich skarns, hosting iron-ore

mineralisations (Skridlaite & Motuza, 2001). U-Pb ages acquired from the detrital zircons in the

metagreywackes indicates dominantly Palaeoproterozoic sources, although, zircons of Archean age are

also present (Mansfeld, 2001). Metamorphic conditions of these metasedimentary rocks locally reached

650–700 °C and 6–7 kbar, but the peak metamorphic conditions for most rocks in the regions is recorded

at 500 °C and 3–4 kbar (Skridlaite & Motuza, 2001).

2.5.1 The Varena iron ore deposit
The Varena iron deposit was firstly discovered in the mid-seventies, buried beneath a 200-500 m thick

package of sediments. Origin and classification of the Varena deposits is still debated, and several origin

hypotheses have been proposed, including metasomatic to hydrothermal, igneous AIO-type and layered

intrusion (Kepežinskas 2001; Motuza & Kirkliauskaitė, 2016; Skridlaite et al., 2017).

The Varena iron ore deposit (Fig. 13) is hosted in a sequence of intensely metasomatised meta-

arenites, dolomites and porphyric metavolcanic rocks of andesitic to trachydacitic composition (Motuza

& Kirkliauskaitė, 2016). Two intrusive suites are present in the vicinity of the deposit: 1) the syn-

orogenic Randamonys suite (1840 to 1800 Ma) of gabbroic to dioritic composition, consisting of one

larger intrusion surrounded by several associated satellite bodies (Bogdanova et al., 2015), and 2)

anorogenic granites aged 1.5 Ga, belonging to the Kabeliai intrusion (Sundblad et al., 1994).
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Figure 13. Simplified geolog map and profiles of the Varena iron ore deposit produced from drillhole data. 1 –
metapsammitic gneiss; 2 – magnetitic rock; 3 – amphibolite; 4 – serpentinite; 5 – metaporphyry; 6 – pyroxenic
rocks; 7 – dolomitic rock; 8 – presumable limits of bodies of magnetitic rock; 9 – presumable limits of bodies of
dolomitic rock; 10 – faults. (From Motuza & Kirkliauskaitė, 2016).

The magnetite mineralisation of the Varena deposits is hosted within a serpentinised ultramafic to mafic

rocks which comprises varying proportions of serpentinised olivine, pyroxene, magnetite, dolomite, and

apatite (Motuza & Kirkliauskaitė, 2016). The mafic ore-bearing lithologies are intensely metasomatised,

and primary features have partly or completely been destroyed. Alteration of the primary mineral

assemblages prevail, where mainly olivine, orthopyroxene and clinopyroxene is replaced by serpentine,

tremolite and actinolite, correspondingly (Motuza & Kirkliauskaitė, 2016).

Skridlaite et al. (2017) identified four generations of magnetites, with varying trace element

composition. The 2nd magnetite generation show similar trace element contents to those in AIO deposits.

Formation of the different magnetite generations is suggested to have occurred between 1.80 and 1.50

Ga, and is attributed to metamorphic, metasomatic and hydrothermal processes associated with

emplacement of the synorogenic to anorgenic intrusions (Skridlaite et al., 2017).
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3. Sample descriptions
In total, 6 magnetite samples from Malmberget have been analysed for Fe-O isotopes, whereas 12

magnetite samples from Kiirunavaara (n=3), Malmberget (n=2), Grängesberg (n=2), El Laco (n=2),

Bafq (n=1), and Varena (n=2) ore deposits have been analysed by means of EBSD. The magnetite

samples have been collected from hand specimens (Kiruna, Bafq, El Laco) and drillcore (Malmberget,

Grängesberg, Varena). Beside magnetite, the minerology comprises subordinate amounts of hematite,

fluorapatite and silicate phases, as well as rare occurrences of presumed REE phosphates. In the figures

below (Fig. 14-19): representative BSE-images of the analysed samples.

Kiirunavaara

Figure 14. A selection of BSE images of the magnetite samples from the Kiruna AIO ore deposit. BSE-light
grey grains are magnetite, and the lighter spots in a), b), c) are plucking pits, BSE-dark grey grains are apatite,
BSE-black grains are presumably silicate phases, and the BSE-white inclusion in the centre of image b) is likely
monazite or xenotime. a) Overview BSE-image of KUJ-935, comprising apatite banded magnetite ore. b) and c)
are overview BSE-images of sample k1881 and sample k1882, both from Andersson (2020). Image d), e) and f
exemplifies the microscale crystal relationships in the Kiirunavaara ore. (image d-f are from Troll et al. 2019).
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Malmberget

Figure 15. A selection of BSE images of the magnetite samples from the Malmberget AIO ore deposit. The
BSE-light grey mineral is magnetite, and the lighter spots in a), b) are plucking pits, the BSE-dark grey mineral
is apatite, and the BSE-black phases are silicates. Lighter grey spots in the magnetite are due to plucking a) is an
overview image of sample FA-001, while Image b) is an overview image of sample VIRI. c) and d) are both
from sample FA-004 in Henriksson et al. (in prep), the white square in c) highlights the area shown in d).

Grängesberg

Figure 16. A selection of BSE images of the magnetite samples from the Grängesberg AIO ore deposit. The
BSE-light grey mineral is magnetite, and the lighter spots in a), c) are plucking pits, the BSE-dark grey mineral
is apatite, and the BSE-black phases are silicates. Image a) and b) are from sample RA-5 and image c) and d) are
from RA-6. (Image b and d are from Troll et al. 2019).



27

El Laco

Figure 17. A selection of BSE images of the magnetite samples from the El Laco AIO ore deposit. BSE-light
grey mineral is magnetite, and the lighter spots in a), b), c) are plucking pits, BSE-dark grey mineral is apatite,
and white inclusions in d) are likely monazite or xenotime. Image a) are from sample M6. Image b), e), f) are
from sample RA-9, image f) is a false colour BSE image, enhancing the visibility of the crystal zonation. Image
c) and d) are from sample RA-12 (omitted due to substandard EBSD analysis). (Image d-f are from Troll et al.,
2019).
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Bafq

Figure 18. A selection of BSE images of the magnetite samples from the Chadormalu AIO ore deposit, Bafq. BSE
light grey mineral is magnetite, BSE dark grey mineral is apatite and BSE black phases are silicates. Image a) and
b) are from sample RA-2. Image c) and d) are from sample RA-4 (omitted due to substandard EBSD analysis).
(Image b and d are from Troll et al., 2019).

Varena

Figure 19. A selection of BSE images of the magnetite samples from the Varena AIO ore deposit. BSE light
grey mineral and BSE black phases are silicates. Image a) is from sample VRM-8. Image b), c) and d) are from
VRM-17, VRM-19 and VRM-20 in Kirkliauskaitė (2022).
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1. Samples from this study

2. Samples from Troll et al. (2019)

3. Samples analysed with EBSD in Andersson (2020)

4. Samples donated by Doc. Ulf B. Andersson, LKAB

5. Samples provided by Vaida Kirkliauskaitė, Vilnius University, Lithuania

Table 1. Magnetite samples from apatite-iron oxide deposits analysed with EBSD

Sample Sample Description Sample Provenance

Kiirunavaara AIO ore deposit, Northern Sweden
k1881 Massive magnetite ore Kiirunavaara mine, Kiruna3

K-DISP-1 Massive magnetite ore penetrated by coarse-
grained magnetite veins Kiirunavaara mine, Kiruna4

KUJ12-935 Massive Ap-banded magnetite ore Kiirunavaara mine, Kiruna4

Malmberget AIO ore deposit, Northern Sweden
FA-001 Massive magnetite ore, apatite banding Fabian, Malmberget1

FA-003 Massive magnetite ore Fabian, Malmberget1

FA-004 Massive magnetite ore Fabian, Malmberget1

FA-005 Massive magnetite ore Fabian, Malmberget1

FA-006 Massive magnetite ore Fabian, Malmberget1

VIRI-001 Massive magnetite ore, coarse grains in a
matrix of finer grains, minor skarn VIRI, Malmberget1

Grängesberg AIO ore deposit, Central Sweden
RA-5 Massive Ap-veined magnetite ore Grängesberg Mine, Grängesberg2

RA-6 Massive magnetite ore Grängesberg Mine, Grängesberg2

El Laco AIO ore deposit, Chile
RA-9 Massive magnetite ore Laco Sur, El Laco2

M6 Massive magnetite ore Laco Sur, El Laco1

Bafq AIO ore deposit, Iran
RA-2 Massive magnetite ore Chadormalu, Bafq2

Varena AIO ore deposit, Lithuania
VRM-6 Massive magnetite ore Varena iron ore deposit, Varena5

VRM-8 Fine-grained massive magnetite ore Varena iron ore deposit, Varena5
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4. Theory

4.1 Magnetite structure

Magnetite (Fe2+Fe3+
2O4) is an inverse spinel belonging to the m3m (4/m 3 2/m) point group, with cell

parameters defined as a=8.396 Å. In high temperature systems magnetite typically form octahedrons

(Fig. 20). The crystal faces in a magnetite octahedron all belong to {111} and constitute eight equilateral

triangular planes. The three crystallographic axes are oriented through the apexes of the crystal.

Figure 20. Cubic and octahedral magnetite structure with lattice planes marked (Image from: Perkins et al., 2020)
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4.2 Stable isotope geochemistry
In modern Earth Sciences stable isotope geochemistry is a powerful and widely utilised tool. Stable

isotope geochemistry concerns the measurement of isotropic variation (White, 2013). The stronger

chemical bonds formed by the heavier isotopes make them less likely to participate in chemical

processes. In turn, this results in a relative enrichment of the lighter isotopes compared to the heavier

isotopes, i.e., mass dependent isotopic fractionation between isotope pairs. The relative variation

between the two isotopes in an isotope pair can be used for geothermometry by comparing acquired

analytical values to experimentally established values (White, 2013). The isotope pairs 18O/16O and
56Fe/54Fe are used as geothermometers in this study, to ensure that the EBSD analysis is performed on

magnetite with a magmatic/high-temperature fluid origin.

Common practice is to report isotopic fractionation data relative to a defined standard (eq. 1). For

oxygen Standard Mean Ocean Water (SMOW) is used (Baertschi, 1976), whereas the Institute for

Reference Materials and Measurements (IRMM-14) is used for iron (Brand et al., 2014) The relative

abundance of the heavier isotope is given in parts per mil (‰), which is annotated by the δ-value (White,

2013):

δvalue = 1000 = − 1 1000 (Eq. 1)

HI = Heavy Isotope

LI = Light Isotope

Reported δ18O isotope values for igneous magnetite range from +1.0 to +4.0‰, whereas δ56Fe isotope

values range from +0.06 to +0.49‰ (Taylor, 1967; Heimann et al., 2008). Further, isotopic

fractionation between minerals and melts are described with a fractionation factor, defined as (White,

2013):

= / (Eq. 2)

where RA and RB are the isotope ratios of individual, coexisting minerals at equilibrium with a melt.

Variations in α are typically minute, so instead 1000lnα is used to describe the fractionation factor.

In turn, the δ-value of two phases in a system is related to the isotope fractionation within the system

(White, 2013):

∆ = − ≈ 1000 (Eq. 3)

In here, the origin of the magnetite was distinguished by comparing the isotope fractionation of the

presumed parent magma to that of the magnetite.
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4.3 EBSD
Electron BackScattered Diffraction (EBSD) analysis is a Scanning Electron Microscope (SEM) based

method, utilised to investigate wide range of microstructural and microtextural aspects for crystalline

materials, including Crystallographic Preferred Orientation (CPO) investigation and deformation

characterisation (Maitland & Sitzman, 2006). The EBSD system is made up of four main components

(Fig. 21): The SEM-electron gun, sample holder, phosphorus screen and a Charged Coupled Device

(CCD) camera. In EBSD a fixed incident electron beam is focused on an inclined (70° relative to

horizontal), crystalline sample surface. Some of the electrons entering the sample may backscatter and

fulfil Bragg's criterion (eq. 4), and periodically diffract on the crystal lattice (Bragg, 1913). The

diffracted electrons subsequently excite the phosphor screen and cause fluorescence. This fluorescence

is captured by the CCD camera, generating a backscatter pattern (composed of so-called Kikuchi lines),

which is unique for each specific mineral species but differs depending on the crystal’s relative

orientation (Wells, 1999).

nλ = 2dsinθ (Eq. 4)

where: n = a positive integer (Z+)

λ = wavelength of incident wave

d = distance between two neighbouring lattice points

θ = grazing angle

The Kikuchi lines are superimposed on a diffuse background, predominantly produced by inelastically

scattered electrons not fulfilling the Bragg criterion. As each Kikuchi band (i.e.) pairs of Kikuchi lines)

is effectively fixed to the plane from which it is formed, an EBSD pattern provides a direct measurement

of a sample’s orientation (Winkelman, et al., 2007). With a well described system it is possible to relate

the bands of the diffraction pattern to an underlying crystal phase and its orientation within the electron

interaction volume (Wilkinson & Hirsch, 1997). These bands will then be compared to the Miller indices

for your preselected mineral phases and automatically indexed for these. Analysis of the EBSD patterns

can therefore be used to provide information on a of crystalline materials, including texture,

deformation, grain size distribution and defects.
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Figure 21. Schematic illustration showing the acquisition process performed with the EBSD system.

Due to the symmetry of the cubic system, the inverse pole figure can be reduced to a standard triangle

(Fig. 21), where:

- red point: [001] direction of the crystal is parallel to the assigned sample direction

- blue point: [111] direction of the crystal system is parallel to the assigned sample direction

- green point: [101] direction of the crystal system is parallel to the assigned sample direction
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5. Method
12 magmatic to high temperature fluid magnetite samples have been selected for EBSD analysis based

on δ18O- and δ56Fe-values. The sample suite analysed for stable isotopes in Troll et al. (2019) have been

complemented and expanded with additional samples from El Laco, Kiirunavaara, Malmberget and

Varena deposits. All complementary samples have been cast in epoxy mounts, grinded, polished and

carbon coated at the Swedish Museum of Natural History in Stockholm.

5.1 Oxygen and Iron isotope analysis
In preparation for oxygen isotope analysis, the Malmberget samples were crushed and magnetically

separated at Uppsala University. The individual grains were then inspected in a stereo microscope to

ensure purity.

Analysis of oxygen isotopes for the Malmberget samples were performed at the University of

Oregon. The instrument used was a MAT 253 gas isotope ratio mass spectrometer (IRMS) with a

fluorination line attached, in dual inlet mode, and using BrF5 as reagent. An in-house Gore Mountain

garnet standard (+6.52‰) was used for calibration before and after all the samples had been analysed.

The values obtained for the garnet standard was 6.54 and 6.40. Oxygen isotope values are reported

relative to the international standard SMOW, according to eq. 1.

Oxygen isotope analysis for the Varena samples was carried out at the University of Cape Town,

South Africa. Following the method described in Harris & Vogeli (2010) laser fluorination was done by

reaction of the magnetite in presence of BrF5 at 10 kPa, were the purified O2 subsequently was collected

onto a 5 Å molecular sieve in a glass storage bottle. As a reference and calibration standard a Monastery

garnet was used. The instrument used for analysis was a Finnigan DeltaXP dual inlet gas source mass

spectrometer, and all data is reported relative to SMOW.

Iron isotope analysis for the Varena and the Malmberget samples was conducted at the Vegacenter

at the Swedish Museum of Natural History in Stockholm. Digestion and purification of the crystals used

concentrated HF, HNO3 and 10 M HCl acid following the procedures of Borrok et al. (2007) and Millet

et al. (2012). Before analysis samples were diluted with 0.3 M HNO3 to a concentration of 2–3 ppm. The

instrument used for Fe isotope analyses was a Nu Plasma II HR-MC-ICP-MS in pseudo-high-resolution

mode. All values were corrected for mass bias and are reported relative to IRMM-014 from Isotopic

Reference Materials and Measurements (Brand et al. 2014).
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5.2 EBSD – data acquisition and processing
The EBSD analysis was performed at the Swedish Museum

of Natural History utilising an Oxford Instruments Nordlys

detector attached to the FEI Quanta FEG 650 SEM (Fig. 22),

based on the procedure described by Kenny et al. (2020). The

grains in the samples were indexed for magnetite using match

units based on crystallographic data from Wechsler et al.

(1984). The voltage of the accelerating electron beam was set

to 20 kV and the analytical conditions include a working

distance of ~18 mm, a sample stage tilt of 70°, electron

backscatter pattern binning of 2×2 or 4×4 for different

samples, electron backscatter pattern gain set to ‘high’,

background defined with the collection of 128 frames, Hough

resolution set to 60 and band detection min/max of 6/8. Maps

were collected with step sizes between 0.3 and 20 µm. The

depth of effective information volume using the described instrumental settings is experimentally

determined to 100 nm (Wisniewski & Rüssel, 2016). Data collection was performed in Oxford

Instruments AZtec software and post-acquisition processing in Oxford Instruments Channel 5 software

v. 5.12. Data cleaning in Channel 5 consisted of a wildspike correction and a level five to six nearest

neighbour zero-solution extrapolation for all maps.

All created EBSD maps are represented as Inverse Pole Figures (IPF) of each data point relative to

the Z-axis (IPFZ), and colours them accordingly. Black points mean non-indexed, this is most often

non-magnetite minerals, but can also be due to bad polishing of the magnetite, which complicates the

diffraction.

Pole figures were created for all EBSD maps, using the Mambo extension in Channel 5. In Mambo

the crystallographic distribution of the analysed sample is plotted on an equal area projection with a

lower hemisphere projection. Each EBSD-map comprises between 30000-8000000 data points. This

large amount of data results in cluttering when using ordinary pole plots, making it hard to distinguish

the CPO in the analysed area. Constructing contour pole figures solves the cluttering problem and clearly

highlights any CPO of the analysed samples. Contours plots are given in Multiples of Uniform Density

(MUD) and were calculated using a half width of 20° and a cluster size of 5°. A sample with a perfect

uniform distribution will have a MUD of 1. In addition, to minimise the effect that differently sized

grains have on MUD, each individual grain is represented as one single data point, which is then plotted

as a contour pole figure.

Figure 22. FEI Quanta FEG 650 SEM at
the Swedish Museum of Natural History.
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5.3 Crystal alignment
The EBSD images, and by extension the contour plots reveal the relative crystallographic orientation

around a normal. In our images the normal is the z-axes. However, it does not provide any information

about rotations around the crystallographic axes (Fig. 23), and hence it doesn’t fully disclose the crystal

alignment of the magnetite crystals. Plotting crystal distribution of {001} and {111} on a x-y coordinate

system, with orientation relative to z (0-90˚) on the x-axes and the relative distribution of the crystals on

the y-axes allows for quantification of the crystal alignment. A sample without preferred crystal

alignment would plot as two stacked horizontal lines, both with the relative distribution of 1. On the

contrary, perfect alignment of {111} in a cubic sample would plot as a vertical line, whereas {001}

would be horizontal line.

Figure 23. Visualization of how rotation with respect to the surface is not reflected in the IPF, and hence the
CPO (Image from Oxford instruments).
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6. Stable isotopes
Established δ18O isotope values and δ56Fe isotope values exits for most of the magnetite samples (Troll

et al., 2019; Andersson, 2020; Kirkliauskaitė, 2022) To ensure a magmatic to high-T origin of the

Malmberget samples Fe-O isotope systematics have been performed.

6.1 Results
Table 2. δ18O values and δ56Fe values of the magnetite samples analysed with EBSD

Sample Sample Description δ18O in ‰ 2σ δ56Fe in ‰ 2σ

Kiirunavaara deposit, Northern Sweden
k1881 Massive magnetite ore 1.31 ±0.2 0.272 ±0.04

K-DISP-1
Massive magnetite ore penetrated
by coarse-grained magnetite veins - - - -

KUJ12-935 Massive Ap-banded magnetite ore - - - -
Malmberget deposit, Northern Sweden
FA-001 Massive magnetite ore, apatite banding 2.0 ±0.2 0.16 ±0.07

FA-003 Massive magnetite sample 1.1 ±0.2 0.18 ±0.07

FA-004 Massive magnetite sample 3.7 ±0.2 0.19 ±0.07

FA-005 Massive magnetite sample 2.5 ±0.2 0.18 ±0.07

FA-006 Massive magnetite sample 3.2 ±0.2 0.18 ±0.08
VIRI-001 Massive magnetite ore, minor skarn 1.7 ±0.2 0.25 ±0.07
Grängesberg deposit, Central Sweden
RA-5 Massive Ap-veined magnetite ore 1.12 ±0.2 0.302 ±0.04
RA-6 Massive magnetite ore 1.22 ±0.2 0.312 ±0.04
El Laco deposit, Chile
RA-9 Massive magnetite ore 4.42 ±0.2 0.282 ±0.03
M6 Massive magnetite ore - - - -
Bafq deposit, Iran
RA-2 Massive magnetite ore 0.62 ±0.2 0.242 ±0.03
Varena deposit, Lithuania
VRM-6 Massive magnetite ore 1.93 - 0.313 ±0.153

VRM-8 Fine-grained massive magnetite ore 2.73 - 0.233 ±0.093

1. Data from Andersson (2020)

2. Data from Troll et al. (2019)

3. Data from Kirkliauskaitė (2022)
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6.1.1 Oxygen isotopes
The AIO ore magnetite samples from Malmberget (n=6) and Varena (n=2) have δ18O isotope values

ranging from +1.1 to +3.7‰ and +1.9 to +2.7‰, respectively. The analysed samples plot within Taylor’s

range of igneous magnetite (Fig. 24). A few of the magnetites selected for the EBSD analysis plot outside

Taylor’s range of igneous magnetite, however, all of them plot within the range for the volcanic and

plutonic reference material from Troll et al. (2019).

Figure 24. Discriminant diagram for oxygen isotopes signatures. The coloured fields correspond to the range of
δ18O-values for magnetite (Troll et al., 2019 and Kirkliauskaitė (2022). The circles represent δ18O-values for the
magnetite samples in this study. (Modified after Troll et al., 2019).
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6.1.2 Iron isotopes
The Malmberget magnetite samples (n=6) have δ56Fe isotope values ranging from 0.16 to 0.25, while

the Varena magnetite samples have δ56Fe isotope values ranging from 0.23 to 0.31 (n=2). Both sample

pairs are well within the range for igneous magnetite, defined at +0.06 to +0.49‰ (Fig 25.). The

magnetite samples selected for EBSD analysis range in δ56Fe isotope values from 0.16 to 0.34, well

within the range for igneous magnetite.

Figure 25. Discriminant diagram for iron isotopes signatures. The coloured fields correspond to the reported
range of δ56Fe-values for magnetite (Troll et al., 2019 and Kirkliauskaitė, 2022). The circles represent δ56Fe-
values for the magnetite samples in this study. Range of igneous and hydrothermal magnetites from Anbar,
2004; Bilenker et al., 2017; Dziony et al., 2014; Heimann et al., 2008; Severmann & Anbar, 2009; Sossi et al.,
2012; Wang et al., 2011. (Modified after Troll et al., 2019).
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6.1.3 Fe-O signatures of magnetite samples
In total, 6 out of 9 magnetite samples selected for EBSD plot within the field for common igneous

magnetites (Fig. 26) (Bilenker et al., 2017; Dziony et al., 2014; Heimann et al., 2008; Sossi et al., 2012;

Taylor, 1967). However, all 9 magnetite samples plot within the field for ortho-magmatic magnetites

established in Troll et al. (2019).

Figure 26. Analysed magnetite sample plotted on a Fe-O isotope-based discrimination diagram for magnetite
formation. (Modified after Troll et al., 2019).
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6.2 Ore-source calculation
Possible ore sources can be evaluated by comparing the magnetite’s δ-value to available literature data.

Oxygen isotopes has been used similarly in Nyström et al. (2008), as well as in Jonsson et al. (2013),

while a combination of Oxygen and Iron isotopes have been utilised in Weis (2013) and Troll et al.

(2019). From eq. 4 the following relationship applies:

∆ = − ≈ 1000
→ − 1000 ln ≈

The Malmberget AIO deposits is related to the emplacement of the trachyandesitic to trachydacitic

Kiirunavaara group (Witschard, 1984; Martinsson & Perdahl, 1995). Subduction zone related rocks of

intermediate to mildly felsic composition have δ18O-values from +5.7 to +8.8‰ and δ56Fe-values

between 0.00 and +0.12‰ (Bindeman, 2008; Heimann et al., 2008). Zhao & Zheng (2003) reports the

oxygen equilibrium fractionation factor between magma (≥900 °C) and magnetite at -4.0 ‰ for an

intermediate magma, and at 4.3‰ for a mildly felsic magma. Moreover, Zheng (1991) reports

equilibrium fractionation factors between high-T magmatic-fluids (~800 °C) and magnetite at -5.2‰.

For iron the equilibrated isotopic fractionation factor between magnetite and a magma of intermediate

to mildly felsic composition is +0.03 ‰, while ditto for a magnetite in equilibrium with a high-T fluid

is +0.24 ‰ (Heimann et al., 2008). Consequently, magnetite with δ18O-values ≥ +1.7‰ and δ56Fe-values

≥ -0.03‰ are in equilibrium with an intermediate to mildly felsic magma, while equilibrium with a high-

T fluid (~800 °C) are attained at δ18O-values ≥ +0.9‰ and δ56Fe-values between -0.35‰ and -0.05‰.

The δ18O-values of the Malmberget and Varena magnetite samples are in equilibrium with

intermediate to mildly felsic magma, as well as high-T fluid. However, the δ56Fe-values VIRI-01, VRM-

6 and VRM-8 are solely in equilibrium with an intermediate magma, whereas FA-001 is in equilibrium

with both a magma and a high-T magmatic derived fluid (Table 3).

Bold=Equilibrium

Table 3. δ18O and δ56Fe source recalculation of the Malmberget and Varena magnetites

Sample δ18O δ56Fe
δ18O (‰)

intermediate
magma

δ18O (‰)
mildly felsic

magma

δ18O (‰)
high-T
fluid

δ56Fe (‰)
intermediate

magma

δ56Fe (‰)
high-T
fluid

Source
Estimated
formation
temp. (°C)

FA-001 2.0 0.16 6.0 6.4 7.2 0.19 -0.08 Magma
/fluid ~ 800°C

FA-003 1.1 0.18 5.1 5.4 6.3 0.15 -0.06 Fluid ~ 800°C

FA-004 3.7 0.19 7.7 8.0 8.9 0.16 -0.05 Magma
/fluid ~ 800°C

FA-005 2.5 0.18 6.5 6.8 7.7 0.15 -0.06 Magma
/fluid ~ 800°C

FA-006 3.2 0.18 7.2 7.5 8.4 0.15 -0.06 Magma
/fluid ~ 800°C

VIRI-01 1.7 0.25 5.7 6.2 6.9 0.28 0.01 Magma > 800°C
VRM-6 1.9 0.31 5.9 6.3 7.1 0.34 0.07 Magma > 800°C
VRM-8 2.7 0.23 6.7 7.1 7.8 0.26 -0.01 Magma > 800°C
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7. EBSD

7.1 Results
The acquired EBSD-maps (n=13) will be presented toghether with contour plots of the analysed sample.

All maps are represented in IPF-Z. Following the EBSD-map and contour plot for each sample is a short

discription of the observations made. Table 4 below, summarises the acquired data for the magnetite

samples.

Table 4. Available data for the AIO magnetite samples analysed by EBSD

Sample Sample Description
Confirmed high-T

origin
EBSD-

map
CPO

CPO –
1p/grain

Pole figure
meta-data

Kiirunavaara AIO ore deposit, Northern Sweden
k1881 Massive magnetite ore ✓ ✓ ✓ ✓

K-DISP-1
Massive magnetite ore penetrated
by coarse-grained magnetite veins ✓ ✓ ✓

KUJ12-935Massive Ap-banded magnetite ore ✓ ✓ ✓ ✓
Malmberget AIO ore deposit, Northern Sweden

FA-001
Massive magnetite ore, apatite

banding ✓ ✓ ✓ ✓ ✓

VIRI-001 Massive magnetite ore, minor skarn ✓ ✓ ✓ ✓ ✓
Grängesberg AIO ore deposit, Central Sweden
RA-5 Massive Ap-veined magnetite ore ✓ ✓ ✓ ✓ ✓
RA-6 Massive magnetite ore ✓ ✓ ✓ ✓ ✓
El Laco AIO deposit ore deposits, Chile
RA-9 Massive magnetite ore ✓ ✓ ✓ ✓ ✓
M6 Massive magnetite ore ✓ ✓ ✓ ✓
Bafq AIO ore deposit District, Iran
RA-2 Massive magnetite ore ✓ ✓ ✓ ✓ ✓
Varena AIO deposit ore deposits, Lithuania
VRM-6 Massive magnetite ore ✓ ✓ ✓ ✓ ✓
VRM-8 Fine-grained massive magnetite ore ✓ ✓ ✓ ✓ ✓



43

7.1.1 KUJ12-935, Kiirunavaara
KUJ12-935 is characterised by an apparent magnetite-apatite banding (Fig. 27a). The analysed area is

dominated by magnetite crystals of variable sizes, with subordinate apatite occurring in the top left

corner and along the right border of the image (Fig. 27b). The magnetite crystals are subhedral to

anhedral and vary in size, ranging in diameter from 5 to 80 µm. Comparing the zoomed in BSE image

(Fig. 27b) to the EBSD map (Fig. 27d) highlights the notable difference of observable magnetite crystals.

Most noteworthy is the differently sized crystal populations, which can be seen in the lower left section

and the central part of the analysed sample area. In the BSE image (Fig. 27b), the area seems to constitute

a few larger crystals, whereas the EBSD image (Fig. 27d) reveals aggregates of over a hundred smaller

crystals. In addition, magnetite-magnetite inclusions occur but are not common. Additionally, subgrain

domains, bulging grain boundaries and triple points can be observed.

Figure 27. Sample KUJ12-935. a) Overview BSE image of sample KUJ12-935. The BSE metallic grey mineral
is magnetite, and the BSE dark grey mineral is apatite. The red rectangle highlights the analysed area shown as a
zoomed in BSE image in b), and as an EBSD map in d). c) Colour legend defining the crystallographic
orientation of the magnetite crystals in d). d) EBSD map plotted relative to IPF-Z with a step size of 1 µm.
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The obersved abscences of CPO in sample KUJ12-935 (Fig. 27d) is confirmed by the contour plots. The

MUD for the complete dataset (Fig. 28a) ranges from 0.67–1.34, and the one point per grain subset (Fig.

28b) ranges from 0.83–1.15. The low MUD range highlights the absence of CPO in the population of

magnetite crystals.

7.1.2 k1881, Kiirunavaara
The BSE image of the analysed area in sample K1881 (Fig. 29a) consists of magnetite with

subordinate amounts of apatite (dark grey) and minor amounts of the presumed monazite. The EBSD

map (Fig. 29c) reveals anhedral to subhedral magnetite crystals of varying sizes, ranging from 10 to

200 µm. At least two distinct populations of differently sized magnetite crystals can be observed 10-50

µm and 150-250 µm. No apparent CPO can be observed within the whole crystal population, or within

populations of equally sized crystals. However, the two largest grains have similar CPO and are both

Figure 28. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample KUJ12-935. MUD was calculated using a half width of 20° and a cluster size of 5°.
a) Contour plot of the complete dataset (n=320184). b) Subset contour plot where each grain is represented as a
single data point (n=2333).

a

b
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aligned in the direction of [001]. Limited amounts of magnetite-magnetite inclusions can be observed

in the EBSD image. Subgrain domains, bulging grain boundaries and triple points occur.

Figure 29. Sample k1881. a) BSE image of the area analysed with EBSD in c). The BSE metallic grey mineral
is magnetite, the BSE dark grey mineral is apatite, and the BSE white mineral is most likely monazite. The red
rectangle highlights the area analysed with EBSD shown in c). b) Colour legend defining the crystallographic
orientation of the magnetite crystals in c). c) EBSD map plotted relative to IPF-Z with a step size of 2 µm
(Images are from Andersson, 2020).
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MUD for sample k1881 confirms the apparently randomly orientation crystals observed in EBSD image

(Fig. 29). The MUD for the complete dataset (Fig. 30a), and the one point per grain subset (Fig. 30b)

ranges from 0.45 to 1.82 and 0.54 to 1.40, respectively. Removal of the larger crystals oriented along

[001], further increase the uniform distribution of the crystals in the analysed area.

Figure 30. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample k1881. MUD was calculated using a half width of 20° and a cluster size of 5°. a)
Contour plot of the complete dataset (n=247552). b) Subset contour plot where each grain is represented as a
single data point (n=2272).

a

b
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7.1.3 K-DISP-1, Kiirunavaara
Sample K-DISP-1 is characterised by a bimodal size distribution of magnetite crystals (Fig. 31c). The

larger population ranges in diameter from 70-100 nm, whereas the smaller population ranges in diameter

from 10-20 nm. The two crystal populations are clearly spatially separated, where the population of

larger magnetite crystals occupies the bottom and the left side of the EBSD map, whereas the smaller

population forms a cluster in the upper right section of the EBSD map (Fig. 31c).  A small quantity of

magnetite-magnetite inclusions can be observed within the large-diameter magnetite population. The

magnetite crystals in the analysed area exhibits an apparently random CPO.

Figure 31. Sample K-DISP-1. a) BC image of the area analysed with EBSD in c). b) Colour legend defining the
crystallographic orientation of the magnetite crystals in c). c) EBSD map plotted relative to IPF-Z with a step
size of 2 µm.
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The MUD for the complete dataset has a minimum at 0.28 and a maximum at 1.94, supporting the

observation of apparently randomly oriented magnetite crystals in the EBSD image (Fig. 31c).

Figure 32. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample k1881. MUD was calculated using a half width of 10° and a cluster size of 5°.
Contour plot of the complete dataset (n=140061).
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7.1.4 FA-001, Malmberget
The analysed area comprises magnetite with subordinate apatite and silicate phases (Fig 33a). The

magnetite crystals in sample FA-001 are relatively large, ranging in diameter from 200 to 2000 µm. All

the crystals seen in the EBSD map (Fig. 33c) can be observed in the BSE image (Fig. 33a). A slight

CPO can be observed in FA-001, with most of the crystals aligned in the crystallographic direction of

[011]. Dynamic recrystallisation is pronounced, and evident as granoblastic polygonal textures with

occurrences of sub-grain domains (Fig. 33c).

Figure 33. Sample FA-001. a) BSE image of the area analysed with EBSD in c). The BSE metallic grey is
magnetite, the BSE dark grey is apatite. Red rectangle highlights the area analysed with EBSD shown in c). b)
Colour legend defining the crystallographic orientation of the magnetite crystals in c). c) EBSD map plotted
relative to IPF-Z with a step size of 6 µm.
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The contour plot of the complete dataset (Fig. 34a) has a MUD range of 0.25 to 2.67 and the one point

per grain subset (Fig. 34b) has a MUD range of 0.09 to 4.04. The large increase in the MUD range for

the one point per grain subset is can be explained poorly indexed grains towards the edge of the analysed

area (Fig. 33c), where the software used for selecting the individual grains interprets the poorly indexed

sections as grain boundaries, and hence overrepresent certain crystallographic orientations.

Figure 34. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample FA-001. MUD was calculated using a half width of 20° and a cluster size of 5°. a)
Contour plot of the complete dataset (n=794316). b) Subset contour plot where each grain is represented as a
single data point (n=1424).

a

b
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7.1.5 VIRI-001, Malmberget
The analysed area mainly consists of magnetite, accompanied by minor amounts of apatite (Fig. 35a).

The magnetite crystals exhibit a euhedral to subhedral morphology and comprises relatively coarse-

grained crystals ranging in diameter from 300 to 1000 µm (Fig. 35c). The smaller crystals range in

diameter from 20 to 80 µm and mainly occur as interstitial grains. No apparent CPO can observe within

the crystal population. The granoblastic polygonal textures and sub-grain domains observed in the

sample records the metamorphic event(s) overprinting the Malmberget deposit.

Figure 35. Sample VIRI-001. a) BSE image of the area analysed with EBSD in c). The BSE light grey mineral is
magnetite, the BSE dark grey mineral is apatite, black spots are non-indexed due to bad polishing. Red rectangle
highlights the area analysed with EBSD shown in image c). b) Colour legend defining the crystallographic
orientation of the magnetite crystals in c). c) EBSD map plotted relative to IPF-Z with a step size of 15 µm.
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The contour plot for the complete data set (Fig. 36a) have a MUD range from 0.28 to 2.02 and the one

point per grain subset (Fig. 36b) have a MUD range from 0.36 to 2.10.

Figure 36. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample VIRI. MUD was calculated using a half width of 20° and a cluster size of 5°. a)
Contour plot of the complete dataset (n=29228). b) Subset contour plot where each grain is represented as a
single data point (n=270).

a

b
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7.1.6 RA-5, Grängesberg
The analysed area is dominated by magnetite, with minor amounts of silicate phases and apatite (Fig.

37a). The magnetite crystals can be divided into two distinct populations. One population consists of

randomly oriented crystals, ranging in diameter from 5 to 50 µm (upper right quadrant Fig. 37c). While

the crystals in the second population are up to 300 µm in diameter. Crystals in the second population

are to a degree aligned along the crystallographic direction of [001] (Figs. 37b,c). Inclusions of smaller

magnetite crystals can be observed within the second magnetite crystal population. The crystal

inclusions exhibit a significantly different crystallographic orientation compared to the larger crystals

enveloping them (Fig. 37c). The top right quadrant of the EBSD map (Fig. 37c) reveals an aggregate of

numerous crystals, which are not observable in the BSE image (Fig. 37a). In the first population sub

grain domains and triple points can be observed.

Figure 37. Sample RA-5. a) BSE image of the area analysed with EBSD in c). The BSE light grey mineral is
magnetite, the BSE dark grey mineral is apatite, BSE black minerals are silicate phases. The red rectangle
indicates the area analysed with EBSD shown in image c). b) Colour legend defining the crystallographic
orientation of the magnetite crystals in c). c) EBSD map plotted relative to IPF-Z with a step size of 1 µm.
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Contour plots for sample RA-5 have a MUD range from 0.14 to 7.62 for the complete dataset (Fig. 38a)

and 0.16 to 10.26 for the one point per grain subset (Fig. 38b). A large MUD range was expected for

RA-5, since, as mentioned above, the secondary crystal population is roughly aligned along {001}.

Figure 38. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample RA-5. MUD was calculated using a half width of 20° and a cluster size of 5°. a)
Contour plot of the complete dataset (n=145963). b) Subset contour plot where each grain is represented as a
single data point (n=692).

a

b
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7.1.7 RA-6, Grängesberg
The analysed area consists of magnetite and silicate phases (Fig. 39a). The magnetite crystals are

subhedral to anhedral and ranges in diameter from 25 to 500 µm, with most crystals being ca. 250 µm

in diameter. The smaller crystals occur as inclusions within the larger magnetite crystals, and generally

have a different crystallographic orientation relative to their host crystal (Fig. 39c). Notable is that most

of the inclusions are aligned along [011]. A clear example is the crystal in the top left quadrant aligned

along [111], which hosts three inclusions, all aligned along [011]. Subgrain domains and triple points

can be observed.

Figure 39. Sample RA-6. a) BSE image of the area analysed with EBSD in c). The BSE light grey mineral is
magnetite, BSE black minerals are silicate phases. b) Colour legend defining the crystallographic orientation of
the magnetite crystals in the EBSD map in image c). c) EBSD map plotted relative to IPF-Z with a step size of
2.415 µm.
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In the contour plots for sample RA-6, the MUD ranges from 0.13 to 4.26 in the complete sample set

(Fig. 40a), while the one point per grain subset (Fig. 40b) ranges from 0.23 to 2.10. The one point per

grain subset exhibits a significantly lower degree of CPO than the complete data set, likely reflecting

the large influence the orientation of the larger crystals has on the MUD for the complete dataset.

Figure 40. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample RA-6. MUD was calculated using a half width of 20° and a cluster size of 5°. a)
Contour plot of the complete dataset (n=127000). b) Subset contour plot where each grain is represented as a
single data point (n=103).

a

b
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7.1.8 M6, El Laco
The diameter of the magnetite crystals in sample M-6 (Fig. 41) range from 5 to 100 µm. No apparent

CPO can be observed in the EBSD image, both within the entire crystal population and within

populations of differently sized crystals. However, the crystals can be divided based on their

morphology. One population consists of blob like crystals, without any developed crystal faces. While

the other crystal population is characterised by aggregated, sharp angular crystals, commonly with

inclusions of smaller magnetite crystals. The inclusions are generally equidimensional and show no

CPO.

Figure 41. Sample M6. a) Band contrast image of the area analysed with EBSD in c). b) Colour legend defining
the crystallographic orientation of the magnetite crystals in the EBSD map in image c). c) EBSD map plotted
relative to IPF-Z with a step size of 1 µm.
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 MUD ranges from 0.43 to 2.17 in the complete dataset (Fig. 42a) and from 0.51 to 1.42 in the one point

per grain subset (Fig. 42b). Both values well within what can be considered non-CPO. The difference

in MUD range between the datasets is explained by the presence of larger crystals, which strongly

influence the MUD range in the complete dataset.

Figure 42. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample M-6. MUD was calculated using a half width of 20° and a cluster size of 5°. a)
Contour plot of the complete dataset (n=110963). b) Subset contour plot where each grain is represented as a
single data point (n=508).

a

b
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7.1.9 RA-9, El Laco
Sample RA-9 (Fig. 43c) contain anhedral to subhedral crystals ranging in diameter from 10 to 500 µm.

The crystal population can be divided into two groups: (1) relatively large crystals (>250 µm), with

well-developed crystal faces, (2) aggregates of smaller crystals (<100 µm) with poorly developed crystal

faces, and sometimes even blob like shapes. Inclusions are frequent, and mainly constitute

equidimensional crystals, but elongated crystal inclusions also occur (Fig. 43c, green and orange crystals

on right hand side).

Figure 43. Sample RA-9. a) BSE image of the area analysed with EBSD in c). The BSE light grey mineral is
magnetite, BSE black areas are due to plucking or cavities. b) Colour legend defining the crystallographic
orientation of the magnetite crystals in the EBSD map in image c). c) EBSD map plotted relative to IPF-Z with a
step size of 3 µm.
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MUD for the complete dataset (Fig. 44a) ranges from 0.29 to 2.75, while the one point per grain subset

(Fig. 44b) ranges from 0.60 to 1.53. The relatively wide MUD range for the complete dataset can be

explained by the crystallographic orientation of the larger magnetite crystals in the top left corner of the

EBSD image (Fig. 43c). This is confirmed by the significant decrease in the MUD range in the one point

per grain subset. Further, the one point per grain subset displays a uniform distribution, which means

that the magnetite crystals do not exhibits CPO.

Figure 44. Equal area lower hemisphere projection contour plots showing the crystallographic distribution of the
magnetite crystals in sample RA-9. MUD was calculated using a half width of 20° and a cluster size of 5°. a)
Contour plot of the complete dataset (n=122831). b) Subset contour plot where each grain is represented as a
single data point (n=420).

a

b
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7.1.10 RA-2, Bafq
The analysed area comprises aphanitic magnetite crystals, ranging in diameter from 5 to 50 µm, with

most crystals being 10 to 20 µm (Fig. 45d). In the BSE image (Figs. 45a,b) no crystal boundaries can

be observed, but the EBSD map reveals that the sample consist of well over a hundred individual

crystals. Two populations of magnetite crystals can be observed, where the smaller crystals form

aggregates surrounding the larger crystals. A slight CPO can be observed and within the larger crystal

population towards [111], whereas the populations of smaller magnetite crystals show no CPO. Sub

grain domains and triple points can be discerned; however, the image resolution is too low to make any

definite conclusions.

Figure 45. Sample RA-2 a) Overview BSE image of sample. The BSE metallic grey is magnetite, the BSE dark
grey is apatite. The red rectangle highlights the analysed area shown as a zoom in BSE image in b) and as an
EBSD map in d). c) Colour legend defining the crystallographic orientation of the magnetite crystals in the
EBSD map in image c) d) EBSD map plotted relative to IPF-Z with a step size of 2 µm
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The apparent random MUD for the for the complete dataset (Fig. 46a) ranges from 0.52 to 1.47, while

the MUD for one point per grain subset ranges (Fig. 46b) from 0.31 to 1.40.

Figure 46. Equal area lower hemisphere projection contour plots of the magnetite in sample RA-2. MUD was
calculated using a half width of 20° and a cluster size of 5°. a) Contour plot of the complete dataset (n=20329).
b) Subset contour plot where each grain is represented as a single data point (n=413).

a

b
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7.1.11 VRM-6, Varena
Sample VRM-6 comprises magnetite crystals with subordinate silicate phases (Figs. 47a,c). The

magnetite crystals are anhedral to subhedral and ranges in diameter from 1000 to 300 µm. In addition,

inclusions of magnetite (50–20 µm) can be observed in the silicate phases. All the crystals observed in

the EBSD map (Fig. 47c) can be observed in the BSE image (Fig. a). CPO can be observed along [001]

and [011] in the EBSD map, with relatively few crystals aligned along [111]. Triple points can be

observed, but most prevalent is the frequently developed sub grain domains, as expected for a deposit

metamorphosed under amphibolite facies conditions.

Figure 47. Sample VRM-6 a) BSE image of sample VRM-6. BSE metallic grey is magnetite, BSE dark grey is a
silicate phase. b) Colour legend defining the crystallographic orientation of the magnetite crystals in the EBSD
map in image c) c) EBSD map plotted relative to IPF-Z with a step size of 6.852 µm.
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The complete dataset (Fig. 48a) has a MUD range between 0.11 and 3.48, whereas the one point per

grain subset (Fig. 48b) has a MUD range from 0.17 to 3.67, both indicating CPO in the Varena magnetite

samples. The large MUD range reflects the coarse-grained crystals present in the sample.

Figure 48. Equal area lower hemisphere projection contour plots of the magnetite in sample VRM-6. MUD was
calculated using a half width of 20° and a cluster size of 5°. a) Contour plot of the complete dataset (n=96064).
b) Subset contour plot where each grain is represented as a single data point (n=111).

a

b
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7.1.12 VRM-8, Varena
Sample VRM-8 consists of granoblastic magnetite crystals ranging in diameter from 500 to 100 µm,

with subordinate silicate phases (Figs. 49a,c). The bulk of the crystals in the sample have a subhedral to

anhedral morphology. However, striking in this sample is the presence of extremely well-developed

crystal faces, forming close to euhedral crystals. This is not observed in any of the other samples. CPO

can be observed in the EBSD map, with a preferred alignment along [011] and [111]. Triple point and

sub grain domain can be observed.

Figure 49. Sample VRM-8 a) BSE image of VRM-8. BSE metallic grey is magnetite, BSE dark grey is a silicate
phase. Colour legend defining the crystallographic orientation of the magnetite crystals in the EBSD map in
image c) c) EBSD map plotted relative to IPF-Z with a step size of 5 µm.
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The MUD maximum of complete dataset (Fig. 50a) is 3.91 and the minimum is 0.08. The MUD

maximum for one point per grain subset (Fig. 50b) is 2.76 and the minimum is 0.14.

Figure 50. Equal area lower hemisphere projection contour plots of the magnetite in sample VRM-8. MUD was
calculated using a half width of 20° and a cluster size of 5°. a) Contour plot of the complete dataset (n=90710).
b) Subset contour plot where each grain is represented as a single data point (n=257).

a

b
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8. Discussion
The discussion is divided into six sections: 1) Method evaluation, 2) deposit evaluation, 3) Fe-O

isotopes, 4) crystal aggregates and magnetite-magnetite inclusions, 5) alignment of magnetite crystals,

6) formation of giant AIO deposits.

8.1 Method evaluation - strengths and limitations of EBSD
EBSD analysis have been performed on 13 magnetite samples from AIO ore deposits. Compared to

conventional petrography, EBSD is suited for investigation of microtextures, microstructures and CPO

in isometric minerals. However, when the sample is extremely coarse-grained EBSD has its limitations

(ex. FA-001, Fig. 33). Firstly, for a CPO analysis to be statistically significant a relatively large number

of crystals need to be mapped. Secondly, acquisition of low magnification maps give rise to new

problems. The beams angle of incidence on the periphery of the analysed area, may create artifacts in

the electron backscatter pattern, and in turn results in inaccurate indexing of grains.

Creation of pole plots where each grain is represented as a single data point is an automated process,

available in the Channel 5 software. The tool is convenient and fast, but it is limited by the software’s

ability to recognise grain boundaries. Poorly analysed grains are commonly interpreted as several grains

since the software is not able to differentiate between non-indexed points and grain boundaries. Such

software shortcomings will influence the MUD range, and in turn the CPO analysis. Miss-defined grain

boundaries mainly occurred in poorly indexed samples.

8.2 Deposit evaluation
The data from each deposit is first evaluated separately and then discussed in the context of AIO

deposit formation.

8.2.1 Kiirunvaara AIO ore deposit
The most striking feature of the EBSD maps (Figs. 27d,29c,31c) of the magnetites samples from the

Kiirunavaara Ap-Fe oxide deposit is the presence of fine-grained crystal aggregates which are not visible

in reflective light, nor in BSE. The aggregates constitute hundreds of individual crystals and are

accompanied by larger magnetite crystals, indicative of multiple crystal generations. In addition, a few

occurrences of small magnetite-magnetite inclusions indicate at least two, but probably multiple

episodes of magnetite crystallisation. The arrangement of the magnetite crystals is apparently “random”,

meaning that no CPO can be observed within the entire crystal population, or within groups of

differently sized crystals. This is further confirmed in the contour plots (Figs. 28a,b; 30a,b), where the

MUD of the complete data set in KUJ12-935 and K1881 ranges from 0.67 to 1.34 and from 0.45 to 1.82,

respectively. Plotting each grain as a single data point further decreases the MUD range to 0.83–1.15 in

KUJ12-935, and to 0.54–1.40 in k1881. This decrease in MUD can either be the result of size-dependent
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CPO within the whole crystal population, or the presence of a few large grains with similar

crystallographic orientation. However, the MUD values for the Kiirunavaara magnetite samples are

within the range of what is classified as random arrangement. The formation of several generations of

magnetite with random distribution suggest that crystal fractionation and subsequent accumulating

processes were active during the formation of the Kiirunavaara AIO deposit.

8.2.2 Malmberget AIO ore deposit
Dynamic recrystallisation is evident in the two analysed samples from the Malmberget AIO deposit.

Texturally, sample FA-001 (Fig. 35c) and sample VIRI-001 (Fig. 37c) exhibits granoblastic polygonal

textures. Additionally, sub-grain domains can be observed in numerous grains in sample FA-001 (Fig.

35c). Apparent CPO can be observed in sample FA-001 (Fig. 35c). The CPO is most likely due to

preferential recrystallisation during regional metamorphism and ductile deformation, resulting in an

approximate aspect ratio of 2 for the magnetite grains. On the contrary, the ViRi samples shown no

apparent CPO, and the magnetite crystals have an approximate aspect ratio of 1. These observations are

coherent with the current understanding of the Malmberget deposit, where ViRi is interpreted as the

least deformed ore body (J.-A. Perdahl, personal communication, June 2020). Further, the presence of

interstitial grains in VIRI-01 (Fig 37c) and the lack of interstitial grains in FA-001 (Fig 35c) can be

attributed to the difference in deformational strain subjected to the Fabian and ViRi ore bodies. The

interstitial grains may be the remains of primary magnetite crystals which have been recrystallised

during metamorphism.

8.2.3 Grängesberg AIO ore deposit
Polygonal granoblastic textures, triple points and subgrain domains demonstrate that both Grängesberg

magnetite samples have been subjected to dynamic recrystallisation (Figs 39c, 41c). The two crystal

populations in sample RA-5 (Fig. 39c) are likely a result of later hydrothermal recrystallisation,

completely replacing the smaller originally randomly oriented magnetite crystals. The population of

smaller crystals resemble the aggregates observed in the samples from Kiirunavaara AIO ore deposit

(Figs. 27d,29c,31c) and likely represent the orientation of the primary magmatic magnetite crystals.

8.2.4 El Laco AIO ore deposit
Two morphologically different crystal populations can be observed in the El Laco samples (Figs.

41c,43c). The first crystal population consist of blocky, euhedral to subhedral magnetite crystals

engulfing smaller magnetite grains. On the other hand, the second population is made up of “blob like”

magnetite crystals, seemingly squeezed into voids between the angular crystals. Three generations of

magnetite crystals can be inferred from this texture. The first generation is the inclusions, engulfed by

the second generation of well-developed magnetite crystals. The third, “blob-like” crystal generation is
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likely the result of melt trapped within the crystal framework, formed by second generation of magnetite

crystals.

8.2.5 Bafq AIO ore deposit
The Bafq sample is characterised by extremely fine-grained magnetite crystals devoid of equilibrium

textures (Fig. 45c). The crystal relationship and the crystal morphology observed in the Bafq sample is

similar to those observed in the Kiirunvaara samples and the absence of magnetite-magnetite incluisons

suggest a single ore-forming event. The CPO data (Fig. 46) indicates randomly orientated magnetite

crystals, likely deposited through crystal settling.

8.2.6 Varena AIO ore deposit
The samples from Varena are comparatively coarse grained, ranging in diameter from 500 to 2000 µm.

Striking for the Varena samples (Fig. 38,40) are the occurrence of large euhedral magnetite crystals and

the abundance of silicate phases in the ore. Aggregates of crystals, which are present in sample from

other deposits, have not been observed in the Varena samples. This may be due to the dynamic

recrystallisation, which is evident in the Varena magnetite, with frequent triple points and sub grain

domains. These observations, in combination with the serpentinised ore assemblage and available

literature (Skridlaite et al., 2017), suggests that the Varena deposit is not a Kiruna-type deposit sensu

stricto.
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8.3 Fe-O isotopes
Fe-O isotopes are robust geochemical tracers for AIO systems. The sheer size of AIO deposits in

combination with the inert nature of magnetite provides a buffer to post-emplacement re-equilibration

(Jonsson et al., 2013). Although, oxidation during supergene alteration can modify the Fe-O isotopic

composition of magnetite (Troll et al., 2019; Childress et al., 2020).

The magnetite samples analysed by EBSD from the Kiirunavaara, Malmberget, Grängesberg, El

Laco, Bafq and Varena undoubtedly have magmatic to magmatic-hydrothermal Fe-O signatures (Troll

et al., 2019; Xie et al., 2021; This study). Adding the Malmberget Fe-O isotopes to the Global Fe-O

correlation diagram (Fig. 51) shows that the Fe-O composition of the Malmberget AIO deposit is

consistent with global AIO deposits. The complete overlap in Fe-O composition of the Malmberget

deposit and the Kiirunavaara deposit further emphasise the similarity between the two deposits. The

geochemical resemblance of the AIO deposits in Norrbotten may indicate that the deposits were sourced

from the same magma reservoir.  a regional scale ore-forming system situated at lower crustal levels,

distributing iron-rich magma into more localised reservoirs through regional zones of crustal weakness.

Explaining the wide-spread occurrence of AIO deposits along the major deformation zones in the

Northern Norrbotten ore province.

Moreover, the Malmberget magnetites are sampled from two stratigraphically different ore horizons

recognised in Bauer et al. (2018), where the Fabian ore body is interpreted to be situated in the

structurally higher position than the ViRi ore body. The notion of at least two separate ore bearing

horizons in the Malmberget deposit is supported by equilibrium calculations (Tab. 3) between magnetite

and magma of intermediate to mildly felsic composition, as well as between magnetite and high-T

magmatic fluids. For the Fabian ore body, uniform equilibrium between the magnetite samples and a

potential source is only attained for high-T fluids. Contrastingly, equilibrium for the magnetite sample

from the ViRi ore body is attained with a magma of intermediate to mildly felsic composition. The

observed magnetite-source dissimilarity can be explained by the respective ore bodies proximity to the

ore-forming magmatic system. The ViRi ore body represents the purely magmatic (> 800 °C) part,

proximal to the ore-forming system, whereas the Fabian ore body represents a more distal part of the

ore-forming system with magmatic to magmatic-hydrothermal (≥ 800 °C) conditions.
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Figure 51. Discriminatory diagram for magnetite based on δ18O-values and δ56Fe-values with coloured fields
corresponding to the distribution of values from this study and values reported in Troll et al. (2019) and Xie et al.
(2021).
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8.4 Crystal aggregates and magnetite-magnetite inclusions
Two striking features have been observed in the collected EBSD maps being, (1) randomly arranged

crystal aggregates that consist of up to hundreds of individual magnetite crystals, most clearly observed

in the samples from the El Laco deposit (Figs. 41c,43c), but can also be seen in samples from

Kiirunavaara, Malmberget, Grängesberg and Bafq (27d,29c,31c,35c,37c,45d),  (2) Magnetite-magnetite

inclusions, most commonly observed in the El Laco magnetite samples (Figs. 41c,43c), but also in the

investigated samples from Kiirunavaara, Grängesberg and Bafq (Figs. 27d,29c,39c,45d).

Several generations of magnetite crystals have been documented for the El Laco AIO ore deposit and

the Chilean AIO ore deposits (Knipping et al., 2015; Ovalle et al., 2018; Knipping et al., 2019, Palma

et al., 2021b, Ovalle et al., 2022). The authors propose a AIO ore formation model through flotation of

low-density magnetite-fluid-bubble aggregates to the roof of an andesitic magma chamber. In this model

the andesitic magma chamber is continuously recharged through mixing and mingling with an

underplating mafic magma, providing thermal rejuvenation and enrichment of metals (Edmonds et al.,

2014). During collapse of the volcanic edifices and consequential decompression magnetite fluid

glomerocrysts ascend through regional scale structures, forming massive to brecciated AIO ore bodies

at depth. (Knipping et al., 2015; Ovalle et al., 2018; Knipping et al., 2019b).

Edmonds et al. (2014) argued that magnetite-fluid-bubble-pairs should also accumulate at the floor

of the magma chamber. Since the vertical movement direction is governed by positive feedback

processes, resulting in a system that is unstable in both directions. A slight downwards movement of a

magnetite-fluid-bubble-pair in buoyancy equilibrium will cause pressures induced bubble shrinkage,

resulting in an increased magnetite-fluid-bubble-pair density. In turn, this further accelerates the descent

of the magnetite-fluid-bubble-pair. Opposingly, if the magnetite-fluid-bubble-pair is moved slightly

upwards, expansion of the bubbles lower the density of the aggregate, which promotes ascent of the

magnetite-fluid-bubble glomerocrysts. The result is that forming magnetite cumulates at both roof and

floor of the magma chamber is not only conceivable, but likely.

However, the presence of magnetite aggregates is not able to resolve whether fractional

crystallisation is the main cause for formation of AIO deposits from an immiscible melt. Formation of

coalesced magnetite aggregates have been observed during immiscibility experiments of silicate melts

which are enriched in FeO and P2O5 (Hou et al., 2018), but the main issue that remains for fractional

crystallisation and melt immiscibility is how a system moves from small scale crystal aggregation to

formation of large, and even giant AIO deposits. The evidence from EBSD is clearly indicating that

accumulation of often multiple crystal populations is at work and thus implies that crystal settling or

flotation that produces large crystal accumulates is a major factor for formation of these large ore

deposits.
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8.5 Alignment of magnetite crystals
To evaluate the flow rotation hypothesis with crystallographic alignment along the crystal axes, the

EBSD pole figure data was plotted on an x-y diagram (data available in appendix 1). The orientation

distribution plots reveal variations in crystal alignment for the magnetite samples across the different

AIO deposits, independent of the MUD-range of the individual sample (Figs. 52a,b-56).

The orientation distribution plots of the Kirrunavaara (Figs. 52a,b) and Bafq (Fig. 56) magnetite samples

are unsymmetric and reveals no preferred crystal alignment towards {001} or {111}. For Malmberget,

the relationship between {001} and {111} reveals no preferred crystal alignment in sample FA-001,

whereas sample VIRI-01 show a slight preferred alignment of {111} at ca. 5 degrees. Indicating that

magmatic flow processes occurred within the ViRi ore body, either in its entirety (i.e. feeder/dike), or

as localised magmatic flows and slumps within parts of the ViRi ore forming system system (Troll et

al., 2020). The observed asymmetry in the orientation distribution plots for the Malmberget magnetite

samples (Figs. 53a,b) is a direct consequence of the low number of crystals included in the analysed

area, resulting in irregular plots where the peaks correspond to the direction of the larger crystals. The

orientation distribution plots of the two magnetite samples from Grängesberg is extremely jagged (Figs.

54a,b). However, the extreme symmetry between {001} and {111} demonstrates the absences of crystal

alignment in the samples from Grängesberg. The orientation distribution data for Kiirunavaara,

Malmberget, Grängesberg and Bafq is in accordance with the hypothesis of crystal accumulation and

further signifies the similarity between deposits. The orientation distribution plots for the magnetite

samples from Kiirunavaara, Malmberget, Grängesberg and Bafq supports the formation of AIO deposits

through crystal settling within a relative stagnant magmatic environment, especially as multiple crystal

populations are commonly present, which would take place within a magma chamber, sill, or laccolith.

Crystal settling of up to millimetre-sized crystals within an immiscibility melt is consistent with

numerical modelling (Zhang et al., 2019).

In contrast, sample M6 and RA-9 (Figs. 55a,b) from the El Laco deposit exhibits extreme crystal

alignment along {111}, in agreement with previous interpretations of massive magnetite lava flows at

El Laco (Frutos et al., 1990).
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Figure 52. Plots comparing the relative orientation distribution of {001} and {111} to the one point per grain
CPO for the magnetite samples from the Kiirunavaara AIO deposit. a) KUJ 12-935 b) K-disp. Both samples
exhibit a non-dependency relationship between {001} and {111}, meaning that the crystals are not aligned in
any direction, implying cumulative processes.
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Figure 53. Plots comparing the relative orientation distribution of {001} and {111} to the one point per grain
CPO for the magnetite samples from the Malmberget AIO deposit. a) FA-001 b) VIRI-01. The relative
symmetry of FA-001 in the orientation distribution plot indicates that the crystal population was originally
randomly oriented. The orientation distribution plot of VIRI-01 on the contrary suggests that either late
magmatic or meta flow processes were present in the ViRi ore body.
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Figure 54. Plots comparing the relative orientation distribution of {001} and {111} to the one point per grain
CPO for the magnetite samples from the Grängesberg AIO deposit. a) Sample RA-5. b) Sample RA-6. The
symmetry between {001} and {111} shows that the CPO is a result of recrystallisation during metamorphism
and alteration and that the original arrangement of the crystal populations was random.
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Figure 55. Plots comparing the relative orientation distribution of {001} and {111} to the one point per grain
CPO for the magnetite samples from the El Laco AIO deposit. a) Sample M6. b) Sample RA-9. By comparing
the apparently randomly oriented PF contour plots to the orientation distribution plots clearly shows that the El
Laco magnetite samples are aligned along {111}.
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Figure 56. Plots comparing the relative orientation distribution of {001} and {111} to the one point per grain
CPO for sample RA-2 from the Bafq AIO ore deposit. The symmetry of orientation distribution plot in
combination with the low MUD range further demonstrate that crystal settling processes occurred in the Bafq
AIO deposit

0

0,5

1

1,5

2

2,5

0 10 20 30 40 50 60 70 80 90

re
la

tiv
e 

di
st

ri
bu

tio
n

orientation relative to z-axes (degrees)

RA-2 - Bafq
{001}
{111}



79

8.6 Formation of giant AIO deposits
Stable isotope analysis of magnetite from Kiirunavaara, Malmberget, Grängesberg, El Laco and Bafq

samples suggests that these AIO deposits have originally, and primarily formed in various high-T

magmatic to volcanic environments. Two distinct endmembers seen in EBSD are the Kiirunavaara

deposit and the El Laco deposits, representing a stagnant magmatic environment and a moving extrusive

environment. respectively. In the samples from Kiirunavaara and Bafq several generations of magnetite

crystals and the lack of CPO and crystal alignment in EBSD data supports the notion of formation of

giant AIO ore deposits through crystal accumulation. For the Malmberget and Grängesberg samples a

similar mechanism can be inferred, crystallising multiple generations of magnetite crystals without a

preferred alignment. However, evident equilibration textures of the samples restrain any type of direct

interpretation. Opposingly, the strong crystal alignment observed in the El Laco samples supports the

previously documented extrusive features, and supports the iron-oxide lava flow theory (Nyström, &

Henríquez, 1994; Henriquez & Nyström, 1998; Nyström et al., 2016; Tornos et al., 2017) or gas flux

emplacement concept (Ovalle et al., 2018; Childress et al., 2020)

Formation of giant AIO deposits is predominantly a magmatic to magmatic-hydrothermal process

(Simon et al., 2018; Troll et al., 2019; Palma et al., 2021). Structural observations, chemical data and

laboratory experiments are consistent with formation of AIO deposits through magmatic segregation by

either fractional crystallisation or liquid immiscibility and subsequent fault-ascending magnetite-fluid-

bubble suspensions (Andersson, 2013; Knipping et al., 2015; Tornos et al., 2017; Hou et al., 2018;

Ovalle et al., 2018).  A five-step formation-model, concordant with segregation via fractional

crystallisation and/or liquid immiscibility and fault-ascending fluid-bubble-magnetite suspension is

suggested, emphasizing the potential additional significance of crystal settling and caldera collapse

during the formation of AIO deposits.

1. Injection of intermediate magma into upper crustal levels, possibly involving incorporation

of evaporitic layers to significantly increase the phosphorus and volatile content of the

magma (cf. Peters et al., 2020), leading to Fe saturation.

2. Continuous Fe-Si immiscibility or fractional crystallisation and settling of low-viscosity,

high density magnetite droplets/crystals through the high-viscosity, low-density hydrous

silicic magma (Hou et al., 2018; Zhang et al., 2019), forming giant, sub-volcanic intrusive

AIO deposits with randomly oriented magnetite crystals, to give rise to large-volume

Kiirrunavaara deposit.

3. A collapsing volcanic edifice forms peripheral caldera faults, acting as conduits for the Fe-

rich liquids (e.g. Walter & Troll 2001; Keller et al., 2018; Ovalle et al., 2018).

4. Sudden decompression triggers bubble nucleation on magnetite crystals, further promoting

ascent and subsequent extrusion of the Fe-rich liquids through the caldera collapse faults
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(e.g. Knipping et al., 2015, 2019b), forming concentric subvolcanic to subaerial AIO

deposits with strongly aligned magnetite crystals, as in the El Laco deposit.

5. The cooling ore-forming system then progressively transforms from magmatic to

magmatic-hydrothermal to purely hydrothermal continuously reprecipitating magnetite,

explaining the occurrence of hydrothermal Fe-O signatures (Troll et al., 2019; Palma et al.,

2021).
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9. Conclusions
The principal conclusions from this work are:

i. Fe-O systematics suggest that the Malmberget AIO deposit is of high-T magmatic origin.

ii. The ore forming fluids in the Varena deposit are likely magmatic, however the absences of
crystal aggregates and the silica-rich, serpentinised ore-bearing mineral assemblage indicates
that the Varena deposit is not of Kiruna-type.

iii. AIO deposits are aggregates of magnetite crystals originating from a range of primary
crystallisation processes. The variations in crystal alignment for the investigated AIO deposits
suggests formation in a range of magmatic environments, from purely intrusive to subaerial
extrusive. EBSD analysis reveals that Kiirunavaara, Malmberget, Grängesberg and Bafq
deposits are likely of intrusive origin, whereas the El Laco deposit is most likely of extrusive
origin.

9.1 Further work
In direct extension to this work, I recommend: 1) To confirm the high-T origin of the samples missing

stable isotope data. 2) Examine deposit-scale variations in isotopic-signature and crystal alignment by

collecting samples in a transect through the deposits. 3) Perform detailed Fe-O systematic and EBSD

analysis of the structurally higher Per-Geijer deposits, to better understand the ore forming system in

the Kiruna area. 4) Expansion of the Fe-O dataset in the northern, Norrbotten ore province (e.g.

Svappavaara, Mertainen, to better understand the regional formation of AIO deposits.
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Appendix: Pole figure data

set of
planes {001} {111} {001} {111} {001} {111} {001} {111} {001} {111}

Sample FA-001 VIRI-01 RA-2 RA-4 RA-5
Degrees
0.5 0.0027554 0.004133 0 0 1.96846 1.043115 0.3405221 0.1277139 1.154596 0
1.5 0.0036741 0.0227337 0.1248128 0.0748923 1.236858 1.27551 0.5865658 0.1702852 2.729181 0.0187449
2.5 0.1245783 0.1248538 0.6142322 2.853933 1.818519 1.252435 0.749489 0.0255493 3.089753 0.0269978
3.5 1.12722 0.1361758 1.380713 5.04937 1.590879 0.9943323 0.1135903 0.1886333 1.185271 0.0289347
4.5 0.877693 0.1500877 1.315899 1.830221 1.155354 0.5725338 0.0315657 0.5397727 0.1884527 0.0350219
5.5 0.2598966 0.9492111 1.977093 1.278315 0.9120081 0.8423586 0.1447028 3.860315 0.6744027 0.3501695
6.5 0.5902606 2.572059 1.87601 0.7402918 1.265551 0.8418682 1.089477 3.147048 2.267789 1.363628
7.5 1.249137 1.053596 1.271589 1.359165 0.9115149 0.706911 0.9866424 0.4525273 1.1428 0.5856879
8.5 3.559089 0.1168794 1.772767 1.289788 0.8651845 0.8870637 0.1675491 0.1709015 0.9649177 0.2230809
9.5 3.285992 0.0172633 1.93602 3.316705 0.760102 0.8827099 0.4561551 0.2025704 0.987807 0.4013461
10.5 0.9395537 0.197516 3.363333 0.8094662 0.6795168 0.9426735 0.4104153 0.2548108 0.1234976 0.1793234
11.5 0.9423927 0.3465228 2.779417 0.7571288 1.213868 0.9895564 0.2086905 0.581352 0.1043533 0.3012463
12.5 0.4292537 0.4294202 1.585001 1.150258 1.305063 0.9984574 0.5561022 0.2059626 0.1475087 0.4352715
13.5 0.3453518 0.6812537 1.676697 1.339379 0.984641 1.294953 0.2779487 0.035009 0.0280252 0.2118706
14.5 0.5474761 0.8541284 1.075241 0.7653311 0.7725877 1.427983 0.2037587 0.5563798 0.1604365 0.2563329
15.5 0.7582069 0.6737894 0.3667751 0.630857 0.8752802 0.9562966 0.3280633 0.4642887 0.2996519 0.3345378
16.5 0.7273032 2.437092 0.2944966 0.8713958 1.014505 0.7886638 0.4342518 0.2851388 0.4994034 0.1617072
17.5 0.5638767 3.829496 0.2672809 0.9925356 1.003957 0.66415 0.3656729 1.185961 0.5408698 0.1187912
18.5 0.5089182 1.750732 0.5498466 1.652637 0.9080706 1.086624 0.5650864 0.7387461 0.9373196 0.3791745
19.5 1.077365 0.9874342 0.5990134 1.915962 0.7346701 1.196581 0.7330138 0.2848971 3.846938 1.036895
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20.5 0.8424282 0.6314608 0.5037877 1.214683 0.7927153 0.946405 0.6590858 1.60387 1.821436 0.4929076
21.5 0.9493725 0.7798815 0.5116959 1.108526 0.8568526 0.8977077 0.5162581 0.6314744 0.1685118 0.2128714
22.5 0.461745 0.9502402 1.000615 0.731245 0.9729067 0.9136766 0.4258293 1.771604 0.115569 0.127707
23.5 0.3154871 2.148442 0.5555282 0.6698294 1.118418 0.9651687 0.5279241 1.439365 0.4659649 0.2121449
24.5 1.338147 1.842756 0.2584183 0.5944432 1.133968 1.102247 0.6437896 0.4917989 1.203105 0.6048659
25.5 0.8694292 0.4069427 1.28713 0.6090273 1.148691 1.113915 0.6880127 0.4875355 2.511109 1.537529
26.5 0.8608491 0.4589579 1.310702 1.057719 0.8144534 0.9931297 0.8159052 1.546057 3.602565 2.027818
27.5 0.7723908 0.7256296 0.6424771 1.410544 0.7800175 0.8794878 1.187475 2.308163 3.263605 3.931378
28.5 0.5568176 0.785642 0.6559667 1.202716 0.863385 1.178042 1.193763 4.121576 5.169345 3.452928
29.5 0.5763246 0.4568531 0.9912683 1.062919 0.882643 1.103304 0.408385 4.121308 4.466499 1.70513
30.5 1.168587 0.2231695 0.5703544 0.9627083 0.7447334 1.210382 0.3962213 1.236972 2.50176 1.73846
31.5 1.856829 0.363911 1.181826 0.4933686 1.044055 1.145526 0.3839299 0.4251658 0.9954423 1.715353
32.5 0.8077898 1.095893 1.186972 0.6083824 0.9821644 1.069899 0.7725211 0.2890034 0.2264802 1.231213
33.5 1.206887 1.19971 0.5978737 0.550519 0.8475943 0.9018521 1.578541 0.6030624 0.525108 1.406946
34.5 1.100154 1.277853 0.5860637 0.7268071 0.7416299 0.9966991 2.09002 1.130714 0.5597446 1.619803
35.5 0.4976544 1.289123 1.152271 0.4228169 0.8306968 1.140462 3.508218 0.4337285 0.3113994 1.609668
36.5 0.8705849 1.132767 0.6371596 0.3814718 1.349807 1.147068 3.828795 0.4128154 0.6214336 0.2738709
37.5 1.01022 1.429513 1.128142 0.3558318 1.467812 1.10884 2.820087 0.3679701 0.2648061 0.1289638
38.5 0.4729197 1.197469 1.314201 0.47787 1.205258 0.9019902 1.007312 0.6176376 0.2209111 0.1757724
39.5 0.5497019 0.9170046 0.7468436 0.8059173 1.066307 0.934294 0.4633271 0.8591035 0.1411165 0.2382113
40.5 0.991026 1.17502 0.8753484 0.8263028 1.039369 0.8533667 0.6215775 0.591452 0.2542607 0.1763405
41.5 1.143035 1.242887 1.016725 0.8172714 1.143304 0.9014539 0.7019091 0.7826428 0.4350247 0.183202
42.5 0.6044636 0.7831354 0.6161197 0.8291501 1.308239 0.9371574 0.4919499 1.388415 0.2914859 0.4357761
43.5 0.7120177 0.5894737 0.7632211 0.9597243 1.03471 1.208145 0.9879617 2.926637 0.4172401 0.4048849
44.5 0.8412162 0.5114295 0.8250671 1.089366 0.9445837 0.9379466 0.5144585 2.857264 0.4022999 0.6527337
45.5 2.489152 0.6879317 0.5899975 0.9633289 0.9429894 0.825546 1.203481 0.9312549 0.2863684 1.173083
46.5 3.674968 1.872952 0.9206544 0.8816912 1.007576 0.7849701 1.75695 0.9612676 0.2669707 1.397944
47.5 1.61552 1.553141 0.7887973 0.6215144 1.033022 0.872744 0.6731609 2.138895 0.3545917 0.7489824
48.5 2.358832 0.6523909 1.217969 0.5686354 1.079592 0.8275247 0.4781493 0.8814003 0.6593407 0.6009012
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49.5 2.83411 0.6978713 1.502978 1.397921 1.062267 1.0338 1.122981 0.4768116 0.7287388 1.330444
50.5 0.5264604 1.401695 2.104398 1.197221 0.9492741 0.9991032 1.129762 0.4068113 0.7061038 1.817023
51.5 0.4319709 1.041615 1.502083 1.692665 1.052817 1.124694 0.6398653 0.3170836 0.1931086 2.109648
52.5 0.4711872 0.9872293 2.058298 1.488121 1.348704 1.170673 0.8977849 0.9149568 0.0606939 2.604932
53.5 0.2756623 1.914942 1.402222 1.222984 1.266638 1.172748 1.314914 1.424742 0.1518683 1.560678
54.5 0.3379321 0.8681772 0.8580212 1.062498 0.8440538 0.8940155 3.458808 0.451287 0.2451028 0.5449713
55.5 0.6803459 0.6237161 0.7136004 1.380225 0.9163049 0.9840678 2.60602 0.3601598 0.5229908 0.6554058
56.5 0.7861628 0.771061 0.5790901 1.263576 1.125908 1.254268 1.844911 0.239227 0.483918 2.187163
57.5 0.4240452 0.7324572 0.8367617 0.900681 0.8502634 1.164557 1.968005 0.2312449 0.4012021 2.465858
58.5 0.6648412 1.159038 1.230802 1.239805 0.9293274 1.108493 0.7633277 0.2104373 0.3374609 0.9915508
59.5 0.9395576 1.149792 0.9540422 1.225165 1.025776 0.9651898 0.7921543 0.5290138 0.3843578 0.4846236
60.5 1.264715 0.6575315 0.804835 1.422908 1.101977 1.014096 1.06762 0.3457254 0.9611077 0.5532798
61.5 1.969533 0.5935806 1.004536 0.9123355 0.8445386 0.8454615 0.621104 0.2067059 0.8873841 0.285422
62.5 1.128906 0.8746749 0.8935938 0.8464463 0.8203154 0.9984739 0.3071253 0.2692923 0.6061375 0.3265974
63.5 0.5427442 0.6854964 0.8440605 1.503212 0.7940599 0.8756817 0.2058889 0.5060044 1.420125 0.5974084
64.5 0.6154246 0.6635423 1.702044 1.367758 1.007927 0.8137846 0.2870078 1.137608 2.195703 1.001049
65.5 0.6314957 0.6297253 0.8681852 1.457385 1.060234 0.9719619 0.5666416 1.348427 3.342781 1.527742
66.5 0.7799884 1.153347 0.8692988 1.211496 0.9372931 1.045852 1.304369 0.5160757 2.464101 2.16943
67.5 0.7541134 1.280081 1.040414 1.164894 0.7569187 0.9454913 1.09959 0.5484564 0.8330548 1.985376
68.5 1.031144 1.234609 1.458701 0.7042439 0.9160106 0.9466768 0.3667937 0.5905182 0.6559111 1.142817
69.5 0.9974851 1.167202 1.361759 0.4787443 0.9193972 0.8898019 0.2977151 0.6488407 0.815392 1.002546
70.5 0.8114686 0.9176178 0.8942312 0.7616602 0.9814107 0.8397355 0.5317584 0.9600038 0.4620954 0.5407302
71.5 2.22251 0.4696371 0.7310838 1.089389 0.9789446 0.8603087 0.5933385 1.241392 0.3536358 0.2593282
72.5 1.485269 0.2590643 0.6001932 1.256918 0.9751006 0.8891746 1.099985 0.683208 0.3904626 0.3513957
73.5 0.7628693 0.4768529 0.5690608 0.995681 1.000304 0.970548 0.8528862 0.4273471 0.5805297 0.8144003
74.5 0.3445354 0.4227845 0.7228589 1.174819 1.007904 0.9669596 0.4086374 0.6341582 1.007258 1.541744
75.5 0.2680241 0.5214886 1.177773 1.526718 1.121914 0.9693458 0.3872895 1.141147 3.430697 0.601697
76.5 0.4182427 1.101392 1.266741 0.9178011 1.22276 0.8702492 0.7325 1.332182 4.561223 0.5218773
77.5 0.9557698 1.808212 0.9745127 0.6992586 1.166444 0.810789 1.381998 2.05359 2.103507 0.712974
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78.5 1.668244 2.291323 0.7441836 0.7676881 0.8366922 1.073537 0.9502676 1.673712 1.102806 1.069958
79.5 1.104385 0.9785702 0.4080466 1.126446 0.9367566 1.084715 0.9903733 0.9713543 1.303342 1.224227
80.5 0.5965717 1.332559 0.9951172 0.8034823 0.88956 1.020452 0.5920963 0.8478439 0.8060814 1.408123
81.5 0.9256817 1.164359 1.754154 0.6446786 0.8208192 1.033592 1.945671 1.059978 1.083937 1.329618
82.5 0.7902954 0.9112089 1.58839 0.7538235 1.289849 1.127799 3.016012 1.865965 1.379018 2.311827
83.5 0.8988341 1.30569 1.448846 1.029418 1.211326 1.155935 1.536437 1.466019 0.9213288 1.464367
84.5 0.6250258 1.030822 1.07529 1.198377 1.039981 1.141007 0.7508882 0.8703116 0.5263352 0.8294308
85.5 0.6527252 0.8816783 0.7288744 1.010727 0.9068693 1.054631 0.5311273 1.250936 0.5062377 0.6422145
86.5 1.236143 0.7788496 0.8510638 0.80229 0.8408881 1.034489 0.6704216 2.364089 0.3666634 0.2903353
87.5 2.192578 1.156529 0.5585715 0.7250323 1.048334 1.141093 0.7659891 1.691499 0.418193 0.2837831
88.5 1.56128 1.512537 0.6484381 0.6809591 0.9918225 1.042021 0.5831843 1.105178 0.4824677 0.2914636
89.5 0.6695172 0.8467491 0.9449128 1.049304 1.01257 1.05081 0.6637475 0.57954 0.4577204 0.4039405

set of
planes {001} {111} {001} {111} {001} {111} {001} {111} {001} {111}

Sample RA-6 RA-9 M-6 KUJ12-935 K-Disp
Degrees
0.5 0.0979912 0.0122474 1.279947 8.024615 0.0186602 0.4338091 0.8148569 0.3363654 2.255814 0.324234
1.5 1.214068 0.1633253 0.1258206 2.601239 0.1990545 1.84278 0.7517689 0.5717264 0.6976744 1.163467
2.5 3.985886 3.851997 0.1936967 0.467819 0.0709273 9.440618 0.9591811 0.4881193 1.023732 0.7678883
3.5 6.870069 11.11928 1.566935 0.0633335 0.0373413 2.144429 1.333646 0.4273186 0.831117 0.6733167
4.5 5.785124 1.998474 0.1770396 0.062968 0.2448895 0.6459546 1.483142 0.4673882 0.5950841 1.299961
5.5 0.6884247 0.4940172 0.1449254 0.0347374 1.799123 3.753679 0.6452912 0.4982034 1.080051 1.778907
6.5 0.1044893 2.236741 0.4338916 0.2182101 0.628578 2.660309 0.933956 0.8359567 1.36274 1.613771
7.5 0.1091822 2.029971 0.2611109 0.4772406 1.181372 0.7222986 1.92661 0.5020287 1.368585 0.6764637
8.5 0.0019283 1.376817 0.5202581 1.025257 2.470945 0.3362691 1.225838 0.4410905 0.7415545 1.091771
9.5 0.0103615 0.3911461 1.391685 0.7444282 1.410785 0.2952297 1.245429 0.6091894 0.7379166 1.614242
10.5 0.1822106 0.4721435 0.7834416 0.8881529 2.221269 0.3484718 0.8043074 1.188764 0.8799287 1.453634
11.5 0.3395379 0.1340281 0.3713467 0.6970856 1.818048 0.4226594 0.8256031 0.7098214 0.6414172 0.9697618
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12.5 0.0783539 0.7535802 0.3877097 0.7001613 2.000391 0.7436622 0.7199888 0.6536435 0.7502579 0.7526201
13.5 0.0189246 0.2902784 0.8925285 0.7687742 0.2776092 1.376356 0.6602188 0.736371 0.3738805 1.017347
14.5 0.0335817 0.0204905 1.238812 0.5005855 0.3154102 0.4760442 0.7412756 0.7646671 0.5269558 1.076184
15.5 0.0399957 0.3371636 0.5390691 0.480661 0.7445726 1.041457 1.196782 1.201887 0.8735283 1.446964
16.5 0.0331171 0.9539974 0.8707534 0.4223941 0.8840527 0.8672807 1.03642 1.247198 1.157804 1.683105
17.5 0.1312771 0.8967829 0.9786227 0.8557601 1.042372 0.9706254 1.080816 0.9995174 0.945052 1.599838
18.5 0.5829725 0.8865863 2.406806 2.571419 0.4823753 0.5349755 1.227707 1.01407 0.9595701 0.9499592
19.5 0.1515598 1.300319 4.46496 3.182703 0.2985322 0.8469399 1.137619 0.8966866 1.368197 1.053496
20.5 0.6751038 1.494569 1.304399 1.531238 0.5914216 0.6311744 1.224432 1.059749 0.7419 1.117197
21.5 0.5000525 0.8177383 0.9518042 1.189168 0.4531682 0.6970801 0.9741695 1.295547 0.919362 0.8640027
22.5 0.5649318 1.815734 1.370699 0.8251149 0.5144243 0.8925836 0.9174193 1.312389 1.18814 1.026375
23.5 0.7516056 4.117212 1.250117 1.556267 0.3515907 1.410655 0.7536893 1.269673 0.9621258 0.8781307
24.5 0.4625604 0.7415235 0.7123889 1.261013 0.3223679 1.826717 0.8943253 1.11229 0.6020558 0.8516887
25.5 0.609094 0.0719987 0.4433948 0.6209367 0.6558419 1.795055 0.8953963 1.178209 0.7402518 1.205842
26.5 2.169941 0.4134518 1.041115 0.3709213 0.6659928 2.337363 0.9187697 1.021246 0.8052043 1.037224
27.5 2.698699 2.184903 1.41015 0.5724174 0.4464396 2.091499 1.042543 0.9942841 1.226481 1.144044
28.5 0.2965764 1.111937 0.4744756 0.8791773 0.5105088 2.21488 1.431923 0.9561083 0.7614753 1.129439
29.5 0.4925738 1.286276 0.1247568 1.168177 0.6920953 0.9637395 1.450783 1.044849 0.8491694 1.078959
30.5 1.822889 1.405072 0.3196736 0.8487703 1.540915 0.3103969 0.8325993 0.9209533 0.8038714 0.9058732
31.5 2.495118 0.7799971 0.6788701 0.3975375 1.872628 0.2594379 0.8313376 0.9104094 0.6798493 0.745899
32.5 1.718998 0.4237153 0.6532394 0.4151708 1.64315 0.8164249 0.8955383 1.059149 0.8991311 0.7395234
33.5 1.70646 0.2312206 0.9384348 0.3483134 0.8416798 0.5248333 1.123767 0.8548852 0.8569012 0.8081644
34.5 1.440196 0.8518138 2.087816 0.3762015 0.7658451 0.2337209 0.9632865 1.123332 1.175459 0.9461094
35.5 1.183377 1.739358 1.154822 0.3637951 1.012251 0.4422639 0.8366723 1.006113 0.9298098 0.8310612
36.5 1.156004 2.076318 0.5785106 0.5066482 0.469747 0.4202681 0.9737979 1.202836 0.6722632 0.8343571
37.5 2.83075 1.043622 0.9174096 1.31013 0.5849736 0.4708275 1.020862 0.9236112 0.9602881 0.8852877
38.5 1.348849 0.406063 1.356294 1.438359 1.29581 0.428841 1.267411 0.9352169 1.111908 1.066249
39.5 0.9044796 0.4636102 1.935676 1.734409 2.634402 0.6161059 1.16291 0.9984043 1.180751 0.8927289
40.5 0.6767373 0.9147149 2.226789 2.453626 2.208349 0.7734111 1.064616 0.9770869 0.9438975 0.7360525
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41.5 0.2486241 0.6660268 1.257777 1.008654 0.7725974 0.4150494 1.350259 1.110588 1.335621 0.836301
42.5 0.0502046 0.5636945 0.5901081 0.7912082 0.5991733 0.8550145 0.9235514 1.076599 1.174774 1.074881
43.5 0.1304305 0.6342951 0.4724439 1.242117 0.8868251 0.8985929 0.9199592 0.9657646 1.36235 0.871373
44.5 0.2220297 0.4640361 0.4983053 2.055433 0.5287441 2.083671 0.8487433 0.8120356 1.349551 0.8796699
45.5 0.2309755 0.1549495 0.5428879 2.684072 0.5291839 1.398694 0.8957312 0.9613267 1.030224 0.9391475
46.5 0.5013821 0.0139982 0.7422864 1.03466 0.9753546 1.285414 0.9952056 1.034114 1.066182 0.9675321
47.5 0.381177 0.0494351 0.6852401 0.4792607 0.7065101 1.915626 0.9054185 1.161026 1.316007 1.032439
48.5 1.007725 0.2480306 0.5437744 0.4419601 0.9363837 1.206949 0.8859275 1.024076 1.395777 1.01431
49.5 0.9177716 0.4493747 0.5248518 0.4367176 1.150338 1.160669 1.050338 1.174209 1.182563 1.091135
50.5 0.8582557 1.135015 0.5636171 0.9628996 1.123695 1.113724 1.088432 1.137099 1.341611 1.260728
51.5 1.766535 1.262488 0.5959624 1.255968 2.479043 0.8161189 1.11098 1.127374 1.149008 0.9220534
52.5 3.402587 0.8082095 0.6525094 1.002997 1.869966 0.4865794 1.069877 1.168176 0.9313274 1.009345
53.5 1.849967 0.7566954 0.8864361 1.91151 1.798136 0.7084064 0.8496282 1.07983 0.8004646 0.9715541
54.5 1.390603 0.9954272 1.944547 1.029527 1.234654 0.7797335 0.8127857 0.9714635 1.014785 0.800359
55.5 0.6318662 1.325986 1.639085 0.6349223 0.6857976 1.046182 0.9460515 1.08307 1.472906 0.9273285
56.5 0.2440462 0.822118 1.659915 0.5678584 1.187026 0.9653983 0.9844913 1.017692 1.1027 0.8343222
57.5 1.101714 1.550298 1.051859 0.5614586 1.65554 0.671725 0.7650955 0.9268105 1.061397 0.7238398
58.5 1.246375 4.117825 0.9208688 0.5816941 0.7264561 0.6113002 0.7273802 0.9022109 1.052256 1.198065
59.5 0.3944737 1.466996 1.396061 0.4944799 0.993843 0.6910979 0.7556822 0.8948137 1.142574 0.9028747
60.5 0.2459368 0.3854835 0.5472312 0.5608466 1.742504 1.009134 0.8355706 0.9362402 1.10313 0.9672736
61.5 0.4973535 0.63426 0.5155647 0.51695 0.8982535 1.07946 0.9318993 1.090843 1.074027 0.8973426
62.5 2.54879 1.48587 1.074559 0.5740474 0.6867421 0.7422267 0.8362873 1.160934 0.8970662 0.9628422
63.5 2.363 0.4071435 0.8733485 0.7090164 0.5079947 1.434194 1.037074 0.9071087 0.9889088 0.9611295
64.5 0.293996 0.7096885 0.5838554 0.8585289 0.601287 1.391999 1.061873 0.9237875 0.9310484 1.219471
65.5 0.7520552 0.870846 0.6507261 0.8125024 1.621749 1.242349 0.9439231 1.103167 0.7562069 1.079101
66.5 1.56426 1.739631 0.7275129 1.267993 0.9529474 0.8589303 0.818803 0.9903534 0.9052879 1.087353
67.5 1.921843 1.663508 0.706642 1.751068 0.4619406 1.24161 0.9601317 0.7280195 0.9227727 0.855222
68.5 1.437191 0.7532496 0.6488859 0.8941413 0.4856459 1.285124 1.107602 0.8514526 1.031917 0.9670135
69.5 1.965128 1.187543 0.5759085 1.049271 0.6395536 0.7432923 0.9210659 0.8707047 1.081374 0.9735563



100

70.5 2.081037 0.9077797 1.653286 1.871054 0.7552111 0.7007557 1.111016 1.038913 1.059454 0.9092524
71.5 2.072626 0.7273051 2.125083 1.834814 1.100788 1.303098 1.267987 0.784238 1.095914 0.9616002
72.5 1.907442 0.5702156 2.286637 1.091667 1.14732 1.370382 1.340001 0.7027289 1.228052 1.007247
73.5 0.6869788 1.118198 1.361933 1.660261 0.9545773 0.6406591 1.112219 1.044236 1.04793 1.022531
74.5 0.1577989 0.6854717 1.384707 1.61954 0.7124016 0.8242636 0.9990664 1.010321 1.070082 0.9905683
75.5 0.2074051 0.8971125 1.643304 1.170355 0.5955514 0.7137028 1.017578 0.9636305 0.8197752 1.020537
76.5 0.2066512 0.7775797 0.8528405 1.093037 0.6741821 0.8475002 1.001708 0.9603815 0.8329158 1.100656
77.5 0.4005465 0.1947628 0.4595412 0.6868913 0.5980863 0.7542789 0.9279497 1.036554 0.8108614 0.9901916
78.5 0.6544407 0.469779 0.317258 0.6977195 1.45013 0.9041501 0.885024 0.9818349 1.118568 1.006711
79.5 0.6368605 0.6083072 0.2631705 0.6753672 1.713 1.165018 1.041187 1.055413 0.8319571 1.172081
80.5 0.1603875 1.342054 0.3886791 0.6049063 1.786322 1.160696 1.000597 1.169413 0.8232316 1.131417
81.5 0.2478422 1.402434 0.621154 0.5183165 1.353659 0.6507338 0.943493 1.015782 0.9830884 1.008235
82.5 0.4480418 0.830322 1.059153 0.681054 1.014645 0.6539434 1.013849 1.011792 1.142436 1.05184
83.5 0.4683105 1.524341 0.7141509 0.5166964 0.8290874 0.9332756 1.116814 1.06064 0.9561167 1.159904
84.5 0.6915144 0.9939986 0.672848 0.5803797 0.661203 1.437039 1.13354 0.823449 0.7647131 1.202129
85.5 1.045982 1.33739 0.5099351 1.160282 0.667381 1.238355 1.08564 0.8652386 0.7635453 0.8628062
86.5 0.7885629 1.623599 1.708564 1.303267 1.14341 1.189984 1.027046 0.990058 0.8744636 1.061558
87.5 0.6427694 1.432536 1.714171 1.416889 0.8939748 0.8357476 1.061144 1.168171 1.064651 1.123065
88.5 1.517698 0.6800132 1.387518 1.264646 0.7528595 0.9765823 0.9743649 1.217584 0.90359 0.8787159
89.5 1.74854 1.119328 1.330817 0.7418442 0.6130784 1.815422 0.975887 1.103351 0.8951952 0.9560928
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