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European iron ore production is primarily sourced from magnetite dominated iron
oxide-apatite ore deposits in the northern Norrbotten ore province of northernmost
Sweden. The Malmberget iron oxide-apatite deposit is at present the largest iron ore
resource in Europe and is an amphibolite facies grade analogue of the world-famous
Kiirunavaara iron oxide-apatite deposit. The Malmberget rock association is
characterised by multiple phases of deformation, metamorphism, and alteration
that resulted in a geometrically and petrologically complex deposit that is
genetically ambiguous. Primary ore textures and emplacement structures of the
Malmberget iron oxide-apatite deposit have largely been recrystallised during
metamorphic overprinting and now comprise dominantly medium- to coarse-
grained granoblastic magnetite. However, isotopic characteristics are preserved
and when combined with trace element chemistry, these can be used to
understand magmatic vs. hydrothermal origin of the deposit. To unravel the
primary origin of the Malmberget magnetite ore, we combined magnetite trace
element chemistry and Fe-O stable isotopes to investigate the massive magnetite
in the Fabian-Kapten and ViRi ore bodies of the Malmberget iron oxide-apatite deposit.
Trace element correlations indicate a high-temperature magmatic to a transitional
high-temperature magmatic-hydrothermal origin of the Malmberget iron oxide-apatite
ore deposit, with data plotting into fields of clear magmatic affinity in trace element
discrimination diagrams. Fe-O data fall into established magmatic fields regardless of
subsequent metamorphic modifications, underlining a dominantly (ortho-)magmatic
origin of the investigated deposits. Despite an overall magmatic to magmatic-
hydrothermal origin for the two ore bodies studied, Fe-O isotope equilibrium
calculations of the magnetite suggest a possible temperature discrepancy between
the Fabian-Kapten ore body and the ViRi ore body, the latter showing a more
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pronounced magmatic character. These variations in trace element contents and Fe-O
isotopes can be explained by the proximity of the more magmatic signatures to the
centre of the ore forming magmatic system.

Keywords: Malmberget ore deposit, magnetite chemistry, I0A, Fe-O, stable isotopes

INTRODUCTION

Iron has been a driver of industrial revolution and remains the
most important metal for the modern industry and will remain
so for the foreseeable future (U.S. Geological Survey, 2023). It
is widely used in civil engineering, manufacturing, transport,
and as a catalyst in chemical processing. The EU’s iron ore
production is to over 80% sourced from Kiruna-type Iron Oxide-
Apatite (I0A) deposits located in the northern Norrbotten ore
province in northern Sweden (SGU, 2023; LKAB, 2024), which
hosts several large I0A deposits. Iron oxide apatite deposits
are usually modally dominated by magnetite, with variable
amounts of hematite, apatite, actinolite, diopside and
possibly accessory phases such as monazite or xenotime.
In northern Sweden, the main iron ore sources are the
Kiirunavaara and Malmberget deposits, which together with
Svappavaara constitute the biggest IOA deposits in the region
(Bergman et al, 2001; Martinsson et al., 2016). The
Malmberget 10A deposit is considered an amphibolite facies
equivalent of the world famous Kiirunavaara I0A deposit
(Geijer, 1930; Annersten, 1968; Bergman et al., 2001; Yan
et al., 2023a) and represents the largest iron ore resource in
Europe. It is estimated at ca. 2 Gt, whereas Kiirunavaara is
currently listed at ca.1.5 Gt (LKAB, 2024).

Formation of I0A deposits is usually related to convergent
margin tectonics and associated calc-alkaline magmatism or
to post-collisional periods of extensional tectonics associated
with somewhat alkaline magmatism (Witschard, 1984,
Martinsson and Perdahl, 1995; Majidi et al., 2021; Andersson
etal., 2021). The principal formation mechanism of giant-sized
IOA deposits remains ambiguous, and is surrounded by an
intense scientific debate, both historically (cf. Geijer, 1910;
Pardk, 1975; Naslund, 1983 Hildebrand, 1986; Hitzman et al.,
1992; Nystrom and Henriquez, 1994; Naslund et al., 2002;
Jonsson et al,, 2013), and more recently (Dare et al., 2014;
Tornos et al., 2016; 2017; 2024; Westhues et al., 2017; Simon
et al., 2018; Troll et al., 2019; Peters et al., 2020; Reich et al.,
2022; Yan and Liu, 2022). Recent studies on trace elements,
fluid inclusions, and stable and radiogenic isotopes have
progressed the understanding of 10A deposits, both on a
deposit-to-regional scale and on a global scale, and suggest
that I0A deposits dominantly form from magmatic processes,
although no single model on the exact formation mechanisms
has been derived to date (Westhues et al.,, 2017; Troll et al.,
2019; Peters et al., 2020; Rodriguez-Mustafa et al., 2020; Reich
et al., 2022; Pietruszka et al., 2023, 2024; Tornos et al., 2024).

In natural systems, magnetite cation substitution commonly
occurs in both the tetrahedral (Fe®*) and octahedral sites (Fe?*,
Fe3%), with the concentration and preferred cation being
dependant on temperature, pressure, ionic radius and

charge, with the latter being dependant on oxygen fugacity
(Toplis and Corgne, 2002; Nadoll et al., 2014; Sievwright et al.,
2017). Cation incorporation is theoretically limited to
monovalent (Cu*), divalent (Mg?*, Ti?*, V*, Cr?*, Mn?*, Co?*,
Ni%*, Zn?*, Ge?"), trivalent (Mg®*, AI**, Sc3*, Ti®*, v3*, Cr®*, Mn*",
Co®", Ni®*, Zn®*, Ge®*, As®*, Nb 3%, Mo®*, Ta®**) and tetravalent
cations (Ti**, V4, Nb**, Mo**, Sn**, Ta**, W*") to maintain
isomorphic substitution (Nadoll et al., 2014 and references
therein). During the two last decades, trace element contents in
magnetite have been studied and applied to constrain
petrogenetic factors for a wide range of ore deposit types
(i.e., Dupuis and Beaudoin, 2011; Dare et al., 2014; Nadoll et al.,
2014; Wen et al., 2017). These diagrams have been applied to
distinguish magnetite populations in individual deposits, and to
compare trace element signatures of different deposits.
Notable examples applied to I0A deposits are conducted by
Knipping et al. (2015), Ovalle et al. (2018), Palma et al. (2021),
Duan et al. (2019), Salazar et al. (2020) and Ye et al. (2023).
Tornos et al.,, 2024 recently raised concerns regarding the
limitations and uncertainties that arise when empirically
derived trace element discrimination diagrams are used on
a global scale to classify ore deposits and estimate formation
temperatures, without precise geochemical and petrogenetic
constraints. Here we use trace element data from magnetite as
a first order assessment tool and combine the results with
stable isotope studies of Fe and O to evaluate potential
geochemical differences between the Fabian-Kapten and
ViRi ore bodies.

Recent stable isotope thermometry and tracer studies,
using 6%Fe- and 6'®0-isotopes (Fe-O isotopes) on I0A
deposits, have allowed to advance discussion on primary
origins of I0A ores and suggest a predominately high-
temperature, and thus magmatic to magmatic-hydrothermal,
origin (>800°C) (Jonsson et al., 2013; Bilenker et al., 2016;
Simon et al., 2018; Troll et al., 2019; Childress et al., 2020). This
is possible because the large volumes of magnetite buffer the
system with regards to post-depositional reequilibration of the
Fe-O composition. The common small volumes of locally
associated low-temperature hydrothermal magnetite are
generally attributed to a progressively cooling magmatic
system influenced by dissolution and replacement
precipitation due to interaction with low-temperature
hydrothermal and meteoric fluids (e.g., Bilenker et al., 2016;
Simon et al., 2018; Troll et al., 2019; Reich et al., 2022).

It is notable that trace element and Fe-O isotope data for the
Malmberget deposit was limited or absent. The magnetite
composition was previously analysed in a doctoral and an
MSc thesis using EPMA (Lund, 2013; Kambai, 2021), and two
oxygen isotope values were reported in an MSc thesis by Lund
(2014). However, the lack of high-resolution trace element data
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and the absence of correlated Fe-O constraints limits the
understanding of ore formation at this major deposit, which
hampers comparisons between the Malmberget deposit and
other 10A deposits in the region, such as the famous Kiruna
deposits. In addition, the understanding of magnetite trace
element redistribution and Fe-O isotope partitioning under
medium- to high-grade metamorphism of I0OA deposits is
limited (Reich et al., 2022).

Here we present new trace element and Fe-O isotope data
from massive magnetite samples from two ore bodies of the
Malmberget I0OA deposit to shed light on deposit-scale
differences and its primary origin to allow comparison with
other I0A deposits worldwide. We evaluate to what extent the
amphibolite facies metamorphism in the Malmberget area has
affected the trace element distribution and magnetite Fe-O
isotope composition of the deposit, with the intent to expand
the current understanding of chemical and isotopic partitioning
during metamorphic process in I0A deposits. In particular, we
test if trace element and stable isotope characteristics of
magnetite can sustain metamorphic overprinting and
establish if the Malmberget deposit is primarily of magmatic
or of hydrothermal origin. This will help to further resolve the
prime controversy on the origin of I0A ores that has been
ongoing for many decades (cf. Simon et al., 2018; Troll et al,,
2019; Reich et al., 2022).

GEOLOGICAL BACKGROUND

The Malmberget IOA deposit is located 5 km north of Gallivare
town in Norrbotten county in northernmost Sweden (Figures
1A-C). It is the second largest underground iron mine in the
world, second to the Kiruna mine and the current annual
production amounts to 19 Mt at 39.4 Fe wt.% (LKAB, 2024).
The country rocks to the IOA ore in the Norrbotten ore province
are dominated by variably deformed and metamorphosed
Paleoproterozoic igneous and sedimentary rocks formed in
a back-arc environment during the 2.0-1.75 Ga Svecofennian
orogeny (Martinsson and Perdahl, 1995; Bergman et al., 2001;
Sarlus et al., 2018; Bergman and Weihed, 2020).

The Malmberget I0A deposit (Figure 1C) is hosted in a
1.89-1.88 Ga volcano-sedimentary succession comprising
mafic to felsic metavolcanic rocks that have been intruded
by multiple generations of granites, pegmatites, and dolerite
dykes (Lund, 2013; Sarlus et al., 2020). The largest intrusive
unit belongs to the Lina granite-pegmatite suite and borders
the ore deposit to the north and northwest.

The Svecofennian rocks, which host the IOA deposits, are
underlain by Archean rocks. The northern part of the northern
Norrbotten ore province is underlain by early Paleoproterozoic
(2.4-2.1 Ga), pre-orogenic green stone belts (Gaal and
Gorbatschev, 1987; Martinsson, 1997; Hanski and Huhma,
2005). In the province’'s westernmost segment, the
Precambrian basement is overlain by Ediacaran to Cambrian
metasedimentary rocks, which have been overthrusted by
Caledonian nappes (Bergman et al, 2001). The
Svecofennian supracrustal rocks can be divided into three
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stratigraphic groups: the Kurravaara conglomerate and the
Porphyrite group (1.91-1.88 Ga), the Kiirunavaara group
(sometime referred to as the Porphyry group; 1.89-1.87 Ga),
and the Hauki group (<1.88 Ga) (Martinsson et al., 2016;
Bergman and Weihed, 2020). The Malmberget and the
Kiirunavaara |0A deposits are both hosted within the
Kiirunavaara group, which comprises mildly alkaline,
bimodal volcanic rocks and can be distinguished from the
Porphyrite group volcanic rocks based on Ti and Zr contents
(Martinsson and Perdahl, 1995). The Kiirunavaara group rocks
are considered comagmatic with the Perthite monzonite
intrusive suite, and were presumably emplaced in an
extensional tectonic environment, possibly influenced by
plume activity (Martinsson and Perdahl, 1995; Sarlus et al.,
2018, 2020). Late Svecokarelian intrusive suites cover large
areas of northern Norrbotten and comprise the Edefors suite
with Transscandinavian igneous belt supersuite affinity and
late to post-collisional granites belonging to the Lina granite-
pegmatite suite (e.g., Andersson, 1991; Hogdahl et al., 2004;
Sarlus et al., 2018).

U-Pb radiometric age determination of zircon from the
Kiirunavaara ore constrain I0A deposit formation in the
Norrbotten region to between 1.88 and 1.87 Ga (Westhues
et al., 2017). U-Pb radiometric age determination of oscillatory
zoned zircon grains from the metavolcanic host rocks in
Malmberget yield magmatic ages between 1.89 and
1.87 Ga, which thus overlap with ore formation age.
Subsequent metamorphic overprint was dated at between
1.80 and 1.77 Ga (Sarlus et al., 2018; Sarlus et al., 2020). In
line with this, recent U-Pb radiometric age determination of the
Malmberget apatite seems to confirm amphibolite-facies
(=550°C) recrystallisation and homogenisation at around
1.80 Ga and suggest an igneous source of the apatite based
on Sr isotope signatures and trace element patterns (Yan
et al.,, 2023a).

Magnetite is the primary iron-oxide ore mineral, but mixed
magnetite-hematite ore and pure hematite ore occur locally.
The ore and side-rock in the Géllivare-Malmberget area are
characterised by multiple events of alteration, deformation and
metamorphism that have overprinted primary textures and
features of both host rock and ore, with peak
metamorphism reaching amphibolite facies conditions
(Annersten, 1968; Bergman et al, 2001; Martinsson et al,
2016; Bauer et al., 2018; Yan et al.,, 2023a).

Four phases of deformation are recognised in the Géllivare-
Malmberget area, two ductile (D4, D,) and two brittle (D3, D).
The first deformation phase (D;) resulted in formation of a
penetrative tectonic fabric during regional metamorphism
around 1.87-1.86 Ga (Bauer et al., 2018, 2022). The second
deformation event around 1.80-1.78 Ga (D,) caused folding of
the originally continuous, bedding parallel ore-bearing volcano-
sedimentary package as well as the S;-fabric into a large-scale,
SW-plunging synform under brittle-plastic conditions (Geijer,
1930; Martinsson et al., 2016; Bauer et al., 2018; Andersson
et al, 2021). During metamorphism and/or deformation
secondary lithologies formed; biotite schist formed due to
strain partitioning between ore and host rock during
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FIGURE 1 | (A) Generalised geological map of the Fennoscandian Shield. The red rectangle highlights the area shown in image (B); NDZ,
Nautanen deformation zone; FADZ, Fjélldsen Allavara deformation zone. (B) geological map of the Gallivare-Malmberget area with the red
rectangle highlighting the are shown in (C); (C) geological map of the Malmberget IOA deposit with structural interpretation from Bauer et al.
(2018). Modified from Geijer (1930); Lund (2013); Bauer et al. (2018).

shearing, and sillimanite-bearing gneisses formed as a result  clay-, chlorite-, and epidote-filled fractures (Bauer et al., 2018).
of contact metamorphism caused by the intruding Lina granite- U-Pb dating of monazite and titanite in stilbite-bearing
pegmatite suite at around 1.80 Ga. D3 structures comprises ~ assemblages constrains the D4 event between 1.74 and
brittle faults and fractures, and D4 structures consist of open, 1.60 Ga, and U-Pb and Pb-Pb of stilbite indicate ambient
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temperatures in the Malmberget area below 150°C after
1.73 Ga (Romer, 1996).

Lund (2013) suggested that the Malmberget ore is hosted in
three different stratigraphic positions, where the Fabian-
Kapten and ViRi ore bodies sit at the lowest position,
Printzskold-Alliansen at the middle position, and the
Valkomma, Baron, Johannes and Hens-Josefina, collectively
referred to as the Western field ores sit at the highest position.
On the contrary, Bauer et al. (2018) interpreted at least two
stratigraphic positions of the ore from structural data. In their
model, the stratigraphically lower ore position forms a ca. 5 km
semi-continuous ore zone, from the Western field through
Printzskold-Alliansen to Ostergruvan, Dennewitz, Parta and
ViRi in the east, whereas the stratigraphically upper ore
position comprises the Fabian-Kapten ore body, situated in
the fold hinge of the Malmberget synform.

In this study, we provide trace element compositions and
Fe-0 isotope signatures of massive magnetite samples from
two ore bodies within the Malmberget I0A deposit.
Magnetite trace element contents and Fe-O isotope
signatures are compared to regional and global 10A
deposits with the aim to test whether Fe-O systematics
can unequivocally discern the primary magnetite source
for the metamorphically overprinted (amphibolite facies)
Malmberget IOA deposits. In addition, we test if deposit-
scale variations in magnetite trace element contents and
isotope composition exist in the two ore bodies in order to
investigate if a larger geochemical study of the Malmberget
I0A deposit will be a feasible approach to help further
unravel the stratigraphic positions of individual ore bodies
within the overall deposit.

SAMPLES AND METHODS

Six massive magnetite samples were collected from one drill
core transecting the Fabian-Kapten ore body (N = 5) and one
drill core transecting the ViRi ore body (N = 1), at depths
of -1,550 m and -1,220 m, respectively (Figure 1C). Epoxy
mounts were prepared from each sample for SEM and for LA-
ICPMS analysis.

In preparation for Fe-O isotope analysis, the massive
magnetite samples were crushed and magnetically
separated at Uppsala University. Individual magnetite grains
were then inspected and hand-picked under a
stereomicroscope to ensure purity and only pristine crystals
were selected for isotope analysis.

SEM-imaging for textural analysis was conducted at LKAB
Malmberget, Sweden, using a FEI Quanta FEG 650 SEM. The
voltage of the accelerating electron beam was set to 10 kV and
the working distance was ~130 mm.

EBSD-imaging was performed at the Swedish Museum of
Natural History. The results presented here were previously
reported in the first authors MSc thesis (Henriksson, 2022). We
used an Oxford Instruments Nordlys detector attached to a FEI
Quanta FEG 650 SEM, based on the procedure outlined in
Kenny et al. (2020), using magnetite match units from

Malmberget Iron Oxide-Apatite Deposit

Wechsler et al. (1984). Data collection and post-acquisition
processing was done using the software’'s Aztec and Channel
5 from Oxford Instruments.

Concentrations of Mg?* Mg?®, A7, Sc*®, Ti*®, v®', Cr®2, Mn®®,
Co®, Ni®%, Zn®, Ga’", and Sn'"® in magnetite were measured at
the Laser Ablation Inductively Coupled Mass Spectrometry (LA-
ICP-MS) laboratory at Lund University, Sweden. The laboratory
hosts a Teledyne Photon Machines G2 laser coupled to a Bruker
Aurora Elite quadrupole ICP-MS. The laser is equipped with a
HelEx 2-volume sample cell. All analyses were conducted with a
25 um spot size using a scan time of 30 s. The carrier gas (He
0.8 L/min) was mixed with Ar (0.95 L/min) downstream of the
sample chamber. ICP-MS tuning was done with NISTSRM612 in
normal sensitivity mode and it was aimed at obtaining stable
signal counts on relevant isotopes, with oxide production below
0.5% monitoring 228U/2%8U"°0 and 2%2Th/2*2Th'%0, and on Th/U
ratios around 1. The external standard BCR-2G was used for
calibration and BHOV-2G was analysed as secondary standard,
both are basaltic glasses from USGS (Jochum et al., 2005). Fe®”
was used as an internal standard. Standard-sample-standard
bracketing was applied for drift correction and quantification.
Data reduction was done using the X_Trace_Elements_IS data
reduction scheme (DRS) in lolite (Woodhead et al., 2007; Paton
et al,, 2011).

The magnetite separates were analysed for the stable
isotope ratios 8°°Fe and 6'®0. The isotope ratios were
previously reported in the first author's MSc thesis and a
conference contribution (Henriksson, 2022; Henriksson
et al,, 2023).

Oxygen (0) isotope analysis was performed at the University
of Oregon following the procedure described in Bindeman et al.
(2022). AMAT 253 gas isotope ratio mass spectrometer with a
fluorination line attached, in dual inlet mode was used for
oxygen isotope analysis. BrFs was used as a reagent to
liberate oxygen from the magnetite crystals. The oxygen gas
extracted from minerals in the laser chamber was purified
through a series of cryogenic traps at liquid nitrogen
temperature and a mercury diffusion pump to freeze
reaction products and excess of F, gas generated during
fluorination. A platinum-graphite converter was used to
convert Oxygen to CO, gas. An in-house Gore Mountain
garnet standard (UOG, +6.52%) was used for calibration
before and after analysis of the magnetite samples,
alongside with UWG-2 standard (+5.8%, Valley et al., 1995).
The values obtained for the UOG garnet standard were +6.54%
and +6.40%. Oxygen isotope values are reported relative to the
Standard Mean Ocean Water (SMOW). The average external
reproducibility (26) of 6’0 was 0.2%.

Iron (Fe) isotope analysis was conducted at the Vegacenter
at the Swedish Museum of Natural History in Stockholm using
a Nu Plasma Il HR-MC-ICP-MS in pseudo-high-resolution mode.
Prior to analysis the magnetite crystals were digested and
purified in concentrated HF, HNO3 and 10M HCI following the
procedures described in (Borrok et al., 2007; Millet et al., 2012).
Subsequently, the samples were diluted with 0.3M HNO; to a
concentration of 2—-3 ppm. All values were corrected for mass
bias and are reported relative to IRMM-014 from Isotopic
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FIGURE 2 | Representative-images of the analysed samples. (A, B) photographs of sample FA-001 that consist of medium- to coarse-
grained massive magnetite with foliated apatite grains. The diameter of the drill core is 3.90 cm; (C) BSE-image of FA-001 comprising magnetite,
minor apatite and actinolite; (D) EBSD-image of sample FA-001 showing magnetite crystal orientations. Note granoblastic textures with clear
triple junctions and sub-grain domains. Black pixels represent a non-indexed or non-magnetite phase.

Reference Materials and Measurements (Brand et al., 2014).
The average external reproducibility (20) for §°®Fe was 0.07%.

RESULTS

The ore textures in the massive magnetite samples from the
Malmberget IOA deposit are to a large degree recrystallised,
exhibiting granoblastic intergranular relationships with distinct
triple junctions (cf. Jonsson et al, 2016). In addition to
magnetite, the ore assemblage can also include subordinate
amounts of interstitial fluorapatite and silicates such as biotite,
actinolite, tremolite and diopside.

The granoblastic texture is a characteristic feature for well-
equilibrated metamorphic assemblages that indicates
equilibration over extended time frames (Figures 2A-D). This
is consistent with previously established amphibolite facies
metamorphism (Annersten, 1968), as well as homogenisation
of U-Pb in apatite at around 1.80 Ga (Yan et al., 2023a).

Magnetite Chemistry

Magnetite trace element concentrations have been analysed
for samples FA-KA-001 and ViRi-001. In total, 24 points were
analysed, 12 for each sample. All Cr analyses, and a significant
amount of the Sc and Zn analyses were below the detection
limit (Figure 3; Supplementary Table S1). The Fabian-Kapten
magnetite grains have average Mg, Al, Sc, Ti, V, Mn, Co, Ni, Zn,

Ga, and Sn contents of 2,951 ppm, 1,341 ppm, 3 ppm, 530 ppm,
1,047 ppm, 366 ppm, 73 ppm, 164 ppm, 17 ppm, 34 ppm, and
1 ppm, respectively. The magnetite grains from the ViRi ore
body have average Mg, Al, Sc, Ti, V, Mn, Co, Ni, Zn, Ga, and Sn
contents of 533 ppm, 1,277 ppm, 3 ppm, 4,477 ppm, 1,967 ppm,
238 ppm, 63 ppm, 169 ppm, 15 ppm, 52 ppm, and 1 ppm,
respectively (Figures 3, 4). The most noticeable discrepancies
in magnetite trace element contents between the Fabian-
Kapten and ViRi ore bodies can be observed for Mg, Ti, V,
Mn, Co, and Ga. The Fabian-Kapten magnetite shows
comparably elevated contents relative to the ViRi magnetite
in Mg (avg. 2,951 vs. 533 ppm), Mn (avg. 366 vs. 238 ppm), and
Co (avg. 73 vs. 63 ppm). In contrast, Fabian-Kapten magnetite
displays lower trace element contents relative to the ViRi
magnetite in Ti (avg. 530 vs. 4,477 ppm), V (avg. 1,047 vs.
1,967 ppm), and Ga (avg. 34 vs. 52 ppm). The average
vanadium content in the Fabian-Kapten (1,047 ppm) and the
ViRi (1,967 ppm) bodies is distinctly different. However, the
vanadium values within each ore body are completely uniform,
with standard deviations of 7 ppm for the Fabian-Kapten ore
body and 27 ppm for the ViRi body.

Fe-O Isotopes

The obtained Fe-O isotope values for massive magnetite
samples from the Fabian-Kapten and ViRi ore bodies of the
Malmberget I0A deposit (Supplementary Table S1) show a
8'80 isotope range between +1.1% and +3.7% (Figure 5), and a
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Magnetite trace element contents
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8°CFe isotope range between +0.16% and +0.25% (Figure 6).
The five massive magnetite samples from the Fabian-Kapten
ore body have 5'80 values between +1.1% and +3.7%, and
5%Fe values between +0.16% and +0.19%. The sample from
the ViRi ore body has a §'80 value of +1.7%, and a §°°Fe value
of +0.25%. Thus the Viri ore body falls into the range of values

for oxygen determined for the Fabian-Kapten samples, but
exceeds the Fe isotope range for the Fabian-Kapten
samples, implying that there is a genetic difference. Both
5'80 and 8°°Fe isotope values, however, overlap with the
established literature ranges for igneous magnetite (see
discussion below).
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DISCUSSION

Magnetite Textures

1968; Lund, 2013; Bauer et al., 2018; Sarlus et al., 2020;
Kambai, 2021; Yan et al., 2023a). Metamorphic textures in
the magnetite ore include triple junctions and sub-grain

Ore and host rock in the Malmberget deposit show evident domains (Geijer, 1930; Lund, 2013 Kambai, 2021; Figure 2D).
metamorphic recrystallisation (c.f. Geijer, 1930; Annersten, However, our results indicate that the Malmberget deposit,
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similar to I0A deposits globally, exhibits a magmatic to
magmatic-hydrothermal Fe-O isotopic composition.

Magnetite Chemistry
Magnetite from the ViRi ore body exhibits elevated contents of
trace elements such as Ti, V and Ga. Such element enrichment
typically reflects magmatic processes at high temperatures
and at comparably low oxygen fugacity (fO2 = FMQ + 0.2;
Sievwright et al., 2017; Palma et al.,, 2021). In contrast, the
Fabian-Kapten ore body displays elevated contents of Mn and
Mg, which in melt-partitioning experiments has been attributed
to an increase in oxygen fugacity from +0.2 to +3.7 relative to
the fayalite-magnetite-quartz buffer (Sievwright et al., 2017).
Differences in trace element contents were further
evaluated using magnetite trace element discrimination
diagrams (Dupuis and Beaudoin, 2011). Although these
diagrams are not considered suitable for global
comparisons or as temperature proxies, they are useful to
investigate deposit-scale variations (cf. Tornos et al., 2024).
On a deposit-scale, all 24 data points plot within the igneous
field in the Ti vs. V diagram (Figure 4A), mainly within the
overlap zone between the igneous field and the hydrothermal
field (n = 18). In the Al + Mn vs. Ti + V discriminatory diagram
(Dupuis and Beaudoin, 2011), our sample suite span four fields
(Figure 4B), namely, IOCG (n = 5), Kiruna-type (n = 13), Porphyry
(n = 2) and ultramafic to mafic associated Fe-V, Ti (n = 4).
When investigating the distinct ore bodies, we note that the
Fabian-Kapten and ViRi magnetite samples are separated into
distinct groups in both the Tivs. V plot and the Ti+ V vs. Al + Mn
discrimination diagram. The grouping in the Ti vs. V diagram is
due to the uniform V contents in the magnetite across each
respective ore body (Figures 3, 4). In the Al + Mn vs. Ti + V
discriminatory diagram, the Fabian-Kapten magnetite mainly
plots at the boundary between Kiruna field and the I0CG field
indicating a less pronounced magmatic character, and the ViRi
magnetite data plot in the Kiruna-type field and the purely
magmatic Fe-Ti, V field. In all, the trace elements exhibit a
less-pronounced magmatic character for the Fabian-Kapten
ore body compared to the ViRi ore body. These differences in
magnetite trace element contents observed in magnetite from
the Fabian-Kapten and ViRi ore bodies, with relatively elevated
concentrations of elements associated with magmatic
processes in the ViRi magnetite, indicates different ore
sources or different proximities to the centre of the ore-
forming system.

Magnetite Fe-O Isotopes

All the investigated magnetite samples from the Fabian-Kapten
and ViRi ore bodies show magmatic to magmatic-
hydrothermal Fe-O signatures, although the magnetite-
source equilibrium calculations indicate the possibility of
different sources and/or formation temperatures for the two
ore bodies addressed in our study (Supplementary Table S3).
For the Fabian-Kapten magnetite samples, uniform equilibrium
between the magnetite and a potential source is only attained
for high-temperature magmatic fluids. In contrast, calculations
for the magnetite from the ViRi ore body satisfy equilibrium

Malmberget Iron Oxide-Apatite Deposit

conditions with a magma of intermediate to mildly felsic
composition.

Both 6'®0 and §%Fe isotope values overlap with the
established literature ranges for igneous magnetite that
range from +1.0% to +4.0% for 8'0 values (Taylor, 1967;
Loewen and Bindeman, 2016), and from +0.06% to +0.49% for
5°Fe values (Heimann et al., 2008; Sossi et al., 2012; Dziony
et al., 2014). Although the Fe-O isotope signatures of the
massive magnetite samples from the Malmberget [0A
deposits are principally magmatic, the ore forming medium,
i.e, magma versus high-temperature hydrothermal fluid,
remains unclear without assessing the full geological context.

Using available literature data for Fe-O isotopes from
different types of magmas or high-temperature fluids, we
conducted equilibrium calculations to better evaluate the
precise magnetite source(s) for the Malmberget samples
that we have investigated (Supplementary Table S2). These
calculations were previously reported in the first author's MSc
thesis and a conference contribution (Henriksson, 2022;
Henriksson et al., 2023). The Malmberget I0A deposit is
considered comagmatic to the mildly alkaline Kiirunavaara
group metavolcanic rocks and their intrusive counterpart,
the Perthite monzonite suite (Witschard, 1984; Frietsch and
Perdahl, 1995; Martinsson and Perdahl, 1995; Sarlus et al.,,
2020). Potential magnetite sources thus include subduction
zone related basaltic to dacitic magmas (900°C) and magmatic
high-temperature fluids (800°C). Subduction related magmas
of basalt to dacite composition have established §'80 isotope
values between +5.7% and +8.8%, and §°°Fe-values between
0.00% and +0.12% (Heimann et al., 2008; Troll et al., 2019;
Bindeman et al, 2022). Literature &'®0 equilibrium
fractionation factors between potential sources and
magnetite are established at -3.4% for basalt, at -4.0% for
andesite, -4.3% for dacite, and at -5.3% for a high-
temperature fluid (Zheng, 1991; Zhao and Zheng, 2003),
whereas equilibrated §°°Fe isotopic fractionation factors
between these potential sources and magnetite are
established at 0.03% for an intermediate to mildly felsic
magma and at +0.24% for a high-temperature fluid
(Heimann et al., 2008; Severmann and Anbar, 2009).

For 8'80 values, three out of the six samples satisfy
equilibrium conditions with a basaltic magma, five with an
andesitic magma, and five samples with a dacitic magma. In
addition, all six samples show equilibrium with a high-
temperature magmatic fluid (<800°C).

All samples have 6°¢Fe values that are in equilibrium with a
magmatic source, whereas all samples except ViRi-01 are also
in equilibrium with a high-temperature fluid source.
Consequently, equilibrium for the Fabian-Kapten magnetite
samples indicates that the samples may have crystallised
from magma but could also have formed from a high-
temperature magmatic fluid source. In turn, the ViRi
magnetite sample is not in equilibrium with a high-
temperature fluid source and thus formed from a dacitic to
andesitic magma.

Preservation of magmatic Fe-O signatures in I0A deposits
despite  greenschist to lower amphibolite facies
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metamorphism has previously been demonstrated for the
deposits in the Kiruna area and also for the Gréngesberg
Mining District in south central Sweden (Jonsson et al,
2013; Troll et al,, 2019; Yan et al,, 2023b). At Gréngesberg

and Malmberget, the preservation of the Fe-O signature is
attributed to the chemically and mechanically refractory
properties of magnetite, in combination with the sheer
tonnage of magnetite in I0A systems that self-buffer
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against full replacement by later external fluids. The analysed
massive magnetite samples from the Malmberget I0A deposit
exhibit distinct equilibrated granoblastic textures with
ubiquitous triple junctions, indicating high-grade (amphibolite
facies) metamorphism (Annersten, 1968; Figures 2A-D).
Metamorphic conditions are constrained by element
distribution of ferromagnesian silicates in the presence of
magnetite and hematite, homogenised apatite, and the
presence of sillimanite-bearing parageneses and suggest
peak metamorphic temperatures around 550°C (Annersten,
1968; Lund, 2013; Chew and Spikings, 2015; Yan et al,
2023a). Regardless of the evident recrystallisation, all six
analysed massive magnetite samples investigated preserve
magmatic Fe-O isotope signatures and thus indicate a
considerable degree of robustness to Fe-O isotope resetting
(e.g., Troll et al,, 2019; Reich et al., 2022) when investigating
magnetite sources in large and metamorphically modified ore
deposits. We acknowledge that eventual local hydrothermal
isotope signatures or crystal-scale hydrothermal rims likely
equilibrated during metamorphic recrystallisation. However,
the primary magmatic isotope signature of the Malmberget
deposit remains. This suggests that Fe-O systematics may be
used to fingerprint the magnetite source(s) for I0A deposits
that have recrystallised in metamorphic events, allowing us to
‘see through’ metamorphic effects to establish primary
magmatic versus hydrothermal origins.

Wider Implications for Genesis of
IOA Deposits

Recent development of coupled Fe-O isotope tracer studies
(Figure 7) suggested that I0A deposits in China, Chile, Iran,
Sweden, and the USA originate primarily from magmatic
processes (cf. Simon et al., 2018; Troll et al., 2019; Majidi
et al., 2021; Reich et al., 2022). Hydrothermal features and
isotope signatures do occur, but are usually attributable to a
progressive cooling of these magmatic systems and/or
localised hydrothermal alteration and should not be
confused with the primary, magmatic IOA ore forming
processes (cf. Jonsson et al., 2013; Troll et al,, 2019). The
Fe-0 isotopes of the Malmberget deposit are in concordance
with these global findings, and suggest that the Malmberget,
like most other I0A deposits, are primarily of magmatic origin.

On a deposit scale, however, trace element contents and Fe-
0 isotopes suggest chemical differences between the ViRi and
Fabian-Kapten ore body. Although the Fe-O data from ViRi are
limited, the Malmberget 10A deposit is widely considered as
one ore-forming system (Geijer, 1930; Lund, 2013; Bauer et al.,
2018), so two fundamentally different ore-sources are unlikely.
Instead, we argue that the distinct trace element signatures
and the observed Fe-O magnetite-source difference can be
explained by the ore bodies’ respective stratigraphic position
and their proximity to the centre of the ore-forming magmatic
system. Both trace element concentrations and Fe-O isotope
correlations indicate that the ViRi ore body represents a purely
magmatic (>800°C) portion of the ore system that was
proximal to the centre of the heat source of the ore-forming

Malmberget Iron Oxide-Apatite Deposit

system. In contrast, the trace element concentrations and Fe-O
isotope correlations in the Fabian-Kapten ore body show a less
pronounced magmatic character (~800°C), and may represent
a more distal part of the ore-forming system. Our preliminary
explanation of the differences in magnetite geochemistry is
consistent with the different stratigraphic positions of these
sub deposits in Malmberget as proposed by Bauer et al. (2018),
but will require future in-depth testing on a deposit scale, using
a larger sample suite that includes additional ore bodies.

In addition, the trace element and Fe-O isotope composition of
the magnetite in the other ore bodies in the Malmberget I0A
deposit are still unknown and an expanded high-resolution trace
element and Fe-0 isotope study would contribute significantly to a
better understanding of internal relationships and detailed
affinities between the different ore bodies in the Malmberget
I0A deposit. This is especially important to better understand the
geological history of the chemically distinct massive magnetite in
the Western field and in the Printzskdld-Alliansen ore bodies. Both
the Western field and Printzskdld-Alliansen ore bodies are
geometrically controlled by deposit-scale, ore body-parallel
shear-zones and are located close to the Lina granite-
pegmatite intrusion suite, bordering the deposit to the north
and northwest (Lund, 2013; Bauer et al, 2018 and references
therein). Expelled fluids from the Lina granite-pegmatite intrusion
combined with shear-zone related hydrothermal fluids could have
caused a different, or partly modified Fe-O isotope composition of
the massive magnetite in those areas. Recognition of different
stratigraphic positions of the various sub-units of the ore deposit
will likely help to further unravel the deformational history of the
Malmberget IOA deposit and aid future exploration efforts in the
area. On a provincial scale, the Fe-O isotopes from the
Malmberget magnetite samples overlap with the world-famous
Kiruna deposits, as established in Troll et al. (2019), which further
emphasises the similarities between the Malmberget and the
Kiruna I0A deposits. This may be indicative of a similar range of
processes in the wider province and does not rule out the
possibility of a single source at depth, which has been
discussed in the context of a co-magmatic relationship
between the IOA deposits as part of the emplacement of the
regional Perthite monzonite suite-Kiirunavaara group rocks
(Frietsch and Perdahl, 1995; Sarlus et al., 2018, 2020).

CONCLUSION

The Malmberget I0A ores have recrystallised during post-
emplacement metamorphic processes, but the Fe-O isotope
signature of the ore still preserved evidence for a primary
magmatic to high-temperature magmatic-hydrothermal origin.
The results from this study underline the robustness of Fe-O
isotopes to fingerprint dominant magnetite source(s) of I0A
deposits, even after moderate to considerable metamorphic
overprinting of the deposits after primary formation. In a global
context, the results from this study support the observation that
IOA ores in Sweden, similar to younger examples in Chile, Iran and
United States, are primarily of magmatic to magmatic-
hydrothermal origin and form in a volcanic to sub-volcanic
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environment at high-temperature. On a deposit scale, the
recorded trace element contents and Fe-O isotope systematics
in this study indicate a discrepancy between the ViRi and the
Fabian-Kapten ore bodies in the Malmberget IOA deposit, which
may be the result of different stratigraphic positions and distance
from the centre, and thus the primary heat source of the ore-
forming system. Further trace element and Fe-O isotope analysis
of the remaining ore bodies in the Malmberget IOA deposit may
contribute to a better understanding of the origin, eventual
modifications, and internal stratigraphic relationships of this
massive magnetite ore system.
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