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Abstract Interpretation of the mineralizing environment of
magnetite-apatite deposits remains controversial with theories
that include a hydrothermal or magmatic origin or a combina-
tion of those two processes. To address this controversy, we
have analyzed the trace element content of magnetite from
precisely known geographic locations and geologic environ-
ments from the Precambrian magnetite-apatite ore and host
rocks in Kiruna, Sweden, and the Pliocene-Holocene El
Laco volcano in the Atacama desert of Chile. Magnetite sam-
ples from Kiruna have low trace element concentrations with
little chemical variation between the ore, host, and related
intrusive rocks. Magnetite from andesite at El Laco, and dacite
from the nearby Lascar volcano, has high trace element con-
centrations typical of magmatic magnetite. El Laco ore mag-
netite have low trace element concentrations and displays
growth zoning in incompatible elements (Si, Ca, and Ce),
compatible elements (Mg, Al, and Mn), large-ion lithophile
element (Sr), and high field strength element (Y, Nb, and Th).
The El Laco ore magnetite are similar in composition to mag-
netite that has been previously interpreted to have crystallized
from hydrothermal fluids; however, there is a significant dif-
ference in the internal zoning patterns. At El Laco, each zoned
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element is either enriched or depleted in the same layers, sug-
gesting the magnetite crystallized from a volatile-rich, iron-
oxide melt. In general, the compositions of magnetite from
these two deposits plot in very wide fields that are not restrict-
ed to the proposed fields in published discriminant diagrams.
This suggests that the use of these diagrams and genetic
models based on them should be used with caution.
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Introduction

Genetic models for the formation of Kiruna-type magnetite-
apatite deposits have been discussed and debated for over a
century (e.g., Geijer 1910, 1919; Parak 1975; Frietsch 1978,
Nystrom and Henriquez 1994; Bergman et al. 2001). How
these deposits relate to their adjacent host rocks and the rela-
tionship of the ore mineralization with hydrothermal alteration
remains controversial (Hitzman et al. 1992; Williams et al.
2005; Groves et al. 2010). Additional research is necessary
in order to obtain a better understanding of the processes in-
volved in forming these deposits and how they relate, if at all,
to other types of ore deposits (e.g., Fe-Ti oxide, iron oxide
copper gold [IOCG], porphyry copper, skarn, volcanogenic
massive sulfide [VMS]) (Williams et al. 2005; Dupuis and
Beaudoin 2011; Nadoll et al. 2014). In the present study, the
trace element chemistry of magnetite from perhaps the two
most representative, and well-known, magnetite-apatite de-
posits, and their respective host rocks, was determined. The
first is from Kiruna in the Norrbotten region of northern
Sweden, and the second is from El Laco in the Atacama desert
region of northern Chile. In the case of the Kiirunavaara de-
posit in Kiruna, magnetite from related felsic intrusive rocks
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were also analyzed. In Chile, magnetite was also analyzed
from volcanic ejecta of dacitic composition from the nearby
Lascar volcano (~50 km NE of El Laco). The aim is to deter-
mine whether the trace element chemistry of magnetite can be
used to aid in settling the dispute on the processes involved in
magnetite-apatite mineralization, e.g., hydrothermal, or mag-
matic, or a combination of these two processes. All of the
samples used in this study are from precisely known geo-
graphic locations and geologic environments allowing a spa-
tial analysis of the magnetite textures and associated minerals
together with their trace element compositions.

Magnetite-apatite deposits can have high ore grades (up to
65% Fe) and large sizes (e.g., ~2500 Mt of iron has been
mined in Kiruna with 644-Mt proven and probable reserves
(Bergman et al. 2001; LKAB 2015) and ~730 Mt of iron ore at
El Laco [Mario Rojo, Compaiia Minera del Pacifico, 2015
personal communication]), making them attractive targets for
mining. Magnetite-apatite deposits are the most important ore
deposits in the Norrbotten region of northern Sweden
(Bergman et al. 2001). The earliest studies on magnetite-
apatite ores were focused on Kiruna (e.g., Geijer 1910,
1935; Parak 1975; Frietsch 1978), where the expression
“Kiruna-type” deposit was adopted for this class of low-Ti
magnetite, apatite-rich iron ore (e.g., Hildebrand 1986;
Miicke and Younessi 1994). Some later studies focused on
the magnetite-apatite ores at El Laco in the Atacama desert
region of northern Chile, a much younger deposit, which is
often considered a modern and shallow (i.e., Pliocene-
Holocene) equivalent of the magnetite-apatite deposits found
at Kiruna (e.g., Park 1961; Nystrom and Henriquez 1994;
Nystrom et al. 2008).

Magnetite-apatite deposits are sometimes included as an
end-member in the IOCG class of deposits (e.g., Hitzman
et al. 1992; Barton and Johnson 1996; Hitzman 2000;
Sillitoe 2003). Both magnetite-apatite and IOCG deposits
contain large volumes of distinctly low-Ti iron oxides within
rocks that have undergone extensive alkali-calcic metasoma-
tism by hydrothermal fluids. Magnetite-apatite deposits do not
contain economic concentrations of Cu or Au and almost ex-
clusively contain massive magnetite or both magnetite and
hematite, while IOCG deposits may also contain iron-rich
silicate phases (Parak 1975; Williams et al. 2005; Groves
et al. 2010). In some locations, magnetite-apatite deposits
and IOCG deposits occur spatially, but usually not temporally,
associated with each other, although whether there is a genetic
relationship between the formation of magnetite-apatite and
IOCG deposits remains unresolved (e.g., Groves et al. 2010).

There are two genetic models, and a third that is a combi-
nation of the first two, for the formation of magnetite-apatite
deposits today: (1) crystallization from iron-rich melts that
were immiscible from a parental silicate melt and were
emplaced at different depths or erupted and crystallized at
the surface (e.g., Henriquez and Martin 1978; Nystrom and
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Henriquez 1994; Naslund et al. 2002; Alva-Valdivia et al.
2003; Nystrom et al. 2008; Martinsson 2016), crystallization
was accompanied by the exsolution of large amounts of
magmatic-hydrothermal fluids (Tornos et al. 2016); (2) re-
placement of the host rocks by iron-rich hydrothermal fluids
(e.g., Hitzman et al. 1992; Rhodes and Oreskes 1999;
Hitzman 2000; Sillitoe and Burrows 2002; Edfelt et al.
2005; Groves et al. 2010; Valley et al. 2011; Dare et al.
2015); and (3) a magmatic-hydrothermal genesis with an early
generation of phenocrysts of magnetite that separated and
floated from a crystallizing andesite melt and later were over-
grown by hydrothermal magnetite (e.g., Knipping et al. 2015).
A sedimentary-exhalative origin was suggested by Parak
(1975) but was not widely accepted (Frietsch 1978; Nystrom
et al. 2008) and will not be discussed further.

Field observations and geochemical data for magnetite-
apatite deposits are arguably compatible with both magmatic
and hydrothermal origins (Hitzman et al. 1992; Nystrém and
Henriquez 1994; Naslund et al. 2002). Field evidence at the El
Laco ore bodies that strongly supports an ultimate magmatic
origin for the mineralization, i.e., direct crystallization from an
iron-rich melt, includes distinct magnetite volcanic flow struc-
tures, vesicles in the magnetite ore veins with chilled margins
that crosscut the host andesite, and the presence of degassing
tubes similar to textures observed in basaltic flows (Henriquez
and Martin 1978; Nystrom and Henriquez 1994; Naslund
et al. 2002; Henriquez et al. 2003; Tornos et al. 2016).

Arguments that support a hydrothermal (metasomatic) ori-
gin at El Laco include the presence of, sometimes jigsaw-like,
breccias in which the magnetite supports fragments of altered
host andesite blocks, a feature that is explained by open-space
filling of ascending hydrothermal fluids (Sillitoe and Burrows
2002). Brecciated contacts between the ore and hydrothermal-
ly altered host rocks are fairly common at other magnetite-
apatite deposits (e.g., Kiruna, the Adirondacks/New York
State, and Bafqg/Iran; Geijer 1910; Bergman et al. 2001;
Valley et al. 2011; Sabet-Mobarhan-Talab et al. 2015;
Westhues et al. 2016). Metasomatism of the host rocks sur-
rounding these deposits is strong evidence that hydrothermal
fluids were present. In Kiruna, the host rocks are pervasively
hydrothermally altered (Geijer 1910; Frietsch et al. 1997;
Westhues et al. 2016); however, at El Laco, there is not always
direct contact between the altered host rock and ore, suggest-
ing that the hydrothermal alteration here may not be directly
related to ore emplacement (Tornos et al. 2016).

The magmatic model for magnetite-apatite ores involves
the existence of immiscible iron-rich melts that crystallized
to produce the large volumes of massive magnetite. This type
of melt is considered to be similar to nelsonite deposits, which
have a 2:1 oxide:apatite ratio and contain abundant Ti in the
form of mostly rutile + ilmenite + titanomagnetite (Philpotts
1967; Frietsch 1978; Kolker 1982; Dymek and Owens 2001).
Kamenetsky et al. (2013) tracked the existence of a large
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immiscibility gap between silica-rich felsic melts and silica-
poor mafic melts. The mechanism through which the iron-rich
melts efficiently segregate into the ore and a presumed resid-
ual parent silicate-rich melt at the scale of massive deposits
like those in Kiruna or El Laco has not yet been determined or
observed in the field (i.e., the magnetite-apatite ore and resid-
ual silicate-melt in contact with each other). However, immis-
cible iron-rich and silicate melts have been observed within
melt inclusions in the host andesite rocks at EI Laco (Tornos
et al. 2016; Velasco et al. 2016).

Hydrothermal models for magnetite-apatite deposits are
extrapolated from hydrothermal models for IOCG deposits,
with the assumption that these two types of deposits are ge-
netically similar (Barton and Johnson 2004). Two main fluid
sources have been proposed: (1) hydrothermal fluids exsolved
from a magmatic source (e.g., Sillitoe and Burrows 2002;
Groves et al. 2010) or (2) derived from an external source
(e.g., basinal brines) where igneous intrusions are a heat
source for circulating fluids in the crust (e.g., Barton and
Johnson 1996; Rhodes and Oreskes 1999). Each system
would require the generation of saline, sulfur-poor, and oxi-
dized fluids (Barton and Johnson 2004). It is possible that
there are multiple sources for the fluids, and they may vary
between different localities (Williams et al. 2005; Valley et al.
2011).

Magnetite is an abundant and widespread oxide mineral
and occurs in igneous, sedimentary, hydrothermal, and meta-
morphic rock assemblages and different types of ore deposits
(Lindsley 1991). Magnetite is a member of the spinel group of
minerals, which have a cubic close-packing structure with
tetrahedral (Fe**) and octahedral (Fe**) sites in coordination
with oxygen anions and the general stoichiometry
Fe’*Fe’*,0, (Buddington and Lindsley 1964; Lindsley
1976). A variety of lithophile and siderophile elements with
similar ionic radii to Fe** and Fe®* substitute in the magnetite
structure (e.g., Mg, Al, Si, P, Ca, Ti, V, Cr, Mn, Co, Ni),
though in certain favorable physicochemical conditions,
chalcophile and other elements can also be incorporated
(e.g., Cu, Zn, Ga, Sn, Ce) (Nadoll et al. 2014). Of special
interest is the behavior of Ti; the solubility of Ti in magnetite
is controlled by the redox state and temperature of the system
(Lindsley 1976). Magnetite is known to be resistant to surface
weathering, making it an ideal provenance indicator for min-
eral exploration and perhaps useful for genetic studies of ore
deposits (Grigsby 1990; Dupuis and Beaudoin 2011; Dare
et al. 2012; Nadoll et al. 2014).

Several previous studies have discussed magnetite trace-
element chemistry from Kiruna, El Laco, and other
magnetite-apatite deposits (e.g., Loberg and Horndahl 1983;
Frietsch and Jan-Anders 1995; Muller et al. 2003; Dupuis and
Beaudoin 2011; Dare et al. 2015); however, most of the mag-
netite samples used in these studies were not from precisely
known locations within the ore and surrounding host rocks.

Some of these studies have proposed empirical plots in which
the magnetite of different types of mineralization have a char-
acteristic trace element signature. In these diagrams, magnetite
from magnetite-apatite deposits have distinct trace element
chemical compositions compared to magnetite from other de-
posit types, such as banded iron formations (BIFs), IOCG,
nelsonite, porphyry Cu, and Fe-Ti-V deposits (e.g., Loberg
and Horndahl 1983; Dupuis and Beaudoin 2011; Dare et al.
2014). Dare et al. (2015) proposed that the composition of the
magnetite from the El Laco ore, which is different to that of
the accessory magnetite in the unaltered host andesite, is con-
sistent with a hydrothermal origin for the magnetite-apatite ore
(e.g., Dare et al. 2015).

The present study uses newly obtained data on the magne-
tite trace element geochemistry to assess the practical use and
limitations of the proposed empirical magnetite discrimination
diagrams and whether they can be utilized in interpreting the
mineralization style and ore genesis of magnetite-apatite
deposits.

Geologic background
Kiruna geology and magnetite-apatite ores

There are over 40 known magnetite-apatite deposits located in
the Norrbotten region, with Kiirunavaara being the largest
estimated at nearly 2 Gt before extraction of high-grade iron
ore averaging 30-70% Fe (e.g., Cliff et al. 1990; Hallberg
et al. 2012; Martinsson et al. 2016; Westhues et al. 2016).
The Kiirunavaara magnetite-apatite deposit is a tabular-
shaped ore body approximately 5 km long, 100 m thick, and
at least 1500 m deep that lies concordant within steeply dip-
ping volcanic host rocks (e.g., Pardk 1975; Blake 1992;
Bergman et al. 2001; Harlov et al. 2002; Nystrom et al. 2008).
The oldest unit in the Kiruna area are the Karelian (2.4—
1.96 Ga) mafic-intermediate metavolcanic flows (Kiruna
Greenstone Group), overlain by metasedimentary and
intermediate-felsic metavolcanic rocks of the Svecofennian
porphyry group (1.96-1.75 Ga) (Fig. la) (e.g., Bergman
et al. 2001). The magnetite-apatite deposits in the Kiruna area
are hosted by the metavolcanic rocks of the porphyry group
(Parak 1975; Martinsson 2004). The Kiirunavaara-
Luossavaara ore bodies follow the contact between thick
trachyandesitic lava flows (footwall) and pyroclastic
rhyodacites (hanging wall). The entire Norrbotten region has
been subjected to greenschist facies metamorphism (Bergman
et al. 2001) and is overprinted by regional-scale Na and Cl
metasomatism in the form of albite and Cl-rich scapolite
(Na4Al3S19024C1—Ca4A16Si6024CO3) (FrietSCh et al. 1997)
There is a syenite intrusion approximately 1 km
stratigraphically below the Kiirunavaara ore body (Blake
1992; Bergman et al. 2001). Granophyric to granitic dikes
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intrude the Kiirunavaara ore, and a larger body of potassic
granite can be found within the footwall of the Kiirunavaara
mine. New constraints on the ages of these intrusions show
that the syenite (1880 + 7 and 1881 =4 Ma) is of a similar age
to the metavolcanic host rocks (1884 + 4 and 1880 + 3 Ma)
and older than the ore (1877 + 4 and 1874 + 7 Ma), while
zircon from the granite (1874 + 7 Ma) and two ore samples
have overlapping ages (Westhues et al. 2016).

Two types of ore can be identified at Kiirunavaara based on
their phosphorous content, primarily residing in apatite, the B
ore (<0.05% P) and D ore (>1% P) (e.g., Bergman et al. 2001).
The ore is rich in rare earth elements (REE), dominantly as
light rare earth elements contained within the apatite or in
inclusions of monazite in apatite, which is currently not mined
(Hallberg et al. 2012). The contact with the host rocks is
bounded by a magnetite-actinolite-filled breccia with veins
that can be found extending tens of meters into the hanging
wall (Bergman et al. 2001). The footwall at Kiirunavaara is
strongly albitized, especially near the syenite intrusion, and
here, widespread amygdales are found to contain secondary
magnetite, actinolite, and titanite (Geijer 1910; Romer et al.
1994; Bergman et al. 2001).

The Tuollavaara and Per Geijer (e.g., Nukutusvaara and
Rektorn) ore bodies are smaller than Kiirunavaara and are
hosted within rhyodacites in the upper parts of the porphyry
group (Martinsson 1994; Bergman et al. 2001). Hematite is
more common in these smaller deposits than at Kiirunavaara.
Similar to the Kiirunavaara deposit, contacts between the ore
and host rocks are often brecciated (i.e., altered host rock
fragments are surrounded by veins of iron oxides + apatite),
and veining of iron ore commonly extends into both footwall
and hanging wall up to tens of meters (Bergman et al. 2001).

El Laco geology and magnetite-apatite ores

The El Laco andesite stratovolcano is located in the current
active volcanic arc, the Central Volcanic Zone (CVZ), of the
Andes in the Atacama desert of northern Chile (Fig. 1b). The
volcano is made up of calc-alkaline andesite flows and pyro-
clastic rocks, with K-Ar dates from 5.3 £1.9to 1.6 £ 0.5 Ma
(Naranjo et al. 2010). There are seven high-grade iron ore
bodies at El Laco that reach up to 1 km? at the surface and
exceeding 100-m thickness (Naslund et al. 2002). The domi-
nant magnetite mineralization occurs as large stratabound
lenses that are texturally massive, brecciated, vesicular or fri-
able, and have been interpreted as lava flows or pyroclastic
rocks. They are rooted in subvertical veins of massive and
coarse-grained magnetite (Henriquez and Martin 1978;
Nystrom and Henriquez 1994; Naslund et al. 2002; Nystrdm
et al. 2016; Tornos et al. 2016). The magnetite ore is associ-
ated with minor amounts of diopside, scapolite, and anhydrite
(Tornos et al. 2016), while apatite is fairly uncommon in the
stratabound ores but is abundant in the feeder dikes.
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The magnetite-apatite ore bodies and some of the andesite
host rocks have been pervasively overprinted by hydrothermal
alteration that is thought to be broadly synchronous with the
emplacement of the magnetite ore (see Fig. 1b). The andesite
has been locally replaced by alkali-calcic hydrothermal as-
semblages, including diopside, K-feldspar, magnetite, anhy-
drite, and scapolite that are related to widespread brecciation
of the altered andesite (Tornos et al. 2016). The andesite host
and the alkali-calcic altered rocks are overprinted by a later
and shallower steam-heated alteration that is observed as
stratabound zones of dominantly alunite and gypsum
(Sillitoe and Burrows 2002; Tornos et al. 2016). Late
martitization related to the steam-heated alteration overprints
large parts of the magnetite ore (Tornos et al. 2016).

Lascar volcano

The Lascar volcano is located approximately 57 km northwest
of El Laco (67° 43’ W, 23° 22’ S) and is the most active
volcano in the CVZ today with a significant eruption in
1993 and intermittent activity ever since (Tassi et al. 2009).
Lascar is considered a typical arc-related volcano with andes-
itic to dacitic composition. The andesite-dacite at Lascar in-
cludes anhydrite phenocrysts as well as droplets of magne-
tite—no significant concentrations of massive magnetite have
been described. The reason to compare the geochemistry of
magnetite at El Laco and Lascar volcanoes is to determine if a
difference exists with the magnetite from a volcano with mas-
sive magnetite mineralization, such as El Laco, with a similar
volcano located within the same volcanic arc system that does
not have visible massive magnetite deposits, such as Lascar.

Analytical methods
Sample selection and preparation

The magnetite-bearing rocks of this study have been selected
using a systematic sample collection that was carried out from
magnetite-apatite ores and their respective host rocks in the
Norrbotten region of northern Sweden and the El Laco and
Lascar volcanoes (Fig. 1 and electronic supplementary mate-
rial [ESM] Table 1A). The samples have been thoroughly
examined using cross-polarized and reflected light microsco-
py on polished thin sections in order to select the samples with
minimal replacement of magnetite by hematite. Magnetite
grains were chosen in situ from the samples of ore, hanging
wall, and footwall as well as from any spatially associated
intrusive rocks. Some samples from the host rocks did not
contain magnetite or the grains were not large enough for laser
ablation analysis and therefore could not be included in this
study (e.g., many of the more felsic hanging wall rocks at
Kiruna and altered andesite at E1 Laco).
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Fig. 1 Simplified geological maps of the study areas. a Kiruna district,
Norrbotten region, northern Sweden, with sample locations for this study.
The Kiirunavaara magnetite-apatite deposit dips eastward between the
footwall and hanging wall rock units. Samples collected underground
within the mine are projected to the map surface and therefore appear to

For Kiruna, samples that contain sufficient magnetite
included all the ore samples from the Kiirunavaara high-P
(KRN-10-02, K-1, and KRN-11-01) and low-P (K-2) ore
and the selected smaller magnetite-apatite ores,
Tuolluvaara (TUV-10-01), Nukutusvaara (NUK-12-02
and NUK-10-03), and Rektorn (REK-10-04). The
Rektorn ore also contains abundant hematite, described
further below. At Kiirunavaara, the footwall andesite rocks
were magnetite rich, and there was an altered (KRN-11-04)
and a less altered (KRN-11-03) sample chosen. One sam-
ple from the hanging wall rhyodacite rocks at Kiirunavaara
contained a small amount of magnetite (KRN-11-05).
Several samples containing magnetite from felsic intrusive

the east of ore body (map modified after SGU data and Westhues et al.
2016). b El Laco volcano, ore samples from this study are from the Laco
Sur deposit with one dacite sample from the Lascar volcano shown in the
inset map (map modified after Tornos et al. 2016)

bodies spatially associated with the Kiirunavaara ore body
were also chosen; these included an aplite vein (KRN-12-
02), a syenite pluton (KRN-12-03), and a granite pluton
from underground inside the mine (KRN-12-05). As men-
tioned above, the smaller magnetite-apatite bodies in the
Kiruna area (i.e., Per Geijer ores Rektorn, Nukutus, and
Tullovaara) are hosted in the rhyodacitic rocks that gener-
ally do not contain abundant magnetite. However, suffi-
ciently sized magnetite was present in the host rock at
Tuollavaara (TUV-10-03). The Rektorn footwall (REK-
12-02) contains abundant magnetite, and the Rektorn
hanging wall was eliminated from this study because it
contains abundant hematite.
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At El Laco in the upper levels of the large magnetite-apatite
ore body at Laco Sur, two massive magnetite ore samples
were collected (ELL-14-04 and ELL-14-05). In the lower
levels of the Laco Sur ore body (at approximately 4650-m
elevation), a magnetite vein from a feeder structure was sam-
pled (ELL-14-06). A sample of andesite from the El Laco
volcano (ELL-14-02) and a dacite sample from Lascar
(LAS-14-07) were also collected.

The magnetite-bearing samples selected (n = 17 from
Kiruna, n = 4 from El Laco, and n = 1 from Lascar) were first
trimmed with a saw to remove any altered or weathered ma-
terial and then mounted in 25-mm-diameter x 6-mm-tall ep-
oxy pucks. These pucks were then polished and carbon coated
and examined with a JEOL 7100F field emission scanning
electron microscope (SEM) at Memorial University of
Newfoundland equipped with energy-dispersive spectroscopy
(EDS) at 15 kV and 50 nA. Magnetite grains, as well as any
associated minerals, were identified using back-scattered elec-
tron (BSE) imaging; EDS; and conventional reflected light
microscopy, which was the best way to distinguish between
magnetite and hematite.

Electron probe microanalyzer analyses

The iron content of the magnetite grains was measured using a
JEOL JXA-8230 SuperProbe electron probe microanalyzer
(EPMA) at Memorial University of Newfoundland. Details
concerning the EPMA analyses are summarized in the ESM
Table 2A. Quantitative chemical analyses of magnetite were
done to obtain Fe concentrations in the same location as the
laser ablation—inductively coupled plasma—mass spectrometry
(LA-ICP-MYS) analyses to use Fe as the internal standard for
reducing the laser ablation data with Iolite software (Paton
et al. 2011). The following conditions were used for the
EPMA analyses: accelerating voltage of 15 k'V, sample current
of 100 nA, peak and background count times of 10 s, and a
beam diameter of 3 wm. Natural magnetite from the Astimex
MINM25-53 mineral standards mount was used as a primary
Fe standard. Raw X-ray intensities were corrected using stan-
dard ZAF techniques with the JEOL software.

X-ray maps

X-ray maps of the Kiruna magnetite grains were made on one
representative magnetite grain per sample for Al, Si, Ca, Ti, and
V. Vanadium was mapped after variations in V were detected
with EDS. Aluminum and Ti were also chosen because of their
generally immobile nature in hydrothermal fluids. Silica and
Ca were chosen for their highly mobile nature in hydrothermal
fluids (Dare et al. 2014; Nadoll et al. 2014). For the El Laco
samples, EPMA X-ray maps for Al, Si, Ca, V, and Mg were
acquired on one representative magnetite grain per sample. For
each map, an accelerating voltage of 15 kV, sample current of
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250 nA, and a pixel dwell time of 150 ms were used. The map
area, step size, and total time to create each map ranged from
150 pm? to 2 mm?, 0.4 to 1.0 pm, and 4 to 10 h, respectively,
depending on the size of the magnetite grain.

LA-ICP-MS analyses

In situ LA-ICP-MS analyses were done at the MicroAnalysis
Facility—Bruneau Innovation Centre (MAF-IIC) at Memorial
University of Newfoundland using a Finnigan Element XR
high-resolution, double-focusing magnetic sector—inductively
coupled—plasma mass spectrometer (HR-ICP-MS), coupled to
a GeoLas 193-nm Excimer laser system. Details for the LA-
ICP-MS analyses are summarized in the ESM Table 2A.
Zipkin et al. (2015) describes the current methodology in the
LA-ICP-MS facility for trace element analysis using this
equipment; these same methods were used in the present study
with the modifications noted below.

A laser spot diameter of 30 um was used for all magnetite
analyses, a 59-um spot was used for the primary calibration
material NIST 610, and a 49-pm spot for the secondary stan-
dard reference material BCR-2G. A total of 42 elements and 35
elements, respectively, were analyzed for each magnetite anal-
ysis during the Kiruna and El Laco LA-ICP-MS analyses.
Magnetite samples from El Laco were analyzed prior to the
Kiruna samples, and elements that were consistently below
the limit of detection (LOD) were not measured during the
Kiruna analyses after verifying that those elements were again
not detectable. Instead, REEs were included for the Kiruna
analyses in order to make a comparison with the well-
constrained trace REE concentrations in the BCR-2G glass
(Jochum et al. 2005). The laser energy density used for all laser
ablation analyses was 3 J/cm” with a pulse frequency of 8 Hz.
For each analysis, the background was measured for about 30 s,
followed by 90 s of laser ablation, and washout was monitored
for about 20 s after each ablation. Isotope signals °'Fe, °'V, and
°Co were closely monitored during the day to track instrumen-
tal drift. For the El Laco ablation session, laser spots were taken
across grains that showed zoning in BSE and X-ray maps. A
total of 72 analyses were done on magnetite from EI Laco and
Lascar. Eighty-seven analyses were done on magnetite from
the Kiruna area samples. A complete list of the analyses that
were done is reported in the ESM.

The LA-ICP-MS data were reduced using the Iolite soft-
ware (Paton et al. 2011) with the Fe concentration from the
EPMA analysis used as the internal standard. Peaks for La,
Ce, Al, Mg, Zr, Si, P, Ca, and Ti were monitored during the
data reduction to avoid inclusions of other minerals (e.g.,
monazite, apatite, zircon, titanite) or inclusion of the host ma-
terial in the case of tiny magnetite grains (e.g., feldspar, am-
phibole, quartz). The LOD for each of the elements measured
was calculated in Iolite (Paton et al. 2011) using the method
described in Zipkin et al. (2015). The LOD and mean results
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of each isotope measured are listed in ESM Table 3A. The
BCR-2G results from the Kiruna and El Laco analysis ses-
sions show excellent correlation with the long-term running
averages for BCR-2G collected over a span of 17 years at
Memorial University (see ESM Fig. 1A and Secondary ICP-
MS Standards 2).

Results
Kiruna magnetite textures and associated minerals

From the samples investigated at Kiirunavaara, the D ore (i.e.,
high-P ore) contains two types of magnetite: (1) massive mag-
netite with interstitial apatite, biotite, and later calcium carbon-
ate (Fig. 2a) and (2) 20-200- um magnetite grains that are
subhedral to anhedral with apatite as the dominant gangue
mineral phase + actinolite, plagioclase, and quartz (Fig. 2b,
¢). The B ore (i.e., low-P ore; Fig. 2d) magnetite is massive
with minor amounts of interstitial biotite, calcium carbonate,
and apatite; thus, it contains less phosphorus than the D ore.
The Kiirunavaara trachyandesitic footwall has large anhedral
magnetite grains ranging in size from 100 to 300 um that are
found in clusters as well as disseminated magnetite. The mag-
netite clusters are more abundant and larger (approximately
1 mm in diameter) in the altered footwall (Fig. 2e) compared
to the less altered footwall (approximately 500 pm in diame-
ter). The hanging wall rocks at Kiirunavaara have a low abun-
dance of magnetite with grains that are euhedral-subhedral
and <60 um (Fig. 2f). The aplite vein sample (KRN-12-02)
has a low abundance of magnetite with grains that are
<100 pum, fractured and associated with biotite, titanite, and
zircon (Fig. 2g). The syenite sample (KRN-12-03) has 50—
100-um-sized anhedral magnetite grains that are commonly
associated with actinolite (Fig. 2h). The potassic granite intru-
sion (sample KRN-12-05) found underground within the mine
(Westhues et al. 2016) has disseminated euhedral to anhedral
magnetite grains that are <60 pum in size.

The Tuollavaara ore has subhedral to anhedral magnetite
grains that range in size from 100 to 800 um (Fig. 3a). The
host rock at Tuollavaara has disseminated magnetite with typ-
ically 1-mm-sized clusters of <100-um-sized grains that are
anhedral (Fig. 3b). The Nukutus ore has subhedral to anhedral
magnetite grains that range in size from 10 to 150 um with
abundant apatite and interstitial actinolite + quartz, calcium
carbonate, and biotite (Fig. 3¢). The Rektorn ore is massive
with interstitial calcite and quartz; BSE imaging revealed that
approximately 60% of ore are lighter and therefore different in
composition. Under reflected light, it was determined that the
lighter BSE iron oxide is magnetite and the darker BSE iron
oxide is hematite (Fig. 3d); both iron oxide phases were ana-
lyzed and differences in the chemistry are described in detail
below. The Rektorn footwall host rocks contain abundant 1-

mm-sized magnetite grains with rims that are rich in inclu-
sions of feldspar, biotite, and quartz (Fig. 3e).

El Laco magnetite textures and associated minerals

The magnetite ore samples studied at the Laco Sur magnetite-
apatite deposit are dominated by massive or anhedral magne-
tite; up to 2-mm-sized euhedral to subhedral grains can be
found along the edges of void spaces (Fig. 4). Unlike the
magnetite-apatite ore at Kiruna, the El Laco magnetite is gen-
erally not associated with other mineral phases and shows
partial to extensive alteration to martite (i.e., pseudomorphic
replacement of magnetite by hematite).

One of the samples from the upper levels of the ore body
(ELL-14-04) consists primarily of massive magnetite or
anhedral micrometer-sized grains of magnetite; there are
abundant centimeter-sized elongated voids that are lined by
200—400-um euhedral magnetite crystals (Fig. 4a).In BSE
images, the magnetite grains have porous inner cores that
display chemical growth zoning and outer regions with no
detectable chemical zoning. Under reflected light, the magne-
tite crystals show extensive alteration to kenomagnetite (nom-
inally Fe**; _ ((Fe**| 53,[1y304) and less extensively hema-
tite along fractures (Ramanaidou et al. 2008). Another sample
from the upper levels of the ore body (ELL-14-05) consists
primarily of spongy porous magnetite with centimeter-sized
elongated voids that are lined with 200—600-um euhedral
magnetite crystals (Fig. 4b). In BSE images, the magnetite
crystals have concentric growth zoning with darker central
regions. Under reflected light, hematite alteration can be seen
along fractures in the magnetite and the edges of the magne-
tite. The magnetite from a magnetite vein in the lower level of
the ore body (ELL-14-06) has 0.5-2-mm-sized magnetite
grains that are euhedral along the edge of 0.5—1-cm-sized
cavities, and the magnetite is anhedral elsewhere (Fig. 4c).
In BSE images, the magnetite grains display a lighter core
with darker portions that occurs along fractures and the grain
rims. Under reflected light, the lighter BSE portions of the
grain can be identified as magnetite and the darker portions
are martite.

The andesite host rock has microphenocrysts of magnetite,
100-200 um in size, that are anhedral and contain trellis tex-
ture intergrowths of thin lamellae that in BSE images are vis-
ibly darker than the magnetite (Fig. 5a). Under reflected light,
the lamellae were identified as ilmenite. The Lascar dacite has
disseminated anhedral magnetite in <100-um-sized grains
with local intergrown lamellae, visibly darker in BSE images,
but this is not widespread (Fig. 5b, ¢). The lamellae in the
Lascar dacite were identified as ilmenite with reflected light
microscopy, a common texture found in titaniferous magnetite
(Buddington and Lindsley 1964; Mehdilo and Irannajad
2010).
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Fig. 2 Back-scattered electron images and chemical X-ray maps of
representative magnetite (mag) from the Kiirunavaara ore, host rocks,
and associated intrusive rocks. a KRN-10-02 (D ore), massive magnetite
with interstitial apatite (ap), and crosscutting calcium carbonate (cc) vein.
b K-1 (D ore), subhedral magnetite grains with interstitial apatite, actin-
olite (act), plagioclase (plag), and quartz (gtz), zones of slight increases in
Si and Al shown in X-ray map. ¢ KRN-11-01 (D ore), subhedral
magnetite similar to sample K-1, with correlating zones of increased in
Siand Al in the X-ray map. d K-2 (B ore), massive magnetite. e KRN-11-
04 (FW), anhedral magnetite aggregate associated with actinolite; X-ray

@ Springer

‘* '“’\\

map shows the spots of increased Al. f KRN-11-05 (HW), small euhedral-
subhedral magnetite grain. g KRN-12-02 (syenite intrusive), small
anhedral magnetite grains associated with zircon (zr), biotite (bf), and
ilmenite (i/m) in a host of K-feldspar (ksp); X-ray map shows that the
fractures in magnetite are filled with increased Ca, Si, and Al concentra-
tions. h Anhedral magnetite associated with actinolite, rim of magnetite
depleted in V relative to the core. Relative chemical variation scale for
X-ray maps in b. Red boxes show the locations of BSE images or X-ray
maps that are shown as insets
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Kiruna magnetite X-ray maps

Little chemical variation was observed in the X-ray maps for
any of the Kiruna magnetite samples. The ore magnetite from
the deposits in the Kiruna area display zones of elevated Al
and Si that correlate with each other (see Figs. 2a, ¢ and 3c).
Many of the larger (>100 um) ore and host rock magnetite
grains display equally distributed spots of elevated Al
throughout the grains that is not observed in the Si, V, Ca, or
Ti X-ray maps (see Fig. 2a—¢). These elevated Al spots are
displayed in BSE images as darker spots (see Fig. 3a). The
magnetite from the granite intrusive at Kiirunavaara (Fig. 2g)
and the footwall magnetite at Rektorn that display elevated
contents of Si, Al, Ca, and Ti can be found along structures
that follow the typical shape of spinel exsolution lamellae

Fig. 3 Back-scattered electron images and chemical X-ray maps of
representative magnetite from the smaller magnetite-apatite ores and their
host rocks in Kiruna. a TUV-10-01 (ore) equally distributed spots of high
aluminum present in X-ray map are visible as darker spots in the BSE
image. b TUV-10-03 (hanging wall), anhedral magnetite. ¢ NUK-10-03
(ore), X-ray maps of Si and Al show a correlation. d REK-10-04 (ore),
massive magnetite with dark hematite (hem) and brighter magnetite areas

(Fig. 3e). The syenite sample of the Kiirunavaara mine re-
vealed rims depleted in V (Fig. 2h). The Rektorn ore X-ray
map has the most distinct chemical variations due to the pres-
ence of hematite that correlates to elevated Ti and V found in
the zones darker in BSE (see Fig. 3d).

El Laco magnetite X-ray maps

The ore magnetite-kenomagnetite crystal from ELL-14-04
that was mapped did not have a porous core that was observed
in other grains from that sample and did not show any varia-
tion in chemistry. However, the adjacent grains in the X-ray
map have porous cores which display elevated Si, Ca, and Al
with growth zoning (Fig. 4a). The X-ray maps of the ELL-14-
05 magnetite, with concentric growth zoning visible in BSE

in BSE correlating to white and pink, respectively, in reflected light (RL).
The hematite has high Ti and V compared to the magnetite in the X-ray
maps. e REK-12-02 (FW), correlating increases in Ca, Si, and Al are
located along fractures in magnetite grain as seen in BSE image (/eff).
See Fig. 2 caption for the previously mentioned mineral abbreviations.
Relative chemical variation scale for X-ray maps in a. Red box surrounds
the area of X-ray maps that are shown as insets
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Fig. 4 Back-scattered electron images and chemical X-ray maps of
representative Laco Sur ore magnetite. a ELL-14-04, subhedral-
euhedral magnetite grain with clear zoning in BSE imaging and no
evident zoning in the X-ray maps for this grain. Adjacent grains with
vuggy cores show the elevated growth zones of Si, Ca, and Al.
Reflected light (RL) microscopy shows that the areas of the grain have
been altered to keno-magnetite (keno-mag) and slight martite (mar)
replacement along fractures. b ELL-14-05, subhedral-euhedral magnetite
grains with clear growth zoning in the BSE image that correlates with the
X-ray maps for Si, Ca, and Al; each element is elevated or depleted in the
same layers with increasing concentrations towards the core. RL
microscopy shows slight martite replacement along fractures. ¢ ELL-
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14-06, euhedral magnetite with clear zoning that correlates with
increasing Si and Ca towards the core. RL microscopy shows that
extensive replacement of the magnetite to martite has occurred, which
correlates to very low trace element concentration in the X-ray maps. See
Fig. 2 caption for the previously mentioned mineral abbreviations.
Relative chemical variation scale for X-ray maps in a. Orange circles
represent the LA-ICP-MS spot locations relevant to Fig. 6, and X-ray
maps include the whole crystals shown in the BSE image. Direct
comparisons in the zoning contrast in BSE cannot be made between each
sample because the photographs were taken at different settings to
optimize the chemical structure in the magnetite grains
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3

*Ti-oxide

Fig. 5 Back-scattered electron images and chemical X-ray maps of
magnetite from the andesite host rock at El Laco volcano and the dacite
sample from Lascar volcano. a ELL-14-02 (El Laco andesite), andesite
with fine trellis textured ilmenite lamellae visible in BSE image and X-ray
map for Ti; red box surrounds the magnified view of the exsolution

imaging, revealed increasing Si, Ca, and Al contents towards
the core of the grain (Fig. 4b). Magnetite grains from a vein in
the lower levels of the ore (ELL-14-06) display growth zoning
in Si and Ca, and less obvious with Mg, with the highest
concentrations in the central part of the grains. The martite
(i.e., hematite)-replaced portions of the magnetite show lowest
concentrations of trace elements (Fig. 4¢). The El Laco andes-
ite magnetite grain shows elevated Ti in the ilmenite exsolu-
tion lamellae that are visible in BSE imaging and reflected
light microscopy (Fig. 5a). The Lascar dacite magnetite grain
chosen for the X-ray map shows overall elevated Ti (Fig. 5¢)
compared to the El Laco magnetite.

ilm exsolution™
lamellae

domain. b, ¢ LAS-14-07 (Lascar dacite), ilmenite exsolution lamellae
visible in BSE and RL are found in some grains (b) and are absent in
others (c¢). See Fig. 2 caption for the previously mentioned mineral
abbreviations. Relative chemical variation scale for X-ray maps in a

Trace element chemistry of Kiruna magnetite

The Fe content of magnetite for the ore, host, and intrusive
rocks at Kiruna are slightly lower than the ideal stoichiometric
value (72.4 wt% Fe) with EPMA results ranging from 69.4
and 70.8 wt% Fe (Table 2). The Fe contents for analyses on
samples that were identified as hematite (REK-10-01 and
REK-10-04) are distinctly lower than the magnetite and
ranged from 63.8 to 68.5 wt% Fe. All of the magnetite grains
from the Kiruna area, including the magnetite-apatite ore, host
rocks, and related felsic intrusive rocks, are overall chemically
homogeneous and contain low trace element concentrations

@ Springer



1234

Miner Deposita (2017) 52:1223-1244

10° ¢

i a
104 £ ‘ e : .
S o
T i
b g AR 1
.0 a 1
B 102 ¢ . P, 3
£ f ’ 5
s i
8 I
o 10 ¢ - E
) : 2 =
o .- 4 =
1k N e |
- — — R
]O'] T T T T
A B C D
105 E H
‘b 3
]04 ? ) - ;’ S 6 A Q ‘; . E
-_ r T ° =2 o e T
g- 103 : ~ . ;“8\ , 3
o S A AN A
g 02 e e f e
.-g 7 o " ‘ / /:7 :\\ \E/ : L4 . ’ ]
S0 T rook L
o PNy N LRS-
S VTF o, V/ ™" L
P - :
LLO A 3
10'2 T T T T T T T T T T
A B C DEFGHII J
_ Mobile Immobile  HFSE
>LOD <LOD mar . . AI e
oo §| --e--7n Y
s Mg —+—  Ga - Nb
--e-- Ca = Ce
v Mn < Th

Fig. 6 Trace element zoning patterns in magnetite grains from the Laco
Sur magnetite ore. a ELL-14-05 ore sample (see Fig. 4c for the laser spot
locations). b ELL-14-06 ore sample (see Fig. Sc for the laser spot
locations). Faded symbols represent the analysis that is <LOD, and open
symbols represent the analysis of martite (pseudomorphic replacement of
magnetite to hematite). See text for details

(i.e., <500 ppm). The V concentrations, and locally the Si
content, in the magnetite are generally higher than the
other trace elements with concentrations around 0.1 and
up to 0.2 wt%. The Ti contents are very low for magnetite
with concentrations generally <50 ppm. The Kiirunavaara
D-ore magnetite grains have higher Si and V contents
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than the B-ore magnetite. The degree of alteration seems
not to affect the chemical composition of the footwall
magnetite at Kiirunavaara; both samples contain similar,
and low, trace element concentrations. The hanging wall
magnetite at Kiirunavaara has higher Si and lower V com-
pared to the footwall magnetite. The magnetite from the
syenite, aplite, and granite intrusive rocks at the
Kiirunavaara deposit shows some variation in chemistry;
particularly, the syenite magnetite, which has the highest
Si content, and the aplite magnetite have the highest V
content. The Nukutusvaara ore magnetite grains have
higher Ti content than Kiirunavaara, Tuollavaara, and
Rektorn. The Rektorn ore shows the most chemical vari-
ability visible in BSE, X-ray maps, and reflected light
described earlier; trace element results confirm that the
hematite contains elevated Ti and V and is depleted in
Ni and Ga relative to the magnetite (see Fig. 7).

Trace element chemistry of the El Laco magnetite

The Fe concentrations for magnetite in the Laco Sur ore
are 67.25-70.4 wt% Fe. The magnetite grain that displays
concentric growth zoning (ELL-14-05) showed decreasing
Si, Ca (mobile elements), and Al (immobile element) to-
wards the rim of the grain in the X-ray maps, and trace
element analysis confirms this (Figs. 6a and 4b for the
analysis locations). In addition, Mn; Ga; large-ion
lithophile element (LILE); Sr; and high field strength el-
ements (HFSE) Y, Nb, Ce, and Th follow a similar pat-
tern, with a systematic decrease towards the rim. A
euhedral magnetite grain from the magnetite vein referred
to above (ELL-14-06) was analyzed 10 locations across
the grain; this produced a chemical cross section of the
grain (Figs. 6b and 4c for the spot locations). This cross
section shows that the core is enriched in Mg, Si, and Ca,
already detected in the X-ray maps (see Fig. 4c), as well
as Mn, Ga, Sr, Y, Nb, Ce, and Th. Five of the analyses (A,
C, F, I, and J) were done on magnetite that has been
altered to martite, and these analyses show lower concen-
trations of each trace element that defines the zoning pat-
terns in the magnetite. Other trace element concentrations,
such as Ti, V, Cr, and Ni, show little to no variation
between the pure magnetite and areas replaced by martite
(see Figs. 7 and 9).

The host andesite at El Laco and the dacite from the
Lascar volcano have lower Fe content with concentrations
ranging from 59.4 to 65.6 wt% Fe and 56.8 to 61.4 wt%
Fe, respectively. This is possibly due to the presence of
unavoidable intergrowths of ilmenite lamellae and overall
much higher Ti and other trace element concentrations.
The andesite host rock magnetite at El Laco contains
elevated concentrations of Al, P, Ti, V, Cr, Mn, Zn, Nb,
and Ba compared to the ore magnetite, a similar pattern to
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element content with the addition of elevated Mg, Si,
Ca, and Sn compared to the andesite magnetite.
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Mineral deposit-type discrimination diagrams

Loberg and Horndahl (1983) studied the geochemistry of
magnetite in different types of iron ores, including magne-
tite-apatite, titaniferous, and BIF, including samples from the
Kiruna and Bergslagen (southeast Sweden) regions and some
samples from Iran and Chile. Fe, Ti, V, and Ni were used to
create several discrimination plots. The V vs. Ni diagram
(Fig. 7a) shows very homogeneous compositions of these
two elements for each individual sample, but there are signif-
icant variations between samples from each locality and
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Fig. 8 Magnetite discrimination plots for various ore deposit types by
Dupuis and Beaudoin (2011) and modified by Nadoll et al. (2014) with
samples from this study plotted. a Al + Mn (Wt%) vs. Ti+ V (wt%). b Ni/
(Cr + Mn) vs. Ti + V (wt%). See text for details
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between El Laco and Kiruna samples. In contrast, the Ti con-
centrations are rather heterogeneous and vary considerably
even within each sample (Fig. 7b—d). Distinct chemical vari-
ations between the Kiirunavaara ore (lowest Ti contents), the
Per Geijer ores near Kiruna (highest Ti concentrations), and
the El Laco ores are observed. The hematite from the Rektorn
ore and the martite-replaced portions of the El Laco magnetite
have been plotted here and on the following diagrams to illus-
trate how the hematite compositions compare to the magnetite
compositions for the discussion; we do not, however, suggest
that hematite can be used on these diagrams to determine its
environment of crystallization.

Dupuis and Beaudoin (2011) also proposed several empir-
ical discrimination diagrams for magnetite from various de-
posit types including BIF, IOCG, magnetite-apatite (Kiruna-
type), porphyry-Cu, skarn, and Fe-Ti-V-layered mafic intru-
sion deposits (Fig. 8). The two diagrams are based on Al +
Mn+ Ca (wt%) (Fig. 8a) and Ni/(Cr + Mn) (Fig. 8b) on the y
axis vs. Ti + V (wt%) on the x axis. In these plots, the field of
the Kiruna-type deposits was based on the analysis of magne-
tite from seven different magnetite-apatite locations around
the world, including Kiruna and El Laco (Dupuis and
Beaudoin 2011). It should be noted that the samples chosen
from Kiruna and El Laco are different to those used in the
present study. These diagrams are suggested for usage during
mineral exploration to fingerprint different styles of minerali-
zation using magnetite chemistry. We chose the version of the
first diagram (Fig. 8a) modified by Nadoll et al. (2014), who
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Fig. 9 Crvs. V plot discriminating Kiruna type from other ore deposit
proposed by Knipping et al. (2015). Many of the magnetite grains from
the Kiruna and El Laco magnetite-apatite ores in this study contain higher
Cr concentrations than suggested in this diagram. The faded symbols
represent the analysis of Cr that is <LOD. See text for details



Miner Deposita (2017) 52:1223—-1244

1237

E%Ijl..lAMA o
Aa

4 o0 4
10° & “$.u@ 00‘%1“0‘ LIS
[v ww® o e Oo

Magmatic mag

N\

Hydrothermal mag

V (ppm)

102

10 102 103 104 10° 10¢
Ti (ppm)
El Laco host andesite mag

4 ELL-14-02

A Dare et al. 2015
unaltered andesite

Lascar dacite mag

v LAS-14-07

Kiruna FW mag

Kiruna HW mag
» KRN-11-05
® TUV-10-03

Kiruna felsic intrusive mag

Fig. 10 V vs. average concentrations for this study d magmatic
magnetite fields drawn by Knipping et al. (2015). The plot suggests
overall higher Ti and V concentrations in igneous magnetite with consid-
erable overlap in Ti and V chemistry between hydrothermal and igneous
magnetite. The symbols used for magnetite samples of the host rock and
related intrusive bodies are the same for the remaining figures in this
paper. The faded symbols here represent the analysis of Ti that is
<LOD. See text for details

eliminated Ca from the y axis component, because plotting
with or without Ca made little difference where our data plot-
ted because the Ca contents are low or below the LOD.

In Fig. 8a, the majority of the Kiruna and El Laco magnetite
analyses from the present study have very low Ti concentra-
tions and therefore do not plot within the proposed Kiruna
field. Magnetite from the Rektorn ore with elevated Ti plots
within the Fe-Ti, V deposit field. Magnetite from the
stratabound ore of El Laco plots non-uniquely in the IOCG
and porphyry copper fields, situated above and to the left of
the Kiruna-type field.

In Fig. 8b, about one third of the magnetite-apatite ore
analyses plot within the Kiruna-type field but the majority plot
within the IOCG field. The Ti-rich hematite from the Rektorn

ore is distinct from the magnetite and plots within the Fe-Ti, V
deposit field. The Ti-poor magnetite from the Rektorn ore
plots above the IOCG and Kiruna-type fields.

Knipping et al. (2015) presented a discrimination diagram
to distinguish Kiruna-type deposits from porphyry; IOCG;
and Fe-Ti, V deposits based on the Cr and V contents of the
magnetite (Fig. 9). The Kiruna-type deposits were defined as
having low Cr content (<~100 ppm) and high V content
(>~500 ppm). Some of the magnetite analyses from the
Kiruna and El Laco magnetite-apatite ores in this study have
higher Cr content than previously reported (Dare et al. 2015)
and plot above the Kiruna-type field with similar Cr and V
contents as magnetite from IOCG and porphyry deposits.

Magmatic vs. hydrothermal magnetite discrimination
diagrams

Nadoll et al. (2015) proposed using the concentrations of Ti
and V in magnetite to distinguish between hydrothermal and
magmatic magnetite (Fig. 10). The justification for this dia-
gram is that Ti and V are often found in high concentrations
within magmatic magnetite and low concentrations within hy-
drothermal magnetite (Nadoll et al. 2015; Knipping et al.
2015). Knipping et al. (2015) used this diagram as well to
support their magmatic-hydrothermal model for the formation
of magnetite-apatite deposits and drew magmatic and
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Fig. 11 Samples from this study plotted on the Ti vs. Ni/Cr plot proposed
by Dare et al. (2014) to discriminate between magmatic and hydrothermal
environments for magnetite formation. The majority of the magnetite data
from Kiruna and the ore magnetite from El Laco had either Ni, Cr, or
Ti < LOD, and these analysis are plotted here as faded symbols. The
dotted line, placed in this study, separates the host and intrusive magnetite
in Kiruna from the ore magnetite. See text for details
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hydrothermal fields using magnetite data from Nadoll et al.
(2015). This is essentially the same plot used by Loberg and
Horndahl (1983) to describe magnetite from magnetite-apatite
deposits vs. BIF and titaniferous iron ores (see Fig. 7c¢),
though used here to describe magnetite from different
environments.

@ Springer

In Fig. 10, magnetite data from the magnetite-apatite
ores are plotted with the addition of the host rock mag-
netite to evaluate the fields drawn by Knipping et al.
(2015). Most of the Kiruna magnetite data in the present
study do not plot within the magmatic, hydrothermal, or
overlapping magmatic-hydrothermal fields. The magne-
tite from the Kiirunavaara ore and host rocks has very
low Ti concentrations that are at or below LOD and plot
to the left of the overlapping magnetite-apatite field. The
footwall magnetite at Rektorn plots within the hydrother-
mal magnetite field. The stratabound ore magnetite at El
Laco plots within the overlapping magnetite-apatite field
or to the left of this field. The host andesite magnetite at
El Laco and the Lascar dacite magnetite, both with high
Ti and V concentrations, plot at the far top right of the
magmatic field.

Dare et al. (2014) proposed an empirical discrimina-
tion diagram of Ti vs. Ni/Cr that shows that there is a
distinct chemical difference between magnetite that pre-
cipitated from hydrothermal fluids and magnetite that
crystallized from a magmatic melt (Fig. 11). Most of
our magnetite data, including the host rock magnetite
data for Kiruna, had one or more of the elements re-
quired for this plot below LOD. The Kiruna and Laco
Sur ore magnetite as well as most of the Kiruna host
rock and related intrusive magnetite, which occurs in
igneous rocks, plot within the hydrothermal magnetite
field proposed by Dare et al. (2014) due to the low Ti
and Cr contents of the magnetite. However, magnetite
from the Kiruna host rocks and related intrusive rocks
show a distinctly lower Ni/Cr ratio compared magnetite
from the Kiruna and El Laco ore.

Trace element variations for magnetite were plotted on
a multi-element diagram proposed by Dare et al. (2014)
that was modified in this present study to leave out trace
elements not commonly found in magnetite and not mea-
sured in this study (e.g., Zr, Ge, W, Sc, and Mo from the
Kiruna analyses and Zr, Hf, and Sc from the El Laco
analyses) (Fig. 12). Elements are normalized to the bulk
continental crust data from Rudnick and Gao (2003).
This diagram shows there to be distinct trace element
chemical patterns between magnetite from a magmatic
origin and from magnetite that could be from a high-T
or low-T hydrothermal origin. Magmatic magnetite pat-
terns from Dare et al. (2014) are based on data from the
El Laco andesite and the Bushveld complex as well as
magnetite from I-type granite. The high-temperature hy-
drothermal (500-700 °C) region was defined using ana-
lytical results for magnetite from nine different IOCG
deposits. The low-temperature hydrothermal zone
(<500 °C) is based on magnetite from iron-rich skarns,
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Ag-Pb-Zn veins, and BIFs. Average results from each
magnetite sample in the present study were used for this
plot (ESM Table 3A); this made the diagram easier to
read and interpret.

The trace element patterns for the magnetite-apatite
ores at Kiruna are most similar to the high-temperature
hydrothermal magnetite (Fig. 12a). Magnetite within the
host and intrusive rocks in Kiruna for the most part fol-
lows a similar trace element pattern to the ore magnetite,
in the high-temperature hydrothermal zone, though with
overall lower trace element concentrations than the ore
magnetite. None of the host magnetite at Kiruna resem-
bles the proposed magmatic trend even though they are
hosted in volcanic rocks, except peaks in Hf in magnetite
from the Kiirunavaara hanging wall and the syenite sill
in the footwall at Kiirunavaara.

The trace element patterns for the Laco Sur ore mag-
netite show similar trends as the high-temperature hydro-
thermal pattern, with high Mg trending into the magmat-
ic field and low Ga trending into the low-temperature
hydrothermal field (Fig. 12b). The andesite host rock
magnetite at El Laco and the Lascar dacite magnetite
follow the magmatic magnetite trend. All magnetite from
El Laco and Lascar analyzed in the present study, includ-
ing the andesite and dacite magnetite, show higher con-
centrations of Si, Ca, Y, and P than with the volcanic
dacite magnetite containing the highest concentrations of
these elements.

Discussion

The trace element geochemistry of magnetite depends on
availability of chemical elements and the ability of the
host mineral to incorporate the trace element in its struc-
ture, which can depend on variables such as the temper-
ature, redox state or the partition coefficient (Kp) of
magnetite, and coexisting mineral phases. Also, drop in
the temperature or fluctuating conditions can lead to ex-
solution of separate phases, which also has to also be
taken into account. Furthermore, the accurate use of dis-
crimination diagrams should also exclude the presence of
nanoinclusions, which cannot always be removed during
the LA-ICP-MS analyses and data reduction.

The use of mineral deposit-type discrimination diagrams

The Loberg and Horndahl (1983) diagrams (see Fig. 7)
effectively plot the magnetite-apatite ores within the ap-
propriate fields. These diagrams contain very broad

discrimination fields, which accounts for the chemical
variation observed in the ore magnetite.

The Dupuis and Beaudoin (2011) diagrams (see Fig. 8)
have narrow discrimination fields. The magnetite-apatite
data from this study do not plot within the proposed
Kiruna-type discrimination field and overlapped signifi-
cantly with other deposit types such as IOCG and porphy-
ry-Cu. There is too much overlap in magnetite chemistry
from the Kiruna-type, magnetite-apatite mineralization
and the other types of deposits for this diagram to work
effectively. For instance, if these diagrams were to be
used in mineral exploration using magnetite as an indica-
tor mineral, it would be impossible to distinguish magne-
tite sourced from magnetite-apatite ores from magnetite
from IOCG or Cu-porphyry deposits. Thus, and based
on the results from the present study, the Kiruna field
needs to be significantly modified or removed from the
diagram. Since many of the magnetite-apatite ore analyses
plot within the IOCG field, this could have implications
that magnetite-apatite ores form hydrothermally in a man-
ner similar to genetic models suggested for IOCG deposits
or, alternatively, could reveal a flaw in the rationale for
these diagrams.

The Knipping et al. (2015) Cr/V discrimination dia-
gram has a field drawn for Kiruna-type deposits with
distinctly lower Cr content from porphyry; IOCG; and
Fe-Ti, V deposits and higher V content than IOCG (see
Fig. 9). The rationale behind the Kiruna-type field in this
diagram is that higher V content relates to the high tem-
peratures. Low Cr content of Kiruna-type magnetite is
explained by its high K, into augite prior to crystalliza-
tion of magnetite or, and deemed more likely, the high
mobility of Cr®" into oxidized fluids that transported Cr
out of the magnetite-apatite ore-forming system. As men-
tioned above in the results, several of the magnetite anal-
yses from the Kiruna and El Laco ores in this study have
higher Cr contents than previously reported for those
localities (Dare et al. 2015). Assuming that the rationale
behind the diagram is valid, higher Cr content observed
in the ore magnetite in the present study suggests that Cr
and possibly other elements that are mobile in hydrother-
mal fluids, such as Si, Ca, and LILE, were not
transported out of the system but were incorporated into
the magnetite.

The use of magmatic vs. hydrothermal magnetite
discrimination diagrams

Nadoll et al. (2015) and later Knipping et al. (2015) used

V and Ti concentrations to discriminate between magmat-
ic and hydrothermal magnetite (see Fig. 10). Based on
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the magnetite data from the present study, and those of
Velasco et al. (2016), it is clear that magnetite from the
magnetite-apatite deposits has extremely variable V and
Ti concentrations. Thus, many of the magnetite samples
here plot outside the fields on this diagram, questioning
the integrity of the plot. Dare et al. (2014) proposed
another diagram that discriminates between magmatic
and hydrothermal magnetite using Ti and Ni/Cr concen-
trations (see Fig. 11). Although magnetite from the
magnetite-apatite ore plots within the hydrothermal mag-
netite field, this does not necessarily verify that they
formed hydrothermally. A recent study by Velasco et al.
(2016) showed that massive magnetite from the
stratabound ore, and the disseminated magnetite related
to the early alkaline-calcic alteration, and of undisputable
hydrothermal origin, plot in both the magmatic and hydro-
thermal fields. Probably, these empirical diagrams are too
simple to distinguish and the Ti and Ni/Cr ratios do not
only depend on the precipitation from silicate or aqueous
fluids or need additional constraints and/or adjustments.

Magnetite that crystallized from a melt of unique com-
position may contain lower Ti concentrations than is nor-
mal for igneous magnetite. The multi-element variation
diagrams proposed by Dare et al. (2014) have fields that
overlap significantly with each other, and none of the
analyses from the present study plot perfectly within
one field, leaving ambiguity regarding the utility of that
diagram (see Fig. 12). Furthermore, it must be consid-
ered that it is not possible to directly compare the trace
element patterns between immiscible melts, such as a
silicate melt and a presumable iron-rich melt, since dur-
ing phase separation, the K, irregularly distributes the
elements between them.

Magnetite chemistry at Kiruna

The magnetite studied from the Kiruna magnetite-apatite
ores is generally very homogenous. It is suggested here
that the original trace element chemistry of the magnetite
in the Kiruna ore and their host rocks were affected by
subsequent hydrothermal alteration and metamorphism.
The rocks at Kiruna have undergone widespread hydro-
thermal alteration (Frietsch 1978; Romer et al. 1994,
Westhues et al. 2016) and up to greenschist facies meta-
morphism (Bergman et al. 2001), where widespread re-
crystallization of magnetite can occur (Dahl 1979). The
X-ray maps of the Kiruna magnetite grains revealed
areas of increased Si and Al that often are correlated
with each other. These zones are blotchy and random
and could likely be a result of metasomatic alteration.
The high-Al domains are most prominent in the larger
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grains of the ore, and footwall magnetite could be
nanoinclusions of an Al-rich mineral or may also be
the result of metasomatic alteration.

Hydrothermal titanite is widespread in the Kiruna ore
(Romer et al. 1994; Storey et al. 2007) and indicates that
the hydrothermal fluids contained Ti. Titanite has been
dated to be just younger, though with overlapping error
(1876 + 9 Ma, U-Pb TIMS (Romer et al. 1994);
1876 = 17 Ma, U-Pb SIMS (Westhues et al. 2016)) than
the volcanic rocks around Kiirunavaara (1890 = 90 Ma,
Sm-Nd isochron (CIliff et al. 1990); 1884 + 4 to
1880 + 3 Ma, U-Pb SIMS (Westhues et al. 2016)).
Together with in situ dating of hydrothermally influenced
zircon from the altered host rocks and ore (1876 + 7 and
1874 + 7 Ma, respectively), Westhues et al. (2016) sug-
gested that the titanite ages reflect the metasomatic alter-
ation overlapping with the ore formation. The hematite
portions of the Rektorn ore have considerable higher Ti
content than the magnetite, again suggesting that the al-
teration fluids contained appreciable amounts of Ti.

Although the magnetite chemistry of the Kiruna rocks
are very similar in most elements (see Figs. 10 and 12),
the Ni/Cr vs. Ti plot after Dare et al. (2014) (see Fig. 11)
revealed a distinct difference in the Ni/Cr of the magne-
tite from the magnetite-apatite ores and the host rocks/
related felsic intrusive rocks. The latter have a more sim-
ilar Ni/Cr content as the El Laco host rocks but with
lower Ti concentrations. This may suggest that before
alteration of the host rocks, primary magnetite may have
had a similar composition to the magnetite from volcanic
rocks in Chile. Also, the magnetite ore in Kiruna likely
formed with low trace element concentrations, similar to
the El Laco ore magnetite; therefore, alteration of the
trace elements is not so apparent as with the host rock
magnetite. Because the chemistry of the primary magne-
tite may have been altered, it is difficult to draw any
conclusive arguments on how the magnetite-apatite ores
formed through the utilization of empirical magnetite dis-
crimination diagrams.

Magnetite chemistry at El Laco

The magnetite from El Laco is much younger than at
Kiruna and has not been affected by metamorphism,
but most of it likely has undergone various degrees of
hydrothermal alteration (Tornos et al. 2016), made evi-
dent by replacement of magnetite by keno-magnetite and
martite. There are clear chemical differences at El Laco
in the magnetite ore and magnetite from the andesite host
and the dacite sample from the nearby Lascar volcano.
The andesite and dacite samples have similar trace ele-
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ment chemistry with signatures that plot as igneous mag-
netite on proposed discrimination diagrams (see Figs. 10,
11, and 12) and have clear exsolution textures common
in Ti-rich magmatic magnetite crystallized in hot and
reduced settings (Mehdilo and Irannajad 2010). The
Lascar dacite magnetite has elevated trace element con-
centrations compared to the El Laco andesite magnetite.
This may indicate that the source melt of the volcanic
rocks at Lascar has a different composition from the El
Laco volcanic rocks or certain physicochemical parame-
ters were different such as lower fO, of the melt at
Lascar during magnetite crystallization.

The ore magnetite at El Laco shows clear zonation
patterns in BSE and X-ray maps, which have also been
described by previous authors (Fig. 4) (e.g., Velasco and
Tornos 2012; Dare et al. 2015; Velasco and Tornos
2012). The centers of the magnetite crystals show elevat-
ed concentrations of Mg, Si, Ca, and LILE (Fig. 6) com-
pared to the outer regions; these elements are considered
to be mobile in hydrothermal environments (Dare et al.
2014; Nadoll et al. 2014). However, the cores also show
elevated concentrations of Al and Ga, which are consid-
ered generally immobile in hydrothermal fluids as well
as HFSE (Y, Nb, Ce, and Th), which are incompatible
during partial melting but not as readily mobile in hy-
drothermal fluids (McCulloch and Gamble 1991; Blake
1992). Also, the ore magnetite were reported as being
“enriched” in elements that are highly mobile in hydro-
thermal fluids, though concentrations of these elements
are not higher than was detected in the unaltered andesite
magnetite or the Lascar dacite magnetite (see Fig. 12.
and ESM).

Looking closely at the zoning chemistry of the El
Laco ore magnetite, a combination of incompatible ele-
ments, compatible elements, LILE, and HFSE have cor-
related concentrations (i.e., they are all found either ele-
vated or depleted in the same layers) (see Fig. 4). If the
El Laco ores formed through metasomatic replacement of
the andesite host rock, it would not be expected that the
combination of elements that produced the element zon-
ing would behave the same, since these elements do not
have the same mobility in hydrothermal fluids. Dare
et al. (2014) describes iron-rich skarn magnetite as hav-
ing element concentrations and euhedral zoning similar
to the El Laco magnetite. However, the elements that
define growth zones in the iron-rich skarn magnetite
are not enriched and depleted in the same layers, sug-
gesting quick changes in the composition of the igneous/
aqueous fluid pulses that crystallized the magnetite. Also,
elements such as V and Ni are zoned in the iron-rich
skarn magnetite (Dare et al. 2014), and this is not

observed in the El Laco magnetite, suggesting that not
all elements were fluctuating during magnetite growth, as
would be the case during growth from hydrothermal
fluids.

The type of hydrothermal alteration, the mass balance
relationships, and the fluid inclusion and isotope results
suggest that purely hydrothermal models and replacement
of the host lavas at very shallow depths are geologically
unrealistic (see Tornos et al. 2016). It should also be
noted that spherical to spheroidal magnetite particles
have been described from more friable ore than the sam-
ples used in the study, textures that are best explained by
rapid cooling of an iron-rich melt (Henriquez and Martin
1978; Nystrom et al. 2016).

Thus, the chemistry of the magnetite at El Laco can
be explained by magnetite crystallizing from an iron-rich
melt that is initially enriched in the elements involved in
the zonation pattern with periodic replenishment from the
source melt during magnetite growth with less replenish-
ment over time or, and more likely, the crystallization of
magnetite during fluctuating redox conditions (fO,), fluid
content, and temperature of the melt. The interpretation
here is that the iron-rich melt became more oxidized as it
moved closer to the surface. In an oxidized system, there
is an increase of Fe®*, which primarily occupies the oc-
tahedral sites in magnetite, inhibiting the incorporation of
other elements that were present in the iron-rich melt
(Buddington and Lindsley 1964).

Conclusions

After a critical evaluation of empirical magnetite discrim-
ination diagrams using newly obtained data on the trace
element composition of magnetite from precisely known
geographic and geologic locations (encompassing the
Kiruna and El Laco magnetite-apatite ores and their as-
sociated hydrothermally altered host rocks), the follow-
ing conclusions can be drawn in respect of a hydrother-
mal or magmatic origin for magnetite:

1) Only the earlier diagrams by Loberg and Horndahl
(1983), with very broad discrimination fields, effectively
display magnetite from the magnetite-apatite ores in this
study within the appropriate field. The more recent dis-
crimination diagrams proposed by Dupuis and Beaudoin
(2011) and Knipping et al. (2015) do not constrain the
data from this study in the appropriate Kiruna-type field
and indicate that magnetite from Kiruna-type deposits
have compositions similar to other types of deposits; thus,
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these diagrams are not effective as discrimination
diagrams.

2) The Cr content from Kiruna-type magnetite reached
higher concentrations than previously reported by
Knipping et al. (2015); this calls into questions the
validity of the Cr-V plot as well as conclusions
drawn from using this plot to support the genetic
model for magnetite-apatite deposits that is proposed
by these authors.

3) The magmatic vs. hydrothermal discrimination dia-
gram for magnetite by Knipping et al. (2015) needs
modification as many of the data from the present
study do not plot within either of the proposed
fields.

4) The magmatic vs. hydrothermal magnetite diagram
by Dare et al. (2014) had limited use because most
of the data collected had non-detectable Cr, Ni, or Ti
concentrations. The data below LOD, however, had
to be plotted in order to evaluate this diagram. The
indisputably igneous magnetite (e.g., El Laco andes-
ite and Lascar dacite) effectively plotted within the
magmatic magnetite field. The magnetite-apatite ores
from El Laco and Kiruna and host rock magnetite at
Kiruna all plot within the hydrothermal field. The
host rock magnetite has distinctly lower Ni/Cr ratio
than magnetite from the magnetite-apatite ores.

5) The multi-element variation diagrams for magnetite
proposed by Dare et al. (2014) only work for
Kiruna-type magnetite if the ores are actually of hy-
drothermal origin.

After reviewing the chemistry and textures of the magnetite
from the Kiruna and El Laco magnetite-apatite ores and their
host rocks, the following conclusions can be made:

1) It is likely that the magnetite at Kiruna is largely
influenced by subsequent metamorphism and/or meta-
somatic alteration. Whether the magnetite-apatite
ores, which show hydrothermal signatures on the di-
agrams discussed above, originated from hydrother-
mal fluids or formed later through post-ore metamor-
phic or metasomatic alteration cannot be determined
using magnetite chemistry alone.

2) The magnetite from magnetite-apatite ores at El Laco
have chemical zonations that appear similar to Fe-rich
skarns (Dare et al. 2015), though there are very distinct
differences in the zonation patterns. Observations of
the chemical zonation patterns in the El Laco magne-
tite that do not correlate with iron-rich skarn magnetite
include (a) the El Laco ore magnetite has zonations of
compatible LIL and HFS elements that are all elevated
or depleted in the same crystal layers and (b) some
compatible elements are homogenous across the
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magnetite grains (i.e., V and Ni). With these observa-
tions, we propose that the magnetite at El Laco is in-
dicative of having crystallized from a volatile-rich,
iron-oxide melt that was fluctuating in physiochemical
conditions rather than from replacement of the host
rocks by pulses of hydrothermal fluids.
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