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Abstract

Iron oxide copper-gold (IOCG) and Kiruna-type iron oxide-apatite (IOA) deposits are commonly spatially and
temporally associated with one another, and with coeval magmatism. Here, we use trace element concentra-
tions in magnetite and pyrite, Fe and O stable isotope abundances of magnetite and hematite, H isotopes of
magnetite and actinolite, and Re-Os systematics of magnetite from the Los Colorados Kiruna-type IOA deposit
in the Chilean iron belt to develop a new genetic model that explains IOCG and IOA deposits as a continuum
produced by a combination of igneous and magmatic-hydrothermal processes. The concentrations of [Al + Mn]
and [Ti + V] are highest in magnetite cores and decrease systematically from core to rim, consistent with growth
of magnetite cores from a silicate melt, and rims from a cooling magmatic-hydrothermal fluid. Almost all bulk
0180 values in magnetite are within the range of 0 to 5%o, and bulk 05Fe for magnetite are within the range
0 to 0.8%o of Fe isotopes, both of which indicate a magmatic source for O and Fe. The values of 6150 and 0D
for actinolite, which is paragenetically equivalent to magnetite, are, respectively, 6.46 + 0.56 and —59.3 + 1.7%o,
indicative of a mantle source. Pyrite grains consistently yield Co/Ni ratios that exceed unity, and imply precipita-
tion of pyrite from an ore fluid evolved from an intermediate to mafic magma. The calculated initial 1570s/1550s
ratio (Os;) for magnetite from Los Colorados is 1.2, overlapping Os; values for Chilean porphyry-Cu deposits,
and consistent with an origin from juvenile magma. Together, the data are consistent with a geologic model
wherein (1) magnetite microlites crystallize as a near-liquidus phase from an intermediate to mafic silicate melt;
(2) magnetite microlites serve as nucleation sites for fluid bubbles and promote volatile saturation of the melt;
(3) the volatile phase coalesces and encapsulates magnetite microlites to form a magnetite-fluid suspension; (4)
the suspension scavenges Fe, Cu, Au, S, Cl, P, and rare earth elements (REE) from the melt; (5) the suspension
ascends from the host magma during regional extension; (6) as the suspension ascends, originally igneous mag-
netite microlites grow larger by sourcing Fe from the cooling magmatic-hydrothermal fluid; (7) in deep-seated
crustal faults, magnetite crystals are deposited to form a Kiruna-type IOA deposit due to decompression of the
magnetite-fluid suspension; and (8) the further ascending fluid transports Fe, Cu, Au, and S to shallower levels
or lateral distal zones of the system where hematite, magnetite, and sulfides precipitate to form IOCG deposits.
The model explains the globally observed temporal and spatial relationship between magmatism and IOA and
IOCG deposits, and provides a valuable conceptual framework to define exploration strategies.

Introduction range in age from Late Archean to Plio-Pleistocene (Barton

Tron oxide copper-gold (IOCG) deposits (e.g., Olympic Dam), and Johnson, 1996; Naslund et al., 2002). Titanium-poor

and iron oxide-apatite (IOA) deposits (e.g., Kiruna-type) n?agnetifte .modally dominates Kiruna—type 10A dgposits,
deposits are important sources of their namesake metals, as distinguishing th(?m from nelsonlt.es, whereas magnetite "U}d
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and Au grades are similar to, and commonly exceed, those in
porphyry-type deposits (Williams et al., 2005).

Generally, there seems to be consensus that IOCG deposits
formed by hydrothermal processes resulting in styles of min-
eralization that include structurally controlled veins and brec-
cias, as well as disseminations and massive lenses (Ruiz and
Ericksen, 1962; Sillitoe, 2003; Williams et al., 2005; Mumin
et al., 2007; Groves et al., 2010; Barton, 2014). However, a
common source of the hydrothermal ore fluid responsible for
the formation of IOCG deposits remains unconstrained, with
evidence supporting the presence of meteoric, evaporitic, and
magmatic-hydrothermal fluids (Williams et al., 2005; Bar-
ton, 2014). In contrast, there is no consensus for the origin
of Kiruna-type deposits, which exhibit varied styles of min-
eralization that include discordant breccias, dikes, veins, and
massive tabular bodies, as well as disseminations in permeable
volcano-sedimentary host rocks (Sillitoe, 2003; Williams et al.,
2005; Barton, 2014). Working hypotheses for the formation
of Kiruna-type deposits include formation by meteoric or
metamorphic hydrothermal fluids that scavenge metals from
intermediate to mafic host rocks (Menard, 1995; Rhodes and
Oreskes, 1999; Barton and Johnson, 1996, 2004; Haynes et al.,
1995; Rhodes et al., 1999; Haynes, 2000; Sillitoe and Burrows,
2002; Dare et al., 2015), and magmatic-hydrothermal fluids
that scavenge metals directly from magma (Pollard, 2006;
Westhues et al., 2016, 2017a, b). A pure igneous hypothesis
includes liquid immiscibility, wherein a parent silicate melt of
intermediate to mafic composition separates into immiscible,
Fe-P-rich, Si-poor melt, and Si-rich, Fe-P-poor melt, followed
by coalescence and physical separation of the Fe-P-rich melt
to form an iron oxide-apatite orebody (Park, 1961; Nystrom
and Henriquez, 1994; Travisany et al., 1995; Naslund et al.,
2002; Henriquez et al., 2003; Chen et al., 2010; Tornos et al.,
2016, 2017; Velasco et al., 2016; Hou et al., 2018).

In many districts, Kiruna-type deposits are spatially and
temporally associated with IOCG deposits, such as in the
Chilean iron belt (Fig. 1; Sillitoe, 2003) and Missouri, United
States (Seeger, 2000, 2003; Day et al., 2016). Drill core and
geophysical data indicate that the spatial relationship is com-
monly a function of depth, where IOCG mineralization at
shallow paleodepths transitions with depth to sulfide-poor,
Kiruna-type mineralization (Fig. 2; Espinoza et al., 1996;
Sillitoe, 2003; Williams et al., 2005). This observation of a
structurally controlled, vertical continuum, has led many to
hypothesize that the two deposit types are part of a single ore-
forming system (Sillitoe, 2003; Williams et al., 2005; Day et
al., 2016; Barra et al., 2017). Supporting this hypothesis are
temperatures of mineralization obtained from fluid inclusion
microthermometry and mineral-mineral stable isotope ther-
mometry that indicate that Kiruna-type mineralization formed
at higher temperatures relative to IOCG mineralization (Wil-
liams et al., 2005; Barton, 2014). Reported temperatures of
mineralization are ~500° to >650°C for Kiruna-type deposits,
400° to 550°C for magnetite, and 300° to 400°C for hematite
and sulfides in IOCG deposits (Williams et al., 2005). Thus,
the hydrothermal models invoked for both deposit types allow
for a downtemperature genetic connection, notwithstanding
the lack of consensus for the source of the hydrothermal fluid.

It is more difficult to reconcile the liquid immiscibility
model for the formation of both deposit types (Naslund et

Fig. 1. Map of the Chilean iron belt (CIB), showing the spatial association
of Kiruna-type iron oxide-apatite (IOA) and iron oxide copper-gold (IOCG)
deposits. The Los Colorados Kiruna-type IOA is highlighted. Modified from
Knipping et al. (2015a). AFS = Atacama fault system.

al., 2002; Tornos et al., 2016). In a comprehensive review
of experimental data, Lindsley and Epler (2017) report that
there is no plausible experimental evidence for the existence
of Ti-rich, Fe-Ti oxide melts at geologically reasonable tem-
peratures. Lindsley and Epler (2017) discuss all published
datasets that assess the ability for various fluxes, for example,
apatite, fluorine, and carbon, to stabilize Fe-Ti oxide melts
in natural systems. Those authors conclude that Fe-Ti oxide
bodies that have crosscutting relationships with their host
rocks cannot have formed by liquid immiscibility. Lindsley
and Epler (2017) point out that experimental data from Les-
ter et al. (2013a), and recent experimental data published
by Hou et al. (2018), which have been cited to support lig-
uid immiscibility as a viable geologic process (e.g., Tornos
et al., 2016), contain sulfur and phosphorus concentrations
far in excess of natural silicate melts. Importantly, Lester
et al. (2013a) did not measure the water concentration in
the immiscible Fe- and Si-rich melts in their experimental
charges and, thus, those experiments provide no information
about the ability of water to reduce the density of an immis-
cible Fe-rich melt. Based on data and discussion in Lindsley
and Epler (2017) and our own appraisal, we suggest work-
ers stop referring to Lester et al. (2013a)—in particular in
terms of the unsupported evidence of water preferentially
partitioning into the Fe-rich melt—as evidence for the exis-
tence of Fe-Ti liquid immiscibility in Kiruna-type systems.
The preferential partitioning of water into Fe-rich melt has
now, in fact, been disproven. Hou et al. (2018) used Raman
spectroscopy to measure the concentration of H20 in experi-
mentally produced, coexisting Fe-rich and Fe-poor silicate
melts (glasses) and report that water partitions preferentially
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Fig. 2. Vertical transition from Kiruna-type IOA mineralization at depth toward magnetite-rich IOCG mineralization at
intermediate levels, and hematite-rich IOCG mineralization at the shallowest levels of the system. The schematic cross sec-
tion is based on observations of deposits throughout the Chilean iron belt. Host rocks for IOCG and IOA deposits range from
felsic to mafic igneous rocks, clastic to chemical sedimentary rocks, and their metamorphic equivalents. Modified from Barra

et al. (2017).

into the Si-rich melt and not the conjugate Fe-rich melt
(DjjilaFeti — 1.4 — 2.5; Hou et al., 2018). This finding disal-
lows the possibility that an immiscible, dense, H>O-poor, Fe-
P-O-rich melt could ascend from its conjugate, less dense,
H50O-, Si-rich melt, or evolve a hydrothermal fluid capable of
forming an IOCG deposit. Further, we highlight that the lig-
uid immiscibility experiments of Hou et al. (2018) produced

an immiscible Fe-P-O melt that contains nearly 40 wt %
P20s. This is an order of magnitude more phosphorus than
is present in Kiruna-type IOA deposits. The Fe-P melts are
also enriched in Ti relative to the Si-rich conjugate melt,
with values of DEH4ISH49) of 9 to 2.5, Thus, magnetite that
crystallizes from the Fe-P melt should be Ti rich, which is
opposite to what is reported for Kiruna-type IOA deposits.
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Experimental data that constrain the partitioning of oxygen
isotopes between immiscible Fe- and Si-rich melts also dis-
allow the liquid immiscibility model to explain Kiruna-type
IOA deposits. Lester al. (2013b) experimentally constrained
oxygen isotope partitioning between immiscible Fe- and
Si-rich melts, and report that A'8O, which is defined as
0"50si-rich melt-0 " OFe-rich melt, is roughly between 0.0 and 0.5%o
at 1,100° to 1,200°C. Thus, for example, if the parent melt
that unmixes to produce Fe- and Si-rich conjugate melts is
an andesite, as proposed for El Laco (Tornos et al., 2016),
the Fe-rich melt should have a '80 value of ~6.5 to 8.5%o,
using the A0 value of 0.5%o from Lester et al. (2013b). Sim-
ilarly, using the A0 value of 0.0%o from Lester et al. (2013b)
requires that the El Laco orebodies have a 6150 value of ~7
to 9%o. However, 0150 values of 3.5 to 5.5%o are reported for
magnetite from El Laco (Tornos et al., 2016), and are not con-
sistent with liquid immiscibility. Rather, these measured 6150
values are consistent with magnetite that crystallizes directly
from an intermediate silicate melt or a magmatic-hydrother-
mal fluid (cf. Taylor, 1967, 1968). It is relevant to note that no
study has yet reported conclusive analytical evidence in natu-
ral samples that supports the liquid immiscibility hypothesis
as a genetic mechanism that explains the formation of Kiruna-
type deposits. In fact, recent studies in the Kiruna district in
Sweden favor a model that involves magmatic-hydrothermal
fluids in the genesis of the Fe ores (Westhues et al., 2016,
2017a). In short, the hydrothermal nature of the ore zircon
grains at Kiruna and the isotopic signatures point to a hydro-
thermal influence on the Fe ore formation, with a high-tem-
perature magmatic fluid related by the intrusions as the most
likely heat and fluid source (Westhues et al., 2017b).

Recently, Knipping et al. (2015a) proposed a novel geologic
model that invokes a synergistic combination of purely igneous
and magmatic-hydrothermal processes to explain the formation
of Kiruna-type and IOCG deposits as part of the same evolv-
ing system. The model was developed after intensive study of
the field relationships, trace element geochemistry, and Fe and
O stable isotope composition of magnetite from the Los Colo-
rados magnetite-apatite deposit, one of the largest and least
altered Kiruna-type deposits in the Chilean iron belt. Briefly,
the model proposes that magnetite microlites (i.e., magnetite
grains of 10- to 100-um range) crystallize from silicate melts of
intermediate to mafic silicate composition, followed by decom-
pression-induced volatile saturation of the melt wherein the
bubbles of magmatic-hydrothermal fluid nucleate and grow on
the crystal faces of magnetite microlites. The magnetite micro-
lites and magmatic-hydrothermal fluid form a magnetite-fluid
suspension within the magma chamber wherein the magnetite
microlites are encapsulated within the fluid. The suspension has
a bulk density less than the surrounding magma, allowing the
suspension to ascend through the magma chamber (in essence,
the process is analogous to sulfide flotation during physical
beneficiation of sulfide ore). In addition, Fe is highly soluble
in magmatic-hydrothermal fluids, and the magnetite microlites
in the suspension will continue to grow during ascent as they
source Fe from the surrounding fluid, owing to the decrease of
Fe solubility during decompression. Regional extension allows
the magmatic-hydrothermal fluid-magnetite suspension to
evolve from the magma via preexisting, structurally enhanced
dilatant zones that act as conduits (e.g., faults, fractures zones,

brecciated host rocks, volcanic feeder zones, caldera systems,
etc.). The resulting fast ascent of the suspension implicates
sudden decompression and cooling that will lead to the pre-
cipitation of hydrothermal magnetite surrounding the previ-
ously formed igneous magnetite microlites, or forming veins,
disseminations, or massive patches of hydrothermal magnetite
that do not form around igneous cores. Simultaneously, the ore
fluid will continue to ascend and transport remaining dissolved
Fe as well as dissolved Cu, Au, S, and other elements that par-
tition strongly from silicate melt into magmatic-hydrothermal
fluid. As the fluid further cools and becomes oxidized at shal-
low paleodepths, Fe oxides (i.e., magnetite, hematite), and Fe-
Cu-Au-bearing sulfides (i.e., chalcopyrite, bornite, pyrite) will
precipitate from the fluid to form IOCG deposits.

Since publication of this novel igneous/magmatic-hydro-
thermal flotation model, our research group has continued
to investigate samples from Los Colorados, performing high-
resolution analyses of magnetite, apatite, actinolite, and pyrite.
The data set includes whole-rock geochemistry; minor and
trace element compositions of magnetite; O, H, and Fe stable
isotope abundances in magnetite; trace element chemistry of
late-stage pyrite and magnetite; O and H stable isotope abun-
dances of actinolite; characterization of micro- to nanoscale
inclusions in late-stage hydrothermal magnetite; and Re-Os
isotope systematics of magnetite and pyrite. All these data are
consistent with the flotation model proposed by Knipping et
al. (2015a). We also investigated samples from other similar
Kiruna-type IOA deposits in the Chilean iron belt, including
the Carmen, El Romeral, and Cerro Negro Norte, and Man-
toverde, Candelaria, Barreal Seco, Diego de Almagro, and
Casualidad IOCG deposits. These studies are being comple-
mented with data from the younger, Plio-Pleistocene El Laco
IOA deposit in the Chilean Altiplano, and the much older Pre-
cambrian Pea Ridge and Pilot Knob IOA deposits in Missouri,
United States. The data from these deposits are also consistent
with a combined igneous/magmatic-hydrothermal model, in
agreement with recent studies of deposits in the Kiruna dis-
trict in Sweden (Jonsson et al., 2013; Weis, 2013; Westhues et
al., 2016, 2017a, b). In particular, our recent paper that focuses
on the world-class El Romeral deposit in the Chilean iron belt
provides the first geochronological evidence linking IOA min-
eralization (Cerro Principal Fe orebody) with the intrusion of
the Romeral Diorite (Rojas et al., 2018).

In this paper, we review and clarify our recently proposed
model that invokes a synergistic combination of igneous and
magmatic-hydrothermal processes to explain the formation of
Kiruna-type deposits and their observed spatial and temporal
association with IOCG deposits. The results indicate that the
model is geologically plausible for IOA and/or IOCG deposits
formed in arc settings, where there is abundant evidence that
magnetite segregation is common in arc magmas (Edmonds
et al., 2014), although most of the time the optimal condi-
tions for massive accumulation are not met, unlike ore sys-
tems. Hence, a key focus of our studies is set on identifying
the geologic factors leading to the efficient accumulation of
igneous magnetite to form an ore deposit in magmatic set-
tings. The fundamental geochemical processes outlined here
inform discussions for IOA and IOCG systems formed in
nonarc environments. It is important to note that the model
does not explain all observations at all deposits. The model
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is flexible, and can accommodate geologic variability of the
premineralized crustal architecture within and among miner-
alized districts, as well as the composition of the subarc mantle
that is the ultimate source of magmas that pond in the upper
crust and from which the magnetite-fluid suspension evolves.
Thus, we suggest that the model is globally applicable when
considering these geologic differences across space and time.
Notably, we do not attempt to duplicate the many excellent
comprehensive papers that review these deposit types (e.g.,
Sillitoe, 2003; Williams et al., 2005; Groves, 2010; Barton,
2014). We intend not to repeat, but to add to those reviews.

Geologic Setting

The Chilean iron belt is approximately 25 km wide and
extends approximately 600 km north-south between latitudes
25° and 31° S in the Coastal Cordillera of northern Chile (Fig.
1). The belt contains Kiruna-type IOA, IOCG, and strata-
bound Cu(-Ag) deposits, which are commonly referred to as
Manto-type Cu(-Ag) deposits (Fig. 1; Barra et al., 2017). Min-
eralization occurred during the Cretaceous, with ages that
range from about 130 to 90 Ma (Oyarzin et al., 2003; Barra
et al., 2017). The ore deposits in the belt are spatially associ-
ated with the Atacama fault system, a nearly 1,000-km-long,
N-S-trending, trench-parallel system that resulted from the
synchronous opening of the South Atlantic Ocean basin and
oblique subduction beneath western South America (Uyeda
and Kanamori, 1979; Scheuber and Andriessen, 1990; Brown
et al., 1993). The resulting transpressional regime created the
crustal-scale, strike-slip Atacama fault system, which provided
the structural pathways for the ascent of mantle-derived mag-
mas that formed the volcanic and plutonic rocks that serve as
the predominant hosts for mineralization. Those same struc-
tural pathways subsequently acted as the pathways for hypo-
gene ore fluid(s) during regional extension.

The Los Colorados IOA deposit is located at 28°18'18" S and
70°48'28" W, about 35 km north of Vallenar, Chile. Measured
resources are 873 million metric tons (Mt) at an average grade
of 34.6% Fe, with proven reserves of ~446.1 Mt at a grade
of 36.5% Fe as of March, 2015 (CAP summary, 2016). The
deposit formed at ~110 Ma and is hosted in andesitic to basal-
tic andesitic volcanic and volcaniclastic rocks of the Punta del
Cobre Formation (Pichon, 1981; Oyazin and Frutos, 1984;
Pincheira et al., 1990). Mine geologists estimate that the ore
deposit formed 3 to 4 km beneath the paleosurface (CAP,
pers. commun.). The deposit consists of two high-grade, mas-
sive tabular orebodies, as well as mineralized breccia bodies,
and disseminated and veinlet mineralization (Fig. 3). The
two tabular orebodies are referred to by mine geologists as
the Western and Eastern dikes. The Western dike is domi-
nated modally by massive magnetite (=90 vol %), with minor
amounts of actinolite, pyrite, and apatite. The Western dike
strikes N10°-15° E to N-S, is approximately 1,500 m long,
500 m deep, and varies in width from 90 to 180 m. The ore-
body is hosted within the district-scale Los Colorados fault,
which is part of the Atacama fault system, and was the struc-
tural control for ore fluid(s) (Knipping et al., 2015a; Reich et
al., 2016). The Eastern dike is a smaller, tabular orebody com-
posed of massive magnetite (=85 vol %) with minor amounts
of actinolite, apatite, and pyrite. This orebody measures about
780 m long, is about 500 m deep, 50 m wide, and the strike

[ Massive magnetite dike

[ Magnetite breccia

[ Disseminated/veinlet magnetite
[ Diorite intrusion

Fig. 3. Mineralization at the Los Colorados Kiruna-type I0A deposit is
shown in plan view along with locations of drill cores in the main magnetite
orebody (LC-04 and LC-05) and the diorite intrusion (LC-14). Topography
of the mine is used as background for the mapped ore distribution. Modified
from Reich et al. (2016).

changes from N10°-15° W to N10°~15° E from the central to
the northern portions of the orebody.

The Western and Eastern dikes each grade outward from
massive magnetite to intergrowths of magnetite and large
actinolite crystals, to disseminated mineralization in the vol-
canic and/or diorite host rocks. Disseminated mineralization,
which consists of up to 5 vol % each of disseminated magne-
tite and pyrite, and minor amounts of chalcopyrite, extends
for hundreds of meters to the east of the Eastern dike into
a diorite intrusion (Fig. 3). Veinlets comprised of actinolite,
magnetite, and pyrite crosscut the diorite intrusion, as well as
the Western and Eastern dikes.

Samples for this study were collected from drill cores LC-04
and LC-05, which penetrate the northern and central parts of
the Western dike, respectively, and LC-14 that penetrates the
diorite intrusion (Fig. 3). Drill core LC-04 is collared at 196 m
and penetrates 146 m into the orebody. Drill core LC-05 is
collared at 345 m and penetrates 150 m into the orebody. Drill
core LC-14 is collared at 509 m and penetrates 173 m into the
brecciated diorite. Drill cores LC-04 and LC-05 sample mas-
sive magnetite, as well as disseminated pyrite and veinlets of
actinolite, magnetite, and pyrite with the massive magnetite
orebody. Samples from drill core LC-14 reveal disseminated
grains of magnetite, pyrite, and actinolite, as well as veinlets
consisting of all three minerals. Bulk-rock compositions were
obtained for six samples from drill core LC-04, five samples
from drill core LC-05, and four samples from drill core
LC-14. Drill core samples were selected to cover the entire
depth within each core.
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Analytical Methods

Several analytical techniques were used to quantify the com-
position of whole-rock samples and individual minerals.
Each technique is described in detail in other publications
and only a summary of each is presented here with the pri-
mary resource(s) for those data. Briefly, inductively coupled
plasma-optical emission spectroscopy (ICP-OES) and induc-
tively coupled plasma-mass spectroscopy (ICP-MS) were used
to quantify the abundances of major elements and trace ele-
ments, respectively, in whole-rock samples (Knipping et al.,
2015b). Electron probe microanalysis (EPMA) was used to
quantify the abundances of Mg, Al, Si, Ca, Ti, V, Mn, and Fe
in magnetite grains (Knipping et al., 2015a, b; Deditius et al.,
2018); Fe, Mg, Ti, Al, Si, K, Ca, Mn, Na in actinolite (Bilenker
et al., 2016); the abundances of Fe, Au, Te, Cu, Ni, Zn, Co, S,
Ag, Cd, Sb, Pb, As, and Se in pyrite (Reich et al., 2016). EPMA
was also used to generate wavelength-dispersive spectrometry
(WDS) X-ray maps for major and trace elements in both mag-
netite and pyrite. Laser ablation ICP-MS (LA-ICP-MS) was
used to measure the abundances of Fe and 38 trace elements
along transects in magnetite grains (Knipping et al., 2015b).
The LA-ICP-MS transects were performed on magnetite
grains along the same profiles that were previously analyzed
with EPMA. The abundances of stable 10 and 6O in mag-
netite and actinolite separates were measured by using a laser
fluorination line attached to a gas isotope ratio mass spectrom-
eter in dual inlet mode, and using BrFs as reagent (Bilenker et
al., 2016). The abundances of stable Fe and 5*Fe in magne-
tite separates were measured by using a Nu Plasma HR multi-
collector ICP-MS in dry plasma mode (Bilenker et al., 2016).

The abundances of stable 'H and 2H in magnetite and actino-
lite separates were measured by using a thermal conversion
elemental analyzer with a MAT253 gas source isotope ratio
mass spectrometer (Bilenker et al., 2016). Secondary ion mass
spectrometry (SIMS) was used to measure the abundances of
Cu, As, Se, Ag, Sb, Te, and Au in pyrite (Reich et al., 2016).
Negative-thermal ionization mass spectrometry (N-TIMS) was
used to measure the abundances of 8"Re, 1870Os, and !830s in
magnetite and pyrite mineral separates (Barra et al., 2017).
Transmission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) were used to analyze
nano- and micron-scale inclusions in late-stage hydrothermal,
disseminated magnetite grains (Deditius et al., 2018).

Results
Whole-rock compositions

A detailed table of major, minor, and trace elements com-
positions (total of 70 elements) of the bulk-rock samples is
reported in Knipping et al. (2015b). The Fe content of the
massive, tabular orebodies varies significantly with depth
from up to 99 to 52 % Fe20s. However, drill core LC-04 also
includes a sharp contact between the massive Western dike
and a crosscutting diorite dike, with a sudden change from
~73 to 6 wt % Fes0O3 within 4 m (LC-04-125.3 vs. LC-04-
129.5). The REE concentrations of the bulk rock of the dio-
rite intrusion and the magnetite dikes are illustrated in Figure
4. The massive magnetite ore from the Western (magnetite)
dike and the brecciated diorite intrusion have similar REE
patterns, including a pronounced negative Eu anomaly and a
horizontal heavy REE distribution. However, the brecciated

Fig. 4. Rare earth element (REE) concentrations in the bulk-rock samples of the magnetite dike (gray) and the diorite intru-
sion (blue) normalized to chondrite (Sun and McDonough, 1989). The diorite intrusion has distinctly higher REE concentra-
tions, but shows in general a similar REE pattern (negative Eu anomaly, horizontal HREE distribution), when compared to
the magnetite dike. Note that all samples from drill core LC-05, and all except two samples from drill core LC-04, intersect
the massive magnetite western orebody. The two samples from drill core LC-04 that plot at higher values of REE/chondrites
were collected from the bottom of the drill hole where it intersects diorite host rock proximal to the main massive magnetite

orebody. Modified from Knipping et al. (2015b).
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diorite intrusion has distinctly higher REE concentrations
than the magnetite dikes. Also, decreasing Fe content is cor-
related with increasing light REE.

Magnetite textures

Magnetite in the Western dike: Examination of magnetite grains
by using backscattered electron (BSE) imaging reveals multiple
textural types of magnetite. Among samples from the massive,
tabular Western dike, some magnetite grains appear optically
pure, i.e., devoid of inclusions, some grains contain inclusion-
rich cores and -free rims, some grains exhibit oscillatory zon-
ing, and some grains contain crystallographically controlled
exsolution lamellae (Fig. 5). A majority of the magnetite grains
are characterized by having a subhedral to euhedral, inclusion-
bearing core that is surrounded by an inclusion-free rim. The

cores have diameters that range from a few tens of microns to
a few hundred microns (Fig. 6). The polycrystalline inclusions
range in size from submicron to several tens of microns, and
are randomly distributed within magnetite cores. The inclu-
sions measuring =10 um were identified by EDX analyses as
actinolite or clinopyroxene, titanite, and an unspecified Mg-Al-
Si phase. A polycrystalline inclusion that contains halite and
titanite was identified in the most Fe rich sample (Fig. 7).
Disseminated and veinlet magnetite in the diorite intru-
sion: Among samples from drill core LC-14, which samples
late-stage, disseminated, and veinlets of hydrothermal mag-
netite, magnetite grains are texturally more diverse than mag-
netite grains from the Western dike. Magnetite grains from
drill core LC-14 are characterized by three different textures
referred to as magnetite-X, -Y, and -Z (Fig. 8; Deditius et al.,

Fig. 5. Backscattered electron images of different magnetite grains from drill core LC-05 (column a), LC-04 (column b), and
LC-14 (column c). (a). Randomly distributed inclusions in relatively pristine magnetite (depth 52.2 and 82.6 m) and inclusion-
rich areas and inclusion-poor areas with some zoning (depth 150 m). (b). Pristine magnetite and inclusion-rich areas with
small fine distributed inclusions to large randomly distributed irregular inclusions (depth 38.8 m), magnetite with different
gray shades, indicating different trace element concentration (depth 99.5 m) and pristine magnetite (depth 125.3 m). (c).
Oscillatory zoned magnetite with different gray shades (depth 167 m), magnetite with crystallographically oriented spinel
exsolution lamellae in bright area and as small inclusions in dark gray areas (depth 167 m) and oscillatory zoning of bright and
dark gray magnetite (depth 167 m). From Knipping et al. (2015b).
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Fig. 6. Backscattered electron images of different magnetite grains, showing areas denoted by the authors as “cores” and
“rims.” The darker gray areas, the cores, contain higher concentrations of the trace elements Ti, Mn, Al, relative to the lighter
gray areas. The magnetite cores ubiquitously contain inclusions, whereas the rims are generally devoid of inclusions.

Fig. 7. Example of an energy dispersive X-ray spectroscopy elemental map of a small magnetite-hosted fluid inclusion
(<5 um) trapped in the massive magnetite of the most Fe rich bulk sample, from drill core LC-05 (sample LC-05-106 in
Knipping et al., 2015b). The inclusion is heterogeneous with distinct titanite and halite crystals, implying a saline environment
during magnetite crystallization. From Knipping et al. (2015b).
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Fig. 8. Backscattered electron images of zoned, late-stage, hydrothermal
magnetite from drill core LC-14. Magnetite-X, -Y, and -Z are shown as pan-
els (a), (b), and (c). Darker gray corresponds to trace element-rich zones,
and lighter gray to white corresponds to trace element-poor zones. A repre-
sentative electron microprobe traverse along transect T1 in (c) is presented
in Figure 12 along with semiquantitative trace element composition maps.
Modified from Deditius et al. (2018).

2018). Magnetite-X is characterized by oscillatory and sector
zoning of euhedral grains (Fig. S8a). Darker shades of gray vis-
ible in BSE images indicate trace element enrichment rela-
tive to lighter shades of gray. Grains of magnetite-X are partly
recrystallized to fine-grained microcrystalline aggregates of
magnetite and silicates, and preserve evidence for dissolution-
reprecipitation processes. Magnetite-Y is characterized by a
tooth-like texture with grain sizes on the order of 500 um (Fig.
8b). Magnetite-Z, modally the most abundant of the three
types of hydrothermal magnetite in the brecciated and miner-
alized diorite, is characterized by oscillatory zoning with indi-
vidual bands ranging in diameter from 2 to 10 um (Fig. 8c).

Magnetite chemistry

Magnetite in the main orebody: Individual magnetite grains
among all samples exhibit significant trace element variabil-
ity. In magnetite grains from the Western dike, EPMA and
LA-ICP-MS analyses reveal that the concentrations of some
trace elements, e.g., Ti, Al, and Mn, are ubiquitously enriched
in the magnetite cores relative to the rims. The concentra-
tions of trace elements are highest in the cores and decrease
systematically from core to rim (Fig. 9). EPMA WDS X-ray
element maps reveal that the concentration of Fe is homo-
geneous within magnetite grains, whereas the WDS X-ray
maps reveal enrichment of Ti, Mg, and Si in the magnetite
core (Fig. 9). In the case of Ti, the X-ray maps reveal distinct
Ti depletion from the core to rim of individual grains, with
three different zones (Fig. 9a), including Ti- and inclusion-
rich cores, Ti-poorer and more pristine transition zones, and
Ti-depleted rims. These three compositionally distinct zones
of magnetite grains are referred to as type 1, type 2, and type
3 magnetite, as originally defined by Knipping et al. (2015a).

The EPMA data reveal a systematic decrease in the con-
centrations of Ti, Al, and Mn, where magnetite type 1 con-
tains the highest concentration of these trace elements, and
their concentration systematically decreases from type 1 to
type 2 to type 3 (Fig. 10). The type 1 compositions plot in
the igneous box in the discriminant diagram, consistent with
magnetite from Fe-Ti/V deposits and igneous rocks. Type 2
compositions plot within the porphyry box, consistent with
magnetite that crystallized from moderate- to high-temper-
ature magmatic-hydrothermal fluid. Type 3 magnetite plots
in the field for Kiruna-type deposits. We highlight that the
variability shown in Figure 10 for [Ti + V] reflects dominantly
variability in the concentration of Ti. Most of the analyzed
magnetite grains from the massive magnetite Western dike
show no significant variation in V within individual grains
(variations per measured profile are <0.01 wt %). However,
the V content of magnetite varies with depth and distance to
the dike; i.e., V decreases upward and distal from the dike
center. We note that regardless of potential concerns regard-
ing the use of discriminant diagrams to classify ores, our mag-
netite data show a distinctive trend from high-temperature,
igneous-like signatures that progressively grade toward lower
temperature, hydrothermal compositions in the magnetite
rims (types 1, 2, and 3, Fig. 10).

The LA-ICP-MS data provide complementary information
about trace elements that were below detection limit using
EPMA, and are of particular importance to investigate iron ore
deposits (e.g., Cr, Ni, Co, Ga, Zn, Sn). The low detection limits
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Fig. 9. A representative wavelength dispersive X-ray elemental map of selected trace elements in magnetite from Los Colo-
rados. (a). Magnetite sample from drill core LC-05 that penetrates the massive orebody (sample LC-05-129 in Knipping et
al., 2015b) that contains a Ti- and inclusion-rich grain core (type 1), which is surrounded by inclusion-poor magnetite that
contains less Ti (type 2) and a Ti-depleted rim (type 3). (b). Magnetite from drill core LC-14 that penetrates the brecciated
diorite intrusion (sample LC-14-167 in Knipping et al., 2015b) that exhibits oscillatory zoning, typical of crystal growth from

a compositionally fluctuating fluid.

as well as the continuous detection signal by LA-ICP-MS allows
for a better visualization of zoned grains when compared with
BSE images and point measurements by EPMA, respectively.
While the concentration of V in the massive magnetite ore
seems to remain constantly high across each measured grain,
as already observed in the majority of the EPMA profiles, the
concentration of Cr remains consistently low and is often below

detection limit. High V (>500 ppm) and low Cr concentration
(<100 ppm) in magnetite have been reported for many other
Kiruna-type deposits (Loberg and Horndahl, 1983; Nystrom
and Henriquez, 1994; Core, 2004; Dupuis and Beaudoin, 2011;
Dare et al. 2014, 2015), and Knipping et al. (2015b) proposed
plotting V versus Cr as a new discrimination method to iden-
tify Kiruna-type deposits from IOCG, porphyry, and Fe/Ti-V

Fig. 10. The concentrations of Ti, V, Al, and Mn are plotted in the magnetite discriminant diagram from Nadoll et al. (2014).
The plot shows that the concentration of trace elements decreases systematically from type 1 to type 2 to type 3. The star is
the average composition of all Los Colorados magnetite analyses.
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deposits. The LA-ICP-MS data reveal that other important ore-
discriminating elements in magnetite, such as Al, Ti, Mn, Ni,
Ga, and Zn, are more enriched in magnetite cores when com-
pared to rims, consistent with the concentrations for these ele-
ments reported from high-temperature magnetite in porphyry
deposits and magnetite crystallized from silicate melt (Nadoll
et al. 2014). For detailed tables with EPMA and LA-ICP-MS
data, see Knipping et al. (2015a, b).

The LA-ICP-MS transects across magnetite grains also
provide information about the mineral inclusions in the mag-
netite cores. Figure 11 shows a representative LA-ICP-MS
transect across a single magnetite grain. This particular mag-
netite grain did not exhibit any visible zonation in BSE imag-
ing. However, the LA-ICP-MS traverse reveals the presence
in the magnetite core of inclusions that are enriched in Si,
Al, Mn, and Mg, consistent with the element maps (Fig. 9),
whereas LA-ICP-MS did not reveal inclusions in the magne-
tite rims. The concentrations of some trace elements, e.g., V,
Ni, and Co, exhibit minimal variation across the entire mag-
netite grain, including core and rim, in contrast to the con-
centrations of, e.g., Ti, Sr, Hf, and Pb, which are enriched
in the magnetite core and decrease abruptly at the core-rim
boundary. This compositional zonation is ubiquitous among
magnetite grains from the Western dike.

Disseminated and veinlet magnetite in the diorite intrusion:
The three types of hydrothermal, disseminated, and veinlet

magnetite hosted in the diorite intrusion, magnetite-X, -Y and
-Z, are compositionally similar (Deditius et al., 2018). How-
ever, EPMA analyses and element mapping reveal that the
trace element abundances vary systematically between the
bands of oscillatory zoned magnetite grains in magnetite-Z
(Figs. 9b, 12) varying from trace element-rich bands, which
are dark gray in BSE images, to trace element-poor bands,
which are light gray in BSE images (Fig. 12). The alternating
trace element-rich and -poor bands range in thickness from 2
to 10 um. Trace elements are enriched in sector zones of mag-
netite-Y. The magnitude of compositional variability between
the trace element-rich and -poor bands is on the order of wt
% for Si, Al, Ca, Mg, Ti, Mn, Na, and K. The EPMA analyses
of late-stage, hydrothermal magnetite reveal systematically
lower concentrations of Mg, Mn, Si, Al, Ti, and V than in mag-
netite from the Western dike (Fig. 13). The EPMA element
maps of all three types of late-stage hydrothermal magnetite
reveal also that the trace element-rich bands contain inclu-
sions that are enriched in Si + Al (Fig. 9b). The X-ray elemen-
tal maps reveal the presence of inclusions enriched in Ti + Mn
in the trace element-poor bands.

TEM analyses of late-stage, hydrothermal magnetite-Z
reveal the presence of nano- to micron-sized particles. These
analyses also reveal no structural distortion between the
alternating trace element-rich and -poor bands. Thus, the
compositional fluctuation manifested as oscillatory zoning

Fig. 11. A representative LA-ICP-MS analytical profile across a magnetite grain from drill core LC-05 that penetrates the
massive magnetite orebody that did not show any visually resolvable zonation in BSE images (sample LC-05-82.6 in Knip-
ping et al., 2015b). The LA-ICP-MS data reveal that particular elements such as Ti, Mg, Al, and Mn are enriched in the core
and depleted in the rim of individual magnetite grains. Some elements, e.g., Mn, decrease in concentration at the core-rim
boundary and then increase toward the outside of the grain. Some elements such as Sr, Hf, and Pb exhibit more variability
but are clearly enriched in the magnetite core. Elements such as Co, Ni (not illustrated), and V show no variation from core
to rim. Note that the X-axis indicates both time and distance; the sample was translated at a velocity of 5 um/s during the
analysis, which results in a depth resolution of 3 to 6 um for the transects. From Knipping et al. (2015b).
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Fig. 12. A wavelength dispersive X-ray elemental map of Al, Si, Ca, Ti, Mn, and Mg in the area identified by the arrow in
Figure Sc, and electron microprobe traverses along the area identified by the arrow in Figure 8c. See Figure Sc for scale bar.
The elemental map reveals a similar distribution of Al, Si, Ca, and Mg between alternate trace elements-rich and -poor zones,
the presence of (Si,Al) particles in trace element-rich zones (white arrows), distinct change of the concentration of Ti between
particle-rich zones, homogeneously distributed Ti in Ti-rich zones, and Ti-poor zones, and a coherent correlation between Ti
and Mn zones hosting particles. The bottom two panels reveal systematic changes in the concentration of Mg, Al, Si, Ti, Ca,
Fe, V, Mn, Na, and K (in wt %) along traverse T1. Modified from Deditius et al. (2018).
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(Deditius et al., 2018)

Fig. 13. The concentrations of [Mg + Mn] (in wt %) vs. [(Si + Al)/(Mg + Mn)] systematically decrease in magnetite from the
main orebody (i.e., the Western dike) to late-stage, hydrothermal, oscillatory zoned magnetite in the brecciated diorite intru-

sion. Modified from Deditius et al. (2018).

is consistent with continuous growth of single crystals of
magnetite from a hydrothermal fluid (Deditius et al., 2018).
Six types of mineral nanoparticles were revealed by TEM
techniques, including high-resolution imaging (HRTEM),
selected area electron diffraction (SAED), high-angle annu-
lar dark-field scanning TEM (HAADF-STEM), and energy
dispersive X-ray spectrometry (EDS): diopside, enstatite,
amphibole (tremolite-actinolite), mica (phlogopite), and the
(Fe-Ti) oxides ulvospinel and Ti-rich magnetite. The nanoin-
clusions are hosted within single crystals of magnetite and are

not associated with any porosity in the magnetite structure
(Deditius et al., 2018). The size of the inclusions ranges up to
400 x 100 nm for diopside, up to 100 nm for enstatite, 50 X
500 nm for amphibole, 200 X 20-40 nm for mica, and 20 to
100 nm for Fe-Ti oxides.

Actinolite chemistry and temperatures

Actinolite is intimately intergrown with, and paragenetically
equivalent to, magnetite in all investigated samples from Los
Colorados (Fig. 14). Though some samples contain up to

Fig. 14. Backscattered electron image of a representative actinolite grain intergrown with magnetite that is completely sur-
rounded by magnetite. The white arrows point to magnetite grains within the actinolite grain. The sample is from drill core
LC-05 in the Western orebody. Modified from Bilenker et al. (2016).
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15 vol % actinolite, actinolite commonly occurs as a minor
phase in most samples. The EPMA data for actinolite indicate
that the Fe # (Fe# = [molar Fe]/[molar Fe] + [molar Mg])
ranges from 0.35 to 0.44, with an average Fe # of 0.44 + 0.28
(20) for all analyzed grains. The average Fe # for actinolite
yields a model temperature of formation of 710° and 740°C at
100 and 200 MPa, respectively, following the methodology of
Lledo and Jenkins (2008). The highest Fe # of 0.72 and low-
est Fe # of 0.23 yield model temperatures of 620° and 810°C
at 100 and 200 MPa, respectively. For detailed tables with
EPMA and LA-ICP-MS data, see Bilenker et al. (2016).
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Pyrite chemistry

Pyrite was analyzed in samples from the central part of the
Western dike (i.e., drill core LC-05) and from the mineralized
diorite intrusion. Pyrite in the Western dike occurs as dissemi-
nated grains (Fig. 15a, d, f) and veinlets (Fig. 15b, ¢, e). Pyrite
is modally more abundant in the mineralized diorite where
it occurs as disseminated grains and masses (Fig. 15d), in
veinlets (Fig. 15¢e), and with magnetite and actinolite in stock-
work-like assemblages. EPMA and SIMS analyses reveal that
pyrite contains as much as 3.9 wt % Co and 1.5 wt % Ni, with
a Co/Ni ratio >1 for almost all individual grains >1, and Co/Ni

b
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|
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Fig. 15. Backscattered electron images of representative textural relationships of pyrite samples from Los Colorados. Pyrite
occurs as disseminated grains (a, d, f) and in veinlets (b, ¢, e); both textural types occur in the massive magnetite orebodies,
the ore breccias, and the diorite intrusion. Sulfide veinlets at Los Colorados are mostly monomineralic, where pyrite is associ-
ated with actinolite (b, e) and magnetite. Pyrite veinlets generally cut the magnetite ores in both the tabular orebodies (i.e.,
the magnetite dikes) and the diorite intrusive body, postdating the main magnetite stage defined by Ti-V-Al-Mn-rich cores
(magnetite types 1 and 2, Knipping et al., 2015a, b). Abbreviations: Act = actinolite, Mgt = magnetite, Py = pyrite. From

Reich et al. (2016).
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> 2 for many grains (Fig. 16; Reich et al., 2016). The elevated
Co/Ni ratios of pyrite imply precipitation of pyrite from an ore
fluid evolved from an intermediate to mafic magma (Taylor
et al., 1969). Pyrite grains exhibit oscillatory zoning with dis-
tinct zoning of Ni between Ni-rich and -poor bands. EPMA
data indicate that the concentration of Cu in pyrite varies
from ~100 ppb to ~1 wt %; however, SIMS depth profiles
indicate that the highest Cu concentrations correlate with
the presence of nanometer-sized Cu-bearing inclusions, most
likely chalcopyrite. The EPMA and SIMS data reveal that the
concentration of Au in pyrite varies from hundreds of ppb
to ~800 ppm; however, the SIMS depth profiles reveal Au-
enriched nanoparticles in pyrite that contaminate the EPMA
signal. SIMS indicates that the concentration of Au dissolved
in solid solution within the pyrite structure ranges from ~100
to ~30 ppm. The EPMA and SIMS data also record that Ag in
pyrite varies from ~100 ppm to a maximum of ~30 ppm, with
higher concentrations reflecting Ag-bearing nanoparticles.
Arsenic in pyrite varies from 10s to ~2,000 ppm, whereas Sb,
Se, and Te are each <100 ppm. The concentration of As in
pyrite is positively correlated with both Cu and Au. The con-
centrations of Zn, Pb, and Cd vary from ~100 to 200, ~100 to
3,000, and ~100 to 400 ppm, and SIMS depth profiles do not

a
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reveal nanoparticles enriched in any of these metals except
for Te. The concentrations of all of the aforementioned trace
elements are relatively constant within single pyrite grains,
and are similar among all magnetite samples from the West-
ern dike and the mineralized diorite. For detailed tables with
EPMA and SIMS data, see Reich et al. (2016).

Oxygen isotopes in magnetite

Analyses of oxygen isotopes in magnetite from drill cores
LC-04 (Western dike, Fig. 3) and LC-05 (western part of dis-
seminated magnetite ore zone, Fig. 3), yield an average 6150
value of 2.32 + 0.12 and 2.76 + 0.12%o, respectively, where
alsosample (%O) = [<(180/16O)magnetite/<180/160)\’SMOW ) - 1] X
1,000. Samples were collected along about 120 m of drill core
and these average values indicate minimal variation of 6150
as a function of depth within the main orebody. In addition
to magnetite samples from Los Colorados, we analyzed mag-
netite separates from the Kiruna-type Mariela IOA deposit
in the Chilean iron belt (avg 6150 value of 1.49 + 0.04%o),
the Pea Ridge and Pilot Knob Kiruna-type IOA deposits in
Missouri, United States (avg 150 value of 4.14 + 1.86%o0 and
2.77 + 3.08%o, respectively), the El Laco Kiruna-type IOA
deposit in northern Chile (avg 0150 value of 5.38 + 1.85%o),

b C

Fig. 16. The concentrations of Co vs. Ni in pyrite from Los Colorados. Squares are pyrite samples from the brecciated,
mineralized diorite intrusion. Black triangles are for pyrite from the massive magnetite ore in the Western dike. The concen-
trations of Co vs. Ni for other deposits are shown as colored fields. (a). Dexing, China (porphyry Cu-Mo). (b). Aguablanca,
Spain (magmatic Cu-Ni). (c). Bathurst district, Canada (VMS). (d). Big Cadia, Australia (Fe-Cu skarn). (e). Bhukia-Jagpura
gold prospect, India (orogenic Au). (f). Ernest Henry, Australia, and Mantoverde, Chile (IOCG). Data sources: Bajwah et al.
(1987), Rieger et al. (2010), Rusk et al. (2010), Deol et al. (2012), Pifia et al. (2013), Reich et al. (2013), and Soltani Dehnavi

et al. (2015). From Reich et al. (2016).
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and the Kiirunavaara IOA deposit in Sweden (avg 150 value
of 1.76 + 0.25%0). We also analyzed magnetite separates from
the Mantoverde IOCG deposit in the Chilean iron belt, which
yield an average 0150 value of 2.99 + 1.34%o. All of the 6150
data are plotted in Figure 17 along with ratios of 56Fe/5*Fe
relative to IRMM data that are presented in the next section.
In Figure 17 are the fields for the global range of 0150 values
for igneous and magmatic-hydrothermal magnetite (Bilenker
etal., 2016), a field indicating the range of nonmagmatic, low-
temperature magnetite (e.g., banded iron formations), and a
field that indicates the effects of postmineralization, hydro-
thermal alteration, which shifts 6150 to lighter values. The
field labeled magmatic and/or high-temperature origin rep-
resents every published 0150 value for magnetite that crystal-
lized from silicate melt or magmatic-hydrothermal fluid. All
of the magnetite from Los Colorados plot in the magmatic
and/or high-temperature origin box, as do the magnetite data
from other Kiruna-type IOA deposits. Also plotted in Figure
17 are 6’80 values for magnetite from the Mantoverde IOCG
deposit, which plot in the magmatic and/or high-temperature
origin box. See Bilenker et al. (2016) for detailed data for sam-
ples from Chile and Sweden, Childress et al. (2016) for data
for Pea Ridge and Pilot Knob, and Childress (writ. commun.)
for data from Mantoverde.

Iron isotopes in magnetite

Analyses of stable iron isotopes in magnetite separates from
drill cores LC-04 (Western dike) and LC-05 (northern and
central part of the main orebody), the Western dike, yield
an average 0°°Fe value of 0.29 + 0.12 and 0.15 + 0.05%eo,
respectively, where 0Fegmple (%0) = [((*°Fe/5*Fe)magnetite/
(*FeA*Fe)irmm-14 ) — 1] X 1,000. In addition to magnetite
samples from Los Colorados, we analyzed magnetite sepa-
rates from the Kiruna-type IOA Mariela deposit in the Chil-
ean iron belt (two samples yield 03Fe values of 0.13 + 0.03
and 0.57 £ 0.04%o; Bilenker et al., 2016), the Pea Ridge and
Pilot Knob Kiruna-type IOA deposits in Missouri, United
States (avg 0°Fe value of 0.17 + 0.10 and 0.18 + 0.07%o,
respectively; Childress et al., 2016), the El Laco Kiruna-type
IOA deposit in northern Chile (average §°Fe value of 0.28 +
0.24%o; Bilenker et al., 2016; Childress, writ. commun.),
and the Kiirunavaara IOA deposit in Sweden (05Fe value of
0.16 + 0.07%o0). We also analyzed magnetite separates from
the Mantoverde IOCG deposit in the Chilean iron belt, which
yielded an average 6%Fe value of 0.48 = 0.08%o. As with 6150
presented above, the field labeled magmatic and/or high-
temperature origin represents every published 6%Fe value
for magnetite that crystallized from silicate melt or magmatic-
hydrothermal fluid. All of the magnetite from Los Colorados
plot in the magmatic and/or high-temperature origin box, and
the magnetite data from other Kiruna-type IOA deposits plot
within the range of 05Fe consistent with magnetite crystal-
lized from silicate melt or magmatic-hydrothermal fluid. Also
plotted in Figure 17 are 6%Fe values for magnetite from the
Mantoverde IOCG deposit, all of which plot within the range
of 0%Fe consistent with magnetite crystallized from silicate
melt or magmatic-hydrothermal fluid. The 680 values for
Pea Ridge and Pilot Knob that are elevated relative to purely
orthomagmatic magnetite are explained by Childress et al.
(2016) to reflect crystallization of magnetite from a silicate
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melt. See Bilenker et al. (2016) for detailed data for samples
from Chile and Sweden, Childress et al. (2016) for data for
Pea Ridge and Pilot Knob, and Childress et al. (writ. com-
mun.) for data from Mantoverde.

Hydrogen isotopes in magnetite and actinolite

Analyses of actinolite yield a 6150 value of 6.46 + 0.56%¢ and
a 0D value of —=59.3 + 1.7%o. The water content of actinolite is
2.08 + 0.04 wt %. Magnetite grains yield a dD value of -53.5 +
1-5%0, where aDsample <%0> = [<<2H/1H>1nagnetite/<2H/1H>VSM0\V) -
1] - 1,000. The water content of magnetite is 0.10 + 0.07 wt %;
the large uncertainty reflects the difficulty of measuring the
small amount of water in magnetite grains. For details, see
Bilenker et al. (2016).

Rhenium-Osmium systematics

Analyses of magnetite and pyrite separates from Los Colora-
dos yielded concentrations of total Re that range from 0.71
to 128.76 ppb for magnetite, and 163.07 to 214.13 ppb for

yrite. Magnetite shows very low to negligible amounts of Os
(0.2-1.0 ppt), whereas pyrite shows no detectable Os concen-
trations. A calculated model age for magnetite from Los Colo-
rados, using the concentrations of 1870Os and 157Re, yielded a
116.0 + 6.2 Ma age, consistent with previously reported ages
of 110 to 115 Ma for mineralization at Los Colorados (e.g.,
Pichon, 1981; Oyarzin and Frutos, 1984). The calculated
initial 1%70s/1850s ratio (Os;) for magnetite from Los Colora-
dos is 1.2. In addition, samples were analyzed from the Man-
toverde (magnetite Os; = 2.1), Candelaria (chalcopyrite Os; =
2.4), and Diego de Almagro (pyrite Os; = 2.0) IOCG deposits;
the El Romeral (pyrite Os; = 1.0) Kiruna-type deposit; and
the Altamira Manto-type Cu deposit (chalcocite Os; = 1.1).
The calculated initial 187Qs/1880s ratio for all of the aforemen-
tioned deposits is shown in Figure 18 along with the initial
1870s/18%0s ratio for Chilean porphyry Cu deposits. The data
indicate that the Os systematics from the Chilean IOA and
IOCG deposits are statistically similar to the Os systemat-
ics for Chilean porphyry Cu deposits, a finding that supports
that magmatic-hydrothermal processes were involved in the
formation of the Chilean Kiruna-type deposits and I0CG
deposits, as is unequivocally the case for the Chilean porphyry
deposits. For details, see Barra et al. (2017).

A Novel Igneous and/or
Magmatic-Hydrothermal Model

The magnetite-fluid flotation model

The major, minor, trace, isotopic, and textural data for magne-
tite samples from Los Colorados were used to scaffold a novel
genetic model for the evolution of Kiruna-type deposits. The
original model, published by Knipping et al. (2015a), invokes
a synergistic combination of igneous and magmatic-hydro-
thermal processes to explain spatially and temporally related
Kiruna-type IOA deposits and IOCG deposits as products of
one evolving ore system (Fig. 2). Since that publication, the
major, minor, trace, isotopic, and textural data subsequently col-
lected for late-stage pyrite and magnetite from Los Colorados,
as well as for samples from other Kiruna-type IOA deposits (i.e.,
Pea Ridge and Pilot Knob, both in Missouri, United States; El
Laco, El Romeral, both in Chile; Kiruna, Sweden), and IOCG
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Fig. 18. The calculated initial Os ratios for Chilean Manto-type deposits, Kiruna-type deposits, and IOCG deposits are plot-
ted along with initial Os ratios for samples from Andean porphyry Cu systems. The values for all ore deposit types overlap.
More radiogenic values (1570s/1550s >3) might be related to metals derived from sedimentary basins. Data from Mathur et
al. (2002) and Barra et al. (2017). Data for Lala, China, from Zhimin and Yali (2013). See Barra et al. (2017) for discussion.

deposits (i.e., Mantoverde, Candelaria, Barreal Seco, Diego de
Almagro; all in Chile) are at least in part consistent with the
flotation model proposed by Knipping et al. (2015a).

In this new model, magnetite is a liquidus phase in a
hydrous, oxidized arc magma, consistent with experimental
phase equilibria studies of mafic to intermediate silicate mag-
mas in an arc setting (Martel et al., 1999). According to Nad-
oll et al. (2014) and many other studies, igneous magnetite
is enriched in trace elements such as Ti, AL, Mn, Cr, Ni, and
Ga, consistent with the concentrations of these elements mea-
sured in the magnetite cores (i.e., type 1 magnetite) from the
massive magnetite ores of Los Colorados (Figs. 9, 10). During
ascent of a magnetite-saturated silicate magma, decompres-
sion decreases the solubility of fugitive components of the sili-
cate melt (e.g., HsO, COz) and can drive the melt to volatile
saturation. As magmatic-hydrothermal fluid exsolves from the
silicate melt, the exsolving fluid bubbles will nucleate on min-
eral surfaces in order to reduce surface energy (cf. Edmonds
et al., 2014). The larger wetting angles (¥) between fluid and
oxide minerals (¥ = 45°-50°), when compared to fluid and
silicate minerals (¥ = 5°-25°; cf. Gualda and Ghiorso, 2007),
results in fluid bubbles preferentially nucleating and attaching
onto magnetite crystals rather than on silicate minerals (Hur-
witz and Navon, 1994; Gardner and Denis, 2004; Cluzel et al.
2008). Thus, during decompression-induced fluid exsolution,
bubbles will nucleate and grow on igneous magnetite crystals
(Fig. 19).

The fluid-bubble pairs will ascend within the magma cham-
ber owing to their positive buoyancy, consistent with experi-
mental observations of sulfide melt droplets attached to fluid
bubbles ascending through less dense silicate melt (Mungall
et al., 2015) and segregation of chromite-bubble pairs in
mafic magma (Matveev and Ballhaus, 2002). Buoyancy force
calculations indicate that a magnetite-fluid suspension will

ascend in the parent magma chamber as long as the propor-
tion of magnetite microlites in the suspension is <65 wt %
(<37 vol %), which results in a FBuoyaney >0 (Knipping et al.,
2015a). During ascent, the fluid component of the magnetite-
bubble pairs will expand and become even less dense. This
allows the bubbles to assimilate more magnetite crystals and
form a fluid suspension rich in igneous magnetite. This is
comparable to the “sweeping” process proposed by Edmonds
et al. (2014) who invoked magnetite flotation by fluid bubbles
to explain magnetite-rich mafic enclaves in arc andesite.

The abrupt change in the composition of magnetite from
type 1 (core) to type 2 (rim) cannot be explained by progres-
sive crystallization of magnetite from a silicate melt. Such
an abrupt decrease in the concentration of trace elements
such as Ti, Mn, and Al at the transition from type 1 to type 2
magnetite (Fig. 11), and the systematic decrease in the con-
centration of Ti, Mn, and Al from the type 1-type 2 interface
toward the type 3 magnetite outer rim (Fig. 10), is consistent
with type 2 magnetite rims having grown in the presence a
cooling, aqueous fluid (Knipping et al. 2015b). This is based
on the remarkable similarity between the magnetite com-
positions from Los Colorados and the global compilation of
magnetite compositions from porphyry-type ore deposits
reported in Nadoll et al. (2014; their fig. 12). The trend of
decreasing trace element concentrations revealed by Fig-
ure 10 is consistent with growth of magnetite from aque-
ous fluid during cooling from >500° to <200°C. Evidence for
the presence of an aqueous fluid during magnetite growth
at Los Colorados is preserved by the presence of magne-
tite-hosted, halite-saturated fluid inclusions (Fig. 7). It is
well established that Cl-rich magmatic-hydrothermal fluids
efficiently scavenge Fe from silicate melt as FeCly (Simon
et al., 2004; Bell and Simon, 2011), and that the concen-
tration of Fe can exceed the concentration of other metals
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(a)

(b) (c)

Fig. 19. Photomicrographs from experiments (Hurwitz, 1994; Hurwitz and Navon, 1994) that investigated bubble nucleation
from a magnetite saturated silicate melt during decompression. Experiments were performed by decompressing an initially
volatile-undersaturated, magnetite-saturated silicate melt from an initial pressure of 150 MPa to induce volatile saturation. In
each of the three photographs, the white background is silicate glass (i.e., quenched silicate melt). (a). Decompression from
150 to 145 MPa resulted in volatile saturation of the melt. Two bubbles are attached to a single magnetite microlite. Both
bubbles have a neck that extends toward the magnetite crystal. The radius of the bubbles is ~25 um. (b). Same experiment as
(a). An example of heterogeneous distribution of bubbles. The radius of the bubbles varies from ~8 to ~30 wm. The bubble
density is 2 X 107 cm= in the lower portion of the photograph, where magnetite is abundant. The bubble density is 4 X 106
em? in the upper portion of the photograph, where oxides are sparse. (c). Decompression from 150 to 120 MPa resulted in
volatile saturation of the melt. The Fe-Ti oxide crystals and associated bubbles are all arranged along lines, following the spa-
tial arrangement of magnetite grains in the starting material. Note that almost all bubbles are nucleated on magnetite crystal

surfaces. The radius of the bubbles is ~2 ym. The photographs are from Hurwitz (1994).

dissolved in aqueous fluid (e.g., K, Na; Simon et al., 2004;
Steele-MacInnis et al., 2015), especially in intermediate to
mafic magmas (Bell and Simon, 2011). Thus, the fluid com-
ponent of the fluid-magnetite suspension will be enriched
in Fe, which allows the solute igneous magnetite to grow
during decompression and/or cooling by sourcing Fe from
the surrounding magmatic-hydrothermal fluid (Fig. 20). The
overgrowth rims (i.e., type 2 magnetite) would have com-
positions consistent with magmatic-hydrothermal magnetite
(cf. Nadoll et al., 2014).

Eventually, tectonic stress changes in the late Lower Creta-
ceous were responsible for the formation of the Atacama fault
system in the back-arc setting. This transtensional, strike-
slip, crustal scale fault system provides an ideal, structurally
controlled, permeable conduit that allows the magnetite-rich
suspension to ascend from the source magma. During ascent,
magnetite in the fluid suspension will drop out of the suspen-
sion upon reaching a level of neutral buoyancy at shallow
crustal depths, resulting in the massive, crosscutting, “dike-
shaped” orebodies such as those observed at Los Colorados
(Fig. 3). If the permeability of the host rocks is high, the fluid
component of the suspension will percolate into the host rocks,
resulting in disseminated and/or stockwork mineralization. As
the percolating fluid continues to cool, this process should
result in growth of magnetite from the fluid at progressively
lower temperatures, as observed for the late-stage, hydrother-
mal magnetite at Los Colorados (Fig. 13). In summary, the

major features observed at Los Colorados are consistent with
a model wherein a magnetite-fluid suspension evolves from
an intermediate to mafic silicate magma and ascends toward
the surface along preexisting crustal faults.

A critical feature of the model is that the presence of mag-
netite microlites in the ascending magmatic-hydrothermal
fluid suspension allows for the formation of Kiruna-type IOA
deposits from a smaller volume of magma, relative to forma-
tion from a conventional orthomagmatic fluid. For example,
the ~350 Mt Fe at Los Colorados require a ~50 km? magma
chamber (~3.5 km diameter) if a magnetite-fluid suspension
that contains 8 wt % magnetite microlites evolves from the
parent magma. This volume is within the range of arc volcano
magma chambers (~4-60 km?; Hildreth, 1981; Bacon, 1983;
Marsh, 1989; Lipman, 1997; Caricchi et al., 2016) and in
agreement with estimated caldera sizes of extrusive, Kiruna-
type IOA deposits (~30 km?; El Laco, Chile, Oyarzin and
Frutos, 1984; Nystrom and Henriquez, 1994). In contrast,
formation of Los Colorados from a magnetite-free, orthom-
agmatic fluid, requires a magma volume of at least 100 km3,
a volume higher than reported for most arc magma systems.
Thus, incorporation of only a few weight percent magnetite
microlites in the evolving ore fluid decreases significantly the
source magma volume. Further, if the primary ore fluid was
a magnetite-fluid suspension containing 8 wt % magnetite
microlites, and the source magma was an intermediate andes-
itic composition, the fluid would scavenge only 0.4 wt % FeO
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Fig. 20. The novel flotation model to explain the formation of Kiruna-type
TOA deposits. (a). Magnetite saturation and preferred bubble nucleation on
magnetite microlites that are 10’ to <200-um diameter. (b). Ascension of
bubble-magnetite pairs due to positive buoyancy forces. (c). Further ascent,
growth, coalescence, and accumulation of primary magnetite as well as
scavenging of Fe from the surrounding magmatic-hydrothermal fluid. (d).
Formation of hydraulic fractures (due to tectonic stress changes) allows fast,
efficient segregation of magnetite-rich fluid, and the growth of hydrothermal
magnetite (gray overgrowth on primary magnetite microlites in top panel)
during progressive cooling. Modified from Knipping et al. (2015b).
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from the andesitic melt (Knipping et al., 2015a). Thus, from
an exploration perspective, the composition of the source
magma (pluton) would not be depleted in Fe. Importantly,
postmineralization dissolution-reprecipitation may alter the
primary signature of magnetite microlites, where immobile
trace elements such as Ti originally dissolved in magnetite can
form secondary titanite or rutile, as reported for the Kiruna-
type, Pilot Knob IOA deposit (Nold et al., 2014), and is com-
monly observed in porphyry deposits (Berger et al., 2008).
Thus, the absence of resolvable Ti-Al-Mn-enriched magnetite
microlites in magnetite grains from Kiruna-type deposits is
not evidence for their absence during mineralization.

Connecting Kiruna-type IOA and IOCG deposits

Deep drill core from IOCG deposits in the Chilean iron belt,
e.g., Candelaria and Mantoverde, reveals that IOCG min-
eralization at shallow depth transitions to Kiruna-type IOA
mineralization at deeper levels of individual deposits within
these variable magmatic arc settings (Fig. 2). The flotation
model described above explains the observations of a verti-
cal continuum from IOCG to IOA mineralization, in contrast
to the contradicting igneous hypothesis of liquid immiscibility
between Fe- and Si-rich melts. According to model calcula-
tions by Knipping et al. (2015a), after Kiruna-type IOA min-
eralization, the further ascending ore fluid retains as much
as 50% of the Fe initially dissolved in the fluid. The high CI
concentration of the fluid (Fig. 7) enhances the solubility of
elements such as Fe, Cu, Au, P, REE, and Cr that partition
strongly from the parent silicate melt into the primary mag-
matic-hydrothermal fluid (Eugster and Chou, 1979; Reed et
al., 2000; Antignano and Manning, 2008; Klein-BenDavid et
al., 2011; Watenphul et al., 2012; Zajacz et al., 2012; Migdisov
et al., 2014; Hurtig and Williams-Jones, 2014; Williams-Jones
and Migdisov, 2014). Hence, the magmatic-hydrothermal ore
fluid has the ability to transport these elements into more
distal crustal regions vertically and laterally, where they pre-
cipitate as oxides + sulfides + phosphates either through cool-
ing alone (T <400°C; Hezarkhani et al., 1999; Ulrich et al.,
2001; Hurtig and Williams-Jones, 2014; Williams-Jones and
Migdisov, 2014), or possibly by mixing with cooler meteoric
fluid, as discussed in Barton (2014).

The late-stage pyrite in the host rocks at Los Colorados is
consistent with this model, as are experimental data for the
transport of Cu and Au in Cl-bearing magmatic-hydrothermal
fluid. The solubility maximum for Au in a cooling magmatic-
hydrothermal fluid shifts to lower temperatures with decreas-
ing density of the fluid (Hurtig and Williams-Jones, 2014).
Those authors experimentally determined that Au solubility in
an intermediate density fluid reaches a maximum at ~500°C,
whereas the solubility maximum is reached at ~400°C for a
low density fluid. Experimental data for Cu are similar, reveal-
ing that the solubility maximum for Cu is reached at ~600°C,
and drops sharply once the fluid cools below 400°C (Migdisov
et al., 2014; Williams-Jones and Migdisov, 2014). The solu-
bility of Cu in the cooling magmatic-hydrothermal fluid also
increases with increasing oxygen fugacity (Williams-Jones and
Migdisov, 2014). Together, these data indicate that the ore
fluid ascending from the zone of Kiruna-type mineralization
(Fig. 2) will continue to transport Cu and Au, and that precipi-
tation of Cu-Au-Fe sulfides will occur at shallow levels of the
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system after the ore fluid cools below 400°C. The presence of
hematite in the shallow regions of IOCG deposits is consistent
with oxidation of the ascending ore fluid, which helps the fluid
maintain high concentrations of Cu and Au.

Geochemical data for magnetite, hematite, and pyrite from
the Mantoverde IOCG deposit in the Chilean iron belt, as
well as other systems (Fig. 16) are consistent with a contin-
uum from deep IOA mineralization to shallow IOCG min-
eralization over a depth of tens to hundreds of meters within
the same ore-forming system. The §Fe and 6150 values for
magnetite from Mantoverde indicate that both Fe and O were
sourced from a magma reservoir (Fig. 17). The 05Fe values
for hematite from Mantoverde also indicate that Fe is mag-
matically sourced. Hematite from Mantoverde yielded 0150
values that range from —0.67 to —1.36%o, consistent with 0150
values reported by Benavides et al. (2007). The 6Fe values
for hematite indicate a magmatic source, and the slightly neg-
ative 0180 values of hematite are consistent with mixing of the
dominantly magmatic ore fluid and a nonmagmatic fluid. The
Co and Ni concentrations in pyrite from Mantoverde over-
lap those of pyrite from Los Colorados, and indicate deriva-
tion of Co and Ni from an intermediate to mafic magma (Fig.
16f). Published noble gas (Ar, Kr, Xe) and halogen (Cl, Br, I)
compositions of fluid inclusions in hydrothermal quartz and
calcite from the Mantoverde district also fingerprint a hypo-
gene magmatic-hydrothermal fluid as the ore fluid (Marschik
and Kendrick, 2015). Those authors report that Br/Cl and I/Cl
ratios overlap those for the mantle and magmatic-hydrothermal

109

ore deposits, and low 3Ar concentrations that reveal involve-
ment of magmatic-hydrothermal fluid. Those authors con-
cluded that the noble gas and halogen data are compatible
with mixing of magmatic-hydrothermal fluids and evaporated
seawater, which was modified by interaction with back-arc
basin sediments. Perhaps most striking is a comparison of
trace element concentrations in magnetite from Mantoverde
with magnetite from Los Colorados (Fig. 21). Certainly, these
deposits are not genetically related to each other, but con-
sidering that deep drill core at Mantoverde reveals that the
deposit transitions with depth to a Kiruna-type IOA deposit,
the data shown in Figure 21 illustrate the mineralization con-
tinuum expected for an ascending and evolving magnetite-
fluid suspension.

The model described here also explains the modally minor
amount of apatite and the depleted REE pattern for the mas-
sive magnetite ore at Los Colorados, when compared to the
parallel but enriched REE pattern of the distal, brecciated dio-
rite intrusion (Fig. 4). Precipitation of REE-rich apatite from
cooling, magmatic, saline fluids within the surrounding wall
rocks is in agreement with observations at the Kiirunavaara
IOA deposit in Sweden, where also parallel, but strongly
elevated REE patterns were detected in the hydrous altered
host rocks when compared to the orebodies (Jonsson et al.,
2013). Experimental data indicate that REE are dissolved
dominantly as Cl complexes in aqueous fluid, and that cool-
ing below 400°C is an efficient mechanism for precipitation
of REE (Williams-Jones et al., 2012). Discharging of highly

Fig. 21. The concentrations of [Al + Mn] vs. [Ti + V] for magnetite from the Mantoverde IOCG deposit in the Chilean iron
belt are plotted in the magnetite trace element discrimination diagram from Nadoll et al. (2014), along with [Al + Mn] vs.
[Ti + V] for magnetite from the Los Colorados Kiruna-type IOA deposit in the Chilean iron belt. Solid red circles and grey
diamonds represent magnetite from Mantoverde and Los Colorados, respectively; data for Los Colorados from Knipping et
al. (2015a). The yellow star indicates the average of all magnetite from Mantoverde. The temperatures on the top abscissa
are from Nadoll et al. (2014) who compiled temperatures of magnetite crystallization in a variety of ore deposits. The color-
graded arrow indicates the expected trend for the trace element chemistry of magnetite that grows from a cooling magmatic-

hydrothermal fluid.



110

saline fluids after massive magnetite deposition may also
explain the depletion of Cr in massive magnetite ore observed
in many Kiruna-type IOA deposits (Loberg and Horndahl,
1983; Nystrom and Henriquez, 1994; Core, 2004; Dupuis and
Beaudoin, 2011; Dare et al., 2014, 2015). Chromium, which
is highly mobile in high-temperature saline fluids (Klein-Ben-
David, 2011; Watenphul et al., 2012) eludes the early stage of
massive magnetite ore formation and precipitates later and
distally from the main magnetite orebodies. This is not just
consistent with the high Cr concentration detected in magne-
tite from the brecciated diorite intrusion distal from massive
magnetite deposits of Los Colorados (Fig. 3), but also with
the iron province in Missouri, United States. Almost no Cr
(~2 ppm) was detected in magnetite from the Pea Ridge, Iron
Mountain, and Pilot Knob IOA deposits, in contrast to the
brecciated IOCG deposit Boss Bixby in the same district (Cr:
26 ppm; Kisvarsanyi and Proctor, 1967; Seeger, 2003; Nold et
al., 2014).

Evidence from other systems for an igneous and/or
magmatic-hydrothermal origin

Many excellent studies have been published recently that fin-
gerprint a magmatic source for mineralizing fluids in Kiruna-
type IOA and IOCG deposits in districts around the world.

Missouri IOA district: Hofstra et al. (2016) presented a
wealth of geochemical data for samples from the Mesopro-
terozoic Pea Ridge IOA REE deposit in Missouri, United
States, and conclude that a magmatic hydrothermal ore fluid
evolved from a concealed mafic to intermediate-composition
magma is the most plausible explanation for mineralization.
Those authors did not find evidence for the presence of igne-
ous magnetite microlites, but, as was pointed out above, disso-
lution-reprecipitation during the multiple postmineralization
hydrothermal events (cf. King et al., 2008) that affected the
Missouri deposits (and others) can eliminate the original
igneous magnetite trace element signature. The conclusions
reached by Hofstra et al. (2016) are consistent with those
reached by Childress et al. (2016) who interpreted Fe and O
stable isotope data for the Pea Ridge and Pilot Knob deposits
in Missouri to indicate a magmatic source for the ore fluid in
each deposit.

Kiruna IOA district: Jonsson et al. (2013) and Weis (2013)
reported O and Fe stable isotope data for samples from
Kiruna-type IOA deposits in the following districts in Swe-
den: Griingesberg, Kiruna, Ruoutevare, Ulvén, Dannemora,
Striberg, Tabeg. Those authors compare their data to O and
Fe stable isotope compositions of orthomagmatic and hydro-
thermal magnetite from other mineral deposits and con-
clude that the most plausible explanation for the formation
of the Kiruna-type IOA deposits in Sweden is precipitation
of magnetite from a magmatic-hydrothermal fluid. The Fe
and O isotope data reveal that magnetite mineralization in
Kiruna-type ore deposits in the Gringesberg mining district
occurred at temperatures from 600° to 900°C, consistent with
temperatures of mineralization for the massive magnetite ore
at Los Colorados (i.e., the Western dike) reported by Bilen-
ker et al. (2016). Further, Weis (2013) reports that late-stage
hydrothermal magnetite precipitated at temperatures below
400°C, also consistent with data for late-stage, hydrothermal,
disseminated and veinlet magnetite from Los Colorados (Fig.
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13). Westhues et al. (2016, 2017a, b) reported trace element,
Lu-Hf, and Sm-Nd isotope data for whole rocks, zircon and
monazite from mineralized samples from Paleoproterozoic
Kiruna-type IOA deposits in the vicinity of Kiruna in northern
Sweden. Those authors conclude that a magmatic-hydrother-
mal ore fluid is the most plausible explanation for the Kiruna-
type IOA deposits.

Olympic Dam district: Oreskes and Einaudi (1992) pre-
sented fluid inclusion and oxygen isotope data for samples
from the Acropolis deposit, a magnetite-rich deposit that is
part of the Olympic Dam system. Their data indicate that a
magmatic-hydrothermal ore fluid is the most plausible expla-
nation for magnetite mineralization. Temperatures of miner-
alization for magnetite in the Acropolis deposit are ~400°C,
consistent with the late-stage, hydrothermal magnetite at
Los Colorados (Fig. 13). Oreskes and Einaudi (1992) also
reported the presence of halite-saturated fluid inclusions
that indicate salinities up to 42 wt % NaCl equiv, a finding
also consistent with observations at Los Colorados (Knip-
ping et al., 2015b). Wawryk (2017) reported Fe isotope data
for samples from the Olympic Dam (Australia) IOCG sys-
tem that are consistent with a magmatic source for Fe and,
by inference, the ore-forming fluid that transported Fe and
other metals and S into the ore depositional environment.
The Wawryk (2017) study included samples from the “fresh”
Roxby Downs Granite (drill hole RD2495), the altered Roxby
Downs Granite from the “biotite-out” zone to the Hematite-
Quartz barren core zone (RD2678, RD2749, RB224), Hill-
side, early magnetite-siderite-pyrite mineralization (RD2773,
RU65-8320), chalcopyrite-hematite mineralization (RD1988,
RD2749, RD2773, RU65-8230), massive hematite from Oak
Dam, Acropolis and Wirrda Well, and late, coarse-grained
specular hematite (WRD33, IDD7). Wawryk (2017) used Fe
isotope data to calculate temperatures of mineralization for
magnetite-pyrite pairs of ~580°C in samples from Hillside,
consistent with minimum temperatures of ~580°C for mag-
netite mineralization at the Los Colorados IOA (Bilenker et
al., 2016). Apukhtina et al. (2017) reported observations from
deep drill core at Olympic Dam that reveal the presence of
abundant, early magnetite and apatite at the deepest level
of the mineralized system. The modally abundant magnetite
mineralization extends from 1,516- to 2,329-m depth, more
than 800 m of magnetite-rich mineralization, and the authors
reported that it likely continues beneath the bottom of the
drill hole. Apukhtina et al. (2017) reported that the textures
are consistent with in situ brecciation and with mineralization
caused by a hypogene, rapidly ascending magmatic-hydro-
thermal fluid. Finally, those authors also reported the sparse
occurrence of fluorapatite, which is consistent with observa-
tions at Los Colorados as discussed above (cf. Knipping et al.,
2015b).

Concluding Remarks

Field observations and geochemical and geochronologi-
cal data from districts around the world reveal that IOCG
deposits and Kiruna-type IOA deposits are commonly spa-
tially and temporally associated with one another, as well
as with igneous rocks that record magmatic activity con-
temporaneous with mineralization. These observations sug-
gest that IOCG and Kiruna-type IOA deposit types may be
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genetically related. The model described here, developed
for deposits in the Andean arc setting, holistically explains
the formation of IOCG and IOA deposits as a combination
of common igneous and magmatic-hydrothermal processes
that have operated across geologic time and informs our
understanding of fundamental geochemical processes that
occur in other tectonic settings. Certainly, there are differ-
ences among, and within, districts that host IOA and IOCG
mineralization. It is to be expected that the geometry of, and
connectivity within, fault systems that serve to structurally
control ascent of the magnetite-fluid suspension, as well as
local porosity-permeability of the host rocks, which controls
lateral advection of the fluid following formation of Kiruna-
IOA mineralization, play critical roles in the formation of
IOA and IOCG deposits. The down-temperature gradient
evolution of a magnetite-fluid suspension fully explains the
salient geochemical features of some of the major IOCG and
Kiruna-type I0A systems. Its application to various tectonic
settings needs to be further explored. Lastly, it is critical to
understand that postmineralization hydrothermal alteration
likely obscures primary features. Thus, it is critical to view
the flotation model described here through the lens of geo-
logic time, tens to hundreds of millions of years of geologic
activity that alter and mask primary mineralization. Our
hope is that economic geologists will use observations and
geochemical data from other IOCG-IOA systems to test and
improve the flotation model that will lead to discovery of
new ore deposits.
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