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Abstract | Renewed economic interest in iron oxide—apatite (IOA) deposits — containing tens

to hundreds of millions of tonnes of Fe and substantial amounts of rare earth elements, P, Co and
V — has emerged to supply the sustainable energy transition. However, the mechanisms that
efficiently concentrate dense iron-rich minerals (for example, in ores up to ~90% magnetite) at
the Earth’s near-surface are widely debated. In this Review, we discuss synergistic combinations
of magmatic and hydrothermal iron-enrichment processes that can explain the available
geochemical, petrological and geological IOA data. IOA deposits typically evolve from subduction-
related water-rich and chlorine-rich intermediate magmas under a wide temperature range,
almost spanning the whole igneous—hydrothermal spectrum (from ~1,000 to 300 °C). Magmatic—
hydrothermal fluids could efficiently scavenge Fe from magmas to form large IOA deposits

(>100 million tonnes of Fe), whereas crystal fractionation and liquid immiscibility processes might
account for more minor Fe mineralization occurrences. Igneous magnetite crystallization, volatile
exsolution and highly focused transport of Fe-rich hydrothermal fluids through the crust under
extensional tectonic conditions could be key factors enabling concentration of dense magnetite
minerals in the less-dense upper crust. Future research should target both fertile and barren
mafic—intermediate magmatic suites for distinctive signatures diagnostic of metallogenic fertility,

Massive magnetite ore
Mineral assemblage composed
of $90% magnetite [Fe,O,],
with variable amounts of
apatite, actinolite and/or
pyroxene.
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Group of common phosphate
minerals [Cas(PO,);(F, CI, OH)]
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Calcium magnesium iron silicate
mineral of the amphibole
group [Ca,(Mg, 5, sFeys 5 )
Sig0,,(OH), .

Me-mail: mreich@ing.uchile.cl

https://doi.org/10.1038
$43017-022-00335-3

Sustainable metal supply is an important global challenge
of the twenty-first century, with demand for major com-
modities forecast to increase continuously to the year
2100 (REFS.*). Among the various metals and their unique
applications, iron (Fe) is the basic raw material in steel
manufacturing and hence has strategic relevance to the
development of related industries™. Iron oxide-apatite
(IOA) deposits, commonly referred to as Kiruna-type or
magnetite—apatite deposits, can contain several million
tonnes of Fe and are a relevant source of Fe for society.
These deposits are also attractive targets for exploration
and mining because they contain strategic elements
such as phosphorus (P), rare earth elements (REEs),
vanadium (V) and cobalt (Co). Global demand for these
elements is on the rise because they are critical for current
and emerging energy technologies — electric vehicles,
wind turbines, photovoltaic cells, batteries and efficient
lighting — which are crucial for reducing carbon emissions
and mitigating anthropogenic climate change®”.
Although IOA deposits have been mined for cen-
turies, they have remained relatively little studied,
and it was only in the 2010s that their investigation
saw a resurgence. Key to this renewed interest is their

to help unravel the genetic linkage between IOA and iron oxide—copper—gold systems.

economic importance and unique yet varied geological
characteristics, which have stimulated controversy about
their origin. IOA deposits comprise massive magnetite ore
bodies with variable amounts of apatite, actinolite and/or
pyroxene (BOX 1). Magnetite is denser (5.15gcm™) than
the upper crust (~2.7 gcm™), and therefore it is expected
to settle to the bottom of deep magma reservoirs.
However, field, textural and chemical evidence indicates
that magnetite ore bodies can be emplaced at shallow
crustal levels and even at the Earth’s surface. For exam-
ple, the latter is the case for the El Laco deposit in the
Central Andes, where outcropping magnetite ore bodies
have remarkably similar features to basaltic lava flows®”’,
with degassing and pyroclastic-like structures'*-'.
However, more commonly magnetite mineralization
occurs in IOA deposits, forming massive tabular mag-
netite, lenses, veins, stockworks, breccias, and stratabound
or pegmatite-like bodies'*~'” (BOX 1), which are evidence
of subvolcanic to deep emplacement'**",

These opposing characteristics from different depos-
its have fuelled debate about whether IOA deposits
form from magmas or hydrothermal fluids, renewing
a long-standing controversy'>'”*>*. This debate has
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Key points

¢ Iron oxide—apatite deposits can form from purely igneous (~1,000-800 °C), through
late magmatic or magmatic-hydrothermal (~800-600 °C), to purely hydrothermal
(<600 °C) conditions. Cooling trends are identified at deposit to mineral grain scales.

* |OA mineralization is fundamentally controlled by temperature, but relative depth
of formation and structural level of emplacement are also relevant factors.

* The source of Fe and other minor metals (for example, Cu and Co) is predominantly
linked to intermediate magmas and magmatically derived aqueous fluids, but in some
cases there may be a minor contribution from low-temperature, non-magmatic

hydrothermal fluids.

* Mechanisms of Fe enrichment are diverse and include a combination of magmatic
and hydrothermal processes operating in upper crustal silicate magma reservoirs.
Although the relative contributions of each mechanism are still contended, we
suggest that magmatic-hydrothermal fluids can efficiently scavenge Fe from magmas
to form the largest IOA deposits, whereas crystal fractionation and liquid immiscibility
processes might account for smaller Fe mineralization occurrences.

* Tectonic stress changes are key to the formation of large IOA deposits. Fault tapping of
silicate magma reservoirs allows for rapid ascent of Fe-rich magmatic-hydrothermal

fluids, decompression, and magnetite precipitation upon cooling.

Pyroxene

Most important group of
rock-forming ferromagnesian
silicates, which includes the
clinopyroxene diopside
[CaMgSi,Ogl.

Stockworks

Structurally controlled or
randomly oriented sets of veins
that form a three-dimensional
network.

Stratabound

An ore body confined to
a single stratigraphic level
or unit.

Pegmatite

Intrusive igneous rock
occurring as dykes, veins or
lenses, and consisting almost
entirely of centimetre-sized
crystals.

Silicate liquid immiscibility
Process leading to formation
of mixtures of distinct iron-rich
and silica-rich melts from one
parental silicate magma.

endured because the two classical contrasting hypotheses
— silicate liquid immiscibility and separation of an
Fe-P-rich melt*-? versus metasomatic replacement of
host rocks by Fe-rich fluids*-** from magmatic and/or
non-magmatic sources’* — are usually considered as
mutually exclusive and have failed to provide a general
model that encompasses all geological observations
and geochemical data from IOA deposits around the
world.

In this Review, we present an overview of IOA depos-
its, their main characteristics, global distribution, and
analytical and experimental data to better understand
IOA formation conditions and iron-enrichment pro-
cesses. A particular emphasis is given to multiproxy
geochemical data of magnetite, the main ore mineral.
We explain how trace elements can help to constrain
the geological environment of magnetite formation,
and how stable isotopes can fingerprint the source of Fe.
In addition, we review experimental results exploring
the thermodynamic conditions at which IOA systems
might form in nature, and the most plausible Fe concen-
tration mechanisms in the formation of large deposits.
This information provides a framework to better under-
stand the metallogenesis of IOA deposits worldwide,
which involves processes spanning the entire igneous-
hydrothermal range. Finally, we integrate analytical and
experimental data into our preferred general conceptual
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model of IOA formation in arc settings, which, as with
every model, should be tested with future research to
further improve understanding of IOA formation and
exploration strategies, and to find new resources.

Global distribution in space and time

IOA deposits are globally distributed and formed
throughout geological time*~* (FIG. 1). They are pref-
erentially found in volcano-plutonic provinces from
the Palaeoproterozoic to the Pleistocene, and they are
commonly related to extensional tectonic regimes, often
within a subduction setting**%, although they also occur
in other geological environments, for example associated
with A-type granitoids**. Metal endowment of IOA
deposits can reach hundreds to thousands of million
tonnes of Fe ore, which occur as high-grade (>40-50%
total Fe) magnetite ore bodies exhibiting distinct geo-
logical and mineralogical characteristics (BOX 1), some
of which are also common to iron oxide-copper-gold
(IOCQG) deposits*—*. IOA deposits should not be con-
fused with nelsonites, which are commonly associ-
ated with anorthositic complexes and layered mafic
intrusions®~*%, and differ in origin from typical IOA
deposits**** BOX 1).

The most prominent IOA deposits are those found
near Kiruna in northern Sweden, the type locality
of these magnetite-apatite deposits (FIG. 1). Other
world-class districts occur in central Sweden, Missouri
(USA), Iran and most notably Chile. Similar deposits
are found in China®, New York (USA)®, Mexico® and
Peru®, among several occurrences around the globe
including Canada®*, Turkey®, Sri Lanka®® and Korea®.
Besides the main IOA districts in Sweden, the United
States, Iran and Chile, which are described in more detail
below, the Middle-Lower Yangtze River Metallogenic
Belt in China contains several IOA deposits within
the Cretaceous Ningwu and Luzong terrigenous vol-
canic basins®”*”'. These deposits contain magnetite
and apatite in brecciated, massive, and vein ore bodies
that are spatially and temporally associated with dior-
itic subvolcanic intrusions, probably related to back-arc
extensional tectonics®'.

The world’s largest and most famous IOA deposit
is the Palaeoproterozoic (~1.90-1.86 Ga) Kiirunavaara
deposit in the Kiruna Mining District, Norrbotten
region’>”. It contains more than 2,000 million tonnes
(Mt) of high-grade ore (50-70% Fe), dominated by mag-
netite, minor apatite and monazite, and is thought to
have formed in an arc-related extensional setting”~%.
The IOA deposits in the Grangesberg Mining District
in the Bergslagen region of central Sweden are tradi-
tionally grouped together with those of the Kiruna
region. The Gringesberg deposit was also formed dur-
ing the Palaeoproterozoic (~1.9-1.88 Ga), and contains
~421 Mt ore averaging 60% Fe, with dominant magnet-
ite, fluorapatite, monazite, xenotime and REE-silicates.
A subduction- or back-arc-related tectonic setting has
been proposed for its formation's"*.

The early Mesoproterozoic St Francois Mountains
terrane in southeast Missouri, USA, contains prom-
inent IOA mineralization, formed between ~1.50 and
1.44 Ga (REFS."*1-%). The IOA deposits®* are associated
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Box 1| Main characteristics of iron oxide-apatite deposits

Iron oxide-apatite (IOA)
deposits, also known as
Kiruna-type or magnetite—
apatite deposits, are
characterized by distinct
geological and mineralogical
features.

a El Laco

e They represent the Cu-poor
endmember of iron oxide—
copper—-gold (IOCQ) deposit
types, a geologically diverse
group of deposits containing
>10% low-Ti Fe oxides and
elevated contents of Cu, Au,
rare earth elements, P, U, Ag,
Co and V***.10A ore bodies
are often structurally
controlled and are dominantly
associated with volcanic and
intrusive rocks of intermediate
composition and calc-alkaline
affinity. Sodic and Ca-Na
hydrothermal alteration
and/or metasomatism are
widespread*’.

Strictly, IOA deposits are not
I0CGs but can share certain
commonalities with them,
including the abundance of
early-stage magnetite,
actinolite and apatite in many
I0CG deposits, and the
presence of late-stage pyrite,
chalcopyrite and gold in some
I0A deposits* 479, These
similarities suggest a genetic
relationship between IOA and
I0CG mineralization styles,
including the possibility that
they represent a continuum,
although mineralization is not
necessarily coeval®*".

¢ Los Colorados

Massive magnetite dikes

IOA deposits should not be confused with nelsonites, which are named
for the type locality Nelson, Virginia, USA. Nelsonites are dominated by
ilmenite with 30-50% modal apatite, and they do not contain magnetite.
Strictly, nelsonites are composed of ilmenite, although the term is often
loosely applied to deposits that contain Ti-rich magnetite, commonly
associated with anorthositic complexes (90-100% modal plagioclase)
and the upper parts of layered mafic intrusions?**>~%,

Magnetite is the main constituent of IOA deposits, with variable amounts
(1-50% modal) of apatite, actinolite and/or pyroxene. Other gangue
minerals that might be present include pyrite, biotite, scapolite, chlorite,
titanite, calcite and late quartz. Pyrite can occur as disseminated grains,
massive sulfide veins and veinlets associated with late magnetite and
actinolite; it is the dominant sulfide and can contain up to wt% levels of
cobalt*. Martite (haematite replacing magnetite) can be common.

e The size of |IOA deposits vary from those endowed with many
hundreds of million tonnes of Fe ore to smaller deposits containing

Massive magnetite flows

Diorite intrusive

Stockwork and
breccia zone

a few tens of million tonnes of Fe ore. They exhibit varied styles of
mineralization, which include massive tabular bodies, breccias, veins,
veinlets and stockworks, as well as disseminations and concordant
replacements in permeable volcanic and volcano-sedimentary host
rocksl7,41,42,44,46.

¢ The field photos illustrate three contrasting mineralization styles in the
Chilean Andes, one of the world’s premier IOA provinces (panels a—c
of the figure). The surface ore bodies at the Plio-Pleistocene El Laco
deposit® in the Chilean Altiplano form lava-like massive magnetite
deposits ($90% magnetite), and are representative of the subvolcanic
and/or aerial type® (panel a). At Carmen®, in the Cretaceous Chilean
Iron Belt, magnetite forms irregular ore bodies, breccias and veins, with
large apatite crystals (up to 50 cm), which are typical of the pegmatitic
type” (panel b). Deeply emplaced, intrusive-like systems such as the Los
Colorados deposit™ in the Chilean Iron Belt are often characterized by
kilometre-scale tabular massive magnetite bodies or dykes, with
stockwork and breccias? (panel c).

with bimodal volcanic sequences, some of which have
arc affinities, suggesting construction on juvenile con-
tinental crust in an arc setting that transitioned to an
extensional regime'”. Pea Ridge is the most important
IOA deposit in the district, with ~160 Mt of massive

magnetite ore (>50-60% Fe) crosscut by REE-bearing
breccia pipes'*#-2,

The Palaeozoic Bafq Mining District of central Iran
contains ~2,000 Mt of Fe ore reserves distributed among
dozens of high-grade (53-65% Fe) deposits; for example,
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Metasomatic replacement
Fluid-driven replacement
process of one mineral or a
mineral assemblage by another
of different composition, while
the rock remains solid.

Arc settings

Tectonic environments where
one oceanic plate subducts
beneath another oceanic plate,
or under a continental plate.
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Fig. 1| Spatial and temporal distribution of main iron oxide-apatite districts. Iron oxide-apatite (IOA) deposits are
distributed worldwide and have formed repeatedly over the history of the Earth, from the Palaeoproterozoic to the
Plio-Pleistocene. a | IOA deposits are typically related to subduction-related extensional tectonic settings. IOA deposits
(stars) can display spatial and temporal associations with iron oxide-copper—gold (IOCQ) systems (hexagons), a feature
most notably observed in the Andean province. Key deposits and districts are highlighted in bold. b | Temporal distribution
of large (>100 Mt) IOA deposits, including their relation to the supercontinent cycle (grey blocks). Ma, million years ago.
The bar colours match the symbols in a. The formation of key IOA districts is broadly coincident with the break-up of the
supercontinents Kenorland, Columbia, Rodinia and Gondwana*’. Panel b was adapted with permission from REF.*, Society
of Economic Geologists; using data from REFS 1419:45.466474.70,64.93,95,100,108,123.147,164

Chadormalu, Choghart, Esfordi and Chahgaz'®"*"%,
Magnetite is the most common ore mineral — often
oxidized to haematite — with abundant apatite and
actinolite”**. The IOA deposits of the Bafq region are
coeval with their Late Neoproterozoic to Early Cambrian
(~547-525Ma) andesitic and rhyolitic host rocks, which
formed in a continental arc environment®'*.

Large IOA deposits of Mesozoic to Cenozoic age
are located in the Andean Cordillera of western South
America. The Marcona deposit in Peru contains
~1,900 Mt of high-grade ore (55% Fe) and was formed
associated with an andesitic, shallow-marine arc during
the Late Jurassic (162-156 Ma)**'*". The largest deposits
in the Andean province are located in the Cretaceous
Chilean Iron Belt'***"!?, with pre-eminent deposits
such as Los Colorados (491 Mt, 36.5 wt% Fe)®!03-105]
El Romeral (451 Mt, 28.3% Fe)*>'°®!” and Cerro Negro
Norte (657.3 Mt, 29.7% Fe)'*®. In the Chilean Iron

Belt, IOA deposits consist of massive tabular magnet-
ite ore bodies with variable amounts of actinolite and
apatite, and were formed during the Early Cretaceous
(~130-110 Ma)*+4719%110 ywhen the South American
subduction zone transitioned from an arc-normal
extensional to an oblique transtensional regime''".

The youngest and most iconic member of the IOA
deposits is the Plio-Pleistocene El Laco deposit in the
Altiplano of northern Chile®'*'” (FIG. 1). El Laco is hosted
by volcanic products that range from 5.3 to 1.6 Ma
(REFS.">71%). The ore bodies are largely composed of
magnetite with minor diopside, apatite, REE-rich and
Fe phosphates, with a haematite-goethite supergene
alteration'”*”!'7-1"%, Resources have been estimated at
733.9 Mt with an average grade of 49.2% Fe'".

The global occurrence and age distribution of IOA
deposits indicate that they formed repeatedly through-
out Earth’s history, commonly related (but not limited)
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to extensional tectonic regimes in subduction settings,
and predominantly linked to calc-alkaline volcanic and
intrusive rocks of intermediate composition.

Formation conditions and source

Microanalytical investigations'***""1?*!?! and stable iso-
tope analyses®’*!%122123 of magnetite have proven key
to obtain reliable petrogenetic information on I0A
systems. Magnetite forms under a wide range of condi-
tions, from purely igneous to magmatic-hydrothermal,
metamorphic or sedimentary and basinal settings.
Physico-chemical parameters, such as temperature,
pressure and oxygen fugacity, typical of each formation
environment, lead to distinctive trace-element signa-
tures in magnetite. In addition, iron and oxygen (the two
essential components of magnetite) and their respective
isotope compositions provide robust constraints among
different sources for magmas and hydrothermal fluids.
Therefore, present knowledge about the formation of
IOA deposits is largely based on trace-element geo-
chemistry and the stable Fe-O isotope composition of
magnetite, which is the modally dominant mineral in
all IOA deposits.

Igneous to hydrothermal transition. The great diversity
of trace elements that can be incorporated into magnet-
ite, for example, Ti, V, Mg, Al, Mn, Co, Ni, Zn, Cr and
Ga, has made this mineral valuable for study because
of its capacity to record chemical gradients reflective of
melt-fluid composition and elemental partitioning
conditions'**~'*". Therefore, the trace-element geochem-
istry of magnetite and its genetic interpretation have
been extensively explored to differentiate among various
types of Fe mineralization'**-'*'. This approach has been
applied comprehensively in the Cretaceous Iron Belt
and El Laco deposit in Chile (FIC. 1). The low degrees
of deformation, metamorphism and alteration, and
high level of preservation make this region particularly
useful for genetic interpretations. Thus, trace-element
data of magnetite from Chilean deposits can be used as
a geochemical proxy for other IOA districts?»-6%10%132,
Among the many proposed trace-element dia-
grams”>!0>120125128 the [Ti+ V] versus [Al+ Mn] plot'
reveals geochemical trends for magnetite® (FIG. 2a;
with corresponding data compilation provided in
Supplementary Data). Magnetite data from IOA deposits
in the Chilean Iron Belt and El Laco spread over several
deposit-type fields, from purely igneous affinity defined
by high [Ti+ V] and [Al+ Mn] contents (magmatic
Fe-Ti, V deposits associated with anorthosites), through
high-temperature, magmatic-hydrothermal composi-
tions defined by intermediate contents of [Ti+ V] and
[Al+Mn] (porphyry, skarn and Kiruna deposits fields),
to lower-temperature hydrothermal affinities character-
ized by depleted concentrations of the aforementioned
element pairs (Kiruna and IOCG fields) (FIC. 2a).
Combined chemical mapping and spot analysis
of magnetite grains have provided more details on the
ore-forming conditions®™'***1%% (FIC. 2b). At the Los
Colorados IOA deposit in the Chilean Iron Belt, electron
microprobe analysis and laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) data show
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that high Ti and Mg contents, among other elements,
are ubiquitously concentrated in the cores of magnetite
grains (Mgt-1) (FIC. 2b), similarly to high-temperature
magnetite crystallized from a silicate magma*®*>10%1%,
Qualitatively, the systematic decrease in Ti and Mg from
core to rim (FIC. 2Db) is distinctive of magnetite that was
precipitated from magmatic-hydrothermal fluids of high
to intermediate temperature (Mgt-2 and Mgt-3)*¢5%10%130,
The magnetite crystallization temperature can be quali-
tatively estimated at the grain scale using the Mg and Fe
concentration (T, ). Temperatures for magnetite in
the Los Colorados deposit configure a cooling trend in the
[Ti+V]vs [Al+Mn] plot, with magnetite cores displaying
the highest temperature conditions (T, ,~800-630°C),
followed by mantles recording intermediate tempera-
tures (T, ,~730-550°C) and rims showing the lowest
temperatures (T, ;~650-530°C) (FIG. 2a). Although the
reader should note that the application of T, ,,,, to hydro-
thermal magnetite is limited by the geothermometer cali-
bration and by the potential presence of Mg-Fe-bearing
nanoscale inclusions'**~'*, the Ty, ... geothermometer
consistently yields igneous temperatures in primary mag-
netite and subsolidus temperatures (<600 °C) in hydro-
thermal magnetite'”’. Thus, the Ty, . has a potential
application in igneous or hydrothermally altered rocks
where conventional thermometers are not appropriate'**.
Assuch, T, ., dataare discussed here as a proxy for tem-
perature in IOA systems, and compared to temperature
estimations based on fluid inclusion and stable isotope
thermometry, among other methods.

It should be noted that despite concerns about
the use of trace-element data to estimate condi-
tions of magnetite formation, and potential effects of
post-crystallization processes that might modify the
original composition'*""*, magnetite data in IOA sys-
tems usually form a distinctive cooling trend from igne-
ous to hydrothermal signatures (FIG. 2a,b). This trend,
exemplified here for magnetite from Chilean deposits,
is documented in many IOA districts worldwide, for
example, in deposits from Missouri, USA*, in Luzong,
eastern China'”, in Kiruna, northern Sweden'", and
in Bafq, Iran®*'"". Similar compositional variations are
also observed in coeval apatite, where early formed,
igneous-like (F-rich) apatite compositions transition
or are altered to late, Cl-rich varieties that are typical of
hydrothermal environments'*>"%!",

Temperature and relative depth of formation. The
documented transition from igneous to magmatic—
hydrothermal conditions is a first-order feature of IOA
systems (FIC. 2a,b), suggesting that temperature is a criti-
cal parameter controlling mineralization. Precise deter-
mination of mineralization temperatures in IOA deposits
has been hindered by the scarce presence of quartz
amenable to fluid inclusion microthermometry, particu-
larly in the high-temperature Na-Ca alteration assem-
blages. Therefore, reported temperature estimations
are based on data obtained from fluid inclusions’'**-"+
in other phases including apatite, actinolite, pyrox-
ene, anhydrite and calcite''>*""*%, mineral inclusions
in apatite and magnetite®>'"”1%!* magnetite-ilmenite
pairs''®""’, Fe content in actinolite®'"”"*>*!, and oxygen
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< Fig. 2 | Temperature and depth conditions of magnetite formation. Geochemical

trends of magnetite point to a magmatic—hydrothermal origin for iron oxide—apatite
(IOA) deposits. a| The [Ti+ V] versus [Al+ Mn] diagram'*° shows a compilation of electron
microprobe analyses (EMPA) of magnetite from the Chilean Iron Belt and El Laco deposit
(grey points; data from REFS.14200.103.107.108132: and provided in the Supplementary Data).
Magnetite data for the Los Colorados deposit (coloured diamonds) configure a well-
defined trend of decreasing [Ti+ V] and [Al+ Mn] concentrations. Estimated tempera-
tures, obtained for each texturally controlled data point using Mg concentrations in
magnetite'**, configure a cooling trend from igneous to magmatic-hydrothermal condi-
tions, represented by the arrow (T, > Ty, > Tyges)- b | Compositional variations of mag-
netite at the mineral grain scale. The upper left image shows a back-scattered electron
(BSE) image of a representative magnetite grain from the Los Colorados deposit. The
other three panels show Fe, Ti and Mg wavelength-dispersive spectrometry (WDS) X-ray
maps of the same grain. WDS maps show that magnetite exhibits a distinct zonation in
composition and temperature, with higher contents of Ti and Mg in the core (Mgt-1),
which decrease towards the mantle (Mgt-2) and rim (Mgt-3) (see panel a). ¢ | Thermal
evolution and relative depth of emplacement of IOA deposits, using estimated tempera-
tures from the Mg-in-magnetite data’"'** for deposits in the Chilean Iron Belt and El Laco.
For each deposit, coloured data diamonds show individual temperatures while the stars
represent the average temperature for each deposit (pink stars) and the different textural
types, from the earliest- to the latest-formed (yellow stars, from Mgt-1,-2,-3,-4). The
arrow above the figure shows the temperature range of magnetite formation determined
from mineral equilibria, stable isotope data and fluid inclusion thermometry (see text for
references). T, .., data are £50°C. d | The cooling trend broadly correlates with the rela-
tive depth of ore formation, with intrusive-like deposits (Los Colorados, El Romeral) hav-
ing magmatic—hydrothermal characteristics and higher temperatures. Deposits formed
at shallower levels show progressively lower temperatures and hydrothermal- or pegmatitic-
like features (Cerro Negro Norte, Carmen, Fresia, Mariela). The El Laco deposit represents
an eruptive (subvolcanic to aerial) endmember. BIF, banded iron formation; IOCG, iron
oxide—copper—gold; LA-ICP-MS, laser ablation inductively coupled plasma mass spec-
trometry. Panels a and b adapted with permission from REF.*°, Geological Society of
America. Panel ¢ modified from REF.?!, CC BY 4.0. Panel d adapted with permission from
REF.”, Elsevier.

isotope thermometry'?»'**>, These methods yield
temperatures between ~1,000 and 300°C.

Temperature estimates using trace-element data in
magnetite'”’ from Chilean IOA deposits overlap those
obtained by these other methods, spanning almost the
whole igneous-hydrothermal spectrum; for example,
from ~1,000 to 300°C (FIC. 2¢). The temperature data
consistently record igneous and subsolidus conditions'*
that match those determined by mineral equilibria,
stable isotope and fluid inclusion results cited above.
Notwithstanding this, more research and experiments
are needed to closely examine temperature and other
intensive variables in IOA systems, which could have
an impact on elemental partitioning in magnetite at the
igneous-hydrothermal transition.

When magnetite temperature data are compared
among deposits formed at different depths or structural
levels within the Chilean Iron Belt and El Laco?), it is
observed that the deeply emplaced, intrusive-type Los
Colorados deposit records the highest temperatures,
mostly ranging between ~850 and 500 °C, whereas
the transitional-type El Romeral deposit is character-
ized by intermediate temperatures (~780-340 °C), fol-
lowed by lower temperatures in the hydrothermal-type
Cerro Negro Norte deposit (~700-320°C) (FIC. 2c). The
pegmatitic-type deposits of Mariela, Fresia and Carmen
yield similarly lower temperatures (~750-360 °C), while
the subvolcanic or aerial-type deposit of El Laco shows
a broad range of temperature (~900-359 °C) that tails
off towards lower temperatures (~400-350°C) (FIC. 2¢).
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Interestingly, this qualitative trend of decreasing temper-
ature is also observed for magnetite from different depths
within individual deposits. For example, estimated
temperatures for the El Romeral and El Laco deposits
decrease from the deep zone to shallow levels (FIC. 2¢).

Estimated temperatures can be coupled with micro-
textural observations and trace-element data to assess
temporality and reconstruct the thermal evolution of
magnetite within individual deposits®. Notably, tem-
peratures recorded in early magnetite are consistently
higher than paragenetically late generations in most
deposits, with temperatures configuring a cooling trend
from the earliest to the latest magnetite generation
(for example, Ty > Ty 5> Thiges) (FIG. 20).

The distinct cooling trend in FIC. 2¢ broadly corre-
sponds with the relative depth of formation or structural
level of emplacement of the ore bodies (FIG. 2d). Depth
of emplacement for IOA deposits is estimated at 3-5km
(~100-200 MPa) based on geological observations
and mineral zonation'”'**, geophysical imaging'**'"’,
phase equilibria of ore assemblages*>'°"'%!*! and
depth of crystallization of plutons associated with
mineralization®''"'*%, These estimations indicate that
the observed changes in chemical composition and tem-
perature of magnetite are likely to reflect evolving con-
ditions, from purely igneous at depth to hydrothermal
at shallow levels*»*"*,

Consequently, deposits emplaced at considerable
depth often display dominantly magmatic-hydrothermal
characteristics and high temperatures, whereas depos-
its formed at shallower depths show progressively
lower temperatures and hydrothermal characteristics
(FIG. 2d). These apparent differences also depend on
the structural architecture, the composition of the host
rocks, and the source and flux rate of hydrothermal
fluids, among other factors**’®. Although the tempera-
ture versus relative depth trends are discussed here for
deposits in the Andean province, this relation has been
described in many other IOA districts worldwide'®'*7%.
For example, in the Missouri district, metal endow-
ments and ore mineral and alteration assemblages vary
systematically with depth, with IOA systems emplaced
at diverse crustal levels". Similar relations are observed
in the Pefia Colorada and Arrayanes IOA deposits in
Colima, Mexico, where differences in the pervasiveness
and abundance of alteration assemblages suggest distinct
differences in emplacement depth'”. In this scheme, EI
Laco deposit in the Chilean Altiplano would represent
an IOA system emplaced at shallow, subaerial levels
within a volcanic system'".

Magmatic source of Fe. Stable isotopes of Fe and O have
been critical to fingerprint the source reservoir(s) of the
Fe ore and hydrothermal ore fluids and have provided
new insights into the formation of IOA deposits®’*'*>!*3,
An advantageous approach involves correlating the
*Fe/**Fe isotope ratios, expressed as §*°Fe per mil (%o)
values'®, typically determined relative to the IRMM-14
reference material, with the oxygen system (**0/'°O) rep-
resented by 6O (%o) values relative to SMOW (standard
mean ocean water)'®'. Fe-O isotope correlations have
proven robust geochemical tracers for IOA systems

NATURE REVIEWS | EARTH & ENVIRONMENT



https://creativecommons.org/licenses/by/4.0/

REVIEWS

Magnetite 6°°Fe in (%o)

1.0 (@~ mm e oo ‘
;Q ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . Orthomagmatic .
} Common | magnetites |
08— - | igneous |
i Hydrothermal precipitation | magnetites | Layered !
. and replacement " ) oo intrusions |
06 I Chilean iron! 7S !
T : belt g 1
. ElLaco 33 Grangesberg P !
0.4 (altered) r ! Pea Ridge and |
i / / 0.0 Pilot Knob |
02l ‘/// O\.% OBafqv;" 1
i Gréangesberg @) li Kir.una 3
oi{veinand disseminated) g ... -
3 Low-T hydrothermal 3 Volcanic
' formation ! reference
-0.2 I
04| 4 .
i V'S 3 Low-T hydrothermal
06 _________________L7 _____. magnetite
-08 \ \ \ \ I \ I I \ I I \
-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7

Magnetite 6'30 (%)

Fig. 3 | Metal source of IOA deposits. Fe-O isotope data allow one to fingerprint the
source reservoir(s) of the Fe ore. §*%0 versus §°°Fe values of magnetite from deposits

in Kiruna, Gréngesberg, Bafq, Missouri, Chilean Iron Belt and El Laco are plotted and
contoured as coloured fields that correlate with those in FIC. 1 (data from REF.').

Eighty per cent of the Fe—O data lie within the reference boxes of common igneous
(short-dashed line) and orthomagmatic magnetite, indicating a predominantly magmatic,
high-temperature origin'*’. Only 20% of the Fe-O data overlap with reference boxes

of hydrothermal precipitation and replacement and low-temperature hydrothermal
formation'”’. §'*0 and &°°Fe values are relative to SMOW and IRMM-14 standards,
respectively. Figure modified from REF.'*, CC BY 4.0.

given the overall chemically resistant nature of magnetite
when occurring as massive ore bodies, although super-
gene alteration can modify the isotopic composition due
to OXidationll&lZZ,IZ},lﬁl.

The 60 values of magnetite from IOA deposits in
Sweden, Chile, Missouri and Iran range mostly between
~0%o and +5%o, which are consistent with data for igne-
ous magnetite from plutonic and volcanic reference
materials™>'?>'% (FIC. 3). Isotope fractionation calculations
indicate that the §"%O signature of the massive magnetite
ore bodies reflect equilibrium either with an intermedi-
ate magma (6"*O between +5.7%o and +8.7%o) or a mag-
matically derived high-temperature aqueous fluid (6O
between +5.2%o and +9.6%o), although discriminat-
ing between these two possible sources is challenging’'*.
By contrast, the lighter signatures (60 <0%o) mostly
correspond to veins and disseminated magnetite or
highly altered or oxidized magnetite®®’>!'%!2>!23 which
are not in equilibrium with magmatic sources but over-
lap with low-temperature and hydrothermal magnetite
reference materials'”. These variations in isotope sig-
natures are indicative of precipitation from a cooling
magmatic-hydrothermal fluid or from externally derived,
low-temperature hydrothermal fluids"*'* (FIC. 3).

Iron isotopes in magnetite show a narrow and con-
sistent range of 6°°Fe values, mostly from about +0.1%o
to +0.5%0'"*1?%12* (FIG. ). As with §'®0 data, the pub-
lished §°*°Fe values of magnetite from IOA deposits
overlap with the magmatic and/or high-temperature

field, indicating crystallization from a silicate melt or
a magmatic-hydrothermal fluid*#%19+1'%1>>123 Tron iso-
tope equilibrium calculations for the same magnetite
samples where oxygen isotope data are available''*'?>>*
yielded 6*Fe values typical of silicate melts (+0.08%o to
+0.38%o0) and magmatic-hydrothermal fluids (—0.13%o
to +0.17%o), and are in agreement with reported §*Fe
values of intermediate igneous rocks and magmatic
waters'”. Analyses coupling in situ Fe isotope data and
trace-element concentrations in magnetite indicate an
igneous or magmatic-hydrothermal origin, with grains
exhibiting a distinct core-to-rim trend, from higher
toward lower §°°Fe signatures'®’. The narrow range
of §°°Fe data and the absence of negative values typical of
hydrothermal magnetite reference materials attest to
the robustness of Fe isotopes, whereas O isotopes are
more susceptible to post-crystallization alteration or
oxidation (FIG. 3).

Global Fe-O isotope correlations allow a systematic
evaluation of the magmatic-hydrothermal nature of
IOA deposits'”. Almost 80% of magnetite data from
the most relevant IOA districts worldwide show §*°Fe
and "0 values that overlap with plutonic and volcanic
reference materials, reflecting equilibrium with either
an intermediate silicate melt or a high-temperature
(>800°C) magmatic-hydrothermal fluid'*. By contrast,
only ~20% of the magnetite Fe-O data in the studied
deposits overlap with reference suites of hydrothermal
magnetite and appear in equilibrium with hydrothermal
fluids at temperatures <400 °C (REF.'”). These results are
in agreement with radiogenic and stable isotope data
obtained from apatite, zircon and magnetite related to
IOA ore bodies, and from intrusive and host rocks asso-
ciated with IOA mineralization*-*"7?°!. Collectively,
the Sr, Nd, Hf, Pb, Os, Mg and S isotope data finger-
print a magmatic source with a predominant primitive,
mantle-like component with variable but limited crustal
Contributionl()8—ll(),lS(),l(vS,l(\-l.

The available magnetite trace-element and Fe-O
isotope data are therefore consistent with a magmatic—
hydrothermal origin for IOA deposits, pointing to
intermediate magmas and/or magmatically derived
high-temperature aqueous fluids as agents of
mineralization.

Iron-enrichment processes

Despite their unambiguous magmatic-hydrothermal
origin, the processes required to form IOA deposits
are still poorly understood. There are many questions
that remain open, including the triggers for a magmatic
system to efficiently concentrate magnetite to form an
IOA deposit, the processes during magmatism that can
produce these deposit types, and the primary factors
that lead to the formation of large-tonnage IOA depos-
its. Experiments and thermodynamic modelling are
key to elucidating ore-forming processes, and it is the
insight from these results that is discussed in this section.
Investigations of multicomponent systems with precisely
controlled conditions, such as temperature, pressure,
oxygen fugacity and composition, are particularly rel-
evant as they provide reliable data necessary for obtain-
ing robust thermodynamic parameters of minerals and
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Liquidus phase

A crystalline phase that forms
first on cooling from a silicate
melt, at or below its liquidus
temperature.

aqueous species (such as ions, complex ions and mole-
cules). Based on such experiments, hypotheses of frac-
tionation and accumulation of elements including Fe, P
and REEs in IOA systems can be tested. Furthermore,
they allow reconstruction of the source composition of
melts and hydrothermal fluids, and estimation of the
physico-chemical parameters relevant to ore precip-
itation. By contrast, thermodynamic models provide
a unique method to combine data and results from
experiments to make quantitative predictions about
ore-forming processes leading to Fe enrichment in IOA
systems.

Liquid immiscibility. Liquid immiscibility and sepa-
ration of an Fe-P melt or pure Fe oxide melt has been
invoked since the 1960s to explain the formation of
IOA deposits. In the magmatic immiscibility model, an
oxidized Fe-P-rich melt and a conjugate Si-rich melt
are formed, with the subsequent intrusion and crys-
tallization of the Fe-P-rich melt within upper crustal
levels'>'”?-, These processes are still debated, and
other possible orthomagmatic mechanisms involve
fractional crystallization and accumulation of Fe oxides
from an evolved melt, as reported in layered mafic
intrusions™*>~,

Experiments show that a phosphatic Fe-oxide melt
can coexist as immiscible oxide liquids with shosho-
nitic melts at 900 °C and 1 GPa in the presence of car-
bonic vapour, magnetite and quartz; both will also
form anhydrous liquids at 1,080°C and 101 kPa (REF.").
Furthermore, experimentally produced immiscible
melts can be highly enriched in Fe and P (33 wt% FeO,,,
39wt% P,0,) + Ca (~18 wt% FeO,, ~25wt% P,0,,
~30wt% CaO), and strongly depleted in Si (<5 wt%
Si0,)* (FIG. 4a,b). Similar immiscible Fe-P melts
have been produced in experimental investigations
at temperatures from above 1,100 °C down to 600°C, at
400 MPa (REF*).

Some experimentally produced Fe-P-rich immiscible
liquids might result in mineral assemblages similar to
those found in some IOA deposits, such as actinolite-rich
dykes and apatite-rich veins. However, these melts are in
equilibrium with rhyolitic conjugates and are produced
under rather oxidizing conditions (~fayalite-magnetite—
quartz mineral buffer (FMQ) +3.3). Most importantly,
water preferentially partitions into the conjugate silicate
melt”, which might preclude the buoyant ascent of the
dense Fe-P melt'”.

Yet, despite these constraints, liquid immiscibility
cannot be completely ruled out as a mechanism for IOA
formation, and further investigation is needed. Evidence
that processes of assimilation, anatexis and immisci-
bility of carbonate-sulfate melts could be relevant to
explain the formation of some IOA deposits has been
found'>'*. For example, fluid inclusion data from the
Buena Vista and Iron Springs deposits in the southwest-
ern United States and El Laco in Chile are interpreted
as indicating the presence of Fe-rich carbonate-sulfate
melts. These occurrences are clearly unusual and require
further study to evaluate the assimilation and immisci-
bility hypothesis. At El Laco, evidence is still missing,
as no carbonate or evaporite rocks occur at the El Laco
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volcanic complex'*''%, and stable isotope data unam-
biguously show the fingerprint of a magmatic source,
precluding assimilation of evaporites'*'#. Furthermore,
mass balance calculations are needed to quantitatively
evaluate whether assimilation, anatexis and immiscibility
are viable mechanisms to form a large IOA deposit.

Hence, available information suggests that liquid
immiscibility and formation of Fe-P (Ca) or sulfate—
carbonate melts might occur on a limited scale in nature,
accounting for small IOA occurrences, but probably
not to produce mega- to gigatonne-scale Fe enrich-
ment, such as Kiruna, Los Colorados or any large IOA
deposit'®.

Flotation of igneous magnetite. In water-rich and
relatively oxidized arc magmas, magnetite is a
liquidus phase. It has been demonstrated experimentally
that bubbles of magmatic-hydrothermal fluid nucleate
on magnetite crystals with a high wetting angle, mak-
ing the crystal-bubble-melt configuration energetically
favourable'®'*”. The spatial association between mag-
netite crystals and fluid bubbles has been observed in
mafic enclaves erupted in magnetite-rich andesite lavas
in arc volcanoes'® and in pumice from early-erupted
rhyolites'®. Indeed, several experimental results have
presented evidence that water saturation is aided by
magnetite crystals, which reduce surface energy, trigger-
ing bubble nucleation on crystal surfaces during decom-
pression, owing to the larger wetting angles (y) between
fluids and oxide minerals (45-50°) when compared to
silicate minerals (5-25°)"7°""*. Decompression experi-
ments at geologically relevant magmatic conditions for
IOA systems have tested the efficiency of magnetite flo-
tation in a silicate magma'’*'”*. Results demonstrate that
bubble-magnetite pairs can rise relative to the surround-
ing silicate melt, because of both the low bulk viscosity
of the melt and bubble expansion, sweeping up more
magnetite crystals during their ascent (FIC. 4c—d).

In terms of IOA systems, experimental data'’*'”®
show that the attachment of fluid bubbles to magnet-
ite crystals could be a viable mechanism to segregate Fe
from an intermediate silicate magma. In addition, the
experiments'”* also demonstrate that ascending bubble-
magnetite pairs coalescence and accumulate in an upper
layer that grows during re-equilibration. Thus, further
nucleation, growth, coalescence and accumulation
of numerous bubble-magnetite pairs form a buoyant
magnetite-rich hypersaline suspension on top of the
magma chamber, which further becomes Fe-rich by
scavenging Fe from the silicate melt*>%.

This Fe-enrichment process is analogous to flo-
tation mechanisms like those used in industrial ore
processing'’®. Mass balance calculations® show its viabil-
ity to form a large IOA deposit such as the Los Colorados
deposit in Chile (~350 Mt Fe ore). For instance, incor-
poration of ~8 wt% igneous magnetite into the exsolved
magmatic-hydrothermal fluid phase would decrease
the magma volume required to produce ~350 Mt Fe ore
in a IOA deposit from ~100 km? to ~50km? (REFS.**%").
This volume is within the range of magma chambers in
arc volcanoes, usually from ~4 to 60 km* (REF."”’), and
is consistent with estimated caldera sizes (~30km?) of
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Fig. 4 | Experimental evidence of iron-enrichment processes. Experimental studies and thermodynamic modelling
are key to elucidate Fe enrichment processes in IOA systems. a,b | Experiments show evidence of liquid (liq) immiscibility
between Fe-rich (liq Fe and lig Fe-Ca-P) and Si-rich glass (liq Si). Back-scattered electron images show that magnetite
(Mgt) and/or apatite (Ap) are preferentially enclosed within the immiscible Fe-rich silicate glass. c,d | Decompression
experiments replicate the process of igneous magnetite flotation as a result of preferential attachment of exsolved fluid
bubbles onto magnetite crystals. Transmitted light images from the H,0 + Cl experiment after time t,=3 h reveal the
macroscopic ascent and buoyant separation of magnetite and fluid-bubble suspensions from the residual silicate melt
after decompression. e,f| Thermodynamic calculations show that the solubility of FeCl, in aqueous fluids is strongly
dependent on pressure conditions, for a given temperature range (~450-620 °C). Panel e shows that FeCl, in the aqueous
fluid decreases substantially with decreasing pressure. f| Model results indicate that magnetite precipitation is enhanced
by rapid decompression. Panels a and b adapted from REF.*, CC BY 4.0. Panels c and d adapted from REF.**, CC BY 4.0.

Panels e and f adapted with permission from REF.'”/, Elsevier.

subvolcanic or aerial IOA deposits such as El Laco in
Chile' and Cerro de Mercado in Mexico®.

Note that the magnetite flotation model depends on
factors that need further consideration: for example, the
Fe content of the parental magma at volatile exsolution,

cotectic proportions of magnetite in the melt, and phys-
ical transport aspects including mechanical entrainment
of other phases such as apatite. All these aspects must
be evaluated in more detail, as the model is depend-
ent on the ability of the parental melt to produce large
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amounts of magnetite. More research is needed to con-
strain the precise mechanisms and further assess the fea-
sibility of magnetite flotation in magmatic systems to
produce large-scale IOA deposits, including numerical
simulations of magma chamber processes.

Decompression of Fe-rich aqueous fluids. Experiments
have revealed that hydrothermal fluids sourced from sil-
icate magmas are enriched in Fe over a wide pressure-
temperature (P-T) range, and that the concentration
of Fe is proportional to the fluid Cl contents'”*'%,
Accordingly, FeCl, is expected to be the main Fe-bearing
complex in highly saline supercritical hydrothermal
fluids'”®, and the precipitation of magnetite from this
Fe-chloride complex occurs according to the reaction:

3 FeCl, o+ 4 H,0

=Fe;0, (y+ 6 HCl o+ H; (o)

Experimental data at 800 °C indicate that pressure
plays an important role in controlling magnetite solubility
in hydrothermal fluids'®'. These results are supported by
thermodynamic calculations'”’, which show that magnet-
ite solubility is strongly dependent on pressure, particu-
larly for temperatures between ~450 and 620 °C (FIC. 4e.f),
and considering a fluid salinity of 35wt% NaCl,, typical
of IOA systems'”. Moreover, the model results show that
the solubility of FeCl, in the hydrothermal fluid decreases
substantially with decreasing pressure (FIG. 4¢), triggering
magnetite precipitation. The model'”” also reveals that
magnetite precipitation efficiency is strongly influenced
by the decompression rate. For instance, ~50% more mag-
netite will precipitate from a FeCl,-bearing hydrothermal
fluid at 600°C and 100 MPa, compared with the amount
of magnetite precipitated at 120 MPa under the same
temperature (FIC. 4f). Therefore, rapid decompression of
a hydrothermal fluid with a given concentration of FeCl,
will improve magnetite precipitation efficiency. More
detailed thermodynamic models are needed to address
the effect of decompression on magnetite precipitation
from hydrothermal fluids. Furthermore, other variables
that promote (or inhibit) Fe transport in fluids and have
an impact on massive magnetite precipitation must be
explored, for example, redox conditions, presence of
other volatile species and ligands.

Experiments and thermodynamic calculations show
that magmatic-hydrothermal fluids could efficiently
scavenge Fe from magmas to form large IOA deposits.
Experimental evidence is in good agreement with min-
eralogical observations, trace-element data and Fe-O
isotope analyses of magnetite, supporting the hypoth-
esis that IOA deposits form from vapour-saturated
intermediate magmas as a result of a specific sequence
of ore-forming processes.

Towards an arc-applicable IOA model

The trace-element, isotopic and experimental data
reviewed here provide a scaffold for a conceptual model
that could unify the processes of IOA formation in sub-
duction zone environments (also called arcs) under a
common explanation. However, each deposit is likely
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to have many different magmatic and hydrothermal
processes at play, which could overprint one another in
multiple stages, making the initial formation conditions
difficult to constrain. The conceptual model summarized
in this section, which is largely based on REFS.**%*'%3, was
constructed to be independent of site-specific geologi-
cal attributes and attempts to unify characteristics that
are common across different IOA systems. It embodies
both the descriptive features and geochemical data of
IOA deposits (BOX 1 and FIGS. 1-3), and an explana-
tion of these characteristics in terms of Fe-enrichment
processes (FIG. 4). It must be stressed that the processes
of IOA formation will be far more complex than any
descriptive model can encompass, including those dis-
cussed here, and the community should continue to test
these hypotheses with further research.

Overview. The proposed conceptual model (FIC. 5)
invokes the sequential operation of three distinct
stages. The first relates to the crystallization of igneous
magnetite in intermediate silicic magmas, a process
that favours bubble nucleation (FIC. 5a). The following
stage involves growth, coalescence, and accumulation of
a fluid-magnetite suspension, as well as scavenging
of Fe from the silicate melt into highly saline fluids
(FIG. 5b). The third and final stage entails tapping of an
overpressured Fe-rich fluid reservoir, allowing high-
temperature magmatic-hydrothermal fluids to ascend,
precipitating hydrothermal magnetite upon cooling
(FIG. 5¢). These processes would require optimal
conditions for these steps to be met through a synergistic
combination of tectono-magmatic processes.

The optimal combination of tectono-magmatic pro-
cesses is broadly applicable in arc settings, which can also
accommodate geological variability within and among
mineralized IOA districts. However, it does not explain
observations in all types of magnetite-bearing deposits,
such as nelsonite-type mineralization in layered mafic
intrusions™~*, or IOA mineralization where anatec-
tic carbonate melting has been inferred'*. Therefore,
mechanisms involving the formation of immiscible
carbonate-sulfate melts generated by crustal anatexis
can also have a role in forming small magnetite—apatite
mineralization more commonly associated with skarn
systems and carbonatite pipes’>*’.

Magnetite crystallization and volatile exsolution. In vol-
canic arc settings, melting of the subarc mantle is the
ultimate source of intermediate magmas that pond in
the upper crust (FIG. 5). In these hydrous, oxidized ande-
sitic magma reservoirs, there is abundant evidence that
magnetite segregation is a common process'®’. Primary
igneous magnetite crystals form as a liquidus phase,
consistent with experimental phase equilibria of mafic
to intermediate silicate magmas'’*'"** (FIC. 4c,d). During
ascent and decompression of a magnetite-saturated
intermediate magma, the decrease in solubility of the
volatile components of the silicate melt (for example,
H,O or CO,) can drive the melt to fluid saturation
(FIG. 5a). This fluid saturation results in the formation
of fluid-bubble-magnetite pairs during decompression-
induced fluid exsolution'é*'”'”2, Magnetite segregation
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Fig. 5 | Possible modes of IOA deposit formation in a volcanic arc setting. Large iron oxide—apatite (IOA) deposits
could form at depths of aproximately 3-5km below the surface owing to an optimal combination of magmatic and
hydrothermal processes, associated with magmatic intrusions of intermediate composition. Insets show: a| Ascent and
decompression of a magnetite-saturated intermediate silicate melt could trigger fluid-bubble nucleation on igneous
magnetite crystals. This bubble nucleation prompts the formation of bubble-magnetite pairs that rise within the
magma chamber via positive buoyancy forces. b | The exsolved volatile phase efficiently scavenges Fe as FeCl, from

the surrounding silicate melt, forming a fluid—-magnetite suspension that accumulates on top of the magma chamber.

c | Tectonic stress changes could allow the fluid-magnetite suspension to separate from the host magma through struc-
turally enhanced pathways. The fluid-magnetite suspension would then be channelled upwards through structural
weaknesses, and simultaneously, the ore fluid could continue to ascend to shallow levels, precipitating hydrothermal
magnetite upon cooling. The hydrothermal ore fluid has the ability to transport Cu, Au, P, Co and rare earth elements,
which can precipitate iron oxide—copper—gold (IOCG)-type mineralization at shallow or distal levels due to cooling
and/or mixing with externally derived fluids. Additionally, magnetite mineralization might develop by settling into
cumulate layers in the magma reservoir, and/or by formation of immiscible carbonate—sulfate melts resulting from

assimilation of sedimentary rocks.

and volatile exsolution becomes more efficient owing
to multiple events of recharge, marked by the injec-
tion of pulses of basaltic magma into the hydrous
andesitic magma chamber'®, which can contribute to
both thermal rejuvenation and enrichment in metals,
chlorine and sulfur'®>'*¢. The magnetite budget of the
magma reservoir can be further increased by transfer of
micrometre- to nanometre-sized magnetite crystals and
bubbles of supercritical fluid from an underplating mafic

magma into the overlying andesitic reservoir (FIG. 5a).
Such open-system processes have been documented in
several arc volcanoes, including the Soufriere Hills vol-
cano in Montserrat'®, and the Lascar'¥” and El Laco®
volcanoes in the Chilean Altiplano.

Magnetite and fluid accumulation. The bubble-magnetite
pairs — which are fluid bubbles attached to magnet-
ite crystals — ascend within the magma chamber owing
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to positive buoyancy forces®”'*® (FIC. 5a). During decom-
pression, the fluid component of the bubble-magnetite
pairs expands and become even less dense, allowing the
bubbles to entrain more magnetite crystals (FIC. 5b).
The bubble-magnetite pairs coalesce and accumulate on
top of the magma chamber, forming a fluid-magnetite
suspension®. This process is supported by experimen-
tal data'’*'”°, which demonstrate that the attachment
on fluid bubbles is strong enough to efficiently float
magnetite in an intermediate silicate magma, as long
as the suspension contains <37vol% (or <65 wt%) of
magnetite crystals®, resulting in a positive buoyancy
(FIC. 4c,d). During ascent, the exsolved volatile phase
efficiently scavenges Fe from the surrounding silicate
melt, forming FeCl, (REFS."*"'*%) (FIG. 5b), as well as other
components and metals, for example, P, S, Cu, Au and
REEs. Therefore, the aqueous phase of the suspension
that accumulates on top of the magma chamber will be
metal-rich. The presence of micro- to nano-sized igne-
ous magnetite crystals in the magmatic-hydrothermal
fluid suspension is critical for efficiently extracting Fe
from a smaller body of intermediate magma, relative to
formation from a conventional orthomagmatic fluid.
Mass balance calculations® show that the incorporation
of only a small proportion of igneous magnetite in the
evolving ore fluid allows the formation of a IOA deposit
from a relatively small volume of magma, without
substantially depleting the silicate melt in Fe (REF.“).

It is important to note that the efficiency of the
magnetite—fluid accumulation process will be strongly
dependent on the volatile content of the magma, which
in turn depends on pressure and depth of emplacement.
Multiple lines of evidence show that magmas stored in
the mid to upper crust are commonly vapour-saturated
as a result of differentiation, protracted storage and
mafic magma recharge'”’. In a magma reservoir zoned
with respect to exsolved vapour, vapour-saturated crys-
tallization varies from ~6 wt% near the top (~150 MPa;
4-5km) to ~1 wt% exsolved vapour near the bottom
(~250 MPa; ~8-10km)'°. Therefore, formation of
magnetite-fluid suspensions might be a function of the
depth (pressure) of magma crystallization, among other
factors, with shallower magma chambers (less than
~5km deep) favouring accumulation efficiency. By con-
trast, in deeper magma chambers (>5km), conditions
for optimal buoyancy of the bubble-magnetite pairs
would not be met, and magnetite crystals would sink
forming cumulate layers™ at the bottom of the magma
reservoir (FIG. 5).

Tapping the metal-rich fluid reservoir. Accumulation of
the fluid-magnetite suspension on top of the magma
chamber leads to the formation of a metal-rich fluid
reservoir (FIG. 5b). Tectonic stress changes leading to
regional extension and/or concentric faulting related
to caldera subsidence'' might play a major role by tap-
ping this fluid reservoir, allowing the fluid—-magnetite
suspension to separate from the host magma through
structural focusing (FIC. 5¢). These structurally enhanced
conducts or pathways include faults, fractures, brecciated
host rocks, volcanic feeder zones and ring-fracture zones
in caldera systems'“*>*7%"!As the fluid-magnetite
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suspension ascends via dilatant structures, decompres-
sion and cooling lead to precipitation of hydrothermal
magnetite over primary igneous magnetite crystals,
which grow larger by sourcing Fe from the cooling
magmatic-hydrothermal fluid (FIC. 5¢). Simultaneously,
the hydrothermal fluid continues to ascend to shallow
levels transporting the remaining dissolved Fe, and later
precipitating Fe as veins, disseminations, or massive
patches of hydrothermal magnetite. This dissemination
is consistent with experimental data and solubility cal-
culations showing that rapid decompression of hydro-
thermal fluids favours magnetite precipitation (FIG. 4e,f).
The high Cl concentration reported in IOA-forming
hydrothermal fluids®>'%!'>*+1% not only enhances the
solubility of Fe, but also would increase the transport
efficiency of Cu, Au, P and REEs"">'**. Therefore, the
magmatic-hydrothermal ore fluid has the ability to
transport these elements vertically and laterally into
more distal zones, where they might precipitate IOCG-
type mineralization composed of Fe oxides, Cu and Fe
sulfides and phosphates by cooling'** and/or mixing with
externally derived fluids* (FIC. 5).

Summary and future perspectives

IOA deposits are globally distributed and formed from
the Palaeoproterozoic to the Plio-Pleistocene. Despite
their importance as a relevant source of Fe for modern
industry, IOA deposits remained relatively little studied
until the 2010s. Advances based in mineral chemistry,
geochemical data and experiments have shed light on
several previously unresolved questions, including how
magmatic activity is related to the formation of IOA
deposits, what role magmas have as a source of Fe and
other metals, and how magmatic-hydrothermal fluids
play a key role as agents of mineralization. The advances
summarized here provide a more detailed understand-
ing of the geological factors controlling the formation
of IOA deposits and provide a framework that could
help to further refine globally applicable models of IOA
formation.

Mineralization temperatures span almost the whole
igneous-hydrothermal spectrum, ranging from purely
magmatic (~1,000-800 °C), through late magmatic and
magmatic-hydrothermal (~800-600°C), to exclusively
hydrothermal (<600 °C). We suggest that externally
derived fluids such as basinal brines or meteoric waters
play only a limited role, and, instead, the formation of
large IOA deposits is intimately linked to intermediate
magmas and their exsolved high-temperature aqueous
fluids. These optimal conditions for IOA mineralization
are primarily met in subduction-related environments,
where high-fluxing of Cl-rich hydrous basalts results
from melting of the mantle wedge induced by fluids
derived from sediments and devolatisation of the sub-
ducting oceanic lithosphere. Crustal thinning in exten-
sional intra-arc and back-arc settings could allow magma
ascent into the upper crust, driving some intermediate
melts to become enriched in Fe by magmatic crystalliza-
tion and accumulation of magnetite. Volatile saturation
and formation of buoyant magnetite—fluid suspensions
could then rise and accumulate on top of magma cham-
bers, providing possible mechanisms of Fe enrichment.
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Fault tapping of this metal-rich fluid reservoir would
promote the rapid ascent of magmatic-hydrothermal
fluids and concomitant precipitation of hydrother-
mal magnetite, a key factor underpinning megatonne
to gigatonne-scale Fe enrichment. Additionally, other
processes such as fractional crystallization, assimilation,
anatexis and liquid immiscibility could account for some
IOA-type mineralization occurrences. IOA deposits are
highly complex, and each deposit has unique charac-
teristics, indicating that many different magmatic and
hydrothermal processes are likely to be at play, and no
overall conceptual model could account for all of these
individual features.

Ultimately, the processes required to form IOA
deposits are poorly understood, and many fundamen-
tal questions remain. Perhaps the key question is what
drives a magmatic system to efficiently concentrate
magnetite to form an economic IOA deposit. There is
abundant evidence that magnetite segregation is a com-
mon process in arc magmas'®>"”"" and in layered mafic—
ultramafic intrusions'*>'*°. However, most of the time
the optimal conditions for massive magnetite accumu-
lation are not met. Therefore, future work should target
both fertile and barren mafic-intermediate magmatic
suites to unravel the distinctive signatures diagnostic
of metallogenic fertility. Research on this topic should
combine petrological results of intrusive rocks coeval
with JOA mineralization, including trace-element anal-
yses and radiogenic and stable isotope determinations
in whole-rock samples and accesory minerals such as
zircon and apatite. These data, aimed at monitoring the
evolution of the magmatic system, will provide relevant
information to fingerprint the parental magma compo-
sition and crystallization conditions optimal for mag-
netite accumulation (for example, temperature, pressure,
oxygen and sulfur fugacity). Additionally, mechanisms
of P, Ti,V, Co and REE enrichment will need to be eval-
uated in detail by conducting further experiments and
thermodynamic models.

Only a handful of researchers have explored the
potential petrotectonic controls on IOA mineraliza-
tion''""””. Their results combined geochronological and
geochemical data of intrusive rocks within the Mesozoic
Coastal Cordillera of northern Chile, recognizing sev-
eral plutonic episodes, some of which are associated
with IOA, IOCG and/or porphyry mineralization.
A complex interplay between mantle, crust, slab and
sediment contributions was recognized, and further
research is needed to link secular changes in magma-
tism and (for example) crustal thickness, to periods
of IOA deposit formation. Based on the global spatial
and temporal distribution of IOA deposits, it is likely
that the conditions of maximum efficiency to form IOA
deposits are attained in more immature arcs such as
the Coastal Cordillera of Chile during the Cretaceous,
where the crust was thinner (<35-40km)'!"! and mafic
magma fluxes were more frequent. Nevertheless, IOA
deposits also form in thick crust environments (>40 km)
and associated with more evolved magmatism, such as
El Laco deposit in the Central Andes'. Therefore, it
is critical to determine how crustal thickness influences
melting rate and melting depth and ultimately affects

the metallogenic fertility of intrusions related to IOA
deposits, as has been identified for other magmatic—
hydrothermal mineral systems such as porphyry Cu
deposits'*. Such efforts should be complemented by
detailed research documenting the style, character and
timing of deformation phases, and their importance for
fluid flow and mineralizing events in volcanic plumbing
SystemST&I‘)‘),Z(]().

A relevant parameter that needs to be determined
is the depth of emplacement of IOA deposits, which
remains poorly constrained. At present, only broad esti-
mations are available, indicating approximate depths
of formation of 3-5km (~100-200 MPa)!0%10%111156.15
Thus, efforts should be made to determine palaecodepth
from mineral barometers in intrusive rocks associated
with IOA mineralization®”"*", in addition to structural
measurements to assess the level of emplacement of IOA
deposits in complexly deformed areas’™. As decompres-
sion is a key variable controlling magnetite—fluid segre-
gation in silicate magmas, characterization of volatiles in
natural samples including melt inclusion analyses must
be complemented with additional experimental data,
thermodynamic models and computer simulations of
magma outgassing events”>*"*, Integration of these data
will be helpful to identify magma chamber processes
that lead to optimal accumulation of igneous magnetite,
a critical step to form IOA deposits.

The metal and non-metal content of magmatic-
hydrothermal fluids associated with IOA deposits
needs to be assessed in detail to determine their ore
potential. Very few compositional data are available for
ore-precipitating fluids in IOA systems compared to
other deposit types such as porphyries’”. Advances in
near-infrared microscopy allows fluid inclusion meas-
urements to be performed on opaque mineral phases
such as Fe oxides and pyrite’’**””. These analyses can
be carried out in combination with LA-ICP-MS anal-
yses of individual inclusions, opening opportunities for
direct study of ore-forming fluids in IOA systems. In
addition, mineral chemistry analyses can help bridging
this gap of information. Besides magnetite and apatite,
actinolite is ubiquitous in IOA deposits and bears great
potential for mineral chemistry and in situ isotope
results. Trace-element data for actinolite are sparse,
and microtextural and compositional variations might
provide further constraints on the ore-forming condi-
tions. Such analyses would allow coupling conditions of
actinolite formation in relation to magnetite and apa-
tite mineralization, and also identifying distinct pulses
of ore-forming fluids by using O-H stable isotope sys-
tematics. These analyses could further refine our under-
standing of the geological conditions propitious for [OA
formation and their linkage to IOCG systems.

We stress that future research must determine
whether IOA deposits are genetically related to IOCGs.
Observations in several districts worldwide have noted
a spatial relation between IOA and IOCG mineraliza-
tion styles, although Fe- and Cu-rich stages are not nec-
essarily coeval®*. Constraining the timing of Fe-rich
versus Cu-rich mineralization events in IOA-IOCG
systems must be achieved through a combination of
geochronological methods — for example, “Ar/*Ar

www.nature.com/natrevearthenviron



dating of actinolite and U-Pb dating of zircon, titanite,
apatite and magnetite
ical to better understand the duration and processes
that generate IOA-IOCG mineral systems, allowing
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