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Abstract
El Romeral is one of the largest iron oxide-apatite (IOA) deposits in the Coastal Cordillera of northern Chile. The Cerro Principal
magnetite ore body at El Romeral comprises massive magnetite intergrown with actinolite, with minor apatite, scapolite, and
sulfides (pyrite ± chalcopyrite). Several generations of magnetite were identified by using a combination of optical and electron
microscopy techniques. The main mineralization event is represented by zoned magnetite grains with inclusion-rich cores and
inclusion-poor rims, which form the massive magnetite ore body. This main magnetite stage was followed by two late hydro-
thermal events that are represented by magnetite veinlets that crosscut the massive ore body and by disseminated magnetite in the
andesite host rock and in the Romeral diorite. The sulfur stable isotope signature of the late hydrothermal sulfides indicates a
magmatic origin for sulfur (δ34S between − 0.8 and 2.9‰), in agreement with previous δ34S data reported for other Chilean IOA
and iron oxide-copper-gold deposits. New 40Ar/39Ar dating of actinolite associated with the main magnetite ore stage yielded
ages of ca. 128 Ma, concordant within error with a U-Pb zircon age for the Romeral diorite (129.0 ± 0.9 Ma; mean square
weighted deviation = 1.9, n = 28). The late hydrothermal magnetite-biotite mineralization is constrained at ca. 118 Ma by
40Ar/39Ar dating of secondary biotite. This potassic alteration is about 10 Ma younger than the main mineralization episode,
and it may be related to post-mineralization dikes that crosscut and remobilize Fe from the main magnetite ore body. These data
reveal a clear genetic association between magnetite ore formation, sulfide mineralization, and the diorite intrusion at El Romeral
(at ~ 129 Ma), followed by a late and more restricted stage of hydrothermal alteration associated with the emplacement of post-
ore dikes at ca. 118 Ma. Therefore, this new evidence supports a magmatic-hydrothermal model for the formation of IOA
deposits in the Chilean Iron Belt, where the magnetite mineralization was sourced from intermediate magmas during the first
Andean stage. In contrast, the beginning of the second Andean stage is characterized by shallow subduction and a compressive
regime, which is represented in the district by the emplacement of the Punta de Piedra granite-granodiorite batholith (100Ma) and
marks the end of iron oxide-apatite deposit formation in the area.
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Introduction

Iron oxide-apatite (IOA) deposits, also known as magnetite-
apatite or Kiruna-type deposits, are a major source of iron and
potentially of rare-earth elements (REEs). The genesis of these
deposits remains controversial, and both purelymagmatic pro-
cesses and hydrothermal replacement models have been pro-
posed to explain their origin. The magmatic hypothesis pro-
poses that the massive magnetite ore bodies are formed by a
Fe-rich immiscible melt that physically separates from its Si-
rich conjugate, ascends, and is emplaced with and/or within
volcanic sequences (Frutos and Oyarzún 1975; Nyström and
Henríquez 1994; Naslund et al. 2002). Hydrothermal replace-
ment models, on the other hand, involve exsolution of Fe-rich
magmatic-hydrothermal fluids from dioritic magmas followed
by metasomatic replacement/leaching of volcanic (andesite)
host rocks (Bookstrom 1977; Parak 1975; Ménard 1995;
Rhodes et al. 1999; Sillitoe and Burrows 2002). Amore recent
model merges these divergent processes into a single sequence
of magmatic-hydrothermal events that explains all character-
istic features of IOA deposits (Knipping et al. 2015a, b). This
model involves the flotation of buoyant, igneous magnetite-
fluid bubble aggregates that ascend and segregate within the
magmatic chamber in a process analogous to the mineral flo-
tation process used in extractive metallurgy. The growth and
accumulation of primary magnetite is followed by precipita-
tion of hydrothermal magnetite from Fe-rich fluids during
decompression, resulting in magnetite textures characterized
by core-to-rim zonation from igneous to magmatic-hydrother-
mal. The model proposed by Knipping et al. (2015a, b) in-
volves a genetic and temporal link between magnetite miner-
alization and diorite magma intrusion. These aspects are in-
vestigated here at the El Romeral iron oxide-apatite district in
northern Chile, where massive magnetite mineralization is
spatially associated with a dioritic intrusion.

The El Romeral iron mine is located 22 km north of La
Serena, at the southern edge of the Cretaceous Chilean Iron
Belt (CIB), which extends from ca. 26° to 30° lat. S in the
Coastal Cordillera of northern Chile (Fig. 1). El Romeral is
currently owned by Compañía Minera del Pacífico S.A.
(CMP) and is one of the largest IOA districts in Chile with
currently estimated resources of 451.1 Mt with 28.2% Fe
(CAP Minería 2015 annual report). The deposit was discov-
ered at the beginning of the twentieth century, but production
only started during the early 1960s. During the last decade,
mining has been intermittent due to variations of Fe ore prices.

Despite its importance, very few studies have been pub-
lished on El Romeral. Over nearly four decades, pioneering
studies by Bookstrom (1975, 1977) are the only published
reports that provide a detailed description of the geology of
the district and propose a hydrothermal origin for the magne-
tite ore bodies. In contrast, Alva-Valdivia et al. (2003), based
on petrographic and magnetic studies, suggested an origin

from iron-rich melts. In this contribution, we provide an up-
date on the geology of the deposit as well as new mineralog-
ical information and sulfur isotope data to better constrain the
genesis of the deposit. Most importantly, we present new
40Ar/39Ar and U-Pb zircon ages to determine the timing of
magnetite ore deposition and its possible relationship with
dioritic intrusions. The data reported here, coupled with recent
studies at the Los Colorados deposit (Fig. 1) within the same
metallogenic belt (Knipping et al. 2015a, b; Bilenker et al.
2016; Reich et al. 2016), provide further constraints on the
origin of Cretaceous IOA deposits in northern Chile.

948 Miner Deposita (2018) 53:947–966

Fig. 1 Map showing the location of iron oxide-apatite (IOA) and iron
oxide-copper-gold (IOCG) deposits in the Cretaceous Chilean Iron Belt,
spatially and temporally associated with the Atacama Fault System
(modified from Barra et al. 2017)



Geological setting

During Early Jurassic to Early Cretaceous times, the western
margin of Gondwana was characterized by an extensional
tectonic regime associated with the first Andean tectonic cycle
(Coira et al. 1982; Morata and Aguirre 2003). This tectonic
setting resulted in the development of two major
morphotectonic features: a trench-parallel magmatic arc asso-
ciated with shear zones, i.e., the Atacama Fault System (AFS),
and an eastern back-arc basin (Brown et al. 1993; Scheuber
1994). These features were formed by decoupling of an old
and cold oceanic plate with the continental margin (Charrier
et al. 2007) during the renewed subduction, caused by the
breakup of Gondwana (Jaillard et al. 1990).

The Central Andean iron oxide-copper-gold (IOCG) prov-
ince of northern Chile and southern Peru formed over a period
of ca. 65 Ma (Chen et al. 2013). The initial phase of IOCG
mineralization developed during the Middle Jurassic (165–
155 Ma), whereas the peak of IOCG-IOA formation occurred
during the mid-Cretaceous ca. 130–100 Ma (Oyarzún et al.
2003; Chen et al. 2013). In Peru, IOA and IOCG deposits
developed along the axis of the Jurassic-Cretaceous shallow-
marine volcanic arc and within the intra-arc Cañete basin
(Sillitoe 2003; Chen et al. 2013). Several large deposits have
been recognized in the Cañete basin including Raúl-
Condestable, Eliana, Monterrosas, Marcona-Mina Justa,
Cobrepampa, Pampa de Pongo, and Acarí (Sillitoe 2003;
Chen et al. 2010, 2013).

In Chile, several ore deposit types are spatially associated
with the AFS. The AFS is a major strike-slip fault system
formed during the Late Jurassic and is characterized by an
early stage with sinistral polarity (Jurassic to Early
Cretaceous), followed by dextral shearing (Late Cretaceous)
and final vertical displacements. These displacements were
caused by changes in the plate configuration and in the con-
vergence vector of the subducting plate (Scheuber and
Andriessen 1990). Mineral deposits associated with this >
1000-km-long fault system include stratabound Cu-(±Ag),
porphyry Cu-(Mo), IOCG, and more than 50 world-class
IOA deposits, which form part of what is known as the CIB
in the Coastal Cordillera of northern Chile (Fig. 1). These ore
deposits are mostly hosted in thick mafic-to-intermediate sub-
aerial volcanic units such as La Negra Formation (Middle to
Late Jurassic) or Punta del Cobre Formation (Late Jurassic to
Early Cretaceous). These units comprise a sequence of basalts,
basaltic-andesite, andesite and dacite lavas, tuffs, and lesser
sedimentary units that represent the Mesozoic magmatic arc.

Iron oxide-apatite deposits are characterized by the pres-
ence of massive magnetite ore bodies with actinolite and mi-
nor apatite (usually less than 1% modal), crosscut by late
hydrothermal actinolite and sulfide veinlets (mostly pyrite
with subordinate chalcopyrite), and diorite to granodiorite
dikes (Sillitoe 2003; Barra et al. 2017). The lateral extent of

these ore bodies can reach up to several tens of meters, and
they are usually discontinuous with massive magnetite grad-
ing to a breccia zone with magnetite clasts immersed in an
actinolite matrix, followed by an outer low-grade ore zone
with magnetite veinlets and disseminated magnetite grains in
andesite host rocks that are affected by a pervasive actinolite
alteration. In some IOA deposits, such as El Romeral, the ore
body is mylonitized in fault zones or shows fluidal textures.

Deposit geology

El Romeral is hosted by andesite lavas from the La Liga
Formation (Late Jurassic to Neocomian), a subunit of the
Agua Salada Volcanic Complex (Emparán and Pineda 2005).
This formation was intruded at the western margin of the dis-
trict by diorite intrusions fromLate Jurassic to Early Cretaceous
(U-Pb zircon age of 145 ± 4 Ma, Emparán and Pineda 2000)
and by the Cerro del Cobre batholith (Fig. 2), which comprises
Early Cretaceous (U-Pb zircon age of 126.5 ± 2.0Ma; Emparán
and Pineda 2000) monzogranitic to syenogranitic intrusions.
The Romeral diorite intruded the andesite host rocks (Figs. 2
and 3) of La Liga Formation and has been considered one of the
Late Jurassic-Early Cretaceous diorite intrusions (Emparán and
Pineda 2005); however, there are no published ages for these
intrusive rocks. Near the Romeral fault, both andesite and the
Romeral diorite are affected by pervasive silicification/
albitization (Figs. 2 and 4a). The La Liga Formation locally
displays minor epidote alteration (Fig. 4b). In the eastern part
of the studied area, the post-ore Punta de Piedra granite to
granodiorite batholith intruded the andesite sequences (Figs. 2
and 3). These intrusions reflect the Early Jurassic to Late
Cretaceous arc migration, which is also evidenced by extrusive
units such as the Agua Salada Complex (Early Jurassic-
Kimmeridgian), the Arqueros and the overlying Quebrada
Marquesa Formations (Kimmeridgian-Tithonian to Albian),
and the late Early Cretaceous Quebrada La Totora Beds
(Charrier et al. 2007). Additionally, NW to NNW-trending
pre-, syn-, and post-ore diorite to granodiorite dikes cut the
volcanic host rock (Fig. 2) and the Romeral diorite
(Bookstrom 1977). Pre-ore diorite dikes can be either iron-
enriched or iron-depleted, suggesting the existence of magmas
with different compositions before the formation of the deposit
(Bookstrom 1977). Syn-ore dikes display a diorite affinity with
accessory Ti-rich magnetite. Post-ore dikes have a more vari-
able composition from diorite to albite, quartz, or K-feldspar-
dominant intrusions. Bookstrom (1975) interpreted this compo-
sitional range as a strong differentiation after ore formation.

Mineralization at El Romeral is hosted by three main ore
bodies: Cerro Principal, Cerro Norte, and Extensión Sur
(Espinoza 2000) (Fig. 2). The largest is the Cerro Principal,
and it is characterized by a subvertical ore body with massive
magnetite and minor actinolite (Figs. 3 and 4c), an outer
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breccia zone with deformed magnetite clasts immersed in an
actinolite and scapolite matrix or intergrown with large actin-
olite crystals (Fig. 4d, e), and an outermost alteration halo with
fine-grained actinolite and disseminated magnetite in the an-
desite host rock. The Cerro Principal massive ore body has an
iron grade exceeding 60% Fe, whereas in the breccia zone, the
iron grade ranges between 22 and 45%. Additionally, a sec-
ondary iron event of magnetite veinlets crosscuts the Cerro
Principal magnetite ore body.

Cerro Norte and Extensión Sur are smaller, uneconomic
ore bodies located at the outer edge of the current pit (Fig.
2). Cerro Norte comprises the northernmost massive magne-
tite body and is characterized by low phosphorus and sulfur
contents. The ore body is parallel to the Romeral fault and is
crosscut by the East fault (Fig. 2). On the southern section of
El Romeral, the Extensión Sur mineralization comprises mas-
sive and brecciated magnetite with high contents of P (>
0.3%) and S (> 1%).
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Fig. 2 Geologic map of the El Romeral district showing major geologic units and the main ore bodies. Also shown is the location of the five drill cores
studied here and the position of cross section AA’ (modified from the CAP Minería report)



The El Romeral magnetite ore bodies were emplaced
along the sinistral NNW strike-slip Romeral Fault
System (RFS), which is part of the Romeral-La Silla
del Gobernador segment (Charrier et al. 2007), an ex-
tension of the Atacama Fault System (Figs. 1 and 2).
Brittle and ductile domains are described in fault zones,
represented by brecciated areas and by mylonite zones
or by foliated host rocks with predominant actinolite
crystals oriented along faults, respectively. Previous dat-
ing of these fault zones yielded ages between 115 ± 4
and 100 ± 2 Ma (K-Ar ages on biotite and whole rock,
and 40Ar/39Ar inverse isochron age, Emparán and
Pineda 2000, 2005). These ages represent the late basin
inversion episode caused by a change from a steep sub-
duction angle to a compressive or low-angle Andean-
type subduction (Maksaev 1990; Scheuber and
Andriessen 1990).

The Cerro Principal ore body is limited on the west-
ern side by the NNE dextral fault and on the eastern
side by the East fault (Fig. 2). This post-ore NNW
strike-slip fault has a 65°–70° SW dip and records an
early sinistral stage followed by a later dextral displace-
ment (Bookstrom 1977). Two additional minor fault sys-
tems are recognized in the mine pit, one with a NNW
direction similar to the East fault and the other with a
NE direction (Fig. 2). Both are dextral systems with
magnetite clasts immersed in an actinolite matrix with
minor scapolite and apatite.

Samples and methods

Five drill cores from El Romeral were selected for mapping
and sampling: three from the northern section (drill cores
PRP-0853, 500 m; PRP-0733, 432.4 m; DDH-5008
436.2 m), one from the central area (DDH-7501, 337.3 m),
and one from the southern section (PRP-0702, 400m) (Fig. 2).
Eighty-seven polished thin sections were studied using
reflected and transmitted light microscopy in order to charac-
terize the mineralogy of the deposit and to determine the para-
genetic sequence. Further mineral identification and charac-
terization were performed by using scanning electron micros-
copy (SEM) techniques. Additionally, two samples were se-
lected for 40Ar/39Ar dating (biotite sample URM-118t; actin-
olite sample URM-115t) and two samples for U-Pb zircon
dating: one from the Romeral diorite and the other from the
Punta de Piedra batholith in order to constrain the magmatic
history of the district and its connection with Fe
mineralization.

Scanning electron microscopy

SEM observations were performed at the Andean Geothermal
Center of Excellence (CEGA), Universidad de Chile in
Santiago, using a FEI Quanta 250 SEM equipped with sec-
ondary electron (SE), backscattered electron (BSE),
cathodoluminescence (CL), and X-ray energy-dispersive
spectrometry (EDS) detectors. An acceleration voltage of
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Fig. 3 Cross-section (AA’) of the Cuerpo Principal showing the geometry of the massive magnetite subvertical bodies and the relationship with the host
rock



20 kV and a beam current of 80 μA were used. Semi-
quantitative analyses were carried out on selected minerals
to confirm petrographic identification and on scapolite crys-
tals in order to discriminate between the different end mem-
bers of the group, i.e., meionite, marialite, or the (Ca, Na) solid
solution silvialite. The INCA software was used for measure-
ments and data processing.

40Ar/39Ar dating

Two samples were selected for 40Ar/39Ar dating from drill
core DDH-5008 (283537E/6708604N). Sample UMR-115t
(93 m a.s.l.) comprises massive magnetite intergrown with
centimeter-sized actinolite crystals. Sample URM-118t

(291 m a.s.l) corresponds to the Romeral diorite and contains
disseminated magnetite associated with secondary biotite.
Both samples were first studied under a petrographic micro-
scope in order to select unaltered minerals. Several actinolite
grains were handpicked from the crushed sample and split into
two subsamples, and about ten biotite crystals were selected
for analysis. The actinolite and biotite samples, as well as Fish
Canyon standard and Ca and K salts, were irradiated at the
Nuclear Research Center of La Reina, Santiago, Chile, and
later stored for 3 months in order to decrease sample activity.
The 40Ar/39Ar measurements were performed at the
SERNAGEOMIN Argon-Argon Laboratory in Santiago,
Chile, by using a Mass Analyzer Products (MAP) model
215-50 mass spectrometer with an electron multiplier
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Fig. 4 Drill-core samples from
the different units identified in the
El Romeral. a Romeral diorite
with pervasive silicification. b La
Liga andesite with minor epidote
alteration. c Massive magnetite
mineralization (magnetite I,
magnetite II) with minor
actinolite (actinolite I, actinolite
II). d Actinolite (actinolite II)
intergrown with magnetite
(magnetite I, magnetite II). e Fault
zones with mylonite magnetite
clasts (magnetite I, magnetite II)
immersed in a scapolite and
actinolite (actinolite II) matrix. f
Sulfide (pyrite III and
chalcopyrite III) breccia clasts in a
magnetite matrix (magnetite IV).
Mgt magnetite, Act actinolite,
Scp scapolite, Py pyrite, Ccp
chalcopyrite. See text for
discussion



(Johnston MM1-1SG), integrated CO2 laser, gas extraction
system (Merchantek MIR10-TP), and automated line com-
posed of one SAES ST-101 Zr-Al getter (450 °C) and two
SAES ST-172 Zr-V-Fe getters. Analyses of Ca and K salts
were used for correction of isotope interferences, and the
Fish Canyon standard was used for determination of the J-
factor. Data were reduced using the ArArCALC v2.4 software
(Koppers 2002).

U-Pb zircon dating

Two samples from intrusive rocks were selected for U-Pb
zircon dating in order to constrain the magmatic history in
the El Romeral district. Sample Rom-Gd was collected from
the Punta de Piedra granodiorite batholith, from an outcrop
located on the east side of the pit (284000E/6708000N; 161 m
a.s.l.), and sample ROM-109 from the Romeral diorite, at the
west margin of the main ore body (283480E/6711016N;
350 m a.s.l.). Sample preparation and analyses were per-
formed at the Sample Preparation Laboratory and at the
CEGA Isotope Geochemistry Lab at the Universidad de
Chile. Rock grinding was carried out by using first a jaw
crusher followed by a disc mill. Samples were sieved, and
the fraction smaller than 500 μm was collected. Heavy min-
eral fractions were concentrated using a Gemini water table,
followed by a Frantz isodynamic magnetic separator.
Subsequently, zircons were separated by using heavy liquids
(tetrabromomethane and/or methylene iodide decantation)
and final handpicking under a binocular microscope.
Approximately 50 zircon grains per sample were mounted in
epoxy resin with Plešovice (Sláma et al. 2008) and Temora2
(Black et al. 2004) standards. The sample-standard mount was
polished before analysis, and CL images of zircon crystals
were obtained by using a FEI Quanta 250 SEM coupled with
a Centaurus sensor. These images were used to assess zoning
and inherited components. Uranium-Pb dating was performed
by laser ablation multicollector inductively coupled plasma
mass spectrometry (LA MC-ICPMS). Analyses were con-
ducted on 30-μm-diameter spots using an Analyte G2 ArF
excimer laser ablation system with a 193 nm wavelength.
Ablated material was transported by a helium flux with a rate
of 0.5 LPM into a Neptune Plus MC-ICPMS. Measurements
were performed using the sample-bracketingmethod, and data
reduction and plots were carried out with Iolite (Paton et al.
2011) and Isoplot 4.0 (Ludwig 2010), respectively.

Stable isotopes of sulfur

Eight sulfide samples were collected for sulfur isotope analy-
sis: five from drill core PRP-0702, two from PRP-0853, and
one from DDH-5008 (Fig. 2). Style of mineralization and
depth were main criteria for sample selection. Samples
ROM-017 (79.50 m), ROM-018 (84.65 m), and ROM-023

(133.95 m) consist of minor magnetite and quartz in pyrite
veinlets. Samples ROM-019 (87.40 m) and ROM-020
(89.95 m) were collected from magnetite breccias with
euhedral pyrite clasts (Fig. 4f). Samples ROM-125
(215.85 m), ROM-139 (410.1 m), and ROM-177 (410.13 m)
were collected from the cataclastic zone and includemagnetite
and pyrite, with minor quantities of actinolite, chalcopyrite,
and apatite; sample ROM-177 (410.75 m) is an actinolite
veinlet with pyrite. All analyzed sulfide samples represent
the main sulfide event (event II) with pyrite III and/or chalco-
pyrite III. Mineral concentrates with > 99% pure pyrite were
obtained by crushing followed by handpicking under a binoc-
ular Olympus microscope. Mineral concentrates were ana-
lyzed at the Environmental Isotope Laboratory, Department
of Geosciences, University of Arizona, Tucson. A
continuous-flow isotope-ratio mass spectrometer (CF-IRMS)
ThermoQuest Finnigan Delta PlusXL model coupled with a
Costech elemental analyzer was used for sulfur isotope ratio
measurements. Before analyzing samples, concentrates were
introduced into a combustion chamber with O2 and V2O5

(Coleman and Moore 1978) obtaining an SO2 gas at
1030 °C, which is the analyzed product. The system was cal-
ibrated by using two international standards: OGS-1, which is
BaSO4, precipitated from seawater, and NBS123, a sphalerite
sample with a δ34S reported value of + 17.09‰ (NIST refer-
ence materials, https://www.nist.gov). A linear calibration
between − 10 and + 30‰ was performed, and a precision of
± 0.15 or 1σ was estimated by diverse internal standard
measurements (http://www.geo.arizona.edu/node/153).
Sulfur isotope data are reported in delta notation, where
δ34S = [[(34S/32S)sample − (34S/32S)standard)] / (

34S/32S)standard]
× 1000‰.

Results

Iron ore mineralogy

Mineralization at El Romeral comprises three ore bodies:
Cerro Principal, Cerro Norte, and Extensión Sur. Cerro
Norte and Extensión Sur are located at the outer northern
and southern edges of the pit, respectively (Fig. 2).
Production was developed around the Cerro Principal ore
body, which consists of subvertical massive magnetite (Figs.
3 and 4c) intergrown with large actinolite crystals (Figs. 4d
and 5a). Massive magnetite grades outward to a breccia or
mylonite near fault zones (Fig. 4e) and disseminated magne-
tite with actinolite and minor sulfides. Several granite to dio-
rite dikes cut the main ore body, and some of them are miner-
alized (Bookstrom 1977).

Three types of magnetite grains have been identified in the
massive magnetite ore body: an inclusion-rich magnetite
(magnetite I, Fig. 5b) mainly with quartz (I), oxide (ilmenite,
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rutile) and minor sulfide (pyrite I ± chalcopyrite I) inclusions,
and an inclusion-poor magnetite (magnetite II). A chemically
zoned magnetite (magnetite III) has also been recognized at
shallow levels in the deposit; however, its distribution is re-
stricted to outermost zones from the massive ore body at
depths < 100 m. Magnetite I was observed to be surrounded
by magnetite II. Ilmenite, rutile, and titanite patches are pres-
ent in magnetite II grains (Fig. 5c). Additionally, an assem-
blage of actinolite I, quartz II, and clinopyroxene was ob-
served in the interstices between magnetite II crystals. This
interstitial space can sometimes contain sulfides (pyrite II,
chalcopyrite II). A fourth type of magnetite (magnetite IV) is
observed as thin veinlets that crosscut the massive ore body
(Fig. 5d). A final spatially restricted event of magnetite min-
eralization (magnetite V) is observed as fine grains of magne-
tite associated with secondary biotite (Fig. 5e) in the andesite
host rock and in the Romeral diorite. Finally, disseminated
primary magnetite grains with ilmenite exsolution lamellae

(Fig. 5f) were identified in the andesite from La Liga
Formation. Description of each type of magnetite is shown
in Table 1.

Gangue mineralogy

The dominant hydrothermal alteration types in El Romeral
include silicification with minor albite and abundant actino-
lite. The former is observed as a widespread pre-ore and per-
vasive event (Figs. 4a and 6a) that affected the andesite host
rock and the Romeral diorite, proximal to the Romeral fault
zone, at the western margin of the deposit (Fig. 2). This alter-
ation was previously described as aplitization that affected the
actinolitized Romeral diorite after ore deposition (Bookstrom
1977). This author described six subzones with variable
amounts of quartz, plagioclase, and minor microcline.
However, this alteration is described here as pre-ore alteration,
where quartz is the dominant phase, along with subordinate
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Fig. 5 Photomicrographs (a, c–f)
and backscattered electron image
(b) of the magnetite ore event. a
Actinolite II intergrown with
magnetite II from the massive ore
bodies (transmitted light, CPL). b
Two major magnetite types:
inclusion-rich magnetite I, with
euhedral quartz I oriented
inclusions, and inclusion-poor
magnetite II. c Patches of ilmenite
and titanite, surrounded by rutile,
contained in magnetite II crystals
(reflected light, PPL). d
Magnetite IV veinlets
crosscutting the andesite host
rocks. e Secondary biotite with
magnetite type V (transmitted
light, PPL). f Primary magnetite
with ilmenite exsolution lamellae
(reflected light, PPL). Mgt
magnetite, Act actinolite, Qtz
quartz, Py pyrite, Ilm ilmenite,
Tnt titanite, Bt biotite



albite, and where oligoclase is found only as a primary and
accessory mineral of the diorite intrusion. No microcline was
observed in the studied samples. Actinolite is modally domi-
nant over quartz near the massive magnetite ore body. Two
forms of actinolite were identified: small (< 500 μm) actinolite
crystals (actinolite I) with quartz (quartz II) and clinopyroxene
within magnetite II crystals (Fig. 6b) and a second type that
corresponds to a later syn-ore crystallization of acicular to
tabular, centimeter-sized actinolite (actinolite II) grains (Fig.
5a). Actinolite II is usually observed at shallow levels and/or
at the margins of the magnetite ore body, and as an alteration
halo due to the crystallization of the massive magnetite.
Actinolite II has a fibrous to acicular habit and shows a pre-
ferred orientation in fault zones (Fig. 6c). Primary hornblende
crystals from the andesite host rock also display reaction rims
with actinolite, followed by chlorite replacement.

A late actinolite event (actinolite III) is present as the matrix
of magnetite breccias near fault zones and thin veinlets related
to sulfide mineralization, i.e., pyrite (pyrite III) with drop-
shaped chalcopyrite (chalcopyrite III; Fig. 6d) and pyrrhotite
inclusions (Fig. 6e). Chalcopyrite mineralization remains in
equilibrium at low-temperature conditions with disseminated
chlorite and with chlorite veinlets. This hydrothermal event
(Fig. 7) is also associated with Ca-rich fluids, where epidote
aggregates, calcite, and disseminated titanite were formed.
Titanite was observed as euhedral diamond-shaped crystals,
disseminated in the host rock or as anhedral crystals surround-
ing disseminated magnetite or ilmenite crystals.

Local massive cumulates of scapolite (< 1% modal) and
disseminated crystals or veinlets of apatite (< 1%modal) were
also observed as part of this hydrothermal event and crosscut
by sulfide veinlets (Fig. 7). The chemical composition of scap-
olite was semi-quantitatively determined using SEM-EDS,
with a predominance of Na over Ca within the Na-Ca-Cl-
scapolite solid solution.

Finally, hematite replaced magnetite (pseudomorphic re-
placement) at shallow levels (< 100 m) in the deposit, which
most likely resulted from weathering/supergene processes.
This event was also responsible for a minor, local copper

enrichment with chalcopyrite-bornite replaced by digenite
and covellite (Fig. 6f). The paragenetic sequence related to
the formation of iron ore bodies (pre-ore events are not
shown) is presented in Fig. 7.

Actinolite 40Ar/39Ar ages

In this study, two aliquots of an actinolite II sample
(sample URM-115t) were analyzed using a MAP 215-50
mass spectrometer (ESM Table 1, Fig. 8). Both analyses
(subsample URM-115t-01 and subsample URM-115t-02)
yielded consistent plateau ages with 100% of the Ar gas
released. Subsample URM-115t-01 has a plateau age of
127.7 ± 1.5 Ma (2σ) with a constant Ca/K and Cl/K ratio,
excluding the first and second steps for Ca and only the
first step for Cl. Higher 36Ar(Ca) contributions in steps 4,
6, and 7 are observed with 13, 14, and 37% of 36Ar,
respectively (ESM Table 1), which resulted in a relevant
Ca correction. The plateau age is identical within error to
the calculated inverse isochron age of 127.8 ± 1.8 Ma
(2σ), and the isochron intercept is consistent with the
40Ar/36Ar atmospheric ratio (295.2 ± 3.7). Subsample
URM-115t-02 yielded a plateau age of 126.5 ± 2.0 Ma,
which is concordant with the previous subsample.
Constant Ca/K and Cl/K ratios were obtained, excluding
the first, second, third, and final steps for Ca and only the
first step for Cl (ESM Table 1). Relevant Ca correction
was performed for the first step where a higher 36Ar(Ca)
contribution is observed (ESM Table 1). The calculated
age using the inverse isochron method (126.3 ± 2.1 Ma;
2σ) is consistent with the plateau age, and the isochron
intercept indicates an atmospheric contribution for the
40Ar/36Ar ratio (295.9 ± 3.0).

Hydrothermal biotite 40Ar/39Ar age

The stepwise heating technique was performed in eight steps
at a power range between 3 and 30 W. Six consecutive steps
comprise 95.3% of the released gas and yielded an age of

Table 1 Magnetite types observed in the El Romeral district

Magnetite type Main features

Type I Inclusion-rich magnetite with chalcopyrite, pyrite, oxides (ilmenite and rutile), and euhedral quartz inclusions, oriented along
crystallographic planes

Type II Inclusion-poor magnetite
Associated to actinolite I, quartz II, pyroxene, and sulfides (pyrite and chalcopyrite) which are trapped between magnetite

crystals
At the edges of massive magnetite ore bodies, it is in association with centimeter-sized actinolite (II)

Type III Inclusion-poor, chemically zoned magnetite
At local shallow zones from the massive ore bodies (< 100 m)

Type IV Thin magnetite veinlets (< 0.5 cm) that crosscut the massive magnetite ore bodies

Type V Magnetite and biotite aggregates, displayed as disseminated mineralization in the host rocks
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118.3 ± 0.2 Ma (Fig. 9). The 36Ar contribution produced by
Ca decay is negligible, demonstrating a low interference sig-
nal. The age determined by using the inverse isochron ap-
proach (118.5 ± 0.2 Ma) is consistent with the plateau age.
The initial 267.3 ± 2.9 ratio is significantly different to the
atmospheric ratio, possibly because most data points plot in
a cluster at low 36Ar/40Ar ratios resulting in a high uncertainty

in the upper intercept (Fig. 9). Results are reported in ESM
Table 2.

Zircon U-Pb ages

Zircon grains extracted from the Romeral diorite are pris-
matic, semi-transparent, colorless crystals, with a
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Fig. 6 Photomicrographs (a, c–f) and backscattered electron image (b) of
gangue and sulfide mineralization. a Pervasive silicification of the
andesite host rock (transmitted light, CPL). b Syn-ore actinolite I with
quartz II, both included in massive magnetite mineralization (magnetite
II). c Oriented actinolite II crystals located at fault zones (transmitted
light, CPL). d Two events of sulfide mineralization: (i) pyrite I and
chalcopyrite I contained in magnetite I and (ii) inclusions of

chalcopyrite III in pyrite III, surrounding magnetite I grains (reflected
light, PPL). e Chalcopyrite III and pyrrhotite composite inclusion in
pyrite III (reflected light). f Chalcopyrite III with bornite and later
covellite rims (reflected light, PPL). Qtz quartz, Act actinolite, Mgt
magnetite, Py pyrite, Ccp chalcopyrite, Po pyrrhotite, Bn bornite, Cv
covellite



maximum length of 200 μm. In general, besides the typical
igneous oscillatory zoning, zircons display local recrystal-
lization zones, suggesting late-magmatic processes where
impurities from unstable trace element-rich zones are ex-
pelled and then concentrated in trace element-rich convo-
lute zones, generating a homogeneous zircon domain
(Corfu et al. 2003). In order to avoid inaccurate results,
these areas of zircon grains were not analyzed. Zircons
extracted from the Punta de Piedra sample are clear, pris-
matic, and colorless and reach up to 300 μm in length. The
analyzed zircons show typical oscillatory zoning under
SEM-CL observation.

Zircon U-Pb ages are presented in ESM Tables 3 and
4, and Concordia, Tera-Wasserburg, and weighted aver-
age age plots are shown in Figs. 10 and 11 for the
Romeral diorite and the Punta de Piedra batholith, re-
spectively. The Romeral diorite sample yielded a
weighted average age of 129.0 ± 0.9 Ma (mean square
weighted deviation (MSWD) = 1.9, n = 28) (Fig. 10).
Calculated Th/U ratios range from 0.4 to 1.3, indicating
a magmatic origin for the zircons. The Concordia and
Tera-Wasserburg plots show that the analyses are con-
cordant. For the Punta de Piedra batholith (Fig. 2), a
weighted average age of 102.2 ± 2.0 Ma (MSWD = 5.3,
n = 12) was obtained (Fig. 11). The Th/U ratios of the
zircon grains range between 0.5 and 1.5, which is in
agreement with Th/U ratios for typical igneous zircons.

Sulfur isotope data

Sulfur stable isotope data of sulfides, described as part of a hy-
drothermal mineralization event (event II, Fig. 7), are listed in
ESM Table 5. Delta-34S values for seven pyrite samples range
from − 0.8 to 1.4‰with amean of 0.8‰ and amedian of 0.5‰.
A pyrite ± chalcopyrite (~ 30% chalcopyrite) concentrate
(sample ROM-139) shows a heavier sulfur isotopic composition,
with a δ34S value of 2.9‰. On the other hand, the two breccia
samples (samples ROM-019 and ROM-020) show a consistent
δ34S value of 0.5‰, in contrast with a more widespread δ34S
range for veinlets, with values between − 0.3 and 1.4‰. A large
range of δ34S values is also observed in mylonite samples (sam-
ples ROM-125 and ROM-139), where two measurements of −
0.8 and 2.9‰ were obtained (ESM Table 5). Finally, it is note-
worthy that no correlation is observed between the depth from
which sulfides were sampled in the deposit and δ34S values.

Discussion

Ore-forming processes and paragenetic sequence

The El Romeral ore comprises massive, brecciated, and
disseminated magnetite with actinolite and minor sulfides.
Five types of magnetite are identified (Figs. 5 and 6): (i) a
massive, inclusion-rich magnetite I with euhedral quartz I
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Fig. 7 Paragenetic sequence showing the two defined events: (i) a first event of massive magnetite ore formation with actinolite, quartz, pyroxene, and
minor sulfides and (ii) a second event characterized by magnetite and sulfides in veinlets associated with a calcic alteration. See text for discussion



inclusions (Fig. 5b) and minor chalcopyrite I and pyrite I;
(ii) inclusion-poor magnetite II with actinolite I, quartz II
(Fig. 6b), clinopyroxene, and minor chalcopyrite II and
pyrite II within interstitial spaces of subhedral magnetite
crystals (magnetite II is also related to large actinolite II
crystals present at the margins of the ore body; Fig. 5a);
(iii) a zoned magnetite; (iv) late magnetite veins (magnetite
IV; Fig. 5d), in some areas with sulfides or crosscut by
apatite veinlets (sulfide mineralization is also related to this
vein event, with abundant pyrite III, subordinate chalcopy-
rite III, and pyrrhotite associated with chlorite); and (v)
disseminated magnetite V with hydrothermal biotite (Fig.
5e). The first two magnetite types (i and ii) comprise the
main mineralization event (event I, Fig. 7), whereas mag-
netite III is poorly represented. Magnetite IVand magnetite
V are related to two distinct late hydrothermal episodes
(event II, Fig. 7).

Event I During the first, modally dominant mineralization
event, inclusion-rich magnetite cores crystallized. Magnetite I
contains chalcopyrite, pyrite, and euhedral quartz inclusions
(Fig. 5b). The latter are aligned along crystallographic planes
in the magnetite grain, suggesting an exsolution process at a
low cooling rate probably related to a magmatic event (Rojas
2017). Chalcopyrite is stable below 557 °C (Pankratz and King
1970) and pyrite below 770 °C at 100 MPa (Kullerud and
Yoder 1959). Hence, these sulfides are not stable at igneous
conditions, i.e., at temperatures ranging from 800 to 1000 °C
(diorite crystallization temperature). Thus, decomposition of a
primary (magmatic) intermediate solid solution (ISS) (Jugo
et al. 1999) or a slightly S-deficient ISS, CuFeS2 − x,
(Vaughan and Craig 1978) can explain the presence of chalco-
pyrite inclusions. Pyrite inclusions, on the other hand, could
have formed from pyrrhotite or a monosulfide solid solution
(Edmonds and Mather 2017).
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Fig. 8 40Ar/39Ar dating of subsample URM-115t with uncertainties plotted as 2σ. a Plateau age and isochron age of run 01. b Plateau age and isochron
age of run 02



Magnetite II is characterized by its association with actin-
olite I, quartz II, and pyroxene, all of which are present within
magnetite crystals (Fig. 6b). This assemblage could represent
accessory microlites incorporated during bubble flotation and/
or the chemical composition of the bubble and, therefore, of
the magmatic hypersaline fluid. In addition, at the margins of
the massive magnetite ore body, large actinolite (actinolite II)
crystals with minor sulfides, mainly pyrite with subordinate
chalcopyrite, are present in interstitial spaces between
euhedral magnetite II crystals. These sulfides are possibly pre-
cipitated from fluid-rich bubbles following the model pro-
posed by Knipping et al. (2015a, b).

The textures of magnetite types I and II and the nature of
their inclusions are similar to those described by Knipping et al.
(2015a) for the Los Colorados IOA deposit, and hence, a com-
bined magmatic/magmatic-hydrothermal origin is a plausible
model to explain the origin of the ore mineralization at El
Romeral. Ilmenite exsolution lamellae (Fig. 5f) or ilmenite
patches in grain rims (Fig. 5c) were identified in primary mag-
netite crystals from the volcanic host rocks and in magnetite II
grains, respectively. The presence of ilmenite patches within
magnetite grains is considered as a low-temperature and slow
diffusion rate migration, with ilmenite or Ti remaining inside
the crystal in which an increase in oxygen fugacity and diffu-
sion will lead to the formation of Ti-rich granules or patches at
the rims of a Ti-poor magnetite (Buddington and Lindsley
1964). In contrast, bleb-type ilmenite crystals are formed by
high-temperaturemigration orgranule oxyexsolution associated
with a loss of components from the magnetite structure
(Buddington and Lindsley 1964). These textures were previ-
ously described at El Romeral by Alva-Valdivia et al. (2003),
who explain the exsolution lamellae as an oxidation process
developed at temperatures above 600 °C.

Rojas (2017) identified a distinct chemical zonation in
magnetite III, with a pronounced oscillatory pattern for Si
and slightly for Al at the edge of magnetite crystals. These
zonations were interpreted as a response to changing temper-
ature and/or pH conditions of the hydrothermal fluid as it
migrates to shallow depths.

Event II In samples from El Romeral, scapolite is a minor phase
related to thin magnetite veinlets (magnetite type IV; Fig. 7).
Two main possible origins have been proposed for this mineral
phase: a regional-pneumatolytic origin generated by volatile
contribution associated with magma crystallization or a second-
ary origin caused by the remobilization of host rock components
during regional metamorphism (Sundius 1915; Mora and Vally
1989; Frietsch et al. 1997). The origin of scapolite alteration in
the Norrbotten district, Sweden, has been attributed to metamor-
phism of evaporite layers. This early regional scapolite was later
remobilized by hydrothermal fluids associated with the forma-
tion of IOCG deposits in this district (Frietsch et al. 1997; Bernal
et al. 2017). At El Romeral, Na-rich scapolite (marialite) is a
scarce alteration phase observed only in veinlets. Furthermore,
no evaporite beds have been identified in the district; hence, we
infer that halogens in scapolite may be sourced from fluids
exsolved during the crystallization of arc magma, which com-
monly contains ≤ 3000 ppm Cl (Johnson et al. 2010), or from
the andesite host rock (~ 130 ppm, Ewart 1982).

The scapolite event was followed by the crystallization of
Ca-rich phases, where the assemblage epidote-calcite-titanite
is observed in veinlets. This assemblage also supports a hy-
drothermal origin for this event with temperatures ranging
between 200 and 350 °C (Reed 1997).

The presence of Ti phases, such as titanite and ilmenite
surrounded by rutile, associated with magnetite II (Fig. 5c),
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plausibly reflects hydrothermal alteration (i.e., local dissolu-
tion-reprecipitation) of Ti-bearing magnetite that was deposited
during the main mineralization event I. Similar observations
have been reported for other IOA deposits (e.g., Pilot Knob
and Pea Ridge, Missouri, USA; Day et al. 2016; Childress
et al. 2016) and for porphyry-type ore deposits (e.g., El
Teniente; Rabbia et al. 2009). Moreover, in porphyry copper
deposits, rutile results from re-equilibration and/or breakdown
of Ti-bearing minerals (e.g., biotite, Ti-magnetite, ilmenite),
mainly at temperatures between 700 and 400 °C and in the
presence of SO2-rich oxidizing fluids (Williams and Cesbron
1977; Czamanske et al. 1981; Rabbia et al. 2009; Scott 2005).
Titanium is compatible in the magnetite structure at high tem-
perature but becomes increasingly incompatible with decreas-
ing temperature (Nadoll et al. 2014). Titanium is generally im-
mobile in hydrothermal fluids during weathering and low-grade
metamorphism (Pearce and Cann 1973), but its solubility is

enhanced by the formation of F and Cl complexes in acid so-
lutions (Purtov and KoteVnikova 1993; Tanis et al. 2016). The
presence of titanite, ilmenite, and rutile observed in samples
from El Romeral supports a hydrothermal origin for these
minerals.

Sulfide mineralization is characterized by the presence
of pyrite with drop-shaped chalcopyrite and pyrrhotite
(Fig. 6e). These equilibrium textures suggest precipitation
from a hydrothermal fluid by abrupt cooling. The stability
among these three mineral phases at 50 MPa (approxi-
mately 1.8 km depth) and 360 °C, reasonable T-P condi-
tions for this sulfide event, reflects a sulfur fugacity (log
fS2) of ca. − 9 and oxygen fugacity (log fO2) less than −
30 (Hezarkhani et al. 1999).

The final magnetite mineralization episode is represented
by a restricted late event of disseminated magnetite (magnetite
V) associated with secondary biotite (Fig. 5e). This late
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Fig. 10 U-Pb ages for zircons from the Romeral diorite. a Weighted average. b Concordia diagram. c Tera-Wasserburg plot



hydrothermal event is observed to have affected the host rocks
in some areas around the magnetite ore body and is possibly
related to the intrusion of post-ore dikes that resulted in potas-
sic alteration. Potassic alteration in magmatic-hydrothermal
systems, such as porphyry Cu deposits, has estimated forma-
tion temperatures between 550 and 650 °C (Seedorff et al.
2005; Sillitoe 2010).

Lastly, local hematite precipitation is described, relat-
ed to minor chalcopyrite ± bornite that shows replace-
ment by digenite/covellite in rims and fractures (Fig.
6f). This Cu enrichment follows a common reaction
starting with bornite and ending with the crystallization
of covellite, with intermediate digenite. These reactions
reflect an increase in sulfur fugacity and progressively
more acidic pH for the hydrothermal fluid (Barton
1970). Secondary Cu sulfides are evidence of a minor
and restricted supergene event.

Sulfur provenance using δ34S signature

Sulfur isotope signatures for pyrite from El Romeral vary
within a narrow range between − 0.8 and 2.9‰, with an aver-
age of ~ 0.7‰. These results indicate an exclusively magmatic
sulfur contribution, i.e., without country rock assimilation or
biogenic sulfur for the sulfide event. Delta-34 sulfur values for
El Romeral sulfides are similar to those reported for other
magnetite-apatite deposits from northern Chile (Fig. 12).
However, some Chilean IOCG deposits (e.g., Mantoverde)
do show a wider range of δ34S values than reported here for
El Romeral, indicating that the sulfur in some deposits may be
sourced frommore than one reservoir, including magmas and/
or evaporites. It is worth mentioning that one measurement on
a pyrite ± chalcopyrite sample yielded a higher value (2.9‰)
than pure pyrite samples (ESM Table 4). Although a more
detailed study on chalcopyrite must be performed to obtain
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more reliable conclusions, this variation in the isotope signa-
ture may reflect a different source for sulfur from the copper
phase, or precipitation from a secondary fluid with different
temperatures, redox conditions, or sulfur species (Vaughan
and Craig 1978). One possible hypothesis calls upon the in-
volvement of a fluid with a high oxygen fugacity or with
heavier sulfur species, i.e., H2S (Vaughan and Craig 1978),
which may have increased the isotope signature for this sam-
ple. Regardless, this value of 2.9‰ is still considered here as
magmatic in origin (Fig. 12).

Timing of mineralization and magmatism

The timing of the El Romeral formation was constrained by
using U-Pb geochronology and 40Ar/39Ar thermochronology.
The closure temperature for actinolite ranges between 550 and
650 °C (Dahl 1996; Villa et al. 1996), whereas for biotite, it is
lower (ca. 450 °C; Villa and Puxeddu 1994). The Ar-
degassing patterns (Figs. 8 and 9) for the dated samples do
not show evidence of resetting; thus, the 40Ar/39Ar ages re-
ported here can be considered robust. The U-Pb zircon crys-
tallization age of 129.0 ± 0.9 Ma for the Romeral diorite (Fig.
10) is consistent with the 40Ar/39Ar ages (Fig. 8) for actinolite
associated with the main magnetite ore formation. The tem-
poral and spatial correspondence between the ore body and
the Romeral diorite supports a genetic relationship between
the mineralization and dioritic magmatism. Although a genet-
ic relationship between diorite magmatism and the ore body
has been previously suggested (Sillitoe 2003), these are the
first geochronological data that support a direct link between

magmatism and the magnetite ore for IOA deposits within the
Chilean Iron Belt.

Geodynamic model for the deposit formation

Anew tectonic configurationwas established in the area in Early
Jurassic to late Early Cretaceous times associated with the onset
of the Andean cycle. Renewed subduction with extensional con-
ditions generated a rapidly subsiding arc at the current location
of the Coastal Cordillera and a back-arc basin to the east of the
arc coupled with the emplacement of large intrusive complexes
(Coira et al. 1982; Brown et al. 1993; Scheuber 1994; Morata
and Aguirre 2003). In the study area, the volcanic units are
represented by the Early Jurassic to Early Cretaceous Agua
Salada Subvolcanic Complex (Letelier 1977), whereas exten-
sive magmatism is evidenced by several intrusive bodies
emplaced during the initial transtensional tectonic conditions
of the first substage of the Andean I period (late Early Jurassic
to Kimmeridgian) (Fig. 13). This magmatic event is represented
by pre-ore diorite intrusive bodies (ca. 145 Ma, Emparán and
Pineda 2000) observed in the western section of the district (Fig.
2). Additionally, the Romeral diorite (~ 129 Ma) and the El
Romeral iron ore (~128 Ma), along with the Cerro del Cobre
pluton (~ 126 Ma; Emparán and Pineda 2000), were emplaced
by the end of these extensional conditions and are related to the
waning stages of this first substage (Fig. 13). Oyarzún et al.
(2003) described this period as a transition to a transpressional
regime south of Copiapó (Fig. 1), where overpressure induced
magma ascent along the AFS, followed by IOA formation.
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Fig. 12 Diagram showing stable sulfur isotope values for IOCG and IOA deposits in the Chilean Iron Belt. Source of data: 1Rieger et al. (2010); Loyola
(2016); Marschik and Fontboté (2001); 4Fredes (2017); 5Henríquez (1991); 6Salazar (2017)



During the second substage of the Andean I period
(Kimmeridgian-Tithonian to Albian), a restricted magnetite
mineralization event occurred at ~ 118Ma, based on the hydro-
thermal biotite 40Ar/39Ar age reported here. This final mineral-
ization event could be related to post-ore dikes (Fig. 13), which
could supply Fe-rich fluids or remobilize primary magnetite
resulting in a younger and restricted iron mineralization event.

At the end of the Andean I period, an episode of compressive
Late Cretaceous deformation, the so-called BPeruvian Phase,^
inverted the former morphotectonic features, i.e., back-arc basin
inversion and major fault systems (e.g., Atacama Fault System).
This event is related to plate reorganization, causing northeast-
ward displacement of the Farallon Plate and dextral oblique con-
vergence, and to rapid ocean crust production and, therefore, to
low-angle subduction (Charrier et al. 2007). In the La Serena area
(Fig. 1), the Punta de Piedra granite to granodiorite batholith
dated here at ~ 100 Ma (Fig. 11) is evidence of this episode
(Fig. 13). This drastic change in themagma composition possibly
reflects a different geotectonic regime, evidencing the beginning
of the second Andean stage (late Early Cretaceous to Early
Paleogene) that is characterized by a low-angle Andean-type
subduction and a compressive tectonic regime (Fig. 13). This
change in plate interactions marks the ending of IOA formation
in the Coastal Cordillera of northern Chile (Fig. 13). Finally, the
subduction of the Juan Fernandez Ridge resulted in a flat-slab
zone with a high rate of uplift and erosion that exposed these ore
deposits.

Conclusions

El Romeral is one of the largest iron oxide-apatite (IOA) de-
posits in the Cretaceous Chilean Iron Belt. Textural observa-
tions of samples from El Romeral reveal five different types of
magnetite: (i) an early inclusion-rich magnetite, which possi-
bly corresponds to magmatic magnetite; (ii) an inclusion-poor
magnetite associated with actinolite-clinopyroxene-quartz
pockets and large actinolite crystals, interpreted to be related
to a magmatic-hydrothermal process; (iii) an inclusion-poor
zoned magnetite; (iv) hydrothermal magnetite with sulfides in
veinlets that crosscut the massive ore body (composed mainly

�Fig. 13 Schematic east-west paleogeographic sections for the Andean I
and the beginning of the Andean II (Peruvian Phase). Two main
characteristic morphotectonic features are illustrated: a subsiding
magmatic arc and transtensional structures (e.g., El Romeral Fault
System). a Emplacement of diorite intrusions and development of pre-
ore silicification (yellow halo around intrusions). b Intrusion of the Cerro
del Cobre and the Romeral diorite with formation of the iron ore. The
green halo represents pervasive actinolite and calcic alteration of the
volcanic units. c Late hydrothermal magnetite with secondary biotite
(orange) interpreted as formed by fluids exsolved from post-ore dikes. d
Emplacement of the Punta de Piedra batholith during the beginning of
the Andean II phase under a compressive regime. Note the change in fault
displacement of the Romeral Fault System during the Late Cretaceous

Miner Deposita (2018) 53:947–966 963



bymagnetite I and II crystals and minor magnetite III); and (v)
a final and restricted hydrothermal event of disseminatedmag-
netite with hydrothermal biotite aggregates in the host andes-
ite. These five magnetite types represent a continuum from a
magmatic to a magmatic-hydrothermal environment. Similar
magnetite textures and late-stage hydrothermal magnetite-
sulfide veinlets have also been described for the Los
Colorados IOA deposits north of El Romeral (Knipping
et al. 2015a, b; Reich et al. 2016).

Sulfur isotope data presented here (δ34S between − 0.8 and
2.9‰), coupled with published δ34S values for Andean IOA
and IOCG deposits, support a hydrothermal origin for the
sulfide mineralization (event II), with sulfur derived mainly
from a magmatic source.

U r a n i um -Pb g e o c h r o n o l o g y a nd 4 0A r / 3 9A r
thermochronology analysis provide four new ages for El
Romeral that constrain the timing of magnetite formation at
ca. 128 Ma. These new ages support a genetic link between
the Romeral diorite and the Cerro Principal ore body. Both
formed under extensional conditions during the waning stages
of the first substage of the Andean I period, also known as Early
Pacific stage (135–120 Ma) (Chen et al. 2013). The late minor
hydrothermal magnetite mineralization associated with potassic
(biotite) alteration occurred at ~ 118 Ma and was caused by Fe
remobilization related to the intrusion of post-ore dikes during
the beginning of the second substage of the Andean I period
(i.e., Late Pacific stage, 120–100 Ma; Chen et al. 2013). On a
regional scale, this period is characterized by a compressive
regime that led to basin inversion and major formation of
IOCG deposits in central-southern Peru and northern Chile
(Chen et al. 2013). The emplacement of the Punta de Piedra
batholith (~ 100 Ma) marked the beginning of the Andean II
stage and the end of Kiruna-type deposit formation in the area.

Although more investigations are needed to confirm a tem-
poral and genetic link between widespread iron mineralization
and synchronous intermediate-composition magmatism lead-
ing to the formation of the Chilean Iron Belt, our data from El
Romeral point to a predominant role for dioritic magmas in
the formation of iron oxide-apatite mineralization, which
agrees with studies performed at the Los Colorados IOA de-
posit within the same belt (Knipping et al. 2015a, b; Bilenker
et al. 2016; Reich et al. 2016).
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