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Abstract
Iron oxide copper-gold (IOCG) and iron oxide-apatite (IOA) deposits are major sources of Fe, Cu, and Au. Mag-
netite is the modally dominant and commodity mineral in IOA deposits, whereas magnetite and hematite are pre-
dominant in IOCG deposits, with copper sul�des being the primary commodity minerals. It is generally accepted 
that IOCG deposits formed by hydrothermal processes, but there is a lack of consensus for the source of the 
ore �uid(s). There are multiple competing hypotheses for the formation of IOA deposits, with models that range 
from purely magmatic to purely hydrothermal. In the Chilean iron belt, the spatial and temporal association of 
IOCG and IOA deposits has led to the hypothesis that IOA and IOCG deposits are genetically connected, where 
S-Cu-Au–poor magnetite-dominated IOA deposits represent the stratigraphically deeper levels of S-Cu-Au–rich 
magnetite- and hematite-dominated IOCG deposits. Here we report minor element and Fe and O stable isotope 
abundances for magnetite and H stable isotope abundances for actinolite from the Candelaria IOCG deposit and 
Quince IOA prospect in the Chilean iron belt. Backscattered electron imaging reveals textures of igneous and 
magmatic-hydrothermal af�nities and the exsolution of Mn-rich ilmenite from magnetite in Quince and deep levels 
of Candelaria (>500 m below the bottom of the open pit). Trace element concentrations in magnetite systemati-
cally increase with depth in both deposits and decrease from core to rim within magnetite grains in shallow samples 
from Candelaria. These results are consistent with a cooling trend for magnetite growth from deep to shallow levels 
in both systems. Iron isotope compositions of magnetite range from δ56Fe values of 0.11 ± 0.07 to 0.16 ± 0.05‰ 
for Quince and between 0.16 ± 0.03 and 0.42 ± 0.04‰ for Candelaria. Oxygen isotope compositions of magnetite 
range from δ18O values of 2.65 ± 0.07 to 3.33 ± 0.07‰ for Quince and between 1.16 ± 0.07 and 7.80 ± 0.07‰ for 
Candelaria. For cogenetic actinolite, δD values range from –41.7 ± 2.10 to –39.0 ± 2.10‰ for Quince and from 
–93.9 ± 2.10 to –54.0 ± 2.10‰ for Candelaria, and δ18O values range between 5.89 ± 0.23 and 6.02 ± 0.23‰ for 
Quince and between 7.50 ± 0.23 and 7.69 ± 0.23‰ for Candelaria. The paired Fe and O isotope compositions of 
magnetite and the H isotope signature of actinolite �ngerprint a magmatic source reservoir for ore �uids at Can-
delaria and Quince. Temperature estimates from O isotope thermometry and Fe# of actinolite (Fe# = [molar Fe]/
([molar Fe] + [molar Mg])) are consistent with high-temperature mineralization (600°–860°C). The reintegrated 
composition of primary Ti-rich magnetite is consistent with igneous magnetite and supports magmatic conditions 
for the formation of magnetite in the Quince prospect and the deep portion of the Candelaria deposit. The trace 
element variations and zonation in magnetite from shallower levels of Candelaria are consistent with magnetite 
growth from a cooling magmatic-hydrothermal �uid. The combined chemical and textural data are consistent with 
a combined igneous and magmatic-hydrothermal origin for Quince and Candelaria, where the deeper portion of 
Candelaria corresponds to a transitional phase between the shallower IOCG deposit and a deeper IOA system 
analogous to the Quince IOA prospect, providing evidence for a continuum between both deposit types.

Introduction
Iron oxide copper-gold (IOCG) and iron oxide-apatite (IOA) 
mineral deposits are major sources of Fe, Cu, and Au and are 

commonly enriched in other elements (e.g., Ag, Mo, Co, As, 
U, and rare earth elements [REEs]) (Hitzman et al., 1992; 
Hitzman, 2000; Williams et al., 2005; Groves et al., 2010; 
Barton, 2014; Corriveau et al., 2016). Both deposit types are 
structurally and/or stratigraphically controlled, are associated 
with extensive Na-Ca and more localized K alteration, and 
contain abundant Fe oxides—magnetite in IOAs and magne-
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tite and/or hematite in IOCGs. These deposit types are dis-
tributed globally and occur sporadically over a considerable 
age range from the Archean to the Pliocene (Hitzman, 2000; 
Williams et al., 2005; Groves et al., 2010; Barton, 2014). 

Traditionally, distinct and separate genetic models have 
been proposed for IOCG and IOA deposits. In general, it is 
accepted that IOCG deposits form by hydrothermal process-
es where the hydrothermal ore fluid has been proposed to 
be a basinal brine that leaches metals from the crust (Barton 
and Johnson, 1996; Haynes, 2000; Benavides et al., 2007), a 
magmatic-hydrothermal fluid that extracts the metals from 
a silicate magma (Pollard, 2006), or a combination of both 
(Hitzman, 2000; Chiaradia et al., 2006; Groves et al., 2010; 
Rieger and Marschik, 2012). However, there is no consensus 
regarding the origin of IOA deposits. The four competing 
genetic models for IOA deposits are as follows: (1) a purely 
magmatic origin that invokes the unmixing of an intermedi-
ate silicate melt into coexisting Fe-P–rich melt and Si-rich 
melt where volatiles such as F, Cl, and H2O are hypothesized 
to preferentially partition into the Fe-P melt, making it less 
dense and allowing it to ascend from the source magma into 
the upper crust, where it crystallizes to form an IOA deposit 
(Nyström and Henriquez, 1994; Naslund et al., 2002; Chen et 
al., 2011; Tornos et al., 2017; Hou et al., 2018); (2) a magmat-
ic-hydrothermal origin in which the fluid extracts the metals 
from a silicate magma (Hildebrand, 1986; Jonsson et al., 2013; 
Westhues et al., 2017a, b); (3) a hydrothermal metasomatic 
origin involving a magmatic-hydrothermal fluid (Ménard, 
1995) or a mixed ore fluid that consisted of magmatic-hydro-
thermal and basinal brines (Rhodes and Oreskes, 1999); and 
(4) a combined igneous and magmatic-hydrothermal model in 
which primary igneous magnetite nano- and microlites serve 
as nucleation sites for an exsolving hypersaline magmatic-hy-
drothermal fluid, with hydrothermal magnetite growing from 
the fluid as it cools during ascent and emplacement (Knipping 
et al., 2015a, 2019).

In the Chilean iron belt, the spatial and temporal associa-
tion of IOCG and IOA deposits has led some to suggest a ge-
netic connection between the two deposit types, where S-Cu-
Au–poor magnetite-dominated IOA deposits represent the 
deeper levels of S-Cu-Au–rich magnetite- and/or hematite-
dominated IOCG deposits (Espinoza et al., 1996; Naslund et 
al., 2002; Sillitoe, 2003; Knipping et al., 2015a; Reich et al., 
2016; Barra et al., 2017; Simon et al., 2018).

In this study, we investigate the geochemistry of magnetite 
and actinolite from drill core samples from the world-class 
Candelaria IOCG deposit and the Quince IOA prospect, both 
in the Chilean iron belt. Importantly, these two orebodies 
are spatially separate and did not form from the same min-
eralizing event. The purpose of the current study is to use 
the geochemistry of magnetite—the modally dominant min-
eral in both deposits—and actinolite to assess the hypothesis 
that IOCG and IOA deposit types are products of a single 
evolving ore system. The chemistry and textures of magnetite 
in samples from drill cores from both deposits were inves-
tigated using an electron probe microanalyzer (EPMA) and 
a scanning electron microscope (SEM) in order to evaluate 
the conditions and processes under which magnetite formed. 
Additionally, we provide the first analyses of Fe and O stable 
isotopes of magnetite and H stable isotopes of actinolite from 

these deposits to fingerprint the source of the ore fluids. Tem-
peratures of mineralization at both deposits were estimated 
by using two methods: the oxygen isotope compositions of 
cogenetic magnetite and actinolite, and the Fe# of actinolite 
(Fe# = [molar Fe]/([molar Fe] + [molar Mg])). 

Geologic Background
The Chilean iron belt extends for over 800 km in the Coastal 
Cordillera of northern Chile and southern Peru (Fig. 1a) and 
contains ~50 Jurassic-Cretaceous IOA and IOCG mineral de-
posits hosted in Jurassic-Cretaceous volcanic sequences. In 
general, IOA and IOCG deposits are temporally and spatially 
associated and occur along curvatures and intersections of 
faults with different orientations (north-northeast and north-
west) within the strike-slip Atacama fault system (Nyström 
and Henriquez, 1994; Barra et al., 2017; Veloso et al., 2017). 
The Atacama fault system evolved between 132 and 125 Ma 
from a purely extensional back-arc setting to a transtension-
al setting as a response to a change in the plate interactions 
(Brown et al., 1993; Charrier et al., 2007).

Quince

Quince is an IOA prospect located ~40 km east of Chañaral, 
Chile (Fig. 1a). It was discovered in 1998 by an aeromagnetic 
survey. Geophysical data and drill core assaying were used to 
estimate a total resource of 2,300 million tonnes (Mt) at 30% 
Fe and 325.8 Mt at 0.39% V2O5. (Quince Iron Chile, 2019). 
The mineralization is hosted in the Late Jurassic volcanic La 
Negra Formation and the Cretaceous Sierra Aspera diorite and 
is covered by Quaternary sediments (SRK Consulting, 2014). 
The Quince prospect consists mainly of massive magnetite 
lenses and banded magnetite-calcite-quartz veins and magne-
tite-actinolite veins, indicating an initial mineralization event 
within a ductile shear zone belonging to the Atacama fault sys-
tem (SRK Consulting, 2014). Stockwork-style mineralization 
with magnetite-rich breccias and magnetite veinlets distal to 
the ductile shear zone suggest a transition to a brittle regime 
where mineralization is mostly controlled by faulting. Magne-
tite is cogenetic with actinolite, which is the major accessory 
mineral, and apatite, diopside, calcite, quartz, and pyrite oc-
cur as modally minor phases. Sodic-calcic alteration dominated 
by albite and epidote is pervasive within the orebody and host 
rocks. Moderate potassic (K-feldspar and biotite) and quartz-
chlorite-sericite alteration have also been reported in the pros-
pect (SRK Consulting, 2014). Late-stage fractures filled with 
calcite and chlorite cut the main mineralization.

Candelaria

The Candelaria IOCG deposit has been in production for 
over 20 years and is located near the city of Copiapó, Chile, 
in the Candelaria-Punta del Cobre district (Fig. 1). Mineral 
reserves as of 2018 for the Candelaria open pit and the Es-
pañola project were 415 Mt at 0.48% Cu and 0.11 g/t Au 
(Couture et al., 2018). Mineralization consists of Fe oxides 
(magnetite, mushketovite, and hematite) and sulfides (pyrite, 
chalcopyrite, and minor pyrrhotite) and is mostly hosted in 
the Cretaceous volcanic to volcaniclastic Punta del Cobre 
Formation, which consists of the Lower Andesite, Dacite, 
Volcanic-sedimentary, and Upper Andesite members (del 
Real et al., 2018). The Punta del Cobre Formation is overlain 
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Fig. 1. a) Location of major IOA and IOCG deposits in the Chilean iron belt (CIB) along the Atacama fault system. The 
deposits studied are in italics. (Modi�ed from Barra et al., 2017; Palma et al., 2019.) Inset shows location of the Chilean iron 
belt in South America. b) Geologic map with the location of the drill holes from the Candelaria-Punta del Cobre district. 
(Modi�ed from del Real et al., 2018.)
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by the marine sedimentary Chañarcillo Group, which was de-
posited in a shallow-marine environment associated with the 
development of the Chañarcillo back-arc basin (Marschik et 
al., 1997) and contains carbonate-bearing horizons (Marschik 
and Fontboté, 2001b; Mourgues, 2004; del Real et al., 2018). 

Mineralization is stratigraphically and/or structurally con-
trolled. Stratigraphically controlled bodies (commonly called 
“mantos”) are characterized by magnetite-actinolite zones, 
pervasive magnetite-actinolite with potassic (biotite, K-feld-
spar) ± quartz alteration and disseminated sulfides (chalcopy-
rite, pyrrhotite ± pyrite), and overprinting biotite, magnetite 
(± mushketovite), chalcopyrite, pyrrhotite ± pyrite, and sphal-
erite veins and disseminations (del Real et al., 2018). Struc-
turally controlled veins and breccias consist of chalcopyrite ± 
pyrite, actinolite, and magnetite ± mushketovite, with intense 
Na-Ca (albite-epidote), potassic (biotite, K-feldspar) ± quartz 
alteration (del Real et al., 2018).

The mineralization spanned between 118 and 112 Ma  
(del Real et al., 2018), with an early magnetite-actinolite  
event (del Real et al., 2018) overprinted by a main chalcopy-
rite-magnetite Cu mineralization event at 115 Ma (Marschik 
and Fontboté, 2001a; Mathur et al., 2002) accompanied by 
actinolite and potassic (biotite and K-feldspar) alteration (del 
Real et al., 2018). A comprehensive description of the geol-
ogy, alteration, and mineralization styles of this deposit can be 
found in del Real et al. (2018). 

Marschik and Fontboté (2001a) proposed three main stages 
for the formation of Candelaria based on their investigation of 
samples from the shallow levels of the deposit. Those authors 
report fluid inclusion homogenization temperatures that indi-
cate magnetite formed between 500° and 600°C followed by 
sulfide-rich mineralization between 328° and 470°C and a later 
hematite-dominated mineralization at temperatures <300°C. 
The δ18O values for quartz reported by Marschik et al. (2000), 
δ34S data for anhydrite, chalcopyrite, pyrite, pyrrhotite, and 
sphalerite reported by Marschik and Fontboté (2001a), and in 
situ δ34S of pyrite reported by del Real et al. (2020) support a 
magmatic-derived fluid as the primary ore fluid responsible for 
IOCG mineralization at Candelaria and mixing of the ore fluid 
with external (meteoric or basinal) fluid(s) during the late (low-
temperature; <250°C) stage of mineralization. 

Sampling and Methods
Three core samples were collected from drill hole AQ-19 lo-
cated in the southern portion of the Quince prospect. This 
496-m-long drill hole traverses the magnetite veinlet-rich 
breccia, the massive magnetite mineralization, and the stock-
work zone. Sixteen core samples from the Candelaria-Punta 
del Cobre district were collected from drill holes in the Santos 
underground mine (DH703), the Candelaria mine (LD0987, 
LD1111, and LD1687B), and nearby exploration targets 
(ES032, ES064) (Fig. 1b). Ten of the samples were collected 
from drill hole LD1687B, which was collared in the Cande-
laria open pit and was drilled to 1,147 m at an azimuth of 245° 
and a plunge of 60°. 

Sample preparation

Three samples from Quince and six samples from the 
Candelaria-Punta del Cobre district were mounted in ep-
oxy resin for EPMA and SEM analyses. Eight thin sections 

spanning the whole length of the LD1687B Candelaria drill 
core were made for microscopy and EPMA studies. For 
isotopic analyses, magnetite was sampled from the massive 
magnetite horizons, or from magnetite veins where avail-
able, from the Candelaria-Punta del Cobre district and the 
Quince prospect. Each sample was crushed using an agate 
mortar and pestle, which was rinsed with ethanol and put 
through an ultrasonic cleaner between each sample to pre-
vent contamination. The magnetic fraction was obtained by 
using a hand magnet wrapped in weighing paper, and in-
dividual, visibly unweathered magnetite grains were hand-
picked using a binocular microscope at ~40× magnification. 
Actinolite separates were obtained using a Frantz magnetic 
separator, followed by lithium metatungstate heavy liquid 
separation and handpicking of individual grains under the 
microscope to minimize the presence of other mineral 
phases. For samples where the intergrown minerals had a 
very small grain size, the resulting actinolite separates may 
have contained a small fraction of fine intergrown minerals 
including magnetite. Aliquots of actinolite analyzed for O 
isotopes, described below, were prefluorinated to remove 
impurities such as chlorite.

EPMA and field emission (FE)-SEM

Backscattered electron (BSE) images were obtained to char-
acterize textures by using a JEOL 7800FLV FE-SEM in the 
Electron Microbeam Analysis Laboratory at the University of 
Michigan. Point and line transect analyses were performed 
by using a Cameca SX-100 electron microprobe with a fo-
cused beam, a voltage of 20 keV, and a current of 30 nA for 
magnetite and ilmenite grains, and a 2-μm beam, 15 keV, and  
20 nA for actinolite samples. Counting times, standards, and 
detection limits are listed in Appendix Table A1. We mea-
sured Mg, Al, Si, P, Ca, Ti, V, Cr, Mn, and Fe in magnetite 
and ilmenite grains, avoiding inclusions and exsolution lamel-
lae, and executed a TiKα-VKβ interference correction. For 
actinolite grains, concentrations of Si, Ti, Al, Fe, Mn, Mg, Ca, 
Na, K, and P oxides were calculated from raw X-ray intensities 
using a ZAF intensity correction.

Iron isotopes 

Ion chromatography was performed on magnetite grains 
to isolate pure Fe from each sample. To fully dissolve each 
sample, approximately 2.0 mg were first digested in HF and 
HNO3 for >24 h, dried on a hot plate, refluxed in aqua regia, 
and dried once more. In preparation for column chemistry, 
samples were dissolved in 0.5 mL 8N HCl, dried, and dis-
solved in 0.4 mL 8N HCl at ~120°C. The conditioning and 
elution procedure were completed following the procedure of 
Huang et al. (2011) using Biorad AG1-X8 ion exchange resin 
(200–400 mesh). All reactants (HNO3, HCl, HF) were optima 
grade, and H2O was ultrapure. The stable Fe isotope analyses 
were performed at the Pacific Centre for Isotopic and Geo-
chemical Research, University of British Columbia, using a 
Nu Plasma 1700 multicollector-inductively coupled plasma-
mass spectrometer (MC-ICP-MS) in dry plasma mode with a 
DSN-100 desolvating nebulizer system. All analyses were per-
formed in true high-resolution mode as isobaric interferences 
(i.e., Ar complexes) were fully resolved from the Fe isotopes 
(54Fe, 56Fe, 57Fe). Minor Cr corrections were done online for 
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each analysis by monitoring 52Cr. Every sample was measured 
between two and four times and was bracketed immediately 
before and after analysis by the measurement of standard 14 
from the Institute for Reference Materials and Measurements 
(IRMM-14). The concentration of the samples was adjusted 
to be within 10% of the bracketing standard solution.

Oxygen and hydrogen isotopes

The isotopic ratio of δ18O standard mean ocean water 
(SMOW) of magnetite and actinolite separates (1.5–2.1 mg 
each) was measured at the University of Oregon using BrF5 
in a laser fluorination line connected to a Thermo-Finnigan 
MAT 253 gas isotope ratio mass spectrometer (IRMS) in 
dual inlet mode. The Gore Mountain garnet (GMG) stan-
dard (6.52‰) and UWG-2 garnet (5.8‰) were measured 
prior, during, and after the sample analyses to quantify them 
onto an SMOW scale (Loewen and Bindeman, 2016). Yields 
(μmol/mg of extracted O2 gas) were monitored by a Barath-
ron gauge. The water content and stable δD isotopic ratios of 
actinolite samples were measured by thermal pyrolysis using 
thermal conversion elemental analyzer attached to a MAT 253 
IRMS by a continuous flow method, also at the University of 
Oregon. We used a glassy carbon reactor held at 1,450°C fol-
lowing the analytical procedures described in Bindeman et al. 
(2012). For standards we used new USGS57 and 58 micas (Qi 
et al., 2017), and our analyses had a precision of ±0.03 wt % 
water and ±2‰ δD.

Reintegration of ilmenite exsolution lamellae and granules  
in magnetite

We selected six BSE images from three samples from Quince 
and seven BSE images from three Candelaria samples that 
contain magnetite and ilmenite. We used the difference in 
grayscale between magnetite and ilmenite to do a supervised 
image classification and estimate the fraction of magnetite 
and ilmenite in each image by using the Python programming 
language. We then normalized the mineral fractions with their 
respective average Ti, V, Al, and Mn concentrations to a single 
magnetite phase.

Results

Core sample descriptions 

Candelaria: The upper part of drill core LD1687B intersects 
layered sedimentary rocks replaced by magnetite, traverses 
the manto massive magnetite (± mushketovite) mineraliza-
tion, and then cuts through magnetite- and actinolite-rich ho-
rizons at greater depth (Fig. 2a-f). Pyrite, chalcopyrite, and 
minor pyrrhotite are present disseminated or in veins and 
decrease in abundance with depth. Sodic-calcic (actinolite, al-
bite, epidote) and potassic (K-feldspar ± biotite) are the domi-
nant alteration assemblages. Late-stage quartz and anhydrite 
veins crosscut primary mineralization, and secondary chlorite 
is also present (Fig. 2f). Other accessory minerals in the Can-
delaria-Punta del Cobre district only identified in thin section 
include apatite, calcite, ilmenite, and titanite. Detailed hand 
sample descriptions are provided in Table 1. 

Quince: Representative scans of drill core samples of the 
magnetite veinlet-rich breccia, massive magnetite, and mag-
netite from the stockwork zone are shown in Figure 2g, h, 

and i, respectively. Magnetite (modal abundance of ~95%) 
and actinolite (modal abundance of ~5%) are intergrown with 
each other and occur in the groundmass and as veinlets (Fig. 
2i). Apatite and diopside are minor accessory phases. Dis-
seminated pyrite is present but is modally insignificant. The 
main alteration in the deposit is sodic-calcic (albite ± scapolite 
± epidote). Late-stage quartz (± chlorite) veins crosscut the 
main mineralization. Detailed hand sample descriptions are 
provided in Table 1. 

Magnetite textures and associated minerals

The BSE images of magnetite from the Candelaria-Punta 
del Cobre district reveal two magnetite textures (Table 2). 
Type C is characterized by euhedral magnetite lacking vis-
ible exsolution lamellae and few or no visible aluminosilicate 
or other inclusions (Fig. 3a, e). Type D refers to both mush-
ketovite (hematite that has been replaced by magnetite) that 
exhibits patchy zonation and magnetite that exhibits con-
centric (core and rim) zonation between relatively dark and 
light areas, where the dark areas are locally inclusion rich 
(Fig. 3b, c). Magnetite type C is present throughout the en-
tire LD1687B hole. Magnetite type D was only identified in 
shallower samples (i.e., <500 m deep). Magnetite grains with 
ilmenite exsolution lamellae—type B at Quince as described 
below—were not observed in any Candelaria samples. Mag-
netite grains from the deep samples (>500 m below the bot-
tom of the open pit) in the Candelaria drill hole LD1687B, 
however, are intimately related with ilmenite that occurs as 
fracture infill (Fig. 3d) or as granules adjacent to magnetite 
grains (Fig. 3f). 

The BSE images from Quince reveal three magnetite tex-
tures (Table 2): magnetite rich in Fe-Mg silicate and alumino-
silicate inclusions (type A), magnetite that contains abundant 
ilmenite exsolution lamellae forming trellis and cloth textures 
(type B), and euhedral magnetite without visible inclusions 
or exsolution lamellae (type C) (Fig. 3g-i). All three textures 
are observed throughout the entire length of the sampled 
drill hole, and there is no textural zonation observed within 
grains. In magnetite type B, trellis texture is predominant 
in the deepest sample (404 m), while cloth-textured exsolu-
tion lamellae are visibly more abundant than trellis-textured 
lamellae in the shallowest sample (68 m). The sample from 
intermediate depth (334 m) shows both textures in similar 
proportions. Magnetite grains of all textural types commonly 
meet at triple junctions (Fig. 3g-i). Ilmenite and, to a lesser 
extent, rutile are present along grain boundaries and fill in-
terstices among magnetite (mostly type C) grains. Interstitial 
ilmenite and rutile are more abundant in shallower samples, 
and their occurrence is inversely proportional to the quantity 
of exsolution lamellae in magnetite (Fig. 3g). 

Trace element compositions of magnetite

All EPMA data for magnetite and ilmenite are provided in 
Appendix Table A2. Summary statistics for magnetite and il-
menite as a function of sample depth are provided in Appen-
dix Tables A3 through A6. 

Magnetite from Quince averages 71.8 ± 0.8 wt % Fe. Iron, 
Si, and Cr in magnetite generally increase with depth through-
out the drill hole, while Al, Ti, and Mn generally decrease. 
Vanadium and Ca show no significant variation with depth, 
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and Mg �uctuates nonsystematically. Interstitial ilmenite is 
enriched in Mn, containing an average Mn concentration of 
5.1 ± 2.4 wt %.

Magnetite from the Candelaria-Punta del Cobre district 
contains 71.3 ± 1.06 wt % Fe. The concentrations of Mg, Al, 
Ca, V, and Cr in magnetite generally increase with depth, 
whereas Mn generally decreases. Iron, Si, and Ti concen-
trations in magnetite do not show systematic variations with 
depth, but the concentration of Ti in magnetite is higher in 
samples where ilmenite is present. The rims of zoned mag-
netite grains (type D) from shallow samples are enriched in 
Fe (71.8 wt % Fe) and depleted in trace elements (0.01 wt 
% Cr, 0.04 wt % Ca, 0.05 wt % Al, 0.05 wt % Mn, 0.08 wt 
% Ti, 0.09 wt % Mg, 0.19 wt % Si) relative to cores (70.1 wt 

% Fe, 0.03 wt % Cr, 0.16 wt % Ca, 0.12 wt % Al, 0.07 wt % 
Mn, 0.11 wt % Ti, 0.22 wt % Mg, 0.73 wt % Si). Ilmenite 
granules are Mn rich (avg 4.3 ± 2.6 wt % Mn; maximum 
10.9 wt % Mn).

Ilmenite reintegration in magnetite

The EPMA Ti, V, Mn, and Al contents of individual ilmenite 
and magnetite grains from the analyzed BSE images and the 
results for the mineral fraction estimations and the reinte-
gration of ilmenite into host magnetite are summarized in 
Appendix Table A7. After the reintegration, the calculated 
concentrations of Ti, V, Al, and Mn (wt %) vary between 0.53 
and 2.92, 0.00 and 0.03, 0.00 and 0.03, and 0.05 and 0.35, 
respectively, for the samples from Candelaria and between 

Fig. 2. Representative drill core samples divided as follows: shallow Candelaria, deep Candelaria, and Quince. Sample 
depths are indicated in the top right corner of each picture and increase from left to right. Detailed sample descriptions 
are in Table 1. a) Sample LD1111 3 showing intercalation of magnetite-rich and magnetite-poor bands. b) Sample DH703 
4 showing mushketovite plus sul�de vein. c) Sample LD1687B 15 with magnetite matrix, disseminated pyrite and chalco-
pyrite, and altered andesitic clasts. d) Sample LD1687B 58 showing intergrown actinolite and mushketovite. e) Sample 
LD1687B 62 showing albitization, �ne-grained actinolite and magnetite in the matrix, and magnetite veins with less pyrite 
and chalcopyrite compared to the veins at shallower levels. f) Sample LD1687B 74 with disseminated magnetite and minor 
pyrite and chalcopyrite. A late-stage quartz veinlet cuts the main mineralization. g) Sample AQ-19 4 showing brecciated 
magnetite vein with later calcite-siderite veinlets. h) Massive magnetite from sample AQ-19 3. i) Sample AQ-19 2 with 
magnetite intergrown with actinolite in matrix. Act = actinolite, Alb = albitization, Cal = calcite/siderite, Mag = magnetite, 
Mushk = mushketovite, Py = pyrite, Qz = quartz.
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0.56 and 3.03, 0.15 and 0.17, 0.03 and 0.05, and 0.10 and 0.70 
for the Quince samples. 

Actinolite chemistry

All EPMA data for actinolite are provided in Appendix Table 
A2. Average compositions for three Candelaria samples at pro-
gressively greater depth downhole—43 (617.8 m), 52 (731.3 
m), and 58 (846.5 m) in drill hole LD1687B—and Quince sam-
ple 2 (downhole depth = 404.3 m) are summarized in Table 3. 
On average, the actinolite from Candelaria is enriched in FeO 
(11.3–13.2 wt %) and CaO (12.2 wt %) and depleted in TiO2 

(0.12–0.27 wt %), Al2O3 (3.21–4.14 wt %), MgO (15.5–16.5 wt 
%), and Na2O (0.36–0.50 wt %) with respect to the actinolite 
from Quince (8.94 FeO, 11.6 CaO, 0.38 TiO2, 4.35 Al2O3, 18.9 
MgO, and 0.73 Na2O wt %). The average Ca (atoms per formu-
la unit [apfu]) content of actinolite in the Candelaria samples 
was 2.03, and it was 1.90 for the Quince sample (Table 3). For 
the same samples, the Fe number of actinolite (Fe# = [molar 
Fe]/([molar Fe] + [molar Mg])) was calculated by following the 
methodology by Lledo and Jenkins (2008). The actinolite grains 
yielded an average Fe number ±2σ of 0.29 ± 0.11, 0.28 ± 0.05, 
0.32 ± 0.05, and 0.21 ± 0.05, respectively.

Table 1. Sample Descriptions

Area Drill core Sample
Vertical depth 
from collar (m)

Elevation from 
sea level (m) Macroscopic highlights

Quince AQ-19 4 68 631 Brecciated magnetite veins in sodic-calcic altered groundmass with calcite-
siderite veins

Quince AQ-19 3 334 362 Massive magnetite with disseminated sulfides and chlorite product of 
alteration

Quince AQ-19 2 404 294 Sodic-calcic–altered groundmass with magnetite-actinolite ductile bands; 
late, chlorite-calcite veins crosscut 

Santos DH703 4 76 549 Altered andesitic rock with potassic alteration (biotite and K-feldspar) and 
a mushketovite vein that contains massive pyrite

Candelaria LD1111 3 38 394 Volcano-sedimentary unit with bands that have been replaced by magnetite 
and subsequently microfaulted; pervasive sodic-calcic alteration in the 
rest of the layers was affected by subsequent silicification

Candelaria LD1111 18 398 34 Magnetite-actinolite breccia with veins of massive pyrite and calcite accom-
panied by secondary epidote 

Candelaria LD0987 9 493 29 Andesitic rock with potassic alteration (K-feldspar) and chlorite; veins of 
pyrite and chalcopyrite; minor, fine, disseminated magnetite

Exploration Sur ES032 12 743 –35 Sample from the manto mineralization; massive magnetite aggregates and 
actinolite; abundant disseminated pyrite; potassic alteration and scattered 
secondary epidote

Exploration Sur ES064 19 1,091 –299 Pervasively albitized groundmass with patches and veinlets of magnetite; 
posterior K-feldspar veins contain massive, euhedral pyrite 

Candelaria LD1687B 6 80 395 Volcano-sedimentary unit with bands that have been replaced by mag-
netite; subsequent chloritization and silicification

Candelaria LD1687B 12 133 342 Undifferentiated matrix with magnetite fragments; sulfides present in 
their borders and fractures

Candelaria LD1687B 15 191 284 Disseminated sulfides (py, cpy) and massive magnetite in breccia with 
potassic-altered andesitic clasts

Candelaria LD1687B 34 486 –11 Abundant sulfides (py, cpy, po) in magnetite breccia with clasts perva-
sively altered to chlorite 

Candelaria LD1687B 43 618 –143 Breccia with sodic-calcic–altered groundmass with few disseminated 
sulfides and massive magnetite clasts

Candelaria LD1687B 52 731 –256 Mushketovite and potassic feldspar veins in fine, undifferentiated 
matrix

Candelaria LD1687B 58 817 –342 Massive mushketovite and minor actinolite in altered volcanic matrix
Candelaria LD1687B 61 840 –365 Albitized volcanic rock with a massive magnetite vein crosscut by a 

chlorite vein; posterior K-feldspar veins contain sulfides
Candelaria LD1687B 62 871 –396 Porphyritic rock with K-feldspar veins cutting magnetite veins
Candelaria LD1687B 74 1,000 –525 Disseminated magnetite in volcanic rock; minor sulfides and late-stage 

quartz veins

Abbreviations: cpy = chalcopyrite, po = pyrrhotite, py = pyrite

Table 2. Magnetite Types

Type Occurrence Inclusion Zoning Other features

A Quince Rich Absent
B Quince Poor Absent Ilmenite exsolution lamellae
C Quince and Candelaria Absent Absent Associated to ilmenite (interstitial or as granules)
D Shallow Candelaria Localized Concentric or patchy

 

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/115/7/1443/5149217/4752_rodriguez-mustafa+et+al.pdf
by University of Michigan user
on 22 September 2020



1450 RODRIGUEZ-MUSTAFA ET AL.

Fig. 3. Backscattered electron images from selected samples. Organization as in Figure 2. a) Sample LD1111 3 showing mag-
netite type C (center) and D (lower left), where the dashed line shows the boundary between the dark, inclusion-rich core and 
the lighter, inclusion-free rim. b) Sample DH7034 showing magnetite type D with core-rim zonation and sul�des (bright grains 
in lower left corner). The dashed lines separate the darker core from the lighter rim. c) Sample DH 703 4 showing mushketo-
vite grains with darker and light areas (magnetite type D with patchy zonation). d) Sample LD1687B 52 showing ilmenite and 
rutile �lling fractures between magnetite grains. e) Sample LD1687 61 showing magnetite type C. f) Sample LD1687 62 where 
magnetite is intimately related to ilmenite granules. Note the absence of exsolution textures in magnetite. g) Sample AQ-19 4 
with triple junctions (in circle), interstitial ilmenite, and magnetite types C and B with predominantly cloth texture and lesser 
trellis texture. h) Sample AQ-19 3 showing triple junctions and magnetite types A, C, and B with trellis and cloth textures. 
Ilmenite �lling interstices but in less proportion relative to the shallower sample AQ-19 4. i) Sample AQ-19 2 with magnetite 
types A, C, and B with abundant exsolution lamellae forming trellis textures and minor cloth texture. Interstitial ilmenite is less 
abundant than at shallower levels.  Abbreviations: Ilm = ilmenite, Mag = magnetite, Mushk = mushketovite. 
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Table 3. Actinolite Chemistry (average per sample; in wt %)

Estimated temperature 
(°C ± 2σ)

Drill core Sample
Points per 

sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total
Ca 

(apfu) Fe# 100 MPa 400 MPa

LD1687B 43 23 51.2 0.14 4.14 12.1 0.22 16.2 12.2 0.36 0.15 96.7 2.03 0.29 752 ± 36
LD1687B 52 10 51.9 0.27 3.21 11.3 0.23 16.5 12.2 0.50 0.18 96.3 2.03 0.28 756 ± 18
LD1687B 58 5 51.4 0.12 3.74 13.2 0.25 15.5 12.2 0.43 0.24 97.0 2.03 0.32 741 ± 18
AQ-19 2 9 51.8 0.38 4.35 8.94 0.24 18.9 11.6 0.73 0.20 97.0 1.90 0.21 782 ± 18 830 ± 18
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Iron isotope compositions of magnetite separates

Table 4 summarizes the Fe isotope data for the 16 magnetite 
samples relative to the IRMM-14. Analyses of the reference 
material BCR-2 yielded an average value of 0.09 ± 0.03‰ (n 
= 12), which is consistent with the value of 0.09 ± 0.01‰ (n 
= 8) recommended by Craddock and Dauphas (2011). The 
δ56Fe ±2σ values for magnetite from Quince range between 
0.11 ± 0.07 and 0.16 ± 0.05‰ and yield an average value of 
0.13 ± 0.03‰ (n = 3). The samples from Candelaria range 
between 0.16 ± 0.03 and 0.42 ± 0.04‰ and yield an average 
of 0.23 ± 0.04‰ (n = 13).

Oxygen and hydrogen isotope compositions of magnetite and 
actinolite separates
Oxygen isotope data for 15 magnetite and five actinolite sam-
ples (Table 4) are reported relative to the international Vien-
na-standard mean ocean water (V-SMOW) standard. Analy-
ses of the standard GMG yielded δ18O ±2σ values of 6.24 ± 
0.07 and 6.42 ± 0.23‰ over two days of measurements for 
the magnetite samples, and 6.48 ± 0.23‰ for the actinolite 
samples. The analytical values were corrected by using the 
difference between the measured and the expected value for 
the standard for each day. 

The δ18O ±2σ values for magnetite from Quince range be-
tween 2.65 ± 0.07 and 3.33 ± 0.07‰ and have an average 
δ18O ±2σ value of 3.04 ± 0.4‰ (n = 3). The samples from 
Candelaria yielded δ18O ±2σ values that range from 1.16 ± 
0.07 to 7.80 ± 0.07‰ and have an average δ18O ±2σ value 
of 3.52 ± 0.94‰ (n = 12). The average δ18O ±2σ values for 
actinolite are 5.96 ± 0.13 (n = 2) and 7.57 ± 0.12‰ (n = 3) for 
Quince and Candelaria, respectively.

Hydrogen isotope values of actinolite samples relative to V-
SMOW are compiled in Table 4. The δD ±2σ values for ac-
tinolite from Quince average –40.4 ± 2.7‰ (n = 2), and from 
Candelaria average –67.3 ± 18.0‰ (n = 4), with the lightest 
value corresponding to the shallowest sample. The water con-
tent (wt % H2O ±2σ) of actinolite from Quince averages 2.00 
± 0.03 wt % (n = 2), and actinolite from Candelaria averages 
1.97 ± 0.89 wt % (n = 4). The low H2O concentration and the 
light δD value measured for sample 6 from the LD1687B drill 
hole may reflect the presence of some chlorite and magnetite 
identified in hand sample (Table 1). 

Discussion

Constraints on magnetite and actinolite formation

The inclusion-rich magnetite (type A) from Quince (Fig. 3h, i) 
is similar to magnetite reported in drill core from the El Laco 
(Ovalle et al., 2018), Los Colorados (Knipping et al., 2015b), 
and El Romeral (Rojas et al., 2018) IOA deposits in Chile. 
Those authors concluded that El Laco, Los Colorados, and 
El Romeral formed by a combination of igneous and mag-
matic-hydrothermal processes, based on the stability of the 
magnetite-hosted mineral inclusions (all three deposits) and 
the presence of ilmenite exsolution lamellae (El Laco and 
El Romeral) in magnetite. Magnetite grains with trellis- and 
cloth-textured ilmenite exsolution lamellae, as observed in 
type B magnetite in Quince, are common in igneous rocks and 
Fe-Ti oxide deposits hosted in mafic intrusions (Buddington 
and Lindsley, 1964; Carmichael, 1966; Haggerty, 1976; Pang 
et al., 2008; Tan et al., 2016; Arguin et al., 2018) but to our 
knowledge have only been reported in a few studies of IOA 

Table 4. Isotopic Results

Magnetite Actinolite
Estimated 

temperature 

Drill core Sample 
δ56Fe 
(‰) 2sd n56

δ57Fe 
(‰) 2sd n57

δ18O 
(‰) 2sd δD (‰) 2sd

H2O  
(wt %) 2sd

δ18O 
(‰) 2sd (°C ± 2sd)

AQ-19 4 0.16 0.05 4 0.26 0.08 3 3.33 0.07
AQ-19 3 0.11 0.07 3 0.27 0.05 3 2.65 0.07
AQ-19 2 0.13 0.04 4 0.18 0.14 4 3.13 0.07 –39.0 2.10 2.01 0.08 5.89 0.23 835 ± 20
AQ-19 2 –41.7 2.10 1.98 0.08 6.02 0.23 860 ± 20
DH703 4 0.21 0.06 3 0.33 0.06 2 1.16 0.07
LD1111 3 0.16 0.06 3 0.22 0.08 3 7.80 0.07
LD1111 18 0.20 0.04 3 0.18 0.05 3 3.55 0.07
ES064 19 0.23 0.05 3 0.35 0.15 3
LD1687B 6 0.20 0.03 4 0.28 0.06 4 5.03 0.23 –93.9 2.10 0.81 0.08
LD1687B 12 0.17 0.06 3 0.32 0.24 3 3.65 0.23
LD1687B 15 0.21 0.04 3 0.33 0.09 3 2.59 0.23
LD1687B 34 0.42 0.04 3 0.65 0.25 3 2.50 0.23
LD1687B 43 0.26 0.10 4 0.40 0.23 4 2.95 0.23 –57.4 2.10 2.84 0.08 7.69 0.23 591 ± 20
LD1687B 58 0.21 0.06 4 0.25 0.05 4 3.21 0.23
LD1687B 61 0.16 0.03 3 0.30 0.21 3 3.50 0.23 –64.0 2.10 1.75 0.08 7.53 0.23 665 ± 20
LD1687B 62 0.30 0.07 3 0.45 0.13 3 3.50 0.23
LD1687B 74 0.26 0.02 3 0.39 0.09 3 2.81 0.07 –54.0 2.10 2.47 0.08 7.50 0.23 595 ± 20

Averages
Candelaria 0.23 0.04 0.34 0.07 3.52 0.94 –67.3 18.20 1.97 0.89 7.57 0.12
Quince 0.13 0.03 0.24 0.06 3.04 0.40 –40.4 2.70 2.00 0.03 5.96 0.13

Notes: bold numbers indicate single crystal, italics indicate prefluorinated, blank cells indicate no data; n56 and n57 refer to the number of measurements per 
sample of the 56Fe and 57Fe isotopes 

Abbreviation: sd = standard deviation
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deposits (e.g., Malmberget: Lund, 2013; El Laco: Ovalle et 
al., 2018; El Romeral: Rojas et al., 2018; Gushan: Sun et al., 
2019) and in the Sossego IOCG deposit (Huang and Beau-
doin, 2019). The presence of trellis- and cloth-textured exso-
lution lamellae results from oxyexsolution of primary Ti-rich 
magnetite. The process of oxyexsolution was first described by 
Buddington and Lindsley (1964), who experimentally demon-
strated that at 550° to 1,000°C in the FeO-Fe2O3-TiO2 sys-
tem, a solid solution exists between magnetite and ulvöspinel 
(Fe2TiO4). If magnetite-ulvöspinelSS cools in a water-rich sys-
tem, the ulvöspinel component of the solid solution is directly 
oxidized to magnetite and ilmenite, where the latter exsolves 
along the (111) planes of magnetite (Buddington and Linds-
ley, 1964; Haggerty, 1976). Trellis and cloth textures can coex-
ist in a single magnetite grain, but cloth texture is generated at 
lower temperatures than trellis texture (Neybergh et al., 1980; 
Gruenewaldt et al., 1985). In Quince, the transition from 
trellis-dominated to cloth-dominated textures in magnetite 
grains from deep to shallow levels indicates cooling of the sys-
tem and correlates with increasing proportions of interstitial 
ilmenite and inclusion-free magnetite (type C) at shallower 
levels (Fig. 3g-i). The presence of ilmenite exsolution lamellae 
in magnetite grains and coating grain boundaries in samples 
from Quince is evidence for primary Ti-rich magnetite growth 
at magmatic or near-magmatic temperatures.

The Al2O3 and TiO2 compositions of actinolite are directly 
proportional to the temperature and pressure conditions at 
which they formed (Mark and Foster, 2000, and references 
therein). The elevated content of these oxides in actinolite 
from the deeper samples at Candelaria and Quince are con-
sistent with mineralization at high-temperature conditions 
(Table 3; App. Table A2).

The temperature of mineralization for Quince was estimat-
ed using the Fe# of actinolite, which is coeval with magnetite, 
following Lledo and Jenkins (2008). Those authors experi-
mentally demonstrated the upper stability of natural actinolite 
from the Pleito Melón IOA deposit in Chile (Fe# = 0.22 and 
Ca apfu = 1.97) to be ~780°C at 100 MPa and 850°C at 400 
MPa. The Ca apfu of actinolite from Quince is similar to that 
reported by Lledo and Jenkins (2008), which allows us to use 
their model to estimate the temperature of actinolite crystal-
lization. The Fe# of actinolite of the Quince samples yields 
a formation temperature of 795°C at 100 MPa and 830°C at 
400 MPa (Table 3). These temperatures are within the range 
of 610° to 820°C estimated by Bilenker et al. (2016) for ac-
tinolite from the Los Colorados IOA deposit, Chile, and 735° 
to 840°C estimated by Rojas et al. (2018) for actinolite from 
the El Romeral IOA deposit, Chile, by using the Fe# method. 
The textural association of actinolite and magnetite in sam-
ples from Quince is similar to that reported for Los Colorados 
(Bilenker et al., 2016), El Romeral (Rojas et al., 2018), and 
Cerro Negro Norte (Salazar et al., 2020). The composition of 
actinolite from Quince is also similar to that reported from ac-
tinolite from the aforementioned studies and indicates miner-
al growth at magmatic to magmatic-hydrothermal conditions, 
which is consistent with the conclusions reported for min-
eralization at Los Colorados, El Romeral, and Cerro Negro 
Norte. We note that the δD values of actinolite cogenetic with 
magnetite in Quince and the deeper samples from Candelaria 
(Table 4) are consistent with a high-temperature, magmatic 

source when paired with their O isotope values (Taylor, 1974; 
Hedenquist and Lowenstern, 1994), as has been reported for 
actinolite from the Los Colorados IOA deposit (Bilenker et 
al., 2016).   

We also estimated the temperature of mineralization at 
Quince by using the oxygen isotope fractionation factor be-
tween actinolite and magnetite using the equation

δ18 Oactinolite-δ18 Omagnetite=Δ18 Oactinolite-magnetite

	     	  ∼1000 ln α =106 ×          ,  	 (1)

where Δ18Oactinolite-magnetite was calculated using the measured 
isotopic compositions of sample AQ-19 2. An A factor of 3.54 
for diopside (a close analogue to actinolite; Chiba et al., 1989) 
was used as a proxy for actinolite, as no direct experimental 
data for actinolite are available. We highlight that the analyzed 
magnetite grains contain ilmenite exsolution lamellae and that 
the bulk magnetite-ilmenite oxygen isotope ratios are likely 
representative of the primary Ti-rich magnetite and not af-
fected by exsolution, as magnetite is the dominant phase and is 
buffered (cf. Valley, 2001). The magnetite-actinolite pairs from 
the deepest level of Quince yield calculated temperatures of 
835° and 860°C. These model temperatures for magnetite 
are consistent with the high temperatures estimated from ac-
tinolite chemistry and indicate formation of primary igneous 
magnetite-ulvöspinelSS that unmixed during cooling and sub-
sequent oxidation to magnetite and ilmenite, where the latter 
is present as exsolution lamellae in magnetite and interstitially 
coating grain boundaries among magnetite grains (Fig. 3g-i). 
The agreement between temperatures of mineralization esti-
mated by using the Fe# of actinolite and Δ18Oactinolite-magnetite 

suggests that the two phases crystallized in equilibrium with 
one another (cf. Farquhar et al., 1993; Valley, 2001). 

We did not observe ilmenite exsolution lamellae in any 
magnetite grains from Candelaria as described above for mag-
netite type B in Quince. However, the presence of ilmenite 
granules intimately associated with magnetite in the deep-
est Candelaria samples (e.g., Fig. 3f; >800 m below the bot-
tom of the open pit) and the interstitial ilmenite in Quince 
samples are consistent with the granule oxyexsolution process 
described by Buddington and Lindsley (1964). Those authors 
report that granular ilmenite is produced by fluid-mediated 
oxyexsolution of primary magnetite-ulvöspinelSS that results 
in complete exsolution of ilmenite from magnetite. Granular 
oxyexsolution occurs by subsolidus oxidation of magnetite-ul-
vöspinelSS by reaction with intergranular fluid. The presence 
of triple junctions among magnetite grains in both deposits 
(Fig. 3e, g-i) and of interstitial ilmenite in the Quince samples 
(Fig. 3g, h) are evidence for reequilibration of primary Ti-
rich magnetite and reprecipitation of pristine, hydrothermal 
magnetite (type C) and interstitial ilmenite in the presence 
of a high-temperature fluid (Hu et al., 2014; Heidarian et al., 
2016; Ovalle et al., 2018). The decrease in ilmenite exsolu-
tion lamellae in magnetite, coupled with the increase in in-
terstitial ilmenite from deep to shallow levels in Quince, and 
the ilmenite granules in deeper samples from Candelaria are 
consistent with migration of exsolved ilmenite outside of the 
magnetite crystal structure by reaction with high-temperature 
hydrothermal fluid—potentially during the ore-forming min-
eralization process. The presence of interstitial rutile with il-

   A   
    T2’
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menite and magnetite is also evidence for reequilibration of 
original Ti-rich magnetite under hydrothermal conditions at 
temperatures ranging from 400° to 700°C as reported in stud-
ies of porphyry copper deposits (Rabbia et al., 2009; Rabbia 
and Hernández, 2012). 

The temperatures of crystallization for actinolite in Can-
delaria samples LD1987B 43, 52, and 58 estimated follow-
ing Lledo and Jenkins (2008) at 100 MPa are 752°, 756°, 
and 741°C, respectively (Table 3). The actinolite-magnetite 
pair (Δ18Oactinolite-magnetite) approach yielded minimum tem-
peratures of formation of 591°, 665°, and 595°C for samples 
LD1987B 43, 61, and 74 (Table 4). The lack of agreement 
for temperatures at Candelaria estimated using the Fe# of 
actinolite and Δ18Oactinolite-magnetite pairs likely reflects uncer-
tainties in the thermodynamic model of Lledo and Jenkins 
(2008) used to calculate model temperatures from the Fe# of 
actinolite and possibly O isotope resetting of magnetite and/or 
actinolite during cooling. The actinolite composition for the 
Candelaria samples LD1987B 43, 52, and 58 yields an aver-
age Ca apfu of 2.03, which is slightly higher than the Ca apfu 
value of 1.8 that Lledo and Jenkins (2008) used to derive the 
thermodynamic model from their experimental data. Accord-
ing to Lledo and Jenkins (2008), increasing the Ca apfu by 
0.3 overestimated the temperature of actinolite crystallization 
in their experiments by 25°C. Thus, the model temperatures 
calculated from the Fe# of Candelaria actinolite may similarly 
be overestimated when considering the Ca content of actin-
olite. If mineralization at Candelaria occurred at a pressure  
<100 MPa, and if we assume a linear relationship for Fe# 
and temperature from 100 to 400 MPa as experimentally 
determined by Lledo and Jenkins (2008), extrapolating to  
pressures <100 MPa would also result in overestimation of 
Fe# temperatures by approximately 20°C/100 MPa. 

For the temperatures estimated by using the  
Δ18Oactinolite-magnetite method, Edwards and Valley (1998) re-
ported that variable f(H2O) during cooling promotes faster dif-
fusion and resetting of δ18O in diopside (a proxy for actino-
lite) from granulite facies marbles, and Kohn (1999) reports 
similar findings for diopside in amphibolites and pelites. It has 
also been reported that diffusive exchange of oxygen isotopes 
during complete granular exsolution of ilmenite from origi-
nally Ti-rich magnetite (i.e., where Ti is completely exsolved 
from magnetite) occurring at variable f(H2O) during cooling 
can lower the closure temperature of magnetite and allow for 
oxygen isotope resetting (Cartwright et al., 1993; Farquhar 
and Chacko, 1994; Valley, 2001). 

The results of the aforementioned studies indicate that the 
temperatures estimated from the Fe# of actinolite overesti-
mate the temperature of mineralization, and O isotope par-
titioning between magnetite and actinolite underestimates 
the temperature of mineralization at Candelaria. Considering 
the uncertainties inherent in each of the two methods used to 
estimate temperatures, we suggest that magnetite-actinolite 
mineralization likely occurred over a temperature range in 
between the estimations by both methods.

At shallow levels, Marschik and Fontboté (2001a) estimated 
temperatures of 500° to 600°C for the magnetite-actinolite 
first stage and ~300° to ~500°C for the Cu-rich second stage 
at Candelaria, based on fluid inclusions. Pyrite-anhydrite and 
pyrite-chalcopyrite geothermometry at Candelaria indicates a 

temperature gradient between 300° and 600°C for the sul-
fide mineralization through the whole deposit (del Real et 
al., 2020). Therefore, our estimated temperatures for actino-
lite and magnetite formation at Candelaria, representing the 
magnetite-actinolite first stage at deeper levels, are consistent 
with the temperature differences for sulfide mineralization 
between shallow and deep (hotter) portions of the system. 
The temperatures reported here for samples from the deeper 
zones of Candelaria are also consistent with temperatures re-
ported for IOA deposits. For example, temperatures of 600° 
to 900°C were reported for massive magnetite mineralization 
in the Grängesberg mining district, Sweden (Weis, 2013), 610° 
to >850°C for massive magnetite mineralization at Los Colo-
rados, Chile (Knipping et al., 2015b; Bilenker et al., 2016), up 
to 840°C at El Romeral, Chile (Rojas et al., 2018), up to 800°C 
at Cerro Negro Norte, Chile (Salazar et al., 2020), >800°C 
at el Laco, Chile (Nyström et al., 2008; Tornos et al., 2016), 
and >800°C for early-stage magnetite at the Gushan deposit, 
China (Sun et al., 2019). The temperature overlap between 
the deeper samples from Candelaria and IOA deposits from 
districts globally provides evidence to support the hypothesis 
that IOCG mineralization transitions to IOA mineralization 
with increasing depth. 

Additional insight into the temperature(s) of mineralization 
is provided by the concentrations of trace elements such as Al, 
Mn, Ti, and V in magnetite, which can be used to assess the 
temperature of magnetite growth by using the discriminant 
diagram developed by Nadoll et al. (2014) after Dupuis and 
Beaudoin (2011). Those authors compiled data for magne-
tite samples with well-constrained temperatures of formation 
from ore deposit types that include banded iron formations 
(BIF), IOCG, IOA, porphyry, and Fe-Ti, V deposits. High-
temperature, magmatic, and magmatic-hydrothermal magne-
tite growth corresponds to samples rich in (Ti + V) and (Al + 
Mn), whereas low-temperature magnetite growth results in 
lower concentrations of the same trace elements.

The Al, Mn, Ti, and V concentrations in magnetite from 
Quince and Candelaria are plotted in Figure 4a. The chemis-
try of magnetite samples from Quince plot, on average, in the 
IOA field, and the deeper magnetite samples from Candelaria 
partially overlap the Quince and shallower Candelaria sam-
ples. This suggests that, at depth, the magnetite at Candelaria 
has a transitional composition between the IOCG and IOA 
classifications and the temperatures associated with them, 
which is consistent with the isotope thermometry and actino-
lite geochemistry previously discussed. The average (Ti + V) 
and (Al + Mn) values for shallower magnetite samples from 
Candelaria plot mostly in the IOCG field, with data points 
extending to higher trace element concentrations that plot in 
the porphyry and IOA fields and lower trace element con-
centrations that plot in the BIF field. The shallow Candelaria 
data yield an average composition that plots on the boundary 
between IOCG and IOA deposits (Fig. 4a).

Importantly, samples from Quince contain abundant Mn-
rich ilmenite exsolution lamellae and interstitial ilmenite, and 
the deep samples from Candelaria contain Mn-rich ilmenite 
granules. EPMA analyses were carefully performed to avoid 
analyzing any exsolved ilmenite lamellae when analyzing mag-
netite. Similarly, we carefully analyzed interstitial and ilmen-
ite exsolution lamellae to avoid hitting magnetite. The original 
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trace element content of magnetite in these samples that now 
contain exsolved ilmenite was approximated by reintegrating 
the exsolved ilmenite composition into the host magnetite. 
The reconstructed original magnetite composition of the deep 
samples from Candelaria and the samples from Quince plots 
predominantly in the Fe-Ti, V �eld (igneous magnetite) (Fig. 
4b). This result is consistent with Sun et al. (2019), who rein-
tegrated exsolved ilmenite to calculate the Ti concentration of 
primary magnetite in the Gushan IOA deposit and report that 
primary magnetite plots in the Fe-Ti, V �eld. The originally Ti 
rich magnetite at Quince and the deep portion of Candelaria 
is associated with high-temperature formation conditions, as 
discussed above. When combined with the magnetite chem-
istry from the Candelaria shallow samples, the data are inter-
preted to de�ne a cooling trend (Fig. 4b) from the deep to the 
shallow samples of Candelaria, suggesting that the deep por-
tion of the Candelaria IOCG deposit is chemically analogous 
to the Quince IOA prospect.

In the zoned magnetite grains (type D) in the shallow 
part of Candelaria, rims are depleted in Ti, V, Al, and Mn 
with respect to the cores (Figs. 3b, 4c). This observation is 
consistent with textures and chemistry from hydrothermal 
magnetite from the Los Colorados (Knipping et al., 2015b; 
Deditius et al., 2018) and El Romeral (Rojas et al., 2018) 
IOA deposits in the Chilean iron belt, and the Pliocene El 
Laco IOA deposit in northern Chile (Ovalle et al., 2018). 
Deditius et al. (2018) used transmission electron microscopy 
(TEM) to identify nanoparticle-sized minerals (diopside, 
clinoenstatite, amphibole [tremolite-actinolite], phlogopite, 
ulvöspinel, and Ti-rich magnetite) hosted in the darker areas 
of zoned, late-stage, low-temperature, hydrothermal mag-
netite from the Los Colorados IOA deposit. Those authors 
reported that the magnetite zones that host nanoparticles 
are also enriched in trace elements and concluded that the 
nanoparticles formed owing to supersaturation from a hy-
drothermal �uid, followed by entrapment during continuous 

Fig. 4. a) Magnetite discriminant diagram from Nadoll et al. (2014) after 
Dupuis and Beaudoin (2011). Crosses indicate the average composition for 
each category. The shallow Candelaria samples (green dots) plot on aver-
age in the IOCG �eld, while the deep Candelaria samples (blue dots) and 
the Quince samples (red diamonds) plot in the IOA �eld on average. The 
partial overlap of the deep Candelaria samples with the shallow Candelaria 
and the Quince samples suggests a transitional composition and temperature 
between IOCG and IOA for this part of the system. b) Magnetite discrimi-
nant diagram from Nadoll et al. (2014) after Dupuis and Beaudoin (2011). 
Green dots represent the samples from the shallow part of Candelaria, where 
the green cross shows their average. Plus signs represent the average trace 
element concentration of the magnetite samples that contain ilmenite, where 
blue is for the deep Candelaria samples and red is for Quince samples. Blue 
circles show the calculated original composition of the magnetite after reinte-
grating the ilmenite granules at Candelaria, and the red diamonds correspond 
to the calculated original magnetite from Quince after reintegrating the inter-
stitial ilmenite and the exsolution lamellae. The samples are identi�ed by the 
number next to the symbol. The arrow is based on the composition-tempera-
ture data presented in Nadoll et al. (2014) for the expected trend of the trace 
element chemistry of magnetite that grows from a cooling magmatic-hydro-
thermal �uid. c) Magnetite discriminant diagram from Nadoll et al. (2014) 
after Dupuis and Beaudoin (2011). Dots represent EPMA data from type 
D magnetite with core to rim zonation in the shallow Candelaria samples. 
Crosses indicate the average composition for each category. A transition is 
observed between high-temperature cores enriched in Al, Mn, Ti, and V and 
low-temperature rims depleted in trace elements.
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growth of the magnetite host, similar to our observations for 
zoned magnetite (type D).

Iron and oxygen isotope constraints on the source of ore 
�uids

Previous compilations of Fe and O isotope data for igneous 
settings and different ore deposit types have allowed the de-
termination of ranges of δ56Fe and δ18O that can be associ-
ated with particular �uid reservoirs (Taylor, 1967, 1968; Hei-
mann et al., 2008; Jonsson et al., 2013; Weis, 2013; Wawryk 
and Foden, 2015, 2017; Bilenker et al., 2016; Childress et al., 
2016; Troll et al., 2019). The coupled interpretation of Fe-O 
isotope pairs has proven successful for �ngerprinting the 
provenance of magnetite in IOA deposits worldwide (Weis, 
2013; Bilenker et al., 2016; Childress et al., 2016; Troll et al., 
2019). All of the δ56Fe and δ18O values from Quince and all 
but two δ18O values from Candelaria are within the �eld de-
�ned for magmatic/magmatic-hydrothermal magnetite (Fig. 
5). A magmatic/magmatic-hydrothermal origin for Fe and O 
in magnetite from Candelaria is consistent with conclusions 
based on noble gas and halogen data (Marschik and Kendrick, 
2015), �uid-inclusion and stable isotope data, (Marschik and 
Fontboté, 2001a; del Real et al., 2020), and Re-Os isotope 
data (Mathur et al., 2002). 

The two slightly elevated δ18O values belong to the shallow-
est samples at Candelaria, where magnetite is replacing lay-
ered, sedimentary rocks. These samples come from the vol-
canic-sedimentary levels of the Punta del Cobre Formation 
or from the base of the Chañarcillo Group, which contains 
carbonate-bearing rocks (Marschik and Fontboté, 2001b; 
Mourgues, 2004; del Real et al., 2018). We performed a mass 
balance calculation to simulate interaction of a magmatic-hy-
drothermal �uid (initial δ18O ~5–8‰) with carbonates (δ18O 
of ~28‰; Price et al., 2008) in the host rocks. The range of 
δ18O for the �uid was based on the fractionation factor be-
tween magnetite and water between 500° and 650°C, tem-
peratures associated with the shallow levels of the deposit. As 

the �uid dissolves the carbonates, the O coming from them 
mixes with the O in the magmatic-hydrothermal �uid, shifting 
the value of δ18O of the ore �uid values toward more posi-
tive values. Magnetite that precipitates from such �uid would 
preserve the heavier δ18O value of the �uid isotopically buff-
ered by carbonate-bearing host rocks. A rock/water volume 
of 0.2 to 0.3 produces a magmatic-hydrothermal �uid from 
which magnetite with δ18O ~5 to 8‰ precipitates. The host 
rocks are not reported to contain any ferroan carbonate min-
eral phases (cf. Marschik and Fontboté, 2001b; del Real et al., 
2018) thus, we cannot model the possible effect of water-rock 
interactions with carbonate host rocks on the values of δ56Fe. 
Alternatively, the elevated δ18O could have resulted from �uid 
mixing between a magmatic-hydrothermal �uid and a �uid in 
equilibrium with the carbonate in the host rock. 

Besides �uid-rock interaction, the spread in the δ18O values 
in the shallow Candelaria samples may re�ect redox changes 
in the system associated with the formation of mushketo-
vite. The increased δ56Fe values at Candelaria with respect 
to Quince probably re�ect a temperature control in the frac-
tionation of Fe isotopes, suggesting that Quince formed at a 
higher temperature compared to Candelaria.  

A model that explains IOA and IOCG deposits as part of a 
genetic continuum

A genetic link between IOA and IOCG deposits was �rst hy-
pothesized by Hitzman et al. (1992) based on their global as-
sessment of Proterozoic iron oxide (Cu-U-Au-REE) deposits, 
and subsequently by Espinoza et al. (1996) based on obser-
vations of the spatial and temporal relationships among these 
classes of deposits in the Chilean iron belt. Our results show 
that magnetite from the deep portion of the Candelaria IOCG 
system is very similar—texturally and compositionally—to 
magnetite from the Quince occurrence (this study) and that 
the compositions de�ne an interpreted cooling trend in trace 
element space (Fig. 4b). The compositions of magnetite from 
Candelaria and Quince are also similar to those reported for the 
Los Colorados (Knipping et al., 2015a, b), El Romeral (Rojas et 
al., 2018), and Cerro Negro Norte (Salazar et al., 2020) IOA de-
posits in the Chilean iron belt and the El Laco IOA deposit in 
northern Chile (Ovalle et al., 2018). The overlap of magnetite 
geochemical data for these deposits supports the hypothesized 
genetic link between IOA and IOCG deposits (Huang and Be-
audoin, 2019). A continuum from IOA to IOCG mineralization 
within individual systems has been suggested for Olympic Dam 
(Apukhtina et al., 2017), the Great Bear magmatic zone (Cor-
riveau et al., 2016), the Mesoproterozoic St. Francois Moun-
tains terrane, southeast Missouri (Day et al., 2016), and several 
deposits in the Chilean iron belt (Naslund et al., 2002; Sillitoe, 
2003; Barra et al., 2017; Childress et al., 2020). 

The observations at Candelaria reveal a clear transition with 
depth from an IOCG deposit to IOA mineralization (Fig. 6). 
This is consistent with the genetic model proposed by Knip-
ping et al. (2015a) that explains IOCG and IOA mineraliza-
tion as parts of a single continuum resulting from the com-
bination of igneous and magmatic-hydrothermal processes. 
In their unifying model, microlites of Ti-rich magnetite (i.e., 
type A with inclusions and type B with exsolved ilmenite) 
crystallize from a silicate melt and serve as nucleation sites 
for magmatic-hydrothermal �uid that is exsolved from sili-

Fig. 5. Magnetite Fe-O isotope pairs for Quince (red) and Candelaria (green 
= shallow Candelaria; blue = deep Candelaria) with 2σ error bars. The orange 
box outlines the range for oxygen (Taylor, 1967, 1968) and iron (Heimann et 
al, 2008; Bilenker et al., 2016; Troll et al., 2019) isotopes for magmatic and 
magmatic-hydrothermal magnetite. The two samples that plot outside the 
magmatic/magmatic-hydrothermal range (orange dashed lines) are discussed 
in the main text.
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cate melt during decompression. Continued degassing of 
magmatic-hydrothermal �uid that nucleates as bubbles on 
magnetite microlites results in the formation of a magnetite-
�uid suspension that is more buoyant than the surrounding 
magma, allowing this magnetite-bearing ore �uid to ascend 
and carry Ti-rich magnetite (Knipping et al., 2019). During 
ascent and emplacement, the ore �uid will react with Ti-rich 
magnetite, promoting local dissolution-reprecipitation reac-
tions along grain boundaries, catalyzing the exsolution of Ti 
from the lamellae into ilmenite granules (Buddington and 
Lindsley, 1964), and precipitating exsolution- and inclusion-
free magnetite (type C). The presence of triple junctions 
among magnetite grains, as well as the trace element zona-
tion between cores and rims within single grains, preserves 
evidence for such processes. Experimental data (Hezarkhani 
et al., 1999; Ulrich et al., 2001; Hurtig and Williams-Jones, 
2014; Williams-Jones and Migdisov, 2014) demonstrate that 
the exsolved magmatic-hydrothermal �uid continues to 
transport Fe, Cu, Au, and S after forming IOA mineraliza-
tion at depth. The �uid continues to cool during ascent and 
precipitates oxides and sul�des in the shallower levels of the 
system to form an IOCG deposit (Knipping et al., 2015a; 

Reich et al., 2016; Simon et al., 2018). Type D magnetite 
and mushketovite, which are only present in the shallow 
zone of Candelaria, are purely hydrothermal minerals that 
precipitated from the ascending �uid after it produced IOA 
mineralization at deeper levels of the system. Marschik and 
Fontboté (2001a) report that type D magnetite precipitated 
at temperatures between 500° and 600°C and was followed 
by chalcopyrite and pyrite mineralization as the �uid cooled 
below 500°C. 

Conclusions
The Fe and O stable isotope data for magnetite and H iso-
tope data for actinolite support a magmatic/magmatic-hydro-
thermal origin for the Candelaria IOCG and the Quince IOA 
mineral deposits in the Chilean iron belt. The trellis and cloth 
textures, triple junctions, and zonation in magnetite grains 
are consistent with oxyexsolution of a primary magnetite-ul-
vöspinel solid solution to magnetite that contains ilmenite ex-
solution lamellae. This process was enhanced by syn- or post-
mineralization dissolution-reprecipitation and reequilibration 
processes of originally Ti rich magnetite caused by the inter-
action with a cooling hypogene magmatic-hydrothermal �uid. 
Such interaction is also re�ected in the geochemical zonation 
of trace elements, which systematically decrease from core to 
rim in individual (zoned) magnetite grains and between deep 
and shallow samples.

The geochemical and textural characterization of magne-
tite and actinolite from Candelaria and Quince indicates a 
magmatic to magmatic-hydrothermal origin for these mineral 
deposits and suggests that the deep part of Candelaria repre-
sents the transition between shallow IOCG and deeper IOA 
mineralization. The �otation model, as proposed by Knipping 
et al. (2015a), can explain the origin of both Quince and Can-
delaria, supporting the hypothesis that IOA and IOCG depos-
its are parts of a single genetic continuum. 
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