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A B S T R A C T   

Magnetite is the most important iron ore in iron oxide-apatite (IOA) deposits which represent the Cu-poor end- 
member of the iron oxide-copper–gold (IOCG) clan. Magnetite chemistry has been used as a petrogenetic in-
dicator to identify the geological environment of ore formation and as a fingerprint of the source reservoir of 
iron. In this study, we present new textural and microanalytical EPMA and LA-ICP-MS data of magnetite from 
Carmen, Fresia, Mariela and El Romeral IOA deposits located in the Cretaceous Coastal Cordillera of northern 
Chile. We also provide a comprehensive summary and discussion of magnetite geochemistry from Andean IOAs 
including Los Colorados, Cerro Negro Norte, El Romeral (Chilean Iron Belt) and the Pliocene El Laco IOA deposit 
located in the Central Volcanic Zone of the Chilean Andes. Microtextures coupled with geochemical data were 
used to define and characterize the occurrence of different magnetite types. Magnetite exhibits a variety of 
textural features including oscillatory zoning, colloform banding, re-equilibration textures, exsolution lamellae 
and symplectites. The magmatic vs. hydrothermal origin of the different magnetite types and the evolution of 
IOA deposits can be assessed using diagrams based on compatible trace elements. However, magnetite is very 
susceptible to hydrothermal alteration and to both textural and compositional re-equilibration during magmatic 
and superimposed hydrothermal events. Based on the data presented here, we conclude that V and Ga are 
possibly the most reliable compatible elements in magnetite to trace ore-forming processes in the Andean IOA 
deposits. Magnetite chemistry reveals different conditions/events of formation for each IOA deposit ranging 
from high-temperature, low-oxygen fugacity (ƒO2), purely magmatic (> 600 °C) conditions; to lower tempera-
ture and higher ƒO2 magmatic-hydrothermal (300–600 °C) to low-temperature hydrothermal (< 200–300 °C) 
conditions. Specifically, a continuous transition from high-temperature, low- ƒO2 conditions in the deepest 
portions of the deposits to low-temperature, relatively higher ƒO2 conditions towards surface are described for 
magnetite from El Laco. The new and compiled magnetite data from IOA deposits from the Chilean Iron Belt and 
El Laco are consistent with a transition from magmatic to hydrothermal conditions. The flotation model plausibly 
explains such features, which result from the crystallization of magnetite microlites from a silicate melt, nu-
cleation and coalescence of aqueous fluid bubbles on magnetite surfaces, followed by ascent of a fluid-magnetite 
suspension along reactivated transtensional faults or through fissures formed during the collapse of the volcanic 
structure (El Laco). The decompression of the coalesced fluid-magnetite aggregates during ascent promotes the 
continued growth of magnetite microlites from the Fe-rich magmatic-hydrothermal fluid. As with any general 
genetic model, the flotation model allows variation and the definition of different styles or subtypes of IOA 
mineralization. The deeper, intrusive-like Los Colorados deposit shows contrasting features when compared with 
the Cerro Negro Norte hydrothermal type, the pegmatitic apatite-rich deposits of Carmen, Fresia and Mariela, 
and the shallow, subaerial deposits of El Laco. These apparent differences depend fundamentally on the depth of 
formation, the presence of structures and faults that trigger decompression, the composition of the host rocks, 
and the source and flux rate of hydrothermal fluids.   
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1. Introduction 

Magnetite (Fe3O4) is a common accessory mineral in igneous, me-
tamorphic and sedimentary rocks and can form under a wide range of 
temperature and pressure conditions. It can also become concentrated 
in large quantities to form ore deposits such as banded iron formations 
(e.g., Angerer et al., 2012; Araújo and Lobato, 2019), magmatic Fe-Ti-V 
oxide (e.g., Zhou et al., 2005), iron skarns (e.g., Nadoll et al., 2014, 
2015), iron oxide-copper–gold (IOCG) and Kiruna-type iron oxide- 
apatite (IOA) deposits (e.g., Williams et al., 2005). 

Iron oxide-apatite deposits represent the Cu-poor end-member of 
the IOCG clan (Sillitoe, 2003) and are an important source of Fe. Iron 
oxide-apatite mineralization is dominated by low-Ti magnetite, which 
can be accompanied by variable amounts (1–50% modal) of apatite, 
actinolite, pyroxene, epidote and sulfides (Williams et al., 2005). On the 
other hand, IOCG deposits are mined for their Cu content, but in some 
cases Au, U, REE, P, Co, Bi and Nb are relevant by-products (Hitzman 
et al., 1992; Sillitoe, 2003; Williams et al., 2005; Groves et al., 2010; 
Barton, 2014). IOCG mineralization is characterized by Cu-Fe sulfides 
(chalcopyrite and minor bornite), Cu oxides and abundant iron oxides 
(magnetite and/or specular hematite). Hydrothermal alteration is re-
presented by sodic-calcic (albite, actinolite, epidote) and potassic 
(biotite, orthoclase) assemblages with minor chlorite, sericite and late 
calcite. Regardless of the high concentration of iron oxides in IOCGs, 
they are rarely mined for Fe. 

Both IOCG and IOA deposits occur globally with reported ages 
ranging from Archean (e.g., Carajás Province, Brazil; de Melo et al., 
2017), early Proterozoic (e.g., Kiruna district, Sweden and Olympic 
Dam district, Australia; Westhues et al., 2017a, 2017b; Apukhtina et al., 
2017), middle Proterozoic (e.g., Pea Ridge and Pilot Knob deposits, 
USA, and Cloncurry district, Australia; Rusk et al., 2010; Day et al., 
2016; Childress et al., 2016), Cretaceous (e.g., Los Colorados, El Rom-
eral, Candelaria and Mantoverde, Chile; Benavides et al., 2007; Rieger 
et al., 2010, 2012; Knipping et al., 2015a, 2015b; Rojas et al., 2018a) 
and Pliocene (e.g., El Laco, Chile; Maksaev et al., 1988; Nystrӧm and 
Henríquez, 1994; Naranjo et al., 2010). 

In Chile, most of the IOCG and IOA deposits occur spatially and 
temporally associated with one another in the Jurassic − Early 
Cretaceous Chilean Iron Belt (CIB) within the Coastal Cordillera of 
northern Chile between latitudes 25° and 31°S (Fig. 1). These deposits 
occur closely associated with coeval Mesozoic intrusions and are 
structurally controlled by the arc-parallel Atacama Fault System (AFS) 
(Sillitoe, 2003; Williams et al., 2005). As the youngest-known 
IOCG − IOA province in the world, mostly unaffected by meta-
morphism and deformation (Sillitoe, 2003), the CIB is an ideal area to 
study the processes involved in the formation of IOA and IOCG deposits 
and to refine the current genetic model. Noteworthy, the Pliocene El 
Laco Volcanic Complex (ELVC), located further north (23°48′S) in the 
high Andes, hosts the youngest, least altered, and best preserved IOA 
deposit discovered to date (Naranjo et al., 2010; Fig. 1). Within an area 
of ~ 35 km2, six magnetite ore bodies have been described at El Laco 
(i.e., Laco Norte, Laco Sur, San Vicente Alto, Rodados Negros, Cristales 
Grandes and San Vicente Bajo). These ore bodies display remarkable 
volcanic and subvolcanic features that have fueled the controversy re-
garding a magmatic (immiscibility model) or metasomatic origin for 
IOA deposits (Frutos and Oyarzún, 1975; Nystrӧm and Henríquez, 
1994; Sillitoe and Burrows, 2002; Naranjo et al., 2010; Tornos et al., 
2016; Velasco et al., 2016; Ovalle et al., 2018). 

It is well known that IOCG deposits are mostly formed by hydro-
thermal processes (Sillitoe, 2003; Williams et al., 2005; Mumin et al, 
2007; Groves et al., 2010; Barton, 2014). However, the origin of IOA 
deposits remains controversial and, historically, two contrasting 
“classic” hypotheses have been proposed. The first hypothesis com-
prises a purely magmatic origin involving the separation of an im-
miscible Fe-P-rich melt from a silicate melt with the subsequent intru-
sion and crystallization of an Fe-rich ore body at upper crustal levels 

(e.g., Nystrӧm and Henríquez, 1994; Naslund et al., 2002; Chen et al., 
2010; Velasco et al., 2016). The second hypothesis involves a purely 
hydrothermal origin where the magnetite ore is formed by metasomatic 
replacement of host rocks by Fe-rich fluids sourced from magmatic or 
non-magmatic sources (e.g., Rhodes and Oreskes, 1995, 1999; Sillitoe 
and Burrows, 2002; Barton and Johnson, 1996, 2004; Pollard, 2006; 
Dare et al, 2015; Westhues et al., 2016, 2017b; Westhues et al, 2017a). 
Most of the current debate regarding the origin of IOA deposits has been 
centered on El Laco, where some researchers have argued that the 
magnetite ore bodies preserve purely igneous/volcanic features, such as 
pahoehoe- and aa-like lava flows, different degrees of vesicularity, 
contorted flow layering, spherulitic and dentritic magnetite, and ver-
tical structures interpreted as gas escape tubes (Nystrӧm and 
Henríquez, 1994; Naslund, et al., 2002). However, others have inter-
preted these textures as relicts of the andesite lava flows that have been 
replaced by hydrothermal iron oxides, based on magnetite veins and 
breccias, and hydrothermal alteration assemblages observed around the 
magnetite bodies (Rhodes et al., 1999; Sillitoe and Burrows, 2002). 

Over the past few years, and in light of a renewed interest in 
magnetite geochemistry studies, a novel genetic model was proposed by  
Knipping et al. (2015a) and Knipping et al. (2015b) to explain the 
formation of IOA deposits. By using a combination of field observations, 
trace element geochemistry and Fe and O stable isotopes composition in 
magnetite grains from Los Colorados, those authors propose that IOA 
deposits formed by a combination of igneous and magmatic-hydro-
thermal processes. In their flotation model, microlites of magnetite 
crystallized from a silicate melt triggering bubble nucleation, forming a 
magnetite-fluid suspension that transported magnetite to shallow 
depths through pre-existing fault structures that are reactivated by 
crustal extension. This new model not only reconciles the two opposing 
genetic hypotheses (liquid immiscibility vs. metasomatic replacement), 
but also provides a plausible explanation for the formation of spatially 
associated IOCG deposits as part of the same evolving system (Reich 
et al., 2016; Barra et al., 2017; Simon et al., 2018). A genetic connection 
between IOA and IOCG deposits of the Coastal Cordillera of northern 
Chile has been previously proposed, where IOA (sulfide-poor) deposits 
may represent the roots or deep portion of IOCG (sulfide-rich) systems 
(Espinoza et al., 1996; Sillitoe, 2003). 

The current discussion about the genesis of IOA deposits is based on, 
among other proxies, the major and trace element geochemistry of 
magnetite, which is the modally dominant mineral in all IOA deposits. 
Both electron microprobe analysis (EMPA) and laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS) have been 
used to measure the chemical composition of major and trace elements 
in magnetite, respectively. While EMPA allows for a low-micron size 
beam (< 5 μm) to analyze a limited number of elements, e.g., Mg, Al, 
Ca, Ti, V, Cr and Mn at detection limits of tens to hundreds of ppm (e.g.,  
Dupuis and Beaudoin, 2011), LA-ICP-MS allows in-situ measurements 
on 20–50 µm spots of a large number of trace elements (> 40) at ppm 
to sub-ppm levels. These analytical advances have resulted in a growing 
interest in the study of magnetite as a petrogenetic indicator and as tool 
to identify past geological environments of ore formation or as a fin-
gerprint of mineral deposit types (Dupuis and Beaudoin, 2011; Dare 
et al., 2012, 2014; Nadoll et al., 2012, 2014; Huang et al., 2018, 2019; 
Huang and Beaudoin, 2019). In particular, Knipping et al. (2015a) and 
Knipping et al. (2015b) documented distinct chemical zoning in mag-
netite grains from Los Colorados IOA deposit, where cores are enriched 
in Ti, Al, Mn and Mg indicating crystallization from a silicate melt. In 
contrast, magnetite rims show a pronounced depletion in these ele-
ments, consistent with magnetite grown from a Fe-rich magmatic-hy-
drothermal aqueous fluid (Knipping et al., 2015b). 

After Knipping et al. (2015a) and Knipping et al. (2015b), several 
geochemical and textural studies have been carried out on magnetite 
and other mineral phases (pyrite, actinolite, apatite) in the Andean 
IOCG and IOA deposits including: El Romeral (Rojas et al., 2018a, 
2018b); Los Colorados (Bilenker et al., 2016; Reich et al., 2016; 
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Deditius et al., 2018; La Cruz et al., 2019; Knipping et al., 2019a); El 
Laco (Ovalle et al., 2018; La Cruz et al., 2019, 2020); Cerro Negro Norte 
(Salazar et al., 2020); Carmen, Fresia and Mariela (Palma et al., 2019); 
Candelaria (Rodriguez-Mustafa et al., 2020); Mantoverde (Childress 
et al., 2020). The chemical composition of magnetite grains from Cerro 
Negro Norte, El Romeral and El Laco deposits reflect their formation 
conditions, revealing systems that evolved from high-temperature 
purely igneous/magmatic conditions at depth to lower temperature 
magmatic-hydrothermal conditions at shallow depths (Ovalle et al., 
2018; Rojas et al., 2018b; Salazar et al., 2020; La Cruz et al., 2020). The 
data presented in such studies have been described as consistent with 
the flotation model to explain the origin of Andean IOA deposits. 

In this contribution we present a review of the extensive magnetite 
chemical data gathered during these last few years on Andean IOA and 
IOCG deposits. In addition, we present and discuss new micro-textural, 
EPMA and LA-ICP-MS data for magnetite from the Carmen, Fresia, 

Mariela and El Romeral IOA deposits. The trace element composition of 
magnetite, geochemical discrimination diagrams (e.g., Dupuis and 
Beaudoin, 2011; Nadoll et al., 2014) and Principal Component Analysis 
(PCA) are used here to fingerprint the texturally different magnetite 
types observed in each deposit and provide new constraints on the 
formation of these deposits. We also demonstrate how magnetite 
compositional data should be closely inspected and complemented with 
micro-textural observations to avoid misinterpretations. Finally, we 
propose a mechanism of formation for the apatite-rich (~20–50% 
modal), pegmatitic IOA subtype of Carmen, Fresia and Mariela. 

2. Geological setting 

2.1. The Chilean Iron Belt, Coastal Cordillera of northern Chile (25-31°S) 

In the Chilean Iron Belt (CIB), IOCG and IOA deposits formed during 

Fig. 1. Map showing the location of main IOCG and IOA deposits in the Jurassic–Early Cretaceous Central Andean IOCG Province of the Coastal Cordillera (25-31°S) 
and El Laco IOA deposit (23°48′S) in the high Andes of northern Chile. Modified after Barra et al. (2017). 
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the Late Jurassic to Early Cretaceous under an extensional tectonic 
regime (Mariana-type subduction) in response to subduction rollback at 
the retreating convergent margin (Mpodozis and Ramos, 1989; Grocott 
and Taylor, 2002). The extensional conditions during this period re-
sulted in the formation of a subsiding trench-parallel magmatic arc and 
a sedimentary marine back-arc basin (Mpodozis and Ramos, 1989; 
Scheuber et al., 1994; Brown, 1995; Charrier et al., 2007; Ramos, 
2010). The magmatic arc was dominated by tholeiitic basaltic magmas, 
gabbros and mafic dikes associated with calc-alkaline andesites and 
basaltic andesite flows (Mpodozis and Ramos, 1989; Scheuber et al., 
1994; Oliveros et al., 2006). The plutonic complexes, emplaced into 
broadly contemporaneous arc and intra arc-volcanic products, comprise 
hornblende-biotite gabbros, diorites, tonalites, granodiorites and minor 
granites (Dallmeyer et al., 1996). 

The dominant structural feature of the CIB is the Atacama Fault 
System (AFS), a > 1,000 km long, trench-parallel, strike-slip fault zone 
(Fig. 1) that resulted from the synchronous opening of the South 
Atlantic Ocean basin and oblique subduction beneath western South 
America (Uyeda and Kanamori, 1979; Scheuber and Andriessen, 1990; 
Brown et al., 1993; Scheuber and González, 1999). This fault system 
consists of a set of branches marked by prior ductile shear zones and 
later brittle faults with NNW-, N- and NNE-orientations (Brown, 1995; 
Dallmeyer et al., 1996; Scheuber and González, 1999; Grocott and 
Taylor, 2002). The AFS was characterized by a sinistral movement 
during the Jurassic to Early Cretaceous, followed by dextral shearing 
during the Late Cretaceous and final vertical displacements as a result 
of changes in the plate configuration and in the convergence vector of 
the subducting plate (Scheuber and Andriessen, 1990; Scheuber and 
González, 1999). 

The Central Andean IOCG-IOA province of northern Chile and 
southern Peru formed over a period of ca. 65 Ma (Chen et al., 2013). 
The IOCG and IOA ore systems are apparently diachronous and both 
appear to have accompanied the eastward migration of arc magmatism 
(Sillitoe, 2003). Although IOCG mineralization began to develop during 
the Middle Jurassic (165–155 Ma), it was during the mid-Cretaceous 
(ca. 130–100 Ma) that most IOA deposits were formed (Oyarzún et al., 
2003; Chen et al., 2013; Barra et al., 2017). Iron oxide-apatite deposits 
are usually hosted by mafic-to-intermediate sub-aerial volcanic units 
(e.g., La Negra Formation: Middle to Late Jurassic or Punta del Cobre 
Formation: Late Jurassic to Early Cretaceous) or broadly con-
temporaneous gabbro to granodiorite intrusions (Sillitoe, 2003). Most 
of the IOCG and IOA deposits of the Coastal Cordillera of northern Chile 
occur in the vicinity of the AFS usually related to second order faults 
(Sillitoe, 2003; Cembrano et al., 2005). 

The Andean IOA deposits are characterized by the occurrence of 
massive magnetite ore bodies, veins, lens-like bodies, mantos and 
breccias with actinolite, minor apatite (usually < 1% modal) and traces 
of sulfides such as pyrite and chalcopyrite. About 50 IOA deposits, in-
cluding seven large deposits (> 100 Mt high grade Fe-ore) occur within 
the Coastal Cordillera between 25 and 31°S (Nystrӧm and Henríquez, 
1994). Some deposits were mined in the past for iron (e.g., El Algar-
robo, El Tofo, Carmen) or phosphates (Mariela) and only a few are 
currently under production (Los Colorados and Cerro Negro Norte). 
Some small IOA deposits including Carmen, Fresia and Mariela display 
pegmatitic, comb-like and breccia-like textures with ~20–40% modal 
apatite, pointing to high volatile/melt conditions in the apical parts of 
IOA deposits (Treloar and Colley, 1996; Palma et al., 2019). In some 
areas of the Carmen and Fresia deposits, large apatite crystals (up to 
50 cm long) have crystallized perpendicular to the magnetite vein walls 
(Treloar and Colley, 1993, 1996; Palma et al., 2019). In the Mariela IOA 
deposit, apatite with minor actinolite and magnetite occurs as a breccia 
matrix around chlorite-epidote altered intrusive fragments (Palma 
et al., 2019). In the central and eastern part of Mariela, pegmatitic 
apatite and actinolite crystals can reach up to 3 m long (Río Tinto in-
ternal report, 2001). 

Iron oxide-copper–gold (IOCG) mineralization comprises specular Ta
bl
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Fig. 2. Back-scattered electron images of magnetite types from the Carmen deposit. (A) Inclusion-rich Type-I magnetite crosscut by pristine, inclusion-free Type-II 
magnetite veinlets; (B) Type-I magnetite showing oscillatory zoning with alternating dark and light bands crosscut by Type-II magnetite veinlet; (C) Detail of 
oscillatory zoning in Type-I magnetite. The white arrows indicate mineral inclusions that are distributed preferentially within the dark bands; (D) Type-III magnetite 
intergrown with actinolite (Act) crystals. Early magnetite was recrystallized to fine-grained aggregates of Type-III magnetite in a mosaic texture with triple junctions 
(white dotted lines and arrows). The inset shows a magnetite grain with numerous nano- to micron-sized inclusions; (E) Inclusion-poor Type-IVa magnetite veinlet 
associated with Cl-rich apatite (Ap), monazite (Mnz) and enstatite (En). The veinlet crosscuts Type-III magnetite; (F) Type-IVb porous magnetite veinlet. 

Fig 3. Back-scattered electron images of magnetite types from the Fresia deposit. (A) Recrystallized grains of Type-A magnetite. Note the presence of pores in some 
grains and the hematite (Hmt) replacement (BSE-dark) along rims; (B) Well-developed oscillatory zoning in Type-A magnetite. Note the absence of mineral inclusions 
and the presence of pores in some areas; (C) Type-B magnetite that exhibits exsolution lamellae of a Ti-bearing phase (black arrows) and numerous nano-inclusions 
oriented along magnetite crystallographic planes; (D) Crustiform-colloform banding in Type-C magnetite with quartz (Qz); (E) Detail from (D) showing the oscillatory 
zoning texture in Type-C porous magnetite; (F) Porous, recrystallized Type-D magnetite intergrown with large actinolite (Act) crystals in veinlet that crosscuts the 
altered host rock at the margin of the Fresia deposit. 
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hematite or magnetite massive ore bodies, veins, mantos, stockworks 
and breccia, with abundant chalcopyrite, pyrite and lesser bornite. Iron 
mineralization occurs accompanied by hydrothermal albite, K-feldspar, 
chlorite, sericite, epidote, carbonates, quartz, actinolite and minor 
scapolite (Hitzman et al., 1992; Sillitoe, 2003; Williams et al., 2005; 
Groves et al., 2010). The largest IOCG deposits in Chile are the Man-
toverde (hematite rich-type) and Candelaria (magnetite rich-type) de-
posits, both with over 400 Mt of Cu with a 1% ore grade (Marschik 
et al., 2000; Marschick and Fontboté, 2001; Benavides et al., 2007; 
Rieger et al., 2010, 2012; del Real et al., 2018) (Fig. 1; Table 1). 

The main geological features of the IOA deposits discussed in this 
study including Carmen, Fresia, Mariela, El Romeral, Los Colorados, 
Cerro Negro Norte and El Laco, and both Candelaria and Mantoverde 
IOCG deposits, are summarized in Table 1. 

2.2. El Laco IOA deposit, Chilean Altiplano 

The El Laco Volcanic Complex (ELVC) is located at elevations of 
4,600–5,200 m above sea level in the Plio-Pleistocene volcanic arc of 

the Central Volcanic Zone of the Andes, northern Chile (Fig. 1). This 
volcanic complex comprises a cluster of andesitic to dacitic volcanic 
structures with NW-trending fissural emission centers and secondary 
craters associated with ring-shaped structures around Pico Laco 
(Naranjo et al., 2010). Within the ELVC the magnetite ore bodies occur 
interbedded between lava flows and pyroclastic rocks, spatially asso-
ciated with the pre-existing subvertical annular collapse structures and 
with secondary craters (Frutos and Oyarzún, 1975; Naranjo et al., 
2010). The El Laco IOA deposit is composed of six massive magnetite 
ore bodies including the lava-like flows of Laco Norte, Laco Sur and San 
Vicente Alto; the N-W-trending tabular bodies of Rodados Negros and 
Cristales Grandes; and the dome-shaped bodies of San Vicente Bajo 
(Nystrӧm and Henríquez, 1994; Naranjo et al., 2010; Ovalle et al., 
2018; Table 1). The magnetite ore bodies are mainly composed of 
magnetite (~98% modal)—with minor hematite-goethite formed by 
the supergene alteration of magnetite outcrops—apatite, diopside, 
scapolite, apatite, REE-rich and iron phosphates (Naranjo et al., 2010; 
Ovalle et al., 2018). Total estimated resources are 733.9 Mt with an 
average ore grade of 49.2% Fe (CAP Minería Annual Report, 2016), 

Fig. 4. Back-scattered electron images of magnetite types from the Mariela deposit. (A) General view of Type-α, -β and -γ magnetite in contact with actinolite (Act); 
(B) Type-α magnetite with symplectite texture and fractured Type-β magnetite. The white rectangles indicate the areas corresponding to Figures C and D. (C) 
Symplectite texture composed of interstitial magnetite and vermicular rutile (BSE-light grey) altered to titanite (BSE-black). Note that magnetite is replaced by 
hematite (Hmt) along crystallographic planes; (D) Type-β magnetite exhibiting ulvöspinel/ilmenite exsolution lamellae. Note that magnetite is replaced by hematite 
(Hmt) along fractures; (E) Type-α magnetite crosscut by a later veinlet of Type-γ magnetite; (F) Type-δ magnetite veinlet which displays a well-defined cubic cleavage 
associate with epidote (Ep) and Cl-rich apatite (Ap). The white rectangle indicates the area of Figure G; (G) Type-δ magnetite showing abundant ilmenite exsolution 
lamellae; (H) Type-ε magnetite grain exhibiting a fluidal texture with bands of different shades of gray, which represent variable Fe and Si contents. Note the small 
pyrite grains (Py) hosted within Type-ε magnetite. (I) Type-ε Si-rich magnetite intergrown with specular hematite (Hmt) and quartz (Qz). 
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making it one of the largest Chilean iron deposits. Many textures and 
morphologies have been described for the massive magnetite ore bodies 
including vesicular textures mainly at shallow levels, breccia bodies 
with fragments of andesite and magnetite matrix, vertical chimney-like 
cavities lined with euhedral magnetite crystals and intergrown with 
diopside and apatite, and lava-like flows dominated by a pahoehoe and 
locally aa texture (Nystrӧm and Henríquez, 1994; Naslund et al., 2002; 
Sillitoe and Burrows, 2002; Ovalle et al., 2018). 

Recently, Ovalle et al. (2018) studied drill core samples from the 
Laco Norte, Laco Sur and Extension Laco Sur ore bodies, and reported a 
similar structure and clear relationship among ore bodies, breccias and 
hydrothermal alteration. The main part of the massive magnetite bodies 
correspond to the upper zone (~0–65 m) characterized by magnetite 
with lava-like textures (> 90% modal), minor diopside and scarce 
apatite. The surface part of this zone contains magnetite with vesicular 
textures and a high degree of hematite and goethite alteration, while 
the deepest part of this zone is dominated by the weakly to moderate 
magnetite replacement by hematite and late gypsum veinlets that 
crosscut and fill open spaces in massive magnetite. A transition zone 
(65–145 m) between shallow magnetite and magnetite breccias is 
characterized by massive magnetite with abundant coarse-grained 
diopside grains that vary in size from few tens of micrometers to a few 
millimeters. The deepest zone (150–200 m) comprises magnetite 
breccia bodies with andesite fragments replaced by fine-grained diop-
side within a magnetite-diopside matrix. In the Pasos Blancos area, 
high-temperature diopside-magnetite-quartz–rich contact metamorphic 
aureoles associated with the emplacement of the tabular magnetite ore 
bodies were reported by Vivallo et al. (1994) and, at depth, an alkali- 
calcic alteration assemblage is particularly well-developed. This al-
teration has been interpreted as the result of subvolcanic contact me-
tasomatism (Rhodes et al., 1999; Naranjo et al., 2010) and comprises 
intense scapolitization and diopside formation that partially to perva-
sively replaced andesitic fragments immersed in a magnetite-diopside- 
scapolite matrix. The most visible expression of the hydrothermal al-
teration in the complex corresponds to steam-heated zones marked by a 
penetrative leaching of the andesite rocks and an alteration assemblage 
dominated by tridymite, cristobalite, alunite and jarosite, forming si-
licic vein-like structures and irregular hydrothermal breccia bodies 
(Vivallo et al., 1994; Sillitoe and Burrows, 2002; Table 1). Large ex-
halative deposits represented by gypsum-rich mounds, which appear to 
be fossil fumaroles, are located at discrete centers of emission spatially 

associated with NW-trending collapse structures that controlled the late 
hot-spring-like geothermal activity at ELVC (Vivallo et al., 1994). 

3. Samples and methods 

3.1. Sources of data and samples 

This study is based on new micro-textural and geochemistry data of 
magnetite from the Carmen, Fresia, Mariela and El Romeral deposits, 
and previously published data from different deposits of the Chilean 
Iron Belt and El Laco. The magnetite chemical data compiled from the 
literature correspond only to EPMA in some cases, such as El Romeral 
(Rojas et al., 2018b), Mantoverde (Simon et al., 2018), Candelaria 
(Rodriguez-Mustafa et al., 2020); and both EMPA and LA-ICP-MS in 
other cases, such as Los Colorados (Knipping et al., 2015a, 2015b; 
Deditius et al., 2018), Cerro Negro Norte (Salazar et al., 2020) and El 
Laco (Ovalle et al., 2018; La Cruz et al., 2020). 

Regarding the new microtextural and magnetite chemical data, a 
total of twelve magnetite-bearing samples from Carmen (Ca-2, Ca-7, Ca- 
8 and Ca-9), Fresia (F-2, F-5, Fre-4 and Fre-10) and Mariela (Ma-1, Ma- 
10, Ma-11 and Ma-21) were selected for SEM, EMPA and LA-ICP-MS 
analysis. Samples from Carmen and Fresia were collected from stock-
piles, whereas those from Mariela were collected from inside the 
abandoned underground mine. The selected samples are representative 
of the main styles of mineralization observed in the magnetite ore 
bodies. A brief description of the main magnetite mineralization styles 
in each deposit is presented in the SM file and shown in Fig. SM1-3. In 
addition, two samples from El Romeral (Rom-094 and Rom-149), col-
lected from drill cores, were also analyzed in this study. Sample Rom- 
094 represents the main magnetite ore body (Cerro Principal) at depth 
of ~ 347 m, whereas sample Rom-149 was collected from a contact 
zone between the magnetite ore body and the host andesite at shallow 
levels (~10 m). Both samples contain the main and most abundant 
textural magnetite types (Type-I and -II) identified in the deposit (Rojas 
et al., 2018b). These samples were studied to determine possible var-
iations in the magnetite trace element composition with depth. 

3.2. SEM and EPMA 

Carbon coated polished sections were studied by using a FEI Quanta 
250 SEM at the Andean Geothermal Center of Excellence (CEGA) in the 

Fig. 5. Back-scattered electron images of inclusion-rich Type-I magnetite surrounded by inclusion-poor Type-II magnetite from El Romeral deposit. (A) Sample 
collected from the massive ore body at ~ 347 m depth. (B) Sample collected from the massive ore body at 10 m depth .The images correspond to the magnetite grains 
analyzed by EMPA and LA-ICP-MS (this study). 
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Department of Geology, Universidad de Chile. The SEM was used to 
characterize different microtextures, mineral inclusions and exsolutions 
in magnetite, and to select sites for both EPMA and LA-ICP-MS analyses. 
Backscattered-electron (BSE) images were obtained using a filament 
current of 80 µA, an accelerating voltage of 15 and 20 kV, a beam in-
tensity of ~1 nA, a spot size of 5 µm, and a working distance of 10 mm. 

Major and minor element concentrations in magnetite from Carmen, 
Fresia, Mariela and El Romeral were determined by using a JEOL JXA- 
8230 Superprobe at the LAMARX Laboratory of the Universidad 
Nacional de Cordoba, Argentina. EPMA data for El Romeral sample 
Rom-094 was previously reported in Rojas et al. (2018b). Magnesium, 
Al, Si, Ca Sc, Ti, V, Cr, Fe, Mn, Co, Zn and Nb concentrations were 
quantified in the magnetite grains. Operation conditions included an 
accelerating voltage of 15 kV, a beam current of 20 nA and a counting 
time of 20 s for each element. A focused beam of ~1 µm was used to 
avoid hitting any mineral inclusion or exsolution lamellae within 
magnetite grains. X-ray lines, crystals and standards used for the ana-
lyses are summarized in Table SM0. In addition to quantitative spot 
analyses, qualitative wavelength dispersive X-ray maps (WDS) of Mg, 
Al, Si, Ca, Ti, V, Fe and Mn were obtained for magnetite grains from 
Carmen, Fresia and Mariela by using an accelerating voltage of 15 kV, a 
beam current of 150 nA and a counting time of 30–40 ms/point. In-
terference corrections were carried out for V concentrations since Ti Kβ 
affects the V Kα signal. 

Single-spot microanalyses were also undertaken in some Fe-Ti 
oxides intergrown with magnetite from Mariela, in order to properly 
identify these mineral phases. Analysis was performed using the same 
analytical conditions and standards as for magnetite, with the only 
exception of Ti for which a titanite standard was used (Table SM0). 

3.3. Laser ablation ICP-MS 

LA-ICP-MS measurements were carried out on selected magnetite 
grains from Carmen, Fresia, Mariela and El Romeral by using a 
Teledyne-Photon Machines Analyte G2 193-nm ArF excimer laser ab-
lation coupled to a Thermo Fisher Scientific iCAP-Q quadrupole mass 
spectrometer at the CEGA Mass Spectrometry Laboratory, Department 

of Geology, Universidad de Chile. Thick sections (200 µm) were first 
examined by using SEM, followed by EPMA of major elements. The 
mass spectrometer was tuned for maximum sensitivity, low-oxide for-
mation rate (ThO/Th  <  0.005) and low double-charged ion formation 
(22M+/44Ca++  <  0.0005). Considering that He gas was used as a 
carrier and Ar as a plasma gas, interferences with these elements were 
evaluated when choosing representative isotopes for each element. 
Thus, although 56Fe is more abundant than 57Fe, the latter was mea-
sured to determine the iron content because 56Fe has an isobaric in-
terference with ArO. 

Each spot involved a 60 s ablation time and 20 s background 
measurement using a laser repetition rate of 8 Hz, a fluence of 
4.0–6.0 J/cm2 and a 30–40 µm spot diameter. The dwell time was 
0.01 s for all the monitored isotopes: 23Na, 24Mg, 27Al, 29Si, 31P, 39K,  
44Ca, 45Sc, 52Cr, 55Mn, 59Co, 60Ni, 63Cu, 66Zn, 73Ge, 85Rb, 88Sr, 51Y, 90Zr,  
93Nb, 95Mo, 107Ag, 111Cd, 120Sn, 121Sb, 138Ba, 139La, 140Ce, 208Pb, 232Th 
and 238U with the exception of 51V, 49Ti and 69Ga that was 0.02 s. 

The concentration of Fe in magnetite grains, determined by EPMA, 
was used as the internal standard for calibration. The USGS GSE-1G 
reference material was used for magnetite analysis and the USGS GSD- 
1G as a secondary standard. The USGS GSD-1G standard (Jochum et al., 
2005) was used as an unknown sample to determine analytical accuracy 
and precision. Thirty-seven analyses were performed on the GSD stan-
dard (Table SM1) in which the trace element concentrations obtained 
present a small relative difference (up to 15.9%) with those reported by  
Jochum et al. (2005). The analytical precision determined using the 
GSD standard is within 2 to 5% for most analytes. LA-ICP-MS analyses 
were carried out using the sample-standard bracketing method with 
measurements of the NIST-610 glass (x 1), GSE-1G (x 2), GSD-1G (x 1), 
and then 20–25 unknowns, followed by measurements of GSD-1G (x 1), 
GSE-1G (x 2) and NIST-610 glass (x 1). Data reduction was performed 
by using the Iolite software (Paton et al., 2011), which calculates de-
tection limits after Longerich et al. (1996). Heterogeneities in signal 
profiles due to the possible presence of micro- to nanometer-sized mi-
neral inclusions within magnetite zones were avoided. 

Fig. 6. WDS maps for selected elements in Type-I and -II magnetite from the Carmen deposit. Note the oscillatory zoning and the presence of scarce apatite (Ap) 
inclusions. 
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4. Results 

4.1. Magnetite microtextures 

Magnetite in Andean IOA deposits usually shows diverse types of 
textures that reflect their formation conditions or post-crystallization 
events. Below we describe the different magnetite types identified in 
the Carmen, Fresia, Mariela and El Romeral deposits based on SEM 
observations (Figs. 2–5). In addition, the main magnetite types de-
scribed at Los Colorados (Knipping et al., 2015a, 2015b; Deditius et al., 
2018); El Romeral (Rojas et al., 2018b and this study); Cerro Negro 

Norte (Salazar et al., 2020), and El Laco (Ovalle et al., 2018) are 
summarized in Table 2 and described in detailed in the SM file. 

4.1.1. Carmen 
There are four types of magnetite in the massive magnetite ore 

bodies from Carmen, identified here as Type-I to –IV (Table 2). Type-I 
magnetite is volumetrically dominant (~50 modal%), followed by 
Type-III magnetite (~30 modal%). Type-I magnetite contains abundant 
mineral inclusions ranging in size from ~30 μm to < 1 μm and aligned 
along magnetite crystallographic planes or randomly distributed 
(Fig. 2A). Some grains exhibit oscillatory zoning (Fig. 2B,C), in which 

Fig.7. WDS maps for selected elements in Type-A (same as Fig. 4B) and Type-C magnetite from the Fresia deposit. Note the oscillatory zoning and the presence of 
abundant Mg-rich inclusions in Type-A magnetite. 
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inclusions are more concentrated in darker bands (Fig. 2C). The in-
dividual bands vary in width between 5 and 70 µm. Some larger in-
clusions are composed of Mg, Al, Fe-bearing silicates and Fe-Ti oxides 
such as ilmenite and rutile. Quartz, Ca-Mg-carbonates, apatite, mon-
azite and titanite occur filling fractures and open spaces. Type-I mag-
netite is crosscut by pristine, inclusion-free Type-II magnetite veinlets 
of variable thickness (Fig. 2A,B). Type-III magnetite is defined as large 
magnetite grains intergrown with coarse actinolite and apatite crystals. 
Large apatite and actinolite crystals grew with a non-uniform dis-
tribution or perpendicular to vein walls of magnetite Type-III (Fig. 2D). 
This magnetite type is texturally diverse and is characterized by the 
occurrence of nano-inclusions/exsolution lamellae either oriented, 
randomly distributed or clustered in the grain cores (Fig. 2D). Some 
grains exhibit porosity or show recrystallization textures characterized 
by fine-grained aggregates of magnetite grains exhibiting a mosaic 
texture with 120° triple junctions (Fig. 2D). Type-IV magnetite is re-
cognized as a late event and occurs as inclusion-poor magnetite forming 
veinlets that range from a few cm to tens of cm in thickness. Some of 
these magnetite veinlets crosscut Type-III magnetite and are associated 
with Cl-rich apatite, monazite and enstatite (Type-IVa; Fig. 2E), or ex-
hibit porosity (Type-IVb; Fig. 2F). 

4.1.2. Fresia 
Four textural types of magnetite were identified at Fresia, including 

Type-A (~40 modal%), -B (~30 modal%), -C (~25 modal%) and -D 
(~5 modal%) (Table 2). In general, these magnetite types are partially 
to completely recrystallized to subhedral aggregates of porous 

magnetite (Fig. 3A) or display well-developed zonation, oscillatory 
zoning or a mosaic texture. Hematite (dark grey in BSE images) occurs 
as irregular patches replacing magnetite along rims and fractures 
(Fig. 3A). Type-A magnetite exhibits well-developed oscillatory zoning, 
and scarce mineral inclusions (Fig. 3B). Type-B magnetite occurs as the 
matrix of aggregates in which apatite and minor actinolite are inter-
grown. Notably, some grains of Type-B magnetite contain exsolution 
lamellae of a Ti-bearing mineral phase and several submicrometer-sized 
inclusions, mainly oriented along magnetite crystallographic planes 
(Fig. 3C). Type-C magnetite corresponds to a texturally crustiform- 
colloform banded magnetite. Successive bands of magnetite, minor 
quartz and fine-grained Cl-rich apatite display a rhythmic colloform 
texture. The width of the magnetite bands is variable, and some are 
altered to hematite (Fig. 3D). Recrystallization to fine grained-magne-
tite, porosity and/or oscillatory zoning are recognized in individual 
grains of the magnetite bands (Fig. 3E). Finally, Type-D magnetite 
forms part of cm-sized magnetite veinlets that crosscut the altered host 
rock at the margin of the deposit. In this type, the porous and re-
crystallized magnetite grains are characterized by a well-developed 
mosaic texture (Fig. 3F) and are intergrown with actinolite crystals that 
are oriented and distributed perpendicular to the walls of the veinlets. 

4.1.3. Mariela 
The magnetite microtextures of Mariela (Type-α, -β, -γ, -δ and -ε) 

are distinctly different from those described for the other deposits 
studied here, and reported in the cited literature (Table 2). In general, 
magnetite occurs in close association with ilmenite, rutile, titanite and 

Fig.8. Back-scattered electron (BSE) image and WDS maps for selected elements in Type-α and -γ magnetite from the Mariela deposit.  
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ulvöspinel. Type-α magnetite is the most abundant textural type (~40 
modal%) and is characterized by a symplectite texture composed of 
interstitial magnetite and rutile-titanite  ±  ilmenite of vermicular 
morphology (Fig. 4A–C). Rutile is the most abundant phase in the 
symplectite, whereas ilmenite is less abundant. Both rutile and ilmenite 
are replaced by titanite. Type-β magnetite (~5 modal%) occurs in sharp 
contact with Type-α magnetite (Fig. 4A,B), displays ulvöspinel/ilmenite 
exsolution lamellae and is replaced by hematite along grain boundaries 
and crystallographic planes (Fig. 4D). A late generation of pristine 
magnetite (Type-γ; ~30 modal%) occurs as an overgrowth (Fig. 4A) 
and as veinlets that crosscut Type-α magnetite (Fig. 4E). In some areas, 
Type-γ magnetite presents actinolite inclusions (Fig. 4A). Type-δ mag-
netite (~10 modal%) is subhedral and occurs forming veinlets with 
minor apatite that crosscut the altered host rock. This magnetite type is 
characterized by a well-defined cubic cleavage (Fig. 4F) and exsolution 

lamellae (Fig. 5G) consisting of an unspecific Fe-Mg-Al-O-bearing mi-
neral. Titanite, rutile and an unspecified Mn-silicate occur along the 
magnetite crystallographic planes. Locally, early magnetite types can be 
replaced by a Si-rich magnetite (Type-ε; ~10 modal%) with a collo-
form-banding texture sometimes surrounding small (< 10 μm) pyrite 
grains (Fig. 4H). Bladed specular hematite (Fig. 4I) is also observed as a 
late phase intergrown with quartz and magnetite. 

4.1.4. El Romeral 
At El Romeral, four types of magnetite (Type-I to -IV) were identi-

fied (Table 2; Rojas et al., 2018b). Type-I and -II dominate over the 
other types of magnetite with 35 and 60 modal% abundance, respec-
tively (Rojas et al., 2018b). These magnetite types are similar to Type-1 
and −2 from both Los Colorados (Knipping et al., 2015a, 2015b) and 
Cerro Negro Norte (Salazar et al., 2020) with inclusion-rich cores 

Fig. 9. Statistical summary of the most important trace element concentrations (per deposit) in magnetite from Carmen, Fresia, Mariela (this study); El Romeral 
(Rojas et al., 2018b and this study); Los Colorados (Knipping et al., 2015a, 2015b); Cerro Negro Norte (Salazar et al., 2020) and El Laco (La Cruz et al., 2020) 
determined by using LA-ICP-MS. Data in ppm. 
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(Type-I) surrounded by inclusion-poor rims (Type-II) (Table 2; Fig. 5; 
Fig. SM5A). Several polycrystalline and one-phase inclusions 50 µm to a 
few nm in size occur oriented or randomly distributed in magnetite 
Type-I. The compositions of these inclusions were determined by using 
SEM-EDS and micro-Raman spectroscopy. In magnetite samples from El 
Romeral, inclusions > 10 µm were identified as actinolite, ilmenite and 
rutile, whereas smaller inclusions correspond to rutile, ilmenite, tita-
nite, chlinoclore, calcite, phlogopite, tremolite, NaCl and pargasite 
(Rojas et al., 2018b). At shallow depths (< 100 m), Si-rich inclusions 
occur aligned along magnetite crystallographic planes. The El Romeral 
samples studied here (samples Rom-094, ~347 m; Rom-149, ~10 m) 
are texturally different. In sample Rom-094, magnetite Type-I pre-
dominates over Type-II, whereas at shallow depths (sample Rom-149) 
Type-II predominates over Type-I (Fig. 5) and can occur associated with 
pyrite and chalcopyrite filling fractures in the magnetite. Type-III 
magnetite is represented by an inclusion-poor chemically-zoned mag-
netite. A late magnetite vein event (Type-IV) was identified and 
crosscuts all previous magnetite types (Rojas et al., 2018b). 

4.2. Magnetite chemistry 

The new EPMA data from, Carmen, Fresia, Mariela and El Romeral 
(sample Rom-149) are reported in Tables SM2 and SM3. A statistical 
summary of EPMA analyses (Mg, Al, Si, Ca, Ti, V, Mn, Fe and O) for 
each magnetite type identified in Carmen, Fresia, Mariela (this study); 
El Romeral (this study and Rojas et al., 2018b); Los Colorados 
(Knipping et al., 2015a, 2015b; Deditius et al., 2018); Cerro Negro 
Norte (Salazar et al., 2020); and El Laco (Ovalle et al., 2018) is reported 
in Table 3. 

The concentration of trace elements was determined by using LA- 
ICP-MS in the most abundant magnetite types from El Romeral (Type-I 
and -II; samples Rom-094 and Rom-149), Carmen (Type-I, -II and -III), 
Fresia (Type-A, -B and -C), and Mariela (Magnetite-α, -β, -γ and -δ). A 
total of 430 analyses for 34 elements, e.g., Na, Mg, Al, Si, P, K, Ca, Sc, 
Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, 
Sb, Ba, La, Ce, Pb, Th and U were carried out. All LA-ICP-MS data are 
reported in Tables SM6 and SM7. A summary of all analyzed trace 
elements from Los Colorados (Knipping et al., 2015b), Cerro Negro 

Fig. 10. Schematic figure illustrating representative IOA ore bodies from the Chilean Iron Belt (left). The figure shows the transition from pegmatitic, hydrothermal 
to magmatic mineralization from shallow levels to depth. Pegmatite-like bodies such as Carmen and Fresia are characterized by hydrothermal magnetite, F-rich 
apatite and minor actinolite, reflecting the apical and volatile-rich IOA bodies. Breccia pipe types such as Mariela, is characterized by a Cl-rich apatite matrix and 
magmatic magnetite fragments. In hydrothermal and magmatic-hydrothermal iron bodies the association of magnetite-actinolite becomes more dominant at the 
deepest parts of the system. IOA bodies are also characterized by breccia and veins/veinlets mineralization. Some iron bodies are affected by multiple dissolution- 
reprecipitation processes triggered by the infiltration of fluids. Also shown are representative magnetite microtextures in IOA bodies (right; A-G) and their relative 
location: (A-F) Magmatic and hydrothermal textures; (G) Reequilibration textures. See text for discussion. 
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Norte (Salazar et al., 2020), and El Laco (Broughm et al., 2017, La Cruz 
et al., 2020) are reported in Table SM4. It should be noted that the LA- 
ICP-MS data correspond to spot analyses with the exception of Los 
Colorados in which transects or profiles in magnetite were performed 
(Knipping et al., 2015b). Minimum, maximum and average con-
centrations for each of these elements found in the most relevant 
magnetite types are reported in Table 4. 

The main features of the magnetite chemical compositional dataset 
from Andean IOA deposits are outlined below. 

4.2.1. Carmen, Fresia and Mariela 
4.2.1.1. WDS X-ray maps. Elemental (Fe, Mg, Ca Si, Al, Ti, Mn and V) 
WDS X-ray maps for magnetite grains from Carmen, Fresia and Mariela 
are shown in Figs. 6–8, respectively. These maps correspond to 
representative magnetite textures identified and illustrated in  
Figs. 2–4, i.e., Type-I magnetite from Carmen; Type-A and -C 
magnetite from Fresia; Type-α and -γ magnetite from Mariela. 

Type-I magnetite from Carmen (Fig. 6) exhibits a distinct oscillatory 
zoning of Mg, Si and Al, which is less pronounced for Fe. Magnesium, Si 
and Al form particles in the dark bands of Type-I magnetite. Both Ca 
and Ti are homogeneously distributed, with no oscillatory zoning and 
only a few, micro-particles with Ca and Ti. A thin magnetite veinlet 
(Type-II) crosscuts Type-I magnetite, and is more depleted in Mg, Si and 
Al and slightly more enriched in Fe than Type-I magnetite. 

In magnetite grains from Fresia, a distinct oscillatory zoning for Mg, 
Ca, Si and Al but less pronounced for Fe and Ti is observed in Type-A 
magnetite (Fig. 7A). Magnesium, Al, Si and Fe also occur forming 
abundant particles, whereas Ca-Ti-bearing particles are scarce. On the 
other hand, a pronounced oscillatory zoning of Mg, Ca and Si, and a less 
distinct for Fe is observed in Type-C magnetite (Fig. 7B). Both Al and Ti 
WDS X-ray elemental maps are consistent with low Al and Ti con-
centrations (0.01–0.02 wt%), which are close to the detection limit 
(Table 3). Aluminum appears slightly enriched in some fractures in 
Type-C magnetite. 

WDS maps of magnetite grains from Mariela reveal the elemental 
distribution related to the symplectite texture observed in these samples 
(Fig. 8). In particular, Types-α and -γ magnetite show similar con-
centrations of Fe, but Type-α is more enriched in Ca, Al, Si, Ti and V 
than Type-γ. High concentrations of Ca, Mg, Si and Al in Type-γ mag-
netite are related to silicate particles and microfracture fillings. It 
should be noted that the vermicular Fe and Ti oxide minerals (rutile, 
titanite and ilmenite) that are intergrown with Type-α magnetite 
forming the symplectite, are depleted in Fe, Mg and V, and slightly 
enriched in Ca, Si Al, Ti and Mn. Specifically, the Ca-rich domains and 
the Mn-rich particles within the vermicular Fe-Ti oxide mineral phases 
are related to titanite and ilmenite, respectively. 

4.2.1.2. EPMA and LA-ICP-MS spot analyses. EPMA data for magnetite 
from Carmen, Fresia and Mariela are presented in Table 3 and a 
statistical summary of trace element concentrations (Mg, Al, Ti, V, Cr, 
Mn, Co, Ni, Cu, Zn, Ga and Sn) determined by LA-ICP-MS for each 
deposit is presented in Fig. 9. 

The major compositional variations occur for Mg, Al, Si, Ca, Ti, V, 
Fe and Mn, whereas Sc, Cr, Zn and Nb concentrations are below or close 
to the detection limit (Table 3; Table SM2). For some magnetite types 
(Fresia: Type-A and -D; Mariela: Type-α,- β, -γ and -δ), totals are rela-
tively low (~95% on average) probably related to the presence of nu-
merous micropores associated with dissolution-reprecipitation pro-
cesses (Fresia) and the occurrence of Ti-Fe oxides exsolution lamellae 
from titano-magnetite (Mariela). For magnetite types characterized by 
oscillatory zoning (Carmen: Type-I; Fresia: Type-A and -C) analyses 
were carried out on both light and dark BSE bands (Table 3). 

For the Carmen deposit, EPMA analyses reveal that magnetite Type- 
I has the highest average concentration of Mg and Ca of all magnetite 
types in this deposit (Table 3). The maximum and average concentra-
tions of Mg, Al, Si and Ca are higher in the dark BSE bands than in light 

BSE bands. The higher concentrations of Ca detected in the dark BSE 
bands (average 0.07 wt%) compared to light BSE bands (average 
0.04 wt%) are probably due to the presence of some Ca-bearing parti-
cles. Titanium, Fe and Mn concentrations are similar between dark and 
light BSE bands. The Ti concentration is low (average 0.07 wt%;  
Table 3) in both dark and light BSE bands. On the other hand, Type-III 
and -IV magnetite have a higher Ti concentration (average 
0.08–0.14 wt%) than both Type-I and-II (average 0.07 wt%). It should 
be noted that V is homogeneously distributed throughout all magnetite 
types (average 0.23–0.25 wt%). LA-ICP-MS analyses reveal that Type-I 
magnetite has the highest average Mg and Al concentration, i.e., 3,842 
and 1,036 ppm, respectively, followed by Type-II magnetite (average 
2,811 ppm Mg; 744 ppm Al) and Type-III (average 965 ppm Mg; 
560 ppm Al) (Table 4). Gallium displays the same distribution between 
the different magnetite types (Type-I  >  Type-II  >  Type-III), but 
variations in concentration are not significant (average values between 
33.4 and 38.5 ppm). Titanium, V, Co and Ni show similar concentra-
tions in Type-I and -II magnetite, whereas Type-III has a wide range of 
concentrations of Ti, V and Co than Type-I and -II. Manganese con-
centrations are higher in Type-III magnetite (average 1,077 ppm). 

In Fresia, Type-A and -C magnetite are characterized by oscillatory 
zoning (Fig. 3A,B,D,E) in which dark BSE bands are more enriched in 
Mg, Al, Si and Ca than light bands (Table 3). In addition, Ti con-
centrations are detectable in dark BSE bands of Type-A magnetite 
(average 0.22 wt%), whereas for Type-C magnetite, Ti is below the 
detection limit (< 0.06 wt%). LA-ICP-MS analyses of Type-A magnetite 
show high concentrations of Mg and Ga, i.e., 2,214 and 35 ppm on 
average, respectively, whereas the Type-C variety contains the lowest 
concentrations of Al, Ti, V, Ni and Ga, but the highest concentrations of 
Co (average 34.3 ppm) and Cu (average 17.8 ppm) in comparison with 
all other magnetite types from Fresia. Finally, Type-B magnetite grains 
display the highest concentrations of Al, Ti, V, Mn and Ni (average: 
1,824 ppm Al; 2,921 ppm Ti; 1,756 ppm V; 559 ppm Mn; 260 ppm Ni;  
Table 4). 

Magnetite from Mariela is characterized by a high concentration of 
V (up to 2.28 wt%; Table 3) and Ti (up to 0.98 wt%, Table 3). The V 
concentrations reported for Mariela magnetite grains are the highest 
reported for any Andean IOA deposit, whereas Ti concentrations are the 
second highest after some magnetite types from El Laco (Magnetite-α 
and Magnetite-β, -β1, -β2; Ovalle et al., 2018) (Tables 3 and 5; Fig. 9). 
LA-ICP-MS and EPMA analyses yielded contrasting results for Ti and V 
(Tables 3 and 4). The highest Ti and V concentrations determined by 
EPMA were found in Type-α magnetite (Table 3), whereas LA-ICP-MS 
data showed the highest concentrations in Type-β magnetite (Table 4). 
These differences are probably due to the presence of Fe-Ti oxides ex-
solution lamellae (Fig. 4D) and nano-inclusions in Type-β magnetite 
that were most likely affected by the large spot size of the laser 
(~40 µm spot diameter). In addition, LA-ICP-MS analyses revealed that 
Type-α magnetite has the highest concentration of Cr and Mn 
(51.2 ppm Cr and 8,400 ppm Mn; Table 4) reported so far for Andean 
magnetites. It should be noted that together with El Laco, Mariela is the 
only IOA deposit studied here that shows detectable concentrations of 
Cr in magnetite (Table 4). Type-γ magnetite has the lowest average 
concentration of Ti, V and Al, but the highest content of Co and Cu. 
Copper concentrations in magnetite are much higher than in any other 
deposit studied here, reaching concentrations up to ~1,620 ppm in this 
magnetite type (Table 4). Gallium contents are similar between the 
different magnetite types (~40 ppm on average), but Type-δ magnetite 
contains slightly higher concentrations (average 48.5 ppm). EPMA 
analyses of Fe-Ti oxides including rutile, titanite and minor ilmenite, 
which are intergrown with magnetite Type-α of the symplectite are 
presented in Table SM4. 

4.2.2. Los Colorados 
EPMA analyses reported by Knipping et al. (2015a) and Knipping 

et al. (2015b) reveal that magnetite cores (Type-1) are enriched in Ti, V, 
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Fig. 12. Concentration of Ti vs. V in magnetite from 
(A) Chilean Iron Belt (per deposit); (B) Chilean Iron 
Belt (magnetite types from Carmen, Fresia, Mariela, 
El Romeral and Cerro Negro Norte) and (C) El Laco. 
Magmatic magnetite data from the literature is also 
shown. The igneous and hydrothermal fields are 
from Nadoll et al. (2014). Note the overlapping area 
between the igneous and hydrothermal field. Data 
source: (1) Knipping et al. (2015a) and Knipping 
et al. (2015b); (2) Salazar et al. (2020); (3) Huang 
and Beaudoin (2019); (4) La Cruz et al. (2020); (5)  
Broughm et al. (2017); (6) He et al. (2016); (7)  
Polivchuk (2017); (8) Liu et al. (2014); (9) This 
study. ND (not determined). 
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Al and Mn (average: 0.44 wt% Ti; 0.62 wt% V; 0.48 wt% Al; 0.14 wt% 
Mn) in comparison with magnetite rims (Type-2 and −3) (average: 
≤0.12 wt% Ti, ≤0.35 wt% V, ≤0.17 wt% Al, ≤0.12 wt% Mn;  
Table 3). Notably, X-ray maps of magnetite from the massive magnetite 
ore body display a clear Ti zonation with a Ti-rich, inclusion-rich core 
(Type-1), a Ti-poor transition zone (Type-2), and an inclusion-free rim 
depleted in Ti (Type-3) (Fig. SM7A). LA-ICP-MS traverses and elemental 
X-ray maps also reveal that magnetite cores (Type-1) are enriched in 
Si-, Al-, Mn- and Mg-bearing inclusions (Knipping et al., 2015a, 2015b). 
On the other hand, late-stage hydrothermal magnetite veinlets, i.e., 
Type-X, -Y and -Z, have a similar chemical composition and lower 
concentrations of Mg, Al, Si, Ti, V and Mn, with average values that 
vary between 0.23 and 0.3 wt% Mg, 0.42–0.48 wt% Si, 0.14–0.27 wt% 
Ti, 0.23–0.26 wt% V, and 0.07–0.2 wt% Mn (Deditius et al., 2018;  
Table 3) than the massive magnetite body (All data, Type-1 and -2;  
Table 3). Trace element concentrations in magnetite Type-3 are slightly 
lower than concentrations in Magnetite-X and -Z (Table 3). The major 
difference between Magnetite-X, -Y and -Z is the Ti concentration, with 
Magnetite-Y having the highest contents (average: 0.14 wt% Ti for 
Magnetite-X, 0.27 wt% Ti for Magnetite-Z and 0.15 wt% Ti for Mag-
netite-Z; Table 3). Elemental (Al, Si, Ca, Ti, Mn and Mg) X-ray maps for 
Magnetite-Z reveal an oscillatory zoning with alternating element-rich 
and depleted bands. In particular, Ti is present as Ti-rich particles in 
element-depleted bands but is homogeneously distributed in some en-
riched bands (Deditius et al., 2018; Fig. SM7B). 

4.2.3. El Romeral and Cerro Negro Norte 
In general, magnetite grains from El Romeral (Type-I and -II; Rojas 

et al., 2018b and this study) and Cerro Negro Norte (Types I–IV; Salazar 
et al., 2020) and contain lower concentrations of trace elements than 
magnetite from Los Colorados (Knipping et al., 2015a, 2015b) (Fig. 9;  

Table 3). 
EPMA analyses of magnetite from El Romeral (Table 3) reveal that 

Type-I has higher concentrations of Si and Ca than Type-II in the deep 
sample (~347 m; Rojas et al., 2018b), whereas the concentrations of 
Mg, Al, Si, Ca, Ti, V and Mn are very similar in both types in the shallow 
sample (~10 m; this study). Notably, the V concentration is similar in 
Type I and Type II magnetite, both in the shallow (average 0.15 wt%) 
and deep sample (average 0.26 wt%). On the other hand, LA-ICP-MS 
analyses show that Mg, Al, V, Co and Ga concentrations are higher at 
depth than at shallow levels, whereas Mn, Ni and Zn are higher in the 
shallow sample (Table 4). Overall, both at depth and at shallow levels, 
Mg, Al and Ti average concentrations are higher in Type-I than in Type- 
II magnetite; Zn and Mn average concentrations are similar, but slightly 
higher in Type-I than in Type-II; Ni concentrations are slightly higher in 
Type-II, and Co and V concentrations are similar in Type-I and -II. 

Most of the EPMA magnetite analyses from Cerro Negro Norte were 
below the detection limit with the exception of Fe, V, Si and Al 
(Table 3). Notably, both Type-I and -II magnetite have similar and 
higher concentrations of V (average 0.21 wt%), but lower Si (average 
0.09 wt%), when compared to Type-III and -IV magnetite (0.13 wt% V 
and 0.20 wt% Si on average). The WDS X-ray maps revealed that Type-I 
magnetite (inclusion-rich cores) is enriched in Mg, Al, Ca, Mn and Ti 
relative to Type-II magnetite (rims) (Salazar et al., 2020; Fig. SM7C). 
LA-ICP-MS analyses showed that Type-I magnetite displays the highest 
concentrations of Mg, Mn, Zn and Ga (average: 1,405 ppm Mg, 134 ppm 
Mn, 12.1 ppm Zn and 39.2 ppm Ga) (Table 4 and Table SM5); Type-I 
and -II magnetite contain similar concentrations of Ni and Co (96.2 ppm 
Ni and 25.7 ppm Co; 99 ppm Ni and 25.5 ppm Co, respectively). Type- 
III magnetite has the highest concentration of Cu (average 41.7 ppm 
Cu), whereas Type-IV magnetite has the lowest concentrations of Ti, V, 
Al, Mn, Zn and Ga (average values: 72,8 ppm Ti, 215 ppm V, 280 ppm 

Fig. 13. Fe vs. V/Ti discrimination diagram (Wen et al., 2017) for the Chilean Iron Belt (A) and El Laco (B). Data from magmatic and hydrothermal magnetite 
reported in the literature are also plotted. Data source: (1) Knipping et al. (2015a) and Knipping et al. (2015b); (2) Deditius et al. (2018); (3) Salazar et al. (2020); (4)  
Rojas et al. (2018b); (5) Ovalle et al. (2018); (6) Broughm et al. (2017); (7) Nadoll (2011); (8) Nadoll et al. (2014); (9) Nadoll et al. (2015); (10) Liu et al. (2014); (11) 
This study; (12) References of igneous data in Wen et al. (2017). 
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Fig. 14. Concentration of Ga vs. V in magnetite from (A)Chilean Iron Belt (per deposit); (B) Chilean Iron Belt (magnetite types from Carmen, Fresia, Mariela, El 
Romeral and Cerro Negro Norte) and (C) El Laco. Data source: (1) Knipping et al. (2015a) and Knipping et al. (2015b); (2) Salazar et al. (2020); (3) Huang and 
Beaudoin (2019); (4) La Cruz et al. (2020); (5) Broughm et al., (2017); (6) He et al. (2016); (7) Polivchuk (2017); (8) Liu et al. (2014); (9) This study. ND (not 
determined). See text for discussion. 
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Al, 82.4 ppm Mn, 7.9 ppm Zn and 15.3 ppm Ga), but the highest in Ni 
and Co (average: 105 ppm Ni and 21.9 ppm Co). It should be noted that 
the average concentrations of Ti are similar in Type-I, -II and -III 
magnetite (~330 ppm Ti), but Type-I has the highest Ti concentration 
(up to ~1,990 ppm; Table 4). 

4.2.4. El Laco 
The EPMA data in surface and drill core samples from El Laco Norte 

(Table 3) reported by Ovalle et al. (2018) reveal that Ti, V and Al 
concentrations increase with depth (Magnetite-S  <  −Z  <  −X  <  
−Y  <  −γ  <  −α  <  −β, −β1, −β2; Fig. SM6). Manganese con-

centrations are low, close to the detection limit (average 0.01–0.04 wt 
%), and decrease slightly with depth (Ovalle et al., 2018). It should be 
noted that Ti concentrations in Magnetite-α (average 0.76 wt%) and 
Magnetite-β, -β1, -β2 (average 0.57 wt%) are among the highest re-
ported so far in Andean IOA deposits (Table 3). 

La Cruz et al. (2020) performed LA-ICP-MS in magnetite samples 
from the different magnetite ore bodies from El Laco including Cristales 
Grandes, Rodados Negros, San Vicente Alto, Laco Norte and Laco Sur. 

LA-ICP-MS analyses from Laco Norte reveal that Ti, V and Cr con-
centrations increase with depth and where the highest concentrations 
are found in Type-α and -β magnetite (Table 4). Manganese is highest in 
Type-β magnetite, and is higher in Type-X and -Y than in Type-α 
magnetite (Table 5). The highest Al concentration was found in Type-X 
and -Y, followed by Type-α, -β and -Z magnetite. The highest Ga con-
centration was determined in Type-X, -Y and -β, followed by -α and -Z. 
The Co concentration is consistent in all magnetite types ranging from 
105 to 160 ppm on average. At Laco Sur, LA-ICP-MS analyses were 
performed on samples from different depths (surface, shallow level, 
intermediate depth, and deep; Table 5). The results show that Ti, Cr, Mn 
and Zn increase progressively with depth, while the highest Al and V 
concentrations occur at intermediate depths. Magnesium increases to-
wards the surface and the average Ga concentration is similar between 
the intermediate and deep levels. However, the highest Ga concentra-
tion was measured in magnetite from the deepest samples (27 ppm on 
average). 

5. Discussion 

5.1. Magnetite microtextures and their link to physico-chemical processes 

Previously published data and new analyses from Andean Kiruna- 
type IOA deposits show a wide variety of magnetite textures (Figs. 2–5, 
SM4, SM5, SM6; Table 2). The observed microtextures, chemical zoning 
and distribution of various mineral inclusion types (Table 2) provide 
evidence of the geological processes involved in the formation and 
evolution of these deposits. We stress that a detailed textural char-
acterization of magnetite grains must be undertaken in order to avoid 
misinterpretations of the geochemical dataset. Key aspects include a 
precise determination of the magnetite paragenesis in each deposit, and 
a careful evaluation of chemical zoning features and the presence of 
micro- to nano-sized mineral inclusions. Furthermore, the effects of 
hydrothermal overprinting are critical to evaluate the impact of re- 
equilibration processes on the composition of primary magnetite. 

A schematic representation of IOA ore bodies from the Chilean Iron 
Belt showing a vertical zonation from deep to shallow formation con-
ditions is shown in Fig. 10. Observed magnetite microtextures for each 
zone or IOA subtype, i.e., pegmatitic (e.g., Carmen, Fresia and Mariela;  
Palma et al., 2019), hydrothermal (e.g., Cerro Negro Norte; Salazar 
et al., 2020) and magmatic (e.g., Los Colorados; Knipping et al., 2015a, 
2015b) are also presented. The microtextural styles described for the 
Laco Norte IOA deposit is presented in Fig. SM6 (Ovalle et al., 2018). A 
description and interpretation of the observed microtextures is pre-
sented below. 

5.1.1. Mineral inclusions 
Different types of mineral inclusions, both oriented and randomly 

distributed, single or polycrystalline, were identified in the studied IOA 
deposits (Table 2). The massive magnetite ore in Los Colorados, Cerro 
Negro Norte and El Romeral is characterized by magnetite grains with 
inclusion-rich cores surrounded by pristine, inclusion-poor or inclusion- 
free rims (Fig. 5; 10B; SM4A; SM5A,B). The magnetite cores, usually 
interpreted as magmatic in origin and labeled as Type-1, contain nu-
merous polycrystalline mineral inclusions. In Los Colorados, Type-1 
magnetite inclusions include Mg-rich clinopyroxene, magnetite, titanite 
and an unknown Mg-Al-Si-phase, all of them interpreted as formed at 
high-temperatures based on the temperature at which some inclusions 
re-homogenize to silicate melt (> 950 °C) (Knipping et al., 2015b, 
2019b). At El Romeral, on the other hand, mineral inclusions of Ti- 
pargasite were identified in the magnetite inner cores, while titanite, 
rutile, ilmenite and clinochlore were identified as inclusions in the 
outer portions of the magnetite cores (Rojas et al., 2018b). Both par-
gasite and clinochlore breakdown at ~200 MPa, suggest formation 
temperatures between 800 and 1020 °C for the magnetite inner cores 
and < 780 °C for the outer cores (Jenkins, 1983; Staudigel and 
Schreyer, 1977). 

It is likely that the presence of high-temperature mineral inclusions 
indicates a high formation temperature for the magnetite host if both 
were formed at the same time. However, Rojas et al. (2018b) inter-
preted that the Si-rich (α-quartz) inclusions, aligned along magnetite 
crystallographic planes in shallow samples at El Romeral may indicate 
exsolution processes related to slow cooling rates. The presence of Si- 
rich inclusions may be relevant because most Si-rich domains in mag-
netite have been attributed to the presence of Si in solid-solution and/or 
small silicate inclusions (Newberry et al., 1982; Huberty et al., 2012). 
However, those authors did not rule out the hydrothermal crystal-
lization of quartz along microfractures and/or as inclusions during 
cooling. More recently, Huang and Beaudoin (2019) studied a few deep 
magnetite samples from El Romeral and described inclusion-rich cores 
with abundant quartz, chlorite, albite, titanite and chalcopyrite mineral 
inclusions, mainly of hydrothermal origin, that formed after magnetite 
crystallization. They suggest that a fluid-assisted alteration mechanism 
could explain the incorporation of cations with a small ionic radius 
(e.g., Si4+) within magnetite (Hu et al., 2014). It follows that a part of 
the pristine, inclusion-free magnetite rims could be formed by dis-
solution and reprecipitation of inclusion-rich magnetite (Huang and 
Beaudoin, 2019; Fig. 10G). 

In addition, inclusion-rich magnetite cores from Cerro Negro Norte 
are dominated by actinolite, an unspecified Mg-Al-Si phase, rutile, il-
menite, clinopyroxene, orthopyroxene, titanite and chlinoclore (Salazar 
et al., 2020). Many of these mineral inclusions were also observed in 
magnetite from the El Romeral deposit (Rojas et al., 2018b). However, 
inferring the temperature of formation of the magnetite host based on 
the presence of mineral inclusions must be performed with caution 
because some of these inclusions could have been incorporated (or 
exsolved) at a lower temperature and hence, not necessarily represent 
the temperature conditions at which magnetite crystallized. 

5.1.2. Oscillatory zoning and colloform banding 
Oscillatory zoning textures, characterized by alternating trace ele-

ment-rich and trace element-poor bands separated by sharp composi-
tional boundaries (Fig. 10D) were observed in magnetite grains from 
Los Colorados (magnetite from the diorite intrusion and Magnetite-Z;  
Knipping et al., 2015a, 2015b; Deditius et al., 2018; Fig. SM4D), 
Carmen (Type-I; Fig. 2B,C), Fresia (Type-A and -C; Fig. 3B,E) and El 
Laco (Magnetite-Y; Ovalle et al., 2018; Fig. SM6C). Oscillatory textures 
have been also described in Si-rich magnetite from hydrothermal Fe 
skarns (Shimazaki, 1998; Dare et al., 2014; Hu et al., 2014) and in many 
other mineral phases such as sulfides, oxides, halides, carbonates and 
phosphates in various ore-forming environments (e.g., Shore and 
Fowler, 1996; Deditius et al., 2009; Reich et al., 2013; Tardani et al., 
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2017). In the particular case of sulfide minerals, oscillatory textures are 
interpreted to reflect crystallization from fluids of fluctuating elemental 
composition, for instance, related to periodic influxes of magmatic 
vapor (e.g., Reich et al., 2013) and/or compositional changes in the 
fluid driven by tectonically induced decompression and boiling (e.g.,  
Peterson and Mavrogenes, 2014; Román et al., 2019; Sanchez-Alfaro 
et al., 2016). 

Locally, Type-C magnetite from Fresia exhibits crustiform-colloform 
banding (Figs. 3D; 10F), whereas Si-rich Type-ε magnetite from Mariela 
displays colloform banding textures (Fig. 4I). These textures have been 
interpreted in the literature as related to open fissures or fluid-filled 
voids and formation at relatively low temperatures, possibly < 250 °C 
(Morrison et al., 1990; Moncada et al., 2012). Thus, the occurrence of 
oscillatory zoning is consistent with magnetite growth during fluctu-
ating fluid compositions or under a changing physico-chemical regime 
(Craig and Vaughan, 1981; Shimazaki, 1998; Holten et al., 2000), 
whereas colloform textures are possibly related to formation under low 
temperature and steady physico-chemical conditions. 

5.1.3. Re-equilibration textures 
Several magnetite grains from Carmen (Type-III and -IV), Fresia 

(Type-C and -D) and El Laco (Magnetite-X) show microtextural evi-
dence of re-equilibration, most likely due to dissolution-reprecipitation 
processes (DRP) (Table 2; Fig. 10G, SM6C). Re-equilibration processes 
in magnetite have been reported in skarns (Hu et al., 2014, 2015; Yin 
et al., 2017), IOA deposits (Heidarian et al., 2016), banded iron for-
mation (Araújo and Lobato, 2019) and in hydrothermally altered ig-
neous magnetite from granitic plutons (Wen et al., 2017). It has been 
widely reported that textures and the trace element composition of 
primary and hydrothermal magnetite could be significantly modified by 
various stages of re-equilibration (Hu et al., 2014, 2015; Heidarian 
et al., 2016; Wen et al., 2017; Yin et al., 2017; Huang et al., 2018; 
Huang and Beaudoin, 2019). 

Both the porosity of magnetite grains from Carmen and Fresia (Figs.  
2F; 3A,F; 10G), and the sinuous and reabsorbed edges in Magnetite-X 
from El Laco (Fig. SM6C) are key features of DRP (Putnis, 2009). In 
addition, Ti originally dissolved in magnetite, can form secondary ti-
tanite or rutile by DRP. Fluoride has been shown to effectively mobilize 
Ti in a fluid and consequently, Ti should not always be regarded as 
immobile in geological fluids (e.g., Audétat and Keppler, 2005; Tanis 
et al., 2016). Abundant titanite fractures are recognized in magnetite 
grains from Carmen, Fresia and Mariela, in which these fractures pro-
vide conduits for hydrothermal fluids and could accelerate the dis-
solution-reprecipitation processes in magnetite. 

Some magnetite grains from Carmen and Fresia also display a mo-
saic texture characterized by well-defined 120° triple junctions (Figs.  
2D; 3F; 10G). A mosaic texture is also evidence of textural re-equili-
bration, resulting from the annealing and recrystallization of magnetite 
(Ciobanu and Cook, 2004; Nold et al., 2013; Huang and Beaudoin, 
2019). It has been proposed that the mosaic texture could be formed by 
fluid-assisted recrystallization process in an open system in skarns (Hu 
et al., 2015) or by the simultaneous recrystallization and annealing of 
inclusion-rich magnetite in IOCG and IOA deposits (Huang and 
Beaudoin, 2019). 

Textural and geochemical evidences of DRP are also recorded in 
apatite grains from Carmen and Fresia including high porosity, a sharp 
replacement front between F-rich (magmatic) and Cl-rich (hydro-
thermal) apatite domains, and the formation of secondary monazite 
inclusions (Palma et al., 2019). The infiltration of mixed basinal brines 
and meteoric waters that already dissolved evaporites could trigger 
dissolution-reprecipitation reactions in magnetite from skarns (Hu 
et al., 2014, 2015; Huang et al., 2018) and IOA deposits (Heidarian 
et al., 2016). Accordingly, these externally derived fluids could con-
tribute to an increase in salinity and Cl− contents of late fluids, en-
hancing Fe solubility and consequently leading to disequilibrium be-
tween the precipitated magnetite and evolving fluids (Chou and 

Eugster, 1977; Ilton and Eugster, 1989). 

5.1.4. Exsolution lamellae and symplectite textures 
Both exsolution lamellae and symplectites of Fe-Ti oxides are 

common textures in Ti-rich magnetite from magmatic Fe-Ti,V deposits 
and mafic–ultramafic igneous rocks (Buddington and Lindsley, 1964; 
Frost and Lindsley, 1991; Pang et al., 2008, 2010; Wang et al., 2008; 
Song et al., 2013; Liu et al., 2015; Tan et al., 2015; Tan and Liu, 2016). 

Well-developed exsolution lamellae are observed in Type-B mag-
netite (Fresia; Fig. 3C), Type-β and -δ (Mariela; Fig. 4D,G) and Mag-
netite-α (El Laco; Fig. SM6F). The composition of these lamellae was 
only determined in Type-β magnetite (ilmenite-ulvöspinel) and Mag-
netite-α (ilmenite) by using SEM and LA-ICP-MS analyses due to the 
small size (< 10 µm) of these exsolution lamellae. The exsolution of 
different Fe-Ti oxides are indicative of the physico-chemical conditions 
of the host Ti-rich magnetite and of the different mechanisms of for-
mation (Buddington and Lindsley, 1964; Lattard, 1995; Mücke, 2003; 
Tan and Liu, 2016). The composite ilmenite-ulvöspinel exsolution la-
mellae observed in Type-β magnetite (Fig. SM8) suggest that the ex-
solution was probably controlled by oxidation of an original magnetite- 
ulvöspinel solid solution during cooling. At relatively oxidizing condi-
tions, the ulvöspinel component in the ulvöspinel-magnetite solid so-
lution (SS) series could be oxidized at a temperature < 600 °C (SS 
solvus) and exsolved directly as ilmenite (Buddington and Lindsley, 
1964). The ilmenite lamellae are also possibly formed by the direct 
exsolution from cation-deficient spinelSS through the substitution of 
Fe2+ by Ti4+ at low oxygen fugacity and high-temperature conditions 
or the subsolidus re-equilibration of coexisting Fe-Ti oxides (Tan and 
Liu, 2016). 

Hu et al. (2015) reported that during the main stage of miner-
alization in iron skarn deposits, Ti-bearing magnetite (up to 1.27 wt% 
Ti) originally formed at high-temperatures under relatively reducing 
conditions was subsequently re-equilibrated through exsolution la-
mellae of Fe-Ti-Al-oxides in response to increasing ƒO2 and decreasing 
temperatures. We interpret the exsolution lamellae in magnetite grains 
from Mariela (Fig. 10A), and probably from El Laco (Fig. SM6F), to 
have formed by oxy-exsolution processes, whereas it is more likely that 

Fig. 15. Concentration of V vs. Cr discrimination diagram modified from  
Knipping et al. (2015b). Magnetite from IOA deposits can be distinguished from 
other deposits such as porphyry, IOCG, skarn and magmatic magnetite. Higher 
V concentrations in magnetite indicate in general a more significant magmatic 
source. Data source: (1) Loberg and Horndahl (1983); (2) Nystrӧm and 
Henríquez (1994); (3) Core (2004); (4) Dupuis and Beaudoin (2011); (5) Dare 
et al. (2014); (6) Dare et al. (2015); (7) Knipping et al. (2015a) and Knipping 
et al. (2015b); (8) He et al. (2016); (9) Polivchuk (2017); (10) Huang and 
Beaudoin (2019); (11) La Cruz et al. (2020); (12) Sun et al. (2019); (13) This 
study. 
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the exsolution lamellae observed in magnetite from Fresia (Type-B) 
formed by re-equilibration processes (Fig. 10G) based on the hydro-
thermal chemical signature of magnetite (Figs. 11A; 12A,B; 14A,B). 

On the other hand, the symplectite texture forms by the breakdown 
of unstable minerals (2 or more) that are intergrown as straight, curved 
or vermicular lamellae as a result of changing chemical and/or physical 
factors (e.g., Mongkoltip and Ashworth, 1983; Claeson, 1998). This 
texture is well-documented in the literature and various mechanisms of 
formation including rapid cooling, decompression, oxidation and in-
filtration of aqueous fluids have been proposed (Moseley, 1984; 
Claeson, 1998; Hippertt and Valarelli, 1998; Field, 2008; Dégi et al., 
2010; Elardo et al., 2012; Tan et al., 2015; Regan et al., 2019). Indeed, 
symplectite intergrowth of magnetite-rutile  ±  ilmenite as seen in 
Mariela (Figs. 4A–C,E, 8, 10E) are reported in certain mafic–ultramafic 
layered intrusions (e.g., Von Gruenewaldt et al., 1985; Claeson, 1998; 
Tan et al., 2015). According to Tan et al. (2015), the magnetite-rutile 
symplectite hosted by ilmenite from the Xinjie Fe-Ti oxide-bearing 
mafic–ultramafic layered intrusion (SW China) was formed by the 
subsolidus oxidation of the ilmenite-hematite SS, under relatively oxi-
dizing conditions, controlled by the composition and proportion of in-
terstitial fluids (Buddington and Lindsley, 1964). Although the miner-
alogical assemblage of both symplectites is similar, in Mariela the host 
or precursor mineral is a Ti-rich magnetite and it is more likely formed 
by decompression as evidenced by the breccia-pipe structure observed 
in Mariela (Fig. 10E). 

5.2. Magnetite chemistry and temperature trends: [Ti + V] vs. [Al + Mn] 
plots 

Discrimination diagrams based on minor and trace elements con-
centrations in magnetite have been proposed by several authors to 
constrain ore-forming environments (e.g., Dare et al., 2014; Dupuis and 

Beaudoin, 2011; Knipping et al., 2015b; Nadoll et al., 2012, 2014).  
Fig. 11 shows the widely used [Ti + V] versus [Al + Mn] dis-
crimination diagram (Dupuis and Beaudoin, 2011; Nadoll et al., 2014) 
for all magnetite types from the Andean IOA and IOCG deposits dis-
cussed here. The plots illustrate the geochemical signature of the dif-
ferent magnetite types recognized in Carmen, Fresia, Mariela, El 
Romeral, Los Colorados, Cerro Negro Norte from the Chilean Iron Belt 
(Fig. 11A,B), El Laco (Fig. 11C) and the Candelaria and Mantoverde 
IOCG deposits (Fig. 11D). The EPMA dataset was used for these plots 
except for Cerro Negro Norte in which the LA-ICP-MS data were used, 
because of their very low Ti concentration that could not be measured 
by EPMA (Table 3). 

Overall, the magnetite data for the studied deposits configure con-
sistent cooling trends from high-temperature, magmatic-hydrothermal 
conditions (> 600 °C) to lower temperature hydrothermal conditions 
(< 600 °C) (Nadoll et al., 2014). In the next paragraphs, we discuss and 
compare the chemical composition of major elements in magnetite (Ti, 
V, Al, Mn) for the studied deposits, in relation with its inferred tem-
perature of formation. It is important to highlight that the temperature 
trends discussed here, as noted by Nadoll et al. (2014), should be in-
terpreted with care and correspond to broad and qualitative estimations 
based on magnetite chemistry, coupled to mineralogical observations of 
the different mineralization styles. 

All magnetite types from the Carmen deposit (i.e., Type-I to -IV) 
show a very similar range of [Ti + V] and [Al + Mn] concentrations 
(Fig. 11A). Notably, magnetite types I, II, III, IV plot mostly in the 
Kiruna field and in the Porphyry field, and to a lesser extent below the 
Kiruna field, distributed as a cluster of points in which no trend is re-
cognized. At Fresia, magnetite types A, B and D display similar [Ti + V] 
concentrations as Carmen (Fig. 11A). Type-A magnetite has a higher 
[Al + Mn] concentration plotting mostly in the upper part of the Por-
phyry field and in the IOCG field. On the other hand, Type-C magnetite 

Fig. 16. Concentration of Ni vs. V in magnetite from the Chilean Iron Belt (A) and El Laco (B). Data source: (1) Salazar et al. (2020); (2) Huang and Beaudoin (2019); 
(3) La Cruz et al. (2020); (4) Broughm et al. (2017); (5) He et al. (2016); (6) Polivchuk (2017); (7) Liu et al. (2014); (8) This study. 
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Fig. 17. Biplots for Principal Component Analysis (PCA) of logarithm-transformed magnetite concentrations from Andean IOA-IOCG deposits. Magnetite LA-ICP-MS 
data on Mg, Al, Ti, V, Mn, Co, Ni, Zn and Ga were used. Bottom and left axes in each plot display the loadings of the Principal Components (PC). The percentage 
shown on the axes represents the total variance explained by that component. Top and right axes show the scores of the PCs, which are associated with the points 
(individual analyses). (A) and (B) show a PCA where surface and drill core data from El Laco were included, and (C) and (D) show a PCA where El Laco surface data 
were discarded. In both PCA, > 70% of the total variance can be represented with the extraction of three PCs (A and C) PC1 vs. PC2; (B and D) PC1 vs. PC3. In biplot 
A, trends (from shallow levels to depth) that resemble the direction of Ti, Al, Ga and V arrows were recognized in IOA deposits with available drill core data (El Laco, 
Cerro Negro Norte and El Romeral). In biplot C, two groups (Groups 1 and 2) are observed after PCA analysis. See text for discussion. 
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plots mostly within the IOCG field. The distribution of these magnetite 
types from Porphyry field (Type-A and -B) to Kiruna field (Type-D) to 
IOCG field (Type-C) display a cooling trend from magmatic-hydro-
thermal conditions (~300–500 °C) to low temperature hydrothermal 
conditions (~200–300 °C). However, the occurrence of re-equilibration 
textures in these magnetites from Carmen and Fresia (Figs. 2D,F, 3A,F;  
10G) indicate that the original trace element geochemistry of primary 
magnetite was significantly modified. Therefore, we conclude that these 
magnetite ores were formed by re-equilibration of previously formed 
magnetite via dissolution-reprecipitation processes. These processes 
could have been triggered by the infiltration of externally derived hy-
drothermal fluids of moderate (300–500 °C) to low (200–300 °C) tem-
peratures, similar to those related to magnetite formation in porphyries 
and IOCG deposits, respectively. 

Most magnetite data points from Mariela plot in the magmatic Fe-Ti, 
V field or at the boundary between the Fe-Ti, V and Porphyry fields 
(Fig. 11A). The igneous affinity of magnetite from Mariela (Fe-Ti,V field) 
is confirmed by both the formation of symplectite and the well-devel-
oped ilmenite  ±  ulvöspinel exsolution lamellae (see Section 5.1;  
Fig. 4D, 10A,E) consistent with temperatures above 500° C. We high-
light that the Ti concentrations measured in the magnetite Type-α and 
Type-β are lower than in primary magmatic magnetite due to the for-
mation of exsolution lamellae and symplectite, respectively, which re-
sulted in the loss of Ti from magnetite into exsolved ilmenite, ulvöspinel 
and rutile. It should be noted that magnetite Type-δ and Type-γ plot 
more to the left in the Fe-Ti, V field, which might reflect a slight de-
crease in magmatic temperatures. In addition, the lower Mn content in 
magnetite Type- γ is consistent with formation at lower temperatures 
(~500 °C) and possibly related to dissolution-reprecipitation processes 
(Fig. 4A,E). 

At Los Colorados, and as described by Knipping et al. (2015a) and 
Knipping et al. (2015b), most of the data from the magnetite (western) 
dike from Los Colorados plot in the Porphyry field with a few data points 
in the Fe-Ti, V field and Kiruna field (Fig. 11B). Type-1, -2 and -3 
(Table 3) are also shown in Fig. 11B. The cores of magnetite grains 
(Type-1) have the highest trace element concentration and overlap with 
magnetite formed in magmatic Fe-Ti,V deposits, followed by Type-2 
magnetite (rim) that plot mostly in the Porphyry field. Type-3 magnetite 
(outer rim), which correspond to the rims of magnetite grains, plot in 
the Kiruna and IOCG fields. Based on Nadoll et al. (2014), Knipping et al. 
(2015a) and Knipping et al. (2015b) interpreted the above described 
trend as a result of cooling from dominantly high-temperature, mag-
matic-hydrothermal conditions (> 600 °C) to lower temperature hy-
drothermal conditions (< 500 °C). A similar trend is observed for 
magnetite compositions in samples from Cerro Negro Norte and El 
Romeral (Fig. 11B). At Cerro Negro Norte, both Type-I (magnetite 
cores) and Type-II (magnetite rims) have similar [Ti + V] concentra-
tions, but Type-I has slightly higher [Al + Mn] concentrations than 
Type-II (Salazar et al., 2020). Both magnetite types plot mostly within 
(and below) the Kiruna field. Type-III magnetite plots in the IOCG and 
Kiruna fields, whereas Type-IV magnetite (late magnetite vein event) 
plots within (and below) the BIF field (Fig. 11B). Even though no 
magmatic magnetite was identified in Cerro Negro Norte (e.g., plotting 
in the Fe-Ti,V field), a cooling trend similar to the one described for Los 
Colorados was recognized (Fig. 11B). Similarly, both Type-I and -II 
from El Romeral plot mostly within and below the Kiruna field 
(Fig. 11B). Only a few points plot in the low part of the Porphyry field 
and near the boundary between the IOCG and Kiruna fields. It should be 
noted that the data corresponding to the deepest drill core sample at El 
Romeral (Type-I and -II; ~347 m) present slightly higher [Ti + V] and 
[Al + Mn] concentrations than magnetite from shallow levels (Type-I 
and -II; ~10 m), reflecting a higher formation temperature of magnetite 
at depth (Fig. 11B). At the deepest section of the deposit, Type-I mag-
netite shows a more dispersed distribution of data points and slightly 
higher [Ti + V] and [Al + Mn] concentrations than Type-II magnetite, 
whereas at shallow depths Type-I and -II data are equally dispersed 

(Fig. 11B). Therefore, based on the chemistry of magnetite types, we 
infer that the Cerro Negro Norte and El Romeral deposits were formed 
under relatively lower temperature conditions than Los Colorados 
(~300–500 °C; within and below the Kiruna field), with slightly lower 
temperatures recognized in Cerro Negro Norte when compared to El 
Romeral. At Cerro Negro Norte, a late low-temperature magnetite for-
mation event (< 300 °C; BIF field) was also recognized. 

Fig. 11C, modified from Ovalle et al. (2018), depicts the chemical 
variation of drill core and surface outcrop data in magnetite from the El 
Laco Norte deposit. In general, a distinctive trend is recognized from 
magmatic (Fe-Ti,V field) at depth to moderate-, low-temperature hy-
drothermal conditions (200–300 °C) towards the surface (Magnetite-Z 
to Magnetite-α; Fig. 11C). It should be pointed out that Magnetite-α, 
which plots mostly in the Fe-Ti,V field, displays well-developed ilmenite 
exsolution lamellae further confirming its magmatic origin (Fig. SM6F). 
Furthermore, surface samples display lower [Ti + V] concentrations 
than drill core samples, plotting in all fields, even below the IOCG field 
and BIF field, but not in the Fe-Ti,V field. This points to magnetite 
growing from moderate- to low-temperature hydrothermal fluids or 
that magnetite was chemically re-equilibrated by lower temperature 
fluids after mineralization as evidenced by dissolution-reprecipitation 
textures observed in Magnetite-X (Fig. SM6C). 

Finally, the data from the Candelaria and Mantoverde IOCG de-
posits display a wide range of [Ti + V] and [Al + Mn] values that plot 
in all fields, but only a few scattered analyses plot in the Fe-Ti,V field 
(Fig. 11D). The average value of the Candelaria and Mantoverde data 
plots in the IOCG field. The large amount of data that plot in the BIF field 
and below the Kiruna field reflect the comparatively low trace element 
concentration in hydrothermal magnetite from IOCG deposits. This can 
be interpreted as magnetite in IOCG systems being formed from cooling 
hydrothermal fluids of lower temperature than those involved in IOA 
formation. 

5.3. Igneous and hydrothermal magnetite: V-Ti and V/Ti -Fe plots 

Experimental studies have demonstrated that the incorporation of 
trace elements in igneous magnetite depends mostly on temperature, 
host rock/melt composition, elemental availability, and oxygen (ƒO2) 
and sulfur (ƒS2) fugacity (Toplis and Corgne, 2002; Sievwright et al., 
2017; Sossi et al., 2018). Magnetite/melt partition coefficients for trace 
elements vary by several orders of magnitude for igneous magnetite 
(Dare et al., 2012; Nadoll et al., 2014), whereas there are no available 
experimental data that constrain the partitioning of trace elements 
between magnetite and hydrothermal fluid. Acknowledging the lack of 
partitioning data for hydrothermal magnetite, Nadoll et al. (2014) 
pointed out that the chemical composition of hydrothermal magnetite 
would be controlled by the composition of the aqueous fluids, tem-
perature, ƒO2, ƒS2 and host rock buffering. 

Discrimination diagrams based on trace elements have been pro-
posed to distinguish between igneous and hydrothermal magnetite, 
e.g., Sn versus Ga (Nadoll et al., 2014), Ti versus Ni/Cr (Dare et al., 
2014), Ti versus V (Nadoll et al., 2015), and V/Ti versus Fe (wt%) (Wen 
et al., 2017). 

Tin is below or close to the detection limit of the LA-ICP-MS tech-
nique in the studied IOA deposits (Tables SM5, SM6), therefore, the Sn 
versus Ga plot was not used here. 

The Ti versus V and V/Ti versus Fe (wt%) diagrams in Figs. 12 and 
13, respectively, present new and previously published magnetite 
analyses from Andean IOAs. In addition, geochemical analyses of 
magnetite from layered mafic–ultramafic, anorthosite and granitic 
complexes (Liu et al., 2014; He et al., 2016; Polivchuk, 2017; Wen et al., 
2017), and magnetite data from the Candelaria IOCG deposit (Huang 
and Beaudoin, 2019), are presented as a reference. Fig. 12A and C show 
the Ti and V concentrations in magnetite for each deposit from the 
Chilean Iron Belt (CIB) and El Laco, respectively. Titanium vs. V dia-
grams for each magnetite type are shown in Fig. 12B. 
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Data for Carmen and El Romeral plot mostly in the overlapping area 
between both fields (Fig. 12A). In addition, some data points from 
Carmen plot in the igneous field. Notably, three data clusters are ob-
served for El Romeral. The deep cluster (this study) has higher Ti and V 
concentrations (average values: 803 and 342 ppm Ti; 2,489 and 
2,683 ppm V for Type-I and -II, respectively; Fig. 12B Table 4) than the 
shallow cluster (this study; average: 571 and 222 ppm Ti; 1,261 and 
1,277 ppm V for Type-I and -II, respectively; Fig. 12B). Magnetite Type- 
I from both clusters have higher Ti and V concentrations than Type- II 
(Fig. 12B; Table 4). A third cluster comprises data from Huang and 
Beaudoin (2019) with slightly higher concentrations of Ti and V that 
plot mostly at the top of the igneous field (Fig. 12A). 

Data from Fresia are scattered within this plot displaying three 
groups or clusters. The first cluster consists mostly of magnetite Type-B 
(Fig. 12B) and plots at the overlapping area between the igneous and 
hydrothermal field and in the igneous field, similar to the data from 

Carmen. It follows that magnetite from Carmen (magnetite Type -I, -II 
and -III) and Type-B from Fresia were formed under similar conditions 
(Fig. 12B). A second cluster composed of magnetite Type-A plots at the 
overlapping area between both fields and in the igneous field (Fig. 12B). 
The third cluster (Type-C) shows V concentrations consistent with a 
hydrothermal composition, but with lower Ti concentrations (Fig. 12B). 

Magnetite from Mariela plot above the igneous field and have similar 
V concentrations but lower concentrations of Ti compared to magmatic 
magnetite (Fig. 12A,B). The few data points from the Candelaria IOCG 
deposit plot in the overlapping area and in the hydrothermal field 
(Fig. 12A). 

Most of the data from Los Colorados plot in the overlapping area 
between igneous and hydrothermal magnetite and in the igneous field, 
whereas magnetite from Cerro Negro Norte plot mostly in the over-
lapping area between igneous and hydrothermal magnetite (Type-I, -II 
and –III; Fig. 12B). However, Type-IV magnetite plots mostly outside of 

Fig. 18. Schematic genetic model for the formation of Chilean IOA deposits from the Chilean Iron Belt and El Laco. The figure shows different styles or subtypes of 
IOA mineralization depending on the depth of emplacement: deep, intrusive-like (e.g., Los Colorados); transitional (e.g., El Romeral); intermediate, hydrothermal- 
like (e.g., Cerro Negro Norte); pegmatitic, apatite-rich (Carmen, Fresia and Mariela); and shallow, subvolcanic/subaerial (e.g., El Laco) deposits. These different IOA 
subtypes are controlled fundamentally by the depth of formation, the presence of structures/faults that cause decompression, the composition of the host rock, the 
source and flux rate of hydrothermal fluids, and the infiltration of non-magmatic fluids such as meteoric waters and possible basinal brines. The flotation model 
(Knipping et al., 2015a, 2015b) provides a general framework to explain the origin of Chilean IOA subtypes and the observed genetic link between IOA and IOCG 
mineralization. See text for discussion. 
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the hydrothermal field, similarly to Fresia‘s Type-C (Fig. 12B). 
The chemistry of El Laco magnetites reveal a trend from magmatic 

(high Ti and V concentrations; drill core data) to hydrothermal sig-
natures (low Ti and V concentrations; surface data) (Fig. 12C). Most of 
the drill core data plot in the igneous field with only a few data points 
in the overlapping area. Moreover, Magnetite-β and -α plot above the 
igneous field showing high Ti and V concentrations. On the other hand, 
most of the data from surface (outcrop) samples (Magnetite-S) plot in 
the overlapping area with some points plotting outside of this area with 
lower Ti concentrations (Fig. 12C). 

Fig. 13 shows the Fe concentration (wt%) versus the V/Ti ratio 
discrimination diagram proposed by Wen et al. (2017). This plot was 
constructed based on the observation that igneous and hydrothermal 
magnetites have different V/Ti ratios, and variable Fe concentrations 
(Wen et al., 2017). Fig. 13A and B show the data from IOA deposits 
from the CIB and El Laco, respectively. All data from the Andean IOA 
deposits (CIB and El Laco) plot in the hydrothermal field (Fig. 13A,B), 
and a re-equilibration trend is only observed for magnetite from Los 
Colorados (Deditius et al., 2018). Based on our analysis, we conclude 
that the V/Ti ratio should be used with caution because of re-equili-
bration or post-crystallization processes that can modify the original Ti 
concentration in magnetite. On the other hand, V appears to be a better 
discriminant element in magnetite because it is less susceptible to 
chemical re-equilibration or remobilization and it is more homo-
geneously distributed in magnetite grains (Rojas et al., 2018b; this 
study). 

Mariela and Los Colorados data show slightly lower Fe concentra-
tions than other IOA deposits from the CIB, pointing to a more mag-
matic character (Fig. 13A). Most of the magnetite drill core data from El 
Laco present lower V/Ti ratio (V/Ti  <  1 on average) than the surface 
data (V/Ti  >  1 on average), however, there is some overlap between 
drill core and surface data (Fig. 13B). 

5.4. Temperature and fO2 trends: Ga vs. V plots 

Recently, the Ga versus V plot was used to trace the chemical evo-
lution of magnetite from the Cerro Negro Norte deposit (Salazar et al., 
2020). This diagram was proposed after observations that Ga con-
centrations, as well as V, are consistently higher in magmatic magnetite 
than in hydrothermal occurrences (Nadoll et al., 2014). Vanadium is 
preferentially incorporated into magnetite at high temperature and 
more reducing (low ƒO2) conditions (Toplis and Corgne, 2002; Nadoll 
et al., 2014). The data plotted in Fig. 14 show the Ga and V signature of 
magnetite from the studied deposits. Fig. 14A shows that IOA deposits 
from the Chilean Iron Belt are characterized by variable Ga and V 
concentrations in magnetite. A more detailed plot for all magnetite 
types for each deposit from the Chilean Iron Belt is shown in Fig. 14B. 
Data for Mariela, for instance, show a distinctive high-temperature 
magmatic character and highly reduced formation conditions, with 
relatively high Ga (21.7–68.3 ppm) and very high V 
(4,760–16,800 ppm) concentrations in magnetite (Table 4 and Table 
SM5). 

Magnetite from Carmen (Type-I, -II, -III) and Fresia (Type-B) reflect 
similar conditions of magnetite formation, but at Fresia temperatures 
would reach lower values (Type-B and Type-C; Fig. 14A,B) probably 
related to the infiltration of late oxidized fluids. The three clusters 
observed for Fresia are consistent with the observed clusters in Fig. 12A 
and 12B, in which Type-B has the highest V concentrations (average 
1,756 ppm; Table 4) respect Type-A (average 595 ppm V) and Type-C 
(average 146 ppm V), whereas Ga concentrations are similar between 
Type-A and Type-B (average: 35 and 31.9 ppm, respectively) and lower 
in Type-C (average 14.9 ppm Ga). 

Magnetite chemistry from Los Colorados indicate a relatively high- 
temperature magmatic character and highly reduced formation condi-
tions, but with higher Ga (50–73 ppm) and lower V (1,368–6,435 ppm) 
concentrations than data from Mariela. Data from El Romeral obtained 

in this study indicate a decreasing temperature trend from high-tem-
perature magmatic-hydrothermal conditions (intermediate area be-
tween high-temperature magmatic and high-temperature hydro-
thermal; Fig. 14A,B) to relative low-temperature hydrothermal 
conditions from bottom to top of the deposit (Rojas et al., 2018b; this 
study; Fig. 14A,B). 

Cerro Negro Norte magnetites reflect a continuous decreasing 
temperature trend from high-temperature hydrothermal conditions and 
relatively low ƒO2 (Type-I and -II; Fig. 14A,B), to low-temperature 
conditions (Fig. 14A,B) probably related to changes in the composition 
of the fluid as it ascended and cooled (Type-III; Fig. 14B; Salazar et al., 
2020). The precipitation of magnetite veinlets (Type-IV, Fig. 14B) at 
even lower temperatures (~200–300 °C) would be related to a late 
metasomatic event and more oxidized hydrothermal fluids (Fig. 14A,B;  
Salazar et al., 2020). 

For El Laco, a transition from high-temperature magmatic-hydro-
thermal and relative low ƒO2 conditions observed in drill core magne-
tites (Magnetite-α and -β), to high-temperature hydrothermal and re-
lative intermediate ƒO2 conditions (Magnetite-Z), to low-temperature 
and relative high ƒO2 conditions is observed in surface samples 
(Magnetite-S) (Fig. 14C). 

5.5. Other discrimination diagrams: the Ni-V and Cr-V plots 

Figs. 15 and 16 show the V versus Cr (Knipping et al., 2015b) and Ni 
versus V (Loberg and Horndahl, 1983) plots, respectively, for magnetite 
from the Chilean Iron Belt and El Laco. The V versus Cr plot is used to 
discriminate Kiruna-type IOA deposits from other high-temperature 
deposits including porphyry, IOCG and Fe-Ti,V deposits (Nystrӧm and 
Henríquez, 1994). Chromium (Cr3+) is highly compatible in magmatic 
magnetite; however, it may be depleted in magnetite from IOA deposits 
either due to the preferred incorporation of Cr into augite or more 
probably to the high mobility of Cr6+ in fluids (James, 2003). Chro-
mium is below detection limits in Cerro Negro Norte, Carmen and 
Fresia (Table 4). Data from Mariela, El Romeral, Los Colorados and El 
Laco plot in the Kiruna field (< 100 ppm Cr and  > 500 ppm V;  
Knipping et al., 2015b). It should be noted that the V concentration in 
magnetite from Mariela (average 9,547 ppm) is similar to values re-
ported for magmatic magnetite (Fig. 15); however, they show a lower 
Cr concentration (~15 ppm). Kiruna-type deposits present higher V 
concentrations than IOCG and iron skarn deposits, but lower Cr con-
centrations than porphyry deposits (Fig. 15). 

Previous studies have shown that the transition metals including Co 
and Ni are strongly compatible (Ni  >  Co) in igneous magnetite 
(DCo = 7.5 and DNi = 30; Dare et al., 2012), but are incompatible 
relative to co-precipitating hydrothermal sulfides such as pyrite and 
chalcopyrite. Hence, hydrothermal magnetite in porphyry systems, 
IOCG and IOA deposits is commonly depleted in Co and Ni. Fig. 16 
shows a trend from high to low Ni and V concentrations. For the CIB, 
the high V (average ~9,547 ppm) and Ni (average ~250 ppm) con-
centrations in magnetite from Mariela are similar to those reported for 
igneous magnetite (Fig. 16A). Relatively similar Ni concentrations in 
magnetite from Carmen and Fresia (Carmen: 299 ppm; Fresia: 189 ppm 
on average) are consistent with the presence of scarce sulfides. In ad-
dition, the low Ni concentration in hydrothermal magnetite from Cerro 
Negro Norte (average 83 ppm; Type-III and -IV) and Candelaria are 
consistent with the abundant presence of sulfides in these deposits. 

In the El Laco deposit, the highest Ni concentrations are found at 
depth (Magnetite-α and -β; average: 440 and 392 ppm, respectively), 
whereas superficial magnetite (Magnetite-S) has a lower Ni 
(< 300 ppm) concentration, probably related to pyrite mineralization 
found in the Pasos Blancos area, near the Pico Laco (Naranjo et al., 
2010). 
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5.6. Principal Component analysis (PCA): A statistical overview of 
magnetite trace element geochemistry 

The magnetite trace element dataset was further evaluated by per-
forming a Principal Component Analysis (PCA), which provides a 
general multivariable overview of the compositional variability of 
magnetite. This statistical approach has been used to better understand 
trace element concentrations in magnetite from volcanogenic massive 
sulfide, porphyry Cu-Mo-Au and skarn deposits (Makvandi et al., 2016;  
Canil et al., 2016; Huang et al., 2016) and also in other “fingerprint” 
minerals such as pyrite (e.g., Gregory et al., 2015, Román et al., 2019). 
In this analysis, we considered LA-ICP-MS magnetite trace element data 
(Fig. 9), including: Mg, Al, Ti, V, Mn, Co, Ni, Zn and Ga. Chromium, Cu 
and Sn were discarded due to the large number of analyses below de-
tection limit (Cr ~20%, Cu ~42% and Sn ~76%). A brief description of 
the PCA methodology and biplots are presented in the Supplementary 
Material file. 

Two PCA procedures were carried out (Fig. 17). The first PCA (PCA 
I) includes surface and drill core data from Laco Norte and Laco Sur, in 
addition to surface data from San Vicente Alto, Rodados Negros and 
Cristales Grandes (Fig. 17A,B); whereas the second PCA (PCA II) con-
siders only drill core data (shallow, intermediate and deep) from Laco 
Norte and Laco Sur (Fig. 17C,D). Data from the Cretaceous IOA deposits 
are considered in both PCA procedures. PCA I and PCA II were per-
formed to evaluate the effects of the large amount of surface data from 
El Laco. In both cases, around a 75% of the variance can be explained 
by the extraction of three Principal Components (PC). 

Principal Component 1 (PC1) and PC2 explain ~60% of the total 
variance of the dataset in PCA I and PCA II. Both PCAs yielded similar 
results, where biplots show an evident clustering of data by deposit and 
along the Co, Mg, Zn arrows (Fig. 17A,C). In general, magnetite from El 
Laco is more enriched in Co, Mg and Zn, while magnetite from Mariela 
is depleted in these elements (Fig. 17A,C). In addition, the data for each 
deposit closely follows the direction of the Ti, Al, Ga and V arrows 
(Fig. 17A) and the Ga and V arrows (Fig. 17C). A similar behavior was 
determined in drill core samples from Cerro Negro Norte, El Romeral 
and El Laco (dashed arrows in Fig. 17A). Particularly, deep magnetite 
from these deposits is relatively enriched in Ti-Al-Ga-V when compared 
to shallow magnetite from the same deposit. Moreover, Fig. 17C clearly 
shows two groups (Group 1 and Group 2) after PCA analysis. Group 1 
includes most of the dataset and is relatively more enriched in Ga-V 
compared to Group 2. It follows that the different trends from relatively 
high Ti, Al, Ga, and V to relatively low concentration of these elements 
(Fig. 17A) are consistent with the different temperature and/or ƒO2 

trends observed in the [Ti + V] versus [Al + Mn] (Fig. 11) and Ga 
versus V (Fig. 14) plots. Similarly, Group 2 data is consistent with low- 
temperature hydrothermal magnetite from Cerro Negro Norte (Type- 
IV), Fresia (Type-C) and El Laco (shallow depth) (Figs. 11, 14, 17). 

Principal Component 3 (PC3), which represents ~14% (PCA1) of 
total variance is closely related to Ni in PCA 1 (Fig. 17B). However, this 
element is not correlated to any other studied element. Furthermore,  
Fig. 17B shows that Candelaria, Los Colorados, El Romeral, much of the 
surface data from Cristales Grandes and Rodados Negros (El Laco) and 
low-temperature hydrothermal magnetite from Cerro Negro Norte 
(Type-IV) and Fresia (Type-C), plot in the opposite direction of the Ni 
trend and reflect a Ni-depleted magnetite geochemistry. These ob-
servations are consistent with our interpretations suggesting that Ni 
could be used as a tracer for the presence of sulfides micro to nano- 
inclusions in magnetite. 

5.7. A genetic model for Andean IOA deposits 

The data presented here provide new insights on the evolution of 
Cretaceous IOA deposits from the Chilean Iron Belt and the Pliocene El 
Laco deposit in Chilean Altiplano of northern Chile. These deposits 
were formed and later modified by different processes under varied 

conditions, which are recorded in microtextures and the geochemistry 
of magnetite. 

Based on our observations and data from the CIB and El Laco, dif-
ferent styles or subtypes of IOA mineralization were identified (Fig. 18). 
These IOA subtypes reflect formation at different crustal depths, e.g., 
deep, intrusive-like (e.g., Los Colorados); transitional (e.g., El Romeral); 
intermediate, hydrothermal (e.g., Cerro Negro Norte); pegmatitic, 
apatite-rich (Carmen, Fresia and Mariela); and shallow, subvolcanic/ 
aerial (e.g., El Laco) deposits. In addition to the depth of formation, 
Andean IOA deposits are fundamentally controlled by: (i) cooling, re-
flected in magnetite trace element geochemistry and microtextures, 
which also depend of the source and flux rate of hydrothermal fluids 
and even the infiltration of meteoric waters or basinal brines; and (ii) 
decompression, related to the presence of structures and faults, which 
entails classifying IOA deposits based on subtypes. 

Knipping et al. (2015a) and Knipping et al. (2015b) explained the 
presence of a distinct textural and chemical variation between cores 
(Type-1) and rims (Type-2 and -3) in the intrusive-like Los Colorados by 
a transition from igneous to magmatic-hydrothermal conditions. In this 
novel genetic model, i.e., the flotation model, microlites of magmatic 
magnetite (Type-1) crystallize from an intermediate to mafic silicate 
melt and later ascend by coupling with bubbles of fluids exsolved from 
the magma. As the magmatic magnetite suspensions ascend, they coa-
lesce and the modal abundance of magnetite increases by further pre-
cipitation of hydrothermal magnetite as overgrowths (Type-2 and -3) 
on primary magnetite filling interstitial spaces at the level of neutral 
buoyancy. The rapid ascent of the bubble-magnetite suspensions 
through structures or faults resulted in the formation of these magne-
tite-rich ore bodies (Fig. 18). The transtensional, strike-slip, crustal 
scale Atacama Fault System (AFS) provides and optimum, structurally- 
controlled, permeable conduit that allowed the magnetite-rich sus-
pensions to ascend from the source magma (Knipping et al., 2015a, 
2015b; Simon et al., 2018). 

Considering that most IOA deposit in the Chilean Iron Belt are ge-
netically related to major transtensional fault systems, the effect of 
pressure on magnetite solubility is likely a crucial control on magnetite 
mineralization (Simon et al., 2004; Rojas et al., 2018b). Iron solubility 
modeling, as a function of pressure and temperature, was performed by  
Rojas et al. (2018b) considering for FeCl2 solubility and magnetite 
precipitation a fluid salinity of 35 wt% NaCleq and a temperature and 
pressure range of 380–620 °C and 60–200 MPa, respectively. The model 
supports that structures favor the emplacement of ore bodies and that 
the consequent pressure drop decreases the solubility of FeCl2 in aqu-
eous fluids and triggers magnetite precipitation. Moreover, the rate of 
decompression affects the efficiency of magnetite precipitation such 
that rapid decompression favors formation of large magnetite ore 
bodies. Thus, a FeCl2 bearing hydrothermal fluid at 600 °C will pre-
cipitate 50% more magnetite at 100 MPa compare with the mass of 
magnetite at 120 MPa (Rojas et al., 2018b). 

The mineralogical, microtextural and geochemical data from Los 
Colorados (Knipping et al., 2015a, 2015b; Bilenker et al., 2016; 
Deditius et al., 2018), El Romeral (Rojas et al., 2018b; this study) and 
Cerro Negro Norte (Salazar et al., 2020) deposits are consistent with a 
combined igneous/magmatic-hydrothermal model, in agreement with 
deposits from the Kiruna district in Sweden (Jonsson et al., 2013; Weis 
et al., 2013; Westhues et al., 2016, 2017b; Westhues et al, 2017a). 
However, in both the transitional El Romeral and the hydrothermal-like 
Cerro Negro Norte (Fig. 18), high-temperature, magmatic magnetite 
(> 600 °C) was not identified (Figs. 11, 12, 14). This suggests that the 
magnetite ore bodies in both deposits could extend to deeper levels. 

The Carmen, Fresia and Mariela pegmatitic IOA deposits are ge-
netically and spatially related to extensional strike-slip duplexes in 
which IOA mineralization is located at or close to intersecting faults 
(Treloar and Colley, 1993, 1996; Bonson et al., 1997; Río Tinto internal 
report, 2001; Table 1). These fault configurations coupled with trans-
tensional displacement created localized dilational zones that act as 
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tectonic traps for the formation of IOA with abundant F-rich apatite in 
comb textures (Carmen and Fresia) or Cl-rich apatite in dilational 
breccias (Mariela) (Palma et al., 2019). In here, the crystallization of 
apatite was controlled by the fracture opening velocity, crystal growth 
rate and fluid saturation (Chauvet, 2019). These vein systems char-
acterized by comb textures and relatively large crystals reported at the 
Caleta Coloso strike-slip duplex (~24°S) developed along the Atacama 
Fault System (AFS) during the Early Cretaceous (Herrera et al., 2005; 
Olivares et al., 2010). These fluid-filled open fractures formed under 
sub-hydrostatic pressures suggesting that mineral precipitation was 
triggered by a pressure drop at shallow crustal levels (< 4 km) through 
suction-pump mechanism (Olivares et al., 2010). In this fluid-fracture 
relationship, the migration of fluids would be triggered by fracturing of 
the rock associated with the activity of the fault and not by fluid 
overpressure (Herrera et al., 2005). The abrupt pressure drop within the 
fracture triggers fluid injection into dilatation zones (Sibson et al., 
1975; Sibson, 2001; Cox et al., 2001) causing the immediate filling of 
the fracture by fluids coming from areas of higher pressure (pressure 
gradient), and the consequent precipitation of ore minerals (Olivares 
et al., 2010). The suction-pump mechanism could explain the formation 
of pegmatite-like IOA deposits such as Carmen and Fresia, and of comb 
textures where the rate of crystallization is lower than the fracture 
opening rate (Chauvet, 2019). Thus, crystallization only covers the 
fracture/vein wall and crystals grow larger during multiple stages of 
growth, sometimes associated with a change in the fluid composition 
(Dowling and Morrison 1990). The fracture is sealed by mineral pre-
cipitation until a new seismic rupture can cause brecciation, as ob-
served in Carmen and Fresia. On the other side, the Cl-rich apatite di-
lational breccias from Mariela formed by cracking due to fluid 
overpressure or hydraulic fracturing (Chauvet, 2019). The space cre-
ated by fragmentation of the intrusive host rock affected by the strike- 
slip duplex formation, and the dilational breccias texture could have 
formed at the initiation of the process when rates of aperture are weak 
(Chauvet, 2019). Therefore, fragments derived from a much greater 
depth, evidenced by the purely magmatic magnetite signature from 
Mariela, were emplaced at shallow levels. This could suggest the oc-
currence of a much larger massive magnetite body at depth and is 
consistent with the high and restricted εNd values (+5.5 to +6.0) and 
low 87Sr/86Sr initial ratios of Cl-rich apatite from Mariela 
(0.70390–0.70407) that support crystallization from a high-tempera-
ture, saline magmatic-hydrothermal fluid exsolved from a primitive 
magmatic source (Palma et al., 2019). 

On the other hand, magnetite from the different ore bodies from El 
Laco recorded both purely igneous and magmatic-hydrothermal sig-
natures (Ovalle et al., 2018). Ovalle et al. (2018) proposed that El Laco 
formed as a result of an optimal convergence of common subaerial 
volcanic processes in arc volcanoes (Fig. 18). In the early stages, Ti-rich 
igneous magnetite (Magnetite-α and -β) crystallized at near liquidus 
conditions within the andesitic magma chamber beneath the volcanic 
complex (Fig. 18). The periodic injections of crystal-bearing, vapor- 
saturated mafic magma into the base of the magma chamber could lead 
to rapid decompression and volatile exsolution (i.e., bubbles of super-
critical fluid), which increases the magnetite budget. The consequent 
ascent, growth, coalescence and accumulation of the magnetite-fluid- 
bubble pairs form a magnetite-rich, hypersaline suspension that con-
tinues ascending and becomes Fe-rich by scavenging Fe (Cl and other 
metals) from the magma. During the collapse of the El Laco volcanic 
edifice, the hydraulic injection of the magnetite-fluid suspension via 
collapse-related fissures, ring structures and secondary craters on the 
flanks of the El Laco volcano form the hydrothermal breccia bodies at 
depth observed in the drill core samples from deeper levels in the de-
posit. The Fe-rich magmatic-hydrothermal fluid continues ascending to 
shallow levels and crystallizes hydrothermal magnetite (Magnetite-X, 
-Y and -Z) during progressive cooling until it reached the surface where 
magnetite-S is subject to weathering. The surface venting of the hy-
drothermal magnetite suspension may formed the Fe-rich lava-like 

flows and dike-like bodies that outcrop around the Pico Laco resurgent 
dome (Fig. 18). 

Overall, the IOA deposits from the Chilean Iron Belt and El Laco 
deposit are consistent with a model wherein a magnetite-apatite fluid 
suspension evolves from an intermediate to mafic silicate magma and 
ascend towards the surface along preexisting crustal faults (Chilean Iron 
Belt), and alternative, fissures formed during the collapse of a volcanic 
structure (El Laco). However, where in the CIB volatile-rich fluids are 
exsolved directly from intermediate to mafic magmas in El Laco vola-
tile-rich fluids are exsolved from a mafic magma underplating the an-
desitic magma body and then transferred to the overlaying magma 
chamber (Fig. 18). It should be noted that there is abundant evidence 
that magnetite segregation is a common process in arc magmas 
(Edmonds et al., 2014). The flotation model allows a variation and the 
definition of different styles or subtypes of IOA mineralization and 
provides a new general framework to understand the formation of 
Andean IOA deposit. It is clear though, that as new data become 
available from other IOA deposits around the world, the model could be 
modified to accommodate these new observations and further varia-
tions of the general model are likely to be presented. 

5.8. The IOA and IOCG connection 

The oscillatory zoning, crustiform-colloform banding and re-equi-
libration textures observed in several magnetite types, as well as a low 
concentration of compatible (e.g., Ti, V, Ga, Cr) and a high con-
centration of incompatible and fluid mobile elements (e.g., Si, Ca, Pb, 
Cu), support formation at moderate to low-temperatures (< 600 °C). 
On the other hand, the magnetite chemistry of the Candelaria and 
Mantoverde IOCGs reflects a continuum from high-temperature mag-
matic, to magmatic-hydrothermal magnetite, to shallow IOCG magne-
tite mineralization formed from cooling hydrothermal fluids (Fig. 11D). 
The genetic model described above (Fig. 18), allows for a vertical 
continuum or transition from a deep-seated IOA (e.g., Los Colorados, El 
Romeral and Cerro Negro Norte) to shallow IOCG mineralization. 

Geochemical data and field observations in IOA deposits from the 
CIB are consistent with a continuum from deep IOA to shallow IOCG 
hydrothermal mineralization. This is evidenced by the change in 
magnetite chemistry and the ubiquitous presence of sulfides in IOA 
deposits (e.g., Cerro Negro Norte; Fig. 18), some of which could be 
related to late superimposed hydrothermal events (Knipping et al., 
2015a, 2015b; Barra et al., 2017; Rojas et al., 2018b). According to  
Raab (2001) the minor Cu-Au mineralization at Cerro Negro Norte is 
predominantly associated with pyrite  ±  chalcopyrite veinlets and to 
the tourmaline–quartz alteration. Previously, Vivallo et al. (1995) 
documented Au grades up to 1 ppm in pyrite and < 100 ppb in mag-
netite. Those authors concluded that a late hydrothermal event char-
acterized by a high ƒS2 remobilized Au from the Fe ore (Vivallo et al., 
1995; Raab, 2001). Evidence of pyrite and Cu oxide mineralization and 
significant concentrations of Cu in both apatite (Palma et al., 2019) and 
magnetite (Table 5; Fig. 9) further support this transition of miner-
alization styles. In addition, the Mariela and Carmen deposits are spa-
tially related to IOCG mineralization zones. Specifically, the Barreal 
Seco (Teresa de Colmo) IOCG hematite breccias (Correa and Hopper, 
2000) are located ~3 km south of the Mariela. This spatial relation 
supports a possible genetic connection between IOA and IOCG miner-
alization. 

According to Knipping et al. (2015a) and Knipping et al. (2015b), 
during the formation of the IOA mineralization, the exsolved bubbles, 
i.e., the high-Cl magmatic-hydrothermal fluid, would efficiently sca-
venge metals (Fe, Cu, Au, S and others) from the silicate melt due to the 
high fluid/melt partition coefficients for these element (Chou and 
Eugster, 1977; Boctor et al., 1980; Simon et al., 2004; Williams-Jones 
and Heinrich, 2005; Simon and Ripley, 2011; Zajacz et al., 2012a, 
2012b). Thus, the hydrothermal fluids have the ability to transport 
these elements into more distal or shallow levels in the crust where they 
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precipitate their chemical load as oxides  ±  sulfides  ±  phosphates, 
either through cooling (T  < 400 °C; Hezarkhani et al., 1999; Ulrich 
et al., 2001; Hurtig and Williams-Jones, 2014; Williams-Jones and 
Migdisov, 2014) or possibly by mixing with meteoric fluids (Barton, 
2014; Monteiro et al., 2008a, 2008b) forming IOCG mineralization. 
Experimental data reveal that the maximum solubility for Cu is reached 
at ~600 °C and drops abruptly as the fluid cools (Migdisov et al., 2014; 
Williams-Jones and Migdisov, 2014). The solubility of Cu in the 
cooling-magmatic hydrothermal fluid also increases with increasing ƒO2 

(Williams-Jones and Migdisov, 2014). On the other hand, the maximum 
solubility of Au in a cooling magmatic-hydrothermal fluid shifts to 
lower temperatures with decreasing density of the fluid (Hurtig and 
Williams-Jones, 2014). Those authors determined experimentally that 
the Au solubility reaches a maximum at ~500 °C in an intermediate 
density fluid and at ~400 °C for a low density fluid. The fact that some 
Au-rich deposits are magnetite-rich suggests that high ƒO2/ƒS2 ratios 
favor the deposition of large amount of magnetite under feldspar-stable 
conditions and important amounts of gold (Sillitoe, 1979; Simon et al., 
2004). Thus, as the fluid ascends and migrates from the deep, IOA 
environment its chemical composition will change increasing its metal 
(e.g., Fe, Cu, Au) and salinity content. Late sulfide (chalcopyrite, pyrite 
and bornite) precipitation occurs at lateral or upper crustal levels upon 
cooling under ~400 °C (Simon et al., 2018). 

5.9. Implications for exploration of Andean IOA-IOCG deposits 

The refinement of ore deposit models is critical for the development 
of exploration strategies. During the last few years, our knowledge of 
IOA deposits has increased significantly. Multiple studies carried out on 
several Cretaceous IOA deposits from the Coastal Cordillera of northern 
Chile have resulted in a new genetic model, i.e., the flotation model, as 
an alternative to the traditional liquid immiscibility and metasomatic 
models (Knipping et al., 2015a, 2015b, 2019a; Bilenker et al., 2016; 
Reich et al., 2016; Barra et al., 2017; Deditius et al., 2018; Rojas et al., 
2018a, 2018b; Simon et al., 2018; La Cruz et al., 2019, 2020; Palma 
et al., 2019; Salazar et al., 2020). 

These recent studies have changed our vision of Andean IOA de-
posits. Iron ore bodies were considered as simple accumulations of 
massive magnetite  ±  apatite–actinolite. In addition, magnetite mi-
neralization was thought to be identical in all IOA deposits from the 
Chilean Iron Belt. The large geochemical database generated during 
these last few years and summarized in this study, shows that magnetite 
chemistry is far from simple. In particular, the study of drill core 
samples from several IOA deposits has allowed the determination and 
evaluation of the geochemical nature of the iron ore at depth. The wide 
diversity of microtextures and variable geochemistry of magnetite re-
flect different and complex formation conditions including depth of 
emplacement, temperature, redox and fluid/rock ratio. The interplay of 
these factors produces different styles of IOA mineralization, i.e., the 
“IOA clan” (Fig. 18), which involved a combination of igneous, mag-
matic-hydrothermal and reequilibration processes (Fig. 10). The re-
cognition of these IOA sub-types is relevant in exploration strategies 
and mining planning. 

In addition, several authors have proposed an upward zonation 
from magnetite-actinolite-apatite (IOA) to magnetite-sulfide (IOCG) 
mineralization (Espinoza et al., 1996; Sillitoe, 2003; Barra et al., 2017). 
The presence of abundant sulfides (pyrite, chalcopyrite) in IOA de-
posits, e.g., Cerro Negro Norte (Raab, 2001; Salazar et al., 2020), could 
represent the transition from IOA to IOCG with two main exploration 
implications: (i) the probable occurrence of a large, massive iron ore 
body at a depth with a more magmatic signature (Figs. 10 and 18), and 
(ii) the possible presence of distal IOCG mineralization spatially related 
to the IOA mineralization. 

On a more regional scale, the tectono-magmatic processes involved 
in the formation of IOA-IOCG deposits in the Coastal Cordillera of 
northern Chile have been discussed by Sillitoe (2003) and Richards 

et al. (2017). Both IOCG and IOA deposits were emplaced during re-
gional extension or transtension in the mid-Cretaceous. Mineralization 
occurs in close spatial and temporal association with ductile to brittle 
faults and fractures of varied strike or at strike-slip duplex configura-
tions (Table 1). The genetic relation between iron bodies and structures 
has been further supported by recent studies that show the effect of 
pressure on both magnetite and chlorapatite solubility (Rojas et al., 
2018b; Palma et al., 2019). On the other hand, the genetic relation of 
IOA mineralization to dioritic intrusions has been demonstrated for El 
Romeral (Rojas et al., 2018a) and Carmen (Gelcich et al., 2005; Zhang 
et al., 2017). Overall, it appears that optimal magnetite accumulation/ 
precipitation conditions were attained in more immature magmatic 
arcs, characterized by crust thinning and mafic-to-intermediate mag-
matism, such as in the Chilean Iron Belt of the Coastal Cordillera, 
northern Chile. 

In summary, the recent flotation model has provided an elegant ex-
planation not only for the formation of Chilean IOA deposits but also for 
the possible genetic relation with IOCG mineralization. The model has 
been supported by recent studies on the large El Romeral, Cerro Negro 
Norte El Laco, and other smaller deposits such as Carmen, Fresia and 
Mariela. Furthermore, the present study describes different subtypes of 
IOA deposits based on mineralogical, textural and geochemical data, 
which reflect a combination of formation processes. The identification 
of these different IOA subtypes and their formation processes are cri-
tical in successful exploration programs. 

6. Concluding remarks 

The new data presented here coupled to previous studies on the 
microtextures and chemistry of magnetite from Andean IOA deposits 
located in the Cretaceous Iron Belt (CIB), Coastal Cordillera (25-31°S), 
and the Pliocene El Laco volcanic complex (∼23°S), Central Volcanic 
Zone of the Chilean Altiplano, provide new constraints on the formation 
of this ore deposit type. 

The different magnetite identified in Los Colorados, Cerro Negro 
Norte, El Romeral, Carmen, Fresia and Mariela types display a broad 
spectrum of microtextures (e.g., oscillatory zoning, colloform banding, 
re-equilibration textures, exsolution lamellae and symplectite) and 
mineral inclusions randomly distributed in magnetite cores, arranged 
following crystallographic planes or in trace element-rich bands. Each 
of these textures provide information on the formation processes, i.e., 
igneous, magmatic-hydrothermal, metasomatic or re-equilibration 
processes. Overall, these microtextures coupled with the magnetite 
chemical composition reveal that IOA deposits formed by a combina-
tion of magmatic and hydrothermal processes, and that magnetite is 
susceptible to multiple textural and compositional re-equilibrium 
events during the formation and evolution of IOA deposits. The 
chemistry of magnetite reflects variable conditions/events of formation 
for each of the deposits under study (Fig. 18). These conditions range 
from purely magmatic, high-temperature (> 600 °C) and reduced (low- 
ƒO2) conditions; to moderate, low-temperature magmatic-hydrothermal 
and intermediate-ƒO2; to low-temperature (200–300 °C) and more oxi-
dized (high-ƒO2) hydrothermal conditions. A clear continuous transition 
from high-temperatures, low ƒO2 conditions in the deepest portions of 
the deposits to low-temperature, high ƒO2 conditions towards shallow 
levels are recognized in El Laco. Trace elements, such as Al, Ti, V, Cr, 
Mn, Ni, Cu and Ga are incorporated into both magmatic and hydro-
thermal magnetite. The concentration of these elements in magnetite 
are a function of element availability (source), oxygen and sulfur fu-
gacity, co-precipitation of competing mineral phases, fluid-rock inter-
action, the occurrence of nano- to micron-scale inclusions and most 
importantly, temperature. Moreover, the observation of re-equilibra-
tion textures in magnetite suggest that the primary composition of 
magnetite can be modified complicating the use and interpretation of 
different discrimination diagrams. In particular, a high Ti concentration 
in magnetite has been used extensively as an indicator of a magmatic 
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origin, however, Ti appears to be mobile during hydrothermal altera-
tion and/or re-equilibration processes. In addition, the presence of Fe- 
Ti oxides exsolution lamellae and symplectite formed by oxy-exsolution 
processes and decompression, respectively, requires complex re-
calculations to determine the original composition of magnetite. 
Therefore, both V and Ga are better discriminant elements to determine 
the temperature and ƒO2 conditions of magnetite crystallization. 

The microtextural and geochemical data in magnetite from IOA 
deposits from both the Chilean Iron Belt and El Laco, can be explained 
by the flotation model. In this model a magnetite-apatite-fluid suspen-
sion evolves from an intermediate/mafic silicate magma and ascends 
towards the surface along preexisting crustal faults (Chilean Iron Belt) 
or alternatively, through fissures formed during the collapse of the 
volcanic structure (El Laco). As exemplified by El Laco (Ovalle et al., 
2018) and Cerro Negro Norte (Salazar et al., 2020), the flotation model 
allows a variation within its general framework to accommodate dif-
ferent styles or subtypes of IOA mineralization within upper crustal 
levels. The variations observed in Andean IOA deposits suggest that 
these deposits comprise a group or clan of deposits with variable de-
grees of magmatic and hydrothermal signatures from deep, intrusive- 
like (e.g., Los Colorados); transitional (e.g., El Romeral); intermediate, 
hydrothermal-like (e.g., Cerro Negro Norte); pegmatite, apatite-rich 
(Carmen, Fresia and Mariela); and, shallow, subvolcanic/aerial (e.g., El 
Laco) deposits. These different IOA subtypes are controlled funda-
mentally by the depth of formation, the presence of structures/faults for 
decompression, the composition of the host rock, the source and flux 
rate of hydrothermal fluids, and even the infiltration of non-magmatic 
fluids such as meteoric waters and possible basinal brines. The pro-
posed formation model also supports the observed genetic link between 
IOA and IOCG mineralization in which a continuum from deep, sulfide- 
free, magnetite-apatite (IOA) mineralization to shallow magne-
tite + sulfide-rich (IOCG) mineralization is supported by magnetite 
geochemical data and field observations in the Andean IOA-IOCG 
province. 

In addition, pegmatite-like apatite-rich IOA deposits, characterized 
by macroscopic comb-like textures and breccias, support the fact that 
the structural configuration and decompression are first order control 
factors in the formation of Andean IOA deposits. These deposits would 
be formed by a drop in pressure caused by fracturing (suction pump 
mechanism; Carmen and Fresia) or by the hydraulic injection of high- 
temperature and high-salinity magmatic-hydrothermal fluids, respec-
tively, that lead to the precipitation of pressure-dependent solubility 
mineral phases such as magnetite and apatite. 
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