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ABSTRACT 

Iron oxide-apatite (IOA) or Kiruna-type deposits are an important source of iron and other 

elements including REE, U, Ag, and Co. The genesis of these deposits remains 

controversial, with models that range from a purely magmatic origin to others that involve 

variable degrees of hydrothermal fluid involvement. To elucidate the formation processes 

of this deposit type, we focused on the Chilean Iron Belt of Cretaceous age and performed 

geochemical analyses on samples from El Romeral, one of the largest IOA deposits in 

northern Chile. We present a comprehensive field emission electron microprobe analysis 

(FE-EMPA) dataset of magnetite, apatite, actinolite, pyroxene, biotite, pyrite, and 

chalcopyrite, obtained from representative drill core samples. Two different types of 

magnetite grains constitute the massive magnetite bodies: an early inclusion-rich magnetite 

(Type I); and a pristine, inclusion-poor magnetite (Type II) that usually appears as an 

overgrowth around Type I magnetite. High V (~2500-2800 ppm) and Ti concentrations 

(~80-3000 ppm), and the presence of high-temperature silicate mineral inclusions (e.g., 

pargasite, ~800-1020°C) determined by micro-Raman analysis indicate a magmatic origin 

for Type I magnetite. On the other hand, high V (2300-2700 ppm) and lower Ti (50-400 

ppm) concentrations of pristine, inclusion-poor Type-II magnetite indicate a shift from 

magmatic to hydrothermal conditions for this mineralization event. Furthermore, the 

composition of primary actinolite (Ca- and Mg-rich cores) within Type-II magnetite, the 

presence of F-rich apatite and high Co:Ni ratios (>1-10) of late stage pyrite mineralization 

are consistent with a high temperature (up to 840°C) genesis for the deposit. At shallow 

depths of the deposit, the presence of pyrite with low Co:Ni ratios (<0.5) and OH-rich 

apatite which contains higher Cl concentrations relative to F record a dominance of lower 

temperature hydrothermal conditions (<600ºC) and a lesser magmatic contribution. This 

vertical zonation, which correlates with the sub-vertical shape of the massive iron ore 

bodies, is concordant with a transition from magmatic to hydrothermal domains described 

in several IOA deposits along the Chilean Iron Belt, and supports a magmatic-hydrothermal 

model for the formation of the El Romeral. The close spatial and temporal association of 

the deposit with the Romeral Fault System suggests that a pressure drop related to changes 

in the tectonic stress had a significant impact on Fe solubility, triggering ore precipitation. 
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1. Introduction 

Iron oxide-apatite (IOA) deposits, also known as Kiruna-type and magnetite-apatite 

deposits, are considered the Cu-deficient end-member of the iron oxide-copper-gold 

(IOCG) clan (Williams et al., 2005). Both of these deposit types are economically 

important as sources of commodities such as Fe, Cu, Au, U, and REE (Barton, 2014), 

making them a topic of scientific interest. These deposits are found in several metallogenic 

provinces around the world and formed throughout geologic time, from the Archean (e.g., 

Carajás Province, Brazil; de Melo et al., 2017) to early Proterozoic (e.g., Kiruna district, 

Sweden; Jonsson et al., 2013; Westhues et al., 2017), middle Proterozoic (e.g., Pea Ridge 

and Pilot Knob, USA; Day et al., 2016; Childress et al., 2016) to the Pliocene (e.g., El 

Laco, Chile; Maksaev et al., 1988; Nyström and Henríquez, 1994; Naranjo et al., 2010). 

The genesis and potential genetic relationship between IOA and IOCG deposits has been 

subject of a long-standing controversy, where two main hypotheses have been proposed. 

The magmatic hypothesis invokes liquid immiscibility between a silicate melt and a 

conjugate Fe-rich melt with an important volatile component (Nyström and Henríquez, 

1994; Naslund et al., 2002; Velasco et al., 2016; Tornos et al., 2016). The second 

hypothesis involves replacement of intermediate composition plutonic or volcanic units by 

hydrothermal fluids of non-magmatic (basinal brines, connate fluids) or magmatic origin 

exsolved from mafic intrusions (Menard, 1995; Rhodes and Oreskes, 1999; Rhodes et al., 

1999; Sillitoe and Burrows, 2002; Dare et al., 2015). Recently, Knipping et al. (2015a, b) 

proposed a new model that reconciles the purely magmatic vs. hydrothermal viewpoints. 

This model states that the flotation and coalescence of primary magmatic magnetite-bubble 

pairs within a magma chamber is an efficient mechanism for magnetite ore concentration. 

The exsolved bubbles (i.e., magmatic-hydrothermal fluid) efficiently scavenge metals such 

as Fe, Cu and Au, as well as S, owing to the large positive fluid/melt partition coefficients 

for these elements (Chou and Eugster, 1977; Boctor et al., 1980; Simon et al., 2004; 

Williams-Jones and Heinrich, 2005; Simon and Ripley, 2011; Zajacz et al., 2012), as well 

as REE (Reed et al., 2000) and other metals (e.g., Ag; Simon et al., 2008) from the melt. 

Rapid ascent of the bubble-magnetite suspension through regional scale structures results in 

the formation of massive sub-vertical iron oxide ore bodies. The change from magmatic to 

hydrothermal conditions in magnetite is evidenced by characteristic trace element zoning 



  

patterns and isotopic signatures that shift from heavy to lighter 
56

Fe and 
18

O values 

(Knipping et al., 2015a, b; Bilenker et al., 2016). Additionally, this model suggests a 

possible genetic link between IOCGs and IOA deposits, where an IOCG deposit could form 

at a shallower crustal level or at a distal lateral position from the IOA deposit (Reich et al., 

2016; Barra et al., 2017). 

In this contribution we present and discuss new mineral chemistry data for magnetite 

and associated sulfide and gangue minerals (i.e., pyrite, amphibole, pyroxene, biotite, and 

apatite) from El Romeral deposit in Chile that supports the model of Knipping et al. (2015a, 

b), pointing to a combination of efficient magmatic and hydrothermal processes of Fe 

concentration. The El Romeral is one of the largest IOA deposits in the Cretaceous Chilean 

Iron Belt, which extends ~1000 km along the Coastal Cordillera of northern Chile and 

contains >50 deposits with >40 Mt Fe (Fig. 1). Mineral phases including magnetite, apatite, 

actinolite, pyroxene, biotite, pyrite, and chalcopyrite were analyzed by using high-

resolution, field emission electron microprobe analyzer (FE-EMPA) techniques. 

Additionally, micro-Raman spectroscopy was used to identify the nature of mineral 

inclusions within magnetite crystals in order to determine the crystallization history of the 

magnetite ore. Because the El Romeral and many other Chilean IOA deposits are intimately 

associated with transtensional structures within the Atacama Fault System, we further 

explore the effects of decompression on Fe solubility, and on magnetite ore precipitation. 

 

2. Geologic background 

The development of the mid-Cretaceous Chilean Iron Belt occurred under an extensional 

tectonic regime caused by renewed subduction on the western margin of Gondwana (Coira 

et al., 1982; Jaillard et al., 1990). These extensional conditions resulted in the formation of 

a subsiding trench-parallel magmatic arc and a back-arc basin (Brown et al., 1993; 

Scheuber et al., 1994; Charrier et al., 2007). 

The El Romeral IOA deposit is located at the southern end of the Chilean Iron Belt, 

between latitudes 29º44’S and 29º42’S (Fig. 1). Resources have been estimated at about 

450 Mt with a 28.3% iron grade (CAP Minería 2014 Annual Report) and up to 1.1% 



  

vanadium (Dobbs, 1978). Mineralization is hosted by the late Jurassic to Neocomian La 

Liga Formation, which is an andesite lava flow from the Agua Salada Volcanic Complex 

(Emparán and Pineda, 2005). Emplacement of the magnetite ore bodies was controlled by 

the sinistral NNW strike-slip Romeral fault, which is an extension of the Atacama Fault 

System (AFS). The El Romeral deposit is limited to the west by the Romeral Diorite (129.0 

± 0.9 Ma U-Pb zircon age, Rojas, 2017) and to the east and north by the post-ore granitic to 

granodioritic Punta de Piedra intrusion (102.2 ± 2.0 Ma U-Pb zircon age, Rojas, 2017). The 

Cerro del Cobre monzogranite and sienogranite batholith (U-Pb zircon age of 126.5 ± 2 

Ma; Emparán and Pineda, 2000) intrudes the volcanic sequences of La Liga Formation on 

the western side of the deposit (Fig. 2). Additionally, several NW to NNW post- and syn-

ore diorite to granodiorite dikes have been described in the deposit (Bookstrom, 1977). 

Three ore bodies have been identified in the El Romeral, from north to south: Cerro 

Norte, Cerro Principal, and Extensión Sur (Fig. 2; Espinoza, 2000). Cerro Norte comprises 

sub-vertical massive magnetite bodies with low phosphorous and sulfur, whereas Extensión 

Sur is composed of a massive and brecciated iron ore with higher contents of phosphorous 

and sulfur, possibly caused by the presence of abundant apatite and pyrite associated with 

the magnetite ore. Cerro Principal is the main ore body and comprises a massive, vertical 

magnetite body that contains minor actinolite. The massive magnetite ore body grades 

outward to disseminated magnetite, forming a transition zone with iron grades ranging 

between 22% to 45% Fe. Actinolite from the massive magnetite ore body yields 

radiometric 
40

Ar/
39

Ar ages of ca. 128 Ma (Rojas, 2017). 

Brecciated rocks with magnetite clasts, which in some cases display plastic deformation, 

embedded in an actinolite matrix are observed near fault zones, particularly at the eastern 

and southern margins of the deposit (Espinoza, 2000). Late magnetite veinlets are also 

described cross-cutting the main ore bodies and the andesite host rocks. 

 

3. Samples and Methods 

Samples were collected from five drill cores along a NS transect in the Cerro Principal 

ore body (Fig. 2). Ten polished sections were inspected using a scanning electron 



  

microscope (SEM), and nine of these samples were further analyzed by using a field 

emission electron microprobe analyzer (FE-EMPA). Two samples were further analyzed by 

using micro-Raman spectroscopy. 

 

3.1 Scanning electron microscopy  

Carbon coated polished sections were studied by using two different SEMs at the Centre 

for Microscopy, Characterisation and Analyses (CMCA), University of Western Australia, 

Perth, Australia: a TESCAN VEGA3 SEM with an acceleration voltage of 20 kV and a 

beam intensity of 10 nA equipped with an Oxford Instruments X-Max 50 silicon drift EDS 

system, and a FEI Verios XHR SEM with an acceleration voltage of 15 kV and a beam 

intensity of 1.6 nA. Backscattered-electron (BSE) images were obtained by using both 

instruments and qualitative energy dispersive X-ray (EDX) elemental maps of mineral 

inclusions in magnetite were obtained using the FEI instrument. For compositional maps, 

NaK, MgK, AlK, SiK, ClK, KK, CaK, TiK, MnL and FeL lines were 

monitored with an 80 mm
2
 Oxford Instrument X-Max SDD EDX detector. AZtec and 

INCA software were used for measurements and data processing. 

 

3.2 Electron microprobe analyses  

Electron microprobe analyses were carried out at the CMCA, University of Western 

Australia by using a JEOL 8530F FE-EMPA equipped with five wavelength-dispersive 

crystal spectrometers and an optical microscope for focusing. Single-spot microanalyses 

were performed on carbon coated polished sections, with an accelerating voltage of 20 kV, 

a beam current of 50 nA and fully focused beam for magnetite; 25 kV, 40nA and focused 

beam for sulfides; 15kV, 15nA and focused beam for silicates; and 15kV, 15nA and beam 

size of 10 m for apatite. The MAN correction method was used for the data acquisition 

and correction. Analytical conditions including counting time and standards are listed in the 

Supplementary Materials (Table SM1). For magnetite and ilmenite Si, Al, Na, Mg, Ti, 

Ca, K, Fe, Cr, Ni, V, Mn, Zn, and Cu were analyzed, and interference corrections were 

performed for NaK, FeK, CrK, VK and MnK. Sulfur, As, Sb, Fe, Se, Au, Te, Cu, 



  

Pb, Ni, Co, Ag, Bi, Si, Pd, Hg, Re, Os, Pt, Cd, and Zn were measured in pyrite and line 

overlap corrections were carried out for SK, AsL, FeK, SeL, TeL, PbM, BiM, 

HgL, ReL, OsL, PtL and ZnK. For silicate phases (actinolite, biotite, and pyroxene) 

F, Cl, Ca, Si, Mg, Al, Mn, Na, Ti, K, Cr, Fe, and V were analyzed and interference 

corrections were performed for MnK, CrK, FeK and VK. Oxygen and H contents in 

hydrated silicates were calculated based on ideal formulas. Only total weight percent results 

between 97% and 103% were used, except for some silicates, where the stoichiometric 

method for O and H is not an accurate approximation; however, for these minerals only 

total concentrations between 90% and 103% are considered. Finally, F, Cl, Ca, P, Sr, La, 

Ce, Nd, Si, Mg, Al, S, Mn, Na, and As were measured in apatite grains and overlap 

corrections were made on FK, ClK, PK, SrL, NdL, SiK, AlK, MnK and AsK. 

Quantitative wavelength dispersive X-ray (WDX) maps of Si, Al, Na, Mg, Ti, Ca, Fe, V, 

Mn, and S were obtained by using an acceleration voltage of 20 kV, a beam current of 50 

nA and a counting time of 80 s/element for unknown samples. ZAF corrections were 

applied for all elements and interference corrections were performed for FeK and VK 

because of MnK and TiK overlap, respectively.  

 

3.3 Micro-Raman Spectroscopy 

Raman measurements were performed at the Department of Chemistry, Universidad de 

Chile, Santiago, by using a Renishaw micro-Raman (RM 1000) system, equipped with laser 

lines 514, 633, and 785 nm, a Leica microscope DMLM and an electrically cooled CCD 

camera. The Raman signal was calibrated to the 520 cm
-1

 line of Si wafer and a 50X 

objective. Laser power was less than 2 mW. The resolution was set to 4 cm
-1

 and 1-10 

scans between 10 and 20s per accumulation. Spectral data were obtained using the 785 nm 

laser line and were recorded between 100 and 3500 cm
-1

. Analytical data processing was 

performed with CrystalSleuth software (Laesch and Downs, 2006) and Origin software 

(OriginLab, Northampton, MA). 

 

3.4 Magnetite precipitation modeling  



  

Iron solubility modeling was performed by using the GEMS software (Kulik et al., 

2013). A reported Fe concentration of 7.2 wt.%, along with a minimum bulk salinity of 35 

wt.%, obtained in synthetic fluid inclusions from magnetite solubility experiments (Simon 

et al., 2004), were used as input data, considering speciation of Fe as FeCl2 complexes. 

PSI/Nagra (Hummel et al., 2002) and SUPCRT92 (Johnson et al., 1992) thermodynamic 

data were used in the model. For FeCl2 solubility and magnetite precipitation calculations, a 

temperature and pressure variation of 10°C and 20 MPa were used over a temperature and 

pressure range of 380°-620ºC and 60-200 MPa, respectively. 

 

4. Results 

4.1 Magnetite textures, chemistry and mineral inclusions 

The magnetite ore body at the El Romeral comprises an aggregate of massive magnetite 

(>95% modal) with actinolite found mainly at the margins of the ore body. Massive 

magnetite comprises four main types of magnetite (Table 1 and Fig. 3), which exhibit 

significant textural variations and inclusion types/arrangements with depth (Fig. 4). 

Inclusion-rich magnetite (Type I) surrounded by inclusion-poor magnetite (Type II) rims 

occur at the deeper parts of the system (Fig. 4A). At the margins and shallow portions of 

the massive ore bodies, the magnetite grains (Type III) have scarce inclusions and are 

chemically-zoned (Fig. 4B). This magnetite type can have fractures filled with pyrite and 

actinolite. Disseminated magnetite is also observed in the volcanic host rocks and in the 

Romeral Diorite. At depth, this disseminated magnetite is similar to Type I and II magnetite 

grains from the massive ore bodies, but at shallow depths, these crystals contain ilmenite 

exsolution lamellae or ilmenite-actinolite inclusions following magnetite crystallographic 

planes (Figs. 4E, F). A fourth magnetite textural type (Type IV) is represented by veinlets 

with inclusion-free magnetite that crosscut the massive magnetite ore body. 

In Type I magnetite, inclusions are oriented (Fig. 4C) or randomly distributed. These are 

polycrystalline and one-phase inclusions, varying in size from 50 m to a few nanometers 

(Fig. 4D). Some larger inclusions are composed by actinolite and Ti-bearing mineral phases 

(co-crystallizing phases)− mainly ilmenite and rutile− whereas smaller inclusions are 



  

characterized by aggregates of rutile, ilmenite, titanite, chlorite, and/or phlogopite (Figs. 5 

and 6A), as well as NaCl and pargasite with Ca, Al, Mg, and minor Ti, K, Cl, Na, and Mn. 

The latter phase is also associated with K-feldspar aggregates and titanite at lower depths 

(<150 m), or with ilmenite and rutile in deeper zones (>300 m). Euhedral Si-rich inclusions 

are observed in shallow samples (<100 m), which are aligned along magnetite 

crystallographic planes (Fig. 6B).   

Several mineral inclusions were identified in Type I magnetite by using micro-Raman 

spectroscopy. These include ilmenite, titanite, rutile, clinochlore (Fig. 7A), calcite, 

phlogopite, tremolite, and pargasite (Fig. 7B). Euhedral prismatic Si-rich inclusions spectra 

coincide with the characteristic -quartz peaks at 462, 355, and 206 cm
-1

 and do not agree 

with Si-rich glass or other polymorph quartz spectra (Fig. 7C). 

Elemental WDS maps of Fe, V, Ti, Si, Al, and Mg for Type I and Type II magnetite are 

shown in Figure 8, and for Type III magnetite in Figure 9. Type I magnetite is slightly 

depleted in Fe and enriched in Si, Al, Mg, Ca, and slightly in Ti in comparison with Type II 

(Fig. 8). The Si, Al, Mg, and Ca enrichment is most likely caused by the abundant presence 

of silicate inclusions. Type III magnetite shows a distinct zoning with a Si-Al-Ca-Mg-Ti-

Na-rich cores and Fe-rich rims (Fig. 9). A pronounced oscillatory zoning for Si is observed 

in rims on Type III magnetite grains. A less distinct oscillatory zoning is also observed for 

Al. On the other hand, vanadium is homogeneously distributed throughout all magnetite 

types. 

Electron microprobe spot analyses were performed only on Type I and II magnetite 

because they are the more abundant types in the deposit (>95% modal) and form the 

massive iron ore (Table 1). Type I magnetite has between 100-1000 ppm Si, 80-3000 ppm 

Ti, 2500-2800 ppm V, 120-1000 ppm Ca, and 100-800 ppm Mn. For Type II magnetite 

trace element concentrations are between 100-5100 ppm Si, 50-400 ppm Ti, 2300-2700 

ppm V, 130-600 ppm Ca, and 120-200 ppm Mn. Higher Cr (200 ppm) values are observed 

in inclusion-poor disseminated magnetite (Type II) associated with ilmenite and rutile 

aggregates at depth, along with high V (2800 to 3300 ppm) and Ti (200 ppm to 1.14 wt%) 

contents. Representative analyses for Type I and II magnetite are shown in Table 2, and all 

results are reported in Table SM2. 



  

 

4.2 Sulfide elemental composition 

In this study, we identified two main pyrite events: an Early Pyrite event, related to 

magnetite Type II, and a Late Pyrite event, associated with magnetite Type IV (Fig. 3). In 

the latter, chalcopyrite is in direct association with pyrite, and both can be found as 

disseminated crystals in host rocks, veinlets crosscutting the main iron ore bodies or 

surrounding Type I and Type II magnetite crystals in the main ore bodies. 

Cobalt, Ni, and Cu concentrations in pyrite from the magnetite ore body and 

disseminated grains in the host rocks are shown in Table 3, and complete measurements for 

pyrite and chalcopyrite are reported in Table SM3. Analyzed pyrite grains are anhedral and 

correspond to a post-magnetite mineralization event (Fig. 10A), with the exception of one 

sample where the pyrite crystal is completely surrounded by inclusion-poor magnetite 

grains, suggesting a syn-formation with Type II magnetite (Fig. 3 and 10B). Pyrite is 

characterized by Co and Ni contents that range between 0.01-2.24 wt.%, and from 0.01-

0.76 wt.% with a median of 0.07 wt.% and 0.17 wt.%, respectively. In some grains, high 

concentrations of Cu are detected reaching up to 1.56 wt.%. Arsenic, Ag, Au, and other 

elements were not detected by EMPA. 

Chalcopyrite analyses indicate generally constant concentrations of S (34.8-37.5 wt.%) 

and Fe (29.3-36.6 wt.%), and slightly variable concentrations of Cu (28.3-34.7 wt.%). Zinc 

in chalcopyrite is relatively homogeneous with concentrations between 0.02 and 0.08 wt.%. 

Some spot analyses revealed minor concentrations of Se (500-700 ppm), Ag (400-500 

ppm), Si (100-1200 ppm), Pd (300-600 ppm), Hg (500 ppm), and Cd (500 ppm). 

 

4.3 Gangue mineral chemistry 

4.3.1 Actinolite 

The main gangue phases in the deposit are actinolite, pyroxene, quartz, apatite, biotite, 

chlorite, titanite, and calcite. Actinolite (Ca2Mg2.5-<4.5Fe
2+

>0.5-2.5Si8O22(OH); Hawthorne et 

al. 2012) is the most abundant gangue mineral and is characterized by different textures and 



  

mineral associations (Fig. 3). Actinolite I is paragenetically related to Type II magnetite 

with quartz and pyroxene within the inclusion-poor magnetite grains in the massive ore 

body (Fig. 11A). Large (up to cm-size) acicular crystals of actinolite (actinolite II) are 

intergrown with Type II magnetite (Fig. 11B), usually at the margins of the magnetite ore 

body. A third type of actinolite (actinolite III) is present in veinlets with chlorite and 

sulfides, mainly pyrite and minor chalcopyrite. Representative analyses of actinolite I, II, 

and III are reported in Table 4 and Table SM4.  

Actinolite I is Ca-rich (up to 9.30 wt.% Ca) with slightly more Fe (up to 11.44 wt.%) 

than Mg (up to 9.30 wt.%) and shows zoning with Ca and Mg-rich cores and Fe and Al-rich 

rims. Minor elements are Na (up to 0.19 wt.%), Mn, and V with a maximum concentration 

of 0.1 wt.% and 0.08 wt.%, respectively. Actinolite II is characterized by a high Mg content 

(up to 11.5 wt.%) in comparison with Ca (up to 9.83 wt%) and Fe (up to 8.97 wt.%), along 

with a pronounced zoning with increasing Ca contents from core to rim. Detectable 

concentrations of F and Cl are observed in most samples, mainly in the grain cores. Sodium 

is also present and shows a sharp pattern with decreasing values from cores to rims. The 

calculated Fe numbers (Fe# = Fe/(Fe+Mg), molar) for all generations of actinolite vary 

from 0.18 to 0.36, with an average of 0.34 for actinolite I, 0.23 for actinolite II, and 0.23 for 

actinolite veinlets (actinolite III). 

 

4.3.2 Pyroxene 

Pyroxene is found in association with actinolite I within Type II magnetite grains, as 

previously mentioned (Fig. 3). Pyroxene corresponds specifically to Ca-clinopyroxene 

(Ca(Mg,Fe)Si2O6; Morimoto et al., 1988), which was also analyzed. Two compositionally 

different Ca-clinopyroxene are observed: (i) a V and K-rich augite with similar 

concentrations of Ca (~9.0 wt.%), Mg (~8.4 wt.%), and Fe (~11.6 wt.%), and (ii) a V and 

Ti-rich augite with similar concentrations of Ca (~22.9 wt.%) and Fe (~19.7 wt.%), and 

minor Mg (~0.02 wt.%). Both clinopyroxene are found in the same association with 

actinolite I and Type II magnetite. EMPA data for clinopyroxene are listed in Table SM5. 

 



  

4.3.3 Biotite 

 Secondary biotite related to a final event of magnetite mineralization (Rojas, 2017) was 

also analyzed. Biotite (K(Mg,Fe)2AlAl2Si2O10(OH)2) crystals have an eastonite composition 

(KMg2AlAl2Si2O10(OH)2; Rieder et al., 1998) with F and Cl replacing the hydroxyl site, 

and a considerable amount of Ti (up to 1.27 wt.%) and minor V contents (<0.07 wt.%). 

EMPA data for biotite are listed in Table SM6. 

 

4.3.4 Apatite 

Apatite is a minor mineral phase in this deposit compared to magnetite and actinolite. It 

is usually present as disseminated grains (Fig. 12A) or in sinuous veinlets that crosscut the 

main ore body at different depths (Fig. 3). In veinlets, apatite crystals are usually subhedral 

to anhedral and in contact with pyrite grains. These apatite grains can contain several 

sulfide and silicate inclusions (Fig. 12B). Its chemistry can be complex (general formula 

A5(XO4)3Z, Sommerauer and Katz-Lehnert, 1985) with several substitutions. The A-site, 

occupied by Ca
2+

, can host REE
3+

, Eu
+2

, and other trace elements such as Cd, U, Th, Sr, Ba, 

among others. The X site or P
5+

 allows the incorporation of S, Si, V, and As, while 

halogens (F and Cl), OH, and S can be hosted at the anionic Z site. Hydroxyl content was 

estimated by using stoichiometric approximation and assuming a fully occupied Z site. Two 

different apatite compositions are identified (Tables 5 and SM7): (i) a subhedral to 

hexagonal, F-rich apatite found at depth (~300 m) (Fig. 12A), and (ii) an OH-rich apatite 

found at shallower levels (~50 m) (Fig. 12B). Fluorapatite has a F content of 1.72-2.01 

wt.%, and Cl contents between 0.1 and 0.13 wt.%, whereas hydroxyapatite has a higher Cl 

(up to 0.24 wt.%) and lower F (200 and 140 ppm) concentration. Silica content in 

fluorapatite is <0.09 wt.%. In contrast, hydroxyapatite crystals have concentrations between 

0.01 wt.% and 0.56 wt.%. Sulfur and Mn are also detected in both apatite types, but 

contents are higher in fluorapatite, i.e., 0.67 wt.% S and 0.11 wt.% Mn. In contrast, the 

maximum S content in hydroxyapatite is 0.02 wt.%, while Mn reaches 0.08 wt.%. 

Additionally, La, Ce, and Nd were detected in some spots analyses, mainly in fluorapatite, 

with La yielding between 570 and 270 ppm, Ce between 1300 and 270 ppm, and Nd from 

230 to 500 ppm. No zoning was observed in apatite grains. 



  

 

5. Discussion 

5.1 A magmatic-hydrothermal origin of magnetite at the El Romeral 

Several compositional diagrams that use minor and trace elements abundances in 

magnetite have recently been proposed to discriminate magnetite among different ore 

deposit types and help to elucidate the origin of iron oxides in a variety of ore systems 

(Dare et al., 2014; Dupuis and Beaudoin, 2011; Knipping et al., 2015b; Nadoll et al., 2012; 

Nadoll et al., 2014a). Regardless of the type of diagram used, the usefulness of these 

discriminant plots depends strongly on the accuracy of the analytical measurements, along 

with sample selection and on the rigorousness of the previous petrographic observations to 

distinguish textures, zonings, and the presence and nature of mineral inclusions that may 

affect magnetite chemical measurements by microbeam techniques. As described in the 

previous section, magnetite from El Romeral ore deposit contains abundant micron- to 

nano-scale mineral inclusions, particularly in the core of magnetite grains from the massive 

magnetite ore body (Type I magnetite). This textural type was also described by Nold et al. 

(2014) at Pilot Knob, a Proterozoic IOA deposit in Missouri, USA, and by Knipping et al. 

(2015a, b) for the Cretaceous Los Colorados IOA deposit, in the Chilean Iron Belt. The 

cited authors have interpreted the inclusion-rich magnetite cores as a common feature of 

primary (magmatic?) magnetite. 

One of the most widely used discriminant diagrams was presented by Dupuis and 

Beaudoin (2011) and later modified by Nadoll et al. (2014a), who proposed the use of Al, 

Mn, Ti, and V abundances as a tool to distinguish magnetite from different mineral deposit 

types (Fig. 13). Most of the analyses for magnetite grain from El Romeral magnetite grains 

plot within and below the Kiruna field, which suggests that this field could be extended 

further to lower Al + Mn compositions (dashed line in Fig. 13). 

Chemical data were divided into magnetite (disseminated and massive) with abundant 

inclusions (Type I), and inclusion-poor or pristine magnetite (Type II). Type II magnetite 

samples with high Cr contents and spatially related to ilmenite and rutile were excluded due 

to anomalous Ti concentrations, inferred as measurements affected by Ti-rich inclusions. 



  

The data for Type II magnetite is confined to a restricted Ti+V range (0.24-0.7 wt.%) and 

to low Al+Mn (mostly <0.1 wt.%) concentrations, whereas Type I magnetite show a more 

widespread distribution (Fig. 13). 

As mentioned previously, the V content is generally constant for all samples (~2500-

3300 ppm), except for magnetite in veinlets where a single measurement yielded a lower V 

contents (1700 ppm). In contrast, the concentration of Ti in magnetite is more variable 

(~100-8000 ppm) possibly because of the presence of Ti-rich inclusions such as titanite, 

ilmenite and/or rutile. The widespread distribution of Type I magnetite analyses plausibly 

reflects that several probe measurements (spot size ~1 micron) are affected by the presence 

of nano- or micron-scale inclusions of different types (silicate-rich and Ti-rich inclusions). 

Type I magnetite measurements affected by the presence of inclusions correspond to spots 

where different “enrichments” are observed. Titanium enrichment coupled with high Ca 

values is related to titanite inclusions whereas Ti-Mn enrichment is related to ilmenite and 

rutile inclusions. The few samples that plot within the Porphyry field in figure 13 are 

enriched in Al, which plausibly reflects a contribution from silicate inclusions, such as 

phlogopite, chlorite or amphibole. 

Knipping et al. (2015a, b) reported geochemical data for several textural types of 

magnetite from the Los Colorados IOA deposit, Chile (Fig. 1). These authors recognized 

magnetite grains with high concentrations of [Ti+V] and [Al+Mn] that plotted at the 

boundary between the fields for Porphyry and Fe-Ti, V deposits. Knipping et al. (2015a, b) 

interpreted those compositions as magmatic magnetite. Texturally, the magmatic magnetite 

grains from Los Colorados contain abundant micron- to nano-scale inclusions, similar to 

those observed in Type I magnetite in the present study. In addition, Knipping et al. (2015a, 

b) recognized a decreasing trend in the concentrations of Ti and Al from magmatic 

magnetite cores to rims, which those authors interpreted to represent a post-magmatic 

hydrothermal event. When plotted on the magnetite [Ti+V] and [Al+Mn] discriminant 

diagram, the composition of these “transitional” magnetite grains define an almost linear 

trend from the border of the Porphyry/Fe-Ti, V fields, through the Porphyry field, and in to 

the Kiruna field. However, Knipping et al. (2015a, b) report that the compositions of 

magnetite from late stage hydrothermal veinlets plot in all six fields on the [Ti+V] vs. 



  

[Al+Mn] diagram. A similar trend is observed for the different types of magnetite from the 

El Romeral, where high [Al+Mn] and [Ti+V] values are obtained for Type I massive 

magnetite that contains abundant silicate and Ti-rich inclusions, and “transitional” [Al+Mn] 

and [Ti+V] values are observed in Type I disseminated and Type II inclusion-poor 

magnetite grains. 

Nadoll et al. (2014a, b) reported compositions for magnetite from different ore deposits 

of hydrothermal and igneous origin that revealed specific ranges for certain elements. 

These authors found that high Mg (>1 wt.%) and Mn (<100-50400 ppm) contents are 

distinctive of hydrothermal magnetite, whereas low Mg concentrations (<3940 ppm) and 

Mn contents between 102 and 12500 ppm are characteristic of igneous magnetite. At El 

Romeral, Type I magnetite grains have concentrations between ~100 and 3600 ppm Mg 

and between ~100 and 1500 ppm Mn, values that are consistent with an igneous magnetite 

composition. Additionally, V concentrations in the El Romeral magnetite (Types I and II) 

range between 2300 and 3300 ppm, which plot within the overlap of the igneous and high 

temperature hydrothermal range (Fig. 14). Similarly, Types I and II magnetite contain 100-

1000 ppm Ti, with some samples reaching up to 8000 ppm, plausibly due to the presence of 

micron- and nano-Ti-bearing mineral inclusions. This range is consistent with a high 

temperature hydrothermal origin (<3500 ppm) and with the lowermost concentrations 

measured in igneous magnetite (50-97800 ppm). These ranges confirm a high temperature 

affinity for Type I and II magnetite at El Romeral. 

Figure 14 shows the Ti vs. V diagram from Knipping et al. (2015b), where they show that 

magnetite compositions plot in the overlap area between the high temperature hydrothermal 

field and the igneous field. Inclusion-free zones in Type I magnetite from El Romeral, plot 

dominantly within this overlapping high-temperature hydrothermal – igneous area, with Ti 

and V values ranging between ~80-3000 ppm and ~2500-2800 ppm, respectively. The V 

concentrations (~2300-2700) of pristine, inclusion-poor, Type II magnetite grains from El 

Romeral are consistent with high-temperature hydrothermal magnetite and igneous 

magnetite; however, Type II magnetite grains have lower Ti concentrations (~50-400 ppm) 

that plot outside the hydrothermal field defined by Nadoll et al. (2014b) and Knipping et al. 

(2015b). These lower Ti concentrations for Type II magnetite from El Romeral suggest a 



  

hydrothermal origin for the pristine, inclusion-poor magnetite, in contrast with a magmatic 

affinity for Type I magnetite. 

Chromium was used by Knipping et al. (2015b) to discriminate magnetite from IOA, 

porphyry, IOCG, and Fe-Ti/V deposits. These authors showed that magnetite from IOA 

deposits has lower Cr concentration than porphyry and Fe-Ti/V deposits, and are enriched 

in V relative to IOCG deposits. The low Cr concentrations in magnetite from IOA deposits 

may reflect the high mobility of Cr
6+

 in high temperature hydrothermal fluids (James, 

2003), or augite fractionation in the source magma for a magmatic-hydrothermal fluid, 

which depletes the melt in Cr. The elevated V contents (>500 ppm) of magnetite from IOA 

deposits are consistent with crystallization of magnetite at high temperatures and favorable 

fO2. In figure 15, the Cr and V concentrations for magnetite from El Romeral are plotted 

along with fields based on the study of Knipping et al. (2015b). The data for Types I and II 

magnetite crystals from El Romeral plot in the IOA field except for a few analyses (n = 4, 

not plotted) from Type II magnetite grains that are affected by ilmenite inclusions, reaching 

a Cr concentration of ~240 ppm. Hence, our results for magnetite from El Romeral support 

the use of this plot as a discriminant diagram for magnetite deposit types. 

 

5.2 Mineral inclusion phases in magnetite grains 

Mineral inclusions are common features of igneous and hydrothermal minerals and their 

composition can provide important constraint on the genesis of the sample. Diverse types of 

mineral inclusions in magnetite from other IOA deposits have been reported including 

phosphates, silicates, and sulfides (e.g., Bau and Alexander, 2009; Knipping et al., 2015a, 

2015b; Nadoll and Koeing, 2011; Nadoll, 2013; Nold et al., 2014). For the case of El 

Romeral, different mineral inclusions are described indicating formation conditions of the 

main ore event. In the deeper portions of the deposit, Type I magnetite from the massive 

dike contains several types of mineral inclusions such as titanite, rutile, ilmenite, and 

clinochlore in the outer zones of cores, and Ti-pargasite in the inner cores (Fig. 7). At 200 

MPa, pargasite stability is estimated between ~800°C and ~1020°C (Jenkins, 1983), 

although stability can increase with the incorporation of Ti as it has been reported for 

kaersutite (Stewart, 1980). At similar pressure conditions, clinochlore breaks down at 



  

~780°C (Staudigel and Schreyer, 1977). Thus, the presence of these mineral inclusions 

indicate a high temperature formation of Type I magnetite, specifically temperatures that 

fluctuate between 800 and 1020ºC for magnetite cores, with decreasing temperatures 

towards outer areas of cores (below 780ºC). At shallow parts of the deposit, Type I 

magnetite hosts rutile, phlogopite, K-feldespar, minor pargasite, and -quartz inclusions, as 

determined by using micro-Raman (Fig. 7). The -quartz inclusions are arranged as 

oriented prismatic euhedral crystals (Fig. 6B), following magnetite crystallographic planes. 

The presence of -quartz may be relevant since most Si-rich domains in magnetite have 

been attributed to the presence of Si in solid solution and/or small silicate inclusions 

(Newberry et al., 1982; Huberty et al., 2012). It is likely that crystal habit and orientation of 

-quartz inclusions may indicate exsolution processes related to slow cooling rates, 

although hydrothermal crystallization of quartz along microfractures and/or inclusion phase 

changes during cooling or alteration cannot be ruled out. 

 

5.3 Formation conditions for silicate phases  

Three different generations of actinolite were analyzed: (i) actinolite (I) grains included 

in Type II magnetite and in contact with clinopyroxene and quartz (Fig. 11A), (ii) late 

pegmatitic actinolite (II) intergrown with Type II magnetite and located at the margins of 

the magnetite ore bodies (Fig. 11B), and (iii) secondary actinolite from veinlets and in 

disseminated aggregates, linked to the final hydrothermal sulfide event (Fig. 3). The first 

two types of actinolite associated with Type II magnetite show two distinct patterns in a 

Ca-Mg-Fe diagram (Fig. 16). Primary or early actinolite (I) shows a trend from slightly Ca- 

and Mg-rich cores to lower Ca concentration and higher Fe contents towards the rims. In 

contrast, late pegmatitic actinolite crystals display a more disperse pattern with increasing 

Ca concentrations from core to rims. The strong difference between these two patterns is 

consistent with the presence of two distinct actinolite generations. Further, the early 

actinolite I trend at the El Romeral is consistent with experiments that indicate a 

compositional, lower temperature re-equilibration with Fe-rich and Ca-poor cummingtonite 

overgrowths on the original high-temperature tremolite (Lledo and Jenkins, 2008). 

However, the more pronounced Ca depletion reported by Lledo and Jenkins (2008), 



  

compared to El Romeral actinolite crystals, may be associated with the miscibility gap 

between actinolite and cummingtonite. The latter has an upper stability temperature of 

840°C at 5 kbar, temperature that was reached during the first steps of the experimental re-

equilibration of tremolite, generating early and strong cummingtonite nucleation (Lledo and 

Jenkins, 2008). 

Published experimental data and thermodynamic modeling indicate that actinolite with 

Fe-numbers in the range of 0 to 0.4 are stable at 750°-900°C (Lledo and Jenkins, 2008). 

These authors determined experimentally that actinolite (Fe#=0.22) breaks down to 

clinopyroxene, orthopyroxene, quartz, and water at 780°-850°C and 1-4 kbar. This mineral 

assemblage (i.e., actinolite, clinopyroxene, orthopyroxene, quartz) is similar to that 

observed for the early actinolite (I) event in samples from El Romeral, and the 

compositional variations in high-temperature amphibole are concordant with the pattern 

obtained for actinolite (I) samples from El Romeral. These observations are consistent with 

a magmatic origin for this mineralization. Furthermore, the low Fe-numbers for the three 

types of actinolite (Type I=0.34; Type II=0.23; Type 3=0.23) in samples from El Romeral 

are consistent with actinolite crystallization at high-temperatures (i.e., circa magmatic 

temperatures). The relationship between temperature and actinolite Fe-number, which was 

experimentally determined by Lledo and Jenkins (2008) for amphibole with 1.7-2.0 a.p.f.u 

Ca, yield temperatures ranging from 735-805°C and 770-840°C at 1 and 2 kbar 

respectively, for the actinolite I and II events associated with Type II magnetite, as well as 

for actinolite III associated to a later veinlet event. We note that a magmatic origin for 

actinolite associated with magnetite in the Los Colorados IOA deposit established based on 

the O and H isotope composition of actinolite (Bilenker et al., 2016), and together with the 

data from El Romeral supports a magmatic-hydrothermal origin (i.e. crystalized from the 

exsolution of a magmatic fluid, along with a possible contribution of magmatic microlite) 

for IOA deposits. 

Actinolite (I) is observed between magnetite crystals along with quartz and augite (Fig. 

11A and 3). Microprobe data indicate that this augite has a considerable amount of V (up 

to ~0.4 wt.%, Table SM5), and some augite grains are enriched in Ti (0.01-0.4 wt.%). 

Vanadium and Ti contents are, in some cases, higher than those reported for magnetite, 



  

consistent with crystallization from a V-Ti-rich fluid. Augite grains show a dominant Mg-

rich composition with Fe-rich patches, indicating changes in composition and/or external 

conditions during crystallization, variations that are also observed in actinolite and that are 

attributed to temperature fluctuations. 

 

5.4 Late magmatic stage of apatite formation 

Apatite is a common accessory mineral in many rock types and is a ubiquitous phase in 

IOA deposits. Elemental accommodation is strongly dependent on external conditions, 

allowing the use of apatite as a powerful petrogenetic indicator and as a fluid tracer 

(Webster and Piccoli, 2015). Particularly, halogen concentrations in apatite are considered a 

good monitor of volatile fugacity during magmatic-hydrothermal crystallization (Nash, 

1984). Based on halogen content, two types of apatite are recognized: a F-rich (1.72-2.01 

wt.%) apatite confined to deeper samples in the deposit, and a OH-rich apatite with a high 

Cl content (up to 0.24 wt.%), associated with apatite veinlets at shallower depths in the 

deposit. Petrographic descriptions and BSE images (Fig. 12) of these apatite crystals show 

that these crystals are pristine with no signs of alteration or disequilibrium/replacement 

textures, hence, we interpret these chemical variations as primary features. Figure 17 

shows the compositional fields for apatite from different sources (igneous, hydrothermal, 

and sedimentary), and the results for apatite grains from El Romeral, with F-apatite grains 

plotting in the ore-forming intrusive field. Igneous apatite usually contains higher F 

concentrations over Cl (Webster and Piccoli, 2015); apatite containing more than 3.5 wt.% 

Cl is very rare in igneous rocks (Webster and Piccoli, 2015) due to the smaller radius 

(1.33Å) and higher compatibility of F
- 
in apatite. In contrast, the larger Cl anion (1.81Å) 

preferentially partitions into the fluid phase, resulting in a trend where igneous apatite 

progressively becomes depleted in F and enriched in Cl as hydrothermal conditions become 

more predominant (Fig. 17). This trend is observed at the El Romeral, with F-rich apatite 

found at depth and hence formed at higher temperature than OH-rich Cl-apatite, which is 

found at shallow depths. It follows then, that F-apatite formed at a late magmatic stage 

(Piccoli and Candela, 1994), whereas OH-apatite found in veinlets associated with the late 

sulfide event are of hydrothermal origin. Incorporation of OH over Cl in apatite at the El 



  

Romeral may have been controlled by the pH of a deep and high temperature acidic 

hydrothermal fluid (Zhu and Sverjensky, 1991; Kusebauch et al., 2015). 

Apatite composition was used to estimate halogen contents in a silicate melt and 

exsolved volatile phase. Thus, considering an igneous origin for F-apatite at the El 

Romeral, some compositional calculations can be performed. Assuming a temperature of 

800°C for the actinolite event associated with F-apatite crystallization (Lledo and Jenkins, 

2008), and a corresponding pressure of 200 MPa, the molality of HCl can be obtained using 

the following equation from Piccoli and Candela (1994): 

 

where  and  are the mole fractions of Cl and OH in apatite, respectively, T is the 

apatite crystallization temperature in Kelvin and P is pressure in bars. A hydrochloric acid 

molality ranging between 0.0609 and 0.1622 was obtained for the magmatic volatile phase 

when F-apatite crystallized. If we assume that the melt has a metaluminous composition, 

the approximation of HCl:Cl ratio after Shinohara (1987) can be employed (log 

(HCl/∑Cl)
aq 

= -0.63-0.00035*P(bars)) to determine the concentration of Cl in the volatile 

phase. Following this approach, the volatile phase contained a maximum of 6.2 wt.% Cl. 

By using an aqueous phase/melt partition coefficient of 43.35 for Cl (Shinohara, 1987) at 

1.2 kbar and 810ºC, a Cl content of about 1000-1400 ppm was obtained for a melt in 

equilibrium with F-apatite. Following Piccoli and Candela (1994), and considering a 

volatile/melt partition coefficient of 0.184 for F (Webster, 1990), concentrations of F in the 

volatile phase and in the melt were calculated, obtaining values of 8.1-11.0 ppm and ~44- 

60 ppm, respectively. The low F/Cl ratio in melt may indicate that F-apatite scavenged F 

from the melt resulting in higher residual Cl content. Moreover, low Cl content in volatile 

phase (6.2 wt.%) in contrast with high salinity generally associated with these systems (35 

wt.% NaCleq) may also suggest that F-apatite crystallized at a different magmatic stage. 

This event may be related to a late-stage exsolution of a low salinity (~6 wt.% NaCleq) 

fluid, unlike a prior event of single-phase fluid exsolution that at the solvus intersection will 

form an hypersaline (35 wt.% NaCleq) Fe-rich fluid and a low-density aqueous vapor. 



  

Chlorine concentrations in melt and volatile phase are concordant with the incompatible 

behavior that characterizes this element. 

 

5.5 Hydrothermal sulfide stage 

Pyrite is an ubiquitous phase in mineral deposits, and in IOA deposits pyrite is the most 

common sulfide mineral, frequently with subordinate amounts of chalcopyrite. Pyrite has 

the capacity to incorporate important and variable concentrations of metals and metalloids 

of economic relevance such as Au, Ag, Cu, Pb, Co, Ni, Zn, As, Sb, Te, Tl, Bi, among 

others (e.g., Cook and Chryssoulis, 1990; Huston et al., 1995; Reich et al., 2005; Large et 

al., 2009; Deditius et al., 2014; Reich et al., 2016), in both solid solution and/or 

nanoparticulate phases. The El Romeral pyrite contains <1.0 wt.% of Co and Ni (Table 3). 

Cobalt shows a negative correspondence with Fe (Fig. 18A), which suggests substitution of 

Co by Fe in octahedral sites, as well as for Zn where a substitution of Fe
2+

 for Zn
2+

 may be 

suggested. In contrast, Ni does not follow a correlation with Fe or Co (Fig. 18B), a pattern 

previously reported by Reich et al. (2016) for Los Colorados pyrite, and that is suggestive 

of a complex and heterogeneous incorporation of Ni. Copper content in pyrite is scarce, and 

its presence could be related to chalcopyrite nanoparticles (Reich et al., 2016), or solid 

solution incorporation by replacement of Fe through a coupled substitution with As 

(Radcliffe and McSween, 1969; Pacevsky et al., 2008). However, no significant As was 

detected by microprobe analyses. Selenium, Pd, and Hg contents are associated with the 

presence of nanoparticles or with solid solution incorporation where Se replaces S 

isovalently, an incorporation enhanced at low temperature conditions (Huston et al., 1995), 

and Pd or Hg substitutes for Fe.

The Co:Ni ratio is a useful tool employed as a petrogenetic indicator in different deposit 

types (Loftus-Hills and Solomon, 1967; Bajwah et al., 1987; Bralia et al., 1979; 

Mookherjee and Philip, 1979). A high Co:Ni ratio (>1) in pyrite indicates a magmatic-

hydrothermal affinity, associated with high-temperature mafic sources (Bajwah et al., 

1987). A low Co:Ni ratio (i.e., <1.0) indicates a sedimentary or diagenetic origin for pyrite 

(Loftus-Hills and Solomon, 1967; Campbell and Ethier, 1984; Koglin et al., 2010). 



  

Additionally, several authors have defined compositional fields for pyrite from different 

deposit, based on its Co and Ni content (Fig. 19). 

Pyrite from El Romeral yielded a wide range of Co and Ni concentrations within 

different grains, possibly due to the existence of different events of sulfide mineralization. 

Previous petrographic studies on El Romeral samples defined three main sulfide events, a 

syn-ore event associated with Type I magnetite, a later event related to Type II magnetite, 

and a post-magnetite mineralization event related to hydrothermal veinlets (Rojas, 2017). 

Concordant to these observations, most of the samples plot above a Co:Ni ratio of 0.5, 

reflecting a hydrothermal origin for low Co:Ni values (~0.5) and magmatic-hydrothermal 

sources for high Co:Ni ratios (>1.0), particularly for one sample with a high Co content 

(2.24 wt.%), corresponding to a pyrite related to Type II magnetite (Early Pyrite event; Fig. 

3, 10B and 18). Lower Co:Ni ratios (<0.5) are measured for pyrite disseminated in host 

rocks and for a late event of pyrite veinlet mineralization (Late Pyrite event; Figs. 3 and 

18), which crosscut the magnetite dike at shallow levels, suggesting a greater contribution 

of meteoric or diagenetic fluids at upper levels. 

Furthermore, there is a partial overlap for pyrite from El Romeral and pyrite from the 

Los Colorados deposit (Reich et al., 2016); however, most analyses of pyrite from El 

Romeral plot in the IOCG field, which is consistent with a hydrothermal origin for the main 

sulfide event and a probable magmatic-hydrothermal source for pyrite associated with Type 

II magnetite mineralization (Fig. 10B). The sulfur isotope composition of pyrite from El 

Romeral fingerprints a magmatic-hydrothermal source for sulfur in the El Romeral deposit 

(
34

S for pyrite ranges from -0.8 to 2.9 ‰; Rojas, 2017). 

 

5.6 Late magnetite mineralization event at El Romeral 

A late magnetite mineralization event is associated with post-ore dikes at the El 

Romeral. This event has been dated at ~118 Ma (
40

Ar/
39

Ar in hydrothermal biotite, Rojas et 

al., 2017), which is 10 Ma younger than the main magnetite event (~127 Ma, 
40

Ar/
39

Ar in 

actinolite II, Rojas, 2017). Biotite grains associated with this younger mineralization event 

have an eastonite composition, with predominant Fe content over Mg, and high Al 



  

concentrations. By using the Ti-in biotite geothermometer proposed by Henry et al. (2005) 

in biotite: 

 

where T is temperature in ºC, Ti (apfu) is calculated by a normalization to 22 O, and a, b 

and c are -2.3594, 4.6482e-9 and -1.7283, respectively, a temperature range between 560ºC 

and 637ºC was obtained for late-stage biotite from El Romeral. 

The halogen content in biotite can be used to estimate the fugacity ratio (fH2O/fHCl)
fluid

 

following Munoz (1992): 

 

 

 

where XOH, XCl, XF stand for mole fractions of OH, Cl and F in biotite, respectively, XMg is 

calculated as (sum of Mg)/(sum of octahedral cations number) and T is the equilibration 

temperature in Kelvin between hydrothermal fluid and biotite. A temperature range 

between 550°C and 650°C was used for the fugacity ratio estimation based on the Ti-in 

biotite geothermometry results. Calculated fugacity ratios (Fig. 20) indicate two distinct 

trends: an increasing log(fHF/fHCl)
fluid

 from -2.6 to -1.6 with increasing temperature (Fig. 

20A); and a decreasing fugacity ratio with increasing temperature, including 

log(fH2O/fHCl)
fluid

 between 4.5 and 5.0 (Fig. 20B) and a log (fH2O/fHF)
fluid

 that ranges 

from 5.6 to 6.6 (Fig. 20C). These trends reflect the behavior of halogens with changing 

temperature, suggesting that fHF increases with increasing temperature, yielding higher 

log(fHF/fHCl)
fluid

. 

These model results based on mineral compositions in samples from El Romeral indicate 

that: (i) the hydrothermal fluid at this late magnetite stage was relatively Cl-rich, and (ii) 

the late-stage biotite and associated secondary magnetite crystallized in the presence of a 

hydrothermal fluid characterized by high fH2O/fHCl and fH2O/fHF ratios. The model 



  

fugacity ratios obtained for biotite crystals from El Romeral are similar to fugacity ratios 

reported for porphyry Cu systems (Bao et al., 2016), and are consistent with the notion that 

the final magnetite event at the El Romeral formed from a hydrothermal fluid exsolved 

from a magmatic source, i.e., .the post-mineralization dikes.  

 

5.7 Hydrothermal transport of Fe as a function of pressure 

The sum of the data for samples from El Romeral indicate that the iron was probably 

derived from the Romeral Diorite and was transported by hydrothermal fluids of magmatic 

origin. Data from natural systems and experimental studies demonstrate that hydrothermal 

fluids are enriched in Fe over a wide range of temperature and pressure, and that the 

concentration of Fe is positively correlated with the Cl content of the fluid (Chou and 

Eugster, 1977; Heinrich et al., 1992; Audétat et al., 2000; Simon et al., 2004; Williams-

Jones and Heinrich, 2005). Considering that El Romeral and all IOA deposits are 

fundamentally magnetite ore bodies, it is important to assess the ability for a hydrothermal 

fluid to transport a sufficient quantity of Fe to form an IOA deposit. Published studies 

indicate that FeCl2 is the main dissolved complex of Fe in supercritical chloride bearing 

aqueous solutions (Chou and Eugster, 1977; Boctor et al., 1980), and that the precipitation 

of magnetite from an Fe-bearing hydrothermal fluid occurs by the following reaction: 

3FeCl2(aq) + 4H2O = Fe3O4(s) + 6HCl(aq) + H2(aq) 

We do not have an independent constraint on the total salinity of the hydrothermal fluid 

responsible for mineralization at the El Romeral. Knipping et al. (2015a) report the 

presence of halite-bearing fluid inclusions in magnetite rims for samples from the Los 

Colorados IOA deposit that are identical to Type II magnetite described in the present 

study. These authors report that the presence of halite indicates a minimum salinity of 35 

wt.% NaCleq based on experimental data summarized in Bodnar and Vityk (1994). Thus, 

we used a fluid salinity of 35 wt.% NaCleq to model the solubility of magnetite as a 

function of pressure and temperature (Fig. 21). Experimental data at 800°C demonstrate 

that pressure plays an important role controlling magnetite solubility (Simon et al., 2004). 

Considering that the El Romeral and most magnetite-apatite deposits in the Chilean Iron 



  

Belt are genetically related to major transtensional fault systems, particularly to sinistral 

driven Riedel shear zones, the effect of pressure on magnetite solubility is likely a crucial 

control on mineralization. In figure 21, the model results for magnetite solubility shows a 

strong dependence on pressure, especially at temperatures between ~450° and 620°C. The 

model results show that the solubility of FeCl2 in aqueous fluid decreases significantly with 

decreasing pressure (Fig. 21A), which results in the precipitation of magnetite (Fig. 21B). 

The results also indicate that the rate of decompression affects the efficiency of magnetite 

precipitation. For example, a FeCl2-bearing hydrothermal fluid at 600°C will precipitate 

~50% more magnetite at 100 MPa compare with the volume of magnetite precipitated at 

120 MPa. Thus, for hydrothermal fluid with a given quantity of Fe dissolved as FeCl2, 

rapid decompression favors formations of a larger magnetite ore body. 

 

5.8 A magmatic-hydrothermal model for the El Romeral 

The data presented in this study show that the evolution of the El Romeral Fe deposit 

was characterized by different conditions and formation processes, leading to significant 

textural and chemical variations at both macro- and micro-scale. 

The presence of a distinct textural and chemical variation between core and rims may be 

explained by a transition from magmatic to magmatic-hydrothermal conditions. Similar 

observations were reported by Knipping et al. (2015a, b), who proposed a magmatic-

hydrothermal flotation model for the formation of IOA deposits (Fig. 22). Type I magnetite 

cores identified in the present study are consistent with crystallization of magnetite 

microlites from a silicate melt. Crystal surfaces of magnetite serve as nucleation sites to 

promote the exsolution of a magmatic-hydrothermal fluid from the silicate melt (Fig. 22A) 

(Hurwits and Navon, 1994; Gualda and Ghiorso, 2007). The exsolved fluid phase 

efficiently scavenges Cl, Fe and other metals from the silicate melt owing to the large 

fluid/melt partition coefficients for these elements (Zajacz et al., 2008). The small diameter 

of the magnetite microlites allows them to be entrained by the exsolved fluid phase, and a 

positive buoyancy force promotes ascent of the magnetite-bubble pairs through the magma 

body (Fig. 22B). Ascent of the magnetite-bearing magmatic-hydrothermal phase is focused 

along the pre-existing transtentional fault system. A sharp decrease in pressure triggers 



  

precipitation of hydrothermal magnetite, evidenced by the presence of Type II inclusion-

poor magnetite rim (Fig. 22C). The pronounced compositional zoning observed in pristine 

Type III magnetite crystals (Figs. 4B and 9), including increasing Si, Al, and Mg contents 

from rims to cores reflects fluctuating conditions affecting hydrothermal fluid composition. 

Inclusion-poor hydrothermal Type II magnetite precipitates with minor pyrite and 

pyroxene, actinolite and quartz. Some of these mineral phases may have been transported 

as microlites or as mineral phases crystallized from the magmatic-hydrothermal fluid 

during ascent (Fig. 22C). At the margins of the dike-shaped ore body, pegmatitic actinolite 

(II) crystals formed, texturally related to this secondary hydrothermal event. Actinolite data 

reflect two different compositional trends: (i) early actinolite (I), related to pyroxene and 

quartz, with decreasing Ca and Mg contents and increasing Fe detected values from core to 

rims, and (ii) secondary pegmatitic actinolite (II) with increasing Ca contents from core to 

rim. These different trends are concordant with actinolite crystallization from two different 

events. Furthermore, the first trend is very similar to the compositional variation reported 

by Lledo and Jenkins (2008) for magmatic tremolite with decreasing temperature, 

supporting a high temperature origin (735°-805°C and 770°-840°C at 1 and 2 kbar, 

respectively) for the two actinolite events. Based on this mineralogy and its association 

with inclusion-poor magnetite, a temperature <840°C is defined for Type II magnetite 

mineralization. 

Late pulses of hydrothermal fluid possibly related to late dikes are evidenced by the 

presence of magnetite and sulfides+chlorite veinlets that crosscut the main magnetite ore 

bodies. Lower V contents (1700 ppm) in the late-stage magnetite (Type IV magnetite) 

support the notion of a minor magmatic contribution for this stage compared to primary 

magnetite from the massive ore body (V content ranging between 2300-2800 ppm). The 

concentrations of Co and Ni in pyrite from the main mineralization event, where the Co/Ni 

ratio in pyrite is >0.5 and, as high as >10, are consistent with a mafic magmatic source for 

the magmatic-hydrothermal ore fluids. On the other hand, Co/Ni ratio <0.5 indicate a 

contribution of non-magmatic fluid(s) for late stage mineralization at shallow level of the 

deposit. A final stage of magnetite mineralization spatially related to hydrothermal biotite 

crystals is also reported, possibly associated with post-mineralization dikes (Rojas, 2017). 



  

 

Conclusions 

This study presents and interprets new geochemical data from the El Romeral IOA 

deposit, located in the Cretaceous Chilean Iron Belt (CIB), in order to better understand the 

genesis of one of the largest magnetite-apatite ore bodies in the CIB. Microprobe analyses, 

in combination with petrological studies, SEM and micro-Raman data, reveal two main 

mineralization events: (i) a first magnetite mineralization (Type I) represented by high-

temperature, inclusion-rich magnetite cores at deep levels of the deposit and, at shallow 

levels of the deposit, by magnetite cores or disseminated crystals with -quartz inclusions 

oriented along crystallographic planes evidencing a slow cooling system; and (ii) a second 

magnetite event recognized as inclusion-poor pristine magnetite (Type II), usually 

surrounding primary magnetite cores. Both events are characterized by magnetite that is 

enriched in V (~2300-2800 ppm), and has variable Ti concentrations (~50-3000 ppm). High 

Ti contents (~80-3000 ppm) in primary magnetite cores, coupled with an assemblage of 

micron- to nano-scale high-temperature (800°-1020°C) mineral inclusion assemblage 

identified in magnetite cores, are consistent with a magmatic origin for the first magnetite 

mineralization event. On the other hand, high V (~2300-2700 ppm) and lower Ti (~50-400 

ppm) contents, along with marked zonations in magnetite crystals found at shallow depths 

of the deposit, are consistent with hydrothermal precipitation of magnetite from a 

magmatic-hydrothermal fluid with strongly fluctuating composition as a result of 

decompression and decreasing temperature.  

Actinolite crystals at deeper levels of the deposit yield low Fe-numbers, reflecting 

temperatures of crystallization between 735° and 840°C, which is consistent with 

crystallization from a high-temperature hydrothermal fluid. The compositions of pyrite and 

apatite also record a distinct change from magmatic-hydrothermal fluid to lower-

temperature hydrothermal fluids. This trend is reflected in Co:Ni ratios in pyrite, where 

deeper early pyrite mineralization yields ratios mostly ≥0.5, and shallow, late stage pyrite 

yields lower ratios. Additionally, the abundances of F, Cl and OH in apatite vary strongly 

with depth, where F-apatite occurs in deeper zones of the deposit and OH-apatite with 

higher Cl contents occurs in veinlets at shallow levels. 



  

The Fe solubility model presented here shows that magnetite precipitation occurs by 

decompression at temperatures ≥380°C. Iron oxide-apatite deposits in the Chilean Iron Belt 

are spatially associated with major transtensional fault zones (i.e., the Atacama Fault Zone), 

and the model results are consistent with a strong structural control for ascent of 

hydrothermal fluids and ore accumulation/precipitation. The style of mineralization at the 

El Romeral is nearly identical to all IOA deposits in the Coastal Cordillera of northern 

Chile and thus it seems plausible to suggest that the formation of IOA deposits is controlled 

by extensional forces related to tectonic movements. These structures allowed rapid 

transport and precipitation at various levels within the deposit. The ore 

petrology/geochemistry reflects decreasing T and P conditions towards the upper levels in 

the deposit, and record the transition from magmatic to hydrothermal processes. 
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Figure Captions 

 

Fig. 1. Map showing the location of major iron oxide-apatite (IOA) and iron oxide-copper-gold (IOCG) 

deposits from the Cretaceous Chilean Iron Belt along the Atacama Fault System. Modified from Barra et 

al. (2017). 

Fig. 2. Geological map of the El Romeral district showing major units and the main iron ore bodies. 

Location of the five drill cores studied is also shown (Modified from Rojas, 2017). 

 

Fig. 3. Paragenetic sequence of the main mineralization events conforming the iron ore bodies from El 

Romeral deposit. 

 

Fig. 4. Back-scattered electron images of magnetite textures. A. Inclusion-rich magnetite (Type I) 

surrounded by inclusion-poor magnetite (Type II). Sample collected from the massive orebody at 347 m 

depth. B. Type III Magnetite with distinct zonation; sample collected from the massive ore body at a 139 

m depth. C. Type I Magnetite with mineral inclusions aligned along crystallographic planes in 

magnetite. D. Zoned magnetite with abundant nano-inclusions. E-F. Disseminated (primary) magnetite 

with ilmenite exsolutions following crystallographic planes. Mgt: magnetite, Ilm: ilmenite, Qtz: quartz, 

Nano-incl: nano-inclusions 

 

Fig. 5. EDX elemental map of a representative mineral inclusion hosted in magnetite (Type I) from the 

massive dike orebody. This composite inclusion contains chlorite with minor Na content, and titanite. 

Chl: chlorite, Ttn: titanite. 

 

Fig. 6. Back-scattered electron images of mineral inclusions in Type I magnetite: A. polycristalline 

inclusion with titanite, rutile and chlorite. B. Euhedral oriented quartz inclusions, following 

crystallographic planes. Chl: chlorite, Rt: rutile, Ttn: titanite. 

 

Fig. 7. Representative micro-Raman spectra for A. clinochlore, B. Ti-pargasite and C. quartz inclusions 

from Type I magnetite. The characteristic peaks for magnetite (black) correspond to the background 

signal, whereas spectra for standard minerals are shown in blue. Analyzed inclusions spectra are shown 

in red.  

 

Fig. 8. Elemental WDS maps for a representative sample from massive magnetite ore body. Note high 

Si, Al, Mg, and Ca content, and minor Ti concentration in inclusion-rich magnetite (Type I), contrasting 

with inclusion-poor rims (Type II magnetite). Vanadium content is high and generally homogeneous for 

both magnetite types. Color bars indicate element concentration in wt.%. Mgt: magnetite  

 



  

Fig. 9. Elemental WDS maps for Type III magnetite showing a distinct Si, Al, Mg, Ti and Fe zonation, 

and less evident Na zoning. 

 

Fig. 10. Back-scattered electron images of pyrite from two different events of mineralization: A. Post-

magnetite anhedral pyrite with chalcopyrite inclusions. B. Syn-mineralization pyrite surrounded by Type 

II inclusion-free magnetite. Ccp: chalcopyrite, Mgt: magnetite, Py: pyrite. 

 

Fig. 11. Back-scattered electron images of gangue minerals from two different mineralization events: A. 

First syn-ore event, with actinolite, pyroxene and quartz within Type II magnetite, and B. Second syn-

ore event characterized by the presence of large actinolite crystals intergrown with massive iron ore. 

Act: actinolite, Mgt: magnetite, Px: pyroxene, Qtz: quartz. 

 

Fig. 12. Back-scattered electron images of apatite grains. A. F-apatite (sample 042; depth 300 m) B. 

OH-apatite with silicate and pyrite inclusions and in contact with a large pyrite grain (sample 147; depth 

50 m). Ap: apatite, Py: pyrite. 

 

Fig. 13. Al+Mn vs. Ti+V discrimination diagram proposed by Dupuis and Beaudoin (2011) and 

modified by Nadoll et al. (2014a). Chemical compositions of magnetite cores from the massive ore body 

and from disseminated grains (Type I magnetite), and inclusion-poor magnetite observed at Type I 

magnetite rims (Type II magnetite) are plotted. Mostly all samples plot in and below the Kiruna-type 

field, with some exception for Type I magnetite with Ti or Al-rich mineral inclusions. Also shown is the 

compositional trend reported by Knipping et al. (2015a, b) for Los Colorados (LC) magnetite grains 

(light blue arrow), which shows decreasing Ti+V (wt.%) and Al+Mn (wt.%) contents from cores (Type I 

magnetite) to rims (Type III magnetite), magnetite types described in LC and that are similar to Types I 

and II magnetite from El Romeral, respectively. 

 

Fig. 14. Ti vs V concentration plot after Nadoll et al. (2014b) with igneous and hydrothermal fields 

proposed by Knipping et al. (2015b). Vanadium is relatively constant in El Romeral magnetite, but high 

Ti concentrations are found in inclusion-rich (Type I) magnetite cores and lower Ti values for inclusion-

free (Type II) magnetite rims. 

 

Fig. 15. Discriminant diagram with concentrations of Cr vs V (Knipping et al., 2015b). El Romeral 

magnetite analyses plot in the Kiruna-type field (Cr<1000 ppm and V>500 ppm). The horizontal red line 

indicates the EMPA analytical detection limit for Cr. Data source for Kiruna type from Loberg and 

Horndahl (1983), Nystrom and Henríquez (1994), Dupuis and Beaudoin (2011), Dare et al. (2015). 

 



  

Fig. 16. Compositional trends obtained by electron microprobe analysis of primary actinolite crystals 

(Actinolite I) within magnetite (Type II) and later pegmatitic actinolite (Actinolite II) intergrown with 

massive iron ore. Two different trends are defined: (i) a first trend with Ca- and Mg-rich cores and Fe-

rich and Ca-poor rims, similar to the trend reported by Lledo and Jenkins (2008), and (ii) a second trend 

with Ca-poor cores and Ca-rich rims for Mg-rich pegmatitic actinolite crystals. 

 

Fig. 17. Ternary compositional diagram of Z-site species in apatite, which shows the different apatite 

types recognized in the El Romeral, i.e., a deep F-rich apatite and a shallow OH-apatite. Apatite 

compositions for igneous, hydrothermal and sedimentary deposits are also plotted, as well as halogens 

analysis on apatite from two Chilean IOA deposits (Carmen and Fresia). See text for discussion. Source 

of data: 
1
Webster and Piccoli (2015); 

2
Treloar and Colley (1996); 

3
Barth and Dorais (2000), Belousova 

et al. (2001), Krneta et al. (2016); 
4
Marks et al. (2012), Douce et al. (2011) ;

 5
Bao et al. (2016). 

 

Fig. 18. Plots of Co and Ni vs Fe concentration. A. Cobalt and Fe show a negative correspondence. B. 

Nickel and Fe contents have a random distribution. See text for discussion. 

 

Fig. 19. Co vs Ni correlation diagram showing chemical analysis of pyrite from the El Romeral deposit. 

Most samples have Co:Ni>0.5, with the highest Co content (2.24 wt.%) found in a pyrite crystal 

associated with the Type II magnetite (Early Pyrite event). Lower Co values (Co:Ni<0.5) are generally 

associated with disseminated pyrite in host rocks or to a final event of sulfide mineralization at shallow 

levels (Late Pyrite event). Plot modified from Reich (2016). Source of data: 
1
Lorca (1990), 

2
Reich 

(2016), 
3
Piña et al. (2013), 

4
Rusk et al. (2010), 

5
Soltani et al. (2014), 

6
Reich et al. (2013), 

7
Scher et al. 

(2013). 

 

Fig. 20. Log of fugacity ratios vs T [K] plots from a hydrothermal fluid in equilibrium with biotite from 

a late event associated with degassing of a post-ore intrusive body. A. log (fHF/fHCl) vs T data shows a 

positive trend and negative fugacity ratios, which reflects the low fHF compared to fHCl B. log 

(fH2O/fHCl) vs T graphic presents an inverse pattern, as B. log (fH2O/fHF) vs T diagram which shows 

lower fugacity values with increasing temperature. 

 

Fig. 21. Molality of FeCl2 vs T[ºC] plots obtained by geochemical modeling. A. Iron solubility as FeCl2. 

The model results indicate that at high pressure (180-200 MPa) FeCl2 is more soluble at temperatures 

>500ºC, but as pressure drops, FeCl2 becomes unstable, resulting in the precipitation of magnetite. B. 

Model results indicate that magnetite precipitation is enhanced (higher efficiency) by rapid 

decrompression. Efficiency: 100*(molesMgt (final pressure) - molesMgt (initial pressure)) / molesMgt (final pressure). 

 



  

Fig. 22. Schematic magmatic-hydrothermal model for the formation of iron oxide-apatite deposits 

modified from Knipping et al. (2015a). A. Inclusion-rich magnetite crystallization from an intermediate 

composition silicate melt where mineral inclusions are trapped in magnetite structure. B. Bubble 

nucleation on magnetite surface allows crystals to ascend by positive buoyancy force. The hypersaline 

magmatic fluid transports iron as a chloride complex and scavenges other metals such as Cu and Au as 

well as S. C. Sudden pressure drop due to extensional faults reduces the solubility of Fe causing the 

precipitation of hydrothermal magnetite over primary magnetite cores (Type I). From this hydrothermal 

fluid other minerals form, such as pyroxene, actinolite, quartz and sulfides, which can be trapped within 

magnetite crystals. Additionally, large actinolite crystals (actinolite II) can form simultaneously with 

Type II magnetite, mainly at the margins of the magnetite ore body. D. Final hydrothermal stage 

(<600°C) is represent by magnetite veinlets crosscutting the main ore body. 



  

Table 1. Magnetite types observed in the El Romeral district. 

 

Magnetite type Main features 

Type I 

Inclusion-rich magnetite with high-temperature inclusions (up to 1020°C). 

Forms the massive ore bodies (~35 modal%). Also present as disseminated 

grains. 

Type II 

Inclusion-free magnetite.  

Usually as an overgrowth around Type I magnetite. 

Lower temperature event (up to 840°C). 

Forms the massive ore bodies (~60 modal %). Also present as disseminated 

grains. 

Type III 
Inclusion-free, chemically-zoned magnetite. 

Locally observed at shallow levels in the massive ore bodies (~5 modal%). 

Type IV Magnetite veinlets that crosscut the massive magnetite ore bodies (late event). 



  

Table 2. Representative EMPA analyses for different magnetite grains (Type I and II) from drill cores 

PRP-0702 and PRP-0733. 

  Type I Magnetite  Type II Magnetite  

Elemen
t  

Massive  Disseminated  Massive  Disseminated  

Si 0.19 0.36 0.07 0.19 0.01 0.01 0.06 0.04 0.01 0.01 0.01 0.02 0.04 0.04 0.20 0.03 

Al 0.03 0.21 0.01 0.09 0.01 0.01 
B.D.L

. 
B.D.L

. 0.03 0.04 0.04 0.02 0.02 0.01 0.09 0.01 

Na 
B.D.L

. 0.03 0.20 0.19 0.03 0.14 0.15 0.19 0.02 
B.D.L

. 
B.D.L

. 
B.D.L

. 0.05 0.06 
B.D.L

. 
B.D.L

. 

Mg 0.04 0.22 
B.D.L

. 0.08 
B.D.L

. 0.01 
B.D.L

. 
B.D.L

. 0.01 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 0.07 
B.D.L

. 

Ti 0.03 0.04 0.35 0.14 0.03 0.15 0.10 0.04 0.01 0.01 0.01 0.01 0.03 0.01 0.04 0.03 

Ca 0.12 0.08 0.08 0.08 0.01 0.01 0.03 0.03 0.01 0.01 
B.D.L

. 0.11 0.02 0.02 0.04 0.01 

K 0.09 0.05 0.02 0.03 0.05 0.03 0.03 0.02 

B.D.L

. 

B.D.L

. 

B.D.L

. 

B.D.L

. 0.04 0.04 0.08 0.05 

Fe 71.54 71.52 70.17 70.87 72.08 71.53 71.36 71.26 72.30 72.66 72.67 72.11 71.30 71.14 71.65 72.12 

Cr 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 
B.D.L

. 

V 0.26 0.25 0.26 0.27 0.27 0.28 0.28 0.28 0.26 0.26 0.25 0.24 0.25 0.23 0.24 0.25 

Mn 0.02 0.02 0.08 0.07 0.01 0.03 0.07 0.06 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 

O 27.81 28.26 27.38 27.76 27.72 27.65 27.61 27.53 27.80 27.94 27.94 27.75 28.02 27.54 27.74 27.48 

Total 
100.1

3 
101.0

4 98.64 99.75 
100.2

0 99.85 99.67 99.45 
100.4

4 
100.9

3 
100.9

5 
100.2

9 99.78 99.10 
100.1

6 99.98 

 

Note: Detection limits for all elements is 0.01 wt.%, except for Na which is 0.02 wt.%. All concentrations reported in wt.%. Oxygen 

content is calculated based on ideal formula. 

B.D.L: Below detection limit. 



  

Table 3. Statistical parameters for EMPA measurements of Co, Ni, and Cu from pyrite crystals from 

drill cores PRP-0853 and DDH-5008.  

Sample  149-01 149-02 149-04 

 
n=4 n=19 n=4 

Elements D.L. Mean 1 Min Max Mean 1
Min Max Mean 

1 Min Max 

  Cu 0.01 0.26 0.41 0.03 0.87 0.26 0.58 B.D.L 1.56 0.05 0.04 B.D.L 0.08 

  Ni 0.01 0.03 0.02 0.02 0.05 0.04 0.02 B.D.L 0.07 0.38 0.25 B.D.L 0.56 

  Co 0.01 0.74 0.32 0.44 1.14 0.16 0.19 0.01 0.62 0.25 0.35 0.02 0.78 

Sample  149-06 149-07 149-09 

 
n=9 n=3 n=16 

Elements D.L. Mean 1 Min Max Mean 1 Min Max Mean 1 Min Max 

  Cu 0.01 B.D.L - B.D.L B.D.L 0.21 0.25 B.D.L 0.39 0.01 0.01 B.D.L 0.02 

  Ni 0.01 0.35 0.31 0.02 0.76 0.07 0.06 0.03 0.14 0.17 0.11 B.D.L 0.33 

  Co 0.01 0.05 0.03 B.D.L 0.09 0.13 0.09 0.07 0.24 1.04 0.82 0.02 2.24 

Sample  149-10 157-01 157-02 

 
n=11 n=2 n=1 

Elements D.L. Mean 1 Min Max Mean 1 Min Max Mean 1 Min Max 

  Cu 0.01 0.05 0.04 0.01 0.14 0.01 0 B.D.L 0.01 0.01 0 0.01 0.01 

  Ni 0.01 0.07 0.02 B.D.L 0.11 0.03 0 B.D.L 0.03 0.33 0 0.33 0.33 

  Co 0.01 0.05 0.02 0.03 0.09 0.94 0.30 0.73 1.15 0.01 0 0.01 0.01 

Sample  157-03 157-04 157-07 

 
n=2 n=20 n=1 

Elements D.L. Mean 1 Min Max Mean 1 Min Max Mean 1 Min Max 

  Cu 0.01 B.D.L 0 B.D.L B.D.L 0.01 0.003 B.D.L 0.02 B.D.L - B.D.L B.D.L 

  Ni 0.01 0.27 0.27 0.04 0.51 0.45 0.12 0.06 0.67 0.61 0 0.61 0.61 

  Co 0.01 B.D.L 0 B.D.L B.D.L 0.06 0.11 B.D.L 0.33 0.01 0 0.01 0.01 

Sample  133-01 133-02 133-05 

 
n=1 n=1 n=2 

Elements D.L. Mean 1 Min Max Mean 1 Min Max Mean 1 Min Max 

  Cu 0.01 B.D.L - B.D.L B.D.L B.D.L - B.D.L B.D.L 0.15 0 0.15 0.15 

  Ni 0.01 0.04 0 0.04 0.04 0.24 0 0.24 0.24 0.32 0.07 0.28 0.37 

  Co 0.01 0.10 0 0.10 0.10 0.04 0 0.04 0.04 0.06 0.01 0.05 0.06 
 

Note: Detection limit for Cu, Co, and Ni is 0.01 wt.%. All concentrations reported in wt.% 

B.D.L: Below detection limit.



  

 

Table 4. Representative EMPA analyses for actinolite crystals (Types I, II, and III) from drill cores 

PRP-0702, PRP-0733, and DDH-5008. 

Element Actinolite I Actinolite II Actinolite III 

F B.D.L 0.12 B.D.L 0.02 B.D.L 0.14 0.17 0.11 0.11 0.29 0.12 0.14 B.D.L 0.11 0.04 

Cl B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L 0.03 0.02 0.02 0.03 0.02 0.03 0.03 0.04 

Ca 9.05 9.05 9.30 9.22 9.16 9.47 9.27 8.61 8.52 8.63 8.34 8.35 8.26 8.33 8.53 

Si 23.72 23.78 24.50 24.83 24.78 26.10 25.77 25.94 26.10 26.17 24.44 24.11 23.86 24.79 24.61 

Mg 8.60 8.62 9.10 9.30 9.07 11.40 10.74 11.39 11.31 11.38 10.36 10.49 10.40 10.96 10.71 

Al 1.49 1.35 0.71 0.70 0.76 0.65 0.34 0.37 0.36 0.35 2.12 2.16 2.43 1.95 2.48 

Mn 0.10 0.10 0.08 0.09 0.09 B.D.L 0.05 0.05 B.D.L B.D.L 0.28 0.36 0.37 0.34 0.39 

Na 0.19 0.17 0.07 0.07 0.09 0.12 0.04 0.29 0.31 0.28 0.49 0.48 0.54 0.43 0.54 

Ti B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L 0.16 0.14 0.13 0.14 0.15 

K 0.09 0.07 B.D.L 0.02 B.D.L B.D.L 0.01 0.05 0.03 0.02 0.03 0.05 0.10 B.D.L 0.10 

Cr B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L B.D.L 

Fe 11.29 11.44 10.71 10.28 10.20 6.05 8.10 7.21 7.13 7.04 6.97 7.17 7.79 6.88 7.71 

V 0.07 0.08 0.04 0.04 0.05 B.D.L B.D.L B.D.L B.D.L B.D.L 0.03 B.D.L 0.04 B.D.L B.D.L 

O 42.84 42.83 43.21 43.58 43.38 45.29 44.65 44.90 44.95 45.07 44.13 43.94 44.00 43.67 44.08 

H 0.23 0.23 0.23 0.23 0.23 0.24 0.23 0.24 0.24 0.24 0.24 0.24 0.23 0.24 0.35 

Total 97.68 97.82 97.95 98.37 97.81 99.46 99.37 99.20 99.08 99.49 97.74 97.67 98.16 97.87 99.72 

Fe# 0.36 0.37 0.34 0.32 0.33 0.19 0.25 0.22 0.22 0.21 0.23 0.23 0.25 0.21 0.24 

 

Note: Detection limits for all elements is 0.01 wt.%, except for F, Mn, and Fe which is 0.03 wt.%. All concentrations reported in wt.%. 

Oxygen and H contents are calculated based on ideal formulas. 

B.D.L: Below detection limit. 



  

 

Table 5. Statistical parameters for halogen contents (formula values) in apatite from drill cores PRP-

0702 (~300 m depth for sample 042) and PRP-0853 (~50 m depth for sample 147).  

Sample  
F-apatite 

042-01 042-02 042-03 

 
n=3 n=2 n=5 

Elements Mean 1 Min Max Mean 1 Min Max Mean 1 Min Max 

F Formula 0.45 0.01 0.44 0.47 0.49 0.04 0.46 0.51 0.46 0.01 0.44 0.47 

Cl Formula 0.12 0.004 0.12 0.13 0.12 0.02 0.11 0.13 0.11 0.01 0.10 0.12 

OH Formula 0.42 0.02 0.41 0.44 0.39 0.02 0.38 0.40 0.43 0.01 0.42 0.44 

Sample  
OH-apatite 

147-01 147-02 147-03 

 
n=24 n=2 n=2 

Elements Mean 1 Min Max Mean 1 Min Max Mean 1 Min Max 

F Formula 0.16 0.01 0.14 0.18 0.16 0.01 0.16 0.16 0.16 0.01 0.16 0.16 

Cl Formula 0.21 0.01 0.19 0.24 0.18 0.01 0.17 0.19 0.20 0.01 0.19 0.20 

OH Formula 0.62 0.01 0.61 0.65 0.66 0.01 0.65 0.66 0.65 0.01 0.64 0.65 

Sample  
OH-apatite 

    147-04 147-05 

    
 

n=4 n=4 

    Elements Mean 1 Min Max Mean 1 Min Max 

    F Formula 0.16 0.01 0.16 0.17 0.46 0.01 0.44 0.47 

    Cl Formula 0.23 0.02 0.20 0.24 0.11 0.01 0.10 0.12 

    OH Formula 0.61 0.02 0.60 0.64 0.43 0.01 0.42 0.44 

     



  

El Romeral magnetite ore was formed by two main mineralization events: a high-temperature magmatic event 

followed by a second event with magnetite precipitated over primary magmatic magnetite.  

 
This second event is consistent with hydrothermal precipitation of magnetite from a magmatic-hydrothermal fluid 

with strongly fluctuating composition as a result of decompression and decreasing temperature. 

 
Mineral inclusions in magnetite grains reflect a transition from magmatic to hydrothermal dominated processes in 

the formation of El Romeral. 

 

The Fe ore in iron oxide-apatite deposits is formed by flotation and coalescence of primary magmatic magnetite-
bubble pairs within a magma chamber. 

 

 

 



  

 



  

 
Figure 1 



  

 

 

Figure 2 

 



  

 

 
 

Figure 3 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 

 

Type I 

Mgt 

Mgt 

Ilm 

Nano-incl 

Qtz 

Mgt 

C 

B 

D 

F E 

A 

Type II 
Mgt 



  

 

Figure 5 

 

Chl 

Ttn 



  

 

 

Figure 6 

 



  

 

Figure 7 

 

A 

B 

C 

Type II 

Mgt 



  

 

 Figure 8 

 

Type I 

Mgt 

Type II 

Mgt 

Type I  

Type II  



  

  
 

Figure 9 

 



   

Figure 10 

 

A B 



   

Figure 11 

 

A B 



  

A B 

 
Figure 12 

 



  

 

Figure 13 

 



  

 

Figure 14 

 



  

 

Figure 15 

 

 



  

 

Figure 16 

 



  

 

Figure 17 

 



  

 

 

Figure 18 

 

A 

B 



  

 

Figure 19 
 



  

 

 

Figure 20 

 



  

 

Figure 21 

 



  

 

Figure 22 


