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Abstract
The Plio-Pleistocene El Laco iron oxide-apatite (IOA) orebodies in northern Chile are some of the most enig-
matic mineral deposits on Earth, interpreted to have formed as lava flows or by hydrothermal replacement, 
two radically different processes. Field observations provide some support for both processes, but ultimately 
fail to explain all observations. Previously proposed genetic models based on observations and study of outcrop 
samples include (1) magnetite crystallization from an erupting immiscible Fe- and P-rich (Si-poor) melt and (2) 
metasomatic replacement of andesitic lava flows by a hypogene hydrothermal fluid. A more recent investigation 
of outcrop and drill core samples at El Laco generated data that were used to develop a new genetic model that 
invokes shallow emplacement and surface venting of a magnetite-bearing magmatic-hydrothermal fluid suspen-
sion. This fluid, with rheological properties similar to basaltic lava, would have been mobilized by decompres-
sion-induced collapse of the volcanic edifice. In this study, we report oxygen, including 17O, hydrogen, and iron 
stable isotope ratios in magnetite and bulk iron oxide (magnetite with minor secondary hematite and minor 
goethite) from five of seven orebodies around the El Laco volcano, excluding San Vicente Bajo and the minor 
Laquito deposits. Calculated values of δ18O, Δ17O, δD, and δ56Fe fingerprint the source of the ore-forming 
fluid(s): Δ17Osample = δ17Osample – δ18Osample * 0.5305. Magnetite and bulk iron oxide (magnetite variably altered 
to goethite and hematite) from Laco Sur, Cristales Grandes, and San Vicente Alto yield δ18O values that range 
from 4.3 to 4.5‰ (n = 5), 3.0 to 3.9‰ (n = 5), and –8.5 to –0.5‰ (n = 5), respectively. Magnetite samples from 
Rodados Negros are the least altered samples and were also analyzed for 17O as well as conventional 16O and 
18O, yielding calculated δ18O values that range from 2.6 to 3.8‰ (n = 9) and Δ17O values that range from –0.13 
to –0.07‰ (n = 5). Bulk iron oxide from Laco Norte yielded δ18O values that range from –10.2 to +4.5‰ (avg 
= 0.8‰, n = 18). The δ2H values of magnetite and bulk iron oxide from all five orebodies range from –192.8 to 
–79.9‰ (n = 28); hydrogen is present in fluid inclusions in magnetite and iron oxide, and in minor goethite. Val-
ues of δ56Fe for magnetite and bulk iron oxide from all five orebodies range from 0.04 to 0.70‰ (avg = 0.29‰, 
σ = 0.15‰, n = 26). The iron and oxygen isotope data are consistent with a silicate magma source for iron and 
oxygen in magnetite from all sampled El Laco orebodies. Oxygen (δ18O Δ +4.4 to –10.2‰) and hydrogen (δ 

2H ≃ –79.9 to –192.8‰) stable isotope data for bulk iron oxide samples that contain minor goethite from Laco 
Norte and San Vicente Alto reveal that magnetite has been variably altered to meteoric values, consistent with 
goethite in equilibrium with local δ18O and δ2H meteoric values of ≃ –15.4 and –211‰, respectively. The H2O 
contents of iron oxide samples from Laco Norte and San Vicente Alto systematically increase with increasing 
abundance of goethite and decreasing values of δ18O and δ2H. The values of δ2H (≃ –88 to –140‰) and δ18O 
(3.0–4.5‰) for magnetite samples from Cristales Grandes, Laco Sur, and Rodados Negros are consistent with 
growth of magnetite from a degassing silicate melt and/or a boiling magmatic-hydrothermal fluid; the latter is 
also consistent with δ18O values for quartz, and salinities and homogenization temperatures for fluid inclusions 
trapped in apatite and clinopyroxene coeval with magnetite. The sum of the data unequivocally fingerprint a 
silicate magma as the source of the ore fluids responsible for mineralization at El Laco and are consistent with a 
model that explains mineralization as the synergistic result of common magmatic and magmatic-hydrothermal 
processes during the evolution of a caldera-related explosive volcanic system.

Introduction
Investigations to determine the genesis of iron oxide-apatite 
(IOA) deposits have been ongoing for decades, with proposed 

models that range from those that invoke purely hydrother-
mal processes to those invoking purely magmatic processes. 
One of the most enigmatic and hotly debated deposits is the 
El Laco IOA deposit, located at about 5,000 masl in the Chil-
ean Altiplano (Fig. 1). Park (1961) documented the outcrops 
at El Laco and hypothesized the orebodies represent surficial 
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or shallow intrusion of iron oxide lava flows, citing textures 
among the iron oxide orebodies that resemble aa, pahoehoe, 
volcanic bombs, and vesicular bubble-like shapes. At El Laco, 
two opposing models have been proposed and tested at length 
to explain the coexistence of arguably volcanic and hydrother-
mal features of the orebodies: liquid immiscibility (Naslund 
et al., 2002; Tornos et al., 2016, 2017; Velasco et al., 2016; Xie 
et al., 2019) and hydrothermal replacement of andesitic lava 
flows (Rhodes and Oreskes, 1995; Rhodes et al., 1999; Sillitoe 
and Burrows, 2002; Dare et al., 2015).

The liquid immiscibility hypothesis, originally proposed by 
Philpotts (1967) to explain the magmatic/volcanic textures 
observed in many IOA deposits, invokes unmixing of a sili-
cate melt into two physicochemically distinct melts, one Fe- 
and P-rich and the other Si-rich and Fe-poor (Naslund et 
al., 2002). In order for the Fe-P-rich melt to ascend from its 
source magma into the overlying crust and form an orebody, 
the model requires that H2O partition preferentially into the 
Fe-P-rich melt in order to lower its density and increase its 
buoyancy relative to the conjugate Si-rich melt (Tornos et al., 
2016, 2017). In contrast, the replacement model calls upon 
a hypogene Fe-rich hydrothermal fluid to percolate through 
andesitic lava flows and entirely replace the host rock with 

magnetite and hematite and, importantly, preserve all original 
volcanic textures (Rhodes et al., 1999; Sillitoe and Burrows, 
2002; Dare et al., 2015). A new model to explain the formation 
of the El Laco orebodies was proposed by Ovalle et al. (2018) 
based on extensive textural and geochemical evidence for 
magnetite from surface and drill core samples. Those authors 
proposed that the El Laco orebodies formed by eruption of a 
buoyant magnetite-fluid suspension that evolved from a sili-
cate magma. Their model is based on Knipping et al. (2015a, 
b), who invoked crystallization of magnetite microlites from 
an intermediate silicate melt, followed by volatile saturation 
of the melt wherein the surface of magnetite microlites are 
preferentially wetted and swept up by the volatile phase to 
form a magnetite-fluid suspension (i.e., mineral froth) that has 
a lower density than the surrounding melt. 

In this study, we measure Fe, O, and H stable isotope com-
positions of magnetite, hematite, and goethite samples from 
five of the six largest deposits at El Laco to identify the source 
of the ore-forming fluids and use the data to assess these three 
competing genetic hypotheses. In addition to conventional 
oxygen stable isotopes (i.e., δ18O), we report the first Δ17O 
values of iron oxides from an IOA deposit and demonstrate 
that the combined use of conventional (i.e., δ18O) and non-

Fig. 1.  Geologic map of El Laco from Ovalle et al. (2018). The El Laco Volcanic Complex is primarily composed of andesite 
and pyroclastic rocks (green) with major iron oxide deposits (maroon). Red stars denote sampling locations. CG = Cristales 
Grandes, ELS = Extensión Laco Sur, LN = Laco Norte, LS = Laco Sur, LQ = Laquito, RN = Rodados Negros, SVA = San 
Vicente Alto, SVB = San Vicente Bajo.
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conventional (δ56Fe, Δ17O) stable isotopes fingerprint the 
source reservoir(s) for ore fluids and provide new insights into 
the formation of IOA systems.

Geologic Background
The El Laco Volcanic Complex is located in a structurally con-
trolled volcanic zone of the Central Andes (23°48′ S, 67°30′ 
W; Fig. 1) and records an uncommon set of both magmatic 
and hydrothermal stages. It is composed of variably preserved 
andesitic to dacitic lava flows, pyroclastic rocks, and volcanic 
breccias, which are the products of several stages of volcanic 
activity developed from the Pliocene to the Pleistocene (5.3 ± 
1.9–1.6 ± 0.5 Ma; K-Ar; Naranjo et al., 2010). These volcanic 
products host large iron oxide orebodies with remarkably vol-
canic and subvolcanic features, which have been dated to 2.1 
± 0.1 Ma (apatite fission track, Maksaev et al., 1988). In ad-
dition, extensive zones of penetrative hydrothermal alteration 
are widespread among the andesites at El Laco (Rhodes and 
Oreskes, 1995, 1999; Rhodes et al., 1999).

Stratigraphically, from oldest to youngest, the major vol-
canic units are described as the lower andesites, upper an-
desites, dome-like edifices, and volcanic breccia bodies that 
crosscut the older units. The majority (>90%) of the andesitic 
volcanic materials are porphyritic, massive, rarely vesicular, 
and contain abundant plagioclase and pyroxene phenocrysts. 
Unaltered andesites are silica oversaturated according to the 
total alkali-silica (TAS) classification diagram (Le Maitre et al., 
2005), where they plot near the silica-saturated trachyandes-
ite field and are geochemically similar to nearby recent edi-
fices such as Llullaillaco and Lascar (Matthews et al., 1999; 
Velasco et al., 2016). The El Laco andesites are calc-alkaline 
I-type rocks that range in composition from basaltic andesite 
to primitive dacite, and their chemistry does not vary signifi-
cantly among magmatic pulses (Velasco et al., 2016).

The magnetite orebodies are located around the cen-
tral volcanic plug (Pico Laco), structurally associated with 
collapse-related fissures and secondary craters (Frutos and 
Oyarzun, 1975; Naranjo et al., 2010; Ovalle et al., 2018). 
Based on their morphologies and surface textures, they can 
be classified as stratabound (Laco Norte, Laco Sur, Laquito, 
San Vicente Alto), dome-shaped (San Vicente Bajo), and tab-
ular (Rodados Negros, Cristales Grandes). A recent study by 
Ovalle et al. (2018) reported that such orebodies show a com-
plex vertical zonation, comprising an outcropping portion of 
trace element-depleted massive magnetite (e.g., Ti: 218 ppm 
and V: 586 ppm, average contents), which is partially to to-
tally martitized (oxidized), and contains minor clinopyroxene, 
apatite, and REE and iron phosphates. Upper massive mag-
netite grades at depth to large magnetite-(±clinopyroxene-
scapolite) breccia bodies, characterized by a systematic in-
crease of Ti in magnetite with depth (average contents of up 
to 7637 ppm; Ovalle et al., 2018). Magnetite from surface 
(focus of this study) exhibits a variety of textures. Massive 
stratabound orebodies (listed above) are dominated by flow 
and highly vesicular textures, as well as octahedral and pyro-
clastic-like or friable magnetite. Whereas tabular orebodies 
(listed above) are characterized by subvolcanic cooling tex-
tures, such as columnar and bladed magnetite, and generally 
lack vesicularity (Figs. 2, 3). Highly vesicular, friable magne-
tite is found in abundance at Laco Sur and occurs elsewhere 

to lesser degrees (Nyström et al., 2016). Columnar magnetite 
is observed locally within the deposits, and numerous verti-
cally oriented gas escape tubes lined with octahedral mag-
netite are found at Laco Sur, Laco Norte, and San Vicente 
Alto; the tubes themselves range up to tens of centimeters 
in diameter and up to meters in height. Hydrothermal al-
teration at El Laco occurs widespread both on surface and 
at depth, and although it appears to be spatially close to the 
iron bodies, there is not always a synchronous relationship 
between hydrothermal alteration and iron oxide mineral-
ization (Tornos et al., 2017). Aureoles that are pervasive in 
the andesite surrounding the magnetite bodies consist of a 
magnetite-diopside-quartz assemblage (Vivallo et al., 1994; 
Rhodes et al., 1999). At depth, an alkali-calcic alteration as-
semblage is particularly well developed and comprises in-
tense scapolitization and diopside formation that partially 
to pervasively replace andesitic fragments, which occur im-
mersed in a magnetite-diopside-scapolite matrix (Rhodes et 
al., 1999; Naranjo et al., 2010; Ovalle et al., 2018). Late mag-
netite-clinopyroxene-pyrite and pyrite-bearing gypsum vein-
lets crosscut the breccia body at depth (Ovalle et al., 2018). 
Andesite is locally crosscut by coarse-grained veins with uni-
directional growth mainly composed of diopside, magnetite, 
and anhydrite (Tornos et al., 2016). Weak regional propyl-
itic alteration (chlorite-epidote-sericite; Vivallo et al., 1994; 
Rhodes et al., 1997) appears to temporally overlap sodic, 
potassic, and calcic alteration (Rhodes et al., 1999). Wide-
spread andesite bleaching at El Laco is a result of a late argil-
lic alteration, which occurs as extensive steam-heated zones 
marked by a penetrative replacement of andesites by argil-
lic assemblages dominated by tridymite, cristobalite, alunite, 
jarosite, trace secondary copper minerals, and minor native 
sulfur, forming silicic vein-like structures and irregular hy-
drothermal breccia bodies (Vivallo et al., 1994; Sillitoe and 
Burrows, 2002). In addition, large exhalative deposits rep-
resented by gypsum-rich mounds, which appear to be fossil 
fumaroles, are located in discrete emission centers spatially 
associated with NW-trending collapse structures, which con-
trol the late hot-spring-like geothermal activity at El Laco 
Volcanic Complex (Rhodes and Oreskes, 1995; Vivallo et al., 
1994). Sulfate-rich alteration altered magnetite to hematite 
in some orebodies and replaced andesite with alunite and 
minor kaolinite, gypsum, and tridymite, and gypsum veins 
locally crosscut magnetite in several deposits (Sillitoe and  
Burrows, 2002).

Methods

Sample selection

Access to El Laco was provided by CAP Minería. Samples were 
collected from five of the seven surficial iron oxide deposits: 
Laco Norte, Laco Sur, Rodados Negros, Cristales Grandes, 
and San Vicente Alto. San Vicente Bajo, and Laquito were not 
sampled due to poor road conditions that prohibited access 
during field work. Sites range in elevation from about 4,640 
masl at Laco Sur to >5,000 masl at Cristales Grandes. Sam-
ples at each site were selected in the field for their uniqueness 
in texture and appearance (e.g., columnar magnetite, octahe-
dral magnetite, volcanic bomb-like) in order to sample a wide 
variety of textural types. With the exception of samples from 
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Cristales Grandes and San Vicente Alto that contain large apa-
tite and diopside crystals, iron oxide hand samples were free 
of visible noniron oxides.

Sample preparation for stable isotope analysis
Sample preparation followed the same procedures described 
in Bilenker et al. (2016, 2017) and Childress et al. (2016, 2020). 

Samples of iron oxide were cut by diamond saw into small 
cubes in order to exclude, as much as possible, all nonmagnet-
ic minerals. Samples were then wrapped in weighing paper 
and crushed with a plastic-sheathed mallet to reduce the grain 
size to less than 1 mm and disaggregate iron oxides and any 
gangue minerals. Magnetite grains were then separated from 
the crushed material by use of a hand magnet wrapped in a 

Fig. 2.  A. Vesicular basalt sample from Hawaii. B. and C. Vesicular magnetite from Laco Norte and Rodados Negros, respec-
tively. Vesicular textures are nearly ubiquitous among the iron oxide deposits at El Laco, along with bomb textures, demon-
strating the volatile rich and fast cooling nature of these samples. Terminal euhedral magnetite tends to line the inner walls 
of vesicles. Scales in (A) and (B) are in centimeters; marker for scale in (C).
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Kimwipe. The separated iron oxides grains were inspected by 
using a binocular microscope at ~40× magnification and only 
the most uniform grains were handpicked. Grain sizes of mag-
netite between ~0.1 and 0.8 mm were selected for hydrogen, 
iron and oxygen isotope analyses. These grains were visually 
estimated to contain ≥95% magnetite for samples from Laco 
Sur, Cristales Grandes, and Rodados Negros. Samples from 
Laco Norte and San Vicente Alto were visually estimated to 
contain <95% magnetite and in some cases were primarily 
hematite and goethite and are referred to as bulk iron oxide 
samples. Figure 4 shows typical iron oxide textures in these 
samples, including magnetite replaced by hematite with goe-
thite filling space between grains at Laco Norte (panel 4A), 
relatively homogeneous magnetite from Rodados Negros and 
Cristales Grandes (panels 4B and 4C), and magnetite inter-
grown with occasional FePO4 replacing apatite at San Vicente 
Alto (panel 4D). Approximately 10, 2 to 3, and 0.5 to 1.5 mg 
of sample were used for hydrogen, oxygen and iron isotope 
analyses, respectively.

Grains selected for iron isotope analysis were further crushed 
to hasten acid digestion by use of an alumina ceramic mortar 
and pestle that were cleaned with ethanol and compressed air 
between samples to avoid contamination. Aliquots of polished 

magnetite and bulk iron oxide grains from all samples were 
inspected at high magnification using backscattered-electron 
(BSE) imaging on a Cameca SX-100 electron probe micro-
analyzer (EPMA) and separately on a JEOL-7800FLV field 
emission-scanning electron microscope (FE-SEM); both in-
struments are located at the University of Michigan Electron 
Microbeam Analysis Lab (EMAL). Magnetite and bulk iron 
oxides from the samples analyzed in the current study were 
also analyzed via EPMA (Ovalle et al., 2018) and LA-ICP-MS 
(La Cruz et al., 2020) to determine their major, minor, and 
trace element contents. 

Oxygen isotopes

Oxygen isotope analyses of iron oxides were conducted at the 
University of Oregon using a laser fluorination line coupled 
with a Thermo-Finnigan MAT 253 gas isotope ratio mass 
spectrometer (IRMS) in dual inlet mode. Iron oxide grains 
(2–3 mg) from each sample were subjected initially to low-
power lasing. Laser power was slowly increased to minimize 
jumping movements of the grains during fluorination with 
BrF5. For samples that did not experience grain jumping, O2 
yields were close to the theoretical 100%. All data were com-
pared to the Gore Mountain garnet (in-house standard, UOG, 

Fig. 3.  Select hand samples from El Laco. A. and C. Hand samples RN-4 and RN-3, respectively, featuring columnar mag-
netite from Rodados Negros with octahedral terminations and oriented diopside in (C). B. Highly vesicular magnetite from 
Laco Sur (LS-1). D. Highly vesicular and oxidized magnetite from San Vicente Alto, similar to samples analyzed in this study. 
Black and white scale bars are 1 cm wide.
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recommended 6.52‰), which was measured before, during, 
and after analysis of iron oxide samples to correct for instru-
mental drift. The average value for standard UOG (δ18OUOG ) 
was 6.50‰ and the average 2σ for UOG for each day of analy-
sis was ~0.27‰ (n = 14), calculated from variance. Individual 
sample analyses typically have 2σ of <0.1‰. Theoretical O2 
yields for magnetite, hematite, and goethite are 8.64, 9.39, and 
11.25 μmol/mg, respectively. Oxygen isotope values are report-
ed relative to the international Vienna Standard Mean Ocean 
Water (VSMOW) and were calculated using equation (1):

δ18Osample (‰) = 
[(18O/16O)measured/(18O/16O)VSMOW – 1] · 1,000.         (1)

The average δ18O and Δ17O of UOG during Δ17O analyses 
were 6.41 ± 0.01‰ and -0.12 ± 0.01‰ (2σ, n = 3), respec-
tively. Capital delta values were calculated using equation (2):

Δ17Osample = δ17Osample  – δ18Osample · 0.5305,            (2)

where 0.5305 is the slope of the reference line for minerals 
formed at high temperatures (Pack et al., 2016). Five sam-

ples from Rodados Negros were analyzed three times and 
averaged.

Triple oxygen isotopes were measured in a single session 
with O2 gas as analyte run against calibrated reference gas, and 
an additional gas chromatographic purification step in a con-
trolled helium flow using a 6-ft-long zeolite column that was 
added to the University of Oregon fluorination line (Bindeman 
et al., 2018). This procedure is needed to minimize potential 
17O contaminants (Pack et al., 2016), such as NF and organics. 
The error in δ18O measurements is ±0.2‰ 1SE when Δ17O is 
also measured; the Δ17O error is ±0.01‰ 1SE. 

Hydrogen isotopes

Hydrogen isotope analyses of iron oxides were also conducted 
at the University of Oregon by using a Thermo Scientific high-
temperature conversion elemental analyzer (TC/EA) with a 
MAT253 gas source IRMS, following the procedure described 
in Bindeman et al. (2012). We used a glassy carbon reactor 
held at 1,450°C and gas chromatographic peak separation, us-
ing continuous He flow and a CONFLOW gas interface. The 

Fig. 4.  Backscattered electron images of typical magnetite textures from El Laco. A. Magnetite (mgt) being replaced by 
hematite (hmt) on outer rims, with goethite (gt) filling space between grains (LN-2). B. Homogeneous magnetite from 
Rodados Negros (RN-1; black area is epoxy). C. Magnetite intergrown with diopside (di) at Cristales Grandes (CG-5). D. 
Magnetite intergrown with FePO4 that has replaced apatite (SVA-1).
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reference materials USGS57 (biotite) and USGS58 (musco-
vite) (Qi et al., 2017) were measured throughout the analytical 
session to account for a range of δ2H values, and were mea-
sured to be –91.0‰ (n = 5, 2σ = 9.7‰) and –28.0‰ (n = 5, 
2σ = 4.7‰), respectively, with calculated wt % H2O contents 
of 3.60 (n = 5, 2σ = 0.11%) and 4.11 (n = 5, 2σ = 0.04%), 
respectively. Water was determined by peak integration of H 
and D areas relative to that of the known NBS30 and USGS57 
micas (nominal H2O = 3.5 wt %). Samples with measured H2O 
contents <0.05 wt % were not used in this study. Results are 
reported relative to VSMOW, calculated using equation (3):

δ2Hsample (‰) = 
[(2H/1H)measured/(2H/1H)VSMOW – 1] · 1,000.             (3)

Iron isotopes

Iron oxide samples were subjected to ion exchange chroma-
tography to isolate Fe for isotopic analysis. Between ~0.5 and 
1.5 mg of each sample was dissolved in aqua regia and dried 
down, dissolved again in 8N HCl, and then loaded into col-
umns of AG1-X8 resin (Biorad, 200–400 mesh) in 8N HCl, 
following the procedure described by Huang et al. (2011). 
Analyses were performed at the Pacific Centre for Isotopic 
and Geochemical Research, University of British Columbia, 
Canada, using a Nu Plasma 1700 multicollector-inductively 
coupled plasma-mass spectrometer (MC-ICP-MS) in dry 
plasma mode with a DSN-100. The large geometry of the in-
strument allowed for complete separation of Ar interferences 
in high resolution. Cr was monitored and 54Fe and measure-
ments were corrected because of isobaric interference with 
54Cr. Each sample was analyzed three to four times, with all 
analyses bracketed by the international standard IRMM-14 
to correct for small changes in mass bias over time. Average 
IRMM-14 measured 0.00‰, (2σ = 0.077, n = 12; Millet et al., 
2012). Iron isotope values (Table 1) are reported relative to 
IRMM-14, calculated by using equation (4):

δ56Fesample (‰) = 
[(56Fe/54Fe)measured/(56Fe/54Fe)IRMM-14 – 1] · 1,000.    (4)

Results

Oxygen isotope compositions

Stable oxygen isotope ratios for magnetite and bulk iron ox-
ide are reported as δ18O and Δ17O in Tables 1 and 2, respec-
tively. The δ18O values (±2σ) range from very low meteoric 
–10.15‰ to normal magmatic +4.49‰. All negative values 
occur in samples from either Laco Norte or San Vicente Alto 
and correspond to a decrease in magnetite abundance and in-
crease in (secondary) hematite and/or goethite, demonstrated 
by significant increase in analytical O2 yields. The δ18O values 
(±2σ) for individual deposits Laco Norte, Laco Sur, Roda-
dos Negros, Cristales Grandes, and San Vicente Alto average 
0.81 ± 9.07 (n = 18), 4.41 ± 0.14 (n = 5), 3.69 ± 0.21 (n = 9), 
3.65 ± 0.71 (n = 5), and –3.77 ± 8.39‰ (n = 5), respectively. 
Five samples from Rodados Negros were analyzed for 16O, 
17O, and 18O, with those data used to calculate Δ17O, yielding 
Δ17O values of –0.13, –0.12, -0.09, –0.07, and –0.07‰. Each 
sample was analyzed three times for 16O, 17O, and 18O, and all 
samples have Δ17O 2σ ≤0.02 except RN2 which is 0.04.

Hydrogen isotope compositions

Stable hydrogen isotope ratios for magnetite and bulk iron ox-
ide are reported as δ2H in Table 1. The δ2H values (±2σ) range 
from –192.8 to –79.9‰ and average –133.0 ± 56.2‰. The 
average δ2H values (±2σ) for individual deposits Laco Norte, 
Laco Sur, Rodados Negros, Cristales Grandes, and San Vicen-
te Alto are –150.9 ± 68.1 (n = 11), –121.4 ± 13.1 (n = 5), –100.0 
± 24.7 (n = 4), –129.8 ± 23.9 (n = 3), and –133.8 ± 14.8‰ 
(n = 5), respectively. Calculated H2O contents (H2Oequiv)  
for Laco Norte, Laco Sur, Rodados Negros, Cristales Grandes, 
and San Vicente Alto average (±2σ) 0.68 ± 1.23 (n = 11), 0.13 
± 0.11 (n = 5), 0.10 ± 0.08 (n = 4), 0.14 ± 0.18 (n = 3), and 
1.06 ± 0.90 wt % (n = 5), respectively, and may originate from 
either fluid inclusions, H within goethite, or both.

Fe isotope compositions

Stable iron isotope ratios for magnetite and bulk iron oxides 
are reported as δ56Fe in Table 1. Reference material UB-N 
was analyzed alongside the samples and yielded a δ56Fe value 
of 0.06 ± 0.1‰ (n = 4), which is in good agreement with pre-
vious studies (e.g., Craddock and Dauphas, 2011). The δ56Fe 
values (±2σ) range from 0.04 ± 0.06 to 0.7 ± 0.03‰ and aver-
age 0.29 ± 0.15‰ (n = 26). The δ56Fe values (±2σ) for indi-
vidual deposits Laco Norte, Laco Sur, Rodados Negros, Cris-
tales Grandes, and San Vicente Alto average 0.27 ± 0.13 (n = 
6), 0.35 ± 0.09 (n = 5), 0.17 ± 0.02 (n = 5), 0.20 ± 0.11 (n = 5), 
and 0.47 ± 0.15‰ (n = 5), respectively.

Discussion

Magmatic and magmatic-hydrothermal δ18O and Δ17O

One of the major issues dividing opinion on the origin of the 
El Laco orebodies is the observation of textures on an outcrop 
scale that are interpreted to be the result of hydrothermal or 
magmatic processes. Rhodes and Oreskes (1999) carried out 
the first comprehensive stable isotope study of samples from 
El Laco with the goal to determine whether or not the magne-
tite-rich orebodies formed by a combination of magmatic and 
hydrothermal metasomatic processes or only by hydrothermal 
metasomatism of andesitic lava flows. Those authors hypoth-
esized that if magnetite in the orebodies formed by crystalliza-
tion from silicate melt and by precipitation from hydrothermal 
fluid, there should be two populations of δ18O values among 
the primary magnetite samples that exhibit textures interpret-
ed to be magmatic and samples that are interpreted to exhibit 
hydrothermal textures. Rhodes and Oreskes (1999) reported 
δ18O values for magnetite and bulk iron oxide (i.e., magnetite 
variably altered to hematite) from surface samples from the 
same five orebodies as the current study, as well as samples 
from San Vicente Bajo and Laquito, and also whole-rock sam-
ples of altered and unaltered andesite host rock from El Laco. 
Their analyses of unaltered samples of both textural types of 
magnetite revealed a very narrow range of δ18O values (i.e., 
mean ±2σ for all samples = 4.1 ± 0.49‰, total range = 1.7‰, 
n = 16), where unaltered is defined as magnetite samples with 
≤6 % hematite. Their data indicate that the δ18O values of 
magmatic- and hydrothermal-textured magnetite statistically 
overlap. Those authors reported that the δ18O values for hema-
tite-bearing iron oxide samples become progressively lighter 
with increasing hematite content, which they interpreted to 
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be the result of later stage interaction of ore-stage magnetite 
with meteoric fluids. Rhodes and Oreskes (1999) concluded 
that both textural types of magnetite, after filtering the data to 
remove hematite-bearing analyses, crystallized from the same 
ore fluid. Those authors also measure the oxygen isotope com-
positions of the whole-rock andesite that hosts the orebodies, 
diopside from altered andesite host rock, apatite separated 
from apatite-magnetite intergrowths from the orebodies, and 
quartz from hydrothermal magnetite-quartz veins. Their re-
ported δ18O values for andesite host rock increase with increas-
ing degree of hydrothermal alteration, and the δ18O values for 
diopside, apatite, and quartz are heavier than expected if those 
minerals crystallized from silicate melt. Rhodes and Oreskes 
(1999) interpreted the δ18O data to indicate that the bulk of 
the magnetite at El Laco precipitated from an 18O-enriched 
hydrothermal fluid that metasomatically replaced andesitic 
lava flows; i.e., magnetite did not crystallize from silicate melt. 
Such metasomatic replacement by an isotopically heavy fluid 
was invoked as the cause of the isotopic enrichment of silicate 
minerals, apatite, and host whole-rock. 

Nyström et al. (2008) sampled magnetite from the same 
orebodies as Rhodes and Oreskes (1999) and reported a mean 
δ18O ± 2σ value of 3.0 ± 1.2‰ and a total range of δ18O values 
from 2.3 to 4.2‰ (n = 14; Fig. 5). Contrary to Rhodes and 
Oreskes (1999), Nyström et al. (2008) reported that, when 
categorized by their respective magmatic and hydrothermal 
textures, the δ18O values for “magmatic” magnetite at San Vi-
cente Bajo yielded a mean δ18O value of 3.7‰ and “hydro-

Table 1.  List of Samples Analyzed from El Laco for O, H, and Fe Isotopes and Respective Measurements

Sample δ18O (‰) µmol/milligram δ2H (‰) H2O (wt %) δ56Fe (‰) 2σ

LN-2 –10.2 9.4 –192.8 2.23 0.31 0.03
LN-3a 3.9 8.3 –126.8 0.37  
LN-3b 4.4 7.4 –116.9 0.05  
LN-5 3.7 8.6 –134.9 0.43  
LN-6a 4.1 7.3 -79.9 0.06  
LN-6b 4.5 8.7  
LN-7 2.3 8.5  
LN-8 1.7 8.5  
LN-9 1.1 9.3 –152.4 0.61 0.43 0.08
LN-10a 2.4 8.5 –156.4 0.76 0.24 0.09
LN-10b 3.9 8.8 –181.1 0.52 0.33 0.04
LN-11a –1.2 8.2  
LN-11b 4.2 6.9  
LN-12 -4.1 9.0 –166.3 0.37  
LN-14a 2.1 8.3 –162.7 0.93 0.26 0.06
LN-14b -4.3 8.9 –189.4 1.18 0.04 0.06
LN-15 4.1 7.7  
LN-B –8.2 9.7  
LS-1 4.5 8.5 –127.4 0.09 0.35 0.04
LS-2a 4.4 7.9 –127.9 0.21 0.28 0.08
LS-2b 4.4 7.9 0.28 0.08
LS-3 4.3 7.0 –111.9 0.15 0.28 0.06
LS-t2 4.4 7.6 –120.2 0.08 0.34 0.06
LS-t5 4.4 7.4 –119.7 0.10 0.51 0.09
SVA-1 –1.0 8.5 –131.4 0.56 0.50 0.03
SVA-2 –8.5 7.7 –145.0 1.37 0.70 0.03
SVA-3 -0.6 9.4 –128.8 1.32 0.44 0.07
SVA-4 -0.5 9.0 –137.2 0.58 0.36 0.06
SVA-t1 –8.2 9.4 –126.7 1.46 0.03 0.06
CG-1 3.7 8.0 0.24 0.1
CG-2 3.9 7.7 0.30 0.02
CG-3 3.0 8.7 –132.4 0.24 0.29 0.05
CG-4 3.9 8.3 –140.3 0.08 0.07 0.07
CG-5 3.7 8.0 –116.8 0.09 0.11 0.02
RN-1 3.8 8.3 –116.9 0.10 0.18 0.03
RN-2   3.6* - -94.6 0.15 0.18 0.02
RN-3 3.8 8.1 –100.5 0.09 0.14 0.03
RN-4 3.7 8.1 0.16 0.07
RN-5 3.5 7.9 –88.0 0.05 0.20 0.05

Notes: Theoretical yields of O2 for magnetite, hematite, and goethite are 8.64, 9.39, and 11.25 µmol/milligram, respectively; blank 
spaces indicate samples that were not analyzed for Fe, O, or H; δ2H and δ18O values are reported relative to VSMOW; individual 
δ18O typically have 2σ <0.1 ‰; δ56Fe is reported relative to IRMM–14; *sample RN-2 value reported from Δ17O analysis in Table 2

Table 2.  Samples from Rodados Negros Analyzed for δ17O and δ18O  
with Calculated Δ17O (eq. 2)

Sample δ17O (‰) δ18O (‰) Δ17O (‰)

RN-1 1.46 2.99 –0.13
RN-2 1.83 3.61 –0.09
RN-3 1.89 3.69 –0.07
RN-4 1.76 3.53 –0.11
RN-5 1.74 3.42 –0.07

Notes: Each sample was analyzed three times and the 2σ is ≤0.06‰ for both 
δ17O and δ18O for each sample
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thermal” magnetite intergrown with pyroxene in veins at Cris-
tales Grandes yielded a mean δ18O value of 2.4‰. Nyström et 
al. (2008) also quantified the modal abundance of hematite in 
their samples, but their data do not reveal the same systematic 
relationship between decreasing δ18O values and increasing 
hematite content as reported by Rhodes and Oreskes (1999). 
Nyström et al. (2008) reported that the range of δ18O values in 
magnetite from “magmatic-textured ore” overlaps the range 
of δ18O values reported for magnetite from igneous rocks (i.e., 
δ18O = 1–4‰; Taylor, 1967, 1968). Nyström et al. (2008) in-
terpreted the small range of δ18O values, which overlap those 
reported by Rhodes and Oreskes (1999), and the statistically 
different mean δ18O values for magmatic- and hydrothermal-
textured magnetite to indicate that all of the orebodies at El 
Laco share a common source. Those authors proposed that 
the magmatic-textured magnetite crystallized from a cool-
ing Fe-rich magma, whereas the slightly lower mean δ18O 
values for hydrothermal-textured vein magnetite at Cristales 
Grandes (as low as 2.3‰) resulted from magnetite growth 
from a magmatic-hydrothermal fluid that exsolved from the 
Fe-rich magma. 

The δ18O values reported in the current study are consis-
tent with those reported in Rhodes and Oreskes (1999) and 
Nyström et al. (2008) (Fig. 5). Collectively, the data indicate 
that magnetite from the El Laco orebodies yield a very narrow 
range of δ18O values when the data set is filtered for samples 
that clearly have been affected by syn- or postmineralization 
alteration; i.e., hematite and/or goethite are present (Figs. 
4a, 5, 6, 7). The δ18O data reported here and in published 
studies overlap δ18O values reported for magnetite from igne-
ous rocks and magmatic-hydrothermal systems (Taylor, 1967, 
1968; Bilenker et al., 2016; Fig. 5). High temperatures of 

mineralization in the El Laco orebodies are also indicated by 
homogenization temperatures above 800°C of primary fluid 
inclusions hosted in clinopyroxene phenocrysts intimately in-
tergrown with magnetite at Laco Sur and Cristales Grandes 
(Broman et al., 1999). Sheets et al. (1997) found that primary 
fluid inclusions in apatite and clinopyroxene contained hema-
tite and anhydrite daughter crystals and have homogenization 
temperatures that cluster in two ranges of 710° to 750° and 
830° to 840°C. Sheets et al. (1997) reported that primary flu-
id inclusions hosted in apatite coeval with magnetite exhibit 
variable phase ratios and salinities from 0.2 to 59 wt % NaCl 
equiv. Those observations suggest trapping of fluid inclusions 
in a boiling system, which is consistent with the range of δ18O 
values (7.1–27.9‰) reported by Rhodes and Oreskes (1999) 
for quartz sampled from hydrothermal magnetite-quartz 
veins. The fluid inclusion data evince that high-temperature 
fluid was present during the formation of the magnetite-rich 
orebodies at El Laco.

The δ18O values discussed above for magnetite ore sam-
ples from El Laco can be used with δ18O values (7.2–7.9‰) 
for unaltered (or least altered) andesite whole rock from 
El Laco reported by Rhodes and Oreskes (1999) to cal-
culate equilibrium temperatures for magnetite-andesite 
pairs. Based on the fractionation factors reported by Zhao 
and Zheng (2003), magnetite will yield δ18O values from 3 
to 5‰ if it crystallized at temperatures between 700° and 
900°C from andesitic melt with the δ18O composition mea-
sured by Rhodes and Oreskes (1999). This predicted range 
of δ18O values for magnetite encompasses the majority of 
unaltered magnetite samples from all five orebodies in the 
current and previous studies of El Laco. By comparison, the 
global range of δ18O values of typical magmatic waters is 5.5 

Fig. 5.  Plot of δ18O values for samples from Laco Norte, Laco Sur, Rodados Negros, Cristales Grandes, and San Vicente Alto, 
and from previous studies. Blue line denotes seawater (0‰), orange band denotes magnetite in equilibrium with MORB 
(2.2–2.6‰), and pink band denotes magnetite in equilibrium with typical continental magmas (~1–5‰; Taylor, 1967, 1968; 
Bindeman 2008).
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to 10‰ (Taylor, 1967, 1968), which could result in magmat-
ic-hydrothermal magnetite with δ18O values between 0 and 
5‰ at 800°C, consistent with the fluid inclusion homoge-
nization temperatures reported by Sheets (1997) and Bro-
man et al. (1999). The predicted δ18O values for magnetite 
and comparison to δ18O values for magnetite from igneous 
and magmatic-hydrothermal systems indicates that the δ18O 
values for magnetite from El Laco overlap δ18O values for 
magnetite crystallized from silicate melt (i.e., magmatic 
magnetite) and magnetite crystallized from magmatic-hy-
drothermal fluid (i.e., magmatic-hydrothermal magnetite). 
Importantly, the range of δ18O values reported for unaltered 
magnetite cannot be used to discriminate between igneous 
and magmatic-hydrothermal magnetite.

In addition to the more traditional δ18O values presented 
in this study, we also measured the abundance of 17O in the 
least altered samples from Rodados Negros and used the cal-
culated Δ17O values (eq. 2) to assess the source reservoir(s) 
for oxygen in the magnetite (Pack et al., 2016; Miller et al., 
2020; Fig. 8). Magnetite samples from Rodados Negros were 
chosen for this analysis based on their narrow ranges of δ56Fe 
and δ18O values and the lack of hematite and goethite. The 
Δ17O values for the samples from Rodados Negros (Table 2), 
when plotted against corresponding δ18O values for the same 
samples, are consistent with the oxygen isotope signature of 
mantle-derived silicate minerals (Pack et al., 2016; Miller et 
al., 2020; Fig. 8). The oxygen isotope data, when plotted in 
Δ17O and δ18O space plot lower than the mantle, do not lie 
along the trend connecting it to the meteoric water line, as 
would be expected if meteoric or basinal fluids had been in-
volved in mineralization. Thus, the sum of the oxygen isotope 
data fingerprint a silicate magma source for oxygen but cannot 
discriminate between a silicate melt or magmatic-hydrother-
mal fluid as the ore fluid and require an additional low Δ17O 

fluid. Our data are very similar to data from the Iranian Yazd 
and Sirjan IOA deposits presented by Peters et al. (2019), who 
suggest ore-fluid interaction with local evaporites may con-
tribute to low Δ17O values. This is a plausible explanation for 
El Laco, since non-marine evaporites are abundant in north-
ern Chile, as pointed out by Rhodes and Oreskes (1999).

Iron isotopes constraints on the source reservoir for the  
El Laco ore fluid

The iron stable isotope system is relatively new as a tool in geo-
logic systems compared to conventional stable isotope systems 
such as δ18O, δ2H, and δ34S (Dauphas et al., 2017 and refer-
ences therein). Iron isotope abundances in iron oxide minerals 
are more resistant to secondary alteration than are the abun-
dances of hydrogen and oxygen (Frost et al., 2007; Weis, 2013; 
Bilenker et al., 2016; Childress et al., 2016, 2020; Troll et al., 
2019), and will only significantly deviate from their original sig-
nature (i.e., to lighter values) via extensive coupled dissolution-
reprecipitation reactions with hydrothermal fluids, as has been 
reported for the Mineville IOA deposit (U.S.A.; Bilenker et al., 
2016) and the Dannemora (Sweden; Weis, 2013) and Chagang-
nuoer (China; Günther et al., 2017) iron skarn deposits (Fig. 
9). The δ56Fe values for magnetite and iron oxide samples from 
the five El Laco orebodies investigated in the current study 
range from 0.04 to 0.70‰, with the greatest variation observed 
among samples from San Vicente Alto (0.15‰, 2σ) and the 
lowest variation among samples from Rodados Negros (0.02‰, 
2σ; Table 1). The δ56Fe values, when plotted against the δ18O 
values for the same samples (Fig. 9) reveal that the majority 
of δ56Fe and δ18O values lie within the established range re-
ported for magnetite that crystallized from silicate melt (i.e, 
magmatic) or magmatic-hydrothermal fluid (cf. Simon et al., 
2018; Troll et al., 2019). The δ56Fe values do not distinguish 
magmatic magnetite from magmatic-hydrothermal magnetite 

Fig. 7.  Plot of δ18O and δ2H from iron oxides from Laco Norte, Laco Sur, 
Rodados Negros, Cristales Grandes, and San Vicente Alto (same legend as 
Fig. 3). Samples show a degassing trend in samples from Laco Sur, Roda-
dos Negros, and Cristales Grandes, and a clear trend from magmatic values 
to meteoric values, where Laco Norte and San Vicente Alto show highest 
degree of alteration of magnetite to goethite, approaching equilibrium with 
modern-day meteorically derived goethite (Waterisotopes, 2018). Magmatic 
range from Taylor (1974). Error bars are smaller than icons.

Fig. 6.  Plot of δ2H and measured H2Oequiv contents of hydrogen in iron oxides 
from Laco Norte, Laco Sur, Rodados Negros, Cristales Grandes, and San 
Vicente Alto (same legend as Fig. 3). Samples analyzed from these deposits 
show a clear trend from magmatic values, with increasing meteoric alteration 
where Laco Norte and San Vicente Alto show the highest degree of alteration 
of magnetite to goethite, incorporating more meteoric H. Magmatic range 
from Taylor and Epstein (1966). Precision on data points at H2O <0.15 wt % 
is likely ±20‰.
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but do fingerprint a silicate magma source for iron in the El 
Laco orebodies, consistent with the δ18O and Δ17O discussed 
above. Importantly, the iron and oxygen stable isotope data ex-
clude meteoric and basinal fluids as the primary ore-forming 
fluid in the El Laco system (Bilenker et al., 2016; Simon et al., 
2018; Troll et al., 2019). 

Hydrogen and oxygen isotopes constrain meteoric water 
alteration of magnetite 

The occurrence of hematite and goethite in magnetite from 
the El Laco orebodies has been interpreted to reflect hydro-
thermal alteration of magnetite by meteoric waters. Rhodes 
et al. (1997, 1999), and Rhodes and Oreskes (1999) suggest 
that the orebodies themselves could be the result of metaso-
matic replacement of andesite lava flows by Fe-rich basinal 
brines or perhaps fluids from nearby saline lakes or buried 
evaporites in accordance with the evaporite fluid source 
model of Barton and Johnson (1996). To test both of these 
hypotheses, we measured 1H and 2H abundances in magne-
tite and iron oxide samples from all five orebodies and report 
the first δ2H data for magnetite and iron oxides from El Laco 
(Table 1). Hydrogen in magnetite may be present in fluid in-
clusions, hydrogen in goethite (FeO(OH)), or a combination 
of both. The analyzed samples yield δ2H values that range 
from –193 to –80‰ (Table 1; n = 28), where Laco Norte ex-
hibits the greatest range (140‰) and samples from the other 
four orebodies yield smaller ranges (≤29‰). The δ2H values 
for typical magmatic waters range from about –40 to –0‰ 
(Taylor, 1974; Dixon et al., 2017) and δ2H and δ18O values 
for local, modern meteoric waters range from about –106 
to –70.5 and –15.1 to –12.8‰, respectively (Waterisotopes 
Database, 2018), where lighter values correspond to higher 
elevation. For reference, goethite in equilibrium with the 
isotopically lightest modern meteoric waters will yield δ2H 

and δ18O values of –211 and –15.4‰ at 25oC, respectively 
(Yapp and Pedley, 1985; Müller, 1995). Magnetite and iron 
oxide samples from Laco Norte and San Vicente Alto yield 
δ2H and δ18O values that become progressively lighter with 
increasing modal abundance of goethite (Fig. 7), which is ex-
pected if goethite is the result of meteoric water alteration 
of magnetite. The latter is corroborated by the systematic in-
crease of the measured H2O equiv content of samples from 
Laco Norte and San Vicente Alto (Fig. 6), with a maximum 
of 2.2% H2O equiv (pure goethite = ~10% H2O equiv) cor-
responding to the lightest δ2H and δ18O values in this study 
(sample LN-2 from Laco Norte) in the most altered samples 
from Laco Norte. 

For magnetite samples from Laco Sur, Rodados Negros, 
and Cristales Grandes, δ2H values range from –88 to –140‰ 
as δ18O values vary from 3.5 to 4.5‰. This observation re-
quires a process that causes a much larger fractionation of 
hydrogen isotopes compared to oxygen isotopes. The oxygen 
and iron stable isotopes discussed above fingerprint a silicate 
magma as the source of both of those elements in magnetite 
in the El Laco orebodies. In silicate magmas, saturation of sili-
cate melt with a magmatic-hydrothermal volatile phase results 
in strong fractionation of 2H into the vapor phase, and open-
system degassing decreases the δ2H value of the residual sili-
cate melt (Taylor et al., 1983; Hedenquist and Lowenstern, 
1994). The δ2H values of fluid inclusions trapped in magnetite 
that crystallizes from a silicate melt experiencing open-system 
degassing will become progressively more negative. Consid-
ering that the effect of volatile loss on oxygen isotope frac-
tionation in a silicate magma is very small relative to its effect 
on hydrogen isotope fractionation (Hedenquist and Lowen-
stern, 1994), the δ18O values for magnetite crystallized from 
a degassing melt will exhibit a much smaller range relative to 
δ2H. Thus, the δ2H and δ18O data for magnetite from Laco 

Fig. 9.  Plot of δ18O and δ56Fe from iron oxides from Laco Norte, Laco Sur, 
Rodados Negros, Cristales Grandes, and San Vicente Alto (same legend as Fig. 
3). The majority of samples from this study plot within the magmatic range, 
similar to the Los Colorados deposit (Bilenker et al. 2016). Laco Norte and 
San Vicente Alto trend toward lower δ18O values, indicating higher degrees of 
alteration. Low-temperature and dissolution-reprecipitation-derived magne-
tite will commonly exhibit low δ56Fe values. Magmatic range and additional 
data from Taylor (1974), Weis (2013), and Bilenker et al. (2016, 2017).

Fig. 8.  Plot of δ18O and Δ17O for magnetite from Rodados Negros from 
this study. Blue dot denotes average value of seawater, blue line is the 
meteoric water line, and the red box is typical mantle silicate values as 
measured by  Pack et al. (2016) and Miller et al. (2020). Samples analyzed 
from Rodados Negros clearly exhibit magmatic values with an unknown 
low-Δ17O influence. Ore-fluid interaction with low-Δ17O local non-marine 
evaporites offers a plausible explanation, as originally suggested by Rhodes 
and Oreskes (1999).
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Sur, Rodados Negros, and Cristales Grande can plausibly be 
explained by magnetite crystallization in an open-system de-
gassing silicate magma. Another plausible explanation for the 
large range of δ2H values for magnetite at nearly constant δ18O 
values is crystallization of magnetite from hydrothermal fluid 
that experiences phase separation (i.e., boiling) and loss of a 
vapor during decompression. Horita and Wesolowski (1994) 
reported that 2H preferentially partitions into the vapor dur-
ing boiling above 250°C, whereas the δ18O value of liquid and 
vapor are almost identical above 250°C. In that scenario, the 
δ2H values of magnetite that crystallizes from a boiling aque-
ous liquid that is boiling will progressively decrease at nearly 
constant δ18O. At El Laco, Rhodes and Oreskes (1999) re-
ported that boiling is a plausible explanation for the range of 
δ18O values for hydrothermal quartz, and Sheets et al. (1997) 
invoked boiling to explain the range of salinities and phase 
ratios in fluid inclusions trapped in apatite and clinopyroxene 
coeval with magnetite in the El Laco orebodies. We suggest 
that rather than distinguishing between a purely magmatic 
and purely hydrothermal origin for the magnetite-rich ore-
bodies at El Laco, which cannot be done with the δ2H, δ18O, 
and δ56Fe data presented in the current and published stud-
ies, a unifying genetic model that combines magmatic and 
magmatic-hydrothermal processes is necessary. We present 
and discuss such a model below, but first used the oxygen iso-
tope data presented here and in published studies to evaluate 
the hypothesis that the El Laco orebodies formed by liquid 
immiscibility.

Testing the liquid immiscibility hypothesis

One of the proposed genetic models for the formation of El 
Laco and other IOA deposits invokes unmixing of a silicate 
melt into immiscible Fe-P-rich, Si-poor melt and conjugate 
Fe-poor, Si-rich melt (Philpotts, 1967; Naslund et al., 2002; 
Tornos et al., 2016; Velasco et al., 2016; Hou et al. 2018). Pro-
ponents of the liquid immiscibility model cite the presence 
of what are interpreted to be Fe- and P-rich globules hosted 
exclusively in silicate melt inclusions within pyroxene and pla-
gioclase phenocrysts in the andesite host rocks (Naslund et al., 
2009; Tornos et al., 2016; Velasco et al., 2016). Tornos et al. 
(2016) reported stable δ18O values for the andesite host (7.4–
9.6‰), stratabound magnetite from Laco Sur (4.3–5.0‰), 
and magnetite from a diopside-magnetite-anhydrite vein 
(4.4–6.7‰; Fig. 5). The δ18O values reported by those authors 
generally agree with data reported in the current study as well 
as Rhodes and Oreskes (1999) and Nyström et al. (2008), with 
the exception of heavier δ18O values in magnetite from the 
diopside-magnetite-anhydrite vein. Tornos et al. (2016) used 
δ18O values of coexisting magnetite and diopside from a vein 
that crosscuts the host andesite to calculate a temperature 
range of 900° to 1,300°C, with most calculated temperatures 
in the range 900° to 1,125°C, based on the diposide-magnetite 
geothermometer of Matthews et al. (1983). A temperature of 
1,300°C is hotter than any known shallow-level crustal igneous 
system except for the eruption of ultramafic lavas known as 
komatiites that erupted predominantly in the Proterozoic and 
Archean (Condie et al., 2016). Tornos et al. (2016) pointed out 
that experimental studies demonstrate that water-saturated 
andesite melt at low pressure crystallizes over the temperature 
range 1,030° to 950°C (Moore and Carmichael, 1998; Blundy 

et al., 2006), and that the δ18O values they determined for 
magnetite and host andesite from El Laco are consistent with 
magnetite that crystallized in equilibrium with andesite melt 
over a temperature range of 650° to 1,350°C. The liquid im-
miscibility hypothesis that invokes crystallization of the mag-
netite-rich orebodies from an Fe- and P-rich liquid in equi-
librium with host andesite at El Laco can be tested directly 
by using experimental data that constrain the partitioning of 
O isotopes between immiscible Si- and Fe-rich melts over the 
temperature range at which andesites crystallize.	

Kyser et al. (1998) demonstrated experimentally at 1,180°C 
and 0.1 MPa that O isotopes only slightly fractionate between 
Si-rich melt and conjugate Fe-rich melt that form by unmix-
ing of an initial silicate melt in the Fe2SiO4-KAlSi2O6-SiO2 
system. Those authors report a Δ18O value, which is defined 
as δ18OSi-rich-melt- δ18OFe-rich-melt, of 0.5 to 0.6‰. Lester et al. 
(2013b) performed experiments at 1,100° to 1,200°C to quan-
tify O isotope fractionation between Si- and Fe-rich melts and 
reported Δ18O values that vary between ~0.0 and 0.5‰, in 
agreement with the values reported by Kyser et al. (1998). 
These experimentally constrained fractionation factors for O 
isotopes in Si-rich and conjugate Fe-rich melts indicate that 
the iron oxide orebodies at El Laco should yield δ18O values of 
~7 to 9‰ if the orebodies crystallized from Fe-rich melt that 
had been in equilibrium with andesite host rocks, even when 
projected to lower temperatures. However, unaltered magne-
tite at El Laco yields δ18O values of ~3.5 to 5‰, as reported in 
the current study as well as in Rhodes and Oreskes (1999) and 
Tornos et al. (2016). The δ18O values for magnetite at El Laco 
are entirely consistent with the range of typical igneous and 
magmatic-hydrothermal magnetite (cf. Taylor, 1967; Loewen 
and Bindeman, 2016; Fig. 5).

Lester et al. (2013a) performed experiments in the sys-
tems Fe2SiO4-Fe3O4-KAlSi2O6-SiO2, Fe3O4-KAlSi2O6-SiO2, 
and Fe3O4-Fe2O3-KAlSi2O6-SiO2 at temperatures of 1,075° 
to 1,200°C at 200 MPa and oxygen fugacities (ƒO2

) within 
the magnetite stability field to assess the possible effects of 
H2O alone or H2O in combination with P, S, F, and Cl on liq-
uid immiscibility. Importantly, the authors added 10% H2O 
by mass to their experiments and did not measure the H2O 
content of the quenched immiscible Si- and Fe-rich liquids. 
The authors did quantify and report that P, S, and Cl parti-
tion preferentially into the Fe-rich immiscible liquid, with 
P and S strongly preferring the Fe-rich melt and F showing 
equal preference for the Fe- and Si-rich melts. Their results 
indicate that the addition of H2O along with P, S, and F (not 
Cl) decreases the temperature at which liquid immiscibil-
ity occurs and expands the compositional ranges of the two-
liquid field. On the contrary, the addition of only H2O and Cl 
resulted in formation of a single melt at all conditions except 
one experiment at 1,200°C. Lester et al. (2013b) reported 
that the addition of only H2O and Cl increases the activity of 
Si in the melt, hence the temperature of the silicate mineral 
saturation surface, which prevents unmixing of the silicate 
liquid. Based on their experimental results for a hydrous as-
semblage and the experimental results of Naslund (1983) for 
anhydrous assemblages, liquid immiscibility is not expected 
to occur below temperatures of ~1,075°C at ƒO2

 of MH or 
~1,100°C at ƒO2

 NNO and, critically, is not expected to occur 
in systems with H2O + Cl.
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Broman et al. (1999) reported data for fluid inclusions 
hosted in pyroxene intergrown with magnetite at Laco Sur 
and from a vein crosscutting ore breccia in a dike-vein sys-
tem at Cristales Grandes that reveal the ore-associated fluids 
(interpreted by those authors as having exsolved from the 
Fe magma after emplacement and crystallization) are Na-K 
chloride rich and contain anhydrite daughter crystals. They 
refer to the inclusions as “hydrous saline melt” and report 
that the inclusions homogenize at >800°C. Broman et al. 
(1999) interpreted the presence of the Na-K-Cl inclusions 
as evidence for exsolution of a hydrous saline melt from a 
decompressing magma, consistent with the studies of Cline 
and Bodnar (1991) and Webster (1997). In light of the ex-
perimental study of Lester et al. (2013b) described above, 
the Cl-rich nature of the inclusions seems inconsistent with 
the liquid immiscibility hypothesis.

Most recently, Hou et al. (2018) used Raman spectroscopy 
to measure the H2O concentration of experimentally pro-
duced conjugate Fe- and Si-rich melts in a Cl-free SiO2- TiO2-
Al2O3-Fe2O3-FeO-MnO-MgO-CaF2 assemblage. Hou et al. 
(2018) reported that H2O preferentially partitions into the Si-
rich melt, with Si-melt/Fe-melt partition coefficients that vary 
from 1.4 to- 2.5. This finding demonstrates that even if liquid 
immiscibility did occur in a Cl-rich system, which is the oppo-
site of what Lester et al. (2013b) determined experimentally, 
the addition of H2O to the Si-rich melt will lower its bulk den-
sity relative to its conjugate Fe-rich melt such that the Fe-rich 
melt gravitationally sinks and the Si-rich melt buoyantly as-
cends. The liquid immiscibility hypothesis invoked by Tornos 
et al. (2016) to explain the eruption of Fe-rich magma at El 
Laco requires H2O to partition preferentially into the Fe-rich 
melt during liquid-liquid unmixing, such that the Fe-rich melt 
is less dense than its conjugate Si-rich melt and can ascend 
buoyantly from the source magma. Thus, the experimental 
results of Hou et al. (2018) falsify the liquid immiscibility hy-
pothesis as proposed by Tornos et al. (2016).

In summary, the experimental data that constrain the parti-
tioning of oxygen isotopes between conjugate Fe- and Si-rich 
melts demonstrate that liquid immiscibility does not occur in 
H2O + Cl-bearing silicate melts and appears to disallow liquid 
immiscibility as a plausible explanation for mineralization at 
El Laco.

The origin of the El Laco magnetite-rich orebodies 	

The δ56Fe, δ18O, and Δ17O stable isotope data presented in 
this paper fingerprint a silicate magma as the source of oxygen 
and iron in magnetite in the El Laco orebodies. As discussed 
above, the δ56Fe and δ18O values for unaltered magnetite from 
the El Laco orebodies overlap values for magnetite from ig-
neous rocks and magmatic-hydrothermal systems. The over-
lap of stable isotope values for magmatic- and hydrothermal-
textured magnetite indicates that the data cannot be used to 
discriminate magnetite that crystallized from silicate melt 
from magnetite that crystallized from magmatic-hydrothermal 
fluid. Published fluid inclusion data indicate that chlorine-rich 
high-temperature fluids, i.e., >700°C, were involved in the 
genesis of the orebodies (Sheets et al., 1997; Broman et al., 
1999). Studies of magnetite chemistry from outcrop and drill 
core samples reveal that the trace element concentrations of 
magnetite systematically increase with depth in the orebodies, 

where magnetite from deep samples has igneous-like compo-
sitions, and magnetite at intermediate to shallow depths has 
compositions that overlap magmatic-hydrothermal magnetite 
(Ovalle et al., 2018; La Cruz, 2020). For example, the con-
centration of titanium in magnetite systematically increases 
from about 0.2 wt % in surface samples to ~0.76 wt % at 188-
m depth, and titanomagnetite crystals at 188 m exhibit triple 
junctions and trellis-textured ilmenite exsolution lamellae that 
are hallmark characteristics for igneous magnetite equilibrated 
with magmatic-hydrothermal fluid (Ovalle et al., 2018).  

Ovalle et al. (2018) proposed a new genetic model for the 
El Laco orebodies that explains the systematic variability of 
trace element concentrations in unaltered magnetite, the 
near-magmatic to magmatic fluid inclusion homogenization 
temperatures, and the observation of magmatic- and hydro-
thermal-textured magnetite. Ovalle et al. (2018) propose 
that the El Laco orebodies form by a combination of igne-
ous and magmatic-hydrothermal processes (Fig. 10), wherein 
the igneous-like (Ti-rich) magnetite at intermediate to deep 
levels of the orebodies crystallized from silicate melt. As 
demonstrated experimentally and by thermodynamic model-
ing (Knipping et al., 2019b), magnetite is the liquidus phase 
in oxidized, water-rich andesitic magma. Volatile saturation 
of magnetite-saturated andesitic melt results in magmatic-
hydrothermal fluid bubbles that nucleate preferentially on 
magnetite crystal faces that have diameters on the order of 
tens to a few hundred microns (Hurwitz and Navon, 1994; 
Knipping et al., 2019b). Iron and chlorine efficiently partition 
from silicate melt to magmatic-hydrothermal fluid as FeCl2, 
and iron is the most abundant cation in said fluid, obtain-
ing concentrations of tens of wt % Fe (Simon et al., 2004; 
Bell and Simon, 2011). Rapid decompression of the magma 
during, for example, collapse of the El Laco volcano edi-
fice, results in the formation of a magnetite-fluid suspension 
that behaves as a discrete phase within the magma chamber 
(Knipping et al., 2019b). The magnetite-fluid suspension has 
a lower bulk density than the surrounding magma as long as 
the volume fraction of magnetite microlites is less than 37% 
(Knipping et al., 2015a) and will buoyantly ascend through 
the magma during edifice collapse. Geologically instanta-
neous destabilization of a magma body during edifice col-
lapse results in rapid transport (5–20 m/s) through hydraulic 
fractures that evolve in a ductile crystal-mush regime (Haut-
mann et al., 2014), wherein high-flux permeable channels be-
come well developed with increasing crystallinity (cf. Hersum  
et al., 2005).

Rapid ascent of the magnetite-fluid suspension and hydrau-
lic injection of the magnetite-rich suspension through fissures 
formed during edifice collapse, will form large hydrothermal 
breccia bodies characterized by a matrix of an aggregate of pri-
mary igneous magnetite (Ovalle et al., 2018). Hydrothermal-
textured magnetite will precipitate from the ascending and 
surface-venting iron-rich magmatic-hydrothermal fluid owing 
to the decrease of magnetite solubility with decompression 
and cooling. During decompression, the magmatic-hydro-
thermal fluid will boil, which explains the progressively lighter 
δ2H values of unaltered magnetite at the nearly constant δ18O 
values reported here, as well as the range of δ18O values re-
ported for hydrothermal quartz (Rhodes and Oreskes, 1999), 
and the range of salinities and phase ratios in fluid inclusions 
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trapped in apatite and clinopyroxene coeval with magnetite in 
the orebodies. Boiling of the magnetite-fluid suspension dur-
ing rapid emplacement and surface venting also explains the 
presence of cavities and gas escape tubes in surface outcrops 
originally described by Park (1961). The presence of clinopy-
roxene that contains primary fluid inclusions with homogeni-
zation temperatures >800°C is consistent with the presence 

of igneous clinopyroxene as a modally minor phase in the 
original igneous magnetite-fluid suspension. This is consistent 
with the experimental study of Pleše et al. (2018) who demon-
strated that clinopyroxene is wetted by magmatic-hydrother-
mal fluid that exsolves from andesitic melt during decompres-
sion. Pleše et al. (2018) reported that heterogeneous bubble 
nucleation on igneous clinopyroxene crystals in andesitic melt 

Fig. 10.  Schematic illustration of the genetic model proposed by Ovalle et al. (2018) for the formation of the El Laco orebod-
ies. (A). Igneous magnetite crystallizes from andesitic melt in a magma reservoir, followed by (B) exsolution of an iron-rich 
magmatic-hydrothermal fluid that nucleates on igneous magnetite (mgt) microlites, forming a magnetite-fluid suspension 
that (C) buoyantly coalesces and ascends to form a magnetite-fluid suspension that accumulates at the top magma chamber. 
Collapse of the volcanic edifice causes the magnetite-fluid suspension to experience rapid decompression during ascent, 
emplacement, and surface-venting along permeable structures within the magma chamber and in the superjacent crust (C). 
Experimental observations demonstrate that igneous magnetite is wetted by a magmatic-hydrothermal fluid that exsolves 
from andesitic melt (D), and that the resulting magnetite-fluid suspension coalesces and ascends buoyantly through the 
magma during decompression. (E) through (I) show the formation of a magnetite-fluid layer that forms at the top of andes-
itic magma after decompression from 250 to 150 MPa at a constant temperature of 1,050°C and oxygen fugacity of ~NNO 
+ 3. (G). Magnetite-fluid layer quenched immediately after decompression, (H) after holding the experiment for 3 h after 
decompression, and (I) after holding the experiment for 72 h after decompression. Modified from Knipping et al. (2019b).

A) B) C)

D) E) F)

G) H) I)
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may influence permeability development within magma and 
promote explosive volcanic eruptions. The presence in apa-
tite, which is coeval with magnetite in the orebodies, of pri-
mary fluid inclusions with homogenization temperatures that 
cluster in the ranges 710° to 750° and 830° to 840°C is con-
sistent with apatite growth from silicate melt and magmatic-
hydrothermal fluid. Hurwitz and Navon (1994) demonstrated 
experimentally that apatite is wetted by magmatic-hydrother-
mal fluid as it exsolves from silicate melt, as has been demon-
strated experimentally for magnetite (Knipping et al., 2019b) 
and clinopyroxene (Pleše et al., 2018). Apatite is a modally 
minor phase in the El Laco orebodies, which contain <1 wt % 
P2O5. Apatite grains with primary fluid inclusions trapped at 
temperatures >800°C are consistent with crystallization from 
fluid-saturated silicate melt, and apatite grains with fluid in-
clusions trapped at temperatures below the andesite solidus 
are consistent with crystallization from magmatic-hydrother-
mal fluid. Phosphorus is highly mobile in magmatic-hydro-
thermal fluid, with fluid/silicate melt partition coefficients for 
phosphorus ranging from 2 to 6 (Zajacz et al., 2008). Thus, 
growth of apatite from the magmatic-hydrothermal fluid dur-
ing rapid decompression and boiling of the fluid would re-
sult in the fluid inclusion behavior reported by Sheets et al. 
(1997) and the growth of fluorapatite at high temperature as 
reported by La Cruz et al. (2020). Growth of magnetite from a 
cooling magmatic-hydrothermal fluid explains the systematic 
decrease in trace element concentrations in magnetite over 
several hundred vertical meters in the orebodies (Ovalle et al., 
2018; La Cruz et al., 2020). This would also explain why hy-
drothermal textures are observed in the near-surface environ-
ment at El Laco, whereas the igneous textures of unaltered 
magnetite observed in drill core are consistent with shallow 
emplacement of a magnetite-bearing magmatic-hydrothermal 
fluid. In this case, the titanomagnetite would have crystallized 
from silicate melt in the parent magma chamber that evolved 
the magmatic-hydrothermal ore fluid. The well-developed 
trellis- and sandwich-textured ilmenite oxyexsolution lamel-
lae observed in magnetite samples in drill core from inter-
mediate to deeper levels of the orebodies are consistent with 
the genetic model proposed by Ovalle et al. (2018). The oxy-
exsolved ilmenite results from oxidation of titanomagnetite 
during cooling at temperatures above 600°C (Lindsley, 1962, 
1963, 1991; Buddington and Lindsley, 1964; Haggerty, 1976, 
1991; Tucker and O'Reilly, 1980). Oxidation of primary, mag-
matic titanomagnetite at high temperature—when diffusion 
rates are high—in the presence of a fluid phase also explains 
the formation of interstitial ilmenite reported by Ovalle et al. 
(2018). The presence of triple junctions among magnetite 
grains at El Laco plausibly reflects equilibration of magne-
tite with interstitial high-temperature ore fluid during or after 
emplacement, which also explains the presence of monazite, 
thorite, and Nb oxide inclusions in magnetite, monazite inclu-
sions in apatite, and magnetite octahedra observed growing 
from the walls of cavities and gas escape tubes. The genetic 
model of Ovalle et al. (2018) predicts that magnetite in the El 
Laco orebodies should have δ18O and δ56Fe values consistent 
with growth from silicate melt and magmatic-hydrothermal 
fluid, as reported here and in published studies. The presence 
of sulfide-bearing magnetite-diopside-scapolite veins and late 
veinlets of gypsum-magnetite-pyrite that crosscut the main 

breccia bodies at depth (Ovalle et al., 2018) and the advanced 
argillic alteration at the surface (Sillitoe and Burrows, 2002) 
are explained by circulation and cooling of the interstitial 
magmatic-hydrothermal fluid after emplacement and forma-
tion of the massive magnetite-rich orebodies.

Conclusions
Iron and oxygen (including 17O) stable isotope abundances in 
magnetite from the El Laco IOA deposit in northern Chile 
fingerprint a silicate magma as the source of those elements. 
Hydrogen and triple oxygen isotopes in magnetite in some 
samples from the Laco Norte and San Vicente Alto orebodies 
reveal alteration by meteoric water, consistent with increasing 
abundances of goethite and measured H2O contents in sam-
ples with lighter δ18O and δ2H values. The δ18O values in un-
altered magnetite samples from Laco Sur, Cristales Grandes, 
and Rodados Negros overlap δ18O values for igneous and 
magmatic-hydrothermal magnetite. The Δ17O values for unal-
tered magnetite samples from Rodados Negros are consistent 
with mantle-derived oxygen. The δ56Fe values of unaltered 
magnetite from all five orebodies sampled in this study over-
lap with purely igneous magnetite δ56Fe values and magne-
tite from other IOA deposits, such as the Los Colorados and 
Mariela (Ignacia) deposits in Chile, Pea Ridge and Pilot Knob 
in the United States, and Kiruna and Grängesberg in Swe-
den. Importantly, the δ56Fe values preserve original, ore-stage 
values even in bulk iron oxide samples that contain hematite 
and goethite, where δ18O and δ2H values of the latter finger-
print alteration by meteoric water. While we emphasize that 
we were unable to sample the two deposits thought to mostly 
likely represent metasomatic replacement, San Vicente Bajo 
and Laquito, the stable isotope data presented here from five 
of the six major orebodies are consistent with the combined 
magmatic/magmatic-hydrothermal model proposed by Ovalle 
et al. (2018) to explain the magmatic and hydrothermal chem-
istry and textures of magnetite at El Laco. The stable isotope 
data presented here, when combined with published trace el-
ement and fluid inclusion data for samples from the El Laco 
orebodies, preclude the possibility that the ore fluids and iron 
responsible for mineralization at El Laco were derived from 
a nonmagmatic source. The stable oxygen isotope data also 
preclude formation of the magnetite-rich orebodies via liq-
uid immiscibility. Future isotopic studies should focus on in 
situ studies of statistically significant populations of individual 
magnetite grains in order to assess isotopic fractionation be-
tween magmatic and hydrothermal magnetite, and/or frac-
tionation related to the thermal gradient from depth to sur-
face, and to assess and contextualize evidence of metasomatic 
replacement by iron oxides.
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