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SCIENTIFIC COMMUNICATIONS
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Abstract

Iron oxide-apatite (IOA) deposits, also known as magnetite-apatite or Kiruna-type deposits, are a major source
of iron and potentially of rare earth elements and phosphorus. To date, the youngest representative of this group
is the Pleistocene (~2 Ma) El Laco deposit, located in the Andean Cordillera of northern Chile. El Laco is con-
sidered a unique type of IOA deposit because of its young age and its volcanic-like features. Here we report the
occurrence of similarly young IOA-type mineralization hosted within the Laguna del Maule Volcanic Complex,
an unusually large and recent silicic volcanic system in the south-central Andes. We combined field observations
and aerial drone images with detailed petrographic observations, electron microprobe analysis (EMPA), and
40Ar/3Ar dating to characterize the magnetite mineralization—named here “Vetas del Maule”—hosted within
andesites of the now extinct La Zorra volcano (*'Ar/*Ar plateau age of 1.013 = 0.028 Ma). Five different styles
of magnetite mineralization were identified: (1) massive magnetite, (2) pyroxene-actinolite-magnetite veins,
(3) magnetite hydrothermal breccias, (4) disseminated magnetite, and (5) pyroxene-actinolite veins with minor
magnetite. Field observations and aerial drone imaging, coupled with microtextural and microanalytical data,
suggest a predominantly hydrothermal origin for the different types of mineralization. Ar/9Ar incremental
heating of phlogopite associated with the magnetite mineralization yielded a plateau age of 873.6 = 30.3 ka,
confirming that the emplacement of Vetas del Maule postdated that of the host andesite rocks. Our data support
the hypothesis that the magnetite mineralization formed in a volcanic setting from Fe-rich fluids exsolved from
amagma at depth. Ultimately, Vetas del Maule provides evidence that volcanic-related IOA mineralization may
be more common than previously thought, opening new opportunities of research and exploration for this ore
deposit type in active volcanic arcs.
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gall et al., 2018; Bain et al., 2020, 2021; Keller et al., 2022).
Other authors have favored models that involve magnetite
precipitation from Fe-rich and hypersaline magmatic-hydro-
thermal fluids sourced from subvolcanic intrusions (Hitzman
et al., 1992; Rhodes and Oreskes, 1999; Sillitoe and Burrows,
2002; Barton and Johnson, 2004; Barton, 2014; Dare et al.,
2015; Knipping et al., 2015a, b; Ovalle et al., 2018, 2022; Si-
mon et al., 2018; Zhao et al., 2024). Regardless of the specific
ore-forming mechanisms, all formation models invoke pro-
cesses operating in an upper crustal environment, typically
in extensional settings within a subduction context (Reich et
al., 2022).

During the last decade, several studies have focused on IOA
deposits located within the Coastal Cordillera and the Andes
of northern Chile (Simon et al., 2018; Reich et al., 2022, and
references therein). Palma et al. (2020, 2021) concluded that
IOA deposits within this province can be classified into sub-
types based on their geologic occurrence, mineralogical/geo-
chemical features, and formation conditions. IOA subtypes
range from deep magmatic-hydrothermal deposits (Los Colo-
rados) to more transitional examples where hydrothermal
signatures are dominant (e.g., EI Romeral and Cerro Negro
Norte). Pegmatitic-like, apatite-rich (>40% modal) systems,
such as the Carmen, Fresia, and Mariela deposits and the sub-
volcanic/aerial deposit of El Laco, would represent shallow
examples of this deposit class (Ovalle et al., 2018; Palma et
al., 2019, 2020, 2021; Childress et al., 2020; La Cruz et al.,
2020). The youngest IOA deposit reported so far is El Laco
(~2 Ma), located in the Altiplano-Puna region of the Chilean
Andes. El Laco is apparently a unique case because of its vol-
canic features resembling magnetite lava flows and because of
its location within the Andean Cordillera (Nystrém and Hen-
riquez, 1994; Sillitoe and Burrows, 2002; Naranjo et al., 2010;
Tornos et al., 2016, 2024; Velasco et al., 2016; Ovalle et al.,
2018, 2022, 2023).

In this study, we report the occurrence of a <1.0 Ma IOA-
type mineralization—named here Vetas del Maule (translated
“Veins of Maule”)—hosted within the Laguna del Maule Vol-
canic Complex in the Andes of south-central Chile (35°59'S,
70°25'30"W) (Fig. 1). The Laguna del Maule Volcanic Com-
plex encompasses an area of 500 km?2 around a 15- x 20-km
volcanic caldera, whose formation marks the beginning of
volcanic activity around 1.5 m.y. ago (Hildreth et al., 2010).
Intense volcanism has occurred since then, with an estimate
of at least 50 eruptions and the formation of dozens of lava
domes (Hildreth et al., 2010; Andersen et al., 2017). The Vetas
del Maule magnetite mineralization is hosted within andesitic
lavas of the La Zorra volcano, which has been dated at 1.013
+ 0.028 Ma (*Ar/*Ar plateau age, Hildreth et al., 2010). As
such, this occurrence provides the opportunity to investigate
one of the world’s youngest examples of IOA-type mineral-
ization in an active volcanic arc. Here we aim to document
the occurrence of IOA-type mineralization in this segment of
the Andean Cordillera and unravel the geologic and physi-
cochemical conditions of magnetite formation. To achieve
this goal, we carried out field observations and aerial drone
imaging, followed by a detailed petrographic characteriza-
tion of the different magnetite occurrences using polarized-
light microscopy and scanning electron microscopy (SEM).
In addition, we performed electron microprobe analyses

(EMPA) and collected wavelength-dispersive spectrometry
(WDS) elemental maps of magnetite. These data were used
to characterize each magnetite type and to obtain information
about formation conditions. Finally, we constrained the age
of magnetite mineralization by means of “Ar/%Ar dating of
paragenetically related phlogopite. The new data are used to
propose a genetic model for the Vetas del Maule magnetite
mineralization, which highlights the link between volcanic
processes and iron mineralization in active arcs.

Geologic Setting

The Laguna del Maule Volcanic Complex is located within
the Transitional Southern volcanic zone in south-central
Chile (34°30'-37°S) (Fig. 1A). The geotectonic configura-
tion is defined by a dextral-oblique convergence between the
South American and Nazca plates, with a convergence rate
of 7 to 9 cm/yr that has been relatively constant during the
last 20 m.y. (Pardo-Casas and Molnar, 1987; Hildreth and
Moorbath, 1988). The Transitional Southern volcanic zone is
characterized by an average crustal thickness of ~35 to 40 km,
reaching up to 40 to 50 km below the Laguna del Maule Vol-
canic Complex (Hildreth and Moorbath, 1988; Hildreth et al.,
2010). Cenozoic rocks crop out in the western flank of the An-
des Cordillera, corresponding mainly to volcano-sedimentary
and volcanic units that cover Mesozoic marine and continen-
tal sedimentary formations (Hildreth et al., 2010) (Fig. 1A).

The Laguna del Maule Volcanic Complex constitutes the
largest volume of postglacial rhyolites in the Andes (~40 km?),
formed during recent explosive and effusive eruptions (Hil-
dreth et al., 2010; Singer et al., 2014; Wespestad et al., 2019).
The volcanic complex covers an area of approximately 500
km?2 with a 15- x 20-km volcanic caldera centered near the
northern edge of the Laguna del Maule lake (Fig. 1) and is
considered one of the most hazardous active volcanic systems
in the Southern Andean volcanic zone. Its eruptive activity
began 1.5 m.y. ago with the formation of the Bobadilla caldera
(Fig. 1A), and the last effusive eruption occurred about 2 k.y.
ago (Andersen et al., 2017). At least 50 eruptions have been
documented, forming more than 36 rhyolitic and rhyodacitic
domes (Hildreth et al., 2010; Singer et al., 2014, 2018).

Two main structures are recognized in the area: the Tron-
coso and Laguna Fea faults (Fig. 1A). The dextral strike-slip,
N45°E-trending Troncoso fault extends for 30 km to the
southwest from the Laguna del Maule lake coinciding with a
wide and deep valley known as Cajén Troncoso (Fig. 1A). This
fault probably extends to the northeast into the Potrero Norte
area (Cardona et al., 2018). The normal W-NW-trending La-
guna Fea fault has been inferred through seismic studies and
is postulated to intersect the Troncoso fault southwest of the
Laguna del Maule lake (Fig. 1A) (Cardona et al., 2018).

Based on detailed studies of postglacial volcanic units of the
last 25 k.y., several authors have concluded that the eruptions
derive from an integrated silicic magma system (Andersen et
al., 2013, 2017; Singer et al., 2014, 2018). Recent geophysical
studies using high-precision global positioning systems (GPS)
and synthetic aperture interferometric radar (InSAR) tech-
niques have detected a significant volume change below the
Laguna del Maule Volcanic Complex, representing one of the
largest vertical deformations registered in a volcanic complex
(Fournier et al., 2010; Feigl et al., 2014; Le Mével et al., 2016;
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Fig. 1. (A) Location and geologic map of the Laguna del Maule Volcanic Complex. CSVZ = Central Southern volcanic zone,
NSVZ = Northern Southern volcanic zone, SVZ = Southern volcanic zone, TSVZ = Transitional Southern volcanic zone. (B)
Main volcanic units of the northeast area of the Laguna del Maule Volcanic Complex. Modified from Hildreth et al. (2010),
Feigl et al. (2014), and Cardona et al. (2018). “Ar/3Ar ages are from Hildreth et al. (2010). *Stratigraphic age. “*K/Ar age.

Singer et al., 2018; Novoa et al., 2019). This phenomenon has
been interpreted as caused by inflation of a shallow magmatic
sill and/or injection of hydrothermal fluids under the south-
west edge of the Laguna del Maule lake (Feigl et al., 2014; Le
Mével et al., 2016).

The Vetas del Maule magnetite mineralization is hosted
within the La Zorra volcano, in the northeastern part of the
Laguna del Maule Volcanic Complex (Hildreth et al., 2010;
Figs. 1B, 2). This volcano is a highly eroded volcanic edifice
composed of andesites with 58 to 62 wt % SiO that have been
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dated at 1.013 + 0.028 Ma (*0Ar/*%Ar plateau age; Hildreth et
al., 2010). Other adjacent volcanic units also dated by using
4Ar/Ar methods range from ~0.95 to 0.47 Ma (Hildreth et
al., 2010; Fig. 1B). Previous works have identified an ~25-km?
area of moderate to intense argillic alteration affecting the an-
desites of the La Zorra volcano. Hydrothermal alteration of
the andesites is controlled by the inferred extension of the
Troncoso fault and is represented by N65°E-trending vein-
lets composed by quartz-jarosite-kaolinite-smectite-pyrite
and abundant clay alteration (Hildreth et al., 2010; Rojas et
al., 2022).

Samples and Methods

Sampling was conducted over the course of three field cam-
paigns. Because of the steep topography of the study area (Fig.
2A), an aerial drone was used to obtain images of the outcrops
and build a digital elevation model of the La Zorra volcano
(Fig. 2B). We used a DJI Mavic 2 Pro quadcopter equipped
with a 20 MP camera. The flight was open planned and op-
erated using DroneDeploy. The software Agisoft Metashape
Professional and ArcGIS arcScene were used to reconstruct
the 3-D digital elevation model (Fig. 2B). The drone was
flown at a speed of 12 m/s and an elevation of 450 to 500 m,
and images were obtained with a lateral and longitudinal over-
lap of 65%. The average size of the images was 5,472 x 3,648
pixels, and each image was automatically georeferenced with
3-D coordinates from the drone GPS.

Surface samples were collected at altitudes between 2,400
and 2,850 m above sea level (a.s.1.) from outcrops on the south-
west and southeast slopes of La Zorra volcano (Fig. 2A, B).
Nearly all samples are from the inner southeast slope, where
most of the mineralization—magnetite, actinolite, and py-
roxene breccias, veins, and disseminated grains—was found.
Polished thin sections were prepared for polarized-light mi-
croscopy, SEM inspection and EMP analysis. Carbon-coated
polished thin sections were studied by using a FEI Quanta
250 SEM at the Andean Geothermal Center of Excellence
(CEGA), Department of Geology, Universidad de Chile. The
SEM instrument was used to characterize textural relation-
ships, zoning patterns, mineral inclusions, exsolutions, and
overgrowths, with an emphasis on magnetite. Backscattered
electron (BSE) images were obtained using an accelerating
voltage of between 15 and 20 kV, a filament current of 80 pA,
a beam intensity of ~1 nA, a spot size of 5 pm, and a working
distance of 10 mm.

EMPA of magnetite was carried out using a JEOL JX-
A8530F Plus field emission electron microprobe equipped
with five tunable wavelength dispersive spectrometers locat-
ed at the Centre of Microscopy, Characterisation and Analy-
sis (CMCA) of the University of Western Australia in Perth,
Western Australia. The accelerating voltage was 20 kV, and
a focused beam (~1 pm) was set to avoid hitting inclusions
and thin exsolution lamellae. Interference corrections were
carried out for Ti concentrations because V Kp affects the Ti
Ko signal. The beam current was set to 40 to 50 nA. A count-
ing time of 20 s was used for Fe, while higher counting times
were used for the other elements: 30 s for Na and K, and 60 s
for Si, Al, Mg, Ti, Ca, Fe, Cr, Ni, V, Mn, Zn, and Cu. Back-
ground corrections for all elements were made by using the
mean atomic number (MAN) method of Donovan and Tingle

(1996). Additionally, quantitative WDS maps of Cr, Ca, Mn,
Si, Na, Al, V, Ti, and Mg were obtained on selected magne-
tite grains. Operating conditions were 40° takeoff angle, and
a beam energy of 20 keV was used. The beam current was
50 nA, and counting times were 20 to 60 ms/step. ZAF cor-
rections were applied for all elements, and interference cor-
rections were performed for Fe Ko and V Ka because of Mn
K and Ti K interference, respectively. The standards used for
both EMPA and WDS included natural and synthetic oxides
and silicates (App. Table Al).

Phlogopite separates selected for “Ar/*Ar dating were ob-
tained from a sample with abundant disseminated magnetite
associated with the massive magnetite mineralization (sample
MLZ-18). Phlogopite grains (500-1,000 pm) were separated
from the crushed/sieved material, washed ultrasonically in de-
ionized water for 10 min, and then handpicked under a bin-
ocular microscope to remove any crystals that had visible in-
clusions or adhered material. Purified separates were placed
in a 2.5-cm aluminum disk and irradiated in the cadmium-
lined in-core tube at the Oregon State University reactor for
2 h. The 1.1864 Ma Alder Creek sanidine (FCs) (Jicha et al.,
2016) was used as a neutron fluence monitor. ] values were
interpolated geometrically across each 2.5-cm-diameter irra-
diation disk based on numerous single crystal measurements
of FCs, which was distributed in eight to 10 positions within
each disk.

Ten phlogopite crystals (~2 mg) were loaded into a 2-mm-
diameter well within a copper tray and incrementally heated
with a 55-W CO- laser in the WiscAr Laboratory at the Uni-
versity of Wisconsin-Madison. The extracted gas was puri-
fied via exposure to two SAES GP50 getters in series (both at
50 W/400°C) for 90 s each and to an ARS cryotrap (at —125°C)
for another 60 s. Argon isotope analyses were carried out us-
ing a Nu Instruments Noblesse multicollector mass spectrom-
eter. Sample analysis consisted of a continuous measurement
for ~1,200 s, whereas blank and gas cocktail measurements
were made with a peak hop routine described in Jicha et al.
(2016). All of the *0Ar/*9Ar ages were calculated using the de-
cay constants of Min et al. (2000), and the plateau and iso-
chron ages are reported with 20 analytical uncertainty, which
includes the J uncertainty. All data were reduced and plotted
using Pychron software (Ross, 2019).

Results

Magnetite mineralization styles

The I0A-type mineralization recognized at the inner south-
east slope of the La Zorra volcano comprises magnetite, ac-
tinolite, and pyroxene occurring in breccias and veins and
as disseminated grains or aggregates. The mineralization is
hosted in andesites that exhibit widespread moderate to per-
vasive albitization, visible as numerous whitish patches of ~10
to 12 m2, covering the entire slope (Fig. 2B). Albitization in-
creases in intensity around magnetite mineralization. Overall,
five mineralization styles were identified and are described
below (Figs. 3-5).

Massive magnetite: An outcrop of ~85 m? of decimeter- to
meter-scale, irregular, massive magnetite occurs near the top
of La Zorra southeast slope at an altitude of ~2,730 m a.s.l.
(Figs. 2B, 3A). The orebodies display sharp contacts with the
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andesitic host rock (Fig. 3B) and are composed of approxi-
mately 95% magnetite with minor amounts of ilmenite, rutile,
clinopyroxene (augite), orthopyroxene (hypersthene), and
apatite. Phlogopite occurs at the margins of the magnetite
body (Fig. 4A). Magnetite textures show (1) thin (~0.5-2 um)
ilmenite oxyexsolutions configuring a trellis texture (Fig. 5A),
(2) thin (~10-75 wm) alternating inclusion-rich and inclusion-
poor bands (Fig. 5C), and (3) irregular inclusion-rich zones

70°27" 70°26'30"

70°26' 70°25'

70°25'30"

(Fig. 5D). Disseminated magnetite aggregates are found oc-
casionally within the andesite host rock, near the contacts
with the magnetite orebodies.

Pyroxene-actinolite-magnetite veins: Pale- to dark-green
pyroxene-actinolite-magnetite veins were found in close spa-
tial association with the massive magnetite bodies described
above (Fig. 2B, D). The veins have thicknesses ranging from
a few decimeters up to a couple of meters and run sinuous-

" 35°58'30"

35°59"
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35°59'30"

70°25'30

70°26'30"

70°26' 70°25'

70°25'30"
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Andesite and dacite of Volcan ¢ ~ Sample location
Atravesado border

Basalt and andesite of Volcan #%A  Peak of the La Zorra volcano

Munizaga border

T35°59'30"

35°59

< Massive magnetite

4 . Pyroxene-actinolite-magnetite
h veins and massive magnetite

~Z_* Pyroxene-actinolite-magnetite
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Hydrothermal breccias

Pyroxene-Actinolite veins

Fig. 2. Location of the Vetas del Maule IOA-type mineralization within La Zorra volcano, Laguna del Maule. (A) Satellite
image of the La Zorra volcano dissected by a steep alluvial valley and covered by nearby volcanic units (dashed lines). (B)
Aerial drone image of the volcano showing the spatial relationship between the different mineralization styles. The vertical

axis is exaggerated (2.5x). (C) Aerial drone image of the easternmost section of the inner southeast slope of the volcano. (D)
Aerial drone image of the massive magnetite and pyroxene-actinolite-magnetite veins showing their close spatial relationship.
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Fig. 3. Field photographs showing the magnetite mineralization styles at Vetas del Maule. (A) Outcrop of the massive mag-
netite body (red dashed line). (B) Sharp contact between the massive magnetite body and the albitized andesite host rock.
(C) Massive magnetite (red dashed line) and pyroxene-actinolite-magnetite veins (black and green dashed line). (D) Thick
pyroxene-actinolite-magnetite vein in andesite. (E) Pyroxene-actinolite vein located at the base of the southeast slope. (F)
Massive outcrop of pyroxene-actinolite. (G) Easternmost outcrop of hydrothermal breccias. (H) Disseminated magnetite

within the andesite host rock. (I) Thin magnetite veinlets.

ly for about 30 m downslope, in some cases bifurcating and
surrounding andesite blocks (Figs. 2D, 3C). These veins are
formed by an intergrowth of large (~500 wm) crystals of or-
thopyroxene (hypersthene), clinopyroxene (augite), and actin-
olite and ~40 to 60% magnetite with minor apatite, ilmenite,

and chlorite arranged in comb-like textures (Figs. 3D, 4B).
Pyroxene is more abundant than actinolite and is observed
with relatively fresh cores and often altered rims to irregular
fibrous masses of an Mg-Fe-Si-O phase, probably cumming-
tonite. Magnetite textures are similar to those described for
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Fig. 4. Photomicrographs of Vetas del Maule IOA-type mineralization. (A) Large magnetite crystal in contact with phlogopite.
Massive magnetite sample MLZ-04-B. (B) Pyroxene, actinolite, and magnetite assemblage. Pyroxene-actinolite-magnetite
vein sample MLZ-09. (C) Coarse-grained pyroxene and actinolite. Pyroxene-actinolite vein sample MLZ-24-A. (D) Sub-
hedral titanite crystal with small rutile grains and associated pyrite grains. Pyroxene-actinolite vein sample MLZ-03-A. (E)
Coarse-grained pyroxene, actinolite, chlorite, magnetite, apatite, and plagioclase. Hydrothermal breccia sample MLZ-26. (F)
Fine-grained pyroxene, actinolite, chlorite, magnetite, and plagioclase. Hydrothermal breccia sample MLZ-27. (G) Anhedral
magnetite grains disseminated within the andesite groundmass. Disseminated magnetite sample MLZ-08. (H) Clinopyroxene
altered to chlorite and abundant disseminated magnetite grains. Disseminated magnetite sample MLZ-12. Abbreviations:
Act = actinolite, Ap = apatite, Chl = chlorite, Cpx = clinopyroxene (augite), Mag = magnetite, Opx = orthopyroxene (hyper-
sthene), Phl = phlogopite, Pl = plagioclase (andesine-oligoclase in anhedral matrix), PPL = plane-polarized light, Px = pyrox-
ene, Py = pyrite, RL = reflected light, Rt = rutile, SEM = scanning electron microscope, Ttn = titanite, XPL = crossed nicols.
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Magnetite
overgrowths (OvGro)

Exsl + OvGro

Fig. 5. Backscattered electron images of magnetite textures. Inset in (C) shows thin ilmenite oxyexsolutions aligned with the
direction of the regular bands of thin microinclusions. (A), (B), (E), (G), and (H) are from pyroxene-actinolite-magnetite
vein sample MLZ-09. (C) and (D) are from massive magnetite sample MLZ-04-B. (F) is from hydrothermal breccia sample

MLZ-02.

the massive magnetite bodies (Fig. 5A-D), including thin and
thick ilmenite lamellae. Thin alternating bands of microinclu-
sions and irregular inclusion-rich zones are also recognized.
Some magnetite grains display late magnetite overgrowths
(Fig. 5E).

Pymxene—ﬂctinolite veins: Three pyroxene—actin()lite veins
were observed along the inner southeast slope of the La Zorra

volcano (Fig. 2B). All three have an approximate north-north-
west orientation. The first vein is located at ~2,400 m a.s.l.,
near the base of the southeast slope and is approximately half
a meter thick and ~15 m long (Figs. 2B, 3E). The second is a
~2- x 6-m remnant of a larger NNW-trending vein found at
~2,600 m a.s.]. and located at the middle of the inner south-
east slope (Figs. 2B, C, 3F). The third is a small, 1-m-thick
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vein a couple of meters long at about the same altitude as
the previous vein (Fig. 2B, C). All three veins display sharp
contacts with the andesite host rock. Pyroxene-actinolite veins
contain euhedral to subhedral crystals of orthopyroxene (hy-
persthene), clinopyroxene (augite), and actinolite (Figs. 3E,
F, 4C). Minor pyrite, quartz, apatite, calcite, titanite, ilmen-
ite, and magnetite were also observed, as well as a few grains
of zircon and thorite. Pyroxene and actinolite display variable
degrees of chloritization. Titanite grains are common and re-
place ilmenite and rutile (Fig. 4D). There is almost no mag-
netite in the samples (<2%), and when present it appears as
pristine, anhedral grains or occasionally with porous texture at
the grain rims.

Magnetite hydrothermal breccias: Two outcrops of hydro-
thermal breccias were identified: one at an altitude of 2,800 m
a.s.l., ~80 m to the east of the massive magnetite outcrop lo-
cated at the inner southeast slope, and the second at a lower
altitude (~2,450 m a.s.1; Fig. 2B, 3G). The breccias occur as
irregular decimeter to decameter masses and are composed
of angular and rounded clasts of albitized andesite, immersed
in a fine-grained dark-green matrix consisting of ~30 to 80%
magnetite, pyroxene, actinolite, chlorite, apatite, and minor
ilmenite and pyrite (Fig. 4E, F). Magnetite in the breccia
matrix shows different forms of ilmenite lamellae in anhe-
dral grains. Thin-banded textures as well as porous magnetite
were also observed (Fig. 5A-C, F). For the sake of simplic-
ity, the magnetite hydrothermal breccias will be referred to as
“hydrothermal breccias” throughout the text.

Disseminated magnetite: Disseminated magnetite grains
that are tens of micrometers to centimeters in size are ob-
served in the host rock adjacent or close to the magnetite min-
eralization and are especially abundant near to hydrothermal
breccias (Fig. 3H, I) and absent around pyroxene-actinolite
veins. Most occurrences are characterized by anhedral mag-
netite grains dispersed within albitized andesite (Fig. 4G, H),
although often they occur as euhedral crystals filling vesicles
(Fig. 3H). In some cases, the disseminated magnetite is closely
related to occasional occurrence of thin (tens of micrometers
to centimeters thick) veinlets of magnetite (Fig. 3I). Magne-
tite grains show thin and thick ilmenite oxyexsolution lamellae
and often porosity restricted to grain rims (Fig. 5A, B, F).

Figure 6 summarizes the sequence of mineral formation or
paragenesis for Vetas del Maule. In addition, a table summa-
rizing the mineralogical characteristics of the different styles
is presented in Appendix Figure Al. In the latter, further de-
scriptions of each mineralization style are presented, includ-
ing individual textures of magnetite, as well as combinations
of different magnetite textures observed in BSE images.

Magnetite geochemistry

EMPA data: Figure 7 displays magnetite EMPA data present-
ed as box plots for each mineralization style. Additionally, and
for more detail, concentration plots for each major, minor, and
trace element in magnetite are plotted in Appendix Figure
A2 as a function of the different magnetite microtextures ob-
served within each mineralization style. Al EMPA data are
reported in Appendix Tables A2 and A3, respectively.

Most elements analyzed in magnetite—i.e., Si, Na, Al, Mg,
Ti, and V—exhibit variable concentrations, ranging between
~25 and 100 ppm (mean detection limits), up to a few weight

percent. Potassium, Mn, and Ca, on the other hand, display
lower concentrations, generally not exceeding 0.3 wt %. Nick-
el, Cr, Cu, and Zn are rarely detected. Although no appar-
ent trends are observed between element concentrations and
individual textures in the different mineralization styles, it is
noted that exsolution and banded textures—and their combi-
nations— show high compositional variability (App. Fig. A2).

Among all mineralization styles, magnetite in massive mag-
netite and pyroxene-actinolite-magnetite veins exhibits the
highest mean concentrations of Mg (1.06 and 0.98 wt %, re-
spectively), Na (0.26 and 0.16 wt %, respectively), Si (0.28 and
0.29 wt %, respectively), and Mn (both 0.08 wt %). Magnetite
in these styles also presents relatively high concentrations of
V (mean concentration of 0.31 and 0.41 wt %, respectively), K
(0.01 and 0.02 wt %, respectively), and Ca (0.04 and 0.08 wt %,
respectively); both styles are enriched with respect to two of
the other three styles. On the other hand, magnetite in the
disseminated magnetite and pyroxene-actinolite veins styles is
depleted in Mg (mean concentration of 0.14 and 0.11 wt %,
respectively), Na (0.04 and 0.03 wt %, respectively), Si (0.12
and 0.11 wt %, respectively), and Mn (0.04 and 0.02 wt %,
respectively), and most samples have low K (generally near
detection limit). Magnetite in the pyroxene-actinolite veins
is also depleted in Al (mean concentration of 0.02 wt %),
Ti (0.06 wt %), and V (0.12 wt %) when compared to the
other styles, while most samples of disseminated magnetite
grains are depleted in Ca (generally <0.01 wt %). Finally,
and relative to other mineralization styles, magnetite in the
hydrothermal breccias exhibits intermediate concentrations
of K (generally <0.02 wt %), Mg (mean concentration of
0.28 wt %), Al (0.43 wt %), and Mn (0.05 wt %) and is de-
pleted in Ca (0.03 wt %), Na (0.03 wt %), Si (0.11 wt %), and
V (0.11 wt %), with concentrations similar to those of magne-
tite in the disseminated magnetite and/or pyroxene-actinolite
(Fig. 7). Overall, aluminum mean concentrations in mag-
netite are similar between all mineralization styles (around
0.41 wt %), with the exception of the pyroxene-actinolite veins
(below detection).

The EMPA magnetite data were plotted in the Fe vs. (V/Ti)
diagram of Wen et al. (2017) (Fig. 8). Most data points fall with-
in the right part of the diagram, with Fe concentrations ranging
between ~66 and 72 wt %. Magnetite data tend to group with
mineralization style and texture. For example, magnetite in the
pyroxene—actinolite—magnetite veins, pyroxene—actinolite veins,
and massive magnetite bodies shows the highest V/Ti ratios
(0.7-10), followed by disseminated magnetite with intermediate
V/Ti values (0.3-3); hydrothermal breccias have V/Ti < 0.5 (Fig.
8). Notably, only a few magnetite data points from all styles—
with the exception of magnetite in the pyroxene-actinolite
veins—plot in the bottom-left part of the diagram.

WAr/9Ar ages: Phlogopite separates were obtained from
a sample with abundant disseminated magnetite, associated
with massive magnetite mineralization (sample MLZ-18).
The phlogopite grains were analyzed by step heating using a
CO:; laser and a multicollector mass spectrometer. A total of
18 heating steps were performed for the phlogopite sample,
yielding a concordant plateau age of 873.6 + 30.3 ka (20),
identical within error to the calculated inverse isochron age
of 861.3 + 45.1 ka (20). The isochron has a #Ar/3Ar intercept
that is indistinguishable from the atmospheric value, indicat-
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Fig. 6. Paragenetic scheme showing the sequence of mineral formation. Magnetite types were differentiated accord-
ing to their occurrence in each mineralization style. The thickness of the line is proportional to the relative abundance of
the mineral. The dashed line indicates a low presence of the mineral. Abbreviations: Act = actinolite, Mag = magnetite,

Px = pyroxene.

ing that trapped excess Ar is not present in the sample. The
age spectra diagram and isotope correlation plot are shown in
Appendix Figure A3. All Ar/9Ar data including interference
corrections are reported in Appendix Table A4.

Discussion

Origin of the magnetite

The different styles of magnetite mineralization identified at
Vetas del Maule share similar compositional and textural fea-
tures with IOA or Kiruna-type deposits worldwide, especially
those in the Coastal Cordillera of northern Chile and the
Pleistocene El Laco deposit in the Chilean Altiplano. These
deposits display similar mineralization styles including mas-
sive magnetite bodies, and hydrothermal breccias and veins,
as well as disseminations and extensive alteration zones in the
volcano-sedimentary host rocks (Sillitoe, 2003; Williams et al.,
2005; Barton, 2014; Barra et al., 2017; Ovalle et al., 2018; Si-
mon et al., 2018; Palma et al., 2020; Reich et al., 2022; Zhao
et al., 2024).

Magnetite is ubiquitous in several types of mineralized
systems, and, therefore, its trace element geochemistry has
been extensively investigated in IOA, Fe-Ti, V (nelsonite),
porphyry Cu, skarn, IOCG, volcanogenic massive sulfide, and
banded iron formation deposits, among others (e.g., Dupuis
and Beaudoin, 2011; Nadoll et al., 2014; Dare et al., 2015;

Knipping et al., 2015a, b; Makvandi et al., 2016; Hawkins et
al., 2017; Wen et al., 2017; Huang and Beaudoin, 2019; Palma
et al., 2020; Hu et al., 2022; McCurdy et al., 2022; Sullivan et
al., 2023). Those studies have used the concentration of key
elements such as Fe, Ca, Al, Mn, Mg, Ga, Ti, and V to identify
akin geochemical signatures of magnetite in various deposits,
which are useful in exploration. They also qualitatively infer
the physicochemical conditions of magnetite formation, e.g.,
temperature and oxygen fugacity, among other factors.

As described in the results, there is considerable variabil-
ity in the concentration of most elements among the differ-
ent mineralization styles observed in magnetite at Vetas del
Maule (Fig. 7). Some of this compositional variability seems
to be related to the influence of the magnetite microtextures
(Fig. 8; App. Fig. A2). In compositional diagrams, data with
the same microtexture within the same sample are grouped
into clusters that are distinguishable from those with other
microtextures (Fig. 8; App. Fig. A2). For example, for Na, V,
and K, the samples with oxyexsolutions and rhythmic band-
ing (Exs1 + Banl) show different concentration ranges among
mineralization styles. However, almost all microtextures, in-
cluding oxyexsolutions and rhythmic banding, observed with-
in the same mineralization style (e.g., hydrothermal breccia)
can be grouped into similar compositions (App. Fig. A2).
In summary, the composition of magnetite is primarily con-
trolled by the mineralization style of the sample, rather than
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Fig. 7. Concentration plot for major, minor, and trace elements in magnetite from the different mineralization styles at Vetas
del Maule. Electron microprobe analysls (EMPA) spot data are included for each mineralization style, i.e., massive magnetite
(red), pyroxene-actinolite-magnetite veins (dark green), hydrothermal breccia (blue), disseminated magnetlte (vellow), and

pyroxene-actinolite veins (light green). Abbreviations: n
samples were obtained, s = number of samples analyzed.

by microtextures. Furthermore, and as observed in Figure 7,
the concentration of several elements in magnetite from Vetas
del Maule—most notoriously Mg, Na, Si, and Mn, and less
evidently V, Ca, and potassium—configures a trend that varies
from trace element-rich magnetite (e.g., massive magnetite
and/or pyroxene-actinolite-magnetite veins), through magne-
tite with (variable) intermediate trace element concentrations
(e.g., hydrothermal breccias), to trace element-poor magne-
tite (e.g., disseminated magnetite and/or pyroxene-actinolite
veins styles). Conversely, Fe concentrations follow the oppo-
site trend, reflecting a greater incorporation of trace elements
into the magnetite structure with decreasing Fe contents
(Fig. 7). This is consistent with common Fe2+-Fe3+ cationic
substitution mechanisms occurring in the octahedral sites of
magnetite, which are in turn sensitive to temperature—mean-

= number of spot analyses, o = number of outcrops from where the

ing that magnetite with lower trace element content would
form at lower temperatures and vice versa (Nadoll et al., 2014;
Canil and Lacourse, 2020).

Such elemental variations in magnetite have also been re-
ported in several ore systems, including other IOA deposits,
and are likely associated with cooling from high-temperature
magmatic-hydrothermal conditions (600°-1,000°C) to lower-
temperature hydrothermal conditions (<600°C) (Nadoll et al.,
2014; Knipping et al., 2015b; Ovalle et al., 2018; Rojas et al.,
2018; Palma et al., 2020, 2021; Salazar et al., 2020; Zhao et al.,
2024). This suggests that the different magnetite types identi-
fied at Vetas del Maule may have formed at different tempera-
tures and evolving physicochemical conditions.

Further understanding of the formation conditions of mag-
netite mineralization at Vetas del Maule can be obtained from
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Fig. 8. Fe vs. V/Ti discriminant diagram for magnetite with magmatic and hydrothermal fields, as proposed by Wen et al.
(2017). Magnetite microtextures are indicated using symbols. Abbreviations: Banl = regular bands of thin microinclusions,
Exsl = thin ilmenite oxyexsolution trellis, Exs2 = thick irregular ilmenite oxyexsolution, Incl = irregular inclusion-rich zones,
n = number of spot analyses, o = number of outcrops from where the samples were obtained, Por = porosity, s = number of

samples analyzed.

the Fe vs. V/Ti diagram by Wen et al. (2017). In Figure 8,
magnetite data configure distinctive areas defined primarily
by each mineralization style, with some variability within each
style according to the microtexture. As described, nearly all
magnetite analyses plot in the right part of the diagram, which
suggests that magnetite at Vetas del Maule formed from high-
temperature hydrothermal fluids. However, it is important to
note that discrimination diagrams tend to neglect complex
features of trace element substitution mechanisms, as well the
initial melt/fluid composition and the partitioning effect of co-
crystallizing phases. Furthermore, microtextural features such
as ilmenite oxyexsolutions, microinclusions, and/or rhythmic
banding in magnetite may have an influence on Fe wt % and
V/Ti ratios. Hence, the Wen et al. (2017) diagram must be
used with caution to discriminate between hydrothermal vs.
magmatic magnetite. In this particular case, our magnetite
data suggest that Fe wt % and V/Ti ratios are not significantly
affected by microtextures. As described, there is a broad cor-
respondence between Fe-V/Ti data and microtextural types
for each magnetite mineralization style (Fig. 8). Furthermore,
we note that very few analyses of each mineralization style
plot in the bottom-left part of the diagram, interpreted as of
magmatic origin in other deposits (Wen et al., 2017; Palma
et al., 2020; Reich et al., 2022); these few data points config-
ure a broad trend toward higher V/Ti and Fe concentrations
within each style. Similar trends have been described in the
literature when magnetite grains undergo reequilibration via
fluid-mediated dissolution-reprecipitation processes, rein-
forcing the argument of the involvement of a hydrothermal
fluid (Wen et al., 2017; Deditius et al., 2018; Ovalle et al.,

2018, 2022; Huang and Beaudoin, 2019; Palma et al., 2020).
Nevertheless, the potential influence of submicrometer-sized
inclusions or ilmenite oxyexsolutions on Fe wt % and V/Ti ra-
tios cannot be ruled out completely.

Despite these uncertainties, the proposed involvement of
high-temperature hydrothermal fluids at Vetas del Maule is
consistent with the described occurrence of magnetite min-
eralization in veins (Figs. 2D, 3C, D, E, I), breccias (Fig.
3G), disseminations (Fig. 3H), and the ubiquitous albitiza-
tion on the slope of the volcano that hosts the mineralization
(Fig. 2B, C). Further studies including stable isotopic and
fluid inclusion analyses are necessary to robustly corroborate
this hypothesis.

Magnetite microtextures and reequilibration

As described, magnetite from Vetas del Maule displays com-
plex microtextural characteristics, similar to those reported
in several magnetite-bearing ore deposits in Chile and else-
where (e.g., Knipping et al., 2015a; Wen et al., 2017; Deditius
etal., 2018; Ovalle et al., 2018; Rojas et al., 2018; Simon et al.,
2018; Huang and Beaudoin, 2019; Palma et al., 2020; Salazar
et al., 2020; Ye et al., 2023). Microtextures can provide valu-
able information to better understand the geochemical trends
described for each magnetite type, as well as the potential re-
lationship of magnetite to temperature and redox fluctuations.

In the studied samples, magnetite contains both ilmenite
oxyexsolutions and variable amounts of ilmenite grains (Fig. 5;
App. Fig. Al). Typically, accessory magnetite with trellis-like
ilmenite exsolutions and ilmenite grains has been described
in igneous rocks, in magmatic Fe-Ti, V, and Ni-Cu sulfide de-
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posits (Buddington and Lindsley, 1964; Boutroy et al., 2014;
Tan et al., 2016), and in a number of magmatic-hydrothermal
ore systems, including Fe skarns (Hu et al., 2015; Hawkins
et al., 2017; Wen et al., 2017), volcanic-hosted Fe-Cu (Wang
et al., 2020), IOCG (Huang and Beaudoin, 2019; Rodriguez-
Mustafa et al., 2020), and IOA deposits (Borrok et al., 1998;
Ovalle et al., 2018; Parente et al., 2019; Palma et al., 2020).

The presence of two or more types of ilmenite exsolutions
coexisting within the same magnetite grain in nearly all min-
eralization styles points to a complex evolution (Fig. 5B, G).
Similar coexistence of various ilmenite exsolution types (e.g.,
thin oxyexsolution trellis and thick irregular exsolutions) has
been observed in magmatic Fe-Ti oxide-bearing intrusions
and interpreted as product of different subsolidus exsolution
mechanisms—including oxyexsolution of ilmenite and inter-
oxide reequilibration—indicating multiple stages of ilmenite
formation under fluctuating temperature and oxygen fugacity
conditions (Tan et al., 2016).

At Vetas del Maule, the common presence of thin ilmenite
exsolution textures (trellis) is consistent with an oxyexsolution
formation mechanism, whereas the occurrence of ilmenite
grains adjacent to magnetite and thicker lamellae may indi-
cates interoxide reequilibration processes, similar to those
proposed for the lenticular-lamellae described in Tan et al.
(2016). In this regard, Ti displays a particularly complex dis-
tribution at the grain scale, with Ti-rich domains in magnetite
and Ti in ilmenite trellis, probably reflecting multiple super-
imposed formation processes (Fig. 9A).

Banded textures are also common in the studied samples
and provide further insights on magnetite formation condi-
tions. Textures with fine bands (Fig. 5C) show darker-BSE,
micro- to nano-sized microinclusion-rich bands that are de-
pleted in Fe (by 1-3 wt %; Fig. 9F) but enriched in Mg, Si
(0.1-5 wt %; Fig. 9E, G), Al, Na, and Ca (0.1-1 wt %; Fig. 9C,
H) with respect to lighter-BSE, microinclusion-poor bands.
In addition, coarser inclusion-rich (up to tens of um) mag-
netite grains form irregular zones (Fig. 5D) depleted in Si,
Ca, Al, Mg, Mn, and Ti with concentrations of trace elements
similar to those of magnetite from the lighter-BSE, microin-
clusion-poor bands.

Regular bands of microinclusions have been reported in
other IOA deposits (e.g., Los Colorados, Carmen, Fresia,
and El Laco) and are attributed to magnetite that crystal-
lized from magmatic-hydrothermal fluids (Knipping et al.,
2015b; Deditius et al., 2018; Ovalle et al., 2018; Yin et al.,
2019; Palma et al., 2020). This texture has been interpreted
as originating from fluctuating supersaturation conditions of
the mineralizing fluids with respect to oxide and silicate phas-
es. Such conditions can trigger formation of alternate bands
rich in mineral micro/nanoinclusions and trace element-poor
zones during progressive growth of the hydrothermal mag-
netite surface (Deditius et al., 2018; Huang and Beaudoin,
2021; Verdugo-Ihl et al., 2021). At Vetas del Maule, it is noted
that regular bands of microinclusions were observed in three
mineralization styles (massive magnetite, pyroxene-actinolite-
magnetite veins, and hydrothermal breccias). These bands
occur both alone and coexisting with superimposed ilmenite
lamellae within the same magnetite grain (Figs. 5B, G, 9); this
texture has been interpreted as formed by a supersaturated
Ti-rich fluid that precipitates both microinclusions and titano-

magnetite that subsequently exsolved ilmenite lamellae (Tan
et al., 2016; Ovalle et al., 2022).

Overgrowth and porous textures in magnetite are also com-
mon at Vetas del Maule (Fig. 5E, F). These features are simi-
lar to those observed in other IOA deposits and interpreted
as the result of dissolution-reprecipitation processes (Putnis,
2009; Ovalle et al., 2018; Huang and Beaudoin, 2019; Palma et
al., 2020). During dissolution-reprecipitation, primary igneous
magnetite grains can be altered or replaced by microporous
magnetite and then reequilibrated as nonporous varieties.
The latter appear as pristine euhedral grains (without evident
microtextures), have lower concentrations of trace elements
and higher Fe contents, and are associated with lower tem-
peratures (<600°C) (Wen et al., 2017). Several authors have
related dissolution-reprecipitation textures to new injections
of hydrothermal fluids that react with previously precipitated
minerals (Putnis, 2009, 2015; Huang and Beaudoin, 2019).
The involvement of such fluids would be consistent with the
pervasive albitization of the host rock (Fig. 4E, F) and the
alteration textures observed in primary silicates (e.g., reaction
rims, Fig. 4H). Overall, the observed magnetite microtextures
strongly suggest a fluid-dominated system throughout much
of the evolutionary history. This process was likely punctuated
by several hydrothermal pulses characterized by fluctuating
temperature and oxygen fugacity conditions.

Genetic model

The geologic and mineralogical characteristics of mineralized
bodies at Vetas del Maule are similar to those described for
other Andean IOA deposits. The microscopic features of mag-
netite in several of these deposits have been interpreted to
reflect a transition from high-temperature igneous conditions
at depth to lower-temperature magmatic-hydrothermal con-
ditions at shallow levels (Ovalle et al., 2018, 2022, 2023; Rojas
et al., 2018; La Cruz et al., 2020; Palma et al., 2020, 2021;
Salazar et al., 2020). Regardless of the primary igneous pro-
cesses that may concentrate Fe in the source magma in [OA
systems—i.e., volatile-driven magnetite saturation and flota-
tion (Knipping et al., 2015a, b), Fe-Ca-P liquid immiscibility
(Hou et al., 2018; Keller et al., 2022; Tornos et al., 2024), or
exsolution of carbonate-sulfate melts (Bain et al., 2020; Xu et
al., 2024)—it is well accepted that (saline) hydrothermal flu-
ids are relevant agents of IOA- and IOCG-type mineralization
in volcanic arc settings (Sillitoe and Burrows, 2002; Sillitoe,
2003; Barton, 2014; Reich et al., 2022; Zhao et al., 2024).

For Vetas del Maule, mineralogical and geochemical data
suggest that mineralization occurred under conditions simi-
lar to those of other Andean IOA systems and deposits that
have a unambiguous hydrothermal origin—for instance, Fe
skarns (Hawkins et al., 2017). The phlogopite “Ar/*Ar data
indicate a magnetite mineralization age of 873.6 + 30.3 ka for
Vetas del Maule (plateau age, App. Fig. A3), the youngest age
recorded to date for any IOA type mineralization worldwide.
This age is ~120 k.y. younger than the La Zorra andesite host
rocks (0Ar/9Ar plateau age of 1013.0 = 28.0 ka; Hildreth et
al., 2010), indicating that the magnetite bodies are closely re-
lated to the evolution of the volcano-magmatic system.

Vetas del Maule is an example of IOA-type volcanogenic
mineralization that was the result of a sequence of events dur-
ing the evolution of La Zorra volcano (Fig. 10). The first event
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Fig. 9. Quantitative wavelength dispersive spectrometry maps of selected elements in magnetite illustrating the complex
elemental distribution associated with the different microtextures. Pyroxene-actinolite-magnetite vein sample MLZ-09, same
as Figure 5G. The grain displays superimposed thin ilmenite oxyexsolution trellis, thick irregular ilmenite oxyexsolution, and
regular bands of thin microinclusions.

led to the formation of the massive magnetite orebodies,
pyroxene-actinolite-magnetite veins, hydrothermal breccias,
and disseminated magnetite under conditions typical of a sub-
volcanic environment (Fig. 10A). These mineralization styles
are likely the result of geologic processes involving hydrother-
mal fluids that were exsolved from a magma reservoir at depth

and that were injected upward through fractures in the vol-
canic edifice. Magnetite in the massive orebodies and pyrox-
ene-actinolite-magnetite veins shows a similar trace element
signature, with relative enrichment in Mg, Na, Si, Mn, K, V,
and Ca, which is representative of near-igneous temperature
conditions (Dupuis and Beaudoin, 2011; Nadoll et al., 2014;
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Knipping et al., 2015b; Wen et al., 2017; Ovalle et al., 2018,
2022; Rojas et al., 2018; Palma et al., 2020, 2021; Salazar et al.,
2020). These two mineralization styles are found in close spa-
tial association with each other (Figs. 2D, 3C); petrographic
observations suggest that the formation of massive magnetite
preceded the formation of pyroxene-actinolite-magnetite
veins, as evidenced by the absence of actinolite and abundant
pyroxene inclusions in the massive magnetite (Fig. 6; App.
Fig. Al). This points to conditions above the stability field of
actinolite for the massive magnetite orebodies, i.e., 2780°C
at 1 kbar (Lledo and Jenkins, 2008). Furthermore, various
pyroxene grains in the pyroxene-actinolite-magnetite veins
have rims and fractures altered to irregular fibrous masses of
an Mg-Fe-Si-O phase, probably cammingtonite (Mg7(SisO22)
(OH)2). Experimental studies on the upper thermal limit for
Mg-rich actinolite by Lledo and Jenkins (2008) propose the
change from [Opx, Cpx, Qz, and H2O] toward [actinolite] be-
low 780°C at 1 kbar and toward [actinolite + cummingtonite]
below 700°C at 1 kbar. In the cited experiments, camming-
tonite tends to occur forming similar reaction rims.

The formation of hydrothermal breccias and disseminated
magnetite probably occurred at lower temperatures (below
~700°C) and may reflect a change in hydrostatic conditions
within the volcanic edifice. Magnetite breccias have been de-
scribed in other IOA deposits and are interpreted as having
been formed by hydraulic injection of hydrothermal fluids un-
der rapid decompression rates (Palma et al., 2020; Ovalle et
al., 2022; Zhao et al., 2024). In IOA deposits from the Chilean
iron belt, fluid-filled open fractures and breccias indicate that
magnetite precipitation was triggered by significant pressure
drop at shallow crustal levels, according to mechanisms of
brecciation proposed by several authors (Norton and Cathles,
1973; Vargas et al., 1999; Cox et al., 2001; Sibson, 2001; Oli-
vares et al., 2010). Moreover, abrupt pressure changes signifi-
cantly decrease the solubility of FeCly complexes in the fluid,
increasing the efficiency of magnetite precipitation (Simon et
al., 2004; Rojas et al., 2018; Reich et al., 2022). This is note-
worthy at the El Laco deposit, where hydrothermal breccia
bodies were ubiquitously observed in drill core samples and
were interpreted as having been formed during the collapse
of the volcanic edifice (Ovalle et al., 2018, 2022). Thus, it is
likely that the hydrothermal breccias at Vetas del Maule are
the product of a similar process, i.e., hydraulic injection of
hydrothermal fluids with subsequent fracturing and rapid de-
compression rates.

The precise mechanisms leading to rapid decompression
remain unconstrained and could be investigated in future
studies. However, possible triggers for decompression may
include internal factors related to the magmatic system evolu-
tion, such as fluid overpressure (Gudmundsson and Brenner,
2001), or external effects, such as landslide-induced flank col-
lapse (Manconi et al., 2009). Finally, the pyroxene-actinolite
veins probably formed during a late or waning stage, char-
acterized by hydrothermal fluids of relatively lower tem-
perature (below ~600°C) that infiltrated other fractures and
open spaces (Fig. 10B). Pyroxene-actinolite veins have some
distinct characteristics when compared to the other mineral-
ization styles. For example, they appear as isolated veins far
from the other mineralization styles and further from the core
of magnetite mineralization (Fig. 2B); also, their immediate

host rock presents a relatively lower intensity of albitization.
Moreover, no disseminated magnetite was found in the vicin-
ity of the veins. This mineralization style also presents higher
amounts of actinolite (exceeding pyroxene) and quartz, and
titanite is especially abundant in large aggregates associated
with minor pyrite and chalcopyrite (Fig. 4D). Most important-
ly, the pyroxene-actinolite veins contain little magnetite (<2%
modal). When present, magnetite in the pyroxene-actinolite
veins is trace element poor (except for Ca; Fig. 7) and appears
homogeneous or with porous rims. Particularly, the predomi-
nance of titanite over ilmenite points to a substantial increase
in redox conditions (Xirouchakis et al., 2001a, b; Kohn, 2017).
Previous studies have documented that hydrothermal mag-
netite that formed at low temperatures (e.g., <600°C) has
lower concentrations of trace elements and higher Fe con-
tents due to repeated reequilibration associated with coupled
dissolution-reprecipitation processes (Wen et al., 2017; Ovalle
et al., 2018; Huang and Beaudoin, 2019). All these charac-
teristics indicate abrupt changes in physicochemical condi-
tions and formation under lower temperatures and higher
oxygen fugacity, probably in the waning stages of the hydro-
thermal system.

Finally, the Laguna del Maule volcanic complex experi-
enced significant erosion after glaciers retreated from the area
at ~25 ka (Singer et al., 2000). Therefore, recent intense gla-
cial erosion and consequent isostatic rebound during retreat
could have exposed these magnetite orebodies at the surface
(Fig. 10C).

Notwithstanding the predominantly hydrothermal charac-
teristics described at Vetas del Maule, other genetic mecha-
nisms involving Fe-rich ultrabasic melts and/or molten salts
cannot be ruled out (Tornos et al., 2024; Xu et al., 2024). The
aforementioned authors invoke processes of magmatic assimi-
lation of sulfate, chloride, and carbonate salt from sedimen-
tary rocks, which may trigger immiscible separation of iron-
rich liquids in IOA systems. Even though the involvement of
nontraditional ore fluids such as molten salts is plausible, the
geologic and mineralogical characteristics observed at Vetas
del Maule suggest that magnetite likely precipitated from hy-
drosaline liquids exsolved from a subvolcanic intrusion (Zhao
et al., 2024). For example, hydrothermal alteration features
are recognized within a zone that is distinguishable from ad-
jacent unaltered units at 1:200,000 map scale (Hildreth et al.,
2010; fig. 1 in Rojas et al., 2022) and include sinuous veins of
tens of meters, some with large comb-textured crystals, per-
vasive albitization halos of several tens of meters, extensive
hydrothermal breccias, and widespread magnetite dissemi-
nations. Further studies are required to confirm this hypoth-
esis, constrain the precise nature of fluids, and determine the
physicochemical conditions that led to IOA mineralization at
Vetas del Maule.

Conclusions

This study documents a new occurrence of IOA-type min-
eralization hosted within andesites of the eroded La Zorra
volcano in the Laguna del Maule Volcanic Complex, south-
central Andes. Based on field observations and petrographic
characterization, we identified five different mineralization
types: (1) irregular bodies of massive magnetite, (2) pyroxene-
actinolite-magnetite veins, (3) magnetite hydrothermal brec-
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Fig. 10. Schematic genetic model for the Vetas del Maule system within the La Zorra volcano. (A) Progressive precipitation
of magnetite follows the sequence as follows: massive magnetite, pyroxene-actinolite-magnetite veins, hydrothermal breccias,
and disseminated magnetite by magmatic-hydrothermal fluids circulating through deep faults. (B) Subsequent formation of
pyroxene-actinolite (= magnetite) veins in new zones of structural weakness, associated with lower temperature and more
oxidized fluid(s). (C) Late glacial erosion and isostatic rebound exposes the different mineralization styles. Model not to scale;
the size of the magnetite bodies has been exaggerated for better visualization. See text for discussion. Abbreviations: Act =
actinolite, Dissem. = disseminated, High-T° = high-temperature, Hydro. = hydrothermal, Mag = magnetite, M A.S.L. =
meters above sea level, Mid-T° = mid-temperature, Px = pyroxene.

cias, (4) disseminated magnetite, and (5) pyroxene-actinolite
veins with minor magnetite. A wide diversity of magnetite
microtextures were identified, including trellis-like oxyexsolu-
tions, regular bands of microinclusions, overgrowths, and po-
rous textures, many of which have been described in several
IOA deposits worldwide.

EMPA analyses of magnetite show that the concentration of
key elements—most notoriously Mg, Na, Si, and Mn and less
evidently V, Ca, and potassium—vary as a function of miner-
alization style. In summary, EMPA data of the different types
of magnetite reveal a dominant hydrothermal signature, with

variable Fe concentrations and V/Ti ratios depending on the
different styles of mineralization. Field observations, mineral-
ogical examination, and microanalytical data suggest that most
of the magnetite at Vetas del Maule formed from magmati-
cally derived hydrothermal fluids.

Several microtextural and chemical characteristics of mag-
netite mineralization in Vetas del Maule are similar to those
described in other Andean IOA deposits. The “°Ar/*Ar phlog-
opite age is interpreted as the time of magnetite mineraliza-
tion (873.6 + 30.3 ka plateau age), slightly younger than the
andesite host rock (*°Ar/39Ar plateau age of 1.013 + 0.028 Ma,
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Hildreth et al., 2010), suggesting that the formation of the
Vetas del Maule is closely related to the evolution of the La
Zorra volcano-magmatic system. Therefore, we conclude that
the IOA-type mineralization reported in this study was the
result of processes that efficiently concentrated iron, probably
via hydraulic injection of hydrosaline fluids with subsequent
fracturing and decompression.

The study of this well-preserved, small, and therefore rela-
tively simple IOA-type system can contribute to understand-
ing several features of larger and more complex IOA depos-
its in the Andean province and elsewhere. Ultimately, Vetas
del Maule presents evidence that IOA-type mineralization
in modern volcanic arcs may be more common than previ-
ously thought, offering new opportunities for both research
and exploration.
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