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Abstract. Magnetite is a widespread ore mineral in skarn systems and usually hosts a wide variety of inclusions.
Micro- to nano-sized solid inclusions in magnetite are unique tools to track the evolutionary processes of its host
mineral and, subsequently, to constrain the timing of the mineralization event. In this study, we characterize
micro- to nano-sized solid inclusions in magnetite from the La Víbora magnesian skarn (Málaga, Spain) us-
ing scanning electron microscopy (SEM) and transmission electron microscopy (TEM). TEM energy-dispersive
X-ray spectrometry (EDS) analyses and compositional mapping expose two types of nano-inclusions oriented
along the (111) of magnetite: type 1 includes dolomite, spinel, and Mg–Fe–Al silicate, and type 2 is made up
of Mg–Fe–Al silicates enveloping the Mg-bearing amorphous silica phase. High-resolution transmission elec-
tron microscopy (HRTEM), selected-area electron diffraction (SAED), and fast Fourier transform (FFT) patterns
reveal that the majority of the solid inclusions display non-oriented matrices compared to the host magnetite, pre-
cluding the possibility of sub-solidus processes. Instead, these inclusions are thought to preserve skarn mineral
assemblages that were entrapped during the growth of magnetite. However, the local supersaturation of fluids
trapped in the boundary layer of crystallizing magnetite is evidenced by coherent lattice orientation of precip-
itated and host magnetite and by the occurrence of an Mg-bearing amorphous silica phase. Our findings reveal
that skarn reactions observed at field and microscopic scales are also recorded in nano-sized inclusions within
magnetite. These observations underscore the significance of micro- to nano-scale solid inclusions in magnetite
to decipher overprinted skarn reactions as well as constraining the timing of Fe mineralization events in skarns.

1 Introduction

Skarn deposits represent one of the most prevalent ore de-
posits, distributed widely across the Earth’s crust (e.g., Ein-
audi et al., 1981; Meinert et al., 2005; Chang et al., 2019;
Kuşcu, 2019). These deposits contain resources of several
base metals (Fe, Cu, Pb, Zn, W, Mo, Sn; e.g., Zhang et al.,
2013, 2014; Calvo et al., 2013; Jansson and Allen, 2015;
Zhao et al., 2017; Lefebvre et al., 2019; Xie et al., 2021;
Soloviev et al., 2021) and precious metals (Au, Ag; e.g.,
Cepedal et al., 2000; Mao et al., 2017; Xie et al., 2019; Guo

et al., 2023) as well as other elements of high-tech and in-
dustrial interest (rare earth elements (REE), U, B; e.g., Mar-
incea and Dumitraş, 2019; Fitros et al., 2020; Zheng et al.,
2020). Magnetite is widespread in skarn deposits across var-
ious geological settings (Einaudi et al., 1981; Meinert et al.,
2005), so it has been proposed as a useful petrogenetic in-
dicator based on its trace element distribution (e.g., Dupuis
and Beaudoin, 2011; Dare et al., 2014; Nadoll et al., 2014;
Knipping et al., 2015; Huang et al., 2019; Canil and La-
course, 2020; Chen et al., 2020). The presence of micro-
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to nano-sized inclusions in magnetite may strongly affect
its trace element distribution (e.g., Yin et al., 2019; Dedi-
tius et al., 2018; Huang and Beaudoin, 2021), making textu-
ral characterization a decisive preliminary step for obtaining
petrogenetic insights from magnetite. However, the signif-
icance of micro- to nano-sized inclusions in magnetite ex-
tends beyond geochemical considerations, particularly when
evidence of primordial geological and/or mineralogical con-
text is overridden. Thus, micro- to nano-sized inclusions in
magnetite are increasingly being used to unravel the geo-
logical setting of ore formation, to characterize distinct al-
teration events, and to constrain the physicochemical condi-
tions of the ore system. For instance, the oxy-exsolution of il-
menite and spinel in magnetite from the Kovdor phoscorite–
carbonatite complex, Russia, was employed to constrain tem-
perature and oxygen fugacity of coexisting magnetite and its
exsolution products (Ivanyuk et al., 2017). Amphibole and
pyroxene nano-inclusions in magnetite from the Los Col-
orados iron oxide–copper–gold (IOCG) deposit (Deditius et
al., 2018) and from the Sossego IOCG deposit (Huang and
Beaudoin, 2021) provide evidence for discriminate magnetite
origin. The mineral assemblage of inclusions in magnetite,
including silicates (i.e., actinolite, diopside, and epidote) or
oxides (i.e., ilmenite and spinel), has been proposed to dis-
tinguish between IOCGs sensu stricto and iron oxide–apatite
(IOA) deposits (Ciobanu et al., 2019). The latter authors also
proposed the use of actinolite, diopside, and epidote nano-
inclusions to characterize alteration stages in the Olympic
Dam, South Australia. More recently, the volumetric per-
centage of exsolved spinel in magnetite from the San Manuel
skarn was used to approximate the maximum temperature of
magnetite mineralization (González-Pérez et al., 2022).

Despite the numerous studies investigating micro- to nano-
inclusions in magnetite principally in hydrothermal systems,
research characterizing mineral assemblages within micro-
to nano-sized inclusions in magnetite to track overprinted
mineral reactions in magnesian skarn ore-forming systems
remains limited. This research focuses on the micro- to nano-
scale characterization of solid inclusions within magnetite
from the La Víbora magnesian skarn (Málaga Province, SW
Spain). This magnesian skarn is hosted within dolomitic mar-
bles of the contact aureole resulting from the crustal em-
placement of the Ronda peridotites. Typical zoning of mag-
nesian skarns is observed, featuring distinct mineralogical
zones including the (1) forsterite, (2) diopside, and (3) per-
iclase zones. Notably, micro- to nano-sized solid inclusions
are systematically oriented along the (111) of magnetite and
are exclusively found in coarse magnetite cores from the per-
iclase zone. This study highlights the significance of micro-
to nano-scale inclusions in magnetite as a tool for decipher-
ing overprinted skarn reactions and constraining the timing
of the mineralization.

2 Geological setting

The La Víbora magnesian skarn is located in the northern
sector of the Sierra Bermeja, approximately 15 km southeast
of the city of Ronda in southern Spain (Fig. 1). This area be-
longs to the Betic Cordillera, which corresponds to the north-
ern portion of the Betic–Rif orogenic belt in the westernmost
part of the Mediterranean region (e.g., Platt et al., 2013).
The geology of the Betic Cordillera is subdivided into three
main geological domains: external zones, internal zones, and
the flysch, the latter sandwiched between the other two do-
mains. The external zones are located to the north of the Betic
Cordillera and correspond to the sedimentary cover deposited
during the Mesozoic to Cenozoic on the Iberian foreland. The
internal zones correspond to sediments deposited between
the Iberia and Africa plates during Paleozoic to Mesozoic
times that were subsequently metamorphosed and stacked
during the Alpine orogeny. The internal zones are made up
of three nappe complexes: the Nevado–Filábride Complex
at the bottom, the Alpujárride Complex in the middle, and
the Maláguide Complex at the top of the tectonic sequence
(Egeler and Simon, 1969). The flysch is composed of tur-
biditic sediments deposited from the Cretaceous to Miocene
in deep marine basins located in the Alboran Sea (Vissers et
al., 1995).

The La Víbora skarn belongs to the Alpujárride Complex,
which in the studied area comprises the Blanca unit at the
bottom and the Jubrique unit at the top (Navarro-Vilá and
Tubía, 1983; Tubía and Cuevas, 1986; Tubía et al., 2013).
The Blanca unit consists of a crustal sequence composed
of Upper Triassic dolomitic marbles lying on high-grade
metapelites and migmatites (Tubía et al., 1997; Sánchez-
Rodríguez and Gebauer, 2000). Migmatites are interpreted as
the product of the partial melting of former metapelitic rocks
during the hot emplacement of the mantle peridotites (1100–
800 °C and 1.4–1.1 GPa; Tubía et al., 1997, 2013; Cuevas
et al., 2006; Esteban et al., 2008). The Blanca unit is over-
thrust by the Ronda peridotites (i.e., mainly Ronda, Ojén,
and Carratraca massifs), which mostly consist of lherzolites
and harzburgites with minor amounts of dunite as well as
different types of pyroxenite layers, locally intruded by leu-
cocratic dikes (Obata, 1980; Van der Wal and Vissers, 1993,
1996; Garrido and Bodinier, 1999; Acosta-Vigil et al., 2014).
These peridotites are exposures of a Proterozoic (1.2–1.8 Ga)
subcontinental lithospheric mantel (SCLM) (Reisberg and
Lorand, 1995; Marchesi et al., 2010; González-Jiménez et
al., 2013a, b) finally emplaced in the crust during the late
Oligocene to Early Miocene (e.g., Esteban et al., 2004, 2007,
2010; Precigout et al., 2007; González-Jiménez et al., 2017),
although a recent debate involving a pre-Alpine age for peri-
dotite emplacement is becoming controversial (e.g., Acosta-
Vigil et al., 2014; Barich et al., 2014; Sanz de Galdeano and
Ruiz-Cruz, 2016; Sanz de Galdeano, 2023; Díaz-Alvarado et
al., 2024; Sánchez-Navas et al., 2024). The peridotite em-
placement has been related to the development of a back-arc
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Figure 1. Geological map of the western zone of the Betic Cordillera, southern Spain. Modified from Gervilla et al. (2019).

basin behind the Betic–Rif orogenic wedge (Garrido et al.,
2011; Marchesi et al., 2012; Hidas et al., 2013, 2015). The
peridotites are overlain by a thick (up to 7 km) sequence of
metapelitic rocks showing a decreasing metamorphic grade
outwards from the contact with the peridotites (i.e., Jubrique
unit) (Balanyá et al., 1997; Tubía et al., 1997; Platt et al.,
2013). These rocks correspond to vestiges of a pre-Mesozoic
continental crust that also experienced substantial thinning
during the Late Oligocene/Early Miocene.

In the studied area, the Ronda peridotite unit tectonically
overlies the Las Nieves unit, which is formed by ca. 1.5 km
thick Mesozoic to Cenozoic platform deposits, including
limestones, dolomites, and marls. It is considered a non-
metamorphic and slightly deformed unit although it is in-
tensely metamorphosed towards the contact with the Ronda
peridotites (Mazzoli and Martínez-Algarra, 2011; Sanz de
Galdeano, 2023). The tectonic contact at the base of the peri-
dotites with the footwall rocks of the Las Nieves unit consists
of an up to 200 m thickness shear zone made up of mylonite
that locally embeds blocks of the Blanca unit.

3 Samples and analytical methods

A total of 10 rock samples were picked from different zones
of the skarn, including dolomitic marble. Considering that
the skarn outcrop is in a vertical area of ∼ 40 m thickness,
we consider such a number of samples representative enough

for the skarn. Thin sections of ∼ 30 µm thickness were in-
vestigated using a ZEISS JENAPOL optical microscope in
transmitted and reflected light from the Departamento de
Mineralogía y Petrología at the Universidad de Granada.

Analysis of the in situ chemical composition of minerals
was conducted using electron probe micro-analysis (EPMA)
using a JEOL JXA-8230 analyzer equipped with wavelength-
dispersive X-ray (WDX) detectors at Servicios Científico-
Técnicos, Universidad de Barcelona. The accelerating volt-
age was 20 kV, the beam current was 20 nA, and the beam
diameter was 5 µm. Analytical procedures of EPMA of sil-
icates and oxides are provided in Tables S1 and S2 (Sup-
plement 1). Both peak and background counting times were
measured over 10 s. Data reduction followed the phi–rho–z
procedure proposed by Pouchou and Pichoir (1991), whereas
Fe2+ and Fe3+ were calculated by charge balance according
to Droop (1987).

Textural characterization of minerals was carried out by
means of a Phenom XL scanning electron microscope oper-
ating in backscattered electron (BSE) mode, whereas semi-
quantitative chemical maps were made by energy-dispersive
X-ray spectroscopy (EDS) at the Departamento de Miner-
alogía y Petrología at the Universidad de Granada, Spain.
The accelerating voltage was 15 keV and the beam current
was 1 nA for a sufficient number of counts for each EDS
analysis. The Phenom software automatically carries ZAF
corrections to reduce absorption and fluorescence effects.
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The Phenom algorithm uses the extended algorithm of Pou-
chou and Pichoir (1993) to reduce the effect of changes on
X-ray transmission through the interaction volume as a func-
tion of the accelerating voltage and the matrix it penetrates.

Two thin foils crosscutting nano-inclusions in magnetite
from sample V-10 were extracted using focused ion beam
scanning electron microscopy (FIB–SEM) at the Laborato-
rio de Microscopías Avanzadas (LMA) at the Instituto de
Nanociencia y Materiales de Aragón (INMA) – Universidad
de Zaragoza, Spain. Thin-foil preparation for transmission
electron microscopy (TEM) was performed using a dual-
beam FEI Thermo Fisher Scientific Helios 650. The se-
lected regions of interest were first covered by a thin strip
(∼ 300 nm) of C and Pt for protection during milling, polish-
ing, and extraction. The bulk material was first removed on
both sides of the lamella by rough Ga+ ion milling with a
voltage of 30 kV at a current of 2.5 nA, and the subsequent
polishing was performed with a voltage of 30 kV at a current
of 0.23 nA. The thin foils were polished with Ga+ ion milling
to achieve electron transparency, which was monitored by
an Everhart–Thornley secondary electron (SE) detector. Af-
ter achieving the electron transparency, the thin foils were
rapidly polished using low energy of 5 kV at a current of
10 pA to reduce the amorphization until a final thickness of
∼ 90 nm was attained. Subsequently, the thin foils were un-
dercut with a 30 kV at 2.5 nA current, lifted out, and trans-
ferred from the sample to a TEM grid using an OmniProbe
nano-manipulator.

A Thermo Fisher Scientific Talos F200X and an FEI Titan
G2 transmission electron microscope, both equipped with X-
FEG field emission guns, were used in combination to ana-
lyze the thin foils at the Centro de Instrumentacíon Científica
(CIC) of the Universidad de Granada, Spain. The Talos and
FEI Titan G2 microscopes included four energy-dispersive
X-ray (EDX) detectors and one high-angle annular dark-field
(HAADF) detector, each one operating in scanning trans-
mission electron microscopy (STEM) mode. Selected areas
within the thin foils were imaged by the FEI Titan G2 micro-
scope using HAADF-STEM to obtain high-Z-contrast im-
ages as well as high-resolution TEM (HRTEM) images. The
fast Fourier transform (FFT) method is applied to HRTEM
images to obtain FFT diffraction patterns and thus see the
orientation of the crystal lattice and its spacings. All these
images were treated using the DigitalMicrograph® software
(Version 1.71.38). Selected-area electron diffraction (SAED)
was also performed. The FEI Titan G2 was running at 300 kV
working conditions while HRTEM images were acquired us-
ing a Gatan CCD camera. The Thermo Fisher Scientific Ta-
los F200X was employed for single-spot analytical electron
microscopy (AEM) analysis and to acquire compositional el-
emental maps of the sample using an accelerating voltage of
200 kV and image drift correction. Elemental maps were also
processed using the Velox® software.

Figure 2. Schematic stratigraphic column of the La Víbora skarn.

4 Results

4.1 Petrography of the La Víbora skarn

4.1.1 Skarn zones and petrography

The La Víbora skarn is hosted in dolomitic marbles from
a dismembered block of the Blanca unit (∼ 20 m thick),
which is now embedded in a shear zone at the northern
contact of the Ronda peridotites with carbonates of the Las
Nieves unit (Fig. 1). The Ronda peridotites overthrust in
northwestern-direction marbles of the Las Nieves unit, which
are extensively deformed forming an inverse fold at the con-
tact with the ultramafic rocks (see Mazzoli and Martínez-
Algarra, 2011). For the sake of clarity, a schematic column
of the skarn is shown in Fig. 2. In the area, the Ronda peri-
dotites are exposed in the westernmost part of the area in
the form of breccia, which is made up of heterometric (up
to 20 cm), rounded to angular blocks (Fig. 3a–b) of serpen-
tinized forsterite embedded in a mixture of serpentine and
minor brucite (Fig. 4a).

The mineralization in the skarn is made up of magnetite,
whereas gangue minerals include dolomite, forsterite, diop-
side, calcite, periclase, brucite, serpentine-group minerals,
and chlorite, as well as minor graphite, amorphous silica, and
amphibole. According to the dominant gangue mineral, three
different zones are distinguished (Fig. 2).

1. Forsterite zone. This occupies the westernmost part of
the skarn, at the contact with the thrust zone, which sep-
arates the skarn from the brecciated Ronda peridotites
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(Fig. 3a, c). This zone consists of dolomitic marble par-
tially replaced by serpentinized forsterite, calcite, and
varying amounts of chlorite. Pods and veins of massive
to semi-massive magnetite are widespread in this zone
(Fig. 3c), where magnetite is interstitial to partially ser-
pentinized forsterite grains, the latter being up to 1 mm
in size (Fig. 4b).

2. Diopside zone. This is situated in the intermediate part
of the skarn, where dolomitic marble is partially re-
placed along fringes and/or fractures (Fig. 3d–e). Diop-
side occurs as euhedral to subhedral prismatic grains
that are up to 2 mm in size replacing forsterite (Fig. 4c),
and it is locally replaced by minute, euhedral crystals
of amphibole. Diopside also occurs as monomineralic,
granoblastic masses of prismatic crystals of up to 1 mm,
locally crosscut by brucite veins (Fig. 4d). Two types
of serpentine minerals are observed in this zone. Srp-
1 is yellowish and replaces forsterite, whereas Srp-2 is
white-colored and forms magnetite-bearing veins cross-
cutting and replacing both forsterite and diopside; the
latter is also locally replaced by chlorite (Fig. 4c). No-
tably, magnetite is nearly absent in this zone, except for
trails of microcrystalline magnetite disposed through-
out the serpentine veins replacing forsterite and diop-
side (Fig. 4c).

3. Periclase zone. This is located at the easternmost part
of the skarn in contact with unaltered dolomitic mar-
ble. In this zone, brucitized periclase grains of up to
1 mm in size are disseminated along with calcite, mag-
netite, and minor chlorite (Fig. 4e–g). Remnants of un-
altered dolomitic marble remain perceptible, exhibiting
acicular crystals of graphite as well as dismembered
forsterite grains (Fig. 4h). Voids and fractures are filled
with minute calcite-comb crystals growing outwards
from fracture walls, followed by a parallel controlled,
finely banded, crustiform Mg-bearing silica amorphous
phase. The innermost regions of fractures are unfilled
(Fig. 4h–i). In this area, both granular or semi-massive
magnetite bands and disseminations of magnetite are
observed (Fig. 4e, f).

4.1.2 Texture of ore minerals

Magnetite is ubiquitously distributed across the skarn, except
for the diopside zone, which is restricted to serpentine veins.
The mineralization forms heterometric pods and bands of up
to 0.5 m thickness, made up of variably textured magnetite.
Three predominant magnetite ore textures characterize the
mineralization.

1. Massive to semi-massive. This texture is prevalent
throughout the forsterite zone. Massive-textured ore
usually forms the core of the pods and is made up of gra-
noblastic magnetite of up to 0.4 mm in size with sharp

and irregular contacts and frequently forming 120°
triple junctions (Figs. 4j and 5a). Semi-massive mag-
netite is generally associated with the external zones of
magnetite pods and veins. It comprises variably sized
granoblastic magnetite of up to ∼ 0.2 mm in size and
interstitial to serpentinized forsterite (Fig. 4b, k). Semi-
massive magnetite boundaries are sharp and range from
irregular and/or corroded to curved 120° triple junc-
tions (Fig. 5b). Inclusions of serpentinized forsterite
are widespread in both massive and semi-massive mag-
netite (Figs. 4j, k and 5a, b).

2. Coarse granular. This texture is composed of coarse
magnetite (> 2 mm) forming discrete grains or mas-
sive bands with sawtooth-shaped boundaries (Fig. 4l)
or occurring as discrete grains embedded within a ma-
trix of massive to semi-massive magnetite (Fig. 4k).
Notably, coarse granular magnetite within the periclase
zone showcases solid inclusions conformably oriented
with (111) planes of magnetite in its cores (Fig. 5c–
d). Cracks crosscutting coarse granular magnetite often
contain calcite, dolomite, and chlorite (Fig. 5d).

3. Disseminated magnetite. This texture is found as dis-
persed magnetite grains ranging from 0.25 to 0.5 mm in
size. Disseminated magnetite occurs embedded within
the matrix of the different skarn zones (Fig. 4e–g) or as
trails of tiny magnetite associated with serpentinization
in the diopside zone (Fig. 4c).

4.2 Chemical composition of minerals

Forsterite, diopside, and serpentine were analyzed by EPMA
(n= 29). The whole dataset with EPMA results of silicates
is included in Table S3 (Supplement 1). Overall, forsterite
(n= 9) is MgO-rich (52.68 wt %–57.59 wt %) and has rel-
atively elevated Fe values (FeOtot = 2.86 wt %–6.29 wt %),
whereas SiO2 ranges from 38.43 wt %–42.23 wt %. MnO
concentration ranges from 0.04 wt %–0.19 wt %. The Mg-
rich nature of forsterite is evident in its end-member per-
centage of Fo94−97–Fa3−6. Srp-1 (n= 8) is yellow Fe-
rich serpentine replacing forsterite from the diopside zone
(Fig. 4c). It has low MgO (33.71 wt %–37.34 wt %) and
SiO2 (38.46 wt %–39.94 wt %) but elevated Fe (FeOtot =

7.39 wt %–10.18 wt %) values. NiO is systematically <

0.11 wt %. On the other hand, Srp-2 (n= 6) is a vein-
like Fe-rich serpentine with higher MgO (42.07 wt %–
41.15 wt %) and SiO2 (39.56 wt %–41.20 wt %) than Srp-
1 but lower Fe (FeOtot = 2.09 wt %–3.91 wt %) and NiO
(0.08 wt % to 0.32 wt %). MnO is below 0.04 wt % in
both types of serpentine. Diopside (n= 12) is relatively
homogeneous in terms of SiO2 (50.49 wt %–55.03 wt %),
MgO (16.90 wt %–18.75 wt %), and CaO (23.29 wt %–
26.19 wt %), whereas FeO (0.51 wt %–4.34 wt %) and Al2O3
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Figure 3. Field images of the La Víbora skarn. (a) Overview of the skarn area. (b) Peridotite breccia. (c) Pod of magnetite from the forsterite
zone. (d) Partially replaced dolomitic marble along fringes of forsterite and diopside, as well as irregular mass of magnetite. (e) Forsterite
and diopside replacing dolomitic marble along fractures. Fo: forsterite; Di: diopside; Chl: chlorite; Srp: serpentine.

(0.04 wt %–2.39 wt %) values show a wider range of concen-
trations.

A total of 90 analyses were carried out in magnetite by
means of EPMA. Magnetite with variable Mg contents is the
only ore mineral in the La Víbora skarn. Overall, a consis-
tent trend of Mg decrease is observed towards the boundaries
of magnetite grains in all textures throughout the skarn. De-
spite the diversity in texture, the composition of magnetite
is very homogeneous, except for granular magnetite (n=
31), which exhibits higher Mg#= [Mg / (Mg+Fe2+)] ra-
tios (Mg#= 0.25–0.42) compared to semi-massive (n= 36;
Mg#= 0.18–0.29) and massive (n= 23; Mg#= 0.21–0.23)
magnetite. The Al2O3 content is low in massive magnetite
(Al2O3 = 0.01 wt %–0.06 wt %), whereas in semi-massive
magnetite, the Al2O3 content depends on the skarn zone
of the analyzed magnetite. Thus, semi-massive magnetite
from the forsterite zone has Al2O3 = 0.58 wt %–1.61 wt %,
whereas that of the periclase zone ranges between 0.08 wt %

and 0.073 wt % Al2O3. Coarse granular magnetite has el-
evated Al2O3 contents (Al2O3 = 0.23 wt %–1.49 wt %), es-
pecially in a coarse granular magnetite grain embed-
ded within semi-massive magnetite (Al2O3 = 0.89 wt %–
2.11 wt %). The minor element composition of magnetite
proves to be uniform, displaying no significant chemical vari-
ations concerning the skarn zone or the type of texture. SiO2
reaches up to 1.11 wt %, whereas Al2O3 ranges between
0.08 wt %–2.11 wt %. The other minor elements yield values
below 0.25 wt % (Supplement 1; Table S4).

4.3 Solid inclusions in magnetite

The solid inclusions in magnetite are variable in mineralogy,
size, and distribution across the skarn zones. There are two
types of inclusions based on their size and textural relation-
ships with magnetite:

Micro-scale, non-oriented inclusions of forsterite and cal-
cite and dolomite. Forsterite inclusions are predominantly
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Figure 4. Photomicrographs of the different zones of the skarn. (a) Transmitted plane-polarized light of serpentinized forsterite grains and
brucite masses from the peridotite breccia. (b) Transmitted plane-polarized light from the forsterite zone showing masses of magnetite inter-
stitial to partially serpentinized forsterite. (c) Transmitted plane-polarized light displaying prismatic diopside crystals replacing forsterite and
serpentinization of both silicates. Note tiny magnetite grains associated with serpentinization in the upper-left part of the photomicrograph.
(d) Transmitted cross-polarized light of granoblastic masses of diopside from the diopside zone crosscut by a brucite vein. (e) Transmitted
plane-polarized and (f) cross-polarized light photomicrographs showing the general aspect of the periclase zone with disseminated magnetite.
(g) Transmitted plane-polarized light photomicrograph of calcite, brucite, and tabular-like chlorite crystals coexisting with magnetite from
the periclase zone. (h) Transmitted plane-polarized and (i) cross-polarized photomicrographs showing partially replaced dolomitic marble.
Note the presence of isolated forsterite and acicular graphite. Voids are filled with comb carbonate crystals at the margins and banded, crusti-
form silica in the inner parts. Reflected-light images showing the different textures of magnetite: (j) massive, (k) semi-massive, and (l) coarse
granular magnetite. A coarse magnetite grain embedded within the semi-massive magnetite is marked with a red arrow (k). Srp: serpentine;
Brc: brucite; Fo: forsterite; Di: diopside; Mt: magnetite; Chl: chlorite; Cc: calcite; Gr: graphite.

found in massive and semi-massive magnetite from the
forsterite zone. They exhibit rounded shapes with sizes vary-
ing from ∼ 10 µm to ∼ 0.1 mm (Fig. 5a, b). On the other
hand, coarse granular magnetite hosts composite inclusions
made up of calcite and dolomite with irregular shapes of up
to 80 µm (Fig. 6a–c), which may locally grade into Si-rich
filled fractures and/or discrete inclusions completely sealed
by magnetite (Fig. 6d).

Micro- to nano-sized inclusions oriented along the {111}
of magnetite (Fig. 5c–d). They are made up of dolomite;
nano-inclusions of spinel, chlorite, and likely serpentine; and
an Mg-bearing amorphous silica phase. These inclusions are
exclusively found in cores of coarse granular magnetite from

the periclase zone (sample V-10). Based on backscattered
electron (BSE) imaging and SEM–EDS semi-quantitative
compositional maps (Fig. 6), these oriented nano-inclusions
have been categorized into two different sub-groups.

(2a) Type 1 inclusions (white squares in Fig. 6). These are
Ca- and Mg-rich, with variable Si. They are small (< 5 µm)
and display elongated shapes with sharp boundaries with host
magnetite, although often irregular, curved boundaries are
also observed.

(2b) Type 2 inclusions (yellow squares in Fig. 6). These
are Si-rich, with variable Mg and no Ca, and display sizes
similar to type 1 inclusions but are slightly thinner. They are

https://doi.org/10.5194/ejm-36-925-2024 Eur. J. Mineral., 36, 925–941, 2024



932 I. González-Pérez et al.: Micro- to nano-sized solid inclusions in magnetite record skarn reactions

Figure 5. Backscattered electron images of different types of in-
clusions in magnetite. (a, b) Non-oriented forsterite inclusions in
(a) massive and (b) semi-massive magnetite. (c, d) Needle-like ori-
ented inclusions along {111} of magnetite. Red arrows in (c) high-
light the location of FIB thin foils. Note the presence of late veins
crosscutting coarse granular magnetite, filled with calcite, dolomite,
and likely chlorite. Fo: forsterite; Mt: magnetite; Chl: chlorite; Cc:
calcite; Dol: dolomite.

needle-shaped inclusions with sharp and straight boundaries
with host magnetite.

The FIB thin foil crosscutting a type 1 inclusion was ob-
tained from sample V-10 (Fig. 7a). High-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) imaging reveals the presence of various constituents
(Fig. 7b) that display sharp compositional boundaries in rel-
ative concentrations of Mg, Ca, Al, Fe, and Si (Fig. 7c, j,
k). Through comprehensive analyses including TEM–EDS
maps, selected-area electron diffraction (SAED), HRTEM,
and corresponding FFT patterns, the inclusions were iden-
tified as follows: (1) dolomite; (2) spinel; and (3) Fe-
rich and Fe-poor intergrowths of Mg-, Si-, and Al-bearing
nano-inclusions, most likely intermediate members of the
clinochlore–chamosite solid solution.

Dolomite dominates in the central region of the FIB
thin foil (Fig. 7b–c). SAED analysis yielded d spacing of
2.88, 2.66, and 1.78 Å corresponding to (104), (006), and
(116) of dolomite, respectively, consistent with Goldsmith
et al. (1961) (Fig. 7d–e). HRTEM imaging shows a sharp
boundary between dolomite and host magnetite with nano-
domains in dolomite exhibiting multiple orientations relative
to the host magnetite (Fig. 7f). Another nearby area was cho-
sen for SAED analysis in spinel (Fig. 7g), which yielded
d spacing of 4.63, 2.85, and 2.45 Å, consistent with (111),
(220), and (311) of the spinel structure, as reported by Pe-
terson et al. (1991). HRTEM images show a coherent lattice
orientation between spinel and host magnetite, characterized
by a curved and sharp boundary. However, the SAED and
FFT patterns indicate a lattice rotation of approximately 90°
to each other (inset in Fig. 7h).

A detailed examination of the left region of the thin foil
using HRTEM imaging (Fig. 7i) and TEM–EDS elemental
mapping (Fig. 7j, k) unveiled an intergrowth of Fe-rich and
Fe-poor Mg-, Si-, and Al-bearing minerals. It has a laminar
habit and displays a sharp compositional boundary with host
magnetite and several voids (Fig. 7j–l). The HRTEM imaging
in this zone revealed curved crystallographic planes (Fig. 7l).
FFT patterns yield d-spacing values of 4.72 (003), 3.53 (004),
and 2.58 Å (202), corresponding to {h01} for the structure of
monoclinic polytype IIb chlorite (Brown and Bailey, 1962).
A second set of measured d-spacing values including 4.07
(112), 3.82 (022), 3.67 (112), and 3.32 Å (116) (Supplement
2) corresponds to {hk1} values for chamosite nanocrystals
(Walker and Bish, 1992).

A second FIB thin foil was performed across a type 2
inclusion from sample V-10 (Fig. 8a). HAADF-STEM and
TEM–EDS elemental mapping reveal a composite inclusion
comprising a Fe-, Mg-, and Al-bearing silicate of < 500 nm,
encapsulating a net-like, Si- and Mg-bearing phase of about
1 µm in thickness (Fig. 8b–d). Through comprehensive anal-
yses including SAED, HRTEM, and corresponding FFT pat-
terns, the nano-inclusions were categorized into (1) interme-
diate members of the clinochlore–chamosite solid solution
and (2) an Mg-bearing amorphous silica phase.

Intergrowths of intermediate members of the clinochlore–
chamosite solid solution were observed on both sides of
the thin foil, in direct contact with hot magnetite (Fig. 8b).
SAED measurements at the contact between magnetite and
chlorite (Fig. 8d) yielded d-spacing values of 7.20, 7.05,
and 4.74 Å, matching (004), (002), and (003) of mono-
clinic polytype IIb chlorite (Brown and Bailey, 1962; Lis-
ter and Bailey, 1967), as well as 4.83 Å corresponding to the
{111} of magnetite (Nakagiri et al., 1986; Bosi et al., 2009)
(Fig. 8e). Further SAED, HRTEM imaging, and FFT pat-
terns corroborated these findings, yielding d-spacing values
of 4.24 and 2.08 Å (Supplement 2) that fit well with (111)
and (205) of chamosite (Walker and Bish, 1992). A d-spacing
value of 2.08 Å may correspond to (043) of stoichiometric
chrysotile (Falini et al., 2004). Despite the potential pres-
ence of chrysotile, the Al signal observed in TEM–EDS maps
highlighted intermediate members of clinochlore–chamosite
as the predominant mineral. As observed in thin foil 1, sev-
eral voids are observed among clinochlore–chamosite inter-
growths (Fig. 8d) Although HRTEM imaging shows coher-
ent lattice orientation between clinochlore–chamosite inter-
growths and host magnetite at the very contact (Fig. 8f), a
slight misorientation of ∼ 2° is observable in SAED pat-
terns (Fig. 8e). Moreover, the crystallographic planes of
clinochlore–chamosite intergrowths curved outwards from
the boundary with host magnetite and displayed localized ar-
eas with multiple lattice orientations (Fig. 8f).

Clinochlore–chamosite intergrowths were also observed in
the right region of thin foil 2, characterized by Fe-richer com-
positions (Fig. 8g). HRTEM imaging reveals coherent lattice
orientation between clinochlore–chamosite intergrowths and
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Figure 6. SEM–EDS maps of coarse granular magnetite showing the major element composition of oriented inclusions: (a, e) Fe, (b, f) Ca,
(c, g) Mg, and (d, h) Si. White squares highlight Ca- and Mg-rich type 1 inclusions, and yellow squares mark Si-rich type 2 inclusions.
Non-oriented calcite and dolomite inclusions are displayed at the bottom of SEM–EDS maps in (a)–(d).

host magnetite (Fig. 8h). A group of d-spacing values mea-
sured in SAED patterns give 4.22 and 2.26 Å, corresponding
to (111) and (204), respectively, of chamosite (Walker and
Bish, 1992) and 1.72 Å (207) for the structure of monoclinic
polytype IIb chlorite (Brown and Bailey, 1962).

The central part of the thin foil comprises a net-like, Si-
and Mg-bearing material with several voids. Notably, the
SAED pattern obtained from such inclusion evidence an
amorphous phase (Fig. 8j–k).

5 Discussion

5.1 Origin of oriented micro- to nano-inclusions in
magnetite

Coarse magnetite from La Víbora skarn has nano-inclusions
oriented along the (111) of its magnetite host. Such micro-
to nano-inclusions comprise dolomite, spinel, intergrowths
of intermediate members of clinochlore–chamosite solid so-
lution, and an Mg-bearing amorphous silica phase. Oriented
nano-inclusions in magnetite may be interpreted as being due
to (1) sub-solidus exsolution from the magnetite host (e.g.,
Ivanyuk et al., 2017; Deditius et al., 2018); (2) local super-
saturation of fluids under non-equilibrium conditions at the
boundary layer of crystallizing magnetite, followed by en-
trapment by the growing magnetite (Watson, 1996; Watson
et al., 2011); or (3) relic minerals of the skarn reaction that
were mechanically trapped during magnetite growth (e.g.,
Zhao and Zhou, 2015).

Thin foil 1 is made up of dolomite, spinel, and interme-
diate members of the clinochlore–chamosite solid solution.
TEM–EDS compositional maps reveal variable Fe contents
in clinochlore–chamosite intergrowths (Fig. 7j–k). Fe in oc-
tahedral sites in chlorite may lead to a distortion of the cell
parameters (e.g., Brown and Bailey, 1962). This makes it dif-
ficult to accurately link the measured d spacing with either
chlorite or chrysotile, as both are common minerals found

in magnesian skarns. Based on the Al contents observed in
TEM–EDS maps (Figs. 7j and 8c), we suggest that an in-
termediate member of the clinochlore–chamosite solid solu-
tion is the most plausible phase found in the thin foil. Such
a hypothesis is supported by a similar mineral assemblage
observed in fractures crosscutting magnetite, where chlo-
rite occurs along with dolomite partially replaced by calcite
(Fig. 5d). However, the presence of serpentine-group miner-
als cannot be completely ruled out, as previous studies have
demonstrated the existence of Al-bearing serpentine (e.g.,
Mellini, 1982; O’Hanley and Dyar, 1993). In any case, the
presence of chlorite and/or serpentine-group minerals is a
typical mineral assemblage of the retrograde stages of mag-
nesian skarns (Aleksandrov, 1998).

Minerals exsolved from magnetite solid solutions during
slow cooling involving Fe–Ti–V oxides have been widely
documented (Ivanyuk et al., 2017; Ciobanu et al., 2019; Hu
et al., 2015; Tan et al., 2016; Huang and Beaudoin, 2019,
2021). This style of sub-solidus state diffusion usually re-
sults in spinodal decomposition or nucleation and growth of
precipitates from the host mineral (Yund and McCallister,
1970). However, the lack of an epitaxial relation observed be-
tween dolomite and the magnetite host (Fig. 7f) does not sup-
port solid-state diffusion processes (e.g., Putnis, 2002, 2009;
Keller and Ague, 2022). Moreover, the abrupt compositional
boundary between inclusions and host magnetite (Fig. 7c)
is also inconsistent with the sub-solidus exsolution process.
Several studies describe that a depleted compositional halo
of elements incorporated in the exsolved phase is expected
around inclusions originated via exsolution-driven mecha-
nisms (Axler and Ague, 2015; Ague and Axler, 2016; Keller
and Ague, 2022). Furthermore, the presence of dolomite and
intermediate members of clinochlore–chamosite solid so-
lution is not consistent with the chemical requirement for
exsolution-induced processes (see Keller and Ague, 2022),
as Ca and Si are highly incompatible in magnetite and their
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Figure 7. (a) Backscattered electron image showing the location of thin foil 1. (b) HAADF-STEM and (c) TEM–EDS maps of the thin foil.
(d) HAADF-STEM image of the dolomite from the central part of the thin foil. (e) SAED image of dolomite carried out in the zone marked
in (d). (f) HRTEM image at the contact of dolomite with the magnetite host. Note the random orientation of dolomite. (g) HAADF-STEM
image of spinel from the right part of the thin foil. (h) HRTEM image and corresponding FFT patterns (insets) of the contact between
spinel and host magnetite in the area marked in (g). (i) HAADF-STEM image and (j) TEM–EDS maps of clinochlore–chamosite from the
left part of the thin foil. Note the laminar habit of crystals and the presence of voids. (k) Composite TEM–EDS map for Ca, Fe, and Mg
of clinochlore–chamosite. Note the intergrowth of Fe- and Mg-rich crystals. The intense light-blue color represents dolomite. (l) HRTEM
image of clinochlore–chamosite showing curved crystallographic planes.

ionic radii lie out of the “optimum radius” of ±15 %–18 %
radius variation (Dare et al., 2014). Spinel exhibits an epi-
taxial relationship with magnetite but is rotated 90° (Fig. 7h).
However, Sack and Ghiorso (1991a, b) defined the existence
of miscibility gaps along the MgFe−1–Al2Fe3+

−2 exchange
vector for Cr-free spinel (i.e., spinel–magnesioferrite), im-
plying that spinel may be exsolved from Al-bearing mag-
nesioferrite. Magnesioferrite in magnesian skarn systems is
common, usually forming magnesioferrite cores surrounded
by magnetite rims, indicating loss of magnesium during al-

teration (e.g., González-Pérez et al., 2022). However, EPMA
reveals that magnetite in the La Víbora skarn is Fe-rich and
that there is no magnesioferrite even in the cores (Supple-
ment 1, Table S4). Therefore, we rule out the sub-solidus ex-
solution from magnetite as the mechanism of type 1 inclusion
formation.

As mentioned above, hydrothermal fluids at the mag-
netite interface may reach local supersaturation under non-
equilibrium conditions, driving the formation of precipitates
at the magnetite boundary which are subsequently trapped
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Figure 8. (a) Backscattered electron image showing the location of thin foil 2. (b) HAADF-STEM and (c) TEM–EDS maps of the thin foil.
(d) Composite TEM–EDS map for Si and Fe of clinochlore–chamosite from the left part of the thin foil. (e) SAED and (f) HRTEM images
for the contact between clinochlore–chamosite and host magnetite from the area marked in (d). (g) Composite TEM–EDS map for Si and
Fe of clinochlore–chamosite from the right part of the thin foil. Note the increase in the Fe content of the intergrowths compared to that of
the left part. (h) HRTEM images and (i) SAED patterns obtained from the area marked in (g). Magnetite and clinochlore–chamosite exhibit
matrix matching, but the SAED pattern suggests the polycrystalline character of clinochlore–chamosite. (j) HAADF-STEM image of the
Mg-bearing silica phase from the central part of the thin foil. (k) SAED pattern carried out in the area marked in (j) showing the amorphous
character of the phase.

during magnetite growth (e.g., Deditius et al., 2018; Yin et
al., 2019; Huang et al., 2022). The crystallographically con-
trolled shapes of micro- to nano-inclusions observed in mag-
netite from thin foil 1 are consistent with this model (Wat-
son, 1996; Watson et al., 2011). In this model, epitaxial re-
lationships with host magnetite are expected as the precipi-
tated mineral uses the magnetite crystal lattice as a template
for nucleation reducing the strain energy (Yin et al., 2019).
The lack of epitaxial relationships between dolomite and the
magnetite host led us to rule out this hypothesis.

The mineral assemblage found in the type inclusion in
magnetite is typically found in magnesian skarn systems,
where dolomite represents the protolith and spinel and chlo-
rite minerals formed during the prograde and retrograde
stages, respectively, of skarn evolution (Aleksandrov, 1998).
Hence, we interpret type 1 inclusions in coarse magnetite
as a relic mineral association of the skarn evolution, which
was trapped during the crystal growth of the inclusions’ mag-
netite host. Mineral inclusions in magnetite have been previ-
ously associated with relics of pre-existing minerals trapped
during magnetite growth (e.g., garnet and pyroxene, Tengtie
Fe skarn; Zhao and Zhou, 2015).

Thin foil 2 yields a different mineral association, including
intermediate members of the clinochlore–chamosite solid so-
lution around a net-like Mg-bearing amorphous silica phase
(Fig. 8). An epitaxial relationship between clinochlore–
chamosite intergrowths and host magnetite along with the
presence of an amorphous phase is consistent with local su-
persaturation of fluids under non-equilibrium conditions in
the boundary layer of crystallizing magnetite, followed by
entrapment during magnetite growth (Watson, 1996; Wat-
son et al., 2011). Supersaturated conditions could explain
the polycrystalline character of clinochlore–chamosite crys-
tallites observed as well as the presence of amorphous phases
shown in Fig. 8i. The marked needle-like shape of these types
of nano-inclusions and their consistent orientation along the
{111} of magnetite are consistent with a model of mechan-
ical trapping of fluids during crystal growth of the mag-
netite host. Silicate nanoparticles in magnetite formed by lo-
cal precipitation of trapped fluid inclusions have been doc-
umented in skarn, IOA, and IOCG deposits (e.g., Dedi-
tius et al., 2018; Huang and Beaudoin, 2021). Specifically,
Huang et al. (2022) have documented chlorite nanoparti-
cles with different crystal orientations within magnetite from
the Alemão IOCG deposit, in Brazil, suggesting crystalliza-

https://doi.org/10.5194/ejm-36-925-2024 Eur. J. Mineral., 36, 925–941, 2024



936 I. González-Pérez et al.: Micro- to nano-sized solid inclusions in magnetite record skarn reactions

tion from boundary layer supersaturated fluids under non-
equilibrium conditions. The presence of hydrated phases like
chlorite with crystallites showing variable lattice orientations
suggests an origin related to the retrograde-stage evolution
of the skarn. This hypothesis is supported by the presence of
voids and the semi-coherent matrix matching between mag-
netite and chlorite (Fig. 8h).

The presence of an Mg-bearing amorphous silica phase in
thin foil 2 is compatible with the rapid precipitation from hy-
drothermal fluids rich in Ca, Mg, Al, and Si during the retro-
grade stages of magnesian skarns (e.g., Aleksandrov, 1998).
Indeed, it is common to observe late calcite, quartz, and hy-
drous Mg-bearing carbonate veins in skarn systems (e.g.,
Zhao and Zhou, 2015; González-Pérez et al., 2022, 2023).
The elevated Ca and CO2 activity during the retrograde stage
of skarns (Aleksandrov, 1998) would favor the incorporation
of Ca in carbonates, which is evidenced in La Víbora skarn
by comb carbonate crystals filling voids in dolomitic mar-
ble (Fig. 4h–i). The hydrothermal fluids after carbonate crys-
tallization should have been enriched in Si and, to a lesser
extent, Mg, which ultimately may have formed crustiform
silica in the inner parts of the voids. Crustiform textures are
associated with rapid precipitation from supersaturated flu-
ids (Moncada et al., 2012). Therefore, we made the inter-
pretation that both chlorite and Mg-bearing amorphous silica
phases most likely crystallized from fluids that became lo-
cally supersaturated at the boundary layer of growing mag-
netite and were subsequently trapped at the magnetite–fluid
interface during mineral growth. The relatively low temper-
ature of the system during the retrograde stage of skarn evo-
lution does not support solid-state diffusion processes, as
cation diffusion is more favorable at higher temperatures
(Frost and Lindsley, 1991; Putnis, 1992, 2009).

5.2 Micro- and nano-scale inclusions track the La
Víbora skarn evolutionary history

The La Víbora skarn exhibits the typical field-scale min-
eralogical zoning documented for magnesian skarns world-
wide, including (1) forsterite, (2) diopside, and (3) periclase
zones (e.g., Aleksandrov, 1998). The mineral assemblage of
the gangue from these distinct zones is made of dolomite,
calcite, forsterite, diopside, periclase, serpentine, chlorite,
and crustiform silica, with minor amphibole. These carbon-
ates, silicates, and oxides observed at the field scale and
micro-scale match well with the micro- to nano-scale inclu-
sions observed in magnetite and are consistent with mineral
assemblages formed during both prograde and retrograde
stages of magnesian skarn-forming reactions (Einaudi et al.,
1981; Aleksandrov, 1998). However, some other mineral in-
clusions in magnetite are either absent or only observable at
the micro- to nano-scale (i.e., spinel).

During the prograde stages of magnesian skarns, the com-
mon minerals formed during increasing temperature are
mainly forsterite; diopside; and, in hypabyssal magnesian

skarns (i.e., up to ∼ 2 kbar), periclase; spinel is also fre-
quently present (Aleksandrov, 1998; Meinert et al., 2005).

Forsterite is widespread in the forsterite zone as granoblas-
tic masses with interstitial magnetite as well as non-oriented
inclusions in magnetite (Figs. 4b and 5a–b). Forsterite forms
during the early prograde stage of magnesian skarns by the
interaction of dolomite with silica-bearing hydrothermal flu-
ids, according to the following reaction (Aleksandrov, 1998):

CaMg(CO3)2+ 0.5H4SiO4 = 0.5Mg2SiO4+CaCO3

+H2O+C2.

According to Einaudi et al. (1981), in the system MgO–CaO–
SiO2–CO2–H2O, forsterite formed at temperatures over
450–500 °C in hypabyssal magnesian skarns (< 2 kbar) (i.e.,
periclase is present). Interestingly, Mazzoli et al. (2013) esti-
mated that forsterite in dolomitic marble from the Las Nieves
unit originated from fluid-driven replacement reactions at
∼ 510 °C and 3 kbar. These observations suggest that mag-
netite formed after forsterite crystallization at temperatures
above ∼ 500–510 °C. This is in accordance with the esti-
mated minimum temperatures of magnetite formation during
the prograde stage in the San Manuel skarn (i.e., < 700 °C;
González-Pérez et al., 2022).

Spinel only occurs as composite nano-inclusions along
with dolomite and chlorite in magnetite. Spinel is common
in magnesian skarn mineral assemblages formed during the
prograde stage (e.g., Einaudi et al., 1981; Meinert et al.,
2005), where it is formed at increasing temperature by the
interaction of hydrothermal fluids with dolomitic protoliths.
To the best of our knowledge, there has been no reaction
reported for spinel crystallization during the prograde stage
of magnesian skarn. However, Rice (1977) proposed a reac-
tion of chlorite and dolomite formation during the retrograde
stage of skarn via the replacement of calcite according to

forsterite+ 2 calcite+ spinel+ 2CO2+ 4H2O

= chlorite+ 2 dolomite.

Sieber et al. (2020) modeled that the spinel stability field
for the Cu–Au Ertsberg East Skarn System (EESS) was
0.51 kbar at temperatures above 550 °C for a wide range
of XCO2 and H2O levels. Considering periclase to be an
index mineral for hypabyssal skarns systems at pressures
lower than 2 kbar, the value of pressure obtained by Sieber
et al. (2020) fits well with that of the La Víbora skarn. Ac-
cording to our interpretation, inclusion type 1 was formed
by entrapment of the skarn mineral assemblage during mag-
netite crystallization and growth. Consequently, magnetite
formation should have started towards the end of the pro-
grade stage (and likely at the incipient retrograde stage) af-
ter forsterite and likely in the conditions of the spinel sta-
bility field, that is, at temperatures above 500–550 °C. Mag-
netite formation during the prograde stage has been previ-
ously proposed by González-Pérez et al. (2022) for the San
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Manuel magnesian skarn (southern Spain) as well as by Zhao
and Zhou (2015) for the Tengtie skarn (southern China). On
the other hand, the growth of magnetite likely occurred dur-
ing the retrograde stage, as evidenced by the presence of an
amorphous phase formed during the cooling of saturated hy-
drothermal fluid at the magnetite boundary, as well as the
epitaxial nucleation and growth of chlorite on the magnetite
host. According to Sieber et al. (2020), chlorite forms at tem-
peratures below 550 °C, whereas geothermometry calcula-
tions carried out by González-Pérez et al. (2022) in the San
Manuel skarn obtained a temperature of 267–435 °C, which
overlaps decreasing temperatures during the retrograde skarn
stage (Aleksandrov, 1998). On the other hand, the solubility
of various forms of silica in water (amorphous silica, opal,
cristobalite, chalcedony, and quartz) increases with tempera-
tures in the range of 10 to 100 ppm for temperatures of < 50–
100 °C and up to 1000 ppm above 300 °C; thereafter, the sol-
ubility of silica decreases (Fournier, 1985). Silica supersat-
uration promotes precipitation of amorphous (opaline) silica
at temperatures of approximately 140 °C. Amorphous silica
is unstable and with time forms chalcedony or fine-grained
quartz. These facts suggest that magnetite growth occurred
during the retrograde stage of skarn evolution at a decreasing
temperature from approximately below 550 °C. Subsequent
growth of magnetite may have continued down to the late
retrograde stage of skarn evolution.

6 Conclusions

EPMA and TEM studies reveal that La Víbora magnetite
hosts micro-scale forsterite inclusions as well as variably ori-
ented nano-inclusions along the {111} of magnetite. Type
1 composite nano-inclusions include spinel, dolomite, and
intermediate members of the clinochlore–chamosite solid
solution interpreted as relicts of prograde skarn reactions
trapped as a solid inclusion during magnetite growth. Type 2
composite nano-inclusions include intermediate members of
the clinochlore–chamosite solid solution as well as the Mg-
bearing amorphous silica phase. Its formation is ascribed to
the local supersaturation of hydrothermal fluids at the mag-
netite boundary under non-equilibrium conditions followed
by entrapment during magnetite growth during the retrograde
skarn stage.

Non-oriented inclusions of forsterite and type 1 nano-
inclusions in magnetite track magnetite crystallization dur-
ing the prograde stage of the skarn evolution at temperatures
> 510 °C. The oriented type 2 nano-inclusions belong to hy-
drated phases formed from supersaturated fluids at the mag-
netite boundary during the retrograde stage of the skarn at
temperatures below approximately 500 °C. Growth of mag-
netite during the retrograde stage of skarn evolution led to
fluid entrapment at the magnetite boundary layer. Such fluids
became supersaturated and crystallized mainly clinochlore–

chamosite intergrowths and Mg-bearing amorphous silica
phases during decreasing temperatures of retrograde skarn.

This constrains the time of the beginning of magnetite for-
mation during the prograde stage of the La Víbora skarn
and its continuing growth during the retrograde stage of the
skarn. Thus, magnetite from the La Víbora skarn provides
an excellent example for the study of mineral formation dur-
ing magnetite growth. Moreover, nano-scale mineral assem-
blages can be used to constrain the timing of the magnetite
formation during skarn evolution.
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