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ARTICLE INFO ABSTRACT

Keywords: The San Manuel magnesian skarn is an iron deposit hosted in dolomitic marbles from a tectonic slice imbricated
Magnes‘ioferrite within the Ronda peridotites, in the westernmost part of the Betic Cordillera, Spain. According to the dominant
Mag‘]‘{eme mineral assemblage, the skarn is subdivided into three different zones, (1) forsterite + calcite skarn, (2) calcite 4
Mg-skarn chlorite + serpentine skarn, and (3) Ca-amphibole skarn. The main ore in the skarn is a ~ 2.5 m thick, massive

Ronda peridotites
Spinel exsolution
LA-ICP-MS

ore body situated in the middle of the sequence. In this paper, we firstly report a comprehensive major to trace
element composition, texture, microstructure, and mineralogy characterization for zoned magnesioferrite-
magnetite grains of the San Manuel deposit using a combination of (1) laser ablation inductively coupled
plasma mass spectrometer, (2) focused ion beam combined with transmission electron microscopy, and (3)
electron back-scattered diffraction. We have defined four different magnesioferrite-magnetite generations. A
complete sequence of zoning includes cores of magnesioferrite (Mag-1; MgO up to 10.6 wt%) overprinted by
three successive generations of magnetite, namely Mag-2, Mag-3, Mag-4. Mag-2 (MgO < 4 wt%), hosts composite
forsterite + calcite + chlorite inclusions, consistently with high Si, Ca, and Sr (average: 8204 ppm, 8980 ppm,
and 49 ppm respectively) contents detected by in situ laser ablation inductively coupled plasma (LA-ICP-MS).
Mag-3 replacing former Mag-1 and Mag-2 includes nanometric spinel and gahnite exsolutions detected by
focused ion beam combined with a transmission electron microscope (FIB-TEM), which is consistent with its high
Al, Ti, V, and Ga (average: 5073 ppm, 368 ppm, and 20 ppm, respectively) trace element concentration. Mag-4 is
the Fe-richest magnetite (up to 94.16 wt% FeOyoa)) forming the outermost rims in magnetite grains, and
exhibiting the lowest total trace element contents. Approaches in temperature estimations employing magnetite-
spinel exsolutions in Mag-3 suggest that the minimum temperature of the prograde stage reached temperatures
below 700 °C, whereas Mag-4 should be formed during the retrograde stage. Magnetite microstructure studied by
electron backscatter diffraction (EBSD) suggests Mag-4 formation under fluid-assisted dynamic conditions, which
is consistent with the tectonic evolution of the emplacement. We propose that the San Manuel deposit formed by
pulsed hydrothermal fluids derived from anatexis of crustal rocks during peridotite emplacement, promoting re-
equilibration processes that led to the magnesioferrite-magnetite zoning.
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1. Introduction

Skarn deposits are one of the most abundant ore types in the Earth’s
crust widely distributed around the world (Zharikov 1970; Einaudi et al.
1981; Meinert et al. 2005; Fei et al. 2019). This type of deposits that
have formed in rocks of almost all ages contain ores contributing to
important resources of several base (Fe, Cu, Pb, Zn, W, Mo, Sn; e.g.,
Zhang et al., 2013; Zhang et al. 2014; Jansson and Allen, 2015; Xie et al.
2015; Zhao et al. 2017; Yu 2019; Kuscu 2019; Chen et al. 2020; Xie et al.
2021) and precious metals (Au, Ag; e.g., Cepedal et al. 2000; Logan
2000; Pons et al. 2010; Mao et al. 2017; Xie et al. 2019, Guo et al. 2020)
as well as other elements of industrial interest (REE, U, B; e.g., Alek-
sandrov and Troneva 2008; Bilohus¢in et al. 2017; Marincea and
Dumitras, 2019). Skarn deposits are formed by metamorphic and
metasomatic processes, commonly by the interaction of carbonate rocks
and silicate fluids. It may include fluids of magmatic, metamorphic,
meteoric, and/or marine origin (Meinert et al. 2005).

Most major skarn deposits are directly related to igneous activity.
Broad correlations between igneous composition and skarn type have
been described by several workers (Meinert, 1992 and references
therein). For example, Sn and Mo skarns are typically associated with
high silica, strongly differentiated plutons whereas magnesian iron
skarns are associated with diverse plutons in a variety of tectonic set-
tings; the unifying feature is that they all form from dolomitic wall rock
(Einaudi and Burt 1982; Zharikov 1970; Zharikov et al. 2007). Magne-
sian skarns (Mg-skarn) are of particular interest as they typically contain
the largest resources of iron ores (Einaudi et al. 1981; Zhang et al. 2021
and references therein; Pampa del Pongo, Peru, Calvo et al. 2013; the
biggest Mg-skarn deposit). Many researchers have investigated the
origin and evolution of magnesian iron skarns deposits using magnetite
trace element geochemistry as a fingerprint (e.g., Huang et al. 2016; Hu
et al. 2017; Mirzaei et al., 2018; Chen et al. 2020; Sarjoughian et al.
2020). However, the trace element composition of hydrothermal
magnetite in such types of deposits is strongly influenced by several
factors including (1) composition of the melt/fluid; (2) rates of melt-
fluid/rock interaction; 3) element partitioning amongst magnetite and
co-precipitating minerals, (4) physicochemical conditions of the melt/
fluid (e.g., pressure, temperature, fO2) and (5) nano-to-micro sized in-
clusions in magnetite (Carew 2004; Dupuis and Beaudoin 2011; Dare
et al. 2014; Nadoll et al. 2012, Nadoll et al., 2014; Hu et al. 2014, Hu
etal., 2015, Hu et al., 2017; Sun et al. 2017; Mei et al. 2017; Wang et al.
2018). Noteworthy, the abundance of a single trace element may also be
influenced by more than one factor, which limits the use of geochemistry
in magnetite alone as a tool to fingerprint the origin of the iron ores (e.g.,
Velasco et al. 2016, Broughm et al. 2017). A more reliable way to
distinguish different magnetite generations, and therefore the genesis
and evolution of the skarn deposits is the combination of magnetite
geochemistry with a careful micro- and nano-scale textural and miner-
alogical study (e.g., Hu et al. 2014; Deditius et al. 2018).

In this paper, we report the first-ever careful study of the mineralogy
and magnetite geochemistry from the San Manuel iron skarn deposit in
SW Spain. The singularity of this deposit is that it is hosted in dolomitic
marbles of the contact aureole produced by the crustal emplacement of
the Ronda peridotites (southern Spain) — the largest outcrops of Sub-
continental Lithospheric Mantle peridotites exposed on the Earth’s
surface (Gervilla et al. 2019 and references therein). This is a very un-
common geological framework for the formation of an iron skarn de-
posit, which offers a unique opportunity to better constrain the
physicochemical conditions of this type of mineral deposit worldwide.
Of particular interest is to evaluate the balance between the nature of the
infiltrating fluids and host rock for the formation of this unusual iron
skarn deposit. To achieve these goals, we present and discuss novel
micro-analytical data obtained using in-situ laser ablation techniques for
a suite of key minerals and elements of the mineralization, i.e., (1)
major-, minor- and trace-element compositions of oxides by electron
probe micro-analyzer (EPMA) and laser ablation inductively coupled
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plasma mass spectrometry (LA-ICP-MS), and (2) focused ion beam
transmission electron microscopy (FIB-TEM). We also evaluate the ef-
fects that deformation may have on the chemistry of composite
magnesioferrite-magnetite crystals using Electron Back-scattered
Diffraction (EBSD). These data are integrated into an innovative
model that links the genesis of the iron skarn deposit to fluids released
during dehydration of metasediments during the hot emplacement of
the mantle peridotites into the continental crust. Multiple pulses of
hydrothermal fluids led to replacement and re-equilibration processes
and subsequent different magnesioferrite-magnetite generations in
terms of microstructure, chemistry, and mineralogy of solid inclusions.

2. Geological setting
2.1. Regional geology

The San Manuel Mg-skarn is situated in Sierra Bermeja, approxi-
mately 5 km northwards of the city of Estepona, southern Spain (Fig. 1).
Geologically it belongs to the Alpujarride Complex, one of the three
tectonic nappes that constitute the Internal Zone of the Betic orogenic
belt: the Nevado Filabride Complex at the bottom, the Alpujarride
Complex in the middle, and the Malaguide Complex at the top of the
tectonic sequence (Egeler and Simons 1969).

The Betic-Rif orogenic belt is located in the westernmost part of the
Mediterranean region and comprises the Betic Cordillera in southern
Spain, and the Rif in north Morocco (Fig. 1a). This orogenic Belt was
assembled from Late Cretaceous to Tertiary as a result of the conver-
gence between Iberia and Africa and the collision of the Alboran domain
with the south Iberian and Maghrebian passive margins (Andrieux et al.
1971; Durand-Delga and Fontboté 1980; Dewey et al. 1989; Balanya and
Garcia-Duenas 1987). 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 domains. 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. As noted above, the Internal Zones
consist of three nappe complexes (Nevado Filabride, Alpujarride, and
Malaguide), which correspond to sediments deposited between Iberia
and Africa plates during Paleozoic to Mesozoic times, tectonically
stacked against the Iberian margin and subsequently metamorphosed at
different grades during the Alpine orogeny. The Flysch is composed of
turbiditic sediments deposited from Cretaceous to Miocene in deep
marine basins located in the current Alboran sea (Vissers et al. 1995).

For the sake of clarity, the Alpujarride Complex in the studied area
comprises two main units, which from bottom to top are: the Blanca unit
(formed by the Ojén, Guadaiza and Yunquera nappes) and the Los Reales
unit (Navarro-Vila and Tubia 1983; Tubia and Cuevas 1986; Tubia et al.
2013). The lowest part of the Los Reales nappe hosts the so-called pe-
ridotites of the Serrania de Ronda, which constitutes the main relief of
the Sierra Bermeja located north of the city of Estepona (Fig. 1b). Here,
peridotites crop out in three separate massifs: Ronda, thought as the
largest (~300 kmz) exposure of subcontinental lithospheric mantle
(SCLM) peridotite on Earth surface, Ojén (~70 kmz), and Carratraca
(~60 kmz) (Fig. 1b). These massifs mostly consist of lherzolites and
harzburgites with minor amounts of dunite as well as different types of
pyroxenite layers, locally intruded by leucocratic dykes (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) SCLM (Reisberg and Lorand 1995; Marchesi et al. 2010;
Gonzalez-Jiménez et al. 2013a, Gonzalez-Jiménez et al., 2013b) finally
emplaced in the crust during Late Oligocene/Early Miocene (e.g., Este-
ban et al. 2004; Esteban et al., 2007; Esteban et al., 2010; Precigout
et al., 2007; Gonzalez-Jiménez et al. 2017). The exhumation and final
emplacement of peridotites into the continental crust was related to the
episode of extension of the Betic-Rif orogenic belt that gave rise to the
formation of the Alboran marine basin, probably during the
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Fig. 1. (a) Localization of the Betic Cordilleras within the western Mediterranean Basin; keys: Pale-yellow: Neogene sediments; Blue: South-Iberian and Magrebian
domains; Purple: Alboran domain; Orange: flysch domain. (b) Geological map of southern Spain modified from Gervilla et al. (2019) showing the three main
peridotite massifs cropping out in the Betic Cordillera: Ronda (~300 km?), Ojén (~70 km?), and Carratraca (~60 km?), from Gervilla et al. (2019). The red rectangle
marks the localization of the San Manuel Skarn. (c) Local geological map showing the localization of the San Manuel skarn.

development of a back-arc basin behind the Betic-Rif orogenic wedge
(Garrido et al. 2011; Marchesi et al. 2012; Hidas et al. 2013, Hidas et al.,
2015). Within the Los Reales nappe, the peridotites are overlain by a
thick (up to 7 km) sequence of metapelitic rocks that show a decreasing
metamorphic grade upwards from the contact with the peridotites (i.e.,
from acidic granulites (kinzigites), gneisses and migmatites, to schist,
phyllites and, locally, marbles; Balanya et al., 2007; Tubia et al. 1997,
Platt et al. 2013); these rocks correspond to vestiges of a pre-Mesozoic
continental crust that also experienced substantial thinning during
Late Oligocene/Early Miocene. In contrast, peridotites of the Los Reales
unit thrust over a typical Alpujarride sequence of the Blanca unit
composed of upper carbonate-rich metasedimentary unit (i.e., Triassic
dolomitic marbles) that contains relative abundant bodies of amphibo-
lite (Tubia et al. 1997; Sanchez-Rodriguez and Gebauer 2000), lying on
high-grade metapelites and migmatites containing zircons with crys-
tallization ages of ~ 280-290 Ma and a later thermal and fluid overprint
ca. 30 Ma (Acosta-Vigil et al. 2014).

Leucocratic dykes with a wide range of compositions (i.e., granite,
granodiorite, monzonite, and transitional rocks between these end-
members) intrude the crustal rocks of the Blanca units as well as the
ultramafic rock themselves. These intrusions dated between 22 and 18
Ma corresponding to small fractions of acidic melts originated by partial
melting of the underlying migmatites during the hot emplacement of the
peridotites into the continental crust in Late Oligocene/Early Miocene
(Sanchez-Rodriguez and Gebauer 2000; Pereira et al. 2003; Cuevas et al.
2006; Esteban et al. 2007, Esteban et al., 2010; Gonzalez-Jiménez et al.
2017).

From a metallogenic point of view, the ultramafic massifs of the
Serrania de Ronda are characterized by the occurrence of different types
of ore deposits found inside and along with the contact of the ultramafic
bodies with upper crustal rocks. The assemblage of ores hosted in the
ultramafic rocks comprises Cr, Ni, Cu, and PGE magmatic ores distrib-
uted according to the petrological-structural domains of the ultramafic
massifs (see Gervilla et al. 2019 and references therein). This assemblage
that is unique in the world includes (Gervilla and Leblanc 1990): (1)
sulfide-graphite (S-G) ores, (2) chromium (Cr) ores, and (3) chromium-
nickel (Cr-Ni) ores. In contrast, the orebodies found at the contact be-
tween the ultramafic rocks and the dolomitic marbles of the Blanca unit
include several known skarn-related deposits: El Penoncillo (also known

as La Concepcion), La Vibora, El Canuelo (also known as El Robledal),
Conchita Mine, Lucia Mine, and San Manuel (Gervilla et al. 2019 and
references therein); the latter is the subject of the current study.

2.2. Geology of the San Manuel deposit

The San Manuel deposit is located in the Sierra Bermeja, southern
Spain, in a Fe-rich metallogenic area including W, Bi, and Sn minerali-
zations (e.g., El Robledal, La Vibora, El Penoncillo) also located at the
contact between the mantle peridotites of the Serrania de Ronda and
crustal units. It has been intermittently mined for iron from the middle
of the 19th century till the late 20th century, with an estimation of
exploited resources of 51750 tons Fe @ 68% (Gervilla et al. 2019 and
references therein). The main mineralization at the skarn consists of a
single massive orebody up to 2.5 m thick and 30 m long, conformably
oriented to the dolomitic marble (ore zone in Fig. 3a-g), which roughly
separates upper Fo-Cal skarn from lower Cal-Chl-Srp skarn. This ore-
body displays all magnesioferrite-magnetite generations (i.e., from Mag-
1 to Mag-4), ranging in size from < 20 pm up to > 100 pm and forming
120° triple junctions (Fig. 8a). The massive body grades outwards to
semi-massive and disseminated ore (Fig. 8b-d), where ore minerals are
interstitial to forsterite (Fig. 8b) and/or embedded within the host car-
bonates (Cal-1; Fig. 8c-d). Several small pods and lenses of massive ores
grading outwards to vein-like mineralization are also recognized
(Fig. 5a). Disseminated ores are also common in the whole skarn
sequence, with sizes ranging from 10 ym to 500 um. Mag-1 and Mag-2
are widespread in the Fo-Cal skarn whereas Mag-3 dominates in the
Cal-Chl-Srp skarn. Outer rims of Mag-4 that commonly form the 120°
triple junction occur in the whole sequence.

The deposit is hosted in a package of dolomitic marbles of the Blanca
unit (~25 m thick) overlying migmatites (~15 m thick), both forming a
tectonic slice imbricated within the lower thrust of the southern contact
of the Ronda peridotite (Figs. 1c and 2). The migmatite exhibit nebulitic
to diatexitic microstructure and contain abundant relicts of metapelites.
They are interpreted as the product of the partial melting of former
metapelitic rocks of the Blanca unit during the hot thrusting of the
mantle peridotites over these crustal rocks (Torres-Roldan 1983; Tubia
et al. 1997, Tubia et al., 2013; Esteban et al. 2008). Acosta-Vigil et al.
(2014) identified zircons of variscan age of ca. 280-290 Ma in these
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migmatites, recording a late thermal overprint during the Miocene (ca.
30 Ma). In contrast, U-Pb SHRIMP dating of zircons on migmatites
equivalent to those found at San Manuel in the Guadaiza nappe cropping
out at the north of Sierra Bermeja yielded a crystallization age of 22.3 +
0.7 Ma (Esteban et al. 2010). The latter age accounts for a Miocene
emplacement of peridotites and subsequent partial melting of meta-
pelites, according to previous geochronological data indicating the
intrusion of anatectic granitic dikes ca. 23-17 Ma (Sanchez-Rodriguez,
1998; Cuevas et al. 2006; Gonzalez-Jiménez et al. 2017).

2.2.1. Skarn zones

Zoning of the skarn is distinguishable in the field, revealing that 20 m
of the total 25 m exposed are affected by the alteration, which resulted,
from top to bottom, in the following three main skarn zones (Fig. 3a):

Forsterite-calcite skarn (Fo-Cal skarn). This zone comprises the upper
9 m of the exposed section (Fig. 3a-c), consisting of host dolomitic
marble and skarn minerals. The uppermost part of the sequence (~4 m)
consists of an interlocking mosaic of millimeter-sized dolomite crystals
(Fig. 4a). Downwards, they preserve the interlocking mosaic texture
along with euhedral magnetite disseminations, where dolomite crystals
are smaller (Fig. 4b). Locally, dolomite is partially replaced with calcite.
Minor granular, millimeter-sized forsterite crystals are also found
dispersed within the dolomite matrix. In the lowermost part of the Fo-
Cal skarn (~2 m), forsterite forms nearly monomineralic domains,
which can be partially replaced by brownish calcite. In the lowest zones
of the Fo-Cal skarn, forsterite is also replaced by chlorite + chrysotile
(Fig. 4c-f).

Calcite-chlorite-serpentine skarn (Cal-Chl-Srp skarn). This zone corre-
sponds to the lowest ~ 12 m of the profile (Fig. 3a and d-e), consisting of
a hydrous mineral assemblage replacing former anhydrous silicates and
carbonates. Thus, dolomite and forsterite are replaced by calcite and
chlorite + serpentine (antigorite and chrysotile), respectively (Fig. 5a-
d). Chlorite also seems to replace calcite (Cal-1) (Fig. 5c¢-d). There are
two different generations of chrysotile. Colorless chrysotile (Ctl-1) is
usually associated with antigorite and chlorite as well as related to
magnetite boundaries (Figs. 4e-f and 5a-b). Late brown-colored chrys-
otile (Ctl-2) occurs as late small veins crosscutting the whole skarn
sequence (Fig. 5e-f).

Ca-amphibole skarn (Ca-skarn). This is a zone barren of
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mineralization embedded in the Cal-Chl-Srp skarn (Fig. 3a and h). It is
composed of white-greenish colored amphibole (i.e., pargasite) with
minor chlorite, crosscut by calcite veins (Cal-2) (Fig. 6a-b). Mono-
mineralic forsterite domains are also common in the zones adjacent to
the Ca-skarn (Fig. 6¢). The limit between the Ca-rich skarn and the Cal-
Chl-Srp skarn is marked by yellow-colored olivine and carbonate-
bearing boundary (Fig. 6d).

2.2.2. Paragenetic relationships

Based on the field and the textural relationship between the ore and
gangue minerals we suggest four paragenetic stages of mineralization at
San Manuel (Fig. 7):

(I) Prograde stage. During this stage, hydrothermal fluids reacted
with host dolomite marble to form forsterite and magnesioferrite
(Mag-1), leaching Mg from dolomite. The prograde stage repre-
sents the main ore-forming period, as attested by the presence of
large amounts of euhedral to anhedral zoned crystals of Mag-1
and Mg-rich magnetite (i.e, Mag-2, Mag-3) coexisting with for-
sterite. Magnesioferrite grains may be found either interstitially
to, as inclusions in, or replacing, forsterite (Figs. 4c-f and 8a-b).

(II) Retrograde stage. In this stage dolomite and minerals formed in the
prograde stage were altered and/or crosscut by hydrous and/or
carbonate minerals assemblages to varying degrees (Fig. 5).
Early-formed forsterite was partially to totally replaced by Cal-1,
serpentine, and chlorite (Fig. 4d-f). Antigorite usually occurs as
pseudomorphic rims around pre-existing forsterite as well as
forming a mesh texture, while Ctl-1 tends to replace former
antigorite or be around Fe-oxides (Figs. 4e-f and 5a-b). Ctl-2
forms late veins crosscutting the entire skarn body, especially in
those parts where the retrograde stage alteration was intense
(Fig. 5e-f). During this stage, a different generation of Mg-poor
and Fe-rich magnetite (Mag-4) replaced early-formed Mag-1,
Mag-2, and Mag-3.

(III) Sulfide stage. Sulfides are mainly pyrite and to a lesser extent,
chalcopyrite (Fig. 3d), which partially replaces all
magnesioferrite-magnetite generations through grain bound-
aries, interstices, or late crack-seal.

(IV) Late carbonate stage. During this stage, Ca-amphiboles domains
developed probably at expense of relic forsterite-rich domains
embedded in the Cal-Chl-Srp skarn. Veins of late clean calcite-
bearing (Cal-2) crosscutting the whole skarn intersect former
serpentine (Ctl-2) veins and sulfides as well as the Ca-skarn,
attesting their latest origin (Figs. Se-f and 6a-b).

3. Samples and analytical methods

A list of studied samples is included in Table 1. Analytical procedures
are described in detail in electronic Digital Appendix A, and the results
are presented in Digital Appendix B to L.

4. Results
4.1. Chemistry of the skarn minerals

The minerals in the skarn can be grouped into three classes: car-
bonates, anhydrous silicates, and hydrous minerals.

4.1.1. Carbonates

Carbonates include dolomite, Cal-1 replacing dolomite and for-
sterite, and clean vein-filling calcite (Cal-2) crosscutting the whole skarn
sequence. Dolomite, Cal-1, and Cal-2 from the different skarn zones do
not show appreciable differences in their chemistry, except for a slightly
Ca-enrichment and Fe-depletion in smaller dolomite crystals from the
Fo-Cal skarn (Fig. 9a); Appendix B). Thus, dolomite in Fo-Cal skarn
exhibits CaO and FeOyo varying from 32.91 to 29.68 wt% and from 0.46
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Fig. 3. (a) Schematic stratigraphic column of the San Manuel deposit including the three zones defined within the deposit (i.e., Fo-Cal skarn, Ore, Cal-Chl-Srp). Ca-
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serpentine; Py: pyrite; Ccp: chalcopyrite; Chl: chlorite; Prg: pargasite; Qz: quartz; Fsp: feldspar. Abbreviations from Whitney and Evans (2010).

to 0.05 wt%, respectively, whereas in the Cal-Chl-Srp skarn CaO and
FeOyo: range from 29.06 to 28.32 wt% and from 2.10 to 1.66 wt%,
respectively. Cal-1 and Cal-2 exhibit similar compositions in all skarn
zones, with MgO < 1 wt% and FeOyot < 0.72 wt%.

4.1.2. Anhydrous silicates

EPMA analyses (n = 19) show that there are no compositional var-
iations between forsterite from different skarn zones. However, its
composition fluctuates depending upon the presence or not of ore
minerals. Where mineralization is massive (i.e., SM-4; Table 1), for-
sterite is Mg-rich (MgO > 57 wt%), and Fe-poor (FeOor < 1% wt.%),
with end-members percentage of Fogg-Fa; (Appendix C). Conversely, in
zones with disseminated ores (i.e., SM-49; Fig. 3a; Table 1) as well as in
domains located near the contact with the Ca-skarn zone (i.e., SM-18;
SM-13; Fig. 3a; Table 1), forsterite contains higher Fe (FeOiot
19.38-7.32 wt%) and lower Mg (MgO = 51.55-40.95 wt%), with an
end-members percentage of Fogz 79-Fay.o;. (Fig. 9b). MnO content of
forsterite is systematically lower than 0.54 wt%.

4.1.3. Hydrous minerals
This mineral assemblage includes those formed during retrograde

alteration of former skarn minerals.

(1) Serpentine: Two types of serpentine polymorphs have been iden-
tified (i.e., antigorite and chrysotile) by mean of single-spot
micro-RAMAN analyses (Appendix D), as well as two different
generations of chrysotile (i.e., Ctl-1 and Ctl-2). The small size of
antigorite and its partially-to-totally replacement to chrysotile
did not allow to carry out reliable EPMA analysis. Ctl-1 replacing
former antigorite or related to magnetite boundaries (Figs. 4e-f
and 5a-b), exhibit Mg# = Mg/(Mg + Fe2+) =0.98-0.93, whereas
Ctl-2 shows slightly lower Mg# = 0.95-0.93 (Appendix C).
Chlorite: Chlorite occurs forming aggregates with serpentine,
partially replacing forsterite and/or carbonates (Fig. 5b-d). They
are Mg-rich chlorites (MgO = 42.02-26.13 wt%) (Table 2; Ap-
pendix C) ranging between subspecies of clinochlore and talc-
chlorite according to the classification of Hey (1954) (Fig. 9c;
Appendix C). However, there is no marked compositional varia-
tion in chlorite from the different skarn zones.
(3) Amphibole: Amphiboles are restricted to zones of the Cal-Chl-Srp
skarn sequence in which Ca-skarn overprinted former Mg-skarn.
They are green to brown crystals up to 2 mm in size, forming

(2

—
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Fig. 4. Photomicrographs of the Fo-Cal skarn from the San Manuel deposit. (a) Dolomite marble from the non-mineralized skarn with typical interlocking texture. (b)
Dolomite marble with disseminated magnetite mineralization from the upper Fo-Cal skarn. Note the grain-size reduction of dolomite crystals where magnetite is
present. (c) and (d) crossed-polarized light photomicrographs, respectively, of disseminated magnetite mineralization in the Fo-Cal skarn. The increase of calcite
amount replacing forsterite downwards is shown in (d). (e) Reflected light photomicrograph of intergranular and forsterite-included magnetite. Mesh-textured
forsterite is crosscut by serpentine minerals. (f) Forsterite is replaced by serpentine minerals. This photomicrograph shows partially replaced forsterite from the
Fo-Cal skarn. Dol: dolomite; Mag: magnetite; Fo: forsterite; Cal-1: calcite-1; Atg: antigorite; Ctl-1: chrysotile-1. Abbreviations from Whitney and Evans (2010).

almost monomineralic aggregates, with minor intergranular
chlorite (Fig. 6a-b). All the analyzed grains (n = 4) are calcic
amphiboles overlapping the compositional field of pargasite
(Fig. 9d; Appendix C).

4.2. Mineralogy of iron oxides

4.2.1. Zoning of iron oxides

The striking feature of the skarn is the presence of variably zoned
magnesioferrite-magnetite, which have been grouped in three different
zonings based on textural and mineral assemblage relationships,
chemical variations, as well as the different mineralogy of their in-
clusions. (1) A complete sequence of zoning includes cores of Mag-1
overprinted by three successive generations of magnetite, namely
Mag-2, Mag-3, Mag-4 (Fig. 10); this type of zoning was found in a semi-

massive sample collected in the proximities of the main orebody (SM-48;
Fig. 3a; Table 1). (2) Cores of Mag-1 partly or fully replaced by Mag-2,
and Mag-4 rims dominate in the Fo-Cal skarn (Fig. 11a-c), whereas lacks
in Cal-Chl-Srp skarn. (3) Cores of Mag-3 rimmed by Mag-4 are the
commonest zoning in the Cal-Chl-Srp skarn (Fig. 11d-i), while almost
absent in the Fo-Cal zone. They typically show a narrow Mag-4 rim
compared to wide spinel-rich cores of Mag-3. This zoning is well-defined
in grains forming massive to semi-massive ore, where they exhibit
polygonal textures defining 120° triple junctions (Fig. 11d, g).

4.2.2. Iron oxide chemistry

Fig. 12 shows the analyzed grains composition plotted in a Fe?*# =
Fe/(Fe*t+Mg) vs. Fe3*# = Fe>t/(Fet+A1%") diagram. Mag-1 falls
within the boundary of magnesioferrite-magnetite fields, according to
the highest MgO (7.56-10.67 wt%) and relatively high FeOyo
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Fig. 5. Photomicrographs of the Cal-Chl-Srp skarn from the San Manuel deposit. (a) Vein-like magnetite ore. Gray-colored dolomite is partially replaced by brownish,
dust calcite forming the matrix. (b) Pod of semi-massive magnetite ore. Plane- (c) and crossed-polarized (d) light photomicrographs of typical carbonate replacement
to chlorite from the Fo-Cal skarn. Plane- (e) and crossed-polarized (f) light photomicrographs of late calcite (Cal-2) crosscutting both carbonate matrix (Cal-1) and
late chrysotile (Ctl-2). Note the occurrence of forsterite relicts. Cal-1: calcite-1; Dol: dolomite; Mag: magnetite; Chl: chlorite; Ctl-1: chrysotile-1; Cal-2: calcite-2; Fo:

forsterite. Abbreviations from Whitney and Evans (2010).

(81.23-85.08 wt%) contents. Mag-1 also exhibit minor SiO3 (<0.60 wt
%), Al,03 (0.19-0.62 wt%), and MnO (0.14-0.24 wt%) (Appendix E). In
contrast, Mag-2 falls within the compositional field of magnetite
exhibiting widely variable but significantly lower MgO (<3.94 wt%)
contents, with higher FeOy, (84.66-94.45 wt%), and similar but slightly
higher SiO5 (<0.98 wt%), Al;03 (<0.85 wt%), and MnO (<0.35 wt%)
than Mag-1 (Appendix E). Mag-3 displays lower MgO (<1.73 wt%),
higher FeOy, (86.57-93.36 wt%), and similar SiO; (<0.63 wt%) than
the former Mag-1 and Mag-2. However, the most striking feature of Mag-
3 is its elevated Al,O3 (<3.53 wt%) and TiO, (<3.96 wt%), consistent
with the presence of minute spinel inclusions (Fig. 11; Appendix F),
which were as avoided as possible in single-spot EPMA analyses. Mag-4
yields the lowest MgO (<0.77 wt%), Al,O3 (<0.83 wt%), and SiO2
(<0.58 wt%) but the highest FeOo (89.22-94.16 wt%) (Appendix E).
Other elements including Cry03, CaO, ZnO, NiO, TiO3, V203 are below
or marginally higher than the detection limit of EPMA in the analyzed

grains (except TiO, in Mag-3).

In-situ LA-ICP-MS results are consistent with the differences noted
above (Fig. 13; Appendix G). Mag-1 (n = 17) and Mag-2 (n = 51) are
similar in terms of Co, Zn, Ni, and Sn (average: 216 ppm, 130 ppm, 92
ppm, and 29 ppm, respectively in Mag-1, and 197 ppm, 161 ppm, 89
ppm, and 36 ppm, respectively in Mag-2), although Mag-1 has higher
Mn (average: 1440 ppm), and lower Si, Ca, and Sr (average: 1052 ppm,
2833 ppm, and 12 ppm, respectively) than in Mag-2 (8204 ppm, 8980
ppm, and 49 ppm, respectively) (Fig. 13; Appendix H). The analyzed
grains of Mag-3 (n = 32) exhibit lower Ca (below or marginally higher
than the detection limit) Sr, Sn, and Ni (average: 2 ppm, 17 ppm, and 22
ppm, respectively) than former Mag-1 and Mag-2, but similar Co and Zn
(average: 206 ppm, and 168 ppm, respectively). The most striking
feature of Mag-3 is the highest Ti, V, and Ga (average: 5073 ppm, 368
ppm, and 20 ppm respectively) contents, consistently with single-spot
EPMA results (Fig. 13; Appendix E). In the binary diagrams Ti vs. V,
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Fig. 6. Photomicrographs of the Ca-skarn zone from the San Manuel deposit. Plane- (a) and crossed-polarized (b) light photomicrographs of a pargasite-rich zone
with minor white-colored chlorite. Late calcite (Cal-2) crosscutting this domain can be shown on the left part. (c) Forsterite-rich domain close to the Ca-skarn. (d)
Limit between Ca-skarn and forsterite rich domain. This limit is composed of Si-rich yellow forsterite and white-colored calcite. Chl: chlorite; Cal-2: calcite-2; Prg:
pargasite; Fo: forsterite; Ctl-2: chrysotile-2. Abbreviations from Whitney and Evans (2010).
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Dolomite
Forsterite
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Magnetite-4
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Pargasite

Fig. 7. Mineral parageneses of the San Manuel iron skarn deposit.

and Al vs. Ga, they exhibit positive correlation respectively, suggesting ppm Ni and < 1 ppm Sr (Fig. 13; Appendix H).

that these elements behave similarly during skarn evolution (Appendix

H). Finally, Mag-4 (n = 6) shows the lowest total trace element contents, 4.2.3. Solid mineral inclusions in magnesioferrite-magnetite

with an average of 32 ppm Mn, 667 ppm Si, 2 ppm Zn, 12 ppm Co, 23 Mag-1 is virtually free of inclusions whereas Mag-2 exhibits pores
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Fig. 8. Reflected light microphotographs of different magnetite textures of the ore zone from the San Manuel skarn. (a) Massive magnetite texture forming 120°
triple junction. (b) Interstitial-to-forsterite semi-massive magnetite from the upper part of the ore zone. (c) Disseminated magnetite embedded in the host carbonatic
rock from the lower part of the ore zone. (d) Semi-massive magnetite mineralization from the lower part of the ore zone embedded within the chlorite + serpentine
matrix. Note the presence of most calcite related to magnetite. Fo: forsterite; Mag: magnetite; Chl: chlorite; Ctl-1: chrysotile-1; Cal-1: calcite-1. Abbreviations from

Whitney and Evans (2010).

filled by single or composite inclusions made up of forsterite + calcite +
chlorite + serpentine (Fig. 11c; Appendix F). Mag-3 has finely grained
inclusions of spinel (<2 uym) with preferred orientation (Fig. 11f and i;
Appendix F). In contrast, Mag-4 is free of inclusions. One Focused Ion
Beam (FIB) thin foil (profile A-A’ in Fig. 14a-b) was cut across an in-
clusion in Mag-2, which was previously identified employing Energy-
dispersive X-Ray Spectroscopy (EDS) analysis using a Field Emission
Scanning Electron Microscope (FE-SEM), as a complex compound with
Al, Si, Mg, and Ca (Fig. 11c¢; Appendix F). The high-angle annular dark-
field (HAADF) image of the cross-section revealed an almost triangular
shape of this inclusion consisting of three different individuals
(Fig. 14b). The TEM-EDS elemental mapping shows that the central
portion of the inclusion is a Ca-rich mineral, while the outermost con-
sists of two different Si-rich minerals, enriched in Mg and Al respectively
(Fig. 14c-d). Selected area electron diffraction (SAED) patterns acquired
at the contacts between the three members of the composite inclusion
and host Mag-2 indicate that they are randomly oriented one each other
and with the host Mag-2 (Fig. 14e-h). The SAED patterns of the central
portion of the Ca-rich inclusion yield measured d-spacing of 1.94 A
(Fig. 14f), matching the ideal d-spacing 1.93 A (024) of calcite (Table 2;
Graf, 1961). The Mg-rich domain at the edge of the inclusion was
identified as forsterite partially altered to serpentine (Fig. 14g-h), ac-
cording to two different measured d-spacings: 3.55 A, close to ideal 3.50
A (111), and 4.76 A corresponding to the cell parameter (100)
(Wechsler et al. 1984), as well as single-spot Analytical Electron Mi-
croscopy (AEM) analysis Siy o5 (Mg1.81 Feo.08)1.88 O4 (Table 2. The sur-
rounding Al-rich part is identified as chlorite by single-spot AEM with
the following structural formula: (Sizgp Ali.10)4.00 (Mgso01 Aloso
Feo.78)6.30 O10 OHg (Table 2. In addition, the High-Resolution Trans-
mission Electron Microscopy (HRTEM) investigations carried out at the
deepest region of this FIB thin-foil reveal a very homogenous

distribution of Fe in Mag-2, as well as the presence of elongated and
oriented nano-sized particles enriched in Al and Mg, which were not
identified in the BSE image, acquired using FE-SEM on the surface of the
polished thin section (Fig. 14c-d). Although d-spacing is not provided in
the figure, these particles with preferred orientation were identified as
spinel.

A second thin-foil (profile B-B' in Fig. 14a) crosscutting large inclu-
sion within Mag-2 was also studied. This thin-foil intersected a more
complex inclusion consisting of an intergrowth of calcite and forsterite
partially replaced by serpentine (Fig. 14a-m). Calcite was identified by
two distinctly oriented domains forming part of the same crystal, i.e., d-
spacings 2.83 A and 2.26 A (Fig. 141) corresponding to the ideal 2.84 A
(006) and 2.28 A (113) as defined by Graf (1961). Identification of
forsterite was made by its measured d-spacing 3.59 A (Fig. 14m) cor-
responding to (111) (Nord et al. 1982) and by single-spot TEM-EDS
analysis: Sij 00 (Mg1.96 Fe 0.05)2.01 O4 (Table 2. The basal orientation of
serpentine in the thin-foil did not allow for accurate measuring of the d-
spacing (see diffuse rings in Fig. 14m, although single-spot AEM analysis
yielded a composition close to (Sig.92 Alo.08)2.00 (Mg81.54 Alg.22 Feg.15)1.01
Os OHg4. A striking feature of this thin-foil is the presence of minute
nanometer-sized (<100 nm) crystals of the Zn-rich spinel gahnite with
measured d-spacings of 1.83 A, 2.43 A, and 2.85 A, corresponding to
(331), (311), and (220) of Popovic et al. (2009) having same orien-
tation than the host Mag-3 (Fig. 14k and n-o). Single-spot AEM analysis
of two of the largest grains yielded Znj 24 Al 8404 and Znj 3g Al; 7404 as
the structural formula (Table 2.

The third thin-foil performed in this study sampled the contact be-
tween spinel-bearing Mag-3 core and inclusion-free Mag-4 rims
(Fig. 15a). The inspection of the sampled area using a High-Resolution
Transmission Electron Microscopy (HRTEM) confirmed the presence
of spinel inclusions at depth (Fig. 15). These particles lack Fe and are
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Table 1
Samples of the skarn deposit investigated in this study.

Sample Skarn zone Mineralization Mineral assemblage
Gangue Ore
SM-1 Fo-Cal skarn Disseminated Dol + Cal + Srp Mag + Py
+ Ccp
SM-11 Massive ore Massive Cal + Srp + Dol Mag
SM-13 Ca-skarn - Prg + Chl + Fo -
SM-18 Ca-skarn - Prg + Chl + Fo -
SM-2-1 Fo-Cal skarn Disseminated Dol Mag
SM-2-2 Fo-Cal skarn Disseminated Dol Mag + Py
SM-25 Fo-Cal skarn Semimassive Chl + Srp + Cal Mag + Ccp
+ Py
SM-26 Migmatite Disseminated Qtz + Mv + Fo Gr + Py +
Hem
SM-28 Cal-Chl-Srp Massive Chl + Srp + Cal Mag
skarn
SM-3 Cal-Chl-Srp Massive Dol + Srp Mag
skarn
SM- Fo-Cal skarn Disseminated Dol + Cal + Fo Mag
30-1
SM- Fo-Cal skarn Disseminated Dol + Cal + Fo Mag
30-2
SM- Fo-Cal skarn Semimassive- Dol + Cal + Fo Mag +
32-1 massive Hem
SM- Fo-Cal skarn Semimassive- Fo + Dol =+ Srp Mag +
32-2 massive Hem
SM-33 Cal-Chl-Srp Disseminated Dol + Srp + Chl Mag +
skarn + Cal Hem
SM-34 Massive ore Massive Fo + Cal Mag
SM-35 Fo-Cal skarn Disseminated Fo + Cal Mag + Py
SM-36 Fo-Cal skarn Semimassive- Fo =+ Dol + Cal Mag
massive
SM-37 Cal-Chl-Srp SemiMassive Srp + Cal + Chl Mag + Py
skarn + Cep
SM-39 Massive ore Massive Dol + Cal + Srp Mag
+ Chl + Fo
SM-43 Fo-Cal skarn Disseminated Fo + Dol =+ Cal Mag, Hem
SM-47 Massive ore Semimassive- Dol + Cal + Srp Mag +
massive + Chl + Fo Hem
SM-48 Massive ore Semimassive- Dol + Srp + Chl Mag
massive + Cal
SM-49 Fo-Cal skarn Disseminated Fo+Srp+ Chl+ Mag
Cal
SM-4 Fo-Cal skarn Massive Fo + Cal Mag
SM-50 Massive ore Massive Srp + Dol + Cal Mag
SM-51 Cal-Chl-Srp Semimassive Srp + Chl + Cal Mag + Py
skarn
SM-7 Cal-Chl-Srp Semimassive Chl + Cal + Srp Mag , Hem
skarn
SM-8 Fo-Cal skarn Disseminated Dol + Cal + Fo Mag +
Hem =+ Py
SM-9 Massive ore Massive Srp + Chl Mag

very small in length (<2 pm) and thickness (<200 nm). They are pref-
erentially oriented in the host Mag-3 along the common (111) plane
(see corresponding d-spacings in Fig. 15 f-h and Table 2. Single-spot
AEM analysis of spinel (n = 14) yields structural formula ranging from
Mgo.84-96 Al2.02-2.10 Os.

4.2.4. Microstructure of magnetite

Two EBSD maps were performed on selected areas from a massive
sample (i.e., SM-28) consisting of Mag-3 cores rimmed by Mag-4 with a
polygonal microstructure forming 120° triple junctions, (Fig. 16a-c).

The band contrast and EBSD colored maps of this sample reveal the
coexistence of large irregular grains having appreciable internal crystal
bending (rectangles Al to A5 in Fig. 16e-g) with grains free of internal
deformation as well as several small grains located at triple junctions
(dashed circles in Fig. 16f-g). It is worth noting the presence of a small
magnetite grain forming lamellar twins (rectangle B1 in Fig. 16e). The
inverse pole figure acquired in 3D-space reference Xo, Yo, and Zy shows
no common orientation of these three types of grains (Fig. 16d). In this
sample characterized by a polygonal microstructure, the orientation
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data obtained from all grains analyzed, display near-random to very
weak patterns of bulk crystallographic preferred orientation (CPO) with
numerous orientation maxima at (100), (110), and (111) (Fig. 16d and
h). The intracrystalline deformation observed in some of the largest
grains (rectangles Al to A5 in Fig. 16e-g) is recorded by low misorien-
tation angles (<2°; see profile A-A’ in Fig. 16c), whereas the misorien-
tation angles at grain boundaries yield peaks > 20° (profile B-B’ in
Fig. 16c¢). Nevertheless, these crystallographic subdomains within the
grains are unrelated to the original core-to-rim zoning. Crystallographic
continuity between core and rim is also suggested by the distribution of
misorientation angles within the single grains (<2°) in most of the
mapped grains indicating that the rim is not randomly oriented to the
core.

5. Discussion
5.1. Genesis of Mag-1, Mag-2, and Mag-3

The observation of Mag-1 cores replaced to various extents by Mag-2,
Mag-3, and Mag-4 (Figs. 10 and 11), clearly suggest variations of the
conditions of the hydrothermal fluid during the evolution of the skarn
(e.g., Dare et al. 2014; Nadoll et al. 2014; Hu et al. 2014).

As illustrated in Fig. 7, Mag-1 is cogenetic to forsterite, suggesting its
precipitation from hydrothermal fluids at the early prograde stage, very
likely from Mg leached from dolomite by the incoming hydrothermal
fluids. A maximum temperature of 700 °C at 0.3 GPa was suggested for
the forsterite formation in dolomitic marbles thermally overprinted
during the crustal emplacement of the Ronda peridotite (Mazzoli et al.
2013). These P-T conditions are consistent with those estimated for the
processes of dehydration and subsequent anatexis that have produced
the migmatites and granitic dyke swarms found in the crustal footwall of
the Ronda peridotites (i.e., 600-750 °C at ~ 0.3 GPa; Cuevas et al. 2006;
Acosta-Vigil et al. 2014). These granitic rocks postdate the latest meta-
morphic event recorded in the ultramafic body, which occurred at
conditions 800-900 °C and 1 GPa (obtained for the aluminous mafic
rocks alternating with peridotites and sampled near the marbles section
studied in this work; Morishita et al. 2001).

Mag-1 is systematically rimmed by porous Mag-2 in the Fo-Cal skarn,
which shows irregular sharp contacts with Mag-1. This suggests Mag-1
replacement via coupled dissolution-reprecipitation (DRP) processes
(Hu et al. 2014, Hu et al., 2015; Zhang et al. 2020) during infiltration of
hydrothermal fluids at increasing fluid/rock ratio. HRTEM observations
evidence the presence of composite forsterite-calcite inclusions in Mag-2
which indeed indicate a prograde-related origin of Mag-2. These in-
clusions were replaced to various extents by serpentine and/or chlorite
(Fig. 14a-j) suggesting subsequent overprinting of Mag-2 by late, cooler
hydrothermal fluids during the retrograde stage.

Mag-3 exhibit high Al, Ti, V, and Ga contents indicating that these
components increased and/or become saturated in the solution, espe-
cially in lower zones of the skarn, close to the fluid source, where the
fluid/rock ratio was higher and thus Mag-3 replaced completely both
Mag-1 and Mag-2. As marked by sharp and irregular contacts between
Mag-3 and former magnetite the replacement also occurred via DRP
processes. HRTEM observations revealed the presence of oriented spinel
inclusions within Mag-3 along the common (111) plane (Fig. 15a-h).
TEM-EDS elemental maps and single-spot compositions acquired for
these domains indicate that most of these are Mg- and Al-bearing pure
spinel (Fig. 15c-d). Although Ti is homogeneously distributed within
magnetite, it is concentrated in the spinel boundaries to a greater extent
(Fig. 15i-j). This could explain wide TiO, variations detected in Mag-3
employing EPMA (Appendix E) and LA-ICP-MS (Appendix G). Accord-
ingly, Al and Mg in the original Mag-3 were preferentially included in
spinel during oxy-exsolution, whereas Fe and most Ti remained in the
precursor Mag-3. Quantitative LA-ICP-MS single-spot analysis of
inclusion-free zones of Mag-3 (Appendix G) indicates up to ~ 3.5 wt% of
Aly03, which is a much higher concentration than previously reported in
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Fig. 9. Plotted EPMA results of the main skarn minerals. (a) Ternary diagram for Fe-Mg-Ca carbonates at 750 K and 1 bar pressure, using the approach of
McSwiggen (1993a) and McSwiggen (1993b). (b) Forsterite composition on a forsterite-fayalite-Mn-olivine ternary plot. (c) Chlorite classification diagram from Hey
(1954). (d) Amphibole classification diagram according to Leake et al., (2004) including analyzed minerals from the Ca-skarn. The diagram is applied to amphiboles

where Cag > 1.50; (Na + K), > 0.5.

hydrothermal magnetite containing similar exsolutions from other Mg-
skarn (up to 0.87 wt% AlyOs3 in the Forsyth, Canada; up to 0.80 wt%
Aly03 in the Iron Crown, Canada; up to 1.15 wt% AlyO3 in the Chengao,
China; up to 0.85 wt% Al,O3 in the Marmoration, Canada; and up to
1.20 wt% AlyO3 in the Daye deposits, China; Hu et al. 2015 and refer-
ences therein).

Previous experimental (Lehmann and Roux, 1986; Sack and Ghiorsio
1991a, b; Lindsley 1991; Rapp et al. 2010) and empirical (e.g., Dupuis
and Beaoudoin 2011; Hu et al. 2015; Ivanyuk et al. 2016, 2017) studies
have shown that the solubility of Al in hydrothermal magnetite is
strongly dependent on the temperature within the fO, conditions of the
fayalite-magnetite-quartz buffer (FMQ). In particular, Sack and Ghiorso
(1991a, b) defined the existence of miscibility gaps along the MgFe ;-
AlLFedt , exchange vector for Cr-free spinel (i.e., spinel-
magnesioferrite) within the wide range of temperatures of < 700° to
1025 °C. The projection of the pure composition of the spinel exsolution
analyzed here (determined by HRTEM) and their host Mag-3 (deter-
mined by EPMA) in the Fe>*# and Fe?*# diagram calibrated by Sack
and Ghiorso (1991b) suggest temperatures of spinel-magnetite exsolu-
tion in our samples below 700 °C (Fig. 17a). These temperatures are
similar to those (700-650 °C) obtained by applying the calculated
miscibility gaps for the Fe?* and Mg?* binaries of the spinel prism (i.e.,
spinel-magnesioferrite) (Fig. 8 in Sack and Ghiorso 1991a). To this
approach, we assumed that only Al (and not Fe>*) was partitioned into
spinel during oxy-exsolution. Moreover, the molar fraction (x-axis; Fig. 8
in Sack and Ghiorso 1991a) is considered equivalent to calculated vol-
ume proportion (spinel/magnetite 11.6-10.13%; Appendix A).
Therefore, estimated spinel-magnetite exsolution temperatures of <
700 °C could be considered as a minimum formation temperature of the
Mag-3. Considering the uncertainties inherited to the applied approach,
these temperatures are consistent with those estimated for the prograde
stage fluids (i.e., 600-700 °C; see Mazzoli et al. 2013, Acosta-Vigil et al.
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2014), as well as temperatures suggested for the exsolution of similar
spinel inclusions in hydrothermal magnetites elsewhere (e.g., Ivanyuk
et al. 2016, 2017). In our study case, spinel-magnetite exsolutions in the
Mag-3 should mark the minimum temperature of the prograde stage (i.
e., <700 °C). On the other hand, chlorite geothermometry shows tem-
peratures ranging from 267 to 435 °C (Appendix I) indicating that
retrogradation persisted, at least, to these temperatures.

5.2. Syn-deformational Mag-4 rims

Massive samples exhibit polygonal microstructure consisting of
coarse-grained, internally deformed grains and smaller-faced grains at
triple junctions (Fig. 16a-c). This type of microstructure is usually pro-
duced in Fe-Ti-Cr oxides when crystal-plastic deformation is accom-
modated by grain boundary migration and subsequent recrystallization
(Rosiere et al. 2001; Avila et al. 2015; Ghosh and Konar, 2012; Ghosh
etal. 2014, Ghosh et al., 2017; Satsukawa et al. 2015; Gonzalez-Jiménez
et al. 2018). These microstructures have also been reported in other
skarn-related hydrothermal magnetites and interpreted as reflecting: (1)
high-temperature annealing in a closed system (e.g., Coibanu and Cook,
2004), (2) and/or fluid-assisted replacement in an open system (e.g., Hu
et al. 2015; Zhang et al. 2020). However, none of the cited works paid
attention to the potential effects of deformation.

Some of the large grains analyzed here exhibit intra-crystalline
bending and slight internal misorientation (e.g., grains enclosed
within rectangles A1-A5 in Fig. 16e-g), which indeed is consistent with
deformation. Thus, if annealing took place in a high-temperature closed
system but under deformation, one could expect that upon progressive
deformation of the pre-existing larger crystals, dislocations in the host-
ing magnetite crystal would migrate and accumulate to discrete zones,
giving rise to the formation of subgrain boundaries, and in the ultimate
instance, to grains (e.g., Satsukawa et al. 2015; Gonzalez-Jiménez et al.
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Fig. 10. (a) Backscattered electron images of zoned magnetite preserving all magnetite generations reported in this study (i.e., Mag-1 to Mag-4). Wavelength-
dispersive spectrometry (WDS) X-ray elemental maps of zoned magnetite (b-c and e-f). Color scale bars show element concentrations in X-ray intensity (counts per
millisecond per microampere). Note the positive correlation between Mg and Mg contents. (d) Backscattered electron detailed image of inclusions in zoned
magnetite. Mag: magnetite; Spl: spinel; Chl: chlorite; Srp: serpentine. Abbreviations from Whitney and Evans (2010).

Fig. 11. Backscattered electron images acquired using FE-SEM of different types of zoned magnetite and their hosted inclusions. (a-c) Disseminated magnetite zoned
grains from the Fo-Cal skarn (sample SM-2-2 in Fig. 3a). (d-f) Pod of semi-massive spinel-rich magnetite exhibiting polygonal textures (sample SM-25 in Fig. 3a). (g-i)
Massive polygonal spinel-rich magnetite from the Cal-Chl-Srp skarn (sample SM-28 in Fig. 3a).
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Fig. 12. Compositional variation of the zoned magnesioferrite-magnetite from
the San Manuel Mg skarn deposit. Cores of Mag-1 overlap the fields of mag-
nesioferrite and magnetite. An overall Fe-enrichment trend is observed from
Mag-1 to Mag-4.

2018). However, these grains are not the rule in our samples. Rather
most of the grains analyzed here display core-to-rim crystallographic
continuity. The observation that Mag-3 cores exhibit irregular shapes
but still preserve oriented spinel exsolutions, and that their trace
element composition is distinctively different to that of Mag-4 rims
(which lacks solid inclusions and is significantly richer in Fe), is indeed
more consistent with fluid-assisted replacement of pre-existing Mag-3
cores by Mag-4 in an open system.

Strain-free grains show distinct crystallographic orientation and
misorientation degrees > 20° between different grains (Fig. 16e-g),
supporting the idea that deformation was still active during crystal
growth of Mag-4 rims. The initial stage of high-angle grain boundary
formation by grain rotation may have been accompanied by grain

Ore Geology Reviews 141 (2022) 104657

growth along newly-formed grain boundaries, as is suggested by the lack
of substructures in the newly-forming Mag-4 (Fig. 16a-g). The nearly
cubic morphologies shown by some of the newly-formed strain-free rims
of Mag-4, and their mutual high angle (120°) triple junction boundaries
displaying both finer and neighbor-finer dispositions and polygonal
habits, indicate that the growth morphology of the boundaries of these
grains was controlled by interfacial energy of the cubic crystals (Half-
penny et al. 2006). The presence of deformation-related lamellar twins
within some faceted grains (rectangle B1 in Fig. 16e) is also consistent
with deformation. Such deformational structures indicate a recovery
process once the internal strain energy was accommodated by defor-
mation of the entire aggregate.

On the other hand, the proposed mechanism of dynamic fluid-assisted
replacement of pre-existing magnetite is also consistent with the obser-
vation that many of the triple junctions exhibited by the strain-free grains
are frequently joined by chlorite and/or serpentine (Fig. 16a). This sug-
gests solute escape from the high-angle migrating front during dynamic
crystal growth of Mag-4. Thus, the observation that Mag-4 rims are almost
inclusion-free suggests that the solid mineral inclusions, if originally
present in the Mag-3, were dissolved and/or expelled out to intergranular
positions during grain boundary migration (e.g., Satsukawa et al. 2015;
Gonzalez-Jiménez et al. 2018). These silicates may have acted as cushions
that softened the inter-crystalline deformation, thus explaining why
subgrain boundaries are not the rule in our samples. However, the for-
mation of these recovery microstructures, which usually involves the
removal of the newly-formed silicates in the most deformed grains, is not
only associated with high strain but also requires relatively high-
temperature conditions (e.g., Coibanu and Cook, 2004). Previous
studies from hydrothermal systems and skarns suggest recrystallization of
magnetite at > 550 °C (Rosiere et al. 2001; Ciobanu and Cook 2005).
Interestingly, microfabrics preserved in marbles of contact metamorphic
aureole at the footwall of the Ronda peridotites indicate that deformation
associated with crustal emplacement of these ultramafic rocks was still
active until 510 °C (Mazzoli et al. 2013).
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Fig. 13. Box and whisker plots showing the distribution of trace elements in the zoned magnetite grains from the San Manuel deposit.
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Fig. 14. (a) Backscattered electron image including location of thin-foil (A-A" and B-B’) crosscutting inclusions in Mag-2. Sample SM-2-2. (b and i) HAADF scanning
transmission electron microscopy (STEM) image of A-A’ and B-B’ thin foils, respectively (b) and B-B’ thin-foil sampled. (c-d) and (j-k) TEM-EDS elemental maps
acquired from the A-A’ and B-B’ thin-foil, respectively, included in Mag-2. SAED of the calcite-magnetite boundary (e-f), and forsterite (g-h) of the A-A’ thin section.
() High-magnification HRTEM image of calcite and corresponding SAED (m). (n) HRTEM image of gahnite inclusions in magnetite showing in (k). Inset: SAED of
image (n). (o) High-magnification HRTEM image of gahnite inclusions showed in (n).

5.3. Geochemical fingerprints of the ore-forming fluids

Above, we suggested that during the early prograde stage Si-rich
fluids reacted with dolomite to form Mg-rich minerals (i.e., forsterite
and magnesioferrite) and residual calcite. However, these carbonatic
rocks were not only enriched in Mg but also in Ca. In fact, in situ LA-ICP-
MS analysis reveal that Mag-1 and Mag-2 are also enriched in Ca (2800
ppm, and ~ 9000 ppm on average respectively) relative to the other
magnetite generations (<200 ppm on average) (Fig. 13); Appendix G),
providing evidence of the effect exerted by the host rock in the hydro-
thermal fluid. The extent of this impact may be additionally estimated
by using the discriminating plot (Mg + Mn) vs. (Si + Al)/(Mg + Mn)
proposed by Hu et al. (2014) (Fig. 18a). In this diagram, the higher
contribution of the carbonatic rock (and lower fluid/rock ratios) is
related to higher (Mg + Mn) contents and lower (Si + Al)/(Mg + Mn)
ratios. As expected, early-formed Mag-1 contains higher average (Mg +
Mn) contents but lower (Si + Al)/(Mg + Mn) ratios than the secondary
varieties (i.e., Mag-2, Mag-3, and Mag-4) (Fig. 18a).

Mag-3 contains much higher concentrations of Al,O3 (<4 wt%) and
TiO3 (<4 wt%) than early-formed Mag-1 (<0.62 wt% Al,03 and < 0.07
wt% TiOy) and its postdating Mag-4 (<0.83 wt% Aly,03 and 1.9 wt%
TiO3) (Fig. 18b; Appendix G). Consistently, Mag-3 contains exsolution
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lamellae of spinel (Fig. 11). Single spot LA-ICP-MS analyses in areas free
of these inclusions also show significantly higher contents of V in Mag-3
(~368 ppm in average) relative to Mag-1 and Mag-2 (~5 ppm) (Fig. 13;
Appendix G). Previous studies indicate that depletion in V in magnetite
may reflect an increase in fO; (Toplis and Corgne 2002; Righter et al.
2006; Acosta-Gongora et al. 2014; Nadoll et al. 2014, Nadoll et al., 2015;
Sun et al. 2017) and/or temperature (Acosta-Gongora et al. 2014; Canil
et al. 2016). (Al + Mn) vs. (Ti + V) diagram has been proposed as an
indicator of magnetite formation temperature in hydrothermal systems
(e.g., Nadoll et al. 2014; Sun et al. 2017). Fig. 18b shows that Mag-3
exhibits the highest (Al + Mn) vs. (Ti + V) contents supporting the
fact that Mag-3 records the highest formation temperature. In fact,
magnetite with high Ti, V, and Ga contents and similar texture to Mag-3
has been ascribed to high-temperature processes in hydrothermal sys-
tems (i.e., (Hu et al., 2020).

Trace elements also display variability in their contents among the
different magnesioferrite-magnetite generations, suggesting that they
acted as mobile elements (Fig. 13) (Dupuis and Beaudoin, 2011; Nadoll
et al. 2014; Dare et al. 2014; Deditius et al. 2018). There is a continuous
increase in the amount of Al, Ti, V, and Ga from Mag-1 to Mag-3. Con-
trary, Mag-1 and Mag-2 exhibit similar trace element composition,
except for Si, Ca, and Sr, which could be related to forsterite + calcite
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Fig. 15. (a) Backscattered electron image including the location of thin-foil (A-A") crosscutting the boundary between Mag-3 and Mag-4. Sample SM-25. (b) HAADF-
STEM image of A-A’ thin-foil. (c-d) TEM-EDS elemental maps acquired from A-A’ thin foil. White-dashed rectangles 1 and 2 indicate the location of HRTEM images
(e) and (g) respectively. (f) SAED of the spinel exsolution within magnetite corresponding to the white rectangle in (e). (h) HRTEM image of squared spinel inclusions

in magnetite corresponding to the white square in (g). (i and h) HAADF-STEM image of spinel crystals showed in TEM-EDS elemental maps for Ti in (j) and (1)
respectively.

Fig. 16. Microstructure of massive magnetite ore from San Manuel deposit. (a) Backscattered electron image magnetite from massive sample showing spinel-rich
Mag-3 core and free of inclusion Mag-4 rim. Note the occurrence of intergranular chlorite due to solute scape during recrystallization. (b) Backscattered electron
images of massive recrystallized magnetite with 120° triple junction. (c) Backscattered electron image of massive magnetite and misorientation profiles (A-A’, B-B').
Note the misorientation angles > 20° suggesting rotation processes. (d) Pole figure. (e-g) Color-coded EBSD map showing crystal orientation changes relative to the X,
Y, and Z direction of the sample reference frame. Grains with internal crystal bending (dashed rectangles) coexist with free of deformation grains and small faceted

grains at the triple junction (dashed circles). (h) Near-random to very weak patterns of CPO with numerous orientation maxima at (100), (110), and (111). Ab-
breviations from Whitney and Evans (2010).
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inclusions in Mag-2. There is almost no variation in terms of Co, Zn, and
Ni from Mag-1 to Mag-3 (Fig. 13) indicating that chalcophile elements
seemed to be immobile during DRP processes in the prograde stage.
However, Sn is lower in Mag-3 which suggests fO, decrease, as Sn is
redox-sensitive in magnetite (Carew 2004; Huang et al. 2019), in
agreement with V increase in Mag-3.

Overall, Mag-4 shows the lowest total amount of trace elements
(Fig. 13), consistent with fluid-assisted recrystallization that usually
promotes the leaching of trace element contents (Hu et al. 2015; Zhang
et al. 2020), as well as with lower temperatures that influence the
incorporation of trace elements into magnetite (e.g., Nadoll et al., 2014;
Deditius et al. 2018). This impoverishment is deeply marked in Zn, Co,
and Ni which could be ascribed to the presence of co-precipitating sul-
fides (e.g., Hu et al. 2017; Sun et al. 2017). However, the Mag-4 in San
Manuel skarn has no sulfide inclusions so this may indicate that these
elements may be significantly mobile during the retrograde stage, con-
trary to the prograde stage. This indicates that their mobility is not
temperature-dependent, but that changing conditions of the system
allowed chalcophile elements to be mobile.

100000

100000
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5.4. Genetic model

Fig. 19 shows a sketch illustrating the model we propose for the
genesis of the San Manuel skarn deposit. The hot emplacement of Ronda
peridotites over crustal rocks promoted dehydration and subsequent
partial fusion of underlying crustal rocks of the Blanca unit. The model
explains the variable zoning of magnesioferrite-magnetite crystals
depending upon their distance to the potential fluid source (i.e., mig-
matite) (Fig. 19¢). In the upper part of the skarn (i.e., Fo-Cal skarn) Mag-
3 is absent and ore minerals are composed of remanent cores of Mag-1
rimmed by Mag-2, as well as Mag-4 rims (Fig. 11a; 1 in Fig. 19c¢).
Contrary, Mag-3 is widespread in the lower part of the skarn (i.e., Cal-
Chl-Srp) forming the magnetite cores rimmed by Mag-4 (3 in
Fig. 19¢). This heterogeneous distribution of the magnetite zoning along
the skarn suggests that the fluid/rock ratio was not high enough in the
Fo + Cal skarn to promote the full replacement of the preexisting Mag-1
and Mag-2, owing to the long distance to the fluid source. In contrast,
the proximity of the Cal-Chl-Srp skarn to migmatite, promoted, at a
higher fluid/rock ratio, the complete replacement of Mag-1 and Mag-2
to Mag-3. This would also explain why grains displaying a complete
sequence of zoning (2 in Fig. 19¢) are found in the middle of the skarn
sequence.

During the prograde stage, the relatively hot hydrothermal fluid
infiltrated the dolomitic rocks while forming prograde Mg-rich minerals
(i.e., forsterite and magnesioferrite) (Fig. 19a). At this stage, Mag-1
would be the unique Fe-oxide variety dominating the whole skarn
sequence (T1 in Fig. 19d), formed at around 600-700 °C as estimated
above. Different pulses of hydrothermal fluids at increasing temperature
and fluid/rock ratio may have promoted the disequilibrium with Mag-1
to form Mag-2, very likely involving DRP (T2 in Fig. 19d). During the
prograde stage evolution, the solution became Al- and Ti-enriched and/
or oversaturated, and reacted with already formed iron ores leading to
the replacement of Mag-1 and Mag-2 to Mag-3 in various extents (T3 in
Fig. 19d). This replacement may have been promoted by decreasing fO5
now fingerprinted by the decrease of Sn and increase of V recorded in
Mag-3. Moreover, the (Al + Mn) vs (Ti + V) ratio rises from Mag-1 to
Mag-3 (Fig. 18). Such (Al + Mn) vs (Ti + V) increase has been ascribed to
the pulsed injection of hydrothermal fluid at an increasing temperature
similar to that observed by Zhang et al. (2020) observed in the Xingiao
Cu-Fe-Au deposit.

The subsequent increase of Sn and decrease of V contents from Mag-3
to Mag-4 reflects an increase in fO, of the system, which promoted oxy-
exsolution re-equilibration of Mag-3 and subsequent exsolution of ori-
ented spinel crystals (T4 in Fig. 19d) at < 700 °C (Fig. 17a). During the
retrograde stage, the former Mag-3 recrystallized to Mag-4 under con-
ditions of decreasing temperature and assisted dynamic regime (T5 in
Fig. 19d). The retrograde stage also led to the hydration of anhydrous
silicates formed in the prograde stage (i.e., the transformation of for-
sterite to serpentine and chlorite.

Fig. 18. Binary diagrams of LA-ICP-MS
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Fig. 19. Sketches showing the formation of the San Manuel deposit and associated magnetite formation and evolution (see main text for explanation).

6. Conclusions

The San Manuel skarn iron deposit is situated in a very rare
geological framework involving ultramafic rocks. The hot emplacement
of Ronda peridotites over crustal rocks of the Blanca Unit promoted
dehydration and partial fusion of migmatite.

We ascribed the skarn and ore formation to the interaction of the
migmatite-derived fluids with overlying dolomitic marbles. According
to textural, major, minor, and trace element composition, and the
mineralogy of the inclusions, we have defined four different generations
of magnesioferrite-magnetite. Overall, there is a Fe-enrichment and Mg-
depletion trend of these ore minerals during skarn evolution. Magne-
sioferrite (Mag-1) was the first ore mineral formed, whose composition
reflects the buffer effect of the skarn host rock (i.e., dolomite). During
the prograde stage of the skarn, the injection of pulsed hydrothermal
fluid at increasing temperature and fluid/rock promoted disequilibrium
of Mag-1 with evolving fluids, which led to coupled dissolution and
reprecipitation processes, forming Mag-2 and lately Mag-3 by subse-
quent replacement of Mag-1 and Mag-2. Mag-3 is Al-, Ti-, V-, and Ga-
rich congruent with high-temperature formation and with spinel (s.s)
exsolution observed in this magnetite. We have approached a minimum
temperature of the prograde stage (<700 °C), recorded by magnetite-
spinel exsolution in Mag-3. During the retrograde stage, cooler and
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more oxidized fluids interacted with former magnetite generations
promoting disequilibrium. Microstructure, lack of inclusions, and low
trace element total contents in Mag-4 rims record cooling and final
dynamic fluid-assisted replacement of pre-existing magnetite of the
skarn.
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