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Abstract

The iron-oxide-copper-gold (IOCG) skarns of the Tatatila-Las Minas mining district in
central Mexico represent a structurally-controlled, exhumed fossil geothermal system lo-
cated in the eastern sector of the Trans-Mexican Volcanic Belt (TMVB). The district was
historically exploited for gold and copper mineralization. The emplacement of the ore
bodies was controlled by regional Neogene–Quaternary NE- and NW-striking fault sys-
tems formed during the extensional evolution of the TMVB. These faults acted as conduits
for high-temperature hydrothermal fluids circulating during the cooling of the Neogene
magmatic intrusions. By integrating detailed field study with available exploration bore-
hole data, the spatial distribution of the skarn bodies was reconstructed. Three main
emplacement geometries were identified: (a) at contacts between magmatic bodies and
host rocks, (b) as lenticular or irregular bodies parallel to the host rock foliation, and (c) at
the intersections of near-orthogonal faults. Although structural controls on skarn formation
represent a key factor in ore emplacement, their analysis remains scarcely explored. This
paper therefore contributes to filling this gap by providing a detailed characterization of
the structural framework governing IOCG skarn development at Tatatila–Las Minas. The
results improve understanding of IOCG systems formation and provide predictive criteria
for mineral exploration in similar geological settings, potentially reducing exploration and
mining risks.
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1. Introduction
The Tatatila-Las Minas Mining District (Veracruz State in Central Mexico; Figure 1) is

one of the most significant mining areas exploited in Mexico over recent decades. Skarn
are key targets in mineral exploration because they commonly host economically relevant
ore deposits (e.g., [1–4]); however, their evolution in relation to tectonic activity remains
understudied. In particular, the structural control exerted by faults and fractures on
skarn geometries is still poorly defined due to the limited number of documented case
studies (e.g., [5–9]). The present work contributes to addressing this gap by analyzing
an example in which regional fault systems played a primary role in skarn development.
This district is located in the eastern sector of the Trans-Mexican Volcanic Belt (TMVB),
which has been active since the early Miocene (e.g., [10–14]). Currently, the geothermal
anomaly in this region is characterized by a heat flow of approximately 180 mW/m2 and
geothermal gradients consistently exceeding 70 ◦C/km [15]. Active geothermal systems
aligned with the TMVB include, from west to east, Domo San Pedro, Cerritos Colorados,
Los Azufres, Pathé and Los Humeros. Fossil geothermal systems have also been identified,
exhumed after progressive cooling, uplift, and erosion of older magmatic bodies and
associated contact metamorphic rocks (e.g., [16]). In some cases, these fossil systems serve
as exceptional analogues for active geothermal fields. Among them, the Tatatila-Las Minas
mining district can be considered a fossil exhumed analogue for the active Los Humeros
geothermal field [17–21]) (Figure 1).

In this area, Miocene magmatism generated significant hydrothermal fluid circulation,
inferred to be through secondary permeability (e.g., fractured rock volumes). This promoted
fluid-rock interaction with the Mesozoic sedimentary host rocks, resulting in widespread
mineralization [22,23], prominently exposed as iron-oxide-copper-gold (IOCG) ore bodies.

Cu-rich deposits are known to form in different tectonic settings, including continental
and oceanic arcs (e.g., [24–26]), collisional orogenic belts (e.g., [27,28]), and continental
areas affected by extensional tectonics (e.g., rift areas [5,29–31]). In extensional settings, the
cooling of felsic magmas is often accompanied by large volumes of hydrothermal fluids
(e.g., [6,32]), which migrate through permeability controlled mainly by faults and related
fracture systems. Although metasomatic and mineralization processes leading to the forma-
tion of the IOCG deposits have been extensively documented worldwide (e.g., [31,33–38]),
the structural mechanisms that regulate fluid circulation and mineralization are still not
fully constrained, and fluid-rock interaction during their formation (e.g., [39,40]) remains
poorly understood. Indeed, only a few studies have addressed how faults and fractures
influence IOCG formation during magma cooling (e.g., [5,6,41]). Therefore, understanding
the interplay between faults, fractures, geothermal fluid flow, and ore genesis is crucial for
refining mineral exploration strategies and reducing mining-related risks. This also applies
to the Tatatila-Las Minas area, where IOCG deposits have been characterized in detail from
a mineralogical and petrographic perspective, including in recent studies [42], confirming
their genetically link to the emplacement of Miocene intrusive rocks in the eastern sector of
the TMVB [10–13,43]. However, their structural context, the processes responsible for their
formation, and the geometry of the resulting skarn bodies had not yet been investigated.
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Figure 1. (a) Tectonic sketch map showing the Trans Mexican Volcanic Belt. The red star indicates the
study area; (b) geological map of the Las Minas mining district (modified after [16]). The locations of
the samples studied and the structural stations are shown on the map.

For this reason, this area represents a case study, where through a multidisciplinary
approach (i.e., structural, petrographic and mineralogical analyses), we sought to address
the lack of data regarding the geometry of these skarn bodies and to elucidate how their
formation was controlled by circulation of hydrothermal fluids along fault zones. Our
analysis shows that regional fault systems acted as the main conduits for hydrothermal
fluids, allowing the skarn bodies to develop with different geometries and under varying
geological conditions.

Our main results provide insights into the formation and spatial distribution of these
ore deposits within the geological evolution of the TMVB, and are applicable to analogous
geological settings characterized by extensional tectonics and contemporaneous magmatism.

2. Geological Framework
The Trans-Mexican Volcanic Belt is a Neogene–Holocene volcanic arc located in central

Mexico (Figure 1a). This continental volcanic arc extends approximately 1000 km in a
WNW-ESE orientation, and it is characterized by volcanic products ranging from mafic to
felsic compositions. This arc is associated with the subduction of the Pacific Plate beneath
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the North American Plate along the Mexican Pacific trench [11,12,14,43–45]. Volcanic
activity along the TMVB can be divided into at least four main episodes, spanning from the
early Miocene to the present [14,17,18,23,44,46,47]. In detail, the first episode (~21–10 Ma)
referred to the TMVB formation as an east-west volcanic arc during the middle Miocene,
with initial activity near the current volcanic front. Between ~13 and 10 Ma, volcanism
migrated farther from the trench, forming stratovolcanoes and lava cones across central
Mexico. The second episode (~11–6.5 Ma) involved a northward and eastward shift
of mafic volcanism, forming widespread basaltic plateaus with both subduction-related
and intraplate signatures. This episode marked a significant change from the earlier arc
volcanism. The third period (~7.5–3 Ma) was characterized by decreased activity and
the emergence of silicic volcanism. Mafic to intermediate lavas from the late Miocene to
early Pliocene are interbedded with ignimbrites, showing a continued bimodal volcanic
pattern. The fourth episode (since ~3.6 Ma) marked a transition to basaltic-andesitic
arc volcanism and renewed intraplate activity, with widespread monogenetic fields and
Quaternary stratovolcanoes dominating the western and central TMVB, while eastern
sectors reactivated after a volcanic hiatus [14,17,18,23,44,46,47].

The hydrothermal mineralization and consequent skarn formation in the Tatatila-Las
Minas area was related to the first magmatic episode (early to late Miocene) during the
evolution of the TMVB, which in this eastern sector gave rise to intrusions emplaced into
the Mesozoic sedimentary rocks of the Sierra Madre Oriental Province [14,17,43].

The eastern sector of the TMVB, where the study area is located, has been affected
by two major fault systems (SW-NE and NW-SE) since the middle Miocene [13,17,48,49].
From the Pliocene onwards, NW-SE oriented intra-arc extension became dominant and
affected the TMVB. This tectonic regime favored the development of normal fault striking
SW-NE, WSW-ENE, and W-E, which controlled structural depressions [50–52] and volcanic
alignments (e.g., volcanic edifices and eruptive centers) [49]. In this extensional context,
NW-SE structures have been also reactivated [12,53,54], as evidenced by numerous volcanic
alignments parallel to the NW-striking fault traces [49]. These relationships underscore the
control exerted by major fault systems on the emplacement of magmatic bodies and eruptive
edifices, thereby contributing to the development of a widespread geothermal anomaly
characterized by heat flow values of about 180 mW/m2 and geothermal gradients locally
exceeding 70 ◦C/km [15], which favor the formation of extensive geothermal systems.

Over time, the large-scale circulation of hydrothermal fluids, attributed to the Miocene
magmatic intrusions, promoted the ore-forming processes documented in the Tatatila-Las
Minas mining district. This area is interpreted as an exhumed fossil geothermal sys-
tem [16] and serves as a geological analogue of the nearby active Los Humeros geothermal
field [18–21].

At the Tatatila-Las Minas area, Middle Miocene magmatism is represented by intrusive
rocks with a composition spectrum from diorite to granodiorite understood as resulting
from multiple magmatic pulses [55]. These intrusive bodies, together with dykes and sills,
are considered the primary magmatic source of the hydrothermal fluids that reacted with
the host rocks, resulting in widespread IOCG skarn formation [22,23]. Both dykes and
skarn bodies were controlled by tectonic structures.

The skarn bodies are characterized by prograde and retrograde mineral assemblages
and are classified as endoskarn and exoskarn types [42]. These formed at the interfaces
between magmatic bodies (including sills and dikes) and the carbonate host rocks. The
main skarn bodies include El Dorado, Juan Bran, Santa Cruz (Figure 1b), and Minillas,
located north of the Las Minas village. Exploration data reveal that mineralization is often
concentrated at the intersections of steeply dipping brittle structures cutting the host rocks.
In other cases, the IOCG skarn bodies appear aligned along the primary discontinuities in
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the host rocks (e.g., bedding), without a clear spatial association with magmatic intrusions
(Figure 2; [56]). The skarns are primarily composed of garnet, with lesser amounts of
pyroxene, epidote, and quartz, the latter likely representing a later hydrothermal stage [56].

 

Figure 2. Tectonic geological map and related geological section (trace indicated on map) showing
the relationships between IOCG skarn bodies and the main faults in the Tatatila-Las Minas area.
Boreholes data are from [56].

3. Methods
The area surrounding the village of Las Minas was studied, with a focus on the Juan

Bran and El Dorado skarn bodies (Figure 1b), which were explored and partially exploited
during pre-colonial times [56]. Field mapping was integrated with structural and kinematic
data to reconstruct the geometry and kinematics of faults. Samples of host rocks and IOCG
deposits were collected throughout the study area and analyzed using optical microscope,
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Scanning Electron Microscopy with Energy Dispersive Spectrometry (SEM-EDS), chemical,
and electron microprobe (EMPA) analyses to characterize the mineral paragenesis and the
petrographic features. The analytical procedures adopted in this study rely on standard
instrument-specific reference materials and calibration routines that are conventionally
used in laboratories operating the same equipment. These standards are those provided
and validated by the instrument or by internationally recognized reference datasets.

SEM-EDS analyses were performed at the Department of Earth and Geoenvironmental
Sciences, University of Bari (Bari, Italy), using a ZEISS EVO 50XPV instrument (Germany)
equipped with X-max Silicon Drift (80 mm2) detector (Oxford Instruments plc, UK) and
a Super ATW (Super Atmosphere Thin Window). Operating conditions were 15.00 kV
accelerating voltage and 800 pA emission current.

Seven selected fresh samples (Table S1 in Supplementary Material) from Miocene
intrusive rocks were investigated for whole-rock major, trace, and REE elements at Acti-
vation Laboratories (Actlabs; Ancaster, Canada) by ICP-MS (codes 4LITHO and 4B2-std).
For major elements, the precision (1σ) is estimated to be <2% for concentrations higher
than 5 wt.%, and <5% for concentrations between 0.1 and 5 wt.%. For trace elements, the
precision is 5% and 10% for the values in the ranges 1–100 ppm and 0.1–1 ppm, respectively.
Whole-rock chemistries are provided in Table 1.

EMPA analyses were carried out at the laboratory of the National Research Council—
Institute of Geoscience and Earth Resources (CNR-IGG) in Florence, Italy. The analyses
utilized a JEOL JXA-8600 electron microprobe (Tokyo, Japan) equipped with four WDS
spectrometers. The analytical parameters were as follows: 15 kV accelerating voltage, 10 nA
beam current, and spot size of ~5 µm. Data collection accounted for the PAP model. These
analyses were performed on samples LM10, LM15B, and LM18 (Table S1), which were
prepared as 30-µm-thick polished thin sections. The results of the representative SEM-EDS
and EMPA analyses are reported in Tables S2 and S3 (Supplementary Material).

Raman spectroscopy analyses were performed in order to identify opaque crystals
with hexagonal habitus observed either as mineral inclusions within quartz and within fluid
inclusions hosted in the same quartz. The Raman analyses were performed with a confocal
Horiba Jobin Yvon Labram HR Evolution spectrometer at the Department of Earth and
Geoenvironmental Sciences, University of Bari (Bari, Italy). The spectrometer is equipped
with an Olympus optical microscope, a He-Ne laser source, and a multichannel air-cooled
charge-coupled device (CCD) detector. A 50× long-distance objective was used, and the
laser power was decreased to avoid potential local heating effects. The Rayleigh scattering
component was removed by an ultra-low frequency (ULF) filter. Acquisition time (40–120 s)
and number of accumulations (2–3×) were optimized to have the maximum spectrum
intensity and to improve the signal-to-noise ratio. The spectral frequency was calibrated
using the peak position (520 cm−1) of a silicon fragment line of a Si wafer. Spectral
processing (i.e., baseline subtraction, peak fitting) was conducted using the LabSpec 6
software package.

Four samples (three of intrusive rocks and one of skarn) were subjected to 40Ar/39Ar
dating. Analyses were performed at the Ar-Ar laboratory of the Institute of Geoscience
and Earth Resources (CNR-IGG) in Pisa (Italy), using analytical protocols described in [57].
Data were processed using ArArCALC software v.2.5.2 [58] and IsoPlot 3.0 [59]. Decay
constants are those recommended by [60] and corrected in [61] for some updated physical
constants. Displayed errors are at ±2σ level, unless otherwise stated; ages are reported
with two errors, in the form ±X/Y. X is the analytical error linked to the measurement,
which is used to compare ages within a sample. Y comprises the uncertainty on nuclear
flux variation and is used to compare different samples. Further details on sample prepa-
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ration are provided in the Appendix A, while the analytical data are reported in Table S4
(Supplementary Material).

Table 1. Major and trace elements composition of the intrusive rocks from the Tatatila-Las Minas area.

wt.%
Diorite to Quartz-Diorite Tonalite

LM3 A15 A28A LM20 LM13 LMA4 A7

SiO2 52.91 55.74 56.10 56.90 58.59 59.80 60.78
Al2O3 18.34 17.13 16.97 16.41 16.63 17.07 16.76
Fe2O3 7.17 7.17 6.61 6.06 6.44 4.78 5.93
MnO 0.16 0.12 0.13 0.11 0.14 0.14 0.11
MgO 4.74 4.41 3.48 3.58 3.85 3.01 2.93
CaO 9.55 8.57 8.91 7.59 6.92 8.40 5.73

Na2O 4.41 3.57 5.27 3.79 3.63 4.77 4.24
K2O 0.53 1.55 1.34 1.37 1.52 0.66 2.42
TiO2 0.78 0.88 0.75 0.70 0.66 0.60 0.55
P2O5 0.24 0.25 0.29 0.16 0.19 0.22 0.20
L.O.I. 1.39 1.16 0.46 1.78 2.19 0.92 1.09
Total 100.22 100.55 100.31 98.45 100.76 100.37 100.74
ASI * 0.73 0.74 0.64 0.76 0.82 0.72 0.84
ppm

V 207 199 127 161 177 144 124
Ba 257 421 619 356 505 357 669
Sr 627 662 593 526 467 562 442
Y 19 22 21 19 17 17 16
Zr 123 111 219 154 130 135 217
Rb 3 19 18 20 21 7 74
Nb 5 5 8 5 6 7 6
La 18.0 22.4 24.4 17.3 20.6 22.0 22.9
Ce 39.6 45.7 51.3 35.6 41.4 48.2 43.0
Pr 4.98 5.72 6.36 4.56 4.95 5.92 4.86
Nd 20.4 23.5 25.9 18.3 18.2 22.8 18.1
Sm 4.7 4.9 5.5 4.3 3.8 4.9 3.5
Eu 1.31 1.63 1.36 1.24 1.15 1.24 1.02
Gd 4.1 4.9 4.5 3.9 3.2 3.8 2.9
Tb 0.6 0.8 0.7 0.6 0.5 0.5 0.5
Dy 3.7 4.5 4.1 3.7 3.3 3.3 2.9
Ho 0.7 0.9 0.8 0.7 0.7 0.6 0.6
Er 2.1 2.4 2.3 2.1 1.9 1.9 1.7
Tm 0.3 0.36 0.34 0.31 0.26 0.26 0.26
Yb 1.9 2.3 2.1 2.2 2.1 1.7 1.8
Lu 0.29 0.32 0.31 0.34 0.3 0.26 0.29
Hf 2.6 2.8 4.8 3.7 2.9 2.9 4.8
Ta 0.4 0.4 0.4 0.4 0.6 0.6 0.5
Th 2.2 2.8 2.8 2.7 5.4 4.1 8.8
U 0.9 1.2 1.4 1.2 1.6 1.4 2.5

* Alumina Saturation Index = [Al2O3]/([CaO] + [Na2O] + [K2O]) molecular ratio.

4. Results
In the following, the presentation of data is separated into four different sections

addressing the description of the stratigraphic setting and composition of Miocene intrusive
rocks, faults systems, skarns and 40Ar/39Ar dating.

4.1. Stratigraphy and Miocene Intrusive Rocks in the Tatatila-Las Minas Area

The stratigraphic succession exposed in the study area includes rocks ranging in
age from Jurassic to the upper Pleistocene, and can be divided into pre-volcanic units
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and a volcanic succession. The pre-volcanic units consist of: (i) Paleozoic granitoids,
dated at 268.14 ± 0.67 Ma by the 40Ar/39Ar method [22], with compositions varying from
leucogranodiorite to leucotonalite. These rocks were later intruded by Miocene plutonic
bodies consisting of diorite, quartz-diorite, tonalite, and granodiorite (Figure 3), dated at
14 Ma by the K/Ar method [22]; and (ii) Jurassic–Cretaceous carbonate rocks [16].

Figure 3. An overview of the Miocene intrusive rocks of the Las Minas area. (a) An outcrop of tonalitic
to granodioritic rocks along the stream of Rancho la Virgen locality; (b) a picture of a small slab of
diorite (sample A15) showing the mottled appearance of the rock, characterized by a texture with black
amphibole oikocrysts enclosing numerous plagioclase chadacrysts; (c) micrograph of an amphibole
enclosing several plagioclase chadacrysts, some uralitizated relicts of former clinopyroxenes and
magnetite grains (crossed polars image); (d) thin section scan of a quartz-diorite (sample LM 13)
showing a doleritic texture characterized by the abundance of plagioclase and amphibole, minor and
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tiny biotite, and accessory magnetite (plane polarized light); (e) micrograph of tonalite (sample A7)
showing the intergranular texture with zoned euhedral plagioclase and some biotite and amphibole
crystals (crossed polars image); (f) micrograph of tonalite showing euhedral titanite grains, a common
and accessory mineral in the Tatatila-Las Minas Miocene intrusive rocks (crossed polars image).
Mineral abbreviations from [62].

The focus of this study is on the Miocene intrusive rocks with dioritic to tonalitic
composition. In these rocks, amphibole and biotite are consistently present, except in one
sample (A15), where biotite is absent and relics of former clinopyroxene are observed. The
latter occurs as stubby inclusions within green-brown hornblende, largely replaced by
actinolite and/or chlorite. Accessory minerals are mainly represented by magnetite, apatite,
and titanite (Figure 3f).

In terms of rock texture, the more mafic rocks typically display a doleritic texture,
characterized by randomly oriented, elongated plagioclase crystals showing oscillatory
zoning (Figure 3e). Hornblende commonly occurs as oikocrysts enclosing smaller pla-
gioclase crystals (Figure 3c). Both amphibole and biotite show evidence of alterations
along cleavage traces, where the presence of chlorite ± calcite can be observed. Plagioclase
frequently undergoes sericitization, particularly in the cores (Figure 3e), and it is rarely
replaced by epidote.

The chemical composition of the main minerals of the four selected samples of
diorite (A15), tonalite (A7), and quartz-diorite (LM13 and LM20) is reported in Table S2.

Plagioclase shows compositional zoning from labradorite-andesine in the cores to
oligoclase at the rims in both diorite and tonalite. The analyses also indicate that amphi-
bole can be classified as Mg-Hastingsitic hornblende, characterized by a moderately low
aluminum content.

The major and trace elements composition of Miocene intrusive rocks is presented
in Table 1. Diorite, quartz-diorite, and tonalite belong to the calc-alkaline to calcic mag-
matic series, indicating a syn-orogenic magmatic event. The alumina saturation index
ASI (molecular ratio Al2O3/[CaO + Na2O + K2O]) points to the metaluminous nature of
the rocks and tends to increase as silica increases. This may be due to fractional crystal-
lization of amphibole [63], that together with plagioclase was mainly responsible for the
magma differentiation.

The rare earth element (REE) patterns (Figure 4a,b) in the diorite to tonalite range
are moderately fractionated, with an absent or weakly negative Eu anomaly. A closer
inspection of the REE diagrams reveals that the tonalite exhibits a more evident concave-up
pattern from Tb to Lu, which is also consistent with hornblende fractionation [63].

Figure 4. REE patterns for diorite to quartz-diorite (a) and tonalite (b). Chondrite normalizing values
after [64]. REE analyses are reported in Table 1.
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The intrusive complex is overlain by the host Jurassic–Cretaceous carbonate rocks,
composed of limestone, with some layers having a dolomitic composition. The emplace-
ment and cooling of the Miocene magmatic body promoted the development of a thermo-
metamorphic aureole at the expense of limestone, resulting in marble. Marble may be of
pure calcic or dolomitic composition, depending on the limestone layers involved.

A Neogene–Quaternary volcanic succession, associated with the TMVB (e.g., [11,44,47])
and specifically linked to the volcanic activity at Los Humeros, overlies the older units in
an uneven manner. From bottom to top, this succession comprises Miocene olivine basalt
lava and volcanic breccias, which are overlain by lacustrine sediments of Pliocene to lower
Pleistocene age.

During the Quaternary, successive layers of andesite, ignimbrite, and pyroclastic fall
deposits accumulated over this sequence. The deposits exhibit variable thickness and, in
some cases, lateral compositional variations (i.e., ignimbrite deposits, lower Pleistocene).
Felsic and mafic dyke swarms were emplaced in the intrusive complex and, to a lesser
extent, into the overlying Pleistocene volcanic rocks. The felsic dykes range in composition
from dacitic to rhyolitic, while the mafic dykes are basaltic. Their emplacement was
structurally controlled by faults that remained active even after magma injection and
cooling, as evidenced by the high density of fractures cutting across the dykes. Some of
these fractures are also intersected by minor normal faults, indicating continued tectonic
activity post-emplacement.

4.2. Fault Systems

Structural and kinematic data were collected at 86 stations across the study area,
revealing two dominant fault systems, NE- and NW-trending (Figures 1b, 5 and 6), with
map-scale lengths reaching up to 1.5 km. Although outcrops exposure is limited, the
structural data strongly suggest that these fault systems played a significant role in the
formation of the Las Minas valley and in controlling the emplacement of dyke swarms.

Figure 5. Stereographic diagrams (equal-area projection, lower hemisphere) illustrating faults and
striae of the fault systems and related kinematic axes (red squares).

The geometric and kinematic characteristics of each system are summarized below:
(1) NE-trending fault system. This system is most prominent in the southwestern

part of the study area and is characterized by fault damage zones up to 5 m wide, locally
containing cemented tectonic breccias. It is also associated with minor WSW-ENE striking
faults, which, together with NE-trending faults, form a conjugate fault system (Figure 5).
Kinematic indicators on the slip surfaces include slickenfibers, mainly composed of calcite,
and mechanical striations, which indicate dominant normal-slip kinematics, in places
overprinted by minor oblique-slip movement (Figure 5). Maximum vertical displacements
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along these faults reach approximately 70 m. In some cases, mineralization within the fault
zones includes quartz veins up to 1 cm thick and disseminated pyrite.

(2) NW-trending fault system. It is characterized by slightly wider damage zones,
reaching up to 8 m. Kinematic indicators, primarily mechanical striations on the slip
surfaces, reveal a complex deformation history, including: (i) an initial strike-slip movement,
followed by (ii) two phases of oblique-to-normal movements (Figures 5 and 6). The full fault
zone width is rarely fully exposed due to dense vegetation; however, where observable,
they consist of volumes characterized by dense networks and splays damage-rock that
reflect the progressive development of the fault movement. These fractures contribute to
enhanced secondary permeability within the fault zones, particularly at the intersections of
the NE- and NW-trending systems. This increased permeability is especially evident south
of Las Minas village, where the intersection of the two main fault systems coincides with
the location of most significant skarn bodies: El Dorado and Juan Bran (Figures 1b and 2).

Figure 6. Examples of fault systems outcropping in the Tatatila-Las Minas area. (a) NW- and
ENE-trending faults (structural station LMC1), the latter displaying in (b) two movements: a first
left-lateral strike-slip (blue arrow on the stereoplot) overprinted by left-oblique-slip kinematic (red
arrow on the stereoplot); (c) NE-trending fault characterized by mechanical striations indicating
normal movement (structural station LMC1); (d) N-S and NE-SW trending faults with indication of
hydrothermal fluid circulation (structural station LMC53); (e,f) details relating to the faults illustrated
in (d), showing Fe-oxide and Fe-hydroxide (e) pervading the upper part of the picture, as well as
evident kinematic indicators, which are mostly formed by mechanical striations, and syn-kinematic
hematite fibers in (f); (g) NW-SE trending fault cutting carbonate rocks, with normal to right-oblique
movement (structural station LMC27); (h) SW-NE trending fault plane and detail in (i) of kinematic
indicators showing normal to oblique-slip movement (structural station LME1).
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Fe-hydroxides are commonly observed on the slip surfaces of both NE- and NW-
trending fault systems (Figure 6i), and in some cases, they also occur in localized zones
within the broader fault damage zones. These features likely correspond to the most
recent phases of fault activity. Widespread crosscutting relationships between NE- and
NW-trending faults are throughout the study area, suggesting that both systems were active
contemporaneously. This interpretation is also supported by the intrusion of both mafic
and felsic dykes into the fault-damage zones, indicating syn-tectonic magmatic activity.
The time span of fault activity is constrained by the presence of Pleistocene lacustrine
sediments and volcanic units that are dissected by NE-trending faults, suggesting that
deformation occurred from at least the Neogene to the Quaternary. These observations point
to a prolonged tectonic evolution, during which faulting, magmatism, and hydrothermal
activity were closely interrelated.

4.3. Skarn Bodies

Field observations and logs from mining-exploration boreholes indicate that the skarn
bodies can reach thickness of up to 100 m (Figure 2). At the outcrop scale (Figure 7), they
are easily recognizable by their bright colors, ranging from intense orange to red, attributed
to the presence of garnet and metalliferous minerals (i.e., magnetite, bornite, chalcopyrite,
pyrite), although the latter commonly appear weathered.

The presence of these metalliferous minerals increases the rock density, easily notice-
able in the field when handling rock samples. In some case, the mineralized bodies are
marked by bands of varying colors and composition, likely reflecting the composition of
the protolith (Figure 7a,b). At the contact with the underlying intrusive magmatic rocks, the
boundaries are typically irregular, marked by the occurrence of the endoskarn developed
within the intrusive body, where the original igneous texture is completely overprinted. A
sharp boundary is usually observable at the contact with carbonate rocks (Figure 7c,e). A
detailed study on the skarn typology and mineralogical composition is provided by [42], to
which the reader is referred for further information.

Overall, three primary structural settings for the skarn bodies have been documented
through exploration drilling and field observations (Figures 2 and 7): (i) at the contact
between the Miocene intrusive rocks and the host rock (marble; proximal skarn); (ii) as
lenses within the marble, following the orientation of the main foliation (distal skarn);
(iii) at the intersections of near-orthogonal faults with a sub-vertical attitude (distal skarn).

The two main skarn bodies in the study area, El Dorado and Juan Bran, were formed
during the same mineralizing episodes taking place along the contact between intrusive
and host rocks (Figure 1b). The skarn bodies are characterized by the presence of Au-Cu-
(Ag)-magnetite mineralization, developed along the flat-lying roof of the Miocene intrusive
rocks at the contact with marble. In addition, minor skarn bodies, typically with lenticular
shape, are hosted within marble.

The geometry of the main skarn body, as reconstructed from boreholes south of Las
Minas village, reveals a thickness locally exceeding 200 m (Figure 2; [56]). Borehole data
also indicate that the mineralogical composition of the skarn, characterized by the presence
of garnet and clinopyroxene, remains laterally consistent. The retrograde phase mainly
consists of chalcopyrite (Figure 7h), which replaces magnetite, with or without bornite.
Magnetite occurs in massive pockets or as sub-planar bodies characterized by centimeter-
wide bands alternating with garnet-rich levels (Figure 7f). Less commonly, magnetite forms
in irregular diopside-bearing bodies. Pyrite is rare and formed during the latest stages of
skarn evolution (Figure 7g).

At the microscope scale (Figure 8), two distinct types of skarns can be identified: (i)
clinopyroxene-dominated (Figure 8a,b) and (ii) garnet-dominated (Figure 8c).
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Figure 7. Examples of IOCG skarn at outcrop scale. (a) Skarn deposit cropping out at El Dorado
area, showing bands of different colors and compositions; (b) a highly altered fault surface with
quartz, malachite, and azurite in addition to Fe-hydroxides and oxides; (c) picture showing the
contact between brecciated limestone and exoskarn; (d) panoramic view of metasomatic alteration in
the Jurassic-Cretaceous carbonate rocks. The original bedding structure is maintained; (e) contact
between marble and exoskarn; (f) garnet-rich skarn showing localized patina of malachite and azurite;
(g) iridescent pyrite within a garnet-dominated exoskarn; (h) chalcopyrite mineralization.
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Figure 8. Representative optical micrographs of skarn. (a,b) Cpx-dominated skarn with Mg-Ca-rich
amphibole (crossed polars); (c) Grt-dominated skarn (plane polarized light); (d) epidote crystals filling
a vein (crossed polars); (e) image showing a quartz grain with hexagonal habit; (f) polysynthetic
twinning zone in the quartz grain at the contact with garnet. Mineral abbreviation from [62].

SEM-EDS and EMPA analyses on both Cpx-rich and Grt-rich skarn samples were
performed (Tables S1 and S3). Both types underwent a retrograde fluid circulation stage,
which facilitated the formation of hydrous minerals such as amphibole, epidote, chlorite,
and white mica, mainly observed within veins crosscutting the skarn bodies. In the Cpx-
dominated skarn, the mineral assemblage includes anorthite + quartz + amphibole +
magnetite + epidote + chlorite + pyrite ± chalcopyrite ± apatite ± titanite ± rutile, in
addition to pyroxene with a diopside composition (Figure 8d and Table S1). Rare crystals of
wollastonite are present. The amphibole belongs to the calcic group, primarily composed
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of pargasite, Mg-hastingsite, and actinolite (Table S3). Amphibole typically forms at the
expense of primary clinopyroxene during the retrograde cooling in the presence of H2O. In
the Grt-dominated skarn, the mineral assemblage consists of garnet + plagioclase + quartz
+ epidote + magnetite + calcite + pyrite ± chalcopyrite ± sphalerite.

The composition of garnet ranges from grossular-rich to andradite-rich content
(Table S3). This compositional variability is reflected in SEM/BSE images (Figure 9a),
where the crystal brightness change from dark to light grey with decreasing aluminum con-
tent. Late-stage epidote locally occurs in both skarn types as grains aggregates (Figure 8d)
or as inclusions within quartz. Micro-fractures within garnet are sporadically filled by
sulfide minerals such as sphalerite, chalcopyrite, and pyrite, along with calcite and quartz
(Figure 9c).

Figure 9. (a) Zonation in a garnet crystal with andradite-grossular garnet (point 1) bordered by an
andradite-rich garnet (point 2) of LM18 sample (corresponding to points 1 and 2 of site 3 analyses in
Table S3); (b) amphibole (points 3, 7, and 2, corresponding to point 2 of site 2 in Table S3), epidote
(points 4 and 1, corresponding to point 1 of site 2 in Table S3), and magnetite (points 5 and 6) in LM
10 sample; (c) late stage chalcopyrite (point 1), sphalerite (point 2), pyrite (point 3), quartz (point 4),
calcite (point 5), and bornite (point 6) filling cavities and fractures in andradite-rich garnet in LM
18 sample (points 7 and 8 of site 1 in Table S3). (d) Representative Raman spectra of hexagonal
copper minerals (in micrographs) hosted in quartz and fluid inclusions (V = vapor phase). Mineral
abbreviation from [62].

Quartz occasionally exhibits a hexagonal habit with distinct zoning growth (Figure 8e).
Furthermore, polysynthetic twinning is locally observed in quartz margin at the contact
with garnet (Figure 8f), likely related to the α-β quartz phase transition, which typically
occurs at 573 ◦C [65–67]. SEM/BSE observations also reveal the presence of magnetite
as dispersed grains, ranging in size from a few to hundreds of microns, within the skarn
assemblage (Figure 9b).

A patina of malachite and azurite covers the skarn surface, along with sulfides that
are easily recognizable in the field (Figure 7b). These sulfides are sometimes recognizable
at micro-scale. Indeed, small crystals measuring up to 10 µm and exhibiting a hexagonal
habitus with colors ranging from blackish to pale green, were identified within hydrother-
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mal quartz associated with sulfides in one sample (LM1; Figure 1b and Table S1). Similar
crystals were also observed in few vapor-rich fluid inclusions hosted in the same quartz
(Figure 9d). The non-systematic occurrence of such crystals in vapor-rich inclusions and
their presence within quartz suggest that they were transported by the fluid precipitating
quartz and that they were accidentally trapped within fluid inclusions (i.e., they are not
daughter minerals) [68,69]. Micro-Raman spectroscopy identifies these minerals as covel-
lite, on the basis of literature data and factor group analysis [70,71]. Indeed, according to
the factor group analysis, a Raman spectrum of covellite should consist of eight Raman
active phonon modes: two totally symmetric (A1g), two doubly-degenerate (E1g) and four
doubly-degenerate (E2g) phonon modes. Of these, about six bands are generally observed
in the frequency region below 500 cm−1, three intense phonon modes around 19, 62, and
475 cm−1, and three weaker bands at 112, 142, and 267 cm−1 are typically observed in the
Raman spectra of CuS. The modes near 19 and 475 cm−1 are assigned to vibrational modes
from the covalent S−S bonds. The other modes are generally assigned to bending and
lattice vibrational modes [70,71].

Figure 9d displays the Raman spectrum matrix in the frequency region of 10–700 cm−1

for the hexagonal solid inclusion enclosed within the quartz crystal. The very sharp and
intense Raman peaks observed around 20 and 63 cm−1 in the low-frequency region can
be clearly attributed to a CuS phase. A third Raman phonon mode characteristic, at about
475 cm−1, appears as a shoulder of the intense band at 465 cm−1, which is associated with
the quartz matrix. Moreover, the Raman spectrum also revealed, in the low-frequency
region, a weak peak around 140 cm−1, which is also attributed to the covellite phase.

4.4. 40Ar/39Ar Dating

Three samples of intrusive rocks (LM13, LM20 and A15) and one skarn (LM22) were
analyzed for 40Ar/39Ar dating (Figure 1b and Table S1). Sample LM13 (an amphibolic
quartz-diorite with medium-fine grain size and doleritic structure) has a discordant age
spectrum, with high ages at initial (low temperature) steps, followed by a slight wavy
trend for the following ten intervals (Figure 10(A-a)). The three initial steps have very low
40Ar yields and contain more than two thirds of the atmospheric Ar content of this sample
(Table S4); the presence of secondary alteration phases is the most likely cause. Neglecting
the first two steps, which contain only about 2% of 39Ar release, either K/Ca and K/Cl
spectra are saddle shaped (Figure 10(A-b,A-c)). This sample does not identify a statistically
significant plateau and/or isochron age. Six steps (red line in Figure 10(A-a)) with the
lowest K/Ca and K/Cl ratios have a weighted average of 14.04 ± 0.43 Ma [MSWD = 9.29],
and a simple average that is very close, 13.98 ± 0.52 Ma. The step with the lowest K/Ca
and K/Cl ratio, near to micro-analytical data (Table S2), has a datum of 14.69 Ma, which can
be considered an estimate of this sample age. The integrated total age is 14.86 ± 0.19 Ma
(Table 2).

Amphibolic diorite LM20 (heterogeneous grain size and doleritic structure) has a
saddle shaped age spectrum, with old ages on low and high temperature steps, and no
statistically significant plateau age can be derived (Figure 10(B-a)); in this case, the age
of the youngest step, 15.49 Ma, is considered a maximum age for the sample. However,
irregular age spectra can also be caused by the presence of parentless 40Ar in the sample,
not derived from in situ 40K. The age calculation routine of individual steps assumes an
atmospheric 40Ar/36Ar initial isotopic ratio (298.56), and step ages are used to calculate
the plateau age. On the contrary, the isochron approach does not make any assumption
on the initial Ar isotopic composition of the sample, so isochron ages, when computable,
are automatically corrected for the initial ratio. In our case, eight steps, corresponding to
76.9% of 39Ar release, identify an isochron age of 15.11 ± 0.39/0.40 Ma (MSWD = 1.2), with
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a radiogenic 40Ar/36Ar initial isotopic ratio (345 ± 11) (Figure 10(B-d) and Table S4). The
integrated total age is much older than isochron age, 19.30 ± 0.23/0.25Ma. K/Ca and K/Cl
spectra are saddle shaped, as is the age spectrum (Figure 10(B-b,B-c)). High K/Ca and
K/Cl ratios in the initial intervals might be due to the presence of alteration phases that
melt at low temperature and/or to fluid inclusions.

Figure 10. (A) Age (a), K/Ca (b), and K/Cl (c) spectra of LM13 Amp; (B) age (a), K/Ca (b), K/Cl (c)
spectra and inverse isochron plot (d) of LM20 Amp; (C) age (a), K/Ca (b), and K/Cl (c) spectra of
A15 Amp; (D) age (a), K/Ca (b), K/Cl (c) spectra and inverse isochron plot (d) of LM22 Phl. Data
points used to calculate plateau and isochron ages are in red; MSWD: mean standard weighted
deviates. Errors are at the 2σ level. For details see main text.
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Table 2. Summary of 40Ar/39Ar ages. Preferred ages are in bold.

Sample Phase % 39Ar Age (pl) ±2σ MSWD Age (is) ±2σ MSWD 40Ar/36Arin TF Age ±2σ

Ma Ma Ma Ma Ma Ma

LM22 phl 74.7 13.27 0.10/0.12 2.89 13.24 0.13/0.14 3.0 301 ± 6 13.50 0.14/0.15

LM20 amp 76.9 − 15.11 0.39/0.40 1.2 345 ± 12 19.30 0.23/0.25

LM13 amp − − 14.86 0.19/0.20

A15 amp − − 14.09 0.20/0.21

Notes: % 39Ar = percentage of 39Ar released used for plateau or isochron age calculation; pl = plateau age;
MSWD = Mean Squared of Weighted Deviation; is = isochron age; 40Ar/36Arin = initial 40Ar/36Ar ratio; TF = total
fusion age; see text for the degree of error. Mineral abbreviations from [62].

Amphibole A15 exhibits a highly irregular age spectrum, characterized by a stair-case
drop in age from the first to the last step (Figure 10(C-a)). While the overall shape may sug-
gest 39Ar recoil, the sample is not fine grained; instead, it contains several small plagioclase
inclusions that are difficult to completely remove. Assessing the contribution of plagioclase
to the age spectrum is challenging due to its compositional zoning, and because the bulk
K/Ca ratio is not significantly different from that of amphibole. The K/Ca spectrum, start-
ing from 10% of 39Ar release, is relatively flat, with a slight positive slope (Figure 10(C-b)),
whereas the K/Cl spectrum displays a saddle-shaped profile (Figure 10(C-c)).

No amphibole analyzed in this study yielded a flat, undisturbed age spectrum, despite
careful mineral separation procedures. As highlighted in Section 4.1, the amphiboles
commonly contain plagioclase inclusion and exhibit evidence of alteration, which likely
account for the irregularities observed in the age, K/Ca, and K/Cl age spectra.

Phlogopite LM22, from a calc-silicatic vein of skarn, shows an age spectrum character-
ized by elevated apparent ages at low-temperature steps, a relatively flat central portion,
and slightly younger ages at higher-temperatures steps, with the exception of the final
fusion step. The low-temperature steps are significantly enriched in atmospheric Ar. Eight
steps, comprising almost 75% of 39Ar release, give a plateau age of 13.27 ± 0.10/0.12 Ma
with a high MSWD (2.89) (Figure 10(D-a)), while the integrated total age is subtly older
than the plateau age, 13.50 ± 0.14/0.15 Ma. The isochron age calculated on the eight steps
is 13.24 ± 0.13/0.14 Ma (MSWD = 3.0), overlapping within error with the plateau age,
and with an initial 40Ar/36Ar isotopic ratio (301 ± 6) atmospheric within error (Table 2
and Figure 10(D-d)). The K/Ca ratio displays a wide interval of values (0.7 ÷ 60) for a
sample devoid of Ca, with the lowest values in the initial and final steps (Figure 10(D-b));
one reason is the likely presence of carbonatic impurities in mica crystals. The K/Cl ratio
remains relatively constant throughout the experiment (Figure 10(D-c)).

5. Discussion
5.1. Tectonic Setting and Control on Skarn Formation

Skarns are bodies formed through the metasomatic replacement and chemical alter-
ation of their protoliths [1,3,72–79]. They represent key exploration targets during mining
activity due to their enrichment in metallic elements. However, skarn bodies typically
exhibit irregular geometries, making them difficult to predict [8,80–82].

Generally, skarn bodies can be observed in four primary settings: (i) along the contact
between intrusive magmatic bodies and host rocks; (ii) as lenticular or irregular bodies
aligned with the primary foliation of the host rocks; (iii) as irregular bodies cross-cutting
geological boundaries and host-rock foliation; or (iv) associated with major faults and/or
fracture systems (Figures 1b, 2 and 7). However, direct structural evidence can be obscured
when the original permeable faults, fractures, or strata that channeled the metasomatizing

https://doi.org/10.3390/geosciences16010010

https://doi.org/10.3390/geosciences16010010


Geosciences 2026, 16, 10 19 of 28

fluids are no longer preserved—either sealed by mineral deposits or entirely replaced by
skarn mineralization.

In the Tatatila-Las Minas area, at least three geometrical configurations have been
observed in the field and reconstructed from borehole data (Figure 2), highlighting a strong
spatial association between skarn formation and structural and/or lithological disconti-
nuities. Specifically: skarn body developed (i) at the contact between Miocene intrusive
rocks (as massive bodies and dykes) and marble; (ii) as secondary lenses formed within the
marble, in which their shape was controlled by bedding or pre-existing anisotropies; and
(iii) at intersections between NE- and NW-striking faults, where damage zones enhanced
secondary permeability. From this, it can be inferred fault zones and the presence of pre-
existing permeable discontinuities, such as lithological boundaries and foliation, played a
key role in controlling the circulation of hydrothermal fluids and the formation of the El
Dorado and Juan Bran skarn bodies. The lateral dispersion of fluids away from the fault
zones led to the development of intra-block skarn volumes parallel to bedding and/or
foliation, as observed in outcrop and indicated by the mining-exploration borehole logs.

Accordingly, a conceptual model for skarn distribution is presented in Figure 11. Based
on this, the intersection of the NW- and NE-striking faults likely explains the localization
of the main ore-bodies (El Dorado and Juan Bran) just south of Las Minas village, where
fault intersections are prominent. On the other hand, the role of fault zones in controlling
hydrothermal fluid circulation has been widely recognized by several authors (e.g., [83–87])
and well documented in both active (e.g., [88–95]) and inactive (i.e., fossil) geothermal
systems (e.g., [96–98]).

Figure 11. Conceptual model (not to scale) showing the relationships between the two main fault
systems (blue lines), dykes (in orange color), hydrothermal fluids (red arrows) and the development
of skarn bodies (in green color), whose geometries were partly controlled by faults and partly by
stratigraphic unconformities.

In the Tatatila-Las Minas area, the described fault systems were active contempora-
neously between Miocene and Pleistocene, with faulting ending prior to the deposition
of youngest volcanic deposits, which are not involved in the deformation [16]). We inter-
pret their kinematic relationship within a common extensional stress field dominated by
NW-trending extension [13,16,99,100]. Their mutual orthogonality is consistent with an
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extensional regime, where NW-striking faults acted as transfer structures accommodating
the normal or oblique-slip movements along the NE-striking normal faults.

The final movements of both fault systems were marked by dominant normal displace-
ments, likely driven by regional uplift associated with high surface heat flow. In this context,
the pre-existing fractured volumes, representing weakened sectors, were reactivated as
normal faults regardless of their original orientation. Similar structural evolution has been
documented in other extensional tectonic settings [92,101,102].

Overall, permeability was primarily controlled by the orientation of the intermediate
principal stress axis and by the connectivity of fracture networks formed at the intersection
between the two fault systems [85,103]. In this framework, NW-SE faults channeled deep
geothermal fluids toward shallow crustal levels, which then migrated laterally along NE-
SW normal faults and strata-bound pathways (i.e., bedding planes), providing hydraulic
continuity with permeable structures. The role of pre-existing foliation is further supported
by the localization of skarn bodies at the intrusive-marble contact.

Considering all the geological data collected in the area, we can hypothesize that
the fluid circulation that enabled the formation of IOCG skarn bodies occurred after the
intrusive rocks were formed. Furthermore, assuming the fluid circulation as coeval with
the fault activity, it is possible to hypothesize that the skarn formation occurred during
the Miocene.

5.2. Mineralogical and Petrographic Considerations and Age Constraints

To estimate the level of the magma emplacement, in four hornblende-bearing samples
of dioritic to tonalitic composition, the Al-in-hornblende barometer by [104] was adopted
coupled with amphibole-plagioclase thermometry by [105]. Using the rim composition
of hornblende and plagioclase (Tables 2 and S1), the simultaneous solution of the two
calibrations yielded near-solidus P-T conditions, suitable for estimating the level of magma
emplacement. The average pressure was found to be 1.2 ± 0.2 kbar (at c. 700 ◦C), corre-
sponding to a crustal depth of 4.4 ± 0.7 km (Figure 12). Considering the error inherent in
the barometer of 0.6 kbar, the uncertainty in the estimate is of c. 2 km.

Concerning the evidence of the α-β quartz transition, witnessed by the polysynthetic
twinning of quartz at contact with garnet (Figure 8f), some considerations can be made
about the pressure-dependent temperature at which it occurred. Assuming the above
estimated pressure value of c. 1.2 kbar, a temperature of the phase transition up to 596 ◦C
can be inferred. This temperature suggests that quartz formed at a high temperature from
magmatic-derived fluid as evidenced by fluid inclusion analyses reported in [30], with a
progressive cooling process during the late stage of the hydrothermal system characterized
by inflow of meteoric water and fluid mixing processes.

Mineralogical and petrographic features observed in the studied skarns align with
those reported by [42]. Skarn bodies are characterized by the typical occurrence of both
prograde (Grt-dominated and Cpx-dominated assemblages) to retrograde mineraliza-
tion [30,43] testifying that fluid circulation was prolonged and took place under alter-
nating reducing and oxidant conditions. Retrograde alteration, partially masking the
prograde zoning, is characterized by amphibole, epidote and chlorite formation (Cpx-
dominated skarn), suggesting later oxidant conditions. Retrograde reducing conditions
are evidenced by sulfide precipitation within fractures and cavities in garnet-dominated
masses (Figures 7 and 8).
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Figure 12. Results of thermobarometry performed on quartz-dioritic to tonalitic samples. P-T
values were obtained by combining Al-in-hornblende barometry [104] and amphibole-plagioclase
thermometry [105], using the edenite-tremolite thermometer. Tonalite and granodiorite wet solidus
are from [106].

Marble, ranging from dolomitic to calcic, reflects the composition of the carbonate
protolith, and in the study area is locally affected by intense brittle deformation, which
favored late-stage fluid circulation during the retrograde alteration system. Although rare,
the skarn also contains olivine, serpentine, and talc, likely related to the more dolomitic
composition of the carbonate protolith.

While chalcopyrite and bornite are the main Cu-sulfides occurring in the skarn mined
in El Dorado and Juan Bran stocks [42,56], Raman micro-spectroscopy also revealed the oc-
currence of covellite inclusions through comparison with the literature [70,71]. In particular,
this phase was transported by the hydrothermal fluids, which precipitated the host mineral
and were trapped within it, and in some vapor-rich inclusions. Covellite is often found
as a product of supergene alteration of Cu-bearing mineral. However, hypogene covellite
is also found in porphyry copper deposits [107–109], in the deep part of high-sulfidation
epithermal deposits [110] and rarely in IOCG system [111,112]. The occurrence of covellite
within vapor-rich inclusions provides some information on the fluids carrying this phase.
In fact, in the Tatatila-Las Minas IOCG skarn bodies, it is not unusual that both low-salinity
vapor-rich fluid inclusions and hypersaline (up to 70 wt.% NaCl) are found in proximity in
the same sample, indicating the immiscibility of a magmatic derived fluid at a temperature
up to 600 ◦C [42]. Hypersaline fluid inclusions and fluid immiscibility are typical of the
porphyry copper systems and were also reported in IOCG and skarn bodies [69,113,114].
Thus, we infer covellite formed and was transported by the hypersaline fluid, coexisting
with a vapor phase, at temperature <507 ◦C, as covellite is stable below this value [115]. The
occurrence of covellite only within quartz and fluid inclusions, suggests that this sulfide
precipitated in the fluid under peculiar and local conditions possibly related to the transient
decrease of iron concentration in the system which stabilizes this phase (see Figure 8.16
in [115]). However, once the dominant conditions are re-established, the system destabilizes

https://doi.org/10.3390/geosciences16010010

https://doi.org/10.3390/geosciences16010010


Geosciences 2026, 16, 10 22 of 28

any covellite that may have precipitated, except those already present within quartz and
fluid inclusions.

The 40Ar/39Ar analyses performed produced only two significant data, one for a
diorite, 15.11 ± 0.40 Ma, and one for a skarn, 13.24 ± 0.14 Ma (LM20 and LM22 in Table 2).
Given the shallow intrusion level, the age of the diorite is an acceptable estimate of the age
of emplacement. This age is well within the fairly wide age interval, from 16.34 ± 0.20 to
13.92 ± 0.22 Ma, reported by [55], for a suite of intrusive rocks they consider associated
with IOCG skarn in the Tatatila-Las Minas bodies. The age of the phlogopite from the skarn,
13.24 ± 0.14 Ma, is instead about 0.7 Ma older than that for the chromian muscovite from
retrograde hydrothermal associations reported by [55].

6. Concluding Remarks
The observations and analyses of the IOCG skarn bodies exposed in the Tatatila-Las

Minas mining area provide key insights into how mineralization is associated with skarn
bodies and why their geometries are challenging to predict. This study highlights that the
distribution of Tatatila-Las Minas skarns was primarily controlled by the interplay between
structural conduits (e.g., faults and fractures) and pre-existing discontinuities within the
rock volumes. These features acted as pathways for high-temperature hydrothermal fluids,
whose pressure-driven migration facilitated metasomatism and fluid-rock interaction. The
main conclusion is that skarn bodies, formed in geological contexts similar to Tatatila-
Las Minas, represent potentially high-volume resources of valuable minerals. Although
their subsurface geometries are difficult to predict, we demonstrate that mapping the
main structural discontinuities, particularly faults that increase rock mass permeability,
can provide predictive criteria for mineral exploration. A structural analysis of faults
and fractures constitutes a fundamental first step in exploration protocols and should be
complemented by geophysical methods (e.g., magnetotellurics, magnetics, gravimetry) and
geochemical investigations. At Tatatila-Las Minas area, we show that skarn bodies locally
preserve the geometry of the fault structures that originally facilitated fluid migration, even
though subsequent metasomatic overprinting has partially obscured their original fault
textures. In sum:

• The distribution of Tatatila–Las Minas IOCG skarns is primarily controlled by struc-
tural conduits such as faults and fractures.

• These structures acted as pathways for high-temperature hydrothermal fluids, driving
metasomatism and fluid–rock interaction.

• Skarn bodies in similar geological settings represent potentially high-volume
mineral resources.

• Although subsurface geometries are challenging to predict, mapping major faults and
discontinuities provides key predictive criteria for exploration.

• Skarn bodies locally preserve the geometry of original fault structures, despite partial
modification by metasomatic processes.
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Appendix A. Samples Preparation and Method
LM13, LM20 and A15 samples were broken into small chips, which were then selected

by hand picking, avoiding pieces with noticeable signs of alteration. Selected chips were
then hand-crushed and sieved (125–250–350–500 µm fractions). Mineral phases were
separated using magnetic methods and a dry shaking table, followed by careful hand-
picking under a binocular microscope.

LM22 sample, formed by aggregates of phlogopite, was lightly hand-crushed in an
agate mortar, washed, dried, and hand-picked under a microscope.

Amphiboles were leached twice as follows: in CH3COOH 1M for one hour at room
temperature, then thoroughly rinsed in distilled water, and in HNO3 1N for one hour at
50 ◦C. Amphiboles and mica were thoroughly rinsed in deionized water and methanol,
and dried at about 50 ◦C on a hot plate.

Samples were wrapped in aluminum foil, packed in a quartz tube together with
aliquots of the age monitor TCR sanidine, and irradiated in the core of the 250 kW TRIGA
reactor, Pavia University, for five hours.

The samples were then step-heated at the IGG-CNR Ar-Ar laboratory, using the
defocused beam of a New Wave Research MIR-10 CO2 laser as heating device. Ar isotope
intensities were measured with a MAP215-50 mass spectrometer operated in peak jumping
mode. Raw data were corrected for blanks, mass discrimination, and 37Ar and 39Ar decay.
Blanks were run every two to three unknowns, and mass discrimination was monitored
through daily analyses of an air pipette. The correction factors for reactor-produced Ar
isotopes from Ca and K were mean values obtained from previous longer irradiations on
Ca- and K-rich glasses, respectively, in order to have more precise measurements.

The age of the monitor, TCR sanidine, 28.34 Ma, has been recalculated towards an age
of 28.198 Ma for FCT sanidine [116] using the intercalibration factor reported by [117].
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