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ARTICLE INFO ABSTRACT

Keywords: With >90 known deposits containing original reserves of >2400 Mt of sulfide ore, the Iberian Pyrite Belt (IPB) is

Pyrite the largest volcanogenic massive sulfide (VMS) province on Earth. In these evolving mineral systems, texturally

VMS deposits different pyrite exhibits characteristic mineralogy and trace element fingerprints. Pyrite (Py-1), which is well

Trace elements . . preserved in the polymetallic ores that crystallized at the earliest stage of VMS deposit formation, consists of

Electron backscatter diffraction (EBSD) . . | . L.

Tberian Pyrite Belt kernels of pyrite framboids surrounded by concentric colloform bands and ended by faceted outlines. It is rich in
some metals like Pb, Zn, Sb and As (mostly hosted as nano-to-micron-sized particles, including galena, tetra-
hedrite and arsenopyrite) but depleted in Cu, Co and Bi. In contrast, pyrite from the pyritic and Cu-rich ore
overprinted by late fluids exhibits spongy-looking (Py-2) or homogenous (Py-3) cores surrounded by external
facets with crystallographic continuity across the whole single grains due to re-crystallization. Py-2 is depleted in
most trace elements with the exception of Au and Bi, which occur both in solid solutions and as nano-to-micron-
sized inclusions. Py-3 has the highest Cu, Ag, Co and Ni (mainly associated to nano-to-micron-sized particles of
tennantite, chalcopyrite and gersdorffite) and the lowest Au contents in the form of native gold. The progressive
increase in metal contents from inner to outer parts of Py-1 matches with the onset of the economic metal
endowment of VMS deposits in the IPB, whereas Py-2 and Py-3 are associated with metal shoot processes that led
to both leached and high-grade ores, very likely when mafic rocks were emplaced into the footwall of the
deposits.

Earth’s main sources for base metals (i.e., Cu, Pb, Zn; Franklin et al.,
1981; Franklin et al., 2005; Galley et al., 2007; Hannington, 2014)

1. Introduction

Volcanogenic massive sulfide (VMS) deposits are stratiform exhala-
tive and/or replacive ore bodies, formed from hydrothermal fluids dis-
charging at/or near the seafloor and are typically associated with
volcanic and/or sedimentary rocks (Galley et al., 2007). These types of
deposits, which have been formed throughout most of Earth history
from the Archean to present day (Hannington et al., 1995; Maslennikov
et al., 2017; Grant et al., 2018), are typically underlain by discordant
stockwork mineralization interpreted as the feeder pathways for
mineralizing fluids (Solomon, 1976; Lydon, 1988; Large, 1992; Piercey,
2011). Fossil VMS are of particular interest as they are among the
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essential for the industry of many developed countries (e.g., European
Commision, 2020; U.S. Geological Survey, 2022). In addition, VMS have
potential to produce as by-products other valuable metals considered as
critical for many countries, including Au, Ag, Co, Ni, Mn, Cd, In, Sn, Se,
Bi, Te, Ga, Ge, Sb and Ba (Huston and Large 1989; Wang et al., 1999;
Galley et al., 2007; Mercier-Langevin et al., 2011; Wright et al., 2016;
Torrd et al., 2022).

VMS are typically constituted by pyrite, chalcopyrite, galena, pyr-
rhotite, sphalerite and tetrahedrite-tennantite, all of which can host
minor and trace elements structurally bounded or as micro/nano-sized
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mineral inclusions (McClenaghan et al., 2004; McClenaghan et al., 2009;
Maslennikov et al., 2009; Deditius et al., 2011, 2014; Yesares, 2019;
Wright et al., 2016; Makvandi et al., 2016; Dehnavi et al., 2018).
However, their interplay during the genesis and evolution of this type of
deposits is still poorly constrained. This mineralogical site of trace
metals can now be addressed more precisely through a number of
mineral microanalysis techniques such as electron probe microanalysis
(EPMA), scanning electron microscope (SEM), laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), secondary-ion mass
spectrometry (SIMS), and high-resolution transmission electron micro-
scopy (HRTEM).

Efforts in the study of pyrite, the most abundant mineral in VMS
deposits, have shown that it forms under a wide range of temperatures
and physico-chemical conditions (Franklin et al., 1981; Franklin et al.,
2005; Lydon 1988 Galley et al., 2007), upon which it can bear specific
suites of minor and major elements (e.g., Maslennikov et al., 2009;
Genna and Gaboury, 2015). The available works on the matter seem-
ingly suggest that pyrite that formed during the earliest stages of for-
mation of the VMS (e.g., framboid, colloform and spongy-like relicts) is
usually enriched in elements that are typically transported by low-to-
moderate temperature hydrothermal fluids (i.e., Ag, Sb, Ni). In
contrast, pyrite that originated during later stages of the evolution of the
hydrothermal system are usually affected by recrystallization and/or
annealing and depleted in minor and trace element in general (Auclair
et al., 1987; McClenaghan et al., 2004; Layton-Matthews et al., 2008;
Revan et al., 2014; Genna and Gaboury, 2015; Dehnavi et al 2018; Grant
et al., 2018; Yuan et al., 2018; Wang et al., 2021).

This study aims to improve our current knowledge on how critical
metals are concentrated in pyrite from VMS deposits by analyzing a suite
of spatially and paragenetically well-constrained massive sulfide ores
from two deposits from the Iberian Pyrite Belt (i.e., Masa Valverde and
La Magdalena). To do that, we have selected pyrite-bearing ore depos-
ited during the early stages of VMS formation (i.e., Zn + Pb distal lenses
originated from fluids up to 250 °C in black shales from the Masa
Valverde deposit), and compared them with those deposited during the
latest hydrothermal overprint (i.e., pyritic and Cu-rich inner lenses
hosted by rhyodacites but precipitated from fluids up to 400 °C from La
Magdalena deposit), as reported by Almodovar et al. (2019). Previous
works on VMS deposits from the IPB have shown significant concen-
trations of precious metals (Au and PGE) in whole-rock samples (Mar-
coux et al., 1996; Leistel et al., 1998; Pasava et al., 2007; Barret et al.,
2008; Oliveira et al., 2011; Yesares et al., 2015) as well as other
economically interesting (semi)-metals such as Cu, Zn, Ni, Bi, Co, In, Ga,
Ge, In and Sn (Almodovar et al., 1998). EPMA data in pyrite from Neves
Corvo (Serrati et al., 2002; Gaspar, 2002) and LA-ICP-MS data in pyrite
from Tharsis (e.g., Conde et al., 2020) show erratic variations in the
contents of Cu, Zn, Pb, Ag, Sn, Se, Sb and As. However, none of these
studies have thoroughly linked the distribution of trace elements in
relation to the textural maturation of pyrite or the genetic evolution of
the deposits.

In this manuscript, we integrate data generated by EPMA, field
emission scanning electron microscope (FESEM), electron back-
scattered diffraction (EBSD) and LA-ICP-MS on pyrite grains from two
VMS deposits located in the IPB. These new data illustrate the metal
incorporation in pyrite during mineral system evolution, which elabo-
rates into the characterization of the sources for and mechanisms of
metal enrichment in VMS deposits at the IPB and elsewhere. In turn, this
insight bears implications for the metallurgical beneficiation of pyrite-
rich VMS ore.

2. Geological background

The Iberian Pyrite Belt (IPB) is the Earth’s largest cluster of volca-
nogenic massive sulfide deposits and is located at the southwestern part
of the Iberian Peninsula. The IPB is one of three domains making up the
South Portuguese zone, which is the southernmost zone of the Iberian
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Hercynian Massif (Carvalho, 1976). The stratigraphic succession of the
IPB is composed of sedimentary and igneous rocks of Middle Devon-
ian-Pennsylvanian age and they comprise three main lithostratigraphic
units. From the footwall to the hanging wall, these are the Give-
tian-Famennian pre-volcanic Phyllite-Quartzite Group, the late-
Famennian-early Visean Volcano-Sedimentary Complex, and the
Visean—Bashkirian post-volcanic Culm Group (Schermerhorn, 1971).

All lithostographic units, including the VMS deposits, were affected
by transpressional deformation during the Variscan orogeny, resulting
in thin-skinned deformation defined by imbricate thrust panels, folding,
and very low-grade metamorphism (Silva et al., 1990). At deposit scale,
the strain was focused into the base metal-rich part of the massive sul-
fide orebodies, thus favoring the detachment and stacking of massive
sulfide slices. Moreover, from tectonic thickening and the resulting
accumulation of tonnage, this process may have also changed the base
metal grade distribution in the deposits, which would have resulted in
localized higher or lower grades than those in their original distribution
(Castroviejo and Quesada, 2011).

Massive sulfide deposits from the IPB are hosted by sedimentary,
volcanic and volcanoclastic strata (Schermerhorn, 1971; Saez et al.,
1999; Leistel et al., 1998: Almodovar et al., 1998). The most common
host lithologies are black shales in the south (e.g., Masa Valverde,
Tharsis, Las Cruces, Aznalcéllar and Frailes) and felsic volcanic and
volcanoclastic rocks in the north (e.g., La Magdalena, Aguas Tenidas,
Riotionto, Lomero-Poyatos, Cueva de la Mora, Sotiel-Coronada, Migollas
and San Miguel) (Fig. 1).

Ore mineralogy of VMS deposits from the IPB consists mainly of
pyrite, with subordinate amounts, in decreasing order of abundance, of
sphalerite, galena, chalcopyrite, tennantite-tetrahedrite and arsenopy-
rite. Many other minor phases have also been identified including Bi-
and Pb-sulfosalts, cassiterite, magnetite, stannite, electrum and cobaltite
(Garcia de Miguel, 1990; Marcoux et al., 1996; Almodoévar et al., 1998;
Yesares et al., 2015).

The deposits in which this study is based are Masa Valverde and La
Magdalena. The Masa Valverde deposit (Ruiz et al., 2002; Atalaya
Mining press release, 2021) is located in the southern IPB, within the
southern flank of the Valverde del Camino anticline, and beneath the
Culm Group sedimentary rocks, which extends into the western part of
the anticline (Fig. 1). It is currently being explored by Atalaya Mining
and includes known inferred reserves of 31 Mt of polymetallic ore at 3 %
Zn, 1.2 % Pb, 40 g/t Ag and 0.7 g/t Au, and 19 Mt of Cu-rich ore at 0.7 %
Cu, 0.9 % Zn, 0.9 % Pb, 41 g/t Ag and 0.8 g/t Au. This VMS deposit is
hosted by a thick sequence of black shales and felsic volcaniclastic rocks
from the Volcanic-Sedimentary Complex. The deposit extends >1.3 km
long, up to 200 m wide and plunges 30° NW from a depth of approxi-
mately 430 m to no <800 m. It is made up of two massive sulfide bodies
separated by a stockwork zone that can exceed 100 m in thickness. The
largest orebody ranges from a few to 70 m in thickness and consists of
lenses of massive sulfides interbedded with tuffs and shales. Although
the smaller orebody is thinner, drilling is underway and the geological
relationships between the two orebodies are still poorly understood. The
mineral distribution in the ore bodies is very irregular and includes
barren pyrite, polymetallic (Zn + Pb), and minor Cu-rich facies.

The La Magdalena deposit (Granda-Sanz et al., 2019) is located in the
northern IPB (Fig. 1). It is currently mined by Minas de Aguas Tenidas S.
A.U. (MATSA) and constitutes the largest discovery in the IPB in recent
decades, including >40 Mt reserves of high grade polymetallic and
cupriferous ores. The deposit consists of two ore bodies (the upper ore
body is 90 m thick and the deeper ore body is ~750 m thick) hosted by a
thick sequence of the Volcanic-Sedimentary Complex, which in this area
is mainly constituted of felsic volcanoclastic rocks and minor black
shales. Collectively, these ore bodies are over 1.8 km long and up to 900
m wide, and plunge 75° N from a depth of ~225 m. A striking feature is
the spatial association of mafic sills at the footwall of the La Magdalena
deposit. These mafic intrusions lack the typical hydrothermal alteration
at the footwall of the deposits, but display the distinctive shearing and
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Fig. 1. Geologic map of the South Portuguese Zone, including the location of the VMS deposits from the IPB selected for this study. The diameter of the yellow circles
is related to the size of the deposits. (modified from Saez, 2010). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

folding consistent with the structure of the Variscan Orogeny in the area.
Therefore, mafic intrusions were emplaced at the footwall of the La
Magdalena deposit after the formation of the VMS but before regional
metamorphism.

3. Analytical methods

Mineralized samples of drill-cores from both Masa Valverde and La
Magdalena deposits were prepared as polished thin sections for petro-
graphic study by transmitted and reflected light optical microscopy in
order to characterize the ore mineralogy and textures, with special focus
on the different textural pyrite types. These are representative of the
most common features identified in the IPB among hundreds of samples
that we have previously studied in many deposits from the IPB (i.e.,
Almodoévar et al., 1998; Almoddvar et al., 2019; Saez et al., 2011; Yes-
ares et al., 2015; Yesares, 2019).

3.1. Field emission scanning electron microscopy (FE-SEM)

Detailed mineralogical and textural studies were performed by using:
1) a SEM FEI-QUANTA 200 equipped with an energy dispersive X-ray
spectroscopy (EDAX) microanalyzer Genesis 2000 at the Servicios
Centrales de Investigacion of the University of Huelva, Spain; and 2) (FE-
SEM) coupled with an energy dispersive spectra (EDS) using a Leo
Gemini equipment available at the Centro de Instrumentacién Cientifica
of the University of Granada, Spain. In both cases, accelerating voltage
was 20 kV with a beam current optimized for each EDAX or EDS
analysis.

3.2. Electron probe microalalyzer (EPMA)

The major and minor element compositions of the different pyrite
types were analyzed using two EPMA equipment: (1) JEOL JXA-8230 at
the Centres Cientifics i Tecnologics of the University of Barcelona; and

(2) a JEOL JXA-8200 super probe at the University of Huelva, Spain. The
measurements were performed on carbon-coated polished sections using
an accelerating voltage of 20 kV, with 20nA beam current, 30 s counting
time for the peaks and 10 s for the background measurements. Single
spot and line analyses were carried out on inclusion free areas previously
selected using backscattered electron (BSE) images. Concentrations of S,
Fe, Cu, Zn, Co, Ni, Cd, Pb, Au, Ag, Hg, Bi, As, Sb, Se in pyrite were
determined by wavelength-dispersive spectroscopy (WDS). Routine data
reduction, including full matrix (ZAF) corrections, were performed. The
X-ray lines employed were Ka for S, Co, Fe, Ni, Cu and Zn; Ma for Hg, Au,
Pb and Bi; La for As, Ag, Se and Sb; and L for Cd. The standard materials
for the EMPA analysed were: S (FeS2), Fe (FeSy), Cu (Cu), Zn (ZnS), Co
(Co), Ni (Ni), Cd (CdTe), Pb (PbS), Au (Au), Ag (Ag), Hg (HgTe), Bi
(BizSz), As (ZH3A52), Sb (szSg), Se (SnSe).

3.3. Electron backscatter diffraction (EBSD)

Mineral fabric and crystallographic orientation of pyrite grains were
measured on thin sections, previously chemically polished by colloidal
silica (50 nm), using two FE-SEM model Carl Zeiss SMT available at the
Centro de Instrumentation Cientifica (CIC) of the University of Granada
and the Servicio General de Apoyo a la Investigacion-SAI from the
University of Zaragoza, Spain. The EBSD patterns were generated by the
interaction of a vertical incident electron beam with a polished thin
section, tilted 70° to the horizontal in the FE-SEM. The measurements
were conducted with an accelerating voltage of 20 to 25 kV and working
distance of 1.0-15.0 mm. The diffraction patterns were projected onto a
phosphor screen and recorded using a digital coupled charge dispositive
(CCD) camera. The resulting image was then processed and indexed
using the AZTEC software distributed by Oxford Instruments. Maps were
acquired with sampling step size of 0.2 to 1.5 pm depending on the mean
grain size. Post-acquisition processing was carried out using the
CHANNELS software distributed by Oxford Instruments, including the
extrapolation of well-indexed neighbouring points to non-indexed
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points, and removal of grains (as defined by continuous domains char- {100}, {110} or {111} set of planes are parallel to the projection of the
acterized by an internal misorientation of 10°) smaller than 5 pixels in inverse pole figure. Intermediate orientations are colored as a mixture of
average diameter. We present the resulting data in the form of color- the primary axes.

coded maps and pole figures. For the maps that show crystal orienta-
tion changes relative to the specific direction of the sample reference
frame, full red, green, and blue colors are assigned to the grains whose

Fig. 2. Reflected light and BSE images of different pyrite types from polymetallic (Masa Valverde) and Cu-rich (La Magdalena) of the IPB. (a) Py-1 consists of
framboids relicts (Py-1A) in the cores surrounded by concentric colloform bands (Py-1B) ended by faceted outlines (Py-1C). Note that Py-1 includes subhedral
arsenopyrite (apy) sealing open spaces in Py-1A but galena (gn) and tetrahedrite (td) occur within Py-1B concentric layers. (b) Fine galena micron-sized inclusions in
the framboidal pyrite of Py-1A. (c) Micron-sized inclusions of galena and arsenopyrite oriented parallel to colloform pyrite concentric layers and tetrahedrite lining
interstices between Py-1B bands. (d) galena, tetrahedrite and arsenopyrite lining open spaces in the outer faceted rims of Py-1C. (e, f) Euhedral pyrite with spongy
cores (Py-2). Note that chalcopyrite (cp) and tetrahedrite inclusions are mainly filling interstices in spongy cores whereas inclusions of arsenopyrite and native gold
(Au) are mainly concentrated towards outer rims. (g) native gold particle included in chalcopyrite intergrown with Py-2. (h, 1) Euhedral pyrite (Py-3) included in a
matrix formed by an intergrowth of chalcopyrite and tennantite (tn). (j) Detail of the euhedral pyrite showing As-rich zoned cores and, galena and tennantite in-
clusions. (k) Tennantite, chalcopyrite and native gold replacing euhedral pyrite. (1) Gersdorffite (gdf) lining late fractures in Py-3 Tennantite, chalcopyrite and galena
are also observed replacing Py-3.
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3.4. Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS)

Trace element concentrations on different textured pyrite were
measured by LA-ICP-MS at the LabMaTer of the Université du Quebec a
Chicoutimi, Canada. Samples were analyzed using an Excimer 193-nm
Resolution M—50 laser ablation system equipped with a double vol-
ume cell S-155 and coupled with an Agilent 7900 mass spectrometer.
The 34, 5Fe, 57Fe, %°Co, ®Ni, %5Cu, *°Zn, 75As, 17Ag, 121sb, 1Ay,
208pp, and 2%9Bi isotopes were monitored. The purpose of monitoring Si
was to ensure that no silicates were included in the analyses. Single spot
LA-ICP-MS analyses were carried out on pyrite free of inclusions, as
previously identified under FE-SEM. Individual analyses were made
using a laser beam size ranging between 11 and 55 pm, a laser frequency
of 15 Hz, and a fluence of 3 J/cm?. An argon-helium gas mix was used as
carrier gas. The gas blank was measured during 30 s before switching on
the laser for 60 s. The ablated material was then analyzed using the mass
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N

e
5

|
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spectrometer in time resolution mode using mass jumping and a dwell
time of 10 ms/peak. Data reduction was carried out by the Iolite package
of Igor Pro 8.0 software (Patton et al. 2011). Internal standardization
was based on %’Fe by using the iron contents determined by EPMA.
During data screening, the entirety of the laser signal of inclusion-free
areas was integrated. We used the certified reference material MASS-1
for the calibration of trace elements. It consists of a Zn-Cu-Fe-S
pressed powder pellet provided by USGS and doped with 50-70 ppm
of most chalcophile elements. The calibrations were monitored using
GSE-1 g and UQAC-FeS1. GSE-1 g is a natural basaltic glass provided by
the USGS doped with most elements at 300-500 ppm, and UQAC-FeS1 is
an in-house Fe-S reference material doped with trace amounts of most
chalcophile elements. Analyses of these materials agree well with the
certified and working values are found in Appendix 1. Element distri-
bution maps in selected pyrite grains were performed using a laser fre-
quency of 15 Hz and a power of 3 J/cm?. Beam size and stage movement
speed were variable in each map (ranging from 11 to 19 pm and 15 to 20

Zy
100
10,

1PF (Xo) ’
RS

001 11

Fig. 3. BSE images and corresponding EBSD maps of the selected pyrite types analyzed in this study, including primary Py-1 (a-h), and euhedral Py-2 (i-1) and Py-3
(m-p). b, f, j and n are orientation contrast map showing different grey scale changes in crystallographic orientation are shown in images; dark areas are grain
boundaries, holes and fractures. c, g, k and o show inverse pole figure (IPF) maps showing different orientations in colors relative to the X0 direction. Distribution of
crystallographic preferred orientation (CPO) data of pyrite in the corresponding areas are presented relative to sample coordinates (X, Y, Z) and pyrite {100}, {001}
{110} and {111} pole. Note that data are one point per grain data, smoothed with a Gaussian fit half-width and presented on upper-hemisphere equal-area pole

figure. Colors are the same as in all images.
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um/s, respectively) to optimize the spatial resolution and analyses time
of the areas mapped. Maps were generated using the Iolite software in
the mode of time-resolved composition of each element, and showing
the semiquantitative concentration of the element.

4. Petrography

Three types of pyrite are present in the studied samples (Fig. 2a-1 and
Fig. 3a-p). Type 1 pyrite (Py-1) is very common in the polymetallic ores,
whereas Type 2 (Py-2) and Type 3 (Py-3) are more frequent in both
cupriferous ores and in mineralization affected by high-temperature
hydrothermal overprint.

Py-1 is colloform-textured and consists of cores with multiple pitted
spherical aggregates resembling pyrite framboids (Py-1A; Fig. 2a-c),
which are surrounded by discrete pyrite layers with local inclusions of
galena, tetrahedrite, arsenopyrite and sphalerite, found between layers
or occasionally associated to pores (Fig. 2a-d; Fig. 3b and f). The band
contrast (BC) EBSD maps are consistent with FESEM observations and
confirm that colloform pyrite consists of concentric colloform layers
with kernels of pyrite framboids. At detail, the cores of colloform pyrite
are formed by micro-granular pyrite crystals that are randomly distrib-
uted (Fig. 3b-c and f-g). In contrast, BC mapping of the outer layers
reveal: (1) radial pyrite crystals (i.e., acicular and/or elongated) that are
implanted perpendicularly to colloform layering upon Py-1A, and (2)
granular grains with a range of morphologies (Py-1B). Granular micro-
crystals of Py-1A are nearly equigranular and subhedral/euhedral
whereas acicular, elongated and granular crystals in the layers (Py-1B)
are strongly inequigranular and coarsening outwards (Fig. 3b-c and f-g).
The largest crystals in the outermost layering (Py-1C) tend to exhibit
grew on granular grains of Py-1B exhibiting well-developed facets out-
wards (Fig. 3b-c and f-g). The EBSD inverse pole maps show no signif-
icant crystal bending within single pyrite crystals (either acicular,
elongated or granular) either in cores or concentric layers (Fig. 3¢ and
g), thus lacking any significant crystal-plastic deformation. However,
the inverse pole diagrams illustrate that the colloform polycrystalline
aggregates have coexisting undefined and well-developed crystallo-
graphic preferred orientation (CPO) (Fig. 3d and h). The scattered pole
distribution can be attributed to granular pyrite crystals with different
orientations in the cores and some of the colloform layers. Well-
developed bulk CPO marked by a preferential clustering of {100} and
(100) directions in the pole diagrams is due to the preferential orien-
tation of pyrite in the outer layers. Particularly, the preferential clus-
tering of {100} poles in the upper right quadrant in Fig. 3d and (100) in
the upper right and bottom left quadrants of the pole diagram shown in
Fig. 3d identifies the coarse-faceted crystals of Py1-C. In contrast, clus-
ters of {100} in all the quadrants of the pole figure shown in Fig. 3h may
be attributed to the preferential orientation of acicular and elongated
crystals in radial aggregates of Py-1B shown in Fig. 3g.

Py-2 consists of coarser pyrite grains than Py-1 (1.5 to 2 mm in
diameter) with spongy cores and faceted outlines (Fig. 2e-g). The BC
image reveals that such euhedral terminated pyrite crystals with spongy
cores show a core-to-rim crystal continuity, with no appreciable differ-
ences in the orientation between the spongy-looking core and the
inclusion-free rim. Rather, pyrite clusters are constituted by blocky ag-
gregates (Fig. 3j), which consist of at least seven individual subgrain
domains (Fig. 3k) with their own different CPO according with the
(100) and (001) axes (Fig. 31).

Py-3 also includes coarse grains with perfectly well developed
external facets and homogenous internal microstructure (Fig. 2h-I and 3
m). Consistently, the grey-scale BC images do not reveal appreciable
differences in crystallographic orientation across single grains (Fig. 3n)
which also accords well with both the very homogenous colour distri-
bution in the inverse figure maps (Fig. 30) and very simple pattern of
clustering of poles in the pole figure plot (Fig. 3p).
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5. Mineral inclusions in pyrites

A combination of FE-SEM, EPMA and LA-ICP-MS maps (Figs. 2, 4 and
5) shows that pores of framboidal Py-1A are commonly filled by tiny (<1
pm) galena inclusions (Fig. 2b) or arsenopyrite (up to 10 pm) (Fig. 2a,
Fig. 4a and Fig. 5a). Py-1B concentric layers contain mostly anhedral
galena (<5 pm) and minor arsenopyrite (<0.5 pm) particles that grew
parallel to the colloform Py-1B bands (Fig. 2a, ¢, Fig. 4a and Fig. 5a),
whereas tetrahedrite is coarser grained (>10 pm), irregular in shape,
and found in the interstices between radial crystals of the colloform Py-
1B (Fig. 2a, ¢, Fig. 4a). Faceted Py-1C also hosts galena (<25 pm),
tetrahedrite (<50 pm), and arsenopyrite (<20 pm), whose abundance
and grain size increase outwards (Fig. 2d). It is worth to note that
euhedral Py-1C is devoid of fine-grained mineral sulfide or sulfosalt
inclusions. These petrographic observations are consistent with the LA-
ICP-MS line-profile time-resolved spectras for Py-1, which show flat
patterns for most of the analyzed elements except for local spikes of Pb,
Cu and As (Fig. 6a and b) attributed to the ablation of galena, tetrahe-
drite and arsenopyrite.

Py-2 is commonly poor in inclusions, although it contains some
observable particles of chalcopyrite, tetrahedrite, arsenopyrite and
native gold (Fig. 2e, f, g, Fig. 4b and Fig. 5b). FESEM imaging, EPMA and
LA-ICP-MS maps show porous cores of Py-2 with inclusions of chalco-
pyrite and tetrahedrite (up 30 um across) (Fig. 2e, f and Fig. 4b), and Py-
2 rims hosting arsenopyrite (>40 pm) and native gold (<5 pm in
diameter) (Fig. 2e, f and Fig. 5b). Line-profile time-resolved spectra
acquired by LA-ICP-MS for Py-2 are consistent with these observations,
showing smooth core-to-rim profiles of Cu and Zn (Fig. 6¢) but local
spikes of 7Sps, 299Bi, 298pb, %5Cu and '*’Au (Fig. 6d) attributed to
ablation of arsenopyrite, tetrahedrite, galena, chalcopyrite and native
gold particles.

Py-3 contains chalcopyrite, tennantite, galena, gersdorffite and
native gold inclusions (Fig. 2h-1, Fig. 4c and Fig. 5c). Tennantite and
chalcopyrite are the most abundant minerals in inclusions and the
largest grains (~50 pm). Their concentrations are similar in either Py-3
cores or rims (Fig. 2i-k). Gersdorffite forms tiny crystals (~10 pm) filling
late fractures in Py-3 (Fig. 21). Galena and native gold inclusions are
~20-30 pm, and are randomly distributed across the Py-3 grains
(Fig. 2i, j and k). Some line-profile LA-ICP-MS spectra on Py-3 display
spiked and irregular pattern for most elements in these inclusions (Cu,
As, Pb) as well as other base (Zn, Bi, Co) and precious (Au, Ag) metals
(Fig. 6e and f), suggesting the presence of inclusions at depth.

6. Major, minor and trace element fingerprints of pyrite types

Pyrite analyzed in this study is As-rich (up to 3.69 wt%), with Fe in
the range between 43.7 and 46.91 wt% and S between 49.04 and 53.72
wt% (Appendix 2). Inclusion-free areas have highly variable contents of
minor and trace element (Fig. 7 and Appendix 3), with maximum values
of 25,400 ppm Cu, 25,300 ppm Zn, 15,100 ppm Pb, 9,600 ppm Sb, 890
ppm Ag, 520 ppm Bi, 240 ppm Ni, 72 ppm Co and 39 ppm Au.

Py-1 contains the highest average contents of As (20,034 ppm), Zn
(5,996 ppm), Pb (2,207 ppm) and Sb (1,667 ppm), but the lowest for Bi
(0.08 ppm), Co (0.3 ppm) and Cu (688 ppm) (Fig. 7 and Appendix 3),
with positive correlations between Au and As, and Ag and As + Sb
(Fig. 8a and b). Py-1A has higher Sb (up to 7000 ppm), Pb (up to 5000
ppm, Ni (up to 147 ppm), Au (up to 7 ppm), and lower As (up to 28,800
ppm), Zn (up to 10,300 ppm) and Cu (up to 750 ppm) (Fig. 7 and Ap-
pendix 3) than Py-1B and Py-1C. Py-1B is uniquely rich in As (up to
44,000 ppm) (Fig. 7 and Appendix 3), whereas euhedral Py-1C is rela-
tively rich in Cu (up to 3290 ppm) and Zn (up to 25,300 ppm) but poor in
Pb (up to 3500 ppm), Sb (up to 880 ppm), Ni (up to 72) and Au (up to 4
ppm) relative to Py-1A and Py-1B (Fig. 7 and Appendix 3).

Py-2 shows the lowest average contents of Pb (448 ppm), Sb (267
ppm), As (100 ppm), Zn (69 ppm) and Ag (19 ppm), but the highest Au
(5 ppm) and Bi (36 ppm) concentrations (Fig. 7 and Appendix 3). There
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Fig. 4. WDS X-ray EPMA elemental maps and the corresponding BSE images of selected pyrite grains analyzed in this study. (a) As, Sb, Pb and Cu maps on Py-1
illustrating the presence of discrete inclusions of arsenopyrite (apy), tetrahedrite (td) and galena (gn). (b) Au, Sb, Pb and Cu maps of Py-2 with native gold and
chalcopyrite (cp) inclusions. (c) As, Sb, Pb and Cu maps illustrating chemical variation in Py-3 and chalcopyrite, tennantite (tn) and galena inclusions.
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Fig. 5. LA-ICP-MS elemental maps and the corresponding BSE images of selected pyrite grains analyzed in this study. (a) As, Sb, Pb, Zn, Ag and Cu distributions in
Py-1. (b) As, Sb, Bi, Zn, Ag and Au distribution in Py-2. (c) As, Sb, Pb, Co, Ni and Au zoning in euhedral Py-3. Semiquantitative concentrations are given in ppm

within the scale-bar inset.

are overall positive correlations between the following elements: Ag vs
As + Sb, Ag vs Pb, Au vs Zn + Pb, Cu vs Zn + Pb, Ni vs Co, Au vs Ni + Co,
and Au vs Bi (Fig. 8b-h). Spongy-looking cores of Py-2 are richer in Pb
(up to 15,100 ppm), Cu (up to 14,200 ppm), Zn (up to 1,480 ppm), Sb
(up to 664 ppm), Ag (up to 540 ppm), Co (up to 26 ppm) and Bi (up to
520 ppm) relative to their outer rims (Appendix 3, Fig. 4b and Fig. 5b).

Py-3 has the highest average values of Cu (8,566 ppm), Ag (135
ppm), Ni (84 ppm) and Co (31 ppm) but the lowest in Au (1 ppm)
relative to the other pyrite types, although it is also rich in As (14,229),

Zn (2006 ppm), Sb (1570 ppm) and Pb (1460 ppm) (Fig. 7 and Appendix
3). Py-3 shows positive correlation between Ag vs As + Sb, Au vs Zn +
Pb, Cu vs Zn + Pb and Au vs Bi (Fig. 8b, d, e and h); the cores of Py-3 are
rich in As (up to 55,000 ppm), Pb (up to 10,500 ppm), Sb (up to 9500
ppm), Ni (up to 240 ppm) and Au (up to 3 ppm) relative to their sur-
rounding rims (Appendix 3 and Fig. 4c and Fig. 5¢).
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Fig. 6. Representative time-resolved LA-ICP-MS spectra collected during trace element analyses of Py-1 (a-b), Py-2 (c-d) and Py-3 (e-f). The transient spectra show
both homogenous signals indicating elements in solid solution or particles not identified in this study (a and c¢) and spikes profiles suggesting the presence of micron-

sized particles (b, d, e and f).
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Fig. 8. Binary plots showing correlations of minor and trace elements detected by LA-ICP-MS from the different textural pyrite types selected for this study.

7. Discussion
7.1. An evaluation of the potential effects of deformation on pyrite

Empirical and experimental studies have shown that deformation of
pyrite may operate along the brittle-ductile transition at <743 °C within
the pressure interval of 1 to 3 kbar, with plastic deformation being active
at temperatures potentially as low as ~200 °C (McClay and Ellis, 1983;
Boyle et al., 1998; Freitag et al., 2004; Barrie et al., 2007; Barrie et al.,
2009; Barrie et al., 2010). These P-T conditions overlap those of the peak
of greenschists facies metamorphism (up to 300 °C at 2 kbar, Munha,
1990; locally up to 3 kb, Marignac et al., 2003) that affected the IPB in
the Hercynian orogeny. Deformation of pyrite within the ductile regime
is recorded by plastic-like features such as internal lattice distortion,
crystal bending, sub-grain formation or development of clustered CPO.
In contrast, brittle deformation should produce cataclastic microstruc-
tures, grain size reduction and/or crack-seal (see Barrie et al., 2010).

The EBSD maps (BC and inverse pole) of the colloform poly-
crystalline aggregates of Py-1 are pristine as they do not reveal the
presence of plastic or brittle deformational features (Fig. 3a-h). Further,
these grains show cores (Py-1A) with dispersed CPO covered by layers of
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elongated-radiating (Py-1B) and faceted pyrite (Py-1C) with uniform
CPO. These observations are inconsistent with deformational processes,
as deformation should produce single CPO instead of abrupt changes as
those observed between layers. Therefore, microstructures of Py-1 are
considered here to be a primary precipitation feature unrelated to later
deformation (Gao et al., 2016; Huang et al., 2020).

In contrast, Py-2 displays blocky subdomains (i.e., sub-grains)
resembling the typical “mortar” microstructure of minerals that have
experienced recovery after strain-related plastic deformation (e.g.,
Freitag et al., 2004). Empirical observations suggest that this mechanism
of sub-grain recrystallization typically operates in pyrite at >400 °C and
it is attributed to dislocation climb activated when it locks up as a result
of an impediment during glide along a lattice plane (Barrie et al., 2010).
In other words, pyrite embedded a higher refractive (highly-competent)
matrix (e.g., quartz shown in Fig. 2d and f) behaves in a ductile manner.
Once deformation ceased, pyrite may recover accumulating lattice
distortion, which usually results in the formation of low-angle (>2°)
dislocation walls giving rise to sub-grain boundaries. The observation of
sub-grain boundaries across spongy-looking cores and faceted rims may
suggest full textural equilibrium as a result of recrystallization. It very
likely reflects a re-arrangement of the internal microstructure during
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recovery, consistently with the presence of single clusters of CPO in the
inverse pole diagram (Fig. 31; Barrie et al., 2009).

The uniformization of the CPO as a result of deformation is seem-
ingly clearer in Py-3 than in Py-2, although sub-grain domains are
observed in Py-2 alone (Fig. 3m-p). The absence of these internal plastic
strain features in Py-3 may reflect the effect imposed by the relatively
softer chalcopyrite matrix. It very likely acted as a cushion for accom-
modating the deformation thus enhancing pyrite grain growth without
influence of the ambient deformation. Finally, brittle deformation is
only preserved as a late crack seal in Py-3 (Fig. 3m-o) likely originated
very late in the history of the deposits.

7.2. Formation and evolution of pyrite textures

The pristine microstructure of the colloform pyrite consists of an
apparently conformable sequence of an earlier formed core (Py-1A)
surrounded by two main concentric layers (Py-1B and Py-1C), indicating
at least three main events of growth (Fig. 3a-h). These microstructural
observations suggest growth of colloform polycrystalline aggregate from
the core outward (Southam and Saunders, 2005; Falconer et al., 2006;
Barrie et al., 2009; Gao et al., 2016; Huang et al., 2020).

The aggregates of finely-grained pyrite microcrystals (<5um) with
random orientation forming the cores of Py-1A were the seeds for the
growth of acicular and elongated crystals of Py-1B. The specific align-
ment of the Py-1B acicular-elongated crystals reflects the geometrical
effect of selection where only those growing perpendicularly to the
substrate surface continued growing because it was energetically more
favourable. Consistently, the band contrast EBSD maps reveal minute
granular-like crystallites with random orientation at the bottom of
discrete layers, thus suggesting that large elongated crystals with pref-
erential CPO started to grow from this substrate (Fig. 3b-d and f-h). This
also indicates a remarkable diversity in growth and nucleation rates
within discrete layers and, potentially, in degree of supersaturation (e.
g., Alonso-Azcarate et al., 2001). Such a case would support that discrete
layers record pauses and resumption of growth in response to environ-
mental changes. This is consistent with recent HRTEM observations
showing no corrosion rinds and truncated nanoscale zoning within the
inner portion of the colloform (contact Py-1A and Py-1B) and their ex-
istence in the outer portion of the colloform (contact Py-1B and Py1-C)
(Gonzalez-Jiménez et al., 2022).

Py-2 exhibits porous cores with several As-rich oscillatory zonation
resembling those in Py-1 (Fig. 5b). These As-rich cores are traversed by
subgrain boundaries (Fig. 3k), which suggests that overgrowth and ag-
gregation of colloform material was prior to deformation, and very
likely related to a late-stage temperature increase (Murowchick and
Barnes, 1987; Saez et al., 1999; Almodovar et al., 2019). The occurrence
of chalcopyrite and tetrahedrite inclusions in Py-2 (Fig. 2e, f, Fig. 4b and
Fig. 5b) suggests that the textural shift from Py-1 to Py-2 was potentially
controlled by hydrothermal fluids up to 350 °C, due to the dependence
of the Cu solubility at high temperatures (Lydon, 1988; Almodovar et al.,
1998; Seward et al., 2014). Sulfides and sulfosalts now filling spaces
suggest metal incorporation coevally or nearly after the pyrite aggre-
gation, well before deformation induced recrystallization process of
pyrite promoting development of faceted outlines.

Py-3 displays homogenous cores with no relict primary textures or
subgrain boundaries (Fig. 3m-p), which suggests growth and/or
recrystallization in a deformation-free environment influenced with
progressively hotter fluids than typically operating in the VMS deposit.
This is consistent with some massive sulfide deposits in the IPB (i.e., La
Magdalena) recording a post-formation heating event due to intrusion of
basic rocks previously to regional metamorphism (Almodévar et al.,
2019). The results of the experiments of Barrie et al. (2007) favour an
increase in the temperature in the range 550-700 °C that enhanced
recrystallization of pyrite by removing dislocations. These temperatures
are slightly higher than temperatures estimated from: (1) fluid in-
clusions of many Cu-rich ores in the VMS deposits of the IPB (up to
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400 °C; Saez et al., 1999 and the references therein), and (2) mineral
assemblages (tennantite, chalcopyrite, galena, gersdorffite and native
gold) replacing Py-3 grain boundaries and/or filling late fractures and
pores (Fig. 2i-l, Fig. 4b, Fig. 5¢) (~350 °C; Lydon, 1988; Almodovar
et al., 1998; Seward et al., 2014; Revan et al., 2014; Grant et al., 2018).
However, these temperatures are within the range of complete solidifi-
cation of the intruding basic rocks, mainly gabbros, in the IPB (Contreras
and Apalategui, 1999; Contreras et al., 1999), within the continental
crust (~1000 °C).

7.3. Onset of the economic metal endowment in primary pyrites

Py-1 from Masa Valverde is richer in As, Zn, Pb and Sb than other
primary pyrite from the IPB (Serrati et sl., 2002; Gaspar, 2002; Conde
et al., 2020) but similar to pyrite from other VMS deposits elsewhere
(Maslennikov et al., 2009; Genna and Gaboury, 2015; McClenaghan
et al., 2004; Dehnavi et al., 2018; Grant et al., 2018). The Pb and Sb
depletion from Py-1A to Py-1C (Fig. 7 and Appendix 3). reflects the
presence or absence of inclusions of galena (<1 pm up to 25 pm; Fig. 2b-
d) and tetrahedrite (<10 pm up to 50 pm; Fig. 2c-d), instead of their
occurrence in solid solution within pyrite (Fig. 4band Fig. 5a). HRTEM
observations by Gonzalez-Jiménez et al. (2022) confirm that Pb is
preferentially concentrated as scarce tiny (<50 nm) galena inclusions in
the colloform and, to a lesser extent, as solid solution (preferentially in
the outer portion), whereas Sb is systematically associated with nano-
sized tetrahedrite particles that may or not be crystallographically
related with the host pyrite. Positive correlations between Ag and Sb +
As shown in Fig. 8b-c also suggests that Ag may come from tetrahedrite-
tennantite inclusions in Py-1B and Py-1C as attested by Ag-As highs in
time-resolved spectra collected by LA-ICP-MS (Fig. 6b) and HRTEM that
confirm the presence of such particles at the nanoscale realm (see Fig. 4
in Gonzalez-Jiménez et al., 2022). In contrast, the increase of Zn and Cu
from Py-1A to Py-1C (Fig. 7 and Appendix 3) in absence of Zn- and Cu-
bearing inclusions in Py-1C suggests that these elements were primarily
fixed in the pyrite structure (Cook and Chryssoulis, 1990; Huston et al.,
1995).

The textural relationship between Py-1A and very fine-grained
galena (<1 pm) particles (Fig. 2b) suggests that galena crystallized
prior or contemporarily to growing pyrite framboids (Huerta-Diaz and
Morse, 1992; Morse and Luther, 1999; Koglin et al., 2010). However,
progressively coarser galena particles towards the outer zones of Py-1
(Fig. 2a, c¢ and d) raises the possibility that Pb-saturated fluids were
still present during and after the formation of Py-1B and Py-1C. HRTEM
investigations confirm the presence of these healed fractures even at the
nanoscale with droplet-like galena particles attached to pores corre-
sponding to former fluid inclusions connected to these nano-sized frac-
tures (Gonzalez-Jiménez et al., 2022). Interestingly, Py-1 records a
negative correlation between Fe and As in a trend approximately par-
allel to the Fe-As join in As-Fe-S ternary diagram (Fig. 9). Such chemical
trends are interpreted to reflect As>* by Fe?! substitution in pyrite under
slightly oxic environments (Chouninard et al., 2005; Morey et al., 2008;
Deditius et al., 2008; Deditius et al., 2009a; Deditius et al., 2009b),
consistently with previous works describing nearly oxic conditions at the
earliest stages of VMS mineralization along the IBP (Fig. 10; Almodovar
et al., 1998; Inverno et al., 2008; Saez at al., 2011). In the Masa Valverde
and La Magdalena deposits, nearly oxic conditions are marked by the
precipitation of early magnetite and/or barite (Almodovar et al., 2019).
Both magnetite and/or barite have been linked to precipitation pro-
cesses from HS -poor and slightly oxidized hydrothermal fluids
(Ohmoto, 1996), as also identified in other VMS deposits (e.g., Kuroko,
Japan; Ohmoto, 1996).

Under such redox conditions, the structure of Py-1A may also host
some Ag' and Sb3" through Fe?" substitution (Chouninard et al., 2005;
Deditius et al., 2014). This could explain why Py-1A and certain inner
domains of Py-1B do not contain visible inclusions of Ag and Sb. In
contrast, Py-1B shows also a second trend parallel to the As-S join
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able vacancies in the Fe and S sites (Deditius et al., 2008). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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suggesting also the S™! by As™! substitution (Fig. 9), which is common
under reducing conditions (Fleet and Munin, 1997; Simon et al., 1999;
Savage et al., 2000; Pals et al., 2003; Zacharias et al., 2004; Reich et al.,
2005; Blanchard et al., 2007; Liang et al., 2013). This bimodal substi-
tution of As in Py-1B, together with the tiny arsenopyrite particles (<0.5
pm) parallel to the colloform layers (Fig. 2c and Fig. 5a), may explain its
singular enrichment in As (Fig. 7 and Appendix 3). Successive pulses of
physico-chemically variable hydrothermal fluids shifted the elemental
partitioning in pyrite, where galena and tetrahedrite sequestered most of
the Pb, Sb and Ag as observed within Py-1B and Py-1C (Fig. 2a, c and d),
and Zn and Cu were mainly hosted in Py-1C (Fig. 6 and Appendix 3). The
occurrence of some of these metals in Py-1 (Fig. 6a) suggests that this
pyrite type exsolved some particles contemporarily to dissolution-
reprecipitation during pause and resumption of pyrite growth (e.g.,
Deditius et al., 2011). This is consistent with nanoscale observation of
tetrahedrite particles with identical crystallographic orientation to py-
rite matrices colloform aggregated (see Fig. 7d in Gonzalez-Jiménez et
al, 2022). Interestingly, the formation of mineral inclusions coincides
with the onset of the economic metal endowment in polymetallic
mineralization in the IPB.

Au shows positive correlation with As in Py-1 and plots below the Au
solubility limit defined by Reich et al. (2005) (Fig. 8a), thus suggesting
that Au occurs dominantly as a structurally bound element. This is also
supported by the lack of native gold particles visible at SEM and HRTEM
scales as well as LA-ICP-MS profiles (Fig. 6a and b). The incorporation of
Au in pyrite is thought to occur as a result of the substitution of Au'* for
Fe?t (e.g., Trigub et al., 2017; Merkulova et al., 2019; Filimonova et al.,
2020) and to be favoured by structural distortion or superficial effects
caused by the incorporation of cationic or anionic As (Simon et al., 1999;
Palenik et al., 2004; Deditius et al., 2008; Deditius et al., 2014). The Au
depletion from Py-1A to Py-1C (Fig. 7 and Appendix 2) may be explained
by changes in the Au and As contents of ore-forming fluids (Fougerouse
et al., 2016).
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7.4. Critical metal mobility during local leaching and Variscan
deformation

Slightly higher As contents in the cores relative to the rims of Py-2
are observed in the form of sector zoning. Such feature is apparently
unrelated with mineral inclusions (Fig. 5b, Fig. 6¢ and d) and interpreted
as inherited from the earlier-formed precursor Py-1 (Fig. 2a and Fig. 5a),
thus denning exsolution-related processes suggested in other instances
for pyrite affected by thermal overprint (Kusebauch et al., 2018). In
contrast, the rims of Py-2 contain several particles of tetrahedrite and
arsenopyrite imaged by both FESEM (Fig. 2f and Fig. 5b) and LA-ICPMS
profiles (Fig. 6¢ and d). It led us to suggest that As and other metals such
as Sb, Cu, Ag were primarily fixed by these minerals at the reaction front
between pre-existing Py-1 and later ore-forming fluids. This could reflect
processes of coupled dissolution-reprecipitation (e.g., Putnis, 2002;
Putnis, 2009) that removed certain amounts of metals originally present
in the pyrite at lattice level or as (in)visible particles (e.g., Chouninard
et al., 2005; Deditius et al., 2008; Barker et al., 2009; Large et al., 2009)
and/or supplied by the incoming fluid. These As-rich rims are also
crosscut by sub-grain boundaries (Fig. 3k), suggesting that these min-
erals and their host faceted rims formed before the deformational event.
It very likely took place soon after As-rich cores coalesced as a result of
later fluids towards waning of the VMS related phenomena.

Characteristically, Py-2 is rich in Bi (up to 520 ppm) and Au (up to
39 ppm), and into a lesser extent in Co and Ni (Fig. 7; Appendix 3). Such
endowment in (semi)-metals is decoupled from As (Fig. 5b), suggesting
that these elements entered in the pyrite the structure unrelated with As,
unlike hydrothermal pyrite elsewhere (Reich et al., 2006; Reich et al.,
2011; Mikhlin et al., 2011; Deditius et al., 2011; Hough et al., 2011). The
random distribution of Au particles in Py-2 (Fig. 2e, Fig. 4j and Fig. 5b)
also suggests a more complex origin than previously reported for hy-
drothermal pyrite in other deposits (Leistel et al., 1998; McClenaghan
et al., 2004; McClenaghan et al., 2009; Wright et al., 2016; Reich et al.,
2005). The largest native gold particles in Py-2 pores (Fig. 2e) and
within chalcopyrite (Fig. 2g) are the most likely candidates for direct
precipitation from Au-saturated mineralizing fluids (Yang et al.,1998).
In contrast, native gold particles detected by means of LA-ICP-MS
(Fig. 6d) in apparently inclusion-free zones under FE-SEM (Fig. 2f)
may be attributed to solid-state remobilization of Au originally hosted in
pyrite coarsened by later invigorating ore system (Reich et al., 2006)
during the latest stages of VMS mineralization. Alternatively, it could be
related to later hydrothermal events associated with emplacement of
mafic rocks in the footwall of the deposit previously to deformation on
the Hercynian times. This seems to be consistent with the coeval
enrichment of Au and Co + Ni apparently fingerprinting the entrance of
relative hot fluids associated to these mafic rocks (see next section).

It is worth to note that the proposed mechanism has already been
invoked to explain other trace metal-poor pyrites in hydrothermal de-
posits elsewhere (e.g., Hannington et al., 1998a; Yuan et al., 2018).
These latter authors proposed that pyrite that has experienced multiple
episodes of refining and recrystallization may become depleted in
(semi)-metals such Cu, Mn, Zn, Cd, Pb, Ag, and Ga, which were rein-
corporated into sulfides in other areas of the deposit. In fact, our Py-2
shows remarkable overall low concentrations and abundance of min-
eral inclusions of As, Sb, Ag, Zn, Pb and Cu than Py-1 and Py-3, indeed
reflecting that late fluids additionally removed these(semi)-metal.
Nevertheless, the presence of relicts of chalcopyrite, galena and ten-
nantite encapsulated in Py-2 (Fig. 2e and f) suggests that this process
was incomplete in the studied deposits.

On the other hand, Sb and Bi, and to a lesser extent Zn and Ag, are
anomalously enriched in the sub-grain domain boundaries of Py-2
(Fig. 3k and Fig. 5b). This suggests that some quantities of these
(semi)-metals were mobilized either coevally or after deformation-
related recrystallization of pyrite (Fig. 10). Regional low-grade meta-
morphism in the IPB (Silva et al., 1990) attained peaks up to 300 °C at 2
kb (Munh4, 1990), thus overlapping the temperature range proposed for
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Fig. 10. Summary schematic of trace ele-
ments linked to textural evolution in py-
rites from VMS deposits of the IPB. Low-
temperature fluid flow led to the precipi-
tation of primary pyrite textures (Py-1A
and Py-1B) (a). The onset of the economic
metal endowment in pyrites began with
the recrystallization of primary pyrite (Py-
1c) together with the coprecipitation of
polymetallic ores (b), followed by the for-
mation of the Cu-rich ore at increasing
temperatures (c). Over-refining processes
associated with the late emplacement of
mafic rocks at the footwall of the deposits
resulted in both leached pyrites (Py-2C)
and high grades ores (Py-3) (d) Hercynian
deformation involved Py-2 plastic defor-
mation and concentration of (semi)-metals
in the subgrain domain boundaries. Keys:
apy = arsenopyrite; td = tetrahedrite; gn
= galena; cp chalcopyrite; tn = ten-
nantite; gdf = gersdorffite.
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metal releasing from pyrite via solid-state diffusion during meta-
morphism (e.g., Huston et al., 1995; Tomkins et al., 2007). Our
analytical approach to sub-grain boundaries (Fig. 5b and Fig. 6d)
matched clusters of Sb, Bi, Zn and Ag concentrated by diffusion pro-
cesses and associated with pyrite dislocation in the sub-grain boundaries
of Py-2 (Fougerouse et al., 2021). Alternatively, fluids carrying these
elements would have circulated across the already formed sub-grain
boundaries and precipitated nano-sized clusters of native Sb and Bi or
Bi-Sb sulfosalts, as previously reported in other deposits of the IPB
(Garcia de Miguel,1990; Gaspar, 2002; Yesares et al., 2015; Almoddvar
et al., 2019). Fluids associated to late post-Hercynian reactivation of the
hydrothermal systems, and the extensional rejuvenation of pre-existing
fractures, responsible of Sb vein-type mineralizations in the area (Ger-
mann et al., 2003).

7.5. Critical metal enrichment by over-refining processes

Py-3 displays As-rich zoned cores with a faceted morphology similar
to those documented for Py-2 (Fig. 2j, Fig. 4c, Fig. 5¢). Such relict fea-
tures confirm that these Py-2 and Py-3 had a common Py-1 precursor,
which underwent structural and chemical modification during waning
stages of VMS. However, Py-3 does not record the latest event of
deformation documented in Py-2 owing to its embedding in a softer
chalcopyrite matrix. Interestingly, Py-3 is notably enriched in most of
the analyzed minor and trace elements (Cu, Ag, Ni, Co, As, Zn, Sb, Pb)
(Fig. 7 and Appendix 3). As noted above, the homogenous internal
structure of Py-3 (Fig. 3m) was produced by a thermal overprint that was
most likely induced by the hot emplacement of basic rocks. High grade
ores are well known in VMS deposits and commonly interpreted as the
result of late over-refining processes linked to thermal overprint
(Eldridge and Barton, 1983; Hannington et al., 1998a; Petersen et al.,
2000; Yuan et al., 2018). In the IPB, the origin of high-grade minerali-
zation in the VMS deposits has been previously related to a “mafic”
contributor (e.g., Almodovar et al., 2019).

Previous works have shown that Co and Ni contents in hydrothermal
pyrite may fingerprint the contribution of (ultra)-mafic rocks/magmas
to the metal tenor of magmatic-hydrothermal deposits (Thompson et al.,
2001; Hanley and MacKenzie, 2009; Hanley et al., 2010; Gonzélez-
Jiménez et al., 2021), for Ni and Co are akin to ultramafic and mafic
magmas but depleted in felsic rocks (Zierenberg et al., 1993; Hattori
et al., 2002). The scarcity of Co and Ni in Py-1 from Masa Valverde is
consistent with the felsic character of volcanoclastic hosting rocks (Ruiz
et al., 2002). In contrast, the high concentration of Co and Ni in Py-2,
and above all, in Py-3 (Fig. 7 and Appendix 3) from la Magdalena de-
posit match a possible elemental input of the intrusive basic rocks. These
two metals could enter in the pyrite as stoichiometric substitutions, such
as Co%* and Ni%* for Fe®* (Vaughan and Craig, 1978; Tossell et al., 1981;
Abraitis et al., 2004; Gregory et al., 2015). Such contribution of the basic
rocks is not only recorded in pyrite itself but also by the presence of Co-
sulfosalts (e.g., gersdorsffite) filling late micro-fractures in Py-3 (Fig. 21,
Fig. 6e and f). These observations all together seem to suggest that Ni
and Co could be scavenged by hydrothermal fluids under moderately to
strongly reduced conditions from the spatially associated intruding
rocks (e.g., Yamamoto et al., 1984; Auclair et al., 1987; Huston et al.,
1995; Hannington et al., 1999a; Hannington et al., 1999b; Maslennikov
et al., 2009, 2017; Revan et al., 2014; Genna and Gaboury, 2015; Keith
et al., 2016).

In the proposed model, the mafic sills could act as both thermic en-
gine that reactivated the hydrothermal system and as a source them-
selves of metals which could be mobilized by the hydrothermal fluids
(Fig. 10). In this geological framework, ores closer to the intrusion
should have interacted with these late hydrothermal fluids becoming
depleted in most (semi)-metals, thus giving rise to Py-2. Then, the hy-
drothermal fluids loaded in these leached metals migrated towards other
zones of the deposit originating the Py-3 ore enriched in those (semi)-
metals leached from Py-2.
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8. Conclusions

The sequence of pyrite textural maturation in VMS deposits from the
IPB are well preserved and distinguishable under optical reflected and
electronic microscopy. EBSD reveals that framboidal, colloform and
recrystallized pyrite textures formed locally at increasing temperatures
and locally also by deformation related with regional metamorphic
overprint. VMS deposits of the IPB record a complex geochemical and
mineralogical evolution of pyrite that is consistent with the following
hydrothermal ore-forming processes: (1) precipitation of primary pyrite
(Py-1) during the earliest stages of formation of massive sulfide lenses
that resulted in core-to-rim impoverishment in certain metals such as Pb,
Sb, Ag and Au, linked to the formation of progressively coarser galena
and tetrahedrite, and an increase in Zn and Cu contents in the pyrite
lattice; (2) Pyrite depleted in (semi-) metals (Py-2) associated with
enriched pyrite (Py-3), thus suggesting transference of metals from
leached zones to high-grade ores; and (3) pyrite associated with over-
refining areas (Py-2 and 3) showing a general enrichment in Co and
Ni, which may record an overprinting thermal event likely related to the
emplacement of mafic rocks in the footwall of the deposits.
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