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ABSTRACT

This paper reports the first-ever study on nanoscale mineralogy in pyrite from the volcanogenic massive sulfide
(VMS) deposits of the Iberian Pyrite Belt, southwestern Iberian Peninsula. It targeted colloform-textured grains
formed at low temperature in the distal part of a polymetallic (Pb-Zn) massive sulfide lens hosted in felsic vol-
canoclastic rocks from the Masa Valverde deposit, and euhedral-textured grains (re)-deposited by higher tem-
perature fluids in the Co-Au rich stockwork hosted in black shales of the Filon Norte orebody of the Tharsis deposit.
The results acquired by a combination of techniques for mineral microanalysis and characterization (i.e., reflected
light, FE-SEM, EPMA, LA-ICP-MS, HRTEM-STEM and TEM-EDS) show that trace amounts of metals (Au, Ag, As, Pb,
Sb, Cu, Co) are incorporated as both lattice-bound and into nanoparticles (NPs). The mode of occurrence is strongly
related with the evolutionary history of the mineralization. In the colloform pyrite collected from the massive
sulfide lens, a rhythmic banding/oscillatory zonation with up to 3 wt% As, 5,000 ppm Pb, 1,070 ppm Sb and 750
ppm Cu is defined by the coexistence of several nano-sized layers (5 to 100 nm) and NPs (<100 nm) containing all
these metals. The NPs include galena [PbS], tetrahedrite [(Cu,Fe);2Sb4S13)] and arsenopyrite [FeAsS] that exhibit
euhedral and less frequently anhedral (i.e., droplet-like) morphologies being both randomly and preferentially
oriented with respect to As-rich pyrite bands they are usually associated with. These features suggest formation of
the NPs via direct deposition from the hydrothermal fluid(s) or low-temperature melts entrained in them as well as
exsolution of trace elements originally dissolved in the As-rich pyrite structure. Additionally, some of these NPs are
connected to late fractures disrupting the chemical zoning in colloform pyrite documenting a third genetic type of
NPs related to late infiltration of fluids post-dating pyrite formation. In contrast, euhedral pyrite from the stock-
work form well-developed homogeneous grains with discrete porous areas relatively depleted in Fe (45.20 wt%),
and As (8,800 ppm) but enriched in Co (5,900 ppm). At the nanoscale, Co-enriched domains show patchy zoning
defined by irregular distribution of Co— and As-rich bands of 200-500 nm in thickness. These nanometer Co- and
As-rich bands are often disrupted by micron-to-nano-sized polycrystalline Au-Ag-Hg particles that fill voids in
porous areas. Contact morphology anatomy between Co-rich pyrite and inclusions suggests that the Au-Ag-Hg
particles are negative crystals occupying spaces originated in pyrite by coupled dissolution-reprecipitation reac-
tion. Likewise, HRTEM observations along such pyrite-inclusion contacts show the existence of polycrystalline
matrices in both pyrite and Au-Ag-Hg inclusions, the former consisting of nano-sized domains of arsenian pyrite
and/or arsenopyrite in As-free pyrite and the Au-Ag-Hg inclusions made up of multiple crystal domains including
nano-crystallites of Au®/Ag® or electrum. Recognition of crystalline nanodomains and NPs in these polycrystalline
matrices raises the possibility that Au NPs or nanomelts already present in the hydrothermal fluid catalyzed the
formation of these heterogeneous crystals.
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1. Introduction

In the past two decades, a prodigious interest in nanoscience and
nanotechnology has promoted a rapid development in the character-
ization of natural metal-based nanoparticles (hereafter NPs) and nano-
minerals (Hochella et al., 2008; Becker et al., 2010; Lee et al., 2016). In
the physics and engineering literature, NPs categorize any particle
having one or more dimensions in the range of 1 to 100 nm (10°° to 107
m) whereas in mineralogy the terms apply to particles < 1 pm (Hochella
et al., 2008). Mineral nanoparticles are particles of minerals that also
exist in larger (micrometer-scale) sizes whilst nanominerals only exist
within the nanoscale range (Gonzdlez-Jiménez and Reich, 2017). To
date, nanoclusters (aggregates of tens to hundreds of atoms), NPs and
areas with clustered NPs and nanominerals have been inferred to exist in
some minerals from ore deposits (e.g., sulfides and oxides) by analyzing
depth-profiling of element concentrations acquired by means of sec-
ondary ion-mass spectrometry (SIMS) and laser-ablation inductively
coupled mass spectrometry (LA-ICP-MS) (e.g., Cook et al., 2009; Pina
et al. 2012; Morishita et al., 2019; Torr¢ et al., 2022), as well as imaged
by other modern microanalytical techniques such as electron probe
microanalysis (EPMA) and scanning electron microscopy (SEM) (e.g.,
Gonzalez-Jiménez and Reich, 2017; Saunders et al., 2020; Ishida et al.,
2021). However, many NPs and nanominerals contained in these min-
erals are smaller than 100 nm in size, making them “visible” only under
more sensitive techniques such as the synchrotron X-ray fluorescence
microscopy (XFM), the atom probe tomography (APT), high-angle
annular dark-field scanning transmission electron (HAADF-STEM) or
high-resolution (HRTEM-EDS) microscopy (Hough et al., 2011 and ref-
erences therein).

Recent HAADF-STEM and HRTEM-EDS investigation of thin-foils
obtained by using focused ion beam (FIB) from Ni-Fe sulfides (pyrrho-
tite, millerite, pyrite, pentlandite and chalcopyrite) of magmatic ores
hosted in mafic-ultramafic rocks have shown a variety of PGE-
dominated NPs, including alloys (Ir-Pt, Ru-Os, Pt-Au-Hg), sulfides
(laurite [RuSs]-erlichmanite [OsS,] and unidentified compounds of Ru-
Rh-Os, Ru-Rh-Pt-Ir, and Ru-Rh-Pt), arsenides (Rh-Rh-Pt-As), telluride
[Pd-Te] and stannide [(Pt,Pd)Sn] (Wirth et al., 2013; Junge et al., 2015;
Gonzalez-Jiménez et al., 2018; Baurier et al., 2019; Jiménez-Franco
et al., 2020; Xiong et al., 2021). The nanostructural relationship of these
NPs with their host sulfide matrix along with the new synthesis of
identical counterparts in high-temperature experiments confirm their
indisputable early crystallization in the magmatic ore systems (see the
review of Gonzalez-Jiménez and Reich, 2017).

In contrast, the seeking of NPs in low and moderate-temperature
mineral deposits of hydrothermal origin has been significantly biased
towards the study of pyrite. Here, Au has been the most investigated
element, being found as Au® NPs or combined with Ag (i.e., electrum) or
other metals (e.g., Te, Pb) preferentially in As-rich domains of pyrite —
i.e., arsenian pyrite defined as a pyrite containing from a few ppm to tens
wt.% As (Abraitis et al., 2004; Qian et al., 2013; Reich and Becker, 2006;
Deditius et al., 2014). Examples of Au-bearing NPs have been exten-
sively documented in hydrothermal arsenian pyrite from porphyry Cu
deposits (Reich et al., 2013), orogenic or sediment-hosted Carlin-type
deposits (Palenik et al., 2004; Reich et al. 2005, Reich et al., 2006; Sung
et al., 2009; Deditius et al., 2011) and epithermal Au-Ag (Pals et al.,
2003; Deditius et al., 2011; Hough et al., 2011). However, the assem-
blage of NPs in hydrothermal arsenian pyrite is not limited to Au-
bearing NPs but also include sulfides such as galena [PbS], cinnabar
[HgS], chalcopyrite [CuFeS;], arsenopyrite [AsFeS] and the tellurides
nagyagite [Pb(Pb,Sb)Sy(AuTe)] and merenskyiite [PdTes] as well as a
large suite of unidentified compounds comprising combinations of
(semi)-metals (e.g., Deditius et al., 2008, 2011, 2014; Gonzdlez-Jiménez
et al., 2021; Sung et al., 2009; Zhang et al., 2021). NPs within single
grains of arsenian pyrite may be both crystalline and amorphous and
share or not crystallographic continuity or orientation with the hosting
sulfide matrix. Such nanoscale relationships led to different
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interpretations for the origin of the NPs in pyrite: (1) direct deposition of
metal-bearing NPs from ions dissolved in hydrothermal fluids (Becker
et al., 2010; Deditius et al., 2011, 2014; Zhang et al., 2021) or immis-
cible nano-sized liquids or particles (Saunders, 1990; Deditius et al.,
2008; Saunders and Burke, 2017; Saunders et al., 2020; Hastie et al.,
2021; Zhou et al., 2021; Petrella et al., 2021) eventually entrained in
them; (2) solid-state exsolution of elements originally in solution in the
arsenian pyrite lattice during post-crystallization events such as meta-
morphism (McMclenaghan et al., 2004; Reich et al., 2005) and/or
deformation (Fougerouse et al., 2016, 2021); (3) metals liberated from
the pyrite structure and shortly after precipitated as NPs during coupled
dissolution-reprecipitation associated to syn-formational (Deditius et al.,
2011) or post-formational (Xing et al., 2019) hydrothermalism.

An exception to the general rule to the intimate link existing between
metal-based NPs and arsenian pyrite is the presence of Au-bearing NPs
in As-free pyrite from the Dongping and Huangtuliang deposits in the
Hebei Province, China (Cook et al., 2009; Ciobanu et al., 2011; 2012). In
these intrusion-hosted Au deposits with orogenic overprint, composite
NPs consisting of intergrowths of Au-Ag-bearing tellurides (petzite
[AuAgsTes], calaverite [AuTes], sylvanite-krennerite [(Au,Ag)Tes],
hessite [Ag,Te]), altaite [PbTe] and Au® are intimately associated with
microfractures and nanoscale porosity postdating primary Co-Ni zona-
tion in As-free pyrite. These NPs having sizes of hundred(s) of nanometer
were interpreted as the “frozen” solid expression of Te-rich, Au-Ag-Pb-
bearing vapor discharged during the orogenic overprint long time after
pyrite was formed (Ciobanu et al., 2012).

The observations above reveal that partitioning of many economic
metals (e.g., Au, Ag, PGEs and base metals like As, Bi, Cd, Co, Cu, Mo, Ni,
Pb, Se, Sb, Te, Zn; Watari et al., 2020) not only accounts as solid solution
in iron-bearing sulfides from mineral deposits but also as metal-based
nanominerals and NPs intimately associated to these sulfides. Studying
the formation mechanisms of these NPs and nanominerals in ore de-
posits should therefore provide unique opportunities to explore the
“missing link” between transport and deposition by fluids and melts
necessary to unravel the genesis of economic mineral deposits. In
addition, given their size, NPs and nanominerals have very high surface
area to volume ratio, which also impart unique physicochemical prop-
erties that impact not only deposit genesis or in strategies for mineral
exploration but also in metallurgical recovery and environmental miti-
gation of toxic elements in mining waste (e.g., Deditius et al., 2014 and
references therein).

Despite of these advances on NPs inventory in sulfides from mineral
deposits, to the best to our knowledge, there is no detailed information
on the association of between NPs and pyrite from volcanogenic massive
sulfide deposits (VMS). The presence of NPs consisting of Au, Ag, Te, Sb,
Zn and/or Cd has indeed been suspected in pyrite, on the basis of
elemental correlation data acquired by ion probe or LA-ICP-MS, from
both fossil VMS from Canada (e.g., Bathurst Mining Camp, Bracemac-
McLeod, and Caribou deposits; McMclenaghan et al., 2004; Genna and
Gaboury, 2015; Wright et al., 2016), as well as inactive and active
submarine hydrothermal vents (e.g., Trans-Atlantic Geotraverse (TAG),
Turtle Pits and Comfortless Cove hydrothermal fields from the Mid-
Atlantic Ridge Complex; Logatchev in the IRINA II Complex; Kairei
and the Meso Zone from the Central Indian Ridge; Hine Hina and Jade
from theValu Fa Ridge, and the Volcano 19 from Tonga-Kermadec arc;
Keith et al., 2016). The only available work with an adequate nanoscale
characterization of metal-based NPs in pyrite from this type of deposits
is that of Deditius et al. (2011), who documented NPs from the hybrid
VMS-epithermal deposit of Pueblo Viejo in the Dominican Republic. The
suite of NPs identified by Deditius and co-workers include Ag’, electrum
and unidentified sulfides/sulfosalts (Cu-Fe-S, Pb-Sb-Bi-Ag-Te-S, and Pb-
Te-Sb-Au-Ag-Bi-S). These NPs were interpreted to be originated through
two complementary ways: (1) direct deposition from hydrothermal so-
lutions and (2) exsolution from host pyrite during post-depositional
changes such as heating.

This study focusses on a suite of spatially and paragenetically well-
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constrained pyrite-bearing ores from VMS deposits of the Iberian Pyrite
Belt (IPB) in southwestern Iberian Peninsula — the largest cluster of
world-class VMS deposits exposed on the Earth’s surface. This metal-
logenic province hosts more than 100 inactive or working mines, and
includes the 22% of the world class VMS deposits (greater than32 Mt),
classifying eight of them (Riotinto, Tharsis, La Zarza, Sotiel, Masa
Valverde and Aznalcollar in Spain, and Neves Corvo and Aljustrel in
Portugal) as giants (greater than100Mt) (Tornos, 2006 and references
therein). Over the last five millenniums, it has intermittently been the
major center of Europe’s mining production of S, base (Cu, Zn, Pb) and
precious (Au, Ag) metals (Pinedo-Vara, 1963; Nocete et al., 2005) with
more than 1,600 Mt of massive sulfides and more than 2,500 Mt of
stockwork mineralization (Leistel et al., 1998; Almodovar et al., 2019).
These metals have been mined in primary ores (i.e., massive sulfide
lenses and stockwork) as well as their secondary products of supergene
alteration (e.g., gossans; Yesares et al., 2017).

For this nanoscale study we have selected pyrite samples represen-
tative of the lower-temperature polymetallic and higher-temperature
stockwork mineralization of the IPB. These include one of the two pol-
ymetallic Pb-Zn lenses hosted in felsic volcanoclastic rocks at the Masa
Valverde deposit and a Co-Au stockwork hosted in black shales from the
Filon Norte orebody of the Tharsis deposit, respectively). Data generated
by scanning electron microscope (SEM) and high-resolution trans-
mission electron microscopy (HRTEM) on individual pyrite grains are
combined with electron probe microanalysis (EPMA) and LA-ICP-MS to
better constrain the role of mineral nanoparticles in controlling con-
centration of base and precious metals in hydrothermal pyrite in this
type of sulfide deposits. This improved understanding is used to provide
insights on sources and mechanisms of enrichment of valuable metals in
these hydrothermal systems, highlighting the possible implications for
other deposits of this style worldwide and in particular the metallurgical
beneficiation of unidentified resources.

2. Analytical methods
2.1. Electron microprobe analysis (EPMA)

The chemical compositions of pyrite were analyzed using a JEOL
JXA-8200 Super Probe Electron Probe Micro-Analyzer 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 back-
ground measurements. The spots analyses were selected using back-
scattered electron (BSE) images. Concentrations of Ag, As, Au, Bi, Co,
Cu, Cd, Fe, Hg, Ni, Pb, S, Se, Sb, Te, Zn 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; M« for Hg, Au, Pb and Bi;
Lo for Te, As, Ag, Se and Sb; and L§ for Cd.

2.2. In situ LA-ICP-MS

Trace element concentrations on pyrite were analyzed by in situ 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 volume cell S-155
and coupled with an Agilent 7900 mass spectrometer. The following
isotopes were monitored, 34S, 57Fe, 59Co, 60Ni, 65Cu, 75As, 82Se, 107Ag,
121Sb, lste, 197Au, 208Pb, and 2°%Bi. Laser spots of selected grains were
made using a laser beam size ranging from 11 and 55 um, a laser fre-
quency 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 from 30 s before
switching on the laser for 60 s. The ablated material was then analyzed
using the mass 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 (Paton et al., 2011).
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Internal standardization was based on >’Fe using the iron contents
determined by electron microprobe. During data reduction, the entirety
of the laser signal was integrated. We used the certified reference ma-
terial MASS-1 for the calibration of the 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 pro-
vided 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
agreed with the certified and working values.

2.3. Field emission scanning electron microscopy (FE-SEM) and focused
ion beam (FIB)

Pyrite grains and their hosted mineral inclusions were preliminarily
characterized and imaged using a Leo Gemini Field Emission Scanning
Electron Microscope (FE-SEM) at the Centro de Instrumentacion Cien-
tifica of the Universidad de Granada, Spain. The instrument was
equipped with an Energy Dispersive Spectra (EDS) detector. Acceler-
ating voltage was 20 kV and beam current optimized for an adequate
number of counts for each EDS analysis.

Four thin-foils samples (two from the inner and outer portion of the
colloform pyrite from the massive sulfide lens of the Masa Valverde
deposit and another two from the porous rim of euhedral pyrite from the
stockwork of the Tharsis deposit) were prepared and extracted by using
a Focused Ion Beam Scanning Electron Microscope (FIB-SEM) in the
Laboratorio de Microscopias Avanzadas (LMA) at the Instituto de
Nanociencia de Aragon (INA) — University of Zaragoza, Spain. The TEM
thin foil preparation was performed using a Dual Beam FEI Thermo-
Fisher Scientific, model Helios 650. The selected regions of interest
containing inclusions were first covered by a thin strip (~300 nm) of C
by focused electron beam induced deposition (FEBID) and subsequently
with a second strip (~1 pm) of Pt. These strips act as protection during
the milling, polishing, and extraction process of the thin foils. The bulk
material was first removed on both sides of the lamella by a rough Ga™
ion milling with a 30 kV current at 2.5nA and the subsequent polishing
with a 30 kV current at 0.23nA. The final polishing step was performed
on the sample’s inclusions until the electron transparency was achieved.
This was completed by subsequently milling the thin foil with a 5 kV
current at 68 pA. The electron transparency was monitored by an
Everhart-Thornley SE detector and using a 5 kV electron beam. After
achieving the electron transparency, the thin foil was rapidly polished
using a low energy 5 kV current at 10 pA to reduce the amorphization
until a final thin foil thickness of ~ 90 nm was attained. Subsequently,
the thin foil was undercut with a 30 kV at 2.5nA current, lifted out, and
transferred from the sample to a TEM grid using an OmniProbe nano-
manipulator with a tungsten tip. To weld the thin foil to the tungsten
tip and the TEM grid, an ion-beam assisted Pt deposition was performed.

2.4. High-resolution transmission electron microscopy (HRTEM)

A combination of a Thermo Fisher Scientific TALOS F200X and a FEI
Titan G2 transmission electron microscope (TEM) equipped with Field
Emission gun XFEG was used to analyze the thin-foil at the Centro de
Instrumentation Cientifica of the University of Granada, Spain. Both the
TALOS and the FEI Titan G2 microscope are equipped with 4 energy
dispersive analyses of X-rays (EDX) detectors (FEI microanalysis Super
X) and a high-angle annular dark-field detector (HAADF). The FEI Titan
G2 microscope also includes a spherical aberration corrector for the
objective lens. Selected mineral areas of interest sampled within the
thin-foils were imaged by the FEI Titan G2 microscope using a combi-
nation of high-angle annular dark-field (HAADF) to obtain Z high
contrast images, and High-Resolution Transmission Electron (HRTEM)
images to characterize the texture of the grains and to properly define
the ordering of the mineral aggregates. All these images were treated
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using the Digital Micrograph® software in its Version 1.71.38 while
maps were processed with the VELOX® software package. The FEI Titan
G2 was running at 300 kV working conditions while HRTEM images
were acquired using Gatan CCD Camera. The Thermo Fisher Scientific
TALOS F200X was employed for single-spot Analytical Electron Micro-
scopy (AEM) analysis and to acquire compositional elemental mappings
of the sample using 200 kV of accelerating voltage and image drift
correction. Elemental maps images were also processed using the
VELOX® software.

3. Geological and petrological background of pyrite samples
3.1. The Iberian pyrite belt

The Iberian Pyrite Belt (IPB) is a Paleozoic metallogenic province
hosting the largest concentration of massive sulfide deposit worldwide.
Here, the VMS deposits cluster within a fringe of 20-70 km that extend
along more than 250 km through S Portugal and SW Spain (Fig. 1). On
the basis of their geographical location and tonnage of the deposits,
there are two main domains in the IPB (Fig. 1) known as (Saez et al.,
1999; Leistel et al., 1998; Almodévar et al., 1998; Relvas et al 2001): (1)
the northern belt dominated by larger number of smaller deposits (e.g.,
Lomero-Poyatos, Cueva de la Mora, Migollas and San Miguel) are mainly
hosted mainly by felsic volcanic and volcaniclastic rocks, and (2) the
southern belt dominated by less abundant but lager sized deposits are
hosted by both black shales and felsic volcaniclastic rocks (e.g., Massa
Valverde, Neves Corvo, Tharsis, Las Cruces, Aznalcéllar and Frailes).

Geologically the IPB belongs to the South Portuguese zone, which
correspond to the southernmost zone of the Iberian Hercynian Massif.
The accepted stratigraphy of the IPB includes, from bottom to top, the
three following units: (1) the Phyllite-Quartzite Group (PQG)
comprising shales quartz-sandstone, quartzwacke siltstones and minor
conglomerate and limestones at the top of Givetian-Famennian age; (2)
the Volcano-Sedimentary Complex (VSC) consisting of a lower subunit
including mafic volcanic rocks, rhyolites, dacites and dark shales, and an
upper one with dark, purple and other shales and volcanogenic/volca-
niclastic rocks of late Famennian to mid-late Visean age; and (3) the
post-volcanic Baixo Alentejo Flysh Group (in Portugal) or Culm Group
(in Spain) of Visean-Bashkirian age. Most VMS deposits of the IPB are
hosted in the felsic volcanic rocks and shales of the Volcano-Sedi-
mentary Complex, which were collectively deformed during the Varis-
can orogeny. Overall, this deformational event resulted in a week
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metamorphism under prehnite-pumpellyite facies, although higher peak
metamorphic conditions at greenschist facies (300-430 °C at 0.2-0.3
GPa; Marignac et al 2003; Castroviejo et al., 2011) has been reported
restricted to shear zones and faults where strain and fluid migration was
focused.

The samples analyzed in this study are pyrite-bearing ores from two
VMS deposits (Massa Valverde and Tharsis) located in the Spanish side
of the Iberian Pyrite Belt (IPB) (Fig. 1). These samples were collected
well away from deformation zones as evidenced the preservation of
primary textures or chemical zoning. Therefore, they are representative
of the primal hydrothermal style of mineralization at low temperature (i.
e., colloform-textured pyrite from Masa Valverde) and higher tempera-
ture (i.e., euhedral pyrite from Tharsis) preserved in VMS of the IPB
(Marcoux et al., 1996; Leistel et al., 1998; Saez et al., 1999; Ruiz et al.,
2002; Almodovar et al, 2019). Specifically, the colloform pyrite ores
from Massa Valverde come from a drill core that intersected the pe-
ripheral part of the largest polymetallic (Pb-Zn) massive sulfide lens of
this deposit (up to 70 m thick), which is hosted in the felsic volcanic
rocks with interbedded tuffs and shales of the Volcano-Sedimentary
Complex. The ore mineralogy of this polymetallic lens consists of pyrite,
with subordinate amounts, in order of decrease abundance, of sphal-
erite, galena, chalcopyrite, tennantite-tetrahedrite and arsenopyrite,
(Ruiz et al., 2002). The euhedral pyrite ores from Tharsis were collected
from an open pit of the inner part of the stockwork of the Filéon Norte
orebody, which is one of the sixteen orebodies known in this deposit
located in the Puebla de Guzman anticline (Fig. 1). This Co-Au stock-
work mineralization intersects a black shale horizon intercalated be-
tween the Phyllite-Quartzite Group and the Volcano- Sedimentary
Complex. It consists of irregular veins composed by chlorite + quartz +
cobaltite + trace Bi-Pb—Cu—(Sb) sulphosalts, tellurides and native gold
(Marcoux et al. 1996).

3.2. Petrological background of the samples

The colloform-textured pyrite from Masa Valverde consists of a core
with multiple pitted spherical aggregates of pyrite framboids wrapped
by packages of discrete pyrite layers (Fig. 2a). Single-spot analyses ac-
quired by EPMA and line-profile LA-ICPMS data collected from the inner
and outer portion areas where FIB lamellas were extracted (Fig. 2a) yield
up to ~ 3 wt% As, along with detectable amounts of Pb (5,000 ppm), Sb
(1,070 ppm) and Cu (750 ppm) and, at a lesser extent, Au (~7 ppm) and
Ag (103 ppm) (Supplementary Appendix 1). A combination of EDS

D Baixo Alentejo Flysch/Culm Group
D Volcano-Sedimentary Complex
El Phyllite-Quartzite Group

o Seville

l:l Post-Palaeozoic sediments
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Fig. 1. Geographical location of the Iberian Pyrite Belt (IPB) in the the tectonic frame of south-western Europe (modified from Saéz, 2010) showing the location of
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spectra acquired by FESEM and X-ray EPMA mapping reveal the pres-
ence of abundant mineral micron- to nano-sized inclusions of As-Fe-S,
Pb-S, and Cu-Fe-S-Sb in between or within these layers of pyrite,
which are also detected in time-resolved spectra obtained by means of
LA-ICP-MS (Fig. 3a-b). These mineral particles correspond to arseno-
pyrite [AsFeS] preferentially concentrated in the inner portions of the
colloform arrangement, and galena [PbS] and tetrahedrite [(Cu,
Fe)12Sb4S13] in the outermost zone.

The euhedral-textured pyrite from the stockwork of the Tharsis de-
posit consists of euhedral pyrite with some perfectly well-developed
external facets with discrete portions of the grains displaying high
porosity with abundant solid inclusions (Fig. 2b). A combination of
single-spot analysis collected by FESEM-EDS, X-ray EPMA mapping and
LA-ICP-MS reveals that the porous area containing the Au-bearing par-
ticles analyzed here is depleted in Fe (45.20 wt%) and As (8,800 ppm),
but is richer in Co (5,900 ppm) than the inclusion-free homogenous area
(Fe = 46.78 wt%, As = 11,600 ppm and Co = 1,800 ppm) (Supple-
mentary Appendix 1). The time-resolved spectra collected by LA-ICP-MS
reveal abundant coupled %7 Au and %7 Ag spikes, confirming that Au-Ag-
bearing particles imaged by FESEM-EDS and X-ray EPMA mapping
(Fig. 2b) are also present at depth embedded within the porous area
(Fig. 3c-d). Quantitative single-spot analysis obtained for the three
largest Au-Ag-bearing particles using EPMA indicate that these mineral
particles consist of 90.3-73.83 wt% Au, 7.08-19.76 wt% Ag and up to
3.22 wt% Hg (Supplementary Appendix 1).

4. Nanoscale study

4.1. Oscillatory zoning and (semi)-metal based nanoparticles of the
colloform pyrite

The two thin foils performed from the inner and outer portions of the
colloform pyrite from the Masa Valverde deposit successfully intersected
the pyrite bands with variable amounts of As, Pb and Sb, as well as
numerous solid inclusions consisting of these three elements (Fig. 4a-1).

The thin-foil #1 extracted from the inner portion of colloform
arrangement directly enveloping clusters of pyrite framboids sampled an
area with an oscillatory zoning defined by an alternance of < 500 nm
thick As-rich and As-poor pyrite bands (Fig. 4a-d and 5a). The HAADF-
STEM image show intragranular micron- and nano-sized crack seal as

L
ﬁalena. .

Thin-foil #2

N "

- Thin-foil #1

2 Arsenopyrite/“

Fhin-foil #3.

100 um
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well as pores and NPs < 100 nm in size within the As-rich bands (Fig. 4b
and 5b). These images combined with the TEM-EDS area mapping also
reveal that NPs containing Fe and/or As and/or Pb and/or Sb are pref-
erentially located in the As-rich bands (Fig. 5a-b). The measured d-
spacing from the HRTEM images indicates that NPs enriched in As
display d-spacing of 2.81 A matching the ideal reported in the literature
for the plane (111) in arsenopyrite (Table 1). In contrast, those showing
significant enrichment in Pb have a higher d-spacing of 3.42 A matching
that for the (111) plane of galena, and those with high Sb yield d-
spacing of 3.65 A that of the plane (220) of tetrahedrite [(Cu,
Fe)12Sb4S13] (Table 1). The HRTEM imaging and the SAED show that all
metal-bearing NPs are crystalline but may show similar (arsenopyrite)
or distinct (galena and tetrahedrite) orientation of their lattice fringes
compared to their crystalline As-rich pyrite matrix (Fig. 5c-h).

The thin-foil #2 extracted from the outer portion of colloform pyrite
also intersected oscillatory zoning (Fig. 4g-h) in this case consisting of an
alternance of thinner bands (<5 nm to ~ 100 nm) with contrasting As-
Pb contents (Fig. 4i-k, 6a-c and 7a-b). This zoning is often disrupted by
microfractures hosting submicroscopic inclusions of galena (Fig. 4k and
6a-c). HAADF observation of the As-Pb-rich pyrite bands pictures the
presence of several nanopores in these bands that were not identified in
As-Pb-free pyrite bands (Fig. 6d) as well as a complex polycrystalline
matrix with nano-sized domains (particles?) of arsenopyrite (Fig. 6e).
Noteworthy, this thin-foil also intersected several NPs of tens nanome-
ters size consisting of As and/or Pb and/or Sb attached at the contact
between the As-rich and As-poor pyrite bands. The high-resolution im-
ages coupled with the qualitative TEM-EDS elemental map and point
analyses confirm the existence of the same three types of crystalline
nano-sized mineral nanoparticles identified in the thin-foil #1, namely
arsenopyrite, galena and tetrahedrite (Fig. 7c-f). The structural obser-
vations (HRTEM images and corresponding selected area electron
diffraction (SAED) patterns) of the three largest NPs sampled in this thin-
foil reveal that they are hosted in polycrystalline matrices of As-rich and
As-poor pyrite. A single crystal of tetrahedrite (Fig. 7d) and a twined
nano-crystal of arsenopyrite (Fig. 7e) show common orientation to the
heterogenous As-rich pyrite matrix (Fig. 7d-f and Table 1). In contrast,
the smaller (~80 nm) grain of galena analyzed in this foil does not
exhibit common crystallographic orientation with the As-rich pyrite
matrix (Fig. 7c; Table 1).

Fig. 2. Back-scattered electron images and corresponding quantitative X-ray EPMA maps of the pyrites selected for this study from the Masa Valverde (a) and Tharsis
(b) deposits. Location of the four thin-foil sampled by means of FIB are inset in the figure.
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Fig. 3. Representative time-resolved LA- ICP-MS spectra collected during trace element analyses of pyrite showing the presence of several inclusions in the colloform
(a-b) from the Masa Valverde deposit and recrystallized pyrite (b-c) from the Tharsis deposit.

4.2. Au-Ag-Hg alloys in porous rims of pyrite from the stockwork

Two micrometric Au-Ag-Hg particles —one euhedral and another
anhedral on the surface of the polished thin section— located in the
porous area of euhedral pyrite from the Tharsis deposit were success-
fully sectioned with the FIB (Fig. 8a-1).

The cross-section of the euhedral grain sampled by the thin-foil #3
revealed the characteristic feature of well-developed polygonal faces
towards the contact with the host pyrite still at a depth of ~ 5 pm
(Fig. 8a-f). The FIB-FESEM image shown in Fig. 8b reveal that the Au-Ag-
Hg particle is an aggregate consisting of at least four euhedral domains
weakly identified in TEM-EDS mappings (Fig. 8d-f). These TEM-EDS
elemental maps of the area containing the inclusion and the hosting
pyrite also reveal an irregular patchy zoning of As and Co in pyrite,
which is an expression down to the nanoscale of the same zoning pre-
viously observed in X-ray EPMA mapping (Fig. 2b). This zoning is dis-
rupted by the Au-Ag-Hg inclusion. The HRTEM observations and fast
Fourier transform analyses (FFT) of the HRTEM images revealed that the
four internal domains of the Au-Ag-Hg particle are themselves mosaic-
like composite crystals made up of nanocrystallites with d-spacings of
~ 2.0 A and 2.36 A embedded in a matrix with more variable but wider
lattice d-spacing (2.50 to 2.53 A; Fig. 9a-b). Noteworthy, nano-
crystallites are more abundant towards the contact with the hosting
pyrite than in the inner portion of the Au-Ag-Hg inclusion. Further
investigation of the grain boundary between the Au-Ag-Hg inclusion and
pyrite reveals, in places, a crystalline As-rich pyrite matrix hosting
particles with the aforementioned 2.0 A d-spacing but with distinctively
different orientation (Fig. 9c; Table 1). In other places, the SAED pat-
terns allow us to identify two mismatched crystalline matrices: one
corresponding to the As-rich pyrite host exhibiting d-spacings of 2.17 A
and 2.40 A, and another one with d-spacing of 2.48 A very likely cor-
responding to the Au-Ag-Hg inclusion (Fig. 9e-f; Table 1). Interestingly,
those domains with the higher concentrations of Co and As located along

and faraway from the contact with the Au-Ag-Hg inclusion display even
higher d-spacings (3.72 to 3.89 A; Fig. 9d and f) than those reported in
the literature for pure pyrite (Table 1), thus confirming observations
that entering of As (and very likely Co) promoted an expansion of the
pyrite lattice.

The fourth thin-foil #4 that sampled the anhedral Au-Ag-Hg inclu-
sion is also fully embedded in a crystalline sulfide matrix to a depth of ~
3 pm (Fig. 8g-h). This inclusion, which exhibited an anhedral
morphology on the surface of the polished, is characterized at depth by
well-developed external outlines embayed against the host pyrite
(Fig. 8g-h). The FIB-FESEM and HAADF imaging along with TEM-EDS
mapping (Fig. 8i-1) reveal homogeneity within this grain. These TEM-
EDS elemental maps of the area containing the inclusion and the host-
ing pyrite also reveal a sharp contrast between the alloy and pyrite,
which is confirmed by HRTEM observations (Fig. 10a-b). However,
transitional interface defined by a continuous stacking of layers with
lattice rows yielding d-spacing of ~ 2.35 A grading inwards to the Au-
Ag-Hg consisting in a composite matrix with narrower (1.44 A) and
wider (2.47 ;\) crystalline domains is observed (see SAED in Fig. 10c).
On the other hand, in the sulfide matrix faraway from the contact with
the Au-Ag-Hg inclusion, there are high-crystalline domains of pyrite and
As-rich pyrite with locally higher d-spacings (2.55 or 3.56 A) (Fig. 10d-f)
intermediate between pyrite and arsenopyrite (Table 1).

5. Discussion

5.1. Origin of nanoscale chemical zoning and associated NPs in the
colloform pyrite

Microscopic examination (i.e., reflected light, FE-SEM and X-ray
EPMA mapping) reveal chemical variation of Fe, As, Pb, Sb and Cu
across the whole colloform pyrite (Fig. 2a). The nanoscale study in-
dicates that such variation is due to a rhythmic banding/oscillatory
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Fig. 4. A composition of back-scattered electron and negative HAADF images along with TEM-EDS elemental maps acquired for the inner (a-f) and outer (g-1)
portions sampled by the thin-foil #1 and #2 respectively from studied pyrite colloform from the Massa Valverde deposit. Rectangles insets in (d), and (j) correspond
to those areas investigated by HRTEM provided in the Figs. 5, 6 and 7 respectively.
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negative HAADF image of the selected area are shown in (a) and (b) respectively, whereas high magnification TEM images and corresponding SAED of NPs (galena,
tetrahedrite and arsenopyrite) and host pyrite matrices are shown in (c-h). Black rectangles with numbers inset in (a) correspond to those NPs of galena (1),
tetrahedrite (2) and arsenopyrite (3) shown in (c-h).



Table 1

Indexed SAED, FFT and HRTEM d-spacing values for As-rich pyrite matrices and NPs analyzed in this study compared with theoretical values from literature. Comparison data were acquired for pyrite by Bayliss (1977) and
Rieder et al. (2007), arsenopyrite by Bindi et al. (2012), galena by Noda et al. (1987), tetrathedrite by Peterson and Miller (1986) and Foit and Hughes (2004), gold by Davey (1925) and Jette and Foote (1935), and silver
by Wyckoff (1963) and Novgorodova et al, (1981).

(hkD (As-) Pyrite/arsenopyrite Pyrite (theoretical d- Arsenopyrite Galena Galena (theoretical Tetrahedrite (measured Tetrahedrite Au-Ag-Hg Au® Ag°
(measured d-spacing) spacing) (theoretical d-spacing) (measured d-spacing) d-spacing) (theoretical d-spacing)  (measured d- (theoretical d- (theoretical d-
d-spacing) spacing) spacing) spacing)
220 1.44 1.439/1.440 1.441/1.444
200 2.02 2.036/2.039 2.038/2.043
200 2.09 2.036/2.039 2.038/2.043
211/- 217 2.211 2.199
212
111 2.35 2.351/2.354 2.353/2.359
111 2.36 2.351/2.354 2.353/2.359
210/ 2.40 2.422 2.423
012
—121 2.46 2.441
2.47 Not reported Not reported
2.48 Not reported Not reported
2.50 Not reported Not reported
2.53 Not reported Not reported
—112 2.55 2.551
002/ 2.66 2.678/2.676
200
002/ 2.69 2.708
200
3.72 Not reported
111 2.74 2.811
111 2.81 2.811
200 2.96 2.961
111 3.10 3.126/3.127
111 3.13 3.126/3.127
111 3.42 3.420
3.56 Not reported
220 3.65 3.649/3.652
3.76 Not reported
3.79 Not reported
3.81 Not reported
011/ 3.89 3.898/3.896
110
Cell 5.37 5.38
(100)
Cell 5.38 5.38
(100)
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Fig. 6. Nanostructure of a selected are of the thin-foil #2 showing nanoscale chemical zoning disrupted by pyrite-filled fracture hosting a metal-bearing NPs of
galena. TEM-EDS elemental and negative HAADF image of the selected area are shown in (a-c), whereas (d) and (e) are the corresponding negative HAADF an
HRTEM images.
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Fig. 7. Nanostructure of a selected are of the thin-foil #2 showing coexistence of nanoscale chemical zoning and metal-bearing NPs. TEM-EDS elemental and
negative HAADF image of the selected area are shown in (a) and (b) respectively, whereas (c-d) are high magnification images of the NPs and their hosting pyrite
matrices; (f) SAED pattern showing identical orientation of arsenopyrite NPs and host pyrite matrix. Black rectangles with numbers inset in (a) correspond to those
NPs of galena (1), tetrahedrite (2) and arsenopyrite (3) shown in (c-h).



J.M. Gonzalez-Jiménez et al.

Ore Geology Reviews 145 (2022) 104875

Au-Ag-Hg

pyrite ¥ As-Co-rich

As-Co-rich
pyrite

As-Co-rich
pyrite

Fig. 8. A composition of back-scattered electron and negative HAADF images along with TEM-EDS elemental maps acquired for the euhedral (a-f) and anhedral (g-1)
Au-Ag-Hg inclusions sampled by the thin-foil #3 and thin-foil #4 respectively from pyrite of the Tharsis deposit.
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Fig. 9. Nanostructure of the contact between pyrite and hosted Au-Ag-Hg inclusion sampled by thin-foil #3 shown in Fig. 8b. (a-c) are HRTEM images with FFT inset,

whereas (d-f) show SAED.

zonation of individual As-(Pb)-rich and Fe-S layers less than some tens of
nanometers in thickness, with coexisting Sb-Cu-rich NPs (i.e., tetrahe-
drite) clustered in the As-(Pb)-rich bands (Figs. 4-7). These geochemical
and mineralogical observations clearly track changes in the composition
and physico-chemical conditions of hydrothermal fluid(s) involved in

10

the formation of the colloform pyrite (e.g., Ishida et al., 2021).

The fact that As-Pb-rich bands are only present in the outer portion of
the colloform pyrite documents the preferential entering of Pb at the
latest stages of colloform crystal growth. It may be related with the
infiltration of progressively hotter fluids enriched in base metals that
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Fig. 10. Nanostructure of the contact between pyrite and hosted Au-Ag-Hg inclusion sampled by thin-foil #4 shown in Fig. 8h. HRTEM images with FFT inset and
SAED for the Au-Ag-Hg inclusion are shown in (a-c), whereas HRTEM images the nanostructure of the pyrite host in the proximities of the contact with such inclusion

are shown in (d-f).

promoted maturation of the pyrite texture; from < 100 °C during the
formation of the pyrite framboids (Almodévar et al., 1998) to up to
200-300 °C in the outer portion of the colloform (Almodovar et al.,
1998; Saez et al., 1999). The coupled behavior of As and Pb in the outer
portion of the colloform pyrite has its expression at the nanoscale by the
presence of nano-sized domains (nanoparticles?) with d-spacing fitting
arsenian pyrite (Fig. 6e and Table 1). In addition, whilst there is no
corrosion rinds and truncated zoning within the inner portion of the
colloform texture sampled by the thin-foil #1 (Fig. 4a-d and 5a-b), they
could be observed in some areas of the outer portion of the colloform
pyrite sampled by the thin-foil #2 (Fig. 4g-1 and 6a-d). Overall, these
nanoscale observations document an almost continuous growth at the
initial stages of formation of the colloform structure —at expenses of
pre-existing nuclei of clusters of pyrite framboids— with certain equi-
librium between advancing crystallization surfaces of the pyrite crystals
and local fluids. In these initial stages of colloform growth, selective
partitioning of trace elements and crystal growth rates should exceed the
lattice diffusion rates, contrarily to the culminating stages which were
characterized by growth of the colloform with events of dissolution and
re-precipitation promoted by an intermittent supply of metals near the
surface of the growing pyrite.

On the other hand, the coexistence of NPs and nanoscale chemical
zoning in pyrite clearly suggests a dual mechanism of incorporation of
metals during the formation and evolution of the colloform pyrite, as
already documented in hydrothermal pyrite from many different styles
of hydrothermal mineralizations elsewhere (e.g., Deditius et al., 2011).
The observation that randomly oriented galena NPs are preferentially
attached the edges of the As-(Pb)-rich pyrite bands of the inner and outer
portion of the colloform (Fig. 5a-c and 7a-c) suggests co-precipitation of
these metal-bearing NPs and As-rich pyrite. Moreover, similar re-
lationships and droplet-like morphology displayed by tetrahedrite NPs
and host sulfide matrix in the inner portion of the colloform structure
(Fig. 5e-f) is also compatible with formation of metal-bearing NPs via
direct deposition rather than exsolution (Jian et al., 2022). The fact that
these NPs are attached to arsenian pyrite surfaces highlights the key role
played by arsenian pyrite in promoting the stabilization of metal-
bearing NPs (Becker et al., 2010; Deditius et al., 2011, 2014). Previ-
ous works have shown that when As (i.e., As™!, As®, As*®) substitutes S
or Fe in pyrite, it induces an expansion of the structure due to the larger
effective ion radius of As relative to that of S and Fe (Simon et al., 1999;
Blanchard et al.,, 2007; Deditius et al., 2008; Kesler et al., 2010;
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Merkulova et al., 2019; Zhang et al., 2021). Such expansion of the
crystal lattice promotes the development of crystal defects (e.g., Fleet
et al., 1989; Simon et al., 1999; Palenik et al., 2004) resulting in elec-
trically imbalanced growing surfaces. These mineral surfaces are ideal
for reactive destabilization (e.g., chemisorption) of metal-ligand com-
plexes carried by the hydrothermal fluid, thus leading the observed non-
oriented growth of NPs (Fleet and Mumin, 1997; Li et al., 2012; De
Yoreo et al., 2015; Jian et al., 2022; Ishida et al., 2021). TEM-EDS
mapping of our colloform-textured pyrite reveals antithetic As-S corre-
lation (Fig. 4c-d and i-j) consistently with As by S substitution, whereas
HRTEM and SAED data confirm such expansion of the pyrite lattice
(Table 1).

Moreover, the presence of tetrahedrite inclusions with drop-like
morphology (e.g., Fig. 5e) raises the possibility of a mechanical
entrapment of an immiscible volatile-rich fluid/melt (Ciobanu et al.,
2012). The contribution of a volatile-rich fluid/melt during NPs for-
mation is also suggested by the presence of abundant nanopores in these
As-rich pyrite bands (Fig. 5b), which would nucleate or stabilize on the
more reactive As-rich pyrite surfaces too. The formation of a metallic
melt could account through adsorption-reduction mechanisms on the
pyrite surfaces via direct scavenging of metals from aqueous fluids (e.g.,
Tooth et al. 2008, 2011) without a requirement for the ore fluid to be
saturated with the constituent metals (Jian et al. 2021). These melts
could therefore efficiently partition low melting point chalcophile ele-
ments such as As, Sb or Cu that now form NPs and other micron-sized
inclusions in colloform pyrite. Polymetallic melts containing the afore-
mentioned elements may survive down to very low (<300 °C) temper-
atures (e.g., Frost et al., 2002). For instance, experiments of partial
melting conducted for the Fe-Cu-Pb-Sb-As-S compositional system
indicate that As-S compounds melt at < 115 °C whereas As—(Fe)-S melts
appear at 281 °C in the ternary As—Fe-S and Cu-As-S systems (Hall and
Yund, 1964; Maske and Skinner, 1971; Chang and Bever, 1973). A first
melt containing Pb, Sb and S forms in the metal-rich portion of the
Pb-Sb-S system at 240 °C (Craig et al., 1973) and at slightly higher
temperatures of 305 °C in the system Pb-As-S. In addition, melting
temperatures of metal-bearing NPs is size-dependent and decrease
dramatically at the nanoscale compared with bulk counterparts (e.g.,
Buffat and Borrel, 1976; Castro et al., 1990; Burda et al., 2005; Becker
et al., 2010). However, the limited available data on the stability of
polymetallic (Fe-Cu-Pb-Sb-As-S) melts at the nanoscale range does not
permit to dismiss or confirm the possibility that some of the NPs
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identified in the studied colloform pyrite precipitated directly from low-
temperature melts. At least, some of the temperatures are geologically
reasonable because they overlap the aforementioned temperatures of
formation of colloform pyrite estimated by fluid inclusion studies for
polymetallic massive sulfide lenses in VMS deposits from the IPB (~250
°C; Almodovar et al., 1998). In the proposed scenario, the precipitation
of metal-based NPs vs solid solution in pyrite should reflect the fact that
the hydrothermal fluid became somehow locally supersaturated in
metals far beyond the solubility limit of pyrite (e.g., Deditius et al.,
2014).

In contrast, other tetrahedrite and arsenopyrite NPs show internal
crystallographic features alienated with host pyrite (Fig. 5g-h and 7d-f).
Although oriented attachment on growing As-rich pyrite surfaces could
effectively account, an origin of these NPs related to the exsolution of
certain elements originally retained in solid solution in the pyrite lattice
cannot be completely ruled out (e.g., Zhang et al., 2021). Indeed, the
nano-sized domains (nanoparticles?) of arsenian pyrite imaged within
the As-Pb-rich bands (Fig. 6e) may provide evidence for the heteroge-
neous dissolution of metals in these pyrite bands.

Finally, larger galena and arsenopyrite NPs identified in the outer
portion of the colloform pyrite are associated with fractures disrupting
the As- and Pb-rich growth bands (i.e., NPs enclosed in the rectangles
inset in Fig. 4j corresponding to the areas shown in Figs. 6 and 7). That
these NPs are connected with the healed crack-seal of pyrite support
their full crystallization in crack-seal postdating pyrite solidification,
which may be linked to refining processes related with both the on-going
late hydrothermal activity and/or the Hercynian deformation meta-
morphism (Almodévar et al., 2019). In this scenario, that NPs are both
unoriented (galena) and oriented (arsenopyrite) relative to the host
pyrite highlight the complexity of fluid-solid interaction at the nano-
meter scale during these latter processes, which are still poorly under-
stood (e.g., Lee et al., 2016). It is worth to note that similar nanoscale
relationships with Au-bearing NPs disrupting Co-Ni zonation in As-free
pyrite have been documented in the Dongping and Huangtuliang de-
posits in the Hebei Province, China (Cook et al., 2009; Ciobanu et al.,
2011, 2012). In this latter case, NPs were interpreted as the “frozen”
solid expression of metal-bearing vapor discharged during the orogenic
overprint long time after pyrite was formed (Ciobanu et al., 2012).

5.2. Fluid-mediated coupled dissolution-reprecipitation of pyrite promotes
formation of polycrystalline Au-Ag-Hg

Pyrite from the Tharsis deposit display porous zones enriched in Co
containing abundant Au-bearing NPs (Fig. 2b). Such chemical variation
identified at the micron-scale by means of FE-SEM, X-ray EPMA maps
and single-spot LA-ICP-MS has also its expression down to the nanoscale
by a patchy zoning defined by irregular distribution of Co- and As-rich
bands of 200-500 nm in thickness (e.g., Fig. 2b and 8c-d). HAADF-STEM
and TEM-EDS investigation of these porous zones in pyrite shows that
Au-Ag-Hg particles disrupt the continuity of these irregular Co— and As-
rich bands (Fig. 8c-d), evidencing their later origin. Consistently, SAED
data show mismatch in the orientation of the lattice fringes of the Au
particle and hosting pyrite (Fig. 9¢). In this regard, the anatomy of the
contact between Au-Ag-Hg inclusions and pyrite characterized by
mutual embayment suggests that Au-Ag-Hg are negative crystals occu-
pying spaces indeed originated in pyrite. This later observation along
with fact that in places there is a sharp boundary between the Au particle
and host pyrite defined by a stacking of Au®/Ag® growth bands (Fig. 10a)
suggest a mechanism of coupled dissolution-reprecipitation reaction
(CDRR; Putnis, 2002; Xia et al., 2009; Sung et al., 2009). Here, this
mechanism proceeded via the complete dissolution of the pre-existing
As-poor pyrite while promoting micron-scale porosity, coupled at the
nanometer scale with precipitation of polycrystalline As-Co-rich pyrite
and Au-Ag-Hg particles.

HRTEM investigation suggests that the polycrystalline As-Co-rich
pyrite matrix is due to a heterogenous mix of two different matrices
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consisting of As-free pyrite and arsenopyrite(see whole set of measure-
ments in Fig. 9¢-f, Fig. 10d-f and Table 1). The d-spacings 2.17 A and
2.40 A identified by means of SAED in the thin-foil 3 (Fig. 9e) are lower
than the 2.21 A and 2.42 A d-spacings corresponding to (211) and
(210) of pure pyrite, but slightly closer to the 2.19 A and 2.42 A d-
spacings corresponding to (—212) and (01 2) of arsenopyrite (Table 1).
In contrast, the constant d-spacing 2.55 A measured in the sulfide matrix
faraway from the contact with the Au-Ag-Hg inclusion in the thin-foil 4
(Fig. 10e-f) is not present in pyrite but in various interplanar hkl of
arsenopyrite (Table 1). Moreover, the set of d-spacings ranging from
3.56 A to 3.81 A (Fig. 9c-d and 10f) are not identified in pure arseno-
pyrite and may be interpreted as intermediate between both structures.
Finally, the d-spacing 3.89 A overlap (Fig. 9f) within error d-spacing
varying from 3.87 to 3.89 A recognized in several planes of arsenopyrite
(Table 1). These variations in the chemistry and d-spacing may reflect
the distortion of the original pyrite matrix as a result of CDRR processes.

Similarly, the two particles of Au-Ag-Hg sampled in thin-foils #3 and
4 are polycrystalline. As seen in Figures 9a-c and 10a-c they are heter-
ogenous aggregates of nano-sized crystallites with d-spacings from 1.44
to 2.3 A embedded in a crystalline matrix with wider inter-atomic spaces
(2.50 to 2.3 A). The interplanar spacings 2.0 A and 2.36 A identified in
the two particles analyzed here (Figs. 9a-b and d) fit well with the
interplanar spacing (200) and (111) of the fcc structures of both Au®
and Ag® (Table 1). Seemingly, the measured d-spacing of 1.44 A iden-
tified in the thin-foil #4 (Fig. 10c) also matches well with the d-spacing
1.44 A of (220) of both Au® and Ag0 (Table 1). However, due to very
similar lattice constant values of Au’ (4.08 A) and Ag0 (4.09 Z\), it is not
possible to decipher whether these particles are single domains of Au’,
Ag® or a combination of both. The TEM-EDS maps acquired for these
nano-scale domains reveal a homogenous distribution of Au and Ag at
the relevant scale, leading to the suggestion that these particles could
correspond to bimetallic nanocrystals of electrum instead of simple
mixture of monometallic particles of Au and Ag. It is worth to note that
Sanchez-Ramirez et al. (2008) synthesized nanocrystals of electrum with
d-spacings identical to those measured here, i.e., 2.35 A corresponding
to (111) of electrum with Au/Ag = 1/1 and 2.04 A for metallic ion
solution with Au/Ag = 1/3. The results of these authors highlight that
individual nano-domains with varying Au/Ag ratios may also exhibit
significant differences in the interplanar spacings, with the entering of
Ag promoting more closet packaging of the structure and therefore
reduction of interplanar d-spacing. Thus, the d-spacings varying from
1.44 to 2.3 A observed in our nanocrystallites may reflect alloying of Au
and Ag at varying abundances. In contrast, wider inter-atomic spaces of
2.50 to 2.53 A forming the matrix hosting these nanocrystallites may be
assigned to the entering of Hg in the structure. Structural studies of Au-
Au-Hg alloys indicate that increasing contents of Hg effectively result in
a distortion (i.e., expansion) of the Auo, AgO or electrum structures
owing the higher average metallic radius of Hg (1.55 A) relative to Ag
(1.45 A) and Au (1.44 A) (Massalki, 1957; Wells, 1984; Bindi et al.,
2018). Single EPMA data indicate that the inclusions may contain up to
3 wt% Hg, which is enough to promote the observed variations of lattice
parameters.

Recognition of the Au-Ag-Hg inclusions made up of multiple crystal
domains including of nano-crystallites of Au®/Ag® or electrum raises the
possibility that NPs catalyzed the formation of these heterogeneous
crystals. In the classical crystallization theory, crystal growth is
described as the addition of atoms or ions (i.e., building blocks) to the
crystal lattice (Lee et al., 2016 and references therein). Furthermore, the
formation of heterogenous (polycrystalline) crystals is related to the
growth of randomly oriented crystalline domains because of defects,
which may account by the addition of impurities when building blocks
are supplied at solid-fluid interfaces. In reality, however, this classical
model reflects only a part of the picture because heterogeneous crystal
growth may be also achieved by assembly and merging of NPs (Wang
et al., 2014). In our study case, the higher abundance of nanocrystallites
of Au®/Ag® or electrum in the proximities to the contact with host pyrite
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(e.g., Fig. 9a-b) suggests that NPs played a key role in the formation of
the polycrystalline structure of the Au-Ag-Hg inclusions. These NPs
occurred as a short-lived intermediary between metal ions in true so-
lution and the larger polycrystalline Au-Ag-Hg mineral during the
earlier stages of CDRR (Hochella et al., 2008; Lee et al., 2016), while
their preservation should have been favored at the reaction front of the
dissolving pyrite representing a disequilibrium frontier (Colfen and
Antonieti, 2005; Fang et al., 2011; Zhou and O’Brien, 2012). In fact,
recent studies have already suggested that micron-sized crystals of Au
with variable amounts of Ag and other trace elements may form via the
assembly of smaller “precursor” Au NPs eventually carried by fluids or
originated at the solution-solid interfaces (e.g., Saunders and Burke,
2017; McLeish et al., 2021; Hastie et al., 2021; Petrella et al., 2021). The
small size (<10 nm) of many of the NPs identified here would suggest
colloidal stabilization soon after the NPs nucleation. Fluid inclusion
studies (Almodévar et al., 1998; Nehlig et al.,1998; Marignac et al.,
2003) indicate that metal (re)-deposition in stockworks of the IPB was
dominated by high-temperature (~350 °C), acid, oxidant high-saline
fluids with low sulfur activity. Under these conditions, chloride com-
plexes (AuCl) were the dominant carriers of Au, Ag and Hg in aqueous
solid solution (Huston and Large, 1989; Leistel et al.,1998; Seward et al.,
2014). It is very likely that once these fluids interacted with pyrite it
promoted the “in situ” destabilization of these complexes and concomi-
tant nucleation of the precursor Au-bearing NPs (e.g., McLeish et al.,
2021). This milieu locally saturated with respect to gold/electrum
shifted later to a later growth by coalescence or Ostwald ripening in
order to produce the micron-scale ingrowth of the Au-Ag-Hg inclusions
(Polte, 2015; McLeish et al., 2021). Our observations do not permit to
dismiss or confirm the possibility that precursor Au NPs could be formed
in situ at the pyrite reaction front from certain amount of Au liberated
from the host pyrite during the CDRR processes instead to be supplied by
the hydrothermal fluid alone (e.g., Hastie et al., 2021). However, single-
spot data indicate relatively higher amounts of Au in in the porous zones
than in homogeneous inclusion-free areas of this pyrite type. This
observation suggests that although few amounts of Au could be certainly
released from the pyrite host, most of it was probably supplied by the
infiltrating fluid that produced alteration of pre-existing pyrite. On this
line, we should stress that a number of experimental (Frens, 1973; Weitz
and Huang, 1984; Liu et al., 2019) and empirical (Saunders, 1990;
Herrington and Wilkinson, 1993; Harrichhausen, 2016; Saunders and
Burke, 2017; Burke et al, 2017; Hannington and Garbe-Schonberg,
2019; Prokofiev et al., 2020; McLeish et al., 2021) works have provided
substantive evidence that hydrothermal fluids relevant for the formation
of a range of mineral deposits (epithermal, carlin, porphyry) might carry
Au as suspended NPs. The recent documentation of Au NPs in sub-aerial
geothermal systems (Hannington et al., 2016; Kanellopoulos et al.,
2017) and submarine hydrothermal vents (Gartman et al., 2018) sug-
gests that Au NPs may be also important contributors to VMS deposits.
This mechanism of Au transport known as “colloidal” can concentrate up
to ~ 5,000 times more Au in solution than as dissolved species (Liu et al.,
2019), with NPs able to form at any time of the evolution of the hy-
drothermal ore system (Petrella et al., 2021). However, we do not have
compelling evidence supporting that in the hydrothermal ore system of
Tharsis, Au was physically transported in the hydrothermal fluid over
large distances. This is clearly a fertile field for further investigation.
On the other hand, the voids of porous pyrite from Tharsis containing
the Au-Ag-Hg particles also host a plethora of minerals of the Bi-Te-Cu-
Se-Sb-S system (Marcoux et al., 1996; Leistel et al., 1998), including Bi®
(Fig. 2b). This highlights that precursor NPs might also form via solid-
ification of nano-sized Au- and Ag-rich polymetallic melts enriched in
low melting point chalcophile elements (LMCE) such as Bi, Te or Sb.
Some recent studies support Au concentration by LMCE-rich melts in
hydrothermal fluids, including those typically involved in the formation
of VMS deposits (Tooth et al., 2011; Zhou et al., 2017). In addition, there
is now abundant evidence for a genetic role for polymetallic melts as an
alternative mechanism for Au deposition in a range of hydrothermal
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deposits (McCoy, 2000; Cook and Ciobanu, 2004; Cepedal et al., 2006;
Guimaraes et al., 2019; McFall et al., 2018; Gonzalez-Jiménez et al.,
2021; Jian et al., 2022) as well as in modern VMS systems (e.g., Southern
Gorda Ridge; Toermanen and Koski, 2005). Experimental (Douglas,
2000; Tooth et al., 2008) and empirical (Farrow and Watkinson 1992;
Ciobanu et al., 2005, 2010; Jian et al., 2022) results in the Au-Ag-Te-Bi-
Na-Cl-S-H-O system show that Au-Te-Bi-rich melts may separate from
hydrothermal fluid at anytime during their cooling path at temperatures
as low as 300 °C down to 135 °C. For example, native Bi melts at 271 °C
whereas Bi-rich polymetallic assemblages of Au-Bi have an eutectic at
241 °C. Likewise, polymetallic melts consisting mainly of Au, Ag, and Te
with additional Fe, S, Cu and Pb have been documented in some hy-
drothermal lode gold from Xiaoqinling in Central China at temperatures
as low as 135 °C (Jian et al. 2021). All these temperatures are much
lower than temperature estimated for the precipitation of hydrothermal
pyrite during the formation of the IPB stockwork ore systems (~350 °C;
Almodovar et al., 1998) and their later overprint by metamorphic-
related hydrothermal fluids (up to 380 °C maximum; Marignac et al.,
2003). On this line the infilling nature of the Au-Ag-Hg particles in pores
within pyrite evidences the existence of Au-bearing polymetallic nano-
melts in the studied samples, although the primary hydrothermal vs.
metamorphic-related hydrothermal origin of these metals is uncertain. It
is noteworthy that nano to-micron-sized Au-rich polymetallic droplets
trapped as primary melt inclusions have been recently identified in
hydrothermal pyrite from the Kenty Au deposit in Canada (Hastie et al.,
2021) and the Xiaoqginling Au district in China (Jian et al., 2022),
concluding that a combined transport of Au by nano-sized melts and NPs
is possible in hydrothermal ore systems at the nanoscale realm.
Although demonstrated for Fe-As-S (e.g., Deditius et al., 2008), the role
of nanomelts in controlling Au partitioning in hydrothermal melts have
not been explored yet in experiments. If nanomelts were entrained in the
hydrothermal fluids involved in the formation and evolution of the
Tharsis deposit it could overcome the high Au enrichment in the studied
samples, providing an alternative/complementary mechanism to those
discussed above.

6. Conclusions

This study provides the first ever nanoscale characterization, using a
combination of FIB-HRTEM, of hydrothermal pyrite from volcanogenic
massive sulfide deposits of the IPB. The analysis of pyrites from the
Tharsis stockwork and Masa Valverde polymetallic (Pb-Zn) massive
sulfide lens of this metallogenic province reveals a complex nanoscale
structure. Chemical zoning in terms of Fe, As, Pb, Sb and Cu in colloform
pyrite from the polymetallic mineralization formed at < 300 °C is
related to individual (<10 nm) As-(Pb)-rich and Fe-S layers as well as
abundant NPs of arsenopyrite, galena and tetrahedrite. The origin of
these nanoparticles can be related to processes already reported in the
literature: (1) direct precipitation from the hydrothermal fluid or poly-
metallic melts entrained in them contemporaneously or after pyrite
formation, and (2) exsolution of certain amounts of trace elements
initially dissolved in the pyrite structure. In contrast, Co-Ni enrichment
in porous zones of euhedral pyrite collected from the stockwork
mineralization is related with irregular distribution of nano-sized do-
mains of arsenian pyrite and/or arsenopyrite in As-free pyrite. This type
of pyrite contains Au-Ag-Hg inclusions consisting of crystalline nano-
domains and NPs of Au®/Ag® or electrum, whose origin may be mainly
related with precious metals mobilized along with semimetals like Hg or
Bi by hydrothermal fluids or melts that circulated during stockwork
formation or afterwards during regional metamorphism at higher tem-
peratures in the range of 350-380 °C. Finally, our nanoscale study
indicate that the relatively high concentrations of the trace metals
measured by EMPA and LA-ICP-MS in pyrite from the IPB need to be
reconsidered, owing the fact that these pyrite grains may contain
abundant metal-based NPs. On a more positive note, the identification of
NPs in pyrite grains from VMS deposits of the IPB can give a wider
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perspective on the sources and evolution of the these economically
interesting deposits.
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