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Abstract

Sphalerite (ZnS) is a sulfide found in a large variety of ore deposits and is frequently
hosted in metamorphic terranes that have undergone deformation and related recrystallization.
However, deformation mechanisms of sphalerite are still poorly understood because
recrystallization evidence is barely visible under the optical microscope and may reflect
complex and frequently multistage mechanisms. Furthermore, sphalerite may host up to a few
thousands ppm of critical metals such as gallium (Ga), germanium (Ge), and indium (In).
Metamorphic conditions and dynamic recrystallization may have induced local or total
redistribution of these elements. Modern techniques such as electron backscattered diffraction
analyses (EBSD) and laser induced breakdown spectroscopy (LIBS) applied on sphalerite
allow to detect grain boundaries, crystal-plastic deformation and internal chemical diffusion,
which classically reflect active deformation mechanisms. In this study, a microstructural and
first time. The four sphalerite types present different deformation imprints although they are
hosted in a similar geological setting: the Pyrenean Axial Zone and the Montagne Noire
Variscan massifs (France). Based on EBSD and LIBS mapping, we describe two regional
sphalerite growth stages composed of dark red crystals with polygonal shape (type i;
Bentaillou-Liat deposit) and light to dark-brown euhedral crystals (type iii; Saint Salvy
deposit). New investigation at microscale on sphalerite grains from the Saint-Salvy deposit
shows late Cu-Ge-Ga enrichment not only in specific sector zonings, but also in grain
boundaries, growing crystal edges and in low angle misorientation or twin boundaries.
Following a deformation event that probably occurred during the Pyrenean-Alpine orogeny,
these two sphalerite mineralizations have both endured plastic deformation in a dislocation
creep regime and dynamically recovered by subgrain rotation (SGR) mechanism. Two

mechanisms of Cu-Ga-Ge spatial redistribution are observed and are key processes for the
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crystallization of Cu-Ga-Ge-rich minerals in sphalerite veins. The first mechanism involved
the in-situ redistribution of Cu-Ga-Ge contents from a pre-existing concentration in the
sphalerite lattice (type iii, Arre deposit), creating Ge-sulfides (briartite), probably during
Pyrenean-Alpine orogeny. Formation of this type of Ge-mineral may be related to solid-state
diffusion processes. The second mechanism is associated with the circulation of a Cu-Ga-Ge-
rich fluid in surrounding rocks. In the pre-existing polygonal sphalerite from Late-Variscan
veins (type ii, Pale Bidau deposit), millimeter size bands of small (<50 um), recrystallized
sphalerite grains are locally observed. Thos domains contain inclusions of Cu (chalcopyrite),
Ga and Ge minerals (brunogeierite, carboirite). Fluid-induced diffusion in the polygonal
sphalerite aggregates may occur with superimposed dynamic recrystallization, such as the
Late-Variscan veins (type ii, Pale Bidau-type). During post-Variscan time, this fluid enriched
in Cu-Ga-Ge largely circulated in the upper-crust of this Variscan terrane. This study
highlights the key importance of coupled textural (EBSD analyses) and in-situ chemical
analyses (LIBS mapping) of diverse sphalerite types at regional scale in order to indirectly

unravel the origin of vein mineralization, and their related critical metal distribution.
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1. Introduction

Sphalerite is a base metal sulfide extensively mined for zinc (Zn) that frequently hosts
by-products such as germanium (Ge), gallium (Ga) and indium (In), considered as critical
metals by the U.S (U.S. Geological Survey. 2019) and the E.U. (European Commission.
2020). The largest volumes of sphalerite are reported in sediment-hosted and volcanogenic
massive sulfide ore deposits (SHMS and VHMS) that are frequently documented in deformed
and metamorphosed geological environments. In this case, sphalerite may show evidence of
dynamic recrystallization with frequent “core-mantle” recrystallized texture and/or static
recrystallization with textures made of coarse equant polygonal grains (Gilligan and Marshall
1987; Plimer 1987; Wagner and Cook 1998; Vikentyev et al. 2016; Cugerone et al. 2020).

Observations on both naturally and experimentally deformed sphalerite samples
revealed that, at low-grade conditions (<400 °C, 200-500 MPa) crystal-plastic deformation
and dynamic recrystallization of sphalerite occur, demonstrating the relative softness of
sphalerite compared to other sulfide minerals such as pyrite and gangue minerals such as
quartz (Stanton and Gorman 1968; Gill 1969; Clark and Kelly 1973a; Siemes and Borges
1979; Siemes and Hennig-Michaeli 1985; Pesquera and Velasco 1993). Before the emergence
of modern microstructural mapping techniques such as electron back-scattered diffraction
(EBSD), only a few experimental works have described sphalerite deformation mechanisms
such as translation gliding and twin gliding parallel to {111} planes (Siemes et al. 1973) and
the presence of deformation-twinning during axial compression between 450 to 600 °C at 300
MPa (Couderc et al. 1985).

Identifying the mode of plastic deformation and recrystallization in sphalerite is essential
because these mechanisms may affect its critical metal contents (Ge, Ga, In, Cd; Cugerone et
al. 2020). In weakly deformed environments, critical metals such as Ge, Ga, In are frequently

considered to be incorporated in the sphalerite lattice (Bélissont et al. 2014; Frenzel et al.
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2016; Bauer et al. 2019). These critical metals may be hosted in specific domains in
sphalerite, such as oscillatory bands (colloform layers; Luo et al. 2022; Sun et al. 2023)
associated with acicular crystals. Or they may be concentrated in euhedral crystals with
internal zones such as rhythmic bands with angular and straight geometry and sector zones
with general triangular or trapezoidal shape (Di Benedetto et al. 2005; Bélissont et al. 2014).
One particularly well-studied example of weakly deformed sphalerite is from the Saint Salvy
deposit (Johan 1988; Bélissont et al. 2016), where coarse millimeter size crystals are zoned
with light to dark brown rhythmic bands and sector zones. The sector zones are richer in Cu,
Ge and Ga (up to 7440 ppm Cu, 2500 ppm Ge and 1054 ppm Ga) than the rhythmic bands (up
to 4074 ppm Cu, 340 ppm Ge and 919 ppm Ga; Bélissont et al. 2014). This type of sphalerite
has formed in a low temperature hydrothermal environment (< 150°C; Munoz et al. 1994) and
shows relatively poor In contents (< 100 ppm In; Bélissont et al. 2014). In the sphalerite
lattice, Ga and Ge incorporation is well known and commonly associated with two
substitution mechanisms correlated with Cu and or Ag: 3Zn*" < Ge* +2(Cu, Ag)" and
37n*" & Ga*' + Cu’ (Johan 1988; Cook et al. 2009; Ye et al. 2011; Bé¢lissont et al. 2014;
George et al. 2016; Bauer et al. 2019; Fougerouse et al. 2023). However, plastic deformation
of sphalerite and metamorphic processes may redistribute Cu, Ga, Ge, involving the new
formation of nano to micro Cu(-Ga)-Ge minerals as shown by Cugerone et al. (2020).
Nonetheless, despite recent studies on the impact of recrystallization on sphalerite
(Lockington et al. 2014; George et al. 2016; Cugerone et al. 2020; Paradis et al. 2023), the
link between metamorphic imprint coupled to trace element distribution in sphalerite is still
poorly understood. Complex textures and heterogeneous chemical distributions at micro- to
nanoscale is commonly observed in these deformed systems, and the use of EBSD technique
and trace element mapping, from micro to nanoscale is key before making interpretation for

the incorporation mechanism in sphalerite (Fougerouse et al. 2023).
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In this study, we have selected four types of sphalerite displaying variable degrees of
deformation, from weakly deformed to fully recrystallized. These sphalerite types are located
in two similar geological settings hosted in the Variscan Pyrenean Axial Zone and Montagne-
Noire (Saint-Salvy deposit). Similarities in their genesis and chemical contents between Saint-
Salvy and Pyrenean sphalerite allow to consider the Saint-Salvy sphalerite as a reference
sphalerite, which did not record an important deformation and metamorphic imprint (Johan
1988; Bélissont et al. 2014, 2016). The EBSD method was used to map grains textures and
analyze crystallographic orientations of four types of sphalerite from the two main Pb-Zn
mineralizing events reported in the South of France (Variscan and post-Variscan). Coupled to
EBSD analyses, laser-induced breakdown spectroscopy (LIBS) chemical maps illustrate the
intertwined associations between microstructures and trace element (Cu, Ga, Ge) distribution
at microscale to explain the chemical mechanisms and their relationships with deformation

and metamorphism.

2. Geological setting and sphalerite types

presentation

The studied Pb-Zn deposits are hosted in the Paleozoic basement of the Montagne Noire
(MN; South of the Massif Central) and the Pyrenean Axial Zone (PAZ; including Basque
massifs; Figs. 1A and 1B) which are mostly composed of Paleozoic metasedimentary rocks,
Ordovician gneiss, and Carboniferous granites (Fig. 1B). During the Variscan orogeny
(Carboniferous- to Early-Permian), deformation and metamorphism involved the formation of
a main foliation (S1) and a cleavage (S2) in Pre-Carboniferous rocks (Zwart 1963; Mezger
and Gerdes 2016; Trap et al. 2017). Following the Variscan orogeny, a long period of
Mesozoic lithospheric extension occurred until Early-Cretaceous times (Clerc et al. 2015).

Between Late-Cretaceous and Miocene times, a second tectonic inversion period,
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corresponding to the Cenozoic Pyrenean-Alpine orogeny, is generally recognized close to
regional-scale thrusts and faults, with limited extension and imprint on the surrounded rocks
(Cochelin et al. 2017).

In Western Europe, a large number of Pb-Zn stratabound and crosscutting vein
deposits are reported in the Variscan basement and the Mesozoic sedimentary cover. They
host significant amounts of Ge, Ga and In in sphalerite (Bélissont et al. 2014; Bauer et al.
2017; Walter et al. 2018). In these massifs (Fig. 1B), sphalerite veins generally formed at low-
to medium-temperatures (100-300 °C) and  are associated ~ with  two
hydrothermal/metamorphic periods: (i) Variscan Pb-Zn stage is related to the end of the
widespread Variscan magmatism and metamorphism (Cugerone et al. 2021b); (ii) Post-
Variscan Pb-Zn stage is commonly associated with vast extension periods and fluid
migration(s) along unconformities (Muchez et al. 2005; Cathelineau et al. 2012; Bons et al.
2014).

In Variscan terranes of the MN massif and the PAZ (Fig. 1B), Pb-Zn mineralizations
are similarly composed of two mineralizing stages (Variscan and post-Variscan). Four
sphalerite types can be described:

Type (i) sphalerite is part of the epigenetic stratabound stage and is synchronous to the
main Variscan magmatic event (Cugerone et al. 2021b; Fig. 1C). In the PAZ, many districts
are mostly composed of this type (i) sphalerite such as the Bentaillou-Liat mine (Cugerone et
al. 2021b), Pierrefitte, and Cinco Villas districts which were mined during the 20th century
(Pouit 1986; Pesquera and Velasco 1989; Cugerone et al. 2018b, 2021b). At Bentaillou-Liat,
Pb-Zn mineralization is hosted in Cambro-Ordovician marbles and located in the upper-flank
of a pluri-kilometer-scale recumbent F1 fold (Garcia-Sansegundo and Alonso 1989; Cugerone
et al. 2018b, 2021b). Type (i) sphalerite is probably related to a skarn-like origin and has

endured regional low-grade M1 metamorphism (300-400 °C) with the occurrence of
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muscovite associated with sphalerite (Cugerone et al. 2021b). Type (i) sphalerite exhibits
polygonal grain boundaries and is characterized by the absence of Cu, Ga and Ge in the
crystal lattice (Cugerone et al. 2021a).

Type (ii) sphalerite occurs in crosscutting Late-Variscan veins (Cugerone 2019;
Fig. 1C), probably genetically related to the remobilization of Variscan stratabound ore in
vertical Variscan S2 cleavage (Cugerone et al. 2018b). In the Pale Bidau-Argut-dessus
district, these meter-scale veins are hosted in Ordovician calc-schists and are mostly sub-
vertical and parallel to the N090°-to-110°E trending S2 Variscan cleavage (Cugerone et al.
2018b). One decimeter-scale crosscutting vein in the Liat deposit also shows a vertical
orientation, crosscutting earlier Variscan stratabound veins. Fluid inclusion analyses
demonstrate that the mineralizing fluid had a typical metamorphic fluid signature of medium
temperature (200-260 °C), low-salinity (<10 wt.% NaCl eq.) and low Cl/Br ratio (Johnson et
al. 1996; Cugerone 2019). However, secondary fluid inclusions with low-temperature (100-
150 °C) and medium salinity (10-15 wt.% NaCl eq.° are generally observed in fractures,
inferring the circulation of a secondary hydrothermal fluid superimposed on the pre-existing
Late-Variscan Pb-Zn mineralization. In the type (ii) sphalerite, millimeter-thick iron-rich
zones are spatially associated with a pronounced late structural cleavage mainly observed
with grain size variations (from 5 pm to pluri-millimeter size). Ge-oxides (up to 70 wt.% Ge)
are essentially reported in the finest sphalerite-recrystallized matrix or close to type (ii)
sphalerite twin boundaries (Cugerone et al. 2018a and Cugerone et al. 2021a). The
recrystallization age is still not clear between Late-Variscan and Pyrenean-Alpine
deformation times because of the lack of field evidence and suitable minerals associated with
deformation structures. Furthermore, the structural cleavage related to preferential
recrystallization planes in type (ii) sphalerite shows the same orientation as the Variscan S2

cleavage (N090-110°) in the host-rock, but Pyrenean-Alpine cleavage could have a similar
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orientation so orientation is not diagnostic of age (Cochelin et al. 2017; Cugerone et al.
2018Db).

Post-Variscan crosscutting veins are generally enriched in critical metals (especially
Ge, Ga). These veins are associated with the circulation of low-temperature (< 150 °C) and
medium-high-salinity hydrothermal fluid (> 15 wt. % NaCl eq.)(Munoz et al. 1994; Cugerone
2019).

Type (iii) sphalerite appears in crosscutting veins from the Saint-Salvy Zn—-Ge-Ag(—
Pb—Cd) deposit, in the MN massif (Fig. 1C). This deposit is hosted in Cambrian black-schist
and structurally-controlled by the contact aureole of the Late-Variscan Sidobre granite
(Cassard et al. 1993; Munoz et al. 1994). The main metric-scale crosscutting veins
mineralization (named M4) was mined until the 1970s and consists of a cockade breccia
cemented by type (iii) sphalerite, siderite and quartz (Cassard et al. 1993; Munoz et al. 1994).
These veins are genetically related to the Lias-Dogger transition during an extensive strike-
slip regime. No significant post-mineralization deformation is documented at Saint-Salvy and
sphalerite exhibit euhedral crystals, with common primary chemical zoning (sector zones and
rhythmic bands; Johan 1988; Belissont et al. 2014).

Type (iv) sphalerite is observed in post-Variscan crosscutting veins from the PAZ, and
is generally hosted in folded Devonian cordierite-schist (Anglas), marble (Arre) and/or
Carboniferous magmatic rocks (Cierco; Reyx 1973; Johnson et al. 1996; Munoz et al. 2016;
Fig. 1C). The Arre-Anglas district was mined in the 20" century and is located at the western
part of the PAZ close to a Pyrenean-Alpine regional thrust (Eaux-Chaudes thrust; Cugerone et
al. 2018b). The Arre-Anglas vein system is post-Variscan in age, associated with the
circulation of low-temperature (<150 °C) and high-salinity (> 15 wt.% NaCl. eq.) fluids
(Cugerone 2019). The Cierco vein system is hosted in the central part of the PAZ, south of the

Maladeta Variscan massif and shows similar low-temperature (< 150 °C) and high-salinity
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(> 15 wt.% NaCl. eq.) fluids (Johnson et al. 1996). These veins have experienced low-grade
plastic deformation (<300 °C) and have preserved dynamic recrystallization features
(Cugerone et al. 2020), which are interpreted as Pyrenean-Alpine in age (Cugerone et al.
2021b). Germanium-sulfides (up to 10-15 wt.% Ge) are observed in the recrystallized

domains or close to twin boundaries in coarse parent grains (Cugerone et al. 2021a).

3. Methods

The four studied types of sphalerite (i, ii, iii, iv) display heterogeneous grain sizes
(from 1-2 pum to few mm), colors (yellow to dark red) and trace elements distribution (sector
zones, rhythmic bands, millimeter-thick chemical zones). They show different deformation
imprints at macroscale, from weakly deformed with euhedral millimeter-scale crystals to
totally recrystallized and recovered with polygonal coarse grains. The studied sphalerite were
in-situ sampled, in underground galleries within the Bentaillou-Liat district (type 1), or in
outcrop within the Pale Bidau (type ii) and Arre-Anglas (type iv) Pb-Zn districts (Fig. 1B).
The weakly-deformed sample (type iii) was collected in the Saint-Salvy Zn—Ge—Ag(—Pb—Cd)
deposit (Montagne Noire, Fig. 1B) from the main mineralized zone (M4 veins; Munoz et al.
1994).

Electron-Backscattered Diffraction (EBSD) maps were performed on fourteen
sphalerite thin sections (30 um thick) with a Camscan Crystal Probe X500FE SEM-EBSD at
Géosciences Montpellier (CNRS — University of Montpellier, France). This technique
requires a well-polished surface and a last step of polishing at 0.25 um using a Vibromet
polisher with 150 g of pressure on a polyurethane layer with colloidal silica, to maximize
EBSD band indexing on sphalerite. Condition of acquisition were a voltage of 20 keV and
probe current of 5 nA with a working distance of 25 mm under a 2 Pa low vacuum. The
samples surface was positioned horizontally at 20° to the incident electron beam to improve

the capture of the diffracted electrons. Energy dispersive spectrometry (EDS) maps were
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simultaneously acquired during EBSD analyses. Sphalerite was systematically indexed as a
cubic mineral and match units used for sphalerite band indexing were derived from published
crystallographic data from Villars and Calvert (1991). The measurement steps were
methodically chosen below 5 um, with up to 0.5 um for the lowest value. Oxford Instruments
Aztec and Channel 5 softwares were used to generate EDS and EBSD maps. The equivalent
circle diameter method was used to calculate grain size, with a cutoff fixed at 2 pixels for the
smaller grains. Misorientation boundaries are the differences in crystallographic orientation
between two neighboring EBSD measurements (Randle et al. 2001), and are grouped,
between 2-5°, 5-10°, 10-15° for the low-angle boundaries, above 15° for the grain-boundary,
and 60° for the twin (X3 about [111]) boundary. Short deviance of twin misorientations
between 58 and 62° is related to polishing artefact on the surface close to twin boundaries
rather than consistent changes in common cubic 60° twin misorientation. For each histogram
of the misorientation angle distribution plotting neighbor-pair (correlated) and random-pair
(uncorrelated) misorientations, a lower cutoff of 2° and a bin width of 2° was chosen. Grain
orientation spread (GOS; Brewer et al. 2010) and grain reference orientation deviation
(GROD; Rui et al. 2018) calculations were performed considering twins (£3) as grain
boundaries to prevent misorientation artefact from 60° twins. Inversely from GOS calculation,
we did not include twins as grain boundaries for aspect ratio and long axis slope calculations
to prevent high aspect ratio and long axis slope artefacts, respectively. The error on each
crystal orientation measurement is generally between 0.3 and 0.5°.

Laser-induced breakdown spectroscopy (LIBS)-based mapping was performed at the
Institute Lumiére Matiere, University of Lyon 1 (France). This desktop system was used to
map the distribution of Ge, Cu, Ga in three samples from the type (ii) from Pale Bidau, the
type (iii) from Saint-Salvy, and type (iv) from Arre crosscutting veins deposits. No LIBS map

was acquired on type (i) sphalerite because of the low Cu, Ge, Ga and In contents reported by
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Cugerone et al. (2021a). LIBS mapping is an all-optical analytical technique, allowing the
mapping of metallic elements in various type of minerals at a micrometer spatial resolution
with a sensitivity at the ppm level (Caceres et al. 2017). During the analysis, the sample
surface is scanned ablating 2-3 pm of the sample, in a pixel-by-pixel manner to induce the
breakdown and sparks of the material. The light radiation emitted by the plasma is then
collected by an optical system and analyzed using a spectrometer. The samples were analyzed
using a Nd:YAG laser with a pulse energy of about 600 puJ operating at 100 analyses per
second (100 Hz), and a lateral resolution of 13 pm (i.e., distance between two consecutive
laser shots). The spectrometer was configured in the spectral range of 250-330 nm to detect
intense lines of Ge (265.1 nm), Cu (324.7 nm) and Ga (294.4 nm). On the two same samples
analyzed by LIBS-mapping, LA-ICP-MS measurements (Cugerone et al. 2021a) were
acquired to quantify LIBS measurements. Full LIBS maps are available in ESM1 (type ii),

ESM2 (type iv) and in Cugerone et al. (2021a) for type (iv).

4. Results

4. Petrographic and textural observations

In this study, four types of sphalerite textures are observed (Fig. 2) showing variable
recrystallization imprints: weakly deformed with euhedral millimeter-scale crystals (type iii),
totally recrystallized with polygonal coarse grains (type i), and partly recrystallized with
coarse-small grain texture (type ii and iv). These types are described below:

e Type (i) sphalerite is from a stratabound vein (Bentaillou-Liat). It is mostly coarse
grained (up to few millimeter in size; 80 vol%) with polygonal shapes, or “foam”
texture and dark-reddish color in transmitted light, associated with minor calcite,
galena, pyrite and pyrrhotite (Fig. 2A-B).

e Type (ii) sphalerite is from crosscutting veins (Pale Bidau, Argut-dessus and Liat). It

is commonly hosted in low-grade calc-schist and sphalerite is the main mineral
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component of these veins (~ 70 vol.%) with minor galena, pyrite, chalcopyrite and
Ge-minerals (mostly oxides), in a gangue of quartz and calcite (Figs. 2C and 2D). In
hand-specimen, sphalerite crystals are poorly visible due to the absence of grain-
related chemical zones. Only chemical light- to dark-brown millimeter-thick zones can
be identified. However, under an optical microscope, coarser grains can locally be
detected (up to millimeter size; Fig. 2D).

e Type (iii) sphalerite is from crosscutting veins (Saint-Salvy). It is essentially
composed of coarse millimeter euhedral crystals with no apparent recrystallization
texture (70 vol.%) in a gangue of siderite and quartz (Fig. 2E) around clasts of schist.
At micron-scale and with transmitted light, sphalerite shows various chemical zones
with occurrence of rhythmic bands and local dark-brown zones including sector zones,
generally following the typical shape of sphalerite {111} crystallographic faces (i.e.;
Johan 1988; Fig. 2E);

e Type (iv) sphalerite is from crosscutting veins (Arre-Anglas, Cierco). It exhibits
micrometer to coarse millimeter crystals (~ 70 vol.%) associated with minor galena
and Ge-minerals (sulfides) in a gangue of quartz. Sphalerite observed in transmitted
light is highly heterogeneous with occurrence of light to dark-brown color domains in
coarse millimeter crystals, which are mantled by a very fine-grained sub-vertical
matrix of light-brownish grains (Figs. 2F and 2H), certainly indicating a Pyrenean-

Alpine cleavage (i.e., Cretaceous; Cugerone 2019).
5. Microstructural analyses of sphalerite
5.1.1. Quantitative textural analysis

Sphalerite is a cubic mineral commonly found in a hextetrahedral habit with three
main crystallographic forms ({100}, {111} and {010}, Fig. 3A). In this study, no acicular or

wurtzite-like texture as previously shown by Pring et al. (2020), has been imaged by EBSD
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method. In the four studied sphalerite types, EBSD maps evidence large grain size variations
(Fig. 3B). Between type (iii) euhedral-zoned and type (ii) and (iv) highly recrystallized
sphalerite, there is a significant grain size difference with a mean grain size of 375 £ 527 um
and 15 + 19 um (mean diameter with standard deviation), respectively. In type (iii) sphalerite,
a high proportion of >400 um grains is observed with a small grain population (n=76;
Fig. 3B). In type (iv) sphalerite, ten grains reach a grain size above 400 pwm but represent a very
small proportion compared to the total grain population (n=25122). Type (i) polygonal sphalerite
grains are generally coarser in size than type (ii) and (iv) recrystallized sphalerite with a mean
grain size of 84 + 211 um (Fig. 3B).

Relationships between total sphalerite grain number per surface unit and grain
orientation spread (GOS) are shown in Figure 3C for the four studied sphalerite. The number
of grains per surface unit is a good indicator of the degree of recrystallization and the GOS is
a useful estimation of the intra-granular plastic deformation in a crystal (Hadadzadeh et al.
2018). Type (i) and type (iii) sphalerite show similar lower number of grains per surface and
low amounts of crystal plastic deformation although GOS values are sensibly higher in type
(1) sphalerite than in type (iii) sphalerite (threshold at ~ 1.25° and ~ 0.5°, respectively;
Fig. 3C). For these type (i) and type (iii) sphalerite, the higher GOS values spread between 8§
to 13°. In type (iv) sphalerite, higher number of grains per surface and GOS values are
observed, with a GOS threshold at 2.5° and higher values which may reach 17 to 30°
(Fig. 3C). In type (ii) sphalerite, number of grains per surface unit reaches the highest values
with up to 12 000 grain/mmz. GOS threshold for this texture is similar to type(i) sphalerite
with a GOS threshold at ~ 1.25°(Fig. 3C).

The calculated aspect ratio is equal to the ratio between the height and width of each
crystal and is a good evaluation of the two-dimensional crystal shape. Figure 3D compares

grain aspect ratios with the percentage of grains per surface unit. For all sphalerite grains,
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333  aspect ratio values are essentially comprised between 1 and 3 with a maximum located at
334  ~ 1.5. Nevertheless, type (i) euhedral zoned sphalerite displays a higher aspect ratio, related

335  to the development of lamellar and more angular coarse grains.

336 5.1.2. Microstructures in Variscan sphalerite vein
337 e Type (i) polygonal
338 This sphalerite has a homogeneous coarse grained texture with frequent polygonal shape

339 (up to few millimeters; Fig.4A). In Figure 4B, the uncorrelated misorientation angle
340  distribution is close to random (i.e. no overall CPO;). The correlated distribution is
341  nonrandom with a large peak (~0.2 relative frequency) for twins at 60° and a smaller peak
342  (about 0.35 relative frequency) at very low angles, consistent with subgrain development. In
343  four misorientation profiles from representative grains (Fig. 4C), very restricted number of
344  low-angle boundaries is confirmed, generally below 1° (< 15° Fig.4A and4B). The rose
345  diagram of long axis slope does not show shape-preferred orientation (SPO; Fig. 4D). No
346  consistent lattice rotation is observed in pole figures of two representative grains (Fig. 4E).
347  Pole figures show a random/uniform crystallographic orientation despite a weak point
348  maximum of the (100) (maximum density = 2.61, Fig. 4E). Twin boundaries display a regular
349  straight and undeformed morphology, often regularly spaced with tabular aspect, and frequent
350 limited extension in grains. These twins are typically named “annealing-twins” (Gill 1969;
351  Guan et al. 2017, Fig. 4A).

352 e Type (ii) polygonal and recrystallized

353 This sphalerite type shows large grain-size heterogeneities, dividing the studied EBSD
354  area in three domains, vertically distributed (Figs. SA and 5B): coarse, medium and fine-
355  grained zone.

356 The coarse grained zone is composed of coarse grains (>100 um) with frequent curved

357 or lobate grain boundaries and rare small grains (<10 um; Figs. 5B and 5D). Two
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morphologies of twin boundaries (111) are observed: 1) tabular twins, regularly spaced and
weakly-deformed, typical of “annealing-twins” (Mahajan et al. 1997); ii) deformed, curved
twins that thicken close to grain boundaries, characteristic of “deformation-twins” (Couderc et
al. 1985; Christian and Mahajan 1995; Figs. 5C, 5D and 6). Limited intra-granular plastic
deformation appears in the coarse grains, mostly at the interface with fine grained domain
(Figs. 5D and 5F) and are commonly expressed as vertically oriented 5° misorientation
lamellae (Fig. 5G), but intra-granular plastic deformation is still less present in the finest
fraction (Fig. 5C). Most of the sphalerite grain shapes are preferentially oriented vertically
(90° from the horizontal direction of the sample), parallel to the main cleavage (i.e., rose
diagram in Fig. SE), but only a weak CPO (crystal preferred orientation) is observed on a pole
figure, on the (110) plane (maximum density = 3.47; Fig. 6). Pole figures of the coarse grain
labelled 1 and outlined in white in Fig. 6 display a rotation of the crystal lattice on (111)
and/or (110) directions with cumulative rotation of about 10-15° (Fig. 5G and 6).

The fine-grained zone is essentially composed of small grains (<25 pm) with anhedral
habit. Twin boundaries are much more represented than in coarse grained zone with
systematic simple or double twinning, with undeformed morphology and full extension in
each grain, typical of annealing-twins (see zoom on Fig. 5D). There are fewer low
misorientation boundaries (mostly <5°) in these sphalerite grains compared to the coarse-
grained zone (Figs. 5C and 5D) and is confirmed with the < 10 ° rotations observed on inverse
pole figure of four randomly selected small grains (Fig. 6). Pole figures show a near random
or uniform distribution with a slight point maximum on the (111) plane (maximum
density = 2.37; Fig. 6).

The medium grain zone is a mix between small and coarse-size grains. In this area,
coarse grains with lobate shapes contain low angle misorientation (essentially <5 °C) with

frequent local straight 5° misorientation lamellae or with rounded shape close to grain
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boundaries, similar in size with surrounded small grain fraction (Fig. 5B and 5C. Pole figures
display a weak CPO (maximum density = 1.54) with <100> axes that show an ill-defined
small circle girdle, supporting the common preferred direction observed at the center of the

(111) pole figure (Fig. 6).
5.1.3. Microstructures in post-Variscan sphalerite vein

e Type (iii) euhedral

This sphalerite is intensely chemically zoned and precise distinction of grain-twin
boundaries is challenging with common optical microscopic observations (Fig. 7A). EBSD
analysis shows that sphalerite crystals have generally a coarse grain size with an average at
377 £ 527 pm (up to 3.2 mm) and a minimal grain size at 25 um. Grain boundaries are often
straight or slightly curved with sub-angular habit. The dark-brown sector-zones described by
Belissont et al. (2014), are generally coarse with up to ~500 um extension, and frequent
elongated or triangular-trapezoidal shapes, similar to the {111} sphalerite growth faces
(Fig. 3A), whereas light and dark-brown rhythmic parallel bands exhibit variable
thickness/spacing and crosscut sector zonings and twin boundaries (Fig. 7A). Two
morphologies of {111} growth-twins are identified with misorientation angles of 60° (+ 1-2°,
related to EBSD precision): a) frequent twins with a strict straight and undeformed shape,
parallel direction and regular twin widths (Fig. 7B); b) less frequent twins with straight but
irregular orientations with numerous intersections between them (Fig. 7B). The length of the
two morphologies of growth-twins is variable, from a few um to hundreds um and generally
spread along the whole grain. Low-angle (<15°) misorientations are not frequent (Fig. 7C)
and are mostly located close to grain boundary or to misoriented growth-twins (Figs. 7B and
7D) and associated with thin lamellae of 5-10° misorientation (Figs. 7D and 7E). Thin dark-
brown zones are observed in transmitted light in these low-angle misorientations (Fig. 7A).

These observations are consistent with the low GOS values obtained (i.e., 12.6°; Fig. 3C) and
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the weakly dispersed value on the pole figures analysis of two representative sphalerite grains
(Fig. 8). In Figure 7A, a well-developed sector zoning shows no clear relationship between
low-angle boundaries and the dark zone (Fig. 7E). Pole figures show a weak CPO along the
(100) plane despite the observed significant crystallographic dispersion (Fig. 8).
e Type (iv) euhedral and recrystallized

In transmitted light, this sphalerite type shows large, gradational light- to dark-brown
domains crossed by late fractures (Fig. 9A). The main characteristic of this sphalerite-type is
the heterogeneity in grain size, evidenced by pluri-millimeter coarse crystals with frequent
lobate boundaries close to pluri-micrometer grains, mostly localized in 10-50 um thick sub-
vertical cleavage and difficult to observe in transmitted light (150 um thick; Fig. 9A and 9E).
At Anglas, type (iv) sphalerite grain contain twin-boundaries with deformed or bent
morphology and that thicken close to grain boundaries (>15°) where a higher density of low-
angle boundaries (< 15°) appears (Fig. 9B). This is typical of “deformation-twins” (Fig. 9B
and 9H). Nonetheless, some small straight twins are frequently observed in the fine grain
cleavage domains but also locally, some deformed “growth-twins” in the coarse grains with
regular and no thicker extent close to grain boundary. Low angle misorientations (<15°) are
frequent (Fig. 9C, 9G and 9I) and mainly located in the coarse grain fraction. Three profiles
perpendicular to deformation-twins show the presence of thin (5-10°) lamellae, horizontal in
the sample and preferentially aligned in the continuation of deformation-twins (see green
profile and black arrows; Fig. 9J). Nonetheless, vertical or oblique 5-10° lamellae are
observed in the two mapped areas. In the area-2, a large amount of misorientation is observed
in areas where no growth- and twin-deformation are detected (see white arrows, Fig. 9F).
Thin 5-10° lamellae may appear in the continuation, or at 60° of deformation-twins (Fig. 9E).
Furthermore, in the coarse sphalerite grain of the area-2, a progressive misorientation increase

of about 30° is observed from the upper-central part to the lower external part (Fig. 9J).
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Type (iv) sphalerite from Arre is composed of coarse infra-millimeter size grains
mantled in a small pluri-um grain matrix. Coarse grains generally reach smaller sizes than in
Anglas (up to 1.6 mm and 3.6 mm, respectively) and contain a limited amount of twinning,
with generally growth-twinning much more represented that deformation-twins (Fig. 10A).
The main cleavage marked by the fine grain fraction frequently appears parallel to growth-
twin in fine-fraction grains. Furthermore, straight, and regular twinning typical of annealing-
twins are frequently observed in the fine grain matrix. Low-angle misorientation boundaries
(< 15°) are abundant mainly in coarse grains but also represented in small grain fractions
(Figs. 10B and 10D). Misorientation boundaries below 4° are two times higher in frequency
than twin boundaries (Fig. 10D) and generally form thin lamellae in coarse grains, with
parallel or perpendicular directions to the main cleavage direction (Figs. 10C and 10E). In the
high-resolution EBSD map from type (iv) sphalerite (Arre; step of measurement: 0.5 um;
Fig. 11), twinning appears to limit the development of low angle misorientations in sphalerite.
In a coarse grain with abundant vertical growth-twins parallel to the main cleavage direction
(see Figs. 11A and 11B) a short area devoid of twin is identified with abundant low-angle
misorientations interpreted as lattice sliding/shearing during plastic deformation. At an angle
of 60-70° from twin boundaries (Figs. 1A and 11C, close to dark-orange cumulative
misorientation profile), <5° misorientation lamellae are observed and between these
structures and adjacent twin boundaries, local plumose-like structures are identified with
progressive misorientation from the intersection of twin-lamellae to the grain core (see black
arrow on the lower-right- part of Fig. 11B). Compared to sphalerite grains with abundant twin
boundaries and low-amounts of low-angle misorientations, grain without twin contain
extensive low-angle misorientations and subgrains (Figs. 11D and 11E). In these sphalerite
grains, progressive lattice deformation is expressed by thin and short perpendicular < 5°

lamella, and up to 25° cumulative misorientation detectable on the pole figure (Fig. 12). This
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458  ductile deformation is located more in the grain rim than in the grain core (Figs. 11E, 11F and
459  12). The small grain fraction (< 100 um) with annealing-twins also contains significant low-
460 angle cumulative misorientation with up 10 to 15 °C (Fig. 12). There is no bulk CPO in small

461  or coarse grain fractions.

462 6. Chemical composition of sphalerite

463 6.1.1. Type (ii) sphalerite

464 A large type (ii) sphalerite area (16 x 2.5 mm) from Pale Bidau observed in
465 transmitted and reflected light (Figs. 13A and 13B) has been analyses with EBSD (see the
466  two grain-size maps in Fig. 13B). The distribution of Cu, Ga, and Ge contents is measured
467  with LIBS mapping (and quantified with four LA-ICP-MS spots from Cugerone et al. 2021a)
468 and an element abundance profile is proposed to understand the correlation between these
469 elements (Fig. 13C-F). The Cu, Ga, Ge contents are highly heterogeneous and define
470  millimeter-to-centimeter thick chemical zones. that are parallel to the tectonic cleavage. These
471  zones are unrelated to Fe-content defined by sphalerite color bands (Fig. 13A), but to
472  sphalerite grain size (Fig. 13B). Coarse grain domains (> 100 um; Fig. 13) are depleted in Cu,
473  Ga and Ge with content below 50 ppm. In these domains, local Cu contents are concentrated
474  at sphalerite grain boundaries (Fig. 13C) and not in the sphalerite crystallographic lattice. In
475  the fine-grained fraction (< 100 um), domains with >100 ppm of Cu and Ga appear relatively
476  homogeneous at microscale on the map. But the presence of nano to micro inclusions rich in
477  Cu-Ga-Ge is inferred, based on the numerous spikes observed on the profile (Fig. 13B), and
478  on the frequent occurrence of Cu and Ge-minerals (see cyan and yellow colors, respectively;
479 Fig. 13C-E). At microscale, Ge-minerals are mostly composed of carboirite
480 (GeFeAl,05(OH),) and brunogeierite (GeFe,O4), and locally, Cu-minerals occur as

481  micrometer scale chalcopyrite grains.
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6.1.2. Type (iii) sphalerite

In type (iii) sphalerite from the Saint-Salvy deposit, EBSD and LIBS maps are shown
in Figure 14, in the same area as Figure 7. Based on Bélissont et al. (2014), Bélissont et al.
(2016) and Fougerouse et al. (2023), type (iii) sphalerite shows two types of trace element
zoning. A first type is composed of angular and straight rhythmic bands from dark brown to
light yellow colors, not restricted to a particular sphalerite crystal (Figs. 14A and 14B). The
dark rhythmic bands are relatively enriched in Fe, Cd, Cu, Sn and In, with low contents in Ga
and Ge (142 £+ 96 ppm Ge; LA-ICP-MS data from Bélissont et al. 2014). Rhythmic bands
rich in Sn and In are rare in the sample analysed (Fig. 14H), but are generally more developed
in the earlier stage of sphalerite precipitation (see arrows representing growth direction,
Fig. 14B; ESM1). Irregular dark brown zones, including sector zonings, constitute a second
type of zoning, which appear late in crystal growth history compared to rhythmic bands (see
zoom in Fig. 14B), and shows higher enrichments in Ge, Cu, Ga, Sb, Ag (Figure 14 and
ESM 1; mean of 1102 £ 716 ppm Ge; LA-ICP-MS data from Bélissont et al. 2014).
Combining EBSD and LIBS maps, similar dark brown zones are also visible along grain
boundaries, in twin boundaries and in low angle misorientation boundaries (< 15°; see the
circled areas Figure 14). On the LIBS map, the Cu and Ge do mimic the triangular sector
shapes (Bélissont et al. 2014), but they also have linear shapes often close or along sector

zones (see circle 4 in Figs. 14C and 14D).
6.1.3. Type (iv) sphalerite

In type (iv) sphalerite from the Arre deposit, EBSD and LIBS maps are shown in
Figure 15, in the same area as Figure 10. Only Ge and Cu contents are shown because Ga
contents were below detection limits in these grains (< 15 ppm Ga).

As shown by Cugerone et al. (2019), dark-brown domains with Cu-Ge rich contents

(up to few hundreds of ppm) are only located in the coarse sphalerite grains whereas light
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domains, depleted in Ge and Cu may be located in coarse and small recrystallized grain
fraction. In Figure 15, light domains in coarse grains depleted in Cu-Ge are systematically
associated with a large amount of low-angle misorientation boundaries (2-15°). Dark Cu-Ge-
rich domains are mainly detected in areas lacking low-angle misorientation boundaries
(Fig. 15). At microscale, the highest contents in Ge are represented by Ge-minerals (briartite
(GeCuy(Fe, Zn)Ss) and are mostly located close to twin or low-angle misorientation
boundaries (see yellow dots; Fig. 15B and 10A). In Fig. 15D, a cumulative misorientation
profile is compared to Ge and Cu contents from LIBS maps. Higher Ge and Cu contents
hosted in microscale Ge-minerals are reported close to 10-15°lamellae: However, relative
high Ge-Cu contents (100-300 ppm Ge; 400-500 ppm Cu) are also reported in areas with low

2-15° misorientation (see low dislocation areas in Fig. 15D).

5.Discussion

6.1.4. Relationship between microstructures and ore genesis

In the Variscan basement of the Pyrenean Axial Zone (PAZ) and Montagne Noire
(MN), EBSD microstructural observations coupled to microchemistry on various sphalerite
mineralization integrated in a regional scale model provide insightful evidence on the timing
relationships between Pb-Zn veins (Fig. 16).

In the MN and PAZ massifs, Pb-Zn veins formed in two stages during Variscan and
post-Variscan tectonics (Cugerone et al. 2021a). Similarly, this study shows two distinct
groups of Variscan and post-Variscan sphalerite veins composed of type (i)-(i1) polygonal
crystals and type (iii)-(iv) euhedral crystals, respectively. Polygonal or “annealed” type (i)
sphalerite with no chemical zones in Cu, Ga and Ge is typical of Variscan and
metamorphosed sphalerite (Figs.2 and 4) and is similar to textures observed in Liat,

Pierrefitte (Cugerone 2019; Cugerone et al. 2023) and in the Cinco Villas massif (Pesquera
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and Velasco 1993). Type (ii) sphalerite from Pale Bidau shows millimeter-thick shear-bands
composed of very fine recrystallized grains (< 50 pm). These shear bands are hosted in a
previously coarse polygonal sphalerite similar to type (i) sphalerite (> 100 um; Fig. 3C) and
are associated with abundant annealing-twins (Figs. 5D and 6). The origin of type (ii)
sphalerite veins could be related to remobilization of nearby Variscan stratabound bodies in
pre-existing Variscan S2 cleavage (Cugerone 2019).

Based on their close structural, textural and chemical characteristics, the origin of type
(iv) sphalerite is similar to the weakly deformed type (iii) sphalerite. The main difference
between type (iii) and type (iv) sphalerite is the superimposition of Pyrenean-Alpine thrusting,
involving significant textural and chemical modifications to type (iv) veins. The type (iv)
sphalerite from Arre-Anglas is partly dynamically recrystallized with Cu-Ga-Ge enrichment
preferentially located in dark-brown chemical zones and/or in micrometer Ge(-Cu) minerals
(briartite; Fig. 15). The development of fine grained sphalerite in domains parallel to the
regional tectonic cleavage is interpreted as deformation and dynamic recrystallization,
certainly associated with percolation of hydrothermal low-temperature fluid and metal
redistribution (< 150 °C; (Cugerone 2019; Cugerone et al. 2021a). Many intragranular
dislocations are often located in thin lamella within large grains, and could evidence
prolonged response of the large grains to deformation and/or multiphase deformation and

recrystallization events (Figs. 9, 10 and 11).
6.1.5. Deformation mechanisms of sphalerite

A few studies have focused on the deformation mechanisms of sphalerite, either in
natural or experimental systems (Kelly and Clark 1975; Siemes and Borges 1979; Kollenberg
and Siemes 1983; Couderc et al. 1985; Cugerone et al. 2020; Paradis et al. 2023).

Understanding sphalerite deformation mechanisms is of major importance to unravel the
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processes and metamorphic conditions that produce deformed and recrystallized textures, but
also to constrain the potential for lattice distortion to affect trace metal enrichment.

In this study, four sphalerite textures have been described based on their grain size
distribution, grain-twin boundaries, and crystal plastic deformation style. In type (i) sphalerite,
polygonal grains show low amount of intragranular dislocation and straight and tabular
annealing-twins. All primary textural features have been fully erased during static
recrystallization and annealing, following low-grade metamorphism (300-450 °C). No
significant superimposed Pyrenean-Alpine recrystallization is found in type (i) sphalerite
probably because of the initial horizontal geometry of these stratabound bodies which
prevented sub-vertical deformation (stratabound bodies sub-parallel to the main compression).
Conversely, deformation and shear-bands are observed in the nearby Late-Variscan sub-
vertical veins from type (ii) sphalerite (Pale Bidau). Type (i) and (iii) sphalerite shares some
similarities (see Fig. 3) but the occurrence of tabular annealing-twins and absence of intra-
granular plastic deformation in type (i) sphalerite point to a different origins and mechanisms
of formation. Sphalerite is “softer” than pyrite (Stanton and Gorman 1968; Clark and Kelly
1973b; Siemes and Borges 1979). In the locality where type (iii) sphalerite has been collected,
no major deformational event is reported after sphalerite vein emplacement (Munoz et al.
1994; Bélissont et al. 2014). However, low angle misorientation boundaries close to grain or
twin boundaries appears in type (iii) sphalerite (Figs. 7 and 8). We infer that sphalerite can
develop subgrains and twins even at low strains and relatively low grade conditions.

In type (ii) and (iv) sphalerite, which were deformed at low temperature (< 300 °C),
numerous low angle subgrain boundaries (< 5°) are, in untwined crystals, numerically more
abundant close to the edge of grains (Figs. 11D and 12). Furthermore, the evidence of
porphyroclastic coarse grains mantled by small, recrystallized daughter crystals suggests

plastic deformationumulative within-grain lattice rotations are observed and can progressively
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reach up to 20-30° in a single grain (Figs. 11E and 11F). These subgrain boundaries or
dislocation walls are often organized in deformation lamellae and bands, supporting their
formation by dislocation creep mechanisms (Cox 1987; Hirth and Tullis 1992; Barrie et al.
2007). Daughter-recrystallized sphalerite generally contains a small amount of low-angle
misorientation (Figs. 5C, 5D and 10B) compared to the parent porphyroclast grains, especially
in the type (ii) sphalerite, which suggests the operation of a subgrain rotation (SGR)
recrystallization regime during recovery (Drury and Urai 1990; Hirth and Tullis 1992).

However, in sphalerite, some differences with the conventional SGR regime exist. In
the type (ii) sphalerite, the plastic deformation and dynamic recrystallization are primarily
located in millimeter-scale shear-bands (fine grained zones; Fig. 5) compared to type (iv)
sphalerite

If we consider similar paleo-stress in type (ii) and (iv) sphalerite, primary sphalerite
texture and chemistry seems to have played a key role in the localization of deformation.
Type (i) to (i1) sphalerite are composed of chemically homogeneous sphalerite (Cugerone et
al. 2021a). Polygonal starting grains respond to palaeo-stress in type (ii) by recrystallization
along millimeter-scale shear-bands (fine grained zones; Fig. 5) of the recrystallized areas (Fig.
2C-D and 5), parallel to S2 cleavage observed in the host-rock. Type (iii) to type (iv) are
composed of chemically heterogeneous sphalerite with significant variations in chemical
impurities (Cu, Ge, Ga; Fig. 15 and 16; Fougerouse et al. 2023). Euhedral starting grains
respond to paleo-stress in type (iv) by recrystallization along variably oriented recrystallized
bands (~100-500 um width; Figs. 10 and 11). The primary chemical heterogeneity was
certainly an additional factor influencing the orientation of recrystallized band in type (iv)
(Fig. 2H). These chemical impurities may cause distortion as these cations are of different

size than Zn, causing instabilities in the sphalerite structure, and triggering the formation of
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inherent planes of weakness where deformation and recrystallization may be preferentially
located.

Another major difference with the common SGR model is the frequent occurrence of
twin boundaries in sphalerite inherited from primary processes, such as growth-twins (Srot et
al. 2003), or metamorphic processes such as deformation-twins (Fleet 1983) and annealing-
twins (Lawrence 1973). Twin boundaries may have a key impact on the deformation
localization within sphalerite. For example, a high number of growth-twins can significantly
prevent intragranular deformation in the entire crystal and therefore, may cause hardening of
sphalerite lattice (Burkhard 1993; McCarley and Tin 2019). Twins frequently influence
deformation and recrystallization distribution as described for a large number of
minerals/materials (Cox and Etheridge 1984; Burkhard 1993; Bestmann and Prior 2003; Guan
et al. 2017). Compare to primary growth-twins, deformation-twins are created to
accommodate the onset of plastic deformation in sphalerite porphyroclasts, with glide
mechanisms, observed in type (iv) sphalerite from Anglas (Fig. 9; Cox and Etheridge 1984;
Guan et al. 2017). When deformation increases, strain/dislocation may be accommodated by
twins, which may restrict the number of dislocations in the lattice (Fig. 9F). But in areas with
higher plastic deformation, the first subgrain boundaries nucleate in or close to the main
crystallographic heterogeneities such as grain boundaries, growth, or deformation-twin
boundaries, (Figs.9B and 10A), as evidenced by frequent low-angle misorientation
boundaries (< 15°) and recrystallized crystals in or close to isolated growth and deformation-
twins (Fig. 11).

In dynamically recrystallized domains (type ii and iv), despite a shape preferred
orientation only observed in type (ii), no consistent CPO is observed in sphalerite, which
could testify for the occurrence of grain boundary sliding during dynamic recrystallization

(Barrie et al. 2007). Lack of CPO related to deformation may be related to the widespread
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development of annealed-twinned crystals with random orientation. A more probable
hypothesis explaining the absence of CPO is the presence of a large number of slip systems
(12) on {111} reported by Siemes et al. (1973; 1979) and Couderc et al. (1985), which are

detected in our samples with frequent rotation on (111) (Figs. 6 and 8).
6.1.6. Chemic al zoning in sphalerite

In weakly deformed type (iii) sphalerite, combining EBSD and LIBS maps highlights two
main textures hosting Cu, Ga, Ge (Fig. 14) that are more complex than what has been
mentioned in Bélissont et al. (2014). Early straight light to dark brown rhythmic bands
parallel to growing crystal faces are mostly enriched in Fe, Cd, Sn and In (mean of
2.5 £ 0.3 wt.%, 3535 £+ 815, 876 + 534, and 234 + 238 ppm, respectively), but with relative
low contents of Cu, Ga and Ge (mean of 2447 + 1014, 332 £+ 201, and 142 £ 96 ppm Ge,
respectively). Based on the microscale distribution being only in the rhythmic bands, these
elements are probably incorporated in the sphalerite crystal lattice during primary growth. The
nanoscale study of Fougerouse et al. (2023) did not provide any measurement on rhythmic
bands in sphalerite. Late dark brown zones including sector zones (see circle 1 in Figs. 14A
and 14B), late dark-brown elongated structures along grain boundaries or in growing crystal
faces (see circles 2, 3 and 4 in Figs. 14A and 14B), are superimposed on rhythmic bands, with
higher enrichments in Cu, Ga, Ge, Ag (mean of 4003 + 1713, 359 + 264, 1102 + 716,
354 + 230). However, the occurrence of these dark brown zones is not only controlled by
crystal faces (such as {111} faces with triangular shape; Bélissont et al. 2014) but also by
growing crystal edges, grain boundaries, low angle misorientation (< 15°), twin boundaries
(Fig. 14). Based on these observations, we infer that the dark brown zones and related Cu-Ga-
Ge incorporation are late compared to the formation of rthythmic bands. Elongated dark brown
zones (see circle 4 in Figs. 14A and 14B in growing crystal edges may be synchronous to

sector zones.
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Based on the nanoscale study of Fougerouse et al. (2023), in the dark brown zones (sector
zoning and crystal edge traces), all the detected elements appear to be hosted in the sphalerite
lattice and entered in the sphalerite lattice by a substitution with Zn (Bélissont et al. 2016;
Bauer et al. 2019). As proposed by George et al. 2016, the difference in ionic radius between
Zn*" and potential substituting cations could explain the zoning between element in early
rhythmic bands and late dark-brown zones. In the sphalerite lattice, Fez+, Cd2+, In’" and Sn**
show similar chemical zoning in rhythmic bands and they share very similar ionic radius
compared to Zn”" (difference <15% in ionic radius; based on Shannon 1976). This similarity
could facilitate the incorporation of these elements in early rhythmic bands if their
concentration in the fluid is sufficient. But Ga’*, Ge**, Sb’" and Ag" are mainly concentrated
in late dark brown zones. All the various types of dark-brown zones such as sector zones,
growing crystal edges and grain/twin boundaries have similar content in Ga, Ge, Sb and Ag,
despite having internal variations in these elements and different size (sector zones are
typically larger, 50-250 pm; Fig. 14). Gallium, Ge, Sb, Ag show differences of 21, 36, 26 and
73% with Zn>" ionic radius, respectively (based on Shannon 1976). Then, dark brown zones
contain more cations with less similar ionic radius with Zn such as Ga3+, Ge4+, Sb>" and Ag+.
However, Cu content is high in rhythmic bands and very high in dark brown zones (i.e.,
2447 £ 1014 and 4003 + 1713, respectively; Bélissont et al. 2014) but the Cu ionic radius is
identical to Zn (Shanon et al. 1976). Incorporation of Cu in the sphalerite lattice is generally
coupled with Ga, Ge, Sb Ag (Cook et al. 2009; Bélissont et al. 2016) and in the presence of
these cations in the fluid, Cu contents in sphalerite will increase, if the fluid composition is
sufficiently rich in Cu.

In deformed sphalerite, we report two mechanism of Cu-Ga-Ge redistribution (Fig. 16).
The first one is observed in type (iv) sphalerite, which highly depends on sphalerite grain

texture and the presence of low-angle misorientation boundaries (<15°; Fig 15). Germanium
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and Cu are positively correlated (Cugerone et al. 2021a; Fougerouse et al. 2023). At
microscale in dark domains of type (iv) sphalerite, Cu contents are locally high (cyan dots;
Fig. 15), which support the presence of Cu-Ge minerals (like briartite) even in dark sphalerite
domains as mentioned by the nanoscale study of Fougerouse et al. (2023). In Figure 15D,
microscale briartite are noticed close to 10-15° lamellae in dark domains, observed nearby
Cu-Ge-poor light domains. Several studies show that the presence of intragranular
dislocations may act as a pipe or a trap for trace elements associated or not with a fluid
circulating in the plastically deformed mineral lattice (Vukmanovic et al. 2014; Piazolo et al.
2016; Reddy et al. 2016; Fougerouse et al. 2019). Formation of large numbers of lattice
defects may increase the permeability and allow a low-temperature fluid to migrate and
remobilize pre-existing impurities (Piazolo et al. 2016). In this model, before trace element
remobilization, light domains could have been dark and rich in trace elements such as Ge and
Cu. However, an alternative hypothesis consider a starting material before deformation
composed of dark and light domains (similar to type iii) and suggests a difference in their
plastic deformation response. The presence of trace element-rich nanoparticles in dark
domains may harden the sphalerite during crystal-plastic deformation (Fougerouse et al.
2023). In this study, we support the hypothesis of Fougerouse et al. 2023. During low-grade
metamorphic conditions (< 300°C), Ge and Cu could likely have exsolved into nanoscale
minerals. But based on Fig. 15D where higher Cu-Ge contents appears nearby deformation
10-15° lamellae, we suggest that lattice distortion and deformation structures located in the
dark domains may have locally facilitate diffusion of Ge and Cu.

In type (i) sphalerite (Fig. 13), a second type of Cu-Ga-Ge redistribution is observed,
which is highly linked to pre-existing deformation structures such as grain size and shear
bands. Elevated contents in Cu, Ge and Ga are only observed in sub-vertical fine-grained

zones interpreted as shear-bands, hosted in polygonal sphalerite. Locally, Cu concentrations
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(few tens of ppm Cu) are detected along coarse polygonal sphalerite grain boundaries. These
observations suggest a relative enrichment of Cu, Ga, Ge in the finer grained domains
(Fig. 13), which is here interpreted as resulting from late dynamic recrystallization and the
infiltration of a secondary Cu-Ge-Ga rich fluid preferentially in the more permeable active
sphalerite shear-bands (medium and fine-grained; Fig. 13). We suggest that circulation of a
Cu-Ga-Ge rich mineralized fluid may have percolated in various sub-vertical discontinuities
in the PAZ, especially in pre-existing sphalerite bodies such as Variscan polygonal sphalerite
(type 1 and ii). The pre-existing polygonal sphalerite in type (ii) sphalerite is considered to be
(Late)-Variscan in age (based on petrographic data), and may have represented preferential
pathways due to the widespread sub-vertical dynamic recrystallization features and the
enhanced porosity. Progressive variation in Cu-Ga concentrations in the shear-bands (Fig. 13)
are highly correlated to sphalerite grain size, and was probably mainly achieved by diffusion
processes assisted by a low-temperature fluid (<150 °C, Cugerone 2019). Nevertheless,
spatial distribution of Cu, Ge, and Ga contents differ (Fig. 13). Gallium is mainly
concentrated in millimeter-thick chemical domains, Ge is only detected in microscale Ge-
minerals (carboirite, brunogeierite) and Cu is observed both in millimeter-thick chemical
domains and micrometric chalcopyrite grains. Germanium did not significantly diffuse in
sphalerite, inducing low compatibility of Ge with sphalerite in these conditions. No nanoscale
study was performed on type (ii) sphalerite to assess if Cu and Ga are substituted into
sphalerite lattice or present as nano-inclusions so it cannot be excluded that their
incorporation occurs in sphalerite lattice and/or in nanoscale Cu and/or Ga-rich phases
(Fougerouse et al. 2023). But the element abundance profile in Figure 13C show spiked
variations in Cu and Ga contents, which could indicate the presence of Cu and Ga rich
nanoscale minerals. Nonetheless, Cu and Ga show a different microscale spatial distribution

compared to Ge with diffuse millimeter-thick Ga-Cu-rich domains (see rulers at ~7 and
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13 mm; Figs. 13D and 13F) correlated to areas where Ge is punctually enriched. This
difference is interpreted to be associated with the size of inclusions, with larger size for Cu
and/or Ga-rich inclusions compared to Ge-rich inclusions.

In summary, in the Southern French Variscan terrane, vertically oriented stratabound
sphalerite veins similar to type (ii) sphalerite from Pale Bidau that were impacted by late-
Pyrenean deformation are potential targets for hosting similar Ge-minerals (Fig. 16).
Furthermore, the circulation of a secondary Cu-Ga-Ge rich fluid under probable low
temperature conditions (< 150 °C), preferentially in permeable actively deformed porosity and
sub-vertical structures, could explain the local occurrence of Ge-minerals in large stratabound

bodies reported by Laforet et al. (1981) and Oudin et al. (1988) in Bentaillou and Pierrefitte.

6.Implications and conclusions

Detailed microstructural analyses (EBSD) coupled to chemical imaging
(LIBS mapping) have been applied to four sphalerite-types occurring in a similar geological
setting (types 1, ii, iii, iv). In Variscan veins, type (i) sphalerite is metamorphosed at low-grade
(<300°C) and exhibit polygonal grains without intragranular dislocation and straight and
tabular annealing-twins. All primary textural features have been fully erased during static
recrystallization and annealing. In Mesozoic-Alpine veins, type (iii) euhedral sphalerite from
Saint-Salvy shows late Cu-Ge-Ga enrichment mainly observed in dark brown zones, located
in sector zonings, growing crystal edges, grain boundaries, low angle misorientation or twin
boundaries. In Variscan and Mesozoic-Alpine veins, type (ii) and type (iv) sphalerite have
been dynamically recrystallized, probably during the Cenozoic Pyrenean-Alpine deformation
event. During this tectonic event, two mechanisms of critical metal incorporation involving a
single Cu-Ge-Ga rich fluid are proposed (Fig. 16): (a) an in-situ exsolution of Cu-Ga-Ge
contents from a pre-existing Cu-Ga-Ge-rich sphalerite lattice to form mineral inclusions (b)

the circulation of a Cu-Ga-Ge rich hydrothermal fluid in surrounding rocks and precipitation
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of secondary Cu-Ga-Ge-rich inclusions in shear bands hosted in pre-existing Cu-Ga-Ge-poor
sphalerite bodies. Based on numerous occurrences of Pb-Zn(-Ge) crosscutting veins in the
Pyrenean Axial Zone and the Massif Central (Fig. 1), this Cu-Ga-Ge-rich fluid appears to
have circulated on a regional scale in the upper-crust of the South of France Variscan terrane
during post-Variscan time, probably associated with the Pyrenean-Alpine orogeny. At
regional scale, it also shows that structural and chemical traps such as stratabound (vertical
and horizontal) sphalerite veins, impacted by late Pyrenean deformation, may generally host
Ge-minerals in the Pyrenees. At global scale, this study shows the key necessity of combining
EBSD and trace element mapping on deformed and undeformed sphalerite. Intragranular
plastic deformation and recrystallization features occur at low grade in sphalerite (< 300°C)
and are very difficult to observe with classical optical tools. Using EBSD coupled to LIBS
mapping on sphalerite can bring new information on vein origin and critical metals

concentration, even in apparent undeformed mineralized systems.
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Figure captions

Figure 1. A. Map of the western-European Variscan craton and location of the study area
(framed in red; modified from Cugerone et al. 2020). B. Simplified geological map of the
Pyrenean Axial Zone (PAZ) and the Montagne Noire massifs, with location of the studied Pb-

Zn deposits. C. Summary of the main characteristics of type (i), (ii), (ii1) and (iv) sphalerite.

Figure 2. Oriented polished hand specimens and thin sections scans of studied samples
(abbreviations: Cal-calcite; Chl-chlorite; Gn-galena; Qz-quartz; Sd-siderite; Sp-sphalerite).
All the sample surfaces are oriented perpendicular to the main cleavage, except the sample
from Saint-Salvy (type iii), which is not oriented (E=east; W= west; N=north; S=south); A-B.
Scanned polished sample and reflected light microphotograph (etched with HCIO) of type (i)
sphalerite with polygonal grains from the Bentaillou deposit. Millimeter to centimeter size
sphalerite crystals are identified; C-D. Scanned polished sample and transmitted light
microphotograph of type (ii) sphalerite from the Pale Bidau deposit. Light- to dark-brown
millimeter-thick chemical zones (Fe-rich and Fe-poor) are noticed. Figures 6 and 13 are
located, and a white arrow shows the limit of a sphalerite grain in the zoom; E. Scanned
transmitted light microphotograph of type (iii) sphalerite from the Saint-Salvy deposit
composed of euhedral grains with dark-brown zones and rhythmic bands. Location of Figure
7 is mentioned; F. Scanned transmitted light microphotograph of Type (iv) sphalerite from the
Anglas deposit composed of light- to dark-brown domains. Location of the two analyzed
areas of the Figure 9A and 9E is shown; G-H. Scanned polished sample and transmitted light
microphotograph of type (iv) sphalerite from the Arre deposit with light- to dark-brown
domains. The main tectonic cleavage observed in sphalerite (~N100-110) is mentioned with

dashed white lines. A zoom in (G) shows a macroscale example of dark and light-brown
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domains and a second zoom in (H) show a microscale view on the color zoning in sphalerite,

overprinted by tectonic cleavage. The location of Figure 10 is shown in (H).

Figure 3. Microstructural characteristics of the four types of sphalerite textures, quantified
with EBSD analyses. A. Idealized 3D model and cross-section parallel to (110) of a
hextetrahedral crystal; B. Box and whisker plots of the grain sizes. Grain size is calculated
with the equivalent circle diameter method. The total EBSD area is the sum of each area
measured for each sphalerite type; C. Grain orientation spread (GOS) compared to grain
population distribution (cumulative) and analyzed surface (mm®). For each sphalerite crystal,
GOS has been calculated considering twin (£3) as grain boundaries to prevent misorientation
artefact from 60° twins. Recrystallized (DRX) fraction is generally positively correlated to the
cumulative grain population divided by analyzed surface. Type (iii) and (iv) sphalerite show
low and high GOS threshold, respectively, evidencing the role of intra-granular plastic
deformation on the GOS threshold results. Conversely, type (i) and (ii) sphalerite exhibit
similar GOS threshold; D. Histogram of the aspect ratio according to grain population and the

analyzed surface (mm?).

Figure 4. Type (i) sphalerite from the Bentaillou deposit (step of measurement: 5 um). A.
Misorientation boundary EBSD map with location of the three misorientation profiles in (C).
Low quantity of low-angle (2-15°) misorientation boundaries are observed; B. Histogram of
the misorientation angle distribution plotting neighbor-pair (correlated) and random-pair
(uncorrelated) misorientations; C. Four cumulative misorientation profiles in representative
grains; D. Rose diagram representing long axis slope of the sphalerite grains, according to the
horizontal direction in (A). In the calculation of long axis slope, twin boundaries are not

considered as grain boundary to prevent long axis slope artefacts from the twinned crystals. E.
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1091  On the left, one point per grain (oppg; excluding twins as grain boundary) pole figure of the
1092  entire area, and on the right, pole figures of two representative sphalerite grains in the area.
1093  Colors refer to the Euler map in the two selected grains.

1094

1095  Figure 5. Type (ii) sphalerite from the Pale Bidau deposit (step of measurement: 1.5 pm). A.
1096  Reflected light microphotograph with no grain boundaries visible. Only fractures or sharp
1097  changes in grain size can be observed after comparison with (B); B. Grain size map (grain
1098 boundaries with >15° misorientation angle) measured with EBSD. C. Grain reference
1099  orientation deviation (GROD) map. The GROD represents the misorientation deviation for
1100  each pixel compared to the mean misorientation deviation of the entire sphalerite grain. In the
1101  GROD calculation, twin boundaries are considered as grain boundaries to exclude their large
1102  misorientation (60°); D. Misorientation boundary EBSD map. Location of three
1103  misorientation profiles shown in (G) with different colors are represented; E. Rose diagram
1104  representing long axis slope of all the sphalerite grains in the map, according to the horizontal
1105  direction in (A). No significant difference between the three grain size domains has been
1106  identified. F. Histogram of the misorientation angle distribution plotting neighbor-pair
1107  (correlated) and random-pair (uncorrelated) misorientations; G. Three cumulative
1108  misorientation profiles, in representative parent grains.

1109

1110  Figure 6. Type (ii) sphalerite from the Pale Bidau deposit (oppg: one point per grain; step of
1111 measurement: 1.5 um). An all-Euler EBSD map is shown, as well as three contoured pole
1112 figures (one point per grain, excluding twins as grain boundary) of the three areas located in
1113  the corresponding Euler map. On the bottom right of the figure, a pole figure of one
1114  representative sphalerite parent grain, and inverse pole figures of four representative

1115  recrystallized grain are represented, with colors referring to the Euler map.
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Figure 7. Type (iii) sphalerite from the Saint-Salvy deposit (step of measurement: 5 pm). A.
Transmitted light microphotograph showing sphalerite with dark-brown zones and rhythmic
banding. Location of the zoom in (E) is represented in the white box; B. Misorientation
boundary EBSD map; C. Histogram of the misorientation angle distribution plotting
neighbor-pair (correlated) and random-pair (uncorrelated) misorientations; D. Grain reference
orientation deviation (GROD) map. The GROD represents the misorientation deviation for
each pixel compared to the mean misorientation deviation of the entire sphalerite grain. In the
GROD calculation, twin boundaries are considered as grain boundaries to exclude their large
misorientation (60°). Two cumulative misorientation profiles reported in (E) are located; E.
Three cumulative misorientation profiles in representative grains. The third profile in dark

orange color is located in the zoom.

Figure 8. Scatter-contoured pole figures of Type (iii) sphalerite from the Saint-Salvy deposit
with corresponding Euler/textural EBSD maps (oppg: one point per grain; excluding twins as
grain boundary). On the left, oppg pole figure and on the right pole figures of two selected

sphalerite grains with colors referring to Euler map.

Figure 9. Type (iv) from the Anglas deposit (step of measurement: 3 pm). A. Transmitted
light microphotograph of the sphalerite area-1; B. Misorientation boundary EBSD map with
presence of deformation-twins (DT); C. Grain reference orientation deviation (GROD) map.
The GROD represents the misorientation deviation for each pixel compared to the mean
misorientation deviation of the entire sphalerite grain. In the GROD calculation, twin
boundaries are considered as grain boundaries to exclude their large misorientation (60°); D.

Textural component map mostly showing intragranular misorientation (0-20°) across a coarse
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sphalerite grain from an initial “reference” orientation point (red cross); E. Reflected light
scan of the area-2 with coarse parent grains boundaries (>15°) and between them, local
occurrence of recrystallized fraction (DRX); F. Misorientation boundary EBSD map with
presence of deformation-twins (DT). White arrows represent areas where higher proportion of
low-angle misorientation boundaries; G. Grain reference orientation deviation (GROD) map;
H. Textural component map showing intragranular misorientation (0-20°) across coarse
sphalerite grain from an initial “reference” orientation point (red cross). ; I. Histogram of the
misorientation angle distribution plotting neighbor-pair (correlated) and random-pair
(uncorrelated) misorientations; J. Three cumulative misorientation profiles for the area-1 and -

2, located in (B) and (F).

Figure 10. Type (iv) from the Arre deposit (step of measurement: 2.5 um). A. Misorientation
boundary EBSD map with presence of growth- and deformation-twins; B. Grain reference
orientation deviation (GROD) map. The GROD represents the misorientation deviation for
each pixel compared to the mean misorientation deviation of the entire sphalerite grain. In the
GROD calculation, twin boundaries are considered as grain boundaries to exclude their large
misorientation (60°); C. Two textural component maps in two coarse grains showing
intragranular misorientation variations (0-40°) from two initial “reference” orientation point
(red crosses); D. Histogram of the misorientation angle distribution plotting neighbor-pair
(correlated) and random-pair (uncorrelated) misorientations; E. Two cumulative

misorientation profiles located in (C).

Figure 11. High-precision EBSD map (step of measurement: 0.5 pm) of two areas in the type
(iv) sphalerite from the Arre deposit (same sample as in the Figure 10). A. Low-angle

misorientation (< 5°) EBSD map with grain boundaries (> 15°) represented with black lines
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and twin boundaries (60°) represented with white line. Three misorientation profiles shown in
(C) are located; B. Textural component map showing intragranular misorientation variation
(0-10°) across a coarse sphalerite grain from one initial “reference” orientation point (red
cross). A black arrow on the lower-right, indicates a plumose structure; C. Three
misorientation profiles located in (A); D. Low-angle misorientation (< 5°) EBSD map with
grain boundaries (> 15°) represented with black lines and twin boundaries (60°) represented
with white line. E. Textural component map showing intragranular misorientation variation
(0-20°) mainly across two sphalerite grains from one initial “reference” orientation point (red

cross). F. Two misorientation profiles located in (D).

Figure 12. Scatter-contoured pole figures, inverse pole figure and cumulative misorientation
profile with corresponding Euler/textural EBSD maps (oppg: one point per grain; excluding
twins as grain boundary) of Type (iv) sphalerite from the Arre deposit with on the top, pole
figures of a sphalerite grain with color corresponding to the textural component map on the
left (initial “reference” orientation point on the red cross) superimposed on an all Euler angle
map. At the bottom left, a cumulative misorientation profile, located on the map above. In the
middle at the bottom, inverse pole figures of three recrystallized grains are shown with color

corresponding to the Euler map on the right.

Figure 13. Microphotographs, LIBS and EBSD grain size maps of the type (ii) sphalerite from
the Pale Bidau deposit. Coarse domains (> 100 um) are reported based on EBSD map and two
rulers below (A) and (C) indicate the scale. A. Transmitted light microphotograph; B. Grain
size map (grain boundaries with >15° misorientation angle) measured with EBSD,
superimposed on a reflected light microphotograph. Location of profile (B) is shown; C.

Elemental profile with Ga and Cu contents based on intensities of LIBS maps data, which
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were converted in concentration based on LA-ICP-MS spot analyses. For Ge, LA-ICP-MS
contents were too low to quantify this profile; C-E. LIBS maps of Cu, Ga and Ge.
Representative LA-ICP-MS analyses previously reported in Cugerone et al. 2018a, 2020 are

mentioned.

Figure 14. EBSD and LIBS maps of the type (iii) sphalerite from the Saint-Salvy deposit. A.
Misorientation boundary EBSD map with 4 circles locating four areas of interest: 1-sector
zoning in a dark brown zone; 2-Elongated dark brown zone in a grain boundary; 3-Dark
brown zones in grain, low angle misorientation and twin boundaries; 4-Dark brown zone in
growing crystal edge; B. Transmitted light microphotograph showing chemical zones in
sphalerite, with rhythmic bands (rb) and sector zoning (sz). C-F. LIBS Ge, Cu, Ga and Sb
maps. G. Stacked LIBS maps with red=Cd and green=Fe. Correlated areas where Fe and Cd
are both concentrated appear in yellow (stacked image processed with ImagelJ). H. Stacked
LIBS maps with red=Sn and in green=In. Correlated areas where Sn and In are both

concentrated appear in yellow (stacked image processed with Imagel).

Figure 15. Combined microphotograph, EBSD and LIBS maps of the type (iv) sphalerite from
the Arre deposit. Contours of two coarse parent grains is shown; A. Transmitted light scan
with superimposed low-angle (<15°) and high-angle (>15°) misorientation boundary maps.
Coarse grains (> 100 pm) are light to dark brown colors, but the recrystallized sphalerite is
only light brown; B-C. LIBS Ge and Cu map with four LA-ICP-MS spot analyses reported,
D. Cumulative misorientation profile located in (A-C) in dark and light domain, combined
with Ge and Cu contents, extracted from the LIBS maps. Microscale Ge-minerals observed in

the LIBS maps are evidenced with a yellow circle. Most of Ge and Cu contents are hosted in
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nanoscale inclusions of briartite and certainly not in sphalerite lattice (Fougerouse et al.

2023).

Figure 16. Synthesis of the microstructural and trace element distribution in the four types of
sphalerite studied. Macro- and micro-textures are reported at the top of the figure. In the
central part, histograms showing the relative proportion of misorientation boundaries are
represented. Low angle misorientation boundaries (Low mis. in red) as well as specific twin
boundaries such as growth-twins (G.twins in brown), deformation-twins (D.twins in orange)
and annealing-twins (A.twins in blue) are emphasized. At the bottom part of the figure,
microtextural sketches describe the grain size of each sphalerite-type with the various types of
boundaries and simplified representative pole figure of a sphalerite grain. Below, the spatial
distribution of Cu-Ga-Ge at microscale is shown in various tints of blue. Note that rthythmic
bands observed in the type (ii1) sphalerite are not limited to a specific crystal compared to
dark-brown zones such as sector zoning. At the bottom, a timescale is proposed with the

various tectonic, hydrothermal and deformation events.
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