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Abstract. Mineralogical, paragenetic, and geochemical data on sulfidic mineralization from the Cinovec Li—
Sn—W greisen-type deposit (Bohemian Massif, Czech Republic) were used to refine the evolution of mineral-
ization at this world-class deposit and to clarify the relationship between base-metal sulfides and the Li—Sn—-W
mineralization. Sulfides occur in three main settings: (i) quartz—zinnwaldite veins, (ii) massive greisens and
greisenized granites, and (iii) late baryte—fluorite veins that locally overprint earlier types. Electron microprobe
analyses and detailed BSE imaging reveal multiple mineralization stages and a surprisingly large suite of sul-
fide minerals. They were divided into several mineralization stages, including the greisen stage (molybdenite,
arsenopyrite, safflorite), early sulfide stage (stannite—késterite, stannoidite, sphalerite), intermediate sulfide stage
(galena), and late sulfide stage (pyrite, marcasite, chalcopyrite, tennantite—tetrahedrite, enargite, lautite, Cu—Ag—
Bi-Pb sulfosalts, native Bi, Cu sulfides, pearceite, cupropearceite, stromeyerite). A minor amount of sulfides
was remobilized during later the fluorite—baryte stage. Distribution of sulfide mineralization at the deposit is
irregular; sulfides are not strictly bound to prevalent Li—-Sn—W mineralization. The dominant sphalerite-bearing
assemblages (Zn—Pb—Cu) display average grades of ~ 100-200 ppm Zn (however, Zn is partly contained in zin-
nwaldite), 20-50 ppm Pb, and < 50 ppm Cu in disseminated mineralization, with locally elevated In contents
(=£0.53 wt %) in sphalerite. Progressive evolution of metal contents in the reduced sulfide-bearing hydrothermal
fluid proceeds from Zn—Cu—Sn to Pb—Bi—Ag and As—Sb. Late-stage sulfate- and fluorine-bearing fluids partly
altered earlier mineralization but did not deposit significant ore content.
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1 Introduction

Cinovec/Zinnwald is a world-class greisen-type Li, Sn, and
W deposit, with elevated contents of Nb, Ta, Rb, and Sc. It
is situated in the uppermost part of the granite cupola (ap-
proximately 1.4km x 0.3 km in size) at the Czech—German
border in the Krusné hory/Erzgebirge. The mineralization is
represented especially by Li-bearing micas, cassiterite, wol-
framite, and minor scheelite. Besides fluorite and topaz, im-
portant accessory phases include zircon, Nb-rich rutile, xeno-
time, columbite, monazite, Sc-rich ixiolite, and pyrochlore
(Johan and Johan, 1994, 2005; Breiter et al., 2017a, b, c;
Hreus et al., 2021).

The deposit belongs to one of the oldest tin producers in
Central Europe; the first evidence of cassiterite mining is
dated to 1378, but cassiterite extraction from stream sedi-
ments in the whole district (Krupka, Fiirstenwalde and Al-
tenberg deposits) was carried out much earlier. Since the
14th century, approximately 8—10 Mt of Sn 4+ W ore was ex-
cavated by underground workings, mainly from flat-lying
quartz—zinnwaldite veins (so-called “fltze”) with coarse-
grained cassiterite + wolframite mineralization (Breiter et
al., 2016).

In the Kru$né hory/Erzgebirge (further simplified as
“Erzgebirge”), there is a full range of transitions from (al-
most) sulfide-free Sn—W deposits (e.g., Cinovec/Zinnwald),
through sulfide-enriched deposits (Sn—W in greisen, sulfides
in veins mainly in exocontact like Krupka—Knottl; 74k, 1966;
Sejkora and Breiter, 1999; Pauli§ et al., 2022) to sulfide-
rich deposits with a small amount of cassiterite and missing
W, e.g., Hora Sv. Katefiny and Hora Sv. Sebestidna (Bre-
iter et al., 2009a). Other localities with Sn—W mineralization
with variable sulfide content are Krupka, Hrob—Mikulov, and
Preissleberg on the Czech side and Altenberg, Sadisdorf, and
Sachsenhohe on the German side (Leopardi et al., 2024).

In the 2010s, exploration programs of the Czech and Ger-
man parts of the Cinovec/Zinnwald deposit provided large
amounts of new data and material. This allowed examination
of sulfide mineralization and its extent, mineralogy, and eco-
nomic importance. In this paper we summarize results from
the Czech part (Cinovec deposit), based on samples kindly
provided by Geomet s.r.0., and samples collected during the
deposit operation stored in the collection of the National Mu-
seum in Prague.

2 Geological setting

The NE-SW trending crystalline belt of the Erzgebirge is
located along the Czech—German border (Fig. 1), within
the Saxo-Thuringian Zone of the Bohemian Massif (Hoth
et al., 1995; Linnemann, 2008; Chab et al., 2010). The
Saxo-Thuringian Zone contains the geological record of two
orogeneses that are separated by a period of crustal ex-
tension and marine sedimentation (Linnemann, 2008). The
oldest known basement is represented by Neoproterozoic—
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Cambrian greywackes deposited on the northern peri-
Gondwana shelf. This complex was deformed, metamor-
phosed in amphibolite facies, and finally intruded with gran-
itoids during Cadomian orogeny at 570-540 Ma. Following
the Lower and Middle Ordovician, sediments were deposited
in a rift setting at the southern margin of the Rheic Ocean
(Linnemann and Romer, 2010). Sedimentation follows up
to the Devonian, but these younger sequences are not rep-
resented in the Erzgebirge. Variscan deformation started in
the Upper Devonian by NE- to SW-directed convergence.
The locally found UHT rocks (granulites) and UHP ultra-
basic rocks with diamonds (Kotkova et al., 2011) record
final Gondwana subduction below the allochthonous units
at 340 Ma. Extensive Variscan post-kinematic magmatism
evolved from ca. 330 to 310 Ma, i.e., to the late Carbonif-
erous, with only sporadic continuation to the early Permian
(295 Ma at Gottesberg, western Erzgebirge; Forster et al.,
2007).

The axis of the Erzgebirge anticlinorium dips towards the
southwest so that three distinct stratigraphic units outcrop
on actual surface from NE to SW: Proterozoic gneisses in
the northeast, upper Proterozoic, and Cambrian mica schists
in the center and Ordovician phyllites and quartzites in the
southwest. All these units are intruded by late Carboniferous
granitoids.

The Variscan granites of the Erzgebirge region should be
divided into two major geochemical suites (Fig. 1):

a. Strongly peraluminous granites (A/CNK=1.1-1.3).
These are typical S-type granites with a trend marked
by enrichment in P, Na, F, Li, Sn, and U and depletion in
Mg, Ca, HREE, and HFSE (like Zr and Th). These gran-
ites formed relatively large, deeply eroded plutons in
the western part of the Erzgebirge including composite
Nejdek—FEibenstock pluton (323-314 Ma; Tichomirowa
et al., 2019) and some minor, mostly hidden bodies in
the central part of the Erzgebirge (Satzung, Pobershau,
Hora sv. gebestiéna).

b. Slightly peraluminous granites (A/CNK=1.0-1.1).
These granites have very low P and high Na, F, Li,
REE, and HFSE, often associated with subvolcanic to
volcanic activity. These granites, which are a rather rare
type among the European Variscan granitoids, can be
classified as A-type granites (Breiter, 2012). The largest
magmatic system of this type is the Altenberg—Teplice
Caldera (18 x 35km in size), situated in the eastern
Erzgebirge and hosting the Cinovec/Zinnwald deposit.
Several effusive—intrusive phases can be distinguished
within the caldera (Breiter, 1997; Miiller et al., 2005),
namely (1) three pulses of Teplice rhyolite tuffs and
ignimbrites and (2) dikes of granite porphyry related
to caldera collapse (312 Ma; Tomek et al., 2019). The
volcanic rocks were intruded by two types of gran-
ites of distinct geochemical A-type character: (3) the
multiple intrusion of the Preiselberg granite formed a
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Figure 1. Geological map of Erzgebirge; small bodies of highly fractionated A-type granites (including Cinovec granite) are shown as
Maltese cross symbols. Names of bodies without surface exposures are indicated in parentheses (after Breiter, 2012).

large hidden body with a small outcrop NW of Krupka.
The equivalent in Saxony is the Shellerhau granite.
All textural varieties contain drop-like quartz and or-
thoclase phenocrysts in a matrix consisting of quartz,
oligoclase, perthitic orthoclase, and Li-bearing biotite.
Fluorite and zircon are common accessories. (4) The
relatively younger Cinovec granite forms an NW- to
SE-elongated hidden ridge with a few small cupola-
and stock-shaped outcrops. The main petrographic fa-
cies is characterized by medium-grained granite with
phenocrysts of K-feldspar and drop-like quartz embed-
ded in a quartz, albite, perthitic K-feldspar, and pro-
tolithionite matrix. Zircon, topaz, fluorite, cassiterite,
monazite, thorite, xenotime, and rutile occur in acces-
sory amounts. The upper level of the cupolas con-
sists of medium-grained, non-porphyritic granite com-
posed of quartz with albite inclusions, K-feldspar, al-
bite, zinnwaldite, topaz, and fluorite. Cassiterite, scheel-
ite, columbite, zircon, U-bearing pyrochlore, bastnisite,
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and uraninite are the common accessories (Johan and
Johan, 1994, 2005; Breiter and Skoda, 2012; Breiter et
al., 2017a, c). The age of post-caldera rare-metal gran-
ites (<312Ma) remains controversial (Romer et al.,
2007).

Small bodies (stocks and dikes) of similar Sn-, Nb-, and
Ta-enriched granite were found at Seifen (Forster and Rhede,
2006) and Hora sv. Katefiny (Breiter, 2008) in the central part
of the Erzgebirge.

Hydrothermal activity following magmatic events pro-
duced numerous sulfide deposits of variable age, including
sulfidic Pb—Zn—Ag deposits, five-element deposits (Ag—As—
Bi—Co-Ni), and uranium vein deposits, as well as tin skarns
and greisens. The metallogenesis of intrusion-hosted sulfidic
mineralization in the Erzgebirge is mainly characterized by
granite-related magmatic—hydrothermal systems. Proximal
zones near intrusions feature oxide-dominated assemblages
(e.g., cassiterite, wolframite), transitioning to distal base-
metal sulfide mineralization (chalcopyrite, sphalerite, galena,

Eur. J. Mineral., 38, 281-304, 2026



284

arsenopyrite) at greater distances from the granite contact
(Leopardi et al., 2024; Weber et al., 2023). This zonation is
primarily controlled by fluid—rock interaction along the hy-
drothermal pathway rather than temperature gradients, with
sulfides forming late-stage veins and stockworks that over-
print earlier oxide assemblages. Fluid inclusion data indicate
that sulfide precipitation occurred under evolving physic-
ochemical conditions, with fluid chemistry alterations and
mixing (with meteoric or sedimentary fluids) driving metal
deposition (Dolnicek et al., 2012; Krej¢i Kotlanova et al.,
2024; Leopardi et al., 2024). The Sadisdorf deposit exempli-
fies this model, where chalcopyrite-rich and pyrite-rich sul-
fide subtypes occur in intermediate-to-distal settings, often
crosscutting oxide veins. Whole-rock geochemistry further
confirms that alkali depletion and greisen alteration (Li—Fe
mica, topaz) precede sulfide mineralization, linking ore for-
mation to the chemical evolution of fluids migrating away
from the intrusion (Leopardi et al., 2024).

3 Cinovec deposit

The Cinovec deposit is located at the NW border of the
Czech Republic in the Erzgebirge, in the eastern part of
the Saxothuringian Zone of the Bohemian Massif. Part of
the mineralization is located in Germany (Zinnwald de-
posit). Strongly fractionated A-type Cinovec granite of late
Variscan age (age of surrounding rhyolite is 314-313 Ma,
Tichomirowa et al., 2022) forms mostly buried mineralized
cupola (of elliptical shape in N-S direction with 1.4km in
length and 0.3 km width). The granite is weakly peralumi-
nous, enriched mainly in F, Li, Rb, Zr, Th, HREE, Sc, Sn, W,
Nb, and Ta and poor in P, Ti, Mg, and Ca (Breiter, 2012). The
cupola is composed of two main granite types — Li-, F-, Sn-,
Nb-, Ta-, and Rb-enriched zinnwaldite granite (closer to the
surface) and mostly barren biotite granite (in depth); volu-
metrically less important mica-free granite underlies the zin-
nwaldite granite (Fig. 2; Breiter et al. 2017b). In zinnwaldite
granite, there are numerous greisen bodies and subhorizon-
tal quartz—zinnwaldite veins. The cupola was examined to
a depth of 1596 m by a structural drill hole CS-1 between
1961 and 1963, which intersected the pluton and provided
important information about zoning and composition (Stem-
prok and Sulcek, 1969; Breiter et al., 2017a, b).

The Cinovec deposit is characterized by the vein-type and
pervasive greisen-type Li—Sn—W mineralization. The vein-
type mineralization is represented by flat quartz veins (com-
monly 20-50 cm thick) with zinnwaldite rims which con-
tain cassiterite and wolframite and minor topaz, apatite, and
scheelite; it was historically exploited mainly for cassiterite
and, more recently, for wolframite. The greisen-type min-
eralization consists of irregular metasomatic bodies com-
posed mainly of quartz and zinnwaldite (£ topaz, fluorite,
and remnants of feldspars). In this mass, fine-grained cassi-
terite and wolframite are scarcely disseminated together with
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columbite, ixiolite, scheelite, and other accessory minerals
(Breiter et al., 2017¢; Hreus et al., 2021).

Sulfide minerals at Cinovec have previously been studied
mainly by §tempr0k (1962, 1987) and Novak et al. (1991).
Sulfide mineralization is characterized by complex parage-
nesis and a distinct spatial distribution within both gently
and steeply dipping veins. Sulfides predominantly occur as
irregular nests, impregnations, veinlets, or crystals in drusy
cavities, with their quantitative contribution generally minor
compared to the main gangue minerals. The most abundant
sulfides identified at that time include arsenopyrite, molyb-
denite, stannite, galena, sphalerite, chalcopyrite, bornite, ten-
nantite, chalcocite, pyrite, and covellite, often accompanied
by native bismuth, bismuthinite, and rare roquesite. These
minerals are typically younger than the principal gangue
phases — quartz, zinnwaldite, topaz, and potassium feldspar —
and are thus assigned to a distinct, late-stage sulfidic miner-
alization event. Textural relationships reveal that sulfides fre-
quently form metasomatic replacements, veinlets, and brec-
cia cements, with evidence of successive generations based
on cross-cutting and overgrowth features. The genesis of
these structures is interpreted in the context of solid-state
diffusion and metasomatic processes, with the sulfidic stage
further subdivided into pre- and post-baryte periods. Based
on the production data from massive greisens in the south-
ern part of the cupola between 1985 and 1990 (David, 1991),
recovered sulfides accounted for approximately 13.9 gt~! of
the Li—-Sn—W ore material only.

4 Material and methods

Studied samples were mainly selected from drill cores pro-
duced as a part of the Cinovec project in the Czech part of
the deposit (kindly provided by Geomet s.r.0.). All drill core
samples are from the southern part of the Cinovec district
from disseminated mineralization in massive greisens, where
sulfides are generally more common than in the northern part
(Fig. 2). Samples from the veins were obtained from the min-
eralogical collection of the National Museum, Prague; their
exact position at the deposit is unknown as they were col-
lected during mining activity in the Czech part of the deposit,
i.e., likely from the vein system in the cupola center. From the
collected samples, 15 polished thin sections and 14 polished
mounts were prepared. A list of samples studied is provided
in the Supplement (Table S1).

4.1 Electron microprobe analysis (EMPA)

The composition of sulfides was determined using two
CAMECA SX100 electron probe microanalyzers (EPMA)
at Masaryk University, Brno, and at the National Mu-
seum, Prague, in wavelength dispersion mode. For EMPA at
Masaryk University, Brno, an accelerating voltage of 25kV,
a beam current of 20 nA, and a beam spot size of 2 um were
used. Standards used for the analysis were Cu on metallic

https://doi.org/10.5194/ejm-38-281-2026
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Cu, Ni and As on pararammelsbergite, Co on metallic Co,
Zn on ZnS;, Fe on FeS,, Se on PbSe, Ag on metallic Ag,
S on chalcopyrite, Hg on HgTe, Sb on metallic Sb, Bi on Bi,
and In on InAs. For all minerals, the correction procedure
(X-PHI) described by Merlet (1994) was applied. For EMPA
at the National Museum, Prague, an accelerating voltage of
25kV, abeam current of 20 nA, and a beam spot size ca. 1 um
were used. Standards used were Sb on Sb,S3, Ag on metallic
Ag, Pb on PbS, Te on PbTe, Cl on halite, Sn on Sn, Fe on
pyrite, Ni on Ni, Co on metallic Co, Zn on ZnS, Cu and S on
chalcopyrite, Hg on HgTe, Tl on TI(Br,I), Bi on BiySe3, Cd
on CdTe, Au on metallic Au, Cr on metallic Cr, As on NiAs,
Se on PbSe, Ge on metallic Ge, In on InAs, Mn on metallic
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S Quartz-zinnwaldite vein

Mn, Ga on GaAs, K on sanidine, Ba on baryte, and P on flu-
orapatite. The PAP matrix correction was applied (Pouchou
and Pichoir, 1985). Overlap corrections and peak calibrations
were systematically incorporated. Compositional data from
EMPA are provided in the Supplement (Tables S2-13).

4.2 Whole-rock analyses

The whole-rock abundances of both main and trace elements
were acquired during the deposit study done by Geomet s.r.o.
Parts (typically halves) of drill cores in intervals ranging
from 20 to 200cm were, after crushing and homogeniza-
tion, analyzed in ALS Global employing the ME-4ACDS1

Eur. J. Mineral., 38, 281-304, 2026
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Figure 2. Cross-sections through the geological model of the Cinovec deposit, displaying the spatial distribution of Cu, Pb, Zn, and Ba.
The deposit architecture features a cupola-shaped zinnwaldite granite intrusion overlain by the Teplice rhyolite (rock types after Breiter et
al., 2017b). The Li—-Sn—W mineralization is present in greisenized granite (pale green), greisen bodies (dark green), and quartz—zinnwaldite

veins (blue).

(base metals by ICP-AES) and ME-MSS81 (lithium borate fu-
sion followed by ICP-MS) packages from the ALS Global
Geochemistry Fee Schedules (https://www.alsglobal.com/
en/Resources-and-downloads, last access: 7 May 2026).

4.3 Automated mineralogy (TIMA)

The Tescan integrated mineral analyzer (TIMA) solution in
the R&D laboratory of TESCAN GROUP a.s., Brno, Czech
Republic, was used to characterize selected thin sections and

Eur. J. Mineral., 38, 281-304, 2026

epoxy blocks in order to obtain the modal composition of the
rocks, grain size distribution, and associations of the rele-
vant ore minerals, bulk chemical composition, and elemental
deportment and to understand the textures on a thin-section
level. The machine combines signals from a BSE detector
and up to four EDS detectors to distinguish individual phases
and create mineral images, which are interpreted in dedicated
software (see Hrstka et al., 2018). The following analytical
conditions were used for acquisition: an accelerating voltage
of 25kV and probe current of 10nA. Samples C1/205 and

https://doi.org/10.5194/ejm-38-281-2026
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P1/250 were analyzed using the “dot mapping” mode (see
details in Hrstka et al., 2018), with a 1 um BSE and 5 um
EDS grid; samples C73, C74, and C75 were analyzed with
dot mapping, with a 2 um BSE and 6 pm EDS grid; and sam-
ples C62-64, C65-67, C68, C69, C70, C71, C72, C76, and
C77-78 were analyzed using Bright-phase search sections
(Hrstka et al., 2018), with a 2um BSE grid and 2 um EDS
grid for phases with brightness above the 25 % BSE thresh-
old and their immediate surrounding and a 6 pm EDS grid
for phases with brightness below the 25 % BSE threshold.
For all samples, SE and CL images were acquired simulta-
neously with BSE and EDS. The data were measured and
processed in TIMA 2.12 software.

4.4 Raman spectrometry

Identification of some mineral species (pyrite, marcasite,
enargite) was done using the Raman spectrometer Horiba
Labram HR Evolution at the Department of Geological
Sciences, Masaryk University, Brno. This dispersive, edge-
filter-based system is equipped with an Olympus BX 41 op-
tical microscope, a diffraction grating with 600 grooves per
millimeter, and a Peltier-cooled, Si-based charge-coupled de-
vice (CCD) detector. The Raman signal was excited by a
633 nm laser. The nominal laser beam energy of 50 mW was
attenuated to 5 or 12.5mW using a neutral density filter to
avoid the thermal damage of the analyzed area. The Ra-
man signal was collected in the 100-900 cm ™' range using
a 600 grmm™~! grating and a 50x objective. The system was
operated in confocal mode with a beam diameter of ~ 1 pm.
No visual damage to the analyzed surface was observed after
the excitation. Raman-shift calibration was done using a sil-
icon wafer. The wavenumber accuracy was ~ 0.5 cm~ !, and

the spectral resolution was ~2cm™!.

5 Distribution of the sulfide mineralization at the
Cinovec deposit

Based on the information from drill logs, the geochemical
data on base metal distribution represent mainly the dissem-
inated sulfide mineralization in massive greisens; horizontal
veins were intersected relatively rarely (Fig. 2), and verti-
cal veins were not encountered during vertical drilling. The
dataset does not contain assays from the Teplice rhyolite as it
does not contain significant Li mineralization and was there-
fore not analyzed. From the drill hole and geochemical data,
it was possible to construct a 3D model and cross-sections
showing the distribution of sulfide mineralization. The most
significant geochemical indicators of mineralization are the
contents of Zn, Pb, and Cu. The cross-section of the Cinovec
deposit with the extent of sulfide mineralization is shown in
Fig. 2.

The majority of sulfide mineralization is located in the
southern part of the deposit in greisens and greisenized
granites below the rhyolite contact (Fig. 2). Copper occurs

https://doi.org/10.5194/ejm-38-281-2026
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at relatively lower concentrations in greisens in the upper
part of the cupola, rarely exceeding 100 ppm. On the other
hand, Pb demonstrates broader zones of enrichment, reach-
ing over 500 ppm locally; high values are spatially clus-
tered right below the rhyolite contact. Similar to lead, Zn is
mainly concentrated below the rhyolite—greisenized granite
contacts; Zn displays the highest concentration values ex-
ceeding 1000 ppm in a narrow zone (Fig. 2). In contrast to
Cu, Pb, and Zn, high Ba contents are mainly located in the
northern and northwestern parts of the deposit, while they are
almost absent in the southern part (Fig. 2). Ba distribution is
more dispersed, and values over 150 ppm are present mainly
in zinnwaldite granite and greisenized granites.

The hydrothermal sulfide mineralization at the Cinovec
deposit is later than the greisen and the hydrothermal quartz—
zinnwaldite vein mineralizations (gtemprok 1987), but it
may concentrate in zones of earlier tectonic predisposition,
e.g., in quartz—zinnwaldite veins or surrounding greisens.
Our samples are represented by three textural-paragenetic
types: (a) prevailing flat-lying and less represented vertical
quartz—zinnwaldite veins, (b) disseminated mineralization in
massive greisen bodies and veinlets in granite or rhyolite,
with rare (likely remobilized) sulfides observed in later (c)
baryte—fluorite vein mineralization.

5.1 Quartz-zinnwaldite veins

Flat-lying quartz—zinnwaldite veins are identical in their
mineralogical composition to steep veins (Stemprok, 1987)
and most likely formed during the same genetic event; be-
sides field observations (Stemprok, 1987), this is supported
by the geochemical similarity of their quartz (Miiller et al.,
2018).

Sulfides occur in fractures (Fig. 3a, b) or in pockets
(Fig. 3c), typically in centers of quartz—zinnwaldite veins;
they form accumulations and irregular lenses of arsenopy-
rite, molybdenite, sphalerite, tennantite, galena, stannite, Cu
sulfides, Bi minerals, pyrite, and opal (David, 1991). They
either accompany the Li—-Sn—W mineralization or the veins
contain sulfide minerals only. The veins are characterized
by the presence of several generations of coarsely crystalline
quartz from the hydrothermal greisen stage preceding the sul-
fide mineralization and by the presence of fine-grained quartz
on fractures filled with sulfides. In quartz—zinnwaldite veins,
sulfide mineralization can form massive accumulations more
than 10 cm large (Fig. 3).

5.2 Disseminated mineralization

Disseminated mineralization is volumetrically the most com-
mon type of sulfide mineralization at the deposit. It occurs in
greisen and greisenized granites in the form of disseminated
typically fine-grained subhedral grains to smaller sulfide ag-
gregates. The main sulfide minerals encountered during past
mining were galena and sphalerite, which accounted for
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Figure 3. Representative samples of the studied vein sulfide mineralization. (a) Narrow quartz vein with zinnwaldite on its rims and massive
késterite, galena, and tennantite in its center; (b) narrow quartz vein with zinnwaldite on its rims and a wolframite (hiibnerite) rimmed with
sphalerite and tennantite in its center; (c¢) center of a thick quartz vein with a massive galena, sphalerite, and tennantite ore filling a void
around quartz crystal; (d) baryte vein with tennantite and malachite; (e) baryte vein with impregnations of tennantite and malachite from an
altered zone in granite; and (f) late-stage vein with fluorite, baryte, and galena in altered granite. Mineral abbreviations (after Warr, 2021):
Brt — baryte, Fl — fluorite, Gn — galena, Hbr — hiibnerite; Kes — késterite, Mlc — malachite, Qz — quartz, Sp — sphalerite, Tnt — tennantite, and
Znw — zinnwaldite. Samples C70 (a), C74 (b), C77 and C78 (c¢), C68 (d), C73 (e), and C75 (f).

80 wt %—85 wt % (galena) and 5wt %—10wt % (sphalerite)
of sulfide concentrates (David, 1991). In contrast to the veins,
copper minerals (tennantite, chalcopyrite) are rare. Interac-
tion of the fluids producing disseminated sulfides with Sn,W
mineralization was locally encountered as texturally distinct
assemblages. Thick-tabular crystals of wolframite I are re-
crystallized to Mn-enriched rims and/or needle-like crystals
of wolframite II that overgrow sphalerite (see Hreus et al.,
2021) and can be covered by later galena and replaced by
scheelite. Muscovitization of zinnwaldite and formation of
secondary cavities filled with clay minerals are associated
with the process.

5.3 Baryte—fluorite veins

Baryte—fluorite veins seem to be the youngest hydrothermal
assemblage at the deposit, cutting granite, greisens, and the
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Teplice rhyolite. They are usually devoid of sulfides, but
they frequently interfered with earlier mineralization, espe-
cially those with galena, and tennantite. The baryte veins
therefore locally contain corroded/recrystallized tennantite,
galena, and secondary Cu sulfides (covellite, digenite/rox-
byite, anilite, djurleite), as well as malachite (Fig. 3d, e, f),
minor Pb-rich baryte (“hokutolite”), and anglesite.

6 Sulfide mineralogy

The studied base-metal mineralization formed during mul-
tiple mineralization stages. They were distinguished based
on the paragenetic position and textural features (espe-
cially fracturing, dissolution, replacement, recrystallization)
of minerals present in individual assemblages. Their base-
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metal sulfide minerals are reported in the temporal order of
the individual mineralization stages.

6.1 Late greisen (K-feldspar) stage
6.1.1 Molybdenite

Molybdenite occurs in association with Mo-rich scheelite I in
quartz veins; hydrothermal breakdown of scheelite I (likely
before and also during sulfide stages, Fig. 4a) results in for-
mation of Mo-poor scheelite I and molybdenite in its vicin-
ity, either on fissures in the altered scheelite I or in surround-
ing quartz.

6.1.2 Arsenopyrite and safflorite

Arsenopyrite is the oldest sulfide, related to the end of the
greisen stage (e.g., Stemprok, 1962, 1987); it occurs typi-
cally in quartz veins in assemblage with cassiterite, but it
was also very rarely found in the disseminated mineraliza-
tion where it forms inclusions in cassiterite or irregular grains
in zinnwaldite (Fig. 4b, c). It is sometimes associated with
later sphalerite and galena (Fig. 4b, c, e). Arsenopyrite is
very close to the ideal formula (Table S2); it locally con-
tains inclusions of Fe-rich safflorite with empirical formula
(Cog.56Feq.46Nig.02)(As1.8650.14) and minute euhedral cassi-
terite. The observed assemblage supports the earlier inter-
pretation (David, 1991) that arsenopyrite and Co and Ni ar-
senides are the earliest phases of the sulfide mineralization
directly associated with greisen-stage cassiterite.

6.2 Early sulfide stage (Cu, Sn, Zn, Fe)
6.2.1 Stannite and késterite

Stannite-group minerals (StnGM), késterite (ideally
CuyZnSnS4) and stannite (ideally CupFeSnS4), are less
frequent accessory minerals related to the interaction of
ore fluids with earlier Sn mineralization. Stannite with
only a slight prevalence of Fe over Zn (in sample C70)
and Fe-bearing késterite (in samples C71 and C72) form
large grains several millimeters in diameter enclosed within
the silicate matrix or in later sulfides (Fig. 4d); they both
seem to belong to the earliest sulfide generation, and, for
simplicity, they are further called “késterite I’. Késterite
I (only in samples C71 and C72) reacted with sphalerite
I, resulting in késterite Il and stannoidite I rims on their
interface (Fig. 5); késterite II forms slightly Fe-depleted
rims of késterite I grains on their contact with stannoidite
(Fig. 4d). Késterite III was found as minute (typically a
few micrometers up to 20um large) inclusions in spha-
lerite I (Fig. 4e, f); rarely, overgrowth of késterite III on
euhedral sphalerite in a quartz vein pocket was observed
(Fig. 4g). All késterite generations and stannoidite were
further replaced by tennantite, resulting in a fine-grained
késterite IV 4 tennantite £ cassiterite & galena % sphalerite
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II assemblage forming either veinlets cutting késterite I and
stannoidite I (Fig. 4g, i) or aggregates of sphalerite I with
needle-forming cassiterite II (Fig. 4h).

StnGM show a wide range of Fe#=Fe / (Fe 4+ Zn) (Ta-
ble S3). The composition of késterite I in sample C70 can be
characterized as Zn-rich stannite at the borderline with Fe-
rich késterite (Fe# ~ 0.49-0.53), whereas samples C71 and
C72 contain Fe-bearing késterite (Fe# ~ 0.23-0.30). Inter-
estingly, the latter composition has slightly elevated Cu and
lower Sn contents (Fig. 6), suggesting transition towards the-
oretical Fe analogue of stannoidite. Késterite II is composi-
tionally very similar to késterite I — it shows a minor deple-
tion in Fe only (Fig. 5). On the other hand, késterite III and
IV have formulae close to the ideal késterite end member
(Fe# ~ 0-0.05; Fig. 6b); due to a small grain size, analyti-
cal points in some of the késterite III inclusions in sphalerite
overlap with their host. The composition of stannite from
sample C70 matches with the earlier published data (Stem-
prok, 1987) for stannite from Cinovec.

6.2.2 Stannoidite

Stannoidite (ideally CugFe3Sn;S12), another StnGM at the
deposit, forms reaction rims around grains of Fe-rich ké&s-
terite I (samples C71 and C72) along their contact with spha-
lerite (stannoidite I); it locally encloses secondary cassiterite
IT (Fig. 4d). Stannoidite 1l forms small exsolved grains in
sphalerite I. During the tennantite stage, stannoidite III also
locally formed at the expense of needle-forming cassiterite I1
(Fig. 9a).

The composition of stannoidite is remarkable, character-
ized by its narrow range of Fe / (Fe+Zn)~ 0.65-0.74, re-
gardless of its textural-paragenetic type and origin (Fig. 6).
Stannoidite I is equivalent to the old names “hexastannite”
and “stannite I’ of Ramdohr (1980) and “stannite I’ of Stem-
prok (1987), who described the same texture from the local-

ity.

6.2.3 Sphalerite

Sphalerite (ZnS) is the most common sulfide at the Cinovec
deposit. The earliest sphalerite I corrodes grains of cassi-
terite I and késterite I or cuts cassiterite I into veinlets and
frequently encloses aggregates of needle-forming cassiterite
II (Fig. 4a, d-f); sphalerite I typically reacted with késterite
I and formed a reaction rim of stannoidite I + cassiterite II.
Sphalerite I contains elevated contents of Cu, In, and Fe
(Fig. 7a; Table S4). Sphalerite frequently contains numerous
minute inclusions of késterite and, in lesser amounts, also
chalcopyrite (Fig. 4e), which likely represent intergrowths
(Fig. 4e, i) or, rarely, exsolutions (Fig. 4f). Sphalerite II forms
rims or recrystallized zones in sphalerite I, and it is depleted
from Cu, In, and Fe after exsolution of késterite II and chal-
copyrite I (most likely in the galena and/or tennantite stages).
Sphalerite III 4 tennantite cuts késterite and stannoidite into
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Figure 4. BSE images of early and intermediate sulfide mineralization assemblages from the Cinovec deposit. (a) Two types of scheelite with
secondary molybdenite, enclosed in sphalerite at the contact with tennantite; (b) cassiterite I associated with arsenopyrite and galena; (c) ar-
senopyrite with inclusions of cassiterite; (d) large grain of késterite I with stannoidite I and cassiterite II at its contact with sphalerite
I; (e) corroded sphalerite I with késterite inclusions, overgrown by galena; (f) sphalerite I with exsolved késterite inclusions, with galena
and cassiterite II on cracks; (g) euhedral sphalerite with késterite rim corroded by galena and tennantite; (h) needle cassiterite in sphalerite
matrix cut by késterite and tennantite veinlets; and (i) sphalerite I with késterite inclusions, replaced by késterite and tennantite. Mineral
abbreviations (after Warr, 2021): Apy — arsenopyrite, Ccp — chalcopyrite, Cst — cassiterite, Gn — galena, Kés — késterite, Mol — molybdenite,
Sch — scheelite, Sp — sphalerite, Sta — stannoidite, Tnt — tennantite, and Znw — zinnwaldite. Samples C74 (a), CIS-1 191.05 (b, c, e, f),
C71 (d), CIS1 205.5 (g), C67 (h), and CISS 283.17 (i).

thin veinlets (Fig. 5b). Sphalerite I is commonly enriched in 6.3 Intermediate sulfide stage (Pb = Bi, Ag)
indium (0.02-0.53 wt % In) and copper. Very low In concen-

trations are characteristic of sphalerite II and III; the pos- Galena

itive correlation between In and Cu (Fig. 7) indicates the
presence of a roquesite component in sphalerite. Contents of
Fe are generally very low (< 0.04 apfu); only a few samples
have up to 0.1 apfu Fe, which indicates an intermediate-to-
low sulfidation state (near the pyrite—pyrrhotite boundary),
which matches the typical conditions for Sn—Cu—Zn veins
(Fontboté et al., 2017). Both in veins and in the dissemi-

nated mineralization, wolframite is partially recrystallized on i it .
its contact with sphalerite, resulting in the formation of Mn- sulting in the presence of aikinite-group minerals and rare na-

enriched rims or needle-forming wolframite II overgrowths tive Bi. Galena precedes crystallization of fluorite and baryte;
(for details, see Hreus et al., 2021). they all fill pockets and impregnations in the late-stage as-

semblage of muscovite, K-feldspar (var. adularia), and fine-
grained quartz.

Galena shows variable contents of Ag (up to 0.34 wt %)
and Bi (up to 1.26 wt %) (Table S5). The Ag: Bi atomic ra-

Galena forms massive aggregates or euhedral crystals in the
sulfidic assemblage; it typically cuts or rims earlier phases
(késterite I — stannoidite I, cassiterite I + II, sphalerite I) and
may enclose aggregates of anhedral pyrite grains; very rarely,
inclusions of cryolite were found in galena (sample C72).
Galena is typically corroded during the tennantite stage, and
there always seems to be some galena recrystallization, re-
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Figure 5. Images from TIMA showing replacement of késterite I (Fe-rich késterite) to stannoidite I and késterite II at its contact with
sphalerite. (a) Element map for Fe — note the Fe depletion in késterite II in veinlets and at the rim of késterite I; (b) mineral map of the same
area as shown in (a); (¢) mineral map showing veinlets of sphalerite, tennantite, and cassiterite cutting késterite I and replacing stannoidite;

and (d) mineral map showing veinlets of tennantite and cassiterite cutting késterite I and stannoidite. Sample C71.
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Figure 6. Ternary compositional diagrams (at. units) for késterite—stannite and stannoidite. (a) Ratio of Sn + In vs. Cu vs. Fe +Zn. (b) Ratio
of Zn vs. Cu vs. Fe. Green and yellow symbols — primary késterite I with non-distinguished slightly Fe-depleted késterite II (green symbols
— sample C70; yellow symbols — samples C71, C72). Red symbols — késterite [II-IV. Blue symbols — stannoidite.

tio in galena ranges from 1: 1 to 1 : 3, but there is no clear
correlation between the two elements (Fig. 7b). Contents of
Ag and Bi in galena are very variable, most likely due to its
recrystallization during subsequent mineralization stages.

6.4 Late sulfide stage (As, Sb+ Bi, Ag)
6.4.1 Pyrite and marcasite

In the samples studied, pyrite (locally intergrown with mar-
casite) rarely forms anhedral granular aggregates enclosed
in galena (e.g., samples C66 and C7, C72; Fig. 8a, b) and
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fracture-filling impregnations enclosed in sphalerite close to
or directly in chalcopyrite—tennantite veinlets (Fig. 8c, d).
The identity of pyrite and marcasite (Table S6) was con-
firmed using Raman spectrometry.

6.4.2 Chalcopyrite

Together with tennantite, chalcopyrite is the major primary
Cu mineral at the deposit. Chalcopyrite occurs in three gen-
erations: chalcopyrite I forms uncommon inclusions in spha-
lerite I; chalcopyrite I forms granular aggregates of rounded
grains in galena, usually associated with pyrite, and tennan-
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Figure 7. Contents of minor elements in sphalerite (a) and galena (b).
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Figure 8. TIMA mineral maps and BSE images of textural features of sphalerite, pyrite, and chalcopyrite in assemblage with (a, b) and
without (¢, d) galena. (a, b) Granular aggregates of pyrite and chalcopyrite in galena near its boundary with tennantite 4 cassiterite assem-
blage; note the lobate boundaries of sphalerite enclosed in galena. (¢, d) Fracture-filling assemblage of pyrite, chalcopyrite, and tennantite in
sphalerite. Mineral abbreviations (after Warr, 2021): Ccp — chalcopyrite, Cst — cassiterite, Gn — galena, Py — pyrite, Sp — sphalerite, and Tnt

— tennantite. Samples C66 (a, b) and C64 (c, d).
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tite or larger grains intergrown on their rims with aikinite—
bismuthinite series minerals (Fig. 8a, b); and chalcopyrite
III forms wide rims of tennantite veinlets cutting sphalerite
(Fig. 8c, d) or small crystals on tennantite—tetrahedrite in
pockets (Fig. 9b). All types of chalcopyrite display uni-
form chemical composition close to its ideal formula (Ta-
ble S7). Locally elevated Zn contents in chalcopyrite I (up to
2.07 wt %) are most likely analytical overlaps from surround-
ing sphalerite.

6.4.3 Tennantite—tetrahedrite

Tetrahedrite-group minerals occur in the disseminated min-
eralization and in massive aggregates up to several cen-
timeters — exceptionally over 10cm in size. They are fre-
quently associated with sphalerite, chalcopyrite, or galena.
From gangue minerals, they are typically associated with
botryoidal quartz aggregates, fluorite, and baryte. Four
paragenetic-compositional varieties can be distinguished.

Tennantite I replaces sphalerite in narrow zones or vein-
lets (Figs. 8c, 9c¢), and it is associated only with késterite,
stannoidite, and galena; its composition is almost exclusively
close to the tennantite-(Zn) ideal end member.

Tennantite II forms zoned aggregates associated with
galena and cassiterite Il and minor stannoidite [I/késterite II.
It has very low Sb, shows a stable Zn / (Fe 4- Zn) ratio from
0.08 to 0.17, and has a wide range of Bi/(As+ Bi+ Sb)
from 0.04 to 0.40. The Bi content generally increases towards
the border with corroded galena grains (Fig. 9d). The Bi-rich
zones frequently enclose myrmekitic aggregates of Bi-rich
minerals mostly of the aikinite—bismuthinite series (Fig. 9e).
Locally, stolzite was found in tennantite near corroded galena
grains (Fig. 9f).

Tennantite Il forms zoned grains either disseminated in
granite (samples Cis3 175.5 and PSn06 230.8), with a ho-
mogeneous composition and oscillatory-zoned, narrow Bi-
enriched zones near their rims, or in a quartz vein (sam-
ple C74), where they form Sb-enriched zones in tennantite
I or zoned aggregates and crystals in fluorite-filled pock-
ets. It is represented mainly by As-bearing tetrahedrite-
(Zn) and Sb,Fe-rich tennantite-(Zn), with minor Sb-bearing
tennantite-(Fe). In the quartz vein, its composition gradually
changes from tennantite-(Zn) to Sb,Fe-rich tennantite-(Zn)
and Sb-bearing tennantite-(Fe).

Tennantite IV is associated with late-stage quartz and
low-temperature Cu—S minerals (anilite, geerite, and spi-
onkopite; Table S8, samples C62-C64). It can be porous
sometimes. Its composition is characterized by higher
€Cu / (Zn+ €Cu + Fe) ratios.

Besides variations in the main species-defining elements
at the C site (Cu, Zn, Fe) and D site (As, Sb, Bi) of the
tetrahedrite-group mineral structure (Biagioni et al., 2020;
Table S9), low to slightly elevated contents of Ag were de-
tected (max 0.44 apfu, ~ 3 wt % Ag), with most analyses be-
low 0.1 apfu (avg. 0.05 apfu Ag). In Sb-bearing samples (ten-
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nantite III), Ag positively correlates with Sb, whereas in all
other samples, Ag shows clear positive correlation only in
Bi-rich tennantite II with > 1 apfu Bi (Fig. 10c, d). Elevated
contents of Bi (up to 1.52 apfu) indicate the presence of up to
40 mol % of the annivite component (Sejkora et al., 2025).

6.4.4 Cu sulfoarsenides (enargite, lautite)

Enargite, ideally Cu3zAsS4, was rarely encountered as a
corroded inclusion in tetrahedrite-(Zn) from a quartz—
zinnwaldite vein (C73); in the same sample, lautite (ideally
CuAsS) forms common inclusions in hydrothermally recrys-
tallized tetrahedrite-(Zn) (note the darker and brighter shades
of Tth in Fig. 91), in the vicinity of secondary pores filled
with digenite/roxbyite, djurleite, and pearceite (Fig. 91). The
composition of enargite is close to the ideal stoichiome-
try (Table S2), with minor amounts of Zn, Fe, Ag, and Pb
(< 0.3 wt%). Similarly, lautite is close to the ideal formula
(Table S2), with slightly elevated contents of Zn (0.29 wt %—
0.42 wt %) and Ag (0.15 wt %—0.27 wt %). Enargite was dis-
tinguished from its tetragonal dimorph luzonite using Raman
spectrometry.

6.4.5 Cu—Ag-Bi-Pb sulfosalts (aikinite—bismuthinite
series, emplectite, gustavite, berryite) and native
Bi

Members of the aikinite—bismuthinite series are present
both in quartz—zinnwaldite veins (bismuthinite, gladite,
salzburgite, lindstromite, friedrichite, and aikinite were ob-
served) and in the disseminated mineralization (bismuthinite,
salzburgite, and aikinite). They frequently form nests or vein-
lets, intergrown with chalcopyrite and pyrite in galena, usu-
ally at the contact with tennantite (Fig. 9e); however, ten-
nantite seems to corrode them (as well as the surrounding
galena), resulting in Bi-rich tennantite zones (Fig. 9d, e). In
the disseminated mineralization, bismuthinite was identified
as the latest phase in the assemblage with galena and em-
plectite; aikinite and salzburgite were also rarely encountered
(Table S10).

Minerals of the aikinite—bismuthinite series follow the
bismuthinite—aikinite connecting line relatively closely, with
minor deviations caused by a slight Cu excess (Fig. 11a).
The members of the series were characterized using n,ix
(Fig. 11b) calculated as n,jx = 25x (Pb 4+ Cu) / 2 according
to Makovicky and Makovicky (1978).

Emplectite with a formula close to the ideal CuBiS;
was encountered in the disseminated mineralization (Cis-
9 284.15) in greisenized granite as narrow-zone rimming
galena and as aggregates of acicular crystals enclosed
in sericite and fluorite, overgrown by bismuthinite (Cis-8
282.55, greisen).

Gustavite was found as domains up to ~ 30 um large in a
gustavite—berryite intergrowth enclosed in the center of con-
centrically zoned Bi-rich tennantite, in close association with
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Figure 9. BSE images of late sulfide mineral assemblages from the Cinovec deposit. (a) Stannoidite III rim around cassiterite II, surrounded
by zoned tennantite with inclusions of galena; (b) grain of tennantite-(Fe) overgrown by chalcopyrite and sphalerite, with arrowed bright
zones of Bi,Sb-enriched tetrahedrite-(Zn); (c¢) needle-forming cassiterite II enclosed in tennantite and sphalerite; (d) galena with veinlet
of tennantite-(Zn), with Bi-rich tennantite-(Zn) formed at the corrosive contact with galena; (e) fissure in galena with fluorite and aikinite
corroded by Bi-rich tennantite-(Zn); (f) galena corroded by stolzite with anglesite rims; (g) tennantite-(Fe) with brighter zones enriched in Sb
and Bi; (h) void in sphalerite rimmed with tennantite-(Zn), Sb-rich tennantite-(Fe), and tennantite-(Fe), filled by fluorite; (i) altered Cu-rich
tennantite, covellite, and Pb-bearing baryte; (j) chalcopyrite and tennantite replaced by covellite; (k) fluorite, emplectite, and bismuthinite
in muscovite—quartz matrix; (I) tennantite-(Zn) with lautite inclusions and alteration to covellite and pearceite; (m) intergrowth of berryite
and gustavite; (n) berryite and pyrite on fissure in sphalerite; and (0) grain of tennantite enclosing pearceite and stromeyerite intergrowth,
surrounded by later baryte. Mineral abbreviations (after Warr, 2021): Aik — aikinite, Apy — arsenopyrite, Bin — bismuthinite, Brt — baryte,
Bry — berryite, Ccp — chalcopyrite, Cst — cassiterite, F1 — fluorite, Gn — galena, Gus — gustavite, Ltt — lautite, Ms — muscovite, Pea — pearceite,
Py — pyrite, Qz — quartz, Smy — stromeyerite, Sp —sphalerite, Sz — stolzite, Tnt-Fe — tennantite-(Fe), and Ttn-Zn — tennantite-(Zn). Samples
C66 (a), CIS-3_175,5 (b, g), C76 (c, d), CIS-8_283,1 (e, k), C78 (f), C74 (h), C62 (i), C64 (j), CIS-8 285.55 (k), C73 (1, 0), and C67 (m, n).
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skeletal cassiterite II (sample C67; Fig. 9m). Its composi-
tion shows slightly lower Bi (2.79-2.87 apfu) and slightly
elevated Pb and Cu compared to the ideal AgPbBi3S¢ stoi-
chiometry; its N = 4.26-4.56 and mol%XgBiLz 90-95 (af-
ter Makovicky, 2019, Table S11) indicate that it represents a
disordered transitional composition towards vikingite (Fig.
12) or can represent a disordered “Type 2 schirmerite”
of Moélo et al. (2008). Gustavite with similar disorder
(N ~4.39-4.51) was described by Buzatu et al. (2015).

Berryite typically occurs as small aggregates up to 50 um
in association with pyrite enclosed in sphalerite (Fig. 9n) or
in the form of isolated subhedral aggregates in tennantite.
Strong variation in Cu (2.21-4.28 apfu) is less reflected in the
contents of Ag (1.66-2.16 apfu), Pb (2.68-2.96 apfu), and Bi
(6.10-6.92). Berryite also shows variable Zn contents in two
samples; the textural position of the Zn-rich berryite grains
in an open fissure in sphalerite and as an inclusion in ten-
nantite suggests that the high Zn content may not necessarily
be caused by overlaps of analytical spots with host minerals
(Fig. 9n, Table S11).

Native bismuth was found as small inclusions in recrystal-
lized galena.

6.4.6 Cu sulfides from the Cu-S system

Copper sulfides ranging in stoichiometry between Cug.g9S
and Cuy ¢S form secondary zones around chalcopyrite and
tennantite, commonly on their contacts with baryte/fluorite
or as rims of small voids in tennantite (Fig. 9j, 1). They
sometimes occur together with agardite-(Y). In voids in ten-
nantite, subhedral crystals of fluorite locally enclose the Cu-
sulfide grains. The Cu /S ratio of the Cu sulfides indicates
the presence of multiple species (Fig. 13; see, e.g., Sejkora et
al., 2016), including covellite (Cu /S ~0.99-1.04), geerite
(Cu/S~1.53-1.63), anilite (Cu /S~ 1.66-1.76), spionko-
pite (Cu/S~1.27), digenite/roxbyite (Cu /S~ 1.8-1.82),
and djurleite (Cu / S~ 1.86-1.90). Previously reported chal-
cocite (e.g., gtemprok, 1987) was not encountered (Ta-
ble S8).

6.4.7 Cu—Ag(-As) sulfosalts (pearceite, cupropearceite,
stromeyerite)

Minerals of the pearceite group and stromeyerite are lo-
cally found in assemblage with tennantite—tetrahedrite. In the
disseminated sulfide mineralization (sample Cis-3 175.5),
Sb-rich pearceite was rarely found as an inclusion in the
chalcopyrite alteration rim around tetrahedrite. In quartz—
zinnwaldite veins, cupropearceite with low Sb contents (Ta-
ble S12) occurs with djurleite and digenite/roxbyite in pores
and fractures of altered tetrahedrite-(Zn), sometimes en-
closed in later baryte (Fig. 91, o). It is locally associated
with porous fine-grained stromeyerite with a composition
close to ideal AgCuS (Table S13). Besides the large variation
in Sb/ (As+ Sb), published compositions of As-dominant
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members (Bindi et al., 2007; Sejkora et al., 2026) show an ex-
tensive solid solution towards cupropearceite (Fig. 14). The
cupropearceite from Cinovec is rather unique due to its near-
ideal end member composition, comparable only to cupro-
pearceite from Tsumeb (Bindi et al., 2015); slight Cu excess
in part of the data (similar to the data of Bindi et al., 2015)
cannot be readily attributed to an analytical point overlap.

7 Discussion

7.1 Crystal chemistry of sulfides and sulfosalts

Classification of Fe-rich members of the késterite—stannite
solid solution is rather complex. Kissin and Owens (1989)
defined ferrokésterite as a low-temperature polymorph of
stannite and Fe analogue of késterite. Kissin (1989) noted
a compositional Fe / Zn boundary between stannite and fer-
rokésterite at ca. Feg75Zngos at 800°C and showed the
presence of minerals with a késterite structure (either sin-
gle or with stannite) in Fe-dominant synthetic systems down
to 500 °C. From 700 to 600 °C, a single késterite-structure
phase was present from the Fey 5sZng 5 boundary to the Znjgo
composition; at 500 °C, a single phase was observed already
from Feg ¢Zng 4 (Kissin, 1989). On the other hand, Bonazzi
et al. (2003) and Schorr et al. (2007) demonstrated the pres-
ence of a stannite structure ordering up to Fep 3Zng 7 on ma-
terials synthesized at 750 °C. The identification of ferrokés-
terite is rather problematic even from structural data (see,
e.g., Bonnazzi et al., 2003), and there is a lack of experimen-
tal and especially structural works on transitional késterite—
stannite compositions that formed at temperatures lower than
600 °C; therefore, it is very problematic to classify them as
either stannite or ferrokésterite based on their composition
only. In this paper, we chose the conservative classification as
stannite; however, further structural work would be necessary
to clarify the mineral structural order and classification. Sim-
ilar stannite and késterite occurrences in the Erzgebirge in-
clude Vernérov (Breiter et al., 2009b), where stannite (0.65—
0.85 apfu Fe, 0.2-0.4 apfu Zn) replaces cassiterite and locally
contains exsolution lamellae of késterite (ca. 0.65 apfu Zn).
The stable Fe / Zn ratio in stannoidite from different min-
eralization stages indicates that it might be constrained by its
crystal structure stability. Yamanaka and Kato (1976) showed
that two out of three Fe atoms in the stannoidite structure are
oxidized to Fe’T, and the crystal-chemical formula of stan-
noidite is therefore Cu1+Feg+Fez+Sng+S%2_ . as Zn substi-
tutes for Fe>* only, the ratio Fe / (Fe 4+ Zn) = 0.66 represents
the structurally constrained limit for Fe-Zn exchange. The
Fe / (Fe 4+ Zn) range of 0.65-0.74 for the Cinovec stannoidite
agrees with its formation in Zn-saturated local systems in-
volving sphalerite or tennantite-(Zn). The texture where stan-
noidite I forms rims around corroded Fe-bearing késterite
(Fig. 5) indicates késterite replacement; the process can be
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represented by the following reactions:

4Cud (Fe’*3Zng.7)SnS4 + 0.8FeS + 20,
= Cuy (Fe3 " Zn)SnyS12 + 1.8ZnS + 3S +2Sn0,
4Cuj (FejZno.7)SnS4 + 0.8FeS + 4H,0

https://doi.org/10.5194/ejm-38-281-2026

AN AA cupropolybasite -
R X ]
cupropearceite
) Cinovec (this work)
— x X X </ Bindietal. (2007)
2 vV x A\ Bindi et al. (2015)
S < (O Mederski et al. (2023)
3 X Vlasag et al. (2024)
%yk <{> Sejkora et al. (2025b)
\V4 W W ideal end member
v —
\V4
pearceite polybasite _.
argentopearceite argentopolybasite
0.5 1.0 1.5 2.0

Sb (apfu)

Figure 14. Compositional diagram for cupropearceite and pearceite
from Cinovec compared to published data for As-dominant mem-
bers of the pearceite—polybasite group (data from Bindi et al., 2007,
2015; Mederski et al., 2023; Vlasa¢ et al., 2024; Sejkora et al.,
2026). Note: the classification borderlines are valid for Au-, Te-,
and Se-free pearceite- and polybasite-group mineral compositions
only.

= Cuy (Fe3"Zn)SnyS12 + 1.8ZnS + 3HaS + Ha + 2Sn0,.

A change in redox conditions took place with an influx
of hydrothermal solutions producing sphalerite. FeS can be
sourced from FeS <> ZnS exchange that depletes késterite
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I from iron, resulting in késterite II (Fe-depleted rims in
Fig. 5a). The same texture was also described as a reaction
rim by Ramdohr (1980; see his Fig. 107).

Tetrahedrite-group minerals (Biagioni et al., 2020) from
the Cinovec deposit are the most important carriers of
As within the sulfide paragenesis. In most of the sam-
ples analyzed, tennantite-(Zn) is a dominant phase of this
group. Tetrahedrite-group minerals from the deposit fre-
quently show elevated to high contents of Bi (up to 1.52 apfu
Bi). Much higher Bi contents (locally up to 2.65 apfu)
were reported by Gotgbiowska et al. (2012) from Redziny,
Poland, and by Sejkora et al. (2025), who defined the first
Bi-dominant member of the tetrahedrite group, annivite-
(Zn). Other occurrences of the Bi-dominant analogue of
tennantite and tetrahedrite are reported, e.g., by Bortnikov
et al. (1979), Kieft and Eriksson (1984), Spiridonov et al.
(1986), Velebil and Sejkora (2018), and Dolnicek et al.
(2024). The tennantite—tetrahedrite from Cinovec is locally
enriched in Ag (e.g., David, 1991), which correlates posi-
tively with Bi in Bi-rich tennantite II (at Bi > 1 apfu only)
and Sb in tennantite III (Fig. 10c, d). Similar Bi-rich com-
positions are known from elsewhere in the Erzgebirge (e.g.,
Niederschlema-Alberoda and Jaichymov; Forster et al., 2004;
Velebil and Sejkora, 2018) and Variscan orogene (e.g., cen-
tral Schwarzwald, Staude et al., 2010) and are distinctly dif-
ferent from the Freiberg district (Burisch et al., 2019).

The chemistry of berryite from the Cinovec deposit shows
significant variability (Fig. 12). Compared to the ideal for-
mula CuzAgyPb3Bi7Se, it has elevated contents of Cu and
in two samples also Zn. The excess of Cu has previously been
described by several authors (e.g., Lowry et al., 1994; Cook,
1998; Topa et al., 2006; Sejkora et al., 2021). Variability of
berryite chemistry within the deposit covers the variability of
previously published berryite analyses from other localities
around the world. A second occurrence from the Erzgebirge
at HfebeCnd (Sejkora et al., 2021) shows smaller ranges in
Cu, Pb, and Bi concentrations and minor contents of Se.

The chemical composition of aikinite-bismuthinite series
minerals shows wide variation. At the deposit, bismuthi-
nite (n,ix 2.55-9.08), gladite (n,ix 36.72-38.16), salzburgite
(naik 39.73-40.04), lindstromite (n,x 61.49-65.18), friedri-
chite (78.27), and aikinite (86.22—-100.82) have been distin-
guished. In several cases, aikinite with n, over 100 was
identified; it could be caused by other substitutions or possi-
bly by the presence of a vacancy. Such a wide compositional
variation within the aikinite—bismuthinite series within one
locality is not common; it was known from the metamor-
phosed scheelite deposit in Felbertal, Austria (Topa et al.,
2002), similarly also in the Gemerskd Poloma tin deposit and
in the associated hydrothermal veins (Stevko and Sejkora,
2021; Kondela et al., 2025). The common feature of all the
localities is a multi-stage hydrothermal overprint of the pre-
vious lithology.
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7.2 Paragenetic relationships among mineralizations at
the deposit

Besides early magmatic/metasomatic assemblages (Breiter et
al., 2017b, c), the paragenetic sequence at the Cinovec/Zin-
nwald deposit (Fig. 15) reveals five distinct late metasomatic
and hydrothermal mineralization stages, demonstrating the
complex evolution of the deposit; their distribution generally
corresponds to variance of Zn, Pb, Cu, and Ba within the de-
posit (Fig. 2). The earliest metasomatic (greisenization) stage
is characterized by oxide-silicate assemblages (Johan and
Johan, 1994, 2005; Breiter et al., 2017c; Hreus et al., 2021),
with quartz and zinnwaldite formation in veins and granites,
associated with, e.g., topaz, wolframite, and fluorite. It is im-
portant to note the positive correlation of Zn with Li (Fig. 2),
which indicates that a large portion of Zn is contained in zin-
nwaldite due to ZnFe_; exchange (up to ~ 1100 ppm Zn;
Breiter et al., 2023, unpublished data of authors). The first
sulfides are related to the subsequent potassic stage. It is
marked by feldspathization, muscovitization (Breiter et al.,
2017a), and the formation of cassiterite I, Mo-rich scheelite
I, and likely also arsenopyrite and molybdenite, although the
formation of the latter during alteration of scheelite I seems
more likely. The early sulfide stage begins by the formation
of early késterite I (Zn-rich stannite or Fe-bearing késterite),
followed by its reaction with sphalerite, resulting in the stan-
noidite, késterite II, and cassiterite II assemblage. The inter-
mediate sulfide stage with galena introduced significant Ag
and Bi contents into the system. The late sulfide stage is char-
acterized by the introduction of As, Sb, and further Cu and
likely Fe, resulting in common tennantite—tetrahedrite min-
erals, chalcopyrite, and remobilization of elements such as
Fe +1In from sphalerite and Bi4+-Ag from galena (produc-
ing aikinite—bismuthinite series, gustavite, berryite, emplec-
tite). Native bismuth found locally in the studied samples but
widespread at the deposit must have formed below 271 °C
(melting temperature of Bi). Its position towards other min-
erals is unclear due to its scarcity.

The latest fluorite—baryte stage represents the waning hy-
drothermal system, with dominant baryte, minor fluorite, and
(likely remobilized?) galena or tennantite. The occurrence of
enargite in tennantite cut by the fluorite—baryte vein (sam-
ple C73) indicates temperatures above ~ 280-300 °C (Pésfai
and Buseck, 1998); however, enargite likely represents the
tennantite (or galena) stage rather than the baryte—fluorite
overprint. The low-temperature alteration of tennantite pro-
duced both sulfides (Cu sulfides ranging from covellite
to djurleite, cupropearceite, etc.) and oxygen-bearing (e.g.,
malachite, anglesite, mimetite, agardite-(Y), chrysocolla)
phases. Stromeyerite represents the lowest-temperature as-
semblages below 93 °C (Skinner, 1966). The alteration is
clearly (at least in the studied samples) related to the fluorite—
baryte stage — Cu sulfides in tennantite voids are sometimes
overgrown by fluorite and baryte, which are later followed
by Cu arsenates (sample C73). Alternatively, Cu sulfides
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Figure 15. The paragenetic sequence of the main hydrothermal gangue and ore minerals at the Cinovec/Zinnwald deposit (modified and
updated from David, 1991). Ideal formulae of minerals are shown in square brackets.

(covellite and djurleite) associated with mimetite occur in
baryte voids, followed by calcite, muscovite, and kaolinite
(sample C69). The textures suggest that the fluorite—baryte
stage either followed after or, more likely, caused partial low-
temperature overprint of the earlier sulfide assemblages.

Rare grains of cryolite matching the ideal formula
Na3AlFg¢ were found as inclusions in low-Fe,Cu sphalerite
and in galena, in both cases in the vicinity of tennantite and
fluorite veinlets (samples C71 and C74). We assume that cry-
olite represents a rare product of albite and/or topaz reaction
with remobilized fluorine-rich fluids.

David (1991) and gtemprok (1987) placed the tennantite
stage after the fluorite—baryte stage. However, the textural-
paragenetic features observed in our samples clearly show

https://doi.org/10.5194/ejm-38-281-2026

that tennantite precedes baryte formation. Fluorite occurs in
several stages, including the end of the tennantite crystalliza-
tion, which locally forms voids filled with fluorite. We as-
sume that the earlier studies had to work with a limited num-
ber of samples where the two mineralizations intersect.

This sequence documents the evolving conditions from
high-temperature (> 400 °C) magmatic—hydrothermal fluids
to cooler (< 200 °C) late-stage fluids. A similar paragenetic
sequence was encountered in the Krupka district located
6.5 km SE, also sourced from the Cinovec granite (e.g., Zik,
1966; Sejkora and Breiter, 1999), and is very similar for the
whole eastern part of the Erzgebirge (e.g., Sadisdorf; Leop-
ardi et al., 2024). The mineralization can be divided into two
basic types — metasomatic bodies (greisens and “zwitters”)
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and ore veins, where sulfide and fluorite—carbonate stages
can be distinguished (Zék, 1966; Sejkora and Breiter, 1999;
Krej¢i Kotlanova et al., 2024).

7.3 Position of Cinovec in the context of sulfidic
mineralization in the SE Erzgebirge

The NW-SE structural trend in the Teplice caldera related
to intrusion of A-type granites (Breiter et al., 2017b) plays
a fundamental role in controlling the spatial distribution of
Sn—W-Li mineralization, as evidenced by numerous deposits
on both the Czech and the German sides of the metallogenic
province. Key examples include the Sadisdorf vein-type min-
eralization, the Krupka vein-type and greisen deposits, and
the Cinovec/Zinnwald greisen system.

The relationship between Pb—Zn mineralization (galena,
sphalerite) and greisen—vein systems can sometimes be
characterized by spatial and temporal zonation linked to
magmatic—hydrothermal fluid evolution. Greisen alteration
driven by high-temperature (> 400 °C) fluids exsolved dur-
ing late-stage granite crystallization typically hosts proximal
Sn—W mineralization (e.g., cassiterite, wolframite) within or
near granitic intrusions (Leopardi et al., 2024; Korges et al.,
2018). As later fluids migrate through the intrusion fracture
system outward, cooling (250—400 °C) and interaction with
host rocks promote sulfide precipitation, which may lead to
distal Cu+ Pb+Zn+ Ag assemblages in vein and stock-
work systems (e.g., Moore and Jackson, 1977; Mlynarczyk
et al., 2003; Liu et al., 2016; Jiang et al., 2022; Leopardi et
al., 2024).

At Sadisdorf (Germany), Pb—Zn sulfides (galena, spha-
lerite) occur in peripheral quartz—arsenopyrite—chalcopyrite
veins, contrasting with proximal greisen-hosted Sn—W ox-
ides; their mode of occurrence reflects fluid oxidation state
and sulfur activity changes. Fluid inclusion data suggest mix-
ing with meteoric water and decreasing salinity (0wt %—
10 wt % NaCl equiv.) in distal zones, facilitating base metal
transport as chloride complexes and subsequent deposition
via pH buffering (Leopardi et al., 2024). This zonation mir-
rors global greisen systems (e.g., San Rafael, Peru; Cligga
Head, UK), where Pb—Zn mineralization marks the waning
stages of hydrothermal activity, often overprinted by late
fluorite—carbonate veins (Mlynarczyk et al., 2003; Moore
and Jackson, 1977).

In Krupka, sulfide mineralization starts in the greisen
stage, as evidenced by quartz—molybdenite veins with Sn—
W mineralization (Knottel deposit; Pauli§ et al., 2022). The
paragenetic sequence of sulfides (Zak, 1966) is very simi-
lar to that observed in Cinovec, starting with a sphalerite—
chalcopyrite—pyrite assemblage followed by galena, Bi sul-
fides, and tennantite. The sulfide stage is followed by a final
fluorite—carbonate stage with rare baryte. Krej¢i Kotldnova
et al. (2024) showed that the greisenization process took
place at a temperature of 370-490 °C and a pressure of 155—
371 bar, whereas the subsequent stages took place in a wide
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temperature range of < 120-370 °C. The source of fluids was
not only magmatogenic but also meteoric water or fluids de-
rived from sedimentary rocks.

A widely developed structural feature in the eastern Erzge-
birge is the presence of flat-lying (subhorizontal) fractures,
which are intensely mineralized with Sn—W-Li ores and as-
sociated sulfides. These structures are particularly well ex-
pressed in the Cinovec/Zinnwald cupola (e.g., Breiter et al.,
2017b; Miiller et al., 2018) and partly also in the Krupka dis-
trict (Eisenreich and Breiter, 1993; Sejkora and Breiter, 1999;
Paulis et al., 2022). Their primary tectonic control is linked
to the active exposure of granite intrusions, which promotes
the formation of contractional fractures that broadly follow
the morphology of the intrusion. Many of these subhorizon-
tal fissures have been extensively exploited in the past and
are notably enriched in Sn, W, Li, Cu, and Bi mineralization.
These features collectively highlight the significance of con-
tractional, intrusion-parallel structures for ore deposition in
this segment of the Erzgebirge (David, 1991); the southern
part of the Cinovec deposit, strongly dominated by massive
greisens, represents an important anomaly.

Small vein-type mineral deposits combining cassiterite
with common sulfides were historically mined in the cen-
tral Erzgebirge; unfortunately, only basic mineralogical in-
formation is available. The W-E trending quartz veins at
Hora svatého Sebestidna are located about 400 m above hid-
den peraluminous granite pluton and evolved in two stages:
(1) quartz—cassiterite—chlorite and (2) quartz—cassiterite—
sphalerite (with pyrrhotite, galena, chalcopyrite, tetrahedrite)
(Breiter, 1981). About 20 NE- to SW-oriented veins were
mined at Hora svaté Katefiny. Mineralization evolved from
the quartz—cassiterite stage and quartz—chlorite—sulfide stage
(mainly sphalerite, chalcopyrite, and tetrahedrite) to, finally,
the fluorite—carbonate stage (Breiter, 1982). The nearest out-
crop of a rare-metal granite of type A was found ca. 1.5 km
to the SW from the deposit (Breiter, 2008).

8 Conclusions

The world-class Li—-Sn—W Cinovec deposit hosts base-metal
sulfide mineralization composed mainly of Pb—Zn(—Cu) ores.
Distribution of the sulfides at the deposit is irregular. Locally
elevated but still subeconomic concentrations were found in
the southern part of the deposit, mainly in its upper contact
with the Teplice rhyolite. Sulfides are not strictly bound to
prevalent Li—Sn—W mineralization. Their occurrence is con-
strained mainly by structural factors at the deposit. Progres-
sive development of metal contents in the reduced sulfide-
bearing hydrothermal fluid proceeds from Sn—Zn—Cu to Pb
(Bi—Ag) and to As—Sb-Bi—Ag. Late-stage oxidized sulfate-
and fluorine-bearing fluids partly altered earlier mineral-
ization but did not deposit a significant amount of sulfide
minerals. Complex mineral assemblages are a result of at
least three metal-bearing fluid pulses (resulting in replace-
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ment or dissolution of earlier minerals and precipitation of
new phases) and a hydrothermal fluorite—baryte stage asso-
ciated with low-temperature alteration. The spatial and ge-
netic link of Li-Sn—W and sulfide mineralization is typi-
cal of the Erzgebirge and has multiple equivalents world-
wide. The sulfide mineralization at the Cinovec Li—-Sn—-W
greisen deposit seems to exhibit limited economic poten-
tial only due to low concentrations and irregular distribution.
Sphalerite-dominated assemblages (Zn—-Pb—Cu) have aver-
age grades of ~ 100-200 ppm Zn (however, Zn is partly con-
tained in zinnwaldite), 20-50 ppm Pb, and < 50 ppm Cu in
disseminated mineralization, with locally elevated In con-
tents (<0.53wt% in sphalerite). During the last stage of
mining activity (1985-1990) in the southern part of the
Cinovec deposit, recovered sulfides accounted for merely
~139gt™! of mined Li-Sn-W ore (ca. 2kg per day was
separated as a penalty material from the Sn—W sulfide con-
centrate produced by gravity separation; David, 1991). These
bulk results do not match with locally high sulfide contents
encountered in quartz—zinnwaldite veins in the central part
of the cupola, mined for Sn and W in the past, represented in
this study by the samples from the National Museum, Prague.
Even though sulfide mineralization does not represent eco-
nomic accumulation of minerals, it can serve as an important
vector in the exploration of mineralized granites and other
mineralization types (e.g., Pauli§ et al., 2022; Sejkora et al.,
2026) in the region.
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