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The Rudno nad Hronom—Brehy ore deposit in Slovakia represents an important locality of epithermal precious metal
mineralization in the Central Slovak Volcanic Field. The main ore structures in the area are Anna, Goldschram, Filip,
Johan de Deo and Prie¢na veins. In this work, we present mineralogical, paragenetic and geochemical aspects of the
ore mineralization, hydrothermal alteration patterns, fluid inclusions, isotopic composition of sulfur (8 **S) and K—Ar
age of ore mineralization. Four mineralization stages were recognized, the third one being split into two substages.
(1) Pyrite stage with quartz, K-feldspar, arsenopyrite and pyrite. (2) Base-metal stage with sphalerite, galena, chalcopy-
rite, Au—Ag alloys and famatinite. (3a) Early Ag stage with tetrahedrite-(Zn), tetrahedrite-(Fe), argentotetrahedrite-(Zn),
tetrahedrite-(Cd), argentotetrahedrite-(Cd) and greenockite. (3b) Late Ag stage with pyrargyrite, polybasite, pearceite,
cupropolybasite, cupropearceite, acanthite and galena. (4) Late Ag—Cu stage with bornite, stromeyerite, mckinstryite,
chalcocite, digenite, covellite and uytenbogaardtite. Veins are rich in silver with an average Ag:Au ratio of 85:1; in
some parts of the veins, Ag content reaches up to 1950 ppm and Au up to 42.7 ppm. The neutral to alkaline style of
hydrothermal alteration is represented by K-feldspar, quartz, carbonates, smectite, interstratified illite/smectite, and
chlorite (clinochlore, chamosite). This assemblage indicates a low sulfidation origin of the mineralization formed at
177-224°C. The *S values from the base-metal stage varies from +2.8 to +3.5 %o for chalcopyrite from the northern
part of the Prie¢na vein, from +1.9 to +2.6 %o for galena, from +4.9 to +5.2 %o CDT for pyrite from the Anna vein.
These values indicate a relatively homogeneous sulfur source, most likely related to an igneous or mixed igneous and
host-rock source. Fluid inclusions in quartz associated with the base-metal stage have low salinity (1.1-1.6 wt. % NaCl
eq.) and homogenization temperatures of 176-250°C. The available data suggest that the base-metal stage was accom-
panied by cooling and dilution owing to a meteoric fluid. The temperature estimated from the tetrahedrite thermometer
of the early Ag stage is ~170-205°C. According to the paragenetic relationship and mineral stability, the deposition
temperatures in the late Ag stage did not exceed 160 °C. The late Ag—Cu stage formed at temperatures of <93 °C. The
results of K—Ar radiometric dating from the hydrothermal alteration returned an average age of 12.5+0.3 Ma. The
studied mineralization is possibly related to the initial stage of resurgent horst tectonic activity and rhyolite volcanism
of the fifth stage of Stiavnica stratovolcano formation.
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1. Introduction Central Slovak Volcanic Field (CSVF). The Stiavnica

stratovolcano hosts numerous epithermal, porphyry and
The Au-Ag epithermal deposit at Rudno nad Hronom  skarn mineralizations, many of them intensively studied
and Brehy is part of the Nova Bana—Rudno—Pukanec in the past decades (Lexa et al. 1999; Bahna and Chovan
ore district. It is located in the SW part of the Stiavnica ~ 2001; Kodéra et al. 2005, 2010, 2014; Bakos et al. 2010;
stratovolcano that belongs to the Neogene—Quaternary ~ Berkh et al. 2014; Majzlan et al. 2016, 2018; Kozak et al.
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2017; Kubag et al. 2018). The Banska Stiavnica—Hodrusa
ore deposit comprise of many epithermal vein systems
that contain precious and base-metal mineralization ex-
ploited from the Middle Ages to the present. During the
last four centuries, the Banska Stiavnica-Hodrusa deposit
yielded more than 80 tons of Au and 4000 tons of Ag
(Lexa et al. 1999).

The formation of the various deposits in the Stiavnica
stratovolcano is related to long-lasting volcanic activity
from Middle Miocene to the Pleistocene. The maximum
of the volcanic activity occurred between 15.0 and 11.4
Ma (Chernyshev et al. 2013). The Stiavnica stratovolcano
is the largest one among the seven different volcanic cen-
tres within the CSFV. The stratovolcano formed during
several stages (Koneény 1971; Kone¢ny and Lexa 2000)
accompanied by distinct types of ore mineralizations
(Lexa et al. 1999).

2. Geological setting

2.1. Evolution of the Stiavnica stratovolcano
and ore mineralizations

Prior to the onset of volcanic activity, the pre-Neogene
basement in the area of the today’s stratovolcano con-
sisted of Carboniferous—Permian rocks. They include
Carboniferous sandstones, claystones with graphitic
admixture (Hronic nappe — Nizna Boca fm.), Permian
volcano—sedimentary complex (basalts with tuffitic
claystones and sandstones, Hronic nappe — Maluzina
fm.) and Triassic sedimentary complexes (limestones
and micaceous sandstones of Krizna nappe; Brlay et
al. 1977).

The first stage of the stratovolcano evolution (lower
stratovolcano structure or pre-caldera stage) represents
the onset of volcanic activity between 15.0-13.6 Ma
(Chernyshev et al. 2013). This stage is characterised
by the explosive and effusive activity of pyroxene,
hornblende—pyroxene, biotite—hornblende—pyroxene
andesites. It created an extensive stratovolcano ap-
proximately 50 km in diameter and estimated height of
up to 4 km (Konec¢ny et al. 1998a). In the southern part
of the stratovolcano, diorite porphyry intruded between
the lower stratovolcano structure and the pre-Neogene
basement. This intrusion is responsible for the forma-
tion of porphyry gold mineralization in Beluj with un-
economic resources estimated at 58.4 Mt ore with 0.3
ppm Au (Bakos et al. 2010; Kozak et al. 2017). A large
diorite intrusion in the centre of the stratovolcano gave
rise to the high-sulfidation mineralization in the Sobov
hydrothermal system. The yet uneroded roots of this
mineralization consist mainly of metasomatic quartzite
(Lexa et al. 1999).

The second stage (intrusive or early caldera stage)
is characterised by a long-lasting break in the volcanic
activity and uplift of the central zone of the stratovol-
cano. Extensive denudation lowered the total height of
the stratovolcano from 4 km to a maximum of 1 km
(Chernyshev et al. 2013). Several intrusive complexes
were emplaced during this stage. In the initial phase,
the granodiorite subvolcanic pluton intruded beneath
the andesites of the first stage and formed a large, so-
called “bell jar” pluton. In this phase, Fe-skarn in Vyhne
was formed between the contact of granodiorite and
Mesozoic sedimentary rocks of the basement. There is
also stockwork/disseminated base metal mineralization
spatially and genetically related to the apical zones of
granodiorite pluton (Kodéra et al. 2004). Initial subsid-
ence was accompanied by the emplacement of quartz-
diorite porphyry sills following subhorizontal faults
(low-angle normal fault shear zone). These intrusive
complexes are bound to well-developed multi-stage
intermediate-sulfidation Au—Ag—base metal mineraliza-
tion developed at the Rozalia mine. Veins developed on
low-angle normal faults (LANF) were systematically
studied since the 1990’s and are currently mined for
gold and silver (Kodéra et al. 2005; Kubac et al. 2018).
Finally, in the second phase, intrusive complexes of
granodiorite/quartz-diorite porphyry clusters and stocks
intruded around the granodiorite pluton. In the apical
and marginal sides of these intrusions, Cu—Au porphyry/
skarn mineralization has formed (Zlatno deposit). The
mineralized zone is represented by accumulations of
chalcopyrite in exo- and endo-skarns in sedimentary
Mesozoic blocks of the basement enclosed in the in-
trusive bodies. The apical parts of the intrusions show
typical porphyry alteration patterns with disseminated
Cu—Au ores (Lexa et al. 1999; Kodéra et al. 2010).

In the third stage (caldera stage), the intensive sub-
sidence of the caldera followed the volcanic activity of
amphibole—biotite—plagioclase andesites to dacites. They
formed mainly extrusive domes, dome flows, pyroclastic
flow breccias, ignimbrites and epiclastic volcanic brec-
cias. This stage is devoid of any significant ore mineral-
ization (Rottier et al. 2020).

The fourth stage (post-caldera stage) is characterised
by the effusive activity of orthopyroxene—plagioclase
andesite lava flows, ignimbrites, epiclastic breccias and
the final period of the caldera subsidence (Rottier et al.
2020). Volcanic rocks of the third and fourth stage were
almost completely eroded.

The fifth stage is marked by an intensive tectonic
activity that is responsible for the current morphological
form of the Stiavnica stratovolcano. This tectonic activ-
ity segmented the existing stratovolcano into resurgent
horst and created conditions for the evolution of base
metal and precious-metal epithermal systems in the
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Fig. 1 Geological map of the study area with marked old mine workings, boreholes and vein structures (after Kone¢ny et al. 1998b).

caldera. The mineralization mainly occupies marginal
faults of the resurgent horst, associated in space and
time with the emplacement of rhyolites of the Jastraba
formation. Two types of horst uplift related veins are
recognised. Sulfide-rich base-metal (“Stiavnica type”)
in the central part of the stratovolcano with Ag:Au ratio
from 10:1 to 20:1 and silver+base metal (“Hodrusa
type”) in the western part of the stratovolcano with
Ag:Au ratio up to 100:1 (Lexa et al. 1999). Their
age was determined as 12.2-11.4 Ma by radiometric
methods (Lexa et al. 1999; Chernyshev et al. 2013;
Rottier et al. 2020) or as 12.3+1.0 Ma in volcanic glass
to 12.1+1.1 Ma in biotite by fission-track counting
(Repcok 1982).

Despite of significant commercial and scientific in-
terest in these deposits, the smaller ones, even though
exploited historically, were not given sufficient attention.
An example thereof is the precious-metal mineralization
in Rudno nad Hronom—Brehy. This study aims to clarify
mineralogy, geochemistry and the metallogenetic aspects
of this ore mineralization and thus bring new data on the
development and evolution of the ore mineralization of
the entire Stiavnica stratovolcano.

2.2. Regional geological situation and
historical background

The epithermal deposit at Rudno nad Hronom—Brehy area
is located at the SW flank of the Stiavnica stratovolcano
(48.39837°N, 18.68571°E), in the southern and eastern
slope of Chlm hill extrusive complex over an area of
1.5 %3 km? (Fig. 1). The mineralization is hosted by five
large veins related to a local horst, namely Anna, Filip,
Goldschram, Johan de Deo and Prie¢na vein. The veins
have mostly N—S to NNW-SSE strike and are hosted by
the first-stage andesitic complex of the stratovolcano.
In the western part of the ore field, there are numerous
swarms of granodiorite/quartz-diorite porphyry dikes
which belong to the second stage of stratovolcano evolu-
tion. In the northern part of the deposit, a dike of rhyo-
lite (Jastraba formation) of the fifth stage is emplaced
between the marginal contact of the Chlm hill extrusive
complex and the sills of andesite porphyry which belongs
to the first stage of the stratovolcano evolution. Stohl et
al. (1993) assumed a genetic link between the mineraliza-
tion in Rudno nad Hronom—Brehy area and the fifth-stage
rhyolite volcanism. This statement is supported by the
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fact that some of the ore veins occupy the same tectonic
structures as the rhyolites.

The ore veins are accompanied by extensive hydro-
thermal alteration. Proximal zones are characterised
by abundant K-feldspar with quartz, pyrite, and illite/
smectite assemblages surrounded by argillitic alterations
(illite/smectite, chlorite, pyrite). The distal parts experi-
enced propylitization with chlorite, epidote, pyrite, and
quartz as typical minerals (Smolka et al. 1988).

The Anna vein is the easternmost mineralized zone
located on the eastern slope of the Chlm hill with a length
of 1.5 km and dip 50-70° to W (Lexa and Smolka 2002).
Mineralized zones are developed on the contact of the
Chlm intrusive andesitic complex and older first-stage
andesite porphyry. Historical data show that the subject
of exploitation was only a 200 m long section where the
overlying (“golden”) and underlying (“silver”) veins
intersected and formed ore pillars up to 42 m thick. The
first written documents date back to 1702 when it was
remarked that the mine is “ancient”. The sulfide con-
centrates from the richest zones contained 470-780 g/t
Au+Ag (Bergfest 1953).

The Johan de Deo, Goldschram and Filip veins are
the central vein systems in the investigated ore field with
a total length of 1.5 km. The veins are up to 1 m thick.
The Johan de Deo and Filip veins dip steeply (65-90°)
to W, the Goldschram vein dips in the central part and in
the deeper portions steeply to E. In 1921, the production
was 0.5 kg of gold and 34 kg of silver (Bergfest 1953).

The least explored Priecna vein is located 250 m to
the west of the Johan de Deo and Filip veins, with a total
length of 1.1 km (Lexa and Smolka 2002). There are no
further data on this vein.

3. Samples and analytical methods

Anna vein samples were collected from the dumps of
old adits. Samples from the central part of the Johan de
Deo, and Filip and Prie¢na veins were collected from
the mineralized zones accessible via the lower Johan
de Deo adit. Samples for the study of the hydrothermal
alterations were obtained from the exploration drill cores.

Textural and compositional relationships were further
investigated with an electron microprobe (EMP) JEOL
JXA 8530FE (at Earth Science Institute of Slovak Acad-
emy of Sciences in Banska Bystrica). Back-scattered
electron (BSE) images were acquired to document the
textures. Reconnaissance semi-quantitative chemical
analyses of oxide, carbonate and silicate minerals were
acquired with energy-dispersive X-ray spectrometry
(EDX). Selected minerals were quantitatively analysed
using wavelength-dispersive spectrometry (WDX). The
beam size was 1-10 um, with an accelerating voltage of

20 kV and a probe current of 15 nA. The WDX spectrom-
eters were used to measure the elements and X-ray lines
of Au (La), Ag (La), Cu(Ka), Zn (Ka), Pb (Ma), Fe (Ka),
As (LB), Sb (La), Cd(La), Se (La), Te (La), Bi (La), Hg
(Ma) and S (Ka). The counting times for all elements
were 20 s at the peak and 10 s for each background. Raw
intensities were converted to the concentrations of ele-
ments using automatic ZAF matrix-correction software.
Natural and synthetic standards included Au for Au, Ag,S
for Ag, CdTe for Cd and Te, CuFeS, for Cu, ZnS for Zn,
PbS for Pb, FeS, for Fe and S, GaAs for As, Sb,S, for
Sb, Bi,Se, for Se and Bi and HgS for Hg.

Bulk samples were analysed for Au by atomic absorp-
tion spectroscopy (AAS) and the remaining elements by
inductively-coupled plasma atomic emission spectros-
copy (ICP-AES) in the laboratories of ALS CHEMEX in
Rosia Montana, Romania. Analyses of drill core samples
and those collected on the surface or in the adits were
kindly provided by the exploration company Prospech
Ltd. The detection limit for Au (AAS, methodology
code Au-AA25) is 0.01 ppm. One quarter of the sample
was subjected to ICP-AES analysis of other elements
(methodology code ME-ICP61). Detection limits in ppm
for this method are: Ag 0.5, Al 100, As 5, Ba 10, Bi 2,
Ca 100, Cd 0.5, Cu 1, Fe 100, K 100, Mg 100, Mn 35,
Mo 1, Na 100, Pb 2, S 100, Sb 5, Se 10, Sn 10, Sr 1, Te
10, Ti 100, V 1, Zn 2. For over-limited Ag content in the
sampling method, Ag-OG62 and Ag-GRA21 were used.

Stable isotopes of sulfur (6 **S) were measured with
an isotope-ratio mass spectrometer (IRMS) MAT 253
coupled to an elemental analyser Flash2000Ht Plus Via a
continuous-flow interface ConFlo IV (Thermo Scientific;
at Earth Science Institute of Slovak Academy of Sci-
ences in Banska Bystrica). Weighed samples (170-185
pg) were mixed with about the same amount of V,0,
and wrapped into tin capsules. Afterwards, samples were
combusted with oxygen in a quartz tube filled with WO,
and electrolytic copper at 1000 °C. The obtained SO, gas
was purified on a packed GC-column (5 A mol sieve at
90°C) following into the IRMS. Analytical data were
calibrated with the international standards TAEA-S2 and
IAEA-S3 (8*S = +22.7 and —32.3%0 CDT).

Double side polished sections with thickness of ~200
um were prepared for the microthermometry study.
Petrographic relationship between the fluid inclusion
and mineral phases was determined by transmitted-light
microscopy. Attention was paid to the distinction between
primary and secondary fluid inclusions, using the criteria
outlined in Roedder (1984). Fluid inclusions were sub-
jected to cooling or heating in a Linkam THM-600 stage
attached to the microscope (at Earth Science Institute of
Slovak Academy of Sciences in Banska Bystrica). Triple
points of natural inclusions of liquid CO, (-56.6 °C) and
sulfur (119.2°C) were used to calibrate the equipment.
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Due to limited fluid inclusion size, eutectic temperatures
were not observed. The accuracy of measurement is esti-
mated at 0.2 °C for temperatures ranging from —50°C to
0 °C and +2 °C for temperatures ranging around 350 °C.
The basic parameters of fluid inclusions were calculated
using computer software AqSo—NaCl (Bakker 2018),
which implements the equations of Driesner and Hein-
rich (2007). The salinity of the fluid was estimated by
observing the melting temperature of the last ice crystal
upon rewarming using the equations from Bodnar (1993).

Powder X-ray diffraction (PXRD) was used to identify
the minerals in hydrothermally altered rocks. Both bulk
samples and clay fractions were analysed (<0.2 and <2
pum). The method described by Sucha et al. (1991) for
separation of clay minerals was used. Preparation of
whole-rock specimens for quantitative PXRD proceeded
according to method developed by Srodon et al. (2001)
and Eberl (2003). To achieve randomly oriented speci-
mens, the method of spray drying was applied (Spray
Drying Kit developed in The James Hutton Institute,
Aberdeen, Scotland; Hillier 1999).

The PXRD analyses were performed on a Bruker D§
Advance diffractometer (at Earth Science Institute of
Slovak Academy of Sciences in Banska Bystrica) using
CuKa radiation generated at 40 kV and 40 mA, Beta-filter
and position sensitive detector SSD160 operating in 1D
mode. The beam was collimated with a slit assembly
0.3°-6 mm-PSD 0.4984°, primary and secondary Soller
slits 2.5°. Analyses were performed as follows: step:
0.01948°20, time/step: 0.8 s, interval 2-50°2® (ori-
ented samples) and time/step: 2 s and interval 3-70°2@
(disoriented samples). Oriented mounts were analysed
air-dried and upon saturation with ethylene glycol (at
60°C for 8 hours). Data were processed with the software
DIFFRAC.EVA (Bruker AXS 2010) and PDF2/2010
database. Identification of clay minerals was conducted
mainly according to Moore and Reynolds (1997). The
identification of illite-smectite type mixed-layer minerals
and the quantification of the smectite component (ex-
pandability) were carried out by the method of the posi-
tion of the basal reflexes after saturation with ethylene
glycol of the <2 pm and <0.2 um fractions (Reynolds
1980; Srodon 1981; Dudek and Srodon 1996). For quan-
titative PXRD phase analysis of samples the RockJock
software was employed (Srodon et al. 2001; Eberl 2003).
A geothermometer calibrated on the basis of smectite-to-
illite conversion in sedimentary (diagenetic) environment
(Sucha et al. 1993) was used to estimate formation tem-
peratures of mineralization.

Selected samples were dated by the K—Ar method (at
the Polish Academy of Sciences, Institute of Geologi-
cal Sciences, Krakow, Poland). Three portions of each
sample were weighed, the first two for potassium and the
third one for argon measurement. The potassium contents

were measured using Sherwood Model 420 flame pho-
tometer. Radiogenic argon measurements were performed
on Nu Instruments Noblesse multi-collector noble-gas
spectrometer (NG039). The tantalum foil-wrapped por-
tions were loaded into a titanium holder, which is a part
of the preparatory line. The aliquots were subsequently
evacuated to approximately 107'° mbar pressure. Each
sample was melted by a defocused 972 nm infrared laser.
CuO added to the samples enhanced the oxidation of or-
ganic matter during this step. Pure **Ar, used as the spike,
was introduced to the extraction line directly prior to the
sample extraction, using a calibrated pipette.

Titanium sublimation getter was the first cleaning level
of gases extracted from the samples. The final purifica-
tion of argon was carried out in an isolated section of the
line by a getter pump (Z-100, SAES Getters, previously
baked overnight to remove excess argon). The amounts
of gases poured into the spectrometer were optimised to
keep “°Ar at the level below 0.15 V because, for higher
pressures, fractionation on the Nier ion source can occur
(Kellett and Joyce 2014). Gas aliquot released from the
sample was measured two times by opening and closing
valves of the line in a certain sequence. The same sample
was melted for the second time, using the same procedure
of measurements but with higher laser power.

The amount of the original aliquot of the *Ar spike
was determined by measuring the international standard
GL-O (Odin 1982). This standard is measured at least
four times with every batch of ten samples. Daily, the
OAr/¢Ar and “*Ar/*®Ar ratios are measured for air sample
aliquots delivered from a calibrated air pipette. Based
on these results, “°Ar/*°Ar and “°Ar/*®Ar ratios were cor-
rected for instrument mass fractionation and detector
efficiencies assuming atmospheric ratios of (**Ar/*°Ar)
= 298.57 and (**Ar/**Ar) = 1583.5 (Lee et al. 2006).
Age errors were calculated from the law of error propa-
gation, taking into account uncertainties of spectrometric
measurement of argon isotopes, weighting, potassium
measurements, normalisation of the amount of 3*Ar in
spike based on dating of GL-O standard and assessment
of “Ar/**Ar and “Ar/*®Ar ratios, measured every day for
air aliquots. Potassium measurements were performed
on the two portions of HF dissolved (with 3—4 drops
of H,SO,) samples in order to increase the precision
of K content estimation. After the reaction, HF was
evaporated, and the procedure was repeated. Finally,
the sample was dissolved in diluted HCI and proceeded
to photometric measurements. The final amount of po-
tassium in each sample was calculated as the average
results received for the two aliquots. For several samples
a few measurements were performed in order to improve
precision. In these cases final ages were calculated as
averages and error was calculated from uncertainties of
single measurements via error propagation.
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Fig. 2a — Hydrothermal breccia from the Zubau adit (Anna vein) composed of K-feldspar, quartz and base-metal mineralization. b — Intensively
silicified breccia from the southern part of the Prie¢na vein with high-grade Au—Ag mineralization. ¢ — Silicified breccia from the northern part of
the Prie¢na vein with rich chalcopyrite and Au—Ag mineralization. ¢ — Quartz to chalcedony with impregnation of ore mineralization. e — Chalce-
dony impregnated by Au—Ag mineralization from the Krsla adit (Johan de Deo vein).

Tables containing the complete data set of collected
WDS (supplementary material S1) and bulk chemistry
analyses of ore (supplementary material S2) are included
in supplementary files for this paper.

4. Results

4.1. Ore textures

The most common textural forms in the studied sam-
ples are breccia textures. Polyphase mineralization of
the Anna vein is represented by quartz and K-feldspar
fragments cemented with fine-grained quartz and min-

erals of pyrite and base-metal stage (Fig. 2a). The size
of the fragments is variable, ranging from a few mm
to a few cm. In the Priecna vein, intensively silicified
breccia is composed of fine-grained quartz, K-feldspar
and chalcedony fragments with disseminated Au-Ag
and base metal mineralization in the matrix (Fig. 2b).
Pyrite, base-metal, early and late Ag, late Ag—Cu
stages were identified in this ore type. According the
textural observation, ore textures from the Prie¢na
vein can be divided in base-metal rich in the northern
part represented by the macroscopic chalcopyrite and
Ag sulfide/sulfosalts rich in the southern part of the
vein represented by the macroscopic polybasite and

pyrargyrite.
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Euhedral polybasite and pyrargyrite of the late Ag
stage crystals commonly occur in the cavities from the
southern part of the PrieCna vein. In some cases, quartz
fragments cemented by quartz K-feldspar matrix are cut
by veinlets (thickness up to 2 cm) of colloform chal-
cedony and galena (late Ag stage).

In the northern part of the Prie¢na vein, breccia con-
sists of irregular fragments of altered andesite, cemented
by a fine-grained quartz and K-feldspar matrix (Fig. 2c¢).
In this part of the vein, disseminated ore mineralization
is formed by rich chalcopyrite (base-metal stage rich)
ore in the form of irregular clusters several mm in the
matrix of breccia.

In the southern part of the Johan de Deo vein, porous
to massive chalcedony contains abundant disseminated
ore minerals (Fig. 2e) of base-metal, early Ag and late Ag
stage. Similar type of ore was observed in the Goldsch-
ram—Filip vein intersection (Fig. 2d); however, minerals
of late Ag—Cu stage were not identified there.

4.2. Ore mineralogy and chemistry

Ore mineralization is closely related to quartz and K-feld-
spar alteration around ore veins. It is generally concen-
trated in the matrix of mineralized hydrothermal breccias.
In some cases (Johan de Deo vein), the ore mineralization
is dispersed in porous chalcedony. The mineral content
of the assemblages at Rudno nad Hronom—Brehy varies
from vein to vein or can vary even within a single vein
(see below). In the Anna vein, only base-metal sulfides
were found and the minerals of the Ag and Ag—Cu stages
missing. Ore mineralization of the deposit was divided
into four stages, the third one having two substages:
(1) pyrite stage, (2) base-metal stage, (3a) early Ag stage,
(3b) late Ag stage and (4) late Ag—Cu stage. The chemi-
cal composition of all minerals is listed in the electronic
supplementary material (ESM 1).

Acanthite is one of the most common Ag miner-
als in the Johan de Deo vein. It is also abundant in the
Goldschram—Filip vein intersection and southern part of
the PrieCna vein but absent in its northern part. It forms
anhedral grains up to 100 um in association with minerals
of the tetrahedrite group, polybasite, pyrargyrite, Au—Ag
alloys, famatinite, and base-metal minerals (Fig. 3a, b, d).
It often overgrows the older polybasite and is replaced
by Cu-S minerals, uytenbogaardtite or galena of the late
Ag stage. The chemical composition is characterised by
lower Ag content (in comparison with ideal composition)
between 1.68 and 2.04 apfu and S content between 0.99
and 1.26 apfu (probably analytical problem). Acanthite
from Rudno nad Hronom contains accessory Cu up to
0.07 apfu and Se up to 0.02 apfu.

Arsenopyrite was identified only as a minor phase
in the Johan de Deo and Anna veins. It forms euhedral

crystals associated with pyrite of the base-metal stage. Its
average (n=7) composition is Fe,  As ,.S .

Bornite is abundant only in the northern part of the
Priecna vein. It is mostly replacing chalcopyrite, sphaler-
ite and galena (Fig. 3e, f). Bornite is replaced by minerals
of the younger Ag—Cu stage, especially stromeyerite,
mckinstryite, covellite, and chalcocite (Fig. 3f). Chemi-
cally, bornite can contain a small amount of Ag up to 0.03
apfu. The average empirical formula (n="7) of bornite is
(Cu4.97Ag0.02)4.99Fe1.0683.95'

Minerals of the Cu-S series were identified at the
Johan de Deo vein and Prie¢na vein. Covellite, digenite
and chalcocite were recognised as replacing the sulfides
of the base-metal stage, carly Ag and late Ag stage. Based
on the molar cation/anion ratio, digenite was identified
with the ratio 1.85-1.77 (ideally 1.80), chalcocite with
the ratio 1.89-1.96 (ideally 2.00), and covellite with
the ratio 1.03—0.98 (ideally 1.00). Chemically, covellite
does not differ from the ideal composition and contains
up to 0.01 apfu of Ag and its crystallochemical formula
is (Cuy eAL o)1 00, oo A higher amount of Ag up to 0.10
apfu and Fe up to 0.08 apfu is present in digenite (n=2),
and its formula is (Cug,Ag, Fe )s0 S, Chalcocite
differs from the ideal composition by a higher con-
tent of Ag up to 0.02 apfu and up to 0.05 apfu of Fe.
The average (n=2) empirical formula of chalcocite is
(Cul.94Ag0.01FeO.04)1.%81.01'

Au-Ag alloys are commonly found in minor quantities
at the Prieé¢na vein, Goldschram—Filip vein intersection
and the Johan de Deo vein. They are the primary Au
carriers in the Rudno nad Hronom-Brehy deposit. The
Au—Ag alloys are enclosed in chalcopyrite (the northern
part of the Prie¢na vein) and pyrite (southern part of the
Priecna vein) with a grain size of up to 100 pm. The
BSE images show heterogeneity with variable Au/Ag
ratio (Fig. 4a, b). The zones that appears lighter in the
BSE images are richer in gold with Au/(Au+Ag) ratios
ranging from 0.33 to 0.44. Silver dominates with an Au/
(Au+Ag) ratio from 0.09 to 0.12 (Fig. 5) in the darker
zones. Beside Au and Ag, the alloys contain minor Fe of
up to 0.02 apfu, Cu up to 0.02 apfu, and Te up to 0.01
apfu. At the intersection of the Johan de Deo and Gold-
schram—Filip veins, the Au—Ag alloys form inclusions
that are often found in pyrite and are affiliated to the
base-metal stage. The Au—Ag alloys from this vein form
grains up to 150 pm, which are replaced along the rims
by uytenbogaardtite (Fig. 4c, d). The Au/(Au+Ag) ratio
of the Au—Ag alloys from the Johan de Deo and Goldsch-
ram—Filip vein intersection varies between 0.38 and 0.61.

Famatinite is rare and was identified only in one
sample from the Johan de Deo vein. It forms anhedral
grains up to 20 um, closely related to tetrahedrite-(Cd),
argentotetrahedrite-(Cd), chalcopyrite, pyrite, sphalerite
and galena. Famatinite is intensively replaced by the
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Fig. 3 Back-scattered electron (BSE) images of ore minerals from Rudno nad Hronom—Brehy deposit. a — Pyrite enriched in As (Py) associated
with argentotetrahedrite-(Zn) (Attr-Zn), pyrargyrite (Pyg), acanthite (Ac) and galena (Gn) from the Johan de Deo vein. b — Tetrahedrite-(Zn)
(Attr-Zn) with polybasite (Plb), acanthite (Ac), galena (Gn), greenockite (Gnk) and galena (Gn) from the southern part of the Prie¢na vein. ¢
Argentotetrahedrite-(Zn) (Attr-Zn) and argentotetrahedrite-(Cd) (Attr-Cd) associated with pyrargyrite (Pyg), galena (Gn) and pyrite (Py) from the
southern part of the Prie¢na vein. d — Famatinite (Fam) and tetrahedrite-(Cd) (Ttr-Cd) replaced by the polybasite (P1b), acanthite (Ac) and galena
(Gn) in association with sphalerite (Sp) from the southern part of the Priecna vein. e — Argentotetrahedrite-(Zn) (Attr-Zn), polybasite (Plb), pear-
ceite (Pea) enclosed in chalcopyrite (Ccp) and pyrite (Py), replaced by bornite (Bn) from the northern part of the Prie¢na vein. f — Intergrowth of
Cu-S minerals (Cu-S) with mckinstryite (Mck) and stromeyerite (Smy) replacing cupropolybasite (Cplb), argentotetrahedrite-Zn (Attr-Zn) with
chalcopyrite (Ccp) replaced by bornite (Bn) from the northern part of the Prie¢na vein.
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Fig. 4 Back-scattered electron (BSE) images of ore minerals from Rudno nad Hronom—Brehy deposit. a — Au—Ag alloy (in the rectangle) enclosed
in chalcopyrite (Ccp) replaced by bornite (Bn), galena (Gn), mckinstryite (Mck) and stromeyerite (Smy) from the northern part of the Priecna
vein. b — Diffuse zonation of in a grain of Au—Ag alloy from the previous BSE image. ¢ — Au—Ag alloy (in rectangle) associated with sphalerite
(Sp), galena (Gn), pyrite (Py) and acanthite (Ac) from the southern part of the Priecna vein. d — Au—Ag alloy replaced by the uytenbogaardtite
(Uyt) from the previous BSE image.

minerals of the early and late Ag stage (Fig. 3d). WDS
analyses show that famatinite differs only slightly from
the nominal composition and contains a trace content of
Fe up to 0.03 apfis. The mean (n=7) empirical formula of
the studied famatinite is (Cu, , Fe, ), ,,Sb, .S, .
Base-metal minerals are represented mostly by the
abundant galena. Galena is widespread in each vein and
forms anhedral grains several tens of um in size. In some
cases, galena is closely associated with Au—Ag alloys and
they are enclosed in pyrite. In the Anna vein, galena is
the major ore mineral and forms aggregates up to 1 cm
in size associated with sphalerite, chalcopyrite and pyrite.
Two galena generations were identified by microscopic
observation. Galena of the base-metal stage is often
surrounded by younger Ag sulfides and sulfosalts, e.g.,
acanthite, polybasite or minerals of the tetrahedrite group.
Galena as a constituent of the late Ag stage is common
and appears younger than Ag sulfosalts and sulfides (Fig.

3c). Both generations of galena do not deviate much from
the nominal composition PbS.

Greenockite occurs in the Johan de Deo and south-
ern part of the Prie¢na vein and forms irregular grains
up to 30 um in diameter (Fig. 3b). It is associated with
silver sulfides and sulfosalts acanthite, uytenbogaardtite,
pyrargyrite, polybasite, argentotetrahedrite-(Zn) or ar-
gentotetrahedrite-(Cd) and tetrahedrite-(Cd). Pyrargyrite
and polybasite often replace greenockite along the edges;
thus, we assume its primary origin and contemporaneous
precipitation with argentotetrahedrite-(Cd) or tetrahe-
drite-(Cd). Isometric dimorph hawleyite is described as
supergene mineral phase, hence we considered hypo-
gene origin of greenockite. The WDS analyses detected
slightly increased Sb, As, Ag, Cu and Zn in greenockite.

Chalcopyrite is a common ore mineral in the northern
part of the Prie¢na vein. It occurs in much lesser amounts
in the other veins. In all cases, chalcopyrite belongs to
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the base-metal stage of mineralization. In the Prie¢na
vein, chalcopyrite occurs in the form of impregnations,
with individual grain sizes up to a few millimetres in
silicified breccia (Fig. 2¢). Chalcopyrite fills the space
between anhedral and crushed pyrite aggregates (Fig.
3e). It is intensively replaced by bornite and Cu—Ag—S
minerals (mckinstryite, stromeyerite, and chalcocite)
along the grain boundaries. Chalcopyrite is frequently
associated with tetrahedrite-group minerals, galena and
minerals of the polybasite—pearceite series (Fig. 3e, f). It
commonly encloses anhedral grains of Au—Ag alloys and
is overgrown by the abundant sphalerite. No chemical
difference from the nominal composition of chalcopyrite
was observed.

Stromeyerite and mckinstryite are common minerals
of the late Ag—Cu stage of mineralization in the northern
Priec¢na vein and form thin rims or veinlets around older
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alloys enclosed in chalcopyrite (nor-
thern part of the Prie¢na vein) and those
in association with quartz and pyrite.

ore minerals (chalcopyrite, bornite). They often replace
tetrahedrite-(Zn), tetrahedrite-(Cd) and polybasite and
form myrmekites on their surface. Digenite and chalcoc-
ite seem to be younger and form thin acicular aggregates
replacing stromeyerite and mckinstryite (Fig. 3f). In the
Johan de Deo vein, they are found primarily in associa-
tion with partially oxidised pyrite in the form of anhedral
grains up to 30 pm in association with sphalerite. The
range of Ag in the minerals of mckinstryite—stromeyerite
varies from 0.93 to 1.31 apfu, and Cu varies from 0.70
to 1.19 apfu (Fig. 6).

Minerals of the cupropolybasite—cupropearceite
series are relatively rare and are only found in the
northern part of the Prie¢na vein as part of the late Ag
stage. In terms of chemical composition Cu content in
cupropolybasite ranges from 4.46 to 5.90 apfu and in
cupropearceite from 4.40 to 6.46 apfu (Fig. 7b). Their
spatial association with abun-
dant older chalcopyrite could
mean that the fluids remobilized
much Cu from the older miner-
alization. The chemical com-
position of the studied samples
from the Prie¢na vein covers
almost the complete solid solu-
tion from cupropolybasite to
cupropearceite, with the molar
Sb/(Sb+As) ratio ranges from
0.77 to 0.05.

Minerals of the polybasite—
pearceite series are common
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Fig. 6 Cu versus Ag plot of stromeyerite
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Hronom and Brehy ore deposit (red
dots) with the ideal composition of the
end members (blue crosses).
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Fig. 7 Chemical variation of polybasite-pearceite and cupropolybasite-cupropearceite series minerals from the Rudno nad Hronom-Brehy deposit.
a — Composition variation plot of Cu versus Sb/(Sb+As). b — Composition variation plot of Cu versus Ag.

Ag carriers in the veins in Rudno nad Hronom and Brehy.
Composition with As>Sb (i.e., pearceite) character-
izes occurrences only in the northern part of the Priecna
vein (Fig. 7b). In the northern part of the Prie¢na vein,
polybasite and pearceite fill cavities and fractures in the
ubiquitous pyrite or are enclosed in chalcopyrite (Fig. 3e).
Polybasite and pearceite are rarely replaced by younger
mckinstryite and stromeyerite. Polybasite and pearceite
are Cu and As rich in comparison with the rest of the vein
systems. Cu content usually range 2.76-3.58 (Fig. 7b)
apfu and Sb/(Sb+As) ratio ranges between 0.29 and 0.77.

In the southern Prie¢na vein, polybasite occurs as
black euhedral tabular crystals with metallic lustre in
quartz cavities, and individual crystals reach up to 0.5
cm. It is often associated with the late Ag stage galena
and regularly replaces older tetrahedrite-group minerals.
In the southern part of the Prie¢na vein the Sb/(Sb+As)
ratio vary and is restricted to 0.99 to 0.62. Polybasite
from the southern part of the Prie¢na vein is generally
depleted in copper (in comparison with the northern part)
which ranges 1.52-3.15 apfu (Fig. 7b). A minor content
of Te was observed on the anion position of both mem-
bers as STe | substitution, up to 0.16 apfir. The Fe content
is very variable and rarely reaches up to 0.57 apfu.

In Goldschram—Filip vein intersection, polybasite oc-
curs as up to 200 pm anhedral grains intensively replaced
by the acanthite. Polybasite from the Goldschram—Filip
vein intersection is always Sb rich, with Sb/(Sb+As)
ratio varies from 0.72 to 0.98. Copper content is the low-
est observed among the veins in the Rudno nad Hronom
and Brehy ore district and is limited to 0.79-1.78 apfu
(Fig. 7b). Polybasite contains minor concentration of Te
up to 0.02 apfu.

Pyrargyrite occurs frequently in the Johan de Deo,
Priecna vein (southern part) and in the Goldschram—Filip
vein intersection. Together with acanthite, polybasite and

tetrahedrite-group minerals, it is the main Ag carrier in
the late Ag stage. It forms anhedral grains up to 0.5 mm
intergrown by argentotetrahedrite-(Zn) and argentotet-
rahedrite-(Cd) (Fig. 3a, c). Pyrargyrite is often replaced
by acanthite, polybasite and late galena. The molar Sb/
(Sb+As) ratio varies is in a narrow range from 0.88 to
0.97. Pyrargyrite from Rudno nad Hronom and Brehy
deposit contains a minor content of Cu up to 0.15 apfu
and Fe up to 0.07 apfu.

Pyrite is a widespread mineral in the studied miner-
alization. It is often dispersed in the altered host rocks
as a feature of the hydrothermal alteration. In all vein
systems, pyrite preceded the main ore-forming events.
In the Anna vein, euhedral to subhedral pyrite commonly
appears in the breccia matrix as a dominant mineral of
the pyrite stage. It is found in younger base metal stage
as well. In the northern Prie¢na vein, pyrite is found in
anhedral crushed grains up to 100 um overgrown by
chalcopyrite and Ag sulfosalts and sulfides (Fig. 3e). In
the Johan de Deo and southern section of the Prie¢na
vein, pyrite occurs as anhedral to subhedral grains, up to
200 um and with variable As content. Arsenic-poor pyrite
is often replaced along the edges by As-rich pyrite with
<0.12 apfu As. In the Johan de Deo vein, pyrite is closely
associated with galena and sphalerite or enclosing these
minerals. It is often associated with Au—Ag alloys in the
form of inclusions in the pyrite.

In the base-metal stage, sphalerite is a ubiquitous
mineral and occurs as anhedral grains up to a few mil-
limetres together with galena and chalcopyrite. In the
Prie¢na vein, sphalerite is frequently coated along the
edges by bornite and younger sulfide minerals of the Cu—
Ag-S series. WDS analyses show a significant amount
of Fe in the sphalerite from the Anna vein, reaching up
to 0.10 apfu. In the southern part of the Prie¢na vein
and Johan de Deo vein, Fe content in sphalerite does not

31



Jozef Vlasac, Tomas Mikus, Juraj Majzlan, Martin Stevko, Adridn Birori, Marek Szczerba, Rastislav Milovsky, Peter Zitrian

9 Johan de Deo vein
a 01y g @ Prie¢na vein
0.08 |J_-,_—| [ Anna vein
= B ® Goldschram-Filip vein
E 0.06 intersection
o o 0o
£ 0.04]
0.02 %.
0.00 -
[ [ [ [ [ [ [ [ |

Zn (apfu)
b 0.008 ®
0.006
S
®© "
0.004
W00 ©
< d
O 0.002 -
0 gEFPo
0.000| & )
[ [ [ [ [ [ [ [ |
0.84 0.88 0.92 0.96 1.00
Zn (apfu)
C 0.008] @
0.006
S O]
S 3
=0.00¢ 000
©
O 0.002] clg lE‘l_l
0.000 Oo O

I I I I I I I I I

0.00 0.02 0.04 0.06 0.08 0.10
Fe (apfu)

Fig. 8 Geochemical variability of elements in sphalerite from various

veins in the Rudno nad Hronom-Brehy deposit. a — Variation of Fe

versus Zn. b — Variation of Cd versus Zn. C) Variation of Cd versus Fe.

I 1

exceed 0.03 apfu, and in the northern Priecna vein, 0.01
apfu (Fig. 8). Sphalerite from the Goldschram—Filip vein
intersection have similar chemical properties as Johan de
Deo vein sphalerite. Beside the Fe, minor content of Cd
and Mn was identified in all three vein systems, but the
total amount does not exceed 0.02 apfis.

Minerals of the tetrahedrite group are common in
Anna, Johan de Deo and the Prie¢na vein in the Rudno
nad Hronom-Brehy ore deposit. They form anhedral
grains and aggregates up to 200 pm in size and in some
cases with visible zonation in BSE images.

In the Anna vein, anhedral grains of tetrahedrite-(Zn)
and rare tetrahedrite-(Fe) were found in close association
with pyrite and older minerals of the base-metal stage as
part of early Ag stage of mineralization. Chemical com-
position of minerals of these tetrahedrite-group minerals
is rather variable (Fig. 9; nomenclature based on the Bi-

agioni et al. 2020). They contain a minor amount of Ag,
and its content does not exceed 2.20 apfu. Tetrahedrite
from the Anna vein is relatively As poor (<0.63 apfu) and
Sb/(Sb+As) ratio ranges from 0.84 to 0.94. Tetrahedrite-
(Zn) shows Zn values in range of 1.09—1.42 apfu second
dominant constituent is Fe in range of 0.56—1.01 apfu.
The range of Fe in the tetrahedrite-(Fe) varies from 1.07
to 1.17 apfu and Zn content varies from 0.75 to 1.1 apfu.
Traces of Mn were identified but do not exceed 0.02 apfu.

In the Johan de Deo vein, tetrahedrite-(Zn), argentotet-
rahedrite-(Zn) and argentotetrahedrite-(Cd) was identified
(Fig. 9). In the chemical composition of tetrahedrite-(Zn),
the main constituent is Cu with 7.07-9.22 apfu Cu, ac-
companied by Ag in the range 0.71-2.99 apfu. Zn content
prevails (in range of 1.08-1.48 apfu) over Fe (in range
of 0.61-0.95 apfu). Argentotetrahedrite-(Zn) contains
3.04-3.29 apfu of Ag with major Cu in the range from
6.72 to 7.09 apfu. In all cases, Zn-dominant endmem-
bers (1.03—1.41 apfu) are in high portion replaced by Fe
(0.94-1.00 apfu). Argentotetrahedrite-(Cd) contain 3.00—
3.24 apfu of Ag and 6.86-7.03 apfu of Cu. Prevalent Cd
content (1.68—1.86 apfi) is in the minority substituted by
Fe (0.06—0.34 apfu) and Zn (0.04—0.16 apfu). In general,
tetrahedrite-group minerals from the Johan de Deo vein
are As-poor and only minor variation of Sb/(Sb+As) ratio
was observed (in range 0.93—1.00).

In the Prie¢na vein, wide spectra of tetrahedrite-
group minerals was identified, namely tetrahedrite-(Fe),
tetrahedrite-(Cd), tetrahedrite-(Zn), argentotetrahedrite-
(Zn) and argentotetrahedrite-(Cd). Chemical composi-
tion of the tetrahedrite-group minerals differs within the
southern and northern part of the Prie¢na vein (Fig. 9).
The Ag rich (Ag-rich members) and tetrahedrite-(Fe)
are absent in the northern part. Argentotetrahedrite-
(Cd) usually reaches up to 3.67 apfu Ag with major
Cu content up to 6.98 apfu. High concentration of Cd
(1.79-1.28 apfu) is accompanied by less Zn (0.02—-0.46
apfu) and Fe (0.12-0.49 apfu). Silver and Cu content in
argentotetrahedrite-(Zn) reaches similar values as in the
argentotetrahedrite-(Cd) with values up to 3.61 apfu Ag
and 7.07 apfu Cu. High Zn (1.61-1.09 apfu) content is
substituted by non-negligible values of Fe (0.51-1.03
apfu). Tetrahedrite-(Fe) is relatively rare in the southern
part of the Prie¢na vein. It is enriched in Ag up to 2.62
apfu and significant Cu content up to 7.73 apfu. Beside
dominant Fe content (2.43-2.62 apfu), tetrahedrite-(Fe)
shows high Zn values (0.74-0.91 apfu). In tetrahedrite-
(Zn), significant differences in Ag/Cu ratio were ob-
served between the northern and southern parts of the
Prie¢na vein. In the northern part, tetrahedrite-(Zn) is
usually Ag poor with 0.06-0.44 apfu Ag, whereas in the
southern part, Ag content is higher, typically 2.25-2.92
apfu. A similar trend was recognised in the chemical
composition of tetrahedrite-(Cd), where Ag content reach
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0.23-1.20 apfu in the northern part of the vein and 2.13—
2.89 apfu Ag in south. Another chemical difference is
related to the Sb/As ratios. In the tetrahedrite-(Zn) from
the northern part, the Sb/(Sb+As) ratio varies between
0.81-0.93, but between 0.93—1.00 in the southern part.
Greater variation of the Sb/(Sb+As) ratios was noted
in tetrahedrite-(Cd). In the northern part of the Prie¢na
vein, this ratio varies between 0.62-0.78, whereas in
the southern part between 0.86—0.97. Tetrahedrite-(Zn)
from the northern part of the Prie¢na vein shows slightly
increased Zn content (1.61-1.80 apfu) in the comparison
with the southern part (1.01-1.43 apfu). On the other
hand, tetrahedrite-(Cd) from the northern part of the
Prieé¢na vein contains less Cd (1.10—1.63 apfu) content
compared to tetrahedrite-(Cd) from the southern part of
the vein (0.98-1.94 apfu).

Is. ¢ — Ag versus Cu plots of geochemical variation of tetrahedrite-group

According to chemical variations of the tetrahedrite-
group minerals and their spatial/temporal relationship,
minerals of the tetrahedrite series seem to be older than
the freibergite series minerals. Thus, we assume that the
amount of Ag increased with time in the early Ag stage
and then passes into the silver-rich late Ag stage with
polybasite—pearceite group minerals, pyrargyrite and
acanthite. These Ag-rich minerals in all cases overprint
the early Ag stage assemblage (Fig. 3a, ¢, ¢) and late
Ag—Cu assemblage of minerals (Fig. 3f).

Uytenbogaardtite is found in the Johan de Deo
vein and southern part of the Prie¢na vein, where it is
a relatively frequent mineral in the late Ag—Cu stage. It
is commonly associated with polybasite and acanthite
or accompanied by Ag—Au alloys and rarely with gree-
nockite (Fig. 3b). It occurs as relatively large, anhedral
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and porous grains up to 50 pm in size. Uytenbogaardtite
from Rudno nad Hronom-Brehy contains a significant
amount of Cu (up to 0.16 apfu) and minor amounts of
Te (up to 0.03 apfu).

4.3. Evolution of ore mineralization

The epithermal mineralization in Rudno nad Hronom—
Brehy deposit was formed during four stages (Fig. 10).
Johan de Deo, Goldschram and Filip veins, and southern
part of the Prie¢na vein show similar style of mineral-
ization, different from that found in the northern part of
Priecna vein and Anna vein. The main differences are:
i) dominance of base-metal sulfides in the Anna vein and ii)
the abundance of chalcopyrite in the northern Prie¢na vein.

The first, pyrite stage in all vein structures is repre-
sented by widespread pyrite with increased As content
and rare arsenopyrite. The next stage is the base-metal
stage with copious galena, sphalerite, and less abundant
chalcopyrite. An exception, as already mentioned, is the
northern part of the Priecna vein, where chalcopyrite
dominates and galena is subordinate. Base-metal minerals
and Au—Ag alloys together are often enclosed in pyrite in
the form of inclusions or are closely spatially associated
with pyrite. For this reason, we assume that the origin of
base-metal sulfides and Au—Ag alloys were contempora-
neous. Rare famatinite was the last mineral to precipitate
in the base-metal stage.

Precipitation of Ag minerals was divided into the early
Ag, late Ag, and late Ag—Cu stages. The early Ag stage
commenced with argentotetrahedrite-(Zn) and tetrahe-
drite-(Zn), tetrahedrite-(Fe), followed by greenockite
together with argentotetrahedrite-(Cd) and tetrahedrite-
(Cd). Variable Ag content in the tetrahedrite group min-
erals indicates considerable fluctuation of silver activity
in the early Ag stage ore-forming fluids. The constituents
of the late Ag stage are pyrargyrite, acanthite, and poly-
basite—pearceite; they all postdate the tetrahedrite-group
minerals and point to higher Ag activity in the fluids. The
late Ag state resulted in the formation of galena, which
occasionally form veinlets with fine-grained quartz (Fig.
2b). Late Ag—Cu stage contains an assemblage with
bornite (only in Prie¢na vein), stromeyerite—mckinstryite,
acanthite, Cu—S series minerals (digenite, chalcocite, and
covellite) and uytenbogaardtite.

Weathering of the primary ores in supergene zone,
reported previously by Vlasac et al. (2021b), resulted in
formation of devilline, brochantite, malachite, phospho-
hedyphane, mottramite, and other sulfates.

4.4. Bulk chemistry of the ore

Chemical analyses of samples from dumps and the vein
structures accessed through the historical adits correlate
well with the mineralogical observations. The entire Ag
content in the analysed samples reflects the common pres-
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ence of silver sulfides and sulfosalts or the minor Au—-Ag
alloys. Gold content is dominantly bound to the Au—-Ag
alloys and to a lesser extent to uytenbogaardtite.

The high-grade ore samples were picked from the
southern part of the Priecna vein with a maximum of 1950
ppm of Ag and 42.7 ppm of Au (sample from Fig. 2b) and
from the northern part with a maximum of 1409 ppm of
Ag and 9.45 ppm of Au (sample from Fig. 2c). Analyses
from two unnamed samples between the Prie¢na vein and
the Johan de Deo vein returned up to 1160 ppm of Ag
and 16.1 ppm of Au. In the southern part of the Johan de
Deo vein (Krsla adit dump), high-grade ore contains up
to 379 ppm of Ag and 17.4 ppm of Au (sample from Fig.
2¢). Lower-grade ore was located in the intersection of
Filip—Goldschram veins with a maximum of 326 ppm Ag
and 4.38 ppm of Au. Waste dump material from the Filip
vein (Filip adit, Beatrix adit) returned low precious met-
als, up to 354 ppm of Ag and 6.4 ppm of Au. Relatively
low and irregularly distributed precious-metal content was
observed in the surrounding mine works at Anna vein. Up
to 624 ppm of Ag and 35.9 ppm of Au were identified in
the rock samples from the waste dumps.

Elevated Cd content up to 42.2 ppm is caused by the
presence of greenockite, tetrahedrite-(Cd) and argento-
tetrahedrite-(Cd). Increased As values (up to 404 ppm)
probably reflect abundant arsenian pyrite, perhaps also
arsenopyrite, in the samples. Minor portion of As can
be derived from the Ag sulfosalts (pearceite—polybasite,
pyrargyrite—proustite, and tetrahedrite). Antimony content
is exclusively bound to Ag sulfosalts, and its content does
not exceed 365 ppm.

In the Prie¢na vein, Cu content varies from the north-
ern to the southern part of the mineralized structure. In
the northern part, the ores are dominated by chalcopyrite
and contain up to 5.33 wt. % of Cu. In the southern part,
chalcopyrite is scarce and the ores contain only up to 608
ppm Cu. Here, the important Cu carriers are tetrahedrite,
famatinite and Cu—S mineral phases (covellite, digenite
and chalcocite). The southern part of the Priecna vein is
richer in Pb and Zn in comparison to its northern part.
Higher base-metal concentrations in the samples were
detected in the samples from the Anna vein, with lower
precious-metal content. Precious metals are enriched in
samples with lower Pb and Zn content, which is in good
agreement with the microscopic observation. The com-
plete data set of analysed elements is listed in electronic
supplementary material (ESM 2).

4.5. Sulfur isotopes (5°*S)

All 6*S values measured in this study were acquired only
from the base-metal stage (Fig. 11). In the later miner-
alization, scarcity of the sulfides and their heterogeneity
precluded the measurements. The 8**S isotopic values of
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Fig. 11 3*S composition of galena, chalcopyrite and pyrite from the
base-metal stage of mineralization from Rudno nad Hronom and Brehy
deposit.

galena from the Anna vein vary between +1.9 %o to +2.5
%o CDT. Pyrite from the quartz veins (Anna vein) shows
little variation and the 43S values range from +4.9 %o to
+5.2 %o CDT. Chalcopyrite from the Cu-rich zones of
the Prie¢na vein yielded 6**S values between +2.8 %o and
+3.6 %0 CDT. The complete data set of analysed sulfur
isotopes are listed in electronic supplementary material
(ESM 3).

4.6. Fluid inclusions

Samples for the microthermometry study were collected
from the dumps of the Zubau adit targeting the Anna
vein. Precious-metal mineralization in the Johan de Deo,
Priecna, Filip and Goldschram veins is associated either
with cryptocrystalline SiO, forms or as impregnations
in silicified hydrothermal breccia. No suitable material
for the fluid inclusion study was found in these samples.
Fluid inclusions were found in quartz. They are small
(<5 pum), two-phase, with liquid and gas. (Fig. 12). The
liquid phase makes up 80-90 % of the volume of inclu-
sions. Due to the small size, it was not possible to deter-
mine eutectic temperatures. Tm of ice ranges from —0.9
to —0.6°C and calculated salinities vary between 1.1 and
1.6 wt. % NaCl. Homogenization temperatures (to liquid)
range from 176°C to 250°C (Fig. 12). The calculated
fluid density ranges from 0.8 to 0.9 g/cm?. No evidence of
fluid boiling was recorded. We observed neither spatially
associated vapour- and liquid-rich inclusions nor boiling
nearly to dryness, indicated by highly saline inclusions.

4.7. Hydrothermal alteration

In this work, alteration pattern was determined on the
basis of mineral assemblage observation, bulk chemis-
try data of the samples from the drill holes (RUDDI,
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Fig. 12 Microphotograph of primary fluid inclusions composed of the vapour (V) and liquid phase (L). Plots represent the homogenisation tempe-
rature versus salinity of fluid inclusions and their density (dashed lines) and histogram of homogenisation temperatures.

RUDD2, and RUDD3), powder X-ray diffraction of
bulk-rock samples and clay separates, and EPM analyses
of alteration products.

According the mineral assemblages two principal
types of alteration have been distinguished. First, as-
signed to propylitization, is older, areal and pervasive.
Second, potassic type of alteration is younger, devel-
oped mainly around the ore bodies (Fig. 13). In general,
hydrothermal alteration in the studied area is intensive.
Host rocks are exclusively andesites with groundmass
and primary magmatic phenocrysts almost completely
replaced by the new phases.

Propylitic rocks are typically light-grey to greenish in
colour (Fig. 13a), with occasionally preserved primary
plagioclase or phlogopite phenocrysts or matrix constitu-
ents. Alteration mineral assemblage comprises of quartz,
chlorite, albite, smectite, carbonates (calcite, siderite), he-
matite and pyrite. Epidote is also present as a minor phase
in the deeper parts of the deposit. Cross-cutting veinlets
with white potassic alteration haloes clearly overprint
propylitization (Fig. 13b). Irregular light-grey bands
with no evident relationship to fissures may indicate
partly pervasive character of this type of alteration (Fig.
13a). Rocks having strongest potassic alteration usually
show light grey or whitish colour (Fig. 13¢). Primary
igneous silicates, as well as products of propylitization
(particularly chlorite) are completely replaced by quartz,
K-feldspar, illite/smectite and illite, carbonates (siderite),
kaolinite, smectite, pyrite and marcasite. Quantitative
whole-rock mineralogy (drill cores samples) of typical
propylitic, potassic and mixed types of alteration is given
in the electronic supplementary material (ESM 4).

K-feldspar is a widespread alteration mineral. It was
identified in all analyzed samples in quantities ranging
from 2 to 70 wt. %. Obviously, it dominates in rocks with
potassic alteration. However, it is possible that negligible

amount of matrix K-feldspar having high Na content
could have igneous origin. K-feldspar is intimately in-
tergrown with quartz and pervasively replaces the matrix
of the host rocks (Fig. 14a—f). Often, K-feldspar replaces
phenocrysts of plagioclase (Fig. 14b), Mg—Fe silicates
and oxides in association with illite, interstratified illite/
smectite, smectite, kaolinite and carbonates. It commonly
infills cavities of propylitized samples and occurs within
haloes around the veinlets (Fig. 14c).

Chlorite is ubiquitous phyllosilicate in the propyl-
itized rocks, representing up to 13 wt. % of the total mass
of alteration minerals. It forms mostly at the expense of
mafic phenocrysts with no remnants identifying nature of
original mineral (Fig. 14d). To a lesser extent, chlorite is
alteration products of plagioclase. Chlorite also replaces
matrix of andesites and, in some cases, forms the part
of mineralization of thin veins together with carbonates.
Its Mg/(Mg+Mn + Fe) ratio varies between 0.48 and
0.57, indicating the presence of both of chamosite and
clinochlore. No chlorite was identified in rocks which
underwent strong K-alteration.

Another common product of alteration is illitic mate-
rial. It consists mostly of interstratified illite/smectite
(I/S), sometimes with small admixture of discrete illite.
Like K-feldspar, illitic material concentrates in samples
with strong K-alteration, where it can reach up to 33 wt.
% of rock composition. I/S reveals exclusively R3 type of
interstratification and percentage of smectite constituent
(expandability) is well below 15%. Drill-core samples
show inhomogeneous polytype composition when 1Md
polytype absolutely prevails over IM and 2M,. Only two
samples picked directly from the vein slopes (Goldschram-
Filip veins intersection) contain pure 1Md polytype. I/S
alters both plagioclase and chloritized mafic phenocrysts. It
is often intergrown with quartz and K-feldspar, especially
in the matrix of andesitic rock (Fig. l4e, f). Relatively
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Fig. 13 Examples of altered andesites from diamond drill cores. Left: propylitized host rocks (depth of 111.35 m); middle: rocks affected by
propylitization and partially replacement by potassic alteration around the veinlets (154.15 m); right: complete replacement by potassic alteration
(283.7 m). Drill core samples originated from the RUDD-001 and RUDD-002 boreholes. Red numbers and rectangles represent the parts from
which powder X-ray diffraction analyses were prepared and subsequently quantified (supplementary material S4).
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Fig. 14 Back-scattered electron (BSE) images of sample RUDD-001 111.35 m, RUDD-001 154.15 m, RUDD-002 283.70 m (sece Fig. 13). a — A
relic of a mafic phenocryst replaced by smectite (Sme), calcite (Cal) and hematite (Hem) in K-feldspar (Kfs), quartz (Qtz) matrix with accessory
hematite and anatase (Ant) b — A plagioclase (Pl) crystal partially replaced by smectite (Sme), calcite (Cal), K-feldspar (Kfs) and minor albite
(Ab). The magnetite (Mag) crystal is most likely magmatic. ¢ — A cavity in quartz (Qtz) and K-feldspar (Kfs) matrix filled with euhedral quartz
and K-feldspar, siderite (Sd), calcite (Cal). d — A phenocryst of an igneous mineral completely replaced by chlorite (Chl) and minor siderite (Sd)
in quartz (Qtz) and K-feldspar (Kfs) matrix. e — Phenocrysts and matrix of andesite completely replaced by a mixture of K-feldspar (Kfs) and
illite (Ilt) or illite/smectite, with minor quartz. f — A phenocryst of an igneous mineral replaced by smectite (Sme) and illite (I1t), K-feldspar (Kfs),
siderite (Sd), pyrite (Py) in quartz (Qtz) and K-feldspar matrix.
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Tab. 1 K-Ar dating results from the mineral fractions of K-feldspar and interstratified illite/smectite from the drill core RUDD-001 (RUDD 1) and in
clay fraction from Johan de Deo adit (RNH-1). Final ages in bold, these represent either single measurement or average of couple of measurements.

Sample Mineral fraction K,0 (%) Mass (mg) K (%) AT (%) Age (Ma)
RUDD 1_143.9 m K-feldspar 9.05 23.69 7.51 71.7 12.31+0.47
RUDD 1_46.9 (1) Illite/smectite (2-0.2 pm) 6.35 11.09 5.27 40.2 12.93+1.10
RUDD 1 _46.9 (2) Illite/smectite (2—-0.2 um) 6.35 24.14 5.27 46.3 13.294+0.92
Average: 13.11+£0.71
RUDD 1_46.9 (1) Illite/smectite (<0.2 pm) 6.47 14.79 5.37 14.7 11.54+2.41
RUDD 1_46.9 (2) Illite/smectite (<0.2 pm) 6.47 21.97 5.37 45.1 13.20+0.99
RUDD 1 _46.9 (3) Illite/smectite (<0.2 pm) 6.47 19.5 5.37 37.0 12.98+1.01
Average: 12.57+£0.93
RUDD 1_38.7 Illite/smectite (2—0.2 pm) 6.10 13.17 5.07 51.1 12.29+0.86
RUDD 1_38.7 Illite/smectite (<0.2 pm) 7.18 21.03 5.96 50.8 12.28+0.71
RNH-1 (1) Illite/smectite (2—0.2 pm) 8.03 17.42 6.67 47.5 12.2940.60
RNH-1 (2) Illite/smectite (2—-0.2 um) 8.03 25.50 6.67 23.8 12.43+1.56
Average: 12.36+0.84
RNH-1 (1) Illite/smectite (<0.2 pm) 8.04 19.63 6.67 22.8 12.12+1.64
RNH-1 (2) Illite/smectite (<0.2 pm) 8.04 22.57 6.67 41.0 12.35+0.74
Average: 12.24+0.90
Average: 12.45+0.30

common are assemblages with carbonates (calcite, siderite)
and hematite, which replace Fe-Mg silicates. Variably, I/S
may be intergrown with less common kaolinite. Dioctahe-
dral smectite is omnipresent but less abundant clay mineral
(<19 wt. %). In propylitic rocks it replaces phenocrysts
along with chlorite, carbonates, albite and K-feldspar (Fig
14a, b). In K-altered rocks it was found also as a part of
veinlets, with K-feldspar, I/S, siderite and pyrite.
Carbonates are relatively abundant in all samples. Sid-
erite is the most common for potassic alteration (up to 6
wt. %), while calcite is abundant in the propylitic rocks
(up to 15 wt. %). They frequently replace phenocrysts of
igneous minerals (Fig. 14a, b, d, and f) and occasionally
they build up to 60 % of the phenocryst mass. Siderite
and calcite also form fillings in the cavities and veinlets
in association with quartz or K-feldspar (Fig. 14c).
Kaolinite is a minor clay constituent and occurs in
cavities in quartz and K-feldspar almost in all studied
samples. At the deepest level of the deposit, accessory
epidote occurs with chlorites. Pyrite and marcasite in the
Rudno nad Hronom and Brehy ore deposit are widespread.
While pyrite is found in the form of disseminated euhe-
dral grains, marcasite fills veinlets chiefly in the strongly
altered samples. In that case, marcasite can reach up to 14
wt. % of the sample volume. Anatase and hematite are
common accessory alteration products. They form small
inclusions in the host-rock matrix or in the alteration
mixture after the igneous mafic phenocrysts (Fig. 14a).

4.8. K-Ar age of hydrothermal alteration

The age of the hydrothermal alteration that is spatially
related to the studied ore bodies was determined by the
K/Ar radiometric method. Isotopic data were acquired

mainly from the illitic material of two different grain-size
fractions (<0.2pm and 2—0.2pm). In one case, K-feldspar
was also dated. Samples used for K/Ar dating comes
from potassic alteration zones, exclusively. Quantitative
mineral compositions of dated separates are shown in
supplementary material (supplementary material S5).

Practically the same K—Ar ages of thicker (2—0.2 pm)
and finer (<0.2 um) fractions, within uncertainties, in the
case of all samples indicates no detrital or thicker older
component, which would lead to older ages of thicker
fractions. Potassium bearing minerals in both fractions
of one sample: K-feldspar, illite 2M, and illite 1Md —
illite—smectite are therefore having the same ages. The
age interval of hydrothermal alteration from the drill core
RUDDI1 which targeted Anna vein is 12.6+0.9-13.1£0.9
Ma with a mean value of 12.8£0.7 Ma. Analyses from
the Filip—Goldschram veins intersection show values in
the interval from 12.2+0.9 Ma to 12.4+0.8 Ma with
a mean of 12.3+£0.6 Ma. The grand average age of all
analyses is 12.5+0.3 Ma (Tab. 1). Observed data reveal
relatively high errors. To evaluate the analytical preci-
sion, it should be noted that the content of radiogenic “°Ar
is very low in some cases, leading to high uncertainties.
The problem may lie in the fact that dated clay-size frac-
tions of illitic material uniformly contained high amounts
smectite and kaolinite and therefore, amounts of K and
radiogenic **Ar was lower.

5. Discussion

Epithermal mineralizations have been divided into high-,
intermediate-, and low-sulfidation type (Hedenquist et al.
2000). The nature of alteration patterns, low-saline fluid
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inclusions, scarcity of carbonate gangue and common
cryptocrystalline quartz point to the low-sulfidation type
of an epithermal deposit (Hedenquist et al. 2000; Sillitoe
and Hedenquist 2003; Simmons et al. 2005). Low-sulfida-
tion properties of Rudno nad Hronom—Brehy mineraliza-
tion, including association with rhyolitic volcanism, were
described during the exploration of the area in the last
century (Stohl et al. 1993). However, the abundance of
tetrahedrite-group minerals and lack (or scarcity) of pyr-
rhotite, arsenopyrite, and selenide assemblage point to the
intermediate sulfidation state of mineralization (Wang et
al. 2019). The presence of famatinite can even suggests
higher sulfidation conditions (Arribas 1995). Tetrahedrite
group minerals and famatinite are common only in the
early stage of deposit development. At this point, we can
assume change in sulfidation state of mineralization from
intermediate- to low-sulfidation condition.

Hydrothermal alteration assemblages are commonly
regularly zoned around vein or breccia-filled fluid
conduits. However, they may be regularly zoned in
near-surface environments or where permeable rocks
have been replaced. Alteration mineralogy that includes
K-feldspar, carbonates and interstratified illite/smectite or
illite is characteristic of low- and intermediate-sulfidation
deposits formed from geothermal systems and indicates
near-neutral pH to alkaline fluids (Simpson and Mauk
2011; John et al. 2003, 2018; Kouhestani et al. 2020).
K-feldspar and illite or I/S rich association of hydrother-
mal alteration forms in a hydrothermal system where
surficial waters mix with deeper and heated waters (Heald
et al. 1987).

Precious-metal mineralization in Rudno nad Hronom—
Brehy deposit is characterised by a high Ag: Au ratio (av-
erage 85:1; Fig. 15). Similar low-sulfidation epithermal

veins related to Miocene volcanism are located through-
out the Central Slovak volcanic field, e.g., in Nova Bana,
Hodrusa, Kremnica or Pukanec (Bahna and Chovan
2001; Majzlan 2009; Berkh et al. 2014; Majzlan et al.
2018; Stevko et al. 2018). Selenides and tellurides are
common observed in the various Stiavnica stratovolcano
related epithermal veins, but in the veins in Rudno nad
Hronom—Brehy deposit missing (e.g. Kremnica, Stevko
et al. 2018 or Hodrusa, Kuba¢ et al. 2018; Chovan et al.
2019). The base-metal mineralization is a common initial
ore deposition stage feature in the central parts of the
Miocene rocks of the Stiavnica stratovolcano (Kodéra et
al. 2005) or in the Kremnica epithermal deposit (B6hmer
1966; Stevko et al. 2018).

Carbonates (calcite, siderite) are common in the al-
teration products in the host rocks but absent in the vein
filling. Quartz and chalcedony are the prevalent gangue
minerals. Similar Au—Ag ores depleted in carbonates
were found in some horst-related veins in the Hodrusa-
Hamre ore district, e.g., Rabenstein, where the early car-
bonates were completely replaced by late quartz (Majzlan
et al. 2016). A similar situation was described from Nova
Bana Au—Ag mineralization (4 km NW from studied
locality), where only quartz pseudomorphs after carbon-
ates were found (Majzlan et al. 2018). A different case
was described from the Pukanec Au—Ag epithermal veins
(3.5 km S from the studied locality), where rodochrosite
and calcite are common gangue along the quartz (Bahna
and Chovan 2001). Precious-metal ore mineralizations
in the central part of Stiavnica stratovolcano are usually
carbonate-rich. Massive carbonate veins are located in
the Schopfer vein with common bladed calcite and in
some parts the calcite veins reach thickness of 20 m
(Majzlan et al. 2016 and citations mentioned therein).

In the Finsterort and Anton

veins, beside quartz carbon-
ates like calcite, siderite and
dolomite are the main gangue
minerals (Vlasac et al. 2021a).
In the Bieber vein (Stiavnica
ore district), quartz and car-
bonates are prevalent and
K-feldspars are less common
(Chovan et al. 2021).

The Rudno nad Hronom—
Brehy deposit has some parage-
netic similarities with the Nova
Bana deposit, located approxi-
mately 4 km northwest. Strong

Fig. 15 Concentration of Au and Ag
and Ag:Au ratio in grab samples from
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chemical zonality of mineralization was discovered in the
Nova Bana, where bottom parts were enriched in base
metal with high Cu content and increased Au volume
but weak enrichment in Ag. In the uppermost parts of
the veins, the Ag: Au ratio can commonly exceed 100: 1,
sometimes even 1000:1. The average Ag:Au ratio for
the entire deposit Nova Bana is 64:1 (Majzlan et al.
2018). In the Banska Stiavnica ore district Kodéra and
Hvozd’ara (1960) defined vertical zonality of the veins
according the thermality and dominant metal contents.
Near-surface low-thermal are usually enriched in Pb—Zn
(galena, sphalerite) and rhodonite, intermediate-thermal
central parts of the veins contain except Pb and Zn, zones
rich in Cu and high temperature bottoms are dominant
Cu-rich. Chalcopyrite is dominant in the Cu zone and is
considered as genetically younger than minerals of the
Pb—Zn zone (Kodéra and Hvozd’ara 1960).

Pyrite from the Rudno nad Hronom and Brehy ore
deposit is often enriched in As. This anomaly was found
at the Rabenstein occurrence (Hodrusa) with occasional
As zonation of pyrite (common in the Rudno nad Hronom
and Brehy), which indicates variations in the composition
of ore-forming fluids (Berkh et al. 2014). High As content
in pyrite were found in the ore dressing product from the
Rozalia mine, however only pyrite from the altered rocks
contains As, whereas pyrite in the hydrothermal veins
does not (Chovan et al. 2016).

Blanchard et al. (2007) demonstrated that a consider-
able amount of As that can be present in the pyrite rims
(up to 10 wt. %), that substitute for S in the structure of
pyrite. Pyrite from the Rudno nad Hronom—Brehy deposit
(from the pyrite stage of mineralization) contains up to
0.12 apfu (7.26 wt. %) of As. Pyrite from the high-sul-
fidation deposits can incorporate arsenic as an As*" cation
(Chouinard et al. 2005). The As and S concentrations in
the studied pyrite are inversely correlated (Fig. 16), thus
complying with As—S~ substitution typical for reducing
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Fig. 16 Negative correlation of As and S in pyrite from Rudno nad
Hronom and Brehy deposit.

environments (Blanchard et al. 2007; Reich et al. 2013;
Morishita et al. 2018).

An interesting feature of the studied mineralization is
the spatial zonation of the As concentration among one
vein and even among the distinct vein systems mainly in
the minerals of the early and late Ag stage. The north-
ern part of the Priena vein is As-rich with the typical
mineral assemblage enriched in As, namely pearceite,
cupropearceite and tetrahedrite-(Cd), tetrahedrite-(Zn)
with increased As content. However, there is less As in
its southern part and pyrargyrite is common. The depleted
As concentration (in tetrahedrite-(Fe), tetrahedrite-(Zn),
polybasite) is observed in the Johan de Deo, Anna vein
and the Goldschram—Filip vein intersection.

A typical feature for the mineralization in the Rudno
nad Hronom—Brehy is the presence of cadmium. In this
work, we identified three minerals containing Cd as a
major element: argentotetrahedrite-(Cd), tetrahedrite-(Cd)
and greenockite. Rudno nad Hronom is the type locality
for argentotetrahedrite-(Cd) (Mikus et al. 2023). The rar-
ity of Cd-bearing minerals in epithermal systems is not
only related to the low Cd crustal abundance (0.102 pg/g;
Wedepohl 1995) but also to its preference to partition into
the structures of chalcopyrite and sphalerite. It is difficult
to determine the cadmium source in the mineralization;
however, one option is that it originates from the bitu-
minous shales or coal matter of the Upper Carboniferous
of Hronic Unit, which has been drilled and confirmed by
the deep borehole GK-15 in the Brehy area (Brlay et al.
1977). The mean cadmium content of bituminous shales
reported worldwide is 0.80 g/t (Waketa and Schmidtt
1978). Cadmium volume in the coals ranges widely and is
reported to be 0.01 to 180 g/t in the US (Valkovic 1983),
up to 2.0 g/t in bituminous coals in Australia (Swaine
1977) and up to 22 g/t worldwide (Bowen 1979). The
following are examples of mean cadmium content in the
volcanic rocks by Waketa and Schmidtt (1978) and cita-
tions mentioned therein: 0.017 g/t in andesites, 0.27 g/t
in rhyolite and 0.07 g/t in granodiorite.

The isotopic composition of sulfur (6 **S) in the sulfide
of ore mineralization is influenced by the isotopic com-
position of the source material and the fluid-mineral frac-
tionation. The latter is governed by pressure, temperature,
the strength of metal-sulfur bonds in sulfides, oxygen
fugacity and Eh—pH of hydrothermal fluids (Ohmoto
1972; Ohmoto and Rye 1979; ONeil 1986; Hoefs 2015).
Sulfides of the base-metal stage in the Rudno nad Hro-
nom-Brehy ore deposit have a narrow range of §*S,
caused by the stable physicochemical conditions of their
formation and a homogenous source of sulfur (Ohmoto
and Rye 1979). In general, sulfur in low-sulfidation ores
with precious-metal minerals has a magmatic source (6*S
of —5 to +5 %o range) or a mixture of magmatic and host-
rock sulfur (Herbert and Smith 1978; Castor et al. 2003).
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Most of the gold grains (primarily at the Priecna vein)
show diffuse zonality of the Au/Ag ratios within single
grains. Gammons and Williams-Jones (1995) considered
the chemical equilibrium that describes precipitation
(eq. 1), identifying the parameters that control the Au/Ag
chemical variability of precipitated Au-Ag alloy:

Au,, +AgCl +2H,S =Au(HS), +Ag,, +2CF+2H" (1)

Increasing A oy is accompanied by decreasing tem-
perature (through equilibrium constant), decreasing Au/
Ag,. increasing pH, decreasing aCl*(aq) and subsequently
increasing aH,S. Most of these parameters usually change
during the evolution of a hydrothermal system. For exam-
ple, decreasing aH,S in solution and falling temperature
have a contrasting effect on the value of Au/AgaHoy. On the
other hand, relatively stable local mineralization condi-
tions (in terms of P-T—X) should generate Au—Ag alloys
showing evident homogeneity (e.g., Johan de Deo vein,
Filip vein, and Goldschram vein; Chapman et al. 2021).

5.1. Evaluation of ore-forming and
hydrothermal alteration temperature

Field and textural evidences suggest that ore forming
process was accompanied with strong potassic altera-
tion of host, already propylitized andesitic rocks. Thus,
mineral products of potassic alteration could be useful for
characterization of ore forming fluids. Clay minerals are
good indicators of the temperature conditions of host rock
alteration. Smectite is stable at <130°C, interstratified
illite-smectite (I/S) at 130 to 230 °C and illite at >230°C
(Steiner 1968; Browne and Ellis 1970; Reyes 1990; Har-
vey and Browne 1991; Simmons and Browne 2000). In
our samples, smectite and I/S are abundant, but illite is
scarce. Therefore, we assume formation temperature for
the illitic clays <230°C. Temperatures obtained from
empirical I/S geothermometry (177-224 °C; Sucha et al.
1993) are in good agreement with temperature estimates
from active geothermal systems (150—220°C; Steiner
1977; Reyes 1990). Low- to intermediate-sulfidation
systems with the mineral assemblage illite, smectite,
chlorite, mixed-layered clays, pyrite, calcite and quartz
develop at 180°C to 220°C (Hedenquist et al. 2000;
Leavitt and Arehart 2005; Syafrizal and Watanabe 2007,
John et al. 2018). However, it should be noted here
that the clay geothermometry is strongly influenced by
the metastable behavior of clays and is not based on
equilibrium reactions (Essene and Peacor 1995). From
that point of view, an error may occur in temperatures
in the range of 30-60°C. The presence of epidote in
deeper parts of propylitized rocks may indicate higher
temperature >240 °C for this type of alteration (Harvey
and Browne 1991).
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Fig. 17 Isotherms of the tetrahedrite geothermometer (after Sack 2005;
Sack and Ebel 2006) with plotted molar Ag/(Ag+Cu) and Zn/(Zn+Fe)
ratios in argentotetrahedrite-(Zn) from Rudno nad Hronom and Brehy.

The fluid inclusion data show total homogenization
temperatures between 176 °C to 250 °C and bulk salinities
of 1.1 to 1.6 wt. % NaCl eq. These parameters might im-
ply that mineralization of the base-metal stage involved
mixing and cooling with meteoric fluids.

The chemical composition of argentotetrahedrite (Zn
and Fe end members) depends on the temperature and,
thus, may be used for geothermometry (Sack 2005;
Hernandes and Akasaka 2010). The database for sulfides
and sulfosalts in the system Ag S-Cu,S-ZnS-Sb,S
As,S. developed by Sack (2005) can be used to estimate
crystallisation temperature of the argentotetrahedrite.
According to the molar ratio of Ag/(Ag+Cu) and Zn/
(Zn+Fe) of argentotetrahedrite-(Zn), the estimated
temperature of the early Ag stage is roughly 170-205 °C
(Fig. 17).

The absence of stephanite in the late Ag stage may
impose an upper limit on the formation temperatures in
this stage. Stephanite decomposes in the absence of sulfur
to form pyrargyrite +argentite at 197+5 °C (Keighin and
Honea 1969). However, epithermal pyrargyrite-proustite
exhibit complete As—Sb solid solution at temperatures
of deposition, which can suggest temperature <160 °C
(Motomura 1990; Bindi et al. 2010).

The fast reaction rates of solid solution encountered
throughout the system Cu—Ag—S demonstrate that very
few of the observed assemblages are likely to preserve an
unaltered record of specific conditions of ore formation,
even in supergene processes. Even at room temperature,
reactions proceed at observable rates, and partial conver-
sions may be obtained in a few days (Skinner 1966). The
late Ag—Cu stage was formed below 118.9 °C because the
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minerals present (mckinstryite, stromereyeite and jal-
paite) are stable only below this temperature (Wu 1987).
Mckinstryite breaks down at 94.4+1.5°C to a two-phase
intergrowth of jalpaite (Ag,CuS,) and a cation-disordered
hep phase of composition Ag, ,Cu, S (Kolitsch 2010).
All reported occurrences of mckinstryite were interpreted
to be the result of a low-temperature (stable up to 94 °C)
formation of either hypogene or supergene character.
Skinner (1966) reported invariant points for low-tempera-
ture assemblages in the Cu—Ag—S system. Stromeyerite +
chalcocite can be stable at 67 °C. Digenite with covellite
is stable up to 76 °C. Stromeyerite + mckinstryite are
stable up to 90°C, whereas stromeyerite breaks down
at 93 °C. Jalpaite with acanthite is stable up to 106 °C.

Uytenbogaardtite occurs in association with electrum
and/or acanthite and its deposition is either late hydro-
thermal (low-temperature) or has been formed in the
supergene stage (alteration stage). Thermodynamic mod-
elling supports the idea that this mineral can originate at
low temperatures (as low as 25 °C), even if the fluids are
relatively oxidising (Palyanova, Savva 2008).

5.2. Age of hydrothermal alteration linked
to the evolution of the Stiavnica
stratovolcano

Our age determination of K-feldspar and clay minerals
associated with the ore mineralization in the Rudno nad
Hronom—Brehy ore deposit yielded an average age of
12.840.7 Ma from the drill core samples RUDD-001
(targeting Anna vein) and an average age of 12.3+0.6
Ma from the Filip-Goldschram vein intersection. These
ages correlate well with the radiometric dating of rhyo-
lite volcanism (Jastraba formation) accompanied by the
long-lasting uplift of the resurgent horst. In general,
according to previous studies on epithermal mineraliza-
tion, precious-metal and base-metal veins in the Central
Slovakia Volcanic Field are related to rhyolite volcanism
(Kovalenker et al. 1991; Onacila et al. 1995; Chernyshev
et al. 1995; Lexa et al. 1999; Haber et al. 2001; Lexa and
Pécskay 2010; Chernyshev et al. 2013). The temporal
interval of the rhyolite volcanism was determined as
12.3£0.4 to 12.0+0.4 Ma (Lexa and Pécskay 2010);
more recent research using K—Ar and Rb—Sr geochrono-
logical methods yielded an age of rhyolite volcanism in
the interval of 12.2+0.8 to 11.4+£0.4 Ma (Chernyshev
et al. 2013). According to the volcanic evolution of the
Stiavnica stratovolcano, rhyolite volcanism belongs to
the fifth stage of its formation (Koneény and Lexa 2000;
Chernyshev et al. 2013). Kraus et al. (1999) confirmed
that the process of hydrothermal precious- and base-metal
mineralization in the Banské Stiavnica and the Kremnica
stratovolcanoes took place approximately within the pe-
riod of 12.5+0.1 and 11.0+0.1 Ma.

6. Conclusions

1) The ores in the Rudno nad Hronom—Brehy area are
bound to silicified hydrothermal breccias and the thin
chalcedony veins with disseminated Au—Ag-rich mi-
neralization. The precious metal content in the richest
parts of the veins ranges up to 1950 ppm Ag and 42.7
ppm Au, and the overall average ratio of Ag:Au is
85:1. Base-metal mineralization is represented to a
greater extent in the deeper parts of the deposit (Anna
vein). Precious-metal mineralization was a signifi-
cant resource of the deposit with variable volume of
Au—Ag alloys, tetrahedrite-(Zn), argentotetrahedrite-
-(Zn), tetrahedrite-(Cd), argentotetrahedrite-(Cd),
tetrahedrite-(Fe), pyrargyrite, polybasite, pearceite,
cupropearceite, cupropolybasite, acanthite, stromey-
erite, mckinstryite and uytenbogaardtite.

2) In the Rudno nad Hronom—Brehy deposit, four ore-
-forming stages were recognised. Immediately after
the initial pyrite stage, the homogenization tempera-
ture of fluid inclusions of base-metal stage ranges of
176-250°C. The third stage is divided into two sub-
stages. The ore-forming temperatures of the early Ag
stage (based on argentotetrahedrite-(Zn) and argento-
tetrahedrite-(Fe) geothermometer) are 170-205 °C and
those for the late Ag stage with galena (based on the
mineral phase stability) are <160 °C. The late Ag—Cu
stage (based on the mineral phase stability) formed at
temperatures <93 °C.

3) Sulfides of the base-metal stage in the Rudno nad
Hronom—Brehy ore deposit have a relatively narrow
range of 8**S. This observation is interpreted by stable
physicochemical conditions of their formation and a
homogenous source of sulfur. *S isotopes suggest an
igneous source or a mixture of igneous and host-rock
sulfur.

4) The degree of hydrothermal alteration varies from
propylitic to potassic. Alteration affected the andesitic
host rocks and progressively removed the primary
igneous minerals. In the proximity of the ore, the
host rock is pervasively silicified and replaced by
K-feldspar and interstratified illite—smectite; the igne-
ous minerals are no longer preserved in the fragments
of altered rocks in the hydrothermal breccias. Propy-
litic and potassic altered rocks are compositionally
distinguished by the presence of chlorite (chamosite,
clinochlore) and illite, smectite, interstratified illite/
smectite ratio. Carbonatization (calcite and siderite) is
widespread in each of the alteration types. Calcite is
most abundant in propylitic alteration, whereas side-
rite in the potassic mineral association. Pyritization is
abundant in all alteration type. Anatase and hematite
are frequent accessories in each sample. The tem-
perature of formation of the hydrothermal alteration
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according to the illite/smectite geothermometer is up
to 224°C.

5) An age determination of K-feldspar and clay minerals
associated with the ore mineralization in the Rudno
nad Hronom-Brehy ore deposit yielded an average
age of 12.8+0.7 Ma from the drill core samples
RUDD-001 (targeting Anna vein) and an average age
of 12.2+0.6 Ma from the Filip-Goldschram vein inter-
section. The grand average of all analyses is 12.5+0.3
Ma. Ore mineralization in the Rudno nad Hronom-—
Brehy deposit is temporally and spatially related to
the initial stage of local horst uplift. It could be also
genetically linked to the rhyolite volcanism (Jastraba
fm.) of the fifth stage of Stiavnica stratovolcano evo-
lution.

6) According interpretation of obtained mineralogical and
geochemical data, we can assume transition from in-
termediate- to low-sulfidation condition of epithermal
mineralization. The style of mineralization in the Rud-
no nad Hronom—Brehy deposit exhibit similar features
suchlike mineralization in the Nova Bana deposit.
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