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Low-Sulfidation Type of Epithermal Au-Ag Mineralization
Near Pukanec (Central Slovakia Neogene Volcanic Fields)
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ABSTRACT: Precious metal Au-Ag vein type (low-sulfidation) is the youngest epithermal mineralization in the Pukanec ore
district. This mineralization is represented by electrum in quartz veinlets intersected in boreholes. Supergene-enriched zones that
contain quartz and clay debris, secondary Mn (Fe) oxides and electrum are developed in the near-surface level of Au-Ag minerali-
zation. These zones which were the main object of mining in Middle Ages are enriched in Au, Ag and Mn.
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Introduction

The Pukanec ore district is situated in the Central Slovakia
Neogene Volcanic Field in the SW part of the Banska Stiavnica
stratovolcano. Beginning of mining was in the 14th century.
Maximum of exploitation was in the 15th and the 16th century
and the real end of mining was in the last century. Large ancient
remnants after the mining indicate significant gold and silver
production in Middle Ages.

During the last decades several geological explorations were
realized in the Pukanec area. Geologic and paragenetic condi-
tions of ore veins were studied by Harman (1959). In the 60's,
the geological mapping on scale of 1:25000 was realized (Brlay,
1965). In the 70's, a complex geological exploration started.
Hydrothermal rock alteration was studied by Forga¢ and Kup¢o
(1977), later on by Harman and Forga¢ (1988). Geophysical
exploration was realized by Filo et al., (1981 and 1983), pre-
cious and base metal reserves were assessed by Brlay et al.,
(1982), the ore mineralization genesis was evaluated by Stohl
etal., (1994). Further exploration for Au-Ag mineralization was
undertaken by Argosy company in 1995-1997, however borehole
did not confirm perspective results from surface exploration
(Smolka, 1998). Mineralogy of alluvial gold was investigated
by Bahna and Chovan (1999).

Methods

Microscopic study of polished sections, thin sections and dou-
ble polished sections were done by Zeiss Jena Jenapol micro-
scope. X-ray analyses of powder samples were realized by de-
vice DRON-3 (Geological Institute, Faculty of Natural Sciences
ips PW 1710 (Geological Institute of Slovak Academy of Sci-
ence, Bratislava). Conditions: Cu lamp, voltage 35 kV, inten-
sity 20 mA, step 0,02 °2 ® / 0,8s. Electron microanalysis was
realized by device JEOL SUPERPROBE 733, WDS system,
ZAF correction (Geological Institute of Dionyz Stur, Bratislava).
Conditions: 20kV, 15nA, beam 5pm, standards: FeAsS-Fe, S,
As; HgS-Hg; Ag-Ag; Co-Co; Ni-Ni; PbS-Pb; Cu-Cu; Bi-Bi;
Zn-Zn; Sb-Sb; Au-Au; CaSiO;-Ca; MgO-Mg MnSiO;-Mn;
SrTiOs-Sr. Standardized EDS analyses were used for carbon-
ates and non-standardized EDS analysis for Mn oxides.
Microanalysis of gold was realized by device JEOL JXA 840A,
WDS system, ZAF correction (CLEOM, Faculty of natural sci-
ences UK, Bratislava). Conditions: 20kV, 12-15nA, standards:
HgS-Hg; Ag-Ag; CuFeS-Cu, Fe; Bi-Bi; Te-Te, Sb-Sb; Au-Au.
Au, Ag and Mn contents in samples were determined by AAS
analysis (Au and Ag in Geological and Ecological Laborato-
ries, Spi§ska Nova Ves, Mn in Geological Institute of Slovak

Academy of Science, Banska Bystrica). The properties of fluid
inclusions were studied by microthermometric device LINKAM
THMS 600 (Faculty of Natural Sciences UK, Bratislava). We
obtained electrum by panning method from supergene-enriched
zones from outcrops and old mining works.

Geologic setting

Pukanec ore district is separated from central volcanic zone by
younger caldera and horst volcano-tectonic structures. The Tatiar
complex intruded into Badenian pyroxenic andesites and their
porphyries. It is formed by north-south dikes of intermediary
composition (granodiorite, quartzdiorite and diorite porphyres)
(Fig. 1). These intrusions are connected with intensive hydro-
thermal and metasomatic alteration (silicification, sericitization,
chloritization). The end of intrusive activity belongs to rhyolite
porphyry dikes (12,1-12,3 Ma) (Stohl et al. 1994).

Characteristic hydrothermal wall-rock alterations and
geochemical anomalies accompany various types of mineraliza-
tion. (Stohl etal. 1994; Filoetal. 1981; Filoetal. 1983). Cu por-
phyry mineralization stage (considered as the oldest) is spatially
overlapped by younger intrusion-related base metal stockwork
Pb-Zn mineralization stage. Both types are probably spatially
and genetically bounded to the Tatiar intrusive complex (Stohl
et al. 1994).

The youngest gold-silver vein stage (low-sulfidation type)
created individual vein zones. According to Stohl et al., (1994)
it is younger than dikes of rhyolites. Supergene zones enriched
in Au, Ag and Mn are developed in the near-surface levels. These
zones (exploited in Middle Ages) have north-south direction
and occupy a 4x3 km area on the surface (Fig.1). Intensively
altered (silicified) andesites form their immediate environment
and the intensity of alteration is gradually decreases away from
secondary quartzite (adularization, sericitization and propyliti-
zation).

The continuation of precious metal mineralized zones were
detected (boreholes) under the supergene-enrichment level (cca
40-50 m), but with markedly lower contents of Au and Ag
(Smolka 1998). We found quartz veinlets with rare occurrence
of gold (electrum) in these boreholes.

Mineral assemblages of primary minerali-
zation

Gold-quartz assemblage we discovered in borehole AP-27 in
depth 142—145 m. It is represented by electrum with Ag content
about 30 wt. % (Tab. 6), creating wire and flake form (up to
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Fig. 1. Geological map of the Pukanec area (based on map compiled by Kone¢ny et al. 1998).
1 — deluvial-proluvial formations of loams and screes, 2 —deluvial sediments (slope loams), 3 — rhyolite and rhyolite
porphyries, 4 — pyroxene andesite, 5 — Tatiar intrusive complex (diorite, quartz-diorite and granodiorite porphyry),
6 — leucocrate to pyroxene andesite, 7 — complex of propylitized andesites, 8 — argillites and main ore veins, 9 — stud-
ied mines and boreholes, 10 — faults: a) observed, b) hidden.

1 mm in size) in drusy cavities of quartz. Silicificated, sericitized  section 142—145 m, it is not possible to characterize this miner-
and pyritized clasts of andesites are cemented by quartz with  alization in detail. However, it is the first description of pri-
breccia texture. Adularia is rarely present in quartz veinlets (up ~ mary gold in quartz from the Pukanec area. Gold in quartz
to 1 cm in size). Because the core recovery was very low inthe ~ gangue from old mine dumps has not been found.



Ceolines 13 (2001) 13
PU-111  PU-112  PL-29al PL-29a2 PL-29a3 CaCO;s MnCO; FeCO; Total
weight % PU-111 97.97 1.13 0.66 99.76
S 53.96 52.54 51.63 53.97 52.86  PU-112 100.29 0.00 0.00 100.29
Fe 46.26 45.89 45.46 47.10 46.83  PU-113 98.34 1.69 0.00 100.03
As 0.00 0.00 1.30 0.00 1.18 PU-114 100.39 0.00 0.00 100.39
Cu 0.00 0.00 0.03 0.00 0.00 PU-115 99.06 1.15 0.00 100.21
Ni 0.00 0.01 0.02 0.00 0.01 PU-151 98.88 1.78 0.00 100.66
Total 100.31 98.43 98.44 101.07  100.88  PU-152 98.73 1.13 0.50 100.37
atomic % PU-153 99.75 0.44 0.00 100.29
PU-154 99.06 0.91 0.00 99.97
S 66.97 66.60 65.93 66.62 65.87  pl_19c] 99.43 0.66 0.00 100.09
Fe 33.03 33.40 33.32 33.38 3350 pri19e2 97.63 1.96 061 100.20
As 0.00 0.00 0.71 0.00 063 pp_19¢3 98.11 1.44 0.00 99.55
Cu 0.00 0.00 0.01 0.00 0.00
Ni 0.00 0.00 0.02 0.00 0.00  Tab.3. Chemical composition of calcite from quartz-carbonate
1 0,
Sb. Auand Co— 0 gangue (weight %).
Tab. 1. Chemical composition of pyrite from quartz-carbonate 1 2 3 4 5
gangue. Sio2 4490 4467 4810 4858  47.98
MnO 43.73 47.55 26.89 26.15 27.56
1 2 1 2 CaO 8.70 6.33 20.21 19.72  20.43
wt. % at. % FeO 1.28 1.67 1.06 1.84 1.64
S 11.77 12.30 46.37 47.22 AI203 0.19 0.25 0.46 0.42 0.30
Pb 86.59 87.47 52.77 5196 MgO 0.00 0.00 3.06 3.40 2.66
Fe 0.12 0.12 0.27 0.27 Cr203 0.21 0.26 0.00 0.00 0.00
Cu 0.30 0.29 0.59 0.55 Total 99.01 100.73 99.78 100.11 100.57
Total 98.78 100.18 100.00 100.00

Sb, Ag and Bi=0

Tab. 2. Chemical composition of galena from quartz-carbonate
gangue.

Chalcopyrite-galena-sphalerite assemblage belongs to pri-
mary mineralization. This assemblage was found in samples from
old mine dumps (Lie$na dolina valley) and in borehole AP-3 at
depth of 151 m. Ore minerals are represented by chemically
pure pyrite without significant content of Cu, Ni, Co, Sb, Au
and in 3 analyses also As (Tab. 1). Higher content of Fe and Cu
in galena (Tab. 2) connected with intergrowth of chalcopyrite
and galena. Sphalerite belongs to major minerals of this assem-
blage. Grain size of sulphides is up to 5 mm. Gangue minerals
are coarse-grained quartz and calcite (Tab. 3). Wallrock altera-
tions are silicification and sericitization. Altered clasts of andesi-
tes are cemented by quartz and calcite with brecciated texture.

Rhodonite-Mn carbonate assemblage we have assigned to
primary hydrothermal mineralization. Minerals of this assem-
blage were identified on old dumps around the Michelka shaft
(Fig. 1). Mn and Mn-Ca silicates, Mn carbonates, calcite and
quartz are in fragments of vein filling. Pink Mn mineral phases
correspond to silicates: rhodonite (Tab. 4, anal.1,2, Fig. 3) and
with increased Ca content to bustamite (Tab. 4, anal. 3,4,5,
Fig. 3). White colored carbonates have chemical composition
similar to calcite with increased content of manganese, phases
are changing from manganocalcite to pinkish rhodochrosite
(Tab. 5). Pyrite and chalcopyrite represent rare ore minerals.
Altered andesite clasts are cemented by quartz, rhodonite and
Mn carbonates with breccia texture. Somewhere the texture is
colloform and concentrically zoned. Younger minerals are man-
ganese oxides that replace primary minerals along fissures. In
this secondary Mn minerals the content of MnO, is 76,5-82,8;
CaO is 2,9-3,1; SiO, is 0,5-1,8 wt. % (EDS). Contents of K,O
and MgO are 0,X wt. %. Occurrence of this mineral assemblage
has not been observed in Pukanec area until now.

Tab. 4. Chemical composition of thodonite and bustamite (EDS).

SE

m

Fig. 2. Schematic sketch of quarry in Devic¢ianska dolina
valley. A —argillitized andesites, B — intensively al-
tered andesites (sericitization, adularization) and super-
gene-enriched zones (black), C — secondary quartzites,

D — debris.
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Fig. 3. Projection of chemical composition of rhodonite and
bustamite from Pukanec in ternary diagram of CaSiOs,
MnSiO; and FeSiO; (atomic proportions). Fields after

Brown et al. 1980.
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CaCO; MnCOs3 FeCO; Total  Localization Au (ppm) Ag (ppm) Mn (%)
1 100.29 0.00 0.00 100.29 " potkanka adit 1.17 32.30 1.82
2 100.39 0.00 0.00 10039 quarry 251 26.00 192
3 99.06 1.15 0.00 100.21" pod Skalou adit 15.40 134.00 4.10
4 98.34 1.69 0.00 100.03
5 97.97 1.13 0.66 99.76  Tab.7. Au,Agand Mn contents in supergene-enriched zones.
6 90.02 10.41 0.00 100.43
7 83.38 16.32 0.00 99.70
8 78.76 19.69 0.81 99.26
9 22.24 75.77 1.45 99.46 161
10 22.15 75.82 1.71 99.68 . AulAg ratio Ag
Tab. 5. Chemical composition of calcite and Mn carbonates
from the rhodonite assemblage (WDS) — weight %. 14
PS-231 PS-233 PS-263 PS-261 PS-262 AP27/145 %
Au 6248  62.58 5455 62.63 61.34 69.62 104
Ag 37.06 36.59 43.27 3453 3721 30.35
Bi 0.16 0.34 0.21 0.43 0.44 0.00 B
Hg 0.14 0.48 0.21 0.37 0.37 n.a. ~
Fe 0.19 0.18 0.21 0.25 0.26 0.24 -
Te 0.13 0.07 0.07 0.27 0.29 n.a.
Cu 0.11 0.07 0.11 0.12 0.12 0.09 41
Sb 0.00 0.09 0.05 0.07 0.08 0.14 5]
Tot. 100.26 100.40 98.69  98.66 100.11 100.42 Al Ag Au
F 62800 631.00 558.00 64500 62200 69600 ) [ S 3
F fineness, n.a. — not analysed elactum nra
Tab. 6. Selected electron microanalysis of electrum from super- ~ Fig. 4. Average Au/Ag ratio in electrum grains and in filling

gene-enriched zones samples PS 23, PS 26 and from
gold — quartz assemblage sample AP 27/145 (weight %)

Mineral assemblage of supergene-enriched
zones

Supergene-enriched zones in near-surfaces levels of primary
precious metal mineralization have the character of tectonic
breccias. These zones we identified in old quarry in Devi¢ianska
dolina valley (Fig. 1), they are located on interfaces of silici-
ficated andesites and less altered andesites (adularized and
sericitized) (Fig. 2). Silicified rocks are intensively pyritized.
In pyrite grains we detected high content of gold (296-1100 ppm)
by quantitative spectrochemical analysis.

Mineralized zones we identified also in the Potkanka adit
(Chorvatova dolina valley), Anton adit and Pod Skalou adit (De-
vicianska dolina valley) (Fig. 1). These zones have north-south
direction, dipping 40—70° to the east, their thickness is 0.5-2 m.

The filling of mineralized zones is formed by tectonic
breccia. Fragments of leached vuggy quartz and altered ande-
sites are cemented by mixture of clay minerals (montmorillo-
nite) and secondary Mn(Fe) oxides (X-ray — amorphous) which
black-colourize these zones. In these secondary Mn minerals
the content of MnO, is 27.1-86.2; Fe,0; is 0-51.6; SiO, is
1.6—4.1 wt.% (EDS). Contents of K,O, CaO and BaO are
0,X wt.%. Limonitized grains of pyrite are also present. Locally
pyritized rocks are altered to mixture of jarosite, gypsum and
clay minerals (X-ray). In clay filling contains electrum wires,
flakes and skeletal grains (up to 0,2 mm in size) (Bahna and
Chovan 1999). The chemical composition of electrum is relative-
ly uniform and contains 34,5-43,3 wt. % of Ag (WDS) (Tab. 6).

of enriched zones (ore), calculated on 1 Au.

Analyses (AAS) of enriched-zone filling showed contents
of Au1.17-15.4 ppm and Ag 32.3-134.0 ppm. Mn content was
1.8—4.1% (Tab. 7). Au/Ag ratio in electrum grains differs from
that in clayey filling (ore) (Fig. 4). Argentiferous minerals, on
which Ag content might be fixed were not found in these zones.
It is likely that Ag is adsorbed on Mn oxides.

Fluid inclusions

Microthermometric study was carried out on samples from out-
crops, boreholes and old miner works. Using the criteria of
Bodnar (1992); Durisovéa and Hurai (1991), the heating and
freezing measurements were selectively conducted on primary
fluid inclusions trapped in the quartz and calcite. All the fluid
inclusions are two-phase (L+V) with prevalence of liquid phase
at room temperature and they were homogenized to liquid phase
at heating runs. No daughter minerals, other phases (clathrate
e. g.) and no presence of CO, were observed.

The fluid inclusions in both quartz and calcite displayed
high melting temperatures between -0.1 and -1.6 °C that is in-
dicative of apparent salinites ranging from 0.2 to 3.0 wt.% NaCl
equivalent (Bodnar 1992). Temperatures of homogenization
range from 140 to 270 °C (quartz) and from 200 to 310 °C (cal-
cite) (Tab. 8, Fig. 5).

The salinity of inclusions from calcite decreases from 1.8 to
0.2 wt.% NaCl equivalent with decreasing homogenization tem-
perature (from 310 to 200 °C) (Fig. 5A). We interpret this trend as
an effect of diluting fluids due to mixing with meteoric water.
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Homogenization (Th)

Melting of ice (Tm)

Salinity NaCl eq. (wt.%) Size (mm)

range (°C) avg.(°C) n range (°C) avg.(°C) n range avg. n range avg. n
quartz
AP —27/144 140 to 248 197 20 -08to-02 -04 20 04to 1.5 0.7 20 9to34 15 22
AP —27/145 164 to 276 206 24 -13to-0.1 -13 30 02to24 09 30 9t043 18 30
PU-7 186 to 256 231 14 -16to-10 -12 13 1.8t0 3.0 22 13 11to31 21 14
DE - 28 202 to 215 208 13 -05t0o-0.1 -03 21 02t009 0.5 21 14t071 32 25
PM -3 228 to 268 257 31 -08to-0.1 -04 31 02to 1.5 0.8 31 9to51 20 31
calcite
PU-9 241 to 312 256 34 -08to-04 -0.6 22 0.7t0 1.5 1.1 22 6to57 20 34
PU-15 202 to 268 240 24 -1.0to-0.1 -05 24 02to1.8 09 24 14t057 25 24
DE -29 207 to 253 231 40 -06to-0.1 -04 15 02to 1.1 0.7 15 7to61 21 40
PU-11 218 to 268 253 15 -06to-0.1 -04 15 02tol.1 0.7 15 11to 57 27 15

Tab. 8. Fluid inclusions data.

Discussion and Conclusions

In the last decades two genetic types of epithermal mineraliza-
tion were identified during geological explorations in the Pu-
kanec area. Cu porphyry mineralization together with over-
printed intrusion-related base metal stockwork mineralization
stage (high-sulfidation) are older than gold-silver vein stage
(low-sulfidation) that was exploited in the Middle Ages (Stohl
et al. 1994). Our research in outcrops, old miners works and
boreholes showed that the main object of ancient exploitation
was supergene zone enriched in Au, Ag and Mn.

The chalcopyrite — galena — sphalerite assemblage occurring
in quartz-carbonate gangue probably belongs to precious metal
stage determined by Petr in Smolka et al. (1988), Smolka et al.
(1987).

The rhodonite-Mn carbonate assemblage we assigned to pri-
mary hydrothermal mineralization. Occurrence of this mineral
assemblage in Pukanec area has not been observed yet. Kodéra
et al. (1986) describe rhodonite as the main component of
gangue in the oldest mineralization periods in near-surface level
of Terézia vein and Kovalenker et al. (1991) describe presence
of rhodonite in quartz-hematite, sphalerite and rhodonite-car-
bonate-quartz stage in the Banské4 Stiavnica ore district. Min-
eral assemblage of primary mineralization (rhodonite-Mn car-
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100 150 200 250 300 350
Th (°C)

Fig. 5.

bonate-Cu, Pb, Zn sulphides-gold) observed in Pukanec is simi-
lar to the third mineral stage of the Banska Stiavnica deposit
(Kovalenker et al. 1.c.). The gold-quartz assemblage we disco-
vered in a borehole.

In the archive records there are several references about gold
occurrence in environment that correspond to our results (Zam-
boj 1975; Uher 1999). Gold origin in the supergene-enriched
zones of the Pukanec area has not been exactly approved yet.
We assume a secondary origin of electrum.

Webster and Mann (1984) and Webster (1986) describe
the origin of secondary electrum in Mn enriched zones at Wau
in Papua New Guinea. Primary ore comprise calcite with finely
divided electrum (fineness 400—670), manganocalcite, quartz,
pyrite and argentite that are in massive subhorizontal carbonate
lodes. In the oxidized zone the coarse, crystalline secondary
electrum (fineness 430—650) is concentrated in lenses and
stockworks of residual lode of manganese dioxide at the water
table. The enrichment relates to gold reprecipitation from the
thiosulphate complex Au(S,05),*, Ag(S,05),*, eventually
(Au,Ag) (S,05),* as weathering fluids mixing with ground wa-
ter undergo dilution and significant change in pH and oxidation
potential. This is possible only in neutral to alkali environment.
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Homogenization temperatures (Th) versus salinity for fluid inclusions from calcite (A) and quartz (B).
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The high degree of gold remobilization and low fineness of
the secondary electrum may also be interpreted in terms of thio-
sulphate complexing. Silver grades are high in both, the pri-
mary and oxidized ore, where mineralization includes electrum,
argentite, rare native silver and secondary argentiferous man-
ganese oxides (e. g., todorokite). Gold solubility in the weath-
ering fluid may therefore be enhanced by the presence of dis-
solved silver generated by oxidation of co-existing silver min-
eralization (Webster 1986).

Electrum in supergene-enriched zones in Pukanec area could
possibly have a similar genesis because electrum, carbonates
and Mn minerals are present in primary mineralization. An open
question is the existence of silver in enriched zones, where the
Au/Ag ratio is different in electrum grains and in clayey Mn
filling of enriched zones. In these zones individual argentiferous
minerals were not found. Silver content is probably fixed in
secondary Mn oxides.

Similar situation to Wau occurs also in the locality Pongkor
(Indonesia) where primary rhodonite have been altered to Mn
and Fe oxides forming coatings or interbeds between the quartz
bands. These pockets with quartz and clay debris are rich in
secondary electrum (Milési et al. 1999).

Gasparrini (1993) suggests for situations when it is not pos-
sible to determine the presence of Ag minerals by EDS-SEM
analyses, and where a correlation between Mn and Ag content
(determined by chemical analyses) is significant, that Ag is
bound in manganese oxides.

Altered andesites in the quarry in Devicianska dolina val-
ley are strongly pyritized. Separated pyrite is rich in gold
(296-1100 ppm). Gold probably occurs in pyrite as metallic in-
clusions but have not observed them.

Thermometric study of fluid inclusions in quartz and calcite
gives basic data about salinity and homogenization tempera-
ture of fluids. In inclusions from calcite the decreasing salinity
was observed together with decreasing homogenization tem-
perature. This trend according to Jelen et al. (1987), Jelen (1988),
Bebej (1993), Jelen in Chovan, Haber, Jelen, Rojkovic, (eds.)
(1994) suggests diluting fluids due to mixing with meteoric
waters.

Character of wallrock alterations as well as other observed
facts (mineral assemblages, fluid inclusions, etc.) point, accord-
ing to several authors (e.g. Henley 1985; Hayba et al. 1985; Heald
et al. 1987; White and Hedenquist 1990; Hedenquist 1995 and
others), to low-sulfidation type of epithermal Au-Ag minerali-
zation that has been already determined by Stohl et al. (1994) in
the Pukanec area. The most important are supergene-enriched
zones of near-surface levels of the deposit, that was almost com-
pletely exploited in the Middle Ages.
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