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Abstract 
The Neogene Central Slovakia Volcanic Field in the Carpathian arc contains various Au 

deposits, hosted by central zones of large andesite stratovolcanoes. Fluids involved in 
mineralization have bee                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
n studied at three different types of deposit, mostly by fluid inclusion and stable isotope 
techniques. Rozália mine in the Štiavnica stratovolcano hosts intermediate sulphidation style Au-
Ag epithermal mineralization in subhorizontal veins, related to hydrothermal activity during an 
early stage of caldera collapse. Associated fluids of low salinity underwent extensive boiling at 
280–330°C on transition from suprahydrostatic towards hydrodynamic conditions at shallow 
depths (~550 m) from fluids of mixed magmatic and meteoric origin. Kremnica ore field hosts a 
large system of low sulphidation style Au-Ag veins contemporaneous with rhyolite magmatism 
and situated on resurgent horst faults. Fluids were of low salinity, predominantly of meteoric 
origin and showed gradual decrease in temperature along the system (~270–140°C) related to 
decrease in erosion level from ~500 to ~50 m. Biely Vrch Au-porphyry deposit in the Javorie 
stratovolcano is associated with quartz stockwork in diorite porphyry intrusion. The major type 
of ore-bearing fluid was high temperature magmatic vapour (720 to <380°C) accompanied by Fe-
rich salt melt. Gold precipitated in a high-temperature but low-pressure subvolcanic environment. 

 
 

1. Introduction 
 
Precious metal mining in central Europe has a long history, dating back over more than two 

thousand years. Major mining centres in the Neogene Central Slovakia Volcanic Field were one of 
the leading world producers of gold and silver in the 14th and 15th century (Bakos et al. 2004). 
Today gold mining remains in progress and new economic deposits are still being discovered. The 
most important gold-bearing deposits are hosted by central zones of large stratovolcanoes, 
hosting various types of hydrothermal mineralization, including porphyry and epithermal styles. 
During recent decades significant progress has been made in understanding of the mineralised 
paleohydrothermal systems in this region (e.g. Lexa et al. 1999a; Koděra et al. 2005, 2010a, 2010b; 
Koděra & Lexa 2010). The best studied localities include Rozália mine intermediate sulphidation 
epithermal Au-Ag deposit in the Štiavnica stratovolcano, Kremnica low sulphidation epithermal 
Au-Ag deposit in the Kremnické Vrchy Mts., and the recently discovered Biely Vrch Au-porphyry 
deposit in the central zone of the Javorie stratovolcano. This article represents a summary of the 
current knowledge of genesis of these gold-bearing hydrothermal systems, particularly focusing 
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on properties of associated ore-bearing fluids. It consists of a review of previously published data 
(Rozália mine) supplemented by new data (Kremnica, Biely Vrch) with the aim to show the 
variability of hydrothermal fluids associated with three different types of economic Au 
mineralisations within one volcanic field. 

 
 

2. Regional geological setting 
 
The Central Slovakia Volcanic Field is situated on the inner side of the Carpathian arc that is 

a part of the northern branch of the Alpine orogenic belt of Europe and covers over 5000 km2 in 
area (Fig 1; Konečný et al. 1995). During the Neogene, the Carpathians represented an advancing 
continental margin to island arc that migrated north-eastward at the expense of subducting 
oceanic crust of flysch basins, until it collided gradually with the passive margin of the European 
platform (Royden et al. 1982). Advance of the arc caused by subduction roll-back was 
compensated by back-arc extension involving upwelling of asthenosphere. Volcanic rocks of 
Middle Miocene age (16.5 - 8.5 Ma) are closely associated with basin and range extension tectonics 
(Lexa & Konečný 1998; Konečný et al. 2002). Calc-alkaline rocks show the medium- to high-K 
trend similar to andesites of continental margins or evolved island arcs involving older 
continental crust (Lexa et al. 1998a). Isotopic data point to a mantle source for the magmas with 
considerable crustal contamination (Salters et al. 1988). Harangi & Lenkey (2007) as well as 
Seghedi & Downes (2011) concluded that the primary magmas were formed during the peak 
phase of extension by melting of previously metasomatized, enriched lithospheric mantle. Further 
evolution of magmas towards andesitic composition took place by high-pressure fractionation at 
the base of the crust, and by low-pressure fractionation, assimilation and mixing in shallow 
magma chambers towards dacitic composition. Associated crustal anatexis led to the evolution of 
anatectic rhyolitic magmas (Lexa et al. 1998a).  

 
Figure 1. Position of the Central Slovakia Volcanic Field (CSVF) among the Neogene to Quaternary volcanic rocks in the 
area of Carpathian arc and Pannonian basin (after Lexa et al. 1999a). 

Volcanic rocks in the Central Slovakia Volcanic Field evolved variably in a shallow marine or 
terrestrial environment (Konečný et al. 1995). Extrusive domes with extensive brecciation, 
breccia flows, lava flows with hyaloclastite breccias, and epiclastic volcanic conglomerates and 
sandstones dominate among submarine volcanic rocks. Stratovolcanoes of variable complexity 
from simple monogenous cones to compound volcanoes with volcanotectonic depressions and 
subvolcanic intrusive complexes are characteristic of the terrestrial environment. Central zones 
of former stratovolcanoes are indicated by subvolcanic intrusive complexes with intense 
alteration and by extrusive domes of differentiated rocks (Fig. 2 a). The tectono-thermal activation 
of the back-arc basins related to the thinning of the crust and lithosphere, and updoming of the 
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asthenosphere to shallow level, played an important role in magma generation as well as in 
metallogenetic processes. The coincidence of increased heat flow, magmatic activity, and back-arc 
extension creating pathways for hydrothermal fluids, were crucial factors. Gold-bearing mineral 
deposits in the Central Slovakia Volcanic Field are hosted by the central zones of large andesite 
stratovolcanoes involving volcanotectonic depressions, resurgent horsts, extensive subvolcanic 
intrusive complexes, and complexes of differentiated rocks (Fig. 2 b). Štiavnica stratovolcano, 
Javorie stratovolcano and Kremnické Vrch Mts are recognised as major centres of hydrothermal 
activity. They include Au- and Cu-Au porphyry and porphyry/skarn magmatic-hydrothermal 
systems related to small porphyry stocks of granodiorite to diorite composition, and intermediate 
to low sulphidation Au-Ag±Pb-Zn-Cu epithermal veins and Carlin-like sediment-hosted Au-
occurrences related to horst-graben extension tectonics and associated fluid flow. 

 

3. Analytical methods 
 
New analytical data for Kremnica and Biely Vrch deposits include fluid inclusion 

microthermometry, stable isotope analyses and XRD analyses of altered rocks. 
Fluid inclusions were studied using doubly polished wafers (~200 μm thick). The observed 

inclusions were assigned a probable primary or secondary origin according to the criteria of 
Roedder (1984). Due to the lack of clear fluid inclusion assemblages in the studied material (in 
the sense of Goldstein and Reynolds 1994) mostly individual inclusions have been measured. The 
thermometric behaviour of fluid inclusions was studied on a Linkam THMSG-600 heating-freezing 
stage at the State Geological Instute of Diony z S tu r, Slovakia. The equipment was calibrated with 
natural fluid inclusions with pure CO2 (-56.6°C), pure water (0°C) and inorganic standards 
(K2Cr2O7, 371°C). The precision and accuracy of the microthermometric measurements, based on 
standard calibration procedures, is estimated as  0.2°C for the freezing runs and  3°C for the 
heating runs. Salinity estimates are based on the last melting temperatures of ice in the system 
NaCl-H2O (Bodnar 1993) or in the system CaCl2-H2O (Steele-MacInnis et al. 2010) and on the halite 
melting temperatures in the system NaCl-H2O (Tmhal; Sterner et al. 1988).  

Oxygen and hydrogen isotope compositions of minerals and fluid inclusions were analysed at 
the Scottish Universities Environmental Research Centre. Minerals were isolated using standard 
separation techniques, with the purity checked by XRD analyses where necessary. Water was 
extracted from 40 to 80 mg of hydrous minerals and converted to H2 over chromium at 800°C. The 
yield was measured manometrically prior to D/H assay. For 18O/16O measurement, 1 mg of oxygen 
bearing samples reacted with chlorine trifluoride using laser heating. The oxygen isotope laser 
fluorination technique has been described by Macaulay et al. (2000), and the hydrogen isotope 
method by Fallick et al. (1993). The 18O/16O and 13C/12C ratios in carbonates were determined 
from CO2 released by reaction with phosphoric acid. Calcite samples were reacted at 25°C and an 
oxygen isotope fractionation factor between calcite and CO2 of 1.01025 was used. The precision 
of determinations by laboratory replicate analysis is 0.2 ‰ for δ18O, 0.2 ‰ for δ13C and 3 ‰ for 
δD at one sigma. 

The samples used for clay mineralogy were crushed, subsequently ground and sieved under 
0.16 mm and then treated chemically following the standard procedure of Jackson (1975) with 
separation of < 2 μm fractions by gravity settling. XRD analyses of clay fractions were performed 
on a Philips PW1710 diffractometer using CuKα radiation (40 kV, 20 mA) and a diffracted beam 
graphite monochromator. The identification of the mixed-layer illite-smectite and measurements 
of the percentage of expandable component layers (%S) were performed by peak-position 
methods (Środoń 1980, 1984; Dudek & Środoń 1996) on XRD patterns obtained from oriented, 
glycolated preparations of <2 μm fractions.  
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Figure 2. Regional geological setting and metallogeny of the study area: (A) Structure of the Central Slovakia Volcanic 
Field (after Konečný et al. 1995); major volcanic structures hosting ore districts (Štiavnica stratovolcano, Javorie 
stratovolcano and Kremnické Vrchy Mts) are indicated. (B) Basement structure and metallogenetic scheme of major 
Au-bearing deposits and occurrences in the Central Slovakia Volcanic Field (after Lexa 2000). Labelled marks on the 
map represent localities described in the text. 
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Figure 3. Major stages in evolution of the Štiavnica stratovolcano central zone (after Lexa et al. 1999a  and Koděra et 
al. 2005). Ages are based on Chernyshev et al. (2013). 
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4. Au-mineralization in Štiavnica stratovolcano 
 
The Štiavnica stratovolcano is situated in the southern part of the Central Slovakia Volcanic 

Field. This stratovolcano with a diameter of almost 50 km covers some 2000 km2 and is the largest 
volcano in the whole Carpatho-Pannonian area. An extensive caldera 20 km in diameter, a 
voluminous subvolcanic intrusive complex and a late-stage resurgent horst in the caldera centre 
accompanied by rhyolite volcanites are the most characteristic features (Fig. 2 a; Konečný et al. 
1995). As the horst uplift was asymmetric, erosion in its NW part has reached basement rocks and 
subvolcanic intrusions of diorite, granodiorite and granodiorite to quartz-diorite porphyry. The 
stratovolcano hosts one of the largest ore districts in the Carpathian arc, famous for its long-lived 
silver and gold mining at least from the early Middle Ages. 

According to Konečný et al. (1998b) evolution of the Štiavnica stratovolcano occurred in five 
stages during the interval 15.0 to 11.2 Ma (Chernyshev et al. 2013; Fig. 3). Its evolution started 
with formation of a large andesite stratovolcano (15.0 – 13.5 Ma), involving late stage andesite to 
diorite porphyry intrusions accompanied by uneconomic Au-porphyry mineralization at several 
localities (Bakos et al. 2010). During subsequent denudation of the stratovolcano, emplacement 
of several subvolcanic intrusions took place during the pre-caldera stage (13.5 – 12.9 Ma), 
including a diorite pluton with associated barren advanced argillic lithocap (Lexa et al. 1999a), an 
extensive granodiorite pluton responsible for development of intrusion-related Fe-skarn and base 
metal stockwork systems (Koděra et al. 2004) and granodiorite porphyry stocks hosting Cu-Au 
porphyry/skarn systems (Koděra et al. 2010b). Subsequent caldera subsidence and emplacement 
of quartz-diorite porphyry sills and dykes (13.1 – 12.7 Ma) is known to coincide with epithermal 
Au-mineralization in subhorizontal veins (Rozália mine; Koděra et al. 2005) and hot-spring type 
mineralization occurrences (Lexa et al., 1999a). Renewed andesitic volcanism took place during 
the post-caldera stage (12.7 – 12.2 Ma). Final long-lasting resurgent horst uplift in the centre of 
the caldera was associated with rhyolitic volcanic activity (12.2 – 11.4 Ma) and evolution of an 
extensive system of intermediate to low sulphidation veins (12.2 – 10.7 Ma) with considerable 
historical production of Ag-Au±Pb-Zn-Cu (Onačila et al. 1995; Lexa et al. 1999a). 

4.1. Epithermal Au-Ag mineralization of subhorizontal veins in the Rozália mine 

This type of mineralization is currently the only working Au mine in this mining district but 
also in the whole of central Europe. Since 1992 it has produced roughly 5 t of gold (Slovak Minerals 
Yearbooks 2003, 2008, 2011) and an equal amount of gold is in estimated remaining resources. 
Average ore grade varies between 7 and 10 g/t Au. It was unexpectedly discovered in 1988 during 
exploration for continuation of steep, horst-uplift related epithermal base metal veins at deep 
levels of the historic Rozália base metal mine in Banská Hodruša (400-650 m below surface). This 
was recognised as the relatively oldest epithermal vein system in the district and has developed 
within subhorizontal structures associated with a caldera collapse-related stress field (Koděra et 
al. 2005). The Au mineralization typically occurs in banded veins and veinlets and in silicified 
hydrothermal breccias at the base of pre-caldera andesites, close to the roof of a subvolcanic 
granodiorite intrusion (Fig. 4). The veins are dismembered by a set of quartz-diorite porphyry 
sills and displaced by the younger, steeply-dipping, Rozália base-metal vein, and parallel 
structures related to resurgent horst uplift in the caldera centre. Porphyry sills are mostly parallel 
to low-angle mineralised structures. The mineralised andesites have been pervasively silicified, 
while illite, pyrite, minor adularia and carbonates are also present.  

Three stages of mineralization are recognised at the deposit (Maťo et al. 1996; Šály et al. 2008; 
Kubač, 2013). Stage 1 corresponds to pervasive silicification and pyritization, and involves the 
formation of early subhorizontal veins with milky quartz and silicified breccias of low Au grade 
(0.3-5.5 ppm). Quartz is accompanied by carbonates (Mn-calcite, Fe-dolomite, siderite), minor 
sphalerite and rare gold of high fineness (90.5-95.8 % Au). Stage 2 is represented by quartz, 
rhodonite, carbonates (rhodochrosite/Mn-calcite, Fe-dolomite, siderite), pyrite, gold of lesser 
fineness (80.6-87.8 % Au), FeS-poor sphalerite, galena, chalcopyrite, petzite and hessite. Gold is 
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associated with base-metal-enriched parts of veins with up to 600 ppm Au (Koděra et al. 2005). 
Stage 3 represents an overprint by mineralization associated with horst uplift and includes quartz, 
Fe/Ca carbonate, pyrite, low FeS sphalerite, galena, chalcopyrite, tetrahedrite, polybasite, hessite, 
and gold of low fineness (73.9-78.8 % Au - electrum). The thickness of individual veins is between 
0.1-2 m with gold contents varying from 5 to 600 g/t, and averaging 20 to 50 g/t, with Ag/Au ratio 
varying from 1:2 to 10:1, depending on the mineralization stage. Native gold of microscopic size 
is the dominant form of gold (Maťo et al. 1996). Most of the gold at the deposit was introduced 
during Stage 2, whereas during Stage 3 some gold was remobilised as indicated by slight 
enrichment in gold of the Rozália vein in places where it crosscuts the earlier Au-mineralisation 
(Koděra et al. 2005). 

 Principal characteristics of the deposit are indicative of epithermal mineralisation of 
intermediate sulphidation-style (Sillitoe & Hedenquist 2003): sericite and minor adularia are the 
key alteration minerals, mineralisation contains common base metal sulphides and Mn-varietes 
of carbonates and main metals include Au, Ag, Zn, Pb, Cu.  

 
Figure 4. Simplified cross section of the intermediate sulphidation epithermal Au deposit at the Rozália mine in the 
central zone of the Štiavnica stratovolcano (after Šály & Prcúch 1999, and Šály et al. 2008) 

4.2. Fluid inclusion data 

Fluid inclusion microthermometry data were collected from fluid inclusions in quartz, 
sphalerite and carbonate minerals from vein filling (Koděra & Lexa 2003; Koděra et al. 2005). 
Three types of aqueous inclusions could be distinguished: two-phase liquid-rich, two-phase 
vapour-rich and three-phase liquid-rich with a halite crystal (Fig. 5 d). Boiling of fluids is indicated 
by common coexistence of vapour-rich and liquid-rich inclusions. High salinity liquid-rich 
inclusions and halite-bearing inclusions occur only in samples showing strong evidence of boiling 
and are secondary with respect to host quartz (Figs. 5 c, d). Liquid-rich inclusions locally contain 
fibrous sericite interpreted as a captured phase.  

Fluid inclusions hosted in Stage 1 minerals show a relatively broad range of homogenization 
temperatures (Th) and salinities, but most data fall within 280 to 330°C and 0-3 wt% NaCl eq. (Fig. 
6 a). Clear evidence of boiling was documented in at least one sample, where high Th values result 
from heterogeneous trapping of vapour and liquid. The presence of NaCl and some other salts 
(KCl, MgCl2, FeCl2) is indicated by measured eutectic temperatures in two/phase liquid-rich 
inclusions (Te; -37 to -21°C); however, halite-bearing aqueous inclusions show the presence of 
CaCl2 (Te down to -52°C; Shepherd et al. 1985). The high-salinity inclusions, that accompany the 
populations of inclusions with evidence for boiling within the Au deposit samples, can result from 
boiling near to dryness (Shepherd et al. 1985). This interpretation is further supported by the 
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associated trend of decreasing total homogenization temperatures with increasing salinity (Figs. 
6 a, b), as the decrease in Th values can be explained by adiabatic cooling that accompanies boiling. 
This phenomenon occurs in open boiling systems, where liquid is immobilized in pores and 
microfractures whereas the vapour escapes (Simmons & Browne 1997). The observed increase in 
salinity due to boiling requires removal of 90 to 99 % of the liquid as vapour. Alternatively, high 
salinity fluid inclusions can be explained by episodic injections of formation waters or magmatic 
brines (Simmons 1995), but such interpretations are unlikely due to the absence of thick 
sequences of sedimentary rock and the absence of significantly increased Th values of the brines, 
respectively.  
 

 
Figure 5. Major textural features and typical fluid inclusions of the Rozália mine epithermal Au deposit (after Koděra 

et al. 2005). (A) Fractured subhorizontal barren quartz vein of the 1 st stage of Au mineralization. (B) Typical 
subhorizontal banded Au-rich vein of the 2nd stage in andesite. (C) 2nd stage quartz-carbonate vein showing mutliple 
hydraulic fracturing. (D) Typical fluid inclusions hosted in vein quartz: L+V - two-phase, liquid-rich inclusion; V+L - 
two-phase, vapour-rich inclusion; L+V+H -three-phase, liquid-rich inclusion with halite crystal. 

Microthermometric analyses of the Stage 2 samples also show a broad range of salinities and 
Th values, whereas most of the measured values belong to ranges 0 to 4 wt% NaCl eq. and 250 to 
310°C, respectively (Fig. 6 b). Evidence of boiling of fluids was recognized in most of the samples 
studied, supported by increased Th values and salinities. Traces of pure CO2 were occasionally 
detected in some vapour-rich inclusions (CO2 melting temperature -56.6°C). More variable 
composition of aqeuous liquids is indicated by large range of Te values (-55 to -22°C), but 
increased contents of CaCl2 and/or FeCl2 (low Te values) are again affiliated to greater salinity 
inclusions. Homogenisation temperatures of most fluid inclusions in sphalerite show slightly 
cooler Th values (250-280°C) compared with those in quartz (280-300°C) and carbonates (290-
310°C). 

Except for the few brine fluid inclusions resulting from extreme boiling, the diagrams of 
combined Th and salinity data (Fig. 6 a, b) show apparent trends of changing salinity at relatively 
constant Th values. Such trends are indicative of isothermal mixing of fluids with contrasting 
salinity, such as magmatic and heated meteoric waters, which is typical for low and intermediate 
sulphidation epitermal systems (Hedenquist & Lowenstern 1994; Simmons et al., 2005). Rare low 
Th values (as low as 183°C) probably represent an overprint of some late-stage, much cooler fluids, 
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possibly associated with the final mineralization stages of the younger horst uplift-related Rozália 
vein. 

 

 
Figure 6. Microthermometry data from fluid inclusions of the Rozália mine epithermal Au deposit and their 
interpretation (after Koděra et al. 2005). (A-B) Plots of liquid-vapour homogenization temperatures vs. salinity for fluid 
inclusions in minerals from both major stages of Au mineralization. Presence of high salinity inclusions with 
progressively decreasing Th is indicative of boiling near to dryness. Note the different salinity scales. (prim = primary, 
sec? = possibly secondary origin). (C) Boiling point curves showing estimated boiling conditions of  fluids related to the 
studied deposit. Curves for the H2O-NaCl system are constructed using the data of Haas (1971, 1976). Curves for the 

H2O-CO2-NaCl system are constructed according to the methods and equations of Wilkinson (2001) based on an initial 
temperature of 300°C, 0 to 3 wt% CO2 and 0.5m NaCl (~2.8 wt%). Estimates of minimum pressures and corresponding 
hydrostatic head heights for samples with inclusion populations with evidence of boiling are based on the H2O -NaCl 
system. Error bars represent variation of minimum homogenization temperatures, salinities and corresponding 
pressures for individual samples showing evidence of boiling. Shaded area corresponds to typical concentrations of CO2 
in low-sulphidation precious-metal mineralizations. 

The fluid inclusion data for populations with evidence for boiling were used to calculate fluid 
pressures and depth of formation of the studied mineralization in the system H2O-NaCl (Fig. 6 c; 
Haas 1971, 1976). Stage 1 inclusion data resulted in pressures from 77 to 95 bars probably 
corresponding to initial opening of host fractures, when the hydrothermal system was governed 
by suprahydrostatic conditions, i.e. it was not connected to the surface. Brecciation and 
silicification, commonly observed in the main Svetozár vein and parallel vein structures are the 
result of local overpressure. Stage 2 data produce substantially lower, but highly variable, 
pressures (39 to 87 bars) indicative of opening of the system and a transition to dominantly 
hydrodynamic conditions, with pressure release resulting in extensive boiling. Continuous boiling 
is known to induce a substantial decrease in solubility of gold, which precipitates accompanied by 
adularia and rhodochrosite (Seward 1989; Hedenquist & Arribas 1999; Simmons et al., 2005). 
Decrease in permeability and redevelopment of greater fluid pressure is likely to occur due to 
sealing of fractures by continued mineral deposition (Fournier 1999). Thus, the variable 
pressures probably correspond to repeated cycles of pressure and stress build-up, fracturing, and 
mineral deposition (“crack-seal mechanism”; e.g. Sibson et al. 1988; Boullier & Robert 1992). The 
calculated minimum depths (hydrostatic column heights) range from 960 to 1210 m for stage 1, 
and 450 to 1105 m for stage 2 samples. The large variability in calculated apparent depths cannot 
result from variability in position of individual samples because of the very shallow angle of the 
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hosting structures. The exact position (paleodepth) of individual samples could not be 
reconstructed due to complex displacement by younger faults and porphyry sills; however, Figure 
4 shows that the maximum possible differences in depth could not exceed 50 m along the veins in 
the sampled area. In addition, the presence of CO2 (possibly up to 2 wt%; Hedenquist & Henley 
1985; Hedenquist et al. 1996) can, if neglected, cause significant underestimates of depth, 
especially during the early stage of boiling, although continuous boiling would release most of the 
dissolved CO2 and reduce this effect. However, suprahydrostatic conditions have the opposite 
effect of overestimating the apparent depth, if neglected. In conclusion, the differences in apparent 
depth probably correspond to changes in fluid pressure. During stage 1 the fluid pressure was 
relatively high, governed by suprahydrostatic conditions and by the probable effect of CO2, but 
during Stage 2 the pressure was significantly decreased due to opening of the system and release 
of CO2. The real paleodepth (550 m ± 100 m) can be derived from lowest fluid pressure (47 ± 7 
bar) which was obtained from one of the Stage 2 samples and corresponds to the fluid that was 
closest to CO2-poor hydrostatic conditions. 

4.3. Stable isotope data 

Quartz and carbonate from veins were analyzed for their O, H and C isotope compositions, as 
appropriate. The δ18O values of hydrothermal fluids coexisting with quartz and calcite and δ13C of 
CO2 in equilibrium with calcite were calculated using fractionation factors of Matsuhisa et al. 
(1979), Friedman & O`Neil (1977) and Chacko et al. (1991), respectively, applying temperatures 
derived from fluid inclusion microthermometry (Koděra et al. 2005). The obtained O and H 
isotope data showed a relatively homogeneous fluid composition, similar for both stages of 
mineralization (Stage 1: -2.7 to +1.1 ‰ δ18O; Stage 2: -78 to -62 ‰ δD; Fig. 7). The plot of 
combined δ18Ofluid and δDfluid values probably indicates a mixed character of fluids falling between 
the fields of typical magmatic water dissolved in felsic melts (Taylor 1992) and meteoric waters. 
However, fluid-rock oxygen isotope exchange also could have considerably influenced the 
composition of fluids, resulting in a δ18Ofluid shift of meteoric waters from the meteoric water line 
(Taylor 1997). In such a case, the O-shift is not accompanied by a mass-balance-controlled δDfluid 
shift, except when fluid/rock ratios are very low. Most likely, both fluid-rock oxygen isotope 
exchange and fluid mixing have occurred; however, well homogenised isotopic fluid composition 
is consistent with mixing with meteoric water taking place outside the deposit during ascent of 
magmatic fluids from depth (a deep-convecting source of meteoric fluids). 

Vapour separation due to boiling could have resulted in changes of isotope composition of the 
remaining aqueous fluid. Boiling away of 90 % of liquid can result in a maximum enrichment of 
around 4 ‰ δ18Ofluid and a maximum relative depletion of 13 ‰ in δDfluid (Horita & Wesolowski 
1994). Thus the variation in the samples reported here, which are up to 3.8 % for δ18Ofluid and 16 
% for δDfluid can be related to end-stages of open-system boiling observed in some fluid inclusion 
populations.  

Interestingly, the isotopic composition of fluids related to Au-mineralization is very different 
to those related to alteration of granodiorite pluton (Koděra et al. 2004) which is present in the 
footwall of the veins (Fig. 7). The fluids in equilibrium with granodiorite-related alteration 
minerals form a mixing trend between magmatic water and isotopically much heavier meteoric 
water, probably influenced by interaction with host-rock. The differences in composition may be 
related to changes in isotope composition of meteoric water over the timescale between the 
emplacement of granodiorite and formation of veins. According to the palynological data of 
Planderová et al. (1993), during the lifetime of the Štiavnica stratovolcano (15.0 to 11.2 Ma), the 
climate changed from humid subtropical, influenced by the sea lying to the south of the volcano 
(Konečný et al. 1995), towards a significantly cooler and drier climate without a proximal sea. 
Alternatively, lower δDfluid values of epithermal veins may be also related to the method of fluid 
extraction. Faure (2003) has shown that δD values of water extracted from fluid inclusions from 
active geothermal systems are up to 30 ‰ more negative than δD of the geothermal water as the 
thermal decrepitation procedure can extract both fluid inclusion and structurally bound water 
from quartz (Simon 2001).  
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The isotopic composition of carbon in two calcite samples from the second stage of Au 
mineralization (-4.0 and -4.2 ‰ V-PDB δ13CCO2) are typical of carbonates from epithermal deposits 
(Field & Fifarek 1985). Various sources of carbon can account for such values, including 
atmospheric CO2 in meteoric waters and carbon of deep-seated origin (Field & Fifarek 1985; 
Ohmoto & Goldhaber 1997). 

 
Figure 7. Isotopic composition of water in equilibrium with minerals and in fluid inclusions from the Rozália mine Au 
mineralization and hydrothermal alteration related to granodiorite intrusion (Koděra et al. 2004) in the vicinity of the 
Au deposit (after Koděra et al. 2005). Also shown are the most probable ages of Au-mineralisation and granodiorite 
(based on Chernyshev et al. 2013) and meteoric waters, corresponding to periods of changing climate during evolution 
of the Štiavnica stratovolcano (Planderová et al. 1993). The composition of water dissolved in felsic melts is based on 
Taylor (1992) and water discharged from high-temperature fumaroles from Giggenbach (1992). The seawater isotopic 
composition is given for recent SMOW (0, 0) and for deglaciated planet in Miocene ( -1, -7) (Sheppard 1986). Today local 
meteoric water (MW) composition is based on data of IAEA (1992), composition of MW during the evolution of the 
Štiavnica stratovolcano is reconstructed based on paleoclimate information. Black arrows indicate δD depletion of 
residual magmatic water during open-system degassing that is preserved in magmatic phenocrysts (Taylor 1992; 
Hedenquist et al. 1998). Grey arrows indicate mixing trend of magmatic water with meteoric water of different 
composition, related to continuous change in climate. White arrows (O-shift) represent the possible effect of oxygen 
isotope re-equilibration by wall-rock interaction. 

4.4. Genetic model 

There have been several attempts to explain the position of the Rozália Au deposit in the 
evolution of the Štiavnica stratovolcano since its discovery, including affiliation to horst-related 
veins and granodiorite pluton (Maťo et al. 1996; Lexa et al. 1999b; Háber et al. 2001). However, 
only the most recent model is based on data from sample suites with well-constrained field and 
paragenetic location and careful interpretation of field observations, structural, fluid inclusion 
and stable isotope data (Koděra et al. 2005). The model proposes a genetic relationship to 
hydrothermal activity during the early stage of caldera collapse (Fig. 8). This relative timing is 
based on the age relationship with the surrounding rocks, and fluid properties of the mineralizing 
fluids. 
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Figure 8. Genetic model of Au mineralization at Rozália mine in the central zone of the Štiavnica stratovolcano ( after 
Koděra et al. 2005). 

Geological evidence, supported by arguments based on stable isotope data, demonstrates that 
the Au mineralization is younger than the granodiorite and related hydrothermal systems, but 
older than most sills of quartz-diorite porphyries and resurgent horst-related epithermal veins. 
Furthermore, fluid inclusion data show a relatively shallow depth for Au mineralization (550 m ± 
100 m) compared to the estimated depth of emplacement of the granodiorite intrusion (2.5-4 km, 
Konečný 2002). There is no evidence for any other deep intrusions below the deposit that could 
be genetically related. The closest occurrence of mineralized porphyry stocks (Medené) is located 
more than 3 km from the Au deposit (Lexa et al. 1999a). The existence of hydrothermal activity 
during proposed timing of the deposit is clear from the presence of hot spring type alteration in 
caldera infill, for instance at the locality Červená Studňa, 2 km NE of the Au deposit (Lexa et al. 
1999a). 

The fluids responsible for the Au mineralization in the Rozália mine have characteristics typical 
of intermediate sulphidation epithermal Au deposits, including low to moderate salinities, 
moderate temperatures and extensive boiling (e.g. Hedenquist & Lowenstern 1994; Sillitoe & 
Hedenquist 2003). Data derived from fluid inclusion populations with evidence for boiling suggest 
significant changes in confining pressures related to continuous opening of the system and 
transition from suprahydrostatic to hydrodynamic conditions. Corresponding minimum depths 
calculated for hydrostatic pressure indicate a relatively shallow depth below the palaeosurface 
(~550 m), which coincides with the present vertical distance between the Au mineralization and 
the base of the caldera filling, which is roughly 500-600 m, if corrected for the thickness of post-
mineralization porphyry sills and displacement on younger faults. 

The hydrothermal fluids related to Au mineralization ascended along structures resulting from 
the same stress field that governed emplacement of the granodiorite pluton, quartz-diorite 
porphyry dykes and sills, and caldera collapse. This stress field, reflected by the sub-horizontal 
and low-angle extension structures, was influenced by the presence of a shallow magma chamber 
filled by magma of lower density than the overlying rocks (Lexa et al. 1999b). The caldera 
subsidence and related significant changes in hydrologic conditions established convective fluid 
flow paths using deep marginal caldera faults for infiltration, and using extensional structures in 
the central part of the caldera for major precipitation of minerals. The source of heat and 
magmatic components for the fluids was probably a differentiated, shallow, magma chamber 
below the base of the volcano. The chamber was also the source of magma for the post-
mineralization sills and dikes of quartz diorite porphyries that used the same low-angle structures 
as the Au mineralization. Finally, during the latest stages of evolution of the volcano the resurgent 
horst formed in the centre of the caldera whereas the governing stress field produced a system of 
steep faults and epithermal veins, including the Rozália base-metal vein that cuts the Au deposit.  
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5. Au-mineralization in Kremnické Vrchy Mts. 
 
The Kremnické Vrchy mountain range is situated in the northern part of the Central Slovakia 

Volcanic Field (Fig. 2). Volcanites include remnants of a large andesite stratovolcano with 
subvolcanic intrusive rocks in the central zone, a N-S trending graben with volcanic formations 
including differentiated rocks over 1000 m in thickness, remnants of 4 younger volcanoes situated 
next to marginal faults of the graben, a resurgent horst in the central part of the graben associated 
with late-stage rhyolite magmatic activity and sporadic occurrence of the youngest basalts and 
basaltic andesites (Lexa et al. 1998b). 

The resurgent horst is built of the pre-graben propylitized andesite complex accompanied at 
depth by subvolcanic intrusions of gabbrodiorite, diorite, diorite porphyry and minor quartz-
diorite porphyry (16.2-15.0 Ma; Lexa et al. 1998b). Emplacement of subvolcanic intrusions was 
accompanied by minor skarn/stockwork base metal mineralization (Böhmer 1977; Štohl et al. 
1994). The horst is surrounded by andesitic rocks of graben fill (15.0-13.5 Ma). Eastern marginal 
faults of the horst host an extensive epithermal vein system, the Kremnica Au-Ag deposit. The 
structure of the horst is dominated by N-S and NE-SW trending normal faults, corresponding to 
the regional stress field with strong NW-SE extension during the interval 13.5-9 Ma (Nemčok et 
al. 1993). Uplift of the horst was contemporaneous with the epithermal mineralization (11.1-10.1 
Ma on illite, 12.1-11.5 Ma on adularia; Kraus et al. 1999; Pécskay et al. 2010) and emplacement of 
rhyolite dykes with corresponding granite porphyry subvolcanic intrusions at depth. Fluid flow 
related to horst-graben extension tectonics resulted also in sediment-hosted Carlin-like Au and 
Hg mineralization occurrences (Remata and Malachov; Fig. 2 b) next to marginal faults of the 
graben. 

Contemporaneous rhyolite domes, flows and volcanoclastic rocks, mostly tuffs (12.3-11.5 Ma; 
Pécskay et al. 2010) occur south of the horst in the northern part of the Žiar tectonic depression. 
This rhyolite complex is 200-400 m thick and represents the upper part of the depression infill 
(Lexa et al. 1998b). Underneath the complex tuffaceous sediments are present, except at its 
northern margin, where rhyolitic rocks rest directly on andesitic rocks of the graben fill.  

5.1. Epithermal Au-Ag mineralization (Kremnica vein system) 

The Kremnica gold deposit was one of the most important gold producers in Medieval Europe 
with at least one thousand years of mining history (Bakos et al. 2004; Finka 2009), considerable 
historical production of precious metals (~46 t Au and 208 t Ag; Finka 2009) and 25 Mt of ore 
reserves with 1.42 g/t Au (www. ortacresources.com). More than 120 veins are known within this 
deposit, grouped into two major vein systems (Figs. 9, 10). 

The system of epithermal veins of low sulphidation type is represented by a major 
transtension/extension fault accompanied by low angle second order vein structures close to the 
surface, and complementary antithetic veins (“1st system”). In addition, in the hanging wall of the 
master lystric fault there is large complementary vein system (“2nd system”), underneath 
Kremnica town (Koděra et al. 2007). 

The 1st vein system is dominated by the first order lystric fault, intruded also by rhyolite dikes, 
with the major vein segments called Kirchberg, Schindler-Teich and Šturec (Schrämen vein). The 
mineralised fault dipping 50°-60° gradually opens towards the surface to its maximum width of 
80 m in the central part at Šturec (Fig. 10). The directional length of the 1st vein system attains 
roughly 6.5 km and vertical extent of veins exceeds 1200 m in the northern part of the system, but 
only their upper 200 – 300 m are enriched in precious metals (Böhmer et al., 1977). However, the 
gold and silver contents decrease with increasing depth. Ore grades in the upper parts of veins 
usually vary over the range of 1-5 g/t Au and 5-30 g/t Ag (Böhmer 1966; Veľký 1992; Bartalský & 
Finka 1999). The main vein structure branches into a funnel-shaped system of veins and veinlets,
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including complementary antithetic veins (Fig. 10). Vein filling is represented by banded and 
cavernous quartz, occasionally with carbonates. Mineralogical studies determined two major 
stages including 6 mineral associations (Böhmer 1966; Maťo 1997). The Au-Ag stage contains 
early minor barren carbonate substage (1), two quartz substages (2 and 3) and pyrite substage 
(4). Microscopic Au precipitated mostly during the pyrite substage and occurs as electrum or gold 
in pyrite and quartz in dark quartz-chalcedony bands with fine dispersed pyrite/marcasite. Pyrite 
and arsenopyrite are the most common ore minerals, accompanied by minor galena, sphalerite, 
chalcopyrite, proustite, pyrargyrite and Ag sulphosalts. In deeper parts of veins (250-1000 m in 
the northern part of the system) more common base metal sulphides are accompanied by rare 
tellurides. The Sb ± Hg, As stage was followed by intensive intermineralization tectonics and fills 
mainly fissures, especially in the hanging wall of the major vein structure. This stage includes 
quartz-carbonate substage (5) with predominant dolomite and minor quartz with rare 
disseminated sulphides, sulphosalts and electrum. Stibnite substage (6) with common stibnite, 
pyrite, marcasite in a quartz-chalcedony gangue is best developed in the footwall structures 
(mainly at Šturec). Extensive wall-rock alteration includes adularia, quartz, illite/smectite, 
kaolinite, passing outwards into chlorite, smectite, variably with disseminated pyrite and 
carbonate (Kraus et al. 1994).   

The 2nd vein system represents a large scale complementary vein system with 40 veins in the 
hanging wall of the lystric master fault (1st system). In contrast to the 1st system the veins are 
much shorter (less than 1.5 km) and thinner (less than 2 m). Gold is typically present as visible 
aggregates (bonanza-type gold) in cavernous quartz-carbonate gangue with up to 1 % of Au, but 
average grades were just ~4 g/t Au and 30 g/t Ag. The richest Au concentrations were in ore 
shoots, stringers and vein intersections. Evolution of mineral paragenesis was similar to the 1st 
vein system except for the absence of the 1st (carbonate) substage and a lesser extent of the 2nd  
stage of mineralization. Gold was introduced mostly during the 2nd quartz substage (3). Minor Ag-
sulphosalts, tetrahedrite and base metal sulphides were also typically present. Wallrock alteration 
includes illite, kaolinite, passing outwards into I/S + kaolinite and smectite (Böhmer et al. 1969). 

Low-angle second order vein structures join the 1st order fault on its western side. Veins in this 
position are less frequent, sometimes called the 3rd vein system. In the northern part, major 
groups of these veins are called Volle Henne. In the southern part these veins are antithetic, 
showing diagonal NNE-SSW strike and are called Katarína (Fig. 10). From the main fault structures 
they are separated by steep antitethic veins rich in Sb mineralization. The youngest are nearly 
perpendicular, W-E to NW-SE oriented veins (e.g. Krížne veins close to the Kremnické bane 
village) and are hosted in both  andesite and rhyolite dykes.  

South of Šturec, vein mineralization of the 1st vein system gradually wedges out. After about a 
1.5 km break, vein mineralization reappears in the form of weakly mineralized quartz/chalcedony 
veins on the major N-S trending fault and continues about 3 km southward to the village Bartošova 
Lehôtka with average thickness 1 to 5 m. On the flat summit of the Čertov Vrch hill, ~3 km south 
from Šturec and 900 m west from the master fault, silicified hydrothermal breccias cemented by 
quartz/chalcedony with cinnabar are present, interpreted as a hot spring type mineralization 
(Veľký 1999). Surrounding rhyolite and rhyolite tuffs contain kaolinite, whereas south of the hill 
a deposit of the I/S mineral rectorite occurs (Kraus et al. 1994). It is likely that this hydrothermal 
system is connected to a weakly mineralised NE-SW trending structure, running under the W side 
of the plateau. Smectite-dominated alteration extends further S, associated with limnic/lacustrine 
silica deposits (fresh-water cherts and rare silica sinters). 

The principal characteristics of the deposit are indicative of epithermal mineralisation of low 
sulphidation-style (Sillitoe & Hedenquist 2003): sericite (illite) and adularia are the key alteration 
minerals, mineralisation contains only minor base metal sulphides (including arsenopyrite),  
carbonate-replacement textures are typical, and main metals include only Au ± Ag. 

New analytical data presented in this study have been obtained on samples from various 
sources: surface samples, samples from drill core material from various exploration campaigns 
during the last 15 years, historical samples from museums, archives and private collections. 
However, as the underground mines in Kremnica have already been closed for several decades, 
the samples obtained usually lack information about their position within the paragenetic 
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sequence published by Böhmer (1966) and Maťo (1997). Fluid inclusion microthermometry was 
always accompanied by oxygen isotope study, which could be applied on much broader sample 
suite than the microthermometry. 

 
Figure 9.  Structural scheme of the Kremnica hydrothermal system (modified from Kraus et al. 1994) with results of 
fluid inclusion microthermometry presented in series of homogenisation temperature vs. salinity diagrams for main 
segments of the system. *Data from Uhlík & Majzlan (2004).
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Figure 10. Schematic sections of northern (A), central (B) and southern (C) parts of the Kremnica Au-Ag deposit (after 
Böhmer & Škvarka 1970; Veľký et al. 1998) and scheme of vein systems with names for individual segments. Arrows 
point to approximate position of cross section lines. Also shown is  location of samples of illite-smectite minerals with 
their oxygen isotopic composition values (in per mil). 

5.2. Fluid inclusion data 

Microthermometry was performed on inclusions in vein quartz, carbonate and sphalerite. 
According to their phase relationships at room temperature, two types of aqueous inclusion were 
recognized: two-phase liquid-rich and two-phase vapour-rich. Liquid-rich inclusions occasionally 
contain fibrous, birefringent minerals, which have never been observed to dissolve on heating, 
and are thus interpreted as captured phases (probably sericite). Vapour-rich inclusions 
commonly appeared to co-exist with liquid-rich inclusions, which is indicative of boiling during 
entrapment. 

Microthermometric data are presented for individual parts of the ore field from N to S (Figs. 9, 
11, Appendix 1). The northernmost part of the 1st vein system (Kirchberg) has the hottest fluid 
inclusion homogenisation temperatures, as measured from three underground samples that were 
collected from ~80 m, 170 m and 799 m depth (mean Th values 259, 260 and 266°C). In contrast, 
a single surface sample showed a significantly cooler mean temperature of 236°C. Two surface 
samples from the structurally youngest Krížne veins showed similar Th values (~235°C; Kovačič 
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2010) and they also contain evidence for boiling. There is a slight decrease in the mean Th values 
from the neighbouring vein system segments Schindler-Teich (253°C from one underground 
quartz sample) and Volle-Henne (219°C from one surface sample), and the latter contains 
evidence of boiling. 

 
Figure 11. Comparative plots of analytical data on samples from the Kremnica Au-Ag deposit. (A) Summary of fluid 
inclusions homogenization temperatures (Th), representing mean of the entire range of Th values in individual vein 
samples (samples without boiling) or mean of the estimated boiling range for samples with evidence of boiling (Table 
1). (B) Oxygen isotopic composition of vein quartz. Upper diagrams show summary of analytical data aligned on lines 
representing individual segments of the vein system (see Fig. 10). Also shown are ranges of equilibrium temperatures 
calculated for isotopic equilibrium with hydrothermal fluids (Zheng 1993). Note different temperature scales for 
Kremnica veins and for veins in Kremnica south due to different corresponding δ18Ofluid values (see Fig. 12). Lower 
diagrams show Th and δ18O values plotted against present altitude of the analysed samples. Also shown are boiling point 
for depth curves (Haas 1971), fitted to cross the samples with evidence of  boiling. At the bottom of the Figure ranges of 
paleodepth of boiling are shown, corresponding to hydrostatic pressure of boiling fluids with 1 wt % NaCl (Haas 1971). 

mf = master fault, hw = hanging wall faults, fw = footwall faults. 

Most samples from the central part of the ore field (Šturec, Katarína and 2nd vein system veins) 
also showed two different sets of mean Th values, depending on relative sample depth, and fluid 
inclusion populations commonly show evidence of boiling. Underground samples (~100 to 250 
m) both from Šturec and Katarína veins had mean Th values that mostly range from 239 to 251°C 
(3 samples), but one sample had a cooler mean Th value of 211°C. Surface samples from the Šturec 
open pit also had cooler mean Th values (~210°C). Due to a lack of available material, the 2nd vein 
system below the historical Kremnica townsite was studied just from two archived subsurface 
samples. One sample showed consistent mean Th values of 232°C, but the other sample showed a 
broad range of Th values (mean at 260°C for quartz, 249°C for sphalerite and 164°C for dolomite) 
and contains evidence for boiling and the presence of pure CO2 in some vapor-rich fluid inclusions. 
However, the derivation of this sample from the 2nd vein system is not definite because it is an 
historical specimen.  
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Fine-grained quartz samples from the southern part of the ore field rarely contained inclusions 
that are suitable for microthermometry, but these rare inclusions commonly contain evidence for 
boiling. Fluid inclusions in a surface sample from a block of silica from the Čertov Vrch paleo-hot-
spring system had a mean Th value of 151°C. Two surface samples of veins located SW of Čertov 
Vrch both showed mean Th values of ~178°C (Uhlík & Majzlan 2004). A sample of chalcedonic 
quartz SE of Čertov Vrch provided mean Th value of 136°C. 

Salinities of nearly all measured fluid inclusions were very low (<2 wt% NaCl eq.), which is 
typical for fluids associated with low sulphidation (adularia-sericite) epithermal systems (e.g. 
Simmons et al. 2005). Only inclusions from the 2nd vein system showed slightly increased salt 
contents that range from 0.7 to 6.6 wt% NaCl eq. (2.5 wt% in average), which could be related to 
intense boiling that formed bonanza-type gold accumulations. Due to the generally low salinities, 
eutectic temperatures (Te) could be recorded only rarely. Even though a broad range of Te values 
was measured (-21.7 to -49°C), most values occurr in a narrow range from -33.5 to -39.4°C, which 
indicates a multicomponent fluids that probably contains FeCl2 and MgCl2 in addition to NaCl 
(Shepherd et al. 1985). Only a single sample from the 2nd vein system was observed to contain 
CO2-bearing inclusions, and the melting of that CO2 ranged from -56.5 to -57.1°C. 

The variable Th values observed among samples from same part of the hydrothermal system 
probably result from multiple stages of vein filling, as well as different depths for the samples. As 
is clear from Figure 11A, in individual vein segments deeper samples commonly show hotter 
average Th values than those from higher altitude. Anomalously hot Th values (> 290°C; Fig. 9) 
probably result from heterogeneous trapping of vapour and liquid in boiling fluid inclusion 
populations. 

Evidence of boiling enabled calculation of paleopressures and paleodepths assuming 
hydrostatic pressures and low CO2 content in fluids (Table 1). Only some parts of the vein system, 
mostly in the central and southern parts of the ore field, contain fluid inclusions that contain 
evidence of boiling fluids. The deepest paleodepths were determined in northern and central part 
of the deposit for the Krížne veins (320-420 m) and some samples from Šturec (330-410 m). 
Slightly shallower paleodepths are indicated for Volle Henne (200-220 m), and some Šturec 
samples (150-220 m), whereas the shallowest paleodepths (20 to 60 m) come from the southern 
part of the deposit.  

 
Table 1. Summary of data from boiling fluid inclusion assemblages in vein quartz from various parts of the Kremnica 
ore field. Boiling pressure was determined from tables of boiling of NaCl-H2O fluids (Haas 1976), depth of boiling was 
calculated for hydrostatic pressure in the same system (Haas 1971). *Data from Uhlík & Majzlan (2004)  
 

Sample Locality T (°C)  Aver. salinity 
(wt% NaCl eq.) 

P (bar) Depth (m) 

KB-4 

VH-4 
AS-4.2-97-101 
KŠ-2 
ST-1 
Pyr1 
Koper 
BarLeh1 
DV-1 
DDV-16 

Krížne 

Volle Henne 
Šturec 
Šturec 
Šturec 
2nd v. syst.? 
Čertov vrch 
SE of Č. Vrch 
SW of Č. Vrch* 
SW of Č. Vrch* 

231-245  

210-214  
233-244  
196-210  
196-213  
231-242  
130-141  
128-142 

154  
162  

0.7 

0.3 
1.6 
1.1 
1.1 
2.7 
0.8 
0.9 
0.5 
0.1 

28-36 

19-21 
30-36 
14-19  
14-15 
28-34 

3-4 
3-4 

5 
6 

320-420 

200-220 
330-410 
150-200 
150-220 
310-390  

20-30 
20-30 

50 
60 

 

5.3. Stable isotope data 

Monomineral separates from vein filling, wall-rock alteration and unaltered rhyolite were 
analyzed for their O, H and C isotope compositions (Appendixes 3 and 4) The δ18O values of 
hydrothermal fluids coexisting with quartz and calcite and δ13C of CO2 in equilibrium with calcite 
were calculated using fractionation factors of Zheng (1993), Golishev (1981) and Ohmoto & Rye 
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(1979), respectively, applying temperatures derived from fluid inclusion microthermometry 
(Appendix 2). Oxygen and hydrogen isotopic composition of fluids in equilibrium with 
illite/smectite were calculate using equations of Sheppard & Gilg (1996) and Capuano (1992) 
using temperatures based on illite-smectite expandability (66 – 194°C, Appendix 3; Šucha et al. 
1992; Harvey & Browne 2000). However, clay mineral geothermometry is affected by metastable 
behaviour of clays and is not based on equilibrium reactions (Essene & Peacor 1995), therefore 
the temperatures used can have an error ~30 to 60°C which in turn influences accuracy of 
calculated  δ18Ofluid values (up to 2-3 ‰) and δDfluid values (up to 10 ‰). Isotopic composition of 
fluids in equilibrium with biotite were estimated using equations of Bottinga & Javoy (1973) and 
Suzuoki & Epstein (1976) using assumed crystallization temperature 700°C and closure 
temperatures 540 and 430°C for O and H, respectively (Zaluski et al. 1994). 

Oxygen isotope data of vein quartz from Kremnica veins show a similar pattern of spatial 
distribution of values as the fluid inclusion data (Fig. 11). In the northernmost part of the ore field, 
the deepest samples have the lowest δ18O values in the entire field (down to 3.7 ‰), whereas 
shallower samples and more southerly located samples have higher values ranging from 4.9 to 9.3 
‰,  correlating well with fluid inclusion homogenisation temperatures. Stibnite-rich veins at 
Šturec contained chalcedonic quartz with the highest δ18O values in the entire field (13.8 to 18.8 
‰). δ18O data from southernmost parts of the ore field are scattered in a broad range from 7.5 to 
15.3 ‰, mostly with positive correlation with the altitude of analysed samples within the vein 
segments. 

In some samples of vein quartz, hydrogen isotopes were analysed from fluid inclusions. The 
observed relatively broad range of values (-50 to -115 ‰ δD) does not appear to be related to 
position of samples within the ore field or depth of samples. Perhaps the relatively large variation 
results from extracting inclusion water accompanied by structural water, as discussed above (see 
Faure 2003). 

Isotopic composition of fluids in equilibrium with quartz, carbonates, magmatic biotite and 
illite/smectite from samples of wall-rock alteration as well as regional alteration south and SE 
from the major vein system, are plotted in Figure 12. The major part of the Kremnica vein system 
shows a relatively narrow range of δ18Ofluid values with median -3.3 ‰, but veins south of 
Kremnica have systematically lower δ18Ofluid values with median -5.5 ‰. This difference might be 
related to different host rocks of both parts of the system (andesitic and rhyolitic) that are able to 
influence the composition of fluids by water-rock interaction. This might be the result either of 
different bulk δ18O values of both rock types (not tested yet) or more likely due to their different 
hydrogeologic and mineral properties (greater permeability and reactivity of rhyolitic 
volcanoclastic rocks compared to andesites). 

 Relatively homogeneous but distinct oxygen isotopic signatures of hydrothermal fluids in 
Kremnica and Kremnica south vein districts enable estimation of equilibrium crystallisation 
temperatures for all samples with analysed δ18O (Fig. 11), providing more detailed information 
on spatial temperature evolution of fluids than that available from fluid inclusion 
microthermometry. Oxygen isotope geothermometry based on quarz-water fractionation factor 
(Zheng 1993) assumes constant δ18O fluid composition and thus provides only a rough estimate 
of quartz crystallisation temperatures. 

The more scattered pattern of isotopic composition of fluids in equilibrium with I/S from 
regional alteration is probably related to uncertainty in their crystallisation temperatures, related 
to incomplete water-rock interaction during their origin (Harvey & Browne 2000). Magmatic 
biotite from unaltered rhyolite showed low δDfluid values that can be interpreted to result from 
isotopic fractionation during exsolution of fluid from crystallising magma in an open system 
(Taylor 1997). However, generally relatively low δ18O values of fluids in the Kremnica 
hydrothermal systems indicate a predominant meteoric water source in the fluids, albeit affected 
by fluid-rock interaction resulting in δ18O shift from the meteoric water line; this is typical for low 
sulphidation epithermal systems (Cooke & Simmons 2000). 

The isotopic composition of kaolinite from vein wall-rock alteration (5.5 to 10.2 ‰ δ18O, -79 
to -92 ‰ δD) is indicative of a steam-heated origin at 50-90°C (Sheppard & Gilg 1996). It is 
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interpreted to result from a collapse of acid sub-surface waters down into the system during final 
stages of mineralisation. 

Carbon isotopic compositions of vein carbonates (-1.1 to -4.4 ‰ δ13CCO2) are typical of 
carbonates from epithermal deposits (Field & Fifarek 1985). Application of quartz-calcite oxygen 
isotope geothermometry (Sharp & Kirschner 1994) provided a temperature 217°C for the Šturec 
quarry, corresponding well with the results of fluid inclusion microthermometry. 

 

 
Figure 12. Isotopic composition of water in equilibrium with minerals from vein filling, regional alteration and rhyolite 
in the Kremnica hydrothermal system. See Figure 7 for explanation of arrows and related references. Composition of 
MW during the origin of epithermal mineralization is reconstructed based on paleoclimate information. Low δD values 
of fluids in equilibrium with biotite phenocrysts are probably the result of open system degassing in parental magma 
chamber, whereas δD values of fluids in equilibrium with quartz may result from problems of extraction of water from 
fluid inclusions (Faure 2003). Highlighted by thin arrows are mean δ18Ofluid values in equilibrium with Kremnica veins 
and veins in Kremnica south calculated at temperatures based on fluid inclusion microthermometry. 

5.4. Genetic model 

New data on fluid properties of the Kremnica hydrothermal system enabled us to reconstruct 
the history of spatial and temporal fluid evolution, including estimates of erosion level of 
individual parts of the vein system (Table 2). Erosion level could be determined from hydrostatic 
pressure of boiling fluids or from minimum pressures (in case of vein system segments with no 
evidence of boiling), assuming pressure conditions greater than those necessary for boiling. 
Erosion estimate data show decreasing erosion level from north to south of the master fault veins 
(1st vein system) from >350 m to <100 m. The different erosion levels are most likely related to 
stepwise synmineralization uplift of the resurgent horst, that was most intensive in northern part 
of the deposit. Erosion level estimates are also in agreement with the geological evidence of 
different uplift of veins in the footwall and hanging wall of the master fault, which are also 
arranged in stepwise manner with the lowest uplift/erosion on hanging-wall veins closest to the 
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margin of the horst (100-310 m) and highest uplift/erosion on the footwall veins (320-500 m; 
Table 2, Fig. 10). Broad or multiple ranges of paleodepths of boiling and erosion level within 
individual vein segments are related to the presence of multiple stages of mineralisation coeval 
with the subsequent horst uplift. The significantly lower erosion level of the southern part of the 
ore field is consistent with preservation of rhyolitic rocks overlying andesite in this part of the 
hydrothermal system.  

 
Table 2. Summary of main characteristics of individual parts of the Kremnica ore field. Paleodepth of boiling was 
calculated for hydrostatic pressure in the system NaCl-H2O (Haas 1971), based on data on boiling fluid inclusion 
assemblages presented in Table 1. For vein system segments with no evidence of boiling, minimum paleodepth of 
boiling was estimated assuming fluid pressures higher than those necessary for boiling. Erosion level estimate is based 
on data on paleodepth of boiling and present position of analysed samples with respect to vein outcrops on surface (Fig. 
11). See text for interpretations.   
 

Locality Position of host 
structures 

Elevation of vein 
outcrop (m.a.s.l.) 

Paleodepth of 
boiling 

(m) 

Erosion level 
estimate 

(m) 
Kirchberg main veins 

Kirchberg hanging 
wall v. 
Krížne 

Schindler-Teich 
Volle Henne 

Šturec 
Katarína 

Šturec Sb veins 
2nd vein system 
Čertov vrch 

veins SW of Čertov v. 
veins SE of Čertov v. 

master fault 
hanging wall faults 

footwall faults 
master fault 

footwall faults 
master fault 

footwall faults 
footwall faults 

hanging wall faults 
paleohot-spring 

system 
footwall faults 

master fault 

780-820 
700-730 
790-850 
725-735 
730-770 
665-760 
720-750 
700-720 
530-590 
730-745 
550-670 
420-525 

>350 
>410 

320-420 
>410 

200-220, >450 
150-220, 330-410 

>450 
Above boiling level 

310-390 
20-30 
50-60 
20-30 

350-500 
100-240 
320-500 
370-470 

~210, 320-350 
150-220, 250-275 

360-460 
Not aplicable 

110-310 
10-30 

25-100 
10-70 

 

 
 The Kremnica ore field is a typical low sulphidation epithermal system in a specific high 

relief terrain setting (Fig. 13), whereas classic genetic models of this deposit type are developed 
mostly for low relief terrain (e.g. Sillitoe & Hedenquist 2003). Even today, the vertical difference 
between northern and southern ends of the Kremnica vein system is about 450 m. 

 

 
Figure 13. Schematic model of the Kremnica hydrothermal system, drawn as a N-S cross section along the Kremnica 
vein system and associated regional alteration (after Koděra & Lexa 2010). 

Stable isotope data indicate isotopically homogeneous sources of fluids: deeply-circulating, 
mostly meteoric, waters, driven by heat from the contemporaneous rhyolite magma chamber. 
Low salinities indicate only a minor magmatic component in the fluids, which is typical for low 
sulphidation epithermal systems (~10 %; Cooke & Simmons 2000). However, more significant 
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involvement of low salinity magmatic fluids, such as condensed magmatic vapour neutralised at 
depth cannot be entirely excluded (Sillitoe & Hedenquist 2003; Heinrich 2005). Basement rocks 
including permeable carbonates (Fig. 10) probably served as aquifers for development of large 
convection cells, drained by fault structures associated with the horst uplift. Decrease in pressure 
of ascending hydrothermal fluids resulted in boiling accompanied by low-sulfidation style of 
alteration and precipitation of gold due to escape of vapour and decomposition of dissolved Au 
complexes (Hedenquist et al. 2000). The complex system of hydrothermal veins with multiple 
stages of mineralization is consistent with a long-lived hydrothermal system. 

Widespread presence of kaolinite in veins and in the wall rock indicates formation of large 
areas of steam-heated waters that probably accompanied the veins at subsurface level. Acid 
alteration resulted from condensation of H2S and CO2-bearing vapour released during boiling 
(Hedenquist & Arribas 1999; Simmons et al. 2005). During later stages, these acid steam-heated 
waters were able to collapse into host structures, overprinting earlier low-sulphidation alteration 
assemblages (e.g. Reyes 1990; Simpson et al. 2001).  

 Feeder faults terminating in permeable rhyolite volcanoclastic rocks rich in volcanic glass 
could be responsible for the extensive regional-scale I/S and smectite alteration (including K-
bentonite and bentonite deposits), which affects only rhyolitic rocks in the area south of the 
Kremnica horst. Flow of hydrothermal fluids in permeable rocks at subsurface levels was driven 
by decreasing hydraulic head, i.e. mostly to south and SE direction, with local discharge on 
paleosurfaces (e.g. Čertov Vrch hot spring system). Migrating fluids were able to decompose 
volcanic glass in rhyolitic rocks forming clays whereas fluids became enriched in SiO2, 
progressively cooler, and of more neutral pH (Sillitoe 1993). Upon reaching the local 
limnic/lacustrine basins the fluids discharged SiO2 creating limnic silica deposits, alternating with 
sedimentation of reworked tuffs later converted to clays (bentonite). 

 

6. Au-mineralization at the Javorie stratovolcano 
 
Javorie stratovolcano is a large compound stratovolcano involving a volcanotectonic graben 

and subvolcanic intrusive complex that evolved in several stages of volcanic/magmatic activity 
during Middle Miocene, roughly in the interval 15.0 to 11.0 Ma (Konečný et al. 1998a). The pre-
graben stage gave rise to a large andesite stratovolcano. Following a period of denudation, 
subsidence of the volcanotectonic graben in the central zone of the stratovolcano took place. This 
was accompanied at first by effusive activity of basalts and mafic andesites, and later by activity 
of amphibole-pyroxene andesites to dacites giving rise to a number of extrusive domes. 
Emplacement of andesite porphyry, quartz-diorite porphyry and monsodiorite stocks (Kalinka 
and Kráľová intrusive complexes) into subsided complexes of the graben filling were 
accompanied by evolution of magmatic-hydrothermal systems (including Au-porphyry 
mineralization). Based on succession and biostratigraphic evidence (Konečný et al. 1998a) their 
age should be around 13.0 Ma. During the post-graben stage, renewed andesite activity formed an 
extensive stratovolcanic complex of the Javorie Formation (Fig. 2). 

 Centres of magmatic-hydrothermal activity correspond to areas of strong hydrothermal 
alteration with barren zones of advanced argillic alteration. Recent exploration has discovered the 
presence of Au-porphyry mineralization in 7 hydrothermal centres (Hanes et al. 2010), but only 
one locality represents an economic accumulation of ore – the Biely Vrch deposit (44 Mt @ 0.98 
ppm Au, www.emed-slovakia.com). All systems are centred on small diorite to andesite porphyry 
stocks up to 1-1.5 km in diameter emplaced into andesites of the pre-graben stage. 

6.1. Au-porphyry mineralization 

The Biely Vrch Au deposit is hosted by the northernmost magmatic-hydrothermal system 
located in a relatively shallow NE part of the volcanotectonic graben. The deposit is centred on a 
biotite-amphibole diorite to andesite porphyry stock 300x400 m in extent, emplaced into 
andesites of the pre-graben stage, and in the deeper level granodiorite/tonalite of the Hercynian 



23 
 

basement found in blocks in some exploration drill holes. Post-mineralization andesites and 
epiclastic breccias of the Javorie Fm. occur south and east of the deposit (Hanes et al. 2010, Koděra 
et al. 2010a). Mineralization extends from surface to a depth of at least 700 m (Fig. 14). 

 

 
Figure 14. Schematic geological section of the Biely Vrch Au-porphyry deposit (after Koděra et al. 2010a). 

The porphyry stock and surrounding andesite and epiclastic breccias are affected by extensive 
alteration (Koděra et al. 2010a). Intermediate argillic alteration dominates, represented mostly 
by illite-smectite, illite, chlorite and pyrite, and variably overprints earlier high-temperature K-
silicate (K-feldspar, biotite, magnetite/pyrrhotite) and Ca-Na silicate (intermediate to basic 
plagioclase, actinolite) alteration at deeper levels of the system. Propylitic alteration (illite-
smectite, chlorite-smectite, chlorite, pyrite) affects the outer zone of the system. Ledges of 
advanced argillic alteration (kaolinite, dickite, pyrophyllite, alunite, vuggy quartz) represent the 
youngest stage of alteration, most probably related to a younger intrusion at depth. 

Alteration is accompanied by several generations of hydrothermal-explosive breccias and 
veinlets (Koděra et al. 2010a). These include earliest biotite-magnetite veinlets associated with 
K-silicate alteration and several generations of widespread quartz veinlets including A-type 
(quartz ± biotite or chlorite) and later banded quartz, with banding resulting from high content 
of vapour-rich fluid inclusions and micrometer-sized magnetite and ilmenite grains (Fig. 15 a). 
Botryoidal textures are continuous across quartz grains, suggesting recrystallization from silica 
gel. Rare veinlets of sulphides (pyrite, chalcopyrite ± magnetite, marcasite, galena, sphalerite), 
accompanied mainly by chlorite and illite-smectite, are related to intermediate argillic alteration. 
Late carbonate-zeolite veinlets are also relatively common. Veinlets with kaolinite, pyrophyllite 
and aluminum phosphate–sulfate minerals accompany ledges of advanced argillic alteration. 

Stockwork of quartz veinlets marks the area of economic Au mineralization with very low 
Cu/Au ratio (0.018 wt% Cu/ppm Au; Hanes et al. 2010). Small gold grains of high fineness occur 
next to quartz veinlets in altered rock with clays, chlorite and K-feldspar, occasionally attached 
to sulphides or Fe-Ti oxides. Gold of the highest fineness is associated with advanced argillic 
alteration; however, ledges of advanced argillic alteration are mostly barren, except where they 
overprint mineralised quartz veinlets.  

6.2. Fluid inclusion data 

Preliminary fluid inclusion study was performed on a sample suite of vein quartz, representing 
various types of veins from various depths down to 440 m (Appendix 4). Visible liquid-absent 
vapour-rich fluid inclusions (type V) dominate in all generations of vein quartz (Fig. 15 b). They 
are clearly of multiple generations and in most samples account for >95% of all inclusions (Koděra 
et al. 2011). Some quartz veinlets (especially A-type) also locally host inclusions containing 
several salt crystals dominated by a green anisotropic solid and a distorted vapor bubble in mostly 
constant phase proportions, but with no visible aqueous liquid (type S; Fig. 15 c). Sometimes tiny 
opaque minerals are also present here (mostly magnetite and chalcopyrite). Based on analytical 
data (see below), these inclusions are interpreted to represent salt melts, heterogeneously 
trapped with coexisting vapour. Rarer, vapour-free, salt melt inclusions with tiny opaque grains 
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are also occasionally associated, possibly due to metastability or necking down of inclusions. 
Liquid-rich inclusions, in rare cases containing a small halite daughter crystal (type L), are present 
only rarely and are usually secondary in origin or associated with late generations of vein quartz. 

 

 
Figure 15. Images from the Biely Vrch Au-porphyry deposit: (A) Several generations of quartz veinlets in heavily 
silicified and argillised porphyry. (B) Detail of a banded quartz veinlet with a band rich in vapour-rich type of inclusions. 
(C) Typical inclusion with salt melt and vapour, hosted in the early A-type vein quartz. (D) SEM-CL image of the central 
part of an A-type vein. The bright luminescent quartz is replaced by dull luminescent quartz along grain boundaries and 
crosscutting veins. Central part of the vein contains pyrite (black). 

 Cathodoluminscence imaging of quartz stockwork showed complex structure of veinlets, with 
earliest A-type veinlets having strongest luminiscence and being host to salt-melt bearing 
inclusions, whereas the latest banded veinlets show the weakest luminiscence and host numerous 
small vapour inclusions, tiny magnetite grains and rare liquid-rich inclusions. Quartz in earliest 
veinlets was locally found to host silicate melt inclusions and therefore the temperature of 
crystallisation is probably close to that of groundmass of the porphyry intrusion. Based on the Ti-
in-quartz geothermometer (Thomas et al. 2010), calibrated for growth rate and changing activity 
of TiO2 with temperature (Koděra et al. 2013), early quartz veins started to form at ~700-720°C 
(247-284 ppm Ti), but the majority of the A-type veins precipitated between 650 and 590 °C (104-
168 ppm Ti). Subsequent cooling is associated with decreasing amounts of precipitating quartz 
with a minimum at 460 to 380 °C (8-23 ppm Ti). Local resorption of early quartz grains (Fig. 15 
d) has been observed, which is consistent with retrograde solubility of quartz during isobaric 
cooling from ~500 to 400°C below ~ 0.3 kb (Fournier 1995; 1999; Müller et al. 2010). A greater 
proportion of vein quartz, including banded veinlets, precipitated or re-crystallized from gel again 
below 380 °C (detection limit of Ti) due to oversaturation of SiO2 on cooling (Muntean & Einaudi 
2000). 

Due to low density of vapour-rich inclusions it was not possible to measure any phase changes 
in them, except for a single inclusion containing CO2. Microthermometric measurements on 
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inclusions with salt melts showed quick melting of the solids in the range 321-361°C (mostly 321-
333°C), but total homogenisation was never reached prior to 850°C, indicative of diffusion of H2O 
out of the inclusions (Doppler et al. 2013), heterogeneous trapping and/or post-entrapment 
modification due to α- to β-quartz transition upon cooling and reheating. The fluid properties of 
liquid-rich inclusions hosted in quartz (salinity 0.5-30.4 wt% NaCl eq. - mostly 1-5 wt% NaCl eq., 
Th 191-269°C) suggest trapping from late fluids (Fig. 16), probably related to intermediate and 
advanced argillic alteration (Žitňan, 2010). Variable eutectic temperatures (-58 to -22°C) suggest 
the presence of different chemical systems, including NaCl-CaCl2-H2O. Primary fluid inclusions in 
vein calcite had salinity approaching 0 wt% NaCl eq. and homogenization temperature in range 
131 to 242°C. 

 
Figure 16. Homogenization temperatures (Th aq.) versus salinity diagram of rare, mostly secondary liquid-rich fluid 
inclusions in various samples of vein quartz and calcite from the Biely Vrch Au-porphyry deposit. 

Preliminary laser-ablation ICPMS microanalysis performed at the Department of Earth 
Sciences at ETH Zürich was used to quantify the composition of major and trace elements in the 
salt melt-bearing and vapour inclusions (Koděra et al. 2011). Microanalysis showed that salt melts 
contain Fe-K-Na-Cl in relatively stable proportions (FeCl2>KCl>NaCl). Data from vapour-rich 
inclusions showed very similar Fe-K-Na-Cl proportions as those in salt melt bearing inclusions. 
High Fe concentration of the fluids is probably related to the dioritic composition of the parental 
melt. Experimental work of Zajacz et al. (2012) showed that for andesitic melts in upper crustal 
magma chambers, K and Fe partition more strongly into Cl-bearing volatiles (relative to Na) 
compared to felsic systems. In several populations of vapour-rich and salt melt-bearing inclusions, 
both Au and Cu were detected but not quantified due to a lack of information on their total salinity. 
Compared to the average Cu/Au ratio of the deposit, most of the inclusion populations had similar 
or even lower Cu/Au ratio. In respect to total salinity of inclusions, gold is preferentially 
concentrated in vapour, which points to the major type of fluid introducing gold in the porphyry 
system. Cu and Ag do not show preferential concentration.  

Low density vapour, accompanied by extreme “brines” found in fluid inclusions in quartz 
veinlets, resulted from fluid heterogenisation at very low pressures (<0.3 kbar) which can be 
deduced from phase relations in the system NaCl-H2O (e.g. Williams-Jones & Heinrich 2005). 
According to the phase relations in this system at such conditions, the fluids have reached the 
vapour+liquid+halite surface forming anhydrous salt melts in addition to a much bigger volume 
of vapour. This is in contrast to classical Cu-porphyry systems where fluid heterogenisation at 
greater pressures results in formation of saline brines (and vapour), precipitating daughter 
minerals in fluid inclusions upon cooling. 

The obtained data on temperature evolution of fluids correspond well to evolution of the 
classic Au-porphyry systems in the Maricunga belt (Muntean & Einaudi 2001), where early A-type 
veinlets originated at 720-620°C and latest banded veinlets at 380-200°C with continuous 
decrease in temperature and pressure. 

 

6.3. Stable isotope data 
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Vein minerals, alteration minerals and magmatic phenocrysts were analyzed for their O, H and 
S isotope compositions (as appropriate) (Koděra et al. 2011; Appendixes 5 and 6). Isotopic 
composition of vein quartz was analysed from 33 samples from various depths (72-780 m); 
however, the observed variation of δ18O was very small (mean 9.4 ‰, standard deviation 0.7) and 
not related to depth (Fig. 17). Seven analyses of δ18O of magnetite from host-rock alteration (90-
572 m) also showed only minor variation (2.6 ± 0.6 ‰). Assuming isotopic equilibrium of quartz 
and magnetite with the same fluid, quartz-magnetite isotope geothermometry yields 595°C 
(Zheng & Simon 1991) or 680°C (Clayton & Keiffer 1991). At these temperatures mean isotopic 
composition of equilibrium fluids would be 7.4 or 8.0 ‰ δ18O (Hu & Clayton 2003), which are 
values consistent with high temperature magmatic vapour as the major source of fluids (Fig. 17). 

 

 
Figure 17. Isotopic composition of fluids in equilibrium with magmatic minerals, alteration minerals and quartz 
veinlets from the Biely Vrch Au-porphyry deposit. Composition of MW during the origin of porphyry mineralization is 
reconstructed based on paleoclimate information. See Figures 7 and 12 for explanation of arrows and related 
references. 

Oxygen and hydrogen isotopic composition of fluids in equilibrium with other alteration 
minerals were calculated using equations of Stoffregen et al. (1994 – alunite O,H), Savin & Lee 
(1988 – pyrophyllite O), Sheppard & Gilg (1996 – pyrophyllite H, illite/smectite O,H), Gilg & 
Sheppard (1996 – kaolinite H) and Capuano (1992 – illite-smectite H). Fluids in equilibrium with 
alunite and pyrophyllite from ledges of advanced argillic alteration (youngest stage of alteration) 
indicate mainly a magmatic source (4.5 to 8.4 ‰ δ18Ofluid, -46 to -63 ‰ δDfluid). A crystallization 
temperature for coarse-grained alunite of 294°C was estimated using oxygen isotope 
fractionation between SO4 and OH groups (Stoffregen et al. 1994). Sulphur isotope data for alunite 
(δ34S 10.6 to 15.6‰) are suggestive of a magmatic-hydrothermal origin for the S. Fluids in 
equilibrium with kaolinite, calculated at 200°C, show progressive but minor mixing with meteoric 
water (2.1 to 5.1 ‰ δ18Ofluid, -55 to -84 ‰ δDfluid). Fluids in equilibrium with illite-smectite or illite 
from intermediate argillic alteration were calculated at temperatures based on illite-smectite 
expandability (142 - 187°C; Šucha et al. 1992; Harvey & Browne 2000). However, clay mineral 
geothermometry is affected by metastable behaviour of clays and is not based on equilibrium 
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reactions (Essene & Peacor 1995), therefore the temperatures used can have an error ~30 to 60°C 
which in turn influences accuracy of calculated  δ18Ofluid values (up to 2.6 ‰) and δDfluid values (up 
to 10 ‰). The obtained values (-3.0 to 0.0 ‰ δ18Ofluid; -42 to -65 ‰ δDfluid) are indicative of mixing 
of magmatic and meteoric water fluids, because the intermediate argillic alteration data shown on 
Figure 17 lie in a field between the “felsic magmas” box and the meteoric water line. The data are 
roughly aligned towards the isotopically heavy region of the meteoric water line, which is 
consistent with the isotopic composition of meteoric water during the emplacement of parental 
diorite porphyry intrusion, influenced by humid subtropical climate (Planderová et al. 1993). 
However, hydrothermal fluid composition was probably also influenced by water-rock 
interactions resulting in O-shift away from the meteoric water line. 

Fluids in equilibrium with biotite and amphibole from deep unaltered porphyry (> 700m) were 
calculated using equations of Bottinga & Javoy (1973) and Suzuoki & Epstein (1976), applying 
crystallization temperature 710°C and biotite closure temperatures 540 and 430°C for O and H, 
respectively (Zaluski et al. 1994). Equilibrium fluids showed a clear magmatic signature with low 
δDfluid values (-98 to -73 ‰) suggestive of isotopic fractionation during open system magma 
degassing (Taylor 1997).  

6.4. Genetic model 

The Biely Vrch deposit is a typical Au-porphyry system, displaying all major characteristics 
observed worldwide for this type of porphyry deposit, including very low Cu/Au ratio, association 
with diorite porphyry intrusions, enrichment in magnetite and presence of banded quartz veinlets 
(Seedorf et al. 2005). Au-porphyry systems are thought to represent the most shallow group of 
porphyry deposits (< 1 km; Muntean & Einaudi 2000; 2001) with strong consequences for fluid 
properties. Paleovolcanic reconstruction indicates that porphyry intrusions at Biely Vrch were 
emplaced at a depth of about 500 m below the paleosurface (Konečný et al. 1998a). Shallow 
emplacement of the parental intrusion is also suggested by unusual fluid inclusion properties of 
early magmatic fluids, where liquid-absent extremely saline brines (salt melts) accompanying 
dominant vapour are the result of fluid heterogenisation at very low pressures and high 
temperatures. Strong changes in SiO2 solubility observed by resorption of early vein quartz and 
botroydal textures of late banded veinlets are also typical for magmatic-hydrothermal systems 
cooling in low pressure environments (Fournier 1985). Furthermore, a high degree of telescoping 
of later alteration, down to the level of the Ca-Na silicate zone, is also consistent with the shallow 
level of the magmatic-hydrothermal system. 

According to the preliminary genetic model (Fig. 18), a stockwork of quartz veinlets that mark 
the area of economic Au mineralization, has started to develop shortly after emplacement of the 
parental intrusion, from a magma saturated in water (stage 1). High temperature magmatic fluids 
are also responsible for early alteration patterns in a zonal arrangement (potassic, sodic-calcic, 
propylitic). Early advanced argillic alteration developed close to the surface due to condensation 
of magmatic gases rich in acid-forming components (mainly SO2). Andesite magma of the parental 
intrusion was a crystal mush of biotite, amphibole, plagioclase and quartz phenocrysts in a highly 
differentiated melt of rhyolitic composition with a high water content (6.5-7.2 wt%), and evolved 
in a lower crustal magma chamber at pressures 5.5-8 kbar and ~700 °C (Lexa et al. 2012; Koděra 
et al. 2013). However, the dacite melt water saturated solidus (Holtz et al. 2001) implies that the 
Biely Vrch diorite porphyry emplacement was at a temperature ~850 °C. This temperature, and 
reaction coronas of biotite and amphibole phenocrysts, constrain PT conditions of the parental 
shallow magma chamber to values ~ 850°C and < 1 – 1.5 kbar (Holtz et al. 2005; Blundy et al. 
2006). Hotter temperature of magma in the high-level chamber than in the deep magma reservoir 
indicates that mafic magma was probably injected into a cooler and more felsic deep magma 
chamber below Biely Vrch. 

 After solidification of the apical part of the intrusions and during cooling of the system, 
continuous escape of magmatic fluids from depth has further mineralised the network of veinlets 
and cracks down to mesothermal temperatures (stage 2). Gold was introduced to the system 
probably mostly by magmatic vapour as indicated by the LA/ICPMS data. Most Au was probably 
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precipitated as a result of extreme phase separation, together with feldspar and Fe-oxides, but 
without abundant sulphides, due to the effective stripping of the stabilising hydration sphere of 
gold complexes in a high-temperature but low-pressure subvolcanic fumarole environment 
(Williams-Jones & Heinrich 2005). The presence of transitional quartz-sericite-pyrite (phyllic) 
alteration is assumed to have likely occurred below the advanced argillic lithocap (e.g. Sillitoe 
2010), but is probably not preserved today.  

Further cooling of the system (stage 3) is related to initial meteoric water incursion and 
development of widespread intermediate argillic alteration that overprints earlier alteration 
patterns. Based on fluid inclusion and stable isotope data, this alteration is associated with cooler 
(< 270°C), nearly neutral pH fluids, probably with only a minor magmatic component. During this 
stage, significant paleosurface degradation is assumed to have occurred, especially of the soft 
argillised material. 

The final, fourth stage of the model corresponds to the origin of zones and ledges of advanced 
argillic alteration that generally result from condensation of magmatic vapour enriched in acidic 
volatiles, starting at temperatures >300°C and later mixing with meteoric water (Sillitoe 2003). 
These fluids were likely related to a new portion of magma emplaced at depth. 

In the clay mineral stability field, partial remobilisation of gold has probably taken place by late 
aqueous fluids, as indicated by several generations of gold with different fineness. Introduction of 
new gold to the system by fluids associated with advanced argillic alteration is unlikely, as this 
alteration contains gold only where spatially overlapping with earlier quartz stockwork. 
Furthermore, at other localities within the Javorie stratovolcano this type of alteration is mostly 
barren (Hanes et al. 2010). 

 

 
Figure 18. Genetic model of the Biely Vrch Au-porphyry deposit with schematic succession of magmatic and 
hydrothermal activities, alteration patterns and mineralization (modified from Koděra et al. 2010a). 

7. Conclusions 
 
The Central Slovakia Volcanic Field hosts various types of economic gold mineralization, 

related to magmatic-hydrothermal activity in central zones of large andesite stratovolcanoes, 
including intermediate sulphidation, low sulphidation, and porphyry deposits. Fluid inclusion and 
stable isotope research provided essential data to determine fluid properties, fluid sources and 
probable triggers for Au precipitaton. Each of the three systems described in this paper has a very 
specific geological and structural position in stratovolcanic edifices and is related to different 
types of magmatism, which largely influenced fluid properties of the corresponding hydrothermal 
system. 

Rozália Au-Ag deposit is a specific intermediate sulphidation epithermal system, influenced by 
development of subhorizontal structures related to a caldera-collapse stress field. Mixed 
magmatic and meteoric fluids had as the source of heat and magmatic components a shallow 
differentiated magma chamber at the base of the volcano, which was also responsible for the 
emplacement of nearly coeval quartz-diorite porphyry sills. Precipitation of gold occurred 
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because of prolonged boiling induced by pressure decrease and transition from suprahydrostatic 
to hydrodynamic conditions. 

Kremnica Au-Ag deposit is a typical low sulphidation epithermal system, contemporaneous 
with rhyolite magmatism and uplift of a resurgent horst during the final stages of volcanic 
evolution. Dominantly meteoric fluids with probably a minor magmatic component were driven 
by heat of the parental rhyolite magma chamber and released gold because of extensive boiling. 
The specific setting of the system, in a high relief terrain with changing erosion level, is 
responsible for the observed gradual decrease in fluid temperature along the vein system. 

Au-porphyry deposit Biely Vrch is a typical intrusion-related system with dominant 
participation of high temperature magmatic fluids, introduced by a highly differentiated andesitic  
magma emplaced at  a very shallow depth at high temperature. Low density magmatic vapour was 
here the major source of gold, which precipitated in a high-temperature but low-pressure 
subvolcanic fumarole environment. 

The developed genetic models for different Au-bearing deposits within one volcanic field can 
be used to guide exploration not only in this district but also in other regions worldwide with a 
similar magmatic-hydrothermal and structural history. 
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