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Abstract
Stibnite is a relatively common mineral in epithermal deposits, with little known about Sb transport and efficient stibnite 
precipitation. The famous Kremnica Au-Ag low-sulfidation deposit and Zlatá Baňa intermediate-sulfidation Pb-Zn-Cu-
Au-Ag-Sb deposit are hosted in two different Neogene volcanic fields in Western Carpathians, Slovakia. In both deposits, 
stibnite-rich veins occur outside of major vein structures, accompanied by illite, illite/smectite, and kaolinite alteration, and 
affiliated to late-stage fluids (< 2 wt% NaCl eq., < 150 °C). Sulfur isotopic composition of stibnite and sulfides is different at 
both deposits, likely due to a different magmatic-hydrothermal evolution of the parental magmatic chambers in the Central 
and Eastern Slovak Volcanic Fields. The Sb isotopes (δ123Sb), however, show similar values and trends of gradual simulta-
neous increase with δ34S values, explained by a progressive precipitation of stibnite and its fractionation with the fluid. The 
data were modeled by two coupled Rayleigh fractionation models, (for Sb and for S), assuming a predominant Sb transport 
in HSb2S4

– with a variable amount of S species. Higher molality ratio mS/mSb of fluids was found in Kremnica (~ 3–4) than 
in Zlatá Baňa (~ 2). At both deposits, the heaviest δ123Sb values are accompanied by a decrease in the δ34S values probably 
due to the commencement of pyrite/marcasite precipitation. According to thermodynamic models of solubility of Sb(III) 
complexes and observations from active geothermal fields, stibnite precipitation was triggered by temperature decrease 
accompanied by mixing with a mildly acidic fluid (pH 4–5) of a steam-heated CO2-rich condensate on margins and in the 
final stages of epithermal systems. The proposed model for the origin of stibnite-bearing veins in epithermal systems can be 
used for their better targeting and efficient mineral exploration.

Keywords  Antimony · Stibnite · Epithermal · Genesis · Sulfur · Isotope

Introduction

Stibnite mineralization in epithermal systems is relatively 
common, however, they rarely form economic accumula-
tions. They are present in volcanic belts of active continen-
tal margins formed in subsurface conditions with high geo-
thermal gradients (up to 30–35 °C/100 m; Obolensky et al. 
2007). They commonly occur in peripheral portions of the 
epithermal systems (e.g., on the top of an Au-Ag orebody 
near the surface) or overprint Au-Ag mineralization at depth 
(Morteani et al. 2011; Schwarz-Schampera 2014; Shimizu 
2017). An example of the latter case is the Hishikari Au-Ag 
deposit in Japan, where stibnite occurs within the bonanza 
zone and overprints the Au-Ag mineralization at the same 
depth. In the Neogene volcanic arc of Carpathians, there are 
also several examples of the presence of stibnite in precious 
and base-metal epithermal veins in Romania (e.g., Baia 
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Sprie, Capnik), Hungary (Gyöngyösoroszi), and Slovakia 
(Kremnica, Zlatá Baňa) (Böhmer 1980; Veľký et al. 1998). 
The Slovak deposits were mined, among other commodities, 
also for Sb. However, the behavior of antimony in natural 
epithermal systems is not well understood, in contrast to 
much more extensive knowledge of the transport and depo-
sition of Au, Ag, Pb, Zn, and Cu (e.g., Corbett and Leach 
1998; Hedenquist et al. 2000; Simmons et al. 2005; Wang 
et al. 2019). Antimony is recognized as a critical raw mate-
rial/mineral in the EU, the US, Japan and Australia, thus 
improved knowledge on genesis of antimony in epithermal 
systems can be used in more efficient exploration of this 
commodity worldwide.

Stibnite is sometimes present in geothermal systems, 
which unlike most other hydrothermal systems, can be stud-
ied directly in situ. Some of them are exploited as sources 
of geothermal energy and were documented to precipitate 
gold or galena (e.g., Wilson et al. 2007; Simmons et al. 
2016; Ledésert et al. 2021) upon temperature decrease of 
fluids. Stibnite precipitation also occurs in geothermal wells, 
such as those in Tuscany power plants in Italy (Morteani 
et al. 2011). This power station operates at roughly 200 °C, 
thus the scales form at above 200 °C. Morteani et al. (2011) 
showed experimentally that depressurization separates Sb 
and As into the liquid phase and Hg into the gas phase. This 
separation explains the often-observed areal separation of 
Hg and Sb mineralization. Furthermore, the authors found 
that metastibnite is the first Sb2S3 modification to crystal-
lize in the scales of the geothermal wells together with 
amorphous silica, while in the second stage, the opaline 
groundmass undergoes dehydration and metastibnite trans-
forms to stibnite. The authors argue that this may explain 
the differences in fluid inclusion data between inclusions in 
apparently coeval stibnite and quartz as observed from fluid 
inclusion studies of some stibnite deposits (e.g., Hagem-
man and Lüders 2003; Majzlan et al. 2020). This includes 
fluid inclusion data on Sb (Au) mineralization from the Tus-
cany region, having wide range of temperatures from 245 to 
115 °C (Tanelli et al. 1991).

Not all mineralogical, geochemical, and textural fea-
tures of such systems can be explained by the short-term 
observations at the geothermal plants, though. One of the 
poorly known parameters of such systems is the timing and 
frequency of metal supply and delivery from the source, 
usually a magmatic chamber and/or surrounding rocks. 
Banded textures of bonanza gold ores in epithermal sys-
tems, with alternating bands of chalcedony and ore min-
erals (Izawa et al. 1990; Saunders et al. 2008; Shimizu 
2014; Tharalson et al. 2023), suggest that precipitation 
and deposition is repeated and episodic. It is not clear, 
though, if the episodic nature of deposition means also 
episodic nature of metal supply. These authors point out 
that the frequent textural changes in gold mineralization 

can be assigned to variable degree of boiling in such sys-
tems, from vigorous to mild and to non-boiling conditions. 
However, precipitation of stibnite in epithermal systems is 
probably rarely repeated and episodic as it occurs usually 
in final stages of mineralization (e.g., Schwarz-Schampera 
2014; Shimizu 2017). Furthermore, cooling and/or acidi-
fication is probably the most frequent trigger for precipi-
tation of stibnite, as seen on data from geothermal fields 
(Wilson et al. 2007; Morteani et al. 2011) but boiling of 
ore fluids is sometimes also proposed to control the stib-
nite precipitation along with their cooling (Yu et al. 2023). 
Although stibnite is commonly formed in epithermal gold 
deposits, its genesis, including transport mechanism, may 
be different and needs further investigation.

Research on stable isotopes of antimony (121Sb and 
123Sb) is a relatively new geochemical field that can be 
used as a process tracer in hydrothermal ore deposits con-
taining Sb minerals. Antimony isotopes display a natural 
variation of δ123Sb values of around 2‰. The processes 
that are responsible for isotopic variations include redox 
reactions, biological processes, evaporation and precipita-
tion processes, adsorption, and Rayleigh distillation mech-
anisms (Tanimizu et al. 2011; Wen et al. 2018; Wasserman 
et al. 2019; Zhou et al. 2022, 2023). Zhai et al. (2021) 
demonstrated that ore fluids are preferentially enriched in 
heavier Sb isotopes during the precipitation of isotopically 
lighter stibnite that could be used to fingerprint hydro-
thermal fluid flow in a closed system. They estimated the 
Sb isotope fractionation factor as αfluid−stibnite = 0.9994. A 
similar trend of Sb isotope fractionation was recorded in 
an assemblage of hydrothermal Sb minerals, not only stib-
nite (Kaufmann et al. 2023). A comparable fractionation 
of 0.9‰ occurs during reduction processes from Sb5+ to 
Sb3+ (Rouxel et al. 2003). Wang et al. (2021) discussed 
the redox-controlled Sb isotope fractionation in an epith-
ermal system, whereas Yu et al. (2022) showed the effect 
of the Sb speciation change in the fluid on Sb isotopic 
fractionation. The potential of Sb isotopes to trace the 
preferential complexing of Sb in hydrothermal fluids and 
implications for fluid evolution and stibnite precipitation 
mechanism was recently presented by Yu et al. (2023).

In this work, we investigated the isotopic changes of Sb 
and S in stibnite mineralization at two epithermal deposits 
in the Western Carpathians, at Kremnica and Zlatá Baňa, 
hosted by two different Neogene volcanic fields (Fig. 1). 
Systematic and comparable trends in both isotopic systems 
at these two deposits witness the processes associated with 
Sb and S delivery and precipitation of metallic and non-
metallic minerals. In this contribution, we present the results 
of modelling that enabled to reproduce the behavior of Sb 
and S isotopes in studied epithermal systems and to track 
down the processes that led to Sb delivery and stibnite pre-
cipitation in epithermal systems.
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Stibnite mineralization in the Kremnica 
Au‑Ag epithermal deposit

Geological setting

The Kremnica Au-Ag deposit is located in the northern part 
of the Neogene Central Slovak Volcanic Field (CSVF) in 
the Kremnické Vrchy mountain range. Main volcanic rocks 
include remnants of a large andesite stratovolcano with sub-
volcanic intrusive rocks in the central zone, a N-S trending 
graben with volcanic formations including variably differ-
entiated andesitic rocks over 1000 m in thickness, remnants 
of 4 younger volcanoes situated next to marginal faults of 
the graben, and a resurgent horst in the central part of the 
graben associated with a late-stage rhyolite magmatic activ-
ity (Lexa et al. 1998).

The resurgent horst is built by the pre-graben propylitized 
andesite complex. The horst is surrounded by andesitic 
rocks of graben fill (15.0-13.5 Ma; Lexa et al. 1998). East-
ern marginal faults of the horst host an extensive epither-
mal vein system, including the Kremnica Au-Ag deposit 
(Fig. 2A). The structure of the horst is dominated by N-S 
and NE-SW trending normal faults, corresponding to the 
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Fig. 1   Regional geological setting of the two studied deposits, Krem-
nica and Zlatá Baňa, in the Central Slovak Volcanic Field (CSVF) 
and the Eastern Slovak Volcanic Field (ESVF), respectively, among 
the Neogene to Quaternary volcanic rocks of the Carpathian arc and 
the Pannonian basin (after Lexa et al. 1999). Inset shows location of 
the deposits in Slovakia among geopolitical boundaries

Fig. 2   Geological setting 
of stibnite mineralization in 
the Kremnica Au-Ag ± Sb 
epithermal deposit, including 
distribution of Sb ore veins 
and hydrothermal alteration. a 
Simplified structural scheme 
of resurgent horst hosting the 
deposit (after Kraus et al. 1994; 
Finka 2009). b Cross section of 
the central part of the deposit 
including the position of studied 
samples (after Böhmer and 
Škvarka 1970; Veľký et al. 
1998). c Sketch of the mine face 
with stibnite ore in the Václav 
adit in Šturec with its position 
in the section pointed by arrow 
in A and B. (redrawn after 
Korim in Veľký et al. 1998)
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regional stress field with strong NW-SE extension during 
the interval 13.5-9.0 Ma (Nemčok et al. 1993). According 
to Kraus et al. (1999) and Pécskay et al. (2010), uplift of the 
horst was contemporaneous with the epithermal mineraliza-
tion (11.1–10.1 Ma on illite, 12.1–11.5 Ma on adularia) and 
emplacement of the products of rhyolite magmatic activity 
(12.3–11.5 Ma).

Epithermal mineralization

The Kremnica gold deposit was one of the most important 
gold producers in the Medieval Europe with at least one 
thousand years of mining history (Bakos et al. 2004; Finka 
2009), considerable historical production of precious met-
als (~ 46 t Au and 208 t Ag; Finka 2009) and 25 Mt of ore 
reserves with 1.42 g/t Au (www.​ortac​resou​rces.​com). More 
than 120 veins are known within this deposit. They are 
mostly hosted by the pre-graben andesite and the principal 
characteristics of the deposit are indicative of epithermal 
mineralization of low-sulfidation style (Koděra et al. 2014).

The veins are grouped into two major vein systems 
(Fig. 2A and B). The first one consists of veins that are 
hosted by a first-order listric transtension/extension fault 
accompanied by low-angle second-order vein structures 
close to the surface, and complementary antithetic veins. 
The vertical extent of the mineralized fault exceeds 1200 m, 
with a dip of 50°-60°. The fault gradually opens towards the 
surface to its maximum width of 80 m in the central part at 
Šturec. Some of these faults are intruded by rhyolite dikes. 
The second vein system is located in the hanging wall of the 
master listric fault, underneath the Kremnica town (Koděra 
et al. 2007).

Only the upper 200–300 m parts of veins are enriched 
in precious metals, while the ore grades usually vary over 
the range of 1–5 g/t Au and 5–30 g/t Ag (Böhmer 1966; 
Böhmer et al. 1977; Veľký et al. 1998; Bartalský and 
Finka 1999). Vein filling is represented by banded and 
cavernous quartz, occasionally with carbonates. Miner-
alogical studies determined two major ore stages (Au-
Ag and Sb-Hg stage), with 6 sub-stages (Fig. 3; Böhmer 
1966; Veľký et al. 1998). The Au-Ag stage contains early 
minor barren carbonate sub-stage (1), two quartz sub-
stages (2 and 3) and pyrite sub-stage (4). Microscopic Au 
precipitated mostly during the pyrite sub-stage and occurs 
as electrum or gold in pyrite and quartz in dark quartz-
chalcedony bands with finely dispersed pyrite/marcasite. 
In the 2nd vein system, gold is also present in rare visible 
aggregates up to 7 cm long (Bakos et al. 2004). In both 
vein systems, pyrite and arsenopyrite are the most com-
mon ore minerals, accompanied by minor galena, sphaler-
ite, chalcopyrite, proustite, pyrargyrite, and Ag sulfosalts. 

The Sb ± Hg, As stage followed after intensive intermin-
eralization tectonics, including dislocations of products 
of the earlier stage (Böhmer 1966; Veľký et al. 1998). 
It fills mainly fissures, especially in the hanging wall 
of the major vein structure. This stage includes quartz-
carbonate sub-stage (5) with predominant dolomite and 
minor quartz with rare, disseminated sulfides, sulfosalts, 
and electrum. Carbonates prevail especially in the upper 
and outermost parts of veins. Stibnite sub-stage (6) with 
common stibnite, pyrite, marcasite in a quartz-chalced-
ony gangue is best developed in the footwall structures 
(mainly at Šturec, Fig. 2B and C).

Extensive wall-rock alteration includes adularia, quartz, 
illite, kaolinite, passing outwards into illite/smectite (I/S), 
kaolinite, chlorite, smectite, variably with disseminated 
pyrite and carbonate (Böhmer 1966; Kraus et al. 1994). 
Kaolinite is especially common close to the surface (down 
to 100–200 m), in veins and in the wall rocks (Böhmer 
et al. 1969). Kaolinite is indicative for the formation of 
large areas of steam-heated low-pH aqueous fluids that 
accompanied the veins at subsurface level. Acid altera-
tion resulted from condensation of H2S and CO2-bearing 
vapor released during boiling, which was documented by 
fluid inclusion data. The steam-heated origin of kaolinite 
from vein wall-rock alteration at temperatures ~ 50–90 °C 
was confirmed by oxygen and hydrogen isotopic studies 
(Koděra et al. 2014).
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Fig. 3   Simplified paragenetic scheme of the Kremnica epithermal 
deposit with highlighted position of stibnite precipitation. The indi-
vidual sub-stages, delineated in the diagram by vertical lines, are 
separated by intermineralization tectonics. The line thickness corre-
sponds to the mineral abundance in the veins. After Böhmer (1966) 
and Veľký et al. (1998)
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Stibnite mineralization

According to the works of Böhmer (1980) and (Finka 2009) 
mineralization of the Sb ± Hg, As stage fills fissures nearly 
exclusively outside of the major vein structures in the 1st 
vein system hosted by the pre-graben andesite. It occurs in 
their hanging wall, but especially in their footwall mainly in 
the central part at Šturec, forming steep antitethic veins of 
the Schrämen vein (Fig. 2B). These veins are about 300 m 
long and 0.5 to 2 m thick, containing 3% Sb in average. From 
these veins, 25.8 kt of Sb ores were exploited in the years 
1971–1972 on the level of the Václav adit. In the 2nd vein 
system, stibnite crystals occur in cavities of earlier precious 
metal mineralization, accompanied by minor dark opal. 
Minor stibnite mineralization is also present in the northern 
part of the vein system (Hlavná, Kirchberg veins) and in the 
southern part of the vein system hosted by rhyolite (Horná 
Ves, Bartošova Lehôtka) (Böhmer 1980; Finka 2009).

Based on the studies of Böhmer (1966) and Veľký et al. 
(1998), stibnite mineralization forms veinlets, metasomatic 
bodies and disseminated stockworks with common stibnite, 
pyrite, and marcasite. The veins include both quartz-carbon-
ate (5) and later stibnite sub-stages (6), divided by a minor 
local inter-mineralization tectonics between these sub-stages 
(Figs. 2C and 3). Carbonates prevail in the quartz-carbonate 

sub-stage and consist of Fe-rich dolomite to ankerite. Stib-
nite often forms euhedral crystals, sometimes up to 10 cm 
long, but also occurs in massive or disseminated forms and 
replaces carbonates of the earlier sub-stage (Fig. 2C). It 
has increased Hg content (Böhmer 1980). Quartz is often 
dark due to fine disseminations of pyrite and stibnite. Minor 
pyrite is mostly earlier than stibnite while marcasite is com-
monly later, forming coatings and crusts in cavities. Rare 
arsenopyrite and opal are also sometimes present. Antimony 
content decreases in deeper parts and stibnite ore is replaced 
by marcasite mineralization (Böhmer 1966, 1980; Veľký 
et al. 1998). Böhmer (1980) argued that the most extensive 
precipitation of stibnite occurred in the vicinity of a thick 
impermeable zone of mylonitized andesite in the footwall of 
the Schrämen vein (Fig. 2C).

Stibnite mineralization in the Zlatá Baňa 
epithermal deposit

Geological setting

The Zlatá Baňa Pb-Zn-Au-Ag-Sb deposit is located in the 
northern part of the Neogene Eastern Slovak Volcanic Field 
(ESVF) in the Slanské Vrchy Mountains. The deposit is 

Fig. 4   Geological setting of stibnite mineralization in the Zlatá Baňa 
Pb-Zn-Cu-Au-Ag-Sb epithermal deposit, including distribution of Sb 
ore veins and hydrothermal alteration. a Simplified structural scheme 
of the central zone of the Zlatá Baňa stratovolcano (after Divinec 
et  al. 1988; Kaličiak et  al. 1991b; Štohl et  al. 1994; Molnár et  al. 
2010). b Cross section of the central zone of the stratovolcano along 
the line 1–1’, showing the spatial relationship of stibnite-rich and 

polymetallic veins and the position of studied samples (modified from 
Divinec et  al. 1988). Note that the direction of most of the veins is 
along the profile which results in their limited visibility in the profile. 
c Sketch of the mine face with polymetallic ore, including late stib-
nite mineralization in the adit “3” in the central part of the deposit, 
with its position in the section pointed by arrow (modified from Bačo 
and Repčiak in Lexa et al. 2002)
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hosted by the central zone of the Zlatá Baňa andesite strato-
volcano (12.2–10.0 Ma), located in the northern part of the 
Slanské Vrchy Mts and mostly built by an extensive effusive 
andesite complex (Kaličiak and Repčok 1987; Štohl et al. 
1994). The central zone of the stratovolcano contains effu-
sive, extrusive, and intrusive bodies of pyroxene andesite 
and diorite porphyry (Fig. 4A and B). The porphyry intru-
sions contain minor disseminated stockwork Cu-minerali-
zation at depth, accompanied by K-metasomatic alteration 
with secondary biotite. This zone is represented by a marked 
cauldron-shaped depression that has a complicated horst-
graben structure, segmented by a system of NE-SW and 
NW-SE faults (Kaličiak et al. 1991a; Molnár et al. 2010).

Epithermal mineralization

Epithermal vein mineralization is hosted by altered 
andesite and diorite porphyry in the central zone of the 
stratovolcano (Fig. 4A and B). According to mineralogi-
cal studies of Kaličiak and Ďuďa (1981), Kovalenker et al. 
(1988) and Ďuďa (1992), three main stages of epithermal 
mineralization can be distinguished in the central zone: 
base metal, Au-Ag and Sb-Hg stage (Fig. 5). The middle 
part of the volcanic structure hosts predominantly veins 

and stockworks containing Pb-Zn-Au ± Cu-Ag minerali-
zation, while in the marginal parts there occur younger 
Sb ± Au-Ag and Sb ± Hg ores (Fig. 4). The base-metal 
veins have NNW–SSE to N–S direction and are steeply 
dipping to E as well as W. South of the central zone, in 
the less eroded proximal zone of the volcano, disseminated 
Hg-Sb-As and precious-opal mineralizations are present 
(Hg deposit Dubník, precious-opal deposit Červenica, 
Fig. 4A). The Sb-Au-Ag veins were mined since the 17th 
century until the early 20th century (Kaličiak and Ďuďa 
1981; Bačo in Lexa et al. 2002; Molnár et al. 2010).

The vein thickness is highly variable, ranging from 0.1 to 
5.2 m (average 1.1 m). The main ore minerals of base-metal 
veins are pyrite, sphalerite, galena, and chalcopyrite (Fig. 5). 
The precious-metal mineralization, with average grades 
1.4 g/t Au and 39.7 g/t Ag, is superimposed on the base-
metal ores and is concentrated in the near-surface parts of 
veins. It consists of native Au, electrum, native Ag, petzite, 
hessite, acanthite, polybasite, miargyrite, and numerous rare 
Ag-Pb-Sb sulfosalts (Fig. 5). The gangue of both types of 
mineralizations consists of carbonates and quartz (Kaličiak 
and Ďuďa 1981; Divinec et al. 1988; Ďuďa 1992; Bačo in 
Lexa et al. 2002).

Veins, stockworks, and hydrothermal breccias are accom-
panied by illite alteration, which has regional distribution in 
the central part of the volcanic structure, passing outwards 
to smectite alteration and the outermost propylitization with 
chlorite, calcite, and pyrite (Fig. 4A). The wall rock alteration 
locally overlaps with advanced argillic alteration (kaolinite, 
dickite, halloysite, residual silica) related to the porphyry 
intrusions (Bačo in Lexa et al. 2002; Molnár et al. 2010).

Stibnite mineralization

Stibnite belongs to the latest stage of mineralization, postdating 
both the base-metal and Au-Ag mineralization, which occupy 
the same vein structures. There are three stibnite-bearing 
veins in the northern margin (Gašpar and Jozef Sb ± Au-Ag 
veins) and one vein in the southern margin of the central zone 
(Nozger Sb ± Hg veins), in which the Sb-bearing mineraliza-
tion spatially overlaps with the earlier base-metal mineraliza-
tion (Fig. 4A and B). The Sb ± Au-Ag veins have N-S direc-
tion and are steeply dipping to W. These veins are hosted by 
andesite and are up to 400 m long, while the Sb mineraliza-
tion reaches just 70–100 m to depth. Stibnite occurs on veins, 
lenses, and hydrothermal breccias in silicified and pyritized 
zones up to 5 m thick, but individual veins are just 0.1 m thick, 
rarely vein clusters are up to 0.7 m thick. The vein filling con-
sists of quartz, carbonates (mostly dolomite), and chalcedony 
(in subsurface parts). Usually coarse-grained stibnite forms 
irregular, often monomineralic veins and nests in quartz, 
accompanied by later pyrite. Rarely, stibnite forms euhedral 
crystals up to 15 cm long. Rare baryte occurs in cavities with 
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Quartz
Baryte
Sheet ilicatess
Opal/chalcedony
Pyrite
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Chalcopyrite
Sphalerite
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Ag ulfosaltss
Ag, u, b, uA P C

elluridest
Bournonite
Tetrahedrite enn./T
Stibnite
Pb- b ulfosaltsS s
Cinnabar
Marcasite

MINERALS

STAGES

Fig. 5   Simplified paragenetic scheme of the Zlatá Baňa epithermal 
deposit with highlighted position of stibnite precipitation. The indi-
vidual stages, delineated in the diagram by vertical lines, are sepa-
rated by intermineralization tectonics. The line thickness corresponds 
to the mineral abundance in the veins, broken lines represent the 
occurrence of a mineral in multiple substages. After Ďuďa (1992), 
Chovan et al. (1994) and Lexa et al. (2002)
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quartz and chalcedony. At Nozger, cinnabar forms veinlets or 
occurs in cavities in quartz (Kaličiak and Ďuďa 1981; Ďuďa 
et al. 1981; Divinec et al. 1988; Ďuďa 1992).

Infrequently, stibnite also occurs in the base-metal veins 
in the central part of the ore field (in exploration drill holes 
and in the adits Gemerka, “3”, and Mária). It is intergrown 
with quartz and carbonates, overprinted on the earlier base-
metal and precious-metal mineral assemblages in veins and 
voluminous breccia zones (Fig. 4C). Locally in these veins, 
stibnite is associated with metastibnite and various Ag-Pb-
Sb sulfosalts (Kovalenker et al. 1988; Ďuďa 1992), but this 
stibnite represents an earlier stibnite generation. Accord-
ing to Lexa et al. (2002), there are two generations of stib-
nite, the earlier being associated with Ag-Pb-Sb sulfosalts 
(Fig. 5). Most of the stibnite at this deposit belongs to the 
later stibnite generation, including the Sb ± Au-Ag veins.

Minor stibnite mineralization of stockwork-disseminated 
type is present south of the central zone at the Hg deposit 
Dubník and the precious-opal deposit Červenica (Fig. 4A). 
At Dubník, aggregates of small stibnite crystals are associated 
with pyrite, quartz, and marcasite in a NE-SW zone, spatially 
separated from the Hg mineralization. At Červenica, tiny 
stibnite crystals occur in cavities and fissures accompanied 
by hyalite, marcasite, and pyrite (Kaličiak and Ďuďa 1981).

In the N margin of the system, the Sb ± Au-Ag veins are 
accompanied by silicification, pyritization, and argillic alter-
ation with smectite and minor kaolinite, while in S margin 
of the system wall-rock alteration is represented by illite/
illite-smectite and minor kaolinite (Lexa et al. 2002).

Methods

For the combined Sb and S isotopic analyses fifteen stib-
nite samples from various parts of the two ore fields have 
been collected from historical mining collections archived 
at the Department of Mineralogy, Petrology and Economic 
Geology (Comenius University, Bratislava) and the Geo-
logical Institute of D. Štúr (in Bratislava and Košice). All 
samples with stibnite contained stibnite as the only ore min-
eral accompanied by quartz or chalcedony, probably rep-
resentative of major stibnite crystallization events at both 
deposits. Additional samples for complementary sulfur iso-
tope analyses included two stibnite and two pyrite samples 
from recent exploration drill holes in Kremnica, and five 
sphalerite samples from the Zlatá Baňa historical collec-
tions. Pure sulfide samples were fragmented from centimeter 
thick veins, sieved, hand-picked and all the samples were 
examined with a binocular microscope to confirm mono-
mineral purity.

Stable sulfur isotopes were measured using an isotope 
ratio mass spectrometer (IRMS) MAT 253 coupled to an 
elemental analyzer Flash2000HT Plus via a continuous-flow 

interface ConFlo IV at the Slovak Academy of Sciences in 
Banská Bystrica (all Thermo Scientific). Separated samples 
of stibnite (150–400 µg) were powdered, mixed with about 
the same amount of V2O5, wrapped into tin capsules and 
combusted with oxygen in quartz tube filled with WO3 and 
electrolytic copper at 1000 °C. Yielded SO2 gas was puri-
fied on a packed GC-column (5 Å mol sieve at 90 °C) and 
introduced into the IRMS. Raw measurements were cali-
brated using two international reference materials IAEA-S2 
and IAEA-S3 with + 22.70 and − 32.30‰ Canyon Diablo 
Troilite (CDT), respectively. Precision of measurements is 
0.21‰, all the values are reported as per mil versus CDT. 
The obtained sulfur isotope data were complemented by an 
archived set of unpublished δ34SCDT data from both deposits, 
obtained in the years 1983 to 1986 at the D. Štúr Institute of 
Geology in Slovakia.

For Sb isotopic analyses, approximately 50 mg of each 
sample were dissolved in 15mL Teflon vials containing 4 mL 
of heated, ultra-pure aqua regia for more than 12 h. Com-
plete dissolution of the samples was visually confirmed. 
Samples were diluted greater than 100,000 times in a 0.5 M 
nitric acid solution with trace HF (0.01 M) so that the Sn 
stays in solution. Samples did not require ion exchange chro-
matography as shown by previous studies (Lobo et al. 2012, 
2014). We further checked this as reported in Zhai et al. 
(2021), where the processing of several samples with the 
chromatography yielded identical results for samples with-
out chromatography.

The Sb isotopic compositions for all samples were meas-
ured on a Thermo Scientific Neptune Plus MC-ICP-MS at 
the Washington State University. As means to develop in 
house Sb standards (QA/QC verification of the results), we 
continued to analyze a stibnite sample that was reported in 
Zhai et al. (2021), samples 19xkss-2, and a HPS (high purity 
standard). Each sample was measured 3 times during the ses-
sions and values fell within the reported value in Zhai et al. 
(2021). Solutions were measured in low resolution mode 
and in dry plasma and on peak background measurements 
were subtracted out of each measurement and the samples 
matched within 20% of the standard voltages. The back-
ground Sn and Sb isotope voltages were no greater than 3 
millivolts on each mass and total procedural blanks did not 
exceed this measured background. Mass bias was corrected 
using an internal standard of Sn with the exponential law and 
values were then corrected using standard-sample-standard 
bracketing. The data are repeated 2 times and measured 30 
ratios in each of these cycles. The standard deviation of the 
ratio measured is ~ 2 × 10−6, which is lower than the repeat 
analyses and that of the in-house stibnite and synthetic solu-
tion reported above.

Mass bias for Sb measurements was treated through 
doping with the NIST Sn isotope standard and using 
the exponential fractionation correction followed by 
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standard-sample-standard bracketing. Samples were diluted 
with a 70 ppb Sn (NIST 3136 A lot 140917) solution and 
standards for Sb (NIST 3102 A lot 140911 at 35 ppb) brack-
eted every two samples. Tin is an ideal element for mass bias 
correction as the ionization is similar to Sb and multiple 
studies have used Sn to correct for Sn mass bias. The data 
were corrected for mass bias with the use of 120Sn/116Sn and 
124Sn/116Sn ratios of the NIST 3136 A Sn standard. Both 
results give nearly identical values for the corrected samples 
with the 124Sn/116Sn values at ± 0.02‰, which is within the 
error of the measurements. Thus, the 124Sn/116Sn corrected 
values have been reported, and the corrected values with 
other Sn isotope values yield similar results. The analytical 
uncertainty for all samples is 0.02‰. The variations of the 
123Sb/121Sb ratios are presented in delta notation based on 
the following expression:

 The δ values are multiplied by 1000 and reported in ‰. The 
errors of the analyses are calculated in the most conserva-
tive manner. Repeats have 2σ errors at 0.025‰, which is 
identical to the variation of the standard throughout the run.

Results

All samples used in this work were hand specimens with 
abundant stibnite hosted by quartz or chalcedony (Fig. 6). 
The stibnite crystals show their typical acicular morphology. 

(1)�
123Sb =

(

( �123Sb∕�121Sb)sample

( �123Sb∕�121Sb)s tan dard
− 1

)

Stibnite aggregates are either radial (Fig. 6A and D) or com-
posed of individual, almost parallel crystals intergrown in 
the silica matrix (Fig. 6B and C). In the latter case, we inter-
pret these textures as contemporaneous deposition of fine-
grained silica and stibnite (or a precursor of stibnite).

The measured Sb and S isotopic composition is sum-
marized in Table 1 and graphically shown in Fig. 7. The 
δ123Sb values range from − 0.15 to + 1.28‰ in Kremnica 
and from + 0.12 to + 1.54‰ in Zlatá Baňa. The average 
value of + 0.36‰ in Kremnica is somewhat lower than 
+ 0.49‰ in Zlatá Baňa, although the latter average is influ-
enced particularly by the high δ123Sb value for the sample 
ZB−5 (Table 1).

Corresponding sulfur isotope analyses (δ34S) of stibnite 
range from + 0.04 to + 2.34‰ in Kremnica and − 3.88 to 
− 2.11‰ in Zlatá Baňa. These data were complemented by 
sulfur isotope analyses that are not accompanied by Sb iso-
tope data (in addition to the historical data). For Kremnica, 
they include two stibnite (+ 2.73 and + 2.84‰ δ34S) and 
two pyrite sulfur isotope compositions (–0.56 and + 0.82‰ 
δ34S). From Zlatá Baňa, six sphalerite samples provided the 
range from − 1.42 to + 0.55‰ δ34S.

Discussion

Models of behavior of antimony and sulfur isotopes

Both investigated isotopic systems show the same pattern of 
evolution in the δ123Sb versus δ34S space (Fig. 7). This pat-
tern, at least for the δ123Sb values, can be readily compared 

Fig. 6   Macrophotographs of 
representative hand specimens 
containing stibnite used in this 
research from the Kremnica 
(A = sample “Sb”, B = 663/S) 
and Zlatá Baňa (C = ZB−3, 
D = ZB−4) deposits
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to the recent studies of Zhai et al. (2021) and Kaufmann 
et al. (2023). These authors determined that within one min-
eralization stage, the δ123Sb values in an ore-forming system 
evolve in a monotonous fashion, increasing as the precipita-
tion of Sb minerals proceeds. Zhai et al. (2021) used this 
trend in the δ123Sb values to determine the direction of fluid 
flow. Kaufmann et al. (2023) found that this trend applies 
not only to stibnite as the dominant Sb mineral, but also 
to other Sb minerals, such as gudmundite, berthierite, anti-
mony, senarmontite, and kermesite. The limited data sets 
available suggest that such isotopic trends could be com-
mon, and we assume that they also apply in the case of the 
epithermal systems studied here.

Zhai et  al. (2021) roughly estimated the Sb iso-
tope fractionation factor between stibnite and fluid as 
αfluid−stibnite = 0.9994. No relation of this datum to tempera-
ture or Sb speciation in the fluid is known. The analysis of 
the data in Kaufmann et al. (2023), however, showed that 
this αfluid−stibnite value could be used as a rough proxy to 
explain the existing observations in natural assemblages 
of primary minerals. Kaufmann et  al. (2023) applied a 
simple Rayleigh fractionation model with the αfluid−stibnite 

value 0.9994 to show that all measured δ123Sb values can 
be reproduced.

Assuming that the gradual increase of the δ123Sb val-
ues corresponds to the precipitation progress in a hydro-
thermal system, a correlation with δ34S values can be dis-
cerned (Fig. 7). We emphasize again that the evolution 
of the δ123Sb values was inferred based on the previous 
studies. In the studied material, stibnite aggregates are 
dispersed in a quartz-chalcedony gangue and the relative 
temporal position of the individual stibnite samples with 
respect to each other cannot be determined. We assume 
that initially, the δ34S values increase by about 2‰ but 
they drop for the latest stibnite precipitate. The trend is 
similar for both investigated deposits even though the δ34S 
values in Kremnica are systematically higher than those 
in Zlatá Baňa.

The variations in both δ123Sb and δ34S values sug-
gest that the S pool in the fluid was not significantly 
larger than the Sb pool. If there was much more S than 
Sb, the fraction of removed S by stibnite precipitation 
would be too small to cause such significant changes in 
the δ34S values. An alternative explanation is that the 

Table 1   Measured δ123Sb and 
δ34S values of stibnite and 
complementary δ34S values of 
other sulfides from Kremnica 
and Zlatá Baňa

Sample ID Location Mineral δ34S δ123Sb

Kremnica
A1 Ferdinand adit, Krížna vein, IV. level, 2nd vein system stibnite + 2.01 + 0.63
A2 Ferdinand adit, 2nd vein system stibnite + 0.50 + 1.28
A4 Ferdinand adit, Krížna vein II. 12 m, 2nd vein system stibnite + 2.34 + 0.87
A3 Helena vein, 2nd vein system stibnite + 1.76 + 0.34
382/ 75 Šturec, 1st vein system stibnite + 0.89 + 0.43
A5 Šturec – Václav adit, 1st vein system stibnite + 1.27 −0.15
Sb Šturec, 1st vein system (Fig. 4a) stibnite + 1.62 + 0.09
383 / 74 Šturec, 1st vein system stibnite + 1.17 −0.04
663 / S Šturec – Václav adit (Fig. 4b) stibnite + 1.26 + 0.01
380/ 75 Šturec, 1st vein system stibnite + 0.04 + 0.10
UGA30-105.3 drill hole UGA30, Andrej adit, Šturec, 1st vein system stibnite + 2.73
UGA03-168.4 drill hole UGA03, Andrej adit, Šturec, 1st vein system stibnite + 2.84
UGA32-20.3 drill hole UGA32, Andrej adit, Šturec, 1st vein system pyrite + 0.82
UGA38-27.6 drill hole UGA38, Andrej adit, Šturec, 1st vein system pyrite –0.56
Zlatá Baňa
ZB-2 adit „3“, SL−1/127.0 m stibnite −2.93 + 0.21
ZB-3 adit „3“, SL−1/131.2 m (Fig. 4c) stibnite −2.77 + 0.27
ZB-5 adit „3“, SL−1/135.4 m stibnite −3.94 + 1.54
ZB 1 J adit Gemerka, SL−4, 15.5 m stibnite −2.11 + 0.35
ZB-4 Gašpar vein, sample from heap of the adit (Fig. 4d) stibnite −3.28 + 0.12
ZBS1 adit Gemerka, Sm−3/16.5 m sphalerite + 0.55
ZBS2 adit Gemerka, P−5/34.0 m sphalerite −0.94
ZBS3 adit „3“, SL−1/84.0 m sphalerite −1.16
ZBS4 adit Gemerka, SL−6/42.3 m sphalerite −0.75
ZBS5 drill hole ZBT−4B/11 129.1 m, central part sphalerite −1.42
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S pool in the form of H2S(aq) and HS– species was iso-
topically decoupled from the Sb(III) species, especially 
H2Sb2S4(aq) or its deprotonated forms (Bessinger and 
Apps 2005). The studied ores, however, are dominated by 
quartz, with small amounts of sulfides, suggesting that 
the concentration of sulfur in the fluids was not high. 
This hypothesis would favor the former possibility above. 
Namely, these fluids carried small amount of Sb species 
but also a small amount of S species other than the Sb-S 
aqueous species.

For the precipitation of stibnite from a hydrothermal fluid 
and associated isotopic changes, a Rayleigh model can be 
constructed. In such a model, the isotopic composition of the 
instantaneous product is

where δ is the isotopic composition of the instantaneous 
product, δ0 is the initial isotopic composition of the system, 
f is the fraction of the reactant removed from the system, 
and ε = α – 1. It is assumed that the instantaneous product 
is removed from the system and does not interact with the 

(2)� = f �(�0 + 1) − 1 + �

remaining fluid or the previously formed product. For the 
systems investigated here,

For this model, we assume Sb isotope fractionation factor 
αfluid−stibnite = 0.9994 (Zhai et al. 2021). The magnitude of S 
isotope fractionation between stibnite and H2S is Δstibnite−H2S 
= − 3.4 (at 200 °C) or − 5.4‰ (at 100 °C; Ohmoto and 
Rye 1979), translating to αstibnite−H2S = 0.9966 (at 200 °C) 
or αstibnite−H2S = 0.9946 (at 100 °C).

In our case, it is assumed that stibnite is the only precipi-
tating solid that harvests Sb and S from the fluid; no other 
sulfide or Sb phase precipitates. This assumption couples 
the Eqs. (3) and (4) because the fraction of removed Sb and 
that of removed S is given by the initial amount of Sb and S 
in the fluid and by the stoichiometry of stibnite (Sb2S3). In 
general, the ratio of the fractions removed is

where m_Sb2S3 is the number of moles of stibnite pre-
cipitated, mSb is the total Sb molality in the fluid, and mS is 
the total S molality in the fluid. For convenience, consider 
that 1 mol of stibnite precipitates. The Eq. (5) reduces to

It is also assumed that Sb is found in the (HxSb2S4)2−x 
species, for example in HSb2S4

–, and reduced sulfur either 
as HS– or H2S0. Under this assumption

and

An extreme scenario would be represented by a fluid 
where both Sb and S occur exclusively in the HSb2S4

– spe-
cies and any other aqueous species are effectively removed 
from the fluid. Precipitation of stibnite would proceed 
according to the reaction

Below, we present two examples as model cases of behav-
ior of antimony and sulfur isotopes at contrasting Sb/S ratio 
in the fluid:

The first example includes a fluid with the initial molality 
ratio mS/mSb near to 2.0. In such a fluid, antimony and sulfur 

(3)�
123Sb = fSb�_Sb(�

123Sb0 + 1) − 1 + �Sb

(4)�
34S = fS�_S (�

34Sb0 + 1) − 1 + �S
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Fig. 7   Isotopic composition of stibnite samples from Zlatá Baňa 
(orange), Kremnica 1st vein system (gray), and Kremnica 2nd vein 
system (blue). The blue and orange arrows show the assumed evolu-
tion of the Sb-S isotopic values. The green curves show the simulta-
neous Rayleigh fractionation of Sb and S isotopes upon stibnite pre-
cipitation according to the Eqs.  (3) and (4). They show the isotopic 
composition of the instantaneous product, i.e., stibnite. The curves 
are labeled by the molar ratios mS/mSb in the fluid (small red num-
bers). The starting fluid for the samples from Zlatá Baňa has the com-
position 0.6‰ δ123Sb and 0.4‰ δ34S, and the αstibnite−H2S factor was 
calculated for 150 °C. The very first stibnite crystal has composition 
of 0.0‰ δ123Sb and − 4.0‰ δ34S. Note that the starting composi-
tion can be arbitrarily chosen, resulting simply in the translation of 
the calculated (green) curves. For the Kremnica samples, the start-
ing point should be chosen with a higher δ34S than for the Zlatá Baňa 
samples
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occur mostly in the HSb2S4
– species with a small amount 

of other S species. The ratio of fraction of removed Sb to 
the fraction of removed S (ΔfSb / ΔfS) is 1.333. Under the 
assumption that HS– is continuously removed from the fluid, 
the molality ratio mS/mSb remains nearly constant.

In the second example, consider a fluid with initial mS/
mSb = 10, i.e., with tenfold more sulfur than antimony. Thus, 
a significant proportion of other S species than HSb2S4

– are 
present in such a fluid. The ratio of the fractions removed 
ΔfSb / ΔfS is 6.667. This value means that if precipitation of a 
certain amount of antimony removes 0.1% of sulfur from the 
fluid (ΔfS = 0.001), then this action removes 0.6667% of Sb 
from the fluid (ΔfSb = 0.006667). This model is graphically 
shown by green curves in the Fig. 7. The slope of the data 
points for the samples from Zlatá Baňa can be well described 
with a fluid with mS/mSb ~ 2. On the other hand, the data 
from Kremnica are better described by a fluid with more sul-
fur, with mS/mSb ~ 3–4. These two coupled Rayleigh mod-
els reproduce the rise of the δ34S values of stibnite that is 
concomitant with the gradual increase in the δ123Sb values. 
The numerical values of the mS/mSb from both localities are 
similar and show that the fluids did not possess a significant 
excess of sulfur with respect to antimony.

The sudden drop of the δ34S values at the end of stibnite 
precipitation must be explained by a different process. Min-
eralogical and textural evidence suggests that the late stages 
of stibnite precipitation were accompanied by pyrite/marca-
site and baryte (at Zlatá Baňa). The fractionation magnitude 
of the sulfides is Δpyrite−H2S = + 1.8 (at 200 °C) or + 2.9‰ 
(extrapolated to 100 °C; Ohmoto and Rye 1979). These val-
ues show that precipitation of pyrite or marcasite depletes 

the fluid in the heavier isotope (34S) and results in the drop 
of the δ34S values of the subsequently precipitated sulfide 
minerals. A similar effect with much larger fractionation 
is associated with the oxidation of sulfide to sulfate, with 
Δsulfate−H2S of + 29.5 (at 200 °C) or + 43.8‰ (extrapolated 
to 100 °C; Ohmoto and Rye 1979). It follows that a sub-
stantial precipitation of pyrite/marcasite or even a minor 
precipitation of baryte would have caused depletion of the 
heavy sulfur isotopes in the fluid, resulting in a progres-
sively lighter composition of subsequently formed pyrite/
marcasite and stibnite. This is consistent with the fact that 
the historical and recent δ34S values of pyrite/marcasite sam-
ples are quite variable, ranging from − 12.4 to + 5.0‰ δ34S 
(median + 2.0‰) in Kremnica and from − 3.0 to + 1.5‰ 
δ34S (median − 1.3‰) in Zlatá Baňa (Fig. 8). Furthermore, 
this is also in agreement with highly positive historical sulfur 
isotopic composition of sulfates from the north of the Krem-
nica vein system (gypsum + 17.0‰ and anhydrite + 23.9‰ 
δ34S) and from Zlatá Baňa (baryte + 22.1‰ δ34S) (Štohl 
et al. 1994). However, the temporal link of sulfates to the 
stibnite mineralisition is not clear, as sulfates/anhydrite in 
Kremnica can be related to weathering (Böhmer 1966) and 
baryte in Zlatá Baňa precipitated during two different stages 
(Ďuďa 1992; Chovan et al. 1994). 

Difference in sulfur isotope composition 
at both deposits

There is a difference between stibnite δ34S values from the 
two studied deposits, as Kremnica stibnite is about 4.4‰ 
heavier than the stibnite from Zlatá Baňa. Interestingly, a 

Fig. 8   Comparison of the 
sulfur isotopic composition 
(δ34S) of various sulfides and 
sulfates from the Kremnica 
and Zlatá Baňa deposits. Most 
of the data come from earlier 
studies published in Štohl et al. 
(1994) and archived at the 
D. Štúr Institute of Geology in 
Bratislava, Slovakia, but they 
also include new analyses from 
this work

0

5

10

n

Kremnica

0

5

10

n New
Historical

Sp
ha
ler
ite

Ch
alc
op
yr
ite

Py
rit
e
M
ar
ca
sit
e

Ga
len
a

St
ib
ni
te

Ar
se
no
py
rit
e

Gy
ps
um

Bo
ur
no
nit
e

Ba
ry
te

An
hy
dr
ite

SULFIDES SULFATES

0-5-10 5 10 15 20 25



	 Mineralium Deposita

similar δ34S difference is also observed in other sulfides from 
the two deposits, including the sulfides from earlier, higher-
temperature stages (Fig. 8). In Kremnica, nearly all sulfides 
(pyrite, sphalerite, galena, chalcopyrite, marcasite) show 
δ34S values between − 2.3 and + 5.0‰, (excluding two out-
liers), while in Zlatá Baňa various base-metal minerals show 
mostly negative values (δ34S of − 10.3 to + 1.5‰, excluding 
one outlier). Thus, the difference in stibnite δ34S values is 
probably related to the different isotopic composition of the 
parental hydrothermal fluids and not to specific conditions of 
stibnite precipitation at either of the studied deposits. Since 
the isotopic composition of sulfides from Kremnica veins 
are similar to those from epithermal veins in the neighbor-
ing Štiavnica stratovolcano (Štohl et al. 1994; Maťo et al. 
1996), sharing the same volcanic field, we assume that the 
systematic difference in sulfur isotopic composition could 
be related to the different magmatic-hydrothermal evolution 
of the Central and Eastern Slovak Volcanic Fields.

Most magmas that are feeding porphyry and epithermal 
systems have their total S isotope values between 0 and 
+ 5‰ (Hutchison et al. 2020). There could be several rea-
sons for variation in isotopic composition of calc-alkaline 
hydrothermal systems such as crustal assimilation, degassing 
processes, and a slab-influenced mantle source (McKibben 
et al. 1996; De Hoog et al. 2001; Field et al. 2005). Further-
more, S isotope fractionation that occurs due to magmatic 
degassing and sulfide segregation is strongly dependent on 
redox conditions and diminishes 34S concentration in the 
residual melt (Hutchison et al. 2019).

It is not clear, however, what caused the different compo-
sition of magmatic sulfur from both volcanic fields studied 
here. Such distinction is, however, beyond the scope of this 
study and does not affect the interpretations presented above. 
We only note that the Central Slovak Volcanic Field (host 
of the Kremnica deposit) contains much more and larger 
ore deposits than the Eastern one (host of the Zlatá Baňa 
deposit), thus future research on this observation could aid 
in better understanding of the regional metallogeny and 
lithospheric processes related to Neogene volcanism in the 
Western Carpathians.

Interpretation of Sb transport and stibnite 
precipitation

In hydrothermal fluids, the mobility of Sb depends on the 
temperature, pH, and sulfur fugacity. Experimental studies 
and thermodynamic modeling at various physicochemical 
conditions suggest that Sb is transported in hydrothermal flu-
ids as Sb(III) in HSb2S4

−, Sb2S4
2−, Sb(OH)3, Sb(OH)2Cl and 

SbCl2+ complexes (Zotov et al. 2003; Pokrovski et al. 2006; 
Obolensky et al. 2007; Olsen et al. 2018, 2019). According 
to the thermodynamic models of Obolensky et al. (2007) 
for temperatures 200–250 °C, the highest Sb-transporting 

capacity have hydrothermal fluids that are poor in reduced 
sulfur species and are either acidic (pH = 2–3) with high 
chlorinity or alkaline (pH = 7–8) with low-chlorinity.

In hydrothermal Sb deposits, stibnite is often abundant in 
late mineralization stages and generally precipitates from mod-
erately saline fluids (3.5–6.5 wt% NaCl equiv.) at low tempera-
ture (< 200 °C) (Wiliams-Jones and Normand 1997; Bailly 
et al. 2000). According to Koděra et al. (2014), the mineral-
izing fluids in Kremnica were of low salinity (< 2 wt% NaCl 
eq.) and predominantly of meteoric origin. These fluids expe-
rienced extensive boiling and gradual decrease in temperature 
along the system (~ 270 –140 °C) related to a N-S trending 
decrease in erosion level from ~ 500 to 50 m (Koděra et al. 
2014). Cryptocrystalline quartz from the veins with stibnite 
at Šturec has the highest δ18O values of vein quartz (+ 13.8 to 
+ 18.8‰) in the entire ore field, interpreted to originate above 
the boiling level of paleofluids at temperatures ~ 90–130 °C 
based on the oxygen isotope geothermometry. Furthermore, 
fluid inclusions microthermometry data from dolomite from 
the earlier quartz-carbonate sub-stage (5) of the Sb ± Hg, As 
stage provided homogenization temperatures in the range 
120–181 °C and similar values were also obtained from the 
oxygen isotope geothermometry of carbonates (Koděra et al. 
2014). In Zlatá Baňa, the base-metal mineralization formed at 
300 –200 °C, while the Au-Ag mineralization formed below 
200 °C (Štohl et al. 1994). According to Jeleň and Kovalenker 
(1995), the Sb ± Au-Ag mineralization crystallized here from 
fluids at 200 –150 °C.

As presented above, the stibnite mineralization at Krem-
nica and Zlatá Baňa deposits crystallized from a low-salinity 
fluid at temperature much below 200 °C. The low salinity is 
typical for low-sulfidation epithermal systems as their fluids 
have a significant proportion of meteoric water (e.g., Cooke 
and Simmons 2000; Sillitoe and Hedenquist 2003; Simmons 
et al. 2005), while the lower crystallization temperature is 
likely caused by a low total Sb concentration in the fluid. This 
results from the decreasing solubility of Sb with decreasing 
temperature, meaning that the fluids low in Sb can reach the 
supersaturation initially at the lower temperatures. Accord-
ing to the modeling results of this study on the behavior of 
Sb and S isotopes, the speciation of Sb in these fluids was 
dominated by the HSb2S4

– species with a variable amount of 
other S species.

Temperature decrease is considered as the main mechanism 
of stibnite precipitation, especially if Sb is mainly transported 
as a neutral hydroxy species (Williams-Jones and Normand 
1997; Zotov et al. 2003). For instance, stibnite crystallization 
at the Hishikari Au-Ag deposit has been attributed to the quick 
cooling of the hydrothermal system from ~ 200 °C down to 
~ 110 °C, based on fluid inclusion data in quartz and stibnite, 
respectively (Ueno et al. 2001; Shimizu 2018). However, a 
sharp decrease in pH could be also a principal cause of stibnite 
mineralization (Williams-Jones and Normand 1997; Simpson 
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et al. 2015), as suggested by the thermodynamic models of 
Obolensky et al. (2007). The combined effects of decreas-
ing pH and aH2S on stibnite solubility are illustrated by the 
reaction in the predominance field of H2S(aq), approximately 
below pH = 7 at 125 °C.

The consumption of H+ in the fluid could result in an 
increase in pH, while the excess of H2S could be subse-
quently used for the precipitation of late sulfidic minerals, 
such as pyrite/marcasite, as observed at both studied depos-
its (Figs. 3 and 5). The expected pH changes of the fluids are 
suggested by the common presence of kaolinite, originating 
from fluids with lower pH. This kaolinite is accompanied by 
clay minerals linked to higher pH fluids and even carbonates 
(in Kremnica).

The experimental data on stibnite solubility are supported 
by data from active geothermal fields in volcanic areas with 
a high geothermal gradient, which are generally recognized 
as modern analogues of epithermal systems. Wilson et al. 
(2007) have shown that both a pH change (acidification) 
and a temperature decrease are the principal causes of stib-
nite deposition in geothermal wells of two power stations in 
New Zealand. At Rotokawa, an acidic condensate injected 
into a well is probably responsible for the stibnite precipita-
tion, rather than the overall drop in temperature from 224 
to 151 °C. At Ngawha, temperature dropped to < 100 °C 
and over the same time period, an order of magnitude more 
stibnite was formed in heat exchangers in Ngawha than in 
Rotokawa. These observations confirm that the temperature 

(10)HSb
2
S
−
4
+ H

+ = Sb
2
S
3
+ H

2
S

change is a more efficient mechanism for stibnite precipita-
tion in the geothermal wells. Furthermore, antimony was not 
detected in vapor-line samples. That is in agreement with 
the assumption that Sb complexes are mostly transported 
through aqueous fluids.

At Kremnica and Zlatá Baňa, both mechanisms could 
have contributed to stibnite crystallization (Fig. 9). As 
stibnite precipitation occurred in final stages of hydro-
thermal activity, cooling of fluids was certainly an impor-
tant factor. The acidification of the fluids, however, could 
be also of importance if considering that the transport of 
Sb was facilitated predominantly by the HSb2S4

– species. 
The acidification of fluids is documented by the presence 
of illite-kaolinite ± smectite halos around the quartz veins, 
whereas kaolinite (as the product of acidic alteration) espe-
cially occurs in upper parts of both deposits (Böhmer 1966; 
Bačo in Lexa et al. 2002). The clay minerals in the halos are 
accompanied by pyrite and carbonates. According to Heden-
quist and Arribas (2022), such mineral assemblage indicates 
the involvement of a steam-heated CO2-rich condensate that 
is commonly present on the margins and at the end of the 
lifetime of epithermal systems. These solutions are related 
to CO2- and H2S-bearing vapors that originate from parental 
boiling liquid in the deep upflow. The gaseous components 
condense into meteoric water below the water table and react 
to carbonic-acid solutions with pH of 4–5:

The condensate typically forms a solution at several hun-
dreds of meters depth, with temperatures of ~ 120–170 °C 

(11)CO2 + H2O ↔ H2CO3 ↔ HCO−
3
+ H+

Steam-heated
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Fig. 9   Schematic model for the origin of stibnite-bearing veins in 
late stages and on margins of the low- to  intermediate-sulfidation 
systems. Efficient precipitation of stibnite is related to cooling of 
ascending hydrothermal  fluids, further enhanced by mixing with a 
mildly acidic CO2-rich condensate. The transport of Sb is predomi-
nantly in  HSb2S4

− species which are sensitive to cooling and acidi-
fication. Condensation of CO2- and H2S-bearing vapors is  related to 

the boiling of hydrothermal fluid in deep upflow zones in the major 
fluid conduits. The gaseous components condense into a heated mete-
oric water below the water table, with only a minor sulfate formation. 
In contrast, the  steam-heated zone above the water table is affected 
by acidic leaching due to the oxidation of H2S. The model was cre-
ated using the schemes in Sillitoe (2015) and Hedenquist and Arribas 
(2022)
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and devoid of electrolytes. It subsequently acts as a diluent 
of the ascending, electrolyte-richer liquids. Sulfate formation 
in the condensate is minor because of the low dissolved oxy-
gen content in meteoric water below the water table (Reyes 
1990; Simpson et al. 2001; Simmons et al. 2005; Hedenquist 
and Arribas 2022). Thus, the sufficiently cooled and near-
neutral late-stage Sb-bearing fluids could probably interact 
and mix with the steam-heated, mildly acidic, CO2-rich con-
densate (Fig. 9). The combination of the processes made the 
precipitation of stibnite more efficient than just simple fluid 
cooling, even if the fluid contained just sub-ppm concen-
trations of Sb (Simpson et al. 2015). This interpretation is 
also supported by the location of the stibnite-bearing veins 
mostly on the margins of both studied epithermal depos-
its where the presence of the CO2-rich condensates is most 
common in low- and intermediate sulfidation epithermal 
systems (Hedenquist and Arribas 2022).

The data available make the distinction between fractiona-
tion in an open or in a closed system only partially possible. 
Natural systems can be subject to fluid influx (magmatic fluid 
input, mixing with meteoric water, mixing with condensate) 
or fluid loss (e.g., by boiling). They can also behave almost 
as a closed system, as proposed recently by another Sb iso-
tope study on stibnite (Zhai et al. 2021). Continuous or pulsed 
input of magmatic fluids would likely lead to resetting of the 
isotopic signature of both Sb and S that is not observed. A con-
tinuous flow of magmatic fluids would be able to explain the 
observed isotopic trends if it is assumed that isotopic fractiona-
tion occurs in the fluid source, i.e., in the magma reservoir. 
Our work at the two deposits and works at additional deposits 
elsewhere (Zhai et al. 2021; Kaufmann et al. 2023) suggest 
that these isotopic changes are generated in the fluid reservoir 
in the hydrothermal veins, not in the source of the metals and 
sulfur. Boiling of the epithermal fluid should lead to a monoto-
nous shift towards lighter (in the gaseous phase) or heavier 
(in the liquid phase) isotopes. Initially, both δ34S and δ123Sb 
move indeed towards higher values (Fig. 7) and a contribution 
from boiling cannot be excluded. The model presented here, 
however, does not require additional fractionation from boil-
ing; the fractionation factors for mineral precipitation suffice to 
explain the isotopic trends. The sudden drop of δ34S values is 
most easily explained by precipitation of late pyrite, marcasite, 
or sulfates as discussed above. Dilution with meteoric water 
would lead to cooling and stibnite precipitation. Similarly, 
dilution with a steam-heated condensate fluid, typical for near-
surface portions of epithermal systems, would trigger stibnite 
precipitation by acidification of the fluids. Unless the meteoric 
fluid or the condensate would have brought significant Sb and 
S amounts into the system, such fluid mixing would be very 
difficult to identify from the data in the deposits studied here. 
The evidence gathered in this work speaks against a significant 
input of magmatic fluid influx or fluid loss via boiling. Fluid 
mixing with meteoric and/or condensate fluids is documented 

by other lines of evidence outlined above, even though it can-
not be identified from the isotopic data alone. Hence, the sys-
tem was probably open with respect to fluid mixing where 
the external fluids (meteoric, condensate) did not contribute 
much to the Sb and S budget. These fluids only triggered and 
sustained stibnite precipitation.

Conclusions

Antimony (δ123Sb) and sulfur (δ34S) isotope composition 
of stibnite in the Kremnica and Zlatá Baňa deposits helped 
to better understand the transport and precipitation of this 
mineral in low- to intermediate-sulfidation epithermal sys-
tems. The observed increase in the δ123Sb values of stibnite 
concomitant with the gradual increase in δ34S values corre-
sponds to the progressive precipitation of stibnite and sug-
gest that the S pool in the parental fluid was not significantly 
larger than the Sb pool. The process can be well reproduced 
by two coupled Rayleigh fractionation models, assuming 
that the fluids transported Sb species predominantly in the 
form of HSb2S4

– with a small and variable amount of other S 
species. According to the models, samples from Zlatá Baňa 
are related to a fluid with molar ratios mS/mSb ~ 2, while the 
samples from Kremnica correspond to a fluid with mS/mSb ~ 
3–4. The sudden decrease in the δ34S values at the heaviest 
δ123Sb values of stibnite can be explained by a substantial 
precipitation of pyrite/marcasite or a minor precipitation of 
baryte at the end of stibnite precipitation.

The parental fluids of stibnite-bearing veins were of 
low-salinity (< 2 wt% NaCl eq.) and of low temperature 
(< 150 °C). Temperature decrease is considered as the main 
mechanism of stibnite precipitation, along with acidification 
of the Sb-bearing hydrothermal fluid. These findings agree 
with observations from active geothermal fields. Acidifica-
tion is likely related to mixing with a mildly acidic fluid of 
a steam-heated CO2-rich condensate that is commonly pre-
sent on margins and at the end of the lifetime of epithermal 
systems. This explains the location and timing of stibnite-
bearing veins predominantly on the margins of both studied 
epithermal deposits.
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