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Abstract
This study presents and discusses first detailed petrographic, microthermometric and Raman spectroscopic data from quartz-
hosted fluid inclusions at Rudnik Zn-Pb-Cu-Ag skarn deposit (Serbia) and combines them with the information on skarn- 
and ore paragenesis. Three periods in the metamorphic-hydrothermal history of the deposit are recognized: 1) the pre-ore 
prograde skarn period when garnet-clinopyroxene skarns formed, 2) the syn-ore period that encompasses a retrograde 
stage marked by epidote and zoisite and a quartz-sulfide stage characterized by quartz, pyrrhotite, sphalerite, galena and 
chalcopyrite, and 3) the post-ore period associated with precipitation of calcite and quartz. The hydrothermal evolution is 
inferred from studying six groups of quartz-hosted fluid inclusions (FI). Two-phase FI of high- (Group A) and moderate 
salinity (Group B) are found in quartz cores and homogenized at 380–390 °C (mode) and 370–380 °C (mode), respectively. 
Group A FI consists of  H2O-NaCl liquids and  CO2-CH4 gas mixtures and likely represents the original fluid composition, 
whereas Group B FI records dilution of the original fluid at constant temperature, with a slight increase in  CH4 contents. 
The quartz cores also contain Group C as volatile-rich FI (mostly  CO2 with up to 10 mol%  CH4 and  H2S) of a moderately 
low salinity and liquid-rich Group D FI composed of pure water with homogenization temperatures of 180–200 °C (mode). 
The transitional zones of quartz crystals show overgrowth textures and host Group E FI with low salinity that homogenized 
at 235–401 °C, which vapour phase is a  CO2-CH4 mixture with up to 17 mol%  CH4. Group F comprises FI found within the 
rim zones of quartz crystals and they exhibit a low salinity and homogenization temperatures between 259–365 °C. Accord-
ingly, the hydrothermal history at Rudnik involved: a) mixing of different salinity fluids at high temperatures (Groups A 
and B—retrograde stage), b) introduction of fluids with high volatile contents (Group C) and cooling of fluids with constant 
salinity (between Groups E and F), which likely correspond to the quartz-sulfide stage, and c) inflow of meteoric water 
(Group D—the post-ore quartz-calcite stage).
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Introduction

Skarn deposits represent important sources of W, Sn, Cu, 
Mo, Fe, Zn, Pb, and may also host economically significant 
mineralization of Co, Au, Ag, Bi, Be, F, B, U, and REE (e.g. 
Einaudi et al. 1981; Meinert et al. 2005; Ahmed and Hariri 

2006; Chang et al. 2019). These deposits are closely related 
in time and space to granitoid magmatism of various ages 
across all continents (e.g. Meinert et al. 2003; Baker et al. 
2004; Chang et al. 2019). They are formed by the inter-
action between a host rock lithology and silicate melt in 
proximal skarns or hydrothermal fluids in distal skarns (e.g. 
Meinert et al. 2005). Proximal skarns exhibit a clear spatial 
relationship between their ore bodies and the parental intru-
sion, whereas in distal skarns this spatial relationship is only 
indirectly inferred. In both skarn types, hydrothermal fluids 
play a significant role in the extraction and transport of met-
als, therefore, the physicochemical properties of these fluids 
are important controlling factors for the deposition of base 
metal-bearing phases (e.g. Kwak 1986; Meinert et al. 2003). 
Typical high-grade skarns are mostly composed of garnet 
and pyroxene, both rich Fe, Mg, Al, and Mn, and form by 
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contact metamorphism of carbonate-rich host rocks. Lime-
stones and dolomites are the most common protoliths for 
skarns, although skarns are also known to occur in cherts, 
quartzites and igneous rocks (e.g. Atkinson and Einaudi 
1978; Shimazaki 1982; Vidal et al. 1990).

Over the past decades, researchers have focused on vari-
ous aspects of skarn genesis, such as geodynamic and geo-
chemical conditions of skarn and ore formation (e.g. Meinert 
et al. 2005; Schwinn et al. 2006; Xie et al. 2018; Chang et al. 
2019), understanding the zoning patterns in skarn minerals 
(e.g. Calagari and Hosseinzadeh 2006; Canet et al. 2011; 
Zucchi et al. 2023), or unravelling the evolution of ore-
forming fluids (e.g. Baker et al. 2004; Samson et al. 2008; 
Bodnar et al. 2014). Studies of fluid inclusions trapped in 
rock-forming minerals (e.g., quartz, garnet, calcite or epi-
dote) and sulfides (sphalerite) have particularly contributed 
to a better understanding of the formation of skarn deposits 
(e.g. Wilkinson 2001; Baker et al. 2004; Bodnar et al. 2014), 
revealing that these deposits form under variable pressure and 
temperature conditions from fluids that also vary in composi-
tion (e.g. Roedder 1984; Lattanzi 1991; Lu et al. 2003).

This study focuses on Rudnik polymetallic Zn-Pb-Cu-Ag 
skarn deposit located in the Serbo-Macedonian Metalloge-
netic Province (SMMP) in central Serbia, which is part of 
the regional Western Tethyan Metallogenetic Belt (Fig. 1a; 
Janković 1990). The deposit has been mined industrially 
since 1950 and represents an important regional source of 
metals with to date production of ~ 13 million of metric tons 
of polymetallic ore (Popović and Umeljić 2015). The average 
contents of metals in skarn ore in Rudnik ranges widely for Pb 
(0.94–5.66 wt%), Zn (0.49–4.49 wt%), Cu (0.08–2.18 wt%), 
and Ag (50–297 µg/g) (Stojanović et al. 2018). Despite the 
significant geological data obtained through half a century of 
industrial exploration, there are to date just a few detailed sci-
entific studies about the Rudnik deposit (e.g. Cvetković et al. 
2016a; Stojanović et al. 2018; Kostić et al. 2021). The exist-
ence of only preliminary studies on fluid inclusions (Blečić 
1974; Tošović 2000), significantly hinders more advanced 
genetic considerations on the origin of this deposit. In this 
study, we use microthermometry and Raman spectroscopy on 
fluid inclusions in rock and ore-related hydrothermal quartz in 
order to characterize the fluids associated with the ore forma-
tion. By combining these data with the information on skarn- 
and ore petrography we try to better constrain the temporal 
context of hydrothermal evolution and clarify physiochemical 
conditions during the ore formation.

Geological setting

Ore deposits in Serbia belong to the regional Western Teth-
yan Metallogenetic Belt, or the Alpine-Balkan-Carpathian- 
Dinaride metallogenic and geodynamic province, which is 

part of the Alpine-Himalayan orogenic system that extends 
from Western Europe to Southeast Asia (Janković 1990; 
Heinrich and Neubauer 2002). The geodynamic evolu-
tion of the Western Tethyan Metallogenetic Belt broadly 
occurred from the Late Jurassic to the Late Cretaceous (e.g. 
Ustaszewski et al. 2010; Gallhofer et al. 2015; Cvetković 
et  al. 2016b) and involved the formation of numerous 
and significant mineral deposits in SE Europe (Melcher 
and Reichl 2016). Metallic mineral deposits in Serbia 
are present in four regional metallogenic units (Fig. 1a): 
the Dinaridic metallogenic province (DMP), the Serbo- 
Macedonian metallogenic province (SMMP), the Carpatho- 
Balkan metallogenic province (CBMP), and the Dacian 
metallogenic province (DcMP); they are subdivided into 
several metallogenic zones, ore districts and ore fields  
(Jelenković 2014).

The Rudnik ore deposit is located in the central part of 
the SMMP known as the Šumadija metallogenetic zone. The 
SMMP ore deposits are spatially and temporally associated 
with Oligocene and Miocene magmatism (e.g. Palinkaš et al. 
2013; Šoštarić et al. 2013; Cvetković et al. 2016a; Hoerler 
et al. 2022) that occurred during the transition from colli-
sion to post-orogenic extension (late Eocene-early Miocene), 
roughly between 35 and 20 Ma, pre-dating widespread Mio-
cene extension-related magmatism in the Pannonian Basin 
(Seghedi et al. 2004; Richards 2015). These Cenozoic mag-
matic rocks intrude or overlie the basement composed of 
Mesozoic ophiolites and flysch sediments of the Vardar 
zone, metamorphic crystalline of the European derived units 
and limestones of the Adria derived units (Janković, 1990; 
Heinrich and Neubauer 2002).

The SMMP comprises numerous hydrothermal vein-, 
skarn-, carbonate replacement-, locally porphyry-type 
ore deposits in Serbia, with a predominant Pb, Zn, Sb, Bi, 
Ag, and As metals, and the subordinate occurrence of Cu, 
Au and Mo. The Šumadija metallogenetic zone is consid-
ered as a Pb–Zn-Ag dominant region of the entire SMMP 
(Jelenković et al. 2008).

Geology of the Rudnik deposit

On the map (Fig. 1b), the Rudnik volcano-intrusive complex 
is an NNW-SSE elongated area, consisting mainly of two 
large masses of volcanic and shallow intrusive facies and a 
skarn deposit located between them (Cvetković et al. 2016a). 
The basement of the volcano-intrusive complex consists of 
Cretaceous (Barremian-Aptian and Turonian-Senonian) 
flysch sediments, whereas farther from the deposit, similar 
volcanic rocks are spatially associated with Oligocene and 
Miocene sediments (Filipović et al. 1978).

The local geology of the Rudnik deposit includes Juras-
sic ultramafic rocks overthrust by Upper Cretaceous fly-
sch sediments; both are crosscut and/or overlain by acid to 
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intermediate Oligocene and Miocene intrusive and volcanic 
rocks (Fig. 1c, d; Djoković 2013).

The ultramafic rocks are part of an ophiolite mélange and 
are only identified by drilling. These rocks are hydrother-
mally strongly altered to talc, while partially fresh rocks are 
present only in the shallower zones of the deposit; they are 
composed of harzburgites that exhibit typical deformation 

features of residual mantle harzburgites (Petrović and 
Batoćanin 2019).

The Upper Cretaceous flysch sediments consist of silici-
clastic, limestone, sandy-carbonate, and clay-carbonate 
concordant units; all units are contact metamorphosed but 
with recognizable protoliths. The oldest is the siliciclastic 
unit, which predominantly consists of conglomerate and 

Fig. 1  a Metallogenetic provinces of southeastern Europe: DMP-
Dinaridic, SMMP-Serbo-Macedonian, CBMP-Carpatho-Balkan 
DcMP-Dacian, modified after Dimitrijević (2000) and Melcher and 
Reichl (2016). b Simplified geological map of the wider area of the 

Rudnik deposit, modified after Filipović et  al. (1978) and Cvetković 
et al. (2016b). c, d Geological map and profile of the Rudnik deposit 
with sample locations modified after Djoković (2013)
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sandstone sequences with sporadic intercalations of carbon-
ate breccias and limestone lens-like bodies. The conglom-
erates have poorly sorted quartz clasts and a sandy matrix, 
while the sandstones are characterized by horizontal lamina-
tion. The overlying limestone unit extends from SE to NW 
of the deposit, and it hosts the majority of ore bodies in 
the deposit. It comprises individual olistolithic limestone 
blocks cemented by a heterogeneous matrix (limestone 
clastites, marl and fine-grained volcaniclastics). The lime-
stone blocks are crumpled, fractured, without visible layer-
ing and elements characteristic of other Upper Cretaceous 
flysch units. The overlying sandy-carbonate unit comprises 
sandstones and microconglomerates, as well as marly lime-
stones and siltstones. The clastic rocks are thin-bedded and 
poorly graded, while the marly limestones occur as lenticular 
or thick-banked bodies up to hundreds of metres in length 
between them. In the NE of the deposit, this unit is in tec-
tonic contact with the uppermost clay-carbonate unit, con-
sisting of siltstones and sandstones that alternate rhythmi-
cally with thinly layered greyish limestone.

The Upper Cretaceous flysch sediments described above 
are intruded and/or overlain by Cenozoic volcano-intrusive 
rocks that formed during two magmatic phases. The Oligo-
cene phase (~ 30 Ma) is represented by extrusive and shal-
low intrusive dacites and andesites, whereas the Miocene 
(~ 23 Ma) phase produced a wide range of volcanogenic 
and intrusive facies of quartz-latite composition; the latter 
phase is interpreted as petrogenetically linked to the Rud-
nik deposit (Cvetković et al. 2016a). The Miocene extrusive 
facies are present in the NW and SW parts of the magmatic 
complex, whereas their shallow intrusive facies in the form 
of up to a few tens of meters thick dykes and sill-like bod-
ies as well as diatreme magmatic-hydrothermal breccias 
occur in the central area, i.e., where the Rudnik deposit is 
located. The diatreme facies appear as polymict breccias 
composed of fragments of Upper Cretaceous sedimentary 
rocks, quartz-latite, metamorphic rocks, and rare ultramafic 
rocks enclosed by matrix made up of commonly silicified, 
clay-marl and/or carbonate material.

The contact metamorphic rocks occupy an area 
of ~ 3  km2 located in-between the two major extrusive bod-
ies of Miocene quartz-latite. It hosts all the shallow intru-
sives of the Rudnik complex as well as all the ore bodies 
discovered so far. (Fig. 1c). The contact metamorphism 
was induced by heat and fluids from an inferred grani-
toid body intruded at the base of the deposit (Djoković 
2013; Cvetković et al. 2016a). The contact metamorphic 
rocks encompass skarn, metasandstone, metamudstone, 
skarnoids and hornfels, all of which originate from the 
Upper Cretaceous flysch sediments protoliths. Accord-
ingly, the sandstone and marly-clayey members of the 
flysch sediments were metamorphosed into metasand-
stone, metamudstone, and hornfels, and the limestones 

were metamorphosed into skarns and skarnoids. Due to a 
distinctive lithological heterogeneity of the Upper Creta-
ceous flysch protolith, systematic change in metamorphic 
mineral assemblages is merely absent, hence only a gen-
eral pattern in distribution of contact metamorphic facies 
exists. Epidote-zoisite skarn predominates in metamor-
phosed carbonates that host primary sulfide mineraliza-
tion, while garnet-pyroxene skarn occurs in deeper parts 
of the deposit as the result of contact metamorphism of 
siliciclastic rocks. The skarns are classified as Ca skarns, 
among which epidote-zoisite and garnet-pyroxene skarns 
predominate (Milovanović 2009). Djoković (2013) argues 
that skarns with dark colored garnet and light colored 
pyroxene are present in the deeper zones, whereas those 
having light colored garnet and dark colored pyroxene 
are more prevalent in shallower zones of the deposit. In 
general, garnets from Rudnik skarns range in composi-
tion from grossular to andradite and their pyroxene cor-
responds to diopside (Kostić et al. 2021). Epidotite, mar-
ble and garnetite are sporadically present as products of 
contact metamorphosed sandy and marly clay members of 
Upper Cretaceous flysch series.

Most polymetallic Zn-Pb-Cu-Ag ore bodies in Rudnik 
are located along the contact between larger quartz-latite 
dykes and metamorphosed Upper Cretaceous flysch sedi-
ments. The ore is prevailingly hosted in epidote-zoisite 
skarns in a relatively shallow zone up to 300 m from the 
ground surface, usually in the form of pseudo-layers, 
nests, veins and lenses (Popović and Umeljić 2015). More 
rarely, the ore bodies are found in diatreme breccias, where 
they have a more irregular geometry, usually as cone-
shaped forms that extend upwards over a vertical interval 
of ~ 100 m. The sulfide mineralization is predominantly 
associated with quartz and calcite, and commonly appears 
in form of stockworks and impregnations, more rarely as 
massive ore precipitated within the carbonate cement. The 
size of the ore bodies usually varies from 30–150 thousand 
tons to the biggest ones that amount to 300–900 a thousand 
tons of ore. Pyrrhotite is the most abundant sulfide mineral 
in the deposit and is accompanied by other ore-minerals: 
sphalerite, galena, chalcopyrite, gangue arsenopyrite, and 
pyrite (Stojanović et al. 2016).

Sampling and methods

Sampling and thick section preparation

A total of 30 samples are collected, out of which 14 rep-
resentative samples are selected for further fluid inclusion 
study and paragenetic analysis. Samples for the fluid inclu-
sion study are collected from the underground exposures 
of Azna (ore bodies AZ and Z) and surface outcrops of 
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Prljuša ore zones in the northwestern part of the Rudnik 
deposit (Fig. 1c, d); at both localities, quartz is common 
and in association with rock and ore forming minerals. 
The fluid inclusion study is performed on four selected 
representative quartz samples (labelled PR, A1, A2 and 
AZ) associated with macroscopically visible mineraliza-
tion. The paragenetic relationships between rock- and ore-
forming minerals are studied in selected samples taken from 
underground exposures in different areas and units of the 
deposit (Fig. 1c). A list of all representative samples with 
their sampling locations is provided in the Appendix 1. Fluid 
inclusions are studied from ~ 150 µm thick double-polished 
sections prepared at the University of Belgrade, Faculty of 
Mining and Geology.

Petrography and SEM–EDS study

Rock and ore-forming minerals petrography was performed 
at the University of Belgrade, Faculty of Mining and Geol-
ogy, using Olympus BX51 and Zeiss Axio Imager 2 micro-
scopes for transmitted and reflected light microscopy, 
respectively. The rock samples underwent analysis using a 
scanning electron microscope (SEM, JSM–6610LV, JEOL 
Inc., Tokyo, Japan) at 20 kV at the Laboratory for SEM, 
Faculty of Mining and Geology, University of Belgrade. 
Mineral associations were determined by analyzing their 
composition through energy-dispersive X-ray spectrometry 
(EDS, Xplore 30 by Oxford Instruments, UK), employing 
internal standards with a detection limit of ~ 0.1 wt%. Addi-
tionally, homogeneity and potential zoning were analyzed 
using backscattered electron (BSE) micrographs provided 
in the Appendix 2.

Petrography and microthermometry of fluid 
inclusions

These investigations are conducted at the Department of 
Applied Geosciences and Geophysics, Chair of Resource 
Mineralogy at the Montanuniversity of Leoben (Austria) and 
at the Fluid inclusion Laboratory at the Faculty of Mining and 
Geology of the University of Belgrade (Serbia). In Leoben, 
the fluid inclusions are analysed using a Linkam MDS 600 
heating-freezing stage mounted on an Olympus BX 60 optical 
microscope. Calibration is carried out using synthetic fluid 
inclusions with three invariant temperatures: the melting point 
of  CO2 at − 56.6 °C, the melting of  H2O ice at 0.0 °C, and the 
critical homogenization temperature of water at 374.0 °C. The 
instrument resolution is 0.1 °C, and the standard deviation in 
each measurement is ± 0.2 °C in the range of -150 to + 100 °C. 
Petrographic study was carried out at the University of 

Belgrade, Faculty of Mining and Geology, using an Olympus 
BX51 transmitted-light microscope.

Raman spectroscopy

Raman spectroscopy has been used to identify fluid, solid and 
gases phases in defined petrography fluid inclusions types. A 
LabRAM HR Evolution confocal Raman spectrometer (HOR-
IBA, Jobin Yvon GmbH) equipped with an OLYMPUS light 
microscope is used to record the Raman spectra. The emission 
line of a HeNe laser (632.817 nm, 17 mW) and an air cooled 
frequency doubled Nd:YAG laser (532.06 nm, 100 mW) are 
used for excitation. The remaining power of the Nd:YAG 
laser at the sample after passing the optics of the Raman spec-
trometer is about 1 to 1.5 mW. The single stage spectrom-
eter is an 800 mm focal length Czerny-Turner type spectro-
graph, equipped with 1800 gr/mm and 600 gr/mm (gratings), 
an Edge filter, and a multichannel air cooled (-70 °C) CCD 
detector (1024 × 256 pixels, open electrode front illuminated 
chip). The spectral resolution is 0.30 to 0.19  cm−1 per pixel 
at a Raman shift of 100 to 3500  cm−1, respectively, with a 
1800 gr/mm and 633 nm laser. Spatial resolution is downsized 
to a minimum of 2 µm in the confocal mode with an Olympus 
100 × objective (plan achromatic, n.a. 0.7). The wavenumbers 
are calibrated with the Rayleigh scattering (0  cm−1), and a 
silicon wafer (520.7  cm−1). In addition, the presence of spe-
cific salt-hydrates and the detection of eutectic melting behav-
iour are analysed with cryo-Raman spectroscopy, by attach-
ing a Linkam TMS94 heating-freezing stage (Bakker 2004;  
Baumgartner and Bakker 2010).

Fluids properties computer programs

Salinity, molar volume (density), and pressure of homogeniza-
tion are calculated using AqSo-NaCl software (Bakker 2018, 
2019). The software LonerB and LonerAP (Bakker 2012) are 
used to perform calculations of densities and liquid–vapour 
equilibria.

Results

Mineral paragenesis of skarn and sulfide 
mineralization

The selected skarn samples mostly correspond to epidote- 
zoisite and garnet-clinopyroxene skarns (Fig.  2a, b), 
which are composed of epidote, coisite, quartz, calcite 
and actinolite (low-temperature or retrograde skarns) as 
well as of garnet, quartz, calcite and clinopyroxene (high- 
temperature or prograde skarns). It is noteworthy that 
the low-temperature hydrous skarn minerals are usually 
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spatially associated with sulfide minerals and are some-
times found overprinting high-temperature anhydrous 
minerals of high-temperature prograde skarns. The sulfide 
minerals are mainly composed of pyrrhotite, sphalerite, 
galena, chalcopyrite, pyrite and arsenopyrite, among 
which pyrrhotite is most abundant in massive, vein or 
disseminated sulfide mineralization. Polymineral sulfide 
aggregate is often intergrown with quartz and cemented 
by quartz-calcite mineral association (Fig. 2c, d). The 
mineral parageneses are illustrated in Fig. 5, while the 
chemical composition of the main mineral phases is given 
in Appendix 2.

Prograde skarn

Garnet is most abundant in the high-temperature skarn 
paragenesis, often making up over 50 vol% of the rock. 
It forms small, dark-brownish hypidiomorphic grains 
(< 0.1 mm) arranged as larger porphyroblasts sometimes 
reaching > 2 mm in diameter (Fig. 3a, b). The largest, well-
developed garnet crystals often show anisotropy and zonal 
structure (Fig. 3c), with a prevailing andraditic composition 
and minimal presence of the grossular component. 

Fine-grained aggregates of calcite and quartz occur in cracks 
or appear as irregularly shaped or a few mm long elongated 
interstices between garnet crystals (Fig.  3c). The least 
abundant mineral in the prograde skarn is clinopyroxene 
augite, which occurs in tiny idiomorphic crystals (< 0.1 mm) 
spatially associated with garnets (Fig. 3b). Ore minerals, 
usually arsenopyrite, rarely comprise more than 5 vol% and 
are found inside finely recrystallized calcite in-between 
garnet crystals, and in calcite (Fig. 3a).

Retrograde skarn

Epidote and zoisite are the most abundant minerals in 
low-temperature skarn. They often form intergrowths and 
together amount up to 60 vol% with the prevalence of epi-
dote that sometimes reaches 90 vol%. (Fig. 3d). Epidote 
most commonly occurs in tiny isometric crystals (< 0.5 mm 
in diameter) and as elongate radial crystals (> 0.5 mm in 
length, Fig. 3d). Zoisite has idiomorphic crystals over 1 mm 
in length, which sometimes build nests or irregularly shaped 
aggregates in association with sulfide minerals (Fig. 3e). 
Actinolite is usually found in retrograde skarn and rarely in 
prograde skarn. It forms tiny (< 0.2 mm in length) fibrous 

Fig. 2  Representative hand specimens of the main rock types of the 
Rudnik deposit. a Prograde skarn with garnet (grossular-andradite) 
and clinopyroxene (augite). b Mineralized (polymineral aggregate of 
pyrrhotite, chalcopyrite, sphalerite and galena) epidote-rich skarn c, d 

Ore sample with pyrrhotite, arsenopyrite, chalcopyrite, sphalerite and 
galena intergrown with quartz. Abbreviations  (Whitney and Evans 
2010): Apy-arsenopyrite, Cal-calcite, Ccp-chalcopyrite, Ep-epidote, 
Grt-garnet, Gn-galena, Po-pyrrhotite, Qz-quartz, Sp-sphalerite
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Fig. 3  Photomicrographs (a-f: transmitted-light) of rock-forming min-
erals from the Rudnik deposit. a High-temperature prograde paragen-
esis (garnet and clinopyroxene) partially replaced by low-temperature 
retrograde paragenesis (epidote, calcite, quartz) and sulfide miner-
als (arsenopyrite). b Garnet with clinopyroxene in prograde skarn. c 
Quartz and microcrystalline calcite filling cracks within zoned gar-

net in prograde skarn. d Epidote pinnate radial crystals in retrograde 
skarn. e Epidote-zoisite intergrowths in retrograde skarn partially 
replaced by sulfide minerals (s.m.). f Quartz vein with actinolite  
and pyrrhotite in prograde skarn. Abbreviations: Act-actinolite, Apy- 
arsenopyrite, Cal-calcite, Cpx-clinopyroxene, Ep-epidote, Grt-garnet, 
Po-pyrrhotite, Qz-quartz, s.m.-sulfide minerals, Zo- zoisite
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crystals that are unevenly distributed in the rock (Fig. 3f). 
Quartz occurs in small hypidiomorphic (< 1 mm in diam-
eter) or idiomorphic crystals (> 2 mm in diameter) that 
packed with calcite forming a mosaic (Fig. 3f). Calcite is 
predominantly fine-grained calcite (< 0.5 mm) and always 
accompanies ore minerals, whereas coarse-grained calcite 
crystals are subordinate.

Quartz‑sulfide association

The quartz-sulfide mineral association is relatively evenly pre-
sent in epidote-zoisite skarn and may approach to 30 vol% 
of rock or forms a massive ore mineralization (Fig. 2b, c, d). 
Arsenopyrite and pyrite form veins that crosscut the older 
rock-forming minerals and are cemented by younger pyrrho-
tite, sphalerite, galena or chalcopyrite (Fig. 4a, b). Pyrrhotite 
is the most common sulfide mineral, comprising over 50 vol% 
of the total sulfides, and it exhibits intergrowths with galena, 
sphalerite, and chalcopyrite in major polymineralic ore-sulfide 
aggregates (Fig. 4c, d). In the polymineralic aggregates, 
sphalerite and galena are evenly present (10–40 vol%), while 
chalcopyrite is subordinate (10–20 vol%) and occurs also as 
lamellae and point exsolutions within sphalerite (Fig. 4c). 
Quartz frequently forms intergrowths with all sulfide miner-
als (Fig. 4c, d), and also appears as white-colored crystals 
0.2–10 mm in length or within quartz veins. In these veins, 
one often encounters subparallel arrays of euhedral quartz 
crystals, reaching up to 5 cm in length and forming distinctive 
comb patterns (Fig. 2d).

Quartz‑calcite association

The quartz-calcite association is most commonly present in 
the form of accumulations that cement previously formed 
sulfide mineralization. Quartz is pale yellow to colorless, 
rarely forming macroscopically visible crystal forms, and 
is intergrown with calcite and cements previously formed 
sulfide minerals (Fig. 2d). Calcite is predominantly fine-
grained (< 0.5 mm) and is mosaically ’packed’ with quartz 
within veins that often crosscut epidote-zoisite skarn 
(Fig. 4e, f).

Petrography of the quartz samples and fluid inclusions

Quartz is present in all periods of the deposit (Fig. 5). In sam-
ple PR, quartz occurs in well-developed prismatic crystals that 
precipitated in the voids between skarnized fragments in brec-
cias. Individual quartz crystals are up to 10 cm in length, with 
macroscopically visible growth zones (Fig. 6a, e, f). Sample 
A2 has smaller quartz crystals (< 1 cm) within massive ore 
mineralization, whereas in sample A1, quartz crystals are 
anhedral and fill the open space in-between ore mineralization 

(Fig. 6b, c). Sample AZ contains idiomorphic quartz crystals 
up to 2 cm in diameter that occur between massive aggregates 
of ore minerals (Fig. 6d).

Fluid inclusion assemblages in sample PR occur within 
three different crystal growth zones (Fig. 7). The core zone 
contains four types of fluid inclusions: 1) type PRa—up to 
50 μm in diameter, semi-irregularly shaped fluid inclusions 
that compose small groups of usually two to three inclu-
sions with the volume fraction of the vapour phase vary-
ing 20–30 vol%. 2) type PRb—fluid inclusions in trails that 
reflect partly healed cracks and internal growth zones; they 
are up to 20 μm in size and have a regular or, locally, neg-
ative-crystal shape and their volume fraction of the vapour 
phase varies 50–60 vol%. 3) type PRc—regular or, locally, 
negative-crystal shaped fluid inclusions, up to 10 μm in 
size that are extremely rich in vapour phase amounting to 
90 vol%; only a few inclusions of this type are observed 
in the crystal core. 4) type PRd—elongated to irregularly 
shaped fluid inclusions that occur in trails (healed cracks) 
usually in the crystal core; they are up to 50 μm in length, 
liquid-rich or totally liquid. Transition crystal zone contains 
abundant fluid inclusions of type PRe; they have irregular 
shapes often elongated exhibiting an orientation perpendicu-
lar to the crystal growth direction; these fluid inclusions 
range 50–300 µm in length and their volume fraction of 
the vapour phase varies between 10 vol% and 20 vol%. The 
crystal rim contains traces of growth zones with PRf type of 
fluid inclusions; they are regularly shaped with an average 
length of 30 µm, and the volume fraction of the vapour phase 
varies 20–30 vol%.

Similar to sample PR, in sample A1, three growth zones 
of quartz crystals are visible (Fig. 7). The core zone contain 
three types of fluid inclusion assemblages: 1) type A1a—
large (> 100 µm) irregularly shaped fluid inclusions that 
occur in clusters; they also contain a solid phase and the 
volume fraction of the vapour phase varies between 10 and 
30 vol%. 2) type A1b—trails of regularly- and negative-crystal  
shaped inclusions that are up to 20 μm in diameter and  
which volume fraction of the vapour phase varies between 
40 vol% and 50 vol%. 3) type A1c—trails (healed cracks) 
of elongated to irregularly shaped fluid inclusions, locally 
all-liquid and up to 20 μm in length with the volume frac-
tion of the vapour phase varying 5–10 vol%. The transi-
tional zone contains many irregular, uniformly shaped fluid 
inclusions of type A1d; their sizes vary between 10 μm and 
250 μm, whereas their relative abundances of vapour phase 
range 40–50 vol% and are similar to those shown by type 
A1b inclusion. The crystal rim has trails of type A1e fluid 
inclusions located along crystal growth zones; these fluid 
inclusions range in size 1–10 μm and their shapes are semi-
regular, whereas the volume fraction of the vapour phase 
varies between 20 and 30 vol%.
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Fig. 4  Photomicrographs (a-d: reflected-light, e–f: transmitted-light) 
of ore-forming and rock-forming minerals from the Rudnik deposit. 
a Arsenopyrite vein cemented with sphalerite and chalcopyrite. b 
Arsenopyrite-pyrite vein cemented with sphalerite and galena. c, d 
Intergrowth of quartz and polymineral aggregate of pyrrhotite, galena, 

sphalerite, and chalcopyrite. e Quartz-calcite mosaically  ’packed’ 
vein in retrograde skarn. f Quartz-calcite intergrown. Abbreviations: 
Act-actinolite, Apy-arsenopyrite, Cal-calcite, Ccp-chalcopyrite, Ep- 
epidote, Gn-galena, Po-pyrrhotite, Py-pyrite, Qz-quartz, Sp-sphalerite
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In contrast to samples PR and A1, sample A2 hosts 
mainly healed fractures that crosscut grain boundaries with-
out visible crystal growth zones (Fig. 7). We distinguish four 
types of fluid inclusions assemblages in this sample: 1) type 
A2a—fluid inclusions that appear in clusters; they are irreg-
ularly shaped and of variable size (10–50 μm); the liquid 
phase is more abundant than the vapour phase (20–30 vol%) 
and locally these inclusions may contain a solid phase as 
well. 2) type A2b—numerous regularly shaped fluid inclu-
sions appearing in trails; they are 10–40 μm in length, 
while the volume fraction of the vapour phase varies 
between 30–40 vol. %; they may also contain a solid phase. 
3) type A2c—vapour-rich fluid inclusions (vapour phase 
80–90 vol%), regularly or negative crystal-shaped, and of 
small size (< 15 μm); these fluid inclusions occur together 
with type A2b in the same trails. 4) type A2d—liquid-rich 
to all-liquid fluid inclusions of irregular shape and size up 
to 10 μm in length; they occur in a few small clusters.

In sample AZ the zonal growth of quartz crystals is not vis-
ible, similarly to sample A2 (Fig. 7). We recognize three types 
of fluid inclusion assemblages: 1) type AZa—irregularly  
shaped fluid inclusions of different sizes (10–100 µm); they 
most often occur in clusters of several inclusions and sub-
ordinately as isolated inclusions; their volume fraction of 
the vapour phase varies 30–50 vol% and usually contain a 
solid phase; these inclusions are similar to those of type PRa 
and type A1a. 2) type AZb—numerous fluid inclusions that 
have regular and negative crystal shapes and are distributed 
along parallel trails; their size varies 10–40 μm, while the 
volume fraction of the vapour phase is most often ~ 50 vol%; 

sometimes they contain visible solid phases. 3) Type AZc—
negative-crystal-  or regularly shaped fluid inclusions rich 
in the vapour phase (> 90 vol. %); these fluid inclusions are 
small (< 10 μm) and are located in trails. The petrographic 
singled-out fluid inclusion types and similarities in occur-
rences (see the preceding paragraphs) result in the defini-
tion of six groups within all samples: A, B, C, D, E, and F 
(Table 1).

Raman spectroscopy of fluid inclusions

Compositional fluid and gas properties determined by 
Raman spectroscopy strengthen the selected division of 
fluid inclusion types in groups A, B, C, D, E and F (Table 1, 
Fig. 8). A complete set of Raman spectra of individual inclu-
sion types from each sample is provided in the Appendix 3, 
whereas representative spectra are shown in Fig. 8.

Group A is observed in all samples and is characterised 
by a relative high-salinity shape of the  H2O Raman spec-
trum of the liquid phase (Fig. 8a). At low temperatures, 
the frozen inclusions reveal the presence of mixtures of 
ice and hydrohalite spectra (Fig. 8b). The eutectic melting 
was detected between -25 and -20 °C. These observations 
indicate that the liquid phase in the inclusions is mainly 
composed of a  H2O-NaCl mixture. The vapour phase con-
sists of a gas mixture of up to 98 mol%  CO2 and a maximum 
of 7 mol%  CH4 (Fig. 8g). The relatively low intensity of the 
 CO2 and  CH4 Raman spectra implies a low density of the 
vapour phase.

Fig. 5  Paragenetic sequences of the Rudnik deposit
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Fig. 6  Macroscopic images of quartz samples which fluid inclusions 
were studied. a Sample PR, quartz crystals from the Prljuša ore zone. 
b Sample A1, quartz with polymetallic mineralization from the Azna 

ore body. c Sample A2, crystals between fragments of diatreme brec-
cias. d Sample AZ, an aggregate of quartz crystals from the Z ore 
body. e, f Visible growth zones in a quartz crystal from sample PR
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The  H2O spectrum of Group B is significantly different 
from Group A (Fig. 8a), corresponding to a moderate salinity. 
The vapour phase is slightly enriched in  CH4 (up to 10 mol%) 

compared to group A, but remains a  CO2-rich gas mixture 
(Fig. 9c, g). Some inclusions (type PRb) reveal the presence 
of minor amounts of additional  H2S. Group A and B fluid 

Fig. 7  Photomicrographs of different types of fluid inclusions from the studied samples PR, A1, A2 and AZ
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inclusions occasionally contain solid phases, i.e. accidentally 
trapped small crystals of calcite and mica (Fig. 8e, f).

The vapour-rich inclusions of group C contain a gas 
mixture of  CO2,  CH4 and  H2S (Fig. 8c, d). Sample AZ are 
enriched in  CH4 (up to 13 mol%) in addition to  H2S (up to 
10 mol%), whereas samples PR and A2 reveal lower con-
centrations of  CH4 (up to 4 mol%) and  H2S (up to 6 mol%) 
compared to group B (Fig. 8g). The  H2O spectrum exhibits 
a relatively high shoulder at about 3200  cm−1 that imply low 
salinity characteristics (Fig. 8a).  CH4 and  H2S dissolved in 
the liquid phase are also detected in Raman spectra (Fig. 8c).

Group D contains liquid-rich (vapour bubble volume frac-
tion less than 5 vol%) to all-liquid fluid inclusions that reveal 
nearly pure  H2O Raman spectra.

Group E contains a vapour phase that is relatively 
enriched in  CH4 (up to 17 mol%), and up to 89 mol%  CO2 
(Fig. 8g), whereas  H2S has not been detected. The relative 
intensity of the  CH4 and  CO2 Raman spectra implies higher 
densities than observed in the vapour phase of groups A, B 
and C. The Raman band of the liquid phase corresponds to 
a low salinity aqueous solution, similar to group C.

Group F inclusions are less enriched in  CH4 compared 
to group E given that maximally 13 mol%  CH4 is detected 
(Fig. 8g). The  CO2 contents may reach values of up to 
95 mol%. The low intensity of these Raman bands implies 
again a very low density of the vapour phase. The Raman 
spectrum of the liquid phase resembles a low salinity aque-
ous solution.

Microthermometry and bulk properties calculations

Microthermometry analyses comprise a total population of 
241 fluid inclusions: 81 from PR, 68 from A1, 48 from A2 
and 44 from sample AZ. The method is used to determine 
the homogenization temperature (Th), dissolution tempera-
ture of ice (Tm), the temperature of the first appearance of 

liquid (Te) and nucleation temperature (Tn) upon cooling 
experiments. Due to the low density of the gas mixture in the 
vapour phase and low concentrations of gases in the aqueous 
solution, calculations of bulk properties, such as density and 
composition can be performed in a simplified binary sys-
tem of  H2O and NaCl. The main characteristics of the fluid 
inclusions groups (A, B, C, D, E and F) are summarized in 
Table 1, whereas all measured and calculated data are given 
in Appendix 4.

Group A

Homogenization temperatures display a normal distribu-
tion (Fig. 9, Table 1) with a mode at about 380 to 390 °C 
(average 388 °C), within a relatively small range of 349 
to 432 °C. A slightly higher Th is obtained in sample AZ 
(399 °C) and A2 (391 °C) compared to PR (377 °C) and A1 
(379 °C). Dissolution of ice occurs between -8 and -10 °C 
(mode) with an asymmetric distribution in the range from -6 
to -22.8 °C (Fig. 9, Table 1). These temperatures correspond 
to a calculated salinity mode ranging from 12 to 16 wt% 
NaCl (average of 15.3 wt% NaCl). Cryo-Raman spectros-
copy shows the presence of NaCl as a major salt component 
of the aqueous liquid solution. The calculated density varies 
between 0.74 and 0.78 g/cm3 (mode), with an average value 
of 0.74 g/cm3. The pressure at homogenization is calculated 
at 15 MPa (mode).

Group B

Both Th and Tm are represented by a normal distribution in a 
histogram (Fig. 9, Table 1), with a mode at 370 to 380 °C of Th 
and -3 to -4 °C of Tm. The average Th is 375 °C and measure-
ments are within the range 340 to 420 °C without significant 
differences in Th in all samples. The corresponding salinity is 6 
to 7 wt% NaCl (mode) with an average value of 6.7 wt% NaCl. 

Table 1  Microthermometry 
and bulk properties of groups 
of fluid inclusions (A-F). Phase 
transitions: LV → L = two-phase 
inclusions with fluid and vapour 
(LV) transform to a one-phase 
liquid state (L); SLV → L = two-
phase inclusions with ice and 
vapour (SLV) transform to a 
one-phase liquid state (L)

group (n) vapor fraction Th
LV → L

Tm
SLV → LV

salinity molar volume density Ph

unit vol% °C °C wt% L/mol g/cm3 MPa

A 78 20–30
(10–50)

380–390
(349–432)

-8 to -10
(-6 to -22.8)

12–16
(9–24)

25 0.81 15

B 82 50–60
(30–60)

370–380
(340–420)

-3 to -4
(-2.4 to -8.5)

6–7
(4–12)

26 0.76 15

C 4 90–100
(80–100)

- (-1 to -4) 1–6 - - -

D 18 0
(0–10)

180–200
(148–245)

-2 to -3
(-0.7 to -4.9)

4–5
(1–8)

20 0.94 0.5

E 36 40–50
(10–50)

360–380
(235–401)

-3 to -3.5
(-1 to -6)

4–5
(2–8)

29 0.64 21

F 27 20–30
(20–30)

340–360
(259–365)

-2 to -3
(-1.8 to -4.7)

4–5
(2–5)

28 0.67 16
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The Th values are slightly lower, and the salinity is significantly 
lower in group B inclusions than in those from group A. The 
density of the inclusions is calculated at 0.62 to 0.64 g/cm3 
(mode), with an average value of 0.64 g/cm3. The pressure at 
homogenization is calculated at 15 MPa (mode).

Group C

The low density of the vapour phase does not allow any 
microthermometric analysis, i.e. homogenization or melting 
of  CO2 is not observed. Because of that, total homogenization 
in the vapour phase is determined only with insufficient accu-
racy. Locally, the final ice melting temperature of the frozen 
aqueous phase in these inclusions occurs at temperatures of 
-1.0 to -4.0 °C, corresponding to a salinity of 1 to 6 wt% NaCl.

Group D

This group contains many all-liquid inclusions and some 
with a small vapour bubble. Microthermometry could only 
be applied to the latter. The absence of a vapour bubble may 
represent a metastable state. Homogenization temperatures 
are significantly lower and occur in the range of 148 to 
245 °C (average 179 °C). Tm occurs in the range from -0.7 
to -4.9 °C and the corresponding low salinity varies between 
1.2 and 7.7 wt% NaCl.

Group E

Inclusions in group E homogenize at a mode of 360 to 
380 °C, in the range from 235 to 401 °C (Fig. 9, Table 1), 
at similar conditions compared to group B. In sample A1, 
homogenization temperatures are higher (375 °C) compared 
to sample PR (361 °C). Dissolution of ice occurs between 
-1 and -6 °C corresponding to a salinity of 2 to 8 wt% NaCl 
(Fig. 9, Table 1). Two outliers occur at lower Th and Tm 
values and may represent mixing with group D fluids. The 
density is calculated at 0.60–0.65 g/cm3 (mode) and range 
from 0.57 to 0.83 g/cm3. The pressure at homogenization is 
calculated at 20 to 25 MPa (mode).

Group F

Inclusions in group F reveal homogenization at 340–360 °C 
(mode), in the range from 259 to 385 °C (Fig. 9, Table 1). 

These temperatures are significantly lower than Th in group 
E and higher than Th in group D. The dissolution of ice 
occurs at a mode of -2 to -3 °C, corresponding to a salinity 
of 4–5 wt% NaCl. The corresponding densities are calcu-
lated at 0.65–0.70 g/cm3 (mode). In sample A1, the value of 
the homogenization temperature (349 °C) is slightly higher 
compared to sample PR (337 °C).

Discussion

Fluid evolution trends

The above defined groups of quartz-hosted fluid inclusions 
are plotted in a combined Th versus salinity diagram that 
illustrates the development of fluid properties from cores 
to rims (Fig. 10).

Dilution of the fluid at nearly constant high temperatures 
is reflected by the transition from relatively large inclusions 
in clusters (group A) to inclusions in trails within the crys-
tal cores (group B). Cooling at nearly constant salinities is 
illustrated by the transition from fluids trapped in the first 
overgrowth zone (group E) to those in growth zones in the 
outer rims (group F). Group D inclusions, which appear both 
within rims and cores, are late, and possibly represent infil-
tration of meteoric solutions (nearly pure  H2O) along cracks.

The presence of liquid-rich (groups A and B) and vapour-
rich inclusions (group C) in crystal cores suggests a boiling 
assemblage. The preservation of mainly liquid-rich inclu-
sions, and the rare occurrence of vapour-rich inclusions is 
also in agreement with the hypothesis of a boiling event 
(e.g. Roedder 1984). Within a simple binary system of  H2O 
and NaCl, boiling produces low-density vapour-like and 
high-density liquid-like fluids that are relatively enriched 
in  H2O and NaCl, respectively (e.g. Bakker 2019). This 
distribution effect corresponds to the observation of salini-
ties in group B and group C and corresponds to the volume 
fractions of vapour bubbles in both types of inclusions at 
room temperature. The most relevant consideration is the 
distribution of gases such as  CO2,  CH4, and  H2S between 
liquid-rich group B and vapour-rich group C inclusions. 
The distribution can be modelled with an equation of state 
that includes water, gas mixtures and salt. Only few of these 
equations are available (e.g. Bakker 1997). For example, 
a homogeneous  H2O-rich fluid (90 mol%  H2O, 4.5 mol% 
 CO2, 0.5 mol%  CH4, 5 mol% NaCl) may unmix at 350 °C 
and 62 MPa by producing vapour bubbles that are relatively 
enriched in gas-mixtures  (CO2-CH4) and depleted in NaCl. 
On further cooling, the liquid phase will become enriched 
in NaCl and depleted in gas components, whereas the oppo-
site occurs in the vapour phase. The relative proportions of 
 CO2 and  CH4 in the gas mixture evolve in distinct manners, 
as the vapour phase is relatively enriched in  CH4 and the 

Fig. 8  a-f Representative Raman spectra. a Different salinities in 
a  H2O spectrum. b Raman spectrum of a frozen inclusion: ice and 
hydrohalite. c Examples of  CO2 spectra. d Examples of  CH4 and  H2S 
spectra. e Accidentally trapped calcite spectra. f Accidentally trapped 
muscovite spectra. Abbreviations: cal-calcite, ms-muscovite, qz-
quartz. g  CH4 and  H2S content (in mol%) in vapour bubbles that are 
mainly composed of  CO2, based on Raman spectroscopic measure-
ments; symbol t indicates the presence of traces of  H2S

◂
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Fig. 9  Frequency distribution 
of homogenization temperature 
(Th) and dissolution temperature 
of ice (Tm) in groups A, B, E 
and F
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liquid phase is relatively enriched in  CO2.  H2S is assumed 
to behave similarly as  CH4 during boiling. These consid-
erations are inconsistent with the observation that group C 
inclusions have lower concentrations of  CH4 than group B 
inclusions (Fig. 8g).

The original fluid composition is potentially represented 
by group A inclusions that contain mainly a  H2O-NaCl mix-
ture with minor amounts of  CO2 and traces of  CH4. Group 
B inclusions record a dilution of the original fluid at nearly 
constant temperatures, with a slight increase in  CH4 con-
tents. Subsequently, the system was infiltrated by a fluid 
phase that is rich in volatiles, mainly  CO2 with significant 
amounts of  CH4 and  H2S (group C fluids). This volatile-
rich fluid must have originated in similar depths evolving 
by phase separation of another type of supercritical fluid.

A subsequent stage of fluid entrapment is illustrated in 
rim areas of single quartz crystals (Fig. 10): a  H2O-rich fluid 
with significant amounts of  CO2 and  CH4 and the absence 
of  H2S (group E). The abrupt change in the fluid regime 
is visualized by the occurrence of overgrowth textures, 
whereas the temperature is similar to those obtained for 
group B (Fig. 10).

The transition of group E to F may represent a boiling 
effect upon cooling of the system with group F representing 
the residual liquid in a relatively low salinity system. The 
produced vapour phase is lost in an open pore system, con-
sequently, the gas mixture in the remaining liquid phase is 
relatively enriched in  CO2 (Fig. 8g: lower  CH4 in group F). 
Finally, a late-stage fluid is represented by group D that cor-
responds to a trapping event at relatively low temperatures.

Constraints on the skarn and ore formation

Pressure and temperature conditions of skarn and ore for-
mation are determined from isochores of the fluid inclusion 
groups and mineral paragenesis in the skarn. Isochores are 
calculated from microtherometric data for mode values of 
fluid inclusion groups A, B, E, and F. Group D is associated 
with processes of post-ore formation (mixing with meteoric 
fluids, quartz-calcite stage) and group C (low density of the 
vapour phase) is not considered in the calculation.

Figure 11a shows that all fluid inclusions were trapped 
within a relatively similar P–T range. The calculated iso-
chores for groups A, B, E, and F correspond to shallow 
contact metamorphic conditions (i.e. albite-epidote and 
hornblende-hornfels facies conditions). We can assume that 
the lower limit of the skarn formation is the minimum tem-
perature at which epidote is formed (~ 250 °C), whereas the 
upper limit is marked by the presence of grossular-andradite 
in a temperature range between 400 and 700 °C. In the pres-
ence of quartz, grossular is stable up to ~ 600 °C, when these 
two minerals react to form wollastonite and anorthite (e.g. 
Storre 1970). The absence of wollastonite and plagioclase 
(anorthite) in these skarns indicates maximum formation 
temperatures of ~ 600 °C.

In addition, homogenization temperatures determined 
by fluid inclusions with boiling features (groups E and F) 
represent absolute fluid trapping temperatures and may 
strengthen the above conclusions (Roedder 1984). Boil-
ing groups are also important in the assessment of trapping 
pressures of fluid inclusions. We estimate trapping pressure 

Fig. 10  a Variations of Th and salinity for the studied samples of the Rudnik ore deposit (trends of fluid evolution according to Wilkinson 2001). 
b Mode of occurrence and textural relationships between the groups of fluid inclusions in the examined samples
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applying the isobaric equations of Driesner and Heinrich 
(2007) using the software AqSo_NaCl (Bakker 2018, 2019) 
and the defined boiling groups. The estimate entrapment 
pressures for groups E and F range from 180 to 220 bar 
(mode) (Fig. 11b). We consider that trapping pressure in 
a boiling fluid system is equal to hydrostatic pressure (e.g. 
Roedder and Bodnar 1980; Zhong et al. 2014; Zhou et al. 
2017). Based on this conclusion, the homogenization of 
liquid-rich inclusions can be taken as trapping conditions, 
using the important assumption that coexisting vapour-rich 
fluids are not trapped. We infer that the pressure range for 
all groups of 180 to 330 bar corresponds to the boiling of 
hydrothermal fluids at a depth of ~ 2 km under hydrostatic 
pressure conditions.

Similarities with fluid properties in Zn‑Pb  
skarn deposits

The Zn-Pb skarn deposits form by slightly saline and 
lower temperatures fluids compared to other types of skarn 
deposits; in addition, the most abundant volatile component 
of these fluids is  CO2, whereas  CH4 is present in minor 
amounts (e.g. Baker et al. 2004; Meinert et al. 2005; Canet 
et al. 2011; Bodnar et al. 2014; Jimenez-Franco et al. 2020; 
Sun et al. 2021; Zhao et al. 2021). Processes such as "boil-
ing" and "mixing" of fluids at similar conditions are noted 
as important for the formation of these deposits; this usually 
involves three separated periods: pre-ore, syn-ore, and post-
ore period (e.g. Kwak 1986; Baker and Lang 2003; Shu et al. 
2017; Guo et al. 2021), although some of these periods are 
absent in certain cases (e.g. Canet et al. 2011).

The present work on fluid inclusions within quartz crys-
tals from the Rudnik deposit allows for recognizing the 
effects of the above mentioned periods. The role of rela-
tively high temperature- (> 400 °C) and high-salinity fluids 
(35–50 wt% NaCl), i.e. halite bearing fluid inclusions in the 
pre-ore period is not observed, although mineral paragenesis 
of this high-grade skarn period is indeed recognized. On 
the other hand, evidence for the latter two periods is docu-
mented. During the syn-ore period hydrous minerals such as 
epidote, coisite, and actinolite form, under the influence of 
fluids characterized by lower temperatures (< 400 °C) and 
lower salinity of < 25 wt% NaCl; this is accompanied by the 
activation of fluids of similar properties and the precipita-
tion of sphalerite, galena, and chalcopyrite (the main ore 
stage). The post-ore period marks nearly pure  H2O at tem-
peratures below 200 °C. The Th-salinity pairs in the studied 
system are similar to the values of other Zn-Pb skarns, sup-
ported by a relatively low Th ranging 150–420 °C, salinity up 
to 25 wt% NaCl and the lack of correlation between Th and 
salinity, as is reported for this type of skarn deposits (Bodnar 
et al. 2014).  CO2 is the most abundant volatile component 
in all fluid inclusion groups, with minor amounts of  CH4, 
indicating relatively oxidized skarn systems that develop 
at shallow depths and in distal geological settings of the 
associated magmatic intrusion. Processes such as "boiling" 
and "mixing" of fluids at similar conditions are deciphered 
in the present work, illustrating that melting temperatures 
and vapour component analyses are the most convenient 
parameters to determine the boiling process, whereas the 
measurement of total homogenization in the vapour phase 
may include large uncertainties and are often not feasible.

Fig. 11  a Pressure and temperature conditions of skarn and ore for-
mation determined from calculated isochores of the fluid inclusion 
groups and mineral paragenesis in the skarn. The P–T field of the for-

mation of the studied fluid inclusions is highlighted in gray. b Pres-
sure values calculated for the studied fluid inclusion groups in the 
NaCl-H2O system after Driesner and Heinrich (2007)
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Implications for the genesis of the Rudnik deposit

Figure 12 shows a simplified four step model of the forma-
tion of the Rudnik deposit as the result of the activation of 
a hydrothermal system in the proximity to a Miocene mag-
matic intrusion. The model summarizes the results of this 
study and outlines the evolution of fluid properties through 
different stages of the deposit formation.

The intrusion of a magmatic body resulted in prograde 
anhydrous contact metamorphism observed only locally 
in the deeper parts of the deposit; this subsequently weak-
ened the surrounding rocks allowing the injection of apical 
quartz-latite dykes (Fig. 12a), as observed in many similar 
systems worldwide (e.g. Burnham 1979; Yang and Bodnar 
1994; Fournier 1999; Meinert et al. 2003).

The injection of apical quartz-latite dykes induced a 
slow ascent of hydrothermal fluids that have accumulated 
above the inferred magmatic intrusion. The thermal mass 

of uncooled quartz-latite dykes allowed gradual cooling, 
which controlled the spatial evolution of fluids away from 
the magmatic intrusion without the fluid boiling process. 
These fluids, with a salinity of up to 25 wt% NaCl and inci-
dentally trapped calcite and muscovite crystals (groups A 
and B), resulted in widespread retrograde hydrous altera-
tion of skarns in the deposit at temperatures ~ 350–400 °C 
(Fig. 12b). The composition of gas mixtures including their 
 CO2/CH4 ratios in these inclusion groups reveals a higher 
oxidation state in the hydrothermal fluids that limited the 
sulfur activity; hence, sulfides did not considerably pre-
cipitate during this retrograde skarn stage, which is also 
recognized in the mineral paragenesis formed during this 
period. Subsequent enrichments in highly acidic volatiles 
(group C) resulted in intensive alteration of country rocks 
above the magmatic intrusion, leading to a progressive 
increase of permeability and gradual descending of meteoric 
water (Fig. 12c). Accumulation of gases and introduction 

Fig. 12  A simplified model of hydrothermal fluids evolution and their role in the formation of the Rudnik skarn deposit (see text for explanation)
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of meteoric water into the hydrothermal system increased 
pressure and resulted in phreatomagmatic fragmentation 
and formation of diatreme breccias. These explosive events 
led to pressure changes, boiling and incipient cooling of the 
hydrothermal system, which is evident in differences in P–T 
values calculated for fluid inclusions found in transitional 
and rim zones of quartz crystals (groups E and F, Table 1). 
The exceptionally high  CH4 content in these groups marks 
the onset of intensive percolations of meteoric water through 
diatreme channels and extraction of significant amounts of 
 CH4 from the wall rocks under reducing conditions. These 
events led to a decrease in temperatures and oxygen fugacity 
of fluids and established the conditions for ore precipita-
tion. Additional release of acid volatiles from fluids  (CO2, 
 H2S) and reactions between sulfur species  (H2S,  HS−) led 
to an increase in pH state. This caused the instability of 
metal complexes in an ore-forming fluid and deposition of 
Zn, Pb, Cu, and Ag in the quartz-sulfide stage, as reported 
from other skarn systems (e.g. Heinrich 2007; Zhang and 
Audétat 2018; Shu et al. 2021; Zhao et al. 2021; Fig. 12d). 
The activation of an almost pure  H2O fluid, often without 
 CO2, which is inferred from the presence of fluid-rich fluid 
inclusions (group D), characterizes the final, quartz-calcite 
stage of the Rudnik hydrothermal system. Significantly 
reduced Th and very low salinity indicate fluid flow in a 
cooled magmatic-hydrothermal system (< 245 °C) during 
the post ore processes.

Conclusions

We studied fluid inclusion assemblages hosted in sulfide-
accompanied hydrothermal quartz in order to track the 
physicochemical evolution of hydrothermal fluids that pre-
cipitated the polymetallic Zn-Pb-Cu-Ag ore in the Rudnik 
skarn ore deposit. The Rudnik hydrothermal system shows a 
general fluid evolution trend from high temperature/medium 
salinity to low temperature/low salinity conditions; fluid 
evolution in Rudnik is interpreted by mixing of fluids of 
different salinities at constant high temperatures (between 
groups A and B), introduction of fluids with high volatile 
contents (group C), cooling of fluids with constant salinity 
(between groups E and F), and the inflow of meteoric water 
(group D). Early fluids found in quartz cores (groups A and 
B) correspond to the stage of retrograde skarn alteration 
in the deposit, whereas the properties of fluid inclusions 
in quartz overgrowths (groups E and F) reflect the main 
stage of ore formation. The main trigger for the precipita-
tion of metals (Zn, Pb, Cu and Ag) is cooling associated 
with phreatomagmatic brecciation and diatreme formation. 
This event is manifested in the appearance of overgrown 
quartz textures, homogenization temperatures, and the com-
position of gas mixtures of the fluid inclusions within the 

overgrown zones. Fluid inclusion trends and the predomi-
nance of hydrous epidote-zoisite skarns containing sulfide 
minerals, as well as the spatial and temporal relationship 
between the host rocks and ore, all suggest that Rudnik cor-
responds to a distal Zn-Pb skarn deposit formed by signifi-
cant transportation of hydrothermal fluids from a magmatic 
intrusion upwards.
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