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Abstract The Obří důl Fe–Cu–As polymetallic sulfide skarn
deposit is developed in a metamorphic series in the West
Sudetes, Bohemian Massif. It consists of lenses of marble,
calc–silicate rocks, and skarns. We studied the Gustav
orebody, which is located few hundred meters away from
the contact with a large, late-orogenic Variscan Krkonoše–
Jizera Plutonic Complex (KJPC) emplaced into shallow crust.
Mineralogical and fluid inclusion study evidence indicates
that the main sulfide stage, dominated by pyrrhotite, arseno-
pyrite, and chalcopyrite originated from aqueous hydrother-
mal fluids with salinity up to 8 wt% NaCl eq. with minimum
homogenization temperatures ranging from 324 to 358 °C.
These fluids mainly replaced carbonate-rich lithologies.
Carbon, oxygen, and strontium isotope data in Ca-rich rocks
imply total overprinting by channelized metasomatic fluid
flow, which is most probably related to the intrusion of the
KJPC, whereas δ34S values of sulfides argue for a magmatic
source of sulfur. The Re–Os age of arsenopyrite overlaps

published age data for the KJPC and suggests synchronous
formation of the main sulfide mineralization and pluton
emplacement.
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Introduction

Given the wide original definition of the term skarn (mineral
paragenesis containing calcium-bearing silicates derived from
limestone or dolomite with the introduction of variable
amounts of Si, Fe, and other elements; e.g., Holmes 1920), a
range of various mineral deposits has been classified as skarn
in the past. In ore deposit research, the term skarn was fre-
quently used only for skarn sensu stricto, i.e., metasomatic
(replacement) mineral assemblages spatially and temporally
related to granitic intrusions with a generally iron-rich mixture
of coarse-grained Ca–Mg–Fe–Al silicates (typically garnet
and pyroxene, but usually without feldspar), formed at rela-
tively high temperature (e.g., Einaudi and Burt 1982; Meinert
1992;Meinert et al. 2005).Modernmetamorphic rock reviews
similarly defined skarn as a metasomatic rock (e.g., Fettes and
Desmonds 2007). A typical feature of skarns is their pro-
nounced spatial, mineralogical, and chemical zonation, ob-
servable at most deposits.

Skarns are often associated with exploitable accumulations
of ore minerals of a wide range of metals—Fe, Cu, Zn, Pb,
Mo, Sn, W, As, and Au. The presence of these components
defines up to seven geochemically distinct skarn types, each
usually associated with a different major/trace element com-
position of associated plutonic rock (Einaudi et al. 1981;
Einaudi and Burt 1982; Meinert et al. 2005). Another classi-
fication subdivides skarns depending on the composition of
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the original rock to those derived from calcic limestone, do-
lomite, and silicate rocks (skarns derived from silicate rock are
usually dominated by scapolite). The other types of calc–sili-
cate rocks formed by a wide variety of processes including
regional metamorphism, but without the widespread metaso-
matism by external fluids, would be classified as calc–silicate
hornfels (usually fine-grained rocks) or calc–silicate bands
(erlans in the Central European terminology).

The traditionally wide usage of the term skarn is also
reflected in the geological literature focusing on the
Bohemian Massif (easternmost part of the Variscan orogen
in Europe). The term was used in its paragenetic sense, i.e.,
typically for rocks dominated by garnet (grossular–andradite)
and clinopyroxene (diopside–hedenbergite), commonly with
magnetite and other ore minerals formed typically at the con-
tact with associated granitic rocks (e.g., Mikulski and Speczik
2016), and sometimes overprinted by retrograde processes
leading to emergence of amphiboles and epidote. Since the
rocks in the Bohemian Massif with skarn assemblages are
usually regionally metamorphosed (in greenschist, amphibo-
lite or eclogite facies), a continuing discussion exists on the
nature of their pre-metamorphic equivalents. One or more
metamorphic events superimposed on the original mineral as-
semblage (including also the retrograde metamorphism) en-
hance the complexity of the problem, since metamorphic
overprint modifies the textures and chemical and mineralogi-
cal composition of the skarns (e.g., Meinert et al. 2005 and
references therein).

At present, there are two main views on the origin of skarns
of the Bohemian Massif: (1) formation by high-temperature
metasomatism followed by Variscan regional metamorphism
(e.g., Reh 1932; Koutek 1950; Němec 1964; Šrein and
Šreinová 2000; Žáček 2007; Bubal 2013; Bubal and Dolejš
2013) or (2) origin by metamorphism of sedimentary Fe-rich
horizons or sedimentary exhalative ore deposits (SEDEX)
suggested especially for magnetite-rich types (e.g.,
Klomínský and Sattran 1963; Pertold and Pouba 1982;
Pertold et al. 1997; Drahota et al. 2005; Pertoldová et al.
2014 and references therein). The post-metamorphic high-
temperature metasomatism related to intrusion of late-
orogenic Variscan granitoids is not considered to be the dom-
inant process of skarn formation in the Bohemian Massif.
Nevertheless, in several cases, the formation of at least the
sulfides (Fe–Cu–As) was assumed to be related to these gran-
itoids (e.g., Klomínský and Sattran 1963; Novák 1964; Hoth
and Lorenc 1966; Mochnacka et al. 2015; Mikulski and
Speczik 2016).

The availability of advanced dating methods, like Re–Os
dating of base–metal sulfides (e.g., Stein et al. 2000; Morelli
et al. 2007; Kerr and Selby 2011), offers a further step forward
in understanding of the complex multistage processes of the
ore formation. In this respect, the Obří důl skarn deposit in the
Krkonoše Mts., a prominent ore deposit in northern Bohemia,

was selected for a pilot study. The deposit had a leading posi-
tion in the Bohemian market for As and Cu in the periods
1828–1868 and 1830–1853, respectively (Kurfiřt and Tásler
2014); further extensive underground prospection took place
in 1952–1959, resulting in excellent present-day accessibility.
This polymetallic Fe–Cu–As deposit is developed in a meta-
morphic series containing lenses of marble, calc–silicate
rocks, amphibolite, and skarns in intimate contact with the
large, late-orogenic Variscan Krkonoše–Jizera Plutonic
Complex (KJPC).

Several contradictory ideas on the genesis of skarn mineral
assemblages of the Obří důl deposit have been presented.
Additionally, Obří důl is considered to some extent analogous
to the Czarnów deposit (earlier known as Rothenzechen) on
the Polish side of the border, for which also several genetic
opinions were published (e.g., Mikulski 2010; Mochnacka
et al. 2015 and references therein).

In this paper, we present new data for the Obří důl skarn
deposit, which include petrography and mineralogy of the ore
paragenesis, fluid inclusion studies, and stable (C–O) and Sr
isotopic compositions of the skarns and their lithological pre-
cursors, accompanied by new Re–Os gechronological data on
arsenopyrite.

Geological setting and the Obří důl skarn deposit

Regional geology

The Variscan Belt in Europe formed as the result of the colli-
sion of Laurussia–Baltica, Gondwana, and a number of inter-
vening microplates such as Avalonia or Armorica during
Middle to Late Paleozoic (Franke 1989). The Bohemian
Massif, constituting the easternmost part of the Variscan Belt
in Europe, represents one of its largest exposures. It is formal-
ly divided into four major tectonic units (Kosmatt 1927; Matte
et al. 1990; Schulmann et al. 2009): (i) Saxothuringian Unit,
(ii) Teplá–Barrandian Unit, (iii) Moldanubian Unit, and (iv)
Moravo–Silesian Unit.

The Obří důl skarn deposit is located in the Saxothuringian
Unit, which contains a variable spectrum of low- to high-
grade metamorphic rocks such as gneiss, orthogneiss, mica
schist, and quartzite (Kemnitz et al. 2002; Linnemann and
Romer 2002; Linnemann et al. 2008a; Kröner and Romer
2010). The lithological, geochemical, and isotope characteris-
tic of the protoliths are relatively uniform (Linnemann et al.
2008a), generally related to geotectonic processes during the
Cadomian and Variscan orogenic cycles. The Cadomian
volcanosedimentary complex with maximum age of ~
570 Ma is characterized by diverse tectonostratigraphic histo-
ry (Linnemann and Romer 2002; Buschmann et al. 2006;
Linnemann et al. 2007) and intrusions of voluminous granit-
oids at ~ 540–530 Ma forming the large Lusatia Granitoid
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Complex (Kröner et al. 1994; Linnemann et al. 2000;
Tichomirova 2002; Białek et al. 2014) accompanied by small
granitic bodies (Glasbach, Laubach; Linnemann et al. 2000;
Buschmann et al. 2001; Linnemann et al. 2004). During
Variscan time, the Saxothuringian Zone became one of the
most complex parts of the Variscan Belt in Central Europe
(Franke 1995). Two main domains with different evolution
can be distinguished: (i) Erzgebirge Crystalline Complex,
which consists of at least five tectonometamorphic units with
complex evolution (Klápová et al. 1998; Linnemann et al.
2008b; Mazur et al. 2015) intruded by composite granitic
plutons at 325–318 Ma (Breiter et al. 1999; Romer et al.
2007 and references therein) with composition ranging from
primitive S-types to highly evolved A-types, and (ii) Western-
Central Sudetes (Lusatian Unit) representing a complex of
various volcanosedimentary units with different tectonic his-
tory accompanied by intrusion of four major composite plu-
tons making up the Sudetic Granite Belt (Finger et al. 2009),
which include the Krkonoše–Jizera Plutonic Complex
(KJPC).

The KJPC (or Karkonosze Granite; Fig. 1) is the largest
exposed granite massif in the Sudetes (Mazur et al. 2007;
Kryza et al. 2014). It is situated in the center of the dome-
shaped Krkonoše–Jizera Crystalline Complex/Terrane
(Kachlík and Patočka 1998; Hladil et al. 2003) also called
Karkonosze–Izera Massif in the Polish geological literature
(Aleksandrowski and Mazur 2002; Kryza et al. 2014). It con-
sists of five different facies (Borkowska 1966; Žák and
Klomínský 2007; Žák et al. 2013; Kryza et al. 2014): (1) the
most widespread I-type biotite granite (the Liberec and Jizera
type) and (2) medium-grained equigranular biotite granite (the
Harrachov type). These two facies form the majority of the
KJPC; the other types are subordinate: (3) medium-grained
two-mica granite of S-type (the Tanvald type) of local extent
on the SW margin of the KJPC, (4) amphibole–biotite diorite
to granodiorite (the Fojtka type), and (5) granophyric granite,
which is poorly exposed within the porphyritic facies in the
NE part of the KJPC. Large lamprophyre dyke swarms were
described from the eastern and western parts of the KJPC
(Awdankiewicz 2007; Žák and Klomínský 2007). Ages for
the KJPC cover a relatively large interval. The structurally
deeper western part of the KJPC yields ages from
320.1 ± 3.0 to 315.0 ± 2.7 Ma (U–Pb zircon LA–ICP–MS;
Žák et al. 2013) whereas younger ages 312.5 ± 0.3 and
312.2 ± 0.3 Ma have been determined for the upper, central-
eastern part of the KJPC closer to the studied area (U–Pb
zircon CA–ID–TIMS; Kryza et al. 2014). The dome-shaped
metamorphic envelope of the KJPC is represented by the
Cambrian or Lower Ordovician Izera–Kowary Unit (Oberc-
Dziedzic et al. 2010). It was subdivided into Jizera
orthogneisses and mica schists on the northern side (Fig. 1)
and the South Krkonoše Metamorphic Complex (Winchester
et al. 2003) formed mainly by mica schist with minor

intercalations of amphibolite, quartzite, marble, calc–silicate
rocks, and skarns and Krkonoše orthogneiss (Marheine et al.
1999).

The Izera–Kowary Unit hosts two main types of skarn
deposits: (1) magnetite skarns (e.g., Herlíkovice or
Kowary; Mochnacka and Pošmourný 1981; Mochnacka
et al. 2015) and (2) polymetallic sulfide-rich skarns, usu-
ally with higher Cu contents (e.g., Obří důl; Pašava et al.
2016b; Nové Město pod Smrkem; Pouba and Sattran 1966)
or Czarnów (Mochnacka et al. 2009). While the magnetite
skarns occur mainly in the Bexocontact^ of the orthogneiss
bodies, the latter seem to exhibit spatial relationship to the
KJPC contact and the presence of marbles and calc–silicate
rock lenses. Skarn bodies replaced mainly the carbonate-
rich rocks, but minor metasomatic replacement and forma-
tion of sulfide phases is commonly observed also in
paragneisses and quartzites. The relationships are frequent-
ly modified by later tectonic processes, which also affected
the ore deposits.

The Obří důl skarn deposit

The Obří důl skarn deposit (Chrt and Bolduan 1966;
Mochnacka and Pošmourný 1981; Pošmourný 1982; Tásler
2012; Kurfiřt and Tásler 2014; Pašava et al. 2016a, b) is
hosted by the Izera–Kowary Unit (Fig. 1) at a distance of up
to a few hundred meters away from the contact of the KJPC,
represented here by the common I-type porphyritic biotite
granite. The deposit formed in several steps, which include
regional and contact metamorphism and subsequently several
hydrothermal stages related to the intrusion of the KJPC.
Three known skarn orebodies within the Obří důl deposit
(Helena and Gustav, and the smaller Václav orebody) differ
in their geological position with respect to the contact of the
KJPC and partly also in their mineralogy. The whole rock
sequence in the Obří důl is dissected by several roughly
foliation-parallel tectonic zones representing tectonic move-
ments after the formation of skarns and sulfide mineralization,
which resulted in recrystallization of some ore minerals (e.g.,
pyrrhotite; Pertold and Kopecký 1979). The late tectonic min-
eralization phases postdating the major ore-formation period
include scheelite impregnations and quartz/carbonate veins.
The 1952–1959 exploration on the Obří důl skarn deposit
identified ~ 100,000 tons of ore with 0.43–0.47% of W and
856,000 tons of ore with 0.41–0.43% Cu and 0.19–0.49% Sn,
predominantly located in the Helena orebody.

The Helena orebody (not sampled in this study) is the larg-
est one with horseshoe shape and is developed just at the
contact with the KJPC. Lenses of marble (calcite and dolo-
mite) forming the center of the body are surrounded by pyrox-
ene (diopside–hedenbergite)–garnet (andradite) skarn with
polymetallic (Fe–As–Cu) ores. Relatively younger W–Sn
mineralization is present mainly in brecciated granitic rocks
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and/or near the contact with the KJPC. The ore minerals occur
as irregular clusters, impregnations, and rare veinlets and are
represented by pyrrhotite, sphalerite, chalcopyrite, arsenopy-
rite, galena, stannite, molybdenite (all sulfides of the main
sulfide stage), scheelite, cassiterite, malayite, and bismuthinite
(Šrein and Šreinová 2000) .

The Gustav orebody (this study), located at a distance of
350–400 m from the contact with the KJPC, is developed in
variegated metamorphic rocks represented by calc–silicate
rocks (erlan), pyroxene (diopside)–garnet (grossular) skarn,
and marble surrounded by mica schist (locally passing to
orthogneiss), quartzite, and amphibolite. It has formed as an

Gneiss
Mica schist, marble
amphibolite

Izera-Kowary Unit

Skarn deposit

Kowary

Czarnów

Raspenava

p. Smrkem

Sv. Petr

Fig. 1 Geological map of the Krkonoše–Jizera Plutonic Complex, BohemianMassif, and related mineralization types in the Czech Republic and Poland
(modified from Pašava et al. 2015)
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irregular, steeply dipping (~ 80°) ore column up to 12 m thick
and up to ~ 90m in length (Fig. 2). Themineralization (Fe–As–
Cu) is dominated by pyrrhotite, arsenopyrite, chalcopyrite, and
minor galena occurring as replacement impregnations and/or
clusters, most commonly within or in the proximity to marble
(calcite-dominated) and calc–silicate rocks. Arsenopyrite was
found to be the oldest sulfide mineral, and it is very likely that
the dominant pyrrhotite and chalcopyrite, which replace sili-
cates (mainly clinopyroxene), were formed contemporaneously
(mostly intimately intergrown). The Gustav orebody is well-
accessible through the historical Barbora adit.

The smallest Václav orebody (not sampled in this study) is
located at the largest distance from the KJPC contact, and it is
represented by rocks and mineralizations similar to the Gustav
orebody.

Samples and methods

All studied samples were collected from the Gustav orebody
(50.7279 N, 15.7312 E, altitude of the current mine en-
trance—Barbora adit—is 1014 m a.s.l.), i.e., the only part of
the deposit easily accessible in the underground galleries and
shafts of the historical heritage mine (Fig. 2). The sampling
focused on Fe–As–Cu sulfide mineralization and rocks with
carbonate for the C, O, and Sr isotope study.

The polished sections containing sulfide ores were first stud-
ied using an optical microscope and a FE–SEM Tescan Mira3
GMU, both housed at the Czech Geological Survey.
Subsequently, selected mineral phases were analyzed by

CAMECA SX 100 electron microprobe in the Joint Laboratory
of Electron Microscopy and Microanalysis of the Czech
Geological Survey and the Masaryk University. Quantitative
analyses were performed using a wavelength dispersive spec-
trometry with accelerating voltage of 25 kV, beam current
20 nA, and beam diameter of 1 μm. Following standards were
used to assess analytical precision and accuracy: Fe Kα (FeS2),
Zn Kα (ZnS), Co Kα (Co), Ni Kα (pararammelsbergite), Cu Ka
(Cu), MnKα (Mn), As Lβ (pararammelsbergite), Se Lβ (PbSe),
S Kα (FeS2), Cd Lβ (CdTe), In Lα (InAs), Pb Mα (PbSe), Ag
Lα (Ag), Bi Mβ (Bi), and Sb Lβ (Sb).

Bulk mineralogy of the rock samples was studied using a
Bruker D8DISCOVERX-ray diffraction system and software
DIFFRAC.EVAwith database ICDD PDF2 in the labs of the
Institute of Geology of the Czech Academy of Sciences.

Fluid inclusions (FI) were studied in double-polished sec-
t i ons 0 .3 mm th ick by the me thods o f op t i ca l
microthermometry using a Chaixmeca heating and freezing
stage (Poty et al. 1976) in the laboratories of the Czech
Geological Survey. The apparatus was calibrated for temper-
atures between − 100 and + 400 °C using chemical standards
Merck, water-ice melting temperature, and by phase transi-
tions in FI containing pure CO2. The homogenization and
cryometric data were reproducible at ± 0.2 °C at temperatures
below 0 °C and ± 0.3 °C at temperatures up to 500 °C. The
salinity of fluids was calculated following the procedure of
Bodnar and Vityk (1995), and the salt system was evaluated
following Davis et al. (1990).

To access δ34S isotopic data, pyrrhotite, chalcopyrite, and
arsenopyrite separates were prepared by a combination of

Fig. 2 Geological cross section
through the Gustav orebody in the
Kovárna mining area, Obří důl
polymetallic skarn deposit, with
sample location
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hand picking from crushed specimens and physical methods
(e.g., magnetic separation). The purity of mineral separates
was better than 90%. Sulfur isotope compositions were deter-
mined in the Czech Geological Survey using direct oxidation
by CuO under vacuum (Grinenko 1962) followed by cryogen-
ic purification of the prepared SO2 gas and measurement of
sulfur isotope data on a Finnigan MAT 251. The overall ana-
lytical uncertainty of δ34S was ± 0.3‰.

The C–O stable isotopic compositions were determined in
the Czech Geological Survey using conventional carbonate de-
composition by 100% H3PO4 under vacuum at 25 °C (McCrea
1950) followed by the measurement of the released CO2 gas
using a Finnigan Delta V mass spectrometer. The overall ana-
lytical uncertainty was ± 0.15‰ for both δ13C and δ18O.
Chemistry of the calcareous part of the samples was determined
in 5% HCl leachates by ICP–OES (Agilent 5100) at the
Institute of Geology of the Czech Academy of Sciences.

The Re–Os concentration and isotopic ratios for arsenopy-
rite were analyzed in the Crustal Re–Os Geochronology
Laboratory of the University of Alberta using Re–Os isotope
dilution methods described elsewhere (e.g., Morelli et al.
2010). In brief, 200–300 mg of arsenopyrite was weighed in
Carius tubes, mixed with 185Re–190Os spike and decomposed
using 2 ml of concentrated HCl and 6 ml concentrated HNO3

at 220 °C for 24 h (Shirey and Walker 1995). Osmium was
extracted from the inverse aqua regia digest solution by a
combination of CHCl3 and HBr, and the final fraction was
purified by micro-distillation (Birck et al. 1997). Rhenium
was separated by anion exchange chromatography using AG
1× 8 resin (Eichrom). Re and Os isotopic compositions were
determined by N–TIMS technique (Creaser et al. 1991;
Völkening et al. 1991) using a Thermo Triton instrument.
Total procedural blanks for Re and Os were 0.7 and 0.4 pg,
respectively. The errors stated in Table 4 include all analytical
errors due to measurements, spike calibrations, weighing, etc.

Strontium was separated from samples dissolved in 5%
HNO3 using Eichrom Sr spec resin as described in Pin et al.
(2014). Isotopic analyses were performed at the Czech
Geological Survey with Thermo Neptune MC–ICP–MS.
Calculated 87Sr/86Sr values were corrected for mass fraction-
ation using 86Sr/88Sr = 0.1194. The overall analytical uncer-
tainty as given by repeated analyses of the NBS 987 reference
material is 87Sr/86Sr = 0.710300 ± 7 (2σ; n = 48). Results were
normalized using NBS 987 value 87Sr/86Sr = 0.71024.

Results

Petrography, mineralogy, and chemistry of sulfides
from the Gustav orebody

The chemical compositions of major (arsenopyrite, pyrrhotite,
and chalcopyrite) and minor (pyrite, marcasite, and sphalerite)

sulfide minerals together with other accessory phases (native Bi,
Bi–Ag–Pb–S phases) present in the Obří důl polymetallic ores
along with their description are summarized in Supplementary
Tables 1 and 2, whereas ore petrography is shown in Fig. 3.

Arsenopyrite, the oldest sulfide in the paragenesis, forms
both isolated idiomorphic grains and masses and clusters up to
several tens of centimeters large. The grains are not homoge-
neous and may contain abundant, but very small inclusions of
native Bi and bismuthinite (Fig. 3b). The Co content in arse-
nopyrite was found to be up to 0.1 wt% (Supplementary
Table 1). Heterogeneity of the arsenopyrite, which can be
recognized on the back-scattered images, results from the os-
cillation of As/S atomic ratio in the range of 0.95–1.13.

The most abundant ore minerals of the Gustav orebody
are pyrrhotite and chalcopyrite, either replacing silicate
minerals or carbonates (Fig. 3b). The largest accumulations
reaching up to several meters in size are formed by pyrrho-
tite forming also networks along the silicate grain bound-
aries. The pyrrhotite is locally altered along fractures (Fig.
3c). The alteration product contains Fe, S, and O and seems
to be homogenous even at the highest magnification.
Pyrrhotite is also replaced by pyrite (Fig. 3c), which can
be distinguished from pyrrhotite by a thin zone of a prob-
ably amorphous phase containing mainly Fe, Si, and O.
Even the obviously fresh pyrrhotite grains show a deficit
in the element sum of 1.4–4.0 wt% (Supplementary
Table 1). Considering a pyrrhotite composition of
Fe1 − xS, the x varies in the range of 0.12–0.16
(Supplementary Table 1). The observed range of Fe con-
tent in pyrrhotite (57.5–59.2 wt%) and sulfur (38.3–
39.7 wt%) is accompanied by minor Pb admixture (0.01–
0.20 wt%; Supplementary Table 1) most likely present as
submicroscopic inclusions (no Pb phase was identified).
The mutual relationship of pyrrhotite and chalcopyrite is
difficult to observe, since both minerals usually occur in
separate accumulations without a direct contact of the
grains. Both minor chalcopyrite veinlets in massive pyr-
rhotite and younger pyrrhotite replacing chalcopyrite were
rarely observed. Locally, pyrrhotite replaces chalcopyrite
along fractures filled by chlorite (Fig. 3d). For the younger
pyrrhotite, the x varies in a narrow range at 0.15
(Supplementary Table 1). Chalcopyrite, present mainly in
the form of allotriomorphic grains, is relatively pure con-
taining only up to 0.17 wt% of Pb. The contents of Zn and
Ag are close to the detection limits (~ 0.04 wt%).

Sphalerite occurs usually together with chalcopyrite (Fig.
3d), more rarely with pyrrhotite. It contains 9.0–11.6 wt% Fe,
up to 0.6 wt% Mn, 1.2–1.6 wt% Cd, and 0.8–1.6 wt% Cu
(Supplementary Table 2). Other ore minerals are present only
rarely. Bismuthinite [Bi2S3] is accompanied by native Bi and
commonly contains Cd (0.3–0.6 wt%) and Zn (0.1–0.2 wt%;
Supplementary Table 2). Scheelite, galena, matildite
(AgBiS2), and argentite (Ag2S) were identified in the form
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of micrometric grains whereas several small (up to 500 μm)
marcasite idiomorphic grains were identified on arsenopyrite
c rys ta l s . Smal l g ra ins con ta in ing Bi–Pb–Ag–S
(Supplementary Table 2) consist probably of at least three
mineral phases, which cannot be accurately measured with
respect to their extremely small size (< 1 μm). Molybdenite
is a rare mineral, which is found in either skarn or granite. In
granite, it forms an association with calcite, titanite, galena,
native Bi, and stokesite (CaSnSi3O9 × 2 H2O), which also
replace molybdenite (Fig. 3e). Stokesite can be locally found
also in association with pyrrhotite, cassiterite, galena, and

native Bi. It was most likely formed by decomposition of
cassiterite (Fig. 3f).

Fluid inclusions

Primary, pseudosecondary, and secondary fluid inclusions in
different minerals (quartz, clinopyroxene, calcite, and garnet)
were identified in skarns, quartz/carbonate veins, and samples
with disseminated Fe–As–Cu mineralization (Supplementary
Table 3 and Table 1; Fig. 4). The fluid inclusions in the major
skarn minerals, clinopyroxene and garnet, were observed only

Table 1 Microthermometric data for fluid inclusions from the Obří důl polymetallic skarn deposit

Sample Mineral FI generation FI type LVR (L/L + V) Th (°C) Tm (°C) Salinity (wt.%) Tfm (°C) TmCO2 (°C)

OD-3A-1 Quartz Primary H2O-(CO2) 0.7 324–358 − 2.4 to − 5.7 4.0–8.8 − 34.2 − 58.2 to − 60.1
Secondary H2O 0.8 184–210 − 5.3 to − 7.2 8.3–10.7 − 24

OD-3A-1 Diopside ? H2O 0.6–0.7 387–424

OD-3A-2 Quartz Primary H2O Variable 148–167

OD-3A-3 Quartz Primary H2O 0.5–0.95 184–390 − 2.8 to − 4.8 4.7–7.6

OD-4 Garnet Secondary H2O Variable 236–262 − 3.1 to − 4.2 5.1–6.7

OD-7 Calcite Primary H2O 0.95 113–136 − 2.6 to − 4.6 4.3–7.3

OD-8 Calcite Primary H2O 0.9 114–154 − 0.8 to − 2.4 1.4–4.0

Pseudosec. H2O 0.9 118–134 − 0.8 to − 1.7 1.4–2.9

13-OBR-8 Calcite Primary H2O 0.9 136–168 − 2.9 to − 3.6 4.8–5.9

Secondary H2O 0.9 108–186 − 2.2 to − 2.6 3.7–4.3

13-OBR-8 Garnet ? H2O 0.8 228, 242 − 4.6, − 5.3 7.3–8.3

LVR (L/L + V) degree of fill—liquid to vapor ratio, Th temperature of homogenization, Tm temperature ofmelting of the last crystal of ice, Tfm temperature
of the first melting (eutectic temperature), TmCO2 temperature of melting of solid CO2

Table 2 δ34S data for pyrrhotite
(Po), chalcopyrite (Ccp), and
arsenopyrite (Aspy) from the
Gustav orebody (Obří důl
polymetallic skarn deposit)

Sample
no.

Description Mineral δ34S (‰ vs.
CDT)

OD-4 Massive Po (Kovárna mining area) Po 0.9

OD-8 Massive Po (Kovárna mining area) Po 1.2

OD-3A Massive Po locally intergrowing with Ccp in erlan (Kovárna
mining area)

Po 2.4

13-OBR-9 Massive Po with Ccp and Py (Prokop waste damp) Po 1.1

13-OBR-5 Massive Po with Ccp and Py (Kovárna mining area) Po 2.7

13-OBR-1 Massive Po with Ccp and Py (Kovárna mining area) Po 1.2

13-OBR-6 Massive Po with Ccp and Py (Kovárna mining area) Po 1.1

OD-2 Ccp in association with Po (Kovárna mining area) Ccp 2.8

OD-2/1 Massive Ccp (Kovárna mining area) Ccp 3.1

13-OBR-2 Massive Ccp (Kovárna mining area) Ccp 2.7

13-OBR-3 Massive Po with Ccp (Kovárna mining area) Ccp 3.1

OD-1 Coarse-grained Aspy locally intergrowing with Ccp (Kovárna
mining area)

Aspy 4.8

OD-1/1 Coarse-grained Aspy locally intergrowing with Ccp (Kovárna
mining area)

Aspy 4.1

13-OBR-4 Coarse-grained Aspy with Po (Kovárna mining area) Aspy 4.3
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in a small number, and their parameters are therefore poorly
defined. Total homogenization temperatures (to liquid in all
cases) of primary inclusions largely varied among studied
minerals (Table 1). Several fluid inclusions of uncertain clas-
sification in diopside have homogenization temperatures (Th)
in the range of 387–424 °C. Only secondary fluid inclusions
(Th 228–262 °C, salinity up to 8 wt%NaCl equiv.) were found

in the garnet. The quartz veinlets in skarn hosting the Fe–As–
Cu mineralization contain fluid inclusions with water
solutions, small admixture of CO2 and generally variable
degree of fill (F) from 0.5 to 0.95 (Table 1). Temperatures of
homogenization were measured in the group of inclusions
with consistent degree of fill of 0.7. They yielded a narrow
range of Th 324–358 °C with salinity in the range 4.0–8.8 wt%
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NaCl equiv. Only TmCO2 were observed in the inclusions.
The solid CO2 dissolved immediately, and therefore, vapor
phase of CO2 or partial homogenization of CO2 was not ob-
served. The admixture of CO2 in the inclusions was very
small, probably lower than 4 mol% (e.g., Roedder 1984).
The TmCO2 values varied from − 58.2 to − 60.1 °C suggesting
only a small contribution of another compound such as CH4.
The younger carbonate and quartz veinlets with no sulfide
mineralization contain low saline fluids (1.4–7.3 wt% NaCl
equiv., Na ± K ±Mg ± Fe chlorides) with Th in the range 108–
186 °C.

Stable (C–O–S) and Sr isotopic compositions

The sulfur isotopic compositions (δ34S) of pyrrhotite, chal-
copyrite, and arsenopyrite from the Gustav orebody are
summarized in Table 2. The observed variations are in a
relatively narrow range with the lowest δ34S values in the
range of 0.9 to 2.7‰ found in pyrrhotite followed by
slightly higher ones for chalcopyrite (2.7 to 3.1‰) and
arsenopyrite (4.1 to 4.8‰).

The C and O isotopic data for carbonates from marbles,
calc–silicate rocks (erlan), skarn, amphibolite, and younger
veinlets are summarized in Table 3, and variability of δ18O
and δ13C is shown in Fig. 5a. All carbonate samples in calc–
silicate rocks show clear δ18O and δ13C shifts away from
marble while the carbonates samples from the marble–erlan
contact and those in skarn show a large deviation in δ13C
down to − 9.1‰ V-PDB at almost constant δ18O. Two calcite
samples from younger, crosscutting veinlets exhibit diverse C
and O isotope data. The carbonate from a veinlet with

laumontite falls into the field of marbles (Fig. 5a) while a
carbonate veinlet penetrating marble has the most negative
δ18O value of − 27.2‰ V-PDB.

Five samples of carbonates or the carbonate fraction
from the rocks with maximum variability in δ13C–δ18O
space, which is thought to represent the metamorphic fluid
variability together with degree of decarbonization, were
analyzed for their 87Sr/86Sr compositions (Table 3). The
obtained data roughly correlate with both C and O isotopic
compositions (Fig. 5b), with the least radiogenic sample of
marble having the highest δ13C and δ18O values, closest to
the presumed marine carbonate composition (Veizer et al.
1999). In parallel, the late carbonate veinlet shows the
most radiogenic 87Sr/86Sr (0.7190) in agreement with its
lowest δ13C and δ18O values, but highest Sr content
(0.05 wt%).

Re–Os isotopic compositions and geochronology

The Re–Os isotopic compositions of arsenopyrite from the
Gustav orebody are given in Table 4. The samples are charac-
terized by variable Re contents in the range between 2.3 and
25.3 ppb paralleled by very low Os from 27.5 to 94.1 ppt.
Regression of these data returns a six-point Re–Os isochron
with a slope yielding an age of 307.5 ± 5.6 Ma and initial
187Os/188Os value of 1.04 ± 0.33 (Fig. 6). The MSWD of 26
indicates scatter of the data beyond analytical uncertainty, and
most scatter is associated with the single analysis OD-10. The
remaining five analyses yield an age of 307.6 ± 4.6 Ma
(MSWD = 3.0, initial 187Os/188Os = 1.11 ± 0.21.

Discussion

Ore mineralization

The observed mineral paragenesis of sulfides at the Gustav
orebody is in agreement with previous studies (e.g., Šrein
and Šreinová 2000 and references therein), who reported the
sequence of pyrrhotite–chalcopyrite–arsenopyrite–galena–
sphalerite. The oldest sulfide is arsenopyrite, and it is very
likely that the dominant pyrrhotite and chalcopyrite, which
replace silicates (mainly clinopyroxene), were formed con-
temporaneously (mostly intimately intergrown). Alteration
products of pyrrhotite containing Fe, S, and O can either rep-
resent a mixture of very fine grains of Fe sulfide and Fe oxide
or any iron oxy-sulfide such as a mineral phase close to
ferrotochilinite (FeS × 0.85[Fe(OH)2]) (Makovicky 2006;
Bernard and Hyršl 2013). The enrichment of the Obří důl
polymetallic mineralization in Sn, Bi, and Ag has been con-
firmed by our find of stokesite, native Bi, matildite, argentite,
and malayaite. Also, a recent LA–ICP–MS study of

�Fig. 3 Microphotographs of typical associations of ore minerals at the
Obří důl skarn-type deposit (BSE images). a Euhedral grains of
arsenopyrite (Apy) in association with calcite (Cal), quartz (Qz), and
garnet (Grt). Arsenopyrite contains abundant very small inclusions of
native Bi. b Gradual replacement of silicates, mainly diopside (Di) by
pyrrhotite (Po) and chalcopyrite (Ccp) with chalcopyrite dominating in
the front zone due to its higher mobility. Silicates (diopside—Di and
garnet—Gt) often contain micro-inclusions of native Bi. c Replacement
of pyrrhotite (Po) by pyrite (Py) with amorphous oxide matrix containing
Si and Fe. Inhomogeneous phase of unknown oxi-sulfide
(ferrotochiline?) replaces pyrrhotite along fractures. d Pyrrhotite (Po)
replacing massive chalcopyrite (Ccp) along fractures locally filled by
chlorite (Chl). Diopside (Di) represents residua of grains after their
replacement by chalcopyrite. Sphalerite (Sp) forms inclusions in
chalcopyrite (Ccp). eMolybdenite (Mol) in quartz gangue in association
with stokesite (Stk), which locally replaces molybdenite (bottom right
part of the Mo grain). Light grains are galena (Gn) often with native
bismuth (Bi) and locally occurring between molybdenite grains (not
shown). Calcite (Cal) and titanite (Ttn) were also identified. f Crushed
and corroded cassiterite grains (Cst) most likely provided Sn for the
formation of stokesite (Stk) which fills fractures between remnants of
cassiterite grains. Stokesite is also associated with elongated biotite (Bt)
grains. Pyrrhotite (Po) which forms subhedral elongated grains with
apparent fissility and galena (Gn) often with native bismuth (Bi) are also
part of this paragenesis
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molybdenite from Obří důl (Pašava et al. 2016a) reports the
presence of native Bi, galena, and inclusions of an Ag–S
phase.

The Obří důl deposit shares some paragenetic and geo-
chemical similarities with the skarn deposits (e.g.,
Czarnów, Kowary) located in a similar geological setting
on the Polish side of the border (Mochnacka et al. 2009;
Mikulski 2010) especially with respect to their multiphase
origin and evolution and presence of the marble–skarn/
calc–silicate rock association. The Czarnów deposit has
similar mineralogy with the predominant presence of arse-
nopyrite–pyrrhotite in association with late-stage Sn–W
mineralization (cassiterite, scheelite), which is similar to
the Helena orebody from the Obří důl deposit, although
the former exhibits the predominance of cassiterite over
scheelite (Mikulski et al. 2007; Mochnacka et al. 2009).
The Kowary deposit largely differs by the presence of large
quantities of magnetite-bearing skarn and late stage U-
mineralization but has a similar polymetallic sulfide para-
genesis. This deposit formed in three main mineralization
phases: (i) stratabound magnetite mineralization formed
either due to the KJPC intrusion or by regional metamor-
phism of sedimentary exhalative iron mineralization and
(ii) formation of skarn bodies with late-stage hydrothermal
polymetallic sulfide minerals followed by (iii) uranium–
polymetallic stage crosscutting the skarn (Mochnacka
et al. 2015). It is also noteworthy that the whole paragen-
esis and chemistry of the Obří důl sulfides bears many
mineralogical similarities with the high-temperature
polymetallic (base metal sulfide-rich) mineralization at de-
posits located in high-grade metamorphic rocks in the
Kutná Hora Crystalline Unit (Kutná Hora deposit) or

Saxothuringian Unit (Freiberg mining district), labeled as
k-pol mineralization type (Bernard and Pouba 1986).

Constraints from fluid inclusions

The skarn-forming fluids are typically of a wide range of com-
position, salinities, and temperatures (Kwak 1986; Jamtveit and
Anderson 1993; Wilkinson 2001; Pašava et al. 2003). The pro-
grade high-temperature metasomatic phase producing anhy-
drous silicate minerals is typically formed by hypersaline
high-temperature fluids (commonly above 500 °C and salin-
ities exceeding in some cases 50 wt% NaCl equiv. with a high
content of CaCl2 resulting from a reaction of NaCl-rich mag-
matic fluids with carbonates). The retrograde phase, which pro-
duces minerals like amphibole or epidote or assemblages with
sulfides, is formed in a lower temperature interval (200–
350 °C) by lower-salinity aqueous fluids with higher content
of NaCl. Several fluid types of these generally wide ranges in
temperature and composition were recorded in the Obří důl
deposit indicating a complex evolution of associated fluids
and likely long time breaks in the fluid circulation.

Fila-Wójcicka (2000) studied the petrogenesis of skarns at
Garby Izerskie (NWof Szklarska Poreba, Poland) close to the
KJPC contact and suggested that stage I, which took place
during the prograde metamorphism in a quasi-isochemical
system, resulted in crystallization of hedenbergite (ca.
500 °C) and wollastonite and grossular (ca. 600–650 °C).
The latter two minerals were formed at peak metamorphic
temperatures at ca. 650 °C; the fluids had a CO2 concentration
of 30 mol%. At the Obří důl skarn, only several aqueous fluid
inclusions of uncertain classification in clinopyroxene had
homogenization temperatures (Th) in the range of 387–

Fig. 4 Fluid inclusion types in
minerals from the Obří důl skarn
deposit. a Primary H2O
inclusions with relatively
consistent LVR in quartz veinlet
with sulfide mineralization
(sample OD-3A), b primary H2O-
(CO2) inclusions in quartz veinlet
with sulfide mineralization
(sample OD-3A), c primary H2O
inclusions with consistent LVR in
calcite veinlet (sample 13-OBR-
8), d secondary H2O inclusions
with consistent LVR in calcite
veinlet (sample 13-OBR-8)
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424 °C and only secondary fluid inclusions (Th 228–262 °C,
salinity up to 8 wt% NaCl equiv.) were found in garnet

(grossular). No sulfide mineralization was reported from skarn
at Garby Izerskie and documented silicification began at least
at 410 °C (Fila-Wójcicka 2000). The quartz veinlets with the
sulfide mineralization at the Obří důl deposit contain aqueous
fluid inclusions with only small amounts of CO2. They have
mostly constant liquid/vapor ratio and a narrow range of Th
324–358 °C with salinity in the range 4.0–8.8 wt% NaCl
equiv. These values are similar to those reported from the
Czarnów mineralized quartz veins (Mikulski et al. 2007).
The eutectic temperature around − 34.5 °C indicates, except
for NaCl, also the presence of Mg and Fe chlorides in the
fluids. The formation of younger carbonate and quartz veinlets
postdates the formation of both the Obří důl skarn mineral
paragenesis and the major sulfide phase and is associated with
low-temperature saline aqueous fluid inclusions (up to 8 wt%
NaCl equiv., Na ± K ±Mg ± Fe chlorides) with Th in the range
113–168 °C.

Multiple fluid sources constrained through C–O–Sr
isotopic compositions

Isotopic investigations, particularly the stable isotopic compo-
sitions of C, O, H, and S, have been critically important for a
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Fig. 5 a δ18O (‰ vs. V-PDB) vs δ13C (‰V-PDB) plot for Ca-rich
samples from the Obří důl polymetallic skarn deposit. Field for
Cambro–Ordovician marine limestone from Veizer et al. (1999). b
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Table 4 Re–Os data for arsenopyrite from the Gustav orebody (Kovárna mining area, the Obří důl polymetallic skarn deposit)

Sample Re (ppb) 2σ Total Os (ppt) 187Os (ppt) 2σ 187Re/188Os 2σ 187Os/188Os 2σ

A-OD-1 25.29 0.11 94.1 82.2 0.7 10,742 584 56.1 3.1

A-OD-4 5.396 0.024 41.3 19.2 0.1 1236 22 7.49 0.13

A-OD-5 7.001 0.031 39.3 23.6 0.3 2252 64 12.59 0.38

A-OD-7 2.349 0.011 32.0 9.2 0.07 520 14 3.74 0.1

A-OD-9 6.106 0.027 27.5 20.4 0.1 4360 382 23.65 2.07

A-OD-10 7.682 0.035 49.1 255 0.1 1647 77 9.21 0.43
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documentation of the multiple fluid sources present in most
large skarn systems (e.g., Shimazaki 1988; Bowman 1998;
Meinert et al. 2003 and references therein).

Sulfur

Sulfur isotope studies on a variety of sulfide minerals (includ-
ing pyrite, pyrrhotite, molybdenite, chalcopyrite, sphalerite,
bornite, arsenopyrite, and galena) from skarn deposits indicate
a very narrow range of δ34S values, consistent with a homo-
geneous source of sulfur from magmatic fluids (e.g.,
Shimazaki and Yamamoto 1979; Shimazaki and Sakai
1984). This is in agreement with the observed δ34S values
found at the Obří důl deposit indicating a homogeneous sulfur
source and dominantly reducing conditions during the forma-
tion of sulfides (i.e., low proportion of sulfate in the fluids).
The source of sulfur is difficult to ascertain, since the back-
ground data defining the sulfur isotopic composition of the
KJPC and the metamorphic series hosting the Obří důl skarn
are unknown. Nevertheless, the whole range of sulfur isotope
data (0.9 to 4.8‰) is in agreement with the range commonly
observed in magmatic rocks of the Bohemian Massif (e.g.,
Bernard and Žák 1992). Unfortunately, the sulfur isotope ther-
mometers are difficult to apply, since the observed sulfides are
largely not in isotopic equilibrium and pyrrhotite–chalcopyrite
fractionation is very steep (with respect to given analytical
error) at high temperatures (cf. Kajiwara and Krouse 1971).

Carbon and oxygen in carbonates

The application of carbon and oxygen isotope analyses of
carbonates became a routine method for the studies of both
metamorphic decarbonization in calc–silicate rocks and meta-
somatic skarn-forming processes (e.g., Valley 1986 and
references therein) applicable also for the skarn formation in
the Bohemian Massif (Žák and Sztacho 1994; Drahota et al.
2005) . The data provides clues to metamorphic
decarbonization between the two theoretical end-members—
a system continuously opened for CO2 escape (Rayleigh vol-
atilization) or decarbonization with a single-stage CO2 escape
(batch volatilization). Furthermore, carbonates isotopically
equilibrate with, or formed from infiltrating, externally de-
rived metasomatic fluids. Mathematical modeling can con-
strain the parameters of external fluid infiltration, i.e., define
which parts of the mineral paragenesis were modified in a
fluid-dominated system, and whether the fluid flow was per-
vasive or channelized (Baumgartner and Valley 2001).

At metamorphic temperatures, the escaping CO2 has δ
13C

and δ18O values always higher than that of the residual rocks.
Therefore, metamorphic decarbonization shifts the δ13C and
δ18O of residual carbonate to lower values. Larger isotopic
fractionations of δ13C are generally produced during open
system (Rayleigh) volatilization with continuous CO2 escape

and a low quantity of residual carbonate will yield very low
δ13C values. In contrast, the shift in δ18O of the residual calc–
silicate rocks is more restricted even under open-system
behavior, since most oxygen in the system is always retained
in the residual minerals. This so-called calc–silicate limit
(Valley 1986) typically restricts the metamorphic coupled
C–O isotopic fractionation observed in residual carbonate to a
smaller change in δ18O, usually not exceeding 6‰. Larger
shifts in the δ18O values are typically observed in cases of
external fluid infiltration and in fluid-dominated systems (e.g.,
Bowman et al. 1994).

The Obří důl skarn represents a complex case, since the
rock sequence hosting the deposit was metamorphosed at least
twice—by regional metamorphism and by contact metamor-
phism associated with the intrusion of the KJPC. Additionally,
the un-metamorphosed limestone equivalents are not available
and even the age of the whole sequence is poorly constrained.
Other studies of skarns with polymetallic sulfide mineraliza-
tion have shown that the rock sequences are commonly infil-
trated and replaced by large volumes of externally derived
fluids (Baumgartner and Valley 2001). The Izera–Kowary
Unit hosting the Obří důl skarn is supposed to be of
Cambrian or Lower Ordovician age (Oberc-Dziedzic et al.
2010), and therefore, the original limestone protoliths can
have a δ13C–δ18O composition as shown in Fig. 5a
(estimated after Veizer et al. 1999). The C- and O-isotope
shifts to the field of marbles and calc–silicate rocks are near
the highest possible limit, which can be reached by
Bisochemical^ bi-metasomatic exchange and fluid escape
under high percentages of decarbonization. However, since
these rocks are still rich in carbonate (see Table 3), the data
must also reflect the isotopic exchange with external fluids,
most likely during the regional metamorphism. The carbon-
ates within skarn and calc–silicate rocks with sulfide mineral-
ization create a negative array in C–O compositions (Fig. 5) in
agreement with the observation that they contain a mixture of
younger and primary calcite in the matrix. In detail, the
carbonates in this group show large δ13C shifts from the field
of both hypothetical protolith limestones and the field of
un-mineralized calc–silicate rocks. Thus, their composition
is completely controlled by overprint by channelized
metasomatic fluid flow, which is most probably related to
the intrusion of the KJPC.

The carbonate veinlet crosscutting a marble shows ex-
tremely low δ18O data (− 27.2‰) as a result of its formation
from a low-δ18O fluid of meteoric provenance at low temper-
atures, as also indicated by the temperature data of late fluid
inclusions of the post-ore assemblage.

Strontium

There are several potential strontium sources in the study area.
The primary 87Sr/86Sr composition of carbonate can be
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estimated from the well-documented global evolution curve,
applicable to marine carbonates: the 87Sr/86Sr value peaks at
about 0.7092 during late Cambrian, drops towards a minimum
of 0.7077 at the end of Ordovician, and again steeply increases
in early Silurian (Denison et al. 1993; Veizer et al. 1999;
McArthur et al. 2001). All analyzed samples have higher
values, indicating that the Sr isotopic system is disturbed
and cannot be used for stratigraphic considerations. The more
radiogenic values could be connected with sedimentation
within a closed basin, i.e., an environment not in equilibrium
with the global ocean. However, the isotopic compositions of
the Izera–Kowary mica schists and its (meta) sedimentary
equivalents (Linnemann and Romer 2002; Fila-Wójcicka
2004; Oberc-Dziedzic et al. 2009) indicate a rather un-
evolved, mostly mafic island arc protolith with presumably
unradiogenic Sr isotopic fingerprint. Correspondingly, the
seawater 87Sr/86Sr isotopic composition formed by mixing
of oceanic seawater and continent-derived Sr should be gen-
erally below 0.710. Another potential source of radiogenic Sr
could be the KJPC and/or accompanying percolating fluids.
However, available initial 87Sr/86Sr data for all uncontaminat-
ed granites are well below 0.7090 (Kryza et al. 2014). Finally,
mica schist of the Izera–Kowary Unit can represent the Sr
source. Although there is no data for its 87Sr/86Sr ratio, the
bulk-rock Rb/Sr ratio reaches ~ 5 or even higher (e.g., Oberc-
Dziedzic et al. 2009). Consequently, the time-integrated in-
growth of 87Sr/86Sr from the end of Ordovician until the
KJPC intrusion should result in values higher than 0.730 for
any realistic 87Sr/86Sr initial values and even higher for Rb-
rich minerals such as biotite. It is thus very likely that the
radiogenic Sr isotopic compositions of the Obří důl skarn
carbonates are due to influx of Sr leached from surrounding
mica schists, most probably by fluids mobilized by the nearby
intrusion. This effect is most evident in case of the late car-
bonate veinlet (Fig. 5b).

Temporal and spatial evolution

The formation of a skarn deposit is a dynamic process (e.g.,
Meinert et al. 2005 and references therein). Inmost large skarn
deposits, there is a transition from early/distal metamorphism
producing hornfels, reaction skarn, and massive skarn to later/
proximal metasomatism resulting in relatively coarse-grained
ore-bearing skarn. Due to the strong temperature gradients and
large fluid circulation cells caused by intrusion of magma
(Salemink and Schuiling 1987), contact metamorphism can
be considerably more complex than the simple model of
isochemical recrystallization typically invoked for regional
metamorphism.

The roughly tabular KJPC shows a prolonged history of
successive, multi-stage magma emplacement during the
Variscan orogeny. The pluton fabrics and inferred magmatic
strain patterns do not record the early petrogenetic processes

but are consistent with the granitic magmas having been
emplaced as already homogenized phenocryst-bearing
mushes into the shallow crust (Žák et al. 2013). For skarns
related to plutons, there is a parallel relationship between the
sequence of emplacement, crystallization, alteration, and
cooling of the pluton and the corresponding metamorphism,
metasomatism, and retrograde alteration in the surrounding
rocks (Meinert 1983). The KJPC intrudes into a structure rep-
resented by Cambro–Ordovician orthogneiss to the north
(Kröner et al. 2001; Oberc-Dziedzic et al. 2005, 2009) and
Neoproterozoic–Lower Paleozoic metamorphic rocks domi-
nated by phyllite and mica schist with subordinate lenses of
orthogneiss and bimodal metavolcanic rocks to the south and
east (Marheine et al. 1999; Winchester et al. 2003). The Obří
důl skarn deposit is developed in the SE contact aureole of the
KJPC, up to a few hundred meters from the granite intrusion.
The surrounding metamorphic rock sequence clearly experi-
enced several successive events:

i. Primary deposition of the sediments including limestone
lenses in the Cambrian and Ordovician

ii. Cadomianmetamorphism andmagmatism resulting in the
formation of rocks, which were converted to orthogneiss
later during the Variscan events

iii. Variscan regional metamorphism
iv. Intrusion of the KJPC causing contact metamorphism

and metasomatism of the adjacent rocks forming calc–
silicate rocks and skarns

v. Formation of high-temperature sulfide mineralization ge-
netically related to the intrusion of KJPC which postdates
formation of the skarns and possibly related retrograde
changes to amphibolite and epidote-rich assemblages

vi. Several late events, some of them probably significantly
separated in time, such as formation of W–(Sn) impreg-
nations, tectonic disturbance of the KJPC contact zone
under brittle regime, recrystallization of some sulfides,
formation of late-stage carbonate veinlets, and formation
of low-temperature phases related to mineralization

The data obtained within this study bring new information
especially on the (v) and (vi) phases of this multistage process.
The spatial connection of polymetallic skarns with the contact
of KJPC argues for skarn formation by metasomatism related
to the Variscan magmatism.

The Re–Os age data for arsenopyrite from the Gustav
orebody (307.5 ± 5.6 Ma; Fig. 6) are in agreement with the
Re–Os age of molybdenite separated from the mineralized
section of the Obří důl skarn (312.7 ± 1.4 Ma; Ackerman et al.
2017), single arsenopyrite Re–Os model ages in the range of
309–315 Ma for the nearby Au–As Czarnów deposit, and a
molybdenite Re–Os age (312 ± 1Ma) reported for the Kowary
Fe–U–polymetallic deposit (Mikulski and Stein 2013). These
age data clearly indicate that the formation of polymetallic
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sulfide mineralization is chronologically related to the
intrusion of the KJPC. The results are undistinguishable
within error from U–Pb zircon ages from the part of KJPC
spatially closest to the Obří důl deposit (312.5 ± 0.3 to
312.2 ± 0.3 Ma; CA–ID–TIMS; Kryza et al. 2014) and Re–
Osmolybdenite ages of 307 ± 2 and 309 ± 2Ma from Fe–Cu–
Mo–Wmineralization related to the KJPC (Mayer et al. 2012).
They are also similar to the Garby Izerskie skarn (302 Ma,
Rb–Sr whole-rock; Fila-Wójcicka 2004) and accompanying
hornfelsed schist (333 ± 4 Ma, Rb–Sr whole-rock; Fila-
Wójcicka 2004), which is interpreted as the age of late-stage
hydrothermal overprint of skarn. Our new age data also con-
firms the idea of Šrein and Šreinová (2000) who interpreted
the pyrrhotite recrystallization at the Obří důl as a result of
tectonic processes postdating the KJPC intrusion and
formation of the sulfide ores.

The study of the metamorphic evolution of metabasites in
the SE part of the KJPC showed that the peak metamorphic
temperature of 615–640 °C and pressure of 7.3–8.2 kbar were
preceded by an earlier stage (T = 370–550 °C, P = 2.8–
6.2 kbar), while the final metamorphic episode took place at
450–550 °C and 2.5–4.8 kbar (Ilnicki 2011). Retrograde re-
equilibration in greenschist/sub-greenschist facies at tempera-
tures < 300–350 °C and pressures < 2.5–3.0 kbar) was partly
related to hydrothermal activity around the KJPC, which is
consistent with results of our fluid inclusion study on the main
sulfide stage. However, our fluid inclusion study was not able
to trace the evolution of fluids from the early, magmatic high-
salinity type, to later less saline completely. Nevertheless, the
participation of late low-δ18O fluids is evidenced by some late
calcite types in skarns and by very late, low-temperature cal-
cite veinlets without any ore minerals.

Conclusions

Our mineralogical, geochemical, and isotopic study of the
massive and impregnated sulfide mineralization and accom-
panying carbonate-bearing rocks from the Gustav orebody, a
part of the Obří důl skarn deposit, resulted in the following
findings:

1. The Gustav orebody consists dominantly of pyrrhotite
and chalcopyrite which mainly replace silicate minerals
(diopside). Arsenopyrite was found to be the oldest sul-
fide mineral. Minor ore minerals are represented by sphal-
erite, pyrite, marcasite, cassiterite, molybdenite, stokesite,
native Bi, bismuthinite, galena, and S–Pb–Bi–Ag phases.
The sulfide paragenesis clearly postdates formation of the
pyroxene–garnet assemblage.

2. Fluid inclusion study revealed the existence of three types of
paleofluids: (i) H2O-type fluids in diopside with
Th = 387–424 °C and salinity up to 8 wt% NaCl

equivalent, (ii) H2O-type fluids with low CO2 values in
quartz veins with sulfide mineralization (minimum temper-
ature of sulfide formation Th = 324–358 °C, salinity
4.0–8.8 wt% NaCl equivalent, and indicated presence of
Mg and Fe chlorides), and (iii) H2O-type fluids in carbonate
veins and younger quartz veins with Th = 113–168 °C,
salinity up to 8 wt% NaCl equivalent, and presence of K–
Mg–Fe chlorides.

3. The sulfur isotopic composition of pyrrhotite, chalcopy-
rite, and arsenopyrite yields a very narrow range of δ34S
values (0.9–4.8‰), consistent with a source of sulfur from
magmatic rocks of the Bohemian Massif.

4. Carbonates from mineralized skarn and calc–silicate
rocks shows large shifts in δ18O away from the field
of both hypothetical protolith limestone and the field
of un-mineralized calc–silicate rocks (carbonate δ18O
values ranging from − 13.4 to − 25.2‰ V-PDB),
suggesting their total overprint by channelized
metasomatic fluid flow, which is most probably related
to the intrusion of the Krkonoše–Jizera Plutonic
Complex (KJPC).

5. The strontium isotopic compositions of carbonate frac-
tions generally correlate with both C and O isotopes.
The least radiogenic sample (87Sr/86Sr = 0.7098) has
also the highest δ13C and δ18O values, closest to the
presumed marine carbonate composition. The other
more radiogenic samples with 87Sr/86Sr up to 0.7190
in a late-stage carbonate veinlet most likely reflect a
contribution of radiogenic Sr leached from surrounding
mica schists by fluids mobilized by the intrusion of the
KJPC.

6. The Re–Os age of arsenopyrite (307.5 ± 5.6 Ma) is chro-
nologically closely related to the later stages of the KJPC
intrusion and evolution.

7. The homogenization temperature range (324–358 °C), de-
rived from the fluid inclusion study of the main sulfide
stage at the Gustav orebody, is consistent with retrograde
re-equilibration of the surrounding rocks under
greenschist/sub-greenschist facies conditions (T < 300–
350 °C, P < 2.5–3.0 kbar) which was partly related to
hydrothermal activity around the KJPC.
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