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Abstract
The Ransko (ultra)mafic massif, Bohemian Massif, Czech Republic, hosts several Ni–Cu–(PGE) deposits and peculiar Zn–
Cu–Ba ores. Geochronology integrated with petrography, bulk-rock, and mineral compositions together with Sr–Nd–Pb–Hf–
Os–O isotopic systematics of barren and variably mineralized (ultra)mafic lithologies as well as massive ores reveal a complex 
evolution of the Ransko massif and its mineralizations. The Sm–Nd and U–Pb ages obtained for gabbros and cross-cutting 
granite porphyry, respectively, overlap with Re–Os ages of Ni–Cu–(PGE) and Zn–Cu ores and limit the formation age of 
(ultra)mafic rocks and metal accumulations to ~ 370–345 Ma. Compositional variations indicate derivation of parental melts 
of the Ransko massif from metasomatized, Variscan sub-arc mantle and underscore the importance of assimilation–fractional 
crystallization and crystal accumulation processes. The Ni–Cu ores were emplaced through the gravity-driven percolation of 
dense sulfide liquids along previously weakened structures associated with the downward crystal fractionation. The orogenic 
and arc-related nature of the Ransko Ni–Cu–(PGE) mineralization shares some remarkable similarities with some other 
Ni–Cu deposits in the European Variscan Belt highlighting the significance of these deposits emplaced in arc-related crustal 
domains. Yet, the variable nature of these mineralizations indicates complex processes that happen during the emplacement 
and evolution of the parental magmas driving their favourable metal contents.
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Introduction

Magmatic sulfide deposits represent one of the most impor-
tant sources of Ni and Cu as well as platinum-group ele-
ments (PGE) and Co (e.g., Keays and Lightfoot 2010; 
Naldrett 2010; Li and Ripley 2011a; Lu et al. 2019; Gao 
and Wang 2024). Most economic occurrences are related 
to Archean–Proterozoic intra-plate (ultra)mafic magma-
tism forming world-class deposits (Naldrett 2010) that are 
associated either with komatiites, picrites, and flood basalts 
(e.g., Kambalda, Duluth, Noril’sk/Pechenga or Jinchuan) 
or gabbroic-granitic rocks (Voisey’s Bay and Sudbury). On 
the other hand, arc-related, orogenic type Ni–Cu–(Co–PGE) 
deposits sometimes bound to Alaskan-type complexes have 
been rather overlooked because of their typically low eco-
nomic significance (Naldrett 2010). Nevertheless, due to 
an increasing demand for Ni, PGE, Co, and Cu required 
for high-tech industry, several targeted studies have 
been pursued dealing with the exploration of arc-related 
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Ni–Cu–(Co–PGE) deposits focusing on their ages, petro-
genesis and significance for ore mineralization (e.g., Barnes 
et al. 2020; Jesus et al. 2020; Gao and Wang 2024; Zhao 
et al. 2024).

Arc-related orogenic Ni–Cu–(Co–PGE) deposits span-
ning the ages from > 2 Ga to the Phanerozoic have been 
identified in a number of places worldwide (e.g., Thakurta 
et al. 2008; Maier et al. 2008; Peltonen 1995; Gao and Wang 
2024 and references therein). Gao and Wang (2024) noted 
that orogenic-type intrusions that host accumulations of 
Ni–Cu–(Co–PGE) ores share some characteristics such as 
the presence of orthopyroxene-rich lithologies or emplace-
ment along fault systems in the form of elongated bodies. 
However, these characteristics do not apply to all arc-related 
intrusions as for example, some Alaskan-type complexes 
are predominantly formed by clinopyroxene, amphibole and/
or olivine-rich lithologies (e.g., Johan 2002 and references 
therein). This hints at a rather diverse petrogenetic evolu-
tion of individual orogenic-type (ultra)mafic complexes in 
response to different sources, compositions, and evolution of 
parental melts, local tectonic settings, and/or pressure–tem-
perature (P–T) conditions.

The Variscan orogenic massifs dispersed from Western to 
Central Europe are characterized by widespread arc-related 
magmatism (Janoušek et al. 2004; Ribeiro et al. 2007; Žák 
et  al. 2014). Previous studies documented the presence 
of ~ 350–340 Ma (ultra)mafic bodies (Beja and Aguablanca) 
with sub-economic to economic Ni–Cu–(Co–PGE) miner-
alizations, respectively (Piña 2019; Jesus et al. 2020), that 
appear to be contemporaneous with large-scale arc-related 
granitic activity. In the Bohemian Massif, the exceptional 
case of the Variscan-related (ultra)mafic magmatic activity 
has been documented at the Ransko massif that hosts several 
Ni–Cu–(PGE) deposits as well as peculiar association with 
Zn–Cu–Ba ores (Mísař 1974; Pašava et al. 2003). However, 
modern studies conducted so far have been predominantly 
focused on PGE and Re–Os systematics (Pašava et al. 2003, 
2023; Ackerman et al. 2013) with only limited information 
about the petrogenesis of the massif itself in terms of geotec-
tonic settings, parental melt evolution and nature of sulfidic 
mineralizations.

In this study, we report combined U–Pb, Sm–Nd, and 
Re–Os geochronology coupled with major, trace and 
highly siderophile element compositions, paralleled by 
Sr–Nd–Pb–Hf–O isotopic determinations, of all known Ran-
sko rock types to reveal the nature of magmatism and asso-
ciated Ni–Cu–(PGE) ores as well as timing of Zn–Cu–Ba 
mineralizations. Using this integrated approach, our study 
explores the affinity of the Ransko mantle-derived paren-
tal magmas and the relationship of Ni–Cu–(PGE) and 
Zn–Cu–Ba mineralizations to widespread arc-related mag-
matic and hydrothermal activity, both closely related to the 
Variscan orogeny in the Bohemian Massif.

Geological background

The Bohemian Massif is traditionally divided into four 
tectonometamorphic units: the Saxothuringian, the 
Teplá–Barrandian, the Moldanubian, and Moravo-Sile-
sian/Brunovistulian (e.g., Matte 2001; Schulmann et al. 
2022; Fig. 1a). The Ransko massif is positioned in a tran-
sition zone between the Moldanubian Unit to the south, 
the Kutná Hora Crystalline Complex to the northwest, the 
Nasavrky Plutonic Complex to the north and the Hlinsko 
Zone to the east (Fig. 1b,c). The Kutná Hora Crystalline 
Complex shares some similarities in terms of lithology, 
P–T conditions (granulite, migmatite, peridotite-pyroxen-
ite) and age with ~ 350–330 Ma high-grade metamorphic 
rocks of the Gföhl Unit of the Moldanubian Unit (Synek 
and Oliveriová 1993; Ackerman et al. 2020; Nahodilová 
et al. 2020). Similarly, the northerly located granitic rocks 
of the Nasavrky Plutonic Complex have similar calc-alka-
line I-type composition and Re–Os age of disseminated 
molybdenite (Ackerman et al. 2017) to more westerly situ-
ated ~ 354–346 Ma Central Bohemian Plutonic Complex 
(CBPC; Žák et al. 2014). On the other hand, the adjacent, 
southern part of the Hlinsko Zone composed of (meta)
volcanosedimentary rocks (phyllite) of the Vítanov For-
mation is assumed to be Neoproterozoic in age (Pitra and 
Guiraud 1996).

The Ransko massif with the assumed age of ~ 342 Ma 
(Re–Os; Ackerman et  al. 2013) occupies the area of 
approximately 10 km2 and consists of two main litho-
logical units: (1) peridotite (dunite; Fig. 2a) accompanied 
by troctolite, olivine gabbro, and (2) olivine/amphibole-
bearing gabbro (Fig. 1c) with rare anorthosite altogether 
sometimes penetrated by quartz diorite (Mísař 1974). In 
the eastern part of the massif, the swarm of granite and/
or syenite porphyry dykes crosscutting the (ultra)mafic 
lithologies is present (Fig. 1c). According to Mísař (1974), 
the Ransko parental magmas underwent two-stage differ-
entiation. First, magmas formed through partial melting of 
a slightly depleted mantle (Pašava et al. 2003) evolved at a 
deep magma chamber during an intense assimilation–frac-
tional crystallization process associated with sulfide liquid 
immiscibility. Second, such magmas ascended to the shal-
lower crustal levels and their emplacement was further 
associated with a second stage of assimilation–fractional 
crystallization.

Predominantly disseminated to locally semi-massive/
massive Ni–Cu–(PGE) ore bodies were discovered during 
extensive drilling campaigns in the past at several loca-
tions in the Ransko massif (e.g., deposits Jezírka, Dou-
bravka, Řeka, Tůně; Fig. 1c), forming a discontinuous, 
up to 3 km long and 1 km wide mineralized zone in a 
NE–SW direction (Mísař 1974). In general, all these ore 
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bodies are predominantly composed of pyrrhotite, pent-
landite and chalcopyrite (Pašava et al. 2003) with total Ni 
and Cu contents reaching up to 4 wt% while elevated Pt 
and Pd contents (up to ~ 0.7 ppm) are related to the pres-
ence of michenerite, froodite, and sperrylite. The bodies 
are predominantly located in the largely altered contact 
zones between troctolite and gabbro. Furthermore, during 
prospection for Ni–Cu ores, the Zn–Cu deposit (Obrázek) 
associated with the intrusion of quartz diorite into the 
(ultra)mafic Ransko cumulate rocks was discovered dur-
ing the drilling campaign (Mísař 1974).

Samples and methodology

In total, 32 samples representative of all (ultra)mafic 
lithologies including samples with either massive or dis-
seminated Ni–Cu–(PGE) mineralizations, one sample of 
granite porphyry cross-cutting the massif (Fig. 1c), two 
samples of massive Zn–Cu ore (Obrázek deposit) and two 
leucocratic xenoliths representing country rocks were 
selected for this study. The majority of rock samples have 
been obtained from several drill cores at variable depths, 

Fig. 1   (a) Simplified geological map showing the distribution of 
European Variscan Belt relicts dispersed from Western to Central 
Europe. (b) Geological settings of the Ransko massif within a broader 

context of surrounding formations (adopted and modified from Štědrá 
et al. 2009). (c) Geological map of the Ransko massif with locations 
of studied samples and Ni–Cu–(PGE) and Zn–Cu deposits marked
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deposited at the Czech Geological Survey (CGS) with 
additional samples either gathered from rock collections 
at the Faculty of Science, Charles University (anorthosite) 
or newly collected in the field (see Supplementary Table 1 
for details).

Major and trace element compositions were determined 
using wet-chemistry (CGS) and ICP-MS (Faculty of Sci-
ence, Charles University) techniques following the methods 
detailed in Dempírová et al. (2010) and Strnad et al. (2005), 
respectively. The overall precision of major element analyses 
was always better than ± 5% while the accuracy monitored 
through the periodical analyses of JG-3 reference material 
(USGS) yielded values better than 10% (RSD). The solu-
tion ICP-MS technique yielded precision and accuracy bet-
ter than ± 1% and 10–15% (RSD), respectively, monitored 
through the analyses of BCR-2 reference material (USGS).

Major element compositions of mineral phases were 
determined using the Cameca SX 100 electron microprobe 
(EMP) at the Masaryk University with the operating condi-
tions as follows: wavelength-dispersive mode, an accelerat-
ing voltage of 15 kV, a beam current of 10–20 nA, and a 
beam size of 2–5 µm (see Kubeš et al. 2022 for more details).

The Sm–Nd geochronology and Sr–Nd–Pb isotopic 
analyses were carried out at the Institute of Geology of the 
Czech Academy of Sciences (IG CAS). The Sr–Nd–Pb iso-
topic protocol detailed in Ackerman et al. (2020) involves 
the decomposition of samples followed by Sr, Nd, and Pb 
isolation by means of ion-exchange chromatography using 
the methodology of Pin et al. (2014) and subsequent isotopic 

analyses using a Triton Plus thermal ionization mass spec-
trometer (TIMS; Thermo). For Sm–Nd geochronology, 
mineral separates and corresponding whole-rocks were 
digested with 150Nd–149Sm spike. Thereafter, Sm and Nd 
were isolated by a combination of TRU and LN resins (Pin 
et al. 2014), and their isotopic compositions were analyzed 
using a Triton Plus TIMS with double Re and Ta–Re fila-
ment assembly, respectively. The Lu–Hf isotopic data were 
acquired following the methods summarized in Ackerman 
et  al. (2020) involving sample decomposition followed 
by ion-exchange column chemistry using the approach 
detailed elsewhere (Anczkiewicz et al. 2004) and Hf iso-
topic (176Hf/177Hf) analyses with a Neptune MC-ICP-MS 
(Thermo), housed at CGS.

Oxygen isotopic analyses were performed at the Univer-
sity of Göttingen using laser fluorination technique com-
bined with mass spectrometry (Thermo MAT 253) using 
analytical methods detailed elsewhere (Pack et al. 2016) 
with the external reproducibility on δ18O values of ± 0.17 
‰ (1SD).

The U–Pb zircon geochronology was carried out at the 
CGS using Analyte Excite 193 nm excimer laser system 
(Photon Machines) connected to an Agilent 7900 quadrupole 
ICP-MS and analytical conditions detailed in Soejono et al. 
(2024). Zircon reference samples 91,500 (Wiedenbeck et al. 
1995), GJ-1 (Jackson et al. 2004), and Plešovice (Sláma 
et al. 2008) analysed during this study yielded concordia 
ages of 1063 ± 3 Ma, 603.3 ± 2.8 Ma and 338.2 ± 1.7 Ma 
(2σ), respectively. The raw data were processed with the 

Fig. 2   Photographs illustrating 
some examples of (ultra)mafic 
rocks and related Ni–Cu–(PGE) 
ores of the Ransko massif. 
(a) An outcrop of strongly 
serpentinized dunite (local-
ity Tůně, 49.65° N, 15.81° 
E). (b) A close-up view of 
the representative sample of 
olivine–amphibole gabbro with 
accumulation of plagioclase 
forming anorthosite (locality 
Hluboká, 49.66° N, 15.84° E). 
(c) representative examples 
of massive Ni–Cu–(PGE) ore 
(sample RAN-34) collected at 
the Jezírka deposit dump (Shaft 
No. 1, Jezírka deposit, 49.65° 
N, 15.82° E. (d, e) illustrative 
examples of semi-massive, net-
texture (d) and disseminated (e) 
Ni–Cu–(PGE) ores (Jezírka and 
Řeka deposits, respectively)
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Iolite software (Paton et al. 2011) and only analyses with 
less than 5% discordance were used for the interpretations 
based on 206Pb/238U age and plotted using the Isoplot 4 tool-
box (Ludwig 2008). Discordance (%) of the studied sam-
ples was calculated as follows D = [1 – (206Pb/238U Age) ⁄ 
(207Pb/235U Age)] × 100 (Sláma et al. 2011).

 The Re–Os molybdenite dating followed the protocol 
described in detail by Selby and Creaser (2004) that involved 
decomposition of a sample in a Carius tube with mixed 
185Re–190Os–188Os spike (Markey et al. 2007), Re and Os 
separation using solvent extraction of Cohen and Walters 
(1996) and anion exchange chromatography followed by iso-
topic measurements using a Triton Plus (Thermo) in nega-
tive mode (N-TIMS).

The concentrations of highly siderophile elements (Os, 
Ir, Ru, Pd, Pt) and Re–Os isotopic data were obtained at 
the joint laboratory of IG CAS (chemistry, ICP-MS) and 
CGS (TIMS) following the methods detailed elsewhere (e.g., 
Mundl et al. 2016). Osmium was separated using solvent 
extraction (Cohen and Waters 1996) followed by micro-
distillation (Nakanishi et al. 2019) and isotopic analyses 
(187Os/188Os) using N-TIMS technique and Thermo Triton 
Plus. Rhenium, Ir, Ru, Pt, and Pd were isolated by ion-
exchange chromatography and then analyzed at IG CAS with 
an Element 2 HR-ICP-MS (Thermo) coupled with an Aridus 
II desolvating nebulizer.

Results

Petrography, ore textures and mineral compositions

Dunite (Fig. 2a) is composed of olivine (> 90 vol%) accom-
panied by variable amounts of amphibole, rare clinopy-
roxene, and accessory spinel enclosed in a highly serpen-
tinized matrix (Fig. 3a). Olivine forms large (up to 4 mm 
in diameter) grains with rather homogenous compositions 
(Fo ~ 82.2–85.6), but low NiO contents sometimes below 
detection limit (< 0.11 wt. %; Supplementary Table 2). Two 
different amphibole generations were recognized: Amp I 
forming irregular, large (up to 1 mm in diameter) grains 
that usually intergrown with olivine indicating their textural 
equilibrium, and Amp II forming small, interstitial grains 
(up to 300 µm in diameter) set in a serpentinized matrix. 
While both types belong to the calcic subgroup, Amp I 
has a pargasitic composition (Fig. 4a) (Mg# 80.8–83.2, 
where Mg# = 100 x [Mg/(Mg + FeT)] and Na + K > 0.5 
apfu), whereas Amp II mainly corresponds to magnesio-
hornblende (Fig. 4b) (Mg# 81.6–89.3, Na + K < 0.5 apfu), 
according to the classification of Leake et al. (1997). Acces-
sory spinel occurs as irregular, euhedral, or rounded grains 
up to 1.5 mm large enclosed either in olivine/amphibole or 
dispersed in a serpentinized matrix (Fig. 3a). It has a highly 

variable composition covering a wide range of negatively 
correlated Cr# (Cr/[Cr + Al]) and Mg# values (Fig. 4c). Rare 
clinopyroxene was found only in sample RAN-18, where 
it forms large (up to 2 mm in diameter) grains enclosing 
partially serpentinized olivine. Some dunite samples (e.g., 
RAN-19, RAN-28) are largely affected by rodingitization 
reflected by the presence of garnet (grossular) + carbonate 
(calcite) + chlorite (Fig. 3b).

Troctolite contains variable proportions of olivine and 
plagioclase (up to 90 vol% in total) accompanied by minor 
clinopyroxene, amphibole, and accessory spinel (Fig. 3c, d). 
Two different rock textures were identified: (i) protogranular 
where olivine and plagioclase occur as up to 4 mm large 
grains of similar size whereas small clinopyroxene and 
amphibole grains (up to 0.5 mm) represent an interstitial 
phase (e.g., RAN-15), and (ii) cumulate characterized by 
up to 5 mm large plagioclase grains surrounded by smaller 
(< 2 mm in diameter) interstitial olivine, clinopyroxene 
and amphibole (e.g., RAN-16; Fig. 3c). Plagioclase with 
composition of anorthite (An89–100; Fig. 4d) and elevated 
FeO contents (up to 0.32 wt%) displays a weak and non-
systematic zonation (Supplementary Table 2). Olivine has 
on average lower Fo values (81.9–85.0) compared to that in 
dunite (Fig. 4e). Clinopyroxene with variable Cr2O3 contents 
(0.39–1.03 wt%) and Mg# values (85.0–87.5) has a com-
position of diopside with uniform En–Fs–Wo proportions 
(Fig. 4f). Amphibole that occurs in the matrix (Amp I) or 
replaces clinopyroxene (Amp II) (Fig. 3c, d) is predomi-
nantly calcic (magnesiohornblende to tschermakite) with 
Mg# of 78.8–85.1 (Fig. 4b). Spinel occurs in the form of 
large (up to 1.5 mm) Al-rich (hercynite) grains that enclose 
Cr-spinel (Fig. 3d) with highly variable Cr# (36.6–67.4); the 
latter is also present as isolated, up to 200 µm large grains 
dispersed in the matrix.

Olivine–amphibole gabbro (Fig. 2b) to gabbronorite is 
characterized by variable proportions of clinopyroxene and 
plagioclase accompanied by up to ~ 20 vol% of olivine and 
amphibole (Amp I) with grain size typically ranging from 
1 to 3 mm. In some samples, common orthopyroxene is 
also found. Olivine usually exhibits the lowest Fo values 
(77.1–81.8) and NiO (< 0.11 wt%) relative to that found in 
other lithological types (Fig. 4e). Except of sample RAN-11, 
abundant orthopyroxene (enstatite with Mg# ~ 78.5–82.1) 
forms up to 1.5 mm large grains or ~ 200 µm thick rims along 
plagioclase or clinopyroxene (Fig. 3e, f). Alteration is char-
acterized by the formation of chlorite and secondary amphi-
bole (Amp II) replacing clinopyroxene. Clinopyroxene with 
a composition of augite to diopside (Fig. 4f) exhibits highly 
variable Mg# values and Cr2O3 contents (Supplementary 
Table 2). Plagioclase with elevated FeO contents (up to 0.51 
wt%) has a composition of anorthite–bytownite (Fig. 4d) and 
some grains show a weak zonation with An-enriched rims 
(Supplementary Table 2). Note that plagioclase is partially 
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replaced by fine-grained symplectite consisting of spinel 
and amphibole at the interface with neighboring minerals 
(Fig. 3e). Both amphibole generations (Amp I and II) have 
overlapping composition of magnesiohornblende–tremo-
lite–tschermakite–pargasite (Fig. 4a, b) characterized by 
highly variable alkali contents and Mg# values (68.4–91.2). 
Spinel yields heterogeneous composition with Cr# values 
ranging from < 1 to 59.1 (Supplementary Table 2).

Anorthosite is represented by dykes or streaks within gab-
broic lithologies (Fig. 2b). This fine-grained rock (grain size 
up to ~ 200 µm) is composed of plagioclase with composi-
tion of andesine (Fig. 4d) that is largely replaced by late 
clinozoisite. Additionally, it is crosscut by late-stage vein-
lets or contains isolated pockets with mineral association of 
prehnite + oligoclase + K-feldspar ± epidote ± sericite ± apa-
tite (Fig.  3g). Accessory zircon forming up to ~ 40  µm 
rounded to euhedral grains enclosing U-rich thorite inclu-
sions (< 5 µm) is dispersed in the matrix.

Sample RAN-30 is exceptional being mainly composed 
of olivine and symplectitic amphibole–spinel assemblage 
(Fig. 3h) formed by a breakdown of primary plagioclase 
(therefore, hereafter termed metatroctolite; Fig. 3e). Fine-
grained amphibole–spinel symplectite forms large (up to 
4 mm in diameter) grains surrounded by up to ~ 300 µm thick 
rims of amphibole (Fig. 3h) typically having higher Mg# (up 
to 91.5) compared to symplectitic amphibole (Mg# ~ 86). 
Olivine has relatively uniform Mg# (83.1–84.2). Spinel 
forms irregular, euhedral, or rounded grains of variable sizes 
(~ 0.1–0.8 mm) and compositions with Mg# and Cr# varying 
between 19.1–68.9 and 5.0–53.5, respectively.

Two studied xenoliths are essentially leucocratic rocks. 
Sample RAN-24 has a composition of syenite with pre-
dominant K-feldspar forming either up to 2 mm large grains 
with common perthitic texture or being present together 

with minor plagioclase and quartz in a rather fine-grained 
(< ~ 500 µm) matrix. In comparison, RAN-27 is a (meta)
granite with a recrystallized texture dominated by quartz 
(< ~ 500 µm) and plagioclase (up to 1 mm in diameter) 
accompanied by minor K-feldspar.

The massive, net-like textured, and disseminated Ni–Cu 
ores at Ransko are mostly bound to troctolite and gabbro. 
All ore types are composed of predominant pyrrhotite 
sometimes containing inclusions of corundum in massive 
ore (Fig. 5a) accompanied by pentlandite, chalcopyrite, and 
minor pyrite and cubanite that locally replaces pyrrhotite 
(Fig. 5a–c), altogether accounting for more than 90 vol% of 
ore (Pašava et al. 2003). The low-temperature ore mineral 
phases are represented by mackinawite and valleriite. Pent-
landite also forms low-temperature exsolution lamellae in 
pyrrhotite (Fig. 5d,e), which sometimes exhibits a so-called 
„bird´s-eye “ texture in response to late-stage pyritization 
(Fig. 5e). Furthermore, Pašava et al. (2003) and Vavřín and 
Frýda (1998) identified Pd–Bi–Te and Pt–As platinum-group 
minerals (PGM) in addition to native bismuth, tsumoite, hes-
site, altaite, unnamed Bi–Ni telluride, and cobaltite–gers-
dorffite. The PGM are represented by michenerite–froodite 
(Fig. 5f) and sperrylite (Fig. 5g) forming small (< 50 µm in 
diameter) predominantly monomineralic grains dispersed in 
massive as well as disseminated Ni–Cu ores.

The Zn–Cu–Ba massive ore from the Obrázek deposit is 
characterized by the presence of sphalerite and baryte with 
the former commonly replaced by pyrrhotite and/or inter-
grown with idiomorphic pyrite (Fig. 5h). These minerals are 
locally associated with chalcopyrite and rare molybdenite 
(Fig. 5i).

Sm–Nd, U–Pb and Re–Os geochronology

Due to the absence of any U-bearing mineral phases in 
gabbros, seven mineral separates (amphibole, plagioclase, 
pyroxene) and three corresponding bulk rock gabbros (RAN-
31 to 33) were analyzed for their Sm–Nd isotopic composi-
tion (Table 1) in an attempt to provide potentially reliable 
information on the age of gabbro. With the exception of sam-
ple RAN-32 that yields plagioclase–amphibole–bulk rock 
isochron age of 346 ± 29 Ma (Fig. 6), it appears that bulk 
rock Sm–Nd systematics has been modified by late-stage 
alteration considering a non-isochronous relationship with 
corresponding mineral phases. However, when only mineral 
separates from all three samples have been considered, the 
analyzed gabbros yielded an age of 339 ± 16 Ma (Fig. 6) that 
is indistinguishable within the error from mineral–bulk rock 
RAN-32 isochron as well as the previously obtained Re–Os 
age of 341.5 ± 7.9 Ma (Ackerman et al. 2013).

Granite porphyry (RAN-37) contains various zircon 
populations (67 concordant analyses) forming three distinct 
age groups with specific textural and Th/U ratio features 

Fig. 3   BSE images of major lithological types. (a) Dunite matrix 
composed of prevailing olivine, minor amphibole, and spinel. (b) 
Late-stage rodingitization of dunite reflected by the presence of 
hydrothermally-derived grossular, carbonate, and chlorite. (c) Cumu-
late texture of troctolite consisting of interstitial olivine around pla-
gioclase enclosing clinopyroxene grains often replaced by amphi-
bole. (d) Intergrowths of amphibole and large hercynite (Spl I) grains 
enclosing a crystal of Cr-rich spinel (Spl I) in troctolite. (e) Thin 
orthopyroxene rim surrounding clinopyroxene in gabbro. Note that 
plagioclase is marginally replaced by fine-grained symplectite com-
posed of amphibole and spinel. (f) Gabbro matrix formed by pla-
gioclase, clinopyroxene, and large orthopyroxene enclosing olivine. 
(g) Secondary epidote, apatite, and sericite typically associated with 
late-stage veinlets crosscutting anorthosite. (h) Complete breakdown 
of plagioclase to amphibole-spinel symplectite surrounded by thick 
amphibole rim and abundant olivine in metatroctolite. Abbreviations: 
Ol = olivine; Amp I = primary amphibole; Amp II = secondary amphi-
bole; Spl I = Al-rich spinel; Spl II = Cr-rich spinel; Cpx = clinopyrox-
ene; Opx = orthopyroxene; Pl = plagioclase; Grt = garnet; Cb = car-
bonate; Chl = chlorite; Sympl = Amp + Spl symplectite; Ep = epidote; 
Ap = apatite; Kfs = K-feldspar; Ser = sericite

◂
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Fig. 4   (a, b) Classification diagram of amphiboles following the 
scheme of Leake et al. (1997). (c) Binary plot Mg# vs. Cr# showing 
compositional variations in spinel. (d) Ab–Or–An triangle diagram 
for feldspar. (e) Fo in olivine vs. Mg# in spinel diagram. (f) En–Wo–

Fs classification plot for pyroxenes (Morimoto 1988). Open symbols 
represent late-stage phases (amphibole, plagioclase), occurring either 
as veinlets (anorthosite) or alteration products (dunite–troctolite–gab-
bro) after primary mineral assemblages
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(Fig. 7, Supplementary Table 3): (1) 293.9 ± 3.5 Ma (8 
grains; Fig. 7b) with dark CL appearance and Th/U val-
ues below ~ 0.07 that collectively indicate metamict nature 
of the zircons related to a late-stage resetting event, (2) 
346.4 ± 1.7 Ma (27 grains; Fig. 7c) obtained for rounded 

zircons (cores) that are characterized by visible internal CL 
structure and Th/U ratios in the range of ~ 0.08 to 0.4, and 
(3) 459.7 ± 3.5 Ma (18 grains; Fig. 7d) population with oscil-
latory zoning and Th/U ratios from ~ 0.2 to 0.5. Additionally, 
three minor peaks at ca. 514, 570, and 620 Ma were detected 

Fig. 5   Back-scattered electron (BSE) images of mineralized samples 
from the Ni–Cu and Zn–Cu–Ba ores at Ransko. (a) massive texture 
dominated by pyrrhotite (Pyh) and locally with pyrite (Py) and corun-
dum (Crn), Jezírka Ni–Cu deposit. (b) net-textured sulfides (pyrrho-
tite-Pyh, pentlandite-Pn, and chalcopyrite-Ccp) in troctolite, Jezírka 
Ni–Cu deposit. (c) major sulfides represented by pyrrhotite (Pyh) 
intergrowing with pentlandite (Pn), chalcopyrite (Ccp), and cubanite 
(Cub), Jezírka Ni–Cu deposit. (d) low-temperature segregations of 
pentlandite (Pn) in pyrrhotite intergrowing with chalcopyrite (Ccp), 

Jezírka Ni–Cu deposit. (e) typical „bird´s-eye “ structure related to 
pyritization (Py) of pyrrhotite (Pyh) in altered gabbro, Jezírka Ni–Cu 
deposit. (f) a new Pd–Sb–Bi phase in association with michenerite 
(Mch) and froodite (Fro), Jezírka Ni–Cu deposit. (g) sperrylite asso-
ciated with pyrrhotite (Pyh) and chalcopyrite (Ccp), Jezírka Ni–Cu 
deposit. (h) dominant baryte (Brt) and sphalerite (Sp) accompanied 
by pyrrhotite (Pyh), chalcopyrite (Ccp) and pyrite (Py), Obrázek 
Zn–Cu–Ba deposit. (i) molybdenite in association with base metal 
sulfides, Obrázek Zn–Cu–Ba deposit



	 Mineralium Deposita

in zircons (cores) that show similar morphological charac-
teristics as the third age group.

A single sample of molybdenite intimately associated 
with the Obrázek Zn–Cu–Ba mineralization (Fig. 5i) yielded 
a Re–Os age of 343.7 ± 1.7 Ma (Supplementary Table 4).

Bulk rock major and trace element compositions

The Ransko (ultra)mafic rocks have essentially tholeiitic 
composition that is expressed by very low alkali contents 
(Na2O + K2O < 1 wt%, except sample RAN-12; Fig. 8a,b; 
Supplementary Table 5). When samples containing high 
proportion of sulfides (> 4 wt% S) are excluded, the troc-
tolites plot within the field of peridotitic gabbro in the TAS 
diagram (Middlemost 1994) while slightly more alkaline 
gabbros fall into a compositional field of peridotitic gabbro 
to gabbro (Fig. 8a). In comparison, two anorthosite samples 
plot in the field of monzonite due to their high Na2O con-
tents (5.9 and 6.8 wt%). Finally, two leucocratic xenoliths 
have a composition of syenite (RAN-24) and granite (RAN-
27) in the TAS diagram, in agreement with their petrography 
(see above).

Selected major elements display notable correlations with 
SiO2 (Fig. 8c-f) that illustrate large compositional variations 
of the Ransko (ultra)mafic rocks controlled by the variable 
proportions of olivine, pyroxenes, plagioclase, and amphi-
bole. Thus, dunites are characterized by uniformly low 
SiO2, but very high MgO contents among the studied rocks 
(Fig. 8d) whereas gabbro–gabbronorite samples exhibit a 
wide range of Al2O3, MgO, and CaO contents at a given 
SiO2 value (Fig. 8c–e). Overall, all studied rocks yield very 
low TiO2 contents (< 0.11 wt%) and variable CO2 values 
with the highest values (> 0.34 wt%) detected in dunites 
RAN-18 and 21 that experienced rodingitization. Concen-
trations of minor elements (Sc, V, Cr, Zn) generally decrease 
with increasing SiO2 values (not shown) indicating their 
control by parental melt evolution while the distribution of 

Ni and Cu is largely controlled by the variable presence of 
Ni–Cu sulfides.

Rare earth element (REE) and extended trace element 
distributions normalized to chondrite (Boynton 1984) 
and N-MORB (Sun and McDonough 1989), respectively 
are plotted in Fig. 9. Overall, dunites, troctolites and gab-
bro–gabbronorites display mostly similar REE patterns 
characterized by mild enrichment of LREE with respect 
to HREE (LaN/YbN = 1.1–4.6) and variably positive Eu 
anomalies (EuN/Eu* = 1.0–4.0; Eu* = √(GdN × SmN)). In 
contrast, anorthosites are characterized by U-shaped pat-
terns (LaN/SmN of 12 and 37, TbN/LuN of 0.15 and 0.41) 
because of the presence of apatite and zircon, respectively. 
Two xenoliths display U-shaped REE distributions (LaN/
SmN of ~ 2.9) and pronounced negative Eu anomaly (Eu/
Eu* of 0.3–0.4). The Ransko (ultra)mafic rocks collectively 
exhibit selective enrichments in some large ion lithophile 
elements (LILE; e.g., Cs, Rb, Ba), pronounced negative Nb 
anomaly (NbN/LaN = 0.02 to 0.3) and largely positive Pb 
anomaly that is paralleled by variable but positive Sr anom-
aly (Fig. 9) reflecting plagioclase accumulation. Addition-
ally, anorthosites have marked positive Th–U anomaly due 
to the presence of zircon that commonly encloses thorite.

The Ransko rocks with high proportions of Ni–Cu ores 
(samples RAN-10, RAN-17, RAN-34, and RAN-35) are 
characterized by variable Ni and Cu contents that reach up 
to ~ 0.5 and 3 wt%, respectively. The highest Co content was 
detected in sample RAN-34 (1190 ppm Co; Supplemen-
tary Table 5). By contrast, Zn–Cu ores (samples RAN-22 
and RAN-23) contain up to ~ 13 and ~ 0.5 wt% Zn and Cu, 
respectively, while the low totals determined (< 42 wt%) for 
bulk-rock analyses are likely attributed to non-decomposed 
baryte.

Sr–Nd–Hf–Pb–O isotopic compositions

The (ultra)mafic Ransko rock types exhibit overlapping 
initial (340 Ma) values with 87Sr/86Sr(i) between 0.7047 

Fig. 6   Samarium–Nd isochrons 
for gabbroic rocks from the 
Ransko massif. (a) plagio-
clase–whole-rock–amphibole 
isochron, olivine–amphibole 
gabbro (sample RAN-32). (b) 
combined plagioclase–amphi-
bole–clinopyroxene isochron 
(samples RAN-31, RAN-32 and 
RAN-33)
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and 0.7069 whereas εNd(i) vary in a rather narrow range 
from +0.9 to +2.7 (Fig. 10a, Table 2). The age of the two 
studied xenoliths is fairly uncertain, but if 340 Ma is con-
sidered (assumed for most country rocks), they have very 
similar εNd(i) of +0.4 and +0.8 whereas their 87Sr/86Sr(i) 
values are distinctly different as a consequence of their 
contrasting 87Rb/86Sr values (Table 2). Lutetium–Hf iso-
topic data (Table 3) were determined only for a small 
subset of samples because the (ultra)mafic rocks contain 

very low Hf contents (Supplementary Table 5). Gabbros, 
troctolites, and anorthosites exhibit a limited variability 
in εHf(i) values from +8.2 to +11.5 with the lowest values 
detected in anorthosites (Fig. 10b, Table 3). Conversely, 
the xenoliths yield lower εHf(i) of +5.0 and +5.7. Lead 
isotopic compositions for the Ransko gabbro–trocto-
lite–dunite association as well as syenite xenolith (RAN-
24) yield remarkably homogeneous initial 206Pb/204Pb, 
207Pb/204Pb and 208Pb/204Pb values (Table 4) that plot on 

Fig. 7   The U–Pb concordia plots (a-d) for the Ransko granite porphyry (sample RAN-37) along with representative CL zircon images for three 
individual age groups (b–d) defined (see the text for more explanation)
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Fig. 8   Major element variations and classification diagrams for the 
studied Ransko (ultra)mafic rocks, anorthosite, and entrained xeno-
liths. (a) Total alkali-silica (Middlemost 1994) and (b) AFM (Irvine 
and Baragar 1971) diagrams illustrating predominantly tholeiitic 
compositions of the Ransko (ultra)mafic rocks (fields for arc-related 

cumulate rocks from Beard 1986). (c–f) Harkers variation diagrams 
illustrating the effect of fractional crystallization and crystal accu-
mulation using variations between SiO2 and selected major element 
oxides (Al2O3, MgO, CaO, Na2O)
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Fig. 9   Rare-earth element (REE) distributions normalized to chondrite (Boynton 1984) and trace element distributions normalized to N-MORB 
(Sun and McDonough 1989) for the Ransko (ultra)mafic rocks and anorthosites
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the Stacey–Kramers Pb evolution curve (Fig. 10c). In 
contrast, anorthosites and (meta)granite xenolith RAN-
27 display more radiogenic Pb isotopic compositions due 
to the presence of U–Th-rich minerals (see Petrography 
section). The majority of the Ransko rocks exhibit δ18O 
values that plot within or slightly below/above the δ18O 

value estimated for Earth`s upper mantle (+5.2 ± 0.3 ‰; 
Mattey et al. 1994; Fig. 10d) whereas δ18O values in both 
anorthosites and gabbros RAN-08 and RAN-12 depart 
to significantly lower δ18O values (as low as − 6.9 ‰ in 
RAN-12; Table 2).

Fig. 10   Strontium–Nd–Pb–O isotopic compositions of the Ransko 
(ultra)mafic rocks, anorthosites, and xenoliths entrained by the mas-
sif. (a) Initial (340  Ma) Sr–Nd and Nd–Hf (b) bivariate plots. Pre-
sent-day composition of mantle components DMM, EM I, EM II, and 
HIMU from Zindler and Hart (1986) whereas the MORB and OIB 
fields were constructed using the data of Salters (1996), Blichert-Toft 
and Albarède (1999) and Chauvel and Blichert-Toft (2001). Stron-
tium–Nd isotopic compositions of the Sázava and Blatná suites of 
the CBPC are compiled from Janoušek et  al. (2022) and the terres-

trial Hf–Nd array is from Vervoort et al. (1999). (c) Initial (340 Ma) 
207Pb/204Pb vs. 206Pb/204Pb diagram illustrating mildly enriched nature 
of the Ransko rocks. Lead evolution curves of the depleted mantle 
(DM), and upper continental crust (UCC) are adopted from Doe and 
Zartman (1979) whereas SK Pb evolution curve is from Stacey and 
Kramers (1975). (d) The δ18O vs. 87Sr/86Sr plot. Note a large shift to 
lower δ18O values in response to fluid-driven albitization. Upper man-
tle δ.18O value from Mattey et al. (1994)
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Highly siderophile element and Re–Os isotope 
systematics

Barren and low-mineralized (Ni–Cu) samples are character-
ized by rather low iridium-group PGE (I-PGE; Os, Ir, Ru) 
concentrations (< 7 ppb in total) with the highest contents 
found in dunites whereas platinum-group PGE (P-PGE; Pt, 
Pd) abundances reach up to 120 and 65 ppb, respectively 

(Table 5), with no relationship to total sulfur contents for any 
HSE. In contrast, troctolites RAN-10, RAN-17, and RAN-
35 with large proportions of Ni–Cu ore as well as massive 
Ni–Cu ores (Pašava et al. 2003; Ackerman et al. 2013) have 
markedly higher I-PGE values (up to ~ 90 ppb) that are par-
tially correlated with sulfur contents (not shown). The primi-
tive mantle-normalized HSE patterns for all studied samples 
show similar distributions with steep enrichments from Os to 

Fig. 11   Highly siderophile ele-
ment and 187Os/188Os isotopic 
systematics of the barren and 
variable mineralized Ransko 
(ultra)mafic rocks. (a) Primi-
tive mantle-normalized (Day 
et al. 2016) distributions of 
Os, Ir, Ru, Pt, Pd, and Re. (b) 
Variations in initial 187Os/188Os 
compositions expressed as γOs 
values among dunite, gabbro, 
troctolite, and sulfide ores
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Re, sometimes with small positive Ir, but pronounced nega-
tive Ru anomalies (Fig. 11a). The Re–Os isotopic composi-
tions expressed by the initial γOs values (back-calculated to 
340 Ma) exhibit a rather low degree of variation for dunite, 
troctolite, and Ni–Cu ores (+ 25 to + 77; Fig. 11b). Predomi-
nantly negative γOs values have been calculated for gabbros 
and anorthosites suggesting late-stage perturbation of Re–Os 
systematics (Fig. 11b).

Discussion

Constraints on the age of the ransko massif 
and timing of Zn–Cu–Ba mineralization

The exact timing of magmatic activity in the Ransko mas-
sif has remained a matter of debate for a long time (Marek 
1970; Mísař 1974; Pašava et al. 2003; Ackerman et al. 2013). 
The previously assumed lower Cambrian age (Marek 1970) 
has been questioned not only by Re–Os geochronology 
yielding an age of ~ 342 Ma (Ackerman et al. 2013), but also 
by field observations providing evidence for the presence of 
pre-Variscan rocks, such as xenoliths within Ransko (ultra)
mafic lithologies (V. Kachlík, pers. comm).

Our new geochronological data on gabbros (Sm–Nd) as 
well as granite porphyry (U–Pb) further underscore the Vari-
scan age of the Ransko massif (Figs. 6 and 7). First, despite 
somewhat larger age uncertainty, mixed mineral separates 
as well as plagioclase–amphibole–whole rock isochrons for 
gabbro yield the overlapping Sm–Nd ages of 339 ± 16 Ma 
and 346 ± 29 Ma (Fig. 6a, b), respectively. Second, the U–Pb 
zircon age of granite porphyry forming a dyke swarm cross-
cutting the Ransko massif, thereby bracketing the lower 
age limit of the massif, yields a prominent age cluster at 
346.4 ± 1.7 Ma (Fig. 7c). This can be best interpreted as 
magmatic crystallization age while the variable but older 
zircon ages (> 459 Ma) plausibly represent inherited ages 
related to the surrounding geological units (Fig. 7d). There-
fore, considering all errors associated with the individual 
methods used, in combination with available geochrono-
logical data for the surrounding, closely related units and 
field observations, these lines of evidence implicate an 
emplacement of the Ransko massif during the Variscan 
orogenesis between ~ 370 and 345 Ma. Such a constrained 
age remarkably overlaps with the gamut of geochronological 
data already collected for syn-convergent arc-related large 
bodies of calc-alkaline I-type granitoids present along the 
margin between Teplá–Barrandian and Moldanubian units 
(~ 375–373 Ma; Žák et al. 2011; Venera et al. 2000), CBPC 
(~ 360–347 Ma; Janoušek et al. 2004), ~ 346 Ma for the 
nearby calc-alkaline Miřetín Pluton (Vondrovic et al. 2011) 
and ~ 341 Ma Nasavrky Plutonic Complex (Re–Os molyb-
denite; Ackerman et al. 2017). Therefore, this indicates a 

significant subduction-related magmatic event with coeval 
acidic and (ultra)mafic magmatic activity between ~ 360 and 
345 Ma that will be further explored below.

The obtained Re–Os age of ~ 344  Ma obtained for 
Zn–Cu–Ba mineralization (Supplementary Table 5) over-
laps with the Re–Os age of Ni–Cu mineralization as well 
as U–Pb zircon age obtained for porphyry dykes. Therefore, 
this confirms earlier assumptions that epigenetic Zn–Cu–Ba 
ores were emplaced in a close genetic relationship with late-
stage intrusions of quartz diorite and associated hydrother-
mal activity soon after the consolidation of (ultra)mafic Ran-
sko rocks (Mísař 1974 and references therein) and further 
highlights the importance of Variscan-related processes for 
the Ransko metallogenesis.

Geotectonic settings and petrogenesis

The Ransko massif exhibits several lines of evidence for its 
predominantly cumulate origin and, therefore, an important 
role of fractional crystallization and crystal accumulation. 
First, the rocks are essentially (ultra)mafic with highly vari-
able proportions of olivine, amphibole, clinopyroxene, and 
plagioclase while most of them show characteristic cumulate 
textures, that are especially apparent in the case of troctolites 
and dunites with the cumulus plagioclase in the latter and 
intercumulus olivine in the former (e.g., Fig. 3c). Second, 
except a single sample of olivine–amphibole gabbro RAN-
12 that has a high content of plagioclase, the rocks exhibit 
largely tholeiitic composition (Fig. 9a, b) characterized 
by very low alkali contents (Na2O + K2O < 1 wt%) along 
with overall high bulk-rock Mg# values and Fo contents 
in olivine, both increasing from gabbro (Mg# = 75–85, Fo 
of 77–82) to troctolite/dunite (Mg# = 80–92, Fo of 82–85; 
Fig. 5e). Considering the common presence of amphibole-
bearing troctolites and dunites accompanied by subordinate 
anorthosites and largely decreasing CaO contents in gabbros 
at a given SiO2, this highlights the importance of clinopy-
roxene crystallization. At the same time, important, but vari-
able olivine, plagioclase ± amphibole crystal accumulation 
is demonstrated by the modal compositions, overall very 
high MgO contents (Fig. 8c), generally increasing An values 
of plagioclase from gabbro to troctolite (Fig. 4d; Supple-
mentary Table 2) and well-recognized positive Sr and Eu 
anomalies (Fig. 10). In comparison, anorthosites are charac-
terized by the presence and accumulation of zircon–thorite, 
expressed by notable U–Th and HREE enrichments (Fig. 9).

As noted above, the ~ 370–345 Ma emplacement age 
of the Ransko massif markedly overlaps with arc-related 
magmatic activity recorded by CBPC and Nasavrky gra-
nitic complexes where the latter is situated in the northern 
periphery of Ransko (Fig. 1b). Considering the very similar 
Sr–Nd isotopic compositions of the Ransko rocks with the 
most primitive member of CBPC (Sázava suite; Fig. 10a), 
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it might be possible that the Ransko magma was intimately 
connected with those parental to CBPC and Nasavrky suites. 
To test this hypothesis, we performed a single-stage frac-
tional crystallization modelling using whole-rock REE com-
positions and distribution coefficient for mafic to intermedi-
ate magmas (see Supplementary Table 6). In this model, the 
most primitive member of the CBPC (Sázava suite) serves 
as a melt that originated through melting of some hypo-
thetical, arc-related lower crustal metabasic rocks (Janoušek 
et al. 2000), while the Ransko (ultra)mafic rocks may rep-
resent the associated crystal cumulate lithologies. Several 
compositions that might be representative of parental melt 
compositions (Supplementary Table 6) as well as differ-
ent mass fractions removed or proportions of crystalizing 
mineral assemblage that consists of olivine, clinopyroxene, 
amphibole, and plagioclase were tested. Nonetheless, using 
this approach, we were not able to reproduce the very low 
REE contents and flat distributions of the Ransko (ultra)
mafic rocks. This might be related to either more complex 
processes that involve, for example, magmatic mixing/min-
gling and assimilation of continental crust documented for 
the CBPC (Janoušek et al. 2000, 2004) or the different com-
positions of the Ransko parental melt. We suggest the latter 
possibility as more plausible considering more radiogenic 
Nd–Hf–Pb isotopic systematics and notably tholeiitic nature 
of the Ransko (ultra)mafic rocks in comparison to the Sázava 
CBPC.

Broadly homogeneous Nd–Hf–Pb isotopic signatures 
across different rock types (Fig. 10) might indicate a rather 
limited role of crustal contamination. However, common 
presence of crustal xenoliths within the Ransko (ultra)mafic 
rocks as well as determined Sb/Se and As/Se ratios for pent-
landite (Pašava et al. 2023) collectively indicate some degree 
of crustal assimilation, partially hindered by a similarity of 
Nd–Hf–Pb isotopic compositions of wall rock (e.g., samples 
RAN-24 and RAN-27).

Despite the extensive fractional crystallization/crystal 
accumulation processes that do not permit to reliable use 
of classification diagrams for the discrimination of Ransko 
geotectonic settings (e.g., Hollocher et al. 2012; Pearce 
2008), its arc-related signature (geotectonic setting) is 
well-demonstrated by its major/trace element and isotopic 
composition as well as mineralogy. First, the presence of 
primary amphibole in all (ultra)mafic rock types (Supple-
mentary Table 2, Fig. 5) as well as overall enrichment in 
LILE indicate water-rich conditions of the parental magma 
while the common presence of orthopyroxene in gabbros 
is characteristic of high fO2 conditions (e.g., Berndt et al. 
2005). This is paralleled by a pronounced negative Nb 
anomaly recorded in the entire Ransko suite (Fig.  9), 
typical for arc-related magmas (e.g., Pearce 2008; Ulmer 
et al. 2018). Secondly, the predominant olivine + plagio-
clase association together with the rather Fe-rich nature of 

olivine (Fig. 4e) and position of the Ransko rocks in the 
AFM diagram (Fig. 8b) is typical for arc-related (ultra)
mafic cumulates (Beard 1986). Thirdly, possible affinity to 
oceanic crust source (e.g., tholeiitic character, low incom-
patible element contents; Fig. 9) is not supported by rather 
mildly radiogenic initial Hf–Nd isotopic compositions (εNd 
from + 0.9 to + 2.7 and εHf up to + 12.0) and decoupled 
Sr–Nd signatures (Fig. 10a,b). Together with homogene-
ous Pb isotopic compositions (Fig. 10c) and radiogenic 
γOs values (Fig. 11), all these lines of evidence indicate 
derivation of the Ransko parental melt from an enriched 
mantle source, such as metasomatized mantle wedge at 
convergent plate margin-related setting.

At arc-related settings, (ultra)mafic intrusions that host 
important Ni–Cu–PGE mineralizations are commonly rep-
resented by concentrically zoned Alaskan-type complexes 
(Himmelberg and Loney 1995; Johan 2002; Thakurta et al. 
2008; Cui et al. 2020). However, while some characteris-
tics of the Ransko massif (e.g., elliptical shape, ultramafic 
composition with large quantities of dunites, partially con-
centric structure) might indicate its affinity to Alaskan-
type intrusions, at least two indices argue against this 
hypothesis. Notably, clinopyroxene-rich or hornblendite 
lithologies representing characteristic Alaskan-type litho-
logical feature (Johan 2002 and references therein) are vir-
tually absent at Ransko where orthopyroxene is common 
in gabbros. At the same time, the spinel Cr# < 60 (Fig. 4c) 
is also well below that typically reported for Alaskan-type 
complexes (e.g., Garuti et al. 2003).

The Ransko (ultra)mafic rocks show undisputable evi-
dence of hydrothermal alterations involving olivine (ser-
pentinization), pyroxene/amphibole (uralitization, chloriti-
zation) as well as plagioclase (saussuritization) in response 
to reactions with orthomagmatic fluids that are considered 
to be related to late phases of magmatic activity and/or 
massif solidification (e.g., Mísař 1974), in contrast to the 
apparently younger documented overprints (rodingitiza-
tion – Fig. 3b; epidotization – Fig. 3g). Accordingly, this 
late-stage alteration of (ultra)mafic lithologies produces 
rather minor and non-systematic modifications to bulk-
rock δ18O values (Fig. 10d). On the other hand, it is appar-
ent that plagioclase-rich lithologies that suffer from high 
degree of fluid-related albitization expressed by the for-
mation of bytownite at the expense of anorthite (gabbro) 
and oligoclase after andesine (anorthosite, Fig. 4d) exhibit 
marked oxygen isotope exchange driving δ18O values to 
negative values (down to − 6.9 ‰; Fig. 10d). This is likely 
because plagioclase is much more susceptible to oxygen 
isotope exchange than clinopyroxene (e.g., Fehlhaber and 
Bird 1991). Yet, the absence of a relationship between 
δ18O and initial 87Sr/86Sr (not shown) indicates that this 
process was not responsible for the observed decoupled 
Sr–Nd signatures.
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Origin of Ni–Cu–(PGE) mineralization

The cogenetic magmatic Ni–Cu–PGE ores (see Sect. 4.1. 
describing the ore textures) are spatially distributed within 
a rather narrow NE–SW trending zone (Fig. 1c) where they 
are not bound to any specific rock type. Conversely, the ore 
bodies are located either in gabbro or dunite (e.g., Řeka 
deposit) or in the zones of varied alternation of troctolite 
and gabbro (e.g., Jezírka deposit) in the form of irregular 
lenses and horizons that roughly follow the contact between 
gabbro and troctolite (Mísař 1974; Holub et al. 1992; Pašava 
et al. 2003). Furthermore, the ores are concentrated in places 
characterized by marked, late-stage, fluid-assisted alteration 
(Mísař 1974) and base metal sulfides commonly replace 
silicates. These observations argue for the emplacement of 
Ni–Cu ores during the latest stages of the magmatic activity 
of the Ransko massif.

The textural types of Ni–Cu–PGE ores vary from semi-
massive/massive (Fig.  2c) containing > 15 wt% S (e.g., 
sample RAN-34) through predominantly net-like (Fig. 2d) 
with S contents between ~ 5 and 10 wt% characterized by the 
variable presence of sulfides within olivine cumulates (e.g., 

sample RAN-17) to disseminated textures (Fig. 2e) with low 
S contents (< ~ 5 wt%; e.g., samples RAN-07 and RAN-
08). Such diverse textures indicate a complex emplacement 
style of Ni–Cu–PGE ores at Ransko that is common in many 
Ni–Cu deposits worldwide (e.g., Barnes et al. 2017, 2018; 
Mao et al. 2022; Zuccarelli et al. 2022) where the genesis 
of peculiar net-textured sulfides remains questioned (e.g., 
Hudson 1972; Naldrett 1973; Barnes et al. 2018; Mao et al. 
2022). Previously, Mísař (1974) proposed a model for the 
formation of Ni–Cu ores at Ransko where the sulfidic melt 
was formed through the liquid immiscibility from the paren-
tal silicate melt and then squeezed upward during the final 
emplacement of the massif along suitable (tectonically or 
lithologically weakened) structures. However, considering 
more recent observations of Ni–Cu occurrences at a global 
scale, in conjunction with imaging and geochemical data, 
the most plausible explanation for the origin of the Ransko 
Ni–Cu–PGE ores is a gravity-driven process where dense 
sulfide liquids percolate downward through the network 
of olivine-rich lithologies (e.g., Chung and Mungall 2009; 
Barnes et al. 2017, 2018; Mao et al. 2022; Zuccarelli et al. 
2022) with evolutionary steps as follows.

Fig. 12   Geodynamic model for the petrogenesis and evolution of the 
Ransko massif, its parental melts, and Ni–Cu–(Co–PGE)/Zn–Cu–Ba 
mineralizations with respect to Variscan evolution of the Bohemian 
Massif. The model invokes the formation of mafic melts in the sub-
arc mantle during ~ 375 and 345  Ma (a) followed by their accumu-
lation in the lower crust where they underwent moderate crustal 
assimilation connected with extensive fractional crystallization 

(b). Thereafter, the presence of a deep-crustal fault system permit-
ted upward movement of evolved, water-rich over-pressurized, and 
sulfur-rich Ransko cumulate mafic melts followed by subsequent 
formation of Ni–Cu–PGE and Zn–Cu ores (c). See the text for more 
details. g – (olivine)gabbro, t – troctolite, d – dunite, q – quartz dior-
ite, CBPC – Central Bohemian Plutonic Complex, SCLM – subconti-
nental lithospheric mantle
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Between ~ 375 and 345 Ma, hydrous mafic melts were 
generated in the continental margin mantle wedge in 
response to the convergence of Saxothuringian Unit beneath 
the Moldanubian/Teplá–Barrandian units (Fig. 12a). These 
melts accumulated at the base of the lower crust where they 
caused underplating and associated melting to produce the 
most primitive members of the CBPC (Sázava suite), and 
underwent moderate crustal assimilation connected with 
extensive fractional crystallization (Fig. 12b). Very narrow 
range of δ34S values (− 1.2‰ to + 0.4 ‰) reported for the 
Ransko Ni–Cu–PGE ores (Pašava et al. 2003) indicate either 
limited incorporation S-rich crustal lithologies or high sili-
cate/sulfide mass ratio (R) during assimilation leading to re-
equilibration of δ34S to mantle-like values (e.g., Lesher and 
Burham 2001). The presence of a deep-crustal fault system 
likely permits recurrent upward movement (Pokorný 1969) 
of evolved, water- and sulfur-rich over-pressurized Ransko 
cumulate (ultra)mafic melts (e.g., Tornos et al. 2006) with 
lower crustal rock fragments (e.g., xenolith samples RAN-24 
and RAN-27) to upper crustal conditions (Fig. 12b). Sub-
sequent partial crystallization of the (ultra)mafic cumulates 
and precipitation of sulfide droplets forming disseminated 
Ni–Cu–PGE ores was followed by the accumulation of 
sulfide melt(s) at some places and their injection as down-
ward percolated dense, low-viscosity sulfide liquids along 
NE–SW trending fracture networks. These also served as 
pathways for late-stage fluids that resulted in pervasive 
hydrothermal alteration expressed by extensive serpentiniza-
tion, saussuritization, and uralitization as well as Zn–Cu–Ba 
fluids sometimes following the boundaries between (ultra)
mafic lithologies and suggesting similar controlling mecha-
nisms of mineralization (Fig. 12c). During this stage, dis-
seminated or net-textured Ni–Cu–PGE ores (e.g., Barnes 
et al. 2017) were precipitated in the network of lithologically 
weakened (ultra)mafic cumulates depending on the amount 
of sulfide liquid present. Injection of hot sulfide liquids 
resulted in the replacement of the already altered plagio-
clase with the lowest melting temperature by a sulfide melt 
(Fig. 2d). Continuing downward percolation was respon-
sible for the density-driven segregation and accumulation 
of sulfide liquids that formed massive ores (e.g., Zuccarelli 
et al. 2022). In plagioclase-rich cumulates (troctolites), the 
breakdown of plagioclase leads to local Al-oversaturation 
(e.g., Guo et al. 1996) expressed by the presence of euhedral 
inclusions of corundum observed within massive pyrrhotite-
dominated ores (Fig. 5a).

Overall, the absence of vein-hosted sulfides and tecton-
ised magmatic breccias at the Ransko massif argues against 
emplacement or remobilization of Ni–Cu–PGE during late 
magmatic and/or high temperature post-emplacement defor-
mation stage (cf. Barnes et al. 2018).

At Jezírka deposit with the highest Ni + Cu value reported 
(up to 4 wt%), a particular vertical variation of Ni/Cu ratios 

is developed with the highest value (1.6) found at the sur-
face and a downward decrease to 0.4 (Pokorný 1969). Such 
variability supports the model of Ni–Cu–PGE ore formation 
presented above as it can be best explained by the chemical 
changes during downward migration and assisted fractiona-
tion of sulfide liquid. In this respect, crystallization of Ni-
rich monosulfide solid solution (MSS) in the shallower ore 
system resulted in the formation of relatively Cu-enriched 
residual sulfide liquid that continued to migrate downward 
producing low Ni/Cu ratios observed at the deeper parts of 
the deposit.

The enhanced fractionation of sulfide liquid that led 
to a redistribution of metals is further illustrated by  PGE 
(Fig.  11) that are typically concentrated in immiscible 
sulfide liquids along with other metals (Naldrett 2010 and 
references therein). While the primitive-mantle normalized 
patterns of different rock and/or mineralization types exhibit 
similar characteristics with steep distributions from Os to Pd, 
massive and typically Ni-rich ores yield the highest I-PGE 
and Re contents that are largely correlated with S and partly 
also with Ni contents (Fig. 11a), indicative of scavenging 
and precipitation of these metals along with Ni-rich MSS. 
This agrees with in-situ laser ablation data collected for the 
Ransko sulfides (Pašava et al. 2023) that show the highest Os 
and Ir contents in pyrrhotite and pentlandite from massive 
ores whereas Ru appears to be dominantly bound to pentlan-
dite. In contrast, the absence of correlations between Pt–Pd 
and sulfur, the presence of Pd–Bi–Te and Pt–As mineral 
paragenesis Fig. 5f, g) along with the occurrence of other 
tellurides of Bi, Pb, Ag, and Ni minerals, but the absence 
of elevated Pt and Pd contents in Cu-sulfides (Pašava et al. 
2023) indicate scavenging and precipitation of Pt and Pd 
by late-stage, commonly Cu-rich, liquids at ~ 400–500 °C 
(Pašava et al. 2003). We note that the highest Pt and Cu 
contents at given (rather low) S contents (< 2 wt%) were 
found in dunites (up to ~ 120 ppb Pt and ~ 2,385 ppm Cu) 
which might indicate that these rock types serve as efficient 
traps for these metals.

Implications for the metallogeny of critical metals 
(Ni, Co, PGE) in Variscan basements

The orogenic type Ni–Cu–(Co–PGE) deposits have 
remained under-explored in comparison to world-class 
deposits that are related to extensive (ultra)mafic magmatic 
activity in rifted intracontinental settings with ~ 2.06 Ga 
Kevitsa in northern Finland (Luoavirta 2018) representing 
the sole currently exploited Ni–Cu–PGE deposit exploited 
in the EU member countries. This is due to a significantly 
low predicted economic potential of orogenic-type deposits, 
notably in terms of PGE.

Currently, three orogenic type Ni–Cu–(PGE) mineraliza-
tions have been identified within the European Variscan belt 
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(Fig. 1a): (1) Aguablanca in Spain (Tornos et al. 2006; Piña 
2019), (2) Beja in Portugal (Jesus et al. 2016, 2020), and (3) 
Ransko in Czech Republic (this study; Mísař 1974; Pašava 
et al. 2003). Our observations indicate that these mineraliza-
tions share many similarities that might serve as markers for 
future exploration efforts. Notably, the complexes exhibit 
largely (ultra)mafic and predominantly cumulate compo-
sitions, have contemporaneous ages (Romeo et al. 2004; 
Jesus et al. 2007; Pin et al. 2008; Ackerman et al. 2013; 
this study), and were emplaced in a close relationship with 
widespread Andean-type continental magmatic arc granitic 
bodies. Furthermore, they share a similar composition of 
Ni–Cu–(PGE) ores and sulfide ore textures. On the other 
hand, it appears that only Aguablanca and Ransko deposits 
host significant Ni–Cu sulfide ore accumulations with the 
former showing the highest Pt and Pd contents (up to 3 g/t; 
Piña 2019) while the rather Ni–PGE-poor nature has been 
reported for sulfidic mineralization developed in at least the 
western part of the layered Beja complex (Jesus et al. 2020).

Thus, while the Variscan, arc-related (ultra)mafic 
magmatism has the potential to result in the formation of 
Ni–Cu–(PGE) ores, complex processes that interplay dur-
ing the emplacement and evolution of the parental magmas 
hold the key to their significance. First, in contrast to the 
Beja complex where the Ni–Cu sulfides crystallized in-situ 
towards to the end of (ultra)mafic rocks fractional cycle at 
deep crustal conditions (Jesus et al. 2020), accumulations of 
Ni–Cu–(PGE) ores at Aguablanca and Ransko are related to 
the shallow evolution and gravitational percolation of sulfide 
liquids (Piña et al. 2006; Tornos et al. 2006; this study). The 
capability to not reach sulfide saturation at depth can be 
largely connected with water-rich conditions of the paren-
tal magmas considering that larger amounts of water are 
capable to dissolve a larger amount of sulfur that prevents 
magma from reaching sulfide saturation (Fortin et al. 2015). 
Together with the accumulation of large volumes of sulfide 
liquid(s) during the latest stages of the magmatic evolution, 
these phenomena can be one of the crucial aspects control-
ling the extent of sulfide mineralization. Second, all three 
massifs show several indices of crustal contamination (e.g., 
the presence of crustal xenoliths and orthopyroxene-bearing 
lithologies, only mildly radiogenic Hf–Nd values, and the 
chemistry of sulfides; Ackerman et al. 2013; Jesus et al. 
2016; Pašava et al. 2023; Tornos et al. 2006; this study) 
suggesting a variable extent of interaction with surrounding 
lithologies at crustal levels. However, the extent and depth 
of assimilation as well as the nature of assimilants (for exam-
ple, assimilation of reducing C-rich lithologies can promote 
sulfur solubility in the melt; Brenan and Caciagli 2000) pre-
venting early sulfide saturation at the depth play a key role in 
a formation of PGE-rich magma (Jesus et al. 2020). Indeed, 
the formation of exceptionally Ni–Cu–(PGE)-rich ores 
developed at Aguablanca is connected with the excessive 

contamination of S-rich lithologies leading to the addition 
of 30% sulfur from the external source (Tornos et al. 2006) 
that might facilitate sulfur saturation at upper crustal condi-
tions. In the case of the Ransko massif, its pipe-like shape 
(Fig. 12c) and the position on the deep-crustal NE–SW 
trending fault system (Mísař 1974) and emplacement at shal-
low levels may play a key role in the Ni–Cu–(PGE) ores 
metallogenesis.

Overall, our study highlights a large potential of orogenic 
type Ni–Cu–(PGE) deposits emplaced in Variscan, arc-
related crustal domains across Europe. Considering also the 
mafic dykes and gabbro-related Ni–Cu–(PGE) occurrences 
reported from northern Bohemia and Saxony that are also 
related to arc-related magmatism (~ 390–350 Ma; Haluzová 
et al. 2015; Járóka et al. 2023), we suggest that Variscan 
metallogenetic potential needs to be reconsidered. Thus, 
new, specifically targeted studies related to less voluminous 
(ultra)mafic activity need to be conducted in this respect.

Conclusions

(1) Newly gathered Sm–Nd and U–Pb data on (ultra)mafic 
lithologies and cross-cutting granite porphyry and Re–Os 
age on molybdenite from the Ransko Zn–Cu–Ba minerali-
zation, bracket the Variscan emplacement of the Ransko 
(ultra)mafic rocks and associated mineralization activity 
at ~ 370–345 Ma.

(2) Parental melts of the Ransko massif, composed of 
essentially cumulate (ultra)mafic rocks that underwent 
large-scale hydrothermal alteration, were generated at sub-
arc mantle settings and underwent extensive modification 
through fractional crystallization and experienced a rather 
limited extent of crustal contamination.

(3) The spatial distribution of Ni–Cu–PGE ores together 
with their determined Variscan age, indicates their formation 
during the late stages of magmatic activity of the Ransko 
massif through the gravity-driven percolation along previ-
ously (hydrothermally) weakened structures associated with 
downward fractionation of sulfide liquids.

(4) The orogenic arc-related Ni–Cu–(PGE) mineralization 
at the Ransko massif shares many similarities with some 
other magmatic sulfide Ni–Cu deposits in the European 
Variscan Belt (e.g., Aguablanca, Beja) and our study high-
lights the potential of orogenic Ni–Cu occurrences for future 
exploration efforts keeping in mind that complex processes 
that interplay during the emplacement and evolution of the 
parental magmas hold the key to their significance.
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