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The Július metamorphosed manganese occurrence is situated near the Betliar village in the Spišsko-gemerské rudohorie 
Mts. (Western Carpathians). Mineralization occurs in the form of manganese carbonate-silicate lenticular body hosted in 
Lower Paleozoic metasedimentary and metavolcanoclastic rocks of the Bystrý potok Formation, Gelnica Group, Gemeric 
Unit. The Mn mineralization dominantly consists of rhodochrosite, pyroxmangite, spessartine, magnetite, clino-suenoite, 
clino-ferro-suenoite, tephroite, pyrophanite and pyrosmalite-(Mn) alongside with pyrite, pyrrhotite, galena, sphalerite, 
cobaltite, gersdorffite, siegenite, violarite and minor pentlandite and millerite. Very rare minerals, such as hejtmanite, ba-
fertisite as well as a two recently approved members of the epidote supergroup [ferriandrosite-(Ce) and vielleaureite-(Ce)] 
were also identified. Significant feature of studied mineralization in comparison with the other occurrences of metamor-
phosed manganese mineralization in the Spišsko-gemerské rudohorie Mts. is the absence of rhodonite. Mineralization at 
the Július occurrence originates from heterogenous sediment with occurrence of manganiferous, calcareous, argillaceous 
and terrigenous material with quartz and Ba-rich minerals locally incorporated by material from a volcanic source. Based 
on mineralogy and ore textures, two metamorphic stages affecting the final mineral composition of Mn mineralization can 
be distinguished. Generally, the mineral assemblage was likely formed during the Variscan metamorphic stage in the p–T 
conditions approximately 420–450 °C and pressure 2–4 kbar, as a peak of a metamorphism can be considered the high-grade 
greenschist facies conditions. Alpine metamorphic phase determined the appearance of veins and veinlets composed of 
rhodochrosite–chamosite–quartz, pyroxmangite and spessartine. In agreement with lowering temperature of metamorphism 
and with higher mobility of REE, minerals such as epidotes, baryte and pyrosmalite-(Mn) were formed. Hydrothermal 
activity led to the formation of sulphides with slightly increased content of Mn. Final stage of metamorphic evolution was 
influenced by local metasomatic processes.
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As stated above, in the metamorphosed deposits a 
variable mineral association is present, which is consis-
tent with the various mineral composition at the Spiško-
gemerské rudohorie Mts. localities situated in Slovakia. 
Occurrences of the metamorphosed Mn mineralization at 
the Spišsko-gemerské rudohorie Mts. were explored since 
17th century at the localities Čučma-Čierna baňa, Malá 
Hekerová-Bystrý potok near Smolník and Betliar-Július 
(Maderspach 1875, 1880; Lázár 1959). Individual occur-
rences with interesting mineral assemblages were studied 
in limited quantity only at the Čučma and Malá Hekerová 
deposits, where silicate–carbonate lenses with manganese 
ore mineralization occur within greenschist facies of 
metavolcano–sedimentary rocks of the Gelnica Group 
in Gemeric Unit. Their polygenetic origin is reflected 

1.	Introduction

Manganese mineralization is distributed in widespread 
geological environments around the world divided into 
different types according to their origin, evolution and 
element or mineral distribution (Laznicka 1992). For 
instance, based on protolith and genesis, most important 
manganese deposits can be classified as sedimentary, 
volcano–sedimentary, metamorphic, hydrothermally al-
tered, hydrothermal and supergene (Fan, Yang 1999). 
The most variable mineral composition is mainly in 
metamorphosed deposits consisting of a large number of 
different minerals genetically linked to their polystadial 
development (Dasgupta et al. 1990; Melcher 1995; Nak-
agawa et al. 2009; Brusnitsyn et al. 2017).
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in different mineral assemblages consisting of approxi-
mately 80 minerals with most abundant primary minerals 
represented by rhodonite, rhodochrosite, Mn-rich calcite, 
pyroxmangite, tephroite, spessartine, pyrosmalite-(Mn), 
hausmannite, pyrophanite, ferri-ghoseite, clino-suenoite 
and sulphides such as pyrite, pyrrhotite, chalcopyrite, 
arsenopyrite, galena, sphalerite, cobaltite, gersdorffite 
etc. (Maderspach 1880; Kantor 1953a, b; Gargulák et al. 
1985; Faryad 1994; Rojkovič 2001; Peterec, Ďuďa 2003, 
2009; Števko et al. 2015; Radvanec, Gonda 2020).

Mineralogy of the Július metamorphosed manganese 
ore mineralization has never been studied in detail. Up 
to now, the mineral composition of ore bodies at the 
Betliar-Július was assumed to be composed of mainly 
of rhodonite with high Ca content associated with rho-
dochrosite, magnetite and pyrite. In the oxidation zone 
minerals such as limonite, wad, psilomelane, goethite and 
romanèchite were described (Maderspach 1875; Lázár 
1959; Grecula et al. 1995; Rojkovič 2000). This article is 
focused on detailed mineralogical research of the meta-
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Fig. 1 – Geological map of the Betliar-Július manganese occurrence in the Gemeric Unit in the Spišsko-gemerské rudohorie Mts. (modified after 
Bajaník et al. 1983).
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morphosed manganese mineralization at the Betliar-Július 
occurrence. It provides considerable amount of new data 
on its mineralogy and constraints on its genesis as well 
as comparison of the studied locality with the similar 
localities in the Spišsko-gemerské rudohorie Mts. and 
the other world occurrences of the metamorphosed man-
ganese ores.

2.	Geological settings and localization

Small bodies and lenses of metamorphosed carbonate–
silicate manganese ore mineralization are known from the 
localities Čučma-Čierna baňa, Smolník-Malá Hekerová 
and Betliar-Július in the Spišsko-gemerské rudohorie 
Mts. They are hosted in Lower Paleozoic black phyllites 
and lydites of the Gelnica Group (Gemeric Unit) (Fig. 1), 
metamorphosed in greenschist facies conditions (Kantor 
1954; Bajaník et al. 1983; Faryad 1994; Rojkovič 2001; 
Peterec, Ďuďa 2003). The Gemeric Unit is composed of 
metamorphic Lower Paleozoic basement (Gelnica and 
Rakovec Group), Upper Paleozoic (Ochtiná, Dobšiná 
and Gočaltovo Group) and Lower Triassic cover (Ko-
beliarovo Group) complexes (Bajaník et al. 1983). The 
Gemeric Unit occurs in the hanging wall of the Veporic 
Unit separated by the Lubeník–Margecany tectonic line. 
The origin of Lower Paleozoic Gemeric basement units 
is considered as riftogenic associated with active margin 
of Gondwana (Grecula 1982; Putiš et al. 2008). 

The Gelnica Group is metamorphosed formation with 
polygenetic and polycyclic development with preserved 
flyschoid sedimentation features and syngenetic acid 
(rhyolite–dacite) and locally basic volcanism. Metasedi-
mentary complexes are composed of metamorphosed 
sandstones and pelites, psammites (quartz-muscovitic and 
graphitic phyllites) with incorporations of metavolcano-
clastic material. Metamorphic complexes were intruded 
by the Permian S-type Gemeric granites (Uher, Broska 
1996). The Gelnica Group is divided into Vlachovo, Bys-
trý potok and Drnava Formations (Bajaník et al. 1983). 
Lenses of manganese mineralization are situated within 
metacarbonate bodies of the Bystrý potok Formation pre-
sented in ambient graphitic and quartz–muscovitic phyl-
lites with lydites and volcano–sedimentary products (tuffs 
and tuffites) of synsedimentary basic volcanic activity 
(Bajaník et al. 1983; Vozárová 1993). Graphitic phyllites 
and lydites are considered as products of metamorphosed 
material with organic matter, which is also referred to as 
metamorphosed black shales (Rojkovič 2001).

The age of the Gelnica Group is determined bio-
stratigraphically to Upper Cambrium–Lower Devonian 
(Snopková, Snopko 1979) and by U–Pb SHRIMP dat-
ing of zircons from rhyolite metavolcanoclastics to the 
Middle–Late Ordovician range (Vozárová et al. 2017). 

The Lower Paleozoic complexes of the Gelnica Group 
were regionally metamorphosed during the Variscan and 
Alpine tectonic events under the conditions of greenschist 
facies (Faryad 1991, 1995; Vozárová 1993). The condi-
tions of pre-Alpine metamorphism were determined in 
the temperature interval of 350–370 °C at the pressure 
of 3–5 kbar, locally up to 7 kbar (Sassi, Vozárová 1987; 
Mazzoli, Vozárová 1989; Myšľan, Ružička 2022).

Research on the mineral composition of Mn mineral-
ization was carried out on the locality Betliar on small 
lenticular bodies, which were excavated since the 19th 
century at the mining field Július (Maderspach 1875). 
During further exploration in the 20th century, lenses with 
Mn ores were discovered in an unnamed (later referred as 
Roxerová) adit (Fig. 2), with thickness of up to 0.7 m, an 
inclination of 40–41° (Lázár 1959), located approximate-
ly 6 km NW of Rožňava in Spišsko-gemerské rudohorie 
Mts., Slovakia. The occurrence is situated approximately 
1.4 km WSW of the Betliar village on the NE slopes 
of the Turecká hill (953 m a.s.l.) with GPS coordinates 
48°41'53.3"N and 20°29'20.1"E (at altitude 471 m a.s.l.). 
A system of small exploration pits with fragments of Mn 
ore can be found directly above the Roxerová adit.

3.	Analytical methods

The samples of metamorphosed manganese ores were 
collected at the dump of the Roxerová exploration adit at 
the Július mining field near Betliar in 2019. Polished thin 
sections of ore samples were investigated using a polar-
ised optical microscope Leica DM2500P (Department of 
Mineralogy, Petrology and Economic Geology, Faculty 
of Natural Sciences, Comenius University, Bratislava).

Quantitative chemical (WDS) analyses of sulphides 
were performed using a Cameca SX100 electron mi-
croprobe (Department of Mineralogy and Petrology, 
National Museum, Prague, Czech Republic) and other 

Qtz-Ms phyllite

Mn ore

Qtz-Ms phyllite 20 cm

Fig. 2 – Manganese mineralization with oxidized zone in contact 
with Qtz–Ms phyllites in Roxerová adit at the locality Betliar-Július 
manganese field.
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minerals were obtained using a JEOL-JXA850F electron 
microprobe (Earth Science Institute, Slovak Academy 
of Sciences, Banská Bystrica, Slovakia). The following 
conditions were applied: accelerating voltage 15 kV, 
measuring current 20 nA (silicates, oxides, carbonates, 
phosphates and sulphates) and accelerating voltage 20 kV 
and measuring current 15 nA (sulphides). The diameter 
of the electron beam ranged from 1 to 10 μm, PAP/ZAF 
correction was used. In the silicates and oxides, the 
following standards and X-ray lines were used: barite 
(S, Kα), diopside (Si, Mg, Ca, Kα), celestine (Sr, Lα), 

orthoclase (K, Kα), albite (Al, Na, Kα), barite (Ba, Lα), 
hematite (Fe, Kα), rhodonite (Mn, Kα), Cr2O3 (Cr, Kα), 
ScVO4 (V, Kα), rutile (Ti, Kα), apatite (P, Kα), YPO4 (Y, 
Lα), LaPO4 (La, Lα), CePO4 (Ce, Lα), NdPO4 (Nd, Lα), 
PrPO4 (Pr, Lβ), EuPO4 (Eu, Lα), SmPO4 (Sm, Lβ), TbPO4 
(Tb, Lα), GdPO4 (Gd, Lβ), ErPO4 (Er, Lα), TmPO4 (Tm, 
Lα), DyPO4 (Dy, Lβ), YbPO4 (Yb, Lα), HoPO4 (Ho, Lβ), 
LuPO4 (Lu, Lα), LiNbO3 (Nb, Lα), UO2 (U, Mβ), ThO2 
(Th, Mα), tugtupite (Cl, Kα), fluorite (F, Kα), crocoite 
(Pb, Mβ), gahnite (Zn, Kα), Ni2Si (Ni, Kα) and Co (Co, 
Kα). In the sulphides the following standards and X-ray 
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Fig. 3 – Macro view (whole rock scans) of a representative samples with manganese mineralization: a – Manganese mineralization in contact with 
Qtz-Ms phyllite; b – Light pink mass composed dominantly by rhodochrosite with magnetite enclaves; c – Sample of manganese mineralization 
intersected by yellow type 2 spessartine veins with a dark pink type 1 pyroxmangite vein (in lower part); d – Mn mineralization composed of mag-
netite and rhodochrosite intersected by yellow type 2 spessartine vein; e – Mn mineralization with younger type 3 rhodochrosite-chamosite-quartz 
veins; f – Mn mineralization with thick (up to 7 mm) light yellow type 2 spessartine and type 1 pyroxmangite vein.
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lines were used: pyrite (S, Fe, Kα), chalcopyrite (Cu, 
Kα), gersdorffite (Ni, Kα), cobaltite (Co, Kα), stibnite 
(Sb, Lα), Ag (Ag, Lα), GaAs (As, Lβ) and Bi2Se3 (Se, 
Lα). The detection limit of every element ranged from 
0.002–0.03 wt. %. Elements which were analysed quanti-
tatively and are below the detection limit are not listed in 
the tables. Photographic documentation of relationships 
between minerals was carried out in the BSE mode. Ab-
breviations of minerals are defined in Warr (2021), other 
abbreviations: BSE – backscattered electrons, XPL – 
crossed polarized light image. 

4.	Results

4.1.	Primary minerals of manganese  
mineralization

Manganese mineralization at the Betliar-Július occur-
rence forms lenticular body embedded in host Qtz–Ms 
phyllites (Fig. 3a). It consists of fine-grained pink mass 
(Fig. 3b). The matrix is made dominantly of rhodochro-
site, pyroxmangite, spessartine, quartz, minerals of the 
amphibole supergroup and abundant fine impregnations 
of magnetite in association with many other less abundant 
to accessory minerals.

The rhodochrosite-pyroxmangite-spessartine matrix 
is crosscut by abundant  younger veinlets. Three types 
of intersecting veinlets were distinguished. The oldest 
type 1 veinlets are up to 1,2 cm thick and consist mainly 
of pyroxmangite ± spessartine identified in one sample 
(Fig. 3c), intersected by younger type 2 spessartine veins 
and the youngest and most common type 3 rhodochrosite-
chamosite-quartz veins, with thickness up to 1 cm (Fig. 
3b, d, f).

4.1.1.	Rhodochrosite

Rhodochrosite is the most abundant mineral in the fine-
grained, light pink matrix of the manganese ores. In BSE 
images, rhodochrosite has no zoning and it is mostly as-
sociated with pyroxmangite, spessartine and magnetite 
(Fig. 4a, b, d). Rhodochrosite is also a dominant mineral 
in the younger type 3 rhodochrosite–chamosite–quartz 
veins. It forms anhedral grains and aggregates up to 
5 mm in size with no visible chemical zoning (Fig. 4e, f). 

Chemical composition of rhodochrosite in the ma-
trix is homogenous (MnCO3 molecule varies in range 
of 80.88–91.38 mol. %) and it contains only slightly 
increased contents of Ca (up to 0.08 apfu), Fe2+ (up to 
0.10 apfu) and Mg (up to 0.05 apfu), locally with minor 
Ba, Na and Sr contents (Tab. S1). Chemical composition 
of rhodochrosite in the veins shows lower content of 
Mn2+ (up to 0.78 apfu Mn2+; 79.06 mol. % MnCO3) and 

higher contents of Ca2+ (up to 0.15 apfu; 13.08 mol. % 
CaCO3) and Fe2+ (up to 0.19 apfu; 19.63 mol. % FeCO3) 
compared to rhodochrosite in the matrix (Fig. 5, Tab. S1).

4.1.2.	Pyroxmangite

Pyroxmangite is an abundant mineral which occurs as 
two types. The first type of pyroxmangite creates elon-
gated euhedral crystals and aggregates in rhodochrosite 
matrix in association with spessartine and mineral of 
the amphibole supergroup (Fig. 4a). This pyroxmangite 
encloses subhedral grains of rhodochrosite (Fig. 4b). The 
second type of pyroxmangite occurs in up to 1 cm thick 
type 1 veins (Fig. 4c) with minor presence of spessartine, 
quartz, rhodochrosite and ferriandrosite-(Ce). Both types 
of pyroxmangite were also confirmed by powder X-ray 
diffraction analysis. 

Chemical composition of both types of pyroxmangite 
is shown in a classification diagram (Fig. 6a) with both 
clearly fitting into the pyroxmangite-type structure field 
(Fig. 6b). Pyroxmangite in the matrix consists dominantly 
of Mn (up to 3.90 apfu) in M1, M2, M3 and M5 positions 
with small content of Ca (0.08–0.14 apfu) (Tab. S2). The 
M4 position is dominantly occupied by Fe2+ (0.82–0.93 
apfu) with a minor content of Mg (up to 0.26 apfu) and 
Mn (up to 0.02 apfu). An average (n = 13) crystallo-
chemical formula of pyroxmangite from matrix calculated 
on the basis of 15 oxygen atoms is (Mn0.87Ca0.10)0.97(Mn3.01 
Fe0.87Mg0.23)4.11(Si4.96O15). In pyroxmangite from the type 1 
veins, crystallochemical positions M1, M2, M3 and M5 
are dominantly occupied by Mn (up to 3.92 apfu) and po-
sition M4 consists of more Mn (0.31–0.59 apfu) and less 
Fe2+ (0.21–0.51 apfu) compared to pyroxmangite in the 
matrix (Tab. S2). Two subtypes of pyroxmangite can be 
distinguished according to dominant cation in crystallo-
graphic position M4. Firstly, those with dominant content 
of Mn (0.43–0.59 apfu) over Fe (0.21–0.42 apfu) and Mg 
(0.21–0.29 apfu) with average (n = 17) crystallochemi-
cal formula of pyroxmangite on the basis of 15 oxygen 
atoms expressed as (Mn0.87Ca0.13)1.00(Mn3.50Fe0.34Mg0.26)4.10 
(Si4.95O15). Secondly those, which are characterized by the 
dominant content of Fe (0.37–0.52 apfu) over Mn (0.27–
0.44 apfu) and Mg (0.20–0.29 apfu) with average (n = 21) 
crystallochemical formula of pyroxmangite on the ba-
sis of 15 oxygen atoms expressed as (Mn0.89Ca0.11)1.00 
(Mn3.36Fe0.48Mg0.24)4.09(Si4.95O15).

4.1.3.	Spessartine

Spessartine is an abundant mineral, it occurs in two dif-
ferent environments. Firstly, spessartine forms isolated 
euhedral crystals, subhedral aggregates and accumula-
tions in rhodochrosite–quartz matrix (Fig. 7a, b). Spessar-
tine contains magnetite, tephroite and pyrosmalite-(Mn) 
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inclusions distributed irregularly in the central or periph-
eral parts of the garnet crystals (Fig. 7d, e). In XPL spes-
sartine shows strong sector zoning (Fig. 7a). Secondly, 
spessartine macroscopically forms system of younger 

type 2 yellow veins (Fig. 3b, d, f) which intersect rho-
dochrosite matrix (Fig. 7c). Veins reach size up to 1 cm. 
Spessartine occurs as aggregates with mostly magnetite 
and rhodochrosite inclusions (Fig 4c). In spessartine-rich 
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Fig. 4 – BSE images: a – Pyroxmangite aggregate in rhodochrosite matrix in association with clino-suenoite; b – Detail of pyroxmangite-rhodochrosi-
te contact in matrix with relicts of rhodochrosite in pyroxmangite; c – Vein (type 1) pyroxmangite crystals in association with minor rhodochrosite and 
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matrix parts of samples, replacement of spessartine by 
rhodochrosite and pyroxmangite was observed (Fig. 7f).

Except of dominant spessartine component (83.93–
95.32 mol. %) in spessartine from the matrix, the crystals 
contain minor almandine (up to 7.83 mol. %), andradite 
(up to 6.70 mol. %) and grossular (up to 7.42 mol. %) 
components (Tab. S3). In BSE imaging peripheral zones 
can be distinguished which are characterized by slightly 
increased content of Fe2+ (up to 0.26 apfu) compared 
with slightly decreased content of Fe2+ (up to 0.10 apfu) 
in the central parts (Fig. 8, Tab. S3). These spessartines 
from type 2 veins have similar chemical composition as 
those in the matrix and dominantly consist of spessartine 

molecule (89.67–94.07 mol. %) with minor content of 
almandine, andradite and grossular molecules (Fig. 8, 
Tab. S3). They show no chemical zoning in BSE imaging.

4.1.4.	Magnetite

Magnetite is one of the most abundant minerals in rhodo-
chrosite matrix rocks where it occurs as accumulations of 
euhedral to anhedral grains up to 5 μm in size in associa-
tion with rhodochrosite (Fig. 4d). Significant presence 
of magnetite impregnations causes macroscopic black 
colour of Mn ores where it forms aggregates, accumula-
tions and enriched zones. Magnetite accounts for the most 
common inclusions in the older generation of spessartine 
with no preferential arrangement in the crystals (Fig. 7e). 
Magnetite contains slightly increased Mn2+ content (up to 
0.03 apfu) (Tab. S4).

4.1.5.	Minerals of the amphibole supergroup

The amphibole supergroup is represented by clino-sue-
noite and clino-ferro-suenoite which occur mostly as flat-
tened elongated crystals grouped into fibrous aggregates 
up to 0.5 mm in size. Amphiboles are present dominantly 
in the interstitial places between pyroxmangite crystals 
embedded in rhodochrosite matrix (Fig. 9a, b). 

Clino-suenoite and clino-ferro-suenoite form a  con-
tinuous solid-solution series as shown in a classification 
diagram (Fig. 10). In clino-suenoite (Tab. S5), the crystal-
lochemical position A  is fully vacant. The position B is 
occupied by Mn2+ (up to 1.87 apfu) with minor content 
of Ca2+, Ba2+, Na+ and K+. The crystallographic position 
C dominantly consists of Mg2+ (up to 2.72 apfu) with 
lower content of Fe2+ (up to 2.33 apfu). Slightly increased 
content of Mn2+ (up to 0.37 apfu), Co2+ (up to 0.02 apfu), 
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Ni2+ (up to 0.07 apfu) and Zn2+ (up to 0.04 apfu) can also 
be observed. Position W is dominantly occupied by (OH)- 
with minor F– content (up to 0.11 apfu). Chemical com-
position of clino-ferro-suenoite can be distinguished by 

increased content of Fe2+ (up to 2.44 apfu) and decreased 
content of Mg2+ (up to 2.34 apfu) at the crystallographic 
position C (Tab. S5). Content of other constituents at all 
positions are similar as in clino-suenoite. 
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4.1.6.	Tephroite

Tephroite occurs as common inclusions in spessartine 
together with magnetite and pyrosmalite-(Mn), where 
they form subhedral grains approximately 2–10 μm in 
size (Fig. 7e). Tephroite contains 86.55–89.54 mol. % 
of tephroite molecule, 8.75–11.09 mol. % of fayalite 
molecule and 0.93–1.72 mol. % of forsterite molecule 
(Tab. S6). Other components such as Al, Cr, V, Ni, Ca 
and Na are only negligible or close to detection limit of 
microprobe analysis.

4.1.7.	Pyrosmalite-(Mn)

Pyrosmalite-(Mn) is rare mineral which forms tabular 
crystals, subhedral grains and aggregates up to 10 μm 
in size as inclusions in older generation of spessartine 
(Fig. 7d) in association with tephroite and magnetite. 
Due to their small size, no zoning in BSE imaging was 
observed. Pyrosmalite-(Mn) is also present in vugs filled 
with quartz and baryte, where it forms subhedral zonal 
grains 0.1 mm in size (Fig. 7a, b). 

The dominant cation in pyrosmalite-(Mn) from ma-
trix is Mn2+ (4.80–7.63 apfu), less common are Fe2+ 
(0.28–2.95 apfu) and Mg2+ (up to 0.45 apfu). Anion site 
is dominantly occupied by (OH)- with minor Cl- content 
(up to 1.24 apfu) (Tab. S7). In the central parts of pyro-
phanite crystals situated in vugs, the content of Fe2+ (up 
to 1.48 apfu) is lower compared to the content of Fe2+ 
at the edge where it reaches maximum values (up to 
2.33 apfu). The Mg content indicates a uniform trend. In 
contrast the Mn content shows opposite trend, where Mn 
reaches the highest values in the central parts of crystal 
(up to 6.11 apfu) and decreases in the middle part of 
grains (5.70–6.09 apfu) to the minimum (up to 4.85 apfu 
Mn) at the edge (Tab. S7). Substitutional trend between 
Mn and Fe + Mg shows linear trend (Fig. 11). Baryte ag-
gregates incorporate zonal pyrosmalite-(Mn) crystals, in 
which disintegration can be observed alongside the edges.

4.1.8.	Muscovite

Muscovite is a common mineral in rhodochrosite matrix 
of ore samples where it forms laminated euhedral to 
subhedral crystals with significant chemical zoning. It is 
locally replaced by chamosite. Muscovite has slightly in-
creased content of Fe2+ (0.05–0.13 apfu), Mg (0.04–0.07 
apfu) and Mn (0.01–0.05 apfu) in M position (Tab. S8). 
The I position is dominantly occupied by K (0.63–0.74 
apfu) with higher content of Na (0.09–0.12 apfu) and Ba 
(0.09–0.23 apfu). The lamellar zoning observed in BSE 
is caused by variable content of Ba which varies from 
0.09 apfu in dark grey parts to 0.23 apfu in lighter parts 
of crystal (Fig. 9b).

4.1.9.	Baryte

Baryte is a  common mineral which fills the interstitial 
spaces between rhodochrosite, spessartine and pyrox-
mangite. Baryte is present as an isolated subhedral grains 
and accumulations of a maximum size up to 0.5 mm (Fig. 
7a, b), which are chemically homogenous with only mi-
nor presence of Sr2+ (up to 0.06 apfu) (Tab. S9).

4.1.10.  Pyrophanite

Pyrophanite is common accessory mineral embedded 
dominantly in rhodochrosite matrix where it forms euhe-
dral tabular crystals and aggregates up to 50 μm in size 
with no visible zoning in BSE. Pyrophanite component 
is dominantly present in range of 78.75–80.45 mol. % 
(0.82–0.85 apfu Mn2+ respectively) with minor ilmenite 
component in range 19.49–21.00 mol. % (0.21–0.22 apfu 
Fe2+ respectively) as show in Tab. S10.

4.1.11.  Minerals of the epidote supergroup

Minerals of the epidote supergroup were identified as 
ferriandrosite-(Ce) and A1Mn2+-analogue of khristovite-
(Ce) named vielleaureite-(Ce), both new and recently 
IMA approved members of this supergroup (Ragu et al. 
2023; Števko et al. 2023). Both occur rarely and were 
identified in the younger type 1 pyroxmangite vein (Fig. 
9c) and in vug in matrix. They have a dark brown co-
lour in PPL and macroscopically form a coarse-grained 
aggregate. In BSE imaging epidotes form  subhedral 
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porous grains grouped into aggregate with strong zon-
ing in BSE imaging, where lighter parts are composed 
of ferriandrosite-(Ce) and darker parts correspond to 
vielleaureite-(Ce) (Fig. 9d). 

Crystallographic positions of ferriandrosite-(Ce) are 
dominantly occupied as follows: A1 and M3 are com-
posed of Mn2+, A2 by Y+REE3+, M1 consists of Fe3+ and 
M2 by Al3+ (Tab. S11). The content of Y+REE3+ varies 
between 0.89–1.03 apfu with dominant Ce3+ (up to 0.56 
apfu), content of Mn2+ reaches values up to 1.63 apfu and 
Fe3+ up to 1.02 apfu with ideal crystallochemical formula 
expressed as (Mn2+Ce)(Fe3+AlMn2+)O(Si2O7)(SiO4)(OH). 

Crystallographic positions of vielleaureite-(Ce) are 
dominantly occupied in A1 and M3 by Mn2+, in A2 by 
Y + REE3+, in M1 by Fe3+ and M2 by Al3+ (Tab. S11). The 
content of Y + REE3+ is in interval 0.87–0.95 apfu with 
dominant Ce3+ (up to 0.51 apfu), content of Mn2+ reaches 
values up to 1.67 apfu and Fe3+ up to 1.02 apfu. In addi-
tion, in position O4 content of F– reaches values in inter-

val 0.51–0.66 apfu and therefore we assign this epidote 
to dollaseite group as a A1Mn2+-analogue of khristovite-
(Ce) with ideal crystallochemical formula expressed as 
(Mn2+Ce)(MgAlMn2+)(Si2O7)(SiO4)F(OH), recently ap-
proved as vielleaureite-(Ce) (Ragu et al. 2023).

4.1.12.  Hejtmanite

Hejtmanite is a rare mineral in studied manganese min-
eralization. It forms an  isolated subhedral (Fig. 12b, c) 
elongated grains up to 20 μm in size embedded in rho-
dochrosite matrix (Fig. 12a) with no visible zoning in 
BSE. Chemical composition of hejtmanite is variable 
(Tab. S12). The AP position is dominantly occupied by 
Ba2+ (1.84–2.24 apfu) with minor content of K+ (up to 
0.07 apfu), MH position consists of Ti4+ (1.90–1.99 apfu) 
and Zr5+ (up to 0.10 apfu). At the MO position the con-
tent of Mn2+ reaches values in the range 2.12–2.70 apfu 
with slightly decreased content of Fe2+ (1.66–2.17 apfu). 
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The content of Mg2+ (up to 0.07 apfu) is present at the 
minimal amount. Anion site is dominantly occupied by 
(OH)- (2.60–2.87 apfu) with F– (1.15–2.13 apfu). Ac-
cording to WDS analysis of hejtmanite, the continuous 
transition into bafertisite was observed (Fig. 13) with no 
visible colour transition in BSE imaging.

4.1.13.  Bafertisite

Bafertisite is an extremely rare mineral in studied as-
sociation, it forms euhedral elongated crystal associated 
with spessartine, pyroxmangite and rhodochrosite with 
size approximately 160 × 20 μm (Fig. 12d). In bafertisite 
(Tab. S13) the AP position is dominantly occupied by 
Ba2+ (2.06–2.23 apfu) and MH position consists of Ti4+ 
(1.97–1.99 apfu) and Zr5+ (up to 0.03 apfu). MO position 
is dominantly occupied by Fe2+ (2.09–2.40 apfu) over 
Mn2+ (2.06–2.22 apfu). Content of Mg2+ is low (up to 
0.07 apfu). Anion site is dominantly occupied by (OH)- 
(2.68–2.82 apfu) over F– (1.18–1.32 apfu). According to 
WDS analysis of bafertisite, the continuous transition 
into hejtmanite was observed (Fig. 12d) with no visible 
transition in BSE imaging.

4.1.14.  Fluorapatite

Fluorapatite is an accessory mineral which forms subhe-
dral grains (up to 30 μm in size) in association with spes-
sartine and pyroxmangite in rhodochrosite matrix, with 
no visible zoning in BSE imaging. Chemical composition 

of apatite is homogenous with low content of REE + Y 
(up to 0.01 apfu). The anion site is fully occupied by 
F– (Tab. S14).

4.1.15.  Albite

Albite forms anhedral grains in rhodochrosite matrix 
up to 20 μm in size. It shows no zoning and has stable 
chemical composition of almost pure end-member in the 
interval Ab99.2 to Ab99.7. Other end-members reach mini-
mum values (An0.2-0.6 and Or0-0.2) (Tab. S15).

4.1.16.  Chamosite

Chamosite forms fibrous crystals grouped to acicular ag-
gregates in association with quartz and rhodochrosite in 
0.2 mm thick type 3 veins (Fig. 4e, f). In BSE imaging 
they show no chemical zoning. Chemical composition of 
chamosite reflects its dominant content of Fe2+ (3.11–3.61 
apfu) and low contents of Mg (up to 1.15 apfu) and Mn 
(up to 0.33 apfu) as shown in Tab. S16.

4.1.17.  Quartz

Quartz is one of the most dominant components in rho-
dochrosite matrix and in quartz–chamosite–rhodochrosite 
type 3 veins (Fig. 4e, f), where it forms subhedral grains 
and aggregates.

4.2.	Primary sulphidic mineralization

Primary ore mineralization composed of sulphidic miner-
als is wide-spread in form of isolated euhedral to subhe-
dral grains and aggregates up to 1 mm in size, which are 
embedded mostly in rhodochrosite matrix. Furthermore, 
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near the contact between primary carbonate–silicate Mn 
mineralization and Qtz–Ms phyllite, a small accumula-
tion of sulphides in the thin layer approximately 2 mm 

wide is also present (Fig. 3a, 14a, b). Sulphides are rep-
resented dominantly by pyrite, pyrrhotite, chalcopyrite, 
galena, sphalerite, cobaltite, gersdorffite with minor 
occurrence of siegenite, violarite, pentlandite and rare 
millerite (Fig. 14a–f). Pyrite intergrows with pyrrhotite 
(Fig. 14c). Thiospinels of siegenite-violarite series occur 
in the form of subhedral crystals (Fig. 14e) 300 μm in 
size with pentlandite lamellae (Fig. 14f) indicating the 
exsolution breakdown of a Ni–Co–Fe–S solid-solution 
phase.

Chemical composition of most sulphides is monoto-
nous with empirical formulae close to ideal end-member 
composition of individual minerals. An unusual slightly 
increased content of Mn was observed in pyrite (up to 
0.01 apfu), chalcopyrite (up to 0.05 apfu) sphalerite (up 
to 0.09 apfu) and galena (up to 0.02 apfu). Furthermore, 
Co in pyrite (up to 0.15 apfu) and pentlandite (up to 
0.07 apfu) in matrix alongside with Cu (up to 0.07 apfu) 
were also observed (Tab. S17). Pentlandite lamellae in 
thiospinels contain higher amount of Co (up to 0.24 apfu) 
(Tab. S18). 
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In cobaltite subhedral grains (up to 100 μm in 
size in Fig. 14d, e, f) the higher content of Fe 
(up to 0.22 apfu) in peripherals zones with aver-
age (n = 26) empirical formulae: (Co0.73Ni0.10Fe0.15)
Σ1.01As0.80S1.19 and the lower content of Fe (up to 
0.11 apfu) in central zones with average (n = 20) 

e m p i r i c a l  f o r m u l a e :  ( C o 0 . 8 9N i 0 . 0 4F e 0 . 0 6) Σ 1 . 0 2 
As0.82S1.16 were observed (Fig. 15). Gersdorffite occurs 
rarely as an euhedral to subhedral crystals up to 100 
μm in size (Fig. 14a) with the average (n = 10) chemi-
cal composition expressed by empirical formulae: 
(Ni0.58Co0.11Fe0.31)Σ1.01As1.03S0.95 (Tab. S18).
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4.3.	Mineral composition of the host Qtz–Ms 
phyllite

Phyllites occurs at the contact of manganese mineraliza-
tion. Macroscopically phyllite has a laminar arrangement 
and is greyish to light green colour (Fig. 3a). It consists 
mainly of muscovite and quartz and accessory minerals 
such as pyrophanite, rutile, zircon and monazite (Fig. 
16a, b). At the contact with manganese ore the thin layer 
of muscovite with chamosite is present with local ac-
cumulations of pyrophanite (Fig. 16b). Muscovites have 
homogenous chemical composition with low contents 
of Fe2+ (0.07–0.10 apfu), Mg (up to 0.06 apfu) and Mn 
(up to 0.01 apfu) at the M-site and low content of Ba 
(0.01–0.03 apfu) at the I-site (Tab. S8) with dominant K 

(0.81–0.86 apfu) and Na (0.10–0.13 apfu). Pyrophanite 
forms euhedral crystals and elongated grains 0.1 mm in 
size, which overgrows with rutile. Dominant constituent 
is Ti (0.96–0.98 apfu) with MnTiO3 molecule (up to 79.32 
vol. %) and ilmenite molecule (FeTiO3 up to 21.95 vol. 
%) as shown in Tab. S10. Siderite forms a subhedral ag-
gregates (Fig. 16a, b) and consists of FeCO3 molecule (up 
to 73.08 mol. %) with slightly higher contents of MnCO3 
molecule (up to 37.23 mol. %), MgCO3 molecule (up to 
6.67 mol. %) and CaCO3 molecule (up to 3.29 mol. %) 
as shown in Tab. S1 and Fig. 5

5.	Discussion

5.1.	Origin of manganese mineralization 

Manganese (alongside with iron) in the oceanic sedimen-
tary basins originates in the form of Mn-Fe rich nodules, 
crusts, cements, mounds and sediment-hosted strata-
bound layers from multiple processes such as precipita-
tion of elements from hydrothermal fluids and sediment 
pore waters, hydrogenetic precipitation from seawater 
and by metasomatic replacement of rocks and sediments 
(Von Damm 1990; Hein et al. 1997; Usui et al. 2020). 
Some manganese deposits were created by diagenetic 
and microbial processes where Mn mostly originated 
from abiotic processes in the depositional basins and was 
subsequently oxidized by biological activity of microor-
ganisms (Tebo et al. 2005).

Formation of manganese mineralization in the Spišsko-
gemerské rudohorie Mts. was polycyclic and influenced 
by multiple development stages of a Gemeric Unit. It is 
assumed that original sedimentary rocks may have been 
represented by carbonates, clay minerals and quartz. 
Rojkovič (1999, 2000, 2001) suggested that manganese 
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was transported from the deep anoxic parts of the ocean 
into the shallower oxygen-rich waters, where Mn precipi-
tated in the form of manganese oxides and hydroxides. 
Influence of syngenetic basaltic volcanic activity was 
suggested by Kantor (1954) and later by Grecula et al. 
(1995), who assumed that mineralization was formed by 
volcano-sedimentary processes, accompanied by exhala-
tions of hydrothermal vents, that brought Fe, Mn, SiO2 
and H2S. Samples from Betliar-Július contain relatively 
high amounts of Fe suggesting substantial role of subma-
rine volcano–sedimentary fluids of juvenile basaltic vol-
canism (Ilavský 1957; Grecula et al. 1995) or submarine 
volcanogenic–exhalative origin (Cornell, Schütte 1995; 
Mücke et al. 2001; Mücke 2005).

A different view on development of manganese miner-
alization at the locality Čučma-Čierna baňa was provided 
by Radvanec, Gonda (2020), who suggest that the major 
elements (especially Fe, Mn and Ba) were released in 
the form of fluid phase during anatectic melting of the 
Silurian rhyolite and Devonian strata-bound sulphidic 
mineralization.

According to the presence of two generations of 
minerals with variable chemical composition, we as-
sume that the protolith of Mn mineralization undergone 
significant changes during the diagenetic stage and was 
later transformed by intense Variscan and Alpine tectono-
metamorphic events, therefore the former protolith of 
studied manganese mineralization is difficult to interpret. 
Detailed textural and mineralogical observations lead to 
construction of paragenetic model of manganese mineral-
ization in Betliar from Variscan to Alpine metamorphism 
and concurrent hydrothermal activity (Fig. 17).

5.2.	Diagenesis and Variscan metamorphic 
stage

The first stage of metamorphic evolution of the manga-
nese mineralization at the Betliar occurrence is charac-
terized by production of silicates due to high content of 
quartz and clay minerals in the protolith alongside with 
decarbonization reactions that happen in rhodochrosite. 
Rhodochrosite was most likely replaced by pyroxmangite, 
which might be proven by preserved rhodochrosite relicts 
in pyroxmangite (Fig. 9a). The contact of rhodochrosite 
and pyroxmangite is not sharp and locally rhodochrosite 
transits into pyroxmangite (Fig. 4b). In laboratory con-
ditions, pure pyroxmangite end-member is stable at the 
temperature of 425–450 °C and 3 kbar pressure (Peters et 
al. 1973). Stability field of pyroxmangite is enlarged by 
incorporation of Fe2+ and Mg (Maresch, Mottana 1976). 
Transformation of rhodonite to pyroxmangite occurs 
at pressure of 3 kbar and temperature approximately 
350–400 °C (Maresch, Mottana 1976; Brusnitsyn et al. 
2017; Shchipalkina et al. 2019a, b).

Spessartine was formed by decarbonation and dehy-
dration reactions during the prograde phase of metamor-
phism, quartz and rhodochrosite inclusions represent 
residual phases. The low temperature (~300 °C) stability 
field of spessartine overlaps with the kaolinite stability 
field, which indicates clay minerals as a precursor of gar-
nets (Nyame 2001). Matthes (1961) claims that pure spes-
sartine is formed at a minimum temperature of 400 °C, 
but Theye et al. (1996) over all proved, that formation 
of spessartine starts during the low-pressure prograde 
metamorphism at ~300 °C. Low content of temperature-
dependent cations (such as Ca, Mg and Fe) in spessartine 
from Betliar indicates low temperatures of equilibration 
and minimal incorporation of these cations to the garnet 
structure during the spessartine growth (Nyame et al. 
1998; Nyame 2001).

Tephroite could be developed at the expense of rhodo-
chrosite and quartz or pyroxmangite by decarbonation re-
actions (Mohapatra, Nayak 2003). Tephroite is a common 
mineral in Mn-rich rocks crystallizing under higher-grade 
conditions of amphibolite facies with peak conditions 
reaching 6–7 kbar and 550–700 °C (Santos et al. 2021), 
but it has also been identified at the localities with lower 
to upper greenschist facies conditions (e.g. Ashley 1989; 
Brugger, Gieré 2000; De Putter et al. 2018). Tephroite in 

Mineral
Metamorphic stage Hydrother-

mal phaseVariscan Alpine

Pyroxmangite

Spessartine

Siegenite

Violarite

Rhodochrosite

Magnetite

Clino-suenoite

Clino-ferro-suenoite

Tephroite

Pyrophanite

Pyrosmalite-(Mn)

Muscovite

Baryte
Ferriandrosite-(Ce)

Hejtmanite

Bafertisite

Fluorapatite
Albite

Chamosite

Quartz

Pyrite

Pyrrhotite

Chalcopyrite

Galena
Sphalerite

Cobaltite

Gersdorffite

Pentlandite

Millerite

Vielleaureite-(Ce)

Fig. 17 – Mineral paragenesis chart for all minerals identified in manga-
nese mineralization from Betliar-Július distributed to pre-metamorphic, 
metamorphic and hydrothermal stage.
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the MnO–SiO2–H2O–CO2 system is stable at mid-grade 
greenschist facies condition below 420 °C with rhodo-
chrosite and quartz assemblage at low XCO2 (< 0.2) (Peters 
et al. 1973). Pyrosmalite-(Mn) at the Betliar occurrence 
was probably formed by the hydration and chlorination 
of the Mn-rich silicates (Stillwell, McAndrew 1957).

Clino-suenoite and clino-ferro-suenoite from Betliar 
form a continuous solid-solution series (Fig. 10) without 
a miscibility gap (Oberti et al. 2018). Temperature of am-
phibole formation is dependent on Mn/(Mn + Mg) values, 
where range of 400–620 °C for the lower and 570–775 °C 
at 2 kbar for the upper parts of stability field of pure Mg-
Mn clino-suenoite occurs. Incorporation of Fe results in 
decrease of the stability limits, which is a consequence 
of a low-grade metamorphic conditions (Melcher 1995). 

Rare occurrence of bafertisite and its Mn-analogue 
hejtmanite (Vrána et al. 1992) was observed in form of 
isolated crystals (Fig. 12). These minerals occur only on 
few world localities with manganese mineralization, such 
as in rhodonite–tephroite–spessartine–quartz association 
from the Muzeinoe gorge, the Inyl´chek mountain ridge 
in South-Eastern Kyrgyzstan (Sokolova et al. 2016) or 
in Fuchs Alps in Austria (Kolitsch et al. 2021). Due to 
their nominal chemical composition (especially high 
contents of Ba and Ti) it is assumed that formation of 
these minerals was conditional on precursor clayey sedi-
ments enriched by Ti and Ba. Presence of pyrophanite 
requires a Mn-Ti rich precursor under low fO2 conditions 
(Nayak, Mohapatra 1998). Enrichment of Ti in protolith 
was probably caused by occurrence of terrigenous admix-
ture (Brusnitsyn 2006). Manganese mineralization at the 
Betliar occurrence contains relicts of laminated Ba-rich 
muscovite (Fig.9b). Formation of muscovite is related to 
prograde metamorphism of sedimentary clay minerals as-
sociated with Ba-rich sediments by dissolution of baryte 
and precipitation of Ba-rich fluids. The volcanic source of 
barium at the locality Čučma-Čierna baňa was suggested 
by Radvanec, Gonda (2020), the synsedimentary source 
was suggested by Rojkovič (2001).

5.3.	Alpine metamorphic stage and  
hydrothermal activity

The second stage of evolution of manganese mineraliza-
tion at the Betliar occurrence is characterized by forma-
tion of cracks and fissures, filled by younger minerals 
generated during the Alpine metamorphic stage and 
hydrothermal phase and recrystallization of meta-stable 
minerals. In the rhodochrosite matrix, the complex sys-
tem of younger veins and veinlets occur composed of 
type 1 pyroxmangite ± spessartine, type 2 spessartine 
veins and type 3 rhodochrosite–chamosite–quartz veins. 
The coexistential relationships between individual veins 
(Fig. 3c–f, 4e, f) shows, that the oldest are type 1 pyrox-

mangite ± spessartine veins, which are cut by younger 
type 2 spessartine and type 3 rhodochrosite–cham-
osite–quartz veins. In rhodochrosite (Fig. 5, tab. S1) and 
spessartine (Fig. 8, tab. S3) the higher content of Fe was 
observed, concentrations of Fe in vein-type pyroxmangite 
are lower than in pyroxmangite in the quartz–rhodochro-
site matrix (Fig. 6b, tab. S2). Locally, spessartine show 
slight Fe enrichment in its peripheral parts.

Two members of the epidote supergroup were identi-
fied as ferriandrosite-(Ce) and vielleaureite-(Ce). They 
occur in pyroxmangite type 1 veins or in vugs of quartz–
rhodochrosite matrix. Epidotes were formed during the 
low-grade (greenschist facies) metamorphism with high 
mobility of REE elements. Similar REE-bearing members 
of the epidote subgroup were observed at the Veitsch 
Mn deposit in the upper Austroalpine Greywacke Zone 
(Girtler et al. 2013). Unequivocal source of REE ele-
ments at the Betliar occurrence is difficult to interpret due 
to their multi-environment origin such as from hydrother-
mal solutions or from diagenetic processes (Brusnitsyn 
et al. 2020). Zoning in polycrystalline epidote grains 
observed in BSE reflects a complicated metamorphic and 
hydrothermal evolution (Biagioni et al. 2019).

Pyrosmalite-(Mn) has incremental zones (Fig. 7a) 
in which rising content of Fe and Mg and decreasing 
content of Mn was observed from the central parts to 
the peripheral parts of studied crystal. Some authors 
(Albrecht 1989; Fan et al. 1992) consider pyrosmalite 
group minerals as a  retrograde product of an earlier 
anhydrous silicates with infiltration of H2O-rich fluids. 
Baryte reprecipitated from unstable minerals during the 
Alpine stage of metamorphism, probably from Ba-rich 
muscovite which partially recrystallized to Mn-rich 
chlorite (Fig. 9b).

Occurrence of Ni, Co and Cu-rich sulphides reflects 
adsorption of these elements in the former sedimentary–
diagenetic manganese minerals (Rojkovič 2001) and hy-
drothermal contribution in the later phase of manganese 
occurrence evolution. Slightly higher content of Mn is 
also present in some sulphides (Tab. S17, S18).

Last important part of evolution of Mn mineralization 
took part due to metasomatic processes, which caused 
partial recrystallization of spessartine (Fig. 7f), which 
may have been caused by the circulation of a CO2-rich 
fluids as observed by Munteanu et al. (2004).

5.4.	Estimation of p-T conditions of Mn  
mineralization

The most significant feature of Mn mineralization which 
distinguishes Betliar from the other localities in the Ge-
meric Unit is absence of a low p–T polymorph of MnSiO3 
(rhodonite), which indicates higher p–T conditions during 
metamorphic evolution (Peters et al. 1973; Maresch, Mot-
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tana 1976). Pressure-temperature conditions estimated in 
Early Paleozoic rocks of the Gelnica Group compared to 
stability limits of Mn-amphiboles and incorporation of 
Fe as suggested by Melcher (1995) indicate formation 
of these minerals in the lower parts of amphibole stabil-
ity field at the high-grade greenschist facies conditions.

Pre-Alpine metamorphic conditions estimated from 
the associating Early Paleozoic metasedimentary and 
metavolcanic rocks of the Gelnica Group show p–T con-
ditions of greenschist facies at the 300–440 °C and 3–7 
kbar (Sassi, Vozárová 1987; Mazzoli, Vozárová 1989; 
Faryad 1995; Myšľan, Ružička 2022). Rhodonite–pyrox-
mangite geothermometer of manganese mineralization 
estimated temperature of 375 ± 10 °C (Faryad 1991), 
390 °C (Rojkovič 1999) and 400–420 °C at 3.2–3.7 kbar 
with XCO2 = 0.055–0.06 (Faryad 1994) at the similar lo-
cality Čučma-Čierna baňa, what is close to the supposed 
p–T condition at the locality Betliar-Július.

6.	Conclusions

The most abundant minerals at the Betliar-Július man-
ganese occurrence are rhodochrosite, pyroxmangite, 
spessartine, quartz, magnetite, clino-suenoite, clino-ferro-
suenoite, tephroite, pyrophanite, pyrosmalite-(Mn), bar-
yte alongside with pyrite, pyrrhotite, galena, sphalerite, 
cobaltite, gersdorffite and pentlandite. Less abundand 
minerals are Ba-rich muscovite, chamosite, albite, flu-
orapatite and sulphides such as millerite, siegenite and 
violarite. Very rare minerals are ferriandrosite-(Ce), 
vielleaureite-(Ce), hejtmanite and bafertisite. 

We assume that the protolith was heterogenous with 
occurrence of manganiferous, calcareous, argillaceous 
and terrigenous material with quartz and Ba-rich min-
erals locally incorporated by material from a volcanic 
source. Occurrence of Al-rich clay minerals, quartz and 
rhodochrosite in precursor sediments during the Variscan 
metamorphic gradual increase in p–T conditions led to 
formation of spessartine, tephroite, pyroxmangite, py-
rosmalite-(Mn) and other minerals. Abundant occurrence 
of pyroxmangite and absence of rhodonite suggests, that 
the mineral assemblage was formed in the p–T condi-
tions approximately 420–450 °C and pressure 2–4 kbar 
corresponding to the higher grade of greenschist facies. 
Mn-rich amphiboles were formed at the peak condition 
of a metamorphism in the high-grade greenschist facies.

Presence of Ba and Ti in precursor sediments provided 
important source of Ba-/Ti-rich fluids generating Ba-rich 
muscovite, hejtmanite, bafertisite during Variscan meta-
morphism and later forming baryte in the Alpine stage.

Alpine metamorphic phase led to formation of veins 
and veinlets composed of pyroxmangite ± spessartine, 
spessartine and rhodochrosite–chamosite–quartz. Higher 

Fe content might be explained by partial dissolution of 
magnetite or by reprecipitation of Fe from Fe-rich sili-
cates. At the same time, minerals such as pyrosmalite-
(Mn) or epidotes were formed in agreement with lower-
ing temperature of metamorphism with associated higher 
mobility of REE.

The occurrence of sulphides such as cobaltite, gers-
dorffite, millerite, siegenite, violarite, pentlandite, chalco-
pyrite, pyrite, sphalerite and galena indicate a hydrother-
mal contribution via remobilization and recrystallization 
of these minerals in the later phase of manganese deposit 
evolution.

Final stage of metamorphic evolution of Mn mineral-
ization was influenced by metasomatic processes which 
led to partial replacement of spessartine by rhodochro-
site ± pyroxmangite and creation of siderite in associating 
Qtz–Ms phyllite.
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