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Manganese mineralization was discovered at the Zimna Voda occurrence near Prakovce located in the Spissko-gemer-
ské rudohorie Mountains, eastern Slovakia. The mineralization is hosted in the Early Paleozoic metamorphic rocks
of the Gemeric Unit in the Western Carpathians and it represents the only occurrence of metamorphosed manganese
mineralization discovered within the Drnava Formation (Devonian). Manganese minerals are directly associated with
magnetite bodies forming isolated lenses of a strata-bound oxidic Fe-ores. The manganese mineralization underwent
metamorphism during the Variscan and Alpine tectonometamorphic events, resulting in two types of distinct mineral
assemblages. The older assemblage includes rhodonite—ferrorhodonite series, thodochrosite, kutnohorite, spessartine,
fluorapatite and quartz with magnetite impregnations. These assemblages are intersected by younger mineral assemblages
present in veins and vugs. This later assemblage consists of rhodochrosite, kutnohorite, baryte, clino-suenoite to clino-
-ferro-suenoite, minerals of the epidote supergroup, quartz and relatively rare sulfidic mineralization including pyrite,
galena, sphalerite and cobaltite along with hiibnerite. This stage also features the formation of garnets predominantly
composed of the andradite molecule, with locally preserved spessartine remnants in the garnet centres. The subsequent
younger post-Variscan metamorphic event is characterized by a high influx of rare earth elements (REE), leading to the
formation of a rare ferriallanite-(Ce), ferriallanite-(La), ferriakasakaite-(La) and ferriakasakaite-(Ce). Allanite-subgroup
minerals form a strongly zonal polycrystalline dark brown aggregates with size up to 50 um, generated from hydrothermal
fluids affecting the mineral composition of the late-stage mineral assemblage.
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mostly located in the Southern Gemeric Unit (Cuéma—
Cierna bafia, Mala Hekerova-Bystry potok near Smolnik,
Betliar—Julius). The Mn mineralization is represented
by silicate-carbonate lenses with manganese minerals,
situated in the metavolcano—sedimentary rocks metamor-
phosed within the greenschist facies conditions of the
Gelnica Group. Various mineral phases (approximately

1. Introduction

Manganese deposits with abundant iron content represent
an interesting type of mineralization, generated by numer-
ous sedimentary, magmatic, hydrothermal, biogenic or
metasomatic (skarn) processes, such as element precipita-
tion from hydrothermal fluids and sediments pore water,

metasomatic replacements, hydrogenetic precipitation or
microbial activity, resulting in formation of volcanogenic,
magmatic-hydrothermal, sedimentary exhalative, skarn-like
or many more deposits (Roy 1992; Hein et al. 1997, etc.).

The metamorphosed manganese mineralization in
the Western Carpathian region with variable mineral
assemblage is recently studied at the different localities
situated in the Spissko-Gemerské Rudohorie Mountains.,

100 identified minerals) and genetic data (e.g. rhodonite-
pyroxmangite geothermometer) provide evidence of
polygenetic origin (Kantor 1953a, b; Faryad 1994; Pe-
terec and Dud’a 2003; Rojkovi¢ 2001; Stevko et al. 2015;
Radvanec and Gonda, 2020; Myslan et al. 2023, etc.),
with the first description of ferriandrosite-(Ce) at the lo-
cality Betliar—Jilius (Stevko et al. 2023). In the Northern
Gemeric Unit, more specifically in the Rakovec Group,
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Fig. 1 Geological map of the studied area with marked location of Prakovce—Zimna Voda manganese occurrence (modified after Bajanik et al. 1983).

a 22 m thick layer of manganese enriched metasediments
was described from the RHV-1 borehole situated south
of Rudnany, where piemontite and spessartine aggregates
alongside with Fe oxides were present in the form of
Mn—Fe nodules (Spisiak et al. 1989; Spisiak and Hovorka
2000). New occurrence of As-enriched manganese min-
eralization was discovered at the Porac—Diely occurrence
with unique mineral assemblage consisting of, among
other silicates and carbonates, Li-pyroxenoids, arseno-
silicates and arsenates (Myslan et al. 2024).
Mineralogy of the Prakovce—Zimna Voda manganese
occurrence has never been studied in detail. The presence
of manganese mineralization in this region was briefly de-
scribed by Zipser (1817) and later by Leonhard (1843) who
mentioned that it is consisting of orange to red leaf-like
aggregates of rhodonite and rhodochrosite in association
with magnetite. More recent studies reported tens of meters

long and 0.5-3 m thick lenses with hematite-magnetite
mineralization, in which rhodochrosite is locally bound in
the area east of Zimna dolina valley (Grecula et al. 1995).
This locality is representing the only known occurrence
of metamorphic manganese ores in the Drnava Formation.

Our study provides a considerable amount of a detailed
crystallochemical data of the minerals at the studied
locality, focusing on the characterization of minerals of
the allanite-subgroup, as well as comparison of these data
with the analogous occurrences in the Carpathian area
and the other relevant localities in the world.

2. Geological settings and location

Manganese mineralization at the Prakovce—Zimna Voda
occurrence is hosted in the Early Paleozoic low-grade
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metamorphic rocks of the Gemeric Unit in the north-
eastern part of the SpiSsko-Gemerské Rudohorie Mts.,
Eastern Slovakia. The Gemeric Unit is composed of
Lower Paleozoic basement (Gelnica and Rakovec Group),
Upper Paleozoic (Ochtina, Dobsina and Gocaltovo Group)
and Lower Triassic (Kobeliarovo Group) cover complexes
(Bajanik et al. 1983). The Lower Paleozoic Gemeric base-
ment units are considered to be riftogenic basin origin
associated with Gondwana active margin (Grecula 1982;
Putis et al. 2008). Complexes were intruded by the Perm-
ian S-type Gemeric granites (Uher and Broska 1996).

The Gelnica Group is metamorphosed formation with
characteristic polygenetic and polycyclic development
defined by cyclic marine pelite—psammite flyschoid
sedimentation and syngenetic silicic (dacite to rhyolite)
and, to a lesser extent, basic volcanism. Metasedimentary
complexes dominantly consist of metamorphosed sand-
stones, pelites and psamites with significant incorporation
of volcano-clastic material. The Gelnica Group is divided
into Vlachovo, Bystry Potok and Drnava Formations
(Bajanik et al. 1983). Drnava Formation in the northern
part of Gelnica Group (Fig. 1) is in the basal parts formed
by metamorphosed coarse-grained sandstones with rapid
transition to fine-grained conglomerates in the upper
parts. Concurrent volcanic activity is characterised by
presence of acidic volcano-clastic material transported
into the sedimentary basin alongside with epiclastic detri-
tus. Effusive forms of volcanism have been detected only
sporadically with volcanic cycles terminated by basic vol-
canic members identified in the form of their redeposited
volcanoclastic equivalents (Bajanik et al. 1983). The age
of the Drnava Formation was determined biostratigraphi-
cally to Lower Devonian (Snopkova and Snopko 1979),
the U-Pb SHRIMP dating of zircons from metarhyolite
pyroclastic rocks show age around 460 Ma, correspond-
ing to the Middle Ordovician (Darriwilian) age (Vozarova
et al. 2017). Metamorphic conditions determined from
the Early Paleozoic metasedimentary and metavolcanic
rocks of the Gelnica Group range from 300 to 440°C at
300-700 MPa (Sassi and Vozarova 1987; Mazzoli and
Vozarova 1989). These conditions correspond with geo-
thermometric calculations from metamorphic manganese
ores at the similar Mn occurrence near Cuéma, with
estimated P-T parameters at 375+10°C (Faryad 1991),
390°C (Rojkovi¢ 1999), and 400-420°C at 320-370
MPa with XCO,=0.055-0.060 (Faryad 1994). Lenses
with metamorphic magnetite—manganese ore mineral-
ization near Prakovce are hosted in the narrow strip of
metavolcano-clastic rocks represented by metarhyolite
tuffs of the Drnava Formation, whereas other localities
in Southern Gemeric Unit are hosted in rocks belonging
to the Bystry Potok Formation.

Hematite—magnetite ore mineralization developed in
the Early Paleozoic volcanogenic—sedimentary forma-

tions of the Gemeric Unit is related to bimodal volcanic
activity resulting in formation of strata-bound oxidic
Fe-ores. Ore mineralization appears in the various forms,
mostly as magnetite and hematite impregnations, to a
lesser extent as hematite quartzites or jaspilites in as-
sociation with surrounding volcano—sedimentary rocks.
Magnetite impregnations may be clustered into the larger
accumulations forming magnetite lenses and bodies.
These ores mostly occur in the lower parts of the upper-
most formations, frequently represented by metarhyolite
tuffs (Grecula et al. 1977, 1995).

The Prakovce—Zimna Voda manganese occurrence
is situated approximately 2.5 km SSE of the Prakovce
village (Gelnica district, KoSice region) on the western
slopes of the Gelnicka valley. The locality consists of
multiple small exploration pits, open-pit works and col-
lapsed adit. Samples with manganese ore were collected
at the small pit with GPS coordinates 48°47'41.7"N and
20°54'33.0"E (at altitude 578 m a.s.l.) and at the ore
dump from the open-pit work with GPS coordinates
48°47'42.7"N and 20°54'37.6"E (at altitude 554 m a.s.1.).

3. Analytical methods

The representative samples of metamorphosed manganese
mineralization were collected in the 2023, from which
series of polished thin sections and mounts were prepared
from the upper small pit (PRH-1 to PRH-6) and from the
lower dump (PRD-1 to PRD-12).

Quantitative chemical (WDS) analyses of studied
minerals were obtained using a JEOL-JXA850F field-
emission electron microprobe (EMPA) in wavelength-
dispersive spectrometry (WDS) mode (Earth Science
Institute, Slovak Academy of Sciences, Banska Bystrica,
Slovakia). The following conditions were applied: ac-
celerating voltage 15 kV, measuring current 20 nA
(silicates, carbonates and sulfates) and accelerating volt-
age 20 kV and measuring current 15 nA (sulfides). The
beam diameter ranged from 1 to 8 pum, ZAF correction
was used. The following standards and X-ray lines were
used: albite (AlKa, NaKa), Ag (AgLa), baryte (SKa,
BalLa), CdTe (CdLa), celestine (SrLa), CePO, (CelLa),
crocoite (PbMp), Cr,0, (CrKa), Co (CoKa), CuFeS,
(CuKa), diopside (SiKa, MgKa, CaKa), DyPO, (DyLp),
ErPO, (ErLa), EuPO, (EuLa), fluorapatite (PKa), fluorite
(FKa), GaAs (AsLa), gahnite (ZnKa), GdPO, (GdLp), Ge
(GeLa), hematite (FeKa), HgTe (HgLa), HoPO, (HoLp),
InAs (InLa), LaPO, (LaLa), LuPO, (LuLa), Ni,Si (NiKa),
NdPO, (NdLa), orthoclase (KKa), PbSe (SeLf), PbTe
(TeLa), PrPO, (PrLp), rhodonite (MnKa), rutile (TiKa),
Sb.S; (SbLa), ScVO, (VKa), SmPO, (SmLpS), ThO,
(ThMa), TbPO, (TbLa), TmPO, (TmLa), UO, (UMPp),
tugtupite (ClKa), YbPO, (YbLa), and YPO, (YLa). The
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Fig. 2 Textural photographs of a representative studied samples of
magnetite lenses and manganese mineralization from the locality
Prakovce—Zimné Voda. a — Massive magnetite from the associating
magnetite lenses. b — Contact zone (highlighted by dotted line) of
magnetite body and manganese ore, consisting of pink rhodoni-
te—ferrorhodonite series, magnetite (black), andradite (green) and
other Mn-rich minerals. ¢ — Mixed mineral association composed
of minerals from magnetite lenses and manganese mineralization.
d — Sharp contact of magnetite lense with Mn-rich matrix com-
posed of rhodonite-ferrorhodonite series. e — Manganese ore
composed of pink rhodonite and yellow spessartine. f — Advan-
ced oxidization of manganese ore cut by a system of a whitish
kutnohorite veins.

Fig 3 BSE images of minerals forming the dominant components
of manganese ore at the locality Prakovce—Zimna Voda. a — Fine-
-grained magnetite lens at the contact with manganese ore con-
sisting of rhodonite cut by younger kutnohorite—amphibole vein.
b — Rhodochrosite vein cutting rhodonite matrix with kutnohorite-
-spessartine accumulations in rhodonite matrix. ¢ — Porous andradite
in rhodonite matrix pushing magnetite impregnations. d — Spessartine
relicts outgrown by andradite crystals grouped to an external rim,
e — Porous andradite in association with magnetite anhedral grains in
rhodonite matrix. f — Clino-suenoite and clino-ferro-suenoite in the
interstitial places between rhodonite crystals and quartz. g — Fluor-
apatite grains in rhodochrosite, h — Baryte grains in rhodonite cavities
filled with rhodochrosite and clino-suenoite.
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detection limit of every element ranged from 0.002—0.030
wt. %. Elements which were analysed quantitatively and
are below the detection limit are not listed in the tables.
The procedures for calculating the individual empirical
formulae of the studied minerals were according to the
currently valid nomenclatures by Armbruster et al. (2006)
for the epidote-group minerals, Grew et al. (2013) for the
garnet supergroup, Hawthorne et al. (2012) for amphibole
supergroup minerals, Bosi et al. (2019) for spinel super-
group and Shchipalkina et al. (2019) for rhodonite-group
minerals. Procedures are listed together with all chemical
analyses in Electronic Supplementary Material (ESM1).
Photographic documentation of relationships between
minerals was carried out in the BSE mode. Abbreviations
of minerals are defined in Warr (2021).

Powder X-ray diffraction (PXRD) data for rhodonite
were obtained on a Bruker D8 Advance diffractometer
equipped with solid-state LynxEye detector and second-
ary monochromator producing CuKa radiation at the De-
partment of Mineralogy and Petrology, National Museum
in Prague. The analyses were conducted at 40 kV and 40
mA. The powder samples were placed on the surface of
a flat Si plate infused in acetone suspension. The powder
pattern was collected in the Bragg-Brentano geometry
with step 0.01° 26 with counting time of 8 s per step.

4. Results

4.1. Textural features of magnetite-manganese
mineralization

The manganese mineralization is embedded in the several
meters thick magnetite bodies, forming massive lenses
of irregular shapes embedded in metarhyolite tuffs and
tuffites. Magnetite accumulations form massive black
aggregates with metallic lustre, associated with quartz
(Fig. 2a). Close to the contact with acid metavolcanic
rocks, mineralization is often arranged in strips and lami-
nae. In the magnetite lenses, the accumulations of man-
ganese minerals occur, forming up to 30 cm thick blocks.

Close to the contact with magnetite bodies, rhodochro-
site and kutnohorite occurs in interstitial spaces within
the individual magnetite crystals. The boundary between
the magnetite bodies and the manganese mineralization
composed mostly by rhodonite—ferrorhodonite series in
matrix is well-defined (Fig. 2b, ¢). This sharp contact is
marked by a thin and irregular zone, ~30 um wide, con-
sisting of Mn-carbonates (Fig. 3a). To a certain extent,
near the contact zone an intimate overgrowth of magne-
tite and manganese ore can be observed, forming pink,
yellow, green and black masses (Fig. 2d).

Manganese mineralization is macroscopically domi-
nantly light to dark pink and yellow colour (Fig. 2e)

cut by the younger system of white coloured veins with
a thickness up to 0.3 cm (Fig. 2f). Mineralization is
dominantly formed by rhodonite—ferrorhodonite series,
rhodochrosite, kutnohorite, quartz, spessartine, andradite,
minerals of amphibole supergroup and magnetite with
locally enriched accumulations of fluorapatite. Accessory
minerals include minerals of epidote supergroup, baryte,
galena, sphalerite, pyrite, cobaltite, and rare hiibnerite.
The massive manganese ore is cut by quartz, kutno-
horite, rhodochrosite and amphibole veins. Secondary
manganese oxides and hydroxides were also observed
forming dark brown to black peripheral zones within the
manganese ore (Fig. 2¢-f).

4.2. Mineral association in magnetite—
manganese ore

4.2.1. Magnetite

Magnetite—manganese ore is dominantly composed of
subhedral to anhedral crystals of magnetite with average
size approximately 30 um in diameter (Fig. 3a). Magne-
tite from magnetite lenses that do not contain manganese
mineralization show a homogenous chemical composition
close to ideal end-member formula with slightly elevated
content of MnO (up to 0.4 wt. %; 0.01 apfu Mn) (Tab. 1,
ESM1). Magnetite associated with manganese minerals
forms isolated crystals and aggregates which shows simi-
lar chemical composition close to the ideal end-member
formula with slightly elevated content of MnO (up to 0.2
wt. %; 0.01 apfu Mn) (Tab. 1, ESM1).

4.2.2. Rhodonite-ferrorhodonite series

The most common minerals in manganese mineraliza-
tion at the Prakovce—Zimna Voda were identified as
rhodonite-group minerals with general structural for-
mula V"M(5)V'M(1)V'M(2)V'M(3)V'M(4) [Si,O,.] (Shchi-
palkina et al. 2019). Identified minerals are rhodonite
(CaMn*Mn[Si O ,]), which continuously transits into the
Fe-rich rhodonite or ferrorhodonite (CaMn,Fe[Si O, ,]),
occurring dominantly in the form of anhedral to subhedral
grains up to 0.3 mm in size, grouped to the massive ag-
gregates (Fig. 3a). Macroscopically they cannot be distin-
guished as they form fine-grained pink masses of a solid
solution between both end-members. Moreover, rhodonite-
ferrorhodonite series form partially terminated crystals 0.2
mm in size on the edges of cavities filled mainly by quartz
or carbonate minerals (Fig. 3b). In BSE images, no visible
zoning in rhodonite-ferrorhodonite masses was observed.
They are associated dominantly with magnetite, quartz,
Mn-carbonates, spessartine and andradite.
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Tab. 1 Average chemical composition (in wt. %) and corresponding calculated empirical formulae of magnetite, pyroxenoids, rhodochrosite, kut-
nohorite, spessartine, andradite, clino-suenoite and clino-ferro-suenoite from Prakovce—Zimna Voda manganese occurrence

. . .. Ferro- . . . .. Clino- Clino- Fluor-
Mineral Magnetite Rhodonite . Kutnohorite Rhodochrosite  Spessartine Andradite . erro- .
rhodonite suenoite . apatite
suenoite
. .. Magnetite Manganese . . . . . . . . . . .

Localization ore ore matrix ~ matrix matrix ~ vein  matrix  vein matrix ~ matrix vein vein matrix
Number of =, 10 9 54 10 15 10 10 76 32 9 38 15
analyses (n)

P,O, - - - - - - - - - - - - 40.84
Sio, 0.10 0.13 45.88  45.88 0.00 0.00 0.00 0.00 35.19 34.34 52.20 51.14 0.28
TiO, 0.07 0.02 0.03 0.02 - - - - 0.06 0.01 0.01 0.01 0.03
AlLO, 0.00 0.02 0.01 0.02 0.00 0.00 0.00 0.00 16.24 0.80 0.05 0.04 0.04
V.0, 0.02 0.01 0.01 0.01 - - - - 0.02 0.02 0.00 0.01 -
Cr,0, 0.01 0.00 0.01 0.01 - - - - 0.01 0.01 0.00 0.01 -
Y,0, - - - - - - - - 0.02 0.02 - - 0.02
As,O, - - - - - - - - - - - - 0.69
REE* - - - - - - - - - - - - 0.06
Fe, O ** 68.82 67.31 - - - - — — 8.39 32.47 0.68 0.79 -
FeO 30.78 30.42 5.70 7.95 2.66 1.54 0.91 0.93 0.79 0.13 18.27 21.64 0.21
MnO 0.01 0.00 42.62 3999 2574 2453  46.08 50.06 32.57 6.59 15.99 17.30 0.88
MgO 0.01 0.00 0.44 0.65 0.62 0.41 0.42 0.59 0.04 0.04 10.64 7.54 0.02
CoO 0.12 0.09 - - - - — — - - 0.03 0.04 -
NiO 0.01 0.00 0.01 0.01 - - - - 0.00 0.00 0.05 0.04 -
ZnO 0.03 0.00 0.00 0.00 0.02 0.02 0.03 0.02 0.04 0.05 0.06 0.05 -
BaO - - - - 0.01 0.01 0.01 0.00 - - 0.00 0.00 0.06
SrO - — - - 0.07  0.025 0.02 0.03 - - - - 0.10
CaO - - 6.11 5.84 29.13  31.54 13.17 9.32 6.77 27.19 0.75 0.52  54.17
Na,O - - 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.04 0.00
K,0 - - 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
H,O*** - — - - - - — — - - 1.90 1.88 0.00
F - - - - - - - - - - 0.14 0.11 3.95
Cl - - - - - - - - - - 0.00 0.00 0.00
O=F,Cl - - - - - - - - - - —-0.06 -0.05 -1.66
CO F*** - — - - 41.19 4148 3996  39.63 — — — — —
Total 100.35 98.15 100.83 100.36 99.46  99.77 100.60 100.60 100.15 99.74 100.75 101.10 101.35
P - - - - - - - - - - - - 2.966
Si 0.004 0.005 4918 4930 0.000 0.000 0.000 0.000 2911 2.909 7.956 7.949  0.025
Al 0.000 0.001 0.002  0.003 0.000 0.000 0.000 0.000 1.582 0.101 0.010 0.007  0.004
Ti 0.002 0.001 0.003 0.001 - - - - 0.004 0.001 0.001 0.001 0.002
As - - - - - - - - - - - - 0.036
REE* - - - - - - - - - - - - 0.002
Fe’' 1.987 1.987 - - - - - - 0.555 2.009 0.078 0.092 -
\% 0.001 0.000 0.001 0.000 - - - - 0.001 0.001 0.000 0.001 -
Cr 0.000 0.000 0.001 0.001 - - - - 0.001 0.001 0.000 0.001 -
Y - - - - - - - - 0.001 0.001 - - 0.001
Fe*' 0.988 0.998 0.511 0.714  0.040 0.023 0.014 0.014 0.055 0.009 2.329 2.818  0.015
Mg 0.001 0.000 0.070  0.103 0.017 0.011 0.011 0.016 0.005 0.004 2.417 1.741 0.002
Mn 0.013 0.004 3.869 3.640 0388 0367 0.715 0.784 2.281 0.476 2.064 2.280  0.063
Co 0.004 0.003 - - - - - - - - 0.004 0.005 -
Ni 0.000 0.000 0.001 0.001 - - - - 0.000 0.000 0.006 0.005 -
Zn 0.001 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.002 0.003 0.007 0.006 -
Ca - - 0.702  0.672 0555 0.597 0.256  0.185 0.600 2.484 0.123 0.087  4.905
Ba - - - - 0.000  0.000  0.000 0.000 - - 0.000 0.000  0.002
Sr - - - - 0.001  0.003  0.000 0.000 - - - - 0.005
Na - - 0.000  0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.005 0.012  0.000
K - - 0.000  0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000
OH - - - - - - - - - - 1.933 1.947  0.001
F - — - - - - — — - - 0.066 0.053 0.998
Cl 0.001 0.001 0.000

Total cat. 3.000 3.000 10.077 10.066  1.000  1.000 1.000  1.000 8.000 8.000 15.001 15.005 5.035
Total an. — — 15.000 15.000 — — — — — — 2.000 2.000  1.000
Chemical formulae of pyroxenoids calculated on the basis of 15 O atom (apfir), magnetite on the basis of 3 cations (apfu), carbonates on the basis
of 1 cation (apfur), garnets and fluorapatite on the basis of 8 cations (apfit), amphiboles on the basis of 15 cations (apfu) with (OH)" calculated as
F+OH+CI=2 anions (apfu). Symbols: * REE: sum La,O,+Ce,0,+Pr,0,+Nd,0,+Sm,0, and sum of their apfu, respectively, ** — calculation of
Fe,O, from charge balance, *** — calculation of H,O from (OH), **** — calculation of CO,.
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Fig. 4 Classification diagrams of minerals distributed in the manganese
ore at the Prakovce—Zimna Voda occurrence. a Composition diagram of
pyroxenoids with end-member minerals marked with stars (Shchipal-
kina et al. 2019). b — CaCO,~(MgCO, +FeCO,)-MnCO, diagram for
a calcite-type carbonates. ¢ — CaMn(CO,),~CaFe(CO,),-CaMg(CO,),
diagram for a dolomite-type carbonates. d — Ternary diagram for gar-
net group minerals. e — Monoclinic Mg-Fe—Mn amphiboles with their
compositional boundaries (Hawthorne et al. 2012, modified).
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Chemical composition of the pyroxenoids is shown in
a classification diagram (Fig. 4a), which displays good
agreement of studied samples with the rhodonite-type
structure. Rhodonite-type structure was also verified by
X-ray diffraction analysis in order to differentiate pyrox-
mangite-type structure. Minerals are Ca dominant at the
MS5 site with #°Ca/(Ca+Mn) ratio in the range 0.51-0.81.
If sites M1, M2 and M3 are fully occupied by Mn, the Mn/
(Mn+Fe) ratio at the crystallochemical position M4 shows
range 0.11-0.55 and thus corresponds to ferrorhodonite
(<0.5) and minor rhodonite (>0.5) (Shchipalkina et al.
2019). Content of *Fe*" in rhodonite-ferrorhodonite series
was observed up to 0.91 apfu (Tab. 1, ESM1). Minerals
of rhodonite-ferrorhodonite series show slightly elevated
content of Mg (up to 0.16 apfu) and Ni (up to 0.01 apfu).

4.2.3. Carbonates

Carbonates frequently occurring in manganese were
identified as rhodochrosite and kutnohorite. Both carbon-
ates associate with rhodonite—ferrorhodonite series and
garnets in the matrix or crystalize in rhodonite cavities
(Fig. 3b). More extensively they form rhodochrosite- or
kutnohorite-rich veins alongside with quartz, amphiboles
and baryte. Accumulations of carbonates (mainly rhodo-
chrosite) form light pink masses, veins with carbonates
are white to light pink colour reaching size up to 0.5 cm.

Chemical composition of rhodochrosite 1 (Fig. 4b)
from matrix shows dominant MnCO, molecule (69.9—-
76.5 mol. %) with high content of CaCO, molecule (up
to 26.4 mol. %) and relatively low content of Fe* (up
to 0.03 apfu) and Mg (up to 0.02 apfu). Compared to
rhodochrosite II from veins, rhodochrosite shows slightly
elevated content of MnCO, (79.8-84.0 mol. %) and de-
creased CaCO, (10.8-18.8 mol. %) molecules with simi-
lar contents of Fe?* (up to 0.03 apfu) and Mg (0.03 apfir).

Chemical analyses of kutnohorite I (Fig. 4c) from matrix
show, except for stable content of MnCO, (39.8-43.6 mol.
%) and CaCO, (50.7-55.6 mol. %), a significant elevation
in FeCO, (up to 5 mol. %) and MgCO, (up to 1.5 mol. %)
molecules. In comparison with kutnohorite II from vein-
type samples, contents of MnCO, (38.0-42.2 mol. %),
CaCO, (53.6-59.0 mol. %) and MgCO, (up to 1.2 mol. %)
molecules are relatively similar, the FeCO, (2.0-3.2 mol. %)
molecule is significantly lower. The substitution diagrams
for kutnohorite reveal a good correlation between Mn, Fe
and Mg (Fig. 4c). Moreover, the content of SrO in vein-type
kutnohorite II is up to 0.4 wt. %, what subtly exceeds con-
tent in kutnohorite I from matrix (up to 0. 1 wt. %).

4.2.4. Garnet supergroup minerals

Garnets are one of the common minerals identified in
the manganese ore, occurring in the form of yellow to

light orange aggregates in the pinkish rhodonite mass.
Depending on environment of their occurrence, chemical
composition and morphological shapes, garnets can be
divided into two types.

The first type is characterized by dominant spessartine
component and is associated mostly with rhodonite—fer-
rorhodonite series, rhodochrosite, kutnohorite and quartz.
Spessartine forms subhedral crystals up to 100 um in
size, mostly grouped to the bigger aggregates reaching
approximately 0.5 mm in size. Spessartine shows no
chemical zoning in BSE imaging, it is mostly cut by sys-
tem of younger rhodochrosite, kutnohorite and amphibole
veins (Fig. 3b). Chemical composition of studied samples
(Fig. 4d) varies with dominant spessartine molecule
(61.5-85.1 mol. %), elevated and variable andradite mol-
ecule (9.5-33.8 mol. %) and elevated almandine molecule
(up to 7.4 mol. %) (Tab. 1).

The second type is represented by dominance of an-
dradite. Crystals in the central parts are often porous with
a system of multidirectional internal fissures (Fig. 3c),
caused by dissolution of more unstable internal parts.
Andradite garnets reach size up to 2.5 mm, macroscopi-
cally they form light green anhedral to euhedral crystals
grouped to the bigger masses. A more detailed view in
BSE imaging of selected porous crystals shows tens of
small garnet crystals overgrowing an older, almost com-
pletely corroded spessartine (Fig. 3d). The outer parts
of andradite garnets have a circular cross-section of an
irregular shape. The central and porous parts of garnets
contain quartz. Locally, internal parts of andradite garnets
contain irregularly shaped relicts of spessartine (Fig. 3d).
Porous andradite garnets with complete lack of residual
spessartine can be observed rather rarely, these crystals
reach size up to 10 um (Fig. 3e). The chemical compo-
sition of porous garnets shows (Fig. 4d) dominance of
andradite (77.0-88.2 mol. %) with elevated spessartine
molecule (11.6-22.7 mol. %) and slightly higher alman-
dine molecule (up to 3.9 wt. %) with minimal content of
other components.

4.2.5. Amphibole supergroup minerals

Minerals of the amphibole supergroup with general
formula 4AB,C.T,O,,W, (Hawthorne et al. 2012) at the
locality Prakovce are represented by clino-suenoite (ide-
ally OMn* Mg Si,O,,(OH),) and clino-ferro-suenoite
(ideally OMn** Fe** Si, O,,(OH),) (Oberti et al. 2018).
Amphiboles form light to dark green acicular aggregates
up to 1 cm in size composed of elongated flattened crys-
tals. Amphiboles mostly occur in the veins cutting the
rhodonite—ferrorhodonite—quartz matrix associated with
carbonates, frequently occurring in the manganese ore
cavities. In BSE imaging they show significant zoning
reflecting a change in chemical composition with lighter
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parts composed dominantly of clino-ferro-suenoite and
darker parts consisting of clino-suenoite (Fig. 3f).

The chemical composition of amphiboles is shown in
classification diagram (Fig. 4e) indicating linear substitu-
tion trend between Mg and Fe*" at the crystallochemical
positions B and C. Clino-suenoite at the position A4 is
dominantly vacant with minor Na and K content. The B
site mostly consists of Mn (around 1.8 apfu) with minor
Ca (up to 0.17 apfur) and very small amount of Na (up to
0.01 apfu). At the position C content of Mg (2.38-2.45
apfu) prevails over Fe*” (2.27-2.38 apfu) with relatively
high Mn (0.13-0.27 apfu) with minimum Fe**, Zn, Ni
and Co values. Anion position W is mostly composed of
(OH) with minor F- (up to 0.21 apfu).

The chemical composition of clino-ferro-suenoite is
characterized by a significantly higher content of Fe**
(2.37-3.34 apfu) compared to Mg (1.00-2.34 apfu), with
an increase in Mn content (up to 0.82 apfu) at the posi-
tion C. A larger number of clino-ferro-suenoite analyses
shows elevated Mn content at the both B (1.86—1.95 apfu)
and C (0.11-0.82 apfu) positions, which is reflected by

e— Faln-Ce

\ Faln-Ce

Fig. 5: BSE images of epidote supergroup minerals associated with
andradite in rhodonite matrix. a — Strongly zonal crystals. b — Poly-
crystalline aggregates.

a slight shift of the analyses toward the hypothetical
clino-mangano-suneoite field (Fig. 4¢). Contents of other
components at all other crystallochemical positions are
similar to those in clino-suenoite.

4.2.6. Epidote-group minerals

Epidote-group minerals from Prakovce were identified
as members of allanite-subgroup, namely ferriallanite-
(La), ferriallanite-(Ce), ferriakasakaite-(La) and ferriaka-
sakaite-(Ce). They occur as rare interstitial phases within
rhodonite-ferrorhodonite series aggregates, dominantly
in association with andradite. The aggregates show dark
brown colour, distinguishing of particular species based
on macroscopic appearance is impossible. Their grains
in BSE imaging form strongly zonal anhedral crystals
(Fig. 5a) or zonal polycrystalline aggregates (Fig. 5b),
indicated by the presence of different shades of grey
colour in these domains. Size of the studied aggregates
reaches up to 50 um in size.

Minerals of ferriakasakaite series form the most
common constituents in zonal allanite-subgroup poly-
crystalline aggregates, where they form small crystals
or narrow thin strips. Minerals form a solid-solution
and their crystallochemical position M3 is dominantly
occupied by Mn?** (0.39-0.55 apfir) over Fe*" (0.13-0.40
apfu), the M1 position dominantly contains calculated
Fe’* (0.94-1.25 apfu). The content of Y +REE*" varies
between 0.70-0.97 apfu. The dominant La*" content (up
to 0.47 apfu) and minor Ce** (up to 0.34 apfu) is pres-
ent in ferriakasakaite-(La) and the dominant content of
Ce** (0.32 apfu) over La** (0.31 apfi) was observed in
ferriakasakaite-(Ce) (Tab. 2). Minerals of ferriakasakaite
series show occupancy of position A in a ratio of approxi-
mately 1:3 (Ca vs Mn), what indicates participation of
ferriandrosite component.

Minerals of ferriallanite series occur less often in the
form of small zones or anhedral crystals in allanite-sub-
group polycrystalline aggregates. Minerals of ferriallanite
series at the crystallochemical position M3 dominantly
contain Fe?" (0.37-0.54 apfu) over Mn?" (0.28-0.34
apfu), the M1 position dominantly contains calculated
Fe** (0.86-1.03 apfu). Their content of Y+REE?" is in
the range 0.73-0.90 apfu, where ferriallanite-(La) at the
A2 position dominantly contains La*" (up to 0.39 apfi)
over Ce* (0.27-0.34 apfu), whereas ferriallanite-(Ce)
dominantly consists of Ce* (up to 0.40 apfu) over La**
(0.29-0.37 apfu). Both minerals show elevated content of
Nd** (up to 0.14 apfiu) and Pr** (up to 0.05 apfir) (Tab. 2).

4.2.7. Fluorapatite

Fluorapatite is a relatively common mineral in manga-
nese ore, it forms accumulations up to 100 um in size
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Tab. 2 Quantitative chemical analyses (in wt. %) and corresponding calculated empirical formulae of epidote supergroup from Prakovce—Zimna
Voda manganese occurrence

Mineral Ferriallanite-(La) Ferriallanite-(Ce) Ferriakasakaite-(La) Ferriakasakaite-(Ce)
Analysis 1 2 3 4 5 1 2 1 2 3 4 5 6 1
Sio, 28.90 28.77 29.77 29.33 29.04 28.59 29.62 30.08 2823 28.58 28.04 29.63 28.66 29.65
TiO, 053 123 130 144 0.13 0.91 0.19 029 095 1.05 113 033 0.52 0.19
ThO, 0.00 0.06 0.13 0.15 0.00 0.28 0.07 008 0.11 0.11 000 0.00 0.00 0.08
AlLO, 11.47 10.15 11.15 10.68 11.76 943 13.03 956 922 933 10.11 1055 9.38 11.30
V,0, 042 019 032 045 0.19 0.29 0.17 0.06 0.09 0.00 034 0.00 0.16 0.17
Cr,0, 0.03 0.00 0.09 0.02 0.00 0.09 0.08 0.00 0.09 0.00 000 0.00 0.04 0.00
Y,0, 0.00  0.00 0.13 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
La,0, 10.62 9.54 740 8.04 9.70 9.83 795 887 1239 1223 9.66 893 12.00 8.49
Ce 0O, 9.16 884 7.08 725 9.09 10.85 838 7.00 880 879 931 7.11 8.89 8.78
Pr,0, 130 116 125 1.08 1.29 0.96 1.19 091 .25 1.25 1.03  1.04 1.34 1.18
Nd,0, 3.07 340 394 363 3.06 2.02 343 240 294 297 289 258 282 3.26
Sm,0, 0.00 0.00 0.18 0.13 0.17 0.04 0.06  0.08 0.00 0.00 000 0.00 0.00 0.00
Eu,0, 031 029 030 035 0.29 0.09 030 0.10 034 037 029 020 0.32 0.28
Gd,0, 0.00  0.00 0.08 0.00 0.00 0.00 0.05 0.00 0.06 0.00 0.18 0.08 0.06 0.00
Dy,0, 0.00 0.09 0.05 0.00 0.00 0.00 0.05 0.00 0.00 0.00 005 0.00 0.06 0.00
Ho,O, 0.00 021 0.00 0.06 0.00 0.00 0.06 0.00 0.00 0.14 000 0.00 0.00 0.15
Er,O, 0.10 0.00 0.06 0.00 0.00 0.10 0.11  0.15 0.07 000 0.09 0.00 0.00 0.10
Fe,0.* 11.49 12,65 13.09 14.07 13.63 13.13 1290 1696 1237 11.43 1426 16.86 12.22 13.91
FeO 589 584 508 484 491 6.20 446 158 418 454 393 195 451 4.05
MgO 0.19 0.12 0.13 022 0.20 0.00 0.12 020 029 029 010 0.15 0.27 0.19
MnO 6.79 6.07 558 566 631 7.42 625 10.66 9.83 1030 743 893 9.06 7.81
CaO 7.77 887 10.54 1026 8.64 7.37 954 881 644 6.17 860 955 693 8.69
PbO 0.00 0.04 0.00 0.00 0.00 0.00 0.07 0.00 0.10 0.06 0.10 0.00 0.06 0.00
H,0** 1.50 149 1.54 153 1.52 1.48 1.54 153 146 146 149 154 146 1.53
F 0.13  0.03 0.11 0.00 0.00 0.02 0.00 0.06 0.00 0.00 007 0.00 0.00 0.00
Cl 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0l 0.00 0.00 0.00
O=FCl -0.05 -0.01 —-0.06 0.00 0.00 —0.01 0.00 —0.02 0.00 0.00 -0.03 0.00 0.00 0.00
Total 99.63  99.02 99.28 99.21 9991 99.07 99.64 99.35 99.19 99.08 99.07 99.42 98.75 99.81
Si 2.887 2.890 2.903 2.873 2867 2905 2.877 2949 2898 2931 2.826 2.893 2.937 2913
VAl 0.113 0.110 0.097 0.127 0.133 0.095 0.123 0.051 0.102 0.069 0.174 0.107 0.063 0.087
Total T 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Ti 0.040 0.093 0.095 0.106 0.010 0.069 0.014 0.022 0.074 0.081 0.086 0.024 0.040 0.014
VIAL 1.237 1.091 1.185 1.105 1.235 1.034 1367 1.053 1.014 1.058 1.026 1.107 1.069 1.221
Cr 0.002 0.000 0.007 0.002 0.000 0.007 0.006 0.000 0.007 0.000 0.000 0.000 0.003 0.000
\Y% 0.034 0.016 0.025 0.035 0.015 0.023 0.013 0.005 0.007 0.000 0.027 0.000 0.013 0.014
Fe** 0.864 0953 0.955 1.030 1.013 0991 0940 1.247 0951 0.877 1.081 1.239 0.942 1.024
Fe?" 0.492 0.494 0.420 0.403 0.406 0.540 0365 0.133 0364 0.395 0.331 0.159 0.387 0.336
Mg 0.029 0.018 0.019 0.032 0.030 0.000 0.017 0.029 0.045 0.045 0.015 0.022 0.041 0.028
Mn 0.303 0.336  0.294 0.286 0.292 0.336  0.278 0.511 0.539 0.545 0.433 0.449 0.504 0.363
Total M 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Mn 0.272 0.181 0.166 0.184 0.235 0303 0236 0374 0316 0.350 0.201 0.289 0.282 0.287
Ca 0.831 0.955 1.104 1.077 00914 0.802 0.996 0.925 0.708 0.680 0.931 0.999 0.761 0.914
Pb 0.000 0.001 0.000 0.000 0.000 0.000 0.002 0.000 0.003 0.002 0.003 0.000 0.002 0.000
La 0.391 0.353 0.266 0.290 0.353 0369 0285 0321 0.469 0.463 0.359 0.321 0.454 0.308
Ce 0.335 0.325 0.253 0.260 0.329 0.404 0298 0251 0.331 0.330 0.344 0.254 0.334 0.316
Pr 0.047 0.043 0.044 0.038 0.046 0.035 0.042 0.033 0.047 0.047 0.038 0.037 0.050 0.042
Nd 0.110 0.122 0.137 0.127 0.108 0.073 0.119 0.084 0.108 0.109 0.104 0.090 0.103 0.114
Sm 0.000 0.000 0.006 0.005 0.006 0.002 0.002 0.003 0.000 0.000 0.000 0.000 0.000 0.000
Eu 0.011 0.010 0.010 0.012 0.010 0.003 0.010 0.003 0.012 0.013 0.010 0.007 0.011 0.010
Gd 0.000 0.000 0.003 0.000 0.000 0.000 0.002 0.000 0.002 0.000 0.006 0.003 0.002 0.000
Dy 0.000 0.003 0.002 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.002 0.000 0.002 0.000
Ho 0.000 0.007 0.000 0.002 0.000 0.000 0.002 0.000 0.000 0.005 0.000 0.000 0.000 0.005
Er 0.003  0.000 0.002 0.000 0.000 0.003 0.003 0.005 0.002 0.000 0.003 0.000 0.000 0.003
Th 0.000 0.001 0.003 0.003 0.000 0.007 0.002 0.002 0.003 0.003 0.000 0.000 0.000 0.002
Total 4 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Total REE 0.897 0.862 0.727 0.736 0.851 0.889 0.764 0.699 0.970 0.966 0.865 0.712 0.955 0.797
F- 0.040 0.010 0.035 0.000 0.000 0.006 0.000 0.018 0.000 0.000 0.023 0.000 0.000 0.000
CI 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Oo* 23.960 23.990 23.959 24.000 24.000 23.994 24.000 23.982 24.000 24.000 23.975 24.000 24.000 24.000
Total 04 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000
OH- 1.000  1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Total 010 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Chemical formulae calculated on the basis of (A+M+T)=8 cations (apfit), symbol * represents calculation of Fe,O, from the charge balance of
the molecule, symbol ** represents calculation of H,O from (OH).
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10 ym

Fig. 6 BSE images of sulfidic mineralization and hiibnerite. a — Distribution of galena, sphalerite and pyrite grains in rhodonite matrix. b — Euhedral
crystal of pyrite associated with galena. ¢ — Cobaltite grain in rhodonite vug. d — Hiibnerite grain in rhodonite.

consisting of subhedral grains embedded in rhodochro-
site, to a lesser content it was also observed to be cut by
kutnohorite veins associated with spessartine (Fig. 3g).
Chemical composition of fluorapatite is homogenous.
Some analyses show elevated contents of As O, up to 3.1
wt. %, what corresponds to 0.14 apfu As>*. Fluorapatite
contains elevated content of Mn?" (up to 0.16 apfu) and
Fe** (up to 0.05 apfu). Content of Y+REE is low (on
average 0.1 wt. %; 0.02 apfu respectively). The anion
site is dominantly occupied by F- (0.98—-1.00 apfir) with
minimal Cl- or (OH) anions (Tab. 1).

4.2.8. Baryte

Baryte represents a rare mineral, which occurs in the
form of isolated anhedral grains up to 30 pm in size
dominantly in association with rhodochrosite and kutno-
horite veins (Fig. 3h) or in the interstitial spaces between
rhodonite crystals. In baryte, elevated content of Mn
(0.04-0.05 apfu) was observed, together with up to 0.03
apfu Fe**, 0.02 apfu AI** and 0.01 apfu Na (ESM1).

4.2.9. Sulfide minerals

Sulfides are relatively rare at the studied locality and are
represented by galena, sphalerite, pyrite and cobaltite which
are embedded in cavities of rhodonite—ferrorhodonite ma-
trix. They dominantly form anhedral grains up to 10 um in
size (Fig.6a). Only pyrite was locally observed in the form
of subhedral to euhedral grains (Fig. 6a, b). Cobaltite was
identified rarely only in one anhedral grain with no visible
zoning in BSE (Fig. 6¢). Chemical composition of sulfides
is monotonous with formulae close to ideal end-members
(Tab. 3). The only exception is cobaltite with significantly
elevated content of Ni (0.21-0.32 apfu). A slightly elevated
content of Mn was observed in all sulfides, namely in co-
baltite (up to 0.09 apfu), galena (up to 0.08 apfit), sphalerite
(up to 0.05 apfu) and pyrite (up to 0.04 apfir) (Tab. 3).

4.2.10. Hubnerite

Hiibnerite occurs rarely and it was identified only in one
sample as a subhedral grain up to 5 pm in size (Fig. 6d).
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Tab. 3 Quantitative chemical analyses (in wt. %) and corresponding calculated empirical formulae of pyrite, galena, sphalerite and cobaltite from
Prakovce—Zimna Voda manganese occurrence

Mineral Sphalerite Galena Pyrite Cobaltite

Analysis 1 2 1 2 3 4 1 2 3 1 2 3 4 5
Pb - - 84.22 84.14 8345 82.80 - - - - - - - -
Ag - - 0.35 0.27 0.34 0.32 - - - - - - - -
Cu 0.00 0.00 0.08 0.10 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.38 0.40 0.02 0.23 0.04 043 4362 4179  43.61 3.05 3.05 4.24 4.87 4.64
Co - - - - - - 0.09 1.32 023 2479 23.66 1924 1939 18.79
Ni - - - - - - 0.00 0.16 0.17 7.30 8.43 11.47 1028 11.29
Zn 64.58  64.15 - - - - - - - - - - - -
Cd 0.05 0.13 - - - - - - - - - - - -
Mn 2.70 2.52 0.69 1.00 0.63 1.76 0.78 1.82 1.13 1.99 2.00 2.75 2.89 2.68
Bi - - 1.21 1.11 1.25 1.26 0.46 0.00 0.00 0.00 0.00 0.86 0.00 0.00
As - - 0.00 0.00 0.00 0.00 0.00 1.38 0.17 4451 4420 4326  43.68 4332
S 33.53 3330 1291 13.04 1290 1222 5397 52.00 54.73 1830 1840 18.77 19.26 1895
Total 101.24 100.50 99.47 99.89 98.67 9879 9892 9846 100.03 99.93 99.75 100.59 100.37  99.66
Pb - - 0977 0962 0974 0.964 - - - - - - - -
Ag - - 0.008  0.006 0.008 0.007 - - - - - - - -
Cu 0.000  0.000 0.003 0.004 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.006  0.007 0.001 0.010 0.002 0.019 0944 0917 0931 0.091 0.091 0.126 0.143  0.138
Co - - - - - - 0.002  0.027  0.005 0.701  0.669  0.540  0.540  0.528
Ni - - - - - - 0.000  0.003  0.003 0.207 0.239 0.323  0.287 0318
Zn 0.945  0.946 - - - - - - - - - - - -
Cd 0.000  0.001 - - - - - - - - - - - -
Mn 0.047  0.044  0.030 0.043 0.028 0.077 0.017 0.041  0.024  0.060 0.061 0.083  0.086  0.081
Bi - — 0.014 0.013 0.014 0.015 0.003 0.000 0.000 0.000 0.000 0.007 0.000 0.000

Cat. Sum 0.999 0998 1.032 1.037 1.028 1.081 0966 0989  0.963 1.059  1.060  1.078 1.057  1.065

As - - 0.000  0.000 0.000 0.000 0.000 0.023 0.003 0990 0983 0954 0.957 0.957
S 1.001 1.002 0968 0963 0972 0919 2034 1988 2034 0951 0957 0968 0986 0.978
An. Sum 1.001 1.002  0.968 0.963 0972 0919 2.034 2.011 2.037  1.941 1.940  1.922 1.943 1.935
#Co - - - - - - - - - 0.70 0.67 0.55 0.56 0.54
#Ni - - - - - - - - - 0.21 0.24 0.33 0.30 0.32
#Fe — — — — — — — — — 0.09 0.09 0.13 0.15 0.14

Chemical formulae of sphalerite, galena and pyrite are based on sum of all atoms = 2 apfis, cobaltite on sum of all atoms = 3 apfi.

The chemical composition shows elevated content of Fe**  0.11-0.50, respectively, Tab. 1, ESM1) as ferrorhodonite.
(up to 0.05 apfu) (ESM1). However, Shchipalkina et al. (2017) based on Mdssbauer
spectroscopy in ferrorhodonite suggests, that Fe arrange-
ment between M sites should be distributed among the
5. Discussion M4 polyhedron occupying 62.5+2 % Fe and the remain-
ing 37.5+2 % Fe should be divided to M1, M2 and M3
distorted octahedrons. Therefore, it is challenging to
consider some analyses without proper crystallochemi-
cal measurements as ferrorhodonite and therefore certain
The nomenclature of the rhodonite group minerals is minerals described as ferrorhodonite may be Fe-rich
based on the dominant occupancy of the M sites where  rhodonite (ESM1: analyses 42-54).
Ca at M5 position gives root-name rhodonite and prefix is
used when site M4 #Mn, the prefix “ferro” is added when
Fe** dominantly occupies the M4 position (Shchipalkina
et al. 2019). Thus, following the IMA approved nomen-

clature rules, the pyroxenoids from Prakovee with **Ca/ Miperals of the epidote supergroup were identified as
(Ca+Mn)>0.50 and **Mn/(Mn+Fe)>0.50 (in the range  ferriallanite-(La), ferriallanite-(Ce), ferriakasakaite-(Ce)
0.61-0.76 and 0.51-0.55, respectively, Tab. 1, ESM1)  ,nq ferriakasakaite-(La), all representing allanite group.
are classified as rhodonite and **Ca/(Ca+Mn)>0.50  The structural formula of epidote supergroup minerals
and "Mn/(Mn+Fe)<0.50 (in the range 0.51-0.81 and is defined as 4142M1M2M3(SiO,)(Si,0,)0(0H) (Arm-

5.1. Chemical composition and classification
of rhodonite-group minerals

5.2. Comparison of studied allanite-group
minerals with occurrences in the world
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bruster et al. 2006). The structure of ferriallanite-(Ce)
and ferriallanite-(La) consists of dominant Fe?" cation
at the octahedral M3 position and Fe*" cation at the oc-
tahedral M1 position. The dominant REE3" cation at the
A2 site reflects suffix of each end-member. On the other
hand, ferriakasakaite-(Ce) and ferriakasakaite-(La) can
be defined by dominant Mn?>* cation at the octahedral
M3 position with similar cation distribution at the other
crystallochemical positions. Site A1 is dominantly oc-
cupied by Ca? and octahedral M2 position by Al** in all
studied epidotes-supergroup minerals.

Ferriallanite-(Ce) was firstly described from Neprimet-
nyi peralkaline pegmatite in Ulyn Khuren Mts., Mongolia
(Kartashov et al. 2002), since then it was identified at
a significant number of localities such as the Bastnds
Fe—Cu-REE deposit in Sweden (Holtstam et al. 2003;
Sobek et al. 2023), in alkali-feldspar syenites from Cape
Ashizuri in Japan (Nagashima et al. 2011), as a late-stage
crystallization product of REE-enriched granitic melt
from plagiogranites of the Troodos ophiolite in Cyprus
(Anenburg et al. 2015) or in the form of hydrothermal as-
semblage in peralkaline granites from the Corupa Pluton
in Brazil (Vlach 2022). From the Western Carpathian
area, ferriallanite-(Ce) was identified in a Permian A-
type granite clast from conglomerates embedded in the
Cretaceous flysch sequence of the Pieniny Klippen Belt
near Stupné, where primary epidotes show significant
replacement textures formed during the low-temperature
hydrothermal-metamorphic overprint (Uher et al. 2015).
Ferriallanite-(La) represents rare mineral identified only
at two localities in a void of a Mn-rich sanidinite xenolith
in the In den Dellen pumice quarries, Laach Lake volca-
nic complex, Eifel, Germany (Kolitsch et al. 2012) and in
polymineralic nodules containing several REE minerals
(e.g. allanite-(Ce), allanite-(La), ferriallanite-(Ce), ferrial-
lanite-(La), bastnisite-(Ce), bastnésite-(La) and others) at
the gold placer Mochalin Log REE deposit related to the
metasomatic contact zone of alkaline intrusive complex
in South Urals, Russia (Kasatkin et al. 2020). Minerals
of akasakaite series were firstly recommended as possible
new members of the allanite subgroup in epidote classi-
fication introduced by Armbruster et al. (2006). The first
ferriakasakaite-(La) was discovered and approved from
an unnamed strata-bound ferromanganese ore deposit in
the Shobu area in Japan (Nagashima et al. 2015). Fol-
lowing the before mentioned description, ferriakasakaite-
(La) was identified in the eruptive fragments of nosean
sanidinite from the In den Dellen Mine near the Laach
Lake volcanic complex in Eifel, Germany and from the
metasomatic rocks of the Palegonian Massif in Republic
of North Macedonia, together with ferriallanite-(La)
and ferriallanite-(Ce) (Chukanov et al. 2018; Varlamov
et al. 2019). Similarly, ferriakasakaite-(Ce) was firstly
approved and subsequently described from the Mn ore

deposit of Monte Maniglia, Piedmont in Italy (Biagioni
et al. 2019), moreover strongly metamict ferriakasakaite-
(Ce) was reported in the hematite-impregnated Mn-
silicate rocks at Kesebol in Gdtaland, Sweden (Bonazzi
et al. 2009).

REE-bearing epidotes from the manganese occur-
rences in the Western Carpathian area were reported
only recently from Betliar, occurring in the pyroxmangite
veins identified as ferriandrosite-(Ce) and vielleaureite-
(Ce) (Myslan et al. 2023; Stevko et al. 2023). In addition,
more studies of epidote supergroup minerals from the
other manganese deposits are being carried out recently
(Girtler et al. 2013; Nagashima et al. 2015; Biagioni et
al. 2019 etc.).

5.3. Origin of magnetite—-manganese ore at
Prakovce occurrence compared to the
other Western Carpathian localities

Manganese mineralization in the SpiSsko-Gemerské
Rudohorie Mts. was generated during the polycyclic
development stages of Gemeric Unit. Mn mineraliza-
tion embedded in the Bystry Potok Fm. (Gelnica Group)
is interpreted to originate from the sedimentary rocks
represented by calcareous, argillaceous and terrigenous
material, quartz and Ba-rich minerals with material
produced by volcanic sources (Rojkovi¢ 2001; Myslan
et al. 2023). Manganese was most probably transported
from the deeper anoxic oceanic floors to the shallower
oxygen-rich waters allowing the precipitation of manga-
nese oxyhydroxides (Rojkovi¢ 2001) and to some extent
influenced by syngenetic basaltic volcanic activity (Kan-
tor 1954; Grecula et al. 1995) accompanied by exhala-
tions of hydrothermal vents. Radvanec and Gonda (2020)
assume the formation of Mn mineralization as a result of
an anatectic melting of the upper crust generating meta-
somatic fluids with subsequent Mn-skarn formation. The
high content of Fe in manganese ores was interpreted as
a consequence of infiltrating volcano-sedimentary fluids
of juvenile basaltic volcanism (Ilavsky 1957; Grecula
et al. 1995). The manganese mineralization at the Diely
occurrence near Pora¢ (Rakovec Group) is assumed to be
formed during the back-arc submarine volcanic activity
forming the Mn-bearing hydrothermal fluids followed by
their precipitation and transformation by later tectono-
metamorphic events (Mysl'an et al. 2024).

The manganese mineralization at the Zimna Voda oc-
currence was formed within the magnetite bodies which
were generated due to the early Paleozoic bimodal (ba-
salt-rhyloite) volcanic activity, which produced strata-
bound Fe-ores hosted in volcano—sedimentary sequences
(dominantly composed of rhyolites and their tuffs) of the
Drnava Formation (Gelnica Group). The Drnava Forma-
tion lacks wide-spread horizons of lydites, metacarbon-
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ates and graphitic phyllites; these rocks are present only
sporadically in the formation’s uppermost layers (Snopko
and Vozarova 1981; Bajanik et al. 1983; Grecula et al.
1995). The lack of metacarbonate bodies at the studied
locality causes relative absence of carbonate minerals in
the manganese ore hereby mineral composition has pre-
dominant silicate character. This trend is opposite com-
pared to the abundant occurrence of metacarbonate lenses
in association with manganese mineralization within the
Bystry potok Formation (Ruzicka et al. 2020; Mysl'an
and Ruzicka 2022, etc.). Furthermore, an absence of an
organic substrate in the form of metamorphosed graphitic
phyllites or lydites at the examined area, compared to
the other metamorphosed manganese-bearing localities
(Cuéma—Cierna baiia, Mala Hekerova-Bystry potok and
Betliar—Julius) within the Bystry potok Formation, illus-
trates the influence of a different redox conditions during
the magnetite—manganese ore formation, emphasizing its
oxidic character. Metamorphic processes in greenschist
facies conditions affected Fe-bearing deposits during the
Variscan and Alpine metamorphic stages via mobilization
of elements, their redeposition and accumulation in the
suitable porous lithostratigraphic horizons.

Based on the mutual relations between the magnetite
bodies and manganese mineralization, we can assume,
that magnetite formation represents the oldest min-
eralization process concurrent with incorporation of
a manganese solutions. Magnetite shows no elevated
concentration of Mn in the magnetite bodies or in the
fragments or isolated grains within the manganese ore
(Mn up to 0.01 apfu) (Tab. 1, ESM1). Moreover, in some
places close to the contact with magnetite ore, magnetite
was observed to be replaced by a younger Mn minerals
(Fig. 3c). Formation of manganese silicates was related
to the high content of Si, Al, Fe and other components in
the quartz-rich acidic protolith followed by decarbonisa-
tion reactions generating Mn-rich carbonates during the
increasing metamorphic conditions.

5.4. Manganese minerals of Variscan
metamorphic stage

As the manganese ore is dominantly formed by rhodo-
nite—ferrorhodonite matrix, the low abundance of carbon-
ates (rthodochrosite and kutnohorite) in manganese ore
indicates their lack in the protolith as the formation of the
most carbonates occurs in the sediment at the early stages
of diagenesis (Kuleshov and Maynard 2017). Along with
rhodochrosite, fluorapatite occurs (Fig. 3g), what may
indicate a contribution of P- and F-rich fluids interacting
with the calcium present in the early-formed carbonates.

Spessartine (type 1 garnet) is a common constituent
in manganese ore, frequently occurring associated with
quartz, carbonates and rhodonite (Fig. 3b). The formation

of spessartine is a subject of discussion by several studies
(e.g. Hsu 1968; Dasgupta 1997; Nyame 2001; Bataleva
et al. 2020). Spessartine in manganiferous assemblages
is generated during the metamorphic transformation of
precursor manganese oxyhydroxides, siliceous and argil-
laceous components (Roy 1981). This process is indicated
by textural features, the most characteristic of which is
the preservation of residual phases due to the imperfect
transformation of Mn carbonates or quartz during the
prograde growth of spessartine (Nyame 2001). The
precursor rocks had a relatively low aluminium content,
leading to its nearly complete consumption during the
garnet growth. Crystallization of spessartine during the
prograde metamorphic events was proved to occur at the
low pressure and at temperatures as low as 300 °C (Theye
et al. 1996). In some cases (Fig. 3c), the growth of the
initial spessartine crystals achieved such a strong crystal-
lization force that caused the displacement of minerals
(e.g. magnetite).

5.5. Manganese minerals of Alpine
metamorphic stage

At the Prakovce-Zimna Voda occurrence, a significant
development of manganese mineralization took place
most probably during the Alpine metamorphic event,
causing structural deformation indicated by the formation
of cracks and fissures, filled by the younger generation
of manganese minerals, replacement of existing phases
and precipitation of a new minerals from a newly gener-
ated hydrothermal solutions with a different chemical
composition.

The most notable sign is formation of a system of
veins and veinlets dominantly composed by Mn carbon-
ates, amphiboles and baryte alongside with formation
of garnets. Baryte was observed only in the interstitial
places and veins associated with vein-type carbonates.
In association with carbonates, amphibole group minerals
were observed forming the vein fillings or accumulations.
Clino-suenoite and clino-ferro-suenoite from Prakovce
form incomplete substitution series (Fig. 4¢). Clino-sue-
noite was described by Oberti et al. (2018) after modifica-
tion of amphibole supergroup by Hawthorne et al. (2012),
formerly known as manganocummingtonite. The name
clino-ferro-suenoite has not been approved yet, however
Oberti et al. (2018) stated, that this mineral name should
be applied to the amphibole group minerals formerly
known as tirodite, dannemorite and manganogrunerite.
The temperature estimation in manganese amphiboles is
based on the Mn/(Mn+Mg) ratio, forming the wide range
of stability limits of clino-suenoite, with 400 °C referring
to the lower stability limit at 200 MPa, however iron in
the structure of manganese-rich amphiboles reduces their
stability limits (Melcher 1995), what corresponds with
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P-T conditions of the Alpine metamorphic stage at the
temperature 350—-460°C (e.g. Faryad, 1995).

The one of the most significant features of the man-
ganese ore is the presence of andradite (type 2 garnets)
influenced by the fluid infiltration and interaction with
spessartine (type 1 garnet). The newly formed type 2 gar-
nets preserve the original shape of the type 1 garnets (Fig.
3c) as evidenced in a more detailed BSE view (Fig. 3d).
Based on the observations, the garnet formation processes
were caused by dissolution of a type 1 spessartine, mostly
affected in the crystal core, which were unstable due to
the changes in P-T conditions, further influenced by the
formation of cracks. Various researchers have highlighted
the significance of the fracture formation during the meta-
morphic evolution (e.g. Whitney et al. 1996; Konrad-
Schmolke et al. 2007; Faryad et al. 2010; Giuntoli et al.
2018) allowing modification of the garnet interior. The
newly generated hydrothermal fluids caused resorption
of spessartine and release of Mn to the system, allowing
formation of other newly-generated Mn-rich phases and
garnets with dominant andradite composition (77.0-88.2
mol. %, ESM1), crystallizing around dissolved spessar-
tine (Fig. 3d). Disruption in garnet stoichiometry (Y and
X sites) and Si deficiency in the T site (ESM1) might
indicate entrance of H,O, into the tetrahedral site what
may mean presence of OH-bearing garnet composition
(Geiger, Rossman 2020).

The formation of epidotes is related to the low-grade
(greenschist facies) Alpine metamorphic event reflect-
ing the high mobility of REE elements. The explanation
of the phase occurrence with exceeding La or Ce at the
REE?*"-dominant 42 site reflects the complexity of the
processes leading to their formation as well as diverse
geochemical signature of the host rocks. For example,
Biagioni et al. (2019) states, that the presence of phases
dominated by La or Ce can be attributed to multiple fac-
tors, for example the early oxidation of Ce to its tetra-
valent state, what boosts La enrichment among the REE
elements, preferentially incorporating Ce in the HREE
preferring structures. Similarly, epidote-supergroup min-
erals from Pelagonian massif contain increased content
of La caused by oxidation of Ce* to Ce* incorporated
into the other, more suitable minerals (Chukanov et al.
2018). Strong zoning in the crystals and formation of
zonal polycrystalline aggregates indicates complicated
evolution of hydrothermal solutions precipitated during
the metamorphic formation of manganese ore. Since the
epidotes occur in the vugs of rhodonite, they most likely
precipitated from hydrothermal fluids rather than crystal-
lize as a product of solid-state metamorphic growth.

The assemblage of sulfidic minerals present in man-
ganese ore at the Prakovce—Zimna Voda occurrence the
most probably originate from the hydrothermal fluids
driven by tectono-metamorphic Alpine activity. Sulfides

are mostly developed in cavities and veins suggesting their
late formation. Presence of Co-rich phases indicates the
adsorption of elements from the synsedimentary protolith
(Rojkovi¢ 2001). Furthermore, presence of hiibnerite
was also confirmed, suggesting interaction of manganese
minerals with tungsten-rich fluids probably incorporated
from the external source. The small quantity of sulfides in
the manganese mineralization suggests their low mobility
during metamorphic evolution. Some sulfides also exhibit
a slightly higher Mn content (up to 0.09 apfu, Tab. 3),
what is in good agreement with the other sulfides identi-
fied in manganese deposits in the Western Carpathian area.
Elevated content of Mn in pyrite, sphalerite and cobaltite
is quite common at the manganese deposits, however, Mn
content in galena is rather unusual, as it was identified
more preferably in experimental high temperature environ-
ments (Bethke and Barton 1971) in the range 600—800 °C,
what may indicate content of Mn in galena as an analytical
artefact. The extremely low sulphide content in magne-
tite—manganese ore is due to the absence of suitable geo-
logical and petrological environments (such as lydites and
graphitic phyllites), which provide the necessary source of
sulphide-forming elements.

6. Conclusions

An association of manganese minerals was recently re-
discovered and studied at the locality Zimna Voda near
Prakovce village. Manganese ore is associated with the
magnetite bodies and it is hosted in the metamorphosed
acidic volcanoclastic material (mainly metarhyolites and
their tuffs). Locality represents the first occurrence of
metamorphosed manganese mineralization hosted in the
metavolcano-sedimentary rocks of the Drnava Formation.

The genesis of manganese mineralization within magne-
tite bodies is linked to the bimodal early Paleozoic volcanic
activity that formed strata-bound iron ores embedded in the
volcano—sedimentary sequences of the Drnava Formation.
Subsequent Variscan and Alpine metamorphic processes
under the greenschist facies conditions mobilised ele-
ments and accumulated them in the suitable environments.
Magnetite formation is considered to represent the earliest
mineralization process, concurrent with the incorporation
of manganese solutions into the system, forming rhodonite-
ferrorhodonite series serving as matrix of manganese
mineralization. The formation of manganese silicates is at-
tributed to the elevated concentrations of silicon, aluminum,
iron, and other elements in the quartz-rich acidic protolith,
alongside with a gradual rise in P-T conditions, as well as
the interaction of Mn-rich fluids with silicates.

The Zimna Voda occurrence is notable for its high
magnetite content compared to the other currently known
Western Carpathian deposits. Manganese ore primar-
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ily consists of a first-stage mineral assemblage that
includes rhodonite—ferrorhodonite series, spessartine,
rhodochrosite, kutnohorite, fluorapatite and quartz. The
second stage of mineralization is characteristic by the
development of cracks and cavities, which facilitated the
formation of vein-type minerals such as rhodochrosite,
kutnohorite, baryte, clino-suenoite, clino-ferro-suenoite,
minerals of the epidote supergroup, quartz as well as
sulfidic mineralization represented by pyrite, galena,
sphalerite and cobaltite alongside with hiibnerite. This
stage is furthermore associated with the formation of
garnets dominantly consisting of andradite, with locally
preserved dissolved spessartine.

The Zimna Voda occurrence near Prakovce represents
an exceptional locality as it marks the first finding of
ferriallanite-(Ce), ferriallanite-(La), ferriakasakaite-(La) and
ferriakasakaite-(Ce) among the manganese occurrences in
the Western Carpathian contributing to the overall evolution
of manganese mineralization. The formation of epidotes is
the most probably linked to a low-grade Alpine metamorphic
event indicating high mobility of rare earth elements (REE).
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