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The Cr—Ni-rich micas, Ni—Co sulphide phases and associated minerals occur in a small body of listvenite, an extensively
altered serpentinite, in Lower Palacozoic paragneisses near Muranska Zdychava village in Slovenské Rudohorie Mts.
(Veporic Superunit, central Slovakia). The main rock-forming minerals of the listvenite are magnesite, dolomite and a
serpentine-group mineral, less frequently calcite, quartz and talc. Accessory minerals of the listvenite include Cr—Ni-
-rich micas, chromite, and Ni-Co—Fe—(Cu—Pb) sulphide minerals (pyrite, pyrrhotite, pentlandite, millerite, polydymite,
violarite, siegenite, gersdorffite, cobaltite, chalcopyrite and galena). The micas from the Muranska Zdychava listvenite
(Cr—Ni-rich illite to muscovite and Ni-dominant trioctahedral mica) contain the highest Ni concentrations ever reported
in the mica-group minerals (up to 22.8 wt. % NiO or 1.46 apfu Ni). The Cr concentrations are also relatively high (up
to 11.0 wt. % Cr,0, or 0.64 apfu). Compositional variations in both Cr-Ni-rich mica minerals are characterized by the
negative Cr vs. Ni correlation that indicates a dominant role of 2°M3* + 0 = 3°M?" and °M3* + TAl = °M*" + ’Si substi-
tution mechanisms. Chromite is dominated by Fe*" (0.82-0.90 apfut) and Cr (1.38-1.79 apfu).

The listvenite contains ~0.3 wt. % Cr,0, and ~0.2 wt. % NiO. It represents a good example of multistage transformati-
on of an ultrabasic protolith, reflecting variable alteration. The incipient alteration leads to relatively high SiO,, MgO,
and Cr,O, contents, the latter two typical of ultrabasic rocks. The more advanced alteration stage shows lower SiO,, but
higher content of volatiles (c. 35 wt. % of LOI) bound in carbonates and hydrated silicate minerals. Based on geoche-
mical and mineralogical characteristics, the studied listvenite body originated during three principal evolutionary stages:
(1) peridotite stage, (2) serpentinization stage, and (3) hydrothermal-metasomatic stage (listvenitization). The listvenite
origin was probably connected with Alpine (Late Cretaceous) late-orogenic uplift of the Veporic Superunit crystalline
basement and retrograde metamorphism; we assume P—T conditions of the final listvenite stage at ~200 MPa and up
to 350°C. The NE-SW and NW-SE trending fault structures played a key role during the process of listvenitization as
they channelized the CO,-rich fluids that transformed the serpentinized peridotite into the carbonate—quartz listvenite.

Czech
G, .
“logical s0ce”

Keywords: Cr—Ni mineralization, listvenite, Cr—Ni-rich mica, Ni—Co sulphide minerals, Veporic Superunit, Western Carpathians
Received: 14 March, 2016, accepted: 26 August, 2016; handling editor: F. Laufek

1. Introduction

Term listvenite (listwanite) is generally used for meta-
somatic rocks, products of strong transformation (car-
bonatization, silicification) of primary ultrabasic rocks in
ophiolite complexes of various ages (e.g., Sazonov 1975;
Hansen et al. 2005; Akbulut et al. 2006). Listvenitization
of the ultrabasic rocks belongs to mesothermal processes,
where the study of fluid inclusions in minerals and other
data indicate temperatures of ~290 to 340°C and pres-
sures of ~100 to 300 MPa (Halls and Zhao 1995; Plissart
et al. 2009; Bagherzadeh et al. 2013). They are commonly
connected with gold mineralization or deposits (Dinel et
al. 2008; Buckman and Ashley 2010; Garcia et al. 2015
and references therein), whereas massive, tectonically

less affected listvenites could be used as gemstones or
decorative stones (Simic et al. 2013).

Small listvenite bodies have been described also in
ultrabasic rocks of the Western Carpathians, Slovakia.
They occur in Palacozoic (pre-Carboniferous) metamor-
phic rocks near Jasenie, Nizke Tatry Mts. (Tatric Supe-
runit), Muranska DIlha Ltka, Slovenské Rudohorie Mts.
(Veporic Superunit), in North-Gemeric structural zone
(Dobsina, Mlynky, Rudnany, Velky Folkmar, Kosicka
Bela, Bukovec, Brezni¢ka and other localities), and in
anchimetamorphic Mesozoic ultramafic rocks near Borka
in Slovenské Rudohorie Mts., Meliatic Unit (Ivan 1984,
1985; Hovorka et al. 1985).

In this paper, we characterize unusual mineralization
in the listvenite body near Muranska Zdychava village
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in the Veporic Superunit, central Slovakia. The carbon-
ate—quartz listvenite contains peculiar mineralization
including unique Cr—Ni-rich micas (with the highest Ni
content in mica-group minerals worldwide), chromite
and various Ni—Co—Fe sulphides. The preliminary re-
sults, including the mica compositions, were published
previously (Uher et al. 2013); however, our contribu-
tion deals with a detailed mineral description of the
whole association, the rock geochemistry and possible
listvenite genesis.

2. Location and regional geology

The studied mineralization occurs in ~10 m large
outcrop of listvenitized ultrabasic rocks in close vicin-
ity of the abandoned Horal’s gallery in the Rypalova
Valley near Murdnska Zdychava village (geographic
coordinates: 48°45'24" N; 20°08'01" E), situated
c. 8 km NNE of Revuca (Slovenské Rudohorie Mts,
Central Slovakia).

The occurrence belongs to the Veporic Superunit
of the Western Carpathians. The Western Carpathians
represent a complex Alpine mountain belt, a part of
the Alpine—Carpathian—Balkan Orogen, which resulted
from a multi-stage Mesozoic to recent collision between
Europe and Africa. The Western Carpathians consist of
several nappe superunits, generally with northern ver-
gency. Some superunits (Tatric, Veporic and Gemeric)
include tectonic remnants of Early Palacozoic metamor-
phic and magmatic basement complexes formed during
the Variscan Orogeny, whereby the Veporic Superunit is
sandwiched in between the underlying Tatric and overly-
ing Gemeric superunits (e.g., Plasienka et al. 1997 and
references therein).

The studied locality belongs to the Kohut Zone of the
Veporic Superunit (Fig. 1). It features an allochthonous
lithological sequence of Palacozoic (pre-Carboniferous)
rocks, overprinted to micaschists, paragneisses, mig-
matites, orthogneisses, locally with small occurrences
of amphibolites, amphibolitic gneisses and rarely also
ultrabasic bodies. This complex is intruded by Variscan
(mainly Carboniferous) biotite tonalites, granodiorites to
granites (e.g., Klinec 1976; Bezak 1982; Vass et al. 1988;
Bezak et al. 1999; Hrasko et al. 2005 and references
therein). The listvenite body near Muranska Zdychava
occurs in non-continuous NE-SW trending zone of am-
phibolites and small ultrabasic bodies, enclosed in garnet-
bearing, muscovite—biotite micaschists to paragneisses
with distinct mylonitic (phyllonitic) overprint. The
listvenite alteration is restricted to ultrabasic members;
basic metamorphic rocks (amphibolites and amphibolitic
gneisses) were not overprinted. Geological position of
the listvenite body near Muranska Zdychava (Fig. 1)

indicates pre-Carboniferous age of primary magmatic
ultrabasic (peridotite?) protolith.

3. Methods

Polished thin sections of listvenite were studied under po-
larizing optical microscope (Nikon Eclipse LV 100 POL,
Matej Bel University, Banska Bystrica) in transmitted and
reflected light. Chemical composition of minerals was
determined by the CAMECA SX100 electron microprobe
in WDS mode (State Geological Institute of Dionyz Stir,
Bratislava). Acceleration voltage of 15 kV and probe
current of 20 nA for chromite, silicate and carbonate
minerals, 15 kV and 10 nA for micas, and 25 kV and 10
nA for sulphide minerals were used during the electron-
microprobe measurements. The following standards and
spectral lines were used: wollastonite (Si K, Ca K ),
TiO, (Ti K ), ALO, (Al K ), native V (V K ), native Cr
(Cr K, fayalite (Fe K ), rhodonite (Mn K ), willemite
and ZnS (Zn K ), forsterite (Mg K ), SrTiO, (Sr K ),
pyrite (Fe Ka, S K ), native Cu (Cu K ), native Au (Au
L), native Ni (Ni K ), native Co (Co K ), GaAs (As L,
InSb (Sb L)), Bi,Se, (Se L,), and PbS (Pb M ). The beam
diameter of 2 to 20 um was used with respect to the size
and character of measured mineral. Detection limits for
measured elements attained 0.02 to 0.1 wt. %, depending
on concentration. The raw measurements were corrected
by the PAP procedure (Pouchou and Pichoir 1985).

Whole-rock chemical composition of listvenite was
analysed in the ACME Analytical Laboratories Ltd., Van-
couver, Canada (http://www.acmelab.com). Samples were
dissolved in Aqua Regia (AQ200). The major-element
oxides were determined by the Inductively Coupled Plas-
ma—Optical Emission Spectrometry (ICP-OES; LF300),
trace elements Inductively Coupled Plasma—Mass Spec-
trometry (ICP-MS; LF100, LF100-EXT) analyses; C and
S have been determined by the LECO induction furnace
(TCO003). The loss on ignition (LOI) was determined by
sample annealing at 1000 °C during 2 hours.

4. Results

4.1. Zoning of the listvenite body

The listvenite outcrop shows mineral zoning and
following principal petrographic types (differing

=
Fig. 1a — Simplified geological sketch of central part of the Sloven-
ské Rudohorie Mts. (Slavkay et al. 2004, adapted) with the listvenite
occurrence also marked. b — Detailed geological map of the Muranska
Zdychava listvenite body and surrounding area (according to Hrasko
et al. 2005).
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mainly in the carbonate contents) in a ~10 m profile

from east to west:

1) L1 type is relatively compact listvenite with massive
structure and greyish green to pale green colour with
irregular deep green domains. Locally the rock is cut
by veinlets (up to 5 mm thick) of coarse- grained white
calcite and yellowish fine- grained dolomite.

2) L2 type corresponds to yellowish-green listvenite si-
milar to L1 type, but with stronger dolomitization.

3) L3 type represents grey listvenite with greenish tint
and yellowish irregular veinlets/aggregates of dolo-
mite. The rock displays slight metamorphic foliation.

4.2. Listvenite mineralogy

4.2.1. Main rock-forming minerals

The rock-forming minerals of the all three listvenite types
are mainly magnesite, dolomite and serpentine-group
minerals, less frequently calcite, quartz, talc, and Cr—Ni-
rich members of the mica group.

Magnesite is the most common mineral of the list-
venite, especially in the L1 and L2
types. On the basis of textural
relationships and chemical com-

Quartz forms irregular aggregates, up to 0.2 mm
across, or narrow veinlets in magnesite I and II (Fig. 2a—
b). However, it is older than dolomite and Cr—Ni-rich
micas (Fig. 2¢).

Minerals of the serpentine group are common in all list-
venite types, especially in the L3, where they locally make
up a dominant part of the rock. The serpentine-group
minerals (most probably antigorite) form aggregates of
lamellar crystals, 50 to 100 um in size or independent
crystals in magnesite. They overgrew aggregates of mag-
nesite I and talc (Fig. 2d). Chemical composition of the
serpentine minerals (Tab. 2) shows a distinct enrichment
in Fe (~7 wt. % FeO; ~0.27 apfu), relatively low Al content
(0.6 to 1.3 wt. % ALO,; 0.03-0.08 apfu), as well as elevated
concentrations of Cr (0.3 to 0.9 wt. % Cr,0;; 0.01-0.03
apfu) and Ni (~0.1 wt. % NiO; ~0.005 apfu).

Talc forms irregular aggregates (up to 0.1 mm) in as-
sociation with the serpentine-group minerals (Fig. 2d).
Composition of talc (Tab. 2) shows slightly increased
content of Fe (~2.4 wt. % FeO; 0.26 apfu) with a negli-
gible admixture of Cr (~0.1 wt. % Cr,0,; 0.009 apfir) and
Ni (~0.2 wt. % NiO; 0.025 apfu).

Tab. 1 Representative compositions of magnesite and dolomite from the Muranska Zdychava listvenite

position, magnesite occurs in two  wt. %
generations. Magnesite I forms Anal. # MgO CaO FeO MnO SrO  Total Mineral
relatively coarse-grained ag- 1 42.16 032 899 0.60 0.0 52.08 magnesiteI
gregates; the size of individual 2 42.88 0.18 9.89 0.33 0.00  53.28 magnesite |
grains attains 0.5 mm (Flg 2a-b). 3 42.62 0.43 895 0.59 0.00  52.59 magnesite I
Younger magnesite 11 fills veinlets 4 45.08 0.12  5.07 1.24 0.00 51.50 magnesite IT
(up t0o 0.1 mm thick) in magnesite 5 46.75 036 3.83 0.01 0.04  50.99 magnesite IT
I aggregates (Fig. 2b). Magne-  © 4516 035 6.05 027 0.00 51.83 magnesite Il
site 11 shows higher concentra- 7 45.70 0.49 453 0.02 0.00  50.75 magnesite 11
. 8 4527  0.66 482 004 000 50.80 magnesite Il
tion of Mg and lower Fe content -
. 9 1573 3281 390 0.08 0.04 52.56 dolomite I
compared to magnesite I (Tab. 1, .
. 10 1446 3280 534 017 003 5279 dolomite I
Fig. 3). . 11 1449 3277 503 0.2  0.05 52.45 dolomiteI
Dolomite also forms two com- -, 1887 2872 440 016 007 5222 dolomite II
positional types: dolomite I is |, 1879 29.09 4.66 0.6 005 5275 dolomite II
slightly depleted in Mg/(Mg + Ca) o,
(0.38-0.40), whereas dolomite I Apar# Mg Ca  Fe  Mn  Sr O  Mineral Mg/(Mg+Ca) Fe/(Mg+Fe)
shows higher Mg/(Mg + Ca) ratio 4411 024 528 035 000 5001 Mgsl 0.995 0.893
(0.47-0.48; Tab. 1, Fig. 3). Both 2 4398  0.14 569 0.9 000 5001 Mgsl 0.997 0.885
dolomite types were probably 3 4413 032 520 035 0.00 50.01 Mgsl 0.993 0.895
cogenetic (Fig. 2a) and their ir- 4 46.27  0.09 292 072 0.00 50.01 MgslI 0.998 0.941
regular aggregates and veinlets cut 5 4752 027 218 0.0 0.01 5001 Mgsll 0.994 0.956
the magnesite I and II (Flg 2b). 6 46.12 025 347 0.16 0.00 50.01 MgslII 0.995 0.930
Calcite is the youngest carbon- 7 47.00 036 2.62 0.0l 0.00 50.01 Mgsll 0.992 0.947
ate mineral; it forms irregular 8 46.69 049 279 002 000 50.01 Mgs Il 0.990 0.944
crack-fillings (< 5 mm thick) in 9 1892 2837 2.63 006 002 50.00 Doll 0.400 0.878
magnesite T and 11, dolomite Tand  '° 17.57 2866 3.64 0.11 001 50.00 Doll 0.380 0.828
11, Cr—Ni-rich micas and quartz. -l 17.69 2876 3.45 008 0.2 50.00 Doll 0.381 0.837
. o 12 2241 2451 293 0.1 003 5000 Dolll 0.478 0.884
Chemical composition of the cal-
22.14 2464 308 010 002 5000 Dolll 0.473 0.878

cite is close to the ideal formula.
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Fig. 2 Back-scattered electron images (BSE) of mineral associations in the Muranska Zdychava listvenite. a — Quartz (Qtz) and magnesite (Mgs)
replaced by dolomite (Dol I, Dol IT). The carbonates are replaced by Cr-Ni muscovite (Cr—Ni Ms) along the mineral rims. Quartz also overgrows
relicts of magnesite I. b — Both of magnesite generations (Mgs) are cut by dolomite veinlets (Dol) and replaced by quartz aggregates (Qtz). ¢ —
Irregular aggregates of magnesite (Mgs), dolomite (Dol) and quartz are replaced by Cr—Ni-rich muscovite (Cr-Ni Ms). d — Magnesite (Mgs) relicts
are overgrown and replaced by serpentine-group minerals (Srp), less frequently by talc (Tlc). Locally, talc forms intergrowths with serpentine-
-group minerals. e — Quartz (Qtz) fills tiny veinlets in magnesite (Mgs) and it replaces chromite grains (white). f — Chess-board breakdown of
chromite (white) in magnesite (Mgs). Quartz (Qtz) forms irregular aggregates and veinlets in magnesite. Irregular white grains at bottom of the
picture are sulphides.
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Fig. 3 Composition of magnesite and dolomite from Muranska Zdycha-
va listvenite in ternary Mg—Ca—Fe diagram (at. %).

FeMg(CO,),

4.2.2. Cr—=Ni-rich micas

The Cr—Ni-rich members of the mica group are character-
istic minerals of the listvenite from Muranska Zdychava.
They cause a green colour, especially of the L1 and L2
listvenite types. The micas form irregular, usually 20 to

Tab. 2 Representative compositions of serpentine-group minerals (ana-
lyses 1 to 4) and talc (anal. 5) from the Muranska Zdychava listvenite

Mineral Minerals of the serpentine group Talc
Anal. # 1 2 3 4 5
SiO, 44.34 43.83 43.32 42.69 61.94
AlLO, 0.60 0.89 0.75 1.34 0.00
Cr,0, 0.26 0.47 0.44 0.91 0.09
FeO 7.00 6.72 7.19 6.97 2.35
MgO 35.92 35.73 35.87 35.90 28.90
NiO 0.13 0.12 0.11 0.12 0.24
H,0 calc. 12.68 12.68 12.64 12.62 4.70
Total 100.94 100.44 100.32 100.55 98.23
empirical formulae

Si 2.075 2.062 2.048 2.016 8.052
Al 0.033 0.050 0.042 0.075

Cr 0.010 0.018 0.016 0.034 0.009
Fe 0.274 0.264 0.284 0.275 0.256
Mg 2.506 2.506 2.528 2.526 5.601
Ni 0.005 0.005 0.004 0.005 0.025
Sum O 2.828 2.842 2.874 2915 5.891
OH 4.000 4.000 4.000 4.000 4.000
(6} 5.000 5.000 5.000 5.000  20.000
Sum of anions  9.000 9.000 9.000 9.000  24.000

The crystallochemical formulae are calculated on the basis of 5 oxygen
(analyses 1-4) and 20 oxygen atoms (analysis 5). The H,O content was
estimaed in respect to stoichiometry of the ideal formulae

100 pm large aggregates and veinlets of very fine platy
crystals (up to 5 um in size) in microcracks of magnesite,
dolomite and quartz (Fig. 2c¢).

Chemical composition of the micas (Tab. 3) shows two
compositional members: Cr—Ni-rich illite to muscovite
and Cr—Ni-rich trioctahedral mica, both being character-
ized by unusually high contents of Cr** and Ni** in octa-
hedral (O) site. The muscovite (Tab. 3, anal. 1 to 6) attains
7.6 to 11.0 wt. % Cr,0O, (0.44-0.64 apfu Cr) and 2.4 to
14.0 wt. % NiO (0.13-0.84 apfu Ni). Octahedral Al**
is the dominant cation in the O site (0.87 to 1.19 apfu),
whereas contents of octahedral Mg and Fe (assumed as
Fe?*) achieve only 0.15-0.23 and 0.03-0.15 apfu, respec-
tively. Sum of trivalent octahedral cations (°M* = 1.34 to
1.71) is always higher than sum of the divalent ones (°M?>*
= 0.44 to 1.07), whereas amount of interlayer cations (K,
Na, Ca) attains only 0.57 to 0.73 apfu (0.55-0.69 apfu
K), possibly due to the presence of H,O" cation and/or
interlayer vacancy. Therefore, the mica could be classified
as dioctahedral, Cr—Ni-rich illite to muscovite.

Two analyses (Tab. 3, anal. 7 and 8) show the low-
est Cr but the highest Ni contents: 5.7 to 6.5 wt. %
Cr,0, (0.36-0.40 apfu Cr) and 19.4 to 22.8 wt. % NiO
(1.21-1.46 apfu Ni), respectively. On the contrary, these
two compositions reveal the lowest contents of octahe-
dral Al (0.55 to 0.69 apfu) and sum of interlayer cations
(0.47 to 0.52 apfu; of this 0.46—0.50 apfu K). Nickel is
a dominant divalent octahedral cation and °M?" > °M3*,
whereby the sum of all octahedral cations is over 2.5
(2.54 to 2.67; Tab. 3, anal. 7 and 8). Consequently, they
belong to Ni-dominant and (H,O)-bearing or interlayer-
deficient trioctahedral mica, close to the following for-
mulae: [K (H,0),][Ni, (AlCr) o, ](AlSi,)O, (OH), or
[KO.SDO.s][Nil.s(Al’Cr)lDo.s](Alo.SSis.s)Om(OH)z'

Compositional variations in both Cr—Ni-rich mica
minerals indicate a dominant role for the muscovite—
annite/phlogopite and muscovite—(alumino)celadonite
(Tschermak-type) substitution mechanisms: 2°M?*" + °g =
39M?*" and °M3* + TAl = °M*" + TSi, respectively (Fig. 4a).
Chromium negatively correlates with nickel (Fig. 4b),
consequently both 2°Cr3* + %0 = 3°Ni* and °Cr + TAl =
ONi + ’Si mechanisms possibly explain the incorporation
of the Cr** and Ni** cations into the mica structure.

4.2.3. Chromite

Chromite is a widespread accessory mineral of the list-
venite; it occurs as euhedral to subhedral, partly corroded
crystals (usually 10 to 150 um, exceptionally up to 1.2
mm in size) enclosed in magnesite I and II. Locally, chro-
mite is cut by quartz veinlets (Fig. 2e). Moreover, some
larger chromite crystals show “chess-board” breakdown
patterns and partial replacement by magnesite (Fig. 2f).
Chromite is dominated by Fe?" (0.82 to 0.90 apfu) and

244



Cr and Ni rich mineralization in listvenite, Veporic Superunit, Western Carpathians

Cr (1.38 to 1.79 apfis) (Tab. 4,

Tab. 3 Representative compositions of Cr—Ni-rich micas from the Muranska Zdychava listvenite

Fig. 5a-b); concentrations of  Anal. # 1 2 3 4 5 6 7 8
Mg (0.05 to 0.12 apfu), Fe’* Sio, 46.05 4655 4835  46.71 4574 4407 4256 4094
(0.05 to 0.31 apfur) and Al (0.02  TiO, 0.00 0.00 0.05 0.04 0.00 0.00 0.00 0.03
to 0.18 apfiu) are relatively low.  ALO; 2287 2194 2036 18.82 18.61 18.22 15.05 13.72
Magnesium reveals a strong  CrO; 10.20 11.05 9.94 9.47 7.63 7.90 6.54 5.71
negative correlation with Fe2*  FeO 2.17 1.11 0.67 121 0.82 1.00 1.07 0.99
(- 099, Comentsof zn, MO (00 p0 g we o om o oe o
Mn, Ti and V are subordinate M1 0 1.77 1.46 1.77 1.44 1.48 1.47 142 1.86
<0. fu).
(= 0.05 apfu) Ca0 0.16 0.13 0.19 0.10 0.11 0.11 0.11 0.09
Na,0 0.21 0.06 0.10 0.00 0.53 0.09 0.05 0.00
4.2.4. Sulphide minerals K,0 7.60 7.78 6.81 6.46 6.27 5.76 5.02 4.57
H,O calc. 4.26 4.27 4.33 4.19 4.12 4.03 3.86 3.76
The sulphide and sulphoarse- Total 97.68  98.41  100.73 98.75 97.98 9668 9517  94.61
nlde phases are Characteris_ Formulae based on 10 O and 2(OH) anions
tic accessory minerals of the Si 3242 3271 3346 3344 3329 3277 3308  3.263
Murénska Zdychava listvenite ALT 0.758 0729  0.654  0.656  0.671 0723 0.692  0.737
(Fig. 6). The Ni—Co—Fe—(Cu— Sum7 4.000  4.000 4000 4000 4000 4000  4.000  4.000
. . Ti 0.000  0.000  0.003 0.002  0.000  0.000  0.000  0.002
Pb) sulphide and sulphoarsenide
. . . . AlO 1.140 1.088 1.006 0932  0.925 0.874  0.686  0.552
minerals include pyrite, mil-
lerite. pvrrhotite. sersdorffite. O 0.568  0.614 0544 0536 0439 0465 0402 0360
b 1’.py Ivd » BCTSC lari > Fe 0.128  0.065 0.039  0.072  0.050 0062  0.070  0.066
cobaltite, polydymite, violarite, 0.002 0003  0.006  0.004 0005 0004 0006  0.009
siegenite, pentlandite, chalco- 0.134 0227 0449 0590 0737 0836 1213 1462
pyrite, and galena (Fig. 7a). Mg 0.186 0.153 0.183 0.154 0.161 0.163 0.165 0.221
Generally, they form scattered ‘gum 0 2058 2150 2230 2290 2317 2404 2542 2.672
isometric grains (up to 0.2 mm) ¢, 0012 0010 0014 0008 0009 0009 0009  0.008
or veinlets (~1 to 0.1 mm) of Na 0.029  0.008  0.013 0.000  0.075  0.013 0.008  0.000
discrete mineral (e.g., pyrite, K 0.683 0.698 0.601 0.590 0.582 0.546 0.498 0.465
millerite and pyrrhotite) or ag- Sum/ 0.724 0.716 0.628 0.598 0.666 0.568 0.515 0.473
gregates of several phases (e.g., Al total 1.898 1.817 1.660 1.588 1.596 1.597 1.378 1.289
millerite + pyrite + gersdorf- SumM>* O 1708 1.702 1.550 1.468 1.364 1.339 1.088 0912
fite), usually in magnesite I. The SumM>O 0450 0448  0.677 0820  0.953 1.065 1.454 1.758
Muscovite Siderophyllite—Eastonite
N Y
3.0 0.7
oct 3-oct b
o
Iiite o
2.5 @ 0.6 1 o 8
3
= g o8
Q 2 o
T o
- S o
< S o
l; 2.0 o2+, OM3+,00] (: 05 @ [e]®) o o
& o ° % o
E °M3+TA|°M2+_1TSi_1 o o
o
1.5 1 Glauconite 0.4 4 °
(Alumino)- [ ]
10 celadonite™\\
. . . . \ . 03 ' '
3.0 35 4.0 45 5.0 5.5 6.0
: . 0.0 0.4 0.8 1.2 1.6
OM2+ + TSj apfu Annite—-Phlogopite Ni ap fu

Fig. 4 Composition of Cr—Ni-rich illite to muscovite (grey circles) and Ni-dominant trioctahedral mica (black circles) from Muranska Zdychava
listvenite (apfur). a — °M?* + Sivs. °M3* + TAl diagram showing two principal substitution mechanisms of the micas: 2°M3* + °0 = 3°M?* and °M*
+ TAl = °M** + TSi. Representative compositions of illite and glauconite (series names) are according to Rieder et al. (1998). The grey solid line

indicates boundary between dioctahedral (2-oct) and trioctahedral (3-oct) micas. b — Ni vs. Cr substitution diagram (apfir).
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Tab. 4 Representative compositions of chromite from the Muranska Zdychava listvenite

and cobalt: 0.7 to 5.1 wt. % Ni (<0.10

apfu) and 0.6 to 2.2 wt. % Co (< 0.05

Anal. # 1 2 3 4 5 6 7 8 g ,
TiO, 023 018 007 000 007 0.1 0.16  0.09 al?f“) ka?l concentrations ?eveal
ALO, 040 081 387 406 445 178 085 1185  slight negative correlation with Fe
V,0, 011 029 015 020 025 019 020 000  content(r=-0.67) but cobalt does not
Cr,0, 56.95  57.18  59.62 6137 6255  62.66  58.78  49.87 show any distinctive correlation with
Fe,0,* .16  10.71 5.31 3.23 1.87 4.76 9.45 4.61 Fe or Ni (r <-0.50). Two pyrite gen-
FeO 2930 2944 29.01 2871 2899 2924 2937 278l erations have been recognized: older
ZnO 1.18 1.13 1.23 0.98 1.32 1.11 1.15 2.00 pyrite I, generally with lower Ni or Ni
MnO 0.62 0.54 0.50 0.46 0.45 0.54 0.61 0.25 + Co (18 to 3.1 wt. %) and younger
MgO 0.91 0.99 1.57 1.83 1.71 137 1.06 235 pyrite II that overgrows pyrite I (Fig.
Total 100.84 10127 10134 10084 101.66 101.76 101.63  98.85 6a), with higher Ni + Co (4.2 to 5.8
atomic proportions (on basis of 4 O atoms) wt. %; Tab. 5).
Ti 0.006  0.005  0.002  0.000 0.002  0.003  0.004  0.002 Millerite is a relatively common
Al 0017 0035 0.163 0171 018 0076  0.036 0491 . . . .
mineral of the listvenite, forms dis-
v 0.003  0.008  0.004  0.006 0.07  0.06  0.006  0.000 crete anhedral grains or veinlets in
Cr 1.660 1.655 1.688  1.739 1756 1786  1.693  1.385 . o
Fevt % 0310 0295 0143 0087 0050 0129 0259 o122  Pyrite I Locally, millerite occurs
Sum B 1996  1.998  2.001  2.003  2.001 1999  1.999  2.001 as trellis lamellae in a polydymite—
Fe>' 0903 0901 0868 0860 0860 0881  0.894 0817 violarite series ml,neralﬂ as a break-
Zn 0032 0031 0033 0026 0035 0029 0031 0052  downproductof primary Ni-Co-Fe-S
Mg 0.050  0.054  0.084 0098 0090 0074 0058 0123  solid-solution phase (Fig. 6b) or it is
Mn 0019 0017 0015 0014 0014 0017 0019 0007  replaced by siegenite or gersdorffite
Sum 4 1.004  1.003  0.999  0.997 0998  1.001  1.001  1.000 (Fig. 6¢). Millerite contains 0.6—4.2
0 4.000  4.000 4000 4.000 4000 4.000 4.000  4.000 wt. % Fe (< 0.07 apfu), low concen-

* calculated from stoichiometry

sulphide minerals occur mainly in the L1 and L2 types;
they are less frequent in the L3 listvenite type.

Pyrite is the most widespread sulphide mineral of the
listvenite; it forms usually anhedral, rarely subhedral
crystals. The mineral shows elevated contents of nickel

trations of Co (max. 0.7 wt. %) and

negligible admixtures of Pb and Cu
(Tab. 5). The millerite trellis lamellae in polydymite—
violarite show elevated contents of Fe + Co (3.4-4.9 wt.
%) in comparison to discrete grains of millerite (Tab. 5).
The most distinct FeNi_, substitution in millerite displays
very high negative correlation (-0.98); relatively strong

a b Feso
0.719
-
0.6 o
* e
X . ,+* chromite field
0.54 magnesiochromite,+
field L o> ®
>
‘5 0.4
& ®e
D 0.3 o
=
0.2
o
0 Bo
0.14 Ot
°z
0 T T T T T T .'.l'
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fe* apfu
4 Muranska Zdychava A Pohronska Polhora O Uhorské V Ploské = Dankova
< Hodkovce = Muranska Dlha Luka ® Bukovec % Rudnany 0 Dobsina
o Jasenie = Cinobaria < Ochtina + Sedlice o Myto pod Dumbierom

Fig. 5 Chromite compositions (apfu) from the Muranska Zdychava listvenite compared with Cr-rich spinels from other ultrabasic bodies in the
Western Carpathians (Rojkovi¢ 1985; Spisiak at al. 1994; Miku§ and Spisiak 2007). a — Fe*” vs. Mg diagram. b — Al-Fe**— Cr diagram.
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Fig. 6 Back-scattered electron images (BSE) of sulphide minerals in the Muranska Zdychava listvenite. a — Fractured pyrite I (Py I) overgrown
by pyrite II (Py II). Millerite (Mil) forms small irregular grain at rim of pyrite aggregate, pentlandite lamella (Pn) occurs in isometric pyrrhotite
grain (Po). b — Pyrite I (Py 1) with chalcopyrite inclusions (Cp) is overgrown by millerite aggregate (Mil) and minerals of polydymite—violarite
series (Po-Vi). Trellis-type lamellae of millerite in polydymite—violarite indicate exsolution breakdown of a primary solid solution. ¢ — Millerite
(Mil) is cut by siegenite veinlets (Sig), whereas gersdorffite (Gdf) replaces the both minerals. d — Pyrite I (Py I) containing galena inclusions (Gn)
is associated with millerite (Mil).

correlations Co vs. Ni and Co vs. Fe (—0.79 and —0.78,
respectively) indicate CoNi | and CoFe | substitution
mechanisms.

Thiospinel minerals of the polydymite—violarite se-
ries and siegenite were identified in the listvenite. The
polydymite—violarite members overgrow pyrite I or they
form discrete grains. The millerite lamellae in polydy-
mite—violarite matrix (Fig. 6b) indicate the exsolution
breakdown of primary Ni—-Co—Fe—S solid-solution phase.
The mineral of the polydymite—violarite series reveals
increased contents of Co (1.9 to 3.4 wt. %, 0.10 to 0.17
apfu; Tab. 5, Fig. 7b). Excellent negative correlations be-
tween Ni and Fe or Co (up to —1.0) document the FeNi |
and CoNi | substitution mechanisms.

Siegenite is the most common thiospinel mineral in
the listvenite. It forms overgrowths or fracture fillings of

discrete millerite grains (Fig. 6¢). Siegenite shows high
iron content (7.3 to 10.0 wt. %, 0.40 to 0.55 apfu Fe; Tab.
5) and Fe partly substitutes Ni (r = —0.84). Therefore,
studied siegenite represents intermediate phase between
siegenite end-member (CoNi,S,), violarite (FeNi,S))
and an unnamed CoNiFeS, phase (Fig. 7b).

Gersdorffite occurs in local accumulations of discrete
grains in association with millerite and thiospinels; in
some cases it replaces millerite aggregates (Fig. 6c¢).
Gersdorffite reveals wide variations in Co (0.0 to 11.7
wt. %, < 0.33 apfu) and Fe (0.5 to 2.2 wt. %, 0.02 to
0.05 apfu); the content of Sb is negligible, max. 0.3
wt. % (Tab. 5).

Cobaltite is a relatively rare mineral of the listvenite, it
forms discrete anhedral crystals (~15 pm across) in mag-
nesite I. It shows relatively high content of Ni (~9 wt. %,
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v pentlandite = thiospinels v thiospinels — ultrabasic rocks
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Fig. 7 Compositions of sulphide minerals (apfu) from Muranska Zdychava listvenite compared with those from the Alpine hydrothermal ve-
ins (Uderind, Poprad) and other ultrabasic bodies in the Western Carpathians (Rojkovi¢ 1985; Ferenc and Rojkovi¢ 2001; Ferenc et al. 2014).
a — Fe-S—Ni + Co diagram. b — Fe-Ni—Co diagram.

0.25 apfu) and Fe (~3 wt. %, 0.08 apfu) (Tab. 5). Other  scattered in magnesite I or intergrowths with pentlandite
uncommon sulphide minerals are pyrrhotite, pentlandite, laths (Fig. 6a). Pyrrhotite contains 3.3 to 3.8 wt. % Ni
chalcopyrite, and galena. Pyrrhotite forms tiny grains  (~0.05 apfu; Tab. 5). Chalcopyrite and galena were iden-

tified as minute inclusions (2—5

fluid condition pum) in pyrite I (Fig. 6b, d).

40.""|""|""|""|""|"_"_|""|""|""- |
o C A serpentinite . | .
> X A0 : | 4.3 Geochemical
= f o 3 | characterization of
30F * 3 ! the listvenite
C ] 1
C ] : Chemical composition of the
- ] L1 to L3 listvenite types (Tab.
C carbonate rock . 2 o .
20F J 25, 29 6)shows high contents of MgO
C E 5 c
s ] § S § 2 (26 to 30 wt. %), Fe,0, (6 to 7
- 1 5 g— I 5% wt %), Cin carbonate form (5
s N ] S22 £€ 1010 wt. %), Cr,0,(~0.3 wt.
10F silica—carbonate rock 3 I %), NiO (~0.2 wt. %), but very
[ ] 1 ’ ) o
: birbirite ] I low contents of SiO, (27 to 41
| wt. %), ALO, (~0.5 wt. %),
) TN P DU DU P P P ST P \4 Na,0 (< 0.01 wt. %) and K,0
0 10 20 30 40 50 60 70 80 90 .(< 0.15 wt. %); Ca content var-
Sio ies between 0.1 and 3.2 wt. %
2
CaO. The listvenite displays
1 Muranska Zdych listvenite (L1 .
¢ uranska Zdychava fistvenite (L1) elevated concentrations of As
# 2 Muranska Zdychava listvenite (L2) and Co, but contents of Rb,
X 3 Muranska Zdychava listvenite (L3)
A .. Fig. 8 SiO, vs. MgO binary diagram
O 4 Talc—carbonate rock, Muranska DIha Luka (FMDL-35, lvan 1985) (wt. %) ShzOWing chemical changes
O 5 Antigorite—talc serpentinite, Muranska DIha Luka (MDL-1, 2, Hovorka 1965) during alteration of serpentinites (accor-
ding Akbulut et al. 2006). Explanations
A 6 Various serpentinites (Styles et al. 2014) 1-5 represent analyses in Tab. 6.
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Sr, Ba and other trace elements  Tab. 5 Representative compositions of sulphide minerals from the Murénska Zdychava listvenite

(including REE) are very low 1o g Co  Ni Pb Cu Sb As S wt.%  Mineral
(Tab. 6). 1 4481 076 105 028 528 9972 pyritel
The listvenites at Muranska  » 44.84 0.4 298  0.13 5228 10037  pyrite
Zdychava provide a good ex- 3 4421  1.19 074 0.00 5297  99.11  pyritel
ample of a polystage transfor- 4 4330 081 346  0.10 52.56  100.24  pyrite II
mation of the primary ultrabasic 5 41.58 0.65 4.72 0.13 52.53 99.62 pyrite 11
rock, as documented in the stud- 6 4118 224 224 0.00 5349 99.16  pyrite IT
ied L1 to L3 rock types, which 7 40.79 0.73 5.07 0.00 53.32 99.91 pyrite 11
demonstrate various degrees of 8 4217 144 271 0.00 53.17_ 9950 pyrite I
alteration (Tab, 6). The L3 type  ° 420 0.67 5899 0.19  0.00 362410030 millerite
e . 10 345 036 59.92  0.15  0.07 3584 9979  millerite
represents an incipient alteration |, 268 071 6236 000 0.16 3585 10176 millerite
stage with highest contents of 0.62 018 6343  0.14  0.00 3519 99.56  millerite
Si0,, MgO, and Cr,0,, typical 3 139 000 6285 000 0.07 3501 99.31  millerite
of ultrabasic rocks (Fig. 8). 14 19.13 336 3357 021 0.6 024 4210 9867 violarite
The L1 and L2 types assume 15 10.18  2.62 4496 0.00 0.06 0.11 4224 100.17  violarite
more advanced alteration with 16 215 193 5285  0.00 4196  98.89 polydymite
low SiO, but with distinctly 17 9.95 1445 3219 022 4187  98.68  siegenite
higher LOI (around 35 wt. %), 18 891 1612 3171  0.19 41.64 9858  siegenite
reflecting mainly CO, and HO 19 732 1557 3500 021 4184  99.94  siegenite
in carbonates (magnesite and 20 1.69 800 2567 0.07 032 44.86 19.40 100.01 gersdorffite
dolomite) and hydrated silicate ! 223 1170 2134 0.11 029 4422 1940  99.30 gersdorffite
. o : 2 055 003 3576  0.00 0.06 43.60 19.98  99.97 gersdorffite
minerals (Cr—Ni-rich micas, -

) . 23 287 2468 894  0.00 4487 1972 101.08  cobaltite
serpentine group minerals and -, 5500 002 330 022 0.09 3853 97.16 pyrhotite
talc). On the contrary, all three ) 5575 013 380  0.10 0.00 3943 9921 pyrrhotite
listvenite types show very low ¢ 2627 0.3 3802 022 0.0 33.05  97.69 pentlandite
contents of REE and other rare 57 2635 026 37.82  0.10 0.8 3257 97.19 pentlandite

metals (e.g., Ga, Zr or U); con-  atomic proportions

centrations of these trace ele- 1 0.970 0.016 0.022 0.002 1.991  3.000 pyrite I

ments were not distinctly influ- 2 0.968 0.003 0.061 0.001 1.967  3.000 pyrite I

enced by alteration Of primary 3 0.959 0.024 0.015 0.000 2.001 3.000 pyritel
ultrabasic rock (Tab. 6). 4 0.935 0.017 0.071 0.001 1977  3.000  pyrite Il
5 0.902 0.013 0.098 0.001 1.986  3.000  pyrite IT

6 0.891 0.046 0.046  0.000 2.017  3.000  pyrite II

. . 7 0.879 0.015 0.104 0.000 2.002  3.000  pyrite II

5. Discussion 8 0.912  0.030 0.056 0.000 2.003 3.000  pyrite IT
i 9 0.068 0.010 0.904 0.001 0.000 1.017  2.000  millerite

The geochemistry and the al- 0.056 0.006 0.925 0.001 0.001 1.012 2000  millerite
teration trends of the listvenites 0.043 0011 0947 0.000 0.002 0.997 2.000  millerite
from Muranska Zdychava are 2 0.010  0.003 0.986 0.001 0.000 1001 2.000  millerite
generally comparable to the hy- 13 0.023  0.000 0.978 0.000 0.001 0.998  2.000  millerite
drothermal-metasomatic trans- 14 1.047 0.174 1.749 0.003 0.003 0.010 4.014 7.000  violarite
formation in some other occur- 15 0.552  0.135 2.319 0.000 0.003 0.004 3.988  7.000 violarite
rences of listvenitized ultrabasic 16 0.118 0.101 2.764 0.000 4.017 7.000 polydymite
rocks (e.g" Hovorka et al. 1985; 17 0.547 0.753 1.685 0.003 4.012  7.000 siegenite
Akbulut et al. 2006; Styles et '8 0491 0.842 1.664 0.003 4000 7.000  siegenite
al. 2014; Figs 8-9). Ultrabasic 19 0.399 0.805 1.817 0.003 3.976  7.000  sicgenite
or basic magmatic protolith 20 0.050 0225 0.725 0.001 0.004 0.992 1.003 3.000 gersdorffite
i 21 0.066 0.331 0.606 0.001 0.004 0.984 1.008 3.000 gersdorffite
(gabbros, basalts...) is essen- ) 0.016 0.001 1.002 0.000 0957 1.025 3.000 gersdorffite
tial for origin of the listvenites 3 0.084 0.684 0.249 0.000 0.978 1.005 3.000  cobaltite
(e.g., Sazonov 1978; Dinel et 4 0.820 0.001 0.047 0.001 0.001 1.000 1.869 pyrrhotite
al. 2008; Buckman and Ashley 25 0.812  0.005 0.053 0.000 0.000 1.000 1.870  pyrrhotite
2010). Two principal types of 26 3715 0.018 5.117 0.008 0.000 8.142 17.000  pentlandite
ultramafic rocks occur in the 27 3.752 0.035 5.123 0.004 0.010 8.076 17.000  pentlandite

Western Carpathians (Hovorka The crystallochemical formulae are calculated on the basis of 2 atoms (analyses 9-13), 3 atoms (1-8;
20-23), 7 atoms (15-19), 17 atoms (26-27), and 1 S atom (24-25)
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Tab. 6 Whole-rock chemical analyses of the Muranska Zdychava listvenite (L1 to L3

The second principal prerequisite for the

types) listvenite origin represent brittle tectonics and
L-1 L2 L3 FMDL-35 MDL-1 MDL-2 propagation of faults in the host rock, serving
Sio, 26.73 28.01 41.46 42.40 38.93 42.45 as channels for effective circulation of the
TiO, <0.01 <0.01 <0.01 0.02 <0.01 <0.01 mineralizing fluids (Hansen et al. 2005).
ALO, 0.52 0.51 0.55 1.41 331 3.88 Moreover, listvenites are commonly as-
Fe,0,, 6.76 6.44 6.13 8.05 7.90 6.60 sociated with vein or metasomatic ore min-
MgO 2871 26.01 29.97 30.08 32.99 34.93 eralizations, as for example in Ural Mts.
Ca0 0.44 3.22 0.07 0.43 2.72 0.54 (Sazonov 1975) or in the Rocky Mits. (Han-
MnO 0.10 0.13 0.07 0.12 0.12 0.06 sen et al. 2005). In the Western Carpathians,
Na,0 <001 <001 <001 0.07 0.18 0.93 Cr-rich muscovite (fuchsite) and quartz-rich
K0 0.14 0.14 <0.01 0.07 0-10 0.33 listvenites were described mainly from sid-
PO, <0.01 0.04 <0.01 001 001 <001 erite—quartz—sulphide hydrothermal depos-
Cr,0, 0.276 0.263 0.361 n.a. n.a. n.a. . e v . .

3 its (Dobsina, Rudinany, Slovinky, Gelnica,
LOI 35.60 34.60 20.60 17.72 13.62 11.02 Mlynky and other occurrences) of the Ge-
Total 99.28 99.36 99.21 100.38 99.88 100.74 . . .

TOT/C  10.00 9.80 161 - . Y meric Superunit; rar’ely they 0f:cu}r in ultrabz.i—
TOT/S 0.03 <0.02 0.03 0.12 na. na. sic rocks at the Muranska DIlha Luka, Veporic
Cr 1740 3050 3340 Superunit and Jasenie in the Tatric Superunit
Ni 1546 1408 1798 1235 1875 1503 (Ivan 1984, 1985; Grecula et al. 1995 and
Co 89.1 76.4 87.8 54 110 124 references therein).

Cu 18.9 112.5 20.9 18 n.a. n.a. Based on geochemical and mineralogi-
Pb 3.8 24.2 1.6 n.a. n.a. n.a. cal characteristics, the studied listvenite
Zn 49 62 35 101 n.a. n.a. body near Muranska Zdychava originat-
Sb 5.6 3.9 0.8 n.a. na. na. ed during three principal evolution stages:
Bi 2.1 1.4 2.8 n.a. n.a. n.a. (1) peridotite stage, (2) serpentinization stage,
As 384.9 594 237.8 n.a. n.a. n.a. and (3) hydrothermal-metasomatic stage (list-
Rb 14.4 14.6 0.2 n.a. n.a. n.a. venitization).

Cs 38 1.9 0.2 n.a. n.a. n.-a. Rock-forming magmatic minerals of the
St 16 1.8 1.9 n.a na na primary ultrabasic rock, most probably pe-
Ba 14 16 3 fa. fa. fa. ridotite (stage 1) were almost completely
Ga = 09 12 o4 -4 o4 transformed to younger assemblages (2) and
v 24 20 25 25 58 52 . . .

U o1 “01 02 A L . 3). However,. rehct.s of Mg—bearl.ng chromite,
Se 6 5 6 na 14 ) rare pyrrhotite with pentlandite lamellae
7r 14 0.1 02 na na. na. and pyrite I with chalcopyrite exsolutions are
Y 0.4 0.4 0.2 n.a. n.a. n.a. still preserved.

La 0.3 <0.1 0.2 na na na The serpentinization stage (2) is repre-
Ce 0.3 <0.1 0.2 na. na. na. sented by serpentine minerals (with later
Dy <0.05 <0.05 0.06 n.a. n.a. n.a. magnesite I + quartz assemblage) is partly
Yb 0.06 <0.05 <0.05 n.a. n.a. n.a. preserved mainly in the L3 type of the list-
Au 2.8 8.7 2.1 n.a. n.a. n.a. venite (Tab. 6, Fig. 8). Moreover, we suggest

Fe,O,tot — total Fe as Fe,0,, n.a. — not analyzed.
oxides, C and S in wt. %., trace elements in ppm and Au in ppb

L 1-3 original analyses; FMDL-35- talc—carbonate rock, Muranska Dlha Luka (Ivan
1985); MDL-1- antigorite serpentinite, MDL-2— talc—antigorite serpentinite (Hovorka

1965)

1978): (1) basic to ultrabasic rocks of the gabbro—perido-
tite formation with characteristic Fe, Mn and Ti enrich-
ment and (2) ultrabasic rocks of the peridotite formation
with elevated Mg, Cr and Ni contents, and lower Si and
alkalis compared with (1). Absence of ilmenite and pres-
ence of chromite as well as Ni—Co sulphide minerals
(sensu Hovorka 1978; Rojkovi¢ 1985) enable to assign
the protolith of the Muranska Zdychava listvenite to the
ultrabasic rocks of the peridotite formation.

a partial dissolution of the older sulphide
minerals, mobilization of Ni, Co, Fe, S, As
and their new precipitation in the form of
pyrite II + millerite + siegenite + polydymite
+ violarite + gersdorffite + cobaltite min-
eral assemblage during serpentinization. The secondary
origin of sulphide and sulphoarsenide minerals due to
serpentinization is generally a characteristic feature of
ultramafic bodies in the Western Carpathians (Rojkovi¢
1985). Precipitation of Ni and Co sulphoarsenides is
typical of advanced serpentinization to listvenitization,
and this process can be an effective for Ni and Co mo-
bilization and accumulation, perhaps up to economic
concentrations, such as in the Dobsina deposit, Slovakia
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(Ivan and Hovorka 1980), Kamaishi mining district,
Japan (Shiga 1987) or Bou Azzer deposit, Morocco
(Alansari et al. 2015). Millerite and polydymite were
observed also in steatitized abyssal peridotites of the
Mid-Atlantic Ridge, where increased Si and decreased
H, activities enable precipitation of high sulphur-fugac-
ity sulphides (Klein and Bach 2009).

The third, advanced hydrothermal-metasomatic stage
(listvenitization) represent mainly the L1 and L2 types
of the listvenite with dominant magnesite I-II + dolo-
mite I-1I + quartz + Cr—Ni-rich micas. This alteration
of serpentinized rocks by CO,-rich fluids is illustrated
by the following reaction: Mg,Si,O,(OH), + 3 CO, =
3 MgCO, + 2 SiO, + 2 H,0 (Halls and Zhao 1995).
Generally, alteration of ultrabasic rocks to listvenites
involves two basic processes (Akbulut et al. 2006; Figs
8-9). (1) Silicification is caused by fluids rich in SiO, and
H,O at relatively low pH. This process leads to quartz +
carbonate rocks with unusually high SiO, contents, up to
80 wt. % (birbirites). (2) Carbonatization represents the

2 Muranska Zdychava listvenite (L2)

3 Muranska Zdychava listvenite (L3)

4 Talc—carbonate rock, Muranska Dlha Luka (FMDL-35, Ivan 1985)

5 Antigorite—talc serpentinite, Muranska DIha Luka (MDL-1, 2, Hovorka 1965)

6 Various serpentinites (Styles et al. 2014)

alteration by fluids enriched in CO,, H,O and Ca*, with
higher pH, as well as decreased fS, and fO, in compari-
son with the silicification. The altered ultrabasic rocks
reveal low SiO, but high CaO and MgO contents. In our
case, the final hydrothermal-metasomatic transformation
of the Muranska Zdychava listvenite included relatively
rapid decrease in SiO,, slight decrease in MgO and only
insignificant increase in K O. Strong enrichment of total
carbon in L1-L2 analyses (Tab. 6) is unambiguously a
manifestation of high CO, content in fluids responsible
for the listvenitization.

The Cr—Ni-rich micas precipitated during the list-
venitization of the investigated ultrabasic rock, in as-
sociation with magnesite, dolomite and quartz (Fig. 2a,
c¢). The micas from the Muranska Zdychava listvenite
contain the highest values of Ni ever reported in the
mica-group minerals (up to 22.8 wt. % NiO or 1.46
apfu Ni); the Cr concentrations are also relatively high
(up to 11.0 wt. % Cr,O, or 0.64 apfu). The micas were
formed under a significant Al and K deficit (Tab. 6),
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which caused their small volume in listvenite and un-
usual composition.

Similar micas with unusually high Cr and Ni contents
were formed under analogous conditions in transformed
ultrabasic rocks. The maximum Ni content in previ-
ously reported chromian muscovite attained 8.75 wt. %
NiO (0.53 apfu), together with up to 13.5 wt. % Cr,O,
(0.75 apfu); it occurs in quartz veins and stockworks
that traverse the ophiolitic emerald-hosting, carbonate-
altered ultramafic rocks in the Swat Valley, the Indus
suture, NW Pakistan (Arif and Moon 2007). Nickel-rich
phlogopite (up to 4.3 wt. % NiO or 0.26 apfu) occurs in
association with Ni-bearing sodium amphibole, chlorite
and talc in Ni-rich lateritic rocks transformed from ser-
pentinites in Studena Voda Fe—Ni ore deposit of the Var-
dar ophiolite zone in Macedonia (Maksimovi¢ and Panto
1982). Muscovite with 5.5 wt. % Cr,0, and 2.0 wt. %
NiO (0.29 apfu Cr and 0.11 apfu Ni) was described
from quartz—magnesite listvenites with chromite in the
Setogawa Group, east of Nagoya, Japan (Takasawa et
al. 1976). Despite the lack of textural evidence, we as-
sume partly dissolved chromite as a main source of Cr.
Similarly, primary Ni-bearing silicate minerals (espe-
cially serpentinized olivine?) or older Ni-rich sulphide
minerals (probably pentlandite) could have served as
a principal source of Ni in the micas. Analogous partial
dissolution and replacement of primary chromite by
Cr—Ni-rich muscovite was documented in listvenitized
ultrabasic rock from Swat Valley, Pakistan (Arif and
Moon 2007).

The listvenitization of ultrabasic rocks represents a
hydrothermal-metasomatic process under the green-
schist-facies metamorphic conditions, at ~290 to 340 °C
and ~100 to 300 MPa (eg., Halls and Zhao 1995; Plissart
et al. 2009; Bagherzadeh et al. 2013). In the studied
listvenite body near Muranska Zdychava, this process
was probably connected with Alpine (Late Cretaceous),
late-orogenic uplift of the Veporic Superunit crystal-
line basement and retrograde metamorphism at tem-
perature of 350 to 500 °C and pressure of 200 to 400
MPa (Kovacik et al. 1996). Consequently, we assume
that the final listvenite stage took place at ~200 MPa
and less than 350 °C. These conditions corresponded
to en-block exhumation of Veporic Superunit between
80 and 55 Ma, resulting from the underthrusting of the
Tatric—Fatric continental crust from the north. In this
time period, central part of the Veporic Superunit cooled
down from 350°C to 60°C (Vojtko et al. 2016). The
NE-SW and NW-SE trending fault structures played
a key role during the listvenitization; they presumably
channelled the CO,-rich fluids that transformed the
serpentinized peridotite into magnesite I + dolomite 1
+ quartz + Cr—Ni-rich muscovite. Contemporaneously
with the listvenite origin, some hydrothermal siderite

and quartz—sulphide mineralizations grew on the fault
zones of metamorphic rocks in the Muranska Zdychava
areca (Mato et al. 2005). The Late Cretaceous age (~70
to 80 Ma) and presence of CO,-rich fluids was docu-
mented for analogous hydrothermal mineralization in
adjacent Gemeric Superunit of the Western Carpath-
ians (Hurai et al. 2008). The youngest mineralization
of the studied listvenite (younger hydrothermal, sensu
Hovorka et al. 1985) is represented by veinlets of white
calcite without sulphide minerals.

6. Conclusions

1) The listvenite near Muranska Zdychava originated
from primary magmatic ultrabasic body (probably
peridotite) during three principal evolution stages:
(1) magmatic stage, (2) serpentinization stage, and
(3) hydrothermal-metasomatic stage (listvenitization).

2) The final listvenitization stage (3) took place during
Alpine (Late Cretaceous) late-orogenic uplift and
retrograde metamorphism of the Veporic Superunit
crystalline basement; its assumed P—T conditions were
~200 MPa and < 350°C.

3) The NE-SW and NW-SE trending fault structures
likely played a key role during the listvenitization,
as they provided channels for circulation of CO,-rich
fluids that transformed the serpentinized peridotite into
carbonate—quartz-rich listvenite.

4) The micas from the Muranska Zdychava listvenite
represent Cr—Ni-rich illite to muscovite and Ni-do-
minant trioctahedral mica (probably a new, formally
unapproved mineral species). They contain the highest
values of Ni ever reported in the mica-group mine-
rals (up to 22.8 wt. % NiO; or 1.46 apfu Ni), the Cr
concentrations attain 11.0 wt. % Cr,0, (0.64 apfu).
Chromium shows negative correlation with Ni; two
principal substitution mechanisms occur in the micas:
20M* + 9g = 3°M?* and °M** + TAl = °M* + TSi.

5) Chromite and Ni—Co—Fe sulphide minerals (mainly
pentlandite, millerite, polydymite, violarite, siegenite
and gersdorffite) were the main sources for the forma-
tion of Cr—Ni-rich micas during the final hydrother-
mal-metasomatic stage of the listvenite formation,
together with their intense carbonatization.
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