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Amphiboles and diopside occur in several distinct mineral assemblages in banded carbonatite-like marbles from the
Blizna graphite mine, Cesky Krumlov Unit, Moldanubian Zone. The carbonatite-like marble is interlayered with do-
minant ordinary metacarbonates as a single continuous stratabound layer, up to 3—4 m thick. It is enriched in elements
typical for carbonatites (REE, Y, Th, Sr, Nb, Zr, and Mo) and contains accessory betafite-pyrochlore and uranothorite
along with molybdenite, sulfides (e.g., pyrite, pyrrhotite) and oxides (e.g., magnetite, ilmenite). Detailed study of thin
sections in optical microscope and BSE images as well as results of EMPA revealed three distinct mineral assemblages
—richterite + forsterite (RF) assemblage (Rht+Fo+ Cal > Dol > Phl+ Di), Na-rich actinolite + diopside (AD) assemblage
(Di+Act +Rht+Cal > Phl) and magnesio-hastingsite + diopside (HD) assemblage (Mhst+Di+Cal > Ab+Phl). The
distinct amphibole species found within the individual assemblages exhibit complex textural relations and crystalli-
zed in several prograde and retrograde stages. The following amphibole species were recognized in the individual
assemblages: RF — (richterite > ferri-winchite > tremolite, edenite), AD — (actinolite > ferri-winchite; richterite > ferri-
-katophorite; magnesio-riebeckite), HD — (magnesio-hastingsite; ferri-winchite, actinolite). They differ especially in
Mg/(Mg+Fe,_ ) ratio and concentrations of F. Diopside contains up to 17 mol. % of the aegirine component and albite is
Fe, Ba-enriched (< 0.69 wt. % BaO and < 0.50 wt. % Fe,O, ). The composition of amphiboles and pyroxenes indicates
the alkaline environment of their formation; unusually high Fe O, contents in albite plagioclase have known counterparts
in alkaline pegmatites and some carbonatite dykes. The following options of potential origin of the carbonatite-like
marble from Blizn4 are discussed: (i) metacarbonates potentially with Na- and Na,Ca-carbonates and sulfate admixture;
(i1) admixture of alkaline volcanodetritic component during carbonate sedimentation; (iii) metamorphosed carbonatites
enclosed in ordinary sedimentary metacarbonate; (iv) Na-rich metasomatites characterized by mineral assemblages with
Na,Fe,F-enriched amphiboles, diopside with high aegirine component and albite. With regard to the observed mineral
assemblages, textures and composition of minerals, we can exclude (i) marine evaporates, whereas the other options (ii),
(iii) and (iv) are, in general, possible. The amphiboles observed in the Blizna carbonatite-like marble are unique within
the Bohemian Massif and distinctly different from amphiboles found in metacarbonates with evaporite component.
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1. Introduction 2007). Alkali-rich amphiboles and pyroxenes from car-

bonatites s.s. were studied in detail in numerous papers

Amphiboles are typical accessory to major rock-forming
minerals in metacarbonates from supracrustal complexes
metamorphosed from greenschist to granulite facies.
Calcic amphiboles (tremolite, actinolite, magnesio-horn-
blende, edenite, pargasite, magnesio-hastingsite) are dom-
inant in metacarbonates of sedimentary origin (e. g., Deer
et al. 1997), whereas sodic-calcic amphiboles (richterite,
winchite) and sodic amphiboles (magnesio-riebeckite,
riebeckite, arfvedsonite) occur along with aegirine-rich
clinopyroxene in specific carbonate lithologies including
a variety of carbonatites s. /. (e.g., Mitchell 2005; Martin

(e.g., Reguir et al. 2012 and references therein; Chudy
2013) whereas amphiboles and pyroxenes from metacar-
bonates enclosed in evident sedimentary lithologies with
geochemical signature distinct from ordinary marbles
have been examined only sporadically (e.g., Houzar 2004;
Houzar et al. 2017), or for special purposes such as re-
search of marble-hosted gem deposits (e.g., Dzikowski et
al. 2014; Garnier et al. 2005, 2008; Feneyrol et al. 2012).

Banded carbonatite-like marble interlayered with domi-
nant ordinary metacarbonates from Blizna, Cesky Krumlov
Varied Unit, Moldanubian Zone, is enriched in elements
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Fig. 1 Schematic geological map of the Blizna surroundings, Cesky Krumlov Unit. Modified from Vrana et al. (2010).

typical for carbonatites (REE, Y, Th, Sr, Nb, Zr, and Mo)
and contains accessory betafite-pyrochlore, uranothorite
and molybdenite along with other accessory minerals
(garbach et al. 1985; Veselovsky et al. 1987; Drabek et al.
1999; Drabek and Stein 2015; Novak et al. 2012; Radkova
2017). We examined textural relations, mineral assemblag-
es and chemical composition of abundant amphibole and
minor pyroxene and olivine from this unique carbonatite-
like marble to reveal their compositional variability and
geochemical signature in relation to ordinary carbonatites
(Reguir et al. 2012 and references therein). A possible
origin of the carbonatite-like marble protolith is discussed.

2. Geological setting

2.1. Lithology of the Cesky Krumlov Varied
Unit

This area is built by medium- to high-grade plagio-
clase—biotite paragneisses with common intercalations
of metacarbonates (marbles to silicate-rich and graphite-

bearing marbles), quartzitic and graphite paragneisses,
calc—silicate rocks and locally of amphibolites and am-
phibole gneisses (Fig. 1). A sedimentary origin of marbles
in an oxidic shallow marine environment is significantly
prevalent and well documented (Cizek et al. 1984; Suk
1974). The rocks belong to the metasedimentary complex
of the Drosendorf Unit (e.g., Zoubek et al. 1988; Jencek
and Vajner 1968; Hogelsberger 1989; Chab et al. 2008;
Vrana et al. 2010; Houzar et al. 2017). Organic matter
and hydrogen sulfide accumulated in local anoxic condi-
tions from lagoons were transformed to graphite layers
(Hladikova et al. 1993; Schrauder et al. 1993). The
Paleozoic age of the Drosendorf Unit is frequently pre-
sumed; however, an early Neoproterozoic protolith age
of 800-900 Ma was inferred for the analogous marbles
of the Drosendorf Unit in Austria, based on their low
87Sr/%6Sr ratios (Frank et al. 1990, 1992).

2.2. Metacarbonates from Blizna

In the abandoned Vaclav graphite mine near Blizna,
Drabek et al. (1999) distinguished three distinct types of
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Fig. 2 Banded carbonatite-like marble, the third level of the Véclav
graphite mine. The dark layers are silicate-rich; note detailed folding
of the rock.

metacarbonates based on their geochemistry, bulk mineral
assemblages, and the isotopic composition of Sr, C and
O: (i) Ordinary marble (OM) similar to other marbles
within the Cesky Krumlov Varied Unit, (ii) carbonatite-
like marble (CLM), and (iii) transitional marble (TM).
The latter two occur as a single continuous stratabound
layer, up to 3—4 m thick, only in the close footwall of the
graphite horizon on the 3™ level of the mine across the
air pit K10 (Fig. 2).

The abundant (i) ordinary calcite to calcite-dolomite
marbles (OM), locally banded, with common silicates
(tremolite, phlogopite, diopside, forsterite, chlorite) and
pyrite, pyrrhotite, and graphite, form large nodular bod-
ies up to 30 m thick (Vrana et al. 2010). Based on their
textural, mineralogical and geochemical characteristics,
they were interpreted as metacarbonates from a shallow
marine environment (Houzar et al. 2017).

Rare (ii) carbonatite-like calcite marbles (CLM) are
texturally heterogeneous and commonly rich in silicates
(amphiboles, phlogopite, diopside, forsterite, antigorite,
talc; Drabek et al. 1999). They are characterized by high-
ly heterogeneous chemical composition with variable but
locally very high concentrations of Mo, Nb, Zr, Th and
REE (Drabek et al. 1999, 2017; Drabek and Stein 2015;
Novak et al. 2012). Sulfide-rich portions with pyrrhotite,
pyrite, molybdenite, chalcopyrite, galenite, and sphalerite
are somewhat randomly distributed. In contrast, locally
common accessory REE-minerals (Th, REE-rich betafite,
uranothorite), fluorapatite, ilmenite with rare columbite
inclusions, and zircon are concentrated in a single layer
(Radkova 2017). Molybdenite dated using Re—Os method
at ~495 Ma records regional amphibolite-facies metamor-
phism (Drabek and Stein 2003).

Rare (iii) calcite to calcite-dolomite marbles with tran-
sitional composition between CLM and OM (transitional
marble; TM) have mineralogy similar to (ii) except that

they contain moderate to low concentrations of Mo, Nb,
Zr and REE only (Drabek et al. 1999). Abundant cal-
cite to calcite-dolomite marbles (OM) from the Cesky
Krumlov Unit, including locality Blizna with tremolite,
forsterite and diopside have been interpreted as metacar-
bonates from a shallow-marine lagoonal environment,
locally with evaporite admixture due to the presence of
Cl-rich scapolite (Kadounova 1987; Kribek 1988; Kiibek
et al. 1997), whereas CLM and TM were suggested to
contain variable quantities of volcanodetritic materials
derived from alkaline volcanism (Drabek et al. 1999,
2017). However, alkaline metabasites or other alkaline
rocks have not been found in the Cerna region. Moreover,
metacarbonate bodies with carbonatite-like geochemical
signature are known from Muckov, the Cesky Krumlov
Unit (Fig. 1), where a single marble sample yielded el-
evated contents of Zr, Nb, U, Th and REE (Houzar and
Novak 2002).

3. Methodology

3.1. Samples

Amphiboles and associated minerals were studied in thin
sections obtained from a large fragment of banded meta-
carbonate collected in the Vaclav graphite mine, Blizna.
The fragment consists of carbonatite-like marble (CLM)
and transitional marble (TM) using the terms proposed by
Drabek et al. (1999). Seven thin sections were prepared
from the fragment (Fig. 3).

3.2. Chemical composition

Minerals of distinct bands in metacarbonate were
analyzed with a Cameca SX100 electron microprobe in
wavelength-dispersive mode at the Joint Laboratory of
Electron Microscopy and Microanalysis of the Depart-
ment of Geological Sciences, Masaryk University, Brno,
Czech Republic. Silicates and carbonates were analyzed
at accelerating voltage of 15 kV, beam current of 10 nA,
and beam diameter 5 pum, using following standards:
Na (albite); K, Al, Si (sanidine); Ca (wollastonite); Sr
(synthetic SrSO,); Ba (synthetic BaSO,); Ti (titanite);
Mg (forsterite); Mn (spessartine); Fe (almandine); Zn
(gahnite); Ni (synthetic Ni,Si0,); Cr (chromite); F (to-
paz); Cl (vanadinite); Sc and V (synthetic ScVO,). Major
elements were measured 10 to 20 s and the minor and
trace elements 40 and 60 s, respectively, on the peak
and a half of the peak time for background counts on
high- and low-energy sides of the peak. Raw data were
converted into concentrations using appropriate X-PHI
matrix corrections (Merlet 1994). All abbreviations of
mineral names are according to Warr (2021).
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Assemblage:

I Rht+Fo

I Na-rich Act+Di
I Mhst+Di

Fig. 3 Large fragment of banded meta-
carbonate; the position of the individual
thin sections is marked.

Tab. 1 Mineral assemblages and amphibole proportions of individual samples. a — major phases of mineral assemblages.

assemblage & sample primary minerals secondary minerals
m|
& P Cal Dol Fo Di Phl Rht  Act Ba-Phl Mhst Ab Mrbk  Fwnc  Tlc Srp Chl
BLC 1 A C A R R A C o R P
RF BLC 2 A C A A Cfo
BLC 4 A R C C A A Fo. Rht
AD BLC 3 A C A A C R Act  (C Di.Rht
BLC 6 A A R C A R P
HD BLC 5 A A R A R C Mbst R
BLC7 A C R A C C Mbst R D

A = abundant, C = common, R = rare; upper index mineral abbreviations with secondary minerals indicate the replaced primary phase.

Tab. 1b — proportions of the amphibole species.

assemblage & sample richterite actinolite magnesio-hastingsite ~ magnesio-riebeckite ferri-winchite
BLC I Rht ~ Ed
RF BLC 2 Rht > Tr > Fwnc, Ed
BLC 4 Rht >> Fwnce
AD BLC 3 Rht Act > Fwnc Mrbk
BLC 6 Rht Act > Fwnc
HD BLC 5 Mhst >> Fktp Fwne>>Act
BLC 7 Mhst >> Fktp Fwne>>Act
4. Results composition of rock-forming minerals (amphiboles,

pyroxene, olivine and phlogopite). Several amphibole
The individual bands differ in grain size, textures and  species (Leake et al. 1997, Hawthorne et al. 2012) were
mainly in mineral contents (Tab. la) and the chemical  identified (Tab. 1b); more details about the chemical
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compositions are given in section 4.2. Detailed study of
thin sections using an optical microscope and BSE im-
ages, as well as results of EMPA, revealed three distinct
mineral assemblages named according to the dominant
primary mineral assemblage — richterite + forsterite as-
semblage (RF), Na-rich actinolite + diopside assemblage
(AD) and magnesio-hastingsite + diopside assemblage
(HD). Due to the heterogeneous compositions of am-
phiboles, we used the name of the dominant amphibole
species in the descriptions of the defined mineral as-
semblages (Tab. la,b).

4.1. Mineral assemblages of the banded
carbonatite-like marble

The richterite+forsterite assemblage (samples BLC 1,
BLC 2, and BLC 4; Fig. 3) occurs in fine- (~0.5 mm) to
medium-grained (~2 mm) marble bands. Their character-
istic overall mineral assemblage is Rht+Fo+Cal > Dol >
Phl+Di. The rock shows parallel layers of Fo+Cal+ Dol
and Rht+Cal+Dol, both usually ~5-10 mm thick, in a

3= i o

carbonate-dominated matrix (see also Tab. 1). The occur-
rence of minor dolomite and common forsterite is distinct
from the other assemblages (Tab. 1). Dolomite mainly
occurs as subhedral grains, often adjacent to silicates
(Fig. 4a,b), or in fine-grained symplectite together with
calcite (Fig. 4b). Microscopic symplectites of Cal+ Dol of-
ten surround richterite (Fig. 4c) and only scarcely enclose
forsterite (Fig. 4d). In sample BLC 4, Fe-rich forsterite was
almost completely replaced by Fe-rich serpentine (Fig. 4d);
serpentinization is not as strong in the Fe-poor forsterite in
samples BLC 1 and BLC 2. Richterite forms equidimen-
sional to long prismatic subhedral grains locally associated
with subhedral equidimensional Fe-rich forsterite. The
textural relationships of the two minerals do not indicate
any apparent replacement features (Fig. 4b). Accessory
minerals include interstitial sulfides (Tab. 2), which are
very common in thin sections BLC 1 and BLC 2. Phlogo-
pite, molybdenite, oxide minerals and barite occur solely
in the thin section BLC 4 (Tab. 2).

The Na-rich actinolite + diopside assemblage (sam-
ples BLC 3, BLC 6) exhibits relatively large grain size

TP
4

~ Dol .

8/ 'Rht”'— ’ :

Fo

Cal & Dol

Fig. 4 BSE images of richterite-forsterite assemblage. a —, b — are taken from the BLC 2 sample. ¢ —, d — from BLC 4 sample. Note the alteration
of forsterite and amphibole by the serpentine and textural equilibrium of forsterite and amphiboles.
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Tab. 2 Assemblages of accessory minerals.

Magnesio-hastingsite is scarcely

replaced by ferri-winchite, ac-

RF AD HD

assemblage &sample g0y prcy B4 BLC3 BLCe  BLCs BLc7  tinolite (Fig. 6b) and locally
betafite x also by serpentine. Subhedral
ilmenite X to anhedral grains of albite are
magnetite X X often adjacent to (Fig. 6d) or
columbite X replaced by prismatic grains of
pyrite X X X X X magnesio-hastingsite. Albite is
pyrrhotite X X X X X also enclosed in calcite; it local-
molybdenite X X X X X ly contains inclusions of zircon
galenite X X X X (Fig. 6e). Ba,Fe-rich phlogo-
chalcopyrite x x x pite is typically enclosed in
native Bi magnesio-hastingsite (Fig. 6a)
apatite. * x and locally replaced by chlorite.
monazite Euhedral flakes of molybdenite,
xenotime up to 7 mm in size, along with
tzlllfcr;f * accessory fluorapatite, urano-
barite N thorite (Fig. 6f) and sulfides, are
celsian common (Tab. 2).

(~2—5 mm), complex textural relations and two distinct
mineral associations distributed rather randomly within
the thin sections. The association Di+Act+Rht+Cal >
Phl is dominant, whereas the association Act+Cal is less
common. Small euhedral to subhedral grains of richterite
are often enclosed in large subhedral grains of pale green
diopside, up to 4 mm in size, and both minerals are in
textural equilibrium (Fig. 5a). However, local replace-
ment of diopside by anhedral to subhedral richterite to
Na-rich actinolite was also observed (Fig. 5b,c). Sub-
hedral grains of Na-rich actinolite that occur separated
from diopside in the association Act+Cal have diffuse
zoning with Fe-enriched, Na-depleted rims, and they are
locally replaced by ferri-winchite (Fig. 5d). Long pris-
matic grains of Na-rich actinolite are locally overgrown
by bluish-black magnesio-riebeckite with strong pleoch-
roism (X = bluish, ¥ = blue, Z = deep blue) also forms
quite a large individual bluish-black acicular crystals
and fibrous aggregates. Locally, magnesio-riebeckite is
associated with talc (Fig. 5¢). Diopside locally exhibits
an irregular patchy Na,Fe-zoning near its replacement
by amphibole (Fig. 5c¢). Phlogopite is locally replaced
by chlorite. The rich assemblage of accessory minerals
includes sulfides, fluorapatite, betafite-pyrochlore, and
uranothorite (Tab. 2, Fig. 5f).

The magnesio-hastingsite + diopside assemblage
(samples BLC 5, BLC 7) is coarse-grained (~3—6 mm)
and the primary mineral assemblage Mhst+ Di+ Cal
> Ab+ Phl is rather variable, diopside may locally
prevail over magnesio-hastingsite; both minerals ex-
hibit moderate pleochroism in green colors. Magnesio-
hastingsite forms elongated subhedral to euhedral
grains (Fig. 6a,b,d) and contains small inclusions
of Ba,Fe-rich phlogopite and molybdenite (Fig. 6a).

4.2. Chemical composition of amphiboles,
pyroxene and associated minerals

4.2.1. Amphiboles

The heterogeneity of the rock is also reflected in the
composition of amphiboles. Different amphibole species
are found in separate layers and within the individual as-
semblages and as single grains. They differ primarily in
Mg/(Mg+Fe_) ratio and concentrations of F, Fe’* and Na.
Representative amphibole analyses are provided in Tab. 3.
To report results, we use the most recent IMA amphibole
supergroup classification and nomenclature (Hawthorne
et al. 2012; Fig. 7a—d); in the discussion, we compare the
results with the earlier classification (Leake et al. 1997)
that uses Si content instead of Fe¥’ +Al+2Ti (Fig. 7e-g).
The richterite + forsterite assemblage is character-
ized by the dominance of Na—Ca amphiboles represented
by richterite and very rare ferri-winchite (Fig. 7, &;
Tab. 3). They are enriched in F = 0.612-0.792 apfu and
the Mg/(Mg+Fe ) ratio is high (0.927-1.000). They are
relatively poor in Al (< 0.389 apfu) and Ti (< 0.039 apfur).
Quite rare tremolite and edenite were identified as the
only Ca-amphiboles. However, their composition with
elevated (Na+K)_ = 0.881-1.211 apfu and F = 0.535—
0.709 apfu is very close to that of Na—Ca amphiboles.
Sodium-calcium amphiboles are also present in the
Na-rich actinolite +diopside assemblage. Richterite to
ferri-katophorite commonly replace diopside and are
compositionally very similar to the richterite from the
RF-assemblage; they differ by slightly higher €(Al+Fe*")
and lower Mg/(Mg+Fe ) ratio of 0.818-0.914 only
(Tab. 3). This association is typically characterized by
clusters of Na-rich actinolite (Ca-amphibole) with diffuse

248



Amphibole and pyroxene in carbonatite-like marbles from Blizna

Fig. 5 BSE images of actinolite-diopside assemblage; a —, e —, f — are from the BLC 3 sample, b —, ¢ —, d — from the BLC 6 sample; note replace-
ment of zoned diopside by actinolite in (¢), zoned amphibole in (d), and magnesio-riebeckite rims around actinolite in (e).

zoning that grades to ferri-winchite (Na—Ca-amphibole)
at crystal rims. The content of F is variable (0.194-0.686
apfu), but generally lower than in richterite. Commonly,
actinolite and ferri-winchite have very contrasting rims
consisting of magnesio-riebeckite, which belongs to Na-
amphiboles. It is the only member of this subgroup in

the studied samples. Compared to the other amphiboles,
magnesio-riebeckite has a dramatically higher content
of BNa reaching up to 1.873 apfu, and significantly high
Fe, =2.580-2.932 apfu. The ratio of Fe’*/(Fe*" +Fe*)
ranges between 0.606 and 0.731. Fluorine concentrations
are typically low < 0.180 apfu.
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Fig. 6 BSE images of hastingsite-diopside assemblage. a —, b —, ¢ —, e —, f — are from BLC 7 sample, d — from BLC 5.

Magnesio-hastingsite + diopside assemblage is
dominated by Ca-amphibole magnesio-hastingsite. The
T-position is substantially occupied by TAl, reach-
ing 1.309-1.497 apfu. The Mg/(Mg+Fe ) ratio and
F contents are relatively low, reaching 0.658-0.694
and 0.385-0.514 apfu, respectively. Diopside and

rarely magnesio-hastingsite are occasionally replaced
by ferri-winchite (Na—Ca-amphibole) and actinolite
(Ca-amphibole). Apart from Al (< 0.465 apfu), subtly
lower Fe_ (0.996-1.640 apfu) and F (0.205-0.411
apfu), they are almost isochemical with magnesio-
hastingsite.
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Tab. 3 Representative chemical analyses of amphiboles.

primary secondary

species Rht Rht Tr Rht Rht  Fktp Act Fwnc Act Mhst Mhst Mhst Mrbk Mrbk Fwne Fwnc
sample/ BLC4/ BLC2/ BLC2/ BLC6/ BLC3/ BLC6/ BLC6/ BLC6/ BLC3/ BLC7/ BLC7/ BLC7/ BLC3/ BLC3/ BLCS/ BLC7/
analysis 86-16 128-16 119-16 35-21 45-21 98-16 23-21 27-21 50-21 69-21 74-21 83-21  47-21 52-21 25-16 79-21
PO, (wt. %) 0.01  0.03  0.00 - - 0.00 - - - - - - - - 0.01 -
Sio, 5594 5484 57.83 53.55 5545 50.55 5624 56.63 56.84 4539 4480 4525 5542 5581 53.83 55.07
TiO, 027 0.16 0.00 028 047 037 0.16 020 0.09 079 024 0.27 0.09 0.10 0.17 0.10
AlLO, 1.16 238 0.02 234 163 449 087 094 0.03 856 949 8388 025 031 270 202
V.0, 0.04 0.00 0.00 - - 0.01 - - - - - - - - 0.03 -
Cr,0, 0.00 0.00 0.00 000 0.00 0.00 000 0.00 0.0 000 0.00 0.01 0.02 0.00 0.00 0.01
MnO 024 0.12 0.10 032 021 028 034 031 030 052 044 040 0.04 0.05 032 027
Fe,0,* 267 089 056 333 375 572 081 224 247 458 723 632 15.08 17.49 5.00 5.70
FeO* 0.17 0.00 0.00 266 170 237 554 441 655 793 621 7.04 892 578 577 8.6l
FeO,, 257 080 050 566 507 752 627 642 877 1206 1271 12.73 2249 21.53 10.26 13.75
MgO 2243 2347 23.64 20.34 21.18 19.00 20.07 19.77 18.82 14.53 14.65 14.77 10.11 10.37 17.29 14.65
NiO 0.01 0.02 0.00 0.12 0.00 0.01 000 0.01 0.01 000 0.07 0.03 0.00 0.10 0.04 0.00
ZnO 0.02 0.00 0.03 0.11 031 0.00 003 0.08 0.0 008 0.01 0.00 0.06 0.18 0.16 0.05
CaO 858 9.68 1046 884 882 938 10.52 9.88 1020 9.65 10.02 9.99 1.09 081 939 17.07
SrO - - - 0.03 0.03 - 0.00  0.00 0.00 0.00 0.00 0.00 0.00  0.03 - 0.03
BaO - - - 0.02  0.01 - 0.00 0.00 0.00 004 0.11 0.09 0.00  0.00 - 0.00
Na,O 441 432 316 454 437 391 3.00 280 252 452 471 422 725 7.10 3.12 412
K,0 076 051 019 079 062 081 013 0.18 0.02 069 0.87 0.83 0.09 0.09 030 0.05
F .71 1.61 124 147 156 130 091 094 078 092 095 0.89 028 029 0.61 045
Cl 0.01 0.03 0.02 000 0.00 0.00 001 0.02 0.02 002 0.02 0.01 0.02 0.00 0.02 0.01
H,0* 134 149 163 143 143 148 171 170 176 1.60 1.61 1.63 194 19 1.83 1.88
Total 99.75 99.53 98.87 100.16 101.52 99.67 100.34 100.09 100.41 99.81 101.44 100.65 100.67 100.48 100.57 100.09
T-site

P (apfu) 0.001 0.004 0.000 - - 0.000 - - - - - - - - 0.001 -
Si 7.790 7.619 8.000 7.565 7.673 7.223 7.873 7911 7.979 6.682 6.510 6.612  8.000 8.000 7.611 7.856
Al 0.190 0.377 0.000 0.389 0.266 0.756 0.127 0.089 0.006 1318 1.490 1.388  0.000 0.000 0.388 0.144
Fe** 0.019 0.000 0.000 0.046 0.060 0.021 0.000 0.000 0.015 0.000 0.000 0.000  0.000 0.000 0.000 0.000
C-site

Ti 0.028 0.017 0.000 0.030 0.049 0.040 0.017 0.021 0.010 0.087 0.027 0.030 0.010 0.011 0.018 0.011
Al 0.000 0.013 0.003 0.000 0.000 0.000 0.016 0.066 0.000 0.167 0.135 0.142  0.043 0.053 0.061 0.196
\Y% 0.004 0.000 0.000 - - 0.001 - - - - - - - - 0.004 -
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.002 0.000 0.000 0.001
Fe** 0.260 0.093 0.058 0.308 0.330 0.594 0.085 0.236 0.245 0.508 0.791 0.695 1.638 1.887 0.532 0.612
Fe** 0.020 0.000 0.000 0315 0.196 0.283 0.649 0.515 0.769 0.976 0.754 0.861 1.077 0.693 0.682 1.028
Mn? 0.031 0.016 0.014 0.063 0.055 0.034 0.045 0.046 0.037 0.073 0.063 0.053  0.012 0.037 0.060 0.038
Mg 4.657 4.861 4.876 4.284 4370 4.048 4.188 4.117 3.939 3.188 3.173 3.218  2.175 2.217 3.644 3.115
B-site

Ca 1.280 1.441 1.551 1337 1.307 1436 1.577 1479 1.534 1522 1.561 1564 0.169 0.124 1423 1.081
Sr - - - 0.003  0.002 - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 - 0.002
Ba - - - 0.001 0.001 - 0.000 0.000 0.000 0.002 0.006 0.005  0.000 0.000 - 0.000
Na 0.720  0.559 0.449 0.659 0.690 0.564 0.423 0.521 0.466 0.475 0.433 0.431 1.831 1.873 0.577 0917
A-site

Na 0.471 0.604 0.398 0.584 0.481 0.518 0.392 0.236 0.218 0.815 0.895 0.766  0.198 0.100 0.278 0.221
K 0.135 0.090 0.034 0.143 0.109 0.147 0.023 0.031 0.003 0.130 0.162 0.154  0.017 0.016 0.054 0.008
W-site

F 0.758 0.713 0.549 0.656 0.684 0.586 0.404 0.420 0.350 0.433 0.441 0415 0.133 0.130 0.277 0.208
OH 1.242 1384 1.505 1344 1316 1.414 1.596 1.580 1.650 1.567 1.559 1.585 1.867 1.870 1.723 1.792

assemblage RF RF RF AD AD AD AD AD AD HD HD HD AD AD HD HD

Calculations are based on the sum of cations in sites T+C = 13 apfu, or Si = 8 apfu; fields marked with a dash were not analyzed; * — calculated
from stoichiometry.
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Fig. 8 Compositional variability of amphiboles. Symbols are the same as in Fig. 7.

4.2.2. Pyroxene and other associated
minerals

The minerals associated with amphiboles — pyroxene,
olivine, phlogopite and albite — also show large com-
positional variations and unusual compositions (Tab. 4;
Fig. 9). Diopside evolves from Na, Fe-poor (0.80 wt. %
FeO_, 0.024 apfu Fe) in the RF-assemblage to Na, Fe-

tot’

&
Fig. 7 Classification diagrams for the individual amphibole assemblages
(a—d after Hawthorne et al. 2012, and e—g after Leake et al. 1997).
a — classification diagram discerning calcium, sodium—calcium, and
sodium amphiboles. b —, e — classification diagrams for calcium amphi-
boles. ¢ —, f — classification diagrams for sodium—calcium amphiboles.
d —, g — classification diagrams for sodium amphiboles. The heavy solid
black line is a two-dimensional section of amphibole composition space,
the thick solid lines show the possible range of amphibole compositions
in the respective subgroup (for details, see Hawthorne et al. 2012). Marf
= magnesio-arfvedsonite.

enriched (8.55-5.37 wt. % FeO,_; 0.268-0.168 apfu
Fe) in the AD-assemblage and Na, Fe-rich (9.53-11.07
FeO,  ; 0.294-0.343 apfu Fe) in the HD-assemblage.
A positive correlation of Fe*" with Na indicates the gen-
eral diopside—aegirine solid solution, with the aegirine
component in diopside reaching up to 17 mol. %. Within
the individual assemblages, the diopside component is
rather stable (Fig. 9a) and the major substitution can be
the best expressed by the (NaFe*")(CaFe*") | vector that
represents hedenbergite—aegirine substitution.

Calcite in all three assemblages (Tab. 5) shows a vari-
able degree of enrichment in MgO (up to 3.49, 0.47, 0.71
wt. %), SrO (up to 0.39, 0.55 and 0.33 wt. %), MnO (up
to 0.55, 0.92, and 0.52 wt. %), BaO (up to 0.33, 0.17, and
0.21 wt. %) and FeO (up to 0.59, 0.58, and 0.67 wt. %
in RF, AD, and HD assemblages, respectively). Dolomite
present in the RF-assemblage also shows elevated SrO
(£0.14 wt. %) and MnO (< 0.57 wt. %) contents.
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Tab. 4 Representative chemical analyses of pyroxene, forsterite, phlogopite and albite.

pyroxene forsterite phlogopite albite
sample/ BLC1/ BLC6/ BLC6/ BLC3/ BLC5/ BLC7/ BLC7/ BLCl/ BLC4/  BLC4/ BLC4/ BLC7/ BLC7/ BLCS/
analysis 14-16 110-16 30-21 44-21 63-16 67-16 92-21  20-16 15-21 1-21 2-21  67-21 81-21  29-16
PO, (wt. %)  0.01 0.02 - - 0.04 0.00 - 0.03 - - - - - 0.00
Sio, 55.88 53.84 54.10 5399 5337 53.73 5257 42.81 39.56 4240 42.09 3734 3744 67.36
TiO, 0.04 0.01 0.03 0.08 0.15 0.01 0.03 0.02 0.00 0.55 0.57 2.59 1.21 -
AlLO, 0.66 0.08 0.00 0.31 1.90 1.16 1.67 0.00 0.00 11.52 11.12 13.52  13.12 19.37
V,0, 0.01 0.03 - - 0.00 0.00 - 0.00 - 0.00 0.01 0.03 0.00 -
Cr,0, 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 - - - - -
Fe,0.* 0.78 2.93 5.95 6.41 7.42 4.83 8.86 0.50
FeO* 0.09 3.42 0.90 2.11 3.63 5.19 2.04
FeO,, 0.80 6.06 6.25 7.88 10.30 9.54 10.02 3.01  13.53 3.78 3.82 1428 12.50 0.45
MgO 1793 1486 1520 13.74 11.30 12.01 11.65 55.02 4483 25.79 25.04 16.16 17.61 -
CaO 2493 2222 2242 22119 1933 19.74 2036 0.03 0.03 0.02 0.09 0.05 0.00 0.27
MnO 0.19 0.43 0.51 0.33 0.33 0.48 0.49 0.57 0.95 0.03 0.03 0.14 0.06 -
NiO 0.00 0.03 0.00 0.05 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.03 0.00 -
ZnO 0.10 0.03 0.06 0.07 0.00 0.11 0.00 0.00 0.26 0.02 0.04 0.00 0.03 -
SrO - - 0.03 0.00 - - 0.02 - 0.00 0.00 0.00 0.00 0.00 -
BaO - - - - - - - - 0.00 0.98 0.93 3.01 5.66 0.35
Na,O 0.56 1.19 1.60 1.98 3.26 2.53 291 0.02 0.00 0.75 0.46 0.40 0.73 11.49
K,0 0.00 0.02 0.00 0.00 0.02 0.01 0.00 0.00 0.01 9.11 9.22 7.93 6.43 0.06
F - - - - - - - 0.11 0.00 2.78 1.42 0.76 1.08 -
Cl - - - - - - - 0.01 0.02 0.01 0.03 0.03 0.06 -
H,0* 2.83 3.40 3.28 3.24
Total 101.19  99.11 100.81 101.27 100.75 99.79 100.60 101.65 99.19  100.56 98.26 99.54 99.17 99.35
P (apfu) 0.000  0.001 - - 0.001  0.000 - 0.001  0.000 - - - - 0.000
Si 1.993  1.999 1974 1973 1967 1.998 1.944 1.004  0.999 3.021  3.049 2.845 2875 2.978
Ti 0.001  0.000 0.001 0.002 0.004 0.000 0.001 0.000  0.000 0.030 0.031 0.148 0.070 -
Al 0.028 0.004 0.000 0.013 0.083 0.051 0.073  0.000 0.000 0.967 0.949 1214 1.187 1.009
\Y% 0.000  0.001 - - 0.000  0.000 - 0.000  0.000 0.000  0.000  0.000 0.000 -
Cr 0.000  0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000  0.002  0.000 -
Fe** 0.021 0.082 0.163 0.176 0206 0.135 0.247 0.037
Fe* 0.003  0.106 0.027 0.064 0.112 0.161 0.063  0.059 0.286 0.225 0.232  0.910 0.803
Mg 0.953 0.822 0.827 0.748 0.621 0.666 0.642 1.923  1.688 2.739 2.704 1.835 2.016 -
Ca 0953 0.884 0.876 0.869 0.763 0.787 0.807  0.001 0.001 0.002  0.007  0.004 0.000 0.013
Mn 0.006 0.013 0.016 0.010 0.010 0.015 0.015 0.011  0.020 0.002  0.002  0.009 0.004 -
Ni 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000  0.001  0.002 0.000 -
Zn 0.003  0.001 0.002 0.002 0.000 0.003 0.000 0.000 0.005 0.001  0.002  0.000 0.002 -
Sr - - 0.001  0.000 - - 0.000  0.000 0.000 0.000  0.000  0.000 0.000 -
Ba - - - - - - - 0.000  0.000 0.027  0.026  0.090 0.170 0.006
Na 0.039 0.086 0.113 0.140 0.233 0.183 0.208  0.001  0.000 0.103  0.064 0.058 0.109 0.985
K 0.000 0.001  0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.828 0.852  0.771  0.630 0.003
F - - - - - - - 0.008  0.000 0.627 0.325 0.184 0.263 -
Cl - - - - - - - 0.000  0.001 0.001  0.003  0.003 0.008 -
OH 1.343  1.641 1.665 1.659
assemblage RF AD AD AD HD HD HD RF RF RF RF HD HD HD

Formulae calculations of pyroxene and forsterite are based on sum of all cations (4 and 3 apfu, respectively), formulae of micas are based on 12
anions. Albite formula is based on 4 anions. Fields marked with a dash were not analyzed; * — calculated from stoichiometry.

Forsterite from the thin sections BLC 1 and BLC 2
is Fe-poor (2.87-3.01 wt. % FeO,; 0.058-0.062 apfu
Fe?") whereas BLC 4 is Fe-enriched (13.34-13.53
wt. %; 0.286-0.282 apfu Fe*"). Phlogopite evolves from

F-rich (0.627-0.325 apfu) and Fe-poor (0.225-0.232
apfu) phlogopite in BLC 4 (RF) to Ba, Fe, Ti-enriched
phlogopite in BLC 7 (HD; Fig. 9b). Albite from the
HD-assemblage is Ca-poor (0.05-0.40 wt. % CaO) and
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K-poor (0.04-0.11 wt. % K,O) but enriched in Ba (<  the transitional composition (e.g., Na-rich actinolite to
0.69 wt. % BaO) and Fe (< 0.50 wt. % Fe,O, ). ferri-winchite) as the bare mineral name would lack the
petrological information.

5. Discussion oy i .
5.2. Substitutions and compositional variations

in amphiboles and associated minerals

5.1. Nomenclature of amphiboles
In general, the composition of amphiboles evolves from

Amphiboles found in the individual assemblages were  tremolite to richterite or from tremolite to magnesio-rie-

classified using the scheme by

Hawthorne et al. (2012) based

on the sum of octahedrally-coor-

dinated trivalent cations and Ti — a)

(Al+Fe* +2Ti). This classifica-

tion differs from the earlier one

in some cases based on the Si

content (Leake et al. 1997). Both

schemes are shown in Fig. 7; the

main differences include:

1) amphibole classified as mag-
nesio-hastingsite falls to the
Fe’*-rich edenite field in Le-
ake's (1997) classification
due to its relatively high Si
(> 6.5 apfu).

2) analyses plotting near the fe-
rri-katophorite—richterite bor-
der of the Hawthorne et al.
(2012) classification, in some
cases fall within the richterite
field (Fe**-rich richterite), ra-
rely in ferri-katophorite field. 100
The examined amphibole as- Di

semblages show the advantage of !

simultaneous use of both schemes

for petrological studies as the dif- 08

ferences help distinguish anoma- b)

lous compositions. Classifica-

tion of the amphiboles found in

Blizna is slightly complicated 0.6 | 1

because their contents of Na at F

the B-site typically fall near the

0.5 apfit BNa boundary (Fig. 7a)

that divides calcic amphiboles

from sodic—calcic amphiboles

(Hawthorne et al. 2012). In some

cases, it is necessary to use ad-

ditional adjectives and indicate 02r ‘.\ i

Clinopyroxene

O Richterite + forsterite
assemblage

A Na-rich actinolite
+ diopside assemblage

© Magnesio-hastingsite
+ diopside assemblage

+ published clinopyroxene
data from carbonatites
(after Reguir et al. 2012)

70 80 90 100

Rct + Fo Act + Di Mhs + Di

Ba, F (apfu)

Fig. 9 Composition of pyroxene and . . .
pllllogopite; abI clinopyroxenz in tEe 0.0 ('., ) ] &Q) . ) .

Blizna assemblages, compared to the :

published data (after Reguir et al. 2012); 0.95 0.90 0.85 0.80 0.75 0.70 0.65
b — composition of phlogopite in the

Blizna assemblages. Mg/(Mg"‘FQ)
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Tab. 5 Representative chemical analyses of carbonates.

calcite dolomite
sample/ BLC2/ BLC4/ BLC3/ BLC7/ BLC4/ BLC2/
analysis 122-16 33-21 55-21 78-21 88-16  130-16
MgO (wt.%)  3.49 1.43 0.47 0.64 18.97 19.51
CaO 51.66 5248 54.11 54.17 30.65  31.22
MnO 0.27 0.50 0.92 0.52 0.57 0.28
FeO 0.15 058 0.58 0.67 1.91 0.37
SrO 0.12 035 0.00 0.33 0.14 0.06
BaO 0.00  0.33 0.17 0.04 0.00 0.00
CO, 44.66 44.18 43.60 44.10 4635 46.23
Total 100.34  99.85 99.85 100.46 98.58  97.67
Mg (apfu) 0.085 0.036 0.012 0.016 0.894  0.922
Ca 0.908 0.943 0.966 0.964 1.038  1.060
Mn 0.004 0.007 0.013 0.007 0.015  0.007
Fe?* 0.002  0.008 0.008 0.009 0.051  0.010
Sr 0.001  0.003 0.000 0.003 0.003  0.001
Ba 0.000  0.000 0.000 0.000 0.000  0.000
C 1.000  1.000 1.000 1.000 2.000  2.000
assemblage RF RF AD HD RF RF

Formula calculations are based on cation sums (1 apfu for calcite,
2 apfu for dolomite).

beckite (Fig. 7a, 8d); this is characterized by the ex-
change of Na for Ca via substitution (*Na®Na) (*0®Ca) ,
or increase of Na,  along with Fe’* content, respectively
(Fig. 8d). The two exchanges are accompanied by ho-
movalent substitutions such as Fe* Mg , F (OH) | and
to a lesser extent, also Fe’* Al | (Fig. 8a—c). The increase
of richterite component is accompanied by the increase
of Mg/(Mg+Fe*) and F contents, whereas the increase
of trivalent cations at the octahedral site is followed by
their decrease (Fig. 8a—c). Most amphiboles are fairly
heterogeneous to estimate compositional trends of in-
dividual generations; however, the amphiboles in the
magnesio-hastingsite + diopside assemblage follow the
substitution (“Na“R*") (*0°R*") | along with Tschermak’s
substitution (“R*TAI*") (“R*"Si) ; both are documented
by the variable “Na, “(Fe**+Al+2Ti), Fe**/(Fe** + Al) and
Si contents (Figs. 7b, c, e, f and 8d).

There is a general increase in Fe contents in am-
phiboles in the RF via the AD to the HD-assemblage,
with an obvious overlap of the latter two assemblages
(Fig. 8a—d). Late magnesio-riebeckite from the AD-
assemblage (BLC 3) shows *Na-, and Fe*-enrichment
towards magnesio-arfvedsonite (Fig. 7d,g). The con-
centrations of F generally decrease with increasing Fe,
from F-rich richterite to F-poor magnesio-riebeckite (Fig.
8b). Well-defined negative correlation Fe/F indicates
a potential Fe/F avoidance in the amphibole structure
(e.g.,Rosenberg and Foit 1977) known in other silicates
(e.g., biotite — Mason 1992); however, lower availability
of F in late fluids facilitating origin of magnesio-riebeck-
ite is more likely due to the absence of F in late-stage

minerals. Concentrations of Na are variable but similar
in all assemblages except for the late Na-rich magnesio-
riebeckite (Fig. 8d). Magnesio-hastingsite from the HD-
assemblage is enriched in Al (Fig. 8a—d).

The amphibole composition (Fig. 10a) partially over-
laps with the carbonatite field defined by Reguir et al.
(2012) and the amphibole composition range from the
Fir carbonatite, Canada (Chudy 2013); however, the
overlap is relatively poor and does not clearly indicate
the relationship of the Blizna carbonatite-like marble to
carbonatites.

Diopside compositions evolve from Al-poor diop-
side in the RF-assemblage to the diopside with up to
17 mol. % of aegirine component in the HD-assemblage
(Tab. 4, Fig. 9a). They generally fall into the carbonatite
field defined by Reguir et al. (2012). However, pyroxenes
of similar composition are not uncommon in alkaline
igneous rocks (e.g., Martin 2007). Calcite in all three
assemblages has elevated concentrations of Mg, Sr, Mn,
Ba and Fe and this enrichment is similar to carbonates
from the Fir carbonatite, British Columbia, Canada
(Chudy 2013). The rock-forming calcite shows elevated
Sr and high Mn abundances (Tab. 5), characteristic
of carbonatites, which are uncommon in sedimentary
carbonates and distinctly higher from ordinary marbles
in the Moldanubian Zone. The latter typically contain
low levels of Sr and Mn not exceeding 100 ppm (e.g.,
Veizer et al. 1992). Yang and Le Bas (2004) suggested
that the Sr and Mn contents of carbonate minerals can be
used to discriminate igneous rocks from metamorphosed
sedimentary carbonates. Ca, K-poor albite enriched in
Ba and Fe from the HD-assemblage is somewhat unique
in its composition; its BaO and Fe,O, contents (< 0.69
wt. % BaO and < 0.50 wt. % Fe,O, ) seem to be the
highest reported in Ca,K-poor albite up to date. Elevated
amounts of Fe O, in plagioclase (0.24 wt. % in albite
Ab, - and up to 0.44 wt. % Fe O, in Ca-rich plagioclase
An__Ab, Or ) were reported from Mont Saint Hilaire al-
kaline pegmatites (Schilling et al. 2011), from Thor Lake
alkaline pegmatite (in albite Ab,; up to 0.20 wt. % Fe =
0.28 wt. % Fe, O, ; De St. Torre and Smith 1988), and
from Bayan Obo carbonatite dykes (0.20 FeO, , = 0.22
wt. % Fe,O,  in Ab, ; Le Bas et al. 1992). The presence
of Fe-enriched plagioclase seems to be significant in
alkaline rocks; however, a systematic study is needed to
make conclusive interpretations.

5.3. Comparison of amphiboles and other
minerals from ordinary metacarbonates of
the Moldanubian Zone (Bohemian Massif)
and banded metacarbonate in Blizna

Amphiboles from the examined carbonatite-like marble
in Blizna differ significantly from amphiboles in ordi-
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00 £ 4+ 4 # +"-'|+ * e - Amphiboles from carbonatites and associated rocks
' L L L L L L — —— after Reguir et al. (2012) and Hogarth (1989)
00 02 04 06 08 10 e Fir carbonatite, Canada (Chudy 2013)

Fig. 10 Comparison of Blizna amphiboles composition to a —, b — the amphiboles from carbonatites (after Reguir et al. 2012; Hogarth 1989; Chu-
dy 2013) and (a—e) to the amphiboles from ordinary marbles in the Bohemian Massif (Houzar 2004; Houzar et al. 2017) and marble hosted-ruby
deposits (Garnier et al. 2005, 2008; Feneyrol et al. 2012; Dzikowski et al. 2014).

nary marbles of the Moldanubian Zone as well as other  Cesky Krumlov unit; Novak 1989; Houzar 2004), where
geological units (for instance Olesnice unit, Velké Vrbno  typically calcic amphiboles (tremolite, edenite, pargasite,
unit, Vraténin unit, Vranov unit and other localities in the ~ magnesio-hornblende) occur (Fig. 10). The major dif-
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ferences in the composition include significantly higher
Na, Fe, and F contents in Blizna (Fig. 10). Only scarcely,
Na-bearing fluor-tremolite (< 0.5 apfie Na_ ) associated
with fluor-uvite in hydrothermal vein cutting marble was
identified in Muckov; it is the only amphibole showing
a slight compositional similarity to amphiboles from the
carbonatite-like marble in Blizna. In the RF-assemblage,
chemical compositions of diopside and forsterite are
comparable to ordinary dolomite marbles except for the
BLC 4 sample, where forsterite is enriched in Fe. How-
ever, the composition of the associated richterite (Tab. 3)
markedly differs from the usual tremolite in ordinary
marbles. Similarly, diopside with high aegirine compo-
nent and Ba-enriched phlogopite from AD- and HD-as-
semblage are distinct from their counterparts described in
ordinary marbles, the latter mainly by its high Fe contents
(cf. Dolezalova et al. 2006; Houzar and Cicha 2016;
Houzar et al. 2017).

5.4. Origin of the Blizna mineral assemblages

The Blizna marble shows mostly plastic deformation
and dynamic recrystallization of carbonates along with
brittle deformation of silicate bands. The calcite +dolo-
mite symplectites observed in Blizna are typical for some
carbonatites (e.g., Chudy 2013; Chakhmouradian et al.
2016a). They are interpreted as an exsolution texture after
a high-temperature carbonate solid solution; the texture
is typically magmatic (Chakhmouradian et al. 2016a).
Chudy (2013) calculated the carbonate solvus tempera-
tures and concluded that they mostly represent regional
peak-metamorphic conditions, but part of the samples
represented the original magmatic crystallization; the
Cal+Dol exsolution texture is a result of retrograde re-
equilibration of the carbonatites.

The observed amphibole parageneses and composi-
tions do not indicate prograde overprint of the potential
magmatic amphibole assemblages; similarly, Reguir et al.
(2012) and Chudy (2013) interpret most amphibole com-
positions in carbonatites as magmatic. In Blizna, euhedral
amphiboles seem to be in equilibrium with forsterite,
diopside or Ba, Fe-rich phlogopite, and their formation is
earlier or coeval with crystallization of oxides (Fig. 5f).
In the HD assemblage, albite formed in disequilibrium
with diopside resulting in reaction Ab+Di = Mhst; ex-
cess of albite allowed the formation of the Mhst+Ab
intergrowths (Fig. 6d). The secondary ferri-katophorite to
richterite forming after diopside and magnesio-riebeckite
overgrowths around Na-rich actinolite and ferri-winchite
require input of Na, F and minor Fe and Na and Fe**
under oxidizing conditions, respectively, probably during
post-magmatic evolution of the rock. On the other hand,
the breakdown of Mhst to ferri-winchite might be related
to retrograde hydration reactions in the marble, similar

to the formation of serpentine and talc at the expense of
Mg-silicates (Fig. 6b).

Formation of late sodic amphibole (magnesio-riebeck-
ite, magnesio-arfvedsonite or ferri-nyboite) is characteris-
tic of carbonatites attributed to autometasomatic overprint
by late-stage alkaline fluids (Hogarth 1989; Chakhmoura-
dian and Zaitsev 2002; Reguir et al. 2012, Chudy 2013);
origin from Na, Fe-rich fluids agrees with the observed
replacement of actinolite by magnesio-riebeckite in the
Blizna carbonatite-like marble (Fig. Se).

5.5. Origin of carbonatite-like marble

We discuss the potential origin of the carbonatite-like
marble from Bliznd based mainly on the chemical
composition of amphiboles and associated minerals,
their compositional trends, and the mineral assemblages
and textural relations of minerals. Accessory minerals
(Tab. 2) are considered, too, although these have not been
studied in detail in this paper. An obvious metamorphic
overprint hampers the evaluation of the potential origin
of carbonatite-like marble. However, we examine several
potential options.

(i) Metacarbonates (potentially with Na- and Na, Ca-
carbonates and sulfate admixture) are a product of sedi-
mentation in a limnic (playa) and/or hypersaline lagoonal
environments with potential production of evaporites.
Accessory sodic, and sodic-calcic amphiboles and
sodic-ferric pyroxenes in these particular sediments may
be of detritic or diagenetic origin (Milton and Eugster
1959; Fortey and Michie 1978; Mange-Rajetzky 1981;
Behr et al. 1983; Decarreau et al. 2004). Metamorphic
amphiboles that reflect the input of evaporite component
(commonly associated with scapolite) are known from
marble-hosted ruby and tsavorite deposits (e.g., Garnier
et al. 2005, 2008; Feneyrol et al. 2012; Dzikowski et al.
2014). However, a total absence of CI and/or B in the
assemblage (e.g., marialite and tourmaline described
from other marbles within the Cesky Krumlov Unit and
elsewhere in the Bohemian Massif; e.g., Kadounova
1987; Kiibek 1988; Kiibek et al. 1997; Bacik et al. 2012;
Krmicek et al. 2021) does not support the hypothesis
for marine evaporite source. Moreover, marbles with
significant evaporite component typically contain am-
phiboles with tremolite—pargasite or tremolite—edenite
solid solution with variable #3(Na+K) < 1 apfis, elevated
Al (Fig. 10d), variable F and locally high K,O contents
(Fig. 10b), and commonly very low Fe /(Mg+Fe ) and
Fe¥/°R3* (Fig. 10c,e). These amphibole compositions
are distinctly different from magnesio-riebeckite and the
early amphiboles from Blizna that represent primarily
actinolite—richterite solid solution (Fig. 7, 10d).

(i1) Admixture of volcanodetritic component (basic
tuffs, tuffites or mixed sediments) during carbonate
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sedimentation (Kadounova 1987; Hladikova et al. 1993;
Drabek and Stein 2015; Drabek et al. 2017) is an addi-
tional option. Tholeitic amphibolites are relatively com-
mon in the Cesky Krumlov Unit; however, alkaline rocks
such as metabasites which would represent a source of
some components (Na, Ba, Fe, F) in the marble have not
been found in the Cerna region (Patocka 1991; Janousek
et al. 2008). Nevertheless, their potential presence in
this region cannot be discounted. Besides the presence
of Na, Fe-rich silicate assemblages, this option does not
explain the presence of Nb-oxides (Drabek et al. 2017)
nor the anomalous composition of carbonates.

(iil) Metamorphosed carbonatites enclosed in ordinary
sedimentary metacarbonate show distinct geochemical
signatures (Drabek et al. 1999; Novak et al. 2012), and
are characterized by the occurrence of Na, Fe, F-enriched
amphiboles, Sr, Mn-enriched carbonates (Tucker and
Wright 1990; Veizer et al., 1992; Yang and Le Bas 2004;
Cheng et al. 2010; Chakhmouradian et al. 2016b), and
diopside with elevated aegirine component (Reguir et
al. 2012). The Blizna occurrence shows a remarkable
similarity with the Fir carbonatite, British Columbia
(Chudy 2013), representing a suite of dolomite- and
calcite-dominated carbonatites with variable contents
of silicates, apatite and sulfides, and fenitized mafic
country rocks, metamorphosed under amphibolite-facies
conditions. Both localities feature Sr, Mn-enriched
Fe, Mg-bearing calcite, amphiboles ranging from Na-
rich actinolite—edenite and magnesio-hastingsite through
richterite-winchite—katophorite to magnesio-riebeckite
(-magnesio-arfvedsonite—nybdite), as well as the clino-
pyroxene—albite assemblage (retrograde, formed at the
expense of magnesio-hastingsite in the Fir carbonatite).

The Blizna amphiboles are similar to those from car-
bonatites in their high Na and elevated Fe contents but
differ in lower Al abundances. In carbonatites, assimila-
tion of crustal material is regarded as a possible source of
Al (e.g., Chakhmouradian and Zaitsev 2002); its limited
presence in Blizna may therefore indicate the relatively
pristine composition of the examined small part of the
metacarbonate sequence.

(iv) Sodium-rich metasomatites characterized by
mineral assemblages with Na, Fe, F-enriched amphiboles,
diopside with high aegirine component and albite (e.g.,
Albino 1995; Potts 2000; Shi et al. 2003; Yiming and
Daxin 2005; Tsikos and Moore 2005; Hogarth 2016) are
another potential option. Drabek and Stein (2015) claim
that there is no textural or other geological evidence for
the input of fluids from the host rocks; the role of external
fluids needs to be assessed by the petrographic study of
carbonates. We observed hydrothermal overprint in thin
sections (e.g., Fig. 5b—e, 6a—c), but the fluids were not
particularly rich in F and their Fe content increases with
the decrease of F (Fig. 10c).

6. Conclusions

Three distinct mineral assemblages were recognized in
carbonatite-like marble from Blizna — richterite + forster-
ite assemblage (Rht+Fo+Cal > Dol > Phl+ Di), Na-rich
actinolite + diopside assemblage (Di+Act+Rht+Cal >
Phl) and magnesio-hastingsite + diopside assemblage
(Mhst+Di+Cal > Ab+Phl). The following amphibole
species were recognized in the individual assemblages:
RF — (richterite > ferri-winchite > tremolite, edenite), AD
— (actinolite > ferri-winchite; richterite > ferri-katopho-
rite; magnesio-riebeckite), HD — (magnesio-hastingsite)
using the scheme of Hawthorne et al. (2012).

The individual mineral assemblages differ especially
in Mg/(Mg+ Fe™) ratio and F concentrations. Diop-
side contains up to 17 mol. % of the aegirine compo-
nent and albite is Fe, Ba-enriched. The compositional
ranges of amphibole and diopside are very similar to
carbonatites s./. and suggest highly alkaline conditions
typical for carbonatites.The following possible origin
of the carbonatite-like marble from Blizna are ex-
amined: (i) metacarbonates potentially with Na- and
Na, Ca-carbonates and sulfate admixture; (ii) admix-
ture of volcanodetritic component during carbonate
sedimentation; (iii) metamorphosed carbonatites (or their
dykes) enclosed in ordinary sedimentary metacarbonate;
(iv) Na-rich metasomatites characterized by mineral as-
semblages with Na, Fe, F-enriched amphiboles, diopside
with high aegirine component and albite. We can exclude
(1) marine evaporates rich in CI or B because amphibole
assemblages are free of Cl and B, whereas the other op-
tions (ii), (iii) and (iv) are, in general, possible.

The amphiboles observed in the Blizna carbonatite-
like marble are unique within the Bohemian Massif and
distinctly different from amphiboles found in metacarbon-
ates with evaporite component (Fig. 10a—e). A thorough
study of the whole mineral assemblage, including iso-
topic studies, is required to reveal the original protolith
of the rock and assess the metamorphic changes in the
marble body.
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