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New data are obtained for minerals from metasomatic rocks of the orogenetic zone related to the
“Mixed series” metamorphic complex situated in the Pelagonian massif near the Nezilovo village, about
40 km SW of Veles, Republic of Macedonia. A specific feature of these rocks is the concentration of
chalcophile elements (S, As, Sh, Zn, Pb) mainly in the form of oxides and oxysalts, whereas sulfides and
sulfosalts are present only in trace amounts. Rock-forming and accessory minerals have been character-
ized by electron microscopy, electron microprobe analyses and in part by X-ray diffraction and IR spec-
troscopic data. Some of described minerals (Sb-rich analogue of zincohdgbomite-2N6S, hydroxyplum-
bobetafite, Fe**-analogue of coronadite) are potentially new mineral species. Some genetic aspects of the
formation of oxidized As-Sbh-Zn-Pb-rich rocks are discussed.
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ACOIIMJALIINJA HA MUHEPAJIA O] XAJIKO®UJIHU EJIEMEHTH
TO COAPXKAT KUCJIOPOJ BO OPOI'EHETCKATA 30HA Ol KOMILJIEKCOT
“MEINAHU CEPUN” BJIN3Y HEKHUJIOBO, PEIIYBJIMKA MAKE/IOHUJA

JloOueHu ce HOBM MOJATOLM 38 MHHEPAINTE BO METACOMATCKUTE Kaplli Ha OPOreHEeTCKaTa 30Ha OJ1
MeTaMOP(HHUOT KOMIUIEKC ,,MelllaHa cepuja’” BO IEIaroHUCKUOT MacuB Oiun3y cenoto HexuioBo, okoiy
40 kM jyroszanajaHo ox Benec, Penyomika Makenonuja. CnennduyHa KapakTepUCTHKA Ha OBHE KapIu €
KOHIIEHTpaIfjaTa Ha Xankopuianute eixementH (S, As, Sh, Zn, Pb), xou ce jaByBaaT riaBHO BO (hopma Ha
OKCHIM M OKCHCOJIH, JojeKa cyiaduaure u cyndpocoaute ce NpUCYyTHH caMo BO Tparu. MuHepanuTe oJ
Kou ce (popMHpaHM KapluTe W NPHAPYKHUTE MHUHEPAIH Ce KapaKTepH3UPaHH CO MOMOII Ha EIEeKTPOHCKA
MHKPOCKOIIHja, PEHJreHCKa MHUKpOaHann3a W AEIyMHO CO pEeHAreHCKa audpaknuja U co MHppanpBeHa
criektpockonuja. Hekon o onwuimanute MunHepanu (36oraren co Sb awmamor Ha ruHKoxor6omur-2N6S,
Xuapokcuinymboberadur, Fe**-ananor Ha KOPOHAINT) Ce MOTEHIMjaTHO HOBH MHHEPATHH MPHMEPOLIH.
JIMCKyTHpaHU Ce HEKOM TeHETCKU acTieKTH Ha hopMHpare OKCHIMpPaHH Kapmu 30orateHu co As-Sb-Zn-Pb.

Kutyunu 300poBu: Xanko(QUITHE eeMEHTH; MUHEpaIIH; ,,Melana cepuja’’; Hexunoso;,
[IEJIATOHUCKHA MaCUB

* Dedicated to Academician Gligor Jovanovski on the occasion of his 70™ birthday.
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1. INTRODUCTION

The famous “Mixed series” metamorphic
complex situated in the Pelagonian massif near the
Nezilovo village, about 40 km SW of Veles, Re-
public of Macedonia, is a metamorphosed volcano-
sedimentary formation composed mainly of albite
augen gneisses and meta-rhyolites around which
there are lenses of dolomitic marbles metasomati-
cally replaced by very unusual and complex mineral
assemblages [1, 2]. In the footwall of the mentioned
dolomitic marbles and barite schists at the Kalugeri
Hill, peculiar quartz-cymrite and cymrite-quartz
schists are outcropped [3, 4]. Along with cymrite,
these rocks contain other Ba-bearing silicates (hyal-
ophane and sanbornite) as accessories.

The metasomatic rocks forming exo-contact
aureoles around the high alkaline body of the meta-
rhyolites are characterized by variable contents of the
main rock-forming minerals (barite, dolomite, quartz,
Zn-rich phlogopite, Zn-bearing aegirine-augite, Zn-
rich alkaline amphiboles, spessartine, hematite, etc.).
Specific accessory minerals belonging to this assem-
blage are gahnite, franklinite, nezilovite, Zn-bearing
braunite, zincohégbomite and its Sbh-rich variety (or
analogue), Zn-rich rinmanite, tilasite, hedyphane,
epidote-(Pb), piemontite-(Pb), etc. [3-17]. Nezilovo
is the type locality of nezilovite, piemontite-(Pb) and
zincohdgbomite-2N6S.

The mineral associations of these metaso-
matic rocks are very complex. This shows crystal-
lization within a wide temperature range, starting
from the pneumatolytic to the lowest-temperature
hydrothermal stages, at high Eh values. One of the
most interesting specific features of these metaso-
matic rocks is the high concentration of several
typical chalcophile elements (S, As, Sh, Zn, Pb)
forming mainly oxygen-bearing minerals (oxides
and oxysalts) among which barite is the major con-
centrator of sulfur. Sulfide minerals (sphalerite,
galena, pyrite and chalcocite) are present there on-
ly in trace amounts. Additionally, metacinnabar
was detected as a very rare accessory mineral in
the fine-grained quartz-barite schists.

In this paper we present new mineralogical
data for metasomatic rocks from the orogenetic
zone related to the “Mixed series” of Nezilovo.

2. ANALYTICAL TECHNIQUES

The EDS-mode electron microprobe ana-
lyses, including imaging of the objects in the sec-
ondary and backscattered electron (BSE) modes
and X-ray microanalysis were performed with two
analytical suites, (1) a digital scanning electron

microscope Tescan VEGA-II XMU with energy-
dispersive spectrometer (EDS) INCA Energy 450,
and (2) a digital scanning electron microscope
CamScan MV2300 (VEGA TS 5130MM) with
EDS INCA Energy 350. Both electron micro-
scopes are equipped by detectors of secondary and
back-scattered electrons on YAG plus an energy-
dispersive X-ray microanalyzer with a semi-
conducting Link INCA Energy Si (Li) detector. In
both cases calculations of results of the X-ray mi-
croanalysis were carried out by means of a INCA
Energy 300 software package. The analyses were
carried out at an accelerating voltage of 20 kV.
Current of absorbed electrons on a reference sam-
ple of cobalt was 510-520 pA, and on the studied
polished samples ranged from 150 to 400 pA (de-
pending on a micro-relief, structure and composi-
tion of samples). The size of an electron beam on
the sample surface varied in the range 157-180 nm
in the analytical mode and up to 60 nm in the
scanning mode. The excitation zone reached 4-5
um. The sample-to-detector distance was 25 mm.
BSE imaging was carried out with magnifications
from 10 to 2500.

For powder IR absorption spectroscopy,
hand-picked grains were grounded in an agate mor-
tar, mixed with anhydrous KBr, pelletized, and ana-
lyzed using ALPHA FTIR spectrometer (Bruker
Optics) in the range of wavenumbers from 360 to
3800 cm™, with the resolution of 4 cm™ and the
number of scans of 16. The IR spectrum of a pure
KBr disk was subtracted from the overall spectrum.

Powder X-ray diffraction studies of minerals
were carried out on a Stoe IPDS Il single-crystal
diffractometer equipped with an image plate
detector using the Gandolfi method (MoKa
radiation) and on a Rigaku Miniflex Il powder
diffractometer (CuKa radiation).

3. MINERALS

3.1. Silicates

The main rock-forming silicate minerals in
metasomatites of the Nezilovo orogenetic zone are
amphiboles and trioctahedral mica (phlogopite).
Their specific feature is an unusually high content
of zinc (up to ~10 wt.% ZnO in amphiboles and up
to ~8 wt.% ZnO in micas).

Zn-rich richterite and amphiboles belong-
ing to the magnesioriebeckite-richterite solid-
solution series form yellow, brown or blue-green
anhedral grains and split prismatic crystals, as well
as their random aggregates embedded in a meta-
somatic rock (Fig. 1). These minerals crystallized as
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Table 1
Representative compositional data for Zn-bearing rock-forming silicate minerals
from the Nezilovo orogenetic zone
Mineral — w:gg;z;g w:ggfi;; ! Richterite Phlogopite Phlogopite® Azggi'tr;e' Spessartine
Constituent Wt.%
1 2 3 4 5 6 7
Na,O 7.38 6.95 7.13 bdl bdl 7.70 bdl
K,0 bdI? bdl bdl 10.72 10.12 bdl bdl
CaO 2.37 1.10 3.40 bdl bdl 1.61 6.41
MgO 13.45 11.51 12.07 22.15 21.03 11.36 0.44
MnO 0.40 bdl 1.92 1.81 1.79 bdl 33.29
FeO® - - 8.67 1.54 1.06 bdl 4.08
Zn0O 471 7.70 9.34 4.94 7.30 8.03 0.63
Al,O4 4.70 4.02 1.65 12.27 12.05 2.01 18.82
Fe,03° 10.92 10.92 - bdl bdl 13.62 -
TiO, bdl bdl bdl bdl 0.47 bdl bdl
SiO, 54.29 55.98 54.71 41.80 39.81 55.12 36.46
F bdl bdl bdl 1.62 1.81 bdl bdl
-O=F, - — — —0.68 -0.76 - -
Total 98.22 98.18 98.89 96.17 95.45 99.45 100.13
Formula coefficients

Na 2.02 2.01 1.99 — - 0.56 -
K - - - 1.00 0.96 - -
Ca 0.36 0.17 0.52 - - 0.06 0.56
Mg 2.83 2.43 2.59 241 2.33 0.63 0.05
Mn - - 0.23 0.11 0.11 - 2.29
Fe?* - - 1.03 0.10 0.07 - 0.28
Zn 0.50 0.80 0.99 0.27 0.40 0.22 0.04
Al 0.79 0.61 0.28 1.06 1.06 0.09 1.81
Fe® 1.16 1.23 - - - 0.38 -
Ti - - - - 0.03 - -
Si 7.68 7.93 7.87 3.05 2.96 2.06 2.97
F — — — 0.37 0.42 - -

Basis of 13 cations 13 cations 13 cations 7 cations ex- 7 cations _ _

- except Na except Na and except Na 4 cations 8 cations
calculation cept K except K
and Ca Ca and Ca

Note: *Additionally this sample contains 0.77 wt.% CuO corresponding to 0.04 apfu Cu.
?Here and thereafter the mark “bd]” means that the content of corresponding component is below its detection limit.

*The valency of Fe is accepted according to theoretical formulae (except aegirine-augite that contains both Fe®* and Fe

a result of a high temperature postmagmatic pro-
cess, after the crystallization of gahnite, franklinite,
and Zn-rich pyroxenes. Typical chemical composi-
tions of the amphiboles are given in Table 1 (anal-
yses 1 to 3).

A typical IR spectrum of Zn-rich magnesiorie-
beckite (Fig. 2) is similar to that of Zn-free ma-
gnesioriebeckite [18], but is characterized by relative-
ly broad and poor-resolved bands which indicates a
disordered distribution of cations over structural sites.
The bands at 3651 and 3639 cm ™ correspond to OH
groups in different coordinations (presumably,
MgMgMg and MgMgZn respectively).

Zn-rich amphiboles are rare, but not unique.
In particular, magnesioriebeckite with ZnO up to
7.8 wt.%, tremolite with ZnO up to 4.3 wt.%, ac-
tinolite with ZnO up to 9.0 wt.% and Mn-analogue
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of cummingtonite with ZnO up to 10.8 wt.% have
been identified in Zn-enriched metasomatic rocks
from Franklin, New Jersey, USA [19]; arfvedsonite
from alkali granite of the Puklen complex, Green-
land, contains up to 4.7 wt.% ZnO [20].

Zn-bearing phlogopite (Table 1, analyses 4
and 5) typically occurs as brown split tabular
grains. The content of ZnO is no more than 8
wt.%; Zn-dominant trioctahedral mica (hendrick-
site) was not found in metasomatic rocks investi-
gated in this work.

Zn-rich pyroxene is present as corroded
acicular crystals in carbonatized zones as relics of
the earliest metasomatic stages [10]. Associated
minerals are Sb-rich zincohdgbomite, Sb-bearing
franklinite, Zn-rich richterite, Zn-rich phlogopite,
as well as typical hydrothermal minerals (dolomite,
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quartz, albite, barite, tilasite, etc.). The composi-
tion of Zn-rich pyroxene corresponds to aegirine-
augite (Table 1, analysis 6).

Garnet, unlike aegirine-augite, amphiboles
and phlogopite, has a rather low capacity to con-
centrate Zn. As a rule, the contents of ZnO in spes-
sartine from the association with Zn-bearing oxide
minerals (gahnite, zincohogbomite, almeidaite) is
below 1 wt.% (see analysis 7 in Table 1).

The members of the isomorphous series
piemontite-(Pb) — epidote-(Pb) and piemontite-
(Pb) — Pb-bearing piemontite are the main sili-
cates concentrating lead in the Nezilovo orogenetic
zone. These minerals were described by us in de-
tail earlier [16, 17].

100 um
Fig. 1. Aggregates of Sb-bearing zincohdgbomite (1),
Zn-bearing amphibole (2), barite (3)
and hematite (4). Polished section. BSE image.

Absorbance

0.0 . , . : . ,
1000 2000 3000
Wavenumber, cm-!

Fig. 2. IR spectrum of Zn-rich magnesioriebeckite.

3.2. Oxides

Oxides are the most abundant and the most
diverse accessory minerals in rocks of the Nezilo-
VO orogenetic zone and significant concentrators of

chalcophile elements, mainly Pb, Zn and Sh. Most
of them belong to the hogbomite, crichtonite, spi-
nel and hausmannite groups and to the pyrochlore
supergroup. In some associations nezilovite plays
an important role as a concentrator of Pb and Zn.
Dolomite associated to nezilovite (Fig. 3) is de-
pleted in Zn (the content of ZnO is below 1 wt.%).
Braunite is present as an accessory component in
the dolomite-nezilovite-phlogopite rock (Fig. 1)
contains zinc and copper. A typical composition of
braunite from this association is (wt.%): CaO 0.78,
MgO 1.05, MnO 5.77, ZnO 2.25, CuO 1.62, Al,0;
079, Mn203 6754, Fe203 1164, SlOZ 1037, total
101.81 (the Mn*" : Mn®* ratio is calculated by stoi-
chiometry); the empirical formula is (Mn2+0,47Zn0_16
Mgo.15CUo.12Cag.08) (M N*s0a Fe3+0_87AI0,09)Si1_02012.

Representative analyses of other accessory
oxide minerals from metasomatic rocks of the
Nezilovo orogenetic zone are given in Tables 2 to
4. Specific features of the majority of these miner-
als are high contents of Zn and/or Sb. In particular,
Sb is the main high-valency charge-balancing
component in some samples of zincohdgbomite-
2N6S (analyses 2 and 3 in Table 2; Fig. 1), unlike
initially described Sb-, Ti- and Fe-deficient sample
from the same locality [15, 21]. Sb-rich zinco-
hogbomite was found in the Nezilovo area by
Jancev (2003). It is the first Sh-rich representative
of the hogbomite, nigerite and taaffeite groups in-
cluding complex oxide minerals with structures
consisting of alternating the spinel-type and the
nolanite-type modules [21].

Rinmanite was first described as a mineral
from the Garpenberg Norra Zn-Pb mine, He-
demora, Dalarna, Sweden, with the idealized for-
mula Zn,Sh,(Mg,Fe;)O01,(OH), and hexagonal unit
cell (a = 5.9889(4), ¢ = 9.353(1), space group
P6;mc [22]). Rinmanite from Nezilovo (analysis 7
in Table 2) differs from type rinmanite in low con-
tent of Mg and high content of Zn. Taking into ac-
count that Mg does not prevail in any structure
sites of rinmanite (and, consequently, Mg is not a
species-defining component in this mineral), the
samples from NeZzilovo represent a new chemical
variety of rinmanite.

Almeidaite was discovered recently as a
new mineral from Novo Horizonte, Bahia, Brazil
[23, 24]. Samples from Nezilovo (analyses 1 and 2
in Table 3) represent the second find of this rare
mineral belonging to the crichtonite group. In met-
asomatic rocks of the “Mixed series” complex al-
meidaite occurs in association with spessartine and
zincohogbomite and forms anhedral grains at the
contact of hematite with quartz (Fig. 4).
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The association of oxygen-bearing minerals of chalcophile elements in the orogenetic zone... 119

Table 2

Representative compositional data for accessory oxide minerals from the NeZilovo orogenetic zone
belonging to the hdgbomite, spinel and hausmannite groups, as well as rinmanite

Zincohdg- Zincohog- Zincohdg-

Mineral —» bomite- bomite- bomite- Franl; I{mte Gahnite Hetaerolite Rinmanite
2N6S 2N6S 2N6S @)
Constituent Wt.%
1 2 3 4 5 6 7
MgO 0.50 bdl 0.78 bdl bdl bdl 2.74
MnO 0.31 bdl bdl bdl bdl - 0.58
Zn0O 40.07 40.45 35.31 36.78 44.58 32.12 27.37
Al,O4 44.46 43.38 43.56 5.13 53.39 3.31
Mn,Os - - - - - 64.95 -
Fe,O, 10.16 10.59 10.88 51.77 2.26 3.59 30.71
TiO, 2.39 1.30 1.05 1.49 bdl bdl bdl
Sh,05 2.65 437 7.32 4.65 bdl bdl 35.32
Total 100.54 100.09 98.90 99.82 100.23 100.66 100.03
Formula coefficients
Mg 0.18 — 0.30 — — — 0.63
Mn? 0.06 - - - - - 0.08
Zn 7.28 7.50 6.64 1.09 1.01 0.94 3.12
Al 12.91 12.80 13.07 0.24 1.94 0.61
Mn%* - - - - - 1.95 -
Fe¥ 1.88 2.00 2.08 1.56 0.05 0.11 3.56
Ti 0.45 0.25 0.21 0.05 - - -
Sh* 0.24 0.45 0.70 0.04 - - 2.02
czizlfaggn 23 cations 23 cations 23 cations 3 cations 3 cations 3 cations 10 cations

Note: *Possibly this mineral is the Fe>*-analogue of zincohdgbomite.

Table 3

Representative compositional data for accessory crichtonite group minerals and nezilovite
from the NezZilovo orogenetic zone

Mn-deficient ana-

Mineral — Almeidaite Almeidaite’ logue of almeidaite Nezilovite  Nezilovite
Constituent Wt.%
1 2 3 4 5
CaO - 0.24 — 0.38 -
PbO 11.70 11.55 11.86 18.53 19.71
uo, 1.32 1.56 — — -
MnO 2.43 2.52 1.27 16.42 14.09
Zn0O 7.40 7.87 8.23 14.67 13.99
AlL,O, - 0.28 - 6.69 5.83
Fe,04 23.69 22.10 23.32 37.65 39.87
TiO, 49.86 48.42 49.50 4.24 3.75
Zr0, 0.68 0.89 1.73 - -
Sh,05 2.55 3.20 3.85 0.28 2.06
Total 99.63 98.63 99.76 98.86 99.30
Formula coefficients
Ca - 0.09 - 0.08 -
Pb 1.03 1.03 1.04 0.93 1.01
u* 0.09 0.11 - - -
Mn?* 0.68 0.72 0.35 2.60 2.28
Zn 1.78 1.94 1.98 2.02 1.97
Al — 0.11 — 1.47 1.31
Fe** 5.83 5.55 5.74 5.29 5.73
Ti 12.27 12.16 12.18 0.59 0.54
Zr 0.10 0.15 0.29 - -
Sh** 0.34 0.39 0.46 0.02 0.15
Basis of 21 cations 21 cations 21 cations

calculation  exceptPband U except Pb, Caand U except Pb 13 cations 13 cations
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Besides almeidaite s.s., its Mn-deficient ana-
logue (or an analogue of senaite with Fe?* substitut-
ing Mn?*) has been found in association with hy-
droxyplumboroméite, zincohdgbomite-2N6S, gah-
nite, hematite, barite, quartz, Zn-rich phlogopite
and amphiboles (analysis 3 in Table 3).

| A | \\[\|\\[\
2 mm 200 pm

Fig. 4. Association of spessartine (1), hematite (2, 3),
almeidaite (4, 5), quartz (6) and zincohégbomite (7-10).
Polished section. BSE image.

Fig. 3. Nezilovite (white lamellae), Zn-bearing phlogopite
(light gray lamellae) and Zn,Cu-bearing braunite (small white
grains) in dolomite aggregate. Polished section. BSE image.

Table 4

Representative compositional data for accessory pyrochlore-supergroup minerals
from the Nezilovo orogenetic zone

Mineral >  Hydroxyplumbo-  Hydroxyplumbo- Hydroxyplumbo- Fluorcalcio-  Fluorcalcio-

betafite roméite roméite roméite roméite
Constituent Wt.%
1 2 3 4 5
Na,O bdl bdl bdl 1.76 5.30
Ca0 3.82 3.88 7.17 13.11 17.10
PbO 59.01 56.41 45.09 22.19 bdl
Fe,O5 bdl 0.90 bdl bdl 1.53
TiO, 14.55 12.03 11.54 12.20 bdl
Sh,O5 22.93 25.40 34.89 47.55 75.43
F bdl bdl bdl 2.30 3.52
-0O=F, - - - -0.97 -1.48
Total 100.31 100.57 98.67 100.77 101.40
Formula coefficients
Na - - - 0.25 0.70
Ca 0.42 0.43 0.71 1.05 1.25
Pb 1.63 1.59 1.12 0.44 —
Fe¥* - 0.07 - - 0.08
Ti 1.13 0.94 0.80 0.68 -
Sh** 0.87 0.99 1.20 1.32 1.92
F - - - 0.54 0.76
Basis of 2 cations 2 cations 2 cations 2 cations 2 cations
calculation Sh+Ti Sh+Ti+Fe** Sh+Ti Sh+Ti Sh+Fe**

Note: ‘Additionally this sample contains 2.63 wt.% Ce,Oj; corresponding to 0.07 apfu Ce.

Maced. J. Chem. Chem. Eng. 34 (1), 115-124 (2015)
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Accessory pyrochlore-supergroup minerals
(members of the roméite and, more rarely, the beta-
fite groups) are very diverse in metasomatic rocks
of the “Mixed series” complex (Table 4). They form
yellow to brown-yellow octahedral crystals up to
0.1 mm and their aggregates. Compositional inho-
mogeneity is often observed within a single crystal,
as zones more or less enriched in Pb, Sh, Na and F
(Figs. 5, 6). Both inner and outer zones can be en-
riched in chalcophile elements: Pb and Sh.

50 um

Fig. 5. Pb-poor (1) and Pb-rich (2) fluororoméite forming
zones in a crystal embedded in the aggregate of Zn-bearing
amphibole. Polished section. BSE image.

20 um

Fig. 6. Intergrowth of hydroxyplumbobetafite (1),
fluororoméite (2) and hematite (3) in barite. Polished section.
BSE image.
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Hydroxyplumbobetafite (Fig. 6, analysis 1
in Table 4) is not approved by the Commission on
New Minerals Nomenclature and Classification of
the International Mineralogical Assosiation. More-
over, this mineral is not listed among pyrochlore-
supergroup species for which analytical evidence is
deemed adequate [25]. Consequently, hydroxy-
plumbobetafite is a potentially new mineral species
that needs further investigations.

Hogbomite-group minerals are widespread
in metasomatic rocks of the NeZilovo orogenetic
zone [26]. They are characterized by very high
contents of Zn and variable contents of Sh. Both
Sb-rich and Sb-poor zincohégbomite-2N6S form
yellow imperfect platy crystals (usually up to
0.1x0.3x0.3 mm) in association with hydroxy-
plumboroméite, crichtonite-group minerals, gahn-
ite, hematite, barite, quartz, Zn-rich phlogopite and
amphiboles. Usually crystals of zincohdgbomite-
2N6S are split to form aggregates of lamellar
blocks sub-coplanar to the ab plane and resembling
open book in a cross section. The mineral was de-
termined by us as zincohdgbomite-2N6S, but not as
any other zincohdgbomite species based on both
electron probe and powder X-ray diffraction data
(Table 5).

Table 5

Powder X-ray diffraction data of Sb-rich
zincohasgbomite-2N6S from Nezilovo.

Iobs dobs (A) hkI*

2 4.77 102
1 4.34 104
5 2.969 1.0.10

32 2.871 110
15 2.776 1.0.11

1 2.640 1.0.12

15 2472 201

100 2451 202, 118, 203

5 2.406 204

1 2321 1.0.14

3 2.306 206

3 2.052 2.0.10

2 1.981 2.0.11

4 1.863 211, 212,0.0.20

4 1.672 2.1.10

10 1.659 1.021

6 1.645 300, 2.1.11, 2.0.17
3 1.585 306, 1.0.22, 2.0.18
30 1.566 2.1.13

28 1.559 308

5 1.534 2.0.19,1.0.23,2.1.14
37 1.436 2.0.21, 220, 222

* Indexes hkl were chosen taking into account intensities of
reflections in the XRD powder pattern calculated from the
crystal structure data of zincohogbomite-2N6S (Armbruster et
al., 1998).
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The hexagonal unit cell dimensions of our
Sb-rich  zincohogbomite-2N6S, calculated from
these powder-diffraction data, are: a = 5.736(2), ¢
=36.98(2) A and V = 1054(1) A%, that is similar to
the data for the structurally studied Sbh-free
zincohdgbomite-2N6S, with the empirical formula
ZN1274(Mdo.43F€2Ti1 56Al5.29) Al 24062(OH)2, from Ne-
zilovo reported in [15]: a = 5.729(2), ¢ = 37.097(5)
Aand V=1054.45 A°,

In some areas fine-grained rocks (with mean
sizes of grains ca. 0.05-0.1 mm) enriched in frank-
linite are intersected by hydrothermal veinlets 1-2
mm thick almost completely composed of a coro-
nadite-group mineral. Its empirical formula is

. , Pb0.9883a0.40 ,
+ + + + .
[MN™ g 00(Fe™ 152Al0.28MN""4.17CU"".03)]38.00016 365

the strongest lines of the powder X-ray diffraction
pattern [d, A (1, %)] are: 3.47 (60), 3.10 (100), 2.43
(90), 2.204 (15), 2.174 (10). This mineral needs fur-
ther investigations. According to the approved no-
menclature of the hollandite supergroup (IMA 11-F;
see [27]), is should be named ferricoronadite.

3.3. Arsenates

The most common arsenic-bearing minerals
in metasomatic rocks related to the “Mixed series”
are arsenates (mainly, tilasite and hedyphane [6, 7,
14]; Table 6).

Table 6

Tilasite was discovered in dolomitic marbles
in forms of veinlets characterized with a very com-
plex mineral paragenesis composed of barite, ti-
lasite, Zn-rich aegirine-augite, Zn-rich richterite,
Zn-rich magnesioriebeckite, Zn-rich phlogopite, Pb-
bearing piemontite, gahnite, quartz, dolomite, ro-
méite-group minerals, hetaerolite, etc. On the hydro-
thermal stage, the older rocks containing fine-
grained gahnite, Zn-rich aegirine-augite and Zn-rich
amphiboles were metasomaticaly replaced with the
younger coarse-grained rock enriched in barite
and/or dolomite and containing tilasite. Accessory
tilasite and As-bearing fluorapatite (analyses 1, 4, 5
in Table 6) occur in barite schists in association with
barite, Zn-rich amphiboles, Zn-rich rinmanite, gahn-
ite, franklinite, hetaerolite, braunite, etc.

Grains of the minerals belonging to the
mimetite-hedyphane solid-solution series are dis-
seminated in polymictic aggregates (composed of
hedyphane, quartz, barite, albite and biotite) form-
ing veinlets up to 3-5 mm thick in dolomitic fine-
grained marbles. Accessory mimetite and
hedyphane (analyses 2 and 3 in Table 6) occur in
metasomatites in association with barite, Zn-rich
amphiboles, Zn-rich phlogopite, As-bearing fluo-
rapatite, zincoh6gbomite-2N6S, etc. It is remarka-
ble that As-bearing fluorapatite associated with
mimetite does not contain CI.

Representative compositional data for As-bearing accessory minerals from the NeZilovo orogenetic zone

Mineral — Tilasite Mimetite Hedyphane! ﬁjc-)tr);;;[?t% ﬁ‘ usc-)tr):;;ltri]tge
Constituent Wt.%
1 2 3 4 5
CaO 23.67 3.54 5.20 49.73 53.01
PbO bdl 68.35 66.72 bdl bdl
MgO 18.68 bdl bdl bdl bdl
MnO 0.96 bdl bdl 0.59 bdl
P,0s 1.14 bdl bdl 32.65 38.45
As,05 50.93 25.46 25.04 14.29 6.74
F 6.96 bdl bdl 3.00 3.77
Cl bdl 2.60 2.78 bdl bdl
-0=(F,Cl), -2.93 -0.59 -0.63 -1.26 -1.59
Total 99.41 99.36 101.09 99.00 100.38
Formula coefficients
Ca 0.95 0.85 1.15 4,55 5.01
Pb — 4,15 3.72 — —
Mg 1.04 - - - -
Mn 0.03 — — 0.04 —
P 0.04 — — 2.36 2.71
As 0.99 3.00 2.71 0.64 0.29
F 0.82 — — 0.81 0.99
Cl bdl 0.99 0.98 - -
Basis of calculation 5 anions 3 atoms As 3 atoms As+V+Fe 3 atoms P+As 3 atoms P+As

Note: *Additionally this sample contains 1.06 wt.% Fe,O; and 0.92 wt.% V,Os corresponding to 0.16 apfu Fe** and 0.13 apfu V*".
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4. DISCUSSION

Post-magmatic  fluids related to meta-
rhyolites are considered as a possible source of a
number of specific, ore and rare elements (Pb, Zn,
Sb, As, Cu, Ba, REE, etc.) in contact-metasomatic
rocks widespread in the Nezilovo area [10]. On the
earliest stages of the formation of these rocks,
high-temperature pneumatolytic processes oc-
curred at conditions of a very high oxygen fugaci-
ty. Accessory Zn,Fe,Mn,Cr-spinels, Zn-bearing
pyroxene and garnets are the indicators of the ear-
liest stages of metasomatism. Zn,Fe,Mn-spinels of
the second generation, nezilovite, zincohdgbomite
(including its Sb-bearing variety or analogue), Zn-
rich rinmanite, epidote-(Pb), piemontite-(Pb),
hematite, almeidaite, etc., crystallized on the se-
cond stage. During the lowest temperature hydro-
thermal processes, different coarse-grained and
fine-grained rocks enriched in barite, carbonates,
guartz and albite and containing accessory arse-
nates were formed. Hydrothermal sphalerite-galena
mineralization is of minor importance and is con-
fined to local zones with minerals formed under
low oxygen fugacity.

As it is noted above, specific features of
metasomatic rocks from the orogenetic zone relat-
ed to the “Mixed series” of Nezilovo are high con-
tents of chalcophile elements (S, As, Sb, Zn, Pb)
concentrated mainly in oxides and oxysalts,
whereas sulfides and sulfosalts are present only in
trace amounts. The oxidized ores form lens-shaped
bodies at the contact of meta-quartz porfiry and
banded microcline schists. Hypothetically, their
formation is connected with fluids derived not only
from the meta-rhyolites, but also from a deep seat-
ed magmatic chamber. This assumption is based on
the fact that the maamatic bodv of the mentioned
rhyolites is very small (ca. 1.0x0.8x0.1 km), with a
very limited capacity to contribute very complex
and widespread mineral parageneses enriched in
chalcophile elements.

Based on the regional geological investiga-
tions carried out in the time period from 1955 to
1960, the “Mixed series” is a transgressive series
formed as a result of a very complex polymeta-
morphic transformation of marine sediments. Nu-
merous available isotopic **S/*'S data for barite
show that S could be of marine origin. The very
complex mineral parageneses of higher tempera-
ture stages are often metasomatically replaced with
hydrothermal mineral assemblages in which barite
guantitatively predominates over all other minerals
showing very high barium potential. The presence
of cymrite in the rocks underlying dolomitic mar-
bles also indicates a high activity of barium and
moderate (250-300 °C) temperatures of crystalliza-
tion (see [28]). As a result, almost all sulfur be-
comes fixed in barite that is characterized by a
very low solubility and mobility under hydrother-
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mal conditions up to 300 °C and 1400 bars [29].
Another possible factor promoting the crystalliza-
tion of chalcophile elements in the form of oxygen-
bearing minerals is caused by high Eh values.

Although the mineral parageneses from the
Nezilovo area cannot be compared with anyone in
the world, they show some similarities with the
well-known Franklin and Sterling Hill zinc depos-
its in New Jersey, USA. According to W.A. Tarr
[30], these deposits were formed as a result of oxi-
dation of initial ore bodies. In the course of these
processes sphalerite oxidized, in greater or less
degree, to smithsonite or hemimorphite or, rarely,
to willemite. The iron sulfide (or sulfides) was ox-
idized to form hematite or limonite. The rhodo-
chrosite was probably oxidized, in part at least, to
manganite, pyrolusite, and braunite. On the next
step, the ore bodies have been deeply buried and
intensely metamorphosed by heat and pressure. All
the minerals in the original rock have been recrys-
tallized. Locally, they are coarsely crystalline ag-
gregates [30].

The famous Langban in Sweden is another
example of an endogenic ore deposit containing
chalcophile elements solely in form of oxygen-
bearing minerals. Some aspects of the origin of this
deposit have been discussed by B. Bollmark [31].
Based on chemical analyses of drillcore samples
and %Sr:*°Sr ratios, he concluded that the for-
mation of an ore progenitor sequence was initiated
by the exhalation of iron- and manganese-rich so-
lutions of deep-seated origin and possibly of late-
stage differentiation. The exhalation presumably
took place in aerated sea water, where oxidation
occurred. By analogy with the formation of recent
hydrothermal submarine Fe-Mn deposits, it could
be assumed that P, V, Cu, As, Ba, Pb, etc., were
supplied by exhalations [31].
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