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ABSTRACT

Unusual examples of vanadian-+hromian garnet have been discovered in Lower Paleozoic metamorphosed mafic pyro-
clastic rocks, enriched in V, Cr and organic carbonaceous matter, in the Pezinok - Pemek crystalline complex of the Mal6
Karpaty Mountains, Slovakia. The emerald-green euhedral grains of garnet,0.5 mm in siie, with a = tt.SA t O.Ot A,
z = l.AtO t 0.003, D, = 3.75 glcnf , conah9.5-22.1 vtt.Vo Y2O3,5.5-l0.9To Cr2O3, and 0.4-7.64o Al2Or, which corresponds
to 27-65 mo1.7o goldmanite, 19-34 mol.7o uvarovite, 1.5-33 mol.7o grossular, and 2-5 mo1.7o yamatoite. The associated
hydromica contains up to 9,2Vo V2O3 and between 0.5 and 7.2Vo Cr2O3. The coexisting chlorite and treryoli1g also exhibit
eievated levels of V and Cr. The asiemblage of V,Cr-rich minerals formed at approximately 500oC as a result of thermal meta-
morphism induced by intrusions of granitic magma in Hercynian times.

Keyvords: vanadian-chromian garnet, goldmanite, uvarovite, grossularite, vanadian-<hromian mica, mafic metapyroclastic
rocks, organic matter, thermal metamorphism, Westem Carpathians, Slovakia'

Sovrl,tans

Nous avons trouvd un grenat vanadildre et chromifbre dans des roches m6tapyroclastiques mafiques d'Age pal6ozoiQue
inf6rieur, enrichies en V, Cr et matibre organique, du massif cristallin de Pezinok - Pemek, dans les montagnes Ma16 Karpaty,
en Slovaquie. Les grains de gtenat sont vert 6meraude, ont une taille d'environ 0.5 mm, avec un pararnbtre r6ticulaire a de
11.98 t 0.001 A, n-= 1.810 t-0.003, et une densitd D, de 3.75; ils contiennent entre 9.5 et22.1Vo (poids) de VrOr, entre 5.5 et
l0.9%o deCr2O3,et entre 0.4 et7.67o de Al2O3, ce qui correspond, en tennes molaires, A2245Vo de goldmanite, 79-34To
uvarovite, t.5 einqo de grossulaire et2-5Vo deyamatciite. L'hydromica associ6 contient jusqt'd9.2Vo de V2O3 et entre 0.5 et
7.2Vo de Cr2O3. La chlorite et la trdmolite associ6es montrent aussi des teneurs 6lev6es en V et Cr. Cet assemblage de min6raux
vanadifbreJeichromifbres aurait 6t6 stabilis6 I environ 500oC suite i un mdtamorphisme de contact li6 d la mise en place de
massifs granitiques hercyniens.

(Traduit par la R6daction)

Mots-cl6s: grenat vanadifdre et chromifbre, goldmanite, uvarovite, grossulaire, mica vanadifdre et chromifbre, roches m6ta-
pyroclastiques mafiques, matibre organique, m6tamorphisme de contact, chalne des Carpates occidentales, Slovaquie.

INTRODUCTION

Garnet compositions characterized by a high level
of V3+ are rare and poorly studied. Since the first dis-
covery and definition of goldmanite Ca3V2(SiOf3 by
Moench & Meyrowitz (1964), several occrurences of
V-enriched garnet have been reported, some of them
approaching the goldmanite end-member (\trlang et al.
1974, Hallsworth et al. 1992). Von Knorring et al.
(1986) have shown that V3* is commonly replaced by
Cr3* (uvarovite component), but only to a limited
extent. On the other hand, the level of Alr* (grossular

component) in tle Z-site may vary considerably.
Dark green garnet designated as uvarovite was

first described in the Mal6 Karpaty Mountains by
Cil*. et al. (1959). The results of a mineralogical
study presented here show that the composition of
such garnet differs from that reported in the literature;
thereis a substantial amount of-Cf+ in addition to V3+
and Al3+. These samples thus represent a new series,
from a goldmanite-uvarovite solid solution with a low
proportion of grossular to intermediate members of
the goldmanite - uvarovite - gtossular ternary solid-
solution.
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Gnotocrcer Srrm{c

The V-Cr-Ca-bearing garnet has been found to
occur at three localities in the Pezinok - Pernek meta-
morphic complex, located approximately 20 km
north-northeast of Bratislava in southwestern Slovakia
(Figs. 1, 2). The complex represents a part of the pre-
Alpine basement of the Mal6 Karpaty Mountains,
which involves mainly Silurian to Lower Carboni-
ferous metapelites to metapsammites, with inter-
calations of black shales, actinolite-tremolite schists
and amphibolites (Cambel & Khun 1983). These rocks
are associated with syngenetic pyrite - pyrrhotite and
with locally exploited epigenetic Sb t Au mineraliza-
tion (Chovan et al. 1992). During the Hercynian
orogeny, the Pezinok - Pernek complex underwent a
low-grade greenschist-facies regional metamorphism
and a medium-grade amhibolite-facies thermal meta-
morphism induced by intrusion of Carboniferous
granitic magma of the Bratislava and Modra massifs
(Korikovsky et al. 1984).

The garnet-bearing actinolite - tremolite schists
characteristically display a nematoblastic texture, with
porphyroblasts of actinolite - tremolite (up to 2 mm in
diameter), less common garnet, and sporadic plagio-
clase and micas. The matrix is composed of quartz,
sericite, amphibole and plagioclase. Pyrite and organic
matter are mostly aligned along the schistosity. The
rocks have been subjected to hydrothermal alteration
connected with the formation of secondary quarlz,
sericite and carbonates. Limonite and gypsum
are common precipitates in oxidation zones near the
surface.

ANALYnCAL TECHI.IQUES

X-ray powder-diffraction data on the garnet were
obtained with help of a DRON 3 tlM-l diffractometer
using CuKcr radiation and NaCl as an internal stan-
dard. Quantitative electron-microprobe analyses
(EMPA) of the silicates were caried out on a JEOL
JCXA 733 Superprobe with an accelerating voltage of
15 kV and a beam current of 20 pA. The following
standards were used: albite for SiKo. AlKo and
NaKa, TiO, for TiKcr, chrornite for CrKcr and FeKcL
metallic V for VKc, Mn-bearing willemite for MnKcL
MgO for MgKcr, wollastonite for CaKc, and ortho-
clase for KJ(cr. Concentrations of V, Ni, Cr, and Mo
were determined by optical emission spectroscopy.
The content of organic carbon (Corn) was estimated by
differential combustion.

MnTERAL0cY

Grains of vanadian-chromian garnet form either
aggrcgates, up to 2 cm in diameter, or single subhedral
to euhedral grains, up to 0.5 mm in diameter, in a
tremolite-rich matrix (Fig. 3). The euhedral grains
show {110} faces, exceptionally in combination with
{211} forms (Fig.  ). They are emerald-green, with a
vitreous luster. Weathered specimens are somewhat
paler. In transmitted light, the grains are either iso-
tropic, or rarely anomalously anisotropic, particularly
those collected from the Rybnidek adit. The index of
refraction z and density D, are 1.810(3) and
3.75 glcm3, respectively. The unit-cell parameter
corresponds closely to that of other samples of V-rich

CACFI REPLIBLIC

Ftc. 1. Map of Slovakia and location of area under study (solid rectangle).
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Ftc. 2. Geological sketch of the Pezinok - Pemek crystalline complex, with metamorphic
zones and locations of vanadian-chromian garnet occurrences (moffied after Pol6k
& Rak 1980, Korikovsky et al.1984). Explanations: I biotite schist, paragneiss and
amphibolite, 2 zones of black shale and actinolite-tremolite schist, 3 granite of the
Bratislava Massif, 4 granodiorite of the Modra Massif, 5 Mesozoic limestone'
dolomite and quaxtzite, 6 Tertiary and Quarternary sediments, 7 boundaries of regton-
al and periplutonic metamorphic zones @t biotite, Grt gamet, St staurolite - chlorite'
St-Sil staurolite - sillimanite. And andalusite - biotite - cordierite zones)' 8 occur-
rences of V,Cr silicates (M: the Michal adit, A: the Augustfn adit, T: the Trojdrovd
adit, R: the Rybdfek adiO.

garnet and synthetic uvarovite (Table 1).
Representative results of electron-microprobe

analyses ofthe garnet are listed in Table 2 and plotted
in terms of the Al3*, V3* and Cf+ cations in Figure 5,
together with available compositional data on occru-

rences of V-rich gamet from the literature. The highest
Al and Cr contents have been estimated in the garnet
from the Rybnidek adit (Table 2, anal. 1-3), where the
levels of the goldmanite component are at a minimum.
Similarly, the maximum concentrations of V in garnet'
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from the Michal and Augustin adits, are accompanied
by a concomitant decrease of Cr and especially Al, to
the minimum recorded values (Table 2, anal. 7-9).

Optically and chemically zoned crystals of garnet
have been observed in the Augustfn adit. Lighter-
colored rims are depleted in V and Al and enriched in
Cr (Table 2, ana7. 12) in comparison with dark green
centers (Table 2, anal. lL).

A tentative infrared-absorption analysis of garnet
from the Rybnidek adit, performed and interpreted at
the University of Vienna, has not corroborated the
presence of substantial amounts of structurally bound
OH-, as indicated by the absence of the band near
3600 cm-t in the spectrum. Consequently, the H2O+
content is not considered significant.

Vanadian-chomian hydromica occurs only in the
Rybnldek adit in the form of flaky dark green crystals
0.02-0.3 mm in diameter. Apart from exhibiting up to
9.27o Y2Q3 and,7.27o Cr2O3, the hydromica (Table 3,
anal. 1-3) is characterized by a high water content (as
indicated by low oxide totals in the electron-micro-
probe analyses) and high deficiencies in K. The
hydromica from other two localities (Table 3, anal.
4,5) shows Cr2O3 concentrations one order of magni-
tude lower than those reported from the Rybnldek adit
and their V2O, contents are near to or even below the
detection limit by EMPA. This V,Cr-poor hydromica
is usually associated in the Trojdrov6 adit with clusters
of green chlorite, up to 5 mm in size, arranged along
the schistosity. Electron-microprobe analyses have

FIc. 3. Optically anisouopic vanadian-chromian garnet (G)
coexisting with tremolite (T) from the Rybnilek adit
(transmitted ligh! plane-polarized light). Scale bar repre-
sents 0.1 mm.

Ftc. 4. Euhedral crystal of vanadian--chromian garnet from
the Rybnldek adit. (SEM photo, crystal diameter
0.33 mm).

also revealed detectable, although low amounts of V
and Cr in the chlorite (anal. 6). In addition, relatively
high concentrations of V and Cr concentrations have
been locally determined in porphyroblasts of rock-
forming tremolite (Table 3, anal. 7-8).

DrscussroN AND CoNct-usloNs

Occurrences ofV-rich garnet reported from various
localities throughout the world invariably involve
rocks enriched in organic carbon and thermally modi-
fied owing to emplacement of magmatic bodies
(Moench & Meyrowitz 1964, Shepel & Karpenko
1970, Fil ippovskaya et al. 1973, Benkerrou &
Fonteilles 1989, among ottrers). Such garnet could
thus be considered as indicative of the protoliths with
high concentrations of Ca, V and organic carbon, and
relatively undersaturated with respect to A1.

Occurrences of vanadian-<hromian silicates in the
Pezinok - Pernek crystalline complex also are inti-
mately connected with metamorphic suites containing
various proportions of pelitic and volcaniclastic com-
ponents. Previous geochemical studies conducted in
this region have confirmed the high concentrations of
V, Cr, Mo and Ni in these sequences (Cambel & Khun
1983, OruZinskf et al. 1990). Additional analytical
data have also shown that the highest concentrations
of V are indeed related to maximum contents of
organic carbon in typical black shales. On the con-
trary, chromium is preferably bound in silicates from
mafic volcanic rocks and their pyroclastic equivalents,
all with a lower content of organic carbon (Table 4).
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TABLE 1. UNIT-(ELL PARAMEIER OF V-&_BEARING GARNET

JZJ

a (A) Loality Ref€[@

v-(}gfirct
V-Q gamet
v-Ggmct
Goldnmite
V-ricrh g@et
Uvfiovito

11.969(4)'
11.969(1)
12.00qo
12011
t2.v2
tt.99

Rytslek
RyMek
Rybodok

Lsgua, New Mexico
Iddmckeya lxka, Kazalftsae

s:/ffiio

fris sbdy
thir shdy
lns sEtlY

tvloc,h & Mcf'rowitz (196t)
Ft$ppo'skaya et dl. (1973)

JCPDS

'Stdrd rleviation in pareolhg€es.

During thermal metamolphism caused by the intru- region by Korikovsky et al. (1984). The derived tem-
sion of Hercynian granitic bodies, vanadian-chromian peratnre of formation is in good agreement with the
garnet and tremolite have crystallized in mixed V,Cr- temperature of 530'C at which end-member goldman-
rich mafic pyroclastic rocks characterized by a sub- ite, Ca3Vr(SiO+)r, has been synthesized (Strens 1965).
stantial admixture of the carbonaceous organic matter V,Cr-rich hydromica and chlorite have probably
at temperatures of approximately 500'C, as estimated originated at somewhat lower temperatures, during
for the staurolite-chlorite metamorphic zone in this retrograde or late hydrothermal alteration.

TABLE 2. REPRESENTATIVE COMPOSMON OF VAI.{ADIAN4HROMIAN GARNET

l l

Rybnidek adit Michal adit Augustln adit

SiO2 36.53 36.13
TiO2 0.19 0.(n
Al2Cb 7.63 4.98
Cnq 10.0E 10.90
VZOI 9.Ji 14.02
F€O 0.26 0.18
MnO 2.O1 1.6
Mgo 0.18 0.08
CaO 32.93 33.48
Na2O 0.00 0.07
K2O 0.00 0.00
t (wt 99.45 101.34

35.34 36.91
0.14 0.r8
5.15 3.41
6.61 7.87
16.84 t6.25
0.37 0.n
1.27 1.00
0.03 0.04
33.26 33.19
0.00 0.08
0.00 0.00
99.06 9.26

35.78 35.57
0.00 0.05
0.45 2.34
1.54 6.10

22.tt 21.@
0.t1 0.41
0.80 1.23
0.03 0.07
32.46 33.1J
0.00 0.09
0.00 0.00
99.38 100.35

!5.n 34.90
0.21 0.@
A.vt 234
5.47 6.67
16.4E 21.02
o.44 o.ffi
t.& Lu
0.07 0.04
33.71 33.51
0.00 0.00
0.00 0.01
98.11 99.89

35.90 35.74
0.42 0.19
5.75 4.6
6.58 9.&
16.07 14.02
0./3 0.28
1.45 Ln
0.15 0,97
33.11 33.E7
0.09 0.m
0.@ 0.01

100.39 9.30

36.12
0.lE
6.18
9.52
t3.46
o.2t
1.54
0.19
33.31
0.@
0.@

101.35

36.16
0.00
2.&
6.81
20,s
0.17
0.
0.05
33.10
0.00
0.00
9.98

2.92 2.y2 2.87 2.91 2.93
0.0? 0.07 0.12 0.0E 0.06
0.15 0.40 0.ll 0.46 0.37
0.41 0.35 0.43 0.a 0.61
1.39 1.09 1.39 1.04 0.r2
0.02 0.03 0.00 0.01 0.01
0.@ 0.00 0.@ 0.00 0.00
0.08 0.10 0.08 0.10 0.08
0.@ 0.00 0.00 0.01 0.00
2.v2 2.9 2.96 2.% 2.98

si. 2.x 2.91 2.94 290 3.04 z.yl 2.9
Alry 0.03 0.08 0.0, 0.09 0.@ 0.02 0.00
Aru 0.69 0.38 0.52 0.40 0.33 0.21 0.03
c! 0.64 0.69 0.60 0.43 0.51 0.U 0.49
v 0.62 0.90 0.86 1.ll 1.07 1.33 l.,lE
Fd* 0.01 0.01 0.00 0.02 0.01 0.@ 0.00
F** o.oo o.oo o.ot o.oo o.@ o.oo o.ol
Mo 0.14 0.09 0.10 0.0E 0.gl 0.06 0.05
Mg 0.02 0.01 0.02 0.00 0.00 0.00 0.m
Ca 2.86 2.A9 2.86 293 2.93 2.91 2.90

Goldn 26.9
U€ 33.25
Gc 33.V1
Yam 5.30
Arn 0.@
Btr 0.60
A&h 0.82

40.98 39.61
34.V1 30.18
20.51 25.29
3.53 3.78
0.@ 0.36
o.n 0.61
0.54 0.14

$.n 4.38
z6.n 22.8
15.52 10.36
2.67 2.43
0.([ 0,u
0.15 0.1?
0.90 0.20

65.1t 49.29 44.49
21.35 21.36 3l.U
10.04 24.45 D.n
3.W 3.65 3.lI
0.@ 0.@ 0.@
0.16 0.50 0.u
0.25 0.71 0.91

51.96
2t.36
,2.20
3.19
0.00
0.10
1.16

71.20
24.70
l.5l
2.M
0.39
0.12
0.00

65.42
20.m
9.80
3.05
0.m
0.25
1.26

53.23
t8.6E
u.4
3.8E
0.00
o.24
t.47

iNormalized on the basis of8 oxygen atoms
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Al3* Crs
Flc. 5. hojection of chemical compositions of gamet in terms of V, Cr and Al (atomic proportions). Explanations: W world

localities,AtheAugustlnadit,MtheMichaladit,RtheRybnibekadirLocalities:1,7,14,1.5,23:UmbaValley,Tarzania
(Schmetzer & O$emann 1979); 2-4, 12, 16, 17, 19: Cazadero, California (l-ae et al. 1963); 8, 25: Taaz,ania (Schwitzer
1974):9,2G28,32,36-38,41: Coat-an-Noz, France @enkerrou & Fonteilles 1989); 10, 20,21 Kenya (Schwitzer 1974);
11: Merelani, Tanzania (Schmetzer & Ottemann 1979);13,22: Ratnapur4 Sri l,anka (Schmetzer & Ottemann 1979);
18: Tsavo, Kenya (Schmetzer & Otlemann 1979);24: Lualenyi, Kenya (Giibelin & Weibel 1975);29,31: Orton, Russia
(Kuev 1,914);13,43: Hemlo, Ontario (Pan & Fleet 1992);33,35: Yilgarn Block, Australia (l\4ueller & Delor 1991);
34, 39: Ishimskaya Luk4 Kazakhstan @ilippovskaya et al. 1.973);40: l,aguna, New Mexico (Moench & Meyrowitz 1964);
42: Mramornoye, Russia (Shepel & Karpenko 1970);44: Struhadlo, Czech Republic (Litochleb et al. 1985);45: Yamat6,
Japan (Momoi 196/);46: China (Wang et al. 1974);47: North Sea (Hallsworth et al. 1992); OT: field of chromian gamet
ftom Outokumpu, Finland (von Knoringet al.1986).
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TABLE 3. RTPNBSSNTATIVE COMPOSMON OF VANADIAN-CHROMIAN
SILICATES FROM TFIE PEZNOK.PERNEK CRYSTALLINE COMPLEX

Hydromica Chlorite Amphibole
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StO2 n.lo
TtO2 0.00
Al2q r.eo
Cr2q 7.lt
V2o3 9.16
FeO o.tj
MO 0.16
Mp 1.9t
CaO 0.01
Na2O O.47
K2O 4.13
t (d%) 94.23

4't.07 47.33
0.03 0.06
24.19 24.23
6.58 5.7E
6.91 a.u
0.26 0.21
0.00 0.06
2.Vl 2.n
0.m 0.00
0.38 0.42
5.72 4.13
t3.2t 93.U

54.6 51.02
0.18 0.09
31.5t )2.6'1
0.51 0.6t
0.00 0.37
0.41 0.43
0.00 0.02
1.74 2.El
0.06 0.01
0.& 432
4.t6 9.89
93.1E 94.31

56.t1 s2.E0
0.17 0.m
2.26 5.79
o,2t 0.75
1.59 2,51
0.31 o.57
0.04 0.24
22.45 m.65
t3.14 12.67
l.l4 2.17
0.03 0.o7
98.75 .n

n.44
0.m
n.8
o.2a
0.10
15.80
0.m
19.55
0.07
0.m
0.03
t6.15

7.7f 7.2f
0.30 0.73
0.06 0.21
0.02 0.0E
0.17 0.2E
0.04 0.o7
0.m o.03
4.53 4.24
t.99 1.87
0.30 0.5t
0.01 0.01

si 3.19*
Alrv o.8l
AIYI 1.09
Cr 0.39
v 0.50
Fd+ 0.01
lrn 0.16
tr& 0.20
Ca o.m
l.Ia 0.06
K 0.36

3.22*
0.?E
l .12
0.36
0.3t
0.02
0.00
0.21
0.m
0.05
0.50

3.21t
o.79
l . l l
0.31
0.45
0.01
0.@
0.30
0.00
0.06
0.36

23E*
t.62
2.M
0.04
0.00
0.03
0.00
o.26
0.01
0.09
0.53

3.39.
0.61
1.63
0.04
0.02
0.(D
0.m
0.28
0.m
0.04
0.t4

2.77+
t.23
1.50
0.02
0.01
t.34
0.00
2.95
0.01
0.m
0.m

v(@)
o
Nt
It[o
Cq(sL%)

v (!pE)
G
NT
lro
c.q(FL%,

50-36m
&-24

x7-l0,o
^-4n

0J8-7ta

214-4
166-3?5
*:"

r Normalized on the basis of ll o:ryg€n doms
+Normalized on the basi$ of 14 oxyg€tr atoms
o Normalized on the basis of 23 oryg€'n domg

TABLB 4 TRA(E EIAMBVIS AND ORGANIC CARBON @NTBI{T
IN MRTAMdPIIIC R@KS FROM THE TROTAROVA ADTT
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