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Variation in chemical composition of V-bearing
muscovite during metamorphic evolution
of graphitic quartzites in the Moravian Moldanubicum

Variace v chemickém sloZeni vanadového muskovitu béhem metamorfniho
vyvoje grafitickych kvarciti v moravském moldanubiku (Czech summary)
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Three distinct morphological and paragenetic types of vanadium-bearing muscovite occur as common minor phases in graphitic quartz-
ites in the Moravian Moldanubicum: abundant V-bearing muscovite I (VM1) as green flakes up to 3 mm in size, commonly as intimate
intergrowths with graphite and sillimanite I; rare V-bearing muscovite II (VM2) as green flakes up to 1 cm in size, exclusively in the
ductile quartz-rich nests and veins enclosed in graphitic quartzite; fine-flaked V-bearing muscovite Il (VM3) replacing sillimanite I and
perhaps also the medium-flaked VM. Electron-microprobe study gave: 0.03-0.84 apfu V (<7.49 wt. % V,0,; 0.05-0.31 apfu Mg
(£ 1.52 wt. % MgO), 0.00-0.17 apfu Ti (< 1.59 wt. % TiO,). VM1 is characterized by high V, Mg and Ti contents; VM2 has low V and Ti,
but high Mg concentrations; VM3 shows moderate V, low Ti, but variable Mg. Typical substitutions involve dominant VAL, and subordi-
nate SiMgAl ,, both particularly in the early VM1. Mineral assemblages and textural relationships suggest that the mineral assemblage
Qtz + Gr + Sil I + VM1 + V-bearing dravite I is stable if X, ; = 0.5 for P < 700 MPa T < 650 °C, and for P < 300400 MPa T < 570 °C.
Mineral assemblage Qtz + Kfs + VM2 + Sil II + V-bearing dravite IT with VM2 is characterized by elevated activity of 0, and prabably H,0
(redistribution of graphite and degraphitization). Very low mobility of V during high- to medium-grade metamorphism is evident.
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Introduction

N Rehotov
Graphite-rich rocks and metamorphosed black shales are )
known to be commonly enriched in a number of trace

elements including vanadium (e. g., Vine — Tourtelot
1970). Typical V-bearing minerals include V-bearing mi-
cas locally associated with other V-bearing minerals such
as dravite, margarite, andalusite and gamets (Snetzinger et

1966, Novdk — Povondra 1976, Litochleb et al. 1983, x
Morand 1990, Ankinovitch et al. 1992, Kazachenko et al.
1993). Subordinate silicates and locally also phosphates
with variable concentrations of V also were described
from graphitic quartzites and gneisses in the Moldanu-
bicum (Bouska et al. 1969, Houzar — Srein 1993, Houzar
1995, Litochleb et al. 1997), and muscovite is the most
abundant carrier of V. Its paragenetic relations, variation l Predin Cechoovice
in chemical composition, structural properties and sub-

stitution mechanisms are discussed here. Lesnd

Geology and petrography Bltovénky

Quartzites including graphitic quartzites examined are
a minor member of the varied rock sequence, consisting 1
of dominant sillimanite-biotite gneiss, leucocratic gneiss,
metabasite, and garnet-cordierite migmatite (Jencek et al.
1985). The graphitic quartzites form N-S trending bod- / 2 &
ies, up to 50 m thick and several hundreds m long, situ-
ated in the Moravian Moldanubicum, W of the T¥ebid
durbachite ma'ss.lf (Fig. 1.). Two Sfep.arated dlsgonun}lous minerals in the Moravian Moldanchieum

belts of graphitic quartzite containing V-bearing miner- 1 — granosyenite, 2 — graphitic quartzite with vanadium-bearing min-
als are defined: the first stretches from Bitovdnky through  erals

Jakubov

Fig. 1. Map of the occurences of graphitic quartzites with V-bearing
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Lesnd to Pfedin (Stéméchy), the second from Jakubov to
Cechotovice; an isolated but V-enriched body is located
at Rehotfov near Jihlava. In the other graphitic quartzite
bodies known from this region, V-bearing minerals are
very rare or absent.

Similar graphite-rich rocks also occur in other parts
of the Moldanubicum, e. g. near Cernovice, eastern Bo-
hemia (Orlov 1929), Kolodé&je near Tyn nad Vltavou
(Bouska et al. 1969), Cizovd near Pisek, central Bohe-
mia (FiSera et al. 1982), and Waldviertel, Austria (Holz-
er 1961, Schrauder et al. 1993).

Graphitic quartzites are dark gray, fine- to medium-
grained rocks with significant foliation and locally
apparent lineation. Elongated quartz grains significantly
predominate over graphite, which forms flakes up to
3 mm in size, locally concentrated around quartz grains,
or virtually monomineralic thin bands. Minor minerals
include green V-bearing muscovite and sillimanite, both
in several distinct morphological and paragenetic types.
Two distinct types of V-bearing dravite were recognized
at Bitovdanky (Houzar — Selway 1997); zircon, apatite and
pyrrhotite are common to rare accessory minerals. Mo-
bilized, ductile, graphite-free quartz-rich nests and veins,
locally enclosed in graphitic quartzite, are commonly
graphite-free and contain K-feldspar, sillimanite. and rare
V-bearing muscovite.

Bodies of graphitic quartzite are highly heterogeneous.
Thick layers with low contents of V typically contain-
ing colourless muscovite (V mostly below detection limit
EMP) are interlayered with thin (about 10 cm) V-bear-
ing layers. Vanadium-poor graphitic quartzites also were
found in this region but they were not studied in detail.
Late, hydrothermal, V-enriched phosphates such as wav-
ellite, variscite, metavariscite and Ba-crandallite associ-
ated with quartz and clay minerals were found on late
fissures cutting V-enriched layers (Houzar 1995, Sejko-
ra et al., 1999).

Chemical composition of graphitic quartzite given in
Table 1 shows very high SiO, contents about 90 wt. %,
C,, varies from 4.7 to 8.5 wt. %. The concentrations of
some trace elements such as V, Cr and Ba are similar to
those in carbonaceous rocks of the Bohemian Massif
(e. g., Kifbek 1997), and in the graphitic gneiss from
Austrian part of the Moldanubicum (Schrauder et al.
1993). The graphitic quartzites examined here are appar-
ently enriched in V and depleted in Cr relative to the av-
erage black shale (Vine — Tourtelot 1970).

The rock complex containing graphitic quartzites exhib-
its a rather complicated polymetamorphic evolution, com-
monly observed in the Moldanubicum: a MP/MT region-
al metamorphism of a staurolite-kyanite type was mostly
overprinted by a LP/HT metamorphic event characterized
by the presence of cordierite-sillimanite; migmatization
probably related to the younger metamorphic event is lo-
cally widespread. A retrograde LP/LT-MT metamorphism
is characterized locally by replacement of sillimanite by
muscovite (Chdb — Suk 1977, Vréna et al. 1995).

Table 1. Chemical compositions of graphitic quartzites

Bitovinky Predin Jakubov [ Cechoovice
wt. %

Sio, 90.62 91.33 87.74 89.47
TiO, 0.18 0.14 0.11 0.06
ALO, 2.26 1.87 1.19 1.16
Fe 0, 0.29 0.23 0.65 0.22
FeO 0.03 0.07 0.05 0.03
MnO 0.01 0.02 0.01 0.01
MgO 0.10 0.12 0.14 0.23
CaO 0.54 0.38 0.72 1.05
Na,0 0.08 0.05 0.02 0.03
K0 0.54 0.56 0.39 0.40
P,0, 0.06 0.02 0.10 0.05
H,0* 0.38 0.49 0.24 0.47
H,0~ 0.04 0.11 0.08 0.15

= 475 47 8.46 6.88
Total 99.88 99.91 100.08 100.21

ppm

Ba 230 240 545 230
cr 45 42 60 44
Cu 35 31 60 56
Sr 32 30 78 32
A\ 560 690 540 350
Zn 77 115 88 217
Zr 50 53 22 30

Paragenetic and morphological types of V-bearing
muscovite

Vanadium-bearing muscovite, the most abundant minor
mineral in graphitic quartzites, occurs in three distinct
morphological and paragenetic types.

V-bearing muscovite I (VM1) is present in graphitic
quartzite as green flakes up to 3 mm in size, commonly
as intimate intergrowths with graphite and sillimanite I.
It seems to be in equilibrium with both latter minerals
and possibly also with green V-bearing dravite at Bi-
tovdnky (Houzar — Selway 1997). VM1 seems to be the
most abundant type widespread at all localities studied
(Fig. 1).

Rare V-bearing muscovite II (VM2) forms green flakes
up to 1 cm in size, exclusively in the ductile quartz-rich
nests and veins enclosed in graphitic quartzite at locali-
ties Lesnd, Jakubov and Bitovanky. At the last locality,
it is also associated with brown V-bearing dravite, K-feld-
spar and sillimanite IT (Houzar — Selway 1997).

Fine-flaked V-bearing muscovite III (VM3) replacing
sillimanite 1 and perhaps also the medium-flaked VM1
is widespread at all localities examined, and it may lo-
cally predominate over VM1.

Experimental

Electron-microprobe analyses were performed on a JEOL
JXA-50 A instrument at the Geological Institution of the
Czech Academy of Sciences, Praha under following con-
ditions: accelerating potential 15 kV, beam current
15 mA, a beam diameter of 2 um, counting time 20 s.
The following standards were used for Ko lines:
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leucite (K), diopside (Ca), jadeite (Na), and synthetic
compounds for Si, Ti, Al, Fe, V, Mg and Cr. The analyt-
ical data were reduced and corrected using the ZAF
method.

X-ray diffraction data were obtained with powder Phil-
lips-DRON System (CuKp radiation, 40 kV/40 mA, step
scanning 0.02° 26, time 2—4 s, internal standard quartz,
analyst F. Veselovsky). Data obtained were processed by
the X-ray diffraction software ZDS, version 4.81 (P. On-
dru§, Czech Geol. Survey).

Chemical composition, structural and optical
properties

The three morphological and paragenetic types of V-bear-
ing muscovite differ in their chemical composition (Ta-
ble 2). VM1 is sporadically zoned with V-poor outer
zones, other types are rather homogeneous. All types
show elevated but variable contents of the roscoelite and
celadonite components: 0.03-0.84 apfu V (£7.49 wt. %
V,0,); 0.05-0.31 apfu Mg (<1.52 wt. % MgO), 0.00-
0.17 apfu Ti (<1.59 wt. % TiO,). Other minor cations
include 0.00-0.13 apfu Na, 0.00-0.04 apfu Cr (found
only at Bitovdnky and Jakubov), 0.00-0.03 apfu Fe and
0.00-0.02 apfu Ba. Variation of some cations are illus-
trated in Figs 2-4: VML is characterized by high V, Mg
and Ti contents; VM2 has low V and Ti, but high Mg con-
centrations; VM3 shows moderate V, low Ti, but variable
Mg. Deficiency of interlayer cations (K, Na, Ba) in some

Table 2. Representative chemical compositions (wt. % and apfu) of vanadium-bearing mus-

covite

Al (apfu)

. 1 L § i | )

4 L |

0.0 0.2 04 0.6

V (apfu)

Fig. 2. Plot of Al versus V in V-bearing muscovite

analyses, particularly of VM2, may indicate a pres-ence
of an illite component commonly reported in some sam-
ples of V-bearing muscovite (Johan — Povondra 1988).
Typical substitutions in V-bearing muscovite involve
dominant VAl , and subordinate SiMgAl_,, both manifest-
ed particularly in the early VM1.

Unit-cell dimensions of muscovite (VM1, VM3) from
several localities are given in Table 3; they correspond
to the most common muscovite
polytype 2M,.

All types of V-bearing muscovite

Sample | 702* | 734 317 321 741 329 723 314 315 320
Locality | Bit Bit Bit | Lesnd | Lesnd | Pfedin | Jak Jak Jak Cech
Mstype| VMI | VM |[VMII| VMI |VMI |VMII| VMI |[VMIII|VMII} VMI
Sio, 45.99| 46.72 | 48.21| 46.82 | 46.55 | 46.79 | 46,80 | 45.44 | 46.69 | 46.02
TiO, 091| 000| 000| 0.12| 000| 000| 141} 0.00| 0.05| 159
ALO, | 29.42| 35.20 | 33.01| 33.25 | 35.98 32.33 | 29.82 | 34.29 | 34.59| 25.58
V,0, 5.08| 0.34 1.10| 220| 054 | 2.76| 4.44| 339 3.32| 749
FeO 0.10/ 009/ 0.12| 006| 0.12| 005] 022]| 0.18| 0.14| 0.05
MnO 0.03| 0.05( 0.03| 002| 0.02| 003| 0.06| 0.03 0.07| 0.03
MgO 1.24| 1.14 145 089 1.15| 026| 136| 034] 0.72| 1.30
BaO 0.19] 0.00| 0.05| 028 000| 0.11| 0.02| 0.18 0.02( 035
Na,0 0.40| 052 021| 0.19| 033 026| 029 032| 0.29| 028
K0 10.21] 10.58 | 11.60| 10.86 | 9.87 | 11.74 | 9.84 | 10.73 | 11.11| 11.21
H,O** 438| 450! 4.52| 447| 452| 442 443 | 446 | 4.56| 4.31
TOTAL | 98.23( 99.16 {100.30 | 99.16 | 99.08 | 98.75 | 98.69 | 99.36 {101.56 | 98.21
24 0

Si+ 6.295] 6.223 | 6.389| 6.286 | 6.177 | 6.343 | 6.332 | 6.115 | 6.143| 6.399
Ti* 0.094 | 0.000 { 0.000( 0.012 | 0.000 | 0.000 | 0.143 | 0.000 | 0.005{ 0.166
Al* 4746 5.526 | 5.156 | 5.261 | 5.627 | 5.165 | 4.755 | 5.438 | 5.363| 4.192
v 0.557) 0.036 | 0.117| 0.237 | 0.057 | 0.300 | 0.482 | 0.366 | 0.350) 0.835
Fe?* 0.011| 0.010 | 0.013 | 0.007 | 0.013 | 0.006 | 0.025 | 0.020 | 0.015| 0.006
Mn? 0.003 | 0.006 | 0.003| 0.002 | 0.002 | 0.003 | 0.007 | 0.003 | 0.008 | 0.004
Mg 0.253| 0.226 | 0.286| 0.178 | 0.227 | 0.053 | 0.274 | 0.068 | 0.141 | 0.269
Ba* 0.010{ 0.000 | 0.003| 0.015 | 0.000 | 0.006 | 0.001 | 0.009 | 0.001| 0.019
Na* 0.106| 0.134 | 0.054| 0.049 | 0.085 | 0.068 | 0.076 | 0.083 | 0.074| 0.075
K+ 1.783( 1.798 | 1.961( 1.860 | 1.671 | 2.030 | 1.698 { 1.842 | 1.865| 1.988
OH- 4 4 4 4 4 4 4 4 4 4
sum 13.794 |13.961 | 13.92 |13.974 |13.859 |13.886 |13.794 (13.946 |13.965 | 13.952

* including 0.28 wt. % Cr,0,

** calculated from stoichiometry

are dark to light green in a hand
specimen as well as in thin sections.
They exhibit more or less intensive
pleochroism depending on the
V content varying from X = pale to
light green, Y=Z = yellow-greemn.

Discussion

Mineral assemblages and PT
conditions of their formation

Mineral assemblages, textural rela-
tionships, compositional variation
and zonality of the individual min-
erals (V-bearing muscovite and
V-bearing dravite) suggest an ap-
parent polymetamorphic evolution
of the graphitic quartzites.

The early mineral assemblage I
represented by quartz + graphite +
sillimanite I + VM1 (V-poor rim)
+ V-bearing dravite I (V-poor core)
is volumetrically dominant. Associ-
ated bodies of graphite-free quartz-
ite have similar mineral assem-
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0.35 I T I T Table 3. Unit-cell parameters of the vanadium-bearing muscovite
samples examined
0.30 " n Bitovanky Jakubov | Cechodovice | Predin
mO - . VMD | (vMD | (vMD | (vMmD)
0.25 'A! ’ ] a (10'°m) 5.204 (3) 5200 (3) | 5202 (D) 5.208 (2)
A[& | b (10"m) | 9.001 (6) 8.994 (6) | 9.000 (10) 9.009 (3)
- ¢ (10°m) | 20.12 (10) | 20.13 (10) {20.09 (3) | 20.10 (9)
2 020 | o © — B 95°57" (1) | 95°40° (1) | 9524’ (4) | 95°68' (9)
& A |
g 0.15 - o) 7] 1982) as well as high concentrations of V in some min-
08 erals very likely enlarged their stability fields (compare
0.10 S ® VM1l ' AbsWurmbach et al. 1982, Guidotti 1984). Relatively
o A W2 low activity of O, is likely in such graphite-rich assem-
0.05 | @o O wMm3| blages, whereas graphite-free assemblages indicate ele-
vated activity O2 (Frost 1979, Labotka 1991).
0.00 1 | ! I If XHZOS 0.5 is assumed (due to abundant graphite),
0.0 0.2 04 0.6 0.8 1.0 the mineral assemblage I is stable in the area limited by
V (apfu) the stability fields of sillimanite and mussovite (Spear —
Fig. 3. Variation of Mg versus V in V-bearing muscovite Cheney 1989); for P < 7,,00 MPaT <650 °C, ar.ld for P <
300400 MPa T < 570 °C. Presence of sporadic kyanite
relics in associated graphite-free quartzites, however, in-
6.0 dicates that these rocks may previously have reached
metamorphic conditions of a kyanite grade. The mineral
58 ~ assemblage II at the ductile, graphite-free, quartz-rich
nests with sillimanite, K-feldspar and V-bearing musco-
vite corresponds to the univariant reaction Ms + Qtz =
-~ 56 7 Kfs + Sill + H,O. It suggests that the mobilization of
E‘ quartz and other minerals proceeded at a relatively low-
; 54 - N er pressure and also at elevated activity of O, (Kerrick
+ 1972). However, no concurrent melting is observed in
< graphitic quartzite.
52 . The zoned distribution of V in muscovite (VM1) (with
V-poor rims compositionally similar to those found in
50 - i VM2), and in dravite I (with V-enriched rims similar in
) composition to those found in dravite II from ductile
quartz-rich nests) was observed at the locality Bitovanky.
48 ! ! L ! ! It may represent a redistribution of V between these min-

6.0 6.2 6.4 6.6 6.8 7.0 7.2
Si + Mg + Fe (apfu)

Fig. 4. Variation of Al+V versus Si+Mg+Fe in V-bearing muscovite

blages: quartz + sillimanite + muscovite + K-feldspar +
plagioclase, biotite, diopside, titanite; relics of kyanite
also were locally observed. A subsequent process pro-
duced ductile, quartz-rich nests and veins characterized
by the mineral assemblage II: quartz + K-feldspar + VM2
+ sillimanite II + V-bearing dravite II. However, it is
known only from several localities (Bitovdnky, Lesnd,
Jakubov) and is volumetrically quite negligible. Late
VM3 replacing sillimanite I and locally perhaps VM1 is
typical for the retrograde metamorphic assemblage III,
and is widespread at all localities.

Due to lack of experimental data on V-rich minerals,
metamorphic conditions can only be estimated from the
stabilities of the individual V-free minerals or mineral
assemblages. Catalytic influence of graphite should be
considered in such a discussion (e. g., Tyler — Ashworth

erals during metamorphism. The increase in V contents
of dravite relative to muscovite, related to decreasing
pressure of metamorphism, indicates that distribution of
V between associated mica and tourmaline may have
been controlled by pressure. Occurrence of V-rich tour-
malines in rocks which underwent low-pressure contact
metamorphism (Snetzinger 1966, Kazachenko et al.
1993) supports such idea; however, a systematic study
of these relationships at other localities is necessary.

The general model of polymetamorphic evolution and
the estimated PT conditions given above are generally
consistent with those suggested for the southeastern part
of the Moldanubicum by various authors (e. g., Chdb —
Suk 1977, Petrakakis 1997).

Mobility of vanadium during metamorphism

Vanadium, generally present as V** in crystal structures
of silicates (Schmetzer 1982, Selway et al. 1996) is con-
sidered to have very low mobility in metamorphic con-
ditions (Bernier 1990, Pan — Fleet 1992). In the graphit-
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ic quartzites studied, V may have been originally asso-
ciated with clay minerals and perhaps with organic mat-
ter (e. g., Vine — Tourtelot 1970, Holland 1979, Ripley
et. al 1990). During medium-grade metamorphism,
V entered the structure of muscovite (VM1) and locally
also dravite. Relatively thin intercalations of contrasting
V-rich and V-poor layers characterized by presence of
green V-rich or colorless V-poor muscovite, respective-
ly, show that mobility of V was very low during the re-
gional metamorphism M1. Subsequent mobilization of
quartz-rich segregations at apparently elevated activity of
0, and probably H,0 caused a partial redistribution (mo-
bility) of V between mica and tourmaline, but on a very
small scale. In the same way, the formation of retrograde
VM3 at the expence of sillimanite and/or muscovite
(VM1) is again restricted to thin V-enriched layers alone.
Increasing mobility of V is recorded during formation of
late hydrothermal phosphates. However, V is very likely
present in V*, V> and perhaps also in V* forms; dis-
cussion of this problem is beyond the scope of the present
paper. Generally, distribution and chemistry of V-bear-
ing muscovite from graphitic quartzites in the Moldanu-
bicum demonstrate very low mobility of V during high-
to medium-grade metamorphism.
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Variace v chemickém sloZeni vanadového muskovitu béhem metamorfniho vyvoje grafitickych kvarcitd
v moravském moldanubiku

V grafitickych kvarcitech moldanubika na zdpadni Moravé se objevujf tfi paragenetické typy vanadového muskovitu. Prvnf typ (VM1) je reprezentovan
zelenymi lupfnky velikosti okolo 3 mm, srilstajicimi s grafitem a sillimanitem I, druhy typ (VM2) tvoff aZ 1 cm velké lupinky v kfemennych hnfzdech
a Zilkdch (asociace Ms + Qtz + Kfs + Sil IT) v kvarcitu, tfetf typ (VM3) je pfedstavovan drobné Supinatym zelenym muskovitem zatlaujfcfm sillimanit
a z&4sti i star¥f muskovit. Elektronovou mikroanalyzou byly v muskovitu zjistny zvySené obsahy vanadu (<7.49 wt. % V,0,), hoféfku (<1.52 wt. %
MgO) a titanu (<1.59 wt. % TiO,), pticemz VM1 md relativné vysoky obsah V, Mg a Ti, VM2 vysoky Mg, ale nizky obsah V a Ti a nejmlad$f VM3
primérny obsah V, nizky Ti a variabilnf Mg. Dominuje substituce VAL , a dile SiMgAl ,, a to pfedeviim v nejstar$fm muskovitu VM1. Miner4ln{
asociace i reak&nf textury v grafitickém kvarcitu odpovidajf za pfedpokladu X, , =0.5P <700 MPaa T < 650 "C, a pfi P <300-400 MPaa T <570 °C.
Mineréln{ asociace s VM2 je ochuzend o grafit a charakterizuje podminky vys3f aktivity O,a pravdépodobné i H,O, a také niZ¥f tlak. Variace v chemickém
sloZeni vanadového muskovitu v metamorfnim vyvoji studovanych hornin dokumentuje velmi nizkou mobilitu vanadu v podminkéch vysokého az
stfedniho stupné metamorfézy.



