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Subsolidus behavior of niobian rutile from Véznd, Czech Republic:
a model for exsolutions in phases with Fe** >> Fe**
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Niobian rutile crystallized in the V&%n4 I pegmatite in three generations: niobian rutile I associated with beryllian cordierite, beryl, zircon,
xenotime~(Y) and monazite-(Ce), transitional into niobian rutile II in close vicinity of small pollucite-, lepidolite- and elbaite-bearing
pods, and niobian rutile III in fissures with ferrocolumbite ITI, niobian titanite and pyrochlore-microlite. Exsolution of the niobian rutile I
and II into depleted rutile and titanjan ferrocolumbite is extensive. Exsolution possibly proceeded in several, presumably temperature-
controlled stages. Relics of primary homogeneous niobian rutile are preserved in most crystals of generation I, but some of them and those
of generation II, all perceptibly enriched in Mn, are completely exsolved. Oxide minerals of the last generation III could have been
mobilized and redeposited from compositionally similar, Mn-enriched, porous aggregates of intergrowths I and II. The primary homoge-
neous rutile phase corresponds to rutile with 34 to 38 mol. % of ferrocolumbite component and a negligible proportion of Fe*(Nb,Ta)O,.
The depleted rutile phase shows as little as 16 mol. % ferrocolumbite, whereas the TiO, content of the exsolved titanian ferrocolumbite
may drop to values as low as 5 mol. %. Heterovalent substitutions in niobian rutile are accomplished by (FeMn,Mg)“ﬂ(Nb,Ta)“ﬂ’I‘x‘*_g,
Fe"’+l (Nb,Tay*  Ti*, Sc*, (NbTa)*  Ti*_, and (Fe,MnMg)*? W&  Ti* . With negligible and undecipherable additional substitutions,
reverse mechanisms control ferrocolumbite: (Fe,Sc)** , (Nb,Ta)**,, (Fe,Mn,Mg,Ca)* , (Nb,Ta)** , and (Ti,Zr,Hf)** , (Fe,Mn,Mg,Ca)* |
(Nb,Ta)* ,. Exsolution concentrates Mg, Mn, Fe*, Fe*, Sc, Zr, Hf, U, Nb, Ta and W in the exsolved ferrocolumbite. In relative terms,
rutile conserves Sn, Fe?*, Fe*, Ta, and Fe** relative to Fe?*, whereas Mn and Nb are preferred by the columbite structure. The ZrO, content
or primary homogeneous niobian rutile is <0.34 wt. % but the exsolved ferrocolumbite contains as much as 2.11 wt. % along with
<0.16 wt. % HfO,. These concentrations confirm that Zr and Hf must be considered significant minor elements in niobian rutile from
granitic environments. Considerable enrichment in Mg, <0.34 wt. % MgO in primary homogeneous niobian rutile and <2.16 wt. % MgO
in exsolved ferrocolumbite, can be presumed a local feature, reflecting contamination of the pegmatite by serpentinite wallrock.

Key words: rutile, ferrocolumbite, niobium, tantalum, zirconium, hafnium, order-disorder, exsolution, granitic pegmatite, Czech Republic.

Introduction

Niobian rutile (a. k. a. ilmenorutile) from V&Znd, south
of RoZn4 near Bysttice nad Pernitejnem in western Mora-
via, was first examined by Cerny — Cech (1962). The re-
sults of a more thorough investigation of this mineral
were published by Cerny et al. (1964). Optical and
X-ray powder diffraction studies revealed heterogeneous
phase composition, but wet chemical analyses could pro-
vide only bulk compositions of a few specimens restrict-
ed to the major components, and a single composition
of a pure rutile phase. Here we report on the electron-
microprobe and X-ray powder diffraction studies of the
VEZnd niobian rutile, in part based on samples used by
previous investigators, the results of which are shedding
a new light on this “old” mineral. We also provide data
on two late generations of this phase, discovered since
the publication of the papers quoted above.

The parent pegmatite and mineral assemblage

The VEZnd I pegmatite which yielded abundant niobian
rutile is situated in a tectonic slab of serpentinite, en-
closed in migmatitic gneiss about 1 km south of the vil-
lage of VEZn4. According to Cerny — Novak (1992), the
pegmatite consists of a narrow, intermittent coarse-

grained granitic wall zone of K-feldspar + oligoclase +
quartz + biotite, a dominant intermediate zone of graph-
ic K-feldspar (>oligoclase) + quartz, with local graphic
aggregates of cleavelandite + quartz, grading into an in-
termediate zone (core-margin) of blocky K-feldspar +
subordinate cleavelandite, which surrounds isolated cen-
tral pods of a quartz core. An asymmetric, intermittent
unit of albite-oligoclase, imbedded in a phlogopite (+ ap-
atite, tourmaline) matrix (Cerny — Miskovsky 1966), fol-
lows the footwall contact. Reaction rim of anthophyllite,
actinolite and phlogopite is developed along the pegma-
tite contacts with the host serpentinite. Beryllian cordi-
erite (Cemy — Povondra 1966), niobian rutile I, ferro-
columbite, monazite-(Ce), xenotime-(Y), zircon, beryl
and schorl to dravite constitute the main assemblage of
accessory minerals.

Rare small pods of brownish K-feldspar + quartz car-
ry lepidolite (in part Cs-dominant), elbaite, beryl, trip-
lite, apatite, brabantite, huebnerite, Ta-enriched niobian
rutile II, hafnan zircon, bismuth, pollucite, analcime, har-
motome and chabasite (Novdk — Pelz 1981, Teertstra
et al. 1995). These pods represent the maximally fraction-
ated tail-end of primary crystallization, plus a hydrother-
mal end-stage, of the pegmatite consolidation.

Low-temperature hydrothermal association of break-
down products includes milarite (Cerny 1960, Cerny
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Fig. 1. Backscattered-electron images of the V&Zn4 I niobian rutile I in various stages of exsolution: A — primary homogeneous niobian rutile
(medium-grey matrix) with diffuse Fe, Nb, Ta-enriched streaks (pale-grey) and local clusters of depleted rutile (near-black) with exsolved fer-
rocolumbite (white) (scale bar 200 pm) (see Table 2 for compositions of all phases); B — belts of very fine-grained early-stage exsolution of
ferrocolumbite (white) from depleted niobian rutile (black) in the matrix of primary homogeneus niobian rutile (dark grey) (scale bar 200 pum);
C - progressive coarsening and increasing degree of exsolution in the intergrowth of depleted niobian rutile (dark grey to black) + ferrocolum-
bite (white) from the primary homogeneous niobian rutile (pale-grey at bottom right) outwards (scale bar 500 um); D - very coarse-grained
intergrowth of depleted niobian rutile (dark-grey) + ferrocolumbite (white) developing directly from the adjacent primary homogeneous niobi-
an rutile (medium-grey) (scale bar 200 pm); E — exsolution intergrowth of depleted niobian rutile (mottled grey) and ferrocolumbite (white),
typical of most of the niobian rutile I, with compositions of rutile variable over the three maxima shown in Fig. 5 and represented in Table 3
(scale bar 200 um); F — the coarsest-grained exsolution intergrowth of depleted niobian rutile (variable grey) + more or less manganoan ferro-
columbite (white) with most extreme compositions of both phases, close to those represented in Table 4 and Fig. 3C, F (scale bar 200 um).
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et al. 1980, Hawthorne et al. 1991) bavenite, eudidym-
ite, epididymite, celadonite (Cerny 1968), bertrandite
(Novdk et al. 1991) and microlite (Cech 1963). These
minerals are mainly found in thin fissures crosscutting
the early rock-forming and accessory phases. Discrete
crystals of niobian rutile III and associated titanian fer-
rocolumbite III belog to this general category of late hy-
drothermal phases; they reside on quartz lining the fis-
sures in feldspar and quartz, associated with a Pb-rich
pyrochlore-microlite phase and titanite containing up to
11 wt. % Nb,O, and 4 wt. % Ta,O,.

Experimental

Electron-microprobe analyses of the niobian rutile and
titanian ferrocolumbite were performed in the waveleng-
ht-dispersion mode on a Cameca SX-50 instrument at the
Department of Geological Sciences, University of Man-
itoba. A beam diameter of 1 to 2 pum, accelerating po-
tential of 15 kV, a sample current of 20 mA and
a counting time of 20 s were used for Ti, Nb, Ta, Fe and
Mn, and 40 mA and 50 s for W, Sb, Bi, As, Sc, Ca, Pb,
Y, U, Zr and Hf. The following standards were used:
manganotantalite (TaMca), MnNb,O, (MnKa, NbLa),
FeNb,O, (FeKa), CaNb,O, (CaKa), SnO, (SnLa), rutile
(TiKo), BiTaO, (BiM ), mimetite (PbMa;, AsLa), stibio-
tantalite (SbLe), NaScSi,O, (ScKa), UO, (UMa), YAG
(YLa), Z10O, (ZrL ), metallic Hf (HfK o) and metallic W
(WMa). Data were reduced using the PAP routine (Pou-
chou & Pichoir 1984, 1985).

The data for both rutile and columbite phases were
normalized to 8 oxygen atoms and 4 cations for easy
mutual comparison; this corresponds to the unit-cell con-
tent of ixiolite and disordered columbite-tantalite (Cerny
— Ercit 1989) and to 2 unit-cell contents of rutile. This
treatment calculates the content of Fe*, a routine legiti-
mized experimentally on the example of wodginite by
Ercit et al. (1992). In both cases, the data correspond to
atoms per 4 formula units (ap4fu).

It is noteworthy that the compositions established by
Pavel Povondra thirty-five years ago by wet chemical anal-
ysis (Cerny et al. 1964) are in good agreement with the
results of electron-microprobe data, by direct comparison
of the compositions of homogeneous phases and by com-
paring the results of bulk wet analysis with integrated data
on the niobian rutile + ferrocolumbite intergrowths. The
only significant difference is a systematic shift toward
a slightly lower Nb/Ta ratio in the EMPA data.

Unit-cell dimensions were refined from X-ray powder
diffraction data, collected on the Philips 1710 auto-
mated powder diffractimeter. Annealed CaF, with
a = 5.46379(4) A, calibrated against a NBS silicon ref-
erence (batch 640; a = 5.430825 A), was used as an in-
ternal standard. Refinements were done using the FIX
program for reduction of systematic error in positional
data of X-ray powder diffraction maxima to + 0.01° 26
(Ercit 1986), and a modified version of the CELREF
least-squares program of Appleman — Evans (1973).

Table 1. Representative chemical compositions of primary homo-
geneous niobian rutile I from the V€Znd I pegmatite (cf. Fig. 2A, E).
Atomic contents based on 8 oxygen atoms and 4 cations (see “Exper-
imental” for details).

’ | N40—4 [N41A—4] 22B-1 |A73C-8 A64C-8| AT4F-2

|

'wo, 085 | 059 | 1.03 072 065 | 050
Nb,O, | 27.88 | 2624 | 27.99 | 2747 | 26.68 | 2651
Ta,0, l 672 | 816 680 | 625 674 620
TiO, 5280 | 5354 | 5406 | 5462 5548 | s6.18
210, 028 | 012 | 010 | 021 | 020 | 012 ;
HYO, 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 |
$nO, 045 | 050 & 046 | 035 046 | 0.57
Tho, 000 | 000 000 | 000 | 0.00 | 0.00
Uo, 0.01 | 003 | 003 | 004 | 004 | 003 |
S¢,0, 023 | 033 | 032 026 | 017 | 032 |
Fe,0, 067 | 124 | 108 | 244 | 084 | 241
As,0, 0.00 | 000 | 000 | 000 | 0.00 | 000 |
Y,0, 0.02 | 000 | 006 | 004 | 000 | 003
$b,0, 000 | 000 | 004 | 000 | 000 | 0.00 |
Bi,0, 0.00 | 000 | 0.00 | 0.03 | 005 | 0.3
MgO 033 | 030 | 030 | 015 | 029 | 024 |
Ca0 0.00 | 000 | 001 | 001 | 001 | 0.0
MnO 0.04 | 008 | 0.13 | 005 | 0.06 | 0.6
FeO 7.83 | 7.26 | 7.63 | 7.08 | 744 | 6.54
Zn0 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.04
PbO 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00
TOTAL | 98.12 | 98.38 | 100.04 | 99.72 | 99.11 | 99.78
w 0.014 | 0.010 | 0.017 | 0.012 | 0.011 | 0.008
Nb 0.807 | 0.758 | 0.794 | 0.777 | 0.759 | 0.745
Ta 0.117 | 0.142 | 0.116 | 0.106 | 0.115 | 0.105
Ti 2.542 | 2.574 | 2.551 | 2.570 | 2.625 | 2.625
\Zr 0.009 | 0.004 | 0.003 | 0.006 | 0.006 | 0.004
Hf 0.000 | 0000 | 0.000 | 0.000 | 0.000 | 0.000
Sn 0.011 | 0,013 | 0.012 | 0.009 | 0.012 | 0.014
Th 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
U 0.000 | 0.000 | 0.000 | 0.001 | 0.001 | 0.000
Sc 0.013 | 0.018 | 0.017 | 0.014 | 0.009 | 0.017
Fe* 0.032 | 0.059 | 0.051 | 0.115 | 0.040 | 0.113
As 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Y 0.001 | 0.000 | 0.002 | 0.001 | 0.000 | 0.001
Sb 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000
Bi 0.000 | 0.000 | 0.000 | 0.000 | 0.001 | 0.000
Mg 0031 | 0.029 | 0.028 | 0.014 | 0.027 | 0.022
Ca 0.000 | 0.000 | 0.001 | 0.001 | 0.001 | 0.000
Mn 0.002 | 0.004 | 0.007 I 0.003 | 0.003 | 0.003
Fe? 0.419 | 0.388 | 0.400 | 0.371 | 0.392 | 0.340
Zn 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.002
Pb 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

Niobian rutile I and titanian ferrocolumbite I

Coarse columnar crystals of the V&Zn4 I niobian rutile I
attain maximum dimensions of 2 x 10 cm. They consti-
tute six-sided prisms elongated parallel to the [101] di-
rection, with pyramidal and prismatic faces in their ter-
minations (cf. Fig. 1 in Cerny — Cech 1962). Twinning
on (101) is common, occasionally in a cyclic form. The
crystals are locally conical and hollow, with rather
smooth crystal faces on the outside but with coarsely
grooved internal surface, adjoining cores of feldspar or
quartz. The niobian rutile is steel-grey to black, with frac-
ture surfaces either conchoidal and highly lustrous or
finely to coarsely granular and dull. Optical examination
in reflected light shows the lustrous mineral to be homo-
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Fig. 2. Compositions of the V&Znai I niobian rutile in the columbite quadrilateral (A to D) and in the ternary diagram (Nb+Ta) — (Ti+Sn+Zr+Hf)
- (Fe,, +Mn+Mg+Sc) (E to H), both in atomic proportions. A and E — primary homogeneous rutile I (cf. Table 1); B and F - depleted rutile I
and exsolved titanian columbite (cf. Tables 2 to 4); C and G — niobian rutile II from near Li, Cs-enriched pods (cf. Table 5); D and H - discrete
crystals of niobian rutile III and associated titanian columbite from open fissures (cf. Table 6). X — primary niobian rutile, + - depleted niobian

rutile, o — exsolved titanian ferrocolumbite.

geneous, whereas the granular material shows numerous
microscopic grains of a darker titanian ferrocolumbite,
verified by X-ray powder diffraction. Coarse-granular
intergrowths are occasionally slightly porous.

The homogeneous niobian rutile I represents relics of
the primary phase, which yielded depleted niobian rutile
and ferrocolumbite upon exsolution (Cerny — Cech 1962,
Cech et al. 1964, Cerny et al. 1964). The exsolution is
rarely observed to start as diffuse Nb, Ta-enriched streaks
in rutile, 30 to 150 pm long and 3 to 10 um wide, possi-
bly still with a rutile structure suggested by their gradu-
al transition into the primary rutile matrix (Fig. 1A). In
most cases the exsolution initially produces very fine-

grained ferrocolumbite (3 to 20 um) in depleted niobian
rutile matrix (Fig. 1A, B), with gradual coarsening of
both phases (Fig. 1C). Occasionally, however, the textur-
ally and compositionally defined first products of exso-
lution are quite coarse-grained (Fig. 1D). Granular fer-
rocolumbite (20 to 150 um) in heterogeneous rutile
matrix is the most abundant type of intergrowth in the
niobian rutile I (Fig. 1E). Extreme coarsening of the ex-
solution intergrowth generates grains of more or less
manganoan ferrocolumbite up to 1 mm, rarely 3 mm in
size (Fig. 1F).

Composition of the primary homogeneous phase I is
quite uniform, and it corresponds to rutile with 38 to
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Fig. 2 (continued)
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34 mol. % of the (Fe>>Mn)(Nb>Ta),O, (ferrocolumbite)
component. The content of the Fe**(Nb>Ta)O, compo-
nent (so far unknown as an independent mineral species)
is negligible (Table 1, Fig. 2A, E). The diffuse streaks
indicative of the incipient exsolution are only very slight-
ly enriched in Nb, Ta, Sc, Fe** and Mn relative to the
surrounding matrix (Table 2). In contrast, the composi-
tions of depleted niobian rutile I and exsolved ferro-
columbite I (R and FC in Table 2; Figs 2B, F, 3A, B) are
distinctly different from those of the early-stage products,
and the difference increases with continuing exsolution
and recrystallization (Tables 3 and 4; Figs 2B, F, 3C, D
and E, F). With progressive exsolution, Mg, Mn, Fe?*,
Fe*, Sc, Zr, Hf, U, Nb, Ta and W become concentrated
in the ferrocolumbite phase; in relative terms, rutile con-
serves Sn, Fe**and Ta, and Fe** relative to Fe?*, whereas
Mn, Mg and Nb are preferred by the columbite structure
(Figs 2, 3). This is reflected, for example, by changes in
the Fe?*/(Fe?*+Fe**) and Fe*/(Fe**+Mg) ratios (Fig. 4).

1 \ \/ \Vi Y
0 20 40 60 80 100 .
Ti+Sn+Zr+Hf Fe+Mn+Mg+Sc Ti+Sn+Zr+Hf
Nb+Ta Y100 G

Nb+Ta
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Statistics of the Ti content of depleted rutile I suggest
a trimodal distribution, whereas the histogram of Ti in
ferrocolumbite I is more compact and polymodal distri-
bution is far from obvious (Fig. 5).

A small proportion of exsolved titanian ferrocolum-
bite I is distinctly enriched in Mn, with Mn/(Mn+Fe)
between 0.18 and 0.57 and with two compositions cor-
responding to ferroan manganocolumbite (cf. Table 4 and
Figs 2B, F, 3E, F). This enrichment in Mn is typical of
samples which show maximum depletion of, and some
of the highest Ta/(Ta+Nb) values in the rutile matrix, and
which do not contain relics of primary homogeneous nio-
bian rutile.

The content of Hf in the primary homogeneous rutile
is below the detection limits of the experimental condi-
tions employed, but ZrO, attains up to 0.34 wt. %. The
exsolved ferrocolumbite shows ZrO, < 2.06 wt. % and
HfO, < 0.16 wt. %. The maximum content of 2.16 wt. %
MgO in ferrocolumbite also is remarkable, equal to
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Table 2. Representative chemical compositions of primary homo-
geneous niobian rutile I from the VéZnd I pegmatite and its incipient
breakdown products: RP — primary niobian rutile, D — diffuse streaks
of Nb, Ta-enriched (rutile?) phase, R — depleted niobian rutile,
FC - exsolved titanian ferrocolumbite. Atomic contents based on 8 ox-
ygens atoms and 4 cations (see “Experimental” for details). The data
were collected from the area shown in Fig. 1A.

Table 3. Chemical compositions of intermediate-stage exsolution
products of primary niobian rutile I (R) from the V&Znd I pegmatite,
representative of the trimodal distribution of rutile compositions
illustrated Fig. SA, and of associated ferrocolumbite I (FC). Atomic
contents based on 8 oxygens atoms and 4 cations (see “Experimental”
for details). Note the rapid depletion of Nb, Ta, Fe and other elements
in rutile, and a modest decrease in Ti in ferrocolumbite, with the degree
of exsolution increasing from the modal maximum 1 through 2 to 3.

| |A64D—3|A64D—10]A64D—4 A64D-9| A64D-6 |A64D-1 J [A73E-5[ A73E-3| A74D-5/A74D-12 A73C-11’A73C-147'
i L, RP | RP | D D R | FC | | | Rl | FCl | R2 | FC2 | R3 | FC3 |
'wo, | 067 o062 | 068] 050 071 | 244 | WO, | 012 233 033 617 | 009 359
| Nb,O, |27.88 | 27.99  28.67 | 2845 | 22.78 | 55.19 Nb,O, 22.62 | 62.13 | 17.01 | 60.36 | 15.18 | 65.15
| Ta,0, 7.00 | 676 | 7.10 | 730 728 | 732 | | Ta0, 642 | 685 | 636 | 623 | 599 641 |
| TiO, 54.69 | 5493 | 5345 | 5341 | 61.10 | 1617 | TiO, 62.04 | 835 6767 688 7085 405
| 210, | 029 | 020 | 023 | 028 | 007 1.26 )Zro2 0.02 | 1.53 | 0.00 | 027 | 000 | 0.00 !
HfO, | 000 000 | 000 | 000 | 000 | 0.09 ' HfO, 0.00 ’ 0.10 | 000 004 | 000 | 000 |
Sno, 057 059 | 053 | 049 | 057 | 035 | Sn0, | 049 | 023 | 1.09 ‘ 0.39 1.09 | 0.27
ThO, 0.00 | 000 | 000 000 000 | 0.02 ThO, | 000 | 000 | 004 001 {0 I '
| vo, 0.06 | 0.3 | 000 | 0.15 | 0.00 | 0.25 \UO2 ol e OO T ) O
Sc,0, 025 | 025 | 033 | 031 017 | 113 ] Sc,0, 0.09 | 154 003, 139 | 003 | 097
Fe,0, 051 | 096 | 1.50 | 151 0.24 | 0.83 Fe,0, 178 | 045 & 196 070 | 229 | 029
As,0, 0.00 [ 0.00 | 000 | 000 | 000 | 000 As,O; | 000 { 000 001 ’ 0.00 | 000 | 0.00 |
Y,0, 0.00 | 0.02 0.03 | 0.01 0.00 0.05 | Y,0, | 000 [ 005 0.02 0.05 0.00 0.04
$b,0, 0.06 | 005 | 003 | 0.01 000 | 005 | | Sbo, | 002 | 000 | 003 ' 0.00 | 000 | 0.2 |
Bi,0, 0.00 | 003 | 000 000 | 005 | 007 | Bi,0, 000 000 | 014 000 | 000 020
MgO 028 | 031 | 032 032 022 1.90 MgO ; 0.13 211 | 004 118 [ 006 | 073
Ca0 0.01 | 000 | 000 001 = 000 | 000 | ca0 0.00 | 000 000 000 000 0.0
MnO 004 | 005 | 007 | 010 | 0.06 1.01 | MnO | 005 | 077 001 | 220 002 ) 471
FeO 795 | 767 | 761 | 7.49 ] 6.90 | 11.45 | FeO | 6.06 l 13.07 | 472 | 1379 | 392  13.0]
ZnO 0.00 | 0.00 | 000 | 0.01 0.00 | 000 | |ZnO 0.00 | 000 =~ 000 | 007 | 000 | 0.00
PbO 001 | 000 | 000 | 000 000 | 000 | PbO 0.00 | 0.00 | 000 000 | 004 000
TOTAL [100.27 [100.65 [100.55 [100.35 | 100.15 | 99.58 LTOTAL 99.86 | 99.57 | 99.52 | 99.83 | 99.61 | 99.50 |
I | ' '
w 0.011 | 0.010 | 0.011 | 0.008 | 0.011 | 0.046 | W 0.002 | 0.045 0005 | 0121 0001 0.071 !
Nb 0.789 | 0.788 | 0.811 | 0.807 | 0.632 | 1.798 Nb 0.624 | 2.075 | 0.463 | 2.058 | 0407 | 2.249 |
Ta 0.119 | 0.114 | 0.121 [0.125 | 0.122 | 0.143 Ta 0.106 | 0.138 | 0.104 | 0.128 | 0.097 | 0.133 |
Ti 2.573 | 2.571 | 2.515 | 2.519 | 2.820 | 0.876 Ti | 2:845 | 0.464 I 3.064 | 0390 | 3.163 | 0.233 |
Zr 0.009 | 0.009 | 0.007 | 0.009 | 0.002 | 0.044 | Zr 0.001 |0.055 0.000 | 0.010 | 0.000 @ 0.000
Hf 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.002 Hf 0.000 | 0.002 { 0.000 | 0.001 | 0.000 0.000
Sn 0.014 | 0.015 | 0.013 | 0.012 | 0.014 | 0.010 Sn 0.012 | 0.007 | 0.026 | 0.012 | 0.026 | 0.008 |
Th 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 Th 1 0.000 | 0.000 l 0.001 | 0.000 | 0.001 | 0.000 |
U 0.001 | 0.002 | 0.000 | 0.002 | 0.000 | 0.004 U 0.000 | 0.001 | 0.001 | 0.002 | 0.000 | 0.001
Sc 0.014 | 0.014 | 0.018 | 0.017 | 0.009 | 0.071 Sc 0.005 | 0.099 | 0.002 | 0.091 | 0.002 | 0.065
Fe,, 0.024 | 0.045 | 0.071 | 0.071 | 0.011 | 0.045 | Fe,, 0.082 | 0.025 ’ 0.089 | 0.040 | 0.102 | 0.017
As 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 As 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 |
Y 0.000 | 0.001 | 0.001 | 0.000 | 0.000 | 0.002 Y 0.000 | 0.002 | 0.001 | 0.002 ' 0.000 | 0.002
Sb 0.002 | 0.001 | 0.001 | 0.000 | 0.000 | 0.001 | Sb 0.001 | 0.000 | 0.001 | 0.000 | 0.000 | 0.001
| Bi 0.000 | 0.000 | 0.000 | 0.000 | 0.001 | 0.001 | | Bi 0.000 }0.000 0.002 | 0.000 | 0.000 | 0.004
| Mg 0.026 | 0029 | 0030 | 0030 | 0020 | 0204 | | Mg 0.012 | 0.232 | 0.004 | 0.133 | 0.005 | 0.083
Ca 0.001 | 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | | Ca | 0.000 | 0.000 | 0.000 = 0.000 | 0.000 | 0.000 |
Mn 0.002 | 0.003 | 0.004 | 0.005 0.003 0.062 | Mn 1 0.003 | 0.048 | 0.001 0.141 0.001 | 0.305 .
Fe,, 0.416 | 0.399 | 0.398 | 0.393 ' 0.354 | 0.690 | ’Fez, 0309 | 0.807 | 0237 | 0.870 = 0.195 | 0.830
Zn { 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 ‘ Zn | 0.000 | 0.000 ' 0.000 | 0.004 | 0.000 | 0.000 l
Pb | 0.000 | 0.000 | 0.000 | 0.000 l 0.000 | 0.000 | Pb | 0.000 | 0.000 | 0.000 i 0.000 l 0.001 | 0.000

17 mol. % of the magnocolumbite component. The Sc
content of the primary homogeneous niobian rutile is
modest but it considerably increases in the exsolved fer-
rocolumbite I: < 0.39 and < 1.90 wt. % Sc,0,, respectively.

X-ray powder diffraction data of the rutile phase show
the monorutile structure in both natural state and after
heating to 1000 °C for 16 hours in air. Ferrocolumbite I
has a disordered ixiolite-type structure which turns on
heating into an ordered state of proper columbite (see
Cerny — Turnock 1971 and Ercit et al. 1995 for order/

disorder relationships in the columbite goup).

Unit-cell dimensions of the rutile and columbite phas-
es cannot be correlated with the compositional data, as
the X-rayed powder mounts represent averages of con-
siderably heterogeneous samples. Nevertheless, the rutile
phase (a 4.636 to 4.639, ¢ 2.984 to 2.992 A for primary,
a 4.601 to 4.620, ¢ 2.975 to 2.983 A for depleted) gen-
erally corresponds to niobian rutile examined by Cerny
et al. (1964), and the titanian ferrocolumbite yields val-
ues (a ~4.7 to 4.75,b ~5.72 to 5, 75, ¢ ~5.12 A) expect-
ed for disordered phases of such composition (cf. Cerny
— Ercit 1989, Ercit et al. 1995).
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Fig. 3. Selected examples of progressive stages of exsolution in the VEZn4 I niobian rutile I in the columbite quadrilateral and in the (Nb+Ta) -
(Ti+Sn+Zr+Hf) - (Fe ,+Mn+Mg+Sc) diagram: A, B — incipient very fine-grained exsolution (cf. Fig. 1A, B); C, D — predominant, intermediate
degree of exsolution (cf. Fig. 1E); E, F — coarse-grained products of advanced exsolution (similar to those shown in Fig. 1F). Graphic symbols
as in Fig. 2. Tielines (in A, C, E) and brackets (in B, D, F) connect pairs of coexisting rutile matrix and exsolved ferrocolumbite grain. Note the
gradual enrichment of rutile in Ta, and the Nb-rich plus progressively Mn-enriched composition of ferrocolumbite demonstrated in the quadri-

laterals, and the trend toward pure rutile and columbite evident in the ternary diagrams.
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72 wt. % TiO,, respectively).

Niobian rutile II and titanian ferrocolumbite II

Granular aggregates of depleted niobian rutile II and
exsolved ferrocolumbite II rarely accompany scarce
pods of the late, Li, Rb, Cs-enriched mineral associa-
tion described sub “The parent pegmatite and mineral
assemblages”. Grains located within 2 cm of the lepi-
dolite + elbaite + pollucite aggregates show composi-
tions of the rutile II and ferrocolumbite II phases (Ta-

ble 5, Fig. 2C, G) similar to those of the most exsolved
and Mn-enriched type 1. The coarse texture of the ex-
solution intergrowth and the absence of a homogeneous
primary rutile phase also are similar to the features of
the most evolved niobian rutile I + ferrocolumbite I
pairs (Fig. 1F). The W content of ferrocolumbite II and
the Sn content of rutile II are the highest ever encoun-
tered in any generation of these phases in the Véznd I
pegmatite.
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Table 4. Chemical compositions representative of the most exsolved
and coarsest-grained intergrowths of depleted niobian rutile I (R) and
ferrocolumbite I (FC) from the VEznd I pegmatite. Atomic contents
based on 8 oxygen atoms and 4 cations (see “Experimental” for de-
tails). The data correspond to some of those shown in Figs 3E, F, and
are similar to compositions characteristics of the two phases in Fig. 1F.

A61A-2 A61A-4|A61A-5|A61A-3| A61A-7| A61A—6
R R R FC FC FC
WO, 040 | 004 | 006 | 3.6 | 430| 436
Nb,O, | 12.12| 10.65 | 1028 | 6499 | 6596 | 64.39
Ta,0, 655| 655| 620 | 712 7.00| 777
TiO, 73.69 | 77.18 | 7792 | 402 | 356 | 3.46
Z10, 0.00 | 000 | 000 | 000| 000 0.00
HfO, 000 000 000 | 001| 000 0.00
SO, 103 101 | 104 | 038 025| 030
ThO, 0.00| 000 | 001 | 000, 000 000
vo, 0.00 | 000 | 000 | 002 000 006
Sc,0, 0.00| 000 | 000 048 080 041
Fe,0, 171 | 232 | 186 | 040 000| 0.0
As,0, 0.00 | 000| 000 | 000 000 0.0
Y,0, 0.01| 001 | 003 | 004 009| 006
$b,0, 0.00 | 007 | 000 | 004 000| 001
Bi,0, 0.04| 000 010 [ 013| 000| 0.00
MgO 005|004 | 005 | 125| 119| 1l
Ca0 0.00 | 002 000 | 001 002/ 008
MnO 0.08| 001 | 004 | 138| 417 7.10
FeO 346 | 273 | 279 | 1559 | 13.02 | 1035
Zn0 0.06 | 001 | 000 | 000| 000 002
PbO 0.00 | 0.4 | 008 | 000| 000 0.00
TOTAL | 99.20 | 100.78 |100.46 | 99.02 | 100.36 | 99.48
w 0.006 | 0.001 | 0.001 | 0.063 | 0.084 | 0.087
Nb 0324 | 0278 | 0.268 | 2.252 | 2.260 | 2.241
Ta 0.105 | 0.103 | 0.097 | 0.148 | 0.144 | 0.163
Ti 3.280 | 3.353 | 3.384 | 0232 | 0.203 | 0.200
Zr 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Hf 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Sn 0.024 | 0.023 | 0.024 | 0012 | 0.008 | 0.009
Th 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
U 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.001
Sc 0.000 | 0.000 | 0.000 | 0.032 | 0.053 | 0.027
Fe** 0.076 | 0.101 | 0.081 | 0.023 | 0.000 | 0.000
As 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Y 0.000 | 0.000 | 0.001 | 0.002 | 0.004 | 0.002
Sb 0.000 | 0.002 | 0.000 | 0.001 | 0.000 | 0.000
Bi 0.001 | 0.000 | 0.001 | 0.003 | 0.000 | 0.000
Mg 0.004 | 0.003 | 0.004 | 0.143 | 0.134 | 0.127
Ca 0.000 | 0.001 | 0.000 | 0.001 | 0.002 | 0.007
Mn 0.004 | 0.000 | 0.002 | 0.090 | 0.268 | 0.463
Fe** 0.172 | 0.132 | 0.135 | 1.000 | 0.825 | 0.666
Zn 0.003 | 0.000 | 0.000 | 0.000 | 0.000 | 0.001
Pb 0.000 | 0.002 | 0.001 | 0.000 | 0.000 | 0.000

Niobian rutile III and titanian ferrocolumbite III

In contrast to the preceding generations, these phases form
discrete subhedral to euhedral stubby crystals 0.1 to
0.5 mm in size, perched on euhedral quartz lining fissures
in quartzo-feldspathic matrix. Closely associated as they
are, the two minerals were not observed in mutual con-
tact or any kind of intergrowth. Within individual crystals,
each phase is homogeneous in BSE images, although rutile
is somewhat variable in terms of Ta/(Ta+Nb) and ferro-
columbite shows a relatively broad range of Mn/(Mn+Fe)
(Table 6, Figure 2D, H). The (Fe, Nb, Ta)-component of
rutile III is quite subordinate, and so is the Ti content of

the associated ferrocolumbite III. The contens of Sc are
much lower than in the niobian rutile I and and its exso-
lution products, and the Zr and Hf contents are below
detection limits. In contrast, SnO, is much higher (up to
1.73 wt. % in niobian rutile III), although lower than in
the niobian rutile II.

As was the case with niobian rutile I and ferrocolum-
bite I exsolutions pairs, niobian rutile III shows
a monorutile structure, and the titanian ferrocolumbite III
displays a disordered structural state. On heating to
1000°C for 16 h. in air, the disordered ferrocolumbite III
converts to a cation-ordered columbite structure.

Discussion

The VE€Znd I niobian rutile is a typical representative of
the compositional type of this phase which is character-
ized by strong dominance of Fe? over Fe*. Such niobi-
an rutile almost invariably exsolves into a Nb, Ta, Fe-
depleted rutile and titanian ferrocolumbite (e. g., Sahama
1978, Cemy et al. 1981), in contrast to niobian rutile
containing about equal concentrations of divalent and
trivalent Fe (Cerny et al. 1999) or dominant (Fe,Sc)*
(Cerny et al. 2000). Abundant data on the primary nio-
bian rutile I, its exsolution products, and later generations
of niobian rutile II and III permit a thorough discussion
of the VE€Znd case in terms of crystal chemistry (with
implications for Fe?* — dominant niobian rutile in gener-
al) and in terms of phase evolution during consolidation
of the parent pegmatite (specific for V€zna I).

Crystal chemistry of the rutile phase

Primary niobian rutile I seems to incorporate substantial
quantities of Nb and Fe, minor Ta, and negligible Mn
plus Mg via the substitution (Fe,Mn,Mg)* (Nb,Ta)**,
Ti*_,. However, the entry of other cations with diverse
valencies must be taken into account before the above
substitution could be confirmed (except for homovalent
substitution by Sn, Zr, Hf, U and Th). The cations in
question include Fe*, Sc*, W%, and the most likely sub-
stitution mechanisms are Fe*  (Nb,Ta)*  Ti* , Sc*
(Nb,Ta)* | Ti* _, and (Fe,Mn,Mg)*? W Ti* , respec-
tively. Figure 6 shows the plots of all generations of nio-
bian rutile adjusted for the above minor substitutions,
with excellent correlation of the terms (Fe*+Mn+Mg-W)
and (Nb+Ta-Fe**-Sc) lined up along the 1:2 ratio. This
confirms both the principal mechanism of incorporation
of divalent and pentavalent cations, and the validity of
the substitutions assumed for the minor cations.

Crystal chemistry of the ferrocolumbite phase

Ferrocolumbite exsolved from niobian rutile I and II, and
coprecipitated with niobian rutile III, contains substan-
tial Fe, Mn, and Nb dominant over subordinate Ta. Fer-
rocolumbite also shows considerable substitution by Mg,
Sc, Fe*, Ti, W and minor Zr plus Hf and Ca. The incor-
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Table 5. Chemical composition of niobian rutile II and ferrocolum-
bite II from the V&Znd I pegmatite (cf. Fig. 2C, G). Atomic on 8 oxy-
gens atoms and 4 cations (see “Experimental” for details).

Gl-1 | GI-5 | G3brt | G1-8 | GiI-11 | G2-3
R R R FC FC FC

WO, 0.00 0.67 0.58 4.95 7.23 4.14
Nb,O, 13.34 | 1822 | 2090 | 59.69 | 57.70 | 60.80
Ta, O 6.81 7.00 7.24 7.16 6.96 6.87
TiO, 7191 | 64.22 | 61.62 6.49 6.29 6.43
ZrO, 0.00 0.00 0.00 0.06 0.07 0.15
HfO, 0.00 0.00 0.00 0.04 0.00 0.00
SnO, 1.48 2.53 1.72 1.38 1.10 0.55
ThO, 0.00 0.00 0.07 0.00 0.00 0.00
uo, 0.04 0.00 0.07 0.00 0.10 0.02
S¢,0, 0.00 0.00 0.06 0.79 0.94 1.54
Fe, 0, 2.58 1.32 1.07 1.27 0.67 1.42
As,O, 0.02 0.01 0.00 0.00 0.00 0.00
Y,0, 0.00 0.00 0.02 0.01 0.10 0.04
Sb,0, 0.06 0.02 0.00 0.02 0.00 0.00
Bi,0, 0.00 0.04 0.12 0.00 0.01 0.00
MgO 0.01 0.02 0.02 0.19 0.40 0.58
Ca0 0.01 0.02 0.01 0.04 0.03 0.01
MnO 0.03 0.03 0.07 0.39 6.24 4.81
FeO 3.47 5.57 635 | 17.05 | 11.04 11.46
ZnO 0.00 0.00 0.00 0.00 0.03 0.00
PbO 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL | 99.76 | 99.67 | 99.92 | 99.54 | 98.92 | 98.82
w 0.000 | 0.011 | 0.009 | 0.098 | 0.145 0.082
Nb 0.357 | 0.504 | 0.582 | 2.065 | 2.021 2.093
Ta 0.110 | 0.116 | 0.121 | 0.149 | 0.147 0.142
Ti 3205 | 2955 | 2.855 | 0374 | 0366 | 0.368
Zr 0.000 | 0.000 | 0.000 | 0.002 | 0.003 0.006
Hf 0.000 | 0.000 | 0.000 | 0.001 | 0.000 | 0.000
Sn 0.035 | 0.062 | 0.042 | 0.042 | 0.034 | 0.017
Th 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000
0} 0.001 | 0.000 | 0.001 | 0.000 | 0.002 | 0.000
Sc 0.000 | 0.000 | 0.003 | 0.053 | 0.063 0.102
Fe3* 0.115 | 0.061 | 0.049 | 0.073 | 0.039 | 0.081
As 0.001 | 0.000 | 0.000 ;| 0.000 | 0.000 | 0.000
Y 0.000 | 0.000 | 0.001 | 0.000 | 0.004 | 0.002
Sb 0.001 | 0.001 | 0.000 | 0.001 { 0.000 | 0.000
Bi 0.000 | 0.001 | 0.002 | 0.000 | 0.000 | 0.000
Mg 0.001 | 0.002 | 0.002 | 0.022 | 0.046 | 0.066
Ca 0.001 | 0.001 | 0.001 | 0.003 | 0.002 | 0.001
Mn 0.002 | 0.002 | 0.004 { 0.025 | 0.409 | 0310
Fe* 0.172 | 0.285 | 0.327 | 1.092 | 0.716 | 0.730
Zn 0.000 | 0.000 | 0.000 | 0.000 | 0.002 | 0.000
Pb 0.000 | 0.000 | 0.000 | 0.000 } 0.000 [ 0.000

poration of Mg? and Ca* is undoubtedly homovalent for
(Fe,Mn)?*, and the entry of Fe** and Sc* can be envis-
aged via (Fe,Sc)* , (Nb,Ta)** , (Fe,Mn,Mg,Ca)*_,
(Nb,Ta)**_,. The substitution by Ti and minor Zr plus Hf
can be expected to be accomplished mainly, if not ex-
clusively, by the reversal of the main mechanism operat-
ing in niobian rutile, i. e. (Ti,Zr,Hf)* , (Fe,Mn,Mg,Ca)**_|
(Nb,Ta)** . These assumptions are tested in Figure 7 by
adjustments to the main substitution mechanism similar
to those employed for niobian rutile, namely (Fe**+Mn+
Mg+Ca-W) vs (Nb+Ta-Fe**-Sc). The correlation of the
plotted data is very good and confirms both the main sub-
stitution by the tetravalent cations and the entry of the
minor elements, as assumed above. However, a small
portion of the data plots below the ideal 1:2 trend. Mi-
nor quantities of Y, Bi, Sb, As and Pb account to some

degree for these deviations but they do not eliminate
them. Substitution mechanisms additional to the major
substitutions quoted above may be involved (cf,, e. g.,
Johan — Johan 1994), but their extent is negligible and
out of reach of quantitative confirmation.

Figure 8A illustrates a positive correlation of Zr and
Hf in the exsolved titanian ferrocolumbite I, similar to
that recognized for this pair of coherent elements in ex-
solutions of wodginite in cassiterite (Masau et al. 2000).
However, the correlation coefficient of 0.388 is very low:
this is undoubtedly due to high analytical error on the
part of Hf, as most of the determined contents are close
to the quantitative detection limit of the EMPA conditions
employed. Nevertheless, our results on ferrocolumbite

Table 6. Representative chemical compositions of discrete crys-
tals of niobian rutile III and titanian ferrocolumbite III from quartz-
coated fissures of the V&Znd I pegmatite (cf. Fig. 2D, H). Atomic con-
tents based on 8 oxygen atoms and 4 cations (see “Experimental” for
details). Note the similarity to the compositions of the most advanced
exsolution products of niobian rutile I (Table 4).

V1-3 | V2-3 | V2-7 | VI-2 V2-1 v2-2
R R R FC FC FC

WO, 0.00 0.22 0.21 4.09 4.77 3.55
Nb,O, 8.96 9.08 9.06 | 62.77 61.24 | 62.96
Ta, O, 6.58 6.58 6.43 8.19 9.29 9.65
TiO, 76.95 | 76.92 | 76.95 3.65 3.29 3.03
Zr0, 0.00 0.00 0.00 0.00 0.00 0.00
HfO, 0.00 0.00 0.00 0.00 0.00 0.00
SnO, 1.69 1.56 1.52 0.69 0.51 0.57
ThO, 0.00 0.06 0.00 0.00 0.01 0.00
uo, 0.00 0.01 0.03 0.11 0.02 0.10
Sc,0, 0.00 0.00 0.00 0.50 0.26 0.31
Fe,0, 1.66 1.05 1.05 0.00 0.00 0.00
As,0O, 0.03 0.01 0.01 0.00 0.00 0.00
Y,0, 0.00 0.04 0.01 0.02 0.05 0.04
Sb,0, 0.00 0.00 0.01 0.00 0.00 0.00
Bi,0, 0.04 0.00 0.04 0.00 0.00 0.06
MgO 0.04 0.03 0.03 0.78 0.71 0.69
Ca0 0.00 0.01 0.01 0.02 0.03 0.04
MnO 0.01 0.02 0.00 6.27 8.47 8.72
FeO 2.61 3.00 3.00 | 11.38 9.39 9.35
Zn0O 0.00 0.02 0.00 0.00 0.00 0.00
PbO 0.12 0.01 0.03 0.00 0.00 0.00
TOTAL | 98.69 | 98.61 | 98.39 | 98.47 98.04 | 99.07
w 0.000 | 0.003 | 0.003 | 0.083 0.098 | 0.072
Nb 0238 | 0.242 | 0.242 | 2.216 2.191 | 2.226
Ta 0.105 | 0.105 | 0.103 | 0.174 0.200 | 0.205
Ti 3407 | 3.410 | 3.416 | 0.214 0.196 | 0.178
Zr 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000
Hf 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000
Sn 0.040 | 0.037 | 0.036 | 0.021 0.016 | 0.018
Th 0.000 | 0.001 | 0.000 | 0.000 0.000 | 0.000
U 0.000 | 0.000 | 0.000 | 0.002 0.000 | 0.002
Sc 0.000 | 0.000 | 0.000 | 0.034 0.018 | 0.021
Fe* 0.073 | 0.046 | 0.047 | 0.000 0.000 | 0.000
As 0.001 | 0.000 | 0.000 ! 0.000 0.000 | 0.000
Y 0.000 | 0.001 | 0.000 | 0.001 0.002 | 0.002
Sb 0.000 | 0.000 | 0.000 | 0.000 0.000 | 0.000
Bi 0.001 | 0.000 | 0.001 | 0.000 0.000 | 0.001
Mg 0.004 | 0.003 | 0.003 | 0.091 0.084 | 0.080
Ca 0.000 | 0.001 | 0.001 | 0.002 0.003 | 0.003
Mn 0.000 | 0.001 | 0.000 | 0.415 0.568 | 0.578
Fe** 0.128 | 0.148 | 0.148 | 0.743 0.621 | 0.612
Zn 0.000 | 0.001 | 0.000 | 0.000 0.002 | 0.000
Pb 0.002 | 0.000 | 0.000 | 0.000 0.000 | 0.000
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(combined with Zr detected in niobian rutile; Table 1)
confirm the data of Michailidis (1997), and the first
Vézni data obtained by Novik — Cerny (1998), which
indicate that trace to subordinate amounts of Zr and Hf
are incorporated not only into cassiterite (Méller — Dul-
ski 1983, Masau et al. 2000) but into rutile as well. On
exsolution, both elements migrate into a complex oxide
phase. Preliminary data suggest that the Zr/Hf ratio in the
Vézné I exsolved ferrocolumbite, averaging at 11.1, is
close to that characteristic of zircon associated with the
primary homogeneous niobian rutile I.

Figure 8B indicates that Sc is not linked to Fe’* and
Sc in the V&Zn4 titanian ferrocolumbite I, and the limit-
ed data available suggest that this link is also absent in
the primary homogeneous niobian rutile I. This is in
marked contrast to the behavior of Sc in numerous oth-

er geological environments (e. g., Wise et al. 1998, Novdk
— Cerny 1998).

Element partitioning during exsolution

The data summarized in Tables 1 to 5 and llustrated in
Figures 1 to 4 indicate a strong tendency of primary nio-
bian rutile I and II to exsolve orthorhombic ferrocolum-
bite. With progress of exsolution, the parent tetragonal
phase tends to eliminate most major and minor substitu-
ents, whereas the orthorhombic product of exsolution
becomes Ti-poor. This is in general agreement with the
stability relationships in the columbite group sensu lato,
marked by the rutile structure of FeTa,O, but a colum-
bite-type orthorhombic architecture of MnTa,O, and both
Nb-dominant end-members (Brandt 1943, Cerny — Ercit
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Fig. 6. Virtually perfect correlation of the terms (Fe**+Mn+Mg-W) and (Nb+Ta-Sc-Fe*) in primary homogeneous niobian rutile I (A), depleted
niobian rutile I (B), depleted niobian rutile II (C) and niobian rutile III (D).



Journal of the Czech Geological Society 45/1-2(2000)

33

1989). As demonstrated earlier, tantalian rutile generally
remains stable on cooling (as do some Nb-poor cases of
niobian rutile), but niobian rutile with substantial extent
of substitution invariably breaks down to an intergrowth
of depleted rutile and exsolved titanian ferrocolumbite or
ixiolite (Cerny et al. 1981, Cerny — Ercit 1989).

The structure of the orthorhombic phase proves to be
much more flexible and accomodating for a variety of
subordinate to minor substituents than that of rutile. Fer-
rocolumbite clearly becomes a sink for Mg, Mn, Fe?,
Fe’*, Sc, Zr, Hf, U, Nb, Ta and W, whereas rutile con-
serves only Sn and Ta. In relative terms, rutile retains Ta,
Fe?* and Fe*, with preference for the latter, and ferro-
columbite extracts mainly Mn and Nb.

Course of crystallization and breakdown

Primary homogeneous niobian rutile I rarely shows dif-
fuse streaks enriched in Nb, Ta, Sc, Fe and Mn, possibly
still in structural continuity with the surrounding rutile
matrix. In most cases, fine-grained exsolution of orthor-
hombic ferrocolumbite I is the characteristic first prod-
uct of breakdown, which substantially depletes the rutile
phase of the substituting elements. Coarse aggregates of
ferrocolumbite directly adjacent to primary homogeneous
rutile are rather exceptional.

With continuing exsolution, presumably during grad-
ual temperature decrease, the compositional differences
between the rutile and ferrocolumbite phases increase.
Distribution of Ti in depleted rutile I suggests that the
exsolution could have proceeded in several, possibly tem-
perature-controlled steps.

In some samples which lack relics of primary homo-
geneous niobian rutile, the titanian ferrocolumbite shows

considerable enrichment in Mn. Considering the modal
proportions of rutile to ferrocolumbite in these samples
(~4:1), it is obvious that the parent homogeneous phase
must have been distinctly enriched in Mn relative to the
relics of primary homogeneous niobian rutile in the Mn-
poor assemblages. It is conceivable that such a Mn-rich
tetragonal phase would be even less stable than the
strongly Fe-dominant compositions, and would become
completely exsolved (see Weitzel 1976, Lahti et al. 1983,
Cerny — Ercit 1989 concerning metastability of manga-
notapiolite, and Masau et al. 2000 about the breakdown
of manganoan-tantalian cassiterite).

The niobian rutile I + Mn-enriched ferrocolumbite I
pairs came from samples which were not collected in situ
in the pegmatite outcrop. Consequently, their position in
space and time relative to the niobian rutile I + Mn-poor
ferrocolumbite I cannot be ascertained. Nevertheless, it
can be assumed on geochemical grounds that the Mn-en-
riched (and possibly Ta-enriched) primary rutile represent-
ed a relatively late product of fractional crystallization.

This is supported by the phase relations and chemi-
cal compositions of the depleted niobian rutile I + Mn-
rich ferrocolumbite II. These exsolution intergrowths,
also free of relics of the primary homogeneous niobian
rutile, are quite analogous to the Mn-rich assemblage
I, and they are located in immediate vicinity of the
geochemically most evolved, Li, Rb, Cs, F-enriched sil-
icate pods.

Late-stage enrichment of the Ti, Nb, Ta, Fe-bearing
oxide assemblage in Mn is extended into the discrete but
coexisting niobian rutile III and ferrocolumbite III, pre-
cipitated under low-temperature hydrothermal conditions
in open fissures. The compositional similarity of the II,
III and some cases of the I generation of the oxide min-
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erals suggests that the III pair could have been mobilized
and redeposited from the earlier assemblages; coarse ex-
solution intergrowths I are locally porous and probably
leached.

Summary

Niobian rutile crystallized in the V&Znd I pegmatite in
three generations: niobian rutile I associated with beryl-
lian cordierite, beryl, zircon, xenotime-(Y) and monazite-
(Ce), transitional into niobian rutile II in close vicinity
of small pollucite-, lepidolite- and elbaite-bearing pods,
and niobian rutile ITI in fissures with ferrocolumbite III,
niobian titanite and pyrochlore-microlite. Exsolution of
the niobian rutile I and II into depleted rutile and tita-
nian ferrocolumbite is extensive. Exsolution possibly pro-
ceeded in several, presumably temperature-controlled
stages. Relics of primary homogeneous niobian rutile are
preserved in most crystals of generation I, but some of
them and those of generation II, all perceptibly enriched
in Mn, are completely exsolved. Oxide minerals of the
last generation III could have been mobilized and rede-
posited from compositionally similar, porous aggregates
of intergrowths I and II.

Heterovalent substitutions in niobian rutile are accom-
plished by (Fe,Mn,Mg)* (Nb,Ta)** Ti* ,, Fe*
(Nb,Ta)**,, Ti*,, Sc*, (Nb,Ta)*  Ti* , and (Fe,Mn,
Mg)*?,, W&  Ti* , and by reverse mechanisms in fer-
ro-columbite: (Fe,Sc)** ; (Nb,Ta)* , (Fe,Mn,Mg,Ca)** ,
(Nb,Ta)’**, and (Ti,Zr,Hf)** , (Fe,Mn,Mg,Ca)*_
(Nb,Ta)*_,. Exsolution concentrates Mg, Mn, Fe**, Fe*,
Sc, Zr, Hf, U, Nb, Ta and W in the exsolved ferrocolum-
bite. In relative terms, rutile conserves Sn, Fe**, Fe3*, Ta,
and Fe* relative to Fe?, whereas Mn and Nb are pre-
ferred by the columbite structure.

Considerable concentration of Zr and Hf in exsolved
ferrocolumbite and low Zr content of undepleted niobi-
an rutile confirm that Zr and Hf must be considered sig-
nificant minor elements in niobian rutile from granitic
environments. Considerable enrichment in Mg can be
presumed a local feature, reflecting contamination of the
pegmatite by serpentinite wallrock.
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Niobovy rutil krystaloval v pegmatitu V&Zn4 I ve tiech generacich: niobovy rutil I sdruZeny s berylnatym cordieritem, berylem, zirkonem, xenotimem-
(Y), a monazitem-(Ce), pfechazejici do niobového rutilu II v tésné blizkosti malych hnizd s pollucitem, lepidolitem a elbaity, a niobovy rutil ITI na
puklindch spolecné s titanovym ferrocolumbitem III, niobovym titanitem a mineraly ze skupiny mikrolitu — pyrochloru. Odmi3eni niobového rutilu I
a II na ochuzeny rutil a titanovy ferrocolumbit je velmi roziffené. OdmiSeni pravdépodobné probéhlo v n&kolika fazich, kontrolovanych klesajici
teplotou. Relikty primdmiho homogenniho niobového rutilu jsou zachovidny ve vétsin& krystali generace I, ale n&které z nich jsou, podobn& jako
generace II, iplné odmiSeny; ve viech téchto piipadech se jednd o fize zfetelné obohacené manganem. Koexistujici oxidické minerdly posledni I
generace mohly byt mobilizovany a znovu rekrystalovény z poréznich, manganem obohacenych agregdti generace II a IIl, jimZ jsou svym sloZenim
blizké. Primdrni homogenn rutil obsahuje 34 aZ 38 mol. % ferrocolumbitové komponenty, a nepatrné mnozstvi Fe*(Nb,Ta)O,. Obsah ferrocolumbitové
slozky v ochuzené rutilové fazi klesd aZ na 16 mol. %, zatimco obsah TiO, ve ferrocolumbitu klesd aZ na 5 mol. %. Heterovalentni substituce
v niobovém rutilu jsou kontrolovainy &tyfmi mechanismy: (Fe,Mn,Mg)*, (Nb,Ta)* Ti* ,, Fe*  (Nb,Ta)*, Ti* , Sc*,  (Nb,Ta)*, Ti*,, a
(Fe,Mn,Mg)*?, W&  Ti* . Ve ferrocolumbitu jsou substituce opatné (a lok4lng pravdepodobn& kombinované s nepatrnym podilem kvantitativng
nedefinovatelnych substituci): (Fe,Sc)* , (Nb,Ta)**,, (Fe,Mn,Mg,Ca)* , (Nb,Ta)**_, a (Ti,Zr,Hf)* , (Fe,Mn,Mg,Ca)* | (Nb,Ta)* ,. Odmieni vede
k pfednostni koncentraci Mg, Mn, Fe?*, Fe¥, Sc, Zr, Hf, U, Nb, Ta a W ve ferrocolumbitu. V relativnim mefitku, rutil konservuje Sn, Fe?*, Fe**, Ta a
Fe**v pomé&ru k Fe?*, zatimco Mn a Nb jsou preferovany v columbitové struktufe. Obsah ZrO, v primdrnim homogennim niobovém rutilu je <0.34 hm. %,
ale odmfSeny ferrocolumbit obsahuje aZ 2.11 hm. % spolu s £0.16 hm. % HfO,. Tyto koncentrace potvrzuji Ze Zr a Hf musejf byt brany v potaz jako
vyznamné stopové prvky v niobovém rutilu z granitickych asociacf. Zvysené obsahy MgO, <0.34 hm. % v primdmim homogennim niobovém rutilu
a <2.16 hm. % v odmiSeném ferrocolumbitu, jsou zfejmé lokdlnim zjevem, a nasvédZujf kontaminaci serpentinitovou boéni horninou.



