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ABSTRACT

The (Be,Nb,Ta)-bearing albite-muscovite pegmarites at Marsftov, in the Hrubf Jesenik Mountains pegmatite field

of northern Moravia, Czechoslovakia, *ete iubjected to a two-stage, sillimanite-grade, regional metamorphism tlat

reached about 600oC and 4-6 kbar, P(rotal) > > P(fluid). The first stage generated chrysoberyl at the expense of

beryl, under relatively staiic conditions (pegmatite I), whereas extensive shearing during a second stage produced a

second generation of chrysoberyl, abundant sillimanite and a foliation (pegrnatite III). The primary.assemblage of

the M-Ta oxide minerals consisted of manganocolumbite-manganotantalite displaying oscillatory zoning in terms of

M and Ta, replaced by fersmite and microlite (rarely pyrochlore). The columbite-tantalite was frst recrystallized
into ,,bird'j-eye" oscillitory-zoned textures or heterogeneous granular aggxegates. The original range of,Tal(Ta + Nb)
values was commonly reduced, although locally expanded by contribution of additional Nb or Ta from incipient

breakdown of fersmite or microlite, respectively. Mn/(Mn + Fe) largely decreased, by as much as 0.40, by introduction
of Fe from the host hornblende gneisi; Mg and Ti also were enriched. During the second metamorphic stage' the
Tal(Ta + |r{!) value of columbite-tintalite wis locally further homogenized, but Mn/(Mn + Fe) did not change. Fersmite
and microlite were almost completely obliterated. Significant ordering of the originally intermediate structural slate

of columbite-tantalite was piomoted during metamorphic recrystallization. This study documents extensive
compositional and structural re-equilibration of M-Ta oxide minerals at medium-gxade regional metamorphic
conditions. This pattern of behavior contrasts with their virtual inertness in an environment of mylonitization.

Keywords: niobium, tantalum, columbite-tantalite, fersmite, microlite, granitic pegmatite, regional metamorphism,
Moravia. Czechoslovakia.

Sovvetng

Les pegmatites granitiques A albite et muscovite, riches en Be, Nb et Ta, situ6es i Mariikov, faisant partie de
l'essaim de pegmatites des montagnes Hrubf Jesenik, dans le nord de la Moravie (Tch6choslovaquie), ont subi deux

stades de m6tamorphisme rdgional, qui ont atteint le domaine de la sillimanite, i environ 600oC et de 4 i 6 kbar'
P(rotal) > > P(fluide). Le premier stade est responsable de la formation du chrysob6ryl i partie du t6ryl dans un
milieu ielativement statique (pegmatite I). Par contre, un cisaillement rdpandu a accompagn€ le deuxibme stade et a
produit une deuxidme g€n{ration de chrysob6ryl, une abondance de sillimanite' et une foliation (peematite UI).
L'assemblage primaire des oxydes i Nb-Ta est fait de manganocolumbite - manganotantalite montrant une zonation
oscillatoire impliquant Nb et Ta, et un remplacement par la fersmite et le microlite (localement, pyfgc!9r9. Les grains

de columbite - tantalite ont d'abord 6t6 iecristallis6s en textures i zonation oscillatoire "en oeil d'oiseau" ou en

agr6gafs granulaires h6t6rogbnes. Cette recristallisation mbne en g6n6ral i une r6duction dans la variabilit6 des valeurs
f-aZ(fa+-Nb), sauf exceptions locales oir il y a eu addition de Nb ou Ta due i la d6stabilisation de la fersmite ou du
microlite, respectivement. Les valeurs de Mn/(Mn+Fe) ont diminud en g6n6ral, la r6duction atteignant 9.e' p-

l'introduction de Fe de I'encaissant, un gneiss d hornblende. Mg et Ti ont aussi €t€ ajout€s. Au cours du deuxidme
stade, la valeur de Tal(Ta+M) de la columbite - tantalite s'est homog€n6is6e davantage, sans affecter la valeur du
rapporr Mn/(Mn + Fe).'Fersmite et microlite ont quasiment €t6 6limin6s. La recristallisation mdtamorphique a favorisd
une mise en ordre de la columbite - tantalite, au d6part dans un 6tat structural interm6diaire. Notre 6tude indique
un r6-6quilibrage important de la composition et la structure des oxydes i Nb-Ta asujetties dr des conditions de
m6tamoiphisme r6gional ir intensit6 moyenne. Par contre, ces oxydes semblent relativement inertes dans les zones de
mylonitisation.

(Traduit par la Rddaction)

Mots-cl6s: niobium, tantale, columbite-tantalite, fersmite, microlite, pegmatite granitique, mdtamorphisme regional'
Moravie, Tchdchoslovaquie.
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INTRoDUCTIoN

Fertile granites, along with their aureole of
rare-element pegmatite bodies, are commonly
emplaced in the waning stages of orogenic
processes, after the culmination of regional
metamorphism and deformation or after their
cessation (Ginzbourg et al. 1979, Cernf 1982,
1990). Deformation, recrystallization, mylonitiza-
tion- or metamorphism affecting rare-element peg-
matites are usually superimposed, and unrelated ro
the event that generated the fertile magmas.
Regional response to an adjacent younger orogenic
event-(Anderson 1984) and remobilization along
host faults and shears @by 1986) are occasionally
encountered, whereas extensive deformation during
c,onsolidation of the pegmatite is relatively rare
(Nbmec 1989).

So far, the study of effects of deformation has
been restricted to rock-forming silicates, on a
regional scale (Rossovskiy 1974, Rossovskiy &
Bovin 1971, Rossovskiy et al. 1976, Simpson lb71,
Rossovskiy & Konovalenko 1979) or within the
inlernal structure of a pegmatite body (Grip 1940.
Wilson 1980, Eby 1986, Nbmec 1989). The effects
of metamorphism sensu stricto were examined only
sporadically, .rs pegmatites commonly behave as
competent units that resist pervasive textural or
compositional reworking. The few cases inves_
tigated in detail concern albite-spodumene peg-
matites that show extensive recrystallization but
minimal adjustments of mineral assemblases
(Luster 1977, Chackowsky 1987, c6d 1989).

The only study focused on metamorphism of
accessory minerals that contain rare elements was
that of Franz & Morteani (1984), who examined
the generation of chrysoberyl and sillimanite at the
expense. of beryl and muscovite in pegmatites of
the Mariikov area in the northern Moravia, Czechos-
Iovakia. An essentially metamorphic assemblage of
exotic Be-bearing minerals from Enderby Land,
Antarctica, was generated during roughly coeval
emplacement of pegmatite and granulite-facies
metamorphism (Grew l98l).

In the present study, we examine effects of static
and dynamic metamorphism on the accessory
Nb-Ta oxide minerals at Mar5fkov. This is, to the
best of our knowledge, the first detailed study of
this kind, prompted by the results obtained by
Cerny et al. (1986), Lahti (1987) and Voloshin &
Pakhomovskyi (1988), which indicate considerable
reactivity of Nb-Ta oxide minerals even in static
medium- to low-temperature environments. The
only observations of recrystallization, chemical
equilibration and advanced structural ordering
under the influence of deformation were made on
ferrotapiolite-fenotantalite intergrowths .from
Hercynian, Alpine-overprinted pelmatites (6ernj

et al. 1989). As shown below, our expectation of
extensive mobilization and re-equilibration of
Nb-Ta oxide minerals at conditions of medium-
grade metamorphism, spurred by metamorphic
zoning of garnet (Novdk 1988), was fully justified.

GSNERAI- CrnnacTnnIsTlcs oF THE
JESENiKY PEGMATITE PoPULATIoN

The pegmatites are located in the Sumperk-
Mar3ikov pegmatile district, in the southern part of
the Hrubt Jesenik Mountains pegmatite field of
northern Moravia, Czechoslovakia (Fig. l). peg-
matites of this field were studied by numerous
authors since 1824 (Hruschka 1824), as summarized
by Novd"k (1988) and Novdk & Rejt (in prep.).
These last authors propose the following scheme of
classification for the Jeseniky pegmatites: (l)
primitive biotite- to muscovite-bearing pegmatites
with garnet having Fe>Mn, (2) muscovite peg-
matites with K-feldspar, garnet with Fe= Mn and
accessory minerals of Be, M-Ta, Zn and B, and
(3) muscovite pegmatites without K-feldspar, car-
rying garnet with Fe < Mn and accessory minerals
of Be, Nb-Ta and Zn. Beryl, chrysoberyl, gahnite
and columbite-tantalite are typical for types e) and
(3), with rare schorl in the former . Zircon, apatite,
triplite, magnetite, bismuth, arsenopyrite and pyrite
are observed locally.

Pegmatite dikes and irregular bodies reach I to
l0 m in width, and are discordant to concordanr
to the host metapelites (mica schists, two-mica and
biotite gneisses), amphibolites ffid, rarely,
ganodiorites. The host metamorphic suite,
Devonian or Proterozoic in age, was subjected to
extensive medium-pressure Barrovian metamor-
phism (Souiek 1978, Ren6 1983: 5-7 kbar,
540-650'C); the pegmatites are found mainly in the
staurolite and sillimanite zones.

Except for the biotite-bearing pegmatites hosted
by granodiorites, almost all bodies display a
metamorphic fabric, expressed locally by distinct
foliation and metamorphic mineralogy:
chrysoberyl, sillimanite and, exceptionally, an-
dalusite (Franz & Morteani 1984, Novrik lggg).

Internal structure, mineralogy and geochemistry
of the Jeseniky pegmatites correspond to the
berylacolumbite subtype of rare-element pegmatites
(e.g.,Cerny l99l), ranging from Kfs + Ms (in part
albitized) bodies io Ab + Ms pegmarites in bulk
composition. However, the Barrovian metamor-
phic facies-series of the host rocks suggests that the
muscovite-rich Jesenfky pegmatites should be
classified as transitional between the rare-elernenr
and muscovite classes [characterized by Shmakin
(1976), for examplel.
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Spgcrrtc FgerunEs oF THE
PEGMATITES EXAMINED

The best known and most thoroughly examined
pegmatites of the Hrubf Jesenik Mountains field
crop out on the hill Schinderhiibel, some 600 m
northeast of the village of Mar$ikov (ca. l0 km
northeast of Sumperk). Our study of Nb-Ta oxide
minerals was aimed at two of these pegmatites,
Mardikov I and III.

Mar!;lkov I

This zoned dike is hosted by hornblende gneiss.
A medium-grained wall zone is composed of
albite-oligoclase, quartz, muscovite, minor biotite,
and garnet. It grades into an intermediate zone of
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Frc. l. Location and schematic geology of the Hrubf Jesenfk Mountains pegmatite

field in northern Moravia. Czechoslovakia.
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coarse-grained albite, quartz and muscovite; garnet
is common, subhedral columnar beryl and small
platy crystals of chrysoberyl are scarce, as are
M-Ta oxide minerals, gahnite and rare zircon
(Dostril 1964). K-feldspar also is very rare, in grains
up to 2 cm in size. Thin layers of saccharoidal albite
with garnet and muscovite are observed locally in
the intermediate zone. The quartz core contains
minor muscovite and albite, and some crystals of
beryl. Bavenite, epidote, hematite and chlorite are
found in fine fissures.

Mari;ikov III

This is the classic locality of sillimanite-bearing
pegmatite that yielded the first European occur-
rence of chrysoberyl (Hruschka 1824). The host

('\.
1 \
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rock is a garnet-bearing biotite-hornblende gneiss,
vrith biotite more abundant than hornblende along
the contact with the pegmatite. The pegmatite was
thoroughly metamorphosed; its lineation and
foliation are concordant with those of the sur-
rounding gneiss (Dostal 1966). The pegmatite
attains I m in width and shows concentric zoning.
The wall zone is aplitic, consisting of albite-
oligoclase and quartz, subordinate muscovite and
garnet, and rare biotite. A medium- to coarse-
grained aggregate of albite + quartz + muscovite
forms an intermediate zone as much as 20 cm in
width; it carries most of the accessory minerals
found in this dike (garnet, second-generation
chrysoberyl, gahnite, Nb-Ta oxide minerals, zir-
con, bismuth). Lineated fibrous sillimanite is
abundant here, generated at the expense of
muscovite and probably also albite. The central
quartz core attains 50 cm in width and contains
platy muscovite, fibrous sillimanite, granular albite
along its margins, relics of beryl replaced by
first-generation chrysoberyl, garnet, gahnite and
M-Ta oxide minerals. However, the proportion of
accessory minerals is much lower than in the
intermediate zone. Irregular layers or schlieren of
saccharoidal albite with abundant garnet and
subordinate muscovite. conformable to the overall
fabric of the pegmatite, are found locally along the
contacts of the intermediate zone and core @ostril
1966). Bavenite, chlorite and epidote are rarely
observed in fissures or in cleavage planes of
muscovite flakes.

Mineral assemblages constituting both pegmatite
dikes are shown in Figure 2, subdivided according
to mode of formation.

Geochemicol features

A few representative samples of muscovite were
analyzed by atomic absorption spectrometry from
the two pegmatites, and a single K-feldspar sample
from dike III. Three muscovite samples from
pegmatite I show average K/Rb and K,/Cs ratios
of 19.5 and 543, respectively, a Li content of 3830
ppm, and surprisingly low concentrations of Ba
and Sr (in low tens of ppm to below detection limits
of 5 ppm each). The respective averages for four
muscovite samples from dike III are 19.4, 641, 3800
ppm, and Ba and Sr as low as in K-feldspar. The
K-feldspar from dike III has a K/Rb of 64,2,K/Cs
of 2980, 5 ppm Li, 36 ppm Ba, and 8 ppm Sr.
Parts of the primary core of garnet crystals from
both pegmatites show overlapping compositions in
the Alm*.eSps78.6 to Almrr.rSpsur., range, with
minor Prp (0.8-4.1) and Grs (0-1.4) (Novrik 1988,
unpubl. data). These data, although sparse, suggest
that the overall levels of fractionation are similar
in both bodies.

r '
PEG PM RM

quartz O

atblte O +

muscovlle O

sllllmanlte +

boryl .

chrylob.ryl +

garncl a

Nb, Ta-oxlds .
mlneratt

g8hnltc +

zlrcon +

bavanlla .

cpl(bt. .

blotllc .

chlorll. +

IIf ..
PEG PM RM

O.

o
o

o
a

o

a
a

a

+

a rock-formlng j rubordnale
o mlnor + rare

FIc. 2. Mineral associations constituting three stages of
evolution of the Margfkov I and III pegmatites. PEG:
magmatic and postmagmatic crystallization of the
pegmatites, PM: products of prograde metamorphism,
RM: minerals generated by retrograde processes.
Pegmatite I also contains rare apatite, magnetite,
bismuth and bismuthinite; dike III also carries rare
K-feldspar, pyrite and goethite.

Metamorphism of the pegmotites

Both of the dikes were subjected to various
degrees of metamorphic reworking. Two metamor-
phic events can be distinguished: a prograde process
followed by retrograde effects. The prograde
metamorphism generated distinct foliation and
lineation parallel to those of the enclosing rocks
(Dost6l 1966), and led to the formation of
chrysoberyl and sillimanite (Franz & Morteani
1984). Our study suggests a two-fold division of
the prograde event according to different intensities
of shearing stress. The ffust stage (I) produced thick
tabular pale green chrysoberyl I (Fig. 3A) at the
expense of beryl, approximately,
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Frc. 3. Tabular chrysoberyl I (c) + quartz (q) replace beryl (b; clouded, with mica inclusions). MarCikov I' thin

section, plane-poiarized [ghi.-n. Thin platy chrysoberyl lI (c) associated with quartz (q), subhedral garnet (g) and

fibrousaggregates of silliiranite (s). MarCikov itI, thin section, plane-polarized light. The scale bars are 0.5 mm

long.

total > > P fluid), and was extensively promoted
by stress and shearing during the second stage (P
total = P stress). At a(HzO) close to 0, reaction
(1) would probably be shifted to a higher pressure
of about 5 kbar (Barton 1986). In such a case, the
P-T conditions of crystallization of the chrysoberyl
+ sillimanite assemblage would correspond to
those derived for the host region by Ren6 (1983).

(r"o,

Frc. 4. Probable conditions of metamorphism of the
Mar$ikov pegmatites I and III (subvertical ruling)
Stability fields of Al2SiO5 polymorphs after Robie &
Hemingway (198a); (l) Ms + Qtz + Kfs + Al2SiO5
+ HrO at a(HrO) = 0.5, after Chatterjee & Johannes
Q97Q;Q)beryl + 2Al2SiO5 + 3chrvsoberyl + SQtz
at a(H2O) = 0 (2,a) and 0.5 (2b), after Barton (1986)'

beryl..chrysoberyl + 3Qtz + 2BeO. (l)

Stress was probably minor, as this generation of
chrysoberyl shows minimal, if any, preferred
orientation. In contrast, stress and shearing were
very pronounced in the second stage (II), which
generated abundant lineated fibrous sillimanite at
the expense of muscovite and probably also albite:

2 M s -  3 S i l  +  3 Q t z  +  K 2 O  + 2 H 2 O  ( 2 )

2 Ab - Sil + 5 Qtz + Naro (3)

Chrysoberyl I recrystallized during this substage
into thin plates of yellow-green chrysoberyl II,
typically associated with sillimanite and oriented
parallel to its foliation (Fig. 3B). Recrystallization
of other minerals also was enhanced by this event'
as shown later on the example of M-Ta oxide
minerals.

Garnet developed a Fe-rich outer zone during
the first stage. Its crystallization could have been
extended into the second stage, but the composi-
tional range of this outer zone is about the same
in garnet from both sheared and unsheared
assemblages. The composition ranges from
Almrr.rSps6r.6 to Alm41.qSps57.6, with minor Prp
(0.1-4.6) and Grs (0-2.8) (Novrik 1988, unpubl.
data).

Experimental data summarized in Figure 4
permit an estimate of metamorphic conditions of
the above reactions, earmarked by loss of alkalis
and dehydration: the temperature of equilibration
is inferred to have been between 570 and 630oC,
at a P(total) of about 2.5-4kbat. The reaction first
proceeded in a fluid-poor static environment (P

(!
.o
J

6
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Prominent foliation and lineation in some peg-
matites, their virtual absence in other dikes, and a
very limited regional extent of thorough metamor-
phic reworking strongly suggest the presence of
localized shear-zones.

Retrogression of the above assemblages is not
widespread. The mineral assemblage generated by
this event can be likened to Ginzbourg's (1960)
"alpine vein" stage of pegmatite evolution, marked
by hydrous Fe3+-bearing phases indicative of
increased lOr): epidote, bavenite, chlorite and,
locally, hematite.

Although both bodies were subjected to both
prograde and retrograde metamorphism, the extent
of each differs. In dike I, prograde metamorphism
is moderate, mainly because of low intensity of
shearing: foliation and lineation are minimal,
chrysoberyl and sillimanite are rather uncommon,
and recrystallization of premetamorphic phases is
very re$lricted because of a low input of energy
and limited flow of fluid. In contrast, the
retrograde event is prominent; epidote and bavenite
are relatively widespread. In dike III, evidence of
prograde metamorphism is very extensive, par-
ticularly for the second stage. Foliation and
lineation are extensive, chrysoberyl and sillimanite
are abundant, and recrystallization of magmatic
assemblages is very thorough. The retrograde
assemblage, however, is very restricted.

OxDr MNSRALS oF Nb AND Ta

It is evident from the preceding description of
the pegmatites examined that M-Ta oxide minerals
can be expected to exhibit more pronounced effects
of metamorphism in dike III than in dike I. The
following text and illustrations confirm this expec-
tation.

General choracteristics of the mineral qssemblages

In dike I, Nb-Ta oxide minerals are relatively
common in the intermediate albite + quartz -r
muscovite zone, but they were not encountered in
any other unit. In hand specimens, black to
brownish black tabular crystals, up to 20 mm in
size, show neither preferred orientation nor effects
of deformation. Microscopic and electron-
microprobe examination shows the presence of
columbite-tantalite as a dominant phase, largely in
primary zoned crystals, with only minor recrystal-
lization. Subordinate phases include fersmite,
microlite and, only rarely, pyrochlore.

In dike III, the Nb-Ta oxide minerals are also
concentrated in the intermediate Ab + Qtz + Ms
unit, but some rue encountered in the quartz core.
The wall zone and saccharoidal albite units are
devoid of them. Thin platy, black, and generally

subhedral crystals 2-5 mm in size are common,
rarely reaching I X 8 mm. The orientation of the
platy crystals largely conforms to the foliation of
the silicate matrix. The crystals are locally
deformed, enclosed in quartz or albite, and rarely
in sillimanite; they are commonly associated with
chrysoberyl II and gahnite, rarely with zircon or
native bismuth. Microscopic and electron-
microprobe study indicates the presence of colum-
bite-tantalite, with extremely rare microscopic
relics of fersmite and microlite. Slight deformation
of primary zoned columbite-tantalite is observed
only locally, but extensive recrystallization is
widespread. The aggregates of secondary colum-
bite-tantalite obliterate most of the textural and
compositional features of the primary crystals.

Figure 5 illustrates typical textural features of
the primary assemblage, and some compositional
characteristics as well. Oscillatory growth-zoning is
atypical, widespread feature of primary columbite-
tantalite (Figs. 5A, B). Fersmite forms fibrous to
platy aggregates aligned parallel to the pinacoidal
planes of the surrounding columbite-tantalite; it
has never been observed outside this host phase
(Figs. 5A', B). The relationship suggests an epitactic
intergrowth between the isostructural host and
guest phases. However, it is uncertain whether the
intergrowth originated by simultaneous crystal-
lization, filling of primary intracrystal cavities by
fersmite, or replacement of the columbite-tantalite
host, largely along structurally controlled fractures.
The last of these three possibilities seems most
probable, considering the pattern of fersmite
aggregates, their association with near-
homogeneous cro$s-cutting blocks of columbite-
tantalite with intermediate electron density, and
small-scale textural details (Figs. 5A, B, D,
respectively). In contrast to fersmite, microlite
tends to fill microscopic vugs and cross-cutting
fissures (Figs. 58, C), but it also exhibits
replacement relationships. It corrodes both colum-
bite-tantalite and fersmite (Figs. 5C, D) and also
is seen to "follow" fersmite within its aggregates,
behind their outer parts that shield microlite from
direct contact with the host (Fig. 5A). Oscillatory
zoning is characteristic of metasomatic as well as
cavity-grown microlite (Figs. 5C, D).

Figure 6 portrays characteristic textural patterns
of secondary, recrystallized columbite-tantalite and
some aspects of its chemistry. Recry$tallization
proceeds locally in two stages: a patchy, concentri-
cally zoned "bird'$-eye" pattern replaces specific
zones of primary oscillatory phases, and may
precede homogenization affecting larger volumes
of primary material (Fig. 64'). In many cases,
however, the patchy stage is not developed, and
massive homogenization may leave only a few relics
of the primary zoned mineral intact (Fig. 68). In



complex aggregates of subparallel zoned crystals,
recrystallization commonly produces a
heterogeneous patchwork of highly variable
electron density, with low-density phases apparent-
ly the last to crystallize (Fig. 6C). These last
products of recrystallization are locally associated
with fracture-filling veinlets of quartz, albite or
sericitic mica that criss-cross the less affected or
primary phases (Fig. 6D).

Chemical composition

Electron-microprobe analyses were carried out
in the wavelength-dispersion mode on a Cameca
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Camebax SX50 instrument, with beam diameter of
l-2 pm and an accelerating potential of 15 kV. For
all minerals except microlite, a sample current of
20 nA measured on Faraday cup and a counting
time of 20 s were used for Fe, Mn, Sn, Ti, Nb, and
Ta. For Mg, Ca, Sb, As, Bi, Sc, Zr, and U, 40 nA
and 50 s were used. The following standards were
used: manganotantalite (T aMa), FeNb2O6 (FeKcu),
MnM2O6 (NbZcv, MnKa), SnOz (SnZcu), rutile
(TiKo), ZrO 2 (Zr La), NaScSi2O6 (ScKcu), MgNb2O6
(MgKcu), BiTaOa (BiL.l1o), mimetite (AsZa),
CaNbp5 (CaKa), stibiotantalite (SbZcu) and UO,
(UM"). For microlite, a sample current of 20 nA
and a counting time of 20 s were used for Na, Ca,
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Frc. 5. Textural relationships of M-Ta oxide minerals in the Mariikov pegmatite I, in BSE images that reflect the
Ta,/(Ta + Nb) ratio. A. Oscillatory zoning of primary euhedral columbite-tantalite, cross-cut by streaks of fersmite
(0,t;ith annearal to subhedral microtite (m); sample MM-120, cf.Fie. llA for chemistry. B. Oscillatory zoning
in primary columbite-tantalite cross-cut by fersmite (f) associated with parallel slabs of homogeneous columbite
(c), and by zoned fracture-filling microlite (m); sample MMM-ll, cf. Fig. llB. C. Nearly homogeneous
columbitejantalite veined and replaced by fersmite (fl, both corroded and replaced by subhedral microlite (m)
with oscillatory zoning; sample MMr-n , c/. Fig. I lC for chemistry. D. Secondary columbite-tantalite (c) with laths
of fersmite (amellar, f) corroded and replaced by oscillatory-zoned microlite (m); sample MM-9, c/. Fig. I lD for
chemistry. Circular spots in C and D are burn marks in the carbon coating. All scale bars are 200 pm long.
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Frc. 6. Textural relationships of M-Ta oxide minerals in the Mardikov pegmatite III, in BSE images that reflect the
Tal(Ta+M) ratio. A. Oscillatory zoning of primary columbite-tantalite disturbed by early "bird's-eye"
recrystallization (be), with its own oscillatory zoning, and both cross-cut by a nearly homogeneous product of late
recrysrallization (h); sample MM-8, c/. Fie. l2A for constant Mn/(Mn+Fe). B. Oscillatory zoning of primary
columbite (c), largely obliterated by early heterogeneous recrystallization (r) and late homogenization (h); sample
MM-48, cf.Fig. l2B for decrease in Mn/(Mn+Fe) during recrystallization. C. Oscillatory zoning in subhedral
subparallel laths of primary columbite-tantalite, extensively recrystallized into Fe-enriched secondary columbite-
tantalite with highly variable Tal(Ta+Nb) (n: M-rich, t: Ta-rich); sample MM-28, cf. Fig. 12C for chemistry.
D. Secondary, recrystallized columbite matrix cut by a veinlet of sericite and albite (s), which is rimmed by a third
generation, Ta-poor, Fe-enriched columbite replacing the host columbite; sample MM-31, c/. Fig. 12D for
compositional relationships. All scale bars are 200 pm long.

Nb, Ta, and F. For K, Cs, Sr, Ba, Fe, Mn, Pb,
Sb, Bi, Sn, Ti, and U, 40 nA and 50 s were used.
In addition to, or instead of the above standards,
microlite was analyzed using manganotantalite
(MnKcr), YAG (YIcu), Ba2NaNbrOl5 (Bala),
SrBaNbaOr6 (SrZo), pollucite (CsZcr), orthoclase
(KKcr) and mimetite (PbMa). Data were reduced
using the PAP routine of Pouchou & Pichoir
(1e85).

Figure 7 shows a summary of compositional data
on columbite-tantalite from the pegmatites ex-
amined. Primary compositions of zoned crystals
range from marginal Mn-rich ferrocolumbite
through manganocolumbite to niobian man-

ganotantalite, with extensive overlap of composi-
tions from both localities. The broad trend is
marked by enrichment in Mn and Ta. In contrast
to the primary crystals, products of recrystalliza-
tion display extensive compositional variations in
both Fe-Mn and Nb-Ta. Prominent enrichment in
Fe is evident relative to the primary trends, and a
few of the Fe-rich compositions also are enriched
in Ta, reaching the composition of Mn,Nb-rich
ferrotantalite. Table I presents examples oftypical
compositions of the columbite-tantalite minerals of
different genetic affiliations.

Besides the main components of the primary
zoned crystals illustrated in the columbite quad-
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Flc. 7. Summary of compositions of the primary (dots) and recrystallization-related (crosses) columbite-tantalite, and
of fersmite (f) and microlite (m) in the Mardlkov pegmatites I (A), and III (B), in terms of the columbite quadrilateral
(atomic ratios). The Tal(Ta+Nb) ratios of fersmite (short dashes) and microlite (long dashes) are marked on the

Mn-sideline for convenience, with no reference to theh Mn/(Mn+Fe).

TABTE l. REPRISENTATM CHEI,IICAL C0lilPoSlTIoNS 0F
CoLuI{BI1E-INTALIIE AND FERSIIIITE (SAMPLE t'll.ll,l-l l )

rilateral (Fig. 7), no other constituents show any
regular trends or correlations. The only exception
is a rough positive correlation of Ti (s0.193 atoms
per formula unit) and Mg (<0.084 a.p.f.u.) with
Fe, all particularly enriched in the secondary
columbite-tantalite. Very low concentrations are
typical of Ca, Bi, Sn, U and Zr (maxima at 0.053
Ca, 0.004 Bi, 0.019 Sn, 0.006 U, 0.008 Zr, all
a.p.f.u.). Contents of Sc, As and Sb are consistent-
ly at or below detection limits (0.03-0.04 wt.qo
oxide). Adjustments of compositions showing
excess of cations over available sites with DFe as
Fd+, calculated on the basis of cation plus anion
normalization, show only a minor concentration of
Fd+ in a restricted number of compositions,
mainly those of the secondary Fe-rich phases.

Fersmite is commonly heterogeneous, in a
lamellar pattern. Overall, it varies ftomO24to0.49
in Tal(Ta + Nb), but the range in individual grains
is less than 0.15. Two microscopic grains show
Tal(Ta+Nb) slightly above 0.50. They should
represent a different species: either a Ta>Nb
counterpart of fersmite proper (Nb>Ta), or
rynersonite. However, the structural type of these
grains could not be verified by X-ray diffraction
because of their extremely small size. Consequently'
all Ca(Nb>.Ta)2O6 compositions encountered in our
study are referred to as fersmite, the identity ofthe
grains having been established by X-ray powder
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diffraction in a mixture with dominant columbite-
tantalite.

Low Fe, Mn, Sn and Ti contents are charac-
teristic of the Mar$ikov I fersmite, the latter two
elements being on average lower than in columbite-
tantalite. Uranium was found only rarely in minor
amounts, whereas Y was not detected. Table I
shows the typical chemistry of fersmite, and its
most Nb-enriched composition. Both compositions
also show a slight deviation from the ideal AB2
stoichiometry, with excess of the ,4 cations in
general, and Ca in particular. Analytical error
seems to be improbable as an explanation of this
deviation. Assuming full occupancy of cationic
sites, (OH) substitution for O may balance the
deficit of cation charges; fluorine was not detected.

Microlite shows a broad compositional range,
from 0.68 to 0.93 in Tal(Ta + Nb). This ratio shows
extensive variations among different specimens,
and locally also within individual zoned crystals.
Pyrochlore is found only rarely, with Tal(Ta + Nb)
from 0.31 to 0.49, separated by a gap of 0.19 from

the compositions of microlite proper. Figure 8
shows ratios of the main A and.B cations of the
pyrochlore family of minerals, and Table 2 presents
representative compositions.

In the ,4 site, Ca is dominant over Na, which
rarely exceeds 0.05 a.p.f.u., and may locally
become undetectable. Uranium also is low, mostly
less than 0,022 a,p,f .u. Compositions approaching
uranmicrolite do occur, but they are extremely rare;
high U is commonly accompanied by high Na. Lead
is mostly below 0.@5 a.p.f.u., rarely up to 0.068,
and it shows no correlation with uranium.
Similarly, Sn is largely less than 0.004 a.p.f.u., but
occasionally increases to 0.023. Contents ofFe and
Mn are typically variable, but generally they are
much lower than 0.21 a.p.f.u. Concentrations at
or below the detection limit characterize K, Cs, Sr,
Ba, Sb and Bi; Y was not detected.

Besides Ta and Nb (and potentially, some Sn),
the only other significant cation in the B site is Ti.
It is generally present in concentrations below 0.048
a.p.f.u., but some grains of microlite contain as

Na 30

Frc. 8. Composition of the Mardikov I microlire (pyrochlore) in the Na-Ca-(U+Pb) (at.) triangle (A), and in the
Nb-Ta-Ti (at.) diagram (B) of Hogarth (1977). Note the dominance of Ca, locally to the exclusion of Na, the
generally low abundances of U, and the low content of Ti.

TaNb



TABLE 2. CHEMICAL COMPOSITION OF I,IICROLITE AND
PYR0CHLORE (SAMPLE l,S4l'l-l I )
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tantalum has a slight preference for columbite-tan-
talite as compared to fersmite, and microlite is
consistently Ta-rich relative to the latter. It should
be noted, however, that the associated pairs did not
necessarily coexist at equilibrium. As noted earlier
and discussed below, the timing of crystallization
of fersmite and microlite is an open question, ri/ith
textural evidence favoring replacement of coium-
bite-tantalite by these two minerals, and microlite
replacing fersmite. In such a case, compositional
differences among the three minerals may be a
function of evolution of parent fluids "con-
taminated" by the replaced minerals, rather than
of crystal-chemical preferences among truly
coexisting phases.

Structurol state

The identity of fersmite and microlite-
pyrochlore, indicated by chemical composition,
was confirmed by X-ray powder diffraction.
However, this line of study could not advance
beyond a mere identification because these minerals
are not separable from the host columbite-tantalite
phase.

Unit-cell dimensions of columbite-tantalite were
refined for samples selected to represent the
primary and recrystallized material. Refinements
were done using the FIX program for reduction of
systematic error in positional data of X-ray
powder-diffraction maxima to + 0.01"20 @rcit
1986), and the CELREF least-squares program of
Appleman & Evans (1973) for treatment of data
obtained on the Philips PWl7lO automated powder
diffractometer at 0.60"20/min, with graphite-
monochromatized CuKa radiation at 40 kV and 40
mA. Annealed CaF2 [a 5.a6379@ A] calibrated
against a NBS silicon reference (batch 640; a
5.430825 A) was used as an internal standard.

The unit-cell dimensions derived in the above
manner cannot be correlated with individual
compositions established by microprobe technique
(such as those in Tables I and 2), as they were
obtained on compositionally heterogeneous mix-
tures. However, they can be taken as representative
averages of the main phases constituting individual
grains. It is thus significant that samples consisting
dominantly of primary zoned crystals show inter-
mediate levels of disorder, whereas those that are
largely recrystallized are more highly ordered (Fig.
l0).

Textural and compositionol trends

The summary of compositional data shown in
Figures 7A and 7B indicates gross shifts in
chemistry from primary to secondary columbite-
tantalite. However, the specific nature of the
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2.000
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calculated on the basJs of  rB cat ions (Nb,Ta,Tl ,Sn) = 2.

much as 0.230. Uranium-rich compositions usually
show Ti in the 0.05-0.10 range. Sn also was
assigned to the B site as Sn4+, because its negligible
contents do not permit a meaningful calculation of
probable valency state(s) (c/. Ercit et al. 1987). The
concentration of fluorine is commonly below 0.123
a.p.f.u., with a maximum of 0.457, i.e., fluorine
populates less than 50Vo of the @,OH,O) site.

The composition of pyrochlore generally con-
forms to the microlite pattern above (Table 2).
Titanium seems to be somewhat enriched relative
to most of the microlite data, and Fe plus Mn are
also higher than normally encountered.

Figure 9 summarizes partitioning data on Nb and
Ta in associated pairs of Nb-Ta oxide species. As
established in previous studies, microlite is enriched
in Ta relative to the primary columbite-tantalite.
Our data also indicate that, with a few exceptions,

t .200
2.000
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changes is concealed in these compilations because
of significant variations among the primary phases
of different grains. The consequent spread of
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o.o
Ftc.9. The Tal(Ta+Nb) ratio of associated (bur not necessarily coexisting)

columbite-tantalite + microlite, columbite-tantalite + fersmite, and fersmite
+ microlite.

secondary compositions inevitably dilutes any trend
due to recrystallization, systematic as it may be in
relation to the individual primary chemistries.
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FIc. 10. Structural state of columbite-tantalite from the MarClkov peepatites I (solid

error bars) and III (dotted error bars) in the a - c diagram of Cernli & Turnock
(1971), as modified by Wise el a/. (1985). The dotted band marks the approximate
boundary between the largely secondary, relatively ordered phases and the
primary crystals with intermediate disorder.
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Ftc. ll. Compositional evolution of Nb-Ta oxide minerals in the Mariikov I pegmatite, in terms of Tal(Ta+Nb)
yeruas Mn/(Mn+Fe) (at.). Fersmite (f) and microlite (pyrochlore) (m) are marked on the Tal(Ta+Nb) sideline
for convenience, without any reference to their actual Mn/(Mn+Fe) ratio. Dots: primary oscillatory-zoned
columbite-tantalite; circles: secondary early, heterogeneous, "bird's-eye" or granular columbite-tantalite; crosses:
secondary late, homogeneous columbite-tantalite; triangles: homogeneous slabs of columbite associated with
fersmite; inverted triangle: columbite rimming microlite. A. Enrichment of recrystallized columbite-tantalite in Fe,
within the primary range of Tal(Ta+Nb); sample MM-120, c/. Fig. 5A. B. Extensive enrichment in Fe during
recrystallization of columbite-tantalite, with considerable homogenization of Tal(Ta+Nb), and Ta-poor
manganocolumbite associated with fersmite; sample MMM-I l, c/. Fig. 58. C. Broadening of range in Tal(Ta + Nb)
and enrichment in Fe in early stages of recrystallization; sample MM-27, cf. Fig, 5C. D. Gradual decrease in range
of both Tal(Ta+Nb) and Mn/(Mn+Fe) values in early and late secondary columbite-tantalite, and Ta-poor,
Fe-rich manganocolumbite rimming microlite; sample MM-9, c/. Fig. 5D.
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Similarly, the compositional summaries in Figures
7A and 7B conceal the specific relationships among
columbite-tantalite, fersmite and microlite-
pyrochlore in individual aggregates of these

minerals. To understand the characteristic features
of compositional relations €rmong these three
phases, and of the compositional shifts associated
with recrystallization of columbite-tantalite, in-
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Ftc. 12. Compositional evolution of M-Ta oxide minerals in the Mar$fkov III pegmatite, in terms of Ta,/(Ta+M)
ve,'.tar Mn/(Mn + Fe) (at,). Fersmite (f) and microlite (m) are marked on the TalTa + Nb) sideline for convenience,
disregarding their actual Mn/(Mn + Fe) ratio. Symbols as in Figure I l; inverted open tdangle: late Fe-rich, Ta-poor
manganocolumbite associated with cross-cutting silicate veinlets. A. Gradual homogenization of Tal(Ta+M)
during recrystallization of primary columbite-tantalite at constant Mn/(Mn + Fe); sample MM-8, cf. Fig. l2A, B,
Gradual homogenization of Ta,/(Ta+M) in recrystallized columbite, combined with enrichment in Fe; sample
MM-48' cf, Fig. l2B. C. Extension of the range in Tal(Ta+M) in early recrystallization of columbite-tantalite,
coupled with enrichment in Fe, and followed by homogenization of Ta,/(Ta+Nb) at near constant Mnz(Mn+Fe);
sample MM-28, cf.Fig. l2C. D. Heterogeneous recrystallization of manganocolumbite combined with enrichment
in Fe' and followed by cross-cutting veinlets of silicate rimmed by late Fe-rich, Ta-poor manganocolumbite; sample
MM-31, c/. Fig. 6D.
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dividual assemblages such as those shown in
Figures 5 and 6 must be examined separately.
Figures I I and 12 illustrate compositional
and evolutionary details of the mineral assem-

blages shown in the above-mentioned back-scat-
tered electron images and, in some cases, also the
broader relationships within the surrounding
material.
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With the exception of sample MM-48 (Figs. 68,
l2B), oscillatory zoning of primary columbite-tan-
talite shows extensive variation in Tal(Ta + Mn) (A
up to 0.30), but a more restricted range in
Mn/(Mn+Fe) (A from 0.06 to 0.14). This obser-
vation explains the subvertical arrays of primary
compositions observed in Figure 7, particularly in
its part B: trends of primary fractionation within
individual pegmatites largely consist of laterally
stacked and vertically shifted arrays representative
of individual crystals or their local aggregates,
rather than of continuous sequences of overlapping
compositional ranges.

Despite the moderate slope of tie lines connecting
associated pairs of columbite-tantalite and fersmite
(Fig. 9B), the bulk range of fersmite chemistry is
in most cases very distinctly Ta-poor relative to
primary columbite (Figs. llA, B, C). However,
structurally controlled streaks of nearly
homogeneous manganocolumbite associated with
fersmite in sample MMM-II (Figs. 5B, llB) and
primary columbite-tantalite of sample MM-9
(Figs.5D, l lD) have about the same bulk
Tal(Ta+Nb) as the associated fersmite.

In contrast, compositions of microlite are in
almost all cases considerably enriched in Ta relative
to columbite-tantalite. The only exception is the
sample MMM-II (Figs. 58, I lB), which is the only
one with pyrochlore compositions that extend the
Tal(Ta + Mn) range of microlite-type minerals well
into that of fersmite, and below the range of
primary columbite-tantalile.

Secondary recrystallization of columbite-tan-
talite shows two dominant features: homogeniza-
tion in terms of Tal(Ta + Nb) @igs. I lB, D; l2A,
B, D), and enrichment in Fe, Mg and Ti, coupled
with considerable extension of the overall
Mn/(Mn+Fe) range (Figs. ll,l2A, B, C). Notable
exceptions from the general tendency toward more
uniform Tal(Ta+Nb) ratios (e.g., Figs. llA, C,
l2C) are found mainly (although not exclusively)
in the Marifkov I pegmatite. In these cases, the
overall Tal(Ta+M) range of the recrystallized
mineral may significantly exceed that of the
primary zoned phase, with lower minimum and
higher maximum values. Exceptions from enrich-
ment in Fe are rare (c/. Fig. 12A).

Recrystallization of columbite-tantalite is a
gradual, possibly multistage process. Initially, a
patchy "bird's-eye" texture develops with a
concentric oscillatory zoning of its own @igs. 6.4.,
B, l2A, B). In other cases, a random aggregate of
irregular, ragged grains is formed; individual grains
are virtually homogeneous internally but highly
variable from one to the other, with ambiguous
textural relationships (Figs. 6C, l2C). The granular
and "bird's-eye" aggregates pass in later stages into
columbite-tantalite that is close to being

homogeneous, at least in terms of Tal(Ta+Nb)
(Figs. 6.{, B, 12A, B, C).

As to the Mn/(Mn+Fe) ratio, no clearcut
relationship is observed between the level of
enrichment in Fe (plus Mg, Tr) and the degree of
homogenization of Tal(Ta+Nb). The shift toward
high contents of Fe is close to being uniform at all
stages of recrystallization. The apparent (and rare)
exceptions, such as that shown in Figure l2D, seem
to result from insufficient analytical sampling
rather than actual differences in ranges of
Mn/(Mn+Fe). The extent of Fe enrichment must
be emphasized: the secondary columbite-tantalite
ranges to values of Mn/(Mn + Fe) that are lower
by as much as 0.40 than the Fe-rich side of the
primary clusters of data (Fig. I lB), and differences
in the range of 0.15 to 0.20 are common (Figs.
l1A,  C,  D,  l2B,  C) .

DIsCUSSION

Premetamorphic state of the
Marilkov pegmatites I ond III

Available data indicate that prior to metamor-
phism, the two pegmatite bodies examined were
very similar in overall geochemistry and mineral-
ogy. This inference is supported by the bulk
composition of the dikes, the minor- and trace-ele-
ment contents of rock-forming silicates, ihe bulk
composition of the garnet, and the scarcity of
K-feldspar.

Primary columbite-tantalite shows essentially
the same compositional range in both pegmatites,
with a slight shift toward a higher degree of
fractionation in dike I. Fersmite and microlite (-r
pyrochlore) are distinctly more abundant in dike I
at present, but the scarcity ofthese minerals in dike
III is not necessarily representative of their
abundance prior to metamorphism. The relict
nature of these phases in dike III suggests that they
could have been much more widespread (although
not necessarily as much as in dike I), but were
largely obliterated by metamorphic processes.

Thus we can conclude that the two pegmatite
bodies were closely analogous before the onset- of
metamorphism, in terms of mineral assemblages
and mineral chemistries, although abundances of
individual minerals could have been somewhat
different.

Effects of metamorphism on the
Nb-To oxide minersls

Four phenomena observed in the preceding
sections should be considered to interpret metarnor-
phism as a factor modifying the assemblage and
individual constitutions of Nb-Ta oxide minerals:
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initial premetamorphic state of these phases,
reconstitution of columbite-tantalite, destruction
of fersmite and microlite, and changes in structural
state of columbite-tantalite.

(i) The oscillatory zoning of the primary
columbite-tantalite crystals and their considerably
disordered structure represent a state of high free
energy, even at the late-magmatic stage of their
crystallization. The discrepancy between their free
energy and the equilibrium state increased after
consolidation and cooling of the pegmatite hosts.
Thus it is not surprising that columbite-tantalite
was subject to extensive reconstitution during
metamorphism, with the whole mineral assemblage
being modified. Prograde metamorphic conditions
supplied the activation energy (P, T, shearing) and
generated at least a modest flow of fluid (dehydra-
tion reactions, influx of fluids from country rocks),
which promoted adjustment of the Nb-Ta oxide
minerals.

(ii) Columbite-tantalite underwent gradual
recrystallization concomitant with homogenization
of the Tal(Ta+Nb) ratio, and moderate to
considerable enrichment in Fe, with some increase
in Mg and Ti.

Recrystallization progressed essentially through
two stages. "Bird's-eye" structures developed
initially, as ellipsoidal to angular patches with
concentric oscillatory zoning, or random aggregatgs
of anhedral ragged grains with widely different
compositions. Both textural types cover the same
range of Tal(Ta + Nb), commonly about the same
as shown by the primary mineral, or somewhat
smaller. In later stages, columbite-tantalite became
homogenized, with rare relics of the "bird's-eye"
or granular texture. The reasons for the textural
differences at the early stage of recrystallization are
not known; the mechanism generating oscillatory
zoning is rather obscure, even in primary crystals
(c/. Lahti 1987). It should be noted, however, lhat
the initial compositionally heterogeneous product
of recrystallization is typical mainly of the
Mardikov I pegmatite, whereas the advanced
homogenization is observed predominantly at the
Mariikov III locality. Thus the increasing intensity
of metamorphic effects seems to have promoted
increasing degrees of Nb-Ta redistribution.

It must be stressed that the above homogeniza-
tion in the distribution of M and Ta proceeds at
a very local scale, within individual mm-sized
crystals and their small aggregates. We have no
reason to suspect long-range migration of these
elements between grains of Nb-Ta oxide minerals
that are commonly separated by decimeters to
meters of silicate host-rock.

Enrichment in Fe, Mg and Ti proceeded
simultaneously with the above recrystallization and
homogenization of the content of Nb and Ta. In

contrast to the internal and extremely local
redistribution of Nb and Ta, these three elements
had to be introduced from the country-rock
hornblende gneiss. Novdk (1988) reached the same
conclusion about the origin of the Fe-rich outer-
most zone of garnet crystals from the pegmatites
examined; the Mn/(Mn+Fe) in the rim is lower by
as much as 0.50 relative to the interior. The only
possible exception to the external provenance is Ti,
which could be in part contributed by the
breakdown of microlite. There does not seem to be
any significant difference in the Mn/(Mn + Fe), Mg
or Ti ranges at the two stages of redistribution of
Nb and Ta. Consequently, pervasive flow of pore
fluids from the metamorphic suite through the
pegmatites had to have taken place already in the
early stages of metamorphism.

(iii) Fersmite and microlite are largely intact in
dike I, but they decomposed during the advanced,
shear-accentuated metamorphism of dike III.
Mechanical instability and a gradient in chemical
potentials of Ca and F between the affected
minerals and the intergranular fluid may be among
the factors destabilizing them. The high friability
of microlite is well known from ore beneficiation,
and the behavior of fersmite seems to be close to
that of microlite in this respect.

The Nb, Ta and Ti liberated during the
breakdown of fersmite and microlite were probably
coupled with some of the Fe and Mg (plus Ti)
introduced from country rocks, and incorporated
into the reconstituted columbite-tantalite. It is
significant in this respect that in some cases the
range of Tal(Ta+Nb) of the heterogeneous
products of initial recrystallization is larger than
that of the primary crystals (e.9., Figs. llc, lzc).
The presence of microlite, yielding Ta dominant
over Nb locally, and fersmite, contributing Nb
dominant over Ta, could have initially expanded
the primary Tal(Ta + Nb) span to higher and lower
values, respectively, in a process that otherwise
reduces the range encountered in primary colum-
bite-tantalite.

(iv) In natural columbite-tantalite, the degree of
structural order is highly variable, and depends on
several factors, such as bulk .pomposition and
heterovalent substitutions (e.g., Cernf et ol. 1984,
ternf & Ercit 1985, 1989). Well-defined ranges of
structural order are commonly characteristic of
regional populations of granitic pegmatites, or of
gpecific units within complex pegmatites (e.g ,
Cernf & Ercit 1985, Ercit 1986). The metastable
persistence of intermediate to disordered structural
states in columbite-tantalite is well known from
experimental work, particularly at medium to low
temperatures (e.g., Komkov & Dubik 1974).
High-temperature treatment is required to achieve
ordering of columbite-tantalite within reasonable
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time (e.g., 1000"C/16 hrs; ternf & Turnock 1971,
wise e/ ol. 1985).

In view of the above, the intermediate structural
state typ"ical of primary columbite-tantalite from
the Marslkov pegmatites is not surprising, as it
seems to be the rule rather than exception among
natural members of this group of minerals (Cernf
& Ercit 1985, 1989). It is also understandable that
metamorphism of the Mardftov columbite-tantalite
promoted substantial ordering. The long duration
of metamorphic temperatures above -500"C,
combined with compositional reconstitution of
primary columbite-tantalite, resulted in a distinctly
more ordered secondary phase.

Suuvenv

The (Be,M,Ta)-bearing Ab + Qtz + Ms
pegmatites at Mar$ikov contain a primary as-
semblage of oscillatory-zoned columbite-tantalite
(dominantly manganocolumbite), veined by
fersmite (with a few compositions having Ta >
Nb) and microlite (rarely also pyrochlore). Sil-
limanite-grade metamorphism of the pegmatites
strongly affected these primary phases (Fig. l3).
Although no sharp boundaries can be defined that
would separate the sequence of events, it seems
probable that different effects can be correlated

with each of the two stages of prograde regional
metamorphism.

During the first stage, under relatively static
conditions, initial reconstitution of columbite-tan-
talite generated a "bird's-eye" structure and
granular aggregates with highly variable
Tal(Ta+Nb). Considerable enrichment in Fe and
some increase in Mg and Ti proceeded siinul-
taneously. Whereas redistribution of Nb, Ta and
Ti was an internal process, the Fe, Mg (and some
Ti) were introduced by fluids mobilized from host
rocks. Fersmite and microlite largely survived this
first metamorphic stage. However, initial break-
down of these two minerals probably contributed
to the extensive range of Tal(Ta+Nb) values in
some aggregates of secondary columbite-tantalite;
extreme compositions exceed both the minimum
and maximum values of their primary precrusors.

The second metamorphic stage, marked by
extensive shearing, resulted in a thorough
homogenization of Tal(Ta+Nb) in secondary
columbite-tantalite, although the ranges of
Mn/(Mn + Fe), Mg and Ti remained at the previous
levels. Oscillatory zoning and other growth-related
features of the primary columbite-tantalite were
locally entirely erased. Fersmite and microlite were
almost completely obliterated.

Changes in the structural state of columbite-tan-
talite could not be tracked down in much detail.
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Fe Ta206
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Mn Ta 2OO
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Ftc. 13. Schematic three-stage evolutionary trends of columbite-tantalite in Mar3ikov pegmatites I and III. A. Gradual
homogenization of Tal(Ta + Nb) with no substantial change in Mn,z(Mn + Fe) (rather exceptional). B. Same, with
enrichment in Fe(Mn,Ti) in early stages (most common). C. Same, combined with expansion of the Ta,/(Ta+Nb)
range in early stages by breakdown of microlite and fersmite (common), (i) Primary oscillatory-zoned
columbite-tantalite, (ii) secondary "bird's-eye" or granular heterogeneous assemblage, (iii) secondary phase with
homogenized Ta,z(Ta + Nb).
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However, there is no doubt about a general increase
in degree of struoural order, promoted during
metamorphism and compositional reconstitution of
the mineral.

In conclusion, the conspicuous difference be-
tween "autometasomatic" alteration of columbite-
tantalite and the metamorphic effects at Mardikov
should be pointed out. The late-magmatic to
subsolidus processes of pegmatite consolidation
invariably lead to diversification of the mineralogy
of Nb and Ta, introducing a multitude of
additional cations and OH, F into its composition.
Overgrowths, veining and replacements of colum-
bite-tantalite by (Nb-Ta)-bearing minerals with
Na. Ca. Sb. Bi, Pb, Sn. Al or Cs are commonplace
(e.g., Ercit 1986, Cernf et al. 1986, Voloshin &
Pakhomovskyi 1988, Cerng & Ercit 1989). In
contrast, the metamorphic effects described here
destabilize the (Na,Ca,F,OH)-bearing minerals,
reduce the primary magmatic assemblage of
(Nb-Ta)-bearing phases to columbite-tantalite
alone, and homogenize the composition of this
mineral. This contrast is illustrative of the differen-
ces between the parent environments: disequi-
librium conditions of relatively rapid crystallization
of pegmatite (and metastable survival of most of
the resulting mineral assemblages) on one hand,
and long-lasting metamorphic processes promoting
equilibration on the other.

The present study of the Marilkov pegmatites is
the first to explore the influence of regional
metamorphism on M-Ta oxide minerals. Conse-
quently, there are no other cases available for
comparison, and no generalizations can be offered
on the basis of a single locality. We can only state
that regional metamorphism does affect the
minerals of Nb and Ta, and very profoundly so.
This is in considerable contrast to the brittle and
chemically unreactive behavior of these phases in
an environment of mylonitization, even under
conditions that promote recrystallizaqion of quartz
and some silicates (unpubl. data of ft). Any other
locality that may provide further insight into the
metamorphic reactions of Nb-Ta oxide ninerals is
well worth a thorough examination.
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