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TWO-STAGE EXSOLUTION OF A TITANIAN (Sc,Fe 3*)(Nb,Ta)O4 PHASE
IN NIOBIAN RUTILE FROM SOUTHERN NORWAY
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ABSTRACT

Niobian rutile from Haverstad and an unspecified locality in central Iveland, southern Norway, displays a novel two-stage
exsolution of phase E, corresponding to titanian (S&)@¢b>Ta)Q, not yet characterized as a mineral species. In general, rutile
retains Ti, F&" (relative to F&"), SFe (relative to Mn) and Ta (relative to Nb), whereas the exsolved phase E concentrates Nb, Ta,
2Fe, Sc, W, Zr, Mg and U. In the first stage, phase E forms platelets averaging242®; their orientation is controlled by the
structure of the host rutile. The platelets con&80.40 wt.% TiQ and SeO3 as low as 3.37 wt.%, whereas the rutile retains
<24.00 wt.% NBOs, <8.15 wt.% TaOs and<1.61 wt.% SgOs. In the second stage, coarsening of phase E produces irregular
subround blebs 10 to 30m in size. Exsolution is advanced during this stage, increasing the Sc content of phase E up to 10.06
wt.% S¢O3 and reducing its Ti content to as low as 11.90 wt.%, Tiereas the rutile matrix is depleted in Nb, Ta and Sc to
as low as 21.30, 7.61 and 0.52 wt.% of the respective oxides. The avetage’Fatio of rutile is 3.51, whereas it decreases to
3.18 in platelets of phase E, and it drops to 2.60 in the blebs of the second-generation phase E. The platelet stage tmight prov
be typical of exsolution of phase E from niobian rutile with high (S&‘fef*, in contrast to the much more widespread granular
exsolution of titanian ixiolite or titanian ferrocolumbite from Sc-poor niobian rutile witfiF&* much less than 1.

Keywords niobian rutile, exsolution, scandian-ferrian niobate, granitic pegmatite, Norway.
SOMMAIRE

Le rutile niobifére provenant de Haverstad et d’une localité inconnue dans I'lveland central, dans le secteur sud deg la Norvége
fait preuve de deux stades d’exsolution d’une phase appelée E, qui correspond33)((Sb:Ae)Q, titanifére, non encore
caractérisé comme nouvelle espéce minérale. En général, le rutile retierit Tigkg¢ivement au Fé), SFe (relativement au
Mn) et Ta (relativement au Nb), tandis que la phase exsolvée E concentre NiBe T8¢, W, Zr, Mg et U. Au cours du premier
stade, la phase E forme des plaquettes mesurant 220m en moyenne; leur orientation est régie par la structure du rutile, le
minéral hote. Les plaquettes contienne3®.40% (poids) de Tiget aussi peu que 3.37% deSg tandis que le rutile retient
<24.00% de NFOs, <8.15% de TgOs et<1.61% de Sgs. Au cours du deuxieéme stade d’exsolution, le grossissement de la
phase E produit des taches irréguliéres plus ou moins rondes mesurant deuh0. & 8@solution, avancée a ce stade, méne a
une augmentation de la teneur en Sc de la phase E, jusqu’a 10.06%0g¢leeBane réduction de sa teneur en Ti, jusqu’'a
mémel1.90% de TiQDtandis que la matrice de rutile est appauvrie en Nb, Ta and Sc, jusqu’'a 21.30, 7.61 et 0.52% des oxydes
respectifs. Le rapport moyen¥&e* du rutile est 3.51, tandis qu'il diminue a 3.18 dans les plaquettes de la phase E, et a 2.60
dans les taches de la deuxieme génération de la phase E. Le stade de formation des plaquettes de la phase E pourrait s’avérer
typique de I'exsolution d’un rutile niobifére ayant un rapport (Sé/FeF* élevé, par opposition a I'exsolution en granules
beaucoup plus répandue, impliquant I'ixiolite titanifére ou la ferrocolumbite titanifére formée a partir du rutile nidbifglee a
teneur en Sc, et ayant un rapport'free’* nettement inférieur a 1.

(Traduit par la Rédaction)

Mots-clés rutile niobifére, exsolution, niobate scandifére et ferrifére, pegmatite granitique, Norvege.

INTRODUCTION peraluminous to peralkaline granitic rocks, and as a sub-
stantial component of hydrothermal assemblages asso-
Niobian and tantalian rutile, originally known onlyciated with alkaline intrusions. Both varieties attained
as rarities in granitic pegmatites under the respectivige status of ore minerals of Nb and Ta in several types
names ilmenorutile and striverite, gained prominencd lithophile rare-element mineralizatio@drny & Ercit
in the past three decades as an accessory mineral®89). Despite the paragenetic, geochemical and eco-
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nomic significance of these minerals, our understander four formula unitsgp4fu), except for phase E

ing of their crystal chemistry and phase composition {&p2fu) Normalization to eight atoms of oxygen was

still rather sketchy. constrained to a maximum total of four cations, main-
In contrast to tantalian rutile, which is homogeneousined by conversion of appropriate amount of ke

in virtually all of its occurrences, niobian rutile withFe**. The general legitimacy of this procedure was es-

substantial contents of Fe and Nb commonly contaitablished by Ercit (1986) and Ereit al. (1992). In the

exsolved grains of titanian columbite or ixiolite.d, present case, the calculated results were confirmed by

Cerny et al. 1964, 1981, 2000 erny & Ercit 1989). identification of theA®*BO, phase.

The columbite or ixiolite phase forms irregular,

subround grains 10 to 5@0n across, and rarely up to a PHASESAND TEXTURES

few mm in size. These grains tend to be aligned and

elongate parallel to theaxis of the host rutile, but the Phase composition

morphology and distribution of the coarse blebs seem

to lack any textural relationship to the rutile matrix. The samples examined consist of a matrix of niobian
Here we describe the first cases of a two-stagetile that hosts phase E. Identity of both phases was

exsolution and coarsening of a titanian niobate of scarenfirmed by electron-microprobe analysis and by X-

dium and ferric iron from a niobian rutile with an ex+ay powder diffraction. Despite the high level of diver-

ceptionally low proportion of ¢ to Fe*. So far, the sified substitution for Ti, the niobian rutile has the

exsolved phase (termed phase E in this paper) has matnorutile structure, with no indication of a tapiolite-

been fully characterized as a new mineral, but it waike or related supercel 4.648(2),c 2.991(1) A. Dif-

identified by Ercit (1994) as a Sc-poor phase associatidction maxima attributed to phase E are scarce, as the

with niobian rutile and titanian columbite in graniticrutile host is volumetrically greatly predominant (~90

pegmatites of the Grenville Province; it was mislabeledbl.% of the aggregates; Fig. 1A). Nevertheless, the

titanian ixiolite byCerny et al. (1995) in a Moravian observed maxima closely correspond to those of a

locality, but correctly recognized by Uherral. (1998) monoclinic T, Fe*-bearing F&'NbO, phase, which is

in Slovak pegmatites. not yet established as a natural mineral, and is currently
examined by T.S. Ercit (pers. commun., 1998) in
SAMPLES EXAMINED, EXPERIMENTAL METHODS samples from other localities. The Haverstad sample
AND TREATMENT OF DATA yielded the following diffraction-maxima in addition to

those of rutiled in A (1)]: 3.59 (3), 2.93 (10), 2.82 (1),
One of the samples examined here is labeled51 (1), 2.18 (0.5), 1.98 (0.5), 1.71 (~2, shoulder on a
“llimenorutile, Haverstad, Norway”, and was obtainedutile peak), 1.52 (0.5), 1.44 (1). The intensities are re-
from the Mineralogical and Geological Museum of théated to the strongest peak at 2.93 A, which was arbi-
University of Oslo. The second sample, “llmenorutiletrarily assigned an intensity of 10. However, this peak
central lveland, Norway”, was donated by the late Profvould correspond to drof 0.5 on a scale based bof
Paul Ramdohr from his collection of polished sectionshe strongest peak of rutile taken as 10.
The phase assemblages, textural relationships and
chemical compositions of individual mineral constituTexture and products of early exsolution
ents are virtually identical in both samples. It is quite
possible that they come from the same pegmatite, at In the first stage of breakdown of the rutile samples
Haverstad in southern Norway. Consequently, the phasmeamined, microscopic platelets of phase E exsolved
relationships in the two samples are treated jointly, dom the rutile matrix. The platelets are flat and lenticu-
though specific examples of compositional relationshigar in shape, 5 to 3@m long ands5 pwm thick. In any
are referred to individual samples. single grain of rutile, the platelets show up to four dif-
Chemical compositions were established using tHerent orientations, evidently controlled by the structural
Cameca CAMEBAX SX-50 electron microprobe inelements of the parent phase (possibly corresponding to
wavelength-dispersion mode, under conditions given %00} and {110} of rutile; Fig. 1A).
Novak & Cerny (1998a). Unit-cell dimensions were re-  The rutile matrix retains a high proportion of substi-
fined from X-ray powder-diffraction data collected ustuting cations at this stage. The least exsolved rutile from
ing a Siemens D-5000 instrument, with NIST silicotthe Haverstad sample yields the formula 6TiNbg 741
640b as an internal standaml 5430940(35) A] To Fes+0.518Tao.161F62+0.1418(.‘0.0918%‘015W0‘ood\/|n0‘004
facilitate mutual comparison of chemical compositioZry 0odVdo.0oJo.001)s3.90060s, and its counterpart from
of rutile and phase E on one hand, and of both of theime central Iveland sample is very similar in the content
with columbite-group minerals, the atomic contents aff major components (Table 1, #H1 and CI1). The plate-
both phases are normalized to eight atoms of oxygdets of phase E are very rich in Ti and poor in Mn (Table
This approach gives atomic content per unit cell for did- #H2 and CI2; Figs. 2A, B). The composition with the
ordered columbite or ixiolite and f&**BO,, and per highest proportion of Tii.e,, CI2, gives the formula
four unit cells of rutile. The atomic contents equal thog€F e3*(.694S Cy.105F €20.180MNg.02MJ0.010S 0. 001
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Fic. 1. Back-scattered-electron images of exsolution in niobian rutile from Haverstad (A, B) and central Iveland (C, D). (A) The
early stage of exsolution of platelets of the E-phase (white), with<F8c, from the matrix of niobian rutile (black). (B) The
early platelet-exsolution stage as in (A), followed by the second-stage coarsening and continued exsolution along
microfractures; note the orientation of the coarse domains of phase E generally parallel with the ENE-trending set of early
platelets. (C) Coarsening of phase E; note the continuity of platelets into the right-hand side of the large grain afrghase E,
orientation of the grain boundaries parallel with the platelets at that site but otherwise largely random. (D) Coarsening of
phase E; some margins of the large grain are parallel to the ENE-trending platelets but others are randomly oriented. Scale
bars for (A), (B), (C) and (D) are 100, 500, 100 and 160long, respectively.

Ca.00031.085(Ti1.5285M.01Zr0.01051.552 (Nb1 160T 80,140 aries of the coarsened grains remain parallel to the ori-
Wo.01231.33d33.9670s. The cation content of this formulaentation of the platelets (Figs. 1B, C). With progressive
is segmented to emphasize the prominent role of thearsening and segregation, however, the morphologi-
tetravalent cations relative to the trivalent and pentaveal link between the platelets and granular aggregates
lent ones. becomes obscured (Figs. 1C, D).
Relative to the host of the platelets, the chemical

Texture and products of second-stage exsolution  composition of rutile associated with granular phase E
and coarsening shows lower contents of Fe, Mn, Nb and Ta. The most

strongly exsolved rutile from the Haverstad sample has

In the second stage, subround grains of phase E ttee formula (T3 574Nbg 6o € 70,4697 80,155 € 0.135G.032

velop by coarsening and segregation of the first-sta@®v.018Wo0.009MNo.001)33.9060s, but its central Iveland
platelets (Figs. 1B, C, D). The coarsening seems to beunterpart retains somewhat higher contents of Nb, Ta
particularly well developed along microfractures crossnd Fe (Table 1, #H3 and CI3). The composition of the
cutting the products of early exsolution. Locally, direcgranular phase E shows Ti lower than the platelets, but
transition from the platelets into the granular segregthie contents of Nb, Ta, Sc, Mn and Fe are much higher,
tions can be observed (Fig. 1C), and some of the boured exemplified by the Haverstad composition H4:
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TABLE1.  REPRESENTATIVE COMPOSITIONS OF NIoBIANRUTILE  tion of individual oxide component, and reported Fe as
AND PHASE E FROM HAVERSTAD AND CENTRAL IVELAND, NORWAY  Fe(Q); these data are insufficient for unambiguous inter-
HIL M2 T He cl CR2 B CH pretation of the nature of the exsolved phase.

WO, 034 L4z 030 167 049 069 009 100 The exsolution of phase E in our samples also repre-
Nb,0O; 2562 40.00 21.56 5021 2423 3880 2385 4872 t th f t f tw t . dff !
Ta,0, 926 846 914 997 823 827 801 986 sents the Tirst case or a two-Step process: difierences in
TiO, 4803 2690 5477 1242 5139 3040 5341 1392  texture and grain size of the exsolved phase clearly in-
10, . X . A . . . i , id- i

Zr0, 008 050 001 078 004 032 bd 093 dicate structurally controlled, solid-state exsolution of
SnO. 0.58 0.79 0.60 1.10 0.56 0.74 0.54 1.0 . . .

U0, 009 010 bl 020 013 002 bl 020 phase E (with F¥> Sc) in the first stage, followed by
S0, 162 426 061 1006 064 337 021 890 coarsening and extended exsolution to a product with

Y,0, bdl  bdl 00l 017  bdl  bdl  bdl 005 Sc > Fé" along microfractures, presumably assisted by
g‘_’aga :ii 0‘;‘1‘ :g: ﬁ:: 0‘3‘*11 ggi :i]l 0"(‘)“" a fluid phase. The widespread exsolution of titanian
F;Oz lo76 1234 998 o8 1080 1384 104 1035  €rrocolumbite and ixiolite at other localities commonly
FeO 263 419 256 603 280 334 240 379 displays extensive variation in grain size and in the ap-
MnO 007 041 001 119 003 050 004 156 parent degree of crystallographic control; however, tex-
f;;) o0 0‘1‘;‘ o et e turaland compositional data indicate a protracted single
700 bdl 003 bl bl _bdl___ bd__ bdl _ bdl event rather than a multistage sequercg, Cerny et
Y 9937 9957 9961 1002 9937 1004 1000 1007 al. 1964, Sahama 1978). The only possible exception,
' atomic contents described byCerny et al. (2000), is suggested by the

w 0.006 0.025 0.005 0.031 0008 0012 0.001 0018
Nb 0741 1234 0609 1624 0692 1169 0671 1550 trimodal statistics of chemical composition of the

Ta 0161 0157 0155 0.194 0141 0149 0.136 0.189 exsolved titanian ferrocolumbite.

Ti 2312 1380 2575 0661 2442 1.523 2499 0.736

Zr 0.003 0.017 - 0.027 0001 0.010 - 0.032 o H

Sn 0.015 0021 0015 0031 0.014 0019 0013 0028 Element partltlonlng

8] 0.001  0.002 - 0.003  0.002 - - 0.003 . . . . )

Sc 0091 0253 0032 0627 0035 0195 0022 0559 In general, the distribution of cations during the
¥ - - - 00T - o 0002 exsolution follows the pattern established in previous
S e LTt studies of niobian rutilee(g, Cerny et al. 1964, 1981,

Fe* 0518 0.630 0469 0328 0514 0694 0528 0.548 Sahama 1978) and titanian columbite and ixiolite
Fe 0141 0239 0134 0361 0148 0189 0125 0223 (Cerny et al. 1998). The parent rutile retains Ti, but all
Mn 0.004 0024 0001 0072 0002 0028 0.002 0.093 Othel’ CatlonSL e, Mg, Mn Fé+ Fe’%+ SC ZI’ U Nb
Ca - - - 0.019 - 0.001  0.001 - T dW b trat d . th | d h
Mg 0002 0012 0001 0008 0001 0010 0002 0017 a and W, become concentrated in the exsolved phase,
Zn 0.002 - - - which is evidently more flexible and accommodating
H = Haverstad, CI = central Iveland; 1 = rutile matnxofphaseEplatelets 2= for a greater Variety of cation radii’ bond types and
platelets of phase E, 3 = rutile matrix of granular phase E, 4 = granular phase E; charge compensations. In termsalftive proportions,

= ion limi i ized for 8 . .
bdl = below detection limit. Atomic contents normalized for 8 oxygen atoms rutile shows F%*/Fe2+, Fe/Mn and Ta/Nb values h|gher

d 4 cations (apfu for phase E, ap4fu for rutile).
- st than those of the exsolved product.

Crystal chemistry of rutile and phase E
[(Sco.62#€"0.3067€0.36MN0.07C2.01VIG0.008Y 0.00)51.422

(Ti0.6618rb,0312r0.027U0,003)20,722 (Nb1.624T6.0‘194 The Nb, Ta and Fe contents of the niobian rutile
Wo.031)s1.84953.003 Og (cf. Table 1, #H4 and Cl4; examined fall within the range established from other
Figs. 2A, B). occurrences of this mineraé.g, Cerny et al. 1964,
Cerny & Ercit 1989). However, the high FéFe?* ratio
Discussion is very unusual; it was so far observed only in a few
specimens analyzed by classic wet methods (Gordiyenko
Exsolution of phase E & Kulchitskaya 1962, Lugovskoy & Stolyarova 1969).

A high proportion of F& also characterizes phase

Exsolution in niobian rutile normally producesE, although average FéFe?* values decrease from
titanian columbite or titanian ixiolitee(g. Cerny et al. niobian rutile (3.51N = 22) through the platelets (3.18;
1964, 1981, 2000Cerny & Ercit 1989). The inter- N = 18) to the granular form of phase E (2.86; 19).
growths described above are the first documented casewever, Sc is very effectively accumulated in phase
of exsolution of a Ti-rich (F¥,Sc)(Nb,Ta)Q phase E, and its crystal-chemical role in this phase is clearly
with a subordinate columbite component. Judging by tligentical to that of F&. Considering the trivalent cat-
lamellar texture of the intergrowth, very analogous tmns collectively, the (F& + Sc)(Nb,Ta)Q component
that observed in our samples, it is possible that a similardistinctly dominant in phase E over Ti@nd the
phase was exsolved from niobian rutile described mplumbite-type component (Fe,MiNb,Ta)Os
Yeremenkeet al.(1996) from granitic pegmatites of the(Fig. 3A): for example, the composition Cl4 of granu-
Kirovograd segment of the Ukrainian Shield. Howevetar phase E in Table 1 shows 56.5, 19 and 24.5 mole %
the authors only presented ranges of wt.% concenti-the three respective components. However, individual
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Fic. 2. Matrix and exsolution products in niobian rutile from Haverstad, in the columbite quadrilateral (A) and the (Nb + Ta) —
(Ti + Sn) — (Fe + Mn + Sc) triangular diagram (B) (in atomic proportions). Symbols used in Figures Zanati8 matrix
of platelets of phase B, O: rutile matrix of coarsened granular phase®g. (

A2+BS4-2()6 A M“Oz + AZ’BHQOG B

\V4

M4+02 A3+Bs+o‘ Fe8+85+0‘ S(;:;+Bs+o4

Fic. 3. Compositional relations of phase E, from the Haverstad and central Iveland samples combined, in triangular diagrams
(Ti,SN)G; — (Fe,Mn§*(Nb,TayOs — (Fe,ScJ(Nb,Ta)Q, (A) and [(Ti+Sn) + (Fe,Mr(Nb,TapOg — FE*(Nb,Ta)Q, —
Sc(Nb,Ta)Q (B). Note the dominance of the coupled¥F®8c) component in (A), but the subordinate roles of both if sepa-
rated, as in (B).



912 THE CANADIAN MINERALOGIST

ferric and scandian components are, with negligible elafrastructure and Research Grants from the National
ceptions, subordinate to the sum of the columbite-ty&iences and Engineering Research Council of Canada
and rutile components (Fig. 3B). to PC and F.C. Hawthorne. The authors are indebted to
The Sc content of the granular phase E does not htA. Groat, R.F. Martin, C. McCammon and M. Novak
tain the maximum values established fomimary for thorough reviews of the manuscript, to J. Kjellman
scandian columbite and ixiolite (as reviewed by Wise for notes from the Norwegian literature, and to T.S. Ercit
al. 1998). However, it is distinctly higher than that ofor access to his data on the yet undefid&@B0O, min-
Fe?*-dominant ixiolite or ferrocolumbitexsolvedrom  eral and extensive discussions.
niobian rutile at other localities; from such occurrences,

Sahama (1978) reported 3.40, Nekrasbwal. (1986), REFERENCES
4.40, Voloshiret al.(1991), 2.18, and Novak &erny
(1998b), 4.62 wt.% SOs. BJigRLYKKE, H. (1935): The mineral paragenesis and classifi-

In general, the high Sc content of the oxide minerals cation of the granite pegmatites of Iveland, Setesdal, south-
examined here should not be surprising, as they come €™ NorwayNorsk Geol. Tidsskd4, 211-311.

frolf“ afpﬁgmat!t_e poﬁuﬁtlor tf(;at Includ_es thedtyple ! ERNY, P. (1991): Fertile granites of Precambrian rare-element
cality of thortveitite, the Ljosland pegmatite, and at leas pegmatite fields: is geochemistry controlled by tectonic

six other occurrences including Haverstad (Bjarlykke setting or source lithologie®recamb. Res1, 429-468.
1935, Neumann 1961). Niobian rutile was actually con-

sidered an indicator of the probable occurrence of & BRT, D.M. (1984): Paragenesis, crystallo-
thortveitite by Norwegian researchers (Bjgrlykke 1935). chemical characteristics, and geochemical evolution of

micas in granite pegmatiteln Micas (S.W. Bailey, ed.).
Concludlng note Rev. MineraIJ.S, 257-297.

. s . A ,CECcH, F. & PovonDRA, P. (1964): Review of

Studies of nIOblan.rUt”e were so far “mlted O enorutile—striverite mineralNeu(es Jar)wb. Mineral.,
samples from peraluminous granitic pegmatites of the Abh.101 142-172.
LCT family, related to peraluminous, largely S-type
granitic parents. The only exception is the material stud- , @APMAN, R., SvMONS, W.B. & CHACKOWSKY,
ied by Cerny et al. (1999) from the NYF-family L.E. (1999): Niobian rutile from the McGuire granitic
pegmatites of the South Platte district, Colorado. The pegmatite, Park County, Colorado: solid solution,
affiliation of the Fé*-rich samples examined by  exsolution, and oxidatiosm. Mineral.84, 754-763.
Gordiyenko & Kulchitskaya (1962) and Lugovskoy & ) o
Stolyarova (1969) cannot be ascertained. The samptes——— & BCIT, T.S. (1989): Mineralogy of niobium and
of niobian rutile examined here come from granitic taenct?;u:;. dc{%szlezgimg {glalti?;?gézslgﬁ{ﬁgﬁ%e;f as-
pegmati.tes of the NYF Tam”y’ rellated' mtype, 'FIJ'antaIum and Niobium (P. Mt‘)FI)Ier, Evlern'y & F. Saupé,’
subaluminous to metaluminous granites in dominantly egs.). Springer-Verlag, Heidelberg, Germany (27-79).
anorogenic settinggf. Cerny 1991). These pegmatites
are commonly characterized by a somewhat hiffdey , , ME, M.A., CHAPMAN, R. & BuUCK,
during their consolidation than their peraluminous LCT- H.M. (1998): Compositional, structural and phase relation-
family counterparts (as shown by the compositions of ships in titanian ixiolite and titanian columbite—tantalite.
biotite and zinnwalditeCerny & Bugﬁligm, Foorcet Can. Mineral.36, 547- 561.
al. 1995, Kile & Foord 1998). The FéFe* of the ex- ) ]
amined niobian rutile evidently reflects this overall hlghTTLz’Sm’ Qt?t,ut'ivcl).n?n ﬁ;ﬁﬂeé':ﬁeRén%?gZ%’cZZ? aAr:g\\l,\?’sp o
f(O2). Further studies of niobian rutile from this envi-  iJsomineral. Petrol.52, 61-73.
ronment are evidently required, as the behavior of this

mineral under subsolidus conditions in NYF pegmatites , , &ABRAU, M. (2000):
is evidently different, and could be more diversified, Subsolidus behavior of niobian rutile fron¥na, Czech
than that of its LCT-family analogsf( Cerny et al. Republic: a model for exsolution in phases witR'Fe
1999). Fe**. J. Czech Geol. Sqdn press.
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