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AssrRAsr

Perovskite-group minerals ftom the Khibina alkaline complex, Kola Peninsula of Russia, are primarily members of the lueshite
- perovskite - loparite-(Ce) solid solution series. The widest compositional range is exhibited by perovskite-group ninerals from
the foidotte series, poikililig aspheline syenite (rischofiite) and associated pep.atites. The rend of compositional evolution of
perovskite-group minerals is from perovskile sensu sv!sg61l11srgh serian and cerian niobian perovskite !o calcian niobian, niobian
calcia:r and niobian loparite-(Ce), and then to isolueshite, a Na-M-dominant member of the perovskite family. This trend corre-
sponds well with the trend established for loparite from the Lovozero stratified intrusion. l,oparite in metasomatic rocks of the
I(hibina complex may represent either a relict assemblage or a late-stage phase crystallized from metasomatic fluids.

Keywords: perovskite, loparite, isolueshite, ultramafite, foidolite, nepheline syenite, albitite, Khibina alksline complex, Kola
Peninsulq ftus5la.

Somraann

Les min6raux du groupede lapdrovskite du complexe alcalin de I(hibina pdninsule de Kol4 en Russie, fontpartie du systlme
lueshite - pdrovskite - loparite-(Ce) et forment une solution solide. L'dtendue de compositions la plus importante se rouve dans
la s6rie des foidolites, les sy6nites d n6ph€line poecilitiques (rischorrites) et les pegmatites qui leurs sont assocides. le trar;e
dvolutif de ces min6raux va de p€rovskits sensu striuo, et passe de la p6rovskite enrichie en c6rium ou c6rium + niobium vers la
loparite-(Ce) calcique et niobifdre, niobifdre et calcique ou simplement niobifdre, et ensuite vers I'isolueshite, membre d domi-
nance de Na-M de la famille de la pdrovskite. Ce trac€ correspond bien d celui qui est 6tabli pour la loparite du complexe alcalin
stratiforme de Lovozero. I.a loparite des roches m6tasomatiques du complexe de Khibina repr6sente soit une phase relique ou une
phase tardive form6e aux d6pens d'une phase fluide lors d'un 6pisode de m6tasomatose.

(Iraduit par Ia R6daction)

Mots-cl6s: p6rovskite, loparite, isolueshite, roche ulramafique, foidolite, sydnite ndphdlinique, albitite, complexe alcalin de
Khibin4 p6ninsule de Kolq Russie.

bnnouusnoN

The Khibina alkalins complex, in the Kola Penin-
sula of Russia, covers an arcaof 1327 sq. km, and is the
largest intrusion of nepheline syenites and allisd 16gks
in the world. The intrusion was emplaced at the bound-
ary between Archean granite gneisses and Proterozoic
vslsanic-sedimentary rocks. Emplacement was tecto-
nically controlled by a Middle Paleozoic paleorift zone
(Orlova 1993). Structurally, the complex is a differenti-
ated subconical body with contacts dipping from 45'to
almssl !Qo, s;.ith inclination angles gradually decreasing

with depth (Shablinskii 1963). The intrusion is composed
of the following petrogaphic units (from the westem
contact inward) (Fig. 1): leucocratic coarse-grained
massive nepheline syenite fthibinite) and trachytoid
khibinite locatly enclosing a rhomb-porphyry complex,
a "differentiatedo' series of melteigite - urtite and associ
ated apatite - nepheline rocks, poikilitic nepheline syenite
(rischorrite) and associated juvite, medium-grained
aegirine - nepheline syenite fliavochorrite), trachytoid
and massive foyaite @liseev et al. 1939, Galakhov
1975, Kogarko et al. 1995, Sprensen L970,7ak et al.
1972). T\e central plug of foyaite hosts pulaskites,

I Present address; Department of Geology, lakehead University, 955 Oliver Road, Thunder Bay, Ontario [rIB 5El. E-mail
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and Korobeinikov & Pavlov (1990).
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which are covered by Quatemary sedjments (Korobeini-
kov & Pavlov 1990). The youngest igneous rocks areo
in the order of emplacement: alkali picrite, olivine
melanephelinils dikes and diatremes, an alkali gabbro
series, nephelinite, phonolite, alkali trachyte dikes and
carbonatile l6pu-astsev et al. 1988, Dudkin er aL. l9U).

Rocks of the Khibina complex are derivatives of two
distinct parental magmas: nephelinit ic (olivine
nephelinite) and alkali-basaltic, both of which were
present between 377.3 + 3.9 and 362.4 X 4.5 Ma
(lkamn et al. 1993). The nephelinitic source is respon-
sible for the formation of the ultramafic - alkali
ultramafic suite represented by peridotite, pyroxenite
and melittolite (Arzamastsev 1990,1994). These rocks
are found as thin dikes in the country-rock-derived
fenitized gneisses, and as xenoliths in the later-formed
foidolite and nepheline syenite (Galakhsy 1966,
Shpachenko et al. I99O). Nepheline syenites compris-
ing the bulk of the intrusion, alkaline syenites and their
hypabyssal analogues are believed to originate from an
alkali-basaltic parent (Arzamastsev 1990, Korobeinikov
& Pavlov 1990).

The origin of the foidolite and rischorrite series
remains uncertain. According to Eliseev et al, (L939),
Galakhov (1975) andZak et al. (1972), the majel inxrr-
sive series were emplaced in the sequence observed
from the western contact eastward. Kuptetskii's (1937)

hypothesis, that the intrusion of the foidolites followed
the formation of nepheline syenite and rischorrite, is
supported by field observations (Sniatkova et aI.1986)
andby many studies of themineralogy of Khibinarocks
(Kosryleva-Labuntsova et aI. 1978). As an alternative,
some authors interpret the melteigite - urtite series
and apatite - nepheline rocks as remnants of an
earlier intrusion derived from the nephelinitic source
(Arzamastsev 1990, 1994, Dudkin et al. 1986).
Solodovnikova (1959) and Tikhonenkov (1963) pro-
posed that rischorrite is a metasomatic rock developed
after the earlier-formed foidoliles or nepheline syenites,
whereas Ivanova & Arzamastsev (1985) considered the
foidolite series and rischorrite as products of differen-
tiation of a nepheline syenite magma.

Nepheline syenites and counbry rocks of the Khibina
complex underwent large-scale metasomatic alteration
which gave rise to modally diverse albite, albite -
aegirine, dbite - aegirine - asnophyllite metasomatic
assemblages (mariupolite) in the former and alkali feld-
spar - aegirine fenite in the latter (Gorstka 1971). The
albite-rich metasomatic suites are especially abundant
on both sides of the melteigite - urtite - rischorrite
sequence along the contacts with khibinite and foyaite
(Kostyleva-l,abvntsova et aI. 1978, Tikhonenkov 1963).

Pegmatite bodies ranging from simple unzoned to
complex differentiated varieties occur in all major
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inffusive units of the complex. Their distribution, geo-
logical setting and mineralogy have been described by
Slepnev (1962), Tikhonenkov (1963), and Kostyleva-
Labuntsova et al. (1978). Some pegmatite bodies have
experienced intense alteration (with formation of
aegirine, albite, natrolite) by late-stage residual melts or
fluids (or both).

The Khibina complex is the type locality for loparite,
which was initially reported from endocontact khibinites
by Kuznetsov (1925). Studies by Tikhonenkova et aI.
(1982) and Bel'kov et al. (1988) have shown that this
mineral occurs in most petrographic members of the
complex and may be present in commercially viable
quantities. At Khibinq perovskite was fust recognized
by Eliseev (1937) in the apatite - nepheline rocks.
Studies by shilin & Yanchenko (1962),Dtdkin et aI.
(1.964), Galakhov (1966, 1975), Arzqmastsev et al.
(1988) and Shpa.chenko et al. (1990) have demonstrated
that perovskite is a common accessory constituent of
the plutonic and extrusive alkaline ultramafic rocks in
the complex, However, a systematic study of loparite
mineralization at Khibina has not been undertaken, and
most of the available data on the composition of the
Khibina perovskite-group minerals have been obtained
by wet-chemical, semiquantitative spectrographic and
other bulk methods. As a result, the majority of authors
of previous investigations reported unrealistically high
contents of Si, A1, K and Mg, probably resulting from
inclusions or overgrowths of silicate phases associated
with loparite.

This study was conducted to establish the trends of
intra- and intergranular compositional variation of
loparite and perovskite from the intrusive rocks, associ-
ated pegmatite facies and metasomatic rocks of the
Khibina complexo and to compare these data with the
compositions of perovskite-group minerals from other
alkalins sopplexes. The material examined was selected
by the authors during the field work at Khibina in 1993,
1994 alnd 1996, and was provided in part by our col-
leagues from the Geological Institute in Apatity, Kola
Peninsula.

OccuaneNcE

The occurrence ofperovskite at Khibina is restricted
to the undersaturated ultramafic rocks and foidolites, as
the mineral is unstable in a paragenesis with feldspars.
In ultramafites and foidolites, perovskite occurs as small
anhedral to subhedral crystals (40-100 pm) filling
interstices between the rock-forming silicates, as
polygranular pseudomorphs a.fter titanite, and as relics
partly replaced by titanite, ilmenite or aeschynite-(Ce).
Veksler & Teptelev (1990) have demonstrated that
titanite is an earlier liquidus phase compared to
perovskite in the "diopsideo' part, and vice versa in the
"nepheline" part of the system nepheline - diopside -
1itani1e. Our observations and published data (Shilin &
Yanchenko 1962, Dudkin et al. 1964) confirm that

pseudomorphs of perovskite after titanite are found
in melanocratic rocks such as clinopyroxenite or
melteigite, whereas titanite pseudomorphs after
perovskite are common in apatite - nepheline rocks and
urtite. tn ultramafic rocks, perovskite is associated with
diopside or augite, ptrlogopite, apatite, titaniferous mag-
netite, magnesian ilrnenite, and may be also accompa-
nied by olivine, nepheline, calcite, zirconolite and
sulfides. In foidolites, the associated minerals are
nepheline, diopside, titaniferous magnetite, titanite, apa-
tite and, less commonly, manganoan ilmenite, calzirtite
and w<iblerite.

Loparite at Khibina occurs predominantly in
pegmatite-facies nepheline syenite and petrographically
diverse metasomatic rocks, but is not a common acces-
sory phase in the intrusive series. [n the latter, loparite
was found in khibinite, ijolite, rischorrite and foyaite.
In khibinite and foyaite, loparite forms scarce anhedral
to subhedral grains between crystals of nepheline and
alkali feldspar. The loparite crystals do not exceed
3-4 mm in size. In ijolite, anhedral grains of loparite
are found as inclusions in the rock-forming silicates. The
associated minerals are nepheline, aegirine, apatite and
titanite. In rischonite, loparite is a ubiquitous accessory
mineral in potassium feldspar - aegirine "veins",
conformably developed within the host 'onormal"

rischorrites. Although the geological position of the
"veins" may suggest that they are cogenetic with
rischorrite, some authors propose a metasomatic origin
for these rocks @el'kov et al. 1988, Kozyreva 1990).
Discussion of their genesis is beyond the scope of this
work. The potassium feldspar - aegirine 'aeins" con-
rsin minor quantities ofnepheline, eudialyte and astro-
phyllite and also host loparite mineralization of eco-
nomic value @el'kov et al. 1988). In these, loparite
occurs as interpenetration'ofluorite-type" twins of cubic
crystals which may enclose minute grains of potassium
feldspar. The size of the twinned crystals does not
exceed 4-5 mm.

Pegmatites commonly contain accessory loparite as:
1. An early-stage phase in contact zones which, in

general, a1s minslalsgically similal 16 the host rock, and
are composed of nepheline, alkali feldspar and, possi-
bly, prismatic aegirine, eudialyte, aenigmatite and
arfvedsonite. Single hexahedral and twinned crystals of
loparite are included in felsic minerals and microcline -
villiaumite intergrowths.

2. Alate-stage mineral in an aggregate of fibrous and
radial aegirine with titanite, astrophyllite, lamprophyllite
and lorenzenite present in smaller quantities (Fig. 2).
These aggregates developed by corrosion and metasoma-
tic replacement of the early-stage paragenesis due to inter-
action with deuteric (?) fluids derived from a pegmatite-
forming melt. In the Russian literature, the aegirine
zones in the nepheline syenite pegmatites are commonly
termed "autometasomatic" (Kostylev a-l-ahtntsov a e t aI.
1978). Loparite forms morphologically diverse twins of
cubic and cubo-octahedral crystals.
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FIc. 2. Schematic drawing of apegmatite vein in khibinite, Mt. lmandra: 1 radial and fibrous

aegirine, 2loparite-I (a) and loparite-tr (b), 3 aenipatite,4 eudialyte, 5 arfuedsonite,
6 nepheline, 7 microcline, 8 contact chilled zone, 9 khibinite.

3. A phase associated with sodalite, ordered
microcline, natrolite, acicular aegirine and rare Na-M,
Na-Z and Na-Ti silicates (nenadkevichite, fersmanite,
catapleiite, lovozerite), which commonly occur in the
axial zones of strongly differentiated pegmatite bodies,
and as coatings on the walls of cavities and wgs devel-
oped in occasional "blowso', Undoubtedly, this minslal
assemblage crystallized from the final products in the
evolution of pegmatite-forming systems. Loparite
occurs as interpenetration twins of cubo-octahedral
crystals.

In this work, these differing loparite-bearing
parageneses are referred to as loparite-I, -tr and -Itr,
respectively.

Pegmatites in the rocks of the melteigite - urtite
series have been noted to contain niobian loparite
(Sokolova 1972) and isolueshite (Chakhmowadranet al.
1997) as late-stage accessory phases associated with
sodalite. Isolueshite has the empirical formula (NqLA
Ca) (Nb,Ti)O3 and, compared to orthorhombic lueshite,
the undistorted cubic structure of the perovskite type.

Albite-rich metasomatic rocks commonly contain
considerable concentrations of accessory loparite. In
these, it occurs as "fluorite-type" twins of equally
developed cubic or cubo-octahedral individuals. The
twins commonly enclose multiple inclusions of albite,
aegirine and eudialyte, that demonstrate crystallization
during the latest stages of albitite formation from
metasomatizing alkali fluids. In albite - aegirine
metasomatites of the North Partomchorr Pass, loparite

occurs in two generations. Loparite of the early genera-
tion forms large (0.5-1.5 cm) twins with a nonpoikililis
core and a rim "stuffed" with minule plateles of albite.
The late generation is represented by small (0.5-2 mm)
poikitifig nvins with multiple inclusions of albite and
aegirine.

ANervrtcar TscHNrer.lEs

All mineral compositions were deterrnined by X-ray
energy-dispersion spectrometry (EDS) using a Hitachi
570 scanning electron microscope equipped with a
LINK ISIS analytical system incorporating a Super
ATW Light Element Detector (133 eV FwIIm MnKct)
at Lakehead University. EDS spectra of loparite were
acquired for 300 seconds, and those of perovskite, for
180 seconds Qive time) with an accelerating voltage
of 20 kV and beam current of 0.86 nA. X-ray spectra
were collected and processed with the LINK ISIS-
SEMQUANT software package. Full ZAF corrections
were applied to the raw X-ray data. The following stand-
ards were used for the deterrninations of loparite and
perovskite compositions: Khibina loparite (N4 L4 Ce,
Pr, Nd, Nb), Magnet Cove perovskite (Ca, Ti, Fe), syn-
thetic SrTiO3 (Sr), metallic Th and Ta. The accuracy of
the method was cross-checked by wavelength-disper-
sion electron-microprobe analysis of isolueshite using
an automated CAMECA SX-50 microprobe located at
the University of Manitoba using methods described by
Mitchel & Vladykin (1993). At the low beam-currents
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used for the analyses, back-scattered electron imagery
of the samples did not reveal any heterogeneity in the
distribution of the major elements. Consequently, each
grain ofloparite and perovskite was analyzed in several
places to ensure that the complete compositional range,
if any, was determined.

Compositional data were recalculated into perovskite-
group end-members following methods suggested by
Mitchell (1996). All perovskite-group minerals exam-
ined in this study were found to be essentially members
of the NaNbO3 - CaTiOg - Na(REE)Ti2O6 system. They
contain low levels of the SrTiO3 (tausonite), CaThO3,
(REE;tizO1 and other perovskite-type end members.
Accordingly, the ternary system lueshite (isolueshite) -
perovskite - loparite is used to illustrate the compo-
sitional variation @igs. 3-8). The system tausonite -
perovskite - loparite is used to compare Sr contents in
the composition of perovskite and loparite from alka-
line ultramafic rocks of the Khibina complex and
carbonatite complexes of the Kola Peninsula (Fig. 3b).
Variations in major and trace elements in perovskite-
group minqals are given in Tables 1-6 and discussed
in the text, as they are important for determination of
the compositional evolution of these minerals during the
formation of the host rocks.

1
2
3
4
5
6

r L0PARIIE

Ftc. 3. Compositions (mol.%) of perovskite and loparite from
alkaline ulft'amafic rocks of the Khibina complex in the
system lueshite - perovskite - loparite: 1 clinopyroxenite,
Mt. Restinyun, 2 clinopyroxenite, Mt Putelichorr, 3 mica
peridotite, R. Ttlijok,4 urtite, Mt" Putelichorr, 5 apatite -
nepheline rock, Yukspor Mine, 6 Uolite, ML Eveslogchorr.

CorwosruoN

Ulnamafic rocks and foilolites

Perovskite from these rocks may or may not exhibit
intragranular zonation, It is important to note that
perovskite from clinopyroxenite dikes in the counory-
rock-derived fenitized gneiss shows no compositional
zonation (Table I, anal. 1). Where present, the pattem
of zonation is irregular, with a discontinuous rim and
occasional "patches" along fractures within the crystals
enriched in Na, the light rare-earth elements (/,REE) and
}rlb. The zonation trend is from perovskite sewu stricto
to cerian perovskite or from cerian perovskite to cerian
niobian perovskite at essentially constant content ofthe
tausonite end-member (Iable I, anals. 2-10, Fig. 3).
Enrichment in Na (up to 4.1 wt.Vo Na2O), REE (up to
l5.O wt.Vo REE1O) and Nb (up to 6.3 wt.7o MzOs)
from the core toward the rim is always accompanied by
increase in Th content (up to 2.0ttt.VoThO).This trend
culminates with the appearance of calcian niobian
loparite-(Ce) in ijolite (fable I, anals. 11-12, Fig.3a).

Perovskite and loparite from the Khibina slkaline
ultramafic rocks are enriched in Sr (up to 2.8 and 6.9
wt.7o SrO) compared to those from the fypical alkalins
ultramafic complexes of the Kola Peninsula (e.9.,
AfrikandA Kovdor). In the latter, the Sr content ranges
from 0 to 0.8 wt.7o SrO.

Khibinite

Loparite from coarse-grained massive khibinite is
calcian niobian loparite-(Ce) with a low concentration
of Sr and relatively high concentrations ofTh, Ta and
Fe. From core to rim, the loparite evolves in composi-
tion by depletion in M and Sr and enricbmenttn LREE,
Ti and Fe ('Iable2, anals. 1-2, Fig. 4). Thuso the zona-
tion trend is toward less niobian loparite at slightly de-
creasing average content of the perovskite end-member
(from 12.4 to ll.9 mol.Vo).

P e gmatites in khibinite

At Mount Takhtarvumchorr, a differentiated peg-
matite body hosted by khibinite contains two genera-
tions of loparile. Compared to the above-characterized
loparite from the host rock, both loparite-I and loparite-
tr are enriched in Sr (2.0-4.1 wt.7a SrO), Nb (9.4-18.6
wt.7o MzOs) and depleted n LREE (27.5-36.0 v,a.Vo
>LkEEzq) (Iable2, anals. 3-6). Loparite-I is niobian
calcian loparite-(Ce) with a core-to-rim zonation ftend
similar to that observed in the loparite in the host khi-
binite @g.4). Calcian niobian loparite-tr from aegirine-
bearing autometasomatic rocks compositionally evolves
by becoming enriched in Na, Nb, and Th, and depleted
in Ca, Ti and Fe (Fig.  ). At the rim, loparite-tr is
replaced by M-rich anatase and rare-earth phosphate
[? monazite-(Ce)]. Interestingly, a similar pattern of
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TABLE 1. REPRESENTATIVE COMPOSMONS OF PEROVSKITE AND LOPARITE
FROM ULTRAMAFIC ROCKS AND FOIDOLITES

t21 l10

Nhos 0.02
TqOs 0.14
Tio, 55.90
P€O 0.E4
ThO, n.d
wq 0.97
C9O, 0.62
PrrOr n.d
N4O, 0.22
C3o 3E.36
$o 1.89
NqO 0.09

0.91 1.48 1.08
0.20 024 0.16

55.07 5228 5420
0.43 0.57 r.7r
n.d 0.93 0.07

0.75 1.60 1.03
2.19 4.55 l .E9
0.94 L31 n.d
1.21 2.94 0.20

35.17 3027 37.97
1.81 l .3t  0.62
1.11 2. t0 0.77

1.06 5.m n.d
0.25 037 0.U

54.74 50.65 58. t0
1.72 1.37 0.33
0 . l t  0 . 91  0 .19
0.18 2.58 nd
1.68 5.57 nd
0.47 n-d nd
0.16 1.03 D-d

37.sI 30.71 38.28
0.66 0.91 2.14
0.67 2.10 0.70

134 1.24
0.20 0.13

s4.37 52.62
0.55 0.@
0.10 021
1.97 2.U
3.07 4.42
n.d 1.00

l . t5 1.61
3339 31.73

1.36 1.37
1.55 1.58

629 5.94 4.82
031 0,45 0.79

48.13 44.17 42.37
0.63 0.84 091
1.78 1.43 1.79
3.33 834 6.72
6.96 ts.57 14.54
0.78 0.31 1.43
2.29 233 3.19

23.83 8.m 9.67
1.58 6.52 5.19
4.10 6.31 6.06

Total 99.05 99.79 99.58 99.70 992r 101.22 99.98 99.05 99.39 100.01 101.13 98.48

Structrnal formnlae based on 3 atoms of orygsn
Nb 0.000 0.010 0.016 0.011 0.01t 0.055 0.000
Ta 0.001 0.001 0.002 0.001 0.002 0.002 0.001
Ti 0.9u 0.979 0.965 0.957 0.966 0.920 r.002
Fe 0.016 0.008 0.012 0.033 0.034 0.028 0.006
Th 0.000 0.000 0.005 0.000 0.001 0.005 0.001
Ia 0.008 0.007 0.014 0.009 0.0O2 0.023 0.000
Ce 0.005 0.019 0.041 0.016 0.014 0.049 0.000
Pr 0.000 0.008 0.012 0.000 0.004 0.000 0.000
Nd 0.002 0.010 0.u26 0.w2 0.001 0.009 0.000
Ca 0.962 0.E91 0.796 0.955 0.9M 0.795 0.940
Sr 0.026 0.025 0.019 0.008 0.009 0.013 0.028
Na 0.0M 0.051 0.100 0.035 0.030 0.098 0.031

Mol.% End-membens
CsThO3 0.00 0.00 0.52 0:M 0.06
SrTiO, 2.58 2.50 1.88 0.85 0.90
NaNbO3 0.00 0.70 0.72 0.82 0.91
CEzTi2Ol 0.00 0.00 0.00 0.00 0.00
CsTiO3 96.60 87.99 78.10 92.Y2 93.88
loparite o.E2 8.81 18.78 5.37 425

0.0t4 0.014 0.072 0.074 0.062
0.001 0.001 0.002 0.003 0.006
0.978 0.965 0.914 0.916 0.908
0.01I 0.013 0.013 0.019 0.022
0.000 0.001 0.010 0.009 0.012
0.0t7 0.026 0.031 0.085 0.071
0,027 0.039 0.04 0.157 0.152
0.000 0.009 0.007 0.003 0.015
0.010 0.014 0.fi21 0.023 0.032
0.E56 0.929 0.64s 0.263 0,295
0.019 0.019 0.023 0.104 0.102
0.072 0.075 0.201 0.337 0J35

0.05 0.12 1.03 1.12 139
L88 1.9E 2.33 12.99 1227
1.78 0.00 7.82 4.82 4.W
0.00 0.00 0.00 0.76 0.27

85.47 82.64 63.98 31.72 34.t2
1,0.82 t526 24.U 4E.59 47.96

052 0.10
1.31 2.U
1.78 3.11
0.00 0.00

79.66 93.94
t6.73 0.00

Compositions t-10 perovskito, I I & 12 loparite: I rmzoned crystal from clinopyroxenits (dike in fenitized
gneiss), Mt. Rsstinyu& 2 & 3 core atrd riE ofa zoned crystal from clinopyroxonite (xenolith in urtire), Mt
Putolichorr, 4-6 core, intermediais zone and rin of a zoned crysal froIn mica p€ridotite (xenolith in nepheline
symin), R l\rlilio( 7 rmmed qfstal from urtits, Mr Publichorr, &10 core, intormedialo zone and rim of a
zoned crystal from apatite-nepheline rock, Yukspor Mine, 1 l & 12 mre and rin ofan uzonod cryshl from
iiolite, ML Evoslogchorr. All data this work. Total Fo expressed as FeO; nd = not dotected

replacement resulting in complete replacement was
described for loparite from albitized syenite from Far
East Russia (Kalenov et al.1963).

Loparite-I from a simple unzoned vein at Mt. Khibina
does not show any compositional zonation, On the
diagram NaNbOg{aTiOg-NaCeTi2O6, its composition
plots near the boundary between calcian niobian and
niobian calcian loparite-(Ce) (Fig.4). Sr, Th, Fe and Ta
contents in this loparite are similar to those in loparite
from the pegmatite at Mt. Takhtafl'umchorr (fable 2,
anal.7).

Among the loparite samples from khibinite pegma-
tites, those from Mt. Imandra are the most depleted in
Ca and Sr (Iable 2, anals. &-13). Compositionally, both
loparite-I and loparite-tr are calcian niobian loparite-
(Ce). Loparite-I exhibits two majel trends in core-to-

rim zonation trends. One of them is toward the Ioparite
apex of the system NaNbOs{aTiOg-NaCeTi2O6, and
is thus similar to the trend shown by loparite-I from the
Takhtarvumchorr pegmatite body (Fig.4, A). The other
trend is toward compositions enriched in Na and
Nb (from 15.1 to 27.2 mol.Vo NaNbOs), with the
NaCeTi2O6 content decreasin g ftom77.3 to 67.4 mol.Vo
(Fie.4, B).

Loparite-Il evolves by enrichment in Na and Nb
(from 16.7 to 23.2 mol.7o NaNbO3) coupled with de-
pletion in IREE and Ti (75.8 to 68.4 mol.7a NaCeTizOe)
at essentially cons[ant contents of the perovskite com-
ponent (7.6-8.5 mol.Vo) (Fig.  ). At the rim, loparite-tr
is resorbed and replaced by niobian anatase and ?
monazite-(Ce).
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Rischonite

Potassium feldspar - aegirine "veins'o at Mts.
Eveslogchorr and Kaskasnyunachorr contain loparite
characteristically enriched in Ca, Fe and Ta, and
depleted in Th (Iable 3, anals. 14, 6-7). Most of the
loparite is calcian niobian loparite-(Ce) with a relatively
uniform intragranular composition. Intergranular
compositional variation is particularly pronounced in
loparite from Mt. Eveslogchon (Fig. 5). The rims of
some crystals from both localities are enriched in Na
(up to 9.8 wt.7o Na2O) and Nb (up to 20.5 wt.% M2Os).
Such rims are Fe- and Ta-poor, and Th-rich (Iable 3,
anals.5, 8). Undoubtedly, this patchy zonation is due to
interaction of the early-formed loparite with late-stage
M-bearing alkali-rich fl uids.

P e gmatite s in ri s cho nit e

Loparite-I from two pegmatite veins at Mt.
Marchenko are compositionally close to the loparite
from rischorrite, being calcian niobian loparite-(Ce)
relatively rich in Fe and Ta and depleted in Th (Table 3,
anals.9-12, Fig. 5). In common with the loparite from
rischorrite, some grains are occasionally enriched in Na
and Nb at their rim (Table 3, anal. 13). The "patchy"
zonation observed in the loparite from the rischorrite

cALclFr|r|NoHN ',. 
o\so ?.- ;

'.?a \ &n 6

and rischorrite pegmatites also has been established in
specimens of loparite ftom the Eudialyte Pass Mitchell
et al. 1996), originally described by Tikhonenkov &
Kazakova (1957) as "niobolopariteo'. The mineral is
associated with natrolite, murmanite, pyrochlore, and
some other minerals typical of tle parageneses with
loparite-Ill. Howevero the compositional features of
"nioboloparite" suggest that it is loparite-I.

Loparite-Ill from highly differentiated pegmatite
veins in rischorrite has been studied by lvlltchell et al.
(1996) and found to be niobian calcian and niobian
loparite-(Ce), with trends of core-to-rim zonation simi-
lar to those determined for loparite ftom khibinite and
some loparite generations ftom pegmatites in khibinite
(see above). The compositions and zonation trends of
the loparite-Itr are shown on Figure 5.

P e gmatite s in foidolites

Pegmatite veins in foidolites contain Na- and
Nb-rich members of the perovskite family. At Mt.
Koashva" loparite-Itr is niobian loparite-(Ce) with high
Na and IrIb (10.3-11.8 wt.VoNuO and25.7-35.6wt.Vo
MzOs, respectively), and low Ca Sr, Ta and Fe con-
tents Clable 4, anals. l-2).T-trc composition and trend
of core-to-rim zonation are similar to those of loparite-
Itr from the vein in rischorrite (Fig. 5).

' r '9-  
r  'x r

t ? \  ' 4 ^
.  \  a ^ \  
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Ftc. 4. Compositions (mol.7o) of loparite fton khibinite (1) and pegmatites in khibinite
(2-6): I Mt. Takhtarnrmchon, 2loparite-I, Mt. Takhtarvumchorr, 3 loparite-Il,
Mr Takhtarrumchon, 4loparite-I, Mt. Khibina, 5 lopaxite-I, Mt. Imandr4 6 loparite-tr,
Mt. Imandra.
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TABLE 2. REPRESENTATM COMPOSnONS OF ITOPARIIE
FROM KHIBINITE A\ID PEGMATTTES IN KHIBINITE

WLo/o 12il

Nbro, a,yz
Ta"O, 0.95
Tio, 39.E9
F@ 0.15
Tho, t.l2
Iaeq 11.09
c%q 19.t8
Prp3 1.79
N4Or 3.68
C€O 2.98
s'o 2.u
N&rO E,4l

6.69 18.s1
l . t  I  1 . 19

40.08 36.13
o.57 0.08
1.44 0.55

10.63 9.4E
19.79 t5.61
254 0.y2
4.76 1.91
2.69 3.46
l.E4 2.78
8.19 9. lE

13.88 7.30
0.4s 0.89

37.72 4t . ts
0.09 032
t.29 0.76

10.3r r0.38
t720 t93r
t .6 1.89
3.s7 4.40
2.91 3.9
2.42 2.51
E.E6 7.63

t3.t'1 1t.75 1936
1.17 0.46 1.05

3s.78 39.42 33.17
0.08 0.01 0.r5
t38 0.9E 0.50
E.5E t0.0t 9.53

17.t7 19.17 17.03
4.16 1.04 3.0E
425 4.20 33r
2.41 2.80 l.g
2.48 t.71 23E
8.52 8.72 9.47

15.83 14.14
0.t7 0.90

36.05 3727
n.d 0.12

0.t9 0.62
10.49 9.94
18.46 18.92
139 2. lE
3.09 3.0t
t.sz t.69
2.12 t.9r
9.t0 926

2435 t5.0r t9.9s
0.40 1,24 0.7E

3t.lt 37.u 34.4E
0.04 0.09 0.14
o.9z 0.52 0.68
8.91 9.t2 9.06

15.03 1t.95 15.67
3.01 0.61 1.80
2.94 2.97 2.EE
12, t.g 1.63
234 l.E9 2.M

10.46 922 9.94

Total 100.90 100.33 99.80 100.43 100.s3 9921 100.34 1W.74 9.81 l@.10 100;13 99.8't r00.4s

Shrcgml fmulre based m 3 doms of oxygon
r{b 0.n6 0.089 0237 0.tt0 0.09s 0.1?6 0.1s2 0254
Ta 0.007 0.009 0.009 0.004 0.007 0.009 0.004 0.008
Ti 0.E66 0.884 0.769 0.814 0.t91 0.7n 0.U9 0.725
Fe 0.0M 0.014 0.002 0.0@ 0.00E 0.0O2 0.000 0.004
Th 0.007 0.010 0.003 0.00E 0.005 0.009 0.006 0.003
la 0.llE 0.t15 0.099 0.110 0.110 0.094 0.106 0.102
Ce 0.210 0212 0.162 0.181 0203 0.186 0201 0.lEt
Pr 0.019 0.027 0.009 0.017 0.020 0.045 0.011 0.032
Nd 0.03E 0.050 0.019 0.036 0.045 0.045 0.043 0.035
Ca 0.092 0.0t4 0.105 0.090 0.123 0.078 0.086 0.051
Sr 0.034 0.031 0.M6 0.040 0.042 0.U3 0.O2E 0.040
Na 0.471 0.466 05M 0.493 0.426 0.489 0.4E4 0.533

MoL%End-mmbss
CsThq 1.00 129 0.52 1.18 0.67
SrTiQ 4.63 42r 6.67 s.66 5.64
Na\IbO3 8.40 6.56 17.98 12.89 6.t6
CETirOl 3.87 3.6 3.48 3.70 5.54
CaTiq 11.51 10.07 14.C2 11.38 15.89
I{pqite 70.59 742t 56.53 65.19 65.40

0208 0.lrs 0317 0.19s 0.25E
0.007 0.007 0.003 0.0t0 0.006
0.788 0.Ell 0.673 0.t16 0.742
0.000 0.003 0.001 0.@2 0.(p3
0.006 0.004 0.005 0.@3 0.004
0.112 0.106 0.094 0.104 0.096
0.196 0200 0.158 0.199 0.17s
0.015 0.023 0.032 0.007 0.019
0.032 0.032 0.030 0.030 0.029
0.M7 0.052 0.038 0.050 0.050
0.036 0.033 0.039 0.03t 0.040
0.513 0.5t9 0.s84 0.513 0.5s1

0.86 0.sr 0.90 051 0.65
s25 4.76 5.82 4.69 59r

15.78 t3.75 23.86 1523 t9.51
636 3.63 5.70 3.57 1.45
6.09 6.y2 4.71 7.01 6.73

65.66 7036 59.01 68.99 63.6t

129 0.90 0.48
5.q3 4.00 5.82

r2.y2 10.97 19.06
6.91 3.46 8.72
9.61 1121 6.93

63.34 69.46 58.99

Compositiw: l-6lv1t Takhtawmchm, I &2oremdrim of amedoystal from khibinite;3 &4mandrimof a
med loprite-I qystal frm pagmdite in khibhite; 5 & 6 core md rim of a aned loprite-tr crysal fro|n pegmatits in
khibinite; 7 mrcned loprite-I eyscal from pogmatite in khibinite, Mt KhibinE &13 Mt rnmdra, E & 9 oro and rim
of a mned loprite{ cystal fron pegEatite in klibinito (Fig 4, trend A); l0 & I I m md rim of a med lopriel
qystal frm pegmdite in khibinito @ig. 4, tsnd B); t2 & 13 m 6d dm of a med lopmitetr crysbl fron rymatito
vein in ktribinite. AI 6sta this mrlc Total Fs expreed as FeO; n.d = not dst€.ted.

Representative compositions of isolueshite from the
fype locality are given in Table4, anals. 3-6. This min-
eral is a cubic polymorph of NaNbO3 and contnins con-
siderable levels of LREE,TI and Th. The zonation trend
ofisolueshite is essentially identical to those described
above for loparite-Ill from different occurrences
(Fig. 5). In isolueshite, this trend culminates with the
appearance ofloparite as a thin (less than 10 pm) outer-
most zone. It contains approximately 68 mol.7o of the
NaLaTi2O6 end-member and should be classified as
loparite-(La), following the principles of nomenclature
suggested by Levinson (1966) for rare-earth minerals.
A detailed discussion on the chemical composition of
isolueshire can be found in Mirchell et al. (1996) and
Chakhmouradian et aI. (L997).

Foyaite

Loparite from foyaite is niobian calcian loparite-(Ce)

with low Ca, Sr, Fe and Ta contents. The Th content is
generally much higher than in the above-characterzed
samples, and ranges from 1.2 to 6.9 wt.Vo ThO2 (fable
5, anals. l-3). This loparite is, as a rule, complexly
zoned, with occasional regions enriched in Na and Nb
(up to 10.4 wt.7o Na2O and 20.1 wt.7o M2O5) (Frg. 6).

Pegmatites infoyaite

In foyaite pegmatites at Mt. Niorkpakhk, both
loparite-I and loparite-tr are niobian calcian loparite-
(Ce). Both generations h4vs similal'low Ca, Sr and Fe
contents. Compared to loparite-I, loparite-tr is enriched
in Na" lrrb, and depleted rn I-REE, Ti and Th (Table 5,
anals. 4-ll). The two generations also differ in their
core-to-rim patterns of zonation. Loparite-I evolves
compositionally by becoming enriched n LREE aadTi
(from73.6-74.2mol.% NaCeTizOo at the core to77.8-
78.5 mol.7o NaCeTizOr at the rim), and correspondingly
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TABLE 3. RBRESENTATFfE COMPOSMONS OF ITOPARITE
FROM RISC}IORRITE AND PEGMATffFS IN RITICIIORRITE

96r

wL% l l

Nho,
Ta"Q
]iq
FeO
]bo,
Lsrq
cqo"
Prr03
Ndro,
CaO
sro
Naro

Totel

10.68 9.ls 11.40
1.58 1.33 1.55

39.34 39.48 38.41
o.20 0.t2 0.36
0.33 0.46 0.60

10.61 10.82 9.09
r9z2 19.66 11.88
0.63 1.48 3.40
3.@. 2.95 3.31
3.90 3.62 4.t4
l.& 1.95 2.34
8.62 8.M 8.03

9.94 12.32 8.26
t.29 1.09 0.62

39.37 38.65 4t.02
02t o.t't 0.41
0.65 0.72 0.27
9.9 9.U 9.69

18.81 t7.% t8.14
L76 2.32 l.M
3.4r 2-86 2.73
3.@ 3.30 6.8s
1.94 2.s4 2.05
7.83 8.42 7.36

9.06 20.51 10.54
0.63 0.8 1.09

40.88 34.52 38.65
0.15 0.26 0.25
0.34 2.M O.52
9.70 10.50 9.95

18.83 14.37 18.19
1.61 0.81 Ls1
3.05 1.49 4.46
4.91 2.96 4.66
2,18 2.50 1.63
7.70 9.U ',7.98

t0.28 10.84 10.86 13.53
0.78 t.2t l.2l 1.47

39.26 37.94 38.37 36.76
0.16 0.29 0.13 023
l.(p 0.70 0.58 0.60

t0.07 10.78 11.28 1028
18.41 17.70 18.2s 16.21
1.55 z.to 1.95 2.44
3.31 2.51 3.18 3.52
4.q 4.6',1 423 4.70
2.67 2.t4 1.79 2.21
8.08 7.71 7.99 a.Oz

Nb
Ta
T
Fe
Th
ta
Ce
Pr
Nd
Ca
Sr
Na

99.59 9.4 100.51 99.&4 100.17 98.44 9.04 100.05 100.09 100.06 98.59 99.82 99.W

Stustral f@ul@ bad @ 3 d@s of sxygo
0.139 0.120 0.148 0.130 0.160 0.107 0.117 0.24 0.137 0.134 0.1:43 0.142 0.176
0.012 0.0t0 0.012 0.0t0 0.008 0.@4 0.005 0.002 0.009 0.006 0.010 0.010 0.012
0.850 0.E62 0.830 0.857 0.834 0.882 0.881 0.73 8 0.E39 0.850 0.834 0.836 0.798
0.00s 0.003 0.009 0.005 0.0M 0.010 0.004 0.006 0.006 0.004 0.@7 0.003 0.006
0.002 0,003 0.004 0.004 0.005 0.002 0.002 0.013 0.003 o.(X}7 0.005 0.004 0.004
0.112 0.t16 0.0% 0.107 0.104 0.102 0.103 0.110 0.106 0.107 0.116 0.121 0.109
o.2t2 0.2@ 0.188 0.199 o.lEE 0.190 0.198 0.150 0.1v2 0.194 0.189 0.194 0.171
0.0tr/ 0.016 0.036 0.029 0.@4 0.011 0.017 0.008 0.(D7 0.016 0.t22 0.t21 0.m6
0.031 0.031 0.034 0.035 0.029 0.021 0.031 0.015 0.042 0.034 0.026 0.033 0.036
0.120 0.113 0.128 0.113 0.101 0.210 o.lsl 0.090 0.144 0.136 0.146 0.131 0.145
0.024 0.033 0.039 0.033 0.M2 0.0A 0.036 0.041 0.021 0.M5 0.036 0.030 0.037
0.480 0.475 0.448 0.440 0./168 0.408 0.428 0542 0.446 0.451 0.437 0.449 0.449
MoL% rnd-nmbas

C8'IhO, 0.30 0.4t 0.54 0.60 0.66 0.23 0.30 1.93 0.46 0.96 0.63 0.52 0.54
SrTq 333 4.42 5.36 4.s4 5.93 4.41 4.91 6.02 3.66 s.n 4.v2 4.09 5.07
NNbO3 10.33 1028 ll.0l 9.77 ll.8l 7.25 828 19.41 9.80 9.36 10.36 10.31 12.90
CETi2OT 2.36 4.90 6.89 7.43 4.U 3.34 4.32 0.69 6.69 4.03 7.13 7.19 8.43
CafiO, 16.13 l4;1'l 16.98 15.13 13.58 27.02 n.12 1125 18.8E 17.21 19.20 17.33 l9.N
Lmrito 67.55 65.22 5923 62.53 63.18 57.75 62.07 60.70 60.5t 6L47 57.76 60.56 53.66

Compositi@: l-5 rirchoie, Mr Kaskmymmhc,l & 2m mdrinof a zsed qysol,3 &4-5 cce ndrimof
apahymed qyea! 6 & 7-8 m dd rim of a pcc.hy med oyatal ft@risc.h@itB, Mt Evsloglbou; 9-13 p€grditc
vei$ inrish@ite, ML Mrc.hmko, g & 10 m odrinof mmmsdlcrpuie-I crym! ll & 12-13 cqe md rimof 6
pohy med loprito-I crystal AIl ,r'ta this wqh Total Fe erywed u FeO.
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FIc. 5. Compositions (mol.7o) of loparite from rischorrite (1-2), pegmatites in rischorrite (3-8) and of Ioparite and isolueshite
from pegmatites in foidolites (9-10). Compositions 1-5, 9 and l0: this work, 6-8 after Mitchell et aL (1996). 1 ML
Eveslogchorr, 2 Mt. Kaskasnyunachorr, 3 and 4 loparite-I, Mr Marchenko, 5 loparite-I, Eudialyte Pass, 6 and 7 loparite-Ill,
ML Krkisvumchon, 8 loparite-Itr, Mr Kaskasnyunachorr, 9loparite-Itr, Mt Koashv4 l0 isolueshite, Mt. Kukiswmchorr.
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Nbro, 35.59
TqOt n.d
Tio, 25.51
FeO 0.2t
Tho, 030
Iarq 10.01
CE2q ll.I7
Pr,Q 0.83
Nd,q 1.42
CaO 0.86
SrO 2.29
Na"O 11.81

26.87 52.31
n d 0.39

32.q 17.62
0.05 0.08
0.88 1.3E

t0.62 s.44
13.87 3.22

n.d 0.17
2.03 0.65
0.97 2.80
2.18 2.1'!

10.97 13.80

41.55 40.22
0.7s 0.70

2238 22.60
n.d n.d

5.35 2.54
6.E7 7.92
535 7.81
0.20 0.47
0.44 0.t7
2.@ 1.39
1.71 1.37

t227 12.67

TABLE 4. REPRESENTATIVE COMPOSMONS
OF IJOPARIIE AND ISOLUESHIIE

FROM PECVIATITFS IN FOIDOLITES

Metasomartc rocl<s

Loparite from albite - aegirine metasomatic rocks at
the North Partomchorr Pass, Mts. Niorkpakhk,
Eveslogchorr and Kukisvumchorr are all composi-
tionally similar to loparite from foyaite and foyaite
pegmatites. It consists of niobian calcian loparite-(Ce)
with low Ca, Sr and Fe contents (fable 6, anals. 1-10).
Some grains are enriched in Ta and Th. From core to
rimo these grains of loparite evolve by enrichment in
IREE and Ti (from 60.5 to 84.3 mol.Vo NaCeTi2O6)
coupled with depletion in Na and Nb (from 22.9 to
10.0 mol.7a NaNbO:) (Fig.7). According to Chakhmou-
mdranet al. (1995), loparite from the parental rocks was
dissolved and then reprecipitated from an alkaline
metasomatizing fluid. Our findings confirm that the
composition of loparite was not affected by the fluid. A
similar conclusion has been drawn for loparite from
metasomatic assemblages at Lovozero by Mitchell &
Chakhmouradi an (1996).

An albite rock that developed along the contact
between loparite-bearing rischorrite and foyaite at
Mt. Kaskasnyunachorr contains resorbed grains of
calcian-niobian loparite-(Ce) that is compositionally
close to loparite from the non-albitized rischonite (cl
Table 3, anals. 1-4, Table 6, anals. l1-12). In common
with the loparite from rischorrite, that from the
Kaskasnyunachorr albitite is irregularly zoned, with the
rim of some grains enriched in Na and M (Table 6,
anal. l3). The similarity in composition and zonation
trend (c/. Figs. 5,7) suggests that at this locality, the
loparite mineralization was 'oinherited" from the
substrate rock (K-feldspar - aegirine "veins").

The rarto Ce/I-a in loparite

Our data (Tables 2-6) show that the ratio Cell-a in
loparite at Khibina increases ftom the earliest genera-
tion, in the intrusive series and contact zones of the
pegmatites, to the latest generations of loparite in
aegirine-rich autometasomatic assemblages, albite -
aegirine metasomatic rocks, and natrolite- and sodalite-
rich zones in rischorrite pegmatites (Table 7). This trend
presumably reflects fractionation of lanthanum into the
most evolved portions of peralkaline magma undergo-
ing differentiation processes. This observation is in
accord with the presence of La-dominant isolueshite
(0.5 < CelI-a < 1.0) in a highly evolved calcite-,
natrolite- and sodalite-bearing pegmatite vein within
ijolite - urtite Mtchell et al.1996, Chakhmouradian er
al.1997).

DrscussroN

Perovskite f1e6 alkaline ultramafic rocks of tle
Khibina complex exhibits a distinct trend of compo-
sitional evolution, characterized by enrichment in N4
IREE, Nb and Th. This trend is essentially toward the

25.25
0.t7

29.68
nd

0.33
l5 . lE
I  3.10
0.73

022
0.94

't121

ToaI 100.07 100.84 99.97 98.96 98.55 9E.05

Strucnml fmulae based on 3 aioms of orygen
}.Ib 0.457 0340 0.650 0.533 0.5t9 0.337
Ta 0.000 0.000 0.003 0.006 0.005 0.001
Ti 0.545 0.683 03& 0.477 0.485 0.65E
Fo 0.007 0.001 0.000 0.000 0.000 0.000
Th 0.002 0.006 0.009 0.034 0.016 0.002
Ia 0.105 0.110 0.055 0.072 0.083 0.165
C€ 0.11.6 0.142 0.032 0.056 0.082 0.141
Pr 0.009 0.000 0.002 0.002 0.005 0.008
Nd 0.014 0.020 0.002 0.004 0.009 0.013
cA 0.026 0.029 0.082 0.064 0.MZ 0.007
Sr 0.038 0.035 0.034 0.028 0.023 0.016
Na 0.651 0.s96 0.73s 0.675 0.7V2 0.&l

MoL% End-nembsrs
CaThO. 031 0.89 O.92 3.E7
SrTiQ 5.08 5.62 3.57 3.15
Nal.IbO3 36.83 26.98 6837 59.71
cPzTipT 6.12 t.99 0.00 0.00
CsTiOj 3.91 3.73 7.83 325
Iswits 46.75 60.79 1931 30.02

1.75 0.33
2.41 2.42

ss.to 25.42
0.00 2.76
2.76 0.71

37.99 68.36

Conpositions I & 2 loparite(ce) 3-5 isoluebits, 5

"loFritF(La)" (rot a valid mineral name). I & 2 core md
rim of a mned loprite-Itr crystal from pegnatito in
apdite-riophelino rock, Mt Koashv4 3, 4 & 5-6 core,
internediab zone md rim of a zoned crystal
respectively, pegmdite in ijolite, ML Kukisvumchm. All
dala this work. Total Fe exprwsed 6 FeO; n.d = not
detected.

depleted in Na and Nb (16.9-18.3 to 14.7-15.0 mol.Vo
NaNbO3). Loparite-tr shows an opposite trend of zona-
tion, similsl to that of loparite-tr from t1'e Imandra
khibinite pegmatites (Fig. 6).

At Mt. Eveslogchorr, loparite-tr from aegirine -
astrophyllite spherulites is similff in s.mposition to the
above-described loparite-tr ftom Mt. Niorkpakhk. This
loparite also evolves by enrichment in Na and Nb
(Table 5, anals. 12, 13). Some grains of loparite-Il were
found to be significantly enriched in Th (up to 18.4wt.Vo
ThO2). Previously, thorian loparite was described
from a foyaite pegmatite and an albitized foyaite by
Borodin &Kazakova (1954) and Tikhonenkova et a/.
(1982), respectively. A detailed study of this mineral
has been provided by Mitchell & Chakhmouradian
(1998).
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TABLE 5. REPRESENTATTVE COMPOSMONS OF LOPARITE
FROM FOYAITE AND PEGMATTIFS IN FOYAITE

963

wL% l t

Nqos tE.05
TqOr 0.5E
Tio, 35.02
FeO 0.05
Tho, 4.v2
Ia2q 9,75
CezO3 16.50
PrOr 0.5E
Ndro, 1.69
CaO 1.95
SrO l3l
NarO 9.65

't7.42 20.M
0.31 0.47

35.6 34.47
0.07 n.d
4.39 t.49

to.t4 t226
17.03 t628
l . l 8  n ,d
2.06 l.7l
1.95 2.O0
r.46 t.6r
9.55 9.94

16.46 t3.91
028 036

35.90 3E.t3
0.09 nd
12t 1.52

1229 t2.t2
t72E t7.E0
1.75 t.44
2.19 227
l.Et t.70
t.67 1.75
92t 9.t6

16.75 12.77
l . tz  0.50

36.06 3935
0.08 nd
t3'1 1.E6

11.51 11.65
16.26 17.96
0.15 0.76
1.91 1.95
\.n 1.79
2.06 1.75
9.64 8.78

t7.14 18.88
0.E4 0.54

34.U 33.39
0.0E 021
r. l5 0.91

12.43 tt.39
t6.57 16.01
r.97 3.50
2.U2 2.s7
1.79 1.86
t.42 1.44
9.40 936

t7 39 t9.63
0.70 0.46

36.15 35.12
0.M 0.07
r.z0 l . t7

tt.49 11.98
16.48 t6.40
t.44 0.53
1.57 t .@
1.86 2.02
2.04 2.03
932 9.sE

15.40 t9.60
021 0.16

352j, 34.E3
0.06 0.03
2.60 1.80

13.20 11.95
t7.02 16.t4
0.85 1.45
2.39 1.70
t.E6 1.75
2.05 1.85
9.19 10.t4

Toral 99.1s 10122 l@34 10021 100.86 98.EE 99.12 98.E5 100.06 9.68 9.99 9.99 101,40

Stuchual fmulaF bs€d on 3 doms of oxygeq
}.Ib 0238 0.226 0259 0215 0.1E0 0219 0.166 022E
Ta 0.004 0.0O2 0.0M 0.002 0.003 0.009 0.004 0.007
Ti 0;165 0.770 0.741 0.781 0.822 0.7E5 0.E53 0.755
Fe 0.001 0.002 0.000 0.002 0.000 0.002 0.000 0.002
Th 0.u2'1 0.029 0.010 0.@8 0.010 0.009 0.012 0.008
IA 0.104 0.107 0.129 0.131 0.136 0.122 o.lU 0.135
C€ 0.176 0.179 0.170 0.1t3 0.18'1 0.172 0.190 0.179
Pr 0.006 0.012 0.000 0.01t 0.01s 0.002 0.008 0.021
Nd 0.01E 0.021 0.017 0.023 0.0?3 0.020 o.vn 0.u21
Cs 0.051 0.060 0.061 0.056 0.052 0.06t 0.055 0.057
Sr 0.0?2 0.024 0.gz& o.vzE 0.029 0.03s 0.t29 0.U24
Na 0.544 0.532 0.551 0.517 0.509 0.541 0.491 0.538

Mol.% End-membes
CoThO, 4.04 4.31 1.4 123 1.44
SrTiO! 336 3.65 4.13 4.10 423
NNbOe 18.3? t ',7.t6 t9.47 t5.91 13.31
CerTi,O? 0.19 1.89 3.20 6.15 3.77
Ca'l'iO3 5.19 4.70 7.65 6.97 6.15
Irpuite 68.85 6829 64.11 65.64 71.'/.0

0249 0226 0.2s4 02M 0252
0.004 0.005 0.m4 0.002 0.00t
0.733 0.7C2 0.755 0.778 0.745
0.005 0.001 0.002 0.m2 0.001
0.006 0.008 0.008 0.017 0.012
0.122 0.122 0.126 0.t42 0.12s
0.t7t 0.173 0.t72 0.183 0.r6E
0.037 0.015 0.006 0.009 0.015
0.027 0.016 0.010 0.025 0.017
0.058 0.057 0.062 0.0s6 0.053
0.024 0.034 0.034 0.03s 0.030
0.530 0.520 0.s3r 0.523 0.559

0.88 1.18 t.ts 2.47 t.70
3.56 5.09 5.06 4.96 4.46

18.51 1733 1935 14.64 1t.51
8.92 4.32 4.st 4.49 2.17
7.61 7.4 8.16 5.85 6.09

60.s2 @.68 6t.77 67.s9 67.07

1.32 1.83 Ll t
s.07 439 3.51

16.72 12.79 16.99
0.38 237 5.Er
7 .64 6.47 7.0s

6E.87 72.15 65.46

Compositioro: I & 2 orc md rim of a aned crystais ftm foyaite, I!{l. Eveslogphon; 3 med crtstal fion foyaite, Mt
Ev*logchon; 4-l I pogmrtites in foyaite, ML Niorkpakbk, 4 & 5 mre md rim of a rcned lopsite-I cystaL vein # l, 6
& 7 ore md rim ofa aned loparitel crystal, vein # 2" E & 9 core and rim ofa zoned loparite-tr crystal vein # l, l0 &
I I mro md rim of a zon€d loparite-tr o!/stal, vsio # 2. 12 & 13 m md rim of a med loprite-tr cryst8l fi@ pegmdit
in foyaite, Mt Bvslogchorr. All d@ this worlc Total Fe crpHsd as FeO, Ld = not dst€cEd

loparite-(Ce) apex of the ternary sysrems lueshite (or
tausonite) - perovskite - loparite-(Ce). Rare loparite
from melanocratic members of the foidolite series is
enriched in Ca and Ti and depleted in Na, LREE and Nb
contents, compared to loparite from nepheline syenites,
associated pegmatites and metasomatic rocks. We
interpret the observed perovskite - loparite evolution-
ary trend to result from two different, although perhaps
interfering, processes. In some cases [e.g., perovskite
parrly replaced by aeschynite-(Ce) from mica peridorite:
Table l, alals. 4-61, Na-LREE-Nb-Th-enrichment is
metasomatic and caused by the interaction of perovskite
with alkali-rich fluids derived from nepheline syenite
melt. A very similar compositional trend has been
established for perovskite from the Schryburt lake com-
plex, Ontario @lat 1994). However, atSchrybu(Lake,
perovskite enrichment in Na, mEE aDd Nb was more
likely brought aboutby fluids derived from a carbonatire
soruce (Platt 1994). In the foidolites, where no evidence
of late-stage metasomatic overprint exists, the perovskite

- loparite rend presumably reflects enrichment of suc-
cessive portions of the differentiating magma in Na and
incompatible elements. If the foidolite and rischorrite
series represent complementary products of the evolu-
tion of a parental magmq the described trend may be
further traced in loparite from rischorrite and associated
pegmatites (see below).

Loparite from nepheline syenite, nepheline syenite
pegmatite and albite - aegirine metasomatic rocks of
the Khibina complex are calcian niobian, niobian calcian
and niobian loparite-(Ce). "Loparite-(La)o' was found
only as a thin rim on the crystals of isolueshite. There
are three major zonation trends in the Khibina loparite:

l. Enrichment n LREE and Ti coupled with deple-
tion in Na and Nb at essentially constant or slightly
decreasing Ca content. This trend is observed i:l loparite
from khibinite and aegirine - albite metasomatic rocks,
early generations of loparile from khibinite and foyaite
pegmatites, and" paradoxically, in the mostM-enriched
loparite-Itr and isolueshite from highly evolvedpegmatite
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bodies in rischorrite and foidolites. This latter trend is
termed the reaction trend in Figure 5.

2. Enrichment in Na, Nb and depletion n LREE at
constant or increasing Ca content. This zonation pattern
is typically present in loparite-tr from khibinite and
foyaite pegmatites.

3. Enrichment in Na, Nb, Th and depletion in Ca and
Fe. This trend, termed the -aematic trend in Figure 5,
is characteristic of calcian niobian loparite-(Ce) from
rischorrite and the derived albitite, and the loparite-I
from rischorrite pegmatites.

None of these trends can be easily explained on the
basis of available experimental data. During crystalli-
zation from the pseudobinary system loparite -
nepheline at decreasing temperature, loparite evolves
toward compositions enriched in Nb and Sr (Veksler er
al. 1985). The experiments on crystallization of the
mineral from a lujavrite (melanocratic nepheline
syenite) melt have not revealed a similal'6sn6 (Veksler
& Teplelev 1990: Appendix 4). The close correspond-
ence between intragranular patlerns of zonation exhib-
ited by loparite from intrusive rocks and those formed
under hydrothermal conditions (Trend 1) presumably
results from the crystallization of the mineral in open
systems that geochemically evolved toward LREE-
enriched compositions. Alternatively, crystallization of

loparite in "autometasomatico' aegirine zones within
pegmatite bodies took place in a closed environment
ftom deuteric fluids enriched in Na and Nb Clrend 2).
The inegular pattern of zonation exhibited by the
loparite fromrischorrite (Irend 3) mostlikely is an over-
print of fluids derived from later-crystallized batches of
a parental magma.

Perovskite-group minerals from the foidolites,
rischorrite and related pegmatites show the widest
compositional range, which is similar to the general
trend of compositional evolution of loparite from
Lovozero (Frg. 8). At Khibin4 the main magmatic trend
is from perovskite through cerian and cerian niobian
perovskite to calcian niobian loparite, and then to
niobian loparite and isolueshite, The earliest generations
of loparite from rischorrite are compositionally similar
to loparite from the poikililis feldspathoid syenite and
related pegmatiteso whereas the latest approach the com-
position of /,REE-Ti-enriched lueshite developed in the
eudialyte lujavrite of the Lovozero complex (Mitchell
& Chakhmouradian 1996). This observation indicates
a higher degree of differentiation of a foidolitic-
rischorritic melt compared to mels that produced o'nor-

mal" nepheline syenites.
Perovskite-group minsl4ls evolve along the main

magmatic trend during their crystallization, but may be



PEROVSKITE-GROT'P MINERAI.S. KHIBINA COMPITX

TABLE 6. REPRESENTATIVE COMPOSMONS OF LOPARIIE
FROM ALBME,AND ALBITE _ AEGIRINE METASOMA]IC ASSE\IBI.AGES

96s

wL% 12l l

Nqo, 15.09
TarOr 0.42
Tio, 3524
FeO 0.05
Tho, t.4l
IarO, 12.06
caq 16.99
P&O, 3.96
N4O. 2.13
C€O 1.77
slo 1.69
NarO 9.02

10.00 1824
0.10 1.00

3E.65 34.61
0.07 0.01
1.60 t.02

13.66 12.46
tE;13 t6.c2
3.59 1.03
2.95 l . l9
t.s4 220
1.76 1.06
8.92 9.57

t2.54 17.64
0.86 0.50

39.12 36.18
0.u7 0.12
1.E0 1.03

t222 12.72
1836 16.90
02E 0.37
t.75 1.55
2.00 2.30
1.09 1.10
t.98 9.56

n26 20.54
027 0.34

&.t9 3233
0.n 0.10
LU  0 .93

t32E tO.79
19.15 t6.6t
022 3.43
1.56 2.64
2.25 1.70
0.95 0.7E
8.90 10.09

l'1.48 t9.u2
0.40 0.18

34.19 33.66
0. t7 0.15
l.6t t37

I r.60 I r.E9
17.57 15.53
t.y3 0.70
2.22 2.71
1.67 1.E1
0.71 2.05

10.19 9.45

t4.43 929
0.26 133

36.19 19.42
0.M 0.19
2.40 0.52

12.09 n.uz
t7.72 19.98
233 1.49
2.59 2.7E
1.53 3.68
1.03 1.63
9.75 8.t2

t02s 14.t2
t.45 0.78

39.13 36.24
0.09 0.0E
0.67 t29

11.34 10.94
19.42 18.68
1.12 1.18
2.50 2.n
3.11 1.66
1.78 1.63
830 9.17

Total 99.t3 101.57 992t 99.07 99.97 9.9t 1@.35 9;14 9432 t0036 99.45 W.16 9837

Structral fomulae based on 3 coro ofoxygm
Nb 0.201 0.132 0239 0.164 0228 0.t46 0270 023t 026l
Ta 0.003 0.001 0.008 0.007 0.004 0.002 0.00_3 0.003 0.001
Ti 0.7E0 0.847 0.755 0.Es0 0.77'.t 0.866 0.70E 0.7s1 0.736
Fe 0.001 0.002 0.002 0.002 0.003 0.003 0.002 0.004 0.004
Th 0.009 0.011 0.007 0.012 0.007 0.012 0.006 0.011 0.009
IA 0.131 0.147 0.133 0.130 0.134 0.140 0.116 0.125 0.12t
C€ 0.183 0200 0.179 0.194 0.17'1 0201 0.178 0.ltE 0.165
Pr 0.042 0.038 0.01t 0.003 0.004 0.002 0.036 0.020 0.007
Nd 0.v22 0.03t 0.012 0.011 0.016 0.016 0.t27 0.m3 0.v28
ca 0.056 0.04E 0.06E 0.062 0.070 0.M9 0.053 0.052 0.056
Sr 0.029 0.030 0.018 0.018 0.018 0.016 0.013 0.012 0.035
Na 0.515 0.s04 0.s3E 0.503 0.530 0.494 0.570 0.577 0.533

Mol.%End-mmbm
CaThO" 134 1.44 0.99 1.76 0.99
stTio3 4.10 4.05 2.62 2;1t 2.70
NaNbO3 14.50 9.03 l8.lE 12.65 17.15
c4Tirol 1.E6 4.49 4.85 1.44 3.62
CaTiq 6.59 5.10 9.0? 7.43 9.43
lnptlto 66.21 75.89 U29 74.01 66.11

t.74 0.t9 t.52 t3s
229 1.90 't.70 s.ls

10.75 19.69 16.5? 19.51
t.42 6.59 1.43 6.43
829 6.76 5.E9 7.0s

7s.5t u.t't 72.t9 60.s1

0.190 0.122 0.r3s 0.196
0.002 0.010 0.0il 0.006
0.794 0.862 0.8s6 0.797
0.001 0.005 0.002 0.002
0.016 0.003 0.004 0.009
0.130 0.llE 0.t22 0.1t8
0.189 0213 0207 02W
0.025 0.016 0.012 0.013
0.u27 0.v29 0.025 0.030
0.04E 0.115 0.W7 0.Os2
0.017 0.v27 0.030 0.028
0.552 0.451 0.468 0.520

22s 0.47 0.62 124
2.46 3.74 4.19 4.01

t3.s7 9.02 t021 t4.6s
1.26 5.t2 4.65 4.68
4.50 15.15 1291 630

75.96 6.50 67.42 69.12

CompositioN: I & 2 mreudrim of arcn€d crystal, Mt Nickpakhk;3 &4 mre and rin of aaned crystal of trly
gm€rafian, North Prtomohorr PBss; 5 & 6 m md rim of a rcned cryghl of l& gpnwtion, North patuchm Pu;
7 & t mre md rim of amed crystal Mt Kukiwnmchoq 9 & l0 core and rim of azoned crystal IvIt Evslogchon I I
& 12-13 cqe md rim of a parchy-aed crysal, Mt Kskmymrchon. All data this wrk Total Fe opressed m F@.

affected by subsequent deuteric alteration. The latter is
recognizable as reaction trends away from the main
magmatic trend toward the loparite apex of the CaTiO3
- NaREETi2Oe - NaNbO: system (Fig. 5).

Compared to Khibina, loparite from the Burpala
complex of nepheline and alkaline syenites are Cao Sr
and M-poor members of the lueshite - perovskite -
loparite-(Ce) solid solution series (Fig. 8). At Burpala,
this loparite-(Ce) (sensu stricto) is a common accessory
phase in albite-, aegirine- and microcline-rich meta-
somatic assemblages, but does not occur in the intru-
sive series and pegmatites (Semenov et al. 1974),

Compared to perovskite-goup minerals from the
Khibina complex, those from the carbonatite complexes
of the Kola Peninsula exhibit a similar compositional
range (Fig. 8). However, loparite from the carbonatite
complexes is calcian or calcian niobian loparite-(Ce)
with comparatively low Nb and Sr contents.

Coxcr-usloNs

Our study of the compositional variations in
perovskite-group minglals from alkaline rocks of the
Khibina complex shows that:

1. Perovskite from the alkaline ultramafic rocks
compositionally evolves by becoming enriched in Na,
LR^EU, Nb and Th, owing to (a) a metasomatic over-
print and (b) successive enrichment of the differentiat-
ing parental magma in Na and incompatible elements.

2. At Khibina the suite of loparite essentially corre-
sponds to members of the lueshite - perovskite -

loparite-(Ce) solid-solution series having relatively low
contents of other pefovskite-type etrd-member com-
pounds (SrTiOs, CezT izO).

3. Three major patterns of intragranular zonation
exist in loparite at Khibina. These compositional trends
presumably reflect the geochemical evolution of
mineral-forming systeru during the course of loparite
crvstallization.
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4. The general trend of the compositional evolution
of perovskite-group minglals in the Khibina complex
closely corresponds to the trend established for loparite
at Lovozero and demonstrates that the character of the
evolution of peralkaline magma at the two complexes
was similar.
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TABLE 7. IalCeY ALUES IN LOPARITE
AND ISOLUESHITE FROM TIIE

KHIBINACOMPLD(

ROCK TYPE LalCe

)

LUESHITE
40 30

+ mol.%LUESHm

Ftc. 7. Compositions (mol.7o) of loparite from albite and aegirine - albite metasomatic rocks:
I Mt. Niorkpakhk, 2 Mt. Kukisvumchorr, 3 early generation, N. Partomchorr Pass,4late
generation, N. Partomchorr Pass, 5 Mt. Eveslogchorr, 6 Mt. Kaskasnyunachorr.

'us

Ijolite
Khibhite
Pegmatites in lftibinite
LopariteJ
Loparite-Il
Rischorrite
Not evolved crystals
Nb-enichzd rims
Pegmatitas in rischorrire
Iaparite-I
Loparite-Ill
Pegmatites in foidolites
Lnparite-III
Isohrcshite
Foyaite
Pegmatites in foyaite
Inparite-I
l,oparite-E
Metasomadtes

0.48-0.59
0.554.57

0.4,4.65
0.4M.72

0.50{.58
0.sffi.74

0.50-0.6s
0.61-0.83

o.714.92
1.00-2.00
0.594.76

0.684.74
0.70{.78
0.63{).78
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