
1293

The C anadian M ine ralo g is t
Vol. 35, pp. 1,293-1310 (1997)

COMPOSITIONAL VARIATION OF PEROVSKITE.GROUP MINERALS FROM THE
CARBONATITE COMPLEXES OF THE KOLA ALKALINE PROVINCE, RUSSIA

ANTON R. C}IAKHMOURADIAN 1

Department ofMineralogy, St. Petersburg State University, T/9 University Emb., St, Petersburg, 199034, Russia

ROGER H. MITCTIELL2

Depanmcnt of Geolngy, Iakchea'd Universiry, Thunder Bay, Onnrio P7B 581

ABSTRACT

Perovskite-group minqals from the carbonatite complexes of the Kola Alkaline hovince, Russia, are in most instances

members of the perovskite - lueshite - toparite-(Ce) - latrappile solid-solution series. From eaxly ultramafic rocks tolate calcite

carbonatite, the composition of primary perovskite evolves by enrichment in Na, Nb and Fe, and represents a combination of

evolutionary trends tbward luesnite and latrappite. These trends culrninate with the appearance of lueshite and cerian lueshite

in late-stagl dolomite carbonatite, ana M-Fl-ricn perovskite in some examples of calcite carbonatite. The enrichment of

perovskidil the lueshite aad latrappite compon"nir results in an increase in the unit-cell parameter andtilt angle of the

tfLf"NU)Ou *tunedra Secondary perovstite and toparite occur as a replacement ard overgrowth mantle on primary perovskite

in ultramafic rocks, foidolite and carbonatite. These compositions define a loparite evolutionary trend, represented by increases

in Na and LREE, that is commonly accompanied by an increase in Nb and Th contents. The crystallization of secondary cerian

perovskite and loparite results from either deuteric or metasomatic processes, and involves the interaction of prirnary perovskite

vrith fluids derived from a cognate alkaline or carbonatitic source.

Keryords: perovskite, lueshite, loparite, latrappite, carbonatite complexes, Kola Peninsula, Russia.

Soltfir4ans

Les min6raur du groupe de la p6rovskite des complexes d dominance carbonatitique de la province alcaline de Kol4 en

Russie, sont dans la plupart des cas membres de la solution solide p6rovskite - lueshite - loparite-(Ce) - latrappite. Des

membres ultramafiques pr6"o""r arD( venues carbonatitiques i calcite urdives, la composition de la p6rovskite primahe montre

un enrichissement en Na, Nb et ne, et reprdsente une combinaison de lign6es 6volutives vers les p6les lueshite et latraPpite. Ces

vecteurs d'enrichissement menent I la iormation de lueshite et de lueshite cdrique dans les venues de carbonatite l dolomite

tardives, et de perovskite riche en Nb-Fe dans certains exemples de carbonatite ) calcite. liaugmentation de la teneur en

lueshite et latrappite de la p6rovskite mbne d un agrandissement de la maille 6l6mentaire et de I'angle d'inclinaison des

octaBdres qfi,ne-,irrU;Ou. La pdrovskite secondaire tt la loparite se presentent comme surcroissance ou remplacement de la

p6rovskite primaire dans les roches ultramafiques, les foidolites et les carbonatites. Ces compositions d6finissent une lign6e
-6volutive 

vers la loparite, que repr6sente des augmentations dans le niveau des terres rares et du sodirm, et dons plusieurs cas

aussi en 1116 et en fi. I-" grirtutti*ation de p6rovskile c€rique et de loparite secondaires rdsulterait soit de processu-s deut6riques

et m6tasomatiques, et impliquerait l'interaction de p6rovskite primaire avec une phase fluide issue d'un assemblage alcalin ou

bien carbonatitique' 
(rraduit par ra R6daction)

Mots-cldsi p€rovskite, lueshite, loparite, latrappite, complexes carbonatitiques, peninsule de KoIa, Russie.

INTRoDUcI'IoN

The carbonatite complexes of the Kola 61ftaline
Province, Russiq are of tremendous scientific impor-
tance, as they represent the products ofcrystallization
of highly differentiated alkaline ultramafic magmas.

The complexes comprise an extended series of rocks,
ranging from early alkaline ultramafic members to late
carbonatites and phonolites (Kukharenko et al- 1965'
1971, Kogarko et al. 1995). The composition of ttre
parental alkaline ulramafic magmas approached that of
olivine melanephelinite, and was enriched in Ca" Ti'
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and Fe, and depleted in SiO2 (Kukharenko et al. 1965,
Bulakh & Ivanikov 1996). Hence, perovskite and
titaniferous magnetite are rmong tle most common
accessory minerals in the major rock-series throughout
the complexes.

Owing to the tolerance of the perovskite structure to
cation substitutions, perovskite-group minq4ls flsp
alkalins copplexes exhibit a wide range of composition,
and thus rnay serve as sensitive indicaton ofevolutionary
trends (Mirchell 1996). An inirial detailed study of
perovskite compositions from rocks of the Kola
carbonatite complexes was undertaken by Kukharenko
& Bagdasarov (1961). Subsequently, Frank-
Kamenetskiy & Vesel'skiy (l96la, b) utitized the
compositional data of Knkharenko & Bagdasarov
(1961), in conjunction witl measurement of rrnit-cell
parameters, to create a modified scheme of isomorphic
substitutions in perovskite. However, the compositional
data used in these initial studies were determined by
bulk wet-chemical methods, and may be in error owing
to ttre presence of mineral inclusions in many samples.
Recent studies of perovskite from the Kola Peninsula
that are based on electron-microprobe data are limited
to a study of the distribution of rare-earth elements
(REE) in perovskite from the Afrikanda complex
@agdasarov 1980) and a short review of M-bearing
phases in metasomatic rocks of the Vuor{arvi complex
(Subbotina et al. l99l).

The current study was undertaken to establish
evolutionary trends in the composition of perovskite in
the carbonatite complexes of the Kola Alkaline
Province, and to detennine the relationship between
isomorphic substitution and crystal chemistry in
perovskite. A third objective was to compare our data
with those for perovskite-group minerals from ottrer
carbonatite complexes. Some of the samples of
perovskite-bearing rocks examined in this study were
collected by the authors. Ottrers were supplied by
our colleagues from St. Petersburg State University,
Moscow State University and the Kola Scientific
Center at Apatity, Russia.

GeoLoGrcAL Sgrrnrc

The KolaAlkaline Province includes 14 carbonatite
complexes which, with the exception of the Early
Proterozoic Tiksheozero pluton, were emplaced during
the middle to late Devonian re-activation of ancient
deep-seated faults (rift systems) developed within the
Baltic @ennoscandinayiaa) Shield (Kogarko et al.
1995, Kramm et al. L993, Orlova 1993). The paleozoic
carbonatite plutons are concentric, differentiated
bodies ranging in area from I to 55 km2 at the current
level oferosion. The concentric sfuchrre ofthe plutons
is a result of successive emplacement of separate
magma-batches. These may correspond to distinct
stages in the evolution of a parental alkaline ulhamaEc
melt (Kukharenko et aI. 1965, Bulakh & Ivanikov

1984) or to intrusion of different parental magmas
(Zaitsev & Bell 1995).

The earliest intrusive series consists ofultramafic
rocks that usually occupy the central parts of the
complexes or occur as xenoliths in the later-emplaced
rock-types. This series includes olivinite, clinopyro-
xenite and modally transitional olivine--clinopyroxene
rock (wehrlite). Melilite olivinite has been found only
in the Afrikanda complex (Kukharenko et al. 1965,
1971). We use the term "olivinite", not dunite, to
emFhasize the presence of titaniferous magnetite plus
perovskite, not chromite, as the major opaque phases in
this rock. At the contact with alkaline rocks and
carbonatites, the ultramafic rocks are commonly
transformed into a variety of mica-o apatite- and
amphibole-bearing rocks, e.9., phlogopite-bearing
pyroxenite s1 amphibole-bearing olivinite. Modally
diverse melilitic plutonic rocks (uncompahgrite, melili-
tolite, turjaite, okaite) and foidolite (melteigite-urtite)
normally form the peripheral parts of the complexes. In
this paper, melilitolite is used to refer to a plutonic rock
with more rhan 9t0 modal Vo melifite (or products of its
alteration) rather than as a general descriptive term fl-e
Maitre 1989). The old names (e.9., turjaite) are applied
to otler melilitic plutonic rocks, as these cannot be
precisely defined using the existing classification
based on modal abundances of melilite, olivine and
clinopyroxene (Le Maitre 1989). Age relationships
between the melilitic rocks and foidolites are not
always unequivocal. Kukharenko et al. (1965, l97L)
interpreted the former as a product of the interaction
between the early ultr.mafic rocks and an alkaline
melt. Egorov (1984) suggested that the melilitic rocks
were formed prior to the foidolites. On the example of
the Turiy Mys complex, Bulakh & lvanikov (1984,
1996) proposed that foidolite was emplaced in two
stages, separated by the crystallization of melilitic
rocks. Such contradictory observations may indicate
that melilitic rocks in the carbonatite intrusions at Kola
originated by more than one pselsnism, These may
include the metasomatic scheme proposed by Le Bas
(L977) tor the Kisingiri melilitolites, the one-lineage
evolutionary scheme (Onuma & Yagi 1967), or the
two-lineage scheme suggested by Nielsen (1994) for
the Gardiner complex. Further discussion of this
problem is beyond the scope of this work.

Carbonatites are developed as plugs, pipes, dikes
and stockworks within the complexes or in the
fenitized country-rocks. In the most evolved com-
plexes, there were several cycles of carbonatite
magmatic activity, each starting with the formation
of silicate-rich rocks (phoscorite or camajflorite), then
carbonatite, 41d srrlmin4ting with explosive events
producing carbonatite breccia (Balaganskay a 1994).
The earliest and most abundant rock-types are
calcite carbonatites and tleir precursor phoscorites.
Calcite-dolomite, dolomite and ankerite carbonatites
are less common. As shown by field observations,
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petrological, mineralogical and isotopic data, the
formation of carbonatites in the KolaAlkaline Province
involved both primary magmatic and late-stage
hydrothermal metasomatic phenomena (Bulakh &
Ivanikov 1996, Kapustin 1984,Zau.tsev & Bell 1995).
In particular, the metasomatic interaction of intrusive
carbonatites with previously emplaced alkaline rocks
produced modally diverse rocks composed ofcalcite,
hastingsite, vssgvianite, monticellite and calcic garnet
(Kukharenko et aI. 1965, Bulakh & Ivanikov 1996). In
Russian geological literature, these assemblages are
refened to as "autoskarns". The calcite - amphibole -
diopside rocks developed as veins in clinopyroxenite of
the Afrikanda complex are enigmatic in origin.
Kukharenko et al. (1965) have proposed that these
rocks were formed by deuteric ("autometasomatic")
alteration of the host ultramafic rocks by CO2-rich
residual fluids prior to the formation of the foidolite
series. However, the modal composition of these rocks
and the occulTence in them of such minerals as
pyrochlore, zirconolite, calzirtite and baddeleyite
indicate their close atrinity with carbonatites. The
youngest intrusive rocks encountered in the carbonatite
complexes of the KolaAlkaline Province are nepheline
and cancrinite syenites; these are found mostly as thin
dikes intruding the alkaline ulffamafic series and
carbonatites (Kukharenko et aI. 1965).

Experimental studies ((arsgaard & Hamilton 1988,
Platt & Edgar 1972,Onuma&Yagi 1967, Wilkinson &
Stolz 1983) and petrological modeling (Bulakh &
Ivanikov 1996,LeBas 1977, Nielsen 1994) suggest
that all rock types found in carbonatite complexes,
including the carbonatites and small volumes of
feldspathoid syenites, were derived from the same
parental magma by a combination of crystal
fractionation and liquid immiscibiliry. Depending on
the composition and depth of formation of the parental
melt, the carbonatite plutons may include some or all
members of the differentiation path. Missing members
(e.g., melilitic rockso carbonatites or feldspathoid
syenites) may not have been produced in sufficient
quantities or may have been removed by erosion
(Kukharenko et aI. 1965, 1971). Isotopic studies
(7,art"sev & Bell 1995) demonstrate that at least in some
complexeso the formation of carbonatites cannot be
explained by closed-system differentiation of a single
parental magrna.

DIsTRBUTToN oF PERovSKITE

In the carbonatite complexes of the Kola Alkaline
Province, perovskite occurs in most intrusive and
metasomatic mineral assemblages. The highest concen-
trations o1 6e mineral are found in ultramafic rocks,
where it may comprise up to 30 vol.Vo of the rock
(Kukharenko et aI. 1965).In olivinite, melilite olivinite
and clinopyroxenite, perovskite and titaniferous
magnetite are the latest phases to form" and they fill the

interstices between euhedral crystals of the silicate
minerals. The perovskite grains range in size from
0.05-{.2 mm in fine-grained ultramafic rocks to >5
mm in the coarse-grained (pegmatitic) clinopyroxenite.
In some ultramafic rockso a second generation of
perovskite forms a thin rim (less than 100 pm)
enveloping titaniferous magnetite. Perovskite and
titaniferous magnetite are two major minerals in
so-called ore scblieren developed within the ulnamafic
rocks. Here, the ore minerals occur as a fine-grained
a1gregate,here called a granulopolyhedral texture. This
texture morphologically resembles that exhibited by
styrofoam and results from the face-sharing of
subhedral or euhedral crystals of perovskite and
titaniferous magnetite. The schlieren are believed to
have crystallized from an extremely Ca-Ti-Fe-enriched
liquid fractionated from the ultramafic magma and
squeezed into fractures (Kukharenko et al. 1965).
Perovskite from the olivinite and melilite olivinite of
the Aftikanda complex encloses ovoid melt inclusions
of silicate and silico-carbonate composition. Inclusions
of similar morphology have been found in perovskite
from olivinite from the Mata da Corda Formation,
Brazil (F.E. Lloyd, pers. commun.), and jacupirangite
from Iron Hill, Colorado (this work). Textural features
involving perovskite and rock-forming silicates, and
the intimate association of these minerals with
titaniferous magnetite and melt inclusions, indicate that
most of the primary perovskite in the ultramafic rocks
crystallized after olivine and clinopyroxene from a
residual melt enriched in Ca" Ti and Fe.

Back-scattered electron imagery reveals late-stage
corrosion and overgrowths on primary perovskite from
some ulfamafic rocks. These overgrowths are developed
mostly on margins of crystals and along fractures, and
range from 10 to 60 pm in thickness. The composition
of the overgrowths ranges from perovskite (hereafter
termed secondary perovskite) to loparite (see below).
Both minerals occur with titanite and diverse Ca-REE
silicat€s. In typical carbonatite complexes, loparite was
first found by Subbotina et aI. (I99L) at Vuorijarvi,
Kola Peninsula. Platt (1994) described loparite from
melnoite [ultramafic lamprophyre: Mitchell (1994)] of
the Schryburt Lake carbonatite complex, Ontario. In
these occurrenceso loparite forms an overgrowth,
possibly a corrosion-related mantle, on primary
perovskite. These authors attributed the loparite tothe
interaction between the primary perovskite and aREE-
enriched fluid that probably fractionated from a
carbonatitic source @latt 1994, Subbotina et al. l99l).
In the current study, we characteize the loparite in the
ore scblieren of the Aftikanda and Sebljavr complexes,
and present the data in conjunction with data on
secondary perovskite and loparite from melilite
olivinite of the Afrikanda complex obtained by
Mitchel (1996).

Among the foidoliteso perovskite is found principaly
in ijolite pegmatite in "comb"-structured veins of
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variable thickness emplaced in the ultramafic suite. In
these rocks, perovskite forms pseudo-octahedral to
pseudocubic crystals located primarily at the selvages
of the veins. Associated minerals are diopside, altered
nepheline, magnetite, schorlomite, titanite and calcite.
At Afrikandao perovskite also occurs in so-called
"hybrid" alkaline pegmatites, which may result from
small-volume injections of alkatine melt into the
ultramafic rocks @agdasarov 1959). In ttrese rocks,
perovskite may be a relict phase assimilated from the
wall-rock ultramafi c rocks.

Secondary perovskite and loparite morphologically
analogous to those described above in the ultramafic
rocks were found in ijolite pegmafite and ,.hybrid,,
pegmatite from the Afrikanda complex. In both
occurences, these minerals are associated with calcite,
thomsonite and other late-stage products of nepheline
alteration.

In the melilitic rocks, perovskite commonly occurs
as euhedral or anhedral crystals ranging in size from
100-200 1tm to 2-3 cm (in pegmafitic varieties). In
5e6s instanc€s of melilitolite and melilite - pyroxene -
nepheline rockso termed pyroxene turjaite, early
perovskite is accomp"nied by a second generation of
the mineral, forming a rhin (<l@ !rm) rim on magnetite.
Similarly, two generations of perovskite have been
recognized in melilitolite qf ths Qardiner complex,
Greenland (Nielsen 1980) and in uncompahgrite of the
Rangwa complex, East Africa (Le Bas 1,977). In
melilitic rocks, perovskite is commonly rimmed, or
partly replaced, by titanian andradite or titanite (or
both). It is characteristic that a rim of perovskite on
magnetite is never found in association with a rim
oftir2nite (or garnet) on perovskite. This observation
indicates that the melilitic plutonic rocks show a
Ca-enrichment trend and depletion in SiO2 and,
perhaps, FeO1 (perovskite rim on magnetite) or a trend
toward SiO2-saturated compositions (replacement of
perovskite by silicates).

The occurrence of perovskite in the carbonatites
and allied rocks of the Kola complexes seems to be
restricted to early memberso where calcite is the only
carbonate phase. Here, perovskite invariably forms
euhedral crystals of pseudocubic, pseudocubo-octahedrat
or, less commonly, pseudo-octrhedral habit. The
crystals range in size from 0.3-0.5 mm in phoscorite to
5-6 mm in carbonafite. In phoscorite, perovskite is
accompanie{ by calcite, apatiteo magnetite, forsterite,
pyrocblore, baddeleyite and titanite. perovskite crystals
in the carbonatites commoaly decorate the margins of
calcite grains; the associated minerals are apatite,
phlogopite, magnetite, pyrrhotite, chalcopyrire and less
abundant ilmeails, zirconolite, titanian andradite and
jitanife. In the calcite - amFhibole - diopside rock of
theAfrikanda complex, perovskite occurs as exception-
ally large (up to 4 cm) crystals of diverse morphology.
Both elongate pseudocubic and pseudocubo-octahedraf
crystals are commonly found in the same hand-specinen

and in the same paragenesis. Thus, their age relationships
are not clear.

Secondary perovskite and loparite mantles on primary
perovskite are corlmon in calcite - amphibole -
diopside rock of the Afrikanda complex and in calcite
carbonatite of the Vuorijarvi complex. In both
occumences, the mantles are morphologically similal 6
those described above for perovskite from the
ultramafic rocks and foidolites.

Late dolomite--calcite, dolomite and ankerite
carbonatites have not been reported to contain
peravskite. Instead, lueshite (NaNbO3) is a common
accessory constituent of these rocks @imskaya-
Korsakova et al. 1963, Orlova et aI. 1963, Kirillov &
Burova 1967). In some complexes (Sebljaw and
SallanlaM), lueshite also occurs in calcite carbonatites
(Subbotin & Men'shikov 1987, Subbotina & Subbotin
1990). In this study we examined samples of lueshite
from dolomite carbonatite of the Kovdor and Lesnaya
y*uga gsmplexes. An X-ray-diffraction study showed
that in both cases, the mineral is orthorhombic, and
thus is lueshite sensu stricto.

Perovskite is a very rare phase in the country-rock
fenites because the association of perovskite with
feldspar is tlermodynamically unstable (Ghiorso &
Carmichael 1987). Perovskite has been encountered
only in the late-stage nepheline-bearing fenites of the
Tirriy complex (M.D. Evdokimov, pers. comm.).

ANALYTTCAL MEII{ODS

All mineral compositions were determined by X-ray
energy-dispersion spectrometry (EDS) using a Hitachi
570 scanning electron microscope equipped with a
LINK ISIS analytical system incorporating a Super
AT'W Light Element Detector (133 eV Fwllm MnK)
at Lakehead University. EDS spectra of perovskite
and lueshite were acquired for 120 seconds, tlose of
Ioparite for 300 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-SEMQUANI software package. Full ZAF
corrections were applied to the raw X-ray data. The
following srandards were employed for the determination
of minsral compositions: lihibina loparite (Na La, Ce,
Pr, N4 Nb), Mapet Cove perovskite (Ca, Fe, Ti), syn-
thetic SrTiO3 (Sr), metallic Th and Ta- A multi-element
standard for the REE was used" as experience has shown
that this gives more accurate data than single-REE
standards when using EDS spectrum-stripping
lsshniques. However, peak profiles used for the
analytical X-ray lines *"1s eltained using single-REE
fluoride standards. The accuracy of the method was
cross-checked by wavelength-dispersion electron-
microprobe analysis of some samples using an automated
CAMECA SX-50 microprobe locared at the University
of Manitob4 using methods described by Mitchell &
Vladykin (1993).
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TABLE I. REPRESENTATIVE COMPOSMONS OF PEROVSKTTEAND LOPARITE
FROM ULTRAMAFIC ROCKS

1297

WLo/o I l l

CaO 39.94
SIo n.d
NarO 0.18
laro3 n.d
CerOr 129
Prrq n.d
N4O, n.d
ThO, n.d
Tio, 55.55
FqO, l.l2
NhOr n.d
Ta"Qt n.d

39.69 38.85
031 0.35
0.1I  n.d
0.08 237
t34 1.96
nd n.d

0.50 035
0.16 0.06

55.88 5428
l . 9 l  t . t o
0.45 0.72
0.05 0.13

3t.92 2;6.15
029 0.15
0.05 2.94
1.62 235
1.52 t.7l
n.d 0.87

0.54 2.85
0.02 2.07

54.78 50.17
I . t9 0.EE
032 2.41
0.06 n.d

5.55 3E.52
0.09 Q.42
7.76 0.31
8.M 0.51

2t3E 1.55
1.73 n.d
4.67 025
2.12 n.d

41.65 5532
026 l . l0
1.ss 1.09
033 037

38.92 3521
0.44 0.38
039 0.60

n.g l .5z

0.96 2.40
n.d 1.09

o.lE 0.68
n.d 027

55.89 54.72
t2l  l .3 l
1.07 t.q
0.33 022

36.9E 3E.17 40.M
033 0.55 0.30
0.65 0.65 026
125 0.57 n.d
2.5'1 2.85 0.87
n.d 021 n.d

0.6 025 026
02't 02t 026

5331 5320 55.50
1.78 1.54 l . l2
1.67 2.0t 0.39
027 0.03 0.05

Totaf 9.08 100.48 lm.l1 9.31 99.55 l0t.l3 9.M 9p39 99.60 99.74 14024 9.05

Smrdral formulae calculaed on the basis of 3 atoms of oxlgetr
0.99 0.98 0.97 0.98 0.71 0.17 0.96 0.96

0.01 0.01
0.01 o.m

0.01 0.01

0.E9 0.93 0.96
0.01

0.03 0.03 0.03
0.01 0.01
0.o2 0.v2 0.v2
0.01
0.01 0.01

0.14 0.43
0.02 0.0E
0.08 022
0.0t 0.02
0.03 0.05
0.01 0.01
0.95 0.89
0.m 0.01
0.03 0.10

0.01

0.01 0.01

: :

0.98 0.96
0.02 0.m

Cs
Sr
Na
Ia
Ce
Pr
Nd
Th
Ti
Fe
Nb
Ta

r .00

0.01

ofl
0.02 0.01
0.4 n:t

0.96 0.95
0.v2 0.v2
0.01

o.gl o.st o-.g7 0.94 0.94 o.g7
0.v2 0.02 0.92 0.03 0.03 0.v2
0.0r 0.01 0.01 o.v2 0.v2

Mol.7o emd-membsr3
C€TiO3 9839 98.s1 9.48 9.13 7027 20.77 95.59
SrTiQ - 0.42 0.49 0.40 022 020 0.57
CaThq - 0.08 o.ql 0.01 120 1.83
Irparite l.5l 0.99 - 0.46 27.52 65.81 2.83
NaNbOr 0.79 6.6
CorTirO" - 4.73

96.69 93.52 9332 92.99
0.59 0.55 0.46 0.77
- 0.15 0.15 0.12

1.93 5.78 6.08 6.12
0.79

9731
0.41
0.14
l.v2
022

Compositim: I olivinito, Le€namVmks,2olivhite,Afiikmd4 3 &4 mmd rimof acystal,melilite
olivinite, Afrikmda, 5 & 6 wdry pmvsl'ite md lopcite, molilib olivinic, Afriknd4 7 & 8 cm md rim
of a systal clinopyroxsaito, Afrikmda,9 pblogo'pitizd olivinir€, Kwdn, l0 phlogopite rek, Ibvdu, I I &

12 core and rim of a med crystal clinopyrcxernitE, Tuiy. nd = not dsttrt€d-

Back-scattered electron (BSE) imagery revealed
that many s4mples exhibit complex compositional
zonation. Samples were analyzed at several points to
determine the compositional nmge wirhin and between
zones. Grains with no obvious BSE zonation also were
analyzed at several points to test for possible zoning at
constant average atomic number.

Mitchell (1996) demonstrated that the compositions
of naturally occurring perovskite-group mingrals gan
be expressed in terms of the following end-member
compositions: caTio, (perovskite), NanEETi2o6
(loparite), NaNbO3 Queshite), SrTiO3 (tausonite),
PbTiO3 (macedonite), Ca2Fer*MOu (latrappite),
CarM2Or, REE;lizO1, CaThO3, CahO3, KMO3 and
BaTlOr. Compositional data obtained in this work were
recalculated into these end-members using an APL
prognm for PC following methods suggested by
Mitchell (1996).

X-ray diffraction QRD) powder patterns
(CuKc radiation) were obtained using a DRON-2.O
diffractometer located at the Department of
Crystallography, St. Petersburg University. The
diffractometer was operated at 35 kV and 20 mA in the
scalning mode at a goniometer rate of 0.5olmin.
Metallic gennanium was used as an internal standard.
Unit-cell parzureters were calculated from the
difFraction patterns using the least-squares method.

Couposmon*VamerroN

Ultramafic rocks

Primary perovskite from olivinite contains very low
levels of REE (0.3-5.2,rtt.Vo REE2O),Fe (0.5-2.3 wt.Vo
FerOr), Nb (G{).7 wLTo M2O5),Na(0-0.4wt.7o Na2O)
and other minor components. In comparison, pinary



1298 TIIE CANADIAN MINERALOGIST
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Nap o-d O29 0.70 8.70 058 0.74 0.6 5.65 0.61 O.6t 0.{
hA nJ f.fl 0.6 7.01 120 2.61 2.97 636 1.80 t2t t.56
Cqq 0.43 138 267 17.47 ZK 3.65 3.n 17.74 3.O7 Lg4 2.Al
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4mounts of Fe, Mo Th and other minor components
(Table 3, Fig.2). Perovskite of similar composition
occurs in rocks of the foidolite series of other
carbonatite complexes: Nizhnesayanskiy (Lower
Sayan), East Sayan Alkaline Province, Siberia
(Chernysheva et aI. l99l), Magnet Cove, Arkansas
(Flohr & Ross 1989), and Oldoinyo Lengai, ̂ Ianzawa

(Dawson et aI. 1995). Perovskite from ijolite of
the Oka complexo Quebec, is considerably enriched in
Na, Fe and Nb (Treiman & Essene 1985), i.e., in the
lueshite and latrappite components.

Secondary perovskite and loparite found as a manfle
on prinary perovskite in the ijolite pegmatite vein are
essentially members of the perovskite-loparite series,
i.e., ceian perovskite and calcian loparite sporadically
enriched in Nb (up to 4.7 wt.Vo MzOr) and Th (up to
4.6 wt.Vo ThOz; Table 3,Fig.2b). Most of the loparite
from the "hybrid" pegmatite is niobian calcian loparite
with high Ta contents (up to 1.9 wt.Vo Ta2O).Tbis
difference in composition suggests that there were at
least two processes responsible for the formation of
loparite in the alkaline pegmatites of the Afrikanda
complex.

Melilitic roclcs

Perovskite from different melilitic 16sks slamined
in this study (melilitolite, pegmatitic melilitolite,
tudaite, melilite - diopside - nepheline rock) is similar
in composition to the primary perovskite from the
ultramafic rocks and foidolites of the Kola carbonatite
complexes (compare Figs . L,2 and 3). It has relatively
low contents of REE (up to 8.1 wt.Vo &EE2O),Na
(up to 1.0 vrt.Vo Na2O), Fe (up to 1..9 wt.Vo Fe2O3) and
l{b (up to 2.6 wt.Vo MzOr) (Iable 4). Large euhedral
crystals of perovskite are typically zoned. Relative to
the core of the crystals, the rim is depleted in Na, REE
and M. The rim compositions are similar to reaction
rims of perovskite on magnetite (Table 4). Na-, REE-
and M-poor perovskite occurs in okaite of the
frfizhngsayanskiy carbonatite complex, Siberia
(Chernysheva et al. L99L) @ig. 3b). At OkA perovskite
from okaite is enriched in REE (8.1-9.6 wT-Vo REE*O),
Fe (5.2-5.7 wt.Vo Fe2O) and M (10.2-1L.3 tut.Vo
MOr), i.e., inthe loparite and latrappite components
(this worD.

Carbonatites and kindred roclcs

Perovskite from phoscorite of the Kovdor complex
is unzoned and compositienally corresponds to cerian
perovskite with low N4 Fe and Nb contents (fable 5).
At Kugda, Siberia (Maimecha-Kotuy alkaline
province), and Gardiner, Greenland, phoscorite also
contains perovskite or cerian perovskite (or both)
witl variable Na (0.9-1.4 and 0.24.7 wt.7o Na2O),
Fe(1.4-2.L and 1.0-1.5 vt.VoFe2O), andM (2.24.0
and 0.5{).9 wt.7o M2O5, respectively (Frg.4).

Tobl l@.42 .11 98.9 9.9E lmz l(n.71 t01.4 'p.13 t@.60 lm.?9 g.4r
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perovskite from clinopyroxenite and ore schlieren is
somewhat enriched in REE (up to 8.5 wt.Vo KEE2O),
M (up to 2.4 wt.Vo MzOs) and Na (up to 1.0 wt.7o
Na2O) (Iables 1-2, Figs. |a, b). With few exceptionso
primary perovskite does not exhibit any intragranular
compositional zonation. Where zoned, it may compo-
sitionally evolve by enrichment in Na, REE and Nb
(ore schlieren, Afrikanda and Sebljaw complexes) or
by depletion in these elements (clinopyroxenite, Tirriy
gemplex) toward the rim. Compositions of primary
perovskite from the ultramaJic rocks are similar to
those of perovskite from olivinite and jacupirangite in
other alkaline provinces (Fig. ld: Chemysheva et al.
1991, Dawson et aI. 1995, Treiman & Essene 1985,
this work).

Secondary perovskite and loparite occurring as a
mantle on primary perovskite are essentially members
of the perovskite-loparite solid-solution series
(Fig. 1c). In some instances, loparite mantles are
enriched in Nb (up n lO.7 wt.Vo MrOr) and Th (up to
3.9 *.Vo ThOz; Tables 1-2).

Foidolites

Compared to primary perovskite from the
ultramafic rocks, that from the foidolites is generally
richer in REE (2.9-9.2 wt.Vo &EE2O ) and Na
(0.4-l.2wt.Vo Na2O) and contains comparable
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Flc. l. Composition (mol.7o) of perovskite and loparite from ultamafic rocks: (a) 1 olivinite, Lesnaya Varak4 2 olivinite,
Aftikand4 3 melilite olivinite, Afrikanda 4 phlogopitized olivinite, Kovdor, 5 clinopyroxenite, Afrikanda 6 ore schlieren,
Afrikand4 7 ore schlieren, Sebljaw; @) I clinopyroxenite, Tidy (a euhedral crystals, b rims on mapetite), 2 pegoatitic
clinopymxenite, Sebljavr, 3 pegmatitic clinopyroxenite, Afrikanda,4 apatite nest in micaceous clinopyroxenite, Aftikand4
5 phlogopite rock, Kovdor; (c) I melilite olivinite, Afrikan dL 2 ore schlieren, Afrikanda 3 ore schliereno Sebljaw; (d)
t oUvinite, Mata da Korda, Brasil, 2-6 jacupirangite: 2 Jacupirang4 Btazil, 3 Oldoinyo Lengai, Tanzani a Qawson et aI.
1995),4 Nizhnesayanskiy, Siberia (Chernysheva et at. l99l),5 Oka, Quebec (Treiman & Essene 1985), 6 Iron HiIl'
Colorado (a euhedral crystals, b rims on magnetite).
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the crystals, the rim is enriched in Na and Nb, 1.e., in
the lueshite component (Fig. 5).The compositional
evolution occurs at an essentially constant latrappite
end-member content, and may be accompanied by
changes inREE and Th contents. In perovskite from
the Kovdor calcite carbonatite, two evolutionary
trends were established: toward cerian niobian
perovskite (Fig. 5: trend A) and toward niobian cerian
perovskite (trend B). The latter reflects core-to-rim
zonation in crystals, whereas the former is pronounced
only in small "patches" bordering apatite and calcite
inclusions. Trend A may be a result of intragranular
re-equilibration between perovskite and the inclusions.
A trend of strongly increasing Na M and REE contents,
sulminatins in the appearance of calcian niobian
loparite, is characteristic of perovskite from the
Vuorijarvi carbonatite (Fig.  ).

Perovskite of similal composition occurs in
calcite carbonatites of the Magnet Cove (Arkansas),
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The two morphological varieties of primary perovskite
from calcite - amphibole - diopside rock (Afrikanda)
differ in composition. Pseudocubo-octahedral crystals
are richer in Na (1.3-1 .8 wt.Vo Na2O) and REE
(7.6-13.L 'xt.Vo REE2O), compared to those having a
hexahedral habit (O.7-1.2 and 5.8-8.0 wt.Vo, respec-
tively) (Table 5). Both varieties became enriched in
loparite. This trend culminates in secondary cerian
perovskite and calcian loparite as a nturow mantle on
the primary perovskite (Frg. ).

In most cases, the prinary perovskite from calcite
carbonatite is enriched in Na (up to 4.3 wtTa NazO), Fe
(up to 4.3 wt.%oFe2O), Nb (up to 14.2 wt.7o Nb2O5)
and Th (up to 3.0 vtt.VoT:bO) (Tables 6-7). With few
exceptions, the crystals are complexly zoned. Separate
zones may be parallel to each other, reflecting relatively
stable growth-conditions (e.9., Sebljaw complex), or be
inegularly embayed sq/ing to repeated dissolution and
growth (e.g., Kovdor complex). Relative to the core of
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Ftc. 2. Composition (mol.7o) of perovskire and loparite from foidolires: (a) and (b) 1 ijolite

pegmatite, Afrikarda, 2"hybid" pegmarite, Afrikandq 3 urtire, Afrikand4 4 ijolire,
Kovdor, 5 meheigite, Nizhnesayanskiy, Siberia (Chernysheva et al. 1991), 6-A ijolite:
6 Oka, Quebec (Tleiman & Essene 1985),7 Magnet Cove, Arkansas @obr & Ross
1989), 8 Oldoinyo Lengai, Tanzania (Dawson, et al. L995).
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FIc. 3. Composition (mol.7o) of perovskite from melilitic rocks: (a) 1 melilitolire, Ttriy
(a euhedral crystals, b rims on maEnetite), 2 pegmatitic melilitolite, Turiy, 3 turjaite,
Tiriy, 4 turjaite, Kovdor; (b) 1 melilite - pyroxene - nepheline rock, Kovdor
(a euhedral crystals, b rims on magnetite), 2-3 okaite: 2 Oka, euebec, 3
\fizhngs2yanskiy, Siberia (Chernysheva et al. l99L).
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TABLE 3. REPRESENTATTVE COMPOSMONS OF PEROVSKITE
AND LOPARNE FROM FOIDOLITES

Lueshite from dolomite carbonatite of the Kovdor
and Lesnaya Varaka complexes contains considerable
amonnts of Ca (up to 2.8 wt.Vo CaO), Ti (up to 6.8
vrt.VoTtO) and REE (up to 6.3 wt.Vo REE2O3: Table 8).
In the Lesnaya Varaka carbonatite, 1[s mineral is
distinctly zoned fiom cerian lueshite in the core to
lueshite seasz strfuto tn.the rim (Fig. 6).Enrichment in
Na and Nb is accompanied by an increase in Th content
(up to 3.2 wt.Vo ThO). Our data and those from the
literature (Bagdasarov et al. 1962, Subbotin &
\{e1'shikev 1987, Subbotina & Subbotin 1990) show
that lueshite from calcite carbonatites is richer in Ca
and Ti than that in dolomite or dolomite-calcite
carbonatites (Fig. 6). Lueshite described by Lapin &
Kazakova (1966), from an aegirine-zeolite rock at
Kovdor, is strongly enriched in Ca, Ti and Th @g. 6).
High Mg, K andAl contents reported in this mineral by
these authors most likely result from analytical errors.

Evolutiorwry trends

Data from this study show that perovskite in
carbonatite complexes of the Kola al(aline province
evolves along three distinct evolutionary frends. These
are as follows (Frg. 7, empty arrows):

(I) The lueshite tend. P.nmary perovskite from
ultramafic rocks, foidolites and melilitic rocks is poor
in Na, REE, Fe, and Nb, and contains negligible
amounts of other minor elements (Sr, Th and Ta). In
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Nizhnesayanskiy, Guli and Gornoozerskiy complexes
(all in Siberia: East Sayan, Maimecha-Kotuy and
Sette-Daban alkaline provinces, respectively) (Fig. 5:
Chernysheva er aL L991, Mitchell et aL L998, Williams
& Kogarko 1996, this work). M-enrichment also has
been noted in perovskite from calcite carbonatite in
complexes in the Sette-Daban and East Sayan
provinces (Gaidukova & 74ot'1k1962, Pozharitskaya &
$amoylov L972). Calcite carbonatite at Kaiserstuhl,
Germany, and Oka, Quebec, csatains perovskite-goup
minerals with a much wider compositional range
(Fig. 5, and references therein). The trend is from
ferrian niobian perovskite to niobian ferrian perovskite
in the Kaiserstuhl carbonatite, and to latrappite in the
Oka carbonatite. Perovskite ofvery unusual compositioD"
with high levels of 7r and Fe (up to 3.3 wt.Vo ZrO2
and 6.LVo Fe2O3, respectively) at very low Nb and Na
contents, occurs in carbonatite at Polino, Italy (Lupini
et al.1992).
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TABLE 5. REPRSSENTATIVE COMPO$TIONS OF PEROVSKITE AND LOPARITE
FROM PHOSCOR.IIE AND CAICTIE-AMPHIBOLE:DIOPfIIDE R@K

(3) The loparite trend Mantles of Na-REE-enriched
secondary perovskite and loparite on primary
perovskite occur in most rock series of the carbonatite
complexes. In most cases, enricbment in Na and REE is
accompaded by an increase in M and Th. Very similar
ffends have been established for perovskite-group
minerals from melnoite of the Schryburt Lake
carbonatite complex, Ontario (Platt 1994), and from
alkaline ultamafic rocks of the I(hibina complex, Kola
alkalins plsvince (Chakhmouadian & Mitchell 1998).

X-Rev DrrmecnoN

Synthetic CaTiO3 is an orthorhombic derivative of
the cubic perovskite structure @eran et al. 1996). The
latter may be viewed as a framework sl gsrnsilinked
BX6 octahedra, with tle o'cavities" occupied by
twelve-coordinated A-cations. Distortion of the ideal
cubic structure is produced by tilting (rotation) ofthe
TiO6 octahedra about a tetrad axis and a diad axis
ofthe cubic cell (N4ray-Szab6 1943), usually referred
to as the tilt angles 9 and ro (Megaw L973) or $ and 0
(Zhao et al. 1993). The distortion induced by the
independent tilts $ and 0 is described by a tilt O
about an appropriate triad axis (O'Keeffe & Hyde
1977). Nl three tilt angles can be derived from unit-cell
dimensions of the orthorhombic structure usine

TABLB 6. RBPRBSENTATIVE COMPOSITIONS OF PEROVSKITE AND LOPARITE
FROMCAITITECARBoM-ITIBS

wt%

ToEl 9'25 99.a1 9831 l@20 9.88 98J5 93a 9.s t@.05 l(}021

Sttlr@l foddrs Falrl'rd d rho h6is of 3 @ of d}!6
Ca 0.y, I.(}0 0.83 0.m 0.90 0.88 0.85 0.89 0.89 034
S r - 0 . 0 1 - 0 . 0 1
Na 0.01 - 0.10 0.03 0.04 0.0s 0.08 0.04 o.ct 0.4t)
h 0.01 - 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.05
C€ 0.@ - 0.03 0.@ 0.(B 0.03 0.03 0.03 0.(B 0.t4
Pr - 0.01 0.01 - 0.01 - 0.01 0.02,
Nd 0.@ 0.0t 0.0t 0.01 0.01 0.0t 0.0t 0.06
Tb - 0.0r 0.@ 0.0t 0.01
"rl 097 0.9 0.93 0.88 0.85 0.85 0.81 0.&/ 0.&7 0.84
F€ 0.(}2 - 0.@ 0.06 0.O 0.O7 0.07 0.05 0.07 0.01
Nb 0.0t - 0.06 0.05 0.(b 0.07 0.ll 0.05 0.05 0.14
T a - - 0 . 0 1 0 . 0 1 - 0 . 0 1

Itdol.%dmb6s
CaTtO' 98;14 9.61 B.n E'32 79.U 7930 n.n 79.C1 7955 41.43
sifiq o23 021 0.13 036 - 024 0.t9 0.48 04 t.d)
C€ltO! 0.@ 0'y2
C€2F€NItO6 6.17 7.U E.g3 ?9t 6.98 7J0
rrpdib l.0l - ilJ4 8.7t 8.16 653 930 a.8s 9 4720
Nallbo, - 0.18 4A7 0.14 l2l L74 524 lr0 t.6t E.89
C€Nb.O, - 330 L95 2.55 3l.2 2.62 1.79
c4.l.i01

3424 34.45 34.73 23.97 10.56 3t.t5 30.9 19.86 6.63
035 038 0.it0 02a 0.56 0.56 0.46 O57 o.tl
0.m 0.67 0.76 325 5.94 t.1t l.8l 430 6.73
225 l.8l 1.05 3.07 7.94 237 257 4.16 8.84
4 3.07 3.00 9.43 18.06 524 5.81 1 t .84 l8. lE
0.E5 n.d rd rd 336 0.6t 1.00 2.69 s.75
132 t.45 t.79 5.EE 6.02 1.67 22A 4.73 4.9
Ld 0.40 050 1.08 0.56 0.50 1.06 123 2.46

5l.lt 53.04 52.96 5028 44.n 51.9a 5L70 46,Ca 42.61
l.,lt t23 t34 0.79 0.49 0.96 0.99 0.76 024
1.79 1.63 1.69 2.49 I  J6 |  36 139 2.t5 221
024 0.42 033 020 0.17 0.65 0A2 0.71 0.61

Ca
Sr
Na
I4

Pr
Nd
Th
l l

Fo
Nb
l a

98.89 9895 9r.55 100.62 100.09 98.83 10037 99.$ rm.05

Sfttul fodula! @lql@d @ thg basis of 3 @ of oxyga
0.r9 0.90 0.E9 0.6s 032 0,92 0.81 0J6 021

- 0.01 0.0t - 0.01 0.01 0.01 0.0t 0.01
0.04 0.03 0.04 0.16 032 0.0t 0.@ o2. 038
o.t2 0.s2 0.01 0.03 0.0r 0.v2 0.m 0.04 0.@
0.04 0.03 0.03 0.@ 0.19 0.0s 0.05 0.12 0.19
0.0r - 0.m 0.01 0.01 0.03 0.06
0.0r 0.0r o.v2 0.05 0.06 0.01 o.u2 0.(X 0.05

- 0.01 0.01 0.01 0.02
0.94 0.96 0.% 0.95 0.9s 0.96 0.95 0.93 0.93
0.03 0.t2 0.@ 0.v2 0.01 o,v2 0.t2 0.m 0.01
o.s-2 o.y o.y 0.03 o.t2 0.v2 o_r 

3:3? 
o.:t

MoL% @d-E@bqs
Cafiq 90.6E cL75 91.a5 6.M 37.57 &130 El.l2 52.0a 2j.n
SrTiOr ojl 0.55 OS7 0A2 1.09 0.81 0.67 0.r2 l.7l
CoTbO' - 023 028 0.4 0.43 028 0.60 0.7t 2.04
bpdito 8.El 6.4? 730 3Ltt 5424 16.61 17.6t 4622 65.03
NaNbO3
Corno, -

2.12
5.4t - 5.2,

C@Fsiti@: I r-@d pqovsldb6jelphMrilq Kovdor,2 &3 mmd rin
of hwnedEl pqov8kiE qysl @lciF@phibolediopsido Ek, Afrikdda a &
5 @ddy p€rov!&ib @d lopdib E@tl€ @ hqah€dol paovskib qet
oloismphlbolcaiopftlo @k, Afikdda 6 & 7 c@ md riD of @|F.o(nah€dEl
peostie cryol etcttemphibolediopstdo nk' Afrikeda 8 & 9 @dsry
porcvskib @d lopdib Edl6 @ qbo@n€dnl pqwskib o:/sl, elcits
uphibole-diopsido rck, Atikeda rd = nd d6EEd.

such perovskite, ttre total content of loparite, lueshite
and other end-members does not exceed l0 mol.Vo
(Tables l-4). Calcite carbonatite contains primary
perovskite with up to 16.8 mol.7o NaNbO3, and
late-stage calcite and dolomite carbonatites contain
lueshite. According to Pozharitskaya & Samoylov
(1972) and Chernysheva et al. (L991), the lueshite
trend is also typical ofperovskite-group minerals fi'om
the carbonatite complexes of the East Sayan alkaline
province. At tle Oka and Kaiserstuhl carbonatite
complexes (Nickel 1964, Boctor & Yoder 1980,
van Wambeke 1980, Treiman & Essene 1985,
Chakhmouradiat 1996, Mitchell et aI. 1998), this evo-
lutionary trend is combined with sienificant enricbment
of perovskite in Fe (see below).

(2) The latrappite trend.. Enrichment of Nb and Fe
in perovskite delineates a latrappite evolutionary trend,
from perovskite sensa stricto in the early silicate rocks
to ferrian, ferrian niobian and niobian ferrian
perovskite in calcite carbonatite (up to 9.1 mol.7o
Ca2FeMOu). This trend is more strongly developed
in the carbonatite units of the Oka and Kaiserstuhl
complexes.

Codpositi@ l-3 @F, hmdi@ @m ed lia of a ed pdovs&iE q,sl, @lcte
qbaei SobUM, a il--qrd lsowtib 6'et €lclE Et@atiE, Tdiy, t7 @
iffi€dlaa z@ dd rin of a a6d pqovskiE sy@l @lcit&@nfto @boffi,Ttriy,
8 & I @ ed lin of a pqovEelF 6ret, elche-phlo8oPn6 Ebotrstib, Vmdi64 t0
loFirb |@le d FrdlkJto, @lcttFphlogopftB caholdtE VuiievL d - d dc@d

CoO
Sro
Nqo
r4q
ce'q
k 0 1
N4q
Tlq
Tio,
Fqq
Nqq
Tqo!

38.90 4r.05 3t.t7 3453 33.95 333t 3L@ 31 U2. lt.@
0.lE 0.16 0.09 019 rd 0.19 0.15 039 024 0.82
0.t I 0.(X 2.t5 0.65 0.82 t.ol 1.74 0.E9 I.0l 756
0.75 tr/ 0.71 124 1.05 0.68 121 1.43 t35 4.85
2.01 Ed 3.67 3.81 32, 3.74 3.e, 3.t6 3.t0 l3.m
trd [d 05 0.70 09t tr-d l.0l 020 o.yl 154

0.06 rd l.&' 1,44 1.47 l.O 159 1.63 lS5 6.92
tr.d n.d 0.16 t.tg L98 1.67 0.70 0s4 0.D 0.42

ss.72 5t.16 5l2l 4f32 4552 45.9t 43.68 4750 4756 40.14
0.98 024 1.00 3.44 3.n 3,82, 3.85 3.45 3.7J 05t
055 0.t6 537 4.q fiO 6 9.63 4.98 4.91 | l.q)
o'd tri Ld ojl 03l) 0.&i D.d 0.6E 0.42 l l8

- 056
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equations suggested by Megaw (L973), O'Keeffe &
Hyde (1977) andZhao et aI. (1993). Correspondences
between the tilt-angle equations and three space
groups suggested for orthorhombic CaTiO3 by different
investigators are given in Table 9. In this study, we
use the standard spzrce-group sett'rng Pnmn favored by
mineralogists (e.g., Hu et al. 1992, Keller & Buseck
1994).

Unit-cell dimensions (Pnma, Z = 4) for some samples
of perovskite examined in this study, and tilt angles
and other parameten of the pseudocubic cell ao (Pm3m,
Z = l), are given in Table 10. The samples examined
are primary perovskiteo as sufficient secondary
perovskite could not be extracted for X-ray studies.
From Table l0 and Figure 8, it is clear that the largest
rrnit-cell dimensions and rotation angles are found in
perovskite from the carbonatites. As noted above, these
samples are commonly enriched in Nao Nb, Fe and
REE, compared to perovskite from the comagmatic
ultramafic aad alkaline rocks. Given the intricate
compositional zonation of many perovskite samples,
we calculated mean compositions to determine rela-
tionships between isomorphic substitution and crystal
chemistry. On the basis of these dafa, we est'mated the
ionic radii of cations at the A and B sites (R.[A] and
R*[B]) using ionic radii given by Shannon (1976);
Figure 9 illustrates tle correspondence between
parameters of the pseudocubic cell and es.;mated ionic

LOPARM LOPARM

radii. Also shown in Figure 9 are trends in which the
parameters for the pseudocubic cell increase along the
perovskite-loparite (1), perovskite-lueshite (2) and
perovskite-latrappite (3) trends. It is also obvious in
this figure that the t'ni1-cell parameters of most of
the perovskite snmples lie between the above trends,
corresponding well with the intermediate position
of the evolutionary trends in the system perovskite -

lueshite - loparite - latrappite (Fie. 7).

DtscussloN

The evolutionary trends followed by perovskite
compositions in the carbonatite complexes may reflect
a general tendency of incompatible elements (in par-
ticular, fnEE, Nb and Th) to accumulate in the more
evolved fractions of alkaline magmas. The highest
concentrations of LREE, Sr, Z, Th and M are found
mostly in complex oxides and carbonates in these
carbonatites (Bell 1989, Heinrich 1966, Kukharenko
et al. 1965, Tuttle & Gittins 1966). Alternatively,
carbonatitic magmas enriched in incompatible elements
may have been derived directly from a mantle source.
At presento fts minelalsgical data are insufficient to
discriminate between these possibilities.

The behavior of the incompatible elements is also
controlled by structural factors. In early phoscorites
and calcite carbonatites, the LREE and Sr have a close

o
++
o a
o . x
0 0 +
v v Y

Frc. 4. Composition (mo1.7o) of perovskite and loparite from calcite carbonatites and kindred rocks: I phoscorite, Kovdor,
2 phoscorite, Gardiner, Greenland, 3 phoscorite, Kugda, Siberia, 4 - 5 calcite - amphibole - diopside rock, Afrikanda
(hexahedral and cubo-octahedral crystals, respectively), 6 calcite-pblogopite carbonatite, Vuorijarvi.
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Ftc.,5. Conposition (mol.7o) of perovskite from calcite carbonatites: I Sebljavr, 2 & 3 T:r:y,4 Vuorijarvi, 5 Kovdor,
!-Qgrngozerskiy, Siberia, 7 Nizhn$2yanskiy, Siberia (Chernysheva et aI. lggl),8 culi, SiUeria (williams & Kogarko
1996)' 9 Kaisentuhl, Germany (Hauser 1908, Knop 1877, Meigen & Hugel 1913, Mirchell er at 1998, van Wambeke 1980),
l0 Oka Quebec @octor & Yoder 1980, Chakhmouradian 1996, Mitchell er aL 199g, Nickel 1964, Tieiman & Essene 19g5,
this study), 11 Magnet Cove, Arkansas (Mitchell et al. 1998).
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affiniry to C4 and are dispersed in calcite and apatite,
which are much more abundant than accessory oxides.
The large ionic radius ofZr, compared to that ofTi,
explains why this element favors structures with seven-
or eight-coordinated polyhedra (baddeleyite, calzirtdte,
zirconolite), and not the perovskite structrue. However,
Zr is a potential substitute for Ti in perovskite from
carbonatites formed under specific P-T conditions,
e.g., the Polino diatreme, Italy (Lupini et al. 1992).
Finally, M and Th are distributed mostly between
perovskite- (lueshite trend) and pyrochlore-group
minerals. According to experimental data (Aleksandrov
1973, Jago & Gittins 1993), the former crystallized
under volatile-poor conditions and at higher temperanues
than the latter. Evolution of carbonatitic magmas by

enrichment in volatile components is commonly reflected
in the replacement of early cunulus perovskite-group
minerals by relatively late pyrochlore-group phases
(Chakhmsurafi an L996, Williams & Kogarko I 996).

The low Fe content of primary perovskite from the
silicate rocks, and Fe-enrichment in primary perovskite
from the calcite carbonatites (latrappite trend),
cannot be explained unequivocally. Kimura & Muan
(l97la, b) have shown that perovskite forms an
extensive solid-solution series with the relatively
oxygen-deficient compound Ca2FeY2O5, and does not
accommodate substantial Fe2* at tle A sites. These
data are in a good agreement with specfoscopic studies
of natural Fe-rich provskite, which show that Fe ent€rs
tle structure only as Fer* substituting for Ti at the B
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This process was probably more important in the
ulffamafic rocks, where secondary perovskite and
loparite occur in intimate association with titanite.

The enrichment of primary perovskite in the
components NaNbO3 and CarFeNbOu leads to an
increase in unil-ss1 dimensions and rotation angle O
of the (Ii,FeJ.[b)O6 octahedra. The latter effect reflecs
increasing deviation of the structure from cubic
symmetry in NaNbO3 Q = 12.4" (Sakowski-Cowley
et aI. 1969), in latrappite, O = ll.7o @Iitchell et aI.
1998), and in CaTiOr, O = l0.Lo. Relatively high Na
and Nb contents in some perovskite samples from
carbonatites may indicate that the tilting of the octahedra
in the structure is complicated by displacement of Na
and Nb from the center of the polyhedr4 analogous to
the cation offset in synthetic NaNbO3 at room temperature
(Sakowski-Cowley et al.1969). Structural effecrs of
the REE on the perovskite structure are not certairo" and
firrther X-ray-diffraction studies of the series CaTiO3 -
NaREETi2O6 are required.

TABLE t. REPRFSENTATTVE COMPOSITIONS OF
LUFSHITE FROM DOLOMITE CARBONATITE

w L % 1 2 3 4 5

C8O 095
SrO 031
NqO 1429
IarO. I.8l
cqq 3.13
PrrO: 0.57
NEO. 0.78
Tho, 129
fiq 3.46
Fqq nd
Nbrq 7428

Toral 100.87 99.76 101.45 lmgl 9.44

Strushrsl fmulae elculded m tils b8is

ClO

sIo
Na"o
t&o3
CglO3
Prr03
N40'
Tho,
fiot
Fq03
Nhq
Tarq

Total

3537 n.n .45
0.2 0 030
094 t2t 433
t.6 t.77 l.@
2.n 3.56 s35
031 D.d 0.61
l.f l o.9 1.58
027 0.m 225

49.8 48.4 45.t0
252 3.01 t.t4
43t 6.75 ll.g
036 027 0.62

35.40 31.46
0.50 032
135 2l6
05t 0.94
l.tt 234
Ld 0J6

055 0.88
0.i18 1.04

48.09 43.20
29s 2.t2
8,49 t4.V2
0.48 0.94

99.86 100.16 l0l . l l  l@.75 101.08

Smtul bmEl86 @l@ld.d @ th6 bdris
of3 turo of oryg@

0.91 0.r/ 0.70 0.m 0.81
-, 0.01

0.M 0.06 021 0.06 0.t2
0.0r o.o2 0.01 0.01 0.01
0.03 0.m 0.05 0.o2 o.v2

0.01
0.01 0.01 0.01 _ 0.0r

0.01 - 0.01
030 0.a7 0.84 0.8s 0.?9
0.05 0.05 0.t2 0.05 0.0s
0.05 0.07 0.13 0.09 0.15

0.01

Cs
Sr
Na
b
C€
Pr
Nd
l n
fi
Fe
Nb
Ta

5,n
s.95

t0.13
4.93

E2.(n
0.6{)

5.t2
3,64
4.96
258

Mol.% @d-D@b*
csriq &}56 7920 69.6
Sr'l'lo" 0n 032 0.43
CaThO. 127
CarFoNbO6 494 6.06
l'lpqib 7.U EJI l6.tl
NoNbO3 LA L79 t2.43
caNb,O? 1.75 3.12

T2.n
0.40

CoEp6iti@: I-5 qffiire 2@ (fr@ @ b
riE) @€d FloEkib qJtsbt €loite
Ituvdd.!d - ddd@{

sites (Muir et al. 1984, Mitchell et aI. l99g). Thus we
suggest that the latrappite evolutionary trend observed
in the perovskite-group minerals of carbonatite com-
plexes from the Kola Peninsula Oka and Kaiserstuhl
results from inoeasing Fe3-/Fe2* values during magmatic
differentiation.

The late-stage enrichment of Na and ZREE
perovskite (loparite trend) undoubtedly resulted
from two different processes. One of them involved
interaction of primary perovskite with a LREE-ich
fluid probably derived from the carbonatite source.
Wendlandt & Harrison (1979) have demonstrated that
the IREE tend to fractionate from carbonatitic melt
into Coz-rich fluid. A similar model was suggested by
Platt (1994) for LREE-enichmsal in the assemblaee
perovskite-loparite in melnoite of the Scbryburt Lafe
complex. The other process does not necessariiy
require reaction wfih LREE-enriched magmatic fluid,
but with a secondary fluid ssnraining Na and LREE
leached from primary perovskite.

(Ca1-,Na6r,CeorJTiO, + (Siot"q + (1-x) CaTiSiO,
perovskite dtnnite

+ 0.5x NaCeTi2Ou
loparite

l.l8 1.93 221 235
0.19 0.19 028 0.19

15.88 15.69 15.t9 15.19
128 0.88 1.05 1.09
2.13 158 l./t8 l.7l
Ld n.d !.d nd

035 022 024 0.51
ljl 2.43 0.50 03'1
4.08 529 4.43 5.m
a.d nd 0.13 024

73.t6 7324 74.70 T2;19

C€
Sr
Na
la
Co
Pr
Nd
Th
Ti
Fe
Nb

Mol.% @d-E@bq8
Csfiq 232 2.74 4.51
Sr'fiq 0.5t 033 0J3
cuThq O.94 1.V2 1.65

of 3 mms of oxygo
0.03 0.06 0.06 0.o70.03

0.01
o,77
o.v2
0.03
0.01
0.01
0.01
o.0't

0.93

0.85 0.82 0.83 0.81
0.01 0.01 0.0r 0.01
0.t2 0.v) o.lo, o.y

0.01 o.m
0.08 0.t l 0.09 0.10

o.92 0.90 0.91 090

6.56 731
0,47 033
033 025

f4pqite 14.74 821 5.85 5.91 727
NaNbq 81.42 87.70 87.66 .73 U.U

CmpositiN: l-3 coro, iltdmedide m od rim
of a med ay*a[ dolomiE carbooatir, rp"ya

Vmk4 4 & 5 m md rim of@ |lmed qystal

dolmits qboncite, Kwdq. Tsal Fe aEr$€d
c FqQ; ad - not dcected Ta rc sugbl but
not fmd.
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(1) The carbonatite complexes of the Kola Alkaline
Province contain perovskite sensu stricto. Perovskite
enriched in lueshite and latrappite occurs only in calcite
carbonatites. Members of the perovskite - loparite
solid-solution series are found as a thin secondary
mantle on primary perovskite from some varieties of
ultramafic rocks, foidolites and carbonatites.

(2) The composition of perovskite from the
carbonatite complexes evolves along three distinct
trends, i.e., toward lueshite, latrappite or loparite. The
lueshite and latrappite contents are lowest in primary
perovskite from ultramafic rocks and highest in
primary perovslcite from carbonatite. The lueshite trend
iulminates in the appearance of lueshite in late
dolomite carbonatite. The loparite trend results from
interaction of the prinary perovskite with late-stage
fluids derived frs6 alkaline and carbonatitic melts.

(3) Increasing enrichment of lueshite and latrappite
in perovskite compoDents produces larger unit-cell
parameters and a larger tilt (rotation) angle of the
CIi,Fe,M)Oo octahedra.

KOLA PB{INSULA : AIRSOMTIIE COMPIBES
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Frc. 6. Composition (mol.7o) of lueshite from ca$onatites and
aegirine-zeolite rock: L dolomite carbonatite, Lesnaya
Yaraku 2 dolomite carbonatite, Kovdor, 3 calcite
carbonatite, Sebljaw (Subbotin & Men'shikov 1987),4a
and 4b calcite and dolomite carbonatites, respectively,
Sallanlawi (Subbotina & Subbotin 1990), 5 calcite
carbonatite, Lueshe, Democratic Republic of Congo,
6 calcite carbonatite, unspecified localiry Siberia
(Bas.dasarov et aI.1962\.7 aesirine-zeolite rock Kovdor
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Frc. 7. Composition (mol,7o) of perovskite-group minerals fiom the carbonatite complexes of the Kola Alkaline Province (this

study) compared.to that of ierovstite ana ioparite from the Khibina complex (Chakhmouradian & Mirchell 1998) and

Scbrryburt Lake complex @iatt 1994), of perovskite from the Kaiserstuhl complex (Hauser 1908, Ihop 1877, Meigen &

UugJt tet:, Mirchei et aL 1998, van Wambeke 1980), and of perovskite and latrappite from the Oka complex @octor &
yoaer t9SO, Chakhmouradian 1996, Mirchell et aI. l998,Nickel 1964, Tieiman & Essene 1985, this study).
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TABII 9. CoRRESPoNDENCB BETWEEN sPAcB &,oIJP, UNfrcBxI

PARAi,amRs A}.{D TLT ANGLBS FoR cgTto3

TdB 10. UNTT.m PARAWTRS AID TLT ANGIB oF I,ERow

R o q  a . A  b , A  c , A  a , , A  0 , "  0 , "  o , "
SP@G@P pm pbm

a ,A

b , A

c , A

s.3670(r)
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