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AesrRAcr

The paragenesis and compositional variation of strontium-bearing perovskite and loparite occurring in lamproites and agpaitic
nepheline syenite pegmatites are described. Olivine lamproites from West Kimberley (Australia) ,Kapamba (Zambia) and Prairie
Creek - American Mine (Arkansas) typically contain perovskite with complex oscillatory zoning and a low Sr content (<3 wt.7o
SrO). Perovskite in olivine-free madupitic lamproite from the Leucite Hills (Wyoming) is enriched in Sr (3-7 wt 7o SrO) and rare-
earth elements relative to perovskite occurring in olivine lamproite The perovskite in the lamproite ftom Hills Pond (Kansas) is

unusual in containing Si (0.2-2.0 wt.Vo SiO2), being relatively-enriched in Sr (3-6 wt.7o SrO), and exhibiting complex sector-
zoning Perovskite crystals from lamproites show no regularities in zonation trends, which may be either of increasing or decreas-
ing Sr content from core to rim. Agpaitic nepheline syenite pegmatites from Pegmatite Peak and Gordon Butte (Montana) contain
strontian calcian loparite (10-19 wr.9o SrO), and are significantly enriched in Sr relative to loparite found in agpaitic nepheline
syenites from the Khibina and Lovozero (Russia) complexes. Naturally occurring perovskite-group minerals exhibit a continuous
solid-solution between tausonite and loparite-(Ce), but not between tausonite and perovskite. The Sr-rich perovskite, strontian
loparite, and ceroan tausonite are found only in alkaline silicate rocks that lack primary carbonates; Na-Sr-poor, Nb-rich perovskite
belonging to the perovskite - latrappite - lueshite series form in SiO2-poor environments characterized by the presence ofprimary
carbonate. In the magmas that form the latter rocks, Sr is preferentially partitioned into carbonates rather than titanates

Keywords: perovskite, loparite, tausonite, lamproite, agpaitic nepheline syenite, carbonatite

Sovlraarnn

Nous d6crivons la paragendse et les variations en composition de la p6rovskite et la loparite sffontifrre que nous trouvons dans
les lamproites et les sy6nites n6ph6liniques ) tendance agpartique et d caractbre pegmatitique. Les lamproites d olivine de West
Kimberley (Australie), Kapamba (Zambie) et Prairie Creek - American Mine (Arkansas) contiennent typiquement une p6rovskite

ayant une zonation complexe oscillatoire et une faible teneur en Sr (<3% SrO, poids). La pdrovskite des lamproites madupitiques
sans olivine provenant de Leucite Hills (Wyoming) est enrichie en St (3-:7 wt.Vo SrO) et les terres rares par rapport d la p6rovskite

des lamproites d olivine. La p6rovskite de la lamproile de Hills Pond (Kansas) est atypique en contenant Si (0.2-2.0 wt.Vo SiO),
en 6tant relativement enrichie en Sr (3-6Vo SrO, poids), et en poss6dant une zonation en secteurs complexe. Les cristaux de
p6rovskite provenant des lamproites n'ont pas de r6gularit6 dans leur zonation en Sr, qui peut donc aller en augmentant ou en
diminuant du centre d'un grain vers la bordure Les sy6nites ndph6liniques agpartiques pegmatitiques de Pegmatite Peak et

Gordon Butte (Montana) contiennent une loparite strontiGre et calciqu,e (10-l9%o SrO, poids); elle est d6finitivement enrichie en
Sr par rappo( d la loparite des sy6nites n6ph6liniques agpartiques des massifs de Khibina et de Lovozero (Russie). Les exemples
naturels font partie d'une solution solide continue entre tausonite et loparite-(Ce), mais non entre tausonite et p6rovskite. On
trouve la p6rovskite riche en Sr, la loparite strontiGre et la tausonite enrichie en c6rium seulement dans les roches alcalines

silicat6es sans carbonates primaires; la p6rovskite d faible teneur en Na et Sr, et enrichie en Nb, faisant partie de la s6rie p6rovskite
- latrappite - lueshite, cristallise dans des milieux d faible teneur en silice, et en pr6sence de carbonate primaire. Dans les
systbmes magmatiques qui ont donn6 de telles roches, le Sr serait pr6f6rentiellement r6parti dans les carbonates plutOt que les
fitanates.

(Traduit par la R6daction)

Mots-cl6s: p6rovskite, loparite, tausonite, lamproite, sy6nite n6ph6linique agpailique, carbonatite.

I E-mail address: rmitchel@ sale.lakeheadu.ca
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INrrnooucrroN

Perovskite-group minerals that contain more than 1
wt.Vo SrO are relatively uncommon compared to Sr-
poor, Nb-rich perovskite that is ubiquitous in many al-
kaline undersaturated rocks such as kimberlite, melilitite
and carbonatite. Currently, little is known of their
paragenesis and compositional variation. Previous stud-
ies have focussed on Sr-rich perovskite from potassium-
rich silicate rocks such as lamproite (Mitchell 1995a,
Mitchell & Steele 1992), orangeite (Mitchell 1995a),
ultrapotassic syenite (Mitchell & Vladykin 1993) and
rheomorphic fenite (Haggerty & Mariano 1983). In
these studies, summarized by Mitchell (1996), the au-
thors have demonstrated that most of the compositional
variation may be described in terms of solid solution
between the end-member components: CaTiO3 (perov-
skite), SrTiO3 (tausonite), NaNbO: (lueshite), and
Na(REE")Ti2O6 (oparite). The Sr-rich perovskite-group
mineral tausonite is known only from the Little Murun
ultrapotassic complex (Vorobyev et al.1984).

The previous studies, with the exception of that of
Mitchell & Vladykin (1993), were of a reconnaissance
nature. The objective of the present work is to docu-
ment in detail the paragenesis and compositional varia-
tion shown by Sr-bearing perovskite in lamproites and
diverse agpaitic nepheline syenite pegmatites. These
data fill a lacuna in our knowledge of the overall com-
positional variation exhibited by perovskite in alkaline
rocks, and are a prerequisite for an understanding of why
Sr-rich perovskite appears to form only in alkaline sili-
cate rocks.

AwaryrrcaL Tecrwrqurs

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
ATW Light Element Detector (133 eV FwHm MnrK) at
Lakehead University. EDS spectra were acquired for
180 or 300 seconds (live time) with an accelerating volt-
age of20 kV and beam current of 0.86 nA. X-ray spec-
tra were collected and processed with the LINK ISIS -
SEMQUANT software package. Full ZAF corrections
were applied to the raw X-ray data. The following well-
characterized standards were employed for the determi-
nation of mineral compositions: Khibina loparite (Na,
La,Ce, Pr, Nd, Nb,), Magnet Cove perovskite (Ti, Ca,
Fe), synthetic SrTiO3 (Sr), and metallic Th and Ta. A
multi-element standard for the rare-earth elements
(REE") was used as, in our experience, it gives more
accurate data than single-REE standards when using
EDS spectrum-stripping techniques. However, peak
profrles used for the analytical X-ray lines were obtained
using single REE fluoride standards. The accuracy of
the method was cross-checked by wavelength-disper-
sion electron-microprobe analysis of some samples

using an automated CAMECA SX-50 microprobe
located at the University of Manitoba using methods
described by Mitchell & Vladykin (1993). Ba was not
detected in any of the samples analyzed, even though
these commonly coexist with Ba-rich minerals.

The back-scattered electron (BSE) images were
acquired with the LINK ISIS - AUTOBEAM function
using a Hitachi 570 scanning electron microscope. The
images were given false colors using the LINK ISIS -

SPEEDMAP software package and stored as digital
".pcx" files. The false colors are defrned by the relative
contrast and brightness of the BSE images and reflect
the average atomic number of individual phases. We
consider that false-color images of this type are supe-
rior to conventional half-tone BSE-images in illushat-
ing the subtleties of zoning and minor compositional
variation.

Mitchell (1996) has demonstrated that the composi-
tions of most naturally occurring perovskite-group min-
erals can be expressed in terms of relatively few
end-member compositions, namely: CaTiO3 (perov-
skite), Na(REE)Ti2O6 (oparite), NaNbO3 (ueshite), and
SrTiO3 (tausonite), with lesser amounts of Ca2Fe3*MO6
(latrappite), Ca2Nb2O7, REE;lizO1-, CaThO3, CaZrO 3,
KMO3, PbTiO: (macedonite) and BaTiOg. Composi-
tional data were recalculated into these perovskite-group
end-member compounds using an APL program for PC
following methods suggested by Mitchell (1996).

Pnnovsrrre n.r LAMPRoIE:
Couposmoxar, VenrerroN

Perovskite-group minerals are relatively rare in the
majority of lamproites, the principal hosts for titanium
being priderite and jeppeite (Mitchell & Bergman 1991).
Perovskite sensu stricto, together with Cr-rich spinel,
occurs only in olivine and madupitic lamproites; these
rocks commonly lack other titanates.

Olivine lamproites are typically hypabyssal holo-
crystalline rocks consisting principally of forsterite-rich
olivine phenocrysts and xenocrysts, together with diop-
side and phlogopite. Olivine lamproites are currently
considered to be hybrid rocks whose bulk compositions
are in part determined by contamination with mantle-
derived ultrabasic material. Their petrological status
remains controversial. Mitchell & Bergman (1991),
Mitchell (1995b) and Edgar & Mitchell (1997) do not
regard olivine lamproites as being parental to the rela-
tively more common silica-rich phlogopite or leucite
lamproites. In contrast, Jaques e/ al. (1986) regarded
olivine lamproites as relatively unevolved members of
the lamproite clan. Discussion of this controversy is
beyond the scope of this work. Summaries may be found
in Mitchell (1995b) and Mitchell & Bergman (1991).
Many occurrences of olivine lamproite are associated
with diamond deposits, although they themselves typi-
cally are very poor or lacking in diamond. Also included
in this survey are examples of madupitic lamproites,
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which may or may not contain olivine; they are charac-
terized by the presence of poikilitic phlogopite in the
groundmass.

West Kimberley, Australia

In the olivine lamproites of the West Kimberley
province (Jaques et al. 1986), groundmass perovskite
occurs as minute (6-50 pm, average 2G-25 pm across)
subhedral crystals that commonly contain ovoid inclu-
sions of olivine or apatite. Associated groundmass min-
erals include phlogopite, apatite, titanian potassium
richterite, wadeite, priderite and altered sanidine. The
crystals typically show complex zonation, which may
be of the following varieties: (1) an oscillatory type
without changes in overall habit from core to rim, with
up to 20 thin (<5 pm) zones per crystal (Figs. la, b, c,
2a, b), (2) an oscillatory type with a core differing in
morphology from the overgrowth (Figs. I a, c,2, a, c, d),
and (3) a sectorally zoned type (Fig. 2e).

Table 1 and Figure 3 demonstrate that perovskite
from West Kimberley has a restricted range in com-
position, low contents of Nb, Na and Th, and that the
rare-earth elements and Sr are the significant minor
elements. Recalculation of the compositions into end-
member perovskite components (Table 1) demonstrates
that the minerals principally represent solid solutions
involving the end members perovskite, loparite and
tausonite. In most cases, the perovskite contains greater
than 90 mol.7o CaTiO3 and is thus classif ied as
perovskite sen su stricto (Table 1, Fig. 3). Cores of crys-
tals containing up to 12.1 wt.Va LREEzO3 (>10 molVo
NaCeTizOo) may be termed ceroan perovskite (Fig. 3).
Although Sr-bearing, none of the perovskite analyzed
is sufFrciently rich in Sr to be termed strontian perovskite
or tausonite.

The striking oscillatory zonation evident in the BSE-
images primarily reflects differences of only l-2 wt.Vo
total REE between zones (Fig. 3). Individual zones thus
exhibit a trend of increased or decreased content of

Frc. 1. Styles of oscillatory zoning in perovskite from olivine lamproites (A-B, Ellendale 11, D-C, Ellendale 4) from West

Kimberley, Australia. A-C type 1, D type 2 (see text). False-color back-scattered electron image.
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Ftc.2. Styles of oscillatory zoning in perovskite from olivine lamproite from: West Kimberley (A-C, Ellendale 9), American
mine; Arkansas (D), Hills Pond, Kansas (E). A-D type2,E type 3 (see text). False-color back-scattered elecfon image.

loparite relative to each other, upon which is superim-
posed an overall trend of depletion in the loparite com-
ponent (l 1 - 4 mol.Vo) from core to rim. Sector-zoned
crystals are characterized by growth sectors that are rela-
tively enriched or depleted by about l-3 wt.Vo total REE.
Crystals of complex morphology (Fig. la) reflect simi-
lar compositional variations.

The following overall core-to-rim patterns of zona-
tion were observed: (a) decreasing loparite content com-
bined with increasing tausonite (l-2 mol.%) content
(Fig. 3b), and (b) decreasing loparite content at essen-
tially constant tausonite content (Figs. 3a, c, d).

Perovskite is also known from pegmatitic rocks of
the Walgidee Hills, where it occurs as complexly
twinned, pale green to brownish yellow, weakly oscil-
latory zoned subhedral crystals. The perovskite coex-
ists with priderite, jeppeite, shcherbakovite, wadeite and

titanian potassium richterite. These minerals are set in a
turbid matrix considered to be altered K-feldspar. The
perovskite is compositionally similar to that found in
the olivine lamproites (Mitchell & Reed 1988, Mason
r977).

Prairie Creek, Arkansas

In olivine lamproite from Prairie Creek, perovskite
forms subhedral to euhedral crystals avenging 2O-25
pm in size in the groundmass. Rarely, grains up to 60
pm are found. The crystals typically enclose tiny sili-
cate inclusions that are too small to analyze. Associated
minerals include diopside, chromian spinel, apatite and
poikilitic phlogopite in the groundmass.

Complex oscillatory zonation similar to that ob-
served in West Kimberley perovskite is commonly
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PERO/SICTE

NaCeTi,O" NaCeTi,O.

NaOeTi,O6

NaCeTi,O"

FIc. 3. Compositional variation (mol.Vo) of perovskite from West Kimberley olivine
lamproite. (A) Ellendale 4, (B) Ellendale 11, (C) Ellendale 9, (D) typical patterns of
zonation.
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present. Many of the zones are irregular in morphology,
suggesting that repeated episodes of dissolution and
growth occurred.

Representative compositions given in Table 2 indi-
cate that the perovskite is extremely poor in minor ele-
ments and is essentially CaTiO: (>95 mol.7o), with
small amounts of solid solution toward loparite (0.5-8
mol.Vo) and tausonite (0.54mo1.7o). Figure 4 illustrates
that the compositional zoning reflects small changes in
total REE contents coupled with an overall trend of
loparite depletion and tausonite enrichment from core
to rim. The zonation trend is similar to the trend of Sr-
enrichment found in some of the West Kimberley
perovskite.

Ame rican M ine, Arkansas

Perovskite in olivine lamproite from the American
Mine occurs as minute (up to 20 pm) crystals with very
poorly developed or no oscillatory zonation. Two-phase

mantled crystals occur rarely. Representative composl-
tions given in Table 2 indicate that this perovskite is
identical to that occurring in the nearby Prairie Creek
olivine lamproite. Patterns of zonation, where present,
also are similar (Fig. 5). The overall trend of composi-
tional evolution shows no Sr enrichment and culminates
with almost pure CaTiO3 perovskite (Fig. 5).

Kapamba, Zambia

In the Kapamba olivine madupitic lamproites (Scott
Smith er al. 1989), perovskite crystals range in habit
from euhedral discrete crystals in the groundmass (in-
trusions Pl/5 and P2ll2) to anhedral oikocrysts (intru-
sion P6l8), ranging from 20 to 40 pm across. The
discrete crystals may enclose tiny crystals of Cr-Mg-
Al-bearing spinel. The oikocrysts fill the interstices be-
tween phlogopite plates, apatite and clinopyroxene, in
some cases enclosing these minerals. BSE-imagery re-
veals no obvious compositional zonation.

CaTiO"
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TarO, 0 39 019 0 44 0 90 0 t9 073 043 0.36 034 0 56
Tio, 5252 5649 5401 5655 54.53 547A 52A6 5611 5442 5719
F q O ,  l l l  0 8 3  1 5 0  l 1 9  l E 6  1 4 5  1 3 5  0 6 9  1 2 6  1 0 5
f rO,  010 001 O25 nd nd  nd  0 . ,14  nd  018 nd
k ,O,  2 t9  115 nd  nd  0 .39  02O 244 0 .55  1 .20  nd
CeO. 6.36 I 60 429 172 | 62 242 378 074 437 1.33
PrO,  l -19  nd  n .d  nd  nd  n .d  012 r .d  nd  nd
N4O,  165 007 n .d  nd  od  0 . l l  106  n .d  1 .21  nd
CoO 313a 3626 1527 38a9 3626 36.ffi 33t9 36.43 34.47 3810
SrO 170 201 1.43 122 129 1.06 071 2.0r 1.54 132
Na,O 0.78 0.77 0-69 0.45 0-79 0.71 0.83 0.99 0.64 0.77
Totd l0o29 10011 98.5t l0l 41 9E.40 9846 9t.70 99.01 99.99 10n.84

Stutul fomule bsed d 3 &m of orygo
Nb 0.002 0_006 0.006 0.005 0.008 0004 0009 0010 0.004 0005
Ta 0.003 0002 0.003 0006 0.006 0005 0003 0002 0.002 0003
Ti 0965 09E7 0969 09'12 096A 0973 0962 098? 0973 0983
Fe 0.020 0.0t4 0.029 0021 0.033 0026 0025 OOl2 0022 0018
Th 0.001 0000 0.001 0000 0000 0000 0.002 0000 0.001 0000
IA 0.026 0010 0.000 0000 0003 0002 0022 0005 0011 0000
Ce 0.057 0014 0.038 0-014 0014 0.021 0033 0006 0.03E 00ll
Pr 0.011 0,000 0.000 0000 0000 0.000 0001 0000 0.000 0000
Nd 0014 0001 0000 0000 0000 0.001 0009 0000 0-010 0000
Ca 0A O90Z 0901 0.952 O9l7 0.92.6 0.E79 0910 0878 0.933
Sr 0024 0021 0.020 0.016 0018 0015 0.010 0m1 0021 0Ol7
Na 0037 0035 0.032 0.020 0.036 0.033 0039 0.045 0029 0.034

MoI%End-mb6

CaThO3 0.06 000 014 000 000 000 025 000 010 000
SrTiO' 262 274 2.01 162 178 r.46 I  03 274 221 1.76
NaNbO3 0 00 I 08 0.00 0 56 1 90 0-90 0.00 3 40 0 00 231
CoTiO3 E928 91.31 9137 94-94 92.A0 92.91 9066 9164 91.53 9370
IapNitE a.04 4.a7 6.4A 2.aE 3s2 4.73 t.06 222 6.16 223
Cmposirids ll0 W6tKimbslq, AEtmlia: I & 2 471439(Ell6dA!F-2\3&4
# 7r469H (Ell@dale 4), 5 & 6 # 7l 461 (Ellodale 9), 7 & 8 # 7r453M (Elladale 1 r),
9 & l0 7l47au Gll@dale 4)- Total Fe dpGsed I FqO3; n d = not ddd€d

Representative data given in Table 3 show that
perovskite from Kapamba exhibits a wider range rn
composit ion than perovskite from other ol ivine
lamproites, ranging from perovskite sensu stricto (dis-
crete phases in the groundmass) to ceroan strontian
perovskite (oikocrysts). The latter are enriched in Sr (up
to 5.1 wt.Vo SrO), the light rare-earth elements (LREE,
up to 6.7 wt.Vo LREE2O3), Na (up to 2.5 wt.Vo Na2O),
and Nb (up to 1.9 wt.% NbzOs). Individual intrusions
appear, on the basis of the data given in Figure 6, to
contain perovskite of distinct compositions. Although
zoning is absent, the overall evolutionary ftend, inter-
preted from petrographic data, is one of increasing Sr
and REE content.

Hills Pond, Kansas

Perovskite occurs rarely in the Hills Pond olivine
riihterite diopside lamproite sills (Cullers et al. 1985,
Mitchell & Bergman 1991). The perovskite forms
anhedral grains up to 200 pm in size, filling in the in-
terstices between the silicates, suggesting that it is a late-
stage groundmass mineral. Rarely, a Ba-K titanosilicate
is found along fractures in perovskite. This silicate
[(B ao + r Ko g r Nao zsCao ;pbr 17 (Tis e6Mg6 1 lFes s3Ms e2)

0.28 0.55
0.2r 0.65

54.94 58.06
1.27 0.19
n.d n.d

Z.2l n.d
3 r4 0.20
n.d n.d
n.d n.d

37.06 37,78
0.87 2.s7
0.2E 1.01

0.29
56.09
7-44
0.05
| .83
3 .18
n d
n.d

37.15
0.5t
o.45

0.40
027

56.E7
1.24
n.d

0.27
0.65
n.d

0.14
38.24
0.65
0.39

0.41
0.48

56-75
1-22
n.d

0.92
2.25
n.d
n.d

38.08
0.69
u.f  /

0.24
0.76

53.78
1.24
n.o

1.62
2.60
n d

0.41
J).v)

0.62
0.t1

TABLE 2. REPRESENTATIVE CoN,posrrroNs oF PERovsKrrE FRoM OLrvrM LAlvfRoITEs
WtYo 1

Tqo'
Tio,
Fqo,
fto,
LorO,
cqo,
hro,
N4ot
CaO
SrO

0.43
0.14

55.02
1.48
n-d

2.10
2.61
n.d

0.25
37.1E
0.53
0.39

0.51
o.63

57.43
0.31
n.d

0_13
0.42
0.28
0.29

16.99
2.19
1.08

0.27
0.26

54.4Q
1.78
n.d

1.66
2.73
n.d

0.51
36.89
1.05
0.36

0.41
u.)f

57.38
0.37
n.d

0.80
0.32
n.d
n.d

37 -17

1.09

0 34 0.27
0.57 0.12

58.17 55.22
0.59 1.29
n.d n.d

0.37 1.99
0.72 1.94
n.d n.d
n.d n.d

37.3t 37.42
2.83 0.64
0.81 0.25

Total 100.t3

Structural fomulre broed on 3 atm of oxygm
Nb 0.005 0.005 0.003 0.003 0.003 0.004 0.003 0.006 0.001 0.004 0.004 0.003
Ta 0.001 0.004 0.002 0.003 0.001 0.003 0.001 0.004 0.002 0.002 0.003 0.005
Ti 0.968 0.994 0.963 0994 0.975 0.992 0.969 0.995 0.976 0.988 0.977 0.969
F€ 0.026 0.005 0.032 0.010 0.023 0.006 0.022 0.N3 0-025 0.022 0.021 0.022
Th 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0-000 0.000 0.000 0.000
La 0.01E 0.001 0.014 0.003 0.017 0.008 0.019 0.000 0.016 0.002 0.008 0.014
Ce 0.022 0.004 0.024 0.006 0.017 0-002 0.027 0.oo2 0.027 0.00s 0.019 0-023
Pr 0.000 0.002 0.000 0.000 0.000 0 000 0.000 0.000 0.000 0.000 0.000 0.000
Nd 0002 0.002 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.003
Ca 0.932 0.913 0.930 0.910 0.941 0.9t5 0.931 0-922 0.921 0.946 0.934 0.923
Sr 0.007 0.029 0.014 0.037 0.009 0.031 0.012 0.034 0.007 0.009 0.009 0.009
Na 0.018 0048 0.017 0.036 0.0t1 0049 0.013 0.045 0.020 0.017 0.025 0.038

Mol.%EnGmbm
CaThO, 0.00 0 00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00
SrTiO, 0.74 2.93 1.47 3.76 0.90 3.O9 122 3.39 O.'11 0.E9 0.92 0.87
NaNbO3 0.00 3.E9 0.00 2.6t 0.00 3.89 0.0O 4.28 0.00 0.87 0.@ 0.00
CaTiO. 95.63 91.31 95.17 91.73 96.77 9r.r3 96.15 92.00 95.09 96.42 93.99 91.54
l,o/euite 3.63 1.87 3.36 1.83 2-3f 1.89 2.63 0.33 4.17 l.EZ 5.09 7.59
Composi t ionsl-SPnir ieCrelqArkmsm: l&2ARK-1,3&4ARK-Z,5&6ARK-3,7&8ARK-5;
9-l 2 Areim Mine, Arkans: 9 & l0 AKM-z, I I AKM-3, I 2 AKM4. Total Fe *prosed re FqOr;
n.d = not d6teted.
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T$LB 3. REPRSENTAM COWOSITIONS OF PEROVSKE AM LOPARITE

FROM OLIVINB LAMPROIES

wl./o | 2 3 4 5 6 1 I 9 l0

NhO' 073 o75 0.70 071 073 072 r 81 0'10 0.92 r.57
Ta,o, 0 47 0-44 o47 o47 0.64 0.33 0 5? n d n.d n d

Tio, 5591 55-E2 53-70 5485 57.35 55.6E 5501 46.95 50.55 5450

SiO, n.d n.d rd nd n.d !d nd 055 1.01 0,r9
Fe,O. 222 I  E1 2lE 262 095 070 069 045 033 029
ThO, n.d n-d 08t nd n-d 013 0.21 077 0.38 013

La,O, 0.10 092 023 0-97 0.51 ll2 1.03 7 49 396 1.26
CqO, I 18 23a I 50 2.E9 I 45 266 3.40 1576 9M 374
P r O ,  D d  n d  n d  n . d  0 1 9  0 , 5 E  O 2 4  1 1 5  0 9 9  0 . 9 0
N4O, 046 017 0E3 0.40 O44 058 0.99 339 343 1.98
CaO 39-20 3894 3805 3E-07 3549 3428 3036 1226 2093 3005
$o 0.31 021 032 043 |  52 t .n 479 569 4.87 3.65Ord 
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FIG. 4. Compositional variation (molVo) of perovskite from
the Prairie Creek olivine lamproite (A) Overall composl-
tional range of cores and rims of discrete crystals; (B) typr-
cal core-to-rim patterns of zonation.
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shct@l fomulae b6ed on 3 atoms of oxyg6
Nb 0008 0-00E 0.00? 0007 0008 000E 0.019 0005 00ll 0.0t7
Ts 0003 0003 0003 0003 0004 0002 0.004 0000 0000 0.000
Ti 0962 0960 0951 0.94E 093 0.9E5 0.978 0970 0965 0-981
si 0.000 0000 0.000 0.000 0000 0000 0000 0015 0027 0.004
Fe 003E 0031 0039 0045 0.016 0012 0012 0.009 0.006 0.005
Th 0.000 0000 0005 0000 0000 0001 0001 0005 0002 0001
Ia 0001 0008 0-002 0-00t 0004 0.010 0009 0.076 0037 00ll
Cc 0010 0020 0-014 0O24 0012 0.m3 0029 0.159 00t4 0033
Pr 0000 0000 0.000 0000 0002 0005 0002 00ll 0009 0008
Nd 0.004 0.001 0007 0003 0.004 0.005 0008 0033 0.031 0.017
Ca 0962 0.955 0960 0938 0.675 0.E64 0769 016t 0.569 0771
Sr 00M 0003 0004 0006 0020 0027 0066 0-091 0072 0051
Ns 0010 0.010 00ll 0025 0.061 0.061 Oll4 0m4 0.154 0097
K 0@0 0000 0000 0000 0-000 0.000 0-000 0043 0.029 0006

Mol,% Eo&mmb6
CaThO, 000 000 0.48 000 000 0.07 0.I2 O49 O22 007
SrTiO3 O.42 0 3l 0-M 0 56 207 2.70 6 56 927 7 36 5.19
NaNbOr 000 0.00 000 000 4.02 1.83 655 0.51 1.08 174
CaTiO. 9751 97.69 96a6 9448 89.45 a6.a5 19 36.41 58.21 1892
tppsrit 207 200 2,22 4.94 445 E55 979 49.53 3313 140E
cqTi,Oi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.?9 0.00 0.00
Conp6itiG I { Kspdb4 Tnbi^t | & 2P 715,3 & 4P 2112,5P 1012,6 &7 P 6la;8-10
Hills Pon4 Kans. Tdal Fe dpEsed d Feror; n.d: nd ddet€d-
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Frc. 5. Compositional variation (mol%) of perovskite from
the American Mine olivine lamproite. (A) Overall compo-
sitional range of discrete crystals; (B) typical core-to-rim
patterns of zonation.
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Frc. 6. Compositional variation (mol.7o) of perovskite from
the Kapamba olivine lamproites. Intrusions numbers (after
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(Siz s6Al0 os)X e1 Oel is an intermediate member of the
solid-solution series between benitoite (BaTiSi3Oe) and
K2TiSi3Oe. The latter unnamed mineral, considered to
be the Ti-analogue of wadeite, has been previously de-
scribed from Middle Table Mountain lamproite (Leu-
cite Hills) by Mitchell & Steele (1992).

BSE imagery shows the perovskite crystals to be
very strongly zoned. Typically, three zones can be rec-
ognized: a petal- or star-shaped core, an intermediate
zone and a rim (Fig. 2e). The petal-like pattern of zona-
tion is due to the change in habit from cubic (core) to
cubo-octahedral (intermediate zone plus rim), different
growth rates of { 100} and { I 1 1 }, and different capacity
of { 100} and { 111} to absorb the LREE. During crys-
tallization, there was an increase in the growth rate of
{ 100}, which apparently has higher lREE-absorbance
capacity. Similar sectoral distribution of the LREE has
been observed in tausonite from the Murun complex
(Yorobyev et al. 1987), and in Sr-rich perovskite occur-
ring in peralkaline nephelinite (Dawson et al.1998).ln
confrast to the Hill Pond perovskite, tausonite crystals
typically show some evidence ofincreasing growth-rate
of the LREE-depleted octahedron faces from the core
outward.

From the core toward the rim, the perovskite evolves
by becoming enriched in Ca and Ti, and depleted in
ZREE, Na, K and Sr (Table 3, Fig.7). The overall evo-
lutionary trend is from K-rich (up to 1.5 wt.Vo K2O)
calcian strontian loparite to ceroan strontian perovskite
at essentially constant Sr content. All three zones are
unusual in containing significant amounts of Si (up to
1.9 wt.Vo SiO2; verified by CAMECA SX-50 wave-

NaCeTi,O.

Frc. 7. Compositional variation (mol.Vo) of perovskite and
loparite from the Hills Pond olivine lamproite.

length-dispersion electron microprobe). We are confi-
dent that the SiO2 is a real constituent and not an arti-
fact of the analysis due to excitation of the silicate
matrix. Naturally occurring perovskite with bona fid.e
high SiO2 content has not been previously encountered.

Leucite Hills, Wyoming

Perovskite is found in only two varieties of lamproite
from the Leucite Hills lamproite province (Mitchell &
Bergman 1991). At Pilot Butte, perovskite occurs in an
olivine-free madupitic diopside lamproite as euhedral
to anhedral crystals in the groundmass ranging in size
from 15 to 40 pm. The crystals are weakly zoned, but
intergranular compositional variation is substantial, and
the crystals range from perovskite sensu stricto to ceroarr
strontian perovskite (Table 4, Fig. 8). The perovskite at
Pilot Butte is similar in composition to the most.REE-,
Sr-rich perovskite found at Kapamba.

In the Middle Table Mountain olivine-free transi
tional madupitic lamproite (Mitchell & Bergman 1991,
Mitchell & Steele 1992), perovskite forms large (up to
180 pm) violet-colored oikocrysts enclosing leucite and
diopside. Individual crystals exhibit no obvious zona-
tion, but display signifrcant intergranular ranges in com-
position, mainly in terms of their Ca, Na, Sr and IREE
contents. Relative to perovskite from Pilot Butte, this
perovskite is Sr ard REE-ich (Table 4, Mitchell &
Steele 1992), and compositions plot entirely within the
field ofceroan-strontian perovskite (Fig. 8).

NaCeTi,O.

Ftc. 8. Compositional variation (mol.Vo) of perovskite in
madupitic lamproites from the Leucite Hills. (1) Pilot
Butte; (2) Middle Table Mountain.

CaTiO.

CaTiq



ST-BEARING PEROVSKITE AND LOPARITE

silicates from the evolved agpaitic assemblage, together
with Na-Nb-rich t i tanite and strontiochevkinite
(Chakhmouradian & Mitchell 1998b).

The bulk of individual crystals are uniform in BSE
images, although they commonly have a thin rim
(G20 p,m) of material of high average atomic number.
Table 5 and Figure 9 show that the uniform cores are
strontian calcian loparite. The thin rim is composed of
niobian loparite (Table 5, Fig. 9), with very low Sr and
Ca contents (1.7-2.0 wt.7o SrO and 0.8-1.0 wt.Vo CaO,
respectively). Toward the rim, the Nb content increases
from 1.7-5.1 to 17.7 wt.7o M2O5 (Table 5), forming
M-rich loparite belonging to the lueshite - loparite
solid-solution series.

Gordon Butte, Montana

In agpaitic pegmatites occurring at Gordon Butte,
Crazy Mountains, Montana (Dudr4s 1991), loparite
forms euhedral to subhedral crystals associated with
alkali feldspar, aegirine, eudialyte, barytolamprophyllite
and Ba-Fe-bearing titanate ofthe hollandite group. The
loparite shows a very limited compositional range
(Table 5, Fig. 9) within and between crystals and is
strontian calcian loparite with a relatively low Nb con-
tent (3.3-6.2 wt.7o Nb2O5). Compared to loparite from
Pegmatite Peak, it contains higher Ca and Th (2-3 wt.Vo
CaO and ThOz) and lower Sr (9.9-11.4 wt.7o SrO).

Sr-bearing loparite from Pegmatite Peak and Gor-
don Butte is significantly enriched in Sr (10-19 wt.7o
SrO) and depleted in M (typically 34 wt.Vo MzOs),
relative to loparite occurring in agpaitic syenites and
pegmatites of the Khibina (l-3 wt.Vo SrO, 6-35 wt.%
NbzOs; Chakhmouradian & Mitchel l  1998a) and
Lovozero (l-7 wt.% SrO, 6-28 wt. 7o M2O5; Mitchell
& Chakhmouradian 1996) complexes. Other minerals
(titanite, chevkinite) at Pegmatite Peak are similarly rich
in Sr, and these data suggest that the parental magmas
of the Kola intrusions were relatively poor in Sr com-
pared with those emplaced in the Wyoming craton.

In this work, we present new compositional data for
Sr-rich loparite from two previously uninvestigated oc- Sr-BBenrNc ALrarrNs Ur-rnevrerrc Rocrs, KumrNe,
cuffences of agpaitic nepheline syenite pegmatite and Kole PeNrNslr-e, Russn
compare these data with data previously published for
Sr-bearing loparite found in agpaitic nepheline syenites To complete our investigation of Sr-bearing perov-
from the Khibina and Lovozero complexes, Russia skite compositional variation in the Khibina intrusion,
(Chakhmouradian & Mitchell 1998a, Mitchell & we include in this study perovskite from the alkaline
Chakhmouradian 1996, 1998, Kogarko et al. 1996). ultramafic suite (clinopyroxenite, olivine clinopyroxen-

ite). In these rocks, which are not peralkaline, perovskite
Pegmatite Peak, Montana occurs as subhedral to anhedral crystals associated with

titaniferous magnetite, clinopyroxene, olivine, phlogo-
In the agpaitic nepheline syenite pegmatites occur- pite, apatite, pyrrhotite, ilmenite and, less commonly,

ring at Pegmatite Peak (Rocky Boy stock, Montana; with calzirtite and zirconolite. The mineral ranges in
Pecon1942), Sr-rich loparite (15-19 wt.Vo SrO) occurs composition from perovskite sensu stricto to ceroan
as anhedral grains up to a few mm in size in association niobian perovskite (Table 5, Fig. 10). The lafter is en-
with alkali feldspar, aegirine, and lamprophyllite. Frac- riched in LREE (np to l8.I wt.Vo LREE2O), Na (up to
tures in loparite are filled either with later-crystallizing 4.6wt.% Na2O), Nb (up to 6.7 wt.7a Nb2O5) and Th (up
crichtonite and niobian rutile or, more commonly, with to 3.7 wt.Vo ThOz). The Sr content in perovskite may

to1

TABLE 4, REPRESENTATnT CoMPosITIoNs oF PERovsKITB
rRoM TRANSITIoNAL MADT'PITIC LATVPRoITES

W t Y o l 2 3 4 5 6 7 t
Nbros 0.67 0.78 0.44 0 91 0.55 1.07 0.69 2.lO
TqO, 0 45 0.92 0.24 0.90 0.34 0.36 0.12 0.53
Tio, 54.70 53.90 55.06 54.21 50.06 49.31 49.49 49.96
FqO, 1.20 1.05 0.92 1.17 0.59 0.46 0.49 0.30
ThO2 0.16 020 nd n.d 0.59 0.75 1.00 0.57
IA2q 1.66 0.16 1.43 l l8 3.66 2.41 4.4E 3.04
C%O, 3.42 1.26 3.35 l.E1 8.52 7 24 10.61 7.97
h,O, n.d 0.35 n.d n.d 1.18 2.16 1.56 0.78
N4Or 1.05 0.77 1.40 0.06 3.86 3.68 4.04 4.50
CaO 33.1^1 32.32 33.96 32.77 22.11 2r.77 19.32 20.98
sro 3.05 5.03 1.95 4.34 4.73 6 52 4.78 6.24
NarO 1.24 1.24 1.21 l EI 2.72 2.75 3.60 3.18
KO 0.20 0.17 n.d n.d 0.30 026 0.35 0.50
Total 100.91 98.15 99.96 99.22 99.21 98.76 100.53 100.65

Structural fomulae bsed m 3 atoms of oxygm
Nb 0.007 0.009 0.00s 0.0t0 0.006 0.013 0.008 0.024
Ta 0.003 0.006 0.002 0.006 0.002 0.003 0.001 0.004
Ti 0.974 0.980 0.981 0.974 0.976 0.96E 0.972 0.96s
F€ 0.021 0.019 0.016 0.021 0.012 0.009 0.010 0.006
Th 0.001 0.001 0.000 0.000 0.003 0.004 0.006 0.003
La 0-014 0.001 0.012 0 010 0.035 0.023 0.043 0.029
Ce 0.030 0.011 0.029 0.016 0.081 0-069 0.101 0.075
Pr 0.000 0.003 0.000 0.000 0.011 0.021 0.015 0.007
Nd 0.009 0.007 0.012 0.000 0.036 0.034 0.038 0.041
Ca 0.840 0.837 0.E62 0.839 0 614 0.609 0.541 0.577
sr 0.042 0.070 0.027 0.060 0.071 0.099 0.072 0.093
Na 0.0s7 0.058 0.056 0.084 0.137 0.139 0.182 0.158
K 0.006 0.005 0.000 0.000 0.010 0.009 0.012 0.016

Mol.%End-membm
CaThOr 0.09 0.12 0.00 0.00 0.36 0.45 0.60 0.33
SrTiO, 4.18 6.87 2.69 5.95 7 32 9.96 7.29 9.34
NaNbOs 0.72 0.83 0.22 5.60 0.6 r.27 0.82 2.45
CaTiO, t3 86 81.49 86.39 83.05 62.82 61.02 53.86 57.67
Loprite ll.l5 10.69 10.70 5.40 28.84 27.30 37.43 30.21
Compsitiom 1-8 trucite Hills, Wyoming:1 &2,3 & 4PB-l md PB-3,
r€spstively, Pilot Butte; 5 & 6, 7 & 8 MTM-5 md MTM-6, rupctively,
Middle Table Mt. Total Fe apmsed u Fqq; n.d = not d€tst€d.

PenovsKrre rN AcpArrrc Nrpner-wp
SyeNrrE PBcuerrrss
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FIG. 9 Compositional variation (mol.Vo) of loparite from agpaitic nepheline syenite
pegmatites. (l) Pegmatite Peak, Rocky Boy stock; (2) Gordon Butte.

NaCeTi"q

Ftc. 10. Compositional variation (mol.Vo) of perovskite and
loparite from alkaline ultramafic rocks of the Khibina
complex. (1) ijolitized pyroxenite, Suduaiv; (2) ijolite,
Eveslogchorr; (3) urtite, Patelichor; (4) olivine clino-
pyroxenite, Olenii Ruchey; (5) olivine clinopyroxenite,
Restinyun.

remain constant with increasing LREE and Na, or may
slightly increase (# KHB-409 : from 1.4 wt.Vo in the core
to 2.4 wt.Vo SrO in the rim). Relatively Nb-poor
(4.8-8.6 wt.% NbzOs) calcian strontian loparite occurs
in ijolites. The overall evolutionary trend is similar to
the loparite trend established for the carbonatite com-
plexes of the Kola Peninsula and the Schryburt Lake
complex (Chakhmouradian & Mitchell 1997, Platt
1994). However, in contrast, the Sr contents (2.5-:7 wt.Vo
SrO) of perovskite and loparite from the Khibina ultra-
mafic suite are significantly higher than in perovskite-
group minerals from typical carbonatite complexes (<l
wt.7o SrO).

These data show that perovskite from the ultramafic
suite is richer in Sr than loparite in the more evolved
agpaitic nepheline syenites of the Khibina complex. If
the ultramafic suite represents a less evolved fraction of
the magma that formed the Khibina intrusion, these data
suggest that Sr contents of perovskite-group minerals
decreased during differentiation. This conclusion con-
trasts with the behavior of Sr in perovskite-group min-
erals at Lovozero, where Sr has been found to increase
during differentiation (Mitchell and Chakhmouradian
1996, Kogarko et a|.1996).

DrscussroN AND CoNcLUSIoNS

The compositional variation of strontian perovskite
and strontian loparite is summarized in Figure 11. From

CaTiq
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TABLE 5. PJPRESENTATIVE COMPOSITIONS OF PEROVSKITE AND LOPARITE FROM

ALKALINE ULTRAMAFIC RocKs AND PERALKAIINE PEGMATITES
wr.% 1 2 3 4 5 6 7 8 9 l0 11 12
MrO. 0.08 6.16 6.14 3.26 n.d 8.00 5.79 4.04 3.82 3.47 5.14 17.70
Ta'O, 0.28 0.75 0.73 0.37 0 71 0.46 0.05 n.d n.d O94 0.74 0.67
Tio2 58.ffi 46.97 51.62 52.56 58.44 42.40 43.68 45.24 44.38 42.71 42.05 34.27
FqO, 0.10 0.79 0.53 0.42 0.43 0.41 1,.27 0.33 0.60 0.11 026 0.20
ThO' 0.28 0.70 0.57 n.d 0.10 2.16 1.05 3.07 2.65 0.85 174 2.20
IA2q n.d 4.48 1.37 2.09 n.d 7.69 7.52 7.32 7.38 8.66 8.41 13.07
C%O, 0.56 t.42 2.85 5.01 n.d 13.02 14.65 14.95 14.38 13.35 14.28 18.38
krO, n.d 1.26 n.d 0.52 n.d 1.66 1.58 0.78 0.86 n.d n.d n.d
N{Or 0.32 3.60 0.48 1.03 n.d 2.05 2.U 3.11 2.68 2.99 3.15 2-79
CaO 38.77 21.00 30.38 29.64 38.91 10.83 10.78 5.28 5.00 Z.ET 3.30 0.76
slo 1.54 2.36 2.52 2.50 1.91 5.18 6-15 9.87 11.40 1885 16.55 167
Na"O 0.61 4.17 2.6t 2.41 0.94 6.12 5.72 6.08 5.72 5.39 5.92 9.99
Total 101.14 100.61 99.87 99.81 '101.44 100.42 101.08 100.07 98.87 t00.19 101.54 101.70
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Nb
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Ti
Fe
Th
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Ce
Pr
Nd
Ca
Sr
Na

these data, and those presented by Mitchell (1995a,
1996), Mitchell & vladykin (1993), chakhmouradian
& Mitchell (1998a) and Mitchell & Chakhmouradian
(1996), it is apparent that;

l. Sr-bearing perovskite occurs in olivine lamproite,
evolved orangeite, peralkaline nephelinite and ultrama-
fic rocks associated with the Khibina alkaline comDlex.

2. Sr-bearing to Sr-rich loparite occurs primarily in
agpaitic nepheline syenites and related rocks currently
described as rheomorphic fenites (Haggerty & Mariano
1983, Mitchell 1996). Significant differences in the Sr
content of loparite are found between intrusions.

3. Tausonite is very rare mineral encountered only
in the ultrapotassic syenites of the Little Murun
peralkaline complex.

4. Carbonatites and related ultramafrc rocks associ-
ated with ijolite-carbonatite complexes (e.g., Kovdor,
Afrikanda, Oka, MagnetCove) contain Sr-poor, Nb-rich
perovskite-group minerals belonging to the perovskite
- latrappite - lueshite - Ca2Nb2O7 solid-solution series.

5. Kimberlites, aln<iites and unevolved carbonate-

Structunl fomulre bmed m 3 atom of oxygm
0.001 0.071 0.067 0.036 0.000 0.100 0.072 0.052 0.050 0.046 0.M7 0.232
0.002 0.00s 0.005 0.002 0.004 0.003 0.000 0.000 0.000 0.007 0.005 0.00s
1.000 0.906 0.931 0.958 0.994 0.E81 0.900 0.963 0.959 0.942 0.915 0.747
0.002 0.015 0.010 0.008 0.007 0.009 0.026 0.007 0.013 0.002 0.006 0.004
0.001 0.004 0.003 0.000 0.00t 0.014 0-006 0.020 0.017 0.006 0.011 0.015
0.000 0.042 0.012 0.019 0.000 0.078 0.076 0.076 0.078 0.094 0.090 0.140
0.005 0.079 0.025 0.044 0.000 0.132 0.147 0.155 0.151 0.143 0.151 0.195
0.000 0.012 0.000 0.005 0.000 0.017 0.016 0.008 0.009 0.000 0.000 0.000
0.003 0.033 0.004 0.009 0.000 0.020 0.028 0.031 0.028 0.031 0.033 0.029
0.943 0.577 0.780 0-770 0.943 0.321 0.317 0.160 0.154 0.090 0.102 0.024
0.020 0.035 0.035 0.035 0.025 0.0E3 0.098 0.152 0.190 0.321 0.278 0.028
0.061 0.205 0.124 0.113 0.041 0.328 0.304 0.334 0.319 0_306 0.332 0.561

Mol.%End-mmbm
CaThO, 0.14 0.42 0.32 0.00 0.06 168 0.66 1.86 2.ll 0.58 l.16 1.49
SrTiO, 2.03 3.64 3.57 3.53 2.48 1026 9.93 20.39 17.28 32.53 28.17 2.87
NaNbq 1.96 4.01 8.49 3.68 4.08 6.39 7.28 5.33 5.51 4.67 6.83 23.75
CaTiO, 94.42 57.45 79.22 77.88 93.38 37.96 3l-48 14.66 14.97 8.57 9.22 0.93
Lopuite 1.45 34.48 E.40 15.41 0.00 41.63 47.16 57.76 60.13 52.85 53.74 67.46
Ce,Ti"O" 0.00 0.00 0.00 0.00 0.00 2.08 3.49 0.00 0.00 0.80 0.88 3.50
Compositions I -7 Khibina cmrplex, Kola Pminsula, Russia: I & 2 olivine clinopyrcxenite KHB 409, 3 & 4
olivineclinopyroxenite KIIB-1752, 5 urtite KHB-1010, 6 iiolite KHB-1626, 7 ijolits KIIB-72;8 & 9
pcalkaline pElmafit€, GordonButte, Montana; 10-12 peralkatine pegmatite Pegmatite Pek Montana.
Total Fe expressed as FqO3; n.d = not d€tsted.

bearing orangeites contain Sr-poor (<1 wt.7o SrO)
perovskite sensu stricto.

6. Perovskite-group minerals show extensive solid-
solution between SrTiO3 and NaCeTizOe, but not be-
tween SrTiO3 and CaTiO: (Fig. 1l).

From these observations, we may conclude that
Sr-rich perovskite and loparite are found in silicate
rocks that lack primary carbonates, and Sr-poor perovskite
forms in SiO2-poor environments characterized by the
presence ofprimary carbonate minerals and the absence
of alkali feldspar and other tectosilicates. As the latter
rocks may also contain Sr-, REE-rich fluorocarbonates
[e.9., the Benfontein calcite kimberlite (Mitchell 1994)],
it would appear that the paucity of Sr-rich perovskite is
not a simple consequence of a lack of Sr in their paren-
tal magmas. This conclusion is supported by prelimi-
nary experiments in the haplocarbonatite system
CaCO:-Ca(OH)z-SrTiO: (Mitchell 1997), which indi-
cate that in CO2-bearing systems, Sr is preferentially
partitioned into carbonates. Similar studies of tausonite-
nepheline syenite systems have not yet been undertaken,
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but are required to explain the apparent rarity of
tausonite.rensu stricto andhow Sr is partitioned between
titanates and silicates in agpaitic magmas.

The absence of naturally occurring perovskite be-
longing to the solid-solution series CaTiO: - SrTiO: is
surprising given that complete solid-solution exists be-
tween these compounds in synthetic systems (Cehet al.
1987). Their absence cannot as yet be explained, but
must be related to the presence of other components in
natural systems. The existence of a complete solid-so-
lution series in natural perovskile-group minerals between
tausonite and loparite is in agreement with experimen-
tal studies of the system SrTiO3-NaLaTi2O6 (Mitchell
& Chakhmouradian, unpubl. data; Fanell 1997).

There are no regular trends of compositional evolu-
tion evident in the population ofperovskite and loparite

SALITRE
SARAMBI
MURUN
GORDON BUTTE
PEGMATITE PEAK
SOVER NORTH
BESTERSKRAAL

investigated; thus Sr (and REE) may be enriched or de-
pleted during crystallization. This observation suggests
that there is no simple relationship between the Sr con-
tent of perovskite and the degree of differentiation of a
particular rock in an alkaline complex or sequence. In
the Leucite Hills lamproites, perovskite from Pilot Butte
is less enriched in Sr and REE than perovskite from the
more evolved Middle Table Mountain lamproite, in
agreement with paragenetic and mineralogical data
(Mitchell & Bergman 1991). However, a completely
opposite trend of Sr- and REE-depletion is found in
perovskite from the Hills Pond and American Mine
lamproites.

The perovskite and loparite exarnined in this work
are either of relatively uniform composition or show
strong oscillatory zoning. Similar styles of complex

1
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5
6
7
I
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STRONTIAN LOPARITE

Frc. 1 1. Compositional variation (mol.7o) of Sr-bearing perovskite, strontian loparite and
ceroan calcian tausonite in the ternary system CaTiO3 (perovskite) - NaCeTizOo

[oparite-(Ce)] - SrTiO3 (tausonite). 1, olivine lamproites, West Kimberley (Australia)
and Arkansas (this work); 2, olivine lamproite P10, Kapamba, Zambia (this work); 3-
4, madupitic lamproites from Pilot Butte and Middle Table Mountain, Leucite Hills,
Wyoming (this work); 5, olivine lamproite, Hills Pond, Kansas (this work);6, combeite
nephelinite, Oldoinyo Lengai, Tanzania (Dawson & Hill 1998); 7 agpaitic nepheline
syenites, Lovozero complex, Russia (Mitchell & Chakhmouradian 1996); 8, alkaline
ultramafic rocks, Khibina complex, Russia (this work); 9-10, Salitre (Brazil) and
Sarambi (Paraguay) rheomorphic fenites (Haggerty & Mariano 1983); 11, ultrapotassic
syenite, Little Murun complex, Russia (Mitchell & Vladykin 1993); 12-13, Gordon
Butte and Pegmatite Peak agpaitic nepheline syenite pegmatites, Montana (this work);
14-15, Sover North and Besterskraal orangeites, South Africa (Mitchell 1995). Note
that perovskite in kimberlites and alniiites contains >90Vo rnol.Vo perovskite sensu stricto
(Mirchell 1995) and would plot in this figure close to the CaTiO3 apex.
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zonation are found in perovskite from olivine lamproite
and tausonite-loparite from the Little Murun complex
syenite (Mitchell & Vladykin 1993). This observation
suggests that regardless of magma type, several stages
of dissolution and growth are characteristic of the for-
mation of individual crystals of perovskite. As coexist-
ing minerals are not similarly zoned, it follows that such
grains of perovskite may have crystallized as an early
liquidus phase prior to emplacement of the magma that
eventually formed their current host-rock; they certainly
were not in equilibrium with that magma. Complex pat-
terns of growth and resorption suggest crystallization in
extremely fluid magmas that were undergoing turbu-
lence and differentiation. On the other hand, weakly
zoned or zonation-free perovskite and loparite, which
form late-stage poikilitic plates in the groundmass, have
undoubtedly crystallized in situ. The data presented
above clearly demonstrate that perovskite-group miner-
als may form as early or late liquidus phases. No simple
evolutionary trends of compositional variation with re-
spect to Sr are evident. Speculation on petrogenetic as-
pects of the compositional variation and paragenesis we
have documented is beyond the scope of this paper. In
addition, we believe that such discussion is premature,
as a variety of experimental studies involving perov-
skite-group minerals and diverse haplomagmas are re-
quired before any hypotheses can be advanced to
explain our observations and conclusions.
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