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ABSTRACT

The structures of three compositionally distinct crystals of loparite-(Ce) have been determined by single-crystal X-ray
diffractometry using a CCD area detector. Niobian calcian loparite-(Ce) from the Khibina complex, in Russia, is orthorhombic
[Pbnm a5.5108(14)b 5.5084(14)c 7.7964(20) A]. Calcian niobian loparite-(Ce) from the Lovozero complex, also in Russia,
is tetragonallg/mcm a 5.5022(11)c 7.7967(16) A]. Strontian calcian loparite-(Ce) from the Bearpaw Mountains, in Montana,
is tetragonallg/mcm a 5.5076(17)¢ 7.7767(24) A]. None of these samples show any evidence of cation ordef air isite.

All examples of loparite-(Ce) have the general formula (Na,Cg;0AYb),0s. These structural and compositional data indicate
that loparite requires redefinition as a mineral species.

Keywords loparite, perovskite, crystal structure, alkaline rocks.
SOMMAIRE

Nous avons affiné la structure de trois échantillons de loparite-(Ce) de composition distincte par diffraction X sur cristal
unique en utilisant un détecteur a aire CCD. Un échantillon de loparite-(Ce) enrichie en niobium et calcium, provenant du
complexe alcalin de Khibina, en Russie, est orthornombigber) a 5.5108(14)b 5.5084(14)c 7.7964(20) A]. Un second,
enrichi plutét en calcium et niobium, et provenant du complexe de Lovozero, aussi en Russie, est téfagonal $.5022(11),
€7.7967(16) A]. Un troisiéme échantillon, enrichi en strontium et calcium, et provenant des montagnes Bearpaw, au Montana, est
tétragonal [4/mcm a 5.5076(17)¢ 7.7767(24) A]. Aucun de ces échantillons ne montre de signe d’une mise en ordre des cations
sur les site#\ etB. Tous les échantillons de loparite-(Ce) répondent a la formule générale (Nay@eXia)Os. D’apres ces
nouvelles données structurales et compositionnelles, la loparite requiert une redéfinition comme espéce minérale.

(Traduit par la Rédaction)

Mots-clés loparite, pérovskite, structure cristalline, roches alcalines.

INTRODUCTION new mineral species, given by Kuznetsov (1925), was
based on samples from the adjacent Khibina pluton.
Loparite-(Ce) was first recognized in agpaitic syeni€urrently, the mineral is described in most glossaries of
tes of the Lovozero alkaline complex in 1890 bynineralogy (Blackburn & Dennen 1997, Gairetsal.
Wilhelm Ramsay, the pioneer of geological exploratioh997, Fleischer 1991) as possessing pseudocubic sym-
of the Kola Peninsula, in Russia. Ramsay & Hackmanetry. Although powder-diffraction patterns of natural
(1894) characterized this mineral only briefly as “neudsparite (Haggerty & Mariano 1983, Vlasov 1966) can
Mineral no. 1", and noted its similarity with perovskite be indexed on a primitive cubic cell, we have previously
CaTiGs. The first complete description of loparite as auggested (Mitchell 1996, Chakhmouradéal. 1999)
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that the actual symmetry is probably orthorhombic, aonsider this structural proposal to be implausible as:
the 2.56 and 2.34 A lines cannot be indexed on this cdll) natural loparite-(Ce) is anisotropic, (2) crypto-
Although loparite-(Ce) has been recognized as a distimoerohedral twinning was not considered in the struc-
mineral species for over 75 years, its crystal structutere solution, (3) too few reflections were recorded, (4)
has not been unequivocally determined, as the mineitals doubtful that ordering of the type described could
is typically twinned and intimately intergrown with actually occur (or even be recognized by standard X-
other minerals. ray methods), (5) ordering of the type described (if
The determination of crystal structures by X-ray difpresent) should result in &icentered cubic cell or the
fraction has recently been significantly advanced by theonoclinic C2;/n space group if ordering is coupled
introduction of detectors of X-rays equipped with avith rotation of the Ti@ polyhedra (Andersoet al.
charged-coupled device (CCD) (Burns 1998). Previ993, Woodward 1997).
ously, mineral structures were determined using serial X-ray-diffraction studies of powders of synthetic
diffractometers equipped with point detectors, thus réeparite, NaREBTi,Og [WwhereREErepresents La, Ce,
quiring that unit cell and lattice to be known before datr, etc), suggest that natural loparite is probably not
collection for structure solution can be initiated. Theubic. Rietveld refinement methods have shown that all
CCD-based detector, in contrast, is an area detector thath synthetic loparite, with the exception of NakaTi
collects large slices of reciprocal space simultaneouslys, belongs to the space gro®mma (Mitchell &
Thus, all diffraction space is collected during a typicaChakhmouradian 1998, Chakhmourad&tnal. 1999,
session of data collection, and assumptions regard- Shanet al. 1998). On the basis of Rietveld refinement
ing lattice type or unit cell are required prior to analyz-studies, Suret al. (1997) considered the compound
ing the entire datasetn addition, the CCD-based NaLaTiOg to be rhombohedral. In contrast, we have
detector is much more sensitive to X-rays than a cofeund that NaLaTiOgs samples prepared by ceramic
ventional detector. This feature permits study of vennethods may loose minor variable amounts of Na dur-
small crystals and the detection of very weak reflectionisig preparation, and although such compounds are close
In addition, recent advances in crystallographic compub being stoichiometric in composition, they may be
ing software now permit the investigation of twinneadrthorhombicPnmaor rhombohedraR3c depending
crystals. Consequently, we considered that the use afigon the amount of Na lost (Mitchell & Chakhmou-
CCD diffractometer would be ideal for the solution ofadian 1998, Mitchekt al.2000). However, as tHREE
the crystal structure of loparite-(Ce). In this work, weccupying theA site of natural loparite are dominated
demonstrate the applicability of the technique by they Ce, Pr and Nd (Table 1), it might be expected that
successful solution of the structures of three crystals thfeir structure should be similar to those of orthorhom-
loparite-(Ce) of differing composition. bic NaCé&*Ti,Os and NaNdTiOg.

Previous Stubpies oF NATURAL EXPERIMENTAL
AND SYNTHETIC LOPARITE
Three specimens of loparite-(Ce) occurring in
Determination of the structure of loparite-(Ce) byagpaitic nepheline syenite were collected by us from:
single-crystal methods has not previously been succedst: Takhtarvumchorr, Khibina alkaline complex, Rus-
ful, as the mineral is typically twinned (H1al. 1992). sia (loparite K), Mt. Selsurt, Lovozero alkaline complex,
Twinning may result from growth or inversion fromRussia (loparite L), and Pegmatite Peak, Bearpaw
high-temperature cubic and tetragonal polymorph#&lountains, Montana (loparite BM). A brief description
Samples that apparently lack twinning in thin sectioof localities, petrography and mineral assemblages from
are characteristically twinned at the resolution of thehich the specimens originate is given in Table 1.
electron microscope. It is doubtful that twin-free crysSamples from different occurrences and parageneses
tals of natural loparite-(Ce) will ever be located. Atwere selected so that they would represent the com-
tempts to determine the structure of natural material Ippsitional range observed in naturally occurring
Rietveld methods have also not been successful owilogarite-(Ce). All samples investigated were separated
to the large number of other phases present as incltem their host syenites by standard techniques of
sions, and the significant variations in composition o¢teavy-mineral separation. Crystals chosen for study
curring in most natural crystals. were inclusion-free, optically anisotropic and apparently
Recently, Zubkovaet al. (1998) claimed to have not twinned (see below). The composition of the loparite
solved the crystal structure of loparite-(Ce) by singlesrystals was determined by quantitative X-ray energy-
crystal methods, and have proposed that it crystallizdspersion analysis using methods described by Mitchell
as an ordered quadruple perovskite (7.767 A) in the & Chakhmouradian (1996). Tables 2 and 3 give repre-
space grou®n3m (R = 4.1%). The structure proposedsentative compositions and sizes of the crystals studied.
consists of “ordered Tigand (T 7dNbg 27)Os Octahe- Table 2 demonstrates that each sample of loparite
dra” coupled with ordered Ca and Na Inaot Ce (and shows some variation in composition with respect to
other rare-earth elements) in the interstitial sites. Waajor and minor components. This intragranular varia-
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TABLE 1. DESCRIPTION OF SAMPLES

Sample Locality Rock type Major minerals Characteristic accessory minerals
Loparite K~ Mt. Takhtarvumchorr Lens-shaped pegmatite Nepheline*, microcline, Eudialyte, lamprophyllite,

SW part of the Khibina in coarse-grained leucocratic arfvedsonite, aenigmatite, titanite, ilmenite

alkaline complex, Russia ~ nepheline syenite (khibinite) aegirine
Loparite L Mt. Selsurt Foyaite unit in the Nepheline*, microcline, Apatite, aegirine, eudialyte,

N part of the Lovozero differentiated series albite, eudialyte monazite-(Ce)

alkaline complex, Russia

Loparite BM Pegmatite Peak
Rocky Boy stock, west
part of the Bearpaw Mtns
alkaline complex, Montana

Lens-shaped pegmatite in
nepheline syenite

Nepheline*, microcline
aegirine, lamprophyllite

Crichtonite, titanite,
zircon, strontiochevkinite,
ilmenite, thorite

* Nepheline is partly or completely altered to an aggregate of secondary minerals (natrolite, muscovite, gibbsite, analcime).

tion is relatively minor and does not exceed a few motgested by Mitchell (1996), loparite K should be regarded
percent of any end-member component. In all samples niobian calcian loparite-(Ce), loparite L as calcian

the proportion of the loparite component (N@e/,

niobian loparite-(Ce), and loparite BM as strontian

TiO3) outweighs that of other perovskite-type end-menealcian loparite-(Ce).

bers,i.e. tausonite (SrTig), lueshite (NaNbg), and

Single crystals of loparite-(Ce) were fixed with ep-

perovskite (CaTi@). However, the variation in compo- oxy glue onto thin glass rods and mounted on a Bruker
sition among the different samples is very significanPLATFORM 3-circle goniometer equipped with a 1K
In terms of nomenclature of the perovskite group su$8MART CCD detector with a crystal-to-detector dis-

TABLE 2. REPRESENTATIVE COMPOSITIONS OF LOPARITE

Wt.% Loparite K Loparite L Loparite BM
Na,0 9.81 9.50 799 825 5.65 5.15
La,0, 9.28 881 8.61 841 9.60 891
Ce,0, 16.42 1597 18.26 1745 14.65 13.04
Pr,0, 122 111 194 217 nd. 037
Nd,03 2.78 3.04 420 434 2.86 2.58
CaO 291 296 4.44  4.09 262 227
SrO 212 1.99 2.56 2.88 16.06 18.57
ThO, 0.97 095 0.58 0.60 1.93 2.08
TiO, 3530 35.13 41.42 3892 4222 42.68
Nb,O; 17.93 18.64 7.49 11.31 416 3.64
Ta,05 0.86 091 0.94 1.24 0.46  0.51
Fe,0;* 0.01 001 022 0.29 0.08 0.15
Total 99.61 99.02 98.65 99.95 100.29 99.95
Structural formulae based on 3 atoms of oxygen

Na 0.546 0.529 0.447 0.459 0322 0.295
La 0.098 0.093 0.092 0.089 0.104 0.097
Ce 0.172 0.168 0.193 0.183 0.158 0.141
Pr 0.013 0.012 0.020 0.023 0.000 0.004
Nd 0.028 0.031 0.043 0.044 0.030 0.027
Ca 0.089 0.091 0.137 0.126 0.083 0.072
Sr 0.035 0.033 0.043 0.048 0.274 0.318
Th 0..006 0.006 0.004 0.004 0.013 0.014
XA 0.987 0.963 0.979 0.976 0.984 0.968
Ti 0.762 0.759 0.898 0.840 0.934 0.947
Nb 0.233 0.242 0.098 0.147 0.055 0.049
Ta 0.007 0.007 0.007 0.010 0.004 0.004
Fe** 0.000 0.000 0.005 0.006 0.002 0.003
XB 1.002 1.008 1.008 1.003 0.995 1.003
Mol.% end members

Loparite” 61.42 57.01 69.35 60.61 52.07 48.66
SrTiO, 3.54 338 434 4.80 27.10 31.95
NaNbO, 23.98 25.37 10.66 15.66 584 529
CaTiO, 8.96 9.28 13.92 12.59 8.17 721
Th,, TiO, 1.27 126 0.77 0.79 2.55 2.81
Ce,;TiO, 0.83  3.70 0.96 555 427  4.08

*Total Fe expressed as Fe,0,; ® loparite = Na, ,Ce, , TiO;
n.d. not detected

tance of 5 cm.

The data were collected using monochromatic
MoKa X-radiation § = 0.71073 A) and frame widths
of 0.3w. Either a sphere or more than a hemisphere of
three-dimensional data were collected over the interval
3° < 20 < 56.6 and analyzed to locate peaks for the
determination of unit-cell dimensions by least-squares
techniques. The number of reflections used to determine
the unit-cell parameters for loparite samples K, L and
BM were 553, 560 and 301, respectively. Data-collec-
tion parameters are listed in Table 3. The three-dimen-
sional data were reduced and corrected for Lorentz,
polarization, and background effects using the Bruker
program SAINT. An empirical absorption-correction
was applied to all data on the basis of the intensities of

TABLE 3. CELL DIMENSIONS AND MISCELLANEOUS DATA FOR THE
LOPARITE CRYSTALS STUDIED BY CCD X-RAY DIFFRACTOMETRY

Sample K L BM

a(A) 5.5108(14) 5.5022(11) 5.5076(17)

Bb(A) 5.5084(14) 5.5022(11) 5.5076(17)

o(A) 7.7964(20) 7.7967(16) 7.7767(24)

A% 236.67 236.04 235.90

Space group Pbnm I4/mem I4/mem

a(A) 3.897 3.893 3.892

p(mm™”) 12.79 12.82 12.83
Dylg/em’) 4.980 4.994 4.997

Crystal size (mm) 0.02x0.14x0.12  0.18x0.16x0.02 0.18x0.16 x 0.02
Count time/frame 10 seconds 10 seconds 10 seconds
Collection time 11 hours 11 hours 5 hours

Total reflections 2825 2819 1477

Unique reflections 346 95 94

|F,| 2405 128 71 51

Final R(%) obs. refl. 3.36 2.57 2.89

Final R(%) all data ~ 7.95 7.20 6.53

Diff.Fourier peaks  0.10 - 0.86 0.10-0.40 0.04 - 0.47 (/A%

R = Y(|F,|-[F.[VL|F,|: a, = pseudocubic cell parameter [(V/4)']: Sample K,
Mt. Takhtarvumchorr, Khibina (Russia); sample L, Mt. Selsurt, Lovozero (Russia);
sample BM, Pegmatite Peak, Montana (U.S.A.).



148 THE CANADIAN MINERALOGIST

equivalent reflections, and the crystal shape was mod- The adoptedPbnmmodel involves 29 refinable pa-
eled as an ellipse. The total number of observations araneters, whereas the tetragonal structure-models in-
unique reflections used in the crystal-structure determielve 14 and 24 refinable parameters for the space
nations are listed in Table 3. Observed and calculatgtbupsl4/mcmandP4/mbm respectively. The method
structure-factors are available from the Depositary @f Hamilton (1965) using these parameters and 346
Unpublished Data, CISTI, National Research Councibbservations indicates that the better structural model is
Ottawa, Ontario K1A 0S2, Canada. the space groupbnmat the 95% confidence level.

STRUCTURE SOLUTION AND REFINEMENT Loparite L

Scattering factors for neutral atoms, together with The refinement strategy for loparite L followed that
anomalous-dispersion corrections, were taken from given above. Refinement in the space grobp8m,
ternational Tables for X-Ray Crystallographyol. IV F432 and®bnmgaveR values of 3.53, 3.66 and 3.71%,
(Ibers & Hamilton 1974). The Bruker SHELXTL Ver- respectively. However, because of the similarity within
sion 5 system of programs was used for the determirexperimental error of tha andb cell dimensions, we

tion and refinement of the crystal structures. considered that the crystal might possess tetragonal
symmetry. The structure was not refined in the space
Loparite K groupP4/mbm owing to significanb-glide violations,

which are unrelated to twinning, but gave an acceptable

Systematic absences and reflection statistics indefinement in the space groug/mcm In this space
cated that the crystal investigated does not possess greup, theR value was reduced to 2.57%, and the dis-
bic or tetragonal symmetry. It was found possible tplacement parameters for all atoms were found to be
refine the structure to an agreement fad®vdlue) of acceptable. In the final cycle of refinement, the average
approximately 6% in both the cubic space grdup8m  parameter shift/esd was 0.000, and the maximum peaks
and F432 because of the existence of a pseudoculiicthe final difference-Fourier maps were less than 0.40
subcell in perovskite-group compounds. We found ngA3. Note that the slightly highé® value in the space
evidence for the existence of knentered cubic lattice group Pbnmrelative to the higher-symmetry space
in these data. Refinement in the tetragonal space-grogveupl4/mcmresults from merging of equivalent reflec-
P4/mbmor 14/mcm which are commonly adopted bytions prior to refinement. Using the criteria of Hamilton
perovskite-group compounds (Woodward 1997), r€1965), the space grodg/mcm (#140) is the better
sulted inR values of 5.92 and 5.54% fed/mbmand model at the 95% confidence level.

I14/mcm respectively. In the space groBg/mbmthere

were 38b-glide violations. Refinement in the spacd.oparite BM

groupCmcmgave arR value of 5.5%. Unacceptably

high anisotropic-displacement parameters for oxygen Loparite BM was refined according to the strategy
were obtained for all of these space groups. outlined above. Refinement in the space grdtpsm,

The final model chosen was based upon the spae432 and®bnmgaveR values of 1.52, 1.56 and 3.62%,
groupPbnm the non-standard setting of the space groupspectively. Refinement in the space grBdfmbmdid
Pnma (#62), which is commonly adopted BBO3; not converge owing tb-glide violations. Refinement
perovskite-group compounds such as CaTasaket in [4/mcmgave arR value of 2.89%. The refinements
al. 1987). Refinement in space groBpnmresulted in in the cubic space-groups give I®walues, but cannot
anRvalue of 4.36%, together with poorly behaved disse correct because the crystals are optically anisotropic.
placement-parameters for the O atoms. However, mamiierefore, we consider that loparite BM belongs to the
of the Fops Were substantially greater than their correspace group4/mcm.Note that the finaR values ob-
spondingF¢a suggesting that the crystal is twinnedtained from the cubic and tetragonal structures are not
As thea andb unit cell parameters are similar, we asstrictly comparable because symmetry-equivalent re-
sumed that the twinning involved the matrix [010/100flections are averaged before the refinements. The cu-
001], which we incorporated into the model using theic structures each involved 39 unique observed
methods of Jameson (1982) and Herbst-Irmer &flections, whereas the tetragonal structure was refined
Sheldrick (1998). This improved the refinement tdran on the basis of 76 unique observed reflections, likely
value of 3.36% and resulted in reasonable displacemeatcounting for the loweR values obtained for the cubic
parameters for all atoms. Our final model includedtructures. In the final cycle of refinement in this space
refined positional parameters, anisotropic displacememroup, the average parameter shift/esd was 0.000, and
parameters and a correction for extinction. In the finéhe maximum peaks in the final difference-Fourier maps
cycle of refinement, the average parameter shift/esd wasere less than 0.49A3. The excellent fit to the cubic
0.000 and the maximum peaks in the final differencepace-groups arises from the very small deviation from
Fourier maps were less than 06243, the ideal cubic structure shown by this Sr-rich loparite

(see below).
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TABLE 4. FINAL ATOMIC PARAMETERS FOR LOPARITE
x y z sof U, [ U, U,, U, U, [@

Loparite K

Ce  -0.0034(1) 0.5003(5) 025 0.159(2)  0.0179(4)

Na  -0.0034(1) 0.5003(5) 0.25 0341(2) 0.0179(4)

Ti 0 0 o 0417(5) 0.0097(9) 0.6142(11) 0.0112(5) -0.0013(13) © 0.0019(11) 0.0117(4)
N0 0 0 0083(5) 0.0097(9) 00142(1) 00112(5) -0.0013(13 © 0.001%(11)  0.0117(4)
0O(1) 0.0508(8) -0.0016(24) 025 05 0.0242(24) 0.0622(41) 0.0166(20) © 0 -0.0033(69) 0.0344(13)
0(2) 0428(8) 0.2510(34) -0.0181(5} 1.0 0.0610(52) 0.0530(57) 0.0652(28) 0.0149(53) -0.0049(85) -0.0435(21) 0.0597(15)
Loparitel.

Ce 0 0s 025 0.046(2) 0.0196(9) 0.0196(9) 0.0200(10) 0 ¢ 0 0.0197(9)
Na 0 05 0.25 0.079(2) 0.0196(9) 0.0196(9) 0.0200(10) 0 0 0 0.0197(9)
Ti 0 0 0 0.134(5) 0.0127(11) 0.0127(t1) 0.0113(12) © 0 0 0.0122(10)
Nb 0 0 0 0.011(5)  0.0127(11) 0.0127(11) 00113(12) 0 0 0 0.0122(10)
o)y o 0 0.25 0.125 0.0856(47) 0.0856(47) 0.0210(50) O 0 ] 0.0641(31)
0(2) 0.2828(6) 0.7828(6) O 0.25 0.0261(18) 0.0261(18) 0.0792(39) © 0 0.0053(21)  0.0438(19)
LopariteBM

CeSr 0 0.5 0.25 0.058(2) 0.0146(7) 0.0146(7) 0.0114(8) O 0 0 0.0136(6)
Na 0 05 025 0.067(2) 0.0146(7) 0.0146(7) 00114(8) © 0 0 0.0136(6)
TiNb 0 0 0 0.125 0.0075(10) 0.0075(10) 0.0067(12) © 0 [ 0.0073(9)
o) o 0 025 0.125 0.0554(53) 0.0554(53) 0.0106(46) O 0 o 0.0404(36)
0O(2) 0.2684(11)0.7684(11) 0 025 0.0169(31) 0.0169(31) 0.0480(49) 0 0 0.001930)  0.0273(27)

sof: site-occupancy factor.

The final R values for the all of the converged The (Ti,Nb)Q polyhedra exhibit a similar style of
datasets are given in Table 3, and final atomic-positiafistortion to that found for CaTgXTable 5), which is
parameters and anisotropic-displacement parametersgcharacterized by relatively short Ti—O(2) bonds.(
Table 4. Selected interatomic distances and bond angéesnpression) along the semi-minor axis [designated

are listed in Table 5. O(2)B] of the equatorial plane of the polyhedron

(Table 5). However, the amount of distortion is greater
Discussion than that found in CaTi§)Table 5). Thus, the Ti—O(2)

bonds in loparite K and CaTiCare shortened or ex-

Loparite K

Loparite K gave an acceptable refinement of the

crystal structure (Table 3) in the space gr&®hgmm 'I‘ABI;ET;R‘;F;‘;AMI}?}E)%;&‘%Q%%’ﬁ&%‘ﬁ‘;’m:

(#62) and is thus considered to have a structure similar K PER L BM

to that of CaTiQ (Sasaket al. 1987, Buttner & Maslen Ti-0()x2 L969(H 1953 Ti-0(1)x2 1.949¢8) - 1.944(1)

. Ti- O(2)Ax2 1.977(14) 1.959 Ti-O(2)x4 1.962(7 1.953(1)
1992), and the large numberABO; perovskite-group mi-omsx2  1osas 1958 @

compounds that adopt the Gdresructure (Hyde &

N (Na,Ce) - O1 2.495(5) (Na,Ce) - (O2) x4 2.580(31)  2.652(6)
Anderson 1989). Compounds of this structure-type COMMmCo-02x2  2625010) (NaCe)-Ox4  2751(5) 27546
sist of a framework oB-site cations that are octahe-ga’g‘*;'gf“ 5%8‘3 (NaCe)- (02) x4 2.94033)  2.855(6)
. . a,Ce) - 8
drally coordinated by atoms of oxygen. Lardesite = ®ace-o1 2.780(15)
. a,Ce) - 02 x 2 2.845(10)
cations are surrounded by twelve atoms of oxygen Reco 0ans  2etm10)
cubo-octahedral coordination within this frameworkace)-o1 3.016(5)
The GdFe@structure differs from that of the ideal Cu-p,,4 Anges
bic perovskite structure in that the octahedra are rotatee)-i 163.7(26) 1569 Ti-O(1)- Ti 180.0 180.0

. - -O(D)A-Ti 171.5(26) 1558 Ti-O(2)-Ti 65.1(.27 S
about more than than one pseudocubic Cartesian axgSarions .05 84 - 105127 ATL3)

The rotation, and consequent reduction in symmetrgﬁ;—?-gg;g 25382 ggg
. . . - 13- LA .

result from the presence in tAssite of cations that are

smaller than required to maintain the ideal geometry (?01’(;1/]\“%165

this site. The rotation or tilting of octahedra inpo i7 gy oo s 430
perovskite-group compounds has been extensively dis"! 29 100

cussed by Glazer (1972), Woodward (1997) anegbiyhedra Volumes (A%
Howard & Stokes (1998). Vo 10.01 999 1000 988

IS . . Vi 49.32 46.17 49.06 49.09
Tables 4 and 5 indicate that loparite K consists of @, 493 462 491 497

framework of tilted and distorted (Ti,Nby@olyhedra  .icon pistortion

with the larger rare-earth element, Na and Ca cationso. 2.570 - 2.844 0.906

occupying distorted 12-fold-coordinated sites withirfee: Ol5 0002 0009 0005

A . PER = CaTiO; (Buttner & Maslen 1992); Tilt angles for loparite - K and perovskite
this framework. The latter may be regarded as distort@ghulated from cell parameters using equations given by Megaw (1973) and Zhao ef al.
i (1993). Tilt angle [001] for loparite - L and loparitc - BM calculated from bond angles.
(Na, C;e ,Ca)@, polyhed ra. N.O evidence was fou nd. FO g hectal voluames caiculated using IVTON software (Balié Zunié & Vickovié 1996).
ordering of the cations in either of the structural siteSpolyhedron distortion A calculated from bond lengths by the method of Shannon (1976).
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tended by 1.23% or 0.31%, respectively, relative to tlempounds, wher<b. Other orthorhombic perovskite-
Ti—O bond (1.953 A) of the ideal TiQpolyhedron in group phases wita > b include LaCr@ (Khattak &
cubic SITiQ (a 3.9050 A; Galasso 1969, Mitchell & Cox 1977), LaGa@(Gelleret al. 1974) and SmAIQ
Chakhmouradian 1999). The (Ti,Nky@olyhedra are (Yoshikawaet al1998). Perovskite-group phases with
also unlike those occurring in CaTgQvhich are char- such “reversed” unit-cell parameters occur at composi-
acterized by apical Ti—O(1) shortening relative to thBons or intensive parameters close to phase transitions.
metal-oxygen bonds in the equatorial plane (Table 5Jhis observation suggests that loparite K is structurally
TheB-site polyhedron in loparite K and CaLi@if- close to being tetragonal, and that a slight change in its
fer in volume ¥/g) (Table 5). As expected for these relacomposition,e.g, changes in Na or Sr content, would
tively Nb-poor titanates, the mean (Ti,Nb)-O bondesult in a change in symmetry.
length of 1.958 A is similar to that of the Ti-O bond
(1.953 A) of an ideal Ti@polyhedron in cubic SrTi® Loparite L and loparite BM
but significantly less than the metal-oxygen bonds
(1.985 A) in Nb-rich titanates such as the mineral Both of these loparite samples belong to the tetrago-
latrappite (Mitchellet al 1998). nal space-groupd/mcm which is derived from the cu-
TheA-site cations occupy a highly distorted site andic aristotypeP?m3m space-group by a single antiphase
are coordinated by 12 atoms of oxygen. Consequentigtation of the Ti@ polyhedra about theaxis,i.e., tilt
A-O bond lengths (Table 4) deviate significantly fronschemea®a°c™ (Howard & Stokes 1998). The amount
the ideal Sr—O bond length in cubic Sr§i@.761 A). of rotation and degree of distortion of the Fi@lyhe-
In contrastA-site cations in CaTigperovskite are con- dra (Table 5) are correlated with composition, with the
sidered, on the basis of bond-valence calculations, to 8erich loparite BM exhibiting only a slight deviation
coordinated within the first coordination sphere by onlfrom cubic symmetry. Thus Ti—O(2) bonds in loparite
10 atoms of oxygen, as some Ti atoms lie in closer BM show no compression or elongation relative to those
theA cation than the remaining O(2) oxygen atoms. Th{d.953 A) in the ideal Ti@ polyhedron of SrTi@,
situation results from the greater degree of rotation wfhereas these bonds in loparite L exhibit only minor
the TiOs octahedra in this compound (see below). Thaistortion (0.46%). Ti—-O(1) bonds show 0.46% and
volume {/») of the AO;, polyhedron in loparite K is 0.20% compression in loparite BM and loparite L, re-
close to that 0810y, in SrTiO; (49.62 &). The ratio  spectively, relative to these bonds in SrTiO
Va/Vg is 4.93, and close to the ideal value of 5 (Thomas The A-site cations occuppO;, polyhedra that are
1996), suggesting that rotation angles ofBg poly-  significantly less distorted than those found in loparite
hedra are not as large as observed in mRbym K (Table 5). As a consequence of the greater proportion
perovskite-group compounds. of Sr in loparite BM relative to loparite L, ités/Vp
Table 5 shows that Ti-O(1)-Ti and Ti—O(2)A-Tivalue (4.97) is close to the ideal value (5) found for
bond angles are less than 188emonstrating that the SrTiOs,
(Ti,Nb)Og polyhedra are rotated. Although these poly-
hedra are distorted, the rotation scheme accordingltoplications regarding mineral nomenclature
Howard & Stokes (1998) would correspondatdyb™
in Glazer's (1972) notation. The amount of tilting is It is evident on the basis of data presented in this
considerably less than that observed in CaT&3 the work that loparite requires redefinition as a mineral spe-
Asite is occupied by cations (Ndarger than C4. The cies, as we have demonstrated that diverse samples of
structural paramete of Thomas (1998) also providesloparite-(Ce) belong to either orthorhombic or tetrago-
a measure of deviation from ideal cubic symmeigy=( nal space-groups at room temperature. The space group
7.35 for Va/Vg = 5.0); it is 7.74 (cf. CaTiG;; 63 = adopted by natural loparite is a function of composition.
12.3%). Loparite BM is essentially a member of the solid-solu-
Calculation of tilt angles from cell parameters action series between tausonite and loparite (approxi-
cording to equations given by Megaw (1973) also sugaately 35-40 mol.% tausonite). Our determination of
gests significantly less tilting in loparite K ([111] tilt =the space group of the natural materialdsicmis in
2.9°) than in the CaTi@perovskite structure ([111] tilt agreement with high-temperature (>110) experi-
=10.0). This observation is in keeping with the [111Jmental studies of the system NalLgDi — SrTiCG;
tilts calculated from cell-dimension data for other syndMitchell et al. 2000), which show that intermediate
thetic (2.5-6.0; Mitchell & Chakhmouradian 1998, members of this solid-solution series containing 30-70
Chakhmouradiaet al. 1999) and natural loparite from mol.% SrTiQ belong to the space groigmcm
the Sarambi alkaline complex (4;4Haggerty & Loparite L also is tetragonal, although it differs sub-
Mariano 1983). Calculation of tilt angles from bondstantially in composition from loparite BM, and is es-
angles using the equations of Ztetaal. (1993) is not sentially a ternary solid-solution in the system loparite
possible as cos[001] > 1. We suggest that this is relatedleshite — perovskite. Although the mineral composi-
to the small degree of tilting and the observation ahattion is dominated by the loparite component (Table 2),
> b, and is thus unlike mo$fbnm perovskite-group it unfortunately does not correspond in composition to
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the synthetic end-member NaCg®4, which we con- BLACKBURN, W.H. & DENNEN, W.H. (1997)Encyclopedia of
sider to possess orthorhombic symmetry (see above).Mineral Names Mineralogical Association of Canada,
We consider that this difference in symmetry must be Special Publicatiod.

due to the presence of ather cations inAlandB sites. BurNs, P.C. (1998): CCD area detectors of X-rays applied to

Loparite K, which corresponds closely in composition : : : )
to the holotype material described by Kuznetsov (1925), ;hse;nalys's of mineral structurésan. Mineral.36, 847
is orthorhombic. Loparite L is similar in composition to
loparite K, and the transition to the orthorhombic stru@®urTner, R.H. & MasLeN, E.N. (1992): Electron density and
ture in the lueshite — loparite series is probably driven structural parameters in CaTjQActa Crystallogr.B48,
by entry of Na into the site. 644-649.

As a final point, the current IMA definition of
loparite gives the general formula (Ce,Na,Ca)CHAKHMOURADIAN, A.R. & MITCHELL, R.H. (1998): Com-
(Ti,Nb),Og (Blackburn & Dennen 1997). In contrast, we E?]‘.Q‘[')t.'onal vanlanonKofl p%OV.Sk'tel'grEUpsg]eri/lls. fronr|1 the
have found that all loparite (including that from the type 36|9|g§_;ggp ex, 1ol Feninstia, Russian. Minerat
locality) so far examined (Mitchell & Chakhmouradian ’

1996, Chakhmouradian & Mitchell 1998) has Na > Ce, , ARKoV, A. & CHukaNOV, N.V. (1999):
and that the totdREEnever exceed Na. Loparite and “metaloparite” from the Burpala alkaline
complex, Baikal alkaline province (Russifineral. Mag.
CONCLUSION 63,519-534.

ISCHER M. (1991):Glossary of Mineral Specie$he Min-

H H LE
This study of the structure of loparite-(Ce) crystalg eralogical Record Inc., Tucson, Arizona.

originating from three different localities conclusively

demonstrates that depending upon its composition, th&nes, R.V., SINNER, H.C.W., ForD, E.E., Mason, B. &

mineral crystallizes in either the space grémmor RoSENZWEIG A. (1997):Dana’s New Mineralogyd. Wiley
I4/mcm These structures are derived from the ideal & Sons, New York, N.Y.

perovskite structure by tilting and distortion of the
(Ti,Nb)Og polyhedra. None of tha- or B-site cations GALAsso, F.S. (1969)Structure, Properties and Preparation of
are ordered. Th@bnmstructure of Sr-poor Nb-rich  Perovskite Type Compoun@ergamon Press, London, U.K.

Ioparite_ is si_milar to that of CaT'tQJerovskite,_ which GELLER S. QRLANDER. P.J. & RUSE G.F. (1974): Perovskite-
crystallizes in the same space-group but differs Wlt% Iikevraré earth galli[Jm oxides Erepare(d at a)tmospheric pres-
respect to amount of tilting of the T¢@olyhedra. In sure.Mater. Res. Bull9, 637-644.

contrast, calcian niobian loparite and strontian calcian

loparite both crystallize in the space grédfmcm and  Guazer, A.M. (1972): The classification of tilted octahedra in
show only minor deviation form cubic symmetry ow- perovskitesActa CrystallogrB28, 3384-3392.

ing to the higher proportion of large cations in these

minerals. The name “loparite” requires redefinition as BAGGERTY, S.E. & Mariano, A.N. (1983): Strontian-loparite
mineral species and strontiochevkinite: two new minerals in rheomorphic

' fenites from the Parana Basin carbonatites, South America.
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