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ABSTRACT

The crystal structure of kukharenkoite-(Ce), BaTREE(CO3)3F, from the Khibina carbonatite, KoIa Peninsula, Russia, has been
refined to R = 0.044 (1qR = 0.112) using 2296 reflegtions. The mineral is monoclinic, space group P2rlm, with a L3.374(3), b
5.1011(8), c 6.653(I) A, B 106.56(1)" 

"V 
435.1(l) 43, Z=2. The srructure is similm 16 that determined by Mercier & Leblanc

(1993) for synthetic BarCe(CO)3F. The F anion is tetrahedrally coordinated by three Ba and one Ce cations. F-centered
[FCeBa3] tefiahedra are linked through shared edges to form double chains {uB, 2-1}[FCeBa] along the D axis. C(3)O,
carbonate groups are positioned on the faces of the [FCeBa3] tetrahe&a, resulting in complex [FCeBa](COr) chains. These
chains are positioned in shees parallel to (001) Qayer A) and altemating along [001] with sheets formed by C(l)O3 and C(2)O,
groups and Ba atoms that do not bond with fluorine (layer B). The sffuctures of other fluorocarbonates with fluorine-centered
tetrahedra contain the following tetrahedral complexes: double chains {uB, Lt } fFrrl4l in cebaite-(Ce), Ba:Cq(COa)Jz, and
Ba3La2(CO)rF , layers {uB, l*'z}lpztrthl in huanghoite-(Ce), BaCe(CO3)zB and BaSn(CO)rF, layers {uB, l-r}lFlt4l
in kettnerite, CaBiOF(CO3), frameworks {-3}|FMJ in brenkire, CazFz(COJ, and PbzFz(COg), frameworks {-3}tFMl in
BaCu(CO)Fr, and frameworks [*tl[Mn] in horv6thite-(Y), NaY(COg)Fz. Topologically similar structural units composed of
[OMr] tetrahedra have been described in oxysalts with "additional" oxygen atoms.

Keywords: kukharenkoite-(Ce), fluorocarbonate, Khibina, crystal structure, fluorine-centered tetrahedra.

Somraanr

Nous avons affin6 la structure cristalline de la kukharen-koite-(Ce), BazZR(COs)rF (IR: terres rares) provenant d'une
carbonatite du complexe de Khibina, dans la p6ninsule de Kola, en Russie, jusqu'd un r6sidu R de 0.044 (wR = 0.1 l2) en
utilisant 2296ftflextons. Il s'agit d'un min6ral monoclinique, groupe spatial P21lm, a 13.374(3),, 5.1011(8), c 6.653(1) A,
B 106.56(1)", V 435.1'(L) 43, Z=2. La strucnre ressemble d celle qu'bnt aetennng Uercier et Leblanc (1993) pour le compos6
synth6tique Ba2Ce(CO)3F. L'anion F est en coordinence t6traddrique avec trois atomes de Ba et un de Ce. Des t6trab&es
fFCeBarl sont 1i6s par ar€tes panag6es pour former des chaines doubles {uB, LI}[FCeBa] le long de I'axe ]. Des groupes
C(3)O. sont dispos6s sut les faces de ces t6traddres [FCeBad pour donner des chaines complexes de stoechiom6trie
fFCeBal(COs). Ces chalnes sont disposees en feuillets parallbles d (001) (couche A) et alternent le long de [001] avec des
feuillets form6s de groupes C(l)O3 et C(2)O3 et d'atomes de Ba non li6s au fluor (couche B). Les structures d'autres
fluorocarbonates contenant des tdtrabdres centr6s sur le fluor contiennent les complexes tdtra6driques suivants: des chaines
doubles {\8,2-tllF2Msl dans la c6baite-(Ce), Ba3Ce2(CO3)5F2, e[ Ba3La2(CO3)5F2, des couches ltB, l-,llFMz] dans la
huanghoite-(Ce), BaCe(CO)rF, et BaSm(CO)rfl des couches {uB, l-'}tFMl dans la kettnerite, CaBiOF(CO3), des trames
{-'}lFMl dans la brenkite, Ca2F2(Co), et Pb2F2(Co3), des trames {-'}tFMl dans Ie compos6 BaCu(Coa)Fz, et des trames
{-3 }tFM.l dans la horv6thite-(Y), NaY(CO3)F2. Des modules structurau( topologiquement semblables compos6s de t6trabdres
lOMol ontEE d6crits dans les oxysels contenant des atomes d'oxygdne "additionnels".

Mots-cl6s: kukharenkoite-(Ce), fluorocarbonate, Khibin4 structure cristalline, t6traddres centr6s sur le fluor.
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hrrnopucnox

The new mineral kukharenkoite-(Ce) has been
described recently from a number of localities,
including the Khibina and Vuorijiirvi massifs, Kola
Peninsula, Russia and the Mont Saint-Hilaire and
Saint-Amable massifs, Quebec (Zaitsev et al. I996).It
is a Ba-REE fluorocarbonate with the formula
Ba2REE(CO),F, where Ce is the dominant rare-earth
element (RE@, Here, we report on t}le crystal structure
of this species.

The kukharenkoite-(Ce) crystal used for structure
analysis was taken from manganoan ankerite carbonatite
(Khibina) and referred to as sample KH I in Zutsev et
al. (1.996). (r'khalsnkoite-(Ce) occurs as yellow,
prismatic crystals to 1 mm in length, which commonly
occur in dendritic intergrowths, An electron-microprobe
analysis of the mineral yields the empirical formula
@a,"6Sr6eC:6n)y e(Cq;t^aor4Ndobll0o4Yo0rbr o(COtt3Frcr.

On the basis of its chemistry, it was originally
described as "zhonghuacerite-(Ce)". The latter was
described and published (Zhang & Tao 1981, 1986,
Fleischer et al. 1982) without approval of CNMMN of
the IMA. The crystallographic data for kukharenkoite-
(Ce) were found to be similal 16 those for the synthetic
phase BarCe(CO)rF, prepared by hydrothermal growth
at15O"C and 200 MPa (l\4ercier & Leblanc 1993b).

EpnnnmNrnr

The single crystal used for collection of the
X-ray-diffraction data is an elongate plate measuring
0.05 x 0.1 x 0.4 mm3. It was flrst examined by Laue
and oscillation metlods using CuKcr radiation.
Intensities were collected on an automated four-circle
Syntex P2, diffractometer (details in Table 1). Integral
intensities were measured by to-20 scan and were
converted to structure factors by applying Lorentz and
polarization corrections using the AREN package of

TABIE I. DETAILS OF THE CRYSTAL DATA X.RAY DATA
COLLECTION, AND THE STRUCTIJRE REFINEMENT:

KUKIIARENKOITR(C€)

crystallographic progrums (Andrianov 1987). Using the
initial parameters of the structure given for synthetic
Ba2Ce(COr)3F by Mercier & Leblanc (1993b), the
structure was refined to R = 0.044 (wR = 0.112) by
means of the SmL[-93 program (Sheldrick 1993).
The absorption correction was done using DIFABS
CWalker & Stuart 1983). Fractional atomic coordinates
and displacement parameters are given in Table 2, and
selected interatomic distances and angles in Table 3.
These values are in good agreement with those of

TABLE 2, FRACTIONAL ATOMC COORDINATES AND
DISPLACEMENT PARAMEIERS (A') FOR KUICIARE'IKOrIE-(CE)

z U* UEO l0.). 
I],, UO UB UBUtsUD

t u m u

861 0.07490(4) 0.25
Ba2 0.4r6t5(4) 0.2s
Cs 0.75096(4) 0.25
F 0.983(s) 0.25
cl 0.7259g] O.25
c2. 0.4268(7) 0.2s
c3 0.1273(7) 0.25
or 0.1126(6) 0.25
02 0.696(7) 0.2s
03 0.la9(6) 0.2s
04 0.393(4) 0.031(l)
05 0.2625(4) 0.965(l)
06 0.896e(4) 0.970(1)

0.2900(l)
0.688r(l)
0.9814(1)
0 .e110)
0.50e(l)
0.174{l)
0.794(D
0.991(1)
0.310(l)
0.358(l)
0.071(r)
0.3Eql)
0.300(D

0.01750) r8l t72 168 0 42
0.0170(l) 206 t42 r52 0 34
0.0146(l) 177 tl3 r42 0 36
o.w(t) 320 24O BO 0 &
0.018(l) 2@ 120 210 0 o
0.ot92\ 2.40 t20 22O 0 N
0.019(l) 190 220 l@ o 40
0.025(l) 370 2@ 130 0 l0
0.030(2) 380 380 140 0 70
0.c24o) 3m 210 l7o 0 30 o
o.o2(r) 300 r90 290 -s0 90 -30
0.s26{I\ 320 lzl0 270 30 0 0
0.025(l) 370 150 220 -4 4 -5O

Uq= (1h)D4{i4lqfa'\

TABLB 3. SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (")

IN KUKIIARENKOm-(C€)

Dsl - F 2;117(6)
- or 2.769(8)
-A6 2, 2.793(s)
-o5 2x 2.811(5)
-06 2" 2.873(5)
,F 2x 2.875(3)

cr -q2 t.27(t)
,o5 2x t.n4a

0 2 - c t - 0 5
2x r2t.a<4)

05 - cl- 05
l 17.2(8)

F  - C s

- Baf

-Bal!

2x

Ch@iel formls
Formla wigb
Crydal syd@
Sp@grcup; Z
Unit+l onstams
6.293(2)K

Unit€ll rctme
Dffity (eloildel)
Radiciq

Difrsctomttr
S@ Eode
Indsp@ddt
rdcriom
obmred rdrcriou
lI>28(Dl
Ildq EgBs

Rmge of20
F
x(r)
"R(F)c@dffif-fit,S
Pamst@ftfircd
ap*, ap^

2.$4A 105.6(2)
Ca-F-Ba lb

2x 110.0(l)
Ba lb  -F-B8 lD

Bs2-O3 2.659(n Ce -F 2.434(7)
-O5 2x 2.835(5) -o2 2.s03(7)
-u 2x 2.883(s) -oa 2x 2.5rr(5)
-o4 2x 2.894(6) -or 2x 2.6s42)
-o3 2x 2.89t(4) -o5 2* 2.657('
-Oz 2x 2su<5\ -6 2" 2.nE(,

c2, -o3 t.27(1\ C3 -Ol l.3l(l)
-u 2' r.29r(7) -6 2t t2j2(6)

o3-c2,-o4 0l  -c3-o6
2x ll9.E(4) 2x 1188{a)

o4-e,-o4 06-c3-O6
120.1(e) 1n.48)

Cs-F-Bsl ,  B8l ' -F-Bal '

B%c{co3)6F
613.E3 g-rcl-t
Monwlinic
P2lni2
a 13.374(3) A
,5 .10 i l (8 )  A
c 6.6s3(l) A
p l06.5qr)'
43s.1(r) Ar
4.69 g m-3
MoKc (1, =
o.7lod9 A)

sydqP2r
6-29

2321

2296
-27 s h s26
0 < t < 1 0
0 s l s 1 4
1.5 - 64.0'
l4.l50 m{
0.M4
0.1t2
1 .134
89
-2.6'1,3.72e N

2.717(61 2\ ror.9(2) r25.q2)
<lul -E - IUD

2.875(3) 109.1

Mercier & Leblanc (1993b). A table of observed and
calculated structure-factors is available from the
Depository of Unpublished Data, CISTI, National
Research Council of Canada. Ottawa, Ontario K1A0S2,
Canada.



THE STRUCTURE oF KIIKHARENKOmE-(Ce) 8 1 1

DrscussroN

Cation coordination

The structure of synthetic Ba2Ce(CO3!F from the
perspective of Ba and REE coordination was described
in detail by Mercier & Leblanc (1993b) [see also recent
reviews of fluorocarbonates by Mercier & Leblanc
(1997) and Yane et al. (1996)1. Tivo distinct Ba polyhedra
tBa(l)OzFr and Ba(2)O111 and one REEOeF polyhedron
are present. The three CO3 groups have the usual values
of bond lengths and bond angles.

Fluorine coordination

As part of our continuing research into the coordi-
nation of "additionalo' anions in inorganic compounds
and their crystal-chemical role in structural hierarchies
(Filatov et al. 1992, Krivovichev et al. 1998), we consider
here the coordination of fluorine in kukharenkoite-(Ce).
There is one F- tetrahedrally coordinated by three
Ba atoms and one REE atom, forming a [FCeBa3]
tetrahedron. Each [FCeBa3] tetrahedron shares two
Ba-Ba edges with two others, so that infinite chains
along [010] are formed (Fig. 1). Using terminology
developed by Liebau (1985) for silicates and reconsidered

Frc. l. Fluorine-centered chains in kukharenkoite-(Ce) in
"ball-and-stick" (a) and polyhedral (b) representations.
C(3)O3 groups are attached to the bases of [FCeBaJ
tetrahedra.

for structures based on the edge- and face-sharing
tetrahedral polyions by Krivovichev et al. (1997)
and Krivovichev (1997), we can describe these as
unbranched double einer chains {uB, 2-t} [FBaCe]
composed of topologically and configurationally
distinct tetrahedra. In Figure 1, this chain is shown
in both "ball and stick" (d) and polyhedral (D)
representations.

The chains {uB,2-'}[FCeBa] composed of
fluorine-centered tetrahedra are parallel to the b axis
(Fig. 2).The C(3)O: groups are positioned on the bases
of [FCeBal tetrahedra [Ba - O =2.793 (2x),2.769 Al,
so that a complex chain {-' }[FCeBa](COg) is formed
along [0I0]. The "face-to-face" relationships befween
anion-centered letrahedra and cation-centered t€hahedral
or triangular groups [(VOo), (SOr), (SeOr), etc.lhave
commonly been observed in structures based on ttre
oxygen-centered tetrahedra lOMol @.g., Starova et al.
1997).T\e {-1}[FCeBa](CO3) chains lie in the (001)
plane forming the A layers (Fig. 2). These layers are
subdivided by the B layers composed of groups of
C(l)O3, C(2)O3 and Ba(2) atoms, which do not bond
with fluorine. The A and B layers are linked through
Ce-O bonds. If we consider the kukharenkoite-(Ce)
structure in light of the bond-valence theory layers A
and B represent the principal structural units, linked by
strong Ce-O bonds.

It should be emphasized that the chains of
F-centered polyhedra are not tlle strongest strucfural
units because of the relatively weak Ba-F bonds
(lVlercier & Leblanc 1993b), such that their contribution
to the topology of chemical bonds is relatively minor.
However, the role ofF bonding in structural organization
cannot be ignored because of the concentration of
bonds around the fluorine-centered chains. In addition,
F-centered complexes exist in gaseous and liquid
phases. PbrF* complexes in melts were investigated
by Bengtsson & Holmberg (1989a, b, c) using X-ray
scattering qnd Raman spectroscopy (F-Pb in the range
2.03-2.56 A, Pb-F-Pb in the range 8l-84'). Bengtsson
& Holmberg (1989a) also discussed [FPb4]7* tetrahedra
in solids. In molten nitrate media, Ba2F3* and Sr2F3*
complexes were encountered by Bengtsson et al.
(1991) (Ba-Ba in the range 4J4.3 A, Ba-F-Ba =
l07o), Bi2F5*, by Frostemark et al. (1994a), and
MgrF., by Frostemark et al. (1994b).

F luorine -cente red tetrahedra in Jluorocarbonate s

There are a number of fluorocarbonates containing
tetrahedrally coordinated F ions. These fluorine-
centered tetrahedra show seven types of polyions based
on the [FM4] groups (Figs. 3,4,Table 4). In Table 4,
their crystal-chemical formulae are given in the form:
{8, M-D}tF"lld, where B, M and D are branchedness,
multiplicity and dimensionality, respectively; for details,
see Liebau (1985) and Krivovichev et aI. (1997).ln

a
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A j B j A

Ftc. 2. The crystal structure ofkukharenkoite-(Ce) in (010) projection.

Ftc. 3. Cationic complexes on the basis of fluorine-centered tetrahedra in fluorocarbonates
(details in text and Table 4).

A
d

(COr)
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TABLE 4. CATIONIC COMPLE(FS ON THE BASE OF F-CENTERED
TETRAIIEDRA IN FLUOROCARBONATES

Crysal-ch@iel Figm CoEPrud
bml8

G@qal
forrul8

{uB,2.'}IFMJ

{uB,2-'}[FJt1r]

{uB, l.'}tF/td

{uB, l.1tFM

{.'}tF,r4

{-')tFM
{-')tFMl

{uB, L'}[F@41

{uB,2-')tFpqCerl

{uB, 2.'}tFrBa3kt

{un, l-'?}[FPacs,]

{uB, l-ltF,BeSmJ

tuB, l-')tFcsl

(.')tFcsl

(-5)[F?b]

{.'}tF"B"crl
(.')tF"!{aY]

B&rC<@3IF
kukh!mkoite(Cb)

BasCq(Co)f2
cebaite-(Ce)
BqIr2(Cq)rF,
BsC{CO3}F
h"mghoilq(Cb)

Bssm(CO,)J
csBioF(cq)
kettnqitE
Ca2Fr(coJ
bmkite
PbrFr(COr)
BaCu(COJF,
NaY(cOJF,
hw6ttrit+(Y)

3o

3b

3d

J I

4

I

5

5

5

7
t
9

Frc. 4. Framework of F-centered tetrahedra in horv6thite-(l),
NaY(CO:)Fz: an exceptional case of two terahedra
sharins a common face.

Rd: I lvlsciq & kblanc (1993b), tbis wuk, 2 Sho A M (1992)' 3 M@ier &
Idlalc (193a), 4 Yeg & Pertlik (1993), 5 Sytr€a€k & Zk (l 960), 6 hS( &
Tiltm'nn. (l9EO), 7 Auivilliu (1983), 8 Ivlqciq & L€bl8oc (1993c), 9 Grice &
Cbrc(1997).

Figure 3a, a double chain of kukharenkoite-(Ce) is
shown from an aspect different than in Figure l. The
analogous double anion-centered chains have been
described in many inorganic compounds with anion-
centered tetrahedra. Recently, in a review on [NM4]
tetrahedra in nitride sulfides and chlorides of trivalent
lanthanides, Schleid (1996) described such chains in
the compound MoNzS, (M is a trivalent lanthanide).
Similar chains of [OM4] tetrahedra were a\alyzedby
Krivovichev et al. (1998) and subdivided, in particular,
in the minerals of the cuspidine, warwickite and
lomonosovite groups. The structural analogy between
cuspidine and warwickite has been pointed out by
Belov (1976) and Hawthorne (1986). In both these
structure-types, there are additional oxygen (or fluorine)
atoms surrounded tetrahedrally by metal cations, M.
Traditionally, this means that four coordination polyhedra
of cations share one cornero and these complexes are
arranged in infinite chains. Using the anion-centered
approach, we can describe such strucfural units as
composed of lAMol tetrahedra, where A is an anion in
the center of the tetrahedron. Thus [AMo] tetrahedra are
linked together in double chains such as [FCeBa] in
kukharenkoite-(Ce). Figure 3b represents the double
chain { uB, 2*' } F *l sl of cebaite-(Ce), B a:Cq(COJsFz
(Shen & Mi 1992), and of Ba3La2(CO3)5F2 (Mercier &
Leblanc 1993a). It consists of two types of topologically
and configurationally distinct tetrahedra. Figure 3c
shows the layer {uB, IJl1lFzI[s] of huanghoite-(Ce),
BaCe(COr)2F (Yang & Pertlik 1993) and of
BaSm(COr)2F (Mercier & Leblanc 1993a).In Figure
3d, the layer {uB, 1-2l1lFM of kettnerite,
CaBiOF(CO3) (Synedek & ZAk 1960) is represented.
Figure 3e shows a framework of F-centered tetrahedra
observed in brenkile, Ca2F2(CO) (Leufer & Tillnanns

1980), and in PbrF2(CO3) (Aurivillius 1983). Figure 3f
represents a framework {-t}tFMl of BaCu(CO,)F2
(Mercier & Leblanc L993c), which is topologically
similar to that composed of IOMq] tetrahedra in
delafossite, CuFeO2, and crednerite, CuMnO,
(Krivovichev et aI. 1998). Finally, Figure 4 shows an
exceptional framework of IFMq] tetrahedra in
horv6thite-(Y), NaY(COr)F 21 d r.ew mineral recently
described by Grice & Chao (1997). In this strucfureo
fwo F-centered tetrahedra share one face because of the
small absolute charge of F ions and large ionic radii of
Na* and Ylo which reduce the repulsive forces between
the centers of tetrahedra. As far as we know, this is a
unique case of face-sharing in tetrahedral polyions.
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