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The authors determine the crystal structure of the monoclinic analog of fosinaite Na;CaPSiO,, discovered in
Khibiny pegmatites (single-crystal diffractometer, AMo 2796 reflections, MLS in the anisotropic
approximation to R 0.061). The parameters of the single-crystal lattice are as follows: a = 7.303(2),

b = 12.201(5), ¢ = 14.715(4) A, B = 91.93", Z = 8, Fedorov group P2/c. The cationic part of the structure of
monoclinic fosinaite is concentrated in geometrically similar sheets perpendicular to [100]. Chains of Ca
polyhedra, constricted by pairs of Na polyhedra, are distinguished in the sheets at the x =0 level; at the
x =0.5 level the sheets are composed of Na polyhedra. The cation framework is penetrated by the anion
framework, in which there are combined tubular columns of four rings of two types: silicon-oxygen rings
[Si,0,,} and mixed rings of P orthotetrahedra and Na polyhedra. The tetrahedral four-membered [Si,O,,]
rings are adapted to the specific characteristics of the cation arrangements, accounting for the change in

their proper symmetry.
PACS numbers: 61.10.Fr, 61.60. 4+ m

Following the recent discovery of the orthorhombic
Na, Cr, TR silicophosphate fosinaite in alkali massifs of
the Kola Penisula,! it was found that Khibiny pegmatites
contain a monoclinic analog of this mineral containing vir-
tually no rare edarths and corresponding in composition to
the idealized formula Na;CaPSiO.! According to this
formula, the new silicophosphate belongs to the group of
Ca minerals occupying a central position in the "Second
Heading of Crystal Chemistry of Silicates.”? Determina-
tion of the structure of monoclinic fosinaite, the anion
part of which exhibits two types of tetrahedra, was spe-
cially interesting in the next stage of investigation of
natural and synthetic minerals of the Ca, TR association,

By x-ray analysis (photo_graphic method + recording
on a single-crystal Syntex P1 diffractometer, A Mo) we
established the similarity of the unit-cell parameters of
monoclinic Ca fosinaite and its rare earth precursor with
differing symmetries (Table I). The ratio between the
components in the formula of monoclinic fosinaite was
determined on the basis of micro x-ray-spectral analy-
gis.?) In the unit cell with adjusted parameters contains
eight Na,CaPSiO; units.

The x-ray material (2796 nonzero hk0—hk22 reflec-
tions) was recorded on a Syntex Pl automatic diffractom-

eter by the (26: 8) method at a scanning rate of 6-24°.
min~! (Mo radiation, graphite monochromator), The zonal .
extinctions h0! = 2n + 1 permit two Fedorov groups — P2/c
and Pc, The principal structural arrangement was ob-
tained in the P2/c centrosymmetric group by the Multan
program using the Syntex EXTL computing system. In the
first stage of the calculations we selected 227 reflections
with |E| =1.6. Among this group, for 57 reflections we
determined the signs with a probability exceeding 0.5. The
17 reflections with the most reliable signs (with a prob-
ability > 0.94), together with six other reflections selected
automatically to fix the origin and the enantiomorphism,
formed the reference group. Of the resulting seven alter-
native versions of reference group reflections with dif-
ferent signs, we selected one with minimal values of the

v reliability indices"3: y; =0.201 and R = 25,51,

The first electron density distribution (E synthesis)
revealed the position of the heavier Ca, P, Si, and also
part of the Na and O (Rpy; = 0.321). The other Na and O
atoms were located from a cycle of successive approxi-
mations using F and D syntheses. On the Fourier zero
syntheses, obtained in the final stages of structural re-
finement, the seven distinct maxima around P, corre-
sponded to the two possible mutually exclusive tetrahedra
with a common vertex Oyy. Refinement of the O atoms as-

TABLE L. Crystallogeometric Characteristics of Monoclinic Fosinaite and Fosinaite *

Unit-cell parameters Fedor

Mineral System egmf,’; z
a ) b4 e A 8, deg
Iv&pol;f:‘lfmc Monoclinjc { 7.303(2) {12.201(5) | 14.715(4) | 91.93(3) P2/c 8
te
Na;CaPSiO;

Fosinaijte Orthor- 12.23 14.62 7.21 P22,2 ]

Na;(Ca, Ce)SiPO; | ‘hombic or

P2212|

» Data of Ref. 1.
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TABLE @I Basis Atom Coordinates and Individual Isotropic and Anisotropic Tempera-

ture Corrections in the Structwre of Monoclinic Fosinaite*

Atom x/a b e B;
Cay 0 0.5 0 0.49(4)
Cas 0 0.1434(3) 0.75 1.46(5)
Cas 0.0002(3) 0.1909(2) 0.5147(2) 1.22(3)
Siy 0.3005(4) 0.3157(3) 0.6391 (2) 0.53(4)
Sia 0.2658 (4) 0.3578(2) 0.8405(2 0.47(4)
Py 0.2543(3) 0.3066 (2) 0,1340(2) 0.62(4
P, 0.2431 (4) 0.0284 €3) 0.3797(2) 0.87 (4,
Nay 0 0.4622(8) 0.25 2.01(13)
Na, 0 0.4709(6) 0.25 2.56(14
Na; 0.5 0.1251 (8) 0.75 447(22
Na, 0.5 0.1841(7) 0.25 3.18517)
Nas 0.5 0.4545(6) 0.25 1.84(11)
Nag 0.5 0.5 0 0.72(8)
Nay 0.4841(7) 0.1760(5) —0.0055 (4) 2.70(10)
Nag 0.2552 §5) 0.3378(3) 0.3907 (3) 0.96(7)
Nay 0.2672(8) 0.0041 (5) 0.1485 (4) 3.49(13)
Oy 0.2496 (10) 0.1878(7) 0.6499(5) 1.36(12)
[0 % 0.2444(10) 0.3681'(6) 0.5477 (5) 1.63(13)
0, 0.4759(12) 0.3203(8) 0.8651(6) 292 ﬁis)
O 0.2538(10 0.3879(6) 0.7208(5) ~ 1.47(13)
05 0.2183(10) 0.4689(6) 0.8900(5) 1.36(12)
O4 0.1427(11) 0.2526(7) 0.8593 (5) 2.19(16)
0, 0.2588(11) 0.1858(7) 0.1043(5) 2.08(14)
Os 0.2509(10, 0.3155(6) 0.2379(5) 1.62(13)
0y 0.0743(10) 0.3545(6) 0.0925(5) 1.27(12)
O 0.4223(10) 0.3644(6 0.0999(5) 1.21(12)
M 0.2348(11) 0.1501(7) 0.4082 (5 1.87(14)
Oy 0.0742(10) 0.0263 (6 0.9147(5) 3.87(8)
O3 0.2080(11) 0.0151 (11) 0.2796 (8) 3.83(11)
Oy 0.4226 (10) 0.0206(6) 0.9088(5) 3.89(17)
Oy 0.3854 (10) 0.0185(6) 0.3028(8) 0.87(5)
s 0.2615(10) 0.0517(6) 0.9565(5 3.19(18)
Oy 0.0663(10) 0.0121 (6) 0.3149 (6) 3.06(17)
TABLE I (Continued)
Atom By By Ba By, B By
Cay 0.58(6) 0.67(6) 0.69(6) --0.23(5) .0.07(5) 0.16(6)
Caz 2.38(9) 0.59(7) 1.30(7) 0 1.33(7) 0
Cay 1.04(5) 2.37(6) 0.71(5) 0.59(5) | -—0.09(4) 0.21(5)
Siy 0.72(5) 0.78(6) 0.52(8) --0.06(5) | --0.16(4) 0.03(5)
Siz 0.61(5) 0.89(6) 0.50(6) 0.06(5) 0.01(4) 0.03(5)
Py 0.72(5) 0.78(6) 0.52(6) 0.02(5) | --0.16(4) 0.13(5)
P, 0.68(6) 0.76(6) 0.67(7) --0.06(5) | ~~0.09(5) 0.03(5)
Nag 1.72(19) 1.61(17) 2.71(20) 0 --0.05(15) 0
Naz 3.:30(21) 1.22(17) 3.34(22) 0 0.56(17) 1}
Nas 7.03(34) 0.93(18) 8.16(35) [} --6.28(29) e
Nag 5.95(30) 1.50(20) 3.52(24) 0 --2.53(22) 0
Nas 1.92(17) 0.90(15) 2.35(18) 0 --0.61(14) 0
Nae 0.88(13) 0.59(12) 0.54(12) [--0.20(11) --0.32(10 0.58(11)
Na: 2.38(14) 3.32(17) 2.30(13) [|--0.79(13) 0.41(11) |-0.35(13)
Nag 1.37(10) 1.22(11) 0.82(9) 0.07(9) 0.04(8) 0.06(8)
Nag 4.08(19) 0.89(13) 6.34(21) [~0.07(13) —0.40(16 0.82(14)
Gy 2.18(20) 0.61(16) 1.61(19) [—0.03(16) 0.18(16 0.15(16)
0. 2.51(21) 1.70(21) 0.49(11) 1.01(17) ——0.28(15) 0,01(15)
Qs 1.09(18) 7,20(4(_)) 1.95(22) 1.25(24) --0.03(16) 0.37(25)
[\ 2.77(23) 1.07(19) 0.43(16) 0.35(17) —0.15(15) —0.07(14)
Cs 3.09(23) 0.76 (17) 1.26(18) -0.08(16 0.32(16) —0.40(15)
O¢ 2.87(25) 1.50(21) 2.31(23) —1.00(19 1.02(19) 0.06 (18)
0+ 2.78é23) 0.45(16) 2.70(23) 0.06(16) 0.28(18) ~0.23(16)
Os 1.65(18) 2.78(23) 0.36(14) —~0.45(18) -0.08(13) .21 (16)
Gy 0.79(15) 1.64(20) 1.64(19) 0.15(15) —0.45(13) .45 (16)
Os0 0.80(16) 1.94(21) 1.46(18) —0.26(15) —0.09(14) .73 (17)
Ox4 2.05(21) 1.42(24 2.92(24) —0.03(18) 0.31(18) .20(19)
Oy 2.50(33 1.64(32) 11.22(62) —0.28(27) 3.74(38) 05(37)
13 13.79(8) 2.80(46) 2.30(34) -0.14(50) 0.87(43) .49 (33)
1" 2.36(34) 2.73(44) 10.65(84) —0.46(32) —2.74(38) —0.56(43)
15 2.52(75) -0.33(51) —0.19(47) 1.36(48) 1.60(49) 0.68(39)
16 8.72(143) 4.04(97) 1.21 (64) —3.74(96) 3.04(80; —-3.60(20)
049 1.20(79) —1.62(77) 4.00(114) 0.16(86) 5.68(143) 0.78 (105)

*Anisotropic thermal factors calculated from the equation T'=exp[—Y,Buh*a*+

Bpk?h* 4By l2c*3 2B hka*b*+2Bhla*c*+2PBELd*c*)]

gigned in this position did not permit reliable section of
one of the two versions of P tetrahedra, owing to the high
thermal coefficients for the Oy, and Oy, atoms. (The
assumption of ordered location of these two tetrahedra in
the context of the acentric group Pc was not confirmed,
for the same reason.) The optimal result (minimal Ryy;
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factor with satisfactory thermal corrections) is attained
by assuming statistical location of the Oyy_y, and Oy5_4q
atoms in the structure. The number of P, tetrahedra
formed by Oyy, Oyy, Oys, and Oy, is three times greater
than the number of them with Oy, Oy, Oyg and Oy, in the
vertices. The final value of the Ryy; factor with refine-
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TABLE . Structure of Monoclinic Fosinaite. Interatomic Distances, A

Si—0y 1.613(8) Sia—0, 1.630(9)
0. 1.599(8) [0 8 1.670(8)
0; 1.637(9) Os 1.583(8)
0, 1.647(8) Os 1.595(9)
M 1.624 Mean 1.620
04-0, 2.673 0s-0; 2.600
0,—0; 2.591 0305 2.647
0-0; 2.114 03;-0s 2,568
0:.-0; 2.628 0,-0s 2.575
0.-0, 2.698 0;—0¢ 2.670
0:-0s 2.653 05—04 2.730
P,—0; 1.535(9) P.—0,y 1.548(9) P3—0Q4  1.548(9)
1.533(8) Oy 1.507(3) Oy  1.566(3)
1.546(7) - Ogs 1.497(3) Oy 1.493(3)
Oy 1.519(7) Ou  1.488(3) 47 1.587(3)
Mean 1.533 an 1.510 Mean 1.549
0,-0; 2518 044043 2455 0,41-0,5 2511
0,—0y 2.463 044—045 2.512 04;—04 2568
0;-0y0 2491 01-04 2494 044~047  2.469
0-0, 2507 042—0ys 2302 045—04¢  2.608
0s—04p 2.495 012-04 2550 O45—047 2340
0,040 2.548 043—04  2.461 046—047 2.60
Cay,—-0; 2.337(7) Ca—-0;  2.443(7) Cas—0; 2.652(7)
2.337(7) 0y 2.443(7) 0, 2.703(8)
2.341(7) Os  2.309(9) Qs 2.287(8)
Qs 2.341(7) Os 2.309(9) 07 2.540(8)
2.291(7) 04 2.850(2) Os  2.590(8)
0y 2291(7) O’ 2.850(2) 041 2413(8)
Mean 2.323 O4s  2.488(3) Os  2334(2)
Oy’ 2.488(3) Mean 2503
Mean 2.523
Na,—0, 2.624(9) Nax-0;  2.903(8) Na;-0, 2.433(8
W 2.624(9) 07 2.903(8) 0y 2.433(8)
Os 2.696(8) Os  2.554(9) Q45 2.779(6)
O’ 2.696(8) 0s"  2.554(9) Q4" 2.779(6)
e 2.573(9) 0y 2.855(8) Oq  2.737(5)
0Os’ 2.573(9) 04" 2.855(8) Oy 2.737(5)
0o 2.735(8) O4s  2.464(6) Mean 2.649
0o’ 2.735(8) Oys’  2.464(6)
Mean 2.659 Mean 2.694
Na—0; 2.735(8) Nas-O,  2.640(9) Nag—0, 2.745(7)
2.735(8) O 2.640(9) 0  2.745(7)
2.594(10) Os  2.483(9) Os  2.602(7)
2.594(10) 0g" 2.488(9) 0" 2.602(7)
& BE0 o 2420 & 380
Meall’ 5725 Medn 23547 Mean 2547
Na;—-0; 2.931(9) Nas—0. 2.368(8) Nap,—0y 2.397(10)
2.593(11) 0s  2.373(9) 07 2.224(11)
2.356(9 Os . 2.263(8) Oy 2.547(6)
o 2.817(9) O  2.436(8) Oy 2.456(6
041 2483(9) 040 2.372(8) 04 2.327(6)
(o] 2.313(5) Oy 2311(9) ean 2390
- O’ 2.860(5) Mean 2354
Mean 2622 '
TABLE IV. - Structure of Monoclinjc Fosinaite, LocalBalance of Valences on Anions
Atom Ca, Ca; Ca, Si, 8i, P, P Na, Na, Na, Nag Nas Nag Nay Na; Nay b
0y 026 | 024 | 104 0.20 0.41 0.19 2.04
0O, 033 022 | 1.10 0.44 0.17 1.96
Os 0.95 | 0.96 0.14 203
0 0.9¢ | 0.82 0.43 0.15 2,01
Oy - 0.32 114 0.5 043 0.16 1.90
Os 0.32 ]} 0.37 1.08 1.77
0; 0.27 1.24 0.40 .16 0.18 0.24 2.19
Os 1.25 0.14 0.14 0.15 0.48 0.8 2.04
Oy 0.35 0.29 1.18 0.12 0.15 2.05
O 1.33 0.17 0.47 012 0.16 1.95
Oy 0.31 1,04 011 0.16 017 1.79
Oy3 017 | 035 1,26 017 1.95
Oqys 0.25 1.32 0.13 0.15 0.19 049 0.19 223
0w 1,38 0.15 01 0.21 204
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FIG. 1. Structure of monoclinic fosinaite in projection yz. In the interests
of clarity, the Na atoms occupying the same points are moved somewhat
apart (black and white circles).

S,
i

FIG. 2. Sheets of Ca and Na polyhedra at the level x ~ 0. The Ca poly-
hedra, denoted by point shading, form zigzag chains along [001]. The
neighborjng chains are linked to the sheet by two Na polyhedra.

ment by MLS in the isotropic approximation is 11.3%, and
in the anisotropic approximation 6.1% (in neither case was
a correction made for absorption, because u was small —
15.5 em™). Table II gives the final coordinates of the

basis atoms and the individual isotropic and anisotropic
temperature corrections. Taking account of the inter-
atomic distances (Table III) we calculated the local balance
of the valence states (Table IV); this confirmedthe selected
model. The balance quality criterion D = 0.047.

The principle of the internal structure of monoclinic
fosinaite is clearly revealed in the yz projection (Fig. 1).
The cation part of the structure is concentrated in geo-
metrically similar sheets of two types, perpendicular to
[100] (Figs, 2, 3). The sheets of the stage at the level
x 2 0 (Fig. 2) are formed by undulating chains of Ca poly-
hedra, constricted by pairs of Na polyhedra (Na,.,). In
the chains of Ca polyhedra are three independent Ca atoms,
one of which is located in a slightly distorted octahedron,
another in a low-symmetry seven-pointed polyhedron, and
the third in an eight-pointed polyhedron, Both the Na
polyhedra reinforcing the undulating chains have eight
vertices: Na, has a cube, Na, has a prism with skewed
tetragonal ends.

The sheets of the second stage at the level x = 0.5
(Fig. 3) are composed of five sorts (differing in shape)
of the same Napolyhedra. The Na, g are located in some-y
what distorted octahedra, the Na;_; within low-symmetry
seven-pointed polyhedra, The sheets of the neighboring
stages are interconnected into an open three-dimensional
framework which is penetrated by the anion framework.
In the anion framework we distinguish tubular columns
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FIG. 3, Sheet of Na polyhedra distinguished in the cation framework at
the level x ~ 0.5,

FIG, 4. Tubular columns of four rings, expressed in the anion framework
of monoclinic fosinaite. The tetrahedra of silicon—oxygen rings are
shaded by hatching, the P tetrahedra by dots.

elongated along the y axis and consisting of silicon and
phosphorus tetrahedra, and also Na polyhedra with central
cations at the levels x = 0.25 and 0.75 (Fig. 4). The col-
umns consist of four rings of two different types. The
silicon—oxygen rings Si,0,, are overlain by mixed rings
formed by P tetrahedra and Na polyhedra (Na, five-pointed
polyhedra and Nag octahedra), simflar to the four-fold
centrosymmetric rings of alternate [SO,] tetrahedra and
Mg (Fe) octahedra found in the hydrated Mg and Fe sulfates
leonhardite and rosenite,!

Four metasilicate rings [51,0;,] have been found in the
structures of nine natural and synthetic minerals. Geomet-
rically similar rings are also known in the structure of
the silicate analogs ~germanates and phosphates,

The adaptation of the [T ,0,,] rings to the specific
characteristics of the cation arrangements is the cause of
the change in their proper symmetry. Completely asym-
metric four-membered rings have been noted in joaquinite®
and synthetic Ca(NH,),[P,Oy,] - 2H,0O (Ref. 6). Centrosym-
metric rings are present in the structures of KHSiO; (Ref.
7), RbNA[P,0,,] (Ref. 8), and Na,Prg[Ge,O,,][Ge,04], (Ref.
9), The diorthogroups [Si,0;] which form the rings of
monoclinic fosinaite are related by the dyad rotation axis.
Analogous rings, but of Ge tetrahedra, were recently found
in the structure of synthetic Ca,Ge,[GeO,][Ge,0,] (Ref, 10).
Tetranucleate rings of kainosite,!! taramellite,!* and labunt-
sovite!? are characterized by a longitudinal symmetry
plane m, and verplankite!4 and nenadkevichite!® by an
orthorombic holohedron mmm. The most symmetrical
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rings, with the axes of which the tetrad axes coincide,
have been revealed in baotite,!® Ba,[Si,0,,](OH), (Ref., 17)
and Al1(PO;); (Ref. 18). Large Ca, Ba, TR, and K cations
are present in all these compounds, and therefore the
four-membered tetrahedral rings can be regarded as
typical radicals of the "Second Heading of Crystal Chem-~
istry.” Only the smaller cyclic anions of P tetrahedra
can be present in compounds with smaller cations [for
example, Al(POy),].%

The combined anion arrangement (consisting of two
types of tetrahedra — Si and P) brings monoclinic fosinaite
close to lomonosovite®? and innelite,?! However, in con-
trast with these minerals, this silicophosphate exhibits
similar functions of the phosphate and silica tetrahedra
(these tetrahedra are of four-membered rings). In lomono-
sovite and innelite the tetrahedra not only differ in the
central cations but also play different roles. Both the
latter structures are characterized by stacks consisting
of cation cores with anion "chain mail" — titanium —silicon
—oxygen lattices with [Si,O;] diortho groups and Ti poly-
hedra. The space between the stacks contains [PO,] ortho-
tetrahedra and Na cations (lomonosovite) or [SO,} ortho-
tetrahedra and Ba cations (innelite).

UThe description of monoclinic fosinaite has been sent for corroboration
to the Committee for New Minerals and Mineral Names, All-Union Mineral-

Flcal Society.

'The analysis was performed by Dr, H, Ronsbo (Denmark).
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