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ABsrRAcr

The crystal structure of vuonnemite, Na11 Tie Nb2 (SizOt)z (PO+)z Os G,OH) from flfmausssq, Greenland, a 5.49M(6), b
7.161(1), c 14.450(2) A, o 92.60(1), B 95.30(l), r 90.60(1)', V 565.9(2) A3, and ftom the Kola Peninsul4 Russi4 a 5.4970(4),
b 7.1630(6), c 14.437(2) A, o 92.55(1), P 95.30(1), r 90.61(1)", V 565.4(l) A3, has been solved by direct methods in the space
group Pl (Z = l) to a residual R value of -2Vo. Vuonnemite is a phosphate-bearing sorosilicate. The structue is layered along

[001], and consists of (l) a layer ofd6minandy sdge- and face-sharing coordination polyhedra for Na and P atoms, (2) a layer with
s6r'ns1-linked SizOr dimers and NbOe octahedra, reinforced with Na$s hexagonal bipyramids vla edge-sharing, and (3) a close-
packed layer of NaO6 and TiO6 octahedra. For all samples of wonnemite analyzed, the (Mn + Ca) content matches the Ti content
in excess of 1.0 Ti apfr. The substitution (Mn + Ca)2* + Tie + M5n + Na+ operates, whereby Ti in excess of I aplz is disordered
onto the ilb site, and (Mn + Ca) populates he Na(2) and Na(3) sites. The compositional range for wonnemite is now extended
from near end-member compositions of (Mn + Ca)6 Na11Ti1 Nb (SizOz)z GO+)z Ol (F,OH) to (Mn + Ca)e.33 Na16.67 Ti133 M1.67
(Si2q)2 GO4)2 O: (F,OH). Conelation of mineral chemistry, crystal structure and unit-cell parameters allows prediction of many
of the structural features of epistolite, the only member of the lomonosovite group for which a successftrl struchfe analysis has
not been done.

Keywords: vuonnemite, phosphosilicate, crystal structwe, lomonosovite group, Tlfmaussaq, Greenland, Kola Peninsula, Russia-

Somuanr

Nous avons affindlastructure cristalline de la vuonnemite, Na11Ti# Nh (Si2O7)2 GO+)z Ol G,OH), provenant d'r{maussaq,
au Groenland, a 5.4984(6), b 7.161(L), c 14.450(2) A, q 92.60(l), p 95.30(1), I 90.60(2)', V 565.9(l) A3, et de la p6ninsule de
Kol4enRussie,a5.4970(4),b7.1630(6),c14.437(2)A,a92.55( l ) ,p95.30(1),190.61(1)" ,V565.4( l )Ar, jusqu'dunr6sidu
R d'environ 2Vo par m€thodes directes, dans le groupe d'espace Pl (Z = 1). La l'uonnemite est un sorosilicate cont€nant des
groupes phosphate. tr s'agit d'une srucnre stratifi6e le long de [001], faite de (1) une couche de polyddres i arOtes et tr coins
partag6s renfermant les atomes Na et P, (2) une couche de dimbres Si2O7 ) coins partag6s et des octabdres NbO6, renforcis par des
biplramids5 hsyagonales NaQs par partage d'arttes, et (3) une couche i agencement dense d'octabdres NaOo et TiOe. Dans tous
les 6chantillons de vuonnemite qui ont 616 analys€s, le contenu en QVIn + Ca) 6quivaut la proportion de Ti d6passant un atome par
unit6 formulaire. l,e sch6ma de substitution (Mn + Ca)2+ + Ti4 + Nb5+ + Na+ s'applique; les atomes de Ti au dell d'un atome
par unit6 formulaire sont distribu6s de fagon d6sordonn6e sur le site M, et (Mn + Ca) se fouvent au sites Na(2) et Na(3).
L'intervalle de composition de la wonnemite se voit augment6, d partir de compositions prbs du p6le (Mn + Ca)o Nau Tir Nbz
(Sizq)z (PO+)z Os G,OrD A (Mn + Ca)e.33 Na16.67 Ti1.33 Mr.er (Sizq)z (PO4)2 03 @,OFI). Une corrdlation des parambtres de
composition, de la structure cristalline et des parambtres r6ticulaires mdne d pr6diction de plusieurs des aspects structuraux de
l'6pistolite, seul membre du groupe de la lomonosovite pour lequel une dbauche de la srucnre cristalline n'a pas encore 6t6 possible.

(Iraduit par la R6daction)

Mots-cl6s: vuonnemite, phosphosilicate, structure cristalline, groupe de la lomonosovite, Ilfmaus5aq, Groenland p6ninsule de
Kola. Russie.

Il.rrnotucnoN (Si2O7)2.@O4)2.(F,O)2, establishing the presence of
F. Ronsbo et al. (1983) described wonnemite from the

Vuonnemite was first described from the Khibina Illmaussaq intrusion, Greenland, and modified the for-
and Lovozero massifso Kola Peninsulao Russia, as mula of Khomyakov (1976) slightly: NasTi4*Nbz
Na4Ti+M2(Si2O7)2.2Na3POa (Bussen et al. 1973). (SizOz)z.2NatPOa.l.1Wgr. Bussen et al. (L973)
Khomyakov (1976) proposed the formula NarrTieMz showed vuonnemite to be triclinic, space group Pl or
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Pl, a7.02, b l4.l5,c 5.38 A, o-93.7,B 89.5, 1 87.5',
Z = L, and to be a member of the lomonosovite struc-
tural group. Rpnsbo et al. (1983) reset the cell to con-
form with the conventional setting for the group: a
5.s01( l ) ,  b  7.162(r) ,  c  r4.440( l )  A,  a 92.63(1) ,
B 95.33(1), "y 90.57(t)", y565.8 A3 for the sample from
Tlimausszq. The present study of the crystal structure of
vuonnemite was spurred by our interest in the structural
systematics of (Nb,Ti)-silicate minerals, accentuated by
apparent Ti-M order in this mineral, and by the ambi-
guities in its chemical formula.

Elcnnnrmxrer.

The crystals used in this study are from the
Ilfm4us5aq intrusion (obtained from the Deparbnent of
Mineralogyo Royal Ontario Museum, sample number
M35502) and from the Umboserskiy mine, Lovozero
massif, Kola peninsula (purchased from the Fersman
Museum). thsss samples are designated I @(maussaq)
and K (Kola). Crystals were mounted on Nicolet R3zn
(I) and Siemens P4 (K) automated four-circle diffracto-
meters, and intense reflections were centered using
graphite-monochromated MoKa X-radiation. Least-
squares refinement of the setting angles resulted in the
unit-cell parameters given in Table 1, and the orienta-
tion matrices used for data collection. The intensity data
were measured over one asymmetric unit (I) and the
whole sphere (K) to a maximum sin 0/), of 0.7035. A
psi-scan absorption correction was applied to each data-
set, together with corrections for Lorentz, polarization
and background effects, Further experimental details are
provided in Table l.

Subsequent to the collection of the intensity data"
crystal K and a crystal from a neighboring region of the
same sample were analyzed with an electron micro-
probe. The second fragment was mounted in epoxy,
$ound and polished. The crystal used il the collection
of the intensity data is a thin plate (Table l); it was laid

TABLE 2, CHEMICAL COMPOSITION AND
UNIT FORMULA OF WONNEMITE FROM

THE LOVOZERO MASSIF, KOLA PENINSULA

P.o.
sto,
Nb2o5

not
Ato3
lvlnO
FeO
CaO
Na2O
f

(H,o)-
o"F
Sum

13.0
21.5
20.1

Y . O

0 .13
1.59
0 .10
0.35

30.0
1 .4
n  l 6

-{r.59

97.3it

1.67
1.3{'

0.25
0.03
0.02
0.07

10.7

o E

o.4

0.4
n n A

0.07
0.05
0.03
o.4
o.2

Nb
T1

st 4,0

P 2.0

lr/tl
AI
Fe

Na
E 11.04

F 0.8
oH 0.2

' Mg not deteoted; - F + OH = 1.0 qptil
26 anions pfu

on the same probe mount with the cleavage surface par-
allel to the surface of the mount and carbon-coated.
Analysis was done with the electron microprobe oper-
ating in wavelength-dispersion mode at an accelerating
voltage of 15 kV and a sample cwrent of 5 nA for Na,
Si and P, and l0 nA for all other elements. The follow-
ing standards were used: jadeite (I.{a), diopside (Ca,Si),
apatite @), fluororiebeckite (D, titanite (Ti), MnNb2O6
(M), forsterite (Mg), kyanite (Al), spessartine (Mn) and
fayalite @e). Data were reduced using the d(pz) method
of Pouchou & Pichoir (1985). Chemical compositions
and unit formulae are given in Table 2. Bussen et al.
(1973) did not detect OH in the infrared spectrum. The
F values from previous chemical analyses are not quan-
titative fBussen et aI. (1973) did not report F; Rgnsbo e,
al. (1983) gave only a range in F from 1.5-2.57o1. For

TABLE 1. MISCELLANEOUS INFORMATION FOR VUONNEMITE FROM ILIMAUSSAO (I) AND THE
KOLA PENINSULA (K)

a(A) 5.4984(6) 5.4970(4) Spacegroup pl p1

b 7.161(1) 7.1030(6) CrysEisize (mm) 0.13 x 0..|5 x 0.30 0.035 x 023 x 0.23
c 14.450(2) 14.437(2) p (om-l), radlaton 20.4,MoKd, 20.4,tlbl<d
d (") 92.60(1) 92.55(1) Totrl lFI, l4l 33i17,3136 30e7,30e7
B 95.30(1) 95.30(1) Flnal R(%) 1.8 2.o
y e0.60(1) e0.61(1) wE (11 2.3
v(A') 565.9(2) b6s.4(1) wR(21 - 4.8
Z l l F o r m u l a : N a r T f + N b 2 ( S l 2 O 7 ) r ( P O J r O 3 ( F , O H )

E-:( lFol- lF" l ) /EIF" l

wE(1| = IZWIF 3-F12 r >wF th, w - 1
wB(21-t>w(F|-Fl '? lzw(F11h,w=1l ld(F!+ (axP) 'z+(bxPlwhereaandbareref lnabls
pammeteni, and P = ffmax(0,Fil +zFel3.

For crystal K, an exdnc{on conecdon Xwas refined according tro tho equation
F; = ,<F"n + 0.001 x Xx F"2 x I%in(2S)I{, where kis $e scale fac{or.
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the Kola vuonnemite (this study), there is good agree-
ment between the population of O(13), the site occu-
pied by F, 0.82(4) F + 1.18(4) O, and the EMPA
(electron-microprobe analysis) value of 0.8(l) F apfu
(atoms per formula unit). Thus the anion composition
for the O(13) site is O1.s +Fs.sOHr.2 apfu.

Srnusn-ne SolrmoN nNp Rnrnwmrrr

The programs SIIELXTL and SIIELXTL PC were
used for solution and refinement of the strucfure, respec-
tively, with scattering factors from the International
Tables for X-ray Crystallography (1992) and Azavant

TABLE 3. POSMOML AND DISPLACEMENT PARAMETERS FOR WONNEMIIE FROM
TLIMAUSSAQ (UppER ROWS) AND LOVOERO (LOWER FOWS)

y z ' 4 r U - % U ^ U t s 4 o U -

s{1) 0.1841q10) O2192q4 0.@712(4\
o.lue{n 0219315} 0.@737(3)

s{2) 0.10844(10) 0.7938€{4 o.M4(41
0.1s0r8f4 0.7E!00(5) 0.@471(3)

P 0.31392(S) 025€S3C4 0.005(,8(3)
0.313e3f4 025693(5) 0.06812(3)

Nb 0.30112(3) O.4s172(21 02887(1)
0.s0111(2) 0.49199(2) 0-6413(1)

n o.s7n5{d41 0.00088(12) 0.5078e(6)
0.97299(30) 0.00048(30) 0.50810(13)

Ala(l)0.18s2(1) 0.9821(1) 0.89970)
0.1e17(1) 0.98a2(1) 0.8Ss80(5)

iq2) 0.1e$(1) 050790) 0.88rF0)
0.19360) 050@(1) 0.88520(0

/v4s)0.4945(2) 02406(r) 0.5010(1)
0.!1s45(1) 02418{1) 060112(4)

r,r44)0.7053(2) 0.9928(t) 0.735s(1)
0.7180(1) 0.9918(1) 0.73624(5)

lqi5) 024s6(21 0.7369(1) 0.080{'(1)
02507(21 0.7388(1) 0.080e4(5)

i4q 0 t2. 1t2
o 1E 1f2

O(1) 0.,1349(3) 0.3235(2) 0.7427(1)
0.4355(2) O324!l2l 0.74m5@l

o(2) 02036(s) 0.005/(4 0.7350(1)
o.w(2't 0.0048(1) 0.7u87m

q3) 0.1614(3) 0.8017(2) 05738{1)
0.1@4(21 0.8012(1) 0.573/€{n

o(4) 0.48m(s) 0.70es{2) 0.7190(1)
0.tt815(2) 0.70e5(2) 0.71855(8)

o(5) 0.0518(3) 0.6e64(2) 02s50(1)
0.0s28(2) 0.6962(1) 0.25513(8)

0(6) 0.3231(3) 05156(2) 0.4057(1)
o.242(2't 05108(2) 0.t+0636(8)

of4 02563(3) 0.4304(2) 0.13C2(1)
02552(2' 0.4{107(1) 0.130090

o(8) 0-€8s(3) 0.07u(2) 0.1081(r)
0.%70(2) 0.0730(2) 0.10740(8)

o(9) 0.1002(3) 0209412:t 0.5855(1)
0.1610(2) 02093(1) 0.58525C4

o(r0) 0.4118(3) 0.742(2', 0.9,134(1)
0.4113(2) 0.7415(2) 0.e,1{,21(e}

o(11)0.1710(3) 02745(2) 0.e710(1)
o.17m(2\ OC752(2) 0.97009(8)

o(12) 0.0173(3) 0.316s(2) 027?211\
0.0176{2) 0.3174121 o272eo(81

o(13)02687(3) 0.0024(2) 0.4230(1)
02699(2) 0.0026{1} 0.423{l5m

u(21 48(2)
81(2) 8712)

e(el 4e(2:)
7Sl2:) 60(2)

86(2) 7sl2l
105(2) s0(2)

so(l) 541)
70(1) 7e(1)

72(21 o(2) s(2)
88(2) 1(1) 8(r)

70(21 5(2) s(2)
83(2) 5(1) 8(1)

73(2) -{(2) 10(2)
e2(2) -7(1) 12(1)

63(1) 3(1) s(1)
88(1) 50) 8(1)

0(2) 61(r)
20) 7e{1)

2l2l 61(2)
2(11 7q1)

o(2) n()
2(1) e0(1)

3(1) 57(1)
1(1) 78(r)

oa ir, *q ,ro q.l *, #[]
251(5) 158(q rs2o 4(41 s(4) 36(4) 201(s)
m1(41 174\31 2@(31 -fi3) 8(3) s7(31 214(4

a2(5) 138(s) 171(5) -€(3) 4q4) -25(4) 185(3)
302(4) 1d{3) m814',, -12(2) -38(s) -e0(2) 22s(s)

119(4) 154(4) 200(5) -€0(3) 79(s) -37(s) r56(s)
15e(s) 199(3) 256(4) -€5(2) B7(2) 42tCl 20€(2\

188(0 ms{q 142(4} 4(41 21(4\ -6141 178t2)
203(3) 24?(s) 15e(3I -3(3) 1s(3) -55(3) 202(2)

271(5) 154(5) 200(5) 37(41 6(4) 15(4) 20q3)
320(4) 182(3) 214(3) 35(3) 57(3) m@l 22s(2)

17e(6) 1e4f4 2@m -2't(6t 71(5) -28{5) 1e0(4)
181(5) 20S(4) l5l. -a@ 09(4) +r(4) 2cr(2)

loan 13on 1mn 7(5) 6(5) -.4{rF} 121(4)
123(5) 166(5) 1S8(5) -0(4) 3(4) -5e(4) 1/o(2)

180[4 58{8) ssf4 0(5) 16(5) 16(5) 112(4)
201(5) 58(4) 104s) 4(3) 7(4\ 't5(41 122(2't

131C4 ee(6) n$l 7(5) 8(5) 1s(5) 101(4)
161(5) 112(4) e(4) 12(41 414',) 'tO(4' 120(2)

101(4 P2m u7m -2(5) -15(O 53(5) 125(4)
115(5) 143(5) 173(5) -10(4) +0(4) 52(41 uae)

100(6) 104f4 110(4 -2(5) 2415\ 3e(5) 104(4)
110(5) 123(4) 13qq 4$\ 28(41 38(4) 122(21

142f4 1er(8) 80[4 +(5) 18(5) 1(6) 137(4)
157(s) 216(5) 106{s) -11(4) 21(41 0(4) 161(2}

flam 7s(6) e2(6) +(5) 22(5) 14(s) 105(4)
18s(5) 100(4) 10s(O -€(4) (4', 1q4) 125(2)

217(81 s7m 1&(n 10(5) 3e(6) -24(8) 152(8)
2,18(0) 100(5) 173(0 12(41 42(41 -4(41 173(21

114f4 100(6) 81(6) -1(5) 8{5) -s(5) se(4)
145(5) 111(4) 88(4) 3(3) 8(4) -€(4) 115(2)

87f4 168(8) 212(8) -34(6) 44(al 3(6) 155(4)
11e(5) 188(E 2€716',) 1't(4\ il(41 7(41 180(21

24719) 157(8) 10314 -12(6) -57(6) 2(6) 174(5)
273(6) 175(s) 1s3(5) -€(4) -€7(5) 14(4) lss(2)

118(tl 1u{t1 142m 22(B't 29(5) 62(6) 133(4)
141(5) 174(5) 165(5) 24(4\ 28(4) -s(4) 159(2)

175(6) 201f4 17r(6) 2(5\ 32(5) -7(5) 181(4)
105(5) 184(5) 130(5) 7(41 28{4) -1s(4) 159(3}

' 4 x  l d
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& Lichanot (1993). The structure was solved by direct
methods. The lEl-statistics are inconclusive; the space
group Pl was initially assumed, and its validity was con-
firmed by successfirl refinement of the structure. Of the
four phase-sets passing the figure of merit threshold,
only one generated an interpretable E-map based on the
vuonnemite formula of Rgnsbo et al. (1983). All cation
positions were derived from this initial model, and were
refined. The resulting difference-Fourier map gave all
anion positions. Crystal I was refined using lF"l, whereas
crystal K was refined using Fo2 using the expression for
wR(Z) n Table 1. For crystal K, an extinction correc-

tion Xwas refined (fable 1). The shape of the displace-
ment ellipsoid for Zi suggested that the atoms at the Ti
site might be positionally disordered. On the basis of
these data, 7i was modeled as two general positions
about the center of inversion. Refinement converged
rapidly to the R indices given in Table l. Final positional
and displacemenl parameters are given in Table 3, bond
lengths in Table 4, and empirical bond-valences in
Table 5. Observed and calculated structure-factors are
available from The Depository of Unpublished Data,
CISTI, National Research Council, Ottawa KlA 0S2,
Canada.

TABLE 4 INTEMTOMIC DISTANCES (A) IN VUONNEMTTE FHOM ILIMAUSSAO O AND
THE LOVOZERO MASSIF, KOLA PENINSULA (K)

s{1)-o0) 1.d}0(2)
s(1)-o{2) 1.64e(2)
s(1)-o(5)a 1.ets4(2)
s{1FO(e) 1.604{2)
<s(1rc> 1.629

s{2)-o(2)b 1.652(2)
s(2)-o(3) 1.600(2)
s(2f-o(4) 1.610(2)
s(2p(12)a 1.604{2)
<sd2)-o> 1.617

77-o(3)c
rF€(3)e
7rc(e)f
rrc(sts
rFq13)s
7:O(13)t
<n-{>

P4m 156e(2) r.571(1)
P.o(8) 1.53e(2) 1.s41(1)
P-o(10)o 1.527(2) 1.52s(1)
P-O(l r )d 1.533(2) 1.536fi1
<P-(}> 1.542 1.544

t{'-O(1)c 2.0i28(2',) 2.024t1)
Mro(a)c 1.963(2) 1.e57(1)
'\h-o(s) 2.048(2) 2.041t(1)
Nb-o(6) 1.753(2) 1.758(1)
Arcr4 2.2s5(21 2.238(1\
Arc(r2) l.se/l?t 1.978{1)
<^[}-o> 2.002 2.000

N43rc(3)o 2280(2) 2274(1)
N43P(6)c 2.317(2) 2.299(1)
N43p(6) 2.s90(2) 2.5s2(1)
Na(s)-o(9) 2.313(2) 2.306(1)
N43I4(13) 2.2eo(2) 22e1(1\
Ah(3rc(13)s 2.425Q\ 2.427n1
.Ah{3)-+o 2.3tj9(21 2.36i1

1.e99(2)
1.986{2)
2.05712)
2.0{re(2)
1.732(2)
2j28(2\
1.990

1.6s3(r)
1.653(1)
1.qr(1)
1.610{1)
1.G13

1 .651(1)
1 .604(t )
1.60s(1 )
1.606{1 )
1 .618

1.9e2(2)
1.996(3)
2.038(2',)
2.057(21
1.734(1)

2.129fi)
.l.991

2.4o7(1)
2.334(1)
2220(11
2294(11
2.314

2.625(r)
2.508(1)
2.s16{1)
2.2e()
2.312(1\
2.590(1 I
2.468

2.481(1)
2.311e(l)
2.5@(1)
2.469

Ah(1rc(2)b 2.406(21
Na(l)-o(8)a 2.s32(21
Ar41I€{10) 221s(21
AJa(1)-o(11)b 22eae\
<N41)-O> 2.313

N42rc(1) 2.e2ee)
Na(zrc(Oa 2.517(2\
N{zrcna 2.s31(2)
N42)-o(10) 2241(2)
Na(2rc(11) 2.s18(2\
N42p(12)a 2.@1el
</Va(2I€> 2,473

'tla{6)-O(3),a xz 2.48:l(1)
,Va(6)-O(6),a x2 2.U2(2)
|lla(6rc(e),a )e 2.5e0(2)
<N46FO> 2.472

N44)--o{1)b 2.813(2)
Nf(4)4(2)j 2.75e(2',)
,va(4)-O(2)b 2.743(2)
N44rc(4) 2.410(21
Na(a)-O{s)l 2.5ne)
Na(aFo(8)o 2.317(21
Na(laJ'2lc 2.708(21
/Va(a|€(13)c 2.319e\
<,Va(4F@ 2.580

2.82(1)
2.737(11
2.7u(1)
2.407(1)
2.57s(11
2.318(1)
2.704(1)
2.322n\
2.592

iJ4s)-o(lF 3.006(2) 2.em(1)
Na(sFo(5) 2.8€/,(2) 2.856(1)
N45rcr4 2.u1(2) 2.335(1)
N45)-q8)b 2-427(21 2.424(1',)
/v45)-O(10ts 2.248(2) 2.25011)
N45rc(11)a 2.36"t(21 2.s76\11
<Na{src> 2.541 2.5118

a : , x , j +1 ,2+1 ;  b : t r , y+1 ,2 ;  a :7+1 ,V+1 , - z+1 ;  d :Xy , z -1 ;  a : x+1 , y -1 ,2 i  f : x+1 , y , z i
g: 7+1, y,.2+1 ; h: r" y+1, z+1 ; i: 

-x+1, j+2, -z+1 
; li xA ; y+1 ; z
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TABLE 5. BOND-VALENCE'TABLE FOR VUONNEMM FROM THE LOVOZERO MASSIF,
KOLA PENINSULA

s(1) s{2) P N b ri N41) N42) '\hts) N44) N45) ,va(6)
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o(1)
q2)

o(s)

q4)

o(5)
q6)

o(n

o(10)

o(11)

o(12)

o(1s)

0.98

0.92 0.9:l

1.06

1,04

0,97

0 .110,71 o.o7 0.05

0.04 0.18

0.1s 0.12 0.07

023
0.12

o.22 0.18

0,26

0.20

0.09

020

1.92

220

0.16pr 2.09

2 .11

1 .9S

o.212t 2.02

1.95

1.87

0.128t 1.93

2 ,10

1.93

2.06

1.38

0.18

0.6*-
0.61e-

0.09
0.08

0.85

0.67

1.46

,|.15 0.40

1.29

1.28

o.14
0.04

o(8) 1.25
o(e) 1.04

022
0.55e- 0.23
os2M-

0.28 027

0.24 023
0.80 012

0.37ft- o,21
1.24n- 0.16

t 3.91 4.08 4.95 4.89 3.91 0.92 1.10 120 1 .05 0.98 0.98

' bond valences (vu) from curves of Brese & O'Keetfe {l 991 ) for Si, Nb, Ti, and those of
Brown (1981) for P, Na

DEScRprroN oF Tm SrRUcruRE

Coordination of the cations

The tetrahedrally coordinated sites: There are two
unique Si tetrahedra that link through the O(2) atom to
form an [SizO:] group with an S(1)-O(2)-J/(2) angle
of -135'. The O(2) atom also bonds to three Na atoms,
and hence the Sl-O(2) distances are the longest in each
tetrahedron in order to satisff the local bond-valence
requhements at the O(2) atom (Iable 5). There is one
unique P tetrahedron, and the P-O disrznces fall within
the normal range exhibited by phosphate minerals @aur
1974).Thue is no indication of any Si-P disorder over
the Si and P sites.

The high-valence octahedrally coordinated sites:
There are t'wo high-valence octahedrally coordinated
cation sites, M and Ti.There is a wide range of NE-O
distances (Table 4), from 1.75 to2.25 A. Table 5 shows
that this distortion of the polyhedron is induced by the
bond-valence requirements of the coordinating anions.
The Zi cation shows sigaificant positional disorder. This
was modeled in the refinement by a split site, the
Zi-Zi distance being 0.40 A in both crystals. There is a
widerange of Tl-O distances (Iable 4), from 1.73 to
2. l3 A. There are four meridional Zl-O distances of -2.0
A and two axial distances of 1.73 and 2.8 L, and the
displacement (splitting) of the ft site is along the direc-
tion of the axial bonds.

Refined site-scattering values and the unit formula
(derived from the electron-microprobe results, Table 3)
are available for crystal K, enabling reliable site-
populations to be assigned. The SREF result indicates
that the Ti site is completely occupied by Ti, and there
is more than sufficient Ti in the unit formula for this
assignment. The SREF result for the Nb site indicates
that this site is occupied primarily by Nb, but also by a
minor amount of a weaker X-ray scatterer. The unit for-
mula (Iable 3) suggests that ttris species is Ti. Refining
the (M,Ti) occupancy of the ND site gives extremely
close agreement befween the SREF results and the unit
formula Clable 6).

The Na sites: There are six distinct Na positions, all
firlly or dominstly occupied by Na; these are illustrated
in Figure l. Na(l) is coordinated by a tetrahedron of
O-atoms with a <Na(l)-O> distance of -2.30 A. The
next-nearest O-atom is at -3.03 A, contributing an inci-
dent bond-valence of 0.05 vu only. Na(2), Na(3), Na(5)
and Na(6) are each coordinated by six anions in a dis-
torted octahedral arrangement. Na(4) is coordinated by
eight anions in a hexagonal bipyramidal arrangement.

Site-scattering refinement for the Na(l), Na(4),
Na(5) and Na(6) sites shows them to be firlly occupied
by Na. The occupancies ofNa(2) and Na(3) were refined
in terms of Na and Mn scattering factors, and the elec-
tron totals and site populations are presented in Table 6.
The Na(3) site shows the most significant departure
from "ideal Na occupancy" at 24.9(l) epfu; the Na(Z)
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site has 23.3(l) epfu (elecrons per formula unit). Bond-
valence calculations (Table 5) using the Na curve of
Brown (1981) give incident bond-valence sums for
Na(1,4,5,6) very close to the ideal value of I vu (valence
unit). The bond-valence sum for Na(2) is l.1O vu, and
for Na(3), l.2O vu. These slight increases in valence
totals are consistent with additional constituents 0.04
Mn + 0.07 Ca at Na(2) and 0.21 Mn at Na(3) in the
Lovozero crystal. Substitution of Na and Mn2+ at a site
is unusual but not unknown; it occurs in samuelsonite
(Moore & Araki L977), barytolamprophyllite (Rastsve-
taeva & Dorfman 1995), griphite (Rinaldi 1978)
and alluaudite (Moore l97l), as well as many synthetic
compounds.

The O(13) site: The chemical compositions (table2)
indicate that there is only one F apfu to occtpy the O( 1 3)
si!e, which has a formula multiplicity of 2. For the K
crystal, the site occupancy of the O(13) position was
refined and converged ro 0.82(4) F + l.l8(4) O apfu.
The bond valences incident at the O(13) site are listed

TABLE 6. SM€CATTERINO VALUES AND ASSI6NED STE-POPULATIONS IN
VUONNEMTIE (l9 FFOM THE LOVOZERO MASSIF, KOLA PENINSULA

Stl6 S€tertE SREF EMP Sltefoputsdon
speda wlue (epn, due (eptu) (apf,

Nb Nb,Tl
n T l
,va(l) Na
l,ta(21 Na, irn
Al43) N4 Mrl
Ae(4) Na
/v45) Na
^146) Na
o(13) O&,F

76.01r)
2.O
2.O

Ftc. l. The coordination of the six Na sites in vuonnemite; Na: dot-shaded circles; O: large
hishlighted circles; F: cross-hatched circles.

0.49 _ 0.97
'1.07 r.58 o.ffi

75.7
2.O
2.O

2
24.9
2.O
22.O
1 1 .0
l e  a

233(1)
24.9(1\t
22.0
2.O
1 1 . 0
16.8(1)

1.67 Nb + 0.$ Tr"
1.00 Tr+
2.00 Na
'1.89 f,la + 0.04 Mn* + Ol)7 Ca
1.79 l{a + 021 lvlne
2.00 }la
2.00 Na
1.00 }la
0.8 F + 02 (OH)- + 1.0 O!

in Table 7 for occupancy ofthe O(13) site by O2-, F and
OH. For the arrangement involving the short Ti4(I3)
distance, occupancy of O(13) by 02- gives an incident
bond-valence sum of 1.88 vz (Iable 7), reasonably close
to the ideal value of 2.0 vu, whereas occupancy of O(13)
by F gives an incident bond-valence sum of 1.56 va, in
poor agre€ment with the ideal value of I.O vu. This in-
dicates that the short ft-O(13) configuration must in-
volve 02- at the O(13) site. For the arrangement
involving the long Ti4(I3) distance, 5imilff sssupan-
cies give incident bond-valence sums of 1.07 and 0.86
vu,both reasonably close to the ideal value of 1.0 va.
This indicates thar the long Ti-O( 13) configuration must
involve F or OH at the O(13) site. Moreover, for each
short Ti-O(13) conflgurationo there must be a long Tl-
O(13) configuration, indicating that the O(13) site must
be occupied by 0.5 OL + 0.5 (F + OII), giving 1.0 02-
and 1.0 (F + OH) pfu.

A digression on [4]-coordirnted Na: The Na(l) site
in vuonnemite is [4]-coordinated. This coordination for
Na is unusual in minerals. but does occur in certain struc-

TABLE 7. BOND VALENOES' (w) FOR VARlol.JSi OCCUPANCIES OF THE
O(1S) STTE BY DIFFERENTANIONS IN VUONNEMTE CFYSTAL K

o(13)-Nd3) 2291 O.24 024 0.18 0.18

o(lsYMSl 2.427 0.1s 0.18 O.14 0.14

o(lsYh@l4l 2'g22 o.2. O22 O.17 0.17

o(1SFIi 1.7U 124 - 1.O7

q13F77 2,129

1.88

' Lrsing Brese & OKoefie (1991) lorTH and Brcwn (1981) for Na-o (0 - O,D
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Tunlslt€ NaCa,Ala(COr)a(OH)6Cl /V41)

Vsovite NaeZTSLOli i,/€{2)

Chemical substitution in vuonnemite

R6nsbo et al. (1983) gave a range of Ti contents for
rrronnemite from Ilimaussaq [0.95 to l.I2Ti apfu,based
on (25 02- + 1 F) pful. With increased Ti values,
R@nsbo et al. (1983) noted that Nb contents decrease
progressively (1.95 to 1.88 Nb apfu), and a coupled
substitution involving Ti =: Nb and P + Si was pro-
posed. The Tlfmaussaq vuonnemite analyzed by R,nsbo
et al. (1983) gontains 0.01 to 0.02 Mn apfu and 0.06 to
0.10 Ca apfu; the maximum (Mn + Ca) content is
O.I2 apfu. Similarly, the Kola vuonnemite analyzed by
Bussen et al. (1983) and Khomyakov (1976) contains
0.08 Mn and 0.05 Ca apfu, giving an (Mn + Ca) sum of
0.13 apfu. The Kola vuonnemite analyzed in this study
contains 0.25 Mn and 0.07 Ca, giving an (Mn + Ca)
sum of 0.32 apfu. The Ti content of crystal K is 1.33
apfu.This sample contains the largest (Mn + Ca) and Ti
values reported thus far. For the crystals of wonnemite
analyzed, the (Mn + Ca) content matches the Ti content
in excess of l.OTiapfu. The substitution (Mn + Ca)z+ -r
Tie + Nbs* + Na+ operates, whereby Ti in excess of
I apfuis disordered atthe M site and (lr4n + Ca) popu-
lates the Na(2) and Na(3) sites. The compositional range
for wonnemite is now extended from near end-mem-
ber compositions of (Mn + Ca)sNa11Ti1Mz(SizOz)z

K__ b --'l

Frc. 2. The structure ofvuonnemite projected down [001]. For
simplicity, Na(l) to Na(4) are given as spheres rather
than represented by their coordination polyhedra. Na(5) is
located behind the TlOe and Na(6)Q6 octahedra"

N%K6Tl'?(AI?SlsO6)Cb Aqi)
N42)

Na,E(SOa)sFaCl AHI)
tt42)

M3)
rvd4)
N45)
N46)
Na(4
,Va(8)
Ar4e)
,va(l0)

N&(SoJF 461)
N43)
N44)
^45)
N(n
rva(8)
/va(s)
,v410)
A/a(1 1 )
iva(1 3)

NalB6o6(OHLI(H,oL N42)

Nari(SOlFoCl N41)
N42l
M3)
N44l
N45)
N46)
/va(-4
N48)
N4e)
|{410)
Ae{11)
N412)
^413)
N414)

N%(SOa)rFCl fva(l)

N%[B(oHL]cl lva(l)

2.410
2.W

2.431
2.44
2W.
2.393
2.415
2.430
2.447
2.421
2.474
2.443

2.418
2.4@
2.415
2.406
2.M
2.975
2. 70
2.451
2.414
2.S99

2287

2.459
2.MA

(1 )

Kogarkotts

Sborglts

SchalrBril€

Sulphohalite

T@pleito

(4)

(5)

2.&7
2.425
2.442
2.440
2 . 7 2
2374
2.475
2.4n
2.442
2.40A
2.395
2.426
2.428 (61

2.454 (4

2.42e (8)

2.427 (Sl

Fefs: (1) Ferads otsl. (199b); (2) Fanrant st al.(1975a)|
(3) Fanfanl atal. (1980); (4) Merllno & Sarrort (i972); (O Fanfanl
sfal. (1975b); (6) Saksnoto (1968); C4 Effenb€rger (1982);
(8) Etfenbsrgsr et a/. (1 gsl); (9) Voronkov et at. (1924).

tures, and a brief review of this feature is wananted. A
selected list of minerals with talNq bgether with the stere-
ochemical details, is given in Table 8. The grand <talNa-
O> distance in the structures of Table 8 is 2.432 4, *ith
an observed range in <Na-O> of 2.29-2.48 A. The
<Na(l)-O> distance for vuonnemite, 231ts A, occurs in
the lower part of tlis range. The variation in individual
t+lNa-S (S: unspecified anion) is 2.2&-2.58 A, and the
fifth nearest anion is always >3 A from the central Na
site. Thus there is no question of the occurrence of the
[4]-coordination around Na in any of these structures.

Fomula Slte r,<l\bO> Ftef.
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(PO4)2O3G,OH) to (Mn + Ca)o.gsNaro.67Ti1.33M1.67
(SizOr)z(PO+)zOsG,OID.

Structure topology

The structure of wonnemite consists of three dis-
tinct layers of cation-coordination polyhedra- These lay-
ers are stacked along [00 1] (Fig. 2) and consist of ( I ) an
Na-P layer centered at z = 0.1, (2) an Na-Nb-Si layer
atz=0.3, and (3) an Na-Ti layer atz=0.5. The struc-
tural details of each layer are shown in Figure 3.

The layer at z x 0.1 (Ftg. 3a) consists of isolated
phosphate tetrahedra in an open, weakly bonded layer
of edge- and face-sharing Na$o ($: unspecified anion)
polyhedra. A small proportion of the Na-$ bonds in this
layer serve 1s srss5-link to adjacent layers; this linkage
is relatively weak compared to the strong bonding
within and between the other layers, and accounts for
the perfect (001) cleavage of wonnemite.

The layer at z N 0.3 (Ftg. 3b) consists of [Si2O7]
dimers linked via corner-sharing to NbO6 octahedra.
Na(4) occupies hexagonal voids in the Si-Nb-O net, and
links to F and O(8) in adjacent layers. The four-sided
voids bounded by two MO6 octaheclra and fwo PO+
groups remain unoccupied.

The layer at z x 0.5 Gig. 3c) consists of a close-
packing ofcoordination polyhedra forNa(5), Na(6) and
Ti+ (all octahedra). The octahedra containing Na(5) and
Na(6) are irregular, whereas the octahedron g6ptaining

Ti is comparatively regular. These distortions are a
result of the difference in bond valences for the differ-
ent octahedrq combined with the connectivity require-
ments of the array of polyhedra. The Ti-O bonds are
strong (mean bond-valence - 416 - 0.67 vu), whereas
the Na-O bonds are weak (mean bond-valence - l/e =
0.17 vu). Moreover, the TiOe octahedron is small
(<Zt+> = t.99 A), whereas the Na$6 octahedra are
large (<Na-$> =2.45 A), and thus the polyhedra must
distort in order to maintain cation_anion linkage within
the sheet. There are two types ofchains ofedge-sharing
octahedra parallel to the b axis, an Na(6) - Ti - No(6) -

2i... chain and an Na(5) = Na(S) = Na(5) = Na(5;'.. 
"1tuin(Tig. 3c). For the sheet to maintain its connectivity, both

chains must maintain the same periodicity along the
b axis. As the mean size of the octahedra within the
Na = Ti chain is much less than the mean size of
the octahedra of rhe Na = Na chain, the octahedra of the
Na = Ti chain must elongate n the b direction. As the
Na(6)-$ bonds ate much weaker than the Tl-$6 bonds,
the elongation should be much greater for the Na(6)$6
octahedron than for the Tiba octahedron. Inspection of
Figure 3c shows that this is the case.

Ttn Cnvsrer CrunnsrRy oF rHE LoMoNosowrE GRoup

b)

r

I
a
I
I
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I
a
I
I
l'

c)

Flc. 3. The layers of the wonnemire structure (perpendicular Vuonnemite is a member of the lomonosovite group
projections): (arlayet atz= 0.1; (b): layer at s = 0.3; (c): of silicate and P-bearing silicate mineralso and to date,
layer at z = 0.5. Polyhedron shading is as in Figure 2. is the only member of this group with appreciable
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Ftc. 4. Aspects of the structural crystallography of the minerals
of the lomonosovite group: mumranite (M), epistolite @),
lomonosovite (L), vuonnemite (V) and BJomonosovite
(B). Polyhedron shading is derived from Figure 1: phos-
phate tetrahedra in narrow ruling, silicate tetrahedra in
broader ruling, Nafi polyhedra in regular stippling, T106
octaledra in dense random stippling, NbO6 octahedra in
short hatching, and MnO6 octaledra in triangles.

Ti-M order. The layers of the wonnemite structure at
z = 0.3 and z = 0.5 have topological analogues with the
other members of the group Qomonosovite, p-lomo-
nosovite, mumnnite and epistolite), from which they
differ mainly in terms of cation order and layer stacking

Frg. a). These structural simil arities translate into pre-
dictable similalities in unit-cell parameters: (1) all mem-
bers of the group have an a cell-edge similar to that of
murmanite, (2) the D cell-edge corresponds to a
two-octahedron repeat of the fundamental building
block (FBB) pictured in Figure 4; the exception is
p-lomonosovite, which has a doubled FBB and thus a
doubled D cell-edge, (3) the c cell-edge is approximately
I 2 A for phosphate-free members of the group ; if phos-
phate is present, c is 2.5 A longer, and (4) with regard to
interaxial angles, ct ^, B E "y E 90o for a nearly
orthogonal vuonnemite-like motif; interaxial angles that
approach or exceed 100' indicate varying degrees of in-
clination of layer-stacking sequences.

To date, the structures of all members of the
lomonosovite group are known, except that of epistolite
(Karup-M6ller 1986). We have made several attempts
to date to obtain a crystal of epistolite suitable for struc-
ture analysis, with no success. However, correlation
between chemisty, structure and unit-cell parameters
(a 5.4, b 7 .0, c 12.0 A, c 103, I 96, "y 88") of the min-
erals of this group allow prediction of many aspects of
the epistolite structure: (1) epistolite has a b cell-edge
similar to that of murmanite, and thus should have a
two-octahedron repeat along b; (2) epistolite has a c
cell-edge and composition that indicate an absence of
phosphate; (3) epistolite has interaxial angles nearly
identical to those of lomonosovite, and thus should have
a topologically identical layer-stacking sequence to
lomonosovite. The resulting FBB for epistolite, analo-
gous to those in Figure 4 for other members of the
lomonosovite group, is given in Figure 4@). The only
topological aspect of the crystal structure that cannot be
predicted at present is the structure of the layer that
connects adjacent FBBs along Z.This weakly bonded
Na-rich layer is topologically different for each mem-
ber of the group for which a structure is known,
Although epistolite is similar to lomonosovite in terms
of its layer stacking, the absence of phosphate in the
Na-rich layer of the epistolite structure should result in
a topology of the Na-1ayer different from that of
lomonosovite.

CoNcr-usroNs

1. The ideal formula of wonnemite is Narr Ti+ Nbz
(Si2O?)2 eo4)z Os G,OID.

2. Titsniurn and niobium order at different sites,
atypical behavior for (Nb,Ti)-silicates.

3. Vuonnemite has a layer structure consisting of
three layers of polyhedra along Z (1) a layer of phos-
phate tetrahedra and various Na$o polyhedra, (2) alayer
of corner-sharing [Si2O7] dimers and MOo octahedr4

LM
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reinforced with NaSs polyhedra and (3) a layer ofedge-
sharing Na$6 and 7iO6 octahedra. Elements of the struc-
ture, particularly layers (2) and (3), occur in other
members of the lomonosovite groupo as well as other
titanosilicates.

4. By analogy with other members of the lomono-
sovite groupo many structural elements of the crystal
structure ofepistolite can be predicted from its rnit-cell
parameters: (l) epistolite has a two-octahedron repeat
along b, (2) epistolite does not have phosphate in is
structure, and (3) epistolite has a layer-stacking
sequence similar to that in lomonosovile.
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