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ABSTRACT

Phosinaite-(Ce), ideally Nal3Ca2REE[Si4OdeOr4, has been found in sodalite syenite xenoliths at the Poudrette Quarry,
Mont Saint-Ililaire, Quebec. The mineral occurs as colorless to pale brown anhe&al, elongate grains up to 2 mm set in the
groundmass, and euhetlral prismatic crystals up to 2 x L mm in vugs in sodalite. Crystals commonly are coated in a brown film
of an amorphous Na{a-K silicate, previously believed to be a hydrocarbon. Tmportant associated phases include microcline,
analcime, albite, villiaumite, astrophyllite, thermonatrite, vitusite, revdite and vuonnemite. Average results of electron-
microprobe analyses (n = 4) gave NqO 31.68, CaO 8.92, MnO 0.89, Ia2O3 4.18, CqQ 6.52, Nd2O3 0.99, h2O3 0.26, ThO2
1.84, A12O3 0.11, SiO2 18.36 and P2Os 23.69 wt.7o, correspondiag to (Narr.rrCq.rn)r12.s6(Ca1.saMno.rd>z.oo
(Ces.aela0.rrT1h.osNq.mk0.0tx.se(Sit.zTh.rsAb.oDx.soOr2l@Ora, based on 28 oxygen atoms. Phosinaite-(Ce) from Mont
Saint-Hilaire is found to have a distinctive concentration ofTh compared to that from the Khibina and Lov-ozero massifs, Russia.
Single-crystal study showed it to be ortlorhombic, P22t2t, wth; L2.2g7Q), b 14.660(3), c 7.245(l) A, V t:OO.t1-t; A3 ana
Z = 2. T\e observed powder-pattem is consistent with that previously published; the reflection reported at 6.92 A was not
observed in our material. The crystal structure was refined using singls-crystal X-ray-diffraction data to R = 3.l%o and
wR2 = 7.99Vo. In addition to confirmation of the basic features of the structure originally proposed fe1 thg minsral,
site-occupancy refinement for one octahedrally coordinated site gave (Nfo.66cao3t. A high degree of order of Si and P was
established on the basis ofresults from electron-microprobe analyses, site-occupancy refinement, me:m I-O bond distances and
calculated bond-valence sums, suggesting that the mineral be classified as a silicophosphate.

Keywords: phosinaite-(Ce)" new occunence, silicophosphate, Mont Saint-Hilaire, Quebec, X-ray data, chemical composition,
crystal structure.

Sorumr

Nous avons trouvd la phosinarte-(Ce), de composition iddale Na13Ca2m[Si4O12]@Oro (7R: terres rares) dans des x6nolithes
de sy6nite i sodalite dans la carribre Poudrette, mont Saint-Hilaire, Qu6bec. Il s'agit dun mindral incolore d brun pdle, se
pr6sentant en grains x6nomorphes, allong6s, jusqu'b 2 mm en longueur dons la pdte, et en grains idiomorphes atteignant
2 x l. -m dans des cavit6s dans la sodalite. Les cristaux sont en g6n6ral recouverts d'une pellicule brune d'un silicate amorphe
de Na-Ca-K que I'on avait auparavant consid6r6 comme un hydrocarbure. Sont associ6s h la phosinaite-(Ce) microcline,
analcime, albite, villiaumite, astrophyllite, thermonatrite, vitusite, revdite et wonnemite, ks analyses (z = 4) i la microsonde
dlectronique ont donn6 Na2O 31.68, CaO 8.92, MnO 0.89, La2O3 4.18, CqO, 6.52, NEO3 0.99, h2O3 0.26,T\021.84, Al2O3
0.11, SiO2 18.36 et P2O5 23.697o (en poids), ce qui, sur une base de 28 atomes d'oxyg0ne, correspond i
(Narz.rzCfo.rd>r286(car.s4Mn0.1drr.*(Ceo.nl,a..rrT\.osN4.mh0.otx.e[(Si3.77P6.6Alo.oJx.soor2](Poro. La phosinarte-(Ce)
du mont Saint-Hilaire possdde une concentration distinctive en Th que les dchantillons des massifs de Iftibina et de Lovozero
@ussie) ne montrent pas. U4e 6tude sur cristal nnique montre qu'elle est orthorhombique,P22l2bave& a1,2.297(2),b L4.660(3),
c7.245(l)A,y1306.1(l) A3etZ=2.kspectredediffract ionXobtenusurpoudreconcordeavecceluiquiestd6jdda:rsla
littdrafrne, exception faite de la r6flexion d d. = 6.924, qui n'a pas 6td observ6e dans nos &hantillons. Nous avons affin6
la structure sur cristal uniquejusqu'i un r6sidu R de 3.1Vo (wR = 7 ,997a). En plus de confirmer les grandes lignes de la structure
d6jl connues, nos r6sultats ont pernis d'affiner I'occupation dun des sites octa6driques: (Nq.66Can3). Une distribution
essentiellement ordonn6e des atomes Si et P, 6tablie par nos r6sultats d'analyses d la microsonde 6lectronique, nos affinements
de I'occupation des sites, les longueurs moyennes des liaisons Z-0, et les valences de liaison, font penser qu'il s'agit d'un
silicophosphate.

Clraduit par 1a R6daction)

Mots-cl6s: phosinarte-(Ce), nouvel exemple, silicophosphate, mont Saint-Hilaire, Qu6bec, donn6es de dif&action X,
composition chimique, stucirre crisralline.

* Present address: Department ofEarth Sciences, Iaurentian Univenity, Sudbury, Ontario P3A 2E6.
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hunonucuoN

During the course of a mineralogical investigation
of sodalite syenite xenoliths found in the Poudrette
Quarry, Mont Saint-Hilaire, Qu6bec, an unidentified
mineral was encountered and temporarily designated
LIK64 (Chao et al. 1990). It was studied by optical,
chemical and crystal-structure analyses, and subse-
quently found to be the rare species phosinaite-(Ce),
which had previously been recorded only from the
Khibina and Lovozero massifs of Russia (Kapustin
et al. 1974). The occurrence of new material has
therefore provided an opportunify to compare the
physicochemical characteristics of phosinaite-(Ce)
from all three localities and to investigate the extent of
Si and P order in the structure.

OccunnrNcn eur Pnopntr:rs

The Canadian phosinate-(Ce) is a late-stage phase
that occurs as anhedral, elongate grains up to 2 mm set
in the groundmass, as well as euhedral, prismatic
crystals up to 2 x I mm in small vugs and fractures in
colorless sodalite. Although more than 72 minerals
have been found in these xenoliths (Chao et al.199l),
the most important phases associated with phosinaite-
(Ce) include microclineo analcime, albite, villiaumite,

TABLE I. PFYSICAT PROPERTIES OFPUOSINAITE-(C€)

astrophyllite, thermonatrite, vitusite, revdite and
vuonnemite.

The euhedral crystals of phosinaite-(Ce) are
elongate on [001] and are commonly bounded by the
forms {100}, {010} and {001}. The mineral is
colorless to pale brown and commonly is coated with a
brown filrn previously believed to be a hydrocarbon.
However, a powder X-ray-diffraction pattern and
results of an energy-dispersion analysis indicate that
this film is actually an amorphous Ca-Na-K silicate.
Phosinaite-(Ce) is quite brittle, with perfect {001},
distinct {110} and good {010} cleavages. The
measured density was found tn be 2.97 g/cm3, as
determined by flotation in bromoform diluted with
acetone.

Optically, the Mont Saint-Hilairc material is non-
pleochroic with a very low birefringence. The observed
interference figures were found to be quite poor, and
no measurements of.2V or dispersion could be made.
The indices of refraction are: o = F = 1.568(1) and
y = 1.572(I), as determined in Na light (1, = 589.3 nm),
and the optical orientation is X = b, Y = c, Z = a, with a
variable sign ofelongation, all ofwhich are consistent
with those observed in the Russian material. A
summary of the optical and physical properties of
phosinaite-(Ce) from the three localities is provided in
Table l.

CTDNtrcAL ColPosmoN

Electron-microprobe analyses were carried out on
the Mont Saint-Hilaire phosinaite-(Ce) using a
Cambridge Mcroscan MK5 instrument. The operating
conditions were 15 kV, 30 nA (estimated), with the
beam rastered over an area of 10 x 10 pm2.
Wavelength-dispersion data were collected using the
following standards: albite (Na), Kakanui homblende
(Al, Si, Ca), Durango fluorapatite (P), tephroite (Mn),
RBE-beaitg glasses (La, Ce, Pr, Nd, Sm) and
synthetic ThOt (Th); the data were reduced using a
moffied version of EMPADR VII @ucklidge &
Gasparrini 1969). In addition to the elements listed
above, S, 7r,U ard Fe were sought but not detected.

Results of these analyses indicate that the material
is chemically homogeneous. The average of these
analyses (Table 2) gives the empirical formula
fbased on 28 atoms of oxygen as determined from
crystal-structure analysisl: (Na12.72Caj.tr)"rr.ru
(Ca1.6aMn6. 1 6)22.ss(Cee.ael-ae.32Th0.0eNd0.07Pro.orm.ss
[(Si3.?zP0.rAh.orx.soOrz]@O, a wrth Z = 2 or, ideally,
Nal3CqREE[Si4O12] (POd4.

There is good agreement betrveen the major-element
content ofphosinaite-(Ce) from all three localities and
that calculated for the ideal composition (Table 2). In
terms of minor elements, the Mont Saint-Ililaire mate-
rial exhibits a distinctly high Th concentration. The
Russian phosinaite-(Ce) contains water in the range of
2 to 6 wt.Vo (Table 2). However, it is now considered to
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TABLE 2. CHEIVtrCAL COMPOSITION OF PHOSINAIB-(Co) TABLE 3. CEII DIMENSIONS OF PHOSINAUE{C€)

Spre CrrouP

l s
12.23(4) Lz.A@) 7234Q\
14.62(4) 14j9(4) 14.670(4)
7.21(4) 7.ry4 n.n\@
1289(1) 1286(l) l2e8(l)

2 2 2

L 2 ?
P22r2u n\2A P22\2\

Na2O fi.% 31.68
Kp
CaO E.Ez
IvInO 0.E9
rqo,
P&4A3 11.95
fro, 1.84
sio2 18.36
PrOs 23.69
HrO

28.05 28.78 29.76
0;12 0.47 0.50

t2.t0 5.39 8.90
- 1.90 0.16
- 0.49 0.45

13.22 13.80 tt.67

33.48

9.32

.
B,A

4A)
b

V(4")
Z

r2.2e7Q)
14.660(3)
7.24s(1)

r306.lo)

TOTAL 99.97 99.52 99.32

1. This rtud}| Mont St. Illaire, Rowille Co., Qu6bec; SiO, includes
AtO3 0.15 wr%; RE4O3 hcludes La"O,4.18, C%Q.6.52,
Ndros 0.99 ad PrrO3 0.26wto/o.

2. Kapustin alal (1974); svemge oftwo analysesl Kbibina
Russi4 Spectrogra,phic a$lysis ga.ve Ia 16.8,
Ce 53.9, Pr 4.4, Nd 19.5, Sm 3.0, Eu 0.5, Gd 0.7, Tb 0.3, Er 0.3,
Y0.6 .

3. KapustinetaL (1974); Mt. Kanasrrt Lovozetrq Rusi4
Speclrographic analysis as above; Analysis also gare
Li2O 0.24'xf/o.

4. Krutik ercl. (1981); Klnbina Massil Russi4 Analysis also
gave MgO 0.28 and SrO 0.30 wl% resp€clively.

5. Composition calcdatedfor: NaoCarCotslpr.l(Po.)..

be nonessential on the basis of of results of a tiermo-
gravimetric analysis (Krutik et al. l98l) and refine-
ment of the crystal strucore, reported below. The water
is most likely adsorbed, possibly resulting from
supergene alteration, as cornmonly occrus in minerals
from peralkaline rocks (Krutik et al. t98L).

X-Rev Cnvsrenocnepnv eNo
Srtucrrrru Rmmmmrr

Single-crystal X-ray precession photographs of
phosinaite-(Ce) from Mont Saint-Ililaire confirmed
that the mineral is orthorhombic and belongs to the
unique space-grovp P22pl (#18). X-ray powder-
diffraction da0a were collected usins Ni-filtered C\rKcL
radiation (1, = 1.5418 A) anO a ti+.6-mm Gandolfi
cameftL The unit-ceil parameters refined from these
data using the program CELREF (Appleman & Evans
1973) arc: a12.297Q),b 14.660(3), c7.245(l) A, with
a V of 1306.1(1) A3 and Z = 2, in good agreement
with those determined from previous studies (Table 3).
The indexed powder-patterns of phosinaite-(Ce) from
Mont Saint-Hilaire, the Russian localities and that
calculated from the refined crystal-strucfurg are
presented in Table 4. Agreement between estimated
and calculated intensities is good, wlft minql
discrepancies owing to errors in the visual es 'mates

and the recording geometry of the GandoUi camera.
T\e 6.92 A reflection originaily reported by Kapustin
et al. (L974) is both unindexable on the cell adopted for

1. Kapustin sral. (197a); i) Khibinanassiq Prssi$
ii) Iovoao massif Fusia

2. Kiffi. et aL (1981); Khibinanas!i{, Russia
3. This shid]t Mont St. Iflaire, Qu&€c; dimsions

refued ftom the X-ray powder-cliftacrion patterl

phosinaite-(Ce) and inconsis0ent with the observed
diffraction-symmetry. A l2-hour powder pattern of
l,ovozero phosinaite-(Ce) was made in the context
of this study, but failed to reveal any indication of this
enigmatic reflection. Therefore, it is believed to be

TABLE 4. X-RAY-DIFFRACTION DATA FOR PHOSINATTE{Ca)

1 2 3
Iovozqo Mont SaiDl-Iflsire Caloldld

/d' 4-, Io' d; r*' d;

75 9.421
24 7.330

18.56
21.45

5.87

23.78
20.50

4.41

20.00 19.97
25.50 23.59

2.38

htd

110
02055 7.44

50 6.92
9 6.39

t5 5.72

12 4.71

70
20

l0
N

20

9.42.0
7.338

6.53t 28
6.265 39

43
5;740 72

14
16

4.718 . 16
5?

4.541 26
4.080 16

13
3.949 6

'7

3.825 t4
o

t0
0

3.468 27
3.384 15

I6
l l
26
7
4

3.141 2A
3.M9 59

2.899 l0
l3

m
2.819 9

100
lo

2.1t8 86
14

2.577 A7

6.495 011
6.296 120
6.242 t01
5.743 I l1
5.670 2rO
4.752 t21
4.7t1 n0
4.688 2.01
4.541 130
4.100 300
4.051 031
3.949 221
3.948 310
3.848 131
3.826 230
3.665 040
3.622 M2
3.5t2 r&
346 311
3.383 231
3.381 tt2
3.208 121
3.160 l4l
3.148 24
3.1,10 330
3.140 ln
3.053 2t2
3.(p9 410
2.910 032
2.887 241
2.852 150
2.835 420
2.830 ,(}1
2.732 3&
2.718 051
2.714 ?tZ
2.6& 250
2.576 M2

25

10
15 4 .11  5

60

30 3.62
40 3.51

20
18 3.3? X

30
40

t8  3 .01
7 2.89 15

7 2.82

3.94

3.13

100

70
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TABLE 4. X-RAY-DIFFRACTION DATA FOR PHOSINAnE-(C€) - Corr d, TABLE 5. MISCELI,ANEOUS DATA FOR TIIE RBFINEMENT OF
TIIE CRYSTAL STRUCTURE OF PHOSINAITE{Ce)I

Lovom MoIrl Saint-Illaire Cdcddld
I; d; /*' d*'

2.317

2.546
2.522
2.485
2.449
2.396
2.385
2.344

2.3t5
2.314

2.n5
2.271
2.X3
2.1,q1
2.181
2.t37
2.065
2.050
2.036
1.999
t.990
1.966
1.916
1.914
1.913
1.912
1.884
1.883
1.843
1.832
1.812
1.81  I
1.798
1;770
1.692
1.673
1.663
1.657
1.635
1.625
t.616
1.615
1.604
1.576
1.562
1.560
1.545
1.519
1.510

ta t

t42
251
431
160
350
4V2
1 1 3
501
061
412
o52
161
260
4n
530
342
252
170
600
451
162
143
541
243
615
464
n l
550
4r3
153
080
180
@4
014

462
380
'721

3U
082
533
3U
190
642
l9 t
472
404
722
382
750

Sp@ Gloup
d (A)

b
c
r6)
Z

P222t(#18)
v.270{.t)*
14.648(2)'

1299.6(1)
2

1 a

2
2.486 4

10
t4

2.390 3
2.346 l

I
I

2.315 13

2.274 3
z

2.232 20
15

2.178 22
2.138 13

2.050 23
2.037 1l

3
r.988 6
1.965 12

o
I

1.913 5
I
I

1.883 5
A

1.835 20
0

1.811 23
1.800 5
1.768 5
r.691 12
1.674 0

I
1.656 0
1.635 I

I
1 .61E 0

3
1.604 15
r.576 2

J

1.561 I
1.545 8
1.520 16
1.507 l1

Plus othm

Ch@ical Fomula
Intmity Data Col@tion
20 Limit
Intqsity Sisdtrds
Orimtaioa Standuds
Numbc of Unique Redctiom
Numbs of Obwed Redwtiom
Critoion for Sigoifime
Fiaal i for all Obwed Reflctiom
Final vR':for all Obwed R€d@ti@

Dlfraalomets EnraGNoniWCAD4
Radirion MoKB (50kV, 20 mA)
Monoohromator Craphite
Cry*al Shape F{wl Pri$mltic
Crystal Size 0.25 x 0.06 x 0.04m
p(Mofc) 4.76mr

NarCa2RAESiaOJ(PO)
0-20 SmingMode
55.
Tlm evqy 10,0@ wndg
Tlre wqy 400 r€d€1ioB
2158
1868
r>6o(F)
3 . t%
7.Wo

l0
5

10

)
I t

40
10

20
l0

l0
l0

l 8

l 0

17

l5

l. Datafrom Kapu$in etal. (1974) for I speilm &om Mt. K@!
Ilvoao nqsiq Rusi4 The 6.92 A [ne is not intlexable on the cell
reported by the uthom.

2. Du from thir study for a spcim Aom Mont Sairt-Iltaire;
I 14.6 m cmdolfi msa, Cu.Ka ndidion (t = I.541 8 A);.td
visully xt'mte{ da detmin€d ftom the cel refined ftom
the powdo data: a 12.29 , b 14.6@, c 7 .245 L

3. /d d€tmined wing th€ plogm DISPOW (cabe etal 1989).

either erroneous or perhaps caused by impurities
happed in some of the Lovozero material.

X-ray intensity data were collected on an automated
four-circle diffractometer using an optically clean,
prismatic crystal mounted so as to rotate about c. The
cell dimensions gtven in Table 5 were derived by a

' - refioed from fou{ircle difractomsts data

least-squares method (Busing 1970) using 24 utto-
matically aligned reflections in the range 5" <20 < 42"
permuted four ways (t& at !29) . A total of 2 I 5 8 reflec-
tions were collected to 20 = 55" (a hemisphere of data),
ofwhich 1868 were classified a$ observed IF > 60F1.
Pertinent information regarding data collection is
presented in Table 5.

Data measurement and reduction (Lorentz, polariza-
tion, background, scaling) were done using the NRC-
VAX package of computer progrzrms (Gabe et al.
1989). No absorption correction was applied owing to
the low linear absorption-factor of the mineral and the
small size of the crystal used.

The crystal structure of phosinaite-(Ce) was deter-
mined independently of that by Krutik er al. (L98L)
using the SHELXTL PC package of programs
(Sheldrick 1990) aad subsequently refined using
SIIEL)0-93 (Sheldrick, in prep.). Scattering curves
for neutral atoms and anomalous dispersion coeffi-
cients were taken from Cromer & Mann (1968) and
Cromer & Liberman (L970), respectively. A sharpened
Patterson synthesis and subsequent difference-Fourier
maps were u$ed to identily all of the cation and anion
positions. Refinement of this model with isotropic
thermal factors gave an R of 5.27o. Site-occupancy
refinement revealed that only those sites assigned to
rarc-earth elements (RED, and assumed to be Ce, and
one Na atom were significantly less than ideal,
suggesting deficiencies in the scattering powers at
these sites. These results axe consistent with those of
Krutik er al. (1981), who assigned a (Na,Ca)
occupancy to the Na site and a refined partial occu-
pancy of Ceo.67 to the REB site (the remainder of which
was attributed to a partial vacancy). Refinement of tle
site occupancy for the (NaCa) site in this study
converged to Na 0.66(1) and Ca 0.34(l). This gives a
valence of 1.34 vu, in good agreement with the value of
I.2M vu obtained from bond-valence calculations
(Table 6). Refinement of the REE site, which lies on a

2.038

1.985

1.907

1.832

1.804

'1.685

1.659

1.596

l .5 l  I

l0

35

?T
l :

5
20
l5

5
5

J

20
5

l0
5

m
l 5
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TABLE 6. EMPIRICAL BOND-VALENCES (v.n.) IN PHOSINAITF-(C€F

o(1)
oQ)
o(3)
o(4)

0.137
0.185 0.275 0.098p

0.1,16P o.logp

0.200 0.073n
0.n0

0.153p 0.278 0.139e
0.207 0.087

0.433

0.151,
0.337

0.n*
0.426

0.339p
0.431p 1.067

0.217, 1.126
0.382

0.917 0.w
0.090 0.950 l.0ll

0.5?0p 1.154

t.235 2.078
1.195 1.986
1.218 2.047

1.917

r.238 1.893
1.120 1.905

1.199 2.O@
t.199 2.000

1.977
t . t>5

2.M9
2.']-09
1.9E9

1.293 1.903

o(5) 0.165
o(6)
oa
o(8)
q9) 0.044
o(10)

o(l l)
o(12) 0.120
o(r3)
o(14) 0.2e8

0.062n
0.t44 0.121p A.t24n 0.124n

0.251

0.189p 0.184

0.185

0.107p

0.t71

0.062
0.263
0.120

0.083p

0.118p

0.262

0.199
0.121 0.194p

0.201, 0.v74e
0.037

rv 0.949 0.980 0.658 0.60 0.7M 0.898 1.305 0.826 1.2M 2.M2 3.224 4.063 4.198 4.850 4.847

Valence lor the (Na"Ca) site was calo:laed 'sing the weighed avaage (Nao*Canj; + oalqrlded udrg the oonstants of Brese & OKeeffe (1991).

special position and has an ideal site-occupancy factor
of 0.5, converged to Ce 0.42(l). Attempts to refine the
site incorporating the scattering curve of Th were not
successflrl. The site was subsequently assumed to fully
occupied by Ce, in accoldance with resuhs from the
elecffon-microprobe analyses. This gives a calculated
valence of 3 vu, close to the value of. 3.224 vu
determined from bond-valence surnmations and much
more reasonable than the calculated value of 2.0 vu

grven by tSatk et aI. (1981). Calculated bond-valence
sums for all the oxygen atoms present gave values
all close to 2 (Table 6), indicating the absence of
hydroxyl and waler.

A further refinement of this model using aniso_
tropic displacement factors and a weighting scheme
converged to R = 3.I7o and wRz = 7 .99Vo, a significant
improvement over the value of R = 7.ZVo reported by
Krutik et al. (L98L). No improvement in the final

TABIS 7. POSnONAL AND TIERMAL PARAMETERS FOR PIIOSINAIIF-(Ce)

aeu, us UB UU UE

s(1) 0322q1) 0.88e(1) 0.30e8(2) 204(8) 115(7)
s(2) 0.3646(r) 0.e11(1) 0.744e(2) 136(6) il8(6)
p0) 0.v73642) 0.r2.s3(D 0.n95Q) 138(7) l9E('
PQ) 0.3064(1) 0.61830) 0.7658(2) r%(6) l2e(6)
Na(l) 0.1'2e(3) 0.7588(2) 0.5440(5) 37q16) 370(16)
Na(2) 0.m3q3) 0.34e(3) 0.2237(5) 30(18) 637(23)
Nr(3) 0.1714(3) 0.5 0.5 198(17) 56684)
Na(4) 0.1604(4) 0.5 0 278(21\ 390/€0)
Na(5) o.cn43, 0.5 0 33t(21\ 4n(B)
N{6) 0.4504(3) 0.5 0 2s8A 2e6(t7)
Nr(7) 0.330(2) 0.63e8(2) 0.2635(4) 18103) 14300)
Ne(8) 0.456(3) 0.5 0.5 306(le) 3%Q0)
(NcCa) 0.1W2{2) 0.762(l) 0.0240(3) 481(13) 203(9)
cs 0.4e7(l) 0.7j0ql) 0.5210(3) l8(s) 166{4)
REE 0.13955(5) o o t2O\2' l3o(2)
oo) 0.64e2{4) 0.83e0(3) 0.0896(0 275(23) 305(n)
q2) 0.8124(4) 0.1480(3) 0.7M6r7) l1qm) 258Qr)
o(3) 0.6873(4) 0.0144(2) 0.75r3(O 318(20) 100(4)
o(4) oi74r(4) 0.1e768) 023&(8) 3M{n) B4r'
o(5) 0.1442{4' 0.34u(4) 0.7200(t) l6t(20) 481(2e)
o(o 0.e812(4) 0.9808(3) 0.7s8s(e) 418(27) 3u\28)
o(7) $1m<q 0Jsn43') 0.063qo 361(25) 268<21)
o(8) 0.0335(4) 0.147q4 o.U87A 364 \ $58q
o(e) 0.1963(3) 0.e03e(3) 0.2614i7) 154(18) 277Qr)
o(10) 0.472{3) 0.E576(3) 0.7912(8) 149(le) 2vt(1e)
o(r1) o.39o43) 0.9789Q) 0.2sr4n zrcQ9, t32(t9)
o(r2) 0.6704/?) 0.6152(4) 0.0359(7) 1335(68) 33r(28)
ql3) 0.2610(4) 0.1058(3) 0.1330(9) 36(28) 25s(U)
o(14) 0.9712(5) 0.3363(5) 0.898?(9) 424(35) 895(53)

Note: Alirotopicttorpoatucfreiorsh&rthef(m q.-2*(l?anlJt+Fbn(1o...+2JhlqabaUp);alUYalBdeitr
ff x ld; €{tinded rtio&rd dqi*iom ia panothsq.

l9l(8) -8(6)
l52iJ) l(6)
neg) -374
l3e(7) l(o
4rc(n) 80(14)
37r(20) (le)
33e(20) 0
39r(20) o
280(19) o
289(1e) o
n8Q3) JO0)
241(re) 14(2)
a2Q3) -15(8)
n4G) :32(s)
il8(2) 0
18q21) -3708)
3nQq A(n)
2A4{n) 2t(17)
445(22) AAQo)
4338e) -16\26)
534(36) 8q26)
16118) .29(11)
343(31) eq.22)
322(2s) nQr)
506(34) 55(n)
3e2(27) l0r)
214(28) -tO(22)
s82(3o 94(26)
416(39) 348(39)

14(6) 170(3)
e(o 135(3)

-2(t 18e(4)
.l(5) l3(3)
12813' 38q8)
2(16) 43e(9)

0 358(10)
0 353(e)
0 368(e)
o 281(8)

-2JQ) 184(0
0 316(9)

-2q8) 302(8)
-45(3) l9(3)

0 r42(r)
4e.€5' 255(10)
42(re) 275(ro)
-?0t neQ,
2q.17' 2e4(10)
7t(23) 361(12)
a(n) a4Q4\
132421' 26600)
86(A) 346(t2)
2o(r7) 25100)
3e0?) 28701)
q14) u1(lo',)
-er(37) 629{22)
-36(t) 40r(14)
-re20n seE2o)

-36(7)
5(7)
-t(o
4(6)
1804)
ll06)

0
0
0
0

2(10)

700)
-3(5)

0
-11(21)
5s(21)
45(20)
to4{a)
<26)-r2,;Qe)
3e(20)
14(u)
1(m)

62(20)
211Q4)
-258(28)

53(30)
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TABLE 8. SELECTED INTERATOMIC D]STANCFJ (A) AND BOND A}.IGL:ES C)
FOR PHOSINAITE-(Ce)

'fABl.;E8.-Cotu'd.

NdrO6 dd&ds!
Na{?:o(3) 2.2n(4 c{3) -Na(7) -o(t e1.0(2)

-qt 2. I l (6) -o( l )  100.2(2)
-o(4) 2.3845) -O(7) 91.7(2)
-o(D 2.3es(5) -qlo) e6.6(2)
-o(7) 2.42s(s) c(t -Na{7) -c{4) e6.7(2)
-o(r0) 2-422(5) -o{l) E2.r(2)
M@ 2.368 -O1, 104.6{2)

c{4) -N(7) -O(10) 76.(2)
ql) -Na{7) -o00) 7e.3(2)
c(4 -N{7) -O(r0) 82.6(2)

Na(8)O3 @lyhedron
N{8) -o(3) 2.530(5)'d o(3) -},lat8) -o{3)r e1.6(2) o(3) -o(3f 3.628(9)

-o(l l) 2.5e1(5)x2 -O(10) 83.8(l),, -O(10) 3.510(6)
-qtq 2.7n\r* -O(t) Es.qrt? -O(1) 3.583(6)
-ql) 2169(5), q3f-Na(8) -o0) 55.70),0c€)r -o(1) 2.484(6)
M@ 2.653 o{u) -Na{E) 

:&ll]. il.X31, 
c(lr) -o(nx 3 6e5(x)

cx,,),-Na{8) -&li, 33.i1}f q'u" -&l}, lffiu'
o(10)-Na(8) -ql) 68.1(l)rc(10) -o0) 3.075(?

.nEEO' polyb€dr@
ntE -ql3) 2.359(tx2 O(r3)-RFr -ql3). l0l.(3) C{13) -O(13)r3.650(12)

-q\ 2.462{5),a -o(9) 83.3(2tra -o{9) 3.203(7)
- c(8) 2.55)(5) x2 -o(8) n.te\rt -a(q z.ne(n
-0/16) 2S3t(qrt -C{O. e7.3(2) -O(6)N 3.75q8)
M@ 2.501 c{13)1- RdE - c{e) 76.q2) x2 ql3), - o(9) 2.9qE)

o(e) -RE6 -q6) 163{2)'2o{9) -O(E) 3.104{4
-c{o1 76.1(2) -q6't 3.v2A

o(8) -ruE -O(O 1t.1(\r2qq -C{O 3.2eq8)
O(8f-rc{E -0(6) 7E.(2)x2c{t)l -c(O 2.431(8)
0(6) -Pf:r -c(6r E4.5(3) q6) -O(O' 3.s4ql4)

Si(l)O. @h€don
s(l) -q4) 1.5?e{4) c(4) -s(l) -o(e) 115.6(3)

-a(e) r.600(4) -ql2) 106.4(3)
-o(r2). r.643(t -qlD 111.4{2)
-o{u)'ri56(4) o(e) -s(1) -c{12) 106.2(4)
M@ r.620 -qll) 111.6(2)

o(12) -S(1) -C'(u) lEtZ(3)

Si(2)O. ml€dsn
si(a -o{13) 1.571(5) o(r3)-S(2) -qto) 11e.0(3)

-o(10) 1.58(5) -q12) 10s.e(4)
-o(l2l 1.620(t -qll) 10e.5(3)
-o(u)' r_6@(4) o(10) -s(2) -a0, rm.1g)
M@ 1.608 -o0l) 106.4(2)

o(12)-s(2) 
;*') 

.i#f,,
P(lP. dshed$n
P(D -O(r4) 1.s0e(O C(r4)-p0) -c(s) 110.4(4)

-c(t 1.525(5) -q8) 113.5(3)
-q8) r.53(5) -o(O 107.4{4)
-qo u62(t c(t -Po) -o(8) 110.6(3)
M6 1.533 -0(6) l l l .5(3)

q8) -P0) -0(6) r032i3)
M@ 109.4

P(2)Or ffihedtu
P(2) -o(r) 1.523(4) O(l) -p(2) -O(3) 108.9(3)

-o(3) 1.53r(4) -o(7) lll.(3)
-o(7) 1.53(5) -O(2) 10s.43)
-oe) ll3qt o(3) -P(2) -c(7) 108.(3)
M@ 1.532 -q2) 109.8(2)

w -P(2) -c{2) l0&q3)
M@ l(8.5

Na(1)O6 6hbedsn
Na{l) -ql4) 2.248(?) o(t4)-Nd(l) -c(2) 102.8(3)

- o{2) 2.42s(6) - qt 106.5(2)
-qs) 2.467 , -q12) 103.4(3)
- c(l) 2.535(6) - C(e) 7e.r(2)
-C(12) 2.5t3(?) O(2) -Na(l) -q5) 100.2(2)
- c(e) x95?(6) - o(l) @.4{2)
Mas 2.536 -O(12) 118.7(2)

q5) -N{l) -o(1) 85.3(2)
-o(e) 84.6(2)

ql) -Na{l) -o(12) 80.7(2)
-qe) 116.8(2)

o{12) -Ndl) -o(e) 55.3(2)

Na(2)O. @!shed!@
NaQ) -q2) 2.zn(6, o(2) -Nd2) q8) t$1Qt

-c(14) 2.3e4(8) -ql4) e6.q2)
-o(8') 2397(3 -0(6) 84.8{2)
-0(6) 2.516(0 -o(14y E6.A2)
-o(e) 2.s81(5) o(E) -Ns{2) .0(6) 84.0(2)
-0(l4r 3-0.r5(e) -o(e) n.oQ)
M@ 2.529 -o(14f 68.q2)

q14 -Na{2) -O(O 100.e(3)
'o(e) 84.e8)
,c{r4).1r.r(2)

o{O -Na{2) -o(e) 76.242)
o(e) -Na{2) -q10. 111.3(2)

(Na,Cs)O' polyhodotr
(Ns,calc(I3) 2.360{5) c(13) -(Na,cs) - o(8) 76.6(2)

-c{r) 2.364(6) -O(2) lM.0{2)
-q2) 2.412(5) -q9) n.4Q)
-o(5) 2.50e(o -o(4) 80.4(2)
-c{e) 2.653(t -O(? 95.0(2)
-o<4) 2.'rn(q o(8) -(Nac€) -q2) 102.(2)
-c{7) 2.&{o -c{5) ro8.(2)
M@ 2.561 -q9) 76.2{2)

o(2) -(Ncca) -c{5) e.2{2)
-qq nl.tg)
-o(7) s5.r(2)

o(t {N8,cs) -o(e) e0.5(2)
- q4) 83.1(2)
-oQ) 81.5(2)

qe) '(Ncca) 'o(4) se/Q)
-w t2s.2{2)

c{4) {Nccr) -W 6s.X2)
C!O, polyb€dM
ca -o(D 2.m$) c{l) -ca

-q?) 2.^3(5)
-cxlo).2.323(5)
-o(4)' 2.32(t
-c{r0) 2.532(6)
-c{4) 2.6s3(O c{7) -cs
-ql2) 235?(7)
Mm 2.465

o(3) -o(t 3.27q?
-o(1) 3.583(6)
-o(7) 3.375(6)
-o(10) 3.51q6)

o(t -o(4) 3.108(4
-qr) 3.38e(?)
-o(7) 3.7sq7)

o(4) -o(10) 2.980(7)
o(1) -o(r0) 3.075(8)
c(7) -o(10) 3.213(7)

c{r3) -o(8) 2.e2e(7)
-oQ) 3.1614
-o(e) 2.r(8)
- q4) 3.32e(8)
-q7) 3.8e6(7)

qq -o{, 3.wa
- q5) 3.95E(E)
-o(e) 3.r04(?)

q2) -o(5) 3.575(8)
-o(4) 4.51(8)
-o/o 2.4n.,

c{t -o(e) 3.670(7)
-w) 3507{n
-o{o 3.751(E)

o(e) -o{4) 2.6r{8)
-o(7) 4.9330)

o(4) -o(? 3.08e(?)

- c(ro)* es.5(2) o(l) - o(10). 3.563(7)
-cx4)* ro2E2) -o(4). 3se(7)
-o(r0) 83.{2) -o(10) 3o7(4
-o(4) 82.s(2) -O(4', 3.2n24
-o\t2) 79.s(2) - qr2) 3.313(4
- qro)r 83 42) c{4 - o(r0)+ 3 2044
-c{4). E4.r(2) -q4r 3.08e(7)
-qro) e8.l(2) -ql0) 3.48q4
- q4) el.l(2) - q4) 3.534(7)
-o(t2\ e3.7(2) -ql2) 3.77qr0)
-a<+ 1s.s(2, qro){c(4)r 2e80(6)
-q4) fil.(2) -q4\ 4.29iG,
-c{r2) 57.q2) -ql2) 2.585(8)
-c{10) e.(2) q4)' -qlo) 3.5s5(8)
-qt?) t32.42) -qr2) 4.74Ee)
-qq 7344 c(ro) -o(4) 2.e80(q
-qtD 55.1(2\ q4) -ql2) 2.57e(8)

og) -qe) 2.6e(o
-qn) 2379/0
-o(r) 2.6R(t

qe) -c(12) 2.5e3(8)
-c(rl) 2.694(6)

c(r2) -o(r1) 2it2(7)
M@ 2.&0

c{r3) -o(r0) 2.71(6)
-40, 2"s47(8)
-o(lr) 2.639(0

c(10) -o(12) 2.184(8)
-o(n) 2.re4(6)

o(12) -qil) 2.6519)
M@ 2.OJ

c(14) -o(5) 2.4e2{8)
-c(E) 2.54(8)
-c{6) 2.47J(8)

c(5) -c{8) 2.5r(7)
-qo 2.552()

c(t) -qo 2-4tq7)
M@ 2sU2

qD - o(3) 2.484(6)
-qa 2.533(0
-qq 2.4e5<6)

o(3) - q?) 2.4e1(6)
-q2) 2.511(O

qo -q2) 2Ag7)
M@ 2.502

o(r) -o(2) 2.495(6)
- qt 3.38e(?)
- qe) 4.684{6)
-o(12) 3.3140)

c{2) -o(5) 3.753(8)
-o(r2) 4.30E8)
-o(r4) 3.653(e)

o(5) -o(e) 3.66e(7)
-o(r4) 3.?80(8)

c{e) -o(12) 2.se3(8)
-o04) 3.359(8)

q12) -q14) 3.7e7(1r)

c{2) -c(8) 3.674{7)
-ql4) 3.484(8)
-qq 3234t'
-o(ra)r ,.urr,r,

c(0 -qo 3.2eq8)
- o(9) 3.103(7)
- o(14). 3.069(t)

qlo -qo 3.786(10)
- o(e) 3.35e(8)
-0(14)4 4.47s(e)

q6) -o(e) 3.141(a
o(D - q14r 4.626(9)

N43)O6 ctlledM
Na(3) -qt 2.512(5)x2 o(3) -Na(3) -o(3), 9t2.4(2) q3) -o(3)1 3.628(e)

-qO 2.581(7), -O(Or 9l.s(2),o -c{6)* 3.648(7)
-o(5) 212?(6)x2 -o(t 'ts3(qra -qr 3.27o(t)
M@ z@ - o(5)i ll4.(2) !2 - qif 4.498(4

c{O -N8(3) -qor 86.(3) o(O -qO' 3.544{13)
. o(s) lr2.8<2) f,. - qs) 4.s03(r

c{q'-N6(3) -o(t 56.1(2)r0(6)* -o(5) 2.552A
Na( P.@hdM
Na(4) -q6) 2.s7{6)r2 olq -Nq{4) -0(6)1 94.8(3) 0(6) -qO1 3.789(13)

-o(\ 2.6'l{\r'e -o(3) Ee.2tr2){, -q3) 3.64r{,
-c{2) 2i6r(t'e -oQ) rr4.o<2}e -CX2) 43eq7)
M@ 2.68 qor -Na(4) -o() 76.3(2)r2,qq. -q4 3.234$)

q3) -Na(4) -o(3)' E8.E2) c{3) -q3)' 3.66qe,
-o(2) lll.6(2):d -O(2) 4.369(7)

C{3)'-Na(4) -q2) 56.80)rc{3)' -o(2) 2.51(0
Nai5P6 drt€d@
Nait -qe) 2.4s7(r,a qet -Na{t -qef l3J.e(3) qe) -o(e)' 4.460(10)

-qq 2.5n0,a -c{6) n.42] -qO 3.143(?)
-c(14) 2163(8)x2 -o{14)' 80.7(2)x2 -ql4).3.35{8)
Msn 2.s81 O(9).-Na(t -qO 53.40) o9r -O(O 4.608(7)

c{6) -Na{5) -o(6f e4.8(3) 0(6) -q6)r 3.78e03)
.ql4) e0.3(2), -o(14) 3.?8q10)
.o(l4r 55.1(2)r -o(14)r 2.475{8)

o(14) -Na(t -O(tl)" tro.Uo ql4) -O(14).5.02q16)
N(6)O" chedron
Nq{O -qD 2.4rqre oA -Na(E -o(3) t6.8(2), q4 -c(3) 3.37s(.

-o(3) 2.4es(s), -o(ll) 9.9(t), -o(tl) 3.6517)
-o{1r) 2,6&(s)/2 -o(ll). 121.(l), -o(ll).4.403(7)
M@ 2.sr3 o(7).-MO -q3) 60.e(l)ro(4' -O(3) 2.4er(6

o(3) -N{6) -c{3). e4.5(2) C{3) -CX3)t 3.666te)
-qll)' 88.11)'2 -O(ll)a 3.582(0

c(ll) -Na(6) -c(11)r 88.42) o(tl) -c(ll)' 3.65(lt)

EdDLd tudsd ddidim io pdsih6s; I dmb syrmdy-€quivltd do4 + ddob

bridgiq ox'€@.

residual was noted when an extinction condition was
included, and the flnal difference-map showed no
maxima greater than I e*/K.

Final positional and thermal parameters are
presented in Table 7, and selected bond-lengths and
angles, in Table 8. Observed and calculated structure-
factors are available from the Depository of
Unpublished Data CISTI, National Research Council
of Canada Ottawa, Ontario KIA 0S2.

C(l0f- Ca

O(4f.Ca

c(10) - co
q4) -ca
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The structure of phosinaite-(Ce) may be best
described as a series ofmixed layers oftetrahedra and
octahedra that are stacked along a (Fig. l). Two
different types of layers are presenl a (SiP) layer with
the composition fNa(SiO)2(POa)1, and a (NaP) layer
wifh the composition [Na(PO+)]; there are two (SiP)
layers on each side of a central (NaP) layer.

The (SiP) layer has SiOo and PO, tetrahedra that are
cross-linked by Na(7)O6 octahedra. Within the layer,
two types of four-membered rings are present: Si4O12
rings and mixed Na(2)O6POa rings, which are both
centered about a 2 axis and alternate along a. These
rings form channels along a, the cores of which are
occupied by itEEOs and Na(8)Os polyhedra. The
remaining NaO6 octahedra and both CaOT and
(Na,Ca)Or polyhedra are positioned in the interstices
between the rings. The (NaP) layer consists of POa
tetrahedra comer-linked to Na(2)O6 octahedra, each
POa group sharing tbree of its comers with four
Na(2)O6 octahedra. Linking of the (SiP) and (NaP)

layers along a is accomplished among comer-sharing
tetrahedra and octahedra, reinforced by edge- and face-
sharing Na, Ca and REE polyhedra. Essential ordering
of Si and P is indicated by refinement of their
scattering powers [S(l) 96(1)7o, S(2) 98(1)7o, P(1)
99(I)Vo, and P(2) 99(1)Vo\, as constrained by results of
electron-microprobe analyses (Table 2), calculated
bond-valence sums (Table 7) and mean Z-O bond
distances Clable 8), and is most likely driven by con-
siderations of charge and polymerization (McDonald
1992\. TlaLe fact that Si and P are well ordered in
phosinaite-(Ce) suggests tlat it should be classified as
a silicophosphare (McDonald 1992, McDonald et al.
1994) rather than a disordered silicate or phosphate.
A more in-depth discussion of the crystal chemistry of
silicophosphates will be presented in a forthcoming
paper. Although phosinaite-(Ce) exhibits the strong
layering typical of all silicophosphates, it is only the
second one known to contain both SiOa and POn
tetrahedra in the same layer [the other being
clinophosinaite, Na3Ca(SiO3)(POo); McDonald
1992).

T
I
a

I
I
t

t*b------+l
FIo. 1. The crystal structure of phosinaite-(Ce) projected down a The (NaP) and (SiP)

layers are stacked parallel to a. The SiO4 tetrahedra are heavily shaded, the POa
tenahedra are filled with crosses, the Na(2)Ou octahedra are moderately shaded and
the Na(7)O6 octahedra are lightly stippled. Calcium ions are lightly stippled circles,
Na ions filled with large dots, and REE ions heavily shaded.
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The four-membered silicate rings present in
phosinaite-(Ce) are composed oftwo independent SiOa
tefahedra whose apical directions alternately point up
and down in a {UDUD} manner. They have point
symmetry 2, deviating considerably from the
maximum 4lmmm symmety observed in the four-
membered silicate rings in baotite [BaaTisOru
(Si*Or)Cl; Nekrasov et al. L9701, where the Si atoms
are all coplanar. Silicate rings are, in general,
energetically less favorable than comparable chain
motifs, because of the repulsive forces acting on
adjacent tetahedra (Liebau 1985). As such, silicate
rings will develop only if a stafilizing factor, capable
of reducing the net repulsive forces acting on the
tetrahedra, is present. Such factors typically include
the presence ofhighly electronegative cations (e.g., Pb,
Cu, Sn), additional ligands fe.g., H2O, CO3, (OH)1,
and the absence of cations that tend to form rigid
coordination polyhedra (e.e. Mg, Fe, Al, Li; Liebau
1985). Since none of these features can be called upon
to explain the presence of the SioO, rings in
phosinaite, we instead postulate that the {UDUDI
topology of these rings slightly increases the distance
between adjacent Si atoms, thus reducing the asso-
ciated repulsive forces and stabilizing the ring
configuration.
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