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Aesrnacr

Seventeen crystals of eudialyte (se 115y lolsi) fliffeing in provenance and showing a wide range of chemical compositions were

chosen for crystal-structue analysii and electron-microprobe analysis, supplemented with thermogravimetric analysis, infrared

analysis, Mdssbauer and optical absorption specuoscopy on selected samples. The structure consists of layers of six-membered

ringi of tM(1)Ool octahedri linked togither by tM(2)O,l polyhedra sandwiched between two pseudocentrosymmetrically related

lay-ers of three-membered and nine-membered silicate rings foming a 2:1 composite layer. The 2: 1 composite layers are cross-

linked by Zr in octahedral coordination and are related to one another in accordance with the rhombohedral symmetry. This open

structur; is filled with [Nad"] polyhedra in which Na may have various coordinations. The silicate network is relatively uniform

in composition. The Zr site usually has a small amount of Ti. M(1) is normally occupied mostly by Ca; the main substitutions are

Mn, Rtt and Y. In one crystal, more than 507o Ca is replaced by Mn and REE, resulting in an ordering in two distinct sires, M(la)

(Mn) and M(lb) (Ca + REQ, and the symmetry reducid to R3. M(2) is either a four-fold Fe- dominated site, or a five-fold site,

usually Mn-dominated. M(3) and Sl(7) are two central sites of the two crystallographically distinct nine-membered silicate rings'

and reiated by the subsrirution t6rM(3) +tols;(7) o 2t4ts(i). M(3) is dominated by Nb (or W), and Sl(7), by (Si,Al) Na is present

in five distinct sites (acentric eudialyte) of which the Nc(4) site is particularly prone to incorporation of heavy elements such as

REE andSr. The O(19) site plays akey role in the structure, being the ligand shared by the M(3), M(2,5) and Na(4) sites. The

degree of acentricity is strongly correlated with the chemical elements in specific atomic sites. Eudialyte sensr stricto represents

thJmost centrosymmetric structure, R-3rr. As substitutions such as Si + (M,W), Fe + Mn, (Ca,Na) + (REE'Sr) take place, the

structures become more and more noncentrosymm etnc, R3m. The R3 eudialyte has an incongruously low I E - 1l value as a

result of merohedral twinning. A complete formula for eudialyte requires stmctural data. An acceptable empirical formula,

NarslM(1)lolM(2)hZ4I,MQ)l,li25O?3t(O,OH,HzO): Xz, can be calculated on the basis of 29 (Si,ltl,Zr,Ti,Hf,Nb,W,Ta) apfu (Z

Keywords: eudialyte, kentbrooksite, crystal chemistry, single-crystal X-ray diffraction, electron-microprobe data

Sorravanr

Nous avons s6lectionn6 dix-sept cristaux d'eudialyte (sensu lato) de provenances diff6rentes et ddfinissant un grand intervalle

de compositions chimiques pour une 6tude de leur structure cristalline, leur composition 6tant 6tablie par analyse avec une

microsonde 6lectroniqui, etivec apport de r6sultats d'analyses thermogravim6trique, dans f infra-rouge' et specffoscopiques
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(Mdssbauer et absorption optique) sur certains de ces 6chantillons. La sffucture est faite de couches d'anneaux d six octabdres
IM(l)O6l li6s l'un d I'autre par des polyddres IM(2)O,I; ces couches sont intercal6es entre deux autres couches poss6dant une
relation par pseudocentrosym6trie, faites d'anneaux h trois et a neuf tetrabdres de silicate, le tout formant une couihe compos6e
2: 1. Ces couches 2: I sont li6es transversalement par des octabdres c ontenantle Zr et sont en relation l'une avec l'autre selon une
symdtrie rhombo6drique Les interstices de cette structure ouverte sont occup6s par des polyddres [NaQ,] dans lesquels le Na fait
preuve d'une vari6t6 de coordinences. La trame silicatee est relativement uniforme en composition. Le site Zr conient une faible
proportion de Ti, en glndral.Le site M(1) contient normalement le Ca; les substitutions piincipales impliquent le Mn, les teffes
rares et I'yttrium. Dans un cristal, plus de 50Vo dtt Ca est remplac6 par Mn et les terres rares, avec comme r6sultat une 11t1se en
ordre de ces cations sur deux sites distincts, M( la) (Mn) et M(lb) (-a + tenes rares), et une r6duction de la sym6trie ) celle du
groupe spatial R3. Le site M(2) possdde soit une coordinence quatre of le Fe est dominant, soit une coordinenCe cinq, en g6n&al
oi le Mn est dominant. Les sites M(3) et Sl(7) sont situ6s au cenrre des deux anneaux d neuf t6traddr"i, quruont
cristallographiquement distincts; l'occupation de ces sites est r6gie selon la substitution t6lM(3) + talsi e) e 2t4lsie).Le site M(3)
contlent surtout le Nb (ou le W), et.li(7) contient (Si,Al). Le Na occupe cinq sites distincts (eudialyte acentrique), parmi lesquels
le site Na(4) est particulidrement sujet e f incorporation d'6l6ments lourds, iels les terres rares et li strontium. Le slte O1t9;.ioue
unr6le-c l6danslastructure,e:antpartaglpar lessi tes M(3),M(2,5)etNa(4).Ledegr ld,acentr ic i t6d6pendfortementdes
occupants des divers sites. L'eudialyte sensu stricto repr6sente la sfucture cenhosym6trique, R3m. A..ru.e qo. les substitu-
tions telles Si + (Nb'w), Fe = Mn, (ca,Na) + (terres rares, Sr) prennent de I'u-pi"ur, Itsructure devient de ilus en plus non
centrosym6trique, R3m.L'etdialyte R3 fait preuve d'une valeur anormalement faible de lE2 - 1l i causi d'un maclage
m6ro€drique. Pour 6crire une formule complbte d'un 6chantillon, il est n6cessaire d'avoir des donn6es sur la structure. En revanche.
on peut calculer une formule acceptable, Nay5[M(1)16[M(2)lZ4 lM(3)](Si2sO7t (O,OH,H zO)z Xz, en supposant 29 atomes de
(Si,Al,Zr,Ti,Hf,M,W,Ta) par unit6 formulaire (Z = 3).

(Traduit par la R6daction)

Mots-cl6s: eudialyte, kentbrooksite, chimie cristalline, diffraction X, cristal unique, donn6es de microsonde 6lectroniouc.

ft.rrnolucrroN

Minerals of the eudialyte group are Na-rich
zirconosilicates with varying amounts of Ca, Fe, Mn,
rare-earth elements (REE), Sr, Nb, K, Y and Ti. They
occur characteristically in agpaitic nepheline syenites
and their associated pegmatites; rarely, eudialyte is en-
countered in peralkaline granites.

Eudialyte was first described from Kanserdluarssuk.
in the Ilimaussaq alkaline complex. Souih Greenland
(Stromeyer 1819). Since then, a very large number of
eudialyte samples have been analyzed from other locali-
ties. These display a wide variation that results from real
compositional variations as well as from sisnificant
analytical errors inherent in some of the methdds used.

Golyshev et al. (197I) and Giuseppetti et al. (L971)
independently solved the basic structure ofeudialyte and
showed it to be a cyclosilicate with both nine- and three-
membered rings of [SiO4] tetrahedra. The former au-
thors solved the structure in space group R3 m, thelatter
in R3m. Subsequent refinements of thi structure, e.s.,
those by Rastsvetaeva & Andrianov ( I 987,), Rastsvetaeva
& Borutskii (1988), Rastsveraeva et at. (1988, l99O),
provided additional structural information on eudialvte-
group phases of different compositions, all in R3n. Slill,
until recently, some aspects of the crystal chemistry of
the group remained obscure. For example, the nature of
the principal substitutions, the number bfanions and the
number of Si atoms per formula wit (apfu) were still
associated with considerable uncertainty.

Johnsen & Gault (1997) studied the chemical varia-
tion in the eudialyte group using results of electron-mi-

croprobe analyses performed under uniform conditions.
They concluded that a solid-solution series exists be-
tween the classic type of eudialyte rich in Si, Ca, Fe and
Cl, and compositions rich in Nb, REE,Mn and F, such
as kentbrooksite (Johnsen et al. 1998). On the basis of
electron- microprobe information alone, that study could
only address certain problems concerning this complex
group of minerals.

In the present work, we examine the crystal-chemi-
cal properties ofeudialyte (sensu lato) samples specifi-
cally selected from the material of Johnsen & Gault
(1997). The study is based on single-crystal structure-
refinement data (SREF) and subsequent electron-micro-
probe analysis of the crystals used for SREF to ensure
maximum compatibility within datasets. For selected
samples, we had sufficient material for thermo-
gravimetric analysis (TGA), infrared spectroscopy (IR),
optical absorption spectroscopy (OAS) and M<issbauer
spectroscopy.

ExppnrrrasNrar- MsrHoos AND PRocEDURES

Table I lists the provenance ofthe seventeen samples
used in this study. All samples come from different
specimens except for sample 11 and 12, which come
from rim and core, respectively, of the same crystal. We
attempted to cover the entire observed range of compo-
sitions of eudialyte-group minerals from samples ana-
lyzed by Johnsen & Gault (1997). In particular, we were
interested in variations in Ca, Mn, REE, Si, Nb and Na
contents. We kept the experimental method uniform for
all samples in order to minimize systematic errors; we
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TABLE 1. TTIE PROVENANCE OF TI{E EUDIALYTE SAMPLES USED IN TTIIS STUDY

86'7

I
z
J

4
5
6
7
8
9
10
t l

12
l 3
t4
1 5
1 6
t 7

ps specimenilrmhr

M CMNMC 36596
S CMNMC 81563
s CMNMC 8156t
H CMNMC 81562
h CMNMC 81565
ln CMNMC EI557
W CMNMC 81564
w CMNMC 31174
v CMNMC 81560
G GM-l983.639
r GM-1983.643r
c GM-1983.643c
A GM-1971.461
N GM-1907.170b
I GM-1998.100
K GM-1988.98
B GM-1998.99

locality

Mont Saint-Hilaire, Rouville County, Quebec, Canada
Mont Saint-Hilaire, Rouville Cormty, Quebec, Canada
Mont Saint-Hilaire, Rouville County, Quebec, Canada
Mont Saint-Hilaire, Rouville County, Quebec, Canada
Mont Saint-Hilaire, Rouville County, Quebec, Canada
Mont Saint-Hilaire, Rouville County, Quebec, Canada
l Kipawa alkaline comple:<, Villedieu Township,
J Temiscaminque County, Quebec, Canada
Saint-Amable sill, Varennes, Vercheres County, Quebec, Canada
Gardiner complex, East Greenland
Gardiner complex, East Grenland
Gmdiner complex, East Greenland
Andrup Fjord, Kangerdlugssuaq intusion, East Greenland
Narssirssuk pegmatite, South Greenland
Ilimaussaq complex, South Greenland
Khibina- Kola Peninsula. Russia
Burpala massi{ Siberia, Russia

#: sanrple number; ps: plot symbol. CMNMC: Canadian Museum of Nature, Mineral Collection;
GM: Geological Museunr" University of Copenhagen. Sample 13 is kentbrooksite type material.

thus are able to make meaningful comparisons of the
crystal chemistry of various members of this complex
group of minerals.

El e ctron - mi c rop ro be ana I y s i s

Chemical analyses were done in wavelength-disper-
sion (WD) mode on a JEOL 733 electron microprobe
using Tracor Northern 5500 and 5600 automation. Data
were reduced with a conventional ZAF routine in the
Tracor Northern TASK series of programs. Johnsen &
Gault (1997) gave the experimental details. For each
sample but one, the actual crystal used in the structure
refinement was analyzed chemically. Only sample 7 was
lost during transfer to a probe mount. Fortunately, this
material from the Kipawa complex, is quite homoge-
neous, such that the composition of the remaining crys-
tal fragment was used.

Standards used in the analyses were vlasovite
(NaKc, SlKa, ZrLa, Hflct), rutile (TiKa), mangano-
columbite (Nbl,ct), NiTa2O6 (TaMa), CoWOa (WMct),
almandine (FeKct, AlKct), yttrium iron garnet (YIG)
(YLa), a set of synthetic REE phosphates (LaLa, CeLa,
Ndlcr, Gdla, DyfF, ErLrr, YbLa, PrLB, Sml,ct),
tephroite (MnKct), diopside (CaKcr, MgKot), celestine
(Srtct), sanbornite (BaZa), sanidine (KKct), marialite
(ClKcr) and phlogopite (FKct). Sought but not detected
in any of the samples were Eu, Tb, Tm and Lu. A beam
20 pm in diameter was used with all samples. Eudialyte
itself seems quite stable in the electron beam with re-
spect to all elements, but the vlasovite standard exhib-
ited problems with Na migration. From a series of
decomposition curves, colrection factors of 0.859 and
1.006 were derived to apply to thewt.To Na2O and SiOz,

respectively. The relative elror associated with this cor-
rection factor is l.4%o. With the vlasovite standard, it
was found that the correction could be applied equally
well to the wt.Vo, or as is more normal, to the counts
before ZAF calculations. Still, a consistent disparity
between Na content derived from the electron-micro-
probe analyses and structure refinements persists, as
discussed later. The chemical compositions are given in
Table 2.

Normnlization of the formula unit

Formula calculation for eudialyte h"as always been
problematic because of the wide variety of chemical
substitutions, disorder within the crystal structure and
site vacancies. On the basis of a large dataset of over 60
chemical analyses in Johnsen & Gault (1997) and the
initial crystal-structure refinement of Johnsen et al.
(1998), it became evident that unless specifrc structural
information was available, normalization of the analyti-
cal data was best done on the basis of 78 anions (O, Cl,
F), with Z = 3 for the unit cell. In the present study, we
have calculated the number of atoms per formula unit
(apfu) on an individual basis using the number of an-
ions inferred from SREF data. The apfu and the number
of anions are given inTable2.

Collection of X-ray-dffiaction data

Crystals were selected for crystallographic data on
the basis of optical clarity. In all cases, crystals were
ground to spheres ranging in diameter from0.l2toO.2O
mm. Each crystal was mounted on a Siemens fully au-
tomated four-circle diffractometer operated at 50 kV and
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TABLE 2. COMPOSITIONS AND ATOMS PERFORMULA UNIT (apfu)OF ELIDIALYTE SAMPLES s

Sample

All analyses except of sample 7 are peformed on the vety same crystal used for SREF, * HzO and total number of anions calculued fiom
SREF dafa; for ddails see texL The calculation ofqp/a's is based on number ofaniurs.

I 7l 6l 5T4l3t2l ll 0

SiO2 48.53 46.32 45.12 46.91 43.46 43.70 48.95 48.43 50.30 49.67 47.23 49.00 45.34 50.23 48.33 43.87 43.90
TiO2 0.12 0.13 0.00 0.32 0.00 0.ll 0.10 0.46 1.93 0.52 0.82 0.48 0.56 0.20 0.00 0.07 0.83
ZrO2 ll.4t 11.22 10.70 10.35 11.44 10.62 I l.l7 I1.55 10.80 10.90 9.85 10.92 I l.0E 11.23 11.27 10.62 11.22
HOz 0.15 0.r2 0.19 0.00 0.16 0.18 039 0.13 0.0o 0.10 0.00 0.10 0.36 0.16 0.13 0.21 0.18
Nb2o5 1.47 2.49 2.97 3.02 3.48 1.33 0.47 0.58 0.45 0.60 2.& 1.07 2.26 0.58 0.85 3.53 1.78
Ta2o5 0.07 0.31 0.26 0.r0 0.14 0.v2 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.13 0.04 0.2s 0.00
wo: 0.00 0.00 0.00 0.00 0.00 3.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AlzOr 0.13 0.09 0.08 0.05 0.18 0.09 0.21 0.13 0.18 0.r2 0.00 0.08 0.21 0.03 0.34 0.00 1.22
REE2OI r.62 4.69 6.49 4.34 10.15 0.39 0.87 2.88 1.74 0.15 0.52 0.17 s.36 1.66 2.12 5.37 5.60
LazQz 0.54 1.53 2.32 1.45 2.88 0.21 0.32 0.37 0.80 0.00 0.25 0.00 223 0.29 0.5E 1.75 1.75
CeOr 0.92 2.49 3.47 2.35 5.14 0.18 0.55 0.76 0.94 0.15 0.27 O.l7 2.44 0.E4 0.95 2.83 2.73
Pr2o3 0.00 0.00 0.00 0.00 0.4E 0.00 0.00 0.00 0.00 0.0o 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NdOr 0.00 0.A 0.70 0.54 1.45 0.00 0.00 035 0.00 0.00 0.00 0.00 0.69 0.53 0.59 0.64 0.69
Sm2o3 0.00 0.lE 0.00 0.00 0.00 0.0o 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gdo: 0.16 0.15 0.00 0.00 0.20 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.11
DyrO: 0.00 0.00 0.00 0.00 0.00 0.0O 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Erzot 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Yb2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.32
YOs 0.19 0.59 0.59 0.42 0.78 0.00 2.09 2.82 0.s6 0.24 0.25 O22 1.46 0.75 0.49 0.81 1.66
FeO 3.98 5.04 3.r2 2.32 3.00 433 1.53 1.94 3.42 4.0s 2.32 3.74 1.58 5.97 7.26 2.20 3.18
MnO 3.01 3.9E 4.89 7.46 7.70 1.63 r.54 l.16 5.14 1.01 3.00 r.45 8.01 1.33 0.54 5.19 4.52
CaO 9.77 7.95 ?.89 6.24 2.90 10.42 13.44 11.56 6.77 lr.8E ll.9l 11.88 5.62 9.36 9.65 8.44 5.60
SrO 0.39 0.43 0.19 0.42 0.09 8.45 0.00 0.18 0.34 2.30 4.13 2.73 0.49 0.20 0.13 2.02 r.7l
Bao 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.24 0.32 0.20 0.00 0.00 0.00 0.14 0.r7
MgO 0.04 0.00 0.04 0.00 0.00 0.04 0.00 0.1I 0.00 0.00 0.00 0.00 0.06 0.03 0.00 0.0O 0.06
NaO 14.89 13.92 13.79 14.s3 13.60 11.35 13.04 14.45 rs.22 15.61 14.18 15.43 14.51 15.32 14.49 13.12 11.69
KrO 0.43 0.43 0.33 0.33 0.28 0.52 0.31 0.61 0.52 0.56 0.M 0.41 0.43 0.45 0.42 0.42 0.38
cl 0.77 0.83 l.l4 0.42 0.76 0.67 r.07 1.07 0.50 1.15 0.95 l.lt 0.29 l.E3 1.29 0.47 0.88
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 O.EE 0.00 0.00 0.00 0.7r
H2O* 0.69 0.70 0.45 0.31 0.63 0.87 0.6? 0.57 0.10 0.39 0.38 0.69 0.33 0.0t 0.26 0.70 0.00
o{l 4.17 4.19 4.26 4.O9 -0.17 -0.15 4.24 -0.24 -0.11 -0.26 4.21 425 4.07 4.41 -0.29 -0.11 420
O=F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.13 0.00 0.00 0.00 0.00 -0.37 0.00 0.00 0.00 -0.30
suM 97.56 99.05 97.98 97.45 98.58 98.37 9s.61 98.71 97.86 99.23 9t.75 99.43 98.39 9.13 97.32 97.rE 94.79

si 25.79 25.12 25.12 25.39 24.77 24.7t 26.t1 25.55 25.84 25.79 25.14 25.77 25.09 26.04 25.74 24.92 24.93
Al 0.0E 0.06 0.05 0.03 0.r2 0.06 0.13 0.08 0.1r 0.07 0.00 0.05 0.14 0.o2 o.zt 0.00 0.s2
Zt 2.9t 2.97 2.9r 2.73 3.lE 2.94 2.91 2.97 2.7r 2.76 2.56 2.80 z.99 2.84 2.93 2.94 3.1I
Hf 0.02 0.02 0.03 0.00 0.03 0.03 0.06 0.02 0.00 0.01 0.00 0.02 0.06 0.02 0.02 0.03 0.03
Ti 0.05 0.05 0.00 0.13 0.00 0.05 0.M 0.18 0.75 0.20 0.33 0.19 0.23 0.0E 0.00 0.03 0.35
Nb 0.35 0.61 0.75 0.?4 0.90 0.34 0.1I 0.14 0.10 0.14 0.64 0.25 0.57 0.14 0.20 0.91 0.46
Ta 0.01 0.05 0.04 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.04 0.00
w 0.00 0.00 0.00 0.00 0.00 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe l.l7 2.29 1.45 1.05 1.43 2.05 0.68 0.86 r.47 1.76 1.03 r.64 O.73 2.59 3-23 1.05 1.51
Mn 1.35 l.E3 2.3r 3.42 3.72 0.78 0.70 0.52 2.24 0.44 1.35 0.65 3.7s 0.58 0.24 2.50 2.r7
Mg 0.03 0.00 0.03 0.00 0.00 0.03 0.00 0.09 0.00 0.00 0.00 0.00 0.05 0.02 0.00 0.00 0.05
REE 0.32 0.93 1.32 0.86 2.12 0.08 0.t7 0.56 0.33 0.03 0.10 0.03 1.09 0.32 0.41 1.12 1.16
Y 0.05 0.17 0.17 0.12 0.24 0.00 0.59 0.79 0.15 0.07 0.07 0.06 0.43 0.2r 0.14 0.24 0.50
ca 5.56 4.62 4.71 3.62 l.T7 6.33 7.68 6.53 3.73 6.61 6.79 6.69 3.33 5.20 5.51 5.14 3.41
Sr 0.r2 0.14 0.06 0.13 0.03 2.78 0.00 0.06 0.10 0.69 r.27 0.83 0.16 0.06 0.M 0.67 0.56
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.05 0.07 0.04 0.00 0.00 0.00 0.03 0.04
K 0.29 0.30 0.23 0.23 0.20 0.3t 0.2r 0.41 0.34 0.37 0.30 0.2E 0.30 0.30 0.29 0.30 0.28
Na 15.34 14.64 14.E9 15.25 15.03 12.48 13.49 14.78 15.16 15.71 14.& 15.73 15.57 15.40 14.96 14.45 12.E7
cl 0.69 0.76 l.oE 0.39 0.73 0.64 0.97 0.96 0.44 1.01 0.86 0.99 0.27 1.61 l.16 0.45 0.8s
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.00 0.00 0.00 0.00 1.54 0.00 0.00 0.00 1.28
H 2.45 2.53 1.67 r.l2 2.40 3.29 2.3t 2.0t 0.34 r.35 1.35 2.42 1.22 0-28 0.92 2-65 0.00
Anionsr 77.48 77.67 77.90 76.63 78.09 78.70 77.45 77.35 75.39 76.91 77.00 77.96 78.10 76.40 76.75 7E.53 77.10
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TABLE 3. T]NIT-CELL DIMENSIONS (A) AND STRUCTTJR3-REFIMMENT DATA FOR ET]DIALYTE SAMPLES

a c Space Croup* lf'z-t 1 N*r*+ data/restraints/params

1.041 8216 19341011E2
0.871 3824 3E24101292
0.814 3838 3838101282
0.916 4990 3s03101279
0.702 3815 3803l01426
0.790 3863 3863 I 0 l2E2
0.972 3879 1945101177
0.967 3858 r934l0 I 164
0.960 3807 1909 lo I r7r
0.972 3860 1935 /O / r77
0.957 4977 3536101284
0.965 385E 1935/0ll8r
0.847 2649 2024/O/2E3
0.999 3835 1923 /0 / 169
0.991 2983 l92l /0 | 173
0.802 3E55 38s5101276

I
2

4
5
6
7
8
9
t0
n
t 2
l 3
t4
l 5
16
1 1

14.2@6(9) 30.186(l) 166
14.2277(6\ 29.987(2) 160
r4.2602(e) 29.980(3) 160
14.18s4(9) 30.101(3) 160
14.2084(8) 29.9sN3) 146
14.2959(8) 30.084(3) 160
14.256(l) 30.351(2) 166
14.225(2') 30.302(5) 166
14.1697(9) 30.142(3) 166
14.273(1) 30.131(3) 166
r4.27r(t) 30.160(3) 160
14.2691(8) 30.163(3) 16
14.r99Q) 30.r 39(4) 160
r4.22s7(6) 30.006(2) 166
r4.242(r) 30.004(6) 166
r4.2784(E) 30.08e(3) 160

Rl lwR2 /Coof*++

0.031/0.073 / 1.090
0.0421 0.083 I r.017
0.034 t0.07t I r.042
0.044 /0.086 / r.052
0.032 t 0.0721 r.043
0.050/0.082i1.020
0.035 I 0.0761 1.041
0.033/0.070/1.006
0-048 / 0.0921 1.028
0.03910.073 11.017
0.04310.084/1.026
0.0T ta.07r 1r.023
0.041 10.084 I l.r7r
0.039 1 0.071 1 r.022
0.037 t0.081 11.029
0.043/0.078/1.040
0.052i0.095/1.@9r4.22U2', 30.150(7) 160 0.878 2984 2rl9 I 0 1281

*166 -- R3 m:760 = Bm:146 = R3. +* Number of reflections collected. *+* Goof: Goodness-of-fit onF'

40 mA with graphite-monochromated MoKa radiation.
A set of 25 to 30 reflections were used to center the
crystal and refine the cell parameters. Assuming a
noncentrosymmetric rhombohedral cell, one asymmet-
ric unit of intensity data was collected (i.e., + h + k X l)
up to 20 = 60" using a 0:20 scan-mode, with scan speeds
inversely proportional to intensity, varying from 4 to
29.3"/mirl.;Ie. The data collection for each crystal con-
sisted of approximately 3800 reflections with more than
85% observed (i.e., F"> 4o F).Information relevant
to the data collection and structure determination is
given in Table 3. For the ellipsoidal absorption correc-
tion, l0 to 14 intense diffraction-maxima in the range
12 to 60'20 were chosen for V diffraction-vector scans
after the method of North et al. (1968). The merging R
for the V-scan dataset decreased from approximately
1 .5Vo before the absorption correction to approximately
l.OVa after the absorption correction. The excellent
merging R-values attest to the near-spherical shape of
the crystals. Reduction of the intensity data, and deter-
mination and initial refinement of the structure were
done with the SHELXTL (Sheldrick 1990) package of
computer programs. Structure-refinement data for all
crystals are given in Table 3. A set of normalized struc-
ture-factors, E, were calculated, and the I E2 - I I statis-
tic is listed in Table 3. It should be noted that there is a
distinct trimodal grouping; centrosymmetric eudialyte
(R-3ru) has I e - ll values in the range 0.96 to 1.04, the
noncentrosymmetric eudialyte (R3rn) has I E" - | | val-
ues in the range 0.75 to 0.96, and the noncentro-
symmetric (R3) eudialyte has an I E2 - | lof 0.70 lSee
below). The latter, an incongruously low value for
I P - | l, is a result of merohedral twinning (Herbst-

Irmer & Sheldrick 1998). A discussion on these statis-
tics is given later in the Degree of acentricity section.

Final strategy in the refinements

The final refinements were done with the SHELXL-
93 program (Sheldrick 1993). The strategy applied to
all crystals during the final stages of the refinement was
to keep all atomic coordinates exceptZr(z) vaiable, and
thus refinable, as well as all anisotropic-displacement
factors for all sites (except a few disordered sites). For
disordered sites with low occupancy, such as the X sites
and the extra M(3) or Si (7a) sites, an isotropic displace-
ment parameter was kept fixed. SHELXL-93 recom-
mendations for the splitting of sites were followed rn
those cases where the refinements remained stable.

The site-occupancy factors (sol) were fixed to unity
for Si(1)-Si(6) and O(l)-O(18), and generally refined
for the other sites. Wherever initial refinements indi-
cated a site accommodating essentially only one atomic
species, this species was assigned to the site, andthe sof
refined without constraints. In cases where initial refrne-
ments showed that the site accommodates, to a signifi-
cant degree, more than one atomic species, and that the
site is fully occupied, the two dominant elements as-
signed to the site are refined by coupling the positional
and anisotropic-displacement parameters allowing the
proportion of each sof to vary. Where substantial
amounts of two elements are present in one site and the
site is not fully occupied [e.5., M(3) in sample 6], the
two elements were assigned to the site in a ratio estab-
lished by the electron-microprobe data, and the solof
one element was allowed to refine in the f,rnal stage.
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TABLE 4. AToMc CooRDINATES (x l0) AND IsoTRopIC DISPLACEMENT PARAMETERS (A'zx 103) FoR
TT{REE EUDIALYTE SAMPLES IN SPACE GROLIPS R3 z (166), R3z (160) AND R3 (146)

Site

#E: 166
M(r)
M(2A)
M(2,s)
M(3)
si('t)
s(7a)
Na([a\
Ma(1b)
Na(4)
Na(s)
Zr
s(t)
s(3)
s(3s)
s(5)
o(l)
o(2)
o(3)
oa
o(8)
o(e)
o(13)
o(14\
o(ls)
o(r9)
o(20)
x(1a)
x(1b)
x(1c)
x(1d)
x(le)

#13: 160
M(1)
MQ,5)
M(2,4)
M(3)
,s(7)
s(7a)
Na(1a)
Na(lb)
Na(2)
lr'a(3a)
da(3b)
Na(4)
l{a(s)
Zl
s(1)
si(2)
s(3)
S,(4)
s(5)
s(6)
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(1)
o(8)
o(e)
o(10)
o(11)
o(r2\
o(13)
o(r4)
o(1s)
o(16)

u(es) Site

o(17)
o(18)
o(re)
o(20)
{1a)
x(1b)
x(1c)
xQa)
XQb)
xQc)
x(2d)
xQe)

#5:146
M(rt)
M(rb)
M(2,s)
M(2,4)
M(3)
M(3b)
s,(7)
S,(7a)
Na(lz)
Na(lb)
NaQ)
Na(3)
Na(4)
Na(s)
Zr
sr(1)
s(2)
s(3)
sr(4)
s(sa)
s(5b)
Jr(6a)
s(6b)
o(1)
oQ)
o(3)
o(4)
o(5)
o(!6)
oQa)
oQb)
o(E)
o(e)
o(l0a)
o(l0b)
o(11)
o(r2)
O(l3a)
o(13b)
o(l4t)
o(14b)
o(rs)
o(r6a)
o(16b)
O(I7a)
o(17b)
o(18)
o(re)
oQ0)
x(1a)
x(rb)
X(1c)
x(2a)
XQb)
x(2c)
x(zd',

u(es)

6
3
6
2
2
2
6
6
o
6
3
6
6
o

t2
o

o

6
t2

o

o

t2
t2
o

o

2
2
6
6
2
2

3
J

3
6
6

6
3
3
6
3
3
6
o

3
o

0 73E4(l) s000 10(1)
0 s000 5000 64(s)

407(t7) 4697(9) 4e79(rr) 20
0 0 1201(l) 39(l)
0 0 782(2\ l3(2)
0 0 E309(9) 30

2260Q) -2260Q) 110(2) 44Q)
2531(6) :2s31(6) 45(4) 23(4)
56460) -5646(1) rr77(1) 53(1)
:732(4) 732(4) 117(3) 107(4)
s000 s000 0 1(1)
40350) 4035(l) 847(1) 11(1)
12s2(r) -12s2(r) 909(l) 14(1)
1046(19) -1046(19) 1055(14) 20
3410(1) 2778(r) 698(1) l2(l)
2717(1) :2717(1) E84(1) 22(r)
44se(r) 44se(r) r23e(r) 24(1)
42e0(r) 42e0(1) 363(1) 27(r)
231eQ) 28s7Q) 602(1) 27(r)
1s3l(1)  -1531(1) l3E0(1) 21( l )
602Q) 402(2) 93s(2) 5s(1)

4364Q) 3631Q) 3e3(l) 28(1)
3't0EQ) 296sQ) 1210(l) 23(r)
E435(1) -843s(1) s42(r) 21(l)
s83(7) -583(7) 8376(5) 61(6)

0 0 26s(6) 24(6)
0 0 7396(3) 69(3)

488(11) 4EE(11) 74s2(8) 30
500(15) -500(15) 7937(11) 30

0 0 E00306) 30
0 0 6908Q2) 30

5e40(1) e2s7(1) 1674(1)
8r79Q) r82rg) 16930)
E430Q1,) 1570(21) 1643(11)

0 0 -1281(1)
0 0 7E0(2)
0 0 1169(11)

222rQ) 7779(7) 1s6(6)
2492(3E) 7508(38) -3(20)
4442Q) s558(3) 4787(3)
889(20) el11(20) 204e(1r)

rr5r82) 8849(22) 215501)
s670(r) 4330(l) 1204(r)
7386(4) 2614(4) 3l3e(3)
4980(1) s020(1) 0
2628(1) 7372(1) 2489(l)
4036Q) 5e64Q) 87s(1)
5394Q) 4606Q) 2446(r)
1248Q) 87s2Q) 920(1)
946OQ) 6764Q) 2632(r)
7229Q\ 626Q) 697(r)
39s1(4) 6049(4) 24s0(4)
22rt(s) 7^182(s) 2078(4)
2349(5) 7651(5) 2966(4)
2712(4) 7288(4) 923(4)
4473(s) ss27(5) 1252(4)
e4r(s) 905e(5) 37t3(4)

6098(s) 380(6) 2742Q)
5rs9(4) 484r(4) 1959(3)
6044(4) 39s6(4) 2484(3)
71s9Q) 94s2(6\ 59eQ)
r55l(4) 8449(4) 138s(3)
s96(4) e404(4) 1004(4)

3022(6) 8981(6) 426'1(2)'1036(6) 742(s) r211Q)
8435(4) 1565(4) 530(3)
7497(6) 7'1s5(6) 2945(3)

r7(l)
14(l)
30
r4(r)
r1(2)
30
33(4)
77(26)
23(2)
73(E)
33(10)
l5( l )
6s(3)
e(1)

l4(r)
r7(r)
I  l (1)
l0( l )
e(1)

l0(l)
24(2)
33(3)
34(3)
2e(2)
36(3)
30(3)
l5( l )
1s(2)
23Q)
2s(2)
17(2)
36(3)
22(z)
16(1)
r6(2)
21Q)

9607(6) 7038(6) 2r08Q) r7(r)
8202(4) 1798(4) 27ErQ) r4(2)
72ee(4) 270r(4) 1707(3) 21(3)

0 0 248(6) 22(5)
0 0 :2661(27) 30

501(23) 1002(47) -260e(lE) 30
258(sr) sr7(r02) -24s4(37) 30

0 0 238sQ4) 30
0 0 2091(15) 30

197(17) 394(34) 2ez0(14) 30
0 0 26rsQ3) 30
0 0 t728{€0) 30

3937(r) 640(1) 83280)
4214(1,) 3328Q) 832s(l)
t74rQ) il08(2) 8302(1)
143583) 8355(21) 8347(6)

0 0 1293(r\
0 0 777(2s)
0 0 92osQ)
0 0 8728(E)

7400(17) 2490Q4) 10o3s(r0)
7708(15) 2re6(1r) 9863(3)
5544{8) 4323Q) 6760Q)
8e84(7) 1038(7) 7880(2)
44os(1) s6960) E800(r)
273tQ) 75ls(8) 68s2Q)
5119(1) 5052(1) 0
7487(3) 2748(3) 7sr4(r)
6092Q) 4158(3) 9120(1)
46re(4) s4r2(4) 7ss4(1)
8751(4) r2r23) e073(1)
6r1(3) 3258(3) 7370Q)
486(3) 7250(3) 7370Q)

2667(3) 473(3) 9299Q\
56r(3) 7r34Q) 930sQ)

se84(9) 3880(e) 7540Q)
7e70Q) 2410(6) 7e17Q)
7794(9) 24E3(e) 70288)
7150Q) 2se33) eos2(3)
5681(7) 4690(8) 8755(3)
9232(9) 1050(9) 6293Q)
3844(7) 438(8) 7248Q)
3910Q) 4274Q) 7269(4)
4924(e) s239(10) 8047Q)
3927(9) 6008(10) 7s07Q)
2s9ZQ) 41E(E) 9404(4)
505(6) Tossg) e3e3(3)
8526(10) 1628(e) E6r4Q)
er78(6) 359(6) 8986(3)
7111(e) l0El(9) 62s2(4)
3592(8) 47r(10) 9599(5)
2E62(8) 9227(8\ 8174(4)
689(9) 6935(8) E7E5(4)

rs26(9) 8341(9) 947sQ)
2s5e(E) 225r(8) 7046(4)
-211(8) 2236(E) 7074(4)
44E(9) 2980(9) ?E91(4)
3s0(e) 736e(9) 78e2(4)

1734(8) 8133(8) 7218Q\
26s2(9) 7276(10) 8308(2)

0 0 9733(4)
0 0 2660(4)

-508(22) 506(22) 2s97(4)
0 0 2ts3(3s)
0 0 7543(4)
0 0 7897Q0)
0 0 7117( l l )
0 0 82r9Q2)

3
3
3
3
3
3

12(1)
l7(1)
13(1)
23(6)
12(1)
30
l0 ( l )
26
46(1 1)
30(3)
44(2)
64(2)
14(1)
ssQ)
e(1)

I  l (1 )
l 3 ( l )
r2(1)
r  3 ( l )
10(1)
11(1)
1  l (1 )
10(1)
2  1( l )
2r(2)
24(Z)
20Q)
2e(2)
22Q)
11(2)
leQ)
21Q)
26(2)
26(2\
r4Q)
re(2)
23Q)
23Q)
2sQ)
r4(2)
r7(2)
1e(1)
20(2)
lE(2)
l8(2)
1e(2)
16(1)
2sQ)
l4(3)
30
30
30
30
30
30
30
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TABLE 6. ATOMIC C@RDINATES (X IO4) OF EUDIALYTE SAMPLES IN SPACE GROIJP R3Z

g2

v
#4

I J

Corections refined for secondary isotropic extinc-
tion were found to be insignificant and hence were
omitted. For the noncenftosymmetric samples, incorpo-
ration of a twin fraction according to merohedral twin-
ning in the refinements resulted in slight improvements
of the agreement indices for some crystals and were
kept. In the case of sample 5, belonging to space group
R3, introduction of a twin operation corresponding to
the lost mirror plane in R3m resulted in a significant
improvement in the refinement, as the R-index dropped
from 0.107 to 0.032.

Table 4 contains complete sets of the final positional
and equivalent isotropic-displacement parameters for a
representative example of each of the three space groups
concerned. Tables 5 and 6 list the positional parameters

of the remaining samples in R3m wrd R3m,respectively.
Selected interatomic distances for one crystal in each
space group are given in Table 7. Anisotropic-displace-
ment factors and observed and calculated structure-fac-
tors for al l  samples have been submitted to the
Depository of Unpublished Data, CISTI, National Re-
search Council of Canada, Ottawa, Ontario KlA 0S2,
Canada.

Sit e - as s i gnme nt p r o c e dure

Table 8 presents the site-scattering values of the re-
fined cation sites expressed in terms of electrons per
formula unit (epfu) and atoms per formula unit (apfu),
along with bond-valence and valence sums. Table 9

--- 
#6 #ll #16

r y

# 1 7

r l

r(D 5943 9259 1672 4056 745 8325 4071 743 E328 5946 9258 1675 &57 731 8331 595r n& rc76 5949 92,,3 rc'n
uiz',s\ ertot rro 1693 lg29 8l?l 8295 1831 9169 t309 8180 lt20 lz02 rn3 8207 t3l4 t169 1631 1696 Err2 r&8 t697
uizg wrr 1589 t64? r7o7 n$ $y l4s9 rs4l 8345 r3t3 16$z 1654 1502 E49t 8366 837r 1629 167r t368 1632 165l
r{a)' 0 0-t301 o o 1297 0 0 l2?5 0 O-l3lE 0 0 1302 0 0-1295 0 0-1290
M(3b 0 0-1175 0 0 l l r? 0 0 1676 0 0-1318 0 0 1684 0 0-1670
r43b) o 0-799 0 016s2 0 o n6 0 0 768
s{b- o 0 7t9 0 0920t o oc22o o 0 773 O O92t4 0 0 782 0 0 780
s r z o o 0 1 l 9 t 0 0 8 ? 9 8 0 0 8 ? ? 5 0 0 1 2 3 3 0 0 8 ? 7 4 0 0 1 1 6 9 0 0 1 1 9
Nftal nst no l2g 74[12 zslS 34 nst zz4z 9g7o 2tt7 7tl3 r53 7E3J 2t67 9E34 ms 7745 135 rn3 n87 Dt
Na$) zsn 1423 4i 7761 2239 ssttr 73].t z6n 74 zSEs 76rs 55 75u 2416 -2s 2s6f 7432 43 2543 7457 '26

Nai2r' 4397 s&3 4763 i6lg 43t216751 ssst Mg 67 4379 s6:r2 4t57 5597 m3 6780 4391 5609 {755 436,8 32 4750
r4rly ur gtn zws 8962 t03t zt6l 8965 1035 789t ni w2i 2t4s t961 1039 7E39 t59 9l4l 2063 982 9()18 2150
rrr4sui r06a t$6 2t4g 9n 9/|i27 2149 1116 8t84 2167
Naq' srloz 433t lt96 43.t+ 5656 8809 4i4i s6s7 t797 56?0 4330 ll73 4332 566t t8l5 5664 4336 llts 5655 434s llEo
Nasi 739D 26tlr 3168 2610 nn 6E49 2614 7386 6E39 7361 2639 3142 2sE6 7414 6nr B& 2618 3136 nrr 2689 3n'r
?t' 
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Ang 5v2l 0 flr34 4966 tofiro 5013 49t? tflDO 4968 5032 0 5006 494 lm00 195il 5033 0 4975 50:25 0
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TABLE 7. SELECTED INTERATOMIC DIST, ) FOR THREE EUDIALYTE SAMPLES IN SPACE GROUPS n 3 z, X3n AND R3.

#8 (R3 m)
s(1>o(l)
sr(1)-q2)
s(1)-o(3)
si(3)-o(7)
s(3>o(8)
s(3)-o(e)
sr(3)-s(3s)
s(s)-o(7)
s(slo(13)
sd5)-o(14)
s(s)-6(ls)
Zr-O(3)
Zr-Qr3)
M0)-q2)
MQ)-q14)
M(r)-o(8)
MQ,4>qr4)
M(2,4)-MQ,s)
MQ,s)-o(r4)
MQ,s)-O<r4)
M(2,s)-qre)
MQ)-a{e)
MQ)-a{re)
siQ)-qe)
si(0)-oQ0)
Sl(7a)-x(1c)
(1va(la)-$)
(Na(1b)-0)
Na(1a)-,Va(lb)

0ra(a)-0)
0ra(s)-S)
#13 @3zr)
s(1)-o(1)
s(1)-o(2)
s(1)-o(3)
siQ)-q4)
si@)-qs)
siQ)-q6)

1.638(1) x 2
1.s82(3)
1.595(3)
1.63oQ)x2
1.s85(3)
r.602(4)
0.67(s)
r.637Q\
l.s8e(2)
1.s94Q)
1.636(l)
2.067Q)x2
2.06sQ)x4
23IlQ)x2
2.326Q)x2
2.387Q\x2
z.rsrQ)xa
0.7s(2)
2.16(2) x2
2.39(2)x2
r.92(3)
1.689(s) x 3
r.92(2)x3
1.555(4) x 3
r.s7Q)
r.67(4) x3
2.68
2.61
0.82(2)
2.60
2.83

Zr-A{l6a)
h-qr6b)
M(ra)-42)
M(ra)-o(s)
M(ra)-o(8)
M(ra)-Qrr)
M(ra)-O{r4a)
M(ra)-Ql1a)
M(rb)-oQ)
M(rb)-o<s)
Mlb\-q8)
M(lb)-o(1r)
M[D-qr4b)
M(rbYo(17b)
MQ,a)o(aa)
MQ,4>q14b)
MQ,a)o(1a)
MQ,q-qr7b)
M(2,4>MQ,s)
M(2,s)O{raa)
MQ,s)O{r4b)
MQ,s)o{r7a)
MQ,s>qr7b)
MQ,s\-qre)
MQ)-qe)
MQ)-ql.e)
M(3b)-o(e)
si(7)-o(12)
si?)-q2o)
Si(7a)-o(r2)
si(7a)-xQd\
(/{a(1a)-$)
(xd(lb)-0)
Na(1a)-nra(1b)
014(2)-0)
(xa(3a)-$)
@a(a)-$)
(N4(5)-O)

2.06(1)
2.07(1)
2.06(1)
2.124(8)
2-r74(9)
2.3s(1)
2.23(r)
2.2s(r)
2.24(r)
2.364(8)
2.3e1(e)
2.s2(r)
2.45(r)
2.43(r)
2.42(r)
2.r8(2)
2.1e(2)
2.1.3(3)
2.01(3)
0.6e(3)
2.r3(r)
2.15(r)
2.16(r)
2.rr(r)
2.r4s?)
2.054Q)
r.e01(7)
l .s5(1) x 3
1.629(7) x3
1.s8(1)
1.68(l) x 3
r.52(7)
2.s5
2.66
0.e0(3)
2.36
2.69
2.67
2.57

13b)

l 638(s) x 2
1.se(1)
l.se(l)
r.639(s) x2
1.s6(l)
1.60(1)
r.643(7)x2

gives the epfu il)mbers for the refined anion sites. The
site-assignment procedure applied includes the follow-
ing steps:

(i) Calculation of the number of anions: Site-scat-
tering values (epfu) of the refined anion-sites are con-
verted to apfu. O(19) and O(20) are considered to
contain oxygen only, whereas the X sites accommodate
(Cl,F) derived from electron-microprobe data, and (OH)
is added to total 2 apfu. The remaining epfu in X sites
are considered to be (HzO). The apfu from these sites
are added to the 72 atoms of oxygen belonging to the
silicate ring system, giving the total amount of anions
that, together with the derived number of (H), form the
basis of a recalculation of electron-microprobe data to
give the apfu shown in Table 2.

(ii) Knowing the epfu of the cation-sites and the
numbers of these sites in the structural formula (N rn
Table 4), and assuming full occupancy, an apfupoptrla-
tion of each site can be assessed on the basis of elec-
tron-microprobe data and guided by calculations of
bond-valence and valence sums (Table 8). This proce-
dure is valid for fully ordered structures covering most
of the acentric crystals, whereas it becomes problem-
atic in cases with extensive disorder. In crystals where
the pseudocentrosymmetrically related sites M(3) and
Si(7) are disordered to such an extent that they are best
refined in R3z, the scattering overlap precludes the de-
termination of which cation is bonded to which ligand.
In such cases, bond-valence sums cannot be calculated,
and an apfu population for M(3) and Sl(7) together is

s(6)-o(15
Zr-o(3)
zr-0(6)
Zr-O{13)
Zr-Qr6)
M(1)-q2)
M0)-qs)
MQ)-q8)
MO)-ql1
M(1)-O(1
M0)-q|
M(2,4)-ql4)

M(2,r-qr4)

sr(4)-ql1

s(5)-qr
s(5)-c(r
s(s)-o(1
.r(6)-0(r
s(6)-o(r
s(6)-o(1

r.626(8)x2
1.s84(e)
r.62(r)
1.64rQ)
1.se7?)
r.6r2Q)
r.6s2(4)
r.643(7)
1.s79(8)
r.se2(7)
r.634(4)
2.0s(1)
2.07(r)
2.073Q)x2
2.07r(8)x2
2.239(6)
2.283(7)
2.426(6)
2.338(6\
2.348Q)
2.3r4Q)
2.16(2)x2
2.09Q)x2
0.64(s)
2.142(7) x2
2.rsrQ) x2
2.16(r)
2.01(1) x 3
1.87(1) x 3
1.61(1)  x  3
r.60Q)
1.s4(1) x 3
1.68(7)
2.7r
2.s9
0.82(e)
2.66
2.69

MQ,s)-qr7)
M(2,s)-O(re)
M(3)-o<e)
M(3)-O{re)
siQ)-qrz)
si(1)-oQo)
Si(7a)-Qr2)
si(7a)-xQe)
(Na(la)'$)
(1va(lb)-0)
lra(1a)-nra(lb)
0ra(2)-0)
(Na(3a)-$)

(Na(3b)-0) 2.7s
Na(3a)-Na(3b) 0.72(2)
(xa(+)"S) 2.65
(Na(s)-0) 2.75
#s (n3)
s(l)-o(l) 1.5e(1)
sdl).o(l) 1.68(1)
si(r)-oQ) 1.s7e1)
s(l)-o(3) 1.618(7)
si2)-o(4) 1.622(e)
si2)-o(4) r-672(e)
siz)-q, 1.5e6(8)
si?)-qq r.602Q)
Si(3)-Q7a) 1.6s7(9)
s,'(3)-o(7b) 1.64(l)
sr(3)-o(8) r.se2(6)
s(3)-o(e) r.ser(1)
sl(a)-o(loa) r.62(r\
s,(4>q10b) 1,.6s2(e)
s,(4)-o(11) 1.se2Q)
sig)-qrD r.626(8)
Si(sa)-o{7a\ 1.633(9)
s(sa)-o(16b) 1.60(t)
s;(sa)-(l7a) 1.60(1)
s(sa)-o(18) 1.66(l)
s(sb)-o(7b) 1.65(l)
s(sb)-o(l6a) 1.61(l)
S(sb)-o(r7b) i.60(1)
s(sb)-ql8) 1.64(1)
sd6a)-o(10a) 1.64(1)
s(6a)-6(l3b) 1.59(l)
Sr(6a)-(la{ L62(r)
s(6a)-415) 1.61(1)
s(6b)-q10b) r.62s(e)
^e(6b)-(l3a) 1.se(l)
sd6b)-q14b) 1.61(1)
s(6b)-o(1s) 1.65(1)
zr-q3) 2.059(8)
2r-0(6'1 2.r0s0)
zr-a!3a) 2.o7(r)

$: unspecified anion.
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TABLE 8. SITE-SCATTERINGYN,UES (epfu), SITE POPIJLATIONS (apla), BONDVALENCE SIJM AND VALENCE SLIM
FOR CATION SITES WITH REFINED OCCUPANCY IN EIJDIALYTE SAMPLES

apfuassignmert BVS* VS apfua,ssigmat BVS*

#lz
M(I) 131.4(5) Ca53MnnaREEsnYs65 2.06 2.05
MQ,s) 20(5) Mnss2 0.53 0.55
MQ,4) 49(4) Fe177Mne13 1.05 1.27
M@ l(1)  |
M(3a) 8(1) | SirsNbo:: $
sr(a 11.6(3) )
Zr 119.8(4) Zr2eTin6 4.12 4.00
,Va(l) 65.2Q) Nasc2 0.88 0.99
Na@) 78.0(0 NaszoIGzgCaoz+SrsDREEs6 7.14 1.09
Xa(5) 32.8(7) Nazse 0.75 1.00
#22
M(l) 134.7(5) CaqafuI\xYonREEou 2.06 z.Os
MQ,s) 6lQ) Fe16Mne6 1.43 1.59
M(2,4) 13(2) l"o', 0.27 0.35
MQ) 25(l) | Nb0.62Ti666Taos 3.58 3.54
M(3a) 4(l) J
MQb) 1.7(3) Siorz 0.4s 0.48
s,(7) 9.4(3) Sioez 2.67 2.68
SiQa) 4.6(4) Sio:s 1.25 1.32
Zr 119.8(4) Z\* 4.15 4.00
,Va(l) 30.5(4) Nazn 0.83 0.92
NaQ) 32.2(6) Nazq 0.86 0.98
Na(3) 38.9(5) Na237REE613 0.85 1.09
Na(4) 71.9(5) Nar sREEoezKo:oCapaSrlp 1.72 1.57
ffa(5) 30.4(5) Nazze 0.84 092
#3:
M(1) 132.3(5) CaasMn6sYsl3REEels 2.06 2.05
M(2,5) 56(4) Mn1a5Fe67 l.4l 1.48
MQ,4) r8(4) Feoc 0.36 0.45
M(3) 36.0(4) | Nbo*Taoo, 4.18 4.25
MQa) 1.4(5) )
s(7) r 1.8(2) Sio* 3.35 3.36
S(7a) 1.3Q) Sio, 0.31 0.36
Zr 119.5(3) Zrzq 4.12 3.99
ila(l) 30.3(4) Naz'u 0.85 0.92
Na(2) 32.9(5) Nazs 0.88 1.00
Na(3) 36.5(5) Naz qREEo os 0.85 1.05
Na(4) 91.9(4) NarsoREErzoKozSrom 1.65 1.82
l/a(5) 32.1(5) Nazsr 0.84 0.97
lAz
M(l) 142.2(4) Ca37g1\,fn1$REE62eYe12 2.09 2.06
MQ,5) 53.3(6) MnrsoFeoss I.26 1.41
MQ,4) r3.r(7) leoso 0.21 0.33
M(3) 24.1(3) |
M(3a) r.sQ) I
M(3b) 2.1(3) | Si,r3N6ru, $
s(7) 6.e(3) |
s(7a) Ir.2(6) )
Zr 117.9(4) Zr276Tis BNb011 4.16 4.05
Na(l) 32.4(4) Nazss 0.84 0.98
NaQ) 30.7(5) Nazrs 0.86 0.93
Na(3) 37.3(5) Na2elREEe6 0.95 Ll3
Na(4) 53.6(4) Na231REEsaKe23Srel2 1.19 1.27
Na(5) 26.4(6) Nau o 0.77 0.80
#5:
M(la) 79.6(6) Mn275Ys5 2.01 2.08
M(lb) 75.1(4) CarrREEoszNaos 1.E0 l'97
MQ,5) 62.6(8) Fe113Mn6efrsa 1.45 l.7l
MQ,4) 7.3(8) Feoa 0.13 0.19
M@ 35.7(3) Nboy 4.21 4.34
s(7) 11.2(3) Siom 3.09 3.20
Si(7a') 2.9(2) Siom 0.65 0.80

121.7(6) Caoor 2.07 2.03
60(6) Fe155l\4nep 1.45 t.57
13(6) Feos: 0.28 0.35
51.3(4) WoszNloo:r 4.75 4.67
8.7(3) Siooz 2.46 2.48
5.9(4') Siorz 1.58 1.68

118.3(5) Zrzx 4.ll 3.95
31.7(6) Nazaa 0.80 0.96
36.1(6) Na:r, 0.89 1.09
45.1(8) NazorCaoolG:zSronREEou 1.09 1.22

103.0(6) Srzol.{aoqo 2.05 1.87
32.2(7) Nazq 0.E7 0.98

I19.0(4) Zr2eNbs65
30.E(6) Nazm
33.2(6) Nare
41.5(6) Naz&REEo re
96.6(5) Nar sREEr::Ko rg
31.6(0 Nazrt

141.7(6) Ca56Ys@REEsv
l0(1) Mn6a
48(1) Fe152Mnj36
2t(r) |
6(1) | Si,r,NboD
8.s(3) )

119.7 (4) ZrzxTio osllft u
64.8(7) Nas ss
94.0(6) Caz qNaz srKo zr
33.4(8) Na: u

Sir sNbo ro $

Zr
xa(D
Na(2)
N"Q)
Na(4)
Na(5)
#6:
M(t)
MQ,5)
MQ,4)
M(3)
s(7)
SiQa)
Zr
Na(l)
NaQ)
Na(3)
Na(4)
,Va(5)
#7t
M(r)
MQ,5)
MQ,4)
M(s)
M(3a)
s(7)
Zr
Na(r)
Na(4)
Na(5)
#8:

- M(r)
MQ,5)
MQ,4)
M(3)
s(7)
SiQa)
Zr
Na(1)
Na(4)
rva(5)
#9:
M(I)
MQ,5)
MQ,4)
M(3)
M(3a)
s(7)
Zr
Na(1)
Na(4)
,Va(5)
#10:

152.3(4) Ca+ti{ozgREEoq 2.34
7(2) Fes25Mgs6e 0.15

4Ee\ Fe' rrM.nn<s 0.85
z+.a(t I 

-

E.1(3) | Sir cTiozrNbo ro $
2.eQ) )

120.00 Zr3 (fixed) 4.24
64.3(6) N%s 0.81
89.6(5) Na:zzCarroIGrqSroxREEooz 1.39
29.8(6) Nazr 0.64

139.7(4) Cat tMnr azREEo$Zro ftY o n 2.ll
40(4) Fe6.57Mq7eTi625 0.86
24(4) l"oo 0.46
l5(4) |
7(4) I Sirsel.{boil $
8.0(4) )

I 1 I .0(6) Zr2 5sTis 56 4 .26
60.0(0 Nasqs 0.80
71.4(9) Na5sI(63aSr616 0.92
27.5(9) N&so 0.61

4.16 3.99
0.81 0.93
0.86 l.0l
0.94 t.t2
1.88 1.90
0.79 0.96

2.2t 2.r5
0.2t 0.27
0.E1 l .2l

s

4.15 3.99
0.81 0.9t
1.49 r.49
0.65 |.02

4.14 4.00
0.82 0.96
1.23 t.23
0.73 1.02

2.21
0.26
1.25

4.00
0.97
t .32
0.90

2 .15
1.24
0.61

4.00
0.91
1.02
0.84

2.02
0.32
1.40

M(l) 122.8(5) Ca5seYe6REEe6 2.05
MQ,s) l2(l) Mn6a7 0.32
MQ,4) 54.7(9) FerqMnom 1.13
MQ) e(r)
M(3a) l0(1)
s(7) 13.6(3)
Zr 115.7(4) Zr2TsTisy
t/a(l) 63.5(6) Nasn
Na(4) 92.6(6) Na< eCao zrSro esKo rs
1{a(5) 33.2(6) Nar os
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BVS* VS

$

4.20 4.01
0.80 0.96
0.E7 1.06
0.76 0.98

TABLE 8 CONTINUED

site

# l l
M(r)
M(2,s)
M(2,4)
M(3)
M(3a)
M(3b)
s(7)
s(7a)
Zr
Na(l)
Na(2)
N"Q)
Na(4)
,Va(5)
#12

epfu** apfu arsignmerft

121.5(5) CasstYoot
49(3) Mn1a3Fe64e
l5(3) Feo sc
14.4A) I
r.eQ) |
5.6(3) i Sir rzNboor
7.3(4) I

16.1(6) J
114.5(4) Zr25eTis3aNb6e7
40.5(6) Naz rzCao er
25.0(8) Naz zr
62(l) Na1s5Sr663I(a36REEsBBaasl
59.9(6) Naz:eSrooz
33.7(8) Na: oo

2.07 2.01
1.13 r .28
0.26 0.39

site

M(3b)
s(7)
Zr
Na(l)
Na(4)
Na(s)
#15
M(r)
MQ,5)
MQ,4)
M(3)
M(3a)
s,(a
Zr
Na(r)
Na@)
Na(s)
#16
M(r)
MQ,5)
MQ,4)
M(3)
s(7)
s(7a)
Zr
Na(l)
NaQ)
xa(3)
Na(4)
Na(s)
#17

Zr 118.0(7)
Na(l) 35(1)
NaQ) 28(1)
Na(,3) 40(l)
Na() 7l.E(e)
Na(s) 33.00

epfu**

l3(3) i SirerNborz
12.5(3) )

119.0(4) ZrzrTiooqNboorHfo02
63.6Q) Naszt
76.5(6) Na5alQ31Ces135166
32.7(7) Nazsz

M(r) r22.2(s)
M(2,s) 10(r)
MQ,A) ss(l)
M(3) 12.7(8)
M(3a) 10.3(6)
si?) 12.4(3)

CasqrYo6REEom
Mn6 3e
Fe1 77Mn6 35

Sir z:Nbo ur

Zr2ssTi620

Nas rs
Na+ zoSro;sCao zKo zo
Narz

Ca3 37Mn17eY6a3REE6a1
Mnl eFe6 aeAl6 1a
Feo zs
Nb6 55216 13Tiee3
Sio ss
Siozo
ZrzszTiovHhos

Na2e6REEs 1s
Naz rr
Naz uREEo rg
Na1 s6REEs 68Ke3sSrs 16
Na: oz

C a5 2sMno 3 1R E E 6 z(;Y s 23
Mn629Fe921
Fezq

I

t
Y

4.10
1.04
0.80
1.30
0.95
0.87

4.19 4.00
0.81 0.96
t.25 1.25
0.7r 1.08

2.t't 2.14
l.s 1 r.75
0.14  0 .19
3.83 3.59
3.50 3.40
1.04 1.04
4.t5 4.00
t.02 t.07
0.69 0.79
1.08  t . t2
l  40  1 .51
0.96 1.01

2.12 2.08
0.26 0.33
1.39 1.60

4.02
1.23
0.76
L i z

t .2r
1.02

2.02
0.26
1.41

133.6(6) Cas$FeozsMnnzqREEonYo:r-2.!l 2-06
l2(2) Feoar 0.24 0.31
65Q) !.rt l-47 1.6E

lo( l )  |
l4(1)  |  Si rsNbors $
11.4(3)  )

119.6(4) ZrzqMoo+I602 4.17 4.O2
65.1(6) Nass2 0.84 0.99
86.6(6) Na+grCaoalqrrCes2TSre06 1.08 l.l7
353{tr]t Narzo 0.76 1.062.05

0.42
1 . 1 5

$

138.0(5) CUgs\/lnogREEosB 2.12
66Q) Mn1$Fes7e 1.63

7(l) Feoze 0.13
38.9(3) Nbonr 4.92
l l .5(3)  Siou 3.38
t.6Q) Sio ll 0.41

118.4(4) Zrz.* 4.O9
32.3(5) Nazso 0.81
30.7(5) Nazrn 0.82
34.6(5) Nar rr 0.90
96.9(3) NaoxREEoz+SronKo$Ys25 l'64
32.9(5) Nazse 0.91

2.06
t.75
o.t7
4.75
3.28
0.44
3.95
0.98
0.93
1.05
r .7 l
1.00

Zr 116.4(4)
Na(\) 63.3(6)
Na() 94.7(6)
Na(s) 35.4(6)
#13
M(1) 1s2.s(s)
MQ,s) 63(r)
MQ,4) 7(1)
M(3) 2e.6(4)
s,(7) 11.8(4)
s(7a) 3.7(4)
Zr 119.3(6)
1fc(l) 37.8(6)
Na(2) 26.r(9)
Na(3) 41.s(6)
Na(4) 70.8(4)
1{a(s) 33.2(9)
#t4
M(r) 136.e(5)
MQ,s) r3(r)
MQ,4) 62(r)
M(3) s.6Q)

M(r) rss.2(6)
M(2,s) 37(8)
M(2,4) 30(8)
MQ) 2s.r(6)
M(3a) 1.4(4)
s(7) 4.2(s)
S(7a) 14.3(7)

Sio qNbocAlo rzZro zo $

Zrze;lio l
Na2eREEes5
Nazsr
Naz sqREEo ro
Nar oSro seREEo +:Ko r$ao *
Na3 (fixed)

Car soIVInr srYo soREEo +g 2.20
Mno sAlorzFeo:rTio z 0.94
Fer ro 0.56

2.17
r.43
o.76

4.17 4.00
1.08 1.07
0.66 0.84
0.98 l . l  I
1.42 1.49
0.65 1.00

* Prameters from Brese & O'I(eeffe (1991;. ** Standard deviations in parentheses estimded from s,d. ofthe site occupancy factors.

$ For disordered structures, bond-valence sum for these sites cannot be calculoed; for detailed discussiorL see ter<L

VS for Na(5) in R 3 n zudialytes are calculated with multiplicity as in R3z.

proposed based on the sum of epfuftom both M(3) and
Sl(7) and their satellite sites and assuming N = 2. The
overall excellent agreement between the apfu derived
from electron-microprobe data (Table 2) and those de-
rived from structure refinements (Table 8) clearly indr-
cates that this procedure is valid.

(iii) Assessment of the site population for the partly
vacant M(2) sites is generally done by first allocating
Fe to M(2,4), and secondly to M(2,5), then the same

procedure with Mn. All remaining Mn is allocated to
Mft\.

The rmo g rav i m etric anal ys is

The thermogravimetric analysis (TGA) of two
eudialyte samples, 8 (10 mg) and 10 (16 mg), was done
using a Stanton Redcroft TGA-DTA system; dry argon
was used as purge gas. In both samples, weight loss was
below the detection limits of the instrument.
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TABLE 9. SITE-SCATTERING VALUES (epp) OF
REFINED A}{ION SITES IN EI.JDIALYTE SAMPLES

commun.). The general results of the Mdssbauer spec-
troscopy, performed at room temperature, are very simi-
lar to those of Pol'shin et al. (1991) with the exception
that no evidence is found for ferric iron (Fe'*). Neither
is there any evidence for Mn3* or Fe3* in the data ob-
tained from the optical absorption spectra. These obser-
vations are in accordance with the findings of Mn2* only
in kentbrooksite (Johnsen et al.1998).

Toporocv oF THE SrRUcruRE

The site nomenclature for the R3m type of eudialyte
adopted here is based on that of kentbrooksite (Johnsen
et al. 1998\. with minor modifications. The F sites in
kentbrooksite are relabeled as X sites, which is more
appropriate for sites accommodating Cl, OH, HzO and
F, whereas M4 is rclabeled Sl(7) since Si has proven to
be the predominant element at the site. M2 is changed
to M(2,5), and M2a, to M(2,4), in order to incorporate
the coordination number in the notation.

The center of symmetry in the R3n type of eudialyte
reduces the number ofdistinct sites, and Si(2) becomes
symmetry-equivalent to S(l), S(4) to Sr(3), whereas
O(4), O(5) and 0(6) become equivalent to O(L), O(2)
and O(3), and Na(2) and Na(3) become equivalent to
Na(l) and Na(4). The reduction of symmetry from R3m
to R3 results in a doubling of every general site in R3m,
i.e., M(l) degenerates into M(la) and M(lb), etc. The
full notation for members of all three space groups is
given in Table 4.

Overview of the structure

The most characteristic property of the eudialyte
structure is the unique combination of three- and nine-
membered rings of [SiO+] tetrahedra (Golyshev,et al.
1971, Giuseppetti et al. 1971). These [Si3Oe]o- and
[SiqOzr] 18- rings are arranged in layers perpendicular to
[001], with the configuration shown in Figure 1. Two
such layers, related by a center or a pseudocenter of
symmetry, embrace a layer of discrete rings of six
lM(l)O6l octahedra linked together by lM(2)O"l poly-
hedra forming a 2:1 composite layer. The 2:l compos-
ite layers are cross-l inked by Zr in octahedral
coordination and related to one another in accordance
with rhombohedral symmetry. This open structure is
filled with [Na$,] polyhedra in which Na may have
various coordinations.

In the stacking sequence of the 2:1 layers and the
layers with lZrO6l octahedra, twelve levels can be rec-
ognized within the repeat distance of the c cell dimen-
sion. Figures 2 and3 give a simplified representation of
these levels from one six-fold ring of [M(1)O6] octahe-
dra to the next ring, for an acentric and a centric
eudialyte, respectively. Oblong cages exist along the
triad axes, reaching from one constriction made by a
[Si3Oe]Gring up through the layer sequence to the next
constriction by a [Si3Oe]* ring, including nine of the

# l
4 a

# J

#4
#)
#6
#7
#8
#9
#10
# l l
#12
#13
#14
#15
#16
#17

o(le)

I 1 .9
t8.2
21.6
20.t
21.7
24+
16.0
16.3
r7.0
8.4

15.2
tl.2
20.9
12.3
14.2
24*
20.5

oQ0)

6.8
5.8
6.7
4.8
6.4
5.8
6.0
4.6
3.8
7.9
3.0
7.4
7.6
7.9
72
7.6
1.0

x(l)

29.3
18.0
20.3
I1 .4
t7.5
19.2
32.7
32.2
10.6
27.9
25.9
33.0
9.1

29.8
28.2
20.4
10.7

x(2)

I 1 .6
10.6
7.2

12.l
t3.7

16.3

7.0
15.4

* not refined. O(l9a) epfu for samples l, l0 and 12 are
4.5,5.6 and T.5,respectively. (20a) epfufor samples
11 and 17 arc 4.9 and,2.l, respectively.
e.s.d. for epfu's ar.e:. O(19)2-5Vo; O(l9x) -lW/o;

OQ0) 4-60/o; OQDa'; -l5o/o; X(l) nd X(2) 3-8%.

Infrared analysis

Infrared spectra of selected samples of eudialyte (5,
8, 10 and 13) were obtained using a Bomem Michelson
MB-120 Fourier-hansform infrared spectrometer with
a diamond-anvil cell microsampling-device (sample l3)
or a Perkin Elmer 1000 Fourier-transform instrument
(samples 5, 8 and 10). The dominant absorption bands
(cm-') are: that of the [OH] stretching modes (broad
3440 and 3150); the [H2O] bending mode (weak peak
at 1655); the [SiO4] symmetric stretching mode (major
band with peaks at 1040, 980 and 940); the [SiOa] bend-
ing modes (sharp peaks at760,710 and 660). A com-
plete description of an IR spectrum for kentbrooksite
(sample 13) is given in Johnsen et al. (1998). The pri-
mary purpose in obtaining several selected IR spectra
was to evaluate the role of OH and H2O in eudialyte.
From these data, it is evident that both the OH and HzO
species exist in eudialyte, but the latter seems of minor
importance, whereas the propottion of OH is significant
in the samples tested.

Mdssbauer and optical absorption spectroscopy

Mcissbauer and optical absorption spectroscopy were
performed on five samples of eudialyte (s./.) given in
Johnsen & Gault (1997), one of which is included in the
present study as sample 10 (U. Hi lenius, pers.



twelve levels. In these cages, the central level comprises
a region surrounded by six [2106] octahedra (only four
of them are shown in the frgures), and on either side
followed by (i) an intra [SieO27]r8- ring level, (ii) a level
with a region surrounded by tM(l)O6l and [M(2)O"]
polyhedra, (iii) an inter [SieO27]18- ring level, and (iv) a
level with a region surrounded by three [2106] octahe-
dra. Na is the dominant cation in the cavities at the lev-
els of [2106] octahedra and in other cavities in or at the
border of other levels. Cl, F, OH and H2O are accom-
modated in the inter [SieO27] 18- ring levels, whereas the
central parts of the [SiqOzr]18- rings offer space for a
cation in tetrahedral or octahedral coordination. Which
is present depends on the incorporation or not of O(19)
which, where present, is shared with the [M(2)Os] poly-
hedra. This important phenomenon will be discussed in
detail below.

Dgscmgnox alo DlscussroN oF TIIE Arorr,trc Srrrs

The Si in three-membered rings

The [Si3Oe]G rings are uniform building blocks in
all eudialyte crystals. In R3m, they are composed of
Si(1) and Si(2) with their respective ligands, all atoms
having point symmetry n. As seen in Figure 4, the
[Si3oe]r rings are linked to the six-membered rings of
[M(1)O6] octahedra by sharing the three innemost at-
oms of oxygen on each side. Figure 5 illustrates the
corresponding configuration in R3, where all positions
are reduced to general positions and where the mutual
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angle of rotation between the two three-membered sili-
cate rings is other than 180". In R3n, the S( I ) and Si(2)
tetrahedra are related by a center of symmetry. The tilt
of the J(1) and Si(2) tetrahedra toward the Z-axis dlf-
fers from each other in acentric examples of eudialyte,
and the degree of tilt varies from sample to sample: the
largest difference is seen in sample 5, the R3 eudialyte.

For all crystals, the Si-Onon-sriaging bond-lengths are
1.58-150 A, whereas the Si-O6;6rin, bond-lengths are
-1.64 A. These are the expected values for essentially
Al-free tetrahedra. The bond-valence sum of Sl(1) for
all samples is 4.09(5). For the noncentrosymmetric
samples, the bond-valence sum of ,Si(2) is a.07(6).

The Si in nine-membered rings

When referring only to R3m and R3 types of
eudialyte, the Si atoms involved in the [SiqOzr]18 rings
are labeled so that all Si atoms in one silicate layer are
either odd-numbered or even-numbered. Thus in the
layer including the three-membered Sl(1) ring, the nine-
membered ring is composed of a set of three Si(3) tetra-
hedra [Sl(3) having point symmetry minR3m] and a set
of six Sl(5) tetrahedra, with Si(5) in a general position.
In the next silicate layer, the tetrahedra are correspond-
ingly labeled Si(2), Si(4) and Si(6) except in R3z, where
these are generated by the center of symmetry.

The shape of the [SiqOzr]18 rings varies by tilting
and rotation of the individual tetrahedra. The most pro-
nounced shifts are exemplified by rotation of the Si(5)
and Si(6) tetrahedra about [001] (or a direction close to

THE CRYSTAL CHEMISTRY OF THE EUDIALYTE GROUP

Frc. 1. The nets of three-fold and nine-fold silicate rings in eudialyte-group minerals seen
along [001].
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Frc. 2 A simplified polyhedral model of noncentrosymmetric, R3m eudialyte (s./.), viewed approximately along [210]
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FIG. 3. A simplified polyhedral model of centrosymmetic, R3m eudialyte (s.s.), viewed approximately along [210].



880 THE CANADIAN MINERALOCIST

Frc. 4. A six-fold ring of [M(1)O6] octahedra with attached [SiO+] tetrahedra in a R3m
type ofeudialyte viewed along [001].

[001]) and tilting of the Si(3) and Sl(4) tetrahedra
equivalent to a rotation about [00]. Thus, owing to such
adjustments, the distances between the three innermost
atoms of oxygen of the rings can be made to fit the face
of a tetrahedron or a face of an octahedron. For example,
the distance between the O(9) atoms of oxygen belong-
ing to the Si(3) tetrahedra is typically 2.65 A, matching
the edge of a [NbO6] octahedron, whereas the similar
distance O(12)-O(12) is on the order of 2.52 A, match-
ing the edge ofa [SiOa] tehahedron.

The [SiqOzr]ls- ring with a tenth Si tetrahedron in
the center can also be described as a [Si16O26]l& plat-
form. We prefer to keep the ring tenninology, which we
consider more applicable in the discussion of the crystal-
chemical characteristics of this group of minerals.

ln R3m structures, small maxima labeled Si(3s) are
observed in some cases. They are produced because
Si(3) and Si(4), which ideally are related by the center
of symmetry, are not completely superimposed in all
parts of the crystal, indicating that the centricity is im-

pedect. This misalignment results in domains within the
structure. Although of very minor significance in gen-
eral, these maxima have been included in the refrnement.

As in the case of the three-membered silicate rings,
all crystals have Si-Ooon-rrioging bond-lengths in the
range 1.58-1.60 A, whereas Si-O6;6ging bond-lengths
are -1.64 A forthe nine-membered silicate rings. Again,
these are the expected values for essentially Al-free tet-
rahedra. The only sample in the present selection with
appreciable amounts of Al is sample 17 from the
Burpala massif, with 0.82 Al, all of which has been al-
located to M(2,5) and M(3)lSi(1). The bond-valence
sums of Sl(3) and St(5) for all samples are 4.07(5) and
4.05(5), respectively.

The Zr site

Zr is accommodated in a nearly regular octahedron
interconnecting one three-membered and two nine-
membered silicate rings in one layer with a correspond-
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Ftc. 5. A six-fold ring of alternating [M(la)Oe] and [M(1b)Oo] octahe&a with attached

[SiOa] tefiahedra in a R3 type of eudialyte viewed along [001].
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ing set of rings in the next layer. Consequently, all
ligands in this octahedron are shared with Si atoms. The
mean Zr4 bondJength for all samples is 2.068(7) A,
but an anomaly is noted. Within the dataset, sixteen
samples have ameanZr-O distance of 2.070(4) A, and
one sample (sample 9 from Varennes) is charac-terized
by a significantly shorter Zr-O distance, 2.046 A. This
exception is in accordance with a substantial substitu-
tion of Ti for Zr in this sample, in which the site is oc-
cupied with 2.50 Zr + 0.50 Ti apfu (Table 8). Among
the other samples, only those from the Gardiner complex
(samples 10, 11 and 12) contain appreciable amounts of
Ti (0.2H.34 apfu) in this site. Niobium plays a subor-
dinate role in the Zr site; the highest amount of Nb as-
signed is 0.ll apfu in sample 4. Hafnium never exceeds
O.O5 apfu. As seen in Table 8, the bond-valence sum of
the Zr site is consistently abottt 4Vo higher than the cor-
responding sum of valences, an indication that the bond-
valence parameter for Zr (Brese & O'Keeffe 1991) is
slightly too high for this type of structure.

Khomyakov et al. (1990) described alluaivite from
the Lovozero complex as having a eudialyte structure
in which Ti replaces Zr entir.ely in this site. Recently,
another eudialyte-group mineral has been found in
Lovozero in which Ti substitutes for approximately one-
half the Zr (A.P. Khomyakov, pers. commun.). In that
case, the two ions order to occupy positions in every
second layer, causing the c cell dimension to double.
The only sample in the present dataset with appreciable
amounts of Ti, sample 9 from Varennes, does not show
any sign of ordering of the Zr and Ti at the Zr site.

The M(1)site

The M(l) site is octahedrally coordinated and shares
all O ligands with Si atoms. It occupies a special posi-
tion with point symmetry 2 in space group R3rn, but a
general position in space group R3m (Fig. a) and two
general positions M(la) nd M(lb) in space group R3
(Fie. 5). Edge-sharing tM(1)O6l octahedra form six-
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membered rings that on both sides are connected to a
central three-membered silicate ring and three nine-
membered silicate rings.

Plotted in Figure 6a, for all samples, are the mean
bond-lengths of the [M(1)06] octahedra verszs the ratio
Cal(Ca + Mn + REE + Y) in M(l), an expression that
incorporates the most important elements of the site. In
all samples, the [M(1)O6] octahedra are somewhat dis-
torted. The degree of distortion is related to nature of

occupant, as shown in Figure 6b, in which a distortion
index, A = 1/6 16;=r[(& - nn]t (Brown & Shannon
1973), is plotted against the components described
above. In this context, it should be noted that the corre-
lation shown is relatively poor, owing to the fact that all
elements involved, like most elements in eudialyte, oc-
cupy more than one site in the structure. In addition, the
degree of distortion of the [M(1)O6] octahedra is not
only dependent on the nature of the occupant, but also
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is influenced by the geometry of the surrounding struc-
tural blocks as well as by the different constraints on
symmetry imposed in the three space groups concerned.

In most samples, Ca is the dominant element in M(1),
and in centrosymmetric eudialyte, it is the only signifi-
cant element. The average Ca content in M(l) is 4.69
apfu. Mn is next in importance with an average of 0.79
apfu, followedby REE and Y with -0.24 apfu each. ln
sample 13 (labeled A in Fig. 6), almost half the Ca is
substituted by Mn, Y and REE rn M(1). This appears to
be close to the limit where Ca and Mn order in two crys-
tallographically distinct sites, as seen in sample 5. Or-
dering results in a distorted, Mn-dominant [M(la)Oo]
octahedron, with a relatively small mean bond-length
of 2.227 A, and a less distorted, Ca- andREE-dominant
[M(1b)O6] octahedron, with a relatively large mean
bond-length of 2.431 A. As illustrated in Figure 5, the
result is a loss of the mirror planes in R3m, and the sym-
metry thus is reduced to R3.

The highest content ofY is found in samples 7 and 8
from the Kipawa complex, and all the Y is accommo-
dated in M(1). A small part of Fe (0.25 apfu) in sampie
15 from the Ilimaussaq complex is allocated to M(l),
and 0.66 apfuNa is assigned to the large [M(1b)O6]
octahedron in sample 5. The iterative process of assign-
ing several elements to several sites resulted, in the case
of sample 9 from Varennes, in a small amount of Zr
(0.18 apfu) being assigned to M(l). In this particular
case, the assignment appears insubstantial. It is main-
tained, however, because another crystal from the same
locality, although excluded from the selection presented
here owing to poor refinement results, shows an ex-
tremely high site-scattering value at the M( l) site, which
could only be attributed to a population including some
Zr.

The M(2) sites

The M(2) notation includes two sites, the four-fold-
coordinated M(2,4) site and the five-fold-coordinated
M(2,5) site. The distance between these sites is on the
order of 0.7 A. They are positioned on the mirror plane,
except in R3, and bridge the six-membered rings of
[M(l)O6] octahedra. The M(2,4) site is located on a cen-
ter line between the six-membered rings on a position
thatinR3ln has point symmetry 2lm,whereasthe M(2,5)
site is shifted toward the M(3) site (Figs. 2, 3).

The four-fold coordination of MQ.4 is an almost
planar arrangement with mean bond-lengths of 2.11(6)
and 2.09(4) tor M(2,4)-O(14) and M(2,4)-O(17), re-
spectively. Golyshev et al. (1971) and Giuseppetti er al.
(197 1) both assigned Fe to this site and made reference
to gillespite (Pabst 1943), in which this unusual type of
coordination was first observed. The Fe-O distances in
gillespite are -2.00 4,, i.e., slightly smaller than in
eudialyte. In the present samples, Fe is assigned to
M(2,4) as well, and Mn subsequently, both elements as
divalent ions in accordance with the results of the se-

lected tests for valence mentioned in the Methods sec-
tion.

As seen in Table 8, the bond-valence sums (BVS)
for M(2,4) are consistently lower than the correspond-
ing valence-sums (VS), on average -25% (tlxs discrep-
ancy would be even larger if trivalent ions were
assigned). This overall BVS-VS discrepancy indicates
that Fe is relatively poorly bonded in M(2,4), which is
also supported by very strong anisotropic displacement
factors perpendicular to the plane of the oxygen atoms.

The five-fold coordination of M(2,5) constitutes a
distorted square pyramid involving the two pairs of
O(14) and O(17) plus the extra O(19);the mean bond-
lengths are as follows: M(2,5)-O(14) 2.12(3), M(2,5)-
O(1'l) 2.20(9), and M(2,5)-O(r9) 2.1(2) A. The Ot19)
site has the same point symmetry as M(2,5), and it con-
stitutes the shared ligand between the [M(2,5)O5] and

[M(3)O6] polyhedra. Not considering the X sites, O(19)
is thus the only atom of oxygen in the eudialyte struc-
ture not bonded to Si. The anisotropic displacement
parameters for M(2,5) are relatively small compared
with those of M(2,4).

Whereas Fe distinctly predominates in M(2,4),Mn
is in general more abundant thanFe in M(2,5). On aver-
age, M(2,5) accommodates 0.85 Mn apfu and 0.55 Fe
apfu.Thehighest content of Mn is 1.97 apfu, in sample
13. Note that in the assignment procedure, it is com-
monly impossible to distinguish between Fe and Mn
where both are present in ample amounts unless spe-
cific spectroscopic information is available. Such infor-
mation was sought on selected samples, but owing to
serious overlap conditions, no conclusive results have
been obtained so far (U. Hilenius, pers. commun.).

As seen in Table 8, the bond-valence sums (BVS)
for M(2,5) are in general lower than the corresponding
valence-sums (VS) by an average of -l1%o, which is
less than for M(2,4).

The site-occupancy factors (sofl for M(2,4) and
M(2,5) are strongly correlated, such that during the re-
finement, great care was exercised in order to give real-
istic solvalues. Figure 7 shows the distribution of the
epfuinthe two sites. It is obvious that the population is
divided in two: some samples, in which the scattering
power is concentrated in M(2,4), refine as the centnc
type, whereas samples of a second group, with most
electrons concentrated in M(2,5), refine as the acentric
type (an exception is sample 9). The role of the M(2)
site in the question ofthe acentricity in eudialyte, as well
as the relations to neighboring sites, is discussed in
greater detail below.

The total number of atoms per formula unit occupy-
ing the two M(2) sites is 3; as shown in Figure 7, only
two samples (14 and 15) reach abottt77 epfu, cone-
sponding to full occupancy with (Fe,Mn). We also note
that among the present samples, none have less than 55.7
epfu, equivalent to -2 apfu (Fe,Mn). The observation
that other elements enter the Fe site, partly or entirely,
as an integral part of the structure indicates that Fe itself
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Frc. 7. The site-scattering power atsite M(2,4)plotted against
the site-scattering power at site M(2,5). The symbols cho-
sen are as in Table 1.

is not essential for the stability of the eudialyte struc-
ture, as had been claimed by Christophe-Michel-L6vy
(1961) on the basis of hydrothermal syntheses of
eudialyte.

T\e M(2) site (or an equivalent site) in six-fold co-
ordination as described by Rastsvetaeva et al. (199O)
has not been observed in this selection of eudialyte
samples. The samples that refined centrosymmetrically
did indicate six-fold coordination because of doubling
the multiplicity of the O(19) site, but subsequent refrne-
ment in the acentric space-group showed that all the
scattering power originated from the "acentic" O(19)
site with half the multiplicity.

The M(3) site in acentric crystals

In the nine ordered structures ofeudialyte belonging
to space groups R3m and R3, M(3) is a well-defined
octahedral site with point symmetry 3ra and bonded to
three O(19) atoms and the three innermost atoms of
oxygen of the nine-membered silicate ring having odd-
numbered Si atoms (Fig. 8). The mean bond-lengths are
2.00(6) and 1.88(2) A for M(3)-o(9) and M(3Yo(r9),
respectively.

lrlb is clearly the dominant element in M(3), except
in sample 6, where W dominates. The highest M con-
tent,O.95 apfu, occurs in sample 16, whereas the remain-
ing samples show some degree of site vacancy. The
average of the bond-valence sums and valence sums for
the M(3) population in acentric crystals seen in Table 8

are 4.0(6) and 3.9(6) respectively, which gives an ex-
cellent overall agreement.

The Si(7) site in acentric crystals

Sl(7) and M(3) arc pseudocentrosymmetrically re-
lated. S(7) is a tetrahedral site with point symmetry 3rz
bonded to O(20), which also has point symmetry 3n,
and the three innermost atoms of oxygen of the nine-
membered silicate ring with even-numbered Si atoms
(Fig. 8). The mean bond-lengths arc 1.60(2) and 1.60(3)
tor Si(7)-O(12) and St(7)-O(20), respectively. In s-ome
crystals, there is an altemative position about 1.2 A re-
moved from Sl(7), still on the three-fold axis and more
distant from O(20) (Fig. 8). This site, labeled Si(7a), also
is tehahedrally coordinated, where one ofthe disordered
X sites is incorporated as an apical ligand. It simply rep-
resents a reversed terahedron with the same mean bond-
lengths. In the most ordered crystals, these two sites
together have a site-scattering value that roughly corre-
sponds to one Si apfu.In other crystals, incipient disor-
der of the M(3) and Si(7) sites impede the interpretation
of the stereochemistry along the triad axes, although
these crystals still refine best in the acentric space-
groups. Accordingly, for these crystals, assignment of a
certain scattering power to a certain site becomes dubi-
ous,

The M(3) and Si(7) sites in centric crystals

As the disorder on the triad axes becomes more ex-
tensive and the stereochemical substitution l6lM0\ -
t4lsi(7) e zt4tsi?) proceeds to the right, the data will
give a superior refinement as a centrosymmetric struc-
ture. In such crystals, the scattering overlap precludes a
reliable interpretation of the local stereochemistry ex-
cept, of course, in the ideal situation of a full 2l4lsi!)
substitution. Sample 9 is the closest we get to this situ-
ation among the present samples. It should be stressed,
however, that other features elsewhere in the structure
also exert an influence on the degree of acentricity.

The scattering overlap results in small additional
maxima along or very close to the three-fold axes. These
"sites" have been labeled M(3a) and M(3b), and their
position is indicated in Figure 8. Their limited signifi-
cance in relation to the important St(7) and M(3) sites in
the various crystals can be read from Table 8. In Table
8, the site-scattering value of all Sl(7) and M(3) sites
including the small additional maxima has been added
up and converted to 2 apfu.

Johnsen & Gault (1997) showed that a strong nega-
tive correlation erists between the presence of M and
Si. The present study documents that this correlation is
the chemical expression of the stereochemical substitu-
r'on' t6lM(3) + t41si(7) * 2t+t9i171. on the basis of the
site assignment in Table 8, this correlation can be further
refined as shown in Figure 9. In this plot, the abscissa
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Frc. 8. A ball-and-stick model of Si(7) and M(3) sites sunounded by the tkee innermost

[SiO4] tetrahedra in the nine-membered rings.

885

represents the chemical contentof zt4lsi]),which is the
total amount of Si and Al minus the Si in the silicate
ring system (2a apfu) and a correction for Al in M(2,5).
The component represented along the ordinate axis is
somewhat more elaborate. Although Nb is primarily
accommodated in M(3), small amounts of this element
are found in the Zr site. In addition, Ti may be present
inboth Zr and M(3), as well as in M(2,5) in some cases.
In order to compensate for these complications, the

chemical content of M(3) is expressed as the sum of all
elements assigned to M(3) and Zr minus 3 apfu con-
tained in Zr site and a correction for (Ti,7;r) assigned in
M(2,5) and M(1). The corrections made are indicated
on the plot with dashed lines. The coefficient of corre-
lation after the corrections is r = -0.96.

The plot in Figure 9 and the incorporated corrections
confirm that the result of the site-assignment procedure
seen in Table 8 is reasonable. It also shows that there is
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an excellent agreement overall betweenthe apfuderived
from structural calculations and those from the elechon-
microprobe data. Most important, however, is the con-
clusitn drawn from Figure 9 that rhe t6tM(3) + t4tsie)
* 2lalSil7l relation isiubstantiated, i.e., M, and sub-

stitutions, in M(3) do not exceed I ap7tr. In other words,
there is no indication in the present dataset that M(3)
can be found in both crystallographically distinct nine-
membered silicate rings, yet the structural explanation
for this finding is not clear. Two t6lM(3) sites would
require doubling of the multiplicity of O(19) and a
change of the coordination of M(2)fromfive to six. The
extra O(19) atoms of oxygen can be accommodated in
the cages, and the six-fold coordination of M(2)hasbeen
observed (Rastsvetaeva et al. 1990). In addition, the rest
of the eudialyte structure is already essentially cen-
trosymmetric in nature. At present, we do not exclude
the possible existence of two M(3) sites.

The Na sites

The structural framework hitherto described is satu-
rated with Na; its locations are indicated in Figures 2
and 3. In R3m and rR3, five distinct Na sites are recog-
nized. In R3m, these five are reduced to three as Na(2)
is included in Na( I ), and Na(3) in Na(4), whereas Na(5)
is unchanged except for the site-occupancy factor, which
drops to one-half. Doubling the multiplicity of the Na(5)
site results in Na atoms being positioned closer than 2
A apart. Valence sums for R3m eudialyte samples in
Table 8 are therefore calculated on the basis of the same
multiplicity for the site as in R3n.

All five Na sites have point symmetry m (exceptin
R3) and thus add up to 15 apfu. Some Na sites, mainly
Na(l) and Na(3), have such large anisotropic displace-
ment-parameters within the mirror planes that they are
best described as split positions.

0 2

Ftc. 10. Aball-and-stickmodeloftheNc(4)sitesuffoundedbyselectedpolyhedra.Notice
the strong disorder of the large X anions and the sharing of O(19) with the IM(2,5)O5I
and [M(3)Oe] polyhedra.
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Selected mean bond-lengths for the [NaS,] polyhe-
dra ($: unspecified anion) are presented in Table 7. The
coordination number of Na out to a distance of 3.10 A
ranges from 6 to 10, counting the disordered X sites as
one ordered site only. The [Nad"] polyhedra are very
irregular, and it is evident that Na simply must accept
the space determined by the framework. In particular,
Na is concentrated in the [110] channels running be-
tween silicate rings as well as betweenlZrO6l octahe-
dra. It is probable that these channels constitute the paths
through which Na may be leached out and exchanged
for H2O or H3O+, as described by Rastsvetaeva e/ a/.
(1990). We also attempted to include a Na-poor
eudialyte in this study, but we were unable to achieve
an acceptable refinement of this particular crystal. Re-
gardless of this, as mentioned in the section on micro-
probe analyses, Na volatilization or migration does not
appear to be a major problem in eudialyte-group phases,
indicating that Na generally bonds well within the struc-
ture. A different perspective on this matter might be
extracted from the bond-valence sums and valence sums
cited for theN4 sites in Table 8. ForNa(l), Na(2),Na(5)
and in part Na(3), the VS values are l}-2}Vohigher than
the corresponding BVS values, indicating fairly weak
bonding, whereas atoms in Na(4) and in part Na(3) seem
more tightly bonded, judging from the better agreement
between BVS and VS results.

With very few exceptions, Na is the only element in
Na(l), Na(2) and Na(5). A small proportion of vacan-
cies in Na(5) is encountered in some crystals. Sites
Na(3) andNa(4), on the otherhand, do carry substantial
amounts of other elements; in Na(4) in particular, the
site-scattering values may be high enough in some crys-
tals that Na can no longer be the dominant element. For
example, in sample 5, almost half of the site population
in Na(4) consists of REE, and in sample 16, Na consti-
tutes only a third of the site population, whereas the rest
is a mixture of heavier elements. In sample 6, the crys-
tal in which W exceeds Nb in M(3), Na is almost fully
replaced by Sr. The reason for the capability ofthe Na(4)
site to incorporate such elements as REE and Sr is found
in the local stereochemistry around the Na(4) site (Fig.
10). Two of the nine ligands to Na(4) are O(19) ions
that are shared with M(3) and M(2), the latter of which
becomes five-fold-coordinated because of O(19). In the
present selection of crystals, the site-occupancy factor
for O(19) varies from about one third to unity (Table 9).
It follows from the configuration around O(19) that its
presence not only facilitates the accommodation of di-
and trivalent elements in Na(4), but also ensures the
six-fold coordination of M3\ and favors the five-fold
coordination of M(2) at the expense of four-fold coor-
dination. As would be expected, there is a sffong corre-
lation between the site-occupancy factors of O(19) and
the site-scattering values of Na(4), M(3) and M(2,5),
respectively.

The X sites

The two X sites in the R3z type of eudialyte ideally
have point symmetry 32. However, both sites are
strongly disordered along the triad axes and along the
mirror planes; a typical situation is seen in Figure 10.
The same situation occurs in the R3 and R3m type of
eudialyte.

The X sites are bonded only to Na. Their site-scat-
tering values are shown in Table 9. When converted to
2(C1, F,OH) apfu, arry of which may be dominant, there
is usually a surplus of electron density that is calculated
as H2O.

Dncnpn oF AcENTRICTTY

InF igures  l la ,band c , the lE  -  1 l  va lues l i s ted in
Table 3 are plotted against various chemical quantities
that prove to be determining factors in the degree of
acentricity of structures of eudialyte (s./.). E-statistics
are often not very useful in determining acentricity in
mineral structures, as many of these statistics are
strongly affected by heavy, centrosymmetrically related
cations. In the eudialyte structure, a large number of
atoms has an approximately uniform atomic number
(228 atoms of oxygen, 9 transition metals, 75 atoms of
Si, 63 atoms of alkaline-earth elements per unit cell).
This uniform mass of scatterers effectively overcomes
the oroblem of non-uniform statistics. The one anoma-
loui value of lE - 1 I noted earlier for sample 5 (la-
beled h in Fig. 11) is a consequence of merohedral
twinning. The result of twin overlap of two diffracting
lattices is an increase in all lEl values, thus lowering
I E - | | beyond the theoretical value of 0.736 for acen-
tric structures.

The framework consisting of the silicate rings and

lZrOel octahedra is essentially centrosymmetric. The
violation of centricity is due to minor adjustments in the
rest of the structure. Likewise, the [M(l)Oo] octahedron
is not found to play a major role in this context; the sub-
stitutions taking place in M(l) are not well correlated
wrth I E - I l. Only a few parameters related to M(l),
such as the bondJength M(1)-O(8), show a good corre-
lation, possibly because of the interaction with other
polyhedra llke Na(4) and the tilted S(3) tetrahedron.
The [M(2)O"] polyhedra, on the other hand, do show a
correlation with acentricity, not by considering indi-
vidual elements, but by considering the ratio of the site-
scattering values of M(2,4) and M(2,5), i.e., the quantity
M(2,5) epfu l[M(2,5) epfu+ M(2,4) epfu], which clearly
is negatively correlated with lE2 - I  l .

The elemental contents rn the M(3) and Si(7) sites
have the primary influence on acentricity. The correla-
tion between these parameters is best illustrated as a
M(3) I IM(3) + S,(7)l versus I E - I I diagram. The M(3)
and Si(7) elemental quantities are defined in Figure 9.
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In simplified tems, the M-rich samples of eudialyte
are the most strongly acentric, whereas the Si-rich
samples of eudialyte are the most strongly centric. As
would be expected from this relationship, there is also a
strong positive correlation between the site-occupancy
factor for O(19) and the degree of acentricity.

It has been shown that REE and Sr are the main ele-
ments substituting for Na, and that the substitution pn-
marily involves Na(4), to a much lesser extent in the
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Frc 11. The correlation between the lE - I I values from
Table 3 and a) the ratio M(3) I IM(3) + Si(7)l (defined in
tex|, b) the proportion of REE in apfu, and c) the calcu-
lated density. The symbols chosen are as in Table 1.

pseudocentrosymmetrically related Na(3), and only in-
frequently in other Na sites. Figure 1lb shows how thrs
heterogeneous distribution of REE in Na sites results in
a significant impact on the acentricity. The pronounced
outlier in the plot trend is the Sr-rich sample 6 (labeled
m), which would have been compliant if Sr had been
included in the ordinate component.

With a classic eudialyte rich in Na, Ca, Fe and Si as
a starting point, we conclude that all major substitutions,
except the Fe <+ Mn substitution, proceed from rela-
tively light elements toward relatively heavier elements.
Consequently, the correlations hitherto described in
Figures lla and l1b can be combined as shown in
Figure l1c, where the calculated density is plotted
against lEz - 1 L The correlation shown is almost per-
fect (r = -0.96), with only two samples slightly off the
trend. Sample 9 (labeled V) is actually on a different
slope because one sixth of the Zr is substituted by Ti,
i.e., it is on a trend toward alluaivite. The deviation of
the other sample 7 (labeled w) may be because the mi-
croprobe data do not peftain to the crystal used in the
structure analysis but is actually from another fragment
of the same specimen.

Sor-Io-SolurroN SERIEs

The sol id-solut ion series between the classrc
eudialyte (rich in Si, Ca, Fe and Cl) and kentbrooksite
(rich in Nb, REE, Mn and F) suggested by Johnsen &
Gault (1997) was based on a number of simple correla-
tions between individual elements or small groups of
elements. The present crystal-chemical study confirms
this series, with minor modifications. A first modifica-
tion is that the anion pats of the end members may not
be significant in the definition of the solid-solution se-
ries. Another modification of limited impact is the re-
placement of Si with (Si,Al) in the expression for the
eudialyte end-member. The most significant modifica-
tion is the replacement of M in the expression for the
kentbrooksite end-member with the component defined
as the M(3) elements in accordance with Figure 9 and
the discussion connected to it. These modifications re-
sult in the correlation diagram shown in Figure 12,
where it is particularly notable that the series extends
beyond kentbrooksite (sample 13, labeled A) and right
up to crystal 5 (labeled h), the R3 eudialyte. Also, note
that the degree of acentricity is an integral part of the
description of the series, with the most centric samples
of eudialyte being confined to the right part of the trend
and an increasing degree of acentricity to the left. The
coefficient of correlation in Figure 12 is r = 4.97.

TuB DentvarloN oF A SrnucrunaL Fonrraur-a

One of the primary objectives of this study was the
derivation of a method for the calculation of a structural
formula. Until now, there has been no clear means of
determining an empirical formula for eudialyte from the
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results of a chemical analysis. Ambiguities in number,
and types, of atomic sites have led to great confusion
and significant errors in the formulae assigned to thrs
mineral. Indeed, this study confirms the complexity of
the structure, with almost all sites being able to accom-
modate more than one cation, and with a notable varia-
tion in the total number ofanions. Therefore, an accurate
formula can only be constructed from data based on
structural information. An empirical formula acceptable
in most cases may, however, be derived from results of
a chemical analysis by use of two different points of
reference: 1) total number of anions, or 2) the sum of
cations in Si(1) to Si(1), M(3) and Zr sites.

The total number of anions (Z = 3) seen in Table 2
ranges from 75.39 to 78.70 apfu, with a mean of
77.38(83) apfu for all samples. This gives a standard
deviation of l.07%o of the mean value, which is some-
what higher than desirable. More important, however,
is the fact that unless a determination of the proportion
of H2O is available (usually it is not), the apfu vafues
based on numbers of anions become systematically too
high. As an example, in a typical sample of eudialyte,
the proportion ot Si (apfu) will decrease from 25.90 to
25.30 with the incorporation of 1 wt.Vo H2O. The lack
of determinations of other cations will, of course, give a
similar effect. Therefore, additional corrections may be
required if this method of formula calculation is
adopted.

K
s

1 M
m

w
N c  \

^ l
(J

28 29 30 31 32 33 34 35

Eud apfu

FIc. 12. The solid-solution series between eudialyte (Eud)
and kentbrooksite (Ktb), with an extension to the R3 type
of eudialyte. The proportions of the Eud and Ktb compo-
nents are expressed in terms of the amounts of [(Si,Al) +
Ca + Fel and [(Nb, other M(3) elements) + REE + Mn],
respectively, expressedrn apfu. The symbols chosen are as
in Table I

The second method is based on the number of cat-
ions accommodated in the framework composed of the
silicate rings and the Zr octahedra, supplemented with
the two sites [M(3) and Sl(7)] in the centers of the nine-
membered rings, 1.e., Si + Al +Zr +Ti + Hf + Nb + W
+ Ta, ideally adding to 29 apfu (Z=3).In all the present
samples, these elements add to 29.08(26) apfu with the
standard deviation being 0.897o, i.e., slightly better than
in the anion-based method of calculation. The real ad-
vantage ofthis second method is the fact that it is fully
applicable without determinations of hydrogen or other
cations, making the method very practical, as most
chemical information is obtained by electron-micro-
probe analysis. One disadvantage is that some of the
elements involved (Al, Ti and Zr) occasionally also oc-
cur in other parts of the structure. For instance in
samples 9 and 17, quantities of Al, Ti and Zr are found
in M(l) and M(2), although only in small amounts. If
these two crystals were omitted from the average, the
mean would be 29.01(18) apfu, i.e., a standard devia-
tion of 0.62Vo only, demonstrating that this method of
calculation works well for the majority of eudialyte-
group samples. Another minor disadvantage of the
method is that it does not account for any site vacancy
in M(3), as has been obserryed in some crystals. Every-
thing considered, though, we conclude that the second
method is definitely superior to the first. Thus we rec-
ommend the following procedure to arrive at the em-
pirical formula of a eudialyte-group mineral on the basis
of chemical data only:

i) For the majority of the eudialyte (s.1.) samples,
the empirical formula will be of the type: Nars[M(l)]o

IM (2)]zZr z IM (3)l 6\2sO j:) (O,OH,HzO): Xz
ii) Calculate the apfu based on 29 (sum of Si, Al,

Zr,Ti,Hf, M, W and Ta), and constrain all Fe and Mn
to be divalent.

iii) Assign all Si + Al to sum to 25 Si apfu. Any
excess Si should be added to M(3).

iv) Assign allZr to the Zr site, and if deficient make
up a total to 3 atoms with Ti.

v) Assign all Nb and W to M(3).
vi) Assign all Fe and Mn to M(2). Any excess Mn

should be assigned to M(l).
vii) Assign all Ca to M(l) and any remaining Mn

then Y and REE to bring the total to 6 atoms. Any ex-
cess Ca should be assigned to the Nlz sites.

viii) Assign all Na, K, Sr and remaining Ca and REE
to the Na sites.

ix) Assign 73 of the O atoms to the silicate rings,
with the remaining anions partitioned into an O fraction
and a halogen fraction.

x) The number ofH atoms is based on charge bal-
ance.

Within the eudialyte group, the species eudialyte

[i.e., the type material of the original description of
Stromeyer (1819)l would have the formula Na15Ca6
FqZr3  S i  (S i25O73)  (O,OH,H2O)3 (CI ,OH)2 ,  and
kentbrooksite (Johnsen et al. 1998), the formula

$ 4

Y g
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Na15Ca6Mn3Zr: Nb(SizsOz:) (O,OH,H2O)3 G,CDz.
In order to encompass all samples studied, the em-

pirical formula must be expanded to: Na12[Na(4)]3
[M(ra)]zlM(rb)l{M(2)lflrz [M(3)] (Si25o?:) (O,oH,
HzO)dz. Rare cases where Ca apfu is below 50Vo of
the M(l) site or Na is below 50Vo inthe Na@\ site will
become evident during the course of formula calcula-
tion. However, in such cases, we believe that a crystal-
structure refinement is required in order to calculate a
reliable formula.

Coxcr-usroNs

Minerals of the eudialyte group have a complex
structure with a wide variation in chemical substitutions.
A complete formula requires crystal-structure data. An
acceptable empirical formula, based on chemical analy-
sis only, can be calculated from the relationships de-
rived in this study, however. Relationships determined
in this study that are of particular importance are sum-
marized here:

l) A fundamental property of the eudialyte struc-
ture is a stable network of three-membered and nine-
membered rings of [SiOa] tetrahedra. No chemical
substitution is noted in these tetrahedra. Only small ad-
justments involving tilting or rotation of the [SiO+] tet-
rahedra are required to accommodate other modules.

2) The lM(l)O6l octahedron is more or less dis-
torted. It is usually dominated by Ca, but variable
amounts of Mn, REE and Y can be present. Both bond
lengths and the degree of distortion of the octahedron
are well correlated with chemistry. In one crystal, more
than half the Ca is replaced by Mn and REE, resulting
in an ordering of these cations in a Mn-dominated M(la)
site and a Ca- and REE-dominated M(1b) site.

3) The M(2) site has either four-fold coordination
with an almost planar arrangement or five-fold coordi-
nation with a distofted square pyramid, O(19) being the
fifth ligand. Iron definitely prefers the M(2,4) site,
whereas Mn generally dominates in M(2,5). The occu-
pancy of the two sites combined seldom reaches the
maximum 3 apfu,butis invariably higher than -2 opfu,
indicating that the M(2) site is an integral part of the
structure.

4) The M(3) and Sl(7) sites, the two central sites of
the two crystallographically distinct nine-membered
silicate rings, are related by the substitution t61M(3) +
t4lsi(7) e 2t4lsi(7). The tM(3)o6l octahedron incorpo-
rating O(19) is predominantly occupied by Nb (seldom
W), whereas the [St(7)O+] tetrahedron pointing upward
or downward accommodates (Si,Al).

5) Na occupies sites varying in coordination num-
ber from 6 to 10. The Na(4) site, with nine-fold coordi-
nation, is particularly suitable for incorporation of
elements such as REE. Sr. Ca and K.

6) O(19) plays a key role in the eudialyte structure,
being the ligand shared by the M(3), M(2,5) and Na(4)

sites. The site-occupancy factor of O(19) andthe epfu
values of these cations sites are strongly correlated.

7) Eudialyte sensu lato crystallizes in space groups
R3m, R3m or R3, depending on the degree of disorder
and the chemical content of certain sites. Eudialyte
sensu stricto is ideally centrosymmetric, and as substi-
tutions of the type Si - (Nb,W), Fe - Mn, (Ca,Na) -
(REE,Sr) take place, the structure becomes progres-
sivelv more noncentrosvmmetric.

gj t P - I I values piove useful in displaying the de-
gree of acentricity in the eudialyte structure, as this pa-
rameter shows strong negative correlations with the
chemical quantities such as M(3) / l(M(3) + Sl(7)l and
the proportion of REE in apfu. Since the substituting
elements are in general heavier than those replaced, an
almost perfect negative correlation exists between I E2
- I I and the calculated density.

9) The solid-solution series between the classrc
eudialyte and kentbrooksite is confirmed with minor
modifications. The series extends beyond kentbrooksite
to the R3 eudialyte. The degree of acentricity is an inte-
gral property of the series.

10) From results of a chemical analysis, the number
of atoms in the formula may be calculated on the basis
of the cation sum (Si + Al + Zt + Ti + Hf + Nb + W +
Ta) = 29. As the number of anions varies, an approach
based on anions is not a suitable basis for the calcula-
tion of a formula.

ll) The generalized empirical formula is Na15
lM(1)l6tM(2)hZrt lM(3)l (Si25O73) (O,OH,H2O)3 X2.
Elements may be reliably assigned to each site with a
series of prescribed steps.

12) To date, only two species have been formally
described within the eudialyte group, but several more
are imminent. The described species are eudialyte,
Na15Ca6Fe3Zr3 Si(Si25O73) (O,OH,H2O)3 (CI,OH)2, and
kentbrooksite, Na15Ca6Mn3Zr3 Nb (Si25O7:) (O,OH,
HzO)zFz.

Even after this extensive study, eudialyte remains an
enigmatic mineral, as a number of problems still exist.
Several eudialyte crystals originally included in this
study did not refine well, although the crystals look good
physically, and the intensity data give sharp reflections,
with good cell refinements. In spite of the experience
we have gained with the eudialyte structure (i.e., trying
various models with differing space-groups, twin laws
and order-disorder arrangements), we have no explana-
tion for the poor refinements, which generally do not
attain R indices below 0.07. Of particular interest for
future investigation will be eudialyte crystals with ex-
traordinary compositions, for example with exceptional
enrichments in Zr, REE or Nb, or depletions in Na.
These further studies are primarily of crystal-chemical
interest, whereas the present paper establishes the
chemical formula and major chemical substitutions
within this group of minerals for those species of eco-
nomic and petrological importance.
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Nore Aoopo rN Pnoor

Sample numbers 6 and 5 in the present study have sub-
sequently gained status as new mineral species. They are
named khomyakovite (Johnsen et al. 1999a) andoneillite
(Johnsen et al.1999b), respectively. The new mineral
species and their names have been approved by the Com-
mission on New Minerals and Mineral Names. IMA.
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