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Agrellite, Na(Ca,RE)rSinOroF: a layer structure with silicate tubes

SusRerA, GHosu AND CHE'NG WAN

Department of Geological Sciences, Uniuersity of Washington
S eattle, Washington 98 I 95

Abstract

Agrellite, Na(Ca,RE)rSirOr'F, from the regionally metamorphosed agpaitic peralkaline
rocks in vil ledieu Township, Qu6bec, is tricl inic, space group Pl, with cell dimensions: a :
7 . 7 s 9 ( 2 ) , b : 1 8 . 9 4 6 ( 3 ) , c : 6 . 9 8 6 ( 1 ) 4 , a : 8 9 . 8 8 ( 2 ) , 0 = r t 6 . 6 s ( 2 ) , y : 9 4 . 3 2 ( 2 ) " ; Z : 4 .
The crystal structure was determined by the symbolic addition method and refined by the
method of least squares to an .R factor of 0.045, based on 5343 reflections measured on an
automatic single-crystal diffractometer. The average standard deviations in Na-O, Ca-O, and
Si-O bond lengths are 0.004,0.003, and 0.003A respectively.

Due to the presence of pseudo-C-center, the sodium polyhedra and the silicate tetrahedra
occur in pairs, whose configurations are nearly identical. The crystal structure of agrellite
consists of two different NaO, polyhedra which are distorted cubes, two each of CaOuF
octahedra and cao.F, polyhedra, and two different lsisoro] double chains. These double
chains are hollow tubes, formed by the polymerization of two vlasovite-type [SLo,r] single
chains, consisting of corner-sharing four-membered rings. The sil icate tubes, whose diameter
is defined by a basket-shaped six-membered ring, run parallel to the c axis and are hexagonally
close-packed in the (001) plane. The sodium atoms occurring in cavities cross-link these tubes
to form sodium silicate layers parallel to the (010) plane; these layers alternate with the
calcium polyhedral layers along the b axis to form a three-dimensional framework. The
average Si-O bond length is l.6194; the non-bridging Si-O bond lengths (av. 1.5794) are
significantly shorter than the bridging ones (av. 1.632A). The average Na-o bond length
within the NaO' polyhedrais2.667 A. Within the CaOuF octahedra and CaOuF, polyhedra the
average ca-o bond lengths are 2.374 and 2.5954, and the average Ca-F bond lengths are
2.197 and 2.430A, respectively. Along with narsarsukite, fenaksite, l i t idionite, canasite, and
miserite, agrellite belongs to a distinct class of silicates, whose structures consist of silicate
tubes.

Introduction

Agrellite is a recently described rock-forming sili-
cate with the chemical composition: (Nan.o.Ko.or)
(Car.ro REo ,r)  (Mn, Fe. Sr,  Ba, Mg, Sr)o.rn (Siru..rAlo.or)
Orr.ro(F,,rOHo.r,). It is found in agpaitic peralka-
line rocks of the Kipawa Complex, Villedieu Town-
ship, T6miscaming County, Qu6bec, Canada (Gittins
et al., 1976). It occurs as prismatic white triclinic
crystals (up to l0 crn long) in pegmatitic lenses
and gneisses composed principally of albite, mi-
crocline, aegirine-augite, alkali amphibole, with
or without eudialyte and nepheline, and sometimes
hiortdahlite and other members of the wiihlerite
group, mosandrite, britholite, miserite, vlasovite,
calcite, fluorite, clinohumite, norbergite, zircon, biot-
ite, phlogopite, galena, and an unnamed mineral (Ca
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ZrSirOz). Gittins et al. (1976) have determined the
chemical composition and crystallographic and opti-
cal properties of agrellite. For the purposes of the
crystal-structure determination, the chemical compo-
sition of agrellite has been simplified to Na(Ca,.ro,
REo 016)SLO,'F. The crystal structure of agrellite has
been briefly reported by Ghose and Wan (1978a).

Crystal data

A small cleavage fragment of agrellite was ground
to a sphere with a diameter of 0.25 mm (Bond, l95l),
which was mounted on the computer-controlled
single-crystal X-ray diffractometer (Syntex Pl). The
unit-cell dimensions were determined by least-
squares refinement of the 20 values (between 30 and
40o) measured from 15 reflections, using mono-
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chromatic MoKa radiation (Table l). The dimen-
sions of the triclinic unit cell are in good agreement
with those determined by Gittins et al. (1976), except
that we have chosen the angle a as acute rather than
obtuse, to maintain a right-handed axial system. An
1(z) test of the measured intensities indicated the
centric space group P7, which was subsequently con-
firmed by the crystal-structure determination.

Collection of the intensity data

The X-ray intensity data were collected from the
single-crystal sphere on the Syntex PT diffractometer
by the 0-20 method, using MoKa radiation mono-
chromatized by reflection from a graphite "single"
crystal and a scintillation counter. The variable-scan
method was used, the minimum scan rate bein9 2o /
min (50 kV, l2 mA). All reflections within 20 : 60"
were measured, a total of 5343 reflections, out of
which 1436 were below 3o(1), where o(1) is the stan-
dard deviation of the intensity 1, as determined from
the counting statistics. For all reflections less than
0.7o(I), the intensity was set to 0.7o(1), regardless of
whether the measured intensity was positive or nega-
tive. The measured intensities were corrected for
Lorentz, polarization, and absorption factors.

Determination and refinement of the structure

The crystal structure has been determined by the
symbolic addition method (Karle and Karle, 1966),
using the computer program MurrlN (Germain el
al., l97l). 351 reflections with E values )1.8 were
used for the phase determination. The phases of the
following three reflections were chosen to define the
origin:

h k
l  - 1 3

4 -19

4 0

I E Phase angle
0 2.98 00
2 2.88 00

-5 2.74 00

In addition, the phase of the reflection 408 (E :
2.58) was found to be 0o, using the ), relationship.
The phases of the following five reflections were rep-
resented by symbols:

Table l .  Agrel l i te:  crystal  data

A g r e l l i ! e ,  N a ( C r , R . E .  ) 2 S 1 4 O 1 O F

V1l1ed ieu  Tomsh ip ,  T6miscaming County ,  Qu6bec,  Canada

c o l o r l e s s  t r a n s p a r e n E  p r i s m s ,  N . M . N . H .  #  1 3 4 0 2 2

Tr ic l in ic ,  I

o (L ) ,  t . t sg ( z )

b ( i . ) '  r a . s+e ( : )

. @ y ,  o . s e o l r )

o ( " ) :  s 9 . 8 8 ( 2 )

B( " ) ,  r r o .os ( z )

. ( ( " ) t  s4 .34 (2 )

Space group:  P  7

cel1 volume 1, i3;  r  sr+.zt l )

c e l 1  c o n t e n c :  4 [ N a ( c a , R . E . ) 2 s i 4 o 1 o F ]

- ?
D t  2 . 9 0 2 e c n '

- 1
D a :  2 . 8 8 7  c  c n  -

p ( M o , ( o ) :  r - 8 . 2 0  c m - l

The combination of 5 symbols yielded 32 solutions.
Four E-maps appeared equally probable, out of
which one showed a geometrically better view of the
structure. From this E-map, positions of 4 Ca, 7 Si, I
F, and 14 O atoms were determined. Two cycles of
structure-factor calculations followed by difference
Fourier syntheses yielded the positions of all the
missing Na, Si, O, and F atoms. A few cycles of
refinement using the isotropic temperature factors
reduced the R factor to 0.086 from an initial value of
0.40. The isotropic temperature factor for Ca(lA)
turned out to be negative, indicating partial occu-
pancy of this site by the rare-earth atoms. A differ-
ence Fourier synthesis also indicated positive electron
densities at the Ca sites. Hence, a site-occupancy
refinement of the calcium and rare-earth atoms was
carried out, using the full-matrix least-squares pro-
gram RnrNr (Finger, 1969). The scattering factor for
the rare-earth atoms was approximated by averaging
the scattering factors of the rare-earth atoms in the
chemicaf analysis reported by Gittins et ql. (1976).
The site-occupancy refinement indicated most of the
rare-earth atoms to be concentrated in the Ca(lA)
site; the temperature factor for Ca(lA) became posi-
tive. The R factor at this stage was 0.076.

Since the number of variable parameters was too
large, the final least-squares refinement of the struc-
ture using anisotropic temperature factors was car-
ried out by the program Cnvr-se (Stewart et al.,1972)
in blocks, one block being assigned to each atom. The
atomic scattering factors for Na, Ca, RE, Si, O, and
F were taken from Cromer and Mann (1968) and
corrected for anomalous dispersion (Cromer and
Liberman, 1970). The observed structure factors
(.Fo's) were weighted by the formula l/o2(Fo), where
o(Fo) is the standard deviation of the measurement
of .Fo, as determined from the counting statistics.

h k l
2  0 - 4
4  t 2 - 4
8 9 0
6 - 6 0
7  4 - 4

Final
E phase angle

4.01 00
3.21  1800
2.55  00
2.37 1800
2.34 00
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Table 2. Agrellite: positional and thermal parameters and site occupancies (with standard deviations in parentheses)

u ^ ^
Z J

*13'12*33u 2 2,LLAtom

ca(1A)
Ca (1B)
ca (2A)
ca (28)

Na (A)
N a  ( B )

F(A)
F  (B )

o (1A )
0  (18 )
o (2A )
o  (28 )
o (3A)
o  (38 )
o (4A )
o  (48 )
o (5A)
o ( 5 8 )
o (6A )
o ( 6 8 )
0 (7A )
o  (78 )
o (8A)
o  (8B )
o ( 9 A )
0  (98 )
o (r0A)
0  (10B)

106(  s )
10s(  5 )
1 0 8 (  s )
9 3 (  s )
92(  s )
8 7 (  5 )

107 (  s )
9 4 (  5 )

6 e (  s )
7 0 (  5 )
8 2 (  s )
7 8 (  s )
7 7 (  s )
7 0 (  s )
7 s (  5 )
8 1 (  s )

2 7 (  4 )
2 8 (  4 )
2 0 (  4 )
18 (  4 )
2 3 (  4 )
2 r (  4 )
2 r (  4 )
23( 4)

0 .99796 ( r4 )  0 .215s4  (  s )
0.54L76(L2) 0.2846L( 4)
0.4552r(r2)  0.72007 (  4)
0 . 0 0 1 5 s ( 1 3 )  0 . 7 8 1 6 6 (  5 )

0 ,23539 (28 )  0 .99102 (1 r )
0.26L04(29) 0.50234(r2)

0 . 7 6 0 7 ( 4 )  0 . 7 6 r 0 ( 2 )
0 . 2 3 5 3 ( 4 )  0 . 2 4 s L ( 2 )

0  . 3493 (4 )  0 .  93s1  (2 )
0 . 1 6 4 1 ( 4 )  0 . s 6 3 9 ( 2 )
0 . 1 0 2 8 ( 4 )  0 . 0 0 4 8 ( 1 )
0 . s 8 9 1 ( 4 )  0 . 5 0 6 s ( 1 )
0 .3483 (4 )  0 .9352 (2 )
0 . 1 7 2 2 ( 4 )  0 . 5 6 4 0 ( 2 )
o .o62o (4 )  o .8634 (2 )
0 . 4 5 4 3 ( 4 )  0 . 6 3 5 5 ( 1 )
0 . 3 9 3 8 ( 4 )  0 . 7 9 9 0 ( r )
0 . 1 1 0 2  ( 4 )  o . 6 9 9 L ( 2 )
o . s 1 3 o ( 4 )  0 . 9 0 6 4 ( 1 )
0 . 9 9 5 8 ( 4 )  0 . s 9 1 3 ( 2 )
0 .7013 (4 )  o .8924 (2 )
0 . 8 1 3 6 ( 4 )  o . 6 0 0 1 ( 2 )
0 . 9 7 4 3 ( 4 )  0 . r 2 9 s ( 2 )
0 .4984 (4 )  0 .6382 (2 )
0 . 7 0 1 9 ( 4 )  o . 8 9 2 2 ( 2 )
0 . 8 0 7 9  ( 4 )  o . 6 0 3 2 ( 2 )
0 . 3 9 4 7 ( 4 )  0 . 7 9 8 6 ( 1 )
0 . 1 0 8 2 ( 4 )  0 . 6 9 9 3 ( r )

S i t e

Ca (1A)

Ca (2A)

0 . 9 9 6 2 0 ( 1 5 )  1 , 1 6 ( 3 )
0 . 0 1 9 6 6 ( 1 3 )  0 . 9 2 ( 3 )
0 . 4 8 0 1 0 ( 1 3 )  0 . 9 4 ( 3 )
0 . s 0 0 2 2 ( 1 4 )  L . 2 7 ( 3 )

0 .867  94  (34 )  2 .49  (7 )
0 . 1 3 5 7 6  ( 3 6 )  2 . 8 4  ( 8 )

0 . 3 5 5 6 9 ( 1 7 )  0 . 8 1 ( 3 )
0 . 6 s s 4 2 ( 1 8 )  0 . 7 9 ( 3 )
o .2 t317 ( r7 )  0 .80 (4 )
0 .79391  ( r 7 )  o .75 (4 )
0 . 3 3 3 9 4 ( 1 7 )  0 . 7 8 ( 3 )
0 . 3 4 1 0 9 ( 1 7 )  0 . 7 s ( 3 )
0 . 7 1 3 4 1  ( r 8 )  0 . 8 0 ( 4 )
0 . 2 3 4 3 0 ( 1 8 )  0 , 7 2 ( 4 )

0 . 1 2 6 8 ( s )  2 . 7 ( L )
0 . 3 s 9 s  ( s )  2 . 5 ( r )

0 . 6 1 3 8 ( s )  1 . 3 ( 1 )
0 . 3 9 7 4 ( s )  1 . 3 ( 1 )
0 . 3 0 2 3 ( s )  1 . 1 ( 1 )
0 . 2 9 6 0 ( s )  1 . 0 ( 1 )
0 . 2 3 5 6 ( 5 )  r . 2 ( 1 )
0 . 7 8 0 4 ( s )  1 . 3 ( 1 )
0  . 2 8 2 2  ( 5 )  1 .  3  (  1 )
o . 7 z s 6 ( 5 )  1 . 1  ( 1 )
0 .  190 r  ( 5 )  1 .  1  ( 1 )
0 . 8 1 6 9 ( 5 )  1 . 4 ( r )
0 . o 0 7 2 ( 4 )  r . 1  ( r )
0 . 0 0 1 2 ( 5 )  1 . 2 ( 1 )
0 . 4 1 1 7 ( 5 )  r . 6 ( r )
0 . s e 5 4 ( s )  1 . s ( 1 )
0 . 2 3 6 8 ( s )  1 . 1 ( r )
0 . 2 5 6 2 ( s )  1 .  2  ( 1 )
0 . 7 9 1 r ( s )  1 . 6 ( 1 )
o . 2 r 8 o ( s )  1 . 5 ( 1 )
o . 7  0 6 7  ( 5 )  1 .  3  (  1 )
o . 2 9 6 2 ( 5 )  r . 2  ( 1 )

C a  R . E .

1 6 s (  5 )  e 3 (  4 )
r 4 2 (  4 )  7 6 (  4 )
1 3 3 (  4 )  8 5 (  4 )
re4 (  4 )  r 0 r (  4 )

r s l (  9 )  287  (L2 )
1 3 9 (  9 )  3 7 0 ( 1 3 )

2 8 6 ( 1 1 )  s (  8 )
3 3 r ( 1 2 )  - 3 (  e )

8 0 (  8 )  2 e (  e )
7 4 (  e )  4 0 ( 1 0 )

9 0 (  3 )  - o (  4 )  7 2 (  3 )  2 s <  3 )
8 3 (  4 )  3 (  3 )  6 6 (  3 )  1 8 (  3 )
8 e (  4 )  1 (  3 )  7 1 (  3 )  2 r (  3 )

L 2 4 (  4 )  1 4 (  3 )  1 0 8 (  3 )  2 7 (  3 )

s 1 ( 1 A )  0 . 2 0 8 7 0 ( 1 6 )  0 . 9 3 1 0 3 (  6 )
s i ( 1 8 )  0 . 3 0 7 3 9 ( 1 6 )  o . s 6 8 0 7 (  6 )
s i ( 2 A )  0 . 4 8 5 7 3 ( 1 6 )  0 . 8 7 7 e 5 (  6 )
s i ( 2 B )  o . 0 2 4 6 0 ( 1 6 )  0 . 6 1 9 3 3 (  6 )
s i ( 3A )  0 .16705  (16 )  0 .08998  (  6 )
s i ( 3 8 )  o . 6 7 4 0 4 ( 7 6 )  o . s 9 o 2 2 (  6 )
s i ( 4 A )  0 . 4 8 6 1 9 ( 1 6 )  0 . 8 7 7 7 r (  6 )
s i ( 4B )  0 .02139 (16 )  0 .61974 (  6 )

7 6 (  s )  8 (  4 )  5 1 (  4 )
8 3 (  5 )  L 2 (  4 )  5 4 (  4 )
6 3 (  s )  - 1 (  4 )  s 6 (  4 )
7 4 (  5 )  - o (  4 )  4 6 (  4 )
1 4 (  5 )  s (  4 )  4 8 (  4 )
8 s (  s )  6 (  4 )  4 5 (  4 )
6 8 (  5 )  - 4 <  4 )  s s (  4 )
6 7 (  5 )  2 (  4 )  s 0 (  4 )

0  . 8 5 3 4

0 . 9 9 3

0 . 1 4 6 6 ( 6 )

0 , 0 0 7 ( 2 )

1 7 0 ( 1 4 )  2 4 3 ( r 7 )
180 (14 )  223 ( l - 6 )

167  (15 )  117  (1s )
r 7 0 ( 1 5 )  1 1 1  ( 1 5 )
143 (14 )  77  ( r 4 )
r07  (14 )  66  (13 )
182 (15 )  l l s ( 1s )
15s (14 )  L24 ( r5 )
1 6 3 ( r s )  1 0 9 ( 1 5 )
136 (14 )  98 (14 )
L92(r5)  87 (L4)
r26 (L4 )  91 (14 )
r l t  ( L5 )  105 (15 )
r72 ( r5 )  161 (16 )
140 (15 )  210 (17 )
143 ( l s )  L19 (L6 )
1 1 4 ( 1 3 )  1 1 3 ( 1 4 )
1 3 3 ( 1 4 )  1 1 3 ( r s )
r s3 (1s )  zLs (L7 )
1 3 6 ( 1 4 )  1 7 8 ( 1 6 )
1 9 3 ( l s )  7 7 ( r 4 )
r28 (L4 )  80 (14 )

S i t e  Ca

c a ( 1 8 )  0 . 9 7 8

c a ( 2 8 )  0 . 9 8 5

423 (L9 )  - 2 (L2 )  117 (13 )  82 (14 )
356  ( r 7  )  - 3  ( r 2 )  69  (13 )  3  ( r 3 )

79 (13 )  8 (11 )  32 (11 )  29 (L r )
8 5 ( 1 3 )  3 s ( r 1 )  2 8 ( 1 r )  3 8 ( 1 1 )

L22 (L4 )  19 (11 )  76 (11 )  29 ( r1 )
148 (14 )  13 ( ro )  s8 (11 )  26 ( r1 )
r s3 (15 )  24<L r )  135 (12 )  24 ( r r )
176 (15 )  38 (11 )  r 31 (12 )  28 ( r2 )
141 (14 )  - 14 (11 )  96 (L2 )  11 (11 )
1 0 6 ( 1 3 )  - 1 2 ( 1 1 )  6 4 ( U )  1 9 ( 1 1 )

7 8 ( 1 3 )  - 2 8 ( 1 1 )  e o ( 1 1 )  3 ( 1 1 )
1 7 6 ( 1 s )  o ( 1 r )  5 8 ( 1 2 )  3 4 ( 1 1 )
74 (L3 )  - 15 ( r r )  82 (11 )  21 (11 )
er(14) -5(L2) 84<12) 3(12)

107 (14) -8(r2)  33 (12) -LL(r2)

e6 (L4 )  6  ( r 2 )  2o (u )  - 8  ( r 2 )
130 (14 )  45 (11 )  60 (11 )  61 (11 )
103  ( r 4 )  53  (11 )  48  (11 )  42 ( r r )
r 47  (L5 )  4 ( r2 )  108 (12 )  4s ( r3 )
203 (16 )  5 (L2 )  123 (13 )  62 (L3 )
119  (14 )  2  ( r 1 )  92 (12 )  LZ (L I )
1 4 3 ( 1 4 )  - 2 4 ( r 1 )  6 0 ( r r )  1 2 ( 1 1 )

P F

0 . 0 2 2 ( 2 )

0 . 0 1 5 ( 2 )

Form o f  the  an iso t rop ic  tempera ture  fac to r  (x102) :  exp l -2 r2(ur rhzaoz  +  r r rk2bo2 +  u33t2 .o2  *  2u . rhkaxbxcos1x

+ 2uL3ht "axc*cosBx +  Zur rk tbxcxcoso* )  I .

Five cycles of refinement reduced the R factor to the
final value of 0.045 for 5343 reflections. The final
occupancy factors, positional and thermal parame-
ters are given in Table 2 and a list of observed and
calculated structure factors in Table 31. Bond lengths
and angles (Tables 4, 5, and 6) have been calculated
using the program BoNu-n (Stewart et al.,1972).The

'To obtain a copy of this table, order Document AM-79-101
from the Business Office, Mineralogical Society of America, 2000
Florida Ave., N.W., Washington, D.C. 20009. Please remit $1.00
in advance for the microfiche.

estimated standard deviations in bond lengths and
angles include the standard deviations of the mea-
surement of the unit-cell dimensions. The average
deviations in Na-O, Ca-O, and Si-O bond lengths
are 0.004, 0.003, and 0.0034, and in O-Na-O, O-Ca-
O and O-Si-O angles0. l ,0 .1,  and 0.20 respect ive ly .

Pseudosymmetry and atom nomenclature

Gittins et al. (1976) proposed an alternative
pseudomonoclinic C-centered unit cell for agrell i te,
with double the volume of the tricl inic cell. We note a
strong tendency towards C-centering in terms of the
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Table 4. Agrellite: interatomic distances (A) and angles (") within
the Ca-polyhedra (with standard deviations in parentheses)

rh" C

Table 5. Agrellite: interatomic distances (A) and angles (') within

the Na-polyhedra (with standard deviations in parentheses)

Na(B) -  Po

2 . 4 0 0 ( 4 )
2 -  409 (3)

c a ( 1 A ) - 0 ( 4 A )  2 . 3 0 9 ( 3 )
c a ( 1 A ) - 0 ( 5 A )  2 . 7 0 8 ( 3 >
c a ( l A ) - 0 ( 5 B )  2 . 4 9 s ( 4 )
c a ( u ) - 0 ( 8 A )  2 . 3 9 5 ( 4 )
c a ( 1 4 ) - 0 ( 9 A )  3 . 0 6 6 ( 3 )
c a ( 1 A ) - 0 ( 1 0 8 )  2 . 4 7 6 ( 3 ,

Mean of 2Ca-F
d i s E e c e s  2 . 4 0 5

Mean of 6Ca-0
d i s t a n c e s  2 . 5 7 5

o ( s A ) - 0 ( 4 A )  3 . 2 3 9 ( 5 )
0 ( 5 A ) - 0 ( 1 0 B )  3 . 1 4 1 ( s )
0 (5A) -0 (sB) 3 .077 (4)
0 ( s A ) - 0 ( 8 A )  3 . 4 3 6 ( 5 )
0 ( 4 A )  - 0 ( 1 0 8 )  3 . 1 5 2 ( 4 )
0 ( 1 0 B ) - 0 ( s B )  3 . 3 s 6 ( s )
0 ( 5 B ) - 0 ( 8 A )  3 . 3 4 8 ( 4 )
0 ( 8 A ) - 0 ( 4 A )  3 . s 1 3 ( 5 )
F ( B )  - F ( A )  3 . 4 1 5 ( 4 )
F ( A )  - 0 ( 9 A )  3 . 3 2 9 ( s )
0 ( 9 A ) - F ( B )  2 . 9 6 3 ( 5 )
F ( B )  - 0 ( 5 B )  2 . 6 9 9 ( 4 )
F ( B )  - 0 ( 8 A )  2 . 1 2 3 ( 4 )
0 (9A) -0 (  84) 2.667 (5)
0 ( 9 A ) - 0 ( 4 A )  3 . 3 9 1 ( s )
F ( A )  - 0 ( 4 A )  2 . 1 3 0 ( 4 )
F ( A )  - 0 ( 1 0 B )  2 . 7 6 5 ( 4 )

F ( A ) - c a ( 1 A ) - F ( B )  e 0 . 5 ( 1 )
F ( A ) - c a ( 1 A ) - 0 ( 4 A )  7 0  8 ( 1 )
F ( A ) - c a ( 1 A ) - 0 ( 5 A )  1 3 5 . s ( 1 )
F ( A ) - c a ( 1 A ) - 0 ( 5 B )  r 2 7 . 0 ( D
F ( A ) - c a ( 1 A ) - 0 ( 8 A )  1 3 0 . 8 ( 1 )
F ( A ) - c a ( I A ) - 0 ( I 0 B )  6 9 . 1 ( 1 )
E ( B ) - c a ( I A ) - 0 ( 4 A )  1 4 0 . 3 ( 1 )
F ( B ) - c a ( 1 A ) - 0 ( 5 4 )  1 3 1 . 9 ( 1 )
F ( B ) - c a ( r A ) - 0 ( s B )  6 6 . 8 ( 1 )
F ( B ) - c a ( 1 A ) - 0 ( 8 A )  6 9 . 0 ( 1 )
F ( B ) - c a ( 1 A ) - 0 ( e A )  6 4 . 2 ( 7 \
F ( B ) - c a ( t A ) - 0 ( 1 0 B )  7 2 4  2 < I )
0 ( 4 A ) - c a ( u ) - 0 ( s A )  8 0  0 ( 1 )
0 ( 4 A ) - c a ( u ) - 0 ( s B )  I s l . 8 ( 1 )

0 ( 4 A ) { a ( 1 A ) - 0 ( 8 A )  9 6  6 ( 1 )
0 ( 4 A ) - c a ( 1 A ) - 0 ( 9 A )  7 6 . 8 ( 1 )
0 ( 4 A ) - c a ( 1 A ) - 0 ( 1 0 B )  8 2 . 3 ( 1 )
0 ( 5 A ) - c a ( 1 A ) - 0 ( 5 8 )  1 2 . 4 ( 7 )
0 ( 5 A ) - c a ( 1 4 ) - 0 ( 8 A )  8 4  4 ( 1 )
0 ( 5 A ) - c a ( 1 A ) - 0 ( 9 A )  1 3 1 . 3 ( 1 )
0 ( 5 A ) - c a ( 1 A ) - 0 ( 1 0 8 )  7 4  4 ( L )
0 ( s B ) - c a ( l A ) - 0 ( 8 A )  8 6 4 ( 1 )
0 ( s B ) - c a ( 1 A ) - 0 ( 9 4 )  1 2 6 . 4 ( 7 )
0 ( 5 B ) - c a ( 1 A ) - 0 ( r 0 B )  8 4 9 ( 1 )
0 ( 8 A ) - c a ( 1 A ) - 0 ( 9 A )  s 5 . 9 ( 1 )
0 ( 8 A ) - c a ( 1 A ) - 0 ( r 0 B )  1 5 8  7 ( I )
0 ( 9 A ) - c a ( 1 A ) - 0 ( I 0 B )  1 4 1 . 7 ( 1 )

?he Ca(24) PaLAheC"ffi

c a ( 2 A )  -  I ( B )  2 . L 9 2 ( 3 >
c a ( 2 A )  -  0 ( 4 B )  2 . 3 4 6 ( 3 )
c a ( 2 A )  -  0 ( 5 A )  2 . 4 0 8 ( 3 )
c a ( 2 A )  -  0 ( 8 B )  2 . 3 5 0 ( 4 )
c a ( 2 A )  -  0 ( r 0 A )  2 . 3 9 2 ( 4 \
C a ( 2 A )  -  0 ( 1 0 8 )  2 . 4 o 1 ( 3 )

M e a n  o f  5 C a {  2 . 3 8 1
d i s t a n c e s

F ( B )  -  0 ( 4 8 )  3 . 4 2 4 ( 5 )
F ( B ) - 0 ( 5 A )  3 3 3 5 ( 5 )
F ( B )  -  0 ( 8 8 )  3 . 2 7 s ( 4 '
r ( B )  -  0 ( 1 0 A )  3 . 2 7 0 ( 5 '
0 ( 1 0 B )  -  0 ( 4 8 )  3 . 3 0 5 ( 4 )
0 ( 1 0 8 )  -  0 ( 8 8 )  3 , 4 4 6 ( 5 '
0 ( 1 0 8 )  -  O ( s A )  3 . 1 4 1 ( 5 )
0 ( 1 0 8 )  -  0 ( 1 0 4 )  3 . 2 2 r ( 4 >
0 ( 4 8 )  -  0 ( 8 8 )  3 . 4 4 6 ( 5 )
0 ( 8 8 )  -  0 ( 5 A )  3 . 1 9 2 ( 4 )
0 ( 5 A )  -  0 ( 1 0 4 )  3 . 6 0 6 ( 5 )
0 ( 1 0 A )  -  0 ( 4 8 )  3 . 1 5 2 ( 4 )

I  ( B )  - c a ( 2 A )  - 0  ( 4 B )  9 7 . 9  ( 1 )
F ( B ) - c a ( 2 A ) - 0 ( 5 A )  9 2 . 8 ( 1 )
F ( B ) - c a ( 2 4 ) - 0 ( 8 8 )  9 2 . 2 ( I )
F ( B ) - c a ( 2 A ) - 0 ( 1 0 A )  9 0 . 9 ( 1 )
F ( B ) - c a ( 2 a ) - 0 ( 1 0 B )  1 7 1 . 9 ( 1 0 )
0 ( 4 e ) - c a ( 2 A ) - 0 ( 5 A )  1 6 9 . 3 ( 1 )
0 ( 4 8 ) - c a ( 2 A ) - 0 ( 8 8 )  9 4 . 4 ( L )
0 ( 4 B ) - c a ( 2 4 ) - 0 ( 1 0 A )  8 3 . 4 ( 1 )
0 ( 4 8 ) - c a ( 2 A ) _ 0 ( 1 0 8 )  8 8 . 1 ( 1 )
0 ( 5 4 ) - c a ( 2 A ) - 0 ( 8 B )  8 4 . 2 ( 7 )
0 ( s A ) - c a ( 2 4 ) - 0 ( I 0 A )  9 7  4 ( 1 )
0 ( 5 A ) - c a ( 2 A ) - 0 ( 1 0 8 )  8 1 . 4 ( r )
0(88) -ca(24) -0(r0A) 176. 5 (1)
0 ( 8 8 ) - c a ( 2 A ) - 0 ( 1 0 B )  9 2 . 8 ( 1 )
0 ( 1 0 A )  - c a ( 2 4 )  - 0 ( 1 0 B )  8 4 .  3 ( 1 )

2 . 4 4 4 < 3 )
2 . 4 6 4 ( 4 )
2 . 3 3 7  ( L )
2 . 7  2 0 ( 3 )
2 . 5 6 2 ( 3 >
2 . 4 3 0 ( 4 '
3 . 1 0 7 ( 4 )
2 . 5 3 2 ( 4 )

2 . 4 5 4

2 . 6 1 5

0 ( 1 0 A ) - 0 ( 4 A )  3 . 2 5 0 ( 4 )
0 ( 1 0 A ) - 0 ( 1 0 B )  3 . 2 2 r ( 4 )
0 ( 1 0 A ) - 0 ( s B )  3 . 1 4 8 ( s )
0 ( 1 0 4 ) - 0 ( 8 A )  3 . 4 3 9 ( 4 )
0 ( 4 A ) - 0 ( 1 0 8 )  3 . 1 s 2 ( 4 )
0 ( 1 0 B ) - 0  ( 5 8 )  3 . 6 3 1 ( 4 )
0 ( 5 8 ) - 0 ( 8 A )  3 . 3 4 8 ( 4 )
0 ( 8 A ) - 0 ( 4 A )  3 . 5 0 1 ( s )
F ( A )  - F ( B )  3 . 5 7 8 ( 4 )
F ( A )  - 0 ( 7 A )  3 . 3 7 4 ( s )
F ( B )  - 0 ( 7 A )  3 . 0 0 9 ( s )
F ( B )  - o ( s B )  2 . 6 9 e ( 4 )
F ( B )  - 0 ( 8 A )  2  7 2 3 ( 4 \
0 ( 7 A ) - 0 ( 8 A )  2 . 6 7 3 ( 1 )
0 ( 7 A )  - 0 ( 4 A )  3  3 8 6 ( 6 )
F ( A )  - 0 ( 4 A )  2 . 1 3 0 ( 4 )
F ( A )  - 0 ( 1 0 8 )  2 . 7 6 5 ( 4 '

F ( A ) - c a ( 2 B ) - F ( B )  e 3 . 5 ( 1 )
F ( A ) - c a ( 2 8 ) - 0 ( 4 A )  6 9  6 ( 1 )
F ( A ) - c a ( 2 8 ) - 0 ( 1 0 A )  1 3 4 . 7 ( 1 )
F ( A ) - c a ( 2 8 ) - 0 ( s B )  1 3 0 . 7 ( r )
F ( A ) - c a ( 2 8 ) - 0 ( 8 A )  r 2 9 . 9 ( L ,
I ( A ) - c a ( 2 8 ) - 0 ( 1 0 B )  5 7 . 5 ( L )
F ( B ) - c a ( 2 B ) - 0 ( 4 A )  1 3 9 . 3 ( t )
r ( B ) - c a ( 2 8 ) - 0 ( r 0 A )  1 3 0 . s ( 1 )
I ( B ) - c a ( 2 8 ) - 0 ( 5 8 )  6 4  9 ( I )
F ( B ) - c a ( 2 8 ) - 0 ( 8 A )  6 7 . 6 ( 1 )
F ( B ) - c a ( 2 8 ) - 0 ( 7 A )  6 4 . 2 ( I )
F ( B ) - c a ( 2 8 ) - 0 ( 1 0 B )  1 2 8  1 ( 1 )
0 ( a A ) - c a ( 2 8 ) - 0 ( 1 0 A )  7 9 . 6 ( 1 )
0 ( 4 A ) - c a ( 2 8 ) - 0 ( s B )  1 s 2 . 6 ( 1 )

0 ( a A ) - c a ( 2 B ) - 0 ( 8 A )  9 4 . 5 ( 1 )
0 ( 4 4 ) - c a ( 2 8 ) - o ( 7 A )  7 5 . 4 ( 1 )
0 ( 4 A ) - c a ( 2 8 ) - 0 ( l 0 B )  8 0 . 5 ( 1 )
0 ( 1 0 A ) - c a ( 2 B ) - 0 ( 5 8 )  7 3 . 1 ( 1 )
0 ( 1 0 A ) - c a ( 2 8 ) - 0 ( 8 A )  8 3 . 6 ( 1 )
0 ( 1 0 A ) - c a ( 2 8 ) - 0 ( 7 4 )  1 2 9 , 7 ( L )
0 ( I 0 A ) - c a ( 2 n ) - 0 ( r 0 B )  7 s . 6 ( 1 )
0  ( s B )  - c a ( 2 B )  - 0 ( 8 A )  8 4  . 2 ( r )
0 ( 5 8 ) - c a ( 2 B ) - 0 ( 7 A )  1 2 4 . 1 ( 1 )
0 ( 5 8 ) - c a ( 2 B ) - 0 ( 1 0 B )  9 0 . 9 ( 1 )
0 ( 8 A ) - c a ( 2 8 ) - 0 ( 7 A )  5 6 . 2 ( 7 )
0 ( 8 A ) - c a ( 2 8 ) - 0 ( 1 0 B )  1 5 9 . I ( 1 )
0 ( 7 A ) - c a ( 2 8 ) - 0 ( r 0 B )  1 3 9 . 6 ( 1 )

Ihe Ca(18) PoLlhedron

c a ( l B )  - F ( A )  2 2 0 L ( 3 )
c a ( 1 n )  -  0 ( 4 8 )  2 . 3 2 6 ( 3 >
c a ( I B ) - 0 ( 5 A )  2 3 8 7 ( 4 )
c a ( 1 n )  -  0 ( 8 8 )  2 . 3 3 8 ( 3 )
c a ( r B )  -  0 ( 1 0 A )  2 . 3 1 6 ( 3 )
c a ( 1 8 )  -  o ( s B )  2 . 4 0 8 ( 3 )

2 -367

F ( A )  -  0 ( 4 B )  3 . 5 r s ( 4 )
F ( A )  -  0 ( 1 0 A )  3 . 1 6 3 ( 4 )
F ( A )  -  o ( 5 A )  3 . 2 0 3 ( s )
F ( A )  -  0 ( 8 B )  3 . 3 6 1 ( 5 )
0 ( 5 8 )  -  0 ( 4 8 )  3 . 1 1 7 ( 5 )
0 ( 5 B )  -  0 ( 1 0 A )  3 . 1 4 8 ( 5 )
o ( s B )  -  0 ( 5 A )  3 . 0 7 7  ( 4 )
0 ( 5 B )  -  0 ( 8 B )  3 . 4 1 0 ( 4 )
0 ( 4 8 )  -  0 ( 1 0 4 )  3 . 1 5 2 ( 4 )
0 ( 1 0 A )  -  0 ( s A )  3 . 3 8 0 ( 5 )
0 ( s A )  -  0 ( 8 B )  3 , 7 9 2 ( 4 '
0 ( 8 8 )  -  0 ( 4 B )  3 . 4 4 6 ( 5 )

F ( A ) - c a ( 1 B ) - 0 ( 4 8 )  1 0 1 . 8 ( r )
F ( A ) - c a ( 1 8 ) - 0 ( s A )  8 8 . 5 ( 1 )
F ( A ) - c a ( 1 8 ) - 0 ( 8 8 )  9 5 . 5 ( 1 )
I ( A ) - c a ( 1 8 ) - 0 ( 1 0 A )  8 7 . 4 ( r )
r ( A ) - c a ( 1 8 ) - 0 ( s B )  1 6 4 . 3 < I )
0 ( 4 8 ) - c a ( I B ) - 0 ( 5 4 )  1 6 8 . 1 ( 1 )
0 ( 4 B ) - c a ( 1 B ) - 0 ( 8 8 )  9 9 . 7 ( r '
0 ( 4 B ) - c a ( 1 8 ) - 0 ( 1 0 A )  8 4 . 2 ( 1 )
0 ( 4 8 ) - c a ( 1 8 ) - 0 ( 5 B )  8 8 . 9 ( 1 )
0 ( s e ) - c a ( 1 n ) - 0 ( 8 8 )  8 5 . 0 ( 1 )
0 ( s A ) - c a ( 1 8 ) - 0 ( 1 0 A )  9 0 . 4 ( 1 )
0 ( s A ) - c a ( 1 B ) - 0 ( s B )  7 9 . 8 ( 1 )
0 ( 8 8 ) - c a ( I B ) - 0 ( 1 0 A )  1 7 4  5 ( 1 )
0 ( 8 8 )  - c a ( 1 8 ) - 0 ( s B )  9 3  9 ( 1 )
0 ( 1 0 A ) - c a ( 1 B ) - 0 ( s B )  8 2 . 3 ( 1 )

A

N a - 0 ( 1 )  2 . s 7 1 - ( s >
N a - 0 ( 2 )  2 . 3 5 3 ( 4 )
N a - 0 ( 3 )  2 . 5 6 8 ( 4 )
Na-0(6) 2 606(4,
N a - o ( 6 - )  2 . 5 0 r ( 3 )
N a - o ( 7 )  3 . 1 0 2 ( 4 )
N a - 0 ( 8 )  2 . 6 0 3 ( 4 )
N a - 0 ( 9 )  3 . 1 0 2 ( 4 )

M e a n  2 . 6 7 6

ca(1A)  -E  (A)

c a ( 1 A ) - F ( B )
ca(28) -F (A)
ca (28) -F (B)
ca(28) -0(4A)
ca (28) -0 (10A)
c a ( 2 8 )  - 0 ( s B )
c a ( 2 8 ) - 0 ( 8 A )
c a  ( 2 B )  - 0 ( 7 A )
ca(28) -0 (10B)

B

2 . 5 7 8 ( 5 )
2 . 2 7 o  ( 4 )
2 . 5 6 4 ( 4 )
2 . s 9 7  ( 4 )
2 . 4 0 8 ( L )
2 - 8 9 7  ( 4 )
2 . 9 3 7  ( 4 )
3 . 0 1 1  ( 4 )
2 . 6 s 8

2 . 5 3 6 ( 4 '  2 . s 4 8 ( 4 )
3 . 3 1 7 ( 5 )  3 . 1 2 s ( 5 )
3 . 2 8 1 ( 5 )  3 . 3 7 9 ( A )
2  6 3 4 ( 4 )  2  6 1 7 ( 4 )
2 . s 9 3 ( 4 )  2 . 6 2 4 ( 4 )
2 . 6 3 8 ( 5 )  2 . 5 2 4 ( 5 )
2 . 5 3 2 ( 6 '  2 . 5 5 4 ( 4 )
3 . 2 8 6 ( 4 )  3 . 3 7 L ( 4 )
3 . 3 1 7 ( 5 )  3 . 1 8 3 ( 5 )
3 . 5 6 7 ( 4 '  3 . 5 6 8 ( 4 )
4 . 1 3 5 ( 4 >  4 . 9 6 3 ( 6 )
2 . 5 5 9 ( 6 )  2 . s 5 0 ( 6 )

0 (1) -Na-0 (2) 1 1 0 ,
1 r 5 .

r 0 6 . 9 (
0 ( 1 ) - N a - 0 ( 3 )

0 ( 1 ) - N a - o ( 7 )

1 1 5 ,

0  ( 1 )  - 0 ( 6 )
0 ( 1 )  - 0 ( 7 )
0 (1) -0( 8)
0  ( 2 )  - 0 ( 7 )
0 ( 2 ) - 0 ( 8 )
0 ( 2 ) - 0 ( 9 )
0  ( 3 )  - o  ( 6 )
0 ( 3 ) - 0 ( 8 )
0 ( 3 )  - 0 ( e )
o ( 6 )  - o ( 6  1

0 ( 6  - )  - 0  ( 7 )
0 ( 6 ' ) - 0 ( 9 )

5 8 , 6 (

7 0 . 8 (
7 8 . 7  (

1 4 8 . 8 (
r 1 0 . 9 (
r 4 4 . 7 (
r 2 7 . 3 (
9 3 . 1 (
6 2 . 9 (
9 3 . 5 (
5 8 . 6 (

r 4 8 . 8 (
7 8 . 9 (
7 0 . 9 (
8 8 . 6 (

r 1 1 .  8  (
8 1 . 2 (

1 1 1 . 7 (
s 3 . 0 (

1 6 9 . 8 (
5 3 . 0 (

r 3 1 . 2  (
8 8 . 7 (

1 3 1 . 5 (

5 9 . 0 (
9 8 . 8 (
5 9 . 3  (' 7 5 . 2 (

r 5 3 . 2 (
1 0 4 . 7  (
L37 .7 (
r31 .7 (

9 8 , 8 (
5 8 . 9 (
9 5 . 8 (

9 5 . 9 (
L 5 2 . 9 (

7 5 . 2 (
6 9 . 1 (
8 7 . 6 (

1 l o . o (
7 8 . 8 (

1 1 0 . 2  (
5 6  4 (

1 6 6 . 4  (
s 4 . 8 (

r 2 9 . 6 (
9 5  2 (

L29 .3 (

0 (1) -Na-0 (6)
0(1) -Na-o (5 -)

0 (1 )  -Na-O (9)

0(2) -Na-o(3)
0(2)  -Na-O(6)

0 (2) -Na-0( 6-)
0 (2 )  -Na-O(7)

0 ( l )  - N a - 0 (  8 )

0(2) -Na-o(8)
0 ( 2 ) - N a - o ( 9 )
0(3) -Na-o (6)
0  ( 3 )  - N a - 0  ( 6  - )

0 ( 3 )  - N a - 0  ( 7 )
0( 3) -Na-0 (8)
0 ( 3 ) - N a - 0 ( 9 )
0 ( 6 )  - N a - 0 ( 5 ' )
0 ( 6 ) - N a - O ( 7 )
0(6) -Na-o(8)
0(6) -Na-0(9)

0 ( 6 - ) - N a - o ( 7 )
0 ( 6 - )  - N a - 0 ( 8 )
0 ( 6 - )  - N a - 0 ( 9 )

0(7 )  -Na-0 (8)
0 ( 7 ) - N a - o ( 9 )
0(8) -Na-0 (9)

measured X-ray intensities based on the triclinic unit
cell. This pseudo-C-centering is clearly manifest in
terms of the positional parameters of all the atoms,
except fluorine. The atoms so related have been desig-
nated as A and B (Table 2). The sodium polyhedra
and silicate tetrahedra occur in pairs, which are
nearly identical in stereochemical configuration (Ta-
bles 5, 6). However, due to the considerable deviation
of the fluorine atoms from their true C-centered posi-
tions, the calcium atoms, related by the pseudo-C-
centering operation, have different types of coordina-
tion polyhedra, although they also occur in pairs with
nearly identical configurations (Table 4).

Description of the structure

The crystal structure of agrellite consists of (a)
silicate tubes crosslinked by sodium atoms into so-
dium silicate layers, and (b) calcium polyhedral lay-
ers, both parallel to the (010) plane, alternating along
the b axis to form a three-dimensional framework.

The silicate tubes

The silicate tube consists of two centrosymmet-
rically-related single silicate chains; each single chain
is formed by corner-sharing four-membered tetrahe-
dral rings tsi(l)-Si(2)-Si(3)-Si(4) in Figs. la,bl and
is the same as the [Sinor'] chain found in vlasovite,
NarZrSinO,, (Voronkov and Pyatenko, l96l; Fleet
and Cann, 1967). Within each chain two tetrahedra
of the four-membered ring point up and two down
along the b axis. Two centrosymmetrically-related
chains are connected by sharing opposing tetrahedral
corners, giving rise to a silicate tube with the compo-
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Table 6. Agrellite: Si-O bond distances (A) and angles (") (with
standard deviations in parentheses)

(4')-Si(2')-Si(3') and Si(3)-S(4)-si(2)-Si(3')-S(l)-
Si(4')-Si(2')-Si(l ') in Figs. la,bl, which have four
tetrahedra in common. There are two crystallograph-
ically-distinct silicate tubes (A and B), whose config-
urations are only slightly different from each other.
These silicate tubes run parallel to the c axis and are
hexagonally close-packed in the (001) plane (Fig. 2).

The sodium silicate layers

The silicate tubes occur in layers parallel to the
(010) plane. Within each layer they are packed in a
staggered fashion, leaving cavities at the boat-shaped
eight-membered rings. The sodium atoms occur
within these cavities in eight-fold coordination (Figs.
3a,b). The Na(A)06 and Na(B)O' polyhedra are dis-
torted cubes with very similar configurations; the av-
erage Na-O distances are 2.676 and 2.6584 respec-
tively. Within these two polyhedra, the average
variation in corresponding Na-O bond lengths and
O-Na-O angles are 0.0834 and 3.lo respectively
(Table 5). Each sodium polyhedron shares six corners
with the silicate tube below and two with the silicate
tube above. In addition, two sodium polyhedra oc-
curring on either side of a silicate tube share a poly-
hedral edge [0(6)-0(6')], thereby forming a dimer.
Two crystallographically distinct sodium silicate lay-
ers (l and B), parallel to the (010) plane, with very
similar stereochemical configurations are formed this
way (Figs. 3a,b).

The calcium polyhedral layers

Both calcium atoms, Ca(lA) and Ca(2B), are
coordinated to six oxygen and two fluorine atoms
each. The irregular coordination polyhedron consists
of two parts, (a) a square-pyramid formed by five
oxygen atoms, and (b) two fluorine atoms and an
oxygen atom at the corners of a triangle occurring
above the equatorial plane (Fig. 4). Within the
Ca(lA)OuF, and Ca(2B)OuF, polyhedra, the averages
of 6 Ca-O distances are 2.575 and 2.615A and the
averages of two Ca-F distances are 2.405 and 2.454A
respectively. The Ca(lA) site contains most of the
rare-earth ions (Table 2). The Ca(2B) polyhedron is
slightly larger than the Ca( lA) polyhedron; hence the
former site may be slightly too large to contain a
large fraction of the rare-earth ions. The correspond-
ing O-Ca-O or O-Ca-F angles within the Ca(lA)
and Ca(2B) polyhedra are very similar (av. deviation
1.7') (Table 4). Both Ca(2A) and Ca(lB) are sur-
rounded by five oxygen and one fluorine atoms each
at the corners of distorted octahedra; the averages of
five Ca-O distances are 2.381 and 2.3674, and the
Ca-F distances 2.192 and 2.201A, respectively.

sr  (1 )  -0  (1 )
s i  ( r )  -o  (2 )
s l  (1 )  -o  (3 )
s i  (1 )  -0  (4  )

Mean

o ( 1 ) - o ( 2 )
o ( 1 ) - o ( 3 )
o ( 1 ) - o ( 4 )
0  (2 )  -0  (3 )
o ( 2 ) - o ( 4 )
o  (3 )  -o  (4 )

Mean

s i ( 3 ) - 0 ( 2 )
s i ( 3 ) - 0 ( 7 )
s i ( 3 ) - 0 ( 8 )
s i ( 3 ) - 0 ( 9 )

Mean

o ( 2 ) - o ( 7 )
o ( 2 ) - 0 ( 8 )
0 ( 2 ) - 0 ( 9 )
o ( 7 ) - 0 ( 8 )
0 ( 7 ) - 0 ( 9 )
0 ( 8 ) - 0 ( 9 )

Mean

B

1 0 4 . 8  ( 2  )
1 0 8 . 0 ( 2 )
r r 2 . 3 ( 2 )
7 0 5 . 2 ( 2 )
i 3  1 ( 2 )
7 7 2 . 3  ( 2 )
1 0 9 . 4

fhe Si(7A)- atu7 5i(18)- Tetmhedtv

A B

1 . 6 3 4 ( 3 )  1 . 6 3 7 ( 3 )  o ( 1 ) - s i ( 1 ) - 0 ( 2 )  1 0 5 . 6 ( 2 )
1 . 6 3 3 ( 3 )  1 . 6 3 8 ( 3 )  o ( 1 ) - s i ( 1 ) - o ( 3 )  1 0 7 . s ( 2 )
7 . 6 3 9 ( 4 )  L . 6 3 1 ( 4 )  0 ( 1 ) - s i ( r ) - 0 ( 4 )  r r 2 . 6 ( 2 )
1 . s 6 8 ( 3 )  1 . s 6 7 ( 3 )  o ( 2 ) - s i ( 1 ) - o ( 3 )  1 0 5 . 3 ( 2 )
1 . 6 1 9  t . 6 2 0  o ( 2 ) - s i ( r ) - o ( 4 )  1 1 3 . r ( 2 )

0 ( 3 ) - s i ( 1 ) - o ( 4 )  1 1 2 . 1 ( 2 )
2 . 6 0 3 ( 4 )  2 . 5 9 5 ( 4 )  M e a n  1 0 9 . 4
2 . 6 3 9 ( 5 )  2 . 6 4 8 ( 5 )
2 . 6 6 5 ( 4 >  2 . 6 6 2 ( 4 )
2 . 6 0 2 ( 5 )  2 . 6 0 r ( 5 )
2  6 7 r G )  2 - 6 8 4 ( 4 )
2 . 6 6 1 ( 5 )  2 . 6 6 1 ( s )
2 . 6 4 0  2 - 6 4 2

Ihe Si(2A)- drkl  Si l28)- ?etrahed?a

A B

s i ( 2 ) - o ( 3 )  r . 6 3 0 ( 4 )  r  6 4 3 ( 4 )  o ( 3 ) - s i ( 2 ) - o ( 5 )
s i ( 2 ) - o ( 5 )  1 . s 8 3 ( 3 )  1 . 5 8 3 ( 3 )  0 ( 3 ) - s i ( 2 ) - o ( 6 )
s i ( 2 ) - o ( 6 )  7  6 3 4 ( 4 )  r . 6 4 2 ( 4 )  o ( 3 ) - s 1 ( 2 ) - o ( 7 )
s i ( 2 ) - o ( 7 )  1 . 6 2 5 ( 3 )  1 . 6 1 3 ( 3 )  0 ( 5 ) - s i ( 2 ) - o ( 6 )

M e a n  1 . 6 1 8  7  6 2 0  o ( 5 ) - s i ( 2 ) - o ( 7 )
0 ( 6 ) - s i ( 2 ) - o ( 7 )

0 ( 3 ) - o ( 5 )  2 . 6 6 8 ( 4 )  2 . 6 7 4 ( s )  M e a n
o ( 3 ) - o ( 6 )  2 . 5 3 2 ( 6 )  2 . s s 4 ( 6 )
o  ( 3  )  - o  ( 7  )  2 . 6 4 2 ( 4 )  2 . 6 3 4  (  4 )
o ( 5 ) - o ( 6 )  2 . 7 r 8 ( 5 )  2  7 1 2 ( 5 )
o ( 5 ) - 0 ( 7 )  2 . 6 9 1  ( 4 )  2 . 7 1 4 ( 4 )
o ( 6 ) - o ( 7 )  2  s 5 8 ( 4 )  2 - 5 4 4 ( 4 )

M e a n  2 . 6 3 6  2 . 6 3 9

r 7 2 . 3  ( 2 )
10r  8  (2 )
r 0 8 . s ( 2 )
1 ls  3  (2 )
r r4  .4  (2 )
103 4  (2 )
1 0 9 . 3

B

1 1 2 . 0 ( 2 )
1 0 2 .  1  ( 2  )
1 0 8 . 0  ( 2 )
1 1 4 . 5 ( 2 )
1 1 6 . 3  ( 2 )
1 0 2 . 8 ( 2 )
1 0 9 . 3

The Si(sA)- an!1 Si(38)- IetTahedra

A B A

r . 6 3 7  ( 3 \  r . 6 4 5 ( 3 )  0 ( 2 ) - s i ( 3 ) - 0 ( 7 )  1 0 7 . 8 ( 2 )
1 . 6 2 3 ( 3 )  7 . 6 2 r ( 3 )  0 ( 2 ) - S r ( 3 ) - 0 ( 8 )  r 0 7 . 1 ( 2 )
1 . s 8 s ( 3 )  r . 5 8 0 ( 3 )  0 ( 2 ) - s i ( 3 ) - 0 ( 9 )  7 O 1 . 7 ( 2 )
r  6 2 9 ( 4 )  r . 6 2 5 ( 4 )  0 ( 7 ) - S i ( 3 ) - 0 ( 8 )  1 r 2  B ( 2 )
1 . 6 1 9  1 . 6 1 8  0 ( 7 ) - S i ( 3 ) - 0 ( 9 )  1 0 9 . 0 ( 2 )

0 ( 8 ) - s i ( 3 ) - 0 ( 9 )  1 1 2 . 1 ( 2 )
2 - 6 3 4 ( 4 \  2 - 6 1 1  ( 4 )  M e a n  1 0 9 . 4
2 . 5 9 3 ( 4 )  2  6 2 4 ( 4 \
2 . 6 3 8 ( s )  2 - 6 2 4 ( 5 )
2 . 6 7 3 ( 4 )  2 . 6 8 3 ( 4 )
z . 6 4 8  ( s )  2 . 6 2 4  ( 5 )
2 . 6 6 1  ( 5 )  2 . 6 6 3 ( 5 )
2  6 4 2  2 . 6 3 9

B

7 0 6 .  6  ( 2 )
1 0 8 . 9 ( 2 )
1 0 6 . 8 ( 2 )
1 1 3 , 9 ( 2 )
7 0 7  . 9 ( 2 )
1 r 2 . 4 ( 2 )
709 4

B

r02.2  (2 '
1 0 7 . 7  ( 1 )
r12  3  (1 )
1 0 3  3 ( 2 )
r74 .5(2)
r r4 .9 (2)
ro9 .2

The 5i(4A)- ar"C Si(48)- Ietruhedra

A B

s i ( 4 ) - 0 ( r )  1 . 6 3 r ( 3 )  1 . 6 3 8 ( 3 )  0 ( 1 ) - s i ( 4 ) - 0 ( 6 )  r 0 1 . 7 ( 2 )
s i ( 4 ) - 0 ( 5 )  r . 6 3 9 ( 4 \  7 . 6 3 7 ( 4 )  0 ( 1 ) - S i ( 4 ) - 0 ( 9 )  1 0 8 . 4 ( 2 )
s i ( 4 ) - 0 ( e )  r . 6 2 4 ( 4 )  r  6 r s ( 4 )  0 ( 1 ) - s i ( 4 ) - 0 ( 1 0 )  1 1 2 . 6 ( 2 )
s 1 ( 4 ) - 0 ( 1 0 )  1 . s 8 s ( 3 )  r . s 8 2 ( 3 )  0 ( 6 ) - s i ( 4 ) - 0 ( e )  1 0 3 . 3 ( 2 )

M e a n  I . 6 2 0  1 . 6 1 8  0 ( 6 ) - s i ( 4 ) - 0 ( I 0 )  1 1 5 . 4 ( 2 )
0 ( 1 ) - 0 ( 6 )  2 . 5 3 6 ( 4 )  2 . 5 4 8 ( 4 )  0 ( 9 ) - s i ( 4 ) - 0 ( 1 0 )  1 1 4 . 4 ( 2 )
0 ( 1 ) - 0 ( 9 )  2 . 6 4 0 ( 4 )  2 . 6 3 9 ( 4 )  M e a n  1 0 9 . 3
0 ( 1 ) - 0 ( 1 0 )  2  6 7 6 ( 4 \  2 . 6 7 4 ( 4 )
0 ( 5 ) - - 0 ( 9 )  2 . 5 5 9 ( 6 \  2 . s s 5 o ( 6 )
o ( 6 ) - o ( 1 0 )  2 . 7 2 5 ( 4 )  2  7 0 7  ( 4 )
o ( 9 ) - o ( 1 0 )  2 . 6 9 8 ( 4 )  2  6 9 5 ( 4 )

M e a n  2 - 6 3 9  2 . 6 3 6

Si-Si dist@ces Si-O-SL dqLes

A B A B

si (1 ) -s i (2 )  2 .976(2)  2 .988(2)  s i (1 ) -o (1) -s i (4 )  13r .3Q)  a32,7(2)

s ic . ) -s1(3)  3 .049(2)  3 .013(2)  s1(1) -o (2) -s1(3)  137.6(2)  r33 .2(2)

s i (1 ) -s i (4 )  2 ,976<2)  3 .oOO(2)  s1(1) -0 (2) -s1(3)  a37.6(2)  r33 .2(2)

s i ( 2 ) - s i ( 3 )  3 . r 2 9 ( 2 )  3 . 1 2 6 ( 2 )  s i ( 2 ) - o ( 6 ) - s i ( 4 )  r 4 0 . 2 < 2 )  \ 4 0 . 7 ( 2 )

s r ( 2 ) - s 1 ( 4 )  3 . 0 7 8 ( 2 )  3 . 0 8 8 ( 2 )  s i ( 2 ) - o ( 7 ) - s i ( 3 )  1 4 7 . 7 ( 3 )  1 5 0 . 3 ( 3 )

s i ( 3 ) - s i ( 4 )  3 . 1 2 0 ( 2 )  3 . 1 1 6 ( 2 )  s 1 ( 3 ) - o ( 9 ) - s I ( 4 )  t ' 4 7 . 7 ( 2 )  r 4 8 . 2 < 2 )

Mean I39 ,2 139.4

sition [SirOro], whose diameter is defined by a basket-
shaped six-membered ring tS(2)-S(3)-Si(1)-S(4)-
Si(3')-Si(l ') in Figs. 1a,bl. In addition each tube
contains two different boat-shaped eight-membered
tetrahedral rings tSi(l)-S(4)-Si(2)-Si(l ')-Si(3)-Si
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Again, the O-Ca-O and O-Ca-F angles within these
two octahedra are remarkably similar (av. deviation
3.0") (Table 4). The Ca(2A) and Ca(lB) sites contain
very small amounts of the rare-earth ions, which is
consistent with their smaller polyhedral sizes.

Alternating Ca(lA) and Ca(2B) polyhedra share
opposite triangular faces [F(A)-O(4A)-O(l0B) and
F(B)-O(5B)-O(8A)l; l ikewise, Ca(2A) and Ca(lB)
octahedra share opposite octahedral edges [O(4B)-
O(l0A) and O(5A)-O(8B)1, thereby forming two dif-
ferent polyhedral chains parallel to the c axis, which
alternate along the a axis. Furthermore, the Ca(lA)
and Ca(28) polyhedra share square-pyramidal edges
with the octahedral edges [O(5A)-O(l0B), O(l0B)-
o( l0A),  o( l0A)-O(5B), and O(58)-o(sA)l  of  the
Ca(2A) and Ca(lB) octahedra, which result in a poly-
hedral layer parallel to the (010) plane (Fig. a).

The th re e-di me ns io nal frame wo rk

If we designate the calcium polyhedral layer as C
and its centrosymmetric equivalent ase, and the two
different sodium silicate layers as A and B, the stack-
ing sequence of the layers along the 6 axis is: AC-
BCACBC. . . , The configuration of the oxygen atoms

GHOSE AND WAN: AGRELLITE

Fig. 1a'b' Agrellite: stereochemical configuration of the two crystallographically different [SLOro] double chains (tubes) A and B.

b

on one side of the calcium polyhedral layer (set ofA
oxygens) is slightly different from those occurring on
the other side (set of B oxygens). The sodium silicate
layer, A, occurs in between two sets of A-layer oxy-
gen atoms, whereas the sodium silicate layer, ,8, oc-
curs in between two sets of B-layer oxygen atoms.
The sodium silicate layers are connected to the cal-
cium polyhedral layers by sharing silicate tetrahedral
corners with the calcium polyhedral corners (Fig. 5).

Stereochemical configuration of the
silicate double chain (tube) lsisoro]t-

The Si-O bond lengths and Si-O-Si angles

The average Si-O distances within the eight crys-
tallographically-different silicate tetrahedra are re-
markably constant, with a value of 1.619+0.001A.
The angular distortions within the individual tetra-
hedra are comparable; the O-Si-O angles vary from
101.7  to  116.3"  (Tab le  6 ) .

If we ignore the very long Ca-O or Na-O bonds
(>3.0A), the oxygen atoms can be divided into five
groups in terms of coordination:



Fig.2. Agrel l i te: project ionofthesi l icatetubesparal leltothecaxis; notethehexagonal close-packingofthetubesinthe(001)plane
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ated with C- and D-type bonds (140.5 and 132.9"
respectively).

A correlation of the larger Si-O-Si angles with the
shorter Si-O bond lengths and uice uersq has been
found through the molecular orbital calculations on
silicate chain fragments (Tossell and Gibbs, 1977).
Similar correlation has been observed in rosen-
hahnite, CaaSigOs(OH ), (Wan et al., 1977), zektzerite,
NaLiZrSieOru (Ghose and Wan, 1978b) and inesite,
CarMnrSi,oOm(OH )r.5HrO (Wan and Ghose, 1978).

Comparison with related structures

Silicate tubes with the composition [SirOzo] found
in agrellite have been found previously in fenaksite,
FeNaKSLOTo (Golovachev et al., l97l), litidionite,
CuNaKSLO,o (Pozas et al., 1975), and CuNazSi,O'o
(Kawamura and Kawahara, 1977). In these three
isostructural compounds, [Sisoro] tubes are cross-
linked by serrated chains of edge-sharing dimers of
Fe- (or Cu-) square pyramids alternating with dimers
of edge-sharing Na-square pyramids. The potassium
atoms (like wise one set of sodium atoms in
CuNazSirOro) occur in cavities created by the boat-

Av. Si-O Av. Si-O-Si
Oxygen type bond length (A) angle(')

A : lS i  *  3 (Ca,Na)  1 .583
B : l S i  *  2 C a  1 . 5 6 8
C:2Si - |  2Na 1.636 140.5
D:2Si * lNa 1.637 132.9
E:2Si  on ly  1 .622 148.3

Within each silicate tetrahedron, there is one non-
bridging and three bridging Si-O bonds. As expected,
the non-bridging Si-O bonds (Types A and B) are
significantly shorter than the bridging Si-O bonds
(Types C, D, E). Since the B-type oxygen atoms are
bonded to two calcium atoms each in addition to one
silicon atom, they are charge-deficient as opposed to
the A-type oxygen atoms, each of which is bonded to
three calcium and one silicon atoms. As a result, the
B-type Si-O bonds (av. 1.568,4') are significantly
shorter than the A-type Si-O bonds (av. 1.5834).
Within the bridging Si-O bonds, the E-type bonds
(av.1.622A) are significantly shorter than the C- and
D-types (av. 1.636 and 1.637,4'), which are nearly
identical. The E-type bonds are also associated with
larger Si-O-Si angles (av. 148.3') than those associ-

Coil8)

C o { r A )

o
co (2A)

o
Co(2Bl
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O(9al
3A)

(31

) (88 )b

Fig.  3a,b Agrellite: views of the two crystallographically distinct sodium silicate layers, A and B, parallel to the (010) plane.
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Fig. 4. Agrellite: a view of the calcium polyhedral layer parallel to the (010) plane.

Fig. 5. Agrellite: a view along the a axis; note the stacking of the sodium silicate layers and the calcium polyhedral layers along the b

axts.

571
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shaped eight-membered tetrahedral rings, and are
closely comparable to the Na-coordination found in
agrellite. However, in agrellite there are two crys-
tallographically-distinct double chains, whereas in
these compounds there is only one. This distinction is
most likely created by the different coordinatio'n re-
quirements of calcium and fluorine atoms in agrellite,
as opposed to the transition-metal ions in fenaksite
and l i t id ioni te.

Liebau (1978) has termed the [Si6Oro]tube a "loop-
branched dreier (three-tetrahedral-repeat) double
chain." We would l ike to emphasize the tubular na-
ture ofthese double chains and prefer to classify them
in a group of structures composed of silicate tubes.
The other members of this group are narsarsukite,
NarTiOSioO,o (Pyatenko and Pudovkina, 1959; Pea-
cor and Buerger, 1962), canasite, CauNa.K2[Sir2Oso]
(OH,F)4 (Chiragov et al., 1969), and miserite,
KCau(SirO,)(Si6O,uXOH,F) (Scott, 1976). The sili-
cate tube in narsarsukite is defined by four-membered
rings, whereas those in canasite and miserite are de-
fined by two different types of eight-membered rings.
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