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Fillowite, NarCa(Mn,Fe)l*(POo)u: its crystal structure
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Abstract

Fillowite, NarCa(Mn,Fe)r2*(POo)u, possesscs a structure derived from the glaserite,
KrNa(SOo)2, arrangement. No evidence of substructure occurs either in the X-ray data or the
polyhedral arrangement. It is rhombohedral, a, 15.282(2), c 43.507(3)A, Z : 18, space group
R3. R : 0.069 for 6891 independent reflections. Forty-five nonequivalent atoms occur in the
asymmetric unit. Nine distinct MO. octahedra, four distinct five-coordinate polyhedra, one
seven-coordinate polyhedron, one eight-coordinate polyhedron and six distinct POo tetra-
hedra occur in the asymmetric unit. The eight-coordinate polyhedron, maxinal point sym-
metry 4m2, is the gable disphenoid and is identical to a polyhedron in the related mineral wyl-
lieite, NarFe!*A(PO4)3. In these structures, the ratio of larger cations to tetrahedra is X:T :
5 : 3 .

Three kinds of rods occur in the structure and, when projected down the c-axis, define the
regular {63} hexagonal tessellation. Rod I at the origin has the cation sequence ... M(l)-
M(3)-Na(l)-Na(2)-M(a)-M(5)-M(2)-M(5)-M(a)-Na(2)-Na(l)-M(3) ... with five octahedra
in sequence sharing faces: M(3)-Na(l)-Na(2)-M(4)-M(5). Rod II along the 3r-axis has ...

Ca-M(9)-Na(3)-M(8)-Ca-M(9)-Na(3)-M(8)-Ca-M(9)-Na(3)-M(8) ... Rod III at the nodes
of the hexagonal net includes the six nonequivalent POo tetrahedra, '..P(6)-M(ll)-P(4)-
M(6)-P(lE(l)-P(5)-M(7)-P(2)-M(10)-P(3)-tr(2) ... . Counting up the cations, the ratio of
larger cations (X) to tetrahedra (T) is EsX.aoT2a or X:T : 5:3.

Introduction
Fillowite is an exceedingly complex mineral which

occurs as a primary accessory phosphate phase in
granitic pegmatities. Its high specifc gravity, granu-
lar character, colors ranging from orange in the
Mn-rich member to reddish-brown in the Fe-rich
member (ohnsomervilleite) and uncanny physical
similarity to phases like triploidite, griphite, graft-
onite and spessartine render it an unusually difrcult
phase to identify in the field. Occurrences of the min-
eral include the type locality at Branchville, Con-
necticut (Brush and Dana, 1878); Kabira, Uganda
(Yon Knorring, 1963); Inverness-shire, Scotland
(Livingstone, 1980) and a new locality noted by one
of us (PBM) at the Sapucaia pegmatite, State of
Minas Gerais, Brazil where the mineral occurs lo-
cally as abundant metamict nodules *1te5s single
crystal character was restored upon heating in air at
500oC for two days. The type occurrence and the
Uganda locality are the only ones representing the
Mn-predominant member, hence fillowites, while the
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remaining are Fe-predominant,  hence john-
somervilleites. All indications presently at hand sug-
gest that the fillowite series is confined to a prirnary,
high temperature pegmatite assemblage and the se-
ries may in fact be far more abundant than hitherto
noted.

Fillowite has been a subject of ongoing con-
troversy concerning its crystal chemistry. Brush and
Dana (1890) concluded that fillowite is morphologi-
cally related to dickinsonite which presents, on mor-
phological and chemical grounds, an interesting case
of dimorphism. They proposed the formula
X3P2Or . l/3HzO where X : large cations, or
H4X3.(POo),o'2H2O. Palache et al. (1951) proposed
HoNa,r(Mn,Fe,Ca)rr(PO )ra' 2}I2O. Fisher (1965) in
an exhaustive study on the alluaudite, arrojadite
and fillowite species proposed (after our scaling)
CarrNar..rMn r..Fe, o(POo)- or X*(POo)ro. Strunz
(1970) and Povarennykh (1972) ofer Na,rMn,o
(POo),4 or )Qr(POo)*. Our structure study shows that
by counting atoms, the idealized fonnula for fillowite
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is NarCaoMnli(POo)ro or X4o(PO4)r4, bearing in mind
that substantial solid solution of (Na,Ca,Mn),
(Mn,Fe,Ca) and (Mn,Na) does not admit statement
of a precise end-member formula.

Experimental

Crystals of fillowite were obtained from one of the
Brush-Dana cotypes housed in the Harvard Univer-
sity Mineralogical Museum, HMM96840. The crystal
measured 0.15 mm (lla,) x 0.47 mm (llar'y x 0.28
mm (l lc). The crystal cell parameters were obtained
using calibrated precession photographs (then re-
fined from the orientation matrix)'and MoK" radia-
tion; the results are a,15.282(2), c 43.507(3)A. Data
were collected on a Picker four-circle diffractometer
with the ar-axis parallel to the O axis of the machine.
The <o-scan had constant 2.6' width. Utilizing mono-
chromatized MoK" radiation, data were collected for
(hkl) and (hk-/), and up to sin |Dt:0.75. A total of
7567 reflections were collected, with 730 unobserved
as I < 2o(I) and these were reset to I : o(I). Absorp-
tion corrections used the Gaussian integral method
with l0 planes approximating the crystal shape. Ex-
tremes in the transmission factor ranged between

0.196 and 0.310. Centric tests, including N(z) and Eo
statistics supported the centric R3 space group, as did
the final structure refinement. After averaging equiv-
alent reflections, 689.1 unique lFol remained.

The structure was solved with difficulty from the
Patterson synthesis. We used scattering curves for
Ca'*, Ma'*, Fe'*, Nar*, P5* and O'- from Cromer
and Mann (1968), and anomalous dispersion correc-
tions for Ca, Mn, Fe and P from Cromer and Liber-
man (1970). Full-matric anisotropic least-squares re-
finement for 6891 lF"l and 368 variable parameters
converged to

p: l l  F"L: IF. l l  :0.069
) fo

f  t  f lF - l  -  lF  l \21 ' l2
R_.: l4\ l++-j j -9l l - l  :0.062.

I L-ro' l

The final 
"y"t. 

-ioi-ired X. ll Fol - lF.ll'where or
: o-lF).

The final atomic coordinate parameters for fillow-
ite are given in Table l. Table 2 presents the ani-
sotropic thermal vibration parameters, Table 3, the
parameters for ellipsoids of vibration and Table 4 the

Atom

Table L Fillowite atomic coordinate parameterst

Aton r

M ( l )  o
M(2)  o
M(3)  0
Mt4) 0
M(s)  0
M(6)  0 .4283s(s )
M t 7 )  0 . r 1 r 2 s ( s )
M(8)  0 .00343(s)
M ( s )  0 . 2 6 3 6 0 ( s )
M ( 1 0 )  0 . s 7 3 e s ( s )
M ( r r )  0 . 2 2 2 4 7 ( s )
N a ( l )  0
Na(2)  0
N a ( 3 )  0 . 0 7 9 2 0 ( 1 s )
C a  0 . 2 6 6 0 7 [ 1 1 )

P  t r )  0 . 1 9 0 s e ( 8 )
0(1)  o .16384(24)
o(2)  0 .2ss47 (2s)
0(3)  0 .2sse7 [2s)
0(4) o.09274(2s)

P ( 2 )  0 . s 3 3 8 8 ( e )
0 ( s )  0 . 4 6 0 1 6 C 2 s )
0(6)  0 .  ss6ss  [26)
0 ( 7 )  0 . 6 3 6 8 3 ( 2 s )
0(8)  0 .48812(30)

0
0
0
0
0

0.24706(6)
0 .  s 7 1 6 s ( 6 )
o.32387 (s)
0 . 3 3 0 2 s  ( s )
0 . 0 8 r s 4 ( s )
0 . r 0 8 1 1 ( s )

0
0

0.42728(t9)
0 .2907 4 (1.o)

0 .  434 18  (8 )
0 .  38  I  96  (24)
0  .  ss1  r6  (23)
0 . 3e869 (26)
o . 4 r 0 s 8 ( 2 6 )

0 . 1 1 4 8 7 ( 8 )
0.72678(25)
0 . 034s8 [2s)
0.2L482(24)
0 . 09088 (27)

0
\

0 . 1 0 0 8 3 ( 2 )
o .32463(2)
0 .59880 (3 )
0.0srss [ r )
0.  03778 (  1 )
0 . 0 8 2 1 0 ( 1 )
0 . 0 8 s 7 6 ( 1 )
0.12440(2)
0 . 1 3 3 7 7  ( 2 )
0 . r 7 4 8 s ( 7 )
0  .2487r  (8 )
0.  r6s ls (s )
0.  001 04  (3 )

o.o2780(2)
- 0 . 0 0 3 7 1 ( 7 )
o .  02ss9 (7 )
0 .04487 (7 )
0 .  0441s  [7 )

0  .  03893 (2 )
0 .06001 (7 )
0  .  0s08s  (7 )
0 .03s20 (7 )
0 . 00646 (7)

P(3 )  0 . s42 r7 (8 )
o (9 )  0 . s4102 (2s )
0[10)  0.62717 (24)
0 (11 )  o .43ss2 (24 )
0 (12 )  0 . ss031 (2s )

P(4)  o.277s4(9)
o(13)  0.2s2so(2e)
0 (14 )  0 . r2ss2 (2s )
o [1s )  -0 .  r 109s (24 )
o(16) 0,19863(27)

P (s )  0 .22s02 (8 )
o[r7)  0.27o73(2s)
0 (18 )  0 .1071s (24 )
o(rs)  a.2s37o(zs)
o(20) o,2s286(25)

Pt6)  0.467ss(e)
0(21) 0.s2428(2s)
o(22) 0,38217(24)
o(23) 0.47433(27)
o(24)  0.s3077[30)

0 . 0 9 1 2 1  ( 8 )
0 . 03 1s4 (2s)
0.20328(24)
0 .  08876 (2s)
0 .04003 (2s)

o . r 2 2 7 s ( 8 )
0 .  07s60 (28)
0 .  r 3 s 2 1 ( 2 s )
o.23987 (24)
o.04226(2s)

0  .46060(8)
0.s2738(26)
0 . 4 0 r 3 0 ( 2 s )
0  .37  67  4  (24)
0 .  s1960(23)

0 .  2  16s6 (9 )
0.24646(27)
0 . 1 0 2 1 9 ( 2 s )
o , 2 7 7 5 2 ( 2 7 )
o.22073(3L)

0 . 1 9 9 3 6 ( 2 )
0 .L7097 (7 )
0 .r97 49(7)
0 .  2018e (7 )
0 . 2 2 s r 6 ( 7 )

0.20976(2)
0  .  17ss8 (7 )
0 .207 48(8)
0 . 1 r 6 0 3 ( 7 )
o.23476(7)

0.22200(2)
0 .  1e43 I  (7 )
0 . 2 1 9 s 9 ( 7 )
0 . 2 2 2 4 4 ( 7 )
0.2s266(7)

0.27s03(2)
0 . 2 4 8 2 4 ( 8 )
0 . 2 7 4 8 4 ( 7 )
o.2842s(7)
0 .  30646 (e )

tEstinated standard errors refer  to the last  d ig i t .



Table 2. Fillowite: anisotropic thermal vibration parametersf

U 3 3 U z s
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were locked in, suggested by the mean bond distance.
M(3) almost certainly includes some Mn2+ as well but
the remainder have mean bond distances expected
for their cations and coordination numbers. The final
M(l)-M(ll) equivalent isotropic thermal vibration
parameters range from 0.8-l.lA', and those for
Na(l)-Ca from 1.5-2.3A', typical values for these
cations in related structures, and suggest that depar-
tures from Table 6 are probably not serious'

Description of the structure

fillowite NarCaMn?*(POo)u Z: 18

dickinsonite
IGrNar.oCa'zo,*sMn?*AL'(OH),.0(POo)u Z : 8

These constitute ideal end-member formulae and
show that fillowite contains essential Ca2* (which re-
sides in a gable disphenoid) and that dickinsonite pos-
sesses essential K* and Alt* in cubic and octahedral
coordination respectively, with an additional (OHf
ligand. Detailed comparison of the two structure
types will be deferred to the future paper on dick-
insonite. Suffice it to say that the principal poly-
hedral rods in the two structures are similar but that
the two structures are based on different kinds sf
plane nets normal to the rods (Moore, l98l).

Chemical analyses and computed analyses for the
formulae NarCaMn?i(POo)n and Na'CaMn?*(POo).
appear in Table 7. Some ambiguity exists with regard
to a true end-member formula owing to some solid
solution among Na, Ca and Mn. The second for-
mula, which is favored in this study, agrees well with
the recent chemical analyses on the Fe-analogue

. johnsomervilleite both done by electron microprobe
analysis and differs only from the original analytic
results on type material in containing somewhat
more Ca, no water, and no extraneous phase.

Table 6 outlines the cationic species, their
equipoint rank numbers (ERN), coordination num-
bers (C'N') by oxyanions, the average cation (X)-
oxygen bond length, the scattering curve used, fol-
lowed by two important kinds of distances. The first
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U r sU z zu r  r

M ( 1 )
M ( 2 )
M ( 3 )
H(4)
M (  s )
M (  6 )
M ( 7 )
M  ( 8 )
H(s)
M ( 1 0 )
M ( 1 1 )
N a ( r )
N a ( 2 )
Na(3)

9s(8)  9s
s6(6) s6

108(5)  108
117(5)  r r7
gs(s )  9s

i10(3)  17s(3)
ss(3) 184(3)
s7(3)  107(3)

114(3)  104(3)
137(3) 76(3)
r2 r (3 )  s l  (3 )
199(20)  199
326(26) 326
391 (14)  3s0(13)
340(8) 288(7)

1 2 6 ( 8 )  4 7  0
1 0 6 ( 6 )  4 8  0
rs2(s)  s4 o
r19(s)  s8 0
1 3 5 ( 5 )  4 7  0
1 1 8 ( 3 )  7 8 ( 3 )  0 ( 2 )
1 0 7 ( 3 )  7 9 ( 3 )  - 7 ( 2 )
1 2 8 ( 3 )  4 2 ( 2 )  9 ( 2 )
1 0 5 ( 3 )  s r  ( 3 )  0 ( 2 )
1 s 2 ( 3 )  4 s  ( 3 )  s 3  ( 3 )
r77 (3) 60(3) 41(2)
1 6 5 ( 1 7 )  1 0 0  0
216(20) 163 0
1 9 4 ( 9 )  2 8 8 ( 1 2 )  3 2 ( 9 )
1 s 4 ( 6 )  2 7 9 ( 6 )  - 3 7 ( S )

82(4) 34(4) 3 (3)
1 0 s ( 1 2 )  4 4 ( 4 )  - 2 3 ( 1 r )
1 1 s ( 1 3 )  - 3 ( 1 2 )  1 6 ( 1 1 )
1 3 s ( r 3 )  1 3 r ( 1 4 )  1 7 ( 1 1 )
1 s 0 ( 1 4 )  8 6 ( 1 3 )  4 0 ( 1 1 )

107 (4) 40(4) 13(4)
1 7 0 ( 1 s )  s 2 ( 1 3 )  8 6 ( 1 2 )
2 0 9 ( 1 6 )  s 2 ( 1 3 )  - 4 7 ( 1 3 )
2 1 s ( 1 6 )  s 9 ( 1 3 )  2 7 ( 1 2 )
1 3 2 ( 1 4 )  1 3 2 ( r s )  - 2 r ( 1 3 )

1 0 6 ( 4 )  3 4 ( 4 )  1 ( 4 )
1 3 4 ( 1 3 )  4 e ( r 2 )  1 0 ( 1 1 )
1 6 2 ( 1 4 )  3 6 ( 1 2 )  l s ( r l )
1 s 0 ( r 4 )  7 r ( r 2 )  1 7 ( 1 1 )
1 4 7 ( r 4 )  7 8 ( r 3 )  - 1 2 ( 1 1 )

t r 2 ( 4 ' )  4 1  ( 4 )  - 2 s ( 4 )
1 3 2 ( 1 s )  1 s 3 ( 1 6 )  - 1 4 ( 1 3 )
2 8 2 ( 1 7 )  6 6 ( 1 3 )  - 6 2 ( 1 3 )
1 6 2 ( 1 4 )  s 4 ( 1 2 )  4 4 ( 1 1 )
r 3 s ( 1 4 )  7 4 ( 1 3 )  - 3 1 ( 1 2 )

7 8 ( 4 )  3 3 ( 4 )  - 1 ( 3 )
1 4 4 ( 1 4 )  8 9 ( r s )  7 0 ( 1 3 )
1 7 0 ( r s )  3 7 ( 1 2 )  - 1 4 ( 1 1 )
1 4 0 ( 1 4 )  7 s ( 1 2 )  - 3 2 ( 1 1 )
r 2 0 ( r 3 )  s 3 ( 1 2 )  - 1 3 ( 1 1 )

0
0
0
0
0

-s(2)
1 ( 2 )

r 0  ( 2 )
- 2 ( 2 )
1 7  ( 2 )
1 7  ( 2 )

0
0

6 e ( e )
- 2 9 ( s )

P(1)  7o(4)  7s(4)
0(1)  120(14)  107(14)
0(2)  16s(16)  se(13)
0(3) r37(rs) 203(17)
0(4)  r06( i4 )  194(17)

..jo|\, Fillowite is one of the most elaborate examples of

;:[]] a mineral structure. It contains 45 nonequivalent
ztit'zi atoms in the asymmetric unit of structure, some of
r(3) whichconstituteremarkablecoordinationpolyhedra.

'itltrl 
Neither single crystal photographs nor the structure

ZitiSl itself indicate any pseudosymmetry. As we shall see,
the structure type is pseudo-dimorphous to dickinso-

:iiill nite and as both structures are known, the hypotheti-

,:iiii cal end-member formulas can be written.

P  ( 2 )
o (s )
0(6)
o  (7 )
o(81

r ls (s )  69(s )
144(16)  1 ls (1s)
189(17)  108(1s)
130(1s)  9 r  ( r4 )
286(20) 18r(17)

P(3)  81(s )  ?o(4)
0(9)  1s0(1s)  107(14)
0( r0 )  11s( r4 )  74(13)
0(11)  r03(14J  140(1s)
0(12)  130(1s)  130( rs )

P(4)  102(s )  8o(S)
0(13)  274(20)  23s(19)
o(14) 108(rs) 124(rs)
0(1s)  8 r  ( r4 )  r23( r4 )
0(16)  1s8( r7)  ros( Is l

P(s )  76(4)  71(4)
0( r7 )  263(19)  129(16)
0(18)  72( t4 )  141 (1s)
o(19)  127(15)  i rs ( l s )
0 (20)  1s4(1s)  8s( r4 )

- 2 1 ( 4 )
-s7  (  r3 )
-47  (  r3 )
3 8 ( 1 r )
1 ( 1 r )

2 (3)
67 (r2)

-3e(  12)
-  1 1 (  1 1 )
-29(11)

p(6)  gs(S)  r06(s )  11s(4)  62(4)  2 (4)  - r2 (4)
o(21)  i21( r6 )  178(17)  r8s(1s)  32(13)  72(12)  -8 (13)
o(22)  r l l ( i s )  r08(1s)  187(1s)  38(12)  21(12)  -20(12)
o(23)  206(17)  19s(17)  r8o( rs l  r68(1s)  36(13)  6 (13)
o(24)  264(20)  287 (2 r )  284( l9 l  187( rE)  -1s6( r6)  -s7( r6 )

+Coefficients in the expression exp-[Utrh2 + lJzzkz + U33.0,'? + Aul2hk +
2U!3h4 + 2U23k0l. Estinated stsdard errols refe! to the last digit
except for those coefficients related by symetry,

observed and calculated structure factors.' The bond
distance and angle calculations are given in Table 5,
and Table 6 lists some characteristics of the 15 dis-
crete larger cation polyhedra.

The scattering curves indicated for each larger cat-
ion site and summarized in Table 6 were initially se-
lected by the relative heights on the final Fourier
synthesis, the coordination number and polyhedral
type, and mean cation-anion bond distances and
thermal vibration parameters. The sites M(l), Na(l),
Np(2) and Ca were refined involving more than one
curve. The decisions on M(2) through M(ll) occu-
pancies were admittedly guided by bond distances
since Mn'* and Fe2* cannot be easily fislinguished
by site refinement. For M(8), 2/3Fe2' I l/3Mn2'

rTo obtain a copy of Table 4, order Document AM-81-l6l
from the Business Office, Mineralogical Society of America, 2000
Florida Avenue, N.W., Washington, D.C. 20009. Please remit
$1.00 in advance for the microfiche.
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Table 3. Fillowite: parameters for the ellipsoids of vibrationf

o e q .  ,  1 2 Atm neq. ,  f2

M ( 1 ) 0 . 0 9 7 [ 6 )  ! ! i n o t d e t e r n i n e d r r r

0 . 0 9 7  t r l n o t  d e t e m i n e d . . r
0.  r r2  (4 )  90  90  0

0 . 0 9 8 ( 4 )  . i . n o t  d e t e m i n e d r ! .
0 . 0 9 8  . r . n o t  d e t e m i n e d ' t
0 . 1 0 3 ( 3 )  9 0  9 0  0

0 .  f 0 4 ( 3 )  .  ! . n o t  d e t e m i n e d . .  !

0 , 1 0 4  .  ! . n o t  d e t e m i n e d . . ,
0 . 1 2 3 ( 2 )  9 0  9 0  0

0 . 1 0 8 ( 3 )  t t t n o t d e t e m i n e d . . '

0  1 0 8  t . i n o t  d e t e m i n e d , . .
0 . 1 0 9 ( 2 )  9 0  9 0  0

0 . 0 9 7 ( 3 )  ! . t n o t  d e t e r n i n e d . ! .
0 . 0 9 7  . . t n o t  d e t e m i n e d . t '
0 . 1 1 6 ( 2 )  9 0  9 0  0

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

0 . 0 e 1 ( 2 )  2 1 ( 1 6 )  1 1 1 ( 3 )  7 0 ( 7 )
0 . 1 0 s ( 1 )  7 1 ( s )  e s ( 2 )  1 6 0 ( 3 )
0 . 1 3 6 ( 1 )  e s ( z )  2 2 ( 2 s )  8 8 ( 2 )

0 . 0 e 6 ( r )  1 2 s ( 7 )  1 0 8 ( 4 )  7 4 ( 3 )
0 . 1 0 s ( r )  1 4 1 ( 3 8 )  2 8 ( s 4 )  1 0 6 ( 1 8 )
0 . 1 1 s ( 1 )  9 3 ( 8 )  6 s ( 1 0 )  2 2 ( 4 )

0 . r 0 r ( r )  s 2 ( 8 )  s 8 ( 2 4 )  3 6 ( 3 4 )
0.103(r)  82(9) s1(27) 12s(29)
0 . r 0 s ( 1 )  8 ( e 0 )  1 2 s ( 4 4 ' )  8 4 ( 1 4 )

0 . 0 8 6 ( 2 )  9 0 ( 3 )  1 s 0 ( 6 )  8 2 ( 2 )
0 . 1 0 7 ( 1 )  3 5 ( s )  1 1 8 ( 4 )  1 2 3 ( 3 )
0 . 1 s l ( 1 )  s 7 ( i )  1 0 0 ( 1 )  3 4 ( 1 )

0 . 0 e 1 ( 2 )  1 2 3 ( 3 8 )  s ( e o )  8 6 ( 7 )
0 . o s e ( 1 )  4 3 ( 1 0 )  8 6 ( 8 )  1 1 8 ( 3 )
0 . 1 4 1 ( r )  6 s ( r )  s 2 ( 1 )  2 8 ( 1 )

0 . 1 2 8 ( 6 )  9 0  9 0  0
0 . r 4 f ( 1 0 )  . . . n o t d e t e m i n e d ! . !
0 . 1 4 1  .  . . n o t  d e t e m i n e d . .  .

0 . 1 4 7  ( 7 )  9 0  9 0  0
0 . 1 8 1 ( 1 0 )  ! . . n o t d e t e m i n e d . . r
0 . 1 8 1  . . l n o t  d e t e m i n e d . . .

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

0 . 0 8 2  ( 3 )  3 s ( 7 s )  r s s ( e 0 )  8 7 ( s )
0 . 1 2 2 ( 2 )  s 3 ( 2 )  9 6 ( 3 )  1 7 1 ( 1 )
0  2 0 L ( 2 )  r 2 s ( 2 )  1 1 4 ( 1 )  8 l ( 1 )

0.083(3) r3s(44) 103(22) 76(12)
0 . 0 8 8 ( 3 )  r 3 s ( 8 7 )  2 4 ( s 0 )  1 0 7 ( s 4 )
0 . 0 9 1 ( 2 )  s 2 ( 2 3 )  7 0 ( 3 0 )  2 3 ( 1 7 )

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

o . o 7 2 ( 9 )  7 e ( 8 )  4 i ( 3 8 )  8 7 ( 8 )
0 . 1 0 6 ( 6 )  8 0 ( s )  s 4 ( 8 )  1 7 0 ( 8 )
0 . 1 6 0 ( 6 )  1 s ( e 0 )  r 3 o Q 2 )  8 0 ( 9 )

0.080(81 22(so) 136(44) 77(18)
0 . 1 1 2 ( 6 )  7 1 ( 1 0 )  8 3 ( 8 )  1 s 2 ( 8 )
0 . 1 s 2 [ 6 )  ? s ( 4 )  4 7 ( 7 )  6 6 ( 6 )

0 . 0 8 6 ( 8 )  1 s 2 ( 1 7 )  7 s ( 7 J  6 s ( 9 )
0 . 1 2 4 ( 6 )  1 r 7 ( 1 0 )  s s ( i s )  1 4 2 ( r s )
0 . 1 4 4 ( 6 )  8 9 ( 8 )  4 0 ( 1 7 )  6 4 ( r 1 )

0 . 0 8 2 ( 3 )  9 7 ( 8 )  2 3 ( 9 0 )  8 9 ( 7 )
0 . 1 0 0 ( 2 )  6 3 ( 6 )  9 9 ( 7 )  r s 3 ( 6 )
0.117(2) 28(14) r l r(s) 63(8)

0 . 0 8 3 ( 8 )  1 3 4 ( r 1 )  E 2 ( r 3 )  4 8 ( r 0 )
0 . r O s ( 7 )  7 s ( r 3 )  i s e [ s 7 )  e 9 ( 1 3 )
0.r6r(s) 46(7) 109(6) 44(6')

0 . 8 3 ( s )

0 . 7 8 ( 3 )

o . 9 7  ( 2 )

o . 9 3  ( 2 )

0 . 8 s ( 2 )

r . 04  ( r )

r . 00 (1 )

0 . 9 0 ( I )

0 . 8 6 ( 1 )

1 . r 0 ( 1 )

l  .00  (1 )

1 . 4 8 ( 1 2 )

2.29(r5)

2 . r0 (4)

1 . 6 3 ( 3 1

0 . 6 0 ( r )

0 . s 2 ( s )

I  .10(S)

r . 1 0 ( s )

r . 1 4 ( s )

0 .E0(2)

1 .  l 8 ( s )

0(6)

0(7)

0  (8 )

P(3)

0(s )

o( r0 )

0 ( 1 1 )

0(12)

P(4)

0 . 0 8 6 ( 8 )  s 6 ( 1 8 )
0 . 1 2 s ( 6 )  1 2 s ( 1 0 )
o . r s s ( s )  r 2 7 ( 7 )

0 . 0 8 s ( 8 )  7 4 ( 1 6 )
0,1r2(7) 19(47)
0 . 1 s 0 ( s )  8 1 ( 7 )

0 . r 1 0 ( 7 )  e s ( 8 )
0 .  r 3 0 ( 6 )  1 1 6 ( 1 r )
0 . 1 7 0 ( 6 )  1 5 4 ( 1 S )

0  0 8 4 ( 3 )  8 6 ( 1 3 )
0 . 0 s 3 ( 2 )  6 ( e 0 )
o . r 0 3 ( 2 )  8 s ( r o )

0 . 0 9 4 ( 7 )  9 8 ( 1 0 )
0 . 1 1 6 ( 6 )  s 7 ( 1 4 )
0 . 1 3 8 ( 6 )  3 4 ( 3 3 )

0 . 0 8 6 ( 8 )  9 0 ( 1 3 )
0.108(6) 28(291
0 . 1 3 2 ( 6 )  6 2 { 1 3 )

0 . o s s  ( 7 )  1  ( s 0 )
0 . 1 0 s ( 7 )  8 s ( 3 1 )
0 . 1 3 4 ( 6 )  s 0 ( 7 )

0.089 (7) 46(23)
0 117(6) 49(26)
0 . i 3 2 ( 6 )  1 0 8 ( 1 6 )

0 . 0 8 3 ( 3 )  8 4 ( r 0 )
0 . 0 s 3 ( 2 )  1 4 7 ( 2 s )
0 . 1 1 7  ( 2 )  1 2 2 ( s )

0 . 0 e 9 ( 7 )  1 0 3 ( 6 )
0.149(6) 739(24)
o. 169(6) 128(22)

0.0e2(8) rs(72)
0 . 1 0 6 ( 7 )  7 s ( 2 s )
0 .  1 7 s  ( s )  1 0 2 ( 3 )

0 . 0 7 8 ( 8 )  8 2 ( 1 1 )
0 . 1 0 s ( 7 )  2 0 ( s 0 )
0 . 1 3 8 ( s )  7 2 ( 9 )

0 . 0 9 8 ( 7 )  7 1 ( 1 9 )
0 . 1 u ( 6 )  1 0 6 ( 1 1 )
0 . 1 4 9 ( 6 )  r s 4 ( 2 0 )

0 . 0 8 4 ( 3 )  1 0 6 ( 2 s )
0.088 (2) Lr7 (33)
0 . 0 9 1 ( 2 )  1 4 8 ( 9 0 )

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

0 . 0 8 4 ( 8 )  3 4 ( 1 e )
0 . 1 1 4 ( 6 )  6 0 ( 1 3 )
0 . 1 4 3 ( 6 )  ? S ( 7 )

o . o e o ( 7 )  3 2 ( 6 8 )
0 . 1 0 8 ( 6 )  s 8 ( 1 s l
0 . r 2 9 ( 6 )  r 2 1 ( 8 )

0  0 8 4 ( 8 )  e 6 ( 7 )
o .  r 1 7 ( 6 )  s 8 ( 2 s )
0 . r 2 s ( 6 )  1 7 1 ( s 0 )

0.087(3) 147(29)
0 . r 0 3 ( 2 )  1 2 2 ( 9 )
0 . 1 1 r ( 2 )  8 7 ( 8 )

0 . 0 8 6 ( 8 )  r 3 7 ( S )
0 . 1 3 2 ( 6 )  8 8 ( 7 )
0 . 1 7 2 ( 6 )  4 7 ( r 1 )

0 . 0 9 9 ( 7 )  6 3 ( 9 0 )
0 . 1 0 9 ( 7 )  4 o ( s 3 )
0 . 1 4 6 ( s )  6 3 ( 9 )

0,07s (9) r47 (s6)
0 . r 3 3 ( 6 )  s r ( 7 )
0 . 1 6 0 ( 6 )  5 7 ( 7 )

0 . 1 0 4 ( E )  3 8 ( 1 r )
0 . 1 4 6 ( s )  6 s ( 8 )
0 . 2 1 1 ( 6 )  1 1 7 ( 3 )

1 6 3 ( 6 1 )  7 3 ( 1 1 )
r o 4 ( 8 )  1 2 3 ( 7 )

8 c ( s )  3 8 ( s )

1 6 3 ( 5 2 )  7 s ( 7 )
1 0 6 ( r 7 )  1 0 3 ( 1 0 )

8 3 ( s )  l 7 ( 8 )

6 s ( 1 s )  2 6 ( 1 r )
25(32) l rs(22)
8 s ( 7 )  8 3 ( s )

3 4 ( 2 ? )  8 8 ( s )
t 2 4 ( 6 4 )  9 s ( r 8 )
s s ( 7 )  s ( 2 )

4 0 ( 1 r )  s s ( l s )
78(12) 129(14)

1 2 7  ( 2 o )  s 9 ( 2 0 )

30(2?) 87(9)
1 1 s ( 1 8 )  1 1 8 ( r 8 )
10s(8) 28(12)

121 (90) 8s(36)
s 0 ( 3 3 )  1 3 1 ( 1 s )
s s ( 1 0 )  4 r ( 1 0 )

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

4 s ( r 8 )  6 2 ( 4 )
4 s ( r 8 )  r 1 6 ( 1 4 )
92(4) 40(4)

6r (7) 30(6)
3 7 ( 2 8 )  1 1 6 ( 1 4 )

1 1 0 ( 9 )  7 8 ( s )

1 0 8 ( 2 8 )  7 s L 7 )
1 6 1 ( 6 0 )  r 0 1 ( 8 )
9 7  ( 4 )  l s ( S )

43(14) 68 (7)
1 1 8 ( r 8 )  1 1 0 ( 1 6 )
1 2 0 ( 8 )  3 1 ( 9 )

1 s 8 ( 8 4 )  7 2 ( 3 r )
r02(2r) 1s0(20)
7 4 ( 7 )  6 7 ( 1 0 )

1 3 3 ( 3 e )  8 1 ( 2 0 )
7 8 ( 3 0 )  r s 3 ( 2 8 )
46(72) 6s(s6)

128(7) 47 (s)
1 4 0 ( 9 )  1 3 0 ( 9 )
1 0 2  ( 6 )  6 s ( 6 )

8 7 ( 8 )  8 1 ( 7 )
1 3 8 ( 1 3 )  r 3 0 ( 1 4 )
131 (r2) 42(10')

1 3 9 ( 4 6 )  6 8 ( 2 s )
130(23) 123(rs)
ss(10) 41(14)

3 8 ( 1 2 )  s 9 ( 1 0 )
6 0 ( 1 7 )  r 4 9 ( r s )
69(47) 86(30)

38(26) 70(10)
1 1 1 ( 1 0 )  r 1 6 ( 1 0 )
1 2 0 ( 6 )  3 4 ( 1 4 )

so(s)  s8(6)
r3s(s)  127(7)
i3s(13) s3(11)

57 (90) 89 ( l 1)
13s(so)  121(28)
116(9)  3 r (1 r )

32(3s)  76(10)
6s(7)  156( r1 l
67  (8 )  70(8)

107 (8) s2(s)
1 < 7 a l a \  1 1 1 / A \

los  (4 )  47  (4 )

|  .27  (s )

I  . 1 3  ( s )

1 .  s2  (6 )

0 .6s  (1 )

1 . 0 8 ( s )

0 . 9 6 ( s )

r . 0 0  ( s )

r . 0 3 ( s )

0  .77  (2 )

1 .s9(6)

r . 3 2  ( s )

0 . e s ( s )

1 . 1 6 ( s )

0 . 6 r ( 1 )

1 . 4 s ( s )

1 . 0 6 ( s )

0 . 9 6  ( s )

0 . 9 8 ( s )

0  .80  ( r )

r . 4 3 [ s )

1 . 1 3 ( S )

1 . 2 9 ( s )

2 .02(7)

M ( 3 )

M(4)

M  ( s )

M ( 6 )

M ( 7 )

M ( 8 1

M  ( e )

M ( r 0 )

M (  1 1 )

N a ( r )

N a ( 2 )

N a ( 3 )

P ( 1 )

0 ( 1 )

0 ( 2 )

0 ( 3 )

0 ( 4 )

P (2)

0(s)

0(13) l l

3

o ( 1 4 )

0(1s)

o(  16)

P(s)

0(17)

o( r8 )

o( r9 )

o(20)

P(6)

0(21)

o(22)

o(23)

o(24)

r i  =  i t h . p r i n c i p a l  a x i s ,  p ; ' =  m s  m p l i t u d e ,  j i d , 6 , i b , o i e  =  a g l e s  ( d e g . )  b e t w e e n  t h e
lne equlvalen! lsotroptc themal parmoter,  Buo.,  is also I isted. Est i rated standard

i th pr i t rc ipal  axis and the cel l  des ar,  a2 ^d c.
errors in parentheses refer to the last digi t .
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Tablc 5. Fillowite: bond distances a1d engls5t

831

M(6) M ( 8 )

o u(r)  -o(z+) tu") z . zss@)  \

o  o 1 z a l ( a " ) - o , r o r { : t )  i . 0 3 0 ( 6 )

o  o i z a ;  
( a t )  - 6 1 2 4 1  ( s t )  

3 . 3 3 7  ( 7 ' )

Average 3. 184

M ( 2 )

o r l zy . .o1rz1( ' " )  2 .204(s )

e  o l r z ;  
( 2 " ) - 6 J r 7 ,  ( r t )  i . 0 3 3 ( s ) * -

o  o 1 r z l ( 2 " ) - 6 J t 7 r t : " )  5 . 1 s 8 ( 6 )

Average 3 .116

M(3)

s  
" 1 : ; - o 1 z r y  

( t " )  2 . o r e ( 3 )

s  l r1s l  -oJroy  (u t )  2 .33r (3 )

Average 2.I7s

s  o l roy  
(a" ) -61211 (s " )  2 .77s(s )

s  o l roy  (a" )  -6121,  ( r " )  2 .s70(4)* -

s  o l r o ; ( q " ) - 6 1 1 6 ; ( s " )  3 . 0 s 7 ( s ) * *

s  o lz t ;  (4 " )  -6121;  (s " )  3 .290(6)

Average 3 -023

M (4)

:  r r ( + ) - o ( z ) ( u " )  2 . 1 0 3 ( s )

s  
" q + 1 - 0 1 2 1  

( t " )  2 . 1 6 3 ( 3 )

Average 2 .L33

3 o ( 2 ) ( 1 " ) . . o ( 2 ) ( 2 " )  z . t t z 1 s 1 * *

:  o1u;  (a" )  -o , r1  tsa)  2 .826(6)* *

:  o1z1 (1" )  -o , t ,  {s ' )  z .sso1+;

s  o 1 z 1 ( 1 ' ) - o , t r [ e ' )  s . s n s 1 s l

Average 3.021

s  uJs l  -o1zo;  ( tb )

s  M(s)  -o (z )  ( " ' )

AveTage

uqe; -o1zz;  (u ' )

v(e)  -o(re)  (u ' )

v(e)  -o(z)  ( t )

nge;  -o1s;  ( t )

r " r (e)  -o(r)  ( t )

AVerage

o1r1  (s )  -eJ2r ,  tu " )

o1s1 
( t )  -611u,  {+" )

o1z1 
(3 )  -61ru ,  t r ' )

o l rey  
(a t )  -6122,  ( r t )

o l ry  
(s )  -6171 ( : )

o 1 s ;  
( I ) - 0 1 t ,  t : )

o 6 r 1  
( s )  - o q t ,  t t )

o1s1 
( t )  -6122,  { r " )

AveTage

v1z1 -o1ay ( ' )

m(z)  -o(o)  ( t )

x1z1 -01261 (s")

N1z1 -06a1 ( t )

u1z1 -oqz;  ( I )

u(z)  -o(s)  t ' )

Average

oJz ;  ( r )  -e1a,  t t )

o1z1 
(  r )  -6126,  (su)
r r 1  / R \

o ( 3 )  ' "  - o ( 8 )  " '
oJa l  

( t )  -eJ2y  (s " )

oJo ;  (z )  -61s ;  ts )

oJs ;  
( r )  -61261 (s " )

o1 : ;  ( : )  -61u;  tz )

o1+1 
( I )  -6161 {z )

o1o;  
(z )  -61261 (sa)

o1z1 
( r )  -61g;  (s )

o1a1 
( t )  -6161 ts )

o1z1 
( r )  -6131 ( : )

Average

2 .  r 1 0 ( 3 )

2 . 1 4 2 ( 3 )

2 . 1 4 7 ( 3 )

2 . 1 s 4 ( 4 )

2 . 1 7 4 ( 3 )

2  . 1 4 5

2 . 8 7 0 ( 4 ) * *  8 4 . 1 ( 1 )

2 . s 7 2 ( S )  8 7 . s ( 1 )

2 . s 7 6 ( S )  8 7 . e ( 1 )

3 . 0 3 0 ( s )  9 0 . 9 ( 1 1

3 . 1 0 3 ( s )  9 1 . 8 ( 1 )

3 . 2 S 7 ( s )  e 8 . 4 ( 1 )

3 . 3 2 3 ( s )  1 0 0 . 3 ( 1 )

3 . 7 4 7 ( s )  1 2 3 . 0 ( 1 )

3  .  1 6 0  9 5 . 5

M ( 7 )

2 . O 4 3 ( s )

2 . o 4 4 ( 3 )

2 . 1 1 9 ( 3 )

2 . 3 s 0 ( 4 )

2 . 4 0 s ( 4 )

2 . 4 4 9 ( 4 )

2 . 4 s 4 ( s ) *  6 2 . 1 ( 1 )

2 . 8 s 1 ( 4 ) * *  7 7 . 8 ( I )

2 . e 2 6 ( s ) * *  8 0 . 8 ( 1 )

2 . 9 6 9 ( s )  8 3 . 1 ( 1 )

3 . 0 0 8 ( s )  9 4 . 8 ( 1 )

3 . 0 2 s ( s )  8 2 . 8 ( 1 )

3 . r 1 s ( s )  8 7 . 3 ( i )

3 . 1 8 0 ( s )  9 2 . s ( 1 )

3 . 2 3 7  ( S )  1 0 2 .  r  ( 1 )

3 . 2 7 r ( S )  s 4 . 3 ( r )

3 . 6 8 2 ( s )  r 1 3 . 7 ( 1 )

' s . z s  i  1 1 7 . 6 ( 1 )

> 3 , t 2 2  9 0  . 7

M(a) -o(a)  ( r )

uqal  -o1rs1 ( t )

y(e)  -o(rs)  (s")

M(e) -o(zs)  (s ' )
r ! D  )

M ( 8 )  - o ( 1 2 )  '  - ' ,

r r (a)  -o(s)  ( t )

Average

o1S1 
(2)  -01r . '  {su)

o(s )  
(2 )  -o ( rs )  ( I )

oqa;  
( r )  -61rq  ts ' )

o (1s)  
( r )  -o (19)  (5a l

o1+1 
(  t )  -o1 t '  I z )

o1+1 
( i )  -o1 tn ,  ts ' )

oJrz l  
( * " )  -o , t r ,  { t )

o 1 r s l ( r ) - 6 1 r r r I s " )

o1s1 
(2 )  -61 tn ,  ts " )

o1rz l  
( * " )  -611ty  ts " )

o1+;  
(  r )  -61121 ( ra )

o{ tz ;  
( \ " ) -612. '  I s ' )

Average

2.  r30(3)

2 . 1 s 4 ( 3 )

2 .192(3)

2 .2r7  (3 )

2  2 t 9 ( 3 )

2 .279(3)

2  .198

2 . 8 3 7 ( s )  7 8 . 2 ( r )

2 . 8 9 6 ( 4 )  8 I . S ( l )

2 . 9 1 r ( S ) " *  8 4 . 1 ( 1 )

2 . s s s ( s )  8 s . 8 ( I )

3 . 0 2 ? ( 5 )  8 6 . 7 ( l )

3 . 1 6 s ( 4 )  9 4 . 2 ( r )

3 . r 8 8 ( s )  e 3 . 6 ( l )

3 . 1 e 4 ( s )  9 3 . s ( l )

3 . 2 1 r ( 4 )  9 1 . 8 ( 1 )

3 . 2 1 2 ( s )  9 3 . s ( l )

3 . 2 8 7 ( 4 )  e 8 . 2 ( l )

3 . 3 1 3 ( s )  s 6  6 ( 1 )

3 . 1 0 0  8 9 . 8

M(s)

2 . 0 7 O ( 3 )

2 .071(3)

2 . 0 s 6 ( 3 )

2 . 1 8 0 ( 3 )

2  .2s0(3)

2 , 1 4 l

Angle  (o )

8 4 . s ( 1 )

e s .  s  ( 1 )

9 0 0

8 7 . 0 ( 1 )

9 3  0 ( 1 )

9 0 . 0

7 8 . 9 ( 1 )

8 s  . 8  ( 1 )

8 l . s ( 1 )

10s .  1  (  1 )

8 8  9

7 7 . 6 ( 1 )

8 4 . 4 ( 1 )

8 7 . 6 ( 1 1

1 r 4 . 8 ( 1 )

9 1 . 1

M(s)  -o (18)  \ " - '

M(s)  -o (zz)  (u ' )

u (g)  -o (s )  ( t )

M(9)  -o ( r2 )  (4" )

u (g)  -o ( r r )  ( t " )

Average

Apica l  edges

o1r r l  
(q " )  -s1121 (+" )

o ( r1 )  
(qa)  -o (18)  (64)

o1s ;  
( l )  -6122y  (+" )

o (3)  
( r )  -o (12)  (4a l

o1r r l  
(q " )  -e1221 (u ' )

o1s1 
( I )  -611s1 (s " )

Average

Melidional edges

o ( 1 2 )  
( q a )  - o ( 1 8 )  ( 6 a )

o ( 1 8 )  
( 6 4 )  - o ( 2 2 )  ( c a )

o ( 1 2 )  
( + a )  - o ( 2 2 )  ( 4 a )

Avetage

2 . 4 6 8 ( 4 ) *  6 7 . 0 ( 1 )

2 . 8 0 0 ( 4 )  * *  7 9  , 7  ( l )

2 . 8 6 6 ( s ) * *  8 6 . 9 ( i )

s . 2 2 o ( 4 )  s 7 , 7 ( r )

3 . 3 2 ? ( s )  9 9 . 3 ( r )

3 . 3 8 0 ( 4 )  1 0 8 . 4 ( 1 )

3 . 0 1 0  8 9 . 8

3 . 4 2 8 ( s )  r o 7 . s ( 1 )

3 .677 (s )  r2s  .  2  (1 )

3 . 7 2 8 ( S )  1 2 2 .  s  ( 1 )

3  . 6 1 1  1 1 8  . 4

M(s)

2  .  os8  (3 )

2  .337 (3 )

2  .198

s  o tz ;  
(2 " )  -0 , r ,  { :e )  2 .712(s ) " "

s  o 1 z ; ( 3 4 ) - 6 g 2 s 1 ( r t )  2 . 8 s 1 ( 4 ) * *

3  o (2) (24) -o (20) (4b)  3 . r37(4)

:  o1zo1 
(qb)  -o , ro ,  (su)  

3 .376(s )

Average 3 .019

7 0 .  s ( 1 )

8 0 . 6  ( 1 )

90 .  s  (1 )

1 1 0 . 2 ( 1 )

8 8 . 2

tEst inateal standaral  errors in parentheses refer to the last digi t .  The equivalent posi t ions (refered to Table 1) are designated as superscr ipts and

a r e  ( t )  =  x , y ,  z i  ( 2 )  =  - y , * - y ,  z ;  ( 3 )  = y - x ,  - x ,  z i  U )  =  - x ,  - / ,  - z ;  ( 5 )  =  y , y - x ,  - z ;  ( 6 )  = x - y ,  x ,  - 2 .  l t e r h d b o h e d r a l  e q u i p o i n t s  a r e :  a =

2 / 3  t / 3  I / 3 i  b  =  I / 3  2 / 3  2 / 3 .

'p--1,1, x shared edges. +*M, x-+{,  X shared edges. For polyhedra a = apical ,  n = nef idional.  cont inued
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Table 5 (continued)

M (  1 0 )

Average ( inner f ive) 2,182

n  o ( 1 6 ) ( s " ) - o ( 1 s )  
( * ' )  

, s . z s  i

r  o 1 s ;  
(  I  ) - q 1 1 6 1  ( s t )  

, :  z s  i

6 0 . 8  ( 1 )

6 s  3 ( 1 )

7 4 . 8 ( l )

8 9 . 7 (  1 )

8 6 . s ( r )

8 9 . 0 ( 1 )

9 9 . 4  (  1 )

9 6 . 0 ( r )

s 9 . 0 (  1 )

9 s . 4 ( r )

1 0 4 . 3 ( 1 )

1 3 3 . 6 ( r )

1 3 s  . 4  (  1 )

8 9 . 4

1 1 9 . 3

r  6 0 . 3  (  1 )

2 . 8 6 6 ( s ) * *

2 . 8 8 9

6 s . 4  ( 1 )

6 7 . 5  r 1  l

6 6  , 4

C a - o ( 2 3 )  (  - ' l

c a - 0 1 r 1  
( s )

c a - 0 1 r 1  
(  I  )

c a - 0 1 : ;  
( l  )

c a - 0 1 6 1  
( 5  )

c a - o 1 z + 1  
( q a )

ca-o(22\ \  " l

c a - o 1 a ;  
(  s  )

Average

Ridgepole edges

o ( 3 )  
( 1 ) - o ( 2 2 )  ( q a )

o 1 + 1  
(  s )  

- o 6 2 3 ;  (  3 b )

Average

Rafter edges

o ( t ) ( I ) - o ( 3 ) ( 1 )

o 1 r 1  
( s ) - o 1 a ;  ( s )

o tzz l  
(4 " ) -o1z l1  ( ! " )

o { t 1  
( s ) - 0 1 2 2 1  ( a ' )

o 1 s ; ( r ) - 6 1 3 ; i e )

o { t ) ( r ) - o q z 3 ; ( 3 b )

o ( 4 )  
( 5 ) - o ( 8 )  ( 6 )

oJzs l  
(  3b)  -012a;  (4 ' )

Average

T ie  be f f i  edges

o 1 r ; ( r l - o , r r ( s )
o t r ; ( s l - 612a ; (u " )
o { r 1 ( s l - o 1 r r ( e )
oqr l  (  1 )  -6120, (  ut  )

Average

2.366(3)

2 . s 1 e ( 3 )

2 . s 7 0 ( 3 )

2 .s76(3)

2 . 6 7 9 ( 4 )

2 . 6 8 0 ( 5 )

2 . 7 2 2 ( 4 )

2 ,82e(4)

2 . 6 1 8

X(2) in Wyl l ie i te

2 . 3 8 0  x ( 2 ) - 0 ( 6 a )

2 . 4 1 s  x ( 2 )  - 0 ( 6 b )

2 . 4 8 s  x ( 2 )  - 0 ( 6 a )

2 . 6 0 8  x ( 2 ) - 0 ( l a )

2 . 6 1 4  x ( 2 )  _ 0 ( 6 b )

2 . 7 s 3  x ( 2 )  - o ( 3 a )

2 . 7 7 2  X ( 2 )  _ 0 ( 1 b )

3  1 0 8  x ( 2 ) - 0 ( 3 b )

2 . 6 4 2

5 5 . 3  2 . 5 o 1  0 ( l a )  - o ( r b )

7 7 . 2  2 . 8 1 1  0 ( 5 a ) - o ( 3 b )

6 6 . 3  2  - 6 5 6

s I . 0  2 . 4 s 2  0 ( 3 b ) - o ( 6 a )

s 6 . s  2 . 4 6 3  0 ( 3 a )  - 0 ( 6 b )

6 1 . 4  2 . 6 8 s  o ( 3 a ) - o ( 6 a )

5 6 . 2  2 . 7 3 r  0 ( 3 b ) - 0 ( 6 b )

6 7  . 2  2 . A 8 7  0 ( 1 b )  - o ( 6 b )
' 7 s . 4  

3 . o s s  0 ( 1 a ) - 0 ( 6 a )

8 6 . 4  3 . 4 8 7  0 ( r a ) = 0 ( 6 a )

8 9 . 4  3 . ? 9 1  0 ( 1 b ) - 0 ( 6 b )

6 7 . 9  2 . 9 4 4

7 9 . 6  3 . 1 3 6  0 ( 6 a ) - 0 ( 6 b )

8 0  , 2  3 . 2 2 1  0 ( 6 a )  - o ( 6 b )

9 7 . 6  3 . 6 6 0  0 ( 6 a ) - 0 ( 6 a )

1 0 0 . 0  3 . 8 s 4  o ( 6 b ) - 0 ( 6 b )

8 9 . 4  3 . 4 6 8

Continued

Average ap ica l 3 . 0 4 2

2 . 4 8 r ( 4 ) *

2 . 4 8 7  ( 4 ) *

2 . 4 9 1  ( s )  *

2 . 8 7 0 ( 4 )  * *

2 . 9 2 6 ( s ) * "

3  0 0 9 ( s )

3 .  1 6 8  ( S )

' s z s i
> 2 .  8 9 8

s 7 . 6 ( 1 )

s s .  I  ( r )

s4  .  s (1 )

6 6 . 3 ( 1 )

6 7  . 7  ( r )

r0s  .  1  (1 )

7 O . 2 ( 1 )

9 7  o ( 1 )

7 1  7

7 2 . 2 ( r )

8 2  . 2 ( r )

1 0 1 . 9 ( 1 )

103.8  (1 )

9 0 0

Average neridional >3,540

A x i a l  a n g t e :  o l t a ;  
( t " ) - 6 1 1 g 1  ( u " )  

=

M(r r )

a u . \v r r r l - o ( i l )  
) , i ,  2 . 0s3 (3 )

l r r r r t - o ( r3 )  
) " 1  2 .07s (3 )

M ( I 1 ) - o ( 1 s ) . " ,  2 . 0 8 s ( 3 )

u q r i l - o 1 r o 1  
( u " )  

2 . 1 4 7 ( 3 )

u 6 r r l - o 1 z r ; ( u " )  2 . 3 8 s ( 4 )

A v e r a g e  2 . 1 5 1

Apical edges

Average 3 084

3.  09s  (  s )

3 . 4 2 0 ( s )
r : .  ZS i
> 9 .  z s  i
>  3 . 5 0 4

8 2 . 4 ( 1 )

8 1 . 4 ( 1 )

7 s . 3 ( 1 )

r 0 1  . 2  ( 1 )

9 s . 0 ( 1 )

1 0 7 . 0 ( l )

9 0 . 4

Meridiotral edqes

o l r r ; ( u " ) - o1 rs1 ( t )  r . o r r 1 r ' 1  r r 3 . s ( r )
o l t o ; 10 " ) - o1 . t s ; ( 3 ) ,  : . so r1s1  114 .6 ( r )
o (10 )  \ " 4 / - o ( t  l )  ( * ' )  , s . t s  L  nz .+1 t1

A v e r a g e  > 3 . s 9 s  1 1 8 . 6

A x i a r  a n g l e ;  o ( t J )  
( 1  ) - o ( 2 I )  ( ! a )  

=  r s o . s ( t )

is the longest X-O distance for that coordination
polyhedrom and is also listed in the bond distance ta-
bles. This is followed by the next larger distance
found in fillowite's structure but not used in calcu-
lations or entered in tables which follow. If that dis-

tance involves an anion (X-O), it is italicized since it
could potentially be a coordinating anion to X. How-
ever, there exists a substantial gap between this dis-
tance and that in the preceding column, the smallest
diference being for Na(2)-O where [Na(2)-O(16)]-
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Table 5 (continued)

833

3

3

3

3

3

3

3

3

N a  ( 1 )

N a ( 1 ) - o ( r 4 ) ( r )  2 . 4 4 8 ( 4 )

n " ( : . )  - o ( r o )  ( q " )  
2 . 4 4 9 ( 4 )

A v e r a g e  2 . 4 4 9

I l r l  r < . \
0 ( r 0 ) '  

- ' - 0 ( 1 0 ) ' - - '  
3 . 0 s 7 ( s ) * *

o l r o ; ( u " ) - 6 1 r * ,  { t )  s . 3 6 7 ( s )

o l r o ; ( t ) - o 1 r o ; ( ' )  3 . 4 s s ( 6 ) . *

o 1 r o l ( 6 * ) - o 1 r + 1 ( r ) , : . z s  i
A v e r a g e  > 3 , 4 0 7

N a ( 2 )

N a ( z )  - o ( 7 )  ( 4 a )  
2 . s 6 z ( 4 )

N a ( z ) - o ( t a ) ( 1 )  2 . 6 8 3 ( 4 )

A v e r a g e  2 . 6 2 3

o J z l  
( q " ) - . , t ,  ( s ' )  

2 . 8 2 6 ( 6 ) * *

o t r + 1 ( t ) - e 1 1 a 1 ( ' )  3 . 4 s s ( 6 ) * *

o 1 z 1  
( u " ) - o , r o ,  { t )  ' s . 7 s  i

o1z1  ( " ) - e11a ;  ( t )  ' s . ; s  f r
A v e r a g e  > 3 . 4 4 5

P ( 1 )

P ( 1 ) - 0 ( 4 )  1 . s 3 3 ( 3 )

P ( r ) - 0 ( r )  r . s 3 s ( 3 )

P ( 1 ) - o ( 3 )  r . s 4 0 ( 3 )

P ( 1 ) - o ( 2 )  l . s s 2 ( 3 )

A v e r a g e  1 . 5 4 0

0 t 2 )  - 0 ( 4 )  2 . 4 s 4 ( s ) +

0 ( 1 )  - o ( 3 )  2 . 4 8 r ( 4 ) *

0 ( 1 )  - o ( 4 )  2 . 4 8 7  ( 4 ) *

0 ( 2 )  - o ( 3 )  2 . 4 s s  ( s )

0 ( 1 )  - 0 ( 2 )  2 . s 7 8 ( 4 )

0 ( 3 )  - o ( 4 )  2 . s s o ( s )

A v e r a g e  2 . 5 1 4

P ( 2 )

P ( 2 )  - 0 ( 6 )  1 .  s 2 7 ( 3 )

P ( 2 )  - 0 ( s )  1 . s 3 2 ( 3 )

P ( 2 )  - o ( 8 )  1 . s 3 7 ( 3 )

P ( 2 ) - o ( 7 )  1 . s s l ( 3 )

Average ] 537

0 ( 6 )  - o ( 7 )  2 . 4 4 4 ( 5 )

0 ( s )  - 0 ( 8 )  2 . 4 7 s ( 4 )

0 ( s )  - o ( 7 )  2 .  s 0 7  ( s )

0 ( s ) - 0 ( 6 )  2 . s 3 3 ( s )

0 ( 7 )  - 0 ( 8 )  2  .  s 4 s  ( s )

0 ( 6 )  - o ( 8 )  2 . s 4 6 ( s )

Average 2.509

p ( 3 )

P ( 3 ) - 0 ( e )  I  s 3 0 ( 3 )

P ( 3 ) - 0 ( 1 0 )  r . s s 0 ( 3 )

P ( 3 ) - o ( 1 2 )  1 . s s r ( 3 )

P ( 3 ) - 0 ( r 1 )  1 . s s 4 ( 3 )

Average 1 .546

0 ( r 1 )  - 0 ( 1 2 )  2 . 4 6 8 ( 4 ) *

o ( r 0 )  - 0 ( r 1 )  2 . s r 1 ( s )

o ( e )  - 0 ( 1 r )  2  s r 7 ( s )  *

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

o ( 9 )  - 0 ( 1 0 )  2 . s 4 e ( 4 )

0 ( 1 0 1  - o ( 1 2 )  2 .  s 6 3  ( 4 )

Average 2.524

P ( 4 )

P (4 )  -o (13)  r  .  s20(3)

P ( 4 ) - o ( 1 4 )  r . s 2 3 ( 4 )

P ( 4 ) - 0 ( r s )  1 . s 4 s ( 3 )

P ( 4 ) - 0 ( 1 6 )  1 . s s s ( 3 )

Avera8e 1.536

o ( 1 3 ) - o ( 1 6 )  2 . 4 4 s ( s ) *  1 0 s . 3 ( 2 )

0(13)  -o (14)  2  496(s )  1 r0 ,2 (2)

0(13) -o( rs )  2 .4e8(s )  109.2(2)

0(14)  -0 (16)  2 .sos(s )  r08 .e(2)

o ( l s ) - o ( 1 6 )  2 . s 3 6 ( s )  r 0 9 . 8 [ 2 )

0( r4 ) -0 (1s)  2 .s60(s )  113.2(2)

Average 2 .507 109.4

P ( s )

P ( s ) - o ( 1 7 )  1 . s 0 6 ( 3 )

P(s) -0 (20)  1 .s46(31

P ( s ) - o ( l e )  1  s 4 8 ( 3 )

P ( s )  - o ( 1 8 )  1 .  s 6 3 ( 3 )

Average 1 .541

0 ( 1 8 ) - 0 ( 1 s )  2 . 4 s 2 ( S ) *  r 0 4 . 0 ( 2 )

0 ( 1 7 ) - 0 ( 1 e )  2 . s 0 3 ( s ) *  r 1 0 . 1 ( 2 )

0(18) -o(20)  2 .s04(4)  r07  3(2)

0 ( 1 7 )  - 0 ( 1 8 )  2  s 2 1 ( s ) +  1 1 0 . 4 ( 2 )

0(17) -0(20)  2 .s49(4)  1 r3 .s (2)

0(1s) -o (20)  2 .ss4(4)  111.3(2)

Average 2 ,514 109.4

P(6)

P ( 6 ) - 0 ( 2 4 )  1 . S 1 s ( 4 )

P(6) -0 (23)  1 .s30(3)

P ( 6 ) - o ( 2 r )  1 . s 3 6 ( 3 )

P(6) -0 (22)  1 .s84(3)

Average I .s42

o(21) -o(22)  2 .476(s )  ros .0 (2)

o(22)-o(24) 2,491(s)+ 106,7(2)

o(22) -o(2s)  2 .sos(s )  ro7 . r (2 )

o ( 2 1 ) - o ( 2 3 )  2 . s 1 1 ( s )  r 1 0 . 0 ( 2 )

o(23) -o(24)  2 .s3s(s )  r r2 .S(2)

o(2r ) -o (24)  2 .s74(s )  114.s (2)

Average 2 .515 109.4

7 7 . 3 ( r )

8 6 . s ( 1 )

8 s . 8 ( 1 )

r 0 8 . 1 ( 1 )

9 0 . 5

6 6 . 9 ( 1 )

8 0 . 2 ( 1 )

9 9 . s ( r )

r 14  s ( r )
9 0 . 3

1 0 s . 4 ( 2 )

r 0 7 . 6 ( 2 )

r  08  .3  (2 )

107 6(2)

I rs .2 (2)

r 1 s . 0 ( 2 )

109 5

r ! r  l
N a ( 3 ) - o ( 9 ) '  - '

t t a ( 3 ) - o ( r 8 )  
( r )

Iva  ( : )  -O1rz1  (  5a  )

l la (s )  -o ( rs1  (  sa)

t la ( : )  -o (s )  (2 )

t la (3 )  -o ( r r )  (2 )

t l a ( : ) - o ( r z 1 { r )

Average

o(  I  7 )  
(  su  ) -o ( ts )  (  5 ' )  z  .  sos  1s1  "

o ( s ) ( ' ) - o ( r r ) ( 2 )  2 . s r 7 ( s ) -
o 1 r t l { t ) - o J r s ; ( t )  2 . s 2 1 ( s ) ,
o 1 r r l  

( 2 ) - o 1 r a ;  [ 1 )  z . 8 o o ( 4 ) + r
o J s ; ( 4 " ) - o , t r r t t )  3 . 0 0 3 ( 4 ) * *
o l r z ;  

(  r ) - o 1 1 7 1  (  5 " )  
.  o r r l r ;  " .

o ( e ) ( 2 ) - o ( 1 9 ) ( s " )  3 . 1 2 0 ( 4 ) * *

o 1 s ) ( u " ) - o , r t r { t )  J . 3 3 0 ( s ) * *

o l s y ( 2 ) - 6 1 r r r ( s " )  3 . i i o ( s ) * *

o 1 s ;  
( t * ) - o , t n ,  { s ' )  ' s . z s  i

o ( r 1 )  
( 2 ) - 0 t 1 9 )  ( s ' )  

' : . z s  i
o 1 s ) ( + " ) - o , t r r ( z )  > 3 . 7 s i

o1s)  
(q ' ) -o , r r ,  {s ' )  ' s ,zs  i

o { r z ; ( s " ) - 6 1 1 g ; ( r ) ' : . z s  i .
Average >3.20a

N a ( 3 )

2 . 3 5 7  ( 4 )

2 . 4 7 4 ( 4 )

2  . 4 8 8  (  4 )

2  .  s r 3  ( 4 )

2 . s 7 s ( 4 )

2 . 7 4 0 ( 4 )

2 . 8 3 s ( s )

l 0s  .  1  (2 )

r07 .7 (2)

1 0 8 . 8 ( 2 )

r r 1 . 8 ( 2 )

r 1 l  0 ( 2 )

112.4(2)

1 0 9  . 5

6 0  1 ( 1 )

s 6 . 4 ( 1 )

s 6 . 2  ( 1 )

6 4  . 7  ( r )

7 6 . 8 ( r )

6 s . 1  ( r )

7 s . s ( 1 )

7 s . 2 ( 1 )

8 2 . 2 ( 1 )

r 0 6 . 0  (  1 )

1 1 2 . s ( 1 )

1 0 6 . 4 ( 1 )

1 1 6 . 1 ( 1 )

1 2 0 . 4 ( 1 )

84  -4

1 0 s . 3 ( 2 )

1 0 8 . 0 ( 2 )

r09 .4(2)

r 1 0 . 8 ( 2 )

t r r .7  (2 )

r r 1 . s ( 2 )

1 0 9 . 4

[Na(2)-Ola] : 0.164. It is admitted that the cutof
for X-O bond distances is arbitrary, guided only by
suggested averages in Shanaon and Prewitt (1969).
For the Na(3) polyhedron for example, there exist
five distances between 2.36-2.584 defining a dis-
torted trigonal bipyramid but two additional dis-
tances between 2.74 and,2.84A were included result-

ing in Na(3)O, or polyhedron No. 13 of order 7 with
maximal point symmetry cdm) listed by Britton and
Dunitz (1973). This tendency toward coordination
greater than six emphasizes the problem with glaser-
ite-derived structures as discussed in some detail and
with abundant illustrations by Moore (1981).

The structure can be described in two ways, one
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Table 6. Fillowite: some characteristics ofthe nonequivalent cationsf

Aton ERN c .  N . <x-4 > Scattering Curve
Largest X-{ in

Table 5
Next Larger in

Fi  I  lowi te

M ( 1 )

Mt2)
M(3)
M(4 )

M(s)
M(6)

M(7 )

M(8 )

M(s )
M(10 )

M ( 1 1 )

N a ( r )

Na(2)

Na (3 )

Ca

P  ( 1 )

P (2)

p r< ' I

P (4)

P (s)

P (6)

5

6

o

o

l 8

1 8

l 6

t 6

1 8

l 8

A

t)

l 6

1 8

1 8

1 8

I 8

l 6

1 8

1 8

6  2 . 2 s 4  A
6  2 .204
A  )  1 1 1

6  2 . 1 3 3

6  2 . 1 9 8

s  2 . t 4 5

6  2 . 2 3 5

6  2 . t 9 8

J  Z - t 4 l

5 - 6  2 . t 8 2

J  Z . I J I

6  2 . 4 4 9

6  2 . 6 2 3

7  2 . s 6 3

8  2 . 6 1 8

4  I . 5 4 0

4  t  . 5 3 7

4  r . 5 4 6

4  r . 5 3 6

4 L54I

4  T . 5 4 2

0 . 6 2 ( 3 )  M n 2 +  +  0 . 3 8  C a 2 +

1 . 0 0  M n 2 +

1 . 0 0  F e 2 +

1 . 0 0  F e 2 +

L00  Mn2+

1 . 0 0  M n 2 +

1 .00  Mn2+

0 ,67  Fe2+  +  0 .33  l h t 2+

1 . 0 0  M n 2 +

1 .00  Mn2+

1 . 0 0  M n 2 +

0 . 9 f ( 2 )  N a I +  +  0 . 0 9  C a 2 +

0 . 9 0 ( 2 )  N a l +  +  0 . 1 0  C a 2 +

L . 0 0  N a r +

0 . 6 5 ( 1 )  C a 2 +  +  0 . 3 5  N a l +

I  . 0 0  P s +

I  . 0 0  P 5 +

1  . 0 0  P s +

1 . 0 0  P s +

1 . 0 0  P s +

I  . 0 0  P s +

M ( 1 ) - P ( 6 )  3 . s s  L

M ( 2 )  - P ( s )  3 . 6 4

M(3)  - t la [1 )  s .22

M ( 4 ) - P ( 2 )  3 . 2 0

M ( s )  - M ( 7 )  3 .  l e

M(6) -0(6)  2 .70

M(7) -0(2)  2 .82

M ( 8 )  - P ( 4 )  3 . 3 7

M ( s )  - P ( 3 )  2 . 8 r

M ( 1 0 )  - P ( s )  2 . 8 s

M ( 1 1 ) - 0 ( 1 0 )  2 , 9 8

N a ( 1 ) - 0 ( 1 3 )  3 . 1 4

N a ( 2 ) - 0 ( 1 6 )  2 . 8 4

Na(3)  -P(s )  3 .02

C a - P ( 1 J  3 . 1 6

M(1)  -o (24)

M ( 2 )  - 0 ( r 7 )

M ( 3 )  - o ( 1 0 )

M(4)  -o (2)

M(s)  -0 (2)

M ( 6 )  - o ( l )

M ( 7 ) - 0 ( 3 )

M(8)  -0 (s )

M ( e )  - o ( 1 1 )

M ( 1 0 )  - 0 ( r 3 )

M ( 1 1 )  - o ( 2 1 )

N a ( 1 )  - 0 ( 1 0 )

Na(2)  -0 (14)

Na(3)  -0 ( r7 )

ca-0 (4)

) ' ) \

2 . 2 0

Z . J J

2 . 1 6

2 . 3 4

)  1 7

2 . 4 5

2 . 2 8
) ) o

z . o L

t z a

a . q J

2 . 6 8

2 . 8 4

2 . 8 3

fHeaded as atomic label
sca t te r ing  .u* " , t . r r " i '
the structure.

equipoint rank number
in ref inement,  largest

(ERN) ,  coo rd i na t i on  number  (C .N . ) ,
X-{  d istance in Table 4,  and next

nean X-{ distance,
larger d istance in

treating the arrangement as a packing of rods, dia-
grams (Fig. la-lc) of which appeared in Moore
(1981). Figure la shows the packing of the rods as a
plan, as viewed down the [001] direction. Three dis-
tinct rods occur in the structure, illustrated by Ro-
man numerals I, II, and III. Rods I and II consist of
large cations only in the sequence ... X-X-X-X ....
These rods occur at the centers ofa hexagonal tessel-
lation {6}. At the nodes of {6}, rod III occurs with
sequence ... T-X-T-X-T-tr(l)-T-X-T-X-T-tr(2)
... where T is a tetrahedrally coordinated cation
(P'*), X a larger cation and E an ordered vacancy. As
the ratio of centers to nodes in {6'} is I :2, the solu-
tion is evidently I + II:4III or l2X + l2X:4(4X +
2D + 6T) which gives a ratio E'X*T24 or X:T : 5 : 3.
In Figure la the [6] net, drawn directly on the pro-
jected structure with enveloping circles encompass-
ing the cations in a rod, is remarkably regular sug-
gesting that fillowite's structure can be best conceived
as a hexagonal rod packing. This property makes the
rod description of so extraordinarily complex a struc-
ture appealing. In Figure lb, rod I is shown as a Pen-

Table 7. Fillowite chenical analyses and interpretationf

L i z O

N a 2 O

K z o

Cao

Mgo

Fe0

Itn0

A l z O r

P z  O s

H u o

R e n .

4 0 . 9 3

0 .  1 1

0  . 2 0
4 . 8 0

t r

1 9 . 4  r

2 6  . 5 O

tr

4 0 . 7 0

0  0 6  0 . 0 7

s . 7 4  5  4 4

4 . 0 8  3 . 6 3

9 . 3 3  9 . 6 9

3 9  . 4 2  3 9 .  5 8

5 . 9 3  5  . 9 6

3  . 5 8  5  . 3 9

4 9 . 7 6  4 7 . 7 2

- -  0 , 6 0

4 . 8  5  9 4

6 . 2  4 . 8 6

1 2 . 9  1 0 . 1 2

2 6  . 8  1 9 .  1 8

s .  l  t 2 . 3 9

- -  1  . 4 4

4 4 . 8  4 2 . 8 4

0 . 5 5

3 9 .  1 0  3 9 . 6 8  4 0  7 3

1  6 6  1 . 5 8

0  8 8  r . 0 2

T o t a l  1 0 0 . 2 7  1 0 0 , 6 9  1 0 0 . 0 0  1 0 0 . 0 0  1 0 0 . 2 8  1 0 0  6  9 8 . 0 7

Brush and Dana (1879) Remainder is quartz
'Bfrsh and Dana (1890).  Rmainder is quartz.

3cmputed analysis for t r tagCafhi i (pOqJs with calculated density
p = 3.5S0 g cn-".  Brush and Dana (1879) report  specif ic gravi ty

aConputed for Na2CaMn?*(PO{JG with calculated density p = 3.533 g m-
sFi l lowite with nuch iron. Kabi ia,  Uganala. Von Knorr ing (1963).
Renainder includes Fe203 1.98 and Si02 0.37.

6Johnsomefl i l le i te fron Livingstone (f980).  Average of three
probe analyses.

TJohnsonef l i l le i te (net i l ict)  f ron Sapucaia pegnat i te,  Brazi l .  probe
analysis by D. McKeom, atmic absorpt ion analysis by A, Davis ud
water deteminat ion (Penf ield tube) by P. B. Moore.
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M(1)+ .00 ,
M(3 )+ . r0 ,
116 ( l  )+ . t 8 ,
No(2 )  +.25,
M(4 )+ .J2 ,
M(5 )+ .40 ,
M(2 )+.50

P[6)+.05,
M( i l  )+ .13 ,
P (4 )  + .2  l ,
y(g)+.28,
P  ( r  )+ .36 ,
o  ( t  )+ .45 ,

p(5 )+.5 5,
M(7)+.63,
P(2 )+.7 t
M (r0)+.79
P(3 )+ .87
o (2 )+.96

.M(9)r
+.09.1

Fig. la. Plan ofthe cations in fillowite projected down [001]. Rod I at xJ:0,0, etc., and rod II at thc 31-screw axis l/3' l/3, etc., arc

cenfed in the hexagonal net [63]. Rod III is at the nodes of the rret. at2/9, l/9, etc., and includes all the P atoms. Atoms and heigbts in z

in the asymmehic unit are labelled. Circles are the envelopes about the cation positions.

field projection (Penfield, 1905; Moore, l98l)' a con-
venient vehicle for displaying such a structure with
insular corner-linked octahedra followed by five
face-sharing octahedra. If we fill the slots between
the face-sharing octahedral units with trigonal prisms

A the sequence is -M-A-M-M-M-M-M-A-M-A-

M-M-M-M-M-A-, or 16 polyhedra in the c-repeat'
distinct from 12 if such A were ignored. Twelve lay-
ers or twelve cations in the rod repeat appears to be
the case for fillowite, arrd c/12: 43.51/12: 3.63A is
the appropriate interlayer repeat in such glaserite de-
rived structures. Figure lc shows the sequence along
rod II as a Penfield projection and these have been
discussed earlier (Moore, 1981). Note that in this
map only the six inner oxygens are featured about Ca
(bonds Ca-O 2.37-2.684) not the remaining two Ca-
O(22) 232 and Ca-O(4) 2.83A distances. The same

applies to Na(3)Or, where the two longer distances
Na(3)-O(l l) 2.74 and Na(3)-O(17) 2.84A are not
shown in the stippled polyhedron. Rod II weaves
about the 3,-axis in the c-repeat sequence "' Ca-
M(e)-Na(3FM(8)-Ca-M(9)-Na(3)-M(8)-ca-M(9)-
Na(3)-M(8). . . .

The rod III sequence is not featured as a Penfield
projection. Its sequence, positioned at the nodes of
the {63} net, is ... P(6)-M(lI)-P(4)-M(6)-P(l)-tr(l):
P(5)-M(7)-P(2)-M(10)-P(3)-[(2) "'. All six non-
equivalent (POo) tetrahedra occur in this rod. Note
the alternating of P with M, or P with an intervening
vacancy. These are the vacancies that were counted
in the tr X*T24 enumeration as discussed earlier.

The next sequence of figures shows fillowite's
structure in more traditional projections down [001],
where the structure is taken apart into layers or
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Fig. lb. Penfeld projection of rod I in fillowite, with
circumjacent tetrahedra. The origin, shown as arrows, is O O l/2.
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Fig. lc. Pen-field projection of rod II in fillowite with
circumjacent tetrahedra. Note Ca and Na(3) are not complete
since they are actually CaOa and Na(3)O7. The polyhedra weave
about the 31-axis.



Fig.2a. Converitional prbjection ofthe slab about z:0 in fllowite. Octahedra and CaO, gable disphenoids are shown. The POa

tetrahedra are drawn as spokes. Atoms in the asymmslris unit with heights in z are lab€Ued. Inversion centers are drawn as open circles

and the 3-axes as solid triangles.

Fig. 2b. Conventional projection of the slab at z: l,zl2 showing only the larger polyhedra. Atoms in the asymmetric unit with heights
- -^  r^L^ l r^ l  l r l t \  l t l< \  la l t \  l r lo \  ^ - l  tT^ / t \  ^ - -  ^^+-L- l - ^ .  f f la \  - - ,1  l I /O\  o ra  Gr ra-nnnr r l ino fad



+0.08

Fig. 2c. Spokc diagram of tetrahedra for 2b with octahedra at 3-fold rotors retained. Atoms in the asymmstric unit with heights rn
are labelled.

Fig. 2d. Conventional projection of the slab at z = 2/l2showing only the larger polyhedra. Atoms in the asymmetric unit with heigbts
in z arc labelled. M(2) and Na(l) are octahedra, M(10) is either a distorted octahedron or, like M(11), five coordinated.
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Fig. 2e. Spoke diagram oftetrahedra for 2d with octahedra at 3-fold rotors retained. Note inversion center at l/3 2/3 l/6. Atoms in

the asymmetric unit with heights in z are labelled.

sheets. As the c-tepeat has the sequence 0/12,l/12,
2/12, ... ll/12 we need only represent the first three,
because inversion centers occur at (0 0 0) Lnd (l/3
2/3 l/6), etc., for R3. Figure 2a that -0/12 is per-
haps the most interesting. It shows M(l)O. and
M(4)O6 octahedra on 3-fold rotors with M(l) linked
to form a pinwheel array of six CaO, gable dis-
phenoids. This polyhedron has received considerable
discussion (Moore, l98l). The POo tetrahedra share
corners and edges to form an interesting sheet. Bond
distances and angles for all pertinent polyhedra ap-
pear in Table 5. TtLe gable disphenoid in fillowite is
compared directly with a similar polyhedron called
X(2) in wyllieite (Moore and Molin-Case, 1974) and
the distances and angles in both data sets compare
well. The gable disphenoidwas overlooked in the ear-
lier study so most of these calculations are new. In
fillowite, foreshortening of shared edges for the poly-
hedra are grouped toward the top of the list of edge
distances in Table 5 as all distances were arranged
according to increasing values. The distances in-
volving shared edges reflect also the neighboring

polyhedral size, in particular the small POo tetrahe-
dron.

In Figures 2b and 2c the level at z - l/12 is fea-
tured, the former showing only the larger cation
coordination polyhedra, the latter the polyhedra at (0
o - r/r2), (2/3 r/3 - r/r2), (r/3 2/3 - r/r2) wrth
the linking tetrahedra drawn as spokes. It was neoes-
sary to separate this level into two 614vings in order
to avoid hopeless clutter. The coordination numbers
of the larger cations are t6rM(3), t"tM(S), I"M(6),
'utM(7), t"'M(8), t"M(9) andt"rNa(2). The six-coordi-
nated cations are associated with distorted octahedra.
For the five-coordinated polyhedra, M(6) was drawn
as an octahedron (O(1) is below the plane of the
shading) but M(6)-O(6) 2.6994 is considered too
long even though it is drawn in. The 0(6) is the cor-
ner-link between M(6) and M(7). In following dis-
cussions, this bond will be ignored, and M(6) is con-
sidered a distorted square pyramid. M(9) appears to
be closer to a trigonal bipyramid and the bond dis-
tances are arrayed accordingly in Table 5, with six
apical edges, three meridional edges and an axial

0  (18 )
+0.22

0 { l s )
+0.?2
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Table 8. Fillowite: electrostatic valence balance ofcations and anionst

Coord ina t ing  Cat ions

h i o n s  M ( 1 )  M ( 2 )  M ( 3 )  M ( 4 )  M ( s )  M ( 6 )  i l ( 7 )  M ( 8 )  M ( s )  x ( 1 0 )  M ( t r )  c a  N a ( 1 )  N a ( 2 )  N a ( 3 )  p ( 1 )  p ( 2 )  p ( s )  p ( 4 )  p ( s )  p ( 6 )  A p o

o(3)

o(2)

o  (4 )

0 ( e )

1  - - - - -  - - - - -  - - - - -  - - - - -  - 0  1 7

o ( 1 2 )

o(1s) 
- : :__ :_:__ : - :__ _: : :_ __:__ : :___ _-__--_ _. ,oon: : : :_ ____: _.1u,  _____ _--__ ____: : : :_:  : : - :_ ___: :  : :_: -  _. lon __: : :  l l : : l  

-0.0,

0 ( 1 6 )  
- - - - :  : - - - :  : - : - -  : : - - -  _ _ : _ :  _ . ; 0 3  _ _ _ _ :  : _ : _ _  _ _ : _ _  _ . ; , ,  : _ _ - _  : : - : :  : _ : - :  : _ : _ _  : : _ _ _  _ : : : :  _ : _ : _  : _ _ _ :  , . 1 r ,  _ _ _ _ _ : : : : : . o . o '

o ( 1 7 )

0 ( r 8 )

0 ( 1 9 )

0 (201

0  ( 2 1 )

o(22)

- 0 . 0 2

+ 0 . 3 0

o ( 2 3 )  
- : - - - : - : - :  _ _ _ : :  _ : _ : _  _ _ _ _ _ : : : _ :  _ _ _ : _  - . ; , n : : - _ :  _ _ _ _ _  _ _ - _ _ . _ . t , , _ : _ _ _ : - _ _ _  _ _ _ _ : : : _ : : : : : _ : : : _ _ _  _ : _ : : : : : : :  _ . 0 , r - 0 . , ,

lA bond length deviation refers to the polyhedral average subtracteal from the indiviilual bonal distance. The Apo = deviations of electTostatic
bond s t rength  sm f ron  n4 t ra l i t y  (po  =  2 .oo  e .s .u . ) .  Bond length  dev ia t ions  uh ich  conforn  to  Apo are  i ta l i c ized .
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Table 9. Fillowite: calculated and observed powder pattemst

I  (ca lc )  d  (ca lc ) I  (obs) d (obs)

2d. M(ll) appears to be a distorted trigonal bipyra-
mid. The geometry of the Na(3)O' polyhedron is dif-
ficult to define. Initially, t'rNa(3) was selected as a
distorted trigonal bipyramid but with two additional
bonds as mentioned before it becomes Na(3)O'.
Beyond this is a Na(3)-P(5) distance (Table 6) so an
upper limit of seven coordination appears reason-
able. The polyhedron shares edges with equivalent
polyhedra and edges with the central M(2)O6 octahe-
dron.

Bond distances and angles

In such an elephantine structure as fillowite, bond
distance and angle tabulations are long and tedious
as borne out by Table 5. The distances were deliber-
ately listed as increasing values for each polyhedron
and when the polyhedron possessed more than one
orbit (equivalence class), the edges were partitioned
into the appropriate classes. For example, in the trig-
onal bipyram.id, apical edges and meridional edges
constitute the two categories. For the gable dis'
phenoid, three orbits exist, defining the ridge pole

edges, rafter edges and tie beam edges, terms pre-
viously used by Moore (1981). For a more complex
polyhedron of low symmetry (such as Na(3)O'), no
distinction was made.

Several interesting properties can be noted in
Table 5. In rod I, the sequences of face-sharing
octahedra ... M(3)-Na(l)-Na(2)-M(4)-M(5) "' are
expected to show considerable distortion at the
terminal M(3) and M(5) octahedra due to the cation-
cation repulsion effects. We would expect the termi-
nal O.-M-O'" angle to widen and the opposing Oo-
M-O'o to foreshorten. This a rather pronounced ef-
fect in fillowite, with O(20)-M(5)-O(20)' 110.2" and
O(21)-M(3)-O(21)' l09.lo for the terminal angles.
The opposing angles toward the face-sharing direc-
tion, are O(2)-M(5)-O(2)' 70.9" and O(10)-M(3)-
O(10)' 81.9", the more pronounced effect fsing asso-
ciated with M(5) which shares a face with another
divalent octahedron, M(4). The M(3) terminal oc-
tahedron shares its face with Na(l) and the efect is
therefore less pronounced.

Another important effect is the foreshortsning of
shared polyhedral edges, which tend to occur at the
top of the entries in Table 5. Most noticeable perhaps
is Na(3): of fourteen edges listed, the first nine all in-
volve shared edges and within these, the first three
correspond to edges shared with tetrahedra,

Another interesting feature is that meridional
edges tend not to be shared among the trigonal bi-
pyramids. Of the seven shared edges listed, only

7
30
1 7

1 0
T 7

I I
o

7
38
l4
18
40
T 2
9
5

7
20
4 J

7

7
5

2 L
3 T
1 2

100
5
U
b

59
7

23
6
5

8
7
8
I
J

003
012
104
006
202
024
1 1 6

214
t  a J

J U J

306
zz5
0 0 . 1 2
5 t z
r34
z z o
2 1 . 1 0
309
404
0 1 . 1 4
232
229
z a A

410

413
20.r4
1 3 . 1 0
J U .  L '

3 1 . 1 1
416
t 2 . I 4
J J U

336
z t . t o
J I . I S

L > Z

431
5 4 2

5 J . I Z

2 2 . r 8
5 0 .  1 4

14.  s03
1 1 . 3 0 6
8 .403

O . J J I

5 . b 5 J

5 .260

4 . 5 4 )

+ . J J /

4 . Z Z l

3 . 7 6 9
3 . 6 9 4
3 . 6 2 6
3 .  6 I 9
3 . 4 7 8
3 . 3 8 0
5 . 2 6 J

3 .  1 6 5
3 . 0 2 5
3 . 0 0 7
? aa7
)  q )a

2  . 8 8 8
2 .867
z  - 6 5 2
,  R l 1

2 . 8 0 5
2 . 8 0 1
2 . 6 9 0
2 . 6 8 3
2 . 6 4 0
2 . 5 4 7
)  L q 1

2 . 4 0 3
2 . 3 8 9

2 . r 7 3
Z .  I O J

2.084
2 . 0 4 3
2  . 0 1 5

1 1 . 4 3 8
8 . 4 9 2
l . J r z

6 . 3 6 5
5 . 6 9 0
q  ? R R

5 .  1 5 8
4 .  ) O J

+ . J O /

4 . 2 5 2
3 . 7 8 9
J .  /  l o

3 . 6 4 0

3 . 4 9 2

J . Z J +

7  1 7 )

?  n ? q

3 . 0 t 7

2 . 9 3 s
2  . 8 9 6
2 . 8 7 3
2 . 8 4 3

2 . 8 1 4

)  A O )

z . o q l

2 . 5 0 0
2 . 4 0 8
?  ? a n

z . J o t

2 . t 6

2 . 1 0
2 , 0 4
2 . 0 1

J )

2 0
)
J

10
l 0
5

1 0
5

4 0

65

1 0
10

1 0

10
7 0

l 0
1 0

l 0

100

t 0

l 0
60

5
10
5

1 0

20

5
5
5

tCalculations based on FeKd radiation and
paraneters in Table 1. The obsewed data are

fron Fisher (1965).  His observed intensi t ies
a re  x10 .

angle given. The bridging POn tetrahedra are labelled
according to their coordinates in Table 1.

In Figures 2d and 2e are the coordination poly-
hedra at z - 2/l2.In Figure 2d, there are the t"tM(2),
FrM(10), tsrM(ll), t6tNa(l) and I'rNa(3) polyhedra.
M(2) and Na(l) reside in distorted octahedra. The
coordination of M(10), like that of M(6) as noted, is
problematical. The M(10)-O(13) 2.684 bond is per-
haps too long as the average for the inner five bonds
is 2.182A. Therefore in Table 5, the M(10)-O bonds
were fisted both as an octahedral model and as a trig-
onal bipyramidal model. The O(13) site is the one
immediately below the M(10) designation in Figure



ARAKI AND MOORE: FILLOWITE: CRYSTAL STRUCTURE

one---O(9)-O(l9fis a meridional edge. This is also
noticed for the CaO, polyhedron: both ridge pole
edges, five of the eight rafter edges and none of the
four tie beam edges are shared. The tie beam edges
are much like the meridional edges in the trigonal bi-
pyramid.

Electrostatic valence balance calculations of cat-
ions about anions appear in Table 8. Of the 84 dis-
tinct entries, 49 conform in their distance deviations
with the net electrostatic deviations from neutrality.
The remaining 35 contradictions are largely com-
pensated by trends in the opposite direction. The
most pronounced deviation is Apo : -0.42 for 0(6).
Here the distance contractions from the polyhedral
average are particularly noticeable.

When a structure is known and reasonably well-re-
fined it is advantageous to calculate a powder diffrac-
tion pattern directly from the pertinent structure cell
parameters. Such a calculation appears in Table 9,
and is compared with the results of Fisher (1965) for
fillowite from the type locality. The agreement is ex-
cellent, the only obvious advantage to the calculated
data being found in the correct choice of Miller in-
dices.
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