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ABsrRAcr

The crystal structure of morinite, Ca:Na[AlzFe-
(OHXH?O),(POI),f, a 9.454(3\, b 10.692(4), c
5.444Q)4, p 105.46(2)", V 530.384s, Z=2, space
Eroup P2t/m, has been solved by Patterson and
Fourier methods and refined by a full-matrix least-
squares method to an R index of 2.8Vo f.or 1095
observed (3o) reflections. Equivalent Ca(HsO) FgOr
polyhedra aro fused by face-sharing across the
mirror plane, and these doublets are repeated by
the 21 operation to form a staggered edge-sharing
chain parallel to the D axis. Chain linkage occurs
through an NaFOr trigonal bipyramid and an
lAlrF4(OH) (HrO) r(PO4) rl polyhedral cluster. This
cluster contains a dimer of corner-sharing octa-
hedra IALFa(OH)(HrO)rOe] further linked by two
(POa) tetrahedra. This is the first reported occur-
rence of an unpolymerized cluster, [MyO?XO);,
where M is an octahedrally coordinated cation,
X a tetrahedrally coordinated cation, and d an
unspecified anion. The structures of several com-
plex transition metal phosphates are based on
tho polymerization of a topologically identical
cluster, whose persistence in low-tem,perature sec-
ondary phosphates suggests that it, or a major
fragment of it, is an important complex in low-
tempetature aqueous pegmatitic fluids.

SoMlrerns

La structure de la morinite CagNalAlrFn(OH)-
(HrO)r(PO.r)rl est 6tablie dans F2t/m, par la m6-
thode Patterson et les sEries de Fourier, pour la
maille a 9.454(3), b 10.692(4\, c 5.444Q)L, p
L05,46(2\', avea Z = 2. L'affioement par moiudres
carr6s, i matrice complete, laisse un r6sidu R =
C.028 pour 1095 r6flexions observ6es (3o). Deux
polyddres Ca(HzO)FrOr sont 6quivalents par 16-
flexion dans un miroir contenant une face qui leur
e:t commune; l'axe 2t les r6pdte en quinconce avec
ar6te partag6e, le long d'une chaine paralldle i
,t0101. La liaison intercatdne est assur6e par une
dipyramide trigonale NaFe2Os et un groupement
poly6drique [AlrF4(OH) (Hzo) 

"(POn) 
J. Ce dernier

est constitu6 par un dimdre [AI"Fa(OHXHTO)'O4]
comprenant deux octaddres unis par un sommet et
reli6s en plus par deux t6tra0dres POr. C'est la pre-
midre fois qu'on rencontre un gf,oupe \M20?(XO)21
qui ne soit pas polym6ris€; ici, M occupe une posi-
tion octaddrique, X une position t6tra6drique, et d
repr€sente un groupement anionique quelconque.
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Plusieurs phosphates des m6taux de transition ont
leur $tructure fond6e sur la polym6risation d'un
groupe topologiquement identique, dont la persis-
tance parmi les phosphates secondaires de basse
temp6rature est un signe de son importance dans
les fluides pegmatitiques aqueux.

Cfraduit Par la R6daction)

INTRoDUcTIoN

Morinite, a rare hydrother'mal hydrous fluoro-
phosphate,'is found in association with monte-
brasite, apatite, augelite and wardite in peg-
matitic environments. The few available chem-
ical analyses are summarized by Fisher &
Runner (1958) and Fisher (1960), who pro-
posed the chemical formula CaNarAln(POu)n-
(OH,Fs*):(5-r)HrO, with.r - LYz. From pre-
cession and Weissenberg photographs, Fisher &
Runner (1958) determined the unit cell and
showed the space group to be PZt or P2r/ mi in
addition, crystal morphology suggested that it
was centric. Howevern Fisher (1960) indicated
that prelimary results of a structural analysis
of morinite showed it to be non-centric.

The current study was prompted by the re-
cent work on the structure of whitlockite (Gopal
& Calvo 1972, Gopal et al. 1974, Kostiner &
Rea 1976) and on its relation to the structures
of apatite and the large-cation arsenates, phos-
phates, vanadates and sulfates (Gopal & Calvo
197L, 1973; Dickens et al, L973, Moore 1973'
L976). Extensive heating exp€riment$ on mori-
nite (Fisher 1960) showed that it transfor'ms
to the apatite structure a1 - 4O0"C and to
ths whitlockite structure at - 800"C. Knowl-
edge of the morinite structure hopefully will
aid in the interpretation of these transforma-
tions.

ExPnnrlrnrqrel

Single-crystal X-ray precession photographs
exhibit monoclinic symmetry with systematic
absences Ok}, k=2n*1, consistent with space
groups P2t/ m and. P2'. Cell dimensions were
determined by least-squares refinement of 15
reflections automatically aligned on a 4-circle
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diffractometer. The values obtained, a 9,454(3),
b 10.692(4), c 5.444(2)4, g 105.46(2)., agree
closely with those obtained bv Fisher & Runner
( r e58)

An equidimensional fragment of - 0.10 mm
diameter was used to collect the intensitv dam
according to the experimental method of Hu*-
thorne & Grundy (L976). Two standard re-
flections were monitored every 50 reflections;
no significant change in their intensities was
observed during the data collection. A total
of. L252 reflections was measured over one
asymetric unit to a maximum 20 of 6O" (sinl/
I = 0.704). The data were corrected for
Lorentz, polarization and background effects
and reduced to structure factors. No absorp-
tion corrections were performed as preliminary
calculations showed them to be negligible for
thio crystal (fr, - 16.8 cmo). A reflection was
considered as observed if its magnitude ex-
ceeded that of three standard deviations based
on counting statistics. Of the 1252 unique re-
flections, 1,095 were classed as observed.

Srnuctuns SorutroN eNp REnrNevrnNr

Scattering curves for neutral atoms were
taken from Cromer & Mann (1968), with
anomalous dispersion coefficients from Cromer
& Liberman (1970). R indices are of the form
given in Table 1 and are expressed as per-
centages.

The three-dimensional Patterson synthesis,
P(uvw), showed that most atoms are situated
at y - '+ Yc. A solution was found for two
atoms in general positions, initially assigned
as Ca and P. Elimination of Ca-{a, P-P and
Ca-P vectors allowed the location of two more
atoms situated on the mirror plane at y : y4i
the vector intensities now indicated that P

TABLE I. MISCELLANEOUS INFORMTION

TABLE 2. ATOI.IIC POSITIONS AI{D EQUIVALENT ISOTROPIC
TEMPEMTURE FACTORS FOR I,IORII{ITE

0.2400( l  )  0.65( l  )
0.7733(2) 0.49(2)
0.2083(4) 1.29(3)
0 .37 r  5 (2 )  0 .43 (2 )
0.6415(2) 0.48(2)
0.0854(6) 0.77(5)
0.8e62(6) 0.62(5)
0.76s0(6) 0.74(5)
0.3535(6) 0.e0(5)
0.5248(6) 0.74(5)
0.  r304(4) 0.73(4)
0.7346(4) 0.78(4)
0.4416(4) 0.63(3)
0.8605(3) 0.76(3)
0.33e2(3) 0.80(3)
0 .985 (13 )  l . 0 r
0 .162 (9 )  . l . 0 *

0 .218 (9 )  l . o r
'fixed 

during refinenent

occupied the . two special positions and Al oc-
cupied a general position. -This model yielded
an R index (Table l) of 37Vo. Subsequent
difierenco Fourier synthesis located all the re-
maining non-hydrogen atoms. Full-matrix least-
squares refinement of all positional variables
with isotropic temperature factors fixed at
1.5A' and all anions considered as oxygen con-
verged to an R index of 1l.5%o. By inclusion
of variable isotropic temperature factors, the
refinement converged to an R index of. 4.9Vo.
The isotropic ternperature factors fo,r two
anions were - 0.0A' as compared to 0.7-1.1A,

TABLE 3. ANIS0TR0PIC TEI'|PERATURE FACToRS (rlo4)

Fn 0zz B$ 0v 0n 1rt

t82)l v .

Ca 0.145?l  (7)
A1 0.2576( l  )
Na 0.6885(2)
P ( l )  0 . 0438 ( l )
P (2 )  0 .5087 (  l  )
0 ( l )  0 . e69e (3 )
o(2) 0.2287(3)
o(3) 0.6754(3)
0(4) 0.4748(4)
0 ( s )  0 .e2e2 (3 )
0(6) 0.3554(2)
0(7) 0.44?3(2)
0 (8 )  0 .1433 (2 )
F ( r  )  0 . 0e68 (2 )
F (2 )  0 .71  50 (2 )
H ( l )  0 .  r 6e (8 )
H (2 )  0 .426 (5 )
H (2 )  0 .382 (5 )

0.58288(6)
0.4a62(])

1/4
1 /4
1/4

t /4
1/4
1/4
t /4
1/4

0.04r e(2 )
o.r34o(2)
0. r 320(2 )
0.0328(2)
0.0587 (2 )

1 /4
o.  ee2 (5 )
0 .  i l ? (5 )

Space Group

e.454(3 )f l
10.6e2(4J
5.4M(2)

r 05.45 ( 2) o

530.4( l  )
P\/n

d

D

p
v

R=f,I l%l - lFcly'xlFol
a*=ff,,r lr"l- lLl ),/t .F,"f k,

Crystai  s ize -O. l0nn

Rad/l''lono t\olc
rotat no. or lrol vsz
No. of lFol > 30- l0e5
Final R (obs. data) 2.8%
Final R"(obs. data) 3.2%

ca  l 5 ( l  )  l 4 ( l  )  75 (? )  - 2 ( l  )  l l  ( t  )  - 6 ( l  )
A r  i l ( 1 )  e ( l )  6 6 ( 3 )  l ( r )  l l ( l )  l ( l )
Na 47(2) ts(?)  132(7) 0 2 l (3)  0
P ( l )  l l ( t )  e ( l )  5 0 ( 4 )  0  e ( 2 )  0
P ( 2 )  e ( l )  l l ( t )  6 1 ( 4 )  0  e ( 2 )  0
0 ( r )  2 l ( 4 )  l 7 ( 3 )  6 4 ( l l )  0  - l ( 5 )  0
0 (2 )  r 7 (3 )  l l  ( 3 )  8 r  ( l l  )  0  22 (5 )  0
0 (3 )  8 (3 )  l 5 (3 )  l  14 (12 )  0  7 (5 )  0
0 (4 )  28 (4 )  r e (3 )  87 ( l l  )  0  l 5 (5 )  0
0 (5 )  l 5 (3 )  20 (3 )  84 (11  )  0  23 (5 )  0
0 (6 )  16 (2 )  16 (2 )  84 (7 )  5 (2 )  8 (2 )  2 (3 )
0 (7 )  r 5 ( z )  l a (2 )  t l e (8 )  1 (2 )  22 (3 )  s (3 )
0 (8 )  l e (2 )  1 l  ( 2 )  66 (7 )  2 (2 )  7 (3 )  I  ( 3 )
F ( l )  l 4 ( 2 )  r e ( 2 )  e l ( 6 )  - 5 ( l )  l s ( 3 )  3 ( 3 )
F (z r  25 (2 )  n (2 )  e7 (6 )  3 ( l )  1 r ( 3 )  - l ( 3 )

Uni t  cel  l  contents 2 [caznaAl2F4(0H)(H20)2(p04)Zl

Tsnperature factor fonn used: *o f - * in ,n*P, l
L i=t  i= t  ,1

w=l
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rABLE 4. TNTERAToMIc DrsrANcEs (8) nno RmeiEs (o) m
I' lORINITE

0( l  ) -ca-o(5
0(s )-ca-o(3
0(3  ) -ca-F(2
F( 2 )-ca-0(6
0(6)-ca-0(8
0(8) -ca-F( I
F( l  )-ca-F(l
F ( l  ) ' -Ca-O(
<0, F-Ca-0,F

o( r  ) -o (5)
o( 5) -o(3 )
o(3  )  -F(2  )
F(2)  -o (6)
0(6  ) -0 (8)
o(8) -F( r  )
F ( r  ) - F ( 1  ) '
F(r )  , -0( ' r  )
<0,F-0,F >

HYdrogen bonds
0.84(7)
2 . 1 0 ( 7 I  o ( 2 ) - H ( r ) - o ( r )
2.8e8(5)
0 .83{  5  )
n  a o f R l

i : ; o i ; j  H (z ) -o (6 ) -H (3 )
1 .82 (s )  o (6 ) -H (2 ) -o (7 )
r . 77 (5 )  o (6 ) -H (3 ) -o (4 )
2.64r  (3)
2. 638( 3)

2 ) - H ( 1
r ) -o ( r
2)-0(  r
6)-H(2
6) -H(3
3)  -H(2
2)-0(7
3)  -o (4
6)  -o (7
6) -o(4

90
90

0 ( 2 ) - 0 ( 6 )  2 . 6 8 1  ( 3 )  0 ( 2 ) - A r - 0 ( 6 )
o(2) -o (7)  2 .704(41 o(2) -Ar -o(7)
0(2) -o (8)  2 .702(4)  o (2) -Ar -o(8)
0(2) -F(1  )  2 .616(2 \  o (2) -Ar  -F( r  )
o (6) -o (7)  2 .680(3)  o (6) -A t -o (7)
o(6) -F( r  )  2 .4ee(31 o(6) -Ar -F( r  )
o (6) -F(2)  2 .688(3)  o (6) -Ar  -F(2)
o(7) -o (8)  2 .858(3)  o (7) -Ar -o(8)
o(7) -F(2)  2 .  s08(3)  o (7) -Ar  -F(2)
o(8) -F( r  )  2 .654(3)  o (8) -Ar  -F( r  )
o (8) -F(2)  2 .5s2(3)  o (8) -Ar -F(2)
F ( l ) - F ( 2 )  2 . 5 1 7 ( 3 )  F ( r ) - A r - F ( 2 )
(o,F-0,F> 2.638 <o,F-Al-o,F)

ca-o(1 )
ca-0( 3)
ca-0( s )
ca-0( 6 )
ca-0(8)
Ca-F(1 )
Ca-F( l  )  '
a a - F I ) \

(ca-o,r)

2.545(2)
2:486(2)
2 .408 (  2  )
2.5e1 (2)
2.s45(2)
2 . 2 7 2 ( 2 )
2.344(2)
2.334(2)
2 .438

2.383 (4 )
2 .359(4)
2.463(4)
2.1s6(2)
2. 303

2.972(5)
3 .025 (4 )
3 .  r85(3)
3 .30e(3)
3 .  r  03(3  )
3 .2s2  (  3 )
2 . 7 6 2 ( 3 )
3 . 0 1 6  ( 3  )
3;078-

7 3 . 7  ( 1 )
76 .7  (11
83. ' r  (1 )
84.2( t  )

78.3

74.3(  r  )
83.3(r  )
7 3 . 5 ( r )
77 .30  )

P ( r ) - 0 ( r )  1 . s 2 8 ( 3 )
P ( r  ) - 0 ( s )  r . 534 (3 )

ifih:8i)x'z iifiP

o(3)  -0(4)
o(3)-o(5)
o(4)  -o(5)

<0-0)
0(3)-F(2)  x2
0(a)-F(2)  x2
0(5)-F(2)  x2

<0-F>

P(l ) tetrahedron
2 . 5 2 1 ( 4 )  o ( 1 ) - P ( r ) - o ( 5 )
2 . 5 1 e ( 3 )  0 ( l ) - P ( l ) - 0 ( 8 )  x 2
2.526(3)  0 (5) -P(1) -0 (8)  xz
2 . 5 2 0 ( 5 )  0 ( 8 ) - P ( r ) - 0 ( 8 )
2.522 <o-P(r )-o>

P(2) tetrahedron
2.521(5)  o (3) -P(2) -o (4)
2 . 4 e 8 ( 3 )  0 ( s ) - P ( 2 ) - 0 ( 7 ) x 2
2 . 5 1 2 ( 4 )  0 ( a ) - e ( z ) - o ( 7 ) x 2
2 . 4 7 7 ( 5 \  o ( 7 ) - P ( 2 ) - o ( 7 )
2.503 (o-P(2)-o>

Al octahedron

r . 54 r  (3 )
r . 514 (3 )'r .53e(2)

1 .8M(2 )
r . ee6 (2 )' r .862(2)
1.886(2)' r .830(2)
1.782(2\
I .867

Na triqonal bipyramid
4.135(4)  o (3) - r , ra -o(a)
4 .1e3(3)  0 (3) - l , la -0 (5)
4 . ls l  (3 )  0 (a) -Na-0(5)
4.160 (o-Ha-o)

3 . 6 6 8 ( 3 )  0 ( 3 ) - N a - F ( 2 ) x 2
3 . 0 7 2 ( 3 )  0 ( a ) - N a - F ( 2 ) x 2
2.866(3)  0 (5) -Na-F(2)x2
3.?02 (0-Na-F)

F(2) -Na-F(2) '

TABLE 5. VIBRATION ELLIPSOIDS

Na-0( 3 )
Na-0(4)
Na-o(5) .
l la-F(2) x2

(na-o,F)

P(2  ) -o (  3 )
P(  2  )  -0 (4)
P(z)-0(7) x2
(P(2) -0 )

Ar -o(2)
Al  -o (6)
A l  -o (7)
A l  -o (8)
Ar-F( 'r  )
Al  -F(2)
(nt-o,r)

Ca square antiPrJsm
0(5) -F(2)  2 .s66(3)  0 (5) -ca-F(2)
F(2) -0 (8)  2 .5s2(3)  F(2) -ca-o(8)
0(8) -F( l  )  2 .ee5(3)  0 (8) -ca-F(1)
F ( l ) - 0 ( s )  3 . 1 1 2 ( 3 )  F ( l ) - c a - 0 ( 5 )
0 ( l ) - F ( l ) '  3 . 1 1 4 ( 2 )  0 ( l ) - c a - F ( l ) '
F ( l  ) -0 (6)  2 .4ee(3)  F( l  ) . ' - ca-O(6)
0 ( 6 ) - 0 ( 3 )  3 . 1 e 5 ( 3 )  0 ( 6 ) - c a - o ( 3 )
0(3) -0 ( l  )  2 .867(4)  0 (3) -ca-o(1  |(o-F-o,F) ZW <o,F-ca-o,F>

r 6r (7)

l 0e(4)
124(2)'r  65(4)

o(r )-o(5)
0( l  )-0(8) xz
0(5)-0(8)  x2
o(8)  -o(8)

<0_0)

o(3)  -0(4)
0(3)-0(7)  x2
0(4)-0(7)  x2
o(  7)  -o(7 )

(o-o)

r  r  o .  e (2)
r 0e.4( r  )
r  oe .6( r  )
107.e(2)
1 0 9 . 5

i l r . 2 ( ' r  )' r08.4(r )
i l0 .8(r  )
r07.2(2)
I  09 .5

1 s(7)o
7.2(7)
8e (2)

26(r3)
n  6 ( r  3 )
87(4)
on

87(33)
3(33)
7(8)

90
83(8)

n l t \

90
e0( s)
53( l  2)
90

143 ( r2 )
20(e)
90
70( e)
l r  ( 5 )
90'r 0l (5)
on

1 55(7r )
65 (7r )
r8(8)
90
72(5\
34(e)' r  20(12)

104(r6)
6( l  0)

86( l  6)
85(4)

11e ( r6 )
l 34(32)
122(33)
22(5)

r  l0(6)
ee(9)

73 (6)o
r 46(5)
I  l 8 ( 3 )
' l r  6(r  3)
154(r3)
87 (5)

0
90
90
90

90
90
0

90
90
0

90
90
0

90
90
0

90

90
0

90
r 2r (e)
r4e(e)
90(27)
s7( 1 6)

r7r (7)
8 l  (6 )

30(r8)
1 r8(r e)
99(23)

97(4)o
l2 l  (4)
32(3)

105(4)
7e(6)
I  e(4)
qn

167(33)'r 03( 33)
1 r  2(8)
90
22(8)

r05(5)
90
I  5 ( s )
5?(12)
90
37 (121

r25(e)
90
35(e)
e4(5)
90
4 (5 )

90
4e(7r )
4 l  (7r  )

r 24(8)
90
34( 5)

.  e l  (7)
8e(30)
l ( r 6 )

rn (4)
83(s)
, r l  A \

eo( 14)
r r 0(3e)
20( 39)

R,ll.S. Angle to Angle to Angle to
DisDlacercnt a-axls b-axls c-axis

88.4(r  )
e3.7 (1 )
e 2 . 8 ( r )
eo.8(r  )

0.076(2)8
Ca 0.088(?)

0,  I  06( l  )
0.063 (3)

A1 0.073(3)
0.0e6(2)
o.  r  04(5)

lla 0.136(4)
0.r41 (4)

0.066(4)
P(r  )  0,071 (4)

0.084( 3)
0.060(4)

P(2) 0.078(3)
0.092 (3 )
0.083(9)

o(r  )  o.oe8(8)
0 .  I  r  2 (7 )
0.068(I l  )

0(2)  0.081 (9)
0 .1  r  0 (  7 )
0.057 ( 1 2)

o(3)  o.oe3(8)
0. ' r  28(6 )
o.  l  04(8)

o(4)  o. l06(7)
0 . l  l  l  ( 7 )

0.061 (12)
o (5 )  o . r 08 (8 )

0.'t't2(71
0.072(7 )

0 (6 )  0 . r 02 (6 )
0.  r ' r  o(  5)
0.070( 7)

o(7)  o.o8e(6)
0.  1 30(4 )
0,077 (7)

0(8)  o.oez(6)
0.098( 5)
0,064(6)

F ( r )  0 . r 07 (4 )
0.  r  I  5(4)
0.07i  (6)

F (2 )  0 .104 (4 )
0. ' l  18(4 )

87. e(r )
8 r . 4 ( r )
eo.5( I  )
ee .4(  r  )
8 7 . 0 ( l  )
e ] . 2 ( r )
8 8 . r ( r )
88.4(1)
9 0 . 0

121 .4 (1  )'|1e.8( r )' r  r8 .8(  l  )
I  20.0
r07 .7 ( r  )
85 .7 ( r  )
76.4(1 )
89 .9

r42.7( r  )

74.3 ( r  )
62.  e(1 )

68(5) r08(4)
3e(20) l  l  5(23)
5e(22) 3l (2)

ro7 (8 )  r i ( 8 )  85 (5 )
]s3( i l  )  106(8) s6(12)
l r 0 (12 )  e6 (6 )  8 ( ' r 0 )

for the remaining anions. A bond-strength cal-
culation was carried out at this stage, using

76.7 (l',|
83.3( ' l  )
7e.o(r )
60.6(1  )
7 8 . 3  ( r  )
6 9 . 8 ( r  )
7 3 . 1
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the bond-strength curves of Brown & Wu
(1976). The bond-strength sums around the
two anions with zero temperature factors were
* L.3 v.tr. (Table 6); recalculation of the
bond-strength sums around these anions using
bond-strength curves for cation-F.bonds (I.D.
Brown, pers. comm.) yielded values close to
1.0 v.u. Both the low isotropic temperature
factors and the bond-strength results indicated
that these anions were F rather than OH; the
scattering curves were appropriately modified
and refinement of all variables for an isotropic
thermal model converged to an R index of
4.0Vo. Tlte isotropic temperature factors of
the F anions were now comparable with the
remaining anions. Temperature factors were
converted to anisotropic motions of the form
given in Table 1, and two cycles of least-squares
refinement reduced the R index to 3.27o. In-
spection of a difference-Fourier map calculated
at this stage revealed three significant peaks;
the first was d lA from O(2) and the other
two were - 1A from 0(6). As the preliminary
bond-strength calculations indicated that O(2)
was a hydroxyl anion and 0(6) was a water
molecule, these peaks were assumed to be
due to hydrogen atoms. Insertion of three
hydrogen atoms into the refinement and ful-

matrix least-squares refinement of all varr-
ables (with the exception of the hydrogen-atom
isotropic temperature factors which were fixed
at l.0A') resulted in convergence at R indicei
of 2.8 (observed reflections) and 3.4% (all
data) and R* indices of 3.2 (observed reflec-
tions) and 3.6V0 (all data). Observed and
calculated structure factors may be obtained
from The Depository of Unpublished Data,
CISTI, National Research Council of Canada,
Ottawa, Ontario KIA 0S2. Final atomic posi-
tions and equivalent isotropic temperature fac-
tors are presented Table 2, and anisotropic
temperature-factor coefficients are listed in
Table 3. Interatomic distances and angles and
the magnitudes and orientations of the prin-
cipal axes of the thermal ellipsoids, calculated
with the program BRRORS (L. W. Finger,
pers, comm.), are presented in Tables 4 and

DlscusstoN

Description of the structure

Calcium is surrounded by five oxygen and
three fluorine anions in a distorted square anti
prismatic arrangement. This polyhedron is

T

I
b

I
I
I
I

l-- o

Fro. l. The structure of morinite projected down c*.
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D - l

Fto. 2. The structure of morinite projected down a*.

linked to its mirror equivalent to form a face-
sharing dimer of composition [Ca'O'Fu(HrO):]"-.
The dimer is repeated by the 21 operation such
that adjacent dimers link through a common
edge to form a staggered chain parallel to the
b axis. This may be seen in the view of the

structure shown in Figure 1. Aluminum is sur-
rounded by two oxygens, two fluorines, one
hydroxyl and one water in a distorted octa-
hedral arrangement. This octahedron is fused
by the mirror operation to an equivalent octa-
hedron to form a corner-sharing octahedral
dimer of composition [AlrF"(OH)(H,O),Oa]'.
Additional linkage between the two octahedra
is provided by two (POn) tetrahedra, resulting
in a polyhedral cluster of composition
lAl,F,(OH)(H,O),(PO")'f- (Fig. 2). These
clusters, together with the (NaOrFr)t- trigonal
bipyramids, knit the staggered [CarO5F4(HrO)r]'o'
chains into a continuous three-dimensional
linkage.

Examination of the empirical bond-strength
table for morinite (Table 6), calculated using
the bond-strength curves of Brown & Wu
(1976) and I. D. Brown (pers. comm.), shows
that the individual bondJength variations in
each of the cation coordination polyhedra
correlate well with the bond-strength require-
ments of the coordinating anions. This table is
also of particular interest with regard to the
identification of fluorine anions in the struc-
ture. As indicated above. the fluorine anions
were identified during refinement by their
scattering power, and this identification is con-
firmed by bond-strength arguments. Using ca-
tion-F bond-strength curves, the bond-strength
sums around both anions and cations are close
to their ideal values; using cation-O bond-
strength curves, the corresponding values are
significantly too large.

TABLE 6. EMpIRICAL BoND sTRENcTH TABLE FoR mnrurr'

A1 H ( 3 )H ( 2 )P (  l ) E *  H ( l )

o( r )  o .z tz9
o(2) o.ntg
o(3) o.zso9 o.1sz
o(4) o.2ol
o(5) o.zesl3 0. 167
0(6) 0.192 0.41r
0 (7 )  0 .553
0r8) 0.212 0.524

0,274

rr t  1* 0 '330 0.466
(0.330) (0.5s6)
(0 .3e r  )

F(z\  0.281 0.523 o.zt t f . .'  (0.338) (0.668) to.zss1f ;

1.2s2 r .716 io.zol 
r

L I54 [0.78]
1 .246 I  .938
'1 .344 

I  .545
1,270 2 .007

0.603 [0.74]

^ t.zsr!2 r.806 0.241
t . tagY 1 .s25

'I .070

( r  . 31  7 )

'1.035

n.e8d
D.esol
1 .938

[o.z{4 tz.oqs]
2,007

tn  t i l  t ,  na2 l

[2.046]
| .925
'I 

.070

( . r . 3 1 7 )

I  .035
( 1 . 3 0 1  )

L

2-

2.036 3 .054 1 .022 4 .940 5 .096
( 2 . 2 1 0 1  ( 3 . 3 2 e )  ( 1 . 1 5 0 )

tr.04 [0.e8] [0.e6]

-calculated 
from the bond strength curves of Erown & !u (1976) and I.D. Brcm (pers. com.).

Bond strength sm around the anions excluding hydrogen bonC contrlbutlons. 
***Bond 

strength
arcund the anions lncluding hydrogen bond contrlbutlons. *Values ln parentheses are calculated

+using cation:oxygen bond strength curves for bonds lnvolving those anions desiqnated as f ' luorine.
+hydrcgen bond strengths in square brackets are est' lmted so as to let the bond strength sms
around both anlons and cations approach their ideal values.
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From the bond-strength table, O(2) and
0(6) are immediately recognized as (OH) and
(HrO) groups respectively, thus confirming
the H atom locations derived from differenc(r
maps in the final stages of refinement. The
refined hydrogen atom positions will be sig-
nificantly in error due to the effect of electron
delocalization along the G-H bond. Neverthe-
less, a sensible pattern of hydrogen bonding is
suggested by the local geometry (Fig. 3), lead-
ing to an adequate distribution of bond
strengths; O(2) is a hydroxyl, a hydrogen-
bond donor with O(1) as the acceptor anion.
The O(2)-O( l )  d is tance of  2.90A and O(2)-
H( l ) -O(1)  angle of  -  160'  are typ ical  va lues
for an asymmetric hydrogen bond. Anion 0(6)
ir a water molecule, a hydrogen-bond donor
with O(4) and O(7) as acceptor anions. The
Iocal geometry is compatible with the range
of values found by neutron diffraction in many
hydrates (Baur 1972). The distribution of hy-
drogen-bond-strengths resulting from these ar-
rangements leads to an adequate total bond-
strength distribution in the morinite structure
(Table 6) .

Chemical composition

Table 7 shows a comparison of the chem-
ical analysis for morinite from Hugo mine,
Black Hills, S. Dakota (Fisher t960) with
the ideal composition for a formula unit
of CazNaAlzF"(OH) (H:O)'(PO,):. The oxide
weight percentages are very close, suggesting
that the cation content does not deviate sig-
nificantly from the ideal formula used in the

TAEIE 7. CHEMICAL ANALYSIS OF MORINITE FROM BLACK HILLs, SOWH
DAKOTA, AND IDEAL COMPOSITION

Frsher (1960) ca,NaAl2F4(0H)(Hzl)z(Pl i2

Ca0
Nar0
41 203
Pzos
F

Hzo

-0:F

structure refinement. However, the F is signifi-
cantly less in the analysis of Fisher (1960) than
in the ideal formula unit, and this raises the ques-
tion of possible substituiion of (OH) for F in the
morinite structure. Recalculation of the Fisher
analysis on the basis of 22 oxygens gives the cell
content Cag.rnAlr.roPg.ruOru[Fu.ur(OH)o.rr] (OH).
(H,O)n; this leaves a deficiency of 1.07(F,OH)
in the formula. Fisher (1960) gives a duplicate
analysis for F and FLO in the Black Hills
morinite, the relevant values being l4,30Vo F
and [O.O4Vo HzO; using these values in the
analysis of Table 7 gives Car.rnNar.ooAlo.roPr.reOre-
lFr.o,(OH)o.sl (OH),(H,O){, sti l l  leaving a
deficiency of 0.52(F,OH). In the present struc-
ture refinement, the equivalent isotropic tem-
perature factors of all the anions are extremely
well-behaved, negating the possibility of any
significant anion vacancies occurring in this
structure. In addition, the bond-strength sums
around the F(1) and F(2) positions in the
structure are close to their ideal values when
calculated with cation-F bond-strength curves
and deviate greatly when calculated with cation-
O bond-strength curves. This suggests that
the extent of OH-for-F substitution in the
F( 1) and F(2) positions of this crystal is
small, and that tlre chemical composition ad-
heres closely to the ideal Ca:NaAlrFn(OH)-
(HrO), (PO{) , .

The ntorinite --> apatite transformatiott

Extensive heating experiments by Fisher
(1960) have shown that morinite transforms
to an apatite-like phase at - 400"C. The
apatite structure is characterized by columns
of face-sharing CaOe polyhedra that bear little
resemblance to the [CarOrFn(HrO)r]tG chains
in morinite. This, together with the presence of
thd' [Al,F{(OH) (H,O),(POn),]5- cluster in mori
nite, indicates that the morinite -> apatite
transformation is almost entirelv a reconstruc-
tive phase-change.

Z J .  O U

6 .62
2?.33
30.04
'13.31

9 .98
T0e6'

5 . 6 0
n'0:28

Z J . I O

6 .51
21.41
29.82
'15.96

9.46
Tcr-.tZ

o . I z
Tdd:To

a/2* l

Hydrogen bonding in morinite.
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MINYULITE OLMSTEADITE

Frc. 4. Polyhedral representations of the structures of minyulite and
olmsteadite; alternate [Mr0r(XO)J clusters are shaded. The spiral
chains in olmsteadite have been separated along .r for clarity.
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The lMcLz(XOc)zj cluster

The [AlrF.(OH)(H,O),(POa)zlu- cluster in
morinite is the first reported occurrence of an
unpolymerized lM&r(XOn)'l cluster in a phos-
phate structure; here, according to the usage of
Moore (1970), M and X correspond to cations at
octahedral and tetrahedral centres, respectively,
and I indicates an unspecified anion at a poly-
hedral vertex. A topologically equivalent cluster
[Fe'+r(OH) (HnO)nO,(SOr)r] '- occurs in the
structure of copiapite (Fanfani et al. 1973),
but these are linked into chains by bridging
non-cluster (SOe) tetrahedra; as the bond
strengths involved in the inter-cluster linkage
are as strong as the intra-cluster linkages, the
clusters cannot be considered isolated, as is
the case in morinite. Several complex phos-
phate structures are based on a polymerization
of [Mzfu(XOn),] clusters topologically identical
to the cluster found in morinite.

Simple repeated corner-sharing of octahedra
in a trans arrangement results in a\ lM\ila
octahedral chain of the form lM,Qu(XO)zl
that corresponds to arrangements II and III
of Moore (L97O). Corner-sharing between oc-
tahedra and tetrahedra of adjacent [AlrF(HrO)-
Or(POa)rl clusters forms the basis of the
structure of minyulite (Kampf 1977), as il-
lustrated in Figure 4a. The resulting open
sheets provide eight-fold coordination for K,
and adjacent sheets are linked by hydrogen
bonding. A more complex corner-sharing link-
age is observed in olmsteadite, KzFe2+r[Fe2+z-
(Nb,T'a)"*r(HsO)aOo(POa)al, whose structure
was reported by Moore et aI. (1976). As
shown in Figure 4b, adjac.ent [Fe,+(Nb,Ta)On
(}LO)(Poa),1 clusters link by sharing octa-
hedral vertices to form an lMflsf* chain. This
differs from the fh[fu]. chain described earlier in

that the octahedral vertices linking the clttsters
together are in a cis arrangement, with the
octahedral vertex linking thc two octahedra
within a single cluster. Additional linkage be-
tween clusters is provided by the sharing of
octahedral-tetrahedral vertices; one tetrahedral
vertex in each cluster is shared with an octahe-
dral vertex (trans with respect to the intra-
cluster linking vertex) of the adjacent cluster.
Thus the structure of olmsteadite can be con-
sidered as spiral chains of condensed [Mlz-
(XO{) J clusters that are cross-linked by
shared tetrahedral-octahedral vertices, Fe'*Oo
octahedra and KOe cubes.

Several structures of considerable complexity
are based on polymerization of lMrQ'(XQq)"l
clusters by inter-cluster octahedral edge-sharing.
Perhaps one of the simpler structures that can
be constructed in this manner is hureaulite,
Mn'?*s(HzO)alPOs(OH)l,tPOal:, studied by Moore
& Araki (1973). Adiacent [Mn'n,(H"0)"Oa-
lPO,(OH)l(POa)l clusters link by sharing octa-
hedral edges; one vertex of the shared edge
is also a vertex of a PO;(OH) tetrahedron
whereas the other vertex is trans to the intra-
cluster octahedral vertex linkage. The resulting
element is a kinked chain of composition
lMn'*,(H,O)gO,tFOr(OH)l(POn)l that runs par-
allel to the 6 axis (Fig. 5a). These chains are
cross-linked in the a direction by sharing an
octahedral edge and a tetrahedral vertex with
an Mn2+Oe octahedron that is similarly linked
to the next adjacent chain. A similar but dis-
tinct linkage is found in the structures of
phosphoferrite, Fe2+s(HlO) r (POo) r, and kryzha-
novskite, Feu*r(OH)r(POn)2, the structures of
which are reported by Moore (1971) and
Moore & Araki (1976). For phosphoferrite,
adjacent [Fe"*, (HrO) gOo(POn) r] clusters link .by
sharing octahedral edges to form a kinked chain

- b -

MINYULITE
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of composition [Fe'*r(HeO)aOr(POn)r]. This
differs from the corresponding chain in hureau-
lite in that both vertices of the shared octa-
hedral edge are in a cis relationship with the
intra-cluster linkage vertex. Adjacent chains
share edges with linking Fe'+(HrO)zO4 octa-
hedra to give a sheet-like aspect to the struc-
ture (Fig. 5).

Melonjosephite, Car[(Fe'+Fe3+)r(OH)r(POa)d,
whose structure was solved by Kamrpf &
Moore (1977), can be constructed from
IM "fu 

( X O a,) rJ clusters. Adj acent [Fe, * o.oFe' * o.u) r-
(OH)rOs(POa)rl clusters share an octahedral
edge to form a chain. There are two distincr
edge-sharing configurations: the edge shared
between Fe(2) octahedra consists of cis and
trans actahedral vertices (with respect to the
intra-cluster vertex linkage) and does not in-
volve a cluster tetrahedral vertex; the edge
shared between Fe(l) octahedra is a cis-tans
edge involving a cluster vertex. Figure 6a
shows an exploded view of the melonjosephite
structure that emphasizes these staggered chain

THE CANADIAN MINERALOGIST

r
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HUREAULITE PHOSPHOFERRITE
Frc. 5. Polyhedral representations of the structures of hureaulite and

phosphoferrite; alternate IM,O?(XO)A clusters are shaded. Linking
octahedra are shown bv broken lines.

b

elements. As is apparent from Figure 6, these
chains condense by octahedral edge-sharing
and tetrahedral-octahedral vertex-sharing to
form rather open sheets parallel to {010}. The
remaining tetrahedral vertices knit two adjacent
sheets to complete the linkage. Whitmoreite,
Fe'* Fe'*r(OH)r(HrO)4(POa)r, whose struc-
turo is described by Moore et al, (1974), is
based on octahedral edge-sharing between ad-
jacent [Fe3+r(OH)'O4(PO,)r] clusters. As with
phosphoferrite, both vertices involved in the
shared octahedral edge are cis with respect
tc the intra-cluster vertex linkage; however,
both shared vertices also coincide with a cluster
tetrahedral vertex. The resulting staggered chain
links to adjacent chains by vertex sharing be-
tween adjacent octahedra, and adjacent oc-
tahedra and tetrahedra, as shown in the ex-
ploded view of the whitmoreite structure in
Figure 6b. This produces an open sheet that is
linked to adjacent sheets above and below by
Fe'* (HzO)nOz octahedra.

Thus, several apparently diverse minerals

i
I

Y

i
- c l +

MELONJOSEPHITE

+ - - C - - +

WHITMOREITE

Ftc. 6. Exploded polyhedral representations of the structures of melon-
josephite and whitmoreite; alternate lM2g7(XO)21 clusters are shaded.
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seem to have structures based on polymeriza-
tion of the [M,62(XOa)s] cluster. It is notable
that all the structures discussed here are low-
temperature secondary phosphates that have
crystallized from an aqueous fluid in a peg-

matitic environment. The presence of this

lM"4r(XOn)rl cluster in these diverse structures
suggests that the same cluster, or at least a
major fragment of it, is present in the fluid
phasc. Kampf. (1977) has remarked on the
stability of octahedral fluoride complexes of
aluminum in aqueous solutions, and has sug-
gested that the [Al'Orr] octahedral dimer will
forrn only when the bridging ligand is F-.
This may be so under the synthesis conditions
of minyulite, but the existence of the OH-
bridged [AI,F,(OH)(H,O),O"] dimer in the
structure of morinite indicates that this is not
generally the case; the morinite dimer is more
fluorine-rich than the minyulite dimer and yet
is still. hydroxyl-bridged, suggesting that the
hydroxyl-bridged [AlzOl] dimer is more stable
than the fluorine-bridged dimer under the con-
ditions of formation of morinite. Certainly, the
persistence of. the lMrlt(XOr)rl cluster in sev-
eral diverse low-temperature phosphate struc-
fures for M : Fe2+.Fee+,Mn,Al,Nb5+ suggests
that this cluster is a very stable entity and may
occur as a complex in the low-temperature
pegmatitic fluids from which these minerals
crystallize.
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