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Abstract

The complex crystal structure of the arrojadite-dickinsonite, KNaoCa(Fe,Mn)?i
Al(OH,F)r(PO1),r, series was studied by single-crystal X-ray diffraction techniques. Three
compositions were studied and one, dickinsonite from Branchville, Connecticut, is summa-
rized here. The others are arrojadites from the Nancy Mine, North Groton, New Hampshire,
and the Nickel Plate Mine, Keystone, South Dakota. Dickinsonite is monoclinig a :
24.940(6), D : l0.l3l€), c : 16.722(2)4, B : 105.60(2)', space group l2/a, Z = 4. R : 0.078
for 7740 measwed intensities. Of the 49 nonequivalent atorns in the asymmetric unit, ffteen
are larger cations, whose coordination polyhedra include six symmetry-independent octa-
hedra, one tetrahedron, one square pyramid, one seven-coordinated polyhedron, two dis-
torted cubcs, one non-cubic polyhedron of order eight, two of ten, and one of twelve-coordi-
nation.

The arrojadite-dickinsonite structure type is related to that of wyllieite, Na2Fe?*Al(PO1L,
as seen from a cell with xz: l/4 - xr * zb y2= l/4 + yr, zz: - xr projected down 22, where
(xv lv zr) are paramet€rs for the reduced cell used in the refinement. Eliminating disordered
Ca in dickinsonite gives the same ratio l(M+X): X(P) : 5:3 as for wyllieite. Average bond
distances in dickinsonite are

t4rM(IFO2.092, r'rM(2)-O 2.133, t6rM(3FO 2.156, t"tM(4YO2.167,
r6rM(5FO2.166, r5rM(6p2.235, t'rM(7)-O2.190, t6rAl-O 1.884,
rtrx(lFo 2.516, tTrx(2FO 2.515, 1"tX(3>O2.574, t'orx(4Fo 3.012,
Itrx(5FO 2.928, t'orX(6FO 2.940, r'aX(7FO 3.080 A

The sites M(l), X(l), X(4), X(6), and X(7) are disordered. In addition, one of the six non-
equivalent (FO.) tetrahedra is disordere4 with evidence of splitting into a reciprocally
coupled PQx) site, which appcars to b€ directly coupled with the X(6) population.

Introduction have experienced a tumultous investigative history.
Arrojadite and its isotype dickinsornite are complex Arrojadite was originally named by Guimarles

primary dkali transition metal phosphates, which (1942) for material from the Serra Branca pegmatite,
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Parahiba, Brazil; earlier Ziegler (1914) applied the
nante soda-tiphylite to an unknown mineral "near-
triphylite," originally described by Headden (1891)
from the Nickel Plate pegmatite, near Keystone,
South Dakota. Quensel (1937) defined this material
as headdenite in an extensive review of alkali transi-
tion metal phosphates from pegmatites. In addition,
Mason (1941) reviewed these phases. Lindberg
(1950) in an extensive study of arrojadite, hi,ihner-
kobelite 1: wyllieite groupl and graftonite, phases
only recently shown to be structurally related, helped
clarify the confusion in the literature and pointed out
that many so-called arrojadites were in fact a chem-
ically and paragenetically related phase, which she
named htihnerkobelite. Moore and lto (1979) further
reviewed these phases, summarized twelve chemical
analyses of the arrojadite-dickinsonite family and
proposed a formula X'*Yj*M?lAl(OH,FXPO1),,
where X : large cations (K*, Ba2*, etc.), Y :
(Na'*,Ca2*) and M : (F€2*, Mn2* and Mg'*).

The problem was only slightly less confusing for
the Mn2*-rich member, dickinsonite. Originally
named by Brush and Dana (1878), it persisted as a
possible dimorph of fillowite, NarCa(Mn,Fe)l*(PO.)u
and was not recognized as an isotype of arrojadite in
Palache et al. (1951). Fisher (1965) demonstrated
their crystal-chemical relationships through X-ray
single-crystal and powder studies, assuming water-
free formulae.

About two years ago, P.B.M. and T.A. initiated
studies on arrojadite from the Nancy Mine, North
Groton, New Hampshire and dickinsonite from the
Branchville pegmatite, Connecticut. Almost simulta-
neously, S.M., M.M., and P.F.Z. completed a struc-
tural study of arrojadite from the Nickel Plate peg-
matite, South Dakota.

After exchanging notes, we decided to combine the
three studies in one paper. Krutik et al. (1979) an-
nounced their crystal structure analysis of arrojadite
(Nickel Plate); although we agree with these authors
on the broad structural features, four additional
larger cation sites and one POo site have been discov-
ered, all of them only partly occupied and con-
sequently disordered.

We feel that these minerals are important, rela-
tively high temperature phases (-800'C), which are
practically con-fined to granitic pegmatites, and
which, due to their olive- to grass-green appearanoe,
are often misidentified as the more prevalent triph-
ylite-lithiophilite. Since practically nothing is known
about their thermochemical stabilities other than
their paragenetic appearanoe, we also suspect that

they may be key phases in unravelling pegmatite
genesis and crystallization sequences.

Experimental

Experimental details on three specimens of arroja-
dite-dickinsonite are summarized in Table l: abbre-
viations are NM for Nancy Mine, North Groton,
New Hampshire arrojadite (analysis No. 7 in Moore
and lto, 1979); NP for Nickel Plate, Keystone, South
Dakota arrojadite (Lindberg, 1950; Merlino et al.,
l98l) and BR for Branchville, Connecticut dickinso-
nite. The NM and BR data were collected by Moore
and Araki, and the NP data by Merlino, Mellini and
Zanazzi. The NM sample was from a large crystal
section kindly donated by Mr. Clayton Ford, and the
BR material corresponds to a Brush and Dana speci-
men, Yale University No. 3090. We also thank Mr.
Willard L. Roberts who donated to Moore and Araki
a large specimen from the Nickel Plate Mine.

Crystal cell parameters were obtained by least-
squares fits of data obtained from the mounted
single-crystals just prior to intensity collection. Ref-
erenoe reflections were monitored to assess machine
stability. Although the studies were done by two
groups independently, we followed almost identical
procedures. First, a solution from the Patterson syn-
thesis was attempted, but the pronounced homo-
metricity of the metal interatomic vectors failed to
yield a reasonable model. Direct methods were then
applied utilizing the program MULTAN (Main et al.,
1977) and a sufficient number of heavy atoms was lo-
cated to phase about 2000 of the more prominent Fo.
Successive Fourier and difference syntheses admitted
location of all atoms in the asymrtetric unit. For
structure refinement neutral atom scattering factors
were used for NP; but Pp, O'- and the charges of the
larger cations indicated in Table 7 were used for NM
and BR. The selection of the appropriate scattering
curves for the sites was guided bV (l) height of the
peaks in the final electron density map, (2) thermal
vibration ellipsoids, (3) coordination geometry and
mean bond distances, and finally, (4) chemical analy-
ses, which are reproduced in Table 8 for the appro-
priate samples. Scattering curves were obtained from
Ibers and Hamilton (1974). For NM and BR anoma-
lous dispersion corrections based on angular depen-
dence were applied to all atoms following Cromer
and Mann (1968).

Toward the end of the refinement, the samples
showed residual electron density requiring a splitting
of P(l) into the P(lx) position as well, whose density
complemented the deficit at P(l). In addition, an-
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Table l. Expcrimental details of arrojadite-dickinsonire

(A) Crystal Cell Data

NM NP

",  
"a

b, i ,
c ,  L
B,  deg

Space group

z
Fomuta  ( idea l )  t

p ( c a l c d ) ,  g  m - 3 *

Speclfic gravity*

u ,  m - l

24 .692(4)

r0 .03r  (  2 )
16.453 (2 )

1 0 s . 7 2 ( 9 )

A2/a

4

24.730(s)

r0 .0s7 (3 )

16.s26(4)

10s.  78 (3)

A2/^

KNalCa(Fe, rh )  ! lA1  (OH,F)  2  (POr)  r ,

BR

24.94o(6)

10 .  r 3 l  ( 4 )

16.722(2)

1 0s .60 (2)

A2/ a

4

3  , 5 8 6
a  < ) a

5 5 . O

3  . 5 3 8

J  . 5 > 5

5 4 , 5

3 . 4 2 6

J . 4 I

(B) htflsity Mea$rments

C r y s t a l  s l z e ,  m  0 . 2 0 ( l l a )  x  0 . 4 0 ( l l b )  x  0 . 2 a 1 1 1 o 1  s p h e r e ,  0 , 6  m  d i m e t e r  0 . l 4 ( l l d )  x  0 . 2 7 ( l l b )  x  p . 2 9 1 9 1 o ;

c rys ta l  o r i f l ta t ion  0 l  lb ,  P ICKER FAcs- l  pHIL Ips  p t {  l loo  o l  lb ,  p IcKER FACS- I
M u ( s i n 0 ) / l  O . 7 S  0 . 7 9  O . 7 S
Scan speed,  deg per  n in  1 .0  2 .4  l .O
B a s e  s c m  w i d t h  1 . 6  1 . 4  t . 7
B a c k g r o u n d c o u n t s s t a t i o n a r y ' 2 o s a t b e g i n n i n g a n d e n d o f s c a I

Radiation MoKq MoKc MoKc
Independent Fo 6905 6910 7tS8
Measured intensitles Z116 8069 7740

(C) Refinement of the Strocture

R  0 . 0 7 5

Sca le  fac to r  I .094( ! )

Coef f i c len t  1 ,8C2)  x  lO-7
of extinction

0 . 0 6 3  0 . 0 7 8

2.168 (7 )

5 ( l )  x  l o - o

*The sP€ific gravity of BR is frm l{olfe (1941), NP fron Lindberg (1950) and NM fron this study, calculated detrsit ies use the
fomulae of Table vlr in yoore i ld lto (1979) except that the calculation was nomallzed to 2oo mions in the unit cell+'Asswes 

84 cations in the cell md no solution betuem Ca, Na, and (Fe,ttr).

other el€ctron density, that of X(6), seemed to be
coupled to that of P(lx). Finally, a partly occupied
large cation site of order 12 was found toward the fi-
nal stages of refinement and difference synthesis; it
was labelled X(7).

Final atomic coordinate parameters for NM, NP,
and BR appear in Table 2, anisotropic thermal vibra-
tion parameters for NM and BR in Table 3, ellip-
soids of vibration for NM and BR in Table 4, struc-
ture factors in Table 5' and bond distances and

'To obtain a copy of Tablc 3, order Document AM-81-168;
Table 4, AM-81-169; and Table 5, order Document AM-81-170
from the Business Office, Mineralogical Society of America, 2000
Florida Avenue, N.W., Washington, D.C. 20009. Please remit
$1.00 in advancc for each microfiche. These tables include NM
and BR; NP was earlier deposited by Merlino et al. (1981).

angles in Table 6. The order of increasing o_4'dis-
tances in the individual polyhedra with respect to
polyhedral type is summarized in Table 6a.

In many of these tables, it was not neoessary to re-
peat what was already published. In particular, the
Merlino et al. (1981) study covers some of these de-
tails for NP. The emphasis was placed on a com-
parison between two members of a series, the Fe2'-
rich member arrojadite from NM and the Mn2*-rich
dickinsonite from BR.

Final R-indices for the three studies appear in
Table l. where

P = XllEl - lF"ll '
ElF"l

The final cycles minimized l*llF.l - lF.ll. where w:
o-'(F).
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The calculated densities in Table I are in fair
agr€ement with measured densities when a total of
200 anions in the unit cell is used. The density calcu-
lation proceeded from the cell parameters in this
table and the chenical analyses in Table 8. The dif-
ferences may reflect some component or components
not having been discovered in the chemical andlor
structural analyses, since arrojadites usually show a
large number of components present. Disorder over
several larger cation sites would also contribute to
this effect since high correlations exist among the
scattering curves used and the site population refine-

ment. In addition, complex solid solution may in-
volve at least one component whose scattering curve
was not employed. Indeed, the severely anisotropic
thermal vibration ellipsoids in Table 4 for X(l)' X(2)'
X(4) and X(5) suggest that these large 'kastebasket"

sites would require yet another technique if their
populations and species were to be more precisely as-
sessed. Arrojadite-dickinsonite is probably the most
complicated of all mineral structures, even when
studied by modern crystal struc'ture analytical tech-
niques.

The tables also suggest that the study of Krutik el

Table 2. Arrojadite-dickinsonite serics atomic coordinatcsr

llP

Al 0
M(r)  0.4732r(6)
M(2) 0.266s6(3)
M(3) o.r4023(4)
M(4) 0.40367(3)
M(s) o.3se9o(2)
n(6) 0.3s132(3)
M(7) 0.34199(5)

x(r)  0.48s87(s)
x(2)  0.  r rs86(r1)
x(3)  o
x(4) \
xcs) ,-4
x(6)  0.4s6o[6)
x(7) \
P(1) 0.56662(6)
0(r)  0.5677(r)
0(2) 0.3633(r)
o(5) 0.3r79(s)
0(4) o.422o(2')

P(rx) o.3344(2)
0(3x) 0.2718(8)
o(ax) 0.3231 (e)

P(2) 0.4243s(4)
o(s)  0.44s6(1)
o(6)  0.3e09(1)
0(7) 0.3872(1)
o(8) o.472s(2J

P(3) 0.03946(4)
o (e )  0 .07s2 (1 )
0(r0)  0.0367(r)
o (1 r )  - 0 .01s9 (1 )
0(r2)  0,0644cl)

PC4) o.o484e(4)
0(13) 0.048e(r)
o(14) 0.0803(r)
o(rs)  -o.0r14(r)
0(16) 0.0793(1)

P(s) o.21262(4)
o ( r7 )  0 .  r 712 (1 )
o(r8)  0.2709( l )
0cre)  o.2r0s(2)
o(20) 0.1ss2[r)

P (6)  0.20s36(s)
0(21) 0.  r646(1)
o(22) 0.2644(2)
0(25) 0.20ss(r)
o(24) o.t847(2)

F 0.  r39s (2)

s

0.89s31 (r4)
0.009s4 (6)
0.01sse{e)
0.2s041 (7)
0.74383 (6)
o.70124(7)
0 ,295  18  (8 )

0.22K3{22)
o.s1637 (25)

0
0 .  1248  (1 r )
0.5o9o(2)
0.9448 (16l
o.9192(27J
0.0r(xl6(13J
0.062s(3)

-0. 141 2 (3J
0.0734(r2)
0.0469(s)

o.ee72(s)
0.9s4o(20)
0.0860{26)

0.46788 (r l )
0.4443(3)
0.  s970(3)
0.5430(3)
0.4678(4)

o.252oo (r0)
o.  1662 (3)
0.39s8 (3)
0.  1897(3)
0 .2s42 (3 )

0.76821 (10)
0.643r (3)
0 .8734  (3 )
0.8r42 L3)
o. ' t37r(4 ' )

0.7248s (1 r )
0.67s3 (4)
0.676s(4)
0.8783 (4)
0.6648(4)

0.30030 (r  1)
0.3456 (4)
0.3ssr (4)
0.  1470 (3)
0.  3s61 (4)

0.003s (3)

z

0
0.  22048 (8 )
0.21173(4)
0 . 1 0 s 2 4 ( 6 )
0.02298(4)
0 .03394 (4 )
o . 2 o 3 s 2 ( 4 )
o.21822(s)

o.23404(14)
0 . 1 3 s 2 3 ( 2 9 )

0
0
0

0.2037 (8 )
0

0 .  l r4s7(9)
o. o2s8 (2)
0 . r r22(2)
0 . 1 5 8 2 ( 7 )
0 . 1 8 2 r ( 3 )

0 .0803(3)
o,0224(r2)
0 .  1479 ( r5 )

0 .13165(7)
0 .0s19(2)
0 . r2o7 (2 )
0 .  13  17  (2 )
o.2r3r(2)

0.12684(6)
0.0843(2)
0.0es0( 2)
0.  n0r (2)
o.2238(2)

o.r0200(7)
o. 0458 (2)
0.0636 (2)
o.0967 (2)
0.  r93e(2)

o.12932(7)
0.0486(2)
o.1296(2)
0.  1548 (3)
o.2os7 (2)

0.  14028 (8)
0 . 0s62 (2)
0 .14s6 (4 )
0.  r443(3)
0 .2 r s l  ( 3 )

0.  230r (2)

o
0.478s6(7)
0.26879(4)
0.  13944 (3)
o.40442(3)
o .4o r02  (3 )
o .  35  r82  (3 )
0.343s6(4)

0.48s42 (9)
o.  12070 (12)

0
\
\

0.4s639(53)
,-4

0.3693 ( r )
0 .3680(2)
0 .3643 (2 )
0 .3235 (5 )
o.4246(3)

0 .3388 (2 )
0 . 2 7 1 3 ( 1 1 )
0 . 3 4 7 3  ( 1  r )

0 .42283 (s )
0 .4438 (2 )
0 . 3 9 0 7 ( 2 )
0 .38s4 (2 )
0 .4702(2)

v

0.88682 (r8)
0.006s4 (8)
0.01293 (8)
0 .2482s  (8 )
o .7 4524(8)
0 .69859 (8)
0 .29s31 (9)

o.22242(22)
o . s r223 (27 )

0
o .1600 (17 )
0.4960(4)
o.957sl  (82)
0 .9079  (2s )
0.0090(2)
0.0624(4)

-0.  r396 (4)
o.o762(6)
0.04r 0(7)

0.9987 (4)
0 .9691 (  26)
o .0797 (29)

o.46775(r3)
0 .44ss  (4 )
0.  s974 (4)
0 .3460  (4 )
0 .46s2  ( s )

z

0
o.  225r9(1 o)
0.2r  r54 (6)
o.  r  0620 (s)
0 .02  r  9s  ( s )
0.03375 (4)
0.  20674 (5)
0 .22 r90 (s )

o.23362(r3)
0.12679(25)

0
0
0

0. 2r059(4s)
0

o .  r  168  (2 )
0 .0281 (2)
0.  r  r39 (2)
0 .14Ss (4 )
0 .1799 (4 )

0.0847 (3)
o.0277 (16)
0 .1642 (17 )

o.  1 28ss (8)
0.0496 (2)
0.  r  reo (2)
0.  r28r (2)
0 .2086 (2)

0
o .2202 ( r )
0.  21 23 (r )
o.1066(r)
o .o222 (L )
0. 0554 ( r)
0.2044 (r  )
0 .2  193 ( r )

o .2322 (2 )
0.  r289(4)

0
0
0

o.2077 (6-)
0

0.  l130(2)
0.o2s0(31
o .1 r20 (4 )
0.  r426(s)
o.r8o7(6)

0.33s4(2) 0.9s4E(s)  0.0799(5)
0.272O(9) 0.9678(24) 0.0234(14)

Equal to O(4)

o t t
0.4738(r)  A-8957(2)
0.2674{r)  0.0078(1)
0 .  r 5e4 (1 )  0 .0142 (1 )
0.4036(1) 0.2496(r)
0.4004(r)  0.7434(r)
0 .3s17 ( r )  0 . 6e92 ( r )
o.3432(r)  O.294s(1)

0 .4848 ( r )  O .2223 (3 )
0.r2o2(2) o.s1s0(41

o 0
L o.  1460(18)
L O.sO45(s)

0 .4s67 (4 )  0 .9417 (91
\ o.9r92(12)

0.3662(1) 0.oo8s(3)
0.367s(3) o.0614(5)
0.363s(3) -0.  1416(s)
o.3220(4) O.0770(7)
o.4222(5) 0.0462(10)

o.4246(7 ' )  0 .4670( l )
0 .4450(2)  0 .4448(s)
0 .3924(3)  0 .s87e(s)
0 . 3 8 7 1 ( 3 )  0 . 3 4 4 s ( s )
o .4733(3)  O.4637 (7 )

o.o38s( r )  o .2sr8(2)
0 .07sr (2 )  0 .1664(s)
0 .0360(2)  0 .39sr (s )
-o.0206(2) 0.  1891 (6)
0.0623(2) 0.2s53(6)

0 .0474 ( r )  o . 7673 (2 )
0 .0482 (2 )  0 .6428 (s )
o .o7s4 (2 )  0 .87 r9 ( s )

-0.0r26L2) -0.8r3s(6)
0.0770(3) 0.73s7(6)

o .21 rs ( r )  o . 724 r (2 )
0 .1703 (3 )  ; . 678s (6 )
o .2703(2) 0.678r (6)
0 .2088 (3 )  0 .8773 (6 )
0 .1e38 (3 )  0 .6604 (6 )

o .2o4s (1 )  o ,2s72 (2 )
0 .16s3 (2 )  0 .3402 (6 )
o.2632(3) 0.3S09(8)
o.2os2(2) o.  1447 (s)
0 .1824  (3 )  0 .3s4 r  ( 6 )

0 .1383 (3 )  0 .00 r3 ( s )

0.r303(r)
0.0s0r (5)
0 .1213 (3 )
0 .  l 30 r (4 )
0.2r03 (4)

0 . r 2s9 (1 )
0.0842(5)
0.094r (3)
0.  r078(4)
0.2224(3)

0 .  r 023 ( r )
0 .0467 (3 )
0.06s2(3)
0.096r (4)
o.  r93e (3)

0 .1304 (1 )
0 .0484  (4 )
0 .131s (4 )
o.  r3es(s)
o.2044(4)

0 .  r 42s ( l )
o.os83(4)
0 .  l s16 (6 )
0.  r489(4)
0 .2 r s6 (4 )

0 .23 rs  ( 3 )

0 .03808 (5 )  0 .24996 ( r3 )  0 .12487 (8 )
o .o733 (2 )  0 . r 649 (4 )  o .08 r8 (2 )
o.0s7o(2) o.3924(4) 0.0944(2)

-0 .0208 (2 )  0 .19 r r ( 4 )  0 .1070 (2 )
0.0622(2) 0.2476(4) 0.2206(2)

0.047s7(5) O.76632(73) 0.1022r(8)
o .o48s (2 )  0 .6431 (4 )  o .0467 (2 )
0.0789(2) 0.8710(4) 0.0646(2)

-0.0r14C2) 0.8122C4) 0.0976(5)
o .o77s (2 )  0 .7sse (4 )  0 .1e2s (2 )

0.  723r9(13)
0.6816 (4)
0.6807(4)
o.8742(4)
0.6s63(4)

0 .29s26 (13 )
o.3376(4)
o .3so3  ( s )
o.  1438 (4)
0.3499(4)

0.  ooo9(4)

0.  2118s (s)
c.17r3(2)
o .27Os (2 )
0.  20e1 (2)
o.  rs36 (2)

0.2044 r  (s)
0.  r66s (2)
0 .262s (2 )
0.  20s8 (2)
o .1813 (2 )

0.  r3s4(2)

0.  r  2967 (8)
0 .o47s (2 )
0.  1302 (3)
0 .1403 (3 )
0.2018(2)

0.  r444s (8)
0.0602(3)
0.  I  s45 (3)
0.  r4e4 (3)
0 .2 r  ss  ( 2 )

0.2309 (3)

tEstlnated stmdard erors refer to the last digit.



MOORE ET AL.: ARROJADITE-DICKINSONII'E

al. (1979) does not tell the complete story. The latter Rod IV

::llnii,T1 ;'# ""ruT*"',n:.,lffl,',disprav 
u Rod v

Nao(Na,K,B a,Sr)o(Na, Ca)r(Fe,Mn)*

Al(Li,Mg,Ca,Al,Fe,Mn),0

[POo]3r[PO3(O,F,OH)],u(OH),,

which yields a total of 76 larger cations in the cell. In
Table 72, their nomenclature is listed and we note
that they did not report disordered X(l), X(4), X(6)
and X(7). In addition, we found disordered p(l) in
our refined structures. Moore and Ito (1979) pro-
posed 83.43 larger cations in the cell, the same num-
ber listed by Merlino et al. (1981), both conclusions
being based on studies of the Nickel plate material.

Description of the structure

Although we utilized the reduced cell for srructure
refinement, a better structural description admits a
projection down the [01] direction or its inverse.
This projection, based on the Nancy Mine arrojadite,
has a' : 16.45, b: 10.03, c' :25.104, B' : 112.33",
space group A/c, with transformation from the old
reduced coordinate system (x,, lr, z,) to the new (xr,
y2, z2): xz: l /4 - rr * Zv lz = l /4 t  yr,  zz :  -xr

Projecting the cations only (X, M and P) down [001]
in this new coordinate system gives the representa-
tion in Figure L Circular contours are drawn around
the six discrete cationic rods, which are referred to by
Roman numerals. If their circular contours are
shrunk to poles or lines, Figure 2 results with dis-
ordered P(lx), X(l), X(6) and X(7) left out. This fig-
ure is an idealization of Figure l. The net, neither
regular nor semiregular, consists of two kinds 91
polygons, the regular hexagon and the regular
rhombus (which when bisected is made up of two
equilateral triangles). Nodes of this net consist of two
kinds when the triangles are substituted in place of
rhombuses: {6. 3 . 6. 3} and {6. 6. 3. 3}. All cations
can be identified with regions of this net. The distinct
rods and their occupancies can be summarized as fol-
lows:

Rod I center of hexagon M(2),M(3),AI,X(2),
x(3)

Rod II rhombus center disordered X(l), tr

Rod t I I  {6.3.6'3} node M(I) ,X(4),X(5),X(6),
x(7),P(l),P(2)

2 To obtain copy of Table 7, order Document AM-81-171. See
footnote one for complete details.

[6 '6 '3.  3]  node M(5),M(6),P(3),P(5)

[6' 6' 3' 3] node M(4),M(7),P(4),P(6)

Rod VI rhombus center tr (at origin)

We shall see that X(4), X(6), X(7) and P(l) involve
rather complex disorder and coupled relationships.
In this way all cations are accounted for in arroja-
dite's structure type, bearing in mind that X(l), X(6)
and X(7) can only be at most half-occupied for steric
reasons and that X(4) evidently can take on a range
of populations.

Wyllieite (Moore and Molin-Case, 1974) shares
with arrojadite the same kind of net, but its ordering
scheme is much simpler, as is its unit cell. Its projec-
tion (Fig. 3) has been discussed previously (Moore,
l98l). A correspondence between the two cells re-
veals asinB (wVD - b (an); b (wyl) - asinB (arr);
4csinB (wyl) - csinB (an) or expressed as cell trans-
lations for wyllieite and arrojadite, respectively,
10.80 - 10.03; 12.38 - 15.21:23.11 - 23.78 or the ra-
tios with wyllieite as the divisor 0.929:1.229:1.029.
Aside from chemical differences, the most pro-
nounced difference is substantial stretching in the
[00] direction in arrojadite, which is the direction to-
ward opposinC (6.3 .6.3) nodes through the chain
of, corner-linked hexagons. This is particularly no-
ticeable in Figure I where the eight cations in rod I
are arrayed along the [00] direction. Disorder of
some of the cations, discussed subsequently, also
contributes to this effect. In particular X(l), which
occupies the rhombus of rod II, "stretches" the
rhombus along the [00] direction.

Fifteen distinct larger cations and six distinct POo
tetrahedra occur in the asymmetric unit of the struc-
ture. Seven of the former cations are labelled M and
correspond to populations where transition metal
cations predominate. The cations M(3), M(4), M(5),
and M(6) are associated with distorted octahedra,
M(l) a distorted tetrahedron, M(2) a distorted square
pyramid, and M(7) either a square pyramid or an oc-
tahedron when disordered and partly occupied with
O(4x) included as a coordinating anion. The Al
atom resides in a distorted octahedral site at an in-
version center and is clearly essential in the crystal
structure. The remaining independent large cation
sites are labelled X. The sites X(2), X(3), and X(6)
are predominately occupied by Nar*; X(l) is a half-
occupied Ca2* site and X(4), X(5) and X(7) are large
sites occupied principally by K* or Na*. The X(l)
site of order 8 corresponds to polyhedron No. 44 of
order 8 and maximal point symmetry Cr, following
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'  
iP(3)+.

-TP(a)+.95
' 'f . P(6)+.70

E.

'[(r]:.le;'

o sin A '  .
P( lX )+ .34

a

Fig. I . Plan of the arrojaditc (NM) structurc down [00 I ] of the transformed ccll (see text). The circles envelop the Larger cations in the
asymmctric unit aad the Roman numerals rcfer to the nonequivalent rods in the structurc. Inversion c€nterc are shown as open circles
and 2-fold roton as arrows. Heights are given as fractional coordinates along z. Cations which display a coupled relationship are shown
as squsrcs at x = l/2. The P(lx) is labelted as cnosses. The (6. 3.6.3) and {6.6. 3 .3} net is dashed.

t2

the nomenclature of Britton and Dunitz (1973); X(2)
is a distorted cube (Table 6) if the long X(2)-O(12)
3.46A distance is included. Neglect of this distance
gives polyhedron No. 29 of order 7 and maximal
point symmetry C!. consisting of three squares and
four triangles. The X(3) and X(5) sites are in dis-
torted cubes; X(4) is in a complex polyhedron of or-
der ten and consists ofsix triangles, three squares and
a hexagon with maximal point symmetry Cr,. The
disordered site X(6) resides in a ten-coordinated site
with X(6FO ransng from 2.ll to 3.60A in NM ar-
rojadite. The first four distances are below 2.53A, the
remaining six greater than 3.224. Disordered site
X(7) is coupled with X(4), and can be fully occupied
only if X(a) is empty. In all three crystals which we
studied X(7) is only weakly occupied and corre-
sponds to a distorted cuboctahedron oforder 12.

Arrojadite's crystal chemistry is further com-

dX(3)+.00, Al+.50'X(2)+.38
'M(3)+ .14

I

MQI+.27

plicated by disorder due to steric hindrance at eleven
sites: M(l), X(l), X(4), X(6), X(7); and P(l), O(3),
O(4) and P(lx), O(3x), O(4x). The sites X(6), P(l)
and P(lx) are coupled. If P(l) is vacant, P(lx) and
X(6) are occupied. If a portion of X(6) is occupied, a
corresponding portion of M(l) must be absent due to
steric hindrance. X(l) is close to an inversion c€nter
such that the X(l)-X(l)(o) separations of 0.9-1.0A oc-
cur in these structures and the site is half-occupied.
This is the only site which does not occur at a nodal
point or in a hexagon's center but at the center of a
rhombus and corresponds to label II in Figure 2. The
1g64ining site, X(4) (Fig. l), is sufficiently removed
from other cations to suggest that it could remain
fully occupied without experiencing violent cation-
cation repulsion effects. It is coupled to X(7), with
x(4)-x(7) :2.284 for NP arrojadite, which has 0.17
site population with Na* (Table 7). The other most
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Plzl+.42,
M(l ) +.53.M(t ) +.53,
P(r ) +.63,
xl4l+J5

il(4)+
P(61 +
M{7}+.34,
P(4)+.45

Fig.2. Idcal izat ionofFigure I bascdonthc {6.3.6.3} and {6.6.3.3) netconstructedofrhombuses(twoequilatcral tr iangles
with a common edgc) and hcxagons. Thc disordercd cations P(lx), X(l), X(6) and X(7) have bcen left out. Note a c-glidc plane occurs at
D-0anda2- fo ld ro to rpara l l c l to ra tc - l /4 .Opcnc i rc lesrc fe r to invers ioncentc rsa tz -0 ,1 /2 .

likely close contact is with P(lx) with an X(a)-P(lx) a) If the X(6) population is (x), the M(l) population
separation of about 25-234, suggesting that X(4) is (l - x);
populations are also reciprocally related to P(lx) b) X(l) is half-populated;
populations. But Table 7 suggests that this coupling c) The X(4) population at most equals the P(l) pop-
is not so strong as the direct relationship between ulation. X(7) is reciprocally related to X(4).
P(lx) and X(6) which appear to be truly coupled in a d) The X(6) population equals the P(lx) population;
cooperative m4nner. Figure I features a possible dis- e) If the P(lx) population is (y), the P(l) population
tribution of populated and unpopulated cations is (l - y).
along the line at x - l/2.

IEEIE

The same argument was used for wyllieite's crystal
chemistry by Moore and Molin-Case (1974). In that
structure, the size of the large cations was X(2) >
X(la) > X(lb) with average X-O distances2.64,2.53
snd 2.214 respectively. In that structure, the site dis-
tributions X(2) : 2.78 Na'* + l.22IJ where 11 repre-
sents a vacancy; and X(la) - 1.82 Nar* + 0.18D. By
analogy, we propos€ a sequence of omission X(7) >
X(4) > X(5) > X(3) with average X-O distances 3.08
(for NP), 2.98,2.82 and 2.56A for NM arrojadite.

Summarizing, the following conditions appear to
hold for anojadite:

This is easily seen in the distances between cations.
They are M(IFX(6) : 0.66, X(lFX(l)c' : 0.92,
X(a)-P(lx) :2.50, X(4)-X(7) : 2.28 (for NP), X(6!
P(l) : 2.39 and P(t)r-P(lx) - 0.85A for NM arroja-
dite.

Taking the aforementioned conditions into ac-
count, the following sites can at most be half-occu-
pied: X(l) and X(6). With P(lx) completely empty,
X(4) could be fully occupied and X(7) would be
empty. Taken together the maximal site occupancy
would be ax(l)(+aD1 + 8X(2) + 4x(3) + 4x(4) +
4x(5) + 4x(6X+4D) + 0X(7) + 4M(IX+4D) +
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IL J I

Fig. 3. The cations in the wyllieite stnrcture (Moore and Molin-
Case, 1974) with a ponion of the {6' 3 . 6' 3} and {6 . 6 . 3 . 3} net
drawn in. The structure is projected down l00l] and prcserves the
axes and coordinates ofthe original study.

8M(2) + 8M(3) + 8M(4) + 8M(5) + 8M(6) + 8M(7)
t 4Al or 84larger cations per 48 Ps+ atoms. Omitting
partly occupied X(6) leads to l(X+M):lP : 80:48
in the cell or 5:3, exactly the ratio for the related
crystal structure of wyllieite and discussed in consid-
erable detail (Moore, l98l). Wyllieite is ideally
NarFel*Al(POo).. The arrojadite end member would
ideally be KNaoCaFe?lAl(F,OH)r(POo),r, but in such
a complex structure with a limited but variegated
range of vacancies and with some deficit of POo oc-
cupancies as seen in chemical analyses, no precise
formula can be expressed. Solid solution of the type
found in fillowite (Araki and Moore, l98l) also exists
and involves (K,Na), (Na,Ca) and (Na,Ca,Fe). In the
"ideal" formula occupied X(5) identifies with Kr*;
x(2), x(3) and X(6) with Na,*; x(l) with ca2*; and
M(l) through M(7) with Fe2*. Further on, we discuss
the role of Lir* in the structure. This small alkali cat-
ion almost certainly oocurs at the unusual M(l) tet-
rahedral site and may be important for the structure's
stability. Evidence from the structure study suggests
that the X(4) site may accommodate extensive Nar*
instead of Kr*. Much like the feldspar structures the
large X(4) site may exhibit smaller cations which dis-
play pronounced thermal vibration or local posi-
tional disorder which is conc.ealed in the thermal vi-
bration parameters, rather being in this case
residency parameters. The X(7) site unfortunately is
so weakly populated that refinement of site popu-
lation and thermal vibration do not admit discussion
on the kind of ionic species present.

a

I

Selecting a particular ordering scheme, arrojadite's
structure can be described, as was fillowite's, as a rod
packing. Following Figure 2, each rod can be de-
scribed as a sequence of cations along z. Eight cat-
ions constitute the repeat, so that c'/8 :25.70/E :

3.21A which would correspond to c/2: 3.18A in

Fig. 4. Rod I in arrojadite (NM) drarvn as a Penficld projcction
(Moore, l98l). Thc larger polyhcdra are stippled and thc
enveloping tra$rparent (PO4) tctrahcdra arc drawn in. Notc thc
s€quenoe cube-octahedron-square pyramid-cubc-octahcdron-
square pyramid-octahe&on-cubc. The Al sitc is an invcrsion
center.

! =
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Table 6. Arrojadite-dickinsonite scries bond distanccs and angles"

M(4)

u ( 2 )  - c ' r 9 )

M ( 2 )  - 0 ( r )

u ( z )  - o ( z o )  ( ' )

r ( z )  - o ( z l )  ( ' )

M  (  2 )  - o  ( 2 5 )

u(r) -o(4)

u1r1-o te)  ( " )

" ( r )  
-o ( ru  r  

( ' )

M( r ) -0 ( l r )

+o(q)  -o (a)  ( ' )

o (4)  -o ( r r )

o ( r r ) - o ( r z ) ( ' )
o lay  t " ) -61 , r ,  t ' )

o ( r )  -o ( r  z )  ( ' )

o (81  (5 )  -o ( r r )

W

r 969(6)

2 022(4)

2.042(3\

2 0s4(3)

2 022

M

2 712(7) 8s 6(2)

3 164(6) rO3.7(2)

3  2 s 9 ( s )  r o s  4 ( 1 )

3 261(3) rzs O(21

3 . 2 e 4 ( 6 )  1 1 0 . 4 ( 2 )

3 , s g E ( s )  1 2 3 . 9 ( 2 )

3 216 108 7

H ( 2 )

M

2  0 7 4 ( 4 )

2 077(r2)

2  l l 3 t 4 )

2 r t7(4)

2  r 2 0 ( 3 )

2 100

r . s 7 3 ( r 0 )  2  0 6 9 ( 7 )

2 0s2(6) 2 0E4(4)

2  o s r ( 6 )  2 , 0 8 2 ( 4 )

2 0Er(6) 2-132(4)

2 . 0 3 9  2 , 0 9 2

NP BR

2  7 2 r ( E )  2  7 8 1 ( 6 )  8 4 . 1 ( 2 )

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

3 . 2 9 1 ( 7 )  3  3 7 9 ( 6 )  1 0 6  2 ( 2 )

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

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

3.692(1) 3 774(6) r27 o(2)

3.252 3 285 rO7 7

NP BR

2 080(6) 2 l l6(a)

2 . u s ( r 0 )  2 . o s s ( 6 )

2 109(6) 2 134(4)

2 . r J r ( 6 )  2  1 7 7 ( 4 \

2  1 2 0 ( 5 )  2 . 1 4 5 ( 4 )

2  t l l  2  l 5 l

NP BR

2,697(6) 2 738(6) 79 9(2)

2  7 e 0 ( E )  2  8 1 9 ( 7 )  8 3  6 ( 2 )

2  9 9 7 ( 8 )  5  0 3 2 ( 7 )  e r . 3 ( 2 )

2 . e 7 s ( 6 )  3  0 2 s ( 6 )  E o  0 ( 2 )

J . 0 8 6 t 7 )  3  r 3 l ( 6 )  9 3  6 ( 2 )

5  r 0 3 ( 7 )  3 . r J 4 ( 6 )  9 3  5 ( 2 )

5 , 2 6 6 ( 8 )  3  2 E 9 ( 7 )  r o o  7 ( 2 )

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

5 . 0 4 4  3  0 8 2  9 5  I

NP BR

2 . 0 4 0 ( 5 )  2  0 6 5 ( 4 )

2.059(6) 2 09r(4)

2  0 7 6 ( 6 \  2  r r 8 ( 4 )

2 186(6) 2-259(4)

2 15s(6) 2 212(4)

2 ts2(6) 2 188[d)

2 . 1 1 5  2  1 5 6

u(l) -o(z+) ( ')

r (4 )  -0 (1)

u(c )  -o (g)  ( ' )

M(4) -o(7)

r(4) -o(s)
u(q)  -o ( rs )  ( t )

fo (s )  -o (7)
'o ( r )  -o (g)  (u )

o(s ) -o ( rs ) t ' )
io (e )  

( ' )  -o ( ls )  ( ' )

6Jsy  ( ' )  -e121y  ( ' )

o (s )  -o (z r )  ( ' )

o (z )  -o ( r r )  ( ' )

to (7 )  -o ( rs )  ( ' )

o (  r )  -o ( r  s )  ( ' )

to ( r )  -o (z r )  ( ' )

o (1) ,o (7)
o(s ) -o (s )  ( ' )

u (s ) -o ( r r )  ( ' l

M(S)  -o (6)

M(s) -o(2)

u(s )  -o ( r1 )

u(s )  -o ( tq )  ( ' )

u (s )  -o ( r r )  ( ' )

2 . 0 6 s ( 4 )  2 - O 6 7 ( s )

2 . 0 9 0 ( 3 )  2 . 0 9 9 ( 6 )

2  1 4 4 ( 3 )  2  r 5 s ( 6 )

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

2 t94(3) 2-204ls)

2.216(4) 2 194(5)

2.t43 2 143

M N P

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

2 . 7 8 2 ( s \  8 2  r ( 1 )  2 . 7 8 9  ( 7 )

2-824(4) 7s 6(1) 2 831(6)

2  e 7 4 ( S )  8 6  o ( r )  2  9 6 7 ( 6 )

2  9 8 0 ( s )  9 0  r ( r )  2  9 s s ( 7 )

2 , 9 8 8 ( s )  8 9  r ( r )  5 . 0 1 6 ( 6 )

3  o o 9 ( s )  e l . r ( 2 )  3 . 0 5 0 ( 6 )

3  r 4 0 ( s )  e 2 , o ( r )  3  I 2 S ( 7 )

3  r s o ( s )  9 4  o ( r )  3  1 3 9 ( 6 )

J . l s i ( s )  9 8  7 ( l )  3 . 1 3 2 ( 6 )

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

3 . 5 2 7 ( 4 )  r 0 8  8 ( l )  5 , 5 2 3

3  0 1 9  9 0  0  3 . 0 1 9

BR

2  1 2 7 ( 4 )

2 . I 0 S ( 4 )

2 , 1 3 2 ( 4 \

2 .  r 9 3 ( 4 )

2.2te(4)

2  2 2 6 ( 4 )

2 . t 6 ?

B R

2 426(5) 66.7( l)

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

2  8 6 E ( 6 )  8 0  4 ( r )

2 . 9 9 0 ( 6 )  8 6 . 5 ( 2 )

J 006(5) 89 8(2)

3  0 6 7 ( s )  E e , 8 ( 2 )

5  0 6 7 ( s )  9 0  4 ( 2 )

3  I E E ( 6 )  9 2  3 ( 2 )

3  r E 4 ( 6 )  9 4 , 6 ( 2 )

5  1 6 4 ( 6 )  s 6 . 7 ( 2 )

3 . 2 e 4 ( 6 )  r 0 0  0 ( 2 )

5 . s 1 8 ( s )  r 0 9 . 2 ( 2 )

5  0 s 3  9 0 . 0

BR

M ( s )

N

' o ( 1 9 ) - o ( 2 3 )  2  7 0 4 ( s )

o(s) -o(zo) ( ' )  2 a2a(r2)

t 0 ( 3 ) - 0 ( 2 3 )  2 . 8 9 9 ( 1 2 )

o ( z o ) ( ' ) - o ( z s )  2 , s i s ( 6 )

o ( r g ) - o ( z q ) ( ' )  3 , 0 6 4 ( 6 )
+ o ( 2 0 ) ( ? ) - o ( 2 4 ) ( ' )  l  l r 4 ( 6 )

o(r)-o(z+) 
( ' )  3 267(13)

0 ( r ) - o ( 1 9 )  3  2 E 4 ( 1 3 )

average 3 017

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

2  1 1 7 ( 6 )  2  1 3 0 ( 4 )

2 . 1 2 3 ( 6 )  2  1 5 6 ( 1 )

2 . r r 6 ( s )  2 . 1 0 6 ( 4 )

2  2 s 9 ( 6 )  2 , 2 4 r ( 4 1

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

2 150 2 166

NP BR

2.423(6) 2 423(5) 64.2(r)

2 709(6) 2 710(6) 79 s(21

2  e 2 6 ( 6 )  2 , s 2 2 ( S )  E E  7 ( 2 )

2  8 9 9 ( 6 )  2  9 r s ( s )  8 4  I ( 2 )

2 e2S(7) 2.944(s) 84.4(2)

2 9A2$J 2.992(5\ 8s 0(r)

5  0 3 3 ( 7 )  3  0 8 s ( 6 )  8 9  7 ( 2 )

3,042(7) 3 072(6) er 4(2)

3 . 0 E 7 ( 7 )  3  r 2 l ( 6 )  9 4 . e ( 2 )

5  l 2 e ( 6 )  3  1 6 8 ( 6 )  9 7  8 ( 2 )

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

J  s 8 3 ( 7 )  3  6 3 3 ( s )  r I l  4 ( r )

3 , 0 2 0  5  0 4 5  8 9  9

M

i o 1 r s l  
( ' )  - 6 1 1 a y  ( s )  z  4 z E ( 4 )

.0(2) -0(6) 2 707 (s)

o ( o ) - o ( r z ) ( ' )  2  s o o ( s )

t o ( r r ) - o ( r r ) ( ' )  2  e r 3 ( s )

o(2)-0( i l )  2 e5s(4)

o ( r r ) - o ( r s ) ( ' )  2  e E s ( 4 )

l o ( r J ) ( ' ) - o ( 1 7 ) ( 3 )  3  0 2 3 ( s )

o J r a l  
( ' )  - 6 1 r l ]  t " )  3  o s 7 ( s )

0 ( 6 )  - o ( r )  5  r r o ( s )

o ( z ) - o ( r r ) ( ' )  3 . r 4 6 ( s )

o ( o ) - o ( r r ) ( ' )  3  4 8 2 ( s )

o ( z ) - o ( r o )  
( ' l  J  s 5 8 ( s )

average 3.019

8 0  3 ( 2 )

84 et3)

8 7  4 ( 3 )

8 9  3 ( 2 )

9 3  9 ( 2 )

9 4 . 8 ( 2 )

r 0 2  5 ( 4 )

r e . 6 ( 4 )

9 2 2

M ( 3 )

M

2 . O 2 7  ( 4 )

2 , r 0 4 ( 3 )

2  l 0 6 ( 3 )

2 143(4)

2 220(3)

2 288(3\

z . t 4 a

r ( 3 )  - o ( r 4 )

N ( 3 )  - o ( 2 3 )

u(5) -F

u ( c )  - o ( r )  ( ' )

r ( 3 )  - 0 ( s )

M(3) -0(r9)

M

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

F-O(23) 2 822(s)

o 1 r 1 ( ' ) - o 1 r l 1  2 . s o s ( s )

F - O ( l e )  2 . 9 3 0 ( 6 )

rc(9)-O(r4) 2 964(s)

F-0(9) 2 e80(s)

+ o ( r ) ( 5 ) - o ( 2 3 )  3  o r i ( 6 )

F - O ( r 4 )  3 . 0 2 8 ( s )

0 ( 9 ) - 0 ( 2 3 )  3  r 0 7 ( s )

o ( 1 1 ) - o ( r 9 )  3 . 1 0 e ( s )

o ( r )  
( ' )  - o ( r s )  i  3 6 9 ( 6 )

svera8e 2 976

NP 8R

7 s . 9 ( l )  2  6 9 7  ( 6 )  2  7 3 8 ( 6 )  7 9  s ( 2 )

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

8 6  8 ( 2 )  2  6 1 2 ( 7 )  2  8 8 s ( 6 )  8 6  s ( 2 )

8 7 . s ( 2 )  2 - 9 4 o ( 7 J  l  o o 4 ( s )  8 7 . 9 ( 2 )

8 7 . 8 ( 2 )  2 , 8 8 9 ( 8 )  2 . s 7 r ( 6 )  E 7  2 ( 2 \

8 9  7 ( r )  2  e E 3 ( 6 )  2  9 e 8 ( 6 )  8 E , e ( 2 )

E9 7(2) 3 009(6) 3 049(6) 89 s(2)

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

e s . J ( 2 )  3  0 3 2 { 6 )  J . o s 6 ( 6 )  9 3  8 ( 2 )

9 s  r ( r )  3  1 l o ( 6 )  5  r 9 E ( s )  9 6 . o ( 2 )

9 s  s ( r )  s . r o r ( 7 )  3  r s 2 t 6 )  s s  6 ( 2 )

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

9 0 , r  2  9 8 6  3  & 6  9 0 . 1

A l

NP BR

1  8 S 9 t 6 )  I  8 9 4 ( 4 )

r . 8 9 0 ( s )  I  e 3 6 ( 4 )

r  E 9 2 ( s )  I  e l s ( 4 )

1 . 8 8 0  I . 9 1 5

NM

2 . 0 3 5 ( 3 )

2 046(3)

2 -062(3)

2  1 6 5 ( 3 )

2 164(3)

2  1 6 4 ( 4 )

2 106

6 s  2 ( r )

8 0  0 ( l )

8 9  2 ( 2 )

8 3 , 7 ( l )

8 7  3 ( r )

8 4  5 ( r )

E 8  8 ( l )

9 4  l  ( l )

9 9  r ( 2 )

r 0 4  E ( l )

1 0 9  7 ( l )

8 9 9

z  l r  - o ( s )  ( ' )

2  A l - 0 ( r 0 l

2 Ar-O(13)

M

r  E 6 2 ( 3 )

r  8 9 s ( J )

l  8 9 6 t 3 )

I  884

ffi

2  o ( s ) ( r ) - o ( r r ) ( u )  2  s E ? ( 4 )

z  o 1 s )  
( r )  - 6 1 1 e ,  ( ' )  2  6 r s ( 4 )

f 2  o ( r o ) - o t r 3 )  2  6 s 2 ( 4 )

z  o ( s )  
( ' )  - o ( t o )  2  6 s 7 ( 4 )

z  o ( r o ) ( ' ) - o ( r r )  2  7 0 9 ( s )

z  o 1 s 1 ( ' ) - o 1 r s ;  2 , 7 2 s

averaSe 2.664

NP BR

2 , s 8 8 ( 6 )  2  6 0 9 ( s )  8 6 . s ( 2 )

2 500(6) 2 656(5) 81 O(2'

2  6 s 3 ( 6 )  2  7 0 0 ( s )  8 e . l ( 2 )

2  7 0 r ( 6 )  2 . 1 ? 9 ( 6 )  9 3  o ( 2 )

2 , 6 9 4 ( s )  2 , 7 4 6 ( s )  9 r . o ( 2 )

2 . 7 r s ( 6 )  2 . 7 7 5 ( s )  9 3 . 6 ( 2 )

2 659 2.708 90 0

E 7  O ( r )

8 8  2 ( r )

8 8  E ( r )

9 r  E ( r )

e r  2 ( 1 )

9 3  0 ( r )

9 0 0

aEst inatd. standard . l rors in Parentheses ref€r to the last diSi t  f te .quivalent posi t ions (referr€d to Tablc 2) are designated as superscr ipts ,nd
a r e  ( r )  = t r + x '  - v ,  z ,  ( 2 ) " x , 4 v , \ * z ;  ( 3 )  - \ + x , L - y ,  \ + z i  G ) .  - x ,  - y ,  - 2 . ,  ( s )  = r r - x ,  y ,  - ' ;  ( 6 )  =  - x ,  \ - y , \ - 2 . ,  ( 7 1 - \ - x , \ * y , 4 - z  1 e - u s l a r e aedSes nP-X shared edges lM-I shared €d8es rX-X shared edges, .M-M shar€d ed8es.

T t . d i s o l d e r c d x ( 7 )  d i s t a n c . s  f o J N P e r e :  2  x ( 7 1 { ( r 9 )  - 2 . 7 9 ( L ) , 2  x ( 7 ) { ( 2 ) . 2  9 8 ( 1 ) , 2  x ( 7 ) { ( 3 )  =  2 9 9 ( 2 ) , 2  x ( 7 ) { ( 1 )  =  t 1 6 ( 2 ) , 2  x ( 7 ) { ( r 8 )  '
3 , 2 0 ( 3 ) ,  2  x ( 7 ) { ( 1 7 )  "  3 . J S ( 3 )  A ,  a v e r a t e  J . 0 8  I .

continued
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wyllieite and c/12: 3.63A in fillowite. Since arroja-
dite's structural principle more closely resembles
wyllieite, the repeats between successive cations in a
rod are quite similar.

Summing up, we propose a range of M and X pop-
ulations in arrojadite's cell. Since X(l) is shown to be
half-occupied and since X(6) and X(7) have steric
problems then )(M + X) : 84 including half-occu-
pied M(l). Omitting X(6) when P(lx) : 0, there can
be 80 cations. [f the large X(4) and X(7) sites are
empty there exist 76 cations. The range, then, is most
fikely )(M + x) : 76-84laryer cations in the cell.
Moore and Ito (1979) found a range between 76.8

and 85.9 cations in the cell (other than P5*) based on
nine different analyses for the mineral from various
localities. The order of cation omission beyond X(6)

would appear to be X(7) = X(4) > X(5) >> X(3), that
is the largest X(7) and X(4) sites would be the first to

"leak" in a progressive oxidatisa-lgashing of the
mineral.

The underlying core of the arrojadite structure is
rod I which occurs at the centers ofthe hexagons. In

arrojadites, rod I appears to be fully populated with

cations in the sequenoe "'X(3)-M(3)-M(2)-X(2)-
AI-X(2)-M(2)-M(3)"'. Figure 4 features a Penfield
projection of this rod including its circumjacent POo

Table 6. (Continued)

M ( 6 )

M ( 6 )  - o ( 1 8 )

M(6) -0(6)

v1e; -o1rz; ( ' )

u(o) -r [')
M(6) -o(2)
u(o) -o(za) (t)

avefage

*o(2) -0(6) 2.707 (s)

o ( e ) - p ( ' )  2 . 9 r 1 ( s )

o(o)  -o ( tz )  ( ' )  2  9s4(s )

o(z ) -o ( rz ) ( ' )  2 ,993(s )

o(2)  -0 ( r8 )  2 .  s96(s )

o( re ) -o (zq) ( ' )  3 .076(6)

0(6)  -0 ( r8 )  3 .  log(s )

o 1 r z l ( t ) - r { ' )  3 . r r o ( s )

o J r z ; ( ' ) - 6 1 r o r [ ' )  3 . 1 8 2 ( 6 )

o( re ) - r ( ' )  3 .236(s )

o(z ) -o (z l ) ( ' )  3 .362(6)

o1z+1( ' ) - t { ' )  5 .73E(s)

average 3 .114

NP

2.0ss(s)
2 .  1 6 6 ( 6 )

2.2r0(s)
2.236(6)

2 .2Es(6)

2,342(7)

2 .216

NP

7S.E(1)  2 .709(6)  2 .140(6)

82 .9( r )  2 .906(7)  2  926(6)

86 .3(1)  2 .966(6)  3 .032(s )

8s .2(1)  3 .040(6)  3 .098(6)

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

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

9 s . 6 ( 2 )  3 . t 7 4 Q )  3 . 1 6 9 ( s )

E9.6( r )  3 . I34(7)  3 .073(6)

8 8 . 8 ( 1 )  3 . r 6 9 ( 8 )  3 . 1 6 8 ( 6 )

97 .8(2)  3 .2s8(6)  3 .361(6)

9 3 . r ( r )  3 . 3 4 2 ( 8 )  3 . 3 4 s ( 6 )

ro? .9( r )  3 .742Q)  3 .746(6)

8 9 . 9  3 . L 2 5  3 . 1 4 6

x(6)

t't(1) -O(22)

M ( 7 )  - 0 ( 7 )

r, t ( t )  -o(ro) ( ' )

n(z)  -o(zo) ( ' )

r , t (z)  - r ' ' '

avelage

lM(7) -0(4x)

totrol ( z) -o,ro, t 
"

to(z)  -o(ro)  ( ' )

o ( 7 )  - F "

o 1  r o ;  
( ' )  - *  (  r )

o1zo1(') -o{zz)

o(22) -F\"

o(7)  -o(22)

o1zol  
( ' )  - t t " )

avefage

l o (4x) -o (20)  
(7 )

[0 (4x)  -0 (22)

lo (ax)  -o (7)

lo (4x)  -o (16)  (7 )

NM

2.043(4)
2 .  rs r  (3 )

2.167 (4)

2 .247 (s )

2 . 2 s 4 ( 3 )

2  ,37  6(s )

2 .206

NM

BR

2 . 0 9 s  ( 4 )

2 . 2 1 6 ( 4 )

2 . 2 r s ( 4 )

2.239(4)

2 . 3 3 8 ( 4 )

2 . 3 0 3 ( 4 )

BR

NM

2 . 0 s 5 ( 4 )

2 . 0 9 0 ( 3 )

2 . 1 6 5 ( 4 )

2 . 1 7 9 ( 4 )

2 .2ss (31
2 . 1 4 9

2.38(2)

NM

NP

2 . 0 6 8 ( 7 )

2 .  r r 5 ( 7 )

2 .  r 8 4  ( 5 )

2.zOE(7)

2 . 2 3 6 ( 6 )

2 .s l 2 ( s )

NP

BR

2.  r00(4)

2 .166(4)

2 .  18s(4)
2 . 2 s 9 ( 4 )

2 .2s9(4)
2 . 1 9 0

2 . 4 0 ( 3 )  l

BR

7 3 . 9 ( 1 )

E 2 .  l  ( 2 )

E 6 . 3 ( 2 )

8 s . 6 ( 2 )

86 .2(2)

88 .  r  (2 )

94  .6 (2)

8 7 . r ( 2 )

89 .0  (  2 )

r 0 r . 6 ( 2 )

e2  .3 (1)

r r  1 .  l  ( 2 )

8 9 . 8

7 4 .  r ( 7 ) l

ss. 2(6) l
8 r . 2 ( 7 ) l

8 3 . s ( 6 ) l

2 .90E(s)  84 .1( r )  2 .s4s(7)  2 .974(6 ' )  84 .0(2)

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

3 .002(S)  87 .3( l )  2 .s82(7)  2 .eer (s )  Es .s (2)

3 .038(S)  86 'E(1)  3 '051(6)  3 .03s(6)  86 '6 (2)

3 .0s1(6)  s2 .L(2)  3 .0 rs (8)  3 .068(6)  8s .4{21

3.066(6)  90 .6(2)  3 .06s(7)  3 .134(6)  e2 's (2)

3 . r06(s )  s7 . r (2 )  3 .180(8)  3 .203(6)  97 .3(2)

3 . 7 2 8 ( s )  r 1 4 . 4 ( r )  3 . 7 6 s ( 7 )  5 . 8 6 1 ( 6 )  1 1 8 . 3 ( 2 )

3 . 1 0 7  s 2 . 6  3 . 1 2 6  3 . 1 7 0  9 3 ' 0

x1o1-o1a; (")

*(o)  -o(r  r )  ( ' )

x1e1 -o1rz;  ( ' )

xt5) -o(2)

x1e1-o1rs;  ( ' )

x(o)-o(rz)  ( t )

x(o) -o(ro) (')

x(6) -0(1)
x(6) -0(4x)
x(o)-o(ro)  ( t l

average

average (inner four)

HM

2 . 1 r 0 ( 1 3 )

2 .24s  ( rs )

2 . 3 7 s ( r s )

2 .s27 (13)

3 .2r7  (1s)

3 .282( r6)

3 .30s(14)

3 .3s6( rs )

3,462(27)

3 .601 ( Is )

2 .949

NP

2 . 1 r 3 ( r 3 )

2 .297 ( t4 )

2 . 3 3 1 ( 1 4 )

2 . s s 1 ( 1 4 )

3 . 2 E 1 ( 1 4 )

3 .223 (1s)

3,264(r4)
3 .436 (  I  4 )

3 .488 (11)

3 .s80( r4)

2 ,956

BR

2.  r94(8)

2 . 3 5 6 ( 9 )

2 .3sr  (9 )

2 .s49(8)

3 .3E6(s)

3 .204(  lo )

3 ,2s2(8)

3 .487(9)

2 .99r (2E)

3 .631 (9 )

2 .940

P (Ix) -0(4x)

P ( 1 x )  - o ( 1 )

P  ( 1 x )  - o ( 2 )

P(lx) -o(3x)

average

0(3x) -o(4x)

0(r)  -o(2)
o(2) -o(3x)

0(1) -0(4x)

o(1) -o(3x)

0(2) -o(ax)

average

2 . 6 s ( 3 )  7 2  t ( 6 1  2 ' 7 e 0 ( 6 )  2 . 8 1 ( 3 )

3 . 0 6 ( 3 )  E 6 . e ( s )  3 ' r 3 7 ( 8 )  3 . 4 3 ( 3 )

3 .07(3)  86 .6(6)  s .173(7)  2 .s8(3)

3 . 3 9 ( 2 )  9 6 . 3 ( s )  3 . s 2 6 ( 7 )  3 . 0 6 ( 3 )

For NP. substitute O(3) fot 0(4x)

P  ( I x )

NM NP

1.s08(26)  r .434 ( lo )

r .  s18(6)  1  '  s14  (8 )

r .s8s(6)  1 .s6s(8)

1 .639(1s)  1 .614(22)

l .562 r .s32

2.4sr(27') r04.6(rl) 2.298(22')

2 .s09(s )  107.9(4)  2 .s14(6)

2 .s2s( r9 )  r03 .3(8)  2 .58s(21)

2 .s18(26)  114.7(10)  2 .Sor [9 )

2 .s92(20)  r10 .3(8)  2 .ss6(2s ,

2 .615(26 ' , )  r rs .4 ( r0 )  2 .s3s(7)

2 .547 109.4

BR

r .  s28  (28)

r  .4  87  (s )

1 .  562 (s )

1 ,724(24)

2 .7E0(3s)  r r7 .4 (15)

2 , s r s ( 6 )  r 1 1 . r ( 3 )

2 .622(2s)  10s .8(s )

2 .413(28)  1 r0 .2 (1r )

2 .588(27)  t07 .2( lo )

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

2 . 5 7 2  1 0 9 . 5

cdt inued
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Table 6. (Continued)

P(r ) -o (3)

P ( r )  -0 (21

P ( r  )  -0 (4)

P ( l ) - o ( l )

avetage

0(2)  -o (4)
E0( r )  -o (3)

0(3)  -0 (4)

o(1) -o (2)

0(2)  -0 (3)

o ( 1 ) - 0 ( 4 )

avefage

P (2)  -0 (6)

P(2) -o (8)

P(2)  -0 (7)

P(2)  -o (s )

avetage

p(s) -0 (7)

{ (7 )  -0 (8)

o(s) -o(6)

0(6)  -0 (8)

0(6) -0(7)

0(s )  -0 (E)

average

P(3)  -o (10)

P(3)  -0 (e)

P(3) -o (12)

P(3)  -0 (1r )

average

o(1r)  -o ( r2)
ro(r0)-o(12)
io(9) -0(rr)
o(e) -0(10)

ote'-0tl2]
o(r0) -0(r 1)
average

NM

r .  s02  ( r  1 )

l . s 2 0 ( 3 )

1 .  sss  (s )

1 .  ss9(3)

1 . 5 5 4

NM

2 . 4 6 6 ( 6 )  t 0 6 . 6 ( 3 )

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

2 . 4 E 9 ( 1 3 )  1 0 s . 0 ( s )

2 . s 0 9 ( s )  r 0 s . l ( 2 )

2 . 5 r 7 ( 1 2 )  r 1 2 . 8 ( s )

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

2 . 5 0 5  1 0 9 . 5

M

1 . s 2 1 ( 3 )

r . 5 3 1 ( 4 )

l . s s 2 ( 3 )

r . s s 8 ( 3 )

1 . 5 4 1

NM

NM

1.  s30(3)

r . s 3 r ( 3 )

1 , s 4 7 ( 3 )

r .s48(3)

I  .539

NM

2 . 4 6 3 ( 8 )  2 . 4 3 s ( 8 )

2 . 5 0 r  ( 9 )  2  s 0 6 ( 7 )

2 . 4 0 s ( r 0 )  2 . 4 s s ( s )

2 . s r 4  ( 6 )  2 . 5 1 s ( 6 )

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

2 . 5 6 s ( 8 )  2 . 5 6 1 ( 8 )

2 . 4 9 7  2 , 5 0 0

P ( 2 )

NP

r  .  s2s  (6 )

1 . s 2 8 ( s )

1 . s 4 2 ( 6 )

1 .  S57 (6 )

I  . 5 3 8

NP

BR

l .  s r s  ( 6 )

r  . 5 1 0 ( 4 )

r . s 2 8 ( 7 )

r . s 7 1 ( 4 )

1 . 5 3 1

BR

106 .  s  (4 )

108 .6 (3)

1 0 7 . 6 ( 4 )

r  09 .4  ( : )

r 1 3 . 4 ( 3 )

r 1 . 4 ( 4 )

1 0 9 , 5

1 . 5 2 4 ( 4 )

r  . 5 3 0 ( 4 )

r  .  s 4 6 ( 4 )

I  .  s 6 l  ( 4 )

1 . 5 4 0

BR

2 . 4 2 6 ( 5 )  1 0 2  - 7  ( 2 )

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

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

2 , 5 2 5 ( 6 )  r t  r .  s ( 2 )

1 1 2 . 8 ( 2 )  1 r 2 . 8 ( 2 )

2 . s 6 9 ( S )  1 1 2 . s ( 2 )

2 . 5 1 3  1 0 9 . 4

BR

r .s2s(4)
r . s41 (4)
r . s s2 (4 )
1 . s38 (4 )
I  . 5 4 0

BR

2 . 4 ? 1 ( S )  t O 6 . 2 ( 2 )

2 . s 0 8 ( 6 )  r 0 9 . 0 ( 2 )

2 . S 0 8 ( s )  r 0 9 . 1 ( 2 )

2 . s 0 7 ( 5 )  r 0 e . s ( 2 )

2 , s s 3 c 6 )  1 r 1 . 3 ( 2 )

2 .s39 (s )  r 1 r . 8 (2 )
2 . 5 1 4  I  0 9 . 5

M

l  .  s 2 9 ( 3 )

r . s 2 e ( 4 )

r . s 4 8 ( 5 )

1 . s 6 r ( 3 )

1 . 5 4 2

NM

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

2 . 4 9 6 ( s )  t 0 9 . 4 ( 2 )

2 . 5 2 s ( 4 )  1 0 9 . s ( 2 )

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

2  s 4 7 ( 5 ' )  r t r . 8 ( 2 )

2 . S 5 9 ( 4 )  1 r 1 . 8 ( 2 )

2 . 5 1 6  1 0 9 . 5

NM

r  s r8 (3 )
t . s23 (4 )
1  5 4 4  ( 4 )

r . s ss (4 )

NM

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

2 .49r  (s )  108.  r  (2 )

2 . s 1 s ( s )  1 0 8 . s ( 2 )
2 . s 1 8 ( s )  r l 0 . r ( 2 )

2 .s2r (s )  r r0 .s (2)

2 . s 3 r ( s )  r 1 1 . 5 ( 2 )

2 .306 109.  S

NU

r  .  s37  (4 )

r  .  s40(3)

t . s 4 2 ( 4 )

l . ss8 (4)

1 . 5 4 4

NM

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

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

2 .527 (6 )  ros .2 (2)
2 . s 2 7 ( 7 )  r o e . s ( 3 )
2 . s 4 r ( s )  1 r 1 . 3 ( 2 )
2 .521 r09 ,S

P ( 4 )

NP BR

1 . S 3 2 ( 3 )  1 . S 2 4 ( 4 )

1 . s 2 4 ( s )  r . s 2 s ( 4 )

1 .  s41  (6 )  r .s47  (4 )

l . s s 6 ( s )  1 . s 6 0 ( 4 )
1 .538 I  .540

2.423(6)  2 .423(s )  r02 .S(2)
2 .48e(6)  2 .476(6)  toE.4(3)
2 .52 t (6 )  2 .s36(s )  r10 .4(2)
2 .532(7)  2 .S29(6)  l lo .9 (2)
2 .s44(6)  2  ss3(6)  r r2 .2 (2)
2 .560(7)  2 .s6s(6)  112.5(2)
2 , 5 2 t  2 . 5 1 4  1 0 9 . 5

P (s )

P ( 1 )

NP

r  .482 (  10)

r . 5 r  I  ( 6 )

r . s 7 3 ( r 0 )

l . s s E ( 7 )

1 . 5 3 r

NP

P ( 4 )  - o ( 1 s )

P  ( 4 )  - 0 (  I  6 )

P ( 4 )  - 0 ( r 4 )

P ( 4 )  - o ( 1 3 )

average

d o ( 1 3 )  - o ( 1 4 )

n o ( l s )  - o ( 1 6 )

no( r3) -o(r6)

t o ( 1 4 )  - o ( 1 s )

o ( 1 4 )  - 0 ( 1 6 )

0 ( r  3 )  - o (  l s )

avetage

2.420(4)  102.2(2)  2 .418(7)
2 . s 0 2 ( s )  1 0 8 . s ( 2 )  2 . 4 s 0 ( 6 )
2 .s06(4)  r09 .0(2)  2 .s06(7)
2 . s 2 8 ( s )  1 r r . s ( 2 )  2 . s 2 7 ( 6 )
2 .ss7(4)  L t2 .6 (2)  2 .ss8  (6 )

2 .s64(s )  r r2 .3 (2)  2 .sss  (6 )

2 . 5 1 3  1 0 9 . 4  2 . 5 0 9

NP

r .s30(s)
r .s3s(5)
r .  s43(s)
r . s4s (6 )
1 . 5 3 9

NP

P(s)  -o (18)

P (s )  -0 ( r  7 )

P(s )  -o ( re )

P(s )  -0 (20)

average

no( r7)  -0 ( r8 )

no(17)  -O(20)

o( rs )  -o (20)

o(18)  -0 (20)

o(17)  -o (1s)

0(18)  -o ( rs )

avetaSe

P(6)  -o (22)

P(6)  -0 (23)

P(6)  -0 (2r )

P(6)  -0 (24)

average

ro(21)  -o (22)

ro(21) -o(23)

0(23)  -o (24)
qo(2r )  -0 (24)

o{22) -O(24)

ao(22) -o(23)

average

NP

|  . s 2 2 ( 6 )

1  s28(6)

l  .  ss1  (6 )

l  .  s46(7)

NP

NP

1 . s 1 7 ( 7 )

1  .  s 3 7  ( 6 )

| . s 2 7  ( 6 )

r .  s 6 4  ( 8 )

1 536

NP

BR

r . s 2 2 ( 4 )

1 . s 3 2 ( 4 )

r . s 4 4 ( 4 )

1 .  sss  (4 )

BR

BR

r .  s2E(4)

r .  s37  (4 )

1 . s 3 2 ( 4 )

r . s s 6 ( 4 )

1 . 5 3 E

BR

2 . 4 8 1 ( 6 )  2 . 4 8 8 ( 6 )  1 0 s . 1 ( 2 )

2 . 4 e 0 ( 7 )  2 . s 0 6 ( 6 )  t 0 E . s ( 2 )

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

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

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

2 . s 4 0 ( 7 )  2 , 5 2 r ( 6 )  1 r 0 . 6 ( 3 )

2 . 5 0 9  2 . 5 1 2  1 0 9 . 5

P ( 6 )

2.478(5)  106.4(2)  2 .46s(6)
2 .488(4)  L07.s (2 ' )  2 .490(6)
2 , 5 0 7 ( 4 )  1 0 9 . r ( 2 )  2 . s l r ( 7 )
2 . s l s ( 4 )  l r 0 . s ( 2 )  2 . s l 8 ( 6 )
2 !s4ocs)  l t l .2 (2 )  2 ,s140)
2 .s46(4)  r r r .6 (2)  2 .s4s(6)
2 . 5 1 2  1 0 9 . 4  2 .  S l 3

2 .494(7)  2 .499(6)  tos .s (3)
2 .s06(6)  2 .s01(6)  L09.2(2)
2 . s r l ( 7 )  2 . s 1 4 ( 6 )  1 0 8 . 7 ( 2 )
2 .s22(7)  2 .526(6)  rO9.S(3)
2 . 5 0 2 ( 9 )  2 . s r 1 ( 7 )  1 0 9 , 0 ( 3 )
2 .Srs (8)  2 .520(6)  110.6(3)
2  508 2 ,5 t2  109.5

tetrahedra. Unlike fillowite, where face-sharhg be-
tween polyhedra in its rod I is prevalent, in arrojadite
only edge-sharing occurs. The sequence is ...cube-

octahedron-square pyramid-cube-octahedron-
cube-square pyramid-octahedron.... Opposing edges
are shared in the chain. As mentioned before, rod VI
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Table 6. (Continued)

1045

x1 r1 -oqa ;  ( ' )

x(r )  -o(ro)  ( ' )

x(r )  -o(r  s)  ( ' )

x(1)  -o(4)

x(r)  -0 (8)
x (  r )  -o(re)  ( '  )

x(  r )  -0 (7)
x ( r )  - o ( r s )  ( ' )

average

o z  o ( r s ) ( ' ) - o ( t o ) ( t )
a l  o ( 7 ) - o ( 8 )

t r o(r) -o(e) ( ")
r  o lay  -o1ro ;  ( ' )

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

t  r  o ( z ) - o ( r o )  
( ' )

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

1  o (4)  -0 (7)

z  o1e1 -o1re1 ( t )

z  o (e)  -o ( ts )  ( ' )

z  o ( e ) - o ( r o ) ( ' )

r  o ( e )  - o ( r r )  ( ' )

average

I r  o1 r s l  ( s ) - o , t u r  1 t ;

x ( l )

NM

2 . 2 4 0 ( s )

2  . 2 4 7  ( 4 )

2 . 3 1 0 ( 4 )

2 . 3 7 3 ( 6 )

2 . 4 8 3 ( s )

2 . s 9 6 ( 4 )

2 . 8 2 s ( s )

2 . 8 3 3  ( 4 )

2 ,449

NM

2 . 4 9 6 ( s )  6 0 . 8 ( i )

2 . s 0 2 ( s )  s s . 8 ( l )

2 . 7 1 2 ( 7 )  ? 2 . 0 ( 2 )

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

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

2 . 9 6 1 ( s )  7 0 . 4 ( 1 )

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

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

3 , 2 2 4 ( S )  E s . 8 ( 1 )

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

3 . 4 2 s ( s )  8 4  E ( l )

3 . 4 9 8 ( s )  9 3 . 7 ( l )

3 . 0 8 8  7 6 . 6

> 3 . 7 5  r 0 3 . 0 ( 2 )

M

2 . 3 1 9  ( 4 )

2 . 3 3 6 ( 4 )

2.3ss (s)
2 . 4 2 0 ( 4 )

2 . 5 7  4 { 6 )

2 . 6 7 5 ( 6 )

2 . 7 r 2 ( S )

2 , 4 9 0

3 . 4 6 4  ( s )

N!'l

2 . 4 s 1  ( s )  s 8 . 3  ( 1 )

2 . s 2 ? ( 6 )  6 r . 0 ( 2 )

2 . 5 2 9 ( 4 )  s 9 . 6 ( 1 )

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

2 . 9 0 8 ( s )  6 8  8 ( 1 )

? 1  0 r r l

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

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

s . 4 2 4 ( 5 )  8 8 . 7 ( 2 )

2 , A a 7  7 l . O

2 488 (4)

3 .  r 8 2  ( 6 )

> 3  7 5

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

2 .204(8)  2  239(5)

2 .296(7)  2 .324(s )

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

2 .460(7)  2 .s06(s )

2 . s 6 0 ( 7 )  2 . s s s ( s )

2 . 8 2 4 ( 8 )  2 . e 2 1 ( s )

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

2 . 4 7 6  2 . 5 1 6

2 x (3)  -0 (14)

2  x ( 3 ) - 0 ( l s )

2  x (3)  -0 (s )

2  x ( 3 )  - 0 ( 1 r )

ave!a8e

r 2  0 ( 9 ) - o ( r r )
f  2  0 (14)  -O(1s)

I  z  o ( r r )  
(  
" )  -o ( ta )

t  2  o (9)  -o (14)

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

2  o ( l r )  - o ( l s )

average

2 x (4)  -0 (3)

2  x (4)  -0 (23)

2  x  (4 )  -o (  1 )

2 X(4.) -0(221

2 x (4)  -o (2 I )

avefaSe

n 2 O(2r) -o(22)

f  2  0 (21)  -0 (23)

n  2  0 ( r ) - o ( 3 )
r  2  0 (22) -O(23)

t  2  o ( 3 ) - o ( 2 3 )

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

t  z  o ( r ) ( ' ) - o ( z t )

2  o (3)  -o (22)

z  o 1 z i l ( u ) - o 1 z z 1

averaSe

x(3)

NM

2 . 3 4 9 ( 3 )

2 .  s L s  ( 4 )

2  .  S 9 9  ( 4 )

2 . 7 6 r ( 3 )

2 .  5 5 6

NM

2  5 0 7  ( 4 )  s 5 . 7  ( 1 )

2 . s 3 8 ( 4 )  6 2 . 8 ( l )

2 . 9 r 3 ( s )  6 9 . 0 ( r )

2  e 6 4 ( s )  7 3 . 4 ( r )

2 . 9 1 4 ( s )  7 1  r ( l )

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

2  . 9 3 1  7 0 .  I

x(4)

NM

2 . 4 8 6 ( r 3 )

2 . 8 8 2 ( 4 )

2 . 8 8 8 ( 4 )

3 .  2 7 8  (  l o )

3  . 3  s 6  ( 8 )

2 . 9 7 8

NM

2 . S o s ( s )  4 4 . 4 ( 2 )

2  s 1 0 ( s )  4 6 . 7 ( l )

2 . 4 8 4 ( r 2 )  5 4 . 4 ( 3 )

2 .  s 4 1  ( s )  4 8 . 2 ( r )

2 . 8 9 9 ( r 2 )  6 4 . 9 ( 3 )

3 . 0 r 3 ( 6 )  6 3 . 0 ( r )

3 . 1 5 3 ( s )  6 0 . 1 ( I )

3 . 1 3 6 ( 1 2 )  6 4 . 2 ( 3 )

> 4 . 0 0 0  7 7  6 ( 3 )

> 2  ,  9 1 6  5 8 . 2

BR

2.361 (4')

2 . 5 7 r ( 4 )

2  .  s 8 1  ( 4 )

2 . 1 1 8 ( 4 )

BR

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

2 . s 2 e ( 6 )  6 r . 4 ( r )

2 . 9 r s ( s )  6 8 . s ( r )

2 . s s 8 ( 6 )  7 4 . S ( r )

2 .  sso(6)  7 r .0 (1)

3 . 7 1 8 ( 6 )  8 8 . 0 ( r )

2 . 9 4 3  6 9 . 9

BR

2  . 7 5 6 ( 9 )

2 . g s s ( 4 )

3 . 0 1 8 ( 7 )

3 . 1 7 1 ( 1 2 )

3 , 1 2 0 ( r r )

3 , O l 2

B R

2 . 4 9 9 ( 6 )  4 6 . 8 ( 2 )

2 . s 0 1 ( 6 )  4 6 . 3 ( L )

2 . s 0 6 ( 7 )  s l . 2 ( 2 )

2 - 5 2 0 ( 6 )  4 8 . 1 ( l )

3 . 0 3 2 ( 7 )  6 3 . s ( 2 )

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

3 .  1 6 4  ( 6 )  6 2  . 0 ( r )

3 . 1 8 4 ( 8 )  6 4 . S ( 2 )

> 4 . o o o  8 E . 9 ( 4 )

> 2 , 9 S t  5 9 . 6

BR

2 . 4 8 8 ( 6 )  s 0 . 8 ( 1 )

2 . 4 e s ( 6 )  4 9 . 9 ( r )

3 . 3 8 4 ( 7 )  7 2 . 4 ( t )

3 . 4 9 6 ( 7 )  7 1  . 5 ( r )

3 . 6 3 7 ( 6 )  7 7 , 8 ( 2 )

> 4 . 0 0 0  9 6 , r ( 2 )

> 3 , 5 8 4  6 9 , 8

NP

2 .3s r  ( s )
2 . s28 (6 )
2 .605 (s )
2 . 7 4 1  ( 6 )

BR

2 . 4 7 6 ( 6 )  6 0 . 2 ( l )

2  4 9 3 ( 6 )  s 4 . 0 ( 1 )

2 . 7 8 r ( 8 )  7 2 . 9 ( 2 )

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

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

3 . 0 9 4  ( s )  7 2 . 3 ( r )

3 , 1 8 8 ( 6 )  7 3 . 9 ( r )

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

3 . 2 s 0 ( 6 )  8 6  3 ( 2 )

3 . 4 8 8 ( 6 )  8 0 . 6 ( s )

3  4 2 s ( 6 )  8 4 . s ( 2 )

3 . 4 6 6 ( 6 )  e 1  6 ( 2 )

3 . 1 0 4  7 6 . 8

> 3 . 7 s  1 0 3 . 0 ( r ) l

NP

2 . 6 5 0  ( 9 )

2  .  s s E  ( 7 )

2 . 9 5 0 ( 8 )

3  l 9 r  ( 8 )

3 . 1 9 8 ( 9 )

2 . 9 8 5

x(2)  -0 (10)

x (2)  -0 (13)

x  (2  )  -o  (24)

x (2)  -o (20)

x (2)  -0 (21)

x (2)  -o (17)

x (2)  -0 ( r6 )

avefage

l x (2 )  -0 (12)

0(10)  -0 ( r  3 )

0( r6 )  -o (20)

0( r3 )  -o (17)

0(20)  -o (24)

0(17)  -0 (2 I )

0 (10)  -0 (21)

average

a[0( r0 )  -o (12)

[o ( r2 )  -0 (24)

[o (  r  2 )  -o  ( r6 )

NP

2 . 3 3 8 ( 1 )

2 . s r 4 ( 1 )

2 . 4 1 6 ( 8 )

2 . 4 0 3 ( 7 )

2 .  s3r  (e)
2,629(9)

2 . 8 0 2 ( 8 )

2  . 4 9 0

5  .  s 4 s  ( 6 )

r  0 ( r7 ) -0 (20)
t  0 (21) -0(24)
a  0( r3 )  -o (16)

BR

2 . 3 s 0 ( s )

2 . 3 4 4 ( s )

2 . 4 4 6 ( S )

2 . 4 O 4 ( 5 )

2 . 5 2 0 ( 6 )

2  . 6 8 s  ( 6 )

2 . 8 s s ( 6 )

3 . 6 0 8  ( 6 )  l

BR

2 . 5 0 6 ( 6 )  s 8 . 7 ( r )

2 . s 2 6 ( 6 )  6 r .  1  ( 2 )

2 . 5 3 6 ( s )  s 7 . 3 ( r )

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

2 . s 1 4 ( 6 )  6 8 . 2 ( 2 )

3 . 0 8 s ( 6 )  7 s . 3 ( 2 )

s . r 3 4 ( 6 )  8 0 . s ( 2 )

3 . 4 9 6 ( 7 )  8 4 . 3 ( 2 )

3 . 4 7 3 ( 6 )  9 0 . 9 ( 2 )

2 . 9 3 7  7 1 . 8

2 . s 0 8 ( 6 )  l

3 .  1 6 8  ( 6 )  l

> 3 . 7 s  l

2 x (s )  -0 (18)

2  x (s )  -0 (22)

2  x ( s ) - 0 ( r 7 )

2  X(s )  -O(21)

average

r  2  0 ( 1 7 ) - 0 ( 1 8 )

r 2 0(2\ l -o(22)

2  0 ( 1 8 )  - 0 ( 2 2 )

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

z o(rz)  ( t )  -o(re)

z o1zr l  ( ' ) -o1zz;

average

NX

2  . 6 s 3  ( 4 )

2 . 7 e 1  ( s )

2 . 8 3 8 ( 4 )

3 . 0 0 6  ( 4 )

2 .a22

NM

2 . 4 6 2 ( 5 )  s 3 . 2 ( l )

2 . s o s ( s )  s l . 0 ( 1 )

3 . 2 4 2 ( 6 )  7 3 . r ( r )

3 . 3 r s ( s )  6 9 . 0 ( r )

3  .  s 9 3 ( 6 )  8 1  . 7  ( l )

> 4 . 0 0 0  9 l . s ( 2 )

> 3 . 5 2 0  6 9 . 9

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

2 .88s(9)  2  9 r7(S)

2 .906(7)  2 .974(5)

3  024(7)  3 .009(s )

2 .886 2  ,92a
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Table 6a. Rank of edge-sharing polyhedral distances and
polyhedral types.

ioJ+1 -e131 (e) *6115 ;  ( t ) - 61161  ( t )

to(7)  -o(8)

l o l c ;  - 61s1  ( s )

fo(z)  -o(ro)  ( ' )

t o1z ; -o1151 ( t )

I

2

3

6

7
*o(rs) -o(23)

to(3) -o(23)

to(20) 
(?) -o(24) (?)

I

6

*o(re) -o(23)
*o(r) (s) -o(e)

to(s) -o(14)

to(l)  
(s) -o(23)

I

2

6

8

n0( r7)  -o (20)

i0 (21)  -0 (24)

n0(13)  -o (16)

to(ro)  -o(r3)

to(16) -o(20)

to(  1 3)  -o (  l7)

to(20) -o(24)
r0(17) -o(21)

to(s) -o(7)
*o(r) _o(e) (s)

1o1s1 
(s )  -e1 t r ,  ( t )

to(z) -o(rs) (t)

1ogr l -o1zr ;  
(  )

I

2

4

8

1 0

ro(9) -o(lr)
ro(r4) -o(rs)

to ( r r ) ( " ) -o ( r l )
to(e) -o(r4)

to(s) -o(ls) (s)

I

p l r sy  ( s )  - 611a1  ( s )

io(2)  -o(6)

i o ( l l ) - o (14 ) ( s )

1oJ rs l  
( 5 )  - e117 ;  ( t )

I

2

4

7

ao(2r)  -o(22)
ao(2r)  -0(23)
co(r)  -o(3)
noe2) -o(23)

to(s) -o(zs)
to1r l  -o1231 ( ' )

to(r )  ( t )  -o(zr)

3

4

6

7

partly occupied. A sequenoe in rod III would be
"' x(5)-P(2)-M( I FP( I )-j{Ii,'- P( I )-M ( I )-P(2)
Rod IV has the sequence ...P(3)-M(6)-P(5)-M(5)-
P(3)-M(6)-P(5)-M(5).... Rod V has the sequence
... M(4)-P(6)-M(7)-p(4)-M(4)-p(6)-M(7)_p(4)....

Bond distances and angles

Bond distances and angles for the Nancy Mine ar-
rojadite (NM), Nickel Plate arrojadite (Np) and
Branchville dickinsonite (BR) are presented in Table
6. Owing to inferior data, X(7) is not included in the
discussion. Since data for three independent crystals
have been obtained and since the asymmstric unit is
so complex, only a portion of the information is pre-
sented in some cases. For example, data for NM, NP
and BR are given for M(l) through M(7) and Al, and
P(l) through P(6); but for the X polyhedra only the
O-O' distances are given for NM and BR; and just
NP for X(7). Five types of shared edges can be dis-
cerned: an edge shared between P and M symbolized
by f, an edge between P and X (*), an edge between
M and M'(*), an edge between M and X (t), and an
edge between X and X'()t). We believe the order of
increasing O-O'distances to be + < *
following the order of increasing polyhedral size
based on ionic radius, bond strength and cation-
cation repulsion across the shared edge. That is to
say, the progression of increasing distances follows
the expected size of the smaller of the two polyhedra
in an edge-sharing pair, and the bond strength asso-
ciated with that polyhedron. Thus, with the relatively
rigid (PO.) tetrahedron we would expect distances in-
volving (POo) to appear on rhe top of the list in Table
6 since these distances were tabulated according to
increasing size for that polyhedron.

This is quite clearly the case in Table 6. Distances
associated with (PO.) always appear on the top of the
list for other polyhedra. Next appear the distances in-
volving M-M'. Distances involving M-X and X-X,
appear next, but often these occur after a gap in cases
where some O-O' distances involving no shared
edges occur with shorter distances. This is easily un-
derstandable since X are usually polyhedra of high
order (>6) and of low cation charge (Na'* and K'*
for example). To assist the reader in identifying the
shared edge distances in the various polyhedra and
the sequence of these distances according to increas-
ing polyhedral size in Table 6, the polyhedra are
listed in Table 6a. Table 7 lists the next larger dis-
tance in the crystal which is not listed in Table 6. For
the fourteen distinct larger cation-oxygen polyhedra
excludi.g X(7), ten of the bonds are underlined since

M(r ) x(r )

u(2)

x (2)

M (3)

M(4)

x (3)

M(s)

x  (4 )

M(6)

*0(2)  -0(6)

M (7)

1o1ro; 
( ' )  -6120, (")

1oJzl -oqro1 ( ')
x(s)

ro(17) -o(  l8)
ao(2r) -o(22)

t ( r 7 )  - o (2 r )

lo(r0)  -o(13)

alisted under the polyhedron, are shared edges in Table 6.
The type of shared edge appears first (see footnote in fable
6) and the shared edge is followed by the rank or the
sequence in the edge distsce l ist.

is empty and rod II includes the disordered X(l) :
Ca'*. These rods are situated in the c€nters of the
rhombuses in the net in Figure 2. Rods III, IV and V
also involve P5* cations and, like the fillowite study,
their Pen-field projections are not featured. Rod III
involves the disordered cation X(6), and the large l0-
coordinate X(4) and X(7) sites which appear ro be
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these are cation-anion bonds not included and are
therefore potential coordinating anions. However, a
substantial gap exists between that distance and the
distance in the preceding column except for M(7)-
O(3) and X(2)-O(5). These are precisely the cations
where an ambiguity in coordination number is in-
dicated. For the bond lenglh-bond strength calcu-
lations, the inner coordination sphere was used. With
respect to the bond length-bond strength tabulations
in Table 9', of the 93 individual entries, 60 show the
expected correlation between individual distance de-
viation from the polyhedral mean and electrostatic
bond strength sum deviations from neutrality. Those
that do not are compensated for by deviations with
opposing srgn in the same row.

Perhaps the most interesting case is the M(l)O.
distorted tetrahedron. As mentioned above, steric
hindrance involving X(6) should reduce the M(l) site
occupancy by the amount equivalent to the X(6)
population. The next nearest contact with M(l) is
X(l) and the close approach between these cations is
due to the O(4)-O(8)(o) shared edge between these
two polyhedra. There is an additional problem with
the M(l) site, namely, not only does the X(6) popu-
lation influence M(l), but the unusual I''M(I)-O

2.024 avenge distance in NM arrojadite suggested
that the Li'* reported in analyses of arrojadites may
be ordered in this site (an average distance of r4rl,i'+-

O 1.98A is reported by MacGillavry and Rieck,
1968). Therefore, we took the refined site population
for M(l), which was based solely on a scattering
curve for F€2*, and recalculated the Li'* cell content
assuming that the site was fully occupied. This
yielded an upper limit of 3.30 Li'* in the cell for NM
arrojadite and 4.74 Li'* for BR dickinsonite. For the
NP arrojadite, the low Li'' content (0.5 atom) was
placed in the site. Although the calculated value for
NM arrojadite is in fair agreement with Table 8, the
calculated value for BR dickinsonite is much too
high. Therefore, we had an atomic absorption analy-
sis done on a Branchville dickinsonite (Brush and
Data, Yale No. 3090 specimen), which yielded 0.2!48
,xt.Vo LizO or about 2.50 atoms of Li in the cell. We
thank Dr. Andrew Davis for this determination.

The alternative to having M(l) fully occupied by
Fe + Li is to assume that this site is partially vacant
and that its occupancy complements the occupancy
at X(6), since the X(6)-M(l) 0.66A distance in NM

- r  4

t047

Table 8. Anojadite-dickinsonitc selected chcmical analyses and
interPretation

P z O s  3 9 . 5 4

Fe2O3

A l z 0 g  2 . 3 7

Feo 46 .70

Mn0

Hgo

CaO 2 .60

L izO

NazO 5 .76

K z O  2 . 1 9

HzO 0 '84

F  - - -

Inso  I

Rm

Tota l  I00 ,00

0 = F

4 0 . 9 3  4 5 . 3 4  4 0 . 0 0

n i l

1 0 . 8 6  2 . 6 6

30.60  28 .22

4 7 . 7 2  1 5 , 7 8

I  . 0 4

5 , 3 9  2 . 4 6

0 . 0 9

s . 9 6  t 3 . 2 0  6 . 4 0

o . 9 r

0 . 8 0

___ ::: l_l'
1 0 0 . 0 0  1 0 0 . 0 0  1 0 0 . 2 1

-0 .  34

5 0

4 0 .  I  3 9 . 5

n i l

2 . 3 3  2 . O

3 4 . 9  1 3 . 3

7  .76  32 ,O

3 . 3 7  n i l

J . O )  Z . J

0 . 5 2  0 . 4 5

5 . J O  t . A

t . 4 3  1 .  I

0 .  t 4  I  . 6 5

n .  d .

0 . 6 8

1 0 0 . 2 9  1 0 0 .  I

3 To obtain copy of Table 9, order Document AM-EI-172. See
Footnote one for details.

lTteoretical cmposition, Ka4caFe?tAl (ott) z (Por) r z, of end
nmber arrojadite.

2'Iteoretical conposition, Nazcarh?' (PO{) 6, end nmber fi l lowite'

3'I 'heoretical cmposition, NazFezAl (P0+) s, end nmber feno-
uy l  l ie i te .

qArojadite fTon Nickel Plate pegnatite, South Dakota.
Analysis by Lindberg (1950) '

sArrojadite from Nancy Iine, New Harpshire. Ito salysis in

Hoor! md Ito (1979) . ' I\e n'd. nems not detemined. Fa
inc ludes  PbO 0 .37 ,  ZnO O.24,  BaO 0 '02  and SrO 0 .05 .

sDickinsonite fron Brochvil le, comecticut. I i l ing salysis
in yoore md lto (1979) by electron probc. Li2O was
detsmined by Dr. Andrew Davis mPloying atonic absorPtion
spectrmetry ad HzO was reported by tells in Brush md Dana
(1890) .

arrojadite suggests a coupled relationship between
these sites. The possible Li'* populations in M(l) are
given as a footnote in Table 7. It is difficult to decide
which model is better, but the one which afrords the
fewest contradictions appears to be the complemen-
tary relationship between M(l) and X(6).

One of the continuing problems has been the sus-
pected dimorphism between diskinsonite and fill-
owite. Despite their noteworthy similarity in chem-
ical composition (compare columns I and 3 in Table
8), the structures are based on different principles' As
discussed by Moore (1981), fillowite is based on the
regular hexagonal rod-packing whose Schliifli sym-
bol is {63}, while dickinsonite is based on a rod-pack-
ing over a net which is neither regular nor semi-
regular,  that is,  the net composed of nodes

{6 '3 '6 '3 }  and {6 '6 '3 '3 } .  F i l low i te  i s  re la ted  to
a large family of glaserite-derived structures, while
dickinsonite and wyllieite seem to stand alone in a
different family of distinct but remotely related struc-
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Table 10. Arrojadite-dickinsonite: calculated and observed powder diffraction datat

I  (ca lc )  d (ca lc )  hk{ , I  (obs) d(obs)

l 0  '  1 2 . 1 0 5
2 0  7 . 7 3 4
10  6 .524
3 0  5 . 9 8 3
2 0  5 . 5 8 4
5 0  5 . 0 5 9
l 0  4 . 6 1 5

I  (ca lc )  d (ca lc )  hk t I  (obs) d(obs)

7 0  2 . 7 1 9
s  2 . 6 7 6
5  2 . 6 5 0

l 0  2 . 6 0 3
t 0  2 . 5 6 7
) i  )  q < )

20  2 .517
l 0  2 . 4 2 9
2 0  2 . 4 1 3
5  2 . 3 9 0
s  2 , 3 4 2

l 0  2 . 3 7 3
- :  

: - : : -
J  Z - 2 6 5

l l
J I

l l
l 5
7 7
T7
t 3

J

l 6
8
4
4

33
l 3
5
7
J

J

100
l8
8
8

i

t 2
l0
I I

1 2 . 0 1 0  2 0 0
7 . 7 t 7  2 0 2
6 .550  211
5 .985  202
s . s88  402
5 .065  020
4 . 6 1 8  4 L l
3 . 4 9 6  6 1 3
3 .486  520
3 , 4 4 3  6 l t
3 . sss  473
3 .305  031
J . Z I >  4 Z Z

3.253 602
3.2ss zs l
5 , 1 6 1  6 2 2
3 . 1 6 0  7 t 3
3 . 1 4 8  1 1 5
5 .143  23 I
3 .07 r  4 rs
s .070  424
2 .875  233
2 . 8 6 3  8 1 3
2 . 8 5 8  0 3 3
2 .84 I  720
2.830 431
2 . 8 0 8  6 r o
2 .794  6o+
2 ,784  206

100 J . U ) J

2 . 7 3 7  6 2 2
2,695 233
2 . 6 2 1  6 3 1
2.583 820
2 . s 7 7  4 2 4
2 . 5 3 3  0 4 0
2 . 4 4 7  8 2 4
2 . 4 4 0  2 2 6
2 . 4 1 0  4 2 6
2 .36 t  s26
2.334 440
2 , 3 0 2  8 r 3
2.290 i17
2 .286  6s r
2 .278  5s0
2 .244  017
2 .240  540
2 .222  617
2 . 2 7 3  ? 2 6
2  . 7 7 0  1 0 .  2 0
2 .765  244
2 . 1 4 9  1 0 . 0 2
2 .146  804
2 . r40  326
2 , 1 3 0  i s s
2.r r7 444
2 .08s  40s
2 .046  426
2.0I3 008

1 0
30
1 0
20

J U

J . 4 / )

3  . 430
3 . 3 6 5
5 . 3 3 4
3 .  288
J .  Z J C

5 l
4
6
9

l o

t 2
8
7

z

I
2
I
I

4
I
4
6

z

l 0
I J

l 0
1 0

20
1 0

3 . 1 4 9
J . l z o

a  a a a

2.200

2 . 8 5 4
2 . 8 4 3 a  1 7 )

l 0
20
l 0

2 .814
2 . 7 8 1
2 . 7 5 3

The calculated data are from the dickinsonite (BR) refined structure. The observed
data are fron Table 2, column rr i-n Fisher (1965) based on Guinier canera, co/Fe
radiation and a Nickel Plate (Np) arrojadite sarnple. His intensity data are xl0.

tures. Fillowite has one rod which consists of a se-
quence of five face-sharing octahedra. No such re-
gion exists in the dickinsonite structure. The
formulae of the two species may be compar€d, yiz.:

fillowite Na" Ca.- Mnll(pOo),,

dickinsonite Na" CaK Mn?j(PO4).,. AI(OH),.

Finally, with knowledge of the structure, a calcu-
lated powder pattern was obtained for the Branch-
ville dickinsonite. Table l0 offers the prominsnl 1s-
flections to 2.00A, and the calculated data are
compared with the observed data of Fisher (1965) for
a Nickel Plate arrojadite. The agreement is good, the
major advantage being the correct choice of Miller
indices for such a complex structure.

Table I la is based on the list of eleven chemical
analyses on arrojadite-dickinsonite presented by
Moore and Ito (1979), but differs in possessing cell
contents based on 200 anions, not 196 anions of the
earlier study when the structure was unknown. This

aTo obtain a copy of Table ll, order Document AM-gl-l?3.
Sce Footnote one for details.

table partitions the cations into three categories:
those cations believed to belong to the Al and M
sites, the large cations of the X sites, and cell contents
of P5*. For the last, some totals exceeded 48 when the
computation commenced with 200 anions and for
these, the contents were computed based on lPs+ :
48.0.

If all M and Al sites were occupied, at most 60 M
* Al cations would occur. Owing to the M(IFX(6)
couple, this number may be reduced to 56 M cations
when X(6) is half-occupied. Table I I shows that
eight of the eleven analyses have more than 56 M +
Al cations, but only four have more than 60 cations,
three of them (2, 5, 8) barely over the theoretical
limit. It is likely that a fairly large octahedral cation
with respect to oxide coordination like Mn,* may
partition into the larger set of alkali and alkaline
earth sites so that this group of smaller cations may
represent a larger average than actually present in
the Al and M(l) through M(7) positions.

Some solution involving (OH)- for 02- or (ttOo)o-
for (POn)3- may occur but this appears to be quite
limited. The only flagrant deviation from quan-
titative (POo)'- occupancy is the material from Serra
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Branca of Guimaries (1942). This material also was
reported to have a high HrO content. This material
may be either of doubtful purity, extensively altered
through hydrotherrral reworking or even a different
phase. Noteworthy in this light is the paucity of
knowledge on arrojadite-dickinsonite alteration, the
phase normally found in surprisingly unaltered and
unleached form.
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