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AssrRAcr

The crystal structure of mandarinoiteo Fd+rSerOrr
6H2o, a lf.8l0(4), b 7 .880(2), c 10.019(2) A, P 98.26(2)" ,
V 1313.4 A 3, Z = 4, space group P2 1/ c, has been solved
by direct methods and refined by a full-matrir least-squares
procedure to a residual R = 6.4V0 for 2101 observed (3o)
reflections. The formula unit contains six rather than four
water molecules, as reported in previous studies. Three
unique SeO3 trigonal pyramids and two unique Fe@6 oc-
tahedra (O unspecified anion) link by corner-sharing to
form a M2T3O12 framework. Large voids in this frame-
work are occupied by the water molecules, which partici-
pate in a hydrogen-bonding scherne that is essential to the
qnion bond-valence requirements.

Keywords: crystal structure, mandarinoite, selenite.

Souuanp

On a d€termin6et affin6la structure cristalline dela mau-
darinoi'te, fd+2Sqorr611r6, a l6.8lp(4), b 7.880(2), c
10.019(2)A, P98.26Q)',V = 1313.443,2 = 4,grolpe
spalial P21/c, par m€thodes directes et moindres carr€s d
matriceentiCre jusqu'aur6iduR = 6.40/0, sur2l0l r6flex-
ions observ€es (3o). La formule contient six moldcules d'eau
et non quatre, cornme on l'avait d'abord propos6. Trois
pyramides trigonales SeO3 uniquc et deux octab&es F@u
uniques (@ anion non ddfini) paxtagent leurs sommets pour
former une charpente M2T3OD. Les mol6cules d,eau y
occupent de grandes cavitds et participent i un systbme de
liaisons hydrogdne qui satisfait aux exigences des valences
de liaison des anions.

Clraduit par la R6daction)

Mots-clds: structure cristalline, mandaxinoite, s6l6nite.

INTRoDUcTIoN

Mandarinoite is a hydrated ferric iron selenite
mineral recently described by Dunn et ol. (1978). lI
was initially described from the Pacajake mine in
Bolivia, where it is associated with penrosite, side-
rite and various secondary selenite minerals such as
chalcomenite, ahlfeldite and cobaltomenite. It is also
found in association with leached quartz at the
Skouriotissa mine in Cyprus, and in association with
poughite at the El Plomo mine in Honduras. A
fourth occurrence of mandarinoite was reported by
Lasmanis et al. (1981) at the De Lamar silyel mine,
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in Idaho. Here, the mandaxinoite occrus in narrow
open veinlets associated with drusy quartz andchlo-
rargyrite.

The current study was prompted by the poor
compatibility-index (Mandarino 1981) for man-
darinoite Mandarino, pers. comm.), which suggest-
ed a discrepancy in the original formula. Despite the
temptatiod to leave mandarinoite with the wrong for-
mula, the present study was eventually undertaken
to elucidate this problem.

ExpenrvsNTAl-

A single crystal of mandarinoite from the De La-
mar silver mine, Idaho was kindly supplied for this
study by Dr. Joseph A. Mandarino, Royal Ontario
Museum (catalogue #M35602). Single-crystal X-ray-
precession photographs display monoclinic symmetry
with systematic absences hW, t : 2n+1,01&, k :
2n+L, uniquely determining the space gxoup as
F21/c. Cell dimensions were determined by least-
squares refinement of reflections aligned automati-
cally on a Syntex Iy21 4-ctcle diffractometer; the
values (Table l) agree with those given by Dunn el
al. (1978). The crystal used to collect the intensity
data is irregular in shape, measuring 0. I 8 x 0. 18 x
0.12 mm; the intensity data were collected accord-
ing to the method of Hawthorne (1979). Two stan-
dard reflections were monitored every 50 reflections;
no significant change in their intensities was observed
during data collection. A total of 4658 reflections
was measured over one asymmetric unit to a maxi-
mum 20 of 60" (sind/r : 0.7M). The data were cor-
rested for Lorentz, polarization, absorption (9 scan
method: North e/ a/. 1968) and background effects,
and were reduced to structure factors. A reflection
was considered as observed if its magnitude exceeds
that ofthree standard deviations based on counting
statistics; of the 4658 unique reflections, 2101 were
considered as observed.

STRUcTURE Sor,urrou AND REFTNEIvTENT

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

The structure was determined using the weighted
tangent-formula method Main el al. 1978). The
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TABLE I. MISCELLANEOUS DATA FOR MANDARTNOITE TAELE 2. ATOI|IIC POSITIONS FOR I'IANDARINOITE

a 16.810(4)8 Crystal slze 0.18x0.18x0.1am

b 7.880(2) Rad/Mono l4o,/Gr

c 10.019(2) Total f of IFol 4658

B 9s .26(2)o  f  o f  lF^ l>3  o  a to t

v 1313.4fl3 Flnal Riobs.data) 6.4%

space 6roup PL.lc Flnal Rr(obs. data) 8.47,

unlt-cell contents etreltseaor.oxroJ

3 3
TelperaturFfactor fom used: expf- t t \hrBrr]

l = l l = l ' r ' r

R .  [ { l F o l - ] F . l ) / [ l F o l

R" = trr( lFol- lF. l  lz lmfi l i ,*r

phase set with the maximum combined figure of
merit resulted in an E-map, the most intense peaks
of which could be interpreted in terms of the expected
ratio of cations in mandarinoite. Refinement of the
atomic positions for tfuee Se and two Fe positions
resulted in an R index of 37t/0. A difference-Fourier
map revealed the anion positions, and full-matrix
least-squares refinement of all variables for an
isotropic thermal model converged to an R index of
10.4r/0. Temperature factors.were converted to the
anisotropic form given in Table l, and least-squares
refinement of all variables resulted in convergence
at an R index of 6.590.

It was apparent at this stage that the composition
of mandarinoite is FqSe3Or.6Hrg rather than
FqSe3Or.4HrO as given in the previous study.
Three of the six independent H2O molecules are not
bonded to Fe or Se, and presumably are held in the
structure solely by a network of hydrogen bonds. The
temperature factors for these three water molecules
are significantly,higher than for the water molecules
bonded to Fer -. This is not surprising in view of
the weak (hydroeen) bonds holding them in the struc-
ture; larger thermal vibrations or slicht positional
disorder (or both) are to be expected in these circum-
stances. As a chesk on the signifisance of the water
molecules in the cavity to the refinement results, the
structure was refined omitting each water molecule
of the cavity in turn, as well as one of the non-cavity
water molecules for comparison. The following
results were obtained latom omitted, R, R* (ob-
served reflections)l: O(12), 8.3, 10.490; O(13), 8.0'
10.2a/o ; O(14), 7 .7, 9.7V0 : O(l 5), 7.9, 10.090. Com-
parison with the complete structure (R : 6.5' R*
: 8.590) shows that the presence of each water
molecule of the caviry leads to a significant improve-
ment in the residual, and comparison with the results
of the refinement omitting O(12) sueeests that each
of tle cavity-water positions is completely occupied.

Examination of a difference-Fourier map calcu-
lated at this stage did not give a definite unique set
of H positions. Consequently, an attempt was made

flxed during ref lnmnt

TABLE 3. ANISoTRoPIC TEMPERATURE-FACToR CoEFFICIENTST

z  e "ou , " . [ 82 )

s e ( l )

se (2)

5e(3)

F e ( 1  )
Fe(2  )
o f i )
0 ( 2 )

0(3)

0(4)

0 ( 5 )

0 ( 6 )

0 ( 7 )

0(8)
0 ( 9 )

0 0 0 )

0nr  )
0fi 2)
0fi3)
0 (  r 4 )
0 (  r 5 )
H( l0)A
H( l0)  B
H f i r )A
H f i t )B
H(  l 2 )A
H( r2)B
H(  r 3 )A
H( r3)  B
H( r4)A
H( r4)B
H( r5)A
H( l5)B

0.9814il ) 0.0402(2)

0.2232(11 0.7278(2)

0 .5277(11 0 .48r9(2)

0.3992n ) 0.7447(31

o.9056n)  0 .2408(3)

0.9804(7) 0.2132n4)
0.0778(7) -0.0288il5)

0 .9993(8)  0 .  t37? i l7 )

0 .3144(7)  -0 .  r765 i l6 )

0 .1916(8)  -0 . r686 i l5 )

0 .1688(8)  -0 .  r60?05)

0.5206(8) 0.3855(14)

0.4301 (7) 0.5483il4)

0.4777181 0.684105)

0.3162(8) -0.4275(17't

0.3560(8) -0.0759fi4)

0.8857(8) 0.0073il5)

0.640r (8) 0.7601 (20)

0 .2525(15)  0 .3129(20)

0 .  r779(9)  0 .24r6(20)

0 .27 f i )  0 .56(3)

0 .350 )  0 .49(3)

0 .39n )  0 .92(3)

0 .37n )  -0 .01  (3 )

0 .06(1)  -0 .05(3)

0 . n n )  0 . r 3 ( 3 )
0 .410)  0 .28(3)

0 .23 i l )  0 .20(3)

0 .28n)  0 .39{3)

0 . 1 5 n  )  0 . 1 0 ( 3 )

0 . 1 8 ( r )  o . 3 r ( 3 )

0 .31570 )  0 .98(2)
0 .7296n )  1 .00(2)

0 .8133(1  )  0 .98(?)

0 .9105(2)  0 .9 r  (3 )

0 .0462(2)  0 .93(3)

0 .4165(9)  1 .2121

0.3678n0)  1 .3 (2)

0. r7 r5n0)  r .6 (2)
0.7662i l0)  1.3(2)
0.5793(9) r .4(2)
0.829r ( r ' r  )  r .5(2)
0.6606(9) r .3(2)
0.8012(9) 1.0(2)
0.0774n0) ' r .4(2)

0.96680 r  )  1.7(21
0.0322 (  l0)  r .3 (2)

-0.0482n2) r .6(2)
0.0739n3) 2.3t21
0.2005n7) 4.2(41
0.42S3il4) ?.5121
0.93(2) t .0*
0.97t2)  r .0
0.12121 r.0
0 .99 (2 )  r . 0
0 .06 (2 )  1 .0
0 .05 (2 )  r . 0
0 .41  (2 )  1 .0

0.57(2)

0 .  r 9 ( 2 )

0 .37  (2 t

0 .35  (2 )

1 . 0
1 . 0

1 . 0
t . 0

B n Bzz 8r :  6tz Ft : '23

S e ( l )  l 2 ( l )

5e(2)  l? ( l  )
Se(3)  l1  ( l  )
F e ( ] )  l l ( l )

Fe(2)  l2 ( l  )
0 ( 1  )  r 0 ( 4 )

0(2)  r2 (4)

o ( 3 )  1 7 ( 5 )

o{4)  8 (4)

0 ( 5 )  2 r  ( 5 )

0 ( 6 )  r 9 ( 5 )

0 ( 7 )  2 0 ( 5 )

0(8)  r0 (4)

0(9)  20(5)

0(10) 22t5)

0 i l1 )  1714)

0 i l 2 )  r 7 ( 5 )

0 n 3 )  r 7 ( 5 )

0n4) 761121

0(15)  26(6)

35 (2 )  180 )  - r 0 )

37(21 r90 )  -1 n)
42(21 17i l )  rn)
33 (3 )  190 )  10 )
39(3) 12i l )  0n)
55i l6)  26(8) -3(6)

58i l7)  24(8) 0(7)
95(20) 16(8) -4(7)

79n8) 2r  (8)  -5(7)

54n6) r3(8)  -7(71

62t17]- 30(9) -3(7)

55i l6)  4(7J 4l7 l
49n5) r7(8)  18(6)
62n6 )  r 1  ( 8 )  7 l 7 l
78(19) 24191 2(8)
46(15) 20(8) r  (6)
48[6)  4500) -6(7)

'110(24) 54n2) -6(9)

63(22't 771171 -6n4)

92(221 61 02) -16(9)

3 ( 1 )  2 0 )
r ( 1 )  4 0 )
3 n )  r n )
40  )  3 (2 )
2 ( 1 )  0 ( 2 )
4(4)  -28n0)

-4 (4 )  r 0 ( r0 )
l 4 (5 )  r  00 )
-4 (4 )  7n0 )
r  ( 5 )  4 (e )

r9 (5 )  - 2800 )
-2141 -3(9)

4 (4 )  2 (9 )
215) 23(9)

r0 (5 )  1300 )
-5(5)  20(9)
9 (5 )  - r sn  r  )
3(6)  -2n4)

31  02 )  1606 )
9(7) -7n4)

Bij=Birx10a



'1 .980( l r )
' r .956(r2)
2.007( r0)
2.032( l0)
2.08r ( r3)

IABLE 4. SELECTED INTEMTOMIC DISTANCES (R)

AND ANGLES (O) IN MANDARiNOITE
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Assuming a reasonable geometry of the HrO
molecule for the remaining hydrogen atoms allowed
a sensible hydrogen-bond network to be postulated,
assuming straight (O-H . . . . . O : 180') hydro-
gen bonds with H-O (donor) distances of I A. These
positions were input into the structure model, and
the positional parameters were refined. All H posi
tions converged to reasonable values except H(13)B:
this was omitted from the final cycles of refinement.
However, other criteria indicate a hydrogen bond
O(13)-H(13)B . O(14). Full-matrix least-
squares refinement of all variables except for the H
atom isptropic temperature-factors (which were fixed
at 1.0 A1 converged to R indices of 6.4 (observed
reflections) and 16.4 (all data) and R* indices of 8.4
(observed reflections) and 30.390 (aU data); this is
not a significant improvement over tlre refinement
with no hydrogeu atoms included. Final parameters
are given in Tables 2,3 and 4. Observed and calcu-
lated structure-factors may be obtained from the
Depository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ontario KIA
0S2. Interatomic distances and angles, and the mag-
nitudes and orientations of the principal axes of the
thermal ellipsoids, calculated with the program ER-
RORS (L. W. Finger, pers. comm.), are given in Ta-
bles 5 aud 6.

s e ( l ) - 0 ( ' l )
se( l ) -0 (2)
se( l  ) -0 (3)
<Se(1  ) -0>

se(2) -0 (4)  1 .699(11)
se(2) -0 (5)  1 .728(11 )
se(2) -0 (6)  1 .694( t0 )
<se(2)-0 > 1m7-

F e ( l ) - 0 ( 4 )
F e ( l ) - 0 ( 7 )
F e ( l ) - 0 ( 8 )
F e ( I ) - 0 ( 9 )
F e ( l ) - 0 ( 1 0 )
F e ( l ) - 0 ( l l )
<Fe(  I  )  -0>

Fe(2) -0 (  I  )
Fe(2)  -0 (2)
Fe(2)  -0  (3 )
Fe(2)  -0 (5)
Fe(2)  -0  (6 )
F e ( 2 ) - 0 ( 1 2 )
<Fe(2) -0 >

H (  10)A-0(5)
Hn0)B-0n3)
0  (  10)  -H(  r0 )A-0(5)
0n0)  -H(  r0 )  B-0n  3)
H00)A-0(10)  -H(  l0 )B

H(  r  l  )A-0(8)
H( l1 )B-0 i l3 )
0 ( 1 r ) - H 0 l ) A - 0 ( 8 )
o( r ' r ) -H i l l )B-0 i l3 )
H ( r I ) A - 0 n r ) - H i l t ) B
Hn2)A-0n )
Hn 2)A-0  (3 )
Hn2)B-0(15)
0(  r  2 )  -H0 2)A-0  0  )
0n2)  -H0 2)A-0(3)
o( l2 ) -H02)B-005)
Hn2)A-0n2) -H02)B

H(  r  3 )A-0  (9 )
H03)B-0(14 t
0n  3)  -H n  3)A-0  (9 )
00  3)  -Hn 3)B-0 f i4 )
H(13)A-0(  r3 ) -H( l3 )B
H(  l4 )A-0(1  5)
H(  I  4 )B-o(4)
0(  l4 )  -H(  l4 )A-0(1  5)
0  (  l4 )  -H(  l4 )  B-0(4)
H(  14)A-0  (  r4 )  -H(  r4 )B

H( r'5)A-0 (2)
H0 5)B-00 4)
0(  I  5 )  -H0 5)A-0  (2 )
0n5)  -H0 5)B-0  (  14)
H( I 5)A-o( l5) -Hil5) B

I .699 (',t 0 )
r . 7 1 7 ( 1 1 )
I  .699(  I  0 )
TJO-

se(3) -0(7)
se(3) -0(8)
se(3)-0(9)
<se(3) -0 >

1 .967 0 0)
2 . 0 1 r ( 1 1 )
2.039( r  3)
2.042(121'r .99401)
2.074(121
7M-

1.698(9)
l . 7 r 0 n 0 )
1 . 7 1 7  0 0 )
1.70-8-

000)-H(10)A 0.9(2)
0n0 ) -H00 )B  0 .9 (2 )
000)-0(5)  2.629117)
0n0)-oi l3)  2.768n9)
H(10)A-H(r0)B 1.5(3)

00 r ) -Hn r )A  1 .0 (2 )
0 (1 r ) -Hn r )B  0 .7 (2 )
oi l l ) -o(8)  2.810i l4)
0n r ) - 0 ( r3 )  2 .71 r (18 )
Hi l  l  )A-H( i l  )B 1.4(3)

0(12)-H02)A 0.9(2)
002 ) -Hn2 )B  l .  r  ( 2 )
0n2)-0n) 2.7701161
002)-0(3)  2.88607)
0(r2)-0(15) 2.709( r9)
Hi l2)A-H02)B r .6(3)
0i l3)-Hf i3)A 0.9(2)
0(  l3)  -H(1 3)  B
0n3)-0(9)  2.80r n9)
o(t3)-0 i l4)  2.715121)
H( r3)A-H(r3)B
004 ) -Hn4 )A  r . 3 (2 )
0 (  r 4 ) -H ( r4 )B  0 .8 (2 )
0(  f4)-0(15) 2.815(221
004)-0(4)  3.086(20)
Hi l4A-H04)B r .6(3)

2 .0 (21
2.212)
2 . 1 ( 2 1
13309 )
109fi 7 )
1r3f i5)
r03fl8)
2.0121

rqirar t

1 .6 (2 )
2 .4 (2 )
r62il 7 )
r38(20)
9207 )

to derive a hydrogen-bondi.g scheme from crystal-
chemical arguments. As part of this procedure, a
bond-valence calculation was carried out (see Table
7) using the curves of Brown (1981). Examination
of the bond-valence sums aroun{ the 02- anions
lO(1) to O(9)l shows that O(2), O(3), O(5), O(8) and
O(9) are sienificantly deficient when compared with
their ideal values of 2.0 v.u. (valence units); hence
these atoms must be hydrogen-bond acceptors. Baur
On\ 1973) showed that hydrogen bonding does not
occur between oxygen atoms of the same co-
ordination polyhedron when the central cation has
high charge and the co-ordination number is small.
Within the bounds of this constraint, the hydrogen-
bond acceptors given above each have only one pos-
sible hydrogen-bond donor; these are O(15), O(12),
O(10), O(11) and O(13), respectively. The atoms
O(10), O(ll) and O(12) will each act as donor for
an additional hydrogen bond; examination of the
neighboring oxygen atoms shows that for each of
these only one atom is close enough to be an accep-
tor; these are O(13), O(14) and O(15), respectively.

2 .3 (21
2 . 1 ( 2 1
104( r6)
r39 (20)
r25(2r )
' t . 9 (2 )
2 .1 (21
r62(20)
153(24)
112(22)

0n5 ) -H05 )A  r . 3 (2 )
005)-Hi l5)8 1.0(2)
0(  15)-0(2)  2.729118t
005 ) -0n4 )  2 .815 (21 )
H(15)A-H0s)B r .7(3)

r . 6 {2 )
2.1e)'r38( r 7)
13309 )
97f i5)

0(4)  -0 (5)
0(4)  -0 (6)
0(5)  -0 (6)
<0-0>Se (2 )

0 (7)  -0 (8)
0(7)  -0 (s )
0(8)  -0 (9)
<0-o>Se(3)

0(4)  -0 (7)
0(4) -0 (8)
0(4)  -0 (  r0 )
0(4)  -0 ( r  r  )
0 (7)  -0 (8)
0(7) -0 (e !
0 (7) -00  r  )
0 (8) -0 (9)
0(8) -000)
0(e) -0 (  r0 )
0(9) -0fi r )
0 ( 1 0 ) - 0 n 1  )
<0-0tFe( I )

0n  ) -0 (2)
0(  l  )  -0 (3)
0(  r  )  -0 (5)
0 n ) -0(r2)
0(2)-0(3)
0(2) -0 (5)
0(2)  -0 (6)
0(3) -0 (6)
0(3)  -00  2)
0(5) -0 (6)
0(5) -0 i l2 )
0 (6) -0 (  l2 )
<0-0>Fe(2)

0(4)-se(2)-0(5)
0(4)-Se(?)-0(6)
0(5) -se(2) -0(5)
<o-Se(2)-0 >

0(7)-se(3) -0(8)
0(7)-Ss(3)-0(9)
0(8)-se(3)-0(9)
<o-se(3)-0 >

s7.7(5)
r00.9(6)
98.2(6)-t6:E-

97.5(5)
103.3(5)
98 . r  (6 )-3il6-

2.808( l7)
2.901 fi6)
2 .817(  t6 )
2.7721't5't
2.7931161
2.868( r4)
3 .045(  r7 )
2.9ii8(1 5)
2 .714( l6 )
2 .916(  l9 )
2.775('t7l
2.903fi7)
2.856

2.888( r s)
2 .790n 5)
2 .918(  r7 )
2.770(161
2.935fi8)
2 .863(  r6 )
2.944(171
2.831 08)
2.8860 7)
2.824(161
2.861 07)
2.772$51
2:656-

91.0(5)
93 .4(5)
87 .8(5)
85.5 (5)
89.6(5)
91 .9(5)
98 .4(5)
94 .5(5)
8i!.2(5)
90 .3(5)
85 .2(4)
88.9(5)

0(4) -Fe(  l  ) -0 (7)
0(4) -Fe(l )-0(8)
0(4)  -Fe(1  ) -0 (  l0 )
0 (4) -Fe( l ) -0 ( l l )
0(7) -F€( I )-0(8)
0(7) -Fe( l  ) -0 (9)
0(7) -Fe( l ) -0 ( l l l
0(8)-Fe( I ) -0(9)
0(8) -Fe( l  )  -0 (10)
0(9) -Fe(1  ) -0 (10)
0(9) -Fe( l  ) -0 ( l l  )
0 (  l0 )  -Fe(1  )  -0 (  I  I  )
<o-Fe(I )-0 >

0( I  ) -Fe(2) -0 (2)
0( l  )  -Fe(2)  -0 (3)
0tt ) -Fe(2) -0(5)
0( I  )  -Fe(2)  -0 (  l2 )
0(2) -Fe(2) -0(3)
0(2)  -Fe(2)  -0 (5)
0(2 , -F€(2)  -0 (6)
0(3) -Fe(2)  -0 (6)
0(3) -Fe(2) -0 (12)
0(5) -Fe(2)  -0 (5)
0(5) -Fe(21-0(12)
0(6) -Fe(2) -0 (  l  2 )
<o-Fe(2)-(D

99.0_
93. r (51
88.3(41
e3.4(51
86.5  (5 )
92 .9(5)
89 .9(5)
94 .6(5)
89 .2  (5 )
89 .2(s )
88.8(5)
88 .1  (5 )
85 .9(5)
Dm-
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TAELE 6. VIENATION ELTIPSOIDS FOR MAI{DARINOITE TAELE 7. EIiIPIRICAL BOND-VALENCE TABLE FOR MANDARINOITE

R.tl.s. Angle to Angle to Angle to
Displacmnt X-axle Y-uis Z-axls

s€( l  )  0 .107(3)  90(5)  162(8)  108(9)

F e ( l )  F e ( Z )  s e ( l )  s e ( Z )  S e ( 3 )

0 .  1  32  (3 )

0 .094(3)
s € ( 2 )  0 , 1 1 0 ( 3 )

0 .  I  30(3)

0 .09?(3)
5e(3)  0 .114(3)

0 .126(3)

0.090 (4)
Fe( l  )  0 .104(4)

0 .125(4)

0 .078(4)
F e ( 2 )  0 . l l l ( 4 )

0 . 1 3 0 ( 4 )

0 .06  (3 )
o i l )  0 .12(21

0 .  I  6 ( 2 )

e9(4)  93(6)
76 i l0 )  166(10)
r7(9)  76n0)

0 .581 1 .364

0.510 1 .283

0.480 r.373

0.470
0.539

0.600

0 . 5 t 8

0.486
o.422
0.443

0.435

1.945
1.793

'1 .930

1.725
'| 

.934
|  1 t t  I  o t i

t . 3 1 6  1 . 8 3 4

t .279 1 .765

o.422
0.443

0.435

r (3)

88(3)' r00(6)

r 0 ( 6 )

r07(7)
70(9)
26t71

94 (3)
87  (  r0 )
5 ( 6 )

94n9)
I  74(18)
95 08)

68(  I  9 )
127(431
134(42)
'|r 

9 (9)
14r  (37)' i l  

4(49)

50 (26)
461261

r  080 7)

9 2 0 1 )
109(  I  6 )' r906)

| r8 (9)' r26( l5 )

4 9 0 5 )

86 (8)
77 120)
r 3 0 9 )

r 3 6 0 0 1
92(23)
47 (9 )

89(8)
6r  (36)
29 (36)

' r07(r 'r)
68(39)
28(33)

79( r 0)
l  t6 (25)
29(241

86(28)
37127't
54(27)

30 (46)
68(55)'|r0(28)

8r  (7 )
76(8)' r  
6 (7)

55(1  9)
75(34)

r 4 r  ( 1 7 )

94(5)

l r7 (7)
1 52 (7)
98(6)

88(3)

28t71' r ' r4 (7)
'r04(4)

4 ( 5 )
93(6)
88(3)

28(12)
i l303)
74(6)

4(4)
92(6)
94  (3 )

39  (9 )
8r  (20)' t28(9)

491271'r34(28)

73(  1  5 )

l r ( r 5 )
97 t22l
99(9)

34(7 )
80(  l4 )
58(7)
' r3 (8)

87n3)' r03(7)

76129\
I  66(  2e)
90(1  l  )

28(9)
r  1 8 ( 9 )
8608)

l 9 ( r 2 )
r 0 3 0 7 )
76(  l4 )

3900)
l l 2 ( 1 8 )' r2r 03)

0 0 )
0 ( 2 )

0(3)

0(4)
0 ( 5 )

0 ( 6 )

0 ( 7 )
0(8)

0 ( 9 )

0 0 0 )
0 n t )
o (12)
0 ( 1 3 )

004)

0( . l  5 )

1 .373

1.255
I  10E

0 ( 3 )

0 {2  )

0 (9 )

0 ( r0 )

0 0  t )

0  n2 )

0 ( l 3 )

0(14)

0 {  r 5 )

0.09(2)
0 . r 3 ( 2 )
0 .  r 5 ( 2 )

0 .05  (4 )
0 .  r 6 ( 2 )
0 .  r  8 ( ? )

0 .08(3)
0 .12(Z)
0 .  l 6 ( 2 )

0 .08(2)
0 .  l 2 ( 2 )
0 . r 8 ( 2 )

0 .02(9)
0 .  r 4 ( 2 )
0 . 1 9  ( 2  )

0 .04(4)
0 .  r 3 ( 2 )
0 . 1  7  ( 2 )

0 .05(4)
0 .09  (2 )
0 .  r  6 ( 2 )

0 .03(6)
0 .  r 5 ( 2 )
0 .  r 7 ( 2 )

0 .09  (2 )
0 .  r 6 ( 2 )
0 .  r 8 ( 2 )

0 .05(3)
0 . 1 4 ( 2 )
0 .  r 7 ( 2 )

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

0 .  r 5 ( 2 )
0 . 1 7 ( 2 )
0 . 1 9  ( 2  )

0 .  r 3 ( 3 )
0 .  r 9 ( 2 )
0 .33(3)

0 . 1  5 ( 2 )
0 . 1 7  ( 2 1
0.2" t  (2 )

1 r603 )
l5 l  i l3)
79(8)

91 (6)
177(9)
87( r  0)

51 (9)
96(r8)
40(9)

l r 0 (20 )'r43(4t 
)

60(44)
93(8)

r  16(57)
27 (571

89 ( r5 )
66 (  r9)
24( r9)
99(2r )

r  5808)
r09 ( r6 )
64(10)' t43(14)

l  r 40  6 )
86( r  3)

167i l9)
78(20)
48(1 r  )
81.22)
44n0)

i l6(9)
r41 (27)
63(32)

107(. l3)
r56(3r )
73(40)

1 240 2)
142 (  r5)' r 06 (2 t )

28( l9 )
77(3r )

1  140  5 )
71 (241
84(40)
20(27)

2507)
1 r507 )
9216)
35 (  r7)
96(35)
56fi5)

DISCUSSIoN

Description of the structure

There are three unique Se positions in man-
darinoite, each ofwhich is co-ordinated to three oxy-
gen atoms to form characteristic SeO3 trigonal
pyramidal groups. There are two unique p":+ posi-

3.015 4 .020 t ote

tions: Fe(l) is co-or.linated by four oxygen atoms
and two water molecules in a pseudo-octahedral ar-
rangement, and Fe(2) is co-ordinated by five oxy-
gen atoms and one water molecule in a
pseudo-octahedral arrangement. Variations in Se-
O and Fe-O bond-lengths can be rationalized in
terms of the anion bond-valence requirements, as is
apparent from the bond-valence table (Table 7) cal-
culated using the parameters given by Brown (1981).

There are three unique water molecules in the
structure that are not bonded to any cation.
However, their positions are well-defined, and they
participate in a complex scheme of hydrogen-
bonding that is essential to the anion bond-valence
requirements of the structure.

Each (SeO3) gtoup corner-links to three FeO6
octahedra (O unspecified anion) to form a frame-
work structure of general stoichiometry uiMfT3OD.

Figure 1 shows slices through the structure atx-0.0
and - 0.5; these consist of gxaphicaly identical sheets
of composition uiM{ttT2@tt These two sheet$ are
cross-linked into a framework by the third (SeO:)
group, as shown in Figure 2. This leaves large cavi-
ties in the structure that are occupied by the
hydrogen-bonded water molecules. Figure 2 also
shows the proposed hydrogen-bonding scheme.

Chemical formula

In the original description of mandarinoite, the
HrO content was not analyzed directly owing to the
paucity of the material; HtO was assumed to be the
difference between the sum FqO3 + SeO2 and
10090. A comparison of the composition derived by
electron-microprobe analysis with the ideal formu-
la Fe3+2Se3Oe.6WO derived from the structure is
shown in Table 8. Both the FqO3 and SeO2 values
from the microprobe analysis are - 690 too high (6.3

3705 )
87 (35)
53f i5)
2 r  ( 9 )

r09( r2)
96 (20)

0 ( 4 )

0 ( 5 )

0 (  6 )

0 ( 7 )

0  ( 8 )

64(25)
132(29)
53(23)

75(571
165(56)
89(37)

i l 5 0 7 )
r 5 4 0 6 )
8217)

9l (40)
17'\22)
99122)
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Ftc. l. The crystal structure of mandarinoite viewed
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l + b - - + l

down X: (a) M2T2@ 6 sheet at r - 0; $) M2T2Q 5 sheet at .lc- 0.J.

i
c

I

T

I
c

I
I

I
b

t
' { i ,,
"'----i'--i"i

Ti \

l+ -a- i
Frc. 2. The crystal structure of mandarinoite viewed down Z; the arrows indicate tle direction (donor to acceptor)

of the hydrogen bonds. Symmetrically equivalent O(13) and O(15) atoms are occluded in this view.
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Fe^0^

Se0-

H.0

t

26.86 nt.%

5 5 . 9 8

' t 7 .  
t 6

TABLE 8. CHEMICAL COMPOSITION OF I4ANDARII.IOITE

Microprobe* Structure
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28.68 wt.%

0  1 . 7 9 )

100.00
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and 6.090, respectively); the fact that the discrepan-
cies are equal suggests that mandarinoite may have
lost H2O under the electron beam during
microprobe analysis. The compatibility index (Man-
darino l98l) for the original data is in the poor
category, whereas for the revised composition it is
in the excellent category.
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