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spectively, by Cabri, Harris & Stewart (1970a"
1970b). The microprobe analysis reported for
costibite is included in Table 1. The name of
costibite was given because of i.ts composition,
and that of paracostibite ,because of its analo-
gous relationship to the rammelsbergite-para-
rammelsbergite series. Attempts to synthesize
CoSbS at these laboratories have always re-
sulted in a structure corresponding to paracosti-
bite. The powder diffraction pattern is essentially
the same as that for natural material.

ExpsRrl,rENrer

Suitable crystals of natural costibite from
Broken Hill were available, but the paracostibite
crystals from Red Lake were too fine-grained,
and crystals of synthetic material were used. A
preliminary survey using precession camera tech-
nlques confirrned that the orthorhombic cells
used to index the powder diffraotion patterns
\Yere correct.

Tho crystal fragments of both materials were
irregular in shape and approximately O.05 mm
in dimension. The orientation matrices were de-
termined and the cell dimensions were calcu-
lated on a Picker 4-circle diffractometer using*Mineral Research Program: Sulphide Research an automatic alignment process @using 1970[

contribution No. 89. For costibite m{ ze, y and a angles iere ob-
**present address: Chemistry Division, National tained from 42 reflections,with 20 between 64"
Research Council of Canada, Ottawa, Canada. and, 70o, consisting of the equivalents of 623,

TABLE 'I. CRYSTAL DATA

ABsrRAcr

The crystal structures of natural costibite and
synthetic paracostibite, two forms of CoSbS, have
been refined by thrce-dimensional .r-ray diffraction
techniques to R-values of 0.046 and 0.053, respec-
tivelV. Costibite is ortiorhombic, with a - 4.873(2),
b * 5.852(3), c - 3.608(L)L, Z - 2, and space
group Prt21m. Paracostibite is orthorhombic, with
a - 5.E42(3), b : 5.951(3), c - 11.666(4)3", Z -
8, and space groap Pbca. The structures are similar
to those of rammelsbergite and pararammelsber-
gite, respectively, and the paracostibite structure
can be described as oonsisting of portions of the
costibite structure combined in two orientations.

ft.trnopucrroN

Until recently no minerals of the composition
CoSbS were known, with the possible exception
of the hypothetical end-member of the willy-
amite series, which has the composition (Co,Ni)
SbS with Co ) Ni (Cabri et al. 797O). Two min-
erals, costibite and paracostibite, have been
found in samples from Broken Hill, N.S.W.,
Australia, and Red Lake, Ontario, Canada, re-
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TABLE 2. STRUCTURE DATA

Co 2s 0.2806(3) 0 0
sb 2o 0.04120 )  0.3740(3) 0
s 2a 0.4540 (5) 0.6337 (5) 0

0 .6e (3 )  0 .54 (3 )  0 .45 (3 )  - 0 .03 (3 )  0  0
0 .68 (2 )  0 .54 (1 )  0 .45 ( l )  - 0 . 05 (2 )  0  0
0 .68 (6 )  0 .4e (6 )  0 .35 (4 )  - 0 .03 (6 )  0  0

co3tlbl te

Paracostlblte
n
u .

*1he anlsotroplc ternperafufe factors are expressed in the forn

661,273,164, 505, 084, and O06. For paracos-
tibite 52 reflections, with 20 between 53o and
58o, consisting of the equivalents ol 2.1.15,276,
467, 539, 638, 3.4.LI, 0.0.16 and 8,00 were
used. The refined unit-cell dimensions are given
in Table 1, with q. : p : y = 90.O0(1)' for
each material.

The intensity data were collected using gra-
phite-monochromated MoKa radiation. The
0./20 scan width, 2.4 to 3.5o for costibite and
2.0 to 3.1o for paracostibite, was a.djusted auto-
matically for ar - ar dispersion. The background
counts were measured on each side of the peak
for 45 seconds, and the 20 scan rate was 2" per
minute. The intensities of three reference re-
flections were recorded after everv 50 rneasure-
ments in order to monitor the crystal alignment
and instrument stability. No significant varia-
tions were noted during data collection.

The initial data collection for both materials
was done with a 20 limit of 60' (Gabe et al.
1970). The oscurrence of negative temperature
factors in the subsequent refinement was at-
tributed to both insufficient intensity data and
lack of absorption corrections, and data collec-
tion was repeated for 'both materials with a 20
lirnit of 1200.

were considered to have net intensities above
the lOVo significance level [i.e., /"* > 1.65cr(4]

wero adjusted for absorption effects using a
generalized Gaussian procedure (Gabe & O'Byrne
L97O).

Srnucrunn Sor,urroN AND REFn{EMBNT
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0.39 f i n

rexpl-Ztz(uya + zt4zfb* l ,k .  . . ) ) .

using Pa,tterson and heavy atom techniques. The
atomic sites were readily established in each
case, and their identification as cobalt, antimony
or sulphur was made from electron-density con-
siderations. The atoms occupy the special posi-
tions 2a (r,y,O) of PltZrrn for costibite, and the
general positions 8c (x,y,z) ofPbca for paracos-
tibite.

Refinement was done by difference-Fourier
and full-matrix least-squarcs methods. During
refinement, the y parameter of the cobalt atsm

C o a t l b l t 6 P a r a c o B t l b l t €
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co' tb aad s ars at !'.L' 3' sr't@ or sqdvarjn! '*.Tr".* 1tud bdd'

system of crystallographiJprogralns (Stewart pr costrbit€ ?arecoallblte

at. 1972). Lorentz and polarization factors weie iql :;: :iS: -i:a 
lii B ':i: \-i

applied to the intensi,ty^data, and sffucture fac- lii '-!: :ilj: -yrt iii ]:-Z,i: i:1
tors were calculated ior both materials using 1.Zi'-i:-il'r: i-2 8l *"i: a-i -'nZ
.the scattering facton of poyle & Turner (1968) iii .=: ili: 

-'=

for neutral atoms. The structures were solved iii !1 ry1 -7t
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in costibite was fixed because of the polar space
group. Anomalous dispersion corrections (Cro-
mer & Liberman 1970) were introduced for
both structures, and in the case of costibite which

Cost ib i te  (Rrz rn)  l ' n is  s tudy  Rarmelsberc i te  ( Ihu) f
cr+.gZO, a;s.gtZ, "=S.oOS,E 

- 
a=+.s8, a=6.90, 'a=i.60fi

is non-centric, the absolute configuration was
established by least-squares refinement of both
enantiomorphs. The final atomic and thermal
parameters 'are listed in Table 2, and" the cal-
culated bond lengths and angles are listed in
Table 3. The final R values (llAfl/llf"l) are
0.046 and 0.053, "less thans'o omitled, for cos-
tibite and paracostibite, respectively. The ob-
served and calculated structure factors are listed
in Tables 6 and, 7.

DrscussroN oF THE Srtucrunps

Costibite (CoSbS) has a marcasite-type struc-
ture, which is similar to that of rammelsbergite

TABLE 4

s a z
ls ?a 0.2B 0 0

0 .72  t  t
Sb 2a 0.04 0.37 0

0 .96  0 .87
S 2a 0.45 0,63

e a z

N 1 2 l :  t  t  t
0 0 0

As 49 0.28 0.87 t
0 .22  0 .37  0
0 . 7 2  0 . 1 3  *
0 .78  0 .63  0

tional marcasite setting, lct units converted to A.

S(c)

co(h)
Frc. 1. Tho coor&nation ^of each atom type in costibite (left), and paracostibite (r!ght), showing {!e in-

teratomic distances (in A). The estimated standard deviations are. given in parentheses. The atoms are
shown as thermal ellipsoids, plotted at the 99Vo probability limit (Johnson 1965).
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(p-NiAst reported by Kaiman (1947). The sites
occupied by antimony and sulphur in costibite
are equivalent to the sites occupied by arsenic
in rammelsbergite. One of the glide planes of
the rammelsbergite space group, Pnnm (No.
58), is absent in costibite and this resuls in tle
space group Pn2tm (No. 31).

The non-standard setting of this space group,
which was chosen during interpretation of the
PatGrson map, facilitates the comparison of these
structures. As shown in Table 4, an origin shift
of 7/+, 7/2, /z results in costibite parameters that
compare closely with those for rammelsbergite.

Similarly, the structure of paracostibite
(CoSbS) is directly comparable to that of para-
rarnmelsbergite (a-NiAsr) reported by Stassen
& Ileyding (1968). Th'e space group is Pbca for
both structureso and the atomic parameters re-
ported for pararammelsbergite can be compared
direcfly with those for paracostibite by an origin
shift of z = Yz. as shown in Table 5.

The coordination around each atom type is
similar in the two structures. Cobalt is octahe-
drally-coordinated to three antimony plus three
sulphur (Fig. la, b), and sulphur and antimony
are tetrahedrally coordinated to three cobalt
plus one antimony and throe cobalt plus one sul-
phur, respectively @ig. 1c, d). The tetrahedra
are interpenetrating with the Sb-S bond shared,
and with angl,es ranging between 92" an.d L26" .It
should be noted that the angular distortion of the
Sb tetrahedron in costibite agrees more closely
with that of the S rather than the Sb tetrahedron
in paracostibite, and vice versa. As expected, the
Co-Sb bonds are longe.r than the Co-S bonds.
In cobaltite (CoAsS), which has the pyrite-type
structure, Co-S bonds of 2.26, 2.29 and 2364
were reported by Giese & Kerr (1965). Wyckoff
(1960) includes Co-S and Co-Sb bonds of. 2.33
and 2.58A, respectively, for CoS and CoSb, both
of which have the hexagonal NiAs-type struc-
ture.

Costibite has the marcasite-type structure
composed of staggered layers of Co octahedra,
with the Sb and S atoms occupying layers at r=
0 and .r = 7/2, respectively, as shown in Figure
2. Bach octahedron shares an edge with two
other octahedra in the same layer, and the six
corners are shared with corners of four octa-
hedra above and four below the layer.

The paracostibite strusture consists of layers
of atoms perpendicular to the c-axis, with the

TABLE 5

Ftc. 2. The costibite structure in terms of the Co
octahedra. The edges of the octahedra are joins
between Sb and S atoms.

face-centered Co layers alternately stacked as
pyrite-type (100) planes and marcasite-type
(101) planes. In the paracostibite structure, these
alternating layers have every second marcasite-
type layer in reverse orientation. This arrange-
ment has been described for the structure of
pararammelsbergite by Stascen & Heyding (1968).
They reported that the metal atoms of the py-
rite-type and marcasite-type layers are separated
by 2.63 and 3.08A, respectively. In paracosti-
bite, the corresponding values for the separation
of Co layers are 3.16 and 2.724, respectively.
With the pyrite-type layers containing Sb atoms
and the marcasite-type layers containing S
atoms, the reversal of separation distances is
consistent with the larger ionic radius of the Sb
atom.

The paracostibite structure can also be de-
scribed in terms of a marcasite-type structure
alone. The relationship of the costibite and pa-
racostibite structures can be seen in Figure 3.
Figure 3 (a) shows alternate segments of costi-
bite oriented with the (1O1) and (101) planes
parallel to the (001) plane of paracostibite. The
similarity of this 4pangement to the actual
structure of paracostibite, shown in Figure 3O),
is apparent. Small shifts will permit the S and
Sb atoms aty = 3/e andy = s/a in the costibite
segments to coalesce, and a rearrangement of

I
X

Parac6ttblte (4@) Pararmlsberglte (rt@)
lhis study ^ stassen & Heydlng (1968)

- " 6  M 2 - h " q . q n -  * l l - 6 5 6 4  6 5 - 7 7 -  h " ' - P 4 -  @ 1 1 - A 2 R

a l s a v a
Co s4  0 .0 I  0 .17  0 .38  I t  8 '  (? ,  -a , -a )  -o .o2  0 .18  0 .87
sb 8o  0 .12  0 .05  0 .18  lsu  8d  (o ,a - r , i l r )  0 .12  0 ,05  0 .68
s 8o -0.13 0.31 0.07 lal 8o (c,l-g,i+z) -0.14 0.31 0.57
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Frc. 3. The relationship of the costibite and paracostibite structures in terms of the Co octahedra. Left
sido shows a structural model constructed from alternato segments of costibite oriented with the (101)

anO (tOt) planes parallel. RiCht side shows the paracostibite structure.

sulphur and antimony will give the paracostibite
distribution. In paracostibite, each Co octahe-
dron has one shared edge, and all corners are
shared with two other octahedra.

We are indebted to Dr. L. J. Cabri for pro-
viding the natural costibite and the synthetic pa-
racostibite used in this iouot'Uu,'on, to Mr. J.
M. Stewart for his assistanse in the preliminary
.x-ray dfifraction work, to Mr. D. Lister for the
preparation of the diagrams, and to participants
of the Mineral Research Procram for their
valuable discussions.
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TABLE 7. pt. r. OBSERVED AND CALCULATED STRUCTURE FACTORS FOR PARA-
COSTIBITES.
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