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ABSTRACT

The crystal structures of natural costibite and
synthetic paracostibite, two forms of CoSbS, have
been refined by three-dimensional x-ray diffraction
techniques to R-values of 0.046 and 0.053, respec-
tively. Costibite is orthorhombic, with a = 4.873(2),
b = 5.852(3), ¢ = 3.608(1)A, Z = 2, and space
group Pn2;m. Paracostibite is orthorhombic, with
a = 5.842(3), b = 5.951(3), ¢ = 11.666(4)3, Z =
8, and space group Pbca. The structures are similar
to those of rammelsbergite and pararammelsber-
gite, respectively, and the paracostibite structure
can be described as consisting of portions of the
costibite structure combined in two orientations.

INTRODUCTION

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. 1970). 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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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 its 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.

EXPERIMENTAL

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-
niques confirmed that the orthorhombic cells
used to index the powder diffraction patterns
were correct.

The crystal fragments of both materials were
irregular in shape and approximately 0.05 mm
in dimension. The orientation matrices were de-
termined and the cell dimensions were calcu-
lated on a Picker 4-circle diffractometer using
an automatic alignment process (Busing 1970).
For costibite the 28, 3, and w angles were ob-
tained from 42 reflections, with 26 between 64°
and 70°, consisting of the equivalents of 623,

TABLE 1. CRYSTAL DATA

Costibite

Paracostibite

Costibite

Paracostibite

Source Consols Lode, Broken Synthesized in Miner-
Hill, N.S.w,, alogy Sectlon Mineral
Australia (Smithe Sclences Division,
sonian Institutfon, Mines Branch, Ottawa,
Washington, D.C., Ontario, Canada
U.S.A. National
Museum No. R849)
Microprobe {averages for 3 Cstarting composition,
Analysis grains) one phase only detect-
(vt Z) Co 26.7 = 0.5 ed by microscopic and
Fe 0.6 £ 0.05 mieroprobe analysis)
Ni 0.2 % 0,05
Sb 57.0 £ 0.5 Co 27.70
As 0.3 % 0,1 Sb 57.23
s 13,1 % 0.5 s 15,07
Total =99,92 Total =  100.00%
Chemical (Cog,9sFan, paNig, g3) Co1,068b1,0081 00
Composition (Sby,0e485,01)51,00
System Ortherhombic Orthorhombic

Space Group

Cell
Dimensions

Cell Content

Pn2im (No. 31)

a = 4,873(2)
b = 5.852(3)
¢ = 3.608(1) &

Co28b38, (Z=2)

Phea- (No. 61)
a = 5,842(3)

b = 5.951(3)
¢ =11.666(4) &

CogSbgSy (2Z=8)

Density 6.9 g/cn® (neas.) 6.9 g/cmd(meas.)
6.87 g/cm®(cale,) 6.97 g/en® (cale.)

Absorption n o= 220 em~? U= 220 cm~?!

Reflections 894 (measured 3 3085 (measured 1
times) tima)

Significant 843 (>10% level) 1886 (>102 level)

Intensities

188
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TABLE 2. STRUCTURE DATA

Atomic Coordinates

Temperature Factors* {x 100)

Atom  Site E v 2 m U22 U33 2 N3 Uz23
Costibite o 2a¢  0.2806(3 0 0 0.69 3; 0.54(3) 0.45 3; -0.03 3; 0 0
S 2a  0.0412(1 0.3740E3) 0 0.68(2) 0.54(1) 0.45(1) -0.05(2 0 0
s 2 0.4540(5) 0.6337(5) 0 0.68(6) 0.49(6) 0.35(4) -0.03(6) 0 0
paracostibite  Go 8  0.0136(2) 0.1657(2) 0.3841(1 0.35(2) 0.41(2) 0.28(2) 0.00(2) -0.03(2) 0.0 z;
b 8¢  0.1180(1) 0.0500(1) 0.1800(1 0.39(1) 0.40(1) 0.32(1) -0.02(1) 0.03(1) -0.02(1
s 8s -0.1333(3) 0.3095(3) 0.0659(2 0.45(4) 0.48(4) 0.23(4) -0.07(4) 0.01{4) 0.01(3)

*The anisotropic temperature factors are expressed in the form :lhexp[-Zwrrz(lq]a["zh2 + 20y pa*p k. )]

661, 273, 164, 505, 084, and 006. For paracos-
tibite 52 reflections, with 26 between 53° and
58°, consisting of the equivalents of 2.1.15, 276,
467, 539, 638, 3.4.11, 0.0.16 and 800 were
used. The refined unit-cell dimensions are given
in Table 1, with « = g8 = y = 90.00(1)° for
each material.

The intensity data were collected using gra-
phite-monochromated MoKq radiation. The
6/20 scan width, 2.4 to 3.5° for costibite and
2.0 to 3.1° for paracostibite, was adjusted auto-
matically for au - e dispersion. The background
counts were measured on each side of the peak
for 45 seconds, and the 26 scan rate was 2° per
minute. The intensities of three reference re-
flections were recorded after every 50 measure-
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 260 limit of 60° (Gabe et al.
1970). The occurrence 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 26
limit of 120°,

For costibite the hkl segment was collected
twice and the Akl segment once, and for para-
costibite the hkl segment was collected once.
These data yielded 894 reflections of which 843
were considered to have net intensities above
the 10% significance level [i.e., Inee > 1.650°(D)]
for costibite, and 3085 reflections with 1886
significant for paracostibite. These intensities
were adjusted for absorption effects using a
generalized Gaussian procedure (Gabe & O’Byrne
1970).

STRUCTURE SOLUTION AND REFINEMENT

All calculations in these investigations were
done on a CDC 6400 computer with the X-RAY
system of crystallographic programs (Stewart et
al. 1972). Lorentz and polarization factors were
applied to the intensity data, and structure fac-
tors ‘were calculated for both materials using
the scattering factors of Doyle & Turner (1968)
for neutral atoms. The structures were solved

using Patterson 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 (x,y,0) of Pn2un for costibite, and the
general positions 8¢ (x,y,z) ofPbca for paracos-
tibite.

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

TABLE 3. DISTANCES AND ANGLES

Costibite Paracostibite
Cobalt Ostahedron
Distances: Co-Sb 2.480(2) Co~-Sb 2.551(1).
Co-5b (a) 2.502(2) Co~8b (L) 2.521(1)
Co-8b(b) 2.502(2) Co-8b(2) 2.525(1)
Co=-S (c) 2.303(3) Co-8 (3) 2.291(2)
Co-$ (d) 2.354(2) Co-S (4) 2.306(2)
Co-S (e) 2.354(2) Co-8 (&) 2.306(2)
Angles: Sb-Co-S8b(a) 87.99 (5) Sb-Co-Sb (1) 82.48 (3)
Sb-Co~Sb(b) 87.99 (3) 8$b-Co=-8b(2) 92.36 (3)
Sb(a)-Co-Sb(b) 92.32 (6) Sb{L)-Co-Sb(2) 83.18 (3)
8(e)-Co~8 (d) 96.18 (8) 8(3)-Co~8 (&) 86.47 (6)
s(e)-Co-8 (e) 96.18 (8) - $(3)-Co-8 (3) 94.36 (6)
8(d)~Co-8 (e) 100.10 (8) S(4)-Co-S5 (3) 9¢.35 (6)
Sh(b)-Co-5 (e) 83,63 (6) Sb(2)-Co-5 (3) 90.61 (5)
8b(a)~Co-5 (d) 83.65 (6) Sb(Ll)-Co-S (&) 95.82 (5)
$b(a)-Co-8 (e) 87.48 (5) Sb(l)-Co-8 (3) 87.08 (3)
Sb(bh)=~Co-5 (e} 87.48 (5) S8b(2)-Co~S (3) 95.81 (5)
Sb-Co-8 .(d) 88.01 (7) $b-Co-$ (&) 85.18 (5)
8b~Co~8 (e) 88.01 (7) Sh-Co-S (5) 97.04 (5)
Sb-~Co-8 (c) 173.45 (8) $b-Co-8 (3) 165.89 (5)
8b(a)-Co-5 (e) 174.42 (7) 8b(1)-Co-8 (8) 173.74 (5)
Sb{b)~Co-5 (d) 174.42 (7) Sb(2)-Co-§ (&) 177.45 (5)
Antimony Tetrahedron
Distances: Sb-Co 2.480(2) 8b~Co 2.551(1)
$b=-Co (£) 2.502(2) $b-Co (4) 2.525(1)
$b~Co (8) 2.502(2) 8b-Co (&) 2,521(1)
8b~8§ 2.521(3) $b-S 2.510(2)
Ao~ Co(£)-Sb-Co(g) 92.32 (5) Co(4)-8b-Co(3) 115.98 (3)
gles?t Co-8b=Co (£) 123.71 (&) Co~8b-Co (&) 116.57 (3)
Co-8b=Co(g) 123,71 (&) Co~8b=Co (3) 114,91 (3)
Co=-8b=-§ 98.98 (7) Co-8b-5§ 100.89 (5)
Co(£)-5b=-8 108.83 (6) Co(4)-Sb-8 102.86 (5)
Co(g)-Sb-$ 108.83 (6) Co(3)=Sb-§ 102.13 (5)
Sulphur Tetrahedron
Distances: 5-Co(h) 2.303(3) 8-Co(6) 2.290(2)
§-Co (1) 2.354(2) $-Co (1) 2.306(2)
$-Co (1) 2.354(2) $-Co (2) 2.306(2)
S-sb 2.521(3) s-sb 2.510(2)
Angles:Co(l)-~S=Co(}) 100.10(10) Co(l)~S-Co(2)* 123.18 (7)
Co(h)-8-Co (1) 120.71 (7) Co(6)~8-Co(l) 126.32 (7)
Co(h)-8~Co(3) 120.71 (7) Co(6)~8-Co(2) 93.353 (6)
Co(h)-S~Sh 105.53(10) Co(6)~8-8b 108.15 (7)
Co(i)-8-8b 103.78 (8) Co(l)-8-8b 99.20 (6)
Co(})~8-8b 103.78 (8) Co(2)-8-8b 104,71 (6)

iﬁbtances and angles are listed to show comparative values for costibite
and paracostibite with atoms in similar oriemtation.

Co, Sb and § are at x, ¥, 2.

Costibite
(a) -z, -¥ty, ~¥-z (1)
(b) -~x, ¥y, -z (2)
Ce) =, -lty, z, (3
(d) 1-x, -y, ~¥-z (4)
(e) 1-x, ~¥ty, ¥-z (3)
(£) ~x, ¥y, ¥-z %)
(g) ~x, ¥ty, ~¥-z
(h) x, Ly, 2
(1) l-x, ¥+y, #-z
) 1-x%, ¥4, ~¥-2

Paracostibite

%%, ¥

Ty

Xy E-X»

Sites of equivalent atoms are as listed below.
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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

TABLE 4
Costibite (mi2ym) This study

Rarmelsbergite (Pumm)t

@=4.873, b=5.852, =3.6088 @-4.88, b=5.90, ¢=3.50f .
© ¥ 2 z y z
Co 22 0.28 O 0 N 22 % 3 3
0.72 % 3 0 0 0
b 22 0.04 0.37 0 As 4g 0.28 0.87 3
0.96 0.87 3 0.22 0.37 0
S 22 0.45 0.63 0 0.72 0.13 3
0.78 0.63 0

0. 0.13 .
tKaiman (T947).” Rammelsbergite data reoriented to conven-
tional marcasite setting, kX units converted to A.

S(c)

74
~ Cofh) ,
Fic. 1. The coordination of each atom type in costibite (left), and paracostibite (right), showing the in-

teratomic distances (in A). The estimated standard deviations are given in parentheses. The atoms are
shown as thermal ellipsoids, plotted at the 99% probability Iimit (Johnson 1965).
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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 (3|AF|/3|F,|) are
0.046 and 0.053, “less thans” omitted, for cos-
tibite and paracostibite, respectively. The ob-
served and calculated structure factors are listed
in Tables 6 and 7.

DiSCUSSION OF THE STRUCTURES

Costibite (CoSbS) has a marcasite-type struc-
ture, which is similar to that of rammelsbergite
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(8-NiAs,) 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 results in the
space group Pn2,m (No. 31).

The non-standard setting of this space group,
which was chosen during interpretation of the
Patterson map, facilitates the comparison of these
structures. As shown in Table 4, an origin shift
of Ya, V5, ¥ results in costibite parameters that
compare closely with those for rammelsbergite.

Similarly, the structure of paracostibite
(CoSbS) is directly comparable to that of para-
rammelsbergite (a-NiAs,) reported by Stassen
& Heyding (1968). The space group is Pbca for
both structures, and the atomic parameters re-
ported for pararammelsbergite can be compared
directly with those for paracostibite by an origin
shift of z = %4, 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 three cobalt plus one sul-
phur, respectively (Fig. Ic,d). The tetrahedra
are interpenetrating with the Sb-S bond shared,
and with angles ranging between 92° and 126°. 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 longer than the Co-S bonds.
In cobaltite (CoAsS), which has the pyrite-type
structure, Co-S bonds of 2.26, 2.29 and 2.36A
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 x=
0 and x = V4, respectively, as shown in Figure
2. Each 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 structure consists of layers
of atoms perpendicular to the c-axis, with the

TABLE 5

Paracostibite {oa)
This st

Pararamelsbergite (Fea)
study
a=5.842, 1=5.951, ¢=11.666%

Stassen & Heyd?ng (1968
a=5.77, b=5.84, =11.4

) ¥ a z P 2

€0 8¢ 0.01 0.17 0.38 N 8a (-2, -y, -z) -0.02 0.18 0.87
Sh 8 0.12 0.05 0.18 ASIL 8o ( wod-y,3ts 0.12 0,05 0.68
S 8 -0.13 0.31 0.07 Al 8 ( z,d3-y,242} -0.14 0.31 0.57
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—Z

I l l
X
Fic. 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 Stassen & 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 2.72A, 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 (101) and (101) planes
parallel to the (001) plane of paracostibite. The
similarity of this arrangement to the actual
structure of paracostibite, shown in Figure 3(b),
is apparent. Small shifts will permit the S and
Sb atoms at y = 3% and y = % in the costibite
segments to coalesce, and a rearrangement of
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F1G. 3. The relationship of the costibite and paracostibite structures in terms of the Co octahedra. Left
side shows a structural model constructed from alternate segments of costibite oriented with the (101}

and (101) planes parallel. Right side shows the para costibite 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 investigation, to Mr. J.
M. Stewart for his assistance in the preliminary
x-ray diffraction work, to Mr. D. Lister for the
preparation of the diagrams, and to participants
of the Mineral Research Program for their
valuable discussions.
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TABLE 7. pt. 3. OBSERVED AND CALCULATED STRUCTURE FACTORS FOR PARA-
COSTIBITE*
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*The structure factors are listed in blocks of constant k% in columns of I, [F.] X 10, and [F.] X 10.



