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ABSTRACT

S-'I'RUCTURAL STUDIES OF THE ~lINERAL SULFOSAL TS:
by

Nobukazu Niizeki
Submitted to the Department of Geology and Geophysics

on March 6, 1957, in partial fulfillment of the require-
ments for the degree of Doctor of Ph~losophy.

The crystal structure of livingstonite has been
determined. A new chemical analysis of the mineral gives
the formula HgSb4SRinstead of the preViously assigned
HgSb4S. The spac~ grouPois A2/a, al}.dthe unit cell
dimensIons are: ~ = 30.25A, b = 4.00A, £ = 2l.4aA, and
p= 104°12'. This unit cell contains 8HgSbh.S~.
Intensities were measured by the single-cryst~l Geiger-
counter method with CuKot. and MoKo(.radiations. The structure
was analyzed by direct-interpretations of the Patterson map
p(xz), and the three-dimensional Patterson sections,
P(x,n!60,,2). The refinement of the structure was performed
by the successive Fourier and difference-Fourier trials,
and finally by the three-dimensional least-squares method.
The structure obtained confirms the new chemical formula.In the stru9ture an S group is found with S-S
distance of 2.07A. The exfstence of this 82 group was
suggested from the new chemical formula. In the structure,
there are two kinds of layers, both running parallel to
«001). In one kind of layer, two Sb~Sh. double chains
are joined together by an S-S bond to Torm an S group
between them. In the other, two SbQS~ double cftaineare
cemented together by Hg atoms. Eacn Sb atom has three
closest neighboring S atoms and four additional ones at
greater distances. The coordination of Hg atom is a
distorted octahedral of six S atoms, of which two are
strongly bonded ones arranged in a linear way as found in
cd.nnabar.,HgS~ The perfect cleavage ({001)) can be explaiiledd
as the breaking of the weaker bonds be tween the two kinds
of layers.

The crystal structure of jamesonite has been determined.
The space group of the min~ral is P21!a, and its unit cell
dimensions are : ~ = 15.0BA, b = l8.98A, Q = 4.03A, and
f= 91°481• This unit cell contains 2FePb4SbhS1A• The
intensities were measured by the single-cryst~l Geiger-
counter method with CuK~ radiation. The projected structure
along £ axis was solved by the minimum function method.
The ,2parameters of the atoms were determined by the impli-
cation method. The structure was refined by the successive
Fourier and difference-Fourier trials, and finally by the
three-dimensional least-squares method.

In the structure three SbS groups are arranged
parallel to [120], and can be d~scribed as forming Sb3S7groups. Two Sb3S7 groups are loosely bonded together into
a larger Sb6Sl4 g~ouP. Fe and two kinds of Ph atoms are
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located in the interstices provided by the S atoms of
the SbhS14 groups, and play the role of cementing these :::
Sb-S g~oups. Fe has a distorted octahedral coordination
of six S atoms. The Pb atoms have either 7 or 8 atoms of
sulfur as closest neighbors. The strongly bonded chains
or layers running parallel to the acicular axis of the
mineral are not well defined in jamesonite. The cleavage
of the mineral has.been accounted for in terms of the
observed interatomic distances.

The crystal structures of the sulfosalt minerals
have been systematically studied. The arrangements of the
S atoms around the central metal and submetal atoms were
examined. The first and the second coordination polyhedra
of each central atom were described. As the structural
basis of the crystal chemistry of sulfosalts, the stacking
of these polyhedra was considered. The chemical parameter
f defined as (Cu+Ag+Pb+As+Sb+Bi)/S was introduced, and the
relations between this value and the mode of stacking of
the polyhedra were developed.

The sulfosalts can be classified into three main
groups. They are: (1) acicular sulfosalts, (2) sulfosalts
with structures closely related to the simple sulfides
(PbS type or ZnS type), and (3) sulfosalts with the value
of f greater than 1.0.

The acicular sulfosaltsDare characterized by a short-
est unit cell dimension of 4A. The values of f are generally
less than 1.0, and are equal to L.O only when the formula
contain Cu. Theocoordination polyhedra are stacked in such
a way that the 4A dimensions of polyhedra are oriented
parallel to each other. In the most structures of this
group, the first coordinations of the submetal atoms, the
SbS pyramids, are well defined and are built into the
lar~er groups sharing the S atoms with adjacent pyramids.

When the dimension of 4A is not found as the true
unit cell dimension, but as an asymmetric or a sub-multiple
dimension of the structures, these structures are considered
as related closely to the acicular group.

In the structures closely related to the simple sulfides,
the value of! is equal to 1.0 or very close to it. The
structures of the acicular sulfosalts were considered as
the deviated ones from the simple structures, and the
existence of the fragmental layers of the simpler type in
the structure was pointed out.

As one possible type of the structure with the value
of ! greater than 1.0, the structures with independent
SbS3 gro ps were considera. The physical properties of
the minerals of this group are found as more covalent
than metallic, and the relation between this nature and
the type of coordination in the structure was discussed.

"Thesis Supervisor: Martin J. Buerger
Title: Professor of Mineralogy and Crystallography
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INTRODUCTION
The work described in this thesis is composed of

three related papers and one supplementary section.
The crystal chemistry of the sulfosalt minerals

is one of the important subjects of mineralogy and
crystallography yet to be investigated. There are
two factors which have prevented a systematic treatment
of the problem. One is the lack of the structural
knowledge itself of the minerals. The other is the lack
of understanding of the basic principles relating the
chemical formula and structure types.

-In recent years, however, the structural knowledge
has been significantly increased. Several investigators
have determined the crystal structures of the minerals
berthierite (FeSb2S4),galenobismutite (PbBi2S4),aikinite
(CuPbBiS3), and seligmannite (CuPbAsS3). The first two
parts of the thesis are a contribution along the same
line. In Part I, the structure determination of the
mineral livingstonite, HgSb4S8, is presented. In Part II,
the structure determination of the mineral jamesonite,
FePb4Sb6S14,1s described.

Except seligmannite, all the minerals mentioned
above are the members of the group' of acicular sulfosalts.
These minerals have unit cells with one shortest

odimension of 4A length, and exhibit the acicular crystal
habits. The structures of the sulfosalts in general must



be further investigated. Nevertheless, the structural
features found among the previously determined crystal
structures reveal certain structural principles of
sulfosalt minerals.

In the crystal chemistry of the ionic crystals, the
structures can be described by means of the packing of'
the spheres of anions and cations. When there is a·
strongly bonded structural unit, as in the silicate
minerals, the structures can be described in terms of the
structural motifs built from this unit. In the sulfide
minerals the directional properties of the chemical bonds
between the metallic and sulfur atoms play an important
role. These different aspects are directly related to
the nature of the chemical bonds holding the different
types of the crystals together.

In sulfosalt minerals, however, the nature of the
chemical bonds is an intricate one. The physical proper-
ties of the minerals indicate a·partial metallic character
of the chemical bonds in the sulfosalt crystals.
Presumably re~ated to thisk1nd of nature, the character-
istic covalency in many sulfide minerals is modified in
the sulfosalts. Beside the directional bonds character-
istics of each metallic or submetallic atom,: in sulfosalt
crystal~these atoms tend to have larger coordination
numbers for sulfur atoms. This fact applies especially
to the atom Pb, and to the V-b elements As, Sb, and Bi.
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It has been found that, in m~y of the sulfosalt
f"

structures, the sparial arrangements of sulfur atoms are
determined by the kind of central metallic atom. These
sulfur atoms can be considered as located at the vertices
of a polyhedron characteristics of the central atom. The
crystal structure can be regarded as the stacking of these
coordination polyhedra, each polyhedron sharing its
vertices, edges, or faces with neighboring ones.

In Part III of the thesis, the above-mentioned
viewpoint will be taken as the structural base of the
crystal chemistry of sulfosalt minerals. The relations
between the possible types of polyhedral stacking and
the unique shortest dimensions of unit cells are discussed.
The chemicalp~rameter, f = (Ag + au + Pb + As + Sb + Bi)/s
is introduced, and the relation between this value and the
structural types is developed. Finally a classification
based on these principles 1s tentatively presented.

In Part IV, a supplementary section, matters related
to the problem treated in the main text are discussed.
They are: (I) a historical introduction to the crystal
structure analysis of the 8ulfosalt minerals, (2) a note
on the process of structure determination when the effect
of x-ray absorption by crystals is not negligible, and
(3) the proofs of the geometrical theorems used in the
Part III.
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The crystal structure of livingstonite, HgSb4SS

Introduction

There have been two crystallographic investigations
of the mineral livingstonite. Richmondl described it as
monoclinic, and Gorman's presentation2 was triclinl,c.
Buerger and Niizeki3 carried out a preliminary structure
determination of the mineral assuming Gorman's triclinic
cell was correct. They succeeded in obtaining the
structure projected along the shortest .axis (4A). Our
result suggested doubt concerning the number of sulfur
atoms in the chemical formula.

Llvingstonite crystallizes in an elongated needle
form with one perfect prismatic cleavage. The mineral
belongs to the group of'acicular sulfosalts. Structure
determinations for several minerals of this group have
recently been PUbliShed4,5,6,7,8. Livingstonite is the
only known sulfosalt mineral containing mercury.

Preliminary structure investigation

For the preliminary phase of the structure investigation
we are greatly indebted to Dr. Gorman of the University of
Toronto, Canada. We were kindly offered not only a
massive aggregate of the ~leavage flakes of livingstonite
from Guerrido, MeXico, but also his original single crystal
used for the above-mentioned description of his triclinlc
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unit cell.
The first intensity ~~ta were collected from the

equator Weissenberg photograph taken with euK~ radiation.
The intensities were measured by the M.I.T. modification
of the Dawton method9• The intensities were then corrected
for Lorentz and polarization factors, but no allowance
was made for absorption. The resulting F2(bOl)'S were
used to prepare the Patterson map, P(~), Fig. 1.

Since Gormanls unit cell contained HgSb4S7, there is
only one Hg atom in the cell. Its position is fixed at the
center of symmetry if the space group is ~l. A statistical
check of the centrosymmetrylO was applied to the observed
intensity data, and the resulting curve is shown in Fig. 2.
Although the chemical composition of the mineral is not
ideal for the statistical treatment, the result was consi-
dered as indicating a center of symme ry in the projection.

Once the position of the mercury atom was fixed, the
interpretation of the Patterson map, Fig. 1, was straight-
forward. The two heavy peaks, indicated by crosses in
Fig. 1, must be due to Hg-Sb interactions. Since Hg is
at the origin, these peaks could be assumed as the atomic
sites for the two Sb atoms in the asymmetric unit. The
first Fourier map of the projection, Fig. 3, was computed
using signs determined by heavy atoms only, prOVided the
contribution to the amplitude by them exceeded one third
of the observed values. From this map inrormat1on concer-
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Fig. 1 Patterson diagram P{~). The dotted
contours represent depressions. The details of the
heavy peak at the origin are omitted.
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Fig. 2 Statistical test of the centrosymmetry.
The theoretical curve for the centrosymmetr1c crystal
1s designated by 1, and for the non-centrosymmetric crystal
by 1. The crosses represent the result with F2(hOl)'s
of l1vlngston1te.
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ning the locations of the S atoms could be obtained.
The structure was refined by four successive Fourier trials.
With an assumed chemical formula of HgSb4S7,one of the S
atoms must be placed on one set of centers,.of symmetry.
From these Fourier trials, however, the following facts
became evident. First, there are two peaks surrounding the
center of symmetry at (~) with peak heights as high as
the other three kinds of S atoms. Second, there is no
indication of an atom on the center of symmetry, and the
sign changes caused by placing one S atom on this inversion
center did not brine; back the assumed atom onto the center
in the resulting Fourier map. The atomic coordinates of
the fourth trial are tabulated in Column I of Table 1.

If the peak at ~ = .598, ~ = .444 did actually repre-
sent the fourth S atom in the asymmetric unit, the chemical
formula of livingstonite.should be HgSb4S8 instead of
HgSb4S7•

Chemical composition of livingstonite

In the face of this anomaly of composition, it was
keenly felt that new data for the chemical composition of
the mineral, as well as the more exact x-ray diffraction
data, were essential to solve the problem. A .specimen
from Huitzco, Mexico, ~as kindly offered for this purpose
by Dr. Foshag of the National Museum, Washington, D.C.
This specimen (U.S. National Museum No. 105163) was a



Fig. 3 The first electron-density map F(~).

The broken lines represent depressions. One interval
between heavy contours corresponds to five intervals
of light contours. The details between successive heavy
contours are omitted. The crosses indicate the atomic
sites listed in Column I of Table 1.
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Table 1. Coordinates of atoms referred to projected
cell with al = t, and cl = ~.

Atom I II
Dawton data Geiger-counter data

Hg x' .000 .000z· .000 .000

SbI Xl .479 .482
Zl .150 .153

SbII Xl .170 .170z' .429 .423
Sr Xl .243 .237

Zl .160 .185
SII Xl .915 .910z· .364 .363
SIll Xl .693 .685

Zl .085 .081
8IV x' .598 .597Zl .444 .443
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beautiful crystal of selenite with numerous inclusions
of fine needles of livingstonite.

First the selenite crystal was carefully cleaved to
separate the livingstonite needles. After repeated
washings in a warm dilute solution of hydrochloric acid,
the remaining grains of selenite were separated by the
heavy liquid method. Finally the sample was placed under
the binocular for the manual separation of the mineral.
The material collected was then chemically and spectro-
graphically analyzed. The result of this analysis is
tabulated in Table 2.

The interpretation of the chemical data was carried
out under the following two assumptions. First, 8i and Al
detected by the spectrograph were due to minor impurities
of some kind of unidentified silicate minerals which
escaped separation. Later it was observed that some
livingstonite needles were aggregated around impurity grains
as cores. Second, As substitutes for 5b, and Pb and Fe
could occupy Hg sites.

The weight percentages of 51 and Al were subtracted
from the total amount. The amount subtracted was half of
the value of the max1mum estimated by the spectrographical
method. The values determined in this way, 1.1% for Si,
and 0.6% for Al, summed to 1.7%, which was very close to
the deficiency of the total we1ght percentage of the major
elements from 100%. The elements Hg, Fb, and Fe were grouped



Table 2. Analysis of livingston1te

Element Weight percent

Hg 19.49%
5b 50.46
5 27.61
As 0.29
Fe 0.22
Pb 0.24
51 0.1 - 1.0% estimated
A1 0.1 - 1.0 It

Ca 500·- 3000 ppm II

Cu 200 ..1000 II

Mg 100 -"500 "
Bi 100 - 500 II

Mn 50 - 300 If

Ag 5 - 25 It

Na 5 - 25 "
Tl 2 - 10 It

12.
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together in one group, and Sb and As into another group,
as shown in Column II of Table 3. All the other minor
elements were neglected. Then these three values for
(Hg,Pb,Fe), (Bb,As) and S were converted into the values
listed in Table 3 to make up the total to 100%.

In Column III and IV of Table 3, the ideal weight
percentages of the composition HgSb4S7 and HgSb4Sa are
tabulated. Comparision of the result in the Column II
with these two kinds of ideal composition indicated
definitely the composition of HgSb4Sa as that of livingst-
onite. The value of density, 5.00, measured by Frondelll

was found to agree well with 5.06, the calculated density
of HgSb4Sa•

Unit cell dimensions and space group

Several good single crystals were selected for the
x-ray investigation from the livingstonite needles used for
the chemical analysis. Weissenberg, precession~ and
de Jong photographs were taken for the equator and up to
the 4th layer, with the crystal set so that the needle axis
was parallel to the goniometer axis. The crystals used
for the preliminary stage were re-examined by the same
methods, and were identified as the same material as the
needles.

The crystal was monoclinic, and the unit cell dimensions
obtained were as follows:
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Table 3. Interpretation of chemical data

Dens~ty measured
Density computed

5.00 (Frondel1l)
4.88 5.06
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o .
a= 30.25A
b = 4.00A f = 104°12'

I>

c = 21.48A

This unit cell contains 8HgSb4SS•
The following systematic absences were observed for

the recorded spectra:
hk1 with k + J:. = even only,
hOI with I = even, and h = 4n (n = 0,1,2,3, •• ) only,
0!p with k = even only.

From these rules the space group is A2/~ if it is centro-
symmetric, and Aa if non-centrosymmetric. The observed
systematic absences for the type reflections bOI are rather
unusual. For the two possible space groups the required
systematic absences for this type reflections are h = odd,
and 1 = odd. Therefore, the extra systematic absences with
h = 4n + 2, and 1 = odd are to be interaretated as due
to the structural arrangement. Satisfactory tWinning rules
to explain the above-mentioned facts could not be obtained.
The centrosymmetrical space group A2/a was assumed for the
starting point.

Relations between unit cell data

Because of the extinction already described, a sub-
multiple cell with~' = ~/4, and £' = £/2 could be taken
for the projection on (010). These dimensions are as
follows:

o

a' = 7.56A
o

b' = 10.74A
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These values were identical with those obtained at
the stage of checking Gorman'a result from the ~quator
Weissenberg photograph. There must be some relations
between the present unit cell and the ones previously
described by Richmond and Gorman. The relations
between these unit cells are tabulated in Table 4.

Our cell and Richmond's are almost identical except
that the former's ~ unit is double the ~ unit of the latter.
Gorman's trlclinic cell can be explained as the triclinic
setting of our A-centered monoclinic cell _if taken with
the sub-multiple units, a' = ~/ 4, and s' = £/2. The
three shortest vectors of this setting of our cell are
represented by vectors A, B, and C in Table 4. The
vectorial expression of these three new axes is also found
in Table 4. The good agreement between this cell and
Gorman's cell supports the relation discussed above.

Space group !2/a is illustrated in Fig. 4 by two
projections along band £ axes. The sub-multiple unit cell
in the projection on (010) is indicated by a heavy outline
in the drawing. The statistical test with F2(hOl)'s,
which was considered to indicate the existence of the
center of symmetry in the projection, must now be interpreted
as the proof of the pseudo center of symmetry at (~,O,l),
which is indicated by a cross in Fig. 4.

Three-dimensional intensity determination

Three-dimensional intensities were collected by the
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Table 4. Comparison of cell data for liv1ngstonite

Richmond Gorman Niizeki Ni1zeki and
and Buerger's cell

Buerger referred to
(original 1Q& 1 1A = !a - ~bunits converted
to A units) B = 2'b - 2"0

C = b

15.14 A 030.25 A
0 0

a = 7.57 x 2 = 7.67 A = 7.64 x 4 7.62 A

b 3.98 4.00 4.00 4.00

21.60
c =10.80 x 2 10.84

21.49
=10.75 x 2 10.93

99°12'
102°01'
73°481

100°311
104°491
73°46'

104°12'

cell contents
4 HgSb4S7
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Fig. 4 Representations of space group A2/a. The
lower drawing shows the symmetry elements and the
general equlpoints B(f) in the projection on (010).
The heavy outline in this drawing indicates the sub-
multiple unit cell of the projection. A cross inside
this unit shows the location of the pseudo center of
symme~ry.

The upper drawing represents the projection on the
plane normal to Q axis.
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single-crystal Geiger-counter-goniometer method developed
in the Crystallpgraphic Laboratory of-M.I.T. The hOI
intensities 'were first measured with MoKo(radiation.
But the large size of the true unit-cell dimensions made
the successive reciprocal lattice-points in the upper
levels too close to be resolved by this radiation. Thus
CUKc{radiation was necessary to collect the hk1 intensities,
although this longer wavelength resulted in an increase
in the linear absorption coefficient of the crystal.
These intensities were corrected for Lorentz and polarization
factors, but no allowance was made for absorption factor
until the last stage of analysis.

Refinement of the projected structure

With the new set of F2(hOl)'s collected with MoK
radiati~n, the refinement of the electron density map
was carried out. The statistical treatment by Wilson's12

method applied to the F2 values, shown in Fig. 5,
determined the scaling factor and temperature coefficient.
With.the final atomic coordinates determined in the
preliminary stage, and these new F2 values, the refinement
of the-projection was done by the successive Fourier and
difference-Fourier trials. The final atomic coordinates
are tabulated in Column II of Table 1. The temperature
coefficient determined from Fig. 5 was B = 1.32, The
reliability factor with the final atomic coordinates was
computed as R = ~133. The final electron-density map f (~)
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is presented in Fig. 6. In this map it is clearly shovr.n
that the structure determination confirms the new
chemical composition of livingstonite, HgSb4S8•

Determination of ~ coordinates

Introduction. The comparison between the projection
of the structu~e, Fig. 6, and the structures of other
acicular sulfosalts previously analyzed permitted
understanding the general scheme of the structure without
difficulty. All the atoms were found to be located very
close to the ~ glide-planes at ~ = 0, or ~. The deviations
of the ~ coordinates from these values were considered too
small to be detected by crystal-chemical considerations.
Also the other two available projections along the longer
axes were expected to give results with considerable over-
lappings of atoms. More exact ~ coordinates of the heavy
atoms were determined from the direct interpretation of
the three-dimensional Patterson sections.

Three-dimensional Patterson sections. The three-
dimensional Patterson sections were prepared with F2(hkl)'s
collected with auK radiation. The Fourier summations
of the type

P(~,~,~) = *ft IF(hkl)\2 cos zrr (hx + k ~ + lZ)

were computed for the values of n = 0, 2, 4, .• and up to
14. The resulting maps representing eight sections are
shown in Fig. 10

The ~pace group of the crystal is A2/a. The space
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Fig. 5 Determination of scale factor and temperature
coefficient of l1vingstonite by Wilson's statistical
method. The observed ~2(hOl)rs collected with MoK
radiation were used to obtain the result.
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Fig. 6 Final electron-density map of the projection
on (010). Thisj(~) map represents the crystal structure
in the sub-multiple unit cell outlined by heavy lines in
Fig. 4. Negative contours are omitted.
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of Patterson space corresponding to A2/a is A2/m. This
space group A2/m 1s illustrated in Fig. 7. Because of
the A centering, the section at .~= ~ is identical with
'that at ~ = 0 combined with the shift of origin by £/2.
The following relation exists among the various sections:

Section (30 + n)/60 = section n/60 plus shift of origin
by Q/2.

1-Also there are two mirror planes at ~ = 0, and 2- Because
of these mirror operations there are two further relations
among sections:

Section n/60 = section (-n)/60, and
Section {30 + n)/60 = section (30 - n)/60

The above considerations show that the sections
between 0/60 and 15/60 are enough to represent the whole
Patterson space. The other sections are related to these
as indicated in the follot'11ngtable.

Section
16/60 = 14/60 plus a shift of origin by Qt217/60 = 13/60 If " II

-29/60 = 1/60 II n II n

30/60 0/60 11 n II n=31/60 = 1/60 11 It It II

.
44/60 = 14/60 It It n fI

45/60 = 15/60 without shift



Fig. 7 T\'10 projections of space group A2/m. The·:
lower drawing shows the symmetry elements and the
general equipoints 8(j) in the projection on (OlO)~
The upper dra'\'lingshowa the projection on the plane
normal to Q axis.
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Fig. 8 Projection of the Sb atoms in the whole
unit cellon (010). The open circles indicate ~
coordinates close to zero, and the shaded circles
indicate y coordinates close to 1/2.
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Section
46/60
47/6~ =

14/60
13/60

without shift
It It=

•
•

= 1/60 It II

Interpretation of the three-dimensional Patterson peaks.
The unit cell contains SHgSb4SS• Equipoint considerations
fix the locations of two kinds of Hg. Hgr 1s placed at the
center of symmetry 4(~). HBII is on the two fold axis
4(e). All the rest of the atoms occupy the general position
S(f). The HgI - HgI1 ratterson peaks were easily identified,
and it was found that between J:Hg1 and :tH8I1 there was
a difference of b/2. There are four different kinds of
Sb atoms in the unit cell.

Two kinds of approach to determine the '3.. coordinates
of these Sb atoms were tried:

Interpretation of Hg-Sb peaks. The Hg -Sb peaks could
easily be identified in the Patterson sections. Since one",
kind of Hg is located on a center of symmetry, the ~
coordinates of Sb atoms can be determined if the Hg -Sb
peaks are clearly defined in the sections. Unfortunately

Ithe deviations of the ~ coordinates from zero or 2 are
small, so that the maximum contour of the Hgr - Sb peak
should be located very close to section 0/60. As mentioned
above there is a mirror operation at level 0/60. Thus the
peak very close to section 0/60 overlaps its mirror
equivalent. As the result, all the Hgr - Sb peaks give
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Fig. 9 The vector set constructed from the point
set of Sb atoms, Fig. 8. The positions of Patterson
peaks are indicated by circles. Shaded circles designated
by letters A, ~, £, and ~ indicate the inversion peaks.
The open circles with letters a, b, £, and d are the
peaks used for the determination of y coordinates of the
Sb atoms. These peaks are connected by straight lines
so that the identification of them in the Patterson
sections (Fig. 10) becomes easy. Computed ~ coordinates
of these peaks are also found in the diagram.
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elo~gated peak-volume with their maximum Dontours in
the section 0/60. Thus the more exact determination of
~Sb's from this approach was impractical.

InterDretatio~ of Sb - Sb peaks. In Fig. 8, the
,

projected locations of Sb atoms are illustrated.
1Approximate Z coordinates determined as 0 and 2 are

indicated respectively by open and shaded circles. From.this projection of the heavy atoms the vector set of
Sb atoms can be constructed, and the result is shown in
Fig. 9. There are two kinds of Sb-Sb peaks. One
corresponds to the interatomic vector between an Sb and
its symmetrical equivalents. They are, for example,
SbI-SbI inversion peaks, rotation peaks generated by a
2-fold rotation axis or a 2-fold screw axis, and glide-
related peaks. The rotation peaks were not useful in
determining the ~ coordinates; that is, the coordinates
along the rotation aXis. Since the glide peaks have
special values for ~ and~, considerable overlapping results
and the decomposition of the glide peak into each component
was impossible. Although the consideration of the inversion
peaks 1s most appropriate in the usual case, the situation
with livingstonite makes the interpretation of the inversion
peak difficult. The reason is as follows: Because of the
sub-multiple unit cell observed in the projection on
(010), the inversion peak of an atom and the rotation peak
of an atom, related to the former atom by the pseudo center
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Fig. lOa.
at Y.. = 0/60.

The heavy contours represent the fifth intervals
of light contours. The details of some of the hea.v~
peaks are omitted. All the negative contours are not
shown. The maximum contours of peaks .s!:, b, ,Q, and d
of Fig. 9 will be evident if the illustrated 4-gons
are traced in the following sections.

Three-dimensional Patterson section

Fig. lOb
at Y.. = 2/60.

Three-dimensional Patterson section
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Fig. 10c Three-dimensional Patterson section
at '3:. = 4/60.

Fig. 10d Three-dimensional Patterson section
at :I. = 6/60.
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,J

Fig. 10d Three-dimensional Patterson section
at Y:. = 8/60.

Fig. lOr Three-dimensional Patterson section
at :I. = 10/60.
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Fig. 109 Tbree-diemnsional Patterson section
at X. = 12/60.

Fig. lOh Three-dimensional Patterson section
at :L = 14/60.
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of symmetry, have identical ~ and ~ coordinates. For
example, in Fig. 8, the SblIl-SbIII inversion vector
is dra,~ with a heavy line, and the SbI-SbI rotation
vector with a dotted line. These two vectors give their
peak at the same location indicated by the letter B in
Fig. 9. The Y.. coordinates of the peaks are 2Y..3and
zero. It also can be seen that the SbI-SbI inversion
vector, and the S~III-SbIII rotation vector indicated by
light lines in Fig. 8, also give their peaks at the same
location in the projection, with ~ coordinates of 2Y..land
zero. Thus if the ~ coordinates do not deviate much
from zero, the overlapping with the rotation peak at
section 0/60 obscures the definite maximum contours
representing 2Y..Iand 2Y..3.

The second kind of Sb-Sb peak represents the inter-
atomic vectors between different kinds of Sb atoms, such
as SbI-SbII's. The examintaion of the three-dimensional
Patterson space showed that there wer-e four peaks wi th
definite maximum contours at levels other than zero. The
comparison with the vector set map, Fig. 9, indicated
these peaks as all of the s~cond kind. In Fig. 9 these
peaks are designated by letters ~, b, Q, and d. The
computed Z coordinates of these peaks are given beside
the circles indicating the locations of the peaks.
The observed Z coordinates of the maximum contour of these
peaks are tabulated in Table 5. It is noticed that the
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~ coordinates of these peaks have a sum form, such as
~l + ~2· The approximate ~ coordinates were obtained
by analysing these values. They are tabulated in Table. 5b.

Refinement of ~ coordinates

With the approximate y coordinates of the heavy atoms
determined by the above method, the structure factors
F(hkO) could be computed. The resulting electron density
map f (~) represents the projection of the structure
along ~ axis. The refinement of ~ coordinates was carried
out by successive Fourier trials with this projection.
Final atomic coordinates determined in this way are
tabulated in Column I of Table 6. Those of the heavy
atoms are listed in Table 5b. The final electron-density
mapf(~) is shown in Fig. 11. The reliability factor
for this projection was computed as R = .24.

Three-dimensional refinement

The three-dimensional refinement of the structure
was performed by the least-squares method developed by
Sayre at the International Business Machine Corp., New York.
The initial atomic coordinates were these values given
in Column I of Table 6. The number,'of structure factors

r-.

used in this refinement process was 1950 F'(hkl) IS.
The reliability factor started as R = .39 and after

three cycles of refinement went down to R = .31, obviously
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Fig. 11 Final electron-densi ty map r (~).
The asymmetric unit of projection of COOl) is illustrated.
Negative contours are omitted.
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Table 5a.. Sb-Sb peaks used for the determination of'YSb'S•

Peaks Computed yls Observed y's of the maximum
contours in Patterson section

a Y1 + Y2 5/60

b Y1 + 13 10/60
12 + 14

c 11 + Y4 10/60
12 + 13

d 13 + 14 11/60

Table 5b. Determination of 1Sb'S from the three-
dimensional Patterson sections, and f(~) map.

Atom Y
, I II III

From Patterson sections From (xy) From least-squares
refinement

SbI 3.5/60 = .058 .056 .063
SbII 4.5/60 = .075 .087 .095
SbIII 3.5/60 = .058 .056 .064
SbIV 4.5/60 = .075 .063 .078



37.

Table 6. Atomic coordinates from several processes.

Atom I II III
From Fourier maps From first least- From second

squares refinement least-squares
refinement

HgI x·:: .000 .000 .000
y :: .500:~.. .500 .500
z :: .000 .000 .000

HgII x :: .250 .250 .250
Y :: .000 .004 .001
z :: .000 .000 .000

SbI x:: .120 .120 .120
Y == .056 .062 .063
z == .075 .075 .075

SbII x == .042 .042 .042
y == .087 .094 .095
z == .213 .214 .214

SbIII x == .130 .130 .131
Y == .056 .062 .064
z == .426 .425 .425

SbIV x == .208 .208 .208
Y == .063 .073 .078
z == .287 .287 .287

8I x == .059 .062 ~062
y == .495 .503 .493
z == .093 .092 .092

SII x == .229 .228 .229
Y == .962 .026 .028
z == .183 .181 .180

BIll x == .173 .172 .172
Y == .475 .510 .506
z == .040 .039 .039

SIV x == .149 .148 .149
Y == .450 .523 .521
z == .223 .221 .222
x == .191 .189 .189
Y == .488 .502 .494
z = .407 .408 .407

SvI x = .021 .022 .022
Y == .962 .020 .021
z == .317 .318 .318

SvII x == .077 .078 .078
y = .488 .509 .507
z == .460 .461 .460

SvIII x == .101 .. .102 .102
Y = .450 .48~ .483
z == .277 .27 .277



38.

a value too high for an acceptable structure. The
atomic coordinates determined by these processes are
given in Column II of Table 6.

After numerous trials, which only proved that
different structure models could not improve the R factor,
the result of this refinement process was closely examined.
An analysis is given in Table 7a and 7b. In Table 7a,
the variations of fi, K, and averaged ~ values after each
cycle are tabulated. In Table 7b, the reliability
factor computed for each level is given first. These
R-values are computed with a uniform scaling factorK after
the second cycle, i.e., with E = 50.7. In the second
column of Table 7b are given the optimUm values of scaling
factor K. These ~ values were determined by the formula,

2:FcK = ZF For example, the optimum K value of the second
o iFc (1:!21 )

level is computed by the formula, ! = ~F 0 (h21). In the
third column, the R values computed with thus determined
!optimum values are tabulated. The .values of.~ given in
this column are acceptable considering the highly absorbing
nature of the material. As a result of this analysis it
was suspected that the use of a uniform scaling factor
caused a large .R-value even if the structure was close to
the fina~ solution.

The best way to proceed was to correct the individual
interisities for absorption factor. In the present case,
however, as the second best procedure, the use of a scaling
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factor which differed with different levels, was applied.
That this procedure is equivalent to the partial
correction of the absorption factor 1s shown in
Appendix II.

These non-uniform scaling factors were determined in
the following way: The observed ~2(hkl)IS with different
k values were grouped together. For the F2ts in each
group, the scaling factor was determined by Wilson's12

statistical method. The result of the treatment is
represented in Fig. 12. The individual values of the
sca~ing factor for each level are tabulated in the fourth
column of Table 7b.

Since a uniform scaling factor was necessary for the
IBM procedure of refinement, the K value thus determined
with F2(hOl)ts was used as SUCh. ~ values ,observed for
the first, second, and third levels were corrected by
multiplying by the factors given in the last column of
Table 7b. These factors are ratios between the.K value of
each level to the K value of the equator.

With the Eo values thus corrected, three further
cycles of refinement '\'lerecarried out. The final R value
was computed as .19. This treatment of structure factors
represents the correction of the differences between the
averaged effect of absorption for different levels. The
correction within each level was not considered. The
final R value was considered as reasonably low. The final
atomic coordinates are tabulated in Table 8, and also, for
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Fig. 12 Determination of non-uniform scaling factor
for each level. Wilson·s statistical method was applied
to F2(h01) IS, F2(hll)·s, F2(h21)·S, and F2(h3l)'S
treated separatedly.

The result obtained for each level is expressed by
different symbols as indicated in the drawing.
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a comparison with previously obtained values, in Column
III of Table 6.

The comparison between the observed and computed
structure factors is listed in Table 10.

Discussion of the structure

The interatomic distances between the neighboring
atoms are tabulated in Table 9. These distances are
also shown in the diagrammatic representation of the structure,
Fig. 13. In Fig. 14, t~e structural scheme is illustrated
for the whole unit cell.

The structure of livingstonite can be described as a
double layered structure. Both kinds of layers run
parallel to (001). All the Sb atoms have as closest

• •neighbors three S atoms at distances of 2.5A- 2.6A. This
SbS3 unit, together with its equivalent related by trans-
lation b, is built into a chain of composition SbS2• There
are three groups of two SbS2 chains in the structure. In
one group these two SbS2 chains are related by a center
of symmetry. In another, by a two-fold screw. axis, and in
the third, by no symmetry element. In all of the three cases
two SbS2 chains are combined into an Sb2S4 double chain.
This Sb2S4 double chain was also described in the crystal
structure of bertierlte4, FeSb2S4.

In one kind of layer, neighboring double chains of
composition Sb2S4 are built into a layer through a mutual



Table 7a. Analysis of three-dimensional·refinement cycles
by the least-squares method of IBM.

Value
Initial First Second Third

cycle cycl~ cycle

! 61.0 52.9 50.7 49.7

B 1.32 0.90 0.89 0.97

E .39 .33 .315
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Table 7b. Level by level comparison of R-value after
second cycle.

Level R-va1ue Eopt1mum R-value K-deter- Correc-
after with mined t10h
second Kopjiimum from factor
cycle Fig. 12

k = 0 .354 63.6 .172 58.1 1.00
k=1 .233 44.7 .222 42.8 0.74
k = 2 .281 38.6 .197 39.9 0.69
k = 3 .227 51.8 .193 51.2 0.88
k = 4 .664 82.1 .489
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Table 8. Final atomic coordinates.

Atom x y z B

Hgr .000 .500 .000 1.58
HgrI .250 .001 .000 1.58
SbI .120 .063 .075 1.09
Sbrr .042 .095 .214 1.14
Sbrrr .131 .064 .425 0.94
8brv .208 .078 .287 0.21
8r .062 .493 .092 1.06
8Ir .229 .028 .180 0.50
BIIr .172 .506 .039 1.21
8IV .149 .521 .222 0.47

Sv .189 .494 .407 0.96

Svr .022 .021 .318 0.76

Svlr .078 .507 .460 0.89
SVrrl .102 .483 .277" 0.69

Note. Temperature coefficient of each atom listed under
B has been determined during the refinement processes by

least-squares method.



82 group. The B-8 distance in this 52 group is found
Ato be 2.07A. An 82 group in the structure of a

sulfosalt mineral has not been reported before, but
three examples are known in the sulfide structures, i.e.
in pyrite, FeS2, in marcasite, Fe82, and in covellite,
CuB. The 8-S distance in livingstonite is in good
agreement with those values found in sulfides. The 82
group is located in the structure 80 that the middle
point of the group 1s at (~) i.e., at a pseudo center
of symmetry. These sulfur atoms are the ones which
require the new chemical formula of the mineral. The
chemical formula of this layer can be expressed as
(Sb486)S2·

In another type of layer, two Sb2S4 double chains are
cemented together by Hg atoms. Both HSI and HgII atoms

o 0have as nearest neighbors two S atoms at 2.3A - 2.4A.
If S atoms at larger distance are counted, there are
four more 8 atoms at distances of about 3.4A. Counting
these additional atoms, both Hg atoms have six sulfur atoms
in a distorted octahedral coordination. In sulfide
structures two types of Hg-S coordination are known.
In metacinnabar, HgS, the coordination is a regular

q

tetrahedral one, and the Hg-S distances are 2.53A. In
cinnabar13, the more stable form of HgS, the Hg atom is
located at the center of a distorted octahedral arrange-
ment of six S atoms with the following Hg-5 distances:
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2.36A(2), 3.10A(2), and 3.30A(2). The two strong
linear bonds of about 2.35A length, characteristics of
Hg, are present in livlngstonlte. In cinnabar, these
strong Hg-S bonds are found to share S atoms with
neighboring Hg-S bonds to form a spiral chain, while
in livingstonite these bonds are orientated parallel
to (010), sharing S atoms with Sb atoms_ This type
of layer has the chemical formula HgSb2S4- Thus the
structural formula of l1vingstonite can be expressed as
(HgSb2S4}2(Sb4S6)S2·

The interatomic distances between the atoms in the
odifferent kinds of layers are not less than 3.3A.

These weak bonds can explain the existence of a perfect
cleavage para.llel to (001.).
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Table 9. Interatomic distances in livingston1te.

6r Srr SrII Srv Sv SvI SVII SVllr

HgI 2.37A(2) 3.34A(2)3.38 (2-)
-- _.

HeIr 3.34A(2l 2.33A(2)
3.37 (2

0SbI 2.54 2.70 3.57A 2.49
2.95 2.94 3.75

SbII 2.44A 03.25 2.52A
3.62 2.47 3.153.11

SbIII 2.47 2.55 2.62 3.512.96 2.95 3.86
0Sbrv 2.54A 2.66 3.24

2.59 2.98 3.632.88
SrI 3.643.74

Srv 2.07
-

SvI 3.663.72
I



48.

Fig. 13 Schematic representation of the structure.
The structure is represented in the asymmetric unit
of the projection of (010). The open circles
represent the atoms with ~ coordinates clos~ to zero.
The shaded circles represent the atoms with ~ coordi-
nates close to 1/2. The chemical bonds between the
neighboring atoms ar~ shown by straight lines. The
broken lines are used to indicate the weaker bonds
between Hg and S. The dotted lines are used to indicate
the weaker Sb-S bonds between the different kinds of
layers. The figures accompanying these bonds are inter-

oatomic distances in A units.
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Fig. 14 Schematic representation of the structure
projected on (010). The projection of the whole
unit cell is shown. The perfect cleavage parallel to
(001) can be understood as the breaking of the weaker
bonds represented by dotted lines.
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Table 10
Observed and Calculated structure Factors

hk1 (Fobsl Fca1a hkl )Fobsl Fca1c hkl \Fobsl Fca1c
400 ~6JL + 144 20,04 125 - 92 40,10 690 + 562
8.00 486 + 683 24,04- 800 + 697 80,10 621 - 548

12,00 505 - 538 28,04 942 + 690 12,0,10 114 + 71
16,00 587 + 589 32,04 671 + 439 16,0,10 224 + 206
20,00 255 + 175 006 445 - 335 20,0,10 968 + 935
24,00 877 + 734 406 1103 +1034 24,0,10 121 + 62
28,00 356 + 233 806 533 - 458 28,0,~0 346 +244
32,00 205 + 139 12,06 1006 + 1027 32;0,10 52 - 100
36,00 182 - 182 16,06'. 505 + 489 00,12 412 + 308
002 372 + 306 20,06 761 + 703 40,12 74 + 73
402 489 - 541 24.,06 112 + 32 80,12 1174 +1188
802 597 + 812 28,06 52 - 134 12,0,12 465 + 452

12,02 716 + 902 32,06 119 - 113 16,0,1~ 722 + 697
16,02 1384 +1650 008 551 - 388 20,0,12 126 - 178
20,02 377 - 355 408 1406 +1539 24,0,12 227 - 215
24,02 511 + 433 808 596 + 548 28,0,12 208 + 151
28,02 348 - 306 12,08 755 + 698 00,14 1193 +1125
32,02 651 + 495 16,08 186 - 169 40,14 124 - 82
004 942 + 923 20,08 588 + 498 80,14- 684- + 542
404 935 +1016 24,08 179 - 188 12,0,14 439 - 392
804 635 + 651 28,08 1006 +.815 16,0,14 400 + 290

12.,04 68 - 53 32,08 142 + 159 20,0,14 304 + 248
16,04 90 - 65 00,10 1058 + 945 24.,0,14 935 + 750



51.
hk1 \Fobs' Foa10 hk1 IFobsl Fca1c hk1 IFobsl Foa10

28"°,14 270 + 176 402 120 + 157 408 116 - 50
00,16 200 - 117 802 887 +1059 808 445 - 410
40,16 206 - 183 12,02 589 + 726 12,08 922 +1193
80,16 780 + 675 16,02 563 + 578 16,08 519 + 537

12,0,16 163 - 164 20,02 110 - 66 20,0$ 864 + 886
16,0,16 608 + 613 24,02 205 + 106 24,08 336 + 306
20,0,16 164 + 222 28,02 508 + 376 28,08 182 - 100
24,0,16 307 . + 213 32,02 506 + 372 32,08 344 + 213

OO,lB 319 + 297 36,02 826 + 789 36,08 250 + 131
40,18 851 + 791 404- 584 + 482 40,10 780 + 868
80,18 589 + 541 804 241 - 253 80,10 903 +10B8

12,0,18 192 + 148 12,04- 664 + 860 12,0,10 218 -.174
16,0,18 ·192 + 148 16,04 30 + 26 16,0,10 269 + 322
20,0,18 365 + 239 20,04- 1458 +1486 20,0,10 ° + 1
00,20 256 - 226 24,04 507 + 307 24,0,10 709 + 658
40,20 320 + 225 28,04 364 + 252 28,0,10 333 + 282
80,20 490 - 473 32,04 496 - 549 32,0,10 671 + 516

12,0,20 483 + 445 36,04 303 + 255 36,0,10 326 - 284
16,0,20 288 + 226 406 1187 +1580 40,12 263 - 250
00,22 260 + 210 806 710 + 854 8Q,12 703 + 777
40,22 551 + 534 12,06 834 +1052 12,0,12 127 + 182

80,22 272 + 315 16,06 703 - 786 16,0,12 877 +1086

12,0,22 506 + 506 20,06 97 + 134 20,0,12 86 - 114
00,24 455 + 498 24,06 32 + 32 24,0,12 203 + 20B

40,24 ° + 17 28,06 1045 + 836 28,0,12 697 - 510
00,26 152 + 152 32,06 309 + 177 32,0,12 922 + 810

40,26 0 + 17 36,06 800 + 543 36,0,12 451 + 329







54.
hkl IFobsl Fca1c hk1 lFobsl Fca1c hkl \Fobsl Fca1c
71,13 170 - 117 10,1,17 386 - 272 23,11 244 + 210

10,1,13 91 - 59 01,19 31 - 25 25,11 300 + 233
11,1,13 150 - 161 21,19 287 - 179 26,11 697 + 537
13,1,13 212 - 210 31,19 76 - 89 27,11 222 - 148
14,1,13 1129 -1056 61,19 303 - 262 113 88 - 58
15,1,13 161 + 95 71,19 43 - 74 213 309 - 316
17,1,13 62 - 39 91,19 203 - 186 313 32 - 79
18,1,13 287 229 10,1,19 622 - 567 413 50 + 14
19,1,13 74 + 65 11,1,19 148 + 144 513 228 - 2J3

..... 61311,15 202 - 189 III 299 + 362 1677 -1826
21,15 651 - 515 211 95 - 146 713 275 + 420
31,15 94 + 17 311 108 - 125 813 34 + 15
51,15 94 - 58 411 67 - 20 913 181 + 305
61,15 361 - 292 511 76 + 45 10,13 204 + 301
71,15 97 +. 50 611 262 - 348 11,13 99 - 90
91,15 140 - 76 711 115 - 119 13,13 46 + 44

10,1,15 761 - 656 911 128 + 76 14,13 206 - 266
11,1.;15· 172 + 156 10,11 407 + 433 15,13 32 + 22
13,1,15 125 + 129 11,11 182· - 280 17,13 180 + 146
14,1,15 65 5 13,11 289 - 322 18,13 119 - 113
01,17 62. + 44 14,11 1064 -1058 19,13 270 - 271
11,17 139 - 75 15,11 188 + 142. 21,13 243 - 223
21,17 1084 - 963 17,11 35 + 11 22':~13 871 ... 79'Z.. ,
31,17 258 + 221 18,11 486 - 398 23,13 67 + 45
51,17 251 + 223 19,11 65 + 42 24,13 31 + 28
61,17 244 + 1-99 21,11 57 - 55 25,13 74 - 59
71,17 177 ~ 133 22,11 974 - 806 26,13 527 - 344



55.
hk1 IFobs'

Foa10 hk1 lFobsl Foa10 hk1 IFobsl Foa10
115 320 + 289 817 46 .. 14 21,19 279 + 238
215 241", +1181 917 234 + 252 22,19 627 + 537
315 298 - 290 10,17 191 - 252 23,19 260 - 214
515 - 110 - 175 11,17 77 - 50 11,Ii 99 - 54
615 884 -1051 12,17 37 - 1264- 24 21,11 -1299

- 13,17715 28 - 95 175 + 161 3~,11 219 + 255
915 82 .- 128 14,17 347 + 397 51,11 291 + 309

10,15 371 - 384 15,17 245 - 299 61,11 554 + 564
13,15 192 - 210 17,17 144 - 198 71,II 189 - 167
14,15 993 -1126 18,17 645 - 681 81,11 38 - 32
15,15 229 + 234 19,17 27 + 15 91,11 38 2
17,15 35 + 67 '20,17 23 + 17 "10,1,11 262 - 341
18,15 325 - 329 2.1,17 81 - 81 11,1,11 89 - 74
19,15 84 + 127 22,17 213 - 212 14,.1,11 102 - 170
20,15 19 + 2 23,17 52 - 16 15,1,11 131 - 176
21,15 177 + 161 25,17 264 - 138 17,1,11 181 - 195
22,15 50 - 72 26,17 1090 - 974 1·8,1,11 716 - 804
23,15 60 - 20 119 92 - 144 19,1,11 148 + 124
- .219 ,658 11,1325,15 158 + 95 - 675 114 - 137

26,15 106 + 80 619 90 - 120 21,13 486 - 537
117 179 - 134 719 106 - 172 51,13 142 - 154
217 974 .- 975 919 300 - 321 61,13 658 - 748
317 254 + 266 10,19 1064 -1282 71,13 147 + 129
417 38 + 19 11,19 273 + 313 10,1,13 206 - 243

~~

517 164 + 223 13,19 67 + 138 11,1,13 108 + 117
617 - - 636 13,1,13 6254 - 33 14,19 541 + 110
717 41 + 59 18,19 560 - 589 14,1,13 269 - 345



56.
hk1 IFobs\ Fcalc / hkl IFobsl Fca1c 'hk1 ~obsl Fca1c

17,1,13 170 + 174 91,19 70 - 109 22,20 72 - 43
18·:1,13 228 + 177 10,1,19 363 - 543 23,20 3S4 + 311
19,1,13 172 - ISS 13,1,19 '99 - 110 . 24,20 494 + 384
11,15 200 + 233 14,1,19 495 - 652 25,20 390 - 299
21,15 163 + 112 15,1,19 88 + 114 022 396 + 395
- 6031,15 154 - 135 11,21 - 103 122 92 + 39

61,15
<, -234 - 271 21,21 395 - 559 222 101 + 60

71,15 70 - 65 31,21 106 + 164 322 352 - 308
91,15 41 + 32 422 74 - 43

10,1,15 123 - 164 020 1516 +1689 522 443 + 530
11,1,15 130 - 195 120 366 - 628 622 43 + 26
13,1,15 214 - 280 220 57 - 53 722 315 + 435
14,1,15 773 - 994 320 119 - 269 ,822 415 + 492
15,1,15 163 + 165 420 83 + 134 922 65 - 39
18,1,15 116 + 165 820 364 + 516 10,22 65 - 27
19,1,15 77 + 57 9£0 179 - 299 11,22 110 + 106
51,17 168 - 126 10,20 84 + 49 12,22 494 + 596
61,17 742 - 962 11,,20 415 - 469 14,22 102 - 51
71,17 224 + 261 12,20 106 - ',,)7 15,22 379 + 353
91,17 137 + 198 13,2,0 443 + 480 16,22 961 +1034

17,1,17 99 + 98 14,20 102 + 46 17,22 510 - 474
18,1,17 372 + 383 15,20 121 + 161 18,22 42 - 34
19,1,17 150 - 213 16,20 479 + 464 19,22 335 - 334
11,19 126 +.·152 i'8,20 33 6 20,22 208 - 177
21,19 272 + 332 19,20 34 + 58 024 588 + 543
31,19 63 - 99 20,20 179 + 112 224 98 - 53
71,19 141 - 170 21,20 154 . + 147 324 351 + 283



57•
hk1 \Fobsl Fca1c hk1 !Fobsl Fca1c hkl lFobs' Fca1c
524 379 - 351 16,26 295 + 273 12,12 132 + 133
624 92 - 47 028 184 - 106 22,12 65 + 29
724 66 - 116 128 502 + 472 32,12 57 - 29
824 415 + 419 328 522 + 484 42,12 168 + 165
924 208 - 234 428 961 + 905 52,12 274 + 262

11,24 256 -294 528 390 - 274 62,12 34 - 19
12,24 123 + 126 628 63 - 55 72,12 471 + 417
13,24 130 + 122 728 18 + 1 82,12 813 + 740
14,24 88 + 50 828 358 + 335 92,12 288 - 236

I

15,24 201 - 172 928 92 - '56 10,2,12 62 - 47
16,24 166 + 125 10,28 50 - 45 11,2,12 57 + 40
17,24 219 + 191 11,28 177 + J.5li-12,2,,2 280 + 255
18,24 ~:;50 + 41 12,28 439 + 395 13,2,12 152 - 168
19,24 44 0 13,28 326 - 363 02,14 677 + 609
026 121 - 49 02,10 631 + 585 12,14 451 - 390
1~6 182 + 87 12,10 363 - 307 22,14 74 - u.
226 75 + 35 32,10 165 - 175 32,14 172 - 164
426 871 + 884 42,10 620 + 508 42,14 137 - 79
626 . 79 + 59 52,10 92 - 83 82,14 '526 + 439
726 341 - 286 62,10 63 + 47 92,14 183 - 185
826 121 - 63 72,10 424 - 337 10,2,14 42 + 37·
926 459 + 470 82,10 255 - 203 02,16 44 + 22

11,26 331 + 357 92,10 324 + 253 12,16 52 + 48
12,26 677 + 673 10,2,10 75 + 49 32,16 72 + 55
13,26 157 - 107 12,2,10 168 + 135 42,16 241 - 206
14,26 33 - 33 13,2,10 169 + 163 52,16 62 + 36
15,26 135 + 132 02,12 400 + 350 72,16 295 + 276



58.

hk1 \Fobs) Fca1c hk1 IFobsl Fca1c hk1 IFobsl Fcalc
122 201 + 202 424 404 + 473 15,26 490 - 513
222 46 + 31 524 84 - 142 16,26 370 330
322 39 - 24 624 64 + 51 17,26 362 + 315
422 144 + 216 724 319 - 431 18,26 118 + 54
522 175 + 331 824 108 + 146 128 161 + 110
622 30 - 30 924 284 + 381 228 77 + 41
722 310 + 447 10,24 77 + 62 328 141 - 111
822 386 + 531 11,24 128 + 194 428 10+ + 121
922 183 - 178 12,24 588 + 710 528 121 + 88

10,22 83 - 55 13,24- 85 + 85 628 90 + 57
11,22 110 + 83 17,24- 130 ;:162 728 261 - 236
12,22 339 + 376 18,24 52 - 34 828 119 - 54
13,22 263 - 266 19,24 486 + 393 928 358 + 451
14,22 41 - 24 2.0, i4 993 + 916 11,28 257 + 346
15,22 71 - 106 21,24 537 - 409 12,28 658 + 804

16,22 455 + 448 22,24 79 - 59 13,28 66 - 33
17,22 150 -'140 126 428 + 457 14,28 74 - 45
18,22 32 + 20 326 533 + 558 15,28 171 + 200
19,22 275 - 236 426 768 + 839 16,213' 257 + 256
20,22 133 + 112 526 415 - 410 12,·10 85 - 31
21,22 177 + 132 626 88 - 61 22,10 97 - 49
22,22 100 + 64 826 420 + 542 32,10 214 + 205
23,22 198 - 127 926 84 - 58 42,10 475 + 461
24,22 301 + 239 .. , 26 56 43 52,10 283 - 26710, -
25,22 396 + 257 11,26 124 + 90 62,10 63 - 29
124 262 - 251 12,26 557 + 649 72,10 99 + 33
324 88 - 136 13,26 354 - 426 82,10 677 + 753



59.

hk1 IFobS] Fca1c hkl IFobs\ Fcalc hkl \Fobsl Fcalc
92,10 280 - .322 12,2,14 .301 - .306 2.3.3 .30.3 - 283

11,2,10 287" - 341 1.3,2,14 3.38 + .390 .333 400 + 408
1.3,2,10 151 + 1.37 14,2,14 86 + 62 533 502 + 543
14,2,10 54 + 49 15,2,14 94 + 153 733 353 - 409
16,2,10 348 + 404 16,2,14 320 + 432 833 126 - 67
17,2,10 117 + 112 12,16 146 + 166 10,33 510 - 585
22,12 70 + :44 32,16 79 + 113 135 178 - 139
.32,12 .308 - 276 42,16 . 404 + 533 235 .264 - 223
42,12 83 + 90 72,16 201 + 270 635 334 - 355
52,12 455 + 464 82,16 462 + 562 735 206 - 191
72,12 321 + 359 92,16 150 - 144 8.35 84 . + 52
82,I'2 475,· + 467 10,2,16 79 - 62 935 488 - 466
92,12 . 115 - 106 11,2,16 107 + 112 10,35 506 . - 442

10,2,12 55 - 43 12,2,16 331 + 402 037 128 + 68
14,2,12 68 - 48 13,2,16 219 - 286 137 204 - 180
15,2,12 272 + 273 237 362 - 286
16,2,12 :530 + 631 131 279 - 361 337 293 + 247
17,2,12 360 - .393 231 239 - 289 437 . 61 + 39
12,14 339 - 385 431 72 + 46 537 135 + 109
22,14 68 - '42 531 194 - 262 637 352 - 314
32,14 159 - 211 631 304 - 432 7.37 152 + 108
42,14 95 + 125 731 153 + 240 837 55 - 34
72,14 34 - 66 8.31 80 + 6.3 9.37 164 + 177
82,14 502 + 570 931 101 ..166 10,37 595 - 569
92,14 119 - 138 10,31 286 -:359 039 99 - 62

10,2,14 59 + 40 03.3 79 + 49 139 600 + 53.3
11,2,14 289 - 314 133 130 - 165 2.39 125 - 135



60.
hkl IFobsl Fca1c hkl fFobsl Fca1c hkl IFobsl Fca1c
339 537 - 454 435 101 - 60 33,11 346 + 362
439 104 - 48 535 228 - 219 53,Il 476 + 455
539 219 - 171 635 584 - 668 73,1l 266 - 284
639 380 - 324 735 58 - 65 83,11 114 - 61
739 91 84 935 74 - 123 10,3,11 313 379

13,11 100 - 95 10,35 160 - 177 13,13 172 - 160
23,11 328 - 284 137 168 - 227 23,13 224 - 239
- 237 43,1343,11 97 + 56 234 - 267 83 + 51

53,11 335 - 331 337 376 + 346 53,13 182 - 229
63,11 293 - 219. 437 56 + 38 63,13 195 - 199
73,11- 526 + 507 537 308 + 290 73,13 172 + 200
431 5"9 - 69 637 66 - 114 83,13 84 + 59
631 283 - 435 737 90 + 30
731 71 - 134 837 35 - 35
831 70 - 42 937 132 + 189
931 144 + 190 10,37 302 - 375

10,31 33 + ~,30 139 223 - 185
233 36 - 72 239 4$0 - 429
333 85 - 129 439 36 4
433 76 + 67 539 37 - 39
533 242 - 367 639 52 - 96
633 422 - 614 739 239 - 235
733 390 + 565 839 119 + 51
933 310 + 384 939 434 - 499
135 398 + 408 10,39 300 - 316
235 324 - 389 13,ll 147 - 162
335 366 - 387 23,11 595 - 680
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PART II
The crystal structure of jamesonite, FePb4Sb6Sl4

Introduction

The crystallographic description of the mineral
jamesonite, FePb4Sb6S14,has been presented by Berryl4.
Jamesonite is a member of the group of acicular sulfosalts,
concerning which there has been a considerable increase
in structural knowledge in recent years4,5,6,8,15.
As in the case of livingstonlte15, HgSb4S8, the crystal
system o~ jamesonite 1s monoclinic. The needle axis of
jamesonite is parallel to £.axis, while in livingstonite
it is parallel to unique2-fold (or b) axis.

The cleavage of the members of the group of acicular
sulfosalts are knovm to occur in two ways. In one type,
cleavage parallel to the acicular axis, or prismatic
cleavage only, is observed. All the sulfosalts crystals
of the acicular group with previously determined structures
are of this type. In these crystal structures there are
layers or chains composed of submetal atoms and sulfur
atoms running parallel to the needle axis of the mineral.
The prismatic cleavage of the mineral has been explained
as due to the breaking of the weaker chemical bonds
between the layers or chains in the structure, and, as a
result, parallel to the acicular axis. The second type
of cleavage occurs perpendicularly to acicular axis.
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This basal cleavage is observed with or without
accompanying prismatic cleavage. Among the minerals
with this type of cleavage are jamesonite, owyheeite;6
and falkmannlte17• Accordingly, a somewhat different
structural scheme than found in the previously deter-
mined structures can be expected for jamesonite.

Unit cell and space group

The unit cell and space group of the mineral were
determined from precession and de Jong photographs using
crystkls from Cornwall, England, kindly furnished for
our investigation from the Harvard mineralogical collection
by Professor Clifford Frondel. The results obtained for
the unit cell dimensions are:

o
..§: = 15.57A

o
12 = 18.98A

e
.Q. = 4.03A

These values are in good agreement with those of Berry.
The space group P2l/.§: assigned by Berry14 was confirmed.
The unit cell contains 2FePb4Sb6Sl4.

Intensity determination

A single crystal of needle form having dimensions
O.03mm x O.04mm x 1.5mm was selected for the intensity
determination. The three-dimensional intensities were
measured by the single-crystal Geiger-counter-goniometer
method developed in the Crystallographic Laboratory,
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Fig. 15 Determinatlon·:~of scale factor and tempe-
rature coefficient by Wilson's statistical method
applied to three-dimensional intensity data.
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M.l.T., using CuK~ radiation. Intensities were then
corrected for Lorentz and polarization factors, but no
allowance was made for the absorption factor. The
F2(hkl) values were then placed on an absolute basis
using Wilson's methodl2 applied three-dimensionally,
Fig. 15. The temperature coefficient obtained by this
method was ~ = 0.59.

General outline of the structure determination

Space-group equipoint considerations fix the posi-
tion of Fe atoms on one set of centers of symmetry. All
the rest of the atoms presumably must occupy the general
position 4(~). The existence of one short axis of length
o4A suggests the possibility of solving the crystal
structure projected along this axis by means of minimum
function method18.

As pointed out by Buerger and Hahn elseWhere4, errors
in the solution by the minimum function method can arise
if the Patterson peak chosen as the image point is not a
single peak, but rather a coalescence of several peaks.
During the present case of structure determination of
jamesonite, a false structure was obtained from the image
point incorrectly selected. This false structure
appeared very similar to the expected structure, at least
in numbers of heavy peaks representing Pb and Sb atoms.
The falseness of the structure could not be detected until
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Fig. 16 Patterson diagram P(~). The dotted
contours represent depressions. The details of the
heavy peaks at the origin are omitted.
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Fig. 17 Geometrical relation between a rotation
peak and its reflection satellites in Patterson
diagrams having plane group symmetry p2mm.
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a final electron density map indicated certain abnormalities
of the structure. Since this kind of confusion is apt to
occur when the image-seeking method is applied to
solve structures with large unit cells having many
heavy atoms, such as of many sulfosalt minerals, the
discussion of the procedure will be given in some detail
below.

Interpretation of Patterson peaks

The Patterson map P(~), Fig. 16, was obtained from
F2(hkO)'s. The plane group of projection along Q axis
of space group ~21/~.is p2gg, and the corresponding
Patterson plane group is p2mm. The relation between
rotation peak and its reflection satellites in this
plane group is illustrated in Fig. 17. Since there are
2 Pb atoms and 3 Sb atoms in the asymmetric unit, if no
overlapping occured, there must be 5 rotation peaks
of single weight, and 10 reflection satellites of double
weight in a quarter of Patterson space. Actually, as
shown in Fig. 16, there are 6 peaks along the line
1 1~ = 2' and 8 peaks along the line ~ = 2. These peaks

have various heights, and the broadened shapes of some
peaks at once suggest a considerable amount of over-
lapping at these locations. The excess number of peaks
appearing along these lines is considered due to either
the interatomic vectors with accidental ~ or ~ component
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Fig. 18 Solution of rotation peaks from satellite-
like peaks. Solution are obtained at the intersections
of horizontal and vertical lines drawn according to
the relation illustrated in Fig. 17. Satellite-like·
peaks are designated by letters ~ to 1, and the
corresponding lines are designated by letters A to L.
Three probable rotation peaks obtained by this method
are indicated by I, II, and III.
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Fig. 19
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Fig. 20





71.

Fig. 21 IIIH4map.
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J-of 2' or coalescence of reflection satellites of S
atoms.

Since it was impossible to choose definite satellite
pe~among them, all the satellite-like peaks were used to
find possible rotation peaks. Among 48 possible positions
for rotation peaks, Fig. 18, obly three of them are
associated with peaks which can be assumed reasonably as
single-weight rotation peaks. The peak height analysis
was done assuming a probable zero contour, and it was
found that all three of the peaks could be Pb-Pb rotation
peaks. These peaks are numbered as peak I, II, and III
in Fig. 18.

Solutions by the image-seeking method

Assuming each of these three peaks as an image point,
three sets of M2 functions in turn were obtained, and
each of them was folded into an M4 function using a glide
operation. These three M4 maps are sho,~ in Figs. 19,
20, and 21. Among them the IIIM4 map (an 114 map based
upon the assumption that peak III is a Pb-Pb rotation
peak) gave a result completely unrelated to the expected
number of heavy atoms in the structure, Fig. 21, and was
accordingly discarded. Since both the IM map and the lIM-4 -4
map gave 6 heavy peaks, no choice between them was
considered ar this stage. Henceforth, the structures
based on peak I and II will be identified as structures
I and II respectively. To resolve an extra peak in each
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Fig. 22 I+aMS map. Black dots indicate the final
atomic sites for S atoms determined by Fourier method.
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Fig. 23 Comparison of two MS maps. The I+aM8
map is drawn in full lines, and the II+~8 map in
broken lines.
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map, another M4 map was tried for each structure. The
peak with the heaviest contour in each M4 map was assumed
as the second probable site for the Pb atom. In structure
I, Fig. 19, it is designated as peak ~, and in structure
II, Fig.20, as peak A. The ~4 map and the ~4 map
were then prepared. Under the assumption that the atoms
at I and s: in one structure, and II and A in the other,

I+aare all of the same atomic specie, i.e. Fb, the Ma
and II~~a maps can be obtained by superposing the proper
!4 maps. The I+aMa map, which was later found to represent
the correct structure, is shown in Fig. 22. Also in
Fig. 23, two Ma maps were compared, one map I+aMa in
full lines, and the other II+~a in dotted lines. From
this comparison, however, nothing indicates which is
the correct one.

False structure

First the structure II was assumed to be correct,
and since the identification of heavy peaks in the Ma map
with Pb and Sb was impossible, structure factors were
computed using an average f-curve, ~(fPb+ tSb). The
electron-density map was prepared using signs determined
in this way, and then refined by the usual procedures.
The final electron-density map of structure II and its
structural scheme, are shovm respectively in Figs. 24
and 25. The examination of f (~~),Fig. 24, in detail,
however, reveals several peculiarities which are enough to
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Fig. 24 Electron-dens1ty~:map f (~)of false
structure based on II+AM map.-8
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Fig. 25
Fig. 10.

Structural scheme o~ false structure,
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Figo 26 Electron-dens1 ty mapJ (~) of correst

structure based on I+aM map.-8
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raise a question as to the validity 2f this structure.
First, the relative weights of the five heavy peaks do
not correspond to the chemical formula of jamesonite in
a clear-cut way. Above all, there is one peak, peak
D in Fig. 24, much too low to be assigned to an Sb atom.
Furthermore, the shape of this particular peak is not
well defined. The above-mentioned aspects fo.the structure
could not be improved by exchanging Fb with Sb in some
of the atomic sites. Second, the peak shapes of the
lighter atoms, especially of the Fe atom at the origin,
are obscure. For these reasons structure II was
considerd incorrect. The significance of those features
in the Fourier diagrams which suggest an incorrect
structure was recently pointed out by Pinnock et al19•

Correct structure

The alternative structure I based on the I+~8 map
was then tried. Structure factors were computed as before
with the averaged f-curve. The electron-density map
is shown in Fig. 26. In this map the.shapes and the
weight relations among the five heavy·peaks are well
defined. Peaks I and ~ are assigned to Pb atoms, and
peaks Q, S, and d to the three Sb atoms.

Because of the identity of peaks I and~, the super-
position of the IH4 ~nd ~~4 maps was justified, and this
I+a...... -~8 map, Fig. 26, should contain enough information
concerning the locations of S atoms. Although the
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Fig. 27 Two Ma maps superposed. The I+~~8
map is drawn in full lines, and the b+cM8 map 1s
in dotted lines. Black dots indicate the final
locations of S atoms determined by Fourier method.
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Fig. 28 Final electron-densi ty mapJ (ll).
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refinement of the electron-density map, Fig. 26, should
naturally indicate the sulfur peaks, it was considered
useful to see how the image-seeking method would narrow
the allowed region for the S atoms. This process eas

b+ccarried out by further constructing a Ma map based
on the rotation peaks band £, both Sb-Rb rotation
peaks. This map is shown in Fig. 27 in broken lines
superposed with the previously obtained I+aM8 map, which
is dra'in in full lines. Since these two M8 maps are
based on rotation peaks of different weights (differnt atomic
species), the simple suerposition to obtain an ~6 map
could not be done without proper weighting for contours.
The final sulfur positions found by the Fourier method are
indicated in Fig. 27 by black dots. They are all at loca-
tions permitted by the minimum-function maps. Including
these sulfur atoms in the structure-factor computation,
the refinement of structure I was done by successive
difference-Fourier maps. The final atomic coordinates
determined by this process are presented in Column III of
Table 11. The reliability factor of this projection was
computed as g = .19.

The final electron-density map prepared with signs
after the three-dimensional refinement is shown in Fig. 28
for the full unit cell.

Determination of ~ coordinates of atoms

The ~ parameters of the heavy. atoms were determined
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Fig. 29 Harker section ~(~~~). Heavy contours
represent the intervals of 5 light contours. The
details between the heavy contours are omitted.





Fig. 30 Relations between crystal space,
Patterson space, and implication space.

In drawings (~) and (b), space group P2l/a 1s
shown in two projections. In crystal space the
general equipoints 4(~)are indicated by small
circles. Drawing (£) represents the Harker section
derived rrom (b). The origin is shifted from a
center of symmetry to a 21 axis. The sub-multiple
translation ~/2 is evident. In drawing (d) is
shown the corresponding implication space, 1(~~~.
The origin is again shifted to a center of symmetry
to compare with the crystal space. The 4-fold
ambiguity is evident.
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Fig. 31 Implication map I(~~), ,and its
interpretation. ;!:nthe upper drawing the implication
map is shown. In the lower drawing the ~ coordinates
of the heavy atoms are indicated by circles on the
straight line. The atoms related to each other
by screw operations are indicated by primes. The
~ coor-drnate.ior each atom can be determined by
tracing up the broken line into the implication
map. ~io-fold ambiguity of the solution is solved
.if interatomic distances in the projection f (~),
Fig. 14, are taken into consideration.
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Table 11
Atomic coordinates determined by several methods.

I II III
From min1mum- From 1mp1i- From Fourier maps
function map. cation-map

Atom x s z x y z

PbI .183 .136 .060 .184 .139 .066
FbIr .425 .240 .060 .428 .240 .040
SbI .320 .436 .480 .320 .436 .488
SbII .400 .050 .570 .398 .049 .592
SbrrI .128 .346 .620 .132 .340 .628
81 .423 .393 .000
SII .102 .043 .460
SIll .316 .160 .540
Srv .227 .296 ~940

Sv .045 .230 .560

SvI .010 .397 .920

Svrr .282 .009 .060
Fe .000 .000 .000

R(hkO) = .19
R(h01) = .24
R.(hkl) = ~28
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by the implication method20• A Harker synthesis P(~~~) was·
performed and the result is shown in Fig. 29. The relations
between crystal space, Patterson space, and implication
space are illustrated in Fig~ 30 for the general equipoints
2(~) of plane group p2. There are sub-multiple translation
of ~/2 in these projections. In Fig. 41, therefore, the
implication map corresponding to this sub-multiple cell
is shown, Underneath the I(~~) ..m~p 1s placed the heavy
atoms with the ~ coordinates determined fromj (~). The
4-fold ambiguities were resolved first by assuming as zero
the ~ coordinate of the center of symmetry where the Fe atom
is located, then by measuring the projected interatomic
distances inf (~). Approximate ~ coordinates for the Ph
atoms were found to be zero, and those for Sb atoms were
found to be Q/2. The ~ parameters determined in this way
are tabulated in Column II of Table 11. A few extra peaks
of medium weights are observed in the implication map, Fig.
31. These are explained as due to interatomic vectors
between atoms not related by a screw operation but with
~ components of nearly ~. Such a vector gives part of a
Patterson peak in a Harker section.

With an initial set of signs of structure factors
determined by the heavy atoms, an electron-density mapf (~)
was obtained, and then refined in the usual way. The final
~ coordinates determined by the Fourier method are tabulated
in Column III of Table 11, along with ~ and ~ coordinates.
The reliability factor of this projection was computed as
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Fig. 18 Final electron-density map·J(~).
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Fig. 33 Schematic representation of the structure.
Open circles represent atoms with ~..coordinates close
to zero, and shaded circles represent atoms with
~ coordinates close to 1/2. The chemical bands between
neighboring atoms are indicated by lines.
Broken lines are used to show the additional bonds
from Pb to S beside the distorted octahedral bonds.
Dotted linea indicate the weak bonds between Sb and S.

All figures showing interatomic distances are in
oA units.
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R = ,24.' This value was conslderd as low enough to proceed
to three-dimensional refinement. The electron-density
map J (£) of the final structure is shown in Fig. 32.

Three-dimensional refinements
The three-dimensional refinement of the structure was

performed by the least-squares method developed by Sayre
at International Business Machine Corp., New York. The
initial reliability factor of 1100 F(hkl}'a was R = .28.
After six cycles of 'refinement process it went down to
R = .166. Since no al1o'iance was made for the absorption
effect, this value was regarded as sUfficiently low to
assure the accuracy of the structure. The final atomic
coordinates are tabulated in Table 12. The comparison
between observed and computed structure factors is given
in Table 14.

Discussion of the structure
The interatomic distances between neighboring atoms

are tabulated in Table 13. These distances are also indi-
cated in a diagrammatic representation of thestructure, Fig.
33.

If account is taken of the nearest neighbors only, each
of the three kinds of Sb atoms has three S atoms at distances

oof about 2.5A. The Sb and S atoms thus form an SbS3 group
of trigonal-pyramidal shape,' But this BbS3 group, described
in terms of the three shortest distances, is different in its
orientation from the corresponding groups found in the pre-
viously determined structures. In other structures of
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sulfosalts, one edge of the pyramid is found parallel to
•the 4A ax1s~ In jamesonite none of the edges is oriented

inthis way, but one edge is found as approximately parallel
to the (001) plane.

Three such groups, SbIS3, SbIIS3, and SbIIIS3 are
arranged in almost straight line parallel to 120 ~ Each
trigonal pyramid shares corners with neighboring pyramids
and forms an Sb3S7 group. The distances between Sb atoms
in the group and S atoms i~ their translation-equivalent
group along the .Q. axis is about 3.0A, and there is no
strongly bonded Sb-S layers running parallel to·the 4A axis
in jamesonite.·

This Sb3S7 group, then, with its centrosymmetrically
eqUivalent group related by inversion centers at (~O) or
(~O), can be regarded as forming a large Sb6S14 group.
The interatomic distance between these two Sb3S7 groups

o
is not less than 3.3A, so that only a weaker type of chemical
bonding occurs between them. If considered in this large
group, each Sb atom has altogether 7 S atoms; that is, 3 at

o 0 ~about 2.5A, 2 at about 3.0A, and 2 at greater than 3.3A
distances. The 2 such Sb6Sl4 groups in the unit cell located
around inversion centera provide interstices of three kinds;
these are occupied by Fe and by 2 kinds of Pb atoms.

Six S atoms around inversion centers at (000) and (~~O)
surround the Fe atom at the center in a distorted octahedral
coordination. The Fe-S distances are 2.36A(2), 2.57A(2), and
2.66A(2), and are similar to those observed in berthierite4,
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o 0 ~FeSb2S4 (28 at 2.49A, IS at 2.45A, 15 at 2.46A, and 25 at
o2.64A). As in the latter mineral, Fe-S bonds are regarded

as largely ionic in their nature.
In two other kinds of interstices provided by Sb6S14

groups, two kinds of Ph atoms are located. The coordinations
of both PbI and PbII can be regarde, at a first approximation,
as distorted octahedra if six S atoms to distance less than

o3.1A are counted. In Fig. 19 these distances are drawn in
full lines. As indicated by broken lines in Fig. 19, PbI

ohas two additional S atoms at about 3. 3A, and Pb II has an
JJ

additional one at 3.3A. Counting these additional ones,
the coordinatlonnumbers are 8. for PbI' and 7 for PbII•
Both of these two types of Pb atoms were described in the
structures of bournonlte, CuPbSbS3, and Sel1gmannlte14,
CuPbAsS3• The PhISS polyhedron shareB one edge '\'Ii th the
neighboring PbIIS7 polyhedra. These polyhedra extend
parallel to the Q axis, further sharing 5 atoms with their
translation-equivalents. The Ph and S atoms can be considered
as forming a Pb256 layer. The ?bISS polyhedron shares an
edge with an FeS6 octahedron, and a PbIIS7 polyhedron
shares a vertex with the Fe56 octahedron. If a purely
ionic viewpoint 1s adopted, the formula of jamesonlte can

. ++ ++( )-10be expressed as Pb4 Fe Sb6Sl4 .
In the treatment of the crystal chemistry of 8ulfosalt8

it is pointed out that the atomic aggregates of metal,
submetal, and sulfur atoms found in sulfosalt structures
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can be derived from the various kinds of fragments of simpler
sulfide structures, such as the galena type. Another
way to look at the Sb6S14 group is, therefore, to regard
it as one of the basic structural units. This group
is, to first approximation, a small fragment of an octahedral
layer sharing edges with four neighboring octahedra. Since
the regular octahedral arranegement of six sulfur atoms
around an Sb atom is not stable, this hypothetical fragment
must be rearranged in some way. This is done to satisfy
the'requirements of the bonding nature of the Sb atoms.
In jamesonite each Sb atom has three co1sest S atoms and
four additional ones to form an SbS7 coordination poly-
hedron. This type of coordination was observed in the Sb
atoms in stibnite22 , and 11vingstonite15, and also in
Sbr in berthierite~. For the SbII atoms ,in berthierite
the number of additional S atoms is three, and six S atoms
surround the Sb atom in distorted octahedral arrangement.
These arrangement of additional S atoms seem to be i~luenced
by the existence of the other kinds of metal atoms in the
structure.

The cleavage of jamesonite is reported as (1), basal
cleavage which is good rather than perfect, ,and (2),
prismatic cleavages «010», and «120». These cleavages
can be explained as the result of the structural nature
described above. The cleavage ({120»' occurs as the
breaking of the weaker bonds between two Sb3S7 groups.
These bonds are indicated by dotted lines in Fig. 33.
For cleavage parallel to (OIO), breaking of one bond with



94.

IIlength 2.7A is necessary, b~t this bond density is
smaller than in any other direction. As discussed above,
the Sb-S distances between groups related by translation

o
.Q. is about 3.0A, and the t'\"ToshortestFe-S distances are
parallel to (001). The basal cleavage reported as good
1s understandable from these facts.

In summary, in the crystal structure of jamesonite,
the basic structural principles found among the members
of acicular sulfosalts are still observable. But the
strongly bonded Sb-S layers or chains running parallel
to the acicular axis are not well defined in jamesonite.
AlthOUgh that kind of atomic group can be discernible along
the .Q. axis, the strongest Sb-S bonds are oriented parallel
to the (001) plane. The absence of these strongly-
bonded layers or chains causes the tendency toward basal
cleavage.
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Table 12
Final coordinates and temperature coefficients

of atoms in jamesonite

Atom x s z B

PbI .182 .141 .036 1.21
FbII .425 .240 .062 1.08
Sbr .319 .437 .408 0.75
SbII .396 .049 .623 0.74
SbrII .130 .340 .620 1.05
81 .419 .395 .968 0.21

SII .095 .042 .524 0.59
8II1 .316 .158 .555 0.73
Srv .226 .297 .076 0.73

Sv .050 .230 .573 0.17
. SvI .002 .398 .052 0.71

SvII .285 .004 .027 0.41
Fe .000 .000 .000 1.08

Note: R = ~166 for 1100 E(hkl )'1 s with this structure.
B-va1ues are determined in the processes of

three-dimensional least-squares refinement.
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Table 13
I~teratomic distances in jamesonite

S' 6II SIll Srv Sv SVl SvIII
o 0 0 0 0

PbI 3.01A 2~91A 3.04A 3.29A 3.04A
3.13 2.92

0 QFbIl 2.97A 3.04 3.28 2.85 2.88A
3.08 2.87

SbI 2.52 2.41 3.29 2,.67
2.82 4.08 2.90

SbII 2.43 2.56 2.56
3.04 3.07
3.51

2.44
4.29

&bIII 2.56 3.18 3.672.81 2.94 4.40

Fe 2.36(2)2.57(2)
2.66(2)"
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Table 14

Observed and Calculated structure Factors

o

°
o
o
o

°

hk1 Fobs Fcalc hk1 Fobs Fcalc hk1 Fobs Fca1c.
"020' 97 " - 101 1,14,0 27 - 22 2,18,0 59 + 69
040 63 + 20 1,15,0 288 + 264 2,19,0 78 + 79
060 151 - 70 1,17,0 113 - 117 310 119 - 143
080 206 + 182 1,18,0 32 + 1 320 101 + 26

,10,0 585 - 630 1,19,0 18 - 27 330 112 + 107
,12,0 158 + 107 1,20,0 274 + 293 340 205 - 207
,14,0 118 + 116 200 113 - 51 350 310 "+ 319
,16,0 105 + 71 220 120 - 125 360 411 - 499
,18,0 127 + 80 230 31 - 47 370 64 + 33
,20,0 292 + 305 240 347 + 346 380 190 + 180
110 52 - 12 250 552 :+'1768 3,10,0 183 - 166
120 173 - 126 260 319 - 309 3,11,0 235 + 226
130 120 + 83 270 164 - 145 3,12,0 214- + 194
140 136 + 78 280 186 + 144 3,13,0 19 - 7
150 88 - 119 290 96 - 96 3,14,0 64 + 71
160 149 + 133 2,10,0 79 + 69 3,15,0 231 - 214
170 137 + 122 2,11,0 105 - 88 3,16,0 274 + 253
180 196 - 162 2,12,0 119 + 104 3,17,0 32 + 54
190 88 + 63 2,13,0 67 + 69 3,18,0 141 - 132

,10,0 328 - 325 2,14,0 311 - 317 3,19,0 176 + 173
,11,0 112 + 77 2,15,0 351 - 340 400 273 - 373
,12,0 169 + 173 2,16,0 46 - 18 410 279 + 426
,13,0 85 - 66 2,17,0 50 + 12 420 33 + 34

1

1

1

1



hk1 \Fobsl Fcalc hk1 (Fobsl Fcalc hkl {Fobs' Faalc

430 173 - 184 5,14,0 209 - 193 750 217 + 208
440 117 + 71 5,15,0 106 + 91 760 367 + 454
450 149 - 122 5,16,0 218 + 210 770 141 - 124
470 259 - 270 5,17,0 151 + 119 780 131 - 12
480 142 + 113 5,18,0 181 + 156 790 228 + 203
490 369 + 406 600 47 - 5 7,10,0 146 - 126

,10,0 414 + 433 610 54 + 51 7, 11,0 73 - 56
,11,0 50 - 62 620 178 + 210 7,12,0 26 + 36
,13,0 53 + 12 630 54 - 52 7,13,0 104 + 88
,14,0 94 + 86 640 414 - 512 7,14,0 246 -.210
,15,0 55 - 23 650 47 - 15 7,15,0 65 + 38
,16,0 79 + 60 660 333 + 345 7,16,0 249 - 238
,17,0 94 + 91 670 36 + 30 7,17,0 163 + 159
,18,0 73 - 60 680 86 - 57 800 295 - 351
,19,0 268 - 280 690 41 - 39 810 213 - 235
510 213 + 356 6,10,0 41 + 15 820 205 + 195
530 114 - 126 6,11,0 223 - 180 830 39 + 34
540 26 - 1 6,12,0 28 - 11 840 40 - 17
550 31 + 4 6,13,0 205 + 204 850 106 - 108
560 215 - 212 6,14,0 361 + 363 860 258 + 230
570 33 + 17 6,15,0 46 + 28 870 115 + 106
580 74 + 71 6,16,0 36 - 28 880 240 - 228
590 265 - 250 6,17,0 59 - 40 890 249 - 220

,10,0 60 + 44 710 65 - 1.·~3 8,10,0 2$';" + 268
,11,0 400 - 419 720 153 - 167 8,11,0 133 + 116
,12,0 178 + 143 730 181 + 179 8,12,0 39 - 19
,13,0 247 + 231 740 432 + 498 8,13,0 82 - 50

4

4

4

4

4

4

4

4

4

5

5

5

5

4 .
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8

8

8

, .............. --

hkl \FobS\ Fcal0 hkl jFobsl Fcalc hk1 \Fobsl Fcalc
,14,0 136 - 136 10,10,0 144 - 123 12,9,0 247 - 211
,15,0 94 + 75 10,11,0 265 + 224 12,10,0 112 - 83
,16,0 217 - 167 10,12,0 140 - 91 12,11,0 63 - 39
910 314 - 335 10,13,0 229 - 206 12,13,0 108 - 78
9?0 254 + 264 10,14,0 . 36 + 26 13,10 58 - 34-
930 123 + 107 11,10 270 + 260 13,20 241 - 209
940 261 - 253 11,30 187 - 167 13,30 129 + 120
950 92 + 69 11,40 222· - 186 13,40 136 + 103
960 77 - 56 11,50 54 - 38 13,60 94 + 86
970 46 - 11 11,60 5;1 - 30 13,70 109 + 75
980 241 + 219 11,70 245 + 232 13,80 322 - 273
990 201 + 168 11,80 115 - 90 13,90 141 - 129

,10,0 172 + 162 11,90 170 - 133 13,10,0 51 - 31
,11,0 183 + 161 11,10,0 83 + 55 13,11,0 179 + 163
,12,0 255 - 239 11,11,0 56 - 31 13,12,0 101 + 102
,13,0 22 - 17 11,12,0 126 - 95 14,00 115 - 93
,14,0 200 + 169 11,13,0 123 + 106 14,10 187 + 159
,15,0 155 - 129 11,14,0 228 '+ 194 14,20 268 - 210
10,00 313 + 328 12,00 245 + 244 14,30 46 - 30
10,10 267 - 262 12,10 81 - 67 14,40 278 + 238
10,20 247 + 234 12,20 38 - 37 14,50 74 - 52
10,30 181 + 182 12,30 168 + 140 14,60 97 - 89
10,40 36 - 28 12,40 77 + 64 14,70 73 - 51
10,50 287 - 278 12,50 206 + 187 14,80 269 + 222
10,70 96 + 85 12,60 270 - 233 14,90 153 + 132
10,80 51 - 33 12,70 288 + 238 14,10,0 277 + 234
10,90 65 + 57 12,80 149 + 133 15,10 36 - 6

9

9

9

9

9

9
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:..Q

o
o
o

hk1 IFobsl Fca1c hk1 AFobsl Fcalc hk1 IFobsl Fca1c
15,20 142 + 120 0,14,1· 45 + 53 231 405 ;.551
15,30 187 + 150 0,16,1 120 + 104 241 123 + 113
15,40 140 - 95 0,17,1 206 + 205 251 129 + 122
15,50 22 + 4 0,18,1 273 - 298 261 259 - 248
15,60 208 - 179 0,19,1 38 - 3 271 340 - 316
15,70 68 - 66- 111 12 + 68 281 71 - 60
15,80 105 + 93 121 150 - 157 291 95 + 58
16.,00 304 + 244 131 294 - 288 2,10,1 79 + 56
16,10 190 + 162 141 185 + 154 2,11,1 28 - 21
16,20 126 - 104 151 38 - 25 2,13,1 458 + 506
16,30 278 - 211 161 246 + 217 2,14,1 194 - 173
16,40 205 - 170 171 532 + 535 2,15,1 63 - 56

lsI 92 + 61 2,16,1 79 .+ 66
- 191 2,17,1001 222 + 245 146 - 125 92 - 81

011 5 + 41 1,10,1 156 - 145 2,lS,1 85 + 81
021 370 - 374 1,11,1 S2 + 72 311 135 - 158
031 85 - 94 1,12,1 250 + 236 321 121 - 149
041 53 + 38 1,13,1 62 + 36 :331 263 + 288
051 147 + 97 1,14,1 186 - 161 341 263 + 310
061 67 - 50 1,15,1 54 + 61 351 124 + 108
071 242 - 214 1,16,1 120 ~ 124 371 308 - 294
081 604 + 656 1,17,1 224 - 226 391 117 + 104
091 47 - 6 1,18,1 240 - 224 3,10,1 53 + 32

;10,1 191 + 132 1,19,1 153 + 141 3,11,1 274 + 286
,11,i 33 + 1 201 72 - 53 3,12,1 235 + 208
,12,1 129 + 96 211 63 - 82 3,13,1 51 + 18
,13,1 22 - 24 221 127 + 147 3,14,1 265 - 241
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4

4

4

4

4

4

4

4

hk1 \Fobsl Fca1c hkl IFobslFca1c hkl IFobs\ Fca1c
,15,1 117 + 55 561 162 - 165 711 99 + 10
,16,1 74 + 71 571 149 + 136 721 224 - 239
,17,1 182 + 183 581 ·59 + 56 731 47 + 39
',18,1 109 - 94 591 208 + 193 741 335 - 333
401 200 + 235 5,10,1 65 - 22 751 272 ·i+ 256
411 402 + 684 5,11,1 210 - 209 761 32 + 1
421 322 + 455 5,,12,1 165 - 146 781 163 - 11..5
431 97 + '98 5,13,1 160 + 145 791 81 + 67
441 56 - 57 5,14,1 50 - 34 7,10,1. 18 - 32
451 26 + 25 5,16,1 187 + 193 7,11,1 181 - 169
461 155 + 154 5,17,1 26 - 4 7,12,1 145 + 127
471. 64 - 60 601 79 - 62 7,13,I 124 + III

481 349- - 368 611 149 - 154 7,14,1 378 + 370
491 317 + 339 62i 122 + 133 7,lS/i 83 + 41

,10,1 31 + 4 632 33 + 64 7,16,1 147 - 169
,11,1 314 - 310 641 372 - 440 80i 314 - 378
,12,1 91 - 70 651 335 - 357 811 285 - 310
,13,1 130 - 110 661 405 + 493 82i 156 + 150
,14,1 59 + 42 681 83 + 68 831 62 ~ 28
,15,1 18 + 12 691 58 - 54 841. 118 + 112
,17,1 18 + 5 6,10,1 33 + 18 851 92 - 74
,18,1 258 + 251 6,11,1 103 + 103 861 104 - 86
511 115 - III 6,12,1 179 + 157 871 118 + 98
521 219 + 259 6,13,1 73 - 44 881 154 - 145
531 73 - 85 6,14,1 190 + 176 891 247 - 237
541 69 - 55 6,15,1 178 - 177 8,10,1 327 + 331
551 33 + 42 6,16,1 232 - 197 8,11,1 267 + 245

4



hk1 \Fobsl Fca1c hk1 IFobsl Fcaio hkl IFobs' Fca1c
,12,1 69 + 51 10,91 33 + 42 12,11,1 129 + 11
,13,1 30 - 32 10,10,1 144 + 97 12,12,1 147 + 10
,14,1 50 + 12 10,11,1 176 - 142 13,11 228 - 20
,15,1 31 + 24 10,12,,1 106 + 76 13,21 195 - 16
911 144 + 113 10,13,1 210 - 177 13,31 178 + 15
921 42 + 85 11,11 42 + 32 13,41. 26 -

-. -

931 185 + 168 11,21 104 + 64 13,51 64 ' - 6
941 28 - 22 11,31 181 - 163 13,61 53 + 3
951 58 + 54 11,41 196 + 155 13,71 26 - 3
961 62 + 73 11,51 41 + 27 13,81 41 + 2
971 264 - 229 11,61 244 + 204 13,91 154 + 13
981 62 - 49 11,71 344 + 305 13,10,1 73 - 5
991 292 - 270 1~,81 32 - 22 13,11,1 244 + 21

,10,1' 203 + 170 11,91 137 + 95 14,01 367 + 31
,11,1 73 - 43 ~1:J.:~19"*1 82 + 82 14,li 67 + 3

,12,1 274 - 258 11,12,1 213 - 187 14,21 87 + 6
,13,1 79 + 50 11,13,1 28 + 28 14,31 59 - 2

, .
,14,1 42 + 26 ,12,01 377 + 406 14,41 305 + 27
10,01 ioo + 83 12,11 195 - 159 14,51 191 + 16
10.,11 '62 ,+ 50 12,21' '468 - 247 14,61 251 - 21
10,21 118 - 99 12,31 161 - 150 14,7i 110 - 9
10,31 286 - 278 '12,41 26 - 9 14,81 115 - 9
10,,41 112 + 98 12,51 50 - Z4 14,91 126 + 9

10,51 432 - 449 12,61 26 - 28 15,11 60 + 3

10,'61 142 - 119 12,81 308 + 261 15,21 141 + 18
10,71. 199 + 163 12,91 181 - 161 15,31 65 + 2
10,81 206 + 191 12,10,1 245 - 235 15,41 65 - 6

8

8

8

8

9

9

9

9

9
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hkl [Fobsl Fcalc hkl IFobsl Fcalc hkl IFobsl Fcalc
15,51 60 + 37 ~61 296 - 289 ;,14,l 236 + 21
15,61 229 - 204 ~71 173 + 147 ),15,1 210 + 17
15,71 53 - 29 ~81 42 + 25 ;,17,1 174 + 16
'Iii 146 + 204 "2"91 31 - 18 ;,18,1 153 + 13
'I21 361 + 443 2,10,1 51 - 33 1;01 259 + 29
1)1 126 + 86 2,11,1 36 + 22 411 328 - 47
t51 79 - 79 "Z,12,1 388 + 386 421 46 - 2
'I61 193 - 157 '2,13,1 274 - 264- 4'31 137 + 14
'I71 147 + 118 '2,14,1 164 - 163 1;41 51 + 1
'I81 360 + 347 ~,15,1 54 + 42 451 129 - 9
'I91 308 - 283 2,16,1 79 + 56 4'61 167 + 18

,10,1 86 - 62 2,17,1 73 + 65 471 345 + 37
,11,l 33 + 24 '2',18,1140 + 126 481 76 + 4
,12,1 374 - 372 ~,19,1 46 - 51 491 270 - 28
,13,1 209 - 165 )11 53 - 61 4,10,1. 51 - 4
,14,1 18 - 6 )21 267 - 358 4,11,1 227 + 21
,15,1 223 + 202 ;31 42.4 + 615 ~,12,1 47 + 3
,16;i 145 + 149 '41 300 - 342 4,13,1 74 + 7

,17,1 114 - 106 ;51 38 + 39 4,16,1. 96 - 7
,18,1 47 + 37 ")61 18 - 16 4,17,1 270 - 25
,19,1 188 + 237 ")71 324 - 341 4,18,1 64 + 4
201 150 + 146 ~81 260 - 254 ,11 94 + 10
~lI 96 - 123 )91 33 - 6 521 231 - 27....

Zil 144 - 184 ),10,1 79 + 61 ;)1 288 - 34
-Z31 258 + 307 3,11,1 190 + 176 54! 67 +

241 173 + 199 3,12,1 138 + III 551 109 + 10
251 172 - 162 3,13,1 238 - 222 561 68 +

I"

I"

'I
I

l'

r
l'

l'

1
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(;

6
6
6
(;

hkl lFobsl Fca1c hkl IFobsl Fca1c hkl IFobs\ Fca1c
571 358 + 380 741 113 + 110 8,15,1 26 + 19
581 228 - 223 751 264 + 257 911 76 - 61
591 146 + 124 76i 71 + 41 921 63 - 69

,10,1 104 + 87 771 51 - 62 931 170 + 141
,11,1 178 - 180 781 191 + 158 941 28 + 37
,13,1 212 + +93 791 50 + 64 951 83 + 62
,14,1 108 + 104 7,10,1 73 + 74 961 88 + 73
,15,1 72 - 35 7,11,1 33 - 3 971 246 - 215
,16,1 83 - 67 7,12,1 153 - 243 981 186 + 135
,17,1 168 - 168 7,13,1 206 + 332 991 109 + 75
60i 38 - 42 7,14,1 183 - 154 9,10,1 142 - 136
611 122 + 126 7,15,1 112 - 104 9,11,1 109 - 77
621 301 + 353 7,16,1 53 + 64 9,12,1 226 + 192
631 345 + 402 80i 222 - 227 9,13,1 87 + 52
641 117 - 122 81i 59 - 49 9,14,1 42 + 25
651 265 - 278 821 308 + 345 10,01 26 + 29
661 113 + 123 831 109 - 109 10,21 146 - 123
671 242 + 226 841 78 + 74 ~0,3i 370 - 358
681 861 88 - - 28545 - 30 - 79 10,41 - 242

,11,1 113 - 96 871 251 - 225 10,5i 327 + 283
,12,1 337 - 301 881 423 - 396 10,61 350 + 281
,13,1 258 - 240 891 50 + 18 10,7i 349 - 294
,14,1 8,10,i - - + 263100 + 104 277 + 251 10,81 303
,15,1 100 + 113 8,11,1 131 + 103 10,91 88 - 58
711 53 + 48 8,12,1 118 - 96 10,10,1 167 + 114
721 322 + 363 8,13,l 150 + 134 10,11,1 150 + 101
731 67 - 67 8,14,1 50 + 15 10,12,1 177 + 136

5
5

5

5
5

5

5
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hk1 IFobsl Fca1c hk1 IFobsl Fca1c hk1 \Fobsl Fca1c
,13,1 288 + 243 D,21 123 - 90 012 212 + 442
11,11 117 + 121 13,31 >:2'37 + 200 022 58 - 114
11,21 31 + 39 13,41 53 - 43 032 109 - 115
11,31 64 - 57 13,51 53 - 44 042 13 + 8
11,41 78 + 58 13,61 170 - 135 052 58 - 37
11,51 47 + 27 13,71. 117 - 99 062 40 - 38
11,61 73 - 52 13,81 138 - 89 072 26 + 23
11,71 182 + 149 13,91 205 - 139 082 273 + 263
11',81 46 + 48 13,10,1 47 + 35 092 350' + 339
- - 13,11,1 0,10,2 23611,91 131 + 92 182 + 151 - 217
,lo,i 79 - 67 14,01 188 + 160 0,11,2 159 - 172
,11,1 186 - 156 14,11 41 + 9 0,12,2 46 + 70
,12,1 65 + 34 14,21 77 + 52 0,13,2 92 + 47
,13,1 69 - 36 14,31 112 - 87 0,14,2 41 + 97
- - 158 14,41. 376 11212,01 + 144 + 323 214 + 345
12,11 437 + 425 14,51 91 + 77 122 355 - 356
--- - 14,61 13212,21 213 - 191 354 - 279 141 + 117
12,31 123 + 93 14,71 63 + 61 142 72 + 46

1~,41 58 _. - 152 - 128- 23 15,11 54 - 50 147
12,5i 38 + 25 15,21 227 - 186 182 223 - 194
12,61 - - 19295 - 79 15,31 135 - 102 155 - 123
12,81 205 + 161 15,1,1 186 - 140 1,10,2 123 - 113
12,91 348 + 291 15,51 47 + 31 1,11,2 244 - 223
,10,i 36 .+ 5 15,61 85 + 64 1,12,2 297 + 272
,11,i 390 - 338 15,71 227 + 176 1,14,2 122 - 120
,12,1 158 + 123 212 94 + 102
13,11 68 + 28 002 602 + 700 222 64 - 65

11
11
11
11
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2

2

2

2

hkl IFobSIFca1c hk1 lFobsl Fca1c hkl IF abs) Fca1c
232 141 - 152 462 218 + 214 6,11,2 99 + 85
242 101 - 108 472 327 - 352 712 81 + 69
252 473 + 544 492 85 + 77 722 195 - 229
272 219 - 187 4,10,2 376 + 420 732 146 - 163
292 49 - 64 4,11,2 133 + 123 742 210 + 217

,10,2 73 + 77 4,12,2 31 + 29 752 133 + 141
,11,2 208 ~ 174 4,13,2 22 - 6 762 315 + 307
,12,2 47 + 143 522 177 + 226 772 87 + 86
,13,2 190 + 196 532 172 ...208 782 223 - 237
312 71 - 76 542 113 - 120.. 792 33 + 40
322 137 + 154 552 104 + 85 7,11,2 31 - 17
332 249 + 293 562 182 - 164 802 73 - 74
342 91 + 97 572 118 + 110 812 154 - 154
352 236 + 222 582 249 + 238 822 176 + 163
372 296 - 296 592 62 + 52 832 .301 + 309
382 177 + 180 5,10,2 13.3 + 108 842 149 + 149
392 156 + 163 5,11,2 199 - 194 852 53 + 20

,10,2 246 '- 230 5,12,2 88 - 90 872 347 + 353
,11,2 33 + 19 602 108 + 97 882 162 - 141
,12,2 31 - 3 612 137 - 147 892 274 - 265
,13,2 96 - 91 622 250 + 298 8,10,2 63 + 52
402 320 -420 642 236 - 250 912 299 - 340
412 90 + 107 652 28; - 291 932 200 + 228
422 74 + 92 662 97 + 78 942 92 - 93
432 138 - 147 682 155 - 127 952 50 + 41
442 38 - 28 692 76 - 57 97?- 41 - 64
452 95 - 113 6,10,2 41 - 56 982 41 - 20

3

3

3

3
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I
I

hkl \Fobs' Fca1c hkl \Fobs\ Fca1c hkl ,Fobs' Fca1c
992 158 + 120 1,12,2 47 - 44 412 320 - 420

10,02 217 + 217 1,13,2 101 - 81 422 50 + 40
10,12 73 - 71 202- 88 - 116 442 71 + 78
10,22 185 ~ 178 222 60 - 64 452 100 + 100
10,32 236 + 238 232 118 + 125 462 97 - 87
10,42 69 + 52 21i2 415 + 505 472 68 + 59
10,52 213 - 195 ~52 88 + 39 492 374 - 389
10,62 96 + 83 262 387 - 402 "4,10,2 137 - 125
10,72- 181 + 156 272 63 + 59 4,11,2 .238 + 227
10,82 205 + 157 282 144 + 113 512 59 + 106
11,12 241 + 228 2.92 83 + 70 542 33 - 23
11,32' 101 + 79 2:,10,2- 85 + 53 552 99 - 94
11,42 295 - 267 2,11,2" 41 - 31 562 163 + 148
11,52 65 - 52 2,12,2 31 + 28 572 42 + 45
11,62 168 - 141 2,13,2 142 - 140 582 41 + 35
12,02 279 + 235 312 150 - 182 592 81 - 82
12,12 118 - 97 322 73 + 74 3,10,2 133 + 122
12,22 106 - 99 332 49 + 44 5,11,2 197 - 199
12,32 108 - 96 342 67 + 69 5,12,2 185 - 166
112 91 - 119 352 86 + 106 612 79 - 75
132 119 - 86 362 349 + 386 632 83 + 78
142 218 - 207 372 173 + 174 642 314 - 325
162 311 - 290 3,10,2 105 - 91 652 483 - 544
172 258 + 212: 3,11,2 347 + 359 662 364 + 361
182 104 + 102 3,12,2 228 - 193 682 95 T 69

,10,2 214 + 195 3,13,2 59 + 54 6,11,2 183 + 164
,11,2 206 + 190 1;.02273 + 345 712 88 - 83
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8

hk1 \Fobsl Fcaf,c hk1 'Fobsl Fca1c hk1 \Fobsl Fca1c
722 90 + 105 10,12 105 + 100 113 87 - 78
732 240 + 256 10,22 341 + 328 123 64 + 41
742 131 - 111 10',;Z,:41 - 38 133 224 - 210
752 196 + 183 10,4.2 169 - 153 143 22 + 38
762 88 - 81 10,52 316 + 283 153 99 - 41
772 126 - 117 10,62 28 + 28 163 36 - 16
782 38 - 32 10,72 59 - )0 173 332 + 352
792 156 + 136 10,82 79 - 44 183 201 + 192

,10,2 200 + 177 11,12 140 + 1)2 193 153 + 190
802 465 - 557 11,22 46 + 21 1,10,3 245 - 249
822 91 + 128 11,32 191 - 156 203 119 - 143
832 187 + 174 11,42- 201 - 173 213 46 - 59
~62 146 + 128 11,62 249 - 219 223 117 + 140
872 - - 212 + 175 233 186113 + 75 12,02 - 173
882 195 - 144 12,22 22 - 12 243 236 - 93
892 67 - 52 12,32 96 - 88 263 73 + 38

,10,2 460 + 452 273 162 - 143
912 132 + 130 003 181 + 432 283 42 - 39
922 250 - 244 013 100 + 177 2,10,3 132 + 114
932 26 - 29 033 76 - 79 313 64 - 38
942 176 + 152 043 85 - 56 323 190 - 247
952 103 + 68 053 142 + 127 333 36 + 9

962 53 + 36 063 38 + 50 343 110 - 76
,

972 67 - 52 073 245 - 220 353 82 + 142
982 213 - 195 083 169. + 136 363 115 - 103

10,02 101 + 119 093 96 + 82 373 106 - 110
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hk1 \ Fobsl Fcalc hkl IFobS\ Fcalc hk1 (Fobs' Fcalc
383 73 - 73 753 108 + 95 243 222 + 266
393 53 + 56 763 227 + 234 253 261 - 297
403 213 - 273 773 256 + 60 263 228 - 236
413 205 + 280 803 87 - 63 273 44 - 80
423 290 + 379 813 288 - 325 283 36 + 17
433 138 + 156 82) 46 - 32 293 76 + 63
443 62 + 5 833 115 - 116 2,10,3 28 . - 39
473 ,88 + 95 843 ·92 + 89 323 247 - 347
483 245 - 241 853 164 - 128 333 164 + 265
493 165 +·:164 863 50 + 51 353 45 + 61
513 162 + 176 873 26 - 46 363 136 + 157
523 109 + 122 913 63 - 102 )8) .169 - 178
533 ).54 + ::.60 933 126 + 121 393 79 - 88
563 96 - 99 943 122 - 96 403 67 + 56
573 79 - 72. 123 145 + 171 413 144 - 172
593 123 - 117 133 141 + 148 423 210 - 277
603 46 + 6 143 64 + 75 433 74 + 83
613 -41 - 37 153 79 - 62 443 145 + III

633 227 + 257 163 88 - 71 473 181 + 174
643 224 - 341 173 146 - 136 483 296 + 333
653 58 - 65 . 183 262 + 289 493 212. - 206
663 310 + 347 193 64 - 46 513 146 + 166
673 117 + 93 1,10,3 38 - 34 523 41 + 58
683 60 + 80 203 96 + 96 533 199 - 207
723 69 - 50 213 13 + 14 543 59 - 46
733 99 + 110 223 122 - 151 553 59 + 53
743 36 + 1 233 112 - 140 573 214 + 210
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hk1 IFobsi Fca1c hkl IFobS! Fca1c hk1 /Fobsl Fca1c
593 168 - 170 074 109 - 118 224 5.4 - 96
603 - 23450 + 25 114 135 + 290 38 + 58
613 47 - 28 124 138 - 161 244- 146 + 211
623 120 + 126 134 91 - 90 254 196 + 358
633 345 '+ 417 144- 54 + 55 264- 99 - 132
643 50 + 56 224 ,104 + 140 324 53 - 92
653 42 - 37 234- 165 - 200 334 96 + 174
663 74 - 65 244 112 - 152 344 28 - 60
673 163 + 149 254- 69 + 64 354 33 - 42
723 155 + 156 264- 2.2 + 24 404 227 + 385
733 132 + 125 314- 41 - 57 414- 68 - 94
743 233 - 226 334 101 + 127 t24 45 - 47
753 344 )",.118 + 105 106 + 171 514 46 - 87
763 85 - 90 354 47 + 70 524 63 - 82
773 169 - 155 404 46 - 67 534 87 - 112
803 73 - 37 414 31 + 50

•813 118 - III 424- 124 + 169
82j 158 + 171 434 ';"7 + :'80.J

863 96 + 65 514- 131 - 189
913 217 + 210 524 106 + 158
923 192 - 171 534 47 - 48

1.24 71 + 97
014 179 + 285 134 28 + 39
024 26 - 38 144- 64 - 96
034 128 - 163 154 41 + 55
044 45 - 24 164 88 - 125
064- 42 + 48 214 3~ + 30
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PART III
Crystal chemistry of the su1fosalt minerals

Introduction

The purpose of::this paper is to discuss certain basic
structural principles concerning the crystal chemistry
of mineral s~fosa1ts by examining the crystal structures
already determined, and to propose a new scheme of
classification based on these principles. Three earlier
investigators, Hofmann23, Berry24, and He11ner25, have
made contributions to the problem, but a full treatment
of the subject has not yet been presented.

Footnote
The term sulfosalt in the present paper is used for

"the chemical compounds ''1ith formula AmBnXp where
A = Cu, Ag, Pb, Hg, Fe
B = As, Sb, Bi

X=S
The terminology used here is therefore narrower than

the one used in Dana's System of Minera1ogy11, by
excluding the elements T1, )In,V, Sn, and Ge. The reason
for their omission is lack of structural data. The
condition n:p ~ 1:1 for su1fosa1t, used in Dana, will be
followed here. Thus such minerals as arsenopyrite,
FeAsS, and related compounds are not treated in this paper.
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To understand the crystal chemistry of a group of
minerals it is necessary to know (1) the relations between
the chemical formula and corresponding structural motifs,
and (2) the nature of the chemical bonds characteristic
of the minerals under consideration.

In .the case of the silicate minerals, these two
points have been well recognized. The silica to oxygen
ratios in the chemical formula are directly related to the
kinds of polymerization of the structural motif, the 81-0
tetrahedron ..Also the purely ionic approach to the nature of
the chemical bonds in silicates has been successfplly used
to explain the various problems involved in the crystal
chemistry of the silicates26.

The situation is different for the sulfosalt minerals.
As to the nature of the chemical bonds in sUlfosalts, it is
more difficult to understand than the one in the silicates.
Because of the tendency of sulfur atom to be deformed more
easily, compared with oxygen, by the adjacent cations,
the bonds between the sulfur atom and the metallic atoms
have been considered as more covalent in their nature.
The ionic approach to explain the structures of sulfides or
sulfosalts as the packing of charged spheres has failed.
But the purely covalent appro~ch. to the problem is also
not adequate because of the existence of partial metallic
character of the bonds. The evidences of this metallic
character are the lusters, colors, and intrinsic semi-
conductiVities of many minerals of this group. Although
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the discussion in more detail will be given in a later
section, the complete understanding of the nature of
chemical bonds in sulfides and sUlfosalts is yet to come.

It i,strue that R.:well defined structural motif,
such as the 8i-0 tetrahedron in silicates, can be recognized
in the sulfosalt structures. It is an 8b(As,Bl)S3 group.
These Sb and S atoms are located at the vertices of a
trigonal pyramid. But the difficulty in describing the
sulfosalt structures in terms of this structural motif
is twofold. fhe first factor for the complication is that
this coordination polyhedron is open. The term open is
used since the metal atom is not located at the center
of polyhedral arrangement of non-metal atoms. Instead,
This Sb(As,Bi) atom locates itself at one of the vertices
of polyhedron with sulfur atoms at ·the other three vertices.

The three 8b(As,Bi)-S bonds to form this group can
be understood as covalent bonds involVing three p electrons
of the Sb(As,Bi) atom. Except for a few example such as the
structure of proust1te, Ag3AsS3, the pure covalent bond
between the Sb(As,Bi) atom and the S atom 1s not present
in the sulfosalt crystals. In other structures, the second
and the third closest neighboring S atoms will approach the
Sb{As,Bi) atom from the open side of the coordination
polyhedron. If the interatomic distances between the Sb{As,Bi)
atom and these additional S atoms are considered, we must
conclude that a weak but a distinct chemical bond, other than
Van der Waals type, exists between them. As the result of
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these additional coordinations of sulfur atoms, the above-
discussed 8b(As,Bi)-83 group is obscured in the structure.

In comparison with the silicate minerals the situation
can be summarized as follows: In silicate crystals, the
structural framework can be described by the geometrical
shape and polymerization of the first coordination poly-
hedron, the 8i-0 tetrahedron. To describe the structures
of sulfosa1ts, not only these factors but the relative
arrangement of the groups built by a first coordination
polyhedron, 8b(As,Bi)-83 unit, plaus an important role.
Each submeta1 atom in the group obtains additional 8 atoms,
in its second coordination. These 8 atoms are at the larger
distances from the submeta1 atom, and actually belong to
the first coordination of the central atom in the neighboring
group. The number and the arrangement of these additional
S atoms are not arbitrary.

If the additional S atoms close to the Sb(As,Bi) atom
are included, a larger coordination polyhedron can be defined.
The Sb(As,Bi) atom is located at the center of this poly-
hedron. The shape and dimensions of this second coordination
polyhedron are found to be almost identical in every
structure. This fact suggests describing the su1fosa1t
structures as the stacking of the second coordination poly-
hedra, and classifying the minerals according to the modes
of stacking. The subject will be discussed in the next
two sections.

The second factor to obscure the Sb(As,Bi)-83 unit
in the structure is the relative strengths of bonds between
the 8b(As,Bi) and S atoms compared with the bonds between
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the other metal atom and 8 atom. In the silicates the
8i-0 bonds are stronger than any other bonds between a metal
ion and oxygen. The difference can be measured from the

4+extremely high value of ionization potential value of8i
compared with another cation in the structure. If the
same measure is applied to the sulfosa1ts, the value of
ionization potential of submetal ion is larger than those of
the metal ions, but the difference is not so distinct as
in the silicates. Thus the affinities of 8 atoms to the
submetal and metal atoms are sometimes in a similar, and
sometimes in a different order. In the former case, the
Sb(As,Bi) atom plays almost the same role as the coeXisting
metal atoms such as Pb or Ag. The structure of this type
of su1fosalts is closely related to the structures of
simple sulfides. The detailed discussion will be found in
Section 4.

When the bonds between the Sb(As,Bi) atom and'the S
atoms are the stronger ones in the structure, the close
relation to the structure of the sulfides of 8b or Bi,
namely stibnite type, 8b2S3, is observed. Among the sulfo-
salt minerals the members of the so-called acicular group
provide the most abundant structural data. In these structures
the atomic group of Sb(As,Bi) and S can be considered to form
the structural framework to a certain extent. The systematic
treatment of the 'combination of Sb(As,Bi)-S3 units into the
larger groups will be given in Section 3.

In the follOWing sections the discussion will be approa-
ched from the more geometrical viewpoint than the physico-
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chemical one. The state of knowledge concerning the nature
of chemical bonds in this group of minerals is not yet well
established. Nevertheless, certain principles can be obtained
from the results of the geometrical treatments. In Sections
3, 4, and 6, the related subjects will be discussed.

Up to date the following crystal structures of the
sulfosalts listed in Table 15 are known. In the accompany-
ing illustrations these structures are represented either
in cllnographlc projections or by projections along the
shortest axis. The important interatomic distances are
also found in the illustrations.

Table 15. The sulfosalt structures previously
determined.

Name Formula Figures Isomorphs

Tetrahedrite (Cu,Fe)12Sb4S13 Fig. 62 Tennantite, (Cu,Fe)12Srl
Enarglte Cu3AsS4 Fig. 63
Proustite Ag3AsS3 Fig. 65 Pyrargyr1te, Ag3SbS3
Chalcostibite CuSbS2 Fig. 55 Emplectite, CuAsS2
Aiklnite CuPbBiS3 Fig. 40
Berthierite FeSb2S4 Fig. 53
Galenobismutite

PbSb2S4 Fig. 58
Se11gamnnite CuPbAsS3 Fig. 41 Bournonite, CuPbSbS3
Livlngstoni:te HgSb4S8 Fig. 13
Jamesonite . ~ePb4Sb6S14 Fig. 33
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1. Geomeyrical basis of crystal chemistry of sulfosalts

Coordination polyhedra. In the crystal structures
of sulfosalts the sulfur atoms surround the metallic or
submetal11c atoms in numbers and configurations characte-
ristic of the central atoms. These sulfur atoms can be
regarded as occupying the vertices of certain polyhedra around
the central metallic or submetallic atoms. The description
of these coordination polyhedra can be done in two stages.

First coordination polyhedra. The observed.inter-
atomic distances between the central atom and the sulfur
atoms can be grouped into two or more kinds. If account 1s
taken of the sulfur atoms closest to the central atom,
the simpler polyhedron can be traced. This 18 defined as
the first coordination polyhedron. The chemical bonds
between the central atom and the sulfur atoms in the first
coordination represent the strongest bonds characteristic of
the central atom. They are almost identical in every
structure. The description of the coordination for each
kind of central atom is given below~

M: Ag tends to have two strong linear banda of
presumably sp chracter. Examples are found in pyrargyrite2Y,
and in a sulfide, stromeyerite28• Detailed crystal-
structure analysis of sulfosalts containing Ag 1s lacking,
but-probably this type of the first coordination prevails
rather than the tetrahedral one. In this connection the
interatomic distances between Ag and S atoms in the galena-
type structures of sulfosalts need to be described in more
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detail.
Hg: Hg has also, as its first coordination, two

linearly arranged S atoms as found in cinnabar13, and in
livingstonite15.

Cu: au always forms tetrahedral bonda of presumably
sp3 character except one case of trigonal coordination
found in tennantite29• In tennantite, however, this
trigonally coordinated au is found together with the usual
tetrahedrally coordinated one. Other examples of the
tetrahedral coordination are found in enargite30,
chalcostibite31, aikinite6, seligmannite2l, and bournonite2l•

Fe: In two out of three minerals containing Fe among
sulfosalt minerals, i.e. in berthierlte4, and in jamesonite7,
the Fe has an octahedral coordination of six S atoms. This
octahedron 1s slightly distorted in both cases. In the
tetrahedrite group the tetrahedral coordination is assumed
for the Fe atoms sUbstituting au atoms. In sulfides the
tetrahedral coordination is the common one.

As, Sb, Bi: These three submetallic atoms have three
orthogonally directed bonds of presumably p character to
form a trigonal pyramidal arrangement with the nearest
three S atoms. One exception is the As atoms 1~ enarglte.
In enargite, a tetrahedral coordination around the As atom
is found.

Ph: As its first coordination, Ph atom has either
a regular octahedral arrangement of six S atoms at equal
distances, or a significantly distorted octahedral
arrangement of six closest S atoms. The former case 1s
known in the structure of galena. In every determined
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structure of 8u1fosa1ts, the Pb atom i8 in the center of the
latter type coordination polyhedron.

Second coordination polyhedra. Second coordination
1s defined as the arrangement of S atoms generally
associated with the central atoms at larger distances than
the S atoms in the first coordination.. The second
coordination polyhedron 1s defined as the polyhedral
arranegement of S atoms including these additional S atoms
around the central atoms. The number and configuration of
these S atoms in the second coordination are not so
uniquely defined as in case of the first coordination. For
the 8ubmetal and Pb atoms the geometrical shape of the
second coordination polyhedra have several possibilities,
depending on the number of additional S atoms at larger
distances. The nature of the chemical bonds between the
central atom and the S atoms at these larger distances is
not clearly understood.. The descriptions for each central
atom are as follows:

Ag, Hg: Ag, and Hg atoms have four more S atoms at
the larger distances. With the two S atoms in the first
coordination they form a distorted octahedron.

As. Sb, Bi: These atoms have three possibilities in
their second coordinations. (I) three more S atoms, (2)
four more S atoms, and (3) five more S atoms. With three
S atoms in the first coordination the resulting second
coordinatl n polyhedra in respective cases are (1) distorted
octahedron, (2) 7-vertex-8-hedron, and (3) 8-vertex-
Il-hedron. The geometry of these complex polyhedra will be
discussed below.
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~: Beside the six S atoms in a distorted octahedral
arrangement in the first coordination, a Pb atom tends to
have at larger distances (1) one more S atom, or (2) two
more S atoms. The resulting second coordination polyhedra
are similar in their geometry to the above-described ones
for submetallic atoms.

Geometry of polyhedra. In Figs. 34, 35, and 36 the
geometry of the tetrahedron, octahedron, and complex
polyhedra are illustrated. In these figures the several
orientations of polyhedra are shown by the clinographic
projection. For each orientation of the polyhedra, the
projection along the v.ertical axta, and bond configuration
are also illustrated. In Table 16 the probable dimensions
of these polyhedra are listed assuming the probable inter-
atomic distances, or center to vertex distances. A brief
description is necessary for the geometry of complex
polyhedra which are characteristics of As, Sb, Bi, and
Pb atoms.

(1) 7-vertex-8-hedron, Figs. 36a and 36b. This
polyhedron has 7 vertices and 8 faces. In the regular
octahedron all the eight faces are triangles. In this
polyhedron there are six triangular faces' and two
rectangular faces. This 8-hedron can be derived from the
usual octahedron in the following way_ In Fig. 35b the
regulat octahedron is shown so that the edges of square
cross section of it are horizontal and vertical. The

•length of an octahedral edge is assumed as 4A. If a vertex
(designated by letter 0 in Fig. 35) is replaced by two
points parallel to the edges of the cross section, and if
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a new polyhedron 1s traced including these two points as
its vertices, an 8-hedron with 7 vertices is obtained.

Obviously there are two regular ways to perform this.
One 1s to replace by two po1nts horizontally apart ( by
points 2 and 2' in Fig. 35), and the other by two points
vertically apart ( by points 1 and I' in Fig. 35). The
resulting two are respectively shown in Figs. 36b and
36a. These two polyhedra are exactly identical except

oin their orientations. "If projected along the 4A axis,
i.e.-the vertical edge of the octahedron, however, t\'lO

kinds of projections are obtained. One is a 4-gon (Fig.
36a), and the other is a 5-gon (Fig. 36b).

The second coordination polyhedra found in the structure
of stibnite, Sb2S3, are of only one kind in geometr~cal
shape, the 7-vertex-8-hedron. But there are two kinds

•in their orientations with respect to the 4A axis of the
structure. The orientations represented by Figs. 36a, and
36b ar~ respectively associated with SbII, and SbI of

- 0stibnite. If projected along the 4A axis there are"
4-gons and 5-gons as shown in Figs. 37 and 46.

I~ the two new points placed to obtain this polyhedro~
are separated by not exactly the same length as the
octahedral edge, or not parallel to it, a distortion of
the polyhedron is produced.

The structure;of galena, PbS, can be regarded as ~~e
open stacking of regular octahedra. The square cross-
sect~ons of the octahedra are oriented parallel to the
(110) plane. Part of the structure is represented by the
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projection on (110) in Fig~ 38. I~ all the atoma in one part
of the structure (part B in Fig. 38) separated by a plane
parallrl to (110), plide by amount of 2A, i.e. a half the
distance of an octahedral edge, the projection illustrated
in Fig. 39 will result. There is a double layer of
7-vertex-8-hedra.in the galena-type structure (between two
dash-and-dots lines in Fig. 39). In this idealized case,
however, the interatomic distances between the same kinds
of atoms, indicated by dotted lines, are too small, and a
further distortion will result. A small fragment of this
type of layer was described in the structure of jamesonite

7as an Sb6S14 group , Fig. 33. The relation discussed here
is important in understanding the sulfosalt structures
as related to the simple sulfide structures, and will be
resumed in Section 4.

(2) 8-vertex-ll-hedron, Fig. 36Q. This polyhedron
has 8 vertices and 11 faces. Among" 11 faces, 10 are
triangular, and one is rectangular. AlthOUgh the other
kinds of polyhedra with 8 vertices are concievable, the
one found in the sulfosalt structures 1s this type with
ll.faces. The relation of this polyhedron to a regular
octahedron and a 7-vertex-8-hedron can be understood from
Fig. 35 and Fig. 36. As the central atom of this coordination
polyhedron, Bi and Pb in galenobismutite5, and Pb in
seligmannite and jamesonite, are known.

Interatomic distances in second coordination polyhedra.
If the strength of chemical bonds is considered in terms
of interatomic distances, the bonds between the central
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atom and S atoms in the second coordination are the weaker
ones. When an S atom belongs to, at the same time, a first
coordination of one atom and to a second coordination of the
other, this S atom is subject to the two competing forces.
As the result, in some ca~es, the observed interatomic
distances between the central atom and S atoms in the second
coordination will change within certain limits. In case of
jamesonite, some of the Sb-S distances of this type can be
understood only as the van der Waals bonds. Nevertheless,
the seometrical shapes of the coordination polyhedra in
even such cases are similar to the ones, for example, found
in the stibnite structure. This fact suggests the primary
stability of the second coordination polyhedra in the sulfo-
salt structures. The deviations in the observed Sb-S
distances are considered to be the result of the secondary
influences, such as relative arrangement of neighboring
polyhedra, or kinds of other metallic atoms in the
structure.

The nature of the first and the second coordination
polyhedra of each kind of the central atom are tabulated
in Table 17.

Sulfosalt structures as open stacking of second
coordination polyhedra. In the following discussions the
Viewpoint is taken that the crystal structure is to be
regarded as a three-dimensional open stacking of the
above-discussed second coordination polyhedra. In the
open stacking of the polyhedra, the sharing of all the
polyhedral faces is not considered. In other words,
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Fig. 34 Geometry of tetrahedron. In drawings a,
tetrahedron is orientated so that a three-fold axis 1s
vertical. In drawings b, a two-fold axis is set as
vertical. In drawings Q, an edge of tetrahedron is set
as vertical. In the top row, tetrahedra thus oriented
are shown in clinographic projection. The second row
shows the projection of these tetrahedra projected along
the vertical axes. The third and the fourth rows show
the bonds between the central atom and S atoms located
at the vertices. In the fourth row, this central atom
1s represented by large circle. The figures accompanying
are respectively, a distance between a vertex and
opposite face, a distance between opposite two edges,

oand a length of an edge, which is assumed as 4.0A.



a b c·
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Fig. 35 Geometry of octahedron. A 4-fold axis,
a 2-fo1d axis, and 'a 3-fold axis of an octahedron are
respectively taken as vertical axis in drawings a, b,
and Q. The length of an octahedral edge is assumed as

A4.0A, and distances between opposite vertices, and
between opposite faces are indicated in drawings ~,
and Q. The top row is the clinographic projection, the
second row is the projection along the vertical axis.
The third and fourth row show bonds between the central
atom and S atoms at the vertices in the two kinds of
projection. The large circles in the fourth row
indicate the central atoms.



a b c
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Fig. 36 Geometry of complex polyhedra. In
drawings ~, and b are illustrated 7-vertex-8-hedron.
The numbers 1,1',2,21 correspond the same numbers given
in Fig. 35b. The derivation of this polyhedron from a
regular octahedron is explained in text. In drawings
Q, an 8-vertex-ll-hedron ,is sho\in. If a vertex 2' in
Fig. 36b is replaced by points 3, and 3' and a new
polyhedron is constructed with these points as two of
its vertices, the ll-hedron 1s obtained. Top row shows
clinographic projection, and second row shows projection
along the vertical axis, i.e. along the edge of original
octahedron. Since this edge is kept intact to derive
the complex polyhedra, the heights of these polyhedra

cin the orientations illustrated are 4.0A. The third
and fourth rows show the bonds between the central atom
and S atoms located ay the vertices of polyhedra.
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Table 16. Dimensions in tetrahedron and octahedron

(1) tetrahedron.
g = center to vertex distance, ~ = edge length,

b = height of vertex, and Q = distance between opposite edges.

d a b c
0 c) 0 0

Regular 2.45A 4.00A 3.26A 2.82A
Cu-B, the shortest.

2.20 3.59 2.93 2.54
Cu-B, the largest.

2.76 4.51 3.67 3.18

In regular tetrahedron, length of a tetrahedral edge is
assumed as 4.00A. One of the shortest and the largest Cu-S
distances observed are given, and other dimensions are
computed assuming a regular tetrahedron.
(2) octahedron.

g = center to vertex distance, ~ = distance between
opposite two vertices, b = length of an edge, and Q =
distance between opposite two ~aces.

d a b c

2.841 0 4.00A 3.27ARegular 5.68A
Pb-S 2.97 5.93 4.19 3.42 in galena
Sb-S 2.74 5.4"8 3.88 3.17 in stibnite

2.64 5.38
(averaged)

Fe-S 3.37 3.05 in berthierite
2,45 4.90 3.46 2.84 "
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Fig. 37 Schematic representation of the structure
of stibnite, Sb2S3-.Open circles represent the atoms
with z coordinates zero. Shaded circles represent
the atoms with z coordinates 1/2. Interatomic

odistances are in A unit.
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Fig. 38 Schematic drawing of the structure of
galena. Small ci. rcles represent S atoms, and large
circles Pb atoms. The projection on (110) is shown.
Projections of octahedra shown in Fig. 35b are evident.
Dotted line indicates a trace of a plane parallel t~
(110). If height of atoms represented by open circles
is assumed as zero, then height of atoms represented by

'0shaded circles is 2.lA.

Fig. 39 Schematic drawing to illustrate a double
layer of 7-vertex-8-hedra in galena structure. Part A
of the galena structure in Fig. 38 is glided parallel to

o(110) relative to part B. The amount of gliding is 2.lA.
The projections of 7-vertex-8-hedra illustrated in Fig. 36a
are evident.
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Table 17
The first and the second coordination polyhedra

CLIcharacteristics of the central atoms in sulfos~ structure~

Atom First coordination Second coordination
e.N.* Polyhedron e.N. Polyhedron

eu 4 tetrahedron
Ag 2. linear 6 distorted octahedron
Hg 2 linear 6 distorted octahedron
Fe 6 distorted" octahedron
Pb 6 regular octahedron 7 7-vert~-8-hedron

• 12..)(

"6 distorted octahedron 8} 8~vertie-e-s-ll-hedronex

As 3 trigonal pyramid 6 distorted octahedron
Sb 3 trigonal pyramid 7 7-vertic8a-8-hedron

-t ell(

Bi 3 trigonal pyramid 8 8-vert~-11-hedronex

* e ..N. stands for coordination number.

Note: The following exceptions are knovm.
eu, in one case, 3 triangle
As, in one case, 4 tetrahedron
Fe, in one case, 4 tetrahedron
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In space-filling by polyhedra, there must be open space
in the shape of tetrahedra, etc., which does not belong to
anyone of the polyhedra. To understand the sulfosalt
structures, the building principle is the stacking of the
second coordination polyhedra sharing edges or vertices
(in few cases polyhedral face). As discussed above, for
the most important atoms in sulfosalts, namely submetallic
atoms and Pb atom, there are several possibilities concerning
the kinds of the polyhedra they can assume. The reason why
the certain kind of coordination is realized in one structure
but not in the other is not clearly understood. The first
factor to determine the actual coo~dination is the kind of
central atom and the ratio of the number of S atoms to the
number of metallic atoms in the structure. But it must
also depend on the number and kinds of coexisting different
metallic atoms, i.e. on the nature of coexisting polyhedra.

From the above statement it can be deduced that the
group of atoms including one or more of these versatile
atoms, other metallic atom, and S atoms will crystallize
in many kinds of structures with the proper ratio between
the numbers of these atoms in the formula. In other words,
there will be many minerals representing, for exanwle, a
Pb-Sb-S system. And actually the situation is observed.
Excluding the doubtful species, 9 such minerals are knownll•
This fact is in distinct contrast to sulfide minerals
representing Pb-S, and Sb-S systems. Galena, and stibnite
are respectively the only minerals known of these systems.

There is not always a simple relation between the
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dimensions characteristic of the polyhedra, and the
dimensions defined as a unit cell in the resulting structure.
The unit cell dimensions are certainly the result of
periodicity in the way these polyhedra are stacked, but
the relative orientation of one polyhedron to the other can
not be guessed from the given unit cells. In some cases,
however, there is one shortest unit cell dimension which
is directly related to one of the characteristic dimensions
of the coordination polyhedra. In these cases the following
assumptions are reasonably made: (I) this dimension is
found common to all coexisting polyhedra in the structure,
and (2) these polyhedra are orientated so that this cownon
dimension is parallel to the direction of the unit cell
length. The most recurring shortest dimensions of the
sulfosalt unit cells are approximately 4A, 6A, and BA.

These dimensions should be in close relation to the polyhedral
dimensions in the structures. From Fig. 34, 35 and 36, and
Table 16, these dimensions are understood in terms of
polyhedron or a small Group of polyhedra as follows:

D
4A unit. This unit is found as (1) an edge of Cu-S

tetrahedron, and (2) an edge of Pb-S, Sb(As,Bi)-S octahedron,
and (3) an edge of the distorted Fe-S octahedron, and finally
(4) an edge of complex polyhedra around the atoms Pb, Sb(As,Bi).

D6A unit. This unit is found as (1) a body diagonal of
•octahedron with edge length of 4A, and (2) 2~ in two tetrahedra

sharing an edge between them (~ is given in Table 16), and
2c in two octahedra sharing a face betv{eenthem (~ is in
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Table 16).
o8A unit. This unit is found as twice the above-

omentioned 4A dimension. The stacking of any two of the
epolyhedra with 4A edge will result in this unit.

Classification of sulfosalt minerals. The present
structural knowledge of sulfosalt minerals is not enough
to classify all the structural types based on the principle
of the open stacking of coordination polyhedra. Nevertheless,
there is one group of sulfosalts, concerning which this
principle can be considered as well established. This is
the acicular group of sulfosalts. The members of this group

oare characterized by one unit cell dimension of about 4A,
and the acicular to thin tabular forms in crystal habits.
The building principles found in all the previously
determined crystal structures of this group can be stated
as follows: For the members of the acicular group of sulfo-
salts, the structure building principle is the open stacking
of the second coordination polYEedra. They are stacked so

othat the 4P. dimensions in all the polyhedra are orientated
parallel to each other.

From the crystallographic and morphological viewpoints,
these minerals should be grouped together not only for the
convenience of description, but as the definite group based
on the structure building principle. In the usual classi-
fication based on the chemical formula of minerals, ,Table 18 *,
the above mentioned grouping can not be achieved. Therefore,
the new scheme of classification of sulfosalt minerals to be
proposed here is primarily based on the shortest unit cell
dimensions of the crystals.
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Footnote for Table 18's.
In Table 18's the chemical classifications of

the .sulfosalt minel'als are given. All the known minerals
are classified according to the kind or kinds of
metallic elements in the chemical formula. The scheme
of classification lslistad-below.

Sulfosalt mineral~~contain1ng Cu ••••••• Table 18a·

" ~ (Fe,Hg). • Tabla 18b·
" Ph. • Table 18c• ... . ·
II au and Ag Table IBd. • ·~. Cu and Pb • • Table 18e·
II Ag (Fe) and Pb. Table l8f
II Ag, au and Pb Table 18g.

In each group of minerals the species with known
crystallqgraphic data and those without them are listed
separatedly.

For the well established species the minerals are
listed in the increasing order of the chemical
parameter defined as

f = (au + Ag + Pb + As + Sb + Bi )/S •
For each mineral, The following data are given;~

name, chemical formula, f, crystal system, spaae group,
unit cell dimensions, crystal habit, Z ( number of
formula in the cell), cleavage, and investigator.



W1tt1chen1te 1.33 orth.

Klaproth1te
Ep1gen1te
Sty1otyp1te

Cu6B14S9 1.11 orth.?
(0u,Fe)~ASS6 1.0 orht.?
(Cu,Ag,Fe)3SbS31.33 mono.?

a = 7.66, b = 10.31, c = 6.69 2 Tabular i.00lJ ,
also acicular to
columnar.

Nuffield60 (1947)
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Table l'8b. '~Sulfosalt m1nerals conta.1ning Ag (Hg,Fe).
Mineral Chemioal

Formula
Crystal
System

Space
Group

Unit Cell D1mens1ons .Cry~tal Habit Cleavage Note Investigator

Pavon1te AgE1 s;3 5 0.8 C2/m Nuffield47 (1954)mono. a= 13.35, b = 4.03, 0 = 16.34~ = 94°30'
a = 17.20~ b = 7.76, c = 15.16 24r = 101 °12'

Smith1te A2/a orAa1.0 mono.

Miargyr1te 02/0 a = l3.17~ b = 4.39, c = 12.83
r = 98°30'

100 mono.

Aramayoite a = 7.72, b = 8.82, c = 8.30 6
cJ. = 100°23', ~ = 90°00', y= 103°541

:a = 3.918, b = 4"..406, o = 5.662 1

tr1.

Mat11d1te orht. I?1.0

Proust1te R3c a = 10.77, c = 6.86
arh = 6.86, c1.= 103°30.5'

a = 11.97, b = 6.20, c = 16.95
r = 110°10 I

hex.

Xanthooonite C2/0mono.

Pyrargyrite R3c a = 11.04, 0 = 6.20
arh = 7.00, eX = 103°59'

a = 6.84, b = 15.84, c = 16.59
f :. 1 1'() o~ I

1.33 hex.

PyroBt11pn1te P21/cmono.

Stephanite or-the a = 7.70, b = 12.32, c = 8.48Cmc2

4

8

6

8

6

4

4

Bladed crystals elongated
to [010J •

Thin' tabular {100} ,
also equant.

Peacock65 (1946)t 100} perfect

Thick tabular {OOl} or
{llOr •

aOfma~~3 (1938)
Graham (1951).{010;' imperfect,

{lOOy,{lOl~ trace.
Pseudo-1eom.
sub-multiple
cell.

Thin plate {d10~~ ;{OIO} perfect,
,.(100 t, fair,
ef OO]} trace.

Graham 42 (1951)

Rarely as indistinct
prism.

None.

Pseudo-1aom.
sub-multiple
cell
Psedo-1som. Graham42 (1951)
sub unit cell

Prismatic [0011 • flaIl distinct,
{012}very perfect.

Structure known. Harker27 (1936)

Tabular ~ocir ,
or elongated lOla].

Peacock67 (1951){OOly distinct. Dimorph of
prouatite.

Pr1smatic [001]. {10lr distinct. Harker27 (1936)Structure
known.

Small lath LOOIJ, ·{OlO} perfect.
or plate flattened to{OlO~.· .

Peacock67 (1951)
•

Dlmorph of
pyrargyrite.

Short prismatic to tabular"~ 010}, {021~imperfect.
{001), or elongated [lOOJ. ~~

Taylor69 (1940)

Polyargyrlte A~4Sb2Si5? 1.731 180m. Cuba-octahedron

Berthierl te FeSb2S4 0.75 orth. Pnam a = 11.44, b = 14.12, c = 3.76 4 Prismatic (001] to fibrous. Prismatic rather Buerger and Halm4 (1955 )
I

indistinct.
1"

Llv1ngstonlte HgSb4Sa 0.625 mono. A2/a a ~ 30.25, b = 4.00, c = 21.49 8 Minute needles elongated ~OOl} perfect, N11zek1 and Buerger15 (1957 )
(0101. {010j,{100} poor.



Mineral Chemioal
Formula t Crystal Spaoe

System Group

Sartor1te

Zinken1te

0.75

0.75

Rob1nson1te

Baumhauerite

Rath1te

Cosal1te

Bouranger1te

Fa1kmanni te ..

Graton1te

Jordan1te

Geocron1te

0.75

0.76

0.77?

0.80?

0.80

0.82

0.83

0.86

0.86?

mono. ?

hex.

orht.

tr1.

mono.

mono.

orht.

mono.

mono.

hex.

mono.

mono.

Pnam

pI

P21/m I

Pbnm

P21/a

R3m

P21/m

Unit Cell Dimensions
Table l8c •. Sulfosalt minerals containing Pb.

z Crystal Habit

....

a = 77.9, b = 83.0, 0 = 78.6 Prismatio.

a = 44.06, c = 8.60

a = 11.73, b = 14.47, c = 4.076

a = 16.51, b = 17.62, 0 = 3.97
0( = 96°04', r = 96°22', y= 91°12 t

a = 22.68, b = 8.32, c = 7.92
(J ° II = 97 ,17~..

a = 25.00, b' = 7.91,' c = 8.42
~= 99~00I

a= 19.04, b = 23.81, c = 4.05

". '"
. a = 21~52, b = 23.46, 0 = 8.07

~ = 100°48'
a = 15.67, b = 19.06, c = 4.02

~= 91°50'
a = 17.69, 0 = 7.83
arh = 10.54, ~= 114°05'

a = 8.89, b = 31.65, c = 8.40
~ = llao21'

a = 8.97, b = 31.90, c = 8.49

320

80
or 81

4

1

3or 4

2

8

8

4

3

3

Thin prismatic to
fibrous.

N~edles C0011J

fla tt emed {100)' .

Slender prismatic
[001].

Short prismat1c[010],
tabular {lOO}.

Prismatic r ooi i,

Prism~tic to needle [001].

Long prismatic to
acicular.

needles t oor i.

Prismatic [0011.

Tabular .f. OlO}.

Tabular t ooi}.

Cleavage Note
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Investiga.tor

of 100 1fair. Pseudo cell wi th or-t.h,
s~etry 1s ta.ken with
a =19.48,bl=4.15,c'=7.86

ef.llO}indist1nct.

11103-good Structure known

None.

{lOOt perfeot

c{lOO} perfect

{lOa} good Strong sub-cell with
c I = 4.035 .

None.

{OlOr very perfect Sub-cell with
cl = 4.20

{OIl} distinct

64Peacock and Berry
(1940 )

Nuff1eld58(1945)

Wickman5 (1951)

Berry et a150 (1952)

Peacock64 (1940)

Berry64 (1940)

Berry46 (1939)

Berry48 (1940)

Hil1er17 (1955)

Palache and Fisher63
(1940 )

Peacock and Berry64
(1940)

Douglass51 (1954)
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Table 18d. Sulfosalt minerals containing eu and Ag.
Mineral Chemical f Crystal Sapce

Formula System Group

Polybasite (Ag,Cu)16(Sb;As)2S11 1.64 mono. C2/m

Fearceite (Ag,Cu)16As2S1~ 1.64 mono. C2/m

Unit 'Cell Dimensions Z ~Y8tal Habit Cleava.5e Note Investigator

a = 26.12, b = 15.08, c = 23.89 16
f = 90°00'

a = 12.61, b = 7.28, c = 11.88 2

Short tabular {OO]}. {O.OD' imperfeot Pseudo hex. oell with
a' = 15.08, c· = 23.84

66Peacock and Berry
(1947 )

Short tabular {OOlr. Pseudo hex. cell with
at = 7.28, o' = 11.88

66Peacock and Berry
(1947 )

Table 18e. Sulfosalt minerals containing au and Pb.

Mineral Chemical :r Crystal Space Unit Cell Dimensions Z Crystal Habit
Formula System Group

Meneghinlte Pb13CuSb7S24 0.83 __orth. Pbnm for a = 11.36, b = 24.04, c = 8.26 2 Slender pr1smatic[OOl], {OlOt perfect, Stro~ sub-cell with Berry and Ivlodd1e49
(1941)

sub-cell also fibrous. {OOl~ difficult. c' = .13

8.081,
21 (1956)

Se1igmannlte PbCuAsS, 1.0 orth. Pn2Ih a = b = 8.747, c = 7.636 4 Equant to short Very poor' on Structure known Hellner
prismatic [OOlJ, also ~001y,~100J,{010Y.
tabular ~ 001 J • 21 (1956 )

a = 8.162, b ~ 8.711, c = q.811 Structure known Hellner
Bournonlte Pb?uSbS3 1.0 orth. Pn2m 4 Short prismatic to ~OlOJimperfect,

tabular {OOlr. {lOOy,{OlO, leas good

a = 11.65, b = 4.00, Wickman 6 (1953 )
A1k1nlte PbOuBiS': 1.0 orth.' Pnma c = -11.30 4 Prismatic to acicular 001 • Very indistinct Structure known

3

G1.adlte PbCuB15S-9 0.78 orth? Prismatic.

Ra,zabany1te ~3~B110S19 0.79 Massive.

Hammarlte Pb20ui'14S9 0.89 Short prismatic to acicular.
Berthonite Pb2CurrSbSSi3 1.08 Massive.
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.Table 18f. Sulfosalt minerals containing Pb and Ag UJU.

'\

Mineral Chemical f Crystal Spa.ce ·ttn1\~:Cello"Dimensions Z Crystal Habit Claa"~ge Note Investigator
Formula System Group

~ ~,. loire,
~j

Kobellite FePb6(B14Sb2)S20 0.65 orth. Pnmm s.. = 22.57, b = 34.01, c = 4.01 1 Fibrous LOOI]. !Prianatic. Nuffield6l (1948)

Jameeon1te FePb4Sb6S14 0.79 mono. P21/a a = 15.57, 'b = 18.89, c = 4.03 2 Acicular to fibrous !'{OOlJ [good , Structure known; N1izek1 and Buerger7
F = 91°481 [001]. also {OlOy, and {120Y. (1957 )

;,

Andorite IV PbAgSb3S6? 0.83'1 orth. Pmma , P2ma.l,~ a. ::: 13.03, b = 19.15, c = 17.16 4 Short prismatic t ooi.r f None Pseudo cell with Donnay and Donnay32
or Pm2a ·thick tabUlar {lOOY. o' = 4.29 (1954)

Andorite VI PbAgSb3S6? 0.83'1 orth. Pnma or a. = 13.03, b = 19.15, c = 25.74 6 Long prismatic, or Pseudo cell with Donnay a.nd Donnay32
Pn2a I ~ance-ahaped. 0' = 4.29 • (1954)(Ramdohri te )

F1zely1te Pb5~Sb8S-i8 1 0.·831 orth. Pnmm or a. = 13.14, b = 19.23, c = 8.72 Prisma.tic. :{010) Nuffleld57 (1945 )
Pnm2 r

Owyheelte Pb5A~Sb6~5 0.87 orth. Pnam for a. = 22.82, b = 27.20, • = 8.19 8 Acicular [001], to ma.ssive. [001; Pseudo cell with Rob1nson16 (1949ipseudo cell ot = 4.095

Dia.phor1te Pb4Ag6Sb6S16 1.0 mono. P2/a a = 15.83, b = 32.23, c = 5.89 8 Prismatic [001] . None Galena-type He-11ner25 (1956)r ~ structure.

Fre1s1ebenite Pb 4Ag4Sb 4812' 1.0 mono. P21/a a = 7.53, b = 12.79, c = 5.88 1 Prismatic [001] • ;{110} imperi"ect Galena-type Hellner25 (1956)r = 92°14' structure.

Sch1rmer1te 1.0



Table 18g. Sulfoaalts containing Cu,Ag and Ph.

Mineral Chemical
Formula

f Crystal Space
System Group Unit cell dimensions z Crystal Habit Note Investigator

Pbca a = 10.78, b = 35.28, c = 8.14 4 Needles and laths
001 •

59 .
Nuffield (i91.~7)

Benjaminite 0.89 mono~ al = 13.34, b' = 4.06, c' = 20.25 1
A true cell is unkno~m

= 104°
at = 34.82, bt = 5.745, ct = 18.36

= 94°l9t. A true cell 1s undetermined

Nuffield7l(1953)

0.92? mono. Bladed crystals,
Flattened 001 ,
elongated 010

001 perfect Nuffield56 (1944)

Alaskaite Pb(Ag,Cu)2B14B8 0.875
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The further possibility of this kind of classification
was illuminated' by the reacently analysed structures of
seligmannite and bournonite21• The schematic representation.
of their structures is reproduced in Fig. 41. As contrasted
with sulfosalts in the above-discussed group, especially
to aikinite, their Bi-analogue, these two minerals have the
following characteristics. Their crystal habits are
eqaunt to short prismatic, and their shortest unit cell

o 0dimensions are respectively 7.64A, and 7.8lA. In their
structures, however, there are mirror planes perpendicular
to these shortest axes. Consequently the structures are
divided into two units related by the mirror operations.

oIn these building units with one dimension of 3.B2A, and
o3,9lA, it was shown that the structure building principle

by the stacking of polyhedra is essentially same as stated
above. The structural scheme of aikinite is reproduced for
compa~ision in Fig. 40.

Also in numbers of sulfosalts minerals the existence of q
o

4A SUb-multiple unit cell is reported. lIost well studied
examples are andorite IV, and andorite VI of Donnay and
Donnay32. In.both structures the strong psuedo-unit cell

o 0 0with a = 13.03A, b = 19.15A, and ct= 4.29A is found. In
the form~f;'<'mineral four such cells give the true unit~

o

cell with c = 17 .16~.jand in the latter mineral six of them
(>give the true unit·cell with c = 25.74A.

The above-mentioned two groups of sulfosa1ts can be
defined as (1) sulfosalts with shortest unit cell dimension

o 0of BA, but with asymmetric unit with 4A, and (2) sulfosalts
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owith SUb-luu1tip1e unit cell with ~\ dimension.
The structure building principle for these groups

Dis assumed here, if the building unit with 4A length is
considered, as identical for the acicular group. Although
the structure determination of the minerals in these groups
are lacking, these groups are treated as closely related
ones to the acicular group in the present classification.

Chemical parameter f. The next shortest dimension to
obe considered is 6A. The structures associated with this

dimension have been identified as closely related to the
galena type structure. In his discussi6n on this group of
sulfosalts, Hellner25 introduced two chemical parameters,
fl and f2• These are defined by the following formula:

s
+ Sb(As,Bi)Ag + Pb

and
Ag + Pb

f2 = Sb(As,Bi)

In the above formula each symbol represents the number of
each atomic specie in the chemical formula. Thus in galena,
PbS, fl = 1.0 and f2 = an infinite. The sliuilarity of the
sulfosalts structures to the galena-type is therefore
defined by two factors, i.e. identity of unit cell dimension
with about 6A, and the value of fl equal to 1.0 or very close
to it. The minerals satisfying these two conditions are
grouped together. The structure of galena as the stacking
of regular octahedra was already treated in an earlier section.

If the existence of atomic species other than Pb does not
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Fig. 40 structural scheme of aikinite, CuPbBiS3-
(After Wicl-anan5). Open circles represent atoms with
Z coordinate equal to zero, and shaded circles represent
y coordinates equal to 1/2. Accompanying figures

oindicate the interatomic distances in A unit.

Fig. 41 structural scheme of bournoniter~QuPbSbS3.
(After Hellner2l.) The projection of the whole unit
cellon (001) is given. Heavy open circles represent
the atoms with ~_coordinates equal to zero~ Light open
circles represent the atoms with ~ coordinates equal to
1/2. These atoms are on the mirror planes_ Shaded
circles represent atoms with z coordinates very close to
1/4.
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disturb this octahedral arrangement, the structure scheme
of galena will be kept essentially intact. Ag, and Sb(As,Bi)
atoms, as discussed already, may have distorted octahedra
as their second coordination polyhedra.

Similar chemical parameter can be defined for the
sulfosalts containing Cu as only the metallic element.
The parameter fJ is definied as follows:

f - Cu + Sb(As,Bi)
3 - s

In the fourth group of the present classification, the
minerals with ~J values equal to 1.0 are grouped together.

In the most general treatment, parameter f can be
defined as

f = Cu + Ag + Pb + Sb(As,Bi) •
S

In the fifth group the sulfosalts with values of f greater
than 1.0 are classified. The reason for this classification
will be developed in a later section.

Finally, the minerals with unknown structural principles
are grouped together. They are plagionite series, and two
hexagonal minerals, gratonite, and zinkenite.

The principles of classification are tabulated in
Table 19. All the minerals are classified according to
these principles and listed in Table 19's.

The detailed treatment of each group will be found in
the following sections.



Table 19
Olassification of sulfosalt! minerals based on the

\

probable stacking type of the second coordination polyhedra.

Group A (acicular group). Minerals characterized by
one unit cell dimension of 4A, and acicular to thin
tabular forms in crystal habit. For the minerals of
this group f ~ 1.0.
Group At. This group is sub-divided into two groups.

Group A'-l (Bournonite group). ~1inerals
characterized by one unit cell dimension of about SA, but
with asymmetric unit of 4A. f-va1ues are less than 1.0

Group A'-2 (Andorite group). riinerals with
one pseudo (sub-multiple) unit cell dimension of 4A,
and f values less than 1.0.
Group B (Galena-type group). Minerals characterized by ~ft€

shortest unit cell dimension of about 6A, and fl = 1.0.
Group C (Tetrahedrite group). 1Iinerals characterizea by
an isometric symmetry, and chemical parameter f3 = 1.0.
Group D (Pyrargyrite group). 1linerals with chemical
parameter f-values greater than 1.0
Group E In this group are included plagionite series,
and two hexagonal minerals zinkenite, and glatonite.
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2. Polygonal network of the projected structures
of minerals in group A and At.

Introduction. The three dimensional treatment of
the open stacking of polyhedra is not easy. For the
minerals in group A and At of Table 19, to which most

•numerous sulfosalts belong, the existence of a 4A dimension
allows an easier treatment. •If projected along this 4A
axis, all the atoms in the structure will be clearly
resolved. The orientations of polyhedra of various kinds
with respect to this axis were treated in the previous
section. A polygon obtained as the projection of each
polyhedron, therefore, can be uderstood with definite
shapes and probable dimension~. Thus the three dimensional
structures will reflect their nature in their projections
although with certain ambiguities.

The coordination polygons in the projections are
obtained by connecting all the S atoms to the neighboring
S atoms surrounding the same central atom. The two
dimensional space is now divided into sets of polygons
sharing their sides. In this paper this network is termed
as a polygonal network representing each structure. The
polygonal network must possess the translational and plane
group symmetry elements of the original projection. These
polygonal networks are illustrated for all the known
structures of acicular sulfosalts in Fig. 42 to ffig.48.

Corresponding to the table of coordination polyhedra,



Fig. 42 Polygonal network of the structure of
chalcostib1te, CuSbS2 projected on (001). The
structure 1s represented dlagramatlcally in Fig. 55.

The'large circles represent Sb atoms, and the
small circles Cu atoms. The S atoms are located at
the points of network.
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Fig. 43 Polygonal network of the structure of
a1k1n1te, CuPbBiS3 projected on (010). The schematic
representation of the structure is given in Fig. 40.
The large circles represent Pb or Bi atoms, and the
small circles au atoms.

This is essentially also the polygonal network
of the structure of stibnite. The large circles
represent Sb atoms, and the triangle in which Cu atoms
are located will be vacant.





Fig. 44 Polygonal network of the structure of
bournonite, OuPbSbS3 projected on (001). Fig. 41.

The large circles represent Sb atoms, the large
circles in heavy lines represent Pb atoms, and the
small circles au atoms.
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Fig. 45 Polygonal network of the structure of
berthlerite, FeSb2S4 projected on (001), Fig. 53.

The large circles represent Sb atoms, and the
small circles Fe atoms.
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Fig. 46 Polygonal netwo~k of the structure of
galenobiamut1te, PbB12S4, projected on (010), Fig. 58.
The heavy circles represent Pb atoms, and the light
circles Bi atoms.
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Fig. 47 Polygonal network of the structure of
jameson1te, FePb4Sb6Sl4 projected on (001), Fig. 33.
The large heavy circles represent Pb atoms, the large
circles Sb atoms, and the small black circles Fe atoms.
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Fig. 48 Polygona~ network of the structure of
livingstonite, HgSb4Sa projected on (010), Fig. 13
and Fig. 14.

Large circles represent Hg atoms, and small circles
Sb atoms.
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Table 20.
The second coordination polyhedra and the

corresponding coordination polygons in the projection
along 4A axis of the suirosalt structures.

Atom Second Coordination Coordination
Polyhedra Polygons

Cu tetrahedron 3-gon (triangle)

Ag distorted octahedron 4-gon

Fe II II

Hg II n

h

Pb regular octahedron u

Ph (1) distorted octahedron 4-gon
As (2)'7-vertlces-8-hedron 4-gon or 5-gonSb
Bi (3) 8-vertices-ll-hedron 5-gon
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a table for the coordination polygons in the projected
structures can be prepared. They are tabulated in
Table 20.

Nature of~olygonal network. Another point of view
for discussing this polygonal network is the plane network
described in some detail by Wells33,34,J5. The nature
of the network can be specified by the nwnber of points,
in the translational or asymmetric unit, and their nature
of connectedness. The connectedness is defined as the
number of polygonal sides which terminate at a point.
This number is equal to the number of polygons which share
the point in common if the exceptional situation of 100p3J,34
is not considered.

The nature of a polygonal network also can be described
by the kinds and number of polygons in the unit. These
characteristics of networks of each sulfosalt structure
are tabulated in Table 21.

From examining the polygonal networks of sulfosalts
structures, the following en~irical rules can be obtmned.

(1) Except in the case of chalcost~bite, Fig. 42,
and of livingstonite, Fig. 48, the connectedness found in
the networks is three and four.

(2) In chalcostibite, all the connectedness is five,
and in livingstonite, these five-connected points are found
with four-connected points.

(3) The polygons with more than six sides are not found.
(4) There are, as in stibnite, Fie. 43, berthierite,
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Table 21
Polygonal networks of the projections of acicular

aulfoealta.

Minerals Points in network Poly gone in network
and 2X
Figures p P3 P4 Ps (X - 2) h li4 lls jh,; j

Cha1costibite
-l.Q... 2 ...L 102 0 0 2 0

Fig. 42 ::.~ T 3 --r-
Stibnite 3 0 4 0 4 1 ...L 1 4Alklnite T 3 T

Fig. 43

Bel 1gmannite
6 0 6 0 4 1 ...L ...L 4Fig. 44 3 3 3

Berth1erite
1 2 14 0 4 0 4 T T T 4Fig. 45

Galenoblsmutite 14 1 2 144 2 2 0 0Fig. 46 --r- T T --r-
1.) 2.s2 -LJamesonlte ...a. 63 6.5 6.5 ~

7 1 6 0 13 _.6-_L-L 13Fig. 47 - 13 - 13 - 13

Llvingstonlte 8 2 4 2 4 1 0 0 4
Fig. 48 --_ ... -'-~.

In all the above example the relation 3h3 + 4h4 + 5hs = 2X
(X-2J

1s seen to hold. X is computed as,
X = 3P3 +4P4 + 5pS

p
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Fig 44 and jamesonite, li1ig. 1,,8, unoccupied triangles.
These triangles are the projections of the open space
in the three dimensional stacking of polyhedra.

(5) There are unoccupied 4-gons in livingstonite.
One of them is caused by the existence of S2 group in the

..
structure, and the other is the result of projecting the
open space ·in the polyhedral stackings.

Solution of polygonal network. The two kinds of
specifications to be applied to the polygonal network
were described in the above paragraph. One is the
number and nature of the points in the networks', and the
other is the number and nature of the polygons in the
networks. By the solution of polygonal netv~rk, the
relations between these two viewpoints are implied. The
polygonal network will be given in terms of the number and
connectedness of the points. The solution can be obtained
in the number and kinds of polygons to be constructed VIith
these points.

Polygonal network and chemical formula. To understand
the relation betweenthe polygonal network and chemical
formula of the mineral, the following table of correspondency
is useful.

Network theory
Total number of points in the Total number of S atoms
unit, P
Total number of polygons, N Total nwnber of coordin-

ation polygons including
unoccupied ones.
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Network theory Chemical formula
Total number of occupied Total number of metallic
polygons, No and submetallic atoms.

3-gon Cu-triangle, or vacant tri-
angle

5 gon

4-gons with central atoms
Ag, Fe, Hg, Sb(As,Bi), and Pb.
5-gons with central atoms

4-gon.

Sb(As,Bi) and Pb.

Theorem of network theory. Wells has shown that
h) + h4 + h5 + + hp = 1 ••••••••••••••.•• (1)

and 3h) + 4h4 + 5h5 + +p~ = 6 •••••••••••••••••• (2)

if all points are three-connected, and instead of (2),
+php = 4 ••••••••••••••••• ()}

if all points are four-connected. In these formula hp represents
the fraction of p-gon in the unit of network.

Now in general the following two theorems can be proved.
Theorem 1. In two dimensional network, if all points

are q-connected, the following two relations hold:
h) + h4 + h5 +

)h) + 4h4 + 5h5 +

+ hp = 1
+ ph = ~ ••••••••••• (4)P (2-2)

where hp is the fraction of p-gon in the unit of network.
The proof Theorem 1 will be found in Appendix IV.
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Theorem 2. If there are q-connected points and
r-connected points in the ratio of Q : R in the two dimensional
network, instead of (l~), the following relation holds:

+ php = 2X
(X-2)

(5 )

where
x :; qQ, + rR

QJ + R

The proof of Theorem 2 is given in Appendix V. The signific-
ance of this theorem is that in a mixed network an averaged
connectedness per point plays the same role of the single
value of connectedness in a uniform network.

Ambiguities in the solution of polygonal network.
By means of the above-stated two theorems the solution in
terms of number and kinds of polygon can be obtained if the
nature of connectedness is given in the problem. But in
applying these theorems to the problem of the projections
of sulfosalt structures three kinds of ambiguities should
be mentioned.

(1) Ambiguity in the nature of connectedness. The
connectedness in all-hexagon networks is J, and the connected-
ness in all-triangle network is 6. These two values of
connectedness can be treated as extreme cases. As observed
before, the connectedness found in major parts of the
projection of sulfosalt structures is three and four, and
in a few cases five. There is no way to pre-determine the
value of connectedness from the given chemical formula.
But there is one theorem which limits the value of connected-
ness in relation to the chemical formula.
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Theorem 3. If the chemical parameter f has a value
greater than 1.0, the existence of the connectedness larger
thah 4 must be assumed in the network.

The proof of this theorem is given in Appendix VI.
In the network of chalcostibite, Fig. 42, it is found that
all the points are 5-connected. But the value of f3 of the
mineral, CuSbS2 is equal to 1.0. Actually the idealized
network of this structure can be constructed with points
of 4-connectedness only as the above theorem implies.
This idealized network is shown in Fig. 49. In the actual
-network the distortion of 5-gons associated with Sb atoms
are such that one angle becomes greater than To avoid
such polygons the division of each 5-gon into one 3-gon and
one 4-gon was made, and the connectedness of the points is
increased to 5. This 4-gon is associated with Sb, and
consequently the 3-gon is vacant. The same kind of disoussion
applies to the other case of exception to the above theorem,
the netowrk of livingstonite, Fig. 48. Here a 6-gon with
one angle greater than is divided into two 4-gons by an
additional line. One of the 4-gons is vacant, and some of
the points become 5-connected.

(2) Ambiguity in the nature of the polygons. The
possible polygons to be associated with each central atom
are listed in Table 20. For the atoms Pb, and Sb(As,Bi),
there are always two possibilities, i.e. 4-gon or 5-gon.
There is no way to resolve this point.
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Fig. 49 Alternative representation of the polygonal
network of chalcostibite projection. In this
network, there are 3-connected and 4-connected points.
In the network illustrated in Fig. 42, there were
only 5-connected points.
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(3) Ambiguity due to the probable existence of the
vacant triangles. There is no criterion for finding the
existence and number of the vacant triangles. As will be
shown in the later examples, this ambiguity increases the
number of possible solutions two-fold or more.

Systematic solution of the polygonal network. There
are two kinds of approach to solve the given networks
depending on the nature of the problem. The first kind of
problem is to find the solution from a given chemical formula
without any assumption concerning the nature of connectedness.
The second problem is to find the solution from a given
chemical formula assuming that the connectedness of points
is a mixture of 3 and 4, a most general case in the projections
of acicular sulfosalts. The second kind approach will be
treated systematically below.

The problem here is to exhaust the possible network
types given the nwnber of points in the unit of the network.
In terms of crystal chemistry, it mnounts to stating that,
given the number of S atoms in the fornlula in the as~netric
unit, exhausting the possible types of projections in terms
of the coordination polygons.

The solutions can be obtained by applying the above-
.. .

stated Theorem land 2. The systematic steps are given in
Theorem 4. The derivation of this theorem by means of
earlier theorems is treated in Appendix VII.



163.

Theorem 4. The possible types of the polygonal networks
for the given chemical formula can be derived by the following
steps: Only 3-connected and 4-connected points are assumed
in the networks.

Step 1. Determine the exact chemical formula in the
asymmetric unit •

.Step 2. Assign the possible kinds of polygons to
metallic or submetallic atoms.

step 3. If the total nmnber of polygons in the unit
is found as an integer, the possible combinations or P3
(number of 3-connected points) and 1'4 (number of 4-connected
points) in the unit is given by

1'3 = 2n where n = 0, 1, 2, ... P/2 if P is

1'4 = P-2n even, and

n = 0, 1, 2, 3, .. {P - 1)/2
if P is odd.

where P is the total number of points in the unit.
step 4. If P and n are fixed, the total nunillerof

polygons, N, is given by
N = P - n

Step S. If P and n are fixed, n3, n4, and nS can
be determined by

° ~ n3
~p- 3n

2
nS = n3 + 2n

n4 = N - n3 - nS-
Step 6. Among the solutions there are those with No

equal to the number of metallic and submetallic atoms in the
formula. These are the possible solutions representing the
projection.
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When the given formula does not include eu atoms,
that is, when there is no ambiguity due to the vacant
triangle, the number of the possible solutions is given
by the following theorem:

Theorern 5. The number of possible solutions
representing the given chemical formula is

P - No + 1
where P is the number of S atoms in the formula, No is
the number of central atoms (metals and submetals) in the
~ormula. The proof of this theorem is given in Appendix
VIII.

For minerals berthierite, FeSb2S4 and galenobisDlutite,
PbBi2S4, p = 4 and No = 3. By Theorem 5, the number of
possible solutions in this case is two. In one of the
following examples it is shown that these two minerals
represent one or the other of these two solutions.

Examples of the systematic treatment. In Table 19a,
the sulfosalt minerals Of the group A are tabulated. The
minerals are listed in the increasing order of P, i.e.
the number of S atoms in the ~ormula. The systematic
solutions are illustrated below for the smaller values of
P.

Example 1, P = 2. The solutions are worked out
most easily by a tabular form. It is shown below for
the case of P = 2.
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P n N (P-3n)/2 Examples
2 o 2 o 2 1 o 2 o matildite

1 o 1 chalcostibite

2 o 1 1

By step 3 of Theorem 6, the possible values of n can
be determined. In the present case they are 0 and 1. Also
by step 3, the possible combinations of P3 and P4are
computed as in the second and third columns of table shown
above.

By step 4, for each combinati?n of 1'3 and 1'4' or for
eaoh value of n, the possible number of polygons, N, is
determined.

By. step 5, the upper limit·of n3 is evaluated by
(P - 3n)/2. The possible values of n3 oan be tabulated
at once starting from zero to this upper limit. If this
upper limit is not an integer, n3 will be listed to the
olosest integer. In the present oase they are found to be
o and 1. From eaoh value of n3' the values of n5' and then
n4 are easily oomputed by formula of step 5.

There are two solutions in case of P = 2. One of
them represents a network of all 4-gons, and oan be
oonsidered to represent a projection of the galena-type
given in Fig. 38.

The seoond solution is a network in whioh 3-gons
and 5-gons are found in the ratio of 1 : 1. This represents
the ideal oase of the projeotion of ohaloostibite, Fig. 49.
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The actual network of chalcostibite was shown in Fig. 48.
In Fig. 50 the second kind of arrangement of 3-gons and 5-gons
in the ratio of 1 : 1 is illustrated. In Fig. 49 the two
successive sides of 5-gons are shared with neighboring 3-gons.
In Fig. 50 the alternative two sides of 5-gons are shared
with 3-gons. These two drawings illustrate that the
diagrammatic representation of the solution obtained is
not uniquely fixed.

Example 2, P = 3. The possible values of n are 0 and
1. The solutions are worked out in a tabular form below~

p P3 P4 n N (p - 3n)/2 n3 n4 n5 Example

3 0 3 0 3 1.5 0 3 0 trivial

1 1 1 stibnite
aikinite

2 1 1 2 0.5 0 0 2 no example

The network representing the projection of stibnite is
illustrated in Fig. 43. The difference between stibnite
and aikinite is the existence of a vacant triangle in the
former structure and the filling of it by a eu atom in the
latter case. The network representing the projection
of asymmetric unit of seligmannite is
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Table 19a. Group A.
The su1fosalt minerals of this group are characterized

oby one unit cell dimension of approximately 4A, and.by
their crystal habits as acicular to elongated thin tabular
forms.

Formula in
Mineral Space Unit Cell Dimensions Plane Group Asymmetric No. of S Structure

Group of Projection Unit of Projection in Formula
ill

Matl1dite orth. a = 3.92, b = 4.05, o = 5.66 AgBiS2 2 KnO\Pffi, need refinement.
Cha1costibite Pnam c = 3.78, a = 6.01, b =14.46 pgg CuSbS2 2 Known
Emp1ectite Pnam c = 3.89, a = 6.13, b =14.51 pgg CuB1S2 2 II

Stlbnlte Pnma b = 3.83, c= 11.20, a =11.28 pgg Sb2S3 3 II

Aikinite Pnma b = 4.00, c =11.30, a =11.65 pgg CuPbB1S3 3 It

Berthierite Pnam c = 3.76, a =11.44, b =14.12 pgg FeSb2S4 4 II

Ga1enobismutite Pnam c = 4.d8, a =11.74, b =14.47 PSg PbBi2S1+ 4 II

1'avonite C2/m b = 4.03, a :;13.35, c =16.34 p2 AgBi3SS 5 Unknown
f == 94°30'

(synthetic) C2/m b = 4.00, a =13.084 c =14.70 p2 Cu1.5Bi2.554.5 4.5 Unknownr = 99°2 'Cuprblsmuthlte C2/m b = 3.93, a = 6.01, b =14.46 p2 Cu3B13S6 6 Unknown
f =100°21'

Fa110nannite 1'21/a o = 4.02, a =15.67, b =19.06 pgg Pb3SbI)S,-, Q Unknown
[3 = 91°50\~ c. 0

Jamesonite 1'21/a c = 4.03, a =15.57 b =18.89 pgg FeO.SPb2Sb3S7 7 Known
f = 91°48'

Llvlngs toni te A2/a b = 4.00, c =21.49, a =30.25 p2 HgSb4S8 8 II

(9 =104°12'
Cosa1ite 1'bnm o = 4.05, a =19.04, ..b =23 •.81 pgg l'b45b4S10 10 Unknown
Roblnsonite PI c = 3.97, a =16.51, b =17.63 p2 Pb3.SSb3S12.5 12.5 "

01= 96°04t~= 96°22' f= 91°12'Kobal1ite Pnmm c = 4.01, a =22.57,b =34.01 - pmg FePb6Bi4Sb2S16 16 II

Cann1zzarite A P2/m b = 4.10, a = 4.13, c =15.5 p2 Pb,B1,S '? It

C2/m b = 4.10,
(3 = 99°00' II ? ItCa.nnlzzarite B a = 7.07, c =15.5 p2

(synthetic) P2/m
e = 99°00' .p2 " ? IIb = 4.08, a = 4.11, c =18.58

(synthetic) F2/m b = 4.08,
f = 93°35' . " ? Ita = 7.03,,·c =37.16
I = 93°35'
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Fig. 50 Idealized network of the chalcost1b1te
project1on. This represent one type of arrangement
of 3-gons and 5-gona in the ratio of 1 : 1, and
with two 4-connected points in the asymmetric unit.
The second type of arrangement is shown in Fig. 51.
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Fig.·51 The second type of arrangement.of .
3-gons and 5-gons. In the asymmetric unit of projection
there is one of each. The two points in the Unit are
both 4-connected.
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illustrated in Fig. 44. In this network there are also
3-gons, 4-gons, and 5-gons in the ratio of l~: 1 : 1, and
P = 6. The difference in the relative arrangement' of
polygons between aikinite and seligmannite can be seen from
Fig. 43 and Fig. 44.

The first solution can be considered as three units
of the galena-type network, and therefore iS,a trivial one.

The third solution with all 5-gons is not yet found
among the projections of known sulfosalts.

Example 3, P = 4.
Solutions are worked out in a tabular form below.

p n N {P-3n}/2 Example

4 o 4 o 4 2 o 4 o trivial

1 2 1 berthierite

2 o 2 unknown

2 2 1 3 0.5 o 1 2 galeno-
bismutite

In the case of berthierite, Fig. 45, Fe and SbI are
associated with 4-gons, and SbII with a 5-gon, and there is
a vacant 3-gon. In the case of galenobismutite, Fig. 46,
Pb is associated with 'a 4-gon, all Bi with 5-gons, and no
vacant 3-gon is found in the network.

For the third solution, there are two possibilities.
If the ·Cu atom is associated with two 3-gons the possible

chemical formula is, for example, CU2Sb2S4. If there are
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one Cu-3-gon and one vacant 3-gon, the possible formula is
CuSb2S4· The first compound can be regarded as two unit
cells of chalcostibite, and the second compound is unknown.

Example 4, P = 5.
The solutions are given in a table form below.

p P3 P4 n N (P-3n)/2 n3 n4 n5
5 0 5 0 5 2.5 0 5 0

I 1

2 1 2

2 3 1 4 1 ,0 2 2

I 0 3

In Table 19a the only example with P = 5 is the mineral
pavoniye, AgBi3S5- For pavonite, No = 4, and the 3-gon is
to be considered as vacant. So the possible solutions for
this mineral are the following two:

(I) o 5 1 3 1

( 2) 2 3 o 2 2

Example 5, Jamesonite, FePb4Sb6S14.

In the asymmetric unit of projection there is FeO.5Pb2Sb3S7.
Thus P = 7, and No = 5-5. This is a case where N in the unit
is half an integer. The steps corresponding to those given
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in Theorem 6 are found in Appendix IX. The possible solutions
with P = 7 are as follows.

P3 P4 n3 n4 n5
(i) 0 7 1.5 4 1.5
(ii) 1 6 1 3.5 2
(iii) 2 5 0.5 3 2.5
(iv) 3 4 0 2.5 3

Since Fe is definitely to be associated with 4-gons,
the value of n4 is expected as a half integer. ~vo solutions
among the above-listed four can be selected as probable ones.
The actual network, Fig. 47, is represented by (ii) with one
vacant triangle in the asymmetric unit of projection. In
jamesonite Fe and Sb are associated with 4-gons, and Pb with
5-gons.

Summary of the polygonal network theory.
The method developed by Wells in his treatment of the

geometrical basis of crystal chemistry was generalized and
applied to the crystal chemistry of sulfosalts. The solutions
were systematically obtained for given P, the nwuber of points
in the unit of networks. These solutions represent the
projections of structures with given S atoms in the asymmetric
unit of projection. All the projections of the lQ10wnacicular
sulfosalts find their representative networks among the
solutions obtained. This fact is considered as the theoretical
confirmation of the basic assumption, the principle of open
stackings of coordination polyhedra. Because of the open-

ness in the structure, the ambiguity due to the vacant 3-gons
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in the networks could not be resolved. This ambiguity
prevented the unique solutions for the minerals with unknown
structures. But if the basic assmnptions are correct, the
actual structures of these minerals should find their
representative networks among the possible solutions.
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3. The Sb(As,Bi)-S chains and layers

Introductiono In the previous section the structures
of the sulfosalts of the acicular group were treated from
the viewpoint of open stacking of the second coordination
polyhedra. The shortcoming of this treatment is twofold.
First, the satisfactory application of the principle was pos-
sible only in the form of the polygonal network theory. Thus
the projections of the structures, not the three-dimensional
structures themselves, have been considered. Second, the
important structural motifs found among the members of acicu-
lar sulfosalts were obscured. These motifs are the various
kinds of the atomic groups composed of Sb(As,Bi) atoms and
S atoms, in the shapes of chains and layers running parallel
to the acicular axes of the minerals. The building unit of
these groups is an Sb(As,Bi)S3 trigonal pyramid. Since this
is the first coordination polyhedron, the discussion of the
features has been necessarily neglected in the previous sec-
tion. In this section the building up of the larger Sb(As,Bi)-S
groups from this unit will·be considered in detail. The dis-
cussion is similar to the familiar polymerization of the
Si-O tetrahedra in silicate crystal chemistry. In the following
descriptions, the submetallic atoms, As, Sb, and Bi will be
represented simply by Sb.

Electronic configurations of Sb, and S atoms, and
structures of the elements Sb and S. Each one of the three
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submetallic atoms, As, Sb, and Bi has four outer orbitals.
They are respectively 4s4p3, 5s5p3, and 6s6p3. There are
five electrons to fill these orbitals. In the normal case
two electrons are paired and fill the s orbital, and the
remaining three electrons are unpaired and occupy three p
orbitals. These three electrons in the p states are capable
of forming three covalent bond~.

The structures of the metallic forms of As, Sb, and
Bi are well known, but the nature of the chemical bonds in
these submetals has not been quite clearly presented. These
metals provide a type example of the Brillouin zone theory
of the metallic bonds36• Regarding their rhombohedral
crystal structure as a distorted NaCl type, the deviation
has been explained as due to accommodating the five outer
electrons in the first Brillouin zone. Recently Krebs3?
presented another picture from the concept of covalent
bonds resonating among six positions. The structure of
these submetals is a double layered structure. In the double
layer each atom forms three strongest bonds of p character
to the three closest neighbors in the layer. There are,
however, three additional atoms at larger distances in the
adjacent layer. The six neighbors form a distorted octa-
hedron around the central atom. Krebs' interpretation is
that three p bonds resonate among six positions, which can
be accounted for if positive and negative region of the p
wave function are considered. The difference between the
two kinds of interatomic distances is explained as the result



176.

of the difference in the probability of resonance toward
first three, and second three neighbors. According to Krebs,
this resonance is responsible for the metallic nature of
these elements.

Pauling38 recently treated the valence states of
these elements in alloy with true metallic atoms. He pre-
dieted that these atoms would have metallic valences between
1 and 1.5 in a metallic state. With the single bond radii
of these atoms as

0oR = 1.210A for As1
0= 1.39lA for Sb
0= 1.510A for Bi

and his formula to compute the bond number,
Rn = R1 - 0.300 loglOn

he found that As in Cu and Ag; Sb in Pb, Tl, Cu, and Ag;
Bi in Pb and Au; all have this metallic valence. The values
he found were between 1.00 and 2.10.

It is interesting to note that if computed with these
Rl values, then the valences of As, Sb, and Bi in the ele-
ments are computed as (see Appendix X) 2.31, 2.45, and 2.74
respectively. These values are considered as intermediate
between the metallic valences and covalent valences with
three p electrons of each atom.

Whatever the true nature of the chemical bonds in
these elements, it is to be noted that these atoms have a
tendency to obtain additional neighbors beside the three
bonded by covalent bonds of p character.
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Sulfur has also four outer orbitals, 3s3p3 and six
electrons to fill them. Two electrons are paired and are
in the s orbital. Two further are paired and in one of p
orbitals, and the remaining two are unpaired and occupy
two p orbitals. In orthorhombic. sulfur, the unit of struc-
ture is the S8 molecule, which has the form of a puckered
8-membered ring. The S-S distance in this molecule is
2.12A, and interbond angle is 1050• The chemical bonds
holding the ring are considered as two covalent bonds of
p character due to the two unpaired electrons. Exact nature
of the behavior of S atom in various environments is not
well understood. The simpler varieties are the tetra-
hedral one in ZnS, and the octahedral one in PbS. From
the covalent approach they are explained as, respectively,
sp3 hybrid bonds39, and resonating 3p bonds37•

Independent SbS3 pyramid. If the covalency of 3
and 2 are associated with Sb and S atoms, the first unit
to be considered is an SbS3 group of atoms. In this unit
three covalent bonds of the Sb atom are satisfied within
the unit, but one of the two bonds of each S atom is not
satisfied. The formula corresponding to the notations for
Si-O groups can be written as (SbS)3. The number 3 indicates
the unsatisfied three covalent bonds associated with this
group. An example of this unit is found in the structures
of proustite, Ag3AsS3 and pyrargyrite, Ag3SbS3• The detailed
discussion of these structures will be found in section 5.
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Fig. 52 Schematic representations of Sb-S groups.·
The large circles represent Sb atoms, and small circles
S atoms.

(a) SbS3 trigonal pyramid.
(b) Sb2S5 group.
(c) Sb3S7 group.
(d) Sb4B8 ring.
(e) BbS2 chain with a projection along the

chain axis.
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The geometry of this unit is illustrated in Fig. 52a.
Although the theoretical interbond angles between three p
bonds are 900, the observed angles in the structures are
about 1000•

Finite grou~ of Sb and S atoms. If two adjacent
SbS3 groups share one S atom between them, groups such as
Sb2S5 and Sb3S7 will be obtained. These are illustrated
in Fig. 52b and 52c. The formulas of these groups can be
given as (Sb2S5)4, and (Sb3S7)5. Larger groups are also
conceivable. The Sb3S7 group is found in jamesonite,
FePb4Sb6S14• In the structure of jamesonite, Fig. 33, two
Sb3S7 groups related by a center of symmetry form the
larger double group of Sb6Sl4, although the Sb-S distances
between two groups are of the order of Van der Waals dis-
tances. No example of the Sb2SS group is known. Although
an example has not been found yet) closed groups such as
(Sb4Sa)4, Fig. 52d, are theoretically possible.

SbS2 chain. If an infinite number of SbS3 group
share one S atom between neighboring groups, a single
chain of the composition SbS2 is obtained. This chain is
schematically represented in Fig. 52e. This chain is found
in the structure of berthierite, FeSb2S4, Fig. 53. The pro-
jection of this chain on the plane normal to the chain axis
is also shown in Fig. 52e, and comparison of this with
Fig. 53 indicates this chain in the structure. In every
other example the chain is associated with its centrosymmetric
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Fig. 53a Schematic representation of the structure
of berthierite, FeSb2S4 projec~ed on (001) after
Buerger and Hahn4• Open circles represent the atoms
with z coordinates equal to zero, and shaded circles
those with z coordinates -'equalto J./2. Figures

~indicate the interatomic distances in A unit.

Fig. 53b. Schematic representation of the
projection of berthierite given for the four unit cells.
The shaded circles in Fig. 53a are filled in.

SbS2 chains are emphasized. An octahedral coordination
around Fe atom, and Sb4Fe2Sa building unit is shown.
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Fig, 54 Schematic representations of Sb-S groups.
(cont.)

(a) Bb2S4 double chain, with a projection.
(b) Sb2S3 band.
(e) Sb4S6 double band.
(d) Sb2S3 sheet, only a part is shown.
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Fig. 55a Schematic representation of the structure
of chalcostibite, CuSbS2 projected on (001), after
Hormann3l•

Open circles represent the atoms with z coordinates
equal to zero, and the shaded circles represent the
atoms with z coordinates equal to 1/2. Figures
represent the interatomic distances in A unit.

Fig. 55b. Schematic representation of the four
unit cells or chalcostibite. The shaded circles
in Fig. 55a are filled in. ,The SbS2 chains are indicated.
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or two-fold screw equivalent in the structure and forms a
double chain of composition Sb2S4• One of the SbS2 chains
in berthierite is this type.

Double chain Sb2S4• The double chain Sb2S4 is
schematically illustrated in Fig. 53a with its projection
along the.chain axis. In this chain each Sb atom has 5
neighboring S atoms, i.e., three closest ones and two addi-
tional ones at slightly larger distances. These S atoms
can be considered as located at the vertices of an octahedron
with one vertex unoccupied. One kind of S atoms in this
double chain has three neighboring Sb atoms. Thus at this
stage of building up of Sb-S groups, the purely covalent
viewpoint cannot be followed, since the actual interatomic
distances found in the chain indicate the bond type as non-
Van der Walls type. Examples are found in the structures
of berthierite, of chalcostibite, Fig. 54 and of livingstonite,
Fig. 13. The interatomic distances between the Sb and S
atoms of two SbS2 chains a~e sometimes, as in livingstonite,
comparable to the closest Sb-S distances in the chain, and
in the other example, as in chalcostibite, quite large ones
(over 3.0A).

Sb2S3 bando Another kind of group can be formed from
the two SbS2 chains. In forming Sb2S4 double chains no
further sharing of S atoms occurs. If two SbS2 chains
share one kind of S atoms between them, then the Sb2S3
type band, Fig. 53b, is obtained. This band itself has not
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been found in the sulfosalt structures. In the Sb253 band
schematically shown in Fig. 54b all the Sb atoms have
three neighboring S atoms, and the formula can be expressed
as (Sb2S3)1 indicating one remaining covalence of the S
atom. The one SbS2 chain can be oriented with respect to the
other to satisfy this remaining one covalent bond of the
S atom within the Sb2S3 band. This additional bond is indi-
cated by the dotted lines in Fig. 54b. The formula of this
type of Sb2S3 band is expressed, therefore, as (Sb2S3)O
indicating that all the theoretical covalent bonds are
used up in the group. Two of these (Sb2S3) group, usually
related by a center of symmetry, form the Sb4S6 double
band. An example is the structure of stibnite, Sb2S3 illus-
trated in Fig. 37. In this double band every Sb atom has
five neighboring S atoms.

Although not illustrated, Sb-S bands of larger size
can be conceived. The formula of such bands can be expressed
as Sb3S4, Sb4S5, and generally as SbnSn+1•

Sb2S3 sheet. The SbS2 chain considered in the previous
groups was, as shown in Fig. 52a, the kind in which all
the bonds from the Sb to S atom with one unsatisfied valence
are orientated in same direction. Another kind of SbS2
chain can be imagined if the above-mentioned Sb-S bonds
are orientated alternatingly to the opposite directions.
Two of this type of SbS2 chain are shown in Fig. 54d sharing
one kind of S atoms between them. If this group is extended
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to infinite size, the two-dimensional Sb-S sheet is obtained.
The composition of this sheet is Sb2S3• In this sheet each
Sb atom has three S atoms, and each S atom has two Sb atoms
as the neighbors. All the covalent bonds of Sb and S are
used up within this sheet. An example of this group is
known in the structure of orpiment40, As2S3• In the orpi-
ment structure, Fig. 56, the chemical honds between the
successive sheets are considered as Van der Waals type.

Sb4SS group. In the structure of livingstonite,
Fig. 13, two double chains of composition Sb2S4 are arranged
close to each other, and an S2 group (one S from each double
chain) is formed between them. The S-S distance of this
group is 2.07A, and bond between these two S atoms is con-
sidered as covalent as in the case of the same group found
in pyrite, marcasite, and covellite.

Structure of stibnite. The structural unit of
stibnite is, as described above, an Sb4S6 double group,
or an (Sb2S3)~ double group. When this group is arranged
in the unit cell of the structure, the result is that
each Sb atom has two more additional S atoms as its neigh-
bors. The schematic representation of four unit cells of
stibnite is shown in Fig. 57. These two additional S atoms
belong to the adjacent Sb4S6 groups, and are located at
further distances than the five atoms already described.
Altogether the coordination number provided by 01 atoms,



186.

Fig. 56 Schematic representation of the structure
of orpiment, As2S3 after Morimoto40•

Figures represent the interatomic distances in
oA units. An As2S3 sheet is indicated by heavy lines in
the projection on (010).
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Fig. 57 Schematic representation of the structure
of stibnite) Sb2~3. The projection of four unit cells
are shown.

Large circles represent Sb atoms) and small circles
S atoms. Open circles indicate the height zero, and
shaded circles one half.

Sb4S6 double bands are indicated by outlined 4-gons.
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of each Sb atom increaBes to seven, and the second
coordination polyhedron of Sb atom is completed at this
stage.

Chains and double chains of Metal-Sulfur in sulfosalt
structures. When the chains or bands of Sb-S group described
above are discernible in the sulfosalt structures, the metal
atoms can be regarded as playing the cementing role for these
Sb-S groups. But if considered in terms of their own
coordination, the chains or double chains of metal-sulfur
coordination polyhedra can be recognized. The kinds of
chains found in the structures are as follows.

Cu-S tetrahedral chain. The successive tetrahedra
share one corner between them in this chain. The axis of
the chain is parallel to the 4A unit of the tetrahedron,
Fig. 34, and Table 16. Examples are found in every structure
of the acicular sulfosalts containing Cu. The chain itself
has the chemical composition of eus3, and corresponds to the
Si03 chain in the pyroxenes. The difference between these
two chains is the orientations of the alternating tetrahedra
with respect to the chain axis.

The same kind of chain as eus3 was found in the crystal
structures of K2CUC13, and its isomorphs, CS2AgCl3, and
CS2AgIJo In these structures41 the chains of tetrahedra
of CUCj , or AgC13, AgI3 run parallel to the 4A axis of
the structure, and in the interstices
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large cations locate themselves. Since Brink showed that
the Pauling's electrostatistic rules are satisfied in
the structures, these structures can be treated as ionic.
They are interesting since they are isostructural with
one of the acicular sulfosalts, aikinite CuPbBiS3• In the
latter structure, if the same viewpoint is taken, the
atoms Pb and Bi can be considered as occupying the inter-
stices provided by the CuS) chains. The difference between'
them is that in the more ionic K2CuCl3 structure, the cation
K is surrounded by seven 01 atoms at nearly equal distances,
but in the more covalent structure of aikinite Bi(Pb) has,
among the seven closest S atom neighbors, the three most
strongly bonded ones.

Metal-sulfur octahedral chains. The second example
of metal-sulfur chains is an octahedral chain formed by
successive octahedra sharing two opposite edges with
adjacent octahedra. Fe-S chains are found in the structures
of berthierite and jamesonite. An Bg-S chain is found in
livingstonite. The composition of the chain itself can
be expressed as MS4. If two such chains of octahedra
further share between them edges of octahedra, a double
chain of composition MS3 can be obtained. An ex~nple
is found in the Pb-S double chain in the structure of
galenobismutite, PbBi2S~. The structure of the mineral
is schematically represented in Fig. 58.
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Fig. B8a Schematic representation of the structure
of galenobismutite, PbBi2S4 projected on (010), after
Wickman5• Open circles represent atoms with y coordinates
equal to zero, and shaded circles represent atoms with y

coordinates equal to 1/2.

Fig. 58b Schematic representation of four unit cells
of galenobismutite. The shaded circles in Fig. 58a are
filled ino
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Polyhedral interstices provided by two or more
chains: The metallic atoms may be considered as occupying
interstices of proper shape and dimensions -formed by S
atoms of several Sb-S chains or bands. As illustrated
in Fig." 59 the tetrahedral and octahedral interstices are
easily provided by two or more parallel chains.

The tetrahedral interstices are provided by two chains.
One chain provides three S atoms, and the.second chain
one S atom, Fig. 59a. An example is the Cu-S tetrahedron
in aikinite. Tetrahedral interstices also can be provided
by three chains a~ in chalcostibite.

The octahedral interstices are provided by either
two chains, Fig. 59b or by three chains, Fig. 59c. The
former case is observed in berthierite, and the latter
case in jamesonite, both for the Fe-S octahedron.

Interstices surrounded by seven or more S atoms
from three chains.are also'known. These interstices are
to be accommodated by Pb atoms. Examples can be seen
in jamesonite and seligmannite.

It is observed that the sulfur atoms with more than
two submetallic neighbors in the chain further participate
in forming interstices, and form chemical bonds with the
metallic atoms that occupy these interstices. From the
interatomic distances between metallic and S atoms observed
in sulfosalts, listed in Table 22, the metal-S bonds are
considerably ionic in minerals. Thus for some compounds
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Fig. 59 Schematic representation of tetrahedral
and octahedral coordination of the metal atoms in the
acicular su1fosa1ts. Large circles represent Sb atoms)
small circles S atoms) and small black circles metal atoms.





Table 22
Meta1-S dista.ncesin su1fosa1ts ( ;1'. A ~;-t. s )

Ph-B- c.r. in galena 2.97(6)
, .
Pb in galenobismutite 2.96, 2.98, 2.99(2), 3.04
PbI in aikinite 2.88(2), 2.93(2), 2.98, 3.16(2)

. ,

FbiI in aikinlte 2.84, 2.87(2), 2.99(2), 3.12, 3.35
FbI in bournonite 2.96(2), 2.99, 3.06(2), 3.51(2)

PhIl in bournonite 2.95, 2.97(2), 2.98, 3.22(2), 3.57(2)
PbI in jamesonlte 2.91, 2.92, 3.01, 3.04, 3.04,

3.13, 3.29, 3.39
2.87, 2.87, 2.88, 2.97, 3.04,Pbll[ in jamesonite

Fe-S c.r. in pyrite 2.26(6)
Fe in bertbierite 2.45, 2.46, 2.49(2), 2.64(2)
Fe in jamesonite 2.36(2), 2.57(2), 2.66(2)

Cu-S
au in chalcostiblte 2.20, 2.25, 2.33(2)

2.31 (2), 2.33(2)
2.28(4)
2.29, 2.39(2)
2.32(2), 2.27, 2.40
2.29(2), 2.41, 2.76

Cu in enargite
CuI in tennantite
au ItII
Cu'in aikinite
Cu in bournonite

Ag-S
Ag in proustite

Hg-S
Hg in livlngatonite
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an ionic representation of the chemical formula is possible.
For example, berthierite can be expressed as Fe2+(SbS2)2-.
and jamesonite as Fe2+Pb~+(Sb6Sl4)10-.

The relation between the first and second coordination
polyhedra of Sb(As,Bi) atom. In section 2, the structures
of the acicular sulfosalts were considered in terms of
the second coordination polyhedra of metallic and submetallic
atoms. In this section the same structures were.described
in terms of Sb-S groups. These groups were composed of
Sb-S3 trigonal pyramids, i.e., the first coordination poly-
hedra of the Sb(As.Bi) atom. By definition. the second
coordinations include the first coordinations. The rela-
tion between these two kinds of coordination of submetallic
atoms is illustrated in Fig. 60.

In Fig'.60e, the Sb2S3 band of the stibnite structure
is shown with its centrosymmetrical equivalent (in dotted
lines). In this figure the second coordination polyhedra
are also outlined. It·was already pointed out that the
only kind of polyhedron found in two kinds of orientation,
is the 7-vertex-8-hedron. In one kind of chain this
polyhedron is extended into a chain by sharing its two
opposite triangular faces with adjacent polyhedra. In
the other the sharing of two opposite edges is observed.
The three shortest Sb-S bonds are indicated, and the small
circles at the corners of polyhedra indicate the additional
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Fig. 60 Relations between the first coordination
and the second coordination of Sb atoms in the acicular
sulfosalts.

The first coordination is represented by heavy
lines) and the second coordination by dotted lines.

(a) SbS2 chain in relation to 7-vertex-8-hedron.,
(b) " "
(c) SbS2 chain in relation to 8-vertex-l±~hedrot1..
(d) SbS3 group in relation to 7-vertex-8-hedron.
(e) Sb4S6 double bands of stibnite is shown

in relation to the stacking of polyhedra.
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S atoms. The orientations of the three closest S neigh- ,
bors in the various kinds of Sb(As,Bi) second coordination
polyhedra are illustrated in Fig. 60a, 60b, and 60d.
These three strong bonds share two of the S atoms with ad-
jacent configurations, and are built into strongly bonded
chains of Sb and S.

It will be noticed, however, that this orientation
-is not the only one for the three nearly orthogonally
directed bonds with .respect to the'polyhedron. Since two
of the three bonds are in the square close-section of the
geometrically related octahedron, the orientation illus-
trated in Fig. 60c is also possiblp.. In this case, although
some weaker.bonds are directed in the proper direction of
chaining (as indicated by light lines), the strong ones
are not connected to each other. It will be noticed from
the drawing that there are possibilitie~ of extending these
three strong bonds horizontally, and this situation is
actually observed in jamesonite.

Cleavage of acicular sulfosalts. If the cleavage
of the mineral is understood as the distribution of the
weaker chemical bonds in a way parallel to the macro-
scopic crystallographic planes, the cleavage of the
acicular sulfosalts will be prismatic.' It is so since
the above-mentioned planes are parallel to the axis of
strongly bonded Sb-S groups, and are thus parallel to the



197.

acicular axis of the crystal. It must be understood,
however, that not only the acicular habit, or the exist-

oence of 4A dimension in the unit cell, but the orientation
of three strong Sb-S bonds with respect to the second
coordination polyhedra is responsible to this kind of
cleavage.

In case the orientation of these bonds occurs as
illustrated in Fig. 60c, then there can be a cleavage
normal to the acicular axis. This is observed in the
above mentioned structure of jamesonite. Other acicular
sulfosal~s with this basal cleavage are owyeeite and
falkmannite.

o _Submultiple unit cell dimension of 4A in sulfosalt
structures. In the diagrams of Fig. 60ls, the chains
are drawn so that each successive polyhedron is identi-
cal with the adjacent ones. In other words, they are
translation equivalents of each other. The,value of

ethis translation is 4A. It is conceivable that in some
case the successive polyhedra are not identical with

\)each other. Then the dimension 4A is not the true period
of repetition, but will be a sub-multiple dimenston of

oa larger unit cell with n times the 4A dimensionG No
structural data are available for this kind of sulfosalt,
but the feature may occur in the structure of seligmannite.

There are~o kinds of atom having the second coordi-
nations constituting chains. They are Pb and submetallic
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atoms. If the center atoms of successive polyhedra are
not the same kind, but alternate between these two kinds,
the configurations of the coordinating S atoms will not
be identical, but similar to each other. In this case

othe doubling of the 4A unit results as a true unit cell
dimension, but a strong sub-multiple unit cell with a
o4A dimension will be observed too. It is interesting to
note that such sub-multiple unit cells are observed in
sulfosalt structures including Pb atoms.
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Ta.ble19b. Group A'.

The 'sulfosalts of this group are characterlxed either
':. ' 0

by -an asymmetric un1t with 4A dimension, or by a sub-mul,tlple
o

unit with 4A dimension. The value of the chemical parameter
f of the mine~als of this group is equal to or less than 1.0.

In the following table"tia.me, formula, space group,
,.' .. =

o 0

and asymmetric or sub~mu1tlple dimension of;:4A;~:leng.thare
given. A sub-multipled1mension is 1ndicated by a prime, and
a~aBymmetric dimension is indicated by a double prime.

Sm1thite A2/a b = 7.76, b let = 3.88
AgAsS2
Stephan1te Cmc2 a = 7.70, a' I = 3.85
AgSSbS4 ~

BoliCanger1teo P21/a sub-cell with 0' = 4.035
PbS5b4Sl1
Sartor1te Pseudo orth. oell with b' = 4.15PbAs2S4
Geocron1te Pseudo orth. cell·with c' = 4.24
Pb5Sb2S8?
Jordanite P21/m sub-cell with c' = 4.20
Pb2~~S14S49?'
Bauinhauer:tte P21/m b = 8.32, bl' = 4.16
Pb4As6Sl3?
Benjamin1te Pseudo mono. cell with b' = 4.06
Pb( Cu,Ag)2Bi4~9
Hutchinsonite Pbca
Pb4(Ag,Cu)2AsIOS20
Menegh1n1te Pbnm
Pb13CuSb7S24
Seligmannite Pn2m
CuPbAsS3
Bournon1te Pn2m
-CuPbSb83
Owyheeite Pseudo
Pb5Ag2Sb6S15

o = 8.14, e ' , = 4.07

c = 8.26, c ' , = 4.13

c = 7.636, c 1 , = 3.818

o = 7.811, c' , = 3.906

orth. cell with c' • 4.095
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Table 19b (cant.)
Andorite TV Pmma? sub cell \'11th c' = 4.29
Andorite VI Pnma? sub cell ,with cf = 4.29
Rathite P2l/n b = 7.91, b f I = 3.96

Among the above-listed minerals , only seligmannite
and bournonite have determined structures. Therefore
the classification based on the existence of a 4A unit
in one way or other must be considered as a tentative one
until much more structural data become available.
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4. Relation between sulfosalts structures and
simple sulfide structures.

Sulfosalts of group B. The sulfosalts of this
group are characterized by a shortest unit cell dimension
of about 6A, including with sub unit cell with the same
dimension, and with the chemical parameter fl equal to 1.0.
The minerals are listed in Table 19c. These structures are
related to the structure of galena, PbS, although the
detailed structure analysis has not yet been presented.
The possible relations between these sulfosalts and the
galena-type structure were diRcussed in section 2. The
nature of chemical bonds in galena was treated by Krebs37

as resonating covalent bonds.
In the last part of the previous section, the second

coordinations of Pb atoms similar to those.of submetallic
atoms were discussed. It is also possible for the sub-
metallic atoms to have a second coordination more char-
acteristics of Pb atoms, such as a distorted octahedral
one. The same situation applies to the Ag atoms. To
satis£y their first coordination, Ag needs two linearly
arranged S neighbors, and the submetallic atoms three
S neighbors. These first coordination will be realized
within the distorted octahedral arrangement of six S atoms.
Graham42 pointed out that each of ~alena-type powder lines
of the high-temperature forms of Pb-Ag-Sb or Pb-Ag-Bi
systems split, when cooled down, into a set of fine struc-
ture lines. These sys~ems are considered to crystallize
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Table 19c.
Group B.

The sulfosalts minerals in this group is characterized
oby one shortest unit cell dimension of about 6A, and by a

value of chemical parameter 1'1= 1.0 or very close to it.

Matildite
AgB1S2

orth. c = 5.66, a : 3.92, b = 4.05 1'1= 1.0

mono. b = 4.39, e = 1.2.83, a : 13.17, 1'1: 1.0
Pseudo cell with

~l = 5.89, at = 3.61, b = 4.39

Miargyrite
AgSbS2

))

tri. a: 7.72, b = 8.82~ c = 8.30
= 100023', = 90 00', =103°54~,

1'1= 1.0

Aramayoite
Ag(B1,Sb)S2

D1aphorite
Pb4Ag6Sb6S16

mono. 0 = 5.89, a = 15.83, b = 32.23, 1'1= 1.0
=

Freislebenlte mono.

Lengenbaohite mono. al: 5.80, bl = 5.75, o'
Pb6(Ag,Cu)2As4S13? .

= 18.36,
l' = 0.92?

Probably smithite belongs to this group.
Sm1thite
AgAsS2

mono. a = 17.20, b = 7.76, 0 = 15.16, 1'1= 1.0
= 101°121

with a'= a/3 = 5.73, b~ = 2b = 15.52, and
o· = 20 = 30.32

a relation with diaphorite is observed.
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in a disordered galena-type structure at the higher tempera-
ture, and, when the temperature is lowered, to recrystallize
into structures in which the S atoms near the different
kinds of metallic or submetallic atoms rearrange themselves
to satisfy different requirements of chemical bonds.

There is another kind of possible distortion when
submetallic atoms are introduced into the PbS type structure.
It is the changing of the coordination number of some of
the atoms from six to seven or more.

Relation between atomic ratio in the formula and
C.N. ratio in the structure. If structures can be con-
sidered as the open stacking of the second coordination
polyhedra, and all the atoms belong to at least one of
polyhedra, then the following relation must hold.

The atomic ratio between the metallic and S atoms in
the chemical formula is the inverse ratio between the
C.N. (coordination number) of metallic atom and C.N. of·
S atom achieved in the structure. When there are more
than two kinds of coordinations in the structure, the
relation holds for the averaged C.N.ls•

The proof can be given as follows.
The averaged number of coordination times the number

of metallic atoms equals the number of S atoms counted as
many times as each S atoms belong to the several polyhedra.
This can be expressed as

C.N.Metal times NO.Metal = No.S times K

Now as the average, each S atom belongs to the metallic
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atoms whose number is given by averaged C.N. of s. This
value is k. Therefore,

C.N·Metal times NO.Metal = No.S times C.N.S
or

NO·Metal
NOes

=
C.Nel\letal

The left hand side of the equation is equal to the chemi-
cal parameter defined as}

f = NO.Pb,Ag,Cu,Sb(As,Bi)/No.S

Relation between C.N. and chemical parameter f = 1.0.
~rom the formula obtained above, if the value of f is
equal to 1.0, then an averaged C.N. of metallic atoms is
equal to that of one of the S atoms. When there is only
one kind of coordination in the structure, the number of
S atoms surrounding the metallic atom is equal to the number
of metallic atoms surrounding S atom. The simplest example
is'when C.N. = 4, or 6. The case when C.N. = 4 will be
dLscuas'ed immediately later. The case when C.N. = 6 is
applied to the present discussion of the structures related
to galena. These structures will be termed as the struc-
tures with 4 to 4, or 6 to 6 coordinations. The example
of 7 to 7 coordinations in the sulfosalts are unknown.

The possible type of deviation in G.N., keeping the
value of f equal to 1.0, in sulfosalt structures, therefore,
will occur when the averaged coordinations of metal and S
atoms achieve the same value between 6 and 7. No example
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is known to represent such structure.
Relation between C.N. and deviation of f-value

from 1.0. The f-values of the acicular sulfosalts are all
less than 1.0 except these including Cu atoms. By examining
the structures determined it is found that the C.N. of the
S atoms in the structures of the acicular sulfosalts is
not greater than 6. It takps the value of either 5 or
6. And it was already pointed out that C.N.Metal for these
structures, if Cu is excluded, is greater than 6. Thus
these structures can be regarded as the rearrangement of
the galena-type with a defect of S atoms.

The deviation of the f value from 1.0 as an indication
of this type of deviation Irom the galena-type structure
fails to hold if the formula contains Cu. For example in
aikinite, CuPbBiS3, a structure closely related to the
stibnite type, the value of f is equal to 1.0. This is so
since the averaged C.N. is related with the given chenlical
formula. In aikinite, the C.N. of each metallic atom is,
Cu = 4, Pb = 7, and Bi = 7. The average C.N. is 6. And
C.N.S of aikinite is 6.

Fragments of 6 to 6 coordination type in the sulfosalt
structures. In examining the structures of sulfosalts it
is noticed that the arrangements of the metallic or sub-
metallic atoms with 6 or more coordination are not completely
arbitrary. The situation can be expressed by saying that
fragmental layers or double layers are stable in the structure.
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These are fragments of the simpler structures with (1) 4
to 4 coordination, (2) 6 to 6 coordination, and (3) 7 to 7

coordination. In sulfide structures the 4 to 4 coordina-
tion is found in ZnS, but not in FeS, pyrhotite, or in CuS
as covellite. The 6 to 6 coordination is only found in
PbS, and not in any of FeS or AgS. The 7 to 7 coordina-
tion is hypothetical.

These fragmental layers are illustrated in Fig. 610
Fig. 61a is a representation of part of the galena type
coordination, Fig. 38. Fig. 6lb is the same kind of
layer found in the projection of chalcostibite.

In Fig. 61c is illustrated a smaller fragment from
the 6 to 6 coordination-type structure. Fig. 61d is a
corresponding group found in the projection of stibnite,
and actually this represents the projection of the Sb4S6
double band discussed-in the previous section. Fig. 6le
is a similar.part found in the projection of berthierite.
It is noticed that the Fe atoms play the same role as
the Sb atoms from the present viewpoint. Fig. 61f is a
group of atoms found in the projection of livingstonite.
The Sb2S4 double chains are cemented together by Hg atoms
and are built into the layer of composition Hg2(Sb2S4)2.

The structure of galenobismutite, Fig. 58 is an
interesting example from the present viewpoint. If Bi
atoms at the same height y = 0 or 1/2 are followed in
Fig. 58b, by following the doubled lines, two kinds of
S-shaped groups are recognized. Each group corresponds to
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Fig. 61 Fragments from the galena-type struc-
ture in the structures of the acicular su1fosalts.
They are illustrated as shown in projection along the
4A axis.

(a) A fragment of galena-type structure, Fig. 38.
(b) Fragment illustrated in (a) distorted._a~d

found in the projection of chalcostibite.
(c) Another fragment of the galena type.
(d) An Sb4S6 double band in the projection of

stibnite.
(e) An Fe2Sb4S8 band in the projection of berthierite.
(f) An HgSb2S4 layer in the proje"ction of livingstonite.
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one of the layer illustrated in Fig. 6la. And it will
be found that the Pb atoms are located within the large
interstices provided'by these S-shaped groups. Pb atoms
here form double chains of octahedra.

The Sb6S14 group in jamesonite has been studied from
the several viewpoints. This group is also regarded as a
fragment of'a simpler structure. Oomparison between the
projection of the structure, Fig. 33 and the schematic
representation of a 7 to 7 layer given in Fig. 39 shows
that this Sb6Si4 group can be considered as a small part of
the hypothet~cal structure with 7 to 7 coordination.

Minerals of group C. The minerals of this group
are characterized by isometric or orthorhombic crystal
classes and the value of the chemical parameter f3 is equal
to 1.0, thus indicating Cu atoms in the formula. These
minerals have the crystal structures closely related to
the structures of sphalerite or wurtzite, both ZnS, and have
a~ to 4 coordination in the ideal case.'

In tetrahedrite43 and tennantite29, with formulas
respectively CU12Sb4S13' and CUI~As4S13J the value of f3 is
computed as 16/13 = 1.23. Thus from the result of the
principle developed earlier in this section, the averaged
C.N.S is grea~er tnan tbe averaged C.N.Metal. What is found
as a deviation from the structure of sphalerite with 4 to
4 coordination is as follows: The coordination of the As
or Sb atom is not a tetrahedral one but a flat pyramidal
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Table 19d. Group C.
~e sulfosalts in this group are characterized by

the value of the chemical parameter f3 equal to 1.0, but
o .

the m1nerals with 4A dimension as the shortest unit cell
dimension are excluded.

Enarg1te orth.
CutsS4

a = 6.46, c = 6.18, b = 7.43

Famat1nite no crystallographic data
Cu3

SbS4
Tetrahedr1te isom. a = 10.40
(Cu.~Fe)12Sb4S13
Tennantite lsom. a = 10.09
(Cu,Fe)12As4S13
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Fig. 62 Structure of tennantite, (0u,Fe)12As4S13
after Pauling and Neumann29•

A cross indicated by letter P is where the fourth
S atom to complete a tetrahedral arragement around ~~
As atom is missing.



1"---------- ---:-r, . - - - ..
, 1

I

1

-I

I

1
1

I
I

I. "J' _

------ .,J

- - - - - -((;1)--------4 ---(Q)



210.

one as if the fourth vertice of the tetrahedron is not
occupied. And half the Cu atoms have triangular coordina-
tion instead of a tetrahedral one. As to the S ~tomst 12
oui of 13 S atoms are surrounded by 4 metallic atoms, but
the remaining one S atom is surrounded by six metallic
atoms. The coordination numbers observed are as follows:

6Cu = 3. 6Cu = 4, 4As = 3, and C.N.Metal = 27/8 = 3038
l2S = 4, IS = 6, and C.N.S = 54/13 = 4.15.

The pp.rspective drawing of the structure is illustrated
in Fig. 62.

Enargite, Cu3AsS4, is only the example of a structure
with 4 to 4 coordination among sulfosalts. The relation
of this structure to the structure of wurtzite is illus-
trated in Fig. 63. In Fig. 63a and Fig. 63b the pp.rspective
drawings of the structures of wurtzite and enargite respec-
tively are given. The structure of enargite can be regarded
also as a.idoub le layer of Cu-S tetrahedra of wurtzi te type
sandwiched between single layers of As-S tetrahedra of
wurtzite type. This can be seen from the projections of
both structures illustrated in Fig. 63c and 63d.

Although from mathematical considerations, alternatingly
occurring layers of Cu-S and Sb-S tetrahedra are possible
with any thickness of layer, the double layer of Cu-S
seems to be the most stable one of fragments of tetrahedral
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framework structure. Another example is found in the struc-
ture of chalcostibite, which will be discussed immediately
below. As"already mentioned, the CuS structure is not a
4 to 4 coordinated one. And AsS or As2S3 compounds are
examples of perfect three to two coordinated structure.

The tetrahedral bonds in s~lfide structures. are not
yet completely understood. This type of bond can be
explained, from the covalent viewpoint, as an sp3 hybrid
bond. It can also be explained from the ionic viewpoint
as the coordination determined by the size~ratio between
cation and anion. But the reason why Fe, and Cu, both
of which do not crystallize in a structure with 4 to 4

coordination with S, can achieve this coordination in the
structure of chalcopyrite, FeCuS2 is not yet clearly
understood. One approach was made by Ahrens26• In dis-
cussing the structure of chalcopyrite, he termed the
structure as a compromised one with respect to ionization
potential values. An averaged value of the ionization

2+ . 2+ .potentials of Fe ,and Gu 1S computed as the same
2+order as that of Zn ,18 e.v. Although the physical

reality of the averaged ionization is not at all clear,
the same kind of treatment can be applied to enargite,
CU;As5+s~-. The respective ionization potential values
are, ICu+ = 7.7, IAs5+ = 52.6 and the averaged one is I = 18.9 e.v •

..The structure of emplecti te, CuAsS2• The structures of
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emplectiteJ CuAsS2J and its isomorph chalcostibiteJ
CuSbS2, are worth while investigating closely from two
points of interest. First, the value of f3, which is equal
to 1.0, and a similarity of the formula to that of enargiteJ
suggest 4 to 4 coordination. Actually this is not found
in the structure. In the structure, however, a close rela-
tion with the wurtzite structure is observed. The fact
was first pointed out by Wells44, but his account was
incomplete. The second point of interest is their acicular

ohabit and unit cells with a 4A dimension, suggesting simi-
larity to the structures of 'the acicular sulfosalts. There
are SbS2 chains in the structure.

In Fig. 63c, the projection of the wurtzite struc-
ture is illustrated. Suppose part of the Zn atoms (these
are indicated by letter p) are replaced by Cu atoms and
another part by Sb atoms. The strong tendency of Sb
atoms to have three closest neighbors rather than tetra-
hedrally arranged ones will cut the fourth bond of the
original Zn-S tetrahedral coordination. This fourth bond
is the one passing across the dotted lines in Fig. 63c.
The resulting projection will be like Fig. 63e. The pro-
jection of the structure of chalcostibite, Fig. 55, indi-
cates the existence of this layer in the structure.

In Fig. 64 another viewpoint for,regarding the struc-
ture of chalcostibite is 'illustrated. The layers of Sb-S
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Fig. 63
(A) The structure of wurtzite in an orthohexagonal
unit cell.
(B) The structure of enargite after Pauling and Weinbaum3O•
(C) A projection of the structure of wurtzite.
(D) A projection of the structure of enargite.
In (0) and (D), projections are on the plane normal to
(120) and traces of (001) are set horizontally.
(E) Idealized band in emplectite composed of eu) As) and
S atoms.
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Fig. 64 Interpretation of the structure
of chalcostibite, Fig. 55.
Drawing A illustrates a double layer of octahedra
of Sb and S. This is also shown in Fig. 61b.
Drawing B illustrates a double layer of Cu_S

tetrahedra.
The S atoms indicated by arrows are the ones

to be shared between layers A and B.
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octahedra, andCu-S tetrahedra are shown to occur alternately.
These layers share the S atoms indicated by arrows between
them. After the distortions in the regularity of layers
illustrated in Fig. 64, the structure given in Fig. 55
results.

The structures of enargite and emplectite can be
expressed in the following way from the above considerations.

Enargite, Cu3AsS4 = (Cu-S double layer of tetrahedra)
plus (As-S layer of tetrahedra).

Emplectite, CuAsS2 = (Cu~S double layer of tetrahedra)'
plus (As-S layer of distorted octahedra).
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5. Minerals with chemical parameter f greater than 1.0.
The minerals in this group are listed in Table 1ge.

Only the sulfosalts containing eu or Ag, or both, belong
to this group. If the~lue of f is greater than 1.0 then
an averaged e.N.S is greater than an averaged C.N0Metal.

Minerals containing Ag. The second coordination
polyhedron of the Ag atom is a distorted octahedron. Thus
the C.N. of Ag is 6. The C.N. ofthesubmetallic atoms
is'greater than 6. The above-mentioned relation between
C.N.ls of S and metal atoms is achieved when the value of
averaged C.N.S becomes greater than 6. In the crystal
structures of proustite, Ag3AsS3 and pyrargyrite, Ag3SbS3
this situation is observed. S atoms in these structures
are surrounded by eight metallic and submetallic atoms.
In these structures, however, this situation is closely
related to the occurrence of independent SbS3 groups of
trigonal pyramidal shape. The interatomic distances between
the Sb and S atoms in the different groups are larger than
4.0A. Within the large space provided by these groups
Ag atoms are located. Each Ag atom is surrounded by 6 S
atoms and each S atom is surrounded by 6 Ag atoms. Each
S atom has further two additional neighbors, one Sb of an
SbS3 group and the other Sb in the adjacent group. The
structures can be understood in terms of covalent bonds
between Ag and S, and Sb and S, with covalency of 2 and 3

for each metallic atom. The minerals are more covalent in
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The Bulfosalta in this group are characterized by

~ values of tha chemical parameter f greater than 1.0.

Proustite hex. a = 10.71, c = 6.86
f = 1.33

Xanthoconite mono. a = 11.97, b = 6.20, c = 16.95= nOo10'
Ag3AsS3 f = 1.33
Pyrargyrite hex. a = 11.04, c = 8.72

f = 1.33
Pyrost1pnite mono •.s = 6.84, b = 15.84, 0 = 6.24
Ag3SbS3 =117°09'f = 1.33
Po1ybasita mono. a = 26.12, b = 15.08, c = 23.89

90000!,
(~g,CU)16(Sb,As)2S1l, r = 1.64
Pearceita mono.
(Ag,Cu}16As2S11

a ='12.16, b = 7.28, c = 11.88= 90°00'
, f = 1.64

W1tt1chen1te orth. a = 7.66, b = 10.31, c = 6.69
Cu3B1S3 f = 1.33
Stephan1te ~rth. a = 7.70, b = 12.32, c = 8.48
AB5SbS4' f = 1.66
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Fig. 65 Schematic representation of the
structure of proustite, Ag3AsS3, after Harker27•
Trigonal pyramids represent AsS3 groups. At the
apex of the pyramids are located As atoms. S atoms
are located at the three corners of basal triangles.
Ag atoms are represented by circles. Only part
of the total Ag atoms are illustrated. There are
two interpenetrating spiral chains of A8§AsS3
composition. The parts of these chains are indicated
by straight lines bonding Ag and S atoms.
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their physical nature than most of the sulfosalt minerals.
The lusters of these minerals are adamantine) and the colors
are reddish rather than blackish. A part of the struc-
ture is illustrated in Fig. 65.

It is not to be definitely stated that this occurrence
of independent SbS3 groups is always associated with f-
value greater than 1.0. Nevertheless) there are two fur-
ther examples to suggest the relation in the sulfosalt
minerals. The minerals xanthoconite67 and pyrostilpnite6~.
are dimorphs of proustite ann pyrargyrite respectively.
The structures of these minerals have not yet been investi-
gated. These minerals have also the adamantine lusters
and reddish colors. They exhibit sometimes crystal.havits
similar to the acicular sulfosalts. Since an Sb-S bonds
in SbS3 group can be regarded as more covalent than an Sb-S
bonds in the larger coordination, thp.sephysical proper-
ties suggest the existence of these groups in these minerals
too.

The physical properties of mineral stephanite,
Ag5SbS4 is similar to the one observed in the more metallic
sulfosalts. A different scheme of arrangement of atoms
which causes C.N.S to be larger than six may be found in
the structure.

Minerals containing Cu. The examples are tetrahedrite
and tennantite, which are described in an earlier section,
and wittichenite Cu3BiS3• In physical properties wittichenite
is the more metallic one) but no structural study has been
done on the mineral.
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Minerals containing eu and Ag. There are two minerals
with the highest f-values among the sulfosalts. They are
polybasite, and pearceite.

"Minerals in group E. There are six minerals which
could not be classified into any of the previously dis-
cussed groups~ They are four minerals of the plagionite
serips, and the two hexagonal minerals zinkenite and gratonite.

These sulfosalts contain Pb as the only metallic
atom in the formula, and all have f-values less than 1.0.
These minerals represent problems to be investigated for
a further understanding of the crystal chemistry of sulfosalts.



Table 1ge. Group E.
In this group are included the following minerals.

Plag1on1te series.
Fulopp1te Pb3SbaS15
Plag1on1te PbSSb8S17
Heteromorphite Pb7SbaS19
Semey1te Pb9SbaS21

Two hexagonal minerals
Zinkenite PbSb2S4
Gratonite Pb9As4S15

221.
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6. Summary

In the previous sections a certain number of relations
between the chemical formula and the structures of sulfo-
salt minerals have been discussed. They can be summarized
as follows. To interpret the sulfosalt structures the
principle of the stacking of the second coordination poly-
hedra has been proposed. The kinds of these polyhedra were
discussed for the central metallic atoms. This principle
was confirmed in the form of the polygonal network theory.
This theory was successfully applied to the members of
acicular group of sulfosalts and closely related minerals.
The possible modes of polyhedral stackings for the rest of
the sulfosalt minerals were considered, and the minerals
were classified according to this principle.

It was shown that if the chemical parameter f of the
mineral is equal to 1.0) the coordination number of metallic
and submetallic atoms must be equal to the coordination
number of the S atoms. There are two such cases. When'
there is only one kind of coordination number in the
structure, namely 6 or 4, the structure is closely related
to the galena type or ZnS type. The second case is when
two or more kinds of coordination numbers are found in the
structure. In this case it was shown that the above-
mentioned equality holds for the averaged coordination num-
bers. And this kind of equality can be achieved by two ways.
The first, simpler structure is composed of alternating
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layers from the galena type and ZnS type structures. This
is realized in the structure of chalcostibiteJ. CuSbS2•
Some distortions in these layers when coexisting were indi-
cated. The second structural type can be illustrated by
the structure of aikinite, CuPbBiS3• In this structure, by
introducing a CUS3 chain sharing S atoms with Sb2S3 bands.
of thestibnite structure, the equality of the averaged
coordination numbers was achieved.

If the value of f is smaller than 1.0, the coordi-
nation numbers of the submetallic or Pb atoms are shown
to be necessarily greater than 6. The resulting struc-
tures increase the similarity toward the structure of
stibnite, Sb2S3• These structures can be regarded as
intermediate between the simple sulfide type and stibnite
type in certain ways. It was pointed out that) in these
structures, the structures with 6 to 6, or 4 to 4 coordi-
nations are only stable as small fragments. In other words
these coordinations are realized in only part of the struc-
tures. Also in these structures, some kinds of Sb(As,Bi)-S
groups, usually in chains or double chains, are discernible.
The geometry of these groups was treated in detail. If
these chains or double chains are strongly bonded, the
structure will be acicular type. The axis of the chain is
parallel to the acicular axis of the crystal. When this
Sb-S group is a finite one, or when the chains are recognized
as only loosely bonded, several modifications of the structure
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.comp~red with the acicular ones may be observed. As the first
possibility, the crystal h~bit will still be acicular. The

ostructure has one shortest unit cell dimension of 4A,
and two other larger dimensions. But the tendency of cleav-
age perpendicular to the acicular axis will develop~ This
was observed in jamesonite. As the second possibility,
this 4A dimension will not exist as a true translation,
but as the submultiple translation of the unit cell. This
can be looked upon as follows. The dimension 4A is char-
acteristic of Sb-S3 pyramidal group, from which these chains
are built. In the chains the successive Sb-S3 groups are
translation ~quivalents of each other. If the chain

os~ightly collapses the regularity of 4A repetition along the
chain.will be lost, and instead the larger translation unit
will result. The crystal habit will be thick tabular to
prismatic or equant. As the third possibility the struc-
ture of se1igmannite can be taken as an example. In this
structure, the central atoms for the ideally trans1ation-
equivalent groups are of different kind, and slightly
different kind of coordination is required for each atom.
The unit cell translation is doubled, and the 4A dimension
exists as a unit associated with the asymmetric unit of the
structure.

If the\alue off is greater than 1.0 it was shown
that the one possible case is when the coordination number
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of the submetallic atoms and eu atoms become three. When
there are independent Sb-S3 pyramidal group in the struc-
ture, the resulting crystals are, above all, more covalent
in the nature of their chemical bonds. This fact was ob-
served in proustite, and xanthoconite. There are minerals
with f value greater than 1.0 and with metallic luster,
such as stephanite, Ag

5
SbS4• The structural scheme of

this mineral is not yet known.
The structures of sulfosalts in one way resembles

the sulfide structures. Structural features observed in
the sulfides are also found in sulfosalts. This is true
especially concerning the nature of the first coordina-
tion of each metallic or submetallic atom. But on the other
hand, the existence of one or more kinds of metallic atoms
with submetallic ones seems to give,.more ionic character
in the chemical bonds compared with sulfide crystals. This
does not imply that the resulting crystal is more ionic.
The resulting structure is metallic to a certain extent.
According to Pauling's theory of the metallic bond, pure
covalent bonds can not give metallic character because of
the lack of non-synchronized resonances. Thus the deviation
from pure covalent bonds to the type observed in sulfosalts,
weak but distinct residual bonds, must be related to the
observed partial metallic nature of the minerals. The
coordination numbers will increase from the characteristi-
cally small one for the pure covalent bonds to the larger
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ones) but not the quite large ones as observed in metals
·or alloys.

Further understanding of the crystal chemistry of
sulfosalts must be carried out from a more thorough investi-
gation of the chemical bonds in the structures. It seems
to be most important to have a clear picture concerning
the behavior of the submetallic atoms in the structures of
sulfosalts.
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PART IV

Appendix L
Historical Introduction to the

Crystal-structure analysis of sulfosalts

The first crystal structure of a sulfosalt determined
by the x-ray diffraction method was the structure of
tetrahedr1te, (Cu,Fe)12Sb4813 by Machtschk1 (1928)43.
This was followed by the structure analyses of
tennantite, (Cu,Fe)12As4S13 and of enargite, Cu3AsS4
by Pauling et al (1934)29,3°. These three structures
were shown to be related to the structures of sphalerite,
and wurtzite, ZnS. Meanwhile Hofmann determined the
crystal structure of emplectite, CuBiS2, and its isomorph
cha1costibite, CuSbS2 and pointed out the similarity
of these structures to that of stibnite22,3l, Sb2S3• These
three structures have flat unit cells with o~e edge of
length 4A, and as discussed by Bragg45, exhibit the
crystal habit which is the reverse of the unit cell, that
is, they grow in needles, elongated thin tabular or prism
forms. Although there were numbers of sulfosalts minerals
with this type of crystal habit, it was ten years later
when a new contribution was made by Bue~ger (1951)18 on
the crystal structure of berthierite, FeSb2S4. Before
Bragg published his Atomic Structure of Minerals, there
were two other 8ulfosalt structures determined. They were
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proustite, Ag3AsS3, and its isomorph pyrargyrite,
Ag3SbS3 determined by.Harker27 as the first example of
his method of Harker section.

Although Hofmann53 .indicated the similarity between
the idealized structure of myargyrite, AgSbS2 and the
NaCl type structure, and placed aramayoite, Ag(Sb,Bi)S2
as lsostructure with myargyrite, satisfactory studies of
both minerals have not yet been presented. Later Graham42

established that the high-temperature form of the systems
Ag-Sb-S and Ag-Bi-S crystallizes in the disordered galena
type structures. He also showed that myargyrite,
aramayolte, and matildite, AgBiS2, have pseudo isometric\~
unit cells with comparable dimensions to the unit cell
of galena. The exact atomic coordinates of these structures,
however, are still to be determined.

Although their studies did not cover the field of
the crystal-structure determinations, the group of
Canadian mineralogists at the Toronto University (Peacock,
Berry, Nuffield, Graham, Robinson, et al) made a continuous
and extensive contributions in the crystallographic and
chemical studies of sulfosalts. Since 1939 when Berry
presented the first paper on cosalite46, to the latest
one by Nuffield on pavonite47 in 1954, altogether 18 papers
were published under the series title of lIStudies of
mineral sulpho-saltsll• Not only do they establish the
crystallographic data for many species, and make apparent
the intricate nature of the chemistry and crystallography
of sUlfosalts, but their results have served as guides to
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the structure investigators of this field.
Buerger, in his paper on the minimum function

method of crystal-structure analysls18, noticed that the
unit cells of sulfosalts with acicular habits were the
most favorable to be approached by his method, and solved
the structure of berthierite accodingly. This structure
was later refined by Buerger and Hahn. This method was
later applied in the crystal structure determinations of
jamesonite7, FePb4Sb6Sl4, and of livingstonite, HgSb4S§,
by Nilzeki and Buerger. Further two structures of the
acicular sulfosalts were solved by Wickman by means of
direct interpretations of Patterson diagrams. His analyses
ware carrie~ out on aikinite5, CuPbB1S3, and on galeno-

6 - 21bismutlte ,PbB12S4. ~ecently hellner and Lelneweber
presented their paper on the crystal structures of
bournonite, CuPbSbS3, and its isomorph seligmannite,
CuPbAsS3. The crystal habits of the last two minerals
are columnar, and the shortest unit cell dimension is not
4A, but 8A. The relation between these structures and that
of previously determined aikinite, their Bi analogue, was
pointed out by authors. Finally in recent discussion,
Hellner25 stated that the crystal structures of diaphorite,
Pb4Ag6Sb6S16' and of freislebenite, Pb4Ag4Sb4Sl2 are
galena-type. All the known types of the sulfosalt
structures are represented in illustrations as listed in
Table 15 of the main text.
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Appendix rl
Proof of Theorem 1.

In his original paper in Acta Cryst.33, Wells
presented the special cases of the theorem I for the
3-connected, and 4-comlected networks without any proof.
But in his recent publication, The Third Dimension in
Chemistry35, a proof for the above-mentioned cases is
found. The proof presented here is different from Wells'.

First, two Lemmas are given.
Lemma 1. Given t points in the unit of a plane

network, 2! triangles can be constructed by connecting
these points with straight lines in such a way that no
point is left inside any resulting triangle.

Proof. Suppose, in the rsulting network, there are
./t points and xt triangles, and no point is left inside

any triangle. Put an additional point inside each
triangle. Connect the point to the three corner points
of the triangle. The three new triangles are constructed
and one original triangle is destroyed per each additional
point. In the resulting network, there are t + xt points
and 3xt triangles, and no point is left inside any
triangle. Thus by the assumption, the following relations
must hold.

tf ( ! + xt ) = 3xt
Solving this equation we obtain ~ = 2. Q.E.D.

Lemma 2. Given ~ points in the unit of a plane
network, the number of q-gons constructed by connecting
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these points in such a \'laythat no point is left inside
any resulting q-gon is 2/(q-2) •

Proof. Suppose there are ~ points and xt q-gons
in the unit of network, and no point is left inside
any q-gon. Put one additional point in each q-gon,
and connect this point to the q corners of each q-gon.
Q new triangles are constructed, and one original q-gon
is destroyed per each additional point. In the resulting
networ-k, there are t + xt points and qxt triangles, and
no point is left inside any triangle. By Lemma 1, the
following relation must hold.

qxt = 2 ( t + xt )
Solving this equation we obtain

2x = ---.;;;;;--q - 2
Definition: Reciprocal network.
Given is a network in which all points are q-connected

Q.E.D.

and there are n3 3-gons, n4 4-gons, etc. ~ p-gons. If
a representative point is put inside each polygon, and
these points are connected by straight lines, a new
network can be constructed. The resulting netwok is
defined as the reciprocal network of the original network.
In the given example, the reciprocal network 1s the
netwok of q-gons constructed with N points, where N is
the total number of polygons in·the original network.
Among the N points in the reciprocal network, there are
n3 3-connected points, n4 4-connected points etc., up
p-connected points. Generally, the number of points
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in the original network is equal to the number of polygons
in its reciprocal network, and vice versa. And also
the number of connectedness of points, and the number of
sides of the polygons are in a reciprocal relation to each
other in the two kinds of netwonks ,

Theorem 1. For the network of all q-connected points,
h3 + h4 + hS + • •• • '. +~ = 1,
3h3 + 4h4 + ShS + .•.. + php = 2q/(q - 2),

where ~ represents·thefraction of p-gon.
Proof. The first equation is an alternative way of say-

ing the total number of polygons in the unit of network.
Let the total number of polygons be N, and number of
3-g9n, 4-gon, etc., p-gon be n3, n4' etc., and ~.
Then

D1viding both sides of equation by N,
n3/N + n4/N + •. • + ~/N = 1.

Putting ~/N = hp we obtain the result.

The following formula,
3n3 + 4n4 + SnS + • • · + p~,

represents the number of points counted as 'many times as
the corner points of each polygon. Since each q-connected
point is shared by q polygons, and counted as many as
q times, the total number of points counted only once is
given as
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Now consider the network reciprocal to the given one •
.

By the definition abOve, we have, in this reciprocal
network, N points and P q-gons. By Lemma 2 the following
relation holds between N, P, and q.

P = 2N/{ q - 2 ).
From (1) and (2) we obtain

3n3 + 4n4 + 5nS + ••••••• + P~ = 2qN/(q - 2).
By dividing both sides of equation by N,

(2)

3h3 + 4h4 + 5hS + ••••••• + Php = 2q/(q - 2).
Q.E.D.

The values at the right hand side of the equation
can be evaluated for each value of q, as sh01inbelow:

q 2q/(q - 2)

3 6

4 4
5 10/3 = 3.33
6 3
7 14/5 = 2.8
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Appendix V
Proot of Theorem 2

Lemma 3. If a network in which there are q-gons and
r-gons in the ratio of Q : R, is constructed from ~ points,
the following relation holds between t, N (total number
of polygon), q, r, Q, and R;

N = 2t/(x - 2), where X = (qQ + rR)/(Q + R)
Proof. Let the total number of q-gons and r-gons

in the network be related to the number of points by
N = xt,

By assumption, the number of q-gons is given by
nq = Q ~ R N,

and that of r-gons is given by
R

triangles obtained is
= gg,N

n3 Q + R
{gQ + rR)N
Q+R

(qQ, + rR)xt
Q + R •

The number of points in the

+ rRN

=
=

resulting network is, on the
other hand,

P = t + xt.
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Relating these two equations by Lemma 1,
(9Q + rR)xt
Q+R :: 2 (t·+ xt.},

Let
(go. + rR)
Q,+R = X,

then
xXt = 2 (t + xt).

Solving this equation for x, we obtain
x = 2/(X - 2).

Thus finally,
N = xt

_ 2t
- X - 2- Q,.E.D.

Theorem 2. For the plane ne twoz-k in \'1hichq-connected
points and r-connected points are found in the ratio of
Q : R, and with n3 3-gons, n4 4-gons, etc., and ~ p-gons,
the following relation holds.

• • • • + Php = X - 2
2X ,

.where
X= qQ + rR

Q. + R •
The following formula,Proof.

3n3 + 4n4 + · • · · · + p~,
represents the number of points counted as many times as the
corner points of each polygon. The q-connected point is
shared by q polygons, and the r-connected point is shared by

r polygons. Thus each q-connected point is counted
q times, and each r-connected point r times. Since there
are these two kinds of points in the ratio of Q : R, as an
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average, each point is (qQ + rR)/(Q + R) connected, and
is counted as many times as this value. Let this
averaged value be expressed by X, then the total number
of points counted only once, P, is given by

P = i( 3h3 + 4n4 + · ••• + p~).
Consider next the network reciprocal to the given

network. There are N points and P polygons, and there
are, among the N polygons, q-gons and r-gons in the ratio of
Q : R.

By Lemma 3,
P - 2M (2)
- X - 2 •

From equations (1) and (2) we obtain
~N3n3 + 4n4 + 5nS + . • • • • + p~ = X - 2 •

By dividing both sides of equation by N, we have the
final result;

Q.E.D.
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Proof of Theorem 3.

Theorem 3. If the chemical parameter! has a value
greater than 1.0, the existence of a connectedness larger
than 4 must be assumed in the network.

Proof. Let the number of points and the number of
polygons in the unit of the network be respect~vely
P, and N. From Lemma 3, and the reciprocal relation given
in the definition (Appendix I), the following relation
is obtained:

N X - 2
p = 2 '

where
qQ + rR
Q+R

for the mixted network with q-connected and r-connected
x =

points.
Now as seen from the correspondance table, page 157,

P is the number of S atoms in the unit. If NO 1s the
number of metal atoms, and N is the number of Polygons,

No ~ N.

The chemical parameter f is defined as
f = (au + Ag + Pb + As + Sb + Bi)/S,

therefore,
f x - 2= NO L

-p-
The case of a mixed network of3-connected , 4-

2 •

connected, and 5-connected points is considered.
The evaluations of X, and (X - 2)/2 for the network
where all points are of one l{lIl:d,. are:·tabulated below:
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q x (X - 2)/2

3 6 0.5
4 4 1.0
5 10/3 2g3

. Thus for all 4-connected network, f = 1.0.
Equality occurs only when N = NO.

For a network in which 4-connected points mix with
3-connected points, f L 1.0.

For a network in which 4-connected points mix with
5-connected points, f ~ 1.0. r

Therefore, when f ~ 1.0, the network should include
points with connectedness of 5.
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Appendix VII
Proof of Theorem 4.

The proof is given in four steps. First, a
prelim1nary theorem is proved in Lemma 4. Then
steps 3, 4, and 5 will be proved.

Lemma 4. In the network of 3-connected points,
and 4-connected points the number of each kind of point is
given as P3 and P4. If the total number of points, P,
in the unit is even, then P4 is even. And if P is odd,
then P4 is odd.

Proof. For the mixed network of 3-connected and
4-connected points,

~ = (3P3 + 4P4)/P, (1)
since q = 3, r = 4,Q, = P3' R = P4' and P3 + P4 = P.

Thus, ,
2 ..,...-....;2:.;;P=--__

X 2 = (P3 + 2P4) •
As seen in the proof of Theorem 3,

P = 2~1(X - 2).

From (2) and (3),
P = 2PN/(P3 + 2P4)' (4)

and
N = (P3 + 2P4)/2. (5)

From (5), if N is an integer, P3 + 2P4 must be
an even integer. Since

P3 + 2P4 = p + P4'
if P 1s even, P4 must be even to make P + P4 even.
~so if P is odd, P4 must be odd.
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Proof of Step 3.
The maximum value of P4 is P, and the minimum value

is zero. By Lemma 4, P4 can assume the following values:
P4 = P - 2n ,

where n = 0, 1, 2, P/2,
if P is even, and

P4 = p - 2n
where n = 0, 1, 2, . . .(1:' - 1)/2,
if P is odd.

Since P3 = P - P4'
P3 = 2n.

Proof of Step 4.
From Lemma. 4,

N = (P3 + 2P4)/2.
If P and n are fixed, then since

P4 = P - 2n, and P3 = P - P4'
we have N = (P + P4)/2,'

= (P + P - 2n)/2,
= p - n.

Proof of Step 5.
In the network only 3-gons, 4-gons, and S-gons are

assumed. Let the total number of polygons be N, then
N = n3 + n4 + nS•

By Theorem 2,
3n3 + 4n4 + 5nS = 2X.N/{X - 2). (1)
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By Lemma 4, for the network with a mixed connectedness
of 3 and 4,

x = (3P3 + 4P4)/P,
and N = {P3 + 2P4)/2.
Substituting these expressions into (1),

3n3 + 4n4 +. 5n5 = 3P3 + 4P4·
If P and n are fixed,

(2)

P4 = p - 2n, and P3 = 2n.
Substituting these values into (2),

3n3 + 4n4 + 5n5 = 4P - 2n.
Also, n4 = N - n3 - n5.

From (3) and (4),

(3)

(4)

ns - n3 = 2n, or D.s = n3 + 2n. (5 )

If n3 can be fixed, then n5 can be computed from (5), and
n4 from (4) for the fixed n.

The minimum value n3 can assume is zero.
Since n3 + n5 ~N, the maximum value n3 can assume is

obtained as following:
Wi th (5),

Thus
Lonn3 - 2 - n.

With relation,
N = P - n (Step 4),

we obtain
P - 3n
2
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Appendix VIII
Proof of Theorem 5.

If au is not included in the chemical formula,
the possible polygons to be associated with metal atoms
are 4-gons and 5-gons, and

n4 + ns = NO' (1)
where NO is the number of the occupied polygons.
And

NO « N,
where N is the number of all the polygons.

For each value of N obtained with the fixed values
of P and n, there is a solution which satisfies
condition(l).

If the number of polygons, N, becomes less than
NO' such a solution is, though mathematically possible,
without meaning to represent the chemical formula.
Thus the minimum value of which N has a meaning is NO.
The maximum value of N is P since N can be expressed as

N = P - n,

and the minimum n is zero.
Thus the values of N as

NO' NO + 1, NO + 2, P

give P-NO+l solutions which satisfy the condition (1).
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"

Appendix D{
Solutions of jamesonite.

From Lemma 4,
N = (P3 + 2P4}/2.

Therefore if N is a half an integer, P3 + 2P4
must be an integer. Thus P4 can be an integer or a half
an integer, but P3 must be an integer. In case P is
an integer, however, P4 can not be a half integer.

Thus corresponding to Step 3 of Theorem 4,
we have

P4 = P - n,
wher-e n = 0, 1, 2, _ P_

With this relation, at Step 4 we obtain
n

N = P - 2-

And as Step 5,
3n3 + 4n4 + 5nS = 4p - n.

And finally
nS = n3 + n.

Also,
n3 (2P-3n)/4.

In case of jamesonite, P = 7.
The solutions are worked out in a table form below.
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7 7o o
0.5
11.5
22.5
33.5

o 7 7
6
5
4
3
2
1
o

o0.5
11.5
22.5
33.5

(1)

6,5 2.751 6 1 o
0.5
11.5
22.5

5.54.53.52.51.50.5

11.5
22.5
33.5

(2)

2 5 6 22 o0.5
11.5
2

4
3
2
1
o

22.5
33.5
4

5.5 1.253 4 o0.5
1

3 2.51.50.5
(4)33.5

4

In jamesonite formula no Cu atom is contained.
Therefore 3-gons must be vacant, and the total number
of 4-gons and 5-gons must be equal to the number of
metal and submetal atoms in the formula.

n4 + n5 = 5.5,
since in the asymmetric unit of projection there are
~Fe, 2Pb, and 3Sb. Among the above-obtained solutions
only four solutions indicated by (1), (2), (3), and (4)
satisfy the condition.
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