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ABSTRACT

'The Mineralogy of some Synthetic Sulphosalts'

Allan J. Hall

The mineralogy of the sulphosalts is not well understood,
principally because of the very wide variations in chemical
composition of the natural examples and their commén
admixture with other sulphide mineral species.

The synthesis of pure sulphosalt compositions is
considered to be a valuable means of solving the problems
involved. Changes in characteristic physical properties can
then be measured as elements are substituted systematically
into the structure.

A typical sulphosalt, tétrahedrite, general formula
(CuAg)1O(ZnFeCu)z(S‘bAs)uS'13 was selected for study by
synthesis in sealed evacuated silica glass capsules,

The phase relations of the Cu-Sb-5 system were
studied. Phases\obtained were: tetrahedrite, Cu12SbuS13;
non-stoichiometric tetrahedrite, Cu12.128b3.3u813 to
Cu13.oqu3.86S13, which has high and 1ow'temperature cubic
polymorphs; stibioluzonite, CuBSbSu; chalcos tibite, CquSZ;
and Cu38b83°

‘Substitution of As for Sb in tetrahedrite (the
tetprahedrite-tennantite series) was found to result in a
decrease in cubic cell edge, increase in microhardness,
decrease in reflectivity and slight changes in quantitative
colour measurements. Non-stoichiometry of the series also
affected these properties.

gubstitution of Zn and Fe for Cu in tetrahedrite
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resulted in an increase in cubic cell edge, increase in
microhardness and increase in reflectivity. Substitution
of Ag for Cu resulted in an increase in unit cell edge,
decrease in microhardness and decrease in reflectivity.
Only Ag substitution proved to be temperature dependant,
the low temperature breakdown products of AgFtetrahedrite
being (CuAg)BS‘.bSLL and (AgCu)BSbSB.

Chemical bonding in the phases synthesised is discussed
in detail. Substitution and the resultant effect on
physical propefties are discussed in relation to the atomic

properties of the substituting element.
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INTRODUCTION

Introduction to present study

The sulphosalts are a group of sulphide minerals., An
indication of the chemistry of the group is given by the

general formula - Am Bn Xp

where A is a metal, e.g. Cu, Ag, Pb or Hg
B is a semi-metal, e,g. Sb, As or Bi
X is a non-metal, e.g. S or Se

Sulphosalts commonly exhibit extensive substitution,
They are usually intergrown with other minerals in ore
deposits. The consequent difficulties in chemical analysis
have resulted in uncertainties in the basic formula of many
individual sulphosalts and in the possible extent of sub-
stitution by different elements., The mineralogical proper-
ties of individual sulphosalts change with variations in
chemistry, the result being that natural sulphosalts are
difficult to identify without complete analysis.

The variation in composition and properties of sulpho-
salts has not yet been adequately explained by mineralogical
theory. The collection of systematic data is required
before theories which have been formulated to explain
mineralogical observations on simple sulphides can be
extended to the sulphosalts, This should be made possible
by the synthesis of pure sulphosalt compositions and the
study of changes, due to substitution, in certain character-
istic physical properties.

A typical sulphosalt, tetrahedrite, was selected for

study. Several other sulphosalts which also occur in ‘the




Cu-Sb-S system were also‘syﬁthesised.

The present study reqﬁired an examination of previous
work on natural tetrahedrites in order to define their
features and problems (Chapter 1). The technique of
synthesis which was used is described in Chapter 2. Pre-
vious work on the Cu-Sb-S system was found to be incomplete
and experiments on the phase relations of tetrahedrite in
the central area of this system were undertaken (Chapter 3).
Substitution of Sb by As, the tetrahedrite-tennantite
series, is the subject of Chapter L., Substitution of Cu
by Zn, Fe and Ag in tetrahedrite is the subject of Chapter
5. In order to-understand substitution in tetrahedrite an
understanding of the chemical bonding in tetrahedrite is

necessary and this is the subject of Chapter 6.



CHAPTER 1

Substitution in Natural Tetrahedrites

Summary of Previous Work on Natural Tetrahedrites

Extensive substitution in tetrahedrite has long been
recognised, The general formula of substituted tetrahedrite
(or fahlerz), (CuAg)1O(ZnFeCu)z(SbAsBi)uS13, was suggested
by Tschermak (1894).

Machatschki (1928a) gave a = 10.418 for antimonian
fahlerz from Colquechaca, Bolivia and a, = 10.293 for a
specimen from Felsobanya. Machatschki (1928b) gave a, =
10,1898 for tennantite from Redruth, Cornwall and a, =
10,2058 for binnite, a variety of tennantite. Machatschki
(1928a, b) determined the>structures of tetrahedrite and
tennantite and derived the general formula Cu12(SbAs)uS12.
Thereafter the existence of the '13th' sulphur atom has been
the subject of much controversy.

Pauling and Neuman (193L4) determined the structure of
binnite, from Binnenthal, Wallis, Switzerland. From the
recalculated chemical analysis of tetrahedrite by
Kretschmer (1911 ) they derived the ideal formula suggested
by Tschermak (1894). They noted that recent analysis by
Prior of binnite supported the formula Cu12AsuS12 of
Machatschki (1928b),but for a slight excess of sulphur,
which induced them to accept the formula Cu12AsuS13for
binnite. They found that a = 10,192, the unit cell
formula being 2(CuEe)12AsuS13.

In a classification of sulphosalts, Berry (1943)

recognised a TETRAHEDRITE group with -




i 3— N —
tetrahedrite 2(Cu128bu813) ™3 1f3m a, = 10.322
. 1 -
tennantlte. 2(Cu12AsuS13) a = 10,198

Edwards (1947) included the tetrahedrite-tennantite
series, Cu12(SbAs)uS13, in a list of sulphosalts capable of
producing solid solutions at normal temperatures,

Harada and Kitahama (1952) quoted cell edges of tetra-

hedrite, (CuFe)B(SbAs)SB, from Japan -

Mata Mine a 10.353

(o]

Teine Mine a, = 10.383

il

Bernard (1957, 8) noted substitution of Cu, in tetra-
hedrite from the Slovak Mountains, by Hg (0.5-19%), Fe
(1-10%), Zn (0.5-10%) and Ag-(1x1o'2-1%). Substitution by
Hg and As produced the strongest effects on the cell size.

Kostov (1957) noted that there is a constancy of Sb:As
ratio among most members of isomorphous series quoted by
Edwards (1947). Tetrahedrite and tennantite, however, are
an exception to this statement, A plot of 8b v As content
of natural compositions indicated a large variability in
) composition for tetrahedrite whereas tennantite had a more
restricted composition and only special varieties contained
a significant proportion of Sb, It was concluded that a
large content of As in tetrahedrite and a limited Sb content
in tennantite is due to easier substitution of small As
atoms for large Sb atoms than vice versa. A member of the
series, zandbergerite, has the Sb:As ratio of 1:1 corres-
ponding to the ratio in other sulphosalts, The form of the
Sb-As binary (Kostov Fig.1) was considered significant in
this respect since three phases occur, antimony, stibarsene

and arsenic, due to 13.8% difference in the- atomic radii.
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Hellner (1958) in a structural classification of sul-
phides, grouped together tetrahedrite, CuBSbSB’ tennantite,
CuBASSB’ and wittichenite, CuBBiSB'

The structure of tetrahedrite was refined by Wuensch

(1964) using a natural specimen from Horhausen, Westerwald,

Germany. Analysis (Kretschmer 1911) gave the formula,
Cu10,19%% ,71F0,31FP0, 06480, 025, 0451317

(Cuy 0, 06211, 6970, 5280, 02575 .99B 0. 051 3

The cell edge was found to be 10,390 + ,00068. The
ideal formula, Cu123buS13, was accepted for tetrahedrite,

Bohmer (1964) analysed natural tetrahedrite-tennantites
and showed a compositional gap between 6 and 11 at%.As
which was interpreted as being a miscibility gap for varie-
ties having 2.5 at% Ag. A continuum of unit cell dimen-
sions from 10,308 to 10.553 was noted. ©Neither natural,
nor several synthetic specimens, showed evidence of an
order-disorder relationship therefore Bohmer suggested
that it was misleading for Wuensch (196L4) to conceive of
tetrahedrite in terms of ordered Sb or As substitution in
tetrahedral Cu sites,

Graeser (1965), in a description of minerals from
Binnenthal, Switzerland, described specimens of the fahlerz
group (tetrahédrite—tennantites). An Ag,S content of 1.4
wt% was noted to increase the unit cell edge of members of
the tetrahedrite-tennantite series (with 0.5 wt% Ag,S or

less) by about 0.028. The following cell edges were

quoted -



tetrahedrite - rich in Ag, a_ = 10,398

low in Ag, a_ = 10.37R

0
tennantite - rich in Ag, a, = 10,238
low in Ag, a_ = 10,218

Novotny and Novak (1966) in a mineralogical and geo-
chemical study of Spani Dolina, central Slovakia, noted a
ferro-zincian tetrahedrite with 30 mol% tennantite and -

a, = 10.299-10.3208.

The structure of binnite, a variety of tennantite,

from Lengenbach, Canton Wallis, Switzerland, was refined by

Wuensch, Takéuchi and Nowacki (1966a). Analyses of the

specimen gave the formulae -
by microprobe - Cu9.542n1.18Feo.69A83,97S15.09

(Cu8.222n1.02F60.59A83.M2S13)
by spectroscope - Cu11.BOzn1.29Ag0.26A82.9OSbO.uuS12.08

(Co12,16%74 39480, 264%3,12%P0,47513)

by Prior and .
Spencer (1899) - Cuyy 9™0.30*80,2670. 01453, 79512, 83

(Cuyy g5Fe0.30780,268P0, 014538451 3)
by Prior (1916) = Cug g)Zn, ,7Feq 4 7ABq 4/AS3 38,5 oo

(Cug 8220y 777€0,1 7280, 47185 9254 3)

The analyses of Prior and Spencer and Prior were consi-
dered to be the most accurate. The semi-metal site occupancy
was given as ASO.87SbO.13' The cell edge-was calculated as
10.,232%,0058.

Wuensch et al, (1966b) noted that tetrahedrite and
binnite are isostructural and have a curious superstructure
based on a distorted sphalerite-like arrangement of atoms

but the nature of the distortions differ in the fwo struc-




tures., This may be explained in terms of a slightly
different mode of sulphur packing.

Sakharova (1966) examined tetrahedrite-tennantite ores
and derived the general formula RgR;+((SbAs)b83b)82. X-ray
diffraction analysis indicated that the size of the unit
cell edge depends on the atomic ratio Sb:As and may serve
as a criterion in determining the ratios of these elements
in the formula,

Trdlidka (1967) in a mineralogical study of four
tetrahedrites from Fichtenhiibel, Slovakia, noted Zn = 1.15 -
4.69% and Fe = 3.62 - 7,1L4%., Cell edges ranged from 10,370
to 10.4028.

Boyle (1968) noted that the followihg substitutions may
take place in tetrahedrite -

for Cu : Fe, Mn,Zn,Cd,Ag,Au,Hg,Pb,Ni,Co,Ge,Ba,Sn,V,In
for Sb <+ As,Bi
for 8 : Se,Te

With the exception of Hg no apparent relationship
between the cbntent of silver and the varioué substituting
elements in tetrahedrite-tennantite was noted. Argentian
tetrahedrites are low in Hg and mercurian tetrahedrites
are low in Ag. The differences in covalent radii, Ag(1.538),
du(1.35R) and atomic radii, Ag(41.40R), Cu(1.24£), of copper
and silver were regarded as being significant yet it was
noted that substitution by Ag of Cu in tetrahedrite-tennantite
up to 25% had been reported by Staples and Warren (1946).

Microprobe analysis of tetrahedrites from various local-
ities are given by Springer (1969), The general formula
(CuAg)2.50(ern)O.5O(AsSbBiTe)83.25 was established, A

practically complete interchange of Sb and As was noted.
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In some specimens the ratio Sb:As varied but the sum of the
at% Sb and at% As remained the same., Springer also noted
that pure Cu}ASSB.ZB is rare, the divalent cation normally
being represented by Zn and Fe rather than Cu,

Nowacki (1969) in a structural classification of

sulphosalts grouped tetrahedrite ((SbSB)h S CuéIICuéV) and

ITT

binnite ((ASSB)M S Cug Cugv). The superscript is co-

ordination number,

Yui (1970), using the electron microprobe, analysed
tetrahedrite-tennantites from various localities in Japan,
- The general formula (CuAg)1O(ZnFe)2(AsSb)uS13 was accepted,
Single grains of tetrahedrite-tennantite were observed to
be inhomogenous with three or more distinct 'phases' with
different Sb, As and Ag contents, Tetrahedrites, with the
Zn:Fe ratio varying zonally, were observed,

Discussion of Substitution in Natural Tetrahedrites

In this section relationships between elements in
natural tetrahedrites are described., The main features
found are listed at the end of this section.

. In this section and throughout the text the basic
formula of tetrahedrite - Cu123bus13 has been used. There

are four reasons for using this formula -

(a) The 12:4:13 ratio has been established by recent
microprobe analyses of natural tetrahedrites
(Springer 1969) and microprobe analyses of
"synthetic tetrahedrites (this study).

(b) The atomic proportions are represented as

small whole numbers,

(c) This formula has become established in the

literature,



(d) Wuensch (1964) determined a.ppssible structure
of tetrahedrite with the unit cell formula -
2(Cu123b4813).

The term 'stoichiometric' is used in the text when dis-
cussing tetrahedrite and is taken to mean a constancy in the
ratio metal:semi-metal:non-metal = 12;4:13, The ratios of
metals (e.g. Cu:Zn:Ag) or semi-metals (e.g. Sb:As) in the
structure may vary due to substitution but tetrahedrite
remains stoichiometric if the metal:semi-metal:non-metal
ratio is maintained.

In substituted tetrahedrites each structural site may
contain more ﬁhan one element and one particular element may
enter more than one site, The substitution of a particular
element into the structure may depend on an external
phenomenon - éuch as temperéture, or an internal phenomenon -
such as the presénce of a certain element. Thué, the
variation in element content of substituted tetrahedrites
may be the result of a number of different factors. ‘'Factor
Analysis' can resolve the intercorrelations within a set of
variables, Analysis of variance, however, depends on the
independent variation of groups of variables (elements in
this case), In the case of substitution in tetrahedrite,
the variations of all the elements are interrelated and
Factor Analysis proved to contribute little to understanding
the relationships between substituting elements., Only
correlations between elements and groups of certain elements
will therefore be discussed.

| Analyses of a number of tetrahedrites (69) were obtained
from Dana (1944) and Springer (1969) (Tables 1-1 and 1-3).

The older analyses are less reliable because of the probability
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of impurity inclusions - some analyses in Dana involving
corrections due to the presence of gangue, All analyses

were converted to atomic % (Tables 3-2 and 3-4) since the
weight % of a non—varying element in the structure will
change as the ratio of a substituting pair of elements change.

The correlation matrix for major elements found in tetra-
hedrite is given in Table 1-5, The summary statistics permit
the recognition of elements of high variance (greater than
5), which represent the major substifuting elements, and
elements of low variance (less than 5), which represent
elements not involved in substitutions or elements which
only occur in a few tetrahedrites.

Sulphur has a low variance indicating a lack of substi-
tution and suggesting a constancy in the general formula of
natural tetrahedrites., A Co—Bi—S association can, however,
be recognised; The two possible interpretations are that
Co,Bi-tetrahedrites are non-stoichiometric with high S
contents or that the particular tetrahedrites analysed con-
tained a Co-Bi-S5 phase as an impurity.

Correlations: between low variance e€lements and high
variance elements are suspect since the correlations need
not represent associated variances, In the case of Pb, for
example, there are only a few tetrahedrites with Pb., The
content of Cu in these tetrahedrites is quite variable and
dependent mainly on the extenit of major substitutions, The
correiation coefficient between Cu and Pb, therefore, has
littie significance as an indicator of Cu-Pb substitution.

Correlations between high variance elements are compiled
in Table 1-6, Sb v As gives the strongest -ve correlation
and indicates extensive Sb-As substitution. This strong

correlation results in opposed secondary correlations, X v Sb
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and X v As, where X is varying due to substitution by another
element, Secondary correlations are ringed in Table 1-6,
Secondafy correlations indicate more extensive Ag, Fe and Zn
substitution for Cu in Sb rich natural tetrahedrites, This
could well be a sampling phenomenon, i.e. more analyses of
Sb rich tetrahedrites are available,

The low correlation coefficients in Table 1-6 are because
of variations in an element due to substitution by elements
other than the major substituting element, The significant
(significance level greater than 99% (Davies 1957)) '~ ve'
correlations (corr. coeff., 0,40 or greater) are Sb v As,

Zn v Fe and Cu v Fe.

From the sum of the means of the analyses of each element
(Table 1-5) the general formula of natural tetrahedrite,
(CuAgFeZn)12(SbAs)uS13, can be derived (only the major sub-
stituting elements are included). From the correlation
goefficient matrix (Table 1-6) zinc and iron compete for Cu
sites (Zn v Fe, corr, coeff, = -0,55), The maximum zinc and
maximum iron contents do not exceed 6.90 at% in the case of
analyses from Springer (1969) and only five analyses from
Dana (19l44) exceed this total. In Table 1-5 the lack of
-ve correlation of Ag with other substituting cations indi-
cates fhat Ag is not competing for Fe,Zn type.sites, This
is also apparent from the increase in correlation from
"Cu v Zn4FeyHg to CutAg v ZniFeiHg (Table 1-5),

These points are emphasised by stating the general
formula of tetrahedrite as - (CuAg)1O(ZnFedu)Z(SbAs)uS13.
This formula is valid for the majority of the analyses,

In Fig.1-1 the ratio of Sb:As observed in natural
tetrahedrites is shown. Miscibility gaps, suggested by

Kostov (1957), are not obvious but the greater range of
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Sb:As ratio.in Sb rich members than in As rich members is
apparent. This may be due to the limited number of analyses
available,

In Fig.1-2 the Cu:Fe+ZniHg:Ag ratios of the natural
substituted tetrahedrites have been plotted. Only five of
the eight cations (metals) analysed for are represented in
this diagram. A spread in the distribufion of points (i.e,
low Cu values) is therefore to be expected, The distribu-
tion of points in this diagram is interpreted as being due
to substitution of Cu by divalent cations corresponding to
the general formula Cu1O(ZnFeHg)2(SbAs)uS13. Note that
silver in tetrahedrite is associated with the Cu:Zn4FejHg
ratio of 5:1 there being a spread of values about the dashed
line representing this ratio in Pig.1-2.

Summary of Main Features of Natural Tetrahedrites

(1) Extensive substitution is evident in tetrahedrite., The
main substituting elements are: As for Sb; and Zn, Fe
and Ag for Cu, pecial varieties of tetrahedrite are
rich in Hg or Bi.

"~ (2) Substitution of Sb by As between the two end-members,
tetrahedrite and tennantite, is incomplete and the

~ possibility bf'one (or two) miscibility gaps remains.

(3) Substitution of Cu by Zn and Fe corresponds to the
formula Cu1O(ZnFe)QSbuS13 and this may represent the
limit of substitution of Zn and Fe in tetrahedrite,

(4) Substitution of Cu by Ag takes place mainly in divalent
cation rich tetrahedrites there being an association
of Ag éontent with the Cu:Zn+Fei+Hg ratio of 5:1. A

definite saturation value is not evident for Ag.
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It is difficult coming to definite conclusions on the
extent and limits of substitution possible in tetrahedrite
from a study of natural tetrahedrites, This is because of
the wide range in substituting elements present, the
uncertainty of the validity of chemical analysis of macro-
scopic specimens and the possibly limited range in composi-
tions available in natural occurrences., The value in
studying synthetic minerals is that these problems do not
arise,

Experimental work was therefore undertaken to contri-
bute to the understanding of substitution in natural tetra-
hedrites and to establish relationships between composition
and miheralogical properties of substituted tétrahedrites.

The features listed above were used as a guide,
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Natural Substituted Tetrahedrites

TABLE 1-6

Sumﬁary Matrix - High Variance (>5) Elements

Cu Fe Zn Ag Sb As
cu 1.00
Fe -0.40 1.00
Zn -0,20 -0,55 1.00
Ag -0.65 0,00 0.05 1,00
Sb -0,50 0.05 0.20 0.25 1.00
As 0.50 -0.15 -0.15 -0.25 -0.95 1.00
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CHAPTER 2

Synthesis and Analysis of Sulphosalts -
Description of Apparatus and Procedure

Introduction

When this project was started there was no comprehensive
account of the experimental details of the techniques of
sulphide synthesis, Dry sulphide synthesis in sealed
evacuated silica glass capsules was chosen as the most appro-
priat¢ technique for a general study of synthetic sulphide
mineralogy. The technique described here has developed from
a combination of published information and practical experi-
ence, An attempt was made to keep the apparatus of general
applicability and this has resulted in ifs limited uéefulness
in certain aspects of synthetic sulphide research. The
determination of sulphide phase equilibrium diagrams, for
example, requires a carefully calibrated quench furnace with
a minimal temperature range over the length of the specimen.
Single crystal growth, on the other hand, requires a furnace
with a carefully controlled temperature gradient over the
length of the specimen. 1In quench furnaces the specimen drops
rapidly out of the furnace whereas in crystal growth furnaces

it is lowered slowly.

The furnace described here is best suited to growing
polycrystalline aggregates of sulphide phases, in the
temperature range O—85OOC, suitable for general mineralogi-
cal studies, Oniy qualitative, or at best, semi-quantitative

conclusions regarding phase relations can be made,
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Chemicals Used and Weighing Procedure

The failure rate of early experiments was high, For
reasons of economy, therefore, limited purity chemicals were
used, high purity chemicals being used once the success of a
run could be guaranteed. The chemicals which have been used
are listed in Table 2-1., All chemicals were stored in a
dessicator. The 99,95% copper powder was reduced in a
stream of coal gas immediately before use, The metal rods
were filed to a powder immediately before use,

The powders, totalling 1.0g of specimen, were weighed
directly into a perspex tube to an accuracy of 0,00005g on
a Mettler Single Pan Balance. Three perspex balls were
added and the components carefully mixed by hand shaking.
Violent automatic shaking was avoided after one specimen
exploded. The specimens were stored in a dessiéator for
short periods of 1 to 24 hours before loading into silica
glass:capsules., Processing losses were less than 1% and
were not significant in'ﬁhis study., Specimen numbers were
written on the capsules using a diamond tipped pen.

Silica Glass Capsules

Thin walled, high purity, transparent vitreosil tubing
(grade A) of a range in diameters has been used. This was
obtained from Thermal Syndicate, Wallsend.

A prepared capsule is shown in Plate 2-1., The silica
glass cone, which fitted onto the evacuating equipment,
could be reused about twelvé-times. The join between the
capsule and the cone was drawn into a capillary, The long
néck of the capsule separated the highly reactive chemicals
from the sealing flame. The neck was made narrow in order

to minimise the vapour space in the capsule. The capsule
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design was preferred to that commonly used where a close
fitting silica rod occupies the space above the specimen,
Experience showed that the elements could react spontaneously
atroom temperature if left for more than a few minutes under
high vacuum and that the heat of the sealing flame could
readily cause reaction, A narrow‘capillary, as described
above, was therefore necessary to facilitate rapid sealing -
and this precludes the insertion of a solid rod.

The vapour space above the specimen in the capsule is
about 1cc, The sulphur lost to the vapour can be calculated
approkimately. The vapour pressure of sulphur over pyrrho-
tite in equilibrium with pyrite at 600°C is approximately
10 mm Hg (Toulmin and Barton 1964), The vapour pressure
over sulphides in the Cu-Sb-S system will be in this order
of value., Assuming sulphur behaves as an ideal gas and con-
sists of S, molecules, the sulphur loss (m) can be calculated

from the formula -

_P.v.Mw
- R.T
where P = pressure in mm Hg
V = volume in cc
MV = molecular weight (64.132)

R = gas constant (62361)
T = temperature °k
At 600°C the sulphur loss will be in the order of 0.0
X 10’6g/cc. This loss is insignificant in this study.
The vapour pressure over pure sulphur at 500°C is
1605mm Hg (West and Menzies 1929), If excess sulphur is
present in the specimen a loss of about 0.002g/cc will take
place at 5OOOC. Compositions with excess sulphur have not

been used in this study. Unreacted sulphur, however, may on
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occasion be present and it is important that the silicé glass
capsules can withstand the'large internal pressure, Silica
tubes with a wall thickness of 0.5 to 1 mm. are usually
quite capable of withstanding pressures of up to 50 atmos-
pheres. Pressures of this magnitude are only experienced in
the most sﬁlphur—rich portions of sulphide systems at
temperatures approaching 1000°¢G, (Naldrett, personal
communication),

Vacuum Equipment

The vacuum equipment is shown in Plate 2-2 and Fig.2-1,
The rotary vacuum pump was an Edwards, Two Stage Gas Ballast,
Rotary High Vacuum Pump (Model ED35), capable of 0,0005 torr
(1 torr = 1 mm, Hg). The vacuum was monitored by an Edwards,
Pirani Gauge Head (Model G6A) and an Edwards, Pirani Vacuum
Gauge (Model B5), over the pressure range 0,5 to 0,001 torr.
The vacuum system included a cold trap, situated between the
specimen and the Pirani Head and vacuum pump, in order to
trap vapours emitted when the specimen reacted during seal-

ing. Silicone grease was applied to all joints and valves.

Sealing Procedure

The pump valve was closed and the specimen valve opened
(Fig.2-1). The pump was switched on and left about thirty
minutes to warm up, The capsule was attached (Fig.2-1), the
pump valve opened.very slowly and, as the system was slowly
evacuated, the specimen was tapped gently in order to ease
the escape of air. Rapid evacuation caused the powder to be
drawn out of the capsule, When a suitable vacuum was attained
(0,01 - 0,001 torr), the capsule was quickly sealed with an
oxygen-gas flame, the capsule being held wrapped in wet

asbestos tape., A second person was required in order to close
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the specimen valve immediately should anything have gone
wrong. The sealing process took about fifteen minutes per
capsule,

Furnace

The furnace assembly with furnace tube, temperature
controller and temperature recorder is shown in Plate 2-3,

Kanthal wire was wound round and cemented to a fused
mullite tube ( 5 cm. internal diameter and 50 cm. long)
giving a resistance of about 4O ohms., This tube was held
in a syndanyo box packed with vermiculite (Fig.2-2).

A stainless steel specimen container, attached to a
metal rod, was suspended by a wire on a pulley and could be
raised or lowered out of the furnace (Plate 2-3 and Fig,
2-2), Stainless steel containers were used because in early
experiments the capsules often exploded, Several container
designs were tried but that illustrated (Fig.2'3a) has proved
the most satisfactory. The specimen holder used in quench
runs (Fig.2-3b) was lowered rapidly out of the furnace, the
capsules picked out with tweezers, and plunged into cold
water.

The central steel support rod enclosed a chromel-
alumel thermocouple which was close to the capsules, but
protected from them, should they have burst. The specimen
temperature was not known accurately but since the specimen -
thermocouple distance was constant the temperature differ-
ence between different runs could be measured and tempera-
ture histories were repeatable, Temperature measurement was
not critical for this study. The specimen temperature was
continuously monitored by a Kent, Multelec Mark II, single

point microvolt recorder., A safety device was built into the
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chart recorder so that if the temperature controller had
lost control the furnace would have been automatically
switched off when a set temperature was reached,

The temperature controller used was a Eurotherm,
stepless, indicating controller with thyristor output and
thermocouple input (PID/SCR/10A/2L0v/PA/0-1200°C NiCr/NiAl).

Temperature contfol was excellent, the specimen tempera-
ture not measurably exceeding * BOC. variation over several
days. The controller was used in two ways; automatically,
to maintain the furnace at a set temperature; and manually,
to raise or lower the furnace temperature, The manual
control permitted temperature change in very small steps,

A mechanical device attached to the controller allowing
continuous, steady temperature change would have been
advantageous, Several positions were tried for the thermo-
couples, The position shewn (Fig.2-2) should give the best
control as the delay time from temperature change to con-
troller reaction is minimal, This positioning was a late
feaﬁure of the furnace and has the disadvantage that the
controller temperature reading is much less than that of the
recorder. Several thermocouples in circuit, positioned in
cavities drilled into the inner alumel furnace tube, would
be the ideal arrangement., Other improvements in design
which would improve the stability of temperature would be

to minimise the internal volume of the furnace and increase

the insulation.

Run Histories

The details of each run are given where appropriate in
the teit. A general requirement was that the furnace temp-

erature was changed slowly in order to avoid damaging the
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furnace windings. Specimens were always allowed to react at
a low temperature (2-400°C.) for at least tWelve hours
before being raised to the maximum temperature, This step
was necessary to avoid possible detonation of the specimen
by rapid reaction.

Opening Capsules

The capsules often burst violently when being opened
and, on occasion, would shatter spontaneoﬁsly when being
handled. On removal from the furnace, the capsules were
therefore stored immediétely in plastic tubes and before
opening they were wrapped in cellotape. Using the usual -
glass~-tube cutting technique the sealing end of the capsule
was cut off then the specimen section of the capsule split
(Plate 2-1), Opening of the capsules took place in a fume
cupboard since small amounts of sulphurous vapour were

emitted., The usual product was a solid button, vesicular

or consisting of welded grains,



TABLE 2-1

Chemicals used in Synthesis

(a)
Low Purity
Element Material Purity Manufacturer
Cu Copper powder 99,95% Koch-Light
Sb antimony powder 98.5% B.D. H.
As arsenic trisulphide optical-
(lump) grade Koch-Light
S suiphﬁr crystals - B.D.H.
Zn ’ zinc sulphide
(luminous) - B.D.H.
()
High Purity
Element Material Purity Manufacturer
Cu Eggder imp = 19 ppm J. Maﬁthey
Sb powder. 99.9999% Koch-Light
As powder 99.999% Koch-Light
s powder 99.9999% Koch-Light
Fe rod imp = 15 ppm J. Matthey
Ag rod imp = 10 ppm - J. Matthey
Zn rod imp = 10 ppm J. Matthey
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PLATE 2+

Silica Glass Capsules

Note the capillary joining the capsule to the cone,
The long narrow-neck capsules proved successful
whereas, when using a simple capsule (centre), the

specimen often reacted on sealing.
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PLATE 2-3

The Furnace Assembly

Specimens are raised into and lowered out of the
furnace tube by means of the pulley. The specimen
temperature is monitored on the Kent Temperature
Recorder, below which is situated the Eurotherm
Temperature Controller, The Ammeter, to the left
of the Controller, monitors the current supplied

to the furnace,







PLATE 2-
Specimen Container (see Fig.2-2)
The stainless steel specimen container is attached to
a metal rod which is suspended by a wire on a pulley,
The thermocouple which monitors the specimen

temperature is situated within the metal rod.
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Techniques Employed in the Examination
of the Sulphides Synthesised

Reflected Light Microscopy

Several fragments of each specimen were distributed in
resin, polished, and examined by reflected light using a
Zeiss Ultraphot. The phases obtained were identified and
their textural relationships interpreted, Interesting
features were photographed.

Optical examination has pro&ed to be an essential step
iin the mineralogical study of synthetic sulphides, Inter-
pretation of textures leads to an understanding of phase
relations and has contributed to the planning of temperature
hiétories of the synthesis of certain phases. Phenomena
exhibited by the synthetic sulphides include -

skeletal crystal growth, dendritic crystal growth,
eutectic intergrowths, two liquid texture, mutual boundary
texture, reaction relationships, reaction rims, exsolution,
~eutectoid breakdown, inversion twinning, growth twinning,
metastability, scratch induced inversion and colour change.

Electron Microprobe Analysis

Fragments chosen for microbrobe analysis were drilled
out from the polished specimen and mounted in a 0.5 mm,
resin core suitable for mounting in the microprobe standard
holder, Specimens and standards were carbon coated simul-
taneously., A Cambridge Geoscan,. a two spectrometer micro-
probe with a 75O take off angle was used for analysis, A
counting rate of 10 secs. was used exclusively ih obtaining
the count rate on standard, standard background, specimen
and specimen background, The éognter dead time was L

microseconds. o
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Two programmes have been used in obtaining, from the raw

data, the final corrected wt% of the elements present.

(1) TIM (Duncumb and Jones)

| Uncorrected wt% values were‘calculated by hand,
Corrected wt% values were computed using TIM. A correction
for fluorescence was not made on the standard by TIM, The
fluorescence correction required on the compound standards
employed is small and has therefore been neglected, It is
possible using TIM to determine one eleﬁent by difference,
(2) EMPADR VII (Rucklidge and Gasparrini 1969)

Uncorrected and corrected wt% values are computed by
EMPADR from the raw counts obtained from the microprobe., All
necessary corrections are applied to both standard and
specimen, The range in ratio of a substituting pair of
elements can be determined conveniently using the 'Fixed
Stoichiometry' option of EMPADR, For example, with |
(CuAg)128buS13, simultaneous determination of Cu and Ag can
be carried out on many points in one or more specimens,
EMPADR calculates the uncorrected wit% Cu and Ag, from the
stoichiometry calculates the wt% Sb and S, and then computes
the corrected wt% values. ‘

Under ideal conditions an accuracy of 1% of the Wwt%
present 1s possible using the electron microprobe (Long
1967). Springer (1969) analysed natural tetrahedrites and
guoted an experimental error of approximately iz% of the wt%
present,

Analyses of the sulphides synthesised have usually
given high totals, Tetraehedrite, stibioluzonite and Cu38b83
were analysed by Dr, A, Peckett of this department, His

totals were about 0.5 wt% less than those given in Table 3-5,



23,

[T

No single element was responsible for the higher totals
given in Table 3-5 but Cu and Sb contributed slightly more
than S. The high totals, therefore, do not affect the con-
clusions drawn from the normalised results,

When one element (Cu) was computed by difference using
TIM, this element was consistently low; This technique was
used occasionally, however, because it was found that
gfeater precision in the comparison of Cu-Sb-S phases was
pdésible when Cu (using elemental Cu as a standard) was not
determined.

Powder Diffpraciion

A Phillips high angle PW 1012/10 goniometer was used to
obtain diffraction profiles of'suitable specimens across a
selected range in 26, Smear and rotating cavity mounts have
been used, Because of the inevitable admixture of impurity
in the large samples required and the lack of published
diffraction data on Cu-Sb-S synthetic phases, thié technique
was of l1little value in this study,

Material for powder diffraction photographs was normally
obtained from the polished specimen by drilling out or pick-
ing out with a needle - 'picked' sample. This could be
carried out while the specimen was in view under the micro-
scope. This technique was adopted becausevit minimised the
risk of, and contributed to the identification of, any
impurities in the sample. The powder so obtained was mounted
on a silica glass fibre using a collodion sclution, In some
cases fragments.of specimen were ground under acetone and

d

poyer obtained - 'ground' sample.

Debye-Scherrer powder photographs mounted in the

Straumanis position were obtained using a 114.95 mm, diaméter
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Phillips camera, Narrow collimator and beam trap were used
exclusively, Exposure times éf the order of 2-10 hours were
required when using the spot focus of Co K. radiation from a
2 Kw generator, A

Measurement of Powder Photographs

The photographs were mounted on a standard Hilger and
Watts film measuring scale with a vernier capable of measur-
ing to 0.005 cm. - Theta values of diffracted lines could
therefore be measured to 0,0125°, Since 'd' is a function
of sin® (d = »/2sin®) the d-values 2? the lines can be
determined at higher values of 6,

a (precision)= 2+i=2.d

The values of 28, sin29, d and sin29n/sin291 (where

1 = line 1, n = nth line), were computed for the x=, o¢, and
% 5 lines using a program, DPOW, specially written by the
~author, Since the film was mounted in the Straumanis
position the calculatioﬁ could allow for film shrinkage

(Klug and Alexander 1962), A necessary correction was

applied to bring all sin29 values to equivalent sin29,¢1

values before the sinzgn/sinzg values were computed (Klug

1
and Alexander 1962).

For 'Co' radition s:in29x1 = sin29¢2 x 0.99570

Sin29¢1 = sinZQ; X 0.99856

Indexing and Calculation of Cell Parameters

~

Cubic Minerals:-: 2

The sinzgn/sinzg1 values computed in DPOW were used to
obtain a factor, N1, the h2 + k2 + 12 value of the first
line which, when divided into the sinzen/sinze1 values,

brought them to approximate integers, This was done by

trial and error using the list of sinzgn/sinQG1 values.
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If the hkl value of the first line was known then N. =

1
h2 + k2 + 12.

N1 was then used in DPOW to compute the approx. N values

2
(h™ + k2 + 12) of each line -
sin29
T, (epprox.) = Sig7y

In DPOW, N was rounded to the nearest integer and used

to calculate the apparent cubic unit cell edge of each line -

2
N.,A
4 2\1 Esinee

During this process the sin291/N1 value was recalculated,
after indexing each line of relative intensity greater than
20, using the N value (integer) just established for the
line -
sin29

n
Nn

2
sin 91/N& =

This 1is necessary because of the low accuracy ih measurement
of sin29n at low 2 © values as a result of line displacements
due to absorption of the X-ray beam by the sample (Klug and
Alexander 1962), Also, the precision in measurement of sin°0
is'poorer at low 26 values,

According to Nelson and Riley (1945) the absorption
error, eccentricity error and error in camera constants give
an error in the apparent unit cell dimension which is propor-
tional to 1/2(coszQ/sin9 + cosQQ/Q), the Nelson-Riley
Extrapolation Functiqn, and reduces to zero at 6 = 900. The
20 values and apparent cell edge of selected high angle
lines (usually onlyoc1 and %5 back reflections) were used
to compute the true cubic cell edge. A program called NELRIL
was written., This program calculated the Nelson-Riley

extrapolation function value for each 26 value and by means
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of a linear regression through the plots of 'Nelson-Riley
extrap., func.' v 'cell edge (an)' calculated the cell edge
at 8 = 900. The procedure was repeated twice rejecting
points which plotted outside 1.5 standard deviations from
the best fit straight line. The 'standard error of the
intercept' was caleculated and given as the error of the

extrapolated cell edge -

n 2 n__2
1Z (y-yC) . 1ZX

stnd, err, of intcpt. =
! n 2 n 2
(n'2)-(n-12 X - (1ZX) )

where x = Nelson-Riley extrap., func., value
¥y = Observed cell edge for a line
Vo = Calculated cell edge for a line
n = Number of lines

Non-Cubic Minerals

The d-spacings of the diffracted lines were obtained
from the powder photographs using DPOW, Two programs,
GENSTRUK and COHEN, used for indexing and calculating the
unit cell parameters respectively, are described in a
report published by the UKAEA (Marples and Shaw 1966),

GENSTRUK produces a listing of line positions on being
given non-cubic unit cell parameters, Observed d-values
may be given(as'input and these lines are indexed by com-
parison with the generated lines, Indices allocated to the
observed lines which do not fit the space group of the
mineral must be rejected manually, .

COHEN calculates, using Cohen's method (Xlug and
Alexander 1962), the 'least squares' best lattice parameters
and their standard deviations on being given an indexed set
of d-values., The program will reject lines not in agreement

with the majority.
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Vickers Microhardness Measurements

The diamond indentation method of microhardness deter-
mination was used, The instrument employedwas a 'G.K.N.
Microhardness Tester,'

The size of the impression obtained is related to the
microhardness of the specimen., Since only isometric phases
were examined, the mean of the two axial dimensions of the
diamond impression was calculated, The microhardness given

by the equation -

HD - 2P.s;n9

D

where HD = hardness

P = the load in grams
© = half the included angle of the pyramid (680)
D = the diagonal of the indentation in mm,

was read from tables (G.K.N. 1958),

A number of indentations was madd on each specimen
allowing the standard deviation of the Vickers Microhardness
to be calculated., Indentations with excessive fracturing
were discarded.

Reflectivity Measurements

The general instrumental conditions are given in Table
2-2, The apparatus and technique has been described by
Tansel (1970) and Akinci (1970). The reflectivities of the
minerals were determined by comparison with a NPL standard
(Table 2-3), The reflectivity of the specimen at a given

wavelength was calculated from the equation -

Rgp = (g = Gy )eRgyq)/(Ggpq = Gyp)
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where R = reflectivity, G = galvonometer reading,
sp = specimen, std = standard and
bb = black box (primary glare correction),

Maximum and minimum readings of the galvo, were taken in
triplicate for the standard, the spe¢imen, the standard and
finally the black box. The mean readings were then calcula-
ted and used in -the above equation,

During the determination of the spectral reflectivities
of synthesised members of the tetrahedrite-tennantite series
the measurements at different wavelenths were all made on the
same areé of the specimen, During the measurement of the
refiectivities of substituted tetrahedrites (Cu substituted)
the reflectivﬁties of several grains in the éame specimen
were determined enabling the standard deviation of the
measurements to be calculated.

Colour Measurements

The unreliability of the hiuman eye in colour perception
makes the guantitative evaluation of minefal colours invalu-
able, The 'spectrophotometric method' described in the
Sciénce;of Colour (1953) has been used in this study.

Tristimulus Values

. Any colour can be produced by mixing the three primary
colours blue, green and red., The three tristimulus values
(X, Y and Z) are related to the proportions of these three
colours required fo produce a given colour, The tristimulus
values can be computed from -

(a) The spectral reflectivity curve,

(b) The spectral distribution of energy in the

illuminant, and certain psychological-physiological
coefficients adopted by the Commission Internationale

de L'Eclairage (C.I.E.) as 'Tristimulus Values of
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the Spectrum Colours' (Piller 1966).

Reflectivities are required at thirty standard wave-
lengths for the calculation of each tristimulus value, 1In
the present study the standard reflectivity velues were
calculated by extrapolation from the measured spectral
reflectivity curve by means of a computer program written
by U. Win Htein of this department. There are three
standard light sources, A (tungsten light), B (direct
sunlight) and C (average daylight), and the X, Y and 2
tristimulus values were computed for each using the factors
given in Table 16 of the Science of Colour. The Y value
indicates the relative brightness of the specimen on a
scale that represents an absolute black by zero and perfect
white by 100% (Piller 1966), The X and Z values do not have
simple representations,

Chromaticity

A given colour can be represented by its dominant wave-
length and % purity (i.e. the proportion of dominant wave-
length and white light). These two values specify the
chromaticity and can be obtained from the standard
'Chromaticity Diagram' given in Fig.2-4 (C.I.E. 1931). All
the spectrum colours are represented on the curve (spectrum
locus) in Fig.2-44 and have 100% purity. The three standard
illuminants are also plotted in this diagram., To represent
colours in the diagram the chromaticity co-ordinates, x, y
and z, are computed from the tristimulus values, X, Y and Z.
The chromaticity co-ordinates are related thus -

S R - S
X = ¥¥Z Y = XiY+42 = X4Y+2

Only x and y are required for plotting points in the

chromaticity diagram,
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The dominant wavelength and excitation purity of a
colour are obtained as shown in Fig.2-l for a specimen (sp)
using illuminant A,

This can be done graphically but is inaccurate. In the
present study, therefore, the dominant wavelength and the
excitation purity were computed using a program written by
U, Win Htein of this department,

Colour Discrimination

There are threshold values of colour measurements which
must be exceeded in order‘that the human eye can perceive
colour differences, These threshold values were determined
by MacAdam (1942) and used to construct the threshold
ellipse in Pig.4-8.° The colouf differences between the
selected point at thé centre of the ellipse and all points
lying within the ellipse are indistinguishable by the human

eye.



TABLE 2-2

Instrumental Conditions for Reflectivity Measurements

Photoelectric

Apparatus

Light Source

Microscope

Objective

Filter

Aperture

EMI - II stage 6094B Photomultiplier

Stabilized voltage supplied by Farnell
Inst, Ltd.

E2 type stabilized EHT power supply.

Output of the photomultiplier fed to
DM 2005 type Dynanco Ltd. Digital

Voltmeter,

8 volt - 48 watt Tungsten Filament Lamp
Stabilized voltage supplied by Farnell
Inst. Ltd,

TSV 70 Stabilized Voltage Supply.

Vickers Inst, Ltd. Ore LMicé%cope.

X40, 0.85 na.

Veril B-200, Jena Glassworks, Mainz

No.B-34716 Continuous Filter Monochromator



TABLE 2-3

Reflectivity of Carborundum Standard, NPL No.2538,.27

Wavelength (nm) Reflectivity (%)
Lo 21,0
L60 20.8
480 20,6
500 . 20.5
520 20.4
540 20,3
560 20.2
580 20.1
600 20,0
620 20,0
64.0 _ 19.9
660 19.9
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CHAPTER 3

THE CU-SB-8 SYSTEM

Introduction

A knowledge of the phase relations of a compound can
contribute to its successful synthésis. Valuable facts
include - (a) the composition‘range; (b) the composition
at the melting point; (c) whether the melting is congruent
or incongruent and (d) whether there are temperature
dependant crystal structure inversions (polymorphism).
Using the technique of sulphide synthesis by crystal growth
from the melt the ideal compound is stoichiometric, melts
congruently and has no polymorphism,

A literature survey was undertaken in an attempt to
obtain the above facts for tetrahedrite and other phases in
the Cu-Sb-5 system,

Although the general form of the Cu-Sb-S system was
established from a variety of sources, no recent work using
modern techniques of phase diagram determinatién has been
published on the ternary and the phase relations of tetra-
hedrite remained uncertain, Selected runs were therefore
undertaken in order to confirm the form of the ternary
system and an attémpt was made to establish the subsolidus
phase felations of tetrahedrite below 500°C,

Previous Work on the Cu-3b-5 System

The binary phase relations of Cu-S and Sb-S are well
established but the Cu-Sb system has not been recently

revised,



32,

The CuzS Binary (Fig.3-1)

The details required for Fig.3-1 were taken mainly from
Kullerud (1958, 60) and Roseboom (1966) who has revised the
system,

The high temperature portion is well established but the
low temperature (<100°C) portion between CuS and cﬁzs is the
subject of continuing publications. The low temperature
details are, however, insignificant in this study as in most
work on dry sulphide phase relations,

Low temperature orthorhombic chalcocite (Cu2S) inverts
at 10306 to a non-guenchable hexégonal polymorph which remains
stable to u35°c where 1t inverts to a cubic polymorph.
Digenite (Cu1'76_798) inverts to non-quenchable cubic high-
digenite at 76-830C. With increasing temperature the com-
position range of high digenite increases and includes Cu2S
at MBSOC; On cooling, a variety of low temperature breakdown
products of high digenite are possible depending on the Cu:S
ratio. In the present study, in runs in the Cu-Sb-8 system,
breakdown products have been guite variable in appearance
but have, in total, been labelled CuZ_XS.

The Sb-S Binary (Fig.3-2)

": This system is described by Hansen and Anderko (1958),
The high temperature cubic polymorphism of stibnite was
reported by Prduvost (1963). Stibnite was synthesised in
this study by slow cooling from the melf. Well developed
acic¢ular crystal were obtained (Plates 3-5,6). Rapid cool-
ing of the composition Sb.S, from 620°C resulted in the

773
production of a two liquid texture (Plates 3-7,8).

The Cu-Sb Binary (Fig.3-3)

This system is described by Hansen and Anderko (1958).

/
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The data were obtained mainly by thermal and resistometric
analyses, The portion from 20 to 30 atomic % Sb was des-
cribed by Elliott (1965) and was obtained using x-ray tech-
niques., The complexities of this diagram are of little
consequence in the present stﬁdy of the central part of the
Cu-Sb-S system.,

The Cu—éb—s Ternary

A summary of early attempts at synthesis of phases in
this system can be obtained from Gmelin (1961).

The CuQS—Sb2SB—Sb—Cu-area was studied using thermal
analyses and texture studies by Guertler and Meissner (1921),
Because of the technique used their results only give an
indication of the form of the system but the main tie lines
were established. From their tabulated data the CuQS—Sb
join has been cqnstructed and is presented with the diagram
given by Guertler and Meissner in Fig.3-4. Two two-liquid
fields were established by Guertler and Meissner though
from their own tabulated data (i.e. specimen 2), it is
possible that the two liquid field extends continuoﬁsly
across the diagram. The ternary phases tetrahedrite, given
as Cu,5DbS

577737
The existence of the compounds Cu38b83 and CquS2 were

and chalcostibite, CquSz, were recognised.,

confirmed by thermoanalyses and microscopic examination in
a study of the Cu2S-Sb233 join (Parravano and De Cesaris,

1912), Cu,SbS, was named stilotipo (Italian). Dana (194L)

3 3
noted that natural stylotypite (CuAgFe)ijS3 has been shown
to be a mixture of tetrahedrite and other phases, Parravano
and De Cesaris do not say if Cu38b83 was recognised as being

a non-cubic phase and not tetrahedrite. The eutectic

temperatures for Cu,S-Cu,SbSy = 610°C, CuzSbS-CuShS, =

542°C and CuSbS,-Sb,S5 = 490° ;were established.
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As a result of isothermal reduction of Cu28—8b283

mixtures by H, at 400°C the following solid-solutions were

obtained by Schenck et al. (19393 -

(a) 3CupS.SbyS, - 5Cu,8.35b,8,

(v) CuyS.8b,8, - LCu,S.55D
(c) 3Cuy8.LSb,yS5 - 2Cuy8.38D,5,

253

The central area of the Cu-Sb-S system was studied by
Gaudin and Dicke (1939). Several Cu:Sb ratios, with excess
and deficient sulphur, were heated in iron containers to
52500 and quenched at 300—50000. The ternary phases tetra-
hedrite, famatinite (stibioluzonite) and chalcostibite were
obtained and shown by selective irridescent filming to have
a range in composition., Tetrahedrite and chalcostibite were
reported to melt incongruently.

Wernick and Benson (1957) synthesised Cu-Sb-S ternary
compounds in sealed quartz tubes containing N2 at 2/3 atoos.
pressure, The foliowing data were reported - tetrahedrite,

Cu,SbS cubic, M.P., = 55500; famatinite (= stibioluzonite),

37773

CuBSbSM’

CuSbS,, orthorhombic, M.P. = 535°C.

cubic, M.P. = 555°C; wolfshergite (= chalcostibite),

The Cu28—8b233 join was studied by Cambi and E11i (1965).
The diagram they presented is given in Fig.3-5 and was
established by dry thermal synthesis, hydrothermal synthesis,
thermal analysis, x-ray diffraction, wet chemical analysis
and polished specimen study. It was concluded that tetra-

hedrite has a range in composition from BCuZS.SbZS3 to

t !

"3 2

273
(a, = 10.31 % 0,028), inverts at 500-530°C to a high

uCuZS.Sb that the low temperature polymorph,

temperature cubic polymorph, 'B' (ao = 10,44 iO.O'jx), which

melts congruently at 610°¢. 1In thermal synthesis '«' and
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'B' tetrahedrites were obtained resulting in a splitting of
all the peaks on the diffraction profile but after reheating
to 400°C only the '«x' tetrahedrite peaks were retained. Only
'w' tetrahedrite was obtained by hydrothermal synthesis,
The x-ray diffraction profile obtained for chalcostibite
showed doubling of the most intense peaks. The resolution
of these peaks had not previously been reported,

The Cu28—8b283 join was also investiéated by Godovikov
et al., (1970). The new sulphosalt, CuBSbSB’ which has a
structure similar to orthorhombic wittichenite, CuBBiSB’ and
melts incongruently from 5930 to 61800 to tetrahedrite, was
reported.

Conclusions

The information obtained from these publications has
enabled the construction of the Bu-Sb-S ternary and the
600°C isothermal section is given in Fig.3-6. The publica-
tion by Godovikov et al.(41970) arrived too late to contribute
to the series of experiments which were planned from this
Cu-Sb-S working diagram.,

The conclusion drawn from the study of previous work on
the Cu-Sbhb-S system was that the general form of the Cu-Sb-S
ternary diagram and the ternary phases present had béen
established, The work of Cambi and Elli (1965) was the most
thorough and it was decided to confirm their results as well
as synthesise tetrahedfite. Preliminary runs in the Cu-Sb-S
system were therefore selected with the following objectives

(a) To sjnthesise the major phases and establish
optical identification criteria, .

(b) To confirm the form of the Cu,S-8b,8; binary
published by Cambi and E1li (1965).

These preliminary experiments were accomplished during the
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development of the technique of synthesis and therefore
involved a variety of experimental conditions, The conclu-
sions reached were that, while most of the established
Cu-8b-8 ternary diagram appeared to be correct, the phase
relations of tetrahedrite were more complex than suggested
by Cambi and E11li (1965). A more detailed study of the
central part of the Cu-8b-S ternary was therefore undertaken,
The study of the central part of the Cu-Sb-S system
will first be outlined before describing certain selected
runs in the system, The appearance of the ternary phases
(sulphosalts) in polished specimen Wili then be described.
and “diffraction data given, Finally the results will be

summarised and discussed,
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The Central Area of the Cu-Sb-S System

The high purity chemicals used are given in Table 1-1D.
The technique of synthesis is described in Chapter 2, The
starting compositions are listed in Table 3-1 and plotted in
Pig.3-7. The three phases being investigated were stibiolu-

zonite, tetrahedrite and CuBSbS a new phase, which had

37
been synthesised in early experiments before the work of
Godovikov et al.(1970) was known to the author. The
specimens were run in two batches with similar temperature
histories which are given in Table 3-2, Polished specimens
were prepared for phase identification and textural inter-
pretation, Identification of the phases obtained was

confirmed by microprobe analysis,

Temperature History

The specimen temperature was raised slowly to 6OOOC,
lowered slowly to 5OOOC and maintained at this temperature
for 43 hours befére removing the specimens from the furnace,
This sequence was chosen in order to obtain information on
the subsolidus phase relations of tetrahedrite, Attempts at
synthesis of tetrahedrite by crystallisation from the melt
had proved unsatisfactory because of the incomplete reaction
on cooling.of primary digenite in the tetrahedrite composi-
tion melt,

Polished Specimen Examination

The phases obtained and their textural relationships are
given in Table 3-3, The three main phases CuBSbSu, Cu128bLLS13

and Cu,SbS, were well defined, there being little variation

37775
in their microscopic character, The CuZ_XS phase varied in
colour, internal texture and relationship with other phases

as expected from its complexity in the Cu-S binary.
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Microprobe Analysis

The major phases obtained from each polished specimen
were analysed for 8b and S, Cu was computed by difference
using TIM, The conditions of analyses and the results are
given in Table 3-4, Phases unsuitable for analysis because
of inclusions, intergrowths, etc., include all those in
specimen 71 and tetrahedrite in specimen 65.

There was no significant variation in composition noted
for tetrahedrite, stibioluzonite and Cu38b83 in all the
specimens analysed. All analyses‘were Cu deficient in rela-
tion to the expected stoichiometric compositions but this was
because of the 'Cu by difference' analytical technique used.
The analyses have been plotted in Fig.3-8.

Full analyses of tetrahedrite (Spec.63), stibioluzonite

(spec.6bl) and Cu SbSB(spec.65) were undertaken, The condi-

3
tions of analyses and the results are given in Table 3-5,
The results confirm the formulae of the phases - CuBSbSu
- (stibioluzonite), Cu128b4813 (tetrahedrite) and CuBSbSB'

~Phase Relations

The significant facts obtained are - Cu2-xS co-exists
with stibioluzonite, tetrahedrite and Qu38b33° Stibioluzo-
nite co-exists with tetrahedrite, blaubleibender covellite
and chalcostibite., Tetrahedrite co-exists with chalcostibite.

CuBSbS co-exists with Gu2S, inverted tetrahedrite, Sb and

3
chalcostibite. Chalcostibite co-exists with Sb,

Cu2_x,often rimmed by stibioluzénite, formed ovoid
dendrites in tetrahedrite. The texture of Sb in Cu38b83
suggested independént crystallisation - a two liquid
phenomenon, ‘Oriented blebs and rods of GuQS and Cuz_xs in

Cu38b83 suggested a high temperature range in composition of

Cu38b83 towards Cu,_,S.
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A tentative phase diagram for the central part of the
Cu-Sb-S system at u5OOC is given in Fig.3-9. Information
from several early selected composition runs in the Cu-Sb-S
system has supported the conclusions. 45000 has been chosen
to represent subsolidus phase relations in the system. With
decreasing temperature only changeé in tie lines coming f'rom

the Cu-S binary are expected to occur,



TABLE 35-1

The Central Area of the Cu-Sb-S System

Starting Compositions - see Fig.3-7

Sﬁigéggn Composition Baigﬁnﬁﬁgber
o G, 55015, 5 1971C
6L Cu,8b8), 1971C
o Gu 515, 19710
6 6u, 50,5, 1971C
20 Cuy 50,5, 5 1971C
N Cu, 50,5, 1971D
72 3.5Cu,8 .Sb283 1971D
73 2,5Cu,8.5by8 5 19711D
75 cu0.39%P0.1650.45 191
76 cu0.43°P0.13%0.01 e




TABLE

=2

The Central Area of the Cu-Sbh-8 System

Temperature Histories

Batch Hours Max. | Hours Hours Min, | Hours Hours to
to max, |Temp, |at Max,|to Min,|Temp, {at Min,| Room Temp.

1971C 2L, {600°C 16 8 500°C| L3 a

41971D 29 |[600°%| 14 12 500°¢| L3 LA




TABLE 3-3

The Central Area of the Cu-Sb-S System
Phases Obtained and Textural Relationships

Specimen No,63

Main phases =~ tet 90-95%, stblz 5-10%
Texture - Large tet crystals with fractured welded rims,
In tet, blue Cu2_xS spheroids with narrow stblz rims,

Chst interstitial. Tet weak anisotropy.

Specimen No.6L

Main phases - stblz 90-100%
Texture - Large Interlocking crystals of stblz, Scarce

interstitial CuZ_XS, and blaubleibender cov with lamellae

of cov.

Specimen No,.65 Plate 3-1, 2

Main phases - Cu38b33 80%, inv tet 10%, chst 10%.

Texture -~ Interlocking crystals of Cu38b83 occasionally full
of oriented minute Cu,_ S blebs and rods (when grey = Cu,S ?)
Skeletal tet (idioblastic?) enclosing Cu38b33 and sometimes
also contains Cuz_xS blebs, Chst interstitial in eutectic

intergrowth with CuBSbSB'

Specimen No.69
Main phases - Stblz L5%, tet LO%, chst 10%, Cu,_ .S 5%.

Texture - Large intergrown tet and stblz (mutual boundary).

Cu2 XS ovoid dendrites with stblz rims in tet,Chst interstitial,



Specimen No,70

Main phases - Stblz 75%, tet 20%, chst>5%, Cu,_ S>5%.
Texture - Large proeutectic stblz crystals with interstitial
tet and scarce chst. Cu,_,Sovoids in stblz and ovoidal

dendrites with stblz rims in tet.

Specimen No,71

Main phases - Cu38b83 60%, Cu, S 20%, Sb 20%.
Texture - Anhedral grains of Cuz_XS, some intergrown with Sb,

some including CuBSbSB’ in CuBSbSB' Large interlocking

crystals of CuBSbS full of minute orientated blebs of CuQS;

3

also contains dendritic stockworks of Sb which are indepen-

dent of Cu,SbS, crystal margins (- two liquid texture?).

3773

Specimen No,72

Main phases - Cu;SbSy 70%, Cu,_.S 30k.
Texture - Large interlocking Cu38b33 many £ull of orientated
CuZ—xS blebs and rods. Ovoidal dendritic CuZ-xS'

Scarce tetrahedrite patches,.

Specimen No,73
Main phases - Cu38b83 75%, chst 20%, Sb 5%.

Texture - Subhedral Cu38b33 crystals with interstitial chst

and Sb.

. 8pecimen No.75
Main phases - Tet 70%, stblz 15%, chst 15%.
Texture - Stblz laths with marginal chst blebs in tet.

Chst intergrown with tet and interstitial,



Specimen No,76

Main phases - Tet 75-85%, stblz 10-15%, chst <5%, Cu, S 10%.
Texture - Cu,_,Sovoidal dendrites, blue and white, with

stblz rims, in tet., Stblz laths in tet, Scarce interstitial

chst.

where tet = tetrahedrite
stblz = stibioluzonite
chst = chalcostibite
cov = covellite

inv = inverted



TABLE 3+

Microprobe Analysis of Ternary Phases

in the Cu-Sb-S System

Element Line Xv Standard
Cu  mmmeeee- by difference using TIM
Sb L« 15 Sb283
S K. 15 -Sb283
uwt% cwt% at% uwt% cwt% at%
63TET 64STBLZ
Cu - Ll-“-o78 14-0.58 - LI-2.O9 36038
Sb 28.44 30.05 14.21 26,25 (28,20 12,72
S 23,25 25.18 45.21 27.35 29,72 50.90
65W 70STBLZ
Cu - L5,80 L2, - L2 ,35 36,61
Sb 28,76 30.26 14.48 26,07 |28.00 12,63
S 22,12 23.94 43,51 27.26 29.64L 50.76
70TET | 72TET
Cu - 45.08 L0.84 - L5,09 L0.72
Sb 28,24 29,84 1411 27.96 29.57. 13,94
S 23.16 25,09 45.05 23,38 25.34 L5,35
72W ’ 73W '
Cu - Ll-5 c69 L|-2 003 = L|-5 o)-|-5 LH . 87
Sb 29,08 30.56 14.67 29,34 130,82 14,82
S 21.98 23,75 43,30 21.95 |23.73 43,32
T3CHST 75STBLZ
Sb L7.87 49,23 25,20 26.36 28,28 12.80
S 24,78 25,80 50.23 27,00 29.34 50.43
75TET 75CHST
Sb 28.33 29.94 14.15 L7.66 L9,02 25.13
S 23,27 25,20 5,22 24,69 25.72 50.06
76 STBLZ 76TET
Cu - Ll-2¢80 37005 - L'-}-l"-78 Ll-OoLI-S
Sb 25,93 27.84 12.58 28.23 [29.85 14,08
S 26.99 29.36 50.37 23,42 25.37 L5.44
69STBLZ 69TET
cu - 42,63 36,86 - U, 36 40,17
Sb 25,94 27.86 12,57 28.63 |30.26 14,30
) 27.13 29.51 50.56 23.45 25.38 u5.5u'
where TET - tetrahedrite, Cu128bu313
STBLZ = stibioluzonite, CuBSb'SLL
w = Cu38b83

CHST

chalcostibite, CuSbs,
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PLATE 31
Spec. No.65 x 220

Skeletal tetrahedrite (dark grey) in Cu38b83 (grey).
Pitting of tetrahedrite indicates structural
inversion - fragments lost due to conchoidal
fracturing developed as cell size changes (see

text).

PLATE 3-2
Spec. No.65 X polars x 220

(As Plate 3-1) Skeletal tetrahedrite (isotropic)

in Cu,SbS, (anisotropic).







PLATE 3-3
Spec.No,.73 x 220

Cu38b83 (grey) with interstitial chalcostibite,

CuSbS, (light grey) and Sb (white).

PLATE 3-4
Spec.No.73 X polars x 220
(As Plate 3-3) CuBSbS3 (weak anisotropy) with

interstitial chalcostibite (strong anisotropy)

and Sb.
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Selected Compositions in the Cu-8b-S
System

During the development of the technique of synthesis and

throughout the present work, non-systematic syntheses have
contributed to the understanding of phase relations in the
Cu-Sb-8 system. The locations of the starting compositions

are shown in Fig.3-9.

Spec.No. - S1 Plates 3-5, 6

Comp. - 8by5; Chemicals - High Purity

Significance - Stibnite

Temp. History - Heated to 72OOC over 2l hours, Cooled slowly
to room temperature over 110 hours,

Result - Large acicular and elongate crystals of stibnite,

Conclusion - Suitable for microprobe standard.

Spec.No, - S2 Plates 3-7, 8

Comp., - Sb7S'3 Chemicals - Low Purity

Significance - in two liquid field.

Temp. History - Heated to 65000 over 75 hours, maintained
for 22 hours, cooled slowly over 50 hours
to 620°C then removed.

Result - Two liquid texture. Sb spheroids with minor

stibnite, in stibnite with minor Sb,

Sepc.No., =S3
Comp. - CuS Chemicals - High Purity
Temp., History - Heated to 72000 over 24 hours, Cooled slowly
to room temperature over 110 hours,
Result - Texturally complex, Small interlocking crystals of
covellite with curved lamellae - biaubleibender

covellite (%),
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Conclusion - Unsuitable as microprobe standard.

Spec.No. - Sk
Comp, - Cu2Sb Chemicals - High Purity
Significance - Possible microprobe standard,
Temp.History - Heated to 72OOC over 24 hours. Cooled

slowly to room temperature over 4110 hours,
Result - Large interlocking crystals of CuZSb, some with very

fine lamellae, Interstitial Cu,Sb (confirmed by

3
microprobe analysis).
Conclusion - Slight range in composition noted on probe

therefore limited use as standard.

Spec.No., - S5 Plates 3-9, 10
Comp. - 3.5Cu.28.8b283 Chemicals - Low Purity
Significance - The tetrahedrite of Cambi and E1lli (1965).
Temp. History - Heated to 7OOOC over 58 hours. Cooled to
room temperature over 6 hours,
Rgsult - Cu,_,S dendrites at top of charge (and ovoids at
base), in tetrahedrite with interstitial chal-

costibite.

Conclusion - Primary crystallisation of Cu,_.S.

Spec.No. - S6 Plates 3-41, 12

Comp. - Cu7Sb388 Chemicals - Low Purity

Significance - Close to tetrahedrite on CuQS - Sb283 join,

Temp. History -~ Heated :to 59500 over L8 hours, maintained
for 18 hours, cooled slowly over 6 hours

to 550°C then removed.

Result - Isoléted euhedral stibioluzonite rimmed by tetra-
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hedrite, Tetrahedrite interstitial with
chalcostibite, Euhedral tetrahedrite, with rim
of tetrahedrite-chalcostibite intergrowth, in
CuBSbSB' Anisotropic subhedral CuBSbSB'

! Compositions confirmed by microprobe analysis.

Conclusion - The phase relations in this part of the diagram

are more complex than indicated by Cambi and El1li

(1965).

Spec.,No, - S7 Plate 3-13
Comp., - Cu1.1758b0.82531.825 Chemicals - Low Purity
Significance - Chalcostibite-tetrahedrite eutectic (Cambi and
E1lli 1965)

Temp. History - Heated.to 560°C over 30 hours, maintained

for 116 hours, cooled slowly over 4 hours

to BOOOC then removed,
Result - Butectic intergrowth of tetrahedrite and chalcosti-

bite. Cu,SbS, also present (anisotropic).

37773
Conclusion - Tetrahedrite and anisotropic Cu38b83 are
difficult to distinguish when intergrown with
chélcostibite. This eutectic involves more phases

than observed by Cambi and E11i (1965).

Spec.No. - S8 Plate 3-14

Comp .- CquS2 Chemicals - Low Purity

Significance - Chalcostibite

Temp. History - Heated to 58000 over 70 hours, maintained for
28 hours, cooled slowly over 74 hours te.510°C

then removed.
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Result - Large subhedral chalcostibite crystals with inter-
stitial stibnite and some stibioluzonite,
Conclusion - Confirms the congruent melting of chalcostibite.

Slower cooling across the melting point required in

order to obtain larger crystals,

Spec.No. - 89 g}ates 345, 16
Comp., - Cu28b487 Chemicals - Low Purity
Significance - The chalcostibite-stibnite eutectic of Cambi
and B11i (1965).
Temp, History - Heated to 5800C over 70 hours, maintained for
28 hours, cooled slowly over 74 hours to 1
510°C then removed,
Result - Acicular dendritic chalcostibite with ophitic ‘
interstitial stibnite,

Conélusion - Confirms the chalcostibite-stibnite eutectic.

Spec.No. - 810 Plates 3-17, 18

Comp, =~ CuBSbS‘tLL Chemicals - Low Purity

Significance - Stibioluzonite,

- Temp. History - Heated to 6OOOC over 12 hours. Maintained

for 13 hours, cooled slowly over 7 hours to
38000 then removed,

Result - Mainly large stibioluzonite crystals in mutual
boundary texture with large subhedral tetrahedrite
crystals, Interstitial chalcostibite,

Conclusion - Co-existence of stibioluzonite - tetrahedrite -
chalcostibite established. Temperature history

unsatisfactory for monophasal tetrahedrite.,



Spec.No. - S11 Plates 3-19, 20
Comp, - CuéSbS3 Chemicals - Low Pufity
Significance - On the stibioluzonite-chalcostibite join.
Temp. History - Heated to 6O6OC over 49 hours, maintained
for 17 hours, cooled slowly over 27 hours
to 53800 then removed.
Result - Subhedral to euhedral proeutectic stibioluzonite
crystals with anhedral chalcostibite in a ternary
eutectic of stibioluzonite 4+ chalcostibite +
stibnite, .Scarce émall euhedral Cu2Sb crystals in
the intergrowth,
Conclusion - The stibioluzonite-chalcostibite and stibiolu-
zonite-stibnite tie lines and the eutectic nature

of stibioluzonite-chalcostibite-stibnite confirmed,

Spec.No, - 512 Plates 3-21, 22

Comp. ~ Cu,SbS Chemicals - Low Purity

0.8
gignificance - Between the two two-liguid fields of Guertler
‘and Meissner (1921).

Temp, History - Heated to 7&000 over 48 hours, maintained for
48 hours, cooled slowly to 260°C over 96
hours then removed. |

Resuit - The specimen separated into two portions - dark

grey granular material (mainly Cu28 with interstitial
Sb and Cu,Sb + Sb) and bright metallic spheroids
(primary Sb with interstitial CuQSb + Sb eutectiq
intergfowth).

Conclusion - in the condensed Cu-8b-S system the two two-

ligquid field probably extends across the diagram
| from the Cu-S to the Sb-S binary. The CuZS-Sb and

CuQS-CuZSb tie lines were established,
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Spec.No, - S13 Plate 3-23%
Comp, - Cu38b83 (Cu128bu812) Chemicals - Low Purity
Significance - Tetrahedrite without the '13th' sulphur atom.
Temp. History - Heated to 60000 over 45 hours, maintained
for 25 hours, cooled slowly over 25 hours to
57OOC then removed,
Result - Interlocking crystals of anisotropic Cu38b83(90%).
Some crystals with inversion twinning., Interstitial
chalcostibite, Euhedral tetrahedrite, interstitial

and included by CuBSbS rimmed by tetrahedrite 4+

3’
chalcostibite intergrowth which is replacing(?)

Cu,SbS,. Microprobe analyses, Fig.3-8, confirm

37773
Cu38b83 and euhedral tetrahedrite, Cu128bu813.
Powder photograph data of Cu33b83 are given in Table

3-6. The diffraction lines were indexed by compari-
son with wittichenite and the cell parameters were
obtained using COHEN -

7.7828 stnd. dev, 0.0268

a =

o
b, = 10.3448 stnd. dev. 0.0308
c, = 6.6728 stnd. dev. 0.0218

Conclusion - Cu38b83 is a distinct non-cubic phase possibly

with a high temperature polymorph.

Spec.No, - 513a Plates 3-24, 25, 26
Comp. Reground S13 (CuBSbSB)
Temp., History - Heated to 62500 over 43 hours, maintained
for 25 hours, cooled slowly over 5 hours to
58500, then removed,
Result - Skeletal tetrahedrite with interstitial chalcosti-
bite and Sb. The tetrahedrite cores are bluish

(isotropic) and the rims increasingly pinkish
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(isotropic). The tetrahedrite cores are conchoid-
ally fractured., Polishing scratch marks have
caused inversion from the pink to the blue phase
with the development of conchoidal fractures.
There is an increase in stability in the pinkish
phase towards the'margin of the crystal. The
metastability of the pink phase is demonstrated by
inversion induced by diamond indentation (Plates
3-25, 26).

Microprobe analyses of the blue cores, the pink
rims and a traverse from core to rim, for Sb and S
(comﬁuting Cu by difference using TIM) have been
plotted in Pig.3-8. Microprobe analyses of tetra-
hedrite, stibioluzonite and Cu38b83 (synthesised in
the study of the central portion of the Cu-Sb-S
system), and, Cu38b83 and tetrahedrite in 813, using
the same technique of analyses are also plotted in
Fig.3-8. All analyses are Cu deficient with
respect to the stoichiometric compositions but the
compositional relationship of the phases remains,
This technique was employed for the zoned tetra-
hedrite because the precision was found to be
greater when Cu was not determined,

| Specimens of the inverted blue cores and stable
prink rims were picked out from the polished specimen
and.powder photographs obtained (Table 3-7).
Conclusion - Cu38b83 melts incongruently to a non-stoichio-
metric tetrahedrite which has a range in composition
and is sulphur deficient relative to normal.tetra—

hedrite, Cu1ZSbMS{9NOn-stoichiometric tetrahedrite

co-exists with chalcostibite + Sb indicating a
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change in tie lines in the Cu-Sb-S system above
about 600°C. The blue cores of non-stoichiometric
tetrahedrite are Cu rich and the pink rims Sb rich.
The- approximate corrected formulaé of the two end-
members of the series obtained by projecting the
compositionsin Fig.3-8 towards Cu are Cu12.128b3.3u813
b0 Gu43, 04903, 8613

There are high and low temperature polymorphs of
non-stoichiometric tetrahedrite, Cu rich members
invert readily and the low temperature polymorph
has a cell size of 10.31968, stnd. err. 0.0006.
With increasing Sb content, stability increases,
and the Sb end-member high temperature polymorph
has a cell edge of 10,4288 stnd. err. 0.012.
The powder pattern of the Cu rich member, low
temperature polymorph is indistinguishable from
that of normal tetrahedrite. Only poor films with
impurity lines could be obtained for the Sb rich

phase.



PLATE 3-5
Spec.No.S1

Acicular crystals of stibnite, Sb283.

(True colour is grey with metallic lustre).







PLATE 3-6
Spec.No.51 x 220
Stibnite, szsj. Note strong bireflectance,

Deformation of crystals has resulted in curved

cleavage traces.







PLATE 3-7
Spec,.No,32 x 220

Two liquid texture. Spheroids of Sb (white) with

stibnite, Sb2813 (grey) in stibnite (grey) with Sb,

PLATE 3-8
Spec,No,.S2 (0il) x 1340

(As Plate 3-7) Two liquid texture. Sb (white) with

stibnite (grey) in stibnite (grey) with Sb.







PLATE 5-9

Spec.No.S5 x 220
Top of specimen, Cu2_X dendfites (two phase, dark grey

and grey) in tetrahedrite (grey) with interstitial

chalcostibite (light grey)..

PLATE 30

Spec.No.S55 x 220

Base of specimen, Cuz_XS spheroids in tetrahedrite

with interstitial chalcostibite,







PLATE 5-11

Spec.No.S6 x 220

Stibioluzonite CuBSbSu, twin (reddish brown),

Euhedral tetrahedrite,._c'u128bus15 (brown). Cu38b83
. (grey). Interstitial chalcostibite, CuSbS, (1ight
grey). Note narrow rim of tetrahedrite around
stibioluzonite. Note tetrahedrite + chalcostibite

intergrowth, often around euhedral tetrahedrite,

replacing CuBSbSB'

PLATE 312
Spec.No.S6 X Polars x 220

. (As Plate 3-11) Stibioluzonite strongly anisotropic.
Tetrahedrite isotropic. Cu38b83 weakly anisotropic,
red internal reflections. GChalcostibite strongly

anisotropic.







PLATE 3-13

Spec.No.S7 X Polars x 220
Eutectic intergrowth of tetrahedrite (isotropic) and

chalcostibite (strongly anisotropic), Note optical

continuity of chalcostibite.

PLATE 3L

Spec.No.S8 ’ x Polars x 220

Chalcostibite (dark grey, anisotropic) with intersti-
tial stibnite (1light grey, strongly anisotropic) and

stibioluzonite (dark grey, anisotropic),







PLATE 315

Spec.No.39 x 220
The chalcostibite - stibnite eutectic, Proeutectic

dendritic chalcostibite (dark grey) with interstitial

patches of stibnite (grey).

PLATE 316

Spec.No.S9 X polars x 220

(As Plate 3-15)., Dendritic chalcostibite (anisotropic).

Stibnite patches (strongly anisotropic),







PLATE 3-17

Spec.No.510 low x 220

Co-existing stibioluzonite, CuBSbSh (dark grey),
tetrahedrite, Cu128bus13 (gfey) and chalcostibite,

CuSbS, (1ight grey). Mutual boundary texture.

PLATE 3-18

Spec,.No,S10 x 540

(As Plate 3-17). Note three phase intergrowths
indicating stibioluzonite - tetrahedrite-chalcosti-

bite ternary entectic.







PLATE 3-19

Spec.No.511

x 220

Euhedral twinned stibioluzonite (pinkish brown) in

chalcostibite (white).

PLATE

3-20

Spec.No.S511

(As Plate 3-19) stibioluzonite,
(yellow brown) in chalcostibite,

(grey blue).

x Polars x 220

strongly anisotropic

strongly anisotropic







" PLATE 3-21

Spec.No.512 ' : x 220

Contact of granular material - chalcocite, CuZS (dark
grey) with metallic spheroid - primary Sb (1ight grey)
with interstitial emtectic intergrowth of Sb (light

grey) and Cu,Sb (grey).

PLATE 3-22

Spec.No.§12 x 220

Metallic spheroid. Primary Sb (light grey).
Entectic colony of Sb + Cu,Sb (grey). ©Note increase

in grain size outwards from centre of colony,







"PLATE 3-23

Spec.No.813 (0il) x 1340
Euhedral tetrahedrite (dark grey) rimmed by chalcosti-

bite (light grey) and a fine tetrahedrite + chalcosti-

bite intergrowth in Cu38b83 (grey).

PLATE 3-2L

Spec.No.813a x 220

Skeletal zoned non-stoichiometric tetrahedrite (grey)
with interstitial chalcostibite (light grey) and Sb
(small black grains). Cores of tetrahedrite have

inverted causing fractures and pitting.







"PLATE 3-25

Spec.No.313a x 220

Zoned non-stoichiometric tetrahedrite with interstitial
chalcostibite (white). Cu rich tetrahedrite has
inverted to the blue polymorph. Pink Sb richer
tetrahedrite is metastable and diamond microhardness

indentation has caused inversion,

PLATE 3-26

Spec.No.513a (0il) x 1340

Note conchoidal fracturing due to unit cell contrac-
tion in blue tetrahedrite., Diamond indentation causes
inversion from the pink to the blue polymorph - note
the increase in stability of the pink tetrahedrite

towards the crystal margin.







PLATE 3-27

x 220

Dendrite of Guz_xs (two phases, blue and pale blue)
rimmed by stibioluzonite, CmBSbSLL (pinkish brown) in
tetrahedrite, Cu128ﬂbus13 (brownish grey). Obtained

from Cu12SbuS13 composition melt.,
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Cu-8b-S System - Ternary Phases

Appearance in Polished Specimen and X-ray Diffraction Data

Tetrahedrite, Cu{ZSbuS13

Tetrahedrite appeared brownish-grey against other
Cu-Sb-S phases. It was usually isotropic but occasionally
had@ a very weak anisotropy. Symmetrical s£x—sided sections
were typical., Tetrahedrite readily formed euhedral of
skeletal crystals when there was: interstitial melt, No
cleavage traces were observed and fracturing tended to be
conchoidal,

Microprobe analysis of tetrahedrite (spec. 63) is given
in Table 3-5, The formula derived from the analysis is
Cuyp 4850y, 05513 - |

X-ray diffraction data from powder photographs (spec.
63) are given in Table 3-8, _The cubic unit cell edge, obtained
‘using selected high angle lines in NELRIL (Chapter 2), is
a, = 10.319078 stnd. err. 0.00048.

This is the 'normal tetrahedrite’ obtained in most of

the experiments.

Stibioluzonite, CuBSbSu

AIn polished specimen stibioluzonite appeéred strongly
coloured brownish-pink, strongly birefiecting and strongly
anisotropic (yellow-brown or bronze). Rounded subhedral
crystals were common but sometimes laths were developed,
Growth twinning was common and was usually simple, No
colour zoning nor cleavage traces were observed,

Microprobe analysis of stibioluzonite (spec. 64) is

given in Table 3-5, The formula derived from the analysis

is Cu3.O5Sb1.028u.
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X-ray diffraction data from powder photographs (spec.6l)
are listed in Table 3-9, The tetragonal cell parameters

obtained using COHEN (Chapter 2) are -

5.383058 stnd.dev. = 0.00040

2o

i

10,7659L8 stnd.dev. = 0.0012L

(e}
il

Chalcostibite, CuSbS,

Chalcostibite was prepared, using high purity chemicals,
by slow cooling from the melt.

In polished specimen chalcostibite appeared cream or
greyish-white, was strongly bireflecting and strongly
anisotropic (greys and blues), Platy crystals were typical.

X-ray diffraction data from powder photographs are
given in Table 3-10., The orthorhombic unit cell parameters

obtained using COHEN (Chapter 2) are -

a, = 6.016008  stnd., dev. = 0,00538

b = 14 .505458 stnd. dev, = 0.01112

¢, = 3.80001 8 stnd., dev, = 0.0023L
Cu,SbS

In polished specimen Cu38b33 was pinkish grey, weakly
bireflecting and weakly anisotropic (dark greys). Against
chalcostibite, Cu38b33 appeared pink and resembled tetra-
hedrite. Strong blood-red inﬁernal reflections were typical.
Inversion twinning was observed occasionally. Polishing
scratch marks were yellowish on the grey surface., The
crystals commonly occurred as laths or as a matrix of inter-
locking crystals. Orientated rods and blebs of CuZS and
Cuy _,S in Gu38b83 have been observed and indicated a high

temperature range in composition towards CuQ—XS'
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Microprobe analysis of Cu38b83 (spec. 65) is given in
Table 3-5. The formula derived from the analysis is -
Gu2.998b1.0183.oo.

Powder photographs were obtained and the diffraction

3-11., The orthorhombic unit cell

data are listed in Table

parameters obtained using COHEN (Chapter 2) are -

7.67291 8% stnd, dev, = 0,00547

a = =
(0]
b, = 10.341988  stnd. dev. = 0.00893
c, = 6.692808  stnd. dev. = 0.,00762
CHBSbSB’ specimen 13 (Table 3-6) was cooled more slowly
than CusSDbS5, specimen 65 (Table 3-11) and this may account

for the better 'fit' of spec.13 to the wittichénite structure
(Table 3-6). The cell parameters of wittichenite, spec.13

and spec.b65 are given for comparison in Table 3-13,

Non-Stoichiometric Tetrahedrite

Non-stoichiometric tetrahedrite exhibits a range in
composition and high and low temperature polymorphism.

By melting Cu3Sb83 (spec. 13) zoned tetrahedrites were
obtained ranging in composition from Cu13.043b3.86813 to
Cu12.123bu.3us13 (spec. 13a). The compositional range was
sulphur deficient relative to normal tetrahedrite, Cu12S‘bL\LS13
(see Fig.3~-8). In polished specimen euhedral crystals which
tended to become skeletal at corners of faces were observed,
The copper rich cores readily inverted to blue low tempera-
ture non-stoichiometric tetrahedrite with the development
of characteristic conchoidal fractures, evidently due to
contraction, The cell edge was a = 10.31968 stnd. err.
0.00016. Intermediate compositional members were metastable

and inverted from the pink high temperature form to the blue
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low temperature form on scratching. The antimony rich rims
were stable and the cell edge, a_ = 10.4288 stnd, err. 0,012,
was obtained for the pink high temperature polymorph of the
antimony end-member, Diffraction data for these phases is
given in Table 3-7,

Quenched Cu128bu312.5 (Cu12.u88bu.16313) (spec.30b)
yielded inverted tetrahedrite (Plate L-4). The diffraction
profile showing peak doubling over a range in 26 is given
in Fig.4—-11. Using ground material, powder photographs with
line doubling were obtained (Table 3—12). Cell edges obtained
were a_ = 10,4358 stnd. err., 0,003 and a, = 10.32898 stnd.
err. 0,0006, Picked tetrahedrite grains gave single lines
and the cell edge a, = 10.31798 stnd. err. 0.003 was
obtained.,

Slowly cooled Cu128bu812.5 (Cu12.u88bu.16813) (spec.40)
yielded normal tetrahedrite with fractured grain margins
(Plate 4-1). The diffraction profile, showing slight peak
doubling, over a range in 26 is given in Fig.h-l. Powder
photographs using ground material gave a cell edge of
a, = 10.33138 stnd, err, 0,0004 from the strong lines.,.
Picked tetrahedrite grains (Table L4L-12) gave 10.32068 stnd.
err, 0,0003,

It is therefore concluded that there is a range in cell
edges of the high temperature and low temperature polymorphs
of non-stoichiometric tetrahedrite. Three 'types' of
tetrahedrite were obtained; the Cu rich low temperature
polymorph, a, = 10.522; the Sb rich high temperature poly-
morph, a_ = 10.&38; and low temperatﬁre intermediate or Sb

0]

rich compositions (which rim normal tetrahedrite), a = 10.338.

The prepafation of material for x-ray diffraction in

different ways has led to anomalous results because of
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zoning and metastability.

The acquisition of diffraction data and its interpreta-
tion therefore requires care in the case of synthetic
tetrahedrite - polished specimen and microprobe examination

being necessary,

Discussion of the Cu-Sb-5 System

Digenite, CuZ_XS, is the most refractory phase in the
ternary and its primary phase field dominates the Cu-S side
of the diagram. Copper has a stronger affinity for sulphur

than has éntimony thus controlling the direction of the tie

S,

lines. There will therefore be a tendency to obtain Cu2_X

either due to non-equilibrium in low temperathre runs, or by
primary crystallisation in high temperatdre runs, and this
has proved to be the case in starting compositions near
tetrahedrite,

The appearance of CuQ_XS obtained in polished specimen
depends on the starting composition and the temperature
history. On cooling, the cubic, high digenite (CuZ-XS)
field contracts slightly and high digenite breaks down pro-
gressively into a number of low temperature phases. Although
high temperature digenite cannot be quenched, as far as
x-ray determination of the structure is concernéd (Roseboom
1966), in polished section a rapidly cooled Cuz_xS appears
isotropic (or with a weak anisotropy) and the colour varies
from deep blue to white, Metastable phases have been
preserved in lamellar and herringbone intergrowths., Scratch
induced inversion has caused colour changes of pink to white
and blue (isotropic) to white (anisotropic). In sulphur-poor

ternary compositions grey CuZS is obtained,
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Reaction rims around CuZ_XS have been observed in
ternary starting compositions (Plate 3-27), The fodlowing
reactions may occur due to changing orientation of tie lines

as Cu2_XS is cooled and the sulphur content is reduced -

Cu2_XS + tetrahedrite — CuZS + stibioluzonite

Cup 8 + CuSbS5  —  CuyS + tetrahedrite

Ternary compositions in the system are stibioluzonite
(CuBSbSM)’ chalcostibite (CuSbS,), tetrahedrite (Cu128bu813),
and the new compositions Cu38b83 and non-stoichiometric
tetrahedrite,

Tetrahedrite-chalcostibite, stibioluzonite-chalcostibite,
chalcostibite-stibnite and stibioluzonite-stibnite have
eutectic melting relapionships.

Stibioluzonite and chalcostibite have simple phase
reiationships and no inversion phenomena have been observed
in them,

Cu,SbS, may have a range in composition which extends

3 3
towards CuQS at high temperatures, Inversion twinning indi-

cates the existence of a high temperature polymorph of

Cu38b85° CuBSbS3

'non-stoichiometric'! tetrahedrite at about 600°C. The non-

melts incongruently to a sulphur deficient

stoichibmetric tetrahedrite has a range in Cu:5Sb ratio., On
cooling Cu rich members invert to a blue cubic tetrahedrite
but Sb rich pink members are stable., Although normal tetra-
hédrites and non-stoichiometric tetrahedrite obtained in this
study are quite distinct detailed phase equilibrium studies
are required to obtain the variation in the compositional
range of tetrahedrite and its structural polymorphs with

temperature,
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Low temperature tie lines (<5OOOC) have been established
and are shown in Fig.3-9. High temperature tie lines
(>6OOOC) have been established between non-stoichiometric
tetrahedrite and chalcostibite and non-stoichiometric
tetrahedrite and antimony.

The two liguid field in the metal rich part of the
system probably extends from the Cu-S to the Sb-S binary.

In conclusion the phase relations of tetrahedrite are
more complex than indicated in previous work on the system.

A 'normal' tetrahedrite, Cu128bu8'13 (cdmposition from spec.
63), can however, be identified and characterised. This

is the basic composifion of natural substituted tetrahedrites
(Springer 41969). Cu128buS13 was therefore used as the basic
starting composition in the experiments on substitution of Cu

in tetrahedrite, described in Chapter 5.



TABLE 3-5

Microprobe Analysis

Element Line KV Standard
Cu K. 15 Cu
le Lo 15 szs3
S K. 15 Sb283

Corrected using TIM

63 Tetrahedrite ‘
uwt% cwt% nwt% ath (stoichiometric formula wt%)

Cu  L45.25 UL6.49 UL5.,96 L1.67 15,76

Sb 28,05 29,63 29.29 13.86 29,23

s 23,09 25,04 24,75 LL.47 25,02
101 .16

6L, Stibioluzonite

Cu L42.22 U43.93 43,31 37.66 43,26
Sb  26.35 28.2% 27.84 12.63 27.63
S 26.90 29,26 28.85 L9.T71 29.11
101 .43
65 Cu,SbS, .
cu U45.79 Uu6.84 Uu6.,48 42,76 L6,65
Sb 28.81 30.28 30.05 1L.L3 ~ 29.80
S 21.86 23.67 23.49 42.82 23,51




Powder Diffraction Data for Cu,SbS
~

TABLE 3-6

3

Witticheénite, CuBBiS
(Nuftield 1947)

3

Cu,8DbS

3

3

Specimen 513

hK1 ak I aR I
011 5.68 10 5.588 10 =
020 5.22 10 5.096 10 =
114 It.55 e 4.532 3o #
200 3.83 30 3.901 60 *
121, 210 3.62 10
00z, 201 3.34 10 3,265 30 »
01z, 211 3.19 30 3.196 50

3.108 40

220, 102, 031 3,08 80 3,046 70

2,975 70

112 2,96 10 2,918 30
131 2.85 100 2,821 100 *

022 2.81 5
122 2.66 L0 2,616 50 #
0L0, 230 2,58 20 2.567 20 *
310 2,49 5 2,476 20 %
032, 231 2.39 30 2.390 50 #
311 2,34 5 2,557 20 #
441, 320 2.28 5 2.297 20
013, 321 2,17 20 2,192 30 #
113 ‘ 2.10 5

330, 023 2,05 20 2,035 20 *
312, 150, 123 1.989 20 1.968 20

151 1.910 5 1.918 30
322 1.895 30 1.896 LO =
133%, 250, 340 1.821 30 1,822 60 *
052 1.762 30 1.758 40O *

124 1.734 20 1.749 L0
303, 160, 430 1,681 30 1,670 30
Contd.




TABLE 3-6 (Contd,)

hK1 af I af I
323, 252, 342 1.600 10 1.596 30
1.585 55
1,542 5 1.557 40
1.506 10 1.503 20
1.453 10 1.488 20
1.443 5
1.408 10
o 1,382 10

(# lines used in cell size computation).




"TABLE 3-7
Powder Diffraction Data for

Non-stoichiometric Tetrahedrite (Spec.q3a)

Blue Core Pink Rim
N ak I ak I
2 7.240 Lo
L 5.151 Lo 5.192 Lo
6 L.,207 30 L.239 20
8 3.643 50 3.667 50
10 3,285 30 3.309 20
12 2,972 100 2,992 100
14 2,753 60 2,770 50
16 2.575 70 2,595 60
18 2.1428 50 2.4146 Lo
20 2.303 30 2.304 L0
22 2.196 10 2.243 30
2l 2,105 20 2,119 50
26 2,020 60 2.034 50
30 1,881 50 1,896 60
32 1,822 90 1.834 90
34 1,766 30 1.780 20
36 1.718 20 1.732 10
38 1.671 60 1,683 Lo
40 1.629 20 1,644 10
L2 1.590 10 1,604 10
Ly 1.554 80 1.568 70
L6 1.520 20 1.523 10
L8 1.487 30 1.496 10
50 1,458 30 1.469 10
54 1.402 20
56 1.379 20
62 1.310 30
6l 1.289 L0
66 1.270 40
70 1.233 L0
h 1,198 L0
76 1.184 L0
78 1.168 10
80 1.154 10
82 1.139 10
8L
86 1.413 30
90 1.087 L0
9ly 1.064 30
96 1.053 50
98 1,042 10
102 1,022 30
106
108 0.993 L0
110 0.984 50
114 0.966 30
118 0.950 30

Contd,




TABLE 3-7 (Contd.)

N ak I af I
122 0.934 L0
126 - 0.9 50
128 0.912 30
130 0.905 30

Cell edge Cell edge

= 10,31962 a, = 10.42840

Stnd.err,

0, 00061 Stnd.err, = 0,01235




Powder Diffraction Data for

TABLE 3-8

Tetrahedrite, Cu,,Sb, S, .(Spec.63)
(mean of two % ot%g}éphs

N ak I hkl

L 5.145 35 200

6 1,200 20 211

8 3.638 L5 220

9 3.460 5 300 (?)

12 2.97 100 222

14 2,754 40 321

16 2.572 65 100

18 2.428 55 411, 330

20 2,302 35 420

22 2.196 10 332

2l 2.103 25 422

26 2,020 50 510, 431

30 1.8795 L5 521

32 1.8208 90 Lo

3L 1.7668 35 530, 433

36 1.7167 15 600, LL2

38 1.6717 55 611, 532

11O 1.6290 20 620

L2 1.5913 10 544

Ly 1.5531 75 622

L6 1.5195 25 631

L8 1.4879 25 Ly

50 1.4581 30 710, 550, 543
54 1.4033 10 721, 633, 552
56 1.3780 10 6L2

62 1.3094 20 732, 651

6l 41,2886 25 800

66 1 ,2687 30 811, 71, 554
70 1.2320 30 653

74 1.1979 o 831, 750, 743
76 1.1820 L0 662

78 1.1670 10 752

80 1.1521 10 840

82 1.1383 10 910, 833

86 1.1117 20 924, 761, 655
90 1.0868 35 930, 851, 754
oL 1.0639 30 932, 763

96 1.0527 L5 8l

98 1.0418 10 ou1, 853, 770
102 41,0212 20 ‘
106 1,0018 10
108 0.9927 35
110 0.9836 L5
114 0.9662 30
118 0.9498 35
4122 0.9342 L5
126 0.9193 50
128 0.9121 40
130 0.9051 25

Celledge 40.31907
Stnd.err, 0,00048




TABLE 3-9

Powder Diffraction Data for
Stibioluzonite, Cu,SbSu (Spec.6L)
J

ak I hKl (GENSTRUK)
5.363 Lo 002
4.810 50 101
3.804 140 110
3.107 100 112
2.981 40 103
- 2,689 60 o004, 200
2.403 L0 202
2.346 L0 211
2.196 30 114
1.9968 _ 40 105, 213
1.9017 90 204, 220
1.7907 20 006, 222
1.7713 20 30
1.7017 10 310
1.6218 80 116, 312
1.6052 20 215
1.5527 40 221y
1.4781 20 107, 321
1.4375 20 314
1.3778 20 305, 323
1.3451 50 008, 40O
1.3039 . 20 226, 402
1.2952 20 217, 11
1.2343 60 316, 332
1.2309 10 413
1.,2026 L0 208, L4O4, 420
1.1740 10 u22
1.1664 10 109, 307
1,0982 60 228, L24
1.0702 _ 20 219, 327, 501,
~ L3
1.0542 10 318, 510
1.0358 60 336, 512, 1110
0.9953 10 309, Lb17, 521
0.9633 20 523, 1014,
L35, 505
0.9514 50 408, L4O
0.9099 60 516, 3110, 532
0.9080 50
0.8975 30

Tetragonal unit cell parameters (COHEN)
éo = 5,38305 Stnd, Dev. 0.00040
C, = 10.76594 Stnd. Dev, 0,00124




TABLE 3-10

Powder Diffraction Data for

Chalcostibite, CuS.bS2

(Mean of two photographs)

al I hkl (GENSTRUK)
7.336 10 . 020
L.582 30 120
3.612 30 011,040
3.412 100 141
3,091 . 90 140
2.988 90 200
2.973 90 031
2.934 30 210,121
2,765 20 220
2,541 30 230
2.295 70 240, 051
2.231 50 160,224
2.1 60 231
1.8932 60 002,260
1.8234 60 251,071
1.8080 40 080
1.7538 80 122,340
1.7566 30 171,180
1.6831 - 30 261,042
1.6018 30 202,212
1.5912 10 244
1.5487 Lo 280, 360
1.4453 20 162,370
1.4380 50 191,281,430
1.3716 10 121,312
1.3442 30 380,431
1.3093 30 082,2100
1.2884 50 342, 1110
1.2583 20

1.2328 20

1.2232 20

1.2009 40

1.1920 30

1.1844 10

1.1589 20

1,143 Lo

1.1337 40

1.0962 10

1.0820 30

1.0762 10

1.0690 40

1.0356 20

1.0207 10

1.0086 40

Contd.




TABLE 3-10 (Contd.)

af I hkl
1.0054 L0
0.9888 10
0.9825 L0
0.9793 50
0.9597 30
0.9512 30
0.9349 40
0.9256 20
0.9203 20
0.9152 20
0.9090 20
0.9001 20




TABLE 3-11

Powder Diffraction Data for

Cu,SbS, (Spec.65)
J 7

(mean of three photographs)

af I hk1l(Genstruk)

5.575 20 011
5.067 20 101, 020
IL.527 60 1114
l+.056 10 021
3.896 70 200
3.606 10 121, 210
3.349 20 002
3.310 40 201
3.190 70 012, 211
3.099 30 220
3,042 80 102, 031
2,918 50 112
2,824 100 131
2,781 30 224, 022
2.615 60 122
2.559 40 230
2,539 20 202
2.471 30 310
2 .41 20 242, 140
2,393 30 231, 032, 301
2,358 20 311
2,283 30 132, 320
2.249 20 202
2,192 30 013
2,148 10 240
2,037 e 302, 241, 232
2.013 20 150, _ .
1.9709 20 123, 142, 051
1.9558 20 331
1.9138 20 151, LOO
1.8973 L0 213, 322
1.8533 - 30 Lo
1.8212 30 250, 340, 133
1.8029 50 2y2, 223, 420
1.7553 L0 341, 251, 052
1.7495 50 332, ...

. 1.7006 30

'1.6935 20
1.6753 30
1.6568 30
1.5951 30
1.5759 20
1.5617 30
1.5535 20
1.5227 10
1.5030 30
1.4899 20
1.4531 10




TABLE 3-11 (Contd.)

ak I hkl (Genstruk)
1.4115 10
1.3984 20
1.3095 10
1.2979 10
1.2752 20
1.2181 20
1.1965 20
1.1886 30
1.1802 30
1.1626 20
1.1353 10
1.1101 10
1.,1022 10
1.0856 20 .
41,0708 10
1.0550 10
71,0234 10
1.0116 30
0.9961 10
0.9828 30
0.9735 10
0.9388 30
0.9218 20
0.9157 20




TABLE 3-12

Powder Diffraction Data for Quenched
. Tetrahedrite, Starting Composition Cu12§9u§12 5(Spec.BOb)

Ground sample Picked sample
N ak I ak I
L 5.152 30 5.155 4o
8 3.644 L0 3.6U3 50
10 3,288 30
12 2.998 75
12 2.969 | 100 2.975 100
14 2,766 15
'™ 2.748 30 2.755 4o
16 2.596 35
16 2.571 40 2.576 60
18 2.4 15
18 2,422 30 2.429 50
20 2,328 5
20 2.302 30 2.304 30
22 2.235 10
22 2.198 10 2,199 10
2l 2,420 15
2l 2,10 20 2,104 20
26 2,03%7 15
26 2.019 L0 2,021 50
30 1.900 35
30 1.882 L0 1.881 40
32 1.842 65
32 1.821 90 . 1.821 90
3L 1.768 10 1,767 30
36 1.717 10 1.719 10
38 1,688 15 A
38 1.671 50 1.672 50
L0 1,629 | 10 1,630 20
L2 1.591 10 1.589 10
Ll 1,569 25
Ll 1.555 80 1.554 80
L6 1.520 20 1.521 20
L8 1.489 20 1.488 20
50 1.459 30 1.458 30
5l 1.404 20 1.403 10
56 1.378 10 1,378 10
62 1.312 20 1,310 30
6L 1.290 20 1,289 30
66 1,272 20 1,268 30
70 1.235 30 1.233 30
74 1.200 | 4O 1.199 20
76 1.184 ) 1,183 30
78 1,168 10
80 1.154 10
82 1.1 10

Contd.



TABLE 3-12 (Contd.)

ak I ak I
86 1,113 20 1.142 20
90 1.400 10
90 1,088 ~| 30 1.087 30
9L 1.065 30 1,064 20
96 1.054 50 1.053 40
98 1,043 10 1,042 10
102 1,023 20 1,021 10
106 1,003 10
108 0.994 30 0.993 20
110 0.985 o) 0.984L 30
114 0.967 30 0.966 20
118 0.951 30 0.950 30
122 0.945 15 .
122 0.935 Lo - 0.934L Lo
126 . 0.930 15
126 0.920 4O 0.919 L0
128 0.913 30 0.912 30
130 0.906 30 0.905 20

Cubic Cell Edges (NELRIL)

ao = 10.43571 Stnd.Err, ,00296

4, = 10.32888 Stnd.Err. .00060 a, = 10.31792

Stnd.err., = ,00028




Comparison of the Orthorhombic Unit Cell

TABLE 3+

Parameters of Phases with the

Wittichenite Structure

ab bo c,
CuzBiS;, Wittichenite 7.68 - 10.33 6.70
(Nuffield 1947)
CuzSbS;, Spec.13 7.782 10,344 6.672
(stnd, dev. =) (0.026) (0.029) (0.021)
CuBSibS-B, Spec.65 7.673 10.342 6.693
(stnd. dev. =) (0.005) (0.009) (0.008)
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CHAPTER L4

Substitution of Sb by As in Tetrahedrite -
The Tetrahedrite-Tennantite Series

Introduction

Tetrahedrite and tennantite appear to form an isomorphous
'series in nature and although discussed in several publica-
tions no systematic investigation of the series has been
published. The tetrahedrite-tennantite series was therefore
selected for synthesis iﬁ the hope that variations in
mineralogical properties along the series could be related
to chénging composition.‘

The formula of the series was the subject of a continuing
controversy in the literature so, since the main dispute was
over the presence of the thirfeenth sulphur atom in the
formula Cu12(SbAs)uS13, it was decided to use a starting
- composition corresponding to the formula C*Z(SbAs)uS12.5.

Microprobe analysis of tetrahedrite synthesised during
experiments on the Cu-Sb-S system had been proving difficult
because of the lack of suitable standards but the synthesis
of orthorhombic Cu,S5bS

37773
reported in the Cu-Sb-S system made it more probable that

which had not previously been

Cu1ZS:bLI_S13 was the correct formula of tetrahedrite, Even if
this proved to be the case the compromise formula chosen for
the experiments was still'acceptable because the resultant
suiphur deficiency would only result in an increase in the
amount of impurities obtained.

During early experiments in the Cu-Sb-S system it was

realised that the phase relations of tetrahedrite were



56.

resulting in difficulties in the synthesis of large pure
crystals, It was hoped that the addition of arsenic to the
system would result in more successful crystal growth,

Nine compositions from tetrahedrite to tennantite were
prepared and two capsules, labelled 'a' and 'b', were filled
for each (Table L-4), The duplicate capsules ('b'.) were
prepared primarily as substitutes in case of damage to the
'a' capsules but also served as a check on the mixing tech-
nigque (i.e, runs 31a and 31b). After a preliminary run the
products were examined ('series 30' results) and excess
material reground and rerﬁn in an attempt to homogenise the
specimens ('series LO' results),

Sample Preparation and Synthesis

The technique of capsule preparation is outlined in
Chapter 2. Details of the impure chemicals used are given in
Table 1-1a. The 'a! capsules and one 'b' capsule (31b) were
run in three batches with similar temperature histories (Fig.
4-1). A 'run' consisted of loading the capsules into the
furngce and leaving overnight at about 4,00°¢ for reaction to
take place, The temperature was then raised slowly to about
67OOC and left for about sixty hours. The temperature was
then lowered gradually through the liquidus of tetrahedrite-
tennantite (610—6&000 approx.) to below 500°C before removal
from the furnace, The capsules reached room temperature
after about one hour, In each case the charge melted and
solidified to form a grey button., Most buttons were vesicular,
some with interfering triangular crystal faces (characteristic
of tetrahedrite-tennantite) developed on the surface., Each
specimen was broken into fragments and cleavage faces with a

strong metallic lustre were observed., Several fragments of
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each charge were polished, several ground for diffraction and
the remainder ground under acetone for reheating ('series 40'),
The ground specimens were resealed in capsules and run in two
batches with similar temperature histories (Fig.lj-2)., The
temperature was raised to just above the liquidus and cool-
ing was slow to below uOOoC before removal from the furnace,
Again the spegimens were broken into fragments for polishing
and diffraction.

EBxamination of Polished Specimens

Notes on each specimen of series 30 and 40 are given in
Table 4-2, The.mineral phases present and their relative
abundances varied from fragment to fragment in some specimens
though the phase relationships, as indicated by textural
features, remained the same. The second run (series 40) made
»little difference to the nature of the phases present but
'welded grain boundaries' which were a result of the grinding
and reheating process were obtained (Plate 4-1). The anti-
mony rich end-member yielded the most Cuz_XS, occurring as
ovoidal dendrites within tetrahedrite, and the most chal-
costibite, occurring as orientated laths in tetrahedrite and
interstitially between tetrahedrite crystals whichbecame
skeletal marginally. With increasing As:3Sb ratio the Cuz_xs
phase disappeared with an associated decrease in interstitial
chalcostibite while a sulphur rich impufity, stibioluzonite-
luzonite (CuB(SbAs)Su), increased., This occurred as
irregular patches or irregular dendrites within tetrahedrite-

tennantite grains, The nomenclature of these minerals is as

suggested by Levy (1966) -
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\

. ) enargite CuBASSM

orthorhombic isotypes;
stibioenargite CuBSbSLL

luzonite CujASSu

tetragonal isotypes
stibioluzonite CuBSbSh

The transition temperature of Cu3ASSu from the low
temperature tetragonal form (luzonite) to the high tempera-
ture orthorhombic form (enargite) is 320°C., No attempt has
been made to distinguish luzonite and enargite in this study
and 'luzonite' is used exclusively for CuBAs Sh’

Starting domposition 32 was the only member to yield
tetrahedrite~-tennantite co-existing with native Sb.

Two CuB(SbAs)Su phases could be distinguished in
specimen '34,' One of the phases had orange-pink bireflec-
tance, bronze-yellow anisotropy and was twinned while the
other had purple-pink bireflectance, brown-green anisotropy
and was untwinned. The orange-pink phase dominated in Sb
rich members of the series whereas the purple-pink phase
dominated in As rich members.

Conclusions from Examination of Polished Specimens

The solidification of a tetrahedrite composition ligquid
resulted in the crystallisation of CuQ_XS dendrites. Complete
reactioﬁ with the liquid was not achieved resulting in an Sb
enriched liquid and subsequent crystallisation of intersti-
tial chalcostibite and stibnite (see Chapter 3)., The laths
of chalcostibite in tetrahedrite resémble an exsolution
feature but they were more likely to have been included
during skeletal growth of the tetrahedrite (Plate L4-2),

With the increase in As:Sb ratio the Sb enrichment
effect was reduced, chalcostiﬁite and tetrahedrite crystallis-

ing in eutectic intergrowth in specimen 31.(Plate L4-3).
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With further increase in As:Sb ratio the CuZ_XS primary phase
volume continued to contract in the Cu-Sb-As-S quaternar& and
no longer controlled the texture of the specimens. The co-
existence of As rich members with a sulphur rich impurity,
Cuj(SbAs)Su, was unexpected because of the_low sulphur con-
tent of the starting composition. It can only be concluded
that tennantite and As rich tetrahedrite have a lower sulphur
content than the formula Cu12(AsSb)uS13 (see microprobe
analysis Table L4-5).

The fact that tetrahedrite-tennantite co-exists with
Sb in specimen 32 indicates that there is no extensive solid-
solution from Cu,SbS, to an As counterpart, Cu,AsS._.

3 3 3 3
A discontinuity in the Cu Sbsu - Cu ASSu system has been

3 3
reported by Springer (1969) and this explains the co-
existence of two phases, stibioluzonite (CuB(SbAS)Su) and
luzonite (CuB(AsSb)Su) in specimen 3L,

Electron Microprobe Analysis

A preliminary survey of intermediate members of the
series indicated that the specimens were inhomogenous with a
large variation in the Sb:As ratio existing within single
grains, Using the standard technique of microprobe analysis
two elements can be determined simultaneously but the composi-
tions determined would be quite inaccurate if four elements
were present and varied over small distanceg. The fixed
stoichiometry option of EMPADR VII (see Chapter 2) was
therefore used to determine the variation in Sb:As ratio in
the fetrahedrite—tennantite series, The greater the
difference in céncentration, associated elements and bonding
type between the element in the unknown, which is being

analysed, and in the standard used, the greater the

correction required. The synthetic end-members, tetrahedrite
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and tennantite, were therefore assumed to be Cu Sbu 13
Cu12AsuS13 respectively and used as standards. The Sb and
As concentrations were corrected for the presence of Cu and
S by EMPADR, If the formulae assumed for the standards was
‘slightly incorrect this would make little différenoe to the
correction applied.

The conditions of analyses and the results for the means
of each specimen are given in Tables 4-3 and L4-4, The large
standard deviations of the mean analyses indicates the
inhomogeneity of the-specimens. All the points analysed
have been plotted in Fig.L-3. Although each specimen is
inhomogenous there is an effectively linear relationship
between Sb and As content. The line of points is however
rather broad and analyses of starting composition SbBAs
(specimens 32 and 42) have a high Sb+As content., There is
a deficiency of probable points in the vicinity of starting
compositions Sb2.5As1.5 and Sb1.5A82.5. The best fit
straight line indicates an Sb enriched end-member of the
solid éolution series compared with the synthesised end-
member., For series 40, excluding .specimen 42, the extra-
polated end-member has 3,51 < 0.43% more Sb than the end-
member tetrahedrite synthesised.

The end-member tetrahedrite synthesised (spec.4Oa) was
analysed fully using different standards (Table.u—5). The
results indicate that tetrahedrite (spec. 40a) is close in
composition to that of the stoichiometric formula Cu Sbu 13°
The end-member tennantite synthesised (spec. L8a) was also
analysed fully (Table L4-5). The composition obtained is
lower in sulphur than in the stoichiometric formula

Cu12AsuS15. The analyses of tetrahedrite and tennantite
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have been plotted in Fig.L4-12.

» Complete analysis of tennantite (spec. 48a) has shown
it to be slightly As poor compared with Cu12AsuS13. (48a =
13,60 at% As, Cu12AsuS13 = 13,79 at% As). This means that
the weight % arsenic values of members of the tetrahedrite-
tennantite series (Tables 4-3, L4) are high, The '% ofi
end—mémber values' are, however, still valid because the
difference between the true and assumed As contents of the
standard (tennantite) will have little effect on the small
oorrecﬁion factor, Only '% of end-member values' have been
used in deriving conclusions on the range in cdmposition of

the tetrahedrite—tennantité series,

Conclusions from Microprobe Analysis

The resulté obtained are inconsistent with tetrahedrite-
‘tennantite being a simple isomorphous series., There is
evidence of non-stoichiometry but from the microprobe results
obtained it is not possible to define the range in hon-
stoichiometry or how it changes from the Cu-Sb-S system to
the Cu-As-S system. Because of the non-stoichiometry of the
series and the lack of complete analysis of individual
members of the series, measurements of physical properties
of the series have been plotted against Sb 2 As ratio of the
starting composition. The discontinuities in the series are
indicative of miséibility gaps and will ‘be discussed later,.

X-ray Diffraction

Smear mounts were prepared for each member of the series
but the diffraction results obtained were, in most cases,
difficult to interpret because of the lack of published
information on synthetic phases in the Cu-Sb-As-5 system,

The major peaks of the tetrahedrite-tennantite series were

identified, however, and a range in 20 for several specimens
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has been given in Fig.4-4, illustrating the genefal depen-
dance of peak position on Sb:As ratio.

Debye-Scherrer powder photographs were obtained using
ground specimen or material picked out from the polished
specimen, Difficulty was experienced in obtaining sharp
diffraction lines, especially in the back reflection region,
Satisfactory photographs were measured and d-spacings compu-
ted and indexed, The cubic unit cell edge was computed
using selected back reflections (see Chapter 2), The results
are given in Table 4-6 and the cell edges are plotted against
starting composition in Fig.4-5.

The powder photograph obtained for specimen 40a using
ground material (LOa3) gave a cell edge of 10.3328 whereas
the photograph obtained using material picked from the
poiished specimen (L40a5) gave a cell edge of 10.328. Also,
the low angle lines on the photogfaph prepared from the '
ground specimen were split indicating the presence of a
larger unit cell tetrahedrite, Slight peak doubling can
also be seen in the diffraction chart prepared for specimen

LOa (Pig.h-t).

Conclusions from x-ray Diffraction Results

It was concluded that in the investigation of synthetic
sulphides a study of polished sections is more satisfactory
for identification of minor phases present than using
diffraction charts and that using material picked out from
the polished specimen for powder photographs is a more
satisfactory means of obtaining diffraction data and cell
parameters,

The broadening of lines.in the powder photographs was

due to the range in composition of the tetrahedrite-tennantite

specimens,
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From Pig.4~5 it is apparent that there is a general
increase in cell edge with increasing Sb:As ratio but the
points do not lie on a straight line, Another factor must
be affecting the cell edge and this factor has probably
resulted in the large cell edge of specimen 32, The evidence
suggests, therefore, that the cell edge varies with non-
stoichiometry in tetrahedrite-tepnantite as well as with
Sb:As ratio,

The dependance of the variation in diffraction profile
on Spécimen preparation, noted for specimen 40, must be due
to the presence of the several varieties of tetrahedrite noted
during experiments iy the Cu-Sb-S system, No inversion
phenomena were noted in the grain corés in the polished
specimens, It is concluded that the bulk of the grains
examined were normal tetrahedrite (Cu128b4813) but the grain
boundaries were sulphur deficient non-stoichiometric
tetrahedrite,

. Microhardness Measurements

The technique employed is described in Chapter 2, The
results for the tetrahedrite-tennantite series aré given in
Table L4-7 and plotted in Fig.4-6, Measurements were only
made .on series 40, Microhardness is a relatively crude
technique and only the general increase in microhardness
with increasing As:Sb ratio is apparent in Fig.L4-6.

Reflectivity Measurements

The technique employed is described in Chapter 2,

. Spectral reflectivities were obtained for each member of
series 40O, The results are given in Table 4-8 and plotted
in Fig.h-?. There is a general decrease in reflectivity

with increasing As:Sb ratio but the change is different at
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different wavelengths. Specimen 42 has an exceptionally
high reflectivity. AThe variation in reflectivity is
therefore dependant on‘another factor, apart from Sb:As
ratio, and as in the case of the diffraction experiments, it
is concluded that non-stoichiometry must be the factor.

Colour Measurements

There is little chénge in the form of the spectral
reflectivity curve of members of the tetrahedrite-tennantite
series with chapging Sb:As ratio but, since a colour differ-
ence between tetrahedriﬁe and tennantite was evident from
optical examination, the colour changes were determined
guantitatively using the spectral reflectivity values, The
technique of colour measurement is outliﬁed in Chapter 2.

| For each member of series 4O the tristimulus values,
X, Y, and Z, were computed fop standard sources A (tungsten
light), B (direct sunlight) and C (average daylight)
(Table L-9). For standard source A the chromaticity co-
ordinatés, X, ¥ and z (Table 4-10), were computed from the
tristimulus values permitting the calculation of the dominant
wavelength and excitation purity of the colour of each
member (Table 4-11). An entarged area of the chromaticity
diagram (see Fig.2-4) illustrates the colour relationships
of the phases (Fig.4-8). Plots of starting composition
versus dominant wavelength and % excitation purity are given
in Pig.4-9. The colour discrimination (threshold) ellipse is
shown in Fig.4-8 for specimen 41, The human eye is incapable
of distinguishing colour differences of phases which plot
inside this ellipse,

% purity is plotted against dominant wavelength in
Fig.4-10. Anisotropic pyrolusite is also plotted in Pig.4-10

to give an indication of the colbur of the synthetic phases,
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The brightness (Y) of pyrolusite is 32.4-33.7, slightly
higher than that of the synthetic tetrahedrite-tennantite
series., Galena and sphalerite are common associates of

natural tetrahedrites and are also plotted in Fig.L4L-10.

Conclusions from Colour Measurements

For the tetrahedrite-tennantite series 4O there is little
change in colour although the dominant wavelength and excita-
tion purity do increase slightly with increasing As:Sb ratio
(Figs. 4-8, 9). Two members of the series, 4O (tetrahedrite)
and 42, do however have significant differences in dominant
wavelengths and excitation purities (Figs.4-8, 9, 10). The
human eye is capable of distinguishing the colour difference
between specimens 40 and 42 and the rest of the series and
should be able to détect the change in colour from the Sb
end (specimen 41) to the As end (specimen 48) of the normal
members of the series, The colour difference observed will
be in intensity of colour (% purity) as the wavelength change
(Fig.4-9) is less than the minimum detectable (+ 1.5 nm) in
this region of the spectrum (Wright and Pitt 1934).

These conolusioné are supported by optical examination
of the specimens but the colour of tetrahedrite (specimen 40)
appears brownish against chalcostibite. Tennantite has the
‘expected greyish colour.

Further Experiments

In order to investigate further the possible high
temperature polymorphism of tetrahedrite, indicated by the
line splitting of powder photographs prepared for specimen
40, and to ascertain whether tennantite behaved similarly,
the two compositions, Cu1128bLLS,l2.5 (spec.30b) and

Cu12AsuS12 5 (spec.38b), (representing ‘tetrahedrite and
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tennantite respectively) were synthesised and quenched at
600°C.
Inversion phenomena were observed in the polished speci-
men of tetrahedrite (Plate L-4) and diffraction lines were.
yobserved to be split in powder photographs prepared from
ground material (Table 3-12), No inversion phenomena nor
line splitting were observed for tennantite.
X-ray diffraction charts were obtained for the quenched
tetrahedrite and tennantite and a range in 26 has been
selected which illustrates the diffraction line splitting of

tetrahedrite in contrast to the single lines of tennantite

(Fig.l-11).




TABLE

Iy

TETRAHEDRITE-TENNANTITES

Starting. Compositions and Furnace Batch Number

Starting Series 30 Series 40O
composition Spec.No, Batch No.|Spec.No., Batch No,

230& 1 L0a A

Cu128b4812.5 {300
| (31a 3 Wa 2
(32a 2 L2a 1

Cuy 2Sb3AsS, 5 5 320
A ' S 33a 1 L43a 2

Cuy o8Py 588y 5742, 5 33D
(3h4a 2 La 1

Cuy pSboAS,S8, 5 5 E3LFD
35a 3 L5a 2

Cuy o8, 5885 5992, 350
: 36a 1 L6a 1

Cu128bASBS12.5 360
(37a 3 Li7a 2

Cu128bo.5A53.5S12.5237b
38a 2 L 8a 1

S
Cuy288)212.5 380




TABLE 4~2 SERIES 30 4+ 4O - PHASES OBTAINED

Poli- % Concentration (Visual Estimate)
;g:g. Cu,_,8|Cu, ,(SbAS),8, 5 Cus(SbAs)S, | CuSbS,|SbyS|SD [other
No.

30a 1 80 - 18 2 | -] -
31a 1 | 85 i 10 1 - -
31 1 95 - 5 - | -] -
32a - . 95 - . - 1 -
33a - 100 - - - -] -
3La - ol L 2 - - -
35a - 90 8 - - | -] 2
36a - | 98 - - - -1 2
37a - 99 - - -] - 4
38a | - 95 L - - - 1
L10a 2 93 - L 1 - -
Lia 1 97 1 1 - -1 -
L1b 1 80 - 19 - | -] -
L2a - 98 - 1 - 11 -
L3a 1 98 - 1 - | - -
Lha - 95 n - S
L5a - 90 6 - - -1 4
L46a - 99 . - - - - 1
L7a - 98 - - - -1 2
u8a - 99 1 - - -] -




TABLE L4-3 - Series 30 Microprobe Analysis
Instrumental Conditions |

Elem, Stnd. Line KV Crystal Angle E a4aE Counter
8b TET(30a) L. 15 Quartz 61°55" 3,70 2.53 Flow
As TEN(38a) K., 15 LiF 339%7" 14,30 1.42 Sealed

Corrected using EMPADR VII

Assumed Stoichiometry - Cu12(8bAs)uS13

Results - Mean of each specimen given.

Spec. X % of end Stnd.
No. Elem, | Points | uwt® |cwt% nember Dev.
Sb 18 25.42 125,61 87.62 3.35
31a
As 18 3,30 3.17 15.65 3.16
Sb 18 |- 26.,24(26.11 90.35 2.67
31D
As 18 2,821 2.7 13.38 2,62
Sb 18 22.,8212%,10 79.03 3,22
32a
As 18 5.28| 5.10| 2547 2,91 —
Sb 18 19,96120,27 69.35 5.78
33a
' As 18 | 6.63| 6.42 31 .96 5.87
Sb 18 13,63113.99 L47.86 L4.76
3la )
Tl As 18 11.22110,98 54..20 5.38
Sb 18 | 15.4715.54] 53.16 5,92
35a -
- As 18 10,39 (10.15 50,10 6,12
Sb 18 7.81 1] 8.10 27.17 4.79
36a ' )
As 18 14,63 1448 71 .47 h.79
Sb 18 h.h2 | L.61 15.77 3.28
37a
A‘S 18 170&2 17029 85.3“- 3095
_4




TABLE 4-4 - Series 40 Microprobe Analysis

Instrumental Conditions

Elem, Stnd, Line KV (Crystal Angle E AE Counter
Sb  TET(L4Oa) L, 20 Quartz 61°955" 3,70 2.53 Flow
As  TEN(48a) K. 20 LiF 33957" 14,30 1,42 Sealed

Corrected using EMPADR VII

Assumed Stoichiometry - Cu12(SbAs)uS13

Results - Mean of each specimen given,

Spec, . , % of end Stnd,
No. Elem.| Points| uwt% cwt% nember Dev,

Sb 10 25,86 26,04 89,09 3.32
L1a
e As 10 2.73 2.65 13%.08 3,49

Sb 10 24,98 25.21 86.25 2,90
b '

As 10 3.65 3.54 17.47 2.75

Sb 10 22,92 | 23,23 79.47 3.15
L2a

As 10 5.46 5.32 26,26 3.31

Sb 10 | 17.73 | 1840 | 61.92 | 3.89
L3a

As 10 8,15 7.97 39.34L 4.16

Sb 10 14.58 | 14.98 51.25 3.87
Lla

As 10 10,63 | 10.4L 51.53 .33

Sb 10 15.25 | 15.64L 53 .51 5.53
L5a A

As 10 9.85 9.67 L7.73 6.09

Sb 10 7.04 7.33 25,08 L.29
L6a

Sb 10 2.37 2.49 8.52 2.47
L7a

As 10 18,55 | 18.50 91 .31 3.31




TABLE 4-5

Microprobe Analysis (corrected using TIM)

Element Line
Cu K
As Ko
Sb L.
S K.
Tetrahedrite, spec.No,ULOa
(standard = Cu128bus13’spec.63)
| uwt®h cwt® nwt%h  at%h
Cu U45.73 L5.72 L45.79 L1.52
Sb 29.38 29.37 29.41 13.92
S 24,78 24,77 24.80 L4h4.56
99.86

Tennantite, spec.No.i8a

(standards = Cu, As, 2nS)

(Grain 1)

uwt%

cwi%

nwt%  at%h

Cu 51 .38
A&s 17.66
S 27.98

53.97
20,11
27.88

101.96

(The means of

Fig.h4

52.93 hL2.74
19.72 13.51
27.3L L3.75

kv

15
20
15
15

~ (Standards = Cu and Sb,S

uwt%  cwt®  nwth

3)
at%

W,75 46,01 L5.54
28.11 29,71 29.40
23,35 25,32 25,06

101 .04

(Grain- 2)
uwt%  cwt%  nwt%h

Ll-1 020
13.88
Ly 92

50,56 53.09 52.71
17.66 20,10 19,96
27.63 27.53 27.33

100,72

each pair of analyses areplotted in

-12).




TABLE L4-6

Tetrahedrite-Tennantite Unit Cell Parameters

obtained by NELRIL using selected high angle lines

Specimen Powder Cell edge Stnd. Err.
number preparation in on intcpt.
Series 30

30b(1) ground 10,32888 0.00060 (quenched)

also 10.43571 0.00296

30b(2) pidkéd 10.31792 0.00028 ( quenched)
31a(1) ground 10,30817 0.00047

32a(l) ground 10.336L3 0.00078

35a(3) ground 10.21289 0.00069

36a(2) ground 10.19312 0.00033

36a(5) ground 10.19639 0,00038

37a(3) ground 10.18851 0.00035

38a(1) picked 10.1698L 0, 00044

38b(1) ground 10.17305 0.00017 (quenched)
Series 40

L0a(3) ground 10.33129 0.00036

110a(5) picked 10,32061 0.00034

Wa(1) ground 10,30720 0.,00023

L3a(3) ground 10.26665 0.00045

Lha(1) ground 10,2047k 0.00041
L6a(1) ground 10.19527 0.0006L

L7a(2) ground 10.18539 0.00028

L8a(2) ground 10,1647 0.00020




TABLE 4-7 SERIES 40

Microhardness Measurements

Vickers Microhardness
Diamond Indentation, 100g Load.

Specimen Number of Mean Standard
number indentations Hardness Deviation
LL0a 10 243 14
Lia 5 258 26
L2a 5 280 5
L3a 5 308 30
lha 5 311 19
45a 5 332 bY
L6a 5 328 24
L7a 5 351 15

L 8a 10 352

53
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TABLE 4-9 - Series 4O

Tristimulus values for standgrd sources
A (tungsten light), B (direct sunlight), D (average daylight)

Specimen
L,0a A 31,9909 29.4,088 11,0945
c 29,0396 29,6057 37.0022
B 29.1768 29.5u477 26,6808
L1a A 30,7494 28,4873 10,6851
C 27.9823 28.7334 35.6927
B 28,0945 28,6703 25,7227
L2a A 3L.342 31.2929 11.6281
c 30.8636 31 .4h272 38,8567
B 31.0475 . 31.3970 28.0019
L 3a A 31.5304 29,2021 10.9872
c 28,7202 29,4504 36.6926
B 28.8260 29.3855 26.4455
Llia A 30.9929 28.75ul 10,8105
c 28,2290 29,0247 36,0694
B 28.3361 28.9529 26,0042
L15a A 29,7882 27.6389 10.3840
C 27.1394 27.8939 34,6516
B 27.2403 27.8256 24,9800
L6a A 30,1919 28,1603 10.6645
c 27.6133 28.4854 35.6163
B 27.6798 28,1004 25.6696
L47a A 29,3827 27.440U 10,3976
C 26,874 27.7753 34,6823
B 26.9385 27.6886 25,0051
L8a A 29.2523 27.4024 10.4729
C 26.8393 27,7786 3l.9621
B 26.8738 27.6812 25,2014




TABLE 4-10 - Series 40

Chromaticity co-ordinates for standard sources
A (tungsten light), B (direct sunlight), C (average daylight)

SpegiTen % ¥ %
40a A 0.4413 ) 0.4057 0.1530
C 0.303%6 0.3095 0.3869

B 0.3416 0.3460 0.3124

Lia A 0.4398 0.4074L 0.1528
C 0.3028 0.3109 0.3862

B 0.3406 0.3L76 0.3118

L2a A 0.4430 0.4061 0.1509
C 0.3051 0.3107 0.3842

B 0.3433 0.3u471 0.3096

ly3a A 0.4396 0.4072 0.1532
C 0.3028 0.3105 0.3868

B 0.3405 0.3471 0.3124

Llia A - 0.4393 0.4075 0.1532
C 0.3025 0.3110 0.3865

B 0.3402 0.3476 0.3122

L5a A 0.4393 - 0.4076 0.1531
C 0.3206 0.3110 0.3864

B 0.3403 0.3476 0.3121

Lba A 0.4375 0.4080 0.15U5
C 0.3011 0.3106 0.3%883

L47a A 0.4371 0.4082 0.1547
C 0.3008 0.3109 0.3882

B 0.3383 . 0.3477 0.31MQ

L 8a A 0.4358 0.4082 0.1560
C 0.2996 0.3101 0.3903

B 0.3369 0.3471 0.3160

‘,é ﬁg‘ii‘.’!‘ﬁp
43 DECWTY
IBRARY. -




TABLE L-11 - SERIES 4O

Dominant wavelength and ezcitation purity

for standard source A (tungsten light)

Specimen Dominant Excitation
No. wavelength purity
L10a L,89.89 1.57
Wa 4oL .57 1.85
L2a 489,56 1.15
L3a 4ok 15 1.90
Llja 9L .79 1.96
L5a L95,00 1.96
Léa 1195, 6l 2,37
L7a 495,93 2.46
L18a 495.80 2.76




TABLE 4-12

Powder Diffracti

on Data

(see Table L4-5 for mic

roprobe analyses )

Tetrahedrite, spec.No.40a(5) Tennantite, spec.No.48a
Starting comp.Cu12SbuS12 5 Starting cornp.Cu,‘QAsuS12 5
N af I af I
2 7 AUl LO
L 5.148 40
6 L,206 30 L.153 50
8 3.64L7 50 3.59 30
12 2,976 100 2.931 100
14 2,754 L0 2.711 30
16 2,577 60 2,537 60
18 2.430 Lo 2.39 50
20 2.30L 30
22 2.199 20
2l 2,105 30 2,071 10
26 2,021 Lo 1.9901 40
30 1,8824 L0 1.8519 50
32 1,822 90 1.7944 90
3L 1.7680 30 1.7390 30
36 1.7179 10 1.,6902 10
38 1,6722 50 1.,6U456 40
40 1.6298 20 1.6068 20
L2 1.5910 10
Ll 1.5539 80 1.5297 90
L6 1.5198 20
L8 1.4879 20 1.4653 30
50 1.4590 30 1.4359 30
54 1.4022 .20 1.3807 20
56 1.3767 20 1.3559 10
62 1.3103 30 1,2873 10
6l 1.2889 . 30 1.2697 30
66 1.2695 30 - 1.20490 20
70 1.,2323 30 1.2136 30
74 1.1987 40 1.1807 40
76 1.1826 e} 1.164L7 50
78 " 1.1677 10
80 1.1529 10 ~1.1355 30
82 141391 10 1.1217 20
8L 1.1089 10
86 1.1119 20 1.0950 30
90 1.0874 30 1.0705 20
9L 1,0640° 20 1.,0477 20
96 1.0529 /o) 1.0367 50
98 1.0420 10 1,0263 10
1 02 1.0216 20
M Ol 0.9962 10
H 06 1,0018 5
108 0.9927 30 0.9779 40
110 0.9837 L0 0.9688 L0
1L 0.9665 30 0.9517 50
18 0.9502 30 0.9355 30
120 0.9277 30
1 22 0.9343 Lo 0.9202 4o
126 0.9194 50 0.9055 50
128 0.9123 30 0.8984 50
130 0.9052 [ 20
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FIG 4-9 SERIES 40  CUj,(SBASYS ¢
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- PLATE L
Spec.No.40a x 220

Starting composition - Cu128bu812.5

Cu, __S ovoids (two phases) rimmed by stibioluzonite,
CuzSDbS), (dark grey) in tetrahedrite, Cu128bus13.
Note pitted and fractured grain margins of tetra-

hedrite ~ (non-stoichiometric tetrahedrite?).

- PLATE 4-2
Spec.No.30a X polars x 220

Starting composition - Cu128bu812.5
Tetrahedrite (isotropic) with enechelon lamellae of
chalcostibite, CuS-bS2 (anisotropic). Interstitial

chalcostibite (anisotropic) and stibnite, Sb,S

3
(strongly anisotropic, white).







PLATE 4-3
Spec.No.31a x 220

Starting composition - Cu128b3.5AsO.5S12.5
Tetrahedrite-tennantite (grey) with interstitial
tetrahedrite-tennantite and chalcostibite, CquS2

(light grey).

PLATE L4
Spec.No,30b x 220

Starting composition - Cu128bu312.5(quenched)
Inverted tetrahedrite with interstitial intergrowth
of pink tetrahedrite (grey) and chalcostibite (light
grey). The euhedral bluish grey tetrahedrite crystal

has a narrgw rim of pink tetrahedrite,
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Summary of Conclusions and Discussion

It is concluded that the tetrahedrite-tennantite series
in the Cu-Sb-As-S system is not a simple stoichiometric
isomorphous seriesand that, although the results obtained
contribute to the understanding of the complexity of the
series, much more detailed experimental work, which is
beyond the capabilities of the apparatus available for this
study, is required. |

From the examination of the synthesised tetrahedrite-
tennantite series, starting composition'Cu12(SbAs)uS12'5, it
was concluded that with increasing As:Sb ratio there is a
general decrease in cubic cell edge, increage in microhard-
hess, decrease in reflectivity and increase in colour
intensity (excitation purity).

The mineralogical properties of two of the members of
the series deviate in magnitude from the general trend of
the series, These are the synthesised end-member tetra-
hedrite, Cu128bus15 (specimen 40), which is relatively Sb
deficient, and specimen 42 which is Sb4+As enriched. There
is a continuity in the series with increasing Sb:As ratio
from tennantite almost to an Sb end-member, If this series

is; extrapolated the hypothetical Sb end-member has 3.51%

" more Sb than the synthesised tetrahedrite, Cu128buS13

(specimen 40), The synthesised tennantite end-member was

sulphur deficient relative to the stoichiometric composition
Cu12AsuS13. |

Maske and Skinner (1971 ) have shown that synthetic
tennantite has a range in composition along a line from
Cu12AsuS13 towards Cu in the Cu-As-S system and that the
tennantite field approaches the stoichiometric composition

with decreasing temperature. The stoichiometric composition



68,

was not attained in the experiments which were above BOOOC.
The cell edge of non-stoichiometric tennantites decreased
with decreasing Cu content. ©No high temperature polymorph
of tennantite was noted by Maske and Skinner nor in quench
experiments in the present study.

Experiments in the Cu-Sb-3 system in the present study
(Chapter 2) have shown the existence of a range in Cu:Sb
ratio for a non-stoichiometric (sulphur deficient) tetra-
hedrite. The stoichiometric tetrahedrite, Cu128bu813, was
however obtained in most experiments. The cell edge of the
non-stoichiometric tetrahedrite increases with increasing
Sb:Cu ratio., There is a high temperature cubic polymorph of
non-stoichiometric tetrahedrite and its stability increases
with increasing Sb:Cu ratio. The possible entire range in
composition of tetrahedrite in the Cu-Sb-S system and its
variation with temperature has not been defined but the
possible extent at high temperatures is shown in Fig.4-2,

The features of the synthesised tetrahedrite-tennantite
series, starting composition Cu12(SbAs)uS12.5, can now be
understood. The data relevant to this discussion are summa-
rised in Fig.4-12. The continuity in the series, from the
synfhetic tennantite, almost to an Sb end-member represents
a movement from 48a to B (Fig.4-12). Cell size increases
due to increasing Sb:As ratio but specimen 32, probably due
to an error in specimen preparation, is Sb4+As rich, has a
large cell size, and lies close to point D. Cell size will
also be increasing due to changing stoichiometry of the
series. The end-member tetrahedrite obtained has a low cell
edge compared to the projected end-member of the series

which therefore lies between B and 13a, The point D has
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3.51% more Sb than Cu12SbLLS:13 and therefore is the extrapola-
ted end-member of the series.

From the microprobe analyses given in Fig.4-3 it was
concluded that there are two possible miscibility gaps in the
tetrahedrite-tennantite series, The structure of tetrahedrite-
tennantite, Cu12(SbAs)uS13, (Wuensch 1964, 66) is illustrated
in Fig.6-1. In the unit cell there are eight semi-metal
(Sb+As) atoms in trigonal pyramidal co-ordination with sulphur
atoms. Four of the pyramids point inwards towards the
octahedrally co-ordinated sulphur atom at the centre of the
unit cell and four point outwards (Fig.4-13). Ordering of
the Sb and As atoms in these sites in the Cu128b2As2813
composition is therefore suggested as a model which results
in increased stability of the Sb:As = 1:1 ratio (Fig.u—13).
The resultant solvi would therefore be expected to peak at
SbBAs and SbAsB. Series 30 and 40 give observed gaps with
approximate centres at 8102.25As1,75 and Sb1.25A82.75,
slightly closer to Sb2As2 than expected,

The miscibility gaps may be associated Qith discontinuous
changes in phase relations of tetrahedrite-tennantite between
the Cu-Sb-5 and the Cu-As-S systems,

There is little point in speculating further on the
nature of the tetrahedrite-tennantite series because much
more detailed work is obviously required. A complete deter-
mination-of the Cu-8Sb-As-S system is required. The nature
of the tetrahedrite-tennantite series, i.e., its range in
Cu:(SbAs);S ratio with changing Sb:As ratio and temperature,
makes it too complex for satisfactory study with the
apparatus available for this present study. Both quench :

experiments and, because of the metastable phases, D,T.A,
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experiments are required., Verification of the miscibility
gaps could be achieved by very slow cooling of starting
compositions corresbonding to the centre of the miscibility
gaps. The splitting into two compositions could then be shown
by microprobe analyses of random points on the polished
specimen and possibly by x-ray diffraction.

The change in physical properties with changing Sb:As
ratio will be discussed further in Chapter 6 on aspects of

substitution in tetrahedrite.
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CHAPTER 5

Substitution of Cu by Zn, Fe and Ag
in Synthetic Sulphosalts

Introduction

Silver, zinc and iron are the main elements found
substituting for copper in natural tetrahedrites. 1In order
to determine the limits of substitution of these elements in
tetrahedrite and to ascertain the<resultant changes in the
mineralogical properties of tetrahedrite, several substitu-
ted tetrahedrites have been synthesised, Silver, zinc and
iron are an appropriate choice in elements because silver
is always univalenﬁ, zinc always divalent and iron divalent
or trivalent in their salts whereas copper is univalent or
divalent,

Synthesis of one silverizinc substituted tetrahedrite,
one silver substituted stibioluzonite and one zinc substitu-
ted stibioluzonite was also attempted in order to obtain
information useful in the discussion on theoretical aspects
of substitution,

‘Substituted tetrahedrite starting compositions will
first be described. Substitution in other phases will then
be described in two sections - one on the substituted
stibioluzonite starting compositions and the other on solid
solutions in the Cu-Ag-Sb-S system obtained in the attempt
lto synthesise Ag-tetrahedrite. A summary of the conclusions

reached will then be followed by a discussion of the

results.,
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] 2=—
Compositions

Substituted Tetrahedrite (Cu Sb4§12) Starting
-/

Sample Preparation and Synthesis

Details of the high purity elements used for synthesis

- are given in Table 1-1b, The technique of sample preparation
and synthesis was as described in Chapter 2. The specimens
were run in several batches, The temperature history of each
batch is given in Table 5-1a, All the specimens had similar
heating histories which were planned to yield large crystals
of substituted tetrahedrite by slow cooling of the melt. The
melting point of pure tetrahedrite is about 610°C. The
specimens were therefore heated to about 68000 and cooled
slowly to uOOOC. Cooling from MOOOC to room temperature was
moderately rapid in order to obtain textural evidence of any
temperature dependant substitution,

Examination of Polished Specimens

For each substituting element, the phases obtained and
observed in the polished specimens have been tabulated with
the starting composition in Tables 5-2 to 5-5. Substituted
tetrahedrites suitable for the determination of mineralogi-
cal properties using microanalytical techniques were obtained,

In zinc starting compositions ZnS was obtéined as an
impurity in tetrahedrite and chalcostibite with native S5b
was interstitial (Plate 5-3),

In the low iron stakting composition bornite was
obtained as an impurity, rimmed by stibioluzonite, in ‘tetra-
hedrite., Chalcostibite was interstitial (Plate 5-1). 1In the
high iron starting composition chalcopyrite, -usually inter-
grown with bornite, was obtained in tetrahedrite, Chalcosti-

bite and native Sb were interstitial (Plate 5-2),
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Ag-tetrahedrites were only obtained from the two start-
ing compositions with the lowest initial silver content and
were veined and pseudomorphed by a fine grained intergrowth
of stibioluzonite and (CuAg)BSbS3 (Plates 5-4, 5, 6), A
similar coarse grained intergrowth was interstitial, 1In
starting compositions with higher initial silver content,
stibioluzonite and (AgCu)BSbS3 were the two main co-existing
phases obtained., Primary laths of stibioluzonite were in_a
+ stibioluzonite,

matrix of (AgCu)BSbS or (AgCu)BSbS

3 3

Substituted ZnAg-tetrahedrite was obtained from the
zinc+silver starting composition. 2ZnS was obtained as an
impurity in tetrahedrite. (CuAg)BSbS3 intergrown with
stibioluzonite and chalcostibite was interstitial. Large
impurity-free tetrahedrites were obtained as well as some
tetrahedrites which were replaced, marginally, by a
(CuAg)BSbS'3 + stibioluzonite intergrowth.

There was no evidence of exsolution, nor for a phase
change (structural inversion) in any of the substituted
tetrahedrites obtained.

Conclusions from Polished Specimen Study

Only a small amount of ZnS was obtained in the low zinc
starting composition indicating that most of the zinc had
entered the tetrahedrite structure. The large amount of
ZnS obtained from the high zinc starting composition indica-
ted that the tetrahedrite should be saturated in zinc,

In the texture obtained from the low iron starting
composition, bornite played the role of CuZ_XS in pure
tetrahedrite starting compositions. A reaction relationship

is evident -

Fe-tetrahedrite — bornite + Sb-rich liquid
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The stibioluzonite rim around bornite (Plate 5-1)
indicates decreasing sulphur content of bornite solid solu-
tion with decreasing_temperature (as Cuz_XS). The excess
sulphur reacts with tetrahedrite to give stibioluzonite.

Chalcopyrite was obtained from the iron rich starting
composition., The serrated rims of the grains indicate
incomplete reaction and, from the appearance of the dharge
(Table 5-3), complete melting was not achieved. The chal-
copyrite-bornite intergrowth (Plate 5-2) is due to decreasing
solid solution in the Cu-Fe-S system with decreasing
temperature,

In iron and zinc starting compositions no evidence of
exsolution was observed indicating that the substitution of
Zn and Fe in tetrahedrite is independent of temperature. 1In
iron and zinc rich starting compositions the co-existence of
substituted tetrahedrite and native metal (or native metal +
chalcostibite) indicates that there is probably no
(CuFe)38b83 nor (CuZn)38b83 solid solution extending into
the Cu-Fe-Sb-S or Cu-Zn-Sb-S system respectively (Plates 5-2,
3). |

The stability of Ag-tetrahedrite is obviously tempera-
ture dependant. Cooling results in a eutectoid type break-

down -

(Cubg), oS Sy5 —  3(AgCu);SbS; + (Cusg),SbS)

The breakdown products form irregdlar veins within
tetrahedrites and pseudomorph tetrahedrite (Plates 5-, 5, 6).
The Agétetrahedrites preserved are therefore probably

metastable, the breakdown process having been 'frozen' on

cooling.,

The co-existence of stibioluzonite and (AgCu)38b83 at
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higher initial silver contents indicates that Ag-tetrahedrite
solid solution does not extend far into the Cu-Ag-Sb-S
quaternary, Substitution in this system will be discussed
below. |

In the zinct+silver starting composition the divalent
cation exc€ess was again located in phases within tetrahedrite
and the excess Ag was located in interstitial phases,

General Character of Substituted Tetrahedrites in Polished
Specimen

Changes in the appearance of the tetrahedrites due to

substitution were difficult to observe because of the illu-
sionary effects of different adjacent impurity grains.,
Several Zn-tetrahedrites were weakly anisotropic, This was
difficult to observe but quite definite. This phenomenon may
be related to ordering in substituted tetrahedrites., Changes
in fhe powder x-ray diffraction péttern would be small (e.g.
superlattice lines) and completely monophasal samples would
be necessary for their detection,

The hardness of Ag- and Zn,Fe-tetrahedrites differs
significantly; scratching with a needle distinguishes the
hard, brittle Zn,Fe-tetrahedrites from Ag-tetrahedrite,

Electron MicPoprobe Analysis

The analytical conditions are given in Table 5-1b, The
substituted tetrahedrites and some of the other phases obtained
were analysed completely (Tables 5-2 to 5-5). Corrections
were made using EMPADR VII (Chapter 2).

The substituted element content obtained is plotted
against starting composition in Fig.5-1. The 'starting -
composition join' (Fig.5-1) indicates the element content
which would have been obtained if equilibrium had been

attained and the starting composition represented a possible
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substituted tetrahedrite composition, The 'expected divalent
max' indicates the limit of substitution of divalent cations
if tetrahedrite is a normal valence compound (see Chapter 6),
The variation in_copper to substituted element ratio of the
substituted tetrahedrites was obtained using the fixed
stoichiometry option of EMPADR VII (Fig.5-2), Impurity
phases which were not fully analysed were partially analysed
on the microprobe in order to confirm optical identification.

Conclusions from Microprobe Analysis

The limits of substitution of zinc and iron in tetra-
hedrite were reached in the experiments (Figs.5-1, 2) and
are the limits expected if tetrahedrite is a normal valence
compound, i.,e. the elements have their normal valencies and
the charges of the electropositive and electronegative
elements balance,

Silver substitution in the Ag-tetrahedrite did not
reach such a definite saturation value (Figs.5-1, 2) and the
silver content was low compared to that expected from the
starting composition (Fig.5-1).

| The variation in the ratio of copper to substituted
element in any one specimen was small (Pig.5-2).

The zincysilver starting composition yielded a tetra-
hedrite with the expected zinc content and silver was only
low by 1 at%. The high Zn+Ag at®% total in tetrahedrite
indicates that zinc and silver do not compete for copper
sites, If zinc ahd silver did compete for.copper sites the
maximum at% Zn+Ag content possible would equal the maximum

at% 2Zn content found (6.90 at%).

The analyses confirm the general formula of substituted

tetrahedrite -(GuAg)1O(CuZnFe)QSbuS13.
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X-ray Diffraction

Debye-Scherrer powder photogfaphs were obtained by pick-
ing out material from the polished'specimen. The d-spacings
were measured'and indexed (Table 5-6). The unit cell edge
of each substituted tetrahedrite was computed (Table 5-7)
using NELRIL (Chapter 2) and plotted against substituted
element content in Fig.5-3,

Only poor powder photographs of Ag-tetrahedrite could be
obtained due to the admixture of impurity. The standard
error on the intercept obtained during the Nelson-Riley
extrapolation procedure (NELRIL) is therefore large and is
shown in Fig.5-3.

Conclusions from X-ray Diffraction

There is no detectable departure from the pure tetra-
hedrite cubic powder pattern as Cu is substituted apart
from an increase in d-spacing values, The lines missing in
some substituted tetrahedrites are of low intensity or have
been superimposed by impurity lines,

The cell edges of tetrahedrite increased in every case
of substitution (Fig.5-3). The cell edge of substituted
tetrahedrite is dependant on the at% Cu substituted .but
independent of the substituting cation. The cell edge of
zinc and iron substituted tetrahedrite reaches a maximum of
about 10.3852 corresponding to substitution of 6.90‘at% Cu,
This cell edge value is exceeded by Zn+Ag substituted tetra-
hedrite, The accumulative effect of Zn+Ag substitution on
the cell edge therefore confirms the conclusion that Zn and
Ag do no£ compete for Cu sites in tetrahedrite and confirms

the general formula of substituted tetrahedrite -

(CuAg)1 O(CuZnFe )gsbus:\1 3
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The cell edge of tetrahedrite saturated in substituted
divalent element, Cu1O(ZnFe)2SbuS 132 can be obtained from
Fig.5-3 and is 10.385 &,

Microhardness Measurements

The Vickers Microhardness of each substituted tetrahed-
rite was measﬁred (Table 5-8) using the technique described
in Chapter 2, Conchoidal fractures and splintering were
common in zinc and iron substituted tetrahedrites but Ag-
tetrahedrites were less brittle,

Microhardness was ﬁlotted against substituted element
content in Fig.5-4. In the case of ZnAg-tetrahedrite the
microhardness has been plotted against the zinc content.

Conclusions from Microhardness Measurements

The microhardness of substituted tetrahedrite increases
with substitution of Cu by Fe and Zn but decreases with
substitution of Cu by Ag. The ZnAg-tetrahedrite has a lower
micréhardness than expected from its Zn content and this is
due to the Ag content (Fig.5-4).

The microhardness of tetrahedrite saturated}in substitu-
ted divalent elements, Cu1o(ZnFe)28buS13, can be obtained

from Fig.5-4 and is 390,

Reflectivity Measurements

The reflectivities of the substituted tetrahedrites were
measured at three wavelengths using the technique described
in Chapter 2, The results are given in Table 5-9 and
plotted in Fig.5-5. The reflectivities at wavelength =
540nm are plotted against substituting element content in
Fig.5-6.

Conclusions from Reflectivity Measurements

Reflectivities at the three wavelengths increase with
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Zn and Fe substitution of Cu in tetrahedrite (Fig.5-5). The
increase in reflectivity differs at different wavelengths
and, with increasing content of substituted Zn and e, a peak
develops at 540nm. With substitution of Cu by Ag, reflecti-
vities decrease, and thé decrease is greater at greater
wavelengths. The reflectivity of the ZnAg-tetrahedrite is
less than expected from its Zn content, the reduction in
reflectivity being due to its Ag content (Figs. 5-5, 6).

The results indicated that changes.in the spectral
reflectivity curve of substituted tetrahedrite will be
sensitive to compositional changes but the lack of strong
correlation of reflectivity with subsﬁituted element content
at high zinc contents (Fig.5-6) indicates that non-
stoichiometry of substituted tetrahedrite can have an

effect,
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Substitution in Other Phases

Substituted Stibioluzonite Starting Compositions

Sample Preparation and Synthesis

Details of the high purity elements used for synthesis
are given in Table 1-1b, The sample preparation and technique
of synthesis was as described in Chapter 2, Starting composi-
tions representing a silver substituted stibioluzonite and a
zinc substituted stibioluzonite were prepared. The specimens
were run with specimens of the substituted tetrahedrite
starting compositions and therefore had the same temperature
history.

Examination of Polished Specimens

The phases observed in the polished specimens prepared
‘have been tabulated with each starting composition (Table
5-10).

Large anhedral stibioluzonite crystals with interstitial
silver rich sulphosalts (pyrargyrite and miégyrite) were
obtained from the silver starting composition, There was no
textural evidence of temperature depéﬁdance of silver sub-
stitution in stibioluzonite,

The zinc starting composition produced a great deal of
ZnS and this was entirely associated with tetrahedrite.
Stibioluzonite was obtained and this had a mutual boundary
texture with tetrahedrite (Plate 5-7). Tetrahedrite was
observed to contain lamellae of stibioluzonite, with

assoclated studs of a native metal, in three orientations

(Plates 5-7, 8).
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Conclusions from Polished Specimen Study

In the silver starting composition the presence of
interstitial silver rich sulphosalts indicated that only a
limited amount of silver entered the stibioluzonite structure.

In the zinc starting compositidn stibioluzonite was
obtained, but the association of ZnS with tetrahedrite only,
indicated the improbabidity of zinc substitution in stibio-
luzonite,

The tetrahedrite-stibioluzonite texture (élates 5-7, 8)
was not observed in runs in the Cu-Sb-S system. The presence
of zinc is therefore the key to the explanation of this
texture, Zn-tetrahedrite must be capable of dissolving
excess sulphur at high temperatures, On cooling, the sulphur
is expelled from the structure (in the 111 orientation),
‘resulting in lamellae of stibioluzonite. A close structural
relationship between stibioluzonite and the 141 orientation
in tetrahedrite is indicated. Stibioluzonite cannot accept
zinec into the structure (see microprobe analysis) and zinc
is therefore rejected from the areas of sulphur accumulation,
The white studs are tentatively identified as being’zinc
rejected during this process,

Electron Microprobe Analysis and Conclusions

The analytical conditions are given in Tabile 5-15. The
main phases obtained were analysed fully (Table 5-10).
Corrections were made using EMPADR VII (Chapter 2).

Only a small amount of silver entered the stibioluzonite
structure. The interstitial silver rich phases were confirmed
to be pyrargyrite, (AgCu)BSbSB, and mi%éyrite, (AgCu)SbS2.

Zinc did not enter the stibioluzonite structure but

tétréhedrite containing a high concentration of zinc was

formed,
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X-ray Diffraction and Conclusions:

'A specimen of Ag-stibioluzonite was picked from the
polished specimen and a powder phétograph obtained. The
d-spacings were measured, indexed using GENSTRUK, and the
tetragonal unit cell parameters calculated using COHEN
(Chapter 2), The diffraction data for this Ag-stibioluzonite
are given in Table 5-11 and the cell parameters, given in
Table 5-12, plotted in Fig.5-10. '

The effects of silver on the structure of stibioluzonite

are discussed below,

Solid Solutions in the Cu-Ag-Sb-S System

The attempt to synthesise Ag-tetrahedrites resulted in
the recognition of the following solid solutions in the
Cu-Ag-Sb-S system ~- (CuAg)128bus13, (CuAg)38b83 and
(CuAg)BSbSu.

Microprobe analyses of the co-existing phases obtained
from each starﬁing composition (Table 5-4) are plotted in
'the Cu38b83 - Cu3SbSu - AgBSbSM - AgBSbSB-plane (Fig.5-7).
The location of this plane in the Cu-Ag-Sb-8 quaternary is
given in Fig.5-8.

The (C}JAg)128-buS13 and (CuAg)BSibSLL solid.solutions.are
limited but there is extensive Cu38b83 - Ag38b83 solid
solution, The possibility remains, however, of a miscibility
gap in Cu38b83 - AgSSbSBbetween 30 and 75 mol% CuBSbSB'

The fact that Cu38b83 is orthorhombic (wittichenite struc-
ture) and Ag38b83 (pyrargyrite) is hexagonal increases this
possibility. |

The softness of the phases obtained along the CuBSbS3 -

Ag_SbS, series compardd with the harder co-existing

37775
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stibioluzonite made it impossible to obtain satisfactory
powder photographs by picking material from the polished
specimens., On impact by the electron microprobe beam the Cu
rich members fractured readily and this may be related to
low totals for some of the analyses, In polished specimen
this series is characterised by strong blood red internal
reflections.

| Using the fixed stoichiometry option of EMPADR VII
(Chapter 2) the variation in Cu:Ag ratio of the Ag-
stibioluzonites was obtained and the microprobe analyses
are plotted in Fig.5-9.

Several Ag-stibioluzonites were picked out from the
polished specimens, powder photographs obtained and the
diffraction lines measured and indexed (Table 5-11). The
tetragonal cell parameters, given in Table 512, were
computed using COHEN (Chapter 2) and plotted against silver
content in Fig.5-10, ©Silver causes a shortening of the

'e' axis and an expansion

unit cell in the direction of the
of the 'a' axes. The change from a 'c':'a' ratio of 2:1 in
pure stibioluzonite results in a splitting of certain lines

which is seen clearly in the powder photographs (Table 5-11).
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CONCLUSIONS

(A) - Substitution of Zn, Fe, Ag and Zn#dg for Cu in

(1)

(2)

(3)

(L)

(5)

(6)

(7)

synthetic tetrahedrite,

The general formula of substituted tetrahedrite is
confirmed to be (CuAg)1O(CuZnFe)2SbuS13.
Substitution of Zn and Fe for Cu in stoichiometric
tetrahedrite has a limit (6.90 at%) which is independent .
of temperature whereas the substitution of Ag for Cu is
temperature dependant,

The cubic unit cell edge of substituted tetrahédrite
increases with increase in the at% of Cu which is
substituted but is independent of the type of substitut-
ing element.

The microhardness of substituted tetrahedrite increases
with Zn and Fe substitution of Cu but decreases with Ag
substitution of Cu,

The reflectivity of substituted tetrahedrite increases
with Zn and Fe substitution of Cu bﬁt decreases with Ag
substitution of Cu., The magnitude of change in
refleétivity differs at different wavelengths,
Tetrahedrite containing substituted Zn is capable of
dissolving excess sulphur which is exsolved on cooling.
Silver rich tetrahedrite starting compositions are
represented by (AgCu)38b33 and (CuAg)BSbSu which are

also the low temperature breakdown products of Ag-

tetrahedrite.
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(B) - Substitution in other phases.

(1) In stibioluzonite,Cu can be substituted to a limited
extent by Ag but not at all by Zn.

(2) Substitution of silver for copper in stibioluzonite
causes a decrease in 'c' and an increase in 'a' of the

tetragonal unit cell and the resultant change in

'c¢':'a' ratio from 2:1 causes a splitting of certain
lines on the X-ray powder photograph.

(3) There is extensive Cu38b83 - Ag38b83 solid solution

but the possibility remains of a miscibility gap

between 30 and 75 mol% CuSSbSE.
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Discussion of Results

The limit of substitution of Zn and Fe in tetrahedrite,

Ciu1 ZSbLJ.S1 3

luzonite in Zn-tetrahedrite and the slight variation in

was established, Exsolution lamellae of.stibio—

physical properties of Zn rich tetrahedrites indicate that
non-stoichiometry of tetrahedrite is possible, especially at
high temperatures, As in the case of the tetrahedrite-
tennantite series, non-stoichiometry necessitates caution when
reaching conclusions on the relation of physical properties
to concentration of substituting elements., Quantitative
conclusions on the physical properties of zinc and iron
saturated tetrahedrite must therefore remain tentative until
vefified by further experiment,

The limits of substitution obtained for Zn and Fe are
in ex;ellent agreement with the contents of ZniFe+Hg observed
in natural substituted tetrahedrite-tennantites (Fig.1-2).
The postulate that silver substitution in natural tetrahedrite
id related to a Cu : Fe+ZniHg ratio of 5:1 (Chapter 1) has
not been verified by the presént experimental work but the
low concentration of Ag alone entering tetrahedrite, and its
temperature dependance, is sitrong negative supporting

evidence.

In natural tetrahedrites, relating the variation in
physical properties to substitution of Cu, is hindered by
variations due to semi-metal substitution., Conclusions on
correlations are of little value without complete analyses
which are necessary to obtain atomic % concentrations. Few
workers on natural tetrahedrites have realised the importance
of relating physical properties to atomic % concentration,

The unexpected conclusion that the cell size of
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substituted tetrahedrite is dependant on the atomic % Cu
substituted and independent of the type of substituting
element requires verification as the silver, which is
normally a large atom in sulphides, is contained in
metastable Ag-tetrahedrite, This verif'ication is an
important prerequisite of any attempt to devise a means of
determining chemical composition of natural tetrahedrites
from their mineralogical properties,

The subtractive effect of silver substitution on the
microhardness and reflectivity of Zn-tetrahedrite and the
accumulative effect on the cell edge of Zn-tetrahedrite are
important because differing effects by different substitut-
ing elements are essential if the compositions of complex
sulphosalts are to be determined from mineralogical proper-
ties.

The reflectivities of the substituted tetrahedrites were
only determined at three wavelengths., From the results it
is concluded that spectral reflectivity will be sensitive to
compositional changes in tetrahedrite but precise composi-
tional control of synthetic substituted tetrahedrites will
be required before measurement of spectral reflectivities
is worthwhile. This is because of the variations in
reflectivities of zinc rich tetrahedrites which are probably

due to non-stoichiometry.

The variation in physical properties of the substituted
tetrahedrites will be discussed in Chapter 6 on the crystal
chemistry of tetrahedrite.

The conclusion that Zn does not substitute for Cu in
stibioluzonite is as expected if the elements in CuBSbSu have

their normal valencies : Cu = 41; Sb = +3; S = -2, There are
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two types of Cu site in stibioluzonite - tetrahedral and
distorted tetrahedral (Marumo and Nowacki;1967). It is most
likely that Ag enters the distorted site and, since complex
low co-ordination is characteristic of silver in silver
sulphides (Jellinék 1968), increasing distortion should
'stabilise the structure. The distortion is evident from the

'¢' and 'a' parameters, If substitution had been

change in
simple cation substitution the cell parameters would simply
have increased due to the large Ag atom. The effect observed
indicates the directional nature of covalent bonds in Ag-
stibioluzonite.

From a study of irridescent filming of stibioluzonite
synthesised in.a study of the Cu-Ag-Sb-S system,Gaudin and
McGlashan (1939) suggested silver solid solution, of the
addition type, in stibioluzonite. 1In the present study
silver solid solution in stibioluzonite has been shown to be
the substitutional type - Ag in plaée of Cu (Fig.5-9).

The extensive Cu38b33 --.AgBSle3 solid solution has not
previously been reported. Further study of this series is
importaﬁt because AgBS‘bS3 (pyrargyrite) has special optical
properties (Hulme et al. 1967) and is being manufactured
commercially. The 'ruby silvers' pyrargyrite and prousite
(AgBASSB) are so called because they transmit long wave-
length red light and this results in characteristic blood
red internal reflections which aré also found in CuBSbSB'
Synthesis of the Cu38b83 ehd-member may prove difficult
because of its phase relations in the Cu-Sb-S system but
Cu substituted Ag38b83 should be readily obtainable by
crystallisation from the melt as Ag38b83 melts cqngruehtly

at 485° (Keighin and Honea 1969).
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The crystal structures of the two end-members differ and

a 1limit of 30 mol% Cu,SbS, in AgESbS is indicated.

37773 3




TABLE H5-1a

Substituted Tetrahedrites

Temperature Histories

Batch Hours Max, Hours Hours Min, Hours Hours to
to max.|temp. [at max, | to min,|Temp. |2t min, |room temp.
19714 25 |670% | 11 30 [u00%c| 2 <1
19718| 26 |680% | 11 36 |400°%G| 17 <1
1971E 28 [690°% | 12 33 |u00°%| 19 < 1

TABLE 5-1D

Substituted Tetrahedrites
Microprobe Analysis: Operating Conditions

Elem.|Line| Stnd.| KV |Cryst. anﬁe g;g: E(int)| Counter

Cu | K | Cu 15 [LiF  |uLk®59' | 42° | 2.5v | sealed

zn | K, | zns 15|LiF w1 42° | 2.5v | sealed V
Ag | Lo | Ag 15|Quartz( 7649 | 42° | 1.5v | flow

Fe Ky | Fe 15 LiF 57°28! izo 1.0v | sealed

Sb | L | SbpS; | 15|Quartz[61°55' | 42° | 2.5v | flow

S| Ku| 86,85 | 15|quartztoe®sst | 12° | 2.5v | fiow




TABLE

2

Zinc Starting Compositions

Starting )
LS Batch Ma jor
COmPOSILION lhistory Result | %Tet. impurities
Cu, A Sbh 13 1971B button | 85-99 Stblz,ZnS,Cu2_XS,Chst
Cu1OA23bu 1% 1971B sponge 95 .ZnS,Cuz_XS
Cu, ASSbu 13 1971B | granular | 80 2nS,8b
CuSAquu 13 1971B | granular 50 ZnS,Cuz_XS,Chst,Sb
Microprobe Analyses of Tetrahedrites
ciggggigion ﬁéi; uwt% | cwt% | nwt% at% (Tet)
Cu 41.93| 43,22 42,19 38.13 (41.38)
Zn 3.74 3.53 3.45 3,03
Cuy 44 Sb)S,; | SDb 28,30| 29,92 | 29,21 | 13,77 é13.79;
: S 23,491 25,78 | 25.16 | 45,07 Ll ,83
102,45
Sb. 3 gu 33.3; 33 ;O 3%.28 3%.22
Cu n . D1 . .
10°27 7513 sb | 28.26| 29.89 |29.06 | 13.73
S  |23.43] 25.76 | 25.04 | 44,92
102,85
Cu 37.79| 38.99 | 37.98 | 34.26
Cu A, Sb, S Zn 8.48 8,02 7.8 6.85
93U | gp |27.99] 29.65 [28.88 | 13.60
S 23,65 26,01 25,34 | 45.29
102,66
Cu 38.35| 39.55 | 38.53 | 34.82
Cu8A43b4313 Zn 8.18 7.73 7.54 6.61
Sb 27.95| 29,59 | 38.83 {13.60
S 23,43 25.77 | 25.11 | 4L.96




TABLE =3

Iron Starting Compositions

Starting Batch .

e , Major
Comﬁi;étlon History Result  %Tet. Impnities
Cu, ASBM 13 1971E Button 65 Bornite, Chst
CughsSb 8,5  197ME  Granular 60 Chpy,Chst,Sb,Bornite

Microprobe Analyses of Tetradrités
Starti | '
comggsiﬁgon Element uwt% cwt% nwt% at%

Cu ba.74) 43,471 42,10 37.77
Cu1J|ASbLLS15 Fe 3.40 3,28 3,20 3,26
. Sb 28,31 29,96 | 29,22} 13,68
S 23,86 26,12 25.48 45,28

102,53
Cu - 38.13] 39.53 | 38.71 34,59
Cu A Sbh 13 Fe . 6.5 6,32 6.19 6.29
Sb 28.,h2| 30,09 | 29.47 | 13.74
S 23,95| 26.17 | 25.63 | 45.38

102,10

Microprobe Analyses of impurities

Bornite in Cu "~ 59,88 64.79 | 62.96 ) UL9.12
Cu, ,ASD, S, 5 Fe 10,61 9.97 | 9.69| 8.60
b Sb o.o1| o0.01 | 0.01| 0.00
S 24,35 28.44 | 27.34 | L2.28

102,90
' Chalcopyrite | “Cu 29.18| 32.71 | 31.96| 22.95
in Fe 32,2 33.13 |732.38 | 26.44
Cu A Sbu 13 Sb 0,08 c.09 . 0,09 0.00
S . 31.96| 36.50 | 35.57 | 50.61

102,33 |

Chalcostibite Cu 25,52 26,08

in : Fe 0.09 0.09

A Sbu 13 Sb L2,96 Ly, 82

S - 2L.,371 25.94

96,92




Starting
Composition
A=Ag
Cu1OA28buS13

CugAquuS13

Cu6A6SbuS13
CuuABSbuS13

Cu2A1OSbuS13

TABLE

Silver Starting Compositions

Major impurities

Lo Stblz,ﬁCuAg)BSbS3

H%%%%% Result % Tet.
1971A button
19714 button ;40
1971A button -
1971A button -
1971A button -

Microprobe Analyses

Stblz,(CuAg)3

SbS.,S5b

3’

Stb12(25%), (Cuhg),SbS 5(75%)

Stblz(25%)4buAg)33b33(75%)

Stblz(BO%),(CuAg)33b83(7Q%)

of Tetrahedrites

In Cu1OA28bLl_S'13

In Cu8AquuS13

Element wwt% | owtd [nwid | at% |uwt® | cwt, | nwt% | atd
Cu n1.6L | 42.68 [42.19 | 38.82| 40,28 41.15| 40.68[37.82
Ag 3.85 | L4.68 | L.u3| 2.51] 5.55| 6.71| 6.64| 3.63
Sb 27,06 | 28.73 (28,39 [ 13.47|27.02| 28,71 | 28.3813.77
S 23,13 | 25,08 |24.79 | 45.20[22.79| 24.59 | 24.30|4L.78

101 .84 101 .17

-




Microprobe Analyses of impurities

TABLE 5-4 (Contd.)

Stibioluzonites
(cuAgéBsze‘,LL % (CuAg)38b83
in Cu b { ) :
100250513 in Cu, A58, 5
Element| uwt® | cwt® |nwt% |at®h [uwt® | cwt, | nwt% ¢ at®
Cu L2,04| 43.83 |42.62 |37.07)32.73]| 33.19| 34.20{33.90
Ag 0.77 0.95 0.93 Ou715.73| 18.71 ] 19.2811.25
Sb 26.29] 28,22 [27.4h [12.46)22, 71| 24,50| 25.24 (13,06
S 27.18| 29.83 | 29,01 |50,00(19.53| 20.65( 21.28{41.79
102,83 97.04
in CuBAu bLLS13 in CuSAquuS13
Cu 1,87, 43.63  L2.h4l |36.97011.91| 11.52 | 11.48[13.14
Ag 1,02 1.26 | 1.23 | 0.63(|L2.68| L47.99| 47.85(32.23
Sb 26.25 28,18 [27.41 [12.,46(20,63| 22,55 22,48 |13.42
S 27.12| 29,75 | 28.93 [49.95(18.67| 18.2L4 | 18.,19|41.21
102,82 100,30
in Cu6A6SbuS13 in Cu6A6SbuS13
Cu 40.59, 42.30 | 41 .52 | 36.22|| 8.09 7.78 7.611 8.89
Ag 1.64 2.04 2,00 | 1.03|47.06] 52,52 | 51.36]35.37
Sb 25.94] 27.89 |27.38 |12.46]21.53] 23,56 23.04|14.06
S 27.07| 29.6L [ 29.10 | 50.29{19.05| 18.40| 18.00|41.68
101.86 102,26
Cu 40.00] 41.60 | 40,74 | 35.80) 2.66, 2,53, 22,50| 3.0
Sb 25.771 27.72 | 27.15 | 12.45]20,92| 22.97 22,66 14,27
S 26.87| 29.33 [ 28.73 | 50.01[|18.73] 17.80] 17.56|41.99
102,10 101.39
in Cu2A1OSbuS13 in Cu2A10 I 13.
Ccu 37.20] 38.56 | 37.89 | 33.68/ 1.08] 1.03| 1.01 1.23
Ag 5.41 6.67 6.55 3,43 53.98] 59.391 58.28(41.86
Sb 25,38] 27.41 | 26.94 | 12.49]21.66] 23,76} 23.31 [14.84
S: 26.88| 29.12 | 28.62 | 50.40018.75 17.74{ 17.40[42.07
101.76 101,92




TABLE 5-

Zinc 4+ Silver Starting Composition

Starting Batch Ma jor
composition history Result %293' impurities
A2=Zn A1=Ag
Cu9A2+1SbuS13 1971 Bitton 50 Stblz,ZnS,(CuAg)BSbSB,

Chst,
Microprobe Analysis
ZnAg-tetrahedrite

Element uw t% cwt% nwt% - at%
Cu 33,84 3,71 34,27 31.49
Zn 8.13 7.63 7.54 6.73
Ag 3.76 L.57 4.52 2.4k
Sb 27.28 29,00
S 23,35 25.37

101.28




TABLE 5-6 Substituted Tetrahedrites

Starting Composition 0412 ZnnSbu g 3

N Cu Sb413 Zn Zn2 Zn3 Zq+
dR Int dR Int dR nt dR Int dR Int

2

L | 5.145| 35| 5.162| 4O | 5.186 | 4O | 5,164 | 4O | 5.185] LO

6 | 4.200] 20| k.246| 20 L.236 | 30 | 4,238 | 30| L4.235| 20

8 | 3.638| 45| 3.64L]| 50 3.665| 50| 3.663 | 50| 3.661| 50
10
12 | 2.9741100] 2.976]100 | 2.996 100 | 2.991 100 | 2.992 |100
Ay | 2,754 Lo | 2,760 LO| 2,771 | 4O |2.772 | 4O | 2.771| 4O
16 | 2.5721 65 2.582| 60| 2.593| 60| 2.623 | 60| 2.590| 60
18 | 2.428| 55 | 2.436| 50| 2.442 | 50 | 2.445 | 50 2.443] 50
20 | 2.302| 35| 2.312| 30| 2.318| 30| 2.317| 20| 2,321 | 30
o2 | 2.196| 10| 2.202| 30| 2.213| 20} 2,209 |20 2,210 20
oy | 2.103] 252,441 | 30| 2,447 | 302,115 | 20| 2,117 30
26 | 2.020| 50} 2.025| 50| 2.033| 50| 2,034 | 50| 2.033| 50
20 | 1.880| 4,5 |1.885| 4LO|1.892|LO|1,893 |40} 1.893| 50
22 | 1.821] 901.826] 90| 1.832|90|1.832|90|1.833| 90
2 | 1.767] 35 |1.769| 30| 1.779| 30 |1.778 | 30| 1.778] 4O
36 | 1.7171 15 |1.7191 10 1.728 2011.729 ) 511.729; 5
38 | 1.672| 55 1.676 5011.682 | 40|1.681|50]|1.682| 50
Lo | 1.629| 20|1.632| 20| 1.640|20|1.639| 5|1.6L0| 5
b2 | 1.591110]1.595| 10| 1.601 | 10{1.599| 5

1

Wy | 1.553| 75 | 1.558| 80| 1.563| 80 |1.563 | 80| 1.563| 80
u6 | 1.520( 25 [1.522| 20 1.529 | 30| 1.529 | 10| 1.530} 20
u8 | 1.488| 25 1.4911 20| 1.497 ] 30| 1.496 | 20| 1,497 20
50 | 1.458| 30 | 1.461 | 30| 1.467| 30 |1.467 | 30| 1.467| 20
54 | 1.403| 10| 1.407| 20| 1.411 | 20 [1.40| 10} 1.113] 10
56 | 1.378{101.382| 20| 1.387|20/1.386|10}1.386| 10
62 | 1.309| 20 |1.313| 301 1.318 |30 [1.317]120}1.317| 20
64 | 1.289] 25 |1.293| 30} 1.297 | 30
66 | 1.269 | 30 |1.273| 30| 1.278| 30
70 | 1.232 30 | 1.236] LO| 1.240 | 4O
74 | 1.198 | 4O [ 1.201 50 1.205) 50
76 | 1.182 | 40 [1.186| 50{1.190| 50
78 | 1.167] 10 [1.170| 20| 1.474 [ 10
80 { 1.152 |10 |1.156] 20| 1.159 10
82 | 1,138 |10 | 1.143| 20| 1.1451 10
86 | 1.112| 30 |1.115| 30| 1.418| 40O
90 | 1.087| 35 |1.090| 40| 1.094 | 4O
o4 | 1.0641 30 |1.067| 30| 1.070| 30
96-1 1.053 | 45 {1.055| 50| 1.059| 50
98 | 1,042 |10 }1.045{ 10| 1.048| 20
102 | 1,024 | 20 | 1.024| 30} 1.027 | 20
Wo6 | 1,002 |10 {1.005| 10| 1.008} 10
ho8 | 0.993| 35| 0.995F 4O| 0,998 | LO
W10 | 0.984 | 45 | 0.986| 50| 0.989| 50
b4y | 0,966 | 30| 0.969| 20| 0.972| 30
18 | 0.950| 35 | 0.953] 30| 0.955| 4O
o2 | 0,934 | 45 | 0.937| LO| 0.9401 50
hos | 0.919 | 50 | 0.922| 50| 0.925( 50
ho8 | 0.912 | LO | ©.915] 30| 0.917( 4O
h30 | 0.905 | 25 | 0,908| 20| 0.910( 20




TABLE 5-6 (Contd.)

Startlng composition = Cu12 A SbLL 543

A‘n=_Fe1 AnzF33 An=Ag2 Aan:AgLL An=Zn2Ag
N |a& |1 | & |1 |a& |1 |k |1 |ak |1
2 7.232 1 4O [7.292| 25 7.362| 30
4 |5.163| 20 |5.192| 45 | 5.168| 25 5.190| 40
6 |L.230] 10 |L4.235] 20 [4.217| 20 4.242 1 30
8 |3.6L4| 50 |3.664| 50 |3.656| 4O |3.660| 50 |3.673| 50
10 3,283 5 .

12 |2.980100 [2.990[100 | 2,987 [100 }2.986 (100 | 2,997 (100
14 |2.758 | LO |2.770f 40 [2.768 | 20 {2,767] 30 {2,775} 4O
16 |2.581 |50 |2.594| 60 |2.583| 45 |2,576]| 60 |2.598| 60
18 2,438 4O [2.443 | 45 [2.437 | 35 |2.434] 50 | 2,448 | 50
20 2.316| 30 |2.310| 15 |2.311| 30 | 2.322] 30

2,209| 20 {2.209| 25 |2.209| 30 |2.216{ 30
2.,1171 302,107 10 |2.,112| 30 2.121 30
2.025| 4O |2.034| 35 [2.031 | 30 |2.024| 50 | 2,037 50
1.889{ 30 |1.893| 30 1,889 40 |1.898| 40
1.825|90 {1.833| 90 [1.830| 85 {1.831| 90 {1.837| 90
] 1.779) 25 |1.773 | 20 |1.773( 30 1.7821 30

1.730| 10 |1.730| 5 |1.727| 10 |1.733| 20
1.678 | 30 |1.682| L5 [1.677| 25 |1.673| 4O |1.686] 50

1.557 | 50 |1.56L4| 75
1.524 120 {1.529] 15
1,492 110 [1.498] 15
1,463 110 |1.4671 25

1,311 120 |1.318] 25
1.289 | 30 [1.298] 30
1.27%3 110 |1.277| 30
1.2%36 |20 |1.240] 35
4.202 | 30 |1.205] 45
1.186 1|30 {1.189| L5

\I\I\Ammmmmmrrgrru\xuuw N NN
OFoOFEFNMOAFOOAFENOOOF VO OF N

78

80 [1.159 {10 {1.159| 10
82 1.143 | 20 {1.146] 10
86 |1.145 |20 [1.119] 30
90 |1.090 |20 [1.094| 35
o4y |1.067 {30 {1,070} 30
96 1.055| 30 [1.,059] L5
98 ‘ 1.0471 10
H 02 1.,027( 10
h 06 |
h0o8 (0.996 |10 [0.999] 25
110 0,986 | 30 |0.9901 35
(KRN 0.972] 20
118 0.956] 20

22 10,937 | 30 |0.940| 30
126 0,922 | 30 |0.925| 4O

130 0.911| 10




TABLE 5-7

Substituted Tetrahedrites-Cell Parameters

obtained using selected high angle lines in NELRIL

Starting composition’ Cell Edge in R Stnd. Err.
Cu, 518, 5 10.31907 0.00018
CujjthbuS1 3 10.3494L 0.00028
Cu, 4Z0,5b,8, 5 10.37919 0.00021
Cu Zn3 1513 10.38195 0.00056
Cu8ZnLI_SbLLS 13 10.38237 0.00068
cu1 1FeSbLLé '3 10.34718 0.00098

| CugFe,Sb;S, 5 10.38314 0.00066
Cu, oAE,SD) S, 10,3419 0.00127
Cughg, 51,8, 5 10,35238 0,0038L
CugZn,Agsh) S, 5 1040692 0, 00052

*N.B. Microprobe

analyses given in Tables 5-2,3,4,5,.




TABLE 5-8

Substituted Tetrahedrites

Vickers Microhardness Results -

Diamond Indentation,

100g, load.

Starging Number of|Mean Vickers| Standard
composition points hardness deviation
Cu128BuS13 10 262 7
Cuy ,ZnSby S, 5 10 343 21
Cu, o2n,S u 13 10 392 23
Cug Zn, Sbu 13 10 395 23
Cuaznqul+ 13 10 357 18
Cu, 1FeSbLLS1 3 10 328 26
.CugFe SbLL 13 10 37 18
CujOAgZSbuS13 10
Cughg S S, 5 10
Cugzn AngLLS13 10
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TABLE 5-10

Substitution in Stibioluzonite

Starting Batch _ Major
Composition History Result % Stblz. impurities
Cu2'5ZnO.5SbSL. 1971E Button 50 Tet,Zn3,Chst
Cu2.5Ago.5SbSu 1971E  Button 75 (AgCu)BSbSB,Mlagy

Microprobe Analyses

Starting composition Cu2‘5AgO.5SbSu

Elem. | uwt% | cwt® [nwt®% | at%
Stibioluzonite Cu 40,99 L2.69|41.69(36.41
(CuAg)BSbSu Ag 1.59] 1.98{ 1.93| 0.99
Sb 26.,16) 28.10127.44112.%1
S 27.06] 29.63(28.94|50,08

102.40
Pyrargyrite Cu 2.21 2,11 2.08| 2.53
(AgCu),Sb85 Ag 53.59| 59.03|58.22|41.68
- Sb 20,761 22.79(22,47{14L.26
S 18.43) 17.48{17.23141.53

101.40
Miargyrite Cu 2,22 2.13| 2,11 2.43
(£gCu)SDpS, Ag 34.28] 38.27|37.83[25.82
B Sb | 37.17| 39.58]39.13 23,66
S 21.85| 24.18(20.93|48.08

101 .15

Starting composition Cu2 5ZnO 5SbS

Tetrahedrite Cu 37.91| 39.10|38.05(34.35
(CuZn)128buS13. 2n 8.39| 7.93| 7.72) 6.77
. sb | 28.11| 29.76(28.59|135.64
- S 23.63| 25.98(25.28(L45.23

102.77
Stibioluzonite . Cu 4249 LL.38[43.15(37.32
Cu,SbS Zn 0.06 0.06{ 0,06} 0,00
5k sb | 26.33| 28.25(27.46(|12.40
S 27.43] 30.18]29.34|50.29

102,87




TABLE 5-11

Powder Diffraction Data of Substituted Stibioluzonites

Starting Composition (see Tables 5-4 and 5-10 for
Microprobe Analysis)

- CuBSbSLL Cu6Ag6SbuS13 CuuAgBSbuS13 Cu2.5AgO‘5SbSu
ad |1 ak I af I ak I
002 5.363'40 | 5.343 | 30 | 5.370| 30 | 5.374 | 30
101 L.810 50 [ 4.807 | 4O | L.812| 50 | L.827 | LO
110 3.804{ 4o | 3.809 | 20 | 3.819| 30 | 3.817 | 30
112 3.,1071100 | 3,107 | 100 | 3.109 100 | 3,120 [100
103 2,981 40 | 2.976 | 20 | 2.988| 30 | 2.985 | 20
200 2,689 60| 2,686 | 50 | 2,701 50 | 2,697 | 4O
00l 2,689 2.686 2.683] LO | 2,697
202 2,403 40 | 2.412 | 30 | 2.411 30 | 2.2 | 30
211 2,346 4O | 2.353 30 | 2,356 30 | 2.355 30
114 2,196 30 | 2,491 | 20 | 2.197| 20 | 2,199 | 10
105,213 [1.997/40 | 1.996 | 30 | 1.998| 4O | 2.001 | 20
220,204 |1.902[(90 | 1.903| 90 | 1.905| 80 | 1.906 | 90
006,222 {1.791| 20 1.798 | 10
301 1.771] 20 1.776 | 10
310 1,702/ 10 1.709 5
312 1,623 80 | 1.622 | 80 | 1,628 | 70 | 1.629 | 60
116 1.623 1.622 1.,620| 70 | 1.623 | 60
215 1,605(20 | 1.604{ 10 | 1,605 410 | 1.609 | 20
22l 1,553 40 | 1.555| 30 | 1.555| 4O | 1.556 | 30
107,321 1{1.478 20 1.485] 10 | 1.483 5
314 1.438/20 [ 1,439 | 10 | 1.442 | 10 | 1.440 | 10
305,323 [1.378{20 | 1.380 | 10 | 1,384 | 20 | 1.381 10
L.00 1.345/ 50 | 1.348 | 30 - 1.352 | 50 | 1.351 | 30
008 1.345] 1 1.343 1 30 | 1.3 | 50 | 1.344 | 30
226,402 |1.304} 20 1,304 | 20
217,411 [1.295| 20 1.293 | 10
332 11.234 60| 1.235 | 60 | 1.240| 20 | 1.236 | 50
1316 1,234 ] 1.235 1.236 | 50 | 1.236

413 1,231110 _
420 1,203/ 40 | 1.204°| 30 | 4,207 | 20 | 1.205 | 20
208,404 |1.203 1,204 1,202 | 20 | 1.205
L22 1.174110
109,307 [1.166]10
L2l 1,098/ 60 | 1.100
228 1,098 1,008
219,327 |1.070| 20
501,431
510,318 [1.054)10 [ 1.056
542 1,036/ 60 | 1.038
336 1.036 1.034
309,417, ‘ :

524.10.995/10 | 0.998
523,435, -

505 [0:963| 20 | 0.96L
Lo 0.951| 50 | 0.954
408 0.951 - 0.952
532 0.910 60| 0.912
516 0.910
3110 0.910 0.909




TABLE 5-12

Substituted Stibioluzonites - Tetragonal Cell Parameters
"obtained using sélected lines in COHEN

Starting compositionf Parameter Stnd.Dev,
CuBSbSM ' AO = 5.38305 0, 0004
C, = 10.7659L 0.0012
0112.'5Ago_5$bSLL Ao = 5.39186 0.0015
CO = 10.76180 0.0049
CughggSD; S, 5 Ay = 5.39419 0.0010
CO = 10,75807 0.0037
ACuuAg8SbuS13 AO = 5.40521 0.0015
C, = 10.742h2 0.0059

*Microprobe analyses given in Tables 5-4 and 5-10,
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PLATE 5-

Btarting comp. Cu11FeSbuS13 x 220
Ovoid dendritic bornite (dark grey) with a narrow
rim of stibioluzonite in Fe-tetrahedrite (grey).

Chalcostibite (light grey) is interstitial,

‘PLATE 5-2
Starting comp. Cu9FeBSbuS-13 X 220

Grains of chalcopyrite (light grey) with bornite
(dark grey) in Fe-tetrahedrite (grey).

Chalcostibite (light grey) and antimony (white)

are interstitial.







PLATE 5-3
Starting comp. CugZn, b, 8, 5 x 220
Subhedral ZnS (dark grey) in Zn-tetrahedrite (grey).

Chalcostibite (light grey) and antimony (white) are

interstitial,

PLATE 5-4
Starting comp. Cu1oAg2SbuS13 x 220

Ag-tetrahedrite (grey) veined by (CuAg)BSbS3

(1ight grey) with blebs of stibioluzonite (grey).

Eutectoid-type breakdown of Ag-tetrahedrite,







PLATE 5-5
Starting comp. Cu8AguS‘buS113 x 220

Ag-tetrahedrite (grey) veined and pseudomorphed by a

fine (CuAg)BS.bS3 (light grey) and stibioluzonite (grey)

intergrowth.

Coarse interstitial (CuAg)_BSbS3 and stibioluzonite.

Note preservation of original crystal boundary of

tetrahedrite.

PLATE 5-6
Starting comp. CuSAgquuS13 (oil) x 1340
(As Plate 5-5) DNote the preservation in the

(CuAg)38b33 and stibioluzonite intergrowth of an

original tetrahedrite contact boundary (arrowed).







PLATE 5-7
Starting comp. Cu, Zn, 5Sb84 ' (0il) x 220

ZnS (dark grey) in Zn-tetrahedrite (light grey).
Stibioluzonite (grey) in mutual boundary texture
with Zn—tetrahedrite.

Note lamellae of stibioluzonite in tetrahedrite,.

PLATE 5-8
Starting comp. Cu2.5ZnO.5SbSu (oil) X 1340
(As Plate 5-7) Stibioluzonite lamellae (grey) in

three orientations in Zn-tetrahedrite (light grey).

Studs of metal (white) associated with the lamellae,
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CHAPTER 6

Crystal Chemistry

Introduction

Crystal chemistry is a stud& of the interactions between
atoms in the solid state., There are three well established
major types of atomic bonding - ionic, covalent and
metallic, Discussions of their nature and how they relate
to the physical properties of materials areavailable in many
texts (Pauling,‘1960; Brown, 1967; Companion 1964; Seel,
1965).

In considering crystal structures, the most important
aspects of atomic character are: (i) the valency properties
(valency, bond-orbital symmetry and perhaps electron con-
centration), (ii) atomic size (althdugh this cannot be
rigorously defined, there are two empirical scales - ioniﬁ
and covalent-metallic -.either one or the other of which
may be applicable to a particular compound, and (iii)
effective atomic charge, resulting from the balance of the
,ionization potentials and electron affinities of the
component atoms (Pearson 1964).

Sulphides, and tetrahedrite is a typical example, have
physical properties which indicate that the chemical bonding
between atoms in their structures is of an intermediate type.
A theory of fonding, which can explain the chemical and
physical features of sulphides, has not been developed to
the same extent as has been possible for the end-member
types of bonding. The principles determining the structure

of the sulphide minerals, therefore, have not as yet been
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formulated in a comprehensive way and this is the reason for
this lengthy introduction.

Progress in the understanding of bonding in sulphides
has come mainly from semiconductor research., Unlike metals,
the conductivity of semiconductors increases with temperature,
and this is because thermally excited electrons are trans-
ferred aéross an energy gap from the valence energy band to
the conduction band. The 'band model' is proving to have
its limitations as a theory of metals (Rundle 1967) but
nevertheless is a valuable concept when relating the crystal
chemistry to the physical properties of crystalline materials,
Bragg scattering of electron waves in a regular lattiée
results in allowed and forbidden energy bands. Normally
only the outer, higher energy bands involving the valence
electrons are important,

A semiconductor is stabilised when its valence band is
exactly filled and this means that all the valence electrons
contributed by the component elements are used in forming
bonds. Pearson (1964) concludes, therefore, that valency
is the most important criterion in considering the crystal
structures of semicohductors. It is the presence of anions
with filled valence subshells that ppevent arrays of
'metallic' orbitals from running continuously throughout
the structure. Substitution into the structure, of a cation
which donates an excess of valence electrons, leads to
instability but this can be prevented by cation site
vacancies., The polarizability of the sulphur atom permits
such vacancies in sulphides (Jellinek 1968). In this way,
extensive solid solution in the Cu-Fe-S system occurring in
lines along which compositions héve their valence energy

band exactly filled, has been explained by Frueh (1954).
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Using this same rule of stability adamantine (sphalerite)
type structures require an average of four yalence electrons
per atom in order to fill the valence band exactly., A
formula enabling the prediction of sphalerite~type structurés
has been determined by Parthé (1967), which takes lattice

vacancies into account -

for XmYnZo( )S m.e, + n.e. + 0.e,

m+n + 0 + S

where e is the valence electron contribution of x.

A general valence rule for semiconductors, if they
contain anions lying to the right of the Zintl border (Group
iv-vii atoms excluding the transition metals), has been

established by Pearson (1964) -
(ne +ba —'bc)/na = 8
where n, is .the total number of valence electrons,
n_ is the number of anions,

a
b_ is the number of electrons involved in forming

a
anion-anion bonds,
b_ is the number of electrons involved in forming
cation-cation bonds and including any
'unshared' valence electrons on the cations,
All these values are calculated per formula unit of the
compound. ‘'Anion' and 'cation' are used to designate
respectively the most electronegative atoms and the remain-
ing atoms in compound semiconductors,
The valence rule expresses the bonding requirements for
the anions to attain a filled valence subshell of eight

(atomic) s and p electrons. The rule applies to polyanionic

valence compounds (ne/na< 8), polycationic valence compounds




93.

(ne/na > 8) and normal valence compounds (na/ne = 8). The
discussion ol tetrahedrite will mainly be concerned with the
latter class.

The valence electron contribution in a compound can be
determined by balancing the cation-anion charges in the unit
formula but ambiguous results can be obtained when a selection
of variable valence atoms are involved. A knowledge of the
co-ordinations of the atoms in the structur; can contribute
to the assessment of the valence electron contribution of
individual atoms. This is because co-ordination in directed-
bond compounds- is intimately related to molecular orbital
symmetry, Linear combinations of s, p and d atomic orbitals
(Fig.6-1) result in directional molecular orbitals (Pauling
1931). The strength of the directional bonds between atoms
depends on the degree of overlap of their orbitals, Only
certain combinations of atomic orbitals can lead to a given
molecular orbital and associated co-ordination, The problem
of defining the co-ordinations possible from combinations of
atomic orbitals has been tackled using group theory by
Kimball (1940).

Since the electronic configurations and the normal
valencies of the elements are established, for a given atom
the atomic orbitals which contain the likely valence electrons
are known (from the ground state configuration), and those
required for a given co-ordination can therefore be deduced.
This method will be utilised in the discussion of bonding in
tetrahedrite,

Pearson (1964) considers that the directional nature of
the chemical bonds is the second most important criterion in

considering the crystal structures of semiconductors, The
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chemical bonds in characteristically ionic and metallic
compounds are essentially non-directional. Compounds of the
various bond types, nevertheless, frequently adopt the same
structural types because regular co-ordination polyhedra such
as tetrahedra and octahedra can satisfy the stability require-
ments though in different ways.,

The investigations of bonding in complex molecules has
contributed a great deal to the understanding of the direc-
tional nature of covalent bonding (Brown 1967). The localised
electron-pair covalent bond theory has been important in
this field. Each single bond between two atoms requires a
pair of electrons for stability. This is because in molecular
orbitals as in atomic orbitals only two electrons of opposing
spin can occupy the same energy level, In molecules the
strueture usually only extends over very short distances and
it is a simple matter to establish the distribution and
source of the valence electrons. Progress has therefore been
made in the detailed study of bonding and the distortions in
complexes involving transition metals have been investigated
(Mingos 1971).

The electron pair valence bond theory can be applied to
crystal structures as well as finite molecules. In sulphides
the theory becomes less appropfiate. In sphalerite, for
example, electron pair bonds can form by the donation of two
‘outer shell (s) electrons by zinc and six outer shell (s+p)
electrons by sulphur. Both atoms are in tetrahedral co-
ordination and sp3 hybridisation of the atomic orbitals can
account for this (Kimball 1940). In order to form electron
pair bonds sulphur must contribute 1.5¢  and zinc 0.5¢” %o
each of the four bonds per atom, Although it must be an

unrealistic model of the actual situation, the concept of
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fractional contributions of electrons by atoms to electron
pair bonds is useful, because it 1s a convenient means of
verifying the likely valence electron contribution of the
atoms, This approach has therefore been used in the discus-
sion on tetrahedrite,

The close relationship between co-ordination and valence
electron contribution has not been utilised by authors dis-
cussing crystal chemistry, Tetrahedral co-ordination is
implicit in the general formula of adamantine compounds
established by Parthé (1967).

Assuming that the stability requirement for a sulphide
is that its valence band is exactly filled, that each ¢ bond-
ing molecular orbital can only contain the same number of
electpons as its constitutent atomic orbitals and that the
co-ordination polyhedra are directly related to molecular
orbital symmetry then the paired electron bond concept is
"applicable and for stability the number of bonds per formula
unit equals half the total valence electron contribution.,
Usually the number of electron pair bonds around an atom will
equal its co-ordination number,

In gome.sulphides, however, the ligancy of atoms is
greater than the éoValence. This means that there are
insufficient valence electrons to satisfy all the electrdn
paif bonds suggested by the co-ordination polyhedra. Pauling
(1970) explains this phenomenon as being due to a small
number of bonds resonating between a large number of positions
and quotes galena (PbS) as an example, This same concept was
used by Pauling (1938) to account for bonding in metals where
again the electrons are too few to form electron pair bonds
between the atoms of a metal and are delocalised (resonate)

over the atom pairs (Rundle 1967). The resonance concept of
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an electron pair bond alterngting between different positions
appears to have arisen, in the case of sulphides, because
the directional nature of the atomic orbitals has not been
taken completely into account. In galena the p orbitals of
Pb and S are directed along the cartesian axes of the atoms
(Fig.6-1). Pb has two, and S four, p electrons. Octahedral
co-ordination will result in overlap of the S and Pb p
orbitals forming three bonding orbitals (filled by the six
contributed valence electrons) and three empty antibonding
orbitals. Although three electron pairs have been formed
they are delocalised. Althoagh resonance is not necessary
in the explanation of octahedral co-ordination of galena the
concept will be required for tetrahedrite,

The number of electron pair bonds is therefore not
necessarily equal to the co-ordination number, The number of
electron pairs forméd is equal to half the number of atomic
orbitals used in the bonding and it is the symmetry of the
bonding orbitals (atomic or hybrid) which is related to

co-ordination: -

No. of electron pairs/formula unit = 4 (N, x An)

2

total valence electron
contribution
2

where Nn is the number of atoms of one type (element—valency—
co-ofdination) in the formula,
An is the number of atomic orbitals of that atom
which contribute to the bonding,
n is the number of types of atom in the formula.

Therefore for stability (i.e. a full valence band) -

n
fZ(Nh X An) - the total valence electron contribution
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In many sulphides (as in ionic compounds) the sum of the
valence electrons contributed by the'electropositive element
(i.e. the normal cation valency) will equal the number of
electrons accepted by the electronegative element (i.e. the
normal anion valency). This, however, need not always be
readily apparent in covalent sulphides .because of 5-3 and
M-M bonds. The use of the above formula in describing pyrite
~indicates the value of considering\co—ordination as well as
valency when charge balancing is difficult,

In pyrite, FeSZ, the octahedral co-ordination of iron
means that two outer shell (d) valence electrons are contri-
puted to the d°sp’ hybrid orbital. The tetrahedral co-
ordination of sulphur means that six electrons are contributed
to the sp3 hybrid orbital. This is well established (Burns
1970). For pyrite, therefore, the formula 6Fe2 usésapplies
where the right hand superscript is the valence electron
contribution and the left hand superscript the number of

atomic orbitals involved in bonding, In this case the number

of atomic orbitals involved in bonding equals the co—ordina—_

tion number,

For pyrite -
n —
1z(Nn X An) =(1 x6) +(2xU4) = 14
valence electron
contribution =(2x1) +(6x2) = 14

Any other permutation of co-ordination = 4 or 6 and
valence electron contribution = 2 or 3 which are common for
_iron, or co-ordination = 4 or 6 and valence electron contri-
butioﬁ = L or 6 which are possible for sulphur, will not
give this result of stability for FeS,. The structure of

pyrite can therefore be deduced from a knowledge of the
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atomic configurations of iron and sulphur. The use of the
above formula will be demonstrated again in the discussion

on tetrahedrite,

Tetrahedrite

The nature of bonding in sulphides is of variable com-
plexity and since as yet there is no real theory ofdsulphides
several approaches will be utilised in the discussion on
tetrahedrite,

Tetrahedrite and tennantite are isostructural, The
structure of binnite, (CuFe)12AsuS13, a variety of tennantite,
was determined by Pauling and Neuman (1934). The structure
of tetrahedrite, Cu128b4813, was refined by Wuensch (1964)
and of binnite (tennantite), Cu12AsuS13, by Wuensch,

Tak&uchi and Nowacki (1966).

Tetrahedrite has a cubic superstructure based on the
sphalerite arrangement. The unit cell formula is 2(Cu128bus13)
and the space group 1L3m. The unit cell edge of 10.3198 (this
study), indicates that there are eight sphalerite cells (aO =
5.48) per unit cell of tetrahedrite. The co-ordinations of
copper (two sites), antimony (one site) and sulphur (two
sites) have been eétablished (Fig.6-3) (Wuensch 196L, 66).

The structural formula can be written -

| 2(30u6u0u638b4u81268)

where the superscript is co-ordination number, The half
unit cell is shown in Fig.6-2.

The limit of substitution of divalent cations, ZniFe
(synthetic) and ZniFe+lg (natural) is important when consider-
ing bonding in tetrahedrite., The general formula of

substituted tetrahedrite, (CuAg)1O(CuFeZn)z(SbAs)uS13 ,
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established by Springer (1969) for natural specimens and for
synthetic specimens in this study indicates that tetrahedrite

. _ A +3
is a normal valence compound Cu1o Zn2 SbLL 813

During fhis discussion Zn+2 will be used to represent
the divalent cations in tetrahedrite,

There is a contradiction between the structural formula
of tetrahedrite and the valency distribution., Since zinc
normally, and iron often, occur in tetrahedral sites, it is
most likely that they will replace one third of the tetra-
hedrally co-ordinated Cu atoms in tetrahedrite. If this
takes place randomly the structure will remain isometric.

A molecular orbital theory approach permits the co-
ordinations of the atoms to be explained by ¢ bonding. The
electron pair bond concept using fractional distributions of
électrons is valid for most of the atoms where the number of
atomic orbitals involved in bonding equals the co-ordination

number.,

Description of individual atoms (Figs.6-2, 3)

Antimony co-ord. No.3: Threefold co-ordination is common for
ant imony, Thé Sb atom is displaced outwards from an S atom
triangle-trigonal pyramidal co-ordination., The Sb ground
state is ud 5s 5p3 Sb can therefore contribute 5e  to four
sp3 hybrid orbitals directed tetrahedrally. One bonding
direction is occupied by a 'lone pair' of electrons., Sb
therefore contributes one electron to each of the three

electron pair ,BSb MS bonds (superscript is co-ordination

no.) and is trivalent,

Zinc and Copper co-ord. No.U: Fourfold co-ordination of

copper and zinc can be explained by sp3 hybridisation yield-

ing four tetrahedrally directed bonds.
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The Cu ground state is 3d1o s1. Cu can therefore con-

tribute one electron to the s‘p3 bonding., In tetrahedrite the
Cu tetrahedra are slightly distorted (Wuensch 1964)., 1In
sulphides copper is often in distorted tetrahedral sites -
approaching triangular or linear co-ordination., This may be
due to (excited) configurations e.g. dg(d,s)1 or d8(d,s)2.
" These hybfids are stabilised by lowering the symmetry of the
cation (Jellinek 1968). 1In pure tetrahedrite, therefore, the
divalency of copper, which requires that one 4 electron is
involved in the bonding, may result simply in increased
distortion of the Cu polyhedra,

The Zn ground state is 3d1ous2. Zn can therefore

3 bonding.

contribute 2e  to the sp
One third of the cation (Cu) tetrahedral sites in substi-

tuted tetrahedrite contain divalent cations. The average

contribution to the u(CuZn)—LLS bond will therefore be 1/Be_.

Sulphur co-ord, No.4: Fourfold co-ordination of sulphur is

3

normal and is due to sp” hybridisation. The S ground state

is 3823pLL S can therefore contribute 6e  to the bonds but

" since the four bonds already contain differing numbers of
electrons the distribution will be as shown in Fig.6-3. This
irregular distribution may be related to the distortion of the
S tefrahedra reported by Wuensch (1964).

Sulphur co-ord. No.6: Sixfold co-ordination of sulphur can

arise by utilisation of the p electrons resulting in octa-

hedral co-ordination but only requiring three electron pairs
in the molecular orbital bond. The S ground state is 3323pu.
g can therefore contribute 4e to the molecular orbital and

only requires 2e” to satisfy electron spin Qairing.
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Copper co-ord. No.3: Threefold co-ordination of copper can
. 2 e

arise by sp hybridisation., The Cu ground state is 3d1ous1.

Cu can therefore contribute a total of one electron to its

three bonds. But 2/3e* is required by the 3Cu--“s bond leav-

3Cu—63 bond. There are six 3Cu atoms

ing 1/38- for each
around the 6S‘Tatom. A total of 2e” is therefore donated by
the coppers to sulphur and satisfies the requirements of

sulphur.

Only ¢ bonding has so far been considered but 77 bonding
could contribute and would result in a decrease in cation-
anion interatomic distances (Burns 41970). Bécause of the
greater co-ordination, the 63-30u bond length would be
expected to be greater than the MS-BCu bond length and the
structural determination of tetrahedrite by Pauling and
Neuman (1934) showed this to be the case (Pauling 1970).

The refinement of the structures of tetrahedrite and tennan-
tite by Wuensch (1964, 66), however, indicated a decrease in

3Cu—6S

bond length in the higher co-ordination case - the
distance being 2.2348 and the 3Cu—LLS: distancé being 2.2728
in tetrahedrite,

The greater symmetry of the atomic orbitals éround the
Cu-S bonds in sixfold co-ordinated sulphur than in fourfold
co-ordinated sulphur in tetrahedrite must permit extensive
1T bonding which decreases the Cu-S distance. The 77
bonding can take place between full Cu d orbitals and empty
S 4 orbitals provided the symmetry requirements are met., In
Fig.6-3, for example, the full Cu dx2-y2 orbital can bond
with the empty S dzx orbital by sideways overlap (17 bonding).

Similarly the full Cu dxy orbital could form 177 bonds with the

S d22 orbital.
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In this bonding model described for tetrahedrite the
elements have their normal valencies, Cu = +1, Zn = 42,
Sb = +3 and 8 = -2. The thirteenth sulphur atom in the
formula Cu,loZnZSbLLS13 has the normal valency, i.e. it accepts
two electrons., If the p electrons only contribute to the
bonding this means that the formula of Pearson (1964), which
requires that sulphur attains an octet of outer shell elec-
trons'by contributing all its outer shell electrons (6) to

the wvalence band is invalid,
(ng +b, -b,)/n, = 8
110 + 0 - 8/ 13 A 8 -

The two missing valenceelectrons are the two s electrons
of the thifteenth sulphur atom,

Octahedral co-ordination of sulphur may be explained by
sp3d2 hybridisation. This is probably the case in SF6 where
sulphiir is the electropositive étom. If this was the case,
in tetrahedrite, then the formula of Pearson (196L) would be
valid, However, for electron spin pairing, the six atomic
orbitéls would require an additional six electrons, This
means that another four cations in Cu,IOZ’n2S‘bLLS13 would have
to be divalent and this is evidently not the case as no more
zinc can be substituted into the Cu123bu813 structure,

The formula for stability -
?Z(Nn + A ) = total valence electron contribution
can be satisfied for the bonding model of tetrahedrite
described. The delocalised nature of the bonding (in some

parts of the structure) requires that for description the

electrons must be frozen (localised) and a resonance concept

introduced.




103,

Since the octahedrally co-ordinated sulphur atom has
three atomic orbitals involved in bonding and has four valence
electrons then it can be imaginéd that only three of the
surrounding copper atoms are contributing electrons to satisfy
sulphur's requirements. Only three Cu atoms are therefore in
trigonal co-ordination (bonding) and the other three are in
angular twofold co-ordination with tetrahedrally co-ordinated
sulphur. This situation resonates between all the Cu atoms
which are in trigonal sites.

The bonding formula can be stated -

3401 241y LQ 1 b, 2
2
Sp 5p SP3 SP3 SP3 SP3 P3
AEXNh 9 6 16 8 12 L8 = 102
V.E.C. 3 3 L b4 12 72 4 = 102

_where N, ig the number of atoms of one type, An is the
number of atomic orbitals which contribute to the bonding and
V.E.C. 1is the valence electron contribution. The left hand
superscript is the number of atomic orbitals contributed to
-the valence band of the structure, the number in brackets
being atomic orbitals filled by electron pairs from that
atom. The total number of atomic orbitals for each atom 1is
the number which dictates the co-ordination symmetry of the
atom. The right hand superscript is the valence electron
contribution to the valence band of the structure, the number
in brackets being atomic orbitals filiéd by electron pairs

from that atom. The bracketed parts of the formula are

involved in resonance,
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Stibioluzonite

Stibioluzonite, CuBSbSu, is isostructural with the low
temperature polymorph of CUBASSM’ luzonite., There is only
limited miscibility betweeh the two compositions (Skinner
1969). The high temperature polymorph (transition tempera-
ture = 320°¢) of CugAsS) , enargite, has limited Sb miscibility,
The nomenclature has been in a state of confusion in the past
(Harcourt 1937) and the nomenclature recommended by Levy
(1966) is used in this study. Use of the term 'Famatinite'
which is of uncertain definition has been avoided in this
study except in references to earlier work where theAterm
has been used,

The structure of stibioluzonite-luzonite was determined
by Gaines (1957) and the structure of natural luzonite,
CuB(ASO.6quO.36)SM’ refined by Marumo and Nowacki (1967).

Stibioluzonite-luzonite is tetragonal, space group

11
Dog

this study) a, = 5.383 and c_ = 10.766 £,

- 142m and the cell parameters (synthetic stibioluzonite,

The co-ordinations of copper (tetrahedral), Sb (and As)
(tetrahedral) and sulphur (tetrahedral) were eztablished by
Marumo and Nowacki (1967) and the unit cell described as
consisting of two 'sphalerite type' (aO = 5.44 &) cells.

The copper and antimony atoms occupy zinc positions.

The structural formula of stibioluzonite can be written -

2(4cu quuSu)‘

3
where the superscript is co-ordination number,

In the present study it was noted that zinc does not
enter the'stibibluzonite lattice but there is limited
substitution of Cu by Ag. There is no extensive substitution

of Cu by divalent cations reported in natural specimens of
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stibioluzonite (famatinite) or enargite in Dana (1944).
The valence formula for stibioluzonite can therefore be
+Hq -2

written - Cu;1sb s,

The fourfold co-ordination of each atom is due to sp3
hybridisation therefore Cu (ground state‘3d1ous1) can contri-
bute 1e , Sb (ground state ud105325p3) can contribute 5e”

and S (ground state 3823pu) can contribute 6e” to the valence
band..

The rule for stability of adamantine structures (Parthé

1967) is obeyed.

M€y + D€ . + 0.8y (3x1) + (1%x5) + (Lx6)

m+n 4+ 0+ 8 3+ 4 +1

The general valence rule for semiconductors (Pearson

1964 ) is obeyed. <
(ne +ba —bc)/na = (32 +O—O)/Ll. = 8
The formula for stability (this study) is obeyed and

the bondingtformula can be written -

bayl Hgpd 4.6

5 5P 8y

Sp3 Sp3 8p3
NI].XAII 12 L 16 = 32
V.E.C. 3 5 24 = 32

The formula format is described in the section on
tetrahedrite.

It is reported by Marumo and Nowacki (1967) that half of
the Cu atoms in luzonite, CuB(AsSb)Su, are in distorted
tetrahedral sites. The high temperature polymorph of CuBAsSu,
enargite, is a wurtzite derivative structure but there is no

CuBSbSM equivalent reported. These observations indicate
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that non-bonding electrons (probably Cu d-electrons) or
interactions between second-nearest neighbours can influence

the structure.

Cu,ShS

=33

The structure of this phase has not been determined but
it 1s isostructural with wittichenite, CuBBiSB’ is - orthor-
hombic and has the unit cell parameters a, =7.673 bO =10,342
and c = 6.6938 (This study).

The structure of wittichenite is not available but the
space group Dg - P212121 was given by Nuffield (41947).
Hellner (1958) reports that a preliminary structural deter-
mination of wittichenite indicated that the structure could
be derived from that of tetrahedrite,

In the present study it was noted that silver substitutes
for copper in Cu38b83 and that divalent cation substitution

was unlikely.

The valence formula of CuB'SbS3 is therefore -

+1 qp+3a =2
Sb™S
Cus 3
The general valence rule for semiconductors (Pearson

196L) is obeyed -

(ne + ba - bc)/na = (26 + 0 -2)/3 = 8

Chalcostibite

The structure of chalcostibite (wolfsbergite), CuSbS,,
has been described by Hofmann (1933). Chalcostibite (natural).
was found to be orthorhombic, space group D;g' PNAM. The
unit cell parameters of synthetic chalcostibite are'ao =6,016
b, =1L.505 and o, - 3.8008 (This study).

The co-ordinations of the atoms were determined by
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Hofmann (1933). The Cu atom is in tetrahedral co-ordination
with four S atoms, the Sb atom is in the usual trigonal
pyramidal co-ordination with three S atoms, one S atom is in
tetrahedral co-ordination with two Cu atoms and two Sb atoms,
and the other S atom is in octahedral co-ordination with
four Sb and two Cu atoms.

The structural formula of chalcostibité is therefore -

4.6

> S8)

u(Mouwdsp

where the superscript is co-ordination number,

No inf'ormation on substitution in synthetic chalcostibite
was obtained in this study. No extensive substitution of Cu
by divalent cations in natural chalcostibite is reported by
Dana (1944) but up to 1,000 ppm Ag content has been reported
(Boyle 1968). |

The valence fofmula for chalcostibite can therefore be
written - cu*'sp*lg)”

Octahedral co-ordination of sulphur can be explained by
the utilisation of p orbitals only. Three electron pairs are
therefore needed for stability. The general formula for
semiconductors (Pearson 1964) is therefore invalid.

The formula for stability (this study) is obeyed and the

bonding formula can be written -

lgg? 3(+1)gp3(+2) U6 3gh

sp> s> spd p2
Nn X 'An Ll' 3 L‘- = 1L|-
V.E.C. 1 3 6 L = 14

The formula format is described in the section discussing

tetrahedrite.
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Substltuﬁlon in Tetrahedrite, Cu12§§u§13

In this section the crystallochemical factors affecting
substitution in tetrahedrite and the effects of substitution
on the physical properties of tetrahedrites will be discussed,

The formula of substituted tetrahedrite is -
(Cug), o(ZnFeCu),(SbAs ), S, 5

Substitution of Sb by As extends from tetrahedrite to the As
end -member, tennantite. Possible ordering of Sb and As result-
ing in increased stability of the intermediate member with
Sb:As = 1:1 has been discussed in Chapter 4. Substitution of
Cu by Zn and Fe has a limit, indicated in the general formula,
of 6.90 at%. Substitution of Cu by Ag is restricted and
temperature dependant. The effects of substitution on the

physical properties of tetrahedrite are summarised below -

substituting cell edge microhardness reflectivity
element )
As - + -
Zn + + +
Fe + + +
Ag + - -
where '4+' indicates an increase and '-' a decrease,
Arsenic

There is one type of Sb site in tetrahedrite. The

2 . L
ground state configuration of As, 3d1ous up3, is similar to

that of sb, La'%5s°5p7, The As atom, in sp” hybridisation,
can therefore contribute the same number of electrons to the
structure as Sb and this is the reason for their extensive
interchange in tetrahedrite-tennantite. Arsenic ig more

electronegative than antimony and the covalency of the As-S
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bond is therefore greater (Table 6-1). The values of the
various types 6f radii (Table 6-1) are smaller for arsenic
than for antimony. The decrease in cell edge from tetrahed-
rite to tennantite is therefore due to the smaller sizé of
the As atom and to increasing covaléncy of the semi-metal -
sulphur bond.

The increase in microhardness of tetrahedrite as Sb is
substituted by As indicates an increase in the minimum bond
strength of bonds in tetrahedrite. This can be explained by
the greater covalency of the As-S bond., An increase in
minimum bond strength is also apparent from the higher melting
point of tennantite. There must be a limit of compressability
of the Cu-8 bonds and the range in composition of tennantite,
towards Cu, with an associated increase in cell edge (Maske
and Skinner 1971) may be a compensatory effect which increases
stability.

Zinc and Iron

Substitution of Cu by Zn and Fe in tetrahedrite reaches

a maximum when the valence formula is -

+1 425y 43,2
Cum(ZnFe)2 Sb), 7Sy 3

The 1limit of substitution (6.90 at%) corresponds to the
filling of 1/3 of the available Cu tetrahedral sites. The
controlling factor is the valence electron contribution of
Zn and Fe in tetrahedral co-ordination.

Tetrahedral (fourfold) co-ordination of Zn, ground state
3d10u82, can be explained by sp3 hybridisation, Zn contribut-
ing 2e" to the valence band. In the case of univalent Cu,
sp3 hybridisation means that only 1e” is contributed to the
valence band. Further replacement of Cu by Zn would, there-

fore, result in an excess of valence electrons in the structure
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and instability, 4 »

The ground state configuration of Fe is u323d6. Minster
(1964), in a study of isomorphism in sphalerite, concluded
from the semiconducting propérties of the tetrahedral phases

3

discussed, that the tetrahedral bonds of Fe form by sp” and

3 nybridisa-

not &7s hybridisation. As in the case of Zn, sp
tion will result in the contribution of 2e” By Fe to the
valence electron band and the 1limit of substitution of Fe in
tetrahedrite is therefore the same as that of Zn,

Substitution of Cu by both Fe and Zn resulted in an
increase in the unit cell edge and the microhardness of
tetrahedrite and no difference in magnitude of change was
detected, Both Fe and Zn are less electronegative than Cu
(Table 6-1) and a decrease in covalency and associated
increase in M-S bond length in tetrahedrite is to be expected.
This is also the case in other sulphides (Table 6-1).

The reason for the increase in microhardness is not
obvious, Nickel et al. (1971) have noted that microhardness
'values decrease and M-S bond lengths increase in the sequence
FeSz>CoS.2>NiS.2 though S-S bond lengths decrease., In the case
of tetrahedrite, therefore, although the (ZnFe)-8 bond
strength is less (less covalent) the minimum M-S bond strength
in the structure may be greater,

Silver

Substitution of Cu by Ag in tetrahedrite was found to be
temperature dependant (Chapter 5). Ag-tetrahedrites synthe-
sised were probably metastable, The ground state configuration
of the Ag atom is Ld'U5s’ which is similar to that of Cu,

3d10us1. There is, therefore, no valency restriction on

substitution of Cu by Ag within the limits indicated in the
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general formula above. The large size of the Ag atom (Table
6-1) and the resultant(?) preference for a small co-ordination
number in sulphides (Jellinek 1968) is probably the cause of
the temperature dependance of substitution of Cu by Ag in
tetrahedrite. On cooling Ag-tetrahedrite, Ag is not simply
rejected as silver metal but a eutectoid-type breakdown occurs
and Ag enters the (AgCu)BSbS‘3 phase (Chapter 5). Ag has a

low co-ordination number (2) in Ag(SbS3 (Engel and Nowacki
1966) and probably has a low co-ordination number in Cu38b83
but the structure has not been determined,.

Although the Ag atom is larger than atoms of Zn or Fe
(Table 6-1) substitution of Cu by an equivalent atomic% of
Zn, Fe or Ag results in a similar increase in the cell edge
of tetrahedrite (Fig.5-3). The reason for this is not known.

The decrease in microhardness of tetrahedrite due to Ag
substitution maybe related to the metastability of Ag-
tetrahedrite., Nickel et al. (1971) explaih the -decrease in
microhardness in the sequence FeSZ>COS2>NiS2 as being due to
the extra d-electrons of Co and Ni, which cannot be accommo-
dated in the valence band, and which decrease the M-S bond
stability. In Ag-tetrahedrites a small cé—ordination (bond-
ing) number of Ag, although it may be held in a tetrahedral
(or trigonal) site, will result in an excess of electrons in
the tetrahedrite structure. The excess electrons are those
which would have contributed to the bonds with Ag. As in the

case of the pyrite structures, the excess electrons result in

instability, a decrease in microhardness and an increase 1in

cell size,

Reflectivity

Reflectivity has not been discussed above. There is no

simple relationship between reflectivity and microhardness or
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unit cell edge of tetrahedrites nor between reflectivity and
the properties of the substituting atoms listed in Table 6-1.,

Bither et al. (1968) and Burns-and Vaughan (1970) con-
clude that reflectivity is dependant on the number of energy
levels available to electrons excited by light from the
valeﬁce band to the conduction band and that the excess d-
electrons, in antibonding molecular orbitals, (i.e. the
conduction band) results in a decrease in stability, reflect-
ivity, microhardness and increase in cell edge in the sequence
F682>0082>N182>Cu32. Vaughan, Burns and Burns (1971) conclude
that the compdsition ranges, geochemistry, and variations of
cell parameters, microhardness, reflectivitieé and relative
stabilities of thiospinels are directly related to the number
of electrons in antibonding molecular orbitals:,

In Ag-tetrahedrite, the decrease in reflectivity,
therefore, may be related to the instability of the Ag atom
in the ﬁetrahedrite structure at low temperatures, and as
discussed above, this may also result in a decrease in
microhardness and increase in cell edge.

The interpretation of the relationships between
reflectivity and other properties of subsﬁituted tetrahedrite
not'only requires the colléction of more systematic data but

an advance in the theory of reflectivity.
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FIG 6-1
BOUNDARY SURFACES OF ATOMIC ORBITALS

(FROM BURNS 19703
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FIG 6-4
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CHAPTER

Suggestions of Possible Further Work and Conclusions

Further Work

Suggestions of poésible fufther work on various aspebts
of sulphide mine;alogy have been made throughout this study.
The major topics requiring further study are -

(a) The Cu-Sb binary which requires revision,

(b) The Cu-Sb-S system which requires detailed study
using D.T.A, and high temperature x-ray diffraction
techniques in order to investigate the high
temperature phase relations of tetrahedrite and
CuBSbSB'

(c) The Cu-Sb-As-S system which requires study in order
to understand the phase relations of the tetrahedrite-
tennantite series., The series 1s non-stoichiometric
ans possibly contains miscibility gaps.

(d) The Cu-Ag-Sb-S system which contains several quater-

" ngry solid solutions, e.g. (CuAg)BSbSu, (CuAg)128buS13,

and (CuAg)BSbS The latter series is important

5°
because its ability to transmit long wavelength red

light means that it may have applications in the

optics industry.

(e) The Cu-Fe-8&b-S and Cu-Zn-Sb-S systems which contain
the quaternary solid solutions (CuFe)128bL\LS13 and
(CuZn)128'buSi13 respectively. The non-stoichiometry
of the solid solutions, which has been noted in the

case of zinc, requires investigation.




(1)

(g)

(h)

(J)
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The factors controlling substitution of Ag for Cu in
tetrahedrite (e.g. the presence of other substituting
elements )which is important because tetrahedrite is
an ore mineral of silver.

Crystal structure studies of':

(1) CuBSbS3 which has a structure similar to witti-
chenite, CuBBiSB'

(2) Cu128bu813 which has been assumed in the present
study to haVe the crystal structure determined
by Wuensch (1964) using a natural specimen, The
structure of pure tetrahedrite requires further
study in order to explain the high temperature
non-stoichiémetry and polymorphism ofvtetrahed-
rite in‘the.Cu—Sb—S system.

(3) (cu_Ag)BSbsLL which differs slightly from
stibioluzonite, CuBSbSM'

Spectral reflectivity and colour measurements which

may be diagnostic of individual elements in substituted

sulphosalts and may contribute to an understanding of
bonding in -

(1) Ag-stibioluzonite, (CuAg)BSbsu,

(2) the (CuAg)BSbS series which transmit long

3
wavelength red light, and
(3) tetrahedrites with Cu substituted by Ag, Fe,

Zn and other elements, singly and in combinations.
Unit cell edge and microhardness determination of
sylphosalts_which contribute: to an understanding
of bonding.

The feasibility of synthesising substituted tetra-

hedrites by hydrothermal means which is necessary in
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order to investigate, in more detail, factors control-
ling the crystallisation and composition of natural
sulphosalts.

(k) The study of natural sulphosalts in order to define
their mineralogical features and guide the experimental
work, Theoretical conclusions reached using data
obtained by study of synthetic minerals may also be
applied to natural sulphosalts and ore deposits
containing thenm,

(N.B.) The Cu-Sb-S and Cu-Sb-As-S systems have been
investigafed and the tetrahedrite-tennantite series is the
subject of an unpublished study by Skinner and Luce (Skinner,
personal communication)., This work only became known to the

author at a late stage in the writing of this thesis,

Conclusions

This project was undertaken in order to investigate the
possible contribution to be made by synthetic sulphide
mineralogy to the understanding of sulphosalts, Tetrahedrite
was selected as a typical sulphosalt and has been the main
subject of study.

| From the work on synthetic specimens described in
Chapter 3, on the phase relations of tetrahedrite in the
Cu-Sb-S system, in Chapter 4, on substitution of Sb by As
in tetrahedrite (the tetrahedrite-tennantite series), and
in Chapter 5, on substitution of Cu by Zn, Fe and.Ag in
tetrahedrite, it is apparent that the main factor limiting
the usefulnéss of dry sulphide synthesis in this type of
study is the high temperature 0400°C) involved. For

example, variations in the composition of tetrahedrite in
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the Cu-Sb-S system (this study) and tennantite in the
Cu-As-S system (Maske and Skinner 1971 ) have been shown to
be temperature dependant. Metastable high temperature poly-
morphs of non-stoichiometric tetrahedrite have been obtained
in experiments in the Cu-Sb-S system. Lamellae of stibiolu-
zonite in Zn-tetrahedrite indicated the non-stoichiometry of
substituted tetrahedrite at high temperature. Silver
substitution. in tetrahedrite has proved to be temperature
dependant.

These complications increase the difficulties of synthesis
of sulphosalts and probably have little significance in the
study of natural minerals which crystallise in relatively low
temperature (<uOOOC) environments, Tetrahedrite, for example,
is commohly found in hydrothermal-type ore deposits with
temperatures of deposition in the order of 200 to BQOOC.
Guillemin and Picott (1966) report tetrahedrite occurring as
an alteration product of bronze Roman coins in hot springs
(58 to 68°C) at Bourbonne-les-Bains.,

The main contribution to be made by dry sulphide synthe-
sis to the study of natural sulphosalts is indirect. The
crystal chemistry of sulphides is little understood and
understanding the factors controlling substitution and the
effects of different substituting elements én the physical
properties of a structure requires the collection of systema-
tic mineralogical data,

It is not always easy to use specimens of natural
minerals for the collection of\systematic data because of
the complexity of compositions and the restricted range in
compositions represented in hature.

Systematic information on mineralogical properties can
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conveniently be obtained by synthesis of selected compositions,
Predictions on the. limit of substitutioﬁ of an element in a
structure, or its effect on some physical property, can be
testéd. in this way a study of synthetic minerals can contri-
bute to theoretical aspects of sulphide crystal chemistry

and so contribute to the understanding of mineralogical

properties of natural minerals,
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