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Abstract

The form and location of gold in the structure of arsenopyrite and pyrite
minerals, and the mechanisms for the mobility agglomeration of gold in arsenopyrite
during thermal treatment, have been studied using a combination of Rietveld X-ray
diffraction refinement, Convergent Beam Electron Diffraction (CBED) and Atomic
Location by Channelling Enhanced Microanalysis. The basic structure of all the
arsenopyrite compositions studied, has been shown to be monoclinic P2 /c,
regardless of the variation in stoichiometry. An increase in the arsenic to sulfur ratio
in the natural arsenopyrites was found to be associated with an increase in unit cell
dimensions accompanied by expansions within the iron-centred octahedra along the
[101] direction of the monoclinic cell and concommitant contractions of the
octahedra in the (101) plane. There was no obvious relationship between variation in
stoichiometry and structure of arsenopyrite which could provide information as to
possible substitution of gold in its structure. However, atomic displacements caused
by twinning or disorder, may help to incorporate gold.

The synthesis of auriferous arsenopyrites showed that gold has to be in an
ionic form to be taken up in the structure. The form of the gold specics affects the
distribution of gold in the structure, being chemically zoned when derived from a
dichloro complex and more evenly distributed when derived from a hydrosulfido
complex. It is suggested that rapid crystallisation, with resultant displacement faults
along the b-axis, may contribute to higher concentrations of gold in the natural
arsenopyrite structure. Electron probe microanalysis showed a possible slight iron-
deficiency in some of the auriferous arsenopyrite grains analysed. However, the
errors in the analyses were too high to provide conclusive evidence of gold
substitution on the iron sites, as has been proposed in the literature.

Analyses of natural and synthetic pyrites showed no deviations in structural
parameters which could indicate possible substitution of gold or other impurities

within the structure.
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Electron channelling experiments showed that gold was located on the sulfur
sites in pyrite. In arsenopyrite, there was some evidence for gold located on the iron
sites, however, most gold was interstitial, probably situated between the octahedra.
This location is probably facilitated by the presence of displacement faults as
observed by CBED in the synthetic auriferous arsenopyrite.

Breakdown of arsenopyrite under thermal treatment was topotactic along its
b-axis, which converts to the a-axis in the pyrrhotite structure, following a
reconstruction mechanism based on the preferential removal of arsenic over sulfur.
Gold was visually recorded exsolving from the arsenopyrite structure and
agglomerating as liquid metal globules as the arsenopyrite was chemically altered
during thermal treatment under the Transmission Electron Microscopy electron
beam. Gold became mobile on the decomposition of arsenopyrite, but this was not
observed until a temperature of approximately 470°C was reached. Above this
temperature both solid solution and particulate gold became mobile. The interaction
of arsenic vapour and gold reduced the melting point of gold.

The observations on the effects of arsenic residence time, and the relative
mobility of solid solution and particulate gold during the thermal decomposition of
auriferous arsenopyrite and pyrite, have significant implications for improved

industrial extraction of gold from these minerals.
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Chapter 1

1.0 INTRODUCTION

With the depletion of auriferous oxide ore in mining areas, the processing of
deeper auriferous sulfide ores has become increasingly important. In many sulfide-
bearing refractory gold ores, submicroscopic gold (“invisible gold") may account for
the majority of the gold present and this is most often located in the minerals
arsenopyrite (FeAsS) and pyrite (FeS,). The successful processing of these ores is
difficult and will undoubtedly be enhanced by a better understanding of the
mineralogy of the "invisible gold" and its distribution within and among coexisting
common sulfide minerals (Cook and Chryssoulis, 1990).

The gold may be in the form of metallic gold or, as recent studies have
demonstrated, also in solid solution in sulfide minerals. The main difficulty in the
determination of solid solution gold has been the limits of detection by available
procedures. Only recently have analytical techniques been pioneered that allow the
accurate and precise quantitative determination of gold abundant at less than 1ppb in
solid solution within the sulfide matrix. Little is known about the location and
chemical state of gold in the sulfide structures. Part of this problem, as shown by a
number of authors (Buerger, 1936; Morimoto and Clark, 1961; Fuess et al., 1987), is
that the arsenopyrite structure is complex and difficult to determine. This is largely
due to the presence of multiple twinning and the fact that arsenopyrites can have a
large variation in chemical composition even within a single grain.

Wu et al. (1990) have suggested that gold is only taken up in solid solution in
arsenopyrite which is rapidly crystallised. A rapidly crystallised arsenopyrite will
possibly be less ordered than a well crystallised sample. A comparison of the structure
of an auriferous arsenopyrite sample with the structure of a 'gold free' arsenopyrite
may thus provide some detail as to the environment in which Au is taken up in

arsenopyrite and lead to better methods of processing.



The metallurgical problems associated with the treatment of refractory gold
arsenopyrite ores, are directly related to the mode of occurrence of the gold in the
ores and to the minerals they contain. Direct cyanidation of arsenopyrite may give low
gold recoveries even afler fine grinding and the common practice has been to roast
arsenopyrite (o form a porous iron oxide product which is inert to cyanide and gives
high gold recoveries. Other oxidation processes have also been tried including
bacterial oxidation (Swash, 1988). A factor which has become of increasing concern
is the environmentally active products resulting from the roasting process, in
particular the SO, and As,O, emissions. In addition, disposal of the recovered arsenic
may present problems. In recent years, new methods have been sought in order to
make extraction cheaper. Techniques need to be developed where gold can be
mobilised to sites where it can be easily separated with little poisonous by-products to
be managed. The first step in the development of such techniques is a detailed
understanding of the mineralogy of arsenopyrite and pyrite containing gold.

Heat treatment of arsenopyrite containing submicroscopic gold has been
shown (o cause the gold to aggregate and become microscopically observable (Swash
and Ellis, 1986; Graham et al., 1988). The mechanism for this process is as yet not
well understood and its elucidation is of substantial scientific interest and economic
importance. It has been suggested (Swash and Ellis, 1986) that roasting via the
formation of pyrrhotite is a prerequisite for the successful extraction of gold from
arsenopyrite and pyrite. The pyrrhotite formed is however a cyanicide so normally a
complete roast to iron oxide is carried out.

The alteration that occurs during the roasting process appears to be dominated
to a large extent by the local environment in proximity to the ore grain, where
reducing conditions may exist, even when the bulk atmosphere is an oxidising one. It
is at this level that the rate-controlling processes occur and that detailed
understanding is essential. An understanding of the crystal structure of arsenopyrite
and the form of the gold in the arsenopyrite is also essential to an understanding of the

mechanism of movement of gold through the arsenopyrite structure when heated. In



addition, the environment in which the gold is made mobile will depend on the
behaviour of different host arsenopyrites under thermal conditions.

The present studies were aimed at a more detailed resolution of the structures
of arsenopyrite and pyrite, the form and location of gold in these minerals and the
mechanisms of gold mobilisation and agglomeration during thermal treatment. An
innovative combination of analytical and experimental techniques were used. These
techniques included the application of the Rietveld Refinement Method (Rietveld,
1969) to powder X-ray diffraction data, convergent beam electron diffraction
(CBED) and atomic location by channelling enhanced microanalysis (ALCHEMI) to
transmission electron microscopy.

A review of the relevant literature on the composition and structure of
arsenopyrites, the nature of the bonding and form of gold in arsenopyrite together
with studies on the conditions of formation of auriferous arsenopyrite and its thermal
behaviour is presented in Chapter 2 to define the specific deficiencies in knowledge.

In the first experimental section (Chapter 3) the compositions and crystal
structures of a number of natural arsenopyrites have been examined. The aim of these
studies was (o determine the variations in the stoichiometry of the arsenopyrite
structure and its implications for the location of gold in solid solution. It was essential
to establish the most appropriate orientations for subsequent channelling experiments
used in locating gold in the arsenopyrite structure.

Because of the uncertainty in the abundance of solid solution gold in the
natural arsenopyrites available, a number of experiments were carried out {Chapter 4)
to produce synthetic arsenopyrites containing gold in solid solution from appropriate
arsenic, sulphur and iron constituents. These experiments were also aimed at
providing information on the mechanism by which gold is taken up into the
arsenopyrite structure.

Pyrite simultancously formed during some of these experiments was also
found to contain solid solution gold and was examined (Chapter 5) to provide detailed

information on the nature of the solid solution process.



In Chapter 6 both the natural and synthetic arsenopyrite and pyrite compounds
were examined in detail using ALCHEMI to determine the specific location of the
gold in the structures.

Having established the form and distribution of the gold in the arsenopyrites,
the thermal behaviour of the arsenopyrites and its relationship to the mobility and
agglomeration of both solid solution and metallic gold were examined under different
environmental conditions (Chapter 7).

The final Chapter 8 summarises the results of the thesis and the general
conclusions. Suggestions for further studies and relevance to industry are also

provided.



Chapter 2

2.0 LITERATURE REVIEW

In the following review of literature, the stoichiometry, possible structure and
bonding mechanisms occurring in arsenopyrites and to a lesser extent in pyrites are
tirst discussed. Information on the conditions under which gold is taken up in
arsenopyrite and pyrite is then reviewed. This is followed by an outline of knowledge
on the form and location of gold in arsenopyrite and pyrite. Finally the thermal
behaviour of these sulfides and the mobility of gold through thermally altered sulfides

are reviewed.

2.1 Habit and Morphology of Arsenopyrite

Arsenopyrites have a silver-white colour with a metallic lustre (H 5.5-6,G
6.07). Crystals of arsenopyrite are commonly prismatic, elongated on the ¢ and less
commonly on the b axes (based on marcasite pseudo-cell Figure 2.1). However the
habit of arsenopyrite varies considerably in different geological environments
(Lacroix, 1913). Wu et al. (1990) suggested from their work on arsenopyrite from the
Le Chatelet gold mine in Creuse, France, that needle-like habit, small crystal size (1-
350um) and complex twinning were frequently associated with gold-substituted
arsenopyrite. In contrast, the morphology of gold-poor arsenopyrites from gold
deposits from the French Central Massif was generally characterised by a pyramidal
habit. Cook and Chryssoulis (1990) in their detailed analyses of a number of gold ore
bodies, found high contents of 'invisible' gold associated with small arsenopyrite grains

where more than one generation of arsenopyrite was present.

2.2 Composition and Structure of Arsenopyrite
The ideal formula of arsenopyrite is FeAsS. However, significant variation in
structure, composition and the bonding and oxidation states of the various atoms in

each site, have been observed.



2.2.1 Stoichiometry

Arsenopyrite exhibits considerable nonstoichiometry, the ratio As:S ranging
from 1.22 to 0.82 (Kostov, 1981). Determinations of the crystal structure of FeAsS
(Buerger, 1936; 1937; Fuess et al., 1987) have indicated the existence of mixed
populations on As and S sites. Morimoto and Clark (1961) found that the monoclinic
cell constants for six analysed arsenopyrites were related linearly to their arsenic
content and inversely to their sulfur contents, indicating the mutual solid solution of
these elements in arsenopyrite. The unit cell volume became larger with increasing
arsenic content. They noted that changes in the position of the X-ray (131) peak of
arsenopyrite was a sensitive indicator to the differences in arsenopyrite compositions.
Morimoto and Clark (1961) first derived a linear equation relating d, and
arsenopyrite composition which apparently has been misprinted in their paper.
Kretschmar and Scott (1976) have refined it using natural arsenopyrites with less than
1 wt% Co, Ni and Sb and a few synthetic samples. Their equation is :

As (at%) = 866.67d ,, - 1381.12

with an estimated one standard deviation of +0.45 % in As

Kretschmar and Scott (1976) and subsequent workers have used the variation
of the As:S ratio in arsenopyrite as a geothermometer. That is, the stoichiometry of
arsenopyrite is temperature controlled.

Cathelineau et al. (1988), Johan et al. (1989) and Marcoux et al. (1989)
carried out systematic electron microprobe analyses on arsenopyrites from samples
taken from gold mines or other deposits in Western Europe. Their results showed that
crystals of arsenopyrite can exhibit extreme chemical variations, especially in As, Sb
and S contents. Backscattered scanning electron microscopy indicated strong
chemical zonation with increasing average atomic number from the centre to the
periphery of the crystals, controlled by the chemical changes occurring from one

growth zone to another. Such increase is due to a progressive enrichment in As,



correlated with a decrease in the S content. As and S were strongly anticorrelated

following roughly the classical substitution :

Fe As S

12 14

These workers found that the arsenic content in a single crystal varied from 0.27 to
0.33 atomic fraction, whilst trace element contents (e.g. Au,(Co,Ni)) varied largely
among the different growth zones.

In some cases, microprobe analyses of natural and synthetic arsenopyrites have
revealed a fairly systematic deficiency in Fe (up to 1 at %), but these results have not
always been taken into consideration in the past (Kretschmar and Scott, 1976).
Buerger (1936) first suggested that Fe sites can be partly occupied by As. Morimoto
and Clark (1961) compared the chemical compositions of 16 published arsenopyrite
data and found the variation in iron content to be about +0.6 at% of the mean value.
They found the errors consistent with a built-in bias derived from some of the
analytical techniques and concluded that arsenopyrite does not vary measurably from
a 1:2 cation:anion ratio. Several authors (Marcoux et al., 1989; Johan et al., 1989;
Wu et al., 1990) have subsequently postulated a deficiency of iron (e.g. 31.46-33.11
at%) in the arsenopyrite structure particularly associated with auriferous arsenopyrites
(see Section 2.5.6). Thus, the question remains as to whether arsenopyrites can be

iron deficient.

2.2.2 Space group and Symmetry

The crystal structure of arsenopyrite is closely related to the orthorhombic
marcasite (FeS,) structure. Figure 2.1 represents the unit cell of marcasite
P2 /m 2/n 2 /n lattice constants A, B, and C projected down the c-axis together with
different seitings of the arsenopyrite cell presented by Morimoto and Clark (1961),
Buerger (1936) and Fuess et al. (1987). The non-standard setting of the space group
Pnnm is used for marcasite in order to compare it with that reported for the

arsenopyrite structure.
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Figure 2.1 Projections of the arsenopyrite structure chosen by various authors (after
Fuess et al., 1987).

The arsenopyrite cell was first determined by de Jong (1926) using the powder
and rotation methods on arsenopyrite from Sulitjelma, Norway, which contained 7 wt
% cobalt. The orthorhombic cell constants were a=6.45, b=9.54, ¢=5.72A and Z=8.
The space group from the indices of 17 powder reflections was Pmmm or Pmmn,

Buerger (1936) determined the crystal structure of arsenopyrite using the
Weissenberg method and derived a model by analogy to related compounds. The
apparent symmetry of that crystal was orthorhombic with cell dimensions a=6.43,
b=9.57 and ¢=5.72A, but the structure could not be solved in one of the possible
orthorhombic space groups Cmmm, Cmm2 or C222. Buerger (1936) concluded that
the true symmetry of arsenopyrite must be monoclinic or even triclinic and derived a
model by trial and error based on the marcasite and gudmundite (FeShS) structures

and on symmetry considerations. Buerger's work was hampered by crystal twinning.



The crystals of arsenopyrite are monoclinic holohedral but tend to grow together in
twins. The twinned composition has orthorhombic pseudo-symmetry and therefore
gives orthorhombic diffraction effects which give rise to misleading symmetry data.
Buerger defined a monoclinic cell with =90° and the orthorhombic axes rotated
according to the transformation 001/100/010, with space B2 /d and BI, in order to
compare the structure with manganite and rutile respectively.

Huggins (1937) criticised the structures of marcasite and arsenopyrite as
determined by Buerger (1931,1936), on the grounds that the structures led to
interatomic distances not in agreement with those calculated from electron-pair bond
radius sums. Buerger (1937) refined the structure of marcasite and confirmed its
abnormal interatomic distances. From this, he concluded that the interatomic distances
in the arsenopyrite group are different from those in the pyrite group minerals.
Buerger attributed the deviations from monoclinic symmetry in ‘common' arsenopyrite
to variations from the ideal chemical formula (FeAsS).

Morimoto and Clark (1961) refined the structure of arsenopyrite from
Freiberg (Germany) based on 172 hOl reflections in space group P1. The agreement,
however was poor (R = 0.29). Using the Buerger precession method they observed
that the intensities of the h0l reflection with ! odd, decreased with increasing arsenic
content in the arsenopyrite analysed. From additional powder data, these authors
proposed that an excess of sulfur in arsenopyrite tends to lower the symmetry to
triclinic, whereas a high amount of arsenic favours monoclinic symmetry. A primitive
monoclinic cell, derived from Buerger's (1936) double monoclinic, but metrically
orthorhombic cell by transformation %2042/0'10/%20%4, was used to give a space group
of P2 fc with cell dimensions a=c=5.76, b=5.66A and B=111°47". They concluded that
most natural arsenopyrites are sulfur-rich.

Fuess er al. (1987) studied arsenopyrite crystals from Hakansboda (Sweden)
by single crystal diffraction and analytical transmission electron microscopy. Their
material contained an excess of sulfur and some cobalt. They chose the space group

C112/d, a non-standard space group, to emphasise structural relationships containing
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the reflections h=2n, k=2n coinciding with the marcasite lattice, while those with
h=2n+1, k=2n+1 were considered as due to the doubling of the cell volume.
Reflections they obtained with h+k=4n+2, forbidden by the d glide were observed on
precession photographs for h=2n+1. These symmetry elements were lost due to
symmetry reduction. The "forbidden" hkO reflections were interpreted as the result of
twinning in arsenopyrite.

The ideal structure of arsenopyrite is depicted in Figure 2.2. In this, each iron
atom has six neighbours at the corners of a distorted octahedron. One face of the
octahedron is a triangle of three arsenic atoms, while the opposite face is a triangle of
three sulfur atoms. The sulfur atom is surrounded by three iron atoms and one arsenic
atom at the corners of a distorted tetrahedron. In a corresponding manner, the arsenic
atom is surrounded by three iron atoms and one sulfur atom at the corners of a
distorted tetrahedron (Buerger, 1936).

The early structure determinations described were frequently confounded by
problems associated with varying As and S compositions, and twinning present in the

arsenopyrite grains studied.

2.2.3 Substitution of Impurities

Some arsenopyrites have been reported to contain Ni, Co, Sb, Mn, Se or Bi
within their structures (Klemm, 1965; Morimoto and Clark, 1961). Most detailed
structural studies have been carried out on arsenopyrites containing impurities and
consequently the structure can be influenced by their presence. Morimoto and Clark
(1961) considered that the monoclinic structure for arsenopyrite could be attained if
minor amounts of elements such as cobalt or antimony were incorporated. The Ni,
Co, and Mn replace some Fe, Bi and Sb replace some As, and Se replaces S on their
respective sites. Figure 2.3 shows the relationship between arsenopyrite and various
other minerals. As a result of changes in structure there is no complete solid solution

series between any of these minerals.
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Figure 2.2 The octahedra and stick and ball model of [101] and [010] zones of the
ideal arsenopyrite structure. The unit cell based on P2 /¢ space group is also shown.
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Figure 2.3 The relationship of arsenopyrite to various sulfides.

The influence of the cations on arsenopyrite structure was examined by
Klemm (1965) using various natural samples and synthetic specimens. This author
elucidated the system FeAsS-CoAsS-NiAsS by microprobe analyses and X-ray
powder patterns. He observed that the amount of impurities in the arsenopyrite
increased with increasing temperature of formation and that arsenopyrite can
accommodate up to 14 mol% of nickel or up to 25 mol % of cobalt or a combination.
However, the monoclinic arsenopyrite structure becomes unstable for large metal
atoms due to the close iron to iron approach near their shared octahedral coordination
edge. The cubic structure of cobaltite or gersdorffite then becomes the favoured
structure (Buerger, 1936).

Fuess et al. (1987) observed exsolutions of Co-rich and Co-poor lamellae of
arsenopyrite in their TEM studies. The microstructure in the (Fe, Co)(As,S), system is
similar to that in the marcasite-pyrite system. These two polytypes of FeS, may occur
with {110} of marcasite parallel to {001} of pyrite (Fleet, 1970). TEM observations
by Fuess et al. (1987) confirm that the (001) plane of arsenopyrite is intergrown with
parallel (001) planes of cobaltite. The values d(002) = 2.712A in arsenopyrite and
d(002) = 2.791A in cobaltite are similar as well. This model is based on the similarity
of the cobaltite structure projected on (001) and the [001] projection of the

arsenopyrite structure. A similar transformation may occur for gersdorffite,
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"'Sb Mdssbauer studies on arsenopyrite containing 1wt% of antimony and
gudmundite (FeSbS), which has the arsenopyrite type structure, showed similar
measurements which strongly suggests that antimony in arsenopyrite replaces arsenic
(Friedl et al., 1992). Thus it appears therc may be a total solid solution series between
arsenopyrite and gudmunite.

Gold substitution in arsenopyrite is discussed in a later section (2.6.4).

2.2.4 Twinning

One of the difficulties encountered in structural analyses has been the
ubiquitous twinning and/or antiphase domains. Morimoto and Clark (1961) found
splitting of some reflections on the single-crystal photographs in many arsenopyrites
studied. In order to explain the splitting, at least two types of twinning were inferred.
The first one in reference to the chosen primitive monoclinic space group P2 /c has
twin plane (101 ) or (101) or has twin axis [101 ] or [101] respectively (designated
type 1). This type of twinning was described in detail by Buerger (1936). The second
type of twinning (type II) requires the assumption that arsenopyrite is triclinic.
Morimoto and Clark postutated that it has a twin axis [010], which is equivalent to a
twin plane (010). Evidence for this twinning was observed in the intensities of some
(hk0) feﬂections being different from those corresponding to (hk0) reflections. The
twinning could be associated with change in chemical composition.

High resolution transmission electron microscope images obtained by Cabri ez
al. (1989) also showed domain structures corresponding to (101) twin domains. The
a and c cell dimensions are sufficiently different to cause a slight misfit between
adjacent (101) twin domains.

TEM studies carried out by Fuess er al. (1987) have revealed the presence of
antiphase domains and microtwins. The microtwins seen were similar to type I twins.
Fuess et al. (1987) also observed an antiphase domain corresponding to the vectors
¥[100] (=a marcasite) and %[010] (=b marcasite). These submicroscopic defects

were interpreted on the basis of group-subgroup relationships devised by Van
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Tendeloo and Amelinckx (1974) to relate the marcasite to the arsenopyrite structure.
The symmetry reduction from marcasite type Pmnn to arsenopyrite C112/d is
demeonstrated in Figure 2.4 (Fuess et al, 1987 fig. 7). The loss of symmetry is
compensated by characteristic crystal defects. The reduction t2 leading from Pmnn to
P112 /n causes two kinds of twin domains with twofold twin axes parallel to A and B.
P112/n is a maximal subgroup of Pmnn. The reduction k2 is responsible for the
formation of antiphase domains with displacement vectors A or B (lattice vectors of
marcasite), which compensate for the loss of translational symmetry. C112/d is a
maximal subgroup of P112/n. The sample used by Fuess et al. (1987) did not

however, correspond to the ideal formula of arsenopyrite, containing high S, and Co

substituted for Fe.
Pmnn marcasite type
AB,C
=t 12 (twinning)
P112{n
A,B,C
l k2 (anti phase domains)
C112¢4/d = B124/d1 = P2yc

Figure 2.4 Group-subgroup relationships between the space-group of marcasite and
the space-groups of arsenopyrite. 12 means "translationengleiche” symmetry reduction
and k2 stands for "klassengleiche” symmetry reduction (after Fuess et al., 1987).

2.2.5 Strain

Little attention has been given to strain in arsenopyrite and this may be an
important feature in some interpretations of the structure of arsenopyrite. Studies by
Campa-Vineta (1980) on polished sections of previously stressed arsenopyrite
samples indicated high temperature deformation by twinning on [100], [101] and

[201] (presumably P2 /c) and low temperature deformation by elastic compliance or
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fracture. In some cases, he reported that arsenopyrite may deform by exfoliation along

the (110) plane.

2.3 Composition and Structure of Pyrite

Pyrite has the general formula of FeS, However, natural pyrites are
nonstoichiometric containing FeS_ with » ranging from 1.93 to 2.01 (Finklea ef al.,
1976). In addition, pyrite can contain As, Ni and Co in its structure (Klemm, 1965).
Based on synthesis experiments, the maximum amount of arsenic that can be
incorporated in pyrite is about 0.1 wt% (Clark, 1960). However, Fleet et al. (1989)
have reported up to 8 wt% arsenic in natural pyrites.

Pyrite was one of the earliest crystal structures to be solved by X-ray
diffraction (Bragg, 1913; Parker and Whitehouse, 1932) and is cubic with the
octahedrally coordinated metal atoms at the corners and face centres of the cube unit
cell. Pyrite can be considered as a modified sodium chloride structure in which the
iron is situated on the sodium site and two sulfurs are situated on the chlorine site.
The systematic absences from X-ray studies of isotropic pyrite agree with the cubic
space group Pa3. Brostigen and Kjekshus (1969) refined pyrite in the space group
Pa3 to an R factor of (.075, while Finklea et al. (1976) refined it to an R factor of
0.036.

Klemm (1962) observed weakly anisotropic zoned pyrite as well as clearly
zoned isotropic pyrite. The crystal structure of a weakly anisotropic pyrite was
defined by Bayliss (1977) to be pseudo-cubic. Based on similar degeneracy observed
in the pyrite-type structure of arsenian ullmannite, he postulated that pure pyrite
(FeS,) has a triclinic crystal structure. Several of the minerals with pyrite type crystal
structures, notably cobaltite (Giese and Kerr, 1965), gersdorffite (Bayliss and
Stephenson, 1968), willyamite (Cabri et al., 1970) and arsenian ullmanite (Bayliss,
1977; 1989), have been recognised as pseudo-cubic. Schneiderhishn (1930) has
observed that arsenian pyrite is often weakly anisotropic, although Klemm's (1962)

findings suggest that no general relationship exists between anisotropy and chemical
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variations. Pyrite subjected to severe deformation and also when formed at high
temperatures, is isotropic, whereas weakly anisotropic pyrite forms at low

temperatures {Smith, 1942).

2.4 Bonding in Pyrite and Arsenopyrite

In pyrite and arsenopyrite, as with other sulfide minerals, the bonding is
essentially covalent. The outer electron configuration of sulfur (3s* 3p*) leads to the
possibility of more diffuse delocalised bonding systems than in oxides or silicates. The
metal-metal interactions observed in many sulfides also influence the metal-sulfur
bond distances and hence the radius. Because of the structural complexity and the
variety of chemical bonds in sulfides, variations in crystal chemistry, stereochemistry
and the presence of delocalised bonding, it is not possible to approach substitution in
sulfides in the same way as for silicate minerals by comparing ionic radii (Vaughan
and Craig, 1978). The conflicting views on structure make it difficult to determine
what the oxidation states of the various elements within arsenopyrite are and how

impurities such as gold are bonded in the sulfide structure.

2.4.1 Relationship of Pyrite-Marcasite-Arsenopyrite-Lillingite

The stability of pyrite and arsenopyrite structures can be explained by relating
it to the pyrite (FeS,) -marcasite (FeS,) -arsenopyrite (FeAsS) -Isllingite (FeAs,)
transition.

The difference between pyrite and the other three minerals can be seen in
Figure 2.5. This shows the relationship of the metal coordination octahedra in each of
the structures. In the pyrite structure, the octahedra only share corners. In the
structures of marcasite, arsenopyrite and I6llingite, the octahedra share edges lying in
the 001 plane of the marcasite orthorhombic cell. As a consequence, the intermetallic
distances across the shared edges are reduced and this provides a greater possibility
for direct metal-metal interaction along the c-axis. In arsenopyrite, the metal atoms

are displaced along the c-axis in such a way that short metal-metal distances (~2.89A)
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filled bonding orbitals with the following closed-shell configurations: [S.]* in pyrite,
[AsST* in arsenopyrite and [As,]* in 16llingite. In recent years with the availability of
new spectroscopic data and quantum mechanical calculations the electronic structures
of these anions (e.g. Tossell, 1980) have become available.

In these structures, each nonmetal atom is bonded to one other anion (its pair)
and to three metal atoms. The formal negative charges on [S,J*, [AsS]*, and [As ]*
dianions require formal positive charges on the metal atoms of equal valency. In the
case of pyrite (or its dimorph, marcasite), Fe is present as Fe™, and in arsenopyrite, as
Fe* ions (Wood and Stren, 1979). However arsenopyrite is a semiconductor with a
very low magnetic moment, implying that adjacent pairs of Fe* ions are bonded,
resulting in the observed alternating long and short Fe-Fe bond distances.

For arsenopyrite, with alternating short and long Fe-Fe distances along the ¢-
axis, the Fe-As-Fe angles subtending the short Fe-Fe distance are about 75° while the
Fe-S-Fe angles subtending the long Fe-Fe distances are about 97°, suggesting that the
As end of the AsS groups is slightly more positive, while the S end is more negative.
Analyses of safflorite (CoAs,) which is isoelectronic with arsenopyrite, and has a
similar structure with similar electrical and magnetic moments to that of arsenopyrite,
(Kjekshus and Rakke, 1977) have shown that the effective bond types for safflorite
are Co”-As and Co™-As, explaining why there are alternating large and small Co-As-

Co angles. Similar bond types may occur in arsenopyrite.

2.5 Conditions in which Gold is taken up in Arsenopyrite and Pyrite

Factors which control the concentration of structurally bound gold in a sulfide
mineral include the gold content of the ore-forming solution, the prevailing
physicochemical parameters during ore genesis or metamorphism, the chemistry of the
host, and the simultancous formation of such gold minerals as native gold, electrum
and gold tellurides. The presence of submicroscopic intracrystalline inclusions of gold
in a sulfide depends on the suitability of the host substrate for gold nucleation, initial

gold solubility and solubility variation with changing conditions.
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Hydrothermal gold deposition in which arsenopyrite and pyrite occur may
therefore take place over a wide range of temperature, pressure and fluid
composition, comprising diverse environments extending from amphibolite facies
metamorphism (o lower temperature epithermal mineralisation and the formation of

sea floor massive sulfides.

2.5.1 The Transport and Precipitation of Gold as Complexes

Gold may be taken up in, lor associated with, arsenopyrite and pyrite by
precipitation reactions involving the destabilisation of gold-bearing species in solution
(Seward, 1992; Groves and Foster, 1992). It has been recently proposed by several
authors that the adsorption of aqueous gold-bearing species on to earlier-formed
sulfides occurs via conductivity, and then autocatalytic reduction of the aqueous
species to metallic gold (Jean and Bancroft, 1985; Hyland and Bancroft, 1989;
Starling et al., 1989).

Most workers have been concemed with the role of chloride and reduced
sulfur (e.g. HS) in hydrothermal gold chemistry because both chloride and
hydrosulfide ions are known to form complexes with gold (I) and both are present in
appreciable concentrations in hydrothermal ore fluids. For these reasons, almost all of
the experimental work conducted at elevated temperatures and pressures has focused
on gold solubility and complexing in chloride and reduced sulfur-containing solutions.
The relevant literature for this study is reviewed below. A more detailed review on the

gold complexes has been given by Seward (1982, 1992).

2.5.1.1 Halide Complexes

The solubility of gold in chloride solutions (HCl, NaCl, KCl) has been
demonstrated over a wide range of temperatures and pressures (Anderson and
Burnham, 1967, Glyuk and Khlebnikova, 1982; Henley, 1973; Rytuba and Dickson,
1977; Wood et al., 1987). Recently, Zotov et al. (1989) obtained thermodynamic data
for the solubility of gold (as AuCl)) from 350 to 500°C and 500 to 1500 bar. The
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most important of these investigations has been recalculated in terms of the

equilibrium reaction

AU+ 2CT + H' = AUCL 4+ 1/2H (@) oooeoeeoeeeeeereeereseeseeeoeeesseeeeeeees (2.1)

The solubility of gold increases with temperature (Henley, 1973). Gold
deposition may occur as a response to a decrease in temperature, increase in pH, as

well as a decrease in chloride activity caused by dilution (Seward, 1982).

2.5.1.2 Hydrosulfido and Sulfido Complexes

The existence of sulfide complexes of gold(I) were first demonstrated by
Seward (1973) and he showed that three complexes, AuHS® (acid pH), Au(HS)* (near
neutral to weakly alkaline pH), and Au,(HS)" (alkaline pH) were present in high-
temperature, high-pressure aqueous sulfide solutions. Experiments by Belevantsev et
al. (1981) confirmed the presence of the Au(HS)* complex in the neutral pH region
and they have also suggested the presence of the protonated species HAu(HS),’ in
acid solutions. Shenberger (1985) and Shenberger and Barnes (1989) have measured
the solubility of aqueous sulfide solutions from 150 to 350°C and at the equilibrium

saturated vapour pressure of the system for the reaction

Au +H,S(2q) + HS = ARHSY + HLZ)reerrreererereerreeeeeeerereeresssessssenmssss 2.2)

For the AuHS’ complex, there are no experimentally based thermodynamic data
pertaining to its stability at high temperatures, although Renders and Seward
(1989a,b) have reported thermodynamic data at 25°C. For gold deposition a decrease

in temperature would destabilise these complexes.

2.5.1.3 Thioarsenite and Thioantimonite Complexes
The role of thioarsenite and thicantimonite complexes in the complexing and
transporting of gold is not well understood. Romberger (1986) described the possible

mechanism of gold deposition using fO-pH, fO,-fS, diagrams which give the stability



fields of minerals and other species in solution. Assuming a stoichiometry of AuAsS,’
Romberger proposed different hypothetical reactions which suggested that both
oxidation and pH increase could result in gold deposition.

The solubility of arsenic in hydrothermal sulfide solutions is extremely high
(Heinrich and Eadington, 1986). Ballantyne and Moore (1988) evaluated the
published fluid analyses from geothermal systems for arsenic and found that the
arsenic content in reservoir fluid varied inversely with P, and directly with
temperature. As” (not As) also forms bisulfide complexes in some sulfide bearing
solutions (Mironova and Zotov, 1980; Robins, 1985; Heinrich and Eadington, 1986).
The relative stabilities of the hydroxide and sulfide species have been predicted for 90

°C and 250°C and some arsenic sulfide complexes (HAs,S,, H,As,S, and HAs S *) can

be found at low temperatures (25-300°C) (Spycher and Reed, 1989). At higher
temperatures, both As™ and As* can occur as the complexes H,AsQ, (arsenious acid)
and H,AsO, (arsenic acid) and dissociation products (Nakagawa, 1971; Mironova et
al., 1984; Heinrich and Eadington, 1986). Calculations by Heinrich and Eadington
{1986) on the Fe-As-S-O-H system suggest that at neutral to acid pH, the aqueous
species H,AsQ,’ can account for the transport of adequate concentrations of arsenic to
explain the association of many hydrothermal arsenic minerals. Chloride complexes
are unlikely, although As" chloride may exist in extremely acid, highly saline
conditions (Cobble, 1985)

A number of workers (Grigor'yeva and Sukneva, 1981; Nekrasov er al.,
1982a; Nekrasov and Konyshok, 1982b) have measured the solubility of gold in
aqueous sulfide solutions in the presence of stibnite and orpiment in the temperature
range from 200 to 300°C in order to determine the effect of thioantimonite and
thioarsenite species on gold solubility. However, uncertainties in the hydrogen
fugacities prevailing in these experiments together with ambiguities in the
stoichiometry of the thicantimonite and thioarsenite complexes, make their results

inconclusive.
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Thus it is not possible to say whether gold(I) thicarsenite complexes exist and
whether they are of any importance in the formation of auriferous sulfides (Seward,

1992).

2.5.2 Temperature, Pressure and fO, of Arsenopyrite Formation

Based on fluid inclusion studies carried out on host quartz in two auriferous
arsenopyrite ore bodies, Wu et al. (1990) found that the temperatures of formation of
auriferous arsenopyrite at two deposits were different and concluded that temperature
is not a major factor in incorporation of gold in arsenopyrite. They suggested that
non-equilibrium rapid crystallisation may induce gold trapping under an extended
range of T-P-fO, conditions.

Conditions of crystallisation of arsenopyrites have been estimated at Marche -
Combrailles and Limousin deposits, France, by combined studies of mineral
associations, alteration minerals in the host-rocks and fluid inclusion studies on the
arsenopytite-bearing quartz. Results indicated that most arsenopyrite crystallised at
low fO,, around that fixed by the pyrite-arsenopyrite-pyrrhotite triple point and by the
Ni-NiO oxygen buffer; at low pH; and frequently at low temperatures (180-250°C)
(Cathelineau et al., 1988: Boiron et al., 1989).

So far no experimental data on the hydrothermal solubility of arsenopyrite, or
theoretical investigations of the solution transport of arsenic and its precipitation as
arsenopyrite have been reported. In the absence of experimental data for the
speciation of arsenic in high temperature aqueous solution equilibria, Heinrich and
Eadington (1986) predicted it by extrapolation of the available low-temperature
thermodynamic data to the high-temperatures. They also suggested that the solubility
of arsenopyrite is more strongly dependent on oxygen fugacity than most other ore

minerals.

2.5.3 Experimental Studies on Arsenopyrite Synthesis
The solid solution behaviour of arsenopyrite and its stability relative to other
solid phases have been established experimentally (Clark, 1960; Barton, 1969;
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Kretschmar and Scott, 1976; Scott, 1983) and are discussed in section 2.7. Attempts
to recrystallise or grow crystals of arsenopyrite in high pressure vessels in gold tubes
by several workers (Clark, 1960; Kretschmar and Scott, 1976; Scott, 1983; Wu and
Delbove, 1989) have failed due to the reaction of arsenic with gold. Wu and Delbove
(1989) tried to introduce gold into the arsenopyrite structure by the reaction of Fe, As
and S mixtures. However, gold introduced as Au’ (metallic gold) or as Au*
(AuCl,.2H,0) with the starting materials, was not incorporated into the arsenopyrite
structure and appeared systematically as metallic gold in the products. None of these
studies, however, has conclusively demonstrated that some gold was not taken up in
solid solution. Auriferous arsenopyrite has been recently synthesised by the reaction of
Fe, O, with As and S in NaCl-H,O, HCI-H,O solutions or in pure water at 500°C and
2kbars in gold capsules (Wu and Delbove, 1989). In this case gold present in the
starting materials in the form of Au’ (metallic gold) or as Au* (AuCl.2H,0) was
regularly detected in zoned arsenopyrite formed in this way, with maximum contents

of about 1.7 wt% gold in the enriched zones.

2.6 The Form and Location of Gold in Arsenopyrite and Pyrite

Gold ores that do not yield their gold content when treated by the standard
gravity and cyanidation processes are classified as 'refractory’. Such ores are generally
sulfidic, in particular, containing arsenopyrite and pyrite. The reason why refractory
gold ores are not readily amenable to conventional cyanidation is usually because the
gold is Tocked' inside the sulfide. To understand the response of ores to subsequent
methods of treatment the form and location of gold within arsenopyrite and pyrite is
of importance.

Gold occurs in association with most of the common rock-forming minerals
and its manner of occurrence in the host mineral is very varied. Harris (1990) listed 26
accepted gold-containing minerals, three unpublished minerals, two doubtful and 13
unnamed compounds. Of these, the most important are native gold and its varieties as

a result of metal substitution, in particular silver. There are also gold tellurides which
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are abundant in several deposits and aurostibite which is rare but can cause problems
in processing.

Several papers have reviewed recent advances in instrumental techniques and
their application to understanding the nature and location of gold in minerals and in
considering approaches which aim to quantify the distribution of gold among various
mineralogical sites in ores and mill products. These topics have been reviewed by
Henley (1992); Chryssoulis and Cabri (1990); Cook (1990); Harris (1990); Petruk
(1989); Henley (1989); and Cabri (1988a, 1988Db).

In recent years, increasing interest has focussed on what is known as “invisible
gold", a term introduced by Biirg (1930). "Invisible gold" is that which cannot be
observed by optical or electron microscopy, which may occur either in solid solution
or as submicroscopic inclusions in sulfide minerals and which can not be recovered by
cyanide solution (Chryssoulis et al., 1987).

The incorporation of gold into sulfide minerals has long been inferred by
several investigators (Boyle, 1979). However, Gasparrini (1983) and others noted
that the analytical techniques used to detect gold are bulk in nature and fail to
determine conclusively whether the gold is in solid solution or present as discrete
inclusions of submicroscopic size. Boyle (1979) has extensively reviewed the evidence
for both structurally bound and submicroscopic gold, and concluded that both types

can exist. A more recent review has been given by Harris (1990).

2.6.1 Distribution of Gold in Arsenopyrite and Pyrite

Tables 2.1 and 2.2 show the amount of "invisible gold" in pyrite and
arsenopyrite reported in the literature. The most extensive study has been carried out
by Cook and Chryssoulis (1990) who observed that the amount of gold in sulfide
minerals varies considerably from deposit to deposit. The "invisible gold” content is
generally higher in arsenopyrite than pyrite. The maximum gold in arsenopyrite is 1.5
wt% for natural samples and 1.7 wt% in synthetic samples. In pyrite the maximum

reported is 8100 ppm (Table 2.1).



Table 2.1 - Invisible Gold Content in Pyrite

Sample, Location Type average Range Reference
(SD) (ppm) | (min-
max)
Windy Craggy, coarse 0.15(0.10) <0.25- Cook & Chryssoulis (1990)
British Columbia 0.6
Windy Craggy, fine 1.37(0.50) <0.43- Cook & Chryssoulis (1990)
British Columbia 2.7
Lara, British coarse 0.16(0.12) <0.25- Cook & Chryssoulis (1990)
Columbia 14
Golden Pond,
Quebec
Ore A coarse 1.10{0.90) | <0.5-4.1 | Cook & Chryssoulis (1990)
Ore B coarse 023(0.29) <0.25- Cook & Chryssoulis (1990)
14
HW, British coarse 0.25(0.09 <0.25- Cook & Chryssoulis (1990)
Columbia 2.8
Estrades, Quebec coarse 0.67(0.53) <(.25- Cook & Chryssoulis (1990)
12.0
Trout Lake, coarse 0.72(0.38) <0.25- Cook & Chryssoulis (1990);
Manitoba 6.8
Congress, British coarse 1.2(0.61) <{}.25- Cook & Chryssoulis (1990)
Columbia 21.0
Mobrun, Quebec fine 1.41(0.23) <(0.25- Cook & Chryssoulis (1990)
5.6
Unspecified, fine 3.3(0.9) 0.8-94 Chryssoulis (1990)
Canada
Olympias, Greece | As poor 3.6(2.0) 1.0-12.0 { Cook & Chryssoulis (1990)
Olympias, Greece As rich 36(12) 4.1-110 | Cook & Chryssoulis (1990)
Unspecified, As poor 9.0(M <5-74 Sie et al. (1989)
Australia
Elmtree, New As poor 24.1(5.3) 0.9- Cook & Chryssoulis (1990)
Brunswick 107.8
Unspecified As rich 68.8020) 1-320 Chryssoulis (1990)
Cortez, Nevada coarse TO?) <600- Wells &Mullens {1973)
1500
Cortez, Nevada Rims 1200(1 <600- Wells &Mullens (1973)
2200
Carlin, Nevada coarse 90 <600- Wells &Mullens (1973)
1500
Carlin, Nevada Dissemin 420( 2100- Wells &Mullens (1973)
-ated 8100
Banqui, China <10pum 1400(7) <500- Shui (1991)
4600
Unspecified rims 288 Marion ef al. (1991)
core 44 Marion et al. (1991)
Fairview Mine, 488(7) Swash (1988)
Barberton, S.
Africa
<(1.3-108 Chryssoulis (1989)
Bangi, China As-rich 257 <82-600 Mao (1991)

ims




Table 2.2 - Invisible Gold Content in Arsenopyrite

Sampie, Location Type average Range Reference
(SD) (ppm) {min-
Max)
Lara, British coarse 10(4.7) 1.9-22 Cook & Chryssoulis (1990)
Columbia
Ketza River, 11.9(2.2) 1.3-46 Cook & Chryssoulis (1990)
British Columbia
Golden Pond,
Quebec
Ore A Coarse 13.2(5.0) 0.3-72.8 | Cook & Chryssoulis (1990)
Ore A fine 39.1(13.2) 17.5- Cook & Chryssoulis (1990)
774
Ore B coarse 23.1(10.3) 1.3-158 | Cock & Chryssoulis (1990)
Ore B fine 98.9(16.2) | 10.6402 | Cook & Chryssoulis (1990)
Trout Lake, coarse 30.2(8.6) 2.0-112 | Cook & Chryssoulis (1990);
Manitoba
Congress, British coarse 38017 1.7-100 Cook & Chryssoulis (1990)
Columbia
Congress, British fine 1630(1330) | 25-13000 | Cook & Chryssoulis (1990)
Columbia
Olympias, Greece fine 49(24) 2.3-370 | Cook & Chryssoulis (1990)
Estrades, Quebec fine 54(36) <0.3-170 | Cook & Chryssoulis (1990)
Eimiree, New fine 123(61) 0.4-912 Sie et al. (1989)
Brunswick
Unspecified, fine 162(%) <40-405 Sie et al. (1989)
Australia
Unspecified, fine 360(139) 1.3-5600 Chryssoulis (1990)
Canada
Sheba, South fine 929(150) 81-1900 | Cook & Chryssoulis (1990)
Africa
Sheba, South fine 1046(154) | 440-1900 Cabri et al, (1989)
Africa
Sheba, South fine <350- Cabri et al. (1989)
Africa 4400
Unspecified, 1300(2400) <800- Cathelineau et al. (1989)
France 3600
Cortez, Nevada fine 2600(1 <604- Wells &Mullens (1973)
6800
Le Chatelet, fine 3500(6980) <200- Johan ef al, (1989); Marcoux
France 11500 et al. (1989)
Vilterange, fine 6820(9680) <200- Johan et al. (1989); Marcoux
France 15200 et al, (1989)
Fairview Mine, 2700(1 Swash (1988)
Barberton, S.
Africa
0.5-2500 | Chryssoulis (1989)
Synthetic zoned 0-17000 | Wu et al. (1990}
arsenopyrite crystals
Griffin's Find Aust core 2.8-3.36 Neumayr et al. (1993)
Mt York Australia core 20-33 Neumayr et al. (1993)
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The distribution of "invisible gold" within individual sulfide crystals is
commonly highly irregular, with wide variations in gold concentrations as shown by
point analyses and secondary ion mass spectrometer imaging (SIMS) (Cathelineau et
al., 1988, Boiron et al., 1989; Graham et al., 1989; Johan er al., 1989; Marcoux et
al., 1989; Chryssoulis, 1990; Chryssoulis and Cabri, 1990; Stephens ef al., 1990; Wu
et al., 1990).

Microprobe analyses of pyrite and arsenopyrite grains from the Fairview Mine,
South Africa, showed that gold was present in both sulfides (Swash and Ellis, 1986).
Wells and Mullens (1973) have used the electron microprobe to study gold-bearing
arsenian pyrites from the Cortez and Carlin gold mines in Nevada, USA. They
concluded that in the sulfide ore, gold is concentrated along with arsenic in tiny (<5p
m) pyrite grains and in the rims of larger pyrite grains. Gold is also concentrated in
arsenopyrite which is sparsely distributed in the Cortez ore. Robinson (1983) using
both an electron and ion microprobe also reported a large proportion of gold to be
submicroscopic in the Porgera deposit in Papua New Guinea.

Recent studies with the electron microprobe and some work done with an ion
probe microanalyser have confirmed that arsenopyrite may contain gold in appreciable
concentrations (Cathelineau et al, 1988; Graham et al., 1989; Johan er al., 1989;
Marcoux et al., 1989; Cook and Chryssoulis, 1990). The detection limit for electron
microprobe analyses for gold in sulfides is normally about 200 ppm (Cabri, 1988a,b),
however, Graham et al. (1988) have obtained a detection limit of 10 ppm by using a
very high beam current and accelerating voltage.

Chryssoulis et al. (1987) developed an in situ microanalytical technique using
an ion microprobe or secondary ion mass spectrometer (SIMS) to quantitatively
measure the gold content of sulfides. Calibration procedures, accurate to 15% in the
quantification of 1 ppm, were discussed by Chryssoulis et al. (1989). The in-depth
profiling capability of the ion microprobe permits subsurface, submicrometer-scale
inclusions as small as 100A to be detected, thus leading to more accurate

determination of the gold that is dispersed in the crystal structure of sulfides. Their
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results have shown that enrichment in arsenic and gold occurs from core to margin in
scveral crystals observed in arsenopyrite samples from Sheba, South Africa and Le
Chatelet, France. Johan et al. (1989) obtained data suggesting that Au may be
incorporated in arsenopyrite when As occupies the Fe sites in the arsenopyrite
structure but this may be an artifact of the stoichiometry assumed.

Cook and Chryssoulis (1990) found a positive correlation between the
concentration of As and Au in pyrite, suggesting that substitution of Au into that
structure is facilitated by the presence of As. SEM backscattered electron images of
pyrite crystals show complex chemical zoning (Marion er al., 1991; Cathelineau et al.,
1988; Fleet et al., 1989). Mao (1991) found similar occurrences of up to 600ppm

gold in pyrite associated with arsenic-rich rims.

2.6.2 Inclusions

Gold commonly occurs as discrete macroscopic or microscopic grains of the
native metal either in vein quartz or occupying fractures or inclusion sites within
certain sulfide minerals, particularly pyrite and arsenopyrite. The grain size of native
gold varies with the mode of origin of the mineral. Where the gold has been deposited
contemporaneously with quartz and other gangue and ore minerals, much of it is
generally very finely divided, occurring as minute particles disseminated in other
minerals. Gold deposited later than the associated minerals has a tendency to occupy
small fissures in the pre-existing minerals, with the result that the bulk of it is of
coarser grain size (Harris, 1990). Schwartz (1944) reviewed the association of native
gold with various sulfides in 115 deposits and observed that the number of deposits
with gold intergrown with different sulfides was pyrite 48, arsenopyrite 45, galena 30,
sphalerite 26 and chalcopyrite >23. For these associations, metallurgical treatment of
the gold ore yields good recoveries with proper grinding and direct cyanidation. In
some gold ores, either the gold inclusions are submicroscopic or the gold occurs in

solid solution in which case the ore is considered refractory.



Dissolution of Brazilian arsenopyrites containing gold inclusions, has revealed
grains of gold with botryoidal textures, indicating the presence of colloidal
precipitation of gold (Michel, 1989). The late precipitation of gold among well-
formed arsenopyrites led Michel to suggest that gold was liberated from the lattice of
arsenopyrites by fracturing and carried as a colloid over short distances before
precipitation took place. The transport of gold by soluble complexes over long
distances could not explain why the gold precipitation always occurred within the
already-formed arsenopyrites.

Amosov and Gureev (1970) and Amosov et al. (1975) observed epitaxial
growth of gold on pyrite. They suggested that co-crystallisation of gold and pyrite
occurs on the surface of the growing pyrite crystals.

Studies by Starling et al. (1989) and Knipe et al. (1992) on several
Precambrian mesothermal lode-gold deposits have revealed the site specific nucleation
of precious metals on the surface of the sulfide minerals, in particular pyrite. Gold is
typically located at sites of increased surface charge density and focused conductivity,
such as grain edges, grain junctions, growth terraces and fracture surfaces. Serial
sectioning through oriented gold cling-on deposits attached to pyrite showed that the
contact is planar, which indicates that the mechanism is not one of diffusion through

the crystals.

2.6.3 Colloidal Gold

The existence of colloidal gold (less than 200A in diameter) has recently been
confirmed in unoxidised Carlin type ores using high-resolution transmission electron
microscopy and Aiiger spectroscopy (Bakken et al., 1989). They found gold present
as discrete particles varying from 50 to 200A in diameter which were encapsulated
primarily in pyrite. Hochella et al. (1988) have also used transmission electron

microscopy to locate and identify similar types of gold in partially oxidised ore.
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2.6.4 Solid Solution Gold in Pyrite and Arsenopyrite

Spectrographic techniques have recently been developed which prove that in
some cases, gold is chemically combined within sulfide minerals rather than being
discrete mineral inclusions. In studies of gold ores using Mdssbauer spectroscopy,
Wagner et al. (1986), Cathelineau ez al. (1988) and Marion et al. (1991) have shown
conclusively that gold present in concentrates of pyrite and arsenopyrite may be either
metallic (i.e. present as inclusions) or structurally bound even though its chemical
state (Au’, Au", Au™) is not known. Results obtained on a number of Au-rich
arsenopyrites show that gold is mostly present in the samples as combined gold which
exhibits a reproducible large absorption peak that is easily distinguished from the
spectra of metallic gold (Friedl ez al., 1992). This peak is due to the presence of Au-
X(As?) bonds which can be attributed either to solid solution within the arsenopyrite
lattice or solid inclusions being too small in size to be detected by conventional
methods (Cathelinean et al., 1988). Zhang et al. (1987) found several hundred ppm
gold in solid solution in arsenopyrite and pyrite from the Wuxi deposit, Hunan
province, China, using electron paramagnetic resonance spectroscopy.

In *"Au Mtssbauer spectroscopic studies carried out by Marion et al. (1991)
on arsenian pyrite, a significant amount of the gold was found to be intimately
associated with the mineral in a combined chemical state with only a small peak
corresponding to the metallic gold position. However the absorption peak
corresponding to the combined gold did not have the same position as for gold
combined in arsenopyrite. This suggests the gold bonding environments are different
between pyrite and arsenopyrite. Boyle (1979) considered that some gold may
substitute in the iron sites of pyrite and arsenopyrite mainly because of similar
octahedral radii, a certain affinity for sulfur and the isostructual relationship of the two
minerals pyrite and aurostibite.

The argument for structurally bound gold in arsenopyrite has also been tested
by electron and ion probe microanalysis, coupled with high-resclution transmission

electron microscopy (Cabri er al., 1989). Visible segregations of gold of a few



Angstroms in diameter were not observed in grains containing up to 2000 ppm gold
and it was therefore concluded that gold was in solid solution.

Marcoux et al. (1989) and Johan et al. (1989) using electron microprobe
analyses mapped the distribution of gold, antimony, arsenic and iron in gold-bearing
arsenopyrite crystals from the Le Chatelet and Villerange ore deposits in France.
Their analyses showed clear chemical zoning with enrichment in arsenic and gold from
core 10 margin in several crystals (e.g. 31.2 to 36.7 atom % As and 0 to 1.22 wt%
gold). Antimony and sulfur and to a lesser degree iron showed an inverse distribution.
They found no correlation between the total As content and Au and/or Sb in
arsenopyrite. However, examination of variations in the Fe site occupancy revealed an
inverse linear correlation between As and Au +Sb. Their correlations indicated that
each growth zone for arsenopyrites from the Le Chatelet and Villerange deposits is
characterised by a minimum value of Fe/(Fe+As) on the Fe site, corresponding to the
maximum Fe deficiency. Within each of these zones, the incorporation of Au and Sb

becomes possible due to the substitution mechanism

2As[Fe] = (Au,Sb)+Fe

where As[Fe] is As on the Fe site. Buerger (1936) concluded that the existence of
Fe(ITI) in the non-polar state in the FeAsS crystal structure, explains the As(III) =
Fe(TIII) substitution, implying that gold and antimony replacing iron in arsenopyrite are
in the Au(IIl) and Sb(IIf) state. Swash (1988) and Graham et gl (1988) also
suggested that submicroscopic gold could be accommodated within arsenopyrite,
owing to its suitable atomic spacing, crystal chemistry, and closure temperature with
respect to gold. Based on bonding mechanisms described in section 2.4, Cook and
Chryssoulis (1990) proposed that arsenopyrite which can be expressed [Fe]”[AsS]*,
could easily contain trivalent metal cations (e.g. As”,Au” Sb™ etc,) substituting for

Fe*.
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In the pyrite structure, Kuranti (1941) was the first to consider that gold
replaces iron. Kuranti (1941) synthesised auriferous pyrite and observed that the
lattice constant progressively decreased with increasing gold content (up to 2000g/t),
indicating some possible relationship of gold with the pyrite structure. However,
Stillwell and Edwards (1946) considered that gold occupied vacancies in the pyrite
lattice rather than replacing iron. Kravtsova and Solomonova (1984), Mironov and
Geletiy (1978) and Mironov et al. (1986) hydrothermally synthesised various sulfides
in the presence of radioactive gold and then studicd them by optical microscopy,
electron and laser microprobe and autoradiography. In pyrite, they concluded that
gold is not structurally bound but occurs as micro-inclusions at the boundaries of
crystals. In contrast to Kuranti (1941) findings, Chang and Zhang (1991) found that
gold-rich pyrites have larger unit cell than pyrites containing no gold. They attributed
this to gold substitution or a defective structure in pyrite grains, but did not
characterise the form of gold present.

Cook and Chryssoulis (1990) proposed that in pyrite expressed as [Fe]*[S,]*,
the addition of arsenic, commonly found in the structure, would result in [AsS]" pairs.
This would result in a charge imbalance with the metal. If such an imbalance of charge
exists because of the incorporation of As in the structure, it can be met by trivalent
cations replacing the divalent iron. This would imply that the presence of the [AsST
species would appear to be necessary before substantial quantities of gold can enter
the sulfide structure (Cook and Chryssoulis, 1990).

There is, however, no direct evidence to date as to the location of solid

solution gold in either the arsenopyrite and pyrite structures.

2.7 Thermal Behaviour of Arsenopyrite and Pyrite

When the gold is intimately associated with sulfide minerals and fine grinding
of the ores does not increase the extraction of gold by cyanidation to the desired
extent, pretreatment by either roasting, hydrometallurgy or biological leaching is

required. These processes have been described in detail by various workers (e.g.
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Robins and Jayaweera, 1992; La Brooy et al., 1994). Roasting of sulfide ores to
liberate gold has been well documented and in the past has been one of the most cost-
effective options. This process generally involves arsenopyrite and pyrite being
oxidised to hematite via an intermediate formation of pyrrhotite at temperatures in the
range of 500 to 700°C, resulting in gold becoming accessible to the cyanidation
process. However, with regulations being introduced in some countries to reduce

emissions of SO, and As O, this process is becoming more costly.

Detailed knowledge of the behaviour of gold in its host sulfide under thermal
conditions, the composition of arsenopyrite and pyrite, their associations with other
phases in the system and possible variations as related to different physical and
chemical environments, is an essential prerequisite to an understanding of the possible

mechanisms of gold incorporation and extraction. In addition, the solubilities and

possible reactions of gold with the decomposition products have to be considered.

2.7.1 Phase Diagram of Fe-As-S systems

A thorough investigation of the Fe-As-S system was initially catried out by
Clark (1960). His study was undertaken to correlate the physical conditions of
formation for both sulfide and arsenide deposits. Equilibrium phase relations in the Fe-
As-S system were determined at 600°C and changes in assemblages were studied in
the 400°C 10 800°C temperature range. At 600°C he found that a very narrow liquid
field lies along the arsenic-sulfur side of a ternary system between 100 and 2240.2
wt%.

Synthetic arsenopyrite produced at temperatures above 600°C has the
approximate composition of FeAs S . Compositions that are sulfur rich relative to
ideal FeAsS become stable at lower temperatures and under high confining pressures.
Changes in the phase assemblages at various temperatures are govemed by the
reactions pyrite + arsenopyrite = pyrrhotite + liquid or vapour, arsenopyite + arsenic =

16llingite + liquid or vapour; and arsenopyrite = pyrrhotite + 16llingite + liquid or
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vapour. The invariant temperatures at which both liquid and vapour are present in
these assemblages are 491°+12°C, 688°+3°C and 702°+3°C respectively.

Barton (1969) using the results of Toulmin and Barton (1964) for the Fe-S
system combined with data on arsenic-bearing assemblages, derived the free energies,
enthalpies and entropies of formation of arsenopyite, 15llingite, orpiment and realgar.

Kretschmar and Scott (1976) extended the phase relations of the Fe-As-S
system below 400°C. Clark (1960) and Kretschmar and Scott (1976) showed that at
low temperatures (circa 300°C) the As:S ratio in arsenopyrite is lower than at higher
temperatures (400-600°C). Kretschmar and Scott (1976) devised an arsenopyrite
geothermometer which has been utilised by several authors (Beglund and Ekstrom,
1980; Sharp et gl., 1985) in determining the conditions of rock formation. The
technique requires that the system is buffered and equilibrium has been reached
(Scott, 1983). Arsenopyrite synthesed by Wu and Delbove (1989) contained
chemically zoned arsenopyrite grains containing up to 40 at% of arsenic which can
not be explained by the Kretschmar and Scott (1976) diagram. The nonstoichiometry

of arsenopyrite has been discussed in an earlier section.

2.7.2 Decomposition of Arsenopyrite
The thermal decomposition of arsenopyrite follows roughly the simplified

endothermic reaction
4FeASS — 4FeS(S) + AS,(£)-crerrerrerrnnenernrreerneceeseneessseennes 2.3)

In addition to arsenopyrite varying in As:S ratio, the final iron sulfide product
also has a Fe:S ratio less than one (Grimsey and Aylmore, 1990). Furthermore,
thermodynamic calculations and experimental data confirm that in an inert
atmosphere, apart from As,, there is As, and some S, vapour species present in the Fe-
As-S system (Chakraborti and Lynch, 1985). Many researchers have reported that
there is only As, and no As, gas species below 800°C (Shigematsu, 1986). The

reaction followed is more likely to reflect the unbalanced equation
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FeAsS - Fe, S +FeAs, + As(8) + S, e, (2.4)

Thus, even stoichiometric arsenopyrite will not decompose to FeS but rather
to a pyrrhotitc with an Fe/S ratio less than one. The formation of FeAs, (or some
FeAs compound) would appear necessary to maintain the stoichiometry; however in
many studies no 16llingite is found (Swash and Ellis, 1986; Swash, 1988; Graham et
al., 1988; Grimsey and Aylmore, 1990),

The amounts of the above product species as well as their compositions will
vary according to the composition of the initial arsenopyrite phase and period of
roast. The composition of pyrrhotite formed is temperature dependent as well as being
a function of sulfur activity (Toulmin and Barton, 1964). The vapour pressure of
arsenic over arsenopyrite never exceeds 1 atmosphere at temperatures below 1080°C.

Strathdee and Pidgeon (1969) measured the dissociation pressure of arsenic in
equilibrium with arsenopyrite, As S (1), and pyrrhotite at temperatures between 473
and 923 K by a quartz spoon gauge. They assumed the total pressure in the gauge to
be the sum of the partial pressures of As, and AsS,. Their assumption that
arsenopyrite, As,S (1) and pyrrhotite were the only condensed phases present, appears
to be in error. Barton (1969) has shown that these phases are in equilibrium only at
temperatures between 764 and 962 K and not between 473 and 923 K as suggested
by Strathdee and Pidgeon (1969). At lower temperatures pyrite, not pyrrhotite is in
equilibrium with the other phases. In addition, Barton (1969) has shown that the As-S
liquid in equilibrium with arsenopyrite and pyrrhotite is not AsS, but a liquid of
variable composition which is rich in arsenic. Shigematsu (1986) measured the
equilibrium vapour pressure of arsenic or arsenic compound gases formed from the
thermal dissociation of each synthesised compound by the Knudsen method.
Shigematsu's results indicated that the temperature of dissociation of arsenopyrite in
Ar atmosphere was 500°C. The relationship between log Pe and 1/T for arsenopyrite

is
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Log Pe(atmos) = - 6530(x30)/T + 6.50(0.05)
Arsenopyrite has been reported to dissociate slightly at temperatures as low as 220°C

(Hausen, 1991). Thus the thermal behaviour of arsenopyrite is not clearly defined.

2.7.3 Phase Diagram of Fe-As-S-Au systems

A scan of the literature shows that data on As-Fe-S-Au systems are not well
defined. However, examination of phase diagrams of Au-S, Au-As and As-S provide
some information and these are shown in Figure 2.6(a to ¢). In the Au-S system no
interaction of gold and sulfur occurs at temperatures below 1048°C (Okamoto and
Massalski, 1985). Although Au,S can be prepared from solutions (Cardile et al.,
1993), it is however, a melastable compound. None of the gold sulfides are stable

above 240°C.

Au-8§ As-S
1800 : 800
1500 liquid liquid + gas 700+ S-As
1200 . 600 Hquid
Temp (0%0 — Temp (°C) liquid +
| (Au) (Au) +gas as| 5007 (As)
600" 8 400+
ighed + Mgh orp
300 (An) + liguid 300
0 I Ty - 0 . TR
Au £ S S fow i+ bigh-op 50 As
at% § at% As
(a) (after Okamoto and Massalski, 1985) {b) (after Barton, 1969)
As- Au
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900 liguid
(A + liguid ] | nquig + au)
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300~ (As) + (Au)
0 T 1
As 50 Au
at% Au
(c) (after Gather and Blachnik, 1976)

Figure 2.6 Binary phase diagrams of As, S and Au systems. *Elements in brackets correspond to
solid phases.
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For the As-Au system (Figure 2.6¢), a eutectic is formed between As and Au
at 636°C with minimal solution of gold in arsenic and vice versa. Gold is mobile in the
presence of arsenic at temperatures of 636°C and above (Gather and Blachnik, 1976).
Gold arsenides are unstable above 120-130°C. Hansen and Anderko (1958) showed a
portion of the Au-As system with a eutectic at about 78 wt% gold at 665°C. Owen
and Roberts (1977) reported that 0.2 at% arsenic is soluble in gold at 610°C.

In the As-S system, arsenic dissolves in sulfur to form a liquid at temperatures
above the melting point of sulfur (115°C), but sulfur does not dissolve in arsenic at
any temperature, although the vapours are miscible (Barton, 1969). The As-S system
is characterised by an extensive liquid field, a two-liquid field on the arsenic-rich side
and two binary compounds orpiment (As,S) and realgar (As,S,). Barton (1969)
studied the sulfur activities of sulfur-arsenic liguids by measuring the temperature at
which sulfur-arsenic liquids of known composition were simultaneously in equilibrium
with pyrite and pyrrhotite (Toulmin and Barton, 1964). The solubility of arsenic in the
liquid increases with vapour pressure of As, thereby decreasing both the vapour
pressure of S, in equilibrium with the liquid and the sulfur content of the liquid.

Little iron is soluble in any As-S liquid (Clark, 1960; Barton, 1969) and an
AuFe, compoung exists. However, iron will have preference over gold to combine
with sulfur or arsenic. In the Au-Fe diagram, Hansen and Anderko (1958) showed
about 12 wt% iron soluble in gold at 600°C.

Under hydrothermal conditions, orpiment and realgar melt at 312°C and 307°
C respectively, and liquids of variable As/S ratio are stable at lower temperatures
(Barton, 1969). Solid + liquid arsenic sulfide melts coexisting with hydrothermal
solution are unlikely to occur under geological conditions as the arsenic sulfides are
soluble above 200°C. (Heinrich and Eadington, 1986). However, the formation of

melis and As-Fe-8§ liquid will have an impact on gold mobility under other conditions.
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2.7.4 Mobility of Gold in Pyrité and Arsenopyrite

Early studies on auriferous pyrite and arsenopyrite have shown exsolution of
gold on heating the host mineral. Maslenitsky (1944) prepared pyrite containing
300g/t gold by adding auric chloride or colloidat gold during the synthesis. Gold could
not be seen at a magnification of x1200. By heating the pyrite in vacuo at 600°C, the
pyrite altered to pyrrhotite and gold aggregates were exsolved.

Sakharova et al. (1972) found that when various gold bearing sulfides from
East Transbaikal, Russia were heated around 250 to 300°C, the finely dispersed
("invisible”) gold aggregated into larger visible gold particles. A disintegration of
some of the larger gold particles was also observed. They concluded that over a long
period of time gold can be redistributed at relatively low temperatures. Kalitkina
(1971) also found that gold migrated relatively rapidly by diffusion in the solid state
along fracture and grain boundaries in both pyrite and arsenopyrite. Similar results
were seen by Klempert er al. (1973). Narseev and Starova (in Petrovskaya, 1974,
cited by Boyle, 1979) noted that heating auriferous pyrite for 20 mins at 250°C
enlarged gold particles and decreased the cell parameter from 5.4275 to 5.4095A.
They suggested that point defects in the lattice of pyrite occur at the sites of the
dispersed gold. A decrease in micro hardness found in the auriferous pyrite was
considered to result from linear dislocations. For the auriferous arsenopyrite the
investigators noted a tendency to fine acicular to finely prismatic habit, increased cell
parameters @ and b and a decrease in micro-hardness. Morimoto and Clark (1961)
observed no such sluggish high-low polymorphic inversion in their structural analysis
of arsenopyrite.

McPheat et al. (1969) and Boyle (1979) have suggested that, in arsenical ores
formed at elevated temperatures, gold may be incorporated into the lattice of pyrite or
arsenopyrite. This would be largely in solid solution, or as atomic layers on the
growing crystal faces of the sulfide minerals. When these minerals have cooled, the
gold in the structure distorts the sulfide lattice and, consequently, there is a rise in the

strain energy of the system.



When these sulfides are subjected to a later thermal event, the submicroscopic
gold may then migrate to sites of lower potential such as fractures, grain boundaries,
and other micro- and macro- structural sites; the strain energy of the system is thus
reduced. This movement of gold may be enhanced by temperature gradients and may
also be reorganised into a new thermodynamically stable assemblage that is
characterised by the presence of pyrrhotite. The arsenopyrite may change from an n-
type to a p-type sulfide after it has been remobilised and reconstituted (Swash, 1988).

The formation of gold particles has been attributed to the removal of arsenic
from the arsenopyrite lattice. Swash and Ellis (1986) proposed that as the localised
shrinking cores of arsenopyrite diminish in size, so does the molten As-S interface
which is thought to form during the topochemical dissociation. As this molten
interface is reduced in size, the gold concentration is increased. During heating, the
free energy of the new system is minimised by the postulated As-S interface which is a
site of lower energy where gold is readily soluble in arsenic and sulfur liquid. The
liquid under a confining pressure within the grain and is released to the outer
atmosphere. When arsenic and sulfur are totally removed the gold remains behind in
the form of a 'blob’ situated adjacent to the pore in the calcine microstructure.

This process was first observed in arsenopyrite by Clark (1960) who found
that gold diffused rapidly through arsenopyrite at temperatures of 660°C and higher.
Clark was looking for the curve that would define the effect of pressure at which the
breakdown reaction

FeAs S, — Fe S + FeAs, + Liquid........coooeeeeeee... (2.6)
could proceed and when projected to very low pressure, would originate in the
arsenopyrite invariant point at 702°+3°C defined ecarlier in his experiments. In the
presence of excess gold arsenopyrife breaks down at about 670°C under pressure of
invariancy (~1 bar). That is, the curve is offset about 30°C towards lower
temperatures. In his experiment where arsenopyrite decomposed, the results indicated

that gold was transported by an arsenic rich sulfur-arsenic fluid. Graham et al. (1988)
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observed exsolution of gold from auriferous arsenopyrite heated in vacuo at
temperatures around 600°C.

The breakdown in pyrite may be different to that in arsenopyrite due to the
differences in atomic spacing and crystal chemistry. Swash and Ellis (1986) postulated
that during the breakdown of auriferous pyrite, gold grains or atoms in a metastable
state migrate by solid state diffusion to a site of lower energy, so that the exsolution
phenomenon is possibly largely the result of diffusion processes.

The exsolution of gold from pyrite and arsenopyrite structures has been
confirmed by Wagner ez al. (1986) from Au'” Mssbauer measurements. A peak shift
in the spectra was observed from a gold peak associated with gold bonding in the
sulfides to a gold peak position associated with metallic gold after heating.



Chapter 3

3.0 COMPOSITION AND STRUCTURE OF NATURAL ARSENOPYRITE

3.1 Introduction

Previolu‘s attempts to accurately determine the composition and structure of
arsenopyrite have been hindered by uncertainties in the stoichiometry and difficulties
associated with the occurrence of crystal twinning. The following chapter details
analyses that were catried out on natural arsenopyrite samples using the electron
microprobe, convergent beam electron diffraction analyses and the Rietveld (1969)
method of analysis applied to X-ray powder diffraction data, in an attempt to
overcome these difficulties and to provide accurate information as to the possible
mechanism for the retention of gold in solid solution in arsenopyrite. In the first
instance the morphology and composition of the arsenopyrites were characterised.
Trace gold analyses were then carried out to determine whether suitable arsenopyrite
crystals could be found which contained sufficient gold to be used in detailed analyses
for determining the types of structural environment suitable for gold uptake in the
lattice of arsenopyrite. In particular it was important to establish any potential
association of gold and arsenic substitution on iron deficient iron sites. In addition, the
most appropriate orientations for subsequent channelling experiments used in locating

gold in the arsenopyrite structure required identiﬁcation.

3.2 Materials and Methods

3.2.1 Habit and Morphology of Arsenopyrite Samples
The morphology and grainsize of the arsenopyrites used in these studies arc
shown in Table 3.1. Most of the arsenopyrite samples obtained were already separated

from their gangue and the actual location within the deposit is unknown. The
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arsenopyrites described in Table 3.1 do not necessarily represent all arsenopyrites

within a particular ore deposit.

Table 3.1 Arsenopyrite Samples Analysed

Sample Habit grainsize | Form of gold
Sheba Mine, S. Africa acicular crystals <50um inclusions and invisible
Salsigne, France massive, acicular ~10um invisible

Le Chatelet, France acicular 10-20um | invisible
Harbour Lights W.A massive 10-20pm { invisible
Paddington W A. massive, rhombohedral lcm inclusions
Coolgardie, W. A rhombohedral <lmm inclusions
Southern Cross W_A. acicular 10-20um | invisible

Goodall WA massive 2em -
Mexican, Mexico rhombohedral ~lcm -
Greenbushes, W.A. massive 10 thombohedral | 2mm -
Wuhan, China massive, thombohedral lem -
Pine Creek, W.A. massive, tabular ~lcm -
Portugal massive, tabular ~lcm -
Utah, U.S.A massive Zcm -

invisible - denotes gold which cannot be observed by optical or electron microscopy, which may
occur either in solid solution or as submicroscopic inclusions

Polished sections revealed characteristic silver-white colour and metallic lustre
under an optical microscope. Samples containing acicular crystals existed as
aggregates or were finely disseminated in the gangue matrix of quartz or
phyllosilicates. Others consisted of large, mainly singular crystals, massive,
thombohedral in habit and striated along several crystal faces. Examination under
cross polarised light revealed distinctive twin lamellae in some large crystals that were
much more extensive in the Coolgardie sample. Rotating the polariser revealed non-
uniformity in the interference colours indicating strain in some crystals. Generally the
large crystals were uniform. Faint shades of striated colour were observed in the
Portugese and Chinese crystals corresponding possibly to twin lamellae similar to

those observed by Morimoto and Clark (1961).




3.2.2 Sample Preparation

Natural arsenopyrite samples were concentrated by initial light crushing and
where necessary, dissolution of surrounding material in hydrofluoric acid for two days
following the method of Neverburg (1975). In some cases residual quartz was still
present.

Grains of liberated arsenopyrite were checked under a Scanning Electron
Microscope (SEM) for evidence of dissolution. Residual quartz was removed by
flotation in bromoform. Finally, pyrrhotite was removed using a hand magnet. Fine
grained samples were sized into two fractions; less than 63um and greater than 63um.
Small proportions of each fraction were made into polished sections. Subsamples
were crushed for X-ray diffraction analyses (XRD) and thermal analyses, as described
in Chapter 7.

Polished sections were prepared by placing the arsenopyrite in 30 mm
diameter plastic moulds and adding epoxy resin. Air was removed by evaculating and
the epoxy left to set. For synthetic arsenopyrite (discussed in Chapter 4) epoxy resin
mounts were first made and a small hole (Smm diameter 3mm thick) was drilled into
the mount. The sample was then added to the mount. Additional epoxy resin was then
added to the hole, evacuated and then left to set. Once set, the epoxy resin grain
mounts were removed from the plastic moulds and ground to provide sections of

arsenopyrite grains. Electron microprobe samples were carbon coated.

3.2.3 Optical and Scanning Electron Microscopy
Polished sections were analysed initially under an optical microscope and
features of interest marked. Samples were observed under either the ISI or Jeol
GeoSEM partial vacuum scanning electron microscopes (Robinson and Nickel, 1979).
The scanning electron microscopes arc equipped with energy dispersive
spectrometers, TV displays and Robinson backscattered electron detectors. The
backscattered electron image obtained gives compositional information in the images

so that phases are clearly differentiated. Initially, each polished section was rapidly
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scanned to evaluate the different forms of minerals present. Typical grains of interest
were photographed and analysed qualitatively using the energy dispersive analysis
equipment. Backscatter images revealed gold inclusions present in the Sheba,
Coolgardie and Paddington arsenopyrites. High contrast backscatter images did not
reveal strong chemical zoning. Weak zoning was observed in some Le Chatelet and
Sheba arsenopyrite grains. Generally, the grains appeared uniform and this was
confirmed by chemical compositions obtained by electron microprobe analyses

described in the next section.

3.2.4 Electron Microprobe Analyses

3.2.4.1 Major Elemental Analysis Technique

The compositions of all natural and subsequently, synthetic arsenopyrite
samples, were determined by electron microprobe analyses using a Cameca SX-50
electron microprobe with three spectrometers. Several analysing conditions were used
as well as several different standards. Samples of natural pyrite and indium arsenide
were initially used as standards for Fe and S, and for As respectively. Sb, Cu, Bi, Pb,
Ni, Co and Ag were also analysed in natural samples using pure or sulfide standards.
A sample of arsenopyrite characterised by Kretschmar and Scott (1976) and known as
ASP200 was later obtained and used as a standard for Fe, As and S analyses. Data
were collected and corrected for ZAF (atomic number, absorption and fluorescence)
matrix corrections using WANUSX software. Data were generally collected using an
accelerating voltage of 20 kV and a beam current of 20nA analysing As Lo, Fe Ko
and S Ka. Some data were collected using As Ko X-rays at voltages of 25 kV and 30
kV. The use of higher voltages meant moderate amounts of counts for Au Lo X-rays
could also be collected along with the other elements. For all analyses a2 counting time
of 20 or 40 seconds was used.

Data were collected by traversing across every grain within each carbon-

coated polished section. Using the electron beam, lines were drawn in the epoxy resin
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from grain to grain so that any grain of interest could be found after analysis. Several
traverses were made on different parts of the polished sections. In addition, some
grains were analysed at several positions in order to check homogeneity. The
standards were analysed at intervals during collection of data from unknowns in order

to check for instrumental drift.

3.2.4.2 Calibration of Microprobe Conditions

For quantitative electron microprobe analyses, characteristic X-ray intensities
from the specimen are compared with those from standards of known composition.
Matrix corrections are applied to allow for differences in absorption and
backscattering between the specimen and the standard. These corrections can be
calculated with reasonable accuracy. Errors exceeding 1% may occur when the
specimen and standard are of vastly different composition. If the standard used is
similar in composition to the analysed specimens, the matrix corrections are not
required. For these standards, errors due to chemical effects are negligible and errors
due to dead time and other count rate dependent effects are eliminated.

To determine whether there is an iron deficiency, a number of factors need to
be considered. These include (i) X-ray wavelength, (ii) the amount of instrumental
drift, (iii) the current and voltage of electron beam (iv) the type of standard to be

used, and (v) reproducibility of data,

X-ray Wavelength

The critical excitation energy of the As Kot line (10.53 KeV) is much higher
than As Lo line (1.28 KeV). The excitation efficiency is dependent on the overvoltage
ratio (U), defined as Eo/E; where Ey, is the incident electron energy and E is the
critical excitation energy of the relevant shell. A high U is desirable as it gives a
greater count rate for the As Ko line. However, electron penetration increases rapidly
with Eq, and the electrons spread out further from the point of input reducing spatial

resolution. Because of the small size of many of the natural (and subsequently the
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synthetic) arsenopyrite crystals together with the need to determine chemical
zonation, a small probe size was desirable and spatial resolution was e¢ssential. In
addition, absorption corrections increase as the accelerating voltage increases due to
an increase in the electron penetration to greater depth. A higher accelerating voltage
which is suitable for As Ko excitation will have a detrimental effect on the S Ko line
(2.3 KeV). Furthermore, measurement of the S Ka line at high accelerating voltage
appeared to cause some wandering of the peak position. For the measurement of the
As Lo line, the thallium hydrogen phthalate (TAP) crystal on one spectrometer was
used, whereas for the As Ka ling, the lithium fluoride crystal (LiF) detector was used.
While there is a higher background on TAP crystals compared with LiF crystals, the
peak to background ratio is better for TAP crystals. Therefore the As Lo line was

mostly used.

Variations in Current and Voltage

The composition of several arsenopyrites with varying stoichiometries were
obtained under various electron beam conditions (see Appendix A). In all cases, pyrite
and indium arsenide were used as standards. Each beam condition was tried on
different days and on different locations on the samples. The results for accelerating
voltages 20 kV and 25 kV were similar for each type of arsenopyrite. However at 30
kV, the iron values were always higher (0.01 at%) relative to the pyrite standards. In
the case of the lower accelerating voltage, the arsenopyrites' iron values were

generally lower (0.002 at%) than the pyrite standard.

Arsenopyrite Standard

Detailed analyses were carried out on the ASP 200 arsenopyrite standard to
check the chemical homogeneity and establish its suitability as a probe standard,
rather than pyrite and indium arsenide. Scanning and transmission electron
microscopy and qualitative energy dispersive analyses revealed inclusions of
pyrrhotite and quartz. Stray radiation may produce a contribution from these minerals

and result in incorrect values. Also, electron microprobe analyses showed that



although the average composition of the sample gave similar results to the published
data (Kretchsmar and Scott, 1976), there were regions in which the sample was not
homogeneous. Consequently, in obtaining the composition of other arsenopyrites, the
ASP 200 sample was re-analysed and used as a guide as to the validity of these
results. Any significant deviations in composition of the ASP200 sample from its

published values during analyses resulted in the data being deemed incorrect.

Reproducibility of Data

Figure 3.1 shows the variation in chemical composition of the arsenopyrite
(ASP200) standard for analyses obtained in conjunction with those analyses obtained
for all the arsenopyrites. The average and standard deviations, as well as the published
data are shown and are in good agreement with each other. Figure 3.1 also shows the
distribution of points about the average. Disregarding the inhomogeneities mentioned
above, it would appear that, under the analytical conditions chosen, the precision for

iron would be +0.002, and for arsenic and sulfur would be +).005 atomic fraction.

3.2.4.3 Trace Gold Analysis Technique

Trace gold analyses were carried out following the method of Graham et al.
(1989). For maximum trace sensitivity, maximum counts are obtained by using a high
current and voltage. The analytical conditions used for the natural arsenopyrite were
an accelerating voltage of 40 kV and a beam current of 500nA. Calibration was
carried out by analysing a standard containing 20% gold in a gold-silver standard
using the two LiF crystal spectrometers fitied on the Cameca SX-50, set at the
position for the Au Lo line. On the standard, the beam current was reduced to 30nA
to prevent overloading the detectors with X-ray counts, and counted for 10 seconds.
Background counts included the negative peak in the background caused by
diffraction of general radiation planes in the LiF crystal (Self ez al., 1988; Graham et

al., 1989). Arsenopyrite and pyrite samples were then analysed at the same points
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Figure 3.1 A plot of all arsenic and sulfur values versus iron content for arsenopyrite

standard (ASP200). The symbols represent different analyses, the upper group being
sulfur and the lower arsenic. The table shows average and standard deviation values

of all data points.
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across polished sections as described for the major elemental analyses (Section

3.2.4.1). A counting time of 10 minutes gave the method a detection limit of 10 ppm.

3.2.5 Wet Chemical Analyses

Wet chemical analyses from several arsenopyrites were obtained and
compared with those obtained by electron microprobe analyses. For the wet chemical
analyses (.1 g of arsenopyrite was placed into a zirconia crucible. 0.5 g of sodium
peroxide and 0.3 g of sodium carbonate were added to the arsenopyrite. The crucible
was then heated in a muffle furnace at 500°C. After 30 minutes the crucible was
removed from the furnace and left to cool. 20ml of hydrochloric acid was added to
the fused product. The melt was then dissolved in water making sure that all
instruments used were thoroughly washed. The solution was transferred to a IL
volumetric flask. Arsenic and sulfur were determined by the inductively coupled
plasma technique using emission lines at 193.760 nm and 180.731 nm respectively.

The iron content was determined by Atomic Absorption Spectroscopy.

3.2.6 X- ray Diffraction Powder Studies

Most detailed investigations of the structures of crystalline materials have been
carried out by single crystal diffraction studies using the well known Weissenberg and
the Buerger precession methods (Klug and Alexander, 1974). However, difficulties
associated with X-ray studies on single crystals of arsenopyrite, due to twinning, are
well documented (Buerger, 1936; Morimoto and Clark, 1961).

Until recently, conventional wisdom held that powder XRD data were
unsuitable for crystal structure studies primarily because of problems of peak overlap
and the difficulty of measuring accurate Bragg intensities (Post and Bish, 1989). With
the introduction of computer-automated diffractometers to collect routinely digitised
data using a step-scan procedure and in particular, the application of the Rietveld
(Rietveld, 1967,1969) refinement method to powder XRD data, the refinement of a

number of crystal structures previously unavailable has become possible.



3.2.6.1 Sample Preparation for X-ray Diffraction Powder Studies

One of the critical stages of any structural study based on powder XRD data is
the sample preparation. In particular, most minerals exhibit some cleavage and
therefore are prone to yield powder samples having nonrandomly oriented crystallites.
Consequently, relative peak intensities will be modified to an unknown degree
resuling in an incorrectly refined structure. Klug and Alexander (1974) found that
accurate and reproducible peak intensities were obtained for quartz only when
samples were ground to particles less than 15pum.

The natural arsenopyrite samples were finely ground for 10 mins in a Tema
mill with acetone to prevent heat damage to the crystals and mounted in aluminium
holders. Several patterns of each of these samples were recorded and compared to
determine whether preferred orientation of arsenopyrite occurred.

Natural arsenopyrite samples were examined using two different
diffractometers, a Siemens D500 X-ray diffractometer and a Philips X-ray
diffractometer. Both used Cu Ko radiation and a graphite monochromator. Patterns
were recorded from 10 to 1300 26 using a stepsize of 0.040 20 and a scan speed of
0.25920/min. The patterns were recorded over this range in order to make the
determination of site occupancy and isotropic temperature factors more accurate for
Rietveld analysis. X-ray powder data was stored on a PC computer using Sietronics™
software. X-ray patterns were examined and peak positions measured using a

software package called XPAS (Singh and Gilkes, 1992).

3.2.6.2 Rietveld Method
There are two methods for extracting structural information from powder
diffraction data. One is the procedure where the integrated intensities of individual
Bragg reflections are measured and converted to structure factors and the structure
solved or refined similarly to single crystal data (Will et al., 1983). This method works
well for high symmetry structures that have minimal peak overlap in their diffraction

patterns. However complex structures with low symmetry gives patterns with many
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aframeg 5 Tere -
Bragg reflections and severe peak overlap, and it is not{possible to resolve individuat—

BraggrefiecHons.

One of the important strengths of the Rietveld method (Rietveld, 1967,1969)
is the capability of refining precise and accurate unit cell parameters even for materials
having compiex diffraction patterns with severe peak overlap, since it does not require
decomposition of patterns into component Bragg reflections. It also can model
multiphase systems. Powder pattern X-ray intensities are unaffected by twinning,
During a Rietveld refinement, structural parameters (atom positions, temperature and
occupancy factors), scale factor, unit cell parameters and background coefficients,
along with profile parameters describing peak widths and shape, are varied in a least-
squares procedure until the calculated powder pattern, based on the structural model,
best matches the observed pattern. This method was first applied to powder neutron
diffraction data where peak shapes, arising from constant-wavelength powder neutron
diffraction experiments, are close to Gaussian and can be easily modelled. It was later
adapted for use with X-ray data (Malmros and Thomas, 1977;Young et al., 1977).
Rietveld refinements on powder XRD data have only recently been more widely used
with the advent of improved functions to describe powder XRD peak shapes which
are more complex and difficult to model than neutron data. The easy accessibility of
XRD opposed to neutron diffraction has also increased the use of XRD over neutron
experiments. The method has been described by Hill and Howard (1986) and is
presented in detail in Appendix B. In the present work the structure of arsenopyrite
was refined from X-ray diffraction data on powder samples using the Rietveld method

(Rietveld, 1967,1969).

Rietveld Procedure Used in this Study

Calculations were performed using Rietveld software (LHPMI10 version)
devised by Hill and Howard (1986) which has been adapted for use on an IBM
compatible PC.



The structural parameters obtained by Fuess et al. (1987) were used as a
starting point and a Pseudo-Voigt peak shape function (see Appendix B) was used in
the refinement. Peak base was taken to be 5x full width at half maximum (FWHM).
Five background parameters were refined; the background was assumed to have the

form

[(26) =B, +B,20,+ B.26” + B,26” + B,26

where B, is the ith background parameter.

Several refinement cycles were carried out on the scale factor, unit cell
dimensions and 2 theta zero shift parameters on all XRD powder patterns of
arsenopyrite. This was followed using a sequence of background, atomic coordinates,
preferred orientation, peak half width, profile shape and finally isotropic thermal
parameters for separale elements atomic coordinates. The fit improved dramatically
on the introduction of occupancy of sites interchanging between As and S sites with
the Fe site remaining fixed. As a result the Bragg-R factor was reduced by a factor of
two. Site occupancy parameters were refined followed by the preferred orientation
parameter. The weak cleavage direction on arsenopyrite (101) was used as the
preferred orientation direction of which the contribution was very small. At the end of
each refinement, the observed and calculated patterns were examined to check for any
deviations in order to detect problems such as an improper fit of background or peak
shape irregularities. The goodness of fit, weighted and unweighted profile fit
parameters were monitored as well as the Durbin-Watson parameter (se¢ Appendix B
for definition) within the program (Hill and Madsen, 1987) to check for convergence

of fit,

3.2.6.3 Bond Lengths and Angles Calculations
Using atomic coordinates from the refined Rietveld data , the bond lengths and

angles between an iron atom and its surrounding three arsenic and three sulfur sites
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were calculated using a program written in Pascal (see Appendix C) and using the

formula set out in Boisen and Gibbs (1985).

3.2.6.4 Measurement of 131 d-spacing
To determine the arsenopyrite composition the position of the (131) X-ray
peak of arsenopyrite was measured and then corrected against the internal standard
(311) peak of calcium fluoride using the equation (Morimoto and Clark, 1961;
Kretschmar and Scott, 1976):

As = 866.67d,,, - 1381.12 with an estimated one standard deviation of £0.45 wi% in
As

The d-spacings were compared with those obtained in the Rietveld analyses.

3.2.6.5 Structures Modelled using ATOMS™ Software
To help interpret structural data in relation to twin planes, anti phase domains
and the best directions in the arsenopyrite structure for ALCHEMI experiments, a
program called "ATOMS" devised by Dowty (1989) was used to plot projections for
a number of zone axes. Models of thé arsenopyrite structure were also constructed to

help interpretation.
3.2.7 Transmission Electron Microscopy

3.2.7.1 Convergent Beam Electron Diffraction and Selected Area Diffraction
The use of electron diffraction techniques provides accurate information on
crystal system, unit cell dimensions and Bravais lattice. In particular, convergent beam
electron diffraction can uniquely identify the space group of a crystal structure. The
use of electron diffraction techniques provides crystallographic information at a high
spatial resolution (potentially 50-100A) which means problems associated with
twinning or antiphase domains are reduced and where present, can be interpreted

better than by X-ray techniques.
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Convergent beam electron diffraction (CBED) has only become widely used in
recent years. Reviews on the topic have been presented by Cowley (1978) and
Williams (1984). Tanaka and his co-workers (Tanaka and Terauchi, 1985; Tanaka et
al., 1988) have published two volumes on applications of various types of CBED.

Convergent beam as a function of the inclination between the incident
electrons and a particular crystal direction and selected area electron diffraction
patterns are two dimensional maps of diffraction intensity. They are normally
composed of discs for convergent beam and points for selected area electron
diffraction patterns with each disc or point corresponding to a different Bragg
reflection. The difference between selected area electron diffraction (SAED) and
CBED is illustrated in Figure 3.2.

To obtain the normal SAED pattern an almost parallel electron beam is
directed along a zone axis of the crystal, and the diffraction pattern produced in the
back focal plane of the objective lens is an array of spots. For CBED, the incident
electron.beam is focussed on the specimen to a probe of finite diameter by the prefield
of the condenser objective lens. If the illumination convergence angle 200 is
appropriately chosen, the diffraction pattern consists of an array of non-overlapping
discs. The angle of convergence is directly proportional to the diameter of the second
condenser aperture. For thick specimens dynamic contrast is observed in cach disc.
The intensity variation within the discs carries important information about the
specimen orientation and thickness as well as other properties of the specimen, one of
which is crystal symmetry. Crystal symmeu'y information can be obtained by
observing the internal structure of the 000 and hk! discs (Goodman, 1975; Steeds,
1979).
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Figure 3.2 Ray diagram illustrating the difference between Selected Area and
Convergent Beam Diffraction.

Electron diffraction is normally considered in terms of the Ewald sphere
construction (sphere of reflection, relating reat and reciprocal space) in the reciprocal
lattice. Because of the small wavelength of high energy electrons the radius of the
Ewald sphere is much greater than the spacing of the reciprocal lattice points. When
an electron beam is incident along a zone axis, a reciprocal lattice plane perpendicular
Lo the axis is a tangent to the nearly planar surface of the Ewald sphere and many
reflections are excited. Figure 3.3 shows a schematic zone-axis electron diffraction
pattern. This plane of excited reflection is known as the zero-layer plane or zero order
Laue zone (ZOLZ). As the separation between the Ewald sphere and the reciprocal
lattice points in the zero layer plane increases with distance from the origin (at the
point of contact), the zero-layer reflections in this plane are no longer excited and
eventually diminish in intensity and there is consequently an annular region without
reflections. At greater scattering angles the Ewald sphere crosses the next plane of
reciprocal lattice, exciting a ring of reflections in what is known as the first order Laue

zone (FOLZ). Successive planes are intersected in a series of concentric circles of
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increasing diameter known in turn as the second order Laue zone, third order Laue
zone and so on. The FOLZ and higher reflections are collectively known as high order

Laue zones (HOLZ).

ZOLZ

Ewald sphere

Figure 3.3 Schematic zone axis electron diffraction pattern showing the zero order
and first order Laue zones in plane view.

3.2.7.2 Determination of Symmetry and Space Group

The symmetry of CBED patterns has been discussed by several authors
(Goodman, 1975; Buxton et al., 1976, Steeds and Vincent, 1983). Buxton et al.
(1976) found relationships between the 32 crystal point groups and the 31 possible
symmetries (diffraction groups) of CBED patterns from ideal plane foils with normal
electron incidence. The diffraction groups are described by the symbols of ten two
dimensional point groups together with an inversion operation through the Bragg
position of the dark field discs. Steeds and Vincent (1983) devised a sequence of steps
using information available on convergent beam electron diffraction patterns from
high symmetry zone axes for crystal point and space group determination. Their
principle is to tilt the crystal until a mirror line is seen in the diffraction pattern. The
crystal is then tilted so that the line remains visible, i.e. about an axis normal to the
mirror line, until another mirror line or lines are observed. The intersection of these
mirror lines is then a principal zone axis and will display symmetry in the zero Laue

zone reflections and in some cases in the higher Laue order zones. In some cases it is
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possible to determine the space group from patterns recorded at one zone axis if clear
HOLZ reflections are present. Examples of point group determination have been
given by Champness (1987) and Steeds and Morniroli (1992).

When a crystal structure contains screw axes or glide planes so called
forbidden reflections’ occur, according to kinematic diffraction theory, whenever the
structure factor vanishes. When a reflection, forbidden by kinematical diffraction
theory appears on a principal line of a zone axis pattern that has 2mm symmetry it
generally reveals a central line of absent intensity in a well oriented pattern. The
existence of such a line of absence indicates that the electron beam is incident on the
crystal either parallel to a glide plane or perpendicular to a screw axis (Gjonnes and
Moodie, 1965). The two forms can easily be distinguished by obtaining patterns with
3 dimensional diffraction information in them, i.e. deficiency HOLZ lines in the bright
field disc. The symmetry of the zero order pattern is then reduced to m and if the
mirror lies as my in Figure 3.4 then the zone axis is perpendicular to a screw axis in
the crystal, while a mirror my indicates that the zone axis is parallel to a glide plane.

The width of the GM lines increase with decreased crystal thickness.

nades

Figure 3.4 Schematic diagram of CBED for axial illumination parallel to a glide plane
or perpendicular to a screw axis showing orientation of mirrors my and my with
respect to the line of dynamic absences (after Steeds, 1979).

3.2.7.3 High Order Laue Zones
The dark lines within the bright field disk are called deficiency (or defect)
HOLZ lines. Bright lines observed in HOLZ reflections under certain conditions are

known as excess lines. The intensity initially present in the direct beam at the entrance
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surface of the specimen is Bragg reflected away 1o each of the reflections excited in
the FOLZ for orientations corresponding to the portion of the dark line. The length,
orientation and positions in the bright field CBED disc of each deficiency line is
exactly matched by comresponding excess lines in each FOLZ reflection. These excess
lines consist of a number of plane wave excess lines of Bloch wave branches of the
dispersion surface branch structure, corresponding to solutions of Schrodinger's
equation for fast electrons travelling through a periodical potential. The intensity
variations of the branch structure in the HOLZ ring are very sensitive to atomic
location and in some cases can be used for accurate structure determinations (Vincent
et al., 1984),

Although CBED studies have been used in a wide variety of applications, very
few sulfides have been analysed. Some detailed structural analyses have been carried
out on pyrite (Steeds and Vincent, 1983). Marcasite and nickel arsenide type
structures have also been analysed. Studies on niccolite minerals have shown that the
classical NiAs structures are modulated (Vincent and Pretty, 1986; Vincent and
Withers, 1987). The true symmetry of these minerals as a result of these modulations
is in fact orthorhombic and not hexagonal. The primary purpose for using CBED in
the present studies was to determine the space group and crystal structure of
arsenopyrite. It was also used in the interpretation of ALCHEMI experiments (see

Chapter 6).

3.2.7.4 Sample Preparation
For transmission electron microscopic studies, samples of arsenopyrite were
crushed under liquid nitrogen and then dispersed on a holey carbon coated copper
grid. To analyse grains in the polished sections, the grains were scraped out using a
fine needle in a droplet of water and then pipetted onto a holey carbon coated copper
grid. The instrument used for these studies was a Philips EM 430 analytical
transmission electron microscope fitted with an EDAX PV9900 energy dispersive X-

ray system. The instrument was operated at 300kV. To obtain diffraction data a tilt
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and rotating liquid nitrogen cold stage holder (Gatan™) was used, as arsenopyrite
samples readily decomposed under the beam.

The method vsed in these studies for determining space group symmetry using
CBED patterns, was that outlined by Steeds and Vincent (1983). CBED patterns
were obtained for major zone axes for several arsenopyrite samples with differing
compositions. The 30um second condenser aperture was required to produce a
convergence angle small enough to prevent overlap of discs for all zone axes.
Selected area electron diffraction patterns were also taken and the d-spacings were
accurately measured after corrections from calibrated patterns of silicon. In auriferous
arsenopyrite samples electron diffraction patterns were also checked for spacings

corresponding to metallic gold.

3.3 Results and Discussion

3.3.1 Chemical Composition of Natural Arsenopyrites

Table 3.2 shows the chemical compositions (bascd on approximately a
hundred data points for each sample) of all natural arsenopyrites analysed by electron
microprobe. Generally the samples analysed contained few impurities in the crystals of
arsenopyrite and where present, these were sparsely distributed. These included
impurities of Ni, Bi, Co, and Cu in some grains . In samples from Sheba, Le Chatelet
and Southern Cross, impurities, in particular antimony, were more abundant. Fine
inclusions of bismuth, lead, and tin sulfide minerals were also present in many of the
arsenopyrite samples, in particular, the China and Goodall samples. The concentration
of these minerals was less than 0.2 wt%.

Large variations in chemical composition occurred in arsenopyrites from
different generations within the same ore body. This is illustrated by comparing two
different arsenopyrites obtained from the Southern Cross mine. One obtained from a
mica schist was arsenic rich whereas those obtained from the quartz lenses were sulfur

rich.



Table 3.2 Chemical Composition of Arsenopyrites, Microprobe analyses
Natural Arsenopyrite Samples (Atomic ratios, sd)
Fe As S Other abundant impurities

Le Chatelet  10.332+0.003 10.288+0.02  [0.379+0.02  |Sb 0.0006+0.0004

Salsigne 0.33320.005 [0.304+0.03 [0.35540.03  |An 0.00002,Sb,
Cu 0.0006+0.0004

Sheba 0.33140.002 |0.31840.008 ]0.352+0.008 {Au 0.00072,Sb

Harbour 0.33040.002 |0.321H0.005 |0.348H2.005 |nd

Lights

Southern 0.334+0.002 |0.32240.01 |0.34440.01 |Sb 0.000310.0002

Cross

Paddington _ 10.33240.002 0.32240.007 ]0.346:.006

Coolgardie  |0.3291£0.002 [0.32310.006 |0.34740.006 [(Cu

ﬁu 0.331+0.001 [0.32640.003 10.3434+0.004

Mexican 0.332+0.004 |0.33340.003 ]0.335+3.003

[Greenbushes [0.331+0.002 [0.339+0.007 {0.33140.007

China 0.331+).004 ]0.3514).007 |0.319+0.006

Southern 0.33310.004 |0.35580.02 :0.311+0.02 (Ni 0.001+0.002

[Cross Co 0.0002H0.0003

Utah 0.33140.002 [0.36010.007 |0.309+0.007

Pine Creek  |0.33130.002 [0.361+0.008 |0.308+0.008

Portugal 0.33230.002 {0.36340.006 |0.305+0.006

nd- not determined,
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The arsenopyrites analysed are presented in increasing order of arsenic

content. Although the As:S ratio changed, generally, the iron content did not vary

more than +0.002 from 0.331. Ideally, the iron value should be 0.3333 representing

no substitution of any other elements, particularly arsenic. However based on the fact

that the standard arsenopyrite (ASP200) used to check the validity of the data had an

iron value of 0.331, this value is acceptable (Kretchsmar and Scott, 1976). This value

does not deviate too far from the ideal 0.3333 within errors (£0.002) and suggests

that no other element is substituted on the iron site. To illustrate the lack of variation

in iron value with As:S ratio, Figures 3.5a and b show probe analyses of various

arsenopyrite iron, arsenic and sulfur values respectively. The distribution of data



Comparison of Various Natural Arsenopyrite
L Plne Creek
0339 1 Mesican Abp 200 5ed Coolgardic
0337 T
= 033 +
ﬁ -
g - -- - -
£ 0333 T - R ne  wal T
: .- - o -“"- L -_..I - -'.f' -, .I‘.—.---
% 03m | L - LT L I
3 < A P P -
= " - -
0329 + -, . -
0327 + *
0325 + + + ¥ + + t t 1
62700 62720 62740 62760 52780 62800 62820 62840 52860 62880
Analysis No
Comparison of Varlous Nature Arsenopyrite
0395 - Asp[200 Stdl L™
Pine Creek p * S
0378 T a a Coolgardie
Mexican s S a s s
s -+ ad 4 »
% 0358 1 *. 4 Aata . %, o o
2 “’.’Q MR { + o~
H - . Fe Ty LSV o
foam ] <‘ &
‘A“\‘Hﬂf" .t s, Sud Nt A
Y & a gt ™
0315 T _R‘u ‘. .: - * M‘. a at
“ e . * + o *
* . * N [
0.295 t + =4 —% + + + 1
62700 62720 62740 62760 62780 62800 62820 62840 62860 62880
Analysls No
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points indicates that the iron values do not vary from one arsenopyrite to the next
despite the variation in stoichiometry. A plot of all the data as arsenic to sulfur ratio
versus iron showed no relationship with iron. The arsenic and sulfur values did not
vary by more than +0.008 atomic ratio within one sample except for the Le Chatelet,
Southern Cross, Pine Creek and Salsigne arsenopyrite samples. These samples tended
to be more abundant in other impurity elements. The impurity elements (e.g.. Ni, Bi,
Co, Cu) may substitute for iron on the iron site (Klemm, 1965) or be part of
inclusions from other minerals. The presence of impurities such as Ni, Co and Cu in
some of the arsenopyrites showed a positive correlation with arsenic content.
According to Klemm (1965) and Kretschmar and Scott (1976), the amount of
impurities in the arsenopyrite increases as the As:S ratio increases with increasing
temperature of formation. Figure 3.6 shows a plot of copper content versus arsenic to
sulfur ratio for Salsigne arsenopyrite.

Wet chemical analyses for several arsenopyrites are shown in Table 3.3 and
are in general agreement with electron microprobe analyses. However, the iron value

for the China and sulfur value for the Mexican are slightly high.

3.3.2 Trace Gold Analysis

All selected samples were analysed for trace gold by electron microprobe
analyses. Very little gold was found in the natural samples, with the exception of the
Sheba sample. Some of the Southern Cross samples contained 24 10 123 ppm of gold,
whereas gold contents in the Salsigne and Le Chatelet samples were less than 50 ppm.
The distribution of gold in the Sheba sample is shown in Figure 3.7. It contained up to
0.79 wt% gold with the majority of the sample containing significantly less. Gold
inclusions were also observed in the Sheba samples (<5pum) and this may account for
some of the gold content. This increased slightly with increasing As:S ratio (Figure
3.8), indicating an association of gold with arsenic richer areas. Also present in the
sample were trace amounts of antimony, which showed no general correlation with

any of the other elements.
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Table 3.3 Wet Chemical Analyses of Several Arsenopyrite Studied
Fe As S

Greenbushes Wt% 34.5+1.0 464+1.2 19.8+1.2
at 0.333 0.333 0.333
Mexican Wt% 32.7+0.4 42.0+0.4 19.4+0.2
at (.334 0.320 0.345
China Wt% 34.4+0.5 46.6+0.4 18.2+0.4
at 0.342 0.344 0.315
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To assess the possibility of gold and antimony occurring in solid solution, rules
devised by Johan er al. (1989) were used for allocating elemental concentrations to
the Fe, As and S sites. Excess arsenic was calculated and the gold and antimony
content correlated with possible iron deficient iron sites. Figure 3.9a shows the
correlation of calculated arsenic excess against the iron content for the Sheba
arsenopyrite. Within experimental error (for Fe +0.002, impurities £0.0002 ) the
majority of points did not differ from 0.3333 for iron and so the scatter of points on
either side of this value represent the error in the analyses. The trend observed in
Figure 3.9a reflects the assumption that all sites are fully occupied and that no sites
are vacant, rather than indicating the presence of excess arsenic on the iron deficient
site. The correlation between the antimony and gold content and excess arsenic
observed by Johan et al. (1989) in their analyses of Le Chatelet arsenopyrites was not
observed (Figure 3.9b) for Sheba arsenopyrite. According to Johan et al. (1989)
antimony can also be accommodated on the iron site. Mdssbauer measurements on
Sheba arsenopyrite containing 1 wt% of antimony suggest that antimony is on the
arsenic site (Friedl et al., 1992). Antimony was assigned to the arsenic sites and the
excess arsenic obtained from the calculations was correlated with the iron content.
The correlation coefficient calculated for this fit was 0.95 whereas arsenic excess
calculated without antimony substituted on the arsenic site, resulted in a correlation
coefTicient of 0.94.

The correlation coefficients obtained for both possibilities were not markedly
different from each other and the results are therefore inconclusive. This is most
probably due to a lack of range of data points at the low iron values. Figure 3.10
shows the correlation of excess arsenic obtained with and without antimony
substitution on the arsenic site against iron content for the Le Chatelet sample. The
iron values cover a larger range than those for the Sheba sample. However the
substitution of antimony on the arsenic site also appeared to have little effect on the
correlation. Some data points for both the Sheba and Le Chatelet arsenopyrites

indicated a possible deficiency in iron. However the assumption made that all sites are
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occupied as well as the small range of iron values obtained for most data points make
any correlation observed inconclusive. In the method described by Johan e al. (1989)
the possibilities of vacant sites within the structure are not considered.

One of the reasons why little gold was observed in some of these samples may
be the fact that high gold contents are normally associated with high As:S ratios. The
Sheba and Le Chatelet arsenopyrites analysed had low As:S ratios.

For structural analyses in the next section, arsenopyrite samples were selected
which were easily separated and for which chemical compositions did not vary and

contained less than trace amounts of transitional metal impurities.

3.3.3 Structure of Natural Arsenopyrites

The powder X-ray diffraction patterns of arsenopyrites analysed from 2-theta
angles of 20° to 65° are shown in Figures 3.11a to 3.11i in order of increasing As:S
ratio based on chemical analyses from electron microprobe studies, with the exception
of the Mexican arsenopyrite for reasons discussed later.

As the Rietveld method is primarily a refinement technique, for unknown
structures it must be preceded either by a structural determination involving indexing
and measuring intensities of individual Bragg reflections, or a confirmation of the

structural model by other methods such as electron diffraction from TEM studies.

3.3.3.1 Indexation of Stoichiometric Arsenopyrite

The composition of one sample of Greenbushes arsenopyrite shown in Table
3.4 approached stoichiometric arsenopyrite with the ideal composition of FeAsS.
Hence the structure of this sample was examined first.

X-ray diffraction patterns from the powder sample were compared with data
observed in the literature. There are several space groups recorded in the literature
and all can be related by some form of transformation (Fuess et al., 1987). Fuess et al.
(1987) adopted a non-conventional monoclinic setting (C112/d) to describe the

arsenopyrite structure in relation to the orthorhombic marcasite structure but
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considered the arsenopyrite symmetry to be monoclinic based on Morimoto and
Clark's (1961) statement that cobalt stabilises the monoclinic symmetry. Their
arsenopyrite contained 10% cobalt, whereas the Greenbushes sample analysed here
contained no detectable impurities within the structure. For this sample, the
conventional monoclinic symmetry (P2/c) was found adequate to describe the
structure. Application of the automatic indexing program called UNITCELL to 54
reflections with 2 theta angles ranging from 15° to 70° produced a good fit for a
monoclinic cell with a = 5.741, b = 5.679, ¢ = 5.758A and B = 111.75° Seven lines
were unindexed and these were found to correspond to an impurity of pyrrhotite. This
rationalises the difference between microprobe and wet chemical analyses in Tables
3.3 and 3.4. The powder diffraction pattern is shown in Figure 3.11e together with the
indexed reflections. The X-ray pattern is similar to that observed by Morimoto and
Clark (1961). However, they did not observe or report the reflections (100) or
(1 10,110) in their study. The (100) reflection is not shown in Figure 3.11e but was

observed at a d-spacing of 5.379A.

3.3.3.2 Effect of Stoichiometry on Arsenopyrite Structure

The structure of arsenopyrites with As:S ratios varying from low to high were
analysed by XRD and compared with the essentially ideal structure, represented by
the Greenbushes arsenopyrite.

Marked differences in the XRD patterns between the different stoichiometries
are evident (Figure 3.11a to 3.11i). In the Sheba, Pine Creek and Utah arsenopyrite
samples pyrite is also present as indicated by the reflections 3.12A, 2.709A and
2.428A. In some of the patterns, a splitting of some of the major reflections was
observed, e.g. for (210) and (012). Morimoto and Clark (1961) observed similar
splitting of these peaks in their sulfur rich arsenopyrite sample from Freiberg,
Germany. In contrast to their findings, the results reported here show that the splitting
of these peaks increases as the As:S ratio increases towards stoichiometry. No

splitting of these peaks was observed in the Sheba arsenopyrite sample with the
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lowest As:S ratio. As the As:S ratio increases beyond one, the major peaks remain
split. There are also differences in the d-spacings of other reflections between the
different stoichiometries. The intensities of the (I 10), (110) and (021), (021)
reflections are reduced in the Mexican and China arsenopyrites compared with the
other samples. The intensities of these reflections appear to be a function of site
occupancy. In the subsequent Rietveld refinements (Section 3.3.3.4), adjusting the site
occupancy parameter increased or reduced the intensitics of these reflections in the
calculated patterns. The variations in d-spacings of the powder patterns are due (o
variations in the cell constants which reflect compositional differences.

No characteristic 16lingite reflections (2.605, 2.599, 2.37A) were found in the
Panasqugira, Pine Creek or Utah arsenopyrite arsenic rich samples. It is normally
difficult to differentiate arsenopyritc and 1bllingite by optical microscope as their

optical properties are similar.

3.3.3.3 Structure Determination by Convergent Beam Electron Diffraction

To supplement the results of the XRD analyses the crystal point and space
group were determined from Convergent Beam Electron Diffraction (CBED)
patterns, following the method of Steeds and Vincent (1983).

For the space group P2 /c, there are kinematically forbidden reflections for
Bragg reflections Ok0 # 2n, due to a 2-fold screw axis in the b direction of the
monoclinic unit cell and for reflections hOl # 2n, as a result of a glide plane
perpendicular to b in the ¢ direction. The presence of a glide plane and screw axis in
the crystal structure would be seen in a crystal aligned precisely on certain zone axes
in a CBED pattern. The condenser aperture used in the TEM was small, and 3D
diffraction data in the zero order pattern, in the form of fine lines crossing the zero
order Laue zone (ZOLZ), could not be deciphered to determine the difference
between glide and screw axis. Consequently, extra information was obtained by

analysing the first order Laue zone (FOLZ) individual reflections for symmetry.
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Examination of CBED patterns for the Greenbushes arsenopyrite sample at
low camera lengths revealed a mirror line in the Kikuchi line arrays and in the
diffraction pattern. Tilting along the mirror line revealed no other mirrors in the whole
pattern. Examination of diffraction disks in the zero order Laue zone (ZOLZ)
revealed dark bands along mirror lines in CBED pattems taken to two major zone
axes. The CBED patterns for the major zone axes for Greenbushes arsenopyrite,
which where subsequently found to be [101] and [100] in P2 /c were obtained and

recorded.

[101] zone axis

Figure 3.12 shows a CBED pattern for a typical {101} zone axis observed in
the Greenbushes arsenopyrite crystals. The d-spacings correspond to the b axis and
(101') values obtained by XRD and recorded in ICDD (International Centre for
Diffraction Data) files. In Figure 3.12 the kinematically forbidden reflections (band of
negligible intensity within disks) are observed for both the b* direction (2-fold screw
axis) and [101 ]* direction (glide plane along c) in the ZOLZ. Examination of the first
order Laue zone (FOLZ) indicated a mirror line along the [101 ] direction in the
whole pattern. No mirror line was observed along the other direction in the FOLZ.
This indicated that the dynamic absences represent a glide plane along the [101 ]
direction and a two fold screw axis along b*, which is what is expected for the P2/c

space group. The two fold screw axis was perpendicular to the glide plane.

{100] zone axis

Figure 3.13 shows a CBED pattern of a [100] zone axis for the Greenbushes
arscnopyrite. Measurement of d-spacings from micrographs agreed well with the d-
spacings of b and ¢ axes from XRD analysis. GM lines are observed orthogonal to
each other in ZOLZ patterns with a mirror line observed in the FOLZ along the c*

direction.



Figure 3.12 Convergent beam electron diffraction pattern of Greenbushes
arsenopyrite along the [101] zone axis indicating m symmetry m the whole pattern
along the (107 ) in the FOLZ with GM lines orthogonal 1 the ZOLZ corresponding to
a two fold screw axis in the b direction and a glide 1n the ¢ direction




Figure 3.13 Convergent beam electron diffraction pattern of Greenbushes
arsenopyrite along the [100] zone axis indicating m symmetry in the whole pattern
along the ¢ axis in the FOLZ with GM lines orthogonal in the ZOLZ corresponding to
a two fold screw axis in the b direction and a glide in the ¢ direction.
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The Greenbushes arsenopyrite crystals adopted a preferred orientation of the
[101] zone and observation of the [010] zone was not always possible in many of
these crystals. Rotation to other zone axes was also made difficult because the
goniometer on the TEM was only able to tilt +40°,

CBED patterns of the [001] were not readily attainable. The difference
between the a* and c* directions was not readily distinguishable (a = ~5.74, ¢ =
~5.78A). However in the a * direction GM lines would not be expected as they are in
the ¢* axis.

The CBED patterns of stoichiometric arsenopyrite confirmed Buerger's (1936)

hypothesis that the ideal arsenopyrite structure is monoclinic P2 /c.

3.3.3.3.1 Relationship to Marcasite Structure

The structure of arsenopyrite has 0ften" been compared to that of marcasite
(FeS,). However for the marcasite structure, 2mm symmetry would be seen on major
zone axes in the whole pattern and also GM lines in the (001) and (0k0) reflections of
the [100] pattern for h and 1 odd, corresponding to glide planes in its Pmnn structure
(Vincent and Pretty, 1985). From the discussion above, the presence of m whole
pattern symmetry and a screw axis perpendicular to a glide plane in [101] and [100]
patterns confirms the space group P2 /c. The [101] zone in arsenopyrite is equivalent
to the [001] of marcasite except for differences in symmetry as a result of arsenic
replacing half the sulfur sites. Thus the structure of the Greenbushes arsenopyrite
determined here is different to marcasite. The similarities observed in the literature are

presumably the result of the presence of twinning (Fuess et al., 1987).

3.3.3.3.2 Comparison of Non-stoichiometric Arsenopyrites by CBED

Clear CBED pattems of nonstoichiometric arsenopyrite generally
corresponding to {101] zones were similar to those obtained for Greenbushes over the

range of As:S ratios examined and some examples are illustrated below.
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Low As:$ ratio Arsenopyrite - Sheba and Southern Cross Arsenopyrites

Figure 3.14 for Sheba arsenopyritc shows a [101] zone CBED pattern
revealing GM lines in the ZOLZ and a mirror in the whole pattern similar to that
observed for the Greenbushes sample. A [100] zone pattern (Figure 3.15) observed by
tilting the crystal along the (101 ) direction, revealed GM lines corresponding to the
glide along ¢* and 2-fold screw axis along b* as confirmed in the Greenbushes
arsenopyrite. As found with the Greenbushes sample, the [100] zone was not stable
under the electron beam for long periods of time even with a cold stage.

Information on structure was not readily obtainable for crystals orientated on
the [010] zone (Figure 3.16) and GM lines expected along the ¢* axis are not rcadily
distinguishable.

Figure 3.17 shows the [101] zone axis pattern of a Southern Cross
arsenopyrite crystal also showing similar symmetry to the Sheba and Greenbushes
crystals. By tilting the crystal in the direction of the glide (i.e. rotating about the b*
axis) to a minor axis (Figure 3.18) the presence of GM lines in the ZOLZ pattern
confirmed the existence of the glide and 2-fold screw axis in the arsenopyrite
structure. Alternatively, by tilting along the screw axis direction (i.e. rotating the
crystal about (101)) the GM lines were lost, which indicated that there was no
additional symmetry. The results indicate that low As:S ratio arsenopyrite are not

triclinic as deduced by Morimoto and Clark (1961).

High As:S ratio Arsenopyrite- Pine Creek and China Arsenopyrite

Figures 3.19 and 3.20 show CBED patterns of the {101] and [100] zones
respectively for the Pine Creek arsenopyrite. Similar patterns were seen in the China
arsenopyrite crystals. Again the symmetry elements were present.

In comparison of various arsenopyrites, the CBED patterns indicate that the

basic monoclinic P2 /c structure is always present for all stoichiometries.



Figure 3.14 Convergent beam electron diffraction pattern of Sheba arsenopyrite along
the [101] zone axis. Extinction Conditions are 0k0 # 2n due to a 2-fold screw axis in
the b direction of the monoclinic unit cell and for reflections hO! # 2n as a result of a
glide plane.

Figure 3.15 Convergent beam electron diffraction pattern of Sheba arsenopyrite along
the [100] zone axis. Extinction Conditions are 0k( # 2n due to a 2-fold screw axis in
the b direction of the monoclinic unit cell and for reflections 001 # 2n as a result of a
glide plane. '



Figure 3.16 Convergent beam electron diffraction patiern of Sheba arsenopyrite along
the [010] zone axis.



Figure 3.17 Convergent beam electron diffraction pattern of Southern Cross
arsenopyrite along the [101] zone axis. Extinction Conditions are 0k0 # 2n due to a 2-
fold screw axis in the b direction of the monoclinic unit cell and for reflections hol =
2n as a result of a glide plane.

Figure 3.18 Convergent beam electron diffraction pattern of Southern Cross
arsenopyrite along a minor zone axis.



Figure 3.19 Convergent beam electron diffraction pattern of Pine Creek arsenopyrite
along the [101] zone axis.

Figure 3.20 Convergent beam electron diffraction pattern of Pine Creek arsenopyrite
along the [100] zone axis.
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3.3.3.3.3 Distorted CBED Patterns

Deflecting the electron beam on all samples analysed above resulted in the GM
lines within the CBED discs moving, indicating some bending in the crystal (Figure
3.21). CBED patterns of the [101] zones showed less distortion than patterns
obtained in the [100] zones. The bending appears more of a problem in other zone
axes and generally appeared anisotropic. However, in the [100] patterns the bending
varied along the ¢ axis. Despite the bending observed in the crystals, the GM lines
were confirmed to be real not only because alternate reflections along the systematic
line showed the characteristic lines of absence, but also by the presence of a line of
absence observed orthogonal to the first line of absence (black cross) for a reflection
satisfying the Bragg condition. The bending may be as a result of disorder or strain in
the crystal structure,

The distortions observed in some crystals may have resulted from stress
produced during sample preparation for TEM studies. Alternatively, they could result
from deviations in the structure from the monoclinic setting. The replacement of
arsenic on a sulfur site and vice versa may cause either shortening or lengthening of
the bond lengths. For example, arsenic replacing sulfur on the sulfur site would
increase the bond length between the closest iron atom and the sulfur site because the
bond length between an arsenic and iron (~2.40A) is longer than an iron to sulfur
bond length (~2.25A) in the arsenopyrite structure (Buerger, 1936; Morimoto and
Clark, 1960; Fuess et al., 1987). EDS spectra obtained at intervals across crystals in
which GM lines were moving showed no major variation in arsenic and sulfur
composition. Variations in stoichiometry may however, be different on a finer spatial
interval and this requires more investigation. Thus, it is not clear whether the
distortions are a result of variation in stoichiometry. The question of the effect of
stoichiometry on the structure is discussed later. Twinning observed in arsenopyrite
provides a mechanism for interchange of arsenic and sulfur on their sites and perhaps
would result in strain or disorder. However no obvious twinned crystals were

observed. The effect of twinning is discussed in section 3.3.3.5.



Figure 3.21 A distorted Convergent beam electron diffraction pattern of Sheba
arsenopyrite along the [101] zone axis.



Another factor which would contribute to strain or disorder is the geological
environment. Arsenopyrite crystals examined in polished sections from some samples
(e.g. Sheba) contain crystals which have literally been fragmented as a result of some
geological grinding process in the post crystallisation stage. Campa-Vineta (1980)
observed twinning as a result of deformation by elastic compliance fractures. This
would explain why the strain or disorder observed in CBED patterns of all

arsenopyrites is not related to composition.

3.3.3.4 Rietveld Refinements of Arsenopyrite Structures

The structure of Greenbushes arsenopyrite was refined using the Rietveld
method on XRD patterns from powdered samples. For the first refinement the unit
cell dimension and atomic coordinates obtained by Fuess et al. (1987) were
transformed (from C112/d) and used for the space group P2 /c.

The observed, calculated and difference patterns obtained from the Rietveld
analysis are shown in Figure 3.22, The results show a good fit with the space group
P2 /c, with the refinement resulting in a Bragg-R factor less than 3.0 and profile fits
less than 10. The data is collated with the data for other arsenopyrites in section
3.3.3.4.2 and the interpretation is discussed later. The unit cell dimension and atomic
coordinates obtained from several XRD patterns recorded and refined by the Rietveld
method, were in excellent agreement with each other with only small differences in the

values obtained.

3.3.3.4.1 Model of Ideal Structure of Arsenopyrite

Using the Rietveld refined data for Greenbushes arsenopyrite, a model of the
structure was made using the program ATOMS. Diagrams showing the ideal structure
of arsenopyrite obtained from projection down the [101], {0101, [001] and [100] zone
axes are shown in Figure 3.23.

For the ideal model each iron atom has six neighbours at the corners of a

somewhat distorted octahedron. One face of the octahedron is a triangle of three
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Figure 3.22 X-ray Diffraction patterns of (a) observed, (b) calculated and (c)
difference of observed and calculated patterns for Greenbushes arsenopyrite.
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Figure 3.23 The [101,] [010], [001] and [100] zone projections of the ideal structure
of arsenopyrite as octahedra model as well as an atoms model. Fe - small black
circles, As - white circles, S - large grey circles. The lines correspond to iron to
arsenic or sulfur bonding.
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arsenic atoms while the opposite face is a triangle of three sulfur atoms. Each
octahedron is joined to another along edges in the (101) direction (i.e. into the page
for the [101] zone or down the page for the [010]) in Figure 3.23). Each chain of
octahedra is joined to another by corners. The sulfur atom is surrounded by three iron
atoms and one arsenic atom at the corners of a somewhat distorted tetrahedron, In a
corresponding manner, the arsenic atom is surrounded by three iron atoms and one
sulfur atom at the corners of a somewhat distorted tetrahedron. Thus, the combined
CBED patierns and XRD data obtained here confirm Buerger's (1936) hypothesis that
the ideal arsenopyrite structure is monoclinic P2 /fc. However, this is a simple model
of arsenopyrite as experimentally there is interchange of As and S on the As and S

sites.

3.3.3.4.2 Comparisons of Non-stoichiometric Arsenopyrite

To facilitate subsequent discussion of likely sites for gold incorporation, the
structures of the non-stoichiometric arsenopyrites were then refined using the Rietveld
method on the XRD patterns from powdered samples. The data refined were from 2-
theta angles 15° to 125° for the space group P2 /c using the starting parameters
obtained for the Greenbushes arsenopyrite. The final refinement values are illustrated
in Figures 3.24 to 3.30 and tabulated in Appendix D. The various agreement indices
obtained and refined structural parameters were then compared for possible trend with

composition,

Agreement Indices

The agreement between observed and calculated data is shown in Figure 3.24.
The results show a good fit with the space group P2/c with most refinements
containing Bragg-R factors (R,} less than 3.0 and profile fits less than 10, The profile
fit (R ;zpeciea) 18 based on counting statistics only and is an estimation of the minium Ry
obtained for a given problem. For perfect refinement with correctly weighted data, the

final R, would equal R, ,....q 2nd goodness of fit (GOF) would be 1.0 (see Appendix



B for definition of agreement indices). Generally the GOF values achieved (5 to 7) can
be considered to be good. Significantly high GOF values occur in systematic errors,
instrumental limitations (Hill, 1992) and when not all phases present are taken into
account in the refinement. Although every attempt was made to remove impurities,
many arsenopyrites contained some inclusions of either quartz, pyrrhotite or pyrite
which were refined along with the arsenopyrite. In general, better fits were obtained
for sulfur rich arsenopyrites, except for the Mexican arsenopyrite which appeared not
to have been modelled as well as the other arsenopyrites.

With the exception of the Mexican sample, the agreement indices obtained

support the concept of monoclinic symmetry across the range of arsenopyrite studied.
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Figure 3.24 Plot of the Rietveld agreement indices versus As:S ratio obtained for all
arsenopyrites.

Unit Cell Parameters

Figures 3.25a to ¢ show plots of the unit cell dimensions versus As:S ratio.
With an increase in the arsenic to sulfur ratio, an increase in the unit cell dimensions
first reported by Morimoto and Clark (1961) is observed, The volume of the unit cell
also increases with higher arsenic content. That is, the arsenopyrite structure expands
with increasing arsenic replacement of sulfur in the arsenopyrite lattice. An expanded

structure could accommodate higher amounts of impurities such as gold
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The chemical composition obtained for the Mexican arsenopyrite indicates an
As:S ratio below 1.0 whereas the crystallographic data from the Rietveld refinement
indicates that it should be more arsenic rich than sulfur rich, The deviation of the
Mexican samples from the relationship between arsenic content and unit cell
dimensions indicates that other factors can influence the structure. This problem is

discussed in section 3.3.3.3.

Atomic Coordinates

The atomic coordinates for iron, arsenic and sulfur with variation in
stoichiomeiry are shown in Figures 3.26a to i. Generally there is little variation in the
values and the slight scatter represents the error in the Rietveld refinement. No

correlation occurs between atomic coordinates and stoichiometry.

Site Occupancy

The interchange of arsenic and sulfur in arsenopyrite has been documented
(Morimoto and Clark, 1960; Fuess er al., 1987). The site occupancies for arsenic and
sulfur were refined in the Rietveld refinement and generally resulted in an improved
fit. The site occupancy values for all the arsenopyrites were less than 1.0 for As and
greater than 1.0 for S which is interpreted as indicating a mixed population at both As
and S sites. The refinement of site occupancies showed a tendency for more
interchange of arsenic and sulfur in the high As:S ratio arsenopyrites as reflected in
the lower values of the ratio As occupancy: S occupancy (Figure 3.27). These
corresponded to changes in intensity of several reflections in XRD powder patterns in
the low angle range with increasing arsenic content as discussed in section 3.3.3.2.1.
The difficulty in refining site occupancies is that they correlate with refinement of
isotropic temperature factors and large angle ranges of data are required to obtain
reliable values for both variables. The range of 10° to 130° two theta used in the
refinement was the maximum that could be evaluated using the software available and

so the errors in site occupancy determination are somewhat higher. The data point at
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0.99 corresponds to the Mexican arsenopyrite, which structure could not be modelled
as well as the other arsenopyrites. The Greenbushes sample (1.02) has site occupancy
values significantly different from one, indicating interchange of arsenic and sulfur

even though the arsenopyrite is close to the stoichiometric formula (FeAsS).
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Figure 3.27 Plot of variation of site occupancy ratios versus As:S ratio for all
arsenopyrites.

Isotropic Temperature Parameters

The isotropic temperature factors relate to the vibrations of the atoms in the
lattice due to heat motion. These were refined separately for iron, arsenic and sulfur
(Figure 3.28). The iron generally varied from 0.4 to 0.65A% arsenic from 0.2 to 0.4A%,
and sulfur from 0.1 to 0.3A%. The temperature factors tend to include accumulated
errors in refinement and thus are among the least reliable parameters. Possible
explanations for variations in values are that some of the sites are disordered and that
some sites may not be fully occupied. The bonding in arsenopyrite is covalent.

Thus the charge distribution is not evenly distributed on the atoms. In fact the
As and S are strongly bonded. The Fe - Fe interactions influence Fe - S and Fe - As
distances and hence the effective radii of arsenic, sulfur and iron. The uncertainty

associated with the variety of chemical bonds, variations in crystal chemistry,
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stereochemistry and the presence of delocalised bonding in arsenopyrite (Tossell et

al., 1981) remains the subject of controversy.
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Figure 3.28 Variation of the isotropic temperature parameters determined by Rietveld
refinements with As:S ratio for all arsenopyrites.

Profile Parameters

The refined peak shape and peak width parameters can provide information
about strain in the arsenopyrite structure. The peak shape of all the arsenopyrites
examined tended to be more Lorentzian in character then Gaussian as would be
expected for XRD powder data (Hill, 1992). The sulfur rich arsenopyrites tended to
have more Lorentzian character than the arsenic rich samples (Figure 3.29). That is,
the peaks were broader at the base for sulfur rich arsenopyrites while the arsenic rich
arsenopyrites peaks were sharper.

Generally the peak widths for all the arsenopyrites refined were similar and
appeared independent of chemical composition (Figure 3.30). The Utah arsenopyrite
appeared to be much broader at the high angle than the other arsenopyrites. The
Coolgardie and Paddington on the other hand tend to be less broad at the high angle
end. The lower values obtained for peak shape for the high As:S ratio arsenopyrites

may reflect more disorder in these samples.
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Figure 3.29 Plot of the variation in percent Lorentzian character with As:S ratio for
all arsenopyrite analysed by Rietveld.
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Figure 3.30 Plots of the peak full width at half maximum (FWHM) as a function of
diffraction angle calculated from the values of parameters U,V and W in the Caglioti
et al. (1958) relationship for all arsenopyrites.
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Estimation of Errors

One of the problems in the Rietveld analysis is to determine the accuracy of
the results and there has been much discussion about the reliability of the estimated
standard deviations. The error estimates for Rietveld refinement are correct if
counting statistics is the sole source of errors (Prince, 1981, 1985). However, long
counting times ensure that errors arising from counting variance are insignificant and
the cause of deviation in final structure parameters are systematic errors such as
preferred orientation of sample crystallites, inadequate peak shape or atomic structure
model, or poor background fit and the presence of unaccounted for phases in the
sample (Bakarie and Pawley, 1983). To minimise errors several patterns were
obtained and refined. The estimated errors in the structural parameters were taken to
be the standard deviations of the results in several patterns. Generally the standard
deviations were small (see Appendix D).

In their studies Fuess et al. (1987) concluded that their sulfur rich arsenopyrite
was monoclinic even though it contained 10% cobalt. Data here also support the
conclusion that sulfur rich arsenopyrites are not, as proposed by Morimoto and Clark
(1961), triclinic. The deviation of reflections from monoclinic to triclinic structure
observed by them, may be attributed to disorder or strain associated with the

arsenopyrite structure and the presence of twinning.

3.3.3.5 Arsenic Concentration Determined by X-ray Diffraction Peak
Measurements

The d,, - spacing taken from the Rietveld refined data as well as measured d -
spacings from the same arsenopyrites containing calcium fluoride as an internal
standard, shown in Table 3.4 are in good agreement. In the Sheba, Pine Creek and
Utah samples the d,, -spacing was masked by the presence of a pyrite 311 reflection
and so could not be measured. As a consequence only the Rietveld refined value was

obtained. Generally, as expected, the d  -spacing increased as the As:S ratio increased

131

in the arsenopyrite structure. The chemical analysis data obtained by EPMA are also
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presented and are, within experimental error, in good agreement with those obtained
by XRD measurements. For the Mexican arsenopyrite, the observed and Rietveld
refined d, spacing value indicate a sulfur rich arsenopyrite as did the electron
microprobe data. However, as indicated earlier the structure refinement indicates

larger unit cell dimensions that are more consistent with an arsenic rich arsenopyrite.

Table 3.4 Chemical Composition from measured d(131) spacing

Sample As At% from|Rietveld Measured
EPMA with CaF, std
d-spacing As At%
Shoba 18208 16312 | 32.5940.45 )
Coolgardie 32.340.6 16315 | 32858045 | | (9
Paddingion 129407 16313 | 32.6810.45 )
|Greenbushes 33.90.7 16332 | 34.331045 | 5345
|China 35.140.7 16332 | 34331045 | 4339
Mexican 33.310.3 16313 | 32681045 | ;4319
Portugal 36,3408 16337 | 34.76:0.45 ]
pine Croek 26,1208 16347 | 35.6310.45 ]
Uta 26,0507 16348 | 35.7150.45 ]

Thus, although measurements of the d-spacing of the arsenopyrite (131)
reflections and other structure factors agree reasonably well with the expected arsenic
composition in arsenopyrite, the results here. show that the chemical composition is
not the only factor affecting the structure. Close examination of Morimoto and Clark's
(1961) data shows that there is some deviation of d-spacing with chemical
composition. Their structure information obtained for the Freiberg arsenopyrite (a =
5.744, b = 5.675, ¢ = 5.785A, B = 112.17°) indicated that this is stoichiometric or

arsenic rich whereas their composition and measurement of the d ,, spacing indicated

131
sulfur rich. They attributed the deviations to fractional impurities in their arsenopyrite
sample. However, impurities in the Mexican arsenopyrite constitute less than 1% by

weight.
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3.3.3.6 Comparison of Bond Lengths and Angles in Natural Arsenopyrites
To facﬂitate subsequent discussion of likely sites for gold incorporation, the

average bond lengths and angles between iron and the surrounding closest three
arsenic and three sulfur sites in the ideal monoclinic structure were calculated for all
the arsenopyrites refined. Figures 3.31a and b show the projection of the arsenopyrite
structure along the [010] and [101] zones indicating the positions of the atoms in the
structure referred to in this study. Polyhedra with iron centrally located between the
three arsenic and three sulfur sites are superimposed. The top striated triangular face
shows the positions of the sulfur sites (S1, S2 and §3) and the bottom striated

triangular face shows the positions of the arsenic sites (Asl, As2 and As3).

3.3.3.6.1 Bond Lengths

Table 3.5 shows the iron to arsenic and iron to sulfur bond lengths. The bond
lengths are similar to those for the iron and arsenic bond lengths found in l6llingite
(FeAs,) and also similar to those reported in the literature. Generally there appears to
be no relationship between the iron and arsenic bond lengths and composition. Except
for the Fe to S2 there is no relationship observed between Fe and S bond lengths. The
average bond length is similar to that for marcasite and those reported for
arsenopyrite in the literature. The replacement of arsenic by sulfur on the sulfur sites
does not result in an increase in bond length with increasing arsenic content. There
may be some difference, however, since the accuracy in this method is not sufficient
to detect small changes. Calculating bond lengths from powder X-ray diffraction
patterns is not as accurate as from single crystal studies. Fuess et al. (1987) found that
the Fe-S distance in their arsenopyrite (2.249A) was similar to that found in marcasite
(FeS,) of 2.246A whereas the average Fe-As distance of 2.367A in arsenopyrite was
shorter than the 2.40A found in 1llingite (FeAs,) (Brostigan and Kjekshus, 1970a,b).
These differences may be attributed to the high cobalt content of their sample. The Fe
to As bond lengths calculated in the present series of arsenopyrites are close to those

of 16llingite.
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Figure 3.31 Projection of arsenopyrite structure along the [010] and [101] zone axes.
The atom positions used in the calculation of bond lengths and angle are also shown.
Octahedral units are superimposed. Grey circles are sulfur atoms, white circle are
arsenic atoms and the small black circles are iron atoms.
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3.3.3.6.2 Bond Angles

The bond angles between arsenic and sulfur sites with respect to the central
iron site are shown in Table 3.6. The bond angles are similar to those reported by
Fuess et al. (1987). Figure 3.32 shows a marked decrease in the S1-Fe-Asl bond
angle with increasing arsenic in the arsenopyrite structure. As a result the S1-Fel-82
bond angle increased with increased arsenic content (Figure 3.33). The S$2-Fel-As3
bond angle (Figure 3.34) also showed a slight tendency to decrease with increasing
arsenic content, however the data obtained from the Mexican arsenopyrite sample do
not follow this trend. There appeared to be no detectable relationship for any of the
other bond angles.

The results indicate a slight compression of the octahedra as a result of the
shift in the S1 atom position in each octahedron, mainly along the (101) direction. A
plot of the octahedra volume versus arsenic to sulfur ratio (Figure 3.35) shows that
the slight contraction of the octahedra in the (101) direction does not markedly affect

the volume of each octahedron.

3.3.3.6.3 Inter Octahedral Distances

The distances between the Fe atoms along the (101) direction were also
calculated. These distances corresponding to Fel-Fe3 (longest) and Fel-Fe5
(shortest) are marked in Figure 3.31. In this direction the Fe atom distance alternates
between being short and long (see section 2.3.1). In Figures 3.36a and b the
differences between the short and long distances respectively are plotted against
variation in As:S ratio. In both figures the scatter of the data indicates no relationship,
although there tends to be a slight decrease in the Fel-Fe3 distances with increasing
arsenic content in the (101) direction. Excluding the Mexican value would enhance
this trend. It could be expected that as more arsenic is included in the structure the
distance would approach that between iron to iron in the 16llingite (FeAs,) structure,

that is, the longest iron to iron distance would approach the same length as the
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Figure 3.32 Bond angle between iron and surrounding arsenic and sulfur sites.
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Bond angle between sulfur site and iron.
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Figure 3.34 Bond angle between arsenic and sulfur sites to iron. Equation of line does not
include the point marked with a cross which corresponds to the Mexican arsenopyrite.
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Figure 3.35 Average volume of octahedra in arsenopyrite structure.
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shortest distance in arsenopyrite. No obvious trend appeared to exist. The iron to iron
angle with either arsenic or sulfur at the origin, showed a slight tendency for a
decrease in angle with increase in arsenic content (Table 3.6, angles Fe5-S1-Fel and
Fe3-Asl-Fel). The shift in these angles is a result of a shift in the S1 and Asl atoms
positions rather than change in the Fel or Fe5 positions.

To determine what effect increased arsenic incorporation in the arsenopyrite
structure had on the spaces between the octahedra, the distance across the arsenic and
sulfur from one octahedron to the next was also calculated. These lengths are plotted
against the As:S ratio in Figure 3.37. With an increase in arsenic content the distance
between the arsenic and sulfur site increases slightly. These results indicate that the
angle between the octahedra is enlarged. The average distance between As and S is
normally 2.33A while for As to As in Illingite it is 2.45A. The incorporation of As
into the S site has resulied in expansion between the octahedra. A plot of the volume

of the gaps between the octahedra showed no significant changes.
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Figure 3.37 A plot of As:S ratio against the distance arsenic - sulfur from one
octahedron to the next.

To confirm the slight decrease in the (101) and expansion in the (10-1)

directions, the d,-spacings and d_,-spacings were plotted against composition.

20-2

Figures 3.38a and b show a decrease in the d,-spacings and an increase in the d,,-
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spacings with increasing arsenic content in the arsenopyrite structure respectively as

expected.
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Figure 3.38 Plots of measured (a) d,-spacings and (b) d

-spacings against arsenic to
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sulfur ratio confirming contraction of unit cell in the 101 direction and expansion in
the 101 direction with increase in arsenic in arsenopyrite structure.

The results here indicate that the change in stoichiometry is accompanied by a

change in. unit cell volume, as first concluded by Morimoto and Clark (1961). The

increase in unit cell volume with increase in arsenic replacing sulfur, is associated with

a slight compression within the octahedra in the (101) direction of the monoclinic cell

(with no observed change in octahedra volume), accompanied by an increase in space

between octahedra in the (101 ) direction. The average bond lengths appear not to

change with composition. Any other differences are too small to be detected. There
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also appear to be differences which are not related to stoichiometry as exemplified by
the Mexican sample. Some of the arsenopyrite grains analysed under TEM revealed
strain or disorder in some structures and the slight differences observed may result
from this. The presence of increased space between octahedra may allow the
possibility of the existence of gold there as interstitial sites. However no obvious
mechanism for gold substitution was found for favouring arsenic rich over sulfur rich

arsenopyrites.

3.3.3.7 Twinning Mechanisms in Arsenopyrite and Effect on Stoichiometry

Changes in stoichiometry can occur by random substitution of arsenic or sulfur
on each others' sites, by substitution in defects such as twin planes or antiphase
domain boundaries, by chemical shears, or by regular substitution of 18llingite or
marcasite units in solid solution in arsenopyrite. No evidence of the latter two were
observed. The presence of twinning and antiphase domains in arsenopyrite has been
documented (Morimoto and Clark, 1961; Fuess et al., 1987). The presence of
twinning may affect gold incorporation in the structure. Fuess et al. (1987)
interpreted the occurrence of antiphase and twin domains on the basis of group-
subgroup relationships. Morimoto and Clark (1961) observed correlation of twins
with composition. Consequently it was decided to examine the effects that twinning
and antiphase domains, had on the symmetry of the arsenopyrite since they may
account for the variations in observation by various workers. It was also important to
assess the effect of twinning on the arsenopyrite structure in order to interpret results
on the atomic location of gold in the arsenopyrite structure which are discussed in
Chapter 6.

The type of twinning and antiphase domains possible are shown in Figures
3.39 and 3.40. The orientation in relation to the monoclinic unit cell and the
translation in relation to the umit cell are also given in each diagram. It is most
probable that several of these twins and antiphase domains exist together as observed

by Fuess et al. (1987).
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Twins

Figure 3.39(1a) shows atomic models across a mirror twin plane in projection
along the [010] zone and the [101] zone. In this twin an iron atom at the interface will
have a different number of arsenic and sulfur neighbours than one in the ideal
structure. In the ideal structure one iron is octahedrally coordinated by three arsenic
and three sulfurs, whereas at the interface of this twin the iron atoms will be either
coordinated with more sulfur atoms or more arsenic. At the twin interface the doubled
iron indicates the position of the iron atoms as expected for each side of the twin
interface. To make it energetically favourable the positions of the iron atoms in this
interface will be slightly adjusted. The interchange of arsenic and sulfur on each
others' site would affect the position of the site as well as other atoms surrounding it.
It would be expected that the atoms at this interface would be slightly different from
those in the ideal crystal. If this is the case the ¢ glide and 2-fold screw axis would be
distorted across this interface or possibly destroyed if multiple twins of this kind were
present. In Figure 3.39(1a) the twin mirror plane appears to have no effect on the
projection along the [101] zone axis. To accommodate for the differences in
composition at the twin interface the octahedral unit would be slightly larger than the
normal octahedra as a result of expansion in the (101) direction due to the increase in
the number of arsenic or sulfur atoms. This would explain the decrease observed in
bond angles S2-Fe-As3 and S1-Fe-Asl on the octahedra along the (101) direction
(Section 3.3.3.6.2).

Alternatively a mirror twin plane along the (1 01) plane can occur in which
one unit cell is reversed with respect to another and displaced either partially on top
or below a unit cell as shown in Figure 3.39(1b) and (1c). In obtaining this twin, iron
atoms at the interface will also be octahedrally coordinated to a different number of
arsenic and sulfur atoms. At the twin interface the positions of the atoms will most
probably be distorted in relation to the ideal crystal, similar to the other mirror twin

plane.



Antiphase Domains

Antiphase domains occur by translation by %d(101 ) along a (101) plane and
along a (010) plane as shown in Figures 3.40(2a) and 3.40(2b). Alternatively,
antiphase domains can also be obtained by translation of Y%d(101) along either the
(010) or (101) planes (Figure 3.40 (3a and 3b respectively)). Distortion cbserved in
crystals projected along the [010] zone does not have any effect on the [101] zone
axis. A combination of these antiphase domains may occur in which the bonding
between the two crystals occurs diagonally along an axis plane such as the a or ¢ axis.
Fuess er al. (1987) reported such structures in their cobalt rich arsenopyrite.

Unfortunately, no crystals with obvious twins were observed in TEM carried
out in this study which can conclusively demonstrate its effect on symmetry. The
[101] zone CBED pattern will be affected by twinning and antiphase domains which
cut diagonally across or perpendicularly to the incident electron beam. These effects
will only influence the CBED pattern if the two sides of the crystal are thick enough.
That is, the kinematic diffraction of the electron beam is affected by both crystals. The
misfit of crystals observed in twins and antiphase domains would explain why CBED
patterns were not clearly observed in the [010] zone and in some thick crystals in the
[100] zone in the present study.

It is envisaged that some distortions in the arsenopyrite crystals can be due to
displacement of the octahedra in the crystal caused by frequent twinning and antiphase
boundaries. In high resolution arsenopyrite lattice images Cabri et al. (1989) observed
misfits in the structure due to slight differences in a and ¢ lengths. Twinning may
provide sites of low energy for interstitial impurities such as gold. However, the fact
that clear CBED patterns corresponding to the space group P2 fc were observed in all
arsenopyrites examined in this study indicates that twinning and any other possible

defects are not related to stoichiometry.,
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3.4 Summary and Conclusions

To provide information as to the possible environment for the retention of
gold in solid solution in arsenopyrite, detailed chemical and structural analyses were
carried out on natural arsenopyrite samples varying in compositions. EPMA of natural
arsenopyrit¢ with variation in stoichiometry showed no iron deficiency. It appeared
that chemical composition has no effect on possible substitution of arsenic on iron
sites. Samples analysed contained little gold except for the Sheba sample which
contained high concentrations largely as inclusions and some possibly in solid
solution. Evidence of the possible substitution of gold on iron sites from electron
microprobe analyses could not be confirmed. Similarly, substitution of antimony on
either arsenic or iron site was not conclusive.

The crystal structures of arsenopyrite of various compositions were
investigated by X-ray diffraction and convergent electron diffraction studies and their
structures refined using the Rietveld method. Structural analysis of stoichiometric
arsenopyrite confirmed Buerger's (1936) hypothesis that the ideal arsenopyrite
structure is monoclinic P2/¢c. For all stoichiometries the basic monoclinic P2 /c
structure was always present and changes observed in the structures by single crystal
studies are due to twinning (e.g. Fuess et al., 1987). Cobalt or other impurities are not
required (o stabilise this structure as has been suggested for some arsenopyrite
compositions in the literature. Low As:S ratio arsenopyrites were not triclinic as
reported by Morimoto and Clark (1961). With an increase in the arsenic to sulfur ratio
in arsenopyrite an increase in the unit cell volume was observed as first reported by
Morimoto and Clark (1961). The change in unit cell volume was associated with a
slight compression within the octahedra in the (101) direction of the monoclinic cell
and an expansion of the octahedra in the (101) plane resulting in a slight opening of
the voids between octahedra. Any other differences were too small to be detected.
There also appear to be differences in structure which were not related to
stoichiometry as exemplified by the Mexican sample and strain or disorder observed

by TEM, for some of the arsenopyrite grains examined. Twinning and antiphase
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domains provide mechanisms for arsenic and sulfur interchange, and possibly cause
distortions in some of the arsenopyrite crystals due to displacement of the octahedra.
The [101] zone appeared unaltered in all arsenopyrite compositions and provides the
best direction for determining gold in the arsenopyrite structure by the electron
channelling experiment (se¢ Chapter 6). The structure analyses showed no obvious
trends in which mechanisms for gold substitution in the arsenopyrite structure
occurred. As arsenopyrite containing high gold concentrations in nature are associated
with arsenopyrite containing high arsenic contents (Cook and Chryssoulis, 1990), the
slight expansion of its structure with increasing arsenic content, may allow gold in
interstitial sites. In addition, the presence of twinning may result in gold substitution in

one of the atomic or interstitial sites.



Chapter 4

4.0 INCORPORATION OF GOLD IN ARSENOPYRITE

4.1 Introduction

The natural arsenopyrite available contained only relatively small
concentrations of gold, and grains containing high concentrations of ‘invisible gold'
were particularly scarce. Furthermore, the distribution of gold in natural arsenopyrite
samples was scattered and not suitable for gold mobility studies. Consequently, work
was carried out to synthesise auriferous arsenopyrite containing high concentrations
of gold since this would greatly enhance the effectiveness of a number of the
analytical techniques to be used. Detailed analyses could then be carried out as to the
form of the gold in the arsenopyrite structure. In addition, it was anticipated that the
successful incorporation of gold into the arsenopyrite structure could provide
information as to how gold is taken up in arsenopyrite.

In the first part of the study, several methods were attempted to synthesise
arsenopyrite containing high concentrations of gold. Detailed compositional and
structural analyses were then carried out on these synthetic arsenopyrites for

comparison with the natural samples.

4.2 Materials and Methods

4.2.1 Synthesis of Auriferous Arsenopyrite
The three methods used in an attempt to synthesise auriferous arsenopyrite

were dry synthesis, vapour transport and hydrothermal synthesis experiments.

4.2.1.1 Dry Synthesis
Several authors (Barton, 1969; Clark, 1960; Kretschmar and Scott, 1976)

have utilised the dry synthesis technique, which is the most commonly used (outlined
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by Kullerud, 1971) to make sulfide minerals, in the preparation of synthetic
arsenopyrite.

Equimolar amounts of iron (99.99+% pure), arsenic (99.999+% pure) and
sulfur (99.999% pure) were placed into nitrogen flushed vycor tubes (3mm LD. x
Smm O.D. x 15 cm length) sealed at one end. A vycor space filler was place inside to
reduce the space available to the gaseous arsenic and sulfur phases. The tubes were
completely sealed under a vacuum of approximately 10° torr. The tubes were placed
in a muffle fumace for a period of 7 to 14 days. The temperature of the furnace was
monitored using a chromel-alumel thermocouple wire connected to a temperature

readout display. The reaction followed was

Fe(s) + As(s) + S(s) = FeAsS(s)

For experiments in which gold was added in an attempt to incorporate it into
the arsenopyrite structure, gold wire (99.999% pure) was first dissolved and
reprecipitiated as fine particles to provide a larger surface area for reaction with the
arsenic, iron and sulfur. The procedure used was similar to that of Vogal's (1962)
method for gravimetric analysis of gold. The fine particles (i.e. metallic gold An®)
were added both to mixtures of arsenic, iron and sulfur and to ground synthesised
arsenopyrite and sealed in evacuated vycor tubing.

A series of grinding experiments was also carried out in an attempt to
incorporate gold into the arsenopyrite crystals via diffusion as well as to homogenise
the chemical composition and to improve crystal size. Samples of synthetic
arsenopyrite and starting materials (As, Fe and § powder), together with fine gold
particles, were ground in a Spex mill for 2 days. These samples were resealed in vycor

tubes and heated for up to 3 months.

4.2.1.2 Vapour Transport
Fushimi and Webster (1969) grew large crystals of arsenopyrite by an iodine

vapour transport mechanism, and so attempts werc made to grow auriferous
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arsenopyrite crystals by the introduction of gold with the starting material. The iodine

transport method generally follows the ideal reaction scheme

FeAsS +I, = FeL(g) + As S, (g)

Pyrite was required in the starting materials to raise the suifur ratio in the gas
phase. This compensates for excess arsenic which is distilled from the arsenopyrite
breakdown following the ideal reaction

4FeAsS = 4Fe _S(s) + As,(g)
which also 100k place. The growth experiments for synthesising arsenopyrite by the
vapour transport technique were undertaken using sealed, evacuated vycor tubes. The
measured amounts of synthetic arsenopyrite and pyrite powder, with iodine, were
loaded at the hot end of the tube which was then evacuated and sealed by a torch. The
sealed vycor tubes were placed in a horizontal temperature gradient furnace. The
temperature gradient ranges used in these experiments are shown in Figure 4.1. The

larger temperature range was used to help increase gold transport.

Temperat e Gradient in Furmace

—=*— Templ

—o— Temp?

Temp 1

Figure 4.1 Temperature gradient in furnace used.

The hottest end was set at a temperature of 650°C while the cooler end was
set at 590°C. Initially, experiments were carried out without any gold in order to

obtain the best conditions for crystallisation of arsenopyrite. Once the conditions were



achieved, experiments were carried out with a smatl amount of gold placed with the
various starting materials.

The volatilisation of gold follows the reaction

2Au(s) + 31, =2Au I (g)
Ammonium chloride or gold chloride was also included in the starting materials to
provide an increase in gold volatilisation. Under the conditions used the reaction is:

2Au(s) + 3CL = 2Au,Cl(g)

At the end of an experiment, samples were left to cool to room temperature.
Samples were observed under an optical microscope through the unopened tube. In
experiments where no transport occurred or where no silver crystals of arsenopyrite

were observed, the samples were placed back in the furnace for a longer heating time.

4.2.1.3 Hydrothermal Synthesis

Many natural auriferous arsenopyrites are formed under hydrothermal
conditions. Hence, hydrothermal incorporation of gold into arsenopyrite was
examined.

For hydrothermal studies, standard high temperature and cold seal pressure
vessels (pressure bombs) were used (Tem-Pres Model Hr-1b Hydrothermal research
unit). An illustration of the apparatus used in these hydrothermal experiments is
presented in Figure 4.2.

The pressure vessel consisted of a rod of high temperature alloy with an axial
hole drilled in one end. The open end was closed by a threaded nut and a conical
nipple, through which pressure was applied. The sample, sealed in a vycor tube or in
gold tubing, was placed in the central cavity. A rod was placed in the space above the
sample to minimise both the amount of pressure medium required and the convective
heat transfer within it. Distilled water was used as the pressure medium. The pressures
applied to the samples were controlled by a hydrostatic pressure gas-operated
intensifier. The pressure vessels were heated externally in wire-wound tube furnaces

with temperatures controlled automatically. The temperature was measured with a



chromel-alumel thermocouple in a small external well, while pressure was measured
using a Bourdon gauge. Pressure was controlled to within £50 bars and temperature
to within +£5°C.

Auwriferous arsenopyrite was synthesised following a similar method to Wu and
Delbove {1989). Several modifications of composition and temperature were also
tried. Starting materials consisted of either synthetic hematite or goethite, together
with arsenic (99.999+% pure) and sulfur (99.999% pure), which were placed in sealed
gold tubes of various dimensions. The use of iron oxides instead of pure iron in the
starting materials prevented the preferential formation of pyrrhotite over arsenopyrite.
Aqueous solutions or distilled water were added to the solid starting reactants for
many of the experiments. The aqueous solutions used were either hydrochloric acid or
gold chloride solutions. In some experiments no solution was added. The water used
in these experiments was double distilled to remove all impurities, especially chlorine
ions from solution. Gold chioride solutions were made by dissolving gold in aqua
regia and heating until near dryness and then adding concentrated hydrochloric acid
and heating again to near dryness. This was done to remove nitrate ions from
solution. Hot double distilled water was then added and decanted into a volumetric
flask and made up to the required volume.

The gold capsules were sealed and then placed in pressure bombs and heated
to 300°, 400° or 500°C under pressures between 1 and 2 kbars. The gold capsules
were carefully weighed before and after each experiment to check that no leakage had
occurred.

The formation of arsenopyrite basically followed the reactions;
Fe O,(s) + 4As(s) + 2S(s) — 2FeAsS(s) + As,0,(s)
for hematite experiments and

2FeOO0H(s) + 4As(s) + 28 (s) — 2FeAsS(s) + HO(aq) + As,O/(s)

for goethite experiments.



However, in the lower temperature experiments, pyrrhotite, arsenic sulfide and arsenic
were also present in the end products.

At the end of each experiment, the bombs were left to cool to about 200°C
and then quenched in cold water with the experimental pressure maintained
throughout the quenching process so as not to cause breakage of the gold capsules.
The gold capsules were then opened and the contents transferred into a beaker. The
products were first washed in hot 0.5M HCl to remove As,O, and then washed several
times in hot distilled water to remove any soluble impurities. The solutions were
decanted after each wash. The synthetic arsenopyrite samples were washed in a
cyanide solution to remove any gold which may have precipitated on the surface. Care
was required as arsenopyrite left in cyanide solution for too long (e.g. ~6 hours)
resulted in some dissolution of the arsenopyrite crystals. The products were then
washed in ethanol and acetone and finally left to dry.

For samples from experiments at 400°C or lower, unreacted material was
separated from arsenopyrile crystals by distillation, using a fumace with a low
temperature gradient. Analyses of major d-spacings of XRD patierns from samples
collected in this way showed there were no changes in the arsenopyrite. Samples were
then placed in self sealing plastic vials flushed with nitrogen to prevent oxidation of
crystals. Also present in some experiments were grains of auriferous and arsenic-
containing pyrites which were also analysed in this study.

Experiments were also carried out with small grains of natural arsenopyrites
being placed in gold tubes with various types of solutions and heated under pressure,

in similar ways to the other experiments.

4.2.2 Analytical Techniques

4.2.2.1 Composition and Structure
The methods used for obtaining composition, trace gold analysis and structure

of the synthetic samples were generally the same as outlined in Chapter 3. For trace
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gold analyses by EPMA on the synthetic arsenopyrites, a beam current of 40 kV and
290 nA was used as the samples disintegrated with a higher current. The
concentration of gold in the synthetic samples was usually above trace levels and was
detectable using a much lower current. For X-ray diffraction studies, the synthetic
arsenopyrites were lightly ground in acetone and smeared on a glass slide as the
amount of sample were not sufficient for normal aluminium slide holders. Several
XRD patterns were obtained and compared to reduce problems with preferred
orientation.

The Philips EM430 Analytical Transmission electron microscope located at
the EM centre, UWA, operating at 300 kV provides a point to point resolution of
about 0.2-0.23 nanometres similar to that used by Cabri et al. (1989) and is ideal for
distinguishing whether particulate gold is present. In order to determine whether
certain features observed on the electron micrograph resulted from the presence of
gold, selected area electron diffraction (SAED) patterns and convergent-beam
electron diffraction (CBED) patterns were obtained. If gold was present as ultra fine
grains, electron diffraction patierns would give a specific diffraction pattern

corresponding to gold.

4.2.2.2 Gold Mdossbauer

To provide extra information on the form of gold in the synthetic auriferous
arsenopyrites, gold Massbauer spectrometry was carried out.

For Mossbauer spectroscopy, y-rays emitted during an isomeric transition of a
nucleus in a radioactive source are absorbed by a nucleus of the same isotope, causing
it to undergo a transition from its groundstate to the respective excited state. The
decay of the radioactive isotope is accompanied by the emission of gamma-rays of
various energies corresponding to decay of excited states of the stable isotope
characterised by different nuclear spin quantum number.

In *Au, the only stable gold isotope, there is a transition suitable for

Mbssbauer work between the nuclear ground state and an excited state at 77 keV.



The y-rays can be resonantly absorbed by *“Au nuclei only if they do not lose recoil
energy during emission or absorption. This requires the emitting and absorbing atoms
to be embedded in a solid matrix. These recoil free fractions are obtained only at low
temperatures because of the high energy of the ""Au resonance and hence the
measurements require cooling by liquid helium.

The information on the chemical state of the absorbing atoms is obtained from
the hyperfine interactions of the nuclei with their electronic environment. The relevant
interactions in gold compounds are the electric quadrupole interactions which
measure deviations of the distribution of the electric charge around the nucleus from
cubic symmetry. These interactions lead to splitting of the Mdssbauer line into a
doublet and a shift in the centre of gravity of the Mossbauer pattern, the isomer shift
(which is proportional to the electron density at the site of the gold nuclei). Both the
electric quadrupole interaction and the isomer shifts are influenced by the chemical
bonding of the gold atom. By measuring both, one can distinguish between Au' and
Au"and obtain information on the covalency of the bonds.

Missbauer spectra were obtained for hydrothermally synthesised auriferous
arsenopyrite from both goethite and hematite with arsenic and sulfur mixtures. The
Mossbauer spectra were fitted assuming a Gaussian distribution of quadrupole
splittings and of isomer shifts, with a correlation between these two parameters. The

probability of finding an isomer shift (IS) is given by

P(IS) = exp{-(IS-1S,Y/20%)})
where IS, is the mean isomer shift and ¢ describes the width of the Gaussian
distribution of isomer shifts. The quadrupole splitting QS is assumed to be linearly
dependent on the isomer shift

QS=QS,+C({S-1S)

where the correlation constant C is an adjustable parameter.



4.3 Results and Discussion

4.3.1 Dry Synthesis

91

In the first stage, the synthesis of arsenopyrite without gold was undertaken to

make sure suitable arsenopyrite could be satisfactorily produced. Two different

temperatures were used to obtain arsenopyrite with different stoichiometries (Clark,

1960; Kretschmar and Scott, 1976). To synthesise a high As:S ratio arsenopyrite,

mixtures were heated to 600°C and for a low As:S ratio mixtures, were heated to 400

°C. It was hoped that the difference in stoichiometry produced at the different

temperature would throw light on the potential for gold incorporation. The

experiments carried out are shown in Table 4.1,

Table 4.1 - Dry Synthesis of Arsenopyrite with and without Gold Present

Starting Materials Conditions

Sample Fe As S Au Temp | Period | Major

No. (grams) {grams) (grams) (grams) | (°C) (days) | Products*

Al 1.3720 1.8404 0.7876 - 600 7 Asp,Pyrr

ASP1 1.3972 1.8808 (.7859

Al/b Ground Al sample 30

A3 1.336 1.976 (.688 635 7 Asp

A2 13720 1.8404 0.7876 400 |7 Asp, Pyrr, As

ASP4 1.3906 1.8655 0.7842 14

Addition of Gold

A6-1 0.957 of Aspl sample 0.1027 | 660 7 Asp,Au,Pyrr,
As

A6-3 1.2167 of Aspl sample 400

A8 1.3769 1.8618 0.7898 0.1021 | 600 14 Asp,Au,Pyrr

A9 1.3465 1.9935 0.6877 0.1019 | 600 Asp,Au,Pyrr

AlD 13917 1.8770 0.7946 0.103 400 Asp, Pyrr, As,
Au

A23 0.6812 09176 0.3935 0.0417 | 660 2 Asp,pyrr,As,Au

A23x Ground and pelletized A23 400 3 mths | Asp,pyr,As,Au

A23y 500 3 mths | Asp,pym,As,Au

Grinding Expis - materials ground for two days prior to heating

Gala 1.3972 1.8808 0.7859 0.04 600 3 mths | Asp,pvir,Au

Galb 400 Asp,pytr,As,Au

(GaZa Ground Aspl sample+Au 600 Asp,pyrr,Au

GaZb Ground Aspl sample +Au 400 Asp,pyir,Au

(Ga5 Fe 0O As,S mixture 1 0.2363 0.0117 | 660 14 As, Au,pyrr, Asp

Gaal Reground Ga2 660 14 As Au,pyrr, Asp

*As - arsenic, Au - gold, pyrr - pyrhotite, Asp - arsenopyrite, py - pyrite




92

XRD analyses showed that the main phase produced from the high
temperature experiments (600°C) was arsenopyrite with a minor phase of pyrrhotite.
The addition of slightly greater amounts of arsenic in the starting materials reduced
the presence of pyrrhotite. However, there was an increase in the amount of unreacted
components and impurities. A slight increase in the temperature to 635°C resulted in
only arsenopyrite. In the synthetic arsenopyrite the major peaks in the XRD pattern
were similar to those observed by Morimoto and Clark (1961).

Heating at a lower temperature (400°C) resulted in arsenopyrite being the
major phase in the centre of the reaction tube, with a moderate amount of pyrrhotite
also being formed. However, crystals of euhedral arsenic were observed intergrown
with some pyrrhotite, arsenopyrite and pyrite.

Slight changes in chemical composition in the starting material were also tried
to see if the crystal size of the product could be improved and in an attempt to reduce
impurities. However no improvements were observed. In most samples, the
arscnopyrite appeared as silver-coloured aggregates 2 to 20 pm in size and anhedral
to subhedral in form (Figure 4.3). The euhedral arsenopyrite grains had a
rhombohedral habit. Pyrrhotite present in the samples was generally subhedral and
ranged in size from 5 to 20 um.

The arsenopyrite crystals were large enough to determine the composition
using an electron microprobe. The composition of the arsenopyrite found in polished
section mounts varied between FeAs S = and FeAs S, .. A similar correlation of
As:S ratio with temperature was confirmed. The synthetic arsenopyrites made in the
above experiments were used as starting materials in many of the following
experiments.

The incorporation of gold into the structure of the synthetic arsenopyrite was
then attempted. Fine particle gold (i.e. metallic Au’) was added to both synthetic
arsenopyrite sample (A6-1, A6-3) as well as equimolar amounts of Fe, As and §
(A8,A9, A10). These mixtures were sealed inside evacuated vycor tubing separately

using the same method as for dry synthesis. In an attempt to get as much gold as



Figure 4.3 Synthetic arsenopyrite (Aspl) from Fe, As and S mixture heated at 600°C
for 7 days. Sample also contains some pyrrhotite which was observed mainly in the
centre of arsenopyrite grains.

Figure 4.4 Synthetic arsenopyrite containing unreacted gold particles (A6-1) and
pyrrhotite.
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possible into the arsenopyrite produced, the amount of gold added to these samples
was about 2.5 wt% of the whole material. This is above the maximum gold content
(1.52 wt%) reported in the literature for natural arsenopyritc (Johan et al., 1989;
Marcoux et al., 1989) and for synthetics of 1.7 wt % (Wu et al., 1990). These
samples were heated as outlined in Table 4.1. Mecasurement of d-spacings of
arsenopyrite reflections in XRD powder patterns and optical examination showed that
most of the previous synthesised arsenopyrite (A6-3) remained unchanged when
heated with fine gold at 400°C. However, the sample heated at 600°C (A6-1)
contained a higher concentration of pyrrhotite (Figure 4.4). Gold present appeared as
round separate globules in both samples and showed no obvious difference to the
initial form of the gold added to the starting materials.

Synthetic arsenopyrite formed from the starting materials (Fe, As and S
powders, A8,A9) with gold, also produced a similar XRD trace to those samples
without gold. Clark (1960) also found no difference in d-spacings of arsenopyrite
synthesised in the presence and absence of gold. In these samples, SEM studies
revealed (Figure 4.5a) euhedral aggregates of arsenopyrite {(~60 pim in length) and the
presence of gold grains. Gold also occurred as inclusions in some arsenopyrite grains
(Figure 4.5b). No gold was detected by electron microprobe in the arsenopyrite grains
using the trace gold analysis method,

A series of grinding experiments were carried out to help incorporate gold into
the arsenopyrite crystals via diffusion as well as to homogenise the chemical
composition and to improve crystal size. Polished section mounts of these samples
showed grains of arsenopyrite ranging from 2-60 um in size. Some pyrrhotitec and
arsenic were also present. In samples heated to 400°C, gold occurred as finely
disseminated, unreacted grains amongst fine arsenopyrite grains. In samples heated to
600°C, (Ga2) coarse euhedral grains of arsenopyrite were formed and joined together
by gold (Figure 4.6a) or the gold appeared as globules on anhedral pyrrhotite grain
surfaces (Figure 4.6b). The gold associated with arsenopyrite tended to be angular,

whereas gold associated with pyrrhotite was rounded. Energy dispersive analyses of



Figure 4.5 (a)Coarse grained aggregates of synthetic arsenopyrite and pyrrhotite (A8).
(b) Synthetic arsenopyrite and pyrrhotite containing inclusions of gold particles.



Figure 4.6 (a) Coarse euhedral arsenopyrite cemented together by gold (Ga2). (b)
Rounded gold globules on pyrrhotite.

Figure 4.7 Arsenopyrite altered to pyrrhotite with a concentrated rim of gold
(GAAL).
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the arsenopyrite grains did not detect any gold. The sharp boundary between the gold
and the arsenopyrite (and pyrrhotite) grains indicates that there was no diffusion of
gold into the arsenopyrite grains. Close examination of the arsenopyrite showed no
chemical zoning which would have indicated some interaction with gold. Figure 4.6
also suggests that gold enhances crystallisation of arsenopyrite and that the gold
surface tension is affected by arsenopyrite. In addition, the shape of the gold indicates
gold must have been mobile at 600°C. Regrinding some of the Ga2 sample and
heating to 660°C, resulted in alteration of some arsenopyrite to pyrrhotite with gold
appearing with arsenic metal as a eutectic texture (GAA1). Polished sections revealed
an association of coarse grained arsenopyrite and pyrrhotite with gold coating the
outside edges of the pyrrhotite grains (Figure 4.7) suggesting gold was expelled
during the formation of pyrrhotite. Several experiments were also attempted similar to
GAALl where excess arsenic was added but resulted in similar findings as for the
GAALl sample.

Under the conditions used in the above experiments, gold appeared either as
unreacted grains or showed some evidence of being mobile during the arsenopyrite
crystallisation, recrystallisation or alteration of arsenopyrite to pyrrhotite. These
results are consistent with phase diagrams of Au-S and Au-As systems which do not
show any gold complexes between 300°C and 635°C (Okamoto and Massalski, 1985;
Gather and Blachnik, 1976). Metallic gold was the most stable form between these
temperatures. At temperatures above 630°C, gold is mobile in the presence of arsenic
vapour pressure for certain As:Au ratios (Gather and Blachnik, 1976). This was
confirmed in some of these experiments and this mobility possibly retards the growth
of arsenopyrite (by reducing the arsenic vapour pressure) as was observed in samples
Ga35 and Gaal heated to 660°C.

Another approach may have been to attempt to make auriferous arsenopyrite
at temperatures below about 300°C where gold and sulfur compounds are present
(Cardile et al., 1993). However, the kinetics would be too slow to make arsenopyrite

at this temperature, although adding inert halide flux would increase the synthesis rate
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(Scott, 1974). In addition, arsenopyrite formed at low temperatures has a low As:S
ratio (Kretchsmar and Scott, 1976). Arsenopyrites reported in the literature which
appear to have high gold contents are normally found to have high As:S ratios (Johan
et al., 1989). Consequently, arsenopyrite formed at lower temperatures was unlikely
to contain the high gold concentrations required for experiments in this study. Arsenic
and sulfur phases are also stable at this temperature which would reduce arsenopyrite
abundance. Hence low temperature experiments were not attempted.

The presence of unreacted metallic gold in most of the arsenopyrite products
obtained suggests metallic gold is not readily soluble in arsenopyrite under the
conditions used. While Clark (1960), and Wu and Delbove (1990) also reported that
the use of dry synthesis methods did not result in metallic gold being incorporated in
the arsenopyrite structure, they did not provide any conclusive evidence. Recently,
Neumayr et al. (1993) have shown evidence of gold not being readily soluble in
arsenopyrite at high temperatures in nature. The mobility of gold observed in some

experiments is discussed in Chapter 7.

4.3.2 Vapour Transport Synthesis of Arsenopyrite

Attempts were made to incorporate gold into arsenopyrite by transporting the
gold as a chloride or iodide complex. For incorporation of gold into the arsenopyrite
structure, the starting composition of the experiment had to be optimised so that the
gas composition was in equilibrium with the arsenopyrite and gold recrystallising
simultaneously at the cool end of the tube.

In addition, gold volatilisation can be enhanced in the presence of other metals
such as iron to form AuFeCl, (g) (Hager and Hill, 1970). That is, as the arsenopyrite
and pyrite in the starting materials at the hot end of the tube decompose, some gold
may be transported to the cooler end of the tube along with Fel, and As.S,. Without
pyrite to buffer the sulfur concentration at the cool end of the tube the major phases
obtained were 16llingite and pyrrhotite (Av7c). Two temperature ranges were used.

The experiments carried out are shown in Table 4.2. Synthetic arsenopyrites



(Aspl,A8, A9 and Asp4) prepared in earlier experiments were used as starting
materials in the following experiments. Gold was placed with the starting materials in
several experiments either as metallic gold (Au’) or as gold chloride. The presence of
pyrrhotite and arsenic crystals observed in the products indicated that the process of
distillation of arsenic from arsenopyrite had not been totally suppressed by the

addition of pyrite to the starting materials.

Table 4.2 - Todine Vapour Transport Experiments

Starting Materials Conditions
Synthetic Pyrite Todine Gold (Au") | Temp Grad | Period | Major Products
arsenopyrite G (days)
Avl 1g of Aspl 0.24¢ 0.18s - 540-652 7 Asp,Pyrr
Av2 | lgof Aspl 0.24g 0.18¢ - 300-685 7 Asp,Pyrr,
Avl | lgof A8 0.24g 0.18g 0.0011g 540-652 6 As,Pyrr,Au
Ave | 0.6374g of | 0.2414g 0.1843g 0.006¢ 540-652 10 Asp,Pyrr,Au
AD
Avl 1 0.7802g of | 0.2449¢ 0.1853g 0.006g 540-652 12,10 Asp,Pyrr,Au
A9
Avic | 0.7115 of | .0002¢g 0.017¢ 0.0238g 540-652 10 Pymr,Lo, Au
Aspd
Av8 | 0.3232g of | 0.0825¢g 0.047g of | 0.004g 587-662 12,10 Asp,Pymr,Au
Aspd NH.C1 (hot end)
Avo | 0.445¢ of | 0.1496g - 0.0735g of | 587-602 12,10 Asp,Pyrr,Au
Aspl AuCl
Av10 | 0.3173g  of | 0.0791g 0.0653g of | 0.0485g of | 587-662 12,10 Lo,Asp,Pyrr, Au
Aspd I AuClL
Avll | 0.3163g of | 0.0838¢ 0.0565g of | 0.0033g 587-662 12,10 Asp,Pyrr,Au
Asp4 I, (hot end)
0.0394¢
of NH Cl

Arsenopyrite appeared either as single acicular euhedral crystals (Figure 4.8a)
or dendritic crystals (Figure 4.8b), growing from the vycor tube surface close to the
cool end of the tube (Av1-7). Other products formed were anhedral to euhedral
hexagonal platy crystals of pyrrhotitc and amorphous reddish intermediate iodine
compounds which precipitated on quenching. Crystals of arsenic metal were also
present in most experiments. The gold transported appeared either as anhedral branch
structures or precipitated as round globules on pyrrhotite grains. In several samples,
(Av6, Av7) gold globules were present on arsenopyrite crystal surfaces (Figure 4.9).

Polished sections showed irregular inclusions of gold in crystals of arsenopyrite and




Figure 4.8 (a) Single acicular euhedral crystal of arsenopyrite recrystallised from
iodine transport. (b) Acicular dendritic crystals of arsenopyrite. Iodine compounds are
also deposited on some crystal faces.



Figure 4.9 Gold precipitaled on arsenopyrite crystals which have recrystallised from
iodine transport.

Figure 4.10 (a) Polished section of dendritic arsenopyrite crystals containing gold
inclusions. (b) Close up of gold inclusions. The dark inclusions are pyrrhotite crystals.
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l6llingite (Figure 4.10a and b). The energy dispersive analyses of 10llingite crystals
(AV7c, Figure 4.11) indicated that they contained a small amount of sulfur. The
presence of 16llingite indicates that the pressure of the arsenic vapour must have been
higher than for the arsenic sulfide gas. Experiments Av8, AV9 and Av11 resulted in
little transport of the starting materials with them mostly recrystallising at the hot end,
even when heated for a longer period of time. The use of ammonium chloride in these
experiments did not provide a good transporting agent and resulted in arsenopyrite
and pyrrhotite remaining in the hot end of the fumace, The gold present in these
samples as irregular fine grains at the start of the experiment, recrystallised as
octahedral crystals of pure gold (Figure 4.12a and b).

The results indicate that the gold appeared to have been transported at a
different time to when the crystallisation of arsenopyrite occurred. Trace analyses of
polished sections of several samples (AV7,AV9) did not detect any gold in the
arsenopyrite crystals, indicating that the conditions used in these experiments were

not suitable for gold incorporation in arsenopyrite.

4.3.3 Hydrothermal Synthesis in Gold Tubes
Synthesis experiments were initially carried out at 500°C and 2 kbars pressure
under similar conditions to those outlined by Wu et al. (1989). Several modifications

were carried out which provided some interesting results.

4.3.3.1 Arsenopyrite Synthesis from Mixtures of Fe O, +As+S
Arsenopyrite was synthesised from mixtures of hematite (Fe,0,), As and S
with various aqueous solutions and under various temperature and pressure
conditions in gold tubes as outlined in Table 4.3.
Examination of samples after heating (and washing the products), using both
optical and scanning electron microscopes, showed that the products consisted mainly
of arsenopyrite with varying amounts of pyrrhotite, and in some cases, gold inclusions

and unreacted malterials (arsenic, arsenic sulfur glass). In addition, several samples



Figure 4.11 Scanning electron micrograph of a crystal of loellingite with striated faces
due to rapid growth.

Figure 4.12 (a) Scanning electron micrograph of octahedral crystals of gold
aggregated with striated arsenopyrite and platy pyrrhotite crystals. (b) Close up of
octahedral gold crystals.
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contained pyrite grains. The presence of arsenopyrite was confirmed by XRD

patterns, electron microprobe analyses, and in some cases, by transmission electron

MiCroscopy.
Table 4.3 - Auriferous Arsenopyrite Experiments in Hematite , Arsenic and Sulfur Mixtures
Conditions Starting Materials
Sample | Press Temp | Period | mixture* | Solution (mls) major
(kbars) | (°C) | (days) (g) Products
Apl6b |2 500 17 {.2651 HO 0.27 Asp
Ap53 25 1313 2108 Asp
Apld 20 0.203 0416 Asp,An
+Au" 1.0M
Ap33 6 0.1731of | HCYH,O 0.31 Asp
Ga2
Aptl 7 0.1948 0.3792 Asp
Ap34 7 21 1.6M .3952 Asp
Ap3s 537 2.5 0.1998 HCIYH,O 04173 Asp
Apd0 500 10 21 2M 3952 Asp
Apd3 10 25 HCIH,0O 4992 Asp
Ap70 7 818 1.1318 Asp
Apdd 10 1517 20000ppm | .4965 pyrr,Asp
Ap47 1 5 2104 AuClL/H,O | .55 pyir,Asp
Apd8 2 15 2087 4847 pyrr,Asp
Ap49 8 2062 2000ppm 5852 Asp,pyrr
Apl3 14 0.1563 AuCl/H.O | 0.5043 Asp,pyir
Aplé 1.8 495 17 2 pelletised | - Asp,pyrr
Ap30 2 486 8 201 AuClL/HO | 4551 Asp,pyrr
Apdl 1.5 405 52 21 M 3952 Asp,py,
HCIYH,O pyrr, AsS
Ap56 2 400 7 1945 2000ppm 5015 Asp.py,
AuCL/H.O pyrr
Ap42 50 HO Asp,pyrr,
AsS
Ap38 300 50 1233 2000ppm 5486 Asp,pyrr,
AuCL/H.O AsS
Ap58b 50 ' HO pyr,
AsS

*mixture - Fe, O, 0.3545g, As 0.623g, S 0.128g

The acicular arsenopyrite grains ranged in size from 2um to 50pm with an
average grainsize being 10-20um (Figure 4.13a). Large crystals of arsenopyrite, like
those described by Wu and Delbove (1989), were never achieved. The crystals were
mainly euhedral and grew as aggregates (Figure 4.13b and c). The faces of exposed
crystals exhibited striations as a result of rapid growth under non-equilibrium

conditions. Figure 4.13d shows a typical synthetic arsenopyrite formed at 500°C. The



Figure 4.13 Scanning electron micrographs of hydrothermally synthesised
arsenopyrite from Fe,0,, As and S mixtures at 500°C and 2 kbars (a) Smgle crystals,
(b) Aggregation of arsenopyrite crystals exhibiting striations on some crystal faces ,
(c) Polished section of aggregated arsenopyrite crystals contaming ~1000ppm gold
Dark grains are pyrrhotite; (d) Aggregated need-like crystals of arsenopyrite
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habits of all hydrothermally synthesised arsenopyrites were needle-like whereas
arsenopyrites synthesised in the dry synthesis experiments were blocky rhombohedral
in nature.

Attempts to grow arsenopyrite from starting materials in the absence of an
aqueous solution resulted in the reaction of the starting materials with the gold tube.
This problem has been observed by carlier workers (Clark, 1960; Kretschmar and
Scott, 1976).

In experiments carried out at 300°C and 400°C, longer periods were generally
required as the rate of reaction was much slower than at 500°C. Unfortunately,
several experiments failed during the course of the experiment due to leakage of
material past the sealed ends of gold tubes and also instrumental failure during
electrical storms. Only the experiments which were successful are discussed. Despite
the longer runs, particularly at 300°C, some of the starting materials remained
unreacted in the presence of aqueous solutions of either distilled water or
hydrochloric acid. The grainsize in the 400°C run ranged from 2-15um in size (Figure
4.14a and b) whereas those experiments carried out at 300°C resulied in grainsizes
less than 2um. These grains were only confirmed to be arsenopyrite using a
transmission electron microscope with an EDX. At 400°C, well crystallised pyrite
grains were also observed along with arsenopyrite and pyrrhotite products. The pyrite
grains were about 10um in size and were blocky and euhedral in habit. The presence
of pyritc was confirmed by transmission electron microscopic analyses (see Chapter
5).

The use of gold chloride solution with the starting materials resulted in some
precipitation of gold. At 400°C, well crystallised arsenopyrite was produced in a
shorter time than when distilled water or hydrochloric acid solutions were used
(Figure 4.15a). In addition, several experiments resulted in the inclusion of gold
within the arsenopyrite grains. The gold in the Ap56 run appears to be associated with
the boundary of S-rich to As-rich arsenopyrite (Figure 4.15b). In experiments where 2

wt% Au chloride was used, the products consisted mainly of pyrrhotite, some gold



Figure 4.14 (a) Backscatter image of arsenopyrite crystals synthesised from Fe,O,, As
and S mixtures at 400°C and 1.5 kbars in HCI/H,O solution. (b) Close up of
aggregated crystals of arsenopyrite.

Figure 4.15 (a) Backscatter image of arsenopyrite crystals synthesised from Fe,0,, As
and S mixtures at 400°C and 1.5 kbars in gold chloride solution (Ap56). (b) Gold
inclusion in arsenopyrite crystals.
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grains and fine arsenopyrite crystals. Figure 4.16 shows fine grained arsenopyrite
within arsenic sultfide and pyrrhotite grains produced after heating to 300°C at 2

kbars.

4.3.3.2 Arsenopyrite Synthesis from Mixtures of FeOOH+As+S

In this synthesis method, goethite (FeOOH) was used instead of hematite in
the starting material (Table 4.4). One advantage of using goethite instead of hematite
was that no added aqueous solution was required to make crystals of auriferous
arsenopyrite. The breakdown of goethite provided the aqueous solution. There was
little reaction of the starting materials with the gold tubing. A higher content of gold
was able to be incorporated in arsenopyrite using this method. Also, gold tubes could
be packed with more starting materials, using less gold tubing and more easily sealed

in the absence of aqueous solution in the starting material.

Table 4.4 - Auriferons Arsenopyrite Experiments in Goethite , Arsenic and Sulfur Mixtmres
Conditions Starting Materials
Sample Pressure | Temp | Period mixture* Solution (mls) Major
(kbars) (°C) | (days) (g) products
Ap52 2 500 20 0.7 - Asp
Ap6l 20 0.718
Ap62 20 0.12+
0.0018 As
Ap63 20 0.0631+ Asp,pyrr
0.0031 8
Ap71 7 0.8287 Asp
Ap51b 26 0.1135 2000ppm 0.2291 Asp,pyrr,
Ap54 25 0.151 AuCL/HO 0.4796
Ap59 20 0.1709 HAuCL/H.O | 0.0044
Ap6l 22 0889 M 0.1473
Aptd 20 0702 HCYH O 0.0372
Ap72 300 10 0.4056 - AsS,unrt

*mixture - FeOOH 0.3945g, As 0.623g, S 0.128g

The goethite used (FeOOH) has a larger surface arca than the hematite
(30m’/gm and 15m’/gm respectively). Although goethite breaks down at ~250-260°C
it can absorb gold complexes on its surface (Schoonen et al., 1992) which increases

the amount of gold in the arsenopyrite crystals formed.
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The various experiments carried out are shown in Table 4.4. Generally, the
same conditions of synthesis were used as for the hematite mixtures. These conditions
resulted mainly in arsenopyrite except in experiments at 300°C where partially reacted
mixtures of arsenic, sulfur and iron were present.

The crystals of arsenopyrite had euhedral needle-like habits, similar to those
grown using hematite (Figure 4.17). When the As:S ratio of the starting materials
(Ap62) was increased, no changes were observed in the crystal size or abundance of
arsenopyrite (Figure 4.18). However, when the As:S ratio was decreased, smaller
crystals of arsenopyrite were present, together with an increase in amount of
pyrrhotite crystals (Figure 4.19). Synthesis of arsenopyrite crystals using 1M HCI/H,O
solution (Ap64) resulted in arsenopyrite crystals similar to those formed from
FeOOH, As and S mixtures (Figure 4.20). Arsenopyrite crystals synthesised in gold
chloride solutions resulted in gold inclusions (Figure 4.21) and an increase in
pyrrhotite content. Figure 4.22 shows the mixture synthesised at 300°C containing

mainly arsenic suifur compounds and pyrrhotite.

4.3.4 Characterisation of Gold in Synthetic Arsenopyrite

All synthetic arsenopyrite samples were examined in detail using the scanning
clectron microscope in backscatter mode, at high contrast. These examinations
revealed that gold inclusions were present in all samples except most of those
synthesised hydrothermally in gold tubes. Even at a magnification of 40000 times, no
inclusions could be observed in the latter. Trace gold analyses of the arsenopyrites
synthesised using the dry synthesis and iodine transport methods indicated that no
detectable gold occurred in the arsenopyrite crystals, except for the gold inclusions
observed. However, for the hydrothermally synthesised samples, electron microprobe
analyses using the trace analysis technique revealed the presence of high
concentrations of gold not present as inclusions. TEM, image contrast and selected
area diffraction of some of the samples rich in gold (Ap41 and Ap56), did not show

any gold present as fine inclusions in the crystals examined. In the arsenopyrite



Figure 4.16 Backscatter image of arsenopyrite in a matrix of partially reacted material
synthesised at 300°C (Ap58).

Figure 4.17 Backscatter images of typical arsenopyrite grains synthesised from
FeOOH. As and S mixtures (AP52).




Figure 4.18 Backscatter image of arsenopyrite grains synthesised from a FeOOH, As
and S mixture containing a higher As:S ratio (AP62).

Figure 4.19 Backscatter image of arsenopyrite grains synthesised from a FeOOH, As
and S mixtures containing a lower As:S ratio (AP63).
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Figure 4 20 Backscatter image of arsenopyrite grains synthesised from a FeOOH, As
and S mixture (AP64) i 1M HCI/H,O solution.

. 10pm ——

Figure 4.21 Backscatter image of arsenopyrite grains synthesised from a FeQOH, As
and S mixture (AP64) in 2000 ppm AuCl/H,O solution.

Figure 4.22 Backscatter image of arsenopyrite grains synthesised from a FeOOH, As
and S mixture (AP72) at 300°C.
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samples synthesised hydrothermally at 400°C, gold was easily detected by the energy
dispersive analysis equipment mounted on both the SEM and TEM. However, gold

was only detected in a few grains of arsenopyrite synthesised at 500°C.

4.3.4.1 Amount and Distribution of Gold in Hydrothermally Synthesised
Arsenopyrite

The distributions of gold in several of the arsenopyrites synthesised are shown
in Figures 4.23 to 4.31. Arsenopyrite synthesised from hematite, As and S mixtures in
1M hydrochloric acid solution (Figure 4.23) at 500°C, resulted in up to 0.6 wt% gold
in arsenopyrite with most grains analysed ranging from 0 to 0.25 wt% gold. In 2M
HCI solution the arsenopyrite synthesised contained up to 1.3 wt% gold with most
ranging between 0 and 0.2 wt% of gold (Figure 4.24). Arsenopyrite synthesised in
distilled water resulted in only a low amount of gold (0.1 wt%). Arsenopyrite
synthesis at 400°C in hydrochloric acid solution resulted in up to 2 wt% gold (Figure
4.25) with gold content distributed over the whole range. Wu and Delbove (1989)
observed that more gold could be obtained in the synthetic arsenopyrite if
hydrochloric acid solutions were used. They also found that increasing the
hydrochloric acid concentration and reducing the temperature from 500°C to 400°C
resulted in an increase in the amount of gold incorporated in arsenopyrite. The results
obtained here are consistent with their results.

Arsenopyrite synthesised in gold chloride solution at 500°C resulied in up to
0.5 wt% gold in arsenopyrite (Figure 4.26) with most gold values between 0 and 0.3
wt%. Gold inclusions were also evident in some of the arsenopyrite grains. A higher
percentage of gold was obtained in arsenopyrites synthesised in gold chloride solution
at 400°C (Figure 4.27) than at 500°C. Gold inclusions were also observed at
boundaries of zoned S-rich and As-rich arsenopyrite grains. Although the arsenopyrite
synthesised in gold chloride solution at 400°C contained less gold compared with the
arsenopyrite synthesised in hydrochloric acid solution at 400°C (period of 52 days),

the first procedure resulted in a high gold content and higher percentage of
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Figure 4.23 A histogram showing the distribution of gold concentration in synthetic
arsenopyrite from Fe,0,, As and § in a 1M HCI/H,O solution at 500°C and 2kbars.
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Figure 4.24 A histogram showing the distribution of gold concentration in synthetic
arsenopyrite from Fe,O,, As and S in a 2M HCI/H,O solution at 500°C and 2kbars.
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Figure 4.25 A histogram showing the distribution of gold concentration in synthetic
arsenopyrite from Fe,O,, As and S in a 2M HCI/H,O solution at 400°C and 1.5kbars.
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Figure 4.26 A histogram showing the distribution of gold concentration in synthetic

arsenopyrite from Fe,0,, As and S in a 2000ppm AuCl/H,0O solution at 500°C and
2kbars.
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Figure 4.27 A histogram showing the distribution of gold concentration in synthetic

arsenopyrite from Fe,O,, As and S in a 2000ppm AuCl/H,O solution at 400°C and
2kbars.
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Figure 4.28 A histogram showing the distribution of gold concentration in synthetic
arsenopyrite from FeOOH, As and S at 500°C and 2kbars.
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Figure 4.29 A histogram showing the distribution of gold concentration in synthetic
arsenopyrite from FeOOH, As and S in a 1M HCI/H,O solution at 500°C and 2kbars.
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Figure 4.30 A histogram showing the distribution of gold concentration in synthetic
arsenopyrite from FeOOH, As and S with an increased As:S ratio at 500°C and

2kbars.
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Figure 4.31 A histogram showing the distribution of gold concentration in synthetic
arsenopyrite from FeOOH, As and S with a decreased As:S ratio at 500°C and

2kbars.
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arsenopyrite in a shorter period of time (7 days). Thus, the presence of gold chloride
may have enhanced crystal growth. The presence of gold grains and inclusions in the
arsenopyrites synthesised indicate that the samples may have been supersaturated
under the conditions used.

The use of goethite instead of hematite in the starting materials in the absence
of aqueous solution, resulted in a higher gold content in the synthesised arsenopyrite
(Figure 4.28) than was obtained in hydrochloric acid or gold chloride solutions at 500
°C. Arsenopyrite synthesised in the presence of hydrochloric acid with goethite,
arsenic and sulfur, resulted in a greater number of grains containing evenly distributed
gold between 0 and 0.5wt% (Figure 4.29). However, the gold content was lower than
for those synthesised in hematite, arsenic and sulfur mixtures. This may be due to the
reaction of hydrochloric acid with goethite occurring and being much faster than the
reaction with hematite. The formation of ferric chloride would reduce the number of
chloride ions available to take gold into solution. The reaction of chloride ions with
iron in the iron oxides may account for the precipitation of gold in experiments carried
out where gold chloride solution was used.

Several experiments were carried out in goethite mixtures, and in the absence
of aqueous solution, where the arsenic to sulfur ratio was adjusted to determine if
there was any effect on the amount of gold taken up by arsenopyrite. Figures 4.30 and
4.31 show the gold distribution in the arsenic and sulfur rich samples, respectively.
For a higher As:S ratio in the starting materials, most grains contained greater than
0.2 wi% gold with an average of 0.35 wt% gold. For a lower As:S ratio in the
starting materials, the amount of arsenopyrite present was reduced with pyrrhotite
(and pyrite) also being present. The gold content in arsenopyrite is slightly less than in
the other samples synthesised with goethite mixtures with an average of 0.2 wt %. No
gold was detected in the pyrrhotite samples.

The high gold content observed in arsenopyrite synthesised from FeQOH, As
and S mixtures indicates that gold is transported as either a sulfide complex or

possibly as an arsenic sulfide complex. Under the acidic conditions and high oxidation
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potentials in the system, arsenic most probably exists in solution as the acid H,AsO,".
Therefore, the gold would be transported as a sulfide complex (possibly as Au(HS)",
Seward, 1991). In contrast to Wu and Delbove (1989) findings, chloride solutions are

not required for high gold concentrations in arsenopyrite.

4.3.4.2 Chemical Composition of Synthetic Arsenopyrite
Table 4.5 shows the average iron, arsenic, sulfur and gold compositions of the

various synthetic auriferous arsenopyrites produced together with their standard

deviations.
Table 4.5 Synthetic Arsenopyrite samples (average, sd)

[Fe (At frac)  |As (Atfrac) [S(Atfrac)  JAu (At frac)
Synthesis at 500°C, 2k Bars, from hematite + As + S mixtures
Apll 0.33410.004 03372002 J0.328+0.02  ]0.001+0.0004
Ap43 0.33120.007 {0.35620.03  [0.31120.03  [0.001:+0.001
Ap48 0.33420.007 [0.316+0.02  [0.34920.02  [0.0004:0.0002
Api4 Jo336+0.006 J0.328+0.04 [0.33510.05  [0.0008+0.0003
Synthesis at 400°C, 2k Bars, from hematite + As + S mixtures
Ap4l 03281001 03221002 [0.350:0.02  }0.003+0.001
Ap56 [0.33110.005 }0.328+0.02  [0.340+0.02  [0.00120.001
Synthesis at 500°C, 2k Bars, from goethite + As + S mixtures
ApS2 0.328+0.009 [0.35210.01  [0.31840.02  ]0.0014+0.0005
Ap62 0.334+0.006 [0.356+0.007 [0.309+0.01  {0.001340.0003
Ap63 0335:0.01  Jo.339+0.01  Jo325+0.02  0.00120.0004
Ap64 0.33240.01  {0.34620.02  [0.32120.03  [0.0009+0.0004

The arsenic and sulfur contents varied, as indicated by the high standard deviation
values. The iron values also appeared to vary (¥0.01at. frac.) compared with those
obtained for natural arsenopyrite samples (+0.002 at. frac.). The small size (~15-60p
m) and aggregated nature of the synthetic crystals made it difficult to distinguish
different chemical zones at high image contrast in a backscattered image from the
SEM. Where boundaries occurred they were diffuse. In many cases, the chemical
composition obtained by the electron microprobe represented a compositional
average. Figures 4.32a to g show the arsenic to sulfur ratio versus gold content. The
arsenic to sulfur ratio varied from 0.8 to 1.2 with a high percentage ratioes below one,

as indicated by the average sulfur values in Table 4.6. Generally, an increase in As:S
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ratio resulted in an increase in gold content for arsenopyrites synthesised in the
presence of chioride solutions (Figures 4.32a, b, ¢ and g). The gold was more
homogeneous and independent of the As:S ratio value for arsenopyrites synthesised
from goethite mixtures (Figures 4.32d to f). It is possible that the form of the gold
species in solution has an influence on the distribution of gold in the arsenopyrite
structure. This is discussed in section 4.3.4.4.

In view of the variation in iron values observed in these synthetic arsenopyrite
samples, the distribution of arsenic, sulfur and gold among structural sites was
calculated in order to see whether gold could be associated with the iron site, using
the rules devised by Johan et al. (1989). When (As/S)<1 the excess sulfur is attributed
to the arsenic site and the excess arsenic thus formed was transferred to the iron sites.
For (As/S)>1 the sulfur sites were first filled by arsenic and the excess of arsenic is
attributed to iron sites. Figures 4.33a, b, ¢ and d show the excess arsenic and
combined excess arsenic and gold versus the iron content for various arsenopyrite
samples. Many of the points fall into the range of the error bars shown in the graphs
which makes it inconclusive as to whether gold can be attributed to the iron sites. The
presence of excess arsenic correlates well with iron content and some outlier points
appear iron deficient. This would appear to indicate that some arsenic is associated
with the iron site. However, the good correlation and perfect straight line observed
when gold is taken into account, is a consequence of the normalisation procedure. For
this relationship to be of value the assumption has to be made that all sites in
arsenopyrite are filled and that no sites are vacant (i.e. Fe:As:S site ratio is 1:1:1). The
negative values indicate excess iron and may be attributed to site vacancics in the
arsenopyrite structure or experimental error. In addition, no correlation was observed
with the calculated excess arsenic and gold as was found by Johan et al. (1989) in
their analyses of natural arsenopyrites. Therefore using the electron microprobe, it is

uncertain as to whether gold is on the iron site.
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4.3.4.3 Gold Missbauer Studies on Synthetic Arsenopyrite

The '""Au Mssbauer spectra of two synthetic arsenopyrites, one synthesised
from a mixture of hematite, arsenic and sulfur mixture (AP41) and the other from
goethite, arsenic and sulfur (AP52) are shown in Figures 4.34a and b respectively. In
both specira there are two distinct peaks, one at a positive velocity of ~3.5 mm/s and
a smaller peak at a negative velocity. Both spectra are very similar to the spectrum
obtained by Wu et al. (1990) for a synthetic arsenopyrite sample. The small peak
probably represents metallic gold although bulk metallic gold has an isomer shift of -
1.23 mm/s, while in thesc two samples they are -1.15+0.04 mm/s and -1.42+0.09
mm/s respectively. The appearance of this peak may be attributed to very small gold
inclusions either not removed when the sample was washed or fine inclusions within
the arsenopyrite grains. Alternatively this small peak may represent one of two
components of a quadrupole doublet whose second component hides below the main
dip at about +3.5 mm/s. This, however, cannot be proven at this stage (Wagner, pers.
comm).

The large asymmetrical peak at +3.5 mn/s corresponds to combined gold in
arsenopyrite samples as has been observed in many natural and synthetic arsenopyrites
analysed by Wagner (Friedl er al., 1992). The isomer shift for arsenopyrites normally
falls into the range of +3.2 to +3.7 mm/s. The asymmetry fit was reproduced by
superimposing several quadrupole doublets with different quadrupole splittings and
isomer shifts. The main purpose of these Mdssbauer studies was to confirm whether
the gold was bonded and did not exist as fine submicron inclusions. The results
confirm that most of the gold in the arsenopyrites synthesised using either héﬁ:rhtite or
goethite, with arsenic and sulfur mixtures, was in solid solution. The question as to

where the gold is situated in the arsenopyrite structure will be discussed in Chapter 6.

4.3.4.4 Discussion on Gold Uptake in Arsenopyrite
Interpretation of possible mechanisms of gold substitution in arsenopyrite and

the precipitation observed in several experiments was hindered by the absence of
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information on arsenic, sulfur, iron and gold species in solution under the conditions
used. It was not possible in the current studies to monitor the reaction processes
during the experiments and information can only be provided from observations of the
starting and final products. Most experimental work on hydrothermal chemical species
has been carried out on systems from room temperature to 350°C for gold sulfide
species (Seward, 1991) and only gold chloride species have been investigated to
higher temperatures (500°C) (Henley, 1975). However, thermodynamic calculations
and experimental data obtained at low temperatures can, to a limited extent, be
extrapolated to higher temperatures to give possible mechanisms (Heinrich and
Eadington, 1986). Variations observed in the compositions of the synthetic
arsenopyrites examined, showed that none of the systems was ever in equilibrium.

The amount of oxygen can be calculated from the fact that the oxygen fugacity
in the system will be that from the oxygen obtained from the breakdown of Fe O, (and
FeOOH) and the formation of arsenopyrite and arsenolite (As,0,). The fO, was

calculated from the reaction scheme
2As(s) + 3/20, (g) = As,0, (8)

and the general thermodynamic equation

AG ,=-RTIK,

where AG:’,T is the estimated free energy of the above reaction at the temperature (T
K) and K is the equilibrium constant of the above chemical equation.

Calculations of the oxygen fugacity under conditions carried out in the
synthesis of arsenopyrite indicated that the oxygen fugacity in terms of log fO, was
around -36 and -38 for 400°C and 500°C respectively. Under these high oxygen
potentials and low pH conditions the form of arsenic is most probably H AsO,, as was
shown in area predominance diagrams calculated by Heinrich and Eadington (1986).
Therefore, it is possible that arsenic does not participate directly in the transport of

gold. High gold concentrations in arscnopyrites have been associated with high
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arsenic to sulfur ratios in auriferous arsenopyrite synthesised in this study and by other
workers (Johan et al., 1989; Marcoux et al., 1989; Wu et al., 1989). Hence, it would
appear that arsenic plays a stronger role at the growing surface of arsenopyrite
crystals, rather than an influence on gold in solution. This has been observed mainly in
synthetic arsenopyrite samples where hydrochloric acid solutions were used in the
starting materials.

In auriferous arsenopyrite synthesised in the chloride system, the gold would
most probably be transported as the Au(l) dichloro complex (AuCl*) (Henley et al.,
1975; Seward, 1982). The incorporation of gold is probably by adsorption on the
growing arsenopyrite crystal face. Initially, sulfur rich arsenopyrite is formed because
under the condition of temperature used (400-500°C), the sulfur rich arsenopyrite is
stable (Kretschmar and Scott, 1976). As the solution becomes depleted of available
sulfur, more arsenic is incorporated into the growing arsenopyrite crystals. In the
process more AuCl* species are adsorbed on the growing crystal face, due to gold
attraction to arsenic. The AuCl™ adsorbed on the surface may be reduce to metallic
Au’ with the removal of CI* anions or the gold may be bonded by electronic charge
transfer, replacing iron on the iron site or placed in point defects in the arsenopyrite
structure.

The high concentrations of gold obtained in synthetic arsenopyrite from the
goethite, arsenic and sulfur hydrothermal heated mixtures, indicates that gold is
transported as a sulfide complex. In arsenopyrite synthesised from these mixtures with
no added solution or where gold chloride solutions have been used in the starting
materials in this study, the As:S ratio appears independent of gold concentration in the
crystals. In these systems, gold was transported as Au(SH)’ or possibly as Au(SH)".
The adsorption of these species on the growing crystal face possibly results in both
the gold and sulfur from the complex being attached to the arsenopyrite lattice
resulting in high gold content over a range of As:S ratios. Renders and Seward

‘//AT_\I

(1989a,b) and Cardile et al. (1993) have shown that the absorption of Au(HS)’ ofg t(y’ W
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colloidal As,S, resulted in Au(l) linearly coordinated to two sulfur atoms and not
present as a metallic Au precipitiate.

From the above work, it is possible that the form of the gold species (i.e.
AuCP* or Au(SH)° or possibly as Au(SH)*) in solution has an influence on the
distribution of gold in the arsenopyrite structure, as was observed in comparison of
the two methods of synthesis of auriferous arsenopyrite (Figures 4.32a to g). It may
also have an effect on the form of gold associated with the arsenopyrite structure (i.e.
Av® or Au-X). However, Ao Mussbauer data shows that Au is mostly bonded in
both conditions with and without hydrochloric acid in the starting materials.

The stoichiometry of arsenopyrite formed is largely dependent on temperature
(i.e. low temperature a low As:S ratio), however the effect of others factors (e.g. pH
or CI') may affect the selectivity of excess arsenic or sulfur in its structure. In addition,
the availablity of arsenic and sulfur in the system will also affect the arsenopyrites

composition.

4.3.5 Structure of Synthetic Auriferous Arsenopyrite
The structures of several synthetic auriferous arsenopyrite samples obtained
hydrothermally were characterised and refined by XRD and CBED analysis. This

information was compared with structural information for natural arsenopyrites.

4.3.5.1 Comparisen of Synthetic Auriferous Arsenopyrite with Natural
Arsenopyrites

In the first instance, arsenopyrite synthesised by various methods and in which

gold could not be successfully incorporated into the arsenopyrite structures, was

compared with synthetic auriferous arsenopyrite from hydrothermal experiments. The

XRD powder patterns of auriferous arsenopyrite hydrothermally synthesised from

either mixtures of hematite, arsenic and sulfur or goethite, arsenic and sulfur were

then compared with XRD powder patterns of natural arsenopyrite samples.



110

Figure 4.35a shows a typical XRD pattern of synthetic arsenopyrite made
from arsenic, iron and sulfur mixture sealed in vycor tubes. Fine gold which was also
added to the sample was not incorporated into the arsenopyrite but appeared as
distorted globules amongst the grains of synthetic arsenopyrite and pyrrhotite. Figures
4.35b, ¢ and d show XRD patterns from synthetic auriferous arsenopyrite obtained by
hydrothermal synthesis at 500°C or 400°C. All XRD patterns are indexed according
to the monoclinic P2 /c setting. The second and third patterns are from arsenopyrite
hydrothermally synthesed from hematite mixtures, whereas the fourth pattern is from
a synthetic arsenopyrite from a goethite mixture.

In all cases, the synthetic arsenopyrite samples had XRD powder patterns that
were generally similar to each other. Some arsenopyrite samples were not completely
free of impurities as reflections of trace pyrite and pyrrhotite were present in their
XRD patterns. The XRD patterns are very similar to those of synthetic arsenopyrite
samples reported by Morimoto and Clark (1961). The major peaks in the synthetic
arsenopyrite show no tendency to split, as was observed in some natural
arsenopyrites. The synthetic arsenopyrite XRD patterns are similar to the arsenic rich
natural arsenopyrites. In addition, the peaks tend to be broader than the natural
arsenopyrite sample which indicates some disorder or inhomogeneity. In the synthetic
samples, the (-121) reflection is much further away from the 210, 012 reflections. The
(100) and (1 10)(110) and (021)(02 1) reflection intensities are also reduced. The cell
constants in all the synthetic arsenopyrite samples (a=5.80, b=5.72, c= 5.79A, B =
113.2°) were much larger than for the natural arsenopyrite samples (Figure 3.30 and
Appendix D) due to compositional differences. However, it would appear that some
differences may be due to rapid crystallisation rather then just composition differences
alone. All the synthetic samples exhibited some variations in chemical composition, as
was observed in EPMA determined compositions. Measurements of the 131 d-spacing
following the method of Morimoto and Clark (1961) gave an average arsenic

concentration similar to the average chemical composition.
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4.3.5.2 Examination of Synthetic Arsenopyrite by CBED

In view of the differences observed between the XRD powder patterns of
synthetic arsenopyrite and the natural arsenopyrite samples, synthetic arsenopyrites
were examined by CBED for structural differences. Crystals of synthetic arsenopyrite
were tilted to major zone axes similar to the method followed for the natural
arsenopyrite samples. The [101] and [100] zone axes were readily obtained, although
in thick crystals clear CBED patterns were not easily distinguishable. The CBED
patterns were similar for afl synthetic samples examined. SAED patterns of long
slender crystals showed that the elongated direction in the crystals corresponded to

the a-axis direction which is common in arsenopyrite crystals (Figure 4.36).

[101] Zone Axis

Figure 4.37a and b show [101] zone axes for the synthetic auriferous
arsenopyrite samples. A mirror line can be observed through the whole pattern along
the (101 ) direction in both patterns. GM lines are also evident corresponding to a 2-
fold screw axis along b and a glide along c, in agreement with the P2 /c monoclinic
symmetry, as with all the natural samples in some CBED patterns (Figure 4.37a).
However, in many patterns the GM lines corresponding to the 2-fold screw axis in the
b* direction are missing or appear considerably distorted (Figure 4.37b). The
measurements of the d spacings were slightly larger than those in the JCPDS files,
however, they agreed well with those measured from XRD patterns. In all [101]
patterns, the dynamic absences can be readily seen along theil-m)* direction with a

mirror line in the first Laue zone corresponding to the glide plane.

{100] zone axis

Figure 4.38 shows a typical [ 100] axis found in synthetic arsenopyrite samples.
The forbidden reflections (dark bars or GM lines) occur in the b* direction and a
mirror line runs perpendicular to this direction in the FOLZ. In the c* direction, the

GM lines are not easily identifiable. The d spacing along c¢* is similar to that which



Figure 4.36 Electron micrograph of synthetic arsenopyrite and selected area electron

diffraction pattern showing orientation of crystal. All synthetic crystals were
elongated in the a direction.



Figure 4.37 Convergent be electron diffraction pattern of (a) complete [101] zone
axes pattern and (b) distorted b* axis pattern for the synthetic auriferous arsenopyrite
samples.



Figure 4.38 A typical [100] axis found in synthetic arsenopyrite sample.
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would be expected for the a* and the way to distinguish the two is by the presence of
the GM lines along every second disc in the ZOLZ, corresponding to the ¢ glide in the
c* direction. The pattern however contains some features similar to the {100] zone
found in the natural samples. The width of GM lines and other features within the
discs is a function of thickness of the crystal (Steeds and Vincent, 1983). The crystal
is much thinner in the c direction than in the b direction. Similar types of patterns
were observed in natural samples and information in the ¢ direction was obtained by
finding an edge of the crystal which was thicker. However, in the synthetic samples
this was not always possible.

In comparison, the natural and synthetic samples have similar structures as
seen by similar features in their CBED patterns. That for the synthetic sample contains
more disorder than the natural sample, which makes it harder to obtain good CBED
patterns. The rapid crystallisation of the synthetic sample is a cause of these problems

and the large variation in composition may also cause more distortions.

4.3.5.3 Rietveld Refinement of Synthetic Auriferous Arsenopyrite

The structures of auriferous arsenopyrite hydrothermally synthesised from
mixtures of (a) hematite, arsenic and sulfur and (b) goethite, arsenic and sulfur were
then refined by the Rietveld method on several XRD powder patterns in the space
group P2 /c. The starting structural parameters used were those of Fuess et al. (1987)
and translated to the P2 /c space group. The refinement converged for both types of
samples to Bragg R factors around 4.00 with profile fits about 10.0 or less. The
agreement was not as good as that obtained for the natural arsenopyrite samples. This
is most probably a result of disorder and variations in composition of crystals.

Table 4.6a shows the final refined parameters obtained from the Rietveld
refinement. The unit cell constants are similar for both synthetic auriferous
arsenopyrites and are larger than those obtained for natural samples. The site
occupancy variation is larger, which indicates considerable interchange of arsenic and

sulfur. The observed, calculated and difference patterns for one synthetic auriferous
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arsenopyrite are shown in Figure 4.39. The high isotropic temperature factors, besides
resulting from accumulated errors from the Rietveld refinement, are possibly

associated with variation in stoichiometry and disorder of the atomic sites.

4.3.5.4 Bond Lengths and Angles

The calculated bond lengths and angles are shown in Table 4.7. There are
some variations in the bond lengths and angles between different synthetic samples.
These are most probably associated with the non-perfect model fit obtained from the
XRD powder patterns. The iron to arsenic bond lengths are generally similar to those
obtained for natural arsenopyrite samples, although one of the bond lengths for the
arsenopyrite synthesised from goethite , arsenic and sulfur mixture is lower, possibility
corresponding to the sulfur on the arsenic site (2.25A). The iron to sulfur bond
lengths are larger and may be associated with some arsenic replacing sulfur on the
sulfur site producing a larger bond length. The bond angles are generally the same
except the Asl-Fe-As3 and S1-Fe-S2 are slightly less. The S1-Fe to Asl, As2 and
As3 angles are also slightly different.

4.3.5.5 Conclusions on Synthetic Auriferous Arsenopyrite Structure

The synthetic arsenopyrite structures were much more structurally disordered
than were the natural arsenopyrites as seen from the broad peaks in the XRD powder
patterns and the distortion observed in some of the CBED patterns. The presence of
the c-glide plane and the reduction of symmetry along the distorted b axis indicates
that faults occur along the b axis, which do not significantly affect the glide in the
structure. The faults have occurred due to rapid growth in the b direction of the
arsenopyrite crystals. From the twins and antiphase domains described in Chapter 3,
the reduction in symmetry may be interpreted as a result of multiple displacement
occurring along different (010) planes with the displacement vector of Y2d(101} or
1d(101 ). The displacement plane would occur along octahedra as illustrated in

Figure 4.40. By shifting the octahedra, the ordering of the arsenic and sulfur atoms
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Figure 4.40 Displacement of octahedra along the (010) plane either by
14d(101) or %2d(10-1) along dark line.
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Figure 4.41 Displacement of octahedra by 1/3d(100) + 1/2d(010) +
1/2d(001).
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along the displacement plane is changed, resulting in shifts in positions of atoms. The
Asl-Fe-As3 and S1-Fe-S2 angles are slightly smaller than natural samples which
coincide with observed distortion in the (010) plane. Alternatively, a displacement
fault as shown in Figure 4.41 could occur, similar to that observed in structures of
MnO, compounds (Wadsley, 1955). In order to destroy the 2-fold screw axis, the
P2 /c structure has to be sheared along the (101 ) plane with the octahedral column in
the [101] direction maintaingd so as to preserve the glide plane. This results in the
column octahedra along the [101] direction sharing edges with other octahedra as
shown in the Figure. As a result, larger gaps are present between some octahedra in

which an impurity atom such as gold may be positioned there.

4.3.6 Diffusion of Gold into Natural Arsenopyrite
In addition to the previous methods, attempts were also made to incorporate
gold into arsenopyrite by either diffusion or dissolution and reprecipitation reactions.
Natural or synthetic arsenopyrite samples were placed in gold tubes and heated at
high temperatures and pressures, some with aqueous solutions and some in the
absence of aqueous solution and simply pelletised. Table 4.8 shows the various

experimental conditions used.

Dry Experiments

Clark (1960) observed that gold could diffuse through arsenopyrite at 660°C
under 2k bars of pressurc. The first dry experiments attempted simulated these
conditions.

Polished sections of a (AD1) natural arsenic rich arsenopyrite heated under
similar conditions to those outlined by Clark (196(), showed slight decomposition to
pyrrhotite on the edges of the arsenopyrite grains. No gold was observed in the
pyrrhotite formed. Three separate samples were then made, one consisting of several
natural stoichiometric grains of arsenopyrite (AD2a) together with synthetic arsenic

rich arsenopyrite, another consisting of only synthetic arsenopyrite (AD2b) and the



Table 4.8 - Experiments on Diffusion of Gold into Arsenopyrite

Conditions Starting Materials in Gold Tube
Sample Press Temp Period Mixture* (g) Soln (mls}

{kbars) (°C) | (days)
Dry experiments
AD2a 1 695 1 0.5 -
b 1 A5 0.5
c 1 Gb 0.5
AD1 2 660 1 Ch 0.5
AD7 1 660 4hrs Ch 0.2018
Ap22 2 500 7 A4 0.4321+Au 0.025
Ap66 2 20 syn asp 0.25+Au 0.022
Ap67 2 10 syn asp + Au 0.2
Ap69a 1.2 400 10 Ch 0.0087
Aqueous experiments
AD3 1 705 4hrs Gb 0.0393 2mHCVH,O 0.0872
AD4 1 660 4hrs Ch 0.2282 2mHCI/H,0 0.0332
AD6 1 660 4hrs Ch 0.1743 H»0 0.054
AD5 1 500 4hrs Ch 0.2358 2mHCI/HAO open
Ap20 2 7 AS 0.3217 2mHCVH»O 0.3467
Ap65 2 20 Ch 0.0072 HyO
Ap68 2 10 Ch0.2 HAuCly +HCI/HHO
Ap5S 2 400 7 Ch 0.0192 2000ppm AuCly/H»O

0.219

Ap69b 1.2 10 Ch 0.0669 Ho0 0.0653
Ap69c 1.2 10 Ch 0.0551 2mHCI/H-O 0.0703
Ap69d 1.2 10 Ch 0.0433 2mHCI/H-O 0.0198

*mixture - Ch China arsenopyrite, Gb Greenbushes arsenopyrite, A4 AS syn asp synthetic arsenopyrite from Table 4.1
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last consisting only of natural stoichiometric grains of arsenopyrite (AD2c). After
heating, a polished section of the sample containing natural arsenopyrite alone
revealed little alteration had taken place. In the sample containing only synthetic
arsenopyrite, the gold tubing had burst resulting in the arsenopyrite breaking down in
the presence of distilled water surrounding the gold tube (in the pressure bomb). The
resulting product was hematite with gold grains of various sizes diffused through the
hematite matrix as shown in Figure 4.42a. In the sample consisting of synthetic
arsenopyrite and natural arsenopyrite, the synthetic arsenopyrite and pyrrhotite
recrystallised onto several of the natural arsenopyrite grains. A close scan of a
polished section of these grains, revealed the presence of fine grained gold less than
one micrometre in diameter, within the recrystallised layer (Figure 4.42b). The
recrystallised layer showed no particular orientation with the natural arsenopyrite and
appeared at various locations around the grains.

Electron probe analyses of points tranversed from the natural arsenopyrite
across the recrystallised layer are shown in Figures 4.43a and b. An increase in iron is
observed in the recrystallised area compared with the unreacted natural arsenopyrite
composition. The arsenic content has generally increased with a decrease in sulfur.
However, in some parts this is reversed, having a chemical composition approaching
that of pyrrhotite. Some of the arsenic-rich regions are associated with the presence of
gold (Figure 4.43c). Synthetic arsenopyrite pelletised with fine gold grains and sealed
in a gold tube and heated to 500°C under 2k bars of pressure (Ap22), resulted in little
observed alteration (Figure 4.44).

The results can be explained by Clark's (1960) phase diagram (Figure 4.45).
The conditions of experiments in this study are shown by a X" in Figure 4.45. Samples
heated under the conditions to the left of the curve generally remained unchanged
(Ap22, Ap33) except for sample Ap67 which showed evidence of gold being attacked
and undergoing some alteration during the experiment (Figure 4.46). This may be
because the synthetic arsenopyrite used in the starting material contained free arsenic

which most probably attacked the gold.



Figure 4.42 (a) Evidence of gold mobility during the breakdown of synthetic
arsenopyrite to iron oxide. (b) Unaltered arsenopyrite and recrystallised area
containing fine gold particles.
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Figure 4.44 Backscattered image of disseminated gold grains amongst unreacted
pelletised arsenopyrite (Ap22).
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Figure 4.45 Temperature versus pressure diagram for of the As-Fe-S-Au
system (after Clark, 196(). The crosses indicate conditions used in
experiments carried out in this study.



Figure 4.46 Backscattered image of partially mobilised gold from the partial
decomposition of pelletised arsenopyrite to pyrrhotite (Ap67).
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Clark (1960) reported diffusion of gold into arsenopyrite taking place over a
period of 4 hours. It appears from the above experiments that litte alteration took
place in the natural arsenopyrite samples and only the synthetic sample altered. This
infers that the natural arsenopyrite grains are more stable. For diffusion of gold
through arsenopyrite to occur, the arsenopyrite must first cross the
arsenopyrite=16llingite+pyrrhotite+liquid boundary to the right and then reverse to the
left, i.e. gold only diffuses when arsenopyrite is altered or mobilised in some way.

Thus, gold is not readily diffused through arsenopyrite.

Aqueous Experiments

In view of the observed mobility of gold in sample AD2b, experiments (AD3-
7) were carried out in which natural arsenopyrite and aqueous solutions of either HC1
or water (Table 4.7) were added and sealed in gold tubes. Samples were heated at
either 705°C (above the phase stability temperature of arsenopyrite at 702°C, (Clark,
1960)), 660°C or 500°C. Over the 4 hour time period for these experiments, only the
sample heated to 705°C resulted in any reaction. In this particular sample, both
pyrrhotite and arsenic crystals were present on the inside and outside of the gold
sealed tubing (i.e. the gold tube had been penetrated).

Similar experiments (Ap20, Ap65; Ap69a,b and ¢) were tried at temperatures
at either 500°C or 400°C, for longer periods (7 to 20 days) of time, in solutions of
either double distilled water or 1M HCI solution. In the presence of distilled water,
arsenopyrite partially broke down along a crystallographically orientated direction
(Figure 4.47a) forming pyrrhotite. Some round gold grains were also observed
amongst the pyrrhotite product. Arsenic from the partial breakdown of arsenopyrite
was found deposited on the inside of the gold tubing. In some parts, gold was
deposited on arsenopyrite surfaces where a channel resulted from the partial
dissolution of arsenopyrite (Figure 4.47b). It appears that the dissolution of some of
the arsenopyrite resulted in precipitation of gold. In other parts of the grains, regular

step channelling along fractures had also occurred (Figure 4.47c¢). Pelletised synthetic



Figure 4.47 Backscattered image of natural arsenopyrite breaking down along a
crystallographically orientated direction (a) forming pyrrhoute under the conditions of
500°C and 2kbars in water. Some round gold gramns were also observed amongst the
pyrrhotite product. (b) Precipitation of gold on the side of arsenopyrite Some
dissolution of the arsenopyrite has taken place (c) Regular dissolution channels
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arsenopyrite (Ap20) in the presence of 1M HCI/H,0O solution and heated to 500°C
under 2 kbars of pressure, resulted in reprecipitation and diffusion of gold into the
synthetic arsenopyrite (Figure 4.48).

The use of a 2000 ppm gold chloride solution in the presence of natural or
synthetic arsenopyrite exhibited total disintegration of the grains with the precipitation
of gold, arsenic and coarse pyrrhotite (Ap66, Ap68) (Ap55) at 500°C and 2 kbars of
pressure (Figure 4.49). At 400°C and 2 kbars, examination of the surface of the
arsenopyrile grains after 7 days showed gold precipitated on the surface around some
of the grains (Figure 4.50a). A polished section of these grains showed extensive
irregular fracturing in some grains. Dissolution channels were observed throughout
some grains. Some of these dissolution channels appeared to have followed along the
fractured grain boundaries. There was no apparent orientation of dissolution as was
observed in natural arsenopyrites heated in water (Ap65). In most of these channels,
gold was either deposited at the end of the channels which appeared to stop within the
grain or was deposited during the channelling process (Figure 4.50b).

From the results above, it appears that aqueous solutions reduce the
temperature at which arsenopyrite decomposes. In these experiments, it was difficult
to maintain a closed system, as the reaction of arsenic with the gold tube in which the
sample was contained, resulted in arsenic deficient phases. This appeared to prevent

recrystallisation of arsenopyrite.

4.3.5.1 Discussion on Arsenopyrite Dissolution and Precipitation of Gold
In the presence of aqueous solutions, natural arsenopyrite appeared to
decompose leaving either some residual pyrrhotite or resulting in total dissolution
along channels. Gold precipitated either along channels or on the arsenopyrite surface.
Two mechanisms are possible for the precipitation of gold on and in arsenopyrite
grains. One is the process of adsorption of gold complexes in solution onto the sulfide
surface and subsequent reduction of the gold complex to metallic gold. The reduction

of gold on some sulfide surfaces has been documented in laboratory experiments (e.g..



Figure 4.48 Mobilisation of gold through synthetic arsenopyrite (Ap22).



Figure 4.49 Total breakdown of natural arsenopyrite to pyrrhotite with globules of
gold (Ap66, Ap68).



Hopym

(b)

Figure 4.50 (a) Precipitation of gold on natural arsenopyrite from samples in the
presence of 2000ppm AuCl, solution heated to 400°C and 2 kbars (b) Precipitation of
gold in dissolution channels. '
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Jean and Bancroft, 1985) as well as in natural systems (e.g. Knipe et al.,, 1992).
Evidence supporting the importance of the reduced sulfur-donor ligand for adsorption
with sulfides has been presented by Jean and Bancroft (1985, 1986). In the first stage,
physical adsorption of the gold species occurs by weak van der Waals forces. The
attractive force is provided by the instantaneous dipole moments of the absorbed atom
and electrons of the nearest surface atoms but with no charge transfer. Renders and
Seward (1989) have studied the adsorption of gold from aqueous sulfide solution
onto colloidal arsenic and antimony sulfides. They suggested that the neutral
monohydrosulfidogold (I) complex, AuHS"’, can be absorbed from acid solutions onto
the charged sulfide surface to form the triatomic surface complex [S---Au(I)-SH] in
which the gold remains in the +1 oxidation state. '"Au Mdssbauer data support this
conclusion (Cardile et al., 1993). The second stage involves a reduction-driven
chemical adsorption where the physically adsorbed precursor overcomes the surface
energy barrier through electronic or vibrational processes (Knipe et al, 1992).
Adsorbed atoms may diffuse across the suifide surface until they reach 'high-energy'
sites where clusters will occur (Bancroft and Hyland, 1990).

The other possibility, is a process of dissolution of arsenopyrite followed by
precipitation of gold from solution. This appeared to be the more probable as
observed in Figure 4.47. One important part of the mechanism concerns the source of
electrons necessary to reduce gold. To determine the importance of a reduction
sorption mechanism for Au sorption onto arsenopyrite, it is necessary to evaluate the
redox potential of the gold solution versus the redox potential of the arsenopyrite
surfaces. The difference between these two redox potentials provides the driving force
for reductive sorption.

The precipitation of gold most probably follows the reactions

Au(HSY +e- = A0+ HS vt 4.1)
Au(HS) , +e- = AU+ 2HS 4.2)

or
AUCL +e- =AU +2CL. e (4.3)
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The gold deposited on the grain boundaries and in the cracks of arsenopyrite (Figure
4.43) can be explained by the minor dissolution of some arsenopyrite according to the

reaction

4FeAsS + 30, +4nCl + 8H' + 6H,0 -> 4FeCl™ + 4H,8° + 4H AsO," + 4e-.....(4.4)

a process which would act as a local redox trap for gold precipitation (Heinrich and
Eadington, 1986). Gold precipitation requires a reduction from oxidised complexes to
native metal and the reactions of (4.3) and (4.4) would explain conditions in which
chloride ions were present. In the case where no chloride was present, instead of iron
chloride species being formed, pyrrhotite is precipitated as was observed in Figure
4.40a.

4.4 Summary and Conclusions

The main aim of this work was to obtain arsenopyrite containing solid solution
gold. However, of the various methods attempted to incorporaie gold into the
structure of arsenopyrite, only samples synthesised from mixtures of iron oxides,
arsenic and sulfur under hydrothermal conditions were successful. Gold was only
taken up in the arsenopyrite structure where gold was in solution. The results support
the idea that for gold to be taken up in arsenopyrite (and pyrite) it must be taken up
by gold adsorption during growth of host mineral (Cabri et al., 1989; Chryssoulis and
Cabri, 1990; Schoonen et al., 1992) and not by solid state diffusion which result in
metallic gold inclusions. Metallic gold (Au®) appears to be inscluble in sulfides as was
observed from the sharp boundaries between crystallised arsenopyrite and gold in the
dry synthesis work. The presence of metallic gold reduced the breakdown
temperature of arsenopyrite to pyrrhotite and loellingite, as reported by Clark (1960).
Arsenopyrite hydrothermally synthesised at 400°C in hydrochloric acid solution
resulted in up to 2 wit% gold contained in its structure.

The form of the gold species in solution had an influence on the distribution of

gold in the arsenopyrite structure. High gold concentrations in arsenopyrites prepared
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in the presence of hydrochloric acid were associated with high arsenic to sulfur ratios
in the auriferous arsenopyrite synthesised. In arsenopyrite synthesised without added
solution, particularly goethite containing mixtures, the As:S ratio appeared
independent of gold concentration in the crystals. ' Au Mossbauer spectra of synthetic
auriferous arsenopyrites, prepared in different starting mixtures showed that the gold
was in solid solution. Composition by EPMA showed a possible slight iron deficiency
in some auriferous arsenopyrite grains analysed, however the errors in the analyses
were too high to be conclusive. While gold concentration in arsenopyrites was
increased with chloride activity in the aqueous solutions, high gold concentrations
were also obtained in chloride free conditions. These results provide good argument
for significant dissolution of gold in chloride free complexes in nature. The high
concentrations of gold observed in synthetic arsenopyrites varying over a range of
As:S stoichiometries emphasises that composition alone is not a major factor in gold
uptake.

Structural analyses of various synthetic auriferous arsenopyrite crystals
showed that there were similarities with natural arsenopyrite samples. However, the
unit cell dimensions were larger and some crystals exhibit loss in symmetry. Rapid
crystallisation along the b axis caused some disorder, resulting in many crystals
exhibiting displacement faults. The presence of these faults may contribute to high
concentrations of gold in its structure. The displacement results in the reordering of
the arsenic and sulfur atoms along the displacement plane. The location of gold in the
arsenopyite structure is discussed in Chapter 6.

While the dry synthesis approach did not succeed in incorporating gold in solid
solution in arsenopyrite these experiments provide information on the mobility of gold

as discussed in Chapter 7
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Chapter 35

5.0 COMPOSITION AND STRUCTURE OF NATURAL AND SYNTHETIC
PYRITE

Auriferous pyrite, like arsenopyrite is also an important mineral in many gold
ore deposits. In the course of the present studies, the presence of pyrite in a number
of the arsenopyrite samples studied prompted the investigation of pyrite and its
relationship with gold in terms of its structure and composition. In the arsenopyrites
synthesised at 400°C, the presence of small amounts of arsenian pyrites was also
confirmed, mostly by TEM studies. The data on both natural and synthetic pyrites are

discussed and compared in the following section.

5.1 Compositions

The average compositions and their standard deviations for natural pyrites
found in several of the arsenopyritc samples analysed are shown in Table 5.1. The
arsenic content in the grains analysed appeared to vary from grain to grain, even
within the one sample. A high percentage of the pyrite grains had little arsenic present.
The measured iron content varied between (.330 and 0.335. Values below 0.33 may
arise as a result of vacancies in the pyrite structure or substitution of arsenic on iron
sites, as has been proposed by Johan et ol (1989) and Marcoux et al. (1989) for
arsenopyrite. The deviation of pyrite from FeS, to FeS, , has been reported by Finklea
et al. (1976).

Most of the synthetic pyrite grains analysed contained some arsenic. This is
most probably associated with the high arsenic content in the starting materials used
to make synthetic arsenopyrites. Several pyrites contained very high arsenic contents
which suggested the possibility of an error in their analyses. However, examination of
several arsenian pyrite grains, which structures were confirmed to be pyrite under the

TEM, revealed arsenic contents between 5 to 10wt%. Figure 5.1 shows the



Table 5.1 - Composition of pyritcs
{Atomic frac, sd)
Fe As S
Sheba 0.330+0.001 | 0.002+0.002 | 0.668+0.002
Coolgardie 0.33310.001 | 0.001+0.001 | 0.666+0.002
Paddington 0.336+0.002 | 0.001+£0.001 | 0.663+0.002
Ping Creck 0.333+0.003 | 0.001£0.002 | 0.666+0.003
Utah 0.333+0.004 | 0.003+0.007 { 0.662+0.005
Le Chatelet 0.33440.003 [ 0.0320.01 | 0.6510.02
Sb 0.000210.0002
Table 5.2 Structural parameters of some pyrites
Unit Cell Dimension (based on space group Pa3)
SAMPLE  [Le Chatelet [Sheba Pine Creek Victory Synthetic
Unit cell Dimensions
fa (A) 5417 5420 5416 5.420 5417 542
Volume (A%) 158.96 159.22 158.84 159.21 158.92 159.21
Sites Occupancies
As 0.01 - 0.03 - - nd
S 1.99 - 1.97 - - nd
Atomic Coordinates
Fe fixed 0,0,0
Sx,y.z 0.385] 0.383 0.387| 0.382 0.385 37
Isotropic temperature factors
Fe fixed 0.26
S 0.33
Profile
Shape 0.74 0.88} 0.49 0.88| 0.50 88
WHH
0.03 0.08 -0.02 0.10 0.05 -.0.04
-0.02 -0.10 0.03 -0.10 -0.07 0.11
0.03 0.06 0.04 0.06 0.05 0.4
RP 8.49| 4.97 6.07 7.25 8.99 103
RWP 12.65 6.72 8.57 9.80 1243 13.35
GOF 11.83 4.23 6.76 9.77 8.42 17.50]
Bragg R 2.39 2.60 278 2.84 2.21 6.18
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Figure 5.1 The relationship between As:S ratio and gold content for synthetic pyrite
crystals.
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relationship between the As:S ratio and gold content. Although the number of data
points are small, the strong correlation observed here has also been found in many
natural auriferous arsenian pyritc grains examined in the literature (Cook and

Chryssoulis, 1990; Marion et al. 1991; Fleet et al. 1993).

5.2 Structure of Pyrite
Both natural and synthetic pyrite samples were analysed by XRD and CBED

patterns for deviations in structure,

5.2.1 Rietveld Refinement

The structure of pyrite was refined using the Rietveld method on XRD
patterns from powdered samples. Several of the data were during the refinement of
arsenopyrite described in the previous section. The starting values for the refinement
were those obtained by Bayliss (1977). The final values obtained are shown in Table
3.2. Generally, there appeared to be no correlation of stoichiometry with the refined
parameters. The concentration of pyrite in several samples mixed with arsenopyrite
was small and therefore the data for these is not so reliable. The presence of arsenic in
pyrite did not appear to effect the unit cell dimensions in samples which contained
sufficient concentrations of arsenic. The amount present was probably not sufficient to
cause much variation in structural dimensions. Clark (1960) also observed no

difference int unit cell dimensions in the synthetic sample which he analysed.

5.2.2 Structure Determination by Convergent Beam Electron Diffraction

Figures 5.2a to d show CBED patterns of [001] and [011] zone axes for
natural and synthetic pyrite samples. The measurements of d-spacings agree with
values obtained from XRD analyses as shown in Table 5.3. For the [001] pattern,
2mm symmetry was observed in the whole pattern. In the ZOLZ reflections GM lines
were observed in (h0O) for h odd reflections corresponding to the a-glide. A mirror
plane is observed in the reflections perpendicular to the glide. In [011] patterns, GM
lines were observed in (0kl) for k odd and (h00) for h odd reflections with a whole



Figure 5.3 CBED patterns of [001] and [011} zone axes for a natural (a and b} and
synthetic pyrite samples (¢ and d).



Table 5.3 Measured d-spacings of some major pyrite reflections

Reflections JCPDS |Le Chatelet] Sheba Pine Utah Synthetic | Victory
Creck
(111) 3128 3.128 3.127 3127 3.130 3.129 3.133
(002) 2,7088 2.713 2.708 2708 2711 2.710 2713
022) 1.9155 1915 1.915 1.915 1917 1.916 1918
Table 5.4 Measured d-spacings from CBED and SAED patierns for pyrite
Photo No (02-2) (200) (020) Ratio
Le Chatelet 6769 1.898 2730 0.70
6755 1.920 27704 0.71
6778 2.72% 2723 1.00
6776 2.674 2,713 0.99
6760 2.750 2.698 1.02
Synthetic 4307 1.905 2.687 0.71
4556 1.915 2691 0.71
4312 1.954 2779 0.70
4552 1915 2.703 0.71
4562 2709 2721 1.00
4563 2.706 2.730 0.99
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pattern with mirror symmetry in the direction of the (0kl) reflections. In this
projection, a 2-fold screw axis was observed in the a* direction perpendicular to a
glide in the other direction. The same patterns ‘were observed in both synthetic and
natural samples. In some studies GM lines have been observed in the HOLZ
reflections for pyrite (Tanaka et al., 1988) comresponding to vertical glide planes in
the direction of the incident beam. Fine lines were observed in the HOLZ for some
[001] CBED patterns.

The labelling of the zones is arbitrary for the following reasons. The a, b and ¢
axes are all the same as expected for the cubic structure. The projection of CBED
patterns along the [100] and [010] zones would be the same as in Figure 5.2 except
that the GM lines for (0k0) and (h00) odd reﬂectjons would correspond to glide
planes. This was confirmed in some patierns taken to two orthogonal axes. It was not
possible in most cases to observe the three major zone axes in one crystal, due to the
limitations of the tilt and rotate goniometer on the stage used in the TEM. Similarly,
CBED patterns observed along the [011], [101] and [110] zones would all show
mirror symmetry in the whole pattern with GM lines in both directions corresponding
to glides along the a, b and c directions respectively, with two fold screw axes
perpendicular to the glide and incident beam direction. The space group Pa3 has
systematic absences of hk{) and h() with h odd, Okl and 0kO with k odd and h0l and
001 with 1 odd. Some of these absences were confirmed in the previous discussion.
Two types of pyrile, one isotropic and the other anisotropic have been observed
(Smith, 1942). The isotropic pyrite has a cubic structure with space group Pa3
(Finklea et al., 1976) and the anisotropic pyrite islpseudocubic (Bayliss, 1977). The
latter has been interpreted, like cobaltite, as a sextuplet of interpenetrating twin-
related orthorhombic (space group Pca2 ) domai:is abouta 3 twin axis [111] (Bayliss,
1989). For the space group Pca2,, the forbidden reflections 010 and 011 in the space
group Pa3 would be present. However these were not observed.

The crystals examined showed no variation from the Pa3 structure for both

natural and synthetic pyrites. The presence of impurities (e.g. Sb and As) in some of
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the pyrites may suggest that these should adopt the ordering scheme of the cobaltite
subgroup (Pca2) through twinning (Bayliss, 1989). If this is the case, then twinning
possibly occurs at a macroscopic scale, rather than a microscopic scale, for these
types of pyrites. No distortions were observed in any CBED patterns indicating little,
if any, disorder in the structure which would also correspond to deviations in the
cubic structure. Measurements of d-spacing of CBED and SAED patterns showed no
real change in unit cell dimensions with chemical composition obtained from EDX
under TEM (Tabie 5.4).

Figures 5.3a and b show the projections of the pyrite structure along the [001]
and [011] directions respectively. The pyrite structure is essentially the NaCl
structure, where iron replaces Na and two sulfur atoms replace Cl. The iron atoms are
octahedrally coordinated to six sulfur atoms. The octahedra share only corners as

shown in Figure 5.3.

5.3 Conclusions on Pyrite Structure

For both natural and synthetic pyrites exémined, the structure appeared not to
deviate from cubic pyrite with the space group Pa3. Twinning was not observed in
CBED patterns. No deviations in the structure were observed between natural and
synthetic pyrites along the [001] and [011] zones, which would hinder interpretation
of data for the electron channelling experiments carried out in determining gold in the
pyrite structure (see Chapter 6).

The presence of isotropic or anisotropic pyrite may not be controlled by
chemical composition and the presence of one or the other may be controlled by
temperature, as suggested by Bayliss (1977). Fleet et al. (1989) reported {100}
planar faults in both arsenic poor and arsenian pyrites, hence their presence is
probably not related to arsenic content. Chang and Zang (1991) observed an increase
in vnit cell dimensions in the pyrite structure associated with gold ores. However,
subsequent examination of some of their material (Victory sample listed in the Tables)

has shown the presence of some gold inclusions. Therefore, their relationship of gold
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The crystals examined showed no variation from the Pa3 structure for both
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deviate from cubic pyrite with the space group Pa3. Twinning was not observed in
CBED patterns. No deviations in the structure were observed between natural and
synthetic pyrites along the [001] and [011] zones, which would hinder interpretation
of data for the electron channelling experiments carried out in determining gold in the
pyrite structure (see Chapter 6).

The presence of isotropic or anisotropic pyrite may not be controlled by
chemical composition and the presence of one or the other may be controlled by
temperature, as suggested by Bayliss (1977). Fleet et al. (1989) reported {100}
planar faults in both arsenic poor and arsenian pyrites, hence their presence is
probably not related to arsenic content. Chang and Zang (1991) observed an increase

in unit cell dimensions in the pyrite structure associated with gold ores. However,
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Figure 5.3 The [011] and [100] zone projections of the ideal structure of pyrite
as octahedra model as well as an atoms model.
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subsequent examination of some of their material (Victory sample listed in the Tables)
has shown the presence of some gold inclusions. Therefore, their relationship of gold
to structure appears irrelevent. In this study, measured SAED patterns of both non-
auriferous and auriferous pyrite showed no change in cell dimensions. In addition, the

high arsenic content appeared not to affect the dimensions.
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Chapter 6

6.0 LOCATION AND FORM OF GOLD IN PYRITE AND ARSENOPYRITE
STRUCTURE

6.1 Introduction

To provide direct evidence of structurally incorporated gold, the following
studies were undertaken to determine the location of gold within synthetic auriferous
arsenian pyrite and arsenopyrite structures using the technique known as ALCHEMI
(Atomic Location by CHannelling Enhanced MIcroanalysis) (Taftg and Spence,
1982a,b).

From the detailed structural analyses of pyrite and arsenopyrite described in
the earlier sections, several crystallographic directions which produced separation in
projection of the different sites as well as strong channelling effects between the host
cations and anions were sought. In pyrite, the partitioning of both arsenic and gold
impurities on to either iron or sulfur host sites was examined because of the likely
association of these elements in the structure. In arsenopyrite partitioning of the gold
impurity on to either the iron, arsenic or sulfur host sites was assessed. For the
channelling experiments only one synthetic sample of arscnopyrite containing pyrite
contained sufficient gold to be detectable by an EDX detector mounted on the TEM.
The natural Sheba arsenopyrite sample also contained sufficient detectable gold in
some grains and was examined. In general, for channelling experiments no specific
attention is paid to the selection of a zone axis or a particular orientation (Turner et
al., 1991). However, to aid in the interpretation of the results, particularly for
arsenopyrite, it was necessary to find crystallographic orientations which were not
affected by twinning or structural distortion. It was noted in Chapter 4 that CBED
patterns showed some distortions in the GM lines along the b axis. Therefore the
channelling effects and gold substitution in both well formed and disordered CBED

patterns were analysed.
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6.2 Materials and Methods

6.2.1 Atomic Location by Channelling Enhanced Microanalysis Technique
(ALCHEMI)

Conventional X-ray microanalysis in the transmission electron microscope
assumes that all atomic species in a crystalline phase experience an equal flux of
electrons averaged through the crystal thickness. Both theoretical calculations and
experimental measurements (Hashimoto et al., 1962; Duncumb, 1962; Hall, 1966;
Hutchings et al., 1978) indicate that anomalous increases in characteristic X-ray
production (by as much as a factor of three), can result when thin crystalline foils are

oriented in strongly diffracting conditions.

electron current density distribution

Figure 6.1 Schematic representation of the orientation dependence of the electron
current distribution (a) With the incidence angle 6 less than the Bragg angle 6,, the
current maxima coincide with the planes of atoms with the highest projected potential
(b) With a larger incidence angle the current maxima lie on another set of planes.

Borrmann (1941) first observed that the absorption of an X-ray beam
depended on its crystallographic direction. The mechanism has since been studied by
many workers. The Borrman effect was first interpreted by von Laue (1949). The first
experimental study of the orientation dependence of the emission product was carried
out by Knowles {1956), who used an incident neutron beam to excite X-ray emission.
Cowley (1964) suggested that these effects may contain useful structural information

and provided an analysis of the depth dependence of the dynamical two-beam electron
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wavefield. The variation of X-ray emission with the direction of an exciting electron
beam was first studied by Duncumb (1962) and a thorough analysis of this effect
including an assessment of its (unwanted) influence on X-ray microanalysis, has been
given by Cherns et al. (1973). A detailed analysis of the structural information in
diffuse inelastic electron scattering has been given by Gjonnes and Hoier (1971), while
a technique for locating atom positions based on the X-ray Borrman effect has been
described and used by Batterman (1969). This work has since been developed by
several workers (Cowan et al., 1980). The essential idea is that the incident radiation
establishes a standing wave across the crystal with the period of the lattice whose
maxima coincide with the atoms for certain incident beam directions (Figure 6.1).
These standing waves, known as Bloch waves (Kittel, 1986), are sets of plane waves
propagating through the crystal from the top surface with their wave front normal to
the surface. The probability of finding an electron at any point, or the local current
density in a macroscopic sense, is given by the square of the amplitude of the Bloch
wave at the point. The form of these Bloch waves can be calculated and modelled
(Self, 1992). At these orientations, in addition to an enhanced absorption of the
primary beam (Hashimoto et al., 1962) due to inelastic excitation processes that are
highly localised at atomic sites, a corresponding higher emission product would also
be observed. That is, the characteristic X-ray emission excited by the electron beam is
detected and this is proportional to the magnitude of the electron wave field. By
changing the direction of the incident electron beam to other orientations, the standing
wave intensities would be a minimum on these crystallographic sites with a

concomitant reduction in absorption and emission products.

6.2.1.1 Determination of Site Occupancy
The ALCHEMI technique for determining the site distribution of impurity
elements in a host crystal was first described by Taftg and Spence (1982a,b) and
Spence and Taftg (1982,1983). The technique has found application in many mineral,
oxide and ceramic systems. Krishnan (1988) and Smyth and McCormick (1988) have
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extensively reviewed the formulation, development and applications of the channelling
analysis technique. More recently, Buseck and Self (1992) have also reviewed
channelling techniques.

In general, this technique can distinguish neighbours in the periodic table;
involves no adjustable parameters, external standards or special specimen
preparations, is applicable to trace element concentrations (0.2-0.3wt%), is very
accurate (3-10% error in site occupancy determinations depending on the formulation
used) and can be routinely applied at very high spatial resolutions (10-40nm}. Three
crucial assumptions are made: the inelastic scattering events are assumed to be highly
localised; the impurities/additions are assumed to be distributed uniformly with depth

in the specimen and impurity elements are located on unique crystallographic sites.

6.2.1.2 Types of Channelling
There are two types of channelling conditions and these are either planar or
axial channelling. An axial or planar channelling direction for the incident beam can be
chosen in which Bragg scattering from only one set of parallel crystal planes occurs.
These planes are selected to separate the sites of interest into alternating non-

equivalent planes.

6.2.1.2.1 Planar Channelling

A planar channelling condition is one in which the crystal potential is averaged
in two orthogonal directions normal to the excited systematic row. Experimentally,
this corresponds to the case when single rows of spots are seen in the transmitted
electron diffraction pattern. That is, crystals can be resolved into alternating layers of
parallel non-identical planes, with each plane containing one or more specific

crystallographic site.

6.2.1.2.2 Axial Channelling
Many crystals structures do not have an orientation for which the various

atom species lie in alternative planes and so only axial channelling can be used. In low
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order zone axis orientations, the atoms do not line up in planes but instead line up n
columns. There are generally a large number of diffracted reflections at zone axis
orientations and so the current variation is greater for axial orientations than for
planar diffraction (Pennycook and Narayan, 1985; Rossouw and Maslen, 1987). For
axial channelling the electron beam current falls on columns of high electrostatic
potential for orientations inside the Bragg angles of the first order reflections. Using
zone axis conditions, much stronger channelling is observed (Pennycook and Narayan,
1985; Otten and Buseck, 1983; Rossouw e al., 1989, 1988) as may be expected from
the nature of the 2-D standing wave patterns produced at axial orientations. Such
conditions often result in variations of X-ray emission from different host species even
when the projected positions of the species do not vary greatly (Rossouw and Maslen,
1987; Rossouw et al., 1988). Even if sites overlap in projection, the rapid z-
modulation of the fast electron wavefunction, due to HOLZ components in the
diffracted beams, can enable different sites to be distinguished (Lynch and Rossouw,
1987).

6.2.1.3 Delocalisation Effects

One problem with electron channelling experiments, particularly using the
ratio method, is the assumption that the impurity species samples the same electron
flux as the host species on a particular site. Because atoms are not stationary at one
point in a crystal, the combination of thermal vibrations and the electron-interaction
range effectively delocalises the atom position in a structure. Phenomena related to
these effects are collectively known as localisation effects.

A number of studies have demonstrated failure of this localisation
approximation (Pennycook and Narayan, 1985; Otten and Buseck, 1987; Rossouw
and Maslen, 1987; Rossouw et al, 1989). Various methods to correct for
delocalisation have been suggested, but none is of general applicability (Pennycook
and Narayan, 1985; von Hugo et al., 1988; Pennycook, 1988; Rossouw er al., 1988;

Spence et al., 1988). If the sum of the thermal vibration amplitude and the impact
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parameter is greater than the interplanar spacing, channelling effects will not be
observed (Self and Buseck, 1983). If the elements in a structure have widely differing
delocalisations, channelling experiments will not work (Buseck and Self, 1992).

There are two methods for analysing ALCHEMI data. The first original
method developed by Spence and Taftg (1982), involves the ratio of the normalised
X-ray count rates. The second is a refinement of the first and is a statistical method
(Rossouw et al., 1989) involving standard multivariate analysis. Both these methods

were used and are discussed below.

6.2.1.4 Ratio Method
For the ratio method a crystallographic orientation is chosen which separates
two or more sites. If N,"*, N_*? and N ** are the six X-ray counts from host atom on
reference sites A and B, and X is the impurity distributed on one or both host sites,
then the relationships between the X-ray counts and the two beam orientations,

channelling (1) and nonchannelling (2) can be described as follows:

N,*=Pm[" (6.1)
N®=Pm]I® (6.2)
N"=PmCI1L®+Pm(1-C)I* (6.3)
N®=Pm1"” (6.4)
N®=Pm,]"” (6.5)
N®=Pm]® (6.6)

where 1."” and 1% are the thickness averaged electron intensities on the A and B sites
for the incident beam directions (1) and (2), m,, m, and m, are the number of sites per
unit cell for the A, B and X species, while P,, P, and P, are factors which take into
account differences in fluorescent yield and other scaling factors. C, is the fraction of
species X on the B site. Then using equations (6.1) to (6.6) the fraction of species X
on the B site is obtained from

C, = [1-(N2 N2 ¥(N" /N[N /N YN /N, )
(N2 /N2 (NS /N (6.7)
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In the equation, only measured intensities are used. Knowledge of k-factors, specimen
thickness, or even absolute elemental concentration are not required. This is a
modification of Spence and Taftg's (1982) method as the final equation derived differs
in that only one channelling orientation is used instead of two. Otten and Buseck's
(1987) method outlined above was used so that results could be obtained for each

diffraction condition while not masking localisation effects.

6.2.1.5 Multivariate Statistical Analysis Method

Rossouw et al. (1989) and Turner et al. (1990) have developed an improved
approach for the analysis of ALCHEMI data which combines data from several
experiments. Their method involves standard multivariate analysis to obtain the best
fit, and uncertainties in the fit, of impurity counts as a linear combination of the counts
from the host species. The method provides values for the fractional partitioning of an
impurity species between host sites and the concentration of the counts from the host
species. This technique was initially developed for the case of a single impurity which
could partition over several host atom sites (Rossouw et al., 1989). However it has
now been extended to the case of multiple substitutional impurities and multiple host
atom sites (Turner et al., 1990).
In this method the assumption is made that for cach substitutional impurity species p
(p=1,....,P), the counts N may be written as a linear combination of the host atom

count N, (i=1.,....,I) for each of the spectra s (s=1,....,m):

N =3 o Ns

The coefficients o, and their errors are determined by multivariate analysis. For m
separate EDX spectra and v = LP fitted parameters 0, the critetion v < m must be
satisfied, to give m- v degrees of freedom. The coefficients o, are obtained by the X’

minimisation technique, i.e. by minimising the quantity
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In the first instance the standard deviation in the spectrum s is estimated by adding

statistical noise in quadrature, and then obtaining a final value from

_T[Ze N -N;

8

2

0.2

recomputing, x* = m - v (the number of degrees of freedom).
The concentration C_ of impurity atom p and the fraction f of p atoms which reside on

the host sites i are obtained from the o, coefficients, to give

Cp = z} (4 nl f[_(
(1+2X o k)
where n, is the number of host atoms of type i per unit cell and k;, is the k-factor ratio

k/k,, for atoms i and impurity p. The fractional partition f,, is then

f. =

p

_1 o, {‘L_(
C, (1 + 2 o, /k,)

The uncertainties in C, and f,, are determined from partial derivatives to give

6Cp2=2i[ bou,n, /k;y :|2

A+, o, /k,)

5¢. 2 =[ da n; /k, :| +1: Scpaipni/ki ]2

PO CA+ Y o k)| [ Gl fky)

6.2.2 Sample Preparation
Samples were prepared in the same way for TEM studies as those described in

Chapter 3. However, in addition to using copper grids, crushed samples were
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dispersed on carbon coated beryllium grids to reduce background radiation within the

EDX spectra obtained.

6.2.3 Energy Dispersive Analysis -Calibration of As,Fe,S and Au

For analytical electron microscopy, relative concentrations of atomic species in
thin film samples were measured using energy dispersive X-ray spectroscopy and the
Cliff-Lorimer "k-factor” analysis (Goldstein, 1979). For thin samples, the intensities of
the emitted characteristic X-rays were directly proportional to the elemental
concentrations in the irradiated sample volume. Thus the effects of absorption and
fluorescence were neglected.

A k-factor was obtained using the equation described by CLff and Lorimer
(1972) as follows:

k=k,, =C/C,. L/,

where I and 1, are the measured intensities from the same point for iron and another
element A (which is either As, S or Au) and the compositions C, and C_ are known
from the standard.

A sample of natural arsenopyrite characterised by Kretschmar and Scott
(1976) known as ASP200, was crushed and dispersed on a carbon grid. Using the
lithium-drifted silicon (EDAX™ Pv9900) energy dispersive X-ray detector mounted
on the 430 TEM, the spectra of arsenopyrite were recorded for different orientations
on several grains. Prior to collecting the data, the orientation of the crystal was
observed so that the point where the analysis was chosen did not fall on a zone axis or
major kikichi lines where some channelling may occur and give incorrect intensities.
Potential errors in k-factor measurements have becn reported as a result of
channelling or due to absorption (Eades et al., 1990). The integrated intensities of the
As Lo, As Ka, Fe Ko and S Ko were obtained after the background was removed
using EDAX™ software. From the known composition of ASP200 the k-factors were

obtained and processed following the method of Turner and White (1992). The ratios
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of Fe Ka to As Lo, As Ko, and S Ko obtained were plotted in ascending order
(Figures 6.2a to ¢). These plots showed that a plateau was observed with points
dropping off on one side and increasing on the other side. The values on either side of
the plateau were discarded and atiributed to absorption and channelling orientations.

On the assumption that the extreme points are due to systematic errors, a
search was made for a sub-set of n data points which had a spread consistent with
random errors about their mean. The resulting k-factor would have a standard
deviation equal to <8k>/Nn, where <8k> is the average error in the individual
estimates. This was achieved by calculating a series of running averages <kj> over j
points (j=5,7,9...n) and the corresponding standard deviations ¢j. For each j, the
average k-factor which had the minimum deviation, omin, was compared with <kj>/
vj. The most acceptable estimate of k was that for which these two measures of error
were equal (Turner and White, 1992). The values obtained are shown in Tables 6.1a
to 6.1c. From the tables the consistent set of n estimates of K, ., k.., and k. was
n= 5. Therefore the best k-factor values were k. = 1.29440.003, k., = 2.09£0.01,
and k., = 1.71130.008. The errors appeared to be much higher for the low energy
elements of S K (2.30 keV) and As L (1.85 keV) which may be attributed to
localisation effects or absorption.

To determine the k-factor for iron and gold, a mixture of gold and iron
powder was placed in a test tube and heated with a torch to over 1000°C. The sample
was then crushed and reheated to produce a homogeneous sample. The sample was
made into a polished section and its composition determined using an electron
microprobe. A selected area was then scraped off and dispersed on a carbon coated
copper grid and analysed under the TEM in the same way as the arsenopyrite sample.
The gold L peak at 9.71 keV was measured, as the gold M peak (2.00 keV) is masked
by the suifur peak at 2.30 keV in the arsenopyrite samples analysed. The k-factor was
determined in the same way as for As, S and Fe. A plot of the k-factors obtained is
shown in Figure 6.2d. The best estimate from Table 6.1d for k,, was 1.00910.008 for

n= 5. Qualitative chemical analyses were collected for all observations.
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Table 6.1a - Selection of Optimum k-factor for As K and

FeK
i ojmin <Bkj>Hj <kij>
5 0.2% 02% 1.294
7 0.6% 0.2% 1.295
9 1.2% 0.2% 1.289

Table 6.1b - Selection of Optimum k-factor for AsL. and

FeK
j ojmin <Bkj>hj <kj>
3 0.9% 0.3% 2.092
5 0.8% 0.2% 2,090
7 4.2% 0.2% 2.109
9 14.1% 0.2% 2048

Table 6.1¢ - Selection of Optimum k-factor for SK and

FeK
j ojmin <Bkj>j <kj>
3 0.5% 0.5% 1.710
5 0.4% 0.5% 1711
7 0.3% 0.4% 1.711
9 2.7% 0.4% 1.699

Table 6.1d - Selection of Optimum k-factor for Aul. and

FeK
j cjmin <Bkj>Nj <kij>
5 0.8% 0.8% 1.009
7 0.9 0.7% 1.008
9 2.2% 0.6% 1.001
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6.2.4 Strategies and Problems in Collecting Data

For suitable zone axes, data were collected by systematically obtaining an
EDX spectrum on the zone axis and then collecting three or four analyses along two
orthogonal systematic rows followed by an interdisposed systematic row. Finally the
crystal was tilted well away from the zone axis and a 'mon-channelling' pattern
collected. During this procedure, spectrum analyses were recollected periodically at
the zone axis and the elemental ratios calculated and checked with the original
spectrum to ensure no changes had occurred during the experiment.

The main problems were firstly locating a pyrite or arsenopyrite crystal with
sufficient detectable gold or arsenic and secondly finding a zone axis which provided
strong channelling effects. Also, grains were not homogeneous in composition and so
data from each crystal could not be correlated together as has been successfully done
in some channelling experiments (Turner et al., 1990), but had to be correlated
separately. Consequently, the number of data points for each experiment was small.
For determining channelling in pyrite the relative intensities of the iron and sulfur X-
ray counts were observed. For the arsenopyrites the relative intensity of the Fe K and
As K X-ray counts was monitored.

Suitable zone axes were chosen to minimise problems likely to be associated
with twinning. For arsenopyrite, clear [101] zone patterns could be obtained and were
used in most experiments, however, several minor zone axes were also used. An
extensive search was made to find grains containing at least 0.5 wi% concentration of
gold in order to determine channelling effects. The Ko peak intensities of As, Fe and
S and the Lo of Au were recorded for channelling and non-channelling orientations
for 200 seconds. Between five and ten spectra were collected for each mineral as the

sample decomposed over time.
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6.3 Results and Discussion

6.3.1 Channelling in Pyrite

As a preliminary to the location of any gold present, the strength of the
channelling effect for iron and sulfur sites was first examined. Since very few crystals
contained detectable gold the location of arsenic was also examined, because of its
presumed association with gold in the structure. To determine the best direction,
electron channelling was attempted along the [001] and [011] axes of the pyrite
structure described in Chapter 5. The projected crystal structures of these two
orientations are shown in Figures 5.4a and b. In these orientations the iron and sulfur
sites are separate with both being columned into the page. Figure 6.3 shows an EDX
spectrum of arsenian pyrite showing the channelling effect for two orientations, one
for an ‘off’ zone and the other for the ‘on’ {011] zone orientation. This spectrum
shows marked differences in peak intensities for iron and sulfur. With an increase in
iron intensity for the direct zone orientation the sulfur and arsenic decreases indicating
arsenic is on the sulfur site. To assess the extent of channelling between Fe and S
sites, plots of the ratio of Fe K counts against S K counts are shown in Figures 6.4a,
6.5a, 6.6a and 6.7a for all pyrite zones analysed. The Fe K/S K ratio would remain the
same for both 'on' zone (marked with a "Z') and 'off’ zone data if there was no effective
relative change in the thickness-averaged electron fluxes for Fe and S for different
orientations. Channelling effects were stronger for the [011] zones (~60%) than for
the [001] zone (~20%). This was because the [011] zone was an axial orientation
which has stronger channelling effects than the [001] which was more of a planar
orientation.

Plots of the ratio of the host Fe K and S K counts against impurity As K or As
L counts are shown in Figures 6.4(b and c), 6.5(b and c), 6.6(b and c) and 6.7(b and
¢) for various natural and synthetic pyrite crystals for the two zone axes examined.
These disparate energy levels were chosen to assess the level of any delocalisation

and/or absorption effects. The effect of channelling between the sulfur and iron sites



; SK(I Fe K

LALLM

2.00 4.00 6.00 3.00 10.00
KeV

Figure 6.3 An EDX spectrum of arsenian pyrite showing the channelling effect for
two orientations, one for an 'off’ zone and the other for the ‘on' [011] zone orientation.
This spectrum shows marked differences in peak intensities for iron and sulfur. With
an increase in iron intensity for the direct zone orientation the sulfur and arsenic
decreases indicating arsenic is on the sulfur site.

Solid line - ‘on zone, channelling

Dotted line - 'off’ zone, non-channelling
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Figure 6.4 (a), A plot of Fe K/S K ratio showing the extent of channelling between
Fe and S sites, (b) Plots of FeK/As ratio for both AsK and AsL showing the extent of
channelling between As and Fe sites, {¢) Plots of AsK and AsL to SK ratio showing
the extent of channelling between As and S sites (Pal0f - [001]). (Z- 'on’ zone or
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Fe and S sites, (b) A plot of FeK/AsK ratio showing the extent of channelling
between As and Fe sites, (c¢) A plot of AsK/SK ratio showing the extent of
channelling between As and S sites (P195 - [001]). (Z- 'on’ zone or channelling
direction).
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and S sites, (b) Plots of FeK/As ratio for both AsK and AsL showing the extent of
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relative to the arsenic impurity can also be seen. For the arsenic impurity to be
associated with one of the two sites in pyrite the ratio of Fe to As or As to S counts
would remain the same for both channelling and non-channelling orientations.

For [001] zone data, (Figure 6.4 and 6.5) several crystals revealed variations
in both the iron and sulfur data with arsenic, suggesting that both sites contain arsenic.
The counting errors indicated that the slight change in As/S ratio was insignificant. A
plot of the As L counts against Fe K and S K showed a similar trend as the As K
counts data indicating no real problems associated with delocalisation effects and
absorption. The As L energy resides next to the S K energy

For the [011] zone data (Figures 6.6 and 6.7) the arsenic impurity appears to
follow the sulfur counts fairly well. There are some slight deviations which may
account for some arsenic partitioning on the iron sites as well as most on the sulfur
sites. Alternatively, the deviations may be attributed to delocalisation effects as the
arsenic K peak at 10.45 keV has a higher energy than does the sulfur K peak at 2.30
keV. However, plotting the ratios of As L counts (1.30 keV) against Fe K and § K
counts show similar relationships to the As K counts and so delocalisation and also
absorption in this case, were not major problems.

Auriferous pyrites have been reported to contain up to 1400 ppm of gold in
solid solution (Shui, 1991) which is below the detection limit of EDX (~0.4 wt%).
Several crystals were located which had gold contents above the detection limit.
However, very few crystals of pyrite contained sufficient gold to distinguish
channelling effects and so data was limited to one crystal. A plot of the ratio of S K
counts against Au L counts shows no change, indicating a strong association of gold
to the sulfur sites. (Figure 6.7d). The ratio of Fe K counts to Au L counts deviate

from linearity indicating that little, if any, gold is substituted on the iron site.
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6.3.1.1 Analysis of Site Occupancy

Ratio Method

For the ratio method of analysis an intemal standard was needed to calculate
the site occupancies (Taftg and Spence, 1982a,b). The iron atoms only occur on the
iron site and so these were used as the internal standard. As a measure of the
channelling effects the following formula can be used (Taftg and Spence, 1982a,b):

R(Fe/X) = [N /N J/IN/N].
where N_ and N_are the X-ray counts from Fe and the element X (X=S, As or Au)
respectively. That is the channelling effects are expressed by the ratio of Fe/S for an
'on' zone channelling spectrum (ch) over that of the off zone (non-ch) spectrum for a
set of analyses on and around the zone axis for all pyrites analysed. Calculated
R(FefX) values were generally close to 1.0 for direct 'on’ zone orientations. Some
variation occurred for ratios with arsenic X-ray counts.

Figure 6.8a shows the calculated occupancies for As on S sites against the
channelling effect [(Fe/S),/(Fe/S)_. 1. There is a spread of data partially due to results
representing a distribution of partially channelling and non-channelling orientations.
Generally, there is a spread of data points for data collected on [001] zone axes
whereas for the [011], data are close to 1.0 for As on S sites. The us¢ of As L instead
of the As K line data produced values in excess of one. These data points, as well as
all data points larger than 1.0 or smaller than 0.0, are due to the localisation effect
(Otten and Buseck, 1987). The degree of channelling (ratio R(Fe/S)) can be seen to
have varied from one crystal to another even for similar zone axes. This is most
probably related to the thickness of the crystals analysed. The thicker the crystal the
larger the channelling effects (Rossouw and Maslen, 1987). The data conclusively
show arsenic to be associated with the sulfur site in pyrite and that pyrite can give
strong channelling.

The detectable gold presence in the pyrite P226 crystal showed a strong

association of gold on the sulfur site (Figure 6.8b) since most of the points are
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clustered around 0.8. The deviation from 1.0 may indicate some gold associated with

sites other than sulfur.

Statistical Method

The channelling data for pyrites were then analysed using the multivariate
technique. Figures 6.9 to 6.12 show the fit of N, to o N, together with Tables 6.2 to
6.5(a and b) of measured parameters for the various pyrites. Table 6.5a and b for the
auriferous pyrite, also contain the fit of N to o, N and o N, and its associated
measured parameters. As indicated by the fitted parameters (o), all the arsenic
impurity was found on the sulfur sites. No arsenic partitioned on the iron site, as
indicated by a high error associated with the fit as well as in some cases, a negative o
~.. COmpensating for the non-perfect fit for N to o, N_. The arsenic content generally
appeared higher than that found in natural pyrite. The [001] zone results provided
lower arsenic contents than the {011] zone results. The maximum reported in the
literature is approximately 10 wt % arsenic (Fleet et al., 1993) whereas some of the
present samples appeared to contain ~15 wt %. The synthetic arsenian pyrites were
synthesised under high arsenic conditions and their higher arsenic content is indicated
by their chemical analyses described in Chapter 5. Another possible reason for a high
arsenic content is that a true non channelling orientation may not have been analysed
during the experiments, particularly for the [011] zones, due to time limits associated
with sample degradation. Non-channelling orientations can be difficult to select
(Eades et al., 1990). The use of the As L counts gave fitted parameters similar to
those using As K counts, however, the calculated atomic concentration was higher.
This may result from the difficulties experienced in obtaining good atomic k-factors
for the As L to Fe K ratio in the calibration where a higher error was observed than
for the As K to Fe K atomic k-factor i.e. the atomic factor may be inaccurate. A
difference between As K and As L against S K counts could also possibly be due to
delocalisation of the As L emission which will have a different electron flux than will

the As K emission near and on the zone axis orientations.
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fo11).



Table 6.2 - Measured Parameters for Site Occupancies of As substituted in FeS, (PA10f)

Hosts Concentration (%)
Fe S {8 fs
P
As: 0.003 +/- 0.009 ] 0.076 +/-0.01] 0.2+/-0.7 0.8 +/- 0.6 14 +/-2

Table 6.3 - Measured Parameters for Site Occupancies of As substituted in FeS (P195)

Hosts Concentration (%)
i Fe S fre fs
p
As: 0.01 +/-0.01 ]0.014 +/-0.009] 0.3+/-02 0.7+/-0.2 10 +/-4

Table 6.4 - Measured Parameters for Site Occupancies of As substituted in FeS_(P1f)

Hosts Concentration (%)
i Fe S fFe fS
Y
As: 0.01 +/-0.02 | 0.13 +/-0.04 - 0.93 +/- 0.1 18.8 +/- 06

Table 6.5a - Measured Parameters for Site Occupancies of As and Au substituted in FeS, (P226)

Alpha values for this Crystal (Ct;,) Distribution of Impurities on Total Atomic
Hosts Concentration (%)
i Fe S fre fs
p
AsK; -0.01 +/- 0.02 | 0.14 +/-0.03 - 1.0 +/- 0.1 18 +/- 4
Au 0.003 +/- 0.001 10.016 +/- 0.002] 0.15 +/- 0.05 | 0.85 +/- (.05 0.4 +/- 0.05
Table 6.5b - Measured Parameters for Site Occupancies of As and Au substituted in FeS,_ (P226)
Hosts Concentration (%)
i Fe S fre fs
P
Asl: -0.03 +/- 0.06 | 0.40 +/- 0.07 - 1.1 +/-02 36 +/-9
Au: 0.002 +/- 0.001 ]0.011 +/- 0.001} 0.17 +/- 0.06 | 0.83 +/- 0.6 0.01 +/- 0.602
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The previous results demonstrate that for the auriferous pyrite crystal, most of
the gold was associated with the sulfur sites. A small correlation for gold with the iron

site occurs, however, the error associated with the alpha value is too high.
From the Tables the formula for each pyrite can be written as:

Pal0f [FellS, A8, ar.ro0s) [001] zone
P195 [FellS,,As,,., .. [001] zone
PIf [FellS,..AS, . o0] [011] zone
P226 [Fe, s AU, s omsd £ 008 50 A W 100s000] [011] zone

An EDX spectrum taken under kinematical diffraction conditions for the auriferous
pyrite (P226) gave a composition of

[Fe, Au, S, AS, AU, 0]
Gold values are in good agreement, however, arsenic is still high and this may be due
to the fact that a real non-channelling crientation was not recorded for the [011] zone

data.

6.3.2 Channelling in Arsenopyrite

Electron channelling experiments in arsenopyrite were much more difficult
than for pyrite. Gold was more abundant in the arsenopyrite crystals than in the pyrite
crystals. However, finding crystallographic orientations which gave effective
channelling was a problem. One of the major problems was to locate zone axes which
were not disordered through twinning or stacking faults in the synthetic crystals
examined. The [101] zone axis of arsenopyrite was the most stable under the electron
beam as well as being readily obtainable. Also the symmetry elements (GM lines)
could be observed in the diffraction disks which provided accurate information and
confirmed the orientation of the crystal structure being examined. A projection of the
[101] zone axis was shown in Figure 3.18. In projection, the iron sites are
distinguishable from the combined arsenic and sulfur sites. For the ideal arsenopyrite
structure the arsenic and sulfur alternate in columns into the page. All the arsenopyrite
crystals examined were non-stoichiometric. Because of this, data for arsenic and
sulfur were combined in the ALCHEMI analysis. 1t is possible that arsenic atoms may

be substituted on the iron site. However, the amount of arsenic is too small to cause
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Figure 6.13 An EDX spectrum of channelling in arsenopyrite along the [101] zone.
With an increase in iron intensity for the direct zone orientation the sulfur and arsenic
decreases.
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Figure 6.14 (a) Plots of the ratio of FeK to As K, As L and S K showing the extent of
channelling between Fe and and the other sites, (b) Plots of the ratio of FeK, As K, As
L and S K to AuL showing the extent of channelling between Au and the arsenopyrite
sites for the [101] zone axis of Natural arsenopyrite (Sheba sample- 788d). (Z- 'on’
zone or channelling direction)
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Figure 6.15 (a) Plots of the ratio of FeK to As K and S K showing the extent of
channelling between Fe and and the other sites, (b) Plots of the ratio of FeK, As K, As
L and S K to AuL showing the extent of channelling between Au and the arsenopyrite
sites for the [101] zone axis of synthetic auriferous arsenopyrite (Ap41 sample -
NB226). (Z- 'on' zone or channelling direction)
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Figure 6.16 (a) Plots of the ratio of FeK to As K and S K showing the extent of

channelling between Fe and and the other sites, (b) Plots of the ratio of FeK, As K, As
L and S K to AuL showing the extent of channelling between Au and the arsenopyrite
sites for the [101] zone axis of synthetic auriferous arsenopyrite (Ap41 sample - A16).
(Z- 'on’ zone or channelling direction)
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Figure 6.17 (a) Plots of the ratio of FeK to As K and S K showing the extent of
channelling between Fe and and the other sites, (b) Plots of the ratio of FeK, As K, As
L and S K to AuL showing the extent of channelling between Au and the arsenopyrite
sites for a minor zone axis of synthetic auriferous arsenopyrite (Ap41 sample - a36).
(Z- ‘on’ zone or channelling direction)
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Figure 6.18 (a) Plots of the ratio of FeK to As K and S K showing the extent of
channelling between Fe and and the other sites, (b) Plots of the ratio of FeK, As K, As
L and S K to AuL showing the extent of channelling between Au and the arsenopyrite
sites for a minor zone axis of synthetic auriferous arsenopyrite (Ap41 sample - al56).
(Z- 'on’' zone or channelling direction)
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probably reflects the presence of fine gold inclusions. For the B226 and A36 data
points, the 'off' zone data do not vary from the ‘on zone' data which possibly indicates
some gold on the iron sites.

Several channelling and nonchannelling data points were also collected over
longer periods of time to improve counting statistics on some crystals, however no

difference in result to those outlined above occurred.

6.3.2.1 Analysis of Site Occupancy

Ratio Method

Using the ratio method, calculations of site occupancy of gold on either iron
or combined arsenic and sulfur sites from channelling and non-channelling data
generally resulted in meaningless values which were in excess of 1.0 or less than 0.0.
This occurred for all data collected except for data collected from one crystal
orientated along the [101] and one oriented along a minor zone.

Figure 6.19 shows the calculated occupancy of gold on the iron sites against
the channelling effect expressed by the ratio (Fe/As+S) /(Fe/As+S)__ for the B226
and A36 data, which showed some gold associated with the iron sites. The minor
zone axis shows a cluster of points close to 1.0, which indicates that gold is mostly
associated with the iron site. The [101] zone data shows more of a spread of data
points possibly corresponding to some gold on both iron and arsenic - sulfur
combined sites. Unfortunately, not many points were available for the B226 sample
due to a reduction in channelling effects after 7 analyses. The points greater than 1.0

are due o localisation effects.

Statistical Method

For most of the channelling data, no correlation on either the iron or combined
As+S sites were observed, as confirmed with the ratio method. The results of
multivariate analyses for the partitioning of gold between the iron sites and the

combined arsenic and sulfur sites in the arsenopyrite structure are shown in Tables
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effect expressed by the ratio Fe/As+S),/(Fe/As+S)__for the B226 and A36 data.
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6.6a,b and c. For two sets of data which showed correlation in the ratio method
(B226 and A36), a slight correlation was observed for the partitioning of gold onto
the iron site. However, the errors associated with the alpha values were too high to be
conclusive. Part of the reason for this is the lack of points available for the statistical
analysis. No correlation exists for the combined arsenic and sulfur data. Thus the
results indicated a high percentage of the gold was present either as fine inclusions or
located in lattice defects or interstitial sites.

Examination of CBED patierns indicated that the results which showed some
possible substitution of gold on the iron site were from crystals with well formed GM
lines (i.e. all symmetry elements) whereas those which showed no possible correlation
with either iron or the combined arsenic and sulfur sites, were associated with CBED

patterns which contained distortions in the GM lines.

6.3.3 Possible Sites for Interstitial Gold in Arsenopyrite

The possible location of gold in interstitial sites in arsenopyrite structure is in
the gaps between the iron centred octahedra (see Figures 4.40 and 4.41, in Chapter
4). The average bond lengths for gold, arsenic and sulfur reported in the literature are:
Au-§ 2.290A
Au-As 2.386A
These are slightly larger than those for the two possible calculated interstitial sites
listed in Table 6.7 below. However, with some interchange of arsenic and sulfur on
each others site or some vacant sites, this may well be possible. To accomodate gold
in these positions some iron, arsenic or sulfur sites must be vacant or the sites be

modified by twinning or other defects.



Table 6.6a - Measured Parameters for Site Occupancy of Au in FeAsS
Well formed CBED patterns

Alpha values for this Crystal (Ol;,) Distribution of Impurity on Total At9nﬁc
Hosts Concentration (%)
Fe As +§ fre fas+s
788e 0.005+0.2 00202 02+8 08+8 2+3
b226: 0.03+/-0.02 | 0.02+/-0.03 1 0.7+/-03 0.3 +/-0.3 3.1 +-02
Table 6.6b - Measured Parameters for Site Occupancy of Au in FeAsS
Slightly distorted CBED patterns
Alpha values for this Crystal (O4) Distribution of Impurity on Total Atomic
Hosts Concentration (%)
Fe As+S8 fre fases At (%)
alé 001201 0.02 £0.09 - - -
a246 01103 -0.06 £ 0.2 2+6 086 513
Table 6.6¢ - Measured Parameters for Site Occupancy of Au in FeAsS
Minor zone axes
Alpha values for this Crystal (Ct;,) Distribution of Impurity on Total Atpmic
- Hosts Concentration (%)
Fe As +8 fre fAses
alé 0.02 £0.01 0.004 + 0.006 08103 02103 2+1
al56 0.02£0.08 0.002 £0.06 09+2 0.08+2 249
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Table 6.7 - Distance between possible gold interstitial sites and its closest surrounding arsenic,

sulfur and iron atoms

Sheba Panasqugira Synthetic  Auriferous
(low As:S ratio) (high As:S ratio) {Apd0)
Atom Distance from Gold Atoms (Angstroms)*
Aul at atomic coordinates 0.97,-0.055,0.53
As' 2.183 2.171 2,124
As’ 2.118 2.10 2.064
As” 2917 2935 2.115
As” 2.085 2.097 2,961
s 2.029 2.050 2.116
s 2.029 2.040 2111
Fe' 2.085 2.095
Au?2 at atomic coordinates 0.53,0.44,0.47
S 1.971 1.934 1.876
s 1959 1962 1.878
s* 3.059 3.077 3.072
s 2173 2.184 2221
As' 2.071 2.075 2.09
As' 2.027 2.030 2.042

* calculated from structoral refinement data in Ch3 and Ch4.

6.4 Summary and Conclusions

Pyrite

Griffin et al. (1991) suggested that interelement correlation which they
observed in arsenic rich pyrite from the North Arm epithermal Ag-Au deposit, was
consistent with a physical mixture of pyrite, arsenopyrite and sulfosalt phase rather
than atomic substitution of arsenic for sulfur. However, they found no direct evidence
for the existence of inclusions of arsenopyrite and sulfosalts in their study. The present
study has conclusively confirmed the presence of arsenic on sulfur sites in both natural
and synthetic pyrite containing various concentrations of arsenic. The sulfur is
normally present as the disulfide ion [S,]* (pyrite can be written as [Fe]*[S,}*), and

incorporation of arsenic would presumably give [AsS)*. Cook and Chryssoutis (1990)
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suggested that such an imbalance could be met by trivalent cations such as gold
replacing the divalent iron. However, the present results indicate that gold occurs on
the sulfur sites. The arsenic charge imbalance could be met by occasional sulfur
vacancies, or by some Fe™ replacing Fe*. Slight sulfur deficiencies have been reported
by Finklea et al. (1976) and should be associated with a reduction in sulfur vapour
pressure. Not all arsenic-rich pyrites contain gold (Cook and Chryssoulis, 1990; Fleet
et al., 1993), so the substitution mechanism must be at least partially independent of
gold content. Gold on the sulfur sites may be present as Au, Au’ or Au' most
probably combined as an anion pair of the form [AuAs]®. Alternatively, with the
presence of gold on the sulfur sites, anion pairs such as [AuS] could possibly exist.

The presence of [AsS]” pairs would be required to balance the charge of the Fe™ ions.

Arsenopyrite

The ALCHEMI results for arsenopyrite show some correlation of gold with
the iron sites. However, a high percentage of gold is not on either the iron or the
arsenic-sulfur combined sites as shown by analyses by both the ratio and statistical
methods. Gold Muossbauer studies carried out on the synthetic auriferous
arsenopyrites indicated that most gold was chemically bonded (Chapter 4). This
implies that much of the gold is on interstitial sites or in defects in the structure and
not present as fine inclusions. Image contrast and selected area diffraction showed no
gold present as fine inclusions in the crystals observed. The best results obtained for
the [101] zone arsenopyrite crystal experiments came from crystals that were less
distorted. In [101] zone data, extensive distortions in the b-axis resulted in gold
present in defects of the arsenopyrite structure. One of the reasons for the errors
being so high in the statistical analyses was that the number of data points available
was small as a result of the sample not being stable for long periods of time under the
electron beam. White and Turner (1992) have used the ALCHEMI statistical method
to verify the partitioning of impurities over the calcium and zirconium sites into

defects in the zirconolite (CaZrTi,0,) structure. They compared a ‘perfect’ crystal
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(confirmed by HRTEM studies), which gave good partitioning of impurities on the Ca
and Zr sites, with crystals containing extensive defects which failed to partition
impurities on the Ca and Zr sites. Similarly, gold may be partitioned into defects in

arsenopyrite.

Relevance to natural samples

Tnvisible' gold is often associated with chemically zoned arsenic-rich regions in
natural arsenopyrite and pyrite grains (Cook and Chryssoulis, 1990), which reflect
non-equilibrium conditions and rapid crystallisation, Crystals which are rapidly
crystallised will probably be less well ordered. It is possible that during rapid
crystallisation, gold atoms are trapped on interstitial sites or point defects, particularly
in arsenopyrites. In well crystallised arsenopyrite, some gold may be taken up on the
iron sites. The difference in the form of gold in both pyrite and arsenopyrite related to
the differences in crystal structure. Because arsenopyrite frequently exhibits faults of
various finds, it is more readily able to accommodate gold in dislocations in its
structure than pyrite. Mdssbauer data obtained by several authors on pyrites have
shown that the gold absorption peak corresponding to the combined gold does not
have the same peak position as for gold combined in arsenopyrite. This suggests the
gold bonding environments are different between pyrite and arsenopyrite. The

ALCHEMI results are consistent with these findings.
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Chapter 7

7.0 THERMAL BEHAVIOUR OF ARSENOPYRITE AND ITS
RELATIONSHIP TO GOLD MOBILITY

7.1 Introduction

The mobilisation of gold in arsenopyrite during thermal treatment will
undoubtedly depend on the mechanism involved in the decomposition of the
arsenopyrite structure. Consequently in the first instance, the thermal behaviour of the
arsenopyrite samples was examined. The effect of arsenopyrite stoichiometry and
ambient conditions was then analysed and the relationship to gold agglomeration
considered. The decomposition products of the arsenopyrites and the gold

agglomeration process were examined under the TEM.

7.2 Materials and Methods
Several techniques were used to gain information on the structural breakdown
of the arsenopyrites under thermal treatment and the accompanying mobilisation and

agglomeration of gold within the structure,

7.2.1 Simultaneous Thermogravimetry/Differential Thermal Analysis (TG-
DTA)

TG-DTA were carried out on the 63um sized fractions of concentrated
arsenopyrite with different arsenic and sulfur stoichiometries. A Stanton Redcroft
Model 781 Simultaneous TG-DTA was used in these studies. Between 7 and 10 mg
of sample were placed in vycor crucibles and counter-balanced in the instrument. A
heating rate of 20°C/min from room temperature to 900°C was used in an oxygen-
scrubbed nitrogen atmosphere. Scveral experiments were also carried out in an

oxygen environment. Data was collected by a computer interfaced to the instrument.
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Several experiments were carried out at different heating rates to determine
their effect on arsenopyrite breakdown and gold agglomeration. The flow rate of
nitrogen was also adjusted and the effects monitored. Polished sections of heated
samples were made and examined under optical and scanning electron microscopes
for phase changes. In cases where gold was present, its morphology was observed. In
several experiments, heating was stopped before or after a major thermal event (e.g.
an endothermic peak) and the product examined as above.

In addition, TG-DTA was carried out on pure arsenic or mixtures of arsenic
and sulfur, combined with gold in open vycor crucibles with flowing nitrogen, to
ascertain the effects on gold mobility. The gold present after the heating run was then

examined at high magnification under a SEM.

7.2.2 Electron Beam Heating

In order to visually observe the gold agglomeration process, a novel approach
was developed where auriferous arsenopyrite was broken down to pyrrhotite by
heating the grain using the TEM electron beam.

A video camera was set up and focused on the screen of the TEM. The largest
condenser aperture was chosen so as to provide as much heat as possible. The largest
spot size was then chosen and carefully set up so as not to destroy the grain before
the experiment commenced. The electron beam was first set up so as to illuminate the
whole screen without destroying the grain. The focus was adjusted on the TEM and
the video camera was checked, and at the appropriate time was set to record. The
electron beam was then slowly focused until the grain started to decompose. After
each experiment an X-ray spectrum was obtained of the dark globules to confirm that
they were gold. Crystallographic data from CBED and SAED patterns of the grain
were obtained before and after heating and compared. Chemical compositions were

obtained from EDX analysis.
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7.2.3 Muffle Furnace Experiments involving Arsenopyrite, Arsenic, Sulfur
and Gold Mobility
The effect of arsenopyrite breakdown on gold mobility was examined by
heating in a muffle furnace. Several experiments were carried out in which
arsenopyrite grains (~63um) and gold of varying quantities were placed together and
sealed in an evacuated vycor tube. Different samples were heated for 10 days at
temperatures of 340, 400 and 500°C respectively. Another series was heated to 600,
636 and 650°C respectively for 12 hours. The heating of the vycor tubes was carried
out in a muffle furnace with a calibrated temperature gauge and chromel-alumel
thermocouple (furnace accuracy +10°C). After each experiment, samples were
quenched and examined under optical and scanning electron microscopes for changes

in the appearance of the gold.

7.3 Results and Discussion

7.3.1 Effect of Stoichiometry of Arsenopyrite on its Thermal Behaviour

Figure 7.1 shows a TG-DTA graph of the decomposition of the Greenbushes
arsenopyritc which has the composition FeAsS. The decomposition appeared to start
at around 470°C but ceased when the temperature approached 550°C. The analyses
of the other arsenopyrites with different stoichiometries gave similar results to that
observed for the Greenbushes arsenopyrite. However, the position of the main
endothermic peak varied. In all samples, a weight loss was observed at 470°C with a
small endothermic peak. In each case, a major endothermic peak occurred between
650°C and 750°C with a large loss of weight. In addition, some samples had a small
endothermic peak on the left side of the major endothermic peak which may be due to
slight differences in chemical composition.

Figure 7.2 shows a plot of the temperatures at which the major endothermic
peak appeared against the arsenic content for all arsenopyrite samples examined.

Several experimental runs were made for each arsenopyrite and are shown in the
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graph. With increasing arsenic content, until the arsenopyritc approaches
stoichiometry, the temperature at which the endothermic peak was at its minimum
point increased. For arsenopyrites containing more arsenic than the stoichiometric
amount, this temperature decreased with increasing arsenic content. This trend
suggests that as the arsenopyrite approaches stoichiometric composition (i.e. FeAsS,
with As content =~ 45 wt%) the arsenopyrite structure is more stable and requires
more heat energy to decompose the arsenopyrite lattice. The auriferous arsenopyrite
samples, the Sheba S-rich sample and the synthetic arsenopyrite have minimums at
660°C. The synthetic sample had a chemical composition which varied from 40 to 47
wt% arsenic and so did not fit into any particular category. Both the synthetic and
Sheba samples contained high concentrations of gold and the low decomposition
temperature may reflect its presence. The presence of gold was observed in earlier
experiments (see Chapter 4) to reduce the decomposition temperature of arsenopyrite
as also observed by Clark (1960). The presence of impurities as inclusions or within
the arsenopyrite structure also appeared to reduce the temperature of decomposition.
This was particularly true for pyrite or pyrrhotite which were present in small
quantities in some of the earlier samples which were not screened. These impurities
resulted in a small exothermic peak being observed in the TG-DTA graph at around
450°C followed by an endothermic peak for the decomposition of arsenopyrite
(Figure 7.3). The amount of arsenic being evolved at any given time was also affected
by the rate of heating and arsenopyrite grain size.

To investigate the significance of the differences in decomposition temperature
observed for arsenopyrites with varying composition, arsenopyrite samples were
heated for long periods of time below their melting point. Apart from a slight
decomposition of arsenopyrité to equilibrate with the evacuated space present in the
sealed vycor tube, little alteration occurred to the bulk of the arsenopyrite.
Measurement of d-spacings in XRD patterns of samples both before and after heating
revealed no high or low temperature transformation in either natural or synthetic

auriferous samples. Similarly, Clark (1960) showed that arsenopyrite would not
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readily transform to a new physical and chemical polymorph even afier months of
heating at near melting temperatures. Differences in the free energy of formation of
arsenopyrite of different compositions must therefore be very small. However the
temperatures at which breakdown (under low ambient partial pressures) is observed,
are slightly different between the different stoichiometries.

The decomposition products of arsenopyrite on heating varied depending to a
large extent on the conditions under which the heating occurred. A partial heating of
arsenopyrite to 570°C resulted in the pyrrhotite formed containing some arsenic
(Fe, S, .AS,,,,) and some residual arsenopyrite. No obvious arsenic mineral phase
(e.g- 18llingite) was detected in the pyrrhotite. A complete run to 900°C resulted in no
arsenic being present and the formation of a pyrrhotite of composition (Fe,, S).

Detailed electron microprobe analyses of one low As:S ratio arsenopyrite and
onc high As:S ratio arsenopyrite after heating to 900°C were then carried out. The
chemical composition of the resultant pyrrhotite for both samples was Fe , S. Arsenic
was not detected in either of these samples. Examination of polished sections of these
grains also showed an iron phase present in detached rims around some grains. The
rim was found to be hematitc which may have formed after the experiment as no
exothermic reaction corresponding to iron metal reacting with oxygen was observed
in the TG-DTA scan.

The decomposition of arsenopyrite roughly follows the simplified endothermic
reaction given in equation 2.5 (Chapter 2). The reaction for the breakdown of the two

arsenopyrites described above at 900°C can be written as equations (7.1) and (7.2)

assuming no loss of sulfur:

Sheba (Low As:S ratio)
FeAs S, ,, — 1.03Fe S + 0.08Fe___ +091As.......... 7.1

Utah (High As:S ratio)
FeAs S, — 0.88Fe S +0.22Fe,__+0.97As...........(7.2)

10677048
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The average total arsenic for Sheba and Utah arsenopyrites were 43 and 48
wt% respectively. The total weight losses for Sheba and Utah arsenopyrites were 56
and 63 wt% respectively. The weight losses in the As-rich arsenopyrites corresponded
to total removal of As with some S released, whereas for the S-rich samples the
weight losses corresponded to removal of arsenic and more sulfur. The stoichiometry
of arsenopyrite affects the final decomposition temperature, however the resulting
pyrrhotite product (under the conditions of temperature and sulfur pressure) was
always the same. The pyrrhotite formed was always deficient in iron. Excess iron was
always present and formed an iron phase in an inert roast. The amount of this phase
was govemed by the stoichiometry of the arsenopyrite (i.e. As:S ratio)} as well as the
amount of sulfur removed.

In pyrrhotite, the iron atoms are known to be mobile in the pyrrhotite lattice
through iron vacancies (Bennett and Graham, 1977). The excess iron formed from the
decomposition of arsenopyrite possibly diffuses and reacts with oxidising or reducing
gases at the surface of the grains, This would explain the lack of I6llingite (or any iron
arsenic phase) found in arsenopyrite decomposed to pyrrhotite in open systems.

The amounts of the above product species as well as their compositions varied
according to the composition of the initial arsenopyrite phase and period of heating.
The composition of pyrrhotite formed is temperature dependent as well as being a

function of sulfur activity (Toulmin and Barton, 1964).

7.3.1.1 Mechanism of Arsenopyrite Breakdown
Several arsenopyrites from different localitics were partially heated using an
clectron beam with a large aperture and spot size under the TEM. An example of
arsenopyrite partially altered to pyrrhotite is shown in Figure 7.4, Lattice fringes can
be seen in the photo corresponding to layers of iron and sulfur atoms in the pyrrhotite
product. Convergent beam electron diffraction patterns confirmed the 2/m point
group symmetry and [101] orientation of arsenopyrite. Selected area diffraction

patterns of the pyrrhotite product showed a direct crystallographic relationship with
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arsenopyrite. The b* flxis of arsenopyrite gonverts to the c* axis of the pyrrhotite
formed. Also ‘theJ,f""(/l/()Jl—)’|= of arsenopyrite is orientated with the a* axis of the
pyrrhotite. The m\e\‘as'ui'ed d-spacings of the SAED patterns as well as EDX spectra
analysed confirmed thEa presence of pyrrhotite and its orientation. This orientated
breakdov(vn was not continuous over the whole arsenopyrite crystal face and was
broken in a number of places. Globules of arsenic were also present and appeared to
have little sulfur or iron present. The electron diffracted spots for arsenopyrite, which
represent lattice planes in real space, have slightly larger d-spacings than those of
pyrrhotite as can be seen in the SAED pattern in Figure 7.4. These results showed
that the initial breakdown of arsenopyrite is topotactic along its b axis. This
observation constitutes the first documented evidence of this ordered breakdown.
Subsequent heating of the pyrrhotite caused recrystallisation to a composition stable
at local conditions (i.e. S, activity and temperature). With continued heating the
pyrrhotite continued to recrystallise with loss of sulfur until an iron phase was present.
Grains of arsenopyrite heated in other orientations resulted in no observed ordered
breakdown. The recrystallisation of pyrrhotite formed complex domain structures

which varied in orientation (Figure 7.5).

7.3.1.1.1 Reconstructive Transformation

The orientation of arsenopyrite structure and pyrrhotite products are shown in
Figure 7.6. Models of both arsenopyrite and pyrrhotite structures were made and
examined for displacement transformations and obvious structural similarities for the
orientated breakdown observed. The growth of products by planar shear defects along
certain crystallographic directions rather than by bulk diffusional mechanisms through
solids, has been observed in the partial reduction of rutile and hematite systems
(Hayes, 1992). The rutile structure can be related to the arsenopyrite structure
(Buerger, 1936; Fuess et al., 1987) and so a slightly modified mechanism may occur.

However, no obvious direct transformation could be proposed. It is envisaged that



Figure 7.5 Transmission electron micrograph of complex domain structures in
pyrrhotite after arsenopyrite. Globules of arsenic are also present.



Figure 7.6 Comparison of arsenopyrite orientation with the pyrrhotite structure.
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either a transitional phase is present and/or that the transformation involved is a
reconstruction process.

In the ideal arsenopyrite structure, the iron atoms are octahedrally coordinated
with three arsenic and three sulfur on opposite triangular faces. Strings of edge shared
octahedra along the (101) direction are joined together by corners with the next string
of octahedra as shown in Figure 7.6. On heating arsenopyrite grains, the binding
energy of arsenic in the arsenopyrite lattice is lower than that of sulfur and results in
the preferential removal of arsenic over sulfur along channels in the arsenopyrite
structure, With the arsenic sites vacant the octahedra collapse in the (101) plane and
then are further condensed in the (101 ) direction, resulting in strings of octahedra
sharing triangular faces. This leads to faceting of the arsenopyrite surface i.e. complex
planes and geometries are replaced by close-packed planes of lower energy in the
form of the pyrrhotite structure.

The existence of an oriented interface of arsenopyrite altering to pyrrhotite
was probably because of the low surface energy associated with the common
structural plane. A similar oriented breakdown has been reported by Francis et al.
(1976) for the segregation of pentlandite and pyrrhotite from a monosulfide solid
solution of Fe-Ni-S system.

The formation of pyrrhotite probably starts at different rates and at many
separate centres. When these ordered structures grow towards one another they may
result in twins or antiphase domains. The thickness is restricted by the buildup of
stresses in the pyrrhotite due to the differences in molar volume with the original
arsenopyrite. The pyrrhotite continues to recrystallise in an attempt to become stable

under the changing conditions of temperature and vapour pressure.
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7.3.2 Agglomeration of Gold in Arsenopyrite

7.3.2.1 Observation of Mobile Gold during Arsenopyrite Alteration

To date, evidence for the exsolution and agglomeration of gold in arsenopyrite
on thermal treatment has been essentially indirect and based entirely on analyses
carried out on materials before and after heating. Figure 7.7 shows a series of electron
micrographs of a synthetic auriferous arsenopyrite grain decomposing under the heat
produced by the electron beam. It was previously demonstrated (Chapter 6) that gold
in the synthetic auriferous arsenopyrite was in solid solution. By heating the grains
with the electron beam, arsenopyrite recrystallised to pyrrhotite with arsenic being
expelled. The gold was mostly insoluble in the pyrrhotite lattice and therefore
exsolved out and was clearly seen to combine with other gold to form droplets at the
boundary of the pyrrhotite formed. The temperature in the TEM during beam heating
could not be determined but the process of decomposition would be expected to
follow the same process as shown in Figure 7.1. A video of this gold agglomeration
process similar 1o the frames shown in Figure 7.7 was also obtained and is available
from the author.

Figure 7.8a shows an EDX spectrum of the synthetic arsenopyrite shown in
Figure 7.7a which contained approximately 0.7 wt% gold. An EDX spectrum of the
same grain after heating (Figure 7.8b), shows a reduction in the iron peak intensity
relative to the sulfur peak. The EDS analyses indicated some arsenic present amongst
the altered product and this appeared closely associated with the gold. Other round
‘blobs’ of material were also found and an EDX spectrum of these indicated a high
concentration of arsenic whereas the pyrrhotite matrix contained lLitile (Figure 7.9).
There was also a difference in Fe:S ratio intensities. The pyrrhotite recrystallised
during heating and changed in composition until all the sulfur was removed leaving an
iron phase with the gold reabsorbed,

Although other workers have postulated and observed what appeared to be

gold agglomeration after heating samples (e.g. Graham et al., 1989), the present



Figute 7.7 A series of electron micrographs of a beam heated auriferous arsenopyrile
grain altering to pyrrhotite with the agglomeration of gold (After Aylmore and
Graham, 1992},
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Figure 7.8 Energy dispersive spectrum of arsenopyrite (a) before heating, containing

detectable gold and (b) a spectrum of an aggregated gold grain.



Fe K¢

L g b A g ——— Ne— :
2.00 4.00 6.00 8.00 10.00
KeV
nFe Koz
SKqg

/\ As Ky

2.00 4.00 6.00 3.00 10.00

Figure 7.9 Energy dispersive spectrum of (a) arsenic 'blobs’ and (b) the pyrrhotite
matrix from thermally altered arsenopyrite.
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results are the first in which the actnal process of gold exsolving and agglomerating
has been clearly demonstrated. This process was observed in both the Sheba and

synthetic auriferous arsenopyrite samples.

7.3.2.2 Effect of Temperature on Gold Mobilisation in Auriferous
Arsenopyrites

The temperature at which gold becomes mobile was examined for both
synthetic and natural auriferous arsenopyrite samples. Heating of two auriferous
arsenopyrites in sealed evacuated tubes at temperatures below 470°C in a muffle
furnace, resulted in no observed changes in the arsenopyrites. Figure 7.10 shows a
partially heated grain of Sheba arsenopyrite to 570°C. Electron microprobe analyses
indicated that the unaltered part contained 0.5 wi% Au. A scan of a polished section
after heating showed no evidence of coalesced gold. A full heating to 700°C resulted
in only pyrrhotite being formed and round fine gold grains distributed throughout
many of the grains as shown in Figure 7.11. With increasing temperature the
pyrrhotite appeared to be coarser.

Heating of synthetic auriferous arsenopyrite (Figure 7.12a) resulted in similar
observations. No gold was observed until 600°C was reached. Figure 7.12b show a
grain of synthetic auriferous arsenopyrite heated over 600°C altering to pyrrhotite
containing agglomerated gold. A partial breakdown in arsenopyrite up to the main
endothermic peak resulted in no observed agglomeration of gold. The lack of
observed gold in the samples heated below the main decomposition temperature
suggests that either the gold was still locked up in the pyrrhotite structure or that any
gold that had exsolved from the breakdown of the arsenopyrite structure was very
small in size. As pyrrhotite can contain very little gold in solid solution (Cook and
Chryssoulis, 1990) the gold was most probably very fine. Since the synthetic sample
was abundant in solid solution gold the latter possibility is the most likely. In addition,
experiments carried out in Chapter 4 showed no gold in either arsenopyrite or

pyrrhotite formed from solid state reactions.



Figure 7.10 Partial Roast of Sheba arsenopyrite at 570°C. The unreacted arsenopyrite
contains 0.5 wi% ‘invisible' gold.

Figure 7.11 A complete roast of Sheba arsenopyrite to pyrrhotite containing
aggregated gold.



Figure 7.12 Scanning electron micrograph of (a) partially altered grains of synthetic
auriferous arsenopyrite heated below 600°C and (b) pyrrhotite containing
conglomerating gold after synthetic auriferous arsenopyrite heated over 600°C,
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Figures 7.13a and b show the EPMA analyses of Sheba arsenopyrite grains
partially altered to pyrrhotite for several scans across different grains. No 16llingite
composition was observed. The pyrrhotite composition varied slightly. Liitle arsenic is
associated with the pyrrhotite phase. Both Clark (1960) and Barton (1969) observed
little arsenic soluble in pyrrhotite. Gold detected in the pyrrhotite product varied from
0 to 0.45 wt%. There appeared to be no relationship between where gold was and the
position within the grains, which indicated that gold was not carried along the
alteration interface of the grains during heating as proposed by Swash and Ellis
(1986). In the presence of nitrogen at a fast heating rate of 50°C/min, arsenopyrite
altered to pyrrhotite at around 6(0X)°C, whereas at a slower heating rate of 5°C/min it
started to breakdown at approximately 470°C. Gold was only observed to have
agglomerated at the higher temperature. That is, the rate of removal of arsenic from
the altering arsenopyrite increased the gold agglomeration process.

Because the breakdown of arsenopyrite is endothermic, arsenic is only evolved
when arsenopyrite is heated to ~470°C. Consequently, a high arsenic vapour pressure
was present to react with the gold only when the temperature was high enough to

drive more arsenic off.

7.3.2.3 Effect of Ambient Gas Composition on Gold Agglomeration in
Arsenopyrites
Heating auriferous arsenopyrite samples in the muffle furnace at 612°C in air
resulted in arsenopyrite altering to hematite pseudomorphs (Figure 7.14a and b).
Examination of polished sections of this material showed no gold agglomeration.
However, analyses of some of the altered hematite under the TEM revealed fine gold
grains (<lpm) (Figure 7.15). The presence of oxygen increased the rate at which
arsenic was removed from the arsenopyrite structure (Chakraborti and Lynch, 1983).
However, the consumption of arsenic by oxygen (to form As,O,) appeared to reduce

the size of the gold agglomerated.
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Figure 7.14 (a) and (b) Scanning electron micrograph of haematite pseudomorphs
after heating auriferous arsenopyrite to 612°C. No gold grains were visible.



Figure 7.15 Transmission electron micrograph showing the presence of fine gold
particles in haematite pseudomorphs after auriferous arsenopyrite heated at 612°C in
air,
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Heating auriferous arsenopyrite samples at different heating rates was then
examined to observe what effect it had on the gold agglomeration process. Figures
7.16a and b show differential thermal and gravimetric analyses of synthetic auriferous
arsenopyrite at heating rates of 5°C/min and 50°C/min in air respectively. Heating a
sample in a TG-DTA from room temperature through to 700°C at a slow heating rate
of 5°C/min also resulted in no large agglomeration of gold (Figure 7.17a). On the
other hand, increasing the heating rate to 50°C/min resulted in a large agglomerated
gold grain (~20um) on the edge of some aggregates of hematite pseudomorphs
(Figure7.17b). No gold was observed in the hematite pseudomorphs. Therefore, the
rate and the residence time of arsenic vapour within the altering arsenopyrite grain

had an effect on the size of the gold agglomeration.

7.3.2.4 Mobility of Coarse Gold during Arsenopyrite Alteration

Several heating experiments of auriferous arsenopyrite have shown large
concentrations of gold agglomerating. However, the amount of gold which has been
claimed to have agglomerated in the resultant pyrrhotite in some of these experiments
appeared too large to have come from within the arsenopyrite itself (Graham et al.,
1988). Consequently, the heating of arsenopyrite in the presence of coarse metallic
gold was examined to determine the effects of the breakdown of arsenopyrite on gold
mobilisation. Clark (1960) in his high pressure experiments found that gold from the
tube in which arsenopyrite was contained diffused through arsenopyrite at 660°C and
2k bars. Some of the experiments carried out in Chapter 4 showed gold to be mobile
at temperatures of 600°C and higher.

The experiments carried out are summarised in Table 7.1. For comparison,
natural gold free arsenopyrite was also heated in sealed evacuated tubes. Between 450
°C and 550°C little alteration appeared to have occurred in the gold free samples. In
samples heated above 550°C various degrees of alteration of arsenopyrite to

pyrrhotite, 18llingite and arsenic occurred (Figure 7.18). At higher temperatures, a
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Figure 7.17 Scanning electron micrograph of haematite pseudomorphs (a) after a slow
heating (5°C/min) and (b) after a fast heating rate (50°C/min) in air. No gold was
visible observed in the slow heated sample. Large conglomerated gold grains (~20pm)
were observed on the edge of some aggregates of haematite pseudomorphs in the fast
heated sample .



Figure 7.18 Coolgardie arsenopyrite samples heated above 550°C showing alteratmn
of arsenopyrite to pyrrhotite, loellingite and arsenic (vacch1-4).

Figure 7.19 Scanning electron micrograph of arsenopyrite heated above 660°C
showing a eutectic structure of loellingite and pyrrhotite which have exsolved out on
cooling (casp2).
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eutectic structure was observed (Figure 7.19) where 16llingite and pyrrhotite were
soluble in each other.

Examination of the samples containing gold under the SEM showed no
interaction between the gold and arsenopyrite at the low temperatures. However,
interaction with gold was observed at 500°C (Figurc 7.20). The originally smooth
gold surface had become pitted. On the surface of pyrthotite, formed from

arsenopyrite, fine round globules of gold could be found.

Table 7.1 - Experiments on the Mobility of Coarse Gold during Arsenopyrite Alteration
{carried out in sealed Vycor tubes)

Sample *Starting Materials (g) Temp. | Period | Products
An, S and As present (g) °C) (Hrs)
Casp2 casp 0.5 - 710 12 AspHlo+pyrr+As
Casp5 casp 0.5 - 542 2 AspHot+pyrr+As
Vacchl-4 | ch - 660- |6 Asptlo+pyrr+As
690
Vacchle | ch 0.9807 Au 0.1256 340 3 Asp+Au
Vacch33d | ch Au leaf 340 Asp+Au
Vacchl9 | ch 0.4905 Au 0.00182 500 Asp + pymr +As+An
Vacch37 | sh0.4936, | Au0.0744, 560 10 AspHpyrr +As+Au
S$0.1298
Vacch36 | sh 04232, | Au0.0684 500 10 Asp + lo +As+Au
As 0.6761
Vacch35 | ch0.7094 Au leaf 600 1 Asp + lo +As+Au
Vacch34 | ¢h0.5536 Au 0.0897, 600 - Asp+lo +As+Au+ S
As 0.3966 660
VacchS ch Au wrapped 660 2 Asptlo+pymr+As+Au
around ch months
Vacch3 ch 1.8678 Au 0.4317 600 2 Asp+lo+pyr+As+Au
Vacchl3 | ch 0.5097 Au 0.0527 665 1 Asp+ lo + pyrr+As+Au
Vacch35b | sh0.5263, | Au 0.0666, 650 3 Asp + pyrr+As+An

S 0.0342

*gh - Sheba arsenopyrite; ch - China arsenopyrite; Casp - Coolgardie arsenopyrite

In samples heated above 600°C, gold was more readily mobile. Figure 7.21a
shows gold after heating, covering regions of arsenopyrite altered to pyrrhotite. At
places where arsenopyrite was unaltered no gold was present. X-ray diffraction
studies showed arsenopyrite, arscnic metal, pyrrhotite and 16llingite as the major
phases. A cross-section is shown in Figure 7.21b where gold had been carried along
with the alteration of arsenopyrite to pyrrhotite and 16llingite. The degree of alteration

varied from grain to grain and many were unaltered. Figure 7.21c shows a close up of



Figure 7.20 Scanning electron micrograph of arsenopyrite partially altered at 500°C to
pyrrhotite with gold globules.



Figure 7.21a Gold deposited after heating, covering regions of arsenopyrite altered to
pyrrhotite. At places where arsenopyrite was unaltered no gold was present.(b) A
cross-section of grains showing gold made mobile during the alteration of

arsenopyrite to pyrrhotite and loellingite. (¢) A close up of gold exsolved out of pure
arsenic on cooling.
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the gold -arsenic eutectic on cooling. No gold and arsenic compound has been
reported in the literature, only liquid solutions (Gather and Blachnik, 1976). However,
electron microprobe analyses using a broad electron beam gave a composition of

approximately AuAs , which indicates that this compound may exist at high

1
temperatures. Also present were step-like structures in some directions along the
arsenopyrite altering face in the polished sections. In other parts the altering interface
was irregular. Arsenic and traces of sulfur vapour, which condensed to a liquid on
cooling, were also present on the walls of the vycor tube. No gold was found
associated with the condensed gas. The amount of arsenic coming off is a function of
temperature. At a given temperature arsenopyrite decomposed until a certain arsenic
vapour pressure was reached at which time no more arsenopyrite decomposed. The
high quantities of condensed arsenic especially around the gold, indicated that the
presence of gold increased the breakdown and distillation of arsenic from
arsenopyrite.

The composition of each phase was analysed by electron microprobe. These
results are shown in Figures 7.22a to f. Points were probed across a grain from the
outer edge to the unaltered arsenopyrite. Points were chosen in order to prevent
detection of scattered X-rays from surrounding material and thus to avoid incorrect
values, in particular, from coarse gold observed around the rim. The composition of
pyrrhotite was constant, with an average Fe and S composition of Fe,S. The
pyrrhotite phase contained no detectable gold. The 16llingite phase contained some
sulfur with the arsenic and iron. Lollingite can incorporate about 10 mol % FeS,
(Clark, 1960). No other iron arsenic compounds were observed by XRD or by
electron microprobe analyses. The presence of high gold content was generally

associated with higher arsenic regions. The breakdown reaction follows the equation

FeAsS + Au — Fe, S + Fe(As,S), + (AS,Au) + All ... (7.4)
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The excess iron from arsenopyrite altering to pyrrhotite, as discussed earlier,
was taken up with the arsenic to form mostly 16llingite. The process was similar to
that discussed in Chapter 4 where high pressures were applied to gold tubes
containing arsenopyrite. However in the present experiments, the reactions were
governed by thermal alteration of arsenopyrite under its own arsenic vapour pressure.

The unbalanced chemical reactions involved are shown in Table 7.2.

Table 7.2 Chemical Reactions involving Arsenopyrite

Reaction Chemical Temperature
potential range
(1) FeAsS = FeAs, + FeS + (5,As) 270243
(2)  FeAsS + As =FeAs, + (S,As), >688+3
(3)  FeAsS+S§,=FeS +(5,As), -23600 + 9.8T (x1500) 491-702
4) 2FeAs, + 2FeS + S, = 4PeAsS -69900 + 55.6T(x1000) 25-650

(After Clark, 1960 and Barton, 1969)
Note: None of the phases are stoichiometric

Arsenopyrite, in the presence of gold and excess arsenic, resulted in
precipitation of arsenic on unaltered arsenopyrite (Figure 7.23). Gold forming a
eutectic lexture was observed next to the recrystallised arsenic and arsenopyrite
interface as well as on the outer edge of the 16llingite crystals. The process can be
explained by reaction (2) in Table 7.2 where no reaction of arsenic and arsenopyrite
occurs until a temperature above 688°C is reached. Arsenopyrite in the presence of
excess sulfur and gold resulted in the breakdown of arsenopyrite to porous pyrrhotite
(Figure 7.24). A eutectic texture of gold and arsenic-sulfur was observed around the
altered phase with some gold movement into the pores of the pyrrhotite as well as
gold being observed at the arsenopyrite altering interface. The alteration of
arsenopyrite followed reaction (3) in Table 7.2.

The results reported generally follow the reactions in Table 7.2, except that

the actual temperatures for these reactions appear to be reduced. This can probably be



Figure 7.23 Scanning electron micrograph of arsenopyrite after heating in the
presence of gold and excess arsenic. The formation of loellingite on unaltered
arsenopyrite and arsenic-gold eutectic was observed (vacch34).

Figure 7.24 Scanning electron micrographs of arsenopyrite after heating in the
presence of excess sulfur and gold. The breakdown of arsenopyrite {0 porous
pyrrhotite and the presence of an As-S-Au eutectic were observed. Heated at (a) 600°
C (vacch35b) and 500°C (vacch37).



163

attributed to variations in compositions of arsenopyrite as was illustrated in Figure
7.2. In the presence of gold, the decomposition of arsenopyrite occurred at a lower
temperature. The idiomorphic texture observed on some arsenopyrite grains indicates
that gold is not soluble in arsenopyrite. The presence of lillingite and pyrrhotite
sharing boundaries with each other is puzzling as reaction of 16llingite and pyrrhotite
to form arsenopyrite is thermodynamically more stable (reaction (4)) at temperatures
below 702°C. Above 702°C, the observed eutectic texture in Figure 7.19 indicates
that 16llingite and pyrrhotite were soluble in each other at high temperatures. The
results above indicate that solid state diffusion of gold through arsenopyrite is not
favoured and gold mobility is caused primarily by alteration of arsenopyrite as was

observed in chapter 4 (section 4.3.5).

7.3.2.5 Non Isothermal Heating of Arsenopyrite with Gold in an Open
System

Samples heated in the TG-DTA containing free gold and arsenopyrite with
flowing nitrogen at 20°C/min or 40°C/min heating rates also showed gold interactions
with arsenic vapour (Figure 7.25). As for arsenopyrite free of gold, the major
endothermic peak occurred in the range of 630 to 700°C under conditions favourable
for the formation of an arsenic and gold melt. These results indicate that even in an
open system, arsenic from arsenopyrite decomposition will react with coarse gold.
The flow rate of the nitrogen would most probably affect whether arsenic vapour is in
contact with the gold surface for sufficient time. The size of the gold particles in the

study would undoubtedly also have some influence.

7.3.2.6 Analysis of As-S-Au system
In view of the observed mobility of gold during arsenopyrite decomposition,
experiments were carried out to determine firstly whether the mobility of the gold was
caused by the reaction of arsenic alone or the As-S liquid, and secondly at what

temperature gold is soluble in these liquid and gas mixtures. The various conditions



Figure 7.25 Scanning electron micrograph of partially melted gold from reactions with
(a) arsenic vapour from arsenic metal and (b) arsenic vapour as a result of alteration
of arsenopyrite.
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used are shown in Tables 7.3 and 7.4. In the first instance the temperature at which

arsenic and gold interact was examined.

Samples which had been heated above 50°C were examined under an optical
microscope. The gold in these samples was readily mobilised in the presence of pure
arsenic. At lower temperatures {~340°C) the arsenic recrystallised as aggregates on
the gold surface. However, no obvious change in gold morphology was observed
which indicated that litde interaction had taken place. The arsenic vapour pressure
over arsenic metal reduces with temperature and so at temperatures around 400°C
there would be little As vapour-Au interactions. The reaction of arsenic on gold
below 630°C indicates that the As-Au phase diagram of Gather and Blachnik (1976)
is not correct.

Examination of samples containing various amounts of sulfur with arsenic at
temperatures above 500°C, resulted in less interaction with gold than those in pure
arsenic mixtures. The conditions used for the arsenic and sulfur mixtures with gold are

shown on the arsenic and sulfur phase diagram in Figure 7.26.
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Figure 7.26 The conditions used for the arsenic and sulfur mixtures with gold
(crosses) are shown on the arsenic and sulfur phase diagram.

At 340°C to 500°C, in the presence of liquid arsenic-sulfur mixtures, the

reaction with gold was much slower. However, on examination under the SEM, fine



Table 7.3 - Arsenic and Gold Mixtures in Sealed Evacuated Vycor Tubes

Sample As(g) Au(g) Period Temp (°C)
(Hrs)

Vacchl8 0.0967 0.1159 3 340
Vacch32 0.2014 0.1500 340grad
Vacch2( 0.5548 0.4435 500
Vacchl( 0.0905 0.1700 600
Vacchl4 0.0962 0.0568 1 600
Vacchls 0.0459 0.018% 1 607

Table 7.4 - Arsenic, sulfur and Gold Mixtures in Sealed Evacuated Vycor

Tubes

Sample As (At%) - Au {g) Period Temp(°C)
S (At%) mixture (Hrs)
(g)

Vacchl7 As0.0044, S 0.1253 3 340
0.0977

Vacch22 As10-S90 0.014 11 344
0.1094

Vacch23 As90-S10 0.0106 11 344
0.1986

Vacch24 As52-548 0.0198 11 344
0.2013

Vacch3l As52-548 0.0132 12 425

Vacch21 As 0.0826, S 0.0172 500
0.0013

Vacchll As0.2211, 8 0.0557 600
0.0078

Vacch25 As10-590 0.0119 615
0.1986

Vacch26 As90-S10 0.0158 615
0.1957

Vacch27 As52-548 0.0176 615
0.1908

Vacch28 Asl10-590 0.0242 650
0.2059

Vacch29 As90-510 0.0226 650
0.1978

Vacch30 As52-S48 0.0194 650

0.1968
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globules of gold were observed (Figure 7.27). The presence of sulfur in the system
appeared to retard the action of arsenic on gold at high temperatures. Sulfur has a
much higher vapour pressure than arsenic and so would reduce the arsenic vapour
concentration. Arsenic sulfide gaseous compounds may also have been present but
these do not react with gold. The chemical composition of the liquids produced and
whether any gold dissolved remains to be determined. The As:S ratio in the starting
materials appeared to have little influence on whether gold reacted. However more
gold was made mobile in arsenic rich starting materials.

The results can be explained by plotting the partial pressure of arsenic over
arsenic metal (Figure 7.28). Shigematsu (1986) measured the arsenic vapour pressure
over arsenopyrite and this is also plotted in Figure 7.28. The arsenic vapour pressure
over arsenopyrite is much lower than over arsenic metal, being only detectable above
450°C (i.e. the temperature at which arsenopyrite starts to break down.) Over arsenic
metal the arsenic vapour pressure drops off to negligible levels below a temperature of
310°C. No gold is mobile at this temperature or below where the arsenic vapour
pressure is low, Also plotted in Figure 7.28 is the sulfur vapour pressure over sulfur.
The sulfur vapour pressure exceeds 1 atmosphere pressure at ~400°C and hence, acts

as a retardant to the action of arsenic.

7.3.2.7 The Role of Arsenic on Gold Mobility

The structural properties and atomic radii of arsenic and gold were evaluated
to find some possible mechanism for arsenic reacting with gold. Gold consists of a
face centred cubic lattice with atoms in 12 coordination which are held together by
weak metallic bonding. Arsenic, on the other hand, is not represented as a simple
packing of spheres because each atom is somewhat closer to three neighbours than to
the remainder of the surrounding atoms. The bonding between the four closest atoms
forming pyramidal groups is due to the covalent nature of arsenic bonds. Antimony
which has a similar structure and falls in the same group in the periodic table as

arsenic, forms AuSb, in nature, whereas gold and arsenic compounds with antimony



Figure 7.27 Scanning electron micrograph of fine globules of gold in the presence of
liquid arsenic-sulfur mixtures after heating between 500°C and 340°C. (a)344°C- Au

+As, S, mixture, (b) 344°C - Au +As,_S

52748

mixture, (¢) 344°C - Au + As S, mixture
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are not known to exist. The atomic radius for gold is 1.44A whereas for arsenic it is
1.25A, so a direct substitution of arsenic in the gold structure or vice versa would
appear impossible (Hurlbut and Klein, 1977). Copper which is known to form a
limited solid solution with gold has an atomic radius of 1.28A similar to arsenic and so
arsenic may be taken up in the gold structure. However, copper has a similar structure
to gold. At high temperatures thermal motion in the gold structure may allow
accommodation of arsenic atoms. High temperature X-ray diffraction studies would

be required to solve this problem.

7.3.3 Breakdown and Agglomeration of Gold in Arsenopyrite

From the previous experiments, the processes involved in the breakdown of
arsenopyrite under thermal treatment can be described as follows. When thermal
decomposition of arsenopyrite occurs, arsenic vapour is released within the particle
and heat absorbed. The thermal decomposition starts around 470°C. The initial
breakdown of arsenopyrite to pyrrhotite is topotactic along the b axis of the
arsenopyrite structure, The pyrrhotite initially formed changes with temperature and
composition depending on other localised reactions taking place. (e.g. exothermic
reaction of As, + O, — As,0, ). The arsenic vapour then diffuses to the outer surface
where it reacts with the ambient gases or, in an inert atmosphere, escapes. The
consumption of arsenic at the surface of the grain drives the diffusion process and the
endothermic decomposition is maintained by the transfer of either the combustion
heat, from the reaction of arsenic with the ambient gases at the surface, or heat
obtained from the fumace. During the breakdown of arsenopyrite some sulfur is
released, in addition to arsenic vapour coming off. The amount of arsenic and sulfur in
the vapour phase is governed by the type of arsenopyrite heated.

Arsenic-rich arsenopyrite decomposes before sulfur-rich arsenopyrite. The
pyrrhotite formed has an Fe:S ratio less than one. The excess iron from the
decomposing aréenopyrite forms a metallic iron phase, and the amount will depend

upon the composition of the pyrrhotite phase. The excess iron probably migrates
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along the vacant iron sites and where other ambient gases are present, probably
diffuses to the surface of the grain and reacts with them. An arsenic and sulfur liquid
interface as proposed by Swash and Ellis (1986) probably does not exist or is very
minot, as any excess iron formed during the breakdown of arsenopyrite would be
unstable and react with arsenic or sulfur atoms.

After all arsenic has been removed other ambient gases e.g. O, can back mix
into the pyrrhotite pores formed and react with the pyrrhotite. Oxygen or other gas
will react with any metallic iron phase to form an oxide or other compounds. In an
inert atmosphere the product restabilises itself according to temperature. In this
process more sulfur may be removed. The local conditions in the decomposing grain
are different to those at the surface of the grain or the ambient conditions. The

ambient conditions will drive the kinetics.

Mechanism of Gold Agglomeration
The mechanism for the agglomeration of gold in arsenopyrite can be

considered in two processes:

(1) First Stage- Exsolution of Gold from Arsenopyrite Structure

In the first stage, gold on interstitial sites in arsenopyrite would be released on
the first alteration of the arsenopyrite (e.g. to pyrrhotite). Gold is not soluble and
exsolves out in pyrrhotite after arsenic is removed. With the preferential removal of

arsenic rather than sulfur the gold is probably carried along with arsenic.

(2) Second Stage - Mobility of Gold

In the second stage it has been demonstrated that the presence of arsenic
vapour is sufficient to make the gold mobile. Gold inclusions as well as gold liberated
from solid solution migrate by the interaction of arsenic vapour condensing on the
gold surface and reducing the melting point of gold (to as low as 500°C) and travels
along crystallised pyrrhotite until all arsenic is removed. The amount of mobility

would be determined by the surface area of the gold as well as the amount of arsenic
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vapour present. Gold will be transported to low energy sites. The arsenic wets the
gold surface. The globular shape of gold reduces the surface energy and this is the
main cause of the agglomeration once the metal is mobilised. The sulfur vapour
pressure is low and if it was too high, gold mobility would be retarded. An arsenic-
sulfur liquid phase is not required to carry gold although it may play a role in low
temperature systems where arsenic vapour pressure is low.

The presence of coarse gold with arsenopyrite reduces the decomposition
temperature. In addition, the melting point of gold is reduced by the presence of
arsenic at temperatures lower than those outlined in the As-Au phase diagram of

Gather and Blachnik (1976) (shown in Figure 2.7).

7.3.4 Breakdown and Agglomeration of Gold in Pyrite
The previous considerations will also have some relevance to processes
involved in the thermal decomposition and agglomeration of gold in pyrite.
In pyrite, gold replaces sulfur (Chapter 6). The behaviour of auriferous pyrite
is slightly different from arsenopyrite because of the difference in atomic spacing and
crystal chemistry of the two species (Swash and Ellis, 1986).

The decomposition of pyrite follows the endothermic reaction

2(1-x)FeS, — 2Fe,_S + (1-2x)S,

The presence of arsenic means the breakdown of pyrite follows the simplified reaction

2Fe(As,S), - 2Fe, S + As, + S,

The stoichiometry of pyrrhotite and the presence of an iron phase was not determined.
As with arsenopyrite, the gas phases of arsenic and sulfur vapour may combine to give
As S, and As,S, gas. Therefore little arsenic vapour would be present.

Several workers (e.g. Boyle, 1979) have reported that gold coalesces in pyrite
at 600°C and possibly at 250°C. However, beam heating of single grains of auriferous
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pyrite in the present studies never resulted in any gold agglomeration being observed
under the TEM.

The presence of arsenopyrite breaking down with pyrite may help solid
solution gold agglomerate in pyrite by the reaction of arsenic in the same way as in
arsenopyrite. Alternatively, the arsenic in the pyrite structure may evolve first before
sulfur and the local conditions may contain enough arsenic to agglomerate the gold.

More studies are required on auriferous pyrites.

7.4 Summary and Conclusions

Using a combination of TG-DTA, EPMA, SEM and TEM techniques, the
thermal behaviour of various stoichiometries of arsenopyrite and their decomposition
products were studied to provide information on their role in gold mobility. It was
found that the decomposition temperature varied slightly with different arsenopyrite
stoichiometries. The auriferous arsenopyrite samples analysed had the lowest
decomposition temperatures and this may be associated with the presence of gold.

The initial breakdown of arsenopyrite to pyrrhotite was found to be topotactic
along the b axis of the arsenopyrite structure with the release of arsenic and some
sulfur. The mechanism for this appeared to be a reconstruction process. The existence
of an oriented interface of arsenopyrite altering to pyrrhotite probably occurs because
of the low surface energy associated with the common structural plane. The excess
iron, observed in the formation of pyrrhotite, probably migrates along the vacant iron
sites in pyrrhotite and diffuses to the surface of the grain where it forms a metallic iron
phase or reacts with ambient gases. The pyrrhotite initially formed changes with
temperature and composition depending on other localised reactions taking place. At
high pressures of arsenic vapour, an arsenic-sulfur liquid interface as proposed by
Swash and Ellis (1986), does not exist or is insignificant.

Electron beam heating of auriferous arsenopyrite in a TEM clearly
demonstrated the actual process of gold exsolution and agglomeration. This process

was observed in both the auriferous natural and synthetic arsenopyrite samples.
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Gold became mobile at the decomposition temperature of arsenopyrite for
both synthetic and natural auriferous arsenopyrite samples. At low temperatures, the
gold agglomerates as fine particles whereas at high temperatures the agglomerated
gold was coarser. Consequently, increasing the temperature resulted in an increased
rate of decomposition of arsenopyrite which in turn increased the amount of gold
agglomeration. The presence of oxygen increased the rate at which arsenic was
removed from the arsenopyrite structure (Chakraborti and Lynch, 1986). A rapid
removal of arsenic by oxygen (to form AsO,) reduced the size of the gold
agglomerated. The rate and the residence time of arsenic vapour within an altering
arsenopyrite grain, clearly effected the size of the gold agglomeration. That is,
increasing the arsenic vapour pressure increased the size of agglomerated gold and
vice versa.

In addition, heating of arsenopyrite in the presence of coarse metallic gold,
apart from reducing the decomposition temperature of arsenopyrite, resulted in gold
mobilisation at temperatures as low as 500°C. These results revealed that apart from
solid solution gold, metallic gold inclusions were also mobile.

The investigation of arsenic-sulfur and gold phase systems showed that the
As:S ratio in the starting materials appeared to have little influence on the mobility of
gold. However, more gold was mobile in arsenic-rich starting materials at
temperatures from 340°C to 500°C. The presence of sulfur in the system appeared to
retard the action of arsenic on gold at higher temperatures. In addition, in As-Au
mixtures the melting point of gold was less than the 630°C observed by Gather and
Blachnik (1976).

Gold did not readily agglomerate in pyrite in the same way as in arsenopyrite.
The lack of arsenic and high concentration of sulfur evolving during the breakdown of
pyrite tended to reduce arsenic and gold interactions. However, more studies are
required to elucidate the behaviour of this system.

The mechanism for the agglomeration of gold in arsenopyrite can be

considered in two successive processes. In the first stage, the reconstruction process
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involved in arsenopyrite breaking down to pyrrhotite results in interstitial gold being
released. Gold on the iron sites in arsenopyrite may remain locked in the pyrrhotite
structure. However, gold is relatively insoluble in pyrrhotite. In addition, arsenopyrite
does not transform to a low (S-rich) or high (As-rich) temperature polymorph by heat
treatment and so, gold will only be liberated when arsenopyrite is chemically altered,
for example, to pyrrhotite. The arsenic to sulfur ratio in arsenopyrite does not have a
major effect on the breakdown, or on gold mobility. However, the presence of gold
affects the breakdown of arsenopyrite by decreasing its decomposition temperature.
In the second stage, if the concentration of arsenic vapour is sufficiently high, gold
inclusions as well as gold liberated from solid solution will travel along the crystallised
pyrrhotite, combining with other gold until all arsenic is removed. The residence time
of arsenic determines the size of the gold particles agglomerated. At elevated
temperatures gold is readily soluble in arsenic and this lowers the melting point of
gold. The mobility of gold is determined by its surface area as well as by the arsenic
vapour concentration. Gold will be transported to low energy sites. An arsenic-sulfur
liquid phase is not required to carry gold although it may play a role in low

temperature systems with low arsenic vapour pressure.
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Chapter 8

8.0 SUMMARY AND CONCLUSIONS

The present studies were aimed at a more detailed resolution of .the structure
of arsenopyrite and to a lesser extent pyrite, the form and location of gold in these
minerals, and the mechanisms of gold mobilisation and agglomeration during thermal
treatment.

Before studies on the form and mobility of gold could be carried out, a number
of aspects of the stoichiometry and structure of arsenopyrite which were inadequately
defined had to be evaluated. Consequently, the composition and crystal structure of a
number of natural arsenopyrites varying in stoichiometry were analysed.

Detailed microchemical analysis by EPMA of various natural arscnopyrites
showed no iron deficiency, casting doubt on the possible substitution of arsenic on
iron sites, inferred by some workers. The samples analysed contained littde gold,
except for the Sheba sample, which contained high concentrations largely as
inclusions. An examination of the possible substitution of gold on iron sites in the
arsenopyrite structure was inconclusive. Similarly, no definitive conclusion could be
reached with respect to the possible substitution of antimony on either iron or arsenic
sites.

The crystal structures of arsenopyrites with varying compositions were
investigated by X-ray diffraction and convergent beam electron diffraction studies and
were refined using the Rietveld method. The presence of one mirror in the whole
pattern along the a and ¢ axes, as well as the occurrence of dark bars in the (0k0),
(h01) and (001) reflections of [001] and [101] CBED patterns for k, 1 and h+l odd,
combined with the observations of a centred rectangular mesh of reflections in the
ZOLZ in both patiemns, identified the monoclinic point group 2/m and the space group

P21/c for all arsenopyrite stoichiometries. In addition, the lattice parameters and axial
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ratios agreed well with measurements obtained from XRD patterns. Structural
analysis of stoichiometric arsenopyrite confirmed Buerger's (1936) arsenopyrite
structure as monoclinic P2 /c. All stoichiometries crystallised in this space group and
changes observed in the structures by single crystal studies (e.g. Fuess et al., 1987)
were due to twinning. Cobalt or other impurities are not required to stabilise this
structure for some arsenopyrite compositions, as has been suggested in the literature.
In addition, arsenopyrite with a low As:S ratio was not triclinic, contrary to the
conclusion of Morimoto and Clark (1961).

An increase in the arsenic to sulfur ratio resulted in an increase in the unit cell
dimensions, in agreement with the conclusions first reported by Morimoto and Clark
(1961). In the present study, the change in unit cell volume was found to be
associated with changes in the iron-centred octahedra, consisting of a slight
compression in the (101) direction of the monoclinic cell and an expansion in the
(101) plane, together with a slight alteration to the octahedral tilt. Any other
differences in structure were too small to be detected. There also appeared to be
differences in structure which were not related to stoichiometry as TEM studies often
revealed strain or disorder.

Twinning and antiphase domains provide mechanisms for some arsenic and
sulfur interchange. Distortions observed in some of the arsenopyrite crystals are
possibly due to displacement of the octahedra in the crystal caused by fine scale
twinning and antiphase boundaries. However, the presence of clear CBED patterns
conforming to the space group P2/c indicated that twinning is independent of
composition. There was no obvious relationship between variation in stoichiometry
and structure of arsenopyrite which could provide information as to possible
substitution of gold in its structure. However displacements caused by twinning or
disorder may help to incorporate gold either on sites or on interstitial sites.

Because of the uncertainty in the abundance of solid solution gold in the
natural arsenopyrites available and to provide information on the mechanism by which

gold is taken up into the arsenopyrite structure, experiments were carried out to
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produce synthetic arsenopyrites containing gold in solid solution from appropriate
concentrations of arsenic, sulphur and iron. Various methods were attempted to
incorporate gold into the structure of arsenopyrite. These included dry synthesis, an
iodine vapour transport method and hydrothermal synthesis.

Metallic gold (Au’) did not react strongly with arsenopyrites above 500°C, as
demonstrated by the sharp boundaries observed between crystallised arsenopyrite and
gold in the dry synthesis work. The presence of metallic gold, however, reduced the
breakdown temperature at which arsenopyrite decomposed to pyrrhotite and
161lingite, as observed by Clark (1960).

Only the samples synthesised from mixtures of iron oxides, arsenic and sulfur
under hydrothermal conditions, were successful in incorporating gold in solid
solution. Solid solution gold was confirmed by *"Au Méssbauer data which showed
that gold was mostly bonded whether samples were prepared with or without
hydrochloric acid in the starting materials. Synthetic auriferous arsenopyrite consisted
of acicular grains ranging in size from 2um to SOum. The crystals were mainly
euhedral and grew as aggregrates. Analysis of composition by EPMA showed a
possible slight iron deficiency in some of the auriferous arsenopyrite grains, but the
errors were too high to provide conclusive evidence of gold substitution on the iron
sites as proposed by Johan et al. (1989).

High gold concentrations in auriferous arsenopyrites synthesised in HCI-H O
solution were associated with high arsenic to sulfur ratios. In contrast, in arsenopyrite
synthesised from dry mixtures of goethite, arsenic and sulfur, the gold concentration
appeared to be independent of the As:S ratio and the crystals tended to be more
homogeneous and slightly sulfur-rich. The contrast to arsenopyrite synthesised with
HCI-H,0 solutions may be related to the form of the gold species in solution, i.e. the
presence of AuCl* species in HC1-H O solutions and Au(SH)’, or possibly Au(SH), in
pure aqueous solutions. Thus, it is possible that under high saline conditions the
distribution of gold in arsenopyrite is different from that in low saline conditions for

hydrothermal gold deposits.
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Structural analyses of the various synthetic auriferous arsenopyrite crystals
showed similarities with the natural arsenopyrite samples. However, the unit cell
dimensions were larger and some crystals exhibited a loss in symmetry. Rapid
crystallisation along the b axis caused some disorder resulting in many crystals
exhibiting displacement faults. Shifts in the octahedra resulted in the reordering of the
arsenic and sulfur atoms along the displacement plane. The presence of these faults
may contribute to high concentrations of gold in the structure. Consequently,
stoichiometry alone may have no effect on gold uptake in arsenopyrite.

Pyrite formed during some of the synthesis experiments was also found to
contain solid solution gold, and was examined to provide detailed information on the
nature of the solid solution process. For both natural and synthetic pyrites examined,
the structure appeared not to deviate from cubic pyrite with space group Pa3.
Twinning was not observed in CBED patterns. Measured SAED patterns of both non-
auriferous and auriferous pyrite showed no significant change in cell dimensions. In
addition, the high arsenic content appeared not to have affected cell dimensions. This
demonstrated that the structure of pyrite does not change with addition of impurities
and that the presence of pseudo-cubic pyrite reported in the literature, may not be
controlled by chemical composition. Deviations from the pyritc Pa3 structure may,
however, be controlled by temperature as suggested by Bayliss (1977, 1989) and Fleet
et al. (1989).

To determine the specific location of the gold in the structures, suitable natural
and synthetic arsenopyrite and pyrite compounds were examined in detail using
Atomic Location by Channelling Enhanced Microanalysis (ALCHEMI). The results
demonstrated that some gold and all of the arsenic occurs on the sulfur sites in pyrite
and no arsenic occurs on the iron sites. Assuming that a charge exists on the metal
and anion pairs, pyrite can be written as [Fe[*[S]*. The presence of arsenic in the
structure will result in some anion pairs such as [AsS]* accompanied, perhaps by Fe*
ions instead of Fe™. The existence of these anion pairs has been inferred (Tossell er

al., 1989). Gold on the sulfur sites may occur as Au, Au’ or Au’, most probably
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combined as an anion pair [AuAs|* or alternatively as [AuS]". The presence of [AsS]*
pairs would be required to balance the charge of the Fe* ions for [AuS]" pairs. This
would explain the strong association of gold with arsenic-rich pyrites (Cook and
Chryssoulis, 1990). Aliernatively, the excess charge resulting from the presence of
arsenic and gold on the sulfur sites may be compensated for by vacancies in the sulfur
sites. Slight sulfur deficiencies in the pyrite structure have been reported by Finklea er
al. (1976).

The ALCHEMI results for arsenopyrite generally showed no correlation of
gold with either the iron or the arsenic-sulfur combined sites. Slight evidence of gold
on the iron sites was observed in some data based on the ratio method. These results
came from experiments with [101] zone arsenopyrite crystals containing litile
distortion in their structure. In [101] zone data extensive distortions in the b axis
indicated the presence of gold in defects of the arsenopyrite structure. Collectively,
the results from EPMA, ALCHEMI and gold Mdssbauer spectroscopy imply that
some gold is on interstitial sites or in defects in the structure as well as some on iron
sites, but not present as fine inclusions. Image contrast and selected-area diffraction
also showed no gold inclusions in the crystals studied. Interstitial gold in arsenopyrite
is probably sitnated in gaps between the iron-centred octahedra. The closest bond
lengths for iron, arsenic and sulfur atoms to the interstitial gold site were, however,
smaller (2.06, 2.11A,) than the average gold-arsenic (2.386A) and gold-sulfur
(2.290A) bond lengths cited in the literature. Therefore, to accommodate gold in
these positions, some iron, arsenic and sulfur sites may be vacant, or the sites
modified by twinning or other defects.

TInvisible' gold is often associated with chemically zoned arsenic rich regions in
natural arsenopyrite and pyrite grains (Cook and Chryssoulis, 1990), which reflect
non-gquilibrium conditions and rapid crystallisation. It therefore seems likely that
during rapid crystallisation, gold atoms are trapped at interstitial sites or point defects
in the crystal structure, particularly in arsenopyrites. It is possible that in well-

crystallised arsenopyrite some gold may be taken up on the iron sites. The difference
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in the forms of the gold in pyrite and arsenopyrite is probably related to the
differences in crystal structure. Arsenopyritc would be more readily able to
accommodate gold in dislocations in its structure than would pyrite.

The thermal behaviour of arsenopyrite and its relationship to the mobility and
agglomeration of both solid solution and metallic gold, were examined under different
ambient conditions. Using a combination of TG-DTA, EPMA, SEM and TEM
techniques, the thermal behaviour of various arsenopyrites and their decomposition
products, were studied to provide information on their role in determining gold
mobility. Although the thermal decomposition of arsenopyrite to pyrrhotite is similar
in all cases, the decomposition temperature increased slightly as the arsenic and sulfur
ratio approached stoichiometry from both directions. The auriferous arsenopyrite
samples had the lowest decomposition temperatures. The presence of gold in the
arsenopyrite structure may have lowered the decomposition temperature of
arsenopyrite.

The initial breakdown of arsenopyrite to pyrrhotite was found to be topotactic
along the b axis of the arsenopyrite structure with the release of arsenic and some
sulfur. The mechanism for this appeared to be reconstructive. The orientation
relationship probably occurs because of the low surface energy associated with the
common structural plane. The pyrrhotite formed had Fe:S ratios of less than one,
leaving an excess of iron in the mass balance. The excess iron probably migrates along
the vacant iron sites in pyrrhotite and diffuses to the surface of the grain where it
forms a metallic iron phase or reacts with ambient gases. The pyrrhotite initially
formed changed composition with temperature depending on other localised reactions
taking place. There was no evidence of an arsenic-sulfur liquid interface as proposed
by Swash and Ellis (1986).

The behaviour of gold in the presence of arsenopyrite was also studied.
Direct evidence for the exsolution and agglomeration of gold in arsenopyrite on
thermal treatment was observed. Gold was visually recorded exsolving from the

arsenopyrite structure and agglomerating as liquid metal globules on boundaries of
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pyrrhotite as the arsenopyrite was chemically altered during thermal treatment under
the TEM electron beam.

Gold became mobile at the decomposition temperature of arsenopyrite for
both synthetic and natural auriferous samples. At low temperatures, the gold
agglomerated as fine particles whereas at high temperatures the agglomerated gold
was coarser. Increasing temperature increased the rate of decomposition of
arsenopyrite and the degree of gold agglomeration. The presence of oxygen increased
the rate at which arsenic was removed from the arsenopyrite structure. However, the
consumption of arsenic by oxygen (to form As Q) reduced the size of gold
agglomerated. The rate of removal and the residence time of arsenic vapour within an
altering arsenopyrite grain clearly affected the size of the gold agglomeration. That is,
increasing the arsenic vapour pressure increased the size of agglomerated gold and
vice versa.

In addition, heating arsenopyrite in the presence of coarse metallic gold,
apart from reducing the decomposition temperature of arsenopyrite, resulted in gold
mobilisation at temperatures as low as 500°C. These results indicate that as well as
gold from solid solution, metallic gold inclusions were also mobile.

The investigation of arsenic, sulfur and gold phase systems showed that gold
was mobile in arsenic-rich starting materials at temperatures from 340°C to 500°C.
The presence of sulfur in the system appeared to retard the action of arsenic on gold
at higher temperatures (~500°C). In addition, in As-Au mixtures, the melting point of
gold was lower than the 630°C observed by Gather and Blachnik (1976).

Gold did not readily agglomerate in pyrite in the same way as in arsenopyrite,
because of the deficiency of arsenic. The high concentrations of sulfur evolving during
the breakdown of pyrite reduced arsenic and gold interactions.

The agglomeration of gold in arsenopyrite has been shown to occur in two
stages. In the first stage, arsenopyrite breaks down to pyrrhotite releasing all solid
solution gold, as gold is relatively insoluble in pyrrhotite. Arsenopyrite does not

readily undergo a transformation to a lower or higher temperature polymorph and so
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gold will only be liberated when arsenopyrite is chemically altered, e.g. to pyrrhotite.
The presence of gold as inclusions or in solid solution in arsenopyrite, decreases the
decomposition temperature of the host arsenopyrite. Gold is carried along with the
arsenic which evolves before sulfur. In the second stage, if the arsenic vapour pressure
is sufficient, gold inclusions as well as gold liberated from solid solution, will migrate
along the pyrrhotite combining with other gold until all arsenic is removed. The
process is facilitated because the arsenic wets the gold surface forming a low
temperature entectic. The mobility of the gold is determined by its surface area as well
as the concentration of arsenic vapour present. The residence time of arsenic
determines the size of the gold particles agglomerated. An arsenic-sulfur liquid phase
is not required to carry gold although it may play a role in low temperature systems

where the arsenic vapour pressure is low.

Industrial Implications

High gold contents in solid solution may still be expected in low As:S ratio
arsenopyrite despite the general observation in the literature that high solid solution
gold concentrations are normally found in arsenopyrite containing high arsenic to
sulfur ratios. Wider studies on arsenopyrite ore deposits may resolve this possibility.
Both gold in solid solution and that present as inclusions, will be made mobile by
arsenic vapour. The present studies have demonstrated the importance of the rate and
residence time of arsenic as the key to the removal of gold. Manipulation of these
factors should enhance gold extraction in pyrometallurgical practice. Invisible gold in

arsenopyrite may be released by a simple heat treatment.

Areas of further work

An examination of the microstructure of gold free arsenopyrite containing a
high As:S ratio using HRTEM and comparison with the microstructure of
arsenopyrite with a low As:S ratio, may reveal the reason for uptake of impurities

such as gold and also provide additional information on the twinning process.
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Comparison of both natural and synthetic auriferous arsenopyrites by HRTEM might
provide direct evidence of how rapid crystallisation of arsenopyrite occurred and
explain the existence of gold in interstitial sites observed in the microstructure. In
addition, the question as to whether there are vacancies in the structure of
arsenopyrite and pyrite may also be resolved.

Recent developments have enabled an environmental cell pole piece to be
installed in some TEM equipment, so that the temperature and gas composition
around the sample can be changed and controlied (Doole et al., 1992). It would be
valuable to be able to monitor the gold agglomeration process in arsenopyrite by
changing the conditions to suit metallurgical operations (e.g. under SO, and O,
atmosphere conditions).

The reactions of arsenic with gold and its effect on gold mobility need to be
examined in greater detail. This could be carried out by studying the precipitation of
arsenic on gold by LEED and XPS techniques. Such studies would provide
information on whether arsenic adopts a preferred orientation to the gold surface,
what type of bonding occurs between arsenic and gold, and the amount of solid
solution which may take place in either species. The eutectic temperature should also
be confirmed.

The limited studies on the pyrite structure carried out here are worthy of
considerable extension.
More detailed work is required on the existence of gold complex species in

solution at high temperatures.
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10.0 APPENDIX

10.1 APPENDIX A - Calibration of Microprobe Conditions

Variations in Current and Voltage

The results presented are the means and standard deviations from over thirty analyses.

Table 10.1 - Composition of Various Arsenopyrites at Different Beam Conditions
{atomic ratios normalised)
Beam Coolgardie Mexican Pine Creek Asp200 Pyrite
Conditions Low As:S Med. As:S High As:S Std Std
30Kv Fe | 034040002 - 0.34240.001 - 0.33940.002
40nA

As | 0.31940.008 - 0.35740.01 - -

S | 0.340H.007 - 0.30210.01 - 0.661H).002
20Ky Fe | 0.32940.002 | 0.33210.004 | 0.33140.002 | 0.33240.001 | 0.334+0.002
20nA

As | 0.32310.006 | 0.33310.003 | 0.361+0.01 | 0.318+0.005 -

S | 0.34740.006 | 0.33540.003 | 0.30840.01 | 0.350+0.005 | 0.666+0.002
20Kv Fe | 0.335:0.002 - 0.33410.003 | 0.33110.002 | 0.33610.003
30nA

As | 0.31310.006 - 0.35440.007 | 0.318+0.006 -

S | 0.351+0.005 - 0.312H0.006 | 0.350+0.006 | 0.664+0.003
25Kv Fe - 0.33110.003 - 0.33440.001 | 0.33510.001
20nA

As - 0.331+0.003 - 0.314:40.002 -

S - 0.337+0.003 - 0.35140.002 | 0.66510.001

10.2 APPENDIX B - Rietveld method

An iterative least squares algorithm enables a measured diffraction profile to

be compared with the calculated profile for a given model. The calculated counts y,

ar¢ determined by summing the contributions from neighbouring Bragg reflections

plus the background:

y, = SYL | F, |%0(26-20 )P +y,

where

S is a scale factor,
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L, contains the Lorentz, polarisation and multiplicity factors,
F, is the structure factor,

P, is the preferred orientation function,

@ is the reflection profile function

and y, is the background intensity at 29,

For an assembly of n atoms resting in harmonic potential wells, the structure factor is

given by the expression
n

F,=2=fexp(2nih,.r,- k.. B.h)

j=1
where { is the scattering factor of atoms j, and h,, r, and Bare matrices representing
the Miller indices, atomic coordinates and anisotropic thermal vibration parameters,
respectively. The Bragg reflection in a powder pattern constitutes a peak and not a
line resulting from a large distribution of wavelengths produced, in combination with
a finite mosaic spread of the monochromator, acceptance functions of the collimation
systems in the diffractometer and size, strain and shape of the crystallites in the
sample. The following are the different parameters used in the refinement.

Background

In the Rietveld program used, the background function is of the form

4
Y,=2 B26r
m=-1

where B_ is one of the six refinable parameters. This works only for diffraction

patterns in which there are regions where the Bragg peak contribution is negligible,

particularly at high scatter angles.

Peak widths
The peak widths were calculated and refined using the Caglioti, Paoletti and Ricci
(1958) equation

H; = (Utan8 + Vtan® + W)
where the half width parameters U, V and W are strictly a function of the particle size
and strain, collimator divergence angles and monochromator mosaic spread are

treated as parameters in the profile refinement.
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Profile shape functions
The peak shape in an X-ray powder diffraction pattern is a complex

convolution of several sample and instrumental effects and therefore can vary
significantly depending on the data collection geometry and type of sample. The pure
diffraction maxima have natural profiles determined largely by crystallite-size
distribution, crystal structure distortions and spectral distribution in the incident
radiation (Klug and Alexander, 1974). Klug and Alexander (1974) identified six
functions arising from a typical X-ray diffractometer that modify the pure Bragg
diffraction peaks: (1) geometry of the X-ray source, (2) varying displacements of
different portions of a flat sample surface from the focusing circle, (3) axial
divergence of the x-ray beam, (4) specimen transparency, (5) effects of receiving slits
and (6) misalignment of the diffractometer. As a consequence of these effects the
shape of the Bragg peaks in powder XRD patterns deviate from Gaussian and
therefore a more complex function is required to accurately describe their profiles.
Young and Wiles (1982) concluded, after comparing results for a large number of
Gaussian, Lorentzian and combined Gaussian and Lorentzian profile functions that
the best fit was obtained by the use of combined Gaussian and Lorentzian functions
such as pseudo-Voigt and Pearson VII. The use of the pseudo-Voigt function has
been recommended and the refinable constant can be interpreted as degree of
Lorentzian versus Gaussian character.

Although the Rietveld program gives a number of peak shape options to
choose from, the Pseudo-Voigt function was utilised in these experiments. This peak
shape function takes into account both the Lorentzian and Gaussian functions.
as

PV.=(@ L, +(1-g)G,
where g is a refinable "mixing" parameter.

and
172

0
G, “H exp{CoX2 )

k

where Co =41n2 and X, = (26, - 26))/ H,
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and
Lm = glm {]_ +C1sz}-1
Hr

Least squares procedure

The Rietveld program uses the Newton-Raphson algorithm to minimise the quantity ;
R = Zw(y,y.)

over all data points contributing to the peaks and background.

where w, = 1/y, assigned to each observation,

y,, = observed (gross) intensity at the ith step,

y, = calculated intensity at the ith step

and the sum is over all data points.

If x_ are the adjustable parameters in the model, then the normal equations matrix has

elements given by:

Vio ~ ¥ei)8%Yei 8 8Y ¢
- 2 . 10 CL Cl cl 1l
22w, 3X ,0X,, 8x ,,8x

M

mn

The shifts Ax_, which will best reduce the residual are then given by:

Ax_=3M_" SR/SX,
n

where M__ * is the inverse of matrix M.

The calculated shifts are then applied to the adjustable parameters x_and a new set of
y, (i.e. a new calculated patiern) are produced. The whole procedure is repeated
iteratively until a criterion or completion is met that Ax_ < 0.16.. The values of the

parameter esd's, are calculated from the expression:
2
Y Wilio = Yic)

6, =ML -

N-P

where 6_ is the diagonal element of the inverse matrix, N is the number of

observations and P is the number of adjustable parameters.



203

Criteria of fit
In the Rietveld profile refinement a set of R values is calculated to test the hypothesis
that the y, are samples of the scaled y_; i.e. that the observations are consistent with

the model.
The R values observed in the refinement are:

the profile R, = 2ly. -yl

Eyio ,
> wilvi = ¥ie)? Z
the weighted profile R,, =| - 5 .
2wy,
7 710

and the Bragg R_ =):|I.;L|
AN

where R, is the 'observed’ integrated intensity of reflection k calculated at the end of

the refinement after dividing each y, between the contributing peaks according to the

calculated intensities L.
/s
The expected R, = __ZI‘V';PZ_
Widio
i

The goodness of fit = T w(y -y
N-P

R, is a measure of the agreement between the observed and calculated Bragg
intensities for overlapping reflections and is determined by assuming that they are in
the same proportion as their calculated counterparts. Consequently the observed
intensities are heavily biased by the structure model and R, tends to be overly
optimistic (Baerlocher, 1986). R, is an indicator because it depends more heavily on
the fit of the crystal structure parameters than do the other agreement indices (Hill

and Madsen, 1987).
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10.2.1 Application of Rietveld Method

Extensive modifications have been made to the original Rietveld computer
program devised by Rietveld (1967,1969). There are several Rietveld refinement
programs and packages to date, with the program developed by Wiles and Young
(1981) being the most widely used (Post and Bish, 1989). Hill (1992) evaluated the
various strategies of Rietveld refinement programs and their precision and accuracy.
He found that although high precision was possible for the refinement of a well
defined PbSO, structure, low accuracy was not uncommon in Rietveld analyses,
Detailed descriptions and reviews of the Rietveld method have been given by
Cheetham and Taylor (1977), Albinati and Willis (1982), Wiles and Young (1981),
Taylor (1985), Hewat (1986), Hill and Madsen (1987) Post and Bish (1989) and
Young (1992). There have been over 452 publications of Rietveld analyses upto
1990 (Hill, 1992). Limited work has been done on sulfide systems. The most
detailed study on sulfides is that of the work carried out by Chang and Zang (1990)
who compared auriferous pyrite with non-auriferious pyrite. Their studies showed
that auriferous pyrites contained larger unit cell dimensions than nonauriferous

pyrites. However the form of gold in their samples was not determined.

10.2.2 Advantages and Disadvantages

A limitation of the Rietveld method is that it is primarily a structure
refinement technique as opposed to a structure solution technique. The starting
structural model has to be close to the actual structure. In some cases, however
partial structure solutions are possible. The advantage of the Rietveld method is that
powder XRD patterns are more easily obtained than those for single-crystals.
Twinning present in samples is not a problem for powder diffraction studies.
Rietveld refinements can yield precise and accurate unit cell parameters as well as
quantitative analyses of mixtures. On the other hand, atomic structural parameters
(especially temperature factors) are, in general, less accurately determined than those

in comparable single crystal studies. Also, sample related problems such as structure
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disorder and preferred orientation of crystallites, can effect the accuracy of the

Bragg peak intensities, resulting in a poor or incorrectly refined structure,

10.3 APPENDIX C - Bond length and angle calculations

The bond lengths and angles were calculated using two theorems.
(1) For a geometric space the inner product is
vew = vwcosO
where 0 is the angle between v and w such that 0°<8<180° and v and w denote the

magnitudes of the vectors v and w respectively,

and (2)

vew = [v] G[w],
asa a®b aec|w
=[w v, w]|bea beb bec|w,
coa cebh ceoc|w,

[v], is the transpose [v,,v,,v] of [v] ,
vector v = v,a+v,b+v,c and vector w = w a+w,b+w,c
and G is the metric matrix.

To illustrate how these equations were used an example is given below.

To calculate the two bond lengths R(As,Fe) and R(S,Fe) and the As-Fe-S
bond angle subtended by these two bonds in arsenopyrite, the atomic coordinates
and unit cell dimensions were obtained from the Rietveld refined data.

For one natural arsenopyrite samples, the atomic coordinates were

forFe 0.284 -0.006 0.292
As -0.148 -0.130 0.131
S 0342 -0.131 0.677

with unit cell dimensions for the monoclinic unit cell being a = 5.740, b= 5.674, ¢=
5.761A and B = 111.53.
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The length of each bond equals the magnitude of a vector drawn from the position
of the first atom to the second atom. This vector was found by subtracting the
vector drawn from the origin to the first atom and the vector drawn from the origin
to the second atom.

The Fe atoms occur at the end of a vector r, = (.284a - 0.006b + 0.292c, As occurs
at the end of r, = -0.148a - 0.130b + 0.131c and S occurs at the end of r, = 0.342a -
0.131b + 0.677¢

R(As,Fe) is equal to the length of the vector

r,-r, =-0.136a - 0.124b -0.161c

and R(S,Fe) is equal to the length of the vector

r,-r, = 0.058a -0.125b + 0.385¢

To calculate these bond lengths the metrical matrix must be constructed
since o0 =Y =90° asb =bec =hea=ceb=(

aec =cea =accos(111.53) =-12.14
aea =a’ = 32.95
beb =b’ = 32.95
cec =C’ = 3295

Hence the metrical matrix G for this arsenopyrite crystal is
32.95 0 1214

G=| 0 3219 0
-1214 0 3319

The v and w in the first equation are both replaced by (r,-t,)
-.136

R(As,Fe)* =(ry,~n)(r,—n) =[-136 -124 —-161)G|-126
-161

=5.812
and so R(As,Fe) = 2.411A.
similarly for (r,-r,) R(S,Fe) can be obtained as 2.231A.

To calculate the angle 8 = <(As-Fe-S) the inner product (r,r,)e(r,-r,) is required



since
(rz_rl).(ra-rl) =[rz_r:]‘nG[r3-r1]D
058
(mn—n)e(n-n)=[-136 -124 -161]G|-125
389

=-(.253
c0s0 = (-0.253)/(R(As,Fe)R(S,Fe)) = -0.047

8=92.7°

207



10.4 APPENDIX D - Tables of Rietveld Refined Data
(Tables 10.2a and b)
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10.5 APPENDIX E - Conference and Publications arising from thesis

LLAylmore, M.G., Graham, J. and Johnson (1990) Effect of Twinning on
Arsenopyrite and its Implications for ALCHEMI ACEM-12.

2. Aylmore, M.G. and Graham, J.(1992) Arsenopyrite as a Host for Refractory Gold.
J. Computer-Assisted Microscopy. 4(4), 275-280.

3. Aylmore, M.G. and Graham, J.(1992) A Mineralogical Approach to Auriferous
Arsenopyrite, Proceedings of the International Conference on Extractive Metallurgy
of Gold and Base Metals, Kalgoorlie, 203-210.

4. Graham, I, Fletcher,A., Walker, G., and Aylmore, M.G. (1992) A Pyrolysis
Approach to Refractory Gold Processing, Proceedings of the International
Conference on Extractive Metallurgy of Gold and Base Metals, Kalgoorlie, 441-3,

5. Aylmore, M.G., Graham, J. and Johnson (1993) The Nature of Gold in Pyrite and
Arsenopyrite Determined using ALCHEMI, ICAM 93 Proceedings, abstract 66-69.
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