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FOREWORD 

Short courses of mineralogical interest were begun in 1965 in conjunction with 
the annual meetings of the Geological Society of America. Sponsored by the American 
Geological Institute Committee on Education and directed by J.V. Smith of the Uni-
versity of Chicago, short courses of feldspars (1965), pyroxenes and amphiboles 
(1966), sheet silicates (1967), and resonance spectroscopy (1968) were presented by 
mineralogists with expertise in these subject areas. With each succeeding year the 
course notes became more comprehensive and formalized, and AGI published these at 
low cost for distribution in the geological community. Unfortunately, AGI has been 
financially unable to continue this service. 

In 1973 President J.V. Smith surveyed members of the Mineralogical Society of 
America concerning the desireability of renewing this sort of effort, and in response 
the M.S.A. Council appointed a committee to initiate a series of short courses under 
their sponsorship. The mineralogy of sulfides was selected as the topic for the first 
of these courses, and the primary lecturers, J.R. Craig, C.T. Prewitt, S.D. Scott, 
and B.J. Wuensch, gathered in Blacksburg, Virginia in May 1974 to organize their pre-
sentation. The assistance of V. Rajamani as both co-author and lecturer and P.B. 
Barton as special lecturer was enlisted, and the work of writing and editing this 
volume began. The Short Course on Sulfide Mineralogy was given November 15-17, 1974, 
preceding the annual meetings of the affiliated societies of the Geological Society 
of America, at the Sheraton Four Ambassadors Hotel in Miami, with eighty persons in 
attendance. 

The editor and committee chairman is particularly grateful to Professors J.V. 
Smith and S.W. Bailey for their strong support of this effort. As Treasurer of 
M.S.A., Dr. Philip M. Bethke volunteered much helpful financial advice, and Mrs. 
Mary Holliman, Managing Editor of The American Mineralogist, gave considerable 
time in technical editing. Cheryl Crum was responsible for most of the typing, 
assisted by Ramonda Haycocks, Lyn Groover, and Margie Strickler. John B. Higgins 
proof-read the final copy, and S.A. Kissin kindly provided data from his unpub-
lished dissertation. 

Paul H. RLbbe 
Blacksburg, Virginia 
October 18, 1974 

FOREWORD to the FOURTH PRINTING 

This book was first published under the title SHORT COURSE NOTES, VOLUME 1: 
Sulfide Mineralogy. Fifteen hundred copies were printed in 1974, 1500 in 1976, 
and 1500 in 1979. This, the fourth printing (2000 copies), was completed in Au-
gust 1982 under the new serial title, REVIEWS in MINERALOGY, which was adopted in 
1980 by the Mineralogical Society of America. The 1976 lists of errata, addenda, 
supplemental references, and a supplement to the table beginning on page CS-3 are 
included on page v and pages R-33ff. at the back of this volume. 

DISCLAIMER 

This book was prepared by the authors for the use of participants in the 
Sulfide Mineralogy Short Course and for others who desire an introduction to the 
mineralogy of sulfides. No claim is made that they are complete; they have not 
been openly reviewed. 

(vi) 
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Ch. I DETERMINATION, RELATIONSHIPS, AND CLASSIFICATION 
OF SULFIDE MINERAL STRUCTURES 

Sernardt J. Wuensch 

INTRODUCTION 

Sulfur occurs in nature as a major constituent of three mineral groups: the 
sulfides, the sulfosalts and the sulfates. Many other classes of sulfur com-
pounds exist, of course, and a few are known as mineral species. Julienite, 
NaCo[NCS'81^0, (Preisinger, 1952) is a thiocyanate; kermesite, Sb2S20 (Kupcik, 
1967) is an oxysulfide. Voltzite was long described as Zn^S^O, but has been 
shown (Frondel, 1967) to be a mixture of wurtzite and a zinc-bearing organo-
metallic compound. Such minerals are of interest because of the rarity of these 
compounds in nature. Sulfates are the only salts important in mineralogy because 

2 -

SO^ represents the final product of oxidation. 
The present series of lectures is concerned with sulfides, minerals in which 

one or more metals are combined with sulfur*. Minerals in which more than three 
metals have a distinct structural role (e.g., hatchite PbTlAgAs2S^) are rare. The 
sulfosalts are a sub-group of this family of minerals in which one of the metals 
is a Group V element such as As, Sb or Bi. Relatively few metals are involved 
as the second metallic component in sulfosalts - usually Pb, Cu,or Ag, and less 
frequently Zn, Hg, or a transition metal. Separation of the sulfosalts from sul-
fides is based upon early chemical concepts and is somewhat artificial. Many 
sulfosalts are closely related to sulfides, and are accordingly included in the 
present discussion. Any modern distinction is probably best based upon crystal-
chemical characteristics. The Group V metal in those structures commonly re-
garded as sulfosalts has either three S neighbors which, together with the metal, 
form a trigonal pyramid or, alternatively, a square [1+2+2] pyramidal arrangement 
of neighbors. In contrast, the coordination of sulfur about the Group V metal in 
a few minerals is tetrahedral (e.g., enargite, Cu^AsS^) or involves metal-metal 
bonds — e.g., parkerite; N i j B i ^ (Fleet, 1973) or lautite, CuAsS (Kulpe, 1961; 
Marumo, and Nowacki, 1964). The latter minerals are best included among the sul-
fides if a distinction is to be made. 

Sulfur has the s^p" electron configuration common to all Group VI elements. 
Its electronegativity of 2.5 is moderate in comparison to the value of 3.5 
assigned to oxygen. Still heavier elements in Group VI become progressively 
more metallic as their atomic number increases. In sulfur and subsequent Group 
VI elements d orbitals are available for hybridization. 

*Dana's system also includes, under "sulfides", the selenides and tellurides, and 
minerals in which a Group V element is the electronegative element. 

W-l 
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The crystal chemistry of the sulfides thus differs markedly from that of 
oxygen and is more complex. Several types of bonds might be formed to complete 

2 4 2-the s p subshell: Two electrons might be added to form S ; one electron might 
be added and a single electron-pair bond formed (e.g., SH ); two electron-pair 
bonds might also be formed or, alternatively, a larger number of bonds involving 
a variety of possible hybrid orbitals. Close metal-metal separations may give 
sulfides appreciable metallic character. All of these modes of bond formation 
are known for sulfur (see Ch. 3). Its coordination in structures is thus extre-
mely variable. Regular and symmetric tetrahedral or octahedral coordination 
occurs about sulfur in many simple sulfides. In more complex sulfides and sulfo-
salts, however, extremely distorted coordination polyhedra are encountered. Inte 
atomic distances often range almost continuously over an interval of 1A or more. 
The designation of nearest- and second-nearest neighbors and even the specificati 
of a coordination polyhedron thus becomes somewhat arbitrary. 

Our discussion of the structural aspects of sulfide mineralogy is divided 
into two chapters. In this chapter we will review some of the basic con-
cepts of atomic packing and relationships between structures, and we will outline 
presentday procedures in crystal structure determination. The latter discussion 
is not intended to be comprehensive. Instead it is presented as background with 
which the experimental difficulties associated with sulfide structure determina-
tion may be contrasted. Chapter 2 is a discussion of sulfide crystal chemistry. 
The organization of the presentation of this material presupposes some basis for 
the structural classification of sulfides. The concluding section of this chapte 
will accordingly discuss the various schemes which have been proposed. 

CRYSTAL STRUCTURE DETERMINATION 

The following data specify the arrangement of atoms in a crystalline materia 
lattice constants (the dimensions and interaxial angles of the unit cell); the 
crystallographic space group (which embraces information about the space lattice 
type, crystal class, and crystal system); the coordinates (referred to unit cell 
edges as a basis) of each symmetry-independent atom contained within the unit 
cell; the occupancy of each site in cases where a position is only partially 
occupied or statistically occupied by two or more species in disorder; and para-
meters which describe the thermal vibration of each atom about its equilibrium 
position. The description of thermal motion sometimes involves an assumption 
of isotropy — that Is, the root-mean-square displacement is assumed to be 
independent of the direction of displacement. A more general representation 
assumes an ellipsoidal variation. In this case a symmetric second-order tensor 
is required to describe thermal motion. When the atom occupies a position of 
symmetry, the shape and orientation of the thermal ellipsoid must conform to the 
point symmetry of the site. This condition requires equalities among certain 
tensor elements or may require some elements to be identically zero. Along with 

W-2 
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parameters which depend on the perfection and microstructure of a specimen ("pri-
mary" and "secondary" extinction), the above data define completely the diffrac-
tion effects which will be produced by a crystal of a given mineral. Correspond-
ence between observed and computed diffraction effects provides the usual basis 
for establishing the veracity of a structural model. 

The position of the diffraction maxima produced by a crystal depend only upon 
the size and shape of the unit cell. The space group is established (though 
usually with an ambiguity which may be resolved by recourse to crystal morphology, 
physical properties, or the statistical distribution of diffracted intensities) 
from the symmetry of the diffraction effect and systematic absences among the 
set of possible intensities. 

The relative intensities of the diffraction maxima depend on the types and 
positions of the atoms contained within the unit cell. Measured values for the 
diffracted intensities thus constitute the raw data from which a crystal struc-
ture is determined. Before analysis, however, the intensities must be corrected 
for physical and geometric factors which depend on the type of diffraction 
experiment and the shape of the specimen used. The former include an effect due 
to X-ray polarization, which depends upon the value of the diffraction angle, and 
the Lorentz factor, essentially a measure of the relative time available for dif-
fraction as the crystal is rotated through the diffracting position. The factor 
dependent upon specimen shape is due to absorption of both the incident and dif-
fracted beam by the specimen. After making the physical and geometric correc-
tions, the square root of each corrected intensity is proportional to the "struc-
ture factor", F, a sort of normalized amplitude for each diffracted beam which 
depends only upon the diffraction angle and the type and arrangement of atoms in 
the unit cell. 

The process of structure determination from these data may be compared, both 
literally and figuratively, to the process of formation of a magnified image of 
a periodic object with a lens. In the optical process, rays scattered from the 
object combine to form a diffraction pattern in the focal plane of the lens but 
then proceed on without interruption to combine to form an image. The X-ray dif-
fraction pattern produced by a crystal is strictly analagous to the optical dif-
fraction pattern. Specifically, it is the Fourier transform of the scattering 
density of the object. In the X-ray experiment, however, the process of "image 
formation" is interrupted at the stage of the diffraction pattern. The intensi-
ties of the diffraction pattern cannot, either experimentally or analytically, be 
routinely allowed to act as a subsidiary source for image formation because the 
maxima in the pattern do not have the same relative phase. Only the amplitudes 
of the diffraction maxima are recorded in an experiment. The data on relative 
phases is lost. This is the infamous "phase problem" of crystal structure 
determination. 

Two basic approaches have evolved for solution of the phase problem. A first 
concerns itself with the information which is contained in the magnitude of the 
structure factor alone. A Fourier synthesis using each of the structure factors 

W - 3 
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(with their appropriate phase) as coefficients would be equivalent to image forma 
tion from the diffraction pattern. Summation of the series provides the number o 
electrons per unit volume at all points within the unit cell. Summation of an 
analogous series which uses instead the squares of the magnitudes of the struc-
ture factors as coefficients may be shown to provide a function which displays 
maxima at positions which correspond to the vectors between all atoms in the 
structure translated to a common origin. The result of this summation is known 
as the Patterson function. A crystal which contains N atoms per cell will con-

2 
tain N maxima in its Patterson map, of which N represent the interaction of an 
atom with itself and thus occur at the origin. Systematic procedures have been 
developed which permit the unraveling of the Patterson function to obtain the 
crystal structure. The difficulty of this procedure increases rapidly with N. 

A second body of procedures is based on the fact that the phases of the 
structure factors are not independent of their magnitudes. Certain inequalities 
and probability relations may be derived. These permit assignment of phases 
through a "boot strap" procedure. Eventually, probable phases may be assigned 
to a sufficient number of the larger structure factors that a Fourier series may 
be employed to reveal the atomic positions. 

The final stage in the determination of a crystal structure consists of 
improvement of the trial parameters which have been obtained through either 
Patterson or direct-phasing procedures. The refinement was done in early days 
through successive Fourier syntheses. With the advent of large high-speed com-
puters in the past decadej refinement is more customarily performed through 
least-squares methods. The measured structure factors are used as observations, 
and the trial parameters (e.g., atomic positions, thermal motion parameters, scale 
factor, and extinction parameters) are adjusted to give a least-squares fit betwee 
observed and calculated structure factors. A moderately complicated sulfide 
structure may involve two or three thousand measured structure factors and of 
the order of 200 adjustable parameters. 

The degree of agreement between the observed and calculated structure factors 
provides the measure of the correctness and precision of a crystal structure 
determination. A convenient and commonly-used measure of the overall agreement 
is the "residual", "reliability index" or "R-factor": Z ||fobs I -1 F c a l ll/EFobs • 
Rearrangement of this definition, R = EFobs (|AFI ̂ F

0bs^iFobs' shows R t0 be a 

weighted average of the fractional difference between F o b s
 an<i Fcai> where the 

magnitude of F is used as the weight. 
A typical value of R in a well-refined structure is today of the order of 2-

7%. This provides atomic coordinates with standard deviations in the range 
0.001 to 0.0001 (in terms of fractions of a cell edge). The precision, however, 
depends on the scattering power of the atom in question as well as the level of 
refinement. The precision of the atomic positions, in turn, translates to a 
precision in interatomic distances which is typically ±0.003 to ±0.007A. 
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The above discussion is only a qualitative outline of the process of 

crystal structure determination. The interested reader will find several books 

devoted to its practical aspects (e.g., Buerger, 1960; Stout and Jensen, 1968). 

PROBLEMS IN SULFIDE STRUCTURE DETERMINATION 

The procedures for structure determination which were outlined in the 

preceding section obviously apply to analysis of any type of crystalline material, 

and are not dependent upon whether the specimen is organic or inorganic, bio-

logical or mineralogical in origin. Structural study of sulfides, however, often 

involves experimental difficulties which make these materials much less amenable 

to study than other inorganic compounds. The acquisition of detailed sttuctural 

information has therefore lagged in comparison to study of, for example, the 

silicates. The gaps in our understanding of sulfide crystal chemistry stem in 

part from a lack of data, as well as the complexity of these minerals. 

Suitable Specimens 

A relatively perfect single-crystal specimen of a mineral must be isolated 

before a detailed structural analysis may procédé. The lack of a suitable 

specimen often impedes a study which, in other respects, would be relatively 

straight forward. Unlike many other minerals, sulfides are often massive or 

poorly crystallized. Crystals of some species are almost invariably bent or 

possess low-angle grain boundaries. Certain sulfides and sulfosalts have pro-

nounced acicular habit, occurring only as bundles of fibers which have their 

axes of elongation in common. 

As will be seen later, many simple sulfides have structures which are based 

upon close-packed arrays of sulfur atoms. Small displacements of the metal atom 

positions often cause the true symmetry of the structure to be lower than that 

of the ideal close-packed array. These structures are pseudosymmetric and thus 

are commonly and sometimes invariably twinned. Monoclinic pyrrhotite, Fe^Sg, 

for example, is markedly pseudo-hexagonal. To the writer's knowledge, only a 

single untwinned fragment has ever been discovered. The problem of twinning is 

compounded if, in addition to being pseudosymmetric, the mineral displays a rapid 

phase transformation to a more symmetric form at a temperature which is lower 

than that of deposition. For example, chalcocite (Cu 2
s) transforms to a hexagonal 

form at ^105°C. The low temperature form, usually twinned, was thought to be 

orthorhombic and pseudo-hexagonal. Low-chalcocite is now known to be monoclinic 

(Evans, 1971). Twinning need not prevent a crystal structure determination. The 

X-ray intensities which are measured may be proportioned to the separate members 

of a twin provided that thp members are of unequal volume, or if not all reflec-

tions superpose. Such analysis requires the) collection of much redundant data 

and is tedious to apply. Thus this procedure has been attempted in only a small 

number of problems. 
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Yet another problem encountered in isolating a suitable specimen may be caua 
by exsolution following deposition of a mineral. The presence of the second phas 
may be difficult to detect if the intergrowth is coherent. More insidious types 
of intergrowths are known in sulfides. Many of the Pb-As sulfosalts, for example 
have structures based upon layers of Pb in 9-fold coordination alternating with a 
Pb-As layer of distorted rocksalt-like structure whose thickness and composition 
differs slightly among the different minerals of this group. "Single crystals" 
have been observed (Marumo and Nowacki, 1967b) in which the rocksalt layer may 
fluctuate between compositions corresponding to more than one unique mineral. 
Similarly a large number of minerals with slightly different (Pb+Cu):Bi ratios 
appear to exist as superstructures intermediate to aikinite, PbCuBiS^» and bis-
muthinite, 812^2• Coherent intergrowths of several of these phases have been 
observed (Welin, 1966). 
Chemical and Structural Complexity 

Solid solution is present in most of the minerals found in nature. In 
primarily ionic materials the extent to which solid solution occurs is deter-
mined by the radius of the ions involved and is subject to the restriction that 
(+) and (-) ionic charges balance. This often makes it possible to deduce an 
ideal composition for an ionic material even though extensive replacement has 
occurred. 

Sulfides and sulfosalts have predominantly covalent or metallic character. 
The relative number of atoms in a formula unit need not be simple ratios, and 
furthermore, departures from stoichiometry may occur (see Ch. 5). Many examples 
might be given. Tetrahedrite, one of the most common sulfosalts, had frequently 
been described as Cu^SbS^ or Cu^SbS^+^. The mineral was shown through structure 
determination (Pauling and Neumann, 1934; Wuensch, 1964) to have the rather 
unlikely composition Cu^Sb^S^j. Even this composition is approximate! Recent 
studies of phase equilibria in the system (Skinner et al, 1972; Tatsuke and 
Morimoto, 1973) have shown a wide solid solution range 0.11 
< x < 1.77 and 0.03 < y < 0.30. The stability field does not include either 
Cu33bS3 or Cu12Sb4S13. 

Small amounts of impurity are often problematical in sulfides. It is often 
not clear whether they represent substitution, whether they play a structural 
role, or whether they are necessary to stabilize the structure. For example, in 
hutchinsonite, (Tl,Pb)2As5s9> 0.05-0.09 Ag or Cu is normally present. This 
has been shown not to be an essential component of the phase (Tak^uchi et al, 
1965). In contrast, similar amounts of the same element have been shown to be 
necessary to the formation of other minerals. Hall (1967) demonstrated that 
polybasite, Ag-̂ gSb2S-,̂ , is stable only if an amount of Cu greater than 3.1 wt. 
but less than 7.6 wt. 7. has substituted for Ag. 

Even in the absence of solid solution and nonstoichiometry, analytic tech-
niques such as wet-chemical or electron microprobe analysis may not be sufficient] 
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accurate to distinguish between alternative formulae for a sulfide. The 
uncertainty of the weight fraction for sulfur in the presence of other much 
heavier elements may span several atoms in a corresponding formula unit. Careful 
determination of the composition of nuffieldite through a number of analytic 
techniques provided excellent fit to Pb^QCu^Bi^pS^y. Neither the number of metal 
atoms nor the number of sulfur atoms, however, were permitted by the space group 
of the mineral. A structure determination (Kohatsu and Wuensch, 1973) suggests 
Pb2Cu(Pb,Bi)Bi2Sy as the appropriate compotision. 

A structure determination is frequently the means by which questions of com-
position are resolved. This information is often obtained with difficulty. The 
chemical complexity of a sulfide is often paralleled by structural complexity. 
As noted above, the difficulty of a structure determination increases rapidly as 
the number of atoms in the unit cell increases. Large unit cells seem the rule 
rather than the exception, particularly for sulfosalts. As will be seen later, 
six of the 17 known Pb-Sb sulfosalts have one lattice constant in excess of 40A! 
Some of the long-period structures are superstructures, a term which will be 
defined below. Analysis of such structures is especially difficult, in part 
because information about structural detail is contained in the very weak X-ray 
intensities which are known with poor precision, and in part because large 
numbers of alternative structural models fit the data equally well. 

X-ray Absorption 

Present-day counter diffTactometer techniques provide means for measuring 
diffracted X-ray intensities to an accuracy of a few percent. Before struc-
tural analysis with these data may procede, however, it is necessary to reduce 
the intensities to a set of structure factors by correction, with comparable 
accuracy, for absorption of radiation by the specimen. Many sulfides and sulfo-
salts commonly involve elements of high atomic number (Pb or Bi, for example) 
which have high mass absorption coefficients. Linear absorption coefficients 
of 1000 to 1500 cm are common for Pb-Bi sulfosalts in CuKa radiation. This 
means that as little as 3 x 10 of the intensity of an incident X-ray beam may 
be transmitted through a specimen only 0.1 mm thick. 

The high absorption of X-radiation by sulfides which contain heavy metal 
atoms remains a serious obstacle in precise determination of their crystal struc-
tures. The magnitude of the diffracted intensities decreases exponentially with 
increasing crystal diameter. Small specimens must therefore be used to keep 
absorption within manageable bounds. On the other hand, the intensities are pro-
portional to sample volume. The intensity of a reflection thus decreases as the 
cube of specimen size in an equi-dimensional sample. Further, as specimen size 
decreases, small-scale features of the specimen shape, which would be negligible 
in a less-absorbing specimen, become increasingly difficult to measure, and the 
precision of the absorption correction decreases correspondingly. A compromise 
in specimen size must be sought but, in any case, the magnitudes of the 
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diffracted intensities are small and are subject to increased standard errors as 

a result of poorer counting statistics. 

A decade ago, sulfide crystal structure refinements were reported with dis-

agreement indices which were often as high as 25 to 40%. Improved corrections 

for absorption have increased precision, but the level to which refinement pro-

cedes in present-day studies is often in the range of 10% to 15%, a factor of 2 

to 3 higher than that which is almost routinely available for organic compounds 

and less-absorbing minerals. 

Considerable effort and computation expense are involved in making precise 

absorption corrections and in performing least-squares refinement of a structure. 

One may justifiably ask whether such efforts are necessary. Very often the objec 

tive of a structure refinement is the study of subtle effects such as site occu-

pancies, thermal motion, or the details of bonding as reflected in minor variatia 

in interatomic distances. Data of the highest precision are required if the 

results of such studies.are to be meaningful. But, if the objective of a study 

is the determination of an unknown structure toward the end of establishing re-

lations between minerals in a given family, does refinement to a level of 5% 

relative to a refinement of 15%, say, provide any advantages other than reduced 

standard deviations in atomic positions and bond lengths? Sometimes not. In 

many cases, however, data of the highest quality are required if the identifi-

cation of metals and interpretation of the linkage of coordination polyhedra is 

to be made. The scattering of X-rays in heavy-metal sulfides is completely 

dominated by the metals. In a Pb-Bi sulfide, for example, the metals atoms 

account for as much as 80% of the scattering matter in the unit cell. Determi-

nation of sulfur atom locations in such structures is almost comparable to the 

problem of locating hydrogen atoms in an organic structure. Accurate data are 

required if the sulfur atoms are to be located and their positions refined. Accu 

rate positions, in turn, are necessary if the bonding scheme or type of metal is 

to be ascertained in certain sulfides. Several of the species simultaneously 

present in sulfides have virtually identical scattering power. Examples are Pb 

and Bi (Z = 82 and 83, respectively) Ag and Sb (47 and 51), or Fe, Cu, and As 

(26, 29 and 33). Such atoms must be distinguished through subtle differences in 

coordination geometry and bond distances. The literature contains several exam-

ples of instances in which recent refinement of an early structure determination 

has provided a rather different crystal-chemical interpretation of a structure or 

assignment of chemical species, even though the general nature of the atomic 

arrangement proved to be correct: galenoblsmutite, PbBijS^ (Iitaka and Nowacki, 

1962); lorandite, TlAsS2(Zemann and Zemann, 1959; Knowles, 1965; Fleet, 1973) and 

gratonite, PbgAs^S^ (Rösch, 1963; Ribar and Nowacki, 1969). 

PACKING CONSIDERATIONS 

The cohesive forces which maintain atoms in the solid state arise because 

the energy of an atom or ion pair at infinite separation decreases and passes 
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through a minimum as the atoms approach one another (see p. PR-19 ff.)• The depth 
of the potential at equilibrium separation represents the binding energy of the 
pair. If a third neighbor X is brought into the proximity of an A atom in an A-X 
pair, a comparable amount of energy is released, although it may not be as large 
as that of the initial A-X bond if a repulsive X-X interaction exists. If the 
bonding between the atoms or ions is non-directional, one can obtain the lowest 
energy in an array of atoms if the maximum possible number of bonds is formed about * 
each atom. The atomic configuration of minimum energy is thus the array with 
maximum packing density. 

The strategy in obtaining maximum packing density of an array of atoms of 
different size is not unlike that in organizing a suitcase with maximum effi-
ciency. One carefully arranges the larger items; then the smaller things — socks, 
toothbrush and the like — are put in the remaining holes. 

The maximum packing density for a collection of identical spheres in two di-
mensions is the close-packed layer (Fig. W-l). The unit net is hexagonal with a 
periodicity a equal to twice the radius of a sphere. A subsequent equivalent 
layer will be in closest approach to the initial layer if the spheres occ -'y one 
of two sets of "hollows" among the spheres of the initial layer. These sites are 
mutually exclusive in that they are too close to be simultaneously occupied. If 
the origin of the unit net is taken at the position of a sphere in the original 
layer, and this location is denoted by A, the coordinates of the two possible 
locations for the next layer are B, 2/3, 1/3, and C, 1/3, 2/3. Assume that loca-
tion B is selected for the second layer. Figure W-l shows that the hollows for 
the location of a third layer are (relative to the original net) A, 0, 0, or C, 
1/3, 2/3. That is, the third layer may be placed directly over the first, or in 
the position corresponding to that which was not used for the second. The 
stacking sequence of successive layers in a close-packed array of spheres may 
thus be specified by a sequence of symbols A, B,or C. The only restriction, if 
the array is to be close-packed, is that a given symbol cannot directly follow 
itself in the sequence. 

Two special stacking sequences lead to simple, highly symmetric arrays. It 
may be noted that the three alternative positions for spheres in successive 
layers all fall above the long diagonal of the hexagonal net — that is, above 

* Sulfides have appreciable covalent character, and the bonds about a given atom 
will be decidely directional. The development presented here thus cannot 
strictly apply. As will be seen, however, the interstices among close-packed 
arrays involve neighbors at locations consistent with the orientations of impor-

3 
tant hybrid orbitals — tetrahedral coordination for sp hybridization. Close-
packed arrays are thus encountered in covalent structures even though the bonding 
is directional. 
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Fig. W-l. A close-packed layer of identical spheres. Alternative positions 
for a subsequent equivalent layer are indicated. 

[1 1]. If the offset of neighboring layers is always in the same sense, either 
+1/3 [1 1] or -1/3 [11], a sequence which may be denoted ABCABC... results. 
This array has cubic symmetry, a face-centered cubic lattice, and is known as 
the cubic close-packed configuration (ccp). If the spheres are in contact, the 
lattice constant of the array is determined by the fact that a face diagonal is 
equal to four times the radius of the spheres. Therefore a = 2/2 r. 

If the direction of offset of successive layers alternates between +1/3 [1 1 
and -1/3 [11], a sequence of layers results which may be denoted ABABAB... (or 
by any alternating pair of symbols). This array, which has a primitive hexagonal 
lattice, and space group Pb^/mmc, is known as the hexagonal close-packed (hep) 
array. The lattice constants are a = 2r, and c = /32/3r . 

Two types of interstices exist among the spheres in the ccp and hep arrays. 
The coordination about one type of site is tetrahedral, that about the second 
is octahedral. The location of the tetrahedral and octahedral sites within a 
unit cell of the ccp array is depicted in Fig. W-2. The coordinates of these 
positions are: 

*This result is easily derived by reference to the ccp array. The former is a 
three-layer structure, so that equals 2/3 the body diagonal of the ccp cell. 
Therefore" c = 2/3a /3 = 2/3 (2/S)r/3. a, = 2r, from which c, /a, hep ccp hep hep ncp 
/S75. 
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Cubic close-packed array tetrahedral interstices: octahedral interstices: 

1/4 1/4 1/4 1/4 1/4 3/4 1/2 0 0 

1/4 3/4 1/4 1/4 3/4 3/4 0 1/2 0 

3/4 1/4 1/4 3/4 1/4 3/4 0 0 0 

3/4 3/4 1/4 3/4 3/4 3/4 1/2 1/2 1/2 

Fig. W-2. The location of (a) tetrahedrally and (b) octahedrally coordinated 

interstices within a unit cell of a cubic close-packed array of spheres. 

These positions correspond to equipoints 8 c 4 3m and 4 b ni3m of space group 

Fm3m, respectively. From the point symmetry of these sites it follows that both 

the coordination tetrahedron and octahedron are regular if the array of close 

packed spheres is truly face-centered cubic. 

Figure W-3 illustrates the positions of the tetrahedral and octahedral inter-

stices within a unit cell of an hep array of spheres. The coordinates of these 

positions are (if the interior close-packed sphere is placed at 1/3 2/3 1/2): 

Hexagonal close-packed array tetrahedral interstices: octahedral interstices: 

0 0 3/8 2/3 1/3 1/4 

0 0 5/8 2/3 1/3 3/4 

1/3 2/3 1/8 

1/3 2/3 7/8 

These positions correspond to equipoints 4 f 3ni and 2 a 3m in space group Pb^hnmc. 
Neither tetrahedral or octahedral sites are required by symmetry to be regular. 

The tetrahedral and octahedral sites in a ccp array are linked by sharing of 

edges. In the hep array the tetrahedral sites are linked by alternate sharing of 

vertices and faces along c, and by sharing of edges normal to c. The octahedral 

sites in the hep array are linked by sharing of faces along c and sharing of edges 

normal to c. A ccp arrangement of anions is therefore more favorable in ionic 

structures. The ccp array has four spheres, four octahedral sites, and eight 
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Fig. W-3. The location of (a) tetrahedrally and (b) octahedrally-coordinated 

interstices within a unit cell of a hexagonal close-packed array of 

spheres. 

tetrahedral sites per unit cell. The hep array has two spheres, two octahedral 

sites, and four tetrahedral sites per cell. The number of octahedral sites is th 

fore equal to the number of spheres in the close-packed array, while the number o 

tetrahedral interstices is equal to twice the number of spheres. This relation i 

independent of the details of the stacking sequence and may be demonstrated for t 

general case. 

Figure W-4 depicts two adjacent close-packed layers of spheres. About each 

sphere in the lower layer there exist three tetrahedral interstices, plus a 

Fig. W-4. The position oT (a) tetrahedral sites and (b) octahedral sites betweer 

adjacent layers in an arbitrary close-packed sequence of spheres. 
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fourth directly above. Each interstice is coordinated by four spheres, so that 

1/4 of each interstice "belongs to" each of the spheres. The number of tetrahedral 

interstices per sphere is thus 4(1/4) = 1 . A similar geometry pertains to the 

close packed layer directly below the first layer regardless of the stacking 

sequence. Thus there are always two tetrahedral sites per close-packed sphere. 

Figure W-4b shows that in the first layer there exist three octahedral sites 

adjacent to each sphere, and one-sixth of each octahedral site "belongs to" that 

sphere. A similar situation exists below the first layer, independent of the 

stacking sequence. The total number of octahedral sites per sphere is thus 

2 x 3 x 1 / 6 - 1 . 

Quite generally, then, if the sulfur atoms in a sulfide A B S are arranged mnp 

in a close packed array, regardless of the stacking sequence a fraction m/2p of 

the available tetrahedral interstices are occupied if the A atoms are tetrahe-

drally coordinated, and a fraction n/p of the available octahedral interstices 

are occupied when the B atoms are octahedrally coordinated. The notion of type 

and occupied fraction of available interstices plays a prominent role in most of 

the schemes which have been proposed for the classification of sulfide structures. 

The sulfur atom array in a few high-temperature sulfide phases is body-

centered cubic. This configuration is relatively rare, and the geometry of the 

interstices will consequently not be examined in detail. Both octahedral and 

tetrahedral interstices may again be located, but the coordination about neither 

site is regular. The octahedral sites are located at the mid-points of cell faces 

and at the mid-points of cell edges. The six neighboring spheres are located in 

mutually orthogonal directions, but they are not equidistant (four are at a/2/2, 

and two at a/2). Tetrahedral interstices are located on cell faces at positions 

such as 0, 1/4, 1/2. All four neighbors are equidistant from this site (at a/5/4) 

but the interatomic angles are not those of a regular tetrahedron. 

POLYMORPHISM AND P0LYTYP1SM 

The alternative stacking sequences discussed in the preceding section would 

represent different crystallographic forms of a compound containing but one 

chemical specie. This represents an example of polymorphism — literally "many 

forms" — the phenomenon of a given chemical compound existing with two or more 

distinct crystal structures. Sulfides have provided many of the early and well-

known examples of polymorphism. Examples to be discussed below are the wurtzite 

and sphalerite forms of ZnS and the pyrite and marcasite forms of FeS2 (of. Ch.5). 

Allotropy is a term having similar meaning except that its use is confined to the 

description of polymorphism in elements. 

Polymorphs have different crystal structures; the differences may be in 

nearest-neighbor configurations (the graphite and diamond forms of carbon, for 

example), but often the nearest-neighbor coordination remains the same and only 

second- and higher-order neighbors are differently arranged. Wurtzite and 
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sphalerite and marcasite and pyrite are polymorphs in which the later situation 
exists. The difference in energy between alternative configurations may there-
fore be quite small. Nevertheless, since the atomic arrangements are distinct, 
the energies cannot be precisely the same, however close, and it follows that at 
a given temperature and pressure only one polymorph is the stable structure. 
Remaining polymorphs, if they exist, must be metastable. The existence of a met 
stable polymorph does not imply a small difference in energy between two struc-
tures, but rather that the phase transformation is hindered by kinetics. The 
slogan "Diamonds are forever" has its basis in kinetics and is thermodynamically 
false. 

The rigorous specification of polymorphism in some systems is difficult and 
subject to subtle questions. A phase may be stabilized by small concentrations • 
impurities. In other cases, as will be discussed in Chapter 5 on sulfide phase 
equilibria, the stoichiometry of one "polymorph" may be slightly different. Sue] 
phases are not strictly polymorphous since they do not have precisely the same 
chemical composition. In this discussion of crystal chemistry the concept of po! 
morphism will be somewhat loosely used to describe a relation between structures 
for which no gross chemical differences exist. There is clearly a grey area in 
which use of the term may be disputed. 

The permitted stacking arrangements for layers of close-packed spheres reprc 
sent a special type of polymorphism. A two-dimensional structural unit is 
common to all the configurations, and they differ only in stacking sequence,that 
is, in their arrangement in a third direction. This special type of polymorphisi 
is termed polytypism. The phenomenon is possible in layer structures in which 
two or more alternate positions exist for the placement of subsequent layers. A 
total of three positions are involved for close-packed structures. Four positior 
occur, however, in silicides and the class of intermetallic compounds known as 
Laves phases. 

The literature on polytypism is complicated by the fact that several differs 
schemes for denoting a polytype have come into use. For close-packed structures 
the sequence of letters ABC... etc. serves not only to identify the polytype but 
also to completely specify its crystal structure. An alternative description, 
involving triangles and deltas to indicate the direction of the.displacement of 
subsequent layers has come into use, primarily in literature concerned with 
stacking faults. The information conveyed is the same. The triangle-delta nota-
tion has a slight advantage in that its symbolism is independent of the choice of 
origin of the cell. That is, the same sequence of symbols results for both close 
packed sequences ABABAB... and BCBCBC..., which are obviously equivalent. Both 
conventions have liabilities. The detailed crystal structure of a polytype must 
be determined before a sequence of symbols may be assigned. Secondly, the 
sequences of symbols may become extraordinarily unwieldy. This may be appreciate 
by realizing that there exists a polytype of SiC which has a lattice constant of 
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approximately 1500A; 594 layers must be placed before the stacking sequence repeats 
Ramsdell (1947) proposed a compact notation for designation of close-packed 

polytypes which avoids these problems. The notation consists of two parts: A 
number specifying how many layers are contained within the periodicity (that is, 
the c axis dimension divided by the thickness of one layer) is given first. This 
is followed by a letter giving the lattice type (H = hexagonal, R - rhombohedral, 
C = cubic). The ccp sequence is 3C and the hep arrangement 2H. The 1500A SiC 
structure referred to above is 549R. While the crystal structure is not specified 
by this notation, the symbol may readily be established from the information avail-
able in a diffraction pattern. One might ask, however, whether the notation is 
unique. Might several polytypes exist with the same number of layers and lattice 
type? This problem does indeed occur. Two polytypes each are known for SiC 10H, 
36H, and 51R. The distinction between each is made by the addition of arbitrary 
subscripts a and b to the Ramsdell symbol. 

Two additional closely-related symbolisms have come into common use for 
denoting the structures of close-packed polytypes. A system introduced by 
Jagodzinski (1954a) assigns either the letter h or c to a layer depending upon 
whether the layers adjacent on either side are displaced in the opposite direc-
tions along [110] (h for hep-like) or displaced in the same direction (c for ccp-
like). Thus the A layer in the sequence BCACB would be given the symbol h, 
while the A layer in the sequence BCABC would be given the sumbol c. The advan-
tage of this notation is that, again, it is independent of the choice of origin 
of the cell. Further, an economy in symbols may result (by a factor of up to 
1/3). To illustrate, the stacking sequence in the close-packed structure of Sm 
is 

ABABCBCAC ABAB (9R) 
hhchhchh c hhc 

It might appear that details of the structure are lost through this condensation, 
but Jagodzinski (1954b) has given rules for resurrecting this information. 

(a) If the number of h symbols is odd, the structure is hexagonal (space 
group P6^/'nnic) and contains within c a number of layers equal to twice 
the total number of symbols. 

(b) If the number of h symbols is even, assign ±1 to each symbol, changing 
sign after each h. (For example, for Sm, hhc, one could write either 
+1-1+1 or -1+1-1). 
(b-1) If the sum of these integers is not a multiple of 3 the structure 

is trigonal, space group R3m with three times as many layers 
within c as symbols (e.g., Sm). 

(b-2) If the sum of these integers is equal to a multiple of 3, then 
the structure is trigonal, space group P3m, with the same number 
of layers as symbols. 

A somewhat more compact notation, closely related to that of Jagodzinski, has 
been proposed by Zhdanow (1945). The stacking sequence is represented by a 
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series of integers each of which represents the number of symbols following eact 
h in the Jagodzinski notation. Thus Sm, hhc, becomes (12); SiC 21R, hcchccc 
becomes (34). It should be noted that the Zhdanow notation specified the total 
number of layers within c — for example SiC 10Hb, hcccc is (55) and not (5), si 
using Jagodzinski's rules, the number of layers in the cell is twice the number 
of symbols. 

As with the notion of polymorphism, there exist fine points in connection 
with a precise definition of polytypism. We have seen, for example, that the 
configuration about the tetrahedral sites among a ccp array is constrained by 
symmetry to be regular (43m) while the symmetry about tetrahedral sites in an 
hep array is lower (3m). Should structures formed by placing atoms in the tetra 
hedral sites in the two arrays be considered polytypes if minor distortions 
cause the structure of the tetrahedral layer to be slightly different in the two 
cases? Ag^in, we will adopt a rather loose definition and consider the struc-
tures to be polytypes if there is close structural similarity in the two-
dimensional unit. 

There are many interesting questions associated with polytypes. How can a 
layer sense its correct position.when the translation-equivalent layer may be as 
far away as 1500A? Many complex stacking sequences are believed to be repli-
cated by growth on screw dislocations with large Burgers vectors, but this inter 
pretation is not completely successful. Additional discussion and a general 
survey of polytypism may be found in a book by Verma and Krishna (1966) speci-
fically devoted to the topic. 

DERIVATIVE STRUCTURES 

Quite frequently a complicated crystal structure may bear a close relation-
ship to a simpler atomic array. A relation is often intuitively recognized when 
examining models of crystal structures and verbalized in statements such as 
"Sphalerite resembles diamond, except that half of the black spheres are replace 
by red spheres" or that an overall arrangement of spheres is essentially close-
packed, but distorted. Buerger (1947) termed these more complex arrays derivati 

structures. In derivative structures the symmetry of a simpler parent array is 
degraded through perturbations which may sometimes suppress certain symmetry 
operations in the basic structure. The symmetry of the derivative structure may 
thus be a subgroup of that of the parent configuration. If one of the operation 
which is suppressed is translation, the derivative structure has a unit cell wit 
a larger volume than that of the basic structure. The lattice constants of the 
derivative structure may then be expressed as some vector sum of the translation 
in the parent structure. This special class of derivative is termed a superstrui 
The relation is manifested in diffraction patterns by the presence of a set of 
intense reflections (substructure reflections, which closely resemble the diffrai 
tion effects produced by the parent structure) plus a collection of weak reflec-
tions which indicate the presence of a larger cell and which contain information 
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on the nature of the perturbation which produced the increased periodicity. 
There are four basic mechanisms through which derivative structures may be 

formed: 
(a) substitution of one or more types of atom for another 
(b) ordered omission of atoms 
(c) addition of atoms to a site which is unoccupied in the parent structure 

(termed a "stuffed" derivative by Buerger) 
(d) distortion of an array. 

Two, three, or sometimes four mechanisms may be operative in a given derivative. 
Sulfide and sulfosalt structures provide a rich collection of examples of 

derivative structures. Among the structures to be discussed in the following 
chapter, the following examples may be selected to illustrate each mechanism. 

Substitution: 
ZnZnS2 (sphalerite) FeSS (marcasite) 

CuFeS^ (chalcopyrite) FeAsS (arsenopyrite) 

Omission and distortion: 
FegSg (troilite) 

Fe S (pyrrhotite) / o 
Addition ("stuffing") and substitution: 

QBiBiSj (bismuthinite) tt CuPbBiS3 (aikinite) 

Distortion: 
MS (NiAs-type, hexagonal) 

CrS (monoclinic) 

Substitution, omission, addition and distortion: 
Zn,.Zn.S.(sphalerite) Zn,-Zn.S.,• t12tY6t Cu12Sb^S12S (tetrahedrite) 

"COMPOSITE" STRUCTURES 

Another type of relationship occurs in sulfide and especially sulfosalt 
structures which is less frequent in the crystal chemistry of other minerals. 
Very complex structures are not infrequently found to contain blocks or domains 
of simpler structure. These are, in turn, joined in an irregular fashion. The 
coordination of atons is quite regular within such regions (the rocksalt struc-
ture type is a common example), but highly irregular arrangements occur about 
the atoms at the boundaries of the domains. Such structures are not derivative 
structures, and no terminology has been proposed to describe them. In the 
literature of other minerals, one sometimes encounters expressions such as "twin-
ning of unit cells", but these are not satisfactory. In the present discussion 
such arrays will be denoted as composite structures. 

W-17 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



Many examples of composite structures exist among the sulfosalts which con-
tain Pb. The plagionite group Pb3+2n

Sb8Si5+27j (witl1 " = 0 to 3) consists of a 
family of homologous monoclinic structures in which two lattice constants remain 
invariant while the third increases with n. The structures consist of slabs of 
rocksalt structure alternately parallel to (112) and (112) as one procedes along 
the variable lattice constant (Cho and Wuensch, 1970, 1974; Kohatsu and Wuensch, 
1974). Successive members of the series differ only in the width of the rock-
salt slab. Other Pb sulfosalts such as cosalite, Pb^Bi^S^ (Weitz and Hellner, 
1960), ramdohrite (Kawada and Hellner, 1971), lillianite, Pb^BiS, (Takagi and J o 
Takeuchi, 1972) and several synthetic Pb-Bi sulfides (Otto and Strunz, 1968) 
have large regions of rocksalt structure. In the latter structures these domains 
are "polysynthetically twinned" on (311). 

Other more subtle composites exist in more complex structures. Kobellite is 
a disordered Bi-Sb lead sulfosalt of composition Pbg_x(Bi,Sb)^+x(Fe,Cu)S^ ^ 
with 0<x<l, which displays two large lattice constants a = 22.5, b = 34.0Á. 
The structure (Miehe, 1971) is a composite of two regions, one of which resembles 
the structure of cosalite, Pb„Bi„Sr, and the other jamesonite, FePb,Sb,S, , 2 2 5 4 6 14 
(Niizeki and Buerger, 1957). The two domains partially overlap. Each domain 
is not only extraordinarily similar to the parent structure, but the disordered 
Bi and Sb are partitioned according to the nature of the domain: The sites in tt 
cosalite region contain primarily Bi, those in the jamesonite region primarily 
Sb, while the Group V metal sites common to both the cosalite and jamesonite 
regions contain comparable fractions of both Sb and Bi. 

CLASSIFICATION SCHEMES 

It is convenient to have a basis upon which to classify the many minerals 
found in nature. A scheme used to establish a set of cubby holes may be quite 
arbitrary. One could use chemical composition as a basis, crystallographic 
symmetry, or even some physical characteristic such as color. Ideally, however, 
a classification scheme should possess some predictive power. (Color provides 
a satisfactory basis for classifying paint, but has obvious inadequacies for 
other materials). The mode of linkage of SiO^ tetrahedra and the reflection of 
this linkage in chemical composition provides a powerful basis for classifying 
silicates, and the resulting organization is one of the great successes of 
crystal chemistry. A comparable and equally satisfactory scheme for sulfides 
has proven more elusive. 

Early reviews of the crystal chemistry of sulfides and sulfosalts (e.g., 
Gruner, 1929), when the structures of only a few simple minerals were known, rec-
ognized that many of these phases were based upon close-packed arrangements of 
sulfur atoms and that the distinction between sulfides and sulfosalts was somewha 
artificial. Important differences from oxides and silicates were also noted, 
however, such as the presence of S, "radicals" in minerals such as pyrite. 
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The availability of additional crystallographic data (although not structures 
prompted Berry (1943)* to propose a classification based on cell dimensions. Rela 
tionships were apparent, but the arrangement was not completely satisfactory, and 
many apparent similarities have not been supported by subsequent structure deter-
minations. The early 1950's saw a spurt of activity in the determination of 
sulfide and sulfosalt structures. Results for about 18 minerals were reported 
although, as noted by Berry (1965), fewer than half of these studies provided 
refinement to a residual under 20%. Nevertheless the results gave support to 
the observation that even the more complicated sulfides and sulfosalts had struc-
tures that, at least in part, consisted of close-packed arrays of sulfur. 

Hellner (.1958) provided a review of known sulfide structures and classifi-
cation on the basis of a "formula factor", = f° + f^, where f° is the ratio 
of the number of octahedrally coordinated atoms to the number of S atoms and 
T 

is a similar ratio for tetrahedrally coordinated atoms. As shown in preceding 
sections, this "factor" provides a measure of the fraction of available sites 
occupied; f° < 1 or f^ < 2 implies either that less than the maximum number of T oi 
o sites is filled, or that certain close-packed S atom locations are "split" (e.g., 
at the boundary between domains in a composite structure). Structures were 
divided into five groups, each of which were then subdivided according to the 
nature of the S atom packing (ccp, hep, or other cp sequence) and further sub-
divided according to the magnitude of the "formula factor". The major groups 
were I - metals in tetrahedral sites, II - metals in both tetrahedral sites and 
octahedral sites, III - metals in octahedral sites, IV - metals in tetrahedral 
and/or octahedral sites with only a portion of the sulfur atoms in close-packing, 
and V - structures which did not fit the classification. The disadvantage of 
the classification is that an atom in a nominally octahedral site may, in fact, 
have only three or four nearest neighbors. Details of the structure and some 
correlative features are therefore lost. Further, a significant fraction of the 
structures known even then fell into categories IV and V. 

Most attempts at classification after 1960 have been concerned primarily with 
the sulfosalts since these minerals have been the most problematic. In addition, 
a large number of precise studies have been successfully conducted in recent 
years. Nowacki (1969) presented an extensive compilation of the crystal data, 
bond distances and angles, and literature for sulfosalt structure determinations 
which provided a complete summary of studies undertaken up to that date. A sulfo-
salt is regarded as having general structural formula [B^S^|A(l)^|A(2)r]. 
The B atoms represent the Group V metals, and the B^S^ unit was taken to repre-
sent the structural network built of BS^ pyramids or BS^ tetrahedra. The p 
remaining S atoms are considered "extra" atoms which are not a part of the grouping 

*Berry, L. G. (1943) Studies of mineral sulpho-salts, VII. A systematic arrange-
ment on the basis of cell dimensions. Univ. Toronto Studies, Geol. Ser. 48, 9-41. 
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of Group V polyhedra. The A(l) atoms are metals of low (2 to 4) coordination 

number, while A(2) represents metals atoms with coordination numbers in the range 

6 to 9. Classification is based upon a factor, 4>, defined as the ratio of the 

number of S atoms to the total number of Group V metal atoms. Each range of <t> 

is then subdivided according to linkage of Group V metal pyramids or tetrahedra 

(e.g., isolated units, ribbons, rings, etc.). The classification system thus 

focuses attention on the Group V metal coordination polyhedra and their linkage, 

an interpretation which ascribes to these polyhedra a role similar to that played 

by SiO^ tetrahedra in determining the crystal chemistry of silicates. The 

system possibly should be extended and refined through distinction between the 

trigonal pyramid formed with As and the [1+2+2] square pyramid formed about Bi 

and, in some cases, Sb. 

Concurrent with Nowacki's classification, Takeuchi and Sadanaga (1969) pro-

posed a scheme which also focussed upon the Group V metal polyhedra and their 

linkage. An important distinction was made between the geometry of bridging and 

non-bridging B-S-B bonds. The structural feature dominant in controlling sulfo-

salt structures was considered to be the relative sizes of the BS^ groups and 

the polyhedra formed about the other atoms in the structure. In view of the 

irregular nature of coordination polyhedra in sulfides, the assignment of radii 

is difficult. Takeuchi and Sadanaga therefore take the principal quantum number 

of the valence electron shell of these metals to be a measure of "size". When 

more than one metal atom is present, an average is taken over atoms in a formula 

unit. A second quantity (the ratio of the sum of principal quantum numbers of 

the metal atoms to a corresponding sum for Group V metals in the composition) 

was taken as a measure of the relative volumes occupied by the two species. Thes 

two quantities were used to define a two-dimensional field. When the compositior 

of sulfosalts were used to place them in this diagram it was found that four 

major areas occurred: I - sulfosalts containing Cu as a major component, II -

sulfosalts containing Ag, III - the Pb sulfosalts and other sulfosalts known to 

be closely related to the rocksalt structure, IV - the majority of Pb sulfosalts 

and those having relatively high Group V metal content. Area IV could be further 

subdivided on the basis of the type of Group V metal, providing subfields con-

taining related structures with similar Pb coordination groups. The classifica-

tion of Takeuchi and Sadanaga is not only based on geometric criteria which con-

trol structure, but would also appear to have some predictive power. 

A very recent summary and classification of simple sulfide structures has 

been prepared by Zoltai (1974). The classification is again based upon packing 

considerations, but the concept of packing has been generalized to include incom-

plete and corrugated layers and the larger variety of interstices associated with 

such generalization. A notation is developed to permit effective specification 

of these variations in structures- The result is a classification which now 

successfully includes many structures which could not be accomodated in a system 

based upon ideal close-packing. Copies of the compilation are available at cost 

from the author. 
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SULFIDE CRYSTAL CHEMISTRY 

Bernhardt J. Wuensch 

INTRODUCTION 

This section will present a broad survey of the crystal chemistry of sulfides 
and sulfosalts. The space available is obviously not sufficient for either an 
exhaustive survey or even a complete description of the varied and complex struc-
tures to which reference will be made. Although this review must be incomplete, 
it will be addressed toward three main objectives. An attempt will be made to 
describe structures and cite literature for the majority of minerals discussed 
in subsequent chapters concerned with bonding and phase equilibria. We will 
also attempt to present examples of the frequent close relationships between very 
complex structures and those which are the simple and fundamental structure types. 
This thread of unity between the simple and complex is one of the most interesting 
and important themes of sulfide crystal chemistry. Finally, it is hoped that this 
chapter will provide at least a partial guide to the literature on sulfide crystal-
lography . 

No uniform system of classification will be used to organize the discussion. 
At some points it is convenient to separate structures according to bond type or 
on the basis of chemical composition. At other junctures it is valuable to use 
derivative or composite structure relationships to bring together on structural 
grounds a group of minerals of diverse chemistry. At yet other points it is of 
interest to separately discuss a specialized subfamily of minerals which illus-
trate in striking fashion a particular relation between composition and struc-
ture. The organization follows the general outlines of a presentation given 
elsewhere (Wuensch, 1972) and, to some extent, the present discussion is an 
expansion and update of that review. 

ELEMENTAL SULFUR 

The ability of sulfur to form covalent bonds is reflected in the ease with 
which repeated S-S bonds may form to create chains or rings. One example is pro-

2 -vided by the polysulfide ions, S . Ions are known in which n ranges from 2 up 
n 2 -to at least 6. The thionate ions S 0, have analogous structure but instead n o 

terminate with a pyramid of oxygen atoms. Further examples are provided by the 
large number of complex structures assumed by elemental sulfur. 

The stable form of sulfur at normal temperature and pressure is orthorhombic. 
The structure (Fig,. W-5a) contains a puckered, crown-like S„ molecule (Abrahams, o 
1955, 1961). The molecules,are efficiently packed, and the intermolecular sulfur-
sulfur contacts range from 3.31 to 3.83&. Above 95.4°C sulfur assumes a mono-
clinic structure in which similar Sg molecules are packed in an arrangement 
which has orlentational disorder (Sands, 1965). The monoclinic gamma form of 

Ch.2 
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sulfur (Watanabe, 1974) also contains this molecule. The average S-S bond dis-

tances in the Sg molecules are 2.048, 2.06 and 2.044X for o-(orthorhombic), 6-, 

and Y-Sg. respectively. These values are all somewhat less than the 2.08A separa-

tion proposed for a single bond by Pauling. It has been suggested that this 

reflects some double-bond character due to the involvement of d orbitals. 

Fig. W-5. Atomic arrangements in polymorphs of elemental sulfur (a) S ring 
8 

found in a, 3, and y sulfur (b) S, ring in rhombohedral sulfur 
b 

(c) S^ (d) S^g (3) helical chain found in fibrous forms of sulfur. 

A rhombohedral form of sulfur may be crystallized from solution. This 

modification has been found (Donohue et aly 1961) to contain an S. molecule 
o 

(Fig. W-5b). These molecules are arranged normal to c in a cubic close-packed 

sequence with intermolecular contacts (3.20 to 3.75A) which are comparable to 

those in orthorhombic sulfur. More complex molecules have recently been pre-

pared. A form has been synthesized which contains an S^ molecule with chair con-

figuration (Kawada and Hellner, 1970 — Fig. W-5c), while a large clover-leaf-like 

molecule (Fig. W-5d) has been found in S 2 Q (Debaerdemarker et ai, 1973). Two 

different configurations are found for molecules S 1 Q (Debaerdemaker and Kutoglu, lo 
1973). A purple paramagnetic form of sulfur may be condensed from a vapor. It 

W-22 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



is believed to contain S^ pairs (Rice and Sparrow, 1953). A green form is 
thought to consist of S chains (Rice and Ditter, 1953). o 

Three forms of sulfur have been synthesized under the influence of pressure 
(Geller, 1966). These structures are closely related and appear to consist of 
helical chains containing ten atoms and three turns within a characteristic 13.71 
period (Fig. W-5e). These structures bear close resemblance to the fibrous 
sulfur which may be prepared by stretching quenched amorphous sulfur (Tuinstra, 
1966; Geller and Lind, 1969; Donohue et al, 1969). 

The ability of sulfur to form S-S bonds has no counterpart in oxide or sili-
cate mineralogy. The occurrence of S^ pairs has also been found in a few sulfides 
and sulfosalts. Among these are the pyrite and marcasite forms of FeS^ and covel-
lite (CuS) which are discussed in detail below. Patronite V(S2)2 (Allmann et al, 
1964; Kutoglu and Allmann, 1972); livingstonite, HgSb^S^ (Niizeki and Buerger, 
1957a) and Cu^Bi^S^ (Ozawa and Takeuchi, 1972) also contain such groups. 

IONIC SULFIDES 

Sulfur forms purely ionic bonds only with very electropositive ions of low 
valence. These compounds assume simple structures characteristic of ionic 
materials. The alkaline-earth sulfides assume the rocksalt structure type in 
which all of the octahedral interstices are occupied among a face-centered cubic 
array of anions (Fig. W-2b). The alkali sulfides assume the antifluorite struc-
ture type (Fig. W-2a). The cations are arranged in face-centered cubic packing; 
sulfur ions occupy all available tetrahedral interstices. 

DISULFIDES AND DERIVATIVES 

Disulfides assume structures which do not have analogues among the more ionic 
oxides. Compounds such as TiS^» ZrS^, and SnS2 assume the hexagonal C d ^ struc-
ture type depicted in Fig. W-6a. The metal atoms are octahedrally coordinated by 
S. These octahedra share edges to form a continuous layer. Such layers are 
stacked directly above one another in a simple hexagonal sequence. The structure 
may be viewed as a hep array of sulfur atoms, with half of the octahedral inter-
stices — those on alternate layers — vacant. Tungstenite, WS2, and molybdenite, 
M0S2 (Dickinson and Pauling, 1923), assume a somewhat similar but distinct layer 
structure in which the 6-fold coordination about the metal atoms is prismatic 
rather than octahedral. A rhombohedral three-layer polytype is known for molyb-
denite (Takeuchi and Nowacki, 1964). The latter structure is also assumed by tft^. 

Two additional disulfide structure types are important in sulfide mineralogy. 
Pyrite, FeS2 (Bragg, 1914; Elliott, 1960) has the cubic structure shown in Fig. 
W-7. Iron atoms are in a face-centered cubic array. A covalently-bonded S2 pair 
(S-S = 2.14A) occupies positions corresponding to that of the anion in the rocksalt 
structure type. The cell contains four such pairs, each oriented along one of 
the four distinct body-diagonals of the cell. Pyrite may thus be regarded as a 
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derivative of the rocksalt structure type. The Fe atoms accordingly form an 

octahedron about the S^ pair. Each sulfur atom is coordinated by three Fe and 

one S atom in a distorted tetrahedral configuration; each Fe is octahedrally 

coordinated by S. 

Fig. W-6. (a) The Cdl^-type layer structure. (b) The NiAs structure type. 

(Solid circles represent metals atoms, the open circles sulfur.) 

Fig. W-7. (a) The structure of pyrite, FeS^ (solid circles represent Fe, open 

circles S atoms). (b) The structure of ullmannite, NiSbS, a deriva-

tive of the pyrite structure (solid circles represent Ni, shaded 

circles Sb, open circles S atoms). After Wuensch (1972). 

Members of the cobaltite group (cobaltite, CoAsS; gersdorffite, NtAsS; and 

ullmannite, NiSbS) have structures closely related to that of pyrite. The Group 

V metal replaces one of the sulfur atoms in the Sj pair. There was much disagree-

ment in the early literature on whether the substitution occurs in an ordered 

fashion or in a random manner which would cause the structures to be statistical! 

isostructural with pyrite. It is now clear that three distinct forms exist for 

at least some members of this group. All three minerals exist in disordered form 

(Giese and Kerr, 1965; BayliSs, 1968) isostructural with pyrite. The structures 
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of ordered isometric forms have been determined for ullmannite, NiSbS (Takeuchi, 
1957) and gersdorffite (Bayliss and Stephenson, 1967). These structures are sub-
stitution derivatives of pyrite; the structure of ullmannite is depicted in Fig. 
W-7b. A third form exists, however, in which atomic displacements cause a dimen-
sional ly isometric structure to have orthorhombic symmetry (Giese and Kerr, 1965; 
Bayliss and Stephenson, 1968). 

Marcasite is an orthorhombic polymorph of FeSj (Buerger, 1931; Brostlgen et 
al, 1973) whose structure is depicted in Fig. W-8a. The nearest-neighbor con-

e 
figuration is the same as that in pyrite (S-S = 2.21A). Arsenopyrite (Buerger, 
1936) is a derivative obtained from the marcasite structure type in a fashion 
analogous to the manner in which ordered members of the cobaltite group are 
derived from pyrite. Gudmundite, FeSbS has essentially the same structure 
(Buerger, 1939). The crystal chemistry of arsenopyrite, however, is subtle. The 
As:S ratio may vary from 1.22 to 0.82. The structure is triclinic (Morimoto and 
Clark, 1961) but the As-rich phases approach monoclinic symmetry and a cell which 
is dimensionally orthorhombic. 

Fig. W-8. (a) The crystal structure of marcasite FeSj (solid circles represent 
Fe, open circles S atoms) (b) The structure of arsenopyrite, FeAsS 
(shaded circles represent As). After Wuensch (1972). 

The monosulfides, as a group, behave in two dissimilar fashions. Many assume 
a common structure type which is characteristic of sulfides. Alternatively, a 
few assume unexpectedly complex and unique structures which are shared by no other 
mineral. Covellite, CuS, is one of the minerals whose simple composition gives no 
indication of an unexpectedly complex structure, Fig. W-9. The structure (Oftedal, 
1932; Berry, 1957) contains» one type of copper in tetrahedral coordination. The 
tetrahedra share corners to form a continuous layer. Two such layers share 
apices; a second type of copper is located in trigonal interstices among these 
apices to build a planar CuS layer. The resulting structure consists of a sheet 

MONOSULFIDES AND DERIVATIVES 
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CuS (solid circles represent Cu, open 
circles S. The dotted lines indicate 
covalent S-S bonds.) After Wuensch 
(1972). 

be visualized in terms of the sphaleriti 

of CuS^ triangles, sharing corners, i 
wiched between a double layer of CuS 
tetrahedra. Sulfur-sulfur bonds lin] 
layers. 

Cinnabar, HgS (Aurivillus, 1950 
Auvray and Genet, 1973) has a hexagoi 
structure which is derived from the 
rocksalt structure by distortion. S: 
S neighbors coordinate Hg, but they 
are grouped in pairs at distances of 
2.36, 3.10, and 3.30A, reflecting thi 
tendency of Hg to form sp bonds. If 
only the short 2.36A bonds are con-
sidered, the structure consists of 
helical Hg-S chains with an Hg-S-Hg 
bond angle of 105.2° which is compare 
to that observed in elemental sulfur 
Cooperite, PtS (Bannister and Hey, l! 
has a unique structure which arises : 
the ability of Pt to form square plai 

2 
dsp bonds; the sulfur atom has tetri 
hedral coordination. The structure i 

configuration (shown below in Fig. W-li 

O ©c» o 0 " f » o ^ 

Fig. W-10. The sphalerite structure and some derivatives (a) sphalerite, Zns 
(b) chalcopyrite, CuFeS2 (c) tetrahedrite, C u 1 2 s b4 s

1 3- A f t e r 

Wuensch (1972). W-26 
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Imagine S in a fee array and Pt occupying one-half of the tetrahedral interstices. 
If the layer of S atoms which occupy the centers of the sides of the cell is 
replaced by a face-centered arrangement equivalent to the base of the cell, the 
tetragonal structure of cooperite results, Fig. W-ll. It is of interest to note 
that the S-Pt-S bond angle is 97.5°, intermediate between the value of 90° for a 
regular square coordination for Pt, and the angle of 109.5° required for a tetra-
hedral structure. 

Tetrahedral Structures and Derivatives 

The Group IIB monosulfides crystallize with either 
the sphalerite structure type (Fig. W-lOa) — Be, CdS, 
metacinnabarite HgS, MnS, ZnS — or with the hexagonal 
wurtzite structure type (Fig. W-12a) — greenockite 
CdS, MnS, ZnS. Both are close-packed structures with 
metal atoms occupying one-half of the available tetra-
hedral interstices. The two structures may be regarded 
as polytypes which differ in the stacking of a layer 
of tetrahedra sharing vertices - a ccp sequence in the 
case of sphalerite, an hep sequence in the case of 
wurtzite. Many additional polytypes of ZnS are known. Fig. W-ll. The structure of 

A large number of derivatives of the sphalerite PtS (solid circles represent 
structure type are known. Chalcopyrite, CuFeS^ Pt) 
(Pauling and Brockway, 1932; Hall and Stewart, 1973) 
is a tetragonal superstructure based upon sphalerite (Fig. W-llb) with an ordered 
arrangement of Cu and Fe. Stannite, C^FeSnS^ (Brockway, 1934) has a supercell of 
similar geometry in which layers of ordered Fe and Sn alternate with layers of Cu. 
A number of new minerals closely related to chalcopyrite have been very recently 
described. The compositions and lattice geometries are summarized in Table W-l. 

Table W-l. Stuffed derivatives related to chalcopyrite 

Mineral Space Group Lattice constants (A) 
Sphalerite 
supercell Reference 

Mooihoekite, P42m a = 10, Ui 00
 

Ln 2x2x1 Hall and 
C u9 F e9 S16 c = 5, .383 Rowland (1973) 

Talnakhite, j43m a - 10. .593 2x2x2 Hall and Gabe 
C u9 F e8 S16 (1972) 

Haycockite, P222 a - 10. .705 2x2x3 Rowland and 
C u4 F e5 S8 b = 

c = 

10. 
31. 

734 
63 

Hall (1973) 

All of these minerals are superstructures derived from sphalerite by the addition 
of interstitial metal atoms and possible Cu-Fe ordering. 
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The sulfosalts provide more complex examples of derivatives of the sphaleri 
structure type. Lautite (Kulpe, 1961; Marumo and Nowacki, 1964) is an ortho-
rhombic derivative with [a,b,c] = [3/2, 3/2, 0 / -1/2, 1/2, 0 / 001] [a^a^a ] 
of sphalerite. The coordination of all atoms is tetrahedral, but Cu has 3 S and 
1 As as neighbors, As has 1 Cu, 2As + IS, while the sulfur atoms are coordinated 
by 3 Cu and 1 As. The As-As separation is the same as found in elemental arseni 
Lautite should be grouped with the sulfides in view of the As-As bonds which are 
present. Luzonite, Cu^AsS^,is a tetragonal derivative of sphalerite with 
[ a ^ a ^ c ] = [100/010/002] [ a ^ a ^ a j (Marumo and Nowacki, 1967). Layers of tetr 
hedrally coordinated Cu alternate with ordered layers of Cu and As. Enargite 
(discussed below) is a polymorph of luzonite derived, instead, from wurtzite. 

Lautite, luzonite and enargite (along with members of the cobaltite and 
arsenopyrite groups) are atypical in that the Group V metal has tetrahedral 
coordination. (In only luzonite and enargite, however, is the group V metal 
tetrahedrally coordinated only by S.) In most sulfosalts the Group V metal 
forms either three nearly orthogonal bonds or, alternatively, a [1+2+2] square 

3 2 
pyramidal coordination with, perhaps, sp d hybridization. Many sulfosalts are 
therefore derived from the sphalerite structure by omission of the fourth S atoi 
which would have been bonded to the Group V metal. An example is provided by 
the rhombohedral mineral nowackiite, Cu,Zn.As.S10 (Marumo, 1967). b J 4 Iz 

Tennantite, C u ^ A s ^ S ^ (Pauling and Neuman, 1934; Wuensch et al, 1966) and 
tetrahedrite, C u ^ S b ^ S ^ (Wuensch, 1964) are more complex derivatives which are 
superstructures with double the cell edge of sphalerite (Fig. W-llc). One-fourl 
of the metal atom sites are replaced by a Group V metal which forms only three 
bonds with S. One-fourth of the S atoms in each cell are therefore omitted. 
This leaves one-half of the Cu atoms with but two sulfur atoms as neighbors and 
two additional S are therefore added to an interstitial site in the sphalerite 
array to complete a triangular coordination for these atoms. (The presence of < 
interstitial anion is unique among close-packed structures.) The resulting arr, 
may be expressed with the structural formula C u ^ ^ C u - ^ S b [Sj^ 
s [ 6 C u 1]. 

Tetrahedrite minerals are capable of incorporating large amounts of other 
elements in solid solution. Schwatzite, a variety containing Hg, has been show 
by Kalbskopf (1971) to preferentially accommodate the mercury atoms in the tetr 
hedrally-coordinated Cu site. Freibergite, an Ag-rich specie, incorporates the 
impurity in the 3-coordinated Cu site (Kalbskopf, 1972), and there is evidence 
that the interstitial sulfur site is not fully occupied. Much remains to be 
learned about minerals of the tetrahedrite group. These minerals display a 
range of stoichiometry but,, as has been previously mentioned, the field of stab 
lity does not include either C u 1 2 s b4 si3 o r C u

3
s t s

3 (Skinner et al, 1972; 
Tatsuka and Morimoto, 1973). Pure tetrahedrites decompose upon cooling to two 
distinct tetrahedrites with slightly different lattice constants. (The solid 
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solution in naturally-occurring minerals prevents this decomposition.) A new phase, 
called pseudotetrahedrite by Tatsuka and Morimoto (1973), has been observed which 
has twice the lattice constant of tetrahedrite, i.e., it is a 4x4x4 superstructure 
based upon sphalerite. 

Derivatives of wurtzite are relatively rare, but enargite (Fig. W-12b) pro-
vides an example of an orthorhombic superstructure (Pauling and Weinbaum, 1934; 
Adiwidjaja and Lohn, 1970). Structures in which all atoms have tetrahedral coor-
dination may occur whenever the number of bonding electrons available in the 
structure is equal to four times the number of atoms. Many synthetic sulfides 
are among the compounds which meet this requirement. Such compositions have 
been systematized in detail by Parthe (1964). 

a 

®Zn O5 

Fig. W-12. (a) The wurtzite structure type, (b) Enargite, Cu^AsS^, an ortho-
rhombic derivative of wurtzite. After Wuensch (1972). 

The Nickel-Arsenide Structure Type and Derivatives 

The NiAs structure type (Fig. W-6b) is a hexagonal structure in which the 
more electro-negative atoms are arranged in hep. The remaining atoms occupy all 
available octahedral interstices. The coordination of the electronegative atom 
is thus trigonal-prismatic. The octahedral sites are linked along c by the 
sharing of faces. This configuration would not be assumed by an ionic material. 
Metal-metal bonding along c undoubtedly contributes to the stability of the 
structure, and the ratio c/a is almost always smaller than the value of ¿873 = 
1.633 which obtains for an ideal close-packed configuration. (Values of c/a as 
low as 1.2 have been noted, but ratios in excess of the ideal value are occasion-
ally found.) 

The NiAs structure type is assumed by most of the transition metal sulfides. 
Non-stoichiometry (usually metal atom vacancies) and derivative structure are 
very common. CrS, for example, is a distorted monoclinic derivative (Jellinek, 
1957). Alternatively, metal atoms may be preferentially removed from certain 
layers of octahedral sites. Fig. W-6 shows that the Cdl^ structure type results 
if every-other layer of octahedral sites is ommitted. Solid solution may thus 
occur between these two structure types, and this is the case in melonite, 
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NiTe-NiTe^- If the concentration of vacancies is large, the structure of lowest 
energy will contain an ordered array of vacancies. Jellinek (1957) has shown 
that what had been believed to be a broad, homogeneous field of non-stoichiometr 
composition Cr^ xS, actually consisted of a closely-spaced series of discreet 
phases whose compositions (Cr^Sg, Cr^S^, Cr^S^, and Cr^S^) reflect different 
numbers and ordering schemes of vacancies. 

Pyrrhotite, Fe-̂  xS, is an extremely complex derivative of the NiAs structur 
type which is important in mineralogy. Troilite, stoichiometric FeS, has a 
structure derived from NiAs through small displacements of Fe normal to c and 
small displacements of S parallel to c (Evans, 1970). A bewildering variety of 
ordered structures occur among the non-stoichiometric iron sulfides. The equi-
librium is discussed in detail in Ch. 5, and is complicated by changes in magnet 
structure as well as in the atomic configuration. The crystal structures of two 
forms of pyrrhotite are known in detail. 

One variety has a and b equal to twice the dimensions of the ortho-hexagona 
double-cell of NiAs, while the c axis is four times larger. According to curren 
nomenclature this form is loosely referred to as "4c" pyrrhotite. The vacant 
sites (Bertaut, 1952; Tokonami et al, 1972) are confined to alternate layers of 
octahedral sites in the NiAs configuration. The arrangement of vacancies with 
these layers is indicated schematically in Fig. W-13, where the larger open 
circles indicate the vacant sites. Sulfur atoms as well as the intervening 
layers of completely filled octahedral sites are not indicated. It may be noted 
that the arrangement of vacancies is the same in each level. The detailed 
structure of a second form of Fe^Sg is also available (Fleet, 1971). This 
variety of pyrrhotite ("3c") is hexagonal with a and c equal to twice and three 
times the lattice constant a and c of the NiAs substructure. The structure is 
somewhat analogous to that of the 4c structure in that the array is slightly 
distorted and the vacant sites occur again on alternate layers of sites. 

o-
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Fig. W-13. Schematic indication of the arrangement of vacancies in monoclinic 4c 
pyrrhotite. Solid circles indicate Fe atoms occupying octahedral sit 
in the NiAs-type structure, the larger open circles indicate a vacanc 
Sulfur atoms are not shown. 
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THE NICKEL SULFIDES (Cf. Ch. 3, p. PR-38; Ch. 5, p. CS-77) 

Nickel forms a large group of sulfides which provide an illustration of the 

structural chemistry of transition metals. Some of these minerals assume simple 

sulfide structure types. Vaesite, NiS^, has the pyrite structure type, polydymite, 

Ni^S^, assumes the spinel structure type, while the high-temperature form of NiS 

has the NiAs type arrangement. 

The synthetic compound COgS^ (Linqvist et al, 1936; Geller, 1962), and pent-

landite, (Ni,Fe)gSg (Linqvist et al, 1936; Pearson and Buerger, 1956; Rajamani 

and Prewitt, 1973) have a more complicated face-centered cubic structure. Pure 

Fe and Ni analogues of Co^Sg do not exist. The unit cell contains 32 sulfur atoms 

located in two independent positions to provide a 2x2x2 ccp array. The 36 metal 

atoms per cell are distributed in 4 octahedral interstices and 32 tetrahedral 

sites. The tetrahedrally coordinated metals are clustered in cubic groups of 

eight, thus forming a small subunit of anti-fluorite structure which is identical 

to that depicted previously in Fig. W-2a. It has been suggested that Ni and Fe 

atoms order on alternate corners of the cubelet of tetrahedral sites, but this 

could not be confirmed by X-ray analysis. The metal-metal separation between 

tetrahedral sites is 2.5Á, comparable to the interatomic separation in metallic 

Ni or Fe. Each tetrahedrally coordinated metal thus has three orthogonal bonds 

to neighboring metals. The structure of an argentian pentlandite, (Fe,Ni)„AgS0 o o 

(Hall and Stewart, 1973) has been refined, and the octahedral sites were found to 

be occupied exclusively by the Ag atoms. 

Millerite, the low-temperature form of NiS, has a rhombohedral structure in 

which both the metal atom and sulfur atom have 5-fold coordination. A projection 

of the structure along c (Grice and Ferguson, 1974*; Rajamani and Prewitt, 1974) 

is presented in Fig. W-14b. Triangles of S atoms are arranged at lattice points 

of the rhombohedral cell to form trigonal-prismatic columns along c. The Ni 

atoms are located in triangles about the sides of these prisms and acquire a dis-

torted square-pyramidal coordination. The Ni-Ni separation in the triangle 

(2.534Á) is again equal to the bond distance in metallic Ni (2.492Á). Metal-metal 

bonds thus serve to stabilize the cluster. The square pyramidal coordination of S 

about Ni and the "split" location of the sixth neighbor of octahedral configura-

tion (in the present case, the Ni neighbors) is reminiscent of the 7-coordination 

of S found about Pb and Bi in many sulfosalts. In the latter cases, however, the 

metal atom is invariably displaced from the base of the pyramid in a direction 

away from the apex of the pyramid, while in millerite the displacement is in the 

opposite direction. 

Heazlewoodite, Ni^S^, is a rhombohedral structure based upon a body-centered 

cubic arrangement of S. The Ni atoms are tetrahedrally coordinated by S with 

four Ni atoms as next nearest neighbors. 

*Grice, J.D., and R.B. Ferguson (1974) Crystal structure refinement of millerite 
(B-NiS). Canadian Mineral. 12, 248-252. 
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Fig. W-14. (a) The structure of a - N i ^ (after Fleet, 1972) (b) projection of tt 
structure of millerite, NiS, along c (solid circles represent Ni; 
dotted lines indicate metal-metal bonds)-

Fleet (1972) has recently determined the structure of the synthetic compound 
a-NiySg. The structure contains three independent S atoms and five independent i 
atoms. A portion of the structure is depicted in Fig. W-14a. All positions (exc 
that of one S atom) are only partially occupied. Four of the Ni positions have a 
square-pyramidal coordination, and one is in tetrahedral coordination. Each Ni £ 
has at least one Ni neighbor at a distance equal to the Ni-Ni separation in Ni mt 

o 
and several additional Ni neighbors at distances a few tenths of an A longer. 
Because of the statistical nature of the occupancy of each site, the precise near 
neighbor configuration of a given Ni atom cannot be specified. Fleet found evidc 
for partial longer-range ordering in the structure. 

The coordination polyhedra in pentlandite, millerite and heazlewoodite are 
depicted in Fig. W-15. It should perhaps again be emphasized that all of these 
structures contain clusters of metal atoms stabilized by metal-metal bonds. 

Fig. W-15. The coordination of Ni in (a) pentlandite, (Ni,Fe)0S0, (b) millerite, y o 
NiS and (c) heazlewoodite, N i ^ . 

SILVER AND COPPER SULFIDES•(Cf. Ch. 5, p. 58) 

Copper in sulfides may assume either a tetrahedral or triangular coordinatic 
Silver has been observed to assume 2-fold coordination, triangular coordination 
or a distorted [1+3] flat tetrahedral coordination. The copper and silver sulfid 
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stand apart from other sulfides in that they frequently display rapid phase trans-
formation at very low temperatures. 

The unusual structure of covellite, CuS, has already been described. Chal-
cocite, Cu^S, displays an extremely complicated monoclinic structure which is 
pseudohexagonal (Evans, 1971) and a cell which contains 48 Cu^S. The structure is 
based on hep sulfur atoms. One-third of the Cu atoms occupy triangular inter-
stices within the close-packed S layers to form trigonal sheets similar to those 
observed in covellite. The remaining Cu atoms occupy triangular sites between 
the close-packed S layers. At 104°C chalcocite transforms rapidly to a hexagonal 
form whose unit cell corresponds to that of an hep S array. The electrical con-
ductivity and the diffusion coefficient for Cu in this phase are quite large. 
The structure (Buerger and Wuensch, 1963; Sadanaga et al, 1965*) contains a 
"smeared" distribution of mobile Cu atoms distributed between triangular, tetra-
hedral, and 2-coordinated sites. At about 350° a further phase transformation 
takes place to a cubic phase of broad stoichiometry known as digenite (Morimoto 
and Kullerud, 1963). Anilite, Cu^S^, is orthorhombic (pseudocubic) and trans-
forms readily upon grinding to a metastable form of digenite. A small deficiency 
of Cu in chalcocite results in a new phase, Cu^ ggS, djurleite, which would appear 
to have a structure closely related to that of chalcocite. 

The distribution of metal atoms among sites in the ccp sulfur atom array in 
the polymorphs of digenite is statistical (Morimoto and Kullerud, 1963). Similar 
disorder occurs among the tetrahedral sites in the ccp array in bornite, Cu^FeS^ 
(Morimoto, 1964). The metal atom locations were described by placing atoms in an 
equipoint of higher order which scattered fractional atoms about the ideal tetra-
hedral position. The true metal atom distribution may be "smeared" as in high-
chalcocite. 

Stromeyerite, CuAgS (Frueh, 1955), has a structure related to chalcocite. Th 
mineral is orthorhombic and has a unit cell which corresponds to the orthohexagona 

cell of a hep array of sulfur atoms (Fig 
W-16). The Cu atoms occupy triangular 
interstices in the close-packed layers 
as in covellite and chalcocite. The Ag 
atoms have 2-fold coordination and occup; 
sites between trigonal CuS sheets such 
that the layers are linked by a zig-zag 
AgS chain. The structure of other Cu-Ag 
sulfides (jalpaite, Ag1 55CuQ ^S; 
mckinstryite, Agĵ  2Cu0 gS) are unknown. 

Silver sulfide, Ag2S, has a rapid 
phase transformation at 173° from acan-
thite (a), a monoclinic structure (Frueh 

• Ag O s 

The crystal structure 
of stromeyerite, CuAgS. 

*Sadanaga, R., M. Ohmasa, and N. Morimoto (1965). Mineral. J. Japan 4, 275. 
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1958, 1961; Sadanaga and Sueno, 1967), to a cubic form. Acanthite has an arrange' 

ment of S atoms which is approximately bcc. Two types of Ag atoms occur in the 

structure, one having 2-fold coordination, the second forming a flattened trigona. 

pyramid. The high-temperature modification has a bcc arrangement of S and a 

statistical distribution of Ag among three different types of interstices 

(Lowenhaupt and Smith, 1974). 

ROCKSALT DERIVATIVES 

Galena, PbS, has the rocksalt structure type. Sulfosalts which contain Pb 

almost invariably are composite structures built of domains with structure closel; 

related to the rocksalt structure type. (Some illustrations are provided in sub-

sequent sections). Several additional sulfosalts are derivatives formed from 

rocksalt by substitution and distortion. Although all of the metal atoms occupy 

nominally octahedral sites, only three or four of these sulfur atoms may be bondei 

to an atom such as Ag or a Group V metal. The displacement of the sulfur atoms 

from their ideal positions may exceed liL 

Miargyrite, AgSbS 2 (Knowles, 1964) is monoclinic with [a,b,c] = [211 / 0, 1/: 

1/2 / 1, -3/2, 3/2] [a 1 >a 2,a^] NaCl. The Sb atom has but three nearest neighbors. 

of two independent Ag atoms, one has [ 3 + 1 + 2 ] coordination, the other [3 + 3]. 

Two polymorphic As analogues of miargyrite are known: smithite, AgAsS^ (Hellner 

and Burzlaff, 1964), is monoclinic with [a,b,c] = [3, -1/2, 1/2 / Oil / 022] 

[a 1,a 2,a 3] NaCl. The Ag atoms have [ 3 + 1 + 2 ] and [ 2 + 2 + 2 ] coordination, 

while the As atom again forms the characteristic trigonal pyramid with three 

nearest S neighbors. Trenchmannite, a polymorph of smithite (Matsumoto and 

Nowacki, 1969), is rhombohedral and has a = 1/2 [143] NaCl and c = [111] NaCl, 

but certain metal and sulfur positions in the ideal rocksalt array are unoccupied, 

Both smithite and trenchmannite contain a three-membered As„S ring built of 
J o 

AsS^ trigonal pyramids. 

Marrite, PbAgAsS^ (Wuensch and Nowacki, 1967), and freieslebenite, PbAgSbS^ 

(Ito and Nowacki, 1974), are isomorphous monoclinic rocksalt derivatives which 

have [a,Jb,c, ] = [110 / -3/2, 3/2, 0 / 001] [ a ^ a ^ a ^ NaCl. The Ag atom has a 

[ 3 + 1 + 2 ] distorted tetrahedral coordination; the Group V metal atom forms the 

usual trigonal pyramid with three of the six available S neighbors. 

GROUP V METAL SULFIDES AND RELATED SULFOSALTS 

The Group V metal sulfides form ring, chain, or layer structures as a result 

of the limited number of bonding electrons available from the metal. In the case 

of As, three nearest S neighbors, together with the metal, form a trigonal bipyr-

amid. This nearest-neighbor configuration is also found for Bi, but fourth and 

fifth sulfur atoms are present at somewhat larger distances. The resulting poly-

hedron is almost always a [ 1 + 2 + 2 ] square pyramid, with the metal atom dis-

placed slightly from the plane of the base. A few exceptions are known. The Bi 
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atom in parkerite, ^^81282 (Fleet, 1973), Is involved in metal-metal bonds. 
The coordination of the Bi atom in wittichenite, Cu^BiS^ (Matzat, 1972; Kocman and 
Nuffield, 1973), is trigonal pyramidal but has three S neighbors at much larger 
distances which complete a trigonal prismatic coordination. A few Cu-Bi sulfides 
have Bi in octahedral coordination, as discussed below. Antimony is found in both 
trigonal (e.g. , tetrahedrite) and square pyramidal coordination (the case in most 
sulfosalts). Both configurations sometimes occur simultaneously in the same 
structure (e.g., stibnite, Sb2S2)• The dimensions of the Group V metal polyhedra 
and the effect of linkage on bond distances in these groups has been reviewed by 
Takeuchi and Sadanaga (1969). 

The Group V Sulfides 

Realgar, AsS, contains a cage-like As^S^ molecule 
(Xto et al, 1952; Mullen and Nowacki, 1972). Each 
of four independent As atoms is bonded to one As and 
two S atoms; each sulfur is coordinated by two As 
atoms (Fig. W-17). Orpiment, As2S2> and stibnite, 
Sb^S^» form very different structures. In orpiment 
(Morimoto, 1954; Mullen and Nowacki, 1972) AsS3 

trigonal pyramids share corners to form six-
membered rings which build a corrugated layer 
(Fig. W-18a). The structure of stibnite (Hofmann, 
1933; Scavnicar, 1960; Baylerr and Nowacki, 1972) is more complex. Two indepen-
dent Sb atoms are present in the structure. The first has three-fold coordination 
and forms a trigonal SbS^ pyramid. The second has square-pyramidal coordination 

Fig. W-17. The As^S^ mole-
cule in realgar. (Solid cir-
cles represent As). 

Fig. W-18. (a) Projection along b of one sheet in the layer structure of orpi-
ment, AS2S2 (b) one of the quadruple chains in the structure of 
stibnite, Sb2Sj. The long bond in the square pyramidal group is 
shaded. 
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with a variation in bond lengths which is typical of this configuration: 2.455, 
2.678[2], and 3.373A[2], where the numbers in brackets indicate multiplicity. 
The 5-coordinated Sb's share an apical edge to build a double chain. The 3-
coordinated Sb's share a corner at either extreme of the double chain to build 
a two-layer slab of rocksalt structure extended indefinitely along [110]. An 
idealized projection of this ribbon is presented in Fig. W-19b. Bismuthinite, 
Bi^Sj, is isostructural with stibnite (Hofmann, 1933; Kupcik and Vesela-Novakova, 
1970). 

Getchellite, AsSbS^, is a recently discovered monoclinic mineral with a 
composition intermediate between stibnite and orpiment. The structure (Guillermo 
and Wuensch, 1973) consists of thick layers of trigonal pyramids containing As 
and Sb in disorder. The linkage of pyramids within layers is open and meandering 
The simplest structural units are irregular 8-membered rings which are arranged 
above one another and oriented normal to the plane of the layers. By contrast, 
orpiment has its 6-membered rings parallel to the plane of sheets which are essen-
tially 2-dimensional. 

The Group V chalcogenides all readily form glasses which are of interest 
because of their semi-conducting and infrared-transmitting properties (Pearson, 
1964). 

Stibnite Derivatives 

Several structures of sulfosalts are simple derivatives of the stibnite strut 
ture type. The oxysulfide kermesite, Sb2S20 (Kupcfk, 1967), contains a pair of 
five-coordinated Sb atoms which form a double chain similar to the central portior 
of the stibnite ribbon. Two additional Sb's share a S atom with this ribbon but 
have three oxygen atoms as additional neighbors. The additional oxygen bond links 
the quadruple chains into layers. 

Aikinite, CuPbBiS3 (Wickman, 1953; Ohmasa and Nowacki, 1970; Kohatsu and 
Wuensch, 1971), is a stuffed derivative of the stibnite-type structure of bismuthi 
nite. A Pb atom substitutes for the interior five-coordinated Bi in the stibnite 
chain. The Cu atom is added to a tetrahedral interstice in the structure. The 
lattice constants and atomic positions in aikinite remain remarkably similar to 
those of bismuthinite in spite of these substitutions. Seligmannite, CuPbAsS^, 
and bournonite, CuPbSbS^, the As and Sb analogues of aikinite, are not derivatives 
of the stibnite structure type, but yet have strikingly similar structures in 
projection along a direction corresponding to that of the stibnite ribbon (Hellner 
and Leineweber, 1956; Leineweber, 1956; Takguchi and Haga, 1969; Edenharter and 
Nowacki, 1970). Their cell geometries are also similar, with [a,b,c] of seligman-
nite and bournonite approximately equal to [-1/2, 0, 1/2 / 1/2, 0,-1/2 / 020] 
[a,b,c] of aikinite. Stibnite-like regions and an interstitial Cu in a position 
analogous to that in aikinite may be defined in projection. The structure differ 
however, in two important respects: (1) The Pb and Group V metal alternate along 
the chain in all four metal positions, rather than being relegated to the exterior 
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Fig. W-19: Idealized representations of chains found in Bi sulfosalts of high Bi 

content. Heavy circles and light circles represent atoms located at 1/4 and 3/4, 

respectively, along a 4A lattice constant. Large shaded circles represent Pb, 

large open circles Bi, small open circles S, and the smallest solid circle Cu. 

(a) Double chain and associated Cu tetrahedra found in emplectite, CuBiS^. The 

double chain also occurs in Cu^Bi^Sg, CuBi 5Sg, and Cu-jBijSg. (b) The quadruple 

stibnite-type chain of bismuthinite, Bi^S^. (c) The Pb-containing chain in gladit 

PbCuBi^Sg. (d) The quadruple chain in aikinite, PbCuBiS^ (e) The 10-membered 

chain in nuffieldite, Pb^CuCPb.BiJBi^S^, which displays a central unit identical 

to the aikinite ribbon. (f) The continuous sheet of Bi octahedra found in CuBi s„ 
5 0 

and Cu Bl tS„. 
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and interior sites, respectively (this is the feature which results in the doubli 
of the periodicity of the ribbon). (2) Metal atoms on opposing surfaces of the 
ribbon occur opposite one another, rather than being staggered by one-half of the 
period of the stibnite ribbon. This similarity between the aikinite and seligman 
nite or bournonite structures thus occurs only in projection. The two structure 
types are quite distinct. 

Welin (1966) has recently described three minerals (gladite, PbCuBi^Sg; 
hammarite, Pb2Cu2Bi^Sg; and Pb^Cu^Bi^S^,.) which are superstructures based upon 
aikinite (or bismuthinite) and which have one lattice constant equal to 3, 3, and 
5 times, respectively, that of the parent structure. These structures are pre-
sumably ordered superstructures in which only a fraction of the 5-coordinated Bi 
sites and tetrahedral interstices in bismuthinite are occupied by Pb and Cu, 
respectively. The crystal structure of gladite has been determined (Kohatsu 
and Wuensch, 1973) and confirms this relationship. In spite of the similarity 
between the structures of aikinite and bismuthinite, however, the structure of 
gladite does not consist of a mixture of bismuthinite (Bi^S^) and aikinite 
(Cu2Pb2Bi2Sg) ribbons. It instead consists of bismuthinite ribbons plus a new 
type of CuPbBi^Sg chain. Moore (1967) has proposed a system for classification 
of these derivatives as well as an extensive series of hypothetical members of 
the family. 

Related Bi Sulfosalts 

The periodicity of the stibnite-like chain of bismuthinite, the edge of a 
CuS, tetrahedron, and the edge of a PbS, octahedron are all close to These 4 o 
units might therefore be joined to form a large variety of complex structures in 
a crystal chemistry which is essentially two-dimensional. With but rare exceptioi 
(e.g., wittichenite, Cu^BiS^), all Bi sulfides indeed display one lattice constant 
equal to this periodicity. Therefore, while the majority of the Bi sulfides are 
not stibnite derivative, the stibnite-like quadruple ribbon and a double chain of 
5-coordinated metals (which forms the kernel of the stibnite ribbon) both figure 
prominently in the crystal chemistry of the Bi sulfides. 

The Cu-Bi sulfides form a family of phases with closely related structures. 
Emplectite, CuBiS2 (Hofmann, 1933; Kupcik, 1965; Jenkins, 1969) contains double 
chains linked by a pair of Cu tetrahedra. Their arrangement is shown schematicall 
in Fig. W-19a. (The structure of cuprobismutite, a polymorph of emplectite, is 
unknown.) The synthetic compound Cu^Bi^S^ (Ozawa and Takeuchi, 1972) also 
contains the double chain but connected by a different Cu-S network. Unlike 
emplectite, the network contains Cu in both tetrahedral and triangular coordina-
tion and a sulfur-sulfur bond; this region bears a similarity to the structure 
of "covellite. Two additional synthetic compounds, CuBi^Sg (Ohmasa and Nowacki, 
1973), and Cu2+xBi6_xSg - C U j B i ^ (Ohmasa, 1973), have virtually identical struc-
tures. Double chains are linked by a single Cu tetrahedron in the former, and by 
a pair of partially occupied tetrahedra in the latter — to form a layer. The 
layer alternates with a second sort of layer built of octahedrally-coordinated Bi, 
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(Fig. W-19f). 
Both a single and a double chain occur in berthierite, FeSb2S2 (Buerger and 

Hahn, 1955), linked by a chain of Fe octahedra sharing edges. Galenobismutite, 
PbBi^S^ (Wickman, 1951; Iitaka and Nowacki, 1962) has a somewhat similar but 
distinct structure. 

Certain trends are becoming clear in the crystal chemistry of the Pb-Cu-Bi 
sulfides. If the Pb content of the mineral is high, the structure assumed is a 
"composite" structure based upon PbS-like domains. Lillianite, Pb Bi_S, 

3 2 6 
(Takagi and Takeuchi, 1972), and cosalite, Pb2Bi2S5 (Weitz and Hellner, 1960), 
provide examples. If a mineral contains no Pb, or if the ratio of Bi and Cu to 
Pb is high, the structure contains chain-like units (i.e., layers limited in thick-
ness to two atomic slabs, and of finite width). When the Cu content is high, a 
network of Cu tetrahedra or triangles link Bi-containing chains together, and form 
an important feature of the structure. This occurs in emplectite (CuBiS2), 
hodrushite (PbCu^Bi^S.^ — Kupcik and Makovicky, 1968), and Cu^Bi5Sg. On the 
other hand, if the Cu content is relatively low, the copper atoms play a passive 
role in the structure and occupy interstices between bismuthinite or emplectite-
like chains. This occurs in CuBi^Sg (Ohmassa and Nowacki, 1973), aikinite, 
(PbCuBiS3), and gladite (PbCuBi5Sg — Kohatsu and Wuensch, 1973). Nuffieldite, 
Pb^CuiPb,Bi)Bi^S^ (Kohatsu and Wuensch, 1973), contains a complex 10-membered 
ribbon (Fig. W-19e). It is of interest to note that the central portion of this 
chain is identical to that found in aikinite. The 4-membered aikinite ribbon is 
flanked by a pair of 3-membered ribbons which contain Pb, Bi, and a site containin; 
Pb and Bi in disorder. Idealized representations of the ribbon-like units 
described above are presented in Fig. W-19f. 

THE LEAD-ANTIMONY SULFOSALTS 

At least 17 intermediate minerals occur in the system PbS-Sb^S. Table W-2 
lists the mineral species which are known in order of decreasing Pb content. 
Many contain As In solid solution, and indication of this is given when an end-
member containing primarily Sb has not yet been reported. Structures are known 
for very few of these minerals. A substructure determination for boulangerite 
(Born and Hellner, 1960) shows the mineral to be a composite structure based upon 
extended slabs of stibnite structure. The substructure of zinkenite (Takeda and 
Horiuchi, 1971) has similar features. The majority of the Pb-Sb sulfosalts have 
acicular habits, and are elongated parallel to a a or, more commonly, an 8A lattic 
constant. On the basis of the substructure determinations available for boulan-
gerite and zinkenite, and the structures known for related antimony sulfosalts 
such as jamesonite, FePb^Sb^S^g (Niizeki and Buerger, 1957b), or meneghinite, 
CuPb13Sb7S2^ (Euler and Hellner, 1960), the majority of these minerals would 
appear to have structures based upon stibnite or PbS-like chains. Members of 
the plagionite group (Table W-2) are exceptions. These minerals have tabular 

W-39 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



c >1 
s 

i 

.-V a tO Ol 01 9 

î f 1 g 

Ol rH o> jH Ol .H •« ON 
rH 

3 
0 

1 i i l 
O 

S 
-1 3 S 

Jh ^ o O f-H a m 

43 O 3 

01 
s 

>1 M 
M Ol m 

M M 

I I 
>-> 

3 01 

4> a n •O 01 0) 4J S 01 o -o 

C u 
5 g 4J 4J 

e O 41 

* 0 

s § — rû CM PL4 

b" O CM 
* 13 U 

a u pu 
l-l PU 

cm H CM 

oo m 
i-i o 

fu - o PI — a 

S 
"S 
IQ « 
m •o 
S 

T3 <+4 
s a 3 O 0 (J »w C c o> 01 01 01 XI 45 

01 « U 01 g 
U cd pH /•—S 
H<X5 

00 00 00 

ON vO ^ M 

N 
CO rH 00 00 NO U 

S + 

M -H 
0) 0) 
•S >> 
§ - 3 ? « 
•o c fi ai <o 

a(
Â

) CM O u-i 
en O vO oí CM -a-•a- m o 

O IO vo 
m oo -a-

a(
Â

) 

OV rH M CO 
CM 

CO rH -a- CM 
co Ol 

rH 
IO CO H CM -a- en r-t 

"3 <5 
o + 
| g 
10 » •U 01 10 -H C Ih O <11 U <0 

oi c p o 3 -h O. « m « « 
c e oi oi m •S « S K 

M O 

3 m rH O 
g S 
CO Ol 

•O Si 

u 3 •-i o •u Öl •u o 

c 
£ 

41 en 45 co 41 rH « rH H en CM en CM « < en en « Jï en -a en co en 4> 4> 41 41 00 41 00 rH 41 -a- QO 41 41 en en en en 41 en 41 41 en 41 rH 41 10 en CO CNJ en r^ *—' rH VO en CM en en en en en 
rH m rH en r-l rH CM rH rH r^ CM u"! r^ Ol vO en 31 41 41 4a 41 41 41 41 41 45 41 41 41 41 41 rH Q< PU PU Pu Pu Pu tu Pu Pu PU P4 Pu P. Pu PU PU h C 3 0 0 « lu 

* c bi 
* 0 01 ••H 01 4-1 * +J •u 01 « •H * * m -H 4J * 01 45 « 01 01 « c 01 •H * 4J Or 01 4J 4-1 * •a o 4J h 01 01 01 •H M 01 4-1 •H •H 01 01 e •H 01 4-1 4-> 01 01 4-1 lu Q 4J •H B •a 01 4J 4J 01 B so •H •H 4J iJ 01 •H •H i •H B O u 4J •H •H m m O B TU •H 4J B CO O >i O n co •H B Or •u •-H h 10 h 01 fs O •H O Mu h Q •H B 4J B 01 Or Q> Q. o rH m CD 41 O C CD >1 01 B 00 •H 4U B :o •o o 3 01 a lu •O 01 •o a 4J 3 <0 41 01 •H C •H CI 01 0 W 01 O 01 CO rH 01 a rH O 3 » •H :3 01 43 00 41 AD ai m a > •O a •C rH a h 00 4J N UU lu •u 3 4J •H 

•a- en O H o o o >a- as rH VO rH O m O Ol en 3 
0 

o VC r^ QO m Ol o pH H CM CM Ol 00 co O rH m lu M co en en en m en -a- -a- -a- -a- -a- ut un m m +J 

u-l -a- -a- Ol m m o en CM eo rH «a- o en o CM o vO ITI -a- CM es H o i— r-- vo VO Ol 00 r^ m CM o « * m -a- -a- -a- -a- -a- >a n en en en CM CM CM CM CM CM 
1 

* * 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



habit and appear to constitute an homologous series, pb3+2n
sb8S15+2n " " t 0 ^ 

In which two lattice constants remain invarient, while the third increases with n. 
Structures have recently been determined for fuloppite, n = 0 (Nuffield, 1974), 
plaglonlte, n - 1 (Cho and Wuensch, 1970; 1974) and semseylte, n - 3 (Kohatsu 
and Wuensch, 1974). The series of structures again consist of slabs of rocksalt 
structure, two atoms in thickness, but oriented parallel to {112}, a cleavage plane 
in the structure. Successive members differ only in the width of the rocksalt unit. 
Structure with n odd may be derived from those with n even through removal of a 
Pb-S pair from the central portion of the slab (where the coordination of all 
atoms is pseudo-octahedral) followed by shear of the structure by 1/4 a, and 
collapse of (001) to fill the void. The unknown structure of heteromorphite has 
been predicted by means of this model (Kohatsu and Wuensch, 1974). 

THE LEAD-ARSENIC SULFOSALTS 

The system PbS-Aa^S^ displays almost as many intermediate minerals (Table 
W-3) as does its antimonian counterpart. Interestingly, with but few exceptions 
(e.g., jordanite-geocronite, dufrenoyslte-veenite, scleroclase-twinnite), there 
is little correspondence of composition or structure between minerals of the two 
systems. Unlike the Sb sulfosalts, however, detailed structures are known for 
the majority of the lead arseno-sulfides, and interesting variations in structure 
are observed as the Pb content of the series decreases. 

Gratonite, PbgA85S15 (Rosch, 1963; Ribar and Nowacki, 1969), the mineral of 
highest Pb content, is a rhombohedral rocksalt superstructure which has c = 
[111] PbS. Jordanite (Wuensch and Nowacki, 1966; Ito and Nowacki, 1974) is mom 
clinic (pseudohexagonal) and has a structure which consists of two rocksalt-like 
slabs, five octahedra in thickness rotated 180° about [111] of PbS relative to 
one another. 

Minerals with higher As content break into regions of distorted rocksalt-like 
structure joined by slabs of 9-coordinated Pb. The rathite group (Table W-3) 
constitutes a subfamily of this series of minerals in which 32 metal atoms and 
40 S atoms are contained in a cell of essentially constant geometry. The crystal 
structure of dufrenoysite, Pb2As2S,_ (Marumo and Nowacki, 1967b; Ribar et al, 1969), 
is a representative of this subgroup (Fig. W-20). One type of Pb atom is 9-
coordinated by S in the form of a trigonal prism, with three additional neighbors 
along normals to the prism faces. The triangular bases of the prisms are indi-
cated in Fig. W-20 by the dotted lines. These groups are linked by sharing of 
prism edges to form a slab. Alternating with these slabs are layers of structure 
which are described in the literature as layers of distorted rocksalt structure. 
As shown in Fig. W-20, however, the structure of the second type of region 
closely resembles a collection of stibnite-like ribbons. The difference between 
members of the rathite group lies in the metal content of these ribbons: Pb^As^ 
in dufrenoysite; (Pb.Tl^AgAs^ in rathite I (Marumo and Nowacki, 1965); Pb2As10 

in rathite III (LeBihan, 1962); Pb3Asg in rathite la (LeBihan, 1962)., 
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Disordered crystals are known in which the layering may be mixed (Marumo and 
Nowacki, 1967b). 

Fig. W-20. Projection along c of the crystal structure of dufrenoysite, Pb2^S2S 
a representative member of the rathite group. Layers of 9-coordinated Pb (light 
shading) alternate with ribbons of stibnite-like structure (dark shading). The 
composition and/or thickness of the latter region differs in related Pb-As sulfo 
salts. (Shaded circles represent Pb, solid circles As, open circles S atoms). 

In minerals of yet higher As content, the thickness as well as the compo-
sition of the stibnite-like layer varies. Minerals of this sort include rathite 
II and baumhauerite (LeBihan, 1962; Engel and Nowacki, 1969), and scleroclase 
(Iitaka and Nowacki, 1961). Hutchinsonite, (Pb.Tl^As^Sg, the mineral with 
highest As content, also contains PbS-like slabs (Takeuchi et al, 1965). The 
layer of 9-coordinated Pb, however, is replaced by a slab which contains 
laterally-joined spiral chains of AsS^ pyramids. Similar chains have been 
found in lorandite, TIAsS,, (Zemann and Zemann, 1959; Knowles, 1965; Fleet, 1973) 

ADDITIONAL SULFOSALT STRUCTURES 

Crystal structures are known for several additional sulfosalt minerals which 
have not been mentioned in preceding sections because of their uniqueness. 
Sulvanite, Cu^VS^ (Pauling and Hultgren, 1933; Trojer, 1966), for example, is 
isometri-c. Both the Cu and V atoms are tetrahedrally coordinated by S, yet the 
structure Is not related to other tetrahedral structures. The sulfur atom is 
coordinated by three Cu atoms in locations close to those for tetrahedral con-
figuration. The fourth S neighbor, V, is found to be located in the inverse of 
the direction corresponding to tetrahedral coordination. Pauling (1965) has 
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offered an explanation for this curious configuration. 
Pyrargyrite, Ag^SbS^, and proustite, Ag^AsS^, are isomorphic structures 

taining Group V metal pyramids stacked along their axes of symmetry and linki 
by a trigonal spiral formed of Ag atoms having a 2-fold coordination by S 
(Harker, 1936; Engel and Nowacki, 1966). Both minerals have polymorphs — 
pyrostilpnite, Ag^SbS^ (Kutoglu, 1968), and xanthoconite (Engel and Nowacki, 
whose crystal structures are known. Stephanite, Ag^SbS^ (Ribar and Nowacki, 
another sulfosalt with a large fraction of Ag, contains isolated SbS^ pyramic 
Samsonite, MnAg^Sb^S^ (Hruskova and Synecek, 1969) is the only sulfosalt whic 
contains Mn. Its structure contains isolated SbS^ pyramids; the Mn atom is c 
hedrally coordinated by S and each sulfur atom has a distorted tetrahedral cc 
dination of Mn, Sb, and two Ag atoms. 

Vrbaite, Hg3Tl^AsgSb2
S2o (Ohmasa and Nowacki, 1971) provides an interest! 

example of As-Sb ordering in a sulfosalt. Additional T1 sulfosalt structures 
are provided by the rare minerals hatchite, PbTlAgAs^Sj (Marumo and Nowacki, 
and its Cu-analogue, wallisite (TakSuchi et al, 1968). 
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ELECTRON INTERACTIONS AND CHEMICAL BONDING IN SULFIDES 

C. T. Prewitt and v. Rajamani 

INTRODUCTION 

The understanding of electronic processes and chemical bonding in sulfides 
has increased considerably in recent years. Much of the work that has been done is 
theoretical in nature and has been presented in a form which is generally unpalat— 
able to geologists or mineralogists who want to understand something about current 
sulfide research, but who have neither the time nor the inclination to become spec-
ialists in theoretical chemistry. The problem is, however, that sulfide chemistry 
is complicated, and one must know much more than Is given in most mineralogical 
textbooks in order to understand sulfides and to read and understand current litera-
ture in such journals as The American Mineralogist. A substantial boost was given 
to theoretical mineralogy by Burns' (1970) book, Mineralogical Applications of Crys-
tal Field Theory, but only a small portion of this book is devoted to the molecular 
orbital theory necessary for sulfides. A number of good inorganic chemistry texts 
are available, but most chemists are neither interested in nor aware of the exten-
sive worldof mineral chemistry, and, consequently, mineralogists must sift through 
a lot of material to find what they want. In this Short Course we face difficul-
ties which arise from the fact that we have selected a topic which could be the 
subject of several undergraduate and graduate college courses but which must be 
presented and digested in one afternoon. This is an extremely difficult task and, 
inevitably, important aspects of the subject must be omitted or glossed over. 
The notes have been prepared to give a quick review of the electronic structures 
of atoms important in sulfide chemistry. Also, Included is an abbreviated review 
of group theory because group theory is essential for the understanding of bonding 
theories, and many mineralogists and geologists have never been exposed to group 
theory concepts. The treatments will be too elementary for some and too brief 
for others. Hopefully, these notes and the Short Course will inspire many to dig 
deeper into the subject. 

The coverage of bonding in sulfides begins with an introduction to crystal 
field theory which is actually more useful for oxides than for sulfides. The more 
applicable molecular orbital and band theories are developed more fully and are 
illustrated with examples from current sulfide research. Alternative ways of 
looking at sulfide structures are considered through a somewhat more empirical 
covalence/interatomic distance approach and, finally, different types of bonding 
are contrasted by describing electronic structures in the pyrite, thiospinel, and 
pentlandite types of structures. 
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ELECTRONIC STRUCTURES OF THE ELEMENTS 

Over the years mineralogists have been able to rationalize many features 
silicate crystal structures and chemical phenomena such as solid solutions wi 
tively simple conceptual ideas of how atoms interact. Because silicate struc 
are at least partly ionic in character, the electrostatic interactions are im] 
and much use has been made of Pauling's Rules, ionic radii, radius ratios, ioi 
charge, and even electronegativity. However, the situation is different with 
fides and useful theory is more complicated. For an intelligent approach to i 
understanding of sulfide chemistry, it is necessary to know about the electroi 
structures of the atoms and how these structures interact in the real sulfide 
tures. Most readers will have been exposed to quantum chemistry to at least i 
degree, but it is felt that a short review will be helpful for those who do n< 
quantum chemistry concepts in their everyday work. Therefore, this section is 
voted to a discussion of the basic ideas of atomic structure. There are many 
which may be consulted for more detailed information about atomic structure tl 
given here. Some of those used in the preparation »f these notes are Gray (li 
Orgel (1966), Cotton and Wilkinson (1966), Krebs (1,068), and Dickerson, Gray, 
Haight (1974). 

Wave Equations 
• The structure of an atom consists of a nucleus surrounded by one or more 

electrons which behave in certain ways, depending on the nature of the nucleus 
number of electrons in the atom, and the environment of the atom itself. This 
behavior of the electrons affect's many of the chemical and physical properties 
which we are interested and results from the wave properties of the electron. 
Information about the nature of the electron can be obtained by solving a wave 
equation, i.e., the SchrSdinger equation. 

-u -o 
9x 3y 3z h L (x'y,Z^ (x'y'z) 

The square of the amplitude |i|i. . is the probability density of an elect vx,yyz) 
at (x,y,z). E and V are kinetic and potential energy functions, m is the mass 
the electron, and h is Planck's constant. Solutions of this equation are rest 
by boundary conditions which state that must be continuous, single-valued, 
finite everywhere. Furthermore, the Pauli exclusion principle states that no 
electrons in a system can give identical solutions to the Schrodinger equation 
The mathematics of the solution of the wave equation for the hydrogen atom are 
plex, but straightforward, and, as a result, we can get a good idea of how an 
is constructed. However, this picture for the hydrogen atom is only an appro» 
tion of the situation in many-electron atoms because additional electrons inte 
with one another as well as with the nucleus. The calculations of wave functi 
for many-electron atoms are dependent on various approximations and assumption 
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the behavior of electrons and are beyond the scope of these notes. 

Quantum Numbers and the Hydrogen Atom 

For a complete description of the state of an electron in an atom, four 
quantum numbers, and s are required. These result from the solution of the 
Schrijdinger equation for the hydrogen atom and are necessary for describing the 
electronic structures of atoms. Application of the Pauli exclusion principle means 
that no two electrons' in an atom have four identical quantum numbers. The quantum 
numbers are: 

n = principal quantum number, 
£ = azimuthal or orbital angular momentum quantum number, 
m^ = orbital orientation (magnetic) quantum number, 
8 = spin moment quantum number. 

Table PR-1 gives the possible combinations for the quantum numbers through n = 4. 
In the hydrogen atom each electron occupies an orbital which is described by a set 
of unique quantum numbers. The principal quantum number, n, designates the shell 
K, L, M,..., etc., in which the electron is found; the smaller the number, the lower 

TABLE PR-1. Possible Quantum Numbers for the Hydro-
gen Atom through n = 4. 

Shell n I s Designation 
Sum of pos-
sible states 

K 1 0 ±1/2 Is 2 

L 2 0 0 ±1/2 2s 2 
1 -1,0,1 ±1/2 2p 6 

M 3 0 0 ±1/2 3s 2 
1 -1,0,1 ±1/2 3p 6 
2 -2....,2 ±1/2 3d 10 

N 4 0 0 ±1/2 4s 2 
1 "1,0,1 ±1/2 4p 6 
2 -2,....2 ±1/2 4d 10 
3 "3 3 ±1/2 4f 14 

(or more negative) the energy of the electron. The quantum number £ represents the 
classical angular momentum of the electron, although this is not physically defined 
in wave mechanics because the electron is not considered as a particle with definite 
position and velocity. The magnitude of the orbital angular momentum is £(£+1)^/2TT 
where h is Planck's constant. Azimuthal quantum numbers are generally designated 
by 8, p, d, /,..., instead of 1, 2, 3, 4 Thus, when we speak of s electrons 
or d orbitals, the azimuthal quantum number is specified. 

The third quantum number, m^, is called the orbital orientation quantum number 
because it tells something about the orientation of the orbital in space. It is 
also called the magnetic or axial quantum number. 
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Electrons act as though they have a magnetic moment which results from thi 
electron spinning around its axis. The spin moment quantum number (a • +1/2, < 
-1/2) is assigned to indicate the direction or orientation of this spin. Each 
tal can have no more than two electrons. When an orbital contains two electroi 
they must be of opposite spin. 

The orbitals for the hydrogen atom, illustrated in Fig. PR-1, are differei 
tiated by unique combinations of n, 1, m^ and the square of the function 
the probability function of finding the electron somewhere in space. The orbll 
for s electrons are spherical in shape and the electron density decreases with 
tance from the nucleus. The electron distributions are sperical in all 8 orbit 
although nodes exist in the s orbitals with n > 1. These nodes are points whei 
wave functions change sign and where the radial distribution function goes to i 

d ORBITAL 
n» ORBITALS 

Fig. PR-1. Hydrogen orbitals for different combinations of n and I. 

The next orbitals to appear are the three 3p orbitals, corresponding to 
-1, 0, 1. Each orbital is cylindrically symmetrical around one cartesian axis, 
y, or z, and consists of two lobes of high electron density separated by a noda 
plane of zero density. The sign of the wave function (although not of the elec 
density) is positive in one lobe and negative in the other. 

It should be noted that orbital diagrams such as those shown in Fig. PR-1 
contain most, but not all, of the electron density. Exactly what percentage of 
the electron density they contain is unimportant (perhaps 90%), but what is imp 
tant is that they represent concentrations of electron density and that as n 
increases the electron clouds become more diffuse and the highest density regio 
are further from the nucleus. 
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The Periodic System 

As was stated earlier, exact solution of the Schrodinger equations Is not 
possible for many-electron atoms and the hydrogen orbltals are only approximations 
of the orbitals in the heavier atoms. Nevertheless, the quantum numbers are the 
same and a reasonably good picture of the periodic table can be obtained by seeing 
how the hydrogen orbitals would be filled with electrons, starting with those of 
lowest energy. Table PR-2 can be used as a guide to this progression. In general, 
energy increases down the table. The 3s, 3p, and 3d orbitals in the hydrogen atom 
have the same energy but differ in their radial extent from the nucleus. There 
are, for example, two Is electrons in the K shell, two 2s and six 2p electrons in 
the L shell, and so on. When p, d, and f orbitals of equal energy are being filled 
electron spins remain unpaired, if possible. This is known as Hicnd'8 Rule and 
will be especially important when d orbitals are discussed in a later section. 

Filling of the d Orbitals of the Transition Metals 

The transition metals, characterized by the presence of unpaired d electrons, 
are very important in sulfide chemistry. In these notes, we will consider only 
the first-row transition elements and ions, i.e. Sc ->• Cu, in detail. 

Table PR-3 shows the common valence states of the atoms in the first transltioi 
TABLE PR-2. Alternative Arrangement of Quantum States 

Is 
2s 2p 

q 2 3s 3p 
As2 

3d 
4P6 
5s2 

10 

4d 
5P6 
6s2 

10 4f 
5d 
6P6 

7s2 

14 
10 5f 

6d 
7P6 

8s2 

14 
10 6f 

7d 
8P6 

14 
10 

TABLE PR-3. The First-Row Transition Elements and Ions* 

d° d 1 d 2 d 3 d* d5 d6 d 7 d8 d9 d 1 0 

1+ 
2+ 
3+ 
4+ 
5+ 
6+ 
7+ 

Sc Ti V Cr/Mn Fe Co Ni Cu/Zn 
Ni Cu 

Co Ni Cu Zn 
Ni Cu Ga 

Ge 
As 
Se 
Br 

TI 
Sc Ti V 
Ti V Cr 
V Cr Mn 
Cr Mn Fe 
Mn 

V Cr/Mn Fe 
Mn 

V Cr Mn Fe 
Cr Mn Fe Co 
Mn Fe Co Ni 

* 

Oxidation states corresponding to the underlined 
entries in this table have been reported for 
minerals. 
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series and of the atoms at either end of the series. Except for Cu+, the lowest 
oxidation states for the transition-metal ions in minerals is 2+, with both s elec 
trons lost. The highest oxidation states attainable are equal to the number of 
unpaired electrons in the 3d and 4s orbitals. This is why the maximum oxidation 
number increases from 3+ in Sc (one d and two s electrons) to 7+ in Mn (five d and 
two s electrons). There are several irregularities in the filling of the five d 
orbitals which are a result of small decreases in energy when the orbitals are 
exactly half-filled or completely occupied. For example, Cu has a d^s^ configura 
tion, and it is relatively easy to remove the s electron, and thus the Cu+ ion is 
observed rather frequently. However, Zri has two easily removed s electrons and th 
2+ state is the common one. For the intermediate ions, the configuration is 

0 4 favored and this explains why Cr does not exist in the d configuration. 

GROUP THEORY 

Basic Principles 

Most people with a geological background have taken mineralogy courses which 
provided some information about the principles of symmetry and their application t 
problems in mineralogy and crystallography. However, relatively few have had much 
exposure to group theory and its use in the study of the structural chemistry of 
mineral systems. Therefore, this section attempts to provide some of the backgrou 
in group theory necessary to understand current research papers on sulfide chemist 

For those familiar with the crystallographic point groups and space groups, 
group theory is a systematic approach to the ways in which symmetry elements can b 
combined to generate the point and space groups and it also provides a mechanism 
for working with chemical phenomena affected by crystal symmetry. Elementary grou 
theory is not difficult to understand and use. However, it can be very complicate 
and advanced treatment is beyond the scope of these notes. There are many books 
available on group theory which are of interest to the mineralogist, particularly 
Cotton (1971), Hall (1969), McWeeny (1963), Cracknell (1968), and Hollingsworth 
(1967). 

Although group theory can be applied to all sorts of groups, mathematical and 
otherwise, the treatment here will be confined to crystallographia groups, i.e., 
combinations of the familiar symmetry elements (mirror planes, rotation axes, in-
version centers, translations) which make up the crystallographic point and space 
groups. Consider first the 32 point groups. Each point group is a unique combina 
tion of symmetry elements which result when a motif or pattern is symmetrically 
arranged about a central point. The pattern can have two or three dimensions. As 
ciated with each symmetry element is a symmetry operation which transforms one uni 
of the pattern into its symmetrical equivalent. A basic principle of group theory 
is that the combination of two symmetry operations results in a third operation wh 
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is also a member of the group. We say that the set of symmetry operations is close 

with respect to a law of combination, called multiplication. 

In order to provide examples of the application of group theory, it is necessa 
to use symbols to represent symmetry elements and symmetry operations. The 
International symbols used by crystallographers to designate point groups are 
generally not used in group theory and spectroscopy. Instead, symbols based on the 
Schoenflies notation are used with some additions. 

Basically, the following definitions apply: 

C n-fold rotation axis, n = 2, 3, 4, 6 n 
C . as above with a horizontal mirror plane perpendicular to C nn n 
C n-fold rotation axis with vertical mirror planes parallel to C nv n 
D n-fold rotation axis with n 2-fold axes normal to D n n 
D ^ as above with a perpendicular mirror plane 
Dn(j n-fold rotation axis with diagonal mirror planes parallel to and 

half-way between twofold axes 
S n-fold rotoreflection axes n 
T,0 special symbols for tetrahedral and octahedral point groups, 

respectively 
o^ plane of symmetry perpendicular to the principal rotation axis 
a plane of symmetry containing the principal rotation axis 
a^ plane of symmetry containing the principal rotation axis and bisecting 

the angle between two twofold axes perpendicular to the principal 
rotation axis. 

The best way to illustrate group properties is with an example. Point group 
4mm in the International notation or C. in the Schoenflies notation is shown in 4v 
Fig. PR-2. A motif (represented by a comma) in the general position (a position 
not on a symmetry element of the point group) has coordinates x,y,z and is related 
to the other seven commas by the symmetry operations of the point group. There are 
eight symmetry operations represented by 

E the identity operation (xyz ->• xyz) 
C4 C. 90° rotation around z (xyz -»• yxz) 
C, or C.3 -90° or 270° rotation around z (xyz •+• yxz) 4 4 

180 rotation around z (xyz xyz) 
a x 
a 
y 

reflection across mirror plane _L to x (xyz •+ xyz) 
reflection across mirror plane 1 to y (xyz •* xyz) 
reflection across diagonal mirror plane (xyz ->• yxz) 
reflection across diagonal mirror plane (xyz yxz) 

Using the.law of combination mentioned earlier, we can construct a group multiplica 

table which shows that if two symmetry operations in turn operate on a motif, the 
result is equivalent to the effect of a third symmetry operation. 
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\> 
0"x 

Fig. PR-2. Point group = 4iran. The commas represent the motif which 

is repeated by the operations of the point group. 

For example, the relation • C^ = q^ transforms xyz to yxz. The convention 

adopted here is the usual one; that is, the operation designated by a column headin 

is left-multipled by the row heading. In the example this means that if a poin 

at xyz is transformed by C^ and then o^, this is equivalent to a reflection across 

on. Note that this combination is not the same as C. ' a = a. . 
2 4 x 1 
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This leads us to the four postulates of group theory: 

1. A set of symmetry operations is closed with respect to a law of 

combination called multiplication; i.e., the result of each 

combination is also a member of the group. 

2. Group multiplication is associative, i.e., (C^ • C^) • a^ = 

C2 • (C4 • ax). 

3. There exists an identity operation E such that E • C^ = C^ • E = 

4. To each operation there corresponds a unique reciprocal or invers 
-1 -1 -1 -4 operator such that C, • C, = C. • C, = E, where C, E C = a 4 4 4 4 4 

90 rotation in the negative direction. 

If a set of symmetry operations conforms to these postulates, then they constit 

a group. A group multiplication table can be generated for each point group an 

each table contains all the information necessary for the study of the associat 

group. The advantage of applying group theory to physical problems is that all 

properties based on the same group multiplication table can be treated by the s, 

mathematical formalism. 

Several properties of the group should be apparent to anyone familiar with 

elementary crystallography. It was noted earlier that in there are eight pi 

in the general position and eight symmetry elements. This equivalence is alwayi 

present, and the number of symmetry elements is called the order of the group. 

subgroup contains a subset of the elements of the group which themselves also f( 

a group. For example, point group C^ is a subgroup of and is of order 4. 

Another property is that the symmetry operations can be represented by matrices. 

The C^ operation is given by 

l l O " 

1 0 0 

0 0 1 

where the 3 x 3 matrix is the symmetry operation applied to the point x^, y^, z^ 

A different matrix is associated with each symmetry operation, and for C ^ the 

matrices are simple. However, for point groups containing three- and six-fold 

axes, the operations are more complicated because of the non-orthogonal axial 

systems. The combinations of symmetry matrices through matrix multiplication fo 

exactly the same rules as the combination for C, given above. 
4v 

Classes of Symmetry Operations 

In general, whenever sets of symmetry elements are related by a symmetry 

operation of another element of the group, they are said to form a class. In C^ 

<Jx and are related by C^ and, therefore, are in the same class. Similarly, 

C^ and C^ are related by a^. E by itself forms a class and the complete list of 

classes in C ^ is E, 20^, C2> 20^, Mathematically, the elements belonging 

to a class may be found by performing similarity transformations> but it is not 

necessary to go into these here. 
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Representations of Groups 

The representation of a symmetry group is characterized by the way in which s 
set of basis vectors are transformed by the symmetry operations of the group. 
Referring again to the matrices for the symmetry operations transform the bas 
vectors as follows: 

X 1 0 0 X X 1 0 0 X 

E: y = 0 1 0 y a : 
X 

y = 0 1 0 y 
z 0 0 1 z z 0 0 1 z 

r 
X 0 1 0 X X 1 0 0 X 

V y = 1 0 0 y a : y y = 0 1 0 y 
z 0 0 1 z z 0 0 1 z L - _ J L - L -1 
y 0 1 0 X y 0 1 0~ X 

01
 

X = l o o y V X = 1 0 0 y 
z 0 0 1 z z 0 0 1 z 

X 1 0 0 X y 0 1 0 X 

V y = 0 I 0 y V X = 1 0 0 y 
z 0 0 1 z z 0 0 1 z 

The basis vectors, xyz, are oriented as in Fig. PR-2. The matrices multiply 
according to the group multiplication table and are the representation of the grou 
using these basis vectors. In group theory, the sum of the diagonal terms of a 
matrix is called the trace or character of the matrix. The character is 

It can be shown that if the characters are taken for the representation, they are 
independent of the basis vectors selected for the reference frame. 

We can now begin to construct a character table using first the basis vectors 
xyz. Note that the z vector is not affected by any of the transformations; hence, 
it can be treated separately from the x and y vectors. 

E 2C4 C2 2a 
V 

20d 

1 1 1 1 1 z 

2 0 -2 0 0 x,y 

Note that in this table, the symmetry operations have been grouped in classes and 
that a represents a and a tand a. represents a. and a„. When the rows and colum 
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containing z are blocked out, there remain eight 2 x 2 matrices operating only on 
x and y. It is important to note that the p orbitals of Fig. PR-3 transform just 
as do the xyz basis vectors. 

Rotations, R , R , and R , around x, y, and z can also be used as bases for x y z 
the representation. Using the same kind of development as for the vectors, trans-
formation matrices for the rotations are 

R "r " X ~1 0 0 

E: R y = 0 1 0 

R X 0 0 1 

"r ~ y "o 1 0~ 
R X = 1 0 0 
R 0 0 1 _ z__ 

—' 

-R ~ y "o 1 0 
R X = 1 0 0 
R 0 0 1 

R X 1 0 o" 
R y 

= 0 1 0 
R zJ 0 0 1 

R x 
R y 
R I- zJ 

R : 0 0" "R" X X 
a : -R = 0 1 0 R X y y 

-R 0 0 1 R z_ L J z_ 

-R l 0 0 R X X 
a : R = 0 1 0 R y y y 

-R 0 0 1 R _ z_ - z. 

~R " ~o 1 0~ X X 
R l 0 0 R 1 y y 
-R 0 0 Ï R _ z. 0 _ z_ 

-R" 0 I 0 rR y X 

V -R X ï 0 0 R 
y 

-R j) 0 1 R _ z. 0 _ z. 

because operations mix R ar X 
operations involving R are independent. The character table can be expanded as 

E 2C. C„ 2a 2n 4 2 v d 

1 1 1 1 1 z 

1 1 1 -1 -1 R z 
2 0 -2 0 0 (x 

The (x,y) and (R ,R ) labels are listed in parentheses to indicate that they are x y 
mixed in this representation. There are other bases which must be considered be-
cause the d orbitals which we want to study later cannot be characterized by vectoi 
and rotations alone. These additional bases are the squares and binary products of 

2 2 2 2 2 2 coordinates, i.e., x , y , xy, yz, xz, x + y , and x - y . The analogy to the 
labeling of the d orbitals is obvious and we will see that the d orbitals of 
Fig. PR-3 can be used as bases for additional representations. For example, the 
d^2_y2 orbital is compatible with the representation-. 

2C, 2 a 2a 3 

1 -1 -1 
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Fig. PR-3. The s , p , and d o rb i ta ls . 

The reader should v e r i f y this and how the other d orb i ta ls transform. The com, 

character table is : 

C4v 
E 

2C4 C2 2a 
V 2tJd 

A1 1 1 1 1 1 z 2 2 x + y , 

A2 1 1 1 -1 -1 R z 

B1 1 -1 1 1 -1 
2 2 x - y 

B2 1 -1 1 -1 1 xy 

E 2 0 -2 0 0 ( x , y ) (R x ,R y ) ( xz .yz ) 
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2 o 
The only additional base not Included in the d orbitals is x + y which could 
represent an s orbital or ellipsoid cylindrically symmetric around the z axis. 
The symbols to the left of the character table are Mulliken symbols used to laibel 
each irreducible representation. This system is based on the characters for each 
symmetry operation. A and B are used for x® " 1» E for x„ " 2, and 1 for Y„ " 3. 
A and B are differentiated as to whether the representation is symnetric or anti-
symmetric to the principal symmetry axis (xr ~ +1 or -1). The subscripts for L4 
A and B are 1 for x0 " +1 and 2 for Xax" "1- Modifiers used for other point groups 
are single (') and double ('') primes for planes perpendicular to the principal 
rotation axis and subscripts g (gevade = even) and u (imgerade • odd) for symmetry 
and antisymmetry with respect to an inversion center. 

Thus far we have spoken only of irreducible representations. It is possible 
to select other bases which lead to reducible representations. One aspect of the 
character table is that the character is related to the number of basis vectors, 
rotations, or binary products left unchanged by the symmetry operations. 
Orbitals and Energy Levels 

Now that some of the basic ideas of group theory have been presented, it is 
possible to show how group theory can be applied to chemical problems. The two 
most important point groups for sulfides are the tetrahedral T, and the octahedral a 
0^ groups. Character tables for these groups are given below: 

Td E 8C3 3C2 6S. 4 6°d 

A1 1 1 1 1 1 2 2 2 x + y + z 
1 1 1 -1 -1 L 

E 2 -1 2 0 0 ,, 2 2 2 2 2 (2z - x - y , x - y 
Ti 3 0 -1 1 -1 (R ,R ,R ) x' y' z 
T2 3 0 -1 -1 1 (x.y.z) (xy,xz,yz) 

E 8C 6C, 6C. 3 2 4 3C. i 6S. 8S, 3o 6a. 2 4 6 h d 

lg 
*2g 

lg 
T2g 

*2u 

lu 
2u 

1 
1 
2 
3 
3 

-1 
-1 
- 2 

-3 
-3 

1 
1 

-1 
0 
0 

-1 
-1 
1 
0 
0 

(R ,R ,R ) x' y' z 

(x.y.z) 

2 2 2 x +y +z 

, , 2 2 2 2 2 . (2x -x -y ,x -y ) 

(xz,yz,xy) 
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CHEMICAL BONDING IN SULFIDES 

We have previously discussed how orbitals on a free atom are filled with 
trons, and we have also given some of the background in group theory necessar 
discuss how electrons behave when atoms are combined into molecules or chemic 
compounds. This subject is an enormously complicated one when all types of c' 
combinations are considered. In this treatment, we will concentrate on provi 
information which will be most easily assimilated and applied by the reader t 
bonding in sulfides. As the general mineralogical community becomes more kno' 
edgable and sophisticated about the theoretical aspects of sulfide crystal ch 
items discussed here will be taken for granted and more rigorous explanations 
bonding will be required. 

Crystal^Field Theory 

The chemistry of transition metals which is largely characterized by the 
incompletely filled d or / shells of the metal atoms has become an extremely : 
tant and useful subject in the earth sciences for two reasons: (1) These elei 
together constitute AO weight percent of the Earth, and (2) they exhibit varii 
physical and chemical properties which are markedly different from those of ni 
transition elements and, therefore, enable us to understand the various physii 
chemical processes taking place in the Earth. One of the several theoretical 
models proposed to explain the properties of transition metal compounds is bai 
on Crystal Field Theory (CFT) which deals with interactions between transitioi 
ions and surrounding anions (ligands) in these compounds. Bethe in 1929 deve 
CFT by considering anions (ligands) as negative point charges (i.e., he assumi 
bonding is purely ionic). Although this assumption is not entirely realistic 
(because an anion has definite structure and finite size), this theory genera: 
does give results which are qualitatively correct. Because of its conceptual 
plicity, this theory has been extensively applied to understand and solve sev( 
mineralogical and geochemical problems involving silicate minerals (Burns, 19 
The basic tenets of the CFT and its modifications (as applied to sulfides) arc 
summarized in the following pages. Because the first row transition elements 
3d^ to 3d', i.e., Ti^+ - Cu^+) are by far the most important elements in many 
geochemical processes, the discussion is restricted to these elements. 

The five 3d orbitals are designated as d , d , d , d 2 2> and ¿„2- • xy yz xz x -y z 
of the orbitals do ? and d ? have lobes directed along cartesian axes, as si 
in Fig. PR-3 and are designated as the e^ group. The other three orbitals, d_ 
^yz' ^xz' c aH e c' > have lobes projecting between these axes. All five 3d 
orbitals are "degenerate" (have the same energy) when a transition metal ion : 
isolated and free from surrounding ligands and, therefore, an electron has eqi 
probability of occupying any of the d orbitals. Let us consider a transition 
ion in a regular octahedral site of a mineral structure. The presence of six 
ligands (usually identical) located on the cartesian axes results in a nonsphf 
electrostatic field on the ion which results in the removal of the degeneracy 
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the five (originally) degerate d orbitals. 
It should be noted that the e group orbitals 
((¿x2 y2 an<^ a r e oriented in one way 
pointing towards ligands and the ig group 

9 
orbitals (d , d and d ) are all oriented xy yz xz 
in another way between ligands. It is easy 
to see that the e group orbitals would 

3 

undergo greater electrostatic repulsion due 
to the negatively charged ligands (and, 
therefore, orbitals will have higher poten-
tial energy) than the tg group orbitals. 9 In other words, the former group of orbitals 

Fig. PR-A. Crystal field-splitting 
of d orbitals in tetrahedral and 
octahedral environments. 

are less stable (lie higher on an energy 
level diagram) than the latter group. This 
is illustrated in the right-hand side of 
Fig. PR-4. This induced energy separation 
between the two groups of orbitals is 
called crystal f i e l d splitting (designated 
as Aq for an octahedral site). For a given 
row of transition elements, this quantity Aq 

is a function of (a) valencies of the cations—the higher the valency, the greater 
the splitting, (b) nature of the coordinated ligands, for example, increasing Aq 

is observed in the sequence I > B r > C 1 > F > O H > S > 0 , and (c) metal-ligand 

interatomic distances—the smaller the distance the greater the magnitude of A , 
5 ° 

because A ^ K/fl , where K is a constant and R is the metal-ligand interatomic dis-
tance. Note: a small change in the interatomic distance will cause a significant 
change in AQ . 

The splitting of the energy of d orbitals obeys a "center of gravity" rule 
and, therefore, to orbitals are lowered by 2/5A below and e orbitals are raised 

° 9 
by 3/5Aq above the center (referred to as the baricenter). Thus, each electron in 
a tp orbital stabilizes the ion by 2/5A whereas each electron in an e orbital 

"g 0 9 
destabilizes the ion by 3/5Aq. The resultant stabilization energy is called the 
crystal f i e l d stabilization energy (designated as CFSE). The distribution of d 

electrons in the two groups of orbitals is controlled by two opposing forces—the 
intra-atomic exchange stabilization (Hund's rule) and the magnitude of crystal field 
splitting, A^(crystal field). These two factors lead to high-spin and low-spin 
electronic configurations, respectively, in certain cations having 4, 5, 6, and 7 d 

2+ „ 3 + „ 2 + 3 + „ 2 + „ 3 + - Mn , Fe : Fe , 
j, ^, , , 2+ 3+ 

electrons (Cr , Mn ; Mn , Fe ; Fe , Co ; Co and Ni ). If the amount of 
energy gained by the crystal field (i.e., by adding extra electrons in the tg 
orbitals, which would otherwise occupy e^ orbitals) outweighs the energy required 
to pair these electrons in the tg^ orbitals, then electrons will pair in these 
orbitals rather than be distributed over all the orbitals. To illustrate this by 

2+ way of an example, consider Co which has seven d electrons. When the magnitude of 
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Aq is small, as in many silicates, five electrons would be distributed in the 
orbitals and the other two electrons would go into the low-lying ig orbitals 

5 2 9 maximum stabilization. This electronic configuration, tg e , is known as hi 
VI 2+ 9 9 spin cobalt or Co H.S. However, if a ligand can cause a high A^ so that tt 

energy gained by pairing one more electron in the ¿2 orbitals outweighs the e 
2+ ^ 

required to pair that electron, then Co assumes a different electronic confi 
tion, \ and this is known as low-spin cobalt or ^*Co2+L.S. It should b 
noted here that for cations having less than four or greater than seven d elec 
(i.e., d1, d2, d3, d8 and d9; e.g., Ti3+, V 3 +, Cr34", Ni2+ and Cu2+) there exis 
one electronic configuration (i.e., only one spin-state) regardless of the mag 
of crystal field splitting. Electronic configurations and LFSE for the first 
transition metal cations in octahedral coordination with ligands are listed in 
Table PR-A. 

Table PR-4. Electronic Configurations and CFSE of Transition Metal Ions. 

Octahedral Tetrahedr 

Number of High-spin Low-spin 
"id electrons Ions e 

1 9 
CFSE tP e 

9 
CFSE e 

*2 
CF 

1 Ti3+ 1 0 2/5A _ _ 1 0 3/ 
2 Ti2+ V3+ 2 0 4/5 _ _ 2 0 6/ 
3 v2+ Cr3+ 3 0 6/5 - - - 2 1 4/ 
4 Cr2+ Mn3+ 3 1 3/5 4 0 8/5 2 2 2/ 
5 Mn2+ Fe3+ 3 2 0 5 0 10/5 2 3 0 
6 Fe2+ Co3+ 4 2 2/5 6 0 12/5 3 3 3/ 
7 Co2+ Ni3"*" 5 2 4/5 6 1 9/5 4 3 6/ 
8 Ni2+ — 6 2 6/5 6 2 6/5 4 4 4/ 
9 Cu2+ 

— 6 3 3/5 6 3 3/5 4 5 2/ 

In the splitting of d orbitals due to the presence of ligands, we assumed 
earlier that the octahedral site in which a cation is located is regular. How 
such "regular" octahedral sites are rare in many ferromagnesian silicates and 
usually the sites are distorted (i.e., symmetry is lower than 0^). This disto 
causes a further resolution of d orbitals whereby certain cations gain additio 
stabilization in distorted octahedral sites. For example, the M(l) octahedral 
in the olivine structure is tetragonally distorted, i.e., one axis is elongate 
relative to the other two. If the elongated direction is taken as the z axis, 
d 2 2 (with respect to d o) and d (with respect to d and d ) orbitals ar x -y r z' xy xz yz 
stabilized as shown in Fig. PR-5. If we consider divalent high-spin cobalt (d 
in that site, it will gain additional stabilization by 2/3a (total stabilizati 
energy = 4/5A + 2/3a) because the sixth and seventh electrons will go into th 
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Fig. PR-5. Crystal field splitting of the M(l) and M(2) sites in olivine. 

two of the resolved i„ orbitals. Although it is claimed that such distortions ¿y 
increase the stabilization energy (Burns, 1970), it should be noted that distortion! 

night increase the mean cation-ligand distance R which will decrease the magnitude 

of A which, in turn, will decrease the CFSE. Sometimes distortions are caused by 
° 3+ 2+ certain cations with four and seven d electrons (e.g., Mn , low-spin Co , and 

3+ 
Ni ). Such spontaneous distortions are due to what is known as the John-Teller 

e f f e c t . Jahn Teller distortion arises "if one of the d orbitals is completely empt; 

or completely filled while another of equal energy is half filled, the environment 

about the transition metal ion is predicted to distort spontaneously to a different 

geometry in which a more stable electronic configuration is attained by making the 

occupied orbital lower in energy" (Burns, 1970, p. 20). 

So far we have seen the effects of an octahedral crystal field on transition 

metal cations. Although tetrahedral sites are relatively less abundant in mineral 

structures, it is interesting to consider the effect of a tetrahedral crystal field 

on cations (Note: tetrahedral sites are important in sulfide and oxide structures 

and also in silicate magmas). For a regular tetrahedral site, ligands are consider« 

as occupying the alternate vertices of a cube and, therefore, t orbitals (those 

projecting between Cartesian axes) would undergo greater electrostatic repulsion th< 

the eorbitals. Because a tetrahedron lacks a center of symmetry, these two groups 

are designated as tg and e. The relative energies of the two groups of orbitals are 

shown in Fig. PR-4. The magnitude of the tetrahedral crystal field splitting (re-

ferred to as A ) is much smaller than A (usually A = -4/9A ). Because of this 

t o t o 

small crystal field splitting, the low-spin electronic configuration is unknown in 

tetrahedral coordination. An electron in an e orbital is stabilized by 3/5At and ar 

electron in a t^ orbital is destabilized by 2/SA^. Electronic configurations and 

CFSE for the first row transition elements in tetrahedral coordination with ligands 
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are included in Table PR-5. The difference between the octahedral and tetrahedra 

CFSE for a given cation is termed octahedral site preference energy (OSPE), which 

a useful quantity in predicting the distribution of these cations in structures o 

taining both octahedral and tetrahedral sites. OSPE of transition metal cations 

in the spinel structure, as given by McClure (1957) and Dunitz and Orgel (1957) a: 

listed in Table PR-5. It should be noted that divalent nickel in octahedral coor< 

nation and divalent cobalt in tetrahedral coordination gain maximum CFSE among th< 

common divalent transition metal ions. This aspect appears to be one of the 

important differences in the crystal chemical properties of nickel and cobalt. 

Table PR-5. Crystal Field Stabilization Energies for Transition Metal Ions in 

Octahedral and Tetrahedral Coordination Sites in Oxide Structures. 

Number of 
3d electrons Ions 

Octahedral 
CFSE 

kcal mole 

Tetrahedral 
CFSE ^ 

kcal mole 

Octahedral site 
preference energy 

OSPE 

1 Ti3+ 20 .9 14.0 6, .9 

2 V * 38, .3 25.5 12, .8 

3 Cr3+ 53 .7 16.0 37, .6 

4 Mn3+ 32, .4 9.6 22, .8 
2+ 3+ 0 5 Mn Fe 0 0 0 

6 Fe2+ 

Co3+ 

11. .9 7.9 4, .0 

Co2+ 

Co3+ 45. ,0 26.0 19. .0 

7 Co2+ 22. ,2 14.8 7. .4 

Ni2+ 

(17. ,1) (2. 3) 

8 Ni2+ 29. ,2 8.6 20. .6 

9 Cu2+ 21. 6 6.4 15. ,2 

Sources of data: Dunitz and Orgel (1957); values in parentheses 
are from McClure (1957). 

Molecular Orbital Theory 

As mentioned earlier, the assumption that anions (ligands) are negative point 

charges (i.e., bonding is purely ionic) is not a realistic one, particularly as th 

degree of ionicity of the bond decreases. Therefore, in highly covalent structure 

where there is extensive overlapping of metal and ligand orbitals, application of 

crystal field theory to explain the physico-chemical properties of these compounds 

is not strictly valid. A more satisfactory theory which considers both the overla 

of orbitals as well as electrostatic interactions is termed molecular orbital theo 

or MO theory. (This theory is particularly useful for sulfide minerals because of 

the more covalent nature of metal-sulfur bonds relative to metal-oxygen bonds). 

The overlap of orbitals, to a large extent, depends on the symmetry and spatial 

properties of metal and ligand orbitals. 
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When the many-electron atom was discussed previously, electrons were added 

successively to orbitals of higher and higher energy. The same approach can be 

taken with molecules or combinations of atoms; electrons can be added to molecular 

orbitals, no more than two to an orbital, and the resulting number of orbitals is 

Just the sum of the orbitals on the respective atoms. 

First, consider two hydrogen atoms (Fig. PR-6). When the atoms are far apart 

there is no interaction but, as they are brought closer together, the positive 

charges of the nuclei repel one another as do the two negatively-charged electron 

clouds. However, if the attraction of a nucleus of one atom to the electron cloud 

of the other is strong enough, the electron density between the atoms begins to 

increase, the energy decreases and a molecule is formed. The final internuclear 

distance is a compromise between the attraction mentioned above and the repulsion 

between the ntclei. The increased electron density between nuclei is the overlap 

of the Is atomic orbitals. If the electron density of atom a is represented by 

If^ a molecular orbital can be constructed by a linear combination of atomic 
Is a b 2 

orbitals and the resulting electron density is represented by + Y | . This is 

called a bonding orbital and is shown diagrammatically in Fig. PR-7. If instead 

of adding the atomic orbitals together, they are subtracted, the molecular orbital 

H 2 

Fig. PR-6. Formation of a hydrogen molecule from two hydrogen atoms. 
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DISTANCE ALONG THE INTERNUCLEAR LINE 

Fig. PR-7. Electron density in the hydrogen molecule resulting from the linear 

combination of two atomic orbitals of hydrogen. 

is represented by - f ̂ I ̂  and the electron density falls to zero halfway bet 

the nuclei. The electrons are concentrated outside of the internuclear region 

which tends to decrease the attraction between nuclei. This type of orbital is 

called an antibonding orbital. Figure PR-8 shows an energy-level diagram for the 
b * 

H^ molecular orbital. The two Is orbitals on the atoms become a bonding and a 

antibonding molecular orbitals. The a indicates that the orbital is invariant to 

rotation around its axis. 

This simple picture of the hydrogen molecule helps to understand more compll 

cated combinations. Let us consider, for example, a transition metal ion in a 

regular octahedral site surrounded by six identical ligands. Two of the five 3d 

IÜ 
> 

U> 
a: 
UJ 

ANTIBONDING 
MOLECULAR ORBITAL 

\ ATOMIC 
\ ORBITAL 

ATOM A ATOM B 

BONDING 
MOLECULAR ORBITAL 

MOLECULE 

Fig. PR-8. Energy-level diagram for the hydrogen molecule. 
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Flg. PR-9. Energy-level diagrams 
for molecular Orbitals 
of a transition-metal 
sulfide. 

Orbitals (e^ group) which are directed towards the ligands, one 48 orbital and 
three 4p orbitals combine to form six hybrid molecular orbltals (usually referred 
to as d^sp^) which are again directed towards the six ligands. When sufficient 
overlap takes place between these six metal orbitals and ligand orbitals (usually 
s and p orbitals), the orbitals become mixed to form two sets of new orbitals— 
bonding orbitals (a), and antibonding orbitals (a*) (Fig. PR-9). Bonding orbitals 
which are completely filled with electrons have the characteristics of the lower 
energy atomic orbitals and are more stable than the individual atomic orbitals as 
can be seen from Fig. PR-9. Excess electrons that are needed to completely fill 
the bonding orbitals will go into the antibonding orbitals which have the charac-
teristic of the higher energy atomic orbitals and are less stable than the Individual 
atomic orbitals. Usually, the bonding orbitals (a) have the ligand character and the * 
antibonding orbitals (a ) have the character of the metal atoms. It should be noted 
here that three of the five 3d metal orbltals (t, ) (those projecting between <sg 
the ligands) do not participate in the o-bonding (direct overlap). These orbitals 
are called nonbonding (with respect to a-bonding in octahedral coordination) orbi-
tals. Because of o-bonding in which only the e group of metal 3d orbltals partlcl-
pate to become less stable antibonding orbitals, the two groups of 3d orbitals are 
separated by an energy gap (^ c o v_ a) which bears resemblance to of crystal field 
theory. The nonbonding metal t„ orbitals may overlap with suitable ligand orbltals 
(for example 3d orbitals of sulfur ligands) to either side of the direct cation-
anion vector to form what is known as a it-bond. Depending upon the relative stabili-
ties of metal t„ orbltals and ligand ir-orbitals, the t„ orbltals are stabilized or 

¿g ¿3 
destabilized as in o-bonding. For example, the 3d orbitals of the sulfur ligand are 
vacant and less stable than the metal t0 orbltals. Overlapping of these orbitals ¿g 
(i.e., TT-bonding) leads to stabilization of the metal t. orbitals (lowered in energy) ¿g 
as shown in Fig. PR-9. Thus, ir-bondlng in sulfides causes an increase in the energy 
gap between the two groups of metal 3d orbitals. ir-bond formation and the conse-
quent increase in Aq as well as in bond strength are believed to be responsible for 
the sulfophlle nature of the transition elements. Further, the presence of cations 
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in low-spin states (e.g., iron in pyrite and cobalt in several sulfide minerals 
containing octahedral sites) is also attributed to ir-bond formation. 

It is worthwhile to mention here that the spin state of transition metal 
ions is a function of the type of ligand, pressure, and temperature because these 
parameters control the magnitude of crystal field splitting (Aq). Table PR-6 shows 
the frequently observed relation between the type of ligands and the spin-state of 
Mn, Fe( Co, and Ni. Trivalent Co and Ni seem to occur as low-spin ions even in 
oxides. Temperature and pressure are expected to have opposing influences on the 
interatomic distances (Note: crystal field splitting, which determines the elec-
tronic configuration, is inversely proportional to the fifth power of the inter-
atomic distances). Increasing temperature would favor a high-spin state because of 

increasing interatomic distances and thermal motion of atoms. This was found to be 
3+ 

the case in the compounds LaCoO^ and GdCoO^ where low-spin Co goes to high-spin 
Co^* at ^450°C. Similarly, it has been reported that the spin-state Co^+ in CO2O.J 
is pressure dependent, i.e. Co20^ (high-spin) is a stable phase at atmospheric 
pressure whereas Co^O^ (low-spin) is the high-pressure phase (Chenevas, Joubert, 
and Marezio, 1971). 
Table PR-6. Relation between the Spin-State of Cations and the Type of Ligands. 

Ligand Mn Fe Co Ni 3* 

F HS HS HS HS 
0 HS HS HS/LS LS 
S HS HS LS LS 

HS LS LS LS 

Band Theory 

Although ligand field theory has been used with reasonable success to under-
stand the aspects of bonding in sulfide minerals, several physical properties 
exhibited by these sulfides cannot be explained by this theory. For example, most 
transition metal sulfides have a metallic appearance, and a few of them even show 
metallic conduction and temperature independent paramagnetism (Pauli-paramagnetism). 
These physical properties clearly indicate that the assumption that the valence 
electrons are localized on cation sites is not strictly applicable to these sulfides. 
In recent years band theory of crystalline solids has been used to explain the 
bonding and physical properties of transition metal sulfides. For a complete de-
scription of band theory as it applies to sulfides the reader is referred to the 
papers by Goodenough (1967) and Jellinek (1970). Briefly, the 4s and 4p orbitals 
of the metal atom along with e or t0 group of 3d orbitals (depending on whether the 

9 ^ 

metal atom is located in an octahedral or tetrahedral ligand field) overlap with 
38 and 3p orbitals of sulfur leading to the formation of a valence band (consisting 
of bonding orbitals) and a conduction band (consisting of antibonding orbitals). 
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A band is described as consisting of closely spaced, allowed electronic energy leve 
in a crystalline solid. The valence band is mainly due to 3p and 3s orbitals of 
sulfur and is usually filled with electrons. The conduction band, which is usually 
empty, is due to Ap and As orbitals of the transition metal. The valence and the 
conduction bands are separated by an energy gap, the magnitude of which depends on 
the degree of covalent mixing of the metal and sulfur s and p orbitals, which, in 
turn, depend on the difference in electronegativity of the cation and the anion. 
Although it was stated earlier that the valence band is mainly due to sulfur, this 
is strictly true only in the extreme ionic model. In a more general case, the char 
acter of the valence band is also determined by the electronegativity difference— 
the smaller the difference, the greater would be the contribution by the cation. 

As mentioned in the discussion of molecular orbital theory, the transition 
metal 3d orbitals, the e orbitals in an octahedral ligand field and the ig orbital 
in a tetrahedral ligand field, will also overlap with the sulfur orbitals to form 
narrow bands. Usually these d orbitals are localized on the metal and lie below th 
conduction-band (Fig. PR-10). If the bottom of the conduction band and the highest 
filled 3d orbitals are separated by an energy gap, then the compound will be a semi 
conductor. If the energy of the highest filled d level falls near or on the bottom 
of the conduction band, then part of the electrons go from the d orbital to the 
conduction band and the compound will exhibit metallic properties as in Co^ ̂ S and 
CoS^- In some cases, the 3d orbitals of neighboring cations may interact directly 
or through anions to form broad d bands. The 3d electrons are no longer localized 
to any specific cation sites and become collective, i.e., completely delocalized in 
the d bands. These d bands (particularly those of antibonding orbitals, a , with 
respect to cation-anion bonding) are usually incompletely filled and these compound; 
exhibit metallic conduction and temperature independent paramagnetism, as for 
example in Cogsg> N1-s> Ni3S2> a n d Fel+x

S" I n t h e s e crystal structures these d-d 
interactions are manifested by short metal-metal distances. 

ASPECTS OF METAL-METAL BONDING IN Fe, Co, AND Ni SULFIDES 

In addition to forming several isotypic sulfides, Fe, Co, and Ni each form 
specific structures with sulfur which appear to be characteristic of each metal 
(in particular, Ni has several such structures—see Ch. 5). These include mackina-
wite (Fe, S), cobalt pentlandite (CoQS„), millerite (NiS), heazlewoodite (Ni,S„) 1+x y o J z 
and godlevskite (Ni^Sg). One important aspect of these minerals is their metallic 
nature including Pauli-paramagnetism (Hulliger, 1968). Structural reasons for theii 
metallic properties and the reason for the formation of specific structures by a 
specific metal are not clear. Recent structural studies on these minerals revealed 
that their structures contain short metal-metal distances suggesting the presence oi 
metallic bonds (Taylor and Finger, 1969; Geller, 1962; Rajamani and Prewitt, 1973, 
1974; Fleet, 1972). Although these metal-metal bonds could account for the metallic 
properties, the reasons for the formation of such metal-metal bonds and their 
influence on the cation-anion bonding are not understood. The above authors 
suggested that these phases are stabilized by metal-metal bonds which apparently 
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Fig. PR-10. Energy-level diagram showing the valence and conduction ba'nds of FeS, 
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control the solid-solution behavior of these metals in these structures. The 
observed metal-metal bond distances and the number of bonds in each structure are 
listed in Table PR-7. It is useful to understand the relation between the stoichi-
ometry of a phase, the metal-sulfur coordination, and the number of metal-metal 
bonds, so that predictions can be made on the structure and properties of the com-
pounds of a given transition metal ion, which is one of the aims of crystal chemis-
try. To this end, Pearson's general valence rule for valence compounds which show 

Table PR-7. Metal-Metal Coordination in Selected Sulfides. 

M-: S M-M M-M 
Name. Composition Coordination Coordination Distance, 2 

Mackinaw!te Fel+xS 4 4 2.602 
Co-Pentlandite Co9Sg 6, 4 3 2.505 
Pentlandite (Fe,Ni,Co)9S8 6, 4 3 2.531 
Millerite NiS 5 2 2.534 
Heazlewoodite Ni3S2 4 4? 2.49 
aNi-S, 7 o N17S6 5, 4 2? 2.492 

semiconductivity may be used. This rule has been used to classify structures con-
taining a chalcogen as the anion (Takeuchi, 1970). It should be noted here that tt 
Pearson's valence rule could not be used to classify structures containing metal-
metal bonds (because it took into account only valence electrons) and, therefore, 
these structures remain "unclassified" (Pearson, 1972). This rule was based on the 
idea that the valence shell of anion (in the present case sulfur) contains eight s 
and p electrons and is expressed by the relation: 

n + n + b - b a c a c „ : N = B> 
a 

where n is the number of valence electrons on the anions, n is the number on the a c 
cations less any unshared valence electrons, b^ is the number of electrons involved 
in forming anion-anion bonds, b£ is the number of electrons forming cation-cation 
bonds and N is the number of anions; all of these numbers are calculated per form a 
unit of the compound. For example, in NiS^, na = 2 x 6 = 12, n^ = 2, = 2, bc • 
0 and N =2. Thus (12 + 2 + 2 - 0)/2 = 8. NiS- with the pyrite structure is a a 
semiconductor (Hulliger, 1968). In hexagonal NiS with the NiAs structure, = 
6, nc = 2, bfl = bc - 0 and = 1, (6 + 2 + 0)/l = 8. Although Pearson's valence 
rule is obeyed, the phase is observed to be metallic above 263°K (Trahan et at, 
1971). Further, even in other "normal" sulfides such as CoS, Co^S^, Ni^S^, and 
CoS^ (which obey Pearson's rule) metallic conductivity has been observed 
(Hulliger, 1968). It is believed that the metallic conductivity in these sulfides 
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is due to the derealization of cations' d electrons in the antibonding (a with 
respect to M-S bonding) d orbitals. Thus, for these transition-metal sulfides w< 
may have to consider additional conditions for d electrons which are involved 
either directly or indirectly in metal-metal interactions. Available structural 
evidence suggests that unpaired d electrons in the antibonding d orbitals could i. 
involved in the metal-metal bonding. Then n c in Pearson's equation may be define 
as the number of valence plus any unpaired d electrons in the antibonding d orbit 
For example, in millerite, n^ = 6, = 4, ba = 0, b c = 2 and ¡ 1 = 1 , (6 + 4 + 0 
- 2)/l = 8. If cation-cation bonds and anion-anion bonds are considered as elect 
pair bonds (Pearson, 1972; Hulliger, 1968), then 

C = b /N and C = b /N a a a c c c 
where C is the number anion-anion bonds per anion and C is the number of catioi a c 
cation bonds per cation and N = number of cations in the formula unit. c 

Pearson's equation can be modified as 
n+n +CN-CN n+n+CN-SN a c a a c c „ _ a c a a a 

N " 8; c S 

a c 
Applying this equation to 
1) Mackinawite (Fe,, S): C = ( 6 + 6 + 0 - 8) = 4 1+x c ^ v -i m <• ̂  ^ (8 x 6) + (8 x 5) + 0 - (8 x 8) 88 - 64 2) Cobalt pentlandite (Co0S0): C = ' 1 r' 1 - = z = y o c o o 

(Note: only tetrahedral cobalt atoms are taken into account because these < 
the ones involved in direct metal-metal interactions.) 

3) Millerite (NiS): C = ( 6 + 4 t 0 ' 8 ) = 2 c 1 
4) Heazlewoodite (Hi,S.): C = <2 * 6> + ( 3 * 6 ) + ° " 1 6 = 14/3 = 2.67 5 1 c 3 

From Table PR-7 it is evident that, except in heazlewoodite, the above equat 
seems to apply for all structures containing short metal-metal distances. From 3 
powder diffraction data it was suggested that in the structure of heazlewoodite 
(rhombohedral) each Ni is coordinated to four other Ni atoms in addition to four 
sulfur atoms (Hulliger, 1968). In view of this discrepancy, the structure of 
heazlewoodite needs careful study using single-crystal diffraction techniques. 
Nevertheless, the possibility exists that the discrepancy is due to the assumptic 
that cation-cation bonds are essentially electron-pair bonds, an assumption which 
may not be strictly correct. 

It is worthwhile mentioning here that metallic properties in a sulfide does 
necessarily imply the existence of direct metal-metal bonds and vice-versa. Indi 
weak metal-metal interactions through anion a or it bonds could cause broadening o 
d levels into bands into which d electrons are delocalized. Partial occupancy of 
such d bands could cause metallic properties and Pauli-paramagnetism, as in Co^Sg 
Factors which influence the formation of direct metal-metal bonds are not complet 
understood. 
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PHYSICAL PROPERTIES OF TRANSITION-METAL SULFIDES AND BAND THEORY 

The physical properties of sulfides, especially the magnetic and electrical 
properties, have been intensely studied in recent years. Apart from their indus-
trial applications, these properties of sulfides could be profitably used in 
mineral exploration and also are important in geomagnetism and geoelectricity. 
Indirectly, these properties enable us to understand certain aspects of bonding in 
particular sulfides. An attempt is made in the following pages to explain the 
physical properties, including magnetic and electrical properties and reflectivity 
of transition-metal sulfides with the help of band theory. 

On the basis of magnetic properties, sulfides can be classified as diamagneti> 
paramagnetic, and Pauli-paramagnetic. The magnetic moment of an atom is determine' 
by the spin of electrons and by their orbital motion. Usually in transition metal 
compounds the orbital contribution to the magnetic moment of an atom is negligible 
and, therefore, only the electronic spin contribution is important. It is well 
known that the magnetic moments of ions are due to unpaired electrons in the outer 
most shells. Thus, ions which have completely filled outer shells will not have 
magnetic moments. In transition metals, because 4s electrons are involved in bond-
ing with sulfur and become part of the valence band electrons, 3d electrons alone 
are responsible for their magnetic moments. 3d orbitals will also overlap sulfur 
3s and 3p orbitals but only to a much smaller extent than 4s and 4p orbitals. 
Therefore, in many cases, the 3d orbitals remain essentially localized on the meta 
although the five-fold degeneracy is removed because of the presence of a ligand 
field (referred earlier as nonbonding and antibonding orbitals) Each 3d orbital i: 
split into an a level and a (5 level corresponding to two different electron spins 
(Fig. PR-11). In an octahedral ligand field the tg a level has the lowest energ; 
(potential energy) and e g level has the highest energy. If the energy of the t„ 

9 
B level is higher than the energy of the e a level, the d electrons would be dis-
tributed in t„ a and e a levels before pairing takes place in the t„ g level. 

¿9 9 ¿9 
The result is a high-spin electronic configuration for the ion. Because the high-
spin state has the maximum number of unpaired electrons for a given transition 
metal ion, the sulfides containing high-spin ions will be paramagnetic with high 
magnetic susceptibility. An example is MnS^ (Fig. PR-11). However, if the energy 
of t„ 8 levels is lower than the energy of e a levels, the electrons will pair i: 

¿9 9 
tg orbitals before occupying e^ orbitals. This electronic configuration becomes 
low-spin with a minimum of unpaired electrons and consequently low susceptibility 
values (Fig. PR-12). 

In the majority of the first-row transition-metal sulfides, cations commonly 
exist in the high-spin state and, therefore, these sulfides are paramagnetic with 
positive values of magnetic susceptibility. Coupling of the magnetic moments of tl 
adjacent cations takes place either directly or by cation-anion-cation exchange an' 
this leads to ordering of magnetic moments, especially at low temperatures. This 
exchange coupling usually results in antiferromagnetism (e.g., Fe^_xS,Co^_xS 
NiS2»etc.) or ferrimagnetism (monoclinic Fe^Sg, FeCr^S^,etc.) in many paramagnetic 
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sulfides. Only a very few sulfides exhibit ferromagnetism (e.g., CoS^ and CuCi 
Sulfides containing transition metal ions with cP and d ^ or spin paired d^ (as 
in pyrite) have no net spin moment and thus are diamagnetic. In certain sulfic 
the 3d orbitals of neighboring cations interact to form d-bands. This effect 
becomes particularly significant at low temperatures and in structures where tf 
cation coordination number is small, as in pentlandite (Fe,Co,Ni)gSg, millerite 
(NiS), heazlewoodite (Ni,S,), and others. The d electrons in the resultant d-l 
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Fig. PR-11. Schematic energy-level diagram for MnS. d orbitals (Bither et al, 1 
2+ Mn is in the high-spin electronic configuration. 
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Fig. PR-12. Schematic energy-level diagram for FeS2 d Orbitals. Fe is in the 

low-spin electronic configuration. 

are completely delocalized. If the ¿-bands are incompletely filled, then the com-
pounds exhibit temperature-independent paramagnetism (Pauli-paramagnetism with very 
small susceptibility values). Thus, measurement of magnetic properties would be 
very useful in understanding the nature of bonding in sulfides and also the elec-
tronic configuration of cations present in them. 

In many transition metal sulfides, the localized and split 3d orbitals fall 
between the filled valence band and the empty conduction band. The energy gap 
between the bottom of the conduction band and the highest partly filled d level 
is usually small. At moderately high temperatures thermal energy could cause 
promotion of a small number of d electrons from d orbitals (usually o antibonding) 
to the conduction band. In an applied electric field the movement of promoted 
ölectrons in the conduction band causes electrical conductivity. Because of the 
smaller number of current carriers, the conductivity in such sulfides is usually 
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small, increasing with temperature as the probability of electron promotion rise: 
These sulfides are semiconductors, e.g., hexagonal Fe^ ^S, FeS^, NiS2, etc. 

Several transition metal sulfides exhibit metallic conduction (with low 
resistivity which increases with increasing temperature as opposed to semiconduc 
in which resistivity decreases with increasing temperature). The metallic condui 
tivity in these sulfides arises in different ways: 

(1) It is possible that the highest filled d level overlaps with the 
empty conduction band and hence some of the d electrons will be trans-
ferred to the conduction band in which they are delocallzed causing 
metallic conduction when an electric field is applied. Such compounds 
are called ¿-type metallic conductors, e.g., C0S2 and Co^ xS. 

(2) If the energy of the d orbital of a cation A*®1" falls below the top 
of the valence band and if the energy of the d orbital of the same 
cation but in a different oxidation state also falls below 
the top of the valence band, then the cation will be reduced by 
removal of an electron from the valence band. Because of this, 
holes are created within the valence band and metallic conduction 
results due to the movement of electrons within the (incompletely) 
filled valence band. Such compounds are called ¿-type metallic 
conductors and this type of conductivity is usually exhibited by 
sulfides containing the transition metal ion in which the energy of the 
d orbital is low because of a high effective nuclear charge, e.g. 

2+ 1+ 
Cu and Cu . It should be pointed out here that in both n-type 
and ¿-type metallic conductors the d orbitals are localized on cations. 
(3) A third type of metallic conduction arises because of the inter-
action of the d orbitals of adjacent cations either directly or through 
intervening sulfur. This interaction leads to the formation of d bands 
and, therefore, the d electrons are no longer localized to any specific 
metal atom. More commonly these d bands are incompletely filled, and 
movement of electrons within the band also causes metallic conduction. 
Such sulfides also exhibit Pauli-paramagnetism, e.g., Co,S., CoDS„, NiS, j 4 y tj 
Ni^S^, and others. 

Jellinek (1970) divided the transition metal sulfides into four main classe 
on the basis of their magnetic and electrical properties. These include: 

(1) Semiconductors with paramagnetism or diamagnetism. 
(2) Metallic conductors of the ¿-type with paramagnetism. 
(3) Metallic conductors of the n-type with paramagnetism. 
(4) Metallic conductors with temperature-independent paramagnetism 

(Pauli-paramagnetism) or diamagnetism. 
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Reflectivity 

Reflectivity is one of the important physical properties by which sulfide 
minerals are commonly identified and is defined as the ratio of intensity of 
reflected light (J) to that of incident light (XQ), R = Reflectivity is 
related to two important optical constants such as the refractive index of the 
medium (n) and absorption coefficient (k) by Fresnel's equation: 

2 ? 
„ _ (n - + k~ 

- 2 2 (n + 1) + k 
When R = 1, reflectivity is 100 percent. This equation shows that minerals with 
large values of n and k will have high reflectivity. The absorption coefficient 
is related to a parameter, w £j» representing effective number of free electrons p< 
molecule. Band theory of solids enables one to understand the significance of ne£j 
in determining the reflectivity of sulfide minerals (Burns and Vaughan, 1970). 

To illustrate the relation between reflectivity and bonding, let us first 
consider a simple case such as sodium metal which has the electronic configuration 
2 2 6 1 

18 2a 2a 3s . In a crystal of sodium metal, the 3s orbital of each Na atom 
overlaps with the 3s orbitals of neighboring Na atoms to form the valence band. 
Because each Na atom has only one 3s electron, the valence band thus formed will be 
exactly half-filled at absolute zero. (Note: each orbital can have two electrons 
with opposite spins). The position of the electron potential energy on the energy 
scale at a particular temperature is known as the Fermi level above which the orbi-
tals are empty. Because the valence band is only half-filled, the electrons within 
the band can be easily excited into overlying empty levels within the band by ab-
sorbing electromagnetic radiation. The amount of radiation absorbed depends on the 
number of available energy levels above the Fermi level. When the excited electron 
return to the ground state, light is re-emitted, causing high reflectivity for Na 
metal. It must be emphasized here that metallic lustre and reflectivity in any 
compound are due to the availability of empty energy levels above the Fermi level a 
derealization of excited electrons in these energy levels. 

In sulfides the situation is somewhat complex. We have seen earlier the 
formation of valence and conduction bands by the overlap of As and 4p orbitals of 
transition metal atoms and 38 and 3p orbitals of sulfur. The antibonding 3d 
orbitals are either localized on cations or form narrow d bands depending upon the 
magnitude of covalent mixing of 3d orbitals with the sulfur orbitals. In most of 
the transition-metal sulfides, the valence band is thought to be completely filled. 
Thus, in stoichiometric sulfides, electronic transitions within the valence band 
could not account for their reflectivity. However, electronic transitions could 
occur between the two groups of 3d orbitals and/or between the 3d orbitals and the 
conduction.band. Because in many sulfides the 3d orbitals are localized on cations, 
only transitions between 3d orbitals and the conduction band could account for 
their metallic appearance and reflectivity. When there is extensive covalent 
bonding to cause the formation of broad d bands where electrons could be effectivelj 
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delocalized, then electronic transitions between the two groups of 3d orbitals coi 

give rise to high reflectivity. For example, in FeS2»pyrite the valence band is < 

pletely filled and the six 3d electrons occupy the nonbonding t„ orbitals. The 
* _ 

antibonding e orbitals are empty and form a bands because of extensive covalent 

bonding between iron and sulfur (Burns and Vaughan, 1970). Electrons are excited 

into the e band from the t„ orbitals by absorbing electromagnetic radiation anc 9 ¿9 

become effectively free electrons accounting for the metallic lustre and high re-

flectivity of pyrite. In the pyrite series, the reflectivity decreases in the se-

quence FeS, > CoS, > NiS. > CuS (51.6:34:27:17, respectively). Because Co2+(L.S, 
2+ 2+ j * Ni , and Cu have seven, eight and nine 3d electrons, respectively, the e banc 9 

will have one, two and three 3d electrons in C0S2, NiS^ and CuS^. Therefore, the 

number of available unoccupied energy levels above the Fermi level decreases in tl 

above sequence. It was observed that the values of n e j j in these sulfides are 

roughly proportional to the number of energy levels available to t electrons 
* ¿9 

excited into the e^ band (Burns and Vaughan, 1970). Therefore, substitution of 1 

by Co and Ni in pyrite would decrease its reflectivity. Thus, compositional vari-

ations in sulfide minerals would affect markedly their reflectivity values. It is 

important to mention here that increasing covalent character of the metal-chalcog* 

bond causes an enhancement of electron derealization which, in turn, increases 

reflectivity. For example, in the isotypic Cu-dichalcogenides CuS^, CuSe2, and 

CuTe^ the reflectivity increases in the sequence CuS^ < CuSe^ < CuTe^. This sequi 

is in the order of increasing size and polarizability of anions. 

INTERATOMIC DISTANCES AND COVALENCY IN SULFIDES 

When working with silicate and other oxide crystal structures, the mineral-

ogist is able to depend on average interatomic distances for a particular ion in i 

particular coordination being reasonably uniform from one crystal structure to 

another. This feature of oxide structures enabled Shannon and Prewitt (1968) to 

compile a set of effective ionic radii which, when the radius for a cation coordi-

nated by N oxygens is added to the radius of oxygen coordinated by M cations, usu; 
o 

give an interatomic distance within 'vO.OlA of that observed. This has proved to 1 

extremely useful in a variety of applications in oxide crystal chemistry. Shannoi 
and Prewitt's work showed that there is a linear relation between cell volumes an 3 
radius cubed (r ) of the varying ion in a series of isotypic compounds. However, 

such relationships are not found in sulfide structures and, in fact, are not foun< 

with other anions in the periodic table except possibly for fluorine. The reason 

for our inability to use the simple ionic radius concept with sulfides is that th' 

bonds in sulfides are not ionic. One might say that they are not completely ioni 

in silicates either, so what's the difference? The answer to this question is co-

plex, and we are not yet completely sure about all parts of it. The first part i 

that Shannon and Prewitt (and others) did find that small inconsistencies exist b 

tween observed and calculated (from radii) bond distances in oxides and fluorides 

Second, the Shannon and Prewitt radii table was derived from more than 700 refine 
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oxide and fluoride crystal structures and because oxygen and fluorine are similar : 
both electronegativity and size, the amount of covalence in a given bond, say Si-0 

4+ does not prevent giving a radius to Si which will "work" in most silicate tetra-
2 4 

hedra. Third, the outer electrons in sulfur are 3s 3p , their orbitals are more 
diffuse and extend farther from the atom than those of oxygen, and the ti orbitals 
are close enough in energy to be involved in bond formation. 

What does this mean for sulfides? First, Shannon (1971) showed that many of 
the inconsistencies observed for oxides and sulfides could be explained by taking 
the electronegativity of a third atom into account, e.g., Co in CoGeO^. The effecl 
of a third atom A in compound A B X (A B X ) is to increase the interatomic dis-p q r x y z 
tance of the B-X bond, when the electronegativity of A is greater and to decrease i 

when the electronegativity is less. The magnitude of this effect seems to increase 
with the covalence of the B-X bond and hence we see greater variations in sulfides 
than we do in oxides. Second, it might be possible to derive a set of radii 
exclusively for use with sulfides, but there are not nearly enough good structure 
data to do so even if there are no other problems. One other problem that does 
exist, but which has not been well documented, is the extensive metal-metal bonding 
that we find in sulfides. We know that metal-metal interactions will affect the 
cation-anion distances, even in oxides. However, not enough is yet known to 
determine a correction factor for metal interaction. Third, the type of bonding ir-
a sulfide may change depending on the types of cations present, on stoichiometry, 
or even on the stereochemistry of the compound. 

Recently Gamble (1974) and Shannon and Vincent (1974) published papers giving 
important data and discussing relationships between interatomic distances, ionic/ 
covalent ratios, and magnetic properties in halides and chalcogenides. Gamble comr-
pares radius ratios of IVfc, Vb, and VIb transition metal sulfides with ionic char-
acter and bond lengths. One result is that catatom-anatom distances are propor-
tionally shorter than calculated from ionic radii in compounds such as Ti, V, Hf, 
Zr, Nb, and Ta chalcogenides when the covalence' is greater. That is, the more 
covalent it is, the shorter the bond. Another interesting result is that the 
catatonia in these structures are coordinated by either a trigonal prism or an octa-
hedron of sulfur atoms, depending on the (ionic) radius ratio (r+/r ). Figure PR-1 
shows the sharp division between the two types of coordination. Gamble (1974) 
discusses the reasons for the two types of coordination: these involve band struc-
ture calculations and do not concern us here. What is important is that the 
published ionic radii can be used to investigate sulfide crystal chemistry, but onl 
if covalence effects are taken into account either in the model being investigated 
or in corrections to the radii. 

Shannon and Vincent (1974) in a somewhat similar, but more comprehensive study 
of different types of structures, investigated the effects of covalence on cell 2+ volumes of isotypic compounds. We have long been concerned with the radii of Ni 

2+ 2+ 2+ and Mg . In some structures Ni seems to be larger than Mg , and in others 
the reverse is true. A few cell 
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TRIGONAL PRISMATIC 
REGION 

OCTAHEDRAL 
REGION 

Fig. PR-13. Raduis ratio r /i* vs. t 
fractional ionic character f^ of the 
metal-chalcogen bond in Group IVb, Vl 
and VIb transition-metal dichalcogend 
(after Gamble, 1974). 

10 15 20 25 30 

f. X 100 

°3 
volumes (A ) from Shannon and Vincent (1974) are given below for illustration. W« 
assume that the larger volume of a pair of isotypic compounds represents a larger 
radius for the substituting atom. 

NiO 72.4 NiF2 33.4 Nil2 88.3 
MgO 74.7 MgF2 32.6 Mgl2 102.1 

Fe.SiO. 307.9 Fe„GeS. 530.7 2 4 2 4 
Mg2Si04 290.0 Mg2GeS4 570.3 

The reversals in volume which appear to be a function of covalence of the bonds ai 
dramatic. In the first three pairs the Ni-J bonds are more covalent than the Mg-i 
bonds in each pair and the shortening of Ni-X becomes greater as the electronega-
tivity difference increases. For the latter two pairs, the Fe-X bonds are more 
covalent and shorter relative to Mg-X as the covalency increases. Shannon and 
Vincent (1974) provide many more examples and devise a eovateney oontraetion 
parameter to represent the magnitude of the covalency effect. 

APPLICATION OF BONDING THEORIES TO SPECIFIC SULFIDES 

To illustrate how molecular orbital and band theories are used to help under-
stand bonding and solid-solution behavior of transition metal ions in sulfide min-
erals, three specific sulfides have been chosen which include (1) pyrite in which 
there is no direct or indirect metal-metal interaction, (2) thiospinels in which 
there are indirect metal-metal interactions through sulfur intermediaries, and (3) 
the pentlandite series in which there are both direct and indirect metal-metal 
interactions or bonding. 

PR-34 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



Pyrite (of. Ch. 2, pp. W23-W2S) 

The structure of pyrite is based on a face-centered cubic array of ions with 
the NaCl-type structure. The cations are located on Na positions. The anions are 
present as S2 units, and the center of each S-S bond is located on a CI position. 
Each sulfur atom is bonded to three metal atoms and one sulfur atom (in the S2 unit) 
in the form of a distorted tetrahedron. Each cation is coordinated to six sulfur 
atoms and the sulfur octahedron is compressed along the trigonal axis and shares 
comers with neighboring octahedra. The metal-sulfur distance in pyrite, for exam-
ple, is 2.261, which is significantly shorter than the theoretical distance 2.62A 

VI 2+ IV 2-
obtained by adding the radii of Fe and S . This indicates that in the 
pyrite structure Fe-S bonding is essentially covalent. The atomic arrangement and 
the interatomic distances in the structure led several investigators to assume 3 
hybridization of sulfur 3s and 3p orbitals to form sp hybrid orbitals (Bither et 
al, 1968; Burns and Vaughan, 1970; Goodenough, 1972; Brostigan and Kjekshus, 1970). 
One of the four hybrid orbitals is involved in bonding with another sulfur ion and 
the other three are involved with three metal ions. The above authors also assumed 
that 4s, 4p and the e group of 3d orbitals (those that are directed towards sulfur 

9 2 3 ions) of the cations form hybrid orbitals of the type d sp . Covalent mixing of 
the hybrid orbitals of both anions and cations give rise to a set of bonding molec-
ular orbitals (a orbitals: 1a + 6a , totalling seven) and another set of anti-S-S M-S 
bonding orbitals (a*). Because sulfur is more electronegative than the transition 
metals (Fe, Co, Ni, etc.), the bonding (o) orbitals are primarily anionic (Fig. 
PR-9, and are completely filled with 14 electrons (12 from the unit and 2 from 
the metal ion); the antibonding orbitals are primarily cationic and are usually 
empty. The three tg orbitals are not involved in a bonding with sulfur ions and, 9 
therefore, remain nonbonding. However, Burns and Vaughan (1970) considered that 
these tz orbitals are involved in ti-bonding with sulfur 3d orbitals, although 

9 proof for the existence of tt bonding is by no means clear. It should be noted 
here that the to orbitals are no longer degenerate in the pyrite structure because 

9 
of the trigonal distortion of the sulfur octahedron. For Fe$2 the six 3d electrons 
of divalent Fe(d^) occupy the three tg orbitals with their spins paired. There-
fore, iron in pyrite is a diamagnetic semiconductor. The covalent mixing of g 

2 + 3 3 
orbitals of Fe with the sp hybrid orbitals of sulfur results in the destabili-
zation of these orbitals which form a narrow antibonding (a*) band. Any metallic 
conductivity in pyrite-type compounds could be attributed to partial filling of 
this e* band. Because all the six 3d electrons of Fe are present in the tg 
orbitals in pyrite, the e^* band is empty. In the series FeS2, C0S2, NiS2, anf 
CuS2> the e * band is filled with 0, 1, 2, and 3 electrons, respectively. Increa-
sing the electron population in the e * band results in increasing bond distances 
because of greater electronic repulaion and, therefore, a reduction in the covalent 
mixing of e^ orbitals with sulfur orbitals. Consequently, all parameters also 
increase in the series, in the order listed in Table PR-8. Furthermore, electrical 
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and magnetic properties change with the increasing population of electrons in £ 
the e b a n d . For example, FeS^ is a diamagnetic semiconductor, CoS^ is a fei 
magnetic metallic conductor. 

TABLE PR-8. Interatomic Distances and Cell Parameters 
in Transition Metal Disulfides 

FeS2 CoS2 NiS„ 2 CuS2 
2+ M - S distance (A) 2.26 2.34 2.40 — 

Cell edge, a (A) 5.42 5.53 5.69 5.79 

Number of electrons 
in the e * band 

9 
0 1 2 3 

2+ 
It is evident from the foregoing discussion that substitution of Fe by 

2+ 2+ 
Co and Ni in pyrite will Increase the cell parameter of pyrite. This dbsi 
vation is contrary to what we would expect on the basis of ionic radii considi 
tions alone. Furthermore, the limits of solid solution in the ternary system 
FeSj - CoS^ - NiS^ can also be explained by the bonding scheme discussed abovi 
Figure PR-14 shows that the solid solution between FeS2 and N1S2 is not compli 
Perhaps this could be due to the large difference in the interatomic distance: 
between Fe-S (2.26&) and Ni-S (2.40A) in the pyrite structure. The Co-S dist. 
(2.321) is intermediate between Fe-S and Ni-S and, therefore, could account fi 
complete solid solution with both FeS, and NiS2 (Nickel, 1970). 

Thiospinels 

Common sulfide minerals with the 
spinel structure include carrolite 
(CuCo2S^), linnaeite (Co^), siegenit 
[(Co,Ni)3S4], polydymite (NijS^), viol 
rite [(FeNi2)S4l, greigite (Fe^) and 
daubreelite [(Fe,Mn,Zn)Cr2S4]. The th 
spinel structure is based on the cubic 
close packing of sulfur atoms. The 
cations occupy one half of the availat 
octahedral and one eighth of the tetrs 
hedral interstices in the unit cell wi 
contains 8 AB2

S
4 (where A stands for c 

lent cations and B stands for trivaler 
cations). When the tetrahedral site i 
occupied by one kind of cation (i.e., 
a divalent cation) and the octahedral 
by another kind (i.e., by trivalent ci 

CoSz 

Fig. PR-14. Solid solution in the 
system FeS2"CoS2-NiS2 at 700°C 
(after Nickel, 1970). 
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the spinel is referred to as normal. Whereas, when the octahedral sites are 
occupied by A and one B cations and the tetrahedral site by another B, the spinel 
type is designated as inverse. Each sulfur atom in the structure is coordinated 
to three octahedral cations and to one tetrahedral cation. Although there is no 
indication of the presence of direct metal-metal interaction in the structure, 
indirect interactions are believed to exist through sulfur intermediaries between 
octahedral cations and between octahedral and tetrahedral cations (Vaughan et at, 
1971). 

Goodenough (1969) and Vaughan et at (1971) explained the bonding aspects in 
thiospinel using molecular orbital and band theories. To illustrate this, let 
us take a common thiospinel, Co^S^, which is a normal spinel whose octahedral 
sites are occupied by trivalent cobalt and tetrahedral site by divalent cobalt. 

3 
As in pyrite, the sulfur ions are assumed to form four sp hybrid orbitals. The 
4s and 4p orbitals of octahedral trivalent cobalt (ct) along with the e group 

3 9 of 3d orbitals mix with the sp hybrid orbitals of sulfur to form a set of stable 
bonding orbitals, a_ (which are essentially anionic) and another set of unstable 
antibonding orbitals, aB* (which are essentially cationic). The six 3d electrons 
of trivalent cobalt occupy the three £<; nonbonding 3d orbitals with their spins 
paired (i.e., low-spin state). Therefore, the antibonding e * band in Co^S^ will 
be empty. In the tetrahedral site, the 4s, 4p and tg group of 3d orbitals of 
divalent cobalt (cH) mix with sulfur orbitals to form bonding ( a ) and antibondin 
(oA*) orbitals. The two e group 3d orbitals remain nonbonding and are completely 
filled with four electrons with their spins paired. The other three electrons of 
I VCo 2 + occupy the three t * group of antibonding orbitals with their spins unpaire 
The bonding orbitals in both cases (ag and a^) form part of the valence band and 

* A are completely filled with electrons. The antibonding o„ and 0, orbitals form Ji A 
the conduction band and are usually empty. The antibonding e group of octahedral 
3+ * 2+ 9 

Co and tg group of orbitals of tetrahedral Co form narrow bands and fall 
below the main conduction band. Interactions between the octahedral and tetra-
hedral cobalt ions result in the coalescence of these e * and t * narrow bands to 

9 2 
form a single, broad, partially filled d band in which three 3d electrons are 
completely delocalized (Fig. PR-15). Therefore, Co^S^ exhibits metallic and 
temperature-independent paramagnetic (Pauliparamagnetic) properties. However, the 
two antibonding bands of 3d orbitals may or may not overlap, depending upon the 
type of cations occupying the two crystallographic sites and also upon the extent 
of metal-sulfur covalent bonding in each site. If there is an energy gap between 
the e * and tg* bands as, for example, in FeCrjS^, then the d electrons tend to be 
localized on the cation and exchange magnetic interactions result in ferro-, 
antiferro-, and ferrimagnetism and the sulfide becomes a semiconductor. 

The various physical properties exhibited by the thiospinel group could be 
explained by the bonding scheme outlined above (Vaughan et at, 1971). In the 
linnaeite-polydymite series, substitution of Co by Ni results in an increase in 
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the number of 3d electrons In the antlbonding d band. In polydymite, an invsrse 
3+ 2+ 3+ spinel with a formal cation distribution Ni [Ni ,Ni ]S , there will be six 3d 

8 

electrons in the d band as opposed to only three electrons in Co^S^. Therefore, 
substitution of Co by Ni in the linnaeite-siegenite-polydymite solid-solution 
series is believed to increase the cell parameter. Furthermore, it is stated that 
"nickel substituting for cobalt in Co^S^ does not fundamentally alter the band 
structure" and, therefore, "the existence of this solid solution series is readily 
explained" (Vaughan et al, 1971, p. 374). In the case of the Fe-thiospinel, grei-
gite (Fe3

s^), trivalent high-spin iron occupies the tetrahedral and one of the two 
octahedral sites, whereas divalent high-spin iron occupies the other octahedral 
site. The presence of high-spin iron in the structure results in negligible over-
lap between the e * and tr* antlbonding d bands, and, therefore, greigite is semi 
conducting. Because of the difference in the spin states of Fe and Co in the two 
structures, the solid solution between these two members is very limited (Fig. 
PR-16). Similarly the lack of complete solid solution between violarite (Fel^S^) 
in which one of the octahedral sites is occupied by divalent low spin iron, and 
greigite is again explained as due to the difference in the spin states of iron in 
the two structures. 

(.En 

Co L-S IN 
ocT-srre 

Co IN 
TET-SITE 

Flg. PR-15. Schematic energy 
level diagram for the 3d Orbi-
tals in CojS^ (after Goodenough, 
1969). 

Fig. PR-16. Solid solution in 
the thlospinel system Fe^S^-
C o 3 S 4 " N i 3 S4- ( T h e diagram is 
schematic, Indicating observed 
natural compositions.) 

Pentlandites 

The composition of natural pentlandites Is given by the general formula MgSg 
where M stands for Fe, Co, and NI. Occasionally pentlandites contain substantial 
amounts (up to 10 wt.%) of Ag. The structure of pentlandite Is based on the 
pseudo-cubic closest packing of sulfur atoms. In the unit cell of pentlandite, 
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there are four formula units of M^S^. The cations occupy one-eighth of the 

available octahedral and one-half of the tetrahedral interstices (see Ch. 1). 

The S4 tetrahedra are trigonally distorted. The sulfur atoms are located on 

two equlpolnts in the unit cell 8(c) (coordinated by four cations) and 24 (e) 

(coordinated by five cations). The bonding can be explained with the help of the 

COgSg structure. The interatomic distances in CogSg (also in natural pentlandites) 

and magnetic and electrical properties suggest extensive metal-sulfur covalent 

bonding and metal-metal interactions in the structure. The 4s, 4p, and tg group 

of 3d orbitals of tetrahedral Co overlap with 3s and 3p orbitals of S to form 

bonding (o) and antibonding (a*) molecular orbitals. The nonbonding e group of 

3d orbitals are filled with four electrons with their spins paired. The remaining 

three d electrons of Co occupy the antibonding tg* band. Similarly, mixing of 

octahedral Co and S orbitals results in the formation of a narrow band of e * 
9 

orbitals of Co. The nonbonding to orbitals will be filled with six electrons 
3 

with their spins paired and the remaining one d electron (assuming Co is divalent) 

will occupy t h e e * band. Although it is assumed here that Co in the pentlandite 0 structure is divalent, the assumption is not strictly correct when we consider 
2-

the structural formula, COgSg. If S can be considered as divalent (S ), the 

structural formula gives the apparent valency of Co in the structure as 1.78 

(the apparent valency, y', of a cation in a compound of the type # X* is given m x 
by the expression my' = xx'- For example in CogSg, 9 x p' = 8 x 2. Therefore, 

y' = 16/9 = 1.78). The excess 4s and 4p electrons of Co could be located in the 

conduction band which should otherwise be empty) causing metallic conductivity. 

In the pentlandite structure other effects, especially metal-metal inter-

actions, complicate the picture. The interatomic distances indicate that each 

tetrahedral Co is coordinated to three other tetrahedral Co atoms and this coor-

dination leads to the formation of a cube cluster of eight Co atoms, located at 

the corners of a small cube within the unit cell (Fig. PR-17). The three unpaired 

electrons in the t * band of each tetrahedral Co are involved in bonding with 

three other Co's in the cluster. The bonding orbitals (with respect to metal-metal 

bonding) form a broad band which is completely filled with electrons (o . in 

Fig. PR-17. Part of the pentlandite 

structure showing the "cube cluster" of 

tetrahedral metal atoms which are coor-

dinated to one sulfur (SI) and three 

sulfur (S2) atoms. 
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Fig. PR-18) and the antibonding orbitals, "jJ^jj« remain empty. Therefore, it hai 

been considered that the number of 3d electrons in the metallic cube cluster is 

fixed to a constant value of 56 electrons (Rajamani and Prewitt, 1973). 

CT*M(T) <X*M(T) 

o 
OL 
w 
z 
UJ 

J L _ L L 

t , a J l _ i L J L 

C M(T) <TM(T) 

Co in M(0) Co in M(T) Co in M(T) 

Fig. PR-18. Schematic energy level diagram for the 3d orbitals in Co„S . 
9 o 

In addition to the formation of cube cluster, the structure also permits met 

metal interactions between the cube clusters of tetrahedral Co and between tetra-

hedral and octahedral Co atoms through S intermediaries. All these interactions 

could lead to the coalescence of e * and bands to form a single, broad, 

partially-filled d band as shown in Fig. PR-18. Therefore, Co gS g exhibits metal-

lic conductivity and Pauli-paramagnetism. 

The presence of the cube-cluster of metal atoms in the pentlandite structure 

has an important effect on the chemistry of this mineral. Of the three possible 

end members, r e 9
S g > C°9 S8' a n d N i 9 S 8 ' o n l y C°9 S8 W 3 S o b s e r v e < i t o form a stable 

homogeneous phase in the system Fe-Co-Ni-S (Knop and Ibrahim, 1961). More 

recemtly, the synthesis of a thin film of cubic iron sulfide with a diffraction 

pattern similar to that of pentlandite has been described (Nakazawa et al, 1973). 

It is easy to visualize that because Ni has four electrons in the t * band, it 

cannot conveniently form three metal-metal bonds, and even if formed, the anti-

bonding will have an unpaired electron, which might destabilize the phase. 

Knop and Ibrahim (1961) also observed that the individual substitution of Co by 

Fe and Ni in the structure is limited, whereas when they substitute simultaneous! 
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for Co the solid solution was found to be complete (Fig. PR-19). Natural pent-
landites also have a restricted range in composition as shown in Fig. PR-19. 

Fig. PR-19. Natural pentlandite 
compositions (Rajamani and Prewitt, 
1973). Dashed lines represent the 
estimated solid-solution limits out-
lined by Knop and Ibrahim (1961) in 
The MgSg section of the system 
Fe-Co-Ni-S. Dashed-dot line repre-
sents the compositions for which 
Fe:Ni = 1:1. 

A possible reason for this peculiar chemistry is as follows: the cube cluster in 
the structure fixed the number of d electrons at a constant value. Therefore, we 
could expect that pentlandite compositions fall close to the join Co S -Fe Ni. S 2 + 6 2+ 8 2+ 7 9 8 4 . 5 4 . 5 This is because [Fe (d ) + Ni (d )]/2 is equivalent to Co (d ). Increasing the 
NI content in pentlandite over the ratio Ni:Fe i 1 will increase the number of d 
electrons in the unit cell. Ordering of Ni in the octahedral site and creation of 
cation vacancies in the tetrahedral sites could effectively keep the number of d 
electrons at a constant value. Similarly, because Fe has only six 3d electrons, 
increasing the Fe content in pentlandite over the ratio Fe:Ni 2 1 will result in 
the addition of excess cations in the unoccupied tetrahedral sites to maintain a 
constant number of electrons, as in an electron compound (where the ratio of elec-
trons to atoms is fixed). Therefore, the structural formula for pentlandite could 
be [Fe,Ni,Co](Fe.Ni.CoJIDgSg where Q represents tetrahedral vacancies in Nl-rich 
compositionsor excess cations in Fe-rich compositions. Thus, the nonstoichiometry 
of pentlandite is due to metal addition and omission solid solution. 

Conclusions 

These examples show that aspects of bonding in transition metal sulfides can 
be described, to a first approximation, by molecular orbital and band theories. 
Furthermore, these theories offer satisfactory explanations for the various 
physical and chemical properties exhibited by these sulfides. However, it should 
be pointed out that no single theory, when applied to all sulfides, gives a com-
pletely satisfactory picture. 
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EXPERIMENTAL METHODS IN SULFIDE SYNTHESIS 

S. D. Scott 

INTRODUCTION 

Mineralogists have two fundamental aims in their experimental syntheses of 
sulfide minerals. One is to grow single crystals of sufficient size, perfection, 
and chemical homogeneity for electrical, optical, and x-ray diffraction studies. 
The other is to determine phase relationships and underlying thermodynamic 
variables with a view to unravelling natural processes. Of course, the best 
possible circumstance is to satisfy both objectives simultaneously which recently 
has become possible through some advances in sulfide research. 

This chapter primarily examines the general principles and techniques guiding 
laboratory investigation of chemical interactions among metallic sulfides. The 
techniques described are all in current practice and were used to obtain most of 
the phase equilibria and thermochemical data discussed by Craig and Scott in 
the following chapter. I will touch only briefly on the specialized technology 
of growing large single crystals. This is a topic worthy of a Short Course of 
its own but many of its techniques are unsuited to phase studies on sulfides. 
For example, large crystals have been grown from melts, by chemical vapor transport, 
and by sublimation, but these methods operate at temperatures that are too high 
to be practical for most geochemically-pertinent phase equilibrium studies. 
Besides, the steep thermal gradients used in vapor transport and sublimation 
experiments result in growth that is often too far removed from equilibrium to 
produce homogeneous crystals of multicomponent solid solutions. Another topic 
that is not covered here is solution chemistry of sulfides which not only has 
given us important insights into ore-forming processes but also has led to 
significant achievements in synthesizing sulfide crystals in hydrothermal solutions. 

SOME PRINCIPLES OF EXPERIMENTATION 

The basic guidelines for studies of sulfide phase equilibria are about the 
same as other branches of petrology. Indeed, some experimental methods have been 
borrowed from silicate petrologists, although special problems encountered in 
sulfides have led to some unique procedures. A significant point is that all 
such endeavors are petrology as emphasized bv Barton (Sulfide Petrology, 1970) and 
by Stanton (Ore Petrology, 1972). As such, sulfides are best examined in the 
context of their encompassing rock systems, be they sulfide or silicate. A first 
approach requires experimentation to determine stability relations among the 
phases of interest. 

Ch. 4 
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Appearanee-of-Phase Method 
In its simplest form, the construction of a phase diagram requires the 

location of all phase boundaries for the system chosen; that is, the determination 
of which phases are in equilibrium at a particular temperature (T), pressure (P), 
and bulk composition (X). Not all such solid phases are necessarily minerals; 
all or part of the P-T-X conditions under study might lie outside of those found 
in nature or, conversely, some compounds have been synthesized before they were 
found as minerals. 

The usual way of determining phase relationships is by the "appearance-of-
phase" method. Carefully weighed bulk compositions are heated at a particular 
P and T and the products are examined at the completion of the experiments. If 
different phase assemblages appear in the products of, say, experiment 1 and 
experiment 2, then, assuming equilibrium was achieved, one or more phase 
boundaries must lie between the bulk compositions of experiments 1 and 2. More 
precise location of a phase boundary can then be determined by successively 
reducing the incremental change in X from experiment to experiment until the 
boundary is closely bracketed. Tests of whether the boundary actually represents 
equilibrium are discussed below. 

Occasionally, time can be saved in experiments by calculating from thermo-
dynamics the equilibria expected. Craig and Scott discuss thermochemical 
calculations in the following chapter but, for now, consider the following example 
from Barton and Skinner (1967, p. 279). Within the ternary system Pb-Ag-S 
there are two possible arrangements of tie-lines among the phases PbS, Ag2S, Pb 
and Ag; these are Ag2S + Pb and PbS + Ag. Which is the stable assemblage? 
For the reaction, Ag2S + Pb $ PbS + 2Ag, the free energy, AGR, is negative at all 
temperatures of mineralogical interest. Therefore, the reaction proceeds 
spontaneously to the right and PbS + Ag is the equilibrium pair, not Ag2S + Pb. 

In systems where some data are already available, further time can be 
saved by carefully choosing key univariant or divariant assemblages for study 
rather than using a "shot gun" approach of examining all bulk compositions at, 
say, 10 wt. % increments of the components. Natural assemblages can sometimes 
be used as a guide to which phases or composition intervals could be most 
profitably studied. For example, pyrite and pyrrhotite are commonly found in 
terrestrial environments but troilite and iron are not. Therefore, within the 
context of the Fe-S system, it would be more pertinent mineralogically to 
concentrate experiments on the former phases. On the other hand, if thermodynamic 
data such as FeS activities are sought, troilite must also be included (as 
discussed in the next chapter). Care must be taken not to over-interpret natural 
assemblages as many contain phases nucleated during retrograde cooling from 
higher P-T conditions. For example, in the Fe-S system, close examination of 
ores often reveals monoclinic pyrrhotite + hexagonal pyrrhotite + pyrite. At a 
fixed confining pressure, this represents an invariant assemblage suggesting that 
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one phase—monoclinic pyrrhotite as it turns out, nucleated upon cooling without 
concomitant readjustment of the other phases. 

Thus far our appearance-of-phase experiments have told us only what phases 
are compatible. To derive maximum information from a system we also need to 
know the compositions of its solid solutions. A case in point is the Fe-As-S 
system. Appearance-of-phase experiments by Clark (1960a) demonstrated that 
for different T and X conditions arsenopyrite (plus vapor) can be in univariant 
equilibrium with (As,S)-liquid + arsenic, arsenic + loellingite, loellingite + 
pyrrhotite, pyrrhotite + (As,S)-liquid, pyrite+ (As,S)-llquid and pyrite + 
pyrrhotite. It was known (Clark, 1960a,b; Morimoto and Clark, 1961) that 
arsenopyrite displayed a range in composition approximately from FeAsO.9^1.1 to 
FeAsi_i®0.9 a s a function of T, P, and the assemblage in which it occurred. Thus 
a complete understanding of the functional relationships of arsenopyrite 
composition to P and T would be useful for geobarometry and geothermometry. That 
this might be possible was demonstrated by Kretschmar (1973) who found that the 
range of arsenopyrite compositions in nature for different assemblages was 
compatible with those expected from experimental data. 

Equilibrium 

Equilibrium has been variously defined as "a state [of rest] from which a 
system has no spontaneous tendency to change" (Barton et al, 1963, p. 171) and 
"a state [such] that after any slight temporary disturbance of external conditions 
it returns rapidly or slowly to the initial state" (Lewis and Randall, 1961, p. 15). 
The first definition has given rise to two tests for equilibrium in experimental 
studies: 

1. The system is held at constant conditions and the products are examined 
periodically. If, after initial reaction, no further changes are noted with 
time, the system is assumed to have reached equilibrium. 

2. The experiment is repeated, perhaps using different starting materials. 
If the results are reproducible, equilibrium is assumed. 
Neither of these tests is completely reliable. Kinetics of a reaction may be 
such as to preclude any possibility of change in the starting materials or else 
change may occur in some phases but not in others. For example, consider the 
assemblage loellingite + pyrite at 300°C. If FeAs2 and FeS2 are used as starting 
materials, no change will be observed in them even after many months of heating. 
If, instead, iron and sulfur in the proportion 1:2 and FeAs2 are the starting 
materials, some pyrite will form eventually but loellingite will not change. In 
both cases, the system is seemingly in a state of rest, but this is only a 
consequence of nonreactivity, not of equilibrium. 

The best test of equilibrium, following the Lewis and Randall definition, is 
to perturb the system in some manner causing change in the phases, and then return 
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the system to its original conditions. If the phases reattain their original 
state, the reaction is said to have been reversed and equilibrium is assumed. 

One major cause of incorrect interpretation of experimental results is the 
formation of metastable phases and failure to recognize them as such. Metastability 
is an equilibrium state and, particularly if the activation barrier between the 
metastable and most stable states is large, it will survive the test of reversibility 
and go undetected. In this sense, metastability of the type described above for 
loellingite + pyrite presents few problems. The real difficulties are encountered 
when complete reaction occurs outside the stable phase field for an assemblage. 
A case in point involves monoclinic pyrrhotite. Taylor (1970a) was able to 
reverse the metastable reaction monoclinic pyrrhotite i hexagonal pyrrhotite at 
292°C in the solid state whereas Kissin (1974), using a hydrothermal technique 
to flux the reaction, found that monoclinic pyrrhotite inverted reversibility to 
hexagonal pyrrhotite + pyrite at 254°C. 

Applications to Nature 

Recognition of equilibrium in nature is an even more cantankerous problem but 
is no less important if we are to apply experimental results to the interpretation 
of natural processes. Barton et al (1973) have recognized several types of 
mineral associations (Fig. S-l), most of which do not represent bulk equilibrium 
but may, nevertheless, provide some useful information. Even when bulk 
equilibrium does occur in nature it usually encompasses many more components than 
our laboratory experiments. Some components will be in sufficiently low 

n A 
Description Appi icot ion of p h a s e e q u i l i b r i u m 

_ . . . . . . , . Ideal for use of p h a s e equil ibrium EquH.önum (s,mp„! ir,formo(ion 

o Case 2 * 
E 
o Case 3 H I 

Zontd tquilibriiim, 
supposition of several u " '•»»"'»•« •« matched 
case I assemblages P<"rs «' 

l ^ r ^ ' l t t r ^ »«-« — circumstances 
was nearly static 

JUL Synchronous deposition, .. . . . .. . . ... . . .; Not useful if precision is required but one or both metastaNe v M 

Equi l ibr ium because of 
r e - e q u i l i b r a t i o n f r o m Gives conditions of r e - e q u i l i b r o t i o n 
any previous assoc iat ion 

S £ A Internal homo^enizotion Case 6 F 1 M , of zoned equilibrium in Wou|d give u„rtliablt ,„„„, .c — u — o n e or both without u mutual re-equilibratlon 

Fig. S-l. Some relations between coexisting minerals. (From Barton et al, 1963, 
Mineral Soc. Amer. Spec. Pap. 1, 171-185). 
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concentration that they can be ignored or else corrected for. The latter is 
possible for those components of a solid solution which obey Raoult's Law in 
which case their thermodynamic contributions will be proportioned to their 
concentrations. We may still be left with a large number of components and 
may be tempted to experiment with all of them simultaneously but by systematically 
dealing with two, then three, then four, etc. we will eventually gain a better 
understanding of nature. 

Only those sulfides which are sufficiently non-reactive upon cooling in 
nature to preserve their equilibrium compositions obtained at elevated pressure 
and temperature are useful geochemical tools in deciphering conditions of 
formation or subsequent metamorphism of ores. Such "refractory" minerals which 
react with others only sluggishly are few in number and include pyrite, arseno-
pyrite, molybdenite and sphalerite. In his comparison of the reactivity of 
sulfides in the solid state, Barton (1970) estimated that it takes as long to 
equilibrate the refractory sulfides at 650°C as it does the nonrefractory 
pyrrhotites at 250°C and Cu-Fe sulfides at 100°C. For example, experiments by 
Barton and Toulmin (1966) involving solid-state reaction of sphalerite + 
hexagonal pyrrhotite failed to reach complete equilibrium after heating at 580°C 
for more than a year, whereas Yund and Hall (1968) found that troilite + 
pyrrhotite annealed at 90°C reached equilibrium after only seven days. Thus, 
as pointed out by Barton and Toulmin (1966), the experimental mineralogist is 
faced with a problem: on the one hand, refractory sulfides will provide the 
most useful information on ore-forming processes but, on the other hand, being 
relatively unreactive in standard, solid-state experiments, their phase relations 
are difficult to establish in the laboratory within the geologically-important 
temperature range below 600°C. The next section includes some methods of 
overcoming this difficulty. 

METHODS 

Evacuated Silica Tube 

Dry reaction in an evacuated silica tube is the time-honored means of 
synthesizing sulfides, and more sulfide phase equilibria have been determined 
in this way than any other. Kullerud (1971) described the equipment and 
procedures in considerable detail, so I will discuss only the main features here. 

Fused silica is an excellent container for sulfides. It does not devitrify 
until approximately 1100°C and does not react with sulfur below this temperature. 
Its low thermal conductivity enables the tube to be sealed in an oxy-gas flame 
without disturbing the charge and its low thermal expansion enables the runs to 
be quenched rapidly. Silica, if thin enough, is somewhat transparent to x-rays 
so it is possible to follow reactions in a high-temperature x-ray camera by 
sealing sulfides into a capillary (Moh and Taylor, 1971). 
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The preparation of a standard evacuated silica-tube experiment is illustrated 
by Fig. S-2. An eight-inch length of thoroughly-cleaned tubing is separated into 
two tubes by melting the glass in a small, hot oxy-gas flame from a welding 
torch (Fig. S-2,A and B). This is accomplished by slowly rotating the tube over 
the blue cone of the flame until melting collapses the walls. Pulling the ends 
of the tube should be avoided during this process, otherwise the walls will 
become too thin. The two ends of the tube can be safely held with your fingers 
thanks to the low thermal conductivity of the silica but the bright-white flame 
necessitates wearing welder's goggles. When the tubes have been separated they 
are chilled by plunging them into cold water and a number is scratched on them 
with a diamond scribe for later identification. Next, the starting materials 
are carefully weighed into the tube. This is best accomplished by first 
weighing the tube empty and again after each addition of pre-weighed starting 
components. In this way, the amount of each material actually in the tube is 
known despite any losses which might have occurred during loading. The materials 
can be placed directly in the bottom of the tube using a narrow piece of creased 
weighing paper as a slide or by means of a funnel formed by drawing out a piece 
of soft glass. It is common practice to add the sulfur first and gently melt it 
in the bottom of the tube in order to avoid losses later during the evacuation 
process. After all the materials have been successfully transferred, a short 
piece (M.") of tightly-fitting silica rod is inserted (Fig. S-2,C) to eliminate 

S i l i ca wool wrapping 

Charge 

- S i l i c a g l a s s rod 

- C h a r g e 

Co l l ap sed 

Fig. S-2. Various types of tubes used in sulfide experiments: A-E, simple evacuated 
silica tubes with a glass rod; F-G, tube-in-tube; H, DTA tube; I-M, collapsible 
precious metal tube. (From Kullerud, 1971, Research Techniques for High Pressure 

and High Temperature (Ulmer, ed.), Fig. 1, p. 291). 
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much of the vapor space and the tube is ready for evacuating and sealing. This 
process is tricky but, with practice, can be done in just a few minutes. First, 
the tube is necked down to a capillary just above the filler-rod (Fig. S-2,D), 
again being careful to avoid thinning of the walls. A wet strip of cloth 
wrapped around the bottom end of the tube will protect the charge and fingers 
from the heat. Second, the tube is connected to a vacuum pump and evacuateu 
to 0.02mm Hg or better. This should be done in stages by rapidly flipping the 
pump switch on and off a few times initially to prevent the fine-grained charge 
from being sucked into the vacuum line. It also helps to have a large capacity 
vacuum dessicator in the line to act as a "vacuum buffer." Finally, with the 
vacuum pump running, the capillary is sealed off in the flame, the top end of 
the tube is melted around the filler-rod (Fig. S-1,E), the tube is quenched in 
water, and we are ready to start the experiment. 

The size of tubing used is dictated in part by the amount of charge to be 
reacted, although the larger the tube the more difficult it is to seal. Starting 
materials can be prepared in batches of several hundred milligrams in tubes of 
6mm I.D. x 8mm O.D. Larger quantities may not homogenize within reasonable lengths 
of time. Also, for this reason charges should be as small as possible: 30 mg is 
usually sufficient and can be conveniently contained within a tube 3mm I.D. x 4mm 
O.D. x 3cm long. 

Starting materials are either native elements or sulfides presynthesized from 
the native elements by the evacuated silica tube method. Sulfur can be obtained 
6N (99.9999%) pure. Most metals are now available 4-5N pure as wire, sheet, sponge, 
or powder but many, particularly iron, develop an oxide coating which must be 
removed. This is accomplished by heating the powdered metal below its melting 
point in a hydrogen gas stream. Water and oxygen can be scrubbed from the 
hydrogen by passing it through a dessicant and then over zinc metal at 400°C. 
A train for this process is easily set up and will lower ^ of normal tank 
hydrogen to atm which is well below the metal-metal oxide boundary for 
most metals of interest to the experimenter. 

The charges which were sealed into evacuated silica tubes are reacted in 
furnaces of the type described by Kullerud (1971) and illustrated in Fig. S-3. 
The hot-spot of the furnace is spread over several inches by carefully spacing 
the resistance windings and inserting a nickel sheath between the inner and outer 
alumina tubes. Temperatures can be controlled within ±1°C or better by means of 
solid-state, stepless proportional controllers which are available from a large 
number of manufactureres in the price range $200-$500 or within ±5°C by means 
of an inexpensive variac or a time-proportioning controller. Temperature is 
monitored by thermocouples in direct contact with the silica tubes. Chromel-
alumel thermocouples are reliable to 900°C and Pt-Pt + Rh at higher temperatures. 
The usual error quoted for quality chromel-alumel thermocouples is ±3/8% which, 
at 500°C, is ±2°C. 
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Fig. S-3. Standard tube furnace for evacuated silica tube experiments. (From Kullerud, 
1971, Research Techniques for High Pressure and High Temperature, (Ulmer, ed) , Fig. 3, 
p. 301). 

The vapor pressure of sulfur rises very rapidly above its boiling point at 
445°C and will explode thin-walled tubes unless the charge is preheated below 
600°C to combine the sulfur and metals before attaining the desired run 
temperature. A word of caution: because of the danger of explosion always wear 
a face shield when inserting, inspecting or removing tubes from a furnace. 
Experiments in which liquid sulfur is one of the phases are particularly problem-
atical. Kullerud (1971) claims that a silica tube with 1.5mm walls and 3mm I.D. 
can contain the pressure (^100 bars) of saturated sulfur at 1000°C. However, the 
safest way to conduct such an experiment is to support the tube with a pressurized 
gas such as argon in a standard cold-seal pressure vessel. 

Reactions in evacuated silica tubes rely on diffusion, either through the 
vapor phase for the more volatile elements or in the solid phases. Rates of 
solid state diffusion can be exceedingly slow and it is not unusual for evacuated 
silica tube experiments to take months to reach equilibrium. Refractory sulfides, 
in particular, are very difficult to equilibrate within reasonable lengths of 
time at geologically-significant temperatures. Reactions can sometimes be speeded 
up by quenching and regrinding the charge periodically or by forcing the grains 
into closer contact with one another. The latter is accomplished by pelletizing 
the charge in a hydraulic press before encapsulating in a silica tube or by melting 
the charge and gradually lowering the temperature to the desired value. 

Advantages of the evacuated silica tube method are: 
1. The equipment is inexpensive and easy to operate . 
2. The system is clean and of precisely known bulk composition. 
3. Clear glass tubes permit visual examination of the charge without termination 
of the experiment. 
4. Runs can be quenched rapidly by dropping the tubes into water, an important 
consideration when dealing with most sulfides. 
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Disadvantages are: 
1. Solid-state diffusion in some sulfides is too slow to attain stable equilibrium 
within reasonable lengths of time and metastability is frequently encountered. 
2. The run products are usually very fine-grained and unsuitable, for example, 
for single-crystal x-ray diffractometry. 
3. Because the silica tube is rigid, confining pressure cannot be varied 
independently but will always be that of the ever-present vapor phase. 

Differential Thermal Analysis (DTA) 

When a phase change occurs, heat is either absorbed from or added to the 
surroundings. By detecting the resulting slight temperature increment we can 
determine the sign of the enthalpy change (endothermic or exothermic) and the 
temperature of the phase boundary. In practice a test thermocouple is inserted 
into a recess in a evacuated silica tube containing the charge (Fig. S-2,H), and 
a reference thermocouple into a block of inert material such as alumina. Both 
assemblies are placed a few mm apart in the hot spot of the furnace and the 
temperature of the reference thermocouple and its difference with respect to 
the test thermocouple are recorded as the furnace is slowly heated or cooled. 

Typical thermograms for pentlandite are 
shown in Fig. S-4. The small peak at 573°C 
is caused by the a-g transition in quartz 
which was added to the pentlandite to 
calibrate the reference thermocouple. The 
large peak beginning at 609-610°C represents 
the breakdown of pentlandite to (Ni,Fe)^_xS and 
heazlewoodite. The peak beginning at 862-
863°C represents the intersection of the 
solidus. 

The chief advantage of DTA is the speed 
with which phase boundaries can be detected 
compared with appearance-of-phase experiments. 

I However, DTA is plagued by the same kinetic 
problems as normal silica tube experiments and, 
in most cases, its results can be interpreted 

Fig. S-4. Differential thermal . . . , , , , „f only in the light of some prior knowledge of 
analysis curves for synthetic . . , . A J 1 the phase relations under investigation. A 
Fe4.5Ni4.5Sg on heating (bottom) h e a t e f f e c t b y ± t s e l f d o e g not tell us what 
and cooling (top). (From , , , r phases were consumed or produced. 
'Cullerud, 1963, Canadian Mineral. 

358). 
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Salt Flux 

An obvious way of overcoming reaction kinetics in evacuated silica tube 
experiments is to add a flux or catalyst to the charge which will increase 
reactivity among the sulfides without shifting their equilibria. Molten salts 
in which the sulfides are slightly soluble comply with these requirements and have 
been used for decades in the preparation and coarsening of sulfide phosphors. More 
recently, Boorman (1967) demonstrated the utility of salt fluxes by using them 
to extend the sphalerite + pyrite + pyrrhotite equilibrium down to 303°C, 277° 
below the previous best effort of Barton and Toulmin (1966) using the standard 
evacuated silica tube method. Kretschmar (1973) found that salt fluxes 
facilitated reaction in the refractory Fe-As-S system to as low as 300°C. 

The lowest temperature at which a molten salt flux will operate is governed 
by its eutectic composition. Its highest temperature is the boiling point, 
although fluxes containing NH^Cl have an upper limit of 350°C where the NH^Cl 
dissociates. At present only four binary mixtures have been tested (Table S-l), 

Table S-l. Binary Salt Fluxes Used for Sulfide Phase 
Equilibrium Experiments (Moh and Taylor, 1971) 

Salts Mol Ratio Temperature, ° C 

NaCl - KC1 50:50 >675 
KC1 - LiCl 42:58 >360 
NH.C1 - LiCl <50:50 270-350 4 
KC1 - A1C13 34:66 >130 

but there is no reason why other mixtures or more components could not be used 
to extend the operating range and efficiency of the technique. In fact, motivated 
in part by a need for such information, Smith et al (1974) have compiled a 
computerized file, ALKHAL, which contains the world's literature on salt systems 
with an alkali halide component. The file can be drawn on to compute eutectics 
in multicomponent systems (Smith, 1967). All that remains is the laborious task 
of testing the computed mixtures for their efficiency in recrystallizing sulfides. 

Sample preparation is performed in the same manner as for standard evacuated 
silica tube experiments with the exception that the salt mixture is thoroughly 
mixed with the sulfide charge. Special handling is required for fluxes containing 
LiCl and AlCl^ which are both deliquescent. They must first be dehydrated by 
passing gaseous HC1 through the molten salt, then cooled in a vacuum dessicator 
and, finally, weighed and mixed with the sulfide charge in a dry glove-box. 

Advantages of salt fluxes besides those inherent in the silica tube method 
lie in their ability to speed up sulfide reactions and to coarsen run products. 
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Major disadvantages are the special handling and storage required of LiCl- and 

A 1 C c o n t a i n i n g fluxes and inability to produce large single crystals of 

sulfides except under special conditions (described later). 

Hydrothermal Recrystallization 

Most of the shortcomings of the previous methods, particularly their inability 

to produce large single crystals and to permit independent variation of pressure, 

can be overcome by hydrothermal recrystallization described by Barnes (1971) 

and by Scott (in preparation) from whom the following account is taken. 

The method consists essentially of recrystallizing nutrient sulfides in 

an appropriate aqueous solution contained in a capsule at elevated temperature 

and pressure. The aqueous solution in which the sulfides are slightly soluble 

acts as a flux promoting crystal growth, in some cases at temperatures well 

below 200°C, and can also be used to control activities of important species in 

the solution. Figure S-5 illustrates the two procedures that are used: 

(A) recrystallization over a small temperature gradient, and (B) recrystallization 

in situ. Equilibrium is achieved or at least closely approached in either case 

because the solution is slowly precipitating all sulfides simultaneously. 

Therefore, if the crystals are in equilibrium with the solution, they must be 

in equilibrium with each other. 

A 

Fig. S-5. Design for hydrothermal recrystallization experiments: (A) with 

temperature gradient; (B) in situ. 

Usually better results are obtained with the use of a temperature gradient 

in which the nutrient sulfides are dissolved at the hotter end of the capsule, 

transported by convection, and precipitated at the cooler end: However, the 

gradient must be small (10-15°C) to avoid metastabilities induced by supersaturation 
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(see Scott and Barnes, 1972, p. 1285). In situ recrystallization is used at 
pressures greater than 1 kb because it is difficult to maintain an open capsule 
for convection at such high pressures. 

During a recrystallization experiment across a temperature gradient a steady 
state is established between the dissolving nutrient and the precipitating crystals. 
In order for equilibria to be maintained, the experiment must be terminated 
before all of the nutrient is transported; otherwise, the solution being depleted 
in one or more components will precipitate a new assemblage during subsequent crysta 
growths. The nutrient material should preferably be finely crushed metallic 
sulfides rather than the uncombined native elements. Crystals can be grown 
from the elements but it was the experience of Chernyshev et al (1968) that 
Fe-sphalerite crystals grown from elemental Zn, Fe and S were compositionally 
zoned. Those grown from ZnS and FeS are not so zoned although they do contain 
small, crystallographically-controlled, metastable, Fe-rich patches (Scott and 
Barnes, 1971). 

The choice of aqueous solution as the recrystallizing agent is governed 
by several factors: 

1. It must be stable at the P and T of the experiment. For example, 
despite the stability of metal ammine complexes, aqueous ammonia is not a useful 
fluid because NH^ partitions very strongly to the gas phase leaving the aqueous 
phase too dilute for effective solubility and transport. This problem can be 
overcome by using ammonium halides which disproportionate in the manner 

NH^I Z NH3 + H + + I~ 
providing two potentially useful ligands (NH^ and I") for metal transport. However, 
at temperatures above 530°C NH^ is irreversibly lost to the system, probably 
by dissociation to N2 and H2, resulting in a very acid HI solution. 

2. The sulfide mineral to be synthesized must be stable within the range of 
f02> ^s2 an<* P H provided by the solution. For example, in Figure S-6 magnetite 
is stable at high pH in place of pyrite or pyrrhotite precluding growth of iron 
sulfides in highly alkaline solutions. 

3. The sulfide minerals must be sufficiently soluble in the solution 
and have a sufficiently large temperature coefficient of solubility to effect 
dissolution of nutrient, transportation and precipitation of crystals. Two 
problems can be encountered. One, although neither common nor insurmountable, 
is retrograde solubility as found, for example, by Barnes et al (1967) for HgS 
in acid sulfide solutions. The second, which is quite common for ternary compounds, 
is nonstoichiometric solubility. For example, we have not yet successfully 
synthesized by hydrothermal recrystallization either arsenopyrite or Ni-Fe 
sulfides. In both cases, the Fe and S are selectively removed from the nutrient 
to grow pyrrhotite or pyrite crystals and the remaining component is left 
behind. 
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pH 

Fig. S-6. Distribution of solid phases of the Fe-S-0 system and predominant, 

sulfur-containing aqueous species as a function of log f ^ and pH at 300°C and 

ES = 0.1. Calculated from the data of Helgeson (1969), Robie and Waldbaum (1968), 

and Ellis and Giggenbach (1971). 

4. The aqueous solute anion must not be soluble in the sulfide, otherwise 

it becomes a component in the system, creating one more extensive variable which 

may affect sulfide phase relations. This fortunately does not appear to be a 

major problem for most sulfide systems. Scott and Barnes (1972) could detect no 

(<175 ppm) OH" in zinc sulfide grown in 6.2m NaOH. Halides also have very low 

solubility (a few ppm) in sulfides under conditions considered here. However, 

because the ionic radius of I - (2.16A) differs more from (1.84A) than does 

Cl~ (1.81A), iodide solutions are less likely to contaminate sulfides than are 

chloride solutions. 

An important advantage of the hydrothermal recrystallization technique is 

that the aqueous phase can, under certain conditions, provide stepless control 

for f()2> ^£>2' an<^ P^ over a wide range of values. These variables, which are 

not independent, along with temperature and to a lesser degree pressure, are 

the important ones governing stability and solubility of sulfide minerals 

(Barnes and Czamanske, 1967). Their Interrelationships at a fixed temperature, 

pressure, and total activity of sulfur-containing aqueous species (ES) is 

shown in Fig. S-7. By fixing two of ^>2' an<* P®' third variable is 

determined. For example, in their study of sphalerite-wurtzite equilibria, 

Scott and Barnes (1972) controlled fg2 by buffering fo2
 n e a r t h e ( S O ^ ' / H S " 

boundary via the reaction HS" + 202 J (SO^)2- + ff1" and by varying pH with 

different concentrations of NaOH solutions. In these experiments the NaOH 

solution had two roles; it was the growth medium for large zinc sulfide single 

crystals and it established an fg. at each temperature. 
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pH 

Fig. S-7. Distribution of predominant, sulfur-containing aqueous ions and molecules 
at 300°C and ES = 0.1. Contours are fugacity of S2 (g) in atm. Calculated from 
the data of Helgeson (1969), Robie and Waldbaum (1968), and Ellis and Giggenbach 
(1971). 

The lower limit of fQ^ which can be attained in an aqueous system is 
dictated by the dissociation of water: H 20 + Hj + 1/2 02- At 300°C, water 
dissociation generates 1,000 atm.of hydrogen pressure, an effective upper limit 
for most experiments, at an /o2 a t m (Fig. S-7) which, from Fig. S-6 
lies within the stability field of pyrrhotite in a moderately alkaline to acid 
solution. Inasmuch as Pjĵ  is inversely proportional to fg^ at a given temperature, 
it is clearly not possible to buffer fQ2 at significantly lower values and, 
therefore, not possible to study an equilibrium such as FeS + Fe in such solutions. 
However, this equilibrium could be studied at pH's 10.2 - 10.8 provided pH could 
be buffered within this range. 

The pH of the transporting fluid will be controlled by ionic reactions within 
the concentrated solution but because of large shifts in equilibria with temperature, 
many of which are not well known at high temperatures, it is often difficult to 
predict the true pH under run conditions. For example, salt solutions undergo 
hydrolysis reactions of the type NaCl + H 20 t HC1 + NaOH and the pH of the 
solution at elevated temperature and pressure is governed by the relative degree 
of ionization of HC1 and NaOH. In some cases, pH can be controlled by solid 
phase buffers such as Ag + HC1 + 1/4 0 2 J AgCl + 1/2 HjO developed by Frantz and 
Eugster 1973. By buffering fQ the activity of HC1 is fixed, thereby fixing the 

2 + _ 
pH of the solution via the ionization HC1 J H + CI . However, this pH buffer 
has limited use in most sulfide systems because it Is operable only where Ag is 

-12 A stable relative to Ag,S which, at 300°C, is at fc < 10 atm. 2 f 2 

In most crystal growth experiments sulfur fugacity is a variable dependent 
on fQ , pH and T. If a particular value of fg is sought which cannot be 
readily achieved in this manner, solid buffers are used which become thermo-
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dynamic components in the system. For example, in their study of the Zn-Fe-S 
system by hydrothermal recrystallization, Scott and Barnes (1971) used pyrrhotite 
and pyrrhotite + pyrite to buffer and produced Fe-rich sphalerite crystals. 

2 
Hydrothermal recrystallization experiments across a temperature gradient can 

be conducted successfully in standard cold seal pressure vessels of the type 
found in most experimental petrology laboratories, but best results are obtained 
from equipment especially designed for the task. At the University of Toronto 
we use pressure vessels and gradient furnaces similar to those designed by 
H. L. Barnes. As these have been described in detail by Barnes (1971), only a 
brief discussion is presented here. 

The pressure vessel which contains up to seven run capsules is machined from 
316 stainless steel and can be used safely to 600°C at 1,000 atm pressure. It 
is suspended vertically in a snuggly-fitting furnace (Fig. S-8) with separate top 
and bottom heating elements whose windings are spaced so as to provide a linear 
temperature gradient. The temperature of one heating element is maintained by 
a solid-state controller with stepless proportional output and the other by a 
second trlac with an output proportional to that of the main controller. In this 

Fig. S-8. Pressure vessel and furnace assembly for hydrothermal recrystallization 
experiments. Inset shows details of the seal for the pressure vessel. (From Barnes, 
1971, Research Techniques for High Pressure and High Temperature, Fig. 8, p. 349). 
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manner, temperatures at the measurement points are controlled within ±1°C. The 
furnace is raised and lowered about the pressure vessel on vertical guide rods 
and is held in place by a counterweight. The furnace is designed to have a high 
heat loss by using only a thin layer of inefficient insulation (e.g. vermiculite) 
in order to achieve steep thermal gradients when desired. At the termination of 
an experiment, the furnace is lowered and the pressure vessel cooled rapidly to 
room temperature in an air blast. Temperatures within the reaction chamber are 
usually interpolated between two thermocouples, one inserted in the head of the 
pressure vessel and one in the base. Pressure is generated by filling the 
reaction chamber with a measured volume of water. At temperatures below the 
critical temperature of water (374°C), pressures greater than those on the 
boiling curve can be generated by means of a pump or by connecting the vessel 
to a reservoir maintained at the desired pressure. Pressure is measured with a 
bourdon tube gauge isolated from the vessel by a transducer which transmits 
pressure to the liquid water-filled gauge and protects it from corrosive 
solutions should a capsule rupture. 

The sulfide nutrient and recrystallizing fluid are encapsulated within an 
inert container, usually silver, gold or platinum tubes welded closed at both 
ends (Fig. S-2, I to M). Pressure within the collapsible tubes is balanced 
with that of the pressure vessel by filling each with carefully measured amounts 
of solution and water, respectively, as discussed by Barnes (1971, p. 351). 
In order for a tube to be a useful container it must not react with either the 
recrystallizing fluid or the solid phases. Gold tubes 5mm O.D. x 25 or 50mm 
long are most commonly used. Silver, besides being difficult to seal, sulfidizes 
readily to Ag2S under most conditions accessible by hydrothermal recrystallization, 
alloys with many metals, and is readily attacked by hydroxide and alkali halide 
solutions. Platinum is prohibitively expensive, is more difficult to work with 
than gold, and even it reacts with some solids such as arsenopyrite. 

The resistance of gold to chemical attack by the recrystallizing solution 
appears to be related inversely to fQ^ (Hill, 1968). At and below fo^'s 
the pyrite + pyrrhotite boundary (see Fig. S-6), gold is stable in 5m NH^I to 
A00°C, in 5m NH4CI to 500°C, in 6m NaCl to at least 500°C, and in 4.5m KC1 to 
at least 710°C. Gold is not severely attacked by 2-15m NaOH solutions to 700°C 
or by 11.5m KOH solutions to at least 500°C at fo2's a s h i8 h as the (S0^)2"/HS" 
boundary (see Fig. S-7). Gold has been found to be unstable in systems containing 
the sulfides of lead, mercury, silver and arsenic. In such cases silica tubes 
sealed in a high-temperature flame have been used, but they are difficult to seal, 
are easily recrystallized by slightly alkaline solutions, and permit only a 
limited range of pressures to be attained. 

Experiments at pressures and temperatures beyond the capability of the 
temperature gradient apparatus are conducted by in situ recrystallization in 
cold seal vessels capable of holding 10,000 atm at 700°C. Pressure is commonly 
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transmitted by means of a hydraulic intensifier using argon as the pressure medium. 
Scott (1973), for example, used such an apparatus to study the sphalerite + 
pyrrhotite + pyrite equilibrium to 8,000 atm. 

ANALYSIS OF RUN PRODUCTS 

Microscopy 

A microscope is an indispensable tool for examining the products of synthesis 
experiments. A simple binocular microscope will sometimes suffice for the 
separation and identification of mm-sized crystals, but most products are sufficiently 
fine-grained to require the use of polished grain mounts and a petrographic 
microscope equipped with reflected-light optics. It might be tempting to save 
time by simply identifying run products by powder x-ray diffraction and, in 
complex systems, this is a useful adjunct to microscopy. However, whereas x-ray 
diffractometry requires 10 to 15% of a phase to be present in a mixture for 
reliable identification, the human eye can detect a fraction of a percent using 
a standard reflecting-light microscope. This is often the degree of discrimination 
required for closely bracketed phase boundaries or for decisions on attainment 
of equilibrium. 

Grain mounts are easily made by drilling shallow holes in a one-inch diameter 
disc of cold-set dental plastic, inserting a fraction of the run products, topping 
the holes with newly mixed plastic and, after it has hardened, grinding and 
polishing as for a normal polished section. The result is a high-quality section 
which can be used both for optical study and microprobe analysis. For the person 
in a hurry, Kullerud (1971) describes a rapid and simple method for preparing 
individual grain mounts in Kadon resin. 

Textural features such as zoning as well as dislocations and twin boundaries 
can be enhanced by lightly staining the polished surface of the grains. Most 
stains are legacies of the old "etch tests" (Short, 1940) which were standard 
practice until recently for the identification of opaque minerals in polished 
sections. In fact, HI and chromic acid solutions are still used to distinguish 
similar phases such as hexagonal and monoclinic pyrrhotite. Response to etching 
must be interpreted with caution though, because conflicting results have been 
obtained. For example, Arnold (1967) found that monoclinic pyrrhotite was 
etched more strongly by chromic acid than was hexagonal pyrrhotite, whereas 
Schwarz and Harris (1970) observed the opposite when using a 50% HI solution. 
Naldrett and Kullerud (1967) observed that in some cases hexagonal pyrrhotite 
assumed the darker stain under chromic acid, but in other cases monoclinic 
pyrrhotite did. 

A preferable way of distinguishing monoclinic from hexagonal pyrrhotite is 
to apply a thin film of magnetic colloid. The colloid is essentially a dilute 
suspension of magnetic iron oxide in water which is preferentially attracted to 
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the ferromagnetic monoclinic pyrrhotite imparting a dark brown coloration. The 
colloid is also useful for revealing magnetic domains in other pyrrhotite phases 
(Kissin, 1974). A recipe for magnetic colloid, kindly provided by L. A. Taylor, 
is as follows: 

1. Dissolve 2 gm FeCl2-4H20 and 5.4 gm FeCl3"6H20 in 300cc distilled 
water at 70°C. 

2. Dissolve 5 gm NaOH in 50cc distilled water. 
3. Mix solutions 1 and 2 and stir vigorously. Filter black precipitate 

and' rinse several times with distilled water and finally with 0.01N HC1. Place 
black precipitate in 500cc 0.05% sodium oleate solution and boil for a short time 
to mix the soap solution and precipitate. The resulting colloid is stable for 
many months. 
A-ray Ulttractometry 

Besides identifying run products, x-ray powder diffraction can also be used 
to measure the composition of some solid solution phases. The latter relies on 
measureable shifts with composition in the d-spacings of one or more x-ray peaks. 
The peaks chosen for measurement are those which are particularly sensitive to 
the small changes in unit-cell volume attending the substitution of elements. 
Before the proliferation of electron microprobes, this was the usual method for 
nondestructive and is still preferred for hexagonal pyrrhotite and for finely 
intergrown or "spongy" run products. The results of x-ray analyses are accept-
able so long as the phases are homogeneous and there are not more than two 
(occasionally three) components in the solid solution. More complicated solid 
solutions result in too many uncontrolled variables for deciphering the x-ray 
data. 

The usual method for accurately measuring the d-spacing of the desired peak 
is to compare it against a nearby peak of an internal standard which is thoroughly 
mixed with the run product in the preparation of the smear mount. The x-ray 
goniometer is oscillated at 1/8° to 1/4° per minute through two or more cycles 
between the standard and unknown peaks and the results averaged. More reliable 
results are obtained if the smear mount is rotated 180° about a vertical axis 
between cycles. For sharp x-ray peaks, 20 can be measured to a precision of 
±0.01 (e.a.d.). For greatest accuracy, care must be taken to use either the same 
internal standard and cell edge as the authors of the determinative curve or else 
a calibrated standard whose cfell edge can be related to theirs; otherwise, a 
systematic error will result. Boorman (1967) has discussed this problem in 
detail as well as other sources of error in x-ray analysis. 

Some of the most intensive analytical work by x-ray diffractometry has 
been applied to sphalerite, arsenopyrite, and pyrrhotite which will serve as 
examples. 
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Sphalerite. Several determinative curves for the Iron content of sphalerite 
have been presented over the years but the most useful Is that of Barton and 
Toulmln (1966) which is reproduced in Fig. S-9. They determined the cell edge of 
synthetic Fe-sphalerites by comparing the d-spacing of the 531 peak of sphalerite 
against 531 of CaF2 as an internal standard. In theory all one needs to do is 
measure the sphalerite cell edge to obtain the FeS content. However, in practice 
some difficulties are encountered: 

1. Barton and Toulmin (1966) found that the room-temperature cell edges 
of iron-rich sphalerites synthesized at low sulfur fugacities controlled by the 
Fe + FeS buffer decreased systematically from those in Fig. S-9 as a function of 
temperature of synthesis. They were unable to explain this anomalous behavior 
but suggested that it might be caused by nonstoichiometry in high-temperature, 
iron-rich sphalerite or by Fe/Zn ordering during quenching. The latter seems to 
be ruled out by their observation that a did not vary with quench time from 
one second to several hours. 

2. Other elements besides Fe may enter sphalerites and will contribute 
to the cell edge according to this formula (Barton and Skinner, 1967): 

a - 5.4093 + 0.000564(mole % FeS) + 0.00424(mole % CdS) + 0.00202 
(mole % MnS) - 0.000700(mole % CaS) + 0.002592(mole Z ZnSe) -
0.003(mole % ZnO). 

Clearly, a single x-ray measurement of products containing more than one substituting 
element will be indeterminant for composition. 

3. X-ray diffraction provides a bulk analysis. If the sphalerite is 
heterogeneous and the resulting broadening of the x-ray peaks is not recognized, 
a misleading result will be obtained. For example, Chernyshev et al (1968) 
found reasonable agreement between sphalerite analyses done by x-ray diffraction 
and by wet chemistry, both bulk methods, on which basis they presented sphalerite 
compositions coexisting with pyrite and pyrrhotite. Their results were in 
conflict with those of Boorman (1967) and Scott and Barnes (1971) until subsequent 
microprobe analyses by Chernyshev (in Boorman et al, 1971) showed that the 
product sphalerites of his 1968 experiments were heterogeneous by as much as 16.6 
mole % FeS. 

Arsenopyrite. Clark's (1960a) experimental work on the system Fe-As-S was 
presented without benefit of actual analyses of the arsenopyrite products. Instead, 
results for arsenopyrite were quoted in terms of the d-spacing of the 131 
reflection. ^131 was known to be proportional to the As/S ratio in arsenopyrite 
although the exact functional relationship had not been determined and, consequently, 
it became common practice in the 1960's to present arsenopyrite analyses as d-^i 
values. In 1961, Morimoto and Clark published a calibration curve for arsenopyrite, 
¿131 = 1.6006 + 0.00098(at. % As), which has recently been revised by Kretschmar 
(1973) as at. .% As = 845.00 di3l - 1345.84 [e.s.d. = 0.45 at. % As]. 
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Fig. S-9. X-ray determinative curve for the composition of iron-bearing sphalerites 

as a function of cell edge. (From Barton and Toulmin, 1966, Econ. Geol, 61, 820). 
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Pyrrhotite. Arnold (1958) was the first to demonstrate that d j ^ hexagonal 

pyrrhotite was a sensitive indicator of its iron content so long as the combined 

concentration of nickel, cobalt, and copper in solid solution was less than 0.6 

weight percent (Arnold and Reichen, 1962). Subsequently, determinative curves 

based on this principle were offered by Arnold and Reichen (1962), Arnold (1962), 

Toulmin and Barton (1964), Sugaki and Shima (1966), Boorman (1967, but the 

equation is misprinted) and Yund and Hall (1969) . The curve from Toulmin and 

Barton (1964), shown in Fig. S-10, is commonly accepted and gives reliable 

Nf.S 

Fig. S-10. X-ray determinative curve for the composition of hexagonal pyrrhotite 

as a function of the d-spacing of the 102 reflection. (From Toulmin and Barton, 

1964, Geochim. Cosmochim. Acta 28_, 645). 
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results provided their internal standard is used (halite calibrated against 

metallic silicon for which â  was taken as 5.4301A at 26°C) . The importance of 

the internal standard stems from the fact that the cell edge of Si used by 

Toulinin and Barton is 0.0005A smaller than the preferred value (Boorman, 1967). 

If the larger value of Si is used directly or indirectly for measuring d^Q2> 

Figure S-10 will give a systematic error of 0.02 at. % Fe. In order to overcome 

such difficulties, Yund and Hall (1969) have selected previous data plus a few 
0 

points of their own, normalized them all to a - 5.4306A for silicon and calculated 

a determinative curve for pyrrhotite whose equation is: 

at. % Fe = 45-212 + 72.86(d 1 02 - 2.0400) + 3 1 1 . 5 ( d 1 0 2 " 2.0400) 2 [e.s.d. = 0.06]. 

The above methods do not apply to monoclinic pyrrhotite which is recognized 

by having two peaks at the location of the 102 reflection of hexagonal pyrrhotite 

(Fig. S-ll). However, the monoclinic pyrrhotite can be isochemically converted to 

hexagonal pyrrhotite by heating it in an evacuated silica tube at 325°C for 3 to 

5 minutes and rapidly quenching (Yund and Hall, 1969). It has also been suggested 

(Arnold, 1966; Graham, 1969) that peak-intensity ratios of intergrown monoclinic 

and hexagonal pyrrhotite can be used to calculate the amounts of the two phases 

present, and positions of the overlapping peaks to calculate the composition of 

the hexagonal pyrrhotite and of the bulk. However, Kissin (1974) found neither 

method to be very precise as a quantitative technique. 

2 © F e K * 2 © F e K * 

Fig. S-ll. Comparison of the 102 x-ray peak of hexagonal pyrrhotite (A) 

with (B) the 408-408 doublet of monoclinic pyrrhotite. (From Kissin, 1974). 
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Microprobe Analysis 

Chemical analysis in situ has obvious advantages in experimental studies 

and can be performed by three techniques of microprobe analysis - the familiar 

electron probe microanalyzer and two newer developments, the laser microprobe 

and the ion microprobe. Details of their instrumentation and application are 

described in several recent books (e.g. Andersen, 1973a). 

As in other branches of analytical science, the advent of the electron 

microprobe has increased our capability of analyzing the products of mineral 

synthesis experiments to the point that it has now become a routine tool in 

most laboratories. Its nondestructive analysis of very small areas is ideally 

suited to checking homogeneity and determining compositions of fine-grained 

products or intricate intergrowth provided that, as a rule of thumb, the area 

to be analyzed is 2.5 times the beam diameter (3-5 ym, routinely). Automation 

permits very rapid analyses of sulfides; nonetheless the microprobe is not a 

panacea. For example, x-ray diffraction methods, although more laborious, still 

provide more precise analyses of hexagonal pyrrhotite. 

Most of the problems encountered in electron microprobe analyses of sulfides 

stem from the choice of standards, and some minerals are more sensitive to this 

than others. To illustrate, I have analyzed a homogeneous, synthetic Fe-bearing 

sphalerite by two methods. One, following Barton and Toulmin (1966), involved 

using a wide range of synthetic Fe-sphalerite standards to construct a calibration 

curve (Fe/Zn x-ray intensity ratio vs FeS/ZnS mole ratio) against which the 

test sample was compared with corrections only for background. The other used 

metallic zinc and pyrite as standards and the EMPADR VII program of Rucklidge and 

Gasparrini (1969) for data reduction and matrix corrections. Repeated analyses 

by the first method spanning several days time gave 26.3 ± 0.4 (n = 4) mol % FeS in 

the sphalerite and by the second method, spanning several years time, gave 26.5 ± 

0.2 (n = 18) mol % FeS. Thus sphalerite analyses may be performed either way 

with equal reliability. On the other hand, analyses in which sulfur must be 

accurately determined, as is the case of nonstoichiometric compounds such as 

pyrrhotite » require the use of standards which closely approximate the 

composition of the unknown. For example, I have encountered errors in sulfur 

analyses as large as 5 percent compared to x-ray diffraction results when 

analyzing pyrrhotites against a pyrite standard. Similarly, Czamanske (in prepar-

ation) found 38.2 rather than the correct value of 34.9 wt. % S in CuFeS2 when 

using Ci^FeS^ as a standard. Desborough et al (1971) have recommended a low 

accelerating v'oltage of 6kV in doing sulfur analyses in order to overcome such 

difficulties, but this voltage is too low to do simultaneous analyses of the 

other elements present. 

The laser and ion probes are relatively new instruments which have not yet 

attained their full potential of application to sulfide research. In the laser 

probe a small intense laser beam vaporizes a microvolume of the sample. The 
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laser plume is then analyzed by emmission spectrography, mass spectroscopy, 
atomic absorption or gas chromatography. Its chief advantages in sulfide research 
over the electron microprobe are the ability to measure trace as well as minor and 
major elements and to discriminate isotopes in situ. In addition, a laser 
probe costs considerably less ($20,000 - $50,000) than an electron microprobe 
($120,000 - $250,000). 

In the ion probe an energetic ion beam is used to sputter away a small 
surface area of the test sample. Some of the sputtered particles are ionized 
and can be collected and analyzed by mass spectrometry. This instrument has 
been very successful in determining the concentration and distribution of isotopes 
in the surface of a sample (Andersen, 1973b) but its high cost (^$300,000) 
precludes routine use in most laboratories. 

PRESENTATION OF EXPERIMENTAL RESULTS 

Experimental data can be presented diagramatically in a number of ways 
depending upon the variables measured. Figure S-12 shows several possibilities 

po + l , 

/ po 
1 + P V + L , 
[ py 

PV py+su 

I> -12 j 
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ir + po 

1 po 
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py 

PV + l | 
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+ 

py py + V 
ir + po 

po + V 

ir + V 

V 

Fig. S-12A. Various ways of representing the phase relations in the binary system 
Fe-S. Ng = mole fraction of sulfur, ir = iron, po = pyrrhotite, py = pyrite, su = 
rhombic sulfur, L = liquid. (From Barton and Skinner, 1967, Geochemistry of 
Hydrothermal Ore Deposits, p. 282). 
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for the Fe-S system. Barton and Skinner (1967) discuss the rationale behind 
each type of diagram but the most commonly used are T-X and log a<j (or log fs ) 3 2 2 
- 10 /T plots. Experiments In evacuated silica tubes have an equilibrium vapor 
present, and their results are presented on condensed T-X diagrams. Such diagrams 
are polybarlc, but because most solids and liquids are relatively incompressible, 
the variation in pressure has little effect on phase relations as shown by 
Fig. S-12, A(C). This is not always the case, however. In some systems (e.g. Zn-
Fe-S) confining pressure is an important variable, as will be discussed in the 
next chapter. 

The significance of log - 10^/T diagrams arises from the fact that many 
sulfide reactions can be expressed as a sulfidation of one solid to another as 
discussed below. 

3000 r 

Fig. S-12B. Additional ways of representing phase relations in the system Fe-S. 
Symbols as for Fig. S-12A. (From Barton and Skinner, 1967, Geochemistry of 

Hydrothermal Ore Deposits, p. 285). 
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B C 

Fig. S-12C. Further ways of representing phase relations in the system Fe-S in 
the presence of additional components, mag = magnetite, hem = hematite. Other 
symbols as in Fig. S-12A. (From Barton and Skinner, 1967, Geochemistry of 
Hydrothermal Ore Deposits, p. 288). 

SULFUR ACTIVITY: ITS MEASUREMENT AND CONTROL 
Many sulfide equilibria can be represented by sulfidation reactions of the 

type 
2MxSy + S 2 t 2MxSy+1 

where MxSy and MxSy+i are solids, x = 1,2,3 . . . and y = 0,1,2 . . .. If the solids 
are in their standard states, their activities will be unity and the equilibrium 
constant, K, for the reaction is a function only of temperature and activity 
(or fugacity) of S2(g): 
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K = a = f (for a standard state fugacity 
2 2 

of 1 atrn. for S2) 

From the van't Hoff expression, 

d log K = AIT d log a s 

d (1/T) * 2.303R -

Therefore, plots of log ag^ against (1/T,*K) for a sulfidation reaction will be 

linear with a slope of AH°/2.303R. If one or both of the solid phases are not 

in their standard states, the sulfidation reaction will plot as a curved line 

as a consequence of including their activities as well as ag in the equilibrium 

expression, i.e. 

d log a Q AH° 
b2 1 T a -

- d o T r T ^ " 2 - 3 0 3 R 2 ^ 

A large number of equilibria that have been investigated in this manner are 

summarized by Barton and Skinner (1967). Figure S-13, taken from their paper, 

illustrates the wide range of sulfur activities and temperatures covered by 

sulfide reactions. Such diagrams can be used as "sulfidation grids" (Barton, 1970), 

in a manner analogous to petrologists1 petrogenetic grids in which conditions of 

ore formation are deduced by outlining stability fields of naturally-occurring 

assemblages. Barton (1970) gives some applications of this concept. See Ch. 6. 

Fig. S-13. Examples of some sulfidation reactions on a plot of S2 activity vs 

103/T (From Barton and Skinner, 1967, Geochemistry of Hydrothermal Ore Deposits, 

p. 311). 
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Before turning to actual measurement of sulfur activities in the laboratory, 
let us first examine the constitution of sulfur vapor. Sulfur vapor is a complex 
mixture of polymers of the type S^ (i = 1,2,3,. . . 8) whose relative proportions 
vary with sulfur pressure and temperature. Saturated vapor in equilibrium 
with liquid sulfur below 600°C is predominantly Sg (Fig. S-14). The concentration 

Fig. S-14. Mole fraction of sulfur species in the saturated vapor. (From 
Berkowitz, 1965) 

of less-polymerized species increases with T along the liquid + vapor equilibrium 
curve and with decreasing P into the region where only vapor is present 
(Fig. S-15). As a consequence most, but by no means all, sulfidation reactions 
lie within the region where S2 is the dominant species and it is for this 
reason they are written in terms of S2(g) rather than some other sulfur species. 

Until recently the standard data for relating total sulfur pressure to S2 
activity was due to Braune et al (1951). However, these authors considered only 
the even-numbered species S2, S^, Sg, and S3 in their calculations and their 
results have been superceded by the mass spectrometric data of Berkowitz and 
Marquart (1963), Berkowitz (1965), and Detry et al (1967). The equilibrium 
expressions recommended by Mills (1974) relating the various species are 
summarized in Table S-2.* Total vapor -pressure of sulfur is given by the 
expression (Mills, 1974): 

log P (atm) = -6109.6411T-1 + 16.64157 - 0.01705358T + 7.9769xlO_6T2. 

Haas and Potter (1974) have questioned the validity of these mass spectrometric 
data and have derived what they feel to be an internally consistent set of 
equilibria. 
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200 400 600 ' 800 KXX) 

Temperolure ,°C 

Fig. S-15. Pg^ contoured In atmospheres 
(dashed lines) in the undersaturated 
region where total sulfur pressure (Pc ) 

T 
is less than that over liquid or solid 
sulfur. S2 is the dominant species 
below the curve where Pc„ = 0.5 Pc . 2 aT 
(From Barnes and Kullerud, 1961, 
based, in part, on the data of Braune 
e t al, 1 9 5 1 , Econ. Geol, 5 6 , 668). 

Measurement and control of sulfur 
activity has tested the ingenuity of 
a number of researchers. Some of 
the methods that they have developed 
are described below and their 
relative merits are summarized in 
Table S-2. 

SL_V Buffer 

This is perhaps the easiest way 
to control sulfur activity. By 
mixing excess sulfur either directly 
with the charge in an evacuated 
silica tube or separated from the 
charge by a tube-in-tube arrangement 
(Fig. S-2, F and G), sulfur activity 
is fixed by the equilibrium between 
liquid and vapor at the temperature 
of the experiment. Activity of S2 
in the saturated vapor can be 
calculated from the total sulfur 
pressure and the data in Table S-3. 

A variant of the method is to 
use a long tube with sulfur at a 

Table S-2. Comparison of Various Methods for Measuring 
S2 Activity as a Function of Temperature 
(Barton and Toulmin, 1964, Geochim. Cosmochim. 

Acta 28, 636.). 

Feature compared 
Total pressure Dew 

point e.m.f. 
O u 

mixture* 
Calori-
metrie 

Qaa 
mixture- Eleotrum 

tarniah 

8peed for individual 
determination 3 3 2 2 1 2 0 

Speed for many 
determination« 2 2 1 1 1 1 3 

Ability to reach lov 
temperature« 1 2 3 1 S* 3 
It 1 2 3 2 3 2 2 

Ability to qoenoh 
reaotantc 0 1 0 0 v 1 3 

Preoiaion 2 2 3 2 3 2 2 
Ability to avoid thermal 

segregation V 0 3 1 3 2 3 
Toleranoe for other 

oomponent« in gaa 0 2 3 0 3 0 S 
Ability to make many 

determination« on 
•ingle preparation 9 3 3 2 3 2 0 

Simplioity of apparatus 1 2 1 1 0 1 a 

Relative rfttiog»: 3—exoellant 

1— 
0—poor 
v—extremely variable. 
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constant temperature at one end and the charge at a higher temperature at the other 
end. This configuration permits investigation of a wider range of sulfur activities 
and temperatures than given by the univariant liquid + vapor curve for sulfur. 

Table S-3. Equilibrium Constants for Gaseous 
Sulfur Species (Mills, 1974) 

Sn(g) = (n/2)S2(g) 

log K = AT - 1 + B + C log T 
Gaseous 
Species A B C 

S 11 ,219 - 2.026 -0.308 
S2 
S3 - 2. ,432 3.807 -0.138 
s4 - 3. ,607 8.293 -0.586 
S5 -10: ,880 14.933 -0.747 
s6 -14, ,790 20.347 -1.166 
S7 -17, ,930 24.874 -1.47 

S8 -21, ,690 30.58 -1.968 

Dew Point 

As described by Dickson et al (1962) and illustrated in Figure S-16, this 
method utilizes the temperature of the meniscus between liquid sulfur and sulfur 
vapor to compute total sulfur pressure and, from the equations in Table S-3, 
activity of S2. The reaction tube containing the charge at a constant temperature 
is connected to a silica capillary which lies in a temperature gradient. The 
equilibrium sulfur vapor over the charge condenses in the capillary to liquid 
sulfur at a point whose temperature is interpolated between closely-spaced 
thermocouples. 

Gas Mixing 

Mixing of gases to control activities of 0,,, CO,,, SC>2, etc. is a common 
practice in petrological studies and can be equally applied to sulfides. For 
the equilibrium, 2H2S t 2H2 + Sj, the sulfur activity is given by 

2 
aS 2

 = PS 2
 = ^ ^ H s/pH2^T 
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THERMOCOUPLE WELLS 

1 I I I I 'l I 1 

STEEL TUBE TO HOLD GLASS ASSEMBLY 

GLASS CAPILLARY AND SAMPLE CHAMBER 

Fig. S-16. Sulfur vapor pressure curve and a curve representing a sulfidation 

reaction illustrating the dew-point method. Upper diagrams show the stainless 

steel sheath and glass capillary sample holder. (From Dickson et ai, 1962, ECO 
57_, 1023.) 

where (R = room temperature): 

pH 2S(T) " (1 + p S 2(T)) <pH2S(R)) -2 PS2(T) 

and 

P H 2 ( T ) - (1 - Ps2(T)) (PH2(R)) + 2 P S 2 ( T ) 

By mixing H 2S and H 2 in various proportions in an apparatus shown in Fig. S-17, 
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H2 COÎ 
CopHlary Capillary 

Fig. S-17. Apparatus for regulating the mixing ratio of two gases. For CC^, 
read H2S. (From Nafziger et al, 1971, Research Techniques for High Pressure and 
High Temperature, Fig. 1, p. 29). 
a<j2 car* be regulated in a furnace. A design for a furnace assembly is shown in 
Fig. S-18, and typical mixing curves are shown in Fig. S-19. 

This technique can also be used in reverse to measure the equilibrium S2 
activity over a sulfide assemblage. A small amount of H2S is sealed into a 
reaction chamber with the sulfides and after equilibration the gas is removed 
and analyzed. The equilibrium S2 activity in the reaction chamber is found by 
interpolating on Fig. S-18 the H2 and I^S mixture analyzed at room temperature. 

WATER JACKET 
FURNACE-

L A D L E 

V INYL 
STOPPER 

TO N j 
TANK 

SAMPLE BOAT 

CONTROLLING 
•THREE-WAY 

— W A T E R J A C K E T 

GROUND GLASS 
J O I N T -

MEASURING 
THERMOCOUPLE 

\ THERMOCOUPLE | 
\ SHEATH 

O-RING 
SEAL -

I 
TO 

EXHAUST 

- P Y R E X CAP 

SILICA T U B E -

Fig. S-18. Furnace assembly for gas-mixing experiments. Boat containing sample 
is inserted into and withdrawn from furnace by means of the silica ladle. 
NiCrogen is used to purge the system and to quench the run. See Scott (1968) for 
details. 
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TEMPERATURE, °C 

Fig. S-19. Log f g vs. temperature calculated for several H2/H2S mixing ratios 

and for pure H2S• Three sulfide equilibria are shown for reference. 

(From Scott, 1968). 
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Electrum Tarnish 

This method, developed by Barton and Toulmin (1964), relies on the composition 
of a Au-Ag solid solution (electrum) in equilibrium with a tarnish (Ag2S) as an 
indicator of sulfur activity. For the equilibrium 4Ag + S2 J 2Ag2S, the 

4 -1 activity of S^ is given by ag^ = (Rj, . a^g ) . In pure Ag, a ^ is unity but 
when alloyed with gold, becomes less than unity resulting in a concomittant 
rise in aq for the formation of a tarnish. Sulfur activities at which various 2 
electrum compositions tarnish are shown in Fig. S-20. 

Fig. S-20. Tarnish curves for electrum compositions given in atom fraction Ag. 
(From Barton and Toulmin, 1964 > Geochim. Cosmochim. Acta 28_, 635) . 

In practice a small piece of electrum is placed in an evacuated silica tube 
and separated from the charge by silica wool. The system is brought to equilibrium, 
quenched, and without opening the tube the electrum is examined under a binocular 
microscope for evidence of a tarnish. If none is found, the system is heated 
at progressively lower temperatures until the equilibrium vapor over the sulfide 
charge is also in equilibrium with a tarnish, at which point the temperature 
can be raised slightly to remove the tarnish and reverse the equilibrium. A 
major shortcoming of the method lies in the difficulty of deciding whether the 
electrum is indeed tarnished; this can lead to overshooting of the equilibrium 
sulfur activity. 

Pyrrhotite Indicator 

Studies by Toulmin and Barton (1964) and Burgmann et al (1968) on the Fe-S 
system have determined the relationships among sulfur activity, temperature and 
composition of pyrrhotite. These are discussed in considerable detail in the 
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next chapter. For now, it is sufficient to observe that a small amount of pyrrhotite, 
added to an evacuated silica tube but physically separated from the sulfide charge, 
will come to equilibrium with the vapor phase. By analyzing the composition 
of the pyrrhotite at the conclusion of the experiment, the sulfur activity of 
the equilibrium vapor can be determined. 

Pyrrhotite (or any other sulfide buffer, for that matter) can also be used 
in a similar manner to control the sulfur activity of an experiment via its 
equilibrium vapor. The amount of pyrrhotite must be sufficiently large such 
that the small adjustments made between the test charge and vapor do not 
change the composition of the pyrrhotite. 

Electrochemical Cells 

Solid-state electrochemical cells which are reversible with respect to 
S2 vapor are in an early stage of development but already show promise of 
supplanting all other methods for measuring sulfur activities. The most 
widely used cell at present is 

Ag|Agl|Ag2+xS, S2(g) 
in which an ionic conductor, Agl, separates pure silver and silver sulfide 
electrodes. Schneeberg (1973) has recently built and tested such a cell 
for sulfide research and his design is shown in Fig. S-21. The principle of 

operation is that of a silver concentration 
cell in which the chemical potential of Ag 
is fixed at the left electrode by the 
pure metal and at the right electrode by 
Ag2+xS- The composition of the silver 
sulfide is controlled by the'activity of 
S2 in the ambient vapor. Sulfur fugacity 
(or activity) is calculated from the 
expression 

4F 
In fg2 = (E-E°) — + In f ^ ' 

where E is the measured emf, E° is the cell 
emf at the fugacity (f^) 'he sulfur 
condensation curve at temperature T, and 
F is Faraday's constant. The operational 
limits of the Ag|Agl|Ag2+xS cell are shown 
in Fig. S-22. The low-temperature limit 
is dictated by the acanthite-argentite 
transition in Ag2S and the high limit by 
the onset on significant electronic 
conduction in the Agl electrolyte. 
Another cell described by Sato (1971) 

Fig. S-21. Typical Ag|AgI|Ag2+xS cell 
used to measure sulfur fugacity 
buffered by a mineral assemblage. 
(From Schneeberg, 1973, Econ. Geol. 

68, 509). 
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utilizes Ag-saturated 

beta-alumina as an electro-

lyte and can be operated to 

considerably higher temper-

atures. It has been used 

to measure sulfur activities 

in natural processes but 

has not yet been adapted for 

routine laboratory use. 

Kissin and Scott (in 

preparation; see also, 

Kissin, 1974) describe a 

novel application in which 

the Ag|Agl|Ag2+xS cell is 

used on a precession x-ray 

camera to measure sulfur 

activity of a heated crystal 

while x-ray photographs are 

being taken. 

68, 508). 

GROWTH OF LARGE SINGLE CRYSTALS 

Growth of sulfide single crystals has received considerable attention from 

crystallographers seeking suitable material for x-ray study and from solid-state 

physicists in their research for compounds with specific electrical and optical 

properties. It would be futile to review the vast literature on the subject here. 

Instead, I will briefly describe six techniques with which I am familiar without 

delving far into their science and art. The proceedings of the international 

conferences on crystal growth (Frank et al, 1968; Laudise et ai, 1972) are good 

sources for finding details and applications of these and other methods. 

Growth from Melts 

Sulfides which are stable to their melting points can be grown from their 

melts by the Bridgeman technique in which a crucible containing the molten sulfide 

and a seed crystal is cooled slowly through a temperature gradient. The method 

is not unlike that used in synthesis of single-crystal rods of oxides. The main 

difference lies in the use of a pressure vessel as a consequence of the high vapor 

pressure of sulfide melts (usually not more than a few hundred atm) and the 

necessity of excluding oxygen from the system. It is an easy matter to dope the 

crystals by adding small amounts of contaminants to the melt. 

Addamiano and Aven (1960) and Kozielski (1967) have grown single crystals 

of hexagonal zinc sulfide (mp = 1722°C) of very high purity and optical clarity in 

the form of boules several millimeters in diameter and centimeters in length. 

Temperature,°C 
100 146 200 300 400 440 500 

Fig. S-22. Limits of operation of the 

Ag|AgI[Ag2 + xS cell. Contours show the 

emf response. (From Schneeberg, 1973, Econ. Geol. 
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Kozielski's experiments were done at 1850°C under an argon pressure of 50 atm.and 
required about two hours to complete the melting and growth steps. 

Sublimation 

The simplest technique for growing single crystals of sulfides is by sublimation 
from the vapor. A long evacuated silica tube is subjected to a temperature gradient 
with the nutrient, in the form of a polycrystalline sulfide powder or the elements, 
at the hot end. The single crystal grows at the cool end of the tube. This method 
is not always successful, however. For example, Ripley (1971) was unable to grow 
zinc sulfide crystals below 1200°C, presumably because the concentrations of zinc 
and sulfur in the vapor were too low for efficient transfer of material. 

Chemical Vapor Transport 

By adding a carrier gas to react with the nutrient in the sublimation experi-
ment, the amount of sulfide transported to the cool end of the tube can be markedly 
increased resulting, in some cases, in growth of cm-sized single crystals. Typical 
transport reactions for zinc sulfide are: 

ZnS + I 2 t Znl2 + 1/2S2 and ZnS + 2HC1 t ZnCl2 + H2S. 
The reactions go to the right at the hot end of the tube and then in the reverse 
direction, precipitating ZnS, at the cool end. The temperature to which the 
nutrient must be heated and the gradient vary with the sulfide being grown and 
the carrier gas but values in excess of 1000°C and 200°C, respectively, are not 
uncommon. 

Growth in Halide Fluxes 

1 have already discussed the recrystallization of sulfides in halide fluxes. 
Heating the flux to a much higher temperature than is usual for phase equilibrium 
studies (but below its boiling point) and then slowly cooling or simply maintaining 
a temperature gradient can promote growth of single crystals. Metal halides as 
well as alkali halides have been used as fluxes. 

Growth in Gels 

Growing sulfide crystals of mm-size near room temperature in a test tube has 
obvious attractions and is beginning to receive considerable attention. The 
success of Blank and Brenner (1971; see also Blank et al, 1968) in synthesizing 
single crystals of galena in gels at 38°C suggests that other sulfides may also 
be grown this way. 

The technique employs an acid sodium metasilicate gel in which is dissolved 
a soluble salt containing the cation of the crystal to be grown. The simplest 
method is to hold the gel in a test tube and add a sulfur-containing solution to 
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the top. Crystal growth takes place at isolated nuclei in the gel by slow reaction 
between the cations and sulfur-containing solution. For example, Blank and Brenner's 
(1971) recipe for growing galena crystals was 20 ml of sodium metasilicate 
containing 20 ml of 2.95N HC1 and 0.5 ml of 1M lead acetate and topped with 10 ml 
of 0.1M thioacetamide. The galena crystals were 1-1.5 mm on an edge and contained 
low densities of etch pits compared to crystals grown at higher temperatures by 
other methods. 

Hydrothermal Growth 

The hydrothermal recrystallization technique described earlier has produced 
single crystals of sphalerite, wurtzite, galena, pyrrhotite and pyrite in the 
mm-size range as a "byproduct" of phase equilibrium studies. Better results can 
be obtained by increasing the size of the container and the time allowed for 
growth; by carefully choosing the solution, gradient, and temperature of growth; 
and by suspending a seed crystal into the solution. For example, Laudise et al, 
(1965) have described the growth of sphalerite crystals more than 2 cm long in 
10.8m KOH solutions at a dissolution temperature of 360°C and a crystallization 
temperature of 350°C. 

Knowledge of solution chemistry is very important in hydrothermal crystal 
growth. For example, drawing on the solubility measurements of Barnes et al 
(1967) on cinnabar in reduced sulfide solutions enabled Scott and Barnes (1969) 
to grow single crystals of cinnabar up to 2mm in diameter and of very high 
chemical purity. Rau and Rabenau (1967) had grown larger crystals from acid 
chloride solutions but there are two distinct advantages of using alkaline sulfide 
solutions: the crystals are free of potentially-contaminating halide anions, and 
it is possible to grow cinnabar crystals of different stoichiometrics by varying 
the sulfur fugacity of the alkaline solution in the manner discussed earlier. 
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SULFIDE PHASE EQUILIBRIA 

J.R. Craig and S.D. Scott 

INTRODUCTION 

In recent years experimental studies of phase equilibria have contributed 
immensely to the growth of sulfide mineralogy, petrology, and geochemistry. Ideally, 
natural occurrences of minerals provide guidelines for laboratory studies, which 
in turn elucidate the mode of formation, and perhaps the post-depositional history 
of mineral assemblages. In reality, there are, of course, complicating factors: 
(1) natural mineral systems are usually far more complex than synthetic ones; 
(2) mineral systems have had much longer times to reach equilibrium than can be 
afforded by experimentalists in their laboratories; and (3) there often exists the 
plague of metastability either in forming or preserving phases in fields in which 
they are not stable or in preventing synthesis in realms in which they are stable. 

This, of course, raises the question of how one determines the presence or 
absence of equilibrium. In truth it is often not possible to unequivocably prove 
equilibrium; however, there are tests which are commonly applied: (1) persistence 
of an assemblage unchanged through time under a static set of conditions; (2) rever-
sibility of a reaction, i.e., definition of some boundary which when crossed causes 
change in an assemblage but which when recrossed to the initial conditions, results 
in reestablishment of the initial assemblage; and (3) synthesis of the same assemblage 
from different sets of reactions, i.e., Fe + s(liq) ~>" F e S o r F e + F e S2 2 F e S • 
Although these "tests" may be administered in the laboratory, their application to 
natural assemblages is often impractical if not impossible. Hence the evidence 
for equilibrium in minerals is often taken to be the absence of evidence for 
disequilibrium, i.e., zoned crystals. The reader is referred to the chapter on 
"Experimental Methods in Sulfide Synthesis." 

Fortunately for the sulfide mineralogist, synthetic phase equilibria studies 
frequently have passed the tests for equilibrium and have yielded data sufficiently 
similar to natural occurrences to provide some assurance of their reliability. 
In fact, the data have proven useful in understanding mineral genesis and beneficiation, 
and metal extraction, and they have proven invaluable in the development of phases 
with important electrical, optical, and physical properties. 

The presentation of data pertinent to phase equilibria is generally in the 
form of a "phase diagram" — occassionally referred to disrespectfully by the terms 
"fuzz diagram" or "cartoon" — which is intended to illustrate the relationships of 
phases in P-T-X (or some other parameter) space. Although it is possible to construct 
an almost endless variety of phase diagrams by applying different parameters to the 
axes, the most commonly employed types are T-X (temperature - composition), P-T 
(pressure - temperature), ag^ - 1/T (activity of diatomic sulfur gas - inverse 
temperature), and Eh - pH (redox potential - acidity). We shall not elaborate the 

Ch. 5 
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theoretical bases of these or other types of diagrams. Instead, we refer the reader 

to the following books: 

Alper, A.M. (1970) Phase Diagrams: Materials Science and Technology, 

Vol. I. Academic Press. 

Ehlers, E.G. (1972) The Interpretation of Geological Phase Diagrams. 

W.H. Freeman. 

Findlay, A. (1951) The Phase Rule (9th ed. by A.N. Campbell and 

N.O. Smith). Dover Publications. 

Garrels, R.M. and C.L. Christ (1965) Solutions, Minerals, and 

Equilibria. Harper and Row. 

Gordon, P. (1968) Principles of Phase Diagrams in Materials Systems. 

McGraw-Hill. 

Haase, R. and H. Schonert (1969) "Solid and Liquid Equilibria," 

International Encyclopedia of Physical Chemistry and Chemical Physics, 

Vol. I, Topic 13. Macmillan. 

Levin, E.M., C.R. Robbins, and H.F. McMurdie (1964; 2nd ed. 1969) 

Phase Diagrams for Ceramists. American Ceramic Society. 

Masing, G. (1944) Ternary Systems (translated by B.A. Rogers). 

Dover Publications. 

Palatnik, L.S. and A.I. Landau (1964) Phase Equilibria in Multi-

component Systems (English trans.). Holt, Rinehart, and Winston. 

Prince, A. (1966) Alloy Phase Equilibria. Elsevier. 

Reisman, A. (1970) Phase Equilibria. Academic Press. 

Rines, F.N. (1956) Phase Diagrams in Metallurgy. McGraw-Hill. 

Ricci, J.E. (1951) The Phase Rule and Heterogeneous Equilibria. 

D. Van Nostrand and Company. 

Zen, E-An (1966) "Construction of Pressure-Temperature Diagrams for 

Multicomponent Systems After the Method of Schreinemakers — 

A Geometric Approach," U.S.G.S. Bull. 1225. 

In the following portions of the notes, we attempt to present some insight into 

sulfide mineralogy by providing: (1) a summary of data sources of information on 

important phase equilibria and mineralogic studies in a large number of sulfide 

systems, (2) a listing of important sources for thermodynamic data pertinent to 

sulfide minerals, (3) rather detailed discussions on a few of the most important 

sulfide systems — Fe-S, Fe-Zn-S, Cu-S, Cu-Fe-S, Ni-S, Fe-NiTS, (4) a brief 

discussion of sulfosalts, and (5) general aspects of the stoichiometry of sulfides. 
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SURVEY OF DATA SOURCES ON SULFIDE PHASE EQUILIBRIA (Craig) 

The sulfide minerals and their synthetic analogs have received considerable 
attention in recent years not only from mineralogists and geologists, but also from 
chemists, physicists, metallurgists and materials scientists. As a result, the 
literature related to sulfide phase equilibria is widely dispersed in publications 
of these many disciplines. Although a complete listing of published data is beyond 
the scope of these notes, the authors felt that some sort of listing of major 
sources of data would be of value. Thus on the following pages we list the 
important references pertaining to systematic phase equilibria and/or mineralogic 
studies of a number of the sulfide systems. These are presented alphabetically 
by metal for binary, ternary, quaternary, and quinary systems. In a general sense 
the total amount of literature devoted to a particular system is proportional to 
the number of minerals it contains, their abundance, and their economic value. 
The references we have arbitrarily included are ones which present up-to-date 
views, important singular aspects, and/or good bibliographies which will provide 
the reader with well marked trails into the topic he wishes to pursue. 

Although few in number, there are other compilations which frequently serve 
as valuable sources of data regarding sulfide phase equilibria. These include 
the following: 

(1) Barton, P.B. and B.J. Skinner (1967) Sulfide mineral stabilities in 
Geochemistry of Hydrothermal Ore Deposits, Holt, Rinehart, and 
Winston, pp. 236-333. 

(2) Kullerud, G. (1966) Phase relations in sulfide-type systems. 
Handbook of Physical Constants, Geol. Soc. Amer. Mem. 97, p. 323-343. 

(3) Kullerud, G. (1964) Review and evaluation of recent research on geologically 
significant sulfide-type systems. Fortschr. Mineralogie, 41, 221-270. 

(4) Hansen, M., and K. Anderko (1958) Constitution of Binary Alloys 

First supplement by R.P. Elliott (1965); Second supplement by 
F.A. Shunk (1969), McGraw-Hill. 

(5) Levin, E.M., C.R. Robbins, and H.F. McMurdie (1964; 2nd ed. 1969) 
Phase Diagrams for Ceramists. American Ceramic Society. 

(6) Sorokin, V.I. and N.I. Besmen (1966) Experimental studies of sulfide 
systems of interest in geology. Itogi Nauki, Geokhim., Mineral., 

Petrogr., 125-171. 
(7) Projected for the future — Kullerud, G., Physical Chemistry of Sulfide 

Systems. Chapter FF in Data of Geochemistry, U.S. Geol. Surv. Prof. 

Paper 440. 

Each of these papers, with the exception of Phase Diagrams for Ceramists, 
contains annotations as well as actual phase diagrams regarding works in each 
sulfide system. Mineralogical Abstracts, Chemical Abstracts, Metal Abstracts and 
Ceramic Abstracts should be consulted for literature more recent than this volume 
(summer, 1974). 

CS-3 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



Mineral Max. thermal 
System Compound name stability,°C Remarks References 

Ag-S Ag2S 
Ag2S 

Ag2S 
Ag2S 

acanthlte 177 
argentlte 586-622 

838 

inversion temp, 
comp. dependent 

Kracek (1946) 
Roy et al (1959) 
Majumdar & Bolbe 
(1959) 

Taylor (1969) 
Bell & Kullerud 
(1970) 

Kullerud (1970) 

As-S As S 

As S 

As2S3 
A S 2 S 3 

As^Sj 
A S S 2 

realgar 

orpiment 

dimorphite 

307 
265 
315 
170 ? 

•> 

Clark (1960) 
Barton (1969) 
Klrkinskiy et al 
(1967) 

Hall (1966) 
Nagoo (1955) 

amorphous, probably metastable 

Bi-S Bi2S3 
BiS2 

bismuthinite 760 
high P form 

Van Hook (1960) 
Cubicciotti (1962) 
Silverman (1964) 
Craig et al (1971) 
Cubicciotti (1963) 

Ca-S CaS oldhamite Larimer (1968) 
Skinner & Luce 
(1971) 

Cd-S CdS 

CdS 
CdS 

hawleyite 

greenockite 1475 

metastable cubic 
form 

high P cubic form 

Corrl (1964) 
Miller et al (1966) 
O'sugi et al (1966) 
Trail & Boyle. (1955) 
Yu & Gielisse (1971) 
Boer & Nalesnik 
(1969) 

Co-S CooS 9 8 

C 0 4 S 3 

C°l-xS 

C 0 3 S 4 

C 0 S 9 

cobalt 832 
pentlandite 

780-930 
jaipurite? 464-1182 

linnaeite 660 
cattierite 950 

464°C question-
able 

Rosenqvist (1954) 
Curlook & Pidgeon 
(1953) 

Lafitte (1959) 
Kuznetsov et al 
(1965) 

Cr-S CrS 

CrS 

CrS 
Cr2Sg 
Cr5S6 

330 

570 

-v-1650 

inverts to inter, 
form 
inverts to high T 
form 

Bunch & Fuchs (1969) 
Jellinek (1957) 
Hansen & Anderko 
(1958) 
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Cr3S4 
Cr2.1S3 
Cr9 ,Si 

brezinaite 

VL100 
inverts to high T 

Cu-S Cu2S 
Cu2S 
CU2S-CU9S5 
Cu2S 
Cu1.97s 

CU9S5 
C U 7 S 5 

Cui+xS 

CuS 
CuS2 

chalcocite 

djurleite 
digenite 
anilite 
blue-remaining 
covellite 
covellite 

103 
^435 
1129 
>500 
93 
83 
70 
157 

507 
>550 

n § 

w 
§ 

Roseboom (1966) 
Morimoto & Koto 
(1970) 

Kullerud (1965) 
Skinner (1970) 
Barton (1973) 
Taylor & Kullerud 
(1972) 

Luquet et al (1972) 

Fe-S FeS 
FeSl-x 
Fei_xS 

Fei_xS 
Fel-xS 

Fel-x® 
Fe9S10 

F e10 SU 
Fe uS 1 2 

Fe7±xS8 

Fe7+x®8 

Fe2S3 

FegSn 
Fe3S^ 
FeS 2 
FeS 2 

troilite 
mackinawite 
hexagonal 
pyrrhotite 
MC pyrrhotite 
NA pyrrhotite 
NC pyrrhotite 
5C pyrrhotite 
H C pyrrhotite 
6C pyrrhotite 
monoclinic 
pyrrhotite 
anomalous 
pyrrhotite 
y-iron sulfide 
smythite 
greigite 
pyrite 
marcasite 

140 
? 

1190 

308 
266 

213 
VL00 
^100 
^100 
254 

? 

? 

75 

743 

stable only 
above ^100 C 

Arnold (1962) 
Barton & Toulmin 
(1964) 

Kullerud & Yoder 
(1959) 

Kissin (1974) 
Nakazawa & 
Morimoto (1971) 

Hg-S H8l-xS 

Hgl-xS 
HgS 

cinnabar 316-345 

metacinnabar 572 

inversion comp, 
dependent 

high F form 

Dickson & Tunell 
(1959) 

Potter & Barnes 
(1971) 

Kullerud (1965) 
Mariano & Warekois 
(1963) 

Scott & Barnes (1969) 
Barnes (1973) 
Potter (1973) 
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Mg-S MgS niningerite contains Fe, 
Mn, Co 

Skinner & Luce (1971) 
Keil & Snetsinger (1967) 

MN-S MnS2 
MNS 

MNS 

naverite 423 
alabandite 1610 

High P form 

Blitz & Wiechmann (1936) 
Rooymans. (1963) 
Skinner & Luce (1971) 

Mo-S MOS 2 molybdenite V1350 

M0S2 molybdenite VL350 
M02S3 — >610 
M0S2 jordisite 

Bell & Herfert (1957) 
Morimoto & Kullerud (1962) 
Clark (1970) 

stable at high T Zelikman & Belyaerskaya 
(1956) 

Graeser (1964) 
Clark et al (1971) 

Hexagonal 
Rhombohedral 

amorphous 

Ni-S NÌ3S2 heazlewoodite 556 
Ni 3 + xS 2 — 806 
a-Ni^Sg godlevskite 
Ni7S6 

millerite NiS 
a-Nix_xS 
NÌ3S4 
NiS2 

polydymite 
vaesite 

400 
573 
379 
992 
356 

1007 

Kullerud & Yund (1962) 
Lafitte (1959a) 
Lafitte (1959b) 
Arnold & Malik (1974) 
Ariya et al (1971) 
Rosenqvist (1954) 

Os-S OsS2 erlichmanite Snetsinger (1971) 
Sutarno & Reid (1967) 
Ying-chen & Yu-jen (1973) 

Pb-S PbS galena 1115 Kullerud (1969) 
Bloem & Kroger (1956) 
Stubbles & Birchenall 
(1959) 

Pt-S PtS 
PtS2 

cooperite Richardson & Jeffes (1952) 
Hansen & Anderko (1958) 
Cabri (1972) 
Gronvold et al (1960) 

Ru-S RuS2 laurite Ying-chen & Yu-jen (1973) 
Leonard et al (1969) 
Sutarno & Reid (1967) 

Sb-S Sb2S3 stibnite 556 
sb2s3-x meta-stibnite amorphous, 

prob, meta-
stable 

Pettit (1964) 
Barton (1971) 
Clark (1970) 

Sn-S 6-SnS herzenberglte 600 
o-SnS — 880 

Inverts to a Moh (1969) 
Albers & Schol (1961) 
Karakhanova et al (1966) 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



<5-Sn2S3 ottemannite 661-675 

Ti-S 

6-S112S3 

g-Sn2S3 

ct-Sn2S3 
g-SnS2 

a-SnS2 

Ti2S 

TiS 
Ti8S9 

Ti«S5 

Ti3SA 

TiS2 

TiSo 

710-715 

744-753 

760 

berndtlte 680-691 

865 

> 800 

inversion to Rau (196s> 
cump. dependent Moh & Berndt (1964) 

Mootz & Puhl (1967) 
inversion to. ß 
comp. dependent 
inversion to a 
comp. dependent 

inversion to a 
comp. dependent 

Pnnm <1 = 11.35 
b = 14.06, 
c = 3.32 

Franzen et al (1967) 
Viaene et al (1971) 
Viaene & Kullerud (1971) 
Wiegers & Jellinek (1970) 

610 

V-S V3 S4 
vs4 

vs 

patronite 

Chevreton & Sapet (1965) 
Baumann (1964) 
Shunlc (1969) 

-v.v2S3 

Zn-S ZnS 
ZnS 

sphalerite 
wurtzite 

See text 
See text 

Scott & Barnes (1972) 
Nickel (1965) 
Skinner & Barton (1960) 
Mardix et al (1967) 

Ag-As-S AgyAsSg 

AgjAsS^ 
Ag3AsS3 
Ag3AsS3 

5-AgAsS2 

<SAgAsS2 
aAgAsS2 

As-billing-
sleyite 
As-stephanite 

proustite 
xanthocanite 
smithite 
trechmannite 

575 

361 
495 
192 
415 
255 

Toulmin (1963) 
Hall (1966) 
Hall (1968) 
Roland (1968) 
Roland (1970) 
Wehmeier et al (1968) 

inverts to proustite 
inverts to aAgAsS2 
inverts to smithite 

415-421 

Ag-Au-S AgßAuSj 181 Inverts to high Graf (1968) 
T form Barton & Toulmin (1964) 

Ag-Bi-S BAgBiSj 
aAgBiS2 

AgBi3S5 

matildlte 195 
195-801 

pavonite 732 

inverts to a Schenck et al (1939) 
Van Hook (1960) 
Craig (1967) 
Karup-Moller (1972) 
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Ag-Cu-S 
Cu0.45Ag1.55s JalPalt<= 117 

CuQgAgi^S mckinstiylte 94 

Ag^Cu^^S stromeyerite 93 

Inverts to bcc Djurle (1958) 
phase which has Skinner (1966) 
s.s. with Ag2S Graf (1968) 
inverts to fee 
phase with 
complete s.s. 
from CU2S-Ag2S 
inverts to hep 
phase which has 
complete s.s. with Cu2S 

Skinner et al (1966) 
Suhr (1965) 
Krestovnikov et al 
(1968) 

Valverde (1968) 
Werner (1965) 

Ag-Fe-S AgFe2S3 

AgFe2S3 

Ag3 Fe7 sn 
Ag2Fe5S8 

argentopyrite 
sternbergite 
argyropyrite 
frieseite 

152 
152 

low T polymorph Czamanske (1969) 
, . , _ , , Czamanske & Larson (1969) highT polymorph T a y l o r ( 1 9 7 Q ) 

Taylor (1970) 

Ag-Pb-S Vogel (1953) 
Van Hook (1960) 
Craig (1967) 

Ag-Sb-S AgySbS^ 

Ag5SbS4 

Ag3SbS3 

Ag3SbS3 

AgSbS2 

6AgSbS2 

Sb-billings- 475 
leyite 

stephanite 197 
pyrargyrite 485 
pyrostilpnite 192 
miargyrite 380 

510 

Barstad (1959) 
Somanchi (1963) 
Toulmin (1963) 
Chang (1963) 
Cambi & Elli (1965) 
Hall (1966) 
Hall (1968) 
Keighin & Honea (1969) 
Wehmeier et al (1968) 

As-Co-S CoAsS cobaltlte Bayliss (1969) 
Gammon (1966) 
Klemm (1965) 

As-Cu-S Cu3AsS^ luzonite 

Cu3AsS^ enargite 
Cu24As12s31 — 
Cu6As4S9 sinnerite 
Cu12AsS13 

CuAsS 
tennantite 
lautite 

275-320 

671 
578 
489 
665 
574 

inverts to 
enargite 

Maske & Skinner (1971) 
Gaines (1957) 

3.s. of Cu & As 

As-Fe-S FeAsS arsenopyrite 702 comp. is 
sensitive to ? 

Clark (1960a) 
Morimoto & Clark (1961) 
Barton (1969) 
Kretschmar (1973) 

As-Ni-S NiAsS gersdorfflte >700 variable As/S 
ratio 

Yund (1962) 
Klemm (1965) 
Bayliss (1968) 
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As-Pb-S Pb9As4S15 gratonite 250 

Pb9As4S15 jordanite 349 
Pb2AS2S5 dufrenoysite 485? 

Pb19As26S58 rathite II 474 
Pb3AS4Sg baumhauerlte 458 
PbAs2S4 sartorite 305 

inverts to Rosch & Hellner (1959) 
jordanite Le Bihan (1963) 

Roland (1968a) 
Kutoglu (1969) 
Burkart-Baumann et al 
(1972) 

Chang & Bever (1973) 

As-Sb-S AsSbS3 getchellite 345 
(As,Sb)nS18 wakabayashilite ? 
AsSb2S2 — 538 

Weissberg (1965) 
Kato (1970) 
Moore & Dixon (1973) 
Craig et al (1974) 
Dickson et al (1974) 
Radtke et al (1973) 

As-Tl-S TI3ASS3 
Tl4As2S5 

TlgAs^Sg 
TIAsS, lorandite ^300 

Canneri & Fernandes 
(1925) 

Graeser (1967) 
Radtke et al (1974a) 
Radtke et al (1974b) 

Bi-Cu-S CugBiSg 
Cu3BiS3 
Cu6Bi4S9 

X ^375-650 
wittichenite 527 
klaprothite ? 

Cu24Bi2gS5^ emplectite ^360 

Cu24Bi26S51 
Cu3Bi5S9 
CuBi3S5 

Cu3Bi3S7 

cuprobismutite 474 
D 442-620 
E 649 
Y -\-498 

doubtful 
validity 
inverts to 
cuprobismutite 

Vogel (1956) 
Buhlmann (1965) 
Sugaki & Shima (1972) 
Godovikov & Ptitsyn 
(1968) 

Buhlmann (1971) 
Sugaki & Shima (1970) 
Sugaki et al (1972) 
Godsvikov et al (1972) 

Bi-Fe-S FeBi^Sy 608-719 Urazov et al (1960) 
Craig et al (1971) 
Sugaki et al (1972) 
Ontoev (1964) 

Bi-Mo-S Stemprok (1967) 

Bi-Ni-S Ni3Bi2S2 parkerite >400 Schenck & von der Forst 
(1939) 

Fleet (1973) 
DuPreez (1945) 
Peacock & McAndrew (1950) 
Brower et al (1974) 
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System 
Mineral Max. thermal 

Compound Name stability,°C Remarks References 

Bi-Pb-S 6Pb1_xBi2x/3S- Bi2S3 heyrov-
skyite 

829 

3Pb1_xBi2x/3S. Bi2S3 
PbBi2S4 
Pb2Bi2S5 
Pbl-xBl-2x/3S- 2Bi2S3 
Pb5Bi4S11 
PbBi4S7 
PbBi6S10 

lillianite 816 
galenobismutite 750 
cosalite <450 

680-730 
bursaite ? 
bonchevite ? 
ustarasite 

Contains 
minor Ag & 
Cu 

Bi-Sb-S (complete s.s. Bi2S3-Sb2S3 at >200°C; natural specimens 
indicate a gap from Bil.l6st>0.84®3 t o st>2s3) 

Schenck et al 
(1939) 

Van Hook (1960) 
Craig (1967) 
Salanci (1965) 
Otto & Strunz 
(1968) 

Salanci & Moh 
(1969) 

Klominsky (1971) 
Chang & Bever 
(1973) 

Hayase (1955) 
Springer (1969) 
Springer & LaFlamme 
(1971) 

Sugaki & Shima 
(1965) 

Bi-Se-S Bi^(S,Se)3 ikunolite Kato (1959) 
Markham (1962) 
Godovikov & 
Il'yssheva 
(1971) 

Bi-Te-S 'v'Bi2Te1 5+xSli5_x 6-tetradymite 

^Bi2Te2+xS1_x 

Bi8Te7S5 

Bi18(TeS3)3 
Bi9(Te2S2) 
Bi3TeS 
Bi15(TeS4) 

g-tetradymite 

joseite-C 

Beglaryan & 
Abrikasov (1959) 
Godovikov et al 
(1970) 

Ca-Fe-S Skinner & Luce 
(1971) 

Ca-Mg-S Skinner & Luce 
(1971) 

Ca-Mn-S Skinner & Luce 
(1971) 

Cd-Pb-S (extensive s.s. of CdS in PbS) Bethke & Barton 
(1961,1971) 
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Cd-Zn-S (nearly complete s.s. between CdS and ZnS) Hurlbut (1957) 
Bethke & Barton 
(iy/1) 

Co-Cu-S CUC02S4 carrollite >600 complete Craig & Hlggins 
s.s. with (1973) 
Co^S^ Williamson & 

Grimes (1974) 
Clark (1974) 

Co-Fe-S (complete s.s. between C0S2 and FeS2 and Co]_xS and Curlook & Pidgeon 
F e ^ S at high T) ^ ( 1 9 6 2 ) 

Vogel & Hillner 
(1953) 

Straumanis et al 
(1964) 

Riley (1965) 
Bouchard (1968) 
Springer et al 
(1964) 

Bartholome et al 
(1971) 

Riley (1968) 

Co-Ni-S (complete s.s. between C03S4 and Ni3S4 and CoS2 and NiS2) Klemm (1962) 
Klemm (1965) 
Craig & Higgins 
(1974) 

Delafosse & 
Can Hoang Van 
(1962) 

Bouchard (1968) 

Co-Sb-S CoSbS 
CoSbS 

paracostibite 876 
costibite <100°C? 

Lange & Schlegel 
(1951) 

Cabri et al 
(1970a,b) 

Cr-Fe-S Cr2FeS4 daubreelite >740 

Cr2FeS4 
(extensive s.s. between Fej_xS and Crj_xS) 

high P form El Goresy & 
stable Kullerud (1969) 
>14 kbar Buzek & Prabhala 

(1965) 
Vogel (1968) 
Bell et al 
(1970) 

Cu-Fe-S (Cu,Fe)9S5 
Cu5FeS4 

Cu5FeS4 
Cu5FeS4 
Cu5FeS4 05 
Cu5#5FeS6.5 
CujFeSg 

digenite 83 
bornite 228 

x-bornlte 
idalte 

125 
501 

fukuchilite 1*200 

Merwin & Lombard 
(1937) 

Yund & Kullerud 
(1966) 

Kullerud et ai 
(1969) 

Mukalyama & 
Izawa (1970) 

Cabri & Harris 
(1971) 

Cabri & Hall 
(1972) 
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CuFeS2 
CuFe2S3 
wide range 
Cu9FesS16 

Cu9Fe8S16 

Cu9Fe8S16 

Cu9Fe9S16 

Cu9Fe9S16 

Cu4Fe5S8 

wide range 

chalcopyrite 557 
cubanite 200-210 
iss 960 
talnakhite 186 
iss-1 186-230 
iss—11 230-520 
mooihoekite 167 
A 167-236 
haycockite ? 
pc 20-200 

Cabri (1973) 
Barton (1973) 

Cu-Ga-S CuGaS, gallite Strunz et ai (1958 

Cu-Mo-S Grover & Moh (1969 

Cu-Ni-S CuNi2Sg villamaninite 503 Kullerud et al 
(1969) 

Bouchard (1968) 

Cu-Pb-S Cui4Pb2S9_x 486-528 S chuller & Wohlmani 
(1955) 

Craig & Kullerud 
(1968) 

Clark & Sillitoe 
(1970) 

Cu-Sb-S Cu3SbS4 

CuSbS2 
Cu12+xSb4+yS13 
Cu3SbS3 

Cu-Sn-S Cu2SnS3 

famatinite 627 
chalcostibite 553 
tetrahedrite 543 
skinnerite 607 

Avilov et al (1971] 
Skinner et al 
(1972) 

Tatsuka & Morimoto 
(1973) 

Karup-Moller & 
Makovicky (1974) 
Hang (1974) 
Roy-Choudhury 
(1974) 

Cu-V-S CU3VS4 

Cu-W-S 

sulvanite Dolanski (1974) 

Moh (1973) 

Cu-Zn-S ^Cu3ZnS^ 

Fe-Ge-S Fe2GeS^ 

Fe-In-S FeIn2S^ 

>800 

indite >1000 

Craig & Kullerud 
(1973) 

Clark (1970) 

Viaene (1972) 
Viaene (1968) 

Genkin & Murav'eva 
(1963) 

Hahn & Klinger (191 
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Fe-Mg-S (Mg,Fe)S niningerite >1200 Skinner & Luce (197).) 
Keil & Snetsinger (1967) 
Kurash et al (1973) 

Fe-Mn-S (extensive s.s. of FeS in MnS) Shibata (1926) 
Sugaki & Kitakaze 
(1972) 

Skinner & Luce (1971) 

Fe-Mo-S FeMo3S4 ? Kullerud (1967) 
Grover & Moh (1966) 
Lawson (1972) 
Grover et al (1973) 

Fe-Ni-S (Fe.Ni^Sg 
(Fe,Ni)^_xS 
FeNi2S4 

(Fe,Ni)S2 

pentlandite 610 
1192-992 

violarite 461 
bravoite 137 

Kullerud et al (1969) 
Naldrett et al (1967) 
Shewman & Clark (1970) 
Craig (1971) 
Misra & Fleet (1973) 
Craig (1973) 
Clark & Kullerud (1963) 
Vaughan & Craig (1974) 
Scott et al (1974) 

Fe-Pb-S Brett & Kullerud 
(1967) 

Fe-Sb-S FeSb2S4 
FeSbS 

berthierite 563 
gudmundite 280 

Barton (1971) 
Clark (1966) 

Fe-Sn-S Stemprok (1971) 

Fe-Ti-S FeTi2S4 
FeTi2S4 
Fel-h,Ti2s4 h'eideite 

>1000 
540 

? 

(possibly related to low T form of F e T i ^ ) 

Plovnick et al 
(1968) 

Hahn et al (1965) 
Keil & Brett (1974) 
Viaene et al (1971) 
Viaene & Kullerud 
(1971) 

Fe-W-S Stemprok (1971) 
Vogel & Weizenkorn 
(1961) 

Grover & Moh (1966) 

Fe-Zn-S (extensive s.s. of FeS in ZnS) 

(see text for discussion) 

Barton & Toulmin (1966) 
Boorman (1967) 
Boorman et al (1971) 
Scott & Barnes (1971) 
Scott & Kissin (1973) 
Scott (1973) 
Chernyshev & Anfilogov 
(1968) 
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Hg-Sb-S HgSb^Sg livingstonite 451 Craig (1970) 
Learned (1966) 
Tunell (1964) 
Learned et al (1974) 

Hg-Se-S (considerable s.s. between HgS and HgSe) Boctor & Kullerud 
(1973) 

Mg-Mn-S Skinner & Luce (1971) 

Mn-Zn-S Kroger (1939) 
Juza et al (1956) 
Bethke & Barton 
(1971) 

Mo-W-S Holl & Weber-Diefen-
bach (1973) 

Moh (1972) 

Ni-Pb-S Ni3Pb2S2 shandite Peacock & McAndrew 
(1950) 

Brower et al (1974) 

Ni-Sb-S NiSbS ullmanite 752 Schenck & von der 
Forst (1939) 

Williams & Kullerud 
(1970) 

Bayliss (1969) 

Ni-Sn-S Ni3Sn2S2 Sn-shandite Brower et al (1974) 

Pb-Sb-S Pb3Sb2S6 

PbjSb^Sn 
Pb5Sb8S14 

Pb6Sb10S2i 
PbSb2S4 

625-642 
boulangerite 638 

576-603 
robinsonite 582 
zinckenite 545 

Kitikaze (1968) 
Jambor (1967) 
Salanci & Moh (1970) 
Wang (1973) 
Garvin (1973) 
Craig et al (1973) 
Chang & Bever (1973) 
Sugaki et al (1969) 

Pb-Se-S (complete s.s. between PbS and PbSe) Kovlenker et al (1971) 
Bethke S. Barton (1961) 
Coleman (1959) 
Heier (1953) 
Wright et al (1965) 

Pb-Sn-S PbSnS2 

PbSnS3 

PbSn^Ss 

teallite 

"montesite" 

730 

complete s.s. Chang & Brice (1971) 
with SnS Stemprok & Moh (1969) 

Yamaoka & Okai (1970) 
Sachdev & Chang 
(in prep) 

Kuznetsov & Ch'ih-Fa 
(1964) 

Nekrasov et al (1974) 

complete 
with Sn2S3 

part of 
teallite-
herzenberg-
ite s.s. 
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Pb-Te-S 

Pb-Zn-S 

Darrow et al (1966) 

Maurel (1973) 

Pd-Pt-S Ying-chem & Yu-
jen (1973) 

Sb-Sn-S Sn3Sb2S6 
SnSb2S4 

^sn.85sb.30s1.45 

565 
493 
627 

Vogel & Glide (1949) 
Sachdev & Chang 
(In prep) 

Parravano & DeCesarls 
(1912) 

Se-Zn-S (complete s.s. between ZnS and ZnSe) Wright et al (1965) 
Bethke & Barton 
(1961) 

Ag-As-
Cu-S 

Ag-As-
Sb-S 

<A8l4.7-xCu1.3+x>" 
A S 2 S H 

pearcite 

(Agl5.4-xCu0.6+x)- a r s e n p o l y_ 
*S2®11 basite 

(a815.4-XCu0.6+X>- X 

As 2SH 

350 

^450 

Frondel (1963) 
Hall (1967) 

(complete s.s. of proustlte Ag3AsS3 - pyrorgyrlte (Ag3SbS3) 
Toulmin (1963) 

Ag-Bi-
Pb-S 

AgBi3Pb2S7 
AgPbBi3S6 

schirmerlte ? 
gustavite ? 

Wernlck (1960) 
Van Hook (1960) 
Craig (1967) 
Hoda & Chang (1972) 
Nedachi et al (1973) 
Karup-M^ller (1972) 
Karup-Mrfller (1973) 

Ag-Bi- (complete s.s. between AgBiS, and AbSbS2) 
Sb-S 

Chen & Chang (1971) 

Ag-Cu-
Sb-S 

(A8l5.4-xCu0.6+x> polybasite 

(A8l4.3-xCu1.7+x) 
Sb 2S u 

^400 

antimonpear- ^480 
cite 

Frondel (1963) 
Hall (1967) 
Cambi et al (1966) 
Riley (1974) 

(complete s.s. between Cuj^Sb^Sj^ and Agj^Sb^Sj^) 

Ag-Fe- (Fe,Ni)„AgS argentian- Vuorelainen et al 
Ni-S 8 8 pentlandite (1972) 

Scott & Gasparrini 
(1973) 

Hall & Steward (1973) 
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Ag-Pb-
Sb-S 

As-Bl-
Pb-S 

Ag3PbSb3S7 

Ag2Pb2SbgSi2 andorite 
Ag2Pb3SbgSi3 ramdohrite 
Ag3Pb2Sb3S8 diaphorite 
AgPbSbS3 
Ag^bjSbgS-^ owyheeite 
A86pl>2sb6s14 brongniardite 
Ag2Pb2Sb2S6 freislebenite 
(complete s.s. of PbS and AgSbS2) 

27PbS-7(Aso.7Sb-3)2S3 A >400° 

2Pbs •(As0.6B0.4)2S3 b >400 

Godovikov & Nenasheva 
(1969a) 

Godovikov & Nenasheva 
(1969b) 

Wernick (1960) 
Hoda & Chang (1972) 
Godovikov et al 
(1972) 

Walla & Chang (1973) 

As-Co-
Fe-S 

Co 0.75 alloclaslte 
(extensive s.s. between CoAsS and FeAsS) 

Klemm (1962) 
Klemm (1965) 
Gammon (1966) 
Kingston (1970) 

As-Cu-
Fe-S 

Gustavson (1963) 
McKlnstry (1963) 

As-Cu-
Pb-S 

PbCuAsSj sellgmannlte Wernick & Geller 
(1958) 

As-Cu-
Sb-S 

As-Hg-
Tl-S 

(complete s.s. between tetrahedrite and tennantlte) 

(extensive s.s. between enargite and famatinite) 

Feiss (1974) 
Skinner (1960) 
Barton & Skinner 
(1967) 

Sakharova (1966) 

Radtke et al (1974a) 

As-Pb-
Sb-S 

3PbS-(As,Sb)2S3 madocite >400 
(variable Pb/(As,Sb) and As/Sb composition) 

2PbS-(Sb,As)2S3 veenlte >400 
(complete s.s. with dufrenoysite, Pb2As2Sj) 

Walia & Chang (1973) 
Jambor (1967,68) 
Roland (1968) 
Burkart-Baumann 
et al (1966) 

PbS-(As.5Sb.5)2S3 
16PbS-9(Sb,As)2S3 
12PbS-(Sb,As)2S3 
17PbS*11(Sb,As)2S3 
PbS-(Sb,As)2S3 

27PbS-7(As-45Sb-55)2S3 

guettardite 
playfairite 
sterryite 
sorbyite 
twinnite 
geochronite 

>400' all formulas questionable 

(complete s.s. with jordanite) 
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Bi-Cu- Cug i2Bill 54Fe0 29S22 h o i l r u s h i t e ? 
Fe-S 

Cu8.4B110.8Fe1.2S22 " 5 2 5 

Sugaki & Shimall (1970) 
Onteov (1964) 
Sugaki et al (1972) 
Roderà et al (1970) 

Bi-Cu-
Pb-S 

BiCuPbSj aiklnite 
(complete s.s. with BÌ2S3) 

540 Springer (1971) 

Bi-Cu- (extensive s.s. between Cu3BiS3 - Cu3SbS3 and CuSbS2 - CuBiS2) 
Sb-S Chen & Chang (1971) 

Ca-Fe-
Mg-S 

Skinner & Luce (1971) 

Ca-Fe-
Mn-S 

Skinner & Luce (1971) 

Ca-Mg-
Mn-S 

Skinner & Luce (1971) 

Cd-Mn-
Zn-S 

Kroger (1939) 

Cd-Pb-
Zn-S 

Bethke & Barton (1971) 

Co-Fe- (extensive s.s. among mono and di-sulfides) 
Ni-S (complete s.s. between (Fe.NiJgSg and CogSg) 

Knop & Ibrahim (1961) 
Springer & Schachner-
korn (1964) 

Demirsoy (1969) 
Nickel (1970) 
Klemm (1965) 

Co-Ni-
Fe-S 

(Co.Ni)SbS 
(considerable s.£ 

willyamite >550 
toward CoSbS and NiSbS) 

name Cabri et al (1970) 
retained Bayliss (1969) 
where Co>Ni) 

Cu-Fe- Cu,FeGeS4 
Ge-S 

briartite ^640 inverts to Francotte et al 
a-form (1965) 

„990 B e n t S ( 1 9 7 4 ) 

;u-Fe-
Ni-S 

Craig & Kullerud 
(1969) 

Kus'nima & Asano (1953 

lu-Fe- Cu (Fe,Pb)S6 
Pb-S 

betektinite Schuller & Wohlmann 
(1955) 

Craie & Kullerud 
(1967a,b) 
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Cu-Fe-
Sn-S 

g-Cu2FeSnS^ 

o-Cu2FeSnS^ 

CU7Fe2SnS10 

(considerable s.s 

stannite 680 Inverts to Springer (1972) 
a-form Bernhardt (1972) 

878 B e n t e ( 1 9 7 A ) 

mawsonlte 

of Cu2FeSnS^ in CuFeS2 above 462°C) 

Cu-Fe-
Zn-S 

(limited s.s. between CuFeS2 and ZnS) Toulmin (1960) 
Fuji (1970) 
Buerger (1934) 
Jankovic (1953) 
Wiggins (1974) 

Cu-Pb-
Sb-S 

Cu-Sn-
Zn-S 

CuPbSbS3 

CuPbi3Sb7S24 

CuoSnZnS/, 

bournonite >530 

meneghinite >615 

kesterite 1002 

Harada et al (1970) 

Fredricksson & Anderson 
(1964) 

Springer (1972) 
Roy-Choudhur y 
(1974) 

Fe-Mg-
Mn-S 

Skinner & Luce (1971) 

Fe-Ni-
Zn-S 

Fe-Pb-
Zn-S 

Scott et al (1974) 
Scott et al (1972) 
Czamanske & Goff 
(1973) 

Avetisyan & Gnaty-
shenko (1956) 

Ir-Os-
Ru-S 

(complete s.s. among RuS2-0sS2-IrS2) Ying-chen & Yu-jen 
(1973) 

Mn-Pb-
Zn-S 

Bethke & Barton 
(1971) 

Fb-Sb-
Sn-S 

Pb5Sn 3Sb 2S 1 4 

Pb3Sn4Sb2S14(?) 

p b.6 S n.23 S b.34 S1.57 

franckeite 

cylindrite 

XII 

>500 

>500 

617 

Sachdev & Chang 
(in prep) 

Fe necessary? 

Pb-Se-
Zn-S 

Bethke & Barton 
(1971) 

As-Co- (extensive s.s. among FeAsS-CoAsS-NiAsS) 
Fe-Ni-S 

Nickel (1970) 
Klemm (1965) 

Ca-Fe- (extensive s.s. series) 
Mg-Mn-S 

Skinner & Luce (1971) 

Cu-Fe- (complete s.s. between Cu.FeSnS, and Cu.FeGeS.) 
Ge-Sn-S 

Bente (1974) 

CS-18 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



Cu-Fe-
Sn-Zn-S 

(complete s.s. of Cu^eSnS^ and Cu2ZnSnS^ >680°C) 
(complete s.s. of a-Cu^FeSnS^ and ZnS above ^860°C) 

Springer (1972) 
Lee (1972) 
Bernhardt et al 
(1972) 

Petruk (1973) 
Harris & Owens (1972) 

Ag-As-Cu- (considerable s.s. of Cu and Ag, Fe and Zn, and Riley (1974) 
Fe-Sb-S As and Sb in the tetrahedrite-freibergite series) 
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MAJOR SOURCES OF THERMOCHEMICAL DATA ON SULFIDES 

A thorough understanding of the behavior of the sulfide minerals requires 
knowledge of their thermochemical parameters. Presently the state of our knowledge 
of these parameters varies from highly refined for many binary sulfides at,high 
temperatures to nonexistent for numerous ternary and quaternary sulfides. A 
complete listing of all of the data available is beyond the scope of the present 
work; we are limited to the brief thermochemical considerations included in our 
discussions of some of the specific sulfide systems. The following is a short list 
of some other major sources of thermochemical data on sulfides: 
Adami, L.H., and E.G. King (1964) Heats and free energies on formation of sulfides 

of manganese, iron, zinc, and cadmium. U.S. Bureau of Mines, Report of 
Investigations, 6495. 

Astakhov, K.V. (1970) Thermodynamic and Thermochemical Constants. Science 
Publishing House, Moscow. 

Barton, P.B.,Jr., and B.J. Skinner (1967) Sulfide mineral stabilities. In 
Geochemistry of Hydrothermal Ore Deposits, H.L. Barnes, ed. Holt, Rinehart, 
and Winston, pp. 236-333. 

Bulletin of Thermodynamics and Thermochemistry 

Freeman, R.D. (1962) Thermodynamic properties of binary sulfides. Research 
Foundation Rept. 60_, Oklahoma State University, Stillwater. 

Garrels, R.M. and C.L. Christ (1965) Solutions, Minerals, and Equilibria. 
Harper and Row, New York. 

Karapet'yants, M.K. and M.L. Karapet'yants (1970) Thermodynamic Constants of 
Inorganic and Organic Compounds. Humphrey Science Publishing, Ann Arbor. 

Kelley, K.K., (1960) Contributions to the data on theoretical metallurgy XXII. 
High-temperature heat-content, heat-capacity, and entropy data for the 
elements and inorganic compounds. U.S. Bureau of Mines Bull. 584. 

Kubaschewski, 0., E.L. Evans, and C.B. Alcock (1967) Metallurgical Thermochemistry, 
4th ed. Pergamon, New York. 

Mills, K.C. (1974) Thermodynamic Data for Inorganic Sulphides, Selenides, and 
Tellurides. Butterworth, London. 

Reed, T.B. (1971) Free Energy of Formation of Binary Compounds: An Atlas of 
Charts for High-temperature Chemical Calculations. Mass. Inst. Tech., 
Cambridge Press. 

Richardson, F.D. and J.H.E. Jeffes (1952) The thermodynamics of substances of 
interest in iron and steel making, III — Sulphides. Jour. Iron Steel Inst. 
(London), 171, 165-175. 

Robie, R.A., and D.R. Waldbaum (1968) Thermodynamic properties of minerals and 
related substances at 298.15°K (25°C) and one atmosphere (1.013 bars) pressure 
and at higher temperatures: U.S. Geol. Survey Bull. 1259. 

Timmermans, J. (1959) Physico-chemical Constants of Binary Systems. Interscience, 
New York. 

Wagman, D.D., et al (1968, 1969, 1971) Selected values of chemical thermodynamic 
properties: NBS Tech.Notes 270-3, 270-4, 270-5, 270-6. 
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THE Fe-S SYSTEM (Scott) 

Besides containing two of the most common sulfide minerals, pyrite and 
pyrrhotite, the Fe-S system is a cornerstone to the understanding of phase relations 
and thermochemistry of many other important systems including Zn-Fe-S, Cu-Fe-S, 
Fe-Ni-S and Fe-As-S. The many complexities of the system, some of which are yet 
unresolved, make it a good place to begin our systematic review of sulfide phase 
relations. 

The basic phase diagram above 400°C is shown in Fig. CS-1. Details at 
high temperature (>700°C) are in Fig. CS-2 and at low temperatures (<350°C) in 
Fig. CS-3. Note that the compositions in Fig. CS-1 and CS-2 are in weight percent 
whereas Fig. CS-3 is in atomic percent Fe. We will focus our attention between 
the compositional limits FeS to FeS2 by first describing the stoichiometry and 
stability of the phases in the condensed system followed by discussions of 
thermodynamics and the effect of pressure on phase relations. The properties of 
solid phases encountered in the system are summarized in Table CS-1. 

Throughout the discussion, superlattice dimensions a and ĉ  of pyrrhotites 
and related phases are presented in terms of A and Ĉ , the dimensions of the simple 
hexagonal subcell with a NiAs (1C) structure. 

1539° 

FeS FeS2 

Weight percent 

Fig. CS-1. Relations among condensed phases In the system Fe-S above 400°C. 
(From Ehlers, 1972, after Kullerud, 1967 j The Interpretation of 
Geological Phase Diagrams, Fig. 217, p. 232). 

CS-21 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



Table CS-1. Minerals and Phases in the Central Portion of the Fe-S System.* 

Mineral 
Name 

Thermal stability,°C 
Composition Maximum Minimum 

Structure Type 
(Cell edges in Â) Remarks 

Troilite FeS 140 (1)* Hexagonal (2) Inverts to 
a = 3A = 5.965 (1) hexagonal 1Ç 
ç = 2Ç =11.750 (1) pyrrhotite 

Mackinawite FeS. 1-x 
0.07>x 
>0.04 (3) 

Tetragonal FU/imtm Often contains 
a = 3.675, Ni and Co 
c = 5.030 

Hexagonal 
pyrrhotite 

Fei s 1-x 
44.9-50.0 
at. % Fe (5) 

m.p. = 100 (7) 
1190 (6) 

Hexagonal (7) NiAs structure 
a = 3.45, ç = 5.75 

MC-type 
pyrrhotite 

F e ^ S 308 (8) 262 (8) 
47.4-44.7 
at. X Fe (8) 

Hexagonal? (7) 
a = 2A, c = MC 3.0<M<4.0 (7) 

NA-type 
pyrrhotite 

F e ^ S ^266 (8) 209 (8) 
47.2-47.8 
at. % Fe (8) 

Hexagonal? (7) 
a = NA, c = 3C 40<N<90 (7) 

NC-type 
pyrrhotite 

Fel xS -V.213 (8) M.00 (7) 
47.2-48.1 
at. % Fe (8) 

Hexagonal? (7) 
a = 2A, o = NÇ 3.0<N<6.0 (7) 

5Ç 
pyrrhotite 

Fe9S10 (7) VL00 (7) Hexagonal (9) 
a = 2A = 6.88, 
c = 5C = 28.70 

11C 
pyrrhotite 

Fe10Sll ( 7 ) ( 7 ) Orthorhombic (9) 
Cmca or C2ca 
a = 2A = 6.892, 
b = 11.952, 
c = 11C = 63.184 

6C 
pyrrhotite 

FellS12 ( 7 ) '"100 ( 7 ) Orthorhombic? (8) 
Hexagonal cell: (10) 
a = 2A = 6.892, 
c = 6C = 34.476 

Metastable 
pyrrhotite 

Fe, S 1-x 
0.06>x 
>0.03 

Meta-
stable 

(7) 

Hexagonal? (8) See text 
a = 2A, 3C<c<7C 

4Ç 
monoclinic 
pyrrhotite 

Fe7±xS8 
46.4-47.3 
at. % Fe (8) 

254 (8) Monoclinic C2/c or Cc 
a = 11.90, = 6.87, 
ç « 22.88, 6 » 90°30' 
Hexagonal supercell 
a = 2A = 6.88, 
c - 4C - 22.90 (11) 
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Table CS-1. (Continued) 

Mineral 
Name 

Thermal stability, 
Composition Maximum Minimum 

'C Structure typeo 

(Cell edge in A) Remarks 

Anomalous 
pyrrhotite 

Gamma iron 
sulfide 

Symthite 

Greigite 

Pyrite 

Marcasite 

F e 7 + x
S 8 ( 1 2 ) 

46.4 at. % Fe 

F e 2 S 3 

F e 9 S l l 

F e 3 S 4 

FeS. 

FeS 2 

slightly S-
deficient? 

(18) 

(13) ? 

(14) ^75 (15) 

Meta-
stable (?) 

743 (21) 

Meta- (19) 
stable 

Triclinic? 

Spinel Fd3m 
a = 9.87 

(12) 

(13) 

Pseudo-rhombohedral Contains 0.4 
Hexagonal or (14) to 7.5 wt. % 
monoclinic? Ni in nature 
a = 3.47, c = 34.4 (14 

Spinel Fd3m 
a = 9.876 

Cubic Pa3 
a = 5.417 

(17) Breaks down t< 
lĈ  pyrrhotite 
+ S (liq) 

Orthorhombic Pnnm 
a = 4.445, b = 5.425 
c = 3.388 (20) 

*Numbers in brackets are references: 

(1) Yund & Hall (1968) 

(2) Hagg & Sucksdorff (1933) 

(3) Takeno & Clark (1967) 

(4) Evans et at (1964) 

(5) Arnold (1971) 

(6) Jensen (1942) 

(7) Nakazawa & Morimoto (1971) 

(8) Kissin (1974) 

(9) Morimoto et al (1971) 

(10) Fleet & MacRae (1969) 

(11) Mukherjee (1969) 

(12) Clark (1966) 

(13) Yamaguchi & Wada (1973) 

(14) Taylor & Williams (1972) 

(15) Taylor (1970a, b) 

(16) Skinner et al (1964) 

(17) Bragg (1914) 

(18) Buerger (1934) 

(19) Rising (1973) 

(20) Buerger (1931) 

(21) Kullerud & Yoder (1959) 
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Fig. CS-2. Relations among condensed phases in the sulfur-rich portion of the 

Fe-S system above 700°C. The closed circles are runs which used coexisting 

sphalerite to determine the phase boundaries as described in the section on 

Zn-Fe-S. (Modified from Arnold, 1971). 

Phases 

Troilite (FeS). Strictly speaking, the name troilite applies only to the 

polymorph of stoichiometric FeS which is stable below 140°C (Gronvold and 

Haraldsen, 1952; Yund and Hall, 1968). Above 140°C, FeS has the NiAs (1C) 

structure of high-temperature hexagonal pyrrhotite whose composition range 

extends for a considerable distance across the system. 

Although a common constituent of meteorites, troilite is found only 

occasionally in terrestrial environments, usually with low-temperature hexagonal 

pyrrhotite. The solvus separating troilite from other pyrrhotites has been 

determined most recently by Yund and Hall (1968). 
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Fig. CS-3. Relations among condensed phases in the central portion of the Fe-S 
system below 350°C. (Kissin, 1974, modified from Scott and Kissin, 1973). 

Mackinawite (FeSi_x). Evans et al (1964) proposed the name mackinawite for 
a relatively-rare tetragonal mineral of near-FeS composition. It is found either 
with troilite or with low-temperature pyrrhotites (Kullerud, 1967) in a wide 
variety of geological environments including: black iron sulfide muds, contact 
metasomatic and hydrothermal deposits, bedded cupriferous iron sulfide deposits 
within metamorphic rocks, in certain ultrabasic rocks and in several lunar rocks 
(Zoka et al, 1973). Mackinawite invariably contains some Co and Ni although 
these elements are not essential as demonstrated by Berner (1964), who precipitated 
the phase from aqueous iron sulfide solutions between 20° and 95°C. The metal to 
sulfur ratio in mackinawite is slightly greater than unity (1.04 to 1.07; Takeno 
and Clark, 1967) and the formula is usually written Fei+xS. However, Taylor 
and Finger (1971) have shown that there is a deficiency of sulfur in the structure 
rather than an excess of metal so the formula is properly FeSi_x. 

Very little is known about the thermal stability of mackinawite and, for 
this reason, it is not shown as a stable phase in Fig. CS-1 and CS-3J Zoka et al 
(1973) found that natural mackinawite from a variety of localities broke down 
non-isochemically between 120° and 153°C to pyrrhotite of a more S-rich composition. 
They concluded that their experiments did not represent equilibrium, however, 
because the expected breakdown assemblage of metallic Fe, Co, Ni + troilite was not 
found. 
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"Hexagonal" Pyrrhotite (Fe]__xS). There has probably been more written on 
pyrrhotite than on any other sulfide mineral but, in spite of this voluminous 
research effort, many enigmas remain, particularly at low temperatures where 
slow reaction kinetics tend to obscure the phase relations. However, recent 
studies at low temperatures by Nakazawa and Morimoto (1971) and by Kissin (1974; 
cf. also Kissin and Scott, 1972; Scott and Kissin, 1973), in which single crystal 
x-ray diffraction was used as an analytical tool,have reduced what before was chaos 
to mere confusion. 

Between its maximum melting temperature of 1190°C (point T on Fig. CS-2) 
and 308°C, the full width of the pyrrhotite phase field is occupied by a single 
solid solution, Fei_xS, in which iron and vacancies are randomly distributed in 
the cation sites of the NiAs (1C) structure. This phase also extends to lower 
temperatures but with a more restricted composition range (Fig. CS-3). 
Disordered 1C pyrrhotite cannot be quenched (Corlett, 1968) and crystals cooled 
from its phase field acquire one or more of the many superstructures shown on 
Fig. CS-3. Earlier diagrams which now pervade the literature placed a phase 
boundary which was independent of composition across the 1C field near 320°C. 
This beta-transition, as it is known, manifests itself as a discontinuity 
in magnetic susceptibility attending the antiferromagnetic to paramagnetic Neel 
transition (van den Berg, 1972). This transition became further entrenched as 
a phase boundary with the observations of Desborough and Carpenter (1965) 
that pyrrhotite quenched from above the beta-transition possessed a 2A.7C 
superlattice whereas those annealed below the beta-transition possessed a 2A,5C 
superlattice. However, from the work of Corlett (1968), Nakazawa and Morimoto 
(1971), and Kissin (1974) we now know that the Neel transition does not accompany 
a phase change. The superstructures observed by Desborough and Carpenter (1965) 
correlate with some lower temperature phases and undoubtably formed during 
quenching. 

An indication that the simple solid-solution field of hexagonal pyrrhotite 
would give way to a far more complicated picture at low temperatures was evident 
from the observations of Carpenter and Desborough (1964), Mukaiyama and Izawa 
(1966), and Morimoto et al (1971) that x-ray diffraction patterns of all natural 
pyrrhotites contain superlattice reflection at room temperature. Furthermore, 
Arnold (1967) had shown that although the bulk composition of naturally-occurring 
pyrrhotite mixtures spanned nearly the entire range of hexagonal pyrrhotite solid 
solutions (Fig. CS-4a), the compositional ranges of the constituent pyrrhotite 
phases were very narrow (Fig. CS-4b), suggesting the interruption of the high-
temperature solid solution by at least two solvi. 

The overall picture which has emerged from the single crystal x-ray studies 
of Nakazawa and Morimoto (1971) and Kissin (1974) is one of increased ordering 
of vacancies spreading across the pyrrhotite phase field with decreasing temperature 
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a 

Fig. CS-4. Frequency distribution of natural terrestrial pyrrhotite compositions 
(From Arnold, 1967). (a) Bulk compositions of pyrrhotites; (b) composition 
of individual pyrrhotite phases in the bulk. (Composition is in atomic percent Fe.) 

(Fig. CS-3) and giving rise to the various superstructures. Monoclinic pyrrhotite 
(4C) also fits this scheme but is discussed separately below. The 11C and 
6C_ types found at room temperature are stoichiometric phases with compositions 
Fen_iSn (n = 10, 11 and 12, respectively) and are separated by two-phase fields 
(Morimoto et al, 1971). Between the upper stability limit of the three stoichio-
metric types (which is unknown but probably below 100°C) and 308°C there are 
three other phases which also possess subcells of the NiAs structure but have 
supercells of uncertain symmetry. These phases are distinguished by their 
nonintegral repeats of x-ray reflections along hexagonal a* or c* axes of the 
subcell and have been termed, NA, NC, and MjC types of Nakazawa and Morimoto (1971). 
Their reciprocal a*c* planes are shown in Fig. CS-5. In the NC type the periodicity 
of the superlattice reflections parallel to _c* (Ai) can vary continuously from 
1/6 to 1/3 of the repeat of the subcell reflections giving rise to apparent cell 
dimensions of a_ = 2A and ĉ  = 1TC. N varies from 3.0 to 6.0 as a function of 
temperature and composition and is generally nonintegral. The 2A,superstructure 
of Carpenter and Desborough (1964) is probably equivalent to the NC type (Kissin, 
1974). The diffraction pattern of the MC type is similar to that of NC. Its 
apparent cell dimensions are & = 2A and = MĈ , where M varies continuous from 
3.0 to 4.0. The NA type is characterized by pairs of supercell reflections of 
alternating intensity along the a* axis. The spacing between the pairs (Ah) 
changes continuous with increasing temperature from 1/20 to 1/45 of the repeat 
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of the subcell reflections. The apparent cell dimensions are a = NA and c = 3£, 
where N is 1/2 Ah and varies continuously from 40 to 90. 

A final type, "metastable pyrrhotite," is encountered when iron-rich 
pyrrhotites are quenched into the two phase field of troilite + pyrrhotite. If 
exsolution does not occur, a metastable, strained structure results which is 
similar to the MC structure. 

C • * 

' 1" 

ih 
C* 

• 4 

•A* 

-A • 
b — B •• A 

-•A* 

(Q) (b) (C) 

Fig. CS-5. Diagramatic sketches of precession x-ray photographs of the a*c* 
planes. (a) the NC type; (b) the NA type; (c) the kC (A), NA (B) and MC (C) 
types. The large solid circles represent subcell reflections for the lĈ  type. 
(From Nakazawa and Morimoto, 1971, Mater. Res. Bull 6_, p. 642). 

Monoclinic Pyrrhotite ("FeySg"). Ferromagnetic pyrrhotite with a monoclinic 
superlattice and composition centered about Fe7Sg has been known as a mineral for 
decades (Bystrom, 1945) and has been synthesized repeatedly in evacuated silica 
tubes. However, the earlier experimental studies by Clark (1966), Arnold (1969), 
Yund and Hall (1969) and Taylor (1970a), to name just a few, gave results that 
were conflicting and were plagued by demonstrable, extensive metastability. 
Such metastability in evacuated silica tube experiments is not surprising in view 
of Yund and Hall's (1970) observation that pyrrhotite oversaturated with respect 
to pyrite by as much as 0.18 at. % Fe did not nucleate pyrite after annealing 
for more than a year at 325°C. More recently Kissin (1974; see also Kissin and 
Scott, 1972; Scott and Kissin, 1973) and Rising (1973) have used the method of 
hydrothermal recrystallization to overcome these kinetic difficulties and 
establish phase relations for monoclinic pyrrhotite which are internally consistent 
and devoid of obvious metastabilities (Fig. CS-3). Kissin has synthesized single 
crystals of monoclinic pyrrhotite in the temperature range of 115-254°C 
and obtained a close control on the compositional limits of this mineral. As 
shown in Fig. CS-3, monoclinic pyrrhotite has variable stoichiometry. It is only 
nominally FeySs and is separated from the NA- and NC-type pyrrhotites by narrow 
solvi. Kissin's upper stability limit of 254°C for monoclinic pyrrhotite going 
to NA pyrrhotite + pyrite has been reversed. It is in good agreement with the 
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indirect determination at 251±3°C by Rising (1973) but is considerably lower than 
previous estimates in the range 292°-325°C from the aforementioned evacuated 
silica tube experiments. 

"Anomalous" Pyrrhotite (FeySg). Clark (1966) has described a pyrrhotite 
containing 46.A atomic % Fe in which the intensity of the (408) x-ray reflection 
is greater than (408), the reverse of the usual situation with normal monoclinic 
pyrrhotite (see Fig. S-11B). This "anomalous" pyrrhotite, as it is called, 
appears to be widespread in low-temperature, sedimentary environments. Unlike 
normal monoclinic pyrrhotite which is ferromagnetic, it is anti-ferrimagnetic as 
is hexagonal pyrrhotite. Its stability field has not been ascertained, although 
Taylor (1971) has shown that one way in which it can form is by oxidation of 
hexagonal pyrrhotite. 

Gamma Iron Sulfide (Fe2S3). This phase has not been encountered in nature 
but has been precipitated from an aqueous sulfide solution at 60°C by Yamaguchi 
and Wada (1973). Electron diffraction patterns indicate that it has a spinel 
structure similar to greigite, the main difference in their patterns being the 
intensities of some of the reflections. Like greigite it is magnetic, and Yamaguchi 
and Wada suggest that y-F^Sj bears the same relation to greigite as y-Fe203 
(maghemite) does to magnetite. 

Nothing is known about the thermal stability of Y~Fe2S3. Yamaguchi and 
Wada claim, on the basis of published diffraction intensities, that natural 
greigite is a solid solution of Fe2S3 and Fe3S^. 

Smythite (FegSn) . Smythite was originally described by Erd et al (1957) 
as having a rhombohedral structure and a Fe3S^ composition which led Kullerud 
(1967) to believe that it was a polymorph of greigite. However, after an 
extensive re-examination of naturally occurring smythites, Taylor and Williams (1972) 
have redefined the mineral as having a pseudorhombohedral structure related 
to that of monoclinic pyrrhotite and a composition (Fe,Ni)gSn (^(Fe,Ni)3.25S4). 
This composition was also found by Nickel (1972) and Bennett et al (1972). 
Thus, smythite is not a polymorph of greigite but may be another ordered pyrrhotite 
of the Fen_^Sn clan. 

Not much is known about the stability of smythite. It occurs as exsolution 
lamallae in monoclinic pyrrhotite (Bennett et al, 1972) and in geodes which have 
fluid inclusion filling-tenroeratures of 25 to 40°C, suggesting that it is a phase 
stable only at low temperatures. Kissin (1974) did not encounter smythite in 
his hydrothermal recrystallization experiments above 115°C. Rickard (1968) 
precipitated smythite from aqueous sulfide solutions but Taylor (1970b) was unable 
to duplicate the experiment. Taylor (1970a,b) found that smythite began to break 
down at 210°C in nonequilibrium experiments but concluded that it must be stable 
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below 75°C because he was unable to synthesize it at higher temperatures. The 
fact that all natural smythltes contain 0.4 to 7.5 weight % N1 suggested to 
Taylor and Williams (1972) that it might not be a phase in the pure Fe-S system. 

Greigite (Fe^S^). The thiospinel, greigite is another problematical phase. 
It too is found in low temperature environments; for example, in ancient 
(Skinner et al, 1964) and modern (Dell, 1972) lake sediments, and thus far has 
resisted all attempts to determine its thermal stability. Skinner et al (1964) 
found that greigite broke down to pyrrhotite + sulfur (not pyrrhotite + pyrite 
as expected) between 238° and 282°C in experiments of short duration. However, 
they cautioned that because of slow reaction rates these temperature limits might 
not represent the true stability. Uda (1967) synthesized greigite at 180° 
and '190°C in disequilibrium assemblages as evidenced by coexisting mackinawite and 
sulfur instead of the intervening stable iron sulfides. According to Berner 
(1971), greigite is metastable relative to FeS and FeS2 at 25°C, a viewpoint 
accepted by Scott and Kissin (1973) at higher temperatures, because Kissin (1974) 
did not encounter greigite in hydrothermal recrystallization experiments between 
115° and 350°C. 

Pyrite (FeS2). Pyrite is stable to 743°C where it undergoes a peritectic 
breakdown to hexagonal 1C pyrrhotite + sulfur (Kullerud and Yoder, 1959). 

The relationship between pyrite and its polymorph marcasite remains a puzzle 
despite its intensive investigation. Buerger (1934) concluded, on the basis of 
selected superior chemical analyses, that the minerals had slightly different 
compositions; marcasite was slightly deficient in sulfur (i.e. FeS2-x) relative 
to pyrite which was nearly stoichiometric FeS2* Pabst (1959) and Kullerud and 
Yoder (1959) have refuted Buerger's (1934) conclusion, claiming that the precision 
of sulfur analyses does not warrant it. Nevertheless, electrical measurements 
by Rakcheev and Chernyshev (1968) have demonstrated measureable, albeit small, 
nonstoichiometry in pyrite. Furthermore, Kullerud (1967) found that marcasite 
could be inverted to pyrite as low as 150°C in the presence of excess sulfur, 
but not below 400°C in the absence of sulfur; this suggests that sulfur in excess 
of the Fe:S ratio in marcasite is a necessary constituent of pyrite. Kullerud 
(1967) also describes experiments which showed that coexisting marcasite + pyrite 
could be synthesized up to 432°C (423°C at 2kb) in the presence of water but not 
in its absence. From this, he concluded H-S bonds might stabilize marcasite 
although an alternative explanation of his experiments is that the activity of 
sulfur was buffered within a range where marcasite is stable. More recently, 
Rising (1973) has investigated all aspects of the problem and concluded that 
because the inversion rate of marcasite to pyrite above 157°C is directly 
proportional to temperature and inversely proportional to grain size, marcasite 
is metastable relative to pyrite and pyrrhotite in this temperature range. 
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Below 157°C his data are not conclusive but do suggest that marcasite is metastable 
here as well. In support of this conclusion, Kissin (1974) did not encounter 
marcasite in his experiments at 115°C and above. 

Pyrite-Pyrrhotite Solvus 

The composition of hexagonal pyrrhotite on the solvus separating pyrrhotite 
from pyrite has been determined above 300°C by Arnold (1962) and Toulmin and 
Barton (1964) (Fig. CS-6). Below 300°C (Fig. CS-3) the appearance of pyrrhotite 
superstructures interrupts the smooth solvus and causes it to reverse its slope 
at 262°C. 

1.00 0.96 ., 0.92 
NF.S 

Fig. CS-6. Composition of hexagonal pyrrhotite (N^es) in equilibrium with pyrite 
above 300°C. Npeg is the mole fraction of FeS in the system FeS-S2 and is twice 
the atomic fraction of Fe in the system Fe-S. Dashed line is the beta-transition. 
Ypo is 1C hexagonal pyrrhotite. Bpo is a superstructure but its phase field is 
misplaced (see text). (From Toulmin and Barton, 1964, Geochim. Cosmochim. Acta, 
28_, 642.) 

The variation in pyrrhotite compositions on the solvus above 300°C coupled 
with the common occurrence of pyrite + pyrrhotite in nature suggested to Arnold 
(1962) that the assemblage pyrite + hexagonal pyrrhotite would be a useful 
geotheraometer provided the equilibrium composition of the pyrrhotite was preserved 
during subsequent cooling. However, we now know that natural pyrrhotite does 
not readily retain its high-temperature composition. In an isochemical system, 
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pyrrhotites from the solvus at high temperatures will continue to exsolve pyrite 
to near 300°C, depending 011 its impurity content and degree of super-saturation 
with respect to pyrite (Yund and Hall, 1970). With further cooling below 254°C, 
monoclinic pyrrhotite is nucleated and the invariant (at fixed pressure) assemblage 
persists metastably to room temperature. In an open system, even when temperature 
is constant, hexagonal pyrrhotite will readily react with surrounding iron and 
sulfur-bearing solutions and change its composition whereas the pyrite might not 
adjust to new conditions. Also, simple oxidation will cause pyrrhotite to become 
more sulfur rich. For example, Genkin (1971) has demonstrated this process at 
Norilsk where hexagonal pyrrhotite has been oxidized to monoclinic pyrrhotite 
+ magnetite along grain boundaries and cracks. And if these problems are not 
enough to contend with, Fig. CS-3 shows that between 340° and 254°C each pyrrhotite 
composition occurs at two different temperatures because of the reversal in the 
solvus at 262°C. In brief, applications of the pyrrhotite geothermometer should 
be regarded with suspicion, if not scepticism. 

Thermo chemi s t ry 

The main value of the Fe-S system is the understanding given to us by 
Toulmin and Barton (1964) and by Burgmann et al (1968) of its thermochemistry, 
particularly the relationships among pyrrhotite composition, temperature, pressure, 
and activities of FeS and S2. Armed with this information, experimental mineralogists 
have been able to make important advances in other systems whose mineral assemblages 
are more applicable to interpreting natural processes than is Fe-S. As reliable 
data exist only above 300°C we will confine our remarks to these temperatures 
and avoid as much as possible the complexities introduced by the multitude of 
phases at lower temperatures. 

FeS activity is given by the expression 
aFeS = YCpeS 

where y is the activity coefficient and C F eg is the concentration of FeS in the 
phase under consideration. There are many ways of stating C F eg (e.g. weight % 
Fe, atomic fraction Fe, atomic % Fe, gram formula % FeS, mole fraction FeS, 
mole % FeS, etc.) and each will have a different value of y for a given apes• 
We will follow Toulmin and Barton's (1964) convention and give compositions as 
mole fraction FeS (N F e S) in the system FeS-S2, i.e. 

Npeg = moles FeS 
moles FeS + moles S2 

Mole 7. FeS is 100 Np e S and is twice the atomic % Fe in the system Fe-S. 
The chosen standard states (i.e. arbitrary conditions at which a^ = 1.0) are: 

(a) stoichiometric Fe, FeS and FeS2 at the temperature and 
pressure of interest, and 
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(b) ideal S2 gas at 1 atm. and the temperature of interest. 

In this convention <3g = ^ S 2 = ^ a t m ^ * 

Pyrite + Hexagonal Pyrrhotite Solvus. The reaction representing the 

sulfidation of pyrrhotite to pyrite may be written as 2FeS + S2 FeS2 from 

which the sulfur fugacity (or activity) is given by 

f S 2 = Kt 1 ( aFeS)" 2 (cs-1) 

where <3;peS2
 = ^ because pyrite is in its standard state. This equilibrium is 

best represented on a plot of log fg^ vs 1000/T,K as described in the previous 

chapter. 

Three recent determinations of the pyrite-pyrrhotite solvus are shown in 

Figure CS-7. Toulmin and Barton (1964) used the electrum tarnish method; Giletti 

et al (1968) determined fg^ from the concentration of ^5g tracer in the equilibrium 

vapor; and Scott and Barnes (1971) computed their curve from the composition of 

sphalerite coexisting with pyrite + pyrrhotite as described below in the section 

on Zn-Fe-S. A fourth determination by Schneeberg (1973) using an electrochemical 

cell is coincident with that of Scott and Barnes (1971). Although the agreement is 

quite good among the curves in Fig. CS-7, their small differences are significant 

so there are reasons for choosing one. Scott and Barnes' (1971) curve is preferred 

because it is consistent with Toulmin and Barton's data (but not the curve they 

choose to draw), it is internally consistent with data on the Zn-Fe-S system, and 

it has been reproduced by the electrochemical technique which is a superior 

method for measuring sulfur fugacities. 

300 500 600 700 

Temperature, °C 

Fig. CS-7. Three determinations of sulfur fugacities on the pyrite + 
pyrrhotite solvus. (From Scott and Barnes, 1971, Econ. Geol. 66, 660). 
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The pyrite-pyrrhotite curve is a straight line below 500°C indicating, from 

equation (cs-1), that a F e g is constant, at a value of 0.48 as will be shown 

later. Above 500°C, the pronounced curvature in Fig. CS-7 indicates that a F e S 

is not constant but is decreasing with Increasing temperature. 

Fyrrhotite Field. Using the electrum tarnish method, Toulmin and Barton 

(1964) determined the variation in the composition of hexagonal pyrrhotite in 

the condensed system as a function of sulfur fugacity and temperature. Their 

results in Fig. CS-8 show a wide range in fg across the pyrrhotite field between 

the iron + troilite and pyrite + pyrrhotite boundaries. Because it is a solid 

solution and its equilibrium i s 2 s "ithin 'he range of a large number of 

sulfidation reactions, pyrrhotite is an excellent "sliding-scale" buffer whose 

principle of operation was described in the previous chapter. 

103/7\°K-' 

Fig. CS-8. Composition of pyrrhotite in atomic % Fe as a function of Sj activity 

and temperature. Uncertainty in pyrrhotite isopleth is approximately ±0.35 in 

log aS2• (From Barton and Skinner, 1967 / Geochemistry of Hydrothermal Ore 

Deposits, Fig. 7.6, p. 293). 

It is a relatively easy matter to calculate FeS activities from the measure-

ments of f§2 f° r pyrrhotite by means of the Gibbs-Duhem relation 

^ n ± d U 1 = 0 (T,P constant) (cs-2) 
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In this expression n^ is the number of moles of component i and is its 
chemical potential, 

Hi = Vi + 2.303 RT log ai 
For one gfw of any phase in the system FeS-S2, equation (cs-2) becomes 

NFeS d l o8 aFeS + (l"NFes)d l o8 aS 2
 = 0 constant) (cs-3) 

where 
d iĵ  = d log a^ (y^ is constant) and Ng^ = l~NFeS-

The integrated form of equation (cs-3) is evaluated for selected values of NFeg 
and ag2 from Fig. CS-8 giving FeS activities in Fig. CS-9. There are several 
features of Fig. CS-9 worth noting: 

1. The contours of 3j.eg are linear whereas isopleths of NFeg in Fig. 
CS-8 are curved. Therefore, apeg varies with temperature for 
a given pyrrhotite composition. 

2. shows a wide variation with pyrrhotite composition and is much 
less than 1.0 at the pyrite + pyrrhotite solvus. 

3. At a given temperature the variation in apeg with f$2' a s indicated 
by the spacing of the curves, is greater at high fg^ than at low f$2' 
following the trend of the isopleths in Fig. CS-8. 

Fig. CS-9. FeS activities calculated from equation (cs-3). (From Barton and 
Skinner, 1967, Geochemistry of Hydrothermal Ore Deposits, Fig. 7.7, p. 294). 
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4. Above 500°C, ajeg changes rapidly with temperature along the pyrite 
+ pyrrhotite solvus giving rise, as discussed earlier, to the 
curvature of the solvus. Although Fig. CS-9 shows a slight rise in 
ajjeg with declining temperature below 500°C along the solvus, the 
preferred solvus curve of Scott and Barnes (1971) is coincident wit)i the 
aFeS = 0-48 contour. 

5. The activity coefficient, y (=apes/NpeS), is a function of temperature 
and composition. It varies between 0.44 and 1.0 indicating that 
the FeS-S2 solid solution is very nonideal. 

Pyrite Field. Equation (cs-1) shows that a^g varies rapidly as the square 
root of S2 activity in the pyrite stability field where a = 1 (Fig. CS-9). 

FeS2 

Free Energy and Heat of Formation of Pyrite. The free energy of formation of 
pyrite in the reaction Fe (a) + S2 (g, 1 atm) J FeS2 (py) can be calculated 
using the expression from Toulmin and Barton (1964, p. 662) 

AGf = RT In [ (fs2'fS2")1/2aFeS ] (cs-4) 
where ' refers to the Fe + FeS boundary and " to the pyrite + pyrrhotite solvus. 
Equation (cs-4) has been evaluated using apes from Fig. CS-9 above 500°C, apeg 
= 0.48 between 300° and 500°C, from Fig. CS-8 and fg'2 from the curve of Scott 
and Barnes (1971) in Fig. CS-7. The data are represented by a linear equation. 

AG| = 0.04613T - 70.766 + 0.80 kcal/mole. 
At 298°K and 1 atm, the standard free energy of formation of pyrite from a-Fe 
and S2 (gas) is calculated to be -57.013 kcal/mole or -37.893 kcal/mole from 
a-Fe and rhombic sulfur. The standard heat of formation at 298°K relative to a-Fe 
and rhombic sulfur obtained by adding 298AS°gg (Robie and Waldbaum, 1968) 
to iGf298 i s "40-596 kcal/mole. The best value accepted by Mills (1974) from 
heat capacity measurements is -41.0+2 kcal/mole. 

Effect of Pressure on Phase Relations 

Because most ore-forming processes take place at pressures greater than 
1 atm, we are interested in what effect a high confining pressure will have on 
phase relationships and their underlying thermodynamic variables. Of particular 
concern are <3peg in pyrrhotite and the location of the pyrite + pyrrhotite solvus. 

FeS activity in pyrrhotite. The pressure coefficient of activity at a 
fixed temperature is given by 

I? 
3 In a 

For pyrrhotite this becomes 
3 In a. 

8P 
FeS 

T,Nl 

AV 
RT. 

po 
FeS 

yP° - v " FeS 
RT (cs-5) 
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where is the partial molar volume of FeS in pyrrhotite, and V t r is the volume 
of one mole (molar volume) of troilite which is the standard state for FeS. A 
partial molar volume is obtained by drawing a tangent to the curve of molar 
volume vs composition at the composition of interest and extrapolating that 
tangent to 100% of each component. The way in which this is done is explained 
more fully in the section on the Fe-Zn-S system elsewhere in this 
chapter. In the case of pyrrhotites, the data have a lot of scatter, but a plot 
of molar volume of pyrrhotite vs composition can be approximated by a straight 
line (Toulmin and Barton, 1964; Kissin, 1974). A tangent to this line is, 
therefore, coincident with the line, and the partial molar volume for any pyrrhotite 
composition is the same as the molar volume of troilite. In other words, the 
volume term in equation (cs-5) is zero and pressure has no effect on apeg in 
pyrrhotite of a given composition. 

Pyrite + Pyrrhotite Solvus. The best way to approach the pressure effect 
on the solvus is to follow Toulmin and Barton (1964, p. 666) and calculate its 
effect on apeg under the restriction that pyrrhotite is in equilibrium with 
pyrite. The treatment given here is not complete but may help to amplify some 
of the expressions derived by Toulmin and Barton. 

All pertinent variables are related at constant temperature by the expression 

FeS f(NP° ,P) FeS T. Differentiating (a = apeg; N = NP° FeS 

(d In a)T = 

Dividing by dP: 

3 In a 
3P T,N dP + 3 In J 3N P,1 dN. 

d In a 3 In a 
T,N + 

3 In al dN (cs-6) 
dP T 3P T,N + 3N JP,T dP T 

which is equation (23) of Toulmin and Barton. As already shown by equation (cs-5) 
the first term on the right side of equation (cs-6) is zero. The second term is 
not zero, however: 

1. Fig. CS-8 and CS-9 show that 3 In a 
3N P,T is positive. 

2. For a given pyrrhotite composition, 
3 In a S2 

3P T ,N RT 
= positive. 

In other words, pressure raises the pyrrhotite isopleths in Fig. CS-8 to 
higher sulfur activities. The pyrite-pyrrhotite solvus also moves to 
higher ag^ with pressure (Fig. CS-10) but not as much as the pyrrhotite 
isopleths. The net result is a more Fe-rich pyrrhotite on the high-
pressure solvus at each temperature. 

As a consequence of both the above terms being positive, ap£g along the pyrite-
pyrrhotite solvus rises with pressure and can be calculated from equation (24) of 
Toulmin and Barton: 
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Fig. CS-10. Calculated pressure effect on the sulfur-condensation, and pyrite-

pyrrhotite curves. Not corrected for small effects of thermal expansion and 

compression of phases. Py = vapor pressure of the system. (From Toulmin and 

Barton, 1964/ Geochim. Cosmochim. Acta 28, 668). 

(2V p o + vE° 
FeS s 2 

3V p y) 

(RT)[3NP° S-2] (cs-7) 

It is convenient to rearrange equation (cs-7) in order to eliminate the logarithm 

by taking advantage of the differential expression 

d In u 
dx 

1 du 
u dx 

Equation (cs-7) becomes (Scott. 1973, equation 2): 

["daFesl 

L d P j! 
"FeS 

(RT) [3NP°s-2] 

(cs-8) 

The volume data needed to evaluate equation (cs-8) are in Table CS-2. These must 

be corrected for thermal expansion (Table CS-3) and compression (Table CS-4). 
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Table CS-2. Volumes at 25°C and 1 Bar. (One mole Is 2 gram-atoms) 
From Toulmln and Barton, 1964; Scott, 1973 

Molar Volume Partial Molar 
cc volume, cc 
V Ve V Mineral s2 FeS 

Pyrite (py) 15.962 
Troilite (tr) 18.20 
Pyrrhotite (po) 16.420 18.20 

Table CS-3. Thermal Expansions. From Scott, 1973. 

Temperature , °c 
Mineral 400 500 600 700 

Pyrite 1 . 2 9 1 . 6 9 2 . 09 2 . 4 9 

Troilite 4 . 3 0 4 . 9 4 5 . 5 8 6 . 2 2 

Sphalerite 0 . 8 9 8 1 . 1 6 1 . 4 4 1 . 7 2 

Table CS-4. Compressions. (P in kilobars). From Scott, 1973 

Mineral Compression, % 
Pyrite -0.069P 
Troilite -0.12P 
Sphalerite -0.13P 

The easiest and a sufficiently precise way to solve equation (cs-8) is to integrate 
it in Increments of 1 kb in the form 

FeS 
(Vp° + V?° - 3Vpy) FeS s2 ' 

RT (3ijP°s - 2) 
(P" - P') 

where ' refers to the lower pressure condition and " to the higher pressure. 
The pressure effects calculated by evaluating equation (cs-8) are quite small; 
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dp on the pyrite-pyrrhotite solvus ranges from +0.0041 kb ^ at 400°C, 1 bar 

to +0.0045 at 700°C, 1 bar and +0.0042 at 700°C, 5 kb. These values are about 

one-half as large as those given by Toulmin and Barton (1964, p. 667) because 

they did not correct the volume terms in equation (cs-8) for thermal expansion 

and compression and they made an error in transposing from base e to base 10 

logarithms. The corresponding values of pyrrhotite compositions along the pyrite-

pyrrhotite solvus calculated from equation (cs-8) are in Fig. CS-11. This figure 

shows, as predicted above, that pyrrhotite becomes more iron-rich on the solvus 

at high pressures but the shift is too small to be measured experimentally, at 

least at 2 kb (Arnold, 1962). 

In summary, increasing pressure on the pyrite-pyrrhotite solvus causes a 

small increase in both and a^ 

Fig. CS-11. T-X diagram of the pyrite + hexagonal pyrrhotite solvus in equilibrium 

with vapor (Arnold, 1962; Toulmin and Barton, 1964) and calculated at 2500 and 

5000 bars from equation (cs-8). Experimental points were unsuccessful attempts to 

measure the pressure effect, (From Scott, 1973, Econ. Geol. 68, 470). 

CS-40 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



THE Fe-Zn-S SYSTEM (Scott) 

In addition to those encountered in the Fe-S system, the only new phases in 
the Fe-Zn-S system are the wurtzite polytypes and sphalerite. The relation of 
wurtzite to sphalerite is discussed below in the section on "Stoichiometry of 
Sulfides;" only sphalerite will be considered here. 

Sphalerite has a cubic close packed structure (F43m) in which every other 
tetrahedral site is occupied by zinc. The remaining tetrahedral sites and the 
octahedral sites are empty. Iron (also cadmium and manganese) enters the structure 
by-replacing zinc and results in a large increase in the cell volume as shown in 
Fig. S-9 of the previous chapter. Mossbauer spectra of sphalerites containing 
very small amounts of iron do not show quadrupole splitting, thus indicating no 
distortion of the lattice. However, when the sphalerite contains more than one 
or two atomic percent Fe, iron-iron interaction produces a large quadrupole splitting 
(Scott, 1971; Gerard et al, 1971). Distortion of the lattice is also evident from 
the nonlinearity of the cell edge with composition at very high Fe contents 
(Fig. S-9). Manning (1967) claims on the basis of infrared absorption spectra that 
as much as 10% of the iron in sphalerite is octahedral. However, Mossbauer 

2+ 
studies (Scott, 1971) indicate that all of the iron is tetrahedral Fe 

Because sphalerite is one of the more refractory sulfides and displays a wide 
range of Fe contents as a function of conditions of formation, it promises to be a 
useful geochemical tool for deciphering environments of sulfide deposition and 
deformation. As early as 1953, Kullerud proposed that the Fe content of sphalerite 
coexisting with pyrrhotite could be used as a geothermometer. An underlying 
assumption, based on information available at the time, was that FeS activity of 
pyrrhotite did not depart appreciably from unity. We now know (Toulmin and Barton, 
19S4) that this assumption is incorrect, and the original concept of a sphalerite 
geothermometer is invalidated. Nevertheless, their study was the key to complete 
understanding Cj£. phase relations in the Fe-Zn-S system which since have proven 
valuable to the ore mineralogist. In this section we will examine these 
pertinent phase relations and their applications above 300°C and then discuss 
phase relations at lower temperatures. 

Schematic isothermal sections illustrating the ZnS-FeS-S portion of the system 
are in Figure CS-12. These show the extensive solid solution of FeS in ZnS and 
its dependence on the Fe sulfide(s) coexisting with sphalerite. Because the solid 
solution is binary, or nearly so, it can be conveniently represented by a T-X 
projection from sulfur onto the FeS-ZnS join. Such projections are shown in 
Figures CS-13 and CS-14 for the FeS-rich and ZnS-rich portions of the system, 
respectively. In these isobaric projections the two-phase fields of Figure CS-12 
appear as areas and the three-phase triangles as univariant lines tracing out the 
equilibrium sphalerite compositions. The breakdown of pyrite to pyrrhotite + 
sulfur is represented in Figure CS-14 by the point at 743°C from which emanate 
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Fig. CS-12. Schematic isothermal sections of the condensed system FeS-ZnS-S. 

Mole fraction FeS in Sphalerite, 

Fig. CS-X3. T-X projection of the sphalerite + troilite + iron solvus at the vapor 
pressure of the system (0 kb) from Barton and Toulmin (1966) and calculated at 
higher pressures. (From Schwarz, Scott, and Kissin, in preparation). 
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Mole Percent FeS in Sphalerite 

Fig. CS-14. T-X projection of a portion of the system FeS-ZnS-S at 1 bar. 
(From Scott and Barnes, 1971, Econ. Geol. 66_, 659). 

the three univariant curves: sphalerite + pyrrhotite + sulfur extending to higher 
temperatures, and sphalerite + pyrrhotite + pyrite and sphalerite + pyrite 
+ sulfur extending to lower temperatures. Another convenient way of presenting 
the equilibria, taking cognisance of the variation of FeS activity in the system, 
is a plot of log fg vs temperature (Fig. CS-15). In this representation, the 
two-phase fields of Figure CS-12 appear as areas in which sphalerite composition 
can be contoured and the three-phase triangles appear as sloping univariant lines. 

FeS Activity and Sphalerite Composition 

One of Barton and Toulmin's (1966) more important discoveries in their landmark 
study of the Fe-Zn-S system is shown in Figure CS-16. Over a wide range of 
temperatures the iron content of sphalerite is a function only of apeg except, 
as noted below, for very Fe-rich compositions. The relationship is not upset by 
other components in the system such as MnS, CdS, CoS, ZnSe, ZnO and probably NiS. 
This is demonstrated by the fact that, as described in the previous chapter, the 
cell volume of sphalerite is a linear function of its FeS, MnS, CdS, ZnSe and ZnO 
content which requires that the molar volume and hence activity coefficient of 
FeS in sphalerite is not affected by these other components. 

In view of Figure CS-16 and the refractory nature of sphalerite, the FeS 
content of sphalerite is a reliable indication of apeS provided ZnS is not soluble 
in the phases under study. Consider these exemplary applications: 
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T e m p e r a t u r e , °C 

Fig. CS-15. Composition of sphalerite in equilibrium with pyrrhotite (light contours, 
in mole % FeS) and with pyrite + pyrrhotite (open circles). The contours are from 
equation (cs-12). (From Scott and Barnes, 1971, Econ. Geol. 658). 

1. In an investigation of the high-temperature portion of the Fe-S system 
shown in Figure CS-2, Arnold (1971) experienced considerable difficulty in 
quenching pyrrhotite compositions. One remedy to the problem was to equilibrate 
sphalerite with the Fe sulfides, analyze its composition, obtain apeg from 
Figure CS-16, and determine the corresponding pyrrhotite composition from the 
data of Figures CS-8 and CS-9 relating , <3jes> an<* temperature. The results 
of three such experiments, shown by the closed circles in Figure CS-2, agreed 
with the appearance-of-phase experiments within 0.1 wt. % Fe. 

2. Within the Fe-Ni-S system, the (Fe,Ni)^_xS (mss) solid solution extends 
continuously at high temperatures from the FeS-NiS join to more sulfur-rich 
compositions. Scott et al (1972, 1974) have measured FeS activities for mss at 
930°C by equilibrating it with sphalerite which, at this temperature, is not soluble 
in mss. The sphalerite products contained progressively decreasing amounts of 
FeS, indicating (from Fig. CS-16), decreasing apeg in mss passing from stoichiometric 
FeS (aFeS = 1) to NiS (aFeS = 0) and from the FeS-NiS join to more sulfur-rich 
(Fe,Ni)^_xS compositions. From this information, Scott et al were able to define 
a regular solution model for mss. 

Sphalerite + Troilite + Iron 

Sphalerite compositions buffered by troilite and iron have been measured in 
the condensed system by Barton and Toulmin (1966). A least-squares line fit to their 
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Mole % FeS in Sphalerite 

Fig. CS-16. Relation between activity of FeS (relative to troilite) and the 

composition of sphalerite. 

data and extrapolated below 580°C is shown in Figure CS-13. The buffer assemblage 

fixes the FeS activity at unity for all temperatures. Therefore, the negative 

slope of the 0 kb line in Figure CS-13 requires that the activity coefficient of 

FeS (y sphalerite decreases with increasing temperature, at least 

for these very Fe-rich sphalerite compositions, and produces most of the scatter 

in the data of Figure CS-16 near ap eg = 1. 

The effect of pressure on the sphalerite + troilite solvus is large. It 

has been calculated by Barton and Toulmin (1966), and their calculation has been 

refined by Schwarcz, Scott, and Kissin (in preparation) taking into account corrections 
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for thermal expansions and compressibility of the phases. The mole fraction of 
FeS in sphalerite (Np^g) i s related to the activity of FeS ( ap eg) by the expression 

FeS^FeS w h e r e "*FeS l s t h e activ:ity coefficient. Differentiating, n: sp FeS 

dNsp 
FeS 

dP 
sp 
FeS 

da FeS - a dy 
dP FeS' 

sp 
FeS 

dP / 
Rearranging, and noting that dy/y = dlny 

dN: sp FeS = 
dP sp 

'FeS 

da FeS 
dP " M 

dlny 

(ysp 
FeS 

sp 
FeS 

dP 
(cs-9) 

which is equation (1) of Barton and Toulmin (1966). Furthermore, Figure S-9 
of the previous chapter shows that the cell edge (or cell volume) of sphalerite 
can be represented by a straight line over large compositional intervals so the 
partial molar volume of FeS in sphalerite (Vjj^) is constant over these 
Intervals and the following relation is valid: 

dlny sp FeS 
dP 
,,tr 

31ny sp FeS 
3P t,n: ,sp 

FeS 

V S p -= FeS 
RT 

where V is the molar volume of troilite. For troilite: a- i, Y: 

(cs-10) 

1/N-
and, as shown earlier, da„ „/dP reb 

"FeS " 'FeS " FeS' 
0. Therefore, substituting these relations and 

equation (cs-10) into equation (cs-9) we obtain 

(cs-11) dNSp 
FeS = • K B " v t r> N S p 1 FeS 

dP RT 
which is equation (3) of Barton and Toulmin. The isobars in Figure CS-13 were 
calculated in increments of 1 kb using the volume data in Tables CS-2, 3, 4, and 
5 and the integral form of equation (cs-11): 

(V - V)'" N' N" - N' = - RT (P" - P') 
where ' refers to conditions at low pressure, " to conditions at high pressure, 
and "' to conditions at (P" + P')/2. Neuhaus and Cemic (1970) have measured 
experimentally a much larger pressure effect on the troilite + sphalerite solvus 
than is shown in Figure CS-13. The reason for the disagreement is uncertain, 
but it is suspected that they did not properly buffer the troilite in their 
experiments. 

Applications of Figure CS-13 are limited to meteorites. Some meteorites contain 
small sphalerite blebs within nearly pure FeS (troilite) nodules surrounded by 
kamacite (Fe,Ni). Schwarcz et al (in preparation) have used the composition of 
these sphalerites together with Figure CS-13 as a paleomanometer to estimate 
the size of the parent asteroids which spawned the meteorites (see Schwarcz 
and Scott, 1974). 
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Sphalerite + Pyrrhotlte 

Isopleths of sphalerite composition coexisting with hexagonal pyrrhotite are 
shown in Figure CS-15 as a function of log fg^ and temperature. They were 
located using the data obtained by Barton and Toulmin (1966) from evacuated silica 
tube experiments above 580°C and by Scott and Barnes (1971) from hydrothermal 
recrystallization experiments at lower temperatures (closed circles). In both 
studies, /g was determined from the composition of the coexisting pyrrhotite 
(Fig. CS-8). A least-squares regression (trend) surface fit to the experimental 
data has the equation (Scott and Barnes, 1971): 
Mole % FeS = 72.26695 - 15900.5/T + 0.01448 log fg2 - 0.38918 
x (108/T2) - (7205.5/T) log fg2 - 0.34486 (log fg2)2 [e.s.d. = 1.7] (cs-12) 

The effect of pressure on the location of the isopleths in Figure CS-15 is 
complicated and, except for the pyrite + pyrrhotite and troilite + iron boundaries, 
has not yet been rigorously evaluated. Qualitatively, the pyrrhotite compositional 
isopleths in Figure CS-8 and a F e S isopleths in Figure CS-9 shift towards higher 

with high confining pressure as discussed previously, which would tend to make 
sphalerite more Fe-rich at a given log fg2 and T. However, this is more than 
offset by the rise in activity coefficients of FeS in sphalerite which makes 
sphalerite less Fe-rich at a given For example, at 500°C Yp^g increases 
from 2.3 at 1 bar to 3.6 at 5kb (personal communication from P. Toulmin, III, 
1973). Consequently, a sphalerite containing 30 mole % FeS and coexisting with a 
particular pyrrhotite composition at 500°C and 1 bar would contain only 19.2 mole 
% FeS coexisting with the same pyrrhotite at 500°C and 5kb. Therefore, without 
additional information on fg2 and pressure during deposition, the isopleths in 
Figure CS-15 are of little use in geothermometry. The effect of pressure can be 
calculated, but the coexisting pyrrhotite usually will have suffered post-
depositional changes which will make it an unreliable indicator of 

Sphalerite + Pyrrhotite + Pyrite 

Addition of pyrite to the preceding assemblage buffers a^g and overcomes the 
problems of having to preserve pyrrhotite compositions from high temperature in 
order to use sphalerite as a geochemical tool. For this reason, and because the 
three-phase assemblage is common in nature, there has been a concentrated effort 
to determine its T-X relationships over a wide temperature range, initially with 
a view to salvaging Kullerud's (1953) sphalerite geothermometer. The results of 
six different investigations, five of which extended below 550°C, are shown in 
Figure CS-14. Independent studies by Boorman (1967) and Boorman et al (1971) 
using a salt flux technique and by Scott and Barnes (1971) using hydrothermal 
recrystallization are in excellent agreement that the solvus remains vertical below 
550°C at 20.7+0.6 mole % FeS. Two sets of results disagree with this conclusion 
but can be discounted. Einaudi's (1968) calculation of the solvus, shown by the 
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dashed line In Figure CS-14 was correct in concept but is rejected because he used 

thermodynamic data that were slightly in error. The results of Chernyshev and 

Anfilogov (1968) are also rejected because Chernyshev (in Boorman et al, 1971) 

later found their sphalerite products to be exceedingly heterogeneous. There 

is no longer any doubt that the bulk composition of sphalerite in the three-phase 

assemblage remains independent of temperature throughout a major portion of the 

geologically-interesting temperature range and thus is not a geothermometer. 

Iron-Rich Patches* In the course of analyzing by electron microprobe the 

sphalerite crystals grown in their hydrothermal recrystallization experiments, Scott 

and Barnes (1971) found small, scattered, Fe-rich patches which were richer by 

as much as 8.7 mole % FeS than the matrix of the crystals. Several patches could 

often be found in random sections through crystals as discrete islands 30 to 150 

ym across and, surprisingly, all have the same composition. Typically, at 

the margin of a patch there is a stepwise increase in FeS content and a concomitant 

decrease in ZnS compared to the homogeneous matrix of the crystal (Fig. CS-17). 

The measured differences in composition, A, between Fe-rich patches and the matrix 

of sphalerites coexisting with pyrite and pyrrhotite define a simple curve which is 

dependent on temperature (Fig. CS-18). Values of A decrease with rising temperature 

until, at 525°C and above, no patches were found. 

Fig. CS-17. Electron microprobe tracing showing Fe and Zn contents across an Fe-

rich patch in a synthetic sphalerite crystal. (From Scott and Barnes, 1971, Econ. 

Geol. 66, 665). 

The consistent compositional differences between the patches and matrix within 

a single crystal and the sharp boundaries between patches and matrix suggest that 

the patches can be treated thermodynamically as separate phases which grew in 

metastable equilibrium with the matrix of the crystal. Equilibrium between the 

growing surface of the crystal and the aqueous solution is very rapid whereas 
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ig. CS-18 . A polybaric curve relating compositional differences (A) between 

ron-rich patches and matrix in sphalerite crystals coexisting with pyrite and 

yrrhotite. (From Scott and Barnes, 1971, Econ. Geol. 66, 665). 

olid-state diffusion of Fe between patch and matrix is not. Consequently, the 

arfaces of the matrix and metastable patch are both very probably in equilibrium 

ith the hydrothermal solution but bulk solid equilibrium is not maintained. The 

act that it is the patches which are metastable and not the matrix was indicated, 

jt not proven, by Scott and Barnes' calculations of free energy changes in a patch-

jrming reaction. Scott and Barnes (1971) have suggested two possible mechanisms 

lich may be responsible for the formation of the iron-rich patches: 

(1) The patches represent sectoral zones in which FeS is preferentially 

lcluded on certain faces of the crystal during growth. The zoning may be a 

msequence of surface equilibrium related to differences in surface bonding on 

ich growing face or to a kinetic process (Hollister and Bence, 1967). Sectoral 

ming giving rise to crystallographic control of major element chemistry is not 

lconunon in silicates (e.g., Hollister and Bence, 1967; Hollister, 1970). 

rondel et al (1942) similarly explained the heterogeneous distribution of some 

race elements in calcite and galena by surface equilibria. 
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(2) The patches represent a metastable, high-temperature polymorph or poly-

type of sphalerite. This hypothesis 1s based on the assumption that sphalerite 

coexisting with pyrite and pyrrhotite undergoes a phase change near 525°C 

(Fig. CS-19). The matrix composition corresponds to the stable solvus and the 

patches represent compositions lying on the metastable extension of the higher-

Mole Percent FeS 

Fig. CS-19. T-X projection showing the effect of a hypothetical phase change in 

sphalerite coexisting with pyrite and pyrrhotite. The phase element for two 

coexisting sphalerites is omitted but must extend to the left from the intersection 

of the univariant curves at 525°C. (Scott and Barnes, 1971, Econ. Geol. 66, 667). 
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temperature phase boundary. A first-order transition is shown in Figure CS-19. 

If it is second order involving the ordering of Fe and Zn, the transition must 

occur over a range of temperatures and the patches may be a disordered phase in 

metastable equilibrium with the ordered matrix. 

As yet there is no indication of which, if either, of these explanations is 

correct, although the second hypothesis readily explains the dependence of the 

composition of patches on temperature and their disappearance near 525°C. Scott 

and Barnes (1971) have described microscopic heterogeneities with the appearance of 

patches in coarsely-crystalline, natural sphalerite crystals from hydrothermal 

environments, which raises the possibility that the temperature-dependence 

of the patch compositions relative to their matrix may be a useful geothermometer. 

Development of this potential geothermometer will require much more experimental 

study, however. At present, Figure CS-18 applies only to sphalerite coexisting 

with pyrite + pyrrhotite although patches have been synthesized in sphalerite 

coexisting with pyrrhotite only. A further restriction is that patches are not 

likely to be found in metamorphosed ores because they would tend to be annealed 

to the composition of the matrix during prolonged heating. 

Effect of Pressure on the Sphalerite + Pyrite + Pyrrhotite Solvus: 

The Sphalerite Geobarometer 

The partial molar volume of FeS in sphalerite is large compared to that of 

ZnS as evidenced by the substantial increase in the cell edge of sphalerite with 

iron content (Fig. S-9). As a consequence, we should expect that in a system in 

which ap eg is buffered by pyrite + pyrrhotite, sphalerite should become less FeS-

rich with increasing pressure. Using equation (cs-9) derived by Barton and Toulmin 

(1966), Scott and Barnes (1971) calculated this change in sphalerite composition 

with pressure and showed how it could be used as a geobarometer. However, their 

calculations were known to be inaccurate because the effects of thermal expansion 

and compression were not included. More recently, Scott (1973) has measured the 

composition of sphalerite on the pyrite + pyrrhotite solvus by hydrothermal 

recrystallization experiments over a wide range of temperatures and pressures. 

His data, in Figure CS-20, show that sphalerite isobars do indeed shift to lower 

FeS contents, but the change in composition is not as large nor of the same 

slope as calculated by Scott and Barnes (1971). 

The most significant feature of Fig. CS-20, so far as geobarometry is concerned, 

is the vertical slope of the 2.5 and 5kb isobars below approximately 600°C. They 

remain vertical until they encounter the slope reversal of the pyrite + pyrrhotite 

solvus in Figure CS-3 or the stability field of monoclinic pyrrhotite, neither of 

which are known at high pressure but are probably well below 300°C at 5 kb. Therefore, 

this geobarometer is independent of temperature within much of the geologically-

important temperature and pressure ranges. The 7.5kb isobar as drawn shows 
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Mole % FeS in Sphalerite 

Fig. CS-20. T-X projection of the sphalerite + pyrite + hexagonal pyrrhotite 

solvus isobars. Pressures are in bars. The 1 bar solvus is from Fig. CS-14. 

(From Scott, 1973, Econ. Geol. 6B_, 469). 

considerable curvature, suggesting that there may be a large viaration with temperature 

in either ap eg or Yfjjg at this high pressure. On the other hand, the isobar was 

drawn to conform with the single data point at 411°C. There is no objective reason 

for discarding this result but subsequent experiments on the 7.5kb isobar might 

possibly show it to have a slope that is more in line with the isobars at lower 

pressure. 

New calculations by Scott (1973, with the help of P. Toulmin, III) which 

included the effects of thermal expansion and compression in the volume terms are 

in better agreement with the experimental results at 5kb than are those of Scott 

and Barnes (1971) as shown in Figure CS-21. The calculations were performed by 

integrating equation (cs-9) in five steps between 0 and 5kb in a manner similar to 

that described earlier for the sphalerite + troilite calculation. Values of 
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Mole % FeS in Sphalerite 

Fig. CS-21. T-X projection comparing the experimentally-determined 5kb solvus for 
sphalerite + pyrite + hexagonal pyrrhotite with the calculated solvi of Scott 
and Barnes (1971) and Scott (1973). (From Scott, 1973/ Econ. Geol. 68_, 472). 

YS P
c
 anc* lny^P/dP were obtained from equation (cs-10) and da„ „/dP from equation 

r es reo 16o 

(cs-8). The volume data for evaluating equations (cs-10) and (cs-8) are in Tables 

CS-2, and 5 and their corrections for thermal expansion and compression are in 

Tables CS-3 and CS-4. 

Other elements in the system besides Zn, Fe, and S are unlikely to have much 

of an effect on the phase relations in Figure CS-20. Only rarely will Co and Ni be 

in high enough concentration in the Fe sulfides to cause a significant decrease in 

a F e S (Barton and Toulmin, 1966). Concentrations of Cd and Mn, common impurities 

in sphalerite, up to several wt. % beyond that normally found, do not affect 

V®^ as was shown earlier, and so will not alter the location of the isobars. Of 

the remaining elements commonly found in sphalerite, only Cu is problematical. 
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The Cu content of most sphalerites is usually less than 1 or 2 st. %, but the common 
occurrence of chalcopyrite exsolution blebs indicate that solid solution was much 
greater at high P and T. The question arises as to whether or not the Fe in the 
dissolved and exsolved chalcopyrite should be included in sphalerite analyses when 
applying Figure CS-20 to geobarometry. There are very few data on phase relations 
in the Cu-Fe-Zn-S system, but indications are that the join CuFeS2~ZnS is truly 
binary (Fujii, 1970); i.e., the substitution is CuFei2Zn. From this viewpoint, 
CuFeS2 and FeS are separate components in sphalerite solid solutions and the iron 
in the exsolved chalcopyrite or dissolved CuFeS2 component should not be included 
in the estimation of pressure. 

The assemblage sphalerite + pyrite + pyrrhotite is quite common from a variety 
of geological environments so the sphalerite geobarometer has a potential for wide 
applicability. Its use requires that the three phases must have been in equilibrium 
during deposition or metamorphism even though it is known that the equilibrium state 
is not preserved in hexagonal pyrrhotite, as was discussed earlier. When one or 
both of the Fe sulfides are absent, the sphalerite composition may be quite variable. 
For example, sphalerites analyzed from a single drill hole in granulite facies 
metamorphic rocks at Broken Hill, Australia, in which pyrrhotite is the only Fe 
sulfide present, range in composition from 18.0 to 22.2 mole % FeS over a distance 
of 74 feet. On the other hand, sphalerites which are in intimate contact with both 
pyrite and pyrrhotite in ores from highly metamorphosed terrains often show much 
less spread in Fe content, reflecting the influence of the buffer. 

Applications of the sphalerite geobarometer are discussed by Scott and 
Barnes (1971) and Scott (1974). 

Phase Relations Below 300°C 

Equilibrium involving sphalerite is difficult to attain at low temperatures in 
the laboratory but, armed with a few experimental points, analyses of naturally-
occurring sphalerites from low-temperature assemblages and knowledge of the Fe-S 
system, Scott and Klssin (1973) have pieced together a T-X projection shown in 
Figure CS-22. 

The general location and slope of the univariant boundaries in Figure CS-22 
are seen to be consistent with the stoichiometry of Figure CS-3 by making use of 
the relationships among Fe sulfide X, T, and aFeg (Fig. CS-8 and CS-9) and 
between a F e g and sphalerite composition (Fig. CS-16). In general the FeS content 
of sphalerite is a function only of apeg which, at a given temperature, is inversely 
related to the sulfur activity of the coexisting Fe sulfide assemblage. For 
example, Figure CS-3 shows a rapid increase in the sulfur content and hence sulfur 
activity of the pyrrhotite phase in equilibrium with pyrite between 262° and 254°C. 
Therefore, the assemblage monoclinic pyrrhotite + pyrite which is stable below 
254°C must lie at lower a_ „ than ordered "hexagonal" pyrrhotite (NA type) + FeS 
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Fig. CS-22. T-X projection of a portion of the system FeS-ZnS-S at low temperatures. 

The solid line is the sphalerite + hexagonal pyrrhotite + pyrite solvus from Figure 

CS-14. Dashed lines are univariant boundaries estimated from experiments, natural 

assemblages and the distribution of univariant equilibria in Figure CS-3. Some 

of the complications involving ordered pyrrhotites between 262°C and 308°C are 

omitted. The invariant point at 248°C is misplaced and should be at 254°C. 

(From Scott and Kissin, 1973, Econ. Geol. 68_, 478). 

Pyrite at slightly higher temperatures; from Figure CS-22, sphalerite is corres-

pondingly less FeS-rich in the assemblage monoclinic pyrrhotite + pyrite than 

it is in the other assemblage. Similarly, sphalerite coexisting with smythite + 

pyrite contains less FeS than that coexisting with monoclinic pyrrhotite + pyrite 

but is more FeS-rich than that coexisting with metastable (?) greigite + pyrite, 

the most sulfur-rich assemblage in the portion of the Fe-S system under considera-

tion. The slope and location of the univariant boundaries sphalerite + ordered 

"hexagonal" (NA-type) pyrrhotite + monoclinic pyrrhotite and sphalerite + 

disordered hexagonal pyrrhotite (1£ type) + ordered "hexagonal" pyrrhotite (NA-

type) , for which there are no data, cannot be determined at present and their 

positions in Figure CS-22 are speculative. However, they must emanate from 

invariant points at the temperatures shown in Figure CS-3 and the 
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curve for sphalerite + disordered hexagonal pyrrhotite + ordered "hexagonal" 
pyrrhotite must lie at higher temperature than the experimental point at 223°C 
which produced an ordered "hexagonal" NA + NC pyrrhotite. 

Figure CS-22 also shows that at 1 bar the sphalerite + hexagonal pyrrhotite 
+ pyrite solvus remains vertical to approximately 262°C whereupon there is an 
abrupt change to a negative slope consistent with the reversal in slope of the 
ordered "hexagonal" pyrrhotite (NA type) + pyrite solvus in Figure CS-3. 

Partial Molar Volume of FeS in Sphalerite (V®p
g) 

A partial molar quantity of a component (i) in a phase is obtained by drawing 
at a specified composition (N^) a tangent to the curve of the molar quantity against 
mole fraction and extrapolating that tangent to N^ » 1. For example, consider 
the partial molar volume of FeS in sphalerite which is needed to calculate the 
effect of pressure on sphalerite equilibria. The raw data for molar volumes are 
unit cell volumes determined by x-ray diffraction. In the case of a cubic mineral 
such as sphalerite, a plot of the unit cell edge vs 100NFeS ( m° l e 1 

FeS in sphalerite) 
as in Figure S-9 can be used directly to obtain the necessary information. A 
tangent to the curve in Figure S-9 can be drawn graphically at a specified sphalerite 
composition and extrapolated to 100% FeS to obtain a "partial molar cell edge" 
for FeS from which' can be calculated, but there is a more elegant way using 
simple calculus. The equation of the tangent will be of the form 

a" - a' = m (100 - 100 N®p ) (cs-13) — — reo 
where a/ is the cell edge in A of sphalerite at the specified composition, 100N®P<,, 
and a" is the extrapolated cell edge at 100% FeS; m is the slope of the tangent and 
is obtained by differentiating the equation of the curve for cell edge vs 
composition in Figure S-9 as follows: da m = — = -0.000008214 (100N®P ) + 0.0005637 (cs-14) 

d (100N®Pg) F e S 

Substituting equation (cs-14) into (cs-13) and rearranging gives the extrapolated 
cell edge 

a" = a' + [0.0005637-0.000008214(100N®P)] (100-100N®P„). — — reb reo 
3 The partial molar volume (in cm ) of FeS for the specified sphalerite composition 

is given by: 
^sp (a")^ x 10 ^ x Avogadro's no. 
FeS ~ no. of formulas/unit cell (=4) 

Calculated values for sphalerite are in Table CS-5 . Corrections for thermal 
expansion and compression are given in Tables CS-3 and CS-4 under the entry for 
sphalerite, i.e., AV®P

g = AVsp with T and P. 
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Table CS-5. Partial Molar Volumes of FeS in 

Sphalerite at 25°C, 1 bar. 

0 24. .593 

10 24, .488 

20 24. .394 

30 24. .311 

40 24. ,240 

50 24. .179 

55 24. ,153 
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THE Cu-S SYSTEM (Craig) 

The complexities of the Cu-S system, like those of the Fe-S system, have only 
recently become known. Prior to 1940 most mineralogists recognized but two copper 
sulfide minerals, chalcocite (CU2S) and covellite (CuS). Although chalcocite 
was believed to exhibit solid solution as far as Cu^gS, digenite (the mineral 
with that composition) was not confirmed as a separate phase until 1942 (Buerger, 
1942). Since then three additional minerals have been identified — djurleite 
(Cu197S), anilite (CU7S5), and "blue-remaining" covellite (Cu1+xS). Experimental 
studies of phase equilibria have produced these minerals and several nonmineralogic 
polymorphs (Table CS-6). 

The phase relationships above 500°C (Fig. CS-22) are straight forward; 
there are but two intermediate phases, a cubic solid-solution series which 
ranges in composition from chalcocite to digenite, and covellite which is stable 
in the presence of its autogenous vapor up to 507°C. The low-temperature 
relationships (Fig. CS-23)*are not so well established as those at high temperature. 
Although digenite has always been considered a true copper-sulfide, Morimoto and 
Koto (1970) have argued "that digenite is stable at room temperature only when 
it contains a small amount (VL%) of iron." 

Fig. CS-22. Phase relations in the Cu-S system as known In 1966. Note the absence 
of anilite. (From Roseboom, 1966, Econ. Geol. 61, 648.) 
* R.W. Potter (1974) has redetermined the low-temperature equilibria among 
copper sulfides (Geol. Soc. Amer. Abstracts, 1974). 
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Table CS-6. Minerals and Phases of the Cu-S System* 

Mineral 
Name 

Thermal Stability,°C Structure type 
Composition Maximum Minimum (cell edges in A) Remarks 

Chalcocite 

Djurleite 

Digenite 

Cu-S 

Cu 2S 

Cu,S 

C u 1 . 9 7 S 

CU9S5 

Anilite 

"Blaubleibender" Cu-^^S 
Covellite 

103 (1)* 

^435 (1) 103 

1129 

500 

(8) 1435 

(5) — 

93 (1) 

83 (1) 

C u 9 + x S 5 1129 

70 

(8) 83 

(12) --

157 (6) 

Monoclinic (15) Inverts to 
P2/c, a = 15.22 hexag. form 
b = 11.88, ç = 13.48 
ß - 116.35° 

Hexagonal (2,3) Inverts to 
PSj/mmc cubic form 
a = 3.89, ç = 6.68 

Cubic Fm3m 
a = 27.85 

(4) Complete s.s. 
with CU9S5 

with 6=90° 

Tetragonal (7) Stable only 
P422, a - 3.40, at P > lkb 
c = 11.29 

Orthorhombic (10) Possibly 
P*n*, a = 26.95, P21/n 
b = 15.71, 
ç = 13.56 

Cubic Fd3m 

a = 5.56 

Cubic Fm3m 
a ^27.8 

(4) Stabilized 
by Fe? See 
text. 

(4) Complete s.s. 
with Cu2S 

Orthorhombic (11) 
Prima, = 7.89 
b = 7.84, ç = 11.01 

Hexagonal (18) Thermodynam-
Pffj/mmc? ically stable? 
a = 3.79, 
c = 16.35 

Covellite CuS 

CuS2 

507 (13) — 

550 (9) 

Hexagonal (14) 
P6j/mmc 
a = 3.79, c = 16.34 

Cubic Pa3 
a = 5.79 

(16) Hlgh-P syn-
thesis. Pseudo 
cubic? (17) 

¿Numbers In brackets are references: 

(1) Roseboom (1966) (10) Morimoto (1962) 

(2) Buerger & Buerger (1944) (11) Morimoto et al (1969) 

(3) Wuensch & Buerger (1963) (12) Morimoto & Koto (1970) 

(4) Morimoto & Kullerud (1963) (13) Kullerud (1965) 

(5) Skinner (1970) (14) Berry (1954) 
(6) Moh (1964) (15) Evans (1968) 
(7) Janosi (1964) (16) Taylor & Kullerud (1971) 
(8) Jensen (1947) (17) Taylor & Kullerud (1972) 

(9) Munson (1966) (18) Rickard (1972) 
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Fig. CS-23. Phase relations in a portion of the Cu-S system. Note the absence 
of digenite below ^70°C. (After Barton, 1973) 

Chalcocite 

Chalcocite (Ci^S) is a common mineral in both hypogene and supergene environ-
ments. Its symmetry, though commonly listed as orthorhombic, has been reported by 
Evans (1968) to be monoclinic. It is stable to 103°^above which it inverts to 
a hexagonal form which, in turn, is stable to r"435°C. Although neither the low-
temperature form, the only natural polymorph, nor the hexagonal form exhibit any 
detectable deviation from Cu:S = 2:1, the high-temperature cubic form exhibits a 
solid-solution field (cc-dg) which extends to Cu:S <*< 1.75:1. 

Djurle (1958) synthesized what he believed to be a tetragonal form of 
djurleite. Subsequent examination of this phase (Roseboom, 1966; Luquet et al 1972) 
confirmed that it is a metastable low pressure form, possibly with considerable 
compositional variation of the high-pressure polymorph of CU2S described by 
Skinner et al (1964). Tetragonal C^S is only stable at pressures above M).8kb 
(Fig. CS-24). It is quenchable and has a specific gravity of 5.93 which is 
significantly greater than that of chalcocite (5.78) (Skinner, 1970). 

Although the tetragonal form of CujS is readily quenched in the laboratory, 
Skinner (1970) reports that it inverts to chalcocite when stored at room temperature 
for a few weeks. However, Serebryanaya (1966) found no change in his synthetic 

CS-60 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



tetragonal Cu^S after 8 months. 

The only natural occurrence of this 

phase is pseudo-mineralogie—a small 

amount was precipitated in the 

sulfides deposited by effluent 

brines from the Salton Sea geothermal 

fields (Skinner et al, 1967) . 

This material inverted to chalcocite 

in a short time. 

Digenite 

Digenite, generally reported 

as CU9S5, has recently been 

for C112S. (From Skinner. 1970, Econ. Geol. 65, considered by Morimoto and Koto 
726 ) 

(1970) to be stable only when it 

contains a small amount of iron (">-1%). Above about 70°C the low-temperature 

cubic form of digenite becomes a stable phase on the Cu-S joir.. At slightly 

higher temperature, 76° to 83°C—depending on composition, digenite inverts to a 

high-temperature cubic form which is isostructural with high-temperature chalcocite. 

Solid solution between these phases (Fig. CS-22,23) becomes complete above about 

435°C. 

Djurleite 

Diurleite, Gu-̂  was simultaneously described by Roseboom (1962) and 

Morimoto (1962) after its synthetic analog had been found by Djurle (1958). The 

maximum thermal stability of djurleite has now been established as approximately 

93°C, above which it decomposes to the hexaeonal form of chalcocite and the cubic 

cc-dg phase. Its usual mode of occurrence as intimate intergrowths among other 

copper sulfides and its similarity to these minerals results in its commonly 

being overlooked in sulfide ores. 

Anilite 

The most recently discovered copper sulfide is anilite, C U 7 S 5 , which was 

described in 1969 by Morimoto et al. Subseauently its maximum stability was found 

to be ^70°C, above which it decomposes to digenite and covellite (Morimoto and 

Koto, 1970). Anilite. like diurleite, closely resembles digenite and is difficult 

to recognize without careful x-ray examination. 

Covellite and "Blue-remaining" Covellite 

Covellite, CuS, is among the most striking of sulfides, displaying brilliant 

blue interference colors in plane light, and purple-red pleochroism and blood-red 
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anisotropism under crossed nicols. It does not deviate measureably from CuS and 
is hexagonal up to its decomposition temperature of 507°C (Kullerud, 1965). 
Frenzel (1959) applied the name "blaubleibender" or "blue-remaining covellite" to 
a phase which closely resembled covellite except for its lack of the strong purple-
red pleochroism of ordinary covellite. He also found that it has a distinct but 
similar x-ray pattern. Moh (1964) found that "blaubleibendar" covellite could be 
synthesized below 157°C, but its thermodynamic stability remains in doubt. 

CuS 2 

Munson (1966) reported synthesis of a copper disulfide with the pyrite-type 
structure. Subsequent work by Taylor and Kullerud (1972) has defined an invariant 
point related to this phase and has suggested that its symmetry may be only 
pseudocublc. 

Thermochemistry 

Thermochemical aspects of the Cu-S system have recently been summarized by 
Barton (1973) whose data are reproduced below. The Cu-S system as a function of 
T and ag2

 i s presented in Fig. CS-25. It is based upon: 

(1) 4Cu + S 2 = 2CU2S (435-700°C) AG° = 62,840 + 14.71T 
(2) 4Cu + S 2 = 2CU2S (103-435°C) AG" - 74,306 + 173.63T -

44.998/T - 52.58T log T + 
0.01028T2 

(3) s 2 = 2S(liq) (200-800°C) AG = -26,810 + 30.25T (200-800°C) 
(4) H2S/H2 ratios over high dlgenlte compositions (Rau, 1967). 
(5) graphical Gibbs-Duhem integrations to determine the activity of 

Cu2S in the high digenite solid solution (Fig. CS-26) . 
(6) 2Cu2S (in cc-dg) + S 2 = 4CuS log K = -2 log a

C u 2 S ~ a g 2 

log K - -10.897 + 9680.7T 
AG = -2«,780 + 16.14T (cal/mole CuS) 

The reader is referred to Barton's excellent paper for a detailed discussion. 
Schneeberg (1973) has measured the fugacity of diatomic sulfur vapor over the 
covellite-hlgh digenite assemblage (the same as (6) above) by means of electro-
chemical cells. His two equations determined in separate experiments are: 

log f S 2 = 24.467 - 25669 / T + 4844700 / T 2, 

log fs2 = 24.193 - 24097 / T + 4211000 / T 2. 
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Fig. CS-25. Activity of S2~temperature diagrams for the Cu-S system. The composition 
of high digenite is shown in light weight contours; the numbers indicate the 
ratio S2/Cu2S in the solid solution. (From Barton, 1973, Econ. Geol. 68_, 457.) 

A t o m F r a c t i o n Cu 

Fig. CS-26. Activity of Cu2S composition diagram for the high digenite field. 
The dotted curves represent Barton's unammended extrapolations of Rau's (1967) data. 
The short bar at mole fraction of CujS = 1.00 represents the total range of non-
stoichiometry reported by Cook (1972) for "Cu2S" in equilibrium with copper. 
(From Barton, 1973, Scon. Geol. 65, 458.) 
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More time and effort have been expended in the determination of phase equilibria 
and mineralogical relationships among the Cu-Fe sulfides than any other ternary 
sulfide system. In spite of this many relationships remain enigmatic, obscured by 
the presence of extensive solid solutions, unquenchable phases, and metastability. 
The general form of phase relationships has emerged from the work of Merwin and 
Lombard (1937),Schlegel and Schiller (1952), Hiller and Probsthain (1956), Yund and 
Kullerud (1966), Kullerud et al (1969), Mukaiyama and Izawa (1970), Cabri (1973), 
and Barton (1973). The minerals and phases reported in the Cu-Fe-S system are 
listed in Table CS-7; their compositions are illustrated in Fig. CS-27. 

The nature of the high-temperature relationships are now well established; 
a 600°C isothermal section is shown in Fig. CS-28. It is characterized by three 
extensive solid solutions: (1) chalcocite-digenite-bornite (cc-dg); (2) intermediate 
solid solution (iss); (3) pyrrhotite (po). The centrally located iss phase, which 
has the sphalerite-type (fee) structure, includes a large compositional area which 
is slightly sulfur deficient. Cabri (1973) has noted that the iss field may be 
divided into three zones each characterized by a different quenching behavior 
(Fig. CS-29). Compositions in the first zone, which includes the S-rich portion 
of the iss from Cu:Fe=l to the Fe-rich extremity, quench from 600°C to give 
chalcopyrite + iss. The second zone, which includes the S-deficient region on the 
Fe-rich end, quenches to a phase exhibiting a primitive cubic cell. The third 
region which separates zones 1 and 2 and which includes all of the central and Cu-
rich portions of the iss quenches to give the primitive phase plus either chalcopyrite 
or mooihoekite. These complications but herald the complexities which appear at 
low temperature. The bornite-bearing solid solution extends from the Cu-S join 
where it is continuous with the high chalcocite - high digenite solid solution to 
a composition considerably more Fe- and sulfur-rich than stoichiometric bornite, 
Cu5FeS4- The pyrrhotite solid solution accepts up to about 4.5 wt. % Cu into its 
structure. 

As temperature decreases below 600°C the simple, well understood phase 
equilibria gradually give way to less well understood and, in some areas, quite 
conjectural relationships as additional phases become stable. By far the most 
important change is the appearance of chalcopyrite, CuFeS2> as a stable phase 
below 557°C. It forms in the iss-pyrite field and remains isolated from all other 
Cu-Fe sulfides until temperature is further decreased. Other phase appearances of 
consequence are covellite, CuS, at 507°C and idaite, Cu5+xFeSg+x, at 501°C. 

At 400°C the phase relationships appear as shown in Figure CS-30 and at 
300°C they probably look something like those in Figure CS-31. Although the 
general configuration of the Cu-Fe-S system probably changes little at lower 
temperature, there remain many questions regarding the appearance and phase relations 
of the chalcopyrite-like phases, talnakhite, mooihoekite, and haycockite. Cabri 
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Table CS-7 Minerals and Phases of Cu-Fe-S System* 

Mineral 
Name Composition 

Thermal stability,°C 
Maximum Minimum 

Structure type 
(cell edges in Â) Remarks 

Digenite 

Bornite 

(Cu,Fe)9S5 

^(Cu,Fe)gS5 

x-bornite 

Idaite 

Fukuchilite 

Chalcopyrite 

Cubanite 

Intermediate 
solid solution 

Talnakhite 

Intermediate 
phase I 

Intermediate 
phase II 

Moolhoekite 

Cu5FeS4 

CujFeS^ 

Cu 5 F e S 4 . 0 5 

Cu5.5FeS6.5 

CUjFeSg 

CuFeS2 

CuFe2S3 

Wide 
range 

Cu9Fe8S16(3) 

Cu9Fe8S16(?) 

Cu9Fe8S16(?) 

Cu9Fe9S16 

(continued) 

83 

1129 83 

228 (13) — 

VL100 (16) 228 

125 (12) — 

501 (12) — 

^ 200 (7) 

557 

200-(6) 
210 

960 (16) 20-
200 

^ 186 (9) 

230 (9) 186 

520 (9) 230 

^ 167 (9) 

Cubic Fd3m 
a = 5.56 

see Table 
CS-6 

Cubic Fm3m See Table 
a = 27.85 (17) CS-6 

Tetragonal P42jC 
a = 10.44, 
ĉ  = 21.88 (13) 

Cubic Fd** (13) several 
â  in multiples of metastable 
5.5 

Cubic Fm3m 
a = 5.5 

Tetragonal 
a = 16.5, 
ç = 11.0 

Hexagonal 
a = 3.77, 
ç = 11.18 

Cubic Pa3 
a = 5.6 

forms (13) 

(13) 

(19) 

(14) gives (15) 
a = 3.90, 
_c = 16.95A 

(8) Considerable 
s .s. along 
CuS2-feS2 
join (8) 

Tetragonal I42d Transforms 
a = 5.28, (2) to py + iss 
ĉ  = 10.40 (4, I D 

Orthorhombic Pcmn Transforms 
a = 6.46, (5) to iss 
b = 11.12, c = 6.23 

Cubic F43m 
a = 5.36 

Cubic I43m 
a = 10.59 

(4) Quenchable 
only near 
CuFe2S3 comp. 

(1) Transforms to 
interm. I 

Transforms to 
interm. II 

Transforms 
to iss 

Tetragonal P42m Transforms to 
a = 10.58, (2) interm. A 
c = 5.37 
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Table CS-1. Continued 

Mineral 
Name 

Thermal stability,°C Structure type 
Composition Maximum Minimum (cell edges in Â) Remarks 

Intermediate 
phase A 

Haycockite 

Primitive cubic 
phase (pc) 

Cu9Fe9S16 

Cu4Fe5S8 

Wide 
range 

236 

Cu0.12Fe0.94s1.00 ? 

(18) 

167 

20-(9) 
200 

20-
200 

? Transforms 
to iss 

Orthorhombic P222 Stable only 
or P2j2,2 
a=b =10.71, 
ç = 31.56 

Cubic ? 

at low T 

(9) Transforms 
to iss 

Needs 
confirmation 

¿Numbers in brackets are references: 

(1) Hall & Gabe (1972) 
(2) Cabri & Hall (1972) 
(3) Cabri & Harris (1971) 
(A) Szymanski et al (1973) 
(5) Buerger (1947) 
(6) Cabri et al (1973) 
(7) Kajiwara (1969) 
(8) Shimazaki & Clark (1970) 
(9) Cabri (1973) 

(10) MacLean et al (1972) 

(11) Barton (1973) 
(12) Yund & Kullerud (1966) 
(13) Morimoto & Kullerud (1966) 
(14) Yund (1963) 
(15) Frenzel (1959) 
(16) Kullerud et al (1969) 
(17) Morimoto & Kullerud (1963) 
(18) Clark (1970) 
(19) Morimoto (1970) 
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A T O M I C % 

Fig. CS-27. Minerals reported within the Cu-Fe-S system. Abbreviations: cc-chal-
coclte, dj-djurleite, di-digenite, al-anilite, bcv-blue-remaining covellite, cv-
covellite, bn-bornite, a-bn-anomalous bornite, id-idaite, fk-fukuchilite, 
tal-talnakhite, cp-chalcopyrite, mh-mooihoekite, hc-haycockite, cb-cubanite, 
py-pyrite, mc-marcasite, gr-greigite, sm-smythite, m-po-monoclinic pyrrhotite, 
h-po-hexagonal pyrrhotite, tr-troilite, mk-mackinawite, ??-Cu-mackinawite? 

S 

Fe 

Fig. CS-28. Phase relations in the central portion of the Cu-Fe-S system at 600°C 
(After Cabri, 1973). 
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Fe 
Fig. CS-29. An enlarged portion from the center of Figure CS-28 showing the 

three quench zones of the iss. See discussion in text (From Cabri, 1973, Econ. Geol. 

oS, 447.) 

A T O M I C % 4 0 0 ° C 

Fe 
Fig. CS-30. Schematic phase relations in the central portion of the Cu-Fe-S 

system at 40CI°C. Based on data and discussions of several workers. 

and nis associates have aone mucn to elucidate tne nature of these phases, but 

apparent polymorphism and the problems of attaining low temperature equilibrium 

leave mucti work to Be done. 
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A T O M I C % 300 °C 

Fe 
Fig. CS-31. Schematic phase relations in the central portion of the Cu-Fe-S 

system at 300°C. Based on data and discussions of several workers. 

Low-temperature stability relationships are uncertain; however, based on 

natural occurrences and numerous other workers' contributions they likely 

approximate Figure CS-32. The stable assemblages shown range from the very common 

and unquestioned chalcopyrite + pyrite to the completely speculative bornite + 

mooihoekite. Quite likely the phases talnakhite, mooihoekite and haycockite are 

far more common than realized but have generally been overlooked because of their 

strong similarity to chalcopyrite. 

"Blue-remaining" covellite and x-bornite have been omitted from the low 

temperature diagram because their status as stable phases is in doubt. Even among 

the common Cu-Fe sulfides there remains confusion. Kullerud and Yund (1966) 

suggested that pyrite and chalcocite never stably coexist and that the bornite-

pyrite assemblage is unstable below 228°C. Barton and Skinner (1967), however, 

maintain that the pyrite-chalcocite tie line is a strong possibility. Bornite-

pyrite assemblages supposed by Kullerud and Yund (1966) to be unstable below 228°C 

are quite common in many ore bodies, including Magma Mine, Arizona, where the 

elevated rock temperatures (at least as high as 50°C) have provided us with 

extraordinary long term experiments (measured in millions of years instead of 

hours or days). On the other hand breakdown of anomalous bornites at temperatures 

near 100°C results in exsolution of chalcopyrite and chalcocite. 

It is apparent that a great deal remains to be learned of the phase equilibria 

in the Cu-Fe-S system, especially below 400°C. 
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A T O M I C % 25° C 

Fe 

Fig. CS-32. Possible phase relations in the central portion of the Cu-Fe-S system 

at 25°C. The most speculative tie lines are dashed; see text for discussion. 

Digenite 

Digenite, CugSj, long considered to be a member of the copper-sulfide family, 

has recently been redesignated as a Cu-Fe sulfide by Morimoto and Kato (1970) who 

found that natural digenites contained small amounts (Vl%) of iron. They further 

found that low-temperature (<70°C) annealing experiments in the pure Cu-S system 

did not yield digenite but mixtures of anilite and chalcocite. As temperature is 

raised above 25°C, digenite exists over an increasing compositional range and becomes 

a stable phase in the Cu-S system at 70°C. At higher temperatures the solid 

solution expands to include compositions which are more S- and Fe-rich. Above ^335°C 

the digenite solid solution merges with the bonite solid solution thus forming a 

single phase which spans from the Cu-S join to compositions containing as much as 

15 at. % Fe. Jensen (1942) found that the maximum melting temperature (1129°C) 

of the digenite solid solution lies on the Cu-S join at a composition slightly 

copper deficient of CU2S. 
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Bo mite 

Bornite, one of the most readily recognized of sulfides, is known to exist in 
several polymorphic forms, all based upon a subcell of 5.5X (Morimoto and Kullerud, 
1961). The low-temperature form that is encountered in ores is tetragonal with 
a = 10.94, c = 21.88 A . On heating to 228°C it inverts to a cubic form with 
ji ̂  5.5 A . Morimoto and Kullerud (1966) found that rapid cooling of high-
temperature bornite results in the development of a metastable cubic "2a" structure 
with â  "*< 10.94 A. Bornite, like digenite, exhibits extensive solid solution within 
the Cu-Fe-S system, especially with regard to Cu/Fe ratio. Solid solution with 
the digenite phase becomes complete above about 335°C. Quenching of intermediate 
compositions along the bornite-digenite join results in development of metastable 
polymorphs whose cell edges are integral multiples (2,3,4, or 5) or, in some 
instances, non-integral (4.7 and 5.7) repeats (Morimoto, 1970) of the basic 5.5 A 
subcell, depending upon composition (Morimoto and Kullerud, 1966). The high-
temperature bornite phase also exhibits solid solubility toward chalcopyrite; break-
down of these compositions yield remarkable exsolution textures commonly found in 
ores. Brett (1964) in a study of exsolution on the bornite-digenite, bornite-
chalcocite and bornite-chalcopyrite joins found, however, that formation of such 
textures was neither diagnostic of initial temperature of formation nor cooling rate. 

X—, Anomalous, or Sulfur-rich Bornite 

Heating experiments conducted on natural bornites by a variety of workers 
(summarized in Brett and Yund, 1964) indicate that some bornites, instead of merely 
inverting to a high-temperature polymorph, exsolve both chalcopyrite and chalcocite. 
This has led several observers to consider these bornites as metastable S-rich 
bornites. Brett and Yund (1964) concluded that some bornites which formed at 
temperatures below 75°C have sulfur to metal ratios greater than that indicated 
by the stoichiometric formula Cu5FeS4. Yund and Kullerud (1966) extended their 
work and found that x-bornite, as they called it, could be synthesized in a field 
which possessed a slight excess (0.5 wt. %) of sulfur relative to normal bornite 
at temperatures below 125°C (Fig. CS-33). Whether or not this phase is ever 
thermodynamically stable is unknown, but its natural occurrence, especially in 
red-bed copper deposits, is now well established. However, the absence of x-bornite 
in most hypogene ores has been interpreted as indicating that it does not form 
during cooling through solid-state reactions but that it probably forms directly 
from low-temperature solutions (Brett and Yund, 1964). 

Cubanite 

Cubanite, CuFe2S3, is often intimately associated with chalcopyrite in which 
it occurs as laths which are highly anisotropic. The orthorhombic, naturally-
occurring form is only stable to 200-210°C (Cabri et al, 1973); above this 
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temperature it transforms to 
cubic iss. On heating natural 
cubanites Cabri et al found 
that twinning normal to [111] 
was common; they believe that 
this twinning accounts for 
Vaasjoki's (1971) report of a 
hexagonal high-temperature form 
of cubanite. They also note 
that exsolution of chalcopyrite 
from iss near cubanite compos-
itions yields a tetragonal 
x-ray pattern which probably 
accounts for the previously 
reported tetragonal form of 
cubanite. 

Intermediate Solid Solution (iss 
and the Primitive Cubic Phase (p 

At temperatures above 500°C 
(Figs. CS-28,29), the iss 
represents the dominant ternary 
phase of the Cu-Fe-S system. 
Long believed to be a high 
temperature polymorph of 
chalcopyrite, the iss is now 
known to represent a distinct, 
though crystallographically 

similar, phase. It has a disordered sphalerite-type (fee) structure and varies in 
composition over a range sufficiently wide (Fig. CS-29) to include the compositions 
of talnakhite, mooihoekite, haycockite, and cubanite. Much of the previous 
misinterpretation apparently resulted from the nonquenchability of large portions 
of the compositional range. The low-temperature decomposition of the iss is not 
well understood but It appears that zone 2 of Fig. CS-29 inverts at some 
temperature below 600°C to a primitive cubic phase which persists down to 20-200°C. 
Natural intergrowths of chalcopyrite and bornite and chalcopyrite and cubanite 
and natural assemblages of talnakhite, mooihoekite and haycockite likely form as 
decomposition products of initially deposited iss. 

Idalte 

Although a synthetic phase of composition Cu5_xFexSg+x was first reported by 
Merwin and Lombard (1937), no natural analog was found until 1959 (Frenzel) when the 
name idaite was applied. The similarity of this phase with bornite (except for a 

150 

25.60 25.80 26.00 
Weight per cent S 

2620 

Fig. CS-33. Phase relations in a portion of the 
Cu-Fe-S system along the join Cu^Fe-S illustrating 
the field of X-bornite synthesis. (After Yund 
and Kullerud, 1966). 
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slightly orange tint and a strong anisotropism apparently led earlier workers to refer 

to idaite as "orange bornite." Idaite is stable below 501°C; its unit cell was 

described by Frenzel (1959) as hexagonal a = 3.90, c = 16.95A, but Yund (1963) 
o 

reported a hexagonal cell with a = 3.77, c = 11.18A (contra: Frenzel, 1S63). 

Fukuchilite 

Among the recent mineralogic additions to the Cu-Fe-S system is fukuchilite, 

C ^ F e S g , a pyrite-like structure (Kajiwara, 1969). Subsequent experimental study 

by means of hydrothermal synthesis in the 100-275°C range (Shimazaki and Clark, 1970) 

revealed that it is possible to form a pyrite-type conroound on the FeS2~Cu2S join 

from FeSj to approximately FeS2:CuS2 = 3:7. Shimazaki and Clark conclude, however, 

that FeS2~CuS2 solid solutions are thermodynamically unstable even though they form 

and persist metastably in nature. 

Chalcopyrite 

Chalcopyrite, CuFeS2, the most common of the ternary copper-iron-sulfides, 

has an ordered tetragonal structure which is stable up to 557°C. It deviates very 

little from ideal CuFeS2, being slightly metal-rich at high temperature (Barton, 1973). 

Above 557° (Fig. CS-28) chalcopyrite decomposes to pyrite + iss; it does not merely 

invert to a high temperature polymorph. There is, however, a close relationship 

between the disordered cubic structure of the iss (a 5.36A) and the ordered tetragonal 

cell of the chalcopyrite (ja = 5.28; £ = 10.40A). 

Talnakhite, Intermediate Phase I, Intermediate Phase II 

Talnakhite,CuaFe8Si6, and its high temperature polymorphs I and II are examples 

of sulfides which were synthesized long before their recognition in the mineral realm. 

First observed by Hiller and Probsthain (1956) as their g-phase, talnakhite when 

found naturally was simple referred to as "cubic chalcopyrite" (Bud'ko and Kulagov, 

1963). Subsequently in an unprecedented move, the International Mineralogical 

Association refused one proposed name (Cabri, 1967) and assigned the name talnakhite. 

Synthetic talnakhite goes through three transitions on heating: at 186°C to phase I, 

at 230°C to phase II, and between 520 and 525°C to iss. Talnakhite is cubic 

(a i* 10.59&) but the structures of the intermediate phase are unknown. 

Mooihoekite and Intermediate Phase A 

Mooihoekite, CugFegS]^, represents a second chalcopyrite-like phase, and, 

like talnakhite, was found (Cabri and Hall, 1972) after the analogous synthetic 

phase had been described (Hiller and Probsthain, 1956). Like the other chalcopyrite-

like phases it has been found only rarely, probably because of its similarity to 
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chalcopyrite. Structurally mooihoekite, like talnakhlte, is closely related to 
iss, being composed of sphalerite-like 5. cells. On heating, mooihoekite undergoes 
a transition at 167°C to an intermediate phase A of unknown structure; phase A, 
in turn, is transformed to iss on heating above 236°C. 

Haycockite 

Haycockite, Cu^FesSg, the third of the chalcopyrite-like minerals, was described 
by Cabri and Hall (1972). Although orthorhombic, its structure is also composed 
of sphalerite-like cells, as are talnakhlte, mooihoekite, chalcopyrite and iss. 
Little is known of its stability and it has not been synthesized. It does appear, 
however, that it transforms to the iss at high temperature. 

Cu0.12Fe0.94s1.00 P h a s e 

Clark (1970) reported the occurrence of a new, unnamed sulfide mineral, of 
composition Cuo.l2Feg 94sl 00' Aside from its association with chalcopyrite and 
cubanite, little is known about it. Clark hypothesizes that it may represent a 
new mineral or that it may merely be a member of a cuprian mackinawite solid-
solution series. 

Thermochemls try 

Barton (1973) recently summarized all previous data and extended our knowledge 
of the thermochemistry of the Cu-Fe sulfides, with particular emphasis on the 
(CuFe)-S join. These data in the form of a log ag2 - 1/T plot are given in 
Fig. CS-34. Extrapolation of these data to any other portion of the system is, 
however, extremely tenuous because the three solid solutions of the Cu-Fe-S 
system (pyrrhotite, dlgenite-bornite, and the iss) "... are now known to exhibit 
very strong negative departures from ideal mixing. Such non-ideal behavior seems 
associated with gross departures from stoichiometry [and] the magnitude of effects 
of changes in the Cu/Fe ratio is not known" (Barton, 1973, p. 464). The basis for 
much of this is Barton's calculation of the variation of activity of CuFeS2 in 
the iss (Fig. CS-35); the reader is advised to read Barton's excellent paper. 

There Is little other data yet available on the thermochemistry of the Cu-Fe 
sulfides, although Barton and Toulmin (1964) have determined the sulfldatlon 
equation 

5CuFeS2 + S2 » Cu5FeS4 + 4FeS2 as AG - -50,730 + 56.95T over the temperature 
range 230-500°C by means of electrum tarnish experiments. Schneeberg (1963) 
redetermined the sulfldatlon equation for that reaction in the temperature range 
of 219 to 445°C by means of an electrochemical cell as log f S 2 = 12.560 - 11067/T. 
He also determined the sulfur fugaclties over ldaite + covellite + pyrlte 
log fs2 • 18.561 - 16012/T + 1500300/T2 (218-394°C), and bornite + pyrlte + ldaite 
log fg2 - 19.909 - 18838/T + 2571800/T2 (218-394*C). 
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Fig. CS-34. Activity of S2-temperature diagram for the CuFe-S join. The light 

lines are contours of atom fraction S in the Cu = Fe intermediate solid solution. 

Those univariant curves whose positions are speculative are shown by dots. Field 

boundaries intersecting the CuFe-S join are shown by long dashes. Reference 

curves not lying on the CuFe-S join are shown by short dashes. Reactions involving 

covellite and idaite or orange bornite are omitted (From Barton, 1973, Econ. Geol. 

68_, 461). 
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Fig. CS-35. Activity of the CuFeS2 component for the system CuFeS2-Cu2Fe2S2. 
The reference state for CuFeS2 is the hypothetical stoichiometric iss of CuFeS2 
composition. (From Barton, 1973, Econ. Geol. 68, 463.) 
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THE Ni-S SYSTEM (Craig) 

The Ni-S system appears to be one of the few polymineralic binary sulfide 
systems in which the known mineralogy and phase equilibria are both understood 
and compatible. Aside from the elements, five minerals have been reported within 
the system: heazlewoodite (Ni3S2), godlevskite (NiySg), millerite (NiS), 
polydymite (Ni3S4), and vaesite (NiS2) . Three high-temperature polymorphs, one 
each for Ni3S2, Ni7Sg, and NiS have been reported. Table CS-8 is a compilation 
of data for the Ni-S system. The phase equilibrium diagram determined by 
Kullerud arid Yund (1962) using silica-tube techniques is in Fig. CS-36. The 
syntectic nature of the melting of NiS2 has been revised in accordance with the 
more recent work of Arnold and Malik (1974). 

Table CS-8. Minerals and Phases in the Ni-S System* 

Thermal stability,°C Structure type 
Mineral Name Composition Maximum Minimum (cell edges in Â) Remarks 

Heazlewoodite NÌ3S2 556 (1)* 

Ni3+xS2 806 (1) 524 

Hexagonal R32 (2) 
a = 5.74, ç = 7.14 

Lower stability 
comp. dependent 

Godlevskite <x-Ni7S6 400 (1) Orthorhombic (3) 
Bmmb a = 3.27, 
b = 16.16, ç. = 11.36 

Ni7S 

Millerite 

Polydymite 

Vaesite 

7 6 

NiS 

573 (1) 400 

379 (1) 

a-Nil-xs 999 ( 1 0) 2 8 2 

Ni3S4 356 (1) 

Ni8S2 1007 (10) — 

Hexagonal fi3m (5,9) 
a = 9.61, £ = 3.14 

Hexagonal 
P6j/imc 

a = 3.43, c = 5.31 
Cubic Fd3m (6,8) 
a = 9.48 
Cubic Pa3 
a = 5.67 (7) 

(4) Lower stability 
comp. dependent 

*Numbers in brackets are references: 
(1) Kullerud & Yund (1962) 
(2) Westgren (1938) 
(3) Fleet (1972) 
(4) Alsen (1925) 
(5) Grice & Ferguson (1974) 

(6) Menzer (1926) 
(7) Kerr (1945) 
(8) Lundqvist (1947) 
(9) Rajamani & Prewitt (1974.) 

(10) Arnold & Malik (1974) 
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Atomic per cent S 

Fig. CS-36. Phase relations in the Ni-S system above 200°C from 18 to 56 wt. % 

sulfur in the presence of an equilibrium vapor. (After Kullerud and Yund (1962) 

modified in accordance with the data of Arnold and Malik, 1974.) 

In contrast to the Fe-S and Cu-S systems, the Ni-S system appears to have no 

phases with low thermal stabilities or multiple superstructures. Phase equilibria 

studies have revealed phases with relatively high breakdown temperatures, rapid 

and reversible transitions, and relatively uncomplicated structures. The Ni-S 

minerals and their analogous synthetic phases exhibit no apparent deviation from 

stoichiometry, although the high-temperature polymorphs may range widely in 

composition. Kullerud and Yund (1962) indicate that the composition of the high-

temperature form of Ni3S2 varies as much as 3 wt. % Ni on either side of NijS2, 

that high-temperature NiySg deviates 1/4 to 1/2 wt. % Ni on either side of 

NiySg, but that a-NiS, like high-temperature Fei_ xS varies only in the direction of 

metal deficiency, forming ct-Nij_xS. In each instance of high-temperature non-

stoichiometry there is a measureable effect on the inversion temperature. For 

Ni3S2, metal excess lowers the stoichiometric inversion temperature of 556°C to 

533°C whereas metal deficiency lowers it to 524°C. Slight metal excess in the 
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high-temperature form of Ni^Sg lowers its inversion temperature from 400°C to 
397°C and approximately 2 wt. % Ni deficiency in a-Nij_xS lowers its inversion 
from 379°C to 282°C. The syntectic melting (a solid melting to two liquids) of 
NiS2 is the only such case known in sulfide systems. 

Mineralogically the Ni-sulfides occur in a broad range of environments but 
are relatively uncommon. 

Heazlewoodite 

Heazlewoodite, Ni3S2, is stable in its hexagonal mineralogical polymorph below 
556°C. It occurs almost always as a product of pentlandite (Fe.NiigSg reduction 
resulting from serpentinization of mafic rocks which contained minor amounts of 
sulfide. Although heazlewoodite was first described by Petterd in 1896, its 
validity as a mineral was not confirmed until 1947 (Peacock, 1947). Above 556°C 
it inverts to a nonquenchable, high-temperature form of unknown structure which 
exhibits a considerable range of non-stoichiometry. 

Godlevskite 

Godlevskite, NiySg, is another mineral whose existence was predicted before 
its discovery. Kullerud and Yund (1962) cleared up previous confusion regarding 
its composition, established the existence of the two polymorphs, and predicted 
its occurrence as a mineral. Subsequently it was found and named by Kulagov et al 
(1969). It has also been found at the Texmont Mine, Ontario (Naldrett, 1972) 
where'it is associated with pentlandite, millerite, and heazlewoodite. 

Kulagov et al (1969) and Naldrett et al (1972) indexed the powder diffraction 
pattern of godlevskite on the basis of an orthorhombic cell with a - 9.17, b̂  = 11.27, 
c = 9.44A, but Fleet (1972) refined the structure on the basis of the orthorhombic 
cell parameters _a = 3.27, b = 16.16, c = 11.36&. The high-temperature form of 
NiySg is stable up to 573°C; its structure is unknown. 

Millerite 

Millerite, NiS, is the most common of the Ni-sulfides and occurs as a late, 
low-rtemperature alteration product of serpentinized sulfides, as hypogene sulfide 
ores (i.e. Marbridge #3 Mine), and as fine acicular crystals on and in calcite. 
The name millerite, given by Haidinger in 1845, supercedes such previous names as 
haarkies, schwefelnickel, nickelkies, harkise, tricopyrit, gelbnickelkies and 
capillose (Kullerud and Yund, 1962, p. 127). 

The low temperature polymorph of NiS exhibits no detectible solid solution 
and is hexagonal (confirmed by Grice and Ferguson, 1974 and Rajamani and Prewitt, 1974). 
NiS inverts at 379°C to its high-temperature form (Kullerud and Yund, 1962) which 
has the NiAs structure and exhibits considerable metal deficiency: Nij_xS may be 
stable to as low as 282°C; it melts congruently at 999°C (Arnold and Malik, 1974). 
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Polydymite 

Polydymite, N Ì 3 S 4 , was named by Laspeyres in 1876 because he felt that 

polysynthetic twinning was characteristic of the mineral. Subsequent workers 

have not been able to find the twinning but the name has persisted. It is stable 

below 356°C and has the spinel structure. Natural polydymites generally contain 

small amounts of Fe and/or Co substituting for Ni. Kullerud (1969) indicates that 

above about 400 bars pressure the spinel structure of polydymite changes 

to a nonquenchable high-pressure NIAs structure. 

Vaesite 

Vaesite, NiS2, the nickel analog of pyrite was named by Kerr (1945). It 

is stable without known deviation from its NiS 2 composition to 1022°C where it 

melts syntectically to two liquids (Arnold and Malik, 1974). 

Thermochemistry 

Barton and Skinner (1967) have summarized and reduced to their most useful 

form the thermodynamic data of Ni-sulfides as determined in the studies by 

Rosenqvist (1954) and Leegaard and Rosenqvist (1964). The sulfidation reactions 

and the analogous free energy of reaction equations given by Barton and Skinner 

are: 

3Ni + S = Ni 3S 2 

2Ni3S + S 2 = 6NiS 

7/2 N i 3 S 2 = S 2 - 3/2 

2Ni 7S 6 + S 2 = 14 NiS 

2NiS + S 2 = 2NiS 2 

AG = 79,240 + 39.01T (25-533°C) 

AG = 76,360 + 57.21T (573-806°C) 

¡6 AG = 49,260 + 19.91T (400-524°C) 

AG = 50,600 + 30.53T (400-573°C) 

AG = 49,880 + 46.67T (356-985°C) 

Ni-S system is given in Fig. CS--37. 
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Fig. CS-37. Log ag2 ~ plot of sulfidation reactions in the Ni-S system. 
(Based on data from Barton and Skinner, 1967). 
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THE Fe-Ni-S SYSTEM (Craig) 

The system Fe-Ni-S includes the compositions of mineral assemblages in many 
massive sulfide ores. It has the distinction of being the one synthetic sulfide 
system which is mineralogically applicable at high temperature. Analogous natural 
assemblages are generally viewed as having formed as immiscible sulfide melts from 
their parent basaltic melts at magmatic temperatures. An important consequence 
relative to experimental mineralogy is that high-temperature relationships, where 
kinetics are favorable and the phase equilibria are well understood, are 
directly applicable to the "real world." To be sure, there are still uncertainties 
in our knowledge of the low-temperature equilibria (especially < 100°C) vital to 
an understanding of secondary alteration effects. 

The general phase relationships within the Fe-Ni-S system, first characterized 
by Lundqvist (1947), have been extended and refined by Kullerud (1963a), Naldrett, 
Craig and Kullerud (1967), Craig, Naldrett, and Kullerud (1968), Kullerud, Yund, 
and Moh (1969), Shewman and Clark (1970), Craig and Naldrett (1971), Malik and 
Arnold (1971), Craig (1971), Misra and Fleet (1973a), Craig (1973), and Misra and 
Fleet (1974). The known minerals and synthetic phases of the Fe-Ni-S system are 
listed in Table CS-9. 

Table CS-9. Minerals and Phases in the Fe-Ni-S System.* 

Mineral Thermal stability, °C Structure type 
Name Composition Maximum Minimum (cell edges in Â) Remarks 

Pentlandite (Fe,Ni)9Sg 610 (1)* — 

(mss) (Fe.Ni). S 1192- (5,6) 
992 

Vlolarite FeNi2S4 461 (7) 

Bravoite (Fe,Ni)S2 137 (8) 

Cubic Fm3m (2,3,4) Fe/Ni 
a = 10.04 variable 

Hexagonal 
a = 3.45 
ç = 5.6 

Cubic Fd3m 
a - 9.46 

Cubic Pa3 
a - 5.51 

solid solution 
from Fe._ S 
to Ni, SX 

1-x 
Complete 
solid solution 
with Ni3S4 

(9,10) suggest 
bv is always 
metastable 

»Numbers in brackets are refe 

(1) Kullerud (1963) 
(2) Lindqvist et al (1936) 
(3) Pearson & Buerger (1956) 
(4) Rajamani & Prewitt (1973) 
(5) Jensen (1942) 

(6) Kullerud & Yund (1966) 
(7) Craig (1971) 
(8) Clark & Kullerud (1963) 
(9) Springer et al (1964) 
(10) Shimazaki (1971) 
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The high- anperature equilibria are dominated by the (Fe,Ni)^ ̂ S solid 
solution (mss) which spans the system from a temperature of nearly 1000°C 
(Fig. CS-38) to below 300°C. The bulk compositions of many large Ni-bearing 
sulfide ores—those of the "Sudbury-type" which are interpreted as forming as 
sulfide melts (Skinner and Barton, 1973)—and of sulfide droplets in basaltic 
flows (Skinner and Feck, 1969) indicate that the mss is the primary crystalline 
sulfide phase and commonly the only sulfide phase to appear until the ores have 
cooled several hundred degrees centigrade. The solubility of sulfur in basaltic 
melts is controlled strongly by the activity of FeS which in turn is controlled 
by the activities of sulfur and oxygen and to a lesser degree by CaO. The mss 
phase is a metal deficient NiAs type structure which has Fe]_xS and Nij_xS as 
its end-members and is known to accomodate considerable amounts of Cu and Co into 
its structure. Although over most of its compositional range mss is readily 
preserved in the laboratory by rapid cooling, it is rarely, if ever, preserved in 
nature except where present in subaerial or submarine basic flows. Naldrett, 

S 

y 
Fig. CS-38. Phase relations in the Fe-Ni-S system at 1000°C in the presence of an 
equilibrium vapor (From Kullerud, Yund, and Moh, 1969, Econ. Geol. Monograph £, 336.) 
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Craig, and Kullerud (1967) delineated regions of the mss wherein superstructures 

formed regardless of the rate of quenching. Misra and Fleet (1973b) indicate 

that they observed superstructures throughout the mss but Francis and Craig 

(unpublished), using single-crystal techniques found no evidence for super-

structures in some portions of the central part of the mss field. [A note of 

caution: superstructures are not reliably identified by means of powder diffracto-

metry; single-crystal techniques should be employed.] 

Decrease in temperature from 1000°C results in the appearance of several 

binary phases and the development of a variety of 2- and 3-phase regions as shown 

in Fig. CS-39. In this temperature range relatively little change is noted in 

the compositional limits of the mss. Pentlandite, (Fe,Ni)gS8, the principal ore 

mineral of nickel, becomes stable at 610°C (Kullerud, 1963b), forming through 

reaction of a nearly pure FeS composition of mss and (Ni,Fe)3+xS2-

S 

Fig. CS-39. Phase relations in the Fe-Ni-S system at 650°C in the presence of an 

equilibrium vapor. (From Kullerud, Yund, and Moh, 1969, Econ. Geol. Monograph 4_, 

p. 339). 
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The common occurrence of pentlandite as "flames" or lamallae within pyrrhotite, 
long considered to be exsolution features, led to an intensive examination of the 
central portion of the Fe-Ni-S system by Naldrett, Craig, and Kullerud (1967). 
They found that the compositional boundaries of the mss field are temperature 
sensitive and that cooling of typical massive sulfide-ore bulk compositions 
(initially mss) below about 400°C (a 400°C isotherm is shown in Figure CS-40) 
would result in exsolution of pentlandite from mss as its S-poor boundary retreated 
to more S-rich values with decreasing temperature. At least in its first stages, 
exsolution is strongly controlled crystallographically with the pentlandite 
lamellae forming such that the (111) plane of pentlandite (pn') is parallel to 
(001) in the host mss and (110) in pn is parallel to (100) in the mss. This 
relationship, surmised by Ehrenberg (1932) and reasoned on the basis of atomic 
population of planes by Gruner (1929), whose argument was correct even if the 
presumed structures were not, has been confirmed by x-ray single-crystal 
studies by Francis, Craig, and Gibbs (1974). 

S 

Fig. CS-40. Phase relations in the Fe-Ni-S system at 400°C in the presence of an 
equilibrium vapor (From Craig, Naldrett, and Kullerud, 1968, Carnegie Inst. Wash. 
Yearbook 66, p. 441). 
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Pentlandite of varying composition can exsolve along nearly the entire S-poor 

boundary of the mss field as noted by the broad expanse of the pn-mss 2-phase 

region in Fig. CS-40. The compositional variation of natural pentlandite in 

various assemblages has been examined by Nickel (1973), Shewman and Clark (1970), 

Graterol and Naldrett (1971), and Misra and Fleet (1973a). Not unexpectedly the 

compositions of pentlandite in pyrrhotite- and/or pyrite-bearing assemblages are 

more Fe-rich than those of pentlandites in violarite- and/or millerite-bearing 

assemblages (see Fig. CS-41). 

Assemblage 

tr-aw-pn 

t r -pn 
tr-hpo-pn 
hpo-pn 

hpo-mpo-pn 

mpo-pn 
mpo-py-pn 
hpo-mpo-py-p 

py-pn 
py-m)-pn(-vl) 

ml-pn 
ml-hz-pn(-g$) 
iM-pn 

hz-aw-pn 

aw-pn 
1 — 1 • T" r r ! i i i l 

At. per cent Ni 

Fig. CS-41. Compositions of natural pentlandites in Fe-Ni sulfide assemblages. 

Data not available for assemblages tr-aw-pn, hop-pn, ml-pn, hz-aw-pn. Abbreviations 

are: py - pyrite, vs - vaesite, vl - violarite, pdy - polydymite, ml - millerite, 

gs - godlevskite, hz - heazlewoodite, pn - pentlandite, gr - greigite, sm - smythite, 

mpo - monoclinic pyrrhotite, hpo - hexagonal pyrrhotite, tr - troilite, aw -

awarwite. (From Misra and Fleet, 1973, Boon. Geol. 6£, 530). 

The composition of pentlandite in these assemblages raises the question of low 

temperature relationships in the Fe-Ni-S system. This has been the subject of 

several studies, most notably Misra and Fleet (1973) and Craig (1973), but remains 

somewhat enigmatic. 
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The principal question is whether or not pentlandite and violarite stably 
coexist, (Fig. CS-42) as suggested by Kullerud, Yund, and Moh (1969) and Misra and 
Fleet (1974), or are merely in metastable juxtaposition, as suggested by Graterol 
and Naldrett (1971), Misra and Fleet (1973), and Craig (1973). Interestingly, 
Misra and Fleet (1974) have noted that in a partially violaritized pentlandite 
grain " . . . violarite has the same crystallographic orientation as the host 
pentlandite, and the alteration can be effected by removal of excess metal atoms 
from pentlandite and redistribution of the remainder." They further suggest 
that " . . . violarite forms readily from pentlandite because of the ease with 
which the pentlandite structure can be converted to that of violarite." 

Fig. CS-42. Highly schematic presentations of the two alternative interpretations 
of low-temperature equilibria in the Fe-Ni-S system. Abbreviations are as in 
Fig. CS-41. 

Pentlandite 

Pentlandite, (Fe,Nl)gSg, is a common mineral in both massive and disseminated 
sulfides which are associated with mafic rocks. It is stable up to 610°C in 
the pure Fe-Ni-S system (Kullerud, 1963). However, natural pentlandites frequently 
contain small amounts of Co substituting for Fe and Ni. Vaasjoki, Hakli, and 
Toritti (1974) have shown that the presence of Co raises the thermal stability 
of pentlandite; e.g., the maximum thermal stability of a specimen with 7.S wt. % 
Co is 630°C and that of a specimen with 40.8 wt. % Co is 746°C. Pentlandite is 
cubic (Fm3m) and its structure is based on a "cube cluster" of tetrahedral 
cations (Rajamarni iPrewitt, 1973). 

S 
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The open nature of the pentlandite structure is responsible for two interesting 
phenomena. Bell et al (1964) found that confining pressure reduces the thermal 
stability of pentlandite to 425°C at 25kb, and Morimoto and Kullerud (1965), 
reconfirmed by Rajamani and Prewitt (1974), found that pentlandite has an unusually 
large coefficient of thermal expansion. This latter phenomenon apparently accounts 
for the common "shrinkage cracks" observed in veinlets of pentlandite. 

Violarite, Fei^S/,, is a thiospinel and occurs commonly as an alternation 
product of pentlandite. Although Craig (1971) found that violarite is stable up 
to 461°C, there is agreement that most violarites have formed at very low temper-
atures through meteoric weathering. At temperatures below 356°C complete solid 
solution exists between violarite and polydymite (NijS^). Increase in pressure 
reduces the maximum thermal stability of the violarite-polydymite series 
(Wiggins and Craig, unpublished). 

In spite of the fact that Craig (1971) was unable to synthesize violarite 
compositions with Fe/Ni ratios greater than 1/2, natural violarites have been 
found by many authors with Fe/Ni > 1 (see Fig. CS-43) . Natural violarites also 
have commonly been found to be sulfur deficient (or metal-rich) relative to the 
ideal metal/sulfur ratio of 3/4 (cf. Desborough and Czamanske, 1973). 

Fig. CS-43. Compositions of natural violarites in the Fe-Ni sulfide system. 
The central portion of the Fe-Ni-S triangle shows compositions of violarite and 
coexisting phases. Misra and Fleet (1974): large open circles, coexisting 
violarite (vl) and pentlandite (pn); open squares, vl not related to pn; small 
open circles, troilite (tr), pyrrhotite (po), smythite (smy), millerite (ml); 
open circle with bar, polydymite (pm); solid lines, pyrite (py) and bravoite (bv). 
Data from literature: open triangles, Graterol and Naldrett (1971); inverted open 
triangles, Short and Shannon (1930); open squares with bar, Buchan and Blowes (1968); 
cross, Desborough and Czamanske (1973. (From Misra & Fleet, 1974, Econ. Geol. 69_, 396.) 

Violarite 

"to 
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Violarite, like pentlandite, commonly contains minor amounts of cobalt. 
Phase equilibria studies have shown complete solid solution between the violarite-
polydymite series and C03S4 (Craig and Higgins, 1974). Desborough and Czamanske 
(1973), in an examination of sulfides from a kimberlite pipe, reported coexisting 
Ni-bearing pyrite, a new (Fe,Ni)gSj^ phase (Ni ^ 3%), and a new "violarite like 
(Fe,Ni)9Sn phase" (Ni ^ 21-30%). It now appears that the new violarite-like 
phase is merely an iron- and sulfur-deficient violarite like that reported from 
several localities and that the new low Ni-(Fe,Ni)gS^-^ phase is a nickel-ferrous 
symthite of the type discussed by Taylor and Williams (1972). 

Bravoite 

Bravoite, (Fe,Ni)S2» represents an intermediate phase with the pyrite structure 
on the pyrite-vaesite join. In spite of its occurrence in several mineralized 
areas, bravoite has been considered by some to be metstable and analogous to 
metastable disulfide phases synthesized by Springer (1964) on the FeS2-CoS2~NiS2 
plane. Natural bravoites typically exhibit distinct growth zoning, with variable 
Fe,Ni, and Co contents in adjacent zones (Vaughan, 1969). 

(Fe,Ni)^_xS Monosulfide Solid Solution (mss) 

The (Fe,Ni)]_xS mss is the principal phase of the Fe-Ni-S system at elevated 
temperatures and appears to have been the precurser of most ore mineral assemblages 
in Sudbury-type ores. It spans the Fe-Ni-S system from Fei_xS to Ni^_xS from 
nearly 1000°C to below 300°C (see Fig. CS-38,39,40). At temperatures above 300°C 
mss possesses the NiAs structure; however, on quenching, superstructures analogous 
to those reported in quenched pyrrhotites develop in many portions of the mss 
(Misra and Fleet, 1973). Cooling of the mss from elevated temperatures can result 
in exsolution of pyrite (below 743°C), vaesite (below ^ 900°C), and/or violarite 
(below 461°C) from compositions along the sulfur-rich boundary, and pentlandite 
(below 610°C) along the sulfur-poor boundary. 

Below 300°C two miscibility gaps develop in the mss, one on each side of 
Fe:Ni = 1:1 (Misra and Fleet, 1973; Craig, 1973). Final decomposition of the 
three resulting segments apparently occurs below 100-200°C. 

Thermochemis try 

Although there have been several studies of the thermochemistry of the Fe-
sulfides and the Ni-sulfides, little systematic investigation has been carried out 
within the Fe-Ni-S system. Figure CS-44 illustrates some of the sulfidation curves 
within the Fe-Ni-S system. 

Scott, Naldrett and Gasparrini (1974) have investigated the variation of a F eg 
within the mss at 930°C and found that Fe1_xS and Nij^S mix ideally for a given 
mole % S. 
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Fig. CS-44. Log ag2 - X/T plot of sulfidation reactions in the Fe-Ni-S system. 

Constructed from the data of Barton and Skinner (1967) and Craig and Naldrett 

(1971). 
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SULFOSALTS (Craig) 

The sulfosalts comprise an interesting but frustratingly diverse group of 
minerals. Though widely dispersed in the mineralogic realm, they are inadequately 
understood and commonly considered merely as curiosities. The term "sulfosalt" 
has in itself been a point of confusion. Hellner (1958), Nowacki (1969) and 
Takeuchi and Sadanaga (1969) have defined sulfosalts in terms of structural units, 
i.e. "the presence of the TS3 (r = As, Bi, Sb) pyramids in the structure is the 
feature that distinguishes a sulfosalt from a sulfide." On the other hand, Berry 
(1965) and Staples (1972) have used a chemical classification based upon the 
presence of one of the semimetals, As, Bi, or Sb, as an essential constituent 
in the mineral. Neither classification is free of ambiguity; the structural 
scheme has difficulty with certain transition metal bearing sulfosalts (i.e. 
samsonite, MnAg4Sb2Sg) whereas the chemical scheme would erroneously include 
arsenopyrite, FeAsS, and enargite, Cu^AsS^, among the sulfosalts. 

As noted by Takeuchi (1970) and Craig and Barton (1973), most sulfosalts can 
be regarded as intermediate phases on joins between simple sulfides (i.e. the 
silver sulfbismulthinides lie on the Ag2S-Bi2S3 join); accordingly "the chemical 
compositions of sulfosalts are in general stoichiometric, the formulae being 
consistent with the normal valences of the elements involved." 

The sulfosalts, like the normal sulfides, exhibit extensive solid solubilities 
of both their metal and their semimetal constituents, especially at elevated 
temperatures. Thus, the silver bismuth sulfosalt,matildite, AgBiS2,exhibits 
solubility in its high-temperature, disordered cubic polymorph both toward Ag2S 
and toward Bi2S3 (Fig. CS-45). It also exhibits complete miscibility with galena, 
a solid solution in which the coupled substitution of Ag 1 + and Bi3+ for 2Pb2+ occurs 
(Fig. CS-46). 

A good example of semimetal substitution is offered by Springer (1969) who 
found variation from Bi2S3 to (Bio.45Sbo.55)2^3 natural Bi-Sb sulfides, and by 
the experimental work of Springer and LaFlamme (1971) (Fig. CS-47) which demonstrates 
complete solubility of Bi2S3 in Sb2S3 above 200°C. Although extensive solid 
miscibility apparently remains possible among some sulfosalts even to low temper-
atures, many other high-temperature solid solutions decompose on cooling. This 
often results in formation of lovely and intricate lamellar to myrmekitic inter-
growths of sulfosalts (see Fig. CS-48). The optical similarity of many sulfosalts 
necessitates careful x-ray and microprobe analysis in their identification. 

Although there is considerable similarity in the geochemical behavior of 
As, Sb, and Bi, the stoichiometry of the sulfosalts formed by combimation of 
any given metal.with them may be quite different. Compare, for instance, the lead 
sulfarsenides (Fig. CS-49a), the lead sulfantlmonides (Fig. CS-49b), and the lead 
sulfbismathinides (Fig. CS-49c). At lower temperatures than are shown in Fig. CS-49 
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Atomic per cent 

Fig. CS-45. Phase relations on the Ag2S-Bi2S3 join in the presence of equilibrium 

vapor (after Van Hook, 1960). 

the nature of phase relations is much less clear because of the indeterminate status 

of a large number of sulfosalts which occur naturally but which have not been 

synthesized. Some of the problem no doubt lies in the stabilizing effects of 

minor amounts of "impurities" in the complex sulfosalts. Additional complications 

may arise from the formation and preservation (natural and/or synthetic) of meta-

stable sulfosalts because of the small stabilizing energies (discussed below in 

the section on thermochemistry). 

Although many sulfosalts lie along metal-sulfide - semimetal-sulfide joins 

ani may be characterized by relatively simple stoichiometrics, there have been 

identified in recent years an increasingly large number of phases which neither 

lie along mineral joins nor exhibit simple stoichiometries. For example, Skinner, 

Luce, and Makovicky (1972) found CuSbS2 (chalcostibite) and Cu3SbS3 (later appro-

priately named skinnerite) along the Cu2S-Sb2S3 join, C ^ S b S ^ (famatinite) along 

the hypothetical join CuS-SbS, and C u 1 2 + x
s b 4 + y s i 3 . where 0 <_ x < 1.92 and -0.02 

< y <0.27, (tetrahedrite) as a phase without simple stoichiometry (Fig. CS-50). 
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Fig. CS-46. Phase relations on the PbS-AgBiS2 join in the presence of equilibrium 

vapor (after Van Hook, 1960). 

There presently exists no good single reference on the vast realm of sulfo-

salt mineralogy; however, Staples (1972) has prepared a listing of sulfosalts and 

Goodell (pers. comm., 1974) has assembled a compilation of information regarding 

sulfosalts in the Cu2S-Ag2S-PbS-Ag2S3-Sb2S3"Bi2S3 system which will probably be 

published in 1975. Nowacki (1962) presents an extensive compilation of the sulfo-

salts and their crystallographic parameters. The current state of knowledge 

concerning most sulfosalts containing more than three components is meagre at 

best. For what information is available, the reader is referred to the references 

given in the listing of sulfide systems presented previously in these notes and 

to the chapter by B.J. Wuensch (this volume). 

Thermochemistry 

The stoichiometry of many sulfosalts, their relatively rapid rates of equilib-

ration at temperatures of 400°C and above, and their structures characterized by 

subunits similar to the component simple sulfides have made the sulfosalts good 

candidates for thermochemical studies. Schenck and co-workers (1933, 1938, 1939a,b) 
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Fig. CS-47. Phase relations on the Bi2S3~Sb2S3 join in the presence of equilibrium 

vapor (after Springer and LaFlamme, 1971). 

provided the background information (H2S/H2 ratios over univariant assemblages) 

used by Verduch and Wagner (1957), Craig and Lees (1972), and Craig and Barton 

(1973) in calculating thennochemical parameters for a large number of sulfosalts 

in the systems Ag-Bi-S, Ag-Sb-S, Pb-Bi-S, Pb-Sb-S, Cu-Bi-S, Cu-Sb-S, and Sr-Sb-S. 

Barton (1971) has provided additional data from studies in the Fe-Sb-S system. 

As noted by Craig and Barton (1973), "any stable intermediate [sulfosalt] 

must be more stable than the combined end-members, i.e. free energy of the compound 

must be more negative than the appropriately weighted free energies of the end 

members." The free energy of reaction, AG m, that stabilizes the sulfosalts is 

relatively small (Fig. CS-51), hence Barton's (1970) conclusion that "a given 

sulfosalt is not a great deal more stable than any of several alternative 

configurations representing the same bulk composition." 

The calculation of the stabilizing energy is straight forward but requires 

knowledge of (1) the relevant phase equilibria, (2) the free energies of formation 

of the component simple sulfides, and (3) the activity of S2 gas in equilibrium 

with the univariant assemblage in question. For example, consider matildite, 
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Fig. CS-48. All photomicrographs are from Craig (1965) and were taken using 

crossed-nicols. (a) Myrmekitic Intergrowth of galenobismuthlte (dark) and bis-

muthlnite (light) resulting from entectoldal breakdown of phase V of the Pb-Bl-S 

system. Sample was Initially synthesized at 700°C and then annealed at 57S°C for 7 

days (b) Mymekitic intergrowths of cosalite (black and white) and galena (gray) from 

Boliden, Sweden (c) Lamellar intergrowths of matildlte (white and black) in 

galena (gray) resulting from decomposition of an initially homogeneous phase. 

Specimen from Lead, Colorado. The arrows are 20 microns long. 
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Fig. CS-49. Phase relations in the system (A) PbS-As 2S3 (from Chang and Bever, 1973, 

after Kutoglu, 1969), (B) PbS-Sb 2S 3 (from Chang and Bever, 1973, after Craig, Chang 

and Lees, 1973), (C) PbS-Bi 2S 3 (From Chang and Bever, 1973, after Craig, 1967). 
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Fig. CS-50. Phase relations in the system Cu-Sb-S at 500°C (element concentrations 

in atomic percent). Symbols: B-skinnerite, CS+b-chalcostibite, fm-famatinite, 

td-tetrahedrite, L-liquid, stb-stibnite, cv-covellite, fcc-cholcocite-digenite 

solid solution (from Skinner, Luce, and Makovicky, 1973, Econ. Geol. 67_, 932). 

AgBiS 2, at 510°C. We know from the work of Craig (1967) that there exists a 

univariant assemblage which contains A g 2 S + AgBiS2 + Bi-liquid + S2 vapor (we 

make the assumption that the effects solid solution of Ag 2S in AgBiS2 and the 

solubility of Ag and S in Bi-liquid are n e g l i g i b l e — t h i s is not quite true but 
—fi 71 

the errors introduced are small) and that the equilibrium S^ activity is 10 D-'-> 

atm. (Schenck et al 1939). This assemblage is equivalent to the reaction 

2/3 Ag2s + A/3 Bi + s 2 = 4/3 AgBiS2. 

If we treat the solids and Bi-liq as invariant compositions (so that their activities 

are unity), the change in free energy of the reaction may be written as AG = -RT In —g 

and AG = -24097 cal. The free energy change for 4/3 Bi + S 2 = 2/3 B i ^ at 510°C 

is only -21798 cal; the difference between these two values represents the free 

energy which makes 4/3 mole AgBiS 2 more stable than a simple mixture of 2/3 mole 

of Ag 2S and 2/3 mole of B i ^ j . The free energy of formation of the phase AgBiS 2 

from the elements at this same temperature is then merely the sum of the free energies 

of formation of 1/2 A g 2 S + 1/2 Bi2S3 + stabilizing energy. 
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400° C 

Fig. CS-51. Free energies of reaction (= stabilization) of several sulfosalts at 

400°C. Mole fractions are in terms of complete sulfide formula unit (i.e., Ag2S 

and Sb2Sj). 

Craig and Barton (1973) converted the stabilizing energy to a temperature-

independent form (= an entropy change) which permitted development of temperature-

independent equations for sulfidation reactions 

2/3 Ag 2S + 4/3 Bi + S 2 = 4/3 AgBiS 2 AG = -52891 + 34.34T (271-343°C) 

The reader is referred to the papers by Craig and Lees (1972) and Craig and 

Barton (1973) for the detailed discussion of these calculations and their application 

to a large number of sulfosalts. Such calculations are equally applicable to many 

sulfides and permit formulation of a wide variety of phase diagrams. 
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STOICHIOMETRY OF SULFIDES (Scott) 

It has long been known that the Law of Definite Proportions and the Law of 
Combining Weights do not strictly apply to crystalline solids but that the pro-
portions of their elements can be variable. This nonstolchiometry can be a very 
small fraction of an atomic percent as in pyrite or very large as in Fej_xS and 
Nll-xS. In either case it manifests itself in the variable electrical, optical, 
and chemical properties of the minerals. For example, the range of nonstoichiometry 

it 
in galena is quite small, about 0.1 atomic % (Bloem and Kroger, 1956), yet it gives 
rise to a wide variation in hardness, reflectivity and conductivity. Fig. CS-52 

shows that galena is stable over a range of fg values from the Pb+PbS boundary 
to the sulfur condensation boundary. At high fg galena has Pb-vacancies resulting 
in conductivity by holes (p-type) whereas at low fg^ it has S-vacancies resulting 
in conductivity by electrons (n-type). At intermediate sulfur fugacitles, galena 
Is stoichiometric as shown by the coincidence of the n and p contours. 

Some of the kinds of point defects in sulfides and their terminology are in 
Table CS-10 , using PbS as an example. In this section, we are primarily interested 
in those defect which give rise to nonstoichiometry (i.e., Pb:S^l) and their 
influence on phase equilibria, particularly on polymorphic transitions. The 
crystal chemical aspects of nonstoichiometry are discussed further in the chapter 
by Prewitt and Rajamani. The comprehensive review of KrUger (1964) on defects in 
crystals and the paper by Scanlon (1963) relating chemical and physical properties 
of sulfides are useful sources of further information. 

The rigid definition of the term "polymorphism" requires that the high- and 
low-temperature forms have identical compositions. Because of nonstoichiometry 
this requirement is pften not met by phases which are compositionally closely-
related to one another. At the transition temperature, the closely-related phases 
must, with one exception, have different compositions as required by the phase 
rule. This objection to the definition of polymorphism is illustrated by Fig. CS-53 
which shows three types of two-phase loops which can separate high and low temper-
ature modifications. Fig. CS -53 demonstrates first of all, that the composition 
limits of the two-phase loop cannot be the same for the high- and low-temperature 
phases. Secondly, the only exception to the requirement that the phases coexisting 
at a transition temperature must have different compositions, however small that 
difference may be, is at a minimum or maximum in the two-phase loop (Fig. CS-53B 
and C). It is for these reasons that Scott and Barnes (1972) recommended that 
the definition of polymorphism (and polytypism) be relaxed to accommodate phases 
which are obviously related by composition but which exhibit a nonstoichiometric 
proportion of elements of one or two atomic percent. 
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Fig. CS-52. Log fS2 " diagram for lead sulfide showing contour lines of equal 

deviation from stoichiometry in atoms/cc. The solid line labelled n=p represents 

stoichiometric PbS. Above this line there are Pb-vacancies and below it, S-

vacancies. Note that the temperature axis is reversed from normal partice. 

(From Scanlon, 1963, Mineral. Soc. Amer. Spec. Paper 1, 135-143). 
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Fig. CS-53. Schematic representation of a partial T-X section of a binary phase 
diagram with one compound, MX, having a small existence region and a first-order 
transition between phases I and II. Three possibilities for the phase transition 
are shown. In the left diagram phases I and II will coexist over the temperature 
interval AT for the bulk composition x 0. (From Albers, 1967, Physics and Chemistry 
of II-IV Compounds, p. 165-222). 

CS-100 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



J3 
O to 

vO 
O vO > cr< 

H H 

O „ 
4J .fi 

U 
Û0 •H 
C > 

•H O 
TJ M 
M e 
O «H 
O to 
Ü < 6 

o 
co M i-i Pu o <Ü 
a) a) 
O <H 

& 4J a 
cd C 
a 
cd 

•H X 
O U 

Cu 
c u (0 0 

M-l CO 

fi CU 

O to 
•H »o 
•U CM 

4-> 00 
0 a 

z •H 

P 
o 
rH 

M 
o 
V 

rH 

H 

C G 

I § I l 

« i 8 * «! S 

I l ai | I 3-81 
s a s f s s- e s s í 

I g. I S & S g ì l i 

u 9 

- 1 ^ - < » i ï 

¡3 C — — o 

> U 

& J I I + + + + I + + I + 
S u 

I I . 

'S -û # .a 8 Ö ö J J À ä .S Jf _ 

¿ X £ fc fc ^« * . ¿ j ? .Û j î á . J . 

S 

fc " <» ñ X £ J3 » ^ 
0 - > > > > > > f t . B . t t , < m u 

+J *H « 
C 
00 + 

01 
S3 C 

nj C*J 

•g 
<U M 

m 
. c 

« S J J f « g g Í g 

* J I I l i i £ 
e 

S g S = 3 ' S B ï t * 6 'S -5 c 
, - S S S g s s à s I s j ï i i l 

• e . - l E c c ' - t i c ^ S ! C u 
O -H S S S S 

I l Í - i á l l - s - s - a i l i » ^ 

m 
•o e 
a) i - i ai 
00 4-1 oo 
n « n 

.tí JS O o + 
a) M a 3 

TH 
m a 

CO •H 
•H CNI 

a» • l u 
60 00 o 
M 
(0 M a 

j : en 
o m 

u 
a> i-H M > O m 

•H j 
4J e 
U tK a 
0> D 

m 00 
M-l I I m 
a) X •H 

4J h 
a) h 

fi •» tO a 
u 

« 

C S - 1 0 1 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



From Fig. CS- 53 it can be seen that the polymorphic inversion temperature for 
the metal-saturated phase will be different from that of the sulfur-saturated phase. 
Also, the sulfur fugacity at the metal-rich limit will be lower than at the sulfur-
rich limit. Therefore, variation in polymorphic inversion temperature with fs^ 
is, by itself, sufficient evidence of nonstoichiometry. Barnes (1973) has calculated 

-32 
that for a polymorphic inversion near 600°C, fg^ = 10 a t m anci an assumed AH 
of transition of 1 kcal/mole, a composition range as small as 0.004 atomic percent 
in a nonstoichiometric compound will produce an easily detected 2°C range in the 
inversion temperature. The resolution declines with decreasing temperature and 
increasing sulfur fugacity to 0.133 atomic percent for a 2°C temperature change 
near 300°C and fg2 =10 atm. 

The effects of nonstoichiometry on polymorphic inversions are described below 
for several common sulfides. Particular emphasis is placed on zinc sulfide which 
shows an unusually wide range in inversion temperature with fg^• 

Silver Sulfide 

There are three polymorphs of Ag^^S. In the pure system, the transitions 
cannot be quenched so only the low-temperature modification, acanthite, is found 
although It is often pseudomorphous after a higher-temperature modification, 
argentite. 

Kracek (1946) measured the variation with composition in inversion temperatures 
for the polymorphs by DTA (Fig. CS-54). His results show, as is usually the case 
for sulfides, that the amount of nonstoichiometry is greater at high temperatures 
than it is at low temperatures. As a result, the transition temperature between 
acanthite (III) and argentite (II) has a very small range from 177.8°C at the S-
saturated limit to 176.3°C at the Ag-saturateH limit. The higher temperature 
transition between unnamed phase I and argentite has a much wider spread from 622°C 
to 586°C 

at the S— and Ag—saturated boundaries, respectively. 

Molybdenite 
Molybdenite (MoS2) occurs in two polytypic modifications, hexagonal (2H) and 

rhombohedral (3R).* In his study of molybdenite from the Fanasquelra deposit of 
northern Portugal, Clark (1970) found that the 3R polytype occurred only with 
pyrrhotite and the 2H polytype with pyrite that had formed by sulfidation of 
pyrrhotite. The fact that at a given temperature pyrrhotite is stable at lower 
values of fg2 than is pyrite suggested to Clark that the same was true of 3R 

* The Ramsdell notation by which polytypes are named is discussed in 
the chapter by Wuensch. 
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Fig. CS- 54. T-X section for the system Ag-S showing the polymorphic inversions 

of A g ^ ^ S . (From Kracek, 1946, Trans. Am. Geophys. Union, 27_, p. 364-374). 

and 2H molybdenite in which case 3R molybdenite should be sulfur-deficient (or 

Mo-rich) relative to 2H. This view was strengthened by experiments in which 3R 

molybdenite was converted to 2H by heating with excess sulfur at 400°C. Heating 

without excess sulfur at 400°C did not produce any change in the 3R polytype although 

it did invert to 2H at 600°C. Microprobe analyses of natural molybdenites by 

Clark (1970) indicated slightly more sulfur in 2H than in 3R and more molybdenum 

in 3R than in 2H but the data are not unequivocal. 

Mercury Sulfide 

Mercury sulfide occurs naturally in two polymorphic forms, cinnabar and meta-

clnnabar, which until recently were regarded as stoichiometric HgS with an inversion 

temperature of 344°C (Dickson and Tunell, 1959). However, after an extensive 

experimental investigation in which was carefully controlled, Potter and Barnes 
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(1971) found that, In comparison to most sulfides, cinnabar and metacinnabar 
exhibit a wide range of composition and, consequently, their inversion temperature 
varies considerable with f^^. In addition, they found a third polymorph tentatively 
named "hypocinnabar" which is stable at higher temperatures (R. W. Potter, personal 
communication, 1972; see also, Barnes, 1973). The maximum composition range for 
Hgx xS found by Potter and Barnes (1971) is 50.1 ± 0.1 to 46.35 ± 0.15 atomic % Hg. 
The polymorphic inversion is a single loop as in Fig. CS-53 (left diagram) 

-4.57±0.07 extending from stoichiometric HgS at 345 ± 5 C and fg = 10 atm. to an 
-3 29+0.03 

Hg deficiency of 3.63 atomic % at 316 + 3°C and f s = 10 atm.* The 
maximum width of the loop is 1.65 atomic % Hg and occurs at 328 + 3°C. 

Zinc Sulfide 

Sphalerite and wurtzite are commonly regarded as the low-temperature cubic 
and high-temperature hexagonal polymorphs, respectively, of stoichiometric ZnS, 
with an inversion temperature near 1020°C at 1 atm (Allen and Crenshaw, 1912). 
Wurtzite which formed at very much lower temperatures in nature is generally 
thought to be metastable. There are now reasons to reject these assumptions , 
however. Zinc sulfide is known to be nonstoichiometric and, although the composition 
range is small, it was shown by Scott and Barnes (1972) to have an unusually large 
effect on the temperature of the polymorphic transition between sphalerite and 
wurtzite. 

Nomenclature. The terms polymorphism and polytypism are ambiguous as applied 
to zinc sulfide and require clarification. Mineralogists prefer to call "wurtzite" 
those polytypes of zinc sulfide whose net symmetry is rhombohedral (nR) or 
hexagonal (nH) and reserve, as a polymorph, the name "sphalerite" for the cubic 
(3C) modification (Smith, 1955). Inasmuch as more than 100 different stacking 
sequences have been observed for zinc sulfide, this terminology is arbitrary. 
From a structural viewpoint there appears to be nothing special about the three-
layer periodicity of sphalerite relative to the stacking sequence of any other 
polytype. Thus, there is no meaningful difference for zinc sulfide between the 
terms polymorph and polytype, as pointed out by Smith (1955). Nevertheless, such 
a distinction between zinc sulfide phases is convenient because of the widespread 
occurrence of sphalerite in nature and the ease with which it can be distinguished 
from the wurtzite polytypes by gross optical properties and morphology. We will 
use this terminology for our present purposes to discuss general relationships 
without regard for the particular wurtzite polytypes which coexist with sphalerite. 

*Potter (personal communication, 1974) now believes that the values of fg^ 
given by Potter and Barnes (1971) may be in error as a result of revised data 
for speclation of sulfur gas (Haas and Potter, 1974). 
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Nonstoichiometry of Zinc Sulfide. As early as 1934, Buerger, after concluding 
that pyrite and marcasite had slightly different Fe/2iratios, stated that a similar 
relationship held for sphalerite - "...the high-sulfur form of ZnS...," and 
wurtzite - "...the low-sulfur form of ZnS...," (Buerger, 1934, p. 61). However, 
he did not publish the details of this study. 

There are many supporting data in the literature showing that "ZnS" deviates 
from equal proportions of zinc and sulfur. Most of the information comes from 
studies in solid state physics and is summarized, in part, by Nickel (1965). 
Deviations from stoichiometry have been observed by means of electrical properties, 
luminescence, color, and chemical analyses. The data presented here are by no 
means complete but are illustrative of the kinds of information that are available 
on nonstoichiometry from the enormous literature on the properties of this compound. 

"ZnS" is an intrinsic semiconductor displaying both p- and n-type conductivity. 
This means that in the pure (i.e., undoped) compound either Zn vacancies (p-type) 
or sulfur vacancies (n-type) can exist. When heated above 900°C in a vacuum, 
flowing nitrogen, or zinc vapor, "ZnS" becomes increasingly n-type, as measured at 
room temperature by the pulsed Dember effect (Morehead and Fowler, 1962), due to 
the creation of sulfur vacancies (Baba, 1963; Morehead, 1963). On the other hand, 
when heated in sulfur vapor, "ZnS" becomes p-type. At constant temperature the 
increase in the magnitude of the Dember pulse was proportional to the square-root 
of as expected for the formation of zinc vacancies (Morehead, 1963). Similarly, 
Shalimova and Morozova (1965) have examined phase changes in thin films consisting 
of a sphalerite and wurtzite mixture which were annealed first in zinc and then in 
sulfur vapor at 940°C and approximately 1.3 atm vapor pressure. After heating in 
zinc vapor, the proportion of wurtzite was greatly increased, in some cases to 
100%. Annealing in sulfur vapor produced the reverse effect; the hexagonal phase 
changed to sphalerite. Optical absorption studies confirmed that this hexagonal 
phase contained a deficiency of S and that this deficiency was removed in the cubic 
phase. Shalimova and Morozova concluded that (p. 471) "...disruption of the 
stoichiometric composition of zinc sulfide has an effect on its crystal structure. 
When the crystals grow under high zinc pressure and zinc penetrates the lattice, 
the hexagonal form results. When the composition...approaches stoichiometric 
composition, the lattice passes over into the cubic form ...." In a later paper, 
Morozova et al (1969) reached a similar conclusion from a study of point defects 
in zinc sulfide powders. Similar results are shown by Bansagi et al (1968) 
in their figure 5 summarizing the effects of zinc and sulfur pressure on the kinetics 
of inversion. 

The relationship between stoichiometry and conditions of heat treatment has 
also been derived from luminescence studies. When "ZnS" is heated in zinc vapor 
a green fluorescence develops due to the incorporation of excess zinc (i.e., S-
deficient) above the stoichiometric composition (Kroger and Vink, 1954). Uchida 
(1964) was able to show that this treatment as well as firing in an argon + 20%H2 
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mixture produced an increasing concentration of sulfur vacancies with increasing 
temperature. Firing in sulfijr vapor produced a change in the emission spectra 
which Uchida interpreted as being due to interstitial sulfur atoms. However, in 
view of Morehead's (1963) conductivity data it is more likely that zinc vacancies 
were produced. 

Color may be another sensitive indicator of nonstoichiometry. Scott and 
Barnes (1972) found that honey-yellow Joplin sphalerite, when heated for several 
weeks in aqueous sulfide solutions below 200°C and from 1 to 28 atm H^S pressure, 
became dark brown to black, depending on the duration of the experiment. The 
few tenths Z Fe in the sphalerite remained constant and, therefore, was not 
responsible for the darkening. From an examination of many analyzed natural 
sphalerites, Togari (1961) concluded that color (chromaticity) was controlled by 
excess of sulfur over total metals and not just by iron. Iron was found only to 
enhance the brilliance (intensity) of the color. Similarly, Roedder and Dwornik 
(1968) could not correlate color of natural sphalerite from Pine Point with iron 
content. Therefore, it is not necessarily true that dark colored sphalerite is 
rich in iron (Platonov and Marfunin, 1968). Rather it may indicate that the 
sphalerite is metal-deficient and formed under highly sulfidizing conditions. 

Small differences in composition between sphalerite and wurtzite are found 
in careful chemical analyses of "ZnS." Nickel (1965) noted that most analyses of 
natural sphalerite indicate a sulfur to metal ratio greater than one. Especially 
precise analyses by Pankratz and King (1965) of synthetic sphalerite and wurtzite 
(both pure and Fe doped) give S/(Fe + Zn) mole ratios of 1.001, 1.002, 1.003, 
and 1.004 for sphalerite and 0.995 and 0.998 for wurtzite. These data indicate 
that sphalerite is Zn-deficient and wurtzite is S-deficient. 

Sphalerlte-Wurtzlte Inversion. Scott and Barnes (1972) have examined the 
sphalerite-wurtzite equilibrium by means of hydrothermal recrystallization and 
H2/H2S gas-mixing experiments in which fg^ was controlled in the manner described 
in the earlier chapter on experimental methods. Their experiments, summarized in 
Fig. CS- 55, showed that sphalerite and wurtzite can coexist over a range of 
temperatures well below 1020°C as a function of fg^• The f^"dependence of the 
equilibrium demands that wurtzite is S-deficient relative to sphalerite and is 
consistent with available data on their stoichiometries. It is also consistent 
with earlier reported "anomalous" inversion temperatures from 600°C to above 124C°C 
which must simply reflect the differences in the experimental environments leading 
to the formation of Zn-deficient sphalerite at high fg o r S-deficient wurtzite 
at low fg2. 

The effect of other elements in solid solution on the stability of wurtzite 
vs sphalerite Is largely unknown. There is evidence from unpublished experiments 
at 300"C and 400°C that Cd-rich mixed crystals have the wurtzite structure at 
values of f$2 higher than those of the univarlant curve in Fig. CS-55. Iron 
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Fig. CS-55. The univariant sphalerite-wurtzite boundary as a function of sulfur 
fugacity and temperature at 1 atm. Triangles represent gas mixing experiments 
(closed = sphalerite; open = wurtzite). Circles are calculated points for the 
boundary from hydrothermal recrystallization experiments in NaOH solutions; bars 
show the estimated accuracy of the calculated fg^• Precision in f ^ i n the gas 
mixing experiments is within each point. (From Scott and Barnes, 1972, G e o c h i m . 

C o s w o c h i m . A c t a 3 6 , 1 2 8 4 . ) — — — 

substitution appears to have the opposite effect of stabilizing the sphalerite 
structure to very low fg^ as indicated by the fact that Barton and Toulmin (1966) 
found iron-saturated zinc sulfide buffered by Fe + FeS to be sphalerite and not 
wurtzite at temperatures below 850°C. At very high temperatures, solid solution 
of ZnO which has the wurtzite structure is sufficient (0.9 mole % at 900°C) to 
cause Zn(S,0) also to have the wurtzite structure (Skinner and Barton, 1960). 
However, at the very much lower temperatures of wurtzite precipitation in nature, 
the solubility of ZnO in ZnS must be vanishingly small and is unlikely to influence 
the relationship in Fig. CS-55. 

In nature, wurtzite of low FeS-content is normally found with pyrite or marcasite 
rather than with pyrrhotite, so the sphalerite-wurtzite boundary in Fig. CS-55 
must, with decreasing temperature, cross the pyrite-pyrrhotite solvus and pass 
into the pyrite stability field. The extrapolation of the sphalerite-wurtzite 
boundary to lower temperatures in Fig. CS-56 is consistent with this observation 
and with the experimental data at higher temperatures. Of course, such an 
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extrapolation implies that wurtzite does not have a geologically-important lower 
temperature limit of stability. Evidence is found in the usual occurrence of 
wurtzite in low-temperature sedimentary or diagenetic environments. 

200 
TEMPERATURE, "C 

300 400 500 600 800 

Fig. CS-56. Extrapolation of the sphalerite-wurtzite equilibrium as a function 
of log fg^ and temperature. Data points and bracketing bars are from Fig. CS-55. 
The pyrite-pyrrhotite and iron-troilite equilibria are superimposed for reference 
and any influence of iron content on the sphalerite-wurtzite curve has been 
neglected. The hachured area is the "main line" ore-forming environment from 
Barton (1970). (From Scott and Barnes, 1972, Geochim. Cosmochim. Acta 36_, 1289). 

Fig. CS-56 provides a ready explanation for the preponderance of sphalerite 
over wurtzite in nature. At high temperatures wurtzite is stable under prohibitively 
low ^ 2 ' 3 compared to the normal sulfidat.ion state of ore-forming environments as 
outlined by the hachures in Fig. CS-56. Even at low temperatures wurtzite is 
stable at unusually low fg^'s• Examples of such occurrences are described by 
Scott and Barnes (1972). 
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Wurtzlte Polytypea. Examination of the wurtzitep produced in the hydrothermal 

recrystalllzation experiments by single crystal x-ray methods revealed another 

univariant boundary separating the 2H and 4H polytypes (Scott and Barnes, 1967; 

Scott, 1968). It is not possible, for lack of thermodynamic data, to calculate 

actual values of f ^ from these experiments but the f^-dependence of the 2H-4H 

equilibrium is clear and is shown schematically in Fig. CS-57. 

Fig. CS- 57. Schematic log f^-temperature diagram showing possible relationships 

among zinc sulfide phases. 

Polytypism in zinc sulfide and other compounds has been variously attributed to 

dislocations (Frank, 1951; Vand, 1951a,b) and to thermodynamic effects 

(Jagodzinski, 1954a,b; Schneer, 1955). However, there is considerable disagreement 

as to whether polytypes are separate phases or are continuously variable, layered 

structures (Verma and Krishna, 1966). The hydrothermal experiments, in which 

wurtzite 2H and 4H were found to coexist as a function of fg2 and temperature 

at constant pressure, show these polytypes to be separate, thermodynaraically-

stable phases which undergo first-order phase changes. Furthermore, because f 

is a controlling variable, a change in composition accompanies each phase change. 

Wurtzite 4H must be deficient in sulfur relative to 2H which, as discussed previously, 

is deficient in sulfur relative to sphalerite. There are no direct measurements 

of the degree of nonstoichiometry exhibited by the two polytypes. However, 

considering that the maximum departure from stoichiometry for zinc sulfide is 

probably less than 1 atomic percent, the compositional difference between the two 

polytypes is probably on the order of a few hundredths atomic percent. 

1 0 0 0 o K - l 
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From their study, Scott and Barnes (1967) have proposed that polytypism 

in zinc sulfide is controlled by stoichiometry. It is unlikely that relationships 

between the 2H and 4H polytypes are unique in this system. Rather, all of the 

short-period polytypes of wurtzite are regarded as thermodynamically stable 

phases, each with a narrow compositional range and occupying a field in fsj' 

temperature space, as shown schematically in Fig. CS-57. The common occurrence 

of several polytypes in syntactic coalescence in both natural and vapor-grown 

synthetic wurtzite suggests that the isothermal range over which a 

particular polytype is stable is quite small. Except for 2H and 4H, the relative 

positions that the polytypes occupy in fg^-T-X space cannot be determined without 

further experimental work. In the case of SiC which is isostructural with ZnS, 

Gomes de Mesquita (1967) has shown that the bond energy, and hence, thermodynamic 

stability, of some polytypes is dependent upon the percent hexagonality of the 

structure. There may also be a simple structural relationship, such as percent 

hexagonality or number of layers in a repeated unit as a function of f$2 anc* 

temperature for wurtzite polytypes, but as yet there is no evidence. 

Unfortunately, the present data provide no information on the long-period 

polytypes. It is unlikely that compositions and temperature control these more 

complicated structures because there are a large number of polytypes to fit into 

a small compositional range. It is suggested that these long-period polytypes are 

metastable phases produced by stacking faults in the short-period ("parent") 

structures in terms of the Frank or Vand dislocation theories. In support of this, 

wurtzite crystals from nature, where equilibrium between the crystal surface 

and aqueous solution are likely to prevail (Barnes and Czamanske, 1967), commonly 

have short repeat units. These grew under quiescent conditions at low 

temperatures (100°C or less) where the stresses necessary to produce dislocations 

are minimal. On the other hand, synthetic crystals, grown by vapor transport 

where thermal stresses are large, commonly contain polytype families in which the 

coalesced long-period forms are structurally related to and, in fact, may have 

been derived from shorter-period "parent" polytypes (Mardix, Alexander, Brafman 

and Steinberger, 1967). 
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Mineral Soc. Amer. Spec. Pap. 3, 187-198 (1970). Reprinted by p e r m i s s i o n . 

I SULFIDE PETROLOGY' 

J J ^ ^ ^ PAUL B . BARTON, J R . 

U. S. Geological Survey, Washington, D. C. 20242 

ABSTRACT 

T h e p e t r o l o g y of sulf ide-r ich rocks has t h e fol lowing special cha rac t e r i s t i c s : (1) desp i t e overal l minera log ica l v a r i e t y , 
m a n y ore depos i t s exhib i t s imple minera logy a t a n y single s t age of mine ra l i za t ion ; (2) t h e depos i t iona l p a t t e r n of m a n y 
ores is such t h a t even a s ingle h a n d spec imen m a y r ep resen t a complex series of supe rposed chemica l s y s t e m s ; (3) sul f ides 
a r e ve ry suscep t ib l e to r e t r o g r a d e m e t a m o r p h i c processes. T h e i n t e r p r e t a t i v e s t u d y of sul f ide-r ich rocks , t he re fo re , re-
qu i r e s especial ly ca re fu l e f for t to r e c o n s t r u c t t h e h i s to ry of t h e sy s t em. 

Because m a n y ore - fo rming"sys tems t end to be open (in t h e sense of Korzh insk i i , 1959) a n d to c o n t i a n re la t ive ly s imple 
p h a s e a s semblages for t h e n u m b e r of c o m p o n e n t s , q u a n t i t a t i v e k n o w l e d g e of t h e compos i t i ons of p h a s e s is especial ly 
i m p o r t a n t in r educ ing t h e n u m b e r of degrees of f r e e d o m so t h a t t h e phys ica l -chemica l e n v i r o n m e n t of ore f o r m a t i o n m a y 
be e v a l u a t e d . I n genera l , t h e compos i t i ons of ind iv idua l ore minera l s reflect t h e ac t iv i t i es of c o m p o n e n t s in t h e env i ron-
m e n t m o r e s t r o n g l y t h a n t h e y do t h e s imple ef fects of p ressu re a n d t e m p e r a t u r e on t h e minera l s . 

As ide f r o m t h e p re sence of t h e m a j o r m e t a l s themse lves , t h e two mos t i m p o r t a n t va r i ab l e s in d e t e r m i n i n g sulf ide 
mine ra l a s semblages a r e a c t i v i t y of su l fu r a n d t e m p e r a t u r e ; t o t a l p res su re r a n k s a poor th i rd . An a b u n d a n c e of su l f ida t ion-
r educ t i on r eac t ions m a k e s n a t u r a l l y occur r ing sulf ide s y s t e m s p a r t i c u l a r l y a m e n a b l e to t h e r m o d y n a m i c q u a n t i f i c a t i o n . 
T h e f r ee -ene rgy c h a n g e s of u n i v a r i a n t su l f ida t ion - reduc t ion equi l ibr ia a re well r ep re sen ted as l inear f u n c t i o n s of t em-
p e r a t u r e . T h e m a n y e x p e r i m e n t a l l y d e t e r m i n e d i n v a r i a n t p o i n t s he lp t ie t h e grid of su l f ida t ion r eac t ions i n t o a t igh t ly k n i t 
p a c k a g e , whose i n t e rna l cons i s t ency exceeds t h e a c c u r a c y of t h e ind iv idua l m e a s u r e m e n t s . 

I n s p i t e of t h e w idesp read occu r r ence of i t s minera l s , su l fu r is a minor c o n s t i t u e n t of t h e c rus t c o m p a r e d to o t h e r 
red ox -pa r t i c i pa t i ng e l e m e n t s such as i ron, c a rbon , h y d r o g e n a n d oxygen ; i t is t he re fo re t hese l a t t e r e l e m e n t s wh ich u l t i -
m a t e l y exer t t h e cont ro l l ing inf luence on t h e a c t i v i t y of su l fu r a n d t h u s on t h e mine ra logy of t h e sulf ides. 

INTRODUCTION 

The study of sulfide-rich rocks has always been properly 
considered as one facet of petrology; however, it is an 
aspect tha t is all too often ignored by the modern penol-
ogist and has appeared almost solely within the realm of 
the economic geologist. My goal here is to broaden pe-
trology, not to restrict economic geology. 

Despite the presumptive title, this paper will not a t tempt 
to cover all aspects of sulfide petrology, for that would fill 
a thick volume. Instead, I shall consider briefly some of 
the problems and potentials in interpreting sulfide mineral 
assemblages. Supplementary material for this subject 
should include at least the topics covered in Geochemistry 
of Hydrothermal Ore Deposits edited by H . L. Barnes (1967) 
plus the articles by Gunnar Kullerud and Harold Helgeson 
in this volume. Despite excellent recent studies, such as 
those described in the Graton-Sales Volume (Ridge, 1968) 
or the work of Holland and coworkers a t Providencia and 
Bluebell (Ohmoto and others, 1969, Sawkins, 1964), there 
has been, and remains, a profound deficiency in descriptive 
material relating to sulfide-rich rocks. In no instance of 
an appreciable degree of complexity are the mineral as-
semblages quantitatively understood. This lack is rapidly 
becoming the most serious barrier to additional progress. 

Much of our effort in studying sulfide-rich rocks is di-
rected toward understanding the pedogenesis of the 
sulfides, not merely their descriptive petrography. There-
fore, we are not only concerned with what is but also with 
what was. We are especially interested in deducing the 
environmental parameters (temperature, pressure and 

1 P u b l i c a t i o n a u t h o r i z e d b y t h e D i r e c t o r , U .S . Geological Sur -
vey . 

activities of all components) that prevailed when the de-
posit was forming, or was being modified from a still 
earlier form. Moreover, to evaluate the probability of 
various possible processes that may have operated on the 
rock, we would like to know the sequences of environments 
in time and space. Such are the goals, now let us consider 
some of the difficulties that have thusfar barred the way. 

COMPLEXITY OF THE PROBLEM OF 

INTERPRETING M I N E R A L ASSOCIATIONS 

The problem originates chiefly in the unraveling of a 
complex depositional pat tern which may have been 
masked or erased by post-depositional processes. The 
initial goal of an investigation is then to recognize and 
characterize equilibrium mineral assemblages (groups of 
minerals that represent a current or former equilibrium 
state). This, however, is the most difficult and most 
neglected par t of sulfide petrology. 

First of all, with the exception of magmatic segregation, 
the processes of formation of most sulfide ores involve 
deposition from a dominantly aqueous flui^ There are 
many important deposits (such as those of the Mississippi 
Valley type, and many, if not most, of the geologically 
young deposits of the Cordilleran region of North and 
South America) which preserve a record of the mineral 
relationships a t the time of formation. Minerals from such 
deposits frequently exhibit depositional detail in a be-
wildering array (see Fig. 1A thru D), an array marked 
principally by changes in chemistry bu t also by relatively 
minor changes in temperature. Sulfide ores tend to be 
depositories of the rarer elements; as a consequence of 
this and the chemical changes, the number of mineral 
species in a deposit as a whole can be large, sometimes 
much larger than would be permitted by the phase rule. 
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FIG. 1. Growth-zoned sphalerite from several localities. In each instance the area photographed is almost entirely sphalerite and 
represents less than 20 percent of the sphalerite paragenesis for that sample. The specimens are prepared as doubly polished sections 
from 0.05 to 0.5 mm thick. In general, color correlates with iron content ranging from 1 to 5 percent Fe in the darkest bands t o<0 .1 
percent in the lightest ones. A. Piquette mine, Wisconsin. Width of photo is 3.3 mm. Transmitted light; B. OH vein, Creede, Colorado. 
Width of photo is 3.3 mm. Transmitted light; C. Leonard mine, Butte, Montana. Width of photo is 0.5 mm. Transmitted light; D. OH 
vein. Creede, Colorado, Width of photo is 3.3 mm. Transmitted light. E. OH vein, Creede, Colorado. Width of photo is 0.25 mm. Re-
flected light. Photo shows nearly monotonous sphalerite with a few "blebs" of chalcopyrite. See Fig. 1F for the same field in transmitted 
light. F. Same field as Fig. IE, but in transmitted light. This shows nearly colorless sphalerite with arborescent chalcopyrite prefer-
entially replacing iron-rich zones in growth-banded pale yellow to brown sphalerite. The diffuse dark interface between the colorless and 
banded sphalerite is caused by disseminated fine chalcopyrite. 
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However, detailed study inevitably reduces the min-
eralogical complexity to the extent that for any single 
stage of mineralization (representing an interval of depo-
sition during which there was no discernable chemical or 
physical change) there are usually far too few, rather than 
too many, phases for the number of components. In the 
terminology of Korzhinskii (1959), the system tends to 
be "open" with respect to many components. 

Over the years a considerable body of observational data 
on the textural interrelationships of sulfides has accumu-
lated (for example, see Bastin, 1950, or Edwards, 1947, or 
Ramdohr, 1960.) I t is certain that ore textures present 
much information, but it is equally certain that there are 
few areas of scientific endeavor that are more subject to 
misinterpretation than the study of ore textures. The 
interpretation of ore textures is the most maligned, most 
difficult, and most important aspect of the study of these 
rocks. As an example of the difficulty in recognizing fea-
tures, consider the standard polished section (Fig. IE) 
showing, in reflected light, a uniform field of sphalerite 
with a few blebs of chalcopyrite to one side. One might 
pass a hundred such fields without comment except, per-
haps, to wonder inconclusively whether the chalcopyrite 
had grown with, exsolved from, replaced, or been replaced 
by, the sphalerite. The same field of view illuminated with 
transmitted light (Fig. IF) shows colorless sphalerite with 
chalcopyrite replacing banded yellow sphalerite, a feature 
that would never have been recognized in a normal exam-
ination of the polished section. How many times have 
supposedly definitive studies overlooked such essential 
detail? 

The second major aspect of the problem is the inter-
vention of postdepositional processes.1 For example, many 
sulfide deposits have been oxidized and subjected to 
supergene enrichment. This is a readily discernable pro-
cess which, while it may mask the nature of the original 
deposit, does not often lead the observer astray. In con-
trast, there is metamorphism, a process which has been 
overlooked and misinterpreted by literally generations of 
geologists. The rates of reaction for sulfides vary widely, 

1 In 1963 Bar ton , Bethke , and Tou lmin presented an extensive 
review and discussion enti t led "Equi l ib r ium in Ore Depos i t s" ; 
since then several addi t ional significant s tudies have been made. 
Craig, N a l d r e t t and Kul lerud (1968) have summarized extensive 
exper imentat ion in the Cu-Ni-Fe-S system a t the Geophysical 
Labora to ry concluding t h a t the initial crystall ization of Sudbury-
type ores was as a copper- and nickel-bearing pyr rho t i t e solid 
solution and t h a t a large a m o u n t of subsolidus reequil ibrat ion was 
required to produce the present ly observed assemblages. B re t t 
(1964) critically examined exsolution reactions in the Cu-Fe-S 
system. S tan ton (1964) and S tan ton and Gorman (1968) investi-
gated the ra te of approach toward textural equil ibrium of strained 
sphalerite, galena and chalcopyri te ; their results are most interest-
ing and their conclusions in basic agreement wi th those of the 
author . Inexplicably, the rapid textural equil ibration t h a t they 
found for sphaler i te is seemingly inconsis tent wi th the sluggish 
ra tes of chemical equil ibrat ion observed by Bar ton a n d Toulmin 
(1966). 

FIG. 2. T i m e for equil ibrat ion for various minerals as funct ions 
of tempera ture . 

but in general they are much higher than for silicates or 
oxides (see Fig. 2). As a consequence, some sulfide min-
erals such as argentite or chalcopyrite may react internally 
to homogenize initial compositional zoning or reactions 
may occur between some sulfides while adjacent, more 
refractory sulfides (such as sphalerite or pyrite) or silicates 
remain unaltered. Such changes could occur during depo-
sition, in which case the compositional zoning of crystals 
would be destroyed as fast as.it tried to form, during cooling 
following deposition, or during subsequent events such as 
regional or contact metamorphism. 

Sulfides as a group will be among the first minerals to 
exhibit very low grade metamorphic effects, and they may 
well react so completely as to erase all of the fine-scale 
record of their heritage, even when the country rocks show 
little evidence of metamorphism. The older literature is 
heavily populated with interpretations of bedded and 
massive sulfide deposits in terms of the nearly complete 
replacement of pre-existing sedimentary rocks by sulfide 
minerals. There are without doubt such things as true 
replacement deposits (mantos, sulfide-bearing contact 
skams, replacement veins, etc.) yet many recent investi-
gators, Anderson (1969), Kinkle (1966), or Stanton (1966), 
have concluded that the conformable portions of such 
deposits as Mount Isa, Broken Hill, Sullivan, Ducktown, 
Rio Tinto, Rammelsberg, and many others may have 
originated as low temperature hydrothermal or even 
sedimentary deposits at, or near, the sea floor. They were 
subsequently buried and, in most cases, isochemically 
metamorphosed to mineral assemblages and textures that 
differ from the original ones. I t is also probable that meta-
morphosed ores have cooled slowly enough from the con-
ditions of the metamorphic maximum for extensive retro-
grade reactions to occur among the sulfides so that the 
presently observed rock is several stages removed from its 
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initial state. As an example of such reactions, Yund and 
Kullerud (1966) have shown tha t above 334°C chalcopy-
r i t e+pyr rho t i t e react to yield p y r i t e + t h e high temper-
ature polymorph of cubanite. Many sulfide ores contain 
the low-temperature pyrrhot i te+chalcopyri te assemblage, 
bu t few, if any, show cuban i te+pyr i t e even though the 
associated silicate rocks may indicate temperatures well in 
excess of 334°C. Such retrograde phenomena are so com-
mon in sulfides tha t one must either find evidence1 for the 
lack of prograde or retrograde metamorphic reactions 
or reconstruct the original state before proceeding on to 
the task of interpreting the mineral association in terms of 
the environment of initial ore deposition. For some deposits 
this may mean simply t ha t the sulfide mineral assemblage 
can tell us nothing at all about the environment of initial 
ore deposition. 

Having discussed some of the field-related problems 
concerning mineral assemblages, let us now turn to the 
interpretation of mineral assemblages within the context 
of laboratory-acquired data on mineral stabilities. 

THERMODYNAMIC APPROACH TO PHASE DIAGRAMS 

In contrast to chemical engineering, where pilot plant 
experiments can successfully evaluate unknown parameters, 
much of experimental geology is afflicted with the you-
can't-have-your-cake-and-eat-it-too syndrome. Rocks rep-
resent many-component, many-condition chemical sys-
tems; bu t in the laboratory only one or two independent 
variables may be studied simultaneously. Moreover, in-
dividual experiments tha t last for more than a few months, 
or a t most a few years, are frowned on by impatient ex-
perimentalists, administrators, fund providers, and even 
the custodial staff. Therefore, one must experiment under 
conditions tha t are not identical to the much more leisurely 
geologic processes, and we must extrapolate our experi-
mental work: from simple systems to complex ones, and 
from high temperature to low. Fortunately, the basis for 
extrapolation is firmly based in thermodynamics. 

We shall begin by separating possible variables into 
relatively unimportant ones which we shall subsequently 
neglect and important ones which we shall discuss. We 
can dispense with electrical, magnetic, and gravitational 
fields for, despite the fact that they may all occur in natural 
environments, their magnitudes are far too small to in-
fluence mineralogical equilibria measureably. 

Next let us consider pressure, and it is not so easy to 
write off. Each cubic centimeter of volume change in a 
reaction corresponds to a pressure coefficient of 0.0239 
ca l /ba r ; tha t is, for a pressure change of 1500 bars a reaction 
with a AV of 2 cc will have its equilibrium shifted by 
2X1500X0.0239 = 71.7 cal. Volume changes for reactions 
between condensed phases are usually small bu t may 
range up to 2 or 3 cc /ga tom, amounting to changes in the 
free energy of reaction of several tens of cal /kbar. Most 

1 Some criteria for doing this are suggested by Barton, Bethke, 
and Toulmin (1963). 

ore deposits tha t were formed a t depths greater than 5 or 
10 km,2 and perhaps many that were formed a t shallower 
depths, will likely be cooled so slowly tha t the initial 
record will be completely erased, thereby making any 
initial s tate calculations of moot value. Therefore, neglect-
ing pressure will not usually result in an uncertainty of 
greater than about a hundred calories/g atom in the 
free energy for a reaction of significance of sulfide pedo-
genesis. This uncertainty should be compared to the 100 to 
1000 cal (or more) uncertainty in standard free energies. Of 
course, if one is dealing with sulfides in the mantle or lower 
crust, pressure will be much more important. 

Two further concerns in evaluating the role of pressure 
are thermal expansion and compressibility. Skinner's 
(1966) compilation of thermal expansion data for sulfides 
shows average volume increases of 1 or 2 percent (a few 
tenths of a cc) from room temperature to 400°C; moreover, 
thermal expansions on opposite sides of a reaction tend to 
compensate. Of even less importance is compressibility, 
for Birch's (1966) compilation shows tha t a pressure in-
crease of 2 kbar achieves only 0.2 to 1 percent volume de-
crease. 

A summary of measured univariant P-T curves where 
vapor is not present (Fig. 3) shows very little effect of 
pressure on the equilibrium temperature. In summary, 
phase relations of sulfides are relatively insensitive to pres-
sures of the magnitude found in the upper crust, and most 
phase relations have much more promise as thermometers 
than barometers.3 

The remaining variables of state are temperature and 
composition, both of which are very important . Compo-
sition can be an awkward variable and we, therefore, find 
it convenient to discuss the variation in phase assemblages 
for fixed compositions. Another parameter which is part icu-

2 A hydrostatic load gives about a maximum of about 10 km/ 
kbar; lithostatic gives about 3.5 km/kbar. 

3 For possible exceptions see Scott and Barnes (1969) and Clark 
(1960) 

FIG. 3. Depth-temperature plot for vapor-free univariant equi-
libria. Depth coordinate also shows pressure in kbar. Data are 
from various sources as cited by Barton and Skinner (1967). 
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larly useful is the activity of a component common to 
several phases. In the case of the sulfides we find that the 
activity of sulfur serves as a unifying variable with which 
to compare different bulk compositions. 

The convenient standard state for sulfur is the ideal 
diatomic gas, Si, a t a fugacity of one atmosphere and a t 
the temperature of consideration. This state is used even 
though it is physically unattainable (due to the condensa-
tion of solid or liquid sulfur) below 614°C (the point at 
which P s i = l atm). The activity of Si, as,, is thus nu-
merically equal to the partial pressure of Ss in atmospheres, 
but bear in mind that the presence or absence of a gas 
phase is inconsequential. The S2 gas standard state is con-
venient because curves for sulfidation reactions are not 
required to bend arbitrarily at the melting, transition, and 
boiling points of sulfur as would be the case if the standard 
state for sulfur were chosen, in the conventional manner, 
as the stable form at one atmosphere at the temperature 
of interest. Compilations of datfe in the literature frequently 
use the latter standard state, so some extra care in calcula-
tion is warranted. 

One of the most useful ways to present sulfidation data 
is by plotting reactions so as to generate a metallogenetic 
grid, the coordinates of which are temperature and activity 
of Sj. As will be discussed below, there is a sensibly linear 
relationship between the free energy change, AG, and 
temperature for many sulfide reactions. Because AG 
= —RT\nK where T is in degrees Kelvin and K is the 
equilibrium constant, and because most sulfidation reac-
tions can be written so that all of the reactants and pro-
ducts except for Sj are in their standard state, it follows 
tha t log dBj is a sensibly linear function of 1 / T. (See Barton 
and Toulmin, (1964) and Barton and Skinner, (1967) for 
further discussion). Figure 4 shows a series of such sulfida-
tion curves for several metals. Many other such curves are 
compiled by Barton and Skinner (1967) and by Richardson 
and Jeffes (1952). 

The general tendency for AG versus jT, or log as2 versus 
1 / r , curves to be linear has been pointed out by many, 
including Richardson and Jeffes (1948) and Kubaschewski, 

Fig. 4. Log asi-temperature grid showing typical 
sulfidation reactions. 

Fig. 5. Plot against temperature of differences in standard free 
energies of formation between the tabulated values of Robie and 
Waldbaum (1968) and linear equations fit to the same data. 

Evans and Alcock (1967, p. 30). A linear curve implies con-
stant values for the enthalpy and entropy changes for the 
reaction, a relationship that is generally recognized not to 
be rigorously true, even though it may well be valid. There 
is little to be gained in work with sulfides by applying a 
highly precise deviation from a straight line when the 
absolute position of the line is uncertain by at least several 
hundred calories (see Kubaschewski, Evans, and Alcock, 
1967, p. 29). The principal source of uncertainty is the heat 
of reaction; this is because mineral sulfides are so refrac-
tory, and tend to yield such poorly characterized solution 
products that satisfactory heats of solution are difficult to 
obtain. Also, many sulfidation reactions are too sluggish to 
obtain heats of reaction directly. The best approach for 
sulfides appears to be to measure the equilibrium constant 
of formation (which gives AG") of a phase at high tem-
perature and then to extrapolate to other temperatures 
using heat content data, plus an evaluation of activities if 
solid solutions are involved. An alternative of measuring 
log as2 as a function of temperature and simply extrapolat-
ing the curve is subject to error because the temperature 
range of measurement is often too limited to obtain an 
adequate control on slope; however, this method does 
have the advantage of automatically including at least an 
approximate correction for solid solution between phases 
in the reaction. As examples of the minimal departure from 
linearity for sulfidation reactions (and for solid-solid re-
actions as they can be constructed by adding sulfidation 
reactions) I have have fitted linear least squares curves 
to the data for several sulfides from the compilation of 
Robie and Waldbaum (1968) who used a rigorous computa-
tion method involving the enthalpy at 289°K and high-
temperature heat content measurements. The departure 
of the points from the linear function is too small to show 
on AG versus T plot, and I have therefore used a plot of 
AG linear-AG rigorous versus T for comparison (Fig. 5). 
The departures are mostly less than 100 ca l /ga tom. In 
view of the uncertainty in the positions of the equilibria 
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FIG. 6. Free energies ot mixing for several sulfosalts. The data 
for the Cu, Ag, and Pb compounds are from Hall (1967) and do not 
necessarily represent all of the phases stable on a given join. 

there appears little reason to abandon the linear curves. 
However, reactions involving aqueous species are usually 
pronounced exceptions to the above-defended linear AG 
versus T generalization. 

The sulfidation reactions as written are univariant: tha t 
is, in the presence of a gas phase the number of condetised 
phases equals the number of components. Either tempera-
ture or pressure, but not both, may be varied arbitrarily. 
If we replace gas pressure by as2, we still have a univariant 
o i rve (providing the role of total pressure is negligible, as 
noted earlier). The intersections of univariant curves give 
rise to invariant points, the positions of which can be cal-
culated easily (see Barton and Skinner, 1967). Because 
the intersections of sulfidation curves tend to be very shal-
low, it is obvious that an error of several hundred calories 
(or of a few tenths of a log unit as2) would shift individual 
curves and hence the calculated temperature of an in-
/ariant point by many degrees. Conversely, an experi-
mentally determined invariant point provides a valuable 
triangulation station tha t aids in the refinement of the ta-
c t i o n s of all of the univariant curves emanating from 
;he invariant point. 

There are few data for sulfosalt phases, and those tha t 
ire available do not always correspond to recognized 
minerals. Obviously a great deal of work is yet to be done 
oefore sulfosalts will be well distinguished thermody-
namically. Figure 6 shows the free energy of formation of 
several sulfosalts from the simple sulfide components (data 
Tom Hall (1967) and Barton, unpubl.). Note the expanded 
scale. I t is evident that a given sulfosalt is not a great deal 
more stable than any of several alternative configurations 
representing the same bulk composition. Therefore, one 

should not be too surprised to find tha t relatively small 
changes in temperature, pressure and composition might 
rather strongly modify the configuration of sulfosalt 
fields in phase diagrams. For the same reason, calculation 
of sulfosalt phase diagrams from independent thermochemi-
cal information would require unreasonably precise data. 
Sulfosalts are similar to most silicates in tha t they are 
commonly intermediate phases along joins between simple 
compounds. Natura l sulfosalt assemblages potentially 
may contain far more precise thermochemical information 
than experimental da ta now available; the analogous 
situation for silicate assemblages has been pointed out 
by Garrels (1957). 

Having generated a grid of sulfidation reactions, we are 
able to locate certain assemblages relative to the tempera-
ture—as2 environment. For example, a hemati te-bgalena 
assemblage must have formed in the upper shaded field in 
Figure 7, and a pyr rhot i te+bismuth in i te assemblage 
somewhere in the lower field.1 Many more such limited 
assemblages might be devised, bu t as we noted earlier) 
mineral assemblages rarely, if ever, consist of a number of 
phases in excess of the number of components; therefore, 
univariant or invariant conditions are not often defined 
by the available phase assemblage. Consequently, phase 
assemblages cannot be expected to furnish either unique 
temperatures or as3 values or any other condition or state, 
for the conditions of mineral equilibration. In order to 
reduce the number of degrees of freedom further , and 
thereby to be able to solve for temperature, osa, and the 
activities of all other components a t the time of mineral 
equilibration, we must consider the compositions, not 
merely the identities, of the phases. This will be the topic 
for much of the remainder of this paper, bu t first we need 
to mention buffers and indicators, a subject also discussed 
by Barton and Skinner (1967). 

A sulfide-bearing assemblage tha t constitutes the re-
actants and products for one of the isobarically univariant 
curves shown in Figure 7 can be considered as either an 
S2 buffer or an S? indicator. I n the role of a buffer the 
assemblage performs the function of either providing or 
consuming sulfur, a t constant temperature, as needed to 
maintain a constant value for a$v As an indicator the as-
semblage merely records the passing of the environment 
from one side of the univariant curve to the other, the 
mineral array being preserved only because the later as-
semblage effectively armors the earlier one and thus pre-
vents its complete destruction. In ores, this phenomenon is 
commonly observed as partial replacement of one mineral 
(or mineral assemblage) by another. The distinction be-
tween buffers and indicators is one of scale rather than 
principle, because the indicator reaction generates its own 
microenvironment within which it functions as a buffer, 
without controlling the chemistry of the larger body. 

1 An attempt to define mineral facies in terms of as i and tem-
perature would be of dubious value because og2 can be highly 
variable, within a single hand specimen, or even within the same 
crystal. 
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Buffers and indicators may be of either the "fixed po in t" 
or the "sliding scale" type. A fixed-point buffer (or indica-
tor) exists when the number of phases equals the number 
of independent components, t ha t is, under divariant con-
ditions. At constant temperature and pressure it defines 
the activity of each component a t a precisely determined 
level. An example might be pyri te which in the unary sys-
tem FeSj controls dFeSs a t un i ty ; to the extent t h a t pyri te 
is a stoichiometric phase, the as2 and OFes values are not 
fixed, however, and they may vary widely, though not 
independently. Another example is the assemblage py-
rite-)- magneti te- l-hemati te which controls the activities of 
all possible components in the Fe-S-0 system, i.e., aFes is 
controlled through the reaction FeS!+3Fe J 0 1 = 4Fe!03 
+ 2FeS. This and several other fixed-point-type reactions 
tha t control OFes in the presence of pyrite are shown in 
Figure 8. A sliding scale buffer or indicator also defines the 
activity of a component, bu t the level a t which the activity 
is defined is a function of the composition of the buffer. 
T h e buffering (or, more probably, indicating) of dFes by 
the (Zn, Fe)S solid solution is an example, and Figure 8 
shows this quanti ta t ively within the framework of the 
fixed-point-type reactions. The ionic buffers commonly 
used in aqueous chemistry are of the sliding scale type. 
I n contrast to the fixed buffers which are divariant ( = iso-
barically univariant) , the sliding scale buffers are a t least 
t r ivar iant and must have their variance reduced by speci-
fication of the composition of phases. Each time the con-
centration of a component in a phase of variable composi-
tion is specified, the variance of the system is reduced by 
one. Because a major goal is to reconstruct the environ-
ment a t the t ime of equilibration, we wish to reduce the 
variance as much as possible, hence the emphasis on 
composition of minerals. 

G E N E R A L FACTORS INFLUENCING THE 

COMPOSITIONS OF M I N E R A L S 

T h e equation relating the composition, X, of a phase to 
the activity, a, of a component is 

A' = a/y 

FIG. 7. Log osj-temperature grid showing limited fields for hema-
tite+pyrite-|-galena and pyrrhotite+bismuthinite assemblages. 

FIG. 8. Log aFes-temperature grid with superposed sulfidation 
equilibria of the sort MSx4-FeS = A/SI_i+FeS!. The composition 
of sphalerite that would coexist with these assemblages is indi-
cated. 

where composition is expressed as a mole fraction and y is 
the activity coefficient. 

T h e relation of these quantit ies to chemical potent ial is 

v - f = RT In (X-y) 
In dealing with mineral solid solutions there are two ob-

vious choices for s tandard state of the solute. T h e first is 
the pure solute component in a crystal structure identical 
to the solvent. Such a s ta te may or may not be physically 
at tainable, bu t such a choice is very convtnient for describ-
ing and theorizing about the properties of a solid solution. 
However, in comparing the up take of a component into 
several different phases, each of which has a different 
structure, this first choice becomes awkward in t ha t the 
comparable activities must be related through the chemical 
potentials of the individual s tandard states, i.e. 

02 
M i ~ M 2 = RT In — 

ai 

T h e second choice is to use a single s tandard s ta te for a 
given component regardless of the na ture of the solid 
solution. This al ternat ive will be used in this paper because 
it makes clearer the discussion of the distribution of trace 
elements between coexisting phases. 

Choice of components. T h e proper recognition of com-
ponents is essential when dealing with solid solutions in 
sulfides. Although we commonly refer to the "cadmium' ' or 
" i ron" content of a sphalerite, the solid solutions for our 
purpose lie on the ZnS-CdS and ZnS-FeS joins, and it is 
ACDS and «FES, not UCD or OF., t ha t is impor tan t here. How-
ever, such simple one-for-one subst i tut ion does not create 
either conceptual or operational difficulties. 

A particularly troublesome situation in minerals is pre-
sented by coupled substi tution, the condition in which a 
pair of ions of different charge, e.g., Ag + and Sb*4", subst i tute 
for two ions in the host phase, e.g. 2 Pb*4", in such a way 
as to maintain the charge balance. Because minerals are 
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so often compositionally complex at the trace level, the 
activities of components participating in coupled substitu-
tion are so involved in the total array of multiple-charge 
substitution that quantification is virtually worthless. As 
an example, what kind of components could usefully be 
extracted from a galena composition in which the substitu-
tion is of the form 

(Ag, Cu, TIJ (As, Sb, Bi, Ga, In) S. for 2 PbS? 

Factors controlling the activity and activity coefficient. In 
considering the uptake of a minor component by a growing 
crystal it is convenient to separate the two factors of the 
equation, 

X = a/y 

T h e activity, a, deals with the chemical environment im-
posed on the growing crystal by its surroundings, most 
specifically by the fluid phase from which crystallization 
may be occurring. In order of importance, the activity is 
a function of the composition, temperature and pressure of 
the environment. All of these factors are external to any-
thing going on within the crystal. T h e activity can be 
locally buffered, as described previously; or it may be con-
trolled remotely, as flNis might be controlled through the 
interaction of HjS-bearing fluids with nickel-bearing sili-
cates far removed from the site of deposition. Whether or 
not a component is buffered locally determines whether it 
is termed " i n e r t " or "perfectly mobile" following the 
terminology of Korzhinskii (1959) . 

T h e act ivity coefficient, 7 , is determined solely by the 
temperature, composition, and pressure of the growing 
crystal itself. T h e solvent in a dilute solid solution obeys 
Raoult ' s Law in that the activity of the solvent component 
is equal to its mole fraction. T h e compositional range over 
which " d i l u t e " behavior is maintained varies from system 
to system, but in general, the greater the degree of solid 
solution, the greater the range of " d i l u t e " behavior. T h e 
compositional range of Raoult 's Law also tends to be much 
wider for simple substitutional solid solutions, such as 
(Zn, F e ) S , than for omission type solid solutions such as 
Fei_zS or Cui + I Fei+xS2. 

T h e Gibbs-Duhem relationship requires that so long as 
the solvent obeys Raoult ' s Law, the activity of the solute 
is proportional to its mole fraction. However, the propor-
tionality constant ( = activity coefficient) is generally not 
unity. Previous arguments regarding the minimal role of 
pressure apply herr also and we shall probably be safe in 
assuming that the .1 fluence of pressure is negligibly small. 
T h e role of compo on is not so minor, but it appears to 
be small so long a , coupled substitution is excluded. T h e 
effect of temperature on act ivity coefficients is variable, 
but not of large magnitude. 

Summarizing available data, variations in composition 
and temperature can produce effects of up to one order of 
magnitude, and rarely more, on the activity coefficient. In 
contrast, the activities of many components may vary by 
not just one log unit, but by many! For example, Figure 
8 shows the variation of flFeS over a range of 6 log units 

while being in equilibrium with either pyrite or pyrrhotite. 
T h e series of mineral assemblages along the univariant 
curves superposed on the diagram show that natural en-
vironments do indeed span most of this range. T h e figure 
also shows how the composition of sphalerite will vary over 
the c2Fes-temperature range covered by the diagram. 

For components such as SnS, M n S , or IniS3 that seldom 
appear as major constituents of ore minerals the variation 
in act ivity may be even greater than that for FeS . 

Th us the range in variability of activity is drastically 
greater than that for the activity coefficient, and it is ob-
vious that the concentration of a nonessential constituent 
in a mineral is influenced far more strongly by a than by 
7 . I t is, therefore, futile to try to use the trace component 
composition of a single phase (such as the silver content 
of galena or the mercury content of sphalerite) to try to 
define some parameter such as the temperature of mineral 
deposition unless the activity of that component is some-
how fixed. 

I t is possible that some geochemical reason might pre-
vail to limit variability in a. For example, there are no 
feasible geochemical processes for effectively separating 
Zn from Cd; therefore, the Cd/Zn ratio is relatively uni-
form in base metal deposits and the ocds in sphalerite-
depositing environments rarely varies by more than an 
order of magnitude (which is still far too large a variation 
for useful thermometry.) 

Now let us consider the uptake of a component which is 
not observed as a separate entity in nature, and in fact , 
need not even have a stable existence as a pure phase. 

T h e entrance of gold into a simple sulfide such as galena 
might be an example. Based on only the most preliminary 
sort of experimental data, let us consider the gold content 
of galena in equilibrium with free gold. Gold might enter 
as the un-ionized metal atom in interstitial positions, or it 
might be present as a gold sulfide component, e.g., Au2S, 
AuAuS2, or AU2S3 none of which is known as a compound 
stable relative to gold plus sulfur. Very preliminary experi-
ments (Barton, unpubl.) show that gold enters galena 
only in the presence of excess sulfur (the quantitat ive re-
lationship is still obscure) and that silver decreases and 
bismuth increases the solubility of gold in galena. There-
fore, the gold is probably present, at least in part , as the 
Au2S component whose solubility is increased by the 
coupled substitution of AuBiS2 (analogous to the enhanced 
solubility of argentite in galena by the substitution of 
AgBiS 2 , Van Hook, 1960). T h e reaction 4Au + S 2 « 2 A u a S 
must lie in the metastable region beyond the reach of pure 
sulfur vapor as shown schematically in Figure 9. From the 
stoichiometry of the reaction we can contour the log cs2 
versus T grid in terms of gau^s- I f the activity coefficient 
for AujS in galena were known as a function of temperature 
we could contour the diagram in terms of gold content of 
gold-saturated galena. Granted that this part of the dis-
cussion is purely schematic, it nevertheless illustrates two 
points: (1) As temperature changes, the behavior of a 
component in a saturated solid solution is not simple; it 
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may decrease on- cooling as would be the case along the 
pyri te+pyrrhoti te curve, or it might increase on cooling 
as along the sulfur condensation curve. The difference 
between some roasting and free-milling gold ores might 
well be the effective sulfur buffer system that functioned 
during the post-depositi'onal history of the ore. Of course, 
other gold-bearing solid solutions (such as pyrite or arseno-
pyrite) may not behave as d9es galena, but the principles 
should be similar. (2) I t is entirely possible to work satis-
factorily with components which may not be seen as min-
erals. The copper content of pyrite might be expected 
to have a similar dependency on obi provided that the 
copper-rich pyrite lies on the FeS2-CuS2 join.1 A further 
extension of the discussion of the behavior of a component 
in solid solution is that of the distribution of a component 
between two or more phases as discussed below. 

If we consider the equations for the same component in 
two different phases and then divide one expression by the 
other, i.e., 

X, " I / T I 

Oi/yi 

the activity terms cancel out and the distribution coeffi-
cient, D, is equal to the inverse ratio of the activity co-
efficients. The activity coefficients are functions of the 
temperature, pressure and composition of the host phase, 
but we have noted already that the role of pressure is 
minor. Two typical isotherms, (P. M. Bethke and Barton 
unpubl. data), for the distribution of CdS between sphale-
rite and galena are shown in Figure 10. So long as we are 
dealing with dilute solid solutions the deviation of the ac-
tivity coefficients from a constant value should be trivial, 
and temperature alone exerts a significant control qn the 

1 The studies of copper-rich pyrite by Frenzel and Ottemann 
(1967), Einaudi (1968), and Shimazaki (1969) demonstrate the 
possible significance of this example. 

"0" 01 
Mole f rac t ion CdS In galena 

FIG. 10. Two isotherms showing the experimentally determined 
distribution of CdS between sphalerite and galena. 

distribution coefficients. The method appears to provide 
promising geothermometers, but the difficulty of finding 
and separating for analysis samples that were deposited in 
mutual equilibrium presents a serious problem for success-
ful application, as is evident from consideration of the 
highly complex ore textures shown in Figure 1. The dis-
tribution of sulfides of monovalent and trivalent metals 
between coexisting sulfides of divalent metals, for example, 
Ag2S, T I 2 S , InaS3, or Sb2Sa between sphalerite and galena, 
will be extremely difficult to quantify in such a way as to 
be useful because they inherently become involved in 
coupled substitutions. 

T H E S U L F I D A T I O N S T A T E o r 

N A T U R A L E N V I R O N M E N T S 

The metallogenic grid of sulfidation reactions shown in 
Figure 11 covers a large range of sulfur activities, and some 

T*mp«rotur« incrfoilnfl — 

Flo. 9. Hypothetical log asj-temperature grid suggesting the 
wide range of variability of aAU1s in equilibrium with native gold. 

FIG. 11. Log agj-temperature grid showing the 
region of principal ore-forming environments. 

B - 9 

 EBSCOhost - printed on 2/13/2023 4:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



PAUL B. BARTON, JR. 

deposi ts m a y h a v e sufficient mineralogical var ia t ion to be 
represented by one- th i rd or more of the to t a l <¡$2 range. 
As noted earlier the sul f ide-forming e n v i r o n m e n t s usual ly 
do not buffer themselves on a given sulf idat ion curve. 
Ins t ead the sulfides seem to p rec ip i t a t e unde r a r b i t r a r y 
condi t ions t h a t m a y ei ther va ry sys temat ica l ly or ap-
p a r e n t l y i r regular ly , showing t h a t the solid phases being 
p rec ip i t a t ed do not buffer as2, b u t func t ion as indica tors of 

in the deposi t ing solut ion, and t h a t the solut ions them-
selves a re not of c o n s t a n t composi t ion . Someth ing deter-
mines the as., of solut ions; if not t he local prec ip i ta tes , then 
wha t? T h e source of ore fluids is responsible for the initial 
s t a t e of the fluids, and , a l though the specific vo lume of 
rock responsible for a given ore fluid canno t o f t e n be 
ident if ied, much less examined , the following obse rva t ion 
is pe r t i nen t . Ne i the r igneous nor m e t a s o m a t i c m c t a m o r p h i c 
rocks commonly have sulfide assemblages t h a t alone would 
control an.,; ins tead the buffer sy s t ems appea r to be such as: 

(1) 2FeS + 8FeSi()3 (in pyroxene) + 2 F e , ( ) 4 

= 8Fe-2Si()4 (in olivine) + S2 
(2) 6FeS + 8 K A l S i 3 0 . (in fc ldspar) + 8H2(> + 6 F e ; A 

= 8KFe3AISi3O1 0(()H)2 (in bioti te) + 3S,> 
(3) 4 F e C 0 3 + 5 F e S 2 = 3Fe 3 0 4 + 4C-|-5S-> 

Reac t ions such as these involve rock-forming minera ls t h a t 
a re ava i lab le in huge quan t i t i e s re la t ive to ore deposi ts . 
T h e ac t iv i t ies of several of t he componen t s in t he above 
reac t ions a re no t fixed because they are p a r t of solid solu-
t ions func t ion ing as solid s t a t e buffers . 

T h e r e a re m a n y geologically feasible reac t ions which 
m a y be wr i t t en as buf fers of S2, b u t s imply buf fer ing Ss is 
no t enough . T h i s is because t he d o m i n a n t su l fu r bea r ing 
species is no t S2; S2 is only a convenience in calcula t ion. 
T h e m a j o r , low- to m e d i u m - t e m p e r a t u r e aqueous species 
a re H2S, (K, N a , H ) S 0 4

- , and possibly others , as dis-
cussed by Helgeson (1969). Because these species can be 
pa r t i c i pan t s in redox react ions, t he re la t ive p ropor t i ons of 
o the r componen t s t h a t m a y also pa r t i c i pa t e in redox 
react ions, i.e., CO2, CH 4 , H2, F e ^ , etc., a re very i m p o r t a n t , 
especially because these o the r componen t s may individ-
ual ly or collectively be presen t in excess of su l fur . E v e n 
f u r t h e r complexi t ies exist, for t he d o m i n a n t su l fur -bear ing 
species a re involved in hydrolys is and base exchange 
equi l ibr ia ( for example , 3H 2 S + K S O r + 2 H + = 2 S 2 + K + 
+ 4 H 2 O ) . T h i s m e a n s t h a t a t t he source, in rou te , and at 
t he si te of deposi t ion the re a re diverse t ypes of reac t ions 
rang ing f r o m m a g m a t i c crys ta l l iza t ion (or m e t a m o r p h i c 
or d iagenet ic recrys ta l l iza t ion) , t o wallrock a l te ra t ion , 
mixing of fluids f r o m di f ferent sources, and ore a n d gangue 
p rec ip i t a t ion which can p l ay i m p o r t a n t roles in de te r -
min ing t h e ac t iv i t ies of S2 and of o the r c o m p o n e n t s as well. 
T h e complexi t ies of these processes a re apprec ia t ed (see, 
for example , M e y e r and Hemley , 1967) b u t no t q u a n t i t a -
t ively unde r s tood as ye t , a l t hough signif icant s t r ides in 
th is direct ion h a v e been t aken by Ho l l and (1965) a n d 
especially Helgeson a n d o the r s (1970) a n d Helgeson (1970). 

T h e " m a i n l ine" sulf idat ion s t a t e of t he mos t ore de-
posi ts t ends to run f rom the p y r r h o t i t e field a t high t em-
p e r a t u r e well in to the pv r i t e field at low t e m p e r a t u r e s , as 
suggested in F igure 11. T h e reason, of course, is t he general 
posit ion of the mul t ip le equil ibr ia of the sor t just discussed. 
T h e r e is considerable var ia t ion within this t r end , and an 
u n d e r s t a n d i n g of the specific reasons for a given p a t t e r n 
is a m a j o r goal of cu r r en t research. 

Low sulfidation states. Excep t for t he near -sur face , oxidiz-
ing e n v i r o n m e n t where czs„ is decreased th rough the for-
ma t ion of sul fa tes , ex t remely low sulf idat ion s t a tes (near 
the i ron -pyr rho t i t e curve) a re rare. T h r e e pr incipal t y p e s 
of occurrence are wor th men t ion ing : (1) I n meteor i tes , or 
p e r h a p s in deep m a n t l e mater ia l , t he bulk chemis t ry is 
such t h a t there is not enough oxygen and su l fu r to use up 
all of the meta l s ; th is is not the s i tua t ion with mos t c rus ta l 
rocks. (2) Reac t ion with organic mater ia l s m a y reduce the 
oxygen ac t iv i ty and lead to the reduct ion of ds2 th rough 
reac t ions such as: 

-i- 2H,0 + C = CO. -r 2H;S 

(3) T h e ins tabi l i ty of wus t i t e (Fe i_ x O) re la t ive to magne-
t i t e + i r o n coupled with the pauc i ty of silica to reac t with 
FeO to form fer rous silicates u n d e r the condi t ions of 
se rpent in iza t ion of some pe r ido t i t e bodies yields iron 
which can be sufficiently a b u n d a n t to use up a n y avai lable 
su l fu r : 

80Mgi.«Ke(i.iSi04 + 104H20 + S2 

= 24Mg(OH)s + 2Fe + 2FeS + 4FeaO, + 40M^Si iO i(OHj4 

Such chemis t ry migh t well be responsible for t he genera-
t ion of highly reduced , high p H solut ions t h a t would be 
favorab le for the genera t ion of mercury deposi ts . 

High sulfidation slates. Very high sul f idat ion s ta tes , ap-
p roach ing the na t i ve su l fur field, a re also rare . These occur 
principal ly in five s i tua t ions , none of which concern 
" n o r m a l " h y d r o t h e r m a l e n v i r o n m e n t s : (1) Volcanic sub-
l imates f r equen t ly con ta in na t i ve su l fu r der ived f rom the 
rap id cooling of t enuous vapor s con ta in ing f ree su l fur 
gene ra ted a t least in p a r t by t he reac t ion SO2+2H2S 
= 2 H 2 0 + 3 / 2 S2; (2) T h e oxidat ion and acidification of 
H2S -bear ing, ho t spr ing wa te r s o f t e n p roduce free su l fu r ; 
(3) T h e pa r t i a l oxidat ion of sulfide ores m a y yield na t ive 
su l fu r ; (4) T h e biogenic r educ t ion of su l fa te o f t en produces 
na t i ve su l fur and associated high sul f idat ion s t a t e sulfides 
(e.g. hauer i t e , MnS*). (5) T h e hea t ing to high t e m p e r a t u r e s 
of sulfide assemblages which h a d prev ious ly fo rmed a t 
low to m o d e r a t e t e m p e r a t u r e can p roduce a high sulfida-
t ion s ta te . Fo r example , a basa l t dike i n t ruded in to a 
p y r i t e vein will cer ta in ly b reak down the py r i t e a d j a c e n t 
to i t ; whe the r t he su l fu r escapes o u t w a r d to p r o d u c e a 
more sulfur-r ich ha lo (as by conver t ing cha lcopyr i t e to 
b o r n i t e + p y r i t e ) or moves in to t he dike as it cools to 
sulfidize i ron-bear ing silicates, depends on local f r ac tu r ing 
a n d o the r f ac to r s beyond the scope of this p a p e r . 
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I wish t o r c e m p h a s i z e t h a t , d e s p i t e t h e essen t i a l non-
ex i s t ence of a m o l e c u l a r s u l f u r spec ies in t h e o re f o r m i n g 
e n v i r o n m e n t , t h e a c t i v i t y of s u l f u r , speci f ica l ly </s,, is ex-
t r e m e l y u s e f u l b e c a u s e it r e l a t e s d i f f e r e n t su l f ide a s sem-
b lages to a c o m m o n v a r i a b l e t h a t e x e r t s a s ign i f i can t con-
trol ove r su l f ide m i n e r a l o g y . 

G O A L S O F C V R R F . X T R K S K A R C I I 

B e c a u s e d i f f icu l ty in dea l i ng e x p e r i m e n t a l l y wi th mul t i -
c o m p o n e n t s y s t e m s r e q u i r e s u s to e x t r a p o l a t e f r o m s imp le 
to complex s y s t e m s , a n d b e c a u s e we m u s t e x t r a p o l a t e 
d o w n w a r d in t e m p e r a t u r e f r o m the c o n d i t i o n s u n d e r which 
m e a n i n g f u l e x p e r i m e n t s c a n be c a r r i e d o u t , t h e m e t h o d s of 
t h e r m o d y n a m i c s a r e p a r t i c u l a r l y a t t r a c t i v e . I n a d d i t i o n to 
t he a c q u i s i t i o n of a rese rvo i r of d a t a on e n d - m e m b e r c o m -
p o u n d s , a t h o r o u g h u n d e r s t a n d i n g of t h e t h e r m o d y n a m i c 
b e h a v i o r of solid s o l u t i o n s is e s sen t i a l . T h e mos t con-
v e n i e n t l ine of t h e r m o c h e i n i c a l s t u d y a p p e a r s to be t h e 

e x a m i n a t i o n of s u l f i d a t i o n r eac t i ons , b e a r i n g in m i n d t h a t 
a n y t h e r m o d y n a m i c s t u d y r e q u i r e s a firm u n d e r s t a n d i n g 
of t h e p h a s e equ i l i b r i a b e f o r e t h e r e s u l t s c a n be i n t e r p r e t e d . 

O u r k n o w l e d g e of specif ic m i n e r a l r e l a t i o n s h i p s is woe-
fu l ly i n a d e q u a t e . W e need field s t u d i e s in w h i c h t h e u n d e r -
s t a n d i n g of m i n e r a l p a r a g e n e s i s is p u s h e d to t h e u l t i m a t e , 
f a r b e y o n d t h e usua l s i m p l e b a r d i a g r a m . F i n a l l y , t h e m o s t 
i m p o r t a n t r e q u i r e m e n t of su l f ide p e t r o l o g y is to i n t e g r a t e 
t he s t u d i e s of su l f ides w i t h t h o s e of all o t h e r p h a s e s oc-
c u r r i n g in r o c k s a n d to v iew t h e su l f ides in t e r m s of t h e 
whole pe t ro log i c e n v i r o n m e n t . 
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ERKATA AND ADDENDA (continued) 

CS-15 Add Ag-Mn-Sb-S. Samsonite = Ag^MnSb^. 
CS-17 Second Co-Ni-Fe-S should be "Co-Ni-Sb-S." Toward should be "between." 
CS-18 Cu-Fe-Sn-S. Mawsonite formula should be Cu5Fe2SnS8. Add reference 

Lee et al. (1975) Econ. Geol. 70, 834-843. 
CS-18 Pb-Sb-Sn-S. Add reference Makovicky (1974) N. Jh. Min. Mh. , 235-256. 
CS-19 Cu-Fe-Sn-Zn-S. Add "stannoldite Cu5(Fe,Zn)2SnSg" and Kato (1969) Nat. 

Sei. Museum (Tokyo) Bull. 12, 165-172. 
CS-26 9 lines from bottom. Reflection should be "reflections." 
CS-28 Monoclinic Fyrrhotite. Ferromagnetic should be "ferrimagnetic." 
CS-29 Line 8. Ferromagnetic should be "ferrimagnetic." 
CS-29 9 lines from bottom. . . .of the Fen_1Sn clan should be "similar to the Fe 7S clan." n-1 n 
CS-33 3 lines from bottom. Choose should be "chose." 
CS-36 Equation (CS-4). aFeS should be "a

FeS-" 
CS-51 Effect of Pressure. . . . Line 1-3 should be "The partial molar volume 

of FeS in sphalerite is large compared to that in pyrrhotite, so the Ay 
for reaction Fe-rich sphalerite -+ Fe-poor sphalerite + pyrrhotite is 
negative." 

CS-59 Table CS-6. Anilite formula should be "Cu,S,." 
7 4 

See supplemental reference, Moh (1971), for information 
on blaubleibender covellites. 
Add "1971" to reference (15). 

CS-61 8 lines from bottom. Cu-S, should be "Cu,S.." 7 5 7 4 
CS-64 Top of page. Add heading "The Cu-Fe-S System." 
CS-64 Line 6. Schiller should be "Schüller." 
CS-64 6 lines from bottom. Idaite formula should be Cu^FeS,. 3 4 
CS-65 Table CS-7. Idaite formula should be Cu,FeS,. 

3 4 
Reference chalcopyrite thermal stability "(11)" and 
structure as "(22)." 
Reference mooihoekite structure as "(21)." 

CS-66 Table CS-7. CS-1 should be "CS-7." 
Reference haycockite structure as "(20)." 
Add references "(20) Rowland and Hall (1973) (21) Hall and Rowland (1973) 

(22) Hall and Stewart (1973b)." 
CS-72 Lines 4,5. Should be ". . .twinning normal to [111] of the cubic iss 

was common. . . . " 
CS-72 Lines 12-14. Should be ". . .cubanite compositions a mixed x-ray 

pattern which may be misindexed as tetragonal and 
probably accounts for the. . . ." 

CS-72 3 lines from bottom. Idaite formula should be Cu^FeS^. 
CS-77 Table CS-8. High temperature ^ 3 ^ 8 2 is cubic F43m, a = 5.21. 

(LinS and Huber, 1963, Comptes Rendus, 256, 2, 3118). 
Vaesite formula is NiS and its upper stability is 1022°C. 
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ERRATA AND ADDENDA (continued) 

CS-80 The 5 equations should read: 

3Ni + S = Ni 3S 2 

2Ni 3S 2 + S 2 = 6NiS 

7/2 Ni 3S 2 + S 2 = 3/2 NiyS 

2Ni,S, + S- = 14 NiS 
/ b L 

2NiS + S 2 = 2NiS2 

7° 6 

7 6 

AG = -79,240 + 39.01T 

AG = -76,360 + 57.21T 

AG = -49,260 + 19.91T 

AG = -50,600 + 30.53T 

AG = -49,880 + 46.67T 

CS-82 Table CS-9. Pentlandite structure, add reference (11): Hall and 
Stewart (1973a). 

CS-87 Last line. Add reference (Hall and Stewart, 1973a). 

CS-91 4 lines from bottom. Combimation should be "combination." 

CS-91 Last line. Sulfbismathinides should be "sulfbismuthinides." 

R-18 Leonard et al. reference. Lavrites should be "laurites." 

R-20,21 The page numbers are switched. 

R-25 Schlegel and Schiller should be "Schlegel and Schüller." 
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Supplemental List of Literature on Sulfide Systems for Second Printing 
* Indicates Supplemental Reference (page R-33) 

Mineral 
System Compound Name References 

Ag-S Petruk et at. (1974)* 
Lowenhaupt & Smith (1974) 
Sadanaga et al. (1967) 

As-S Mullen & Nowacki (1972) 
Bi-S Kupcik 6. Vesela-Novakova (1970) 
Co-S Geller (1962) 
Cu-S Potter (1974)* 
Fe-S Morimoto et al. (1974) 
Hg-S Auvray & Genet (1973) 
Sb-S Scavnicar (1960) 

Bayliss 5, Nowacki (1972) 
V-S Allman et al. (1964) 

Kutoglu & Allman (1972) 
Ag-As-S Matsumoto 5, Nowacki (1969) 

Hellner & Burzlaff (1964) 
Engel & Nowacki (1966,1968) 

Ag-Sb-S Kutoglu (1968) 
Engel & Nowacki (1965) 
Ribar & Nowacki (1970) 

Ag-Se-S Ag2(Se,S) aguilarite Petruk et al. (1974) 
As-Cu-S Kulpe (1961) 
As-Ni-S Bayliss & Stephenson (1967,1968) 
As-Pb-S Engel & Nowacki (1969,1974) 

Ito & Nowacki (1974) 
Iitaka 6, Nowacki (1961) 
Ribar & Nowacki (1969) 

As-Sb-S Guillermo 6. Wuensch (1973) 
As-Tl-S Zemann & Zemann (1959) 

Knowles (1965) 
Bi-Cu-S Ohmasa (1973) 

Kocman & Nuffield (1973) 
Ozawa & Takeuchi (1972) 

Bi-Pb-S Iitaka & Nowacki (1962) 
Takagi & Takeuchi (1972) 

Cu-V-S Pauling (1965) 
Fe-Sn-S Drabek and Stemprok (1974)* 
Hg-Sb-S Niizeki & Buerger (1957a) 
Ni-Sb-S Takeuchi (1957) 
Pb-Sb-S Cho & Wuensch (1970,1974) 

Jawdor (1969a,b) 
Kohatsu & Wuensch (1974) 
Nuffield (1974) 

Ag-Bi-Cu-S Chen & Chang (1974)* 
Ag-Cu-Sb-S Chen 6. Chang (1974)* 
Ag-Mn-Sb-S Hruskova (1969) 
Ag-Pb-Sb-S Ito & Nowacki (1974) 
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Mineral 
System Compound Name References 

As-Pb-Sb-S 

As-Cu-Pb-S 

As-Cu-Sb-S 

As-Cu-Zn-S 

As-Pb-Tl-S 

Bi-Cu-Pb-S 

Cu-Fe-Pb-S 

Cu-Fe-Sn-S 

Cu-Pb-Sb-S 

Fe-Pb-Sb-S 

Ag-As-Pb-
Tl-S 

As-Cu-Pb-
Tl-S 

As-Hg-Sb-
Tl-S 

Cu 6Zn 3As 4S 1 2 

(Tl,Pb)2As5S9 

PbCuBijSg 

4 6 14 

PbTlAgAs2S5 

PbTlCuAs2S5 

nowackiite 

hutchinsonite 

krupkaite 

jamesonite 

hatchite 

wellisite 

Hg 3Tl 4As gSb 2S 2 0 vrbaite 

Birnie (1974)* 

Edenharter 6. Nowackl (1970) 
Takeuchi & Haga (1969) 

Wu et al. (1974)* 

Marumo (1967) 

Takeuchi et al. (1965) 

Kohatsu & Wuensch (1971,1973a,1973b) 
Ohmasa & Nowacki (1970,1973) 
Hoda 6, Chang (1974)* 
Mumme (1974)* 

Dornberger-Shlff & Hohne (1959) 

Drabek 6, Stemprok (1974)* 

Edenharter & Nowackl (1970) 
Euler & Hellner (1960) 
Hoda & Chang (1974)* 

Niizeki & Buerger (1957b) 

Marumo & Nowacki (1967c) 

Tukeuchi et al. (1968) 

Uhmasa & Nowacki (1971) 
Nowacki (1968)* 
Caye et al. (1967)* 
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