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INTRODUCTION

The wide variety of metal sulfi de structures and their accommodation of atomic 
substitution, non-stoichiometry and metal-metal (M-M) and ligand-ligand interactions allows 
for diverse physical, chemical and electronic properties. The energy band structure of 3d 
transition-metal sulfi des, in particular, is strongly infl uenced by the covalence of metal-S 
bonds, which results in hybridization of S 3p and metal 3d bonding states and direct or 
indirect M-M bonding interactions in favorable cases. Differences in the phase relations of 
isostructural metal sulfi des are often attributable to subtle changes in electronic states. The 
literature on metal sulfi de phase relations relevant to the earth sciences is very extensive and 
could not possibly be summarized in a single chapter. Therefore, following Craig and Scott 
(1974), this chapter focuses on the base metal (Fe, Co, Ni, Cu, and Zn) sulfi des, with the 
literature for other metal chalcogenides and pnictides and some sulfosalts summarized in 
a single table (Table 1). The relevant phase relations of the platinum-group element (PGE) 
chalcogenides and pnictides have been comprehensively reviewed in Makovicky (2002). A 
section on the halite structure sulfi des (niningerite, alabandite and oldhamite) is also included 
in this chapter. The material presented here relates closely to that discussed in other chapters, 
in particular the chapter on sulfi de thermochemistry (Sack and Ebel 2006). The importance of 
understanding phase equilibria in the context of electronic and magnetic properties and, hence, 
electronic structure is also emphasized, thereby reinforcing material presented in several other 
chapters (Pearce et al. 2006; Vaughan and Rosso 2006).

Abbreviations used for mineral/phase names include: tr- troilite; po- pyrrhotite; hpo- 
hexagonal pyrrhotite; mpo- monoclinic pyrrhotite; py- pyrite; pn- pentlandite; hpn- high 
pentlandite; vs- vaesite; mss- (Fe,Ni) monosulfi de solid solution; cv- covellite; al- anilite; 
ya- yarrowite; dg- digenite; cc- chalcocite; bn- bornite; nk- nukundamite; cp- chalcopyrite; 
tal- talnakhite; mh- mooihoekite; hc- haycockite; cb- cubanite; iss- intermediate solid solution; 
sp- sphalerite; wz- wurtzite; and nss- niningerite solid solution.

Fe, Co AND Ni SULFIDES AND THEIR MUTUAL SOLID SOLUTIONS

The sulfi des of the ferrous metal triad (Fe, Co and Ni) include pyrite (the most common 
sulfi de in the crust), troilite (the most common sulfi de in the solar system), pyrrhotite 
(important in magmatic and massive sulfi de ore bodies), and the ternary Fe-Ni-S monosulfi de 
solid solution (mss) (important in the genesis of magmatic sulfi de ores). The numerous 
low-temperature iron sulfi de phases, which are of particular importance in aqueous and 
environmental geochemistry, are discussed in detail in other chapters. The progression of 
solid state properties and similarity in crystal structures and phase relations necessitates some 
degree of parallel discussion for equivalent phases in the Fe-S, Co-S and Ni-S binary systems. 



366 Fleet

Table 1. Summary of studies on sulfi de phase relations relevant to Earth sciences.

System Compound Mineral/(Notes)
Stability,
Tmax ( °C)

References

Ag-S Ag2S acanthite 177 Kracek (1946); Roy et al. (1959); 
Taylor (1969); Bell and Kullerud 
(1970)

Ag2S argentite 586-622
Ag2S 838

As-S AsS realgar 307 Clark (1960a,b); Barton (1969); 
Kirkinskiy et al. (1967); Hall (1966); 
Nagao (1955)

AsS 265
As2S3 orpiment 315
As2S3 170
As4S3 dimorphite
AsS2 (a)

Bi-S Bi2S3 bismuthinite 760 Van Hook (1960); Cubicciotti (1962, 
1963); Silverman (1964); Craig et 
al. (1971)

BiS2 (high P)

Ca-S see text
Cd-S CdS hawleyite Corrl (1964); Miller et al. (1966); 

D’sugi et al. (1966): Trail and Boyle 
(1955); Yu and Gidisse (1971); Boer 
and Nalesnik (1969)

CdS greenockite 1475

Co-S Co4S3 780-930 Rosenqvist (1954); Curlook and 
Pidgeon (1953); Kuznetsov et al. 
(1965)

Co9S8 cobalt pentlandite 832
Co1−xS jaipurite 460-1181
Co3S4 linnaeite 660
CoS2 cattierite 950

Cr-S CrS 330 Bunch and Fuchs (1969); Jellinek 
(1957); Hansen and Anderko (1958)CrS 570

CrS ~1650
Cr3S4 brezinaite
Cr2.1S3 ~1100

Cu-S see text
Fe-S see text
Hg-S HgS (high P) Dickson and Tunell (1959); Potter 

and Barnes (1971); Kullerud (1965b); 
Mariano and Warekois (1963); Scott 
and Barnes (1969); Barnes (1973); 
Potter (1973)

Hg1−xS cinnabar 316-345
Hg1−xS metacinnabar 572

Mg-S see text
Mn-S MnS alabandite 1610 Skinner and Luce (1971); Keil and 

Snetsinger (1967)MnS (high P)
MnS2 haverite 423

Mo-S Mo2S3 >610 Bell and Herfert (1957); Morimoto 
and Kullerud (1962); Clark (1970b, 
1971); Zelikman and Belyaerskaya 
(1956); Graeser (1964)

MoS2 molybdenite (h) ~1350
MoS2 molybdenite (r) ~1350
MoS2 jordisite (a)

Ni-S see text
Os-S OsS2 erlichmanite Snetsinger (1971); Sutarno et al. 

(1967); Ying-chen and Yu-jen (1973)
Pb-S PbS galena 1115 Kullerud (1969); Bloem and Kroger 

(1956); Stubbles and Birchenall 
(1959)

Pt-S PtS cooperite Richardson and Jeffes (1952); 
Hansen and Anderko (1958); Cabri 
(1972); Grønvold et al. (1960)

PtS2

Ru-S RuS2 laurite Ying-chen and Yu-jen (1973); 
Leonard et al. (1969); Sutarno et al. 
(1967)

table continued on following page
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Table 1. continued from previous page

System Compound Mineral/(Notes)
Stability,
Tmax ( °C)

References

Sb-S Sb2S3 stibnite 556 Pettit (1964); Barton (1971); Clark 
(1970d)

Sb2S3−x meta-stibnite (a)
Sn-S β-SnS herzenbergite 600 Moh (1969); Albers and Schol 

(1961); Karakhanova et al. (1966); 
Rau (1965); Moh and Berndt (1964); 
Mootz and Puhl (1967)

α-SnS 880
δ-Sn2S3 ottemannite 661-675
δ-Sn2S3 710-715
β-Sn2S3 744-753
α-Sn2S3 760
β-SnS2 berndtite 680-691
α-SnS2 865

Ti-S Ti2S Franzen et al. (1967); Viaene and 
Kullerud (1971); Wiegers and 
Jellinek (1970)

TiS >800
Ti8S9

Ti4S5

Ti3S4

TiS2

TiS3 >610
V-S V3S Chevreton and Sapet (1965); 

Baumann (1964); Shunk (1969)VS
V3S4

~V2S3

VS4 patronite
Zn-S See text
Ag-As-S Ag7AsS6 As-billingsleyite 575 Toulmin (1963); Hall (1966, 1968); 

Roland (1968, 1970); Wehmeier et 
al. (1968)

Ag5AsS4 As-stephanite 361
Ag3AsS3 proustite 495
Ag3AsS3 xanthocanite 192
δ-AgAsS2 smithite 415
δ-AgAsS2 trechmannite 225
α-AgAsS2 415-421

Ag-Au-S Ag3AuS2 181 Graf (1968); Barton and Toulmin 
(1964)

Ag-Bi-S β-AgBiS2 matildite 195 Schenck et al. (1939); Van Hook 
(1960); Craig (1967); Karup-Møller 
(1972)

α-AgBiS2 195-801
AgBi3S5 pavonite 732

Ag-Cu-S Cu0.45Ag1.55S jalpaite 117 Djurle (1958); Skinner (1966); Graf 
(1968); Skinner et al. (1966); Suhr 
(1965); Krestovnikov et al. (1968); 
Valverde (1968); Werner (1965)

Cu0.8Ag1.2S mckinstiyite 94
AgCu1+xS stromeyerite 93

Ag-Cu-Pd-Bi-S pavonite, benjaminite1 Chang et al. (1988)
Ag-Fe-S AgFe2S3 argentopyrite 152 Czamanske (1969); Czamanske and 

Larson (1969); Taylor (1970a,b)AgFe2S3 sternbergite 152
Ag3Fe7S11 argyropyrite
Ag2Fe5S8 frieseite

Ag-Pb-S Vogel (1953); Van Hook (1960); 
Craig (1967).

Ag-Sb-S Ag7SbS6 Sb-billingsleyite 475 Barstad (1959); Somanchi (1963); 
Toulmin (1963); Chang (1963); 
Cambi and Elli (1965); Hall (1966, 
1968); Keighin and Honea (1969); 
Wehmeier et al. (1968)

Ag5SbS4 stephanite 197
Ag3SbS3 pyrargyrite 485
Ag3SbS3 pyrostilpnite 192
AgSbS2 miargyrite 380
β-AgSbS2 510

Ag-Sn-S Sugaki et al. (1985)
As-Co-S CoAsS cobaltite Bayliss (1969); Gammon (1966); 

Klemm (1965)

table continued on following page
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Table 1. continued from previous page

System Compound Mineral/(Notes)
Stability,
Tmax ( °C)

References

As-Cu-S Cu3AsS4 luzonite 275-320 Maske and Skinner (1971); Gaines 
(1957)Cu3AsS4 enargite 671

Cu24As12S31 578
Cu6As4S9 sinnerite 489
Cu12AsS13 tennantite 665
CuAsS lautite

As-Fe-S FeAsS arsenopyrite 702 Clark (1960a,b); Morimoto and Clark 
(1961); Barton (1969); Kretschmar 
and Scott (1976)

As-Ni-S NiAsS gersdorffi te >700 Yund (1962); Klemm (1965); Bayliss 
(1968)

As-Pb-S Pb9As4S15 gratonite 250 Rosch and Hellner (1959); Le Bihan 
(1963); Kutoglu (1969); Burkart-
Baumann et al. (1972); Chang and 
Bever (1973)

Pb9As4S15 jordanite 549
Pb2As2S5 dufrenoysite 485?
Pb19As26S58 rathite II 474
PbAs2S4 sartorite 305

As-Sb-S AsSbS3 getchellite 345 Weissberg (1965); Moore and Dixon 
(1973); Craig et al. (1974); Dickson 
et al. (1974); Radtke et al. (1973)

(As,Sb)11S18 wakabayashilite
AsSb2S2 538

As-Tl-S Tl3AsS3 Canneri and Fernandes (1925); 
Graeser (1967); Radtke et al. 
(1974a,b)

Tl4As2S5

Ti6As4S9

TlAsS2 lorandite ~300
Bi-Cu-S Cu9BiS6 ~375-650 Vogel (1956); Buhlmann (1965); 

Sugaki and Shima (1972); Godovikov 
and Ptitsyn (1968); Godovikov et al. 
(1970); Buhlmann (1971); Sugaki et 
al. (1972)

Cu3BiS3 wittichenite 527
Cu6Bi4S9

Cu24Bi26S51 emplectite ~360
Cu24Bi26S51 cuprobismutite 474
Cu3Bi5S9 442-620
CuBi3S5 649
Cu3Bi3S7 ~498

Bi-Fe-S FeBi4S7 608-719 Urazov et al. (1960); Sugaki et al. 
(1972); Ontoev (1964)

Bi-Mo-S Stemprok (1967)
Bi-Ni-S Ni3Bi2S2 parkerite >400 Schenck and von der Forst (1939); 

Fleet (1973); DuPreez (1945); 
Peacock and McAndrew (1950); 
Brower et al. (1974)

Bi-Pb-S Pb10AgBi5S18 heyrovskyite 829 Schenck et al. (1939); Van Hook 
(1960); Craig (1967); Salanci (1965); 
Otto and Strunz (1968); Salanci and 
Moh (1969); Klominsky et al. (1971); 
Chang and Bever (1973)

Pb3Bi2S6 lillianite 816
PbBi2S4 galenobismutite 750
Pb2Bi2S5 cosalite <450
Pb5Bi4S11 bursaite
PbBi4S7 bonchevite
PbBi6S10 ustarasite

Bi-Sb-S (Bi,Sb)2S3 >200 Hayase (1955); Springer (1969); 
Springer and LaFlamme (1971)

Bi-Se-S Bi4(S,Se)3 ikunolite Kato (1959); Markham (1962); 
Godovikov and Il’yasheva (1971)

Bi-Te-S Bi2Te1.5+xS1.5−x δ-tetradymite Beglaryan and Abrikasov (1959); 
Godovikov et al. (1970); Yusa et al. 
(1979)

Bi2Te2+xS1−x β-tetradymite
Bi8Te7S5

Bi18(TeS3)3 joseite-C
Bi9(Te2S2)
Bi15(TeS4)

table continued on following page
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Table 1. continued from previous page

System Compound Mineral/(Notes)
Stability,
Tmax ( °C)

References

Ca-Fe-S see text
Ca-Mg-S see text
Ca-Mn-S see text
Cd-Mn-S (Pb,Cd)S Bethke and Barton (1961, 1971)
Cd-Zn-S (Zn,Cd)S Hurlbut (1957); Bethke and Barton 

(1971)
Co-Cu-S CuCo2S4 carrollite >600 Williamson and Grimes (1974); Clark 

(1974)
Co-Fe-S see text
Co-Ni-S (Co,Ni)1−xS Klemm (1962, 1965); Delafosse and 

Can Hoang Van (1962); Bouchard 
(1968)

(Co,Ni)3S4

(Co,Ni)S2

Co-Sb-S CoSbS paracostibite 876 Lange and Schlegel (1951); Cabri et 
al. (1970a,b)CoSbS costibite <100?

Cr-Fe-S Cr2FeS4 daubreelite2 >740 El Goresy and Kullerud (1969); Vogel 
(1968); Bell et al. (1970)(Cr,Fe)1−xS

Cu-Fe-S see text
Cu-Fe-Bi-S Sugaki et al. (1984)
Cu-Fe-Sn-S Ohtsuki et al. (1981a,b)
Cu-As-Sb-S Sugaki et al. (1982)
Cu-Fe-Zn-Sn-S Moh (1975)
Cu-Ga-S CuGaS2 gallite Strunz et al. (1958); Ueno et al. 

(2005)
Cu-Ge-S Wang (1988)
Cu-Mo-S Grover and Moh (1969)
Cu-Ni-S CuNi2S6 villamaninite 503 Kullerud et al. (1969); Bouchard 

(1968)
Cu-Pb-S Cu14Pb2S9−x 486-528 Schuller and Wohlmann (1955); 

Craig and Kullerud (1968); Clark and 
Sillitoe (1971)

Cu-Sb-S Cu3SbS4 famatinite 627 Avilov et al. (1971); Skinner et 
al. (1972); Tatsuka and Morimoto 
(1973); Karup-Møller and Makovicky 
(1974)

CuSbS2 chalcostibite 553
Cu12+xSb4+yS13 tetrahedrite 543
Cu3SbS3 skinnerite 607

Cu-Sn-S Cu2SnS3 Wang (1974); Roy-Choudhury (1974)
Cu-V-S Cu3VS4 sulvanite Dolanski (1974)
Cu-W-S Moh (1973)
Cu-Zn-S ~Cu3ZnS4 Craig and Kullerud (1973); Clark 

(1970c)
Cu-Zn-Cd-Sn-S kesterite, černyite, 

mohite, sphalerite, 
wurtzite and 
greenockite

Osadchii (1986)

Fe-Cr-S daubréelite Balabin et al. (1986)
Fe-Ga-S c, h, t ternary phases Ueno and Scott (1994)
Fe-Ge-S Fe2GeS4 >800 Viaene (1968, 1972)
Fe-Mg-S see text
Fe-Mn-S see text
Fe-Mo-S FeMo3S4 Kullerud (1967a); Grover and Moh 

(1966); Lawson (1972); Grover et 
al. (1975)

Fe-Ni-S see text
Fe-Os-S Karup-Møller and Makovicky (2002)
Fe-Pb-S Brett and Kullerud (1967)
Fe-Pb-Bi-S Chang and Knowles (1977)

table continued on following page
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The phase diagrams for these three systems are similar, differing principally in the presence of 
metal-excess sulfi des and the greater thermal stability of the low-spin pyrite phases in the Co-S 
and Ni-S systems (Fig. 1). This section is organized into the following topics: monosulfi des of 
Fe, Co and Ni, binary phase relations in the systems Fe-S and Ni-S, the system Fe-Co-S, and 
ternary phase relations in the system Fe-Ni-S.

Monosulfi des of Fe, Co and Ni

Electronic confi guration and magnetism. The mineral phases of end-member (or near 
end-member) composition are troilite (FeS) and jaipurite (Co1−xS) (both with NiAs-type or 
derivative structures) and millerite (NiS). The NiAs-type phase α-Ni1−xS encountered in the 
Ni-S system has not been reported as a mineral: in synthesis experiments, it inverts to millerite 
at the stoichiometric composition, but persists as a metastable phase at room temperature 
on quenching. The crystal structures, electrical and magnetic properties and energy band 
diagrams of NiAs-type and derivative phases have been extensively studied using conventional 
laboratory techniques (e.g., Vaughan and Craig 1978; Gopalakrishnan et al. 1979; King and 
Prewitt 1982; Anzai 1997; Raybaud et al. 1997; Hobbs and Hafner 1999), but details remain 
controversial. The NiAs-type substructure (space group P63mmc) of metal monosulfi des has 
the metal (M) and S atoms in six-fold coordination to nearest neighbors; the metal atom is in 
octahedral coordination with S (site symmetry 3m), and S is in trigonal prismatic coordination 
with the metal (6 2m ). The metal and S atoms form alternate layers normal to the c-axis, with 
the S layers hexagonal closest packed and metals in octahedral interstices. A key feature 
of the NiAs-type structure is the sharing of MS6 octahedral faces along the c-axis which 
permits both a direct M-M interaction via either metal 3d(t2g) or metal 3d(eg) orbitals and an 
indirect M-S-M interaction via hybridized S 3p (or S 3d) and metal 3d(eg) orbitals. At high-
temperature, metal-defi cient monosulfi des (M1−xS) have vacancies in metal positions which 
are randomly distributed in individual layers of metal atoms normal to c-axis. The 3d electron 

Table 1. continued from previous page

System Compound Mineral/(Notes)
Stability,
Tmax ( °C)

References

Fe-Pb-Sb-S Pb8Fe2Sb12S28 jamesonite, etc. Chang and Knowles (1977); 
Bortnikov et al. (1981)

Fe-Sb-S FeSb2S4 berthierite 563 Barton (1971)
FeSbS gudmundite 280 Clark (1966)

Fe-Sn-S Stemprok (1971)
Fe-Ti-S FeTi2S4 >1000 Plovnick et al. (1968); Hahn et al. 

(1965); Keil and Brett (1974); Viaene 
and Kullerud (1971)

FeTi2S4 540
Fe1+xTi2S4 heideite

Fe-W-S Stemprok (1971); Grover and Moh 
(1966)

Fe-Zn-S see text
Fe-Zn-Ga-S (Zn,Fe,Ga)1−xS sphalerite/wurtzite 

phases
Ueno et al. (1996)

Hg-Sb-S HgSb4S8 livingstonite 451 Learned (1966); Tunell (1964); 
Learned et al. (1974)

Pb-Sb-S Wang, (1973); Kitakaze et al. (1995)
Pb-S-Se-Te Liu and Chang (1994)
Pd-Co-S Karup-Møller (1985)
Pd-Pt-Sn Shelton et al. (1981)

Notes: 1. three other quinary solid solutions; 2. >14 kbar; 3. c- cubic, t- tetragonal, h- hexagonal, r- rhombohedral, a- 
amorphous
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Figure 1. (a) Phase relations in 
the Fe-S system above 400 °C 
(after Kullerud et al. 1969); 
and (b) phase relations in the 
Ni-S system above 200 °C 
and from 18 to 56 wt% sulfur 
(after Kullerud and Yund 1962; 
Fleet 1988). All phases and 
phase assemblages coexist 
with vapor.
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confi gurations of divalent Fe, Co and Ni monosulfi des with the NiAs-type or derivative 
structure are well understood from the magnetic behavior of these compounds. Stoichiometric 
FeS is antiferromagnetic at room temperature (RT; troilite), but paramagnetic above 147 °C. 
Iron has the high spin t2g

4 - eg
2 confi guration with the majority spin (↑) t2g

α and eg
α bands fi lled, 

minority spin (↓) t2g
β band half fi lled and minority spin (↓) eg

β band empty. Co1−xS is Pauli 
paramagnetic at room temperature, and Co has the low spin t2g

6 - eg
1 electronic confi guration, 

with majority spin (↑) t2g
α and minority spin (↓) t2g

β bands fi lled, majority spin (↑) eg
α band 

half fi lled and minority spin (↓) eg
β band empty. α-NiS is paramagnetic at room temperature 

and antiferromagnetic below -13 °C (White and Mott 1971; Townsend et al. 1971), and Ni has 
the high spin t2g

6 - eg
2 confi guration, with majority spin (↑) t2g

α and eg
α and minority spin (↓) 

t2g
β bands fi lled, and the minority spin (↓) eg

β band empty.

Stoichiometric FeS (troilite) is a small band gap semiconductor, but the nature of this 
band gap and of the metallic behavior above 147 °C is controversial (Marfunin 1979; King 
and Prewitt 1982; Sakkopoulos et al. 1984; Tossell and Vaughan 1992; Shimada et al. 1998), 
because electron delocalization through overlap of the half-fi lled t2g

β and empty eg
β bands is 

prohibited by symmetry. Goodenough (1967) recognized that trigonal distortion of the face-
shared FeS6 octahedra could split the t2g

β levels below 147 °C into narrow bands parallel (ΓI) 
and normal (ΓII) to the c-axis, and thus directly account for the energy gap; partial overlap of the 
(ΓI) and (ΓII) bands at the transition temperature would explain the metallic behavior at higher 
temperature. Although recent density of states (DOS) studies invoke extensive hybrization of S 
3p and metal 3d states and attribute the metallic behavior to M-S-M π bonding. Metallic behavior 
in Co1−xS and NiS is generally attributed to delocalization of eg

α electrons through overlap of 
the eg

α and eg
β bands. Fujimori et al. (1990) indicated that a shift to lower X-ray photoelectron 

(XPS) binding energy should be expected as the metal-nonmetal transition is approached, 
consistent with closure of the energy band gap. Coey and Roux-Buisson (1979) pointed to a 
sudden decrease in the Mössbauer hyperfi ne fi eld and isomer shift for (Ni1−xFex)S (x = 0.1-0.2) 
at the temperature of the metal-nonmetal transition of NiS and discounted the possibility of this 
being a high-spin to low-spin transition. Nakamura et al. (1993) invoked Ni(3d)-Co(3d) charge 
transfer across the shared MS6 octahedral faces to explain the contrasting effects of substitution 
by Co and Fe on the metal-nonmetal transition (at −13 °C) in NiS. Impurities and vacancies in 
these compounds tend to lower the metal-nonmetal transition temperature due to broadening 
of the S 3p bandwidth with decreasing S-S bond distances (Matoba et al. 1994). The effect of 
metal vacancies on magnetic ordering and metallic behavior of (Fe,Ni)1−xS solid solutions has 
been studied by Vaughan and Craig (1974). Most studies show that metallic character increases 
in the sequence Co1−xS > NiS > FeS, and is associated with progressive increase in covalence 
and decrease in metal 3d electron interaction energy. This trend correlates nicely with the 
progressive downward shift in the metal-nonmetal transition, from 147 °C for FeS, to −13 °C 
for NiS, and not detected at cryogenic temperatures for CoS.

FeS. The phase relations of stoichiometric FeS are complex. The phase stable at room 
temperature and pressure is troilite, which has a NiAs-type derivative structure, with space 
group P62c and a = (3)½A , c = 2C (Bertaut 1956), where A and C are the unit-cell parameters 
for the hexagonal NiAs-type subcell and are approximately 3.4 and 5.9 Å, respectively. Troilite 
is stable up to 147 °C at 1 bar. The fi rst order transition (known as the α transition) is well 
defi ned by changes in entropy (Robie et al. 1978), electrical conductivity (Gosselin et al. 1976a), 
and magnetic susceptibility (Horwood et al. 1976). The α transition has been investigated by 
X-ray powder diffraction (Haraldsen 1941; Grønvold and Haraldsen 1952; Taylor 1970c), 
neutron powder diffraction (Andresen 1960), and selected area electron diffraction (Putnis 
1974). All of these researchers concluded that troilite transforms to FeS with NiAs-derivative 
structure; Putnis (1974) reporting a 2A,1C superstructure. On the other hand, single-crystal 
X-ray diffraction study revealed instead a MnP-type phase with space group Pnma and a 
diffraction pattern very similar to that of a NiAs-type phase, corresponding to a = C, b = A 
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and c = (3)½A (cf. Tremel et al. 1986). However, this tritwinned MnP structure was apparently 
excluded by detailed study of the α transition in Keller-Besrest and Collin (1990a,b). In situ 
single-crystal X-ray diffraction pointed to a 2A,1C structure in space group P63mc. Later, 
Kruse (1992) investigated the α transition in a natural troilite with ~0.17 wt% Cr using in 
situ X-ray diffraction and Mössbauer spectroscopy, and assuming the high-temperature phase 
to be of MnP type. Like Keller-Besrest and Collin (1990b), he found that the transformation 
of troilite takes place over a wide interval in temperature, of at least 40 °C: also, the reverse 
transition was sluggish. Above the α transition, a second order, spin-fl ip transition occurs at 
about 167 °C (Andresen and Torbo 1967; Gosselin et al. 1976b; Horwood et al. 1976), and is 
marked by change in the direction of the magnetic spins from parallel to normal to c-axis. Kruse 
(1992) observed that this magnetic spin fl ip transition required several weeks for completion at 
156 °C. The fi nal transition of FeS is to the ideal NiAs-type structure with the 1A,1C subcell. 
This fi rst-order transition coincides with the Néel transition at about 327 °C. Thus, the loss of 
correlation of spin states appears to be associated with complete disorder and relaxation of the 
Fe and S sub-lattices. Unit-cell parameters for the subcell structure from in situ cooling neutron 
powder diffraction are a = 3.5308(2), c = 5.779(10) Å, measured just above the Néel transition 
(at 340 °C; Tenailleau et al. 2005). The 1A,1C subcell structure persists up to the low-pressure 
melting point. Melting of Fe1−xS begins at about 1080 °C for the stoichiometric composition, 
and is complete at 1190 °C at 52 at% S (Figs. 1a and 2). The Néel temperature (327 °C at 1 
bar) increases linearly with increase in pressure by 3.2 ± 0.1 °C/kbar, measured up to 8.5 kbars 
(Anzai and Ozawa 1974), whereas the α transition temperature (147 °C at 1 bar) decreases by 
−0.8 ± 0.1 °C/kbar up to 11 kbars (Ozawa and Anzai 1966). Note that, elsewhere, the three low-
pressure FeS polymorphs [troilite, 2A,1C (or MnP) and 1A,1C] may be referred to as the α, 
β and γ phases, respectively: β and γ 
are also used to discriminate between 
low-temperature, ordered (or partially 
ordered) hexagonal pyrrhotite and 
high-temperature, disordered 1A,1C 
pyrrhotite.

FeS at high pressure. The high-
pressure phase relations of FeS are 
actively researched, largely because 
of the interest in predicting the sulfi de 
mineralogy and melting in the core of 
Mars and Earth. Two structural phase 
transitions have been observed exper-
imentally with increasing pressure at 
room temperature (Karunakaran et al. 
1980; King and Prewitt 1982; Fei et 
al. 1995; Kusaba et al. 1997; Nelmes 
et al. 1999; Marshall et al. 2000; Ko-
bayashi et al. 2005). Troilite is stable 
to 3.4 GPa (Pichulo 1979) where it 
transforms to an MnP-type structure 
(King and Prewitt 1982). The next 
transition is at 6.7 GPa to a mono-
clinic phase (“FeS III” in Urakawa 
et al. 2004, and other studies) with a 
24 atom unit cell (Nelmes et al. 1999) 
and b-axis parallel to a-axis of troilite 
and c-axis of MnP. This MnP  

Figure 2. Calculated melting relations for high-temperature 
iron monosulfi de (Fe1−xS): dots are experimental values of 
Burgmann et al. (1968) (after Chuang et al. 1985).
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FeS  III transition is marked by a volume reduction of 9% (6% in Kusaba et al. 1997), a large 
decrease in c/a for the equivalent NiAs-type subcell (i.e., C/A), and the disappearance of the 
magnetic moment (King and Prewitt 1982; Rueff et al. 1999). Kobayashi et al. (1997) suggested 
that collapse of the magnetic moment in the Fe atom is related to electron delocalization associ-
ated with a distinct change in the 3d electron confi guration of the Fe atoms. Takele and Hearn 
(1999) confi rmed that the troilite and MnP structures have a high-spin confi guration whereas 
the monoclinic phase adopts a magnetically quenched low-spin state. Above 7 GPa, FeS III 
transforms with increasing temperature fi rst to a 2A,1C hexagonal superstructure (labeled FeS 
IV and perhaps equivalent to the low-pressure 2A,1C phase of Putnis 1974), and then to the 
NiAs-type subcell 1A,1C structure (FeS V; Fei et al. 1995; Kusaba et al. 1998). A cubic CsCl-
type phase (with Fe and S in eight-fold coordination) was predicted to be stable at the very high 
pressures of the Earth’s inner core (>330 GPa; Sherman 1995; Martin et al. 2001). Temperature-
pressure phase diagrams are given in Kavner et al. (2001) and Urakawa et al. (2004; present 
Fig. 3): the former study used a laser-heated diamond anvil cell and the latter a large volume 
multianvil apparatus, and both studies were made in situ using synchrotron X-ray diffraction. 
Note that Urakawa et al. (2004) did not encounter the MnP (FeS II) phase, which was earlier 
reported to be stable in between troilite and FeS III at room temperature (e.g., King and Prewitt 
1982; Fei et al. 1995; Marshall et al. 2000).

Fe-S phase relations

Numerous diverse studies have contributed to our understanding of the Fe-S system (e.g., 
Jensen 1942; Rosenqvist 1954; Kullerud and Yoder 1959; Kullerud 1961, 1967a; Arnold 
1962; Carpenter and Desborough 1964; Toulmin and Barton 1964; Clark 1966b; Burgmann 
et al. 1968; Nakazawa and Morimoto 1971; Rau 1976; Sugaki and Shima 1977; Sugaki et 
al.1977; Kissin and Scott 1982; Barker and Parks 1986; Chuang et al. 1985; Fig. 1a). The 
central portion of the phase diagram is dominated by the broad fi eld of pyrrhotites (Fe1−xS) 
which extends from complete melting at 1190 °C and 52 at% S to below room temperature, 
and from 50 at% S to a maximum width at pyrite breakdown at 55 at% S (x = 0.18; Toulmin 
and Barton 1964). There are no Fe-excess sulfi des above the low-temperature region (at low 

Figure 3. High-pressure 
phase relations of FeS 
obtained by in situ X-ray 
diffraction: isopleths are 
C/A ratio for equivalent 
NiAs-type subcell; FeS 
I is troilite; FeS III is 
monoclinic phase; FeS IV 
is 2A,1C phase; and FeS V 
is disordered NiAs-type 
FeS (e.g., 1A,1C, FeSHT); 
LPP and HPP are low- 
and high-pressure phases, 
respectively, of earlier 
studies (after Urakawa et 
al. 2004).
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pressure), and the eutectic in the Fe-FeS portion (for coexisting α-iron + FeS + liquid) is at 
990 °C and 43 at% S. Details of the melting relationships in this central region are shown in 
Figure 2. The composition of Fe1−xS coexisting with pyrite (i.e., the pyrrhotite-pyrite solvus) 
is defi ned by the experiments of Arnold (1962) and Toulmin and Barton (1964; present Fig. 4). 
The breakdown of pyrite to Fe1−xS + S2 occurs at 743 °C (742 °C in Chuang et al. 1985).

Sulfur fugacity and activity of FeS. In what has become a classic study, Toulmin and 
Barton (1964) determined the f(S2) versus temperature (T) curve for the univariant assemblage 
pyrrhotite + pyrite + vapor from 743-325 °C. The fugacity of S2 was measured using the 
electrum tarnish method, which is based on the reaction:

 4Agelectrum + S2 = 2Ag2Sargentite (1)

Note that their data were only in moderate agreement with later electrochemical measurements 
at 185-460 °C (Schneeberg 1973; Lusk and Bray 2002), when extrapolated into the lower-
temperature range. Toulmin and Barton (1964) also developed the following equation to 
interrelate the composition of pyrrhotite, f(S2) and T:

 logf(S2) = (70.03 – 85.83NFeS)(1000/T – 1) + 39.30(1 – 0.9981NFeS)½ – 11.91 (2)

where NFeS is the mole fraction of FeS in the system FeS-S2. They then mapped the fi eld for 
pyrrhotite with isopleths of NFeS in a plot of logf(S2) vs. (1000/T) (Fig. 5). The activity of FeS in 
pyrrhotite was extracted by application of the Gibbs-Duhem equation. Note, however, that here 
the activity of FeS in Fe1−xS relates to mixing of FeS and S2, but the primary interaction leading 
to nonideality of the (Fe, )S solid solution (and departure from Raoult’s law) is clearly that of 
Fe atoms and vacancies on the Fe sublattice of the NiAs-type structure. Chuang et al. (1985) 
handled this problem reasonably well in their thermodynamic analysis of the Fe-S system by 
considering mixtures of FeS, S, Fe vacancies, and Fe interstitials. Their calculated values for the 
activity of S in high-temperature pyrrhotite up to 1101 °C compared favorably with values from 
several experimental studies, including Burgmann et al. (1968) and Rau (1976).

Low-temperature iron sulfi des. The low-temperature phase relations for bulk 
compositions between FeS (or Fe-excess FeS; Fe1+xS) and FeS2 are complex and little 
understood due to inconsistency between laboratory products and natural assemblages. The 

Figure 4. Pyrrhotite-pyrite 
solvus from low-pressure 
experiments; fi lled circles 
are Arnold (1962); open 
circles are Toulmin and 
Barton (1964); NFeS is mole 
fraction of FeS in the system 
FeS-S2 (after Toulmin and 
Barton 1964).
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latter are generally assumed to better refl ect mineral stability, whereas synthesis experiments 
are plagued by sluggish reactions and metastability. Troilite and hexagonal and monoclinic 
pyrrhotites all have structures based on the NiAs-type structure.

The literature on the structure, phase relations, physical properties and mineralogy of 
the low-temperature NiAs-type phases is very extensive (e.g., Fleet 1968, 1971; Ward 1970; 
Scott and Kissin 1973; Craig and Scott 1974; Kissin 1974; Morimoto et al. 1975a,b; Power 
and Fine 1976; Sugaki et al. 1977; Vaughan and Craig 1978; Kissin and Scott 1982; Pósfai and 
Dódony 1990; Lusk et al. 1993; Li and Franzen 1996; Li et al. 1996; Farrell and Fleet 2001; 
Powell et al. 2004; Tenailleau et al. 2005). Superstructure phases of the 1A,1C NiAs-type 
substructure arise by the clustering of Fe atoms in the troilite structure and the ordering of Fe 
atoms and vacancies in individual (001) layers in the more metal-defi cient compositions. As 
reviewed above, troilite forms spontaneously on quenching below 147 °C at the stoichiometric 
composition (FeS), by the triangular clustering of Fe atoms (Bertaut 1953, 1956), giving a 
hexagonal unit cell with a = A(3)½, c = 2C.

There appear to be numerous low-temperature superstructures based on the commensurate 
and incommensurate ordering of Fe atoms and vacancies in Fe1−xS compositions. Although 
there is some correlation between superstructure type and Fe-S composition, there are 
signifi cant discrepancies between laboratory products and natural hexagonal and monoclinic 
pyrrhotites. Most of these pyrrhotite superstructures have a unit cell with a = 2A, or an 
incommensurate modulation of 2A, and various patterns of order in the c-axis direction. 
Experimental products were classifi ed by Nakazawa and Morimoto (1971) into the following 
superstructure types:

NC for intermediate pyrrhotite compositions below about 200 °C, and characterized by 
a hexagonal 2A,NC unit cell, where N is generally non-integral with values from 3.0 
to 6.0. Superstructure refl ections occur as satellites to the subcell refl ections as well 
as in reciprocal lattice rows refl ecting doubling of the A dimension.

Figure 5. Composition of pyrrhotite in the Fe-S system as a function of 
temperature and sulfur fugacity, f(S2) (after Toulmin and Barton 1964).
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NA for more S-rich intermediate compositions near and above 200 °C, and characterized 
additionally by non-integral spacings in the a-axis direction, with N varying from 
about 40 to 90.

MC limited to S-rich compositions near 300 °C, and characterized by a similar diffraction 
pattern to NC, with N varying from 3.0 to 4.0, but without the satellite refl ections.

4C monoclinic pyrrhotite of near Fe7S8 composition.

Nakazawa and Morimoto (1971) additionally recognized a fi eld of 1C phases (undifferentiated 
high-temperature 1A,1C and low-temperature 2A,1C phases) and a 2C phase (troilite). The NC, 
NA and MC superstructure types have hexagonal diffraction symmetry. Their characteristic 
single-crystal X-ray diffraction patterns are depicted in Nakazawa and Morimoto (1971) and 
Craig and Scott (1974), and a representative phase diagram is given in the present Figure 6. 
Only structures with the ideal Fe7S8 composition have been determined in any detail; i.e., 
synthetic hexagonal 3C (Fleet 1971; a quench product, and broadly equivalent to NA type) and 
natural monoclinic 4C (Tokonami et al. 1972). 

Integral NC superstructures are generally restricted to natural assemblages. As representa-
tive natural pyrrhotites, Lennie and Vaughan (1996) list ~Fe7S8 (monoclinic 4C), Fe9S10 
(intermediate hexagonal pyrrhotite 5C), Fe10S11 (intermediate hexagonal pyrrhotite 11C), Fe11S12 
(intermediate hexagonal pyrrhotite 6C), and ~Fe9S10-Fe11S12 (intermediate hexagonal pyrrhotite 
non-integral, or incommensurate, NC). These fi ve pyrrhotite superstructure types occur as 
important minerals in sulfi de ores of “magmatic” origin and as accessory minerals in ultramafi c 
and mafi c rocks, as well as in metamorphosed massive sulfi des and some hydrothermal ores.

Figure 6. Schematic phase diagram for pyrrhotite superstructures 
encountered in laboratory studies (after Sugaki et al. 1977).
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Pyrrhotite phase relations below 350 °C have been investigated systematically by 
Nakazawa and Morimoto (1971), Scott and Kissin (1973), Kissin (1974), Sugaki et al. (1977), 
and Kissin and Scott (1982). The observations of Nakazawa and Morimoto (1971) were based 
on in situ high-temperature X-ray diffraction, whereas those of Kissin (1974), Scott and Kissin 
(1973) and Kissin and Scott (1982) were based on room-temperature measurements of crystals 
grown by hydrothermal recrystallization both in situ and via transport reactions in 5 m aqueous 
solutions of NH4I. Sugaki et al. (1977) grew crystals by the thermal gradient hydrothermal 
transport method, but based their phase diagram (Fig. 6) largely on in situ X-ray diffraction 
measurements.

The stability fi elds of the pyrrhotite superstructures lie, very generally, on the S-rich side 
of the low-temperature extension of the hexagonal pyrrhotite-pyrite solvus (cf. Figs. 4 and 
6). The fi eld of the 1C phases extends down to near, or below, 100 °C at about 48.6 at% Fe. 
Interestingly the onset of vacancy ordering in laboratory equilibrated pyrrhotites is anticipated 
by discontinuities in A and C subcell parameter plots for Fe1−xS compositions quenched from 
700 °C (Fleet 1968). Between 48.6 at% Fe and stoichiometric FeS, the literature phase diagrams 
show a wedge-like fi eld of troilite + 1C. There is overall inter-laboratory agreement on the 
pyrrhotite phase relations. Kissin and Scott (1982) found that a discontinuity in the hexagonal 
pyrrhotite-pyrite solvus at 308 °C marked the upper stability of the MC superstructure. The 
onset of the NA superstructure occurred further down the solvus at 262 °C, and monoclinic 4C 
pyrrhotite became stable at 254 °C through the peritectic reaction:

 hexagonal NA(47.30 at% Fe) + pyrite = monoclinic 4C(47.25 at% Fe) (3)

At lower temperatures, hexagonal pyrrhotite is separated from the fi eld of monoclinic 4C 
pyrrhotite by a narrow miscibility gap. Hexagonal NC pyrrhotite appeared at and below 
209 °C. The integral 6C, 11C and 5C superstructures of intermediate pyrrhotite were thought 
to form in nature only below about 60 °C, and the fi eld of coexisting troilite + 1C hexagonal 
pyrrhotite extended from 147 °C at the stoichiometric FeS composition to about 60-70 °C at 
48.3 at% Fe. Sugaki et al. (1977) and Sugaki and Shima (1977) had earlier reported similar 
results for assemblages of troilite and hexagonal NC and NA and monoclinic 4C pyrrhotites, 
but did not observe a fi eld of stability for MC pyrrhotite (Fig. 6). Sugaki et al. (1977) found 
that the monoclinic 4C phase reacted out at a slightly higher temperature (275 ± 5 °C) than 
in Kissin and Scott (1982). Revising Kissin and Scott (1982), the monoclinic 4C phase was 
not detected by Lusk et al. (1993) in experiments on phase relations in the Fe-Zn-S system 
between 325-150 °C. Therefore, they concluded that in nature monoclinic pyrrhotite may 
become stable somewhere around 140 °C.

Troilite and hexagonal NC phases are antiferromagnetic (Schwarz and Vaughan 1972), 
monoclinic 4C pyrrhotite is ferrimagnetic (Nakazawa and Morimoto 1971), and the high-
temperature 1A,1C subcell phase is paramagnetic (e.g., Vaughan and Craig 1978; Kruse 
1990). Magnetic ordering (i.e., the Néel temperature) and ordering of vacancies in Fe1−xS 
both occur near 250-300 °C (Power and Fine 1976) on cooling, but these ordering events are 
clearly composition-dependent, and their details remain obscure (e.g., Li and Franzen 1996). 
Hysteresis of magnetic and electrical properties and phase transitions and transformations 
is commonly encountered in heating-cooling experiments with nonstoichiometric phases 
(Nakazawa and Morimoto 1971; Schwarz and Vaughan 1972; McCammon and Price 1982). 
Li and Franzen (1996) attributed hysteresis in their synthetic and natural pyrrhotites heated 
above 550 °C to loss of S. Powell et al. (2004) recently confi rmed that, at the ideal Fe7S8 
composition, the magnetic transition is accompanied by a structural transformation from 
vacancy-ordered monoclinic 4C to vacancy disordered hexagonal 1C.

Of interest here is that a vacancy- and magnetically-ordered hexagonal 3C pyrrhotite 
is obtained by quenching Fe7S8 and more S-rich compositions from well within the fi eld of 
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1A,1C pyrrhotite (e.g., 500-700 °C; Fleet 1968, 1982). This 3C phase is clearly metastable in 
the Fe-S system. However, the hexagonal 3C type superstructure is stable in the Fe-Se system 
at the Fe7Se8 composition (Okazaki 1959, 1961). Both hexagonal 3C Fe7Se8 and triclinic 4C 
Fe7Se8 (which is equivalent to monoclinic 4C Fe7S8) are vacancy ordered and ferrimagnetic 
and have nearly identical Curie temperatures (189 °C for 3C and 187 °C for 4C). The low-
temperature 4C selenide transforms to 3C over the temperature interval 240 to 298 °C, and 
magnetic and vacancy disordering of 3C occurs over the interval 360 to 375 °C. A similar 
4C→3C→1C transformation sequence was suggested for pyrrhotites of Fe7S8 composition by 
Li and Franzen (1996) but this was not supported by later study (Powell et al. 2004). 

The other low-temperature binary Fe-S phases are, in the main, either metastable or of 
questionable stability (Lennie and Vaughan 1996) and include:

1. synthetic iron-pentlandite (Fe9S8; a = 10.5 Å; Nakazawa et al. 1973)

2. cubic Fe1+xS (x = 0.03-0.10; sphalerite-type, a = 5.425 Å; Takeno et al. 1970; 
Murowchick and Barnes 1986a)

3. mackinawite (Fe1+xS; x = 0.01-0.08; tetragonal, PbO-type, a = 3.676, c = 5.032 Å; 
Berner 1962, 1964; Nozaki et al. 1977; Takeno et al. 1982; Lennie et al. 1995b)

4. amorphous FeS/disordered mackinawite/“dorite” (Lennie and Vaughan 1996; 
Wolthers et al. 2003; Ritvo et al. 2003)

5. smythite (~Fe9S11, ideally Fe13S16; rhombohedral, a = 3.47, c = 34.50 Å; Erd et al. 
1957; Rickard 1968; Fleet 1982)

6. greigite (Fe3S4; cubic, spinel-type, a = 9.876 Å; Skinner et al. 1964)

7. synthetic Fe3S4 (monoclinic, NiAs-derivative, a = 5.93, b = 3.42, c = 10.64 Å; Fleet 
1982)

8. marcasite (FeS2; a = 4.436, b = 5.414, c = 3.381 Å; Murowchick and Barnes 1986b)

9. pyrite (FeS2; a = 5.417 Å).

The relative stability of these phases has been studied variously by precipitation, 
sulfi dation and replacement in aqueous or hydrothermal media and dry heating and quenching, 
as well as in natural assemblages: e.g., conversion of mackinawite to greigite (Lennie et al. 
1977; Taylor et al. 1979) and mackinawite to hexagonal pyrrhotite (Lennie et al. 1995a). 
Lennie and Vaughan (1996) concluded that the predominant sulfi dation sequence at low 
temperature is: (cubic FeS/amorphous FeS) → mackinawite → greigite → marcasite/pyrite. 
On the other hand, Krupp (1994) studied textural relationships of smythite, greigite and 
mackinawite from the low-temperature hydrothermal Moschellandsberg mercury deposit 
in south-western Germany, and concluded that greigite and mackinawite were probably 
metastable phases, smythite was stable, and pyrrhotites may be metastable below 65 °C. Fleet 
(1982) found that S-rich Fe1−xS compositions spontaneously precipitated smythite (Fe13S16) 
and monoclinic Fe3S4 when quenched under dry conditions from the pyrrhotite solvus and 
also from just above pyrite decomposition (743 °C). Monoclinic Fe3S4 is isomorphous with 
monoclinic Fe3Se4 and Cr3S4. It also seems appropriate to note here that the cubic (Mg,Fe)S 
solid solution extends beyond 70 mol% FeS at the highest temperature investigated (Skinner 
and Luce 1970; Farrell and Fleet 2000), allowing extrapolation to a = 5.07 Å for the unstable 
halite-type FeS. Both monoclinic Fe3S4 and halite-type FeS are potential metastable products 
of low-temperature experiments with Fe-S compositions.

High-pressure phases. The high-pressure phase relations in the system Fe-FeS are of cur-
rent interest in connection with the composition and mineralogy of planetary cores, for which 
S is a leading candidate for the light element component (e.g., Svendsen et al. 1989; Boehler 
1992; Sherman 1995; Liu and Fleet 2001; Sanloup et al. 2002; Secco et al. 2002; Lin et al. 2004; 
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Sanloup and Fei 2004). Earlier research focused on the melting behavior, with Boehler (1992) 
demonstrating strong depression of melting in an Fe-rich core for mixtures of Fe and FeS. A sur-
prising development has been the discovery of the Fe-S alloys Fe3S, Fe2S, and Fe3S2. Fe3S was 
predicted as a probable core phase based on crystal chemical reasoning and fi rst-principles den-
sity functional calculations (Sherman 1995). Subsequently, Fei et al. (1997, 2000) synthesized 
three Fe-S alloy phases (Fe3S2, Fe3S and Fe2S) at subsolidus temperatures and high pressures 
(Fig. 7). Fe3S has a tetragonally distorted AuCu3-type structure. It forms at 21 GPa and 1027 °C 
and is stable in the tetragonal structure up to 42.5 GPa. Lin et al. (2004) studied magnetic and 
elastic properties of Fe3S up to 57 GPa at room temperature, observing a magnetic collapse at 21 
GPa consistent with the high-spin to low-spin electronic transition at 20-25 GPa reported earlier. 
Whereas S was thought formerly to concentrate in the outer liquid core of Earth, the existence 
of high-pressure Fe-S alloys as probable host phases for S argues for signifi cant amounts of S 
in the inner solid core (e.g., Sanloup et al. 2002). Indeed, Lin et al. (2004) concluded that the 
non-magnetic Fe3S phase is a dominant component of the Martian core.

Ni-S phase relations

The phase diagram for the binary Ni-S system (Fig. 1b) is based on the experiments of 
Rosenqvist (1954) and Kullerud and Yund (1962), with additional details from Arnold and 
Malik (1974), Craig and Scott (1974), Sharma and Chang (1980), Lin et al. (1978), and 
Fleet (1988). The system includes fi ve minerals: heazlewoodite (Ni3S2), godlevskite (Ni9S8), 
millerite (NiS), polydymite (Ni3S4), and vaesite (NiS2); and three high-temperature fi elds of 
solid solution: α-Ni3±xS2, Ni6−xS5 (elsewhere known as known as α-Ni7S6), and α-Ni1−xS. End-
member heazlewoodite is stable up to 565 °C, where it inverts to α-Ni3±xS2, Ni9S8 (elsewhere 
known as β-Ni7S6; godlevskite) is stable up to about 400 °C, NiS (millerite) up to 379 °C, 
Ni3S4 (polydymite) up to 356 °C, and NiS2 (vaesite) up to 1022 °C, the congruent melting 
point. The fi eld of the NiAs-derivative phase α-Ni1−xS extends from 999 °C down to 282 °C, 
being replaced at lower temperature by the assemblage millerite + polydymite.

Figure 7. Melting relations in the system Fe-FeS at 21 GPa; Fe3S, Fe2S 
and Fe3+xS2 are new alloy phases (after Fei et al. 2000).
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The structures and detailed phase relations of the two metal-excess sulfi des located 
in between NiS and Ni3S2 proved to be troublesome in earlier studies. The orthorhombic 
(space group Bmmb) structure of the high-temperature solid solution Ni6−xS5 was determined 
by Fleet (1972) for a sample of composition Ni7S6. Surprisingly, the structure has an ideal 
6:5 stoichiometry; the commonly reported 7:6 stoichiometry being accommodated by 
partial occupancy of the Ni positions. Three of the Ni positions are disordered, and various 
superstructures (2a, 2b, 2c; 2a, 2b, 3c; and 2a, 2b, 4c; Putnis 1976; Parise and Moore 1981) 
have been reported. Fleet (1987, 1988) also showed that godlevskite [(Ni8.7Fe0.3)S8] and β-
Ni9S8 were the same phase and the stoichiometry was pentlandite-like (9:8). However, unlike 
pentlandite, (Fe,Ni)9S8, which is a true ternary phase, their crystal structures contain three-fold 
clusters (Ni3) of short Ni-Ni interactions. The greater metallic character of Ni and Co and their 
tendency to form M-M bonds, compared with Fe, results in metal-excess sulfi des in both of 
the Ni-S and Co-S binary systems. The activity of sulfur in the metal-excess Ni-S phases has 
been determined using a gas equilibration technique (Lin et al. 1978). This study predated 
resolution of the phase relations of β-Ni9S8, and also separated the broad fi eld of α-Ni3±xS2 

solid solution into two phases, which they labelled β′-Ni3S2 and β2-Ni4S3.

The system Fe-Co-S

Low-pressure phase relations and physical properties in the systems Co-S and Fe-Co-S 
have been fairly extensively studied (e.g., Lamprecht and Hanus 1973; Rau 1976; Wyszomirski 
1976, 1977, 1980; Lamprecht 1978; Terukov et al. 1981; McCammon and Price 1982; Wieser et 
al. 1982; Barthelemy and Carcaly 1987; Collin et al. 1987; Raghavan 1988; Vlach 1988; Farrell 
and Fleet 2002). Rau (1976) and Vlach (1988) reviewed the binary Co-S phase relations and 
calculated equilibrium sulfur pressures. There is some inconsistency in precise temperatures 
between these two studies. Using Vlach (1988), the fi eld of Co1−xS extends from 1181 °C down 
to only 460 °C, being replaced at lower temperature by the assemblage cobalt pentlandite + 
Co3S4. Below 785 °C, the bulk-composition CoS yields cobalt pentlandite + Co1−xS to 460 °C, 
and cobalt pentlandite + Co3S4 below 460 °C. Thus, stoichiometric CoS cannot be preserved at 
room temperature using conventional quenching procedures. Incidentally, Wyszomirski (1976) 
considered the existence of jaipurite, the mineral of ideal Co1−xS composition, to be doubtful. 
Cobalt pentlandite is stable up to 834 °C, reacting to Co4S3 + Co1−xS, and the pyrite structure 
phase CoS2 is stable up to 1027 °C, reacting to Co1−xS + S2.

The mss phase in the ternary system, (Fe,Co)-mss, is continuous between Fe1−xS and 
Co1−xS down to at least 500 °C (Wyszomirski 1976; Raghavan 1988; present Fig. 8). Of 
interest here is that, for experiments at and above 500 °C: (1) the range in nonstoichiometry 
(x) in Co1−xS is similar to that of Fe1−xS and to mss in the system Fe-Ni-S; (2) (Fe,Co)-mss 
near FeS composition is metal-rich [>50 at% (Fe,Co)], and analogous to the area of Fe-rich 
mss reported by Misra and Fleet (1973); and, (3) the composition fi eld of cobalt pentlandite 
is restricted to <0.2 atomic Fe/(Fe + Co). The Fe content of natural cobalt pentlandite is 
also very low in the absence of Ni, even though there is extensive solid solution between 
synthetic (Fe-Ni) pentlandite and cobalt pentlandite (Knop and Ibrahim 1961; Geller 1962). 
Misra and Fleet (1973) found that the Co content of natural pentlandite is highly variable, 
ranging from almost Co-free pentlandite with less than 0.1 at% Co to an Fe-free pentlandite of 
composition Co6.9Ni1.3S8, and a Ni-free pentlandite of composition Co9.1Fe0.2S8. For quenched 
stoichiometric (Fe1−xCoxS) compositions, the troilite phase extends to about x = 0.17, although 
this composition limit varies somewhat with heat treatment and from study to study (Terukov 
et al. 1981; Wieser et al. 1982; Barthelemy and Carcaly 1987; Collin et al. 1987). The more Co-
rich compositions exhibit hysteresis of magnetic and electrical properties and phase behavior. 
McCammon and Price (1982) investigated the magnetism of (Fe,Co)1−xS solid solutions 
quenched from 1000 °C using Mössbauer spectroscopy, observing an antiferromagnetic = 
paramagnetic transition between 0.69 and 0.50 atomic Fe/(Fe + Co) at 25 °C and 0.50 and 0.16 



382 Fleet

atomic Fe/(Fe + Co) at 4.2 K. Thus, Fe-rich (Fe,Co)-mss compositions are antiferromagnetic 
like troilite and hexagonal pyrrhotites (Schwarz and Vaughan 1972) in the system Fe-S, but 
Co-rich (Fe,Co)-mss compositions are paramagnetic. 

Farrell and Fleet (2002) observed that (Fe,Co)-mss unmixes abruptly below 425 °C, giving 
co-existing phases of Fe-rich (Fe,Co)-mss1, with the 1A,1C NiAs-type structure, and Co-rich 
(Fe,Co)-mss2, with the hexagonal 2A,3C structure. For bulk compositions with 52.0 at% S, the 
equilibrium (Fe,Co)-mss1 solvus is at about 0.83 atomic Fe/(Fe + Co) at 400 °C and progres-
sively diverges toward the Fe1−xS end-member composition with decrease in temperature to 0.98 
atomic Fe/(Fe + Co) at 105 °C. At 400 °C, the equilibrium (Fe,Co)-mss2 solvus is at about 0.37 
atomic Fe/(Fe + Co) and does not appear to vary signifi cantly with decrease in temperature. 
There is a metastable solvus within the equilibrium miscibility gap with a critical temperature 
at 400 °C between 0.45 and 0.50 atomic Fe/(Fe + Co), and a narrow fi eld of spontaneous phase-
separation is centered at 0.75 atomic Fe/(Fe + Co), and results in satellite refl ections to h0l 
NiAs-type subcell refl ections in (Fe,Co)-mss quenched from high temperature (800 °C).

Ternary phase relations in the system Fe-Ni-S

The phase relations in the Fe-Ni-S system have been extensively researched largely because 
of their important application to Ni-Cu magmatic sulfi des (e.g., Lundqvist 1947; Clarke and Kul-
lerud 1963; Naldrett and Kullerud 1966; Naldrett et al. 1967; Kullerud et al. 1969; Shewman and 
Clark 1970; Craig 1971, 1973; Misra and Fleet 1973, 1974; Vaughan and Craig 1974; Mandziuk 
and Scott 1977; Coey and Roux-Buisson 1979; Vollstädt et al. 1980; Hsieh and Chang 1987; 
Naldrett 1989; Karup-Møller and Makovicky 1995, 1998; Sugaki and Kitakaze 1998; Ueno et 
al. 2000; Etschmann et al. 2004; Kitakaze and Sugaki 2004; Wang et al. 2005). Magmatic sulfi de 
assemblages consist principally of pyrrhotite, chalcopyrite and pentlandite, but interest in the 
Fe-Ni-(Cu)-S phase relations begins with the high-temperature ternary liquid, because of the 
putative role of immiscible sulfi de liquid in the formation of magmatic sulfi de orebodies. 

At 1200 °C the system is composed entirely of liquids, except for alloys along the Fe-Ni 
join. At high subsolidus temperatures, pyrrhotite and pentlandite in magmatic sulfi de ores are 

Figure 8. Partial phase relations at low temperature showing incompletely unmixed monosulfi de solid 
solution (mss) in: (a) the system Fe-Ni-S at 230 °C (after Misra and Fleet 1973; Fleet 1988); and (b) the 
system Fe-Co-S at 325 °C (after Farrell and Fleet 2002).
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represented by (Fe,Ni) monosulfi de solid solution (mss) (Fig. 9). Fe1−xS appears on the Fe-S join 
at 1190 °C, and mss extends to the Ni-S join at 999 °C. For a number of years it was believed 
that the metal-excess phase pentlandite appeared only on cooling to 610 °C (Kullerud 1963). 
However, in a series of presentations extending from Sugaki et al. (1982) to Sugaki and Kitaka-
ze (1998) it was demonstrated instead that a high form of pentlandite was stable between 584 ± 
3 °C and 865 ± 3 °C and showed limited solid solution from Fe5.07Ni3.93S7.85 to Fe3.61Ni5.39S7.85, 
at 850 °C, including the composition point for ideal Fe4.50Ni4.50S8.00. High pentlandite is cubic 
with a = 5.189 Å (at 620 °C) corresponding to a/2 of pentlandite. Kitakaze and Sugaki (2004) 
recently showed that the unit-cell of high pentlandite is the subcell of (low) pentlandite, and that 
the inversion of the low- and high-form solid solution in the quaternary system Fe-Ni-Co-S is of 
the order-disorder type. The revised phase relations of Sugaki and Kitakaze (1998) in the sys-
tem Fe-Ni-S at 850 °C and a pseudobinary temperature versus composition section with Fe = Ni 
through the pentlandite and mss fi elds are given in Figures 9 and 10. The latter shows that high 
pentlandite crystallizes from metal-rich liquid between 865 °C and 746 °C: note that pentland-
ite in magmatic sulfi de ores is generally understood to form by segregation or phase separation 
from mss in the subsolidus (e.g., Francis et al. 1976; Etschmann et al. 2004). The composition 
limits of pentlandite solid solution are Fe5.95Ni3.07S8.00 to Fe2.81Ni6.55S8.00 and Fe6.57Ni2.82S8.00 to 
Fe3.79Ni5.45S8.00 at 400 °C and 500 °C, respectively (Ueno et al. 2000).

Low-temperature phase relations in the mss region of the system Fe-Ni-S were 
investigated by Misra and Fleet (1973) and Craig (1973). Misra and Fleet (1973) reported that 
mss is continuous between Fe1−xS and Ni1−xS to below 400 °C, but is discontinuous at 300 °C, 
with a region of solid-solution extending from Fe1−xS to about 25 at% Ni (mss1), a second mss 
phase (mss2) at about 33 at% Ni, and millerite solid-solution containing about 5 at% Fe. At 
230 °C, the composition of mss2 had not changed appreciably, but the maximum Ni content 
of mss1 had diminished to 17 at% (Fig. 8a). Craig’s (1973) results were similar, except that he 
found the critical temperature for unmixing to be 263 ± 13 °C, and the fi eld of mss2 extended 
further toward the Ni-S join. Misra and Fleet (1973) noted that the Ni content near the mss1 
solvus at 230 °C is still appreciably greater than the range in Ni content of 0.2-0.7 at% for 
intergrown hexagonal and monoclinic pyrrhotite coexisting with pentlandite in magmatic 
sulfi des. These fi ndings suggest that either the progressive chemical readjustment in magmatic 
sulfi des persists to very low temperatures or there is a discontinuous change from mss1 to 
pyrrhotite at some lower temperature. Indeed, the initial phase separation of (Fe,Co)mss is 
discontinuous in the analogue system Fe-Co-S (Farrell and Fleet 2002). This occurs between 
425-400 °C and, thereafter, the miscibility gap in (Fe,Co)-mss is generally similar to that for 
the phase separation of mss in the system Fe-Ni-S.

Violarite (ideally FeNi2S4) appears in the subsolidus at 461 °C (Craig 1971) and solid 
solution with the end-member thiospinel polydymite (Ni3S4) is thought to be complete at 
356 °C. There remains some uncertainty as to whether the common association of violarite 
with pentlandite represents stable equilibrium (e.g., Misra and Fleet 1974) or merely 
metastable juxtaposition (Misra and Fleet 1973; Craig 1973): the phase relations of Craig 
(1973), in particular, exclude the establishment of violarite-pentlandite tie-lines.

Structural and electrical properties of mss in the Fe-Ni-S system have been investigated at 
high pressures and temperatures by Vollstädt et al. (1980) and Kraft et al. (1982).

Cu-S, Cu-Fe-S AND Cu-Fe-Zn-S SYSTEMS

The ternary system Cu-Fe-S is the road map for understanding the geology and 
geochemistry of Cu sulfi de deposits and has been studied systematically for more than 70 
years, beginning with Merwin and Lombard (1937). This early experimental study was 
followed by Schlegel and Schüller (1952), Hiller and Probsthain (1956), Roseboom and 
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Figure 9. Phase relations in the metal-rich portion of the Fe-Ni-S system at 850 °C, showing extensive fi eld 
of liquid alloy centered near the Ni3S2 composition point, a continuous fi eld of mss, and early appearance 
of high pentlandite (after Sugaki and Kitakaze 1998).

Figure 10. Partial temperature 
versus sulfur section at atomic 
Fe = Ni through Fe-Ni-S system, 
showing relationship of new high 
pentlandite phase to coexisting 
liquid, mss and pentlandite (after 
Sugaki and Kitakaze 1998). 
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Kullerud (1958), Yund (1963), Brett (1964), Morimoto and Kullerud (1966), Roseboom 
(1966), Yund and Kullerud (1966), Cabri (1967, 1973), Kullerud et al. (1969), Morimoto and 
Koto (1970), Mukaiyama and Izawa (1970), Cabri and Harris (1971), Morimoto and Gyobu 
(1971), Cabri and Hall (1972), MacLean et al. (1972), Barton (1973), and Sugaki et al. (1975). 
Since then there have been a number of studies on, variously: electrochemistry of the Cu-S 
join (Potter 1977) and ternary Cu-Fe-S system (Lusk and Bray 2002); digenite (Grønvold and 
Westrum 1980; Pósfai and Buseck 1994), bornite (Putnis and Grace 1976; Kanazawa et al. 
1978; Grguric and Putnis 1998; Grguric et al. 1998) and the low-temperature phase relations 
of digenite-bornite solid solution (Grguric and Putnis 1999; Grguric et al. 2000), the ternary 
system (Wang 1984), the effects of addition of Zn to the ternary system (Wiggins and Craig 
1980; Kojima and Sugaki 1984, 1985; Lusk and Calder 2004), and phase relations in the 
system CuS-FeS-H2S-H2SO4-HCl-H2O at magmatic temperatures and pressures (McKenzie 
and Helgeson 1985). However, the present state of knowledge is based largely on the fl urry of 
studies in the sixties and seventies. Therefore, this section builds on the review of Craig and 
Scott (1973) and the subsequent detailed experimental work of Sugaki et al. (1975).

Phase relations in the system Cu-S

The original list of eleven minerals and phases in the Cu-S system in Craig and Scott 
(1974) is now expanded to fourteen (Tables 2 and 3) with the addition of the new minerals 
roxbyite, geerite, and spionkopite. Also, blaubleibender covellite is now recognized as 
the mineral yarrowite, which has a 9:8 Cu:S stoichiometry and, therefore, is distinct from 
covellite, and I have included villamininite as the mineral form of synthetic CuS2, even 
though this pyrite-group mineral contains signifi cant amounts of Ni, Co and Fe. Most Cu- 

Table 2. Minerals and phases in the system Cu-S.

Mineral/Phase Formula Symmetry Stability References

chalcocite Cu2S monoclinic to 103 °C 1, 2, 3
hexagonal Cu2S Cu2S hexagonal 103 ° to ~435 °C 1, 4, 5
cubic Cu2S Cu2S cubic ~435 ° to 1129 °C 6, 7
tetragonal Cu2S Cu2S tetragonal >1 kbar 8, 9
high digenite Cu1.80+xS5 cubic 83 ° to 1129 °C 6,7
djurleite Cu1.97S orthorhombic to 93 °C 1, 3, 10, 11
digenite Cu1.80S cubic 76 ° to 83 °C 1, 7, 12
roxbyite Cu1.78S monoclinic 13
anilite Cu1.75S orthorhombic to 76 °C 3, 11, 14, 15
geerite Cu1.60S cubic 16
spionkopite Cu1.40S hexagonal-R 17
yarrowite Cu9S8 hexagonal-R to 157 °C 11, 17, 18, 19
covellite CuS hexagonal to 507 °C 3, 20, 21
villamaninite CuS2 cubic 22, 23, 24

References: 1. Roseboom (1966); 2. Evans (1971); 3. Potter and Evans (1976); 4. Buerger and Buerger (1944); 
5. Wuensch and Buerger (1963); 6. Jensen (1947); 7. Morimoto and Kullerud (1963); 8. Skinner (1970); 9. 
Janosi (1964); 10. Morimoto (1962); 11. Potter (1977); 12. Grønvold and Westrum (1980); 13. Mumme et al. 
(1988); 14. Morimoto and Koto (1970); 15. Morimoto et al. (1969); 16. Goble and Robinson (1980); 17. Goble 
(1980); 18. Moh (1964); 19. Rickard (1972); 20. Kullerud (1965a); 21. Berry (1954); 22. Munson (1966); 23. 
Taylor and Kullerud (1971, 1972); 24. Bayliss (1989) 

Notes: 1. cubic Cu2S, stable between ~435-1129 °C in solid solution with high digenite, Cu1.80S; 2. yarrowite 
–formerly blaubleibender covellite; 3. villamaninite must be the mineral form of synthetic cubic CuS2 since 
both are pyrite structure compounds, even though the mineral contains high amounts of Ni, Co and Fe; 4. 
hexagonal-R is hexagonal-rhombohedral; 5. covellite- a = 3.7938, c = 16.341 Å; yarrowite- a = 3.800, c = 67.26 
Å; villamaninite- a = 5.694 Å
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and Cu-Fe-sulfi des have crystal structures based on closest-packed arrays of S atoms, with 
hexagonal closest packed tending to be favored in low-temperature phases and cubic in 
higher-temperature phases. There is a tendency for tetrahedral coordination to predominate in 
structures of the ternary phases. This preference is driven by the golden rule that the number 
of bonding electrons available is four times the number of atoms (e.g., Wuensch 1974). The 
predominant 1+ oxidation state of Cu requires occupancy of interstitial metal positions 
for ternary compositions with atomic (Cu,Fe) > S and Cu > Fe. Along the Cu-S join, the 
stability of chalcocite (Cu2S) is a direct refl ection of the 1+ oxidation state (cf., the analogue 
formulae of Na2S, Ag2S and Au2S), but now Cu is predominantly in three-fold coordination 
to minimize the distant Cu-Cu interactions. Covellite (CuS) accommodates the 1+ oxidation 
state by forming S-S bonds. All of these sulfi des are metallic compounds (or small band 
gap semiconductors). Complexity in the compositions of the low-temperature phases in the 
vicinity of Cu2S stoichiometry arises because of their alloy nature and similarity in energy of 
the 1+ and 2+ oxidation states of Cu for these minerals/compounds. Although not evident in 
laboratory experiments, there are a total of seven minerals (eight including binary digenite) 
with compositions extending from Cu2S (chalcocite) to Cu1.40S (spionkopite).

The binary Cu-S phase diagram (Roseboom 1966; Barton 1973) is complicated by an 
extensive fi eld of high-digenite(Cu9+xS5)-high-chalcocite solid solution extending from 83 °C 
to 1129 °C and some uncertainty in the precise stability of digenite, as well as numerous phases 
of very-low-temperature (<103 °C) stability in this same composition region. The detailed 
phase relations are shown in Figure 11 which is after Barton (1973) and Craig and Scott (1974). 
There remains considerable uncertainty on the precise temperatures of phase transitions in 
the very-low-temperature region, with literature values varying markedly with the method of 
investigation. Also, there have been no studies on the stability of the new minerals roxbyite, 
geerite and spionkopite, and their investigation could be very demanding. As concluded from 
the minimal amounts of Ni, Co and Cu dissolved in pyrrhotites (discussed elsewhere), it seems 
that alloy-like sulfi des continue to re-equilibrate toward ambient temperatures on exhumation 
of orebodies. Morimoto and Koto (1970) suggested that the mineral digenite (Cu9S5) was not 
stable in the binary Cu-S system, but invariably contained a small amount of Fe (~1%). Cubic 
low-temperature digenite only becomes a stable phase on the Cu-S join above about 70 °C. At 
a slightly higher, and composition dependent, temperature (76-83 °C), binary Cu-S digenite 
inverts to cubic high digenite (Cu9+xS5) which is isostructural with cubic high chalcocite 
(Morimoto and Kullerud 1963; Roseboom 1966). Chalcocite is one of four polymorphs of 
Cu2S. The mineral is monoclinic (Evans 1971), and inverts to hexagonal Cu2S at 103 °C. The 
cubic high form appears at 435 °C, forming continuous solid solution with cubic Cu9+xS5. A 
low-temperature, high-pressure polymorph has tetragonal symmetry and is stable only above 

Table 3. Crystal data for some Cu-excess Cu-S minerals and phases.

Mineral Formula
Space 
Group

a
(Å)

b
(Å)

c
(Å)

β
(°)

Z

chalcocite Cu2S P21/c 15.235 11.885 13.496 116.26 48
h chalcocite Cu2S P6/mmc 3.95 6.75 2
djurleite Cu1.97S P21/c 26.896 15.745 13.565 90.13 128
digenite Cu1.80S Fm3m 5.57 4
roxbyite Cu1.78S C2/m 53.79 30.90 13.36 90.0 512
anilite Cu1.75S Pnma 7.89 7.84 11.01 16
geerite Cu1.60S F-43m 5.410 4
spionkopite Cu1.40S P3m1 22.962 41.429 504

Notes: 1. after Gaines et al. (1997); 2. h- hexagonal
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~0.8 kbars (Skinner 1970). Djurleite (Cu1.96S) is stable at and below 93 °C: it was discovered 
as a synthetic compound by Djurle (1958) and described as a mineral by Roseboom (1962) and 
Morimoto (1962). Anilite (Cu1.75S) is stable at and below about 70 °C. The remaining Cu-S 
phase of intermediate composition, covellite (CuS), exhibits no solid solution and is stable on 
its composition point up to 507 °C where it melts incongruently to Cu9+xS5 + liquid sulfur.

The Cu-S phase equilibria have since been investigated using electrochemical cells 
from 0 °C to 250 °C over the composition range Cu/S = 0.95-2.10 (Potter 1977). The 
electrolytes were vapor-saturated aqueous cupric sulfate and cuprous chloride solutions. Two 
blaubleibender covellites (e.g., Moh 1971), corresponding in composition to “ideal” yarrowite 
and spionkopite (Table 2), low digenite, tetragonal Cu2S, and a protodjurleite were found to 
be metastable. The temperatures of stable invariant points were in general agreement with 
literature values, as follows:

1. covellite = high digenite + liquid sulfur (507 ± 2 °C)
2. high chalcocite + Cu = high digenite + Cu (435 ± 8 °C)
3. low chalcocite + Cu = high chalcocite + Cu (103.5 ± 0.5 °C)
4.  djurleite = high digenite + high chalcocite (93 ± 2 °C)
5.  low chalcocite = djurleite + high chalcocite (90 ± 2 °C)
6.  anilite = covellite + high digenite (75 ± 3 °C)
7.  high digenite = anilite + djurleite (72 ± 3 °C)

Contradicting earlier results for anilite decomposition, Grønvold and Westrum (1980), using 
calorimetry and X-ray diffraction, found that the anilite to digenite transition occurred at 
37 °C: coexisting covellite was not detected. The transition was rapid in the forward direction, 
but sluggish and initiated at 17 °C in reversal.

Figure 11. Partial temperature-composition phase diagram for binary Cu-S system centered on the fi eld of 
high digenite solid solution: see INTRODUCTION for mineral/phase abbreviations (after Barton 1973).
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Phase relations in the ternary system Cu-Fe-S

There are numerous ternary Cu-Fe-S phases, and most of them lie within a broad swath 
of composition space between pyrrhotite on the Fe-S join and high digenite solid solution on 
the Cu-S join. To the list of eighteen minerals and confi rmed phases in Craig and Scott (1974), 
I have added the new minerals putoranite (Cu1.1Fe1.2S2), isocubanite and nukundamite, and 
revised the formula for idaite (Clark 1970a; Inan and Einaudi 2002) (Table 4).

Craig and Scott (1974) remarked that, although more time and effort had been expended 
on the Cu-Fe-S system than any other ternary sulfi de system, many relationships remained 
enigmatic, obscured by extensive solid solutions, non-quenchable phases, and metastability. 
Since that time, detail has been added to the low-temperature phase relations (e.g., Sugaki et 
al. 1975; Wang 1984; Grguric et al. 2000; Inan and Einaudi 2002), f(S2) for selected reactions 
has been determined by electrochemistry (Lusk and Bray 2002), and the phase relations under 
hydrothermal conditions have been calculated (McKenzie and Helgeson 1985, 1987; Einaudi 
1987). The phase relations in the central part of the Cu-Fe-S system at 600 °C and 350 °C 
are shown in Figures 12 and 13. As with the binary Cu-S join, the phase relations of many 
ternary Cu-Fe-S minerals remain unclear; e.g., the metal-excess chalcopyrite-like minerals 

Table 4. Minerals and phases in the system Cu-Fe-S.

Mineral/
Phase

Formula (Symmetry)/Unit cell (Å, °) Stability Refs.

digenite (Cu,Fe)9S5 (c) a = 5.57 37 ° to 77 °C 1
high digenite ~(Cu,Fe)9S5 (c) a = 27.85 77 ° to 1129 °C 1
bornite Cu5FeS4 (t) a = 10.95, c = 21.86 to 228 °C 2
Cu5FeS4 Cu5FeS4 (c) a = n(5.5) 2
Cu5FeS4 Cu5FeS4 (c) a = 5.5 228 ° to ~1100 °C 2
x-bornite Cu5FeS4.05 (t) a = 10.44, c = 21.88 to 125 °C 3, 4
idaite Cu3FeS4 (h) a = 3.90, c = 16.95 metastable to 265 °C 5, 6
nukundamite Cu3.38Fe0.62S4 (r) a = 3.782, c = 11.187 224 ° to 501 °C 6, 7, 8, 9
fukuchilite Cu3FeS8 (c) a = 5.604 to ~200 °C 10, 11
talnakhite Cu9Fe8S16 (c) a = 10.591 to ~186 °C 12, 13
intermediate I Cu9Fe8S16? 186 ° to 230 °C 14
intermediate II Cu9Fe8S16? 230 ° to 520 °C 14
chalcopyrite CuFeS2 (t) a = 5.28, c = 10.40 to 557 °C 15, 16
mooihoekite Cu9Fe9S16 (t) a = 10.585, c = 5.383 to ~167 °C 14, 15
intermediate A Cu9Fe9S16 167 to 236 °C 14
putoranite Cu1.1Fe1.2S2 (c) a = 5.30 17
haycockite Cu4Fe5S8 (o) a ≈ b = 10.71, c = 31.56 14, 18
 pc to ~200 °C 14
 iss (c) a = 5.36 20-200 ° to 960 °C 19
cubanite CuFe2S3 (o) a = 6.46, b = 11.117, c = 6.233 to 200-210 °C 20
isocubanite CuFe2S3 (c) a = 5.303 >200-210 °C 21

Symmetry: c- cubic, t- tetragonal, h- hexagonal, r- hexagonal-rhombohedral, o- orthorhombic

References: 1. Morimoto and Kullerud (1963); 2. Morimoto and Kullerud (1966); 3. Yund and Kullerud (1966); 4. 
Morimoto (1970); 5. Wang (1984); 6. Inan and Einaudi (2002); 7. Merwin and Lombard (1937); 8. Clark (1970); 9. Seal 
et al. (2001); 10. Kajiwara (1969); 11. Bayliss (1989); 12. Cabri and Harris (1971); 13. Hall and Gabe (1972); 14. Cabri 
(1973); 15. Cabri and Hall (1972); 16. Barton (1973); 17. Filimonova et al. (1980); 18. Hiller and Pobsthain (1956); 19. 
Kullerud et al. (1969); 20. Cabri et al. (1973); 21. Caye (1988)

Notes: 1. bornite is orthorhombic, pseudo-tetragonal- a = 10.950, b = 21.862, c = 10.950 Å; 2. fukuchilite may be ferroan 
villamaninite (Bayliss 1989); 3. pc is primitive cubic phase; 4. iss is intermediate solid solution; isocubanite is mineral form 
of iss of CuFe2S3 composition
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talnakhite, mooihoekite, putoranite, and haycockite have not yet been associated with special 
composition points in the isometric solid solution (iss) by reversal of reaction.

Following Kullerud et al. (1969), the immiscible liquid of intermediate composition in the 
Cu-S system above 1105 °C extends far into the ternary system with increasing temperature, 
and reaches within 5 wt% of the Fe-S join at 1400 °C. Pyrrhotite appears on the Fe-S join at 
1192 °C and high digenite solid solution on the Cu-S join at 1129 °C, quickly becoming a fi eld 
of high digenite-high bornite solid solution extending far beyond the ideal bornite composition 
at 900 °C. Sphalerite-structure iss initially crystallizes from the central area of the liquid fi eld at 
about 960 °C, and extends to the cubanite composition point by 700 °C. The 600 °C isothermal 
section shows the typical phase relations at intermediate temperatures (Fig. 12). The ternary 
phase diagram is characterized by three extensive solid solutions: (1) high digenite-high bornite; 
(2) iss; and (3) pyrrhotite. The lensoid iss fi eld extends largely to metal-excess compositions. 
Cabri (1973) noted that it may be divided into three zones each characterized by a different 
quenching behavior, but this feature is not prominently recognized in other studies. Tetragonal 
chalcopyrite solid solution appears at 557 °C, in the iss + pyrite fi eld, and remains isolated from 
all other Cu-Fe sulfi des until temperature is decreased further. Covellite crystallizes at 507 °C 
and nukundamite at 501 °C. The fi eld of iss shifts toward cubanite composition, and that of 
pyrrhotite shrinks toward the Fe-S join with further decrease in temperature.

Whereas most previous workers had studied the ternary Cu-Fe-S phase relations under dry 
conditions, using evacuated sealed silica glass tubes, Susaki et al. (1975) used the hydrothermal 
gradient transport method of Chernyshev and Anfi logov (1968) and Scott and Barnes (1971) at 
350 ° and 300 °C. Consistent with previous studies, especially Cabri (1973), they found that the 
extensive high-temperature fi eld of iss in the center of the system separated at low temperature 
into tetragonal chalcopyrite and a more restricted fi eld of iss. At 350 °C, chalcopyrite has a 
narrow solid solution fi eld extending from stoichiometric CuFeS2 to Cu0.9Fe1.1S2.0 along a line 
with metal/S atomic ratio of approximately 1, while iss extended from nearly stoichiometric 

Figure 12. Phase relations in the central portion of the Cu-Fe-S system at 600 °C, highlighting extensive 
fi elds of solid solution centered on bornite, the chalcopyrite-derivative phases (iss), and pyrrhotite: solid 
squares are stoichiometric compositions for bornite, chalcopyrite, talnakhite, mooihoekite, haycockite, 
cubanite, troilite, and pyrite (after Cabri 1973).
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CuFe2S3 (cubanite composition) to Cu1.2Fe1.1S2.0. Digenite-bornite solid solution extended far 
beyond stoichiometric Cu5FeS4 toward an Fe-rich composition, and the Cu/Fe atomic ratio 
reached 3.2 at 300 °C and 2.9 at 350 °C (Fig. 13a,b): the composition of this solid solution in 
equilibrium with chalcopyrite extended from about atomic Cu/Fe 4.0 to 7.5. The pyrrhotite 
solid solution was fairly extensive in ternary space at high temperature, but retreated rapidly 
toward the Fe-S join with decreasing temperature, so that the maximum Cu in pyrrhotite was 
only 0.6 wt% at 350 °C and 0.3 wt% at 300 °C. Nukundamite (idaite in Susaki et al. 1975) 
composition was very close to Cu3.38Fe0.6S4 and exhibited no solid solution. Susaki et al. (1975) 
established that the nukundamite-chalcopyrite tie-line exists stably at 350 °C and 300 °C under 
hydrothermal conditions, and that the tie-line change from iss-pyrite to chalcopyrite-pyrrhotite 
occurred at 328 ± 5 °C, in agreement with the dry experiments of Yund and Kullerud (1966).

Figure 13. Detailed phase relations in the system Cu-Fe-S at 350 °C around: (a) chalcopyrite and cubanite 
composition; and (b) bornite composition: nk is nukundamite (idaite of earlier studies) (after Sugaki et al. 
1975).
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Chalcopyrite, talnakhite and mooihoekite were synthesized by Cabri (1973), but he was 
unable to synthesize cubanite and haycockite. Synthetic talnakhite transformed at ~186 °C to 
intermediate high-temperature phase I which, in turn, transformed at ~230 °C to intermediate 
phase II, and then to sphalerite-structure iss at 520-525 °C (Table 4). Synthetic mooihoekite 
transformed to intermediate high-temperature phase A at ~167 °C which, in turn, transformed 
to iss at ~236 °C. At haycockite composition, an unquenchable high-temperature phase formed 
between 20 ° and 200 °C. The transformation of cubanite to isocubanite (formerly iss of near-
cubanite composition) occurs on heating to 200-210 °C: this reaction has not been reversed.

In other studies, Wang (1984) demonstrated using dry synthesis that a ternary phase similar 
in composition to idaite reacted to nukundamite + chalcopyrite at 260 °C. The assemblage 
covellite + nukundamite + chalcopyrite was replaced above 290 °C by nukundamite + pyrite + 
bornite. Also, there was evidence of an incomplete pyrite-type solid solution [i.e., (Cu,Fe)S2] 
below 325 °C: note that fukuchilite (Cu3FeS8) may be ferroan villamaninite (Bayliss 1989). 
The limited compositional range of nukundamite (essentially Cu3.38Fe0.62S4) was confi rmed by 
Sugaki et al. (1981) in their hydrothermal synthesis of the mineral. The bahavior of digenite-
bornite solid solution below 265 °C is dominated by two time- and temperature-dependent 
processes: (1) ordering of metal cations and vacancies, which leads to a variety of ordered 
structures (Morimoto and Kullerud 1966; Putnis and Grace 1976; Kanazawa et al. 1978; 
Grguric et al. 1998), and (2) rapid exsolution and coarsening which results in the formation of 
distinctive exsolution microtextures (Grguric and Putnis 1999). Grguric et al. (2000) revised 
the long-standing pseudobinary phase diagram of Morimoto and Kullerud (1966) using work 
of Morimoto and Gyobu (1971) and new experimental results based mainly on differential 
scanning calorimetry over the temperature interval 50-300 °C on a natural digenite and 
synthetic compositions at 5 mol% intervals along the Cu9S5-Cu5FeS4 join (Fig. 14). Their phase 
diagram shows a consolute point at Cu5FeS4 and 265 °C, with the temperature corresponding 
to the tricritical intermediate-high transition in bornite. Robie et al. (1994) measured the heat 
capacities of synthetic bornite between 5 K and 78 °C and 65 °C and 488 °C, and revised 
the Gibbs free energy of formation expressions for covellite, anilite, chalcocite, chalcopyrite, 
bornite, and nukundamite.

Figure 14. Revised pseudobinary phase diagram for condensed phases
in the bornite-digenite solid solution series (after Grguric et al. 2000).
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Sulfur fugacity in ternary Cu-Fe-S system

Merwin and Lombard (1937) achieved equilibrium in ternary Cu-Fe-S phase assemblages 
in the presence of vapor by independently controlling the sulfur vapor pressure. However, Bar-
ton and Toulmin (1964a,b) and Toulimin and Barton (1964) were the fi rst to actually measure 
the sulfur fugacity [f(S2)] in equilibrium with Cu-Fe-S and Fe-S assemblages: they used the 
electrum tarnish method and noted that the Fe-S assemblages uniquely determined f(S2). Sub-
sequently, Schneeberg (1973) measured f(S2) directly, using the Ag/AgI/Ag2+xS,f(S2) electro-
chemical cell, and investigating equilibrium sulfi de assemblages in the systems Cu-Fe-S, Ni-S 
and Fe-S between 210-445 °C. Recently, Lusk and Bray (2002) used Schneeberg’s electro-
chemical procedures to investigate the following seven reactions between 185-460 °C at 1 bar:

 pyrite + nukundamite = bornite + sulfur (4)

 pyrite + bornite = chalcopyrite + sulfur (5)

 pyrite + chalcopyrite = isocubanite + sulfur (6)

 pyrrrhotite + chalcopyrite = isocubanite + sulfur (7)

 pyrite + isocubanite1 = pyrrrhotite + isocubanite2 + sulfur (8)

 pyrite + chalcopyrite1 = pyrrhotite + chalcopyrite2 + sulfur (9)

 pyrite = pyrrhotite + sulfur (10)

Their data for these reactions are mapped in logf(S2) vs. (1/T) space in Figure 15. The sulfur 
fugacities for Reactions (5) and (10) are in excellent agreement with Schneeberg (1973) 
at higher temperatures, but are lower than Schneeberg (1973) for Reaction (4) and reveal 
undetected infl ections at ~221 °C and ~237 °C for Reactions (4) and (5), respectively. Also, 
an infl ection at ~291 °C for Reaction (10) was interpreted to imply a low-temperature phase 
transition in hexagonal pyrrhotite.

Quaternary System Cu-Fe-Zn-S

In natural ores, chalcopyrite and sphalerite occur frequently as intimate intergrowths in the 
form of: (1) skeletal sphalerite crystals (sphalerite stars) in chalcopyrite, and (2) chalcopyrite 
dots and blebs in sphalerite. These characteristic intergrowths have been variously interpreted 
as products of exsolution, epitaxial growth or replacement, and mechanical mixing (see review 
in Kojima and Sugaki 1985). Naturally, the solubility of CuS in high-temperature sphalerite is 
of concern as a possible source of error for sphalerite solid solution (Zn,Fe)S geobarometers 
calibrated in the Fe-Zn-S system (see following section). The Cu-Fe-Zn-S system has been 
studied by Wiggins and Craig (1980), Kojima and Sugaki (1984, 1985) and Lusk and Calder 
(2004). The fi rst two studies both investigated the low pressure phase relations from 500-800 °C 
using the sealed silica glass tube method. Kojima and Sugaki (1984) found that the maximum 
solubility of Zn in chalcopyrite at 500 °C was less than 0.9 at%, whereas the extensive fi eld of 
intermediate solid solution (iss) dissolves considerable amounts of Zn with maximum values in 
Fe-rich iss from 12.7 at% at 800 °C to 3.3 at% at 500 °C (Fig. 16). Correspondingly, sphalerite 
solid solution dissolves considerable amounts of Cu, with maximum CuS contents of 10.7, 8.6 
and 4.6 mol% at 800, 700 and 600 °C, respectively, in sphalerite with more than 40 mol% FeS. 
Thus, Kojima and Sugaki (1984) showed that entry of Cu into sphalerite was dependent on 
both temperature and f(S2). These phase relations were extended down to 300 °C by Kojima 
and Sugaki (1985), using both thermal gradient transport and isothermal recrystallization 
under hydrothermal conditions with an aqueous NH4Cl solution mineralizer. The maximum 
Zn contents at 300 °C were 0.9 at% in chalcopyrite and 1.2 at% in iss. Maximum contents of 
CuS in sphalerite were about 2.4 mol% at the three temperatures investigated, and bore no 
relation to FeSsp content and f(S2).
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Recently, Lusk and Calder (2004) generated temperature-composition data for sphalerites 
and other sulfi des from a sequence of reactions within the Cu-Fe-Zn-S, Fe-Zn-S and Cu-Fe-S 
systems at 1 bar and 250-535 °C. Two eutectic salt fl uxes (NH4Cl-LiCl, 50 mol% NH4Cl, and 
KCl-LiCl, 41 mol% KCl; introduced by Boorman 1967) were used routinely for crystallizing 
the sulfi de products in situ, and the experiments were made in evacuated sealed Pyrex or 
Vycor glass capsules. Lusk and Calder (2004) superimposed the 1 bar data for equilibrium 
sphalerite compositions on Lusk and Bray’s (2002) log(f(S2)-(1/T) map for buffer reactions 
in the Cu-Fe-S and Fe-S systems (see Fig. 15). The FeS contents of sphalerites (mol%) were 
about 1.7 for pyrite + nukundamite = bornite + Svap, 4.4 for pyrite + bornite = chalcopyrite + S, 
14.4 for pyrite + chalcopyrite = isocubanite + S, 22.9 for pyrite + isocubanite1 = pyrrhotite + 
isocubanite2 + S, and 21.5 for pyrite = pyrrhotite + S. In general agreement with Kojima and 
Sugaki (1985), they found that Cu contents in sphalerite were low, ranging between about 3 
and 0.5 mol% CuS, with highest values for sphalerites associated with bornites. However, the 
Lusk and Calder (2004) sphalerites for assemblages of high f(S2) had signifi cantly higher FeS 
contents than in Czamanske (1974) and Kojima and Sugaki (1985). Lusk and Calder (2004) 
fi tted their results and selected literature data for buffer assemblages of sphalerite with either 
pyrite or pyrrhotite + pyrite in the Fe-Zn-S and Cu-Fe-Zn-S systems at 250-550 °C and 1 bar 
to the following Equation for f(S2):

Figure 15. logf(S2) vs. 1000/T map for selected reactions in the Cu-Fe-S 
and Fe-S systems (after Lusk and Bray 2002).
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Figure 16. Isothermal phase relations in quaternary Cu-Fe-Zn-S system at: (a) 800 °C and low pressure 
(after Kojima and Sugaki 1984); and (b) 400 °C and 0.5 kbars, showing marked dependence of solubility 
of Cu in sphalerite and of Zn in intermediate solid solution (iss) with temperature (after Kojima and Sugaki 
1985).
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where T is Kelvin, and FeSsp and CuSsp are mol%.

ZnS AND Fe-Zn-S SYSTEM

ZnS

Zinc monosulfi de (ZnS) exhibits both polymorphism and polytypism at room pressure. 
Sphalerite, wurtzite and the wurtzite polytypes all have structures based on the closest 
packing of their constituent atoms. The Zn and S atoms form interleaved stacking sequences 
of closest-packed layers, and Zn is in four-fold tetrahedral coordination with S. Interestingly, 
sphalerite and wurtzite are readily distinguished in petrographic thin section on account 
of the birefringence of wurtzite and the wurtzite polytypes (e.g., Fleet 1977). Sphalerite 
[cubic (Zn,Fe)S solid solution] is the dominant zinc sulfi de mineral in sulfi de ore deposits, 
occurring in association with iron sulfi des (pyrite, pyrrhotite, troilite) ± Cu-Fe sulfi des 
± galena. Elsewhere, sphalerite is found in a wide variety of rocks and unconsolidated 
lithologies, including metamorphic, hydrothermally altered and sulfi dized rocks, glacial 
tills, iron meteorites and enstatite chondrites, which collectively represent a very wide range 
in temperature and pressure of formation or annealing. Zinc monosulfi de is a refractory 
compound. Pure sphalerite structure ZnS sublimes at 1185 °C and melts congruently at 
1830 °C and 3.7 atm. At room temperature, sphalerite- and wurtzite-structure ZnS invert to 
halite structure ZnS with Zn in six-fold octahedral coordination near 15 GPa (e.g., 15 GPa 
in Zhou et al. 1991; 16.2±0.4 GPa in Yagi et al. 1976). Measurements by Desgreniers et al. 
(2000) exclude the existence of an intermediate phase of cinnabar type structure. Desgreniers 
et al. (2000) also found that the halite structure is stable up to 65 GPa, where it inverts to a 
structure with Cmcm symmetry, an orthorhombic distortion of the halite structure, without 
signifi cant change in volume. The low-pressure sphalerite/wurtzite equilibrium phase relations 
remain unclear, and their understanding has not changed substantially since the review of 
Craig and Scott (1974). Wurtzite is generally regarded as the stable high-temperature phase at 
low pressure and, indeed, wurtzite and the wurtzite polytypes readily transform to sphalerite 
in supergene alteration and diagenesis (e.g., Fleet 1977). The early study of Allen et al. (1913) 
reported a transformation temperature of 1020 °C at 1 atm, albeit based on a sluggish reversal, 
and this has been widely adopted in the absence of a more systematic study. However, Scott 
and Barnes (1972) reviewed literature values for the transition temperature ranging from 
600 °C to above 1240 °C. Using hydrothermal recrystallization and gas-mixing experiments, 
they showed that sphalerite and wurtzite can coexist over a range of temperatures well below 
1020 °C, as a function of f(S2). Scott and Barnes (1972) argued that wurtzite was defi cient in 
S relative to sphalerite at the same T, P and f(S2), and that the sphalerite/wurtzite equilibrium 
was actually univariant and represented by an equation of the type:
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The univariant boundary was located at 500 atm from 465-517 °C over a corresponding 
calculated f(S2) range of 10−9.5 to 10−8.7 atm. Reversal of the transition was demonstrated from 
0.28 to 0.55 kbars and about 450-470 °C in 15 m NaOH solutions. Direct determination of 
f(S2) at the transition was made by passing H2 + H2S mixtures over ZnS powder, giving values 
of 10−5 atm at 890 °C, 10−5.5 to 10−6.4 atm at 800 °C, and 10−6.5 to 10−8.5 at 700 °C. Ueno et al. 
(1996) investigated the sphalerite = wurtzite transition in the system Zn-Fe-Ga-S. They found 
that, for a sample of composition (Zn0.70Ga0.30)S, the sphalerite phase inverted to wurtzite 
structure near 875 °C, but the transition was sluggish in both directions and the transition 
temperature varied with cation composition and f(S2).

Ternary Fe-Zn-S system and geobarometry

The Fe content of sphalerite varies with the iron sulfi de assemblage [i.e., with f(S2)] 
and lithostatic pressure, and tends to be preserved during exhumation of metamorphic rocks 
and orebodies under dry conditions and in the post-formation thermal history of meteorites. 
Therefore, it is widely used for geobarometry of sphalerite-bearing ore bodies, metamorphic 
rocks and meteorites. The phase relations of sphalerite in the Fe-Zn-S and Cu-Fe-Zn-S systems 
have been studied extensively using 
synthesis experiments, largely 
to support these geobarometric 
applications (e.g., Kullerud 1953; 
Barton and Toulmin 1966; Boorman 
1967; Boorman et al. 1971; Scott 
and Barnes 1971; Scott 1973; Scott 
and Kissin 1973; Czamanske 1974; 
Lusk and Ford 1978; Wiggins and 
Craig 1980; Hutchison and Scott 
1983; Kojima and Sugaki 1984, 
1985; Bryndzia et al. 1988; Lusk et 
al. 1993; Balabin and Urusov 1995; 
Mavrogenes et al. 2001; Lusk and 
Calder 2004), and thermodynamic 
and model calculations and fi eld 
relationships (e.g., Einaudi 1968; 
Schwarcz et al. 1975; Scott 1976; 
Hutcheon 1978, 1980; Barker and 
Parks 1986; Banno 1988; Bryndzia 
et al. 1990; Toulmin et al. 1991; 
Balabin and Urusov 1995; Balabin 
and Sack 2000; Martín and Gil 
2005).

The fundamental understanding 
of the important phase relations close 
to the FeS-ZnS join of the Fe-Zn-S 
system was provided by Barton and 
Toulmin (1966) using evacuated 
sealed silica glass tube experiments. 
They investigated isothermal sections 
at about 580, 600, 640, 700, 740, 800, 
and 850 °C (e.g., Fig. 17), and clearly 
demonstrated that the Fe content of 
sphalerite decreases systematically 

Figure 17. Sphalerite compositions determined by 
important reactions in the Fe-Zn-S system: (a) 580 °C 
isothermal section showing ternary phase relations; and 
(b) temperature-composition projection onto FeS-ZnS join 
showing sphalerites buffered by reactions A, B and C at 1 bar 
(after Lusk and Calder 2004).
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with increase in f(S2), consistent with reactions of the type:

 FeSsp + ½S2 = FeS2
py (14)

for coexisting sphalerite + pyrite. Sphalerite solid solutions lie essentially along the FeS-
ZnS join, and neither pyrrhotite nor pyrite takes up appreciable amounts of zinc: the latter 
is a refl ection of the strong tendency of Zn for four-fold tetrahedral coordination with anions 
in ionic compounds and ligands in covalently bonded compounds. Sphalerite (of various 
compositions) may be in equilibrium with any of the other phases in the ternary Fe-Zn-S 
system, and always contains Fe in Fe-bearing bulk compositions. Nevertheless, the join Fe-
ZnS is nearly binary; i.e., sphalerite of nearly pure ZnS composition is in equilibrium with α-
iron of nearly pure Fe composition. The principal change in the phase relations with increase 
in temperature is the disappearance of pyrite above 742 °C (at 1 bar).

Barton and Toulmin (1966) identifi ed three univariant reactions, labeled A, B and C in 
Figure 17 and representing the buffered assemblages sphalerite + troilite (or high-temperature 
pyrrhotite at or near stoichiometric FeS; presently abbreviated as FeSHT) + α-iron (curve A), 
sphalerite + hexagonal pyrrhotite (hpo) + pyrite (curve B), and sphalerite + pyrite + liquid 
sulfur (curve C). These univariant curves are the sphalerite solvi for the three buffered 
assemblages. Barton and Toulmin (1966) reported that the solvus for sphalerite coexisting 
with FeSHT is very steep, passing through 56 mol% FeS at 850 °C and 52 mol% at 580 °C. 
The solvus for sphalerite coexisting with hexagonal pyrrhotite + pyrite is also steep, but 
concave towards the ZnS composition due mainly to the pinching out of the sphalerite + pyrite 
fi eld and its replacement by sphalerite + hpo and sphalerite + liquid sulfur assemblages. The 
composition of sphalerite in equilibrium with hexagonal pyrrhotite + pyrite changes from 13 
mol% FeS at 742 °C to 19 mol% at 580 °C. Barton and Toulmin (1966) suggested that the 
composition of sphalerite in these buffered assemblages might be useful in geothermometry 
and outlined how the effect of pressure could be estimated by correlating change in the natural 
logarithm of the activity coeffi cient for FeS in sphalerite with change in partial molar volume. 
This pressure correction theory has been adopted in numerous studies using the univariant 
curve B for sphalerite geobarometry (e.g., Scott 1973) and A for sphalerite cosmobarometry 
(e.g., Hutchison and Scott 1983; Balabin and Urusov 1995).

Subsequent studies (Boorman 1967; Scott and Barnes 1971) further defi ned the low-
pressure univariant curve for the buffered assemblage sphalerite + pyrrhotite + pyrite using 
halide fl uxes to achieve equilibrium at lower temperatures and 1 bar and 0.25 to 1 kbar, 
respectively. Scott (1973) extended the experimental calibration of the sphalerite geobarometer 
to pressures of 2.5, 5 and 7.5 kbars at 325-710 °C using hydrothermal recrystallization in 
aqueous alkali halide fl uxes and cold sealed pressure vessels. This study established the 
sphalerite geobarometer as a viable method for estimating pressure of formation from 
assemblages of sphalerite + pyrrhotite + pyrite. However, since the solvus for this buffered 
assemblage was essentially independent of temperature over the temperature range of most 
interest (550 °C to below 300 °C; Fig. 18) it was clearly unsuitable for geothermometry. 
The experimental calibration was extended to about 10 kbars and 420 °C to 700 °C by Lusk 
and Ford (1978) using an internally heated pressure vessel and various fl uxes; i.e., aqueous 
solutions of 4.5 M KCl or 5 M NH4Cl or KCl-LiCl and NH4Cl-LiCl salt mixtures (Fig. 
19). The progressive decrease in FeS content of sphalerite with increase in pressure in the 
temperature independent region was expressed in the equation:

 FeSsp = 20.53 – 1.313P + 0.0271P2 (15)

where FeSsp is mol% and P is kbars, and the equation was fi tted to the preferred experimental 
results of Boorman (1967), Scott and Barnes (1971), Scott (1973), and Lusk and Ford (1978). 
Lusk et al. (1993) investigated sphalerite + pyrite + pyrrhotite phase relations to lower 
temperature (150 °C and 325 °C, and 0.4 to 5.1 kbars), using recrystallization in saturated 
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ammonium iodide solution. Solvus isobars were defl ected slightly to lower FeSsp content at 
about 280 °C. They presented a P-T-X calibration map for sphalerite composition coexisting 
with hexagonal pyrrhotite and pyrite based on the data for equilibrated assemblages in the 
literature and their study. Although monoclinic pyrrhotite (mpo) most commonly coexists with 
pyrite under very-low temperature conditions in nature, it was not present in the experimental 
products of Lusk et al. (1993). It was suggested, therefore, that monoclinic pyrrhotite was 
stable under isotropic stress conditions only below 150 °C.

Univariant reaction A (Fig. 17) represents the FeS saturation limit of sphalerite coexisting 
with FeSHT + α-iron (which quenches to troilite + alloy). Although the sphalerite + troilite 
+ alloy assemblage is unknown on Earth, sphalerite does occur as a minor phase in troilite 
nodules of some iron meteorites as well as in a few enstatite chondrites. Therefore, the 
composition of sphalerite in this assemblage may be used to estimate the pressures of 
formation of meteorites. This “cosmobarometer” was calibrated with the 1 bar experimental 
data of Barton and Toulmin (1966) and additional experiments at 2.5 and 5.0 kbars between 
400-800 °C using both aqueous and anhydrous alkali halide fl ux recrystallization techniques 
in Hutchison and Scott (1983). They graphed the 1 bar, 2.5 and 5.0 kbar isobars as a function 
of temperature and sphalerite composition (Fig. 20) and regressed the sphalerite composition 
data to give an equation for estimating pressure of formation, as follows:

 P = −3.576 + 0.0551T – 0.0296T log(FeSsp) (16)

where P is kbars, T is Kelvin, and FeSsp is mol%. Unlike the sphalerite + pyrrhotite + pyrite 
equilibrium, the shifts in the solvus to lower values of FeSsp due to the pressure effect 
were large (Fig. 20). Also, the measured pressure effect was larger than that calculated by 
Schwarcz et al. (1975). The composition of sphalerite in equilibrium with troilite + α-iron 

Figure 20. Experimentally determined and calculated isobars along the sphalerite + troilite (FeSHT) + 
α-iron solvus (curve A in Fig. 17): measurements were made at 1 bar, and 2.5 and 5 kbars; dashed and dot-
dashed curves are calculated isobars of Hutchison and Scott (1983) and Schwarcz et al. (1975), respectively 
(after Hutchison and Scott 1983).
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was reinvestigated experimentally from 400-840 °C at 1 bar by Balabin and Urusov (1995). 
They used evacuated sealed silica glass tubes and dry sintering of pure ZnS and FeS starting 
materials at 660-840 °C, and an anhydrous halide fl ux of eutectic NaCl + KCl + PbCl2 + FeCl2 
composition at lower temperature. Their experimental data for the FeSsp saturated solvus at 1 
bar were approximated by the following equation:

 FeSsp = 44.09 + 0.0125T (17)

where FeSsp is mol% and T is Kelvin. Based on an updated thermodynamic model for the 
sphalerite [(Zn,Fe)S] solid solution, their new 1 bar solvus (univariant curve A) was in apparent 
consistency with the high-pressure experimental data of Hutchison and Scott (1983).

The compositions of coexisting hexagonal pyrrhotite + sphalerite are dependent on pressure 
and temperature and offer the potential of a third sphalerite barometer when appropriately 
calibrated. This has been investigated by Bryndzia et al. (1988) who recrystallized sphalerite 
and hexagonal pyrrhotite in a eutectic LiCl-KCl salt fl ux at 450-750 °C and 1-6 kbars. Plots of 
the activity of FeShpo vs. activity of FeSsp were linear for any given pressure, as observed in the 
earlier study of Barton and Toulmin (1966) at 1 bar. Thus, Bryndzia et al. (1988) concluded 
that the activity coeffi cient of FeSsp (i.e., γFeS

sp) is a function of pressure only (Fig. 21) and, 
following the theory of Barton and Toulmin (1966), used the pressure dependence of γFeS

sp to 
establish a geobarometer for coexisting sphalerite + hexagonal pyrrhotite, as follows:

 P = 27.982 log(γFeS
sp) – 8.549  (±0.5 kbars) (18)

(Bryndzia et al. 1990). This geobarometer resulted in an estimate of 5.8 ± 0.7 kbars for the 
pressure of metamorphism in the Broken Hill area, Australia, in excellent agreement with 6.0 ± 
0.5 kbars for aluminosilicate mineral geobarometers applied to local granulite-grade rocks.

Figure 21. Activity of FeS as a 
function of sphalerite composition 
and confi ning pressure at 650 °C. 
The activity coeffi cient in the 
system FeS-S2 (values on straight 
line fi ts) increases with increase in 
pressure but is essentially inde-
pendent of sphalerite composition 
at constant pressure (after Brynd-
zia et al. 1988).
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Calculated phase relations 

Overall, the two geobarometers and the cosmobarometer have been well calibrated by 
the laboratory experiments and give pressure values consistent with independent estimates 
from nearby aluminosilicate assemblages. However, an integrated and unifying theoretical 
basis for these various sphalerite barometers is lacking. Thermodynamic theories for the 
pressure dependence of FeSsp (or γFeS

sp) result in serious discrepancies between calculated 
and experimental results below 500 °C (e.g., Fig. 22) and, in the absence of a resolution for 
these discrepancies, Banno (1988) and Toulmin et al. (1991) regarded sphalerite pressures 
as tentative. Without rigorous thermodynamic support, the low-temperature experimental 
reversals obtained using seed crystals remain suspect. 

The pronounced pressure dependence of the sphalerite solvus results from the large 
molar volume change for equilibria between sphalerite (Fe2+ in tetrahedral coordination) 
and pyrrhotite (Fe2+ in octahedral coordination). Sphalerite- and wurtzite-type structures 
are ineffi cient in respect to space fi lling by their constituent atoms. For hard shell atoms, the 
fi lled space in these structures is estimated as only about 50%, compared with about 70% for 
the corresponding halite structure compounds (Rooymans 1969). Thus, sphalerite-structure 
compounds are generally expected to have a relatively low-pressure stability. The relatively 
high-pressure stability of end-member sphalerite (up to about 15 GPa at room temperature) 
is anomalous for this structure type, and attributable to the very strong preference of divalent 
Zn for tetrahedral coordination with ligands. On the other hand, sphalerite-structure FeS is 
expected to behave similarly to sphalerite-structure MnS which inverts to alabandite at 0.3 
GPa and room temperature. The equilibrium between sphalerite and troilite (or FeSHT) in the 
Fe-Zn-S system may be represented by the reaction:

 FeSsp = FeStr (19)

with an equilibrium constant Ksp−tr = [FeStr]/[FeSsp], where box brackets indicate activity. 
The molar volume change for this reaction at 1 bar and room temperature (∆Vtr-sp) is 

Figure 22. Calculated shifts 
in univariant curve B [Fig. 
17; i.e., sphalerite coexisting 
with pyrrhotite + pyrite + 
sulfur(vapor)] for confi ning 
pressures of 2.5, 5, 7.5, and 
10 kbars, showing marked dis-
crepancies with experimental 
measurements, particularly in 
the low-temperature region 
(after Toulmin et al. 1991).
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−5.90 cm3/mol (or −0.59 J/bar; using unit-cell data of Fleet 1975, and Yund and Hall 1968). 
As a fi rst approximation, the experimental results of Barton and Toulmin (1966), Boorman 
(1967) and Balabin and Urusov (1995), for the 1 bar isobar for sphalerite in equilibrium with 
troilite (or FeSHT) and α-iron, may be extrapolated to higher pressure using the isothermal 
pressure correction term for deviations from end-member compositions in silicate mineral 
geobarometers when parameterized as:

 P = aT + b − RT lnK/(∆V) (20)

where T is Kelvin, R is the universal gas constant, K is the equilibrium constant, and the effects 
of thermal expansion and isothermal compression on the volume change are ignored. The 
change in pressure due to dilution of end-member component(s) is given by:

 P – P0 = −RT lnK/(∆V) (21)

where, P0 is the reference pressure when K = 1 at temperature T. For the 1 bar sphalerite isobar 
of Balabin and Urusov (1995), the composition of sphalerite (in mole fractions of FeS; i.e., 
XFeS

sp) is 0.525 at 700 K and 0.565 at 1000 K. Rearranging equation (21) to:

 P0 – P = RT lnK/(∆V) (22)

and assuming ideal solid solution in sphalerite of composition (Zn,Fe)S and [FeStr] = 1, so that 
K = 1/XFeS

sp, results in fi ctive values for the reference pressure (P0) of −6.4 and −8.0 kbars at 
700 K and 1000 K, respectively. Using these fi ctive values for P0, we calculate that, at 700 K, 
the solvus is shifted from XFeS

sp = 0.525 at 1 bar to 0.41 at 2.5 kbars and 0.32 at 5.0 kbars and, 
at 1000 K, it is shifted from 0.565 at 1 bar to 0.47 at 2.5 kbars and 0.40 at 5.0 kbars. These 
pressure corrections shift the sphalerite solvus, respectively, toward the 2.5 and 5.0 kbars 
experimental isobars of Hutchison and Scott (1983). Agreement with the experimental isobars 
is improved by accounting for non-ideality of the (Zn,Fe)S solid solution. For example, using 
the 850 °C activity coeffi cients of Fleet (1975), the solvus is shifted, at 700 K, to XFeS

sp = 0.39 
at 2.5 kbars and 0.28 at 5.0 kbars and, at 1000 K, to XFeS

sp = 0.46 at 2.5 kbars and 0.37 at 5.0 
kbars. The latter set of calculated values reproduces the experimental isobars of Hutchison and 
Scott (1983) reasonably well (Fig. 23).

The pressure corrections of Schwarcz et al. (1975) and Hutchison and Scott (1983) for the 
sphalerite cosmobarometer and of Scott (1973), Hutcheon (1980) and Toulmin et al. (1991) 
for the sphalerite geobarometer are all based on the equation derived by Barton and Toulmin 
(1966) for the pressure dependence of XFeS

sp:

d

d
FeS FeS FeS FeSsp sp tr spX

P

V V X

RT
= −

−( )
( )23

where     is the partial molar volume of FeSsp, VFeS
tr is the molar volume of pure troilite, 

and T is Kelvin. These authors have variously corrected for nonideality of mixing, thermal 
expansion and isothermal compression of coexisting (Zn,Fe)S and Fe1−xS. The most 
signifi cant discrepancy with the experimental results is the failure to reproduce the curious 
temperature independence of isobars for sphalerite in equilibrium with pyrrhotite and pyrite 
(curve B in Fig. 17) below 600 °C (e.g., Figs. 19 and 22). Balabin and Urusov (1995) used a 
more rigorous equation for pressure dependence of XFeS

sp in the sphalerite cosmobarometer 
(curve B in Fig. 17), and reevaluated the mixing properties of the sphalerite solid solution 
using the analytical method of Chuang et al. (1985) to solve an expanded Guggenheim-type 
equation for the excess free energy of mixing. Values for three coeffi cients and four interaction 
parameters were obtained by fi tting a data set of experimental values for the 1 bar isobar 
of sphalerite in equilibrium with troilite (or FeSHT) and α-iron, from Barton and Toulmin 
(1966) and their study. Extrapolation to 2.5 and 5.0 kbars resulted in very good agreement 
with selected experimental results from Hutchison and Scott (1983) (Fig. 23). Martín and Gil 

V
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(2005) followed Hutcheon (1978, 1980) in using asymmetric Margules parameters to describe 
the mixing in (Zn,Fe) sphalerites: this resulted in a complex analytical expression which they 
fi tted to a database of 279 experiments. As a footnote to these theoretical pressure corrections, 
Fleet (1975) pointed out that the activity system used in Barton and Toulmin (1966) is a hybrid 
between that of Lewis and Randall (1961) and the absolute activity system of Guggenheim 
(1959, p. 220) and does not properly refl ect mixing in the crystal lattice of sphalerite. For 
example, the activity of FeSsp is obtained from the equality [FeSsp] = [FeSpo], in the manner of 
the absolute activities of Guggenheim (1959), rather than from equality of the Gibbs chemical 
potentials. It follows that reported values for activity coeffi cients have to be viewed relative 
to the mixing system being adopted; e.g., using the Lewis and Randall system, Fleet (1975) 
found that the departures of ZnS and FeS from ideal solution in sphalerite of composition 
(Zn,Fe)S were not very great, whereas Balabin and Urusov (1995) reported relatively large 
positive deviations from ideality. More recently, the cluster variation model (CVM) of Balabin 
and Sack (2000) predicted only moderate deviations from ideality, similar to those calculated 
by Fleet (1975) at 850 °C.

HALITE STRUCTURE MONOSULFIDES

The monosulfi des of Mg, Ca, Mn, and Fe with the cubic halite structure occur naturally 
as niningerite [(Mg, Fe, Mn)S], alabandite (MnS) and oldhamite (CaS) in EH enstatite 
chondrite meteorites, where they appear to result from metamorphism under strongly reducing 
conditions (e.g., Fleet and MacRae 1987). Alabandite also occurs in low-temperature vein 
deposits in the Earth’s crust. 

Electronic structure and magnetism

As noted above, the electrical and magnetic properties of metal sulfi des are strongly 
infl uenced by covalence of the metal-S bond, which results in hybridization of S 3p and metal 
3d bonding states and direct or indirect metal-metal (M-M) bonding interactions in favourable 
cases. The metal and S atoms in these monosulfi des are both in octahedral coordination with 
nearest neighbors, and there is little direct interaction between MS6 octahedra. As reviewed in 
Farrell et al. (2001), the alkaline earth chalcogenides are considered to be insulators or large 

Figure 23. Experimental data 
of Hutchison and Scott (1983) 
for the high-pressure sphalerite 
solvus buffered by FeSHT + α-
iron (curve A in Fig. 17; i.e., the 
cosmobarometer) compared with 
solvi calculated for different mod-
els of the mixing of FeS and ZnS 
in sphalerite: dot-dashed curves 
assume ideal mixing behavior; 
dashed curves are a simple regular 
solution; solid curves are a regular 
solution with optimized (fi tted) 
parameters; and open squares are 
values of pressure-induced shifts 
from 1 bar isobar calculated in 
present text; cf. Figure 20 (after 
Balabin and Urusov 1995). 
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band gap semiconductors. Divalent Mg differs from Ca, Mn and Fe in that there are no metal 
3d orbitals in the energy band gap available for hybridization with S 3p orbitals. At room 
temperature and pressure, both MgS and CaS are diamagnetic and classical insulators or large 
indirect (Γ− X) band gap semiconductors. The band gap of 2.7 eV in MgS is bounded by S 3p 
bonding orbitals in the upper part of the valence-band (VB) and by Mg 3s σ* (and to a lesser 
extent, S 3d) antibonding orbitals in the lower part of the conduction-band (CB). In CaS, the 
band gap (given variously as 4.4 or 2.1 eV) lies between the S 3p bonding orbitals in the VB 
and predominantly Ca 3d (and to a lesser extent Ca 4s σ*) antibonding orbitals in the CB. In 
MnS, Mn has the high spin t2g

3-eg
2 electronic confi guration, with the majority spin (↑) t2g

α 
and eg

α bands fi lled and minority spin (↓) t2g
β and eg

β bands empty. At room temperature, α-
MnS (Néel temperature ~152 K) is antiferromagnetic. It is a diluted magnetic semiconductor 
and has outstanding magnetic and magneto-optical properties derived through interaction of 
hybridized S sp and Mn 3d states (Sato et al. 1997). The band gap lies between occupied Mn 
3d states in the VB and unoccupied S 3p σ* antibonding states hybridized with Mn 3d(eg) and 
3d(t2g) σ* antibonding states.

Phase relations

CaS and MgS are refractory compounds. Solid solutions within the system MgS-MnS-
CaS-FeS up to about 1100 °C were investigated by Skinner and Luce (1971) using the 
evacuated sealed silica glass tube method. The extent of solid solution in binary systems is 
well displayed in their plot of cubic unit-cell edge (a) vs. composition (present Fig. 24). MgS 
and MnS form a completely miscible solid solution at all temperatures investigated (from 
600-1000 °C), and melting was not detected up to 1100 °C. These two sulfi des also displayed 
extensive and strongly temperature-dependent solid solutions toward FeSHT, with about 74 
mol% FeS in (Mn,Fe)S and 68 mol% FeS in (Mg,Fe)S at 1000 °C. Correspondingly, the high-
temperature FeS phase accommodated 7.4 mol% MnS at the same temperature. However, 

Figure 24. Effect of binary cation substitutions on unit-cell edge (a) of halite-structure monosulfi des: 
measurements were made at room temperature on quenched experimental samples; discontinuous 
distributions refl ect solvus limits at various temperatures investigated (after Skinner and Luce 1971).
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solid solution of the ionic monosulfi des MgS and CaS in NiAs-type FeSHT was not detected. It 
is interesting to note at this point that substitution of divalent Fe into MgS results in a decrease 
in unit-cell edge (Fig. 24), extrapolating to a = 5.07 Å for the hypothetical FeS end-member, 
compared with a = 5.202 Å for MgS. Since the radius of Fe2+ is some 8% greater than that of 
Mg2+ in oxy structures (e.g., Shannon 1976), this decrease in the cell edge of the (Mg,Fe)S solid 
solution surely highlights the greater covalence of the Fe-S bond and hybridization of S 3p and 
metal 3d bonding states on the Fe atoms, compared with both MgS and Fe oxy compounds. 
The substitution of Mn into MgS also results in little increase in a, in spite of the signifi cant 
difference in effective ionic radius for oxy structures (0.83 and 0.72 Å, respectively). However, 
covalence and p-d hybridization are diminished in MnS compared with halite-structure FeS, 
because of the stable 3d5 high spin electron confi guration of Mn2+. The subsolidus regions of 
the CaS-MnS and CaS-MgS binary phase diagrams are both dominated by fairly symmetrical 
and temperature-dependent solvi. At 1000 °C, the solvus limits in Skinner and Luce (1971) 
were 12.7 and 72.4 mol% MnS in the former system and 25.1 and 81.9 mol% MgS in the latter, 
with complete miscibility anticipated at higher temperatures.

The stability of niningerite (Mg,Fe)S in enstatite 
chondrites was investigated by Fleet and MacRae 
(1987) in their experiments on the sulfi dation of 
Mg-rich olivine under reducing conditions at 1100-
1200 °C. Experimental products were niningerite, 
clinoenstatite, and (Fe,Ni)-mss (Fig. 25). Niningerite 
was present as bubble-like blebs that were interpreted 
to refl ect liquid immiscibility during quenching but 
are now properly recognized as equilibrium crystals. 
The average value for the distribution coeffi cient for 
Ni/Fe exchange between niningerite solid solution 
(nss) and mss was 23.7 ± 2.6. On the other hand, the 
values of the distribution coeffi cient for coexisting 
niningerite and troilite in four enstatite chondrites 
were close to unity and, thus, inconsistent with the 
equilibration of Ni between these two minerals.
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