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Symbols, Abbreviations, Units
G, (g), V

gas phase, vapor

L, (l)

liquid

P

pressure [atm]

T

temperature [oC]

Tm

melting temperature [oC]

Tmax

maximum temperature of stability [oC]

Tliq

liquidus temperature [oC]

Tsol

solidus temperature [oC]

Xi

composition of component i
o

∆G

standard Gibbs energy [kJ/mole of a sulfosalt or sulfide]

∆Gf

standard Gibbs energy of formation [kJ/mol of a sulfide]

∆Gr

standard Gibbs energy of reaction [kJ/mol of a sulfide]

ii
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Introduction

Increasing association of impurities such as arsenic in sulfide ores has
been generating flurry of both experimental studies and compilation of
thermodynamic data of sulfide systems that contain both impure elements
and their compounds. For instance, Zn- and Cu-sulfides are relatively
common ore minerals in most hydrothermal vein and replacement
deposits. Although these sulfides may occur alone or together in the
absence of other sulfides, they are most commonly encountered in complex
ore assemblages in which the mineralogy is significantly altered by
elements such as As, Pb, or Fe [1]. Figure 1 shows a combined compositions
of mainly Cu-Zn-, Zn-Pb- and Zn-Cu-sulfide ore deposits that were mined
in 1970s, in southwest of Finland.

Figure 1. Metallic composition of the Aijala (Cu-Zn), Metsämonttu (Zn-Pb)
and Orijärvi (Zn-Cu) sulfide ores in Zn-Cu-Pb triangular diagram [2].
Owing to the complexity of minerals in nature, a thorough evaluation of
the thermochemistry of these complex ore minerals is essential for
developing full understanding of the behavior of the impurities in existing
and new sulfide ore minerals processing operations.
In the previous reports [3, 4, 5], the pure binary sulfides in the (Fe, Ni, Cu,
Zn)-S systems and their ternaries as well as the phase equililibria and
thermodynamic properties of the (Ni, Cu)-(As, Sb)-S, Cu-Bi-S and Zn-As-S
systems were discussed. The main purpose of this study was to review the
stable phase relations and thermodynamics of the Zn-As-(Cu, Pb)-S
systems. The intention was to contribute to the evaluation of the behavior of
impurities in zinc minerals processing operations, at ‘pre-roasting
conditions’.
1

2

Phase Equilibria and
Thermodynamics

In this chapter, the phase equilibria and thermodynamics of the systems
Zn-Cu-As-S, Zn-Pb-As-S and Zn-Cu-As-Pb-S are reviewed, based on the
available literature. Thermodynamic data for the available reactions of
formation are summarized in chapter 3. Some of the sulfide systems
reviewed in the previous reports [3, 4, 5] are included either to emphasis
important features or supplement the reports.

2.1

The System Zn-Cu-As-S

In this section, phase equilibria and thermodynamics of the systems As-S,
Zn-As, Zn-As-S, Cu-As-S, Zn-Cu, Zn-Cu-S and Zn-Cu-As-S will be
discussed.
2.1.1

As-S

Phase relations in the As-S system were reviewed in the previous reports
[4, 5]. In this study, only the liquid and gas phases are considered.
Thermodynamic data for equilibrium phases in the system are summarized
in chapter 3.
Using the Fe1-xS as an indicator for the chemical potential of sulfur,
Barton [6] evaluated the thermochemistry of the As-S liquids at
temperatures between 266.85 - 816.85 oC. Results of his evaluation are
shown in Figure 2. This information coupled with the Gibbs-Duhem
equation could be used to predict activities of As in the As-S melts.

Figure 2. Experimental data showing the partial pressure of S2 (g) in
equilibrium with the As-S melts as a function of inverse temperature.
Isopleths represent at. % As in the melts. The symbols orp and rl refer to
minerals orpiment and realgar, respectively [6].
2

2.1.2

Zn-As

Among the base metals, Zn melts and boils at relatively lower
temperatures of 419.58 oC and 927 oC, respectively [7]. Arsenic melts at
814, at 36 atm., and sublimes at 615 oC at 1 atm. [8]. Equilibrium phases in
this system are liquid, L, rhombohedral terminal solid solution (As),
monoclinic As2Zn, -, ’-, and -As2Zn3 and the hexagonal terminal solid
solutions, (Zn). The boundaries on the As-rich side, shown in Figure 3, were
measured under unspecified pressures higher than 1 atm. As 2Zn dissociates
incongruently into As2Zn3 and As4(g). According to Heike [9], the
dissociation pressure can be expressed by equation (1).
log(P(atm)) = 16.1841678/T + 0.01973679

(1)

The homogeneity range of As2Zn3 is narrow [9]. More precisely, the
solubility of As in -As2Zn3 is at least 0.002 at. % at 672 oC and it does not
exceed 0.0005 at. % in -As2Zn3 [10]. The L

As2Zn3 + (Zn) eutectic

temperature and the melting point of Zn are essentially the same [9, 11].
Pietraszko and Łukaszewicz [12], and Clark and Range [13] determined
the pressure-temperature diagram of As2Zn up to 42 Kbar. The melting
point of As2Zn decreased from 723 oC at ambient pressure to 679 oC at 19.0
Kbar. Clark and Range [13] found that AsZn forms as a decomposition
product of As2Zn at high pressures and temperatures and also by a reaction
As2Zn3 + As

3AsZn at 40 Kbar and 800 to 1200 oC.

Figure 3. The Zn-As phase diagram (Okamoto, 1992) [15].
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Schoonmaker and Lemmerman [14] used a torsion effusion method over
a temperature range of 335.85 to 579.85 oC to evaluate the reaction:
Zn3As2(s) = 3Zn(g) + ½As4(g)

(2)

In their analysis, they accounted for the dissociation of tetrametric arsenic
vapor to the dimer:
As4(g) = 2As2(g)

(3)

Based on their experimental data, the Gibbs energy for the formation of
Zn3As2 is calculated as shown in Figure 4.

Figure 4. The Gibbs energy vs. T for the formation reaction of the Zn3As2,
data from Schoonmaker and Lemmerman [14].
2.1.3

Zn-As-S

The controversial dissolution of As in ZnS has been under a debate in the
1950s and 60s. While studying the mineralogical complex in the Pampa
Larga mining district of northern Chile, Alan (1970) [16] described the
occurrence of arsenic bearing sphalerite. The possibility that the arsenic
might be present as discrete inclusions of realgar or orpiment (As 2S3) was
investigated by electron-probe microanalysis of several intergrown crystals.
Arsenic was confirmed as a constituent of the sphalerite, and no inclusions
of arsenic sulfides were detected. Wavelength scanning across each of the
crystals showed that the arsenic is homogeneously distributed. An arsenic
content of 1.7 ± 0.3 wt. % was determined using the associated realgar
(assumed to be stoichiometric AsS) as a standard. In in vacuo heating
experiments, the arsenian sphalertite decomposed to a honey like-yellow
sphalerite and probable realgar after four hours of heating at 200 oC, but
4

persisted without a change in color or in cell edge at 150 oC for 32 hours.
Annealing in the presence of magnesium metal for 42 hours at 150 oC
resulted in no increase in cell edge (Skinner and Barton, 1960 [17]), so the
arsenian sphalerite is apparently free of oxygen. Furthermore, Frondel
(1967) [18] claimed that the response of this phase to heating suggests the
presence of no organic compounds. Sphalerites in equilibrium with FeAsS,
pyrite (FeS2) and native As do not contain As (i.e. < 0.001 wt. % As), which
may suggest that the dissolution of As in sphalerite is prevented by even a
minor amount of Fe.
Based on his investigation, Alan [16] concluded that for T < 200 oC, Zn
(As, S) is probably a stable phase in the Zn-As-S system. Above 200 oC it
decomposes as follows;
Zn (As, S)

T > 200oC

ZnS + AsS

(4)

After annealing at 350 oC for 192 hours, Shie et al. [20] examined an
interface between thin layers of compositions As50S50 and Zn. They used
EPMA (electron probe microanalysis) line scan to determine the
composition of reaction products through the interface and reported
existence of a homogenous phase As21S23Zn56. However, they didn’t make
any sub-micron level examinations by using TEM/SEM or XDR for possible
appearance of a homogenous two-phase sub-micron mixtures as a single
phase; thus, they suggested further studies to confirm the existence of the
equilibrium ternary phase, As21S23Zn56.
Experimental phase equilibrium studies on the broader Zn-As-S system
are very limited. The only laboratory study, by Olekseyuk and Tovtin [19],
using synthetic phases showed that synthesis of alloys along the ZnS-As2S5
join to not result in formation of any ternary phase.
The Zn3As2-ZnS phase diagram, shown in Figure 5, is peritectic at 10.5
mol. % ZnS. The solubility of ZnS in -Zn3As2 at the peritectic temperature
is ~16 mol. % ZnS and falling to 7 mol. % ZnS at 610 oC and to 1 mol. % ZnS
at 240 oC. The equilibrium diagrams of the ZnAs2-ZnS, As-ZnS, As2S2-ZnS
and As2S3-ZnS sections are eutectic at 0.5, 0.7, 0.9 and 3 mol. % ZnS and at
761.85, 785.85, 301.85 and 299.85 oC, respectively.
Generally, there are nine phase crystallization fields in the Zn-As-S
system: ZnS, -solid solutions based on Zn3As2, -solid solutions based on
Zn3As2, ZnAs2, As, As2S2, As2S3, S and Zn. Seven invariant equilibria points
observed by Olekseyuk and Tovtin [19] are listed in Table 1. At 226.85 oC, a
homogeneous single phase region exists only around the Zn3As2 corner.

5

Figure 5. Phase diagram of the pseudo-binary Zn3As2-ZnS system [19].
Table 1. Invariant processes which take place in the Zn-As-S system [19].
Reaction

Temperature(oC)

L

ZnS+ β-Zn3As2 + Zn

416.85

L

ZnS + ZnAs2 + As

664.85

L

ZnS + As2S2 + As

289.85

L

ZnS + As2S2 + As2S3

274.85

L

ZnS + As2S3 + S

~99.85

L + β-Zn3As2
L + ZnS
2.1.4

α-Zn3As2 + Zn

β-Zn3As2+ ZnAs2

417.85
759.85

Cu-As-S

The first melt in the system Cu–As–S appears on the assemblage -S8As2S3-CuS at about 114 oC [21]. This melt remains Cu-poor until around
500°C; above this temperature, increase in temperature causes the field of
liquid to expand to more Cu-rich compositions (Figure 6). Tennantite
(Cu12.31As4S13) and enargite (Cu3AsS4), the major ternary minerals in this
system, melt at about 665 and 671°C (Maske & Skinner [22]), respectively.
Thermodynamic data for some of the ternary compounds are given in
chapter 3 and a summary of the ternary phases that are reported by
different investigators and peritectic and melting reactions are given in
appendix and Table 2, respectively.

6

Figure 6. A one bar phase relations in the Cu–As–S system at 600°C [23].
Ruled fields show the size of the melt fields in this system at 500°C and one
bar; the data were taken from Skinner et al. (1972) [24] and Maske &
Skinner (1971) [22].
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Table 2. Non-variant reactions in the system Cu-As-S [21].

2.1.5

Zn-Cu

Assessed phase diagrams of the Cu-Zn system are shown in Figure 7 and
Figure 8, and reactions at the special points are given in Table 3.
8

Thermodynamic functions of solid alloys as summarized by Hultgren and
Desai [25], based on EMF measurements, are shown in Table 4.
Maximum solid solution of Zn in Cu ( -phase) is 38.3 at. % (39.0 wt. %)
and occurs at 454 °C. Maximum solid solution of Cu in Zn (-phase) is 2.77
at. % (2.7 wt. %) and occurs at 424 °C. Additional Cu-Zn phases are the phase (stable below 902 °C and containing a maximum of about 57 wt. %
Zn at 834°C and a minimum of about 38 wt. % Zn at 902 °C); the -phase
(stable below 834 °C and with maximum extent of solid solution at 558 °C
where it spans the region from 57 to 70 wt. % Zn); the -phase (stable
between 558 ° and 700 °C, with maximum solid solution from about 74 to
77 wt % Zn at 598 °C); and the -phase (stable below 598 °C, with
maximum solid solution from about 79 to 87 wt % Zn at 424 °C). The -, -,
- and -phases all melt incongruently as follows:
-, -, - and -phase  Cu-Zn(s)(Cu-rich) + Zn-Cu(l)(Zn-rich)

(5)

Figure 7. The Cu-Zn system. : 0 - 38.3 at.% Zn, : 36.1 - 59.1 at.% Zn, ’:
44.7 - 48.2 at.% Zn, : 57 - 70.0 at.% Zn, : 72.5 - 76.0 at.% Zn, : 78.0 88.0 at. % Zn, : 97.2 - 100 at.% Zn [26].

9

Figure 8. Phase diagram of the system Cu-Zn. Calculated by MTDATA
software (Davies et al. 2002) version 5.03 [27] using MTOX database
(Gisby et al. 2007) version 6 [28].
Table 3. Peritectic and eutectoid reactions in the Cu-Zn system [29].
Reaction

Composition

T (oC)

Reaction

+L↔ 

(at. % Zn)
36.1 – 36.8

902

type
peritectic

+L↔ 

59.1

834

peritectic

+L↔ 

72.45 – 79.8

700

peritectic

+L↔ 

78.0 – 87.9

598

peritectic

+L↔ 

97.17 – 98.25

425

peritectic

↔+

70.0 – 78.0

560

eutectoid
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Table 4. Integral quantities for solid alloys at 326.5 oC (Cu0.525Zn0.475(s)) and
500 oC (Cu1-xZnx(s)) [25].
(1-x)Cu(s) + xZn(s) = Cu1-xZnx(s)
XZn

∆G
∆H(cal/
(cal/ g- g- atom)
atom)
- 1111
- 627

∆S(cal/
gatom∙K)
0. 626

∆G (cal/
g- atom)
- 612

∆Sxs(cal/
gatom·K)
- 0.020

0.2

-1896

- 1309

0.759

- 1127

- 0.235

0.3

- 2419

- 1754

0.861

- 1481

- 0.353

0.381

-2677

-1969

0.916

- 1657

-0.404

( 300)

( 150)

( 0.4)

( 150)

( 0.4)

- 2815

- 2112

0.909

- 1761

- 0.454

0.45

- 2837

- 2141

0.900

- 1780

- 0.467

0.47

- 2873

- 2199

0.872

- 1811

- 0.502

0.488

- 2896 -2251

0.834

- 1832

-0.542

(200)

(300)

( 0.5)

( 200)

( 0.5)

(bcc(D82)) - 2995

- 2625

0.479

- 1951

- 0.872

0.6

- 3026

- 2726

0.388

- 1992

- 0.949

0.65

- 2917

-2718

0.257

- 1922

- 1.030

0.672

- 2805

- 2588

0.281

- 1832

- 0.978

0.761

є (hcp(A3)) - 2267

- 2050

0.281

- 1422

- 0.813

0.1

0.44

0.582

Phases &
crystal
structures
(Cu)(fcc)

500 oC

 (bcc(A2))

xs

0.80

- 2007

-1836

0.221

- 1238

- 0.773

0.82

- 1854

- 1700

0.199

- 1130

- 0.738

0.847

- 1627

- 1484

0.185

- 969

- 0.666

0.525Cu(s) + 0.475Zn(s)= Cu0.525Zn0.475(s)
0.475

2.1.6

’(bcc(B2))

-2755

-2657

0.164

( 200)

( 300)

( 0.6)

326.5 oC
-

-

Zn-Cu-S

The only compound that exists in the Zn-S binary system is ZnS. It
exhibits both polymorphism and polytypism at ambient 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 fourfold tetrahedral coordination with sulfur. Pure sphalerite structure ZnS
sublimes at 1185 oC and melts congruently at 1830 oC and 3.7 atm [30].
At ambient pressure, the transformation temperature for the polymorphs
lies between 1013 to about 1130 oC, based on whether the phase is enriched
with Zn or S. Furthermore, Scott et al. [31] maintained that wurtzite is
sulfur-deficient relative to the sphalerite and both minerals have a
combined non-stoichiometry in the order of 0.9 at. %.
11

Wiggins and Craig [32] suggested that most natural sphalerites, which are
assumed to have equilibrated above 400

C, coexisting with pyrite,

o

pyrrhotite and chalcopyrite contain < 0.5 wt. % CuS. The experimental
work of Craig and Kullerud [1] in evacuated silica tubes has also shown that
the solid solution of Cu2S in ZnS at 500 oC is less than 1 wt. %. Scott (1983)
[33] has also claimed that the solubility of CuS in the ZnS to be < 1 at. %, at
temperatures below 600 oC.
A naturally occurring ternary phase Cu3ZnS4 was reported by Clark and
Sillitoe [34], however the work of Craig and Kullerud (1973) [1] at 1000 oC,
800 oC, 500 oC and 400 oC, didn’t confirm that. Thus, the ternary phase
may be stable or metastable only at temperatures below 200 oC. However,
Craig and Kullerud (1973) [1] found that up to 7 wt. % Zn enters the hightemperature chalcocite-digenite solid solution. The observed solid solubility
of copper in sphalerite, however, did not exceed one percent, even at 800 °C
[1, 35]. The isotherms at 1000 oC, 800 oC, and 500 oC are shown in Figure
9, Figure 10 and Figure 11. In all isotherms the high stability of ZnS
compared to Cu2S were manifested.

Notations:
µ: digenite (Cu2-xS)
: ZnS

Figure 9. Phase relations in the Cu-Zn-S system at 1000 °C [37].
Moh (1960) [36], on the other hand, had previously reported the
formation of small amounts of an optically distinctive phase in association
with covellite, in an experimental study of the CuS - ZnS join at 400°C. By
analogy with "idaite (Cu5FeS6)," a composition of Cu5ZnS6 was tentatively
assigned to this product. Two other, even less well-defined, phases were
also observed [34].
12

Notations:
µ: digenite (Cu2-xS)
: ZnS
: -Cu5Zn8
: -CuZn

Figure 10. Phase relations in the Cu-Zn-S system at 800 °C [37].

Figure 11. Phase relations in the Cu-Zn-S system at 500 oC, compositions
are in wt. % [1].

13

Figure 12. Stable mineral assemblages in the Cu-Zn-S system at low
temperature, compositions are in wt. % [1].
2.1.7

Zn-Cu-As-S

This system comprises a four-component phase, identified as mineral
nowackiite: Cu6Zn3As4S12. Craig and Barton [38] estimated its energy of
formation at about the room temperature, as presented in chapter 3 (Table
11 and Table 12). This copper-zinc arsenosulfosalt has a defect zincblendetype structure, where the S atom positions on three-fold rotation axis being
vacant [39]. The Cu-rich mineral described by Robert et al. [40]; Zntenanntite (Cu10Zn2As4S13), as discussed in the previous report [ 5], is also a
quaternary phase of this system. Compilations of its formation energies are
given in chapter 3 (Table 11).

2.2

The System Zn-Pb-As-S

In this section, phase equilibria in the systems Pb-S, Pb-As, Pb-As-S, ZnPb and Zn-Pb-S will be discussed. The equilibrium assemblages; native
chemical elements, binary- and ternary-phases, and their solubility into one
another will be discussed. At temperatures below 900 oC, there are no
quaternary equilibrium phases, in the four-component system, reported to
exist as a mineral or synthetic phase. Furthermore, no experimental phase
equilibria studies in the broader quaternary system are available in the
literature.
14

2.2.1

Pb-S

At a standard pressure condition, Pb melts at 327 oC [23] and S melts at
115.22 oC [41]. The system Pb-S is known to have only one compound, PbS,
which is also known as a mineral galena. Galena, which is the fourth most
common sulfide mineral, melts congruently at 1115 oC [42]. A silica-glass
tube quenching experiments of Kullerud [42], in the presence of excess
sulfur, have shown that PbS melts already at about 830 oC. Some of the
results reported are shown in Table 5. A phase diagram of the system is
depicted in Figure 13.
Table 5. Reactions of PbS and S at three different temperatures.
wt. %

Reaction

T(oC) Time/hours

PbS
PbS + S = PbS + S(l)

53.4

700

8

PbS + S = PbS-rich(l) + S(l)

50

830

0.5

PbS + S =L

85

850

0.5

Figure 13. Phase diagram of the system Pb-S, assessed based on 43
available sources [41].
2.2.2

Pb-As

Hansen and Anderko [43] have compiled the phase diagram studies up to
1958. Critical analysis and optimization by Rannikko et al. [44] and reviews
by Schlesinger and Lynch (1985) [45] and Gokcen [21] compiled the
thermodynamic properties of one molten and solid As-Pb alloys.
15

As shown in Figure 14 and Figure 15, this system does not have any
intermediate phase. The liquid phase, L, and the solid phases (As) and
(Pb) are the equilibrium phases of this system in 1 bar. Both contain very
small amounts of dissolved coexisting phases. The assessed phase diagram,
shown in Figure 15, is at 1 atm up to 70 at. % As, above which pressure of
gaseous As is higher. High pressures up to 36 atm are not expected to affect
the liquidus [46]. The eutectic composition is nearly independent of
pressure, but the eutectic temperature (291 oC) increases to 337.9 oC at 10
Kbar and 421.8 oC at 35 Kbar [46]. Solid solubilities up 100 oC are
immeasurably small [47]. The solid solubility of Pb in (As) is very small
[48] and is estimated to be less than 0.1 at. % Pb in the assessed diagram.
Heike [48] determined the liquidus line for alloys with as high as 82.3at. %
As, which is the highest As concentration in As-Pb melts studied
experimentally.
The critical analysis of Rannikko et al. [44] on the thermodynamic
properties of solid and liquid As-Pb alloys suggested the following eutectic
points: T: 292.49 and

fcc

xAs=0.00150, exAs=0.0664 and

xAs=1.0000. Their

rho

optimized As-Pb phase diagram with experimental points is shown in
Figure 14.

Figure 14. Optimized As-Pb phase diagram with experimental points [44].
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Figure 15. An assessed phase diagram of the As - Pb system [26].
Schlesinger and Lynch (1985) [45] reviewed the available literature on the
thermochemistry of the molten Pb-As system. They concluded that the
results obtained in two EMF studies conducted by Zaleska [49] and
Suleimanov et al. [50] are the most extensive works in the area, and their
data are suitable for extrapolation to conditions employed in other
investigations. Consequently, they used a least squares technique to fit the
data of Zaleska [49] and Suleimanov et al. [50] to the subregular equations:
lnPb = XAs2 / RT·[2∙XPb∙AAs-Pb + (1 - 2·XPb)·APb-As + XPb∙(2 – 3·XPb)∙AAs-As]
and
lnAs = XPb2 / RT·[2∙XAs∙APb-As + (1 - 2·XAs)·AAs-Pb + XAs∙(2 – 3∙XAs)∙AAs-As] + C
where C in the last equation is an integration constant. Normally is zero
when integration of the Gibbs-Duhem equation is started at XAs = 1. The
normal procedure for the integration of the Gibbs-Duhem equation could
not be used by Schlesinger and Lynch (1985) [45] as that would have
involved integrating the Gibbs-Duhem equation, which contains the
constants AAs-Pb, APb-As and AAs-As over an extended composition range for
which the constants may not apply. Values of the integration constant and
the subregular solution parameters, A As-Pb, APb-As and AAs-As, are listed in
Table 6.

17

Table 6. Sub-regular solution parameters and integration constant for the
molten Pb-As system, with respect to a liquid standard state for both As and
Pb [45].
T(K)

C

AAs-Pb

APb-As

AAs-As

Suleimanov et al. [50]
776

- 737

1180

514

- 689

855

- 571

1136

769

- 571

913

- 310

1110

959

- 755

976

- 178

1080

1170

- 791

Zaleska [49]

2.2.3

776

- 852

1030

768

135

855

- 634

558

976

454

913

- 369

216

1150

658

976

- 133

- 178

1280

979

Pb-As-S

By using the silica-tube quenching experiments and gold-tube pressure
experiments, to study the effect of pressure on the reaction: Pb9As4S15 = PbS
+ L, Roland [51] studied phase relations in the PbS-rich portion of the
system Pb-As-S. His studies showed that Jordanite, Pb9As4S15, is stable
below 549  3 oC, the temperature at which it melts to PbS + L + V (S-rich).
In the study, confining pressures of up to 2 Kb did not measurably change
the temperature of this reaction. Results of the silica-tube experiments for
determining the composition of jordanite are shown in Table 8. In the
presence of Sb Jordanite (Pb16-xAs12S14-x, where 0.8 < x < 1.4) may convert to
the isostructural geocronite (Pb28-x(As,Sb)12S46-x), as a result of an extensive
substitution reaction [51].
The available phase diagrams of the binary As2S3-PbS and ternary Pb-AsS systems are shown in Figure 16 and Figure 17, respectively. As shown in
Figure 16, there are five sulpharsenides in this system. All except
dufrenoysite show incongruent melting, forming the next PbS-rich phase +
liquid. The heating experiment done by Roland (1968) [51] showed that
gratonite is a low temperature dimorph of jordanite. The inversion
temperature is below 250 oC.
Experimental works on this system, up to 1972, was critically reviewed by
Chang and Bever [52]. They have shown that the composition of
baumhaueterite was highly disputed, and gratonite and jordanite are
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different phases with different compositions rather than polymorphs. Some
minerals reported to occur naturally are listed in Table 7.
Table 7. Lead sulfosalt minerals reported to exist in nature [52, 53].
Mineral name

Composition

Sartorite

PbAs2S4

Baumhaueterite Pb4As6S13
Rathite

Pb3As4S9

Rathite III

Pb3As5S10

Rathite Ia

Pb7As9S20

Dufrenoysite

Pb2As2S5

Jordanite

Pb27As14S48

Gratonite

Pb9As4S15

Liveingite

Ref.
[52, 53]
[52]
[53]
[52, 53]
[52]

Pb18.5As25S56

[53]

Pb5As8S17

[52]

According to Pring (1990) [53] sartorite (PbAs2S4), rathite III (Pb3As5S10),
baumhaueterite (Pb4As6S13), liveingite (Pb18.5As25S56) and dufrenoysite
(Pb2As2S5) are a well-characterized minerals.
The first melt in the system Pb–As–S forms at 305°C and has only a small
fraction of Pb. The melt becomes progressively richer in Pb with increasing
temperature. Above 600 °C, all of the Pb–As sulfosalts are melted, and a
ternary Pb–As–S melt coexists with galena.

Figure 16. Phase relations in the binary As2S3-PbS system (modified from
Kutoglu (1969) [54] with gratonite/Jordanite transformation temperature,
taken from Roland (1968) [51]), compositions are rough estimates based on
both compositions in the diagram and reported minerals and compounds.
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Figure 17. Isothermal section of the Pb-As-S system (data from Roland
(1968) [51] and Massalski et al. (1990)), compositions are in mol. % [55].
Table 8. Reactions reported by Roland [51] while determining the
composition of jordanite using the silica-tube experiment. Reactants were
melted to a homogenous liquid prior to annealing. L* refers to liquids that
crystallized to Pb9As4S15 and Pb2As2S5 during quenching.
Reaction

Composition

T (oC)

(Mol% As2S3)

Heating
Time
(hours)

Pb + As + S = Pb9As4S15 + PbS + V

18.0

500

69

PbS + As2S3 = Pb9As4S15 + V

18.2

500

168

Pb + As + S = Pb9As4S15 + V

18.6

500

66

PbS + As2S3 = Pb9As4S15 + L* + V

18.2

400

480

PbS + As2S3 = Pb9As4S15 + PbS + V

15.0

400

1080

PbS + As2S3 = Pb9As4S15 + Pb2As2S5 + V

21.1

400

1080

Pb + As + S = PbS + Pb9As4S15 + L* + V

Pb28As12S48

500

48

Pb + As + S = PbS + Pb9As4S15 + L(~S(l))*

Pb27As12S43

500

150

+V
2.2.4

Zn-Pb

The Pb-Zn system has large miscibility gap in the liquid and a monotectic
and eutectic reactions at lower temperatures [43, 56]. Mutual solid
solubilities of Pb and Zn are essentially negligible [43, 56]. A phase diagram
of the system is shown in Figure 18.
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Figure 18. Phase diagram of the system Zn-Pb [57].
2.2.5

Zn-Pb-S

By using thirteen compositions of pure PbS (99.999 %) and ZnS
(99.9995%) in sealed and evacuated silica capsules, and a DTA analysis
with a palladium holder at rates of 5, 10, or 15 °C/min, Dutrizac (1980) [58]
studied the phase relations in the binary ZnS-PbS system. He used X-ray
diffraction, metallographic examination, and electron microprobe analysis
to characterize the phases. His study agrees in general with Friedrich [59]
but neither study agrees with the more recent work of Kerby [60]. A
tentative phase diagram of the binary system is presented in Figure 19.

Figure 19. Phase diagram of the system ZnS-PbS [58], reassessed by [41].
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2.3

The System Zn-Cu-As-Pb-S

In this section, phase equilibria in the systems Cu-Pb, Zn-Cu-Pb, Cu-Pb-S,
Cu-Pb-As-S will be reviewed. The assemblages of equilibrium native
chemical elements, binary- and ternary-phases and their solubility into one
another will be discussed.
At temperatures below 900 oC, in the four-component systems Zn-Cu-PbS and Zn-Pb-As-S, and in the five-component system Zn-Cu-As-Pb-S no
quaternary or quinary equilibrium phases are reported to exist as a mineral
or synthetic phase. Furthermore, in the broader four- and five-component
systems, there are less or no experimental phase equilibria studies available
in the literature.
2.3.1

Cu-Pb

The melting point of pure copper is 1084.87 oC and that of pure lead is
327.50 oC [62]. They both crystallize in an fcc lattice of the same type,
characterized by the Pearson sysmbol cF4 [63].
The Cu-Pb system does not have any known stoichiometric binary solid
phases. Eutectic point exists at 326 oC and 99.94 wt. % Pb. Solubility of Cu
in Pb(l) increases to about 2 wt. % at 700 oC and to about 7.5 wt. % at 900
C. At monotectic temperature, 952 oC [64], a two-liquid field forms

o

between 21 and 63 at. % Pb [65]. According to Hansen and Anderko [62],
the critical point of the miscibility gap lies slightly below 1000 oC at a
composition of 40 at. % Pb.
Solid solubilities of Pb in (Cu) and Cu in (Pb) are very limited [65, 66, 67,
68]. The only experimental point on the copper terminal solution is
reported by Raub and Engel [69]. They reported a solid solubility of 0.09 at.
% Pb at 600 oC. An assessment made by Teppo et al. [70] has shown that
the solid solubility of Pb in (Cu) is very low, less than 0.4 at. %, at most at
the monotectic temperature. The corresponding value in solid (Pb) is much
smaller, below 0.02 at. % Cu [70]. Calculated phase diagram of the system
is shown in Figure 20.
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Figure 20. Calculated phase diagram for the Cu-Pb system at 500 -1400
K, with experimental points [70].
2.3.2

Cu-Pb-S

Phase relations in the Cu - S system was discussed in the previous report
[3]. Summary of the identified stable phases in the system is collected to
Table 9.
Craig and Kullerud [61] investigated the system Cu-Pb-S in the
temperature range 200 - 1030 oC. According to their studies, above 523 oC,
coexistence of PbS and Cu-sulfides is prohibited by ‘central’ liquid phase, a
temperature significantly lower than the 540 oC given by Friedrich [71].
This sulfide liquid remains stable up to 508 ± 2 oC, the temperature at
which a monotectic reaction forms PbS, a digenite solid solution, and S (l).
The composition of the liquid sulfide at that monotectic temperature is 34 ±
2 wt. % Cu, 43 ± 2 wt. % Pb and 23 ± 2 wt. % S.
A ternary phase Cu14Pb2S9-x (0 < x < 0.15), which is stable between 528 ± 2
C and 486 ± 4 oC, very close to the PbS-Cu2S join was reported by Craig

o

and Kullerud [61]. However, they did not find any intermediate phase along
the PbS-Cu2S join. At temperatures below 507 oC, the pure CuS and PbS
phases coexist [37]. A ternary phase diagram at 510 oC and the schematic
presentation for the decomposition of the phase are shown in Figure 21 and
Figure 22, respectively.
Between 528 ± 2 oC, the temperature at which phase A appears, and 523
C, the temperature at which Cu2S-Cu9S5ss-PbS tie lines are established,

o

reactions (6) to (9) take place. As temperature decreases reactions take
place, probably, in the order from reaction (6) to (9).
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Cu2S-Cu9S5ss + L  Cu14Pb2S9-x (0 < x < 0.15)

(6)

Cu2S-Cu9S5ss + L  Cu14Pb2S9-x (0 < x < 0.15) + Pb(l)

(7)

Pb(l) + L  Cu14Pb2S9-x (0 < x < 0.15) +PbS

(8)

Cu14Pb2S9-x (0 < x < 0.15) + L  PbS + Cu2S-Cu9S5ss

(9)

Figure 21. Phase relations in the condensed Cu-Pb-S system at 510 oC.
Relations surrounding phase A (Cu 14Pb2S9-x (0 < x < 0.15)) are magnified,
schematically in the insert [61].

Figure 22. Schematic presentation of the decomposition of phase A to PbS +
Cu2S-Cu9S5ss +Pb(l) at 486 oC [61].
Reactions (8) and (9) represent invariant points whereas reaction (6)
represents a singular point [61]. Between about 435 and 271 ± 5 oC, stable
assemblages in the system are: PbS-Cu2Sss-Pb, PbS-Cu2Sss-Cu9S5ss and
PbS-Cu9S5ss-CuS. Below 271 oC the following reaction takes place [61]:
Cu2S-Pb  PbS + 2Cu.
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Wagner and Wagner [80], in an electrochemical study, determined that
the following invariant reaction to occur at 279 ± 4 oC:
2Cu + PbS  Cu2S + Pb

(10)

Phase relations below 200 oC contain copper sulfides such as covellite
(CuS) and djurleite (Cu1.96S).
Table 9. Summary of minerals and compounds in the system Cu-Pb-S [42,
61, 81].
Composition

Mineral name

Thermal stability:

Cu2S (monoclinic)

Chalcocite

Cu2S (hexagonal)

-

103
Tmax./Tm ( C)
103 -~435

Cu2S (cubic)

-

~435 - 1129

Cu2S (tetragonal)

-

> 1 Kbar

Cu1.8+xS(cubic)

high digenite

83 - 1129

Cu1.97S (orthorhombic)

djurleite

93

Cu1.8S(cubic)

digenite

76 - 83

Cu1.78S (monoclinic)

roxbyite

-

Cu1.75S (orthorhombic)

anilite

76

Cu1.60S (cubic)

geerite

-

Cu1.4S (hexagonal-R)

spionkopite

-

Cu9S8 (hexagonal-R)

yarrowite

up to 157

CuS (hexagonal-R)

Covellite

up to 507

CuS2 (cubic)

villamaninite

PbS

Galena

1115

[42]

-

528 ± 2 (Tmin: 486 ± 4)

[61]

Cu14Pb2S9-x

(0 < x < 0.15)

Ref.

o

[81]

-

Using eleven compositions of unspecified purity, Kopylov et al. (1976)
[82] studied phase relations in the Cu2-xS-PbS system. They used DTA,
microscopic examination, and X-ray diffraction to determine the
compositions in the binary system; their proposed phase diagram is shown
in Figure 23. The phase Cu14Pb2S9, equivalent to the phase in Table 9, is the
same as phase A reported by Craig and Kullerud [61]. However, they
indicated that the phase is not stable if the copper sulfide is richer in S (e.i.,
Cu2-xS) than Cu2S (chalcocite). Density of the ternary phase measured on a
Berman balance is 8.42  0.08 g/cm3 [82].
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Figure 23. Phase diagram of the system Cu2-xS-PbS [41] (data from [82]).
Johto’s [83] themoanylitic studies on the pseudo binary system Cu 2S-PbS
suggested that the eutectic point to be at 520  2 oC and about 50 wt. % PbS,
in agreement with the works of Kopylov et al. [82] and Goto and Ogawa
[85], as illustrated in Figure 24.

Figure 24. Calculated pseudobinary phase diagram of the system Cu 2S-PbS
with experimental points [84].
Above 600 oC, the system Cu-Pb-S is dominated by two-liquid fields, in
both the S- and metal-rich portions [61]. Cho [86] and Cho & Won [87]
experimentally investigated the system Cu-Pb-S in the temperature range
600 – 1250 oC. Cho [86] determined isothermal phase relations at 600 oC
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and 700 oC, as shown in Figure 25 and Figure 26, respectively. His studies
have shown that phase relations at 600 oC and 700 oC are very similar, with
some variations in the compositional range of the phase regions.
Cho & Won [87] reported phase diagram of the system Cu-Pb-S at
temperatures 800 oC and 900 oC to be very similar. An isothermal phase
diagram at 800 oC is illustrated in Figure 27. The three phase region; sulfide
(l) + a single sulfide-rich phase + PbS, observed in the isotherms at 600 oC
and 700 oC are not stable phase region of the isotherm at 800 oC, as shown
in Figure 27.

Figure 25. Phase relation in the system Cu-Pb-S at 600 oC, modified from
Cho [86].
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Figure 26. Phase relation in the system Cu-Pb-S at 700 oC, modified from
Cho [86].

Figure 27. Phase relation in the system Cu-Pb-S at 800 oC, modified from
Cho & Won [87].
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Grant and Russel [88] have investigated the effect of copper on the
activity coefficient of sulfur in the Pb-rich solutions over the temperature
range of 500 – 900 oC. To represent the limiting activity coefficient of sulfur
in Pb(l),

, and the Gibbs energy interactions,

and

, they derived

the following equations (T: 500 – 900 C):
o

(11)
(12)
(13)
The value

determined by Twidwell and Larson

[89] is in good agreement with that obtained from the above equation (12).
2.3.3

Cu-Pb-As-S

While studying arsenopyrite-bearing massive Zn-Pb deposits, Tomkins et
al. [55] reported that they encountered seligmannite (PbCuAsS3) as an
inclusion in quartz veins, as depicted in Figure 28. It is stable up to 460 oC.
Its standard Gibbs energies of formation and formation energies via the
sulfidation reactions of Cu2S, PbS and As are presented in chapter 3 (Table
11 and Table 12), respectively.

Figure 28. An element-distribution map of a mineral sample from the
Osborne lake deposit showing an aggregate of pyrite(Py), arsenopyrite(Apy,
FeAsS), tennantite (Tn), seligmannite(there was a trace of PbS in
seligmanite) and chalcopyrite(Ccp, CuFeS2), arsenic added digitally to a
BSE (Back-scatter detector) image [55].
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2.3.4

Zn-Cu-Pb

Thermodynamic assessment of the Zn-Cu-Pb system has been made by
Jantzen and Spencer (1998) [72] and Miettinen et al. (2010) [73]. They
presented an isopleth of the Zn-Cu-Pb system in the Pb-poor region, as
shown in Figure 29. The liquidus projection and primary phase map of the
system is shown in Figure 30.

2 wt.% Pb

(a)

(c)

(b)

(d)

Figure 29. Calculated isopleths of the Cu-Pb-Zn system together with
experimental data points [74, 75, 76] at a) 2 wt. % Pb in the copper-rich
portion, b) 4 wt. % Pb, c) 10 wt. % Pb and d) 61 wt. % Cu, arrows A and B
show experimentally determined [77, 78] extensions of the bcc region at
850 oC and the fcc + bcc region at 700 oC, respectively. Solid lines refer to
the calculations of assessment [72] and dotted lines to [73].
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Figure 30. Cu-Zn-Pb liquidus projection (Okamoto, 1992) [79].

31

3

Review of Thermodynamic
Data

Most sulfosalts may be regarded as intermediate phases on the joins
between simple sulfide components (e.g., sulfosalts in the system Pb-Bi-S
lie on the join PbS-Bi2S3). Therefore, the chemical compositions of the
sulfosalts are, in general, stoichiometric, having formula consistent with
normal valences of the elements. Furthermore, many of the structures are
similar to those of the component simple sulfides (e.g., galena-like and
stibnite-like layers in lead sulfantimonides) [38].
Arsenic which is known for forming both volatile and condensed
compounds can be eliminated in the processing of ore minerals and
concentrates by volatilization [90, 91]. Gibbs energies of pure As species
and some of its compounds (mostly sulfides) are presented in Table 10.
Table 10. Compilation of experimentally determined thermodynamic data
for arsenic, arsenic sulfides and arsenides.
Reaction
As(s) = As(l)
As(s) = As(g)

2As(s) = As2(g)
3As(s) = As3(g)
4As(s) = As4(g)

∆GT(K) (J/mol)

T(K)

Ref.

23645 - 21.7∙T

1098

[92]

298- 1600

287997 – 157.1∙T +
10 -3

5.901∙T∙logT + 2.626∙

∙T2

193580 – 244.3∙T +

298- 1600

24.88∙T∙logT + 4.670∙ 10-3∙T2

[93]

219490 – 272.8T + 22.64

298- 1600

∙T∙logT + 7.027∙10-3∙T2
160700 – 279.8∙T +

298- 1600

31.07∙ T∙logT + 9.317∙ 10-3∙ T2

4As(s) + 3S2(g) = 2As2S3(l)

-491870 + 428∙T

585 – 718

4As(s) + 2S2(g) = As4S4(l)

-350650 + 270∙T

580 – 718

2As2(g) + 3S2(g) = As4S4(g)

-622920 + 461∙T

As2(g) + S2(g) = 2AsS(g)

36410 – 22.2∙T

4As(s) + 3Cu(s) = Cu3As (s)
As4(g) + 6Zn(l) = 2Zn3As2

-108480 + 1.4∙T
-271960 – 346∙T + 144∙T∙logT

[94]

298–1000
298 – 1000

[95]

298 – 1098

[92,
96]

613 – 853

[14]

Craig & Barton [38] and Lynch [90] compiled preliminary estimates on
the thermodynamic properties of sulfosalts as shown in Table 11. The
former authors have also estimated the Gibbs energies for sulfidation
reactions shown in Table 12. The thermochemical data could be used in the
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prediction of the general behavior of sulfosalts and the stabilities in dry
systems, as well as in improving procedures for extraction and refining of
valuable metals from sulfide ores [38]. However, they mentioned the fact
that the data may not be sufficiently precise to predict the fine structures of
the complex phase diagrams.
Table 11. Estimates of thermodynamic properties of some minerals and
compounds in the system Zn-As-Cu-Pb-S. Standard states: S2(g), As(s),
Pb(s), Cu(s) and Zn(s).
Composition

Tstability

GT’(K)

(mineral name)

(oC)

(Cal./f.unit)

Cu3AsS4
(Luzonite)
Cu3AsS4
(Enargite)
Cu21As12S31
Cu12As4S13
(Tennantite)
Cu6As4S9
(Sinnerite)
Pb9As4S15
(Gratonite)
Pb9As4S15
(Jordanite)
Pb2As2S5
(Dufrenoyesite)
Pb3As4S9
(Baumhauerite)
PbAs2S4
(Sartorite)
Pb13As18S40
(Rathite I)
Pb9As13S28
(Rathite II)

25 – 300
300 – 665
300 – 578

56.16∙T

(Seligmannite)

(Nowackiite)
Cu10Zn2As4S13
(Zn-tennantite)

transition neglected.
[22, 105], effect of
transition neglected.

+172.28∙T

-

[ 22]
[22], composition

25-600

not well represented
by formula

25 – 489
25 – 250
250 - 549
25 - 485
25 - >500
25 - ?
25 - ?
25 - ?

-236340
+136.83∙T
- 475410 +
250.29∙T
-143980 +
86.06∙T
-229470 +
157.26∙T
-106490 +
71.48∙T
-1108370 +
700.38∙T
-775460 +
482.00∙T

25 - 460

45.68∙T
-89530 +
49.10∙T

Cu6Zn3As4S12

25-600

-355468
25 – 665

Ref.
[22], effect of

-104458 +

-88380 +
CuPbAsS3

T’(oC)

25 - ?
25 – 420
420– 602

-420431 +
190.58∙T
-2,119,070 +
908.3∙T
-2,130,050 +
923.9∙T

25-489
25-250
-

[22]
[51], effect of
transition neglected.
[51]

25-485

[51]

25 - 500

[38]

25 - ?
25 - ?
25 - ?

[38], formula
uncertain
[38], formula
uncertain
[38], formula
uncertain

25 - 327
[117]
327- 460
25 - ?

[38]

25 – 420
[40]
420 -602
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Table 12. Selected Gibbs energies of sulfidation reactions as suggested by
Craig and Barton [38]. Not all sulfidation reactions are known to represent
stable equilibria. The luzonit/inargite formation through the sulfidation of
tetrahedrite was taken from Maske & Skinner [22] and Wernick & Benson
[105].
Sulfidation reaction

GT(K)(Cal./formul
a unit)

T(oC)

⅔Cu 12As4S13+ S2(g) = Cu 3AsS4

-41576 + 34.91∙T

25 - 500

3PbS + As + S2(g) = ⅓Pb9As4S15

-46000 + 31.71∙T

25 - 500

⅘Pb9As4S15 + 4AsS + S2(g)=

-41800 + 27.59∙T

25 - 281

-45800 + 33.39∙T

281 - 450

6Pb2As2S5 + 4AsS + S2(g) = 4Pb3As4S9

-41800 + 30.68∙T

25 - 281

6Pb2As2S5 + 4(S-As)(liq.) + S2(g) = 4Pb3As4S9

-45800 + 36.48∙T

281 - 500

-46000 + 30.97∙T

25 - 104

-46213 + 32.59∙T

104 - 435

-46064 + 29.82∙T

25 – 104

-46984 + 32.26∙T

104 - ?

Pb2As2S5

⅘Pb9As4S15 + 4(S-As)(liq.) + S2(g)=

Pb2As2S5

⅔Cu 2S + PbS + As + S2(g) = CuPbAsS3

Cu 2S + ZnS + As + S2(g) =⅓Cu 6Zn3As4S12

3.1

The Effect of Small Amounts of Impurities on T m

Natural sulfides and sulfosalts or their assemblages harbor small amounts
of impurities that may directly affect the thermodynamic properties of the
pure sulfides and sulfosalts or their assemblages discussed above. Altering
the melting temperature of the minerals is one of the many impacts.
The melting temperatures of some sulfide minerals and their assemblages
are collected to Table 13. According to Mavrogenes et al. [102], addition of 1
wt. % Ag2S into the system FeS–PbS–ZnS decreases the minimum melting
point of the system by 28°C; details of some of their findings are shown in
Table 13. Similarly, addition of small amounts of Pb will significantly
decrease the melting temperature of the assemblage skinnerite (Cu 3SbS3) +
chalcocite (Cu2S) from 608 °C (Skinner et al. 1972 [24]) to 477 °C (Hoda &
Chang [110]) [23]. While studying Zn-Pb-rich ore deposits, Frost et al. [23]
concluded also that galena-bearing assemblages melt at a lower
temperature than galena-free assemblages dominated by chalcopyrite.
At temperatures below 900 °C, increased fractions of Fe in sulfideassemblages may increase the temperature at which the assemblages melt.
Frost et al. [23] reported the assemblage bornite (Cu5FeS4) + galena (PbS)
to melt at 609 °C, whereas the assemblage chalcopyrite (CuFeS2) + galena
(PbS), which has relatively higher fraction of Fe, melts at 630°C. In an
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attempt to stabilize the ternary Cu-Pb-S melt below 508 ± 2 oC, the lowest
temperature at which the ternary liquid exists, Craig & Kullerud [61]
conducted experiments by adding 5 wt. % Fe1-xS (61.5 wt. % Fe) and 7 wt. %
ZnS to samples of composition 34 wt. % Cu, 43 wt. % Pb, and 23 wt. % S,
which is the composition of the ternary liquid with the lowest melting
temperature. At 511 oC, they reported the samples which contained Fe1-xS
had only small amounts of liquid sulfide, whereas the samples which
contained ZnS were almost totally melted. However, heating at T  507 oC
in both cases, for half an hour, didn’t result in any melt formation. Based
on these results, Craig & Kullerud [61] concluded that the presence of small
amounts of Fe or Zn in the system Cu-Pb-S does not at least decrease the
melting temperature, 508 ± 2 oC.
The presence of low temperature-melting chalcophile elements such as
As, Sb, Bi, Pb, Se, Hg, Te and Ag reduces the temperature at which sulfide’s
partial melting starts [23, 102]. However; the amount, the form of presence
and interaction with the host system could determine the intensity of the
effect.
Table 13. Melting temperatures of some of the sulfide minerals and their
assemblage [21, 23, 37, 41, 54, 55, 98, 99, 100, 101].
Mineral or
assembledge

Chemical Formula/
mineral association (wt.

Tm (oC) at 1 bar

Ref.

%)

Sartorite

PbAs2S4

305

Baumhauerite

Pb3As4S9

Jordanite

Pb9As4S15

Orpiment + galena

(44 % )As2S3 + PbS

300

Orpiment

As2S3

310

[64]

Galena

PbS

1115

[35]

1114

[59]
[61]

458
(incongruent)
549
(incongruent)

Galena - chalcocite

PbS + Cu2S

508 ± 2

Galena + bornite

PbS + Cu5FeS4

609

PbS + CuFeS2

630

Galena +
chalcopyrite

[54]

[23]
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Table 13 (continue)
Galena - sphalerite

(8 wt. % )ZnS + (92 wt.
%)PbS

1040

(62.5 wt. %)PbS–(30.5 wt.

800  3 (eutectic

Galena-sphalerite-

%)FeS–(7 wt. %)ZnS

at 1bar)

pyrrhotite

(61.9 wt. %)PbS–(30.2 wt.
%)FeS–(6.9 wt. %)ZnS-(1
wt. % Ag2S)

~ 830 (eutectic
at 5Kbar)

wt. % Ag2S)

pyrrhotite
(62.5 wt. %)PbS–(30.5 wt.
%)Fe0.96S–(7 wt. %)ZnS

Tennantite

Tennantite

[102]
< 810 (eutectic at
5 Kbar)
~ 813  5
(eutectic at 5
Kbar)

(61.9 wt. %)PbS–(30.2 wt.

~ 795  5

%)Fe0.96S–(6.9 wt. %)ZnS-

(eutectic at 5

(1 wt. % Ag2S)

Kbar)

Cu12As4S13

665

[22, 116]

640

[105]

656

[103]

637

[109]

670

[108]

665

[22]

665

[105]

689

[106]

Cu3AsS3

Tennantite

Cu12.31As4S13

Enargite

Cu3AsS4

Enargite

at 1bar)

%)FeS–(7 wt. %)ZnS

%)FeS–(6.9 wt. %)ZnS-(1
Galena-sphalerite-

772  2 (eutectic

(62.5 wt. %)PbS–(30.5 wt.

(61.9 wt. %)PbS–(30.2 wt.

[71]

Cu3AsS4= L

672

Cu3AsS4= Cu12+xAs4+yS13 +

672

[22, 106]

642

[107]

574

[21]

596

[21]

L
Enargite
Lautite
Lautite

Cu3AsS4= Cu12+xAs4+yS13 +
L
CuAsS

Cu12+xAs4+yS13 +

As + L
CuAsS

As + L
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4

Summary and Conclusions

Phase relations and thermodynamics of some equilibrium phases in the
systems Zn-Cu-As-S, Zn-Pb-As-S and Zn-Cu-As-Pb-S were compiled and
reviewed, based on available literature. Experimental phase equilibria
studies in the broader quaternary and quinary systems are rare or
unavailable in the literature. Phase relations and stabilities of some binary
and ternary phases in the multi-component systems are relatively wellestablished. Identified binary and ternary phases as well as solubility limits
and their coexistence (including the native chemical elements) were
discussed. Summary of ternary equilibrium phases reviewed in the system
Zn-As-Cu-Pb-S are given in the Appendix.
Finally, the Gibbs energies of formation of some stable phases in the
system Zn-Cu-As-Pb-S and the effect of small amounts of impurities on the
melting temperatures of the pure sulfides/sulfosalts and their assemblages
were compiled and reviewed.
The studies have shown that the amount of As to significantly lower the
melting

temperatures

of

either

pure

sulfides/sulfosalts

or

their

assemblages, as shown in Table 13. For instance; PbAs2S4 (28.6 at. % As)
melts at about 305 oC, whereas Pb3As4S9 (25 at. % As) melts incongruently
at about 458 oC and Pb9As4S15 (14.3 at. % As) melts incongruently at about
549 oC. CuAsS (33.33 at. % As) melts at 596 oC whereas enargite, Cu3AsS4
(12.5 at. % As), melts at 672 oC. This may also suggest that the effect of
increasing As on lowering the melting temperature of sulfosalts is more
severe in Pb-bearing systems than Cu-bearing systems.
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Appendix
Summary on the ternary phases and their stabilities in the system Zn-CuPb-As-S.
Chemical formula
(mineral name)

Tmax (oC)

References

Pb-As-S
Pb9As4S15 (Gratonite)

250

Pb9As4S15 (Jordanite)

549

Pb2As2S5 (Dufrenoysite)

485 ?

Pb19As26S58 (Rathite II)

474

PbAs2S4(Sartorite)

305

Pb3As4S9(Baumhauerite)

458

[52, 54, 113, 114,115]

[54]

Cu-As-S
Cu3AsS4 (Luzonite)

275 – 320

Cu3AsS4 (Enargite)

671

Cu24As12S31 (-)

578

Cu6As4S9 (Sinnerite)

489

Cu12AsS13 (Tennantite)

665

CuAsS (Lautite)

574

Cu3AsS3 (near-

[22], [111]

656

[103]

656

[21]

Cu14Pb2S9-x (-)

486 - 528

[34, 61, 112]

Cu3ZnS4 (-)

< 200?

[34]

Tennantite) (-)
Cu12  xAsS13  x
(Tennantite)
Cu-Pb-S
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Increasing association of impurities such as
arsenic in sulﬁde ores has been generating
ﬂurry of both experimental studies and
compilation of thermodynamic data of
sulﬁde systems that contain both impure
elements and their compounds. For
instance, Zn- and Cu-sulﬁdes are relatively
common ore minerals in most hydrothermal
vein and replacement deposits. Although
these sulﬁdes may occur alone or together in
the absence of other sulﬁdes, they are most
commonly encountered in complex ore
assemblages in which the mineralogy is
signiﬁcantly altered by elements such as As,
Pb, or Fe. Owing to the complexity of
minerals in nature, a thorough evaluation of
the thermochemistry of these complex ore
minerals is essential for developing full
understanding of the behavior of the
impurities in existing and new sulﬁde ore
minerals processing operations.
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