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Abstract⎯Possible topologies of miscibility gaps in arsenian (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores are
examined. These topologies are based on a thermodynamic model for fahlores whose calibration has been
verified for (Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores, and conform with experimental constraints on the incompatibility between As and Ag in (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores, and with experimental and natural constraints on the incompatibility between As and Zn and the nonideality of the As for Sb substitution in
Cu10(Fe,Zn)2(Sb,As)4S13 fahlores. It is inferred that miscibility gaps in (Cu,Ag)10(Fe,Zn)2As4S13 fahlores have
critical temperatures several °C below those established for their Sb counterparts (170 to 185°C). Depending on
the structural role of Ag in arsenian fahlores, critical temperatures for (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores
may vary from comparable to those inferred for (Cu,Ag)10(Fe,Zn)2As4S13 fahlores, if the As for Sb substitution
stabilizes Ag in tetrahedral metal sites, to temperatures approaching 370°C, if the As for Sb substitution
results in an increase in the site preference of Ag for trigonal-planar metal sites. The latter topology is more
likely based on comparison of calculated miscibility gaps with compositions of fahlores from nature exhibiting the greatest departure from the Cu10(Fe,Zn)2(Sb,As)4S13 and (Cu,Ag)10(Fe,Zn)2Sb4S13 planes of the
(Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlore cube.
DOI: 10.1134/S0869591117050071

INTRODUCTION
Fahlore2 is a common constituent of epithermal and
mesothermal, polymetallic sulfide ores, and is the principal source of Ag to the mining industry from Ag-PbZn sulfide ore deposits. Fahlore typically approximates
the simple formula (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 (for
example, Johnson and Jeanloz, 1983) with the vast preponderance of its compositions lying close to the
Cu10(Fe, Zn)2(Sb, As)4S13 and (Cu, Ag)10(Fe, Zn)2Sb4S13
faces of the (Cu, Ag)10(Fe, Zn)2(Sb, As)4S13 fahlore
cube (Fig. 1, for example, Sack et al., 1987; Sack,
1 The article is published in the original.
2 Fahlore is the group name for a M X Y
12 4 13

(where M = Cu, Ag,
Fe, Zn, Cd, Mn, Hg; X = As, Sb, Bi, Te; Y = S, Se) family of
sulfosalts (for example, Cronstedt, 1758; Ramdohr, 1969;
Gaines et al., 1977; Mosgova and Tsepin, 1983; Spiridonov,
1984; Spirodonov and Okrugin, 1985; Ebel and Sack, 1989;
Sack et al., 2005) whose limiting compositions, endmembers,
varieties, and compositional species have been designated by a
plethora of officially, and sometimes commonly, recognized
terms including binnite or tennantite (Cu-, Fe-, and As-rich
fahlore), giraudite (Cu-, Zn-, and As-rich fahlore), freibergite
(Ag-, Fe-, and Sb-rich fahlore), hakite (Cu-, Hg-, and Sb-rich
fahlore), tetrahedrite (Cu-, Fe-, and Sb-rich fahlore), goldfieldite (Cu- and Te-rich fahlore), and many others (compare,
Gaines et al., 1977; Spiridonov, 1984). For obvious reasons we
prefer to use the group name fahlore with appropriate chemical
descriptors when discussing the thermochemistry of this solid
solution.

1992; Sack and Ebel, 1993). Fahlore has I4 3m space
group symmetry with two formula units per unit cell,
and its structure is a complex derivative of the sphalerite structure of 32 (Zn,Fe)S formula units in which
8 of the Zn and Fe atoms are replaced by semimetals
Sb and As at the midpoints of the half-diagonals
(1/4, 1/4, 1/4, etc.), 20 of the 24 remaining Zn and Fe
atoms are replaced by Cu and Ag, 8 sulfurs are removed at 1/8, 1/8, 1/8, etc., and 2 sulfurs are added at
the corners and center of the unit cell (Pauling and
Newmann, 1934). Its structural formula may be written as:
IV
III IV VI
(Cu, Ag)III
6 ([Cu, Ag]2 3[Fe,Zn]1 3 ) 6 (Sb, As) 4 S12 S ,

where 6 of the 10 Cu and Ag atoms coordinate the sulfurs added at the corners and center of the unit cell and
are in 3-fold coordination by sulfur, the remaining
4 Cu and Ag atoms, along with 2 Fe and Zn atoms,
occupy the tetrahedral metal sites left over from the
sphalerite structure, and the semimetals Sb and As are
bound to three basal S in a pyramidal arrangement
which is characteristic of the sulfosalt mineral group
(for example, Pauling and Newmann, 1934; Wuensch,
1964; Wuensch et al., 1966).
Our interest in fahlores derives from its extensive
capacity for solid solution, a capacity which extends
considerably beyond the Fe ⇔ Zn, Sb ⇔ As, and
Cu ⇔ Ag substitutions, and includes, most common-
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ly, the Fe ⇔ Mn, Fe ⇔ Cd, Fe ⇔ Hg, S ⇔ Se,
2Fe ⇔ CuFe3+, FeSb ⇔ CuTe, and CuSb ⇔ Te substitutions, as well as substitutions that incorporate Bi,
Co, Sn, Ge, Ga, and In into the fahlore structure (for
example, Hall, 1972; Charlat and Levy, 1974, 1975;
Spiridonov and Okrugin, 1985; Makovicky and Karop-Møller, 1994; Breskovska and Tartan, 1994;
Klünder-Hansen et al., 2003a, 2003b; Karop-Møller
and Makovicky, 2003; Makovicky, 2006). This capacity for solid solution makes fahlore a potentially ideal
petrogenetic indicator of ore-forming processes,
events and parameters, particularly if original fahlore
(and associated sulfide solutions) compositions are
preserved or may be reconstructed (for example, Sack
et al. 2002, 2005). And this extensive capacity for solid
solution is often expressed in zoning in fahlore compositions on district scales in both time and space (for
example, Goodell, 1970; Wu and Petersen, 1977;
Bushnell, 1983; Lynch, 1989, Sack and Goodell, 2002;
Sack et al., 2003; Sack and Lichtner, 2009, 2010), zoning that may be rationalized given comprehensive
thermodynamic, kinetic, and reactive transport models for hydrothermal fluids, fahlore and coexisting sulfides, oxides and silicates. Indeed, it is anticipated that
such models would lead to the development of new
methods of mineral exploration and resource evaluation that would complement, if not replace, the primitive statistical constructs currently employed. It is towards this objective that we review and refine a thermodynamic model for fahlores.
The thermodynamics of (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13
fahlores have been formulated and calibrated based on
experimental and petrological findings (for example,
O’Leary and Sack, 1987; Sack et al., 1987; Sack, 1992,
2000, 2005; Sack et al., 2003; Sack and Lichtner, 2009,
2010). Calibrations for its thermodynamic properties
have gone through several cycles of database development, both for it, and for coexisting sulfides and sulfosalts. This thermochemical database development has
resulted in models for the thermodynamic properties of
(Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores that are demonstrably consistent with observed phenomena (for example,
Hernández and Akasaka, 2007, 2010), as exemplified by
the recent confirmations of miscibility gaps in fahlores
from Ag–Pb–Zn deposits (Sack et al., 2003; Chinchilla
et al., 2016) first predicted by O’Leary and Sack (1987),
and correct predictions of sulfide ore-forming assemblages and primary phase compositions during hydrothermal ore deposition in the Coeur d’Alene mining district of northern Idaho, USA and the Keno Hill mining
district in the Yukon territory, Canada (Sack and Lichtner, 2009, 2010).
In contrast, the thermodynamic properties of
fahlores on the (Cu,Ag)10(Fe,Zn)2As4S13 face and in
the interior of the fahlore cube are less well known. In
particular, the Gibbs energies of the As-bearing vertices are unknown and the nonideality associated with
the As for Sb substitution is only loosely constrained
(Sack and Ebel, 1993). In addition, although the
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Cu10Zn2As4S13
Ag10Zn2Sb4S13

Cu10Zn2Sb4S13
X2

Ag10Zn2As4S13

Cu10Fe2As4S13

Ag10Fe2As4S13

X3
Cu10Fe2Sb4S13

X4

Ag10Fe2Sb4S13

Fig. 1. The (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlore cube
with X2 = Zn/(Zn+Fe), X3 = As/(As+Sb), and X4 =
Ag/(Ag+Cu).

structural role of Ag has now been established for Sb
fahlores (that is, the front face of the fahlore cube; for
example, Kalbskopf, 1972; Peterson and Miller, 1986;
O’Leary and Sack, 1987; Charnock et al., 1988, 1989;
Sack et al., 2003; Sack 2005), it has not been similarly
constrained for arsenian fahlores (for example, Johnson and Burnham, 1985).
In this paper we outline the predictions of the most
recent calibration of fahlore thermodynamic mixing
parameters (Sack, 2005) regarding miscibility gaps in
the (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlore cube. We
demonstrate that these predicted miscibility gaps are
consistent with the compositions of fahlores found in
polymetallic sulfide ore deposits. We then examine
how these gaps would be modified by adjustments in
the two thermodynamic mixing parameters that are
presently either loosely constrained or unconstrained.
It is hoped that these efforts will help encourage and
guide petrological studies to find evidence for miscibility gaps in arsenian fahlores, with the aim of further
refining the Gibbs energy surface of this remarkable
petrogenetic indicator.
THERMODYNAMIC FORMULATION
Experimental and petrological studies have documented that Zn and As, Zn and Ag, and As and Ag are
incompatible in the fahlore structure (for example,
Raabe and Sack, 1984; Sack and Loucks, 1985;
O’Leary and Sack, 1987; Ebel and Sack, 1989, 1991;
Sack, 2002; Sack et al., 2003; Sack and Brackebusch,
2004). These incompatibilities are expressed in positive Gibbs energies of the reciprocal reactions

Cu 10Zn 2Sb 4S13 + Cu10Fe 2 As 4S13
= Cu10Fe 2Sb 4S13 + Cu10Zn 2 As 4S13,

(1)

Cu10Zn 2Sb 4S13 + Ag10Fe 2Sb 4S13
= Cu10Fe 2Sb 4S13 + Ag10Zn 2Sb 4S13,

(2)

Cu10Fe 2 As 4S13 + Ag10Fe 2Sb 4S13
= Cu10Fe 2Sb 4S13 + Ag10Fe 2 As 4S13,

(3)

and
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reactions relating the vertices on the left-hand side,
front and bottom faces of the fahlore cube of Fig. 1. In
a thermodynamic formulation that makes explicit provision for the energies of the reciprocal reactions
responsible for these incompatibilities (for example,
Sack, 1992, 2005), the thermodynamic state of
fahlores in the (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 cube is
specified with composition variables:
X2 ≡ Zn/(Zn + F e),
(4)
X3 ≡ As/(As + Sb),

(5)

X4 ≡ Ag/(Ag + Cu),

(6)

sition and ordering variables to mole fractions of cations on crystallographically distinct sites (that is, site
population equations):
TRG
TRG
(8a)
X Ag
= X 4 + 2 s, X Cu
= (1 − X 4 ) − 2 s,
5
5
TET
TET
X Ag
= 2 X 4 − 2 s, X Cu
= 2 (1 − X 4 ) + 2 s, (8b)
3
5
3
5
TET
TET
1
1
(8c)
X Zn = X 2, X Fe = (1 − X 2 ),
3
3
SM
SM
(8d)
X As
= X 3, X Sb
= 1 − X 3.
In this formulation a Taylor’s expansion of seconddegree in the X2, X3, X4 and s variables is used to describe
the molar vibrational Gibbs energy, G *. And this
expansion produces the following expression for the
molar Gibbs energy of (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13
fahlores, when Taylor coefficients are identified with
thermodynamic parameters (for example, Thompson,
1969, 1970; Sack, 1982, 2014; Sack and Ghiorso, 1991a,
1991b):

and
and a long-range-ordering variable, s, is used to account
for ordering of Ag and Cu between trigonal-planar and
tetrahedral metal sites:
TRG
TET
(7)
s ≡ X Ag
− 3 X Ag
.
2
This choice of composition and ordering variables
leads to the following set of equations relating compo-

° ( X 2 )( X 3 )
G = G1° ( X 1) + G 2° ( X 2 ) + G 3° ( X 3 ) + G 4° ( X 4 ) + G1*(s) + ∆ G 23

° ( X 2 )( X 4 ) + ∆ G 34
° ( X 3 )( X 4 ) + W FeZn ( X 2 )(1 − X 2 ) + W AsSb ( X 3 )(1 − X 3 )
+ ∆ G 24
TRG
TET
+ ∆ G 2*s ( X 2 )(s) + ∆ G 3*s ( X 3 )(s) + 1 (∆ G 4*s − 4W AgCu + 6W AgCu )(2 X 4 − 1)( s)
10
T RG
TET
TRG
TET
2
+ (∆ G 4*s + W AgCu + W AgCu )( X 4 )(1 − X 4 ) + 1 (6∆ G 4*s − 4W AgCu − 9W AgCu )(s)
25
⎡ ⎡ 4 2⎤
+ RT ⎢ln ⎢ 3 (3) ⎥ + 2 X 2 ln( X 2 3) + 2(1 − X 2 ) ln([1 − X 2 ] 3) + 4 X 3 ln( X 3 )
⎣ ⎣2
⎦
+ 4(1 − X 3 ) ln(1 − X 3 ) + 6 X 4 + 2 s ln X 4 + 2 s + 6 1 − X 4 − 2 s ln 1 − X 4 − 2 s
5
5
5
5
+ 6 2 X 4 − 2 s ln 2 X 4 − 2 s + 6 2 (1 − X 4 ) + 2 s ln 2 (1 − X 4 ) + 2 s ⎤ ,
3
5
3
5
3
5
3
5 ⎥⎦
TET

()

) (

(

) (

(

) (

) (

when we utilize the relationship between molar Gibbs
energy, vibrational Gibbs energy, and configurational
entropy (S IC):

S

IC

SM

) (

) (

)

(9)

)

IC
(10)
G = G * − TS ,
utilize the site population equations in the expression
for S IC:

= −R [6( X Zn ) ln( X Zn ) + 6( X Fe ) ln( X Fe )
TET

TET

TET

TET

SM
SM
SM
SM
TRG
TRG
) ln( X Sb
) + 4( X Sb
) ln( X Sb
) + 6( X Ag
) ln( X Ag
)
+ 4( X As

+

TRG
TRG
6( X Cu ) ln( X Cu )

+

TET
TET
6( X Ag ) ln( X Ag )

and recognize that
X 1 = 1 – X2 – X 3 – X4,

(12)

where X1 is the mole fraction of the basis component Cu10Fe2Sb4S133 . The thermodynamic parame3 It

is important to note that X1 may have negative values, having
the value of –1 in the vertices Cu10Zn2As4S13, Ag10Zn2Sb4S13
and Ag10Fe2As4S13, and, –2 in the vertex Ag10Zn2As4S13.

+

(11)

TET
TET
6( X Cu ) ln( X Cu )⎤⎦ ,

ters in Eq. (9) are (1) the molar Gibbs energies of
the endmember components (G1°, G 2°, G 3°, and G 4°),
(2) the Gibbs energies of reciprocal reactions (1),
° , ∆ G 24
° , and ∆ G 34
° ), (3) symmetric
(2), and (3) ( ∆ G 23
regular solution parameters describing the nonideality of mixing of Ag and Cu on trigonal-planar
TRG
metal sites ( W AgCu
), of Ag and Cu, and of Fe and
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TET
TET
Zn, on tetrahedral metal sites ( W AgCu
and WFeZn
),

and of As and Sb on semimetal sites

SM
( W AsSb
),

(4) the

501

vibrational Gibbs energy of the Ag-Cu ordering reaction ( ∆ G * ):
s

1 Cu TRG (Ag ,Fe ) TET Sb S + 1 Ag Fe Sb S
6
23
13 6
4 13
10
2
4 13
2
10
= 1 Ag 6TRG (Cu 2 3,Fe1 3 )6TET Sb 4S13 + 1 Cu10Fe 2Sb 4S13,
2
10
and (5) the vibrational Gibbs energies of reciprocal ordering reactions ∆ G * , ∆ G * , and ∆ G * :
2s

3s

(13)

4s

1 Cu TRG (Ag ,Zn ) TET Sb S + 1 Cu Fe Sb S
6
23
13 6
4 13
10
2
4 13
2
10
+ 1 Ag 6TRG (Cu 2 3,Fe1 3 )6TET Sb 4S13 + 1 Ag10Zn 2Sb 4S13
2
10
TRG
TET
1
= Ag 6 (Cu 2 3,Zn 1 3 )6 Sb 4S13 + 1 Ag10Fe 2Sb 4S13
2
10
TRG
TET
1
1
+ Cu 6 (Ag 2 3,Fe1 3 )6 Sb 4S13 + Cu10Zn 2Sb 4S13,
2
10

(14)

1 Cu TRG (Ag ,Fe ) TET As S + 1 Cu Fe Sb S
6
23
13 6
4 13
10
2
4 13
2
10
+ 1 Ag 6TRG (Cu 2 3,Fe1 3 )6TET Sb 4S13 + 1 Ag10Fe 2 As 4S13
2
10
TRG
TET
1
= Ag 6 (Cu 2 3,Fe1 3 )6 As 4S13 + 1 Ag10Fe 2Sb 4S13
2
10
TRG
TET
1
+ Cu 6 (Ag 2 3,Fe1 3 )6 Sb 4S13 + 1 Cu10Fe 2 As 4S13,
2
10

(15)

and

=

Cu10Fe 2Sb 4S13 + Ag10Fe 2Sb 4S13
TRG
Ag 6 (Cu 2 3,Fe1 3 )6TET Sb 4S13 + Cu 6TRG (Ag 2 3,Fe1 3 )6TET Sb 4S13.

(16)

The values of these parameters are given in Table 1. The ordering variable is evaluated by setting

(∂∂Gs )

T , X 2 , X 3, X 4

= 0,

(17)

which results in the following condition of homogeneous equilibrium:

X + 2 s ) ( 2 [1 − X ] + 2 s )
(
5 3
5 + 5 ( ∆ G * + ∆ G * ( X ) + ∆ G * ( X ))
0 = RT ln
2
2
2
(1 − X − 5 s )(3 X − 5 s ) 12
4

4

s

4

2s

2

3s

3

4

(

)

(

(18)

)

TET
TRG
TET
TRG
+ 1 ∆ G 4*s + 6W AgCu − 4W AgCu ( 2 X 4 − 1) + 1 6∆ G 4*s − 9W AgCu − 4W AgCu (s).
24
30
Finally, chemical potentials of the vertices of the fahlore composition-ordering space may be evaluated from the
equation:
4

µj =G +

∑ n (1 − X ) ⎛⎜⎝ ∂∂XG ⎞⎟⎠
ij

i =1

i

i T ,X k X l

( )

+ (s j − s) ∂ G
∂s

T , X 2, X 3, X 4

,

(19)

nij
where the ni coefficients are the mole fractions of the
Cu10Zn2Sb4S13,
i components
(Cu10Fe2Sb4S13,
Cu10Fe2Sb4S13, and Ag10Fe2As4S13), and sj is the value
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ordering space of interest (compare Sack, 1982; Ghiorso, 1990). Explicit expressions for the j components
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with sj = 0 are given in Sack et al. (1987; Table 1). Corresponding expressions for j components with s = –1 and
+1 are left to be derived by the interested reader4
Limiting the Taylor’s expansion to second-degree
implies some relationships between possible thermodynamic parameters that are related through various
symmetry operations. One such relationship is
between the molar Gibbs energies of the vertices of the
fahlore cube. Only seven of these are independent,

and the molar Gibbs energy of the component diagonal to the basis component Cu10Fe2Sb4S13 (1),
Ag10Zn2As4S13, is defined by the Gibbs energy of this
basis component, G1°, and the sum of the differences
between the molar Gibbs energies of the components
obtained by performing the Zn for Fe, As for Sb, and
Ag for Cu exchanges on this basis component,
Cu10Zn2Sb4S13 (2), Cu10Fe2As4S13 (3), and
Ag10Fe2As4S13 (4), and the fahlore components diagonal to them in the fahlore cube:

° Zn As S − G 4° ).
G °Ag10Zn 2As 4S13 = G1° + (G °Ag10Fe 2As 4S13 − G 2° ) + (G °Ag10Zn 2Sb 4S13 − G 3° ) + (G Cu
10
2
4 13

Three additional requirements are that the nonideality
associated with the Zn for Fe, As for Sb, and Ag for Cu
substitutions is invariant with respect to the extent of
operation of the other substitutions. These simplifications were deemed necessary given the constraints
currently available, but they could be readily relaxed
should a more comprehensive dataset require so in the
future.

(24)

Thermodynamic Model
The present thermodynamic model for
(Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores is most rigorously constrained near the (Cu,Ag)10(Fe,Zn)2Sb4S13
front,
Cu10(Fe,Zn)2(Sb,As)4S13
side
and
(Cu,Ag)10Fe2(Sb,As)4S13 bottom faces of the fahlore
cube by results of experimental and petrological
studies of the Fe-Zn exchange reaction between

4 The need for negative mole fractions in the description of reciprocal solutions is obvious. If, for example, we were to limit ourselves to

only positive mole fractions of the basis component Cu10Fe2Sb4S13 in our formulation, then we could only treat one quarter of the
composition space of the fahlore cube with such a formulation (that is, the volume between the Cu10Fe2Sb4S13 vertex and the diagonal
plane passing through the Cu10Zn2Sb4S13, Cu10Fe2As4S13, and Ag10Fe2Sb4S13 vertices), and would need to formulate three more
models with different definitions of mole fractions to treat the full volume of the cube. And, of course we would have to make sure that
the parameters governing nonideal interactions along the lines and within the planes that these four geometric volumes would share
were “internally consistent" with each other. Some of the difficulties with such formulations may be illustrated for a simpler reciprocal
solution, (Mg,Fe)[Al,Cr]2O4 spinels, an illustration further simplified assuming complete ordering of Mg and Fe into tetrahedral sites, ( ),
and Al and Cr into octahedral sites, [ ], (a reasonable first approximation; for example, Sack, 1982, 2014), and that Mg and Fe, and Al
and Cr, mix ideally (poor approximations; for example, Sack and Ghiorso, 1991a, 1991b).
If we define X2 = Mg/(Mg+Fe) and X3 = Cr/(Cr+Al), and only consider positive mole fractions of the endmember components (that is, treat
FeAl2O4(1)–MgAl2O4(2)–FeCr2O4(3) spinels as a ternary solution) we would write the following expression for G:

G = G1°( X 1) + G 2°( X 2 ) + G3° ( X 3 ) + W 23 ( X 2 )( X 3 ) + RT [ X 2 ln( X 2 ) + (1 – X 2 ) ln (1 – X 2 ) + 2 X 3 ln( X 3 ) + 2(1 − X 3 ) ln(1 − X 3 )], (20)

if we account for the fact that the Mg(Fe)–1 exchange potential, µ SP
Mg(Fe)−1, is roughly linearly dependent on X3 at a given temperature
and pressure (for example, Evans and Frost, 1975; Sack, 1982; Engi, 1983; Sack and Ghiorso, 1991b) with a symmetric regular solution parameter W23. To treat the other half of the composition plane defined by the MgCr2O4(4)-FeCr2O4(3)-MgAl2O4(2) components with positive mole fractions in a similar fashion, we would then write:
' X 2' X 3' + RT ⎡⎢ X 2' ln X 2'
G = G 4° X 1' + G 3° X 2' + G 2° X 3' + W 23
⎣
(21)
+ 1 – X 2' ln 1 – X 2' + 2 X 3' ln X 3' + 2 1 − X 3' ln 1 − X 3' ⎤ ,
⎥⎦
where, to render these two separate treatments consistent, it would be necessary to recognize that X 1' = − X 1, X 2' = (1 – X2), X 3' = (1 – X3),

( ) ( )
( ) ( )

( ) ( )( )
( ) ( ) (

)

( )

' = –W23 and that W23 is the Gibbs energy of the reciprocal reaction
W23
MgAl2O4 + FeCr2O4 = FeAl2O4 + MgCr2O4,

(22)

° , facts that may be readily established by recognizing that
∆ G 23
⎛ ∂G ⎞
.
(23)
µ SP
= − ⎛⎜ ∂ G ⎞⎟
Mg(Fe)−1 = ⎜
⎟
⎝ ∂ X 2 ⎠T ,P , X 3
⎝ ∂ X 2' ⎠T ,P , X 3'
Of course, relaxing the assumptions that Mg and Fe and Al and Cr mix ideally and making explicit provision for the ordering of Mg2+,
Fe2+, and Al3+ between tetrahedral and octahedral sites through two conditions of homogeneous equilibrium, would make the process
of discovery of the relationships between parameters for the two ternary subsystems (with positive mole fractions of their endmember
components) required to make these formulations “internally consistent”, at best, a significantly more daunting task, if achievable at
all. And then to consider expanding this type of approach to the case of fahlores or even more complex reciprocal solutions such as biotite and hornblende would be unworkable, as it would mean progressively smaller percentages of the composition-ordering spaces
would be treated with each constituent subspace with positive mole fractions and progressively more relationships between parameters
of these constituent subspaces would have to be discovered to render them “internally consistent” with each other.).
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fahlore and (Zn,Fe) sphalerite (for example, Raabe
and Sack, 1984; Sack and Loucks, 1985; O’Leary and
Sack, 1987) and the Ag-Cu exchange reaction between
fahlore and an assemblage fixing the Ag(Cu)–1
exchange potential, pyrite, chalcopyrite, and electrum
of fixed Ag/Au ratios (for example, Ebel and Sack,
1989, 1991). Calibrations of the parameters of this
thermodynamic model were subsequently improved
based on experimental, theoretical and field studies
studies of fahlore and associated sulfides (for example,
Harlov and Sack, 1994; Ghosal and Sack, 1995, 1999;
Balabin and Sack, 2000; Sack, 2000, 2002, 2005; Sack
et al., 2002, 2003, 2005; Sack and Brackebusch, 2004;
Chutas and Sack, 2004; Chutas et al., 2008). Estimates
for the Gibbs energy of formation of the endmember vertices of the (Cu,Ag)10(Fe,Zn)2Sb4S13 face were subsequently obtained which satisfy the rigorous field tests
posed by sulfide ores from Ag–Pb–Zn mining districts in Coeur d’Alene, ID, USA and Keno Hill,
Yukon, Canada (Sack and Lichtner, 2009, 2010).
The resulting model is very similar to that produced
by O’Leary and Sack (1987) with regard to its predictions of miscibility gaps on the front face of the fahlore
cube (Figs. 2, 3). The critical curves for
(Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores are only marginally lowered in temperature (by less than 5°C), and the
and
spacing
between
(Cu,Ag)10Zn2Sb4S13
(Cu,Ag)10Fe2Sb4S13 miscibility gaps is slightly compressed in Ag/(Ag + Cu). These modifications are a
result of implementing the CVM model of (Zn,Fe)S
sphalerite thermodynamics of Balabin and Sack
(2000) into the analysis of sphalerite-fahlore Fe-Zn
exchange equilibria, and, of other adjustments made
to accommodate subsequent field studies and database development. And, as previously noted, both
these, and the previously predicted, miscibility gaps
are within analytical uncertainty of miscibility gaps
observed in natural fahlores for temperatures corroborated by mineral assemblages and fluid inclusions (for
example, Sack et al., 2003, Fig. 6; Chinchilla et al.,
2016, Fig. 16). A modest downward adjustment to the estimate for the Gibbs energy of the reciprocal reaction ex°,
pressing the incompatibility between As and Ag, ∆ G 34
was also motivated by these studies. Finally, the model
predicts miscibility gaps for fahlores inside the cube that
are in better agreement with the distribution of natural
fahlores furthest from the Cu10(Fe,Zn)2(Sb,As)4S13 and
(Cu,Ag)10(Fe,Zn)2Sb4S13 faces of the fahlore cube
(compare Fig. 4).
ADJUSTMENTS
TO THERMODYNAMIC PARAMETERS
SM
The parameters W AsSb
and ∆ G 3*s may be adjusted to
examine other possible topologies of miscibility gaps
within the fahlore cube. Adjustment of ∆ G 3*s , is more
SM
productive, as adjustments in W AsSb
are ineffective
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Table 1. Values of thermodynamic mixing parameters
Parameter

Value, kJ/gfw

°
∆ G 23

10.84

°
∆ G 24

9.00

°
∆ G 34

1

50.265

°
∆ G 34

2

61.817

∆ G s*

–1.6736

∆ G 2*s

9.00

∆ G 3*s

1

∆ G 3*s

2

∆ G 4*s

0.00
–10
–10.88

TET
WFeZn

0.00

SM
W AsSb

16.74

W AgCuTRG
TET

TET
W AgCu

0.00
29.01

° and ∆ G 3*s , with ∆ G 34
° ( ∆ G 3*s ) given by the
∆ G 34
2
relationship illustrated in Fig. 6. Tentative final values.
1 Initial values for

SM
and problematic. Downwards adjustments in W AsSb
might be favored to narrow the gaps in Fig. 4, but such
adjustments only marginally narrow the calculated miscibility gaps towards the center of the fahlore cube. The
large Gibbs energy of reciprocal reaction (3) is sufficient
to insure that these gaps are still more extensive, and
extend to higher temperatures than those on the
(Cu,Ag)10(Fe,Zn)2As4S13 and (Cu,Ag)10(Fe,Zn)2Sb4S13
faces of the fahlore cube, and the miscibility gaps on
SM
these faces are unaltered by adjustments in W AsSb
.
Such adjustments may also be considered inadvisable.
SM
Although the current estimate of W AsSb
(Table 1) is near
the upper bound permitted by experimental constraints
on the As–Sb exchange reactions between fahlore and
CuPb(Sb,As)S3 bournonite-seligmannite solid solutions (Sack and Ebel, 1993), it is below that defined by

SM
the correlation of W AsSb
with semimetal/(semimetal +
metal) ratios established for coexisting Ag-sulfosalts
polybasite-pearceite [(Ag,Cu)16(Sb,As)2S11], pyrargyrite-proustite [(Ag,Cu]3(Sb,As)S3], and miargyrite-
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SACK

Critical curves

Sph
X FeS

180

T, °C

160

Zn-fahlore

0.10
0.05
0.01

Fe-fahlore

140

120

0.2

0.3

0.4
0.5
Ag/(Ag + Cu)

0.6

0.7

Fig. 2. Calculated temperature—Ag/(Ag+Cu) relations of
miscibility
gaps
in
(Cu,Ag)10Fe2Sb4S13,
(Cu,Ag)10Zn2Sb4S13, and (Cu,Ag)10(Fe,Zn)2Sb4S13
fahlores in Fe–Zn exchange equilibrium with sphalerites
Sph
with X FeS
= 0.01, 0.05, and 0.10. Fe–Zn partitioning between (Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores and (Zn,Fe)S
sphalerites calculated using the parameter values G given

in Table 1, the expression for G EX of (Zn,Fe)S sphalerite
given by Balabin and Sack (2000, p. 937), and the value for
the Gibbs energy of the Fe–Zn exchange reaction between
(Zn,Fe)S sphalerites and Cu10(Fe,Zn)2Sb4S fahlores given by Sack (2005). Dotted curve is the critical curve for
(Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores.

0.5
0.4

185°C

0.6

180°C

140°C
100°C

Zn/(Zn + Fe)

0.7

(Cu, Ag)10(Fe, Zn)2Sb4S13
100°C

0.8

170°C

0.9

170°C

1.0

0.3

In contrast, adjustments in ∆ G 3*s may significantly
alter the configuration of miscibility gaps both on the
back (Cu,Ag)10(Fe,Zn)2As4S13 face and within the
fahlore cube. In fact, making ∆G3s significantly negative might move the binodes of any miscibility gaps in
(Cu,Ag)10(Fe,Zn)2As4S13 fahlores to compositions
with X4 between 0.6 and 1.0, much like where there
are gaps in the fahlore compositions reported by
Gamyanin et al. (2001, Fig. 8). This inference is made
evident by examining the condition of homogeneous
equilibrium, Eq. (18), from which it is evident that
TRG
decreasing ∆ G 3*s increases X Ag
, strongly increasing
the preference of Ag for trigonal-planar sites, if negative enough. In such a case the order variable s might
closely approach the perimeters of the s-X4 diagram
(Fig. 5) for positive s, corresponding to mixing of Cu
and Ag exclusively on trigonal-planar sites for X4
between 0 and 0.6, and exclusively on tetrahedral sites
for X4 between 0.6 and 1. And, in such a case, the
binodes of any miscibility gap would have to be
between X4 of 0.6 and 1, as we have established that
mixing of Cu and Ag is virtually ideal on trigonal plaTRG
nar sites ( W AgCu
= 0, Table 1) and is substantially nonTRG
ideal on tetrahedral sites (that is, W AgCu
@ 0). And, of
*
course, adjusting ∆ G 3s in the opposite direction (that
is, making it positive) would move the miscibility gaps
for (Cu,Ag)10(Fe,Zn)2As4S13 fahlores to lower X4 than
those of (Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores, by lowering the range of X4 over which Ag changes site preference from trigonal-planar to tetrahedral sites (compare Fig. 5).

For internal consistency any adjustment of ∆ G 3*s
cannot be performed independently of an adjustment
° , because they are related through the condiof ∆ G 34
tion of equilibrium for the reaction:

1 10 Cu 10Fe 2Sb 4S13 + FeS 2 + Ag
Fahlor

0.2

Pyrite

Electrum

⇔ 1 10 Ag10Fe 2Sb 4S13 + CuFeS 2 ,

0.1
0

smithite [(Ag,Cu](Sb,As)S2] (Ghosal and Sack, 1995,
Fig. 5).

Fahlor

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ag/(Ag + Cu)

Fig. 3. Calculated 100, 140, 170, 180, and 185°C miscibility
gaps for (Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores using parameter values in Table 1.

(25)

Chalcopyrite

and this linkage is provided by the experimental constraints of Ebel and Sack (1989, 1991) on fahlore compositions in this assemblage for various Au/Ag ratios in
electrum at 400 and 300°C. It is convenient to write
this condition of equilibrium as:
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X2 = Zn/(Zn + Fe)

0.8

0.8 ≤ X 2 ≤ 1.0
0.5 ≤ X 2 < 0.8
0.2 ≤ X 2 < 0.5
0 ≤ X 2 < 0.2

C
0°
17

170°C

0.9

0.6

250°C

220°C

As/(As + Sb)

0.7

0.5
0.4
0.3
0.2

Fe-fahlore
Sph
X FeS
= 0.10
Sph
X FeS
= 0.05
Sph
X FeS = 0.01

0.1

0

0.1

0.2

0.3

0.4
0.5
Ag/(Ag+Cu)

0.6

0.7

0.8

Fig. 4. Calculated miscibility gaps for (Cu,Ag)10Fe2(Sb,As)4S13 fahlores and (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores in Fe-Zn
Sph
exchange equilibrium with (Zn,Fe)S sphalerites with X FeS
of 0.01, 0.05 and 0.10 for the initial parameter values given in Table 1

(that is, ∆ G 3*s = 0). Circles and squares are fahlores showing greatest departure from the Cu10(Fe,Zn)2(Sb,As)4S13 and
(Cu,Ag)10(Fe,Zn)2Sb4S13 planes of the fahlore cube from the compilations of Sack et al. (1987), Sack (1992), and Sack and Ebel
(1993). Thin lines are representative tielines between coexisting fahlores.
PYR
Q X*4 ≡ RT ln ⎡⎣( aFeS
) (aAgELEC )⎤⎦
2
6
4
⎡
⎤
2s 2X − 2s
+
X
4
4
⎢
⎥
1
5
3
5
° ( X 2 )⎥
− ⎢RT ln
+ ∆ G 24
6
4
10 ⎢
⎥
1 − X 4 − 2 s 2 [1 − X 4 ] + 2 s
⎣⎢
⎦⎥
5
3
5
TET
TRG
TET
TRG
1
1
−
∆ G 4*s + 6W AgCu − 4W AgCu ( s ) −
∆ G 4*s + W AgCu + W AgCu (1 − 2 X 4 )
50
10
CPY
° (X 3),
= ∆ G °Ag(Cu)−1 + RT ln ( aCuFeS 2 ) + 1 ∆ G 34
10

(

(

(

)

)(
)(

°
where ∆ G Ag(Cu)
−1 is the standard state Gibbs energy of
reaction (25), we may reasonably assume that the acPYR
, is unity, we may detertivity of FeS2 in pyrite, aFeS
2
Elec
mine the activity of Ag in electrum, a Ag
, from the calibration of White et al. (1957), and we may calculate
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)

(

)

(26)

)

values of the order parameter s in arsenian fahlores for
various assumed values of ∆ G 3*s from the condition of
homogeneous equilibrium, Eq. (18). We may thus de° for a given assumed ∆ G 3s° by evaluating
termine ∆ G 34
ELEC
the slope of Q X* with respect to X3 at a given X Ag
.
4
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1.0

65
60

=

S
Fe ph
S

=0

X

=1

T
Ag ET

G
TR

0.
01

X Ag

100°C

X

0.5

∆G34
° , kJ/gfw

100°C

TRG 3 TET
S = X Ag
− X Ag
2

50
45

100°C

40
–10

–5

400°C

0 100°C
h
Sp =
X FeS
h =
Sp S
X Fe

0

0.2

0.1

(dashed curves) of

1
0.0

0.4
0.6
0.8
X4 = Ag/(Ag + Cu)

10

° are calculated from the mean
∆ G 34

° determined from Eq. (26) for the tightest
values of ∆ G 34
reversal brackets produced from experiments at 300°C and
ELEC
= 0.30, A7-1, C7-1, and S7-1, 300°C and
X Ag
ELEC
= 0.40, B8-1, D8-2, H8-1, L8-1, M8-1, and S8-1,
X Ag

400°C and

TE
Ag T

=0

X

=

5

Sack (1989, 1991) for various assumed values of ∆ G 3*s .
Average values (solid curve) and standard deviations

0.1

ELEC
= 0.30, G4-1, I4-1, K4-1, and S4-1,
X Ag
ELEC

and 400°C and X Ag
= 0.20, B2-2, D2-3, D2-R1, B2-1,
H2-2, J2-2, and S2-1.

X

G
TR

h
Sp eS
F

01
0.

0
∆G3s*, kJ/gfw

° deduced from the data of Ebel and
Fig. 6. Values of ∆ G 34

=2
/3

h =
Sp S
X Fe

X Ag

–0.5

–1.0

55

1.0

Fig. 5. Ordering variable s–X4 relations calculated from
Eq. (18) for (Cu,Ag)10(Fe,Zn)2Sb4S13 (interior curves)
and (Cu,Ag)10(Fe,Zn)2As4S13 (exterior curves) fahlores.
(Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores are in Fe–Zn exSph
change equilibrium with sphalerites with X FeS
= 0.1 (100
Sph
and
400°C)
and
=
0.01
(100°C).
X FeS
(Cu,Ag)10(Fe,Zn)2As4S13 fahlores are in Fe–Zn exSph
change equilibrium with a sphalerite with X FeS
= 0.01 at

100°C for ∆ G 3*s = –10 (upper curve) and ∆ G 3*s * =
10 kJ/gfw. Dashed portions of curves are for fahlores
within calculated miscibility gaps.

saturated with pyrite at 350°C (for example, Cabri,
1973; Sugaki et al., 1975). And its departure from
CuFeS2 stoichiometry is certainly greater in the experiments of Ebel and Sack (1989, 1991) due to some
slight Ag for Cu exchange with fahlore in the fahlore +
electrum + pyrite + chalcopyrite assemblage. Despite
the fact that the compositions of chalcopyrite were not
determined in these experiments, we may reasonably
conclude that the intercepts of Q X*4 at X3 = 0 will deELEC
crease with increasing X Ag
due to the decreasing

CPY
imposed by the condition of Ag(Cu)–1 exaCuFeS
2
change equilibrium for the chalcopyrite + pyrite +
electrum subassemblage:

µ Ag (Cu ) −1 = µ FeS 2 + µ Ag + µ CuFeS 2 .
Pyrite

System

Electrum

(27)

Chalcopyrite

And this is indeed observed.

°
However, we cannot determine the value of ∆ G Ag(Cu)
−1
from the X3 = 0 intercepts, because the activity of
CPY
CuFeS2 in chalcopyrite, aCuFeS
, is unknown, as chal2
copyrite departs somewhat from stoichiometric
CuFeS2 even in the simple system Cu–Fe–S, where it
has a composition of roughly Cu0.9Fe1.1S2, when it is

°
Despite the uncertainties in ∆ G Ag(Cu)
−1 consequent
from our lack of knowledge of the exact compositions
of chalcopyrite and its activity-composition relations,
° for a given assumed
we may still tightly constrain ∆ G 34
∆ G 3*s by evaluating the slope of Q X* with respect to X3
4

at a given

ELEC
.
X Ag

°
Taking the average of values of ∆ G 34
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determined from the tightest reversal brackets of Ebel
ELEC
and Sack (1989, 1991) for X Ag
of 0.20 and 0.30 at

180

400°C and
the highly

Fe-fahlore

160

ELEC
in the pyrite+electrum+chalcopyrite+fahlore
X Ag
assemblage from Eq. (26), information that would be
useful in establishing activity–composition relations
for chalcopyrite, if chalcopyrite compositions were
known.

Variations in ∆ G 3*s have a much more significant
effect on critical temperatures in the interior of the
PETROLOGY
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2017

Zn-fahlore

140

120

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ag/(Ag + Cu)

Fig. 7. Temperature—Ag/(Ag+Cu) relations of miscibility
gaps in (Cu,Ag)10Fe2As4S13, (Cu,Ag)10Zn2As4S13, and
(Cu,Ag)10(Fe,Zn)2As4S13 fahlores in Fe-Zn exchange
Sph
equilibrium with sphalerites with X FeS
= 0.001, 0.01, and
0.05 calculated for the assumptions that ∆ G 3*s = 10 kJ/gfw
(LHS) and –10 kJ/gfw (RHS). Dashed curves are the respective critical curves for these gap sets.

1.0
0.9

100°C

0.4
175°C

0.3

170°C

0.2
0.1
0

140°C

180°C

0.5

175°C

0.6

170°C
170°C

0.7

100°C
100°C
140°C
140°C

0.8
Zn/(Zn + Fe)

° and ∆ G 3*s
With the relationship between ∆ G 34
established above, we may now consider what effects
variations in ∆ G 3*s have on the topologies of miscibility
gaps on the (Cu,Ag)10(Fe,Zn)2As4S13 back face and in
the interior of the (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13
fahlore cube. And, as noted above, positive values of
∆ G 3*s will move the miscibility gaps to lower values of
X 4FAH , and decreasing ∆ G 3*s has the opposite effect on
miscibility gaps, as illustrated by Figs. 7 and 8 for the
arsenic back face of the fahlore cube. It may be noted
that the miscibility gaps for fahlores coexisting with
Sph
sphalerite with a given X FeS
are moved closer in X4 to
those for Fe-fahlores than those displayed on the Sb
front face (Fig. 2) due to the incompatibility between
As and Zn, an incompatibility which decreases the Zn
content of fahlore due to increased Fe–Zn partitioning between fahlore and sphalerite. This movement is
most extreme in the gaps for ∆ G 3*s = –10 kJ/gfw on the
right-hand-side (high X 4FAH ) of Fig. 7, where the gap
for As-fahlores in Fe–Zn exchange equilibrium with
Sph
sphalerite with X FeS
= 0.01 is nearly coincident with
that for Fe-fahlore as consequence of the operation of
both the incompatibilities between As and Zn, and of
Ag and Zn in the fahlore structure. In addition, the
critical temperatures of the As-fahlore miscibility gaps
are only slightly lower than those determined for
Sb-fahlores miscibility gaps (compare Figs. 2, 3), and,
the critical temperature of the Zn-, As-fahlore miscibility gap declines relative to that for the Fe-,
As-fahlore with increasing ∆ G 3*s , with the result that it
is at higher temperature with ∆ G 3*s = –10 kJ/gfw, but
at a lower temperature with ∆ G 3*s = +10 kJ/gfw (compare Figs. 7, 8).

0.05
0.01
0.001

Fe-fahlore

T, °C

° deduced for a given ∆ G 3*s , we might
values of ∆ G 34
CPY
derive the functional dependence of RT ln(aCuFeS
) on
2

Sph
X FeS

Critical curves

ELEC
X Ag

of 0.30 and 0.40 at 300°C, we obtain
constrained functional dependence
° and ∆ G 3*s illustrated in Fig. 6, where it
between ∆ G 34
is apparent that the standard errors of the estimate of
° decrease with decreasing ∆ G 3*s . And utilizing
∆ G 34
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ag/(Ag + Cu)

Fig. 8. Calculated 100, 140, 170, 175, and 180°C miscibility
gaps for (Cu,Ag)10(Fe,Zn)2As4S13 fahlores using values of
the parameter ∆ G * = 10 kJ/gfw (LHS) and ∆ G * =
3s

3s

° given by Fig. 6, and
‒10 kJ/gfw (RHS), values of ∆ G 34
remaining parameter values from Table 1.
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0.5 ≤ X 2 < 0.8
0.2 ≤ X 2 < 0.5
0 ≤ X 2 < 0.2

0.7
0.6

175°C
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Zn-fahlore

C
175°
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190°C

As/(As + Sb)

C
170°
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170°C

X2 = Zn/(Zn + Fe)
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C
170°
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0.4
Ag/(Ag + Cu)
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Fig. 9. Calculated 170, 175, and 190°C miscibility gaps for (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores using ∆ G 3*s = 10 kJ/gfw, the
° given by Fig. 6, and remaining parameter values from Table 1. Circles and squares are a subset of
corresponding value of ∆ G 34
the fahlores showing greatest departure from the Cu10(Fe,Zn)2(Sb,As)4S13 and (Cu,Ag)10(Fe,Zn)2Sb4S13 planes of the fahlore
cube from the compilations of Sack et al. (1987), Sack (1992), and Sack and Ebel (1993).

fahlore cube. For the most positive value of ∆ G 3*s considered in Fig. 6, 10 kJ/gfw, the incompatibility
°,
between As and Ag, expressed by the parameter ∆ G 34
is sufficiently small that there is minimal increase in
critical temperatures relative to those on the front and
back faces of the fahlore cube (compare Fig. 9), with
maximum critical temperatures being less than 200°C,
over 60°C below the corresponding critical temperatures, when it is assumed that ∆ G 3*s = 0 kJ/gfw (compare Fig. 4). And, it is noteworthy that these adjustments leave the Ag-poor binodes of zincian fahlores
virtually unmoved in Ag/(Ag+Cu) or X4 at intermediate As/(As+Sb) and 170°C. The main effect of
decreasing ∆ G 3*s (with the concomitant increase in
° ) is to fill up the void in composition space not
∆ G 34
occupied by natural fahlores with miscibility gaps by
increasing the Ag/(Ag+Cu) of their Ag-rich binodes.

And, for example, an adjustment of ∆ G 3*s to –10 kJ/gfw
results in movement of the 170°C Ag-rich binode for
the (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlore miscibility
gaps for fahlores in Fe–Zn exchange equilibrium with
Sph
sphalerites with X FeS
of 0.01 and 0.07 to slightly higher
Ag/(Ag+Cu) than the most Ag-rich fahlores of intermediate As/(As+Sb) ( X 4FAH ≈ 0.8) reported by Ixer
and Stanley (1983) (compare Fig. 10). The fahlores in
the ores examined by Ixer and Stanley (1983) should
be considered in more detail as they constitute a large
percentage of the fahlore analyses exhibiting maximum departure from the (Cu,Ag)10(Fe,Zn)2Sb4S13
and Cu10(Fe,Zn)2(Sb,As)4S13 faces of the fahlore cube
considered by Sack et al. (1987), Sack (1992) and Sack
and Ebel (1993).

The fahlores described by Ixer and Stanley (1983)
are from the Ag-Pb lode of the Hope mine on little
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= 0.07
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X FeS
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Fig. 10. Calculated 170, 220, 270, 320 and 360°C miscibility gaps for (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores in Fe–Zn exchange
Sph
equilibrium with (Zn,Fe)S sphalerites with X FeS
of 0.01 and 0.07 for parameter values given in Table 1 with ∆ G 3*s = –10 and
° = 61.817 kJ/gfw. Circles and squares are fahlores showing greatest departure from the Cu10(Fe,Zn)2(Sb,As)4S13 and
∆ G 34
(Cu,Ag)10(Fe,Zn)2Sb4S13 planes of the fahlore cube from the compilations of Sack et al. (1987), Sack (1992), and Sack and Ebel
(1993). Circles and squares with numbers are from Ixer and Stanley (1983), Table 1.

Sark Island, Channel Islands, Great Britain, the only
mine that produced significant metalliferous ore in the
Channel Islands in the nineteenth century. They occur
in “Sark’s Hope Silver-Lead Lode” vein which cuts a
foliated hornblende granite of Late Precambrian age.
As is typical of such deposits, the paragenetic
sequence for the minerals in Sark’s Hope lode is complicated, involving the minerals quartz, calcite, pyrite,
hematite, chalcopyrite, bravoite, pyrrhotite, marcasite, arsenopyrite, fahlore, sphalerite, enargite, polybasite-pearceite, pyrargyrite, acanthite, galena, chalcocite, covellite and blaubleibender covellite (Ixer and
Stanley, 1983). The fahlores of interest here (containPETROLOGY
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ing > 10 wt percent Ag; compare Fig. 10) occur as
inclusions in both chalcopyrite and galena. Of particular interest is an inclusion of fahlore in chalcopyrite
(analysis 30, Ixer and Stanley, 1983) with X 2FAH ≈
0.813, X 3FAH ≈ 0.0376, and X 4FAH ≈ 0.385 in ores with
Sph
sphalerites with X FeS
≈ 0.016–0.070. This fahlore lies
close enough to the (Cu,Ag)10(Fe,Zn)2Sb4S13 face of
the fahlore cube that it may be used to place a minimum bound on mineralization temperature, if we
assume it has not undergone significant retrograde
Ag–Cu exchange with the chalcopyrite that encloses
it. This minimum bound is in the range 240–250°C
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SACK

based on the calibration of the condition of equilibrium for the reaction

Ag10Zn 2Sb 4S13 ⇔ AgSbS 2 + 3Ag 3SbS 3 + 2ZnS (28)
Fahlore

Miargyrite

Pyrargyrite

Sphalerite

of Sack (2005) and Sack and Lichtner (2009, 2010),
and the absence of miargyrite in the ore specimens.
One may, however, arrive at the conclusion that this
minimum bound is not far below the actual mineralization temperature, if it is believed that galenas initially had higher Ag-contents, and much higher
AgSbS2 activities, during mineralization (for example,
Sack and Goodell, 2002; Sack et al., 2003; Sack and
Lichtner, 2009, 2010) than their current compositions
indicate.
With this bound we may infer that the fahlores that
occur as inclusions in galena which are Ag- and Asrich (analyses 33 and 34) are comfortably outside the
binode of the miscibility gap for Ag-rich and Zn-rich
fahlores at ∆ G 3*s = –10 kJ/gfw. We may also infer that
the high Ag and As copper fahlores that occur as inclusions in chalcopyrite (analyses 28 and 29) are roughly
equidistant in X 4FAH from the corresponding binodes
of such miscibility gaps for Ag-poor and Zn-rich
fahlores. We may advance this coincidence as evidence
that a value of ∆ G 3*s = –10 kJ/gfw is not a bad guess for
its actual value. Of course, this requires us to assume
that either As stabilizes high Ag-fahlores, or, as much
more likely, the high-Ag fahlore inclusions in galena,
like those in the interior and within the
(Cu,Ag)10(Fe,Zn)2As4S13 face of the fahlore cube, may
be metastable with respect to assemblages produced by
reactions such as reaction (28), those involving argentite (for example, Ebel and Sack, 1991), arsenopyrite
or other Ag- and As-rich sulfosalts. We thus conclude
that these data of Ixer and Stanley support the inference that ∆ G 3*s may be approximately –10 kJ/gfw. Not
only would this topology provide a convenient explanation for the absence of fahlore compositions with
intermediate Ag/(Ag+Cu) and As/(As+Sb) ratios, the
inferred value of ∆ G 3*s would comport well with the
structural role for Ag in arsenian fahlores inferred by
Johnson and Burnham (1985) and the observation
that such values of ∆ G 3*s lead to smaller standard errors
° deduced from the tight experin the estimate for ∆ G 34
imental brackets of Ebel and Sack (1989, 1991). In
addition, it is similar to the value determined for ∆ G 4*s
(compare Fig. 6). Of course such estimates for ∆ G 3*s
lead to greater critical temperatures, temperatures
approaching 370°C.
DISCUSSION
We have presented a series of possible topologies of
miscibility gaps in the (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13
fahlore cube for the purpose of helping to evaluate

interpretations of the distribution of natural fahlore
compositions, and, in the hope that they may encourage economic petrologists to find further direct, or
indirect, evidence for them. To date, it has been 30 years
since (Cu,Ag)10(Fe,Zn)2Sb4S13 fahlore miscibility gaps
were predicted (O’Leary and Sack, 1987) and independently confirmed (Sack et al., 2003; Chinchilla
et al., 2016). Accordingly, we have undertaken this analysis with the hope of catalyzing discovery of miscibility
gaps in (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores. And, as
we previously noted, these gaps almost certainly extend
to higher temperatures, and, are thus more extensive
than those for (Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores.
Developing new constraints on miscibility gaps for
arsenian fahlores will help refine out knowledge of the
Gibbs energy surface of this remarkable petrogenetic
indicator.

Our knowledge of the thermodynamic properties of
this petrogenetic indicator is also hampered by the lack
of a field tested estimate for G 3°. This is the last
unknown thermodynamic parameter, as the Gibbs
energies of the Cu10Zn2As4S13, Ag10Fe2As4S13, and
Ag10Zn2As4S13 vertices are related to it through Eqs. (1),
(3), and (24), and field tested estimates for the Gibbs
energies of Cu10Fe2Sb4S13 (G1°), Cu10Zn2Sb4S13 (G 2°),
° – G1° +
Ag10Fe2Sb4S13 (G 4°), and Ag10Zn2Sb4S13 ( ∆ G 24
G 2° + G 4°) fahlores have been developed (Table 2; Sack
and Lichtner, 2009, 2010). To be credible, any estimate of G 3° must pass the rigorous field tests posed by
metal zoning of arsenian fahlores in time and space
(for example, Wu and Petersen, 1977) interpreted
through the prism of state-of-the-art models for the
thermodynamic properties of hydrothermal fluids (for
example, Johnson et al., 1992; Shock et al., 1998;
Reed and Palandri, 2006), reactive transport (for
example, Lichtner, 1985: Lichtner et al., 1986a, 1986b,
1987; Lu and Lichtner, 2007; Hammond et al., 2008;
Mills et al., 2009), and mineral kinetics (for example,
Lichtner, 2016). It is with this aim that we intend to
conduct inverse calculations to simulate such zoning
and develop field tested constraints on G 3°.
In these endeavors we must also develop a reliable
model for the thermodynamic mixing properties of
chalcopyrite solid solutions with Ag and Fe substituting
°
for Cu to adequately constrain ∆ G Ag(Cu)
−1 in Eq. (26)
and develop calibrations for hydrothermal fluid–sulfide equilibria that correctly describe ore–forming
processes and events for this and other sulfide solid
solutions, which, like chalcopyrite, do not retain their
primary hydrothermal compositions (for example,
galena, Sack et al., 2002, 2003, 2005; Sack and Goodell, 2002; Sack and Lichtner, 2009, 2010). With such
improvements in our thermochemical models and
parallel developments in kinetic theory (for example,
Lichtner, 2016) we may begin to realize more of the true
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potential of fahlore to serve as a powerful petrogenetic
indicator of ore-forming process and events.
In addition, the energetics of the many substitutions which extend fahlore compositions beyond the
(Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 cube (for example,
Fe ⇔ Mn, Fe ⇔ Cd, Fe ⇔ Hg, S ⇔ Se, 2Fe ⇔
CuFe3+, FeSb ⇔ CuTe, and CuSb ⇔ Te) need to be
characterized to enable fahlore to tell us much more,
perhaps nearly everything we need to know, about oreforming processes and events. Fortunately this characterization may be aided by similarities between
(Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores and those in
more complex or parallel composition spaces. We
may, for example, infer that the energies of the reciprocal reactions in which Zn is replaced by other group
12 elements Cd and Hg:

Cu 10Cd 2Sb 4S13 + Cu10Fe 2 As 4S13
= Cu10Fe 2Sb 4S13 + Cu10Cd 2 As 4S13,

(29)

Cu10Cd 2Sb 4S13 + Ag10Fe 2Sb 4S13
= Cu10Fe 2Sb 4S13 + Ag10Cd 2Sb 4S13,

(30)

Cu10Hg 2Sb 4S13 + Cu10Fe 2 As 4S13
= Cu10Fe 2Sb 4S13 + Cu10Hg 2 As 4S13,

(31)

Cu10Hg 2Sb 4S13 + Ag10Fe 2Sb 4S13
(32)
= Cu10Fe 2Sb 4S13 + Ag10Hg 2Sb 4S13,
will be similar to those of reactions (1) and (2) (for
example, Kalbskof, 1971; Pattrick and Hall, 1983;
Johnson and Rimstidt, 1986; Charnock et al., 1989).
We may also note that the2Fe2+ ⇔ CuFe3+ substitution may be nearly ideal in synthetic Cu10Fe2Sb4S13Cu11FeSb4S13 fahlores (for example, Makovicky
et al., 1990), but the operation of the Fe ⇔ Zn substitution may complicate phase relations in such fahlores
even at 220°C (for example, Sack and Goodell, 2002,
Fig. 5). In addition, we might be tempted to surmise
that there is an incompatibility between vacancies (♠)
in trigonal-planar coordination and Fe2+ in tetrahedral coordination in Te-substituted fahlores, expressed by a large negative value for the Gibbs energy
of the reciprocal reaction:
Cu12Sb 2Te 2S13 + Cu 8♠2 Fe 2Sb 2 Te 2S13
(33)
= Cu12Fe 2Sb 4S13 + Cu10♠2 Te 4S13,
because many natural Te-fahlore (that is, goldfieldite)
occurrences
tend
to
lie
close
to
the
(Cu,Ag)10(Fe,Zn)2(Sb,As)4S13-(Cu,Ag)12(Sb,As)2Te2S13
and (Cu,Ag)12(Sb,As)2Te2S13-(Cu,Ag)10♠2Te4S13 pseudobinaries (for example, Kalbskof, 1974; Kase, 1986;
Shimizu and Stanley, 1991; Trudu and Knittel,
1998; Plotinskaya et al., 2005a, 2005b). However,
the presence of Te-fahlores with (Fe + Zn) ≈ 2 and
Te ≈ 2 (for example, Kovalenker et al., 1980; Trudu
and Knittel, 1998, Fig. 8) suggests that, rather than the
Gibbs energy of Cu8♠2Fe2Sb2Te2S13 being significantly
greater than that defined by the plane containing the
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Table 2. Enthalpies and entropies of formation of
(Cu,Ag)10(Fe,Zn)2Sb4S13 fahlore endmembers and FeS
sphalerite from simple sulfides at 1 bar and between 177
and 435°C (from Sack and Lichtner, 2009, 2010)1
Mineral

∆ H f , kJ/gfw

∆ S f , J/K-gfw

Cu10Fe2Sb4S13 2

–140.2561

0.565

3

–139.461
–120.8817
–47.6869

1.894
8.309
0.621

–46.8919
–19.3124
–1.0188
–0.6213

1.950
8.365
–3.872
–3.207

Cu10Fe2Sb4S13
Cu10Zn2Sb4S13

Ag10Fe2Sb4S13 2
Ag10Fe2Sb4S13 3
Ag10Zn2Sb4S13
FeS 2
FeS 3

1
Between 177 and 435°C the reference simple sulfides are bccAg2S, hcp-Cu2S, ZnS sphalerite, FeS troilite, and Sb2S3 stibnite.
Values for ∆ G1°, ∆ G 2° , and ∆ G1° were field tested. That is to say
these values lead to predicted fluids compositions that are consistent with observations from the Coeur d’Alene and Keno Hill mining districts (for example, Sack et al., 2002, 2003, 2005): we inferred primary mineral compositions from petrologic data, mass
balance, salinity, CO2 contents and temperature constraints from
fluid inclusions, and from phase equilibrium considerations, and
then demonstrated that the calculated fluids were in equilibrium
with the inferred primary assemblages (Sack and Lichtner, 2009,
2010); 2 T > 324.85°C.; 3 324.85–177°C, temperature of bcc-Ag2S
transition to acanthite.

Gibbs energies of the Cu10Fe2Sb4S13, Cu12Sb2Te2S13
and Cu10♠2Te4S13 endmember components, the close
conformity between many natural Te-fahlore compositions and these pseudobinaries may reflect that lower
♠Te(CuSb)–1 and/or higher CuTe(FeSb)–1 exchange
potentials prevailed in the main, than in the rare cases
where fahlores near the (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13(Cu,Ag)8♠2(Fe,Zn)2Te2(Sb,As)2S13 and (Cu,Ag)8♠2
(Fe,Zn)2Te2(Sb,As)2S13 – (Cu,Ag)12Te2(Sb,As)2S13
pseudobinaries were produced (compare Trudu and
Knittel, 1998, Fig. 8). Thus, the exact energy of reaction (33) is subject to large uncertainty, and it, like
many other energetic parameters of fahlores in composition spaces extending beyond the fahlore cube, are
not well characterized, and thus provide fertile
grounds for further study.
Finally, analysis of the energetic properties of Tebearing fahlores may be further complicated by the
operation of the Cu2+ for Fe2+ substitution in Te-poor
varieties. Although natural fahlores typically have
Cu2+ much less than 10 percent of the divalent cations
(for example, Tatsuka and Morimota, 1977b; Johnson
and Jeanloz, 1983) many of the Te-poor fahlores
reported by Shimizu and Stanley (1991), Trudu and
Knittel (1998), and Plotinskaya et al. (2005a, 2005b)
have greater Cu2+ substituting for Fe2+ and/or
Cu+Fe3+ substituting for 2Fe2+ (for example, Makovicky et al., 1990). And additional removal of Fe from

4

512

SACK

synthetic tetrahedrites in the Cu-Fe-Sb-S system further complicates matters by expanding tetrahedrite’s
stability field from virtually a point for Cu10Fe2Sb4S13
fahlore, our stoichiometric basis component, to a
roughly triangular composition field with one vertex
approaching Cu14Sb4S13 and the other two vertices lying
roughly 85 and 60 percent towards the compositions
Cu12Sb4S13 and Cu12Sb4.67S13 along the joins Cu14Sb4S13Cu12Sb4S13 and Cu14Sb4S13-Cu12Sb4.67S13 in the system
Cu-Sb-S at 500°C (for example, Tatsuka and Morimota, 1977a; Makovicky and Skinner, 1978). With
decreasing temperatures, such non-stoichiometric
Cu–Sb–S tetrahedrites become unstable or metastable with respect to other sulfides, as well as to unmixing into tetrahedrites approaching 204 and
208 valence electrons per unit cell, coexisting tetrahedrites with full or near full occupancy of the 51st and
52nd Brillouin zones, respectively (for example,
Makovicky and Skinner, 1978, 1979; Johnson and
Jeanloz, 1983). There appears to be little relationship
between miscibility gaps in synthetic fahlores in such
simple chemical systems and miscibility gaps in natural fahlores. Natural fahlores are invariably more
chemically diverse, and adhere more closely to the
208 valence electrons per unit cell that corresponds to
a full 52nd Brillouin zone that characterizes all
fahlores of the fahlore cube. Miscibility gaps in the
cube are a consequence of changing site preference of
Ag with Ag/(Ag + Cu) ratio and substantial nonideality in the mixing of Ag and Cu on tetrahedral metal
sites, and are enhanced by the incompatibility
between Ag and As in fahlores with intermediate
Ag/(Ag + Cu) and As/(As + Sb) ratios.
CONCLUSIONS
Possible topologies of miscibility gaps in
(Cu,Ag)10(Fe,Zn)2(Sb,As)4S13 fahlores, consistent with
established phase relations for (Cu,Ag)10(Fe,Zn)2Sb4S13
fahlores, and experimental and natural constraints
on the incompatibilities of As and Zn and of As and
Ag in the fahlore structure, require that As stabilizes
Ag in trigonal-planar metal sites relative to
(Cu,Ag)10(Fe,Zn)2Sb4S13 fahlores to be consistent
with the distribution of natural fahlore compositions.
The resulting thermochemical model for fahlores predicts that miscibility gaps for (Cu,Ag)10(Fe,Zn)2As4S13
fahlores are displaced to higher Ag/(Ag+Cu) ratios than
their (Cu,Ag)10(Fe,Zn)2Sb4S13 counterparts, but have
similar critical temperatures in the range of 170–185°C.
In contrast, we infer these gaps extend to temperatures
exceeding 360°C in (Cu,Ag)10(Fe,Zn)2(Sb,As)4S13
fahlores. Activity—composition relations are now well
calibrated for all of the vertices of the (Cu,Ag)10(Fe,
Zn)2(Sb,As)4S13 fahlore cube, the Gibbs energies of
formation of (Cu,Ag)10(Fe,Zn)2Sb4S13 fahlore endmembers have been calibrated and field tested, and the
Gibbs energies of formation of only one

(Cu,Ag)10(Fe,Zn)2As4S13 fahlore endmember needs to
be calibrated and field tested to complete the fahlore
thermochemical model. With this development the
fahlore thermochemical model may be used to make
predictions about metal zoning in time and space, with
the ultimate goal of developing strategies of mineral
exploration and resource evaluation based on sound
thermodynamic, kinetic and reactive transport models.
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