
American Mineralogist, Volume 7 3, pages 707-713, 1988

High-temperature reaction calorimetry of solid and liquid phases in
part of the quasi-binary system CurS-SbrS,

L. Tlru,s Bnvxozr.n, O. J. Kr-npp.t
James Franck Institute and Departments of Chemistry and Geophysical Sciences,

The University of Chicago, Chicago, Illinois 60637, U.S.A.

Ansrn-rcr

High-temperature reaction calorimetry has been applied in a thermochemical study of
solid and liquid phases in part ofthe quasi-binary system CurS-SbrS3. The enthalpies of
formation at 298 K of the sulfosalts chalcostibite (CuSbSr) and monoclinic skinnerite
(CurSbSr) from their end-member component sulfides (CurS and SbrS.) were determined
tobe -20.2 + 2.1 kJ.mol-l and -24.8 + 2.7 kJ'mol-', respectively.

Mixtures of solid CurS and liquid SbrS, at 895 K were studied by solid-liquid reaction
calorimetry, and by dilution calorimetry, with pure liquid SbrS.. Measurements of the
solid-liquid enthalpies of mixing (in kJ.mol-t) yielded the linear expression

LH*k/Xc",s: -9.25 + 18.7sxc",s

based on experiments with values of X.-. ranging from 0.1 to 0.4. This equation is con-
sistent with a symmetrical, regular-solution model and implies that the heat of fusion of
CurS at 895 K (for X.*. - 1.00) is 9.5 kJ.mol-'. Our data yield an average value for
AG..-r..",. of 6.6 J.K-' .mol-'.

INrnonucrroN neither of the above criteria is free of ambiguity (Wuensch,

In this paper we present new calorimetric data for solid 1974; Ctaig, 1974)' Most sulfosalts may be regarded as

and liquid phases in the system Cu-Sb-S, 
"Ut"i*JUt 

intermediate phases on joins between simple sulfides, as

high-temperature reacrion calorimetry. Th" p."r;;;;il; in the.cu,S-SbrS, system that is the focus of the present

is an extension of our previous calorimetric investiga- lnvestrgatlon'

tions into the thermochemistry of sulfosalt minerals in
the systems Ag-Bi-S and Ag-Sb-S (Bryndzia and Kleppa, Previous work in the system Cu-Sb-S

1988a, 1988b, respectively). The phases and phase relations in the system Cu-Sb-S
Sulfosalt minerals are commonly widespread in their have been studied by Cambi and Elli (1965), Skinner et

distribution and occur in a diverse range of ore-deposit al. (1972), Tatsuka and Morimoto (1973, 1977), Karup-
types, yet the lack of reliable thermochemical data for Msller and Makovicky (1974), Makovicky and Skinner
these minerals makes them attractive targets for experi- (1978, 1979), and Lind and Makovicky (1982).
mental study. Most naturally occurring sulfosalt minerals Cambi and Elli (1965) determined the liquidus surface
are compositionally more complex than their synthetic along the join CurS-SbrSr. Their proposed phase diagram
analogues, which means that interpreting laboratory containsthreeeutectics: at583.2'Cand83.28molo/oCurS,
studies is often difficult. This is especially true for tetra- at 541.8 "C and 58.73 molo/o CurS, and at 496.0 oC and
hedrite, which occurs in the ternary system Cu-Sb-S and 20.12 molo/o CurS. The solid phases reported by Cambi
is probably the most common sulfosalt in the Earth's and Elli (1965) as belonging to this join include chalco-
crust (Skinner et al., 1972).h is nonetheless highly desir- cite, tetrahedrite solid solution, chalcostibite, and stib-
able to obtain reliable thermochemical data for the syn- nite.
thetic analogues of naturally occurring sulfosalt minerals The results of a comprehensive study of phase relations
as a first step toward better understanding the processes in the system Cu-Sb-S by Skinner et al. (1972) contra-
and mechanisms by which these minerals form in nature. dicted the findings of Cambi and Elli (1965), particularly

Sulfosalts are sulfide minerals that contain one of the with respect to the composition-stability relationships of
Group V elements (As, Sb, or Bi) as an essential com- tetrahedrite. Cambi and Elli (1965) reported an extreme
ponent(Berry, 1965; Staples,l972).Ithasbeensuggested composition range for tetrahedrite of 4CurS'Sb,S, to
that the principal feature distinguishing a sulfosalt from 3CurS'SbrS, (i.e., CurSbrS' to CurSbS.). These compo-
a sulfide is the presence of TS, (T : As, Sb, or Bi) pyra- sitions lie along the quasi-binary join CurS-SbrS, in the
mids in the structure of the sulfosalt (Hellner, 1958; No- ternary system Cu-Sb-S. According to Skinner et al.
wacki, 1969; Tak6uchi and Sadanaga, 1969). However, (1972), tetrahedrite is a ternary compound whose com-
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Fig. L Phase relations on the CurS-SbrS, quasi-binary join
modified from Cambi and Elli (1965), as discussed in the text.
The low-temperature CurS-rich region of the diagram is poorly
understood and has been simplified for clarity. At 622 "C, the
system is binary only for compositions with Xc*s < 0.40, as
discussed in the text.

position does not lie on the join CurS-SbrSr, although the
extreme Cu-rich end of the tetrahedrite composition field
observed by Skinner et al. (1972) almost reaches the join
CurS-SbrSr. Subsequent studies oftetrahedrite phase re-
lations by Tatsuka and Morimoto (1973, 1977), Mako-
vicky and Skinner (1978,1979), and Lind and Makovicky
(1982) have confirmed the ternary nature oftetrahedrite
solid solutions in the system Cu-Sb-S. These references
should be consulted for a detailed explanation of tetra-
hedrite phase relations. Figure I shows the liquidus sur-
face along the join CurS-SbrSr, modified after Cambi and
Elli (1965). Figure I has been simplified to include only
the eutectics observed by Cambi and Elli (1965) and the
solid phases ofinterest to the present study. The principal
sulfosalts on the join CurS-SbrS, are the minerals chal-
costibite and skinnerite, both of which melt congruently.

Chalcostibite (CuSbS,). Hoffman (1932) showed that
chalcostibite is orthorhombic. According to Skinner et al.
(1972), the synthetic product appears in all respects iden-
tical to the natural compound. It does not depart from
its stoichiometric formula and contains no reported in-
versions. X-ray diffraction analysis of our synthetic
CuSbS, gave a powder pattern the same as that obtained
by Hoffman (1932) for a natural chalcostibite sample and
almost identical to the powder pattern of Lind and Ma-
kovicky (1982) for a synthetic chalcostibite sample. The
melting temperature for chalcostibite obtained by Cambi
and Elli (1965) is 552.6 "C, which is essentially identical
to the 553 + 2rc reported by Skinner et al. (1972).

Skinnerite (CurSbSr). The existence of this phase was
first reported by Gaudin and Dicke (1939). Godovikov
et al. (1971) prepared it by sintering CurS and SbrS, at

480 and 530 "C. Verduch and Wagner (1957) determined
the free energy of formation of CurSbS. at 400 oC, show-
ing it to be more stable than its component simple sul-
fides, CurS and SbrS.. Skinner et aI. (1972) determined
its phase relations in the system Cu-Sb-S. The existence
of skinnerite as a mineral was confirmed by Karup-Moll-
er and Makovicky (1914).

Skinner et al. (1972) reported that Cu.SbS, disappears
at high temperature by melting congruently at 607.5 + 3
"C. This temperature is almost the same as the tetrahe-
drite melting temperature, 610 'C, reported by Cambi
and Elli (1965). Our work confirms that the melting tem-
perature of CurSbS, is -610 .C.

According to Skinner et al. (1972), CurSbS, is only sta-
ble above 359 + 2 "C, below which the compositionally
equivalent assemblage chalcostibite * tetrahedrite + an-
timony is stable. Tatsuka and Morimoto (1973), how-
ever, observed that CurSbS, breaks down below 361 + 2
'C to tetrahedrite + antimony only. Tatsuka and Mori-
moto (1977) conducted annealing and cooling experi-
ments on melts of CurSbS, composition (called pseudo-
tetrahedrite by them). In agreement with the findings of
Skinner et al. (1972), they were able to produce a single
homogeneous phase with Cu3SbS, composition at room
temperature, by rapidly cooling a melt of the same com-
position. In contrast though, slow cooling of this same
phase annealed at 250 oC resulted in the breakdown of
Cu.SbS, to an assemblage of digenite, famatinite, anti-
mony, and tetrahedrite. On the basis of these results, Tat-
suka and Morimoto (1977) concluded that their pseu-
dotetrahedrite of Cu.SbS. composition obtained by rapid
cooling from 300 oC must be metastable at room tem-
perature. In view of these findings, Karup-Moller and
Makovicky (1974) explained preservation of natural
skinnerite as due either to favorable cooling conditions
or to stabilization by a very small amount of Ag.

Although CurSbS, can be readily quenched to room
temperature, this is complicated by a metastable, revers-
ible polymorphic inversion to a low-temperature form at
122 + 3'C. The inversion is rapid and the high-temper-
ature form cannot be quenched. or.l analysis reported by
Skinner et al. (197 2\ shows that no other inversions occur
in CurSbS3 up to its melting temperature. They also re-
ported that the stable low-temperature form of skinnerite
is monoclinic, whereas the high-temperature form is or-
thorhombic. Karup-Moller and Makovicky (1974) found
that the naturally occurring skinnerite was identical to the
low-temperature monoclinic polymorph synthesized by
Skinner et al. (1972).

Our synthetic Cu.SbS. material was X-rayed, and the
patterns obained were compared with the published pow-
der patterns for both synthetic and natural skinnerite
(Karup-Moller and Makovicky, 1974) and for synthetic
pseudotetrahedrite of CurSbS, composition (Tatsuka and
Morimoto, 1977). Agreement with the pattern for pseu-
dotetrahedrite is near perfect, whereas agreement with
the X-ray powder pattern for natural and synthetic skin-
nerite is not as good. In the pseudotetrahedrite sample

CuSbS2
cholcostibite

cstb
Sb253 *

cstb + st
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prepared by Tatsuka and Morimoto (1977), which was
cooled rapidly from 300 "C, superstructue reflections were
present. In our quenched samples of CurSbS3, superstruc-
ture reflections were absent. Similar observations were
reported by Chen and Chang (1974). In slowly cooled
melts of the same composition, which still yielded a sin-
gle phase pseudotetrahedrite (CurSbSr), superstructure
reflections similar to those reported by Tatsuka and Mo-
rimoto (1977) were observed. We used the quenched
product in our calorimetric experiments.

Scope of the present calorimetric study

From the CurS-SbrS, phase diagram in Figure l, it can
be seen that an extensive liquid range exists in this quasi-
binary system. At 622 .C (895 K), the operating temper-
ature of our calorimeter, this liquid encompasses a range
in composition from the pure Sb2S3(D end member
(X.,,. : 0) to Xc",s = 0.83. In this region, the calculated
logf,, ranges from -4.8 in equilibrium with pure Sb2S3(4.
to -6.0 in equilibrium with Cu'S,,,. This is approximate-
ly the same range encountered in our previous calori-
metric experiments in the system Ag-Sb-S (Bryndzia and
Kleppa, 1988b), where we found that loss of S from the
calorimeter during experiments was not a problem. Since
sulfide liquids in the system Cu-Sb-S may find future use
as calorimetric solvents suitable for high-temperature so-
lution calorimetry for sulfide and sulfosalt minerals, we
have studied the thermochemistry of the CurS-SbrS, sys-
tem in some detail. In this communication we present
new high-temperature direct-synthesis calorimetric data
on the enthalpies of formation of the sulfosalts chalco-
stibite (CuSbSr) and skinnerite (CurSbS.), as well as results
on the integral enthalpies of mixing of solid CurS with
liquid SbrS, at 895 K.

ExpBnrnrnNTAL METHoDS

Calorimetry

The calorimetric experiments reported in the present com-
munication were carried out at 895 K in a Calvet-tlpe twin
microcalorimeter. The principal features of this type of appara-
tus have been described in detail previously by Kleppa (1972),
Watanabe and Kleppa (1983), Topor and Kleppa (1986), and
Bryndzia and Kleppa (1988b). Calibrations were based on the
heat content ofpure Au at 895 K (81.057 J/g,taken from Kelley,
1960).

Starting materials

The starting materials were SbrS, (antimony sulfide, black
powder, Lot no. 31548, J. T. Baker Chemical Co.) and CurS
(copper(Il) sulfide, Catalog no. 12342, Aesar, Johnson-Matthey,
Inc.). Electron-microprobe analyses of our starting materials in-
dicated that the only detectable impurity was -0.4 wto/o Fe in
SbrS, and -0.6 wto/o Fe in CurS.

Experimental techniques

In all experiments that involved SbrS3 as a component, the
SbrS, powder was cast into rods by melting it at 680'C in evac-
uated silica tubes of 6-mm outside diameter with l-mm walls.

Cast stibnite rods were dropped into the calorimeter from room

temperature.
Enthalpies of formation of sulfosalts. The enthalpies of for-

mation of chalcostibite (CuSbS,) and skinnerite (CurSbSr) were

determined by reaction of stoichiometric proportions of CurS:

SbrS:, which were pelletized and dropped into the calorimeter
from room temperature. Two series of experiments were per-

formed for each sulfosalt. In the first series, CurS and SbrS,
reacted to form a melt; in the second series the heat content of

the solid sulfosalt was measured by dropping pellets of a previ-

ously synthesized crystalline phase from room temperature into

the calorimeter where a melt of the same composition formed.
The difference in the measured enthalpies for the two sets of

experiments is the heat of formation of the sulfosalt at room

temperature from its component simple sulfides.
Solidliquid and liquidJiquid mixing experiments. Two types

of mixing experiments were carried out in the course of the pres-

ent study. In the first type ofexperiment, cast rods ofSbrS, were

dropped from room temperature into a fused silica crucible
yielding a pool of pure liquid Sb'Sr at 895 K. To this liquid were

added pellets of CurS from room temperature, forming a liquid

mixture with the desired mole fraction of CurS (X.",.). In order

to obtain the enthalpy of solid-liquid mixing at 895 K' i.e.,

AH:;|, it was necessary to correct the observed enthalpy of re-

action for the heat content ofCutS at 895 K. From three separate

determinations, obtained by dropping pellets of CurS into the

calorimeter from room temperature and measuring the associ-
ated heat effects. we obtained a mean value for lH"n, - Hrr"L","

of 58.03 + 0.08 kJ mol-r' we used this value to correct the

observed enthalpies in all experiments in which CurS was dropped
from room temperature. Our heat content value for CurS at 895
K is in excellent agreement with the values of 58.07 and 57'78

kJ mol I given by Robie et al. (1979) and King et al. (1973),

respectively.
In the second type ofexperiment, liquid CurS-SbrS3 ofknown

composition was mixed with pure liquid SbrS, at calorimeter

temperature. The advantages ofthis type ofexperiment are that

heat-content corrections are not required and that heats ofmix-
ing or dilution are measured directly. For these experiments, we

utilized the same calorimetric cell arrangement used in similar

experiments in the system Ag-Sb-S, described in detail by
Bryndzia and Kleppa (1988b). In all experiments at 895 K' the

calorimeter was continually flushed with a steady stream ofpuri-

fied Ar to prevent oxidation of the sulfide melt.
As reported by Bryndzia and Kleppa (1988b), in experiments

involving SbrS3 it was observed that during the long durations

of some experiments (-6 h), very small amounts of SbrS, were

lost from the calorimetric cell. These losses were found to be of
the order of -2 wto/o of the total mass of material in the calorim-

eter and were ofno consequence compared to other errors. Loss

of S also was negligible.

Rnsur,rs
Enthalpies of formation of chalcostibite (CuSbSr) and
skinnerite (CurSbS.), from CurS and SbrS. at 298 K

Ml1,6ostsr,zes. Tables la and lb summarize the results of
experiments on the enthalpy of formation of CuSbS, based
on the enthalpy changes associated with the following two
reactions: (l) AFl.".*ion

7zCurS,",.2es * YzSb2Sle,zsa : CuSbSr,a,rer (la)
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TABLE 1A. The enthalpy of reaction for 7zourS,",.rr,  +
12sb2s3{"),2ss : CuSbSr,r,rru

TABLE 24. The enthalpy of reaction for 3/2Cu2S(").2s8 +
7zSb2Sq"),zsa : Cu.SbSnr,rru

ocrsos"

Expt no. (mmol) (J) (kJ mol 1)
ncu3s63

Expt no (mmol)
AH* AH*o*

(J) (kJ mol-l)

'I

2
J

4

3.837
4.028
4.742
4.910

Average AH-*b":92.4

344.1
371 .9
440.9
+oJ.3

89.7
92.3
93.0
9 4 4

1 3.637
2 3.143
3 3.097

Average AH-"db": 137.7 +

494.0 135.0
430.6 137.0

+  1 . 7  k J . m o l - i ( + 1 s ,  n : 4 )

TABLE 18. The heat content of chalcostibite based on the re-
action Cusbsrl"y,rse : CuSbSz14,""u

Expt. no.
flcusus,

(mmol)
(Hr* - Hr*)
(kJ 'mol-1)

434.3 140.2

1 . 9 k J ' m o F ( + 1 s , n : 3 )

TABLE 28. The heat content of Cu.SbS. based on the reaction
Cu"SbS",.,.r", : Cu.SbS",o,r"u

Expt no
ncuesbs3
(mmol)

AH"*
(J)

(Hr* - H*.)
(kJ.mol i )

(J)

1 3.227
4.678
4.099

112.1
1 1 2 . 9
112.9

361.8
528.2
462.8

1 3.430 558.1
2 2.133 344I
3 2.238 364.9

162.7
161 .6
163.1

A4,c,"0", : AH, - (Hr". - H,.") : -20.2 + 2.1 kJ mol-1

A v e r a g e I H , -  H n " l : 1 1 2 . 6 +  0 4 k J  m o l  ' ( + 1 s , n : 3 )
Average (H, - Hr".)",."*": 162.5 + 0.8 kJ mol , (+1s, n: 3)

AH,,"u""b". : AH, - (H""" - Hn"l: -24.8 + 2.7 kJ.mol-

were measured and are given in column 5 of Table 3. The
enthalpy of mixing between solid and liquid may be cal-
culated according to Equation 4:

,A;JS.L - >(Ar/.b. - 
[F/8e5 

- F12e8]c'rs) (a\
Zr (CurS+Sbrs r )  '  \ ' /

i.e., the observed heat efect corrected for the heat content
of solid CurS at 895 K. The integral heat of mixing of
solid CurS with the melt includes a contribution from the
heat of fusion of solid CurS (at 895 K) plus the liquid-
liquid heat of mixing. For reasons that will be discussed
later, a relatively limited liquid range along the join CurS-
SbrS. was amenable to calorimetric study, i.e., X.ur, <
0.40. From the data in Table 3, it can be seen that in this
range, AIlgl is exothermic. The results of the experi-
ments in Table 3 (column 8) have been plotted in Figure
2 against composition. It should be noted that in Table
3, no. 7(b) represents an experiment in which solid CurS
was added from room temperature to a melt of (CurS +
SbrS.) of known initial composition (X.,r. : 0.10).

Dilution experiments. The results of all dilution exper-
iments are summarized in Table 4. This table reports the
results of two series of measurements in which a melt of
known initial composition (Xc,rs) is made more Sb2S3
rich by the addition of liquid SbrSr. In each case, the
initial melt composition was the final melt produced in
the previous solid + liquid experiments (Table 3). AH"b"
is the observed integral heat of mixing of liquid SbrS,
with this melt at 895 K. The reaction that occurs in the
calorimeter can be described by the following equation:

U'sorr,14.rn, * Z(suus:+cu:sxO,rnr: f(n' 
-f Z)strr;

* ncurs]to,ass (5)

>A11*-k : ZAH 
"o"/2n(cu2s+sb2s3) 

. (6)

The results of the three dilution experiments in Table 4
have also been included in Fisure 2. As can be seen from

and (2) the heat content lH"r, - Hrn"f

CuSbSr,",,rn* : CuSbS214.3e5.

Subtracting Equation lb from la yields

Mraurrrr,rn, : M,"o",ion - (Htrr -

( lb)

Hrrr). (lc)

From four separate determinations of the enthalpy of re-
action and three determinations of the heat content, we
obtain a mean value of -20.2 + 2. I kJ.mol 'for the
enthalpy of formation of chalcostibite from CurS and SbrS,
at 298 K.

AtrI,,.or"o"r,rrr. Tables 2a and 2b summarize the results
of experiments on the enthalpy of formation of CurSbS,
based on the enthalpy changes associated with the follow-
ing two reactions: (l) AfI....,t""

fCu2S1,y,zrs * YzSb.S31,;,2es : CurSbS.,,,.rr, (2a)

and (2) the heat content lHrn, - Hrnrf

CurSbS.,",,rr, : CurSbS.,n.rnr. (2b\

From three determinations of the enthalpy of reaction
and three determinations of the heat content, we obtain
a mean value of -24.8 + 2.7 kJ.mol I for the enthalpy
of formation of the low-temperature, monoclinic form of
skinnerite from CurS and SbrS, at 298 K.

Integral enthalpies of mixing of CurS and SbrS, at
895 K

Solid-liquid mixing experiments. In these experiments
pellets of CurS were dropped from room temperature into
a pool of liquid SbrS3 to produce a melt of known com-
position, i.e., X.*.. The reaction that occurs in the calo-
rimeter can be described by the following equation:

ZCuzS(s) .298*  /?so2r r1 t ; ,a ls :n (cu2s+sb2s3) ( / ) ,895 '  (3 )

The heat effects, A,Floo", associated with these reactions
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Figure 2, the results of the dilution experiments are very
consistent with those of the solid-liquid mixing experi-
ments, and there is considerable overlap in composition
between the two types of mixing experiments.

All the data in Figure 2 may be described by a simple
function obtained by a least-squares linear-regression
procedure. The equation for the line ofbest fit is

>LHs;k/Xc"2s: -9.25 + l8.75xc"rs Q)

for which the units are kJ .mol-' and the correlation coef-
ficient (r'z) : 0.94. This r': value indicates that Equation
7 is an excellent fit to the data in Tables 3 and 4.

The solid-liquid heat of mixing is the sum of two parts,
vtz,

afl*k : x.,r.Al1ru",o,,.u2s * AIlL-r (8)

where X.ur. is the mole fraction of CurS in the melt,
Mr,"io^cu2s is the heat of fusion of solid CurS at 895 K,
and AHbL is the heat of mixing of undercooled liquid
CurS and liquid SbrS, (at 895 K).

Dividing through Equation 8 by X.',. results in

AHs;k/Xc"2s : (AHLL/Xc.rs) * Allr,"ro,,cu2s. (9)

If we assume that
aHwL -- X""rrXrorrrX, (10)

where tr is the interaction parameter, Equation 9 may be
rewntten as

AH*k/ Xc"2s : XrorrrX + Mr,sion,cu2s. ( l  l )

Equation 11 is similar in form to Equation 7. A plot of
A.FIft! against Xc,rs results in a straight line, with a slope
equal to the interaction parameter, L. The intercept of the
line at X.,r, : 1.00 gives the heat of fusion of solid CurS
at 895 K.

The fact that the observed solidJiquid integral enthal-
pies of mixing in Figure 2 define a linear function indi-
cates that mixing of undercooled liquid CurS and liquid
SbrS, in the high SbrS, range may be approximated by a
symmetrical, regular-solution model such as is implied
by Equation 10. The intercept in Figure 2 for a melt with
X.,r. : 1.00 gives an approximate value of the heat of
fusion of CurS at 895 K, Mrusion,cu2S.tes = 9.5 + I kJ.
mol '. Even though this value is obtained by extrapola-
tion significantly beyond the range of our experiments, it
is believed that our estimated heat of fusion for Cu"S at

Tnele 3. Summary of results for solidJiquid mixing experiments

0 0.20 0.u10 0.60 0.80
Xcu2s

Fig.2. Integral enthalpies of mixing between CurS and SbrSt
based on solidliquid mixing experiments (filled symbols, from
column 8 in Table 3) and solidJiquid dilution experiments (open
symbols, from column 7 in Table 4). The straight line is the line
of best fit to all the data, as explained in the text.

895 K is a very reasonable one in view ofthe excellent
fit of Equation 7 to the experimental data.

Our result is in excellent agreement with the value of
9.6 kJ.mol-' reported by Richardson and Antill (1955),
obtained from equilibrium measurements on solid and
liquid NarS * CurS mixtures, in the temperature range
836-1242 K. The heat of fusion of CurS at its melting
point (1400 K) is given as 12.84 kJ'mol-'by King et al.
(1973). A comparison of this result with our own value
implies an average difference between the heat capacity
of liquid and solid CurS, i.e., LCr,"-', of about 6.6 J'K-''
mol-l. This value may be compared with the correspond-
ing value of 4 J'K-''mol-' for AC"..-. calculated by
Bryndzia and Kleppa (1988b) for Ag,S at 880 K and the
literature value at the melting point (l103 K). Mills (1974)
reported the heat offusion ofCurS at 1402 K to be 9.6

t_

E

a
><

t A H;il= -9.2b+ 18.75 xcuzs

r Sol id+Liquid experiments
o S+L+Dilut ion, Series I
O S+L+Dilut ion, Series 2

(1) (2)

Dsqs.

Expt no. (mmol)

(3) (41

(mmol) X"*"

(5)

AH*
(J)

(6)

(H, - Hml
(J)

(7)
)AHg-r --

4(s) - (6)lDn
(J mol-')

(8)

EAHft|IXcvs
(kJ-mdi)

0.23
0.38
0.37
0.10
0.19

'I

2
o

7a
7b

8230
6 698
o . c / u

10.800
10.800

2.509
4.063
3.908
1.200
1 aaa

134.6
227.3
215.7

18.13

145.8
235.8
227.1

19.02

-1042
-790
-1088
-817.
- 1 0 1 1

-4.53
-2.08
-2.94
-8.17'
-5.32

Note.'Based on addition of solid Cu"S from room temperature to liquid Sb"S. at 880 K.
. Values calculated based on the )AHfrL from experiment 5b (Table 4).
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TABLE 4. Summary of results for dilution experiments

( 1 )

Expt. no.

(21

(mmol)

(6)
ZAHg+ --
>(5)l2n

(J.mol i )

(7)

>AHfiVXC",S
(kJ mol 1)

(3) (4)

flc,.s

(mmol) X.""

(5)

(J)

0.23
0.16

0.16
0.10

0.37
0.24

4a
4b

5a
50

ba
6b

8.230
4.821

C.OUU

4.210

o  c / u
5 .671

2.509
2.509

1.080
1.080

3.908
3.908

-11.2-
-4 .0

-6.5- '
- 2 4

- 1 1 . 4 1
-5.3

-1042-
- q 7 e

-973"
-817

- 1 0881
-1034

-4.53-
-6.08

-6.08--
-8.17

-2.941
-4.31

Note. Based on addition of liquid Sbrss to solid Cu,S, or to a Cu2s-rich melt at calorimeter temperature (895 K).
' Experiment 4a is the same as exDeriment 1. Table 3

" Values calculated on the basis of the value of >AHf,-L trom experiment 4b.
t Values calculated on the basis o{ the value of >AHfi{ from experiment 3, Table 3.

kJ.mol-r, based on the data of Richardson and Antill
(1955) and assuming that AC..-, : 0. We suggest that the
preferred value of the heat of fusion of CurS at its melting
point is rhat reported by King et al. (1973).

DrscussroN

Even though Figure I shows that an extensive liquid
range exists along thejoin CurS-Sb,S, at 895 K (622"C),
ranging from X..r. : 0 to Xcuzs = 0.83, we were able to
perform satisfactory experiments over only about one-
half of this liquid range, i.e., up to Xc"2s * 0.40. We
observed depressed (too exothermic) enthalpies of mixing
compared to Equation 7 for melts with X."r, > 0.40.
Examination of the solidified melts by servr revealed the
presence of a multiphase assemblage in SbrSr-CurS melts
with X."r. > 0.40. On textural grounds, the most likely
cause for the depressed enthalpies of mixing at 895 K
was the precipitation of a solid Sb-Cu alloy (-SboroCuo,o).
These results are consistent with ternary, not binary so-
Iution behavior along this portion of the CurS-SbrS, join.
For melts with Xc,rs < 0.40, however, only a single ho-
mogeneous phase was observed by sru, indicating that
mixing of the components to form melts in this range was

TABLE 5. Summary of thermochemical data for CuSbS, and
Cu"SbS. from their component sulfides (CurS and
sbrs3)

(K) (kJ mol 1)
AHf.-

(kJ .mol  1 )
AS,t

(J .K-1  mol j )

CuSbSr, chalcostibite
-17 ' 1o t  - 2o2  +  2 ' 1

truly binary. For this reason, the data in Figure 2 are
restricted to this limited rage of compositions.

The enthalpies of formation of CuSbS, and CurSbS.
were obtained via the thermodynamic cycle summarized
by Equations la and lb (for CuSbSr), both of which in-
volve a melt at 895 K. The fact that the melt formed is
ternary rather than binary is ofno consequence since the
melt was of the same composition in both cases.

Summary of therrnochemical data for the sulfosalts
chalcostibite (CuSbSr) and skinnerite (CurSbSr)

Verduch and Wagner (1957) determined the Gibbs free
energies of formation of CuSbS, and CurSbS. at 400 "C
from CurS and SbrSr, using the reduction equilibrium
data of Schenck et al. (1939) and their own electrochem-
ical results. The Gibbs free-energy values they reported
for CuSbS, and Cu.SbS. at 400 oC are -3293.0 and
-3033.4 J/equivalent (where an equivalent is defined as
containing one-half of a S atom), or -13.17 and - 18.20
kJ'mol-', respectively. These values were recalculated by
Craig and I*es (1972, Table l) as -11.93 and -18.25

kJ.mol ', respectively. These free energies are summa-
rized together with our own new enthalpy data for these
minerals in Table 5. In the present discussion, we assume
that the enthalpies of formation of CuSbS, and CurSbS,
from their component sulfides will not be significantly
different at 673 K from the values at 298 K. Under this
assumption, we calculate, from the Gibbs free energies
and our own enthalpies, the approximate entropies of
formation given in Table 5 for CuSbS, and CurSbS, from
their component sulfides.

We note that the entropies of formation given in Table
5 are small negative values, consistent with the significant
negative enthalpies of formation of these minerals. For
the analogous Ag-bearing sulfosalts in the system AgrS-
SbrSr, miargyrite (AgSbSr), and pyrargyrite (AgrSbS,), we
found small negative enthalpies of formation and small
positive entropies of formation from their component
sulfides AgrS and SbrS, (Bryndzia and Kleppa, 1988b).

We feel that it would be instructive to comment briefly
on the apparent metastability of CurSbS. (Tatsuka and
Morimoto, 1977) as opposed to naturally occurring skin-

298f
673f

298$
673f

-  1 3 . 1 7 -2O2  +  2 .1
-11 .931 t  - 20 .2  +  2 .1

Cu"SbS", skinnerite
-21 881 -24.8 + 2.7
-18.20 -24.8 + 2.7
-18.251t  -248 + 2.7

-10 .4  +  3 .11
-10 .4  +  3 .1
-12 .3  +  3 .1

-9.8 + 4.0f
-9.8 + 4.0

9.7 + 4.O

. From Verduch and Wagner (1957) and Craig and Lees (1972).
.. Experimental, this study, as discussed in the text
1 Calculated, this study, as discussed in the text.

tt Recalculated values from Craig and Lees (1972, Table 1).
f Orthorhombic.
$ Monoclinic.



nerite (Karup-Moller and Makovicky, 1974). Assuming
that the high-temperature entropies of formation in Table
5 will not be significantly different at 298 K, together with
our experimentally measured enthalpies, it is possible to
provide an estimate of the free energies of formation for
both chalcostibite and skinnerite at 298 K. These data
yield values of -17.10 and -21.88 kJ.mol 'for the free
energies of formation of chalcostibite and skinnerite, re-
spectively; this result shows that there is little difference
in the free energies of formation between the two min-
erals relative to their end-member sulfides. In fact, these
data suggest that both synthetic CurSbS, and naturally
occurring skinnerite are stable minerals at 298 K and that
the small amount of Ag reported to occur in natural skin-
nerite (<2 molo/o Ag, Table I in Karup-Moller and Ma-
kovicky, 1974) is unlikely to be an important factor in
the stabilization of this mineral. The reason that skin-
nerite is a rare mineral in nature therefore remains enie-
matic.
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