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Standard molar enthalpies of formation of sulfosalts in the Ag-As-S system and
thermochemistry of the sulfosalts of Ag with As, Sb, and Bi
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AssrRAcr

High-temperature direct-synthesis calorimetry of the silver thioarsenite minerals smith-
ite (AgAsSr), trechmannite (AgAsSr), and proustite (Ag.AsSr) at 793 Kyielded mean values
for the standard enthalpy of formation from the elgments of -59.1 + 2.3, -74.77 + 2.9,
and -l l l .3 + 3.4 kJ.mol ', respectively.

The enthalpy of transformation of the low-temperature polymorph of AgAsS, (trech-
mannite) to the high-temperature polymorph (smithite) was determined to be 15.65 + 1.7
kJ.mol-'. At the equilibrium temperature of this transformation, 593 IC this yields an
entropy of transformation of 26.4 + 3.0 J.K-r'mol '.

A systematic study of the thermochemistry of the sulfosalts of Ag with the Group V
elements As, Sb, and Bi shows that the enthalpies of formation for the low-temperature
polyrnorphs become progressively more exothermic in the order Bi - Sb - As. The
enthalpies of transformation from the low- to high-temperature polymorphs of AgBiS, (0
- a matildite), AgSbS, @ - A miargyrite), and AgAsS, (trechmannite - smithite) become
more endothQrmic in the order Bi = Sb - As, whereas the corre$ponding entropies of
transformation of these minerals (i.e., AS,.",") increases in the order Sb - Bi - As. For
the transformation of a- to B-miargyrite, AS,,"n. x 2R lt 2 and may be attributed to the
complete disordering of Ag and Sb atoms in the miargyrite structure. This approximate
equality is in marked contrast to both AgAsS, and AgBiSu for which AS,,."" > 2Rln 2.

The molar volume differences (i.e., AZ,.*") for these polymorphic transformations are
negative and decrease in magnitude in the order AgAsS, - AgSbS, - AgBiSr. Each of the
polymorphic transformations therefore involves (at 298 K) a decrease in molar volume
and a positive entropy change with no apparent correlation between Atr{.-. and AS,on..

INrnoouc.rIoN

In this paper we present new enthalpy of formation
data for the sulfosalt minerals that lie on the join AgrS-
AsrS., obtained by high-temperature direct-synthesis
calorimetry. The present study is an extension of the
previous calorimetric investigations into the thermo-
chemistry of sulfosalt minerals in the systems Ag-Bi-S,
Ag-Sb-S, and Cu-Sb-S (Bryndzia and Kleppa, 1988a,
1988b, and 1988c, respectively).

The sulfosalts on the joins AgrS-AsrS, (i.e., smithite,
trechmannite, and proustite) and AgrS-SbrS, (i.e., miar-
gyrite and pyrargyrite) are collectively referred to as the
ruby-silver minerals. They are widespread in their distri-
bution and occur in a diverse range ofore deposit types;
although minor constituents in most polymetallic sulfide
ore deposits, the ruby-silver minerals proustite and pyr-
argyrite may in some cases constitute the bulk of mine-
able silver mineralization.

There are inherent limitations associated with experi-
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mental studies of pure synthetic phases, since sulfosalt
minerals in nature are often compositionally much more
complex than their synlhetic analogues. However, in view
of the fact that for most sulfosalt minerals there is a dearth
of reliable thermochemical dala, working with the pure
end.member synthetic minerals is a logical first step.

Previous work on the system Ag-As-S

The phases and phase relations in the system Ag-As-S
have been studied by Jaeger and van Klooster (1912),
Gaudin and McGlashan (1938), B6land (1948), Toulmin
(1963), Hall and Yund (1964), Hall (1966), Roland (1968,
1970), Wehmeier et al. (1968), and Bardsley and Jones
(1968). Jaeger and van Klooster (1912) presented a phase
diagram for the join AgrS-AsrS, determined from melting
relations along the join, showing that four solid phases
(AgrS, AgrAsSr, AgAsSr, and AsrSr) and three eutectics
are present in the system. The three eutectics occur at
16.9, 39.8, and -96 molo/o AsrSr. Subsequent work by
Gaudin and McGlashan (1938), Hall (1966), and Roland
( I 970) has confirmed their findings (see Fig. l, taken from
Roland, 1910; after Jaeger and van Klooster, l9l2). The
sulfosalts on the join ,A,grS-As'S, are smithite and tre-ch-
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Fig. 1. Phase relations along the join AgrS-AsrSr, in the
presence of vapor (modified from Roland, 1970; after Jaeger and
von Klooster, 1912). Abbreviations are as follows: ac, acanthite;
arg, argentite; xan, xanthoconite; pro, proustite; trech, trech-
mannite; smtt, smithite. The restricted stability field of cubic
smithite reported by Hall (1966) (415 to 421 .C), has been omit-
ted for reasons discussed in the text.

mannite (AgAsSr) and proustite and xanthoconite
(AgrAsSr); both compositions melt congruently.

Wehmeier et al. (1968) published a very different dia-
gram for the join AgrS-AsrSr, but, according to Roland
(1970), the appearance of the S-rich phase AgrAsSu in
many of their experiments showed that either equilibri-
um was not maintained or that their compositions were
not strictly binary. The synthetic phase AgrAsSo has been
omitted from Figure I since it could not be synthesized
by Roland (1970), even though Hall (1966) reported it.

AgAsS, exists as two modifications in nature. These are
the relatively rare minerals smithite and trechmannite,
which are monoclinic and hexagonal, respectively. Hall
(1966) reported a third structural form of AgAsSr; this
form-the highest-temperature one, a-smithite-is cu-
bic and is apparently isostructural with B-miargyrite
(B-AgSbS) and a-matildite (a-AgBiS,). According to Hall
(1966), the cubic modification has a very restricted tem-
perature stability range from 41 5 "C to 421 "C. The cubic
phase was not observed by Roland (1970) or by us.
X-ray powder data for synthetic smithite formed in our
experiments and previously reported by Roland (1970)
are in perfect agreement with natural monoclinic smithite
reported by Berry and Thompsot (1962) and with the
synthetic material of B6land (1948). Roland (1970) re-
ported the melting temperature of smithite to be 421 +
2'C,the same temperature at which Hall (1966) reported
the cubic modification of smithite to melt. Synthetic
trechmannite was first made bv Roland (1968) bv an-

nealing smithite at 290'C for l0 d; it was shown to be
hexagonal, having the same cell dimensions as natural
trechmannite reportedby Nowacki and Kunz (1961). The
equilibrium temperature of the smithite-trechmannite in-
version has been determined to be 320 + 5 "C (Hall,
1966; Roland,1970).

Ag.AsS, also exists in two modifications in nature. The
low-temperature modification, which is monoclinic, is the
rare mineral xanthoconite. The high-temperature modi-
fication, which is hexagonal, is the mineral proustite, an
important and relatively abundant silver ore mineral.
Xanthoconite, as with its analogue in the system
Ag-Sb-S, pyrostilpnite (AgrSbSr), is always reported to
occur with its high-temperature dimorph, proustite. It was
first synthesized in aqueous media by B6land (1948), who
found that in all runs in which xanthoconite formed, the
major phase was proustite. Toulmin (1963) found that
proustite showed no sign of inversion to xanthoconite
when annealed at 135'C for l7 months. Hall (1966) was
able to establish the conversion temperature of xanthoc-
onite to proustite to be 192 + l0'C. This was later
confirmed by Roland (1970). Proustite was grown as large
single crystals of optical quality by Bardsley and Jones
(1968) and by Wehmeier et al. (1968). X-ray powder data
for synthetic proustite formed in our experiments are in
nearly perfect agreement with those documented for syn-
thetic proustite by Wernick et al. (1958). Using various
X-ray techniques, Roland (1970) showed that proustite
remains stoichiometric up to its melting point of 495 "C.

In this communication we present new high-tempera-
ture, direct-synthesis calorimetric data on the enthalpies
of formation of trechmannite, smithite, and proustite.
Because it is not possible to synthesize pure xanthoconite,
its enthalpy of formation could not be measured. The
standard enthalpies offormation of the end-member sim-
ple sulfides AgrS and AsrS, have been reported previously
by Bryndzia and Kleppa (1988a and 1988d). The new
enthalpy data for the silver-arsenic sulfosalts are com-
pared below with enthalpy data previously reported for
the sulfosalts of Ag with Bi and Sb (Bryndzia and Kleppa,
1988a and 1988b, respectively). We also report molar-
volume data for the sulfosalts of Ag with the Group V
elements As. Sb. and Bi.

ExpnnrnrnNTAI, METHoDS

Calorirnetry
The caloarimetric experiments reported in the present com-

munication were carried out at 793 K in a Calvet-type twin
microcalorimeter. The principal features of this type of appara-
tus have been described in detail previously by Kleppa (1972)
and by Bryndzia and Kleppa (1988a, 1988b).

Enthalpies of formation of the sulfosalts on the join AgrS-
As.S, were obtained by measuring the heat effects associated
with the reaction of elemental Ag and As with S at 793 K. All
samples were dropped from room temperature into the calorim-
eter. Two series of experiments were performed for each sulfo-
salt. In the first series, the elements react to form the sulfosalts;
in the second series, the heat contents of the sulfosalts formed
in the previous experiments are determined. The difference in
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the two measured enthalpies gives the standard molar heat of
formation of the sulfosalt. Calibrations were based on the heat
content of pure Au at 793 K (66.542 J'g ') taken from Kelley
(1960) .

Starting materials

The starting materials used in the experiments were as follows:
S-sublimed USP powder, Lot 344371, J. T. Baker Chemical
Co.; Ag-AESAR Johnson-Matthey Inc., silver powder, 5-9 trm,
Catalog no. 11402; and As-AESAR Johnson-Matthey Inc., 2-
6 mm, Catalog no. I I 170. Electron-microprobe analyses of our
starting materials indichted that the elements were free of me-
tallic impurities. The As was separated from any oxide by gently
distilling off any volatile AsrO, under vacuum and was always
stored in evacuated quartz tubes to prevent oxidation.

Components were weighed out in stoichiometric proportions
to form the compounds AgAsS, and AgrAsSr. In all cases the
powders were thoroughly mixed by dry grinding in an agate mor-
tar and then pelletized. Approximately I g of material was used
in each experiment. To minimize the possibility of any prereac-
tion occurring in our experiments, the elapsed time between
preparation of pelletized charges and their subsequent reaction
in the calorimeter was in every case less than t h. This approach
is the same as was adopted previously in our calorimetric deter-
mination of the enthalpy of formation of Ag.S from the elements
(Bryndzia and Kleppa, 1988a). The container used in the drop
exp€riments was silica-glass tubing, 6-mm outside diameter, with
l-mm wall thickness, sealed under vacuum. Reaction products
were routinely examined by X-ray and electron-microprobe
analysis.

Rnsur,rs

Standard enthalpy of formation of smithite,
AgAsSr, from the elements

The standard enthalpy of formation of smithite was
obtained by determining the heat efects associated with
consecutive drops of the same sample (i.e., sample +
silica container) from room temperature into the calorim-
eter. In the first drop, 1000/o reaction occurs between the
elements which, at 793 K, react to form a liquid having
the stoichiometry of the smithite being synthesized. In
subsequent drops the heat content ofthe same silica con-
tainer * the reaction product is measured. The silica con-
tainer is chemically inert and therefore does not take part
in the reaction. The difference between the measured heat
effect in the first drop and the average ofsubsequent drops
of the same sample is directly related to the enthalpy of
formation of the sample in the silicia container. The
calculation of the standard molar enthalpy of formation
of smithite may be summarized by the following: (l)
Afl.""",,.. for

Usio2(container),298 * llor1r1,rvz * Zo(",,rn, + 2ns@29s

: llsioz,tgt I ll^r,rrrr(t)Jnr,

and (2), the heat content lHrn. - Hrnrf for

( la)

t?sio2,zee * l?ouo"r.(r).rn, : nsio2,ttt I ho"o"sr14,rnr. (lb)

Subtracting lb from la yields

A/1fln4.s2,zsr : Afl*n.,,o. - (Hrn, - Hrn")/no 
"tr. 

(lc)

Trale 1. Standard molar enthalpy of formation of smithite
(AgAsSr)

H,"" - H^"
frsio" nrqres, AH,.""." (J) aHflAees,'as

Expt (mmol) (mmol) (J) (+1 s.d.) (kJ moF)

1 (b)

2(a)

2(b)

1(a) 23 573 3.930 802.2

20772 3.906 700.4

22.962 3 889 784.3

1032.7
1053.8
1021 8
1041 2
1037.4 + 11 7

948.6
932.3
940.5 + 8.2

-59.85

-61.47

3(a)

3(b)
1 992.5
i  1 0 1 1 . 8

I rooz: r s.z -s6.03

AHlono"".,r..: {AH,n - 
[Hr.. 

- H*"]ror]/nono"""
AH?r . *o :  -59 .12  +  2 .3  kJ .mol - '  (+1  s .d . ,  N :  3 )

The liquid of AgAsS, stoichiometry formed in Reaction
la crystallizes as the high-temperature modification of
AgAsSr, smithite, which persists metastably on cooling
to room temperature. In lb the heat content of smithite
is measured. Table I summarizes the results on the syn-
thesis of smithite. From three series of experiments, we
obtain a mean value of -59.12 + 2.3 kJ'mol-' (t 1 s.d.)
for the standard enthalpy of formation of smithite from
the elements at 298 K.

Enthalpy of transformation of trechmannite to smithite
and standard enthalpy of formation of trechmannite,
AgAsSr, from the elements

In order to obtain the enthalpy of formation of the low-
temperature modification of AgAsSr, trechmannite, it is
necessary to obtain a value for the enthalpy of transfor-
mation of techmannite to smithite. Figure 1 shows that
the inversion temperature for trechmannite to smithite is
320 + 5 'C. The synthesis of trechmannite and its char-
acteristic X-ray powder pattern were reported by Roland
(1968), who showed that annealing a solid of AgAsS,
composition at 290'C for 315 h, was sufficient to achieve
the inversion of smithite to trechmannite. Approximately
3 g of smithite were ground in an agate mortar, packed
into silica-glass tubes, sealed under vacuum and annealed
at 285 + 4 "C for about 290 h. The X-ray powder pattern
of the annealed material shows that it was identical to
that obtained by Roland (1968, Fig. 1). Based on the ratio
of peak heights of the dominant X-ray peak in pure
smithite and in the annealed material, the yield of trech-
mannite was estimated to be > 980/0.

The enthalpy of transformation of trechmannite to
smithite was obtained by measuring the enthalpy changes
associated with the following reactions, which involved
consecutive drops of the trechmannite sample contained
in an evacuated silica-glass tube:
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Taaue 2, The enthalpy of transformation of trechmannite to Trat-e 3. Standard molar enthalpy of formation of proustite
smithite (Ag"AsSJ

flsioz Desa"s"

Expt. (mmol) (mmol)

AH.f
44. (J) aHll;"#+
(J) (+1 s.d.) (kJ mol ')

llsp,

Expt. (mmol)
' 'adssr

(mmol) (J)

u  _ u' '7e3 
(J) 

' '2e8 
AHflon^"".

(+1  s .d , )  (kJ .mot - ' ;

1(a) 29.966 4.06s 1325

2(a) 31.926 4.061 1425

3(a) 30 708 5.131 1469

3(b)

1(b)

2(b)

't241
't264
1266
1243
1254 +

1 354
1 350
1 387
1 392
1371 +

1 396
1  2 R E

1 397
1 395
'1386 + 18

12 17.47

I  g 13.30

1(a) 23 355 2.467 826.2

23.783 2 474 820.6

1492.2
1 1  1 6 . 5
1101.7
1  103 .5  +  10 .0  - 112 .4

1 105.5
1  1  13 .9

1 109 7 + 10.0.  -114.7

1085.7
1083.4
1084.6 + 10.0 '  -106.7

1(b)

2(a)

2(b)

3(a)

3(b)

. AHr: trechmannite(s), 298 K : AgAsS,(/), 793 K.
t AH,: smithite(s), 298 K : AgAsS,(/), 793 K.
+ AHf,#3: trechmannite(s), 298 K - smithite(s), 298 K : {[Af(1) - Atl(2)ll

D^n^"" , )  :  15.65 + 1.7 kJ.mol-1 (+l  s .d. ,  N:  3)  AH8Mddqe,2$ :
AHl".*q,,,., - AHll#3 - -74,77 + 2.9 kJ.mol-l.

Af(l) : trechmarinire(s), 298 K - AgAsS,(l), 193 K
AH(z) : smithite(s), 298 K - AgAsSd/), 793 K

Hence,
aH[:;";t : A//(l) - LH(2). (2a)

Based on three seBarat€ series of experiments summa-
rized in Table 2, we obtain a mean value of 15.65 + 1.7
kJ'mol-' (+ I s,d.) for the enthalpy of transformation of
trechmannite to smithite zt 298 K. If this value is as-
sumed to be independent of temperature and if the equi-
librium temperature of the trechinannite to smithite
transformation is 593 K, this yields an entropy of trans-
formation of about 26.4 I .K I .mol-r.

An estimate of the enthalpy of formation of trech-
mannite may now be obtained from the data in Tables I
and 2, and the following relationship:

A.F1fl,.".r,.zss: Al13.-irr,,zqa - AHli;il3, (2b)

which yields a mean value of -74.8 ! 2.9 kJ.mol ' for
the standard enthalpy of formation of trechmannite from
the elements at 298 K.

Standard enthalpy of formation of proustiteo
AgrAsSr, from the elements

Table 3 summarizes the results of our three series of
synthesis experiments on the enthalpy of formation of
AgrAsS' based on the enthalpy changes associated with
reactions analogous to those implied by la and lb, al-
ready given in detail for smithite. We obtained a mean
value of -l l l .27 t 3.4 kJ.mol-'(+l s.d.) for the en-
thalpy of formation of proustite from the elements at
298 K.

22-516 2.466 826.8

AH8on"o""",.n.*: {AF(a) - IH,"" - Hr*l(b)}/nos.*".
AHSr**r :  111.27 + 3.4 kJ.mot 1 (+1 s.d ,  N:  3)

. + 1 s.d. assumed to be the same as for exoeriment 1 .

DrscussroN

With the enthalpies of formation of the silver thioar-
senite sulfosalts, we are able to summarize all of our ex-
perimental calorimetric data for the sulfosalts of Ag with
the Group V elements As, Sb, and Bi. All of the silver
sulfosalts in Table 4 are simple stoichiometric combina-
tions of the Group V sulfides orpiment, AsrS., stibnite,
SbrSr, and bismuthinite, BirS. with acanthite, AgrS. Most
of the data in column I of Table 4 has been obtained by
high-temperature direct-synthesis calorimetry from the
elements, with the exception of the silver thioantimonite
sulfosalts for which the enthalpies of formation were ob-
tained by direct combination of the simple end-member
sulfides, i.e., AgrS + SbrS3 (cotumn 2). For these minerals
we have calculated the enthalpies of formation from the
elements. In column 3, the sums of the enthalpies of for-
mation of the end-member simple sulfides are given.

All of the silver sulfosalts in Table 4 with a metal:
sulfur ratio of 1 : I have two polymorphs; column 4 pre-
sents the experimentally measured enthalpy of transfor-
mation of the low- to high-temperature polymorph. Col-
umn 5 gives the temperature of the respective
polymorphic transformations. Column 6 gives the entro-
py of the polymorphic transformations calculated from
the data in columns 4 and 5. Column 7 gives the estimted
entropy for the polymorphic transformations based on
the assumption of complete disordering of a two-metal-
atom system, i.e., AS,.u". : 2R ln 2 (where R is the gas
constant).

In a previous study of sulfosalts in the system AgrS-
Bi,S,, Bryndzia and Kleppa (1988a) noted that for the
sulfosalts B-matildite (the low-temperature polymorph)
and pavonite, the enthalpy of mixing of the simple end-
member sulfides to form the sulfosalts was, within the
limits of experimental error, equal to zero, i.e., AIl$,. t
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TABLE 4, Summary of thermochemical data for the sulfosalts of Ag with As, Sb, and Bi

247

(1) (2) (3)
Elements Sulfides )sulfides

(4)

(kJ.mol  ' )

(5)

I*
(K)

(6) (7)
AS,,""" 2Rln2

AH?r$ (kJ'mol 1) (J  K j .mo l  1 )

acanthite

orpiment
stibnite
bismuthinite

trechmannite
smithite
xanthoconite.
proustite

d-miargyrite
B-miargyrite
pyrostilpnite-
pyrargyrite

B-matildite
c-matildite
pavonite

Ag.S

AsrS3
sbrs3
Birss

AgAsS,
AgAsS,
Ag3As53
Ag3AsSs

a-AgSbS,
B-AgSbS,
Ag.SbS"
Ag3Sb53

B-AgBiS,
a-AgBiS,
AgBi3S5

-31 .2  +  0 .8

83.0 + 3.8
-129 .7  +  3 .8
-135.2 + 2.5

74.77 + 2.9
-59 ' l  +  2 .3

1 1 1  3  +  3 . 4

( 84.6 + 4.6)1
(-75.9 + 3.2) t

(  119.s + 3.9) t

81.7 + 6.7
71 .2  +  2 .1

-219 .5  +  3 .7

-57,1 + 2.3

-88.3 + 3.1
-80.5 + 2.3

- 1 1 1  7  +  3 . 1
-83.2 + 1.7

218.4 + 4.2

t r - S m
15 .65  +  1 .7

a -  A
8 .7  +  1 .4

A ' o
19.5 + 4.6

-4 ' l  +
+4 .6  +

-7.9 +

2.3
0.9

0.8

5 9 3 + 5  2 6 . 4 + 3 . 0

653 + 5+ 13.3 + 2.1

4 6 8 + 5  2 2 . 5 + 9 . 8

1 1 . 5

'Not studied
t Calculated.
+ Estimated.

0. It should be noted that the estimated error in column
I represents experimental error (+ I s.d.), whereas the
error in column 3 represents the sum of errors involved
in the calculation of AiI, from the sulfides. The high-
temperature polymorph d-matildite has a signif,cant pos-
itive enthalpy of mixing, AiIS,- * l2 kJ'mol-', indicating
that it is entropy stabilized (Bryndzia and Kleppa, 1988a).

Similar conclusions may be drawn for the silver thioan-
timonite sulfosalts in Table 4. For the low-temperature
polymorph a-miargyrite, direct-synthesis calorimetry from
the end-member sulfides (column 2) shows that the
A//9,. is slightly exothermic (column 2). In the case of
the high-temperature polymorph B-miargyrite, the heat
of mixing is positive and, as in the case of a-matildite,
indicates that this mineral must also be entropy stabi-
lized. There is no analogous sulfosalt to pyrargyrite in the
AgrS-BirS. system. However, our data for pyrargyrite in-
dicate that it has a modest exothermic enthalpy of for-
mation relative to the sum of the enthalpies of formation
of its end-member sulfides.

The silver-arsenic sulfosalts have sigrrificantly more
exothermic enthalpies of formation compared to the sum
of the end-member sulfide enthalpies of formation. From
the preceding discussion, it can be seen that in going from
B-matildite through to a-miargyrite and trechmannite, the
enthalpies of formation of the sulfosalts of Ag with the
Group V elements become progressively more exother-
mic in the order Bi - Sb - As. The same conclusions
may be drawn from the enthalpy data for pyrargyrite and
proustite. Consistent with this trend of increasing exo-
thermic enthalpies of formation of the silver sulfosalts is
the observation that the enthalpies of transformation from
the low- to high-temperature polymorphs of matildite (B
- a), miargyrite (a - B), and AgAsS, (trechmannite -

smithite) also increase in the order Bi = Sb - As (column

4, Table 4). However, there is no comparable trend in
the entropy of the transformations for these minerals cal-
culated from the data in columns 4 and 5 and given in
column 6.

A comparison of the results in column 6 with those in
column 7 shows that the transformation entropies of B -

d matildite and trechmannite - smithite are considerably
greater than would be estimated from 2R ln 2 on the basis
of assumed complete disorder of two metal atoms in the
respective sulfosalts. Bryndzia and Kleppa (1988b) con-
cluded that in the case of miargyrite, the entropy oftrans-
formation may in large measure be attributed to the dis-
ordering of Ag and Sb atoms. This implies therefore that
the difference (i.e., excess) between the observed trans-
formation entropies and2R ln 2, for both matildite and
smithite-trechmannite, may be due to some other non-
configurational-entropy contribution inherent in the
structures of these minerals.

The calorimetric technique used to measure the en-
thalpies of transformation given in Table 4 permits cal-
culation of the entropy of transformation at 298 K, as-
suming that the transformation enthalpy is independent
of temperature. However, this need not always be true.
In the case of the transformation of 0- to a-matildite, for
example, the transformation enthalpy and hence entropy,
could not be determined with meaningful precision using
the present calorimetric technique. This may be because
the transformation is convergent in nature, i.e., a function
of temperature. Another shortcoming of the present tech-
nique is that it does not reveal anything about the nature
of the transformation, i.e., whether it is displacive or re-
constructive. The magnitude of the transformation en-
thalpy may also be quite diferent at the temperature of
the transformation relative to 298 K. We hope to resolve
many of these uncertainities by applying differential scan-
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TABLE 5, Molar-volume data for the sulfosalts of Ag with As, Sb, and Bi

Mineral

(1) (2)
GFW D,

Formula (g cm ")

(3)
Molar Y
(cm")

(4)

(cm")

(5)
>v

(cm")

acanthite

orpiment
stibnite
bismuthinite

trechmannite
smithite
xanthoconite*
proustite

d-miargyrite
B-miargyrite
pyrostilpnite.
pyrargyrite

B-matildite
a-matildite
pavonite

Agrs

As.S.
sb,s3
Birss

AgASS,
AgAsS,
Ag3AsSg
Ag3As53

AgSbS,
AgSbS,
Ag.SbS.
Ag.SbS.

AgBiS,
AgBiS,
AgBi.Su

247.80

246.02
339.68
514.14

246.91
246.91
494.71
494.71

293.74
29374
541.54
541.54

380.97
380.97
895.1 1

I r - S m
-3.99

xa + pro
2.29

q - 0
-1 .53

p s + p a
+  1 .86

A ' o
-0.31

7.24

3.49
4.63
6 .81

4.78
5 .18
c.cJ

5.68

5.25

5.40.

5.86
A O O

6.78

34.23

70.49
73.37
/ c.cu

51 .62
47.63
89.46
87.17

55.93
54.40
90.63
92.49

54.50
54.19

132.02

52.36
52.36
86.59
86.59

53.80
53.80
88.03
88.03

54.87
54.87

- Calculated from unit-cell volume.

ning calorimetry to the transformations of the sulfosalts
of Ag with As, Sb, and Bi, and we feel that any further
discussion on the entropies of transformation of these
minerals is not warranted at this time.

Molar volumes for all the sulfides and sulfosalts in Ta-
ble 4 were calculated from the densities and molecular
weights of the respective minerals and are summarized
in Table 5. The densities used in our calculations were
all obtained from the Mineral Powder Dffiaction File
(JCPDS, 1986). We have only used the theoretical den-
sities (D-, column 2) predicted from the best available
crystal-structure determinations. Measured densities are
Iess reliable and in many instances are significantly dif-
ferent from the predicted densities, possibly owing to im-
pure material being used in the density determination. In
any case, the structural refinements for all of the minerals
involved are of sufrcient quality so that it may be as-
sumed that the theoretically predicted densities are on
the whole reliable. In all cases. however. molar volumes
calculated from the measured densities, where available,
are consistent with those calculated using theoretical den-
sities. In Table 5, column 3 gives the calculated molar
volume of the sulfosalts of Ag with the Group V elements
As, Sb, and Bi. Column 4 gives the volume changes for
the polymorphic transformations discussed previously,
and column 5 gives the molar volume of the sulfosalts
estimated from a sum of the molar volumes of the re-
spective end-member simple sulfides.

It can be seen from column 3 in Table 5 that both
miargyrite and matildite have very similar molar vol-
umes, whereas trechmannite and smithite have consid-
erably smaller molar volumes. Smithite in particular ap-
pears to be anomalous in this regard. It should be noted
that the molar volumes of both matildite and trechmann-
ite-smithite are less than those obtained from the volume
sum of the end-member sulfides (column 5), whereas for
miargyrite the calculated molar volume is larger than the
volume sum of the end-member sulfides. Both the pre-

dicted (column 3) and calculated (column 5) molar vol-
umes of the sulfosalts increase in the order As - Sb -
Bi, consistent with an increase in the estimated size of
the basic structural units in these sulfosalts, i.e., the Group
V element polyhedra (Tak6uchi and Sadanaga, I 969, their
Table 4).

Another interesting feature of the molar-volume data
in Table 5 is the observation that the magnitude of the
molar-volume difference (i.e., lA4*". 1) for the low- to
high-temperature polymorphic transformations decreases
in the order AgAsS, - AgSbS, - AgBiS, and that AZr."".
is negative in every case. Each of the polymorphic tran-
sitions therefore involves a decrease in molar volume and
a positive entropy change with no apparent correlation
between AZ,,^," and A,S,*",. A departure from the above
trend is observed for the transformation of pyrostilpnite
to pyrargyrite that has a positive volume change, but for
which the entropy of transformation is unknown.

Hoffmann (1935a, 1935b, 1938) and Hellner (1958)
showed that the structures of many sulfides and sulfosalts
may be derived from the PbS (galena) NaCl-structure type,
principally by substitution and distortion ofthe cubic cell
(Wuensch, 1974). Matildite, AgBiS, (Geller and Wernick,
1959), and miargyrite, AgSbS, (Knowles, 1964), are typ-
ical of sulfosalts which at high temperature transform to
the disordered cubic, PbS-type structure (Graham, l95l;
Wernick, 1960). There is some uncertainty as to whether
there exists a cubic, high-temperature polymorph of
smithite. Both trechmannite and smithite have distorted
galena-type structures (Matsumoto and Nowacki, 1969;
Hellner and Burzlafi 1964), with trechmannite being
unique in that it is a defect structure in which certain
metal and S sites are unoccupied. This structure may ex-
plain the anomalously low density of trechmannite (col-
umn 2, Table 5), and the relatively large volume change
for the transformation of trechmannite to smithite.

Approximate temperature-dependent free-energy
expressions for a large number of sulfosalts were derived
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by Craig and Barton (1973). Their model was based on
the assumption of near-ideal mixing of simple sulfide end-
members to produce sulfosalts of intermediate compo-
sition. Their estimates of the free energy of reaction from
the end-member sulfides (Eq. 3) assumed the heats of
mixing to be zero (i.e., AI1g,. : 0):

LG^/r: (r.2 ! 0.8XR > N,h {). (3)

In this calculation, AG. is equal to -fA,S., where AS-
is the entropy of mixing and { is the mole fraction of
the ith simple sulfide component. In the absence of en-
thalpy data for sulfosalts, their ideal-mixing model did
not include a heat-of-mixing term.

In the case of the sulfosalts pavonite and B-matildite,
Bryndzia and Kleppa (1988a) concluded that the as-
sumption of zero heat of mixing made by Craig and Bar-
ton (1973) was reasonable. This may also be true for
a-miargyrite and pyrargyrite. However, this clearly is not
a valid assumption for the silver thioarsenite sulfosalts,
or the high-temperature disordered phases a-miargyrite
and B-matildite. Craig and Barton (1973) suggested that
it would be desirable to divide the AG^/T term into two
parts, one estimated from the crystal structure as an en-
tropy change, and the remainder as a nonideal enthalpy
term. Nonideal mixing may well be important in min-
erals such as the silver thioarsenites and the disordered
high-temperature polymorph of matildite, which appear
to possess a significant nonconfigurational entropy con-
tribution.
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