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A B S T R A C T  

Ag-Cu exchange equilibria between c~-miargyrite AgSbS2 and pyrargyrite Ag3SbS3 and between 
chalcostibite CuSbS2 and both pyrargyrite and high-skinnerite Cu3SbS3 are reported for the temperature 
range 150-350~ All of these features are constrained by Ag-Cu exchange experiments (evacuated 
silica tubes; variable mass ratio) over the temperature range 120-400~ Chalcostibite is found to take 
very little Ag into its structure. Utilizing Ag-Cu data from this study as well as the Ag-Cu solution 
models for pyrargyrite and high-skinnerite, a two-site Ag-Cu non-convergent ordered solution model 

/ I I z A  M r g  __ IliTB M r g  for ~-miargyrite t"agC-  -- 15.0; wage, = 10.0; Z~Q s = 10.0; and AOx~, ~ = 14.0+_5 kJ/gfw) and a one- 
/ l l T C l a s t  site Ag-Cu mixing model for chalcostibite ~ ,  AgCu = 25.0 kJ/gfw) are formulated. These results are 

constrained by a miscibility gap between ~r and chalcostibite from 225 to 325~ The mixing 
model for ~r is expanded to include As for which r162 has a limited solubility along 
the Sb-As join with smithite AgAsS2. 

KEYWORDS: Ag-Cu exchange experiments, miargyrite, chalcostibite, pyrargyrite, skinnerite, Ag-Cu solution 
model, As-Sb solution model. 

Introduction 

cr (Ag,Cu)SbS2, (monoclinic; space 
group C121; Smith et al., 1997) and pyrargyrite 
(Ag,Cu)3SbS3 (rhombohedral; space group R3c; 
Harker, 1936; Hocart, 1937) are Ag bearing 
sulphosalt minerals commonly associated with 
(Ag,Cu)2S, tetrahedrite-tennantite fahlores 
(Cu,Ag)lo(Fe,Zn)2(Sb,As)4S13, and polybasite- 
pearceite (Ag,Cu)16(Sb,As)2Sll all of which are 
common ores of Ag. At 380~ a-miargyrite 
transforms to [3-miargyrite (cubic; space group 
Fm3m; Keighin and Honea, 1969). ~-Miargyrite 
forms one end of a limited solid solution in As 
with smithite AgAsS2 along a complex join 
punctuated by a relatively large miscibility gap 
between the two phases (Ghosal and Sack, 1995). 
Smithite is a rare mineral discovered at the 
Lengenbach quarry in Binnental, Switzerland 
(Smith and Prior, 1907; Solly, 1905). Pyrargyrite 
forms one end member of an As-Sb solid solution 
with proustite (Ag,Cu)3AsS3. This solid solution 

is continuous down to at least 90~ (Ghosal and 
Sack, 1995). 

Chalcostibite (orthorhombic; space group P21/n 
21/m 21/a; Hofmann, 1935) generally occurs in 
Cu-Sb rich deposits along with Cu-rich fahlores 
(Grigas et al., 1976). Skinnerite (Cu3SbS3) has 
been described in only a few localities, principally 
the Ilimaussaq alkaline intrusion in South 
Greenland (Karup-Moller, 1974; Karup-MMler 
and Makovicky, 1974). Here it occurs intergrown 
with valentinite Sb203, senarmontite 8b203, 
tetrahedrite (Cu,Ag)lo(Fe,Zn)2Sb4S13, chalcosti- 
bite, loellingite FeAs2, native antimony, and 
galena. Structurally, skinnerite possesses a high- 
to-low reversible phase transition at 122~ which 
involves doubling the c-axis and the appearance 
of  a very slight monoclinic deformation 
(Makovicky and Skinner, 1972). The synthetic 
(unquenchable) high-temperature form (>122~ 
(high-skinnerite) is orthorhombic, space group 
Pnma, (4 Cu3SbS3 formulas per unit cell) whereas 
the low temperature form is monoclinic, space 
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group P21/c (8 Cu3SbS3 formulae per unit cell) 
(Karnp-MMler and Makovicky, 1974). In nature, 
this phase transformation manifests itself in the 
form of twinning on (001) which is always 
present in the low temperature form. 

We present results from Ag-Cu exchange 
experiments between 0c-miargyrite and pyrargyrite 
and results from Cu-Ag exchange experiments 
between chalcostibite and high-skinnerite and 
between chalcostibite and pyrargyrite. We docu- 
ment unmixing in cc-miargyrite, in Ag-Cu 
exchange with (Ag0.ssCu0.15)3SbS3, into coex- 
isting ~-miargyrite and chalcostibite which define 
the limits of a miscibility gap between ~- 
miargyrite and chalcostibite from 225 to 325~ 
Silver-copper solution models for c(-miargyrite 
and chalcostibite are calibrated uti l izing 
previously calibrated Ag-Cu solution models for 
pyrargyrite and high-skinnerite (Harlov and Sack, 
1995a). 

In essence, this study represents the completion 
of an experimental and thermodynamic investiga- 
tion of Ag-Cu and As-Sb mixing properties and 
stability relations in the Ag-Cu-Sb-As system 
involving the minerals polybasite-pearcite, pyrar- 
gyrite-proustite, skinnerite, chalcostibite, cc-miar- 
gyrite, smithite, sinnerite (Cu6As4Sg) and 
minerals in the Ag2S-Cu2S subsystem at 1 bar 
and temperatures ranging from 75 to 400~ (cf. 
Harlov and Sack, 1994, 1995a, 1995b; Harlov, 
1995, 1999; and Ghosal and Sack, 1995). 

Experimental technique 
Exchange 

The Ag-Cu exchange experiments were 
performed at 150, 200, 250, 300 and 350~ 
between ~-miargyrite grains and a series of 
powdered pyrargyrite compositions (Xcu = 
0.05-0.15) and between chalcostibite grains and 
a series of powdered high-skinnerite compositions 
(Xcu = 0.93, 0.88, 0.85, and 0.80) (Table 1; Figs 1 
and 2). 

In individual experiments a small grain 
(500 gm) of end-member c~-miargyrite or chal- 
costibite was immersed in a relatively large 
amount of the powder and sealed (H2-O2 torch) 
in a 2.0 mm diameter evacuated silica glass tube 
(oil diffusion pump, <10 -4 tort). Excess vapour 
space was minimized with a tightly fitting silica 
glass rod. In the exchange experiments, due to the 
fast ion conductor effect of Ag and Cu in 
sulphides and sulphosalts, the grain totally 
equilibrated with the powder while the latter, 

halcostibite Miargy~ 
.. ~.r~ rc" ~s.r ~e . .~ 

Cu2S Ag2S 
FIG. 1. Phase diagrams for the Ag3SbS3-Cu3SbS3- 
AgSbS2-CuSbS2 system at 150, 200, 250, 300 and 
350~ Tie lines (_+5%) are inferred from the data 

presented in Table 1. 

due to its much greater molar amount, (-350 to 1), 
changed only infinitesimally in composition. This 
was confirmed by microprobe analysis of the 
powder after the experiment. The grain composi- 
tion changed uniformly without any enrichment 
or depletion of Cu or Ag along the grain rim. 

Experimental charges were placed at the exact 
centre of carefully calibrated 30 or 60 cm 
horizontal tube furnaces. Abundant glass wool 
insulation and pumice plugs were used to reduce 
thermal gradients. During the course of an 
experiment, temperatures were monitored on a 
daily basis with a chromal-almnal thermocouple 
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FIG. 2. (a) The apparent configurational Gibbs energy of reaction (1), RTln e x p r e s s e d  as a function of 

Fxc~,~t xpyq 
Cu Ag  X~u, between coexisting o~-miargyrite and pyrargyrite, and reaction (2), R T l n / ~  ] expressed as a function of 

k ~ J  

A~c yr, between coexisting chalcostibite and pyrargyrite, and (b) the apparent configurational Gibbs energy of reaction 
[ x C h s t  X Skn  ] 

CU A g  S k n  (3), RTln | ~ ]  expressed as a function of Xcu,  between coexisting chalcostibite and high-skinnerite for a 
L Ag c.j 

series of Ag-Cu exchange experiments at 150, 200, 250, 300 and 350~ (cf. Table 1). These symbols essentially 
represent either end-member 0~-miargyrite grains which gained Cu or end-member chalcostibite grains which have 
gained Ag and thus are half-reversals. Based on previous observations of Ag-Cu exchange equilibria in sulphosalts 
(cf. Harlov, 1995; Harlov and Sack, 1994; Harlov and Sack, 1995a, b) and the Ag-Cu fast ion conductor nature of 
these sulphosalts, we infer that the Ag-Cu exchange half brackets between ~-miargyrite and pyrargyrite; between 
chalcostibite and high-skinnerite; and between chalcostibite and pyrargyrite, to be relatively close to, if not actually 
at, the equilibrium points. Error in RTln(KD) for each symbol is ~_+ 0.4 kJ/gfw and reflects a representative 

uncertainty in XMcc~ g o r  XCA TM of + 3%. 

calibrated to the melting point of sulphur and are 
accurate to within +3~ After quenching in 
water, the silica glass tube was broken open and 
the sulphosalt grain was carefully separated out 
from the powder. The grain was cleaned of 
clinging powder and mounted in cold setting 
epoxy. The grain mount was lightly ground down 
using wetted corundum paper until a suitable 
cross section of the sulphosalt grain was obtained. 
Grains were then polished using a 3 and 1 gm 
diamond paste with an oil lubricant. 

Microprobe analysis 
All analyses were done on an automated four 
spectrometer Cameca SX-50 microprobe in the 
Department of Earth and Atmospheric Sciences at 
Purdue University using a 10 nA sample current 
and 20 keV accelerating voltage. Due to the heat 
sensitive nature of ct-miargyrite and chalcostibite, 
the beam was defocused to a 30 lain diameter. 
Counting times were limited to 10 s for each 
element analysis. Synthetic pyrargyrite (Ag3SbS3) 
(Ag) and skinnerite (Cu3SbS3) (Cu, Sb, S) were 
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used as standards for the a-miargyrite and 
chalcostibite. Three spectrometers (LIF, PET, 
PET) first counted on Cu (K-a), Ag (L-a), and S 
(K-a) and then Sb (L-a) (PET). Counts were 
reduced to atom concentrations using a modified 
ZAF, i.e. 'PAP', correction procedure supplied by 
Cameca Inc. A sufficient number of analyses 
(4-40) were taken to evenly cover the surface of 
each grain. These were averaged to give 
composite values (Table 1). The analytical preci- 
sion of the analyses (x/N/N; N = counts), 
determined from Poisson statistics of counts on 
standards, was <1% for Cu, Ag, Sb and S. Based 
on microprobe analyses ofpolybasite, pyrargyrite, 
enargite, and skinnerite internal standards, we 
believe that analyses of the reacted sulphosalt 
grains are accurate to within +_3.0% for elements 
present in concentrations >3 wt.%. 

Experimental results 

The experimental results provide half brackets for 
Ag-Cu exchange equilibria between a-miargyrite 
and pyrargyrite; between chalcostibite and high- 
skinnerite; and between chalcostibite and pyrar- 
gyrite (Table 1; Figs 1 and 2). Due to the limited 
solid solution composition range in Cu or Ag for 
these particular sulphosalts, it was only possible 
to obtain half reversals. However, based on 
previous observations of Ag-Cu exchange equili- 
bria in sulphosalts (cf. Harlov, 1995; Harlov and 
Sack, 1994, 1995a, b) and the Ag-Cu fast ion 
conductor nature of these sulphosalts, we infer 
that the Ag-Cu exchange half brackets between a- 
miargyrite and pyrargyrite; between chalcostibite 
and high-skinnerite; and between chalcostibite 
and pyrargyrite are relatively close to, if not 
actually at, the actual equilibrium points. 

The Ag-Cu exchange equilibria for a-miar- 

gy  te- y,ar yr te, s ow a great 

deal of scatter at low temperatures (150 and 
200°C) and relatively little scatter at higher 
temperatures (250-350°C) (Fig. 2a). Reasons 
for this dichotomy in scatter are most likely due 
to several factors. Large scatter at low tempera- 
tures could be partly due to large relative errors 
inherent from microprobe analysis of the low Cu 
concentrations in the a-miargyrite grains (cf. 
Table 1). A second possible and potentially 
important factor contributing to this scatter 
could be a strong temperature dependence on 
the Ag-Cu ordering between two crystallographi- 
cally distinct sites in a-miargyrite (cf. Smith et 

al., 1997: Knowles, 1964) at lower temperatures. 
At higher temperatures, this ordering is apparently 
smoothed out with equal abundances of Cu on 
each site. However, as demonstrated by Sack and 
Ghiorso (1989) for orthopyroxenes, it is highly 
unlikely that this scatter could be due to a large 
value for the standard state entropy for the Ag-Cu 
exchange reaction between ct-miargyrite and 
pyrargyrite. 

The Cu-Ag exchange equilibria between 
chalcostibite and pyrargyrite: 

I ~l~Chst J~zPYr "] 
R T l n I ~ / ,  (Fig. 2a), 

L" Ag Cu J 
and between chalcostibite and high-skinnerite: 

F XCI~t xSkn ~ 
Cu Ag 

show approximately the same amount of scatter. 
Based on the crystallographic model of Grigas et 
al. (1976), it is likely that Cu-Ag mixing in 
chalcostibite occurs on only one site. As a 
consequence, it is certain that a portion of the 
scatter in Fig. 2b is due almost entirely to the 
large relative errors inherent from the microprobe 
analysis of very low Ag concentrations in the 
chalcostibite grains (cf. Table 1). However, the 
large scatter in the low temperature experiments 
(150 and 200°C) could also be partly due to 
incomplete Ag-Cu equilibration between the 
chalcostibite grains and the powder, in contrast 
with the higher temperature experiments, which 
show a discernible trend. 

In two experiments, 91-SB-556 at 250°C and 
91-SB-538 at 300°C (Fig. 3), the stable assem- 
blage consists of grains with a-miargyrite cores 
and thick chalcostibite rims coexisting with 
pyrargyrite with a Cu content of Xcu = 0.15. In 
these experiments, the original end-member a- 
miargyrite grain reacted with the Cu-contalning 
pyrargyrite powder such that grains with coex- 
isting Ag-enriched chalcostibite rims and Cu- 
enriched a-miargyrite cores resulted. Analyses of 
these cores and rims are given in Table 1. The 
high temperature (250 and 300°C) and duration of 
both experiments (over 1300 h) strongly support 
the idea that these three coexisting phases 
represent a stable three-phase assemblage 
between chalcostibite, a-miargyrite and pyrar- 
gyrite. As a consequence, this allows for a three- 
phase region involving a-miargyrite, pyrargyrite 
and chalcostibite to be located exactly on the 
Ag3SbS3-AgSbS2-CuSbS2 ternary in Fig. 1 at 250 
and 300°C as well as to locate the limbs of a 
miscibility gap between a-miargyrite and chal- 
costibite at 250 and 300°C in Fig. 4. Three-phase 
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FIG. 3. Back scattered electron images of ~-miargyrite 
grains in equilibrium with powdered pyrargyrite (Xcu = 
0.15) from experiments 91-SB-556 at 250~ (a) and 
91-B-538 at 300~ (b). Both experiments show ~- 
miargyrite (white) at the cores of the grains coexisting 
with extensive chalcostibite rims (light grey). Analyses 
of coexisting cores and rims are given in Table 1. Scale 

bar: 500 ~tm. 

regions at 150, 200, and 350~ in Fig. 1 were 
inferred both from Fig. 4 as well as from data in 
Table 1. 

The BSE photographs in Fig. 3 show that the 
quality of  the polish is not very good with 
extensive plucking of  very small grains from the 
surface of  both grains resulting in numerous 
pores. However it is unlikely that the ~-miargyrite 
or chalcostibite was smeared into the pores of  the 
other mineral  during polishing. This was 
confirmed by taking microprobe analyses of 
smooth areas between the pores using a 5 Ixm 
beam spot with shorter counting t imes to 
minimize heat related drift of  the Cu and Ag. 

350 

0 
o 300 

_,= 

Q. 
250 

I-- 

Miargyrite 

Chalcostibite 

200 , I , i I , i , 

0.00 0.20 0.40 0.80 0.80 1.00 

Xcu 
FIG. 4. Measured miscibility gap between ct-miargyrite 
and chalcostibite (white squares) from 225 to 325~ 
along with the calculated fit (dark line) using the two- 
site Ag-Cu mixing model for ~-miargyrite and a one site 
Cu-Ag mixing model for chalcostibite at 225, 250, 300 
and 325~ Values for the parameters in these solution 

models are listed in Table 2. 

These analyses gave almost identical Cu and Ag 
abundances as the 30 ~tm broad beam analyses for 
the same region. 

Thermodynamic formulation 

To evaluate the mixing properties of  Ag and Cu in 
~-miargyrite and chalcostibite, we seek solutions 
for their energetic properties which simulta- 
neously satisfy the experimental constraint on 
the partially defined miscibility gap between ~- 
miargyrite and chalcostibite (Fig. 4) and the Ag- 
Cu exchange reactions between ~-miargyrite and 
pyrargyrite: 

CuSbS2 + 1/3Ag3SbS 3 - AgSbS2 + 1/3Cu3SbS3 (1) 
~-miargyrite pyrargyrite ~-miargyrite pyrargyrite 

between chalcostibite and pyrargyrite: 

CuSbS2 + 1/3Ag3SbS3 = AgSbS2 + 1/3Cu3SbS 3 (2) 
chalcostibite pyrargyrite chalcostibite pyrargyrite 

and between chalcostibite and high-skinnerite: 

CuSbS2 + 1/3Ag3SbS3 = AgSbS2 + 1/3Cu3SbS3 (3) 
chalcostibite skinnerite chalcostibite skinnerite 

(Table 1; Figs. 1,2). 
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Such solutions are subject to the requirements 
that differences in the molar Gibbs energies of 
formation between the end-member Ag and Cu u- 
miargyrite and chalcostibite: 

- o  = G o  Mrg  G o  Chst 
A G A g M r g _ C h s t  AgSbS2 - -  AgSbS2 (4) 

and 
- o  = G o  Chst G o  Mrg 

A G c u c h s t  _Mrg  CuSbS2 - -  CuSbSz ( 5 )  

~ o  Chst are both negative. That is, since AgSbS2 and 
G o  M r g  CuSbS~ are both Gibbs free energies of formation 
for hypothetical end-members which do not 
actually exist in nature, they would naturally 
both have much more positive values relative to 
G o  Mrg t=~o Chst AgSbS~ and uCuSbS2, respectively, which are 
Gibbs free energies of formation for end 
members cz-miargyrite and chalcostibite which 
do exist in nature. These solutions are also subject 
to the condition that the difference between these 
quantities is equal to the difference in standard 
state energies between reactions (1) and (2): 

aG? hG~ - - o -- A G A g M r g  Chst + AO~uChs t  Mrg (6) 
where on a one site basis: 

_ t=,o Mrg . 1~o  Pyr 
A G ~  -- kJAgSbS2 T ~kJcH3SbS 3 ~ O  Mr + 1(=2o Pyr 

(GCuSb~2 ~J Ag3SbS3J (7) 
and 

A G ~  = t~o Chst -- 1Go Pyr 
,,JAgSbS2 T ~ Cu3SbS 3 - -  

[ G o  Chst 1 - o  P r 
~. CuSbS2 + ~aAg3~bS3) ( 8 )  

(cf. Harlov and Sack, 1995a; Sack, 1992) 
A third difference in the Gibbs free energy 

between chalcostibite and high-skinnerite on a 
one site basis may also be written: 

A G ~  ,~o Chst . wl~o Skn 
= ~JAgSbS2 T 3 Cu3 SbS3 - -  

[ G o  Chst . 1,.~o Skn \ 
\ CuSbS2 T ~JAg3SbS3) (9) 

which can directly be related to Reaction (2) and 
Eqn (8) via the relationship: 

- o  
A G ~  = A G ~  + A G A g C u P y r _ S k  n ( 1 0 )  

where: 

- o  1~o  Skn 1Go Skn 
A G A g C u p y r _ S k  n = 5 Ag3SbS3 -- ~ Ag3SbS3 -[- 

lr~o Skn 1~o  Pyr (11) 
~'dCu3 SbS 3 -- ~JCu3SbS 3 

(cf. Harlov and Sack, 1995a, their Eqn (5)). 

In the ensuing analysis we utilize the solution 
model for pyrargyrite and high-skinnerite of Harlov 
and Sack (1995a) and the simplifying assumption 

that the standard state entropies of reactions (1)-(3) 
are negligible (cf. Sack and Ghiorso, 1989). 

cz-Miargyrite 

In the laboratory and in nature only limited amounts 
of Cu and As may be substituted into the ~- 
miargyrite structure (Harlov, 1995; Ghosal and 
Sack, 1995). In the ~-miargyrite structure, pyramids 
consisting of 3 basal sulphurs and an Sb at the apex 
are bonded together by sharing two sulphur atoms. 
The coupled pyramids are joined to one another by 
Ag atoms to form chains running diagonally 
through the unit cell parallel to the [101] direction. 
These diagonal chains are connected to each other 
by a second Ag atom (cf. Smith et al., 1997; 
Knowles, 1964). Metal cations are equally 
distributed between two-fold and three-fold co- 
ordinated sites whereas the se.mi-metal cations 
occupy only one type of site (Knowles, 1964). 
Smith et al. (1997) has further refined the three-fold 
co-ordinated site of Knowles (1964) into two nearly 
identical three-fold co-ordinated sites which, with 
respect to our mixing model for miargyrite, we treat 
as essentially one site. 

For an ordered (1:1), two-site ~-miargyrite, we 
assume that the ('vibrational') Gibbs energy, G*, 
can be described by a Taylor expansion of second 
degree in the following composition and ordering 
variables: 

j~mrg _ Cu (12) 
Cu Cu + Ag 

where X/~uCu g is the molar ratio and X~cu and X~cu are 
atom fractions of Cu on the 1/2 A and 1/2 B sites 
in the c~-miargyrite formula unit. 

Following techniques outlined in Sack (1992), 
we identify the coefficients of a second degree 
Taylor expansion: 

G* = go + gXc~AA~cc rg + gsS + gx~xc A~'~ g~ + 

gss s2 + gxcos XMc~ gs (13) 

with thermodynamic parameters defined in 
Table 2 and Eqn (13) to obtain the following 
expression for G*: 

G *  - o  Mr rg . ~ o  Mra v M r g  - *  xlrA Mrg a_ , l rB  Mrg~ Z~curcug(1 Xl~urg) + = GAgS~2( I  XMccu r ) + (AGx~s + - - -  T ~JCuSbVS2ACu vv AgCu -- vv AgCu ) 

1 - *  1 - *  [xITB Mrg xlTA Mrgx~o + ~(AGXcuS f t l rA  Mrg xxrB Mrg~x~2 [XlT B Mrg A Mrgx .AVlrg ~(AGs - kVvAgCu --  VvAgCu ) )a  - -  ~ VVAgCu + VVAgCu 1),~ + (VVAgCu - -  W AgCu ~ C u  S (14) 
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The thermodynamic parameters in Eqn 14 
correspond to Gibbs energies of end-member 

{ ~ o  Mrg t~o Mrg .,. components t AgSbS: and 'JCuSbSJ, Gibbs energy 
of the reciprocal-ordering reaction (A(]x~.0 or: 

AgSbS2 + CuSbS2 = CuAsAg~.sSbS2 + 
AgAsCu~.sSbS2 (15) 

the Gibbs energy for a Cu-Ag ordering reaction 
(a~s)  or: 

AgAsCu~.sSbS2 = CuAsAgBsSbS2 (16) 

and regular solution-type parameters for Cu-Ag 
(urA M~g UrB Mrg~ (Table 2). VVAgCu and VvAgCu ) 

Taking into account relations between the atom 
fractions of Ag and Cu on the A and B sites as 
well as the composition and ordering variables 
results in : 

X~C u = XMcrg + 1 s 

~AAg : 1 - X'Mcu rg - -  �89 

= r g  - �89 
a n d  XBAg = 1 -- ~C rg -}- �89 (17) 

where X~c~ and X~cu are atom fractions of Cu on 
the 1/2 A and 1/2 B sites in the ~-miargyrite 
formula unit. We may then write the following 
expression for the molar configurational entropy, 
~ic, for the assumption that Ag and Cu display 
long range ordering between the A and B sites: 

~IC = -R[[-~cculn(X~cu) + !~Agln(XAAg) + 

1 ,.A& 1 " ~  Uk:u n(X~c~) + -~Agln(XBAg)] (18) 

The molar Gibbs energy, G, is then defined by 
the relation: 

= G* -- TS I(' (19) 

The ordering variable, s, is evaluated by 
minimizing G with respect to s, i.e. 

See below (20) 

Uti l iz ing the Darken equation (Tangent  
Intercept Rule) via the following expressions: 

/~CuSbS2 : (~ q - ( 1  + XMccu rg) ( 0 ~ )  - - S ( ~ )  
P,T 

and 
0(; 

PAgSbS~ "-- G - X~c.~g ( ~ l. , , . .r-s ( ~ )  (21, 

(c[ Sack, 1992; Ghiorso, 1990), we obtain the 
following expressions for the chemical potentials 
of :~-miargyrite (AgSbS2) and its hypothetical Cu 
end-member component (CuSbS2): 

See below (22) 

Finally, a residual plot, whose slope defines the 
SUlTI W A g ~  g + W ~ g ~  g + Aa~cuS , can be found by 
substituting Eqn (22) into the condition of Cu-Ag 
exchange equilibrium corresponding to reaction (1) 

Mr~ 1 Pyr Mr 1 Pyr 
#CuZ~bS2 + 5/~Ag3SbS3 : #Ag~bS2 -}- flACu3SbS 3 (23) 

and equating #CM~'~Ag) , and #PYu}Ag) , on a one-site 
basis or: 

Pyr 1 0 M r g - P y r  = l a T i n  ~a%sbs3 +AG~ - 
aAg3SbS 3 

[vA~gr vBMgr ] 
1 aC~ ~C~ R T l n / ~ ]  l u r B  Mrg . . , A  Mrg .  - -  ~ vv AgCu --  W A g C u  )S : 

k Ag Ag J 

- * ~ITA Mrg IlTB Mrg-~/1 rg (AGx~s + , ,  AgCu + vv AgCu }k" - -  2XMCCI~ ) (24) 

aPY r where Cu~SbS~ and aPgyr3sbS 3 are activities for 
pyrargyrite (cf. Harlov and Sack, 1995a). 

Chalcostibite 

The structure of chalcostibite consists of SbS2 
chains running along the b-axis which are linked 

0 G  _ l [ A t ~ *  (~ITB Mrg IITA M r g ~  1 - * I'IIT A Mrg . . , B  M r g . .  + / I ITB Mrg l i t  A M r g ~ v M r g  
OS -- 2 (z~kJs - -  \VVAgCu VVAgCu S) + g(AGxc.s kVVAgCu + W A g C u  ) )S  \VVAgCu - -  VVAgCu ).,'XCu -~- 

�88 g + �89 - ln(1 - X~cc~ g - is) - ln(A~c~ g - }s) + ln(l - X~c~ g + �89 (20) 

Mr t~o M r g  - *  ~IT A Mrg IlTB Mrg~. v M r g  2 1 - *  ~ A g ~ b S  2 = -+- (AGxc.s + + ~(AGx~~ /~ITA Mrg a_ IxTB Mrg~,o2 XJAgSbS2 vv AgCu v* AgCu ~LZXCu - -  - -  - -  k vv AgCu -- vv AgCu )}~ 

,ikTn Mrg . .TA Mrg...~rg -- RT[�89 A~c~ g + is) + �89 z~cc rg + 1S)] �9 v AgCu W A g C u  )ZI~u S t 

and 
Mr t~o Mrg  - * --~- XlT A Mrg + l lTB Mrg~'/1 ( G ; ~  [XXT A Mrg -F .~TB M r g ~  2 #CurbS2 : + (A Gx~.s X~cg)2 1 -* ' "  a g C u  ,v AgCu )~," a . A  ~c,~s %JCugbS2 - -  - -  - -  \ vv AgCu W A g C u  ) )S  + 

lIT B Mrg xkTA Mrgh[1 XMCICurg)s + RT[lln(XMcu rg + is) + �89 rg -- ls)] (22) VVAgCu --  VVAgCu ) k l  - -  
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TABLE 2. Thermodynamic parameters, definitions, and values for miargyrite and chalcostibite 

Parameter Definition Value (kJ/gfw) 

AG~ Go Mrg 1~0 Pyr - 0  Mr 1 - 0  P 
AgSbS2 + ~,.JCu3SbS 3 -- (GCusb~z + ~GAg~S3  ) 13.5 + 0.2 

AG~ ~ o  Chst lt-~o Pyr rt=,o Chst . 1_~o Pyr -~ - - 4 . 0 + 0 . 2  
AgSbS2 -- ~JCu3SbS 3 ~kJCuSbS2 T 3 Ag3SbS3) 

A ( ~  ~ o  Chst 1(~o Skn ,t~,o Chst . 1,~o Skn ~, 
AgSbS2 q- ~ Cu 3SbS3 -- ~lJCuSbS2 ~ ~kJAg3SbS3} -- 18.2__+ 0 .2  

- 1~o Pyr 1~o Skn lQo Skn l ~ o  Pyr , AG~gcuPyr Skn 5 Ag3SbS3--3 Ag3SbS3 ~ 3  Cu3SbS3--3  Cu3SbS3 --14.2--+0.2 

Regular solution Relevant joins 
parameters 

w A  Mrg (Cu)o.sAgo.sSbS2-CuSbS2 15.0 + 0.5 AgCu 

AgSbSz-(Ag)o.sCu0:5 SbS: 
B Mrg WAgCu Ago.5(Cu)o.sSbS2-CuSbS 2 10.0 • 0.5 

AgSbS2-Cuo.s(Ag)o.sSbS2 
wChst  CuAg CuSbSz-AgSbS2 25.0 _+ 0.5 

Reciprocal and reciprocal- 
ordering parameters 

Relevant equilibria 

AG* Ag~sCu~.sSbS2 = CuoA.sAgoB.sSbS2 10.0 + 0.5 

AGxc.S AgSbS2 + C u S b S 2  A B A B -* = Cuo.sAgo.sSbS2 + Ago.sCuo.sSbS2 14.0 • 0.5 

* (cf. Harlov and Sack, 1995a) 

together by Cu atoms into double planar layers. 
The Sb atoms have three nearest S neighbours and 
form a trigonal co-ordinated pyramid with the Sb 
atom at the apex (Hofmann, 1935). According to 
Grigas et al. (1976) and Hoffman (1935), Cu and 
Ag mix on only one site in the chalcostibite 
crystallographic structure. As a consequence, Cu- 
Ag mixing in chalcostibite may be approximated 
by a simple one-site Cu-Ag solution model: 

~ ~ o  Chst /~ vChst~, g~o Chst vChst 
~dAgSbS2\l --  ACu ) + tJCuSbSaACu + 

w C h s t  vChst/1 vChst-t RZ[X~chStln0~ hst) + 
CuAg~Cu ~1 -- ~Cu I + 

( l  - ~ S ~ ) l n ( a  - ~ s t ) ]  ( 25 )  

o r  

Chst _ o Chst -- v~T Chst 71 hst 2 hst 
#CuSbS2 -- #CuSbS2 • ** CuAgt l --  z~CC u ) + RTln(X~ u ) 

and 

~ t ~ s  2 = 

o Chst xxrChst vChst 2 lA2hst~ 
~AgSbS2 + vv CuAgACu + RTln(1 - A c u  j (26) 

Substituting these chemical potential equations 
for the chalcostibite Cu and Ag end-member 
components into the statement of the condition of 
Ag-Cu exchange equilibrium for chalcostibite and 
pyrargyrite (Reaction 2): 

Chst 1,.Pyr Chst -- 1 Pyr (27) 
#CuSbS 2 -}- ~/ZAg3SbS 3 = #AgSbS2 ~- ~#Cu3SbS 3 

we obtain an expression (after equating Chst [2Ag(Cu) 1 

and /~P~r(c, 0 , on a one-site basis) for a residual 

function, 0 Chst Pyr, whose slope corresponds to 
xl/Chst , the regular-solution parameter ,, CuAg. 

0 C h s t - - P Y  r = 1 R T l n  ~aAg3Sbs3 - -  /~G~ -- RTln L/~|~u J 
acu38t~q3 

hs 117 Chst [ 1  2z~CCu t) ( 28 )  vv CuAg~ �9 --  

Similarly, for Cu-Ag exchange between chal- 
costibite and high-skinnerite (Reaction 3), substi- 
tuting in the chemical potentials for chalcostibite 
and skinnerite results in: 
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Chst  + 1, Skn  Chst  1, sin (29) 
# C u S b S  2 3 /~Ag3SbS 3 = # A g S b S 2  + ~/-~Cu3SbS 3 

we obtain a similar expression (after equating 
( 'hs t  Skn  

'ttAg(('u) I and ]2Ag(Cu)  , on a one-site basis) for a 
residual function, 0 ch~t Sk,, whose slope also 
corresponds to the regular-solution parameter 
w ( ' h s t  . 

C u A g .  

= aSra' i- 1 x C ~ t  q OChst--Skn l-]~T]n3 . . . . . .  ,:~,[-~:~], - AQ~ - R T l n / ~  / 
L-Cu3SbS 3 j  L "~Cu a 

- -  l i t  Chst  [ 1  __ "" CuAg~, x 2 ~ C u  bst)  (30) 

Skn Skn  where aAg,SbS and acu~SbS, are taken from llarlov 
and Sack (1995a). The y-intercept for this slope, 

o A(.,3, is related to A(-}~ via Eqn. (10). 

Results and discussion 

To obtain feasible solutions for the ~-miargyrite 
and chalcostibite mixing parameters, it is 
necessary to simultaneously satisfy the constraints 
on all Ag-Cu exchange data (Eqns 23, 27 and 29; 
Table 1). In addition, it is necessary to reproduce 
the :t-miargyrite-chalcostibite miscibility gap in 
Fig. 4 by evaluating the slope of a line drawn 
tangentially to the (~ energy surfaces for ~- 

miargyrite and chalcostibite plotted as a function 
of Xcu and temperature. Although there are 
numerous possible combinations of energetic 
parameter values which are consistent with the 
miscibility gap constraints in Fig. 4, only one of 
these combinations will also satisfy the residual 
slope for the Ag-Cu zt-miargyrite-pyrargyrite, 
chalcostibite-pyrargyrite, and chalcostibite-high- 
skinnerite exchange data presented in Fig. 5. In 
Fig. 5 and Table 2 we present the parameter 
values for this solution. Maximal errors for the 
parameter values associated with this solution 
have been estimated by examining tolerances of 
fits to the ct-miargyrite-chalcostibite miscibility 
gap (Fig. 4) and Ag-Cu exchange data (Fig. 5) 
with variations in individual parameter values. 
Calculation of residual slopes from Ag-Cu 
exchange data for miargyrite-pyrargyrite, chal- 
costibite-pyrargyrite, and chalcostibite-skinnerite 
(cf. Eqns 24, 28 and 30) is done such that the 
residual plots for miargyrite-pyrargyrite and 
chaleostibite-pyrargyrite are internally consistent 
with a y-intercept of 0. The intercept for the 
chalcostibite-skinnerite residual plot is separated 
from that of ehaleostibite-pyrargyrite by a 

- o difference equal to  AGAgcuPy r Skn in Eqn 11. It 
is obvious from Fig. 5 that a linear fit to the 

a-miargyrite data is at best a first approximation. 
The low temperature points at high (1 - 2Xcu) 
have a steeper slope than the higher temperature 
points at lower values of (1 - 2Xc~0. The main 
contribution to this difference in slope is most 
likely from a strong temperature dependence for 
Cu-Ag ordering in :t-miargyrite at low tempera- 
tures as opposed to higher temperatures where 
ordering between Cu and Ag is apparently less 
pronounced, llowever it is beyond the scope of 
this study to attempt some sort of polynomial fit to 
the Ag-Cu exchange data for miargyrite-pyrar- 
gyrite in Fig. 5. Such a fit would result in 
additional complexities in an already complex 
solution model for a-miargyrite, well beyond the 
scope of the data presented in this paper. 

We have inferred that cz-miargyrite displays an 
ordered distribution of Cu and Ag between two 
crystallographically distinct, equally populated 
sites designated A and B. The suggestion that ~- 
miargyrite displays a disordered Cu-Ag distribn- 
tion is not viable because it is impossible to 
satisfy the miscibility gap constraints without 
inducing a strong temperature dependent scatter 
to the residual function, 0 ,  describing Cu-Ag 
partitioning between ~-miargyrite and pyrargyrite 
(Fig. 5). This scatter is eliminated with the 
assumption that Cu is preferentially concentrated 
on the B site (A(]~ = 10 kJ/gfw; Eqn 16). ]'his 
observation is also consistent with the fact that 
w A  Mrg  B Mrg  AgCu has a larger value than WAgCu (Table 2). 
A positive value of 14.0 kJ/gfw for A(}~*v,:: 
(Eqn 15) is indicative that miargyrite is willing 
to take in only very limited amounts of Cu on 
either the A or B site which is also consistent with 
the relatively large values of both u:A Mrg v* A g ( ' u  and 
w B  Mrg  AgCu and with the observation that in nature, 
Cu substitution for Ag in miargyrite is very low, 
generally <1% (cf. Birch, 1981, 1992; Sugaki et 
al., 1982, 1984, 1986; Kaspar et al., 1983, 1985; 
Nakayama, 1986; Kaspar et al., 1991). 

Similarly, chalcostibite takes in very limited 
amounts of Ag, as measured by the relatively 

u::h~t which is of magnitude large value for "C~Ag 
~I:A Mrg  similar to the regular solution parameters, ,, AgCu 

1lIB M r g  and ,,AgC~ , in miargyrite (Table 2). This 
observation is reflected in the steepness of the 
chalcostibite miscibility gap limb as well as in the 
sm a l l  c o m p o s i t i o n a l  r ange  in Ag for 
(Cu,Ag)SbSa. 

~-Miargyrite presents a relatively complicated 
phase diagram with smithite along the Sb-As join 
characterized by a moderately broad miscibility 
gap between the two phases (cf. Ghosal and Sack, 
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FIG. 5. Residual 0 plots of Ag-Cu exchange data between ~-miargyrite and pyrargyrite (open circles) (Eqn 24) 
plotted as a function of( l  2X~c,~g); and between chalcostibite and pyrargyrite (open squares) (Eqn 28); and between 
chalcostibite and high-skinnerite (closed squares) (Eqn. 30), both as a function of (1 - 2,,~-(i~st). Slopes of calculated 

A Mrg ~_ B Mrg A(3~,~, for ~-iniargyrite and ,, CuAg for chalcostibite on a one-site basis. lines correspond t o  WAgCu WAgCu . . rtltlChst 
Calculation of residual slopes from Ag-Cu exchange data for 0c-miargyrite-pyrargyrite, chalcostibite-pyrargyrite, and 
chalcostibite-high-skinneritc (of. Eqns 24, 28 and 30) is done such that the residual plots for ~-miargyrite-pyrargyrite 
and chalcostibite-pyrargyrite are internally consistent with a y-intercept of 0. The intercept for the chalcostibite- 
high-skinnerite residual plot is separated from that of chalcostibite-pyrargyrite by a difference equal to 

AG ~ ^~cupy~ Skn in Eqn 11 

1995). As a conscquence, it takes in only a limited 
amount of  As, up to ~34% in the 300-350"C 
range, though this amount rapidly decreases at 
temperatures below 280C.  In the Appendix the 
~-miargyrite Ag-Cu mixing model is expanded to 
includc As-Sb mixing parameters. Unfortunately, 
due to a lack of  Ag-Cu exchange data along the 
Sb-As join between ~-miargyrite and pyrargyrite 
both in this study and in Ghosal and Sack (1995), 
we are unable to evaluate the As-Sb reciprocal 
and reciprocal ordering parameters. Such an 
evaluation awaits some future study inw)lving 
Ag-Cu exchange between As-bearing ~-miar- 
gyrite and pyrargyrite near the Sb end of  the 
As-Sb join between ~-miargyrite and smithite. 

[.astly, while the fast ion conductor properties 
of  Ag and Cu in these sulphosalt minerals is 

extremely valuable in facilitating relatively rapid 
Ag-Cu exchange between them at temperatures 
going as low a 15(I"C, the disadvantage is that the 
Ag-Cu content of a-miargyritc and chalcostibite 
will also tend to rapidly re-equilibrate with the 
surrounding Ag and Cu bearing sulphosalts and 
sulphides as these deposits cool, ultimately to the 
ambient temperature of  the mine itself, and thus 
not preserve the temperature at which the ore 
formed. As a consequence, their use as a 
geothennometer is somewhat limited. 

Acknowledgements 

Valuable guidance ti'om R.O. Sack and M.S. 
Ghiorso is gratefully acknowledged as well as 
NSF grant EAR92-19085 (to R.O. Sack). 

4 0 9  



D. E. HARLOV 

Technical assistance was provided by D. Ebel, 
and S. Sinha. C. Hager provided valuable support 
with regard to use of the microprobe. Many useful 
discussions were held with S. Fritz and he 
provided the use of a high-precision balance on 
which all weighing was performed. 

Sb-As join or: 

~ I C  : _Rt_~X~jn(X~c. ) + �89 ) + 

!~X~euln(X~cu) + -~Agln(A~Ag) + X~A~gln(X~lA:g) + 

(1 - XMAA[g)ln(1 - XMArg)] (A6) 

Appendix 

The mixing model for ~-miargyrite may be 
expanded to include a limited solid solution 
with As as determined by Ghosal and Sack 
(1995). In such an expanded model, the coeffi- 
cients of the second degree Taylor expansion take 
the form: 

G* = go + gxc~XMccu rg + gXA~X~sAs "g + gsS + 
,.,Mrg 2 

gxc~V~ X~ucu g~ + gX~YAAAS + gss s2 + 

g ~ d ~ a a :  ~ + g.~uS~d~S + g**,~ar~s (A1) 

where, in addition to those parameters already 
defined, 

X~A~g _ As (A2) 
As+Sb 

This results in the following expression for G*: 

6* : ~ , ~ ( 1  - XMcc~ g -- X~A r~) + 

l l l k  Mrg  a_ ~I[ B M r g ' ~ v M r g / 1  __ rg 

WaM[~bX~Arg(1 -- X~A rg) + ACacX~cggX~A~ g + 
1 - * / I l r B  M r g  l l f A  Mrg~A~ ~(AGs - 1`,, a g C u  - -  " AgCu  ]}~ q- 

1 - *  a(Aax~uS , , ~ r A  Mrg  . . . .  B M r g . .  2 
- -  1̀  vv AgCu  ~- W A g C u  ) i S  + 

�89 + (W~gcM,: g - wagg~g)xMCrgs (A3) 

Here the parameters involving only Ag and Cu 
as well as the evaluation of the ordering 
parameter, s, are defined as before. Parameters 
involving the As-Sb join include W ~ b  defined 
by Ghosal and Sack (1995) with a value of 
7.0_+0.5 kJ/gfw, Aarec, the reciprocal energy 
defined by the following relation: 

CuSbS2 + AgAsS2 - AgSbS2 + CuAsS2 (A4) 

and A(~x~s, the reciprocal ordering parameter 
defined by the expression: 

A B CuAsAg~.sSbS2 Ago.sCu0.sAsS2 + = 
cugsag~.sAsS2 + agA5Cu~.sSbS2 (a5) 

(el. Harlov and Sack, 1994). 
The molar configurational entropy, g~c, is also 

expanded to include two new terms involving the 

This results in the following expanded expres- 
sions for the chemical potentials for ~-miargyrite 
and its hypothetical Cu end-member (CuSbS2): 

~ b S ~  - ~ , ~  + (aG;~..u~ + W ~  + 

WBgcM~g)XMccllrg2 -[ - w M r ~ b X ~ a ~  g2 - aGrgGXMcCrgXMAAs rg - 

1 - * rg 1 - * l l l r a  Mrg  + xxTB M r g ~ o 2  ~AGx~AA~' s - a(AGx~.S - t '* Age, ' "  AgCu  ) Jo  - -  

I I / B  Mrg  lIT A Mrg '~vMrgo  RT[lln(1 __ ~ c r g  __ l s )  + 
v v  AgCu - -  ** AgCu  J A C u  ~ + 

rg �89 A~cc~ + ~-s) + ln(1 x~Arg)] (A7) 

and 

~r~bs2 : ~ G  + (aG~uS + w a g ~  ~ + 

WB Mrg~l, XMcc~g)2 + ~,Mrg ~a~g~ 
AgCu } t  �9 - -  vv AsSb/XAs + 

aG0dMAA~g(1 -- g x g )  -- 
1 - *  ~ (AGXcuS  g~lfA Mrg ~ITB M r g - ~ 2  ] A t ~ *  v M r g o  

- -  1`VvAgCu + VVAgCu })~ - -  ~/~KJXAsStAAs ~ + 

(VI, TB Mrg __ ~,~TA Mrg'~/1 rg 
**AgCu VVAgCu )11  z~CIcu r )S q- 

aTE�89 + is) + � 8 9  - �89 + ln0  XMAAr~)] 

(18) 

Obviously, in evaluating Cu and Ag mixing 
parameters for end-member ct-miargyrite, the As- 
Sb terms drop out. The reciprocal and reciprocal 
ordering parameters, AGrec and AQxa~s, are 
problematic. We have no real data involving 
Ag-Cu exchange equilibria along the limited Sb- 
As join between ~-miargyrite and smithite (cf. 
Ghosal and Sack, 1995) to properly evaluate 
either parameter. As a consequence, while we 

~x[Mrg (7.0_+ 0.5 kJ/gfw; Ghosal have a value for ,, AsSb 
and Sack, 1995), our inability to evaluate AGrec 
and AGx~o~, does not allow for a definitive 
solution. By analogy with polybasite-pearceite 
(cf. Harlov and Sack, 1994), these terms are 
probably not equal to 0. 
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