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ABsrRAcr

Phases and phase relations in the systems Ag2S-
CurS-Bi2$ and Agz$-Curs-Sbrg were studied in
tho temperature range between 454'C and 30O"C
using sealed glass capsule tecbniques. AgBisSr
forms a complete series of solid solution rrith
CuBisSi, whereas AgBi$ has an extensive range
of solid solution in the system Aebrcurs-Birg.
Copper-silver sulphides identified at room temlrcr-
aturo are stromeyerite, jalpaite, and mckinstryite.

Liquid forms extensively at 453'C and 398"C in
tho system A9S-CurS-Sbrg. Phase assemblages
containing no liquid were found only at Ag:S- and
CurS-rich corners. The system beoomes completely
solidified below 354'C. Three ternary phases were
found: polybasite with a composition of 9(Agr.ar
Cue.1)S.Sb2Ss is stable only in the presence of cop.
per, antimonpearcite has a range of solid solution
from 9(Agr"ezCu0.m)S. Sbrsa to 9(Agr.orCu6.4JS. Sbrse,
and a new phase is stable along the join AgsSbg-'CusSbSs" with composition varying between (Ago.n,
Cuo.de)3sbss and (Ags.s5Cuo.Jssbss.

INrnotuctroN

More than twenty silver- and copper-sulpho-
salt minerals are known to have compositions
within the systems AgrSCurS-Bif, and AgrS-
Cuf-SbzSg. In addition to the well-known end
members, phases such as miagyrite, matildite,
chalcostibite, polybasite, and stromeyerite, all
with variable compositions, also commonly oc-
cur in hypogene deposits. The mode of occur-
rence has attracted the attention of many geol-
ogists in their attempts to establish the stabil-
ities of these minerals and to use them as in-
dicators of depositional environments. It was
the purpose of this investigation to study the
compositional variation of these minerals in the
systems AgzS-CuzS-BizSa and AgrS-Cuo$Sb,S..

ExpsnrMeNrel PRocEDUREs

. Reactants were prepared from finely pow-
dered sulphur (Fisher's U.S.P.), bismuth
(Baker's reagent), antimony (Fisher's purified),
copper (Baker's purif.ied), and silver zulphide
(A. D. Mackay's C.P.). nacU run, totalling ap-
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proximately one gram, was mixed in the de-
sired proportion and sealed in evacuated glass
capsules, using a technique described in aitait
by Kullerud & Yoder (1959). To minimize ex-
cessive heating during sealing, the charged end
of the capsule was immersed in cotd waier. The
samples were heated in muffle furnaceso and
temperatures were measured using calibrated
chromel-alumel thermocouples. The accuracy of
measurement is estimated to be within -+i.C.

Preliminary experimental work had indicated
that the rate of reaction in the mixtures was not
too .sluggish, and equilibrium phase assemblages
could be obtained after a period of two months
at 3O0'C with one intermediate grinding. Long-
er perids of treatment up to three months
with two intermediate grindings were found to
give the same results. To check on the equilib-
rium, a number of samples were pre-heated to
their melting temperature (around 70OoC),
quenched, ground, and annealed in the desired
temperature range. In addition, some samples
prepared from synthetic sulphides (AgrS, CuzS,
SbrSg and BizSa) instead of the elements were
also treated. In all cases, phase assemblages ob-
tained showed no differences in their r-ray
powder diffraction patterns.

The quenched samples were examined by
r-ray powder diffraction and reflected lisht
microscopy. Nickel-filtered, Cu-radiation ius
used throughout the study. Recrystallized MgO
with drroor - 2.1064 was employed as an in-
ternal standard. Cell dimensions were calculated
using a least-squares program.

A vapour phase, although omitted in the
following discussion, was always present in the
assemblages.

TEs Svsrervr AeoS-CurS-BirS.

Previous studies

No study on this system has been found, but
many investigations have been done in the re-
Iated binary systems.

Phase relations in the system Agr$Bi:Sa were

404



INVESTIGATIoNS IN THE SYSTEMS AgrS-CurS-BiaSs AND AgrHubS-SbrS;

( o )  ( b )  ( c )

4gzs 
20 40 60 8o 

BizS3 20 40 60 80 c%S 20 40 60

Mole %

405

700

600

Toc soo

400

300

200

loo

Bo 4grs

FIc. l. Phase relations in related binary systems: (a) the system Ag2S-BizSr after Van Hook (1960),
(b) the system Cu2S-Bir$, after Buhlmann (197L), and (c) the system Ag"$CunS after Skinner (1966).

first studied by Gaudin & Mc.Glashan (1938)
and Schenck et al. (L939), and later investi-
gated in detail by Van Hook (1960) and Craig
(1967). Van Hook's diagram (Fig. la) illus-
fates the presence of AgrS, AgBiS, AgBiSi"So,
and BioSig in the system.

A large number of investigations has been
made on the system CurSBi#, (Gaudih &
Dicke 1939; Schenck et ol. 1939; Ross 1954;
Vogel 1956; Godovikov & Ptitsyn 1969; Buhl-
mann 1971.; and Godovikoy et aI. t972), buit
no two investigators have shown the same
phase assemblages for this system. Phases which
have been reported are (in CuzS/BiaSg): 5:1,
3 :1 ,  3 :2 ,  I : t ,  3 :4 ,  3 :5 ,  l : 2 ,  L :3 ,  and  the  end
members. Phase relations proposed. by Buhl-
mann are shown in Figure lb.

Djurle (1958) reported three phaseso
Agr.sactlo.ais (a, jalpaite), Ag.Cuo.o"S (8,
mckinstryiie, Skinner et aI. 1966), ana
Ago.erCur.o"S (7, stromeyerite), in the system
AgzS-CurS. Each has three modifications. All
high-temoerature forms, including the end mem-
bers Ag"S and Cu:S, have the f.c.c. strucfure.
A detailed study on the system was made by
Skinner (1966). His results are in good agree-
ment with Djurle's, and his phase diagram is

shown in Figure lc. Skinner states that all
phase changes in this system are non-quench-
able.'On the basis of differential thermal analy-
sis, Krestovnikov e/ o/. (1958) reported a min-
imum on the liquidus at 64Ot-3"C and 43 - 45
mole Vo Cu:S in the system Ag'$CurS. This
is in agreement with Skinnet's (1966) conclu-
sion.

Present work

The system AgS-Cu"9BiaS' was studied in
the temperature range between 454' and 30OoC,
and its phase relations at 454o-r3oC are shown
in Figure 2. AgBiSz exists in its c-form (NaCl-
type) and has an extensive range of solid solu-
tion with a maximum of 28 mole % OrrS in
the ternary system. The cell dimension varies
from 5.655A for AgBiSz to 5.669A for Cuo.zr-
Agz.zsBirSr.s, which illustrates the increase in
dimension with increasing amount of (Ag:S *
Cu,S) in the solid solution, and to 5.645A for
Cuo.roAgt.eoBizSa, which illustrates the decrease
in dimension with increasing amount of CurS.
The solid solution limits"along,the binary join
Ag"S-Bir$ correspond with those of Van Hook
(1960) and Craig. (L967>.
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Frc. 2. Phase relations in the system Ag2S-Cur$Bir$ at 454oC. Io the
diagram, solid circle represeots one-phase, half-filled circle represents
two-phase, and solid triangle represents three-phase assemblages. lcc
and fcc are body-centered cubic and face-centered cubic.

Ag2S

A complete solid solution series exists be-
tween CuBiaSs and AgBLSs. At 454"C, the se-
ries has a wedge shape in the ternary system
because of solid solution in CuBiaSs along the
join CurS-BirSg, and the absence of solid solu-
tion in AgBiaS" along the join AgrS-BirS". At
30O"C, the range of solid solution of CuBigSs
along the join Cu$-BLSg diminishes, and the
complete series with AgBLSI, although stable
in the ternary system, is strictly limited to the
join CuBLSrAgBisSr.

CurBiSa has a solid solution range up to a
composition of (Cuo.eAg0.r)JiS, in the ternary
system at 454"C, and the range reduces to
(Cuo.erAgo.'u)aBiSg at 30O'. CkBi$ has also a
small range of solid solution, containing L mole
% excess CurS and BizSa along the join C"u$-
BisSs, and it is not sensitive to temperature
change in the range between 454" anLd 3O0'C.

CuBiSr (cuprobismuthite) is stable in the tem-
perature range, and has a solid solution ranging
from 52 to 47 mole /o CuzS and 51 to 48 mole
Vo Cu"S along the join CurS-BizS3, respectively,
at 454" and 30OoC.

Because all the high-temperature silver-cop-

per sulphides are nonquenchable, the stable
phase assemblages observed at room temperature
in the present study need to be extrapolated to
high temperatures using available information.
The phases found along the join AgaS-CuzS are
AgzS, Agr.uCuo.rS, Agt.:Cuo.eS, AgCuS, and
CurS, which agree well with Skinner's results
(L966). Thus the changes of phase assem-
blages from 454"C to room temperature may
be described in general as shown in Table 1.

TABLE t. fttlNGEs rN PHASE AssEltsLAGEs-!'l-UF:l$rEx As2s - cu2s - Brzs3

C!38 I S 3+Agcus (f. c. c. )

cu3Bis3rAgJuz*s (J.c.a.) (o<<l)

cu3Bls3+Agrcu2_os (f.a.a.) (1.2<<1.55)

d-AsBls2+Aq.55cu0.{5s (f.o.o.)

d-AgBlS2{Cu3B tS3+Ag.t .UUCuO.OtS 
(f,.".o. )

ls3+Agcus

lS3tcuC+AgCuS

ls:+Agt .zcuo.dtAsr .steo.4ss
ls2+A91 .55ch.45s

:sst .ssQo.cf

At room temperature, jalpaite shows a tange
of solid solution from (Agr.slCuo.es)S to
(Agr.soCuo.go)S, whereas the composition of
stromeyerite, Agr-"Cur+S with .x between 0 and
0.1 as proposed by Skinner (t966), lras con-
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firmed. The B-phase, Ag.rCuo.eS, synthesized
in this study has characteristic x-ray powder
diffraction data as follows (n d,N(t/L)),
3.5t  (4) ,  3 .06(4) ,  2.86(5) ,  2.6L(LO),  2.56(4) ,
2.41. (5), 2.3t (4), 2.O7 (5), and 1.95 (5), which
correspond well with the r-ray powder data of
mckinstryite (Skinner et aI. L966). The close
similarity in both .r-ray powder data and opti-
cal properties of this phase with those of stro-
meyerite suggests that this phase may be over-
looked or misidentified in silver-copper sulphide
oles.

The ranges of solid solutions in both l.c.c.
and b.c.c. phases along the join AgzS-CuzS were
directly taken from Skinner's data (Skinner
7966).

Tne SysreM AgrS-CurS-Sbr,S.

Previous studies

Jensen (1947) presented a phase diagram
for the system AglS-Sbb$ (Fie. 3) showing
that four phases, AgrS, AgrSbSg, AgSbSr, and
SbaSr, and three eutectics were present in the
system. Barstad (1959), Cambi & Elli (1965a),

SlhSs A%S

FIG. 3. Phase relations in the
Sbrg afrr Jensen (1947).
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and Keighin & Honea (L969) reported results
consistent with Jensen's.

Gaudin & Dicke (1939) prepared two phases
in the system CurS-Sbr$, namely, CusSbSa and
CuSbSr. Ross (1954) proposed four more phases
in addition to those found by Gaudin & Dicke.
They can be represented by 5:L, 4:5,3:4, and
2:3 in terrns of CuaS/Sbz$ ratio. Cambi &
Elli (I965b) presented a--phme diagram of the
system having melting points of CurS, Cuesb$,
CuSb$, and SbaSu at, respectively, 113Oo, 610o,
552.6" and 548.1"C, and three eutectics at
583.2' and 83.28 mole /o Cu^S, 541.8"C and
58.73 mole /q CuzS, and 496.0"C and 20.L2
mole % CuzS.

Cambi & Elli (1965b) observed a phase
change in CusSbSr with transformation tempe-
ratuxes ranging from 5OOo to 530'C in the
solid solution 3CuzS.SbaSr-4CurS.Sbr$. Both
high (0)- and low (a)-temperature forms are
cubic with a = L}.MA and a = 1O.31A, re-
spectively. Godovikov & Il'yasheva (1970) re-
ported that an orthorhombic, wittichenite-equiv-
alent phase exists in CueSbS' at 480oC. This
phase melts at 618oC, and on cooling it yields
an assemblage of a- and B-phase, the two cubic
phases reported by Cambi & Elli.

Skinner et al. (L972) proposed that "phase
B" represents the phase of composition CurSbS.
above 359'C, below which phase B decom-
poses to chalcostibite f tetrahedrite * anti-
mony. This decomposition is complicated by a
metastable phase transformation of phase B to
phase B/ at 122" !3"C. Skinner et al. also
showed that tetrahedrite has no stability field
along the join CuaS-SbrS' and dissociates into
two tetrahedrite phases below 125"15"C.

Tatsuka & Morimoto (1973) also studied
the composition variation and polymorphism of
CurSbS" and tetrahedrite. Their results show
Cu"SbSg, prepared either by slow cooling from
melt or by annealing the cooled melt at 30OoC,
produced tetrahedrite f antimony. No phase
B was obtained. The tetrahedrite has a super-
structure with a - 2O.848A, twice that of nor-
mal tetrahedrite. This sulrerstructure disap-
pears at 350oC, and above 361'C the assem-
blage tetrahedrite + antimony changes to phase
B.

In the ternary system AgeS-Cu"S-SbzSg, Cam-
bi et al. (1966) reported a Cu-bearing poly-
basite and a metastable stephanite along the
ioin 3.5CurS.Sbr$-Ag,S. Hall (1967) observed
the formation of polybasite and antimonpearc-
eite at 200'C with compositions, respectively;,
represented by r - 0.07 - 0.16 and .r = 0.16 -
O.39 in the general formula of 8(A,gr-€u")rS
SbrS".

system AgnS-
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Frc. 4. Phase relations in the system Ag:S-CunS-SboSg at 453"C.

curs

Present 'work

Phase relations in the system at 453L2"C
are shown in Figure 4. Liquid forms extensively,
occupying the central portion and co-existing
with solid phases in all phase assemblages
except those at the AgaS- and Cuz$rich corners.
This isotherm intersects the extension of sev-
eral binary eutectics, and the invariant points
correspond well with known eutectics in the
binaries: *6CurS ' 26A93' 68Sb:Ss", "3CuaS
64Agf .33SbaS.", and "9CuzS . 80AgzS. 1lSbz-
S""4 to the eutectics at 28, 66, and 83 mole
per cent AgaS, respectively, in the system
Agf-Sb"S' (Jensen L947, Fig. 3); and 'o23Cur5'

4Agf 73SbaSs" .and "60CuaS. 24AgrS. 16sbr$"
to the eutectics at 20 and 83 mole per cent CurS,
respectively, in the system CurS-SbsSo (Carnbi
& Elli 1965b). The point at "38CuzS'54AgzS'
8SbrS"" represents the intersection of tlis iso-
therm with the minimum point on the liquidus
of the system AgrS-CurS (Krestonikov ef al.
1968).

Phase relations in the system at 398oC are
primarily the same as those at 453oC, except
that the liquid field diminishes in size and occu-
pies only the central portion of the system.

Liquid solidified completely in the system
below 345:L5oC, and phase relations among

solid phases at 300:LtoC are shown in Figure
5. Three ternary phases are present. Polybasite
with a composition of 9(Agr.eeCuo.u)S'Sb$g is
stable only in the presence of copper. Antimon-
pearceite exists in the system with a range of
solid solution from 9(Agr.ozCuo.r)S'SbS' to
9(Agr.s.Cuo.a')S.SbrS'. A new phase, 3(Agr-*
Cu*)rS.Sbr,Sa, wd found to be stable below
345"C along the join AgSbS, -_ (Cuesb$"

with "t" varying between O.53 and O.44. X'ray
powder diffraction data for this phase are listed
in Table 2. Under reflected light microscopic
examination, this phase is grayish white, weak-
ly anisotropic, and shows strong red internal
reflection. A natural minetal of this composition
has not been reported.

Phase relations in the region near C\t"SbSg
are complicated as shown by Skinner et a/.
(1972\ and Tatsuka & Morimoto (1973). The
tireo reported phases, a, p, (Cambi & Elli
1965b; Skinner et al.1972) and B (Godovikov
& Il'yasheva 1970 Skinner et al. 1972) wete
all observed in quenched samples in the present
study. Samples of composition CurSbSs quenched
from 453oC and 398'C produced p- and B-

*Represent compositions in mole per cent in the
ternary system.
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Frc. 5. Phase relations in the system AerS.Cur$SbzSa at 300oC. plb and
Apc represent, respectively, polybasite and antimonpearceite. phase re-
lations in the CurS-rich portion are not established.

phase. B-phase is predominant over B-phase at
453"C, whereas B-phase is predominant at
398'C. Quenched' fiom 3O0"C, composition
CusSbSs gave rise to an assemblage of co-exist-
ing <r- and p-phase. A small amount of metal-
lic antimony is present in all phase assem-

TABTE 2. X-RAY P0wDER DIFFRACTI0II DATA 0F As1.scul.5SbS3

blages. The a- and B-phase are the dissociated
products of tetrahedrite solid solution as corre-
lated with Skinner et a,/'s results. The one having
the larger cell ao = 10.424 -f 001 A is desi"-
nated ai B-phasJ ano tie oitret ur-o+nui" wifit
a" - 10.323-r.0.0014 in accordance with Carnbi
& Elli's usage. In r-ray powder diffraction pat-
terns, the superstructure of tetrahedrite as
shown by Tatsuka & Morimoto cannot be re-
cognized.

The system ApS-CuaS-SbzSa at 3OO"C, as
showno is no longer a ternary system, and phase
relations in the Cu:S-rich portion can only be
established by studying the larger system Ag-
Cu-Sb-S.
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