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ABsrRAcr

Phaso relatious in the systems PbS-Fer-,S-Sbrg
and PbS-Fe1oS-Brng were studied in the temper-
ature range 400 to 500"C, with melting points
determined to 750'C, using sealed, evacuated
glass capsules. In the system PbS-Fex-"S-SbrSs,
jamesonito was synthesized from its reported com-
position (PbeFezSbrzSze) and has a range of solid
solution elongated toward Sbgg at 500oC. James-
onito forms equilibrium assemblages with zinkenite,
robinsonite, Pb2Sb2Ss, boulangerite, berthierite,
pyrrhotite, and stibnite, but not with galena.

The introduction of iron into lead zulfbismuthides
produced no ternary phases in the system PbS-FeroS
-Bis$. Lead sulfbismuthides stable in tle temper-
ature range of this study are galenobismutite, lil-
lianite, and heyrovskyite. Each forms binary and
ternary equilibrium assemblages with pyrrhotite.

SolvrMerns

Irs relations de phases des systbmes Pb$-Fer-,$-
Sbs$ et Pb$'Fer*$BiaS" sont 6tudi6es de 400 i
500'q avec points de fusion d6termin6s jusqu'i
750"C, i faide de capules de verre scell€es sous
vide. Dans le systdme PbS-Fe1*S-SbzSs, la james'
onite a 6t6 synth6tis6e i pafiir de sa composition
(PbeFeaSbr:Sze). Son domaine de solution solide
s'allonge vers Sb2$ e 500'C. La jamesonite forme
des assemblages en 6quilibre avec la zink6nite, la
robinsonite, Pb2Sb2S, la boulang6rite, la berthi6rite,
la pyrrhotite et la stibine, mais non avec la galdne.

L'introduction de fer dans les sulfobismuthures
de plomb n'a pas produit de phase ternaire dans le
systlme PbS-Fer*S-BizSs. If,s sulfobismuthures de
plomb stables dans le domaine de tempErature des
exp€rierces sont la gal6nobismuthine, la lillianite et
I'heyrovskyite. Chacun de ces min6raux forme des
assemblages binaires et ternaires en 6quilibre avec
la pyrrhotite.

Clraduit par la R6daction)

INtnoouct:torrt

Iron is commonly present in lead sulfosait
ainerals. In some minerals, it takes well-defined
structural positions, and thus is essential for thc
formation of such sulfosalts. The best known
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example is jamesonite, a ferrous lead sulfanti-
monide (Palache et aL 1944). Structural deter-
minations made by Niizeki & Buerger (1957)
showed that Fe atoms in jmtesonite occupy dis-
tinct structural positions. They are coordinated
by six sulfur atoms in distorted octahedra un-
like the PbSz and PbSs Po$dra. Iron and lead
atoms both serve to link SbeSire groups. Equili-
brium studies in the system PbS-SbrSb (Craig et
al. L973; Garvin 1973) show that there is no
iron-free jamesonite. Iron is present in many
analyses of lead sulfbismuthide minerals, but
jamesonite-like phases seem to be rare. For ex-
ample, iron was included by Nuffield (1948) in
the formula of kobellite, but subsequent micro-
probe analyses by Harris et aI. (L968) showed
that this element is not essential. However, an
exception is sakharovite, which is the bismuth
analogue of jamesonite and has Bi:Sb close to
I;1. (Amer. Mineral. 45, p. tl34).

The purpose of this investigation was to study
the effect of iron on the formation of lead sulf-
antimonides and sulfbismuthides with special
reference to jamesonite.

ExpaRr[dE r.rrAr. Pnoceoune

Starting compositions were prepared from re-
agent-grade elemental lead, antimony, bismuttr'
iron, and sulfur; all have 99,99Vo or better purity
as specified by suppters' analyses. Synthesis and
heat treatment \rere made'in muffle furnaces
using the conventional sealed, evacuated glass
capsule technique (Kullerud & Yoder f959).
Generally, 50 days were used for equilibration
at 500'C and 90 days at temperatures below
500'C. X-ray powder diffraction and reflected-
light q;.tor"opy were used for phase identifica-
tion, and compositions of selected samples were
determined by electron probe analysis. For
measuring d-values, the (110) reflection of tun&
sten at 20=4O.26o wns used as an internal stand-
ard, and cell dimensions !0.02A were computed
by a least-squares refinement progmm (Chao'
Carleton University, Ottawa).
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Thr SysrsM PbS-Fer-"S-Sb"S"

Phase relations involving galena, stibnite, and
pyrrhotite in the system lead-antimony-iron-sul-
fur at 5@oC are projected, as shown in Figure
1, onto a Pb$-Fer-grSb"S, plane. One run was
made along the join Pb$-Fer-,S, and an assem-
blage of galena and pyrrhotite was obtained,
corresponding with Brett & Kullerud's result
(1967), Along the join Fer-$-SbsSs, berthierite
was prepared with a composition of Feo.esSb2sa
as determined by probe analysis. This phase was
synthesized by Barton (1971). A comparison of
X-ray powder-diffraction data obtained in the
present study with Barton's shows good correla-
tion, except for several reflections of weak to
medium intensities. The following diffraction
lines were observed by Barton but were not re-
gistered in the present srudy: 330(9), L4t(I7),
060(4), 241.(8), 33 1 ( 19), 160 (7), 4LI (23), and
520(17). The cell dimensions calculated are a
L1,.46, b 14.L0, c 3.744\ in moderately good
agreement qrith a 11.46, b 14.L5, c 3.774 ob-
tained by Buerger & Hahn (1955).

Phases and phase relations along the join PbS-
SbzSg estabhshed in the present study correspond
well with previous investigations of Garv.in

TABLE I. MICROPROBE AMLYSIS OF SYNTHESIZED JMESONITE*

SanDle Prcbe Data
r,la.Fb--Jb-Ta----T-To-[eT

Suggested
Fomul a

0  40 .15  35 .39  2 .71  2 I .75  100.00  PbA.OOF"2.OOSb. lZ .OO5ZA

27 40.02 35.47 2.65 2'1.56 99.70 Pb8.O4Fet.96Sb12.t:rZS

26 41 .69  34 .40  2 .99  21 .11  100.19  Pb8.56Fe2.ZeSbtZ .OZSZS

25 41.80  34 .00  2 .60  21-50 99 .90  Pb8.42Fe l .gqSb l .1 .6OSZS
9 40.99  33 .42  3 .43  21 .75  99 .99  Pb8. l5Fe2.g :Sbt t . :gSZe

Silple 0 - Janesonlte, theor€tical composition
Samples 27 and 26 - Jmsonlte slngle phase
Smple 25 - JatEsonite ln assoclatlon with boulangerlte and
pyrhotlte
Smple 9 - Jamesonlte in assoclatlon with berthierlte and
pyrhotite
* Standards used were pyrite, galena, stibnlte and bismuthinlte.

The compositions of these standards were checled agalnst
elerental Fe, Pb, Sb and Bl. The ZAF pmgram was used for
correction.

TABLE 2. CELL DII'IENSIONS OF iIAI{ESONITE

"(fi)a(A)"(A)
Berry (1940a)

Nl lzek i  &
Buerger (1957)

Present (l )
study (2')

( 3 )

15 .71*  ]9 .05*  4 .04*  91 .48 ,
15 .57  t8 .98  4 .03  91 .48 ,

'15 .75  
19 . t7  3 .98  91 .22 '

15.78 18.92 4.0? 92"44'
16.27 18.73 3,99 92"46'

*Converted to A by the conventlonal factor, 1,00202
(1 ) Ja!€sonlte, Pb8. O4F"l.9OSbtZ. I 3S2g, synthes lzed fmn

the reported compositlon.
(2 )  JarEson i te ,  Pb7.OOF"Z. l lSb tZ .44528,  so l id  so lu t ion .
(3) Jmesonite, PbS. lqF"Z. t 5SbtZ. gZS28, sol I d sol ution.

a Onr Pholc

O Tro Phqecr

A Thrcc Phorcr

5000c
Boulongeriie

PlfhFs
Robinsonite

Zinkenite

Berthierite sbz9s
mole 7o

Frc. 1. Phase relations in the system Pb$.Fer-S-$bgg at 500'C. Jamesonite
is represented by'Ta". The zinkenite was synthesized from the composi-
tion of 50 mole Vo PbS and 50 mole % Sbrg.
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TABLE 3. d(102) 0F PYRRHoTIIE IN THE SYSTEM Pbs-Fe.,_"S-SbrSu

tuil:]" phase Assemblase 201oz) d(toz\ rFes

to the ideal formula. Cell dimensions of james-
onite solid solutions are listed in Table 2. Para'
jamesonite, which may be an orthorhombic di-
nnorph of jamesonite but is not well-established,
was not found in this study.

Pyrrhotite, as shown in Figure 1, exists in equi-
librium with galena, boulangerite, jamesonite,
and berthierite in binary and ternary assem-
blages. In X-ray powder patterns obtained at
room temperature, all pyrrhotite showed the
NiAs structure (lC type). Solid solution io pyrr-
hotite of both Pb @rett & Kullerud 1967), arid
Sb (Barton 1971.), are kncvwn to be very limited.
Tha daozt values of pyrrhotite from various as-
semblages were used to determine its composi-
tion using the data of Toulmin & Barton (1964),
and are listed in Table 3. The results indicate
that compositions of pyrrhotite range from
0.956 to 0.961 in terms of mol fraction of FeS.
The corresponding log l(Sr) values, calculated
from Toulmin & Bartons equation, are *73.64
and -13.96 atm.

Phase relations at 450'C differ little from
those at 500"C, except for the reduction in size
of jamesonite solid solution. At this temperature,
the most SbzSa-rich jamesonite has a composition
of 40 mol SbrSia, as compared with jamesonite
with a maximum of 46 mole lo Sb:Sa at 500'C.
At 400"C, jamesonite solid solution is further
reduced, and is limited within I or 2 mole Vo
around the formula composition. This composi-
tion has a congtuent rnelting point at 545:t5'C.

In the temperature range of this study, deter-
mination of phase relations in the SbzSg-rich por-
tion was made with difficulty because of the
sluggish rate of reaction. Prolonged periods of
treatment, in some cases to 210 days, were used.

Tne svsreM Pb$-Fe,-S-Bi"St

Phase relations of galena, bismuthinite, and
pyrrhotite in the system lead-bismuth-iron-sulfur
at 500"C are projected, as shown in Figure 2,
onto a PbS-FerJ-Bia.S, plane. No ferrous lead
sulfbismuthide was found. Phases synthesized
from compositions of 82PbS'l8BirSs, 73PbS"
27BizSs, and 50Pbs'50BizSg have X-ray powder-
diffraction data corresponding to, respectivd,
heyrovskyite (Klominsky et al. 197L), lillianite
(Klyakhiv & Dimitriyeva 1968), and galenobis-
mutite (Berry 1940b). Each forms equilibrium
assemblages with pyrrhotite. FeBi4S? synthesized
by Craig et al. (197I) was not observed at
5moc. nrhich confirms their statement that
FeBinSu is a high-tempsrature phase and has a
narrow range of stability. The d<ror> values of
pyrrhotite in various assemblages are tabulated
in Table 4. The composition of pyrrhotite varies

I

8

9

t a

21

22

pyrrhotltet
berthlerlte
pyrrhotitei
berthieflte
pyrrhotlte+
Ja[Esonite s.s
pyrrhotlte+
berthieriter
jaresonite s.s
pynhotite+
boulangerite
PYrrhotite+
boul angerl te
pyrrhotiter
boulangerite+
gal ena
pyrrhotite+
boulangerlte+
galena

43.64

43.64

4 J . O O

43.60

43,64

43.64

43.66

43.66

2.0723 0.957

2.0723 0 .957

?.0714 0 .956

2.0741 0 .961

2.0723 0.957

2.0723 0 .957

2.0714 0 .956

2.0714 0 .956

TABLE 4. d(l02) 0F PYRRH0TITE IN THE SYSTEM Pbs-Fel_cs-Bi2s3

)mple pnase Assembtage z0 
fiOZlNo.

d(toz\ xF.s

43.72

43.70

43.76

43,76

43.74

43.74

43.76

43.76

43.72

2.0687 0 .95 t

2.0696 0.952

2.0669 0.94't

2.0669 0.947

2.0678 0.949

2,0678 0.949

2,0669 0.947

2.0669 0.947

2,0687 0.951

{1973), Craig et al. (1.973), and Hoda & Chang
(1975). Robinsonite prepared in this study was
analyzed by J. L. Jambor and was found to have
a composition similar to that suggested recently
by Jambor & Plant (1,975). Boulangerite, Gar-
vin's phase IV, and zinkenite were synthesized
from PbSbuS11, PbrSb:Ss, and PbSbzSa, respec-
tively.

Jamesonite was synthesized from its reported
composition, PbeFerSbr:Sha (Berry 1940a), and
has a range of solid solution elongated toward
SbsSs at 50O'C. Jamesonite forms equilibrium
assemblages with all phases on the related joins
except galena. Chemical compositions of james-
onite synthesized from the reported conposition,
and jamesonite solid solutions occurring in as-
semblages with pyrrhotite, were determined by
probe analyses of selected samples and are
listed in Table 1. The results, based on 28 sulfur
atoms for comparison with theoretical values,
show that jamesonite in equilibrium with non-
stoichiometric pyrrhotite has compositions closc

'I

z

3

7

8

q

' 15

l 9

pymhotite+
bismuthinite
pyrrhotlte+
bl smuthini te
pymhotlte4
galenobismutite
pyffhotiter
gal enobismutl te
pyrhotite+
bi smuth ini te+
galenobisnutite
pyrrhoti te+
bismuthin i te+
gal enobi smuti te
pyrrhotitef
galena
pyrrhotites
gal enobismuti te+' l i l l l a n l t e

pyrrhotlte+
galena+
heyrovsl(ylte
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O one Phoso

O Tro Phooea

a Threo Phose8

Pbs

F r-rs

within a narrow range from O,947 to 0.952 in
terms of mol fraction and FeS with correspond-
ing log l(S,) values from -13.38 ro -13.06;tm.

Runs made at 450"C and 400"C produced
phase relations no different from those shown at
50O'C. Cosalite, giessenite, bonchevite, and
other reported lead sulfbismuthides (see Chang
& Bever 1973) were not found.

GEorocrcel CoNsnrnnartoNs

_ Jamesonite was synthesized in the system
Pb$-Fer-"S-SbzSa and showed a solid-solution
range between 40O' and 50O'C. The presence
of iron is essential for its formation.

Equilibrium assemblages of jamesonite estab-
lished in the present study correspond well with
those in its natural occurrences. pspsrtsd min-
eral assemblages containing jamesonite are:
jamesonitelstibnite*zinkenite,(palache et al.
1944), jamesonite*berthierite*stibnite (palache
et al. I944i Roger 1969), jamesonite*pyrrhotite
*boulangerite (Iurneaure 1 950; Kapust n L97 L),
jamesonitefboulangerite (Hak 1966; Gross et
al. t967), and jamesonite*pyrrhotite (Gasper
1967r. Among them, the most common onet

Frc. 2. Phase relations in the systsm pbS-Fe1-S-Bizg at 500"C. The lilli
anite was synthesized from the composition 73 mole Vo pbS and 27 mole
Vo Bir$s. (Ed. note: the starting compositions for zinkenite in Figure I
and lillianite in Figure 2 do not conform with their generally accepted
formulae of PbrBi:Su for lillianite and pb6sb14s2, for zinkeniti).

mole % Bi2s3

are jamesonitefboulangerite*pyrrhotite and
jamesonitef berthierite*pyrrhotite. The constant
association of jemesonite with iron-bearing sul-
fides is a direct consequence of the abundance of
iron in the ore-forming solutions.

Jamesonite-galena association with or with-
out boulangerite has also been reported in
nature (Arkhangel'skaya 1963; Ramdohr 1969;
Kupcik et aI. 1969), This association suggests
that, outside the temperature range of this study,
the join galena-jamesonite becomes a stable one
in the system. Because jamesonite melts at a
temperatuxe slighfly higher than 50OoC (545"C),
it seems more likelv that this association repre-
sents a low-temperature assemblage, stable be-
low 40O"C. There is, however, always a possibi-
lity that the presence of other elements may alter
the conditions of formation.

Known chemical analyses of jamesonite are
plotted in Figure 3 to compare with the syatletic
solid-solution range. All but five fall in the solid-
solution region around the composition of ideal
jamesonite. Natural Bi- and Zn-bearing james*
onites have been reported (Arkhangel'skaya
1963; Godovikov & Kochetkova 1972: Boro-
raev & Mozgova 1975).
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Sb2S3 -+ l o

mole%
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