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ABSTRACT

The condensed phase system Fe-Rh—S was studied by means of dry syntheses at 900° and 500°C. At 900°C, there arefields
of y(Fe,Rh) with up to 29.7 at.% Rh, a;(Fe,Rh) with 40-50.4 at.% Rh and y(Rh,Fe) between 0 and 34.3 at.% Fe, Fe;,S that
dissolves up to 25.7 at.% Rh at 55 at.% S, sulfide melt centered on ~37.5 at.% S and 40 at.% Rh, Rh;7S;5 (up to 7.5 at.% Fe),
Rh3Ss, Rh,S; and Rh, 7557 25 (“RhSs”) dissolving up to 4 at.% Fe. At 500°C, o(Fe,Rh) contains up to 9.5 at.% Rh, a3 (Fe,Rh) has
33.5-52.2 at.% Rh, followed by y(Rh,Fe). Fe; S dissolves up to 2.8 at.% Rh at 52.5 at.% S. Thiospinel Fe(FeposRhy.02)Ss is
associated with FeS,, Rh;7S;s5 (up to 4 at.% Fe) and RhySs. “RhS;” contains less than 1 at.% Fe. The principal assemblages are
defined for both temperatures. We discuss data from the partly studied Fe-Ni—Rh-S system and compare the partition patterns of
Rh inferred from the current study with those from sulfide-PGE deposits.

Keywords: Fe-Rh-S system, Fe-Rh alloys, Rh sulfides, pyrrhotite, phase equilibria
SOMMAIRE

Nous avons étudiéle systéme a phases condensées Fe-Rh—S par synthéses asec 2900° et a500°C. A 900°C, nous documentons
des champs de stabilité de y(Fe,Rh) contenant jusqu’ @ 29.7% Rh (proportion d’ atomes), «1(Fe,Rh) avec entre 40 et 50.4% de Rh
et y(Rh,Fe) contenant entre 0 et 34.3% de Fe, Fe; S qui dissout jusqu’ a 25.7% de Rh a55% de S, un liquide sulfuré centré sur
~37.5% Set 40% Rh, Rh;7S;5 (jusqu’ &7.5% de Fe), Rh3S,, Rh,S; et Rhy 7557 25 (“RhSs”) qui dissout jusqu’ @4% de Fe. A 500°C,
laphase a(Fe,Rh) contient jusqu’ @9.5% de Rh, a1 (Fe,Rh) contient entre 33.5 et 52.2% de Rh, suivi par y(Rh,Fe). Le sulfure Fe;—
xS dissout jusqu’ a2.8% de Rh 252.5% de S. Le thiospinelle Fe(Fep 0sRhy.02)Ss est associé a FeS,, Rhy7S;s (jusqu’ a4% de Fe) et
Rh,S;. Laphase “RhS;” contient moins de 1% de Fe. Nous définissons |es assemblages principatix aux deux températures. Nous
fondons notre discussion sur lesrésultats apportés du systéme Fe-Ni—Rh-S, partiellement étudié, et nous comparonslarépartition
du Rh préconisée a partir des résultats d’ expériences avec celle dans les gisements de sulfures contenant les é éments du groupe
du platine.

(Traduit par la Rédaction)

Mots-clés: systéme Fe-Rh-S, alliages Fe-Rh, sulfures de Rh, pyrrhotite, équilibre de phases.

INTRODUCTION (1990), who investigated high-temperature phase equi-

libriain the Fe-Rh-S system, Sinyakova et al. (1994),

The present study of the system Fe-Rh-S contrib-
utes to the understanding of the distribution of rhodium
in PGE (platinum-group elements) deposits rich in Fe
at 900°C, i.e., at submagmatic temperatures, and at
500°C, i.e, in postmagmatic and metamorphic pro-
cesses. It answers some of the questions raised by the
recent exploration activity connected with the aug-
mented interest in rhodium in the past few years. Previ-
ous investigations of rhodium-containing sulfide
systems were made by Distler et al. (1977, 1988), who
studied the crystallization of Fe-Rh-Ni—S melts and
exsolution processes in their products, Bryukvin et al.

§  E-mail address: emilm@geo.geol .ku.dk

who investigated the FeS—Ni,S; system with 1 wt% Rh
added, at 817° and 600°C, and during slow cooling, and
by Makovicky et al. (1986), who presented preliminary
data on the system Fe-Rh-S at 900° and 500°C, Rh-
rich pentlandite at 500°C, and exploratory studiesin the
Fe-Rh—Cu-S system at 900° and 500°C. Several inves-
tigators (Blase & Schipper 1964, Harada 1973,
Tretyakov et al. 1977) studied Fe-Rh thiospinels.
Massalski et al. (1986) summarized previous work on
the system Fe-Rh.

In the present study, we completed and refined the
preliminary descriptions of the system Fe-Rh-S at 900°
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and 500°C of Makovicky et al. (1986) and Makovicky
et al. (1992).

EXPERIMENTAL

Fifty-six 150-mg charges were weighed out from
pure elements (Johnson Matthey’s Specpure rhodium
sponge with 40 ppm metal impurities, freshly filed
Specpure Fe rods with 20-25 ppm of metal impurities
and pure S (>99.999%, Fluka). They were sealed in
evacuated silica glass tubes, preheated at 300°C, and
annedled at the desired temperatures for periods of up
to 30 days. After regrinding and homogenization, they
were resedled and annealed for 60-90 days.

The quenched products were studied in polished sec-
tions with reflected light microscopy and by means of
electron-microprobe analyses. A JEOL Superprobewas
used in wavelength-dispersion mode, with an on-line
correction program supplied by JEOL. Rh metal and
natural CuFeS, were used as standards. Wavelengths
employed were RhLa, FeKa, and SKa; acceleration
voltage was 20 kV, sample current 30 or 20 nA, and
counting times, 20 s. A number of measurements were
taken on each phase present, spread over the entire
sample. Compositions of solidified melt were studied
by sweeping the beam over rectangular areas, the size
of which was selected according to the grain size of the
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guenched aggregate. Principal results are given in
Table 1. Detection limits, determined using pure stan-
dards without minor elements, are 0.1 wt% Ni, 0.1 wt%
Fe and 0.1 wt% Rh.

PHase ReELATIONS AT 900°C

At 900°C, the condensed system Fe-Rh-S contains
abroad range of Fe-Rh aloys, five binary sulfides (three
of which reach far into the ternary region), and a small
field of sulfide melt near the central part of the system
(Fig. ).

Our results show that the solid-solution fields of Fe—
Rh alloys are as follows: y(Fe,Rh) contains up to 29.7
at.% Rh, a;(Fe,Rh) contains 40-50.4 at.% Rh, and
v(Rh,Fe) extends between 0 and 34.3 at.% Fe (Fig. 1).
The pyrrhotite (po) compositions associated with the
two-alloy assemblages are Fe<soRhg 03S:50 and Feys 7
Rhy 0Ss1 3, respectively.

The two-phase fields pyrrhotite—alloy and Rh;7S;5—
aloy are separated from each other by phase assem-
blages that involve a liquid field centered on a
composition of approximately 37.5 at.% S, 40 at.% Rh
and 22.5 at.% Fe, and 5 to 7 at.% broad in different di-
rections. The three-phase assembl ages pyrrhotite (7 at.%
Rh, 52 at.% S) — aloy (68.5 at.% Rh) — sulfide melt,
Rhy17S:15 (>7 at.% Fe) —aloy (70.5 at.% Rh) —melt, and

Fe v *

Rh

Fic. 1. The system Fe-Rh-S at 900°C. Width of field for solid phases (including alloys)
is schematic except for pyrrhotite (po) and Rhy7S;s.
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TABLE 1. PHASE COMPOSITIONS IN SELECTED CHARGES, SYSTEM Fe-Rh—S AT 900° AND 500°C

T/Charge Phase Fe Rh S Total T/Charge Phase Fe Rh S Total

9H2 po(2) 53.67(9) 6.19(18) 40.65(6) 100.51  9H28 alloy (4) 18.59(19) 81.07(21) 0.00(0) 99.66

po (4) 53.10(24 6.88(40) 40.69(6) 100.67 coarse (6)  18.73(137) 62.54(229) 17.96(94) 99.23

fine (4) 17.51(8) 64.83(55) 17.02(59)  99.36
9H4 po (7) 55.72(41) 7.45(14) 36.03(27)  99.20

alloy (3)  35.48(22) 65.23(59) 0.06(1) 100.77  9H29 alloy (2) 19.64(8) 80.07(37) 0.00(0) 99.71

Rh,S;s(3)  5.2903) 73.65(26) 21.84(52)  100.78

SH7 po (11) 56.17(31) 7.66(11) 35.8324) 99.66 alloy (2) 19.99(3) 80.81(56) 0.00(0) 100.80

alloy (8)  35.70(30) 64.79(33) 0.05(3) 100.54 po (2) 48.43(62) 15.66(13) 35.43(21) 99.52

alloy (2)  22.63(44) 78.05(96) 001(1) 10069 melt(5)  18.87(129)  61.18(176)  18.79(30)  98.84

9H1 po (8) 55.02(13) 9.07(36) 35.85(24) 99.94  9H30 Rh,;S,s(4)  2.41(6) 75.97(37) 21.50(19) 99.88

po(3) 55.24(34) 9.07(10) 36.26(53)  100.57 Rh;;S;s(4)  231(2) 76.47(43) 21.60(26) 10038

alloy(9) 2218 78.30(91) 0.04(4) 100.52 alloy (5) 10.15(11) 89.93(45) 0.01(2) 100.09

SHI1 po (18) 24.06(32) 43.51(45) 33.1423) 10071 9H31 Rh;,S;; (5)  4.89(7) 74.22(42) 2167(22)  100.78

(3) 63.20(5) 0.05(5) 3588(17)  99.13 Rh;;S;s(7)  4.81(8) 72.42(35) 21.45(34)  98.68

po(2) 24.35(40) 44.03(54) 33.14(5) 10152 po (5) 44.33(24) 20.41(20) 34.38(22) 99.12

SH12  po(16) 29.33(23) 37.60(31) 33.01(13) 9994 OoH32  po(6) 52.77(46) 6.18(40) 39.92(4) 98.87
po (3) 29.35(22) 37.92(42) 3359(32)  100.86

SHI1-3  (3) 27.49(52) 45.57(62) 28.04(45)  101.10

SH15 po (5) 61.87(10) 0.04(0) 35.91(6) 97.82 3) 22.77(61) 43.95(43) 33.21(28) 99.93
alloy 2)  57.72(22) 41.80(14) 0.03(0) 99.55

9R1 po (17) 61.6737) 0.06(6) 36.52(42)  98.29

SH14 po (4) 64.39(29) 0.09(9) 36.88(34)  101.36 alloy (1) 56.12(34) BB 005(13)  99.92
alloy(4)  85.10(100) 17.01(54) 0.03(1) 102.14

9R21 alloy (10)  56.07(42) 43.33(34) 0.11(25) 99.57

9H16  Rh,S;(6)  0.17(0) 67.53(149)  31.10150)  98.80 o (4) 61.46(95) 0.06(9) 36.60(24) 9816
po (4) 19.95(1) 48.61(16) 31.91(4) 100.47

po(3) 19.88(4) 46.67(80) 31.90(2) 9845  OR2IB  po(4) 30.01(151) 33.71(133) 36.57(23)  100.40

RhS, (4) 0.87(7) 54.51(58) 4590(33)  101.32

9H17 po(3) 31.54(27) 3231(47) 36.02(38)  99.87 RhS,(3)  030(0) 68.05(26) 3229(25)  100.67
RhS; (2) 1.123) 52.33(1) 45.82(1) 99.27

RS, (2) 1.09(17) 52.53(44) 45.78(12) 9940 9R3 po (3) 31.70(37) 31.32(43) 36.81(13) 99.87

RhS; (3) 1.10(15) 53.40027) 45.03(63)  99.55

SHI8 po (4) 50.95(18) 14.89(13) 35.79(38)  101.63 RhS,(2)  033(2) 67.36(8) 318721)  99.59
lig (4) 14.84(79) 68.93(121) 18.0229)  101.79

lig (2) 11.19(12) 73.12(35) 17.52(42) 10183 9R2 po (4) 30.73(85) 29.35(102) 35.42(26) 95.56

RbS, (3) 2.21(67) 50.74(54) 4329(42)  96.27
9HI13 po(2) 41.12(3) 20.54(27) 37.95(6) 99.61

RhS; (5) 1.5(19) 52.71(18) 44.73(17) 98.94  9R3 RAS; (8) 2.77(53) 49.70(55) 46.44(66) 98.98

RS, 3) 4.19(36) 47.87(42) 46.54(11)  98.67
9H22 Rh;,S;s(4)  2.04(2) 76.72(21) 22.48(13)  101.24

po (2) 20.28(17) 48.07(20) 32.99(95) 10134  5R1 po (10) 62.89(40) 0.03(3) 36.11(36)  99.08

Rh;;S;s(2)  2.01(6) 75.84(183)  22.09(51)  99.94 alloy (5)  84.00(175) 16.35(167) 0.02(1) 100.42

Rh,,S;s (12)  1.99(4) 76.46(48) 22.44(50)  100.89 alloy (2) 88.70(14) 11.26(3) 0.11(14)  100.15
po (8) 20.21(13) 47.46(47) 3246(27)  100.13

SR2 po (15) 62.01(76) 0.06(6) 36.04(100)  98.17

SH21 Rh;S,,(6)  5.09(7) 72.47(21) 2217(18)  99.73 alloy 3)  46.91(87) 53.72(30) 0.01(1) 100.70

po (5) 47.01(39) 17.13(28) 35.13(24) 9927 alloy 2)  42.82(61) 57.60(33) 0.01(0) 100.45
po (4) 47.07(13) 17.24(10) 34.81(9) 99.12

liquid (7)  19.41(83) 60.97(185) 19.03(101) 9941  5R3 Rhy,S;; (6)  3.39(42) 75.24(57T) 21.18(38)  99.87

alloy(3)  14.55(9) 76.44(12) 0.00(0) alloy (3) 0.15(11) 99.41(163) 0.23(39)  99.84

Rh,;S,;(3)  4.83(6) 74.3(13) 21.52(7) 100.65 alloy (3) 2.45(59) 74.77(54) 20.98(18)  98.26
Rh;;S;;(3)  6.21(3) 72.58(44) 21.9(30) 100.69

SR4 Rhy;S,s (6)  3.46(19) 75.82(47) 21.05(28)  100.35

SH23 RhS;(5) 0.88(34) 54.00(13) 4547(21)  100.35 alloy 0.18(18) 101.30(104) 0.01(1) 101.47
po (4) 30.38(87) 32.70(86) 3572(26)  98.80

Rh,S; (2) 0.36(4) 67.81(15) 3251(17) 10018  SR4 alloy (2) 0.83(7) 95.82(37) 2.64(50)  99.39

RhS; (5) 0.88(61) 53.41(12) 4547(21) 9976 Rh,;S;s(5)  3.71(66) 74.25(52) 20.51(22)  98.57

po (4) 30.38(87) 32.34(85) 3572(26)  98.44 alloy (2) 0.21(15) 96.79(126) 053(74) 9755
Rh,S;(4) 03505 66.70(20) 32.66(5) 99.71

5RS Rh,S; (12)  0.24(21) 66.66(65) 31.22(45)  98.17

9H26 alloy (5)  12.55G7) 87.34(64) 0.01(2) 99.90 py (1) 45.01(36) 0.11(13) 52.47(46)  97.66

Rh;;S;s(5)  2.94(17) 76.20(28) 21.70(14)  100.84 Rh,S;(2)  0.26(11) 67.60(20) 3132(11) 9921

alloy (3)  12.88(52) 86.01(63) 0.07(4) 98.80 Rh,S,(8)  0.29(13) 65.92(55) 312029)  97.47

Rh,;S,;5 (5)  3.02(6) 75.41(47) 2125(20)  100.14 py (3) 43.07(11) 0.97(18) S1.51(31)  95.60

lig (3) 18.45(25) 55.85(26) 19.03(27) 9333 oy (3) 44.22(49) 0.11(14) 51.94(75) 9634

alloy 3)  20.60(21) 80.68(9) 0.00(0) 101.28 py (5) 44.80(14) 0.10(14) 51.88(75)  96.86

9H27 alloy (5) 5.45(12) 94.53(29) 0.02(3) 9998  5R6 Rh,S; (12)  0.31(27) 65.92(57) 3083(26)  97.10

Rh;,S;;(3)  L12(4) 76.03(52) 21.58(9) 99.79 py (8) 44.03(42) 0.53(49) 51.83(26) 9645

RS, (5)  3.02(6) 75.41(47) 2125(20)  99.68 Rh;;S;5(2)  0.04(2) 76.39(14) 2073(32) 9721

alloy (3)  12.88(52) 86.01(63) 0.07(4) 98.96 Rh,S;(2)  8.59(45) 54.56(71) 36.53(2) 99.73

Rh;S;;(5)  L13(5) 78.38(53) 21.93(20)  101.44 RS, (2) 0.07(0) 54.13(30) 4223(263) 9645

alloy (2) 5.15(17) 94.53(39) 0.00 99.68
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TABLE 1 (continued). PHASE COMPOSITIONS IN SELECTED CHARGES, SYSTEM Rh-Fe-S AT 900° AND 500°C

T/Charge Phase Fe Rh S Total T/Charge Phase Fe Rh S Total
5R1 po (5) 59.46(24) 0.10(6) 36.52(26) 96.19  5HI14 alloy (2)  40.89(20) 59.51(67) 0.06(2) 100.46
po (2) 62.55(21) 0.13(18) 35.60(17) 98.28
5R2 po (2) 57.46(289) 0.03(3) 3530(110)  92.83 po (2) 62.75(21) 0.13(18) 35.57(17) 98.45
pol (2) 58.75(58) 0.02(1) 36.23(13) 95.07 rhodium (1)  5.48 96.65 0 102.13
alloy 2)  42.32(86) 55.59(5) 0.01(0) 97.94
5H3 po (5) 59.58(158) 1.57(162) 37.67(14) 98.82
5R3 thodium (3)  0.27(15) 100.30(20) 0.01(0) 100.60 po (4) 57.19(17) 4.09(11) 37.56(3) 98.84
Rh,,S;5(3)  2.66(77) 74.52(64) 20.97(20) 98.18 po (3) 58.78(45) 2.61(12) 37.47(14) 98.86
Rh,S; (2) 0.67(32) 67.22(65) 32.57(8) 100.46
5R5 Rb,S, (4) 0.23(13) 67.29(42) 32.05(35) 99.61 Rh;;8,5(2)  3.23(16) 74.14(7) 21.943) 99.31
py (4) 43.43(67) 0.04(7) 53.08(140)  97.05 Rh;,S;s(2)  3.12(8) 75.29(48) 22.04(19) 10045
spinel 2)  15.43(6) 50.93(12) 33.46(12) 99.82
5R6 Rh,S,;s(2)  0.02(1) 74.33(13) 21.77(62) 9626 Rh,S;(2)  038(8) 68.42(33) 32.2024)  101.00
Rh,S,(3)  0.06(1) 66.40(83) 31.61(45) 98.10
py (4) 43.57(52) 0.06(8) 53.68(43) 9736  SH1 Rh;,8;s(4)  4.61(25) 75.02(114) 21.19(14)  100.82
po (7) 62.13(28) 0.88(15) 37.37(4) 10038
SHT thodium (5)  0.64(16) 99.82(134) 0.05(2) 100.51 Rh;;S,5(5)  3.72(18) 75.95(60) 21.54(10)  101.21
po (3) 62.92(45) 0.73(14) 36.65(27) 10030
po (7) 63.51(37) 0.11(7) 36.74(37) 10036 SHIS Rhy;S;5 (1) 0.05(4) 78.06(89) 21.8(42) 99.91
alloy 3)  37.21(24) 61.99(163) 0.06(1) 99.26 ~Rh,S; (9)  0.11(5) 68.14(91) 31.88(32)  100.13
SH13 thodium (2) ~ 0.54(7) 101.80(1) 0.06(0) 10238 5HI15 py (2) 46.23(106) 0.12(3) 52.60(24) 98.95
Rh,S,,3)  4.77(28) 75.26(64) 21.53(28)  101.56 py (4) 47.76(112) 0.03(5) 5227(54)  100.06
po (2) 61.45(36) 113(18) 36.11(33)  98.69 po (2) 59.78(7) 0.00(0) 38.10(5) 97.88
py (2) 48.40(14) 0.18(11) 52.0%7) 100.65
5H11 spinel (6) 15.44(52) 51.12(101) 33.55(9) 100.11 py (2) 47.39(62) 0.08(2) 50.54(44) 98.01
Rh,S, (3) 0.59(25) 67.15(3) 32.91(2) 100.65 py (4 47.59(76) 0.00(0) 52.2(50) 99.79
po (1) 56.94 432 36.98 98.24
po (1) 55.93 5.42 36.82 98.17 5H17 po (3) 62.72(127) 0.80(6) 35.78(33) 99.30
po (1) 57.43 3.54 37.48 98.45 po (2) 62.25(34) 0.83(15) 36.49(40) 99.57
Rh,S; (3) 0.42(13) 65.96(16) 33.01(7) 99.39 rhodium (2)  1.17(15) 99.33(45) 0.44(17)  100.94
Rh,Ss(2)  3.47(9) 77.39(166) 19.45(40) 10031
SH10 po(3) 58.08(37) 3.35(27) 37.43(6) 98.86 ~rhodium(2) 34.74(7) 66.19(186) 0.60(40)  101.53
po (3) 57.60(24) 4.46(19) 37.25(20) 99.31
Rh;;S)s (4)  3.34(34) 74.36(46) 22.63(29) 10033 9H1-300 po(2) 54.97(65) 8.88(43) 36.14(54) 99.99
Rh,S;;(3)  3.18(34) 74.99(50) 22.65(3) 100.82 po (2) 55.24(81) 8.89(53) 36.28(33) 10041
alloy 2)  21.82(32) 78.32(63) 0.05(5) 100.19
SH6 po (7) 62.20(17) 0.07(6) 37.42(28) 99.62
py (2) 36.94(108) 0 61.42(88) 9836  9H2-300 po(3) 55.01(86) 5.45(64) 39.28(28)  99.74
sulfur (2) 0.66(21) 0 97.15(11) 97.81 po (2) 53.67(5) 6.68(16) 39.17(41) 99.52
new ~py (2) 42.20(41) 6.89(7) 50.97(108)  100.06
SHY Rh,S;s(4)  4.1(37) 73.84(18) 22.05(26) 99.99
~alloy (4)  27.2(163) 65.94(73) 6.23(121) 9937 9H3-300 po (4) 55.56(2) 6.32(22) 35.59(17) 97.47
po (4) 61.02(23) L17(11) 36.95(48) 99.14 po (2) 52.77(17) 9.63(21) 36.41(0) 98.81
po (2) 49.37(35) 13.35(86) 36.23(17) 99.15
SH8-40  Rh;;8;5(6)  3.36(18) 74.44(58) 22.78(21) 10058 po (2) 51.30(44) 11.48(2) 36.43(16) 99.21
Rh;S; (5) 0.43(21) 67.37(47) 33.47(44) 10127
po (7) 56.05(45) 6.35(25) 36.75(25) 99.15 9H13-300 po (3) 61.15(10) 0.85(28) 36.80(63) 98.80
spinel 2)  15.72(2) 50.89(15) 33.84(8) 100.45 po (4) 61.37(40) 1.20(14) 36.52(29) 99.09
alloy (2) 0.93(35) 97.72(14) 0.07(4) 98.72
5H8-41 ~alloy (6)  26.83(268) 67.93(135) 6.47(180)  101.23 RhyS, (2)  4.84(40) 74.72(45) 2126(7) 10082
po(3) 60.99(27) 1.29(19) 36.72(23) 99.00 po (3) 62.60(22) 0.14(2) 36.46(12) 99.20
po(2) 61.67(14) 0.78(14) 36.82(28) 9927
Rh,S,,(3)  4.42(29) 75.77(76) 21.94(12) 10213

Numbers in round brackets next to the name of the phase indicate number of point analyses made of that phase. Compositions are reported

in wt%.

pyrrhotite (~8 at.% Rh, 52.2 at.% S) — Rh;7S;5 (about
7.5 at.% Fe) —melt, dominate the central portions of the
phase system. They are bounded and separated by two-
phase fields of appreciable width.

The solubility of Rh in pyrrhotite attains 25.7 at.%.
This extraordinarily large compositional field of Rh-
enriched pyrrhotite was delineated by a number of
charges. Onthe S-rich side, thefield islimited by afairly
constant value of 55.5-56.5 at.% S. On the S-poor side,

itslimitsbecome progressively richer in S, from 50 at.%
Sfor Rh-freetrailiteto 54 at.% Stoward its Rh-rich end
(e.g., at about 23 at.% Rh). The most Rh-rich tip com-
prises Svalues of 55+ 0.5 at.% S.

The extensive compositional field of pyrrhotite is
bounded primarily by two-phase fields po—-alloy, po—
Rh;7S;5 (between 8 and 26 at.% Rh in po) and po—
"RhS3" (from 2.6 at.% to 16.3 at.% Rh in S-rich po).
The three-phase assemblages po — Rh;7S;5 — Rh3S,; and
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po — Rh3S, — Rh,S; involve the most Rh-rich composi-
tionsof pyrrhotite. The assemblage po—Rh,S; (0.3 at.%
Fe) — “RhS;"(1 at.% Fe) involves S-rich po with 16.3
at.% Rh.

The solubility of Fe in Rh;7S;5 reaches about 7.5
at.%, and the width of the phase field with respect to the
Rh:Sratio was found to be about 1-2 at.%. The solubil-
ity of Fe in RhzS; and Rh,S; is below 0.5 at.%. The
microprobe-established composition of “RhS3" appears
to be centered on Rh; 7557 25 instead of ideal RhS; (i.e.,
Rh,5S75). Up to 4 at.% Fe may substitute for Rhin this
phase.

Prase ReLATIONS AT 500°C

Phase-equilibrium studies indicate three Fe-Rh al-
loys, five binary sulfidesand aternary compound in the
condensed system at this temperature. The melt phase
that is present at 900°C is absent at 500°C, leaving a
large field of the three-phase assemblage po (0.5 at.%
Rh, 51.3 a.% S) — Rh;7S;5 (5.5 at.% Fe) —aloy (48.5
1.0 a.% Rh) inthe central portion of the system (Fig. 2).

The ranges in solid solution of Fe-Rh alloys at
500°C are asfollows: a(Fe,Rh) contains up to 9.5 at.%
Rh; a;(Rh,Fe) coverstherange 33.5-52.2 at.%, whereas
the Fe-rich boundary of y(Rh,Fe) is highly uncertain
owing to extremely low reactivity: the majority of mea-
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sured compositions cluster at and below 2.5 at.% Fe,
but up to 9.5 at.% Fe was measured in several instances.
The first compositional gap is associated with po of
composition FespRhg 01Sso, Whereas the other is associ-
ated with Rh;7S;s, which may contain up to 4.3 at.%
Fe.

The solubility of Rh in the monosulfide increases
markedly from zero in troilite to 2.8 at.% Rh as the sul-
fur content approaches 52.5 at.% S (Fig. 2). The latter
composition is associated with the thiospinel Fe(Fep s
Rh; 92)S4. Thisthiospinel may be associated with pyrite
(<0.1 at.% Rh), Rh7S;5 (4 at.% Fe) and Rh,S;3 (~0.5
at.% Fe). “RhS;”, the exact composition of which was
discussed above, and which contains <1 at.% Fe, isas-
sociated with pyrite (0.05 at.% Rh found) and Rh,S3
(~0.3 at.% Fe).

Discussion

Our dataon the Fe-Rhjoin at atemperature of 900°C
do not differ appreciably from theinformation compiled
by metallurgists (Massalski et al. 1986). Thistrend was
found to continue toward higher temperatures in our
studies of the system Fe-Cu—Rh—Pt-S at 1000° and
1100°C (Table 2; datafrom Makovicky et al., in prep.).

Results at 500°C show a more restricted range of
composition for a(Fe,Rh) than that predicted in

Fe « o, RhFe

(RhFe) Rh

Fic. 2. The system Fe-Rh-S at 500°C. Width of field for solid phases (including alloys)
is schematic except for pyrrhotite (po) and Rh;7S;s.
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Massalski et al. (1986) and suggest an appreciable mis-
cibility gap toward «;(Fe,Rh) [this phase is denoted as
a1 in Kubaschewski (1982) but asa’ in Massalski et al.
(1986)]. The observed Fe-rich limit of the latter (equal
to ~33.5 a.% Rh) is a direct continuation of that from
higher temperatures. Therefore, we suggest that the con-
tinuous field a-Fe — o’ (Fe,Rh) in the diagram of
Massalski et al. (1986) is a metastable product of the
treatment of metallurgical samples (annealing of the
sample prepared at high temperatures), and that these
phases are separated by a two-phase region at 500°C.
The Rh-rich boundary of o’ (Fe,Rh) agrees with that of
Massalski et al.; our data on y(Rh,Fe) are considered
unreliable because of the lack of reactivity in low-S
charges at 500°C. Still, the working hypothesis, based
on our data, is that the y(Rh,Fe) field at 500°C has a
much more limited extent on the high-Fe side than the
value of ~28 at.% Fe proposed tentatively by Massal ski
et al. (1986).

The solubility of Rh in pyrrhotite at 900°C agrees
well with the data of Distler et al. (1988), who quoted
21 at.% Rh at 760°C. It was found essentially un-
changed, ~27 at.% Rh, in the monosulfide solid-solu-
tion (mss) with ~56 at.% Sand Ni/(Ni + Fe) intherange
0.45-0.55 in exploratory studies of the system Fe-Ni—
Rh-Sat 900°C (Makovicky et al. 1992). At 500°C, the
solubility of Rh seemshigher in mss[~6 at.% Rh for the
most S-rich mss with Ni/(Ni + Fe) in the range 0.20—
0.33] than in pure po (2.8 at.%).

Our studies corroborate the key role of pyrrhotite
(mss) as a collector of Rh in ore deposits; indeed, the
very high solubility of rhodium is quite exceptional
among the platinum-group elements. In the case of Rh,
the role of pyrrhotite should be comparable to or ex-
ceed that of pentlandite (Makovicky et al. 1986). Our
results stress the key role of elevated fugacities of sul-
fur in this process. As is the case with the other PGE,
Rh will concentrate in its alloys with Fe and not in pyr-
rhotite at low fugacities of sulfur.

Observations on natural material give afairly com-
plex picture of this problem. According to Distler et al.
(1988) and Distler (1994), rhodium is the most impor-
tant of the minor platinum-group elements in the cop-
per—nickel ores of the Noril’sk region. It only rarely
formsindependent minerals, and is distributed between
pyrrhotite and pentlandite, its contents being typically
higher in pyrrhotite ores and lower in Cu-rich ores. Rh
contents vary substantialy in pyrrhotite; they are en-
riched inthe orerichin monoclinic (i.e., S-rich) pyrrho-
tite. The investigations quoted revea a nearly equal
distribution between pyrrhotite and pentlandite, in
agreement with the conclusions of Czamanske et al.
(1992).

In the conditions of the Merensky Reef, with low
proportions of monoclinic pyrrhotite, Rh concentrates
heavily into pentlandite (Cabri 1992, Ballhaus & Ryan
1995); we can ascribe this pattern to alower fugacity of
sulfur in the Bushveld intrusion. Elsewhere, sulfar-
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senides (cobaltite, gersdorffite and hollingworthite) ac-
count for the bulk of Rh (e.g., the Copper Cliff and
Wellgreen deposits: Cabri 1992, Cabri et al. 1993), sug-
gesting a potential redistribution of Rh exsolved from
pyrrhotite, as suggested by Makovicky et al. (1986).
Thus, in spite of the scarcity of data, measurements on
natural pyrrhotite appear to confirm the predictions
based on experiment results.

An occurrence of natural rhodian pyrrhotiteis quoted
by Cabri et al. (1996) from the placers of Choco, Rio
Condoto, Colombia. The highest Rh content measured
was 12.9 at.%, the lowest content 8.9 at.%. The same
material was found to contain a porous rhodium—ron
aloy in which theratio of Rh (plustracesof Ir) to Feis
equal to one, and numerous grains of bowieite—kashinite
solid solution (Rh,Sz1r,S3), i.e., these grains do not
congtitute a phase assemblage. Rhodian pyrrhotite with
hlgh rhodium content, Feongho_llCUolmpto_o]_Sj_.oo oc-
curs in form of blebs in isometric cavities in y(Pt,Fe)
aloysin the placers of the Pustaya River, Kamchatka,
Russia (Tolstykh et al. 2000). Another quoted occur-
rence of rhodian pyrrhotite is the Ko River in the East
Sayan Mountains, Russia (Tolstykh & Krivenko 1994).

Another Fe-Rh assemblage, encountered in the
chromititesin the Fe-rich portions of aharzburgite block
in the Krasnogorskiy massif (Koryak Mountains, Sibe-
ria) by Dmitrenko (1994), consists of aFe-Rh alloy with
aFe:(Rh,Ir) ratio of about 1:1, hollingworthite, Rh-con-
taining arsenides, rare (Rh,lr),S; and rhodian pentland-
ite. A similar Fe-Rh aloy occurs with chromite in the
Tropojamassif, Albania (Ohnenstetter et al. 1992). Itis
associated with Pt—Fe alloys, tulameenite, laurite,
cooperite, hollingworthite, (Ir,Rh),S; and rhodian
malanite. Rhodian pyrrhotite is not quoted.

The addition of Ni to the system enhances the for-
mation of a sulfide melt; a melt with Ni/(Ni + Fe) =
0.66 dissolves between 0 and ~45 at.% Rh at 900°C. As
mentioned earlier, “RhS;” has a very limited tolerance
for Fe, even at 900°C. Addition of nickel to the system
produces an extensive, possibly continuous, series
“RhS3" — NiS; with the Ni/(Ni + Fe) ratio in the solid
solution rising progressively from 0.45 to 1.00
(Makovicky et al. 1992).

The references to thiospinel quoted in the introduc-
tion mention both FeRh,S, and Fe,RhS, (Raghavan
1988). However, in the system Fe-Rh-S, we found only

TABLE 2. COMPOSITION LIMITS FOR IRON-RHODIUM ALLOYS

T ¥ (Fe.Rb) a, (FeRh) ¥ (RhFe)
1100°C 0-33 44,0 -50.5 61.0-100
1000°C 0-34 41.5-52.0 63.5-100
900°C ~2-297 40.0 - 50.4 65.7- 100

Compositions are quoted in at.%.
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near-stoichiometric FeRh,S, in association with po and
pyrite. In contrast, addition of nickel to the system pro-
duces both (Fe,Ni)Rh,S, [0.10 < Ni/(Ni + Fe) < 0.20]
and (Ni,Fe),RhS, [0.59 < Ni/(Ni + Fe) < 0.76]. The
former exhibits partial solid-solution toward the latter.
However, (Ni,Fe),RhS, itself exhibits a range in solid
solution that extends primarily in the direction of
FeNiyS; (Makovicky et al. 1992).
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