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ABSTRACT

The system Fe-Pt—S at 1100°C contains four alloys, y(Fe,Pt), PtFe, PtsFe and y(Pt, Fe), with respective miscibility-gaps at
43.5-45.5 at.% Pt, 57.7-60.4 at.% Pt and 77-80 at.% Pt, two sulfide phases, Fe; S (maximum Pt solubility 1.1 at.% at 54.3 at.%
S) and PtS (0.5-0.8 at.% Fe maximum), a Fe-rich sulfide melt (Pt solubility below microprobe limits) and a S-rich sulfide melt
(Pt solubility 7.5 at.% for solidified melts with ~54.5 at.% S). Of the five two-phase and five three-phase associations, the most
important are PtFe — PtsFe— Fey S (Pt below detection), PtsFe—Fey S (0.4 at.% Pt) — PtS, PtsFe—v(Pt,Fe) — PtSand Fe; S (0.9
at.% Pt) — melt (~8.5 at.% Pt) — PtS. Comparisons of experimental data with natural associations enable us to suggest several
genetic and geothermometric implications.

Keywords: system Fe—Pt-—S, iron—platinum alloys, isoferroplatinum, monosulfide solid-solution, cooperite.
SOMMAIRE

Le systéme Fe-Pt—S & 1100°C contient quatre alliages, y(Fe,Pt), PtFe, PtzFe et y(Pt, Fe), ayant des lacunes de miscibilité a
43.5-45.5% Pt, 57.7-60.4% Pt et 77-80% Pt (proportions atomiques), deux sulfures, Fe; S (solubilité maximale de Pt 1.1% a
54.3% de S) et PtS (teneur maximale en fer 0.5-0.8%), un bain fondu sulfuré enrichi en Fe (la solubilité du Pt y est inférieure au
seuil de détection) et un bain fondu riche en S (la solubilité maximale du Pt y est de 7.5% pour les liquides solidifiés contenant
~54.5% S). Des cing associations a deux phases et cinq associations a trois phases, les plus importantes seraient PtFe — PtgFe —
Fe1«S (teneur en Pt inférieure au seuil de détection), PtasFe — Fe1 S (0.4% Pt) — PtS, PtsFe —y(Pt,Fe) — PtS et Fep S (0.9% Pt)
—melt (~ 8.5% Pt) — PtS. En comparant les données expérimentales avec les associations naturelles, nous sommes en mesure
d'évaluer plusieurs implications génétiques et géothermomeétriques.

(Traduit par la Rédaction)

Mots-clés: systeme Fe—Pt-S, alliages fer—platine, isoferroplatine, solution solide monosulfurée, cooperite.

INTRODUCTION Cabri & Feather (1975). The most recent substantial

contributionsto their mineralogy were made by Bowles

The system Fe—Pt—S is one of the most important
ones with respect to the genesis of platinum-group-ele-
ment (PGE) ore deposits. The 500° and 900°C isother-
mal sections were studied by Makovicky et al. (1988),
and the 1000°C section by Skinner et al. (1976). Addi-
tional data can be extracted from the study of the sys-
tem Pt—Fe-As-S at 470° and 850°C by Makovicky et
al. (1992).

Bryukvin et al. (1985) documented the eutectic in
the system Pt—PtS, and Bryukvin et al. (1987) described
the melting relations in the system Fe—-FeS; oo—Pt—PtS.
The mineralogy of Pt—Fe alloys was worked out by

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

(1990) and Cabri et al. (1996). The present contribution
completes this information by describing the phase re-
|ationships in the system Fe—Pt—S just below the eutec-
tic temperature, at 1100°C. The data have implications
for the genesis of PGE deposits.

EXPERIMENTAL

Thirty-six 150 mg charges were weighted out from
pure elements. They were sealed in evacuated silica
glasstubes, preheated at 300°C and annealed for aweek
at 1100°C. Those charges that were melt-free were
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reground and homogenized, and they were then resealed
and re-annealed. The polished samples were investi-
gated in reflected polarized light and characterized by
electron-microprobe analysis. A JEOL Superprobe 733
was used in wavelength-dispersion mode, with an on-
line correction program supplied by JEOL . Wavelengths
employed were FeKa, SKa and PtLa. Natural chalcopy-
rite and Pt metal served as the microprobe standards.
Frequently repeated measurements of the standards en-
abled normalization of the microprobe results. The ex-
citation voltage was 20 kV, beam current 30 nA, beam
diameter 1-2 pum and the counting time up to 20 s.
Homogeneous solid phases were analyzed by means of
point analyses; solidified melts and finely exsolved
solid-solutions were characterized by means of asweep-
ing electron beam at 10000x magnification, and the re-
sults from a number of randomly selected areas were
averaged. The detection limit of the microprobe tech-
nique is 0.05 wt.% Fe, 0.17% S and 0.08% Pt.

The sulfur-rich melts solidified while boiling off
sulfur in excess of mineral compositions of the result-
ing sulfide mixture (primarily Fe;«S), and thusyielded
Scontents|ower than the original bulk composition, and
occasionally also avesicular texture. The origina com-
positions of the melt phase were obtained from inter-
sections of the line (Pt,Fe)S — bulk-charge composition
with the Fe/Pt line relevant to the solidified melt. Of
course, this method cannot delineate the S-rich bound-
ary of the field of melt; this boundary remains conjec-
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tural becauseit is not possible to discern unambiguously
the primary and secondary free sulfur in the charge.

Phase relations

At 1100°C, the system Fe-Pt—S contains two sulfide
phases, two melts and four alloys (Fig. 1). Electron-
microprobe results used are listed in Table 1. The S
poor portion of the system is occupied by five two-phase
and five three-phase associations (empirical micro-
probe-derived compositions, al datain at.%):

1) y(Fe,Pt) — (Fe,S) melt, typified by the join
(Fes1.2Ptigg) — (Fes3.3Pto.oSss.7),

2) y(Fe,Pt) (FesggPts12) — (Fe,S) melt (FesigPloo
Sug.2) — Fe1«S (Feso 5Pto.0Ss05),

8503)) Y(Fe,Pt) —Fe1 S, e.9., (Fess 2Ptas.s) — (Fe40.3Ploo

7)1

4) y(Fe,Pt) (FesesPtass) — PtFe (FesasPlass) — Fey
xS (Fe49.4Pto.0Ss0.6),

5) PtFe (Fes3Pts7.7) — PlsFe (FesosPleos) — FE1 xS
(Fess 2Pt 0Ss1 8),

6) PtgFe - Fel_XS, typrIEd by (Fe35_gPt54_1) -
(Fesg.4Ss16),

7) PtsFe (Fess.1Pt7a o) —Fe1 S (Fess 7Pto.4Ss2.0) —PS
(0.54 Fe), flanked by the binary PtsFe—Fe; S and PtsFe
— PtS associations,

8) PtsFe (FexsPlzr) —y(PtFe) (FexPtso) — PtS (0.1~
0.2 Fe) (Makovicky & Karup-Mgller 2000)

9) 'y(Pt,FE) - PtS, typlfled by (Felzzptg]g) — PtS
(0.08 Fe).

Fe ¥ (Fe.Pt

Fic. 1.

Pt

PtgFe

¥ (Pt,Fe)

Phase diagram for the system Fe-Pt-S at 1100°C.
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TABLE 1. SELECTED RUNS IN THE SYSTEM Fe-Pt-S AT 1100°C

Run  Phase S Fe Pt  Total No. Fe S Pt Run  Phase S Fe Pt Total No. Fe S Pt
no. wt.% meas, at.% no. wt.% meas. at.%

1 alloy 0.09 6026 39.74 100.11 15 8394 022 1585 18 alloy 0.10 4926 50.64 10001 7 7705 027 22.68

006 338 349 471 015 139 007 042 076 066 019 034

liq 3417 6562 004 9985 15 5243 4756 001 liq 3410 6821 003 10237 8 5345 4654 001

293 339 005 271 408 001 238 226 0.02 177 325 001

3 alloy 0.08 3868 61.17 9993 6 6867 025 3109 19 po 3972 57.68 391 10134 9 4507 5406 0.87

007 110 099 195 022 050 025 044 032 034 034 0.07

liq 3461 6483 003 9950 11 S1.81 4818 001 PtS 14.53 023 85.89 10067 8 046 5049 49.05

275 292 002 233 3.8 001 032 005 098 010 111 0.56

po 36.97 63.11 0.08 100.18 8 4949 5049 0.02 20 po 39.65 57.96 410 101.75 8 4521 5387 092

030 042 0.10 033 041 0.03 025 025 0.13 020 034 0.03

4 alloy 0.12 32.88 6699 100.01 11 6291 040 36.69 PtS 1466 023 8585 10076 8 046 5072 48.82

0.06 028 031 054 020 017 032 007 025 014 111 014

po 3695 6252 0.05 99.54 14 4927 5072 001 21 PtS 14.67 036 8583 10089 8§ 71 50.62 48.67

028 047 0.07 037 038 001 021 006 058 012 072 033

6 alloy 016 13.70 8564 99.52 14 3559 0.72 63.69 po 39.00 59.59 1.69 10030 12 4655 53.07 0.38

010 022 0.70 057 045 052 037 070 0.16 055 050 0.04

po 37.76 6179 006 9963 6 4843 5155 0.01 alloy 011 875 90.98 9985 3 2502 053 7445

030 047 006 037 041 0.01 009 073 069 209 043 056

7 PtS 1450 030 8479 9960 7 060 5069 4871  21x  po 39.83 5750 4.50 101.85 10 4487 5413 1.01

025 003 047 006 087 027 040 028 023 022 054 0.05

po 3890 59.36 157 9986 6 4653 5311 035 PtS 1460 025 8510 9996 8 0.50 50.82 48.68

029 026 032 020 040 0.07 026 009 044 018 091 0.25

alloy 012 947 9108 10068 6 2649 058 7293 22 po 39.63 57.80 4.99 10245 8 4507 5382 111

006 024 033 067 029 026 024 065 034 051 033 0.08

8 alloy 0.10 897 9083 9992 8 2552 050 73.98 PtS 1448 024 8536 10011 5 0.48 5055 4897

007 0.13 046 037 035 037 034 009 073 018 119 042

PtS 1463 025 8568 10058 7 0.50 50.70 48.80  PTN-1 PtS 1426 020 8577 10022 7 041 50.09 49.50

035 004 023 008 121 0.13 019 005 062 0.10 067 036

po 3881 5925 154 9961 6 4655 5311 035 lig 33.65 40.77 2621 10063 36 38.14 5484 7.02

029 023 0.10 018 040 0.02 099 188 254 176 161 068

9 alloy 0.10 2498 7289 9796 2 5428 038 4534  PIN-2 PtS 1443 021 8520 99.83 8 042 5053 49.05

012 001 049 002 046 0.30 0.14 005 043 0.10 049 025

po 3679 6247 015 9943 6 4935 5062 0.03 liq 33.98 39.93 2624 100.15 34 3745 5551 7.04

018 021 0.10 0.17 025 0.02 127 232 3.56 218 207 096

alloy 0.10 27.00 72.63 99.74 6 5629 036 4335 PIN-3 PtS 1442 025 8582 10049 10 050 5030 49.19

0.08 030 035 063 029 021 035 004 025 008 122 0.14

10 po 3791 6135 012 9940 6 4815 5182 0.03 liq 3459 4162 2460 10081 37 3822 5532 647

038 032 0.10 025 052 0.03 186 3.18 461 292 297 121

alloy 020 17.02 8120 9843 4 4191 086 5723 PIN-4 PiS 1431 026 8525 9981 9 0.52 5027 49.21

013 026 0.26 064 056 0.18 0.16 004 042 008 056 024

alloy 0.19 1557 83.00 9877 7 3926 083 5991 liq 3356 41.01 2646 101.03 41 3831 5461 7.08

0.10 010 047 025 044 034 127 205 276 192 207 074

11 po 38.86 5946 152 9988 8 4661 53.05 034  PIN-5 PtS 1463 028 8575 100.65 10  0.55 50.64 4881

041 037 036 029 056 008 0.13 004 030 008 045 0.17

alloy 0.16 9.19 9108 10044 9 2584 079 73.36 liq 3431 4090 2591 101.12 41 3784 5529 6386

0.10 069 055 194 049 044 144 247 381 229 232 101

PtS 1438 025 8506 99.70 1 0.50 5045 49.05  PTN-6 PtS 1421 024 8557 10002 15 049 50.02 49.49

020 005 036 010 070 021

12 po 38.68 59.08 137 99.18 9 4658 5311 031 liq 3488 40.04 2586 100.78 32 37.01 5615 6384

021 044 032 035 029 007 075 123 150 114 121 040

alloy 014 906 9069 9990 7 2569 069 7362  PIN-7 PtS 1413 025 8543 9981 9 051 4991 4959

0.07 018 040 051 034 032 033 005 076 010 117 044

PtS 1438 024 8519 9982 8 0.48 5042 49.09 liq 3377 4021 26.18 100.17 34 3775 5522 7.04

0.15 003 021 006 053 012 118 211 322 198 193 087

13 po 3840 59.67 147 9958 12 4699 5267 033 PTN-8 PtS 1397 026 8555 9977 13 053 49.58 49.89

027 113 013 089 037 0.03 032 006 041 012 114 024

PtS 1458 024 86.18 101.02 8 0.48 5048 49.04 liq 3373 41.62 24.94 10029 35 3871 5465 6.64

015 003 066 006 052 038 079 177 226 165 128 060

alloy 0.16 930 9098 10046 8 2611 078 73.11 PTN-9 PtS 1426 023 8552 9999 10 046 50.12 49.41

005 020 069 056 024 055 0.17 005 038 0.10 060 022

15 PtS 1453 004 8526 99.85 8 0.08 50.86 49.05 lig 34.00 40.06 2624 10030 34 3751 5545 703

025 002 090 004 088 0.52 151 272 431 255 246 115

alloy 015 381 9576 9974 17 1210 083 8707  PIN-10PtS 1414 026 8529 9968 14  0.52 4995 49.53

007 085 126 270 039 115 028 004 062 008 099 036

16 po 3887 60.40 1.63 10093 7 4698 5266 036 liq 3380 41.03 24.81 99.65 28 3834 5502 6.64

045 045 026 035 061 006 1.08 166 243 155 176 065

PtS 1449 025 8569 10044 7 0.50 50.46 49.04 11-A  po 39.88 57.61 3.06 10059 17 4502 5427 0.69

026 002 034 004 091 019 037 047 048 060 037 050 0.11

alloy 0.16 929 90.94 10041 8 2609 078 73.12 liq 39.61 53.64 776 10103 10 4296 5525 1.78

006 012 075 034 029 0.60 056 172 241 051 138 078 055

17 liq 33.12 6939 0.14 10269 8 5459 4538 0.3 po 39.73 56.94 401 10071 13 4472 5435 090

116 134 0.08 1.05 159 0.02 066 107 145 1.08 0.84 090 033

alloy 0.10 4872 50.67 9950 5 7685 027 2288 liq 3920 5395 963 10282 20 43.15 5462 221

0.08 046 042 073 022 019 1:20 334 498 116 267 167 114
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TABLE 1. SELECTED RUNS IN THE SYSTEM Fe-Pt-S AT 1100°C

Run  Phase S Fe Pt  Total No. Fe S Pt Run  Phase S Fe Pt  Total No. Fe S Pt
no. wt.% meas. at.% no. wt.% meas. at%

11-B  PtS 1473 042 8540 100.57 11 0.83 50.75 4837 liq 33.49 3987 27.72 101.12 20 3756 5494 747

024 023 037 040 045 083 021 149 195 317 131 1.84 244 085

po 39.49 5657 449 10059 10 4465 5429 101 coarse 3489 4267 2380 10140 3 3869 5510 6.18

037 028 041 0.59 022 051 0.09 liq 061 242 366 0.77 219 09 095

liq 34,19 41.61 26.52 10236 14 3825 5473 698 11-F  PtS 1466 028 8531 10027 16 0.55 50.82 48.59

076 114 149 067 1.05 122 039 near po 030 017 041 062 0.33 1.04 023

11-C  PtS 1475 031 8530 10038 12 0.61 5095 4841 liq 33.28 40.88 27.34 101.52 15 3832 5433 733

027 009 040 054 018 093 023 073 102 156 071 096 1.19 042

po 3948 5783 3.84 101.19 2 4528 5384 0.86 11-G  po 39.59 5792 2.78 100.32 14 4535 54.00 062

0.23 029 0.13 0.11 023 031 0.03 024 069 045 055 054 033 0.10

po 39.86 57.25 3.88 101.04 15 4479 5431 087 po 39.28 58.07 3.07 10046 9 4558 5371 0.69

024 080 111 073 063 033 025 041 047 075 057 037 056 0.17

11-D  PtS 1458 115 84.74 10047 4 225 4997 47175 liq 35.01 45.12 21.04 101.19 13 40.24 5438 537

near po 015 040 084 079 078 051 047 208 395 551 1.35 352 323 1.41

PtS 1463 0.28 8533 10026 13 0.57 50.74 48.66 11-H  lig 31.66 37.83 30.09 9961 11 3723 5427 848

crystals 013 011 032 024 022 045 0.18 208 357 394 273 351 357 111

po 3995 5681 3.61 10040 29 4457 5429 081 po 3996 5813 2.80 10090 3 4522 5414 0.62

042 076 087 097 060 057 020 0.65 027 0.14 047 021 088 0.03

11-E  PtS 1470 029 8539 10040 15 059 50.84 4855 po 3970 57.18 385 100.75 11 4486 5425 086

019 016 054 055 033 066 031 033 068 043 052 0.53 045 010

PtS 1458 0.88 85.19 10068 2 173 50.11 48.11 eutectic liquid* 33.13 3931 2795 10038 16 3743 5495 762

nearliq 004 002 025 025 004 014 014 066 099 117 094 109 032

po dendrites* 4048 5529 347 9926 6 4361 5561 0.78

027 047 063 037 037 0.14

* Quench products.

The phase FesPt, known from the system Pt—Fe, is
not stable above ~850°C, where it disorders and trans-
forms to y(Fe,Pt) (Kubaschewski 1982).

The S-rich portion of the system is occupied by the
following assemblages (liquid compositions were cor-
rected for the loss of sulfur):

l) PtS (05—08 at.% Fe) -Fe S (Fe45,3Pt0,9553_8 to
Feus 7Pt1 1Ss4.3),

2) PtS — (S,Fe,Pt) melt Fes 4Pt74Ss02 — FE1xS
(Feqs.9Pt0.9Ss4.3) (charge A in Table 1),

3) PtS (0.6 Fe) — (S,Fe,Pt) melt; melt triangulated
as Fezp oPle 4S61 4 (charge E in Table 1) and Fess1Pts 3
Se0s (F),

4) PtS (0.4 Fe) — (S,Fe,Pt) melt (triangulated as
Fes1.7Pts85625) — S,

5) FeixS— (S,Fe,Pt) melt; typified by the tie-lines
Feq 7Pto.oSs4.4 — melt, the composition of which was
recalculated as Fesz oPt19Se02, and Fess gPto7Ss37 —
melt, with the composition recalculated as Fess 1Pty 7
Se0.2,

6) (S,FePt) melt—S,

7) PtS-S.

PtS;, still reported in the system Fe-Pt-S at 900°C
(Makovicky et al. 1988), was not encountered in this
study, nor was it found in the isothermal section of the
system at 1000°C (Skinner et al. 1976). The upper sta-
bility limit of PtS; is unknown.

Phase composition

The Pt—Fe join of the system is characterized by a
field of Pt—Fe alloys whose composition varies almost
without interruptions over the entire range from Fe to
Pt. Our data gave very good estimates for two out of the
three narrow miscibility-gaps separating the four Pt—Fe
aloys. The empirical sulfur content in these aloys is
low (< 0.29 wt.%) and fully comparable to spurious
sulfur values detected in the pure Pt standard. The third
miscibility gap istaken from the study of the Fe—Pt—Ir—
S system by Makovicky & Karup-Mgller (2000). The
sluggish rates of reaction prevented equilibration of the
samples close to the Pt apex, even at this high tempera-
ture of annealing. In the samples positioned centrally in
the system, two coexisting Pt—Fe aloys are readily ob-
served in reflected polarized light because PtFe is
weakly anisotropic, whereas al the other alloysareiso-
tropic. Coexisting alloys form intimate intergrowths of
lath-like grains, being in contact with each other and
also with the surrounding Fe;S. Compositions of the
Pt—Fe alloy in the three-phase assembl age PtsFe — PtS—
Fe, S are tightly clustered around the empirical com-
position Feps 1(11)Pt7a.9(4) (@verage of seven independent
runs; numbers in brackets are standard deviations in
terms of the last digit).

PtS dissolves minor amounts of Fein all the phase
assemblages. The electron-microprobe results do not
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deviate significantly from the stoichiometric Me/S ra-
tio. In asingletwo-phase assemblage PtS —y(Pt,Fe) ob-
served in our study, an average of 0.08 at.% Fe (i.e,
close to the detection limit) present in PtSis associated
with alloy of a broad average composition Feiz 7
Ptgz.g16). Makovicky & Karup-Mgdiler (2000) reported
0.1-0.2 (exceptionally 0.5) at.% Fe (and <0.1-0.2 at.%
Ir) in PtSin the ternary association of PtSwith y(Pt,Fe)
and PtzFein the system Fe-I r—Pt—S. In the present study,
PtS coexisting with PtsFe and pyrrhotite contains 0.5—
0.7 at.% Fe.

The PtS crystals from the ternary association PtS —
S-rich melt — Swere not found to be chemically homo-
geneous. They show athin Fe-rich rim (up to 1.96 at.%
Fe) and a Fe-poor core (0.36 at.% Fe). The enrichment
of Feintherimisattributed to crystallization of surface
layers from the surrounding melt during quenching.
These results are not included in the overall average.
The Fe content in PtS exclusive of rims and innermost
cores was found to vary between 0.41 and 0.55 at.%
and isinterpreted as the product of equilibrium crystal-
lization at 1100°C.

The (Fe,S) melt (iron-rich sulfide melt) was analyzed
by sweeping the electron beam over randomly selected
areas. Its Pt concentration is below the detection limit
of the electron microprobe. On quenching, it always
yields dendrites of iron monosulfide and a eutectic mix-
ture of yFe and near-stoichiometric FeS. Therefore, its
composition must have been richer in S than the eutec-
tic composition (Fess 4Sa4.6) known in the Fe-S system
(Kubaschewski 1982) inall runsshownin Table 1. Clus-
tersof singleanalytical compositions start at the Fe-rich
end of the compositional rangein Figure 1 with the com-
position Fes70Ss3.0-

The composition of Fe; S changes substantially in
the various associations, becoming richer in S and Pt
with increasing fugacity of sulfur. Its compositional
field follows the Fe-S join: Fese5Ss05 (0.02 wt% Pt
measured), Feu9.3Ss50.7 (001 wt% Pt) and Feu9.4S50.6
(0.03 wt% Pt) for the associations po — (Fe,S) melt —
v(Fe,Pt), po — vy(Fe,Pt), po —y(Fe,Pt) — PtFe, respecti-
vely. In all these runs, the measured Pt content in Fe;_
Sisless than the detection limit of the electron micro-
probe. The monosulfide solid-solution (mss) Fesg2Ss28
associated with PtFe and PtsFe still contains no detect-
able Pt (0.03 wt%). However, the composition of Fe;—
xS in the ternary association with PtsFe and PtS is
Fese.7(5)Plo.a)Ss2.97) (average of mutually very close
values from seven runs). The mss composition in the
binary association with PtS follows a path shown in
Figure 1. We have analyzed the part of the binary join
richest in sulfur where the Pt content in mss was found
to vary between 0.87 and 1.11 at.%. The average com-
position of this mssis Fess o(3)Pt1.0(1)Ss4.004), and the com-
position richest in sulfur is Fey 7Pt 0Ss4.3. During the
guench, an unknown Pt-bearing phase exsolves as* dust-
ing” from the originally homogeneous Pt-enriched
monosul fide solid-solution. This phenomenonisclearly
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seen in the images obtained using back-scattered elec-
trons (Fig. 2). Therefore, these samples were analyzed
with a sweeping electron beam, 8-10 analyses being
made of each sample.

The S-rich sulfide melt was analyzed with arastered
electron beam. On quenching, the melt yields dendritic
aggregates of mss and a eutectic mixture of Fe; S and
PtS. Because the quench product was relatively coarse,
more than 30 area analyses were performed for each
samplein order to obtain an average composition of the
melt. Another difficulty arose owing to release of sulfur
from the melt during quenching. As mentioned above,
the melt composition was calculated as an intersection
of aline passing through the measured composition of
the PtS and that of original charge with a line with the
fixed metal ratio, obtained from the analyses. The origi-
nal composition of the melt in ternary association with
PtS and S was estimated as Fez; 7Pts S5, 5, sulfides in
this charge were found to be intergrown with native
sulfur. Only one attempt was made to estimate the com-
position of quench products. The average composition
of the eutectic mixture after sulfur loss was found to be
Fes7.9Pt75Ss45, Whereas several analyses of dendritic
mss gave Feys gPlo gSss.4.

Discussion
The phases prepared by direct synthesisisthis study
represent the most important Pt carriers in PGE depos-
its.
Pt—ealloys
The compositions of natural Pt—e alloys from plac-

ersare grouped around the values of 16-17 and 25 at.%
(Fe,Cu,Ni) (Cabri et al. 1996) (Table 2). The composi-

TABLE 2. NATURAL Pt-Fe ALLOY COMPOSITIONS

Geological setting Composition Locality Reference
placers 16-17 and Russia, Turkey, Cabri et al.
~25 at.% (Fe,Cu,Ni)  Brazil, etc. (1996)
n=1709
ultramafic rocks, e.g., 24.6 at.% Fe Alto Condoto Tistl
dunite, harzburgite, n=114 complex, (1994)
Therzolite Colombia
coarse-grained close to ideal Impala mining area, Mostert
pyroxenite with Pt,Fe Merensky Reef, etal
chromitite layers Bushveld Complex, (1982)
South Africa
chromite-bearing 23.5 at.% (Fe,Ni,Cu)  Shantar Islands, Ivanov et
dunites n=20 Russia al. (1995)
alkaline ultrabasic 26.6 at.% (Fe,Cu,Ni)  Krasnogorskyi Mochalov
rocks n=615 massif, Aldanskyi etal.
Shield, Russia (1988)

n: number of analyses made.
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tion of the Pt—Fe alloys from Colombian ultramafic
complexes clusters around 24.6 at.% Fe (Tistl 1994),
although no cooperite was encountered in the samples.
However, Cabri et al. (1996) reported cooperite inclu-
sionsin Pt—Fealloysin placers derived from these mas-
sifs. The composition of the Pt—Fe alloy in the
three-phase pyrrhotite — PtzFe — PtS assemblage of the
Merensky Reef ores approachestheideal PtsFe (Mostert
et al. 1982). The average composition of the Pt—Fe al-
loy from Shantarskye Islands (Russia) is 23.5 at.%
(Fe,Ni,Cu) (Ivanov et al. 1995); the Pt—Fe alloy from
primary and placer accumulations from the Krasno-
gorskiy massif and Aldanskiy Shield (Russia) contains
26.6 at.% (Fe,Cu,Ni), on average (Mochalov et al.
1988). These findings correlate well with the fact that
the ternary assemblage PtzFe — mss — cooperite domi-
nates the S-poor portion of the system Pt—Fe-S in al
isothermal sections studied. The composition of the Pt—
Fedloy does not change significantly with temperature:
F627.5P[72A5 (QOOOC) (M akovi Cky etal. 1988), F625.0Pt74_0
(1000°C) (Skinner et al. 1976) and Feys 1Ptz g at
1100°C. The alloy containing about 16-17 at.% Fe is
probably the y(Pt, Fe) composition richest in iron that
isfound in association with PtzFe at temperatures lower
than 900°C. This assemblage should be pyrrhotite-free,
and typical of low-S associations.

In the natural Pt—Fe aloys, exsolution lamellae of
osmium, as well as drop- and flame-like inclusions of
iridium and rarer ruthenium, are documented from nu-
merous PGE deposits from Russia, Turkey, Brazil and
elsewhere (Cabri et al. 1996). The effect of these addi-
tional components, as well as that of surrounding sili-
cates, on the equilibrium composition of the Pt—Fe
aloysis poorly understood. A relevant publication by
Makovicky & Karup-Mgller (2000) exists on the alloys
in the Pt—Ir—Fe-S system, indicatingup to 5 at.% Ir in
v(Pt,Fe), 29.3 a.% Ir in PtsFe, and 24.0 at.% Ir in PtFe
at 1100°C. The occurrence of PtFe seemsto berestricted
to specia environments, as exsolution blebs [together
with Pt,FeCu and (Pt,Fe,Ni)] in PtzFe (Mochalov et al.
1988) or, more commonly, asaproduct of low-tempera-
ture (hydrothermal ?) alteration of PtsFe (e.g., Ivanov et
al. 1995, Caburi et al. 1996).

Cooperite

Makovicky et al. (1988) reported an increase in the
Fe content of cooperite associated with PtzFe as afunc-
tion of falling temperature. It wasdetermined as 1.1 at.%
at 900°C and 1.9 at.% at 500°C. Skinner et al. (1976)
found that at 1000°C, PtS dissolves no more than 0.5
at.% Fe, but Bryukvin et al. (1987) reported 3.9 at.% Fe
in PtS at 1095°C. Our data indicate 0.5-0.7 at.% Fein
PtS associated with PtsFe and Fe;_,Sat 1100°C. A simi-
lar trend of increasing solubility of the minor compo-
nent has been described for Ni in PdS (Karup-Mgller &
Makovicky 1993), Fe in PdS (Makovicky & Karup-
Mgiler 1993), and Fe in Ir,;Sz (Makovicky & Karup-
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Magiler 2000). A mild positive correlation (r = 0.4990, n
= 23) was found between the Fe content in cooperite
and Ni content in braggite, inintergrown grains (Verryn
& Merkle 1994), which may corroborate this trend in
natural material. The extensive database of Cabri et al.
(1996) shows an exceptional, single maximum Fe con-
tent of 4.33 at.% in cooperite, with other rare samples
reaching 1.6 at.% Fe. The Fe content in the bulk of the
cooperite samples, however, ismostly zero, with asmall
group between 0.3-0.5 at.% Fe. Johan et al. (1989) de-
scribed cooperite crystals from Fifield, Australia, that
formed before the end of crystallization of clino-
pyroxene and reacted at high temperaturesto form com-
plex intergrowthswith PtsFe. Petrographic observations
and the low Fe content (0.1 at.%) imply the formation
of cooperite at early stages of ore deposition.

In the Merensky Reef, Mostert et al. (1982) distin-
guished two types of cooperite: thefirst oneisrichinIr
(~2 wt.%), and the other, virtually iridium-free. The
former type contains appreciable amounts of Fe (1.7,
4.4 a.%), whereas the latter, only 0.2 at.%. Unfortu-
nately, results of only three analyses of cooperite among
hundreds of PGM analyses performed in their study
weretabulated, so that no rigorous eval uation of Fe con-
tent in the two types of cooperite can be made. Mostert
et al. (1982) interpreted the origin of the Pt—Fe aloy in
the Merensky Reef as being high-temperature and mag-
matic, with cooperite formed by reaction of the alloy
with the surrounding sulfide liquid at 1000°C or more.
However, the elevated Fe and Ir content in the first type
of cooperite suggests that at least a part of PtS crystal-
lized later. Thelater action of hydrothermal fluidsiswell
documented in both sulfide and silicate assemblages
(Mostert et al. 1982). Evstigneeva & Tarkian (1996)
were able to recrystallize pyrrhotite, PtS and PtFe al-
loysin their hydrothermal experiments at temperatures
in the range 240-500°C.

Pyrrhotite

Maximal solubility of Pt in Fe;S increases with
increasing temperature from practicaly nil at 500°C
through 0.6 at.% at 900°C to 1.1 at.% at 1100°C. The
latter value is equivalent to 5 wt.% Pt. Stoichiometric
iron monosulfide was found not to dissolve Pt. Increas-
ing deviation from the stoi chiometric formulaincreases
the ability of the phase to accommaodate Pt (Bryukvin et
al. 1987, Makovicky et al. 1986, 1988). A significant
portion of the dissolved Pt exsolves on cooling, evenin
the case of rapid quenching (Makovicky et al. 1988, this
work). In nature, the exsolved Pt is expected to be re-
mobilized by Cl-rich fluids or late sulfidic melts and
redistributed, resulting in pyrrhotite with only trace
amounts of Pt or none at all (Makovicky et al. 1986,
Molnar et al. 1997). McLaren & de Villiers (1982)
found a rim of Pt—Fe alloy on pyrrhotite in many
samples, and suggested that it represents a product of
exsolution. Kingston & El-Dosuky (1982) described a
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symplectitic intergrowth of Pt—Fe alloy with base-metal
sulfides, mostly with pyrrhotite, and interpreted it as a
result of segregation of Pt during mss decomposition,
leading to a continuum between fine and coarse
intergrowths. The bulk composition of this type of al-
loy was not obtained owing to analytical difficulties.
The nature of these intergrowths is still controversial,
however. The presence of pyrrhotite enriched in Pt was
mentioned by Distler (1994) and also assumed by
Kingston & El-Dosuky (1982), who favored the idea of
solid solution of PGE or the presence of submicroscopic
PGM of colloidal size in base-metal sulfides, on the
basis of calculations of the bulk chemical composition
of the Merensky Reef ore.

Srich melt

The S-rich sulfide melt observed in this study isable
to dissolve a substantial amount of Pt (7.5 at.%, i.e., up
to 27.5 wt.% Pt; calculated for the S-depleted product
of solidification with 54.3 at.% S). The exact S content
in the melt can only be obtained by the extrapolations
described above. Such calculations allow us to ascer-
tain the S contents of the liquid in the charges F and E
in Table 1 as 60.6 and 61.4 at.%, respectively; those of
charges A, B and C were set to 60+ at.% S. The S-rich
limit of the melt remains uncertain; charge E contains
native S mixed with sulfides, suggesting that this limit
liesat 62—63 at.% S. Bryukvin et al. (1987) described a
ternary eutectic point between FeS; og, PtsFe and PtS at
~1050 + 10°C with the composition Fes, 3Ptr37S44.0, and
aeutectic point on the pseudobinary join FeS, go—PtS at
1095 + 10°C with the composition FessePti1.5Ss2.9,
quoted as FessPti4Ss; in Raghavan (1988). None of these
melts were encountered in the present study; the corre-
sponding melts enriched in Ir were found in the quater-
nary phase system Pt—|r—Fe-S at 1100°C by Makovicky
& Karup-Mgller (2000).

CONCLUSIONS

1. Thesolubility of platinum in pyrrhotite increases
with increasing temperature from nil at 500°C and 2.7
wt.% at 900°C to 5.0 wt.% at 1100°C. Stoichiometric
FeS does not dissolve Pt; increasing deviation from the
stoichiometric formula increases the ability of pyrrho-
tite to accommodate Pt. A significant portion of Pt dis-
solved in FeyS in our experimental charges exsolves
during the quench. In natural conditions, the exsolved
platinum is remobilized by later fluids or sulfidic melts
and redistributed, resulting in pyrrhotite with only trace
amounts of Pt or none at all.

2. Inall isothermal sections studied, the sulfur-poor
part of the phase diagram is dominated by the assem-
blage pyrrhotite — isoferroplatinum — cooperite. The
composition of the Pt—Fe aloy in this assemblage does
not change significantly with increasing temperature:
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Fey75Pt7o5 (900°C) (M akovicky etal. 1988), Fexs.oPt740
(1000°C) (Skinner et al. 1976), and Feyg 1Pt73.9 (1100°C,
this study). Therefore, the alloy compositionally close
to PtgFe will be of little use as a geothermometer.

Most of the published material shows that the com-
position of the natural Pt—Fe alloy is close to PtsFe, in-
dicating the ubiquitous presence of the assemblage
isoferroplatinum — cooperite — pyrrhotite. Our experi-
mental data suggest, however, that aloy grains with a
composition of about 16-17 at.% Fe, reported by Cabri
et al. (1996) from placer deposits, were formed in a
pyrrhotite-free assemblage. We are not aware of are-
port on tetraferroplatinum as an early high-temperature
phase.

3. Experimental data on the composition of
cooperite in the system Pt—Fe-S suggest that the Fe
content of cooperite associated with the alloy PtsFe in-
creases with falling temperature, from 0.5-0.7 at.% at
1100°C to 1.9 at.% at 500°C. Assuming that the chemi-
cal composition of cooperite was not modified after its
formation, itsiron content can be used as arough guide
to estimate the temperature of crystallization.

4. The Fe-rich sulfide melt does not dissolve plati-
num, whereas the S-rich sulfide melt observed in this
study is ableto dissolve substantial amounts of Pt (23.1
wt.%). The eutectic melts defined by Bryukvin et al.
(1987) were not encountered in the present study.
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