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A mineral assemblage of sulfides and sulfo-arsenides from the ophiolite
mantle in Tibet
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Abstract: Recently, a mantle mineral assemblage consisting of diamond, coesite, Si-rutile, native elements, al-

loys, oxides, sulfides and sulfo-arsenides was found in chromitite of Luoobusa ophiolite in the Yarlung Zangbo

ophiolite zone, Tibet. The sulfides and sulfo-arsenides with specific compositions occur as inclusions in base-

metal and PGE alloys. Based on chemical analyses, the authors have found that the elements comprising the
minerals are mainly S, As, Te, Fe, Ni, Co, Cu, Pt, Pd, Rh, Os, Ir, Mn and Ti. Thirty different sulfide and
sulfo-arsenides mineral species in chromitite of the Luobusa podiform chromitite were identified, which include
named and unnamed minerals: FeS, NiS, (Ni, Fe) S, Fe;S;, Ni3S;, (Ru, Os, Ir)S,, RuS,, Rh;As;, RhsNi

(Cu)Asy, PdyRh3As;, PdgAs,, Pd;Te;As, Pd;Te;, RuAs, PtAs,, NiyRh;As;, Rh(As,S),, (Rh, Ir)(As,S),, Ir
(AS,S)z, MHS,Ti7S3, Ti7N3, Rh3Ass€3A5 CUSZ, RhS, IrZS3,(Ir,Cu)zS3, (CO,Ni,Fe)z(AS,S)3, (Ir,Pt)(As,

S)2, Ruz(As, S)7 and (BM)(PGE), Sy (x+y)- As mineral crystals are too small( <25 pm), and X-Ray analyti-

cal data remain very insufficient for unnamed miner-als, mch research work remains to be done in future.

2007 -05-23 2007-07-18
40610098 40620120098
1935 -



419

Key words: Tibet;ophiolite; mantle;chromitite;sulfides and sulfo-arsenide

70 ~80
2000 2002 2003a 2006b

1
1981 Bai et al. 1993 km 1~4
2000 2001 FeO Fe Fe-Si SiO, km 70 km?
2002 2003b 2005 2005
SiO, Yang et al. 2002

PtS, Ni Fe 3S, Ir; As S ; NS
PdgAsy; Ni Fe 4S5 Fe Ni Co S Niz3S, Sb;Ss 20~250 m 10~100 m
RuS, Ru Os 35,
<25 pm X

km

<10 m

: I+i+¢+
i+i+1+1+1+
MR SHE s
++I+i+1+++

1
Fig. 1 Geological map of the Luobusa ophiolite Tibet
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2 Ni Fe Cu  PGE
Ir Rh Pt S 1
PtFe FePtNi OslrRu PtPdFe
I No. 31
1 500 kg 1
1 em
10 Ni Fe Cu
Ir Rh Pt ySw, x+y Fe CU N1 Ir
Rh Pt wp %
2a S 23.88 ~27.40 Fe 1.42 ~
2000 2001 18.26 Ni  4.85~22.59 Cu 0.00~8.03 Rh
S-3500 Scanning  0.00~ 13.27 Ir 12.12 ~ 48.85 Pt 0.00 ~
Electron Microscops OX- 14.53
FORD INCA 3.2 Fe-Ni-S
Ni Fe
20kV 15nA 35° 30~50 s FeNi PtFeNi PtPdNi
15 mm SW9100 NOST
Fe
100 % Ni
5 2 FeS NiS Ni Fe S Fe;S,
NizS, 2b FeS
Pd;Te; AuPd 3a
FeS
3 Fe-Ni-S
2 S
3.1 BM PGE 25.89~36.68 Fe 1.94~71.86 Ni 0.00~
1
Table 1 Chemical compositions of complex sulfides and sulfo-arsenides from mantle chromites in Luobusa Tibet
O ([ * @ + |
70-1-2-5 4 70-16-7 2 70-16-2-3 2 96-6-2-3 4 71-14-3-4 2 76-3-6 2
1 2 3 4 5 6
PtgFe, PtgFe, FePtNi OsIrRu PtPdFe [rOsRu
wp % xp % wp % xp % wp % xg % wg % xp % wg % xp % wg % xp %
S 23.88 56.01 27.40 45.60 27.02 50.57 25.94 52.77 25.51 52.02 25.18 52.89
Fe 1.42 1.91 18.26 17.44 7.43 7.98 6.85 7.99 10.71 11.54 3.37 4.07
Ni 4.85 6.21 21.57 19.58 17.88 18.28 17.09 18.99 12.00 13.37 22.59 25.91
Cu 8.03 9.52 10.37 8.72 7.49 7.07 4.71 4.83 6.43 6.63 - -
Rh 7.05 4.78 10.26 5.32 13.27 7.74 - - - - - -
Ir 40.71 15.94 12.12 3.31 16.92 5.28 45.39 15.40 45.34 15.43 48.85 17.12
Pt 14.53 5.87 - - 9.98 3.00 - - - - - -

100.47  100.00 99.98 99.97 99.99 99.92 99.98 99.98 99.99 99.99 100.09 99.99

1 NiFeCu s Ir Rh Pt 5856 2 Fe Ni Cugg Ir Pt Rh gg6Sss 3 Ni CuFe 53 Ir Rh Pt [ 4S50 4 Ni Fe Cu 33lr 555,

5 Ni Fe Cu 3.55lr1.555.3

6 Ni Fe zAggIrlAnSs“; wp % Ty %
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Fig. 2 Triangular diagram showing compositional variation of sulfides and sulfo-arsenides in Luobusa mantle chromitites Tibet
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Fig. 3 BSE images of sulfides and sulfo-arsenides
a— 16-2 1 Ru Os S 2~4  FeS 5~7 Pd;Fes 8~10
AuPdAg b— 76-3-6 12 Ni Ir Fe S 3 IrOsyRuy c— 116-5-
3 Os Ir Ru OslrRu 1 Oss.slrys 2~4 Os Ir Ru S, d— 57-6
1~3 TS 4 FeyoSigs e— 70-16 1 Pt-Fe 1

Pt-Fe 23 NiFeCuS 45 NiFeS 6 7—11 SO, (— 83-30  Os-Ir

IrFe Os-Ir InS; 5~6 IrgFey g— 102 1

2 PuyFe; 3 4 IgPtRh5 6 IgPuRhFe 7 8 RhFe, NiCusr 9 10 RusS, 11 12 PdggTer¢Asgs h— 109-

16 Ru-Os-Ir RuS, 1  RuOslr 2 3 RuS,

a— original number 16-2 complex assemblage of sulfide and alloys with round ball form Dot Ru Os S, Dot 2~4 FeS Dot 5~7 Pd,Fe; Dot
8~10 AuPdAg alloy b— original number 76-3-6 fine inclusions in PGE alloy Dot 1~2 Ni Ir Fe S Dot 3 Ir;Os;Ru, ¢— original number
116-5-3 Os-Ir-Ru sulfide inclusion in OsIrRu alloy Dot 1 Ossslrys alloy Dot 2~4  Os Ir Ru S, d— original number 57-6 dendritic form of
Ti7S; as a inclusion in native iron Dot 1~3 Ti;S; Dot 4 Feg ¢Sig.4 e— original number 70-16 an euhedral crystal of PtFe alloy including differ-
ent minerals Dot 1 Pt-Fe alloy Dot2~3 Ni Fe Cu S Dot4~5 Ni Fe S Dot 6 Si-spinel Dot 7~11 SiO, f— original number 83-30 in-
tergrowth consisting of Oslr and Ir-Fe alloy sulfide as inclusions in Os-Ir alloy Dot 1 Osglry Dot 2~4 Ir,S; Dot 5~6 IrgFey; g— original num-
ber 102 a round ball form assemblage consisting of sulfide and alloy minerals Dot 1~2 Pt;Fe; 3~4 IrgPtRh 5~6 IrgPu,RhFe 7~8 RhyFey
Cu Ni Ir 5 9~10 RuzS; 11~12 Pdg ¢Ter sAsy.7 h— original number 109-16 replaced structure of host mineral RuOslr and sulfide RuS,
Dot 1 RuOslr alloy Dot 2 and 3 RuS,

3 PGE Ru Os Ir 3 2c S 25.77~34.92 Ru
Ru Os Ir 5.97—41.10 Os  9.46~50.18 Ir  0.00~23.36
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Table 3 Chemical compositions of PGE sulfides from mantle chromitites in Luobusa Tibet
@) o ] AN * U @
116-14-1 3 116-5-3 3 76-12-2 1 88-49 4 16-2 1 81-15 3 90-9 3
Ru Os Ir S, Os Ir Ru S Ru Os Ir S, Ru Os Ir S, Ru Os S, Ru Os Ir S, Ru Os Ir S
Oslr PtFe Oslr Oslr RuOslIr
wg % x5 % wp % ag B wp % ag B wy B g B wy % g B wy % g B wy % ag B
S 34.07 67.87 25.77 65.84 26.63 62.78 29.45 66.47 33.01 67.13 34.92 67.17 31.29 66.73
Ru 33.87 21.40 5.97 4.84 23.28 17.41 20.05 14.36 24.44 21.28 41.10 24.96 27.18 18.38
Os 17.01 5.71 50.18 21.61 26.73 10.62 37.18 14.14 9.46 8.39 16.78 5.44 28.05 9.96
Ir 15.03 4.88 18.06 7.70 23.36 9.16 13.30 5.01 - 3.2 7.18 2.30 13.48 4.69
99.98 99.79 99.98 99.99 100.00 100.00 99.98 99.98 100.00 100.00 99.98 99.87 100.00 99.96
3.4 RllSz Rll3 S7 RU3S7 RU(] .84 Sz
RuS, PGE Ru;S; PGE
Os Ir 3c Ru;S; RuS,
Ru Os Ir S, RuS, S 37.51~42.64 Ru  54.51~60.39
RuS, RuOslr 3b 4 2d Ir As
RuS, RuS,
4 RllSz
Table 4  Chemical compositions of RuS, from mantle chromitites in Luobusa Tibet
LD O o X
20-3-3-4 2 17-12-3-4 2 109-16 2 102-9-10 2
RuS, RuS, RuS, RuS,
[rRuOs RulrOs RulrOs PtFe
wp % XIp % wp % XIp % wp % XIp % wp % XIp %
S 39.60 67.39 40.74 68.42 37.51 66.25 42.64 70.09
Ru 60.39 32.60 59.26 31.57 54.51 30.56 57.35 29.91
Os - - - - - - -
Ir - - - - 6.20 1.83 - -
As - - - - 1.77 1.34 - -
99.99 99.99 100.00 99.99 99.99 100.00 99.99 100.00
3.5 PGE PGE-As PGE PtFeNi OsRulr
As PGE BM PtFe RulrOs PtFeRh
PGE PGE-As
3.6 PGE PGE-S-As
5~ 7 PGE
9 2¢ S As Ir Rh Ru S As
-~ Zg Rl’l7AS3 Rhs Nl CU AS4 Pd4Rh3AS3 S AS
PdgAs, PdgTeAs Pd;Te; RuAs PtAs, NiyRh;As; 2h 8 PGE S As

PGE
PGE

PGE
3a

OsPtlr RuOslr PtFe
PtFeRh
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Table 5 Chemical compositions of PGE arsenides from mantle chromitites in Luobusa Tibet
O [ J <& 0 A + * A
69-7 2 108-23 1 67-17 3 65-2-5 2 71-9-3 2 23-181 2 70-11-8 2 70-2-8 2
RU7AS3 Rh Pd zAS Rh5>3CU AS3_7 Rh5_7Ni(]A7AS3_() Pd4_2Rh2_5AS3_3 PdgNlAS_; Pd()CLlASj) PdgASQ
wp % xp % wp % xIp % wp % xIp % wp % I % wp % I % wp % I % wp % Ip % wp % Ip %
As 23.16 29.28 29.56 36.65 31.59 37.31 30.21 36.17 25.85 32.84 30.01 35.81 24.07 30.02 15.76 21.00
Ni Cu - - - - 5.78 8.72 4.58 7.00 - - 8.58 12.60 4.31 6.39 - -
Pd - - 7.86 6.86 - - - 47.32 42.34 61.40 51.59 71.61 63.36 84.23 79.00
Ru 76.83 70.71 62.57 56.48 62.66 53.96 65.20 56.83 26.82 24.81 - - - - - -
99.99  99.99  99.99 99.99 100.00 99.99 99.99 99.90 99.99 99.99 99.99 100.00 99.99 99.99 99.99 100.00
6
Table 6 Chemical compositions of Pd-Te minerals from mantle chromitites in Luobusa Tibet
O A 0 * &
70-2-9 2 76-12-2 2 76-12-2 3 16-2-5 2 42-2-16 3
Pdg As Te 2 Pdg As Te 2 Pd7_5 As Te 2.5 Pd7TC3 Pd7_§TC2_5
PtFeNi PtFeRh PtFeRh RuS, Ptybes
wg % xp % wp % ap % wg % ap % wp Y xp % wg % xp %
As 10.06 13.99 3.79 5.47 3.87 4.52 . - - -
Ni Cu - - - - - -
Pd Ti 79.38 77.47 77.49 78.65 71.42 73.22 69.37 71.23 72.46 75.94
Te 10.59 8.58 18.79 15.88 24.70 21.24 32.62 28.77 27.53 24.06
100. 00 100. 00 100. 00 99.99 99.99 98.98 99.99 99.99 100. 00 100. 00
7
Table 7 Chemical compositions of Pt-Ru-As minerals from mantle chromitites in Luobusa Tibet
o O Za + * ¥
71-9-1 2 16-21-1 2 16-5 3 41-2-20-3 1 41-2-20 3 89-35-1 3
Pt Ir 55 As Te ¢.5 Pt;.3Asg 5 PtAs, RuyNij 3As; 7 Rh;NiyAs;
PtFeNi RuOslr RuOslr OsRulr
wp % ap % wp % xp % wp % xp % wp % ap % wp % xp % wp % ap %
As 38.69 61.28 41.25 64.60 41.29 64.68 42.82 66.10 40.16 46.91 30.35 31.42
Ni Cu - - - - - - 5.16 7.70 28.34 37.43
Pd Ti - - - - - - 1.48 0.65 -
Rh - - - - - - 3.56 3.03 41.30 31.14
Ir 10.11 6.24 - - - - - 0.72 0.44 -
Pt 47.04 28.61 58.74 35.35 58.70 35.31 57.18 33.90 1.84 0.82
Te 4.15 3.86 - - - - - - - -
Ru - - - - - - - 46.59 40.34 -
99.99 99.99 99.99 99.99 99.99 99.99 100.00  100.00 99.51 99.89 99.99 99.99
3 Rh As 9 Co Ni Fe , As S5 Ir
S, Rhlr AsS, IrAsS, 2h Pt As S, Ru; As S 4 10
3.7
MI’IS Ti7S3 Ti7N3 Rh3‘5 Se3.5 CUSQ RhS
IS Ir Cu S FeSi Fe PtFe PGM
Oslr Os-Ir-Ru
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10 Ni-Co Ir Pt FeS troilite NiS mil-
. . . . lerite  Ni Fe S millerite Fe Ni ¢ & macki-
Table 10 Chemical compositions of Ni-Co Ir and Pt sulfides ) ] )
and sulfo-arsenides in Luobusa Tibet nawite  Fe;S Ni3S, heazlewoodite Ru Os
@ e o) Ir S, osmium laurite RuS, Laurite RhyAss
105-15 2 416 3 71-2-14 3 Rhj;As; polkanovite  PtAs, sperrylite  MnS  alabandite
CoNiFeyAsS3 IrPt AsS,  Ruy As Sy rambergite IS Ir Rh , S; kashinite  Ir
Cu ,S; kashinite Ir Pt As S, iri-
wp % xIp % wp % Tp % Wg % Ty % . . .
As 4270 31.24 28.09 36.70 5.02  3.63 darsenite - PdsAsy stilwaterite - PdyTeAs
S 19.41 33.18 9.73 29.64 37.91 66.10 vincenitite PdyTes PdyTe, telluropalladinite
Ni 1432 13.37 - - - - RhsNi Cu As,
Pd - - - - - -
Rh B _ 485  4.61 3 3 Pd;Rhz;As RuAs Rh As S, Rh Ir As S, Ir
Co 17.94  16.68 - - - - As S, TizS3 Co Ni Fe, As S3 Ir Pt As
Te - - B - B - S, Ruy As S 4
Ru - - - - 51.94 28.73
Ir - - 38.54  19.61 5.26 1.53
Fe Pt 5.61 5.51 18.86 9.43 - - 5
99.98 99.98 100.00 99.99 100.00 99.99

PGE Johon and Auge

1986 Legendre and Auge 1986 Bai et a/. 2000

PGE Auge 1986
Harris and Cabri 1991 Melcher et al. 1997
PGM Stockman and Hla-
va 1984  Garuti and Zaccavini 1997 Melcher ez
al. 1997 PGE

Hulbert and Von Gruenewaldt 1982

PGE

PGE 30

FeS NiS
Ni Fe S Fe;S, NisS, Ru Os Ir S, RuS,
Rh7As; RhsNi  Cu  Asy PdyRh;As;  PdgAs,
PdgTeAs Pd;Te; RuAs PtAs, NiyRhzAs; Rh As
S, RhIr As S, Ir As S, MnS Ti1S;
Ti;Niz Rhs 5Se; sCuS, RhS Ir,S; Ir Cu ,S; Co
Ni Fe b, As S; Ir Pt As S, Ruyy; As S 4
BM | PGE | Sy 44y 30

1984 Augé and Maurizot

1985 Augé 1986 Johan and Augé 1986 Legendre
and Augé 1986 Harris and Cabri 1991 Bai et al.

2000

Stockman and Hlava

PGE
PGE

PGE

PGE

Os-Ir-Ru PGM
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