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INTRODUCTION 

 

Deposits containing Ni, Cu and Pt-group elements (PGE) are normally found in association with 

mafic and ultramafic rocks.  Naldrett (1981) has pointed out that deposits of this group may be 

subdivided into those with Ni and Cu as the principal products and where the noble metals (PGE, 

Au and Ag) are byproducts, and those deposits where the PGE are the main products and Ni and 

Cu are the byproducts.  Deposits where Ni and Cu are the main products contain more than ten 

percent sulfide minerals (e.g., Sudbury, Noril'sk and Voisey's Bay) and may be called sulfide-

dominant.  Deposits where the PGE are the main product contain one percent or less sulfide 

minerals (e.g., the UG-2 and Merensky reefs of the Bushveld Complex, South Africa or the JM 

reef of the Stillwater Complex, Montana) and these are called PGE-dominant deposits.  

 

Nickel, Cu and the noble metals are normally present only at trace element levels in both the 

crust and the mantle (Table 1).  This work will focus on how these elements may be concentrated 

during igneous processes with the aim of understanding how the ore deposits form.  First, the 

basic characteristics of these elements will be examined.  Then, the experimental evidence for 

which phases concentrate them will be considered.  This information will then be applied to an 

example of each of the ore deposit types, namely Noril'sk-Talnakh sulfides as a representative of 

the Ni-Cu dominant deposits and the UG-2 and Merensky reefs of the Bushveld Complex as 

examples of  PGE-dominant deposits.  Finally, some suggestions for exploration will be made 

based on these observations. 
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Table 1. Estimated Concentrations of Ni, Cu, PGE, Au and Ag in; CI Chondrite, the Mantle

and Crustal Rocks.

Ni Cu Os Ir Ru Rh Pt Pd Au Ag Ref

ppm ppm ppb ppb ppb ppb ppb ppb ppb ppb

CI chondrite 11000 126 486 481 712 134 990 560 140 199 1

Mantle

Lherzolite 2091 13 4.5 3.4 6.4 2.1 9.9 4.5 1.4 2

Harzburgite 2189 10 3.8 3.6 6.8 1.6 9 4.7 1 3

Primitive Mantle 2000 28 3.4 3.4 5.0 0.95 7.0 3.97 0.99 16 4

Mafic Rocks

Komatiites 1563 77 2.1 1.6 5.1 1.6 10.2 9.5 3.3 5

Basaltic komatiites 360 79 0.48 0.9 13.2 12.2 2.8 6

Continental Tholeiites 99 90 0.08 0.1 1 0.19 4.3 4.7 2.1 7

Ocean Island Basalts 112 142 0.12 0.18 0.31 13.5 6 3.2 8

MORB 150 76 0.04 0.05 5.8 2.6 1.8 9

MORB 0.001 0.002 0.002 0.045 0.06 0.045 17

Alkali Basalts 551 100 0.4 0.33 1.6 0.5 11.2 10 0.69 10

Boninite 522 22 0.16 1.1 5.4 16.6 0.44 11

Disko Island alloys 20600 1562 148 190 12

Heazlewood River Wehrilite 759 27.2 0.17 1.54 31.2 0.98 0.19 13

Tulameen chromitite 40 100 40 3410 <83 8.2 14

Tulameen (11) chromitite 1800 40 30.2 173.4 20 56.2 5932 36 5 15

Konder (12) chromitite 25 52 5 23 417 12 16

Bushveld

ave B 1 magma 300 62 0.4 0.33 3 1.65 16 12 2.87 18

ave B 2 magma 131 79 0.0 0.13 1.5 0.54 11.2 7 2.4 18

Lower Zone ultramafic 1218 21 2.54 1.95 13.99 2.37 10.8 9.7 2.34 19

Critical Zone ultramafic 542 13 2.19 1.93 11.35 2.89 22.3 6.9 2.26 19

Lower Group Chromitites 241 18 50 54 282 91 196 92.4 2.1 20

Middle Group Chromitites 145 21 61 125 316 234 1182 470 5.4 21

Upper Group Chromitites 106 35 793 263 1613 423 21

UG-2 reef 494 409 108 191 998 545 3154 2077 75 22

Merensky Reef 2234 867 132 158 840 342 6392 1992 484 800 23

Above Merensky Reef 943 468 2.14 1.86 11 4.01 70 31 68 600 24

Main Zone Gabbro-norite 165 26 0.77 0.12 0.0 0.45 5.8 3.00 0.57 25

References in Barnes et al. (1987) plus

1. Anders and Grevesse (1989). 2. Ray-Barman (1996), Gueddari et al. (1996), Pattou et al. (1996). 3. Prichard &

Lord (1990), Gueddari et al. (1996), Leblanc and Gervilla-Lineres (1988). 4. Ni, Cu and Ag from Taylor and

McClennon (1985), PGE = CI*0.0070608 based on the Ir concentration in lherzolite. 5. Dowling & Hill (1992),

Brugmann et al. (1993), Mainville (1994). 6. Dowling & Hill (1992), Barnes & Picard (1993), Mainville (1994) 7.

Brugmann et al. (1993) Fryer and Greenough (1995) 8. Greenough & Owen (1992), Crocket & Kabir (1988)12.

Kloch et al. (1986) 13. Peck & Keays (1990). 14. St Louise et al. (1984). 15 Nixon and Hammack (1991). 16.

Malitch (1998). 17. Plessen & Erzinger (1997). 18. Davies and Tredoux (1985); von Gruenewaldt (1989); Barnes

and Maier (in press) 19. Maier and Barnes (1999) Lee and Tredoux (1985). 20. Scoon and Teigler (1994) 21.Scoon

and Teigler (1994); Lee and Parry (1988) von Gruenewaldt et al. (1986) 22. Himestra (1986); Gain (1985); von

Gruenewaldt et al. (1986) 23 Lee (1983); von Gruenewaldt et al. (1986); Barnes and Maier (unpublished); 24.

Naldrett et al. 1986, Lee 1983 Barnes and Maier (unpublished) 25. Maier and Barnes 1999 (in press).
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GEOCHEMISTRY OF NI, CU, PGE, AU AND AG 

 

In studying the geochemistry of any group of elements it is helpful to a have a broad 

understanding of their basic physiochemical characteristics.  This may be done empirically or 

theoretically.  Based on their distribution in meteorites, V.M. Goldschmidt made an empirical 

division of the elements into siderophile, chalcophile and lithophile.  Siderophile elements are 

concentrated in Fe-Ni alloy, chalcophile elements are concentrated in FeS (triolite) and lithophile 

elements in the silicates and oxides  of meteorites.  On the basis of this definition, Ni, PGE and 

Au are siderophile, while Cu and Ag are chalcophile (Mason 1966, Table 3.11). These 

observations indicate how Ni, Cu and the noble metals behaved during the formation of the earth 

and the subsequent separation of the core.  It allows us to predict that Ni and the noble metals 

will concentrate in the core and that because sulfides are present both in the mantle and core, Cu 

and Ag will be concentrated in both of these.  The observations do not, however, predict how the 

metals will behave under crustal conditions, where ore bodies form. 

 

In the classical theoretical approach to geochemistry the elements are treated as ions and 

most bonds as ionic.  This approach is appropriate for lithophile elements, which are 

concentrated in oxides and silicates.  However, as mentioned above Ni, Cu and the noble metals 

are either siderophile or chalcophile, and so, the bonds are metallic and covalent, respectively.   

To understand why the metals are siderophile and chalcophile it is necessary to consider the 

electronegativity of the elements (Table 2).  Electronegativity is a measure of the attraction 

power of an element for electrons.  The difference in electronegativity between the anion and the 

cation in a compound gives a measure of how ionic the bond is.  Oxygen, the principal anion in 

silicates and oxides, has a very high electronegativity (3.5), and thus most oxides and silicates 

have essentially ionic bonds, i.e., they consist of small positively charged metal ions surrounded 

by large negatively charged oxygen ions, in this case the charge of the ion and its radius control 

its geochemical behavior.  Oxygen combines with cations of lower electronegavity before those 

of higher electonegativites (Ringwood, 1955),  thus, Fe, Co and Ni substitute into oxides and 

silicates at lower �O2 than do Cu, Ag, Au and the PGE.  During the formation of the earth oxygen 

combined with the elements that have lower electronegativities than Fe to form the silicates and 

oxides.  This consumed all the oxygen. Sulfur, the second most common anion, has a much  
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Table 2. Properties of the

Chalcophile Elements.

Oxide State Sulfide

State

Metal State

Element Electro- Ionic Charge Co- Ionic Covalent Preferred Co- Covalent Metalic Packing

negativity character ordination Radius character hybridization ordination Radius Radius

% A % A A

Fe 1.8 37 2+ VI 0.77 91 d2sp3 VI 1.23 1.23 Body

37 3+ VI 0.64 centered

Ru 2.2 27 4+ VI 0.62 96 d2sp3 VI 1.33 1.33 Hexagonal

Os 2.2 27 4+ VI 0.63 96 d2sp3 VI 1.33 1.35 Hexagonal

Co 1.8 37 2+ VI 0.745 91 d2sp3 VI 1.32 1.25 Hexagonal

Rh 2.2 27 3+ VI 0.665 96 d2sp3 VI 1.32 1.34 Face

centered

Ir 2.2 27 3+ VI 0.68 96 d2sp3 VI 1.32 1.35 Face

centered

Ni 1.8 37 2+ VI 0.69 91 dsp2 IVsq 1.39 1.24 Face

centered

82 d2sp3 VI 1.39

Pd 2.2 27 2+ IV sq 0.64 96 dsp2 IVsq 1.31 1.37 Face

centered

2+ VI 0.86

Pt 2.2 27 2+ IV sq 0.6 96 dsp2 IV sq 1.31 1.38 Face

centered

2+ VI 0.8 d2sp3 VI 1.31

4+ VI 0.625

Cu 1.9 35 2+ IV sq 0.57 92 sp3 IV tet 1.35 1.28 Face

centered

2+ VI 0.73 dsp2 IV sq

Ag 1.9 35 1+ IV sq 1.02 92 sp3 IV tet 1.52 1.44 Face

centered

1+ VI 1.15

Au 2.4 22 1+ VI 1.37 98 sp3 IV tet 1.5 1.44 Face

centered

3+ IV sq 0.68 dsp2 IV sq 1.4

3+ VI 0.85

S 2.5 100 spd4 VI tri 1.04 1.09 Cubic

sp3 IV tet

Sources Evans (1966) 
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lower electronegativity (2.5),  than oxygen and thus most sulfides have essentially covalent 

bonds, i.e., S and the metal share the electrons. Sulfur combined with the remaining cations in 

order of electronegativity, thus, Ni, Cu and Ag substitute into sulfides at lower �S2 than Au and 

the PGE.  Gold and the PGE have very high electronegativities and prefer the metallic state.    

 

PHASES THAT CONCENTRATE NI, CU AND THE NOBLE METALS 

 

Metal Alloys 

 

As mentioned above, empirical and theoretical observations suggest that Ni and the noble metals 

are strongly concentrated by Fe-alloys.  Depending on the composition of the experimental run it  

may contain Ni-Fe alloy or Pt-Fe alloy.   Most of the metals, except Cu and Ag, preferentially 

partition into alloys relative to both silicate and sulfide melts (Table 3).  However, Ni and Pd do 

not partition readily into Pt-Fe alloy and have partition coefficients less than 1 into Pt-Fe alloy.   

The partition coefficients for the metals between alloy and a sulfide liquid are somewhat lower 

than those between alloy and silicate liquid (Table 3).  Further, Pd, Ni, Au, Ag and Cu have 

lower partition coefficients into the alloys than the other PGE by  orders of magnitude.  The 

difference between the Au, or Ag, and Fe metallic radii (Table 2) is larger than the 15 % 

generally assumed to be acceptable for solid substitution between metals (Evans 1966) and could 

explain the low Au and Ag partition coefficients into alloys.  However, this will not explain the 

low Pd, Cu and Ni partition coefficients.  The reason for these low partition coefficients is not 

fully understood but may be related to the outer electron configuration, as follows.  Palladium, 

Au, Ag and Cu all have their � electron shells filled with 10 electrons.  In contrast, Fe and the 

other metals have some unfilled � shells.  This affects the type and energy of the metallic oribitals 

that are permitted, in that the metals with filled � shells would not easily overlap with metals that 

have unfilled shells. 

These partition coefficients suggest that mantle and crust should be strongly depleted in Ni, 

PGE and Au relative to CI chrondrites, the initial material from which the earth formed, since 

during the separation of the Fe-alloy core they would all  have partitioned into the core.  Further 

the fact that most of the PGE have higher partition coefficients into Fe-alloy than Ni and Cu 
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suggests that the mantle and crust will be depleted in these metals relative to CI chondrite.  This 

point is illustrated in Fig 1, where the field of lherzolites from the mantle have been normalized 

to CI chondrite.  Note the trough-shape of the patterns which reflects depletion of the PGE in the 

mantle as a result of the segregation of the core.  In studying the formation of ore deposits one 

needs to understand the processes that have taken place during the partial melting of the mantle 

and the subsequent transfer of the magma to the crust.  Normalizing metal values to primitive 

mantle would eliminate the  effects of core segregation.  However, estimating the noble metal 

concentrations of the primitive mantle is difficult because the samples available from the mantle 

(mantle nodules and lower portions of ophiolites) tend to be at least partially depleted in melt 

component. Further, many samples have been metasomatized in the mantle or metamorphosed 

near or at the surface.  An additional complication is that the PGE and Au are present only at the 

ppb level and this can introduce analytical errors.  Iridium behaves as a compatible element, is 

fairly immobile and is present in the mantle samples at concentrations well above detection limit.  

Therefore, Ir concentrations in lherzolite samples were used to estimate the concentration of the 

PGE in the primitive mantle.  Iridium is present at 0.007068 times CI chondrite.  All the other 

noble metals have been multiplied by this factor and the concentrations are similar to the average 

lherzolite values (Table 1), therefore, they will be used as the primitive mantle normalization 

factors. 

Metal alloys do not generally form in mafic and ultramafic magmas as Fe is normally in the 

form of oxides in these systems.  However, under reducing conditions, such as when a magma is 

intruded into coal beds,  Fe-alloys may form and the metals partition into this alloy.  An example 

of this could be the Disko Island alloys (Table 1).   Another possible example of alloys in mafic 

magmas are the PtFe alloys found in association with concentrically complexes of the Urals, 

Alaska, British Columbia and the Fifield area of New South Wales  (Nixon and Hammack, 1991; 

Cabri 1992; Malitch, 1998).   Platinum occurs as euhedral  PtFe alloy grains included in the 

chromite (Figure 2a) of the ultramafic portions of these intrusions (Table 1), .  The metal patterns 

show an unusual enrichment in Pt with strong positive Pt anomalies (Figure 1b).   The wehrlites 

of the Heazlewood Complex, Tasmania, show some similarities.  It has been suggested that, in 

both concentrically  zoned complexes and the Heazlewood Complex, the Pt-Fe alloys precipitated 

directly form the  magma (Cabri, 1992;  Peck and Keays, 1990). 

 
 



 8 

 
Table 3. Partition Coefficients for

the metals.

Os Ir Ru Rh Pt Pd Au Ni Cu Ag References

Alloy-sulfide

liquid
135- 1-6.5 11-130 0.04- 0.10 0.06- Li et al. (1996)

324 0.15 0.16

50-130 50-120 >30 30-110 90-300 0.9-2 1.3 Fleet and Stone (1991)

12.9 11.6 10.0 8.0 8.1 2.6 Noddack et al. (1940)

52-907 15-115 1.8-32 0.1-3 Jana and Walker (1997)

0.4-2 0.01- Chabot and Drake

0.21 (1997)

Alloy-silicate

liquid
106-107 1012 1015 107 107 Borisov and Palme

(1997)

1005- 57- Jana and Walker (1997)

3543 1607

300000 800000 6000 Wolf and Anders (1980)

100000 >40000 3100 80 Kloch et al. (1986)

Spinel-silicate

liquid
22-25 78-90 0.2 Capobianco and Drake

(1990)

300- 130- 0.4-1.2 Capobianco et al.

1200 430 (1994)

Sulfide liquid-Silicate

liquid
315 913 Francis (1990)

424 1006 Francis (1990)

36000 25000 Helz and Rait (1988)

14000 23000 15000- 575- 1383 Peach et al (1990)

18000 836

110- 350- Jana and Walker (1997)

1300 1070

130000 9100 88000 1200 Stone et al. (1990)

230 310000 2500 27000 55000 16000 Bezmen et al. (1994)

3720 3180 3030 Crocket et al. (1992)

2200 1800 2400 1400 2900 900 Fleet et al. sub

3700 3200 4400 4600 5000 3000 Fleet et al. sub

30000 20000 20000 Fleet et al. (1991)

30000 26000 6400 10000 17000 Fleet et al. 1999

10000 51000 35000 13000 25000 1200 Fleet et al. 1999

35000 43000 Peach et al. (1994)

450000 33000 Peach et al. (1994)

Mss-sulfide

liquid
4.3 3.6 4.2 3.03 0.2 0.2 0.09 0.84 0.27 Fleet et al. (1993)

3.4-11 1.17- 0.05- 0.09- 0.36- 0.2- Barnes et al. (1997b)
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3.0 0.13 0.2 0.8 0.25 (S-sat.)

0.77 1 0.14 0.19 0.02 0.23 Fleet and Stone (1991)

(S-unsat.)

0.08- 0.4-0.8 0.01- 0.01- 0.18- 0.17- Barnes et al. (1997b)

1.4 0.05 0.07 0.36 0.2 (S-unsat.)

5-17 3.9-11 0.14- 0.13- 0.7-1.2 0.22- Barnes et al. (1997b)

0.24 0.24 0.27 (S-oversat.)
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Figure 1 a)  Field of chondrite normalized metal patterns for lherzolite mantle samples.  Note the overall 
depletion of  the noble metals relative to Ni and Cu. b-f) Mantle-normalized metal patterns of: b) 
chromites from Tulameen Complex and wehrlite from Heazlewood.  Note the positive Pt anomalies; c) 
chromitites from ophiolite;. Note the strong enrichment in Os, Ir and Ru; d) lower group chromitites from 
the Bushveld Complex; e) ultramafic rocks from ophiolites; f) ultramafic rocks from the Bushveld 
complex. Data sources listed in Table 1. 
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Figure 2 a)  Pt-Fe alloy inclusion in a chromite from the Tulameen Complex.  Note the euhedral shape of 
the inclusion.  Photo from Nixon and Hammack. (1991); b) Laurite, (RuOs)S2 inclusion in a chromite 
from the Thetford Ophiolite Complex.  Note the euhedral shape of the inclusion.  Photo from Corrivaux 
and Laflamme (1990). 
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The enrichment of Os, Ir and Ru is particularly marked in chromitites from ophiolites 

(Figure 1c and Table 1) where the metal patterns have a negative slope.  The same tendency is 

also seen in the lower chromite seams of the Bushveld (Figure 1d and Table 1).  Ultramafic rocks 

from both the Bushveld and ophiolites tend to have flat patterns (Figs. 1e and f).  The highly 

siderophile nature of  Os, Ir, Ru  is difficult to reconcile with these elements being compatible 

with the cumulate silicates and oxides.  This, plus the presence of euhedral laurite (RuS2) and 

OsIr alloy grains in chromites from ophiolites and layered intrusions  (Merkle, 1992;  Prichard et 

al. l981), has led some authors (e.g. Keays and Campbell 1981, Barnes and Naldrett, 1987) to 

suggest that platinum group minerals (PGM) crystallize directly from silicate magmas, or that 

they were transported as tiny grains by the magma from the mantle.  During crystallization they 

would have been included in the chromite or olivine, when the oxide or silicate nucleated on 

them.  

  

Some authors  (e.g. Mathez and Peach, 1997) contend that it is impossible for elements that 

occur only at the ppb level to form a discrete mineral phase and that sulfides in equilibrium with 

alloys would contain more PGE than observed. The difficulty in saturating a magma in a metal at 

the ppb level has led Tredoux et al. (1995) to propose a "cluster" model whereby the PGE ions in 

the melt tend to form a cluster, and it is these clusters, rather than PGM , that are included in 

whichever phase is crystallizing.  Tredoux et al. (1995) list the following properties of  clusters.  

A cluster is  any structure 3-1000 atoms in which all the atoms are connected to at least two other 

atoms by metal-metal bonds (Schmidt, 1985).  The structure as a whole is uncharged.  Heavy 

transition metal clusters (which includes the PGE)  are assumed to consist of 10-100 atoms 

(Schmid, 1985; Stace, 1988).  Due to overlap of  the �-orbitals of  heavy transition metals  (Os, 

Ir, Pt) they form more stable clusters than light transition elements (Fe, Co, Ni)  (Vargas and 

Nicholls, 1986).    Thus, the tendency to form clusters may be listed as Fe, Co and Ni < Ru, Rh 

and Pd < Os, Ir and Pt.  The properties of a cluster are intermediate between those of the atoms 

and those of the bulk metal (Stace, 1988).  The observation that clusters are stabilized by the 

presence of ligands (Pruchnik, 1990)  is particularly interesting for ore deposit modeling. 

Theoretically S, As, Sb, Te and CO should act as suitable ligands arranging themselves around 

the metal cluster as spherical envelopes. These observations led Tredoux et al. (1995) to propose 

a model whereby the PGE are present in the melt as metallic clusters of 50-100 atoms (Figure 3).  



 13 

In a S-rich environment, the PGE clusters and associated ligands are included by sulfide melt.  In 

S-poor environments, the clusters remain in the melt until they coalesce to form alloys.  The 

alloys may then act as nucleation sites for chromite and olivine, thereby becoming included in 

early crystallizing phases.  The PGE most likely to form clusters are the heavy PGE (Os, Ir, Pt) 

and therefore it might be predicted that alloys of these metals would form first.  A criticism of the 

model could be made in that most early cumulates are enriched in Ru, Os and Ir, and less so in Pt.  

Laurite (RuS2) is the most common inclusion in the chromites and Pt is not enriched in chromites 

from ophiolites.  However, this may simply reflect a greater stability for the Ru sulfide clusters. 

 

Spinels 

 

If, despite their siderophile nature, the PGE could substitute into oxides, then the nature of the 

bond would be moderately ionic (Table 2)  and the normal rules for solid substitution should 

apply, namely charge balance of the structure must be preserved and the cations should be of the 

correct radius to substitute into the crystal structure.  In chromite (FeCr2O4 ) and magnetite 

(Fe3O4)  there are two octahedral sites and one tetrahedral site.  The cations have either 2+ or 3+ 

charge. The stable oxide form predicts that Ir and Rh  would adopt the 3+ state and Os and Ru 

would normally adopt the 4+ state, Pd should adopt the 2+ and Pt can be either in the 2+  or 4+ 

state.  On the basis of radii the order of substitution into the octahedral site  would be  Ru4+ > 

Os4+ > Rh3+ > Ir3+.  Platinum 2+ and Pd 2+ are too large to substitute into the site.  On the basis of 

charge Ir3+ and Rh3+ should substitute into the structure more readily than the Os4+ and Ru4+ , 

although the charge balance could be relatively easily preserved by converting some Fe2+ to Fe3+.  

Thus, theoretically one would predict an order of substitution into spinel of 

Ru>Os>Rh>Ir>>Pt~Pd.     

 

Capobianco et al. (1994) have investigated the partition coefficients of Ru, Rh and Pd into 

magnetite and found that the order is as predicted (Table 3).  However, they point out that one  

difficulty in predicting into which phases the PGE will substitute, and in which order, is that the 

oxidation state of these elements in silicate magmas is not well known.  Borisov and Palme 

(1997) calculate oxidation states of 1+ for Au, Pd and Ir, and 2+ for Pt, while Capobianco et al. 

(1994) calculated oxidation states of 1.5+ for Rh and 1+ for Pd.   These numbers are less than 
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half the amount that the stable solid oxides would suggest.  This has led Capobianco et al. (1994) 

to suggest that the noble metals might be present in the silicate magma as clusters consisting of 

((n-1)PGE0 +PGE+n ) in a model that has some similarities with that of Tredoux et al. (1995).   

Possibly, the metals would partition into a phase by a break down of the cluster of PGE ions into 

an ionic and a metal form, e.g. 

 

2Ru2+ (melt) + FeCr2O4 (spinel)  =  Cr3+ (melt) +Ru0 (metal) + FeRuCrO4.(spinel) 

 

"In this model the Ru cluster decomposes in the presence of spinel.  Low metal solubility of the 

metal as a neutral species would result in the crystallization of a PGE alloy.  Thus, simultaneous 

saturation of spinel and PGE alloys could be explained.  Until the magma crystallizes spinel the 

slightly oxidized PGE cluster species remain soluble in silicate solution."  Capbianco et al. (1994) 

 

However, this model needs slight modification to account for the presence of laurite in the 

chromite. The cluster would need to consist of a  Ru-sulfide complex, e.g. 

 

2RuS (cluster) + FeCr2O4 (chromite) = RuS2 (laurite) + Cr3+ (melt)+ FeCrRuO4 (spinel) 

 

Figure 3.  Schematic diagram of the behaviour of  PGE clusters in magmatic systems after Tredoux et al. 
(1995). 
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This model has the attraction of explaining the enrichment of PGE in oxide-rich rocks 

despite the apparent absence of sulfide enrichment.  However, these experiments were run at very 

high log�O2 (-3 to -4) and makes their application to natural system questionable. 

 

Sulfide Liquid 

 

Empirical observations have long indicated that mafic and ultramafic rocks containing sulfides 

are enriched in Ni, Cu, PGE, Au and Ag.  Partition coefficients between sulfide and silicate liquid 

of 100 to 500 for Ni, 200-2000 for Cu and 103- 106 for the PGE are commonly successful in 

modeling sulfide-bearing rocks (e.g. Naldrett 1981, Barnes 1997a).  Empirical observations 

suggest that in some deposits there is an increase in the partition coefficients into sulfide liquid in 

the order Au~Os~Ir~Ru <Pt<Rh<Pd  (Barnes and Francis, 1995; Tredoux et al. 1995).  A higher 

partition coefficient for Pd into sulfides than Pt or Ir would explain the common observation that 

the Pd/Pt and Pd/Ir ratios show a positive correlation with S content of the rocks (e.g. Noril'sk-

Talnakh samples Figure 4).  This observation is surprising as the control on why there should be 

a difference in the  partition coefficients are not obvious.  The partitioning of PGE is between two 

liquids so the coordination of the ions and size should not be important since the liquid can easily 

distort to accommodate large ions, or different coordination configurations.  Further, empirical 

estimations of  the partition coefficients based on sulfide droplets in MORB and OIB do not 

suggest a difference in partition coefficients (Table 3). 

 

The partition coefficients have also been determined experimentally (Table 3).  Results for 

Ni, Cu and Au are similar to the empirical estimates and lie in the 100 to 2000 range.  There is a 

large range in the PGE partition coefficients, from 103 to 106.  But the experimental work does 

not indicate an increase in the partition coefficients in the order suggested by the empirical work.  

The experimental partition coefficients appear to covary so that if one partition coefficient is high 

the coefficients for the other metals are  high  (Table 3).  The low partition coefficients were 

obtained from runs that contained PGE levels in the ppb range, i.e. similar to mafic magmas.  

However,  these experiments were done at low S activities so that alloys would have been present 

in the experimental runs. This is inappropriate for most crustal conditions. The high partition 

coefficients were determined in S-rich experimental runs, conditions which would more closely 
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Figure 4.  Pd/Pt and Pd/Ir  versus S content of rocks from the Noril'sk-Talnakh area.  Note that both ratios 
increase with S content of rocks implying that DPd

SUL/SIL > DPt

SUL/SIL and  DPd

SUL/SIL > DIr

SUL/SIL .O = S-poor 
intrusive  rocks; += Tk basalts x = overlying basalts; D = disseminated sulfides;  solid triangles = massive 
sulfides. 
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simulate the  natural case.  However, these runs contained PGE at the ppm level, which is higher 

than most magmas contain.  Tredoux et al. (1995) suggest that clusters of alloys could have 

formed in the PGE-rich experiments and that the clusters could have been precipitated out by the 

sulfide liquid giving an apparently higher partition coefficient than in a natural case. This may be 

true, but  the similarity between the empirical partition coefficients calculated from sulfide 

droplets in MORB and OIB and the experiments yielding the high partition coefficients is hard to 

ignore and  suggests that Dsul/sil   in the 10 000 to 40 000 range do indeed occur in natural systems 

(Table 3). 

 

MONOSULPHIDE SOLID SOLUTION 

 

Many sulfide ore bodies are compositionally zoned with an Fe-rich portion that is also enriched 

in Os, Ir, Ru and Rh and a Cu-rich portion enriched in Pt, Pd, Au (Figure 5).  It has been 

suggested that this zonation occurs when magmatic sulfide liquid crystallizes to form an Fe-rich 

monosulphide solid solution (mss) and a fractionated Cu-rich liquid  (Hawley, 1965; Kullerud et 

al., 1968;  Ewers and Hudson, 1972). 

 

On the basis of the similarity in the electronegativity between S and the metals the bonding 

in mss should be covalent (Table 2) and the control on substitutions should be the configuration 

of the hybridized outer electron orbitals of each metal with S.  Iron, Co, Os, Ir, Ru and Rh adopt a 

d2sp3 configuration suitable for octahedral sites (VI fold coordination, Figure 6), but Pd and Pt 

prefer dsp2 configurations suitable for square planar sites (IV fold coordination, Figure 6),  

further, Cu, Ag, and  Au adopt either dsp2 or sp3 hybridizations suitable for either tetrahedral or 

square planer sites (IV fold coordination, Figure 6).  Nickel may adopt either a d2sp3 or dsp2 

configuration, i.e. either an octahedral or a tetrahedral site.  In mss the metals substitute for Fe, 

which is in an octahedral site, thus it may be predicted that Pd, Pt, Cu, Ag and Au would be 

excluded from the structure on the basis of their preference for IV-fold sites.  All of the other 

metals readily  adopt an octahedral configuration.   On the basis of their covalent radii it may be 

predicted that Co, Ir and Rh would substitute for Fe slightly more readily than Os and Ru.  Nickel 

has a covalent radius which is considerably larger than the other metals and would have a lower 

partition coefficient into mss.  As mentioned above all of Pd, Pt, Cu, Ag and Au should be  
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Figure 5.  Concentration (wt %) of the element in Fe-rich sulfides divided by concentration of the element 
in Cu-rich sulfides for ores associated with a) komatiite, b) flood basalts, and c) miscellaneous tholeiites 
(after Barnes et al. 1997b). 
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incompatible with mss.   In addition, based on the large radii of  Ag and Au, these metals should 

be the most incompatible. 

 

 
Figure 6.  The bond configurations corresponding to some simple hybrid orbitals. a) sp - linear; b) sp2 - 
triangular; c) dsp2 - square planar; d) sp3 - tetrahedron; e) d2sp3 - octrahedral, and  f) d4sp -trigonal 
prism. (after Evans 1966). 
 

 

Experimental work in the system mss-sulfide liquid (S-saturated) gives partition 

coefficients similar to the predicted order Ir>Os~Ru>Rh>Ni>>Pt~Pd~Cu>Au  (Table 3).  For the 

system mss-sulfide liquid-alloy (S-undersaturated) a similar order emerges but all of the partition 

coefficients are lower than for the S-saturated system.  Finally, for the system mss-sulfide liquid-

native  S (S-oversaturated) the partition coefficients are slightly higher than for the S-saturated 

system.  It appears that the greater the S content of the mss the larger the partition coefficients for 

the metals into mss are (Figure 7, Li et al. 1996; Barnes et al. 1997b).  This could be because all 

of the PGE are larger than Fe so their substitution into mss requires a distortion of the lattice.  

The greater the S content of the mss the more metal vacancies there are in the mss (M(1-x)S). The 

more vacancies there are the easier it is to distort the lattice and thus the higher the metal partition 

coefficient into mss.  In the case of Pd, Pt, Au, Ag and Cu their preference for IV fold 

coordination would lead to an additional tendency to distort the lattice and hence another reason 

for there to be a relationship between vacancies and partition coefficient.  In most natural systems 

the sulfide liquid would be S-saturated and these partition coefficients are the most appropriate. 
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Figure 7.  Partition coefficients of  PGE between monosulphide solid solution and sulfide liquid.  Note the 
strong correlation between S content of the mss and the partition coefficients. Under natural conditions the 
partition coefficients from saturated runs are the most appropriate.  n = 900-950 OC, O = 950-1050 OC, e = 
1050-1150 OC, t = 1150-1200 OC.  Data sources listed in Barnes et al. (1997b),  plus  Ebel and Naldrett 
(1996). 
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FORMATION OF THE ORE DEPOSITS 
 

Introduction 

 

Formation of  a magmatic ore deposit consists of the following steps (Figures. 8 and 9);  a) partial 

melting of the source, normally the mantle; b) transfer of the magma to the crust; c) 

crystallization or formation of the phase that collects the metals; d) collection of  the metal 

bearing phase; e) and f) in the case where sulfide liquid collects the metals the sulfide liquid may 

undergo fractional crystal fractionation resulting in concentration of  Fe, Os, Ir, Ru and Rh in the 

cumulate portion and Cu, Au, Ag, Pt and Pd in the fractionated sulfide liquid. 

 

We will now consider each of the steps involved and how they effect the composition of  

the ore deposits that form.  As discussed above, most of the metals are in the core and not 

accessible to us.  The mantle is the next richest source of metals (Table 1).  The products of 

partial melting of the mantle are komatiites and basalts.  Nickel contents are highest in the 

komatiites, Pd  and Pt are highest in the basaltic komatiites and boninites (Table 1).  There 

appears to be a general trend of a increase in Pd/Ir and Cu/Ni ratios as we pass primary magmas 

produced at high degrees of partial melting (e.g. komatiites) to primary magmas of  intermediate 

degrees of partial melting (e.g. basaltic komatiites and high-MgO basalts) to evolved magmas 

(e.g. Continental Flood Basalts) (Table 1 and Figure 10). 

 

Partial Melting 

 

 In order to concentrate metals in the melt during partial melting the metals must be incompatible 

with the residual phases.  Phases present in the mantle are silicates (98 %), spinel (2%), sulfides 

(0.07%) and possibly metal alloys (<0.05%).  As discussed above most of the metals will not 

substitute into silicates, exceptions to this are Ni and Co which substitute into olivine and 

pyroxenes.   Nickel and Co will also substitute into spinel, and if the partition coefficients of 

Capobianco et al. (1994) are applicable under mantle conditions, Os, Ir, Ru and Rh may also 

substitute into spinel.  All of the metals will substitute into mantle sulfides.  Mass balance 

calculations based on data from the Lanzo massive (Pattou et al., 1996)  show that approximately 

50 to 60 % of the Rh and Pd and 30 to 40 % of the Ir, Ru and Pt are accommodated in sulfides.    
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Figure 8. Model for the formation of  sulfide-dominant deposits 
 
 

Mitchell and Keays (1981) in their study of mantle nodules found "much" of the Pt and Pd 

to be hosted by sulfide phases, whereas Os, Ir, Ru are hosted both by the sulfides and the alloys 

associated with them.  On the basis of these observations it may be predicted that Cu, Ag, Au, Pd 

and possibly Pt will be controlled by sulfides during partial melting and Ni, Os, Ir, Ru and 

possibly Rh will be controlled by a combination of sulfides and chromite, or sulfides and PGM.  
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Figure 9. Model for the formation of PGE-dominant deposits. 



 24 

 
 
 
Figure 10 a)  Pd/Ir versus Ni/Cu and b) Ni/Pd versus Cu/Ir for various mafic and ultramafic rocks and 
associated sulfides (modified after Barnes et al., 1987). 
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Based on the data available at the time, Maclean (1969) calculated that approximately 30 % 

partial melting of the mantle would be required to absorb all the sulfides in the mantle.  

 

Subsequently, a number of  workers have rediscovered this point, and the most recent 

calculations  have revised the amount of partial melting required to 25 %  (Keays, 1995).  During 

partial melting of the mantle the sulfide phases will melt to form a sulfide liquid.  Part of the 

sulfide liquid will dissolve in the silicate liquid, but depending on how much silicate liquid forms 

some sulfide liquid may remain in the mantle (Figure 8a).   It should be emphasized that the 25 % 

melting is a very loosely constrained figure, and depending on the assumptions made about S 

concentrations in the mantle and S solubility at high pressures, the degree of partial melting 

required could be as low as 12 %, or as high as 50 % (Barnes et al., 1987).    Even the low figure 

can be considered a relatively high degree of partial melting for the mantle and may explain why 

most basalts contain little PGE.  At the degree of partial melting required to produce continental 

flood basalts, or MORB, (10 % or less) some sulfide liquid would be remain in the mantle and 

this sulfide liquid would retain the PGE.   Hence, the magma would be depleted in PGE.  Figure 

11 shows the concentrations of Pd, Ir, Ni and Cu in the melt versus the degree of partial melting 

assuming partition coefficients of 30 000 between sulfide and silicate liquids for the PGE and 

1000 and 300 for Cu and Ni respectively.  It was also assumed that the bulk partition coefficient 

for Ni and Ir into the residuum (silicate, spinel and possibly PGM) started at 10 for 1 % partial 

melting and fell gradually to 5 by 25 % partial melting.  The important feature of the diagram 

from the point of view of an exploration strategy is that to form a PGE deposit the initial magma 

should be the product of at least 25 % partial melting, i.e. a basaltic komatiite, a boninite or high-

MgO basalt and on  plots of Pd/Ir versus Ni/Cu magmas that will produce PGE or Ni-deposits 

will tend to plot in the high-MgO basalt, or the komatiite, fields.   

 

Considering the two examples of the Bushveld and Noril'sk-Talnakh magmas. The UG-2 

and Merensky Reefs are thought to have formed from a mixture of two magma types, the high-

MgO basalt or U-magma, (which is SiO2  and LIL-enriched) and the A- or tholeiitic magma 

(Table 4 and Figure 12). The high-MgO basalt magma shows some similarities with boninites 

and siliceous high-MgO basalts of the Archean (Harmer and Sharpe, 1985; Keays, 1995;  

Lambert et al., 1994). The origin of this type of magma is thought to be hydrous partial melting  
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Figure 11.  Concentrations of Ni, Cu, Pd and Ir in a mafic magma versus the degree of partial melting of 
the mantle  Note that Pd and Cu values peak at 25 % partial melting when all the sulfides have been 
consumed, but Ni and Ir concentrations increase with degree of partial melting. 
 

Figure 12. Spidergrams for the initial liquids from the Bushveld. Note the refractory incompatible 
elements Ta, Ti, HREE are present at approximately 2 to 3 times mantle abundences (data sources in 
Table 4). 
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Figure 13 a) Mantle normalized metal patterns for the U and A magmas of the Bushveld.  Note that  Pd 
and Pt are present at 2 to 3 times mantle and that these is no depletion relative to Au and Cu; b) Mantle 
normalized metal patterns for the Tk and Nd basalts of the Noril'sk-Talnakh.  Note for the Tk basalts Pd 
and Pt are present at 2 to 3 times mantle and that these is no depletion relative to Au and Cu, in contrast 
the Nd basalts are depleted in Pt and Pd relative to Au and Cu. 
 

 

of refractory, but metasomatized lithospheric mantle. The important feature from the point of 

view of exploration is, that this type of mantle will have undergone at least one previous partial 

melting event and possibly more, thereby consuming the sulfides. The refractory incompatible 

elements (Ta, HREE, Ti)  are present at 3 to 4 times primitive mantle.  This suggests 25 to 30 % 

partial melting would be required to produce the U-type magma.  Thus, all of the S would have 

been completely absorbed in the melting events and Cu, Au, Ag, Pd and Pt were available to the 

magma and should be present at 3 to 4 times mantle levels, which indeed they are (Table 4).   
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Table 4. Composition of silicate magmas from the Bushveld Complex and the

Noril'sk-Talnakh area.

Bushveld Noril'sk-Talnakh

U-magma A-magma Ore-bearing Tk basalts Tk basalt Tk picrite

intrusions +10 % ol

SiO2 % 55.87 50.48 48.38 49.6 48.63 47.4

TiO2 0.37 0.712 1.06 0.88 0.79 0.67

Al2O3 12.55 15.79 16.38 15.7 14.13 12.33

FeO 10.00 11.61 11.26 9.86203 10.36 11.03

MnO 0.21 0.1885 0.19 0.17 0.17 0.18

MgO 12.65 7.255 8.96 8.99 12.61 16.41

CaO 7.29 10.86 10.51 11.11 10 9.44

Na2O 1.53 2.20 2.36 2.11 1.89 0.99

K2O 0.77 0.16 0.76 0.34 0.31 0.31

P2O5 0.10 0.15 0.13 0.08 0.07 0.06

S ppm 830 400 467

Ni ppm 300 131 217 122 209.8 295

Cu ppm 62 79 79 102 92 69

Co ppm 73 53 48 48

Os ppb 0.4 <0.5 <0.5 <0.5 <0.5 <0.5

Ir ppb 0.33 0.1275 0.28 0.11 0.15 0.19

Ru ppb 3 <5 0.93

Rh ppb 1.6 0.5375 0.48 0.4 0.36 0.29

Pt ppb 16 11.2 8.5 11.5 10.35 10.5

Pd ppb 12 7 7.7 11.6 10.44 9

Au ppb 2.87 2.3975 2.11 1.899 1.5

Ba ppm 310 205.5 312 199 179.1 126

Cr ppm 994 313 171 393 353.7 810

Cs ppm 2.1 0.13 0.85

Hf ppm 2.0 1.5 2.13 1.76 1.584 1.25

Rb ppm 27 3 34.5 4 3.6 7

Sc ppm 41 35 34 30 27

Ta ppm 0.16 0.22 0.26 0.18 0.162 0.11

Th ppm 3.8 0.7 1.1 0.64 0.576 0.45

U ppm 0.7 0.19 0.48 0.16 0.14 0.11

V ppm 179 203 224 201.6 170

Zn ppm 95 82 89.5 68 61.2 67

La ppm 13.2 14.2 7.85 5.53 4.977 4.03

Ce ppm 26.6 29.1 19.8 12.68 11.412 9.27

Nd ppm 15.9 18.1 11.6 7.59 6.831 5.55

Sm ppm 2.57 3.413 3.14 2.15 1.935 1.59

Eu ppm 0.71 1.545 1.08 0.85 0.765 0.64

Tb ppm 0.32 0.575 0.59 0.42 0.378 0.29

Yb ppm 1.06 1.835 2.19 1.57 1.413 1.1

Lu ppm 0.14 0.26 0.34 0.24 0.216 0.17

Bushveld; Harmer & Sharpe (1985), Davis & Tredoux (1985); von Gruenewaldt et al.
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(1989)

Barnes & Maier (in press). Noril'sk-Talnakh intrusions; Zen'ko and Czamanske

(1994),
Czamanske et al. (1995) Barnes et al. (1997a). Basalts; Lightfoot et al. (1994); Brugmann et al.

(1993)
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Further, on mantle normalized metal plots the patterns show no depletion of the PGE relative to 

Ni and Cu with Cu/PdN and Ni/IrN close to 1 (Figure 13).   On the ratio plots (Figure 14)  the 

high-MgO basalt magma (*) lies in the high-MgO basalt field.  The tholeiitic magma or A-

magma resembles a low-Ti flood basalt, similar to the Parana basalts of Brazil.  The tholeiitic 

chill contains slightly more Cu but less PGE and Ni than the U-magma.  It is slightly depleted in 

PGE with Cu/PdN and Ni/IrN of approximately 2 (Figure 13).  On the ratio Ni/Cu Pd/Ir plot the 

tholeiitic chill (+) lies immediately above the trend of primary partial melts indicating a slight 

depletion in PGE (Figure 14b). 

 

 

The Noril'sk-Talnakh sulfides are thought to have formed by contamination of a magma 

similar in composition to the Tuklonsky (Tk) basalts with crustal material (Lightfoot et al., 1994; 

Fredorenko, 1994).  The composition of the basalts is similar to that of the intrusions that host the 

sulfide deposits (Table 4) and the Mg#  of the olivine in equilibrium with this magma  (Fo84) is 

similar to the highest Fo contents of the olivines found in the intrusions (Zen'ko and Czamanske, 

1994).  However, this magma is not a primary mantle melt since the Mg# of the magma is only 

62.  In order for a magma to be in equilibrium with the mantle in must have an Mg# of at least 

66.  The Tk basalts have probably crystallized olivine en route to the surface, and this will have 

increased the incompatible element concentration and decreased Ni, Os, Ir, Ru concentrations.  

Addition of 10 % olivine to the Tk basalts yeilds a magma with a high enough Mg# to be in 

equilibrium with the mantle, this basalt is similar in composition to the Tk picrites  (Table 4).  

The concentration of the refractory incompatible elements (Ta, Ti, HREE) are 2.5 to 4 times 

mantle implying, 25 to 40 % partial melting.  Copper, Pd, Pt and Au are  present at approximately 

2 times mantle abundances implying that most of the sulfides have been absorbed in the partial  

melting event.  The Pd is undepleted relative to Cu, and the metal pattern from Pd to Cu is flat 

(Figure 13b).  Iridium is slightly depleted relative to Ni.  On the Ni-Cu Pd/Ir ratio plot the basalts 

(+ and x) plot between the flood basalt and high MgO fields, but the picrite and intrusions (o), 

plot in the high-MgO field  (Figure 15a). 
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TIMING OF SULFIDE SEGREGATION AND TRANSPORT TO THE CRUST 

 

The magma must be emplaced into the crust without segregation of sulfides en route if a metal-

rich ore deposit is to form.  The reason for this is that if the magma segregates sulfides, then the 

metals will partition into the sulfides and the ascending magma will be depleted in metals.   

Fredorenko (1994), Lightfoot et al. (1994), Czamankse et al. (1994) and Brugmann et al. (1993) 

have all pointed to the depletion of Cu and PGE in the lavas that overlie the Noril'sk-Talnakh 

deposits as evidence that the sulfides collected the metals from the lavas to form the ore deposits. 

The effect of sulfide removal may be shown by considering a plot of concentration of the metal in 

the fractionated liquid (CF) divided by the concentration of the element in the initial liquid (CL) 

versus percentage sulfides removed during equilibrium fractionation (Figure 16a). 

 

For elements with high partition coefficients into the sulfide liquid, the segregation of a 

sulfide liquid will very quickly depleted the magma.  This effect can be used in exploration to 

determine whether the magma is sulfide saturated and has segregated sulfides using the following 

argument.    Assume a DPd

sul/sil of 100 000 and DCu

sul/sil, of 1000.   The removal of 0.01 % sulfide 

by  equilibrium fractionation will deplete the magma in Pd by a factor of 0.1, in contrast,  Cu will 

be depleted by  0.9.  Therefore the Cu/Pd, ratio in the depleted silicate liquid is 10 times greater 

than in the initial magma.  Similarly, the Ni/Ir ratio also rises.  As a result, metal patterns of 

silicate liquids that have had sulfide liquid removed are PGE depleted relative to Ni and Cu.    

Examples of this may be the Nd basalts overlying the Tk basalts at Noril'sk-Talnakh  show a 

depletion in PGE relative to Ni and Cu with Cu/PdN = 6 and Ni/IrN = 4 (Figure 13b).  

 

On the Ni/Pd versus Cu/Ir plots, liquids that have had sulfides or PGM removed from them 

plot above the trend defined by primary mantle melts i.e. komatiites, high MgO-basalts and flood 

basalts.  The Tk basalt (+) and the picrite appear mildly depleted while the rocks from the upper 

part of the Noril'sk I intrusion o and the Nd basalts seem strongly depleted  (Figure 15b).  In the 
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case of the Bushveld rocks from immediately above the Merensky Reef (open squares) and the 

rocks from the Main Zone (solid squares) are depleted in PGE (Figure 14b). 

 

Figure 14 a)  Pd/Ir versus Ni/Cu and b) Ni/Pd versus Cu/Ir for samples from the Bushveld complex. * = 
U-magma,  + = A-magma. o = Lower Zone samples (ultramafic rocks), half filled circles = Critical Zone 
silicate samples below the Merensky Reef (mainly ultramafic rocks),  open squares = Critical Zone rocks 
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above the reef (mainly gabbro-norites),  close squares = Main Zone samples (mainly gabbro-norites),  
open triangles, upright = lower and middle chromitiites, inverted = Plat Reef; upright solid triangles = 
UG-2 reef, invert solid triangles = Merensky Reef, (data sources in Table 4). 
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Figure 15 a) Pd/Ir versus Ni/Cu and b) Ni/Pd versus Cu/Ir for samples from Noril'sk-Talnakh.  O = S-
poor intrusive  rocks; += Tk basalts x = overlying basalts; D = disseminated sulfides;  solid triangles 
upright = Cu-rich sulfides.solid triangles inverted = Fe-rich sulphides. 
 

 

The effect of sulfide removal can be seen most clearly on the Cu/Pd vs Pd plots (Figure 

17a).  Assuming that the silicate magma had a composition close the Tk basalts (+), with a Cu/Pd 

ratio slightly above mantle ratios at about 10000, the dashed lines indicate the effect of removing 

a sulfide liquid, (the steeper line is for Rayleigh fractionation, the shallower for equilibrium 

fractionation).  Lavas from  above the Nd basalts (x) tend to fall along these lines as do mafic 

rocks from the Norilsk I intrusion (o).  In the case of the Bushveld, samples from above the 

Merensky Reef (open and solid squares) also plot in the depleted field  (Figure 17b). 

 

The implication of the these observations for exploration is that if the Cu /Pd or Cu/Pt 

ratios, or incompatible element to Pd ratios, are greater than mantle ratios, then the magma has 

already segregated sulfides or PGM.  Therefore, there is a possibility of a PGE-dominant ore 

deposit stratigraphically lower or in the case of a lava flow up stream.  Further, in order that the 

magma be emplaced into the crust without segregating sulfides, the emplacement process should 

be rapid and efficient.   If the magma rises slowly or is temporarily ponded  en route to the crust, 

then there is a possibility that sulfides, or PGM may segregate.  Then, the magma that is 

subsequently emplaced in the higher in the crust will be depleted in metals.  Thus, tectonic 

settings where the crust is thin (rifts), or where crust-penetrating faults are present, are the most 

suitable tectonic sites for the development of ore deposits (Figure 8b). 

 

 

COLLECTION OF THE METALS BY SULFIDE LIQUID OR PGM 

 

Once the magma has been emplaced into the crust, without segregating sulfides or PGM,  

saturation of the magma in a sulfide liquid or PGM must be brought about in order that the metals 

be collected.   Sulfide saturation may be brought about by fall in temperature, change in magma 

composition (in particular decrease in  Fe activity of the melt), increase in S content of  the 

magma, and or decrease in �O2 (MacLean, 1969; Haughton et al., 1974). Contamination of a 
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mafic magma with partial melts of sediments, or metasediments, (Figure 8c) could have all of 

these effects and hence the idea that contamination of the melt with S-bearing sediments leads to 

saturation of the magma in sulfides is a very popular model (e.g. Lesher and Campbell, 1993). 

 

Figure 16 a) Depletion factor versus percent sulfide removed from the magma; b) Enrichment factor in 
the sulfides versus R factor. 

 

 

Further, isotopic evidence (�S, �Os, Rb/Sr) from the Noril'sk-Talnakh sulfides and from the 

Bushveld reefs support  the idea that the magmas from which they formed were contaminated by 

crustal material (Lightfoot et al., 1994; Walker et al., 1994,  Kruger and Schoenberg, 1998).  In  

the Noril'sk-Talnakh area the host rocks are evaporites and shales.  The Bushveld complex is 

emplaced into shales, dolomites and volcanic rocks.   Thus, the requisite rock types to induce 

sulfide saturation are present in both cases. 

 

Conditions leading to the saturation of the magma in PGM phases are not well defined, 

although there is some suggestion (Amosse et al. 1997; Borisov and Palme 1997) that changes in 

�O2 has an important role in controlling PGE solubility.  Thus contamination of the magma 

leading to a sudden change in �O2 may lead to the crystallization of PGM. The mantle-normalized 
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metal plots of the disseminated sulfide ores from the Noril'sk-Talnakh deposits are more 

fractionated than the basalts in the area (Figs. 13b and 18a). 

 

 
Figure 17 a) Cu/Pd versus Pd for samples from the Noril'sk-Talnakh. Symbols as on Figure 4.  Assuming 
a liquid composition similar to the Tk basalts removal of  a sulfide liquid from the magma would produce 
a magma depleted in Pd lying along the dashed lines.  Accumulation of sulfides would produce a cumulate 
lying along mixing lines between sulfide and silicates liquid.  The composition of the Noril'sk-Talnakh 
sulfides suggests that they formed by interaction with a volume of between 1000 and 10000 times as much 
silicate as sulfide liquid; b)  Cu/Pd versus Pd for samples from the Bushveld. Symbols as on Figure 14.  
Samples from above the Merensky Reef and the Main Zone samples tend to lie in Pd depleted zone.  In  
contrast many of the Critical Zone samples are enriched in Pd.  Cumulates from  the Bushveld contain on 
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average only 20 % trapped liquid so a sulfide-free cumulate should contain only one fifth the Pd of the U-
magma (2.5 ppb).   Accumulation of sulfide would produce a cumulate lying along mixing lines between 
sulfides and cumulate silicates.  The composition of the Merensky and UG-2 Reefs can be modeled by 
assuming them to be a mixture of  silicate and oxide cumulate phases with no PGE or Cu, 20 % trapped 
liquid component and 1 % ,or less , sulfides formed at high R-factors (104 to 106).   
 On the ratios plots (Figure 15a) the disseminated sulfides (open triangles) have lower 

Ni/Cu and higher Pd/Ir ratios than the silicate liquid from which they are assumed to have 

segregated from (x and +).  This suggests that at the time of sulfide segregation the magma was 

more evolved than these basalts, or that the process of contamination that induced sulfide 

saturation also raised the Cu and Pd content of the silicate magma.  On the Cu/Ir versus Ni/Pd 

diagram the disseminated sulfides plot below the trend defined by mafic magmas and on the 

Cu/Pd versus Pd plot the samples tend to plot in the enriched field.  This may be explained as 

follows. Campbell and Naldrett (1979) showed that the concentration of a metal in a sulfide (CC ) 

is controlled by the concentration of the metal in the silicate liquid (CL), the partition coefficient 

between the sulfide and silicate liquids Dsul/sil and the volume of silicate magma from which the 

sulfide collects the metal, which in a closed system is usually expressed as R (ratio of silicate to 

sulfide liquid). 

 

CC= CLD(R+1)/(R+D) 

 

When R is > 10 times D the enrichment factor (CC/CL) in the sulfides approaches D (Fig 

16b).  When  R < 10 times D the enrichment factor is approximately R.   In an open dynamic 

system a more complex replenishment, assimilation and fractional crystallization model should 

be considered an example of this approach can be found in Brugmann et al. (1993) and will not 

be treated here. The difference in the partition coefficients of  Pd and Cu into a sulfide liquid may 

be used to deduce the  volume of magma from which a sulfide segregated (Barnes et al., 1993).  

Assuming a partition coefficient for Cu of 1000 and for Pd of 30 000, for R < 1000 Cu and Pd 

will be enriched in the liquid equally and the Cu/Pd ratio will be the same in the silicate and 

sulfide liquid (Figure 16b).   For R> 1000 Pd will be enriched more than Cu, thus the Cu/Pd ratio 

falls and the samples will fall in the enriched field on the Cu/Pd versus Pd plot, the mantle 

normalized metal patterns will be enriched in Pd  relative to Cu (Figure 18a), and on the Ni/Pd 

versus Cu/Ir plot the  samples fall below the trend defined by primary mantle  melts  (Figure 

15b).  Returning to the Cu/Pd versus Pd plot the disseminated sulfide samples (open triangles) 
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consist of a mixture of silicate and sulfide phases and should lie on a tie line between 100 % 

sulfide liquid and the silicate component.  Tie lines have been drawn between the composition of 

the sulfide liquid at  R=100, 1000, 10000 and Tk the basalts (Figure 17a).  The Noril'sk-Talnakh 

disseminated sulfides can be modeled as forming at R-factors in the 1000 to 10000 range.  An 

important point to note is that in order to make  a metal-rich sulfide, the sulfide liquid must 

interact with a large volume of silicate magma.  In the case of Noril'sk-Talnakh the composition 

of the disseminated sulfides (Table 5) ranges from moderately metal-rich at Oktyabr'sky  with 

enrichment factors for Pd of 1700, to extremely rich at Medvezhy Creek with enrichment factors 

of  20 000.  This implies an extremely dynamic system.  It has been pointed out by many authors 

(e.g. Czamanske et al. 1995; Fredorenko 1994; Naldrett et al. 1995) that in the Noril'sk-Talnakh 

intrusions there is insufficient silicate material for the system to be closed. 

 

The bodies that contain the sulfides should be thought of  as conduits through which many pulses 

of magma may have been transported.  The sulfide may have accumulated towards the base of the 

conduits as the magmas flow rate slowed, possibly due to changes in the dip of the floor (Figure 

8e).  

The metal patterns of the Merensky and UG-2 reefs  have a distinctive arch shape due to 

their strong enrichment in PGE relative to Ni and Cu (Figures 19a and b).  On the Cu/Ir versus 

Ni/Pd plot the same features can been seen, with the reefs (solid triangles) plotting well below the 

trend of primary mantle melts (Figs. 14b).  On the Cu/Pd versus Pd plot, the UG-2  and the 

Merensky reef  samples plot in the enriched field.  According to the position of the samples on 

the plot it is possible to model the composition of the reefs as a three component mixture of: 

 

1)  20 % trapped liquid (average percentage of trapped liquid in cumulates of Critical Zone, 

Maier and Barnes, 1998) which would have Cu/Pd ratio similar to the U-magma of  4000-5000 

and contribute 2 ppb Pd;  

 

2) approximately 79 % cumulate oxides and silicates which contribute little or no Cu and Pd;  

 



 39 

3) approximately 1 % sulfides formed at very high R-factors (10 000 for Merensky Reef and 100 

000 for the UG-2 reef)  possibly by turbulent mixing of the U and A magmas ( Figure 9a, 

Campbell et al., 1983, Kruger and Schoenberg, 1998, amongst others). 
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Figure 18.  Mantle normalized patterns for samples from the Noril'sk-Talnakh area. 
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Figure 19.  Mantle normalized metal patterns for; a) the Merensky Reef , and b) the UG-2 reef. 
Note the strong enrichment of noble metals relative to Ni and Cu. 
Table 5. Composition of the Noril'sk-Talnakh

Sulfides.

Locality Ore Type n S Ni Cu Os Ir Ru Rh Pt Pd Au Ag

% % % ppb ppb ppb ppb ppb ppb ppb ppm

Oktyabr'sky disseminated 8 37.52 3.42 8.71 35 134 367 4383 17063 1400 11

Cu-rich 13 33.91 2.57 28.5 3 8 17 57 25103 63624 3650 119

Fe-rich 24 37.80 4.03 6.53 12 29 77 327 2670 12873 260 11

Skalisty disseminated 7 36.63 6.24 11.31 167 478 1401 9007 34073 1860 11

Fe-rich 6 38.11 5.62 3.82 421 1576 3173 1607 8051 140 9

Gluboklj disseminated 10 36.39 6.9 12.14 119 377 1280 9453 36019 1710 8

Fe-rich 5 37.76 5.27 5.58 35 107 320 949 2493 12660 110 7

Komolsky Cu-rich 2 34.3 3.2 25.91 17 20 127 10462 55672 2500 43

Fe-rich 2 38.11 5.42 4.67 255 444 1490 3398 4146 21338 140 5

Medvezhy disseminated 7 35.14 7.76 18.17 783 1975 7345 76829 190820 5150 34

Creek Cu-rich 4 33.66 7.00 26.39 6 15 289 105955 305840 5370 46

Barnes et al. 1997a 
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Figure 20.  S versus; a) Pt and, b) Pd for samples from the Bushveld Complex.  Legend as on Figure 14.  
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This model has been criticized partly on the grounds that the correlations between Pt or Pd 

and S are poor  (Figure 20).  The chromitites and the reefs define an upper trend (triangles) and 

the silicates define a lower trend.  This could be explained by suggesting that the sulfide 

component in the chromitite rich rocks is richer in PGE (with approximately 500 000 ppb Pt)  

than the sulfide component in the silicate rocks (with approximately 50 000 ppb Pt).  

 

However, it is not clear that the PGE were necessarily collected by sulfides.  Rocks with only 10 

ppm S  have 200 ppb Pd and 400 ppb Pt (Figure 20). The strong association between the 

chromitites and PGE-enriched rocks suggests an alternative model similar to that of Capobianco 

et al. (1994) namely that the precipitation of chromite destabilizes the PGM clusters in the melt 

resulting in the co-precipitation of chromite and PGM (Figure 9b). In this case there need not be a 

strong correlation between S and PGE.  Finally, it is possible that metals were collected by a 

sulfide liquid in the vicinity of the chromitite reefs but that the S and PGE were redistributed on 

the local scale during late magmatic processes (e.g. Boudreau, 1998).  From the point of view of 

exploration the important point is that the Lower Zone samples have close to mantle ratios of 

PGE to Ni and Cu.  Throughout the Critical Zone the samples are enriched in PGE (Cu/Pd <1000 

Figure 17b).  In the Main Zone the samples are mildly depleted in PGE.  Thus, the area to 

concentrate on for intensive sampling is indicated by the low Cu/Pd ratios of the Critical Zone 

(Figure 17b). 

 

CRYSTALLIZATION OF THE SULFIDE LIQUID 

 

The massive and matrix ores of the Noril'sk-Talnakh area have metal patterns that are very 

different to those of the disseminated sulfides (Figure 18 b and c, Table 5).  Some of  the massive 

and matrix sulfides are rich in Cu, Ag, Au, Pd and Pt and have much steeper patterns than the 

disseminated sulfides.  Some are rich in Fe, Os, Ir, Ru and Rh and have much flatter patterns than 

the disseminated ores, and have negative Pt anomalies.  On the ratio plots, the Fe-rich sulfides are 

displaced to lower Pd/Ir and higher Ni/Cu ratios and higher Ni/Pd lower Cu/Ir than the 

disseminated ores (Figure 15).  Similarly, the Cu-rich ores have higher Pd/Ir, Cu/Ir and lower 

Ni/Pd, Ni/Cu ratios than the disseminated ores.  This compositional zonation has been observed 

at a number of ore bodies apart from those of the Noril'sk-Talnak region e.g. the offshoot ores of 



 44 

Sudbury (Li et al., 1993).  In general, it is the ore that occurs in veins, or the ore that forms the 

upper parts of the massive and matrix ore that is enriched in Cu (Figure 8f).   The cause of the 

zonation is believed to be crystal fractionation of Fe-rich monosulphide solid solution from the 

sulfide liquid  (Distler et al. 1977; Naldrett et al. 1994; Zinetek et al. 1994).   

 

The first phase to crystallize from a sulfide liquid is Fe-rich mss.  The Os, Ir, Ru and Rh are 

compatible with mss and hence will become enriched in the cumulate sulfide portion.  Copper, 

Ag, Au, Pt and Pd are incompatible, and so become enriched in the fractionated sulfide liquid.  

The behavior of Ni is temperature dependent, but in tholeiitic systems the partition coefficient is 

close to 1.  The composition of the Oktabr'sky Cu-rich sulfides can be modeled as the product of 

80 % crystal fractionation from a sulfide liquid similar in composition to the disseminated 

sulfides.  The Fe-rich sulfides would represent the cumulate with 50 % trapped sulfide liquid 

(Barnes et al., 1997b).    

 

At first glance mss crystallization does not appear relevant to the Bushveld case.  However, 

Maier and Barnes (in press) have used mss fractionation to explain the enrichment of the Lower 

Zone and Critical Zone cumulates in Os, Ir, Ru and Rh (Figure 14a).  They suggested that sulfide 

liquid could be trapped intersitially in the Lower Zone and Critical Zone cumulates and mss 

could crystallized from the sulfide liquid.  The cumulate pile might subsequently undergo filter 

pressing and the fractionated sulfide liquid enriched in Cu, Pd, and Pt would be expelled into the 

overlying material leaving behind a cumulate consisting of  largely of silicates or oxides with 

trace mss. 

  

  

CONCLUSIONS 

 

Under magmatic conditions, when no sulfide liquid is present, the chalcophile elements may be 

divided into those that behave compatibly (Ni, Co, Os, Ir, Ru) and those that behave 

incompatibly (Cu, Ag, Au and Pd).  Rhodium shows intermediate behavior and is mildly 

incompatible.  Platinum is normally incompatible, but in the case of concentrically zoned 

complexes may show compatible behavior.  The reasons for the compatible behavior of Os, Ir, 
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Ru and on occasion Pt and Rh are  not clearly understood.  Possibly they are accommodated in 

the spinel structure.  Alternatively, after forming clusters, they crystallize directly from the 

magma as PGM.  The crystallization of the PGM may be facilitated by the crystallization of 

chromite or magnetite.  It is possible that this is the origin of  PGE-dominant deposits such as the 

UG-2 reef which contain very little S (0.1 %).   

 

All of the metals are strongly partitioned into sulfide liquid and when the sulfide liquid 

accumulates a Ni-Cu dominant deposit may form.  In an exploration program, it is important to 

determine whether sulfides have segregated from the magma because. if they have the program 

should be directed to stratigraphically lower rocks, or in the case of lavas, upstream rocks to 

search for the sulfides.  Because the PGE partition into the sulfides more strongly than Ni and 

Cu, magmas that have had sulfides removed will be depleted in PGE relative to Ni and Cu.  On 

mantle-normalized metal plots, Pd and Pt are depleted relative to Cu. On ratio plots, the depleted 

magmas plot above the field of primitive mantle melts. On the Cu/Pd versus Pd plot the depleted 

magmas plot in the depleted field.  The Cu/Pd or Cu/Pt ratios can be used to select areas for more 

intensive sampling. 

 

The sulfide liquid may itself undergo fractional crystallization to produce an Fe-rich 

cumulate enriched in Os, Ir, Ru and Rh, and a Cu-rich fractionated liquid enriched in Ag, Au, Pt 

and Pd.  Nickel concentrations are similar in both.  Because the Cu-rich liquid solidifies last, it 

tends to be found in the upper parts of the massive ore, or in veins in the country rock. 

 

 

ACKNOWLEDGMENTS 

 

We would like to thank the organizers of the short course, Professors Keays and Lesher and Dr. 

Lightfoot for the invitation to contribute to this short course.  Professors Naldrett and Sawyer are 

thanked for reviewing the final and early manuscript, respectively.  Claude Dallaire, the 

draftsman, is thanked for his sterling efforts at converting my scribbles into intelligible figures.  

The research was supported by NSERC operating grants to S-JB and the Action Structurant Grant 

to Unversité du Quebec à Chicoutimi.  



 46 

 
REFERENCES 
 
Amosse, J. Dable, P., and Allibert, M., 1997.  Physio-chemical study of the distribution of PGE 

between metal and a basaltic melt.  Differentiation of elements in natural systems.  In:  The 
origin and fractionation of highly siderophile elements in the earth's mantle.  EAG-
Workshop, Mainz Plank Institute, p.13. 

Anders, E., and Grevesse, N., 1989.  Abundances of the elements:  Meteoritic and solar.  
Geochimica Cosmochimica, v. 53, p. 197-214. 

Anderson, D.L., 1983.  Chemical composition of the mantle.  Journal of Geophysical Research, v 
88, p.B41-B52 

Barnes, S-J., 1987.  Unusual base to noble element ratios in the Rana Layered Intrusion, Northern 
Norway.  Norsk Geologisk Tidsskrift, v. 67, p. 215-231. 

Barnes, S-J., and Francis, D., 1995.  The distribution of platinum-group elements, nickel, copper 
and gold in the Muskox Layered Intrusion, Northwest Territories, Canada.  Economic 
Geology, v. 90, p. 135-155 

Barnes, S-J. And Maier, W.D., in press.  Platinum-group elements distributions in normal 
Merensky Reef, from Impala Mines.  J. Petrol. 

Barnes, Sarah-Jane and Naldrett, A.J.,  1987.  Fractionation of the platinum group elements and 
gold in some komatiites of the Abitibi Greenstone Belt, Northern Ontario.  Econ. Geol.,  
v.82, p. 165-183. 

Barnes, S-J., and Picard, C.P., 1993.  The behaviour of platinum-group elements during partial 
melting, crystal fractionation and sulphide segregation: An example from the Cape Smith 
fold belt, northern Quebec. Geochimica Cosmochimica Acta, v 57, p. 79-87. 

Barnes, S-J., Couture, J-F., Sawyer, E.W., and Bouchaib, C., 1993. Nickel-copper sulphide 
occurrences in Belleterre-Angliers belt of the  Pontiac sub-province and the use of Cu/Pd 
ratios in interpreting platinum-group element distributions.  Economic Geology, v. 88, p. 
1402-1418. 

Barnes, S-J., Zientek, M.L., and Severson, M.J., 1997a.  Ni, Cu, Au and platinum-group element 
contents of sulphides associated with intraplate magmatism.  Canadian Journal  Earth 
Sciences,  v 34, p.337-351. 

Barnes, S-J., Makovicky, E., Karup-Moller, S., Makovicky, M., and Rose-Hansen, J., 1997b 
Partition coefficients for Ni, Cu, Pd, Pt, Rh and Ir between Monosulphide solid solution 
and sulphide liquid and the implications for the formation of compositionally zoned Ni-Cu 
sulphide bodies by fractional crystallization of sulphide liquid.  Canadian Journal of Earth 
Sciences, v.34, p. 366-374. 

Bezmen, N.S.,  Asif, M., Brugmann, G.E., Romanekno, I.M., and Naldrett, A.J., 1994.  
Experimental determinations of sulfide-silicate partitioning of PGE and Au.  Geochimica et 
Cosmochim Acta, v. 58, p.1251-1260. 

Borisov, A., and Palme, H., 1997. Experimental investigation of noble metals solubilities in 
silciate melts:  New results and geochemical implications.  In:  The origin and fractionation 
of highly siderophile elements in the earth's mantle.  EAG-Workshop 1997 Mainz Plank 
Institute, 23-24. 

Boudreau, A., 1998.  Chromatographic separation of the platinum-group elements during 
degassing of a compacting, solidiying cumulate pile.  In: 8th International Platinum 
Symposium, Rustenburg.  South African Institute Mining Metallurgy Symposium Series, 
S18, pp. 41-44.   



 47 

Brugmann, G.E.,  Naldrett, A.J., Asif, M., Lightfoot, P.C., Gorbachev, N.S., and Fedorenko, 
V.A.,  1993.  Siderophile and chalcophile metals as tracers of the evolution of the Siberian 
Trap in the Noril'sk region, Russia.  Geochimica Cosmochimica Acta, 57, p. 2001-2018. 

Cabri, L. J., 1992.  The distribution of trace precious metals in minerals and mineral products 
Mineralogical Magazine,  56, p.  289-308. 

Campbell, I.H.,  and Naldrett, A.J., 1979.  The influence of silicate:sulfide ratios on the         
geochemistry of magmatic sulfides.  Economic Geology , v. 74, p. 1503-1505. 

Campbell, I.H, Naldrett, A.J., and Barnes, S.J.,  1983.  A model for the origin of the platinum-
rich sulphide horizons in the Bushvel and Stillwater Complexes. Journal Petrology, v. 24., 
p. 133-165. 

Capobianco, C. J., and  Drake, M. J., 1990. Partitoning of ruthenium, rhodium, and palladium 
between spinel and silicate melt and implications for platinum group element fractionation 
trends. Geochimica et Cosmochimica Acta, v. 54, p. 869-874. 

Capobianco, C.J., Hervig, R.L., and Drake, M.J., 1994.  Experiments on crystal/liquid 
partitioning ruthenium, rhodium and palladium between spinel and silicate melt 
implications for platinum group element fractionation trends.  Chemical Geology, v. 113, 
p.23-43.  

Chabot, N.L., and Drake, M.J., 1997.  An experimental study of silver and palladium partitioning 
between solid and liquid metal, with applications to iron meteorites.  Meteoritics and 
Planetary Science, v. 32, p. 637-645. 

Corrivaux, L, and Laflamme, J.H.G., 1990.  Mineralogie des elements du groupe du platine dans 
les chromitites de l'ophiolite de Thetford Mines, Quebec.  Canadian Mineralogist, v. 28, p. 
579-595. 

Crocket, J.H., and Kabir,  1988.  PGE in Hawaiian Basalt:  Implications of hydrothermal 
alteration on PGE mobility in volcanic fluids.  In  Geo-platinum 87. Edited by H.M. 
Prichard, P.J. Potts, J.F.W. Bowles, and S.J. Cribb.  Elsevier, London, pp 259. 

Crocket, J.H., Fleet, M.E., and Stone, W.E., 1992.  Experimental partitioning of osmium, iridium 
and gold between basalt melt and sulphide liquid at 1300 o C.  Australian Journal Earth  
Sciences, v. 39, p. 427-432. 

Czamanske, G.K., Zen'ko, T.E., Fedorenko, V.A., Calk, L.C., Budahn, J.R., Bullock, J.H., Fires, 
T.L., King, B-S. W., and  Siems, D.F. 1995.  Petrographic and geochemcial 
characterization of ore-bearing intrusions of the Noril'sk Type, Siberia; with discussions of 
their origin.  Resouces Geology Special Issue, v. 18, p. 1-48. 

Davies, G., and Tredoux, M., 1985.  The platinum-group element and gold contents of the 
marginal rocks and sills of the Bushveld complex.  Economic Geology, v. 80, p. 838-848. 

Distler, V.V., Malesvsky, A.Yu., and Laputina, I.P., 1977.  Distribution of platinoids between 
pyrrhotite and pentlandite in crystallization of a sulfide melt.  Geochemica International, v.  
14, p. 30-40. 

Dowling, S. E., and Hill, R. E. T.,1992 The distribution of PGE in fractionated Archaean 
komatiites, western and central ultramafic units, Mt. Keith region, Western Australia. 
Australian Journal of Earth Sciences, v. 39, p.  349-363 

Ebel, D. S, and  Naldrett, A. J., 1996. Fractional crystallization of sulfide ore liquids at high 
temperature. Economic Geology ,  v. 91, p. 607-637. 

Evans, R.C.1966.  An introduction to crystal chemistry.  Cambridge University Press, 
Cambridge, 410 p. 



 48 

Ewers, W.E., and Hudson, D.R., 1972.  An interpretive study of a nickel iron sulphide ore 
intersection, Lunnon Shoot, Kambalda, Western Australia.  Economic Geology,  v. 67, p. 
1075-1092. 

Fleet, M.E., and Stone, W.E., 1991.  Partitioning of platinum-group elements in the Fe-Ni-S 
system and their fractionation in nature.  Geochimica Cosmochimica Acta, v. 55, p. 245-
253. 

Fleet, M.E. Et al. 1999 Lithos. 
Fleet, M.E., Chryssoulis, S.L., Stone, W.E., and Weisener, C.G., 1993.  Partitioning of platinum-

group elements and Au in the Fe-Ni-Cu-S system: experiments on the fractional 
crystallization of sulfide melt.  Contributions Mineralogy and Petrology, 115, p. 36-44. 

Francis, R.D., 1990. Sulfide globules in mid-ocean ridge basalts (MORB) and the effect of oxyg 
en abundance in Fe-S-O liquids on the ability of those liquids to partition metals from 
MORB and komatiitic magmas.  Chemical Geology, v. 85, p. 199-213. 

Fredorenko, V.A., 1994. Evolution of magmatism as reflected in the volcanic sequence of the 
Noril'sk region.  In The Sudbury-Noril'sk Symposium.  Edited by P.C. Lightfoot and A.J. 
Naldrett. The Sudbury-Noril'sk Symposium.  Special Volume Ontario Geological Survey,  
5, p. 171-183.   

Fryer, B. J., and  Greenough, J. D., 1995. Evidence for mantle heterogeneity from platinum-
group-element abundances in Indian Ocean basalts.  Canadian Journal of Earth Sciences, v.  
29,  p. 2329-2339. 

 Gain, S.B., 1985. The geologic setting of the platiniferous UG2 chromitite layer on 
Maandagshoek, Eastern Bushveld Complex. Economic Geology, v. 80, p. 925-943. 

Greenough, J. D., and Owen, J. V., 1992.  Platinum-group element geochemistry of continental 
tholeiites. analysis of the Long Range dyke swarm, Newfoundland, Canada.  Chemical 
Geology, v. 98, p. 203-219.             

Gueddari, K, Piboule, M., and Amosse, J., 1996. Differentiation of platinum-group elements 
(PGE) and of gold  during partial melting of peridotites in the lherzolitic massifs of the 
Betico-Rifean range (Ronda and Beni Bousera) Chemical Geology, v. 134, p.181-197. 

Harmer, R.E., and Sharpe, M.R., 1985.  Field relations and strontium isotope systematics of the 
marginal rocks of the eastern Bushveld Complex.  Economic. Geology, v. 80, p. 813-837. 

Haughton, D. R.; Roeder, P. L., and Skinner, B. J., 1974. Solubility of Sulfur in Mafic Magmas. 
Economic Geology, v. 69,  p. 451-467.. 

Hawley, J.E. 1965. Upside-down zoning at frood, Sudbury, Ontario. Economic Geology, V.60, p. 
529-575. 

Helz, R.T., and Rait, N., 1988.  Behavior of Pt and Pd in Kilauea Iki lava lake.  V.M. 
Goldschmidt Conference Abstract, Baltimore, pp. 47. 

Hiemstra, S.A., 1986. The distribution of chalcophile and platinum-group elements in the UG2 
chromitite layer of the Bushveld Complex. Economic Geology, v. 81, p. 1080-1086. 

Jana, D., and Walker, D., 1997.  The influence of sulfur on partitioning of siderophile elements.  
Geochimica Cosmochimica Acta, v. 61, p. 5255-5277. 

Keays, R.R., 1995.  The role of komatiitic and picritic magmatism and S-saturation in the 
formation of ore deposits.  Lithos, v. 34, p.1-18. 

Keays, R.R., and Campbell, I.H., 1981. Precious metals in the Jimberlana Intrusion, Western 
Australia:  Implications for the genesis of platiniferous ores in layered intrusions.  
Economic Geology, v. 76, p.1118-1141. 

Kullerud, G., Yund, R.A., and Moh, G.H., 1969.  Phase relations in the Cu-Fe-S, Cu-Ni-S and 
Fe-Ni-S systems.  Economic Geology, Monograph, 4, p. 323-343. 



 49 

Klock, W., Palme, H., and Tobschall, H.J., 1986.  Trace elements in natural metallic iron from 
Disko Island, Greenland.  Contribributions  Mineralogy Petrology, v. 93, p. 273-282. 

Kruger, F.J., and Schoenberg, R., 1998.  Isotopic evidence for the origin of the PGE rich 
Bushveld chromitites and the Merensky reef by felsic magma mixing.  In: 8th International 
Platinum Symposium, Rustenburg.  South African Institute Mining Metallurgy Symposium 
Series S18,  p.185-188. 

Lambert, D.D., Walker, R.J., Morgan, J.W., Shirey, S.B., Carlson, R.W., Zientek, M.L., Lipin, 
B.R., Koski, M.S., and Cooper, R.L., 1994.  Re-Os and Sm-Nd isotope geochemistry of the 
Stillwater Complex, Montana:  Implications for the petrogenesis of the J-M Reef.  Journal 
Petrology, 35, p. 1717-1753. 

Leblance, M.,  and Gervilla-Lineres, F., 1988.  Platinum-group elements and Au distribution in 
Ni arsenide-chromite veins from the Rifo-Betic lherzolite massifs (Morocco-Spain).  In  
Geo-platinum 87. Edited by H.M. Prichard, P.J. Potts, J.F.W. Bowles, and S.J. Cribb.  
Elsevier, London, pp. 181-198. 

Lee, C.A., 1983. Trace and platinum-group element geochemistry and the development of the 
Merensky unit of the Western Bushveld Complex. Mineralium Deposita, v. 18, p. 173-190. 

Lee, C.A., and  Parry, S.J., 1988. Platinum-group element geochemistry of the Lower and Middle 
Group chromitites of the Eastern Bushveld Complex. Economic Geology, v. 83,  p.1127-
1139.  

Lee, C.A., and Tredoux, M., 1986. Platinum-group element abundances in the Lower and the 
Lower Critical Zones of the Eastern Bushveld Complex. Economic Geology, v. 81, p. 
1087-1095. 

Lesher, C.M., and Campbell, I.H., 1993.   Geochemical and fluid dynamic controls on the 
composition of komatiite-hosted nickel sulfide ores in Western Australia.  Economic 
Geology, v. 88, p. 804-816. 

Li, C., Naldrett, A.J., Rucklidge, J.N., and Kilius, L.R., 1993.  Concentrations of platinum-group 
elements and gold in sulfides from the Strathcona deposit, Sudbury, Ontario.  Canadian 
Mineralogist, v. 30, p. 523-531. 

Li, C., Barnes, S-J., Makovicky, E., Karup-Moller, S., Makovicky, M., and Rose-Hansen, J.,  
1996.  Partitioning of Ni, Cu, Ir, Rh, Pt and Pd between monosulfide solid solution and 
sulfide liquid:  Effects of composition and temperature.  Geochimica Cosmochimica Acta,  
60, p. 1231-1238. 

Lightfoot, P.C., Hawkesworth, C.J., Hergt, J., Naldrett, A.J., Gorbachev, N.S., Fedorenko, V.A., 
and Doherty, W. 1994.  Chemostratigraphy of Siberian trap lavas, Noril'sk District, Russia:  
Implications for the evolution of flood basalt magmas.  In The Sudbury-Noril'sk 
Symposium.  Edited by P.C. Lightfoot and A.J. Naldrett. The Sudbury-Noril'sk 
Symposium.  Special Volume Ontario Geological Survey, 5, p.  283-312. 

Lorand, J. P., 1990. Are spinel lherzolite xenoliths representative of the abundance of sulfur in 
the upper mantle ?  Geochimica et Cosmochimica Acta, v. 54,  p. 1487-1492 

McDonald, I., Hart, R. J,. and Tredoux, M.,  1994.  Determination of the platinum-group 
elements in South African kimberlites by nickel sulphide fire-assay and neutron activation 
analysis.  Analytica Chimica Acta, v. 289, p. 237-247. 

MacLean, W.H.,  1969.  Liquidus phase relations in the FeS-FeO-Fe3O4-SiO2 system, and their 
application in geology.  Economic Geology, 64, p. 865-884. 

Maier, W.D.. and Barnes, S-J., (1999).  Platinum-group elements in the Lower, Critical and Main 
Zones of the Bushveld Complex..  Journal  Petrology, 40, 1647-1671. 



 50 

Maier, W.D.  and Barnes, S-J., 1998.  Rare earth elements in the Bushveld complex - A complete 
stratigraphic section.  Chemical. Geology, v.150, 83-104. 

Maier, W.D., Barnes, S-J.,  W.J. de Klerk, B. Teigler, and A.A. Mitchell., 1996.  Cu/Pd and 
Cu/Pt of silicate rocks in the Bushveld Complex:  Implications for Platinum-group element 
exploration.  Economic Geology, v.91, p. 1151-1158. 

Mainville, M., 1994. Les komatiites et tholeiites a la base du Groupe de Baby, Temiscamingue.  
Unpulished M.Sc. thesis.  Universite du Quebec a Chicoutimi. 146 p. 

Maltich, K.N., 1998.  Peculiarities of platinum-group elements distribution in ultramafites of 
clinopyroxenite-dunite massives as an indicator of the origin.  In: Laverov, N.P. and 
Distler, V.V. (eds), Interanational Platinum.  Theophrastus Publications, St-Petersburg-
Athens,  p.129-140. 

Mason, B., 1966. Principles of geochemistry.  Wiley, New York, 329 p. 
Mathez, E.A., and Peach, C., 1997.  Fractionation and behavior of the platinum group elements 

as inferred from experiments in sulfide-bearing systems and analysis of rocks.  In:  The 
origin and fractionation of highly siderophile elements in the earth's mantle.  EAG-
Workshop 1997 Mainz Plank Institut, p. 51-52. 

 Merkle, R. K. W., 1992.  Platinum-group minerals in the middle group of chromitite layers at 
Marikana, western Bushveld Complex; indications for collection mechanisms and 
postmagmatic modification.  Canadian Journal of Earth Sciences, v. 29, p. 209-221. 

Mitchell, R.H., and Keays, R.R., 1981.  Abundance and distribution of gold, palladium and 
iridium in some spinel and garnet lherzolites:  Implications for the nature and origin of 
precious metal-rich intergranular components in the upper mantle.  Geochimica 
Cosmochim Acta, v. 45, p. 2425-2442. 

Naldrett, A.J., 1981.  Platinum-group element deposits.  In: Cabri, L.J. (ed) Platinum-group 
elements: Mineralogy, Geology, Recovery.  Candian Institute Mining Metallurgy Special 
Vol 23, p.197-232. 

Naldrett, A.J., 1989.  Ores associated with flood basalts.  In  Ore deposits associated with 
magmas.  Edited by J.A. Whitney and A.J. Naldrett,   Reviews in Economic Geology, v. 4, 
p. 103-118. 

Naldrett, A.J., Gasparini, E.C., Barnes, S.J., Von Gruenewaldt, G. & Sharpe, M.R., 1986. The 
upper Critical Zone of the Bushveld Complex and the origin of Merensky-type ores. 
Economic Geology, v. 81, p. 1105-1117. 

Naldrett, A.J., Asif, M., Gorbachev, N.S., Kunilov, V.E., Fedorenko, V.A., and  Lightfoot, P.C., 
1994.  The composition of the Ni-Cu ores of the Noril'sk region.  In The Sudbury-Noril'sk 
Symposium.  Edited by P.C. Lightfoot and A.J. Naldrett.  Ontario Geological Survey, 
Special Publication, 5, p. 357-372. 

Naldrett, A.J., Fedorenko, V.A., Lightfoot, P.C., Kunilov, V.A. 1995. Ni-Cu-PGE deposits of the 
Noril'sk region, Siberia: their formation in conduits for flood volcanism. Transactions 
Institute Mining metallurgy, 104, P.B18-B36. 

Nixon, G.T., and Hammack, J.L., 1991.  Mettallogeny of ultramafic-mafic rocks in British 
Columbia with emphasis on the Platinum-group elements.  In: Ore deposits, tectonics and 
metallogeny in the Canadian Cordillera. Energy, Mines and Petroleum Resources, British 
Columbia, Paper 1991-4,  p. 125-162. 

Noddack, W. Noddack, I., and Bohnstedt, U., 1940.  Du treilungskoeffizienten der scwermetalle-
zweischen eisensufid und eisen.  Zeitschift Anorgan Chemie, v. 244, p. 252-280. 

Pattou, L.; Lorand, J. P., and Gros, M.,  1996. Non-chondritic platinum-group element ratios in 
the Earth's  mantle. Nature , 379, p. 712-715             



 51 

Peach, C.L., Mathez, E.A., and Keays, R.R., 1990.  Sulfide melt-silicate melt distribution 
coefficients for noble metals and other chalcophile elements as deduced from MORB:  
Implications for partial melting.    Geochimica et Cosmochimica Acta, v. 54, p. 3379-3389. 

Peach, C.L., Mathez, E.A., Keays, R.R., and Reeves, S.J., 1994.  Experimentally determined 
sulfide melt-silicate melt partition coefficients for iridium and palladium.  Chemical 
Geology, v.  117, p. 361-377 

Peck, D. and Keays, R.R., 1990.  Insights into the behavior of precious metals in primitive, S-
undersaturated magmas:  Evidence from the Heazlewood river complex, Tasmania.  
Canadian Mineralogist, v. 28, p. 553-578. 

Plessen, H-G., and Erzinger, J., 1997.  Distribution of PGE and Au in magmatic rocks of 
different tectonic settings.    In:  The origin and fractionation of highly siderophile elements 
in the earth's mantle.  EAG-Workshop 1997 Mainz Plank Institut, p. 51-52. 

Prichard, H. M., Potts, P. J., and  Neary, C. R., 1981.Platinum group element minerals in the Unst 
chromite, Shetland Isles.Institution Mining Metallurgy, Transactions, Section B: Applied 
Earth Science, v. 90, p. B186-B188. 

Prichard, H. M., and Lord, R. A., 1990. Platinum and palladium in the Troodos ophiolite 
complex, Cyprus. Canadian Mineralogist, v.28, p. 607-617. 

Prunchnik, F.P., 1990.  Organometallic chemistry of the transition metals.  Plenum Press, New 
York, 757 p. 

Ringwood, A. E., 1955. The principles governing trace element distribution during magmatic 
crystallization; part I, The influence of electronegativity.Geochimica et Cosmochimica 
Acta, 7, p. 189-202. 

St Louis, R.M., Nesbitt, B.E., and Morton, R.D., 1986.  Geochemistry of platinum-group 
elements in the Tulameen ultramafic complex, Southern British Columbia.  Economic 
Geology, v. 81, p. 961-973. 

Schmid, G., 1985.  Development in transition metal cluster chemistry: the way to large clusters.  
Structure and bonding, 62, p. 52-85. 

Scoon, R.N.,  andTeigler, B., 1994. Platinum-group element mineralization in the Critical Zone 
of the Western Bushveld Complex: I. Sulfide poor chromitites below the UG2. Economic 
Geology v, 89, p. 1094-1121. 

Stace, T., 1988.  How small is a solid ?  Nature, v. 331, p. 116-117. 
Stone, W.E., Crocket, J.H., and Fleet, M.E., 1990.  Partitioning of palladium, iridium, platinum 

and gold between sulfide liquid and basalt melt at 1200o C.  Geochimica et Cosmochimica 
Acta, v. 54: p. 2341-2344. 

 Taylor, S. R., and McClennan, S. M., 1985. The continental crust; its composition and evolution; 
an examination of the geochemical record preserved in sedimentary rocks. Blackwell Sci. 
Publ., Oxford, United Kingdom 312 p. 

Tredoux, M., N.M., Lindsay, Davies, G., and McDonald, I., 1995. The fractionation of platinum-
group elements in magmatic systems, with the suggestion of a noval causal mechanism.  
South African Journal Geology, v. 98, p. 157-167. 

Vargas, M.D., and Nicholls, J.N., 1986.  Highly-nuclearity carbonyl clusters:  their synthesis and 
reactivity.  Advances in Inorganic Chemistry, 30, p. 123-222. 

Von Gruenewaldt, G., Hatton, C.J., Merkle, R.R.W. and Gain, S.B., 1986. Platinum-group 
element - chromitite associations in cumulates of the Bushveld Complex. Economic 
Geology, v. 81, p. 1067-1079. 



 52 

Von Gruenewaldt, G. Hulbert, L. J., and Naldrett, A. J., 1989. Contrasting platinum-group 
element concentration patterns in cumulates of the Bushveld Complex. Mineralium 
Deposita, v. 24, p. 219-229. 

Walker, R.J., Morgan, J.W., Horan, M.F., Czamanske, G.K., Krogstad, E.J., Likhachev, A.P., and 
Kunilov, V.E., 1994.  Re-Os isotopic evidence for an enriched-mantle plume source for the 
Noril'sk-ty pe ore-bearing intrusions, Siberia.  Geochimica Cosmochimica Acta, v. 58, p. 
373-392. 

Wentland, R.F., 1982.  Sulfide saturation of basalt and andesite melts at high pressures and 
temperatures.  American Mineralogist, 67, p. 877-885. 

Wolf, R., and Anders, E., 1980.: Moon and Earth; compositional differences inferred from 
siderophiles, volatiles, and alkalis in basalts. Geochimica et Cosmochimica Acta, v. 44, p. 
2111-2124. 

Zen'ko, T.E., and Czamanske, G.K., 1994.  Tectonic controls on ore-bearing intrusions of the 
Talnakh ore junction:  Position, morphology and ore distribution.  International Geological 
Review, v. 36, p. 1033-1057. 

Zientek, M.L., Likhachev, A.P., Kunilov, V.E., Barnes, S-J., Meier, A.L., Carlson, R.R., Briggs, 
P.H., Fries, T.L., and Adrian, B.M., 1994. Cumulus processes and the composition of 
magmatic ore deposits: examples from the Talnakh district, Russia.  In The Sudbury-
Noril'sk Symposium.  Edited by P.C. Lightfoot and A.J. Naldrett. The Sudbury-Noril'sk 
Symposium.  Special Volume Ontario Geological Survey, 5, p. 373-392. 

 
 


