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Introduction 
The Platinum-group elements belong to Group 8B of the periodic table, a group 

that also contains Fe, Co and Ni (Figure 1).  They fall into periods 5 and 6. The 

configuration of electrons in the outer electron shells of the atoms is somewhat 

similar, so the elements respond to similar chemical processes in the earth and 

tend to occur together. In nature, as a result of their chalcophile properties, these 

metals, along with Cu and Au1, are concentrated principally through liquid sulfide 

droplets developing in igneous magma, and then separating from the magma to 

form so-called “magmatic sulfide deposits”. Arsenic (As), Selenium (Se), 

Antimony(Sb), Tellurium (Te) and Bismuth (Bi) are often also concentrated to a 

minor extent in the sulfide droplets and can provide a further characterisation of 

different ore deposits.  

 

Magmatic sulfide deposits fall into two broad groupings, those valued primarily 

for their Ni and Cu and those for their PGE. The principal magmatic sulfide 

deposits of the world are shown in Figure 2, distinguished according to grouping. 

Placer deposits, resulting from weathering processes concentrating PGE from 

igneous rocks or sulfide deposits, are also shown. The most significant PGE 

producers are ringed and the compositions of the ores are discussed further in 

this report. As is shown in Figure 3, world PGE resources are not uniformly 

distributed and the vast preponderance occur in 3 countries, South Africa 

associated with the Bushveld Igneous Complex, Russia associated with the Ni 

ores of the Noril’sk area and Zimbabwe associated with the Great Dyke. 

However, in view of the possibility of products from these countries being mixed 

with products from other countries, or the possible claim that a given batch of 

material is a mixture of material from two or more lesser producers, this report 

covers the composition of ore bodies other than those in South Africa, Russia 

and Zimbabwe.  

 

                                            
1 Note that Cu and Au are concentrated in many other ways 
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Variations in the chemistry of the deposits 
 
 

Pt, Pd and Ir tenor of ores 
As stated above, magmatic sulfide deposits are the result of sulfide droplets 

forming in a magma, concentrating the Ni, Cu and PGE, and then being 

themselves focused as a result of gravitational settling or hydrodynamic forces 

related to magma flow. The Ni, Cu and PGE contents of the droplets and the 

resulting sulfide concentrate are characteristic of a deposit, although processes 

acting during and following the crystallization of the sulfide liquid can impose a 

significant scatter on an originally homogeneous concentration. So long as the 

Ni, Cu and S content of individual samples are known (NOTE S is often NOT 

analysed for by mining companies, so that this approach cannot be taken on 

most “run-of-the-mill” assay data), one can calculate the amount of the three 

principal sulfides, pyrrhotite, pentlandite and chalcopyrite, that are present in any 

given sample. The sum of the amounts of these sulfides approximates closely in 

most ores to the total sulfide content of a sample. The grade of an individual 

sample is governed both by how much sulfide is in the sample, and on how rich 

the sulfide is. Knowing the sulfide content of a sample, and assuming that the Ni, 

Cu and PGE were originally in the sulfide2, one can calculate the metal content 

of the sample if it consisted of 100% sulfide (referred to as the metal tenor of the 

sample).  

 

The Ir tenor of samples from the deposits under consideration here is plotted 

against the Pd tenor in Figure 4. Average values are shown along with envelopes 

surrounding the vast majority of the data available for each deposit/mining camp. 

As expected, the PGE-rich deposits (Great Dyke, Stillwater, North American 

Palladium, UG-2, Merensky Reef and Platreef) are composed of Ir- and Pd-rich 

sulfide. Voisey’s Bay is marked by unusually low values of both metals. Mt Keith, 

                                            
2 This assumption is justified except in the cases of sulfide poor rocks that 
contain high percentages of a Ni-containing silicate mineral. 
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Kambalda and Thompson (deposits related to a group of rocks called 

“komatiites”) have high Ir and moderate Pd contents. Raglan, which is also 

related to komatiites, has similar Ir content to others of this association, but 

distinctly higher Pd. Pechenga and jinchuan have similar Pd contents, and lower 

Ir than the komatiite group. The Sudbury deposits show a huge scatter (partly 

because the data base is so large), with the contact deposits having an average 

close to that of Pechenga, and the Footwall Cu deposits being richer in Pd and 

much lower in Ir. The Noril’sk ores fall between the majority of the other Ni-Cu 

ores and those mined for their PGE, although there is a fair amount of overlap, 

especially with the Sudbury Footwall Cu ores.  

 

The Pt tenor is plotted against Pd tenor in Figure 5. Distributions are similar to 

those in the Ir-Pd figure, with Voisey’s Bay at the low end of the figure, and PGE-

rich deposits at the high end. It is noticeable that the Noril’sk ores are 

characterized by distinctly lower Pt values for a given Pd content than most ores. 

Significant overlap with Noril’sk only occurs in the case of the Raglan and 

Sudbury Footwall Cu ores. 

 

It is worth remarking that by far the least spread in values in the 2 chemical plots 

that have been discussed to this stage is shown by the data from Kambalda. 

These data were obtained from a study that was instigated by the mining 

company (Western Mining Corp;oration) to establish the composition of 10 

deposits from this camp. A sample of ore was taken from each ore car arriving at 

the ore-pass for a period of a month at each deposit during two periods 6 months 

apart. The samples for each deposit were combined into a composite for each 1-

month period, which was then analysed. This method of sampling clearly has an 

averaging effect, which eliminates the spread that is seen for other deposits for 

which the sampling has been based on the somewhat random collection of 

underground and drill core material. Nevertheless, in the case of most of the 

deposits considered, it is felt that the average for the underground samples from 

a given deposit is close to mill feed that would come from all but the most 
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strongly-zoned deposits (see discussion of zoning at the Oktyabr’sk deposit 

below). 

 

Ratio diagrams 
After submitting my interim report in time for the October meeting, I have become 

acquainted with a programme written by Dr Steven J. Barnes (CSIRO Australia) 

that allows one to treat data on a scatter plot statistically. Essentially what the 

programme does is to examine each point individually in terms of the number of 

neighbours within a box of predetermined size centred on the point. The points 

are then ranked according to how many neighbours they have, and coloured in 

terms of those that fall within the top 80%, 60-80%, 40-60% and so on. This 

enables the scatter diagram to be contoured with a series of envelopes. Because 

of the nature of the resulting plots, these diagrams are referred to colloquially as 

“fried egg” plots.  In some cases, when the deposit clearly consists of more than 

one type of accumulation, two or more centres of maximum clustering can be 

recognised. In the following treatment a box diagram showing variations in 

(Pt+Pd)/(Ni+Cu) ratio is first considered (Figure 6), flowed by “fried egg” plots 

(Figures 7, 7a, 8 and 8a). 

  

(Pt+Pd)/(Ni+Cu) 

A box diagram illustrating variations in the (Pt+Pd)/(Ni+Cu) ratio (Pt and Pd in 

ppm, Ni and Cu in wt%) of samples from the deposits considered for this report is 

shown in Figure 6.  Those deposits that are mined primarily for their PGE are 

characterized by ratios in excess of 10, and in some cases in excess of 100. 

Unfortunately, data for individual samples from the Merensky Reef, UG-2 and 

Platreef are not available for release, and only average values are shown. As 

might be expected, the PGE-rich deposits are in marked contrast to those mined 

primarily for their Ni and Cu, for which the ratios are mostly less than 1 and in 

some cases less than 0.1. The Noril’sk deposits stand out in that nearly all values 

for individual samples fall between 1 and 5. This difference can be expected to 

persist through the flotation stage of beneficiation and is of major use in 
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fingerprinting the Noril’sk ores. 

 

 

Pd/Ir versus Ni/Cu 

This diagram (Figure 7, 7a) now includes information of an unusual type of ore 

(Upper Cu Ore) that is currently being mined from the Kharaelakh ore lens, in 

addition to other ore types. Zoning at the western end of the deposit (the 

Oktyabr’sk mine) is illustrated in Figure 13, where it is seen that major variations 

in metal contents exist in the ore zone at the base of the ore-bearing intrusion, in 

addition to the new ore type illustrated for the first time. Figure 7 shows that there 

is compositional overlap between the Noril’sk Kharaelakh ore with > 16% Cu and 

the Upper Cu ore with the Sudbury Footwall Cu ore. The Figure effectively 

discriminates the Noril’sk ores from those related to komatiites (Mt Keith, 

Thompson, Kambalda and Raglan). 

 

Figure 7a is an enlargement of the area outlined in Figure 7, which contains the 

greatest number of overlaps. Deposits showing overlap with Noril’sk ores from 

Bear’s Brook, Talnakh, and Kharelakh with 9-16 and <9% Cu include the contact 

ores at Sudbury, Pechenga, Jinchuan, the Great Dyke, Voisey’s Bay, North 

American Palladium, Stillwater and the Platreef. 

 

Pt/Pd versus Ni/Cu 

“Fried egg” envelopes for those only deposits that are not clearly distinguished 

from Noril’sk in Figure 7 are shown in Figures 8 and 8a. 

 

The Sudbury Footwall Cu and North and South Range (contact) ores are 

discriminated from Noril’sk by their higher Pt/Pd and/or higher Ni/Cu ratios. The 

same is true for the Pechenga, Jinchuan, Great Dyke and Platreef ores. Some 

possible confusion still exists for the Stillwater, Voisey’s Bay, and North American 

Palladium ores along with one of the maxima for Jinchuan. In practical industrial 

terms the Jinchuan ores would be blended and treated together, so the mixture 
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would be highly unlikely to overlap with Noril’sk in this plot. 

 

Rh/Ir 

A box diagram showing variations in Rh/Ir ratios is shown as Figure 9. With the 

exception of a few outliers from the Kharaelakh ores with >16% Cu, all Noril’sk 

ores have Rh/Ir ratios greater than 5. The only ores apart from Noril’sk with ratios 

greater than 5 are those from Sudbury, which have been effectively discriminated 

from Noril’sk in the Pt/Pd vs Ni/Cu plots of Figures 8 and 8a, and those from 

Stillwater, although their much higher (Pt+Pd)/(Ni+Cu ratio (see Figure 6) 

distinguishes them, as does their S isotopic composition (see below). 

 

Isotopes 
Isotopic compositions offer a powerful method of “fingerprinting” ore materials, 

particularly as isotope ratios are likely to persist through much of the processing 

of the ores (although this would be needed to be demonstrated if it were to stand 

up in a court of law). The drawback with using isotopes is that with the exception 

of data on 34S/32S ratios, the information pertinent to Ni-Cu-PGE mineralisation is 

either for isotopes that are not suitable for “typing” different mining camps or is 

very incomplete.  

 

Sulfur Isotopes 

There are 4 isotopes of sulfur for which data are available, 32S, 33S, 34S and 36S. 

Of these, 32S and 34S are the most abundant and data are available for most ore 

deposits. The ratio of the two isotopes is expressed as a function, δ34S, which is 

defined as (((34S/32S)sample – (34S/32S)standard))/((34S/32S)standard))x103 where the 

standard is sulfur from the Canyon Diablo meteorite which is thought to be close 

in isotopic composition to the average of all terrestrial sulfur. Differences in the 

ratio of 34S to 32S develop as a result of the difference in their relative mass 

causing them to behave differently in chemical reactions involving sulfur. Data on 

samples from a range of ore deposits are shown in Figure 10, where it is seen 

that the “heaviest” sulfur (i.e. that richest in 34S and thus with the highest value of 
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δ34S) is found at Noril’sk. No other deposits compare with Noril’sk in terms of δ34S 

and the sulfur isotope ratio is a distinctive feature, which would be difficult to 

disguise by mixing ore from more than one environment. 

 

A new (last 10 years) aspect of earth science research is the study of variations 

in 33S and 36S. Because of their low relative abundances, extremely sensitive 

equipment is required to measure them accurately, and only a few laboratories 

have the know-how and equipment to do this. Variations in the abundance of 

these isotopes is thought to be independent of their mass, and related to 

variation in the oxygen content of the atmosphere of the earth through time, with 

major changes occurring in the period 2.8 to 2.2Ga. It is possible that the 

abundance of these isotopes could help to distinguish material from deposits on 

the basis of their age but the data base is inadequate at present, and no data 

exists for Noril’sk in so far as I am aware. Since Noril’sk is one of the youngest 

Ni-Cu-PGE mining areas (0.25Ga), the earth’s atmosphere is likely to have been 

relatively close to the present atmosphere at the time of the formation of the 

deposits and their surrounding rocks, and little mass independent sulfur isotope 

fractionation is likely to have occurred; the deposits are thus unlikely to be 

marked by unique ratios of these isotopes. 

 

Re-Os isotopes 

The rhenium isotope 187Re decays radioactively to produce the isotope 187Os. 

The osmium isotope 188Os is non-radiogenic, and its abundance doesn’t change 

with time, so that the ratio 187Os/188Os increases with time, serving as a method 

for dating ores and rocks. Since the bulk of the Os in a sulfide ore deposit resides 

in sulfides, this method has the potential to date the sulfides of a deposit directly. 

The isotopic data are commonly expressed as the function γOs:  

where γOs = ((187Os/188Os)sample – (187Os/188Os)mantle)/((187Os/188Os)mantle)x100), 

((187Os/188Os)sample is the calculated “initial” ratio for the sample, and 

(187Os/188Os)mantle  is the calculated ratio for chondritic asthenospheric mantle at 

the time of the formation of the deposit. 
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Figure 11 shows the range of γOs for a number of deposits. Of deposits examined 

thus far, Noril’sk is characterized by low values of γOs, as are those at Kambalda, 

Raglan and that of the J-M Reef of the Stillwater complex. Re-Os isotope 

systematics is a relatively new field of research, and the number of deposits for 

which Re-Os data are available is limited, so that this isotopic system has a 

restricted application at the present time in the typing of mineralisation. While 

dating would appear to offer a unique way of characterizing ore from a deposit, 

the Re-Os isotopic system is very prone to being influenced by material carried in 

solutions that circulate in the ground after a deposit has formed, and it is only in 

rare cases that a reliable date can be obtained. 

 

Pb Isotopes 

Lead occurs as 4 isotopes, 204Pb, 206Pb, 207Pb and 208Pb. The terrestrial 

abundance of the first of these has not changed with time, but the last three have 

increased steadily since the formation of the earth as a result of the radioactive 

decay of 238U to 206Pb, 235U to 207Pb and 232Th to 208Pb. The rates of decay of 

these reactions are well known, so that the increase of each of these 3 

radiogenic isotopes of Pb relative to the abundance of 204Pb can, in theory, 

provide the age of an ore deposit. In practice, the use of Pb isotopes is not so 

simple. The amount of Pb in the sulfides of many ore deposits is relatively low (1-

250 ppm). Pb is highly soluble in aqueous solutions in the earth, which can 

dissolve it from some rocks and precipitate it in others, causing a mixing of the 

Pb isotopes. Figure 12 shows a plot of the ratio of 207Pb/204Pb versus 206Pb/204Pb 

for the Merensky Reef, the North American Palladium deposit and Noril’sk. In the 

sulfides of both the Merensky Reef and North American Palladium, the Pb is 

anomalous, showing little relationship to the known age of the deposits, and is 

interpreted to be the result of the sulfides acquiring Pb from a variety of sources 

(young Pb carried in circulating aqueous solutions in the case of the Merensky 

Reef). The variation in isotope ratios, even within a single sample, can be very 

large, so it would require a very large number of samples to be analysed before 
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one could say with any confidence that ore from a given deposit is “typed”. It is 

possible that the averaging effect of downstream processing of ore (mixing 

during flotation, smelting, converting or refining) could produce an averaging 

effect that would result less variability, but one must conclude that Pb isotopes 

are not suitable for characterizing geological materials from many deposits. The 

Noril’sk deposits are an exception in that they show much less scatter than other 

deposits. 

 

Strontium Isotopes 

Two isotopes of strontium, 86Sr and 87Sr, have been studied extensively by earth 

scientists because of the applicability of the system in dating rocks. The 

abundance of 87Sr is partly the consequence of the radioactive decay of 

rubidium. The problem with using this isotopic system to type ore deposits is that 

the Sr resides in minerals other than those comprising the sulfide ores, primarily 

those forming the wallrocks to deposits.  Wallrocks may show major variation 

throughout a deposit, so the 87Sr/86Sr ratio will change as mining encompasses 

mineralisation with different wall rocks. To take an example from Noril’sk, Sr has 

a particularly high 87/86 isotopic ratio in the marginal parts of the igneous bodies 

that host the ores, varying from 0.7051 at the centre of one profile through the 

Kharaelakh body to 0.7081 at the upper margin and 0.7088 at the lower margin; 

the ratio is even higher in anhydrite in the wall rocks to the intrusion. Thus, 

depending on where mining is taking place and the proportion of the different wall 

rocks being mined at a particular time, the Sr isotopic composition in the material 

removed by the mining can change markedly. 

  

Stable isotopes of Ni, Cu and Fe 

It is only in the last 5 years that improvements in equipment have enabled the 

accurate determination of the small differences that exist in the isotopic 

compositions of these metals. Measurements are still far from routine, and would 

be very expensive to obtain commercially at the current time, although this could 

change in the future. The current data base is very limited and would require a 
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major research project on the principal deposits of the world before this could be 

applied. It is also possible that major overlaps in isotopic ratios would be 

discovered, which would inhibit the method as a means of “typing”  ore from 

different localities. 

 

Changing mine production with time 
Figure 13A shows the schedule for mining the Oktyabr’sk deposit over the period 

2000-2045. In Figure 13B, the zoning of the mineralisation is superimposed on 

the schedule. The superimposition is only approximate, since it was 

accomplished with data from the literature, and information obtained during a 

recent visit to the mine. The zoning is very marked, with large changes in metal 

ratios occurring throughout the deposit. While mining will probably be undertaken 

to provide a mill feed that is as constant in composition as possible, inevitably 

there will be changes as time progresses. While this aspect is very strongly 

marked at this deposit, similar variations can be expected with time at a number 

of deposits. This example illustrates the necessity for a constant monitoring of 

mine and downstream products over the life of a mine if a strong case is to be 

made for the reliable “typing” of products from individual producers. With regard 

to the discriminant diagrams used here, variations that are likely to result from 

the changing nature of the ore mined from the Oktyab’sk deposit have been 

covered by considering different types of Noril’sk ore separately. 

 

Note on similarities/dissimilarities between compositions of ores and 
downstream products 

After receiving copies of the minutes of the October board meeting (on 8th 

November) I noted that quite a few remarks were passed that downstream 

products may have quite dissimilar metal ratios to the ores. This led me to add to 

my ratio plots (Figures 6, 7, 7a, 8, 8a, 9 and 10) data that I was given in 2005 on 

a sample of at risk material that I was informed was thought to have come from 

Noril’sk (referred to here as sample 1). I was not told what kind of product this 

was, but was merely asked to answer several questions relating to its likely 
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provenance, and the unique character of the Noril’sk ores. You have received a 

copy of my answers in your briefing package for our Moscow September 

meeting. Reference to Figure 6 shows that sample 1 has a very much higher 

(Pt+Pd)/(Ni+Cu) [PGE in ppm, Ni&Cu in wt%] ratio than the Noril’sk ores 

themselves. Whatever treatment sample 1 has undergone, this ratio has been 

raised significantly. Reference to Figures 7, 7a, 8 and 8a show that the sample 

has retained a uniquely “Noril’sk” Pd/Ir, Ni/Cu and Pt/Pd ratio. Turning to Figure 

9, the Rh/Ir ratio is somewhat lower than the ratios characteristic of the Noril’sk 

ores, which is indicative that either the data base for Rh on the Noril’sk ores is 

inadequate, or that the processing has suppressed Rh relative to the other PGE. 

Reference to Figure 10 shows the sample to have a very high value of δ34S, 

which was one of the clinching arguments for my expert opinion in 2005. I 

suspect that the sample may be of material processed from the Oktyabr’sk Cu-

rich ore zone, which would fit with both its chemical characteristics as reference 

to Figures 7 and 8 will show, and also explain the high δ34S value (this deposit 

lies within anhydrite-rich country rocks which have even higher value of δ34S than 

the ores themselves.  

Conclusions 

Now that it has been possible to treat scatter diagrams statistically, plots of Pd/Ir 

and Pt/Pd versus Ni/Cu allow one to systematically discriminate nearly all of the 

deposits that could be a source of at risk materials from those at Noril’sk. While 

the envelopes considered here are those of points falling within the groupings of 

the top 80 percent and top 60 of nearest neighbours, given the averaging effect 

inherent in mining, milling and smelting, I am confident that the monthly 

production of the mines considered here would fall within these envelopes. When 

one also considers the (Pt+Pd)/(Ni+Cu) [Pt and Pd in g/t, Ni and Cu in wt%] and 

Rh/Ir ratios, and the sulfur isotope plot, one can characterize Noril’sk ores from 

all others. Some of the metal ratios clearly change during downstream 

processing, but others appear not to.   

 

Appendix 
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In the course of preparing this report, I was asked by the board to consider other 

producers that could be coming on stream in the next few years. I have made a 

preliminary search on the internet and the results are summarized in Table 1. 

With one exception, these deposits are either small or similar in composition to 

those already in production and considered here. Some of the deposits in Table 

1 are scheduled to be processed hydrometallurgically directly from flotation 

concentrate, and the nature of the downstream products from these will have to 

be established in the future. The exception is PolyMet’s NorthMet deposit, which 

has passed a bankable feasibility study using the PlatSol high pressure acid 

leach process. PlatSol has not yet been used on a full production scale, and 

there is some skepticism in the industry of the claim that the aggressive leach to 

be used will not attack the plant itself. However, if the process is successful, it 

could be applied to other deposits in the vicinity of NorthMet. The region at the 

western end of Lake Superior is known as the Duluth complex. The complex 

contains one of the largest known resources of Ni-Cu-PGE sulfide. Thus far it 

has been too low in grade for commercial production, but if the PlatSol 

technology changes the commercial viability, the area could make a major impact 

on PGE products appearing on the market in future. 

 

 

Anthony J. Naldrett 

10th November 2006 
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Owner Deposit Location Ore mined, 2005 Grade Recov Ni Payable N Pt Pd
in '000 t wt% 000 t 000 t 000 oz 000 oz

Lion Ore
85% Phoenix Francistown, 3170 0,37 3,2 2,3 ? ?

Selkirk Botswana

50% Nkomati South Africa 341 1,94 5,6 5,2 8,1 25,2

80% Honeymoon West Aust forecasted 10mt 0,65 14 *** ***
Well

80% Black Swan West Aust 504 2 8,4 7,7 ** **

PolyMet
100% NorthMet Minnesota Construction to  0.09%Ni 514 457 1599

USA start in 2008 0.31%Cu
8,000,000 t/yr

Canadian Royalties
Raglan Ungava forecasted 1.0% Ni
South Canada 900,000 t/yr 1.2% Cu

* Note  LionOre had negotiated a purchase of the Falconbridge Norway refinery, but it is not known how the 
             purchase of Falconbridge by Xstrata will affect this
 ** probably similar to Kambalda. the values of the expansion will be lower, possibly similar to Mt Keith
*** probably similar to Mt Keith

Table 1 (page 1)  Notes on small deposits and new/expanded deposits coming on-stream in the next few years
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Notes on  present processing Future plans

Ni concentrate sold to Centonmetall, smelted at Scoping study for low grade Selkirk deposit
Phikwe-Selibe smelter, Botswana, matte refined at started in March 2006
Rio Tinto Empress refinary, Zimbabwe and at
Falconbridge Norway refinery (FalcNor)*

Cu (+PGE) and Ni flotation concentrates produced. Large scale expansion planned to include 
Cu concentrate processed at Rustenburg, Ni production by 2012. Ore will be much
concentrate at FalcNor* lower grade, but details not released

Bankable feasibilty study due in 2007

Concentrate shipped to Finland (Outokompu) for Expansion expected to add 13,000t Ni/yr
processing

Conventional open cast mining and flotation will
be followed by the PlatSol hydrometallurgical
process (a high pressure acid leach tested on
pilot scale). PolyMet has acquired the Cleveland 
Cliffs Erie plant for processing the ore. Bankable
feasibilty study in hand

Scoping study successful, contract let
on bankable feasibilty study

Table 2 continued (to face page 1 of Table 2)
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Figure 1 Periodic Table 
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