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World demand for the six transition 
elements that comprise the platinum- 
group elements (PGE) (Pt, Pd, Rh, Ru, 
Ir, and Os) currently exceeds 210,000 
kilograms annually, and this rate is ex- 
pected to double by the year 2000 (1). Al- 

in the United Stat( 
with catalytic convei 
increasing numbers, 
PGE will tend to ml 
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cells will play a part 

Summary. Platinum-group elements (PGE) are mined predom 
that have formed by the segregation of molten iron-nickel-copper 
magmas. The absolute concentrations of PGE in sulfides from di 
over a range of five orders of magnitude, whereas those of other c 
vary by factors of only 2 to 100. However, the relative proportions 
in a given deposit are systematically related to the nature of the 
absolute and relative concentrations of PGE in magmatic sulfic 
terms of the degree of partial melting of mantle peridotite reqL 
parent magma and the processes of batch equilibration and frac 
sulfides. The Republic of South Africa and the U.S.S.R. togethe 
97 percent of the world PGE reserves, but significant undevelope 
North America. The Stillwater complex in Montana is perhaps 
example. 

though recycled metal satisfies a small 
proportion of this demand, almost 90 
percent of total consumption is newly 
mined material. The Republic of South 
Africa and the U.S.S.R. together ac- 
count for 92 percent of the mine produc- 
tion, and 7 percent comes from Canada. 
The United States and Japan are respon- 
sible for more than 60 percent of the con- 
sumption of PGE. The main uses of PGE 
in the past have been as catalysts in the 
chemical and petroleum refining indus- 
tries, in electrical components, in jew- 
elry, and in medical and dental appli- 
cations. The production of automobiles 
that incorporated catalytic converters in 
their exhaust systems began in 1974, and 
this is now the largest single use of PGE 
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the concentratioh of native alloys de- 
rived from them have given rise to the 
alluvial deposits responsible for minor 
production in Colombia, the U.S.S.R., 
and the United States (the mine at Good- 
news Bay, Alaska, ceased operation in 

ls in 1976). However, more than 99 percent of 
primary PGE production comes from 

)res sulfide ores that are almost certainly of 
magmatic origin. In this article, we docu- 
ment the abundance of PGE in a wide 

1. Duke range of magmatic sulfide deposits and 
examine the implications of the data for 
models of the formation of the ores and 
also for estimates of the reserves and re- 

es. As automobiles sources of this important group of met- 
rters are scrapped in als. 
,reclamation of the 
oderate the demand 
?ems likely that fuel Magmatic Sulfide Deposits 
t in supplying future 

The formation of a magmatic sulfide 
deposit consists of the following steps: 

inantiy from deposits (i) the generation of a mafic or ultramafic 
sulfides from silicate magma within the mantle; (ii) ascent of 
ifferent deposits vary the magma into the crust; (iii) cooling 
chalcophile elements and the onset of crystallization within or 
; of the different PGE on the crust preceded, accompanied, or 
parent magma. The succeeded by the segregation of immis- 

des are explained in cible sulfide into which Ni, Cu, Co, and 
uired to produce the the PGE partition readily and which thus 
:tional segregation of acts as a collector for these elements; 
r possess more than (iv) concentration of sulfides, commonly 
?d resources occur in by gravitational settling (specific gravity 
the most important of the sulfide liquid - 4, specific gravity 

of the silicate magma - 2.7 to 3.1); (v) 
crystallization of the sulfide liquid into 
the major sulfide minerals pyrrhotite, 

luirements, and, be- chalcopyrite, pentlandite, and pyrite, all 
; contain substantial of which may contain PGE in solid solu- 
talysts, their wide- tion, accompanied or followed by the 
ve a significant posi- crystallization of discrete PGE minerals; 
emand for PGE (2). and (vi) redistribution of the metals of 
imarily siderophile, the ore, including PGE, by hydrothermal 
with the other tran- processes after crystallization but not 
and Co in iron me- necessarily complete cooling; some de- 

lably, in the earth's posits have originated hydrothermally 
f oxygen and sulfur rather than just being modified in this 
in the crust and up- way, but these are relatively uncommon 
, the PGE common- [for example, the Mooihoek pipe in the 
ile behavior. Mafic Bushveld complex in South Africa and 
ious rocks are the the New Rambler Mine in Wyoming (4)]. 
he common crustal 
cks, or their parent 
urce of the PGE in 
ng of the rocks and 
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Magmatic sulfide deposits fall into two 
main categories with respect to the PGE: 
those in which the PGE are the principal 
products extracted from the ore and 
those in which Ni and Cu are the most 
important products and the PGE are by- 
products. The former usually consists of 
sparsely disseminated sulfides that occur 
at particular stratigraphic horizons with- 
in large, generally tholeiitic, layered in- 
trusions. The latter includes many indi- 
vidual deposits associated with a variety 
of mafic and ultramafic rock types. Be- 
cause of their association with specific 
rock types occurring within specific tec- 
tonic regimes, the magmatic sulfide de- 
posits are conveniently classified accord- 
ing to their petrotectonic setting (5). The 
following four settings account for more 
than 95 percent of the known Ni-Cu sul- 
fide ores: 

1) Setting I, noritic rocks associated 
with an astrobleme (the scar resulting 
from meteorite impact). The only ex- 
ample of this type is the Sudbury mining 
camp in Canada. 

2) Setting II, intrusive equivalents of 
flood basalts associated with intra- 
continental rifting. Important examples 
include the Noril'sk camp of Siberia (6) 
and the as yet undeveloped deposits at 
the western edge of the Duluth complex 
in Minnesota (7, 8). 

3) Setting III, rocks emplaced during 
the early stages of formation of Pre- 

Table 1. Petrotectonic setting of the magmatic 
sulfide deposits referred to in this article. The 
PGE determinations have been carried out at 
the University of Toronto for all deposits ex- 
cept those marked with an asterisk, for which 
data have been taken from other sources, and 
those in italics, for which no data are includ- 
ed. 

Setting I 
Little Stobie I (Sudbury, Ontario) 
Little Stobie 2 (Sudbury, Ontario) 
Levack West (Sudbury, Ontario) 

Setting II 
Minnamax (Duluth complex, Minnesota) 

*Noril'sk (Siberia, U.S.S.R.) 
Setting IIIA 
Montcalm (Timmins, Ontario) 
Lynn Lake (Manitoba) 
Pechenga (Kola peninsula, U.S.S.R.) 

Setting IIIB 
Langmuir (Timmins, Ontario) 
Mount Edward (Western Australia) 

*Kambalda (Western Australia) 
Donaldson West (Ungava, Quebec) 
Katiniq (Ungava, Quebec) 
Pipe (Thompson, Manitoba) 

Setting IV 
R&na (Norway) 

Setting uncertain 
*Stillwater (Montana) 
*Bushveld (South Africa) 
Espedalen (Norway) 

cambrian greenstone belts and com- 
prising two main types: A, tholeiitic in- 
trusions such as those hosting the ores of 
the Pechenga Ni camp in the Kola penin- 
sula, U.S.S.R. (9), and Lynn Lake, 
Manitoba, Canada; and B, komatiitic la- 
vas and intrusions, in particular the 
more ultramafic variants. Ultramafic 
komatiites (10), extruded at temper- 
atures of 1500? to 1600?C, are restricted 
to the Archean and are hosts to impor- 
tant sulfide deposits in the Abitibi region 
of Ontario and Quebec, Zimbabwe Rho- 
desia (11), and, in particular, the Kam- 
balda camp of Western Australia (12). 
Rocks believed to be komatiitic (13) are 
hosts to the deposits in the Thompson 
area of Manitoba and to rich deposits, as 
yet unmined, in the Ungava peninsula of 
Quebec. 

4) Setting IV, tholeiitic intrusions, 
generally synorogenic, are hosts to de- 
posits of lesser importance in Phanero- 
zoic orogenic belts [for example, the 
R?na deposit, Norway (14)]. 

Figure 1 shows the amount of Ni con- 
tained in past production and known re- 
sources of deposits in each of these four 
petrotectonic settings. In Table I we 
classify the deposits discussed in this ar- 
ticle according to their settings. Al- 
though the Sudbury camp (setting I) has 
dominated past production of Ni-Cu sul- 
fide ores, it is evident that deposits asso- 
ciated with komatiites (setting IIIB) and 
particularly those hosted by the intrusive 
equivalents of flood basalts (setting II) 
will have greater relative importance in 
the future. These Ni-Cu sulfide deposits 
currently account for more than half of 
world PGE production. There are two 
important examples of magmatic sulfide 
deposits in which the PGE are the prin- 
cipal metals of interest. The Bushveld 
complex of South Africa, which is the 
source of 46 percent of PGE production, 
is emplaced in a cratonic environment 
but there is no close association with 
flood basalts. The tectonic setting of the 
Stillwater complex in Montana, which 
contains significant undeveloped depos- 
its, is uncertain since only a small por- 
tion of the original host rocks is pre- 
served and the remaining boundaries of 
the intrusion are faults and uncon- 
formities of very much younger age. 

Data on PGE 

The almost complete absence of re- 
liable published data on the concentra- 
tions of PGE in Ni-Cu sulfide ores led to 
the inception of this study. Analysis for 
the full range of PGE based on the use of 
earlier techniques presented problems 

inasmuch as the detection limits for Ru, 
Ir, and Os were not low enough for our 
purpose. Neutron activation gamma-ray 
spectrometry is much more sensitive, 
but the small sample size (typically less 
than 500 milligrams) was a limiting fac- 
tor. The distributions of PGE in ores are 
very heterogeneous, and earlier experi- 
ence had indicated that a sample size of 
at least 50 grams was necessary to over- 
come this problem. 

Method of analysis. We developed a 
Ni sulfide fire assay method (15), adapt- 
ing the procedure described by Robert et 
al. (16). We produced Ni sulfide assay 
buttons by utilizing Ni already present in 
the sample; these buttons were crushed 
and leached with hydrochloric acid, and 
the leach residue was analyzed by neu- 
tron activation. Every sample has been 
analyzed in duplicate, and, where dupli- 
cate analyses did not agree to within 20 
percent, replicate analyses were per- 
formed until satisfactory agreement was 
obtained. Information on detection lim- 
its, precision, and accuracy is given by 
Hoffman et al. (15), and the sampling 
procedures are the same as those de- 
scribed by Naldrett et al. (17). In addi- 
tion to the concentrations of Pt, Pd, Rh, 
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Fig. 1. Quantity of Ni metal contained in total 
past production, present reserves, and other 
identified resources of magmatic sulfide de- 
posits. The deposits are classified according 
to their petrotectonic settings as described in 
the text. Reserves comprise known ores that 
are currently minable at a profit, whereas oth- 
er resources include those known deposits 
that are not economically viable at present but 
which are likely to undergo development in 
the foreseeable future. The other resources 
present at Sudbury (setting I) and at Noril'sk 
(included in setting II) are not known but have 
been conservatively estimated to be one-half 
of the reserves. 
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Ru, Ir, Os, and Au determined by the fire 
assay and neutron activation method, 
the results reported below include the 
concentrations of Ni and Cu determined 
by x-ray fluorescence and Co analyses 
by atomic absorption. 

Analytical results. It is beyond the 
scope of a study of this kind to determine 
the precise grade of PGE within any giv- 
en ore deposit, as this would require 
many thousands of analyses of the de- 
posit. Since the deposits are believed to 
have been formed by the segregation and 
crystallization of a sulfide liquid, it has 
been our aim to characterize the compo- 
sition of this liquid. We have assumed 
that pyrrhotite, pentlandite, and chal- 
copyrite are the only sulfide minerals 
present and have then used the concen- 
trations of Ni, Cu, and S in each sample 
to recalculate the analyses on the basis 
of 100 percent sulfide. There is an uncer- 
tainty in our assumption that the PGE 
content of each of a series of samples 
from a given deposit is directly propor- 
tional to the sulfide content of the sanple 
in question. The fact that our results are 
calculated as arithmetic means rather 
than as averages weighted according to 
the proportions of different ore types in 
each deposit introduces another uncer- 
tainty. However, the numbers of sam- 
ples of each ore type generally reflect the 
proportions present within the ore body. 
When an ore type that we know is pres- 
ent in insignificant amounts has PGE val- 
ues that would greatly distort the deposit 
mean, we have omitted it from the calcu- 
lation. We have found it necessary to do 
this with only five samples out of the sev- 
eral hundred studied so far. 

The means of sample data recalculated 
to 100 percent sulfide are given for a se- 
ries of deposits in Table 2 together with 
the standard errors of the means. The 
means, normalized on the basis of the 
elemental abundances in type I carbo- 
naceous chondrites (Cl), are shown in 
Figs. 2 through 5. The normalization pro- 
duces trends which, when the elements 
are plotted in the order of their melting 
points, are much more regular than those 
that would be obtained if the unnormal- 
ized data were plotted. We used elemen- 
tal abundances in Cl chondrites because 
they are believed to be the best available 
indication of cosmic abundances. The 
actual numerical data used for the nor- 
malization are included in Table 2. The 
standard errors of the deposit means are 
relatively large. We believe that this re- 
flects the redistribution of elements with- 
in the deposits after emplacement of the 
sulfide liquid by such processes as frac- 
tional crystallization of the sulfide, dif- 
fusion of elements in response to thermal 
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Fig. 2. Average chondrite-normalized PGE 
and Au concentrations in the sulfide fraction 
of ore deposits associated with classic, ultra- 
mafic komatiites. 

gradients, and hydrothermal activity. 
However, we are concerned here with 
inter-, rather than intradeposit, variations 
and thus are more interested in how well 
our mean represents a given deposit than 
in how close the analysis of any one 
sample is to the deposit mean. 

Data for three komatiite-related de- 
posits are illustrated in Fig. 2, and Fig. 3 
shows data for three Sudbury deposits. 
The sulfides of komatiitic affinity are 
characterized by a relatively flat pattern 
with concentrations generally within a 
factor of 2 of their chondritic abun- 
dances, whereas the Sudbury ores are 
characterized by a pattern sloping steep- 
ly upward from left to right with Pd 
about four times, Pt about twice, and Ru, 
Ir, and Os about one-tenth their abun- 
dance in C1 chondrite. Data for three de- 
posits of gabbroic affinity (Espedalen, 
Montcalm, and Minnamax) are com- 
pared with the fields defined by the Sud- 
bury and komatiite data in Fig. 4; also 
shown are data for the Merensky Reef in 
the Bushveld complex (13), the picritic 
gabbro hosted deposits of Noril'sk-Tal- 
nakh in Siberia [overall grade taken from 
Newman (18), proportioned according to 
the ratios of the metals given by Glaz- 
kovsky et al. (6)], and Pt and Pd in the 
Johns-Manville Company zone of inter- 
est in the Stillwater complex in Montana 
[the data from Conn (19) were recalcu- 
lated to 100 percent sulfide on the basis 
of an estimate of 1.5 percent sulfide in 
the ore zone (20)]. These gabbro-related 
deposits all have steeply sloping PGE 
patterns similar to those characteristic of 
Sudbury, but the concentrations of the 
PGE vary enormously among the depos- 
its; for example, Pt in the Montcalm 
sulfides is only 1/30 that at Sudbury, 
whereas the Noril'sk sulfides have six 
times as much Pt as those at Sudbury 
and the Merensky sulfides 120 times as 
much. 

Data for other deposits related to mag- 
1420 

mas believed to have been komatiitic but 
differing in some respects from the 
"classic" komatiites discussed above 
are plotted in Fig. 5. These include the 
Katiniq and Donaldson West deposits in 
the Ungava peninsula and the Pipe Mine 
near Thompson, Manitoba. Pipe ore has 
the relatively flat pattern characteristic 
of the deposits hosted by classic koma- 
tiites, but the concentrations of Pt and 
Pd are about an order of magnitude 
lower than the komatiitic sulfides, and 
the abundances of Ru, Ir, and Os are 
lower by factors of 2 to 4. The Ni and Cu 
contents of the Pipe sulfides are also sev- 
eral times lower than those of the koma- 
tiitic deposits. The PGE patterns of the 
Katiniq and Donaldson West deposits 
have rather steep slopes and in this re- 
spect are more similar to the patterns of 
the Sudbury sulfides than to those of the 
classic komatiites. However, although 
these ores are believed to have segregat- 
ed from komatiitic magmas, it is thought 
that the magmas were much less ultra- 
mafic than classic komatiite liquids. For 
example, it has been suggested that the 
maximum magnesium oxide content of 
the parent magmas of the Ungava depos- 
its was about 16 percent (by weight) (21), 
whereas the concentrations in the mag- 
mas that gave rise to the Kambalda ores 
were probably between 20 and 26 per- 
cent (22). 

Discussion 

General observations. The study of 
the compositions of magmatic sulfide 
ores is in its early stages, and a detailed 
interpretation of the data at the present 
time would be unwise. However, the fol- 
lowing general features warrant dis- 
cussion. 

1) The chondrite-normalized PGE 
patterns of magmatic sulfides are sys- 
tematically related to the composition of 
the igneous host rocks. In particular, the 
(Pt + Pd)/(Ru + Ir + Os) ratios are low- 
est in sulfides associated with rocks that 
have crystallized from the most ultra- 
mafic magmas. The sulfides associated 
with peridotitic komatiites, which have 
crystallized from magmas containing 
more than about 20 percent MgO, have 
(Pt + Pd)/(Ru + Ir + Os) ratios of 2.0 
or less. Ratios of 13 or more are charac- 
teristic of magmatic sulfide deposits re- 
lated to gabbroic rocks that have crystal- 
lized from magmas containing less than 
about 12 percent MgO (the Espedalen 
deposit is an apparent exception with a 
ratio of 5.7). The (Pt + Pd)/(Ru + Ir 
+ Os) ratios of 5.2 and 7.3 in the two 
Ungava deposits thus seem to be con- 
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Fig. 3. Average chondrite-normalized PGE 
and Au concentrations in the sulfide fraction 
of ores from Sudbury, Ontario. 

sistent with the idea that their parent 
magmas contained about 16 percent 
MgO. 

2) Despite the similarity of the PGE 
patterns for deposits of a particular mag- 
matic association, the absolute PGE con- 
centrations vary greatly in a way that 
shows no obvious relationship to mag- 
matic affiliation. A number of processes 
may operate to redistribute metals within 
an ore body after emplacement of the 
molten sulfide, but, although these pro- 
cesses may be responsible for many of 
the variations within a given deposit, 
they cannot account for the variations of 
PGE concentrations among deposits of 
the same magmatic association. We will 
argue below that the observed variations 
in the abundances of PGE and other met- 
als in magmatic sulfide ores in large part 
reflect differences in the concentrations 
of these elements in the silicate magma 
from which the sulfide segregated and al- 
so the relatie amount of magma with 
which the sulfide equilibrated. 

Variation of PGE concentration in 
magmas with the degree of partial melt- 
ing in the mantle. There is little doubt 
that the parent magmas of the sulfide de- 
posits in question were ultimately de- 
rived by partial melting of mantle perido- 
tite, and it is relevant to consider how 
the PGE would behave during this pro- 
cess. Ross and Keays (22) have found Ir 
and Pd concentrations of 5.7 and 0.21 
parts per billion (ppb), respectively, in 
olivines from Western Australian koma- 
tiites, whereas rocks representing the 
parent liquid composition contain about 
1.4 and 10 ppb, respectively. These and 
other data (3) indicate that Ir partitions 
into olivine in preference to silicate liq- 
uid but that Pd concentrates in the liquid 
relative to olivine. It seems reasonable 
on the basis of similarities of other chem- 
ical properties to assume that the behav- 
ior of Pt is similar to that of Pd, whereas 
Ru and Os exhibit the behavior of Ir. 
Little is known of the abundance and dis- 
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tribution of the PGE in the mantle. How- sul 
ever, it is likely that the PGE are concen- eqi 
trated in sulfide minerals (and possibly the 
spinel) that are generally present in mi- tra 
nor quantities in mantle peridotite. This by 
concentration would be less pronounced val 
for Os, Ir, and Ru owing to their stronger vai 
affinity for olivine, the most abundant we 
mineral. During partial melting, the sul- ure 
fides and spinel would be consumed 
early, whereas olivine would be the most 
refractory phase. Once the sulfides have 3( 
dissolved in the melt, Pt and Pd would be 
concentrated in the silicate liquid frac- 
tion but Ir, Ru, and Os would partition 
into the olivine in the solid residuum. 
Thus melts resulting from low degrees of 
partial melting would contain much of ? 
the available Pd and Pt but smaller pro- " 

portions of the Ir, Ru, and Os, whereas , 
more advanced melts, incorporating = 
more olivine, would be richer in Ir, Ru, - 
and Os. The composition of the silicate = 
melt would be reflected in any sulfide liq- I 
uid that subsequently segregated from it, 
and this may account in part for the high 
(Pt + Pd)/(Ru + Ir + Os) ratios in de- 
posits related to basaltic magmas as 
compared to those related to komatiitic - 
magmas. This effect would be com- 
pounded if, as indicated by data on rare- I 
earth and other trace elements, the 
ultramafic komatiites are generated in c 
a part of the mantle that has under- 
gone an earlier, limited partial melting 
(23) and which is therefore depleted 
in Pt and Pd. 0 

Data on the abundance of PGE in ba- 
salts are few and limited mainly to Pd Fg an( 
and Ir. Crocket (3) reported that mid- of 
ocean ridge basalts contain an average of Thl 
0.7 ppb Pd and 0.06 ppb Ir but cautioned dat 
that these averages represent upper lim- 
its because the concentrations in many 
samples were below the analytical detec- 
tion limits. Continental flood basalts are 
much richer in these elements, contain- 
ing an average of 6 ppb Pd and 0.1 ppb Ir. I 
The mid-ocean ridge basalts are typically 2 
depleted in light relative to heavy rare- . 
earth elements and have low concentra- o 
tions of other incompatible elements, in- 
dicating that they were generated in a 
part of the mantle from which an earlier ? 
partial melt fraction had been extracted. 
Removal of Pd from the source region I 
during an earlier partial melting episode . 

may account for the lower Pd concentra- g 
tions and Pd/Ir ratios of the mid-ocean 
ridge basalts as compared with the conti- 
nental flood basalts which, according to ? 
trace element data (24), were derived 
from undepleted mantle. c 

Relationship between the PGE content Fig 
of silicate magma and immiscible sul- and 
fide. The distribution of a metal between of 

lfide and silicate liquids coexistin 
uilibrium may be expressed in term 
: partition coefficient D, the cone 
tion of the metal in the sulfide divi 
its concentration in the silicate. 

lues of D for Ni, Cu, and Co that 
il in basaltic systems are reason. 
11 established, and some typical 
es are as follows: Ni, 275; Cu, 245; 
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g at Co, 80 (25). Although precise determina- 
is of tions of D for Pt and Pd have not yet 
cen- been achieved, the best currently avail- 
ided able estimates are 1000 for Pt and 1500 
The for Pd (17, 26). In general, partition coef- 
pre- ficients vary as a function of temper- 
ably ature, pressure, and the bulk composi- 
fig- tions of the two phases. However, ex- 
and perimental studies (25, 27) indicate that 

rather small changes in the values of D 
for Ni, Cu, and Co may be expected 
within the range of temperatures and 
bulk compositions encountered in basal- 
tic magmas, and a variation of at most a 
factor of 2 or 3 is possible between basal- 
tic and ultramafic liquids. There is little 

- reason to believe that the partition coef- 
ficients of the PGE would vary by factors 
greater than those of the other chalco- 
phile elements. In other words, the range 

k of several orders of magnitude in the 
concentrations of PGE in magmatic sul- 
fides cannot be explained as being due 
mainly to equilibration under different 
conditions of temperature, pressure, and 
the chemical potentials of components 
other than the PGE. 

The analyses in Table 2 suggest that 
the PGE contents of magmatic sulfides 
are generally consistent with the knowl- 
edge, albeit rather limited, of the D val- 
ues of the PGE and their concentrations 
in magmas. For example, the concentra- 
tion of Pd in rocks representative of mag- 
ma compositions ranges from less than 
0.1 ppb to about 30 ppb (3, 22). If these 

t limits are multiplied by 1500, the inferred 
value of D, the range of Pd concentra- 

n tions of molten sulfides in equilibrium 
icks. with these magmas is from 150 to 45,000 
y the ppb. 

Magmatic sulfides with very low PGE 
values. The sulfides from the Pipe and 
Montcalm deposits have PGE concentra- 
tions that are very low in comparison to 
other deposits of their respective types. 
Such low abundances imply either that 
the parent magmas were generated in 
parts of the mantle that contained anom- 
alously low concentrations of PGE or 
that PGE were removed from the mag- 
mas subsequent to their generation. 
There are two processes whereby the 
mantle may be depleted in PGE. The evi- 
dence discussed above indicates that 
partial melting followed by the extrac- 
tion of a molten silicate fraction can de- 

/ plete the residuum in Pt and Pd but 
not in RU, Ir, and Os. The solid frac- 
tion would also be enriched in Ni and de- 
pleted in Cu. Therefore, subsequent par- 
tial melts and their derivative sulfides 

Iu I would be relatively Ni-rich and would 
PGE have high Ni/Cu and low (Pt + Pd)/ 
.tion (Ru + Ir + Os) ratios. Alternatively, 
cks. Naldrett (28) has described a process by 
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Table 3. World production, reserves, and other resources of PGE for 1977 by country (1). The 
U.S. production is a by-product of Cu refining. 

Production Reserves Other resources 

Country Percent Percent 03 Percent 
of of of 

kg total kg total kg total 

Republic of 
SouthAfrica 91.8 46.1 18,000 72.3 43,540 69.6 

U.S.S.R. 90.2 45.3 6,220 25.0 6,220 10.0 
Canada 14.6 7.3 280 1.1 220 0.4 
Colombia 0.8 0.4 30 0.1 120 0.2 
United States 0.2 0.1 30 0.1 9,300 14.9 
Others 1.5 0.8 320 1.3 3,110 4.9 

Total 199.1 100.0 24,880 100.0 62,510 100.0 

which sulfide could be removed from a 
region of the mantle under certain condi- 
tions through the downward percolation 
of molten droplets. The part of the 
mantle from which the sulfide was ex- 
tracted would be depleted in Ni and Cu 
as well as PGE and would be left with a 
higher Ni/Cu ratio and a lower (Pt + Pd)/ 
(Ru + Ir + Os) ratio, owing to the pref- 
erence of olivine for Ni relative to Cu 
and for Ru, Ir, and Os relative to Pt and 
Pd. It is unlikely that either of these 
processes can account for the low con- 
centrations of PGE in the Pipe and Mont- 
calm sulfides because both deposits have 
Ni/Cu and (Pt + Pd)/(Ru + Ir + Os) ra- 
tios similar to other deposits of their re- 
spective types. It is more probable that 
their compositions reflect the subsequent 
removal of PGE from their parent mag- 
mas. 

Sulfide segregated (%) 

log R 

Fig. 6. Variation of the concentration of Ni, 
Cu, and Pd in sulfide liquid segregating from a 
gabbroic magma as a function of the ratio 
R = mass of the silicate magma/mass of the 
sulfide liquid. It is assumed that the magma 
initially contains 375 ppm Ni, 100 ppm Cu, 7 
ppb Pd, and 0.3 percent sulfide in solution. 
The upper scale indicates the resultant R val- 
ue if 1, 10, 25, or 100 percent of the dissolved 
sulfide is segregated in a single batch. The 
vertical dotted line indicates the R value re- 
quired to produce a sulfide liquid containing 
17 ppb Pd. 
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The oxygen fugacity in most terrestrial 
magmas precludes the presence of metal- 
lic phases at near-liquidus temperatures. 
Accordingly, equilibration with sulfide is 
the only known mechanism that can ef- 
fectively remove PGE from these mag- 
mas. Removal of metal by sulfide can be 
viewed in terms of two end-members. 
The first is the equilibration of a batch of 
sulfide with the magma as a single event, 
followed by the concentration of the sul- 
fide as an ore. The second is the segrega- 
tion and removal of small amounts of sul- 
fide continuously during fractional crys- 
tallization of the silicate magma, that is, 
fractional segregation of sulfide. 

Campbell and Naldrett (29) have dis- 
cussed the concept of batch equilibration 
with special reference to the relationship 
between sulfide ore composition and the 
mass ratio of silicate magma to sulfide 
liquid (R). Naldrett et al. (17) have 
shown how variations in R can account 
for differences in the compositions of 
certain ores of komatiitic affinity, and, in 
particular, have demonstrated that the 
Pipe deposit may have resulted from the 
equilibration of a magma with a relative- 
ly large batch of sulfide liquid. The appli- 
cability of the batch equilibration model 
to the Montcalm sulfides will be exam- 
ined below. The gabbro that hosts the 
Montcalm deposit is poorly exposed, 
and an estimate of the parent liquid com- 
position may not yet be made from field 
data. However, the composition of an 
Fe-rich tholeiitic hyaloclastite [table 6, 
analysis 1 in (30)] is thought to be repre- 
sentative of the compositions of the par- 
ent liquids of many gabbroic intrusions 
and flows in the Archean volcanic suc- 
cessions of northeastern Ontario. This 
magma is relatively primitive, containing 
13.7 percent (by weight) MgO, 375 parts 
per million (ppm) Ni (30), and 7 ppb Pd 
(31). No data on the Cu content of this 
sample is available, but analyses of simi- 
lar material indicate that 100 ppm is a 
reasonable estimate. Experimental stud- 

ies (32) indicate that a gabbroic magma 
will dissolve about 0.1 percent (by 
weight) sulfur, which is equivalent to 
about 0.3 percent Fe monosulfide. The 
calculated compositions of the sulfide 
liquids formed if 100, 25, 10, and 1 per- 
cent of the total quantity of sulfide dis- 
solved in the magma were instantaneous- 
ly forced out of solution are illustrated in 
Fig. 6. The precise reason why sulfides 
suddenly segregate from a silicate mag- 
ma to form a magmatic ore is not fully 
understood, but processes such as as- 
similation of siliceous country rocks (33) 
or oxidation (34) have been suggested. 
Whatever the process, it is unlikely that 
all of the dissolved sulfide would segre- 
gate at any given instant. Ten percent is 
perhaps a maximum proportion, in 
which case the sulfide would contain 7.1 
percent Ni, 2.2 percent Cu, and 7200 ppb 
Pd. If, as is more probable, 1 percent of 
the sulfide dissolved in the magma were 
to segregate in a single batch, it would 
contain 7.5 percent Ni, 2.4 percent Cu, 
and 10,000 ppb Pd. Although these con- 
centrations are within the range ob- 
served in deposits of gabbroic affiliation, 
they are significantly higher than the 4.3 
percent Ni, 1.4 percent Cu, and 17 ppb 
Pd that we report in the Montcalm sul- 
fides. If 100 percent of the sulfide dis- 
solved in the model gabbro magma sepa- 
rated in one stage, it is evident from Fig. 
6 that the sulfide would contain similar 
amounts of Ni (4.7 percent) and Cu (1.4 
percent) to the actual deposit, but the 
concentration of Pd (1900 ppb) would be 
more than 100 times greater. An R value 
even lower than that resulting from the 
separation of 100 percent of the sulfide 

10 20 30 40 50 

Magma crystallized (mole %) 

Fig. 7. Variation of the concentration of Ni, 
Cu, and Pd in sulfide liquid fractionally segre- 
gating from a crystallizing gabbroic magma as 
a function of the percentage of the initial mass 
of magma that has crystallized. The initial 
magma composition is the same as that used 
for the batch equilibration calculation illus- 
trated in Fig. 6. The vertical dotted line in- 
dicates the amount of fractional crystalliza- 
tion necessary to produce a sulfide liquid con- 
taining 17 ppb Pd. 
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dissolved in the magma may prevail if, 
for example, the magma assimilated 
country rock sulfide (17). The R value in 
the model calculation would have to be 
reduced to 1.5 to produce a sulfide with 
17 ppb Pd, and such a low ratio is unlike- 
ly in nature. Moreover, the Ni (0.09 per- 
cent) and Cu (0.02 percent) contents of 
the resulting sulfide are very much lower 
than the observed concentrations. Con- 
sequently, we conclude that batch equili- 
bration is not a satisfactory explanation 
for the very low PGE concentrations in 
the Montcalm deposit. 

Duke and Naldrett (35) have stressed 
the major effect that fractional segrega- 
tion of sulfide can have on the concentra- 
tions of chalcophile metals in a crystal- 
lizing, olivine-rich magma. For the pres- 
ent study, their program has been modi- 
fied to include the fractional removal of 
plagioclase and pyroxene as well as oli- 
vine and sulfide, and to allow the propor- 
tions of phases separating to be varied 
during ongoing fractionation. A calcu- 
lation was carried out with the use of the 
same parent magma composition as for 
the batch equilibration model above, and 
separating olivine, calcic pyroxene, and 
plagioclase in proportions consistent 
with those observed in the cumulate 
zone of the flow from which the hyalo- 
clastite used as the parent magma com- 
position was collected [figure 12 in (30)]. 
It was assumed that the magma was satu- 
rated with sulfide during fractional crys- 
tallization, and the variation of the re- 
sulting fractionally segregated sulfide is 
illustrated in Fig. 7. After segregation of 
4.2 molecular percent olivine, 37 percent 
pyroxene, 8.2 percent plagioclase, and 
0.45 percent sulfide, the separating sul- 
fide contains 4.0 percent (by weight) Ni, 
1.3 percent Cu, and 17 ppb Pd. These 
concentrations match those in the actual 
Montcalm sulfide very well. Concentra- 
tion of sulfides segregating at this stage 
in the crystallization of the intrusion 
would therefore account for the compo- 
sition of the ore, and we conclude that 
the fractional segregation model is a vi- 
able explanation of the origin of the 
Montcalm deposit. 

Magmatic sulfides with very high PGE 
values. The concentrations of PGE in the 
Bushveld and Stillwater sulfides are 
greater than those typical of the Ni-Cu 
sulfide deposits by one to three orders of 
magnitude. It follows from the dis- 
cussion above that the simple magmatic 
segregation model for the origin of these 
deposits requires that either the partition 
coefficients of the PGE or their concen- 
trations in the parent magmas (or a com- 
bination of both factors) were 10 to 1000 

27 JUNE 1980 

4), 

34) 

o -o 

C,~4 

C- .0~ 

04)Z 

Cj4C 

0~.COt 

4) 00 

e0 0 

oa 

0~ 

4) 
.0 >] 

.u- 

0" 

0> 

0-az 
d0 (I 

0 -o d 
cO4)k 

Ci,.f 

4)CO 
(-.04 

C- - 
0o 4 
- C- 

(n Q) 0 
( -. 0 

~4) 4)q~ 

.0 C's >1~ 
F 4-0 , 

0 

mO 
C0 

x 
w 

C-4 
0 

4) a) 
0 
0 
4) 4.) 

-U. 

4.) 

0 

to 

x 
CO 

a, 
4- 

cu 
L. 

m 

4) 

Vo en (ON m C,4 

?J d v; 4 - C a-, 
Cl C - 4 0" 

C" " 00 \0 
.? Cj (-.; 6 C o p I" t t-? 

0 
0 
14 

00 0 0 

r- 00 m C, I. 00 Z 
C- l0" = t n. ~ 

0 

0 
0 z 

"tt -0C 
ON-4 C,C Cl '*00 
Cl) N '" A 

t, CI 

0 
W) 0; ' * 000 o 0 '* 

~0Cl Cl' 00'* - 4 

00 00 1o CNr 

00 C lC df 
eq W)0 r 

6 En 
0 

4) C) 

oZ 
0 to 

, 0 
4) c 

4.) 

4) 

C4 

aa 

ON 

00 00 

00 tr-en re) N ? 
0=; Cl e'N -; - 

N 

4) 
0 

E 

-c 

3 s; 

0,, 

0 ~C 

CO 
"' 

'-4 
4) 

0r f 
4) 

CO) 

0 c 
>"" CZ - N. 02 

0 e 0> = ' CO 

.0 = -' 

U) --61 Z)4 Z 5 z(- 

times higher than usual. We think it is 
improbable that the partition coefficients 
that prevailed in the Bushveld and 
Stillwater magmas were higher than our 
estimated values by a factor of 10 or 
more. It is conceivable that regions of 
the mantle might become enriched in 
PGE, thereby giving rise to PGE-rich 
magmas upon partial melting. For ex- 
ample, the process of downward migra- 
tion of sulfide alluded to above (28) could 
produce zones of sulfide accumulation in 
the mantle that would be enriched in 
PGE. Partial melts of such sulfide-rich 
zones would be expected to carry rela- 
tively large amounts of dissolved sulfide 
and would therefore become saturated 
with sulfide rather early in their evolu- 
tion. This model would not seem to ac- 
count for either the Bushveld or Stillwa- 
ter deposits inasmuch as each consists of 
horizons of sparsely disseminated sul- 
fides occurring some distance above the 
base of a layered intrusion. 

A number of processes have been pro- 
posed to account for the extremely high 
PGE tenor of the sulfides of the Meren- 
sky Reef of the Bushveld complex. 
Stumpfl (36) has suggested that hydro- 
thermal solutions have upgraded the 
ores. Hiemstra (37) has proposed that 
Fe-Pt alloy rather than sulfide served as 
the collector for the PGE. Von Gruene- 
waldt (38) has suggested that the Meren- 
sky sulfides have been upgraded after 
their deposition as a result of interaction 
with ascending magmatic fluids, com- 
pressed out of the underlying pile of 
cumulates. There is little evidence in fa- 
vor of any of these hypotheses, and we 
must conclude that the origin of these 
magmatic sulfides with very high PGE 
values remains uncertain. 

Production, Reserves, and 

Resources of PGE 

World production, reserves, and re- 
sources of PGE for 1977, estimated by 
the U.S. Bureau of Mines, are summa- 
rized in Table 3. Most of the South Afri- 
can production is from the Merensky 
Reef of the Bushveld complex (38). Be- 
cause the PGE are their principal prod- 
uct, the South African mines are able to 
tailor production to meet demand. The 
PGE output of the U.S.S.R. comes 
mainly from the Noril'sk-Talnakh region 
of Siberia, and Canadian production is 
largely from Sudbury. In each case, the 
PGE are by-products of Ni-Cu sulfide 
mines, and output is therefore deter- 
mined by the prevailing demand for Ni 
and, to a lesser degree, Cu. Although 
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South Africa and the U.S.S.R. produce 
approximately equal amounts of PGE, 
the South African ores have a Pt/Pd ratio 
of 2.5 whereas the ratio in the Noril'sk 
sulfides is 0.4 (Table 2). Accordingly, 
South African producers largely control 
the supply and price of Pt, and the 
U.S.S.R. is in a similar position with re- 
spect to Pd. 

South Africa has a much greater share 
of reserves and resources than of current 
production. World reserves of PGE are 
sufficient to satisfy mankind's require- 
ments for many decades, even if the 
growth in demand should be somewhat 
greater than the 2.6 percent per year that 
has been predicted for the remainder of 
this century (1). Nevertheless, because 
production and reserves are dominated 
by only two countries, the PGE are con- 
sidered to be strategic mineral com- 
modities by many industrialized nations. 
The PGE resources in the Stillwater 
complex in Montana and the Duluth 
complex in Minnesota are significant in 
this context. The economic viability of 
the Duluth deposits has yet to be demon- 
strated in the form of a producing mine, 
but one company (Amax) is engaged in 
underground exploration and another 
(Inco) has plans for a surface mine that 
are currently in abeyance as a result of 
environmental impact considerations. If 
large-scale mining does occur, the Du- 
luth ores would become an important 
source of PGE, albeit one tied to the pro- 
duction of Cu and Ni. The Stillwater de- 
posit grades as high in Pt and four times 
as high in Pd as the Merensky Reef over 
a mining width twice as great (2 meters 
as compared with less than 1 meter). The 
deposit is of particular interest since it 
could be mined for PGE alone and its ec- 
onomic viability would not depend upon 
the world Ni market. Potential obstruc- 
tions to the development of this deposit 
include the opposition from an environ- 
mental lobby and the fact that the miner- 
alized zone is rather disjointed as a con- 
sequence of faulting. It has been esti- 
mated that development of the Stillwater 
deposit would make the United States 
virtually self-sufficient in Pd and satisfy 
one-quarter of its demand for Pt (1). 

The data on the concentrations of Ni 
and PGE in magmatic sulfides (Table 2) 
have been combined with published re- 
serves and resources of Ni to yield our 
estimates of the reserves and resources 
of the various PGE in Table 4. For this 
purpose, it has been assumed that the 
data for the ores that we have studied 
may be taken as representative of the 
other deposits in the same camp. For ex- 
ample, the concentrations found in the 

Pipe ore were used to calculate the re- 
serves of the Thompson camp. These es- 
timates suggest that the proportion of 
PGE supply derived as a by-product of 
the mining of Ni-Cu ores will be much 
less in the future than it is at present. 

Conclusions 

The following conclusions may be 
drawn from this study: 

1) The PGE concentrations in the sul- 
fide fraction of magmatic sulfide deposits 
range from 58 ppb Pt and 17 ppb Pd in 
the relatively massive Montcalm deposit 
to approximately 300,000 ppb Pt and 
1,000,000 ppb Pd in the stratiform, 
sparsely disseminated sulfides in the 
Stillwater complex. However, the major- 
ity of deposits that we have studied con- 
tained from 330 to 4130 ppb Pt and from 
250 to 15,530 ppb Pd. Concentrations 
within and below these ranges may be 
due to either batch equilibration or frac- 
tional segregation of sulfide. The reason 
for the very high concentration of PGE 
in sulfides from some deposits remains 
unclear. 

2) Despite the very large range of ab- 
solute PGE concentrations, the ratio of 
(Pt + Pd)/(Ru + Ir + Os) in magmatic 
sulfides is systematically related to the 
nature of the parent magma. Thus, sul- 
fides that have segregated from gabbroic 
or basaltic magmas have ratios of 13 or 
more, whereas those that segregated 
from ultramafic komatiite magmas con- 
taining more than about 20 percent (by 
weight) MgO have ratios of 2.0 or less. 
Deposits associated with magmas of in- 
termediate composition have inter- 
mediate ratios. We believe that Ru, Ir, 
and Os reside primarily in olivine in the 
mantle, whereas Pt and Pd occur in 
phases that are largely incorporated in 
early partial melts, and that the value of 
the (Pt + Pd)/(Ru + Ir + Os) ratio of 
the sulfide reflects the degree of partial 
melting required to produce its parent 
magma. 
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