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under the Ontario Geoscience Research Grant Program. 
A requirement of the Program is that recipients of grants 
are to submit final reports within six months after 
termination of funding. Many of the research projects 
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large number (19) of final reports were received this 
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ABSTRACT

Platinum group elements (PGE), gold, nickel, copper, cobalt and sulphur 

concentrations have been determined on samples representative of twenty 

previously unstudied deposits of magmatic sulphides in Ontario. When combined 

with new data obtained in parallel studies on deposits elsewhere throughout 

the world, the data indicate that there is a relationship between the 

(Pt H- Pd)7(Ru * Ir 4- Os) ratio of the ore and the primitiveness, as indicated 

by the MgO content, of the magma responsible for the ore, komatiite-related 

deposits having low values of the ratio O2) and gabbro-related deposits 

much higher value values (^12). Deposits associated with flood basalts, 

including the Great Lakes Nickel deposit in Ontario, have particularly high 

values and higher than normal tenors of Pt, Pd and Au in the sulphides. This 

association would seem to be an important one in which to prospect for precious 

metal-rich ores.

The Alexo deposit is an exception to the rule of low ratios associated 

with komatiites. Fifty-one major and trace element analyses have been made of 

rocks thought to represent the silicate liquids giving rise to these deposits 

to see if the Alexo PGE ratios are related to an unusual source region of the 

host magma. There is no difference between the Alexo rocks and those from other 

deposits and it is concluded that the PGE pattern at Alexo is due to differentiation 

of the host magma after partial melting rather than to a different source.

The Strathcona ore body at Sudbury is markedly zoned with Pt and Pd 

increasing and Ru, Ir and Os decreasing from hanging-wall to footwall. This 

is attributed to progressive fractional crystallization of the sulphide melt 

responsible for the deposit with more extreme fractions moving further into the 

footwall. The Falconbridge deposit contains PGE in proportions similar to that 

of the early-formed fraction at Strathcona, raising the possibility of whether 

a complementary Cu, Pt and Pd-rich ore zone also was present initially at 

Falconbridge.

IX





Final Report Ontario Geoscience Research Grant GR 17 

Platinum Group Metals in Ontario.

A.J. Naldrett

Introduction

In the period 1975 to 1978, Dr. E. Hoffman, in conjunction with the 
author and others, (Hoffman et al 1978) developed a cethod of pre- 
analysing for all six PGE plus gold, using a Ni-S bead fire assay 
preconcentration technique, followed by acid leach and neutron 
activation analysis. The method permitted analysis of PGE in 
relatively large samples (50 gm - necessary because of the hetero 
geneous distribution of some of the minerals containing PGE) and 
offered detection limits that were very much lower (by a factor 
of 100 for Ru, Ir and Os) than those previously available for 
samples of this size. In the course of their work, Hoffman et al 
analysed samples from 3 Sudbury deposits and one deposit from the 
Manitoba nickel belt. This grant was funded to allow extension 
of the technique to other deposits in Ontario. In all 20 deposits 
were studied, between 20 and 40 samples being analysed from each 
deposit.

Analytical Results

The deposits that have been analysed comprise

1. Komatiites.

Alexo Main Pit 
Pit No. l

All from the 
Abitibi Belt

Dundonald
Hart
Langmuir No. l
McWatters
Texmont

2. Sudbury deposits.

Strathcona 
Falconbridge

3. Gabbro - related in Greenstone belts.

Kanichee - 
Kenbridge 
Montcalm 
Norpax 
Werner Lake -

Temagami area 
N.W. Ontario 
Abitibi belt

N.W. Ontario

4. Flood basalt - related

Great Lakes Nickel - N.W. Ontario

5. Merensky - type

Lac des Iles

6. Miscellaneous

Port Coldwell 
Kidd Creek 
Puddy Lake

- N.W. Ontario

N.W. Ontario 
Abitibi belt 
N.W. Ontario
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Results of most of this work have been fully reported and discussed in the 
literature, in particular in Naldrett and Duke (1980) and Naldrett (1981). 
It is not intended to reproduce these data here but copies of the relevant 
articles are included with this report. The reader is referred in particular 
to Table 2, pp 652-654 in Naldrett (1981) for a summary of the majority of 
the data.

Other data have appeared in a preliminary form in progress reports for 
the Ontario Geological Survey as Naldrett et al (1980), and Sawyer et al 
(1981). Copies of the relevant tables from these reports are also included 
with this final report. Miscellaneous data not previously published are 
listed - Table 1.

Disenssion and Conclusions

The most important results of this study can be summarized as follows:

1. Deposits associated with ultramafic rocks generally have higher 
proportions of nickel and lower proportions of copper than those associated 
with mafic rocks.

2. Certain exceptions to the above rule exist. In some deposits such as 
Pipe, Manitoba, the content of Ni and other elements is very much lower 
than expected. This can be explained as the consequence of a larger 
than normal amount of sulfide equilibrating with a smaller than normal 
amount of magma. Assimilation of country rock sulfide is required to 
generate the high proportion of sulfide to magma. Many deposits in 
highly altered ultramafic rocks, particularly in those that have been 
extensively altered to talc and carbonate, are typically enriched in 
Ni and PGE. Millerite is often common in these altered ores. The 
unusual compositions are attributed to the removal of Fe during the 
alteration.

3. The relative proportions sf the platinum group elements, particularly 
the (Pt -f Pd)7(Ru * Ir * Os) ratio, are systematically related to the 
composition of the igneous host rocks. For example, in deposits related 
to peridotic komatiites Jthat are believed to have crystallized from 
magmas containing > 20 fat, percent MgO, (Pt + Pd)7(Ru + Ir * Os) ratios 
are 3.0 or less while ratios of 12 or more are characteristic of ores 
related to gabbroic rocks derived from magmas containing 12 percent MgO 
or less. This relationship is attributed to Pt and Pd entering early, 
limited partial melts of mantle material and Ru, Ir and Os behaving 
more compatibly than Pt and Pd during the partial melting. The Alexo 
deposit is the only exception to this rule, having a (Pt + Pd)7(Ru + Ir * Os) 
ratio of 18 and yet showing a komatiite association. Our work suggests 
that the komatiite magma involved at Alexo was unusually fractionated.

4. Amongst deposits with a tholeiitic as contrasted with a koinatiitic 
affinity, there is a negative correlation between the Pt l (Pt 4- Pd) ratio 
and the Cu/(Cu + Ni) ratio. The reason for this is not entirely clear 
but there is a suggestion from PGE data for deposits related to Flood 
basalts that this is due to fractional crystallization of tholeiitic 
magma.
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5. Some deposits show a marked internal variation in the proportions 
of certain constituents with Cu, Pt, Pd, Au and, to a lesser extent, 
Ni increasing downward into basal segregations of massive sulfide and 
then into stringers in subjacent footwall and with Fe, Co, Rh, Ru, Ir 
and Os showing the reverse trend. Available data on the melting 
relations of sulfides strongly suggest that part of this variation 
is the consequence of fractionation of sulfide melts. Only the early 
forming fraction is present at Falconbridge mine in Sudbury area and 
we have suggested that the late forming, Pt and Pd - rich fraction, 
either remains to be found or has been removed by erosion.

6. Ni-Cu sulfides have very low concentrations of Pb and Zn - exhalative 
massive sulfides as represented by the Kidd Creek deposit analysed in 
this, study have higher Pb and Zn but much lower PGE's than Ni-Cu ores. 
These differences are precisely those that one would predict on theoretical 
grounds if the Ni-Cu ores are magmatic segregations and the massive 
sulfides the result of hydrothermal transport of metals.



TABLE I. MISCELLANEOUS DEPOSITS
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KIDD CREEK
Bedded Zn-Py ore

Stringer chalcopyrite 
in chloritic rhyolite 
tuff

Stringer chalcopyrite 
in rhyolite

Pyroxenite with 
magnetite 

PUDDY LAKE 
Sample l

Sample 2

N11

0.01

Tr

0.01

0.01

0.3

0.18

Wt.% 
CU1

0.17

7.75

2.18

0,07

NIL

NIL

Co

0.017

0.020

0.002

0.003

0,004

0.004

S
i

14.6

22.0

2.60

0.2 ,

0.04

0.05.

Pt

< 5

< 5

< 5

* 5

8

* 5

Pd

< 5

< 5

< 5

< 5

7

< 5

ppb 
Rh

< 1

< 1

< 1

< 1

2

< 1

Ru

< 3

< 3

< 3

< 3

4

< 3

Ir

< .1

< .1.

< .1

< .1

4

2

Os

2

< 2

< 2

< 2

: 5:

< z

Au

70

5

0.6

0.4

1

1100
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Table 2 — Average abundances of platinum group elemems and

S-J.3ARNESETAL

elements m nickel sulphide deposits

A. DEPOSITS STUDIED IN 1980-1981 (this paper)

Deposit no. of
analyses

Alexo Main Pit 1 1
Alexo Small Pit 9
Dundonald Peridotite 1 0
Dundonald Graphitic 1 0
Hart 8
Texmont 1 7

Ni
(Wt. "/o)
1.48
0.29
1 42
1.69
0.865
1.92

Cu
(Wt. "/o)
0.11
0.042
0.023
003
0.0275
0.017

Co
(wt. 'X.)
0.0314
0.021
0.03
0.053
0.0257
0.045

S
(Wt. Jo)
10 11
6.7
1 79
1.54
9.56
2.64

Pt
(ppb)
ISO
ea

200
208
55
107

D3

i DOC '
OwW

122
* 34
25"
^26
153

F!h
t'OCO)
35
11 4
32
35
30
30.9

Ru
(PPb)
54
24
73
39
36
91

Ir
(PPb)
8.3 -
5.8
2.0
25
12
26

Cs
(cob)3."
7
23
33
17
C^ *J "

Au
(PPb)
126
14.3
15
74
16
67.5

Pd/lr

63.8
21
9.2
10
10.5
6.07

B. 1980-1981 RESULTS RECALCULATED TO 100^0 SULPHIDES

•Alexo Main pit
.Alexo Small pit
Dundonald Peridotite
Dundonald Graphitic
Hart
Texmont

483
1.42
26.17
36.21
2.98
24

0.359
0.21
0.42
0.64
0094
0.21

0.102 -
0.103 -
0.55 -
1 13 -
0088 -
0.56

587
433

3687
4457

189.8
1337

1730
600
3392
5378
434
1975

117
56
599
757
103
336

176
118
1345
1907
124
1137

27
28
368
535
41
325

10
34
534
835
58
633

411
70
276
1585
55
843

-
-
-
-
—
-

C. DEPOSITS STUDIED IN 1979-1980 RECALCULATED TO 100?o SULPHIDES (Naldrett efa/,1980)
Strathcona

Main Zone
Hanging Wall 
Deep Zone 
CuOre

Strathcona Ave.
Falconbridge 
Great Lakes
Kenbridge 
Kanichee
Lac Des Iles
Alexo
UcWatters
V.'emer Lake
~c-t Cc.vjwell

Cc'jbran
Middleton

C1 Chondntes

18
10 
8 
1

23 
29
7 
13
25
15
5
4

8
3
-

3.37
3.10 
4.03 
0.51
344
5.35 
5.23
8.58 
6.75
17.8
7.79
21.0
8.32

1.40
0.37
-

1.24 -
0.37 
2.28 - 
32.32 -
1.23
1.52 
9.76 -
232 - 
863 -
12.8
0.53
0.52
1.31

14.9 -
9,11
- -

0.138
0.208 
0.130 
0.097
0.156
0.216 
0.193
0.210 
0.277
0.4
0.202
0.320
0.24C

033
0.14
-

410
115 
750 
137
400
550 

5580
790 

1 3920
90200

1530
1130
1900

7400
149

1020

3501-0 
700 

CO
330
350 

22 440

4790
1 590 000

^070
2390
765C

27C6C
65

545

20
60 
lo 
O
30
280 
600"30 

430
1100
160
730
530

353
32
200

12
52

21
230 
310
16 
340
OOO
240
1470
700

^4
^2
690

7
29 
4 
0.2
12
140 
74
15 
360
40
37
560
15U

33
2
514

4
20

8
38 
120
17 
SCO
^co
28
530
340

^0
^3
540

78
19 
112 
13
69
180 
2590 -
675
510 /- '
68000 -
290
160 - -
3.?0

3550 -
294
152

c:~'2ct with the ore-bearing peridotite, samples of the
'r.te' /.ere a'so analysed (these samples are designated the four dec
-/C :n Table 3) Table 3 contains the major and trace ele- ^29 pe rce"
-r~: analyses of 51 samples from the four deposits. The position ea
samples thought to represent liquids resemble unde- MgO. At :-
s'etec! komatiites in composition (Nesbitt et al. 1979) in three flow s
t-st they are characterized by close to chondritic ratios mont A2 zo~
-r AuQj Ti02 ^20, Ti/Sc s 78, Hf/Sc aO.0175, Zr/Hf -40, The c^
S: v a3.6, Hf,Ti02 asi 36. Hf/Y ^0.063 and a CaO-'AI 20 3 earth e'err.e
-st o slightly above chondritic at -0.9. The rocks are all a similar r i
-'cy depleted in light rare-earth elements (LREE) with naid (3-7;
Ce v b cho- drite normalized ratios of 0.6 r 0.1 and above. rf
5r. Lu chondrite normalized ratios of 0.8 ± 0.1 If the A2 (chcndrite-
:c"es of Uuramafic flow units (Pyke et al. 1973) are ac- deposits T
:ected as representative of the melt composition, esti- these roc.K:
"-stes of the MgO content of the melts can be made for ene was pre

\

csits. At Alexo the melt composition would be
•t VgO At Dundonald the average melt com- 
39d on three flows would bs ^26 percent 
a-t the average melt composition based on 
s ^23 percent The average of the three Tex- 
es is 25 percent MgO.
r"cnte-normahzed values fo' the heavy rare 
r, t s (HREE) from spinifex-textured flows cover
-ge at all four deposits: TMexo (2-6); Dundo-
-at ;'2-7); and Texmcnt (2-6). As mentioned 

Ce YD (chondnte-normalized) and Sm/Lu
•ormalized) ratios are also similar for all four 
5 chondritic Ti/Sc ratio and LREE depletion of 
suggests that neither garnet nor clinopyrox- 
sent in the restite of these rrfeits.
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Platinum Metals in 
Magmatic Sulfide Ores

A. J. Naldrett and J. M. Duke

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 (/). Al-

in the United States. As automobiles 
with catalytic converters are scrapped in 
increasing numbers, reclamation of the 
PGE will tend to moderate the demand 
for new metal. It seems likely that fuel 
cells will play a part in supplying future

Summary. Platinum-group elements (PGE) are mined predominantly from deposits 
that have formed by the segregation of molten iron-nickel-copper sulfides from silicate 
magmas. The absolute concentrations of PGE in sulfides from different deposits vary 
over a range of five orders of magnitude, whereas those of other chalcophile elements 
vary by factors of only 2 to 100. However, the relative proportions of the different PGE 
in a given deposit are systematically related to the nature of the parent magma. The 
absolute and relative concentrations of PGE in magmatic sulfides are explained in 
terms of the degree of partial melting of mantle peridotite required to produce the 
parent magma and the processes of batch equilibration and fractional segregation of 
sulfides. The Republic of South Africa and the U.S.S.R. together possess more than 
97 percent of the world PGE reserves, but significant undeveloped resources occur in 
North America. The Stillwater complex in Montana is perhaps the most important 
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
SCIENCE, VOL. 208, 27 JUNE 1980

electrical energy requirements, and, be 
cause such fuel cells contain substantial 
quantities of Pt catalysts, their wide 
spread use would have a significant posi 
tive impact on the demand for PGE (2). 

The PGE are primarily siderophile, 
tending to associate with the other tran 
sition metals Fe, Ni, and Co in iron me 
teorites and, presumably, in the earth's 
core. In the range of oxygen and sulfur 
fugacities prevalent in the crust and up 
per mantle, however, the PGE common 
ly exhibit chalcophile behavior. Mafic 
and ultramafic igneous rocks are the 
most PGE-rich of the common crustal 
rocks (3). These rocks, or their parent 
magmas, are the source of the PGE in 
most ores. Weathering of the rocks and

the concentration 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 
1976). However, more than 99 percent of 
primary PGE production comes from 
sulfide ores that are almost certainly of 
magmatic origin. In this article, we docu 
ment the abundance of PGE in a wide 
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 
sources of this important group of met 
als.

Magmatic Sulfide Deposits

The formation of a magmatic sulfide 
deposit consists of the following steps: 
(i) the generation of a mafic or ultramafic 
magma within the mantle; (ii) ascent of 
the magma into the crust; (iii) cooling 
and the onset of crystallization within or 
on the crust preceded, accompanied, or 
succeeded by the segregation of immis 
cible sulfide into which Ni, Cu, Co, and 
the PGE partition readily and which thus 
acts as a collector for these elements; 
(iv) concentration of sulfides, commonly 
by gravitational settling (specific gravity 
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, 
chalcopyrite, pentlandite, and pyrite, all 
of which may contain PGE in solid solu 
tion, accompanied or followed by the 
crystallization of discrete PGE minerals; 
and (vi) redistribution of the metals of 
the ore, including PGE, by hydrothermal 
processes after crystallization but not 
necessarily complete cooling; some de 
posits have originated hydrothermally 
rather than just being modified in this 
way, but these are relatively uncommon 
[for example, the Mooihoek pipe in the 
Bushveld complex in South Africa and 
the New Rambler Mine in Wyoming (4)].

Dr. Naldrett is professor of geology at the Univer 
sity of Toronto, Toronto, Ontario, Canada M5S 
l Al. Dr. Duke is an economic mineralogist with the 
Geological Survey of Canada, Ottawa, Ontario Kl A 
OE8.
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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 oi 
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, neritic 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 NoriTsk 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 l (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 HIS
Langmuir (Timmins, Ontario)
Mount Edward (Western Australia)

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

Setting IV
Rana (Norway) 

Setting uncertain
* Stillwater (Montana)
* Bushveld (South Africa) 
Espedalen (Norway)
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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 ISWC, 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 (72). 
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 
Rana deposit, Norway (14)].

Figure l 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 l 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 sample 
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 l carbo 
naceous chondrites (CI), 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 CI 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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Os Ir Ru Rh Pt Pd Au
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 CI 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 (73), 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 e t 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 (l 9) were recalcu 
lated to 100 percent sulfide on the basis 
of an estimate of l .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) (27), 
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 + PdV(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 -l- PdV(Ru H- Ir -t- 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 4- PdV(Ru ± Ir 
-l- Os) ratios of 5.2 and 7.3 in the two 
Ungava deposits thus seem to be con-

10p-

2 .2

Os Ru Rh Pt Pd Au

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 relative 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 
ever, it is likely that the PGE are concen 
trated in sulfide minerals (and possibly 
spinel) that are generally present in mi 
nor quantities in mantle peridotite. This 
concentration would be less pronounced 
for Os, Ir, and Ru owing to their stronger 
affinity for olivine, the most abundant 
mineral. During partial melting, the sul- 
fides and spinel would be consumed 
early, whereas olivine would be the most 
refractory phase. Once the sulfides have 
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 
uid that subsequently segregated from it, 
and this may account in part for the high 
(Pt ± PdV(Ru + IT + 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- 
earth and other trace elements, the 
ultramafic komatiites are generated in 
a part of the mantle that has under 
gone an earlier, limited partial melting 
(23) and which is therefore depleted 
in Pt and Pd.

Data on the abundance of PGE in ba 
salts are few and limited mainly to Pd 
and Ir. Crocket (3) reported that mid- 
ocean ridge basalts contain an average of 
0.7 ppb Pd and 0.06 ppb Ir but cautioned 
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. l ppb Ir. 
The mid-ocean ridge basalts are typically 
depleted in light relative to heavy rare- 
earth elements and have low concentra 
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 
during an earlier partial melting episode 
may account for the lower Pd concentra 
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.

Relationship between the PGE content 
of silicate magma and immiscible sul 
fide. The distribution of a metal between
27 JUNE 1980

sulfide and silicate liquids coexisting at 
equilibrium may be expressed in terms of 
the partition coefficient D, the concen 
tration of the metal in the sulfide divided 
by its concentration in the silicate. The 
values of D for Ni, Cu, and Co that pre 
vail in basaltic systems are reasonably 
well established, and some typical fig 
ures are as follows: Ni, 275; Cu, 245; and

1000 -

Os Ru Rh Pt Pd Au
Fig. 4. Average chondrite-normalized PGE 
and Au concentrations in the sulfide fraction 
of some deposits related to gabbroic rocks. 
The shaded areas are the fields defined by the 
data illustrated in Figs. 2 and 3.

-. 10 r

V l -

Pt Pd Au
Fig. 5. Average chondrite-normalized PGE 
and Au concentrations in the sulfide fraction 
of some deposits related to ultramafic rocks.

Co, 80 (25). Although precise determina 
tions of D for Pt and Pd have not yet 
been achieved, the best currently avail 
able estimates are 1000 for Pt and 1500 
for Pd (17, 26). In general, partition coef 
ficients vary as a function of temper 
ature, pressure, and the bulk composi 
tions of the two phases. However, ex 
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 
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 
limits are multiplied by 1500, the inferred 
value of D, the range of Pd concentra 
tions of molten sulfides in equilibrium 
with these magmas is from 150 to 45,000 
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 
would be relatively Ni-rich and would 
have high Ni/Cu and low (Pt 4- Pd)/ 
(Ru H- Ir -l- Os) ratios. Alternatively, 
Naldrett (25) has described a process by
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Table 3. World production, reserves, and other resources of PGE for 1977 by country (/). The 
U.S. production is a by-product of Cu refining.

Production

Country

Republic of
South Africa

U.S.S.R.
Canada
Colombia
United States
Others

Total

+ 10"
kg

91.8
90.2
14.6
0.8
0.2
1.5

199.1

Percent 
of

total

46.1
45.3
7.3
0.4
0.1
0.8

100.0

Reserves

x 103
kg

18,000
6,220

280
30
30

320
24,880

Percent 
of

total

72.3
25.0

1.1
0.1
0.1
1.3

100.0

Other resources

x 103
kg

43,540
6,220

220
120

9,300
3,110

62,510

Percent 
of

total

69.6
10.0
0.4
0.2

14.9
4.9

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 -l- Pd)/ 
(Ru -l- 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 -l- Pd)7(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 
i 10 25 100

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 z 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 l, 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.

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 e t al. (IT) 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 l 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 l 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. l 
percent Ni, 2.2 percent Cu, and 7200 ppb 
Pd. If, as is more probable, l 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

Magma crystallized (mole Jo)

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
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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 (7). 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 l 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 (/).

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 4- PdV(Ru -f- Ir 4- 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 * PdV(Ru + Ir + Os) ratio of 
the sulfide reflects the degree of partial 
melting required to produce its parent 
magma.
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Abstract
Nickel sulfide ores can be classified in terms of the rock types with which they are associated 

and the tectonic setting into which these rocks were emplaced. Certain combinations of rock 
type and tectonic setting have proved to be particularly productive. These are (1) neritic rocks 
intruding an astrobleme (Sudbury); (2) intrusions feeding flood basalt activity associated with 
intracontinental rift zones (Noril'sk-Talnakh, Duluth); (3) komatiitic and tholeiitic flows and in 
trusions in Precambrian greenstone belts (Kambalda, Pechenga).

At Sudbury the Nickel Irruptive shows every sign of having suffered major contamination by 
felsic country rocks. Silica is known to depress the solubility of sulfides in a mafic magma (Ir 
vine, 1975), and the importance of Sudbury as a source of nickel is probably related to this 
contamination. At both Noril'sk-Talnakh and Duluth intracontinental rifting has allowed mafic 
magma to ascend into the upper crust where it has reacted with crustal concentrations of sulfur 
to give rise to magmatic concentrations of nickel. Reasons for the importance of igneous rocks in 
greenstone belts as sources of nickel are less clear, although, in the case of komatiites, their 
derivation from a sulfide-enriched portion of the mantle and their assimilation of country-rock 
sulfur have both been suggested.

The results of a five-year study of the Ni, Cu, Co, Pt, Pd, Rh, Ru, Ir, Os, Au, As, Se, Pb, and 
Zn content of nickel sulfide ores, coupled with data from the literature, have shown a close 
relationship between source magma and composition. The bulk compositions of the sulfides of 
these ores, when projected into the Fe-Ni-S system, fall within the 6000C limits of the Fei-x 
S-Nii-x S solid solution; oxygen content of the ores is less than 5 wt percent. Both features are a 
consequence of the relatively restricted range in/o, and fl Feo shown by ultramafic and mafic 
magmas. If the compositions of the ores do not fall within the stated ranges, the chances are 
very high that they have changed at subsolidus temperatures because of externally imposed 
alteration.

Nickel and copper contents recalculated to weight percent in 100 percent sulfides commonly 
show the following ranges for the following deposit types: Archean komatiites, 10 to 15 Ni, 0.5 
to 1.5 Cu; Proterozoic komatiites, 10 to 16 Ni, 2 to 3.5 Cu; gabbros in greenstone belts 4 to 
9 Ni, l to 3 Cu; Sudbury, 3 to 6 Ni, 2 to 4 Cu; flood basalt, 6 to 10 Ni, 7 to 17 Cu. Arsenic is 
highly variable, ranging from less than 3 ppm to as high as 250 ppm; the Sudbury deposits 
themselves span much of this range. Se is around 100 ppm in many deposits, although in some 
cases it drops to as low as 10 ppm, particularly where assimilation or absorption of country-rock 
sulfur is suspected. Pb and Zn generally show no correlation with sulfide content; their levels, 
not recalculated to 100 percent sulfide, range from lows of 15 to 150 ppm Zn and 5 to 12 ppm 
Pb in komatiite-related deposits to highs of 50 to 250 ppm Zn and 15 to 50 ppm Pb in some of 
the Sudbury deposits. No data are available for deposits related to flood basalts. Absolute levels 
of platinum group elements vary greatly between deposits of the same type, but the ratios tend 
to be specific to given types. Archean komatiites are characterized by low values ^2) of the 
(Pt + Pd)7(Ru + Ir -l- Os) ratio, but this ratio rises progressively with decreasing MgO content 
of the source magma, Proterozoic komatiites showing intermediate values (5 to 8), Sudbury and 
deposits associated with tholeiites in greenstone belts moderately high values (12 to 20), and 
deposits associated with the most fractionated examples of flood basalt magma very high values 
(.50 to 60). Among tholeiite-related deposits the Pt7(Pt + Pd) ratio increases with decreasing 
degree of fractionation of the host magma; komatiites are an exception, having very primitive 
host magmas and yet low Pt7(Pt 4- Pd) ratios. All of the four flood basalt-related camps for which 
data are available (Duluth, Great Lakes, Noril'sk-Talnakh, and Insizwa) are characterized by- 
very high concentrations of Pt and Pd in their sulfides. This is attributed to flood basalt magmas 
being derived from pristine, previously unmelted mantle. Pt and Pd appear to behave incom 
patibly during mantle melting, partitioning into the first melts to form. Magmas resulting from 
limited melting of pristine mantle are therefore enriched in these metals. Ru, Ir, and Os appear 
to behave more compatibly, remaining behind to enter subsequent melts from the same zone of
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mantle or, alternatively, entering those melts that have involved a higher degree of melting; 
this accounts for the lower (Pt + PdV(Ru -f Ir * Os) ratios found in komatiites.

The metal contents of deposits other than those rekted to flood basalts are consistent with 
data on partition coefficients coupled with those on the composition of silicate melts. Many 
deposits of a given type but of varying composition can be related to the same source magma, if 
the effect of a variable ratio of magma to sulfide is allowed for, or the possibility that an earlier 
stage of fractional segregation of sulfide has significantly depleted the magma in those elements 
with the highest partition coefficients. The low magma to sulfide ratio that is required to ex 
plain the Pipe, Manitoba, deposit demands that sulfur has been introduced to the host magma 
from an external source.

Flood basalt-related deposits appear to have been derived from basaltic magmas with about 
400 ppm Cu. The existence of such magmas is not well documented in the literature, perhaps 
because Cu is rarely analyzed for.

Strong zoning in Cu, Ni, Co, platinum group elements, and Au is present within some de 
posits, and this is attributed to the fractional crystallization of a sulfide melt coupled with the 
filter pressing of the fractionated liquid away from the early forming monosulfide solid solution. 
The deficiency of the Falconbridge ore in those elements favoring the fractionated liquid sug 
gests that the present orebody represents perhaps only one-third of the original orebody.
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Introduction
NICKEL sulfide ores have long been widely ac 
cepted as the consequence of the separation of an 
immiscible sulfide liquid from a mafic or ultramafic 
sulfide magma, followed by the concentration of this

liquid, commonly due to the gravitational settling of 
the dense sulfide (Vogt, 1918; Scholtz, 1936; Haw 
ley, 1962). Despite this widespread acceptance of 
their origin, some geologists have entertained 
doubts, suggesting that they are the consequence of 
hydrothermal replacement (Wandke and Hoffman, 
1924; Fleet, 1977), exhalative volcanic processes 
(Lusk, 1976), or major metamorphic upgrading of 
low-grade, initially magmatic deposits (Barrett et 
al., 1977). The recent suggestions of Fleet with re 
spect to Sudbury have been discussed by Naldrett 
(1979), those of Lusk by Groves et al. (1976), and 
those of Barrett et al. by the authors themselves in 
Groves et al. (1979) and by Green and Naldrett 
(1981). Undoubtedly some deposits containing Ni 
sulfides are hydrothermal (for example, those asso 
ciated with the unconformity-type uranium deposits 
of northern Saskatchewan, Canada); some are not 
magmatic and may be volcanic exhalative (for exam 
ple, Sherlock Bay in Western Australia); and meta 
morphism and structural deformation have affected 
and resulted in the upgrading of ore at some depos 
its. Signs of magmatic-induced hydrothermal activ 
ity and of chemical and physical changes accompan 
ying metamorphism are visible in most Ni sulfide 
deposits. However, it is the opinion of this author 
(Naldrett, 1979) that these effects are relatively un 
important when compared with magmatic pro 
cesses, in so far as the initial concentration of sul 
fides at most deposits is concerned. Some of the 
evidence bearing on this question will emerge in 
this paper, but some of it will not be reviewed 
here, and the reader is referred to the references 
already cited.

If we accept the premise of the magmatic model, 
a number of questions present themselves:

1. What are the types of mafic and ultramafic 
bodies that can be recognized?
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TABLE l. Classification of Mafic and Ultramafic Bodies

Class of body Examples Examples of associated ore deposits

A. Synovolcanic bodies (apart from those related to intracratonic volcanism) 
1. Komatiitic suites

(a) Lava flows Ontario, Munro Township
Pyke et al. (1973b) 
Arndt et al. (1977) 

W. Australia, Eastern Goldfields 
Nesbitt (1971) 
Williams (1972) 
Lewis and Williams (1973) 
Naldrett and Turner (1977)

(b) Layered sills

(c) Dunite-peridotite lenses

(d) Uncertain type in reworked 
terraces

2. Tholeiitic suites
(a) Synovolcanic layered intrusions 

Picritic

(b) Anorthositic bodies

3. Uncertain or undocumented par 
entage

(a) Stratiform intrusions
(b) Tectonically reworked terraces 

B. Intrusions in cratonic areas
1. Intrusions related to flood bassalts

2. Large layered complexes with no 
documented relation to flood 
basalt 

(a) Sheetlike
(i) With repetitive layering

Barberton, Kaapmuiden sill
Viljoen and Viljoen (1970) 

W. Australia, Eastern Goldfields
Naldrett and Turner (1977)
Groves and Keays (1979) 

Quebec, Dumont
Duke (1980) 

Manitoba
Quirke et al. (1970)
Coats et al. (1972)
Peredery (1979)

Ontario,
Dundonald sill

Naldrett and Mason (1968) 
Centre Hill complex

McRae(1969) 
Kakagi Lake

Ridler (1966)
W. Australia, Eastern Goldfields 

Hallberg and Williams (1972) 
Quebec,

Dore Lake Complex 
Allard et al. (1972) 

Bell River Complex
Sharp (1965), Scott (1980) 

Ontario, Kamiscotia Complex, Timmins

Ontario, Montcalm gabbro
Botswana, intrusions of Limpopo mobile belt

Minnesota, Duluth Complex 
Weiblen and Morey (1980)

U.S.S.R., Noril'sk-Talnakh 
Godlevskii (1959) 
Zolutichin and Vasilev (1967)

Transkei, Insizwa-Ingeli Complex
Maske (1966) 

Antarctica, Dufek intrusion
Ford and Boyd (1968)
Ford (1970) 

Himmelberg and Ford, 1976

S. Africa, Bushveld Complex

Ontario, Langmuir 
Green (1978)

W. Australia, Kambalda 
Woodall and Travis (1969) 
Ewers and Hudson (1972) 
Ross and Hopkins (1975) 
Groves et al. (1979)

Zimbabwe, Shangani 
Viljoen et al. (1976)

Zimbabwe, Damba, Epoch 
Williams (1979)

W. Australian, Perseverance 
Martin and Allchurch (1975)

W. Australia, Six-Mile 
Turner and Ranford (1975) 
Naldrett and Turner (1977)

Manitoba, Thompson 
Zurbrigg (1963)

Manitoba, Thompson belt 
Peredery (in press)

U.S.S.R., Pechenga 
Gorbunov (1968)

Manitoba, Lynn Lake 
Ruttan (1955)

W. Australia, Carr Boyd
Purvis et al. (1972) 

No known deposits

Ontario, Montcalm Ni-Cu deposit 
Botswana, Pikwe, Selibe, Phoenix

Minnesota, Duluth Complex ores
Bonnichsen (1972b)
Bonnichsen (1974)
Mainwaring and Naldrett (1977) 

U.S.S.R., Noril'sk-Talnakh
Smirnov (1966)
Glazkovsky et al. (1977)
Naldrett and Macdonald (1980) 

Transkei, Insizwa-Ingeli waterfall gorge
Scholtz (1936)

S. Africa, Bushveld Complex
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TABLE 1. (Continued)

Class of body Examples Examples of associated ore deposits

(ii) Without repetitive layering

(b) Dikelike

3. Other medium and small intrusions

4. Alkalic ultramafic rocks 
C. Bodies emplaced during orogenesis 

1. Synorogenic intrusions

2. Tectonically emplaced bodies 
(a) Ophiolite complexes

(b) Possible mantle diapirs 

3. Alaskan-type complexes

Hall (1932)
Wager and Brown (1968)
Willemse (1969)
Visser and von Gruenewaldt (1970)
Hunter (1976)
von Gruenewaldt (1979)

Montana, Stillwater Complex
Jones et al. (1960)
Hess (1960)
Jackson (1961)
Page (1977)
Mccallum et al. (1980) 

Canada, Muskox Complex
Irvine and Smith (1967) 

Canada, Sudbury
Collins (1934, 1936, 1937)
Naldrett et al. (1970)
Naldrett et al. (1972)

Rhodesia, Great Dyke
Worst (1960) 

W. Australia, Jimberlana Dyke
Cambell (1978) 

Skaergaard
Wager and Brown (1968) 

Rhum
Wager and Brown (1968)

Scotland, Aberdeenshire gabbros 
Wadsworth (1970) 
Boyd and Munro (1978) 
Ashcroft and Munroe (1978) 

Norway, 
R6na

Foslie (1921)
Boyd and Mathieson (1979) 

Seiland province
Robins and Gardner (1974) 

Alaska, La Perousse

New Caledonia
Guillon (1975)
Cyprus, Troodos
Cass (1967, 1968)
Moores and Vine (1971) 

Newfoundland, Bay of Islands
Dewey and Bird (1971)
Irvine and Findlay (1972)
Williams and Smyth (1973) 

Quebec, Mt. Albert
MacGregor (1962) 

Alaska
Duke Island 

Irvine (1974)
Union Bay

Ruckmick and Noble (1959)

Bronzitite pipes
Vermaak (1976a) 

Merensky Reef
Vermaak (1976b)
von Gruenewaldt (1979) 

UG 2
McLaren (1978)
Gain (1980) 

PGE in Bushveld
Wagner (1929), Naldrett (1980) 

Montana, Stillwater Complex 
Ni-Cu sulfides

Page and Simon (1978) 
Pt-Pd ore

Conn (1979)
Page and Dohrenwend (1973)

Canada, Sudbury 
Hawley (1962, 1965) 
Naldrett and Kullerud (1967) 
Cowan (1968) 
Souch et al. (1969) 
Pattison (1979)

S. Africa, Losberg

No known examples

Norway, Rona 
Boyd and Mathieson (1979)

Alaska, La Perousse

No significant examples

No significant examples 

Alaska, Salt Chuck
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2. Which of these have proved productive from 
the point of view of nickel sulfide ores?

3. Why have they proved productive?
4. What are the relationships between the com 

positions of the magmas responsible for these 
bodies and the compositions of the resulting ores?

5. What constraints do these respective composi 
tions place on the origin and subsequent history of 
the magmas on one hand and of the ores on the 
other?

This paper is an attempt to review the answers 
that, at our current state of knowledge, we are able 
to provide to these questions.

Classification of Mafic and Ultramafic Rocks and 
Related Nickel Sulfide Deposits

A number of attempts have been made to classify 
bodies of mafic and ultramafic rocks. Early among 
these was that in the text Ultramafic and Related 
Mafic Rocks by Wyllie (1967). Naldrett (1973) de 
veloped a classification, using many of the subdivi 
sions of this text, but including the previously un 
recognized class of komatiites, and his classification 
was subsequently revised by Naldrett and Cabri 
(1976). This last classification had some deficiencies 
as a basis on which to classify Ni sulfide ores, inas 
much as many of the ores occur in areas in which 
the rocks are so highly deformed and metasoma- 
tized as to preclude certain identification of their 
origin. Accordingly, at the first meeting of the In 
ternational Geological Correlation Programme 
Project No. 161, "Magmatic Sulfide Ores Associated 
with Mafic and Ultramafic Rocks," a group of geolo 
gists representing seven countries used the Naldrett 
and Cabri scheme as the basis of a new proposed 
classification (Besson et al., 1979). This scheme ap 
pears here as Table l together with examples of 
both the rocks and the associated sulfide ores. The 
scheme has three main subdivisions: (A) synvolcanic 
bodies, (B) bodies in cratonic areas, and (C) bodies 
emplaced during orogenesis. These are discussed 
below.

Bodies contemporaneous with intercratonic 
volcanism

Experience in Archean and Proterozoic green 
stone belts has shown that synvolcanic ultramafic 
rocks form parts of bodies which fall into two main 
classes, komatiites and tholeiites, and that the tho- 
leiites constitute two distinctive subtypes, one picri 
tic and the other anorthositic. Inasmuch as the an- 
orthositic subtype contains a very small proportion 
of ultramafic rocks, this discussion is focused largely 
on the komatiitic and picritic tholeiitic types.

Komatiites: Some confusion has arisen over ex 

actly what constitutes a komatiite. The name was 
proposed by Viljoen and Viljoen (1969) for rocks 
well developed in the Komati River area of the Bar- 
berton Mountain Land. Certain aspects of their ini 
tial definition and, in particular, the interpretation 
of it formulated by Brooks and Hart (1974) have 
proved to be somewhat too restrictive. Arndt et al. 
(1977) have proposed a redefinition of the komatiitic 
igneous suite, maintaining that it is as distinctive 
and deserving of the same status as the tholeiitic, 
calc-alkalic, or alkalic suites. Naldrett and Smith (in 
press) have since proposed a redefinition of the ter 
minology whereby members of the suite range from 
dunite ^40 wt (fa MgO calculated on an anhydrous 
basis) through peridotitic komatiite (20-40 wt tfc 
MgO), basaltic komatiite (12-20 wt Ve MgO), magne 
sian basalt (10-12 wt 9fc MgO), to basalt ^10 wt Ve 
MgO).

Arndt and Brooks (1980), reporting on the 1979 
Penrose conference on komatiites, present a num 
ber of alternative proposals for a classification, and 
it is possible that this will change once again. A 
likely proposal to originate from the Penrose confer 
ence (Arndt, pers. commun., 1980) is that the term 
komatiite be redefined to include any ultramafic 
volcanic rock, including fragmentals but excluding 
cumulates from basaltic magma. The lower limit for 
inclusion as ultramafic would be set arbitrarily at 
18 wt percent MgO. The term komatiitic basalt 
would be applied to those rocks containing less than 
18 wt percent MgO that show a definite spatial and 
chemical link with komatiites. At this stage the pre 
ceding has only the status of the tentative proposal. 
In order to avoid confusion Naldrett and Smith's (in 
press) terminology is used in this paper, because it 
represents only a slight modification of those al 
ready in current use.

Both extrusive and intrusive variants of komatiitic 
rocks are generally present in a given area, some 
times with the former predominant (e.g., Munro 
Township, Arndt et al., 1977) and sometimes with 
the latter predominant, often as large lenses of mas 
sive dunite (e.g., Yakabindie area, Naldrett and 
Turner, 1977). There is clear evidence for the exis 
tence of peridotitic liquids containing up to 35, but 
more commonly 20 to 30, wt percent MgO and also 
carrying 20 to 30 percent olivine phenocrysts in sus 
pension. Settling and accumulation of the pheno 
crysts, coupled with filter pressing, compaction, and 
possibly some adcumulus growth, are responsible 
for the dunites and more magnesian peridotites 
(Naldrett and Turner, 1977).

Platy and skeletal growth of olivine and clino 
pyroxene crystals characterizes the overlying melt 
from which the phenocrysts have settled in some 
flows (and perhaps in some near-surface intrusions) 
and is known as spinifex texture (Nesbitt, 1971;
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Pyke et al., 1973b). In other flows the settling of 
phenocrysts appears to have been retarded, in 
which case a zone of spinifex texture is lacking, al 
though skeletal overgrowths to phenocrysts and in 
terstitial skeletal pyroxene are present. Because of 
the texture, which is indicative of inhibited nuclea 
tion and undercooling, zones of spinifex are re 
garded as approximating the liquid portion of a 
given magma. With this criterion, flows with spini 
fex containing about 23 wt percent MgO would 
have been extruded at around 1,4250C (see Shima 
and Naldrett, 1975) and those with 35 percent MgO 
around 1,6500C (Green et al., 1975). Considerable 
discussion has taken place (cf. Nesbitt and Sun, 
1976; Sun and Nesbitt, 1978; Arndt et al., 1977; 
Naldrett and Goodwin, 1977) as to whether or not 
basaltic rocks can be identified as belonging to the 
komatiite suite. The problem centers on the fact 
that basalts intimately associated with sequences of 
peridotitic and basaltic komatiites, and therefore 
presumably part of the sequence, have identical 
contents of major and many trace elements as those 
which have no close association with ultramafic ko 
matiites and are classified as tholeiites.

Arndt et al. (1977) have described a differentiated 
komatiitic flow, 120 m thick. This consists of a basal 
zone of cumulus peridotite overlain by pyroxenite 
(dominantly augite although some hypersthene is 
present) and then gabbro which grades upward into 
quartz gabbro. The flow is capped by a 30-m-thick 
zone of olivine and pyroxene spinifex. The gabbro is

identical in composition to basalts that are part of 
the basaltic komatiite-magnesian basalt-basalt se 
quence overlying the flow, suggesting a linkage of 
all these rock types through fractional crystalliza 
tion. This linkage is supported by trace element 
data (Naldrett and Smith, in press). In other areas, 
however, including elsewhere in Munro Township, 
trace element data preclude such a linkage and re 
quire that basaltic komatiites and basalts are the re 
sult of separate mantle melting events.

Despite the difficulties involved in interpreting 
the chemical composition of some of the rocks, 
some generalizations seem to assist in distinguishing 
suites of rocks, particularly at the ultramafic end of 
the spectrum.

Naldrett and Cabri (1976) and Arndt et al. (1977) 
have pointed out that komatiites and associated ba 
salts in Munro Township, Ontario, can be distin 
guished conveniently from Fe-rich tholeiites by 
plotting A12O3 against the FeO7(FeO -l- MgO) con 
tent of the rock, where total iron is calculated as 
FeO. In Figure l A this is done for the Munro rocks 
and for cumulate rocks of the Dundonald sill, a dif 
ferentiated sill belonging to the picrite-tholeiite 
subgroup. The distinction between the two magma 
types is very clear in the diagram; komatiites plot 
above the sloping line and tholeiites below it. Arndt 
et al. pointed out that another distinguishing fea 
ture is the relatively low TiO2 content of komatiites 
with respect to tholeiites, as illustrated in the TiO2- 
MgO plot of Figure 2A. Although the cumulus peri-
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dotites and pyroxenites of the Dundonald sill plot 
within the komatiite field, the TiO2 diagram is very 
effective in distinguishing the gabbroic variants of 
the sill and also some extrusive tholeiites from the 
komatiites.

If komatiites from other parts of the world are 
considered, those described by Naldrett and Turner 
(1977) from the Yakabindie area of Western Austra 
lia exhibit a similar pattern to the Munro rocks on 
both the A12O3 vs. FeO7(FeO ± MgO) (Fig. IB) and 
TiO2 vs. MgO (Fig. 2B) plots. Naldrett and Turner 
have also demonstrated that basalts associated with 
komatiites at Yakabindie are characterized by high

Ni (average 146 ppm, range 100-181 ppm) and 
Cr2O3 (average 138, range < 10-336 ppm). Analyses 
reported by Nesbitt (1971) from the Scotia area of 
Western Australia (80 km N of Kalgoorlie) plot to 
gether with those from Yakabindie. However, in 
contrast to rocks from Canada and Western Austra 
lia, some of the Barberton komatiites, in particular 
the basaltic komatiites of Badplaas and Barberton 
type and the low Al variant of the Geluk type, plot 
below the sloping line in Figure 1. Arndt (1975) dis 
cusses the unusual compositions of these rocks, at 
present known to occur only in the Barberton area, 
and suggests some reasons for them.

A word of caution is required at this stage to the ef 
fect that, although a given rock passes the chemical 
screens outlined here, it is not necessarily komatiitic. 
For example, most ocean ridge and island-arc basalts 
plot in the komatiite field in Figure l, as do most ul 
tramafic rocks from ophiolite complexes. In addition 
to the chemical criteria, other features that we have 
mentioned, such as the presence of lavas and possible 
subvolcanic feeders rich in olivine and the occurrence 
of spinifex texture within some representative sam 
ples, should be present to ensure a reasonable cer 
tainty that one is looking at a suite of komatiites. 
Other chemical criteria characteristic of most ac 
cepted komatiites include, when they are compared 
with other volcanic rocks of similar MgO/FeO ratio, 
generally low rare earth elements, and, in particular, 
low Hf, Y, and Zr.

Tholeiites: Subclass picritic: Ultramafic rocks be 
longing to this class occur as basal accumulations to 
differentiated sills or flows. They also occur as zones 
of hyaloclastite or aphanitic or fine-grained pyroxenite 
capping the flows, or as vent breccias probably re 
lated to the sills. A typical sill of this subclass, such as 
the Dundonald sill, consists of a basal, 320-m-thick 
layer of peridotite overlain by 130 m of augite pyrox 
enite capped by as much as 260 m of gabbro within 
which zones of granophyre up to 60 m thick occur 
toward the top (Naldrett and Mason, 1968). A similar 
stratigraphy is observed in the lower portions of dif 
ferentiated flows belonging to this class, although in 
these the gabbro grades upward into a fine-grained 
pyroxenite capped by a hyaloclastite of uncommonly 
MgO rich (13-15wt *fa) composition (Arndt et al., 
1977). A pipelike body of hyaloclastite cuts through 
komatiitic flows overlying the Dundonald sill at the 
Alexo mine, brecciating them and merging with a 
stratiform hyaloclastite layer which is itself capped by 
further komatiitic flows, proving the contemporaneity 
of the two types of magmatism. The compositions of 
hyaloclastites of this type (50 wt 9fc SiO2 , 14 wt 9fc 
MgO, 0.9-1.52 wt Ve TiO2) are thought to represent 
the initial composition of the magma responsible for 
the flows and sills. They contain 10 to 20 percent nor 
mative olivine and can be described as olivine tho 
leiite or picrite.
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Tholeiites: Subclass anorthositic: These bodies 
consist predominantly of anorthosite, gabbroic an 
orthosite, or anorthositic gabbro and are character 
ized by layers rich in titaniferous magnetite. Ultrama 
fic rocks are relatively uncommon and are generally 
restricted to layers rich in cumulus pyroxenite. One 
of the most completely studied, although most al 
tered, examples of this class is the Dore Lake Com 
plex (Allard, 1970; Allard et al., 1972). The general 
conformity of the layering in the body to folding in the 
enclosing rocks suggests that it was intruded prior to 
folding. However, although it is poorly exposed, the 
Kamiskotia Complex, 24 km west of Timmins, On 
tario, seems to be more of a discordant mass.

Intrusions in cratonic areas
As can be seen from Table l, apart from distin 

guishing intrusions of flood basalt-type magma and al 
kalic intrusions, the classification of bodies in a non- 
orogenic environment is more a matter of size than a 
fundamental difference in type of intrusion or magma.

Intrusions related to flood basalts: Bodies of this 
class include the very large (6—7 km thick and more 
than 8,000 sq km in area) Dufek Intrusion in Antarc 
tica, the 240 x 80 km Duluth Complex in Minnesota, 
the Insizwa-Ingeli Complex of South Africa, and the 
smaller (up to l x 10 km) intrusions of the Noril'sk- 
Talnakh area in Siberia. They are associated with tho 
leiitic basalts of the flood type. Flood basalts are char 
acterized by a higher proportion of incompatible ele 
ments than other tholeiitic types, and their Sr and Nd 
isotope ratios are indicative of derivation from pre 
viously unmelted mantle (De Paolo and Wasserburg, 
1979b).

Large stratiform complexes: As shown in Table l, 
this class is subdivided into sheetlike and dikelike 
bodies. The former includes bodies such as the Bush 
veld, Stillwater, Muskox, and Sudbury complexes. 
Sudbury differs from the other examples in lacking 
the repetitive layering of rock types, and is grouped 
separately. The overall compositions of these com 
plexes tend to be mafic rather than ultramafic, al 
though ultramafic zones are present in each of them 
except Sudbury. Even at Sudbury, however, numer 
ous ultramafic inclusions ranging from dunite to oli 
vine metagabbro occur in the ore (Rae, 1975; Scrib- 
bins, 1978) and are thought to have been derived 
from a hidden layered intrusion (Naldrett et al., 
1972).

Other classes: These include medium- and small- 
sized intrusions and alkalic rocks such as kimberlites 
and carbonatites.

Bodies emplaced during orogenesis
Synorogenic intrusions: Mafic intrusions of this 

type are common in the Appalachian-Caledonian oro 
genic belt. They have been best described in Aber-

deenshire (Boyd and Munro, 1978) and Finmark (Sei- 
land) where they are typified by (1) evidence of 
syndeformational intrusion: specifically, irregular ig 
neous layering if such layering is present; tectonite 
fabrics; and an irregular distribution of a wide variety 
of igneous rock types; and (2) partial metamorphism 
and deformation in the late stages of tectonism. The 
widespread occurrence of such intrusions from Maine 
to northern Norway in this belt may be related to a 
deep level of erosion, particularly in the Norwegian 
Caledonides. Similar intrusions may occur in the 
deep levels of other Phanerozoic orogenic belts. In 
Maine these intrusions have been related to continen 
tal collision (Boone, 1974), whereas genesis from a 
steeply dipping Benioff zone is postulated for the Sei- 
land petrographic province (Robins and Gardner, 
1974).

Tectonically emplaced bodies: Ophiolite com 
plexes: Ophiolite complexes are interpreted as por 
tions of the oceanic crust and upper mantle and, in 
the best preserved examples, are characterized by a 
basal zone of metamorphic textured peridotite over 
lain by a sequence of cumulates ranging from dunite 
through peridotite to gabbro, a sequence of pillow 
lavas and associated feeder dikes, and a capping of 
deep-sea sediments including radiolarian cherts. In 
some places emplacement has been accomplished 
with a minimum of disruption and the full ophiolitic 
sequence is well preserved, but in others the ultrama 
fic rocks occur as isolated blocks within a melange.

Tectonically emplaced bodies: Possible mantle dia- 
pirs: MacGregor (1962) has interpreted the Mt. Al 
bert body in the Eastern Townships of Quebec as a 
high-temperature diapiric intrusion of solid mantle 
material during orogenesis. He points to the pro 
nounced metamorphic aureole in the surrounding 
sediments as evidence of the high temperature of the 
body.

Alaskan-type ultramafic complexes: Complexes of 
this type draw their name from a series of distinctive 
bodies exposed along the mainland of southeast 
Alaska. More than 30 occur along the 550-km length 
of the Alaskan panhandle, most of them in a zone 
about 40 km wide. Some of the larger complexes 
show a rough concentric zoning which, when best de 
veloped, consists of a dunitic core surrounded by suc 
cessive shells of olivine clinopyroxenite, magnetite- 
rich clinopyroxenite, and hornblendite. As a group, 
Alaskan-type complexes are distinguished from alpine 
ultramafics or stratiform intrusions in having highly 
calcic clinopyroxene, no orthopyroxene or plagio 
clase, abundant hornblende, iron-rich chromite, and 
magnetite, the last mineral occurring in concentra 
tions that locally are of economic interest.

Similar bodies are known in the Urals, south-cen 
tral British Columbia, Colombia, and Venezuela (see 
Table 1). The most extensively studied of all is the 
Duke Island Complex, described by Irvine (1974),
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who provides an up to date general account of bodies 
of this type and emphasizes their alkalic nature.
Relative Importance of Classes of Different Mafic 

and Ultramafic Bodies as Host for Ores
As can be seen from Table l, nickel sulfide deposits 

are associated with many of the different classes of 
mafic and ultramafic bodies. However, some of the 
classes have proved to be much more important as 
hosts for Ni sulfide ores than others. Naldrett (1973) 
pointed out that ophiolitic bodies, Alaskan-type 
bodies, and alkalic bodies such as kimberlites and car- 
bonatite-bearing ring complexes contain few if any 
significant deposits. Naldrett and Duke (1980) noted 
that five distinctive combinations of type of body and 
tectonic setting (petrotectonic setting) accounted for 
more than 95 percent of known nickel sulfide reserves 
and resources. These are:

(I) Neritic rocks associated with an astrobleme 
(scar resulting from meteorite impact). The sole ex 
ample of this type is the Sudbury mining camp in 
Canada.

(II) Intrusive equivalents of flood basalts associated 
with intracontinental rifting. Important examples in 
clude the Noril'sk camp of Siberia (Glaskovsky et al., 
1977) and the as yet unexploited sulfides at the west 
ern edge of the Duluth Complex, Minnesota (Wager 
et al., 1969; Bonnichsen, 1974; Mainwaring and Nal 
drett, 1977; Matlock and Watowich, 1980).

(III) Magmatic activity accompanying the early 
stages of formation of Precambrian greenstone belts 
and comprising two main types:

A. Tholeiitic intrusions such as those hosting the 
ores of the Pechenga Ni camp of the Kola Peninsula, 
USSR (Gorbunov, 1968), and Lynn Lake, Manitoba, 
Canada (Ruttan, 1955).

B. Komatiitic lavas and intrusions, in particular, 
the more ultramafic variants. Ultramafic komatiites 
are hosts to important sulfide deposits, in particular, 
those of the Kambalda camp of Western Australia 
(Ross and Hopkins, 1975). Rocks believed to be koma- 
tiitic (Peredery, 1979) are hosts to deposits of the 
Thompson, Manitoba, district and to high-grade de 
posits, as yet unmined, in the northern tip of the Un- 
gava Peninsula of Quebec (Wilson et al., 1969; Barnes 
et al., in press).

(IV) Tholeiitic intrusions, generally synchronous 
with orogenesis in Phanerozoic orogenic belts, as 
hosts to deposits of lesser importance {e.g., the Rona 
deposit, Norway (Boyd and Mathiesen, 1979), the 
Moxie and Katahdin gabbros, northern Maine 
(Thompson, 1980)}.

The relative importance of the different petrotec 
tonic settings as hosts for Ni-Cu-sulfide ores is illus 
trated in Figure 3, both in terms of their contribution 
to past production and to future resources. Three set 
tings dominate, setting I—Sudbury, setting II—
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Fie. 3. Quantity of Ni metal contained in total past production, 
present reserves, and other identified resources of magmatic sul 
fide deposits. The deposits are classified according to their petro 
tectonic settings as described in the text. Reserves comprise known 
ores that are currently minable at a profit, whereas other resources 
include those known deposits that are not economically viable at 
present but which are likely to be developed in the foreseeable fu 
ture. The other resources present at Sudbury (setting I) and at 
Noril'sk (included in setting H) are not known but have been con 
servatively estimated to be one-half of the reserves.

those associated with flood basalt magma and intra 
continental rifting, and setting III—those associated 
with volcanic rocks in Precambrian greenstone belts, 
especially those associated with komatiites. In the fol 
lowing section examples of these deposits will be de 
scribed briefly.

Description of Selected Nickel Sulfide Deposits: 
Implications as to Genesis

Setting I—Sudbury
Sudbury, the ores, igneous rocks, and geologic set 

ting have become the subject of an extensive litera 
ture, and it is not intended to review it in full here but 
merely to point out the main features and call atten 
tion to some of the more recent papers and some spe 
cial characteristics that are regarded as important to 
the origin of the deposits.

The geology of the Sudbury basin is illustrated in 
Figure 4. The ore deposits are either close to the
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FlG. 4. Geology of the Sudbury basin.

outer margin of the Sudbury Nickel Irruptive or asso 
ciated with dikelike bodies of Irruptive rocks (the off 
sets) projecting away from the Irruptive. The petrol 
ogy of the Irruptive has been discussed by many 
authorities, most recently by Pattison (1979) who con 
centrated on the rocks closely associated with the 
ore, the igneous sublayer, and prior to that by Nal 
drett et al. (1970, 1972) and Hewins (1971). The Ir 
ruptive had intruded along the contact between the 
overlying Whitewater Series and underlying Archean 
granites and gneisses (to the north) and Proterozoic 
greenstones and graywackes (to the south). Perhaps 
the most interesting rock formation at Sudbury is that 
forming the base of the Whitewater Series, the Onap 
ing Formation described in detail by Peredery (1972). 
It is a breccia composed of numerous fragments of 
country rock, quartzite, granite, gneiss and gabbro, 
and the devitrified remnants of a volcanic-looking 
glass set in a matrix of smaller rock fragments and de 
vitrified glassy shards.

The Sudbury structure was originally interpreted 
as a volcanic caldera, the Onaping Formation as an ig 
nimbrite which had filled the caldera as it collapsed, 
and the Irruptive as an intrusion into the zone of fault 
ing bounding the caldera (Speers, 1957). Subse 
quently Dietz (1964) described the presence of shat 
ter cones in quartzites lying to the south of the 
present Irruptive margin and suggested that the 
structure was a meteorite impact site. In 1967, 
French noted rows of inclusions in quartz and feldspar 
grains in country-rock fragments from the Onaping 
Formation, which, he suggested, were the remnants 
of lamellae of thetomorphic glass resulting from shock 
pressures in excess of 100 kb, thus providing strong 
support for the impact hypothesis.

Following these original observations, the Onaping 
Formation has been compared to the suevite breccias 
from the Riess structure in Bavaria, which are re 
garded as impact fall-back breccia (Peredery, 1972). 
Irregular bodies of felsic igneous rock at the base of 
the Onaping Formation have been interpreted as 
melts generated by the heat of the impact; breccia 
dikes composed of locally derived material have been 
equated to the pseudotachylite veins observed in the 
vicinity of impact sites (Peredery, 1972); and the trig 
gering of the intrusion of the Irruptive has been at 
tributed to deep crustal fracturing resulting from im 
pact (Bray, 1972). The impact hypothesis is now 
widely, although not universally, accepted (cf. Card 
and Hutchinson, 1972; Fleet, 1979; Stevenson and 
Stevenson, 1980).

The Sudbury Nickel Irruptive consists of a layer of 
norite overlying a marginal zone in which the rocks 
become progressively more quartz rich toward the 
basal contact. The norite grades upward into a gabbro 
with a gradual decrease in hypersthene content. Cu 
mulus magnetite appears within the gabbro, which it 
self grades abruptly upward into a granophyre. The 
Fe/Mg ratio of both augite and hypersthene increases 
upward through the norite and gabbro into the grano 
phyre, and downward across the marginal zone. The 
anorthite content of plagioclase increases upward 
throughout the norite and gabbro but remains rela 
tively constant across the marginal zone (Naldrett et 
al., 1970). In comparison with other large layered in 
trusions, the Irruptive is unusual in three important 
aspects: the absence of small-scale ^200 ft) cyclical 
units, the absence of visible layering resulting from 
variation in the proportions of minerals, and the very 
high quartz content of the rocks. The uncommonly
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FlG. 5. Normative proportions of olivine, hypersthene, and 
quartz in cumulus rocks from a number of well-known layered in 
trusions compared on the basis of the Fe7(Fe ± Mg) ratio of their 
augite. The same ratio for hypersthene (column 1) and the An con 
tent of plagioclase (column 2) are also shown for each sample. (Mo 
dified after Naldrett and MacDonald, 1980.)

quartz rich nature of the Sudbury rocks is very ap 
parent when they are compared on the basis of the 
Fe/Mg ratios of the pyroxenes or the An content of 
the plagioclase (which serve as indicators of the degree 
of differentiation of the magma from which they crys 
tallized) with rocks from other layered intrusions 
(Fig. 5).

It has been suggested (Irvine, 1975) that the Sud 
bury magma has become highly contaminated with 
quartz-rich material, resulting in an increase in SiO2 
but no corresponding increase in the Fe/Mg ratio. 
The presence of numerous partially digested inclu 
sions within the Irruptive (Stevenson and Colgrove, 
1968) and the relatively high initial Sr^/Sr86 ratio of 
0.706 for the norite (Gibbins and McNutt, 1975) sup 
port this viewpoint. The lack of cyclical units and ig 
neous layering also becomes explicable, as an uncom 
monly high silica content would result in an 
exceptionally viscous magma. This would inhibit con 
vection and the winnowing effect of vertical magma 
currents, which are thought to give rise to the cyclical 
units and visible layering.

Irvine (1975) has pointed out that silicification of a 
mafic magma can induce saturation of sulfide and has 
suggested that this is responsible for the concentra 
tion of sulfide ore at Sudbury. This concept is illus 
trated in Figure 6 which is an isothermal section 
drawn at 1,2000C through the FeO-SiO2-FeS system. 
Suppose that the FeO-SiO2 join is taken as the ana 
logue of a natural silicate melt, free from sulfide, and 
the FeS-FeO join as the natural sulfide melt. Point A 
lies within a single liquid field representing complete

FlG. 6. The 1,2000C isotherm of the FeO-SiO,-FeS system 
(drawn from the liquidus diagram of MacLean, 1969) illustrating 
the effect of adding SiOj to a composition represented by point A. 
(After Naldrett and MacDonald, 1980.)

miscibility between compositions on the FeO-SiO2 
join and the FeO-FeS join and in the analogy corre 
sponds to a sulfide-rich but not sulfide-saturated sili 
cate melt. Addition of a small amount of SiO2 will 
change the bulk composition of A to that of B. How 
ever, B lies in a two-liquid field; this consists of an 
FeO-FeS liquid containing very little silica (composi 
tion X) that coexists with a liquid (composition Y) 
which is silicate rich and contains less sulfide than for 
mer composition A. Addition of SiO2- to A will induce 
sulfide saturation and, depending on how much SiO2 
is added, result in the segregation of a significant pro 
portion of the dissolved sulfide. The importance of 
this process is that sulfides will precipitate from a 
magma without the coprecipitation of silicates and 
thus are free to accumulate as rich orebodies rela 
tively free of dilution by silicate minerals. Naldrett 
and MacDonald (1980) have shown how this concept 
can be fitted into the geological framework at Sud 
bury, pointing out that the brecciation, fracturing, 
and heating of felsic rocks of the target zone as a result 
of meteorite impact would be conducive to the pro 
cess of assimilation.

The nickel-copper ore deposits of the Sudbury 
camp can be divided into three categories: marginal 
south range deposits, marginal north range deposits, 
and offset deposits. Detailed descriptions of many of 
the deposits have been given by Souch et al. (1969), 
Naldrett and Kullerud (1967), Cowan (1968), and Pat- 
tison (1979).

The marginal deposits of the south range, of which 
the Little Stobie 2 and Murray mines are typical 
examples, are generally zoned from massive ore at the 
footwall to disseminated sulfide ore toward the hang 
ing wall. The massive ores rest directly on the foot 
wall rocks and contain inclusions of footwall material 
as well as fragments of gabbro and peridotite. The 
host rock of the disseminated ores is sublayer norite
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which is in sharp contact with the overlying quartz- 
rich norite of the Main Irruptive.

The ores of the north range marginal deposits occur 
not only within sublayer norite but also within brec 
ciated country rocks and fractures in country rock un 
derlying the breccias. The footwall breccias are very 
uncommon rocks consisting of fragments of country 
rock, ultramafic inclusions, and rare norite in a quart- 
zo-feldspathic matrix. It has been postulated that they 
represent breccia that resulted from and lined the 
base of the impact crater although postore brecciation 
can be demonstrated in some places. The sulfides 
within the footwall breccias occur as fine and blebby 
disseminations and stringers in the footwall fractures, 
while sulfides disseminated within an inclusion-bear 
ing sublayer norite constitute what is commonly 
known as hanging-wall ore. An uncommon Cu-rich 
ore type consisting of nearly massive chalcopyrite en 
closing a small percentage of pentlandite has recently 
been discovered at Strathcona mine (Abel et al., 
1979). The ore occurs in fractures within the footwall 
gneiss more than 100 m away from the basal contact 
of the Irruptive.

The offset deposits occur in the dikelike offsets of 
sublayer norite and gabbros that extend several 
kilometers away from the Irruptive into the footwall. 
In many cases the sulfides form lenslike pods of mas 
sive and interstitial disseminated ore associated with 
high proportions of inclusions in the offset dikes. The 
Frood-Stobie is an unusual offset deposit, albeit the 
largest. The offset resembles a dike in plan, in this 
case one paralleling the southern contact of the Irrup 
tive. It resembles a downward-pointing wedge in 
cross section and dips steeply to the north. Massive, 
inclusion-bearing sulfide ore is concentrated at the 
margins of the wedge and toward the base of the de 
posit, whereas the upper part of the orebody consists 
of disseminated sulfide in inclusion-bearing sublayer 
norite.

The Falconbridge deposit is yet another uncom 
mon orebody in that it is emplaced along a fault that 
parallels the contact of the Irruptive. The fault forms 
the contact between Irruptive rocks and the country- 
rock greenstones over much of its length, although to 
the west it enters and dies out within the Irruptive 
and to the east it enters the greenstones. The fault 
and its relationship to the mineralization form the 
subject of a later section of this paper.

Setting 11—Ores associated with continental rifting
Large-scale rifting of the crust had developed 

across and within many continents in response to con- 
vective movement of the underlying mantle. The rift 
ing has in some places been localized along a single, 
narrow fracture zone and in others has occurred 
across a zone several 100 km wide along a myriad of 
parallel fractures. Basaltic magma derived from the

underlying mantle has risen along these fractures to 
flood out across the continental surface as thick, ex 
tensive deposits known as flood basalt. Two very im 
portant nickel camps are associated with intrusive 
feeders to flood basalt activity, the Lower Triassic 
ores of the Noril'sk-Talnakh camp, Siberia, and the 
1.1-b.y. ores of the Duluth Complex, Minnesota. In 
this paper data on two other deposits of this class are 
presented: the Great Lakes nickel deposit, which is 
associated with a troctolitic intrusion in northeastern 
Ontario and is similar in age to the Duluth Complex, 
and the ores of Jurassic Insizwa Complex of the Trans- 
kei, southern Africa. The latter complex is an intru 
sion forming part of the Karoo magmatic event.

Noril'sk-Talnakh: The Noril'sk-Talnakh Cu-Ni de 
posits are located on the extreme northwestern mar 
gin of the Siberian platform, which has been a stable 
craton since the end of the Paleozoic (Fig. 7). To the 
north, the platform is separated by the Khatanga 
trough from a second platform, the Taimyr peninsula, 
which has also been stable since the Paleozoic. To the 
west, a third craton, the East European-Urals Block, 
is separated from the Siberian platform by the Yenisei 
trough, known geographically as the West Siberian 
lowlands. The East European-Urals Block has be 
haved as a craton since middle Permian time.

Within Western Siberia, lower Paleozoic argilla 
ceous marine sediments are overlain by extensive De 
vonian evaporite deposits and lower Carboniferous 
shallow-water limestones which in turn are uncon- 
formably overlain by middle Carboniferous lagoonal 
and continental sediments, including coal measures 
(Smirnov, 1966; Glazkovsky et al., 1977). The emer 
gent sedimentary sequence is covered by an ex 
tremely large volume (approximately one million 
cubic kilometers) of late Permian and Triassic flood 
basalt and tuff (Bazunov, 1976; Glazkovsky et al.,
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FIG. 8. Subsidence during the Early and Middle Jurassic in 
northwestern Siberia. (After Tamrazyan, 1971.)

1977) known as the Siberian traps. Sill-like tholeiitic 
intrusions, varying in composition from subalkaline 
dolerite to gabbro-dolerite (Glaskovsky et al., 1977), 
were emplaced contemporaneously with, and are 
feeders to, the extrusive activity.

The structure of the district is dominated by late 
Permian to Triassic block faulting which was coeval 
with the igneous activity. Individual faults may be 
over 500 km in length with throws of up to 1,000 m 
(Smirnov, 1966). The principal faults trend north- 
northeast to northeast.

Following extrusion of flood basalt, considerable 
subsidence took place in the Yenisei and Khatanga 
troughs from the Early Triassic to the mid-Tertiary 
with a resultant sedimentary sequence that attains a 
thickness in excess of 10 km (Tamrazyan, 1971). The 
zone of subsidence coincides (see Fig. 8) with the Y- 
shaped structure, bounded by the block faulting illus 
trated in Figure 7 (Maksimov and Rudkevich, 1971).

Geophysical measurements of depth to the 
Mohorovicic discontinuity (Tamrazyan, 1971) indicate 
that, despite the considerable thickness of Mesozoic 
and early Tertiary sediments in the area, the disconti 
nuity is significantly shallower beneath the Yenisei 
and Khatanga troughs than beneath the adjacent plat 
forms. The coincidence of considerable subsidence 
with crustal thinning beneath the troughs is indicative 
of a rifting environment. In its early stages the rifting 
was accompanied by the widespread intrusions and 
extrusions already described as occurring on the Si 
berian platform, and which aeromagmatic surveys in 
dicate underlie broad areas of the lowlands them 
selves.

The mineralized Triassic intrusions represent vol 
canic conduits radiating outward and upward from in-
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FlC. 9. Geology of the Noril'sk-Talnakh region (partially sche 
matic) based on maps of Smirnov (1966) and Glaskovsky et al. 
(1977). (Modified after Naldrett and Macdonald, 1980.)

trusive centers and penetrating the sedimentary se 
quence. Many of the intrusive centers of the 
Noril'sk-Talnakh region are associated with a promi 
nent block fault, the Noril'sk-Kharaelakh fault (Fig. 
9), which occurs within the Siberian platform but is 
parallel to the fault system forming the boundary be 
tween the platform and the Siberian lowlands to the 
west. It is regarded as a deep-seated fault that acted 
as the route for upwelling magma (Malich and Tugan- 
ova, 1976). Both the Mt. Chernaya deposit to the 
south and the Talnakh-Oktyabr'sk deposits to the 
north are located on this fault. Recently, a further 
group of gabbro-dolerite-hosted Cu-Ni deposits, the 
North Kharaelakh ore field, with an aerial extent of 
1,500 sq km, has been described (Dyuzhikov et al., 
1976). These deposits, approximately 375 km north of 
Noril'sk, also lie close to the northerly extension of 
the Noril'sk-Kharaelakh fault.

The ore-bearing intrusions are differentiated, with 
picrite and picritic dolerite overlain by more felsic dif 
ferentiates. The relationships among these sedi 
ments, intrusions, and extrusions are illustrated in 
Figure 9. Individual sills may attain lengths of 12 km, 
widths of 2 km, and thicknesses of 30 to 350 m. The 
Cu-Ni-platinoid mineralization forms relatively per 
sistent ore horizons, occurring as disseminated and 
massive accumulations of pyrrhotite, pentlandite, and 
chalcopyrite in the lower portions of the intrusions,
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and as disseminated zones and massive veins in the 
adjacent footwall.

Some significant differences exist between the de 
posits of the Noril'sk and Talnakh areas. The former 
are much lower in grade and, as of May 1978, only 
two mines were active, the Medvezhii Ruchei (Bear 
Creek) open pit at the northeastern end of the 
Noril'sk I intrusion and the underground Zapolyarnyi 
mine to the southwest. The deposits of Noril'sk II and 
Mt. Chernaya are described by Slowikowski (1978) as 
subeconomic and are not mined at present. The 
mines of the Talnakh area include those of Mayok, 
Komsomolsky, Oktyabr-sk, and Taimyr. Production 
at the Mayok mine started in late 1965, followed by 
Komsomolsky in 1971, and Oktyabri'sk in 1974. De 
velopment was still under way at Taimyr in 1978.

Much of the ore associated with the Noril'sk I intru 
sion consists of disseminated sulfides in picritic and 
taxitic (contact phase) gabbro coupled with zones of 
more massive material developed adjacent to the con 
tact. The geology at Talnakh is more complex, with 
intrusive rocks located within and radiating outward 
from the Noril'sk-Kharaelakh fault. Postintrusion 
faulting has added to the complexity of the igneous 
bodies and orebodies. Disseminated pyrrhotite-pent- 
landite ore occurs within the intrusions and passes 
downward into massive ore containing a higher pro 
portion of copper. More massive ore also occurs 
toward the extremities of the intrusive bodies. The 
richer ore zones consist in part of sulfide veinlets fill 
ing tensional fractures. This type of mineralization is 
also characteristic of the flanks of the ore zones. Very 
copper rich mineralization is associated with the mas 
sive ore zones, occurring farther into the country 
rocks, within hornfelsed and metasomatically altered 
rock and also within zones of skarn. In general, Pt and 
Pd are enriched and Rh, Ru, Ir, and Os depleted in 
the massive ore in comparison with the disseminated 
sulfides in the troctolite and gabbro.

Genkin et al. (1974) reported that the ore hosted 
within the intrusions is pyrrhotite rich, containing the 
typical assemblage pyrrhotite, chalcopyrite, pent 
landite, and magnetite. The more massive ores are 
enriched in copper and, in extreme cases, consist of 
the metal-rich copper-iron sulfides cubic chalco 
pyrite, mooihoekite, and talnakhite, together with cu 
banite, iron-rich pentlandite (42 wt Ve Fe), magne 
tite, and variable amounts of iron-rich pyrrhotite or 
troilite. They regard the assemblage as being the con 
sequence of the fractional crystallization of an Fe- and 
Ni-bearing monosulfide solid solution from a sulfide 
melt.

The sulfur isotope data for the Noril'sk district (see 
Fig. 10) indicate that the sulfides are anomalously 
heavy in 34S. These data are inconsistent with mantle 
derivation of the sulfur but are compatible with its 
derivation from evaporites.
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FlG. 10. Sulfur isotope ratios from the Waterhen Intrusion, 
Minnesota, and the Noril'sk and Bushveld regions. (After Mainwar 
ing and Naldrett, 1977.)

The geological and geochemical evidence indicates 
clearly that as the basaltic magmas rose through the 
sedimentary cover they assimilated sulfur from the 
sulfate evaporites that they penetrated (Godlevskii 
and Grinenko, 1963; Kovalenko et al., 1975). The sul 
fur in calcium sulfate was reduced to sulfide, CaO en 
tered the magma, and iron from the magma reacted 
with the reduced sulfur to produce droplets of immis 
cible iron sulfide dispersed through the intrusions. 
These droplets acted as collectors for the Ni, Cu, and 
Pt group elements which are so enriched in the 
Noril'sk ores. Tarasov (1970) has pointed to evidence 
that coal-bearing horizons from the middle Carbonif 
erous sediments were also assimilated and may have 
assisted in the reduction of the calcium sulfate.

Mineralization of the Duluth Complex: The Du- 
luth Complex crops out as an accurate mass extending 
about 150 miles northeast from Duluth, Minnesota, 
to the Canadian border. Detailed descriptions of parts 
of the complex have been given by Taylor (1964), 
Weiblen (1965), Phinney (1972), and Bonnichsen 
(1972a). Sims and Morey (1972) have presented a gen 
eralized discussion of the stratigraphic setting, and 
Weiblen and Morey (1980) have given an up to date 
summary of the geology of the complex.

The complex is closely associated with Keewan- 
awan (late Proterozoic) basalts of the Lake Superior 
area and was intruded 1.12 b.y. ago (Faure et al., 
1969) close to the contact of these rocks with older 
Precambrian rocks which are now exposed to the 
northwest (Fig. 11). These consist, in the north, of a 
complex of Archean felsic intrusions and volcanics, 
primarily the Giants Range Granite, which are over 
lain unconformably to the south by the south-dipping 
Biwabik Iron Formation. This is itself overlain by 
black argillites, graywackes, siltstones, graphitic 
slates, and sulfide facies iron-formation comprising 
the Virginia Formation.

The Duluth Complex comprises a variety of intru 
sions, some of which appear to have been feeders for 
the Keewanawan flood basalts found along the north 
shore of Lake Superior. The mineralization occurs 
along the western margin of the complex. Wager et 
al. (1969) have described the geology of the Spruce 
deposit of INCO Metals Ltd., Matlock and Watowich
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(1980) the geology of AM AX Exploration Ltd's Minna- 
max deposit, Rao and Ripley (1980) and Ripley and 
Rao (1980) the petrology and geochemistry of U.S. 
Steel Corporation's Dunka Road deposit, and Main 
waring and Naldrett (1977) have studied the mineral 
ization of the Waterhen Complex. The locations of 
these deposits are shown in Figure 11. In the first 
three deposits, the mineralization consists of pyrrho 
tite, chalcopyrite, pentlandite, and cubanite weakly 
disseminated in troctolite and norite within 300 m of 
the base of the complex. The mineralized zones are 
characterized by numerous inclusions of country
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FlG. 12. Vertical section through the Spruce deposit, Duluth 
Complex, Minnesota. The layered series refers to zones of well- 
banded picrite, mafic troctolite, and troctolite. The Spruce breccia 
refers to troctolite with more than 30 percent of inclusions of clino- 
pyroxene-plagioclase-olivine-bearing rock, Biwabik Iron Forma 
tion, and recrystallized mafic rocks. (Ref. Wager et al., 1969. Fig 
ure reproduced with permission of the authors.)

rocks, consisting of hornfelsed Virginia and Biwabik 
formations, together with barren gabbro and perido 
tite. This is the case even at the Spruce deposit (Fig. 12), 
where granite forms the footwall and the Virginia and 
Biwabik do not appear to be present in situ at surface 
within several kilometers of the deposit. At both Min- 
namax and Dunka Road, norite becomes more com 
mon and troctolite less common in the vicinity of the 
sulfide horizons, attesting to reaction between the 
troctolite and country-rock inclusions.

The Waterhen Complex is somewhat different in 
that the sulfides are associated with a zone of dunite 
and also with peridotite layers within the overlying 
troctolite. Although the mineralization consists of a 
normal assemblage of pyrrhotite, pentlandite, and 
chalcopyrite, occurring interstitial to silicate grains in 
a characteristic magmatic "net texture," an uncom 
mon feature is the occurrence of as much as 10 per 
cent graphite in certain zones. Other rare features of 
the sulfide environment include the presence of 
green (Mg-Al) spinel in some of the troctolites, and 
the local occurrence of cordierite. As in the other de 
posits, numerous partially resorbed remnants of what 
appear to be hornfelsic Virginia slate occur in the 
troctolites.

These observations led Mainwaring and Naldrett 
(1977) to question whether the graphite and sulfides 
might not have been derived from the Virginia For 
mation. The results of their sulfur isotope study are 
included in Figure 10. Barren sulfides from the Vir 
ginia Formation average about 18 834 S per mil, 
whereas the Waterhen sulfides range from 11 to 16 
534 S per mil. These results are consistent with a 
model in which perhaps as much as 75 percent of the 
sulfur was derived from the country rocks. Mainwar 
ing and Naldrett proposed a model in which an initial 
pulse of magma, rich in olivine phenocrysts and con 
taminated with country-rock sulfide, was injected to 
form the main, dunite-hosted sulfide zone which then 
started to differentiate. Successive influxes of new 
magma flushed out existing, partially differentiated 
magma to form the Keewanawan North Shore vol 
canics, and themselves differentiated to give rise to a 
series of peridotite-troctolite-anorthosite cyclical 
units in which sulfides settled to become enriched in 
the basal peridotite members of each of these units. 
Sulfur isotope ratios reported from other localities 
within the Duluth Complex (E. C. Perry, pers. com- 
mun.; E. M. Ripley, written commun., 1978) also in 
dicate that much of the sulfur was derived from a 
crustal source.

The petrologic and isotope studies of Rao and 
Ripley (1980) and Ripley and Rao (1980) led them to 
suggest that wholesale assimilation of the Virginia 
Formation is not the mechanism of incorporation of 
sulfur, but that heat from the intrusion caused sul 
fides and hydrous minerals to break down and sulfur
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to be introduced into the intrusion in an H^O-rich 
volatile phase.

As stated previously, the Duluth Complex is an in 
trusive part of the Keewanawan flood basalt province 
of Lake Superior. The lake itself represents the north 
ern extremity of the midcontinental gravity high, 
which cuts across North America in a northeasterly 
direction from Kansas to Minnesota and then turns 
south into central Michigan (Fig. 13). The zone of 
anomalous gravity is also marked by numerous strong 
positive and negative magnetic anomalies. Pre-Paleo- 
zoic basement rocks intersected in boreholes within 
the zone include a high proportion of Keewanawan 
basalts and mafic intrusions. These and the related 
gravity and magnetic anomalies are expressions of 
magmatic activity associated with intracontinental 
rifting, which had its greatest development in the 
Lake Superior area with the extrusion of the Keewan 
awan flood basalts and the intrusion of the Duluth 
Complex.

Inaizwa, Transkei (southern Africa): Sulfide show 
ings occur at numerous localities at the base of the 
subhorizontal picrite-gabbro Insizwa-Ingeli-Tonto- 
Tabankulu Complex in Pondoland, northern Trans 
kei. The complex has an areal extent of 1,200 sq km 
and a vertical thickness of as much as 900 m. It is part 
of the Jurassic Karoo sequence of lavas and intrusions 
that occur throughout southern Africa. Most interest 
has centered around the Waterfall Gorge area 
(Scholtz, 1936) where several adits have been driven 
into sulfide mineralization within the basal zone. The 
rocks of this area consist of a basal chill phase in con-

96' 90'

200 Vdes

48'-

FIG. 13. The midcontinent gravity anomaly. Shading indicates 
areas of positive Bouguer anomaly (X) milligals). (After Naldrett 
and Macdonald, 1980.)

tact with underlying shales and grits and overlain by 
100 m of olivine-hypersthene: gabbro and picrite, 
which pass upward into the olivine-hypersthene gab 
bro of the main intrusion. The sulfides occur as a dis 
semination in the lower olivine hypersthene gabbro 
and as minor massive segregations in fractures in this 
rock, the basal chill, and the underlying country 
rocks. There is an association between sulfides and 
granitic veins cutting the intrusive rocks; Tischler et 
al. (in press) regard the veins as country rock melted 
by the intrusion, and suggest that the presence of the 
sulfides is a result of contamination of the mafic intru 
sion by felsic country rocks. The mineralization at 
Waterfall Gorge was estimated by Scholtz to consist of 
600,000 tons grading 0.5 percent nickel plus copper. 
Possibly, subsequently exploration has added to these 
reserves.

Setting HI A—Deposits in Precambrian greenstone 
belts associated with tholeiites

The deposits of this setting include those of the Pe- 
chenga region (the most important representatives), 
the Lynn Lake deposits in Canada, and numerous 
other deposits of lesser importance.

Pechenga: The deposits occur in the USSR at the 
extreme northwestern end of the Kola Peninsula, 
very close to the Norwegian frontier. They lie within 
a tectonic trench, the Pechenga-Varzug structural 
facies zone, which developed during the early Proter 
ozoic along a northwest-striking graben structure at 
the junction of two Archean blocks. The following de 
scription is drawn from Gorbunov (1968) and Glas- 
kovsky et al. (1977). More than 20 nickel-copper de 
posits and prospects have been located within the 
area. Initial post-Archean activity involved subsid 
ence and submarine basaltic volcanism, gradually giv 
ing way to psammitic and pelitic sediments with in 
terstratified carbonates and volcanic rocks. All of 
these rocks were folded in an early phase of the Kare 
lian orogeny, which was accompanied by develop 
ment of the Pechenga Series, consisting of 10,000 to 
12,000 meters of basaltic lavas accompanied by lesser 
amounts of felsic volcanic rocks interstratified with 
tuffaceous sediments, limestones, and quartzites. 
Four main phases of mafic volcanism occurred, with 
intervening periods of sedimentation. The last phase 
of volcanism was followed by folding and intrusion of 
the ore-bearing, stratified mafic-ultramafic bodies 
into the sedimentary zone separating the third and 
fourth volcanic sequences. The intrusions are con 
trolled by the fold axes with their basal, olivine-rich 
portions thickening toward synclinal axes. Overall, 80 
percent of the post-Archean stratigraphy up to the top 
of the Pechenga Series in this area consists of mafic 
igneous rocks.

Faulting and thrusting have affected many of the 
ore deposits and resulted in the mobilization of sul-
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fides into tectonic zones. Study of the least deformed 
bodies has shown that the intrusions are layered, 
ranging from basal peridotite (now largely serpentin- 
ized) through pyroxenite to gabbro. The sulfides are 
associated with the peridotite or serpentinite, and be 
come more abundant where these rocks thicken (par 
ticularly in the synclinal troughs) and vice versa.

Ore types include (1) disseminated peridotite- 
hosted ore in which the sulfide mineralization in 
creases in intensity downward until near the base it 
includes massive segregations in small fractures and 
ve inlets, (2) breccia ores located within tectonic zones 
but passing laterally into the peridotite-hosted ore 
type, and (3) veinlets in the country-rock schist. The 
Cu7(Cu * Ni) ratios of the peridotite-hosted and 
breccia ore types are fairly constant at about 0.28, 
but ratios of the veinlets in schist average about 0.51. 
Nickel/cobalt ratios average about 50 in all ore types.

Allarechen: These deposits, now largely mined 
out, lie 50 km south-southwest of Pechenga and are 
associated with mafic and ultramafic rocks that in 
trude Archean gneisses. Both mineralized and un- 
mineralized intrusions show close resemblances to 
those at Pechenga, and Glaskovsky et al. (1977) sug 
gested that Allarechen may represent a lower level of 
erosion in which feeders to the Pechenga ore field are 
exposed.

Other gabbro-related deposits in greenstone 
belts: Brief descriptions of some other deposits of this 
class are given here, not because they are more im 
portant than deposits that are not described, but 
rather to provide a background to data on their com 
positions that are presented later in this paper.

The Kanichee (Ajax Minerals Ltd.) deposit occurs 
in the Abitibi belt of the Superior province of the Ca 
nadian Shield near the town of Temagami. The de 
posit lies at the base of a differentiated peridotite- 
clinopyroxenite-gabbro sill, the best mineralization 
being associated with a protrusion of peridotite away 
from the base of the sill into the pillow basalt country 
rocks. Two types of mineralization occur, an earlier 
phase of disseminated sulfides that is cut by stringers 
of massive, more copper rich ore (Bennett, 1978).

The Kenbridge deposit consists of nickel-copper 
sulfides disseminated and filling fractures within a 
mafic intrusive breccia plug in Archean mafic vol 
canics in northwestern Ontario. Indicated reserves 
are in excess of 3 x 106 tons grading 1.06 wt percent 
Ni and 0.54 wt percent Cu.

The original geological setting of the Espedalen de 
posit, which is located in southern Norway, is uncer 
tain because the complex is allochthonous. A brief de 
scription of the deposit is given here without 
intending to imply that it belongs to this class. The 
deposit consists of discontinuous zones of sulfides 
which display marked interstitial magmatic textures 
within a gabbro-anorthosite-pyroxenite complex that

lies just east of the Precambrian Jotunheim Complex. 
The age of the Espedalen rocks and the timing of their 
emplacement are uncertain, although emplacement 
may have been simultaneous with that of the Jotun 
heim Complex (Battey and McRitchie, 1973; Eng- 
lund, 1973). The principal concentrations of sulfides 
discovered to date occur in a gabbro- and pyroxenite- 
rich portion of the complex and define an irregular 
zone extending for several kilometers.

Setting IIIB—Deposits in Precambrian greenstone 
belts associated with komatiites

These deposits fall naturally into three groupings 
which are listed here and then described in more de 
tail:

Group l. Orebodies occurring at the base of ultra 
mafic flows, generally small (l to 5 x 106 metric tons) 
and of high grade (l.S-3.5% Ni). Examples include 
the deposits of the Kambalda district (Ross and Hop 
kins, 1975) and the Widgiemooltha dome (Fisher, 
1979; Dalgarno, 1975) of Western Australia, and 
Damba-Silwane deposit of Zimbabwe (Williams, 
1979), and the Langmuir (Green and Naldrett, 1981) 
and Marbridge (Clark, 1965; Graterol and Naldrett, 
1971) mines of the Abitibi belt, Canada.

Group 2. Medium-sized (10 to 40 x 106 metric 
tons), fairly high grade (l.S-2.5% Ni) deposits local 
ized at the base of intrusive bodies which in many 
cases are thought to have been associated with koma- 
tiitic volcanism, perhaps serving as feeders for the 
volcanics. The deposits of the Proterozoic Cape 
Smith-Wakeham Bay greenstone belt in Ungava, 
Canada (Barnes, 1979; Wilson et al., 1969), are typical 
examples of this class. The Perseverance deposit in 
Western Australia (Martin and Allchurch, 1975) prob 
ably belongs to this group. Although they have been 
highly deformed and metamorphosed, it is likely that 
the deposits of the Manitoba nickel belt, Canada, also 
belong (Peredery, in press).

Group 3. Very large (100-250 x 106 metric tons), 
low-grade (Q.6% Ni) deposits of finely disseminated 
sulfide in dunitic lenses which are interpreted as in 
trusive, sill-like bodies feeding komatiitic volcanism. 
Examples include the Six-Mile and Mt. Keith depos 
its near Yakabindie, Western Australia (Burt and 
Sheppy, 1975; Naldrett and Turner, 1977) and the 
Dumont nickel deposit of Quebec (Duke, 1980; Eck- 
strand, 1975).

Group l deposits—Kambalda district: The most 
intensively studied deposits of group l are those of 
the Kambalda district, Western Australia. The stratig 
raphy of this area includes two cycles of mafic to acidic 
volcanism, each capped with sediments, overlying a 
major iron-formation that is itself underlain by felsic 
volcanic rocks (Gemuts and Theron, 1975).
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FIG. 14. Simplified map of the Kambalda dome. Felsic intru 
sions have been eliminated for clarity. The outline of the ore shoots 
when viewed vertically from above have been projected to surface. 
(Modified after Ross and Keays, 1979.)

The nickel sulfide deposits occur within the lower, 
mafic part of the lower cycle, associated with groups 
of ultramafic flows that are interdigitated with basalts. 
The Kambalda deposits are exposed around a dome, 
of which a simplified plan is given in Figure 14. Basal 
tic rocks exposed within the central core are overlain 
by 600 m of ultramafic lavas which are themselves 
overlain by another sequence of basalts. In Figure 14, 
the outlines of the orebodies are projected to surface. 
Over 75 percent of the ore occurs at the lower contact 
of the ultramafic unit, at the base of the lowermost 
flows.
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FIG. 15. Vertical section through the Lunnon shoot, Kam 
balda, Western Australia. (Modified after Ross and Hopkins, 1975.)

FIG. 16. Comparison of typical profiles through ore zones at 
Alexo and Lunnon shoot. (From Naldrett, 1973.)

The north-northwest trend of many of the ore 
shoots is the consequence of their control by faulting. 
Figure 15 shows a cross section through the Lunnon 
shoot and illustrates the localization of the ore and the 
thickening of the ore-bearing flow in the vicinity of a 
fault-bounded trough. Both aspects are consistent 
with the trough having been present before extrusion 
of the flow and acting as a riffle for the sulfides. In 
Figure 16 a typical profile through the ore is com 
pared to that through the Alexo mine ore (Ontario, 
Canada). At Kambalda the basalt footwall is overlain 
by massive sulfide which is, in turn, overlain by ore 
composed of olivine in a network of enclosing sulfide; 
this is itself overlain by weakly mineralized perido 
tite. All contacts between ore types are sharp. Recent 
descriptions of the Kambalda ores (Barrett et al., 
1977) have emphasized the tectonic deformation of 
the district and have stressed that many contacts ob 
servable at present are tectonic and not original. In 
this respect the comparison between the Kambalda 
ores and the well-preserved Alexo deposit (Naldrett, 
1973) is important in that it indicates that many of the 
contacts at Kambalda, although now sheared, probably 
reflect original contacts.

There is fairly widespread agreement among geolo 
gists working with these deposits that they are the re 
sult of sulfides settling from the flow magmas into the 
present sites of the ores. There is disagreement as to 
whether the sulfides were riffled out of their asso 
ciated flow as it passed over one of the fault-bounded 
troughs with a continuous addition of sulfide while 
the flow was moving, followed by a period during 
which approximate hydrostatic equilibrium was at 
tained (the "billiard ball model", Naldrett, 1973; Us- 
selman et al., 1979), or whether the massive sulfide
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magma advanced ahead of the flow magma to become 
emplaced with the development of a chilled top be 
fore it was covered by the flow (Ross and Hopkins, 
1975; Groves et al., 1979). Almost all authorities 
agree that the sulfides of the ores attained equilib 
rium with their host magma well before the sulfides 
settled into their present locations; that is, that they 
are not the result of very local reaction between host 
rocks and country-rock sulfide but that they have 
been transported together with the flow magma for 
some considerable distance, perhaps even from the 
mantle (Naldrett and Cabri, 1976).

Group l deposits—Langmuir l and 2: These de 
posits occur in the Abitibi belt of the Canadian Shield 
approximately 40 km southeast of Timmins, Ontario. 
They have been described by Green (1978) and 
Green and Naldrett (1981). The deposits occur on 
the southeastern flank of a domical structure. Basalt 
and intrusive granite occur within the core. The ba 
salt is overlain by a sequence of felsic pyroclastic rocks 
which is, in turn, overlain by a relatively continuous, 
thick (30—50 m) horizon of banded iron-formation. 
Komatiitic lava flows occur interdigitated with the fel 
sic volcanics and become more prevalent upward 
until they are the dominant rock type. They them 
selves are overlain by basaltic komatiites, magnesian 
basalts, and finally a very thick sequence of Fe-rich 
tholeiitic basalts. Irregular masses of peridotite cut 
the felsic volcanics and basalts in the core of the dome 
and have been interpreted as feeders to the komatiite 
volcanism.

The Langmuir 2 deposit has been* studied in more 
detail than Langmuir l and is the only deposit to have 
been mined. The ore and ore-bearing flows occur 
above and adjacent to a discordant mass of peridotite 
that cuts downward through the underlying andesitic 
lavas (Fig. 17); this has been interpreted as a feeder 
by Green and Naldrett.

FIG. 17. Block diagram of the Langmuir 2 deposit showing the 
sill-like connection between the footwall ultramafic body (right) and 
the main ore zone (left). There is no vertical exaggeration. (From 
Green, 1978.)

FIG. 18. Three-dimensional view of the Langmuir 2 deposit il 
lustrating the distribution of massive ore (black) in relation to irreg 
ularities in the upper contact of the footwall andesite or footwall 
peridotite. Note: some ore is totally enclosed within andesite (Fig. 
17), and this does not appear in this figure. (After Green and Nal 
drett, 1981.)

The mineralization, particularly that at the base of 
the ultramafic sequence, is controlled by faults and 
topographic irregularities (Fig. 18) very much the 
same way as at Kambalda. Certain areas of the deposit 
have been altered with the development of a pyrite- 
millerite-rich sulfide assemblage but much of the ore 
consists of pyrrhotite, pentlandite, and minor chalco 
pyrite.

The Langmuir l deposit occurs at the base of a series 
of spinifex-bearing lava flows. There has been no under 
ground development and the control of the mineral 
ization is not understood. Much of the ore has been 
highly oxidized, being converted to magnetite which, 
in many places, pseudomorphs the "net texture" 
shown by the sulfides.

Group l deposits—Deposits in Zimbabwe: Sulfide 
deposits associated with komatiites occur in several 
areas in Zimbabwe. The Trojan deposit (20 x l O6 
tons, Q.7% Ni, Q.05% Cu) occurs in the Bineringie 
greenstone belt at Bindura 80 km west-northwest of 
Salisbury. The Damba-Silwane, Shangani (18 x 106 
tons, G.73% Ni, G.07% Cu), and Epoch deposits are 
about 80 km from Bulawayo, respectively, in north 
erly, northeasterly, and easterly directions.

Shangani has been described by Viljoen et al. 
(1976) as being associated with an elongate body of 
peridotite, mushroom-shaped in cross section, that is 
intrusive into felsic lavas that are themselves overlain 
by komatiites. The sulfides are disseminated within 
the "head" of the "mushroom" and are particularly 
concentrated at the base of the head on either side of 
the "stalk." Williams (1979) noted that zones of less 
ultramafic material, together with an exhalative-type 
sediment, occur within and toward the top of the 
head. He suggested that the ore-bearing body may be 
a fissurelike extrusive center. He described the de-
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posits of Damba and Silwane as occurring at or toward 
the base of a series of lava flows. He also described 
Epoch as resembling Shangani in that it is associated 
with a body of peridotite crosscutting rocks that un 
derlie komatiitic volcanics. Williams believes that all 
the deposits near Bulawayo lie at or just below the 
base of the Bulawayan Croup, and that the komatiitic 
volcanism with which they are associated is the basal 
member of this group.

The Trojan deposit has not been described in detail 
in the literature. Zones of disseminated sulfide occur 
within a body of serpentinized peridotite that is both 
overlain and underlain by pillowed basalts and mag 
netite-bearing banded iron-formation. Small zones of 
nearly massive sulfide occur along the basal contact of 
the peridotite.

Group 2 deposits—Ungava nickel belt: Wilson et 
al. (1969), Barnes (1979), and Barnes et al. (in press) 
have described the ore deposits of the Ungava nickel 
belt which are good examples of the group 2 deposits. 
These occur at the base of lenses of peridotite which 
were intruded at the contact between lavas and un 
derlying sediments in a 1.8 x 10* yr-old greenstone 
belt that extends from Cape Smith 350 km to Wake- 
ham Bay. The magma associated with these ores was 
composed of olivine phenocrysts suspended in a liq 
uid that was much less magnesian (~ 19 wt 9h MgO) 
than Archean peridotitic komatiites. Thin sills and 
flows containing similar MgO contents to the liquid 
portion of the magma occur higher in the stratigra 
phy, and it is probable that the ore-bearing lenses 
acted as "holding chambers" from which magmas, de 
pleted of much of their olivine and sulfide, then con 
tinued to the surface.

A cross section through one of these deposits, the 
Katiniq body, is shown in Figure 19. Sulfides at Ka- 
tiniq consist of three textural types: (1) A fine dusting 
of disseminated grains interstitial to silicate minerals; 
(2) net-textured ore, consisting of a continuous net-
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FIG. 19. Vertical section through the Katiniq sill. (After 
Barnes, 1979.)

work of sulfides enclosing 30 to 60 percent of serpen 
tinized olivine grains; and (3) massive sulfides. Net- 
textured ore accounts for about 80 percent of the re 
coverable reserves. In many places disseminated ore 
grades downward through net-textured into massive 
ore with the massive showing a sharp upper contact 
against the net-textured. However, massive ore is 
often absent and in other places occurs as zones and 
stringers within net-textured ore.

Group 2 deposits—Manitoba nickel belt: The 
nickel deposits of this belt occur within a linear, 
northeast-trending tectonic feature on the boundary 
between the Superior (last regional metamorphism 
2.5 b.y.) and Churchill (last regional metamorphism 
1.8 b.y.) provinces of the Canadian Shield. Rocks of 
the belt are in fault contact to the southeast with gran 
ulitic gneisses belonging to the Superior province, 
and to the northwest with upper amphibolite and 
granulite gneisses of the Kisseynew Group of the 
Churchill province. Within the belt the rocks have 
been deformed by at least two stages of folding, and 
consist of a series of acid to intermediate composition 
gneisses and apparently younger, but still highly de 
formed, metasediments and coeval metavolcanics.

The ore is associated with a series of serpentinites 
that Peredery (in press) regards as deformed differen 
tiated sills ranging from dunite to pyroxenite. The 
Pipe 2 deposit is the least deformed of these, and the 
mineralization occurs within and at the margin of a 
serpentinite lens. The serpentinite becomes less mag 
nesian across the body in the direction in which the 
sulfides are less abundant, suggestive that this is the 
upward direction and that the sulfides exhibit some 
degree of basal control. The Thompson deposit (Pere 
dery, in press; Zurbrigg, 1963) consists of an ap 
parently conformable horizon of massive dissemi 
nated sulfides within a zone of biotite schist. 
Numerous inclusions of serpentinized ultramafic 
rocks occur within the sulfides, some with identifiable 
layering which Peredery (in press) interprets as evi 
dence that these, together with ore, are the boudin- 
aged remnants of a sulfide-bearing sill. One of the 
complexities at Thompson is the relatively low ultra 
mafic rock/sulfide ratio. There is, however, consider 
able evidence of deformation along the horizon in 
which the ore occurs and, if much of the bedding 
plane slip has been confined to this zone, it is possible 
that during deformation the ore has been mobilized 
and dragged several kilometers from the main part of 
the host ultramafic as a result of the slippage.

Many, but not all the ore deposits occur within pe 
litic phyllites. These form discrete horizons within 
portions of the sediments that are also characterized 
by quartzite, dolomite ("skarn"), and banded iron-for 
mation. There are many similarities between the set 
ting of the Pipe 2 and the Birchtree (another large de 
posit) on the one hand and Thompson on the other,



1/2 KILOMETRE 
Jones Creek Conglom 
erate - granitic facies

Jones Creek Congtom- 
•rote —conglomeratic 
mafic facies

Facing direction from

.-.
'

,

o-'sfe

FIG. 20. Geology of the area north of Yakabindie station, Western Australia. (From Naldrett and Turner, 1977.)
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although Peredery (in press) is reluctant to correlate 
the two horizons. Amphibolites with basaltic compo 
sitions and rare pillow structures are coeval with the 
sediments. Peredery (1979) has pointed to pyroxene- 
spinifex textures in some of the more MgO rich mem 
bers of the basaltic rocks, and to the komatiitic com 
positional characteristics of the ore-bearing serpentin- 
ites and many of the basalts at Thompson, and has 
suggested that much of the sequence is komatiitic. He 
regards the ore-bearing bodies as a possible intrusive 
manifestation of komatiitic volcanism.

Group 3 deposits—Yakabindie area: The Six-Mile 
deposit at Yakabindie, Western Australia, is a typical 
example of the low-grade disseminated type. The de 
posit is one of a series of lenses (Fig. 20) intruded into 
sediments and felsic volcanics which underlie a se 
quence of tholeiitic and komatiitic lavas and shallow 
intrusions. Nickel sulfide mineralization occurs 
mainly within a conformable ultramafic lens (Fig. 21) 
which consists of a core of dunite, 250 to 300 m thick, 
contained within a sheath of peridotite. The perido 
tite sheath is thicker on the side representing the stra 
tigraphic top, where it exhibits a cyclical variation in 
the MgO, CaO, and A^Oa contents which Naldrett 
and Turner (1977) ascribed to fractional crystalliza 
tion. They postulated the intrusion of a mush of oli 
vine phenocrysts, peridotitic liquid, and sulfide liquid 
into the sedimentary-volcanic pile. Successive waves 
of magma flushed out the upper part of the chamber, 
each wave undergoing some differentiation and thus 
giving rise to the cyclical layering before continuing 
to surface to extrude as the komatiitic lavas.

The sulfides, consisting of pyrrhotite, pentlandite, 
heazlewoodite, and godlevskite, occur mostly at triple 
junctions between the tightly packed olivine grains of 
the dunite core. This zone grades 0.6 percent Ni with 
a reported tonnage of 60 x 106 . Thinner zones of sul 
fide with similar grades also occur within the perido 
tite above the dunite core.

Group 3 deposits—Other komatiite-related depos 
its: In this paper data for a number of other koma 
tiite-related deposits are presented. Lunnon, Fisher, 
Juan, Durkin, McMahon, and Ken shoots are all de 
posits related to the Kambalda dome. Further details 
of their geology, over and above that given here, are 
given or referenced by Ross and Keays (1979) or will 
appear in a future number of Economic Geology fo 
cusing on Ni deposits of Western Australia. The Ne 
pean deposit is in the Kalgoorlie-Norseman area and 
consists of sulfides related to a komatiitic sill, the 
whole having been subjected to significantly higher 
grade regional metamorphism than Kambalda (Hud 
son, 1973; Barrett et al., 1976). The Mt. Edward de 
posit (Fisher, 1979) is located at the northern end of 
the Widgiemooltha dome, 40 km southwest of Kam 
balda. Sulfides occur toward the base of two spinifex- 
textured flows in the vicinity of a pronounced irregu 
larity in the basalt footwall to the ultramafic se 

quence. Massive segregations and disseminated 
sulfides occur within the flows and, to a lesser extent, 
in interflow sediments.

The McWatters deposit (Kilburn et al. 1969; Nal 
drett and Gasparrini, 1971; Green, 1978) occurs at ap 
proximately the same stratigraphic position as the 
Langmuir l and 2 deposits at the southern margin of 
the Shaw dome. It consists of massive sulfides, less 
massive segregations, and disseminated sulfides 
within a very altered sequence of ultramafic lavas. 
The geology of the Marbridge deposit has been de 
scribed by Clark (1965), and some aspects of the min 
eralogy have been studied by Graterol and Naldrett 
(1971). The deposit is associated with a sequence of 
komatiitic lenses that have been highly metamor 
phosed by two adjacent younger felsic intrusions. The 
ore consists of disseminated sulfides in peridotite and 
brecciated ultramafic fragments within a matrix of re- 
mobilized massive sulfide.

Summary of settings for komatiite-related 
ores: The importance of stratigraphy in the search for 
komatiite-related ores has been emphasized in the 
preceding descriptions of nickel sulfide camps. The 
modern analogy for the tectonic environment relating 
to these settings, if such an analogy exists, is less 
clear.

The ores of the Kambalda camp and of the Widgie 
mooltha camp 40 km to the southwest are related to 
mafic and ultramafic volcanism that initiated a major 
volcanic cycle (Gemuts and Theron, 1975). The cycle 
was marked by an abrupt switch from mafic to felsic 
volcanism and clastic sedimentation, and was fol 
lowed by a similar cycle involving a similar bimodal 
suite of early mafic volcanism followed by felsic vol 
canism. Ore deposits associated with the second cycle 
are very few in number. The first cycle seems all-im 
portant at Kambalda.

On the other hand, in south-central Zimbabwe and 
in the Abitibi belt of Canada the deposits are asso 
ciated with ultramafic rocks at the base of a second 
cycle, the Bolowayan Group in Zimbabwe and the 
Tisdale Group in Canada. In both areas relatively 
little remains of the lower part of the lower cycle be 
cause of the effect of felsic intrusions, and, despite the 
rarity of deposits, one cannot be certain that this cycle 
was originally less well mineralized than the overlying 
one in each case. It is apparent, however, that there is 
nothing exclusive with respect to nickel sulfide min 
eralization in so far as the first cycle of volcanism in 
any region is concerned. The same observation ap 
plies to the Leonora-Yakabindie-Wiluna area of West 
ern Australia 500 km north of Kambalda. The koma- 
tiites hosting the mineralization here are part of a 
second major episode of ultramafic and mafic activity, 
and overlie several thousand meters of felsic volcanic 
rocks and associated sediments (Naldrett and Turner, 
1977; Marston and Travis, 1975).

In the Abitibi belt of Canada, the upper part of the
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Tisdale Group has been correlated with the Blake 
River Group, which lies 100 km to the east (Pyke et 
al., 1973a). Basalts and ultramafic lavas from the 
lower part of the Tisdale Group, like those from the 
Bulawayan of Zimbabwe and the Kambalda-Widgie- 
mooltha area of Western Australia, have compositions 
(Naldrett and Smith, in press) which are entirely con 
sistent with their being primary melts or the differen 
tiates of primary melts from the mantle. A sharp 
break in the composition of the volcanic rock is ap 
parent in the Blake River Group in which the upper 
part is composed of basalts and andesites (and interca 
lated felsic rocks) whose compositions are very similar 
to those found in modern island arcs. The presence or 
absence of subduction during the Archean is a hotly 
contested issue. Whether it occurred or not, it is 
thought that the rocks of the upper part of the Blake 
River Group are the consequence of the melting of 
pre-existing volcanic crust (Naldrett and Smith, in 
press). Rocks with similar characteristics appear to be 
much less common in Western Australia although 
they have been observed in some areas (Hallberg et 
al., 1976). It does seem clear, however, that nickel- 
sulfide-bearing komatiites are not associated with this 
recycled type of volcanism, but occur in environ 
ments where rocks of andesitic composition are rare 
and any mafic rocks have been derived from the man 
tle. With regard to the local as opposed to regional 
setting, the deposits are associated with lava flows 
(Kambalda, Mt. Edward, Langmuir), with the imme 
diate feeders to lava flows (Shangani, Langmuir), or 
with slightly deeper level intrusions that are believed 
to be feeding komatiitic lavas (Ungava, Yakabindie, 
Thompson).

Composition of Nickel Sulfide Ores
Introduction

Nickel sulfide ores have a simple mineralogy and 
composition. Pyrrhotite, pentlandite, chalcopyrite, 
and lesser amounts of pyrite are the main sulfide min 
erals with iron, nickel, copper, lesser amounts of co 
balt, and very small amounts of the platinum group 
elements and gold being the most important constitu 
ents. Magnetite is present in variable amounts; in 
some cases this reflects the amount of oxygen incor 
porated in the ore magma although oxygen may be 
lost as this magma crystallizes (cf. Naldrett, 1969). In 
other cases the ore may become oxidized subsequent 
to crystallization (see below), with the development of 
magnetite.

Variation in Fe, S, and O content
The mode of genesis believed to apply to most 

nickel sulfide ores places major constraints on the 
proportion of magnetite and the metal/sulfur ratio of 
the sulfides that they contain. Naldrett (1969) dis-

FIG. 22. Relationship between/Sl , /o,, and a Fe0 in a portion 
of the system Fe-S-O at 1,2000C and 1/atm total pressure. (From 
Shima and Naldrett, 1975.)

cussed this aspect, pointing out that the sulfide liquid 
develops within a silicate magma and that, when this 
liquid first segregates, it is widely distributed as small 
droplets in a relatively large volume of silicate 
magma. The composition of the droplets will there 
fore be buffered by the magma, and the fugacities of 
oxygen and sulfur and the activities of Fe, Ni, and Cu 
must be the same in both. Shima and Naldrett (1975) 
simplified this aspect by considering the case of an 
Fe-S-O liquid in a silicate magma. They presented 
diagrams, one of which is reproduced here (Fig. 22), 
in which liquids in the Fe-S-O system were con 
toured in terms of/o,, /s, and aFeO . They pointed out 
that an immiscible sulfide-oxide liquid will develop 
only in a silicate magma when the values of these in 
tensive parameters in such a liquid coincide with 
those in the magma. Thus, in a magma with a given 
/o, (which will be largely defined and, to some extent, 
buffered by the Fe+'VFe"1" 2 ratio) and a given are0 
(which for magmas of similar overall composition and 
FeO content will vary between fairly narrow limits), 
the/s, at which the magma will become saturated in a 
sulfide liquid will be defined. Reference to Figure 22 
also shows that specifying the /o, and flpeo wiU define 
the composition of the sulfide liquid including its sul 
fur content.

Inasmuch as the Fe^/Fe"1" 2 ratios and FeO contents 
of most mafic and ultramafic magmas do not vary 
greatly, the relative proportions of Fe, S, and O in an 
ore also tend to stay within well-prescribed limits. 
The presence of Ni and Cu in the associated magma 
will affect the composition of the ore, as these metals 
are more chalcophile than iron, but they will substi 
tute for iron on an atom-for-atom basis, and the prin 
ciples just discussed concerning the controls on the 
relative amounts of metal, S, and O will still apply 
(there will, of course, be minor variations due to the
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different thermodynamic properties of these three 
metals). Thus it is rare, for example, for an unaltered 
ore to contain more than 5 wt percent oxygen (pres 
ent as magnetite), and the metal/sulfur ratio is not 
usually greater or less than that spanned by the field 
of pyrrhotite at 6Q00C. Iron and iron-nickel alloy are 
not normally constituents of these ores, and troilite, if 
present, is usually associated with a more sulfur rich 
pyrrhotite phase from which it has exsolved. For the 
same reason, the amount of pyrite in a magmatic ore 
should never be more than the amount that can ex- 
solve from pyrrhotite during cooling from 6000C. If 
appreciable pyrite is present, it is an indication that 
either the ore is not magmatic or that it has been al 
tered subsequently.

In some cases, a sulfide ore is found in association 
with an intrusion that has become enriched in carbon 
by reaction with nearby graphitic slate (cf. Pauly, 
1969). Here the mineral assemblage may have an 
atypically high metal/sulfur ratio but this is the result 
of an abnormal geological association leading to an un 
usually reduced host magma.

Variation in Cu and Ni content
Compositional data for a large number of ore de 

posits are listed in Table 2. Some of these data are 
taken from the literature but the majority are the re 
sults of a five-year project on this subject at the Uni 
versity of Toronto. Some of the data have been pub 
lished by Naldrett et al. (1979), Hoffman et al. (1979), 
Naldrett and Duke (1980), and Naldrett et al. (in 
prep.). Other data are presented here for the first 
time. With respect to the University of Toronto data, 
the results for each sample have been recalculated as 
though the sample were composed of 100 percent sul 
fide 1 and then averaged for each deposit where it was 
thought that the averaging is appropriate.

1 Recalculation to metal content in 100 percent sulfide is based 
on the premise that sulfide droplets have acted as the collector for 
the platinum group elements. This being so, the concentration of 
metals in the droplets that have settled and coalesced to form the 
orebodies is a sound basis for comparing different ore deposits, and 
circumvents the problem of the variable dilution of the ore by the 
unavoidable incorporation of differing proportions of silicate gan 
gue in different samples. In nearly all cases the recalculation has 
involved the calculation of the bulk Ni content as pentlandite with a 
Ni content of 36 wt percent, the calculation of the bulk Cu content 
as chalcopyrite with the stoichiometric composition CuFeSj, and 
the calculation of the sulfur remaining after the subtraction of that 
involved in pentlandite and chalcopyrite from that in the bulk anal 
ysis as monoclinic pyrrhotite. In rare cases where there is too much 
Ni and too little sulfur to calculate as this assemblage, the ore has 
been calculated as the assemblage pentlandite plus millerite plus 
chalcopyrite. The total amount of sulfide calculated in this way has 
then been used to normalize the analysis to 100 percent sulfide. 
This method introduces errors if the mineralogy of the ore is not 
the simple one that is assumed in the calculation. However, major 
deviations from this mineralogy are very rare, and small deviations 
introduce errors that are very small- in comparison with the scatter 
of the data from any given deposit.

Where two or more compositionally distinct ore types 
are present, information on the relative abundance 
of the ore types, for example, the average Cu7(Cu x Ni) 
ratio of the ore reserves of the deposit, has been used 
to weight samples in reaching the average. This has 
been done in only a very few cases. Data on Cu and 
Ni are shown in Figure 23. The vertical and horizon 
tal bars connected to most data points indicate the 
standard error of the mean for each element. In es 
sence this figure illustrates all the major element 
compositional data for the deposits. The sulfur con 
tent of most of the ores illustrated is between 38 and 
40 wt percent; thus the percentage of iron plus cop 
per and nickel accounts for the balance of the major 
constituents.

It can be seen from the figure that ore deposits of a 
certain association occupy specific fields. Most Ar 
chean komatiite-related deposits contain between 10 
and 15 wt percent nickel and 0.5 and 1.5 wt percent 
copper. Exceptions to this include Durkin shoot and 
Nepean in Western Australis, Epoch in Zimbabwe, 
and Langmuir l and McWatters in Ontario. Durkin is 
described by Ross and Keays (1979) as containing con 
siderable supergene ore, and Nepean has undergone 
extreme dynamic metamorphism (Barrett et al., 
1976). Sulfides at Langmuir l have been converted to 
magnetite without destruction of the original net tex 
ture of the ore (Green and Naldrett, 1981). Both 
Epoch and McWatters are in rocks that have been 
strongly altered to talc and carbonate. In all these 
cases the original nickel/sulfur ratio of the ore appears 
to have been increased, either by removal of sulfur 
and iron or through the addition of nickel, thus ac 
counting for the high level of nickel in sulfide. Chemi 
cal changes in sulfides that result from alteration are 
also discussed in a later section.

Ore deposits related to the Proterozoic komatiites 
of the Ungava belt are characterized by similar nickel 
contents (10-16 wt W) but by much higher copper 
contents (S-4%) than other komatiite-related de 
posits.

The Sudbury deposits contain between 3 and 6 per 
cent nickel and l and 5 percent copper. The lower 
limit of l wt percent copper is oased on data from the 
Strathcona deposit and, as is discussed later, is proba 
bly too low as a result of biased sampling. A range of 2 
to 5 wt percent for copper is probably more accurate 
for Sudbury. The data presented here for Strathcona 
agree with the studies of Naldrett and Kullerud (1967) 
and Cowan (1968) who pointed to the strong zoning 
across the deposit with Cu, Ni, and the Cu/Ni ratio 
increasing across the deposit hanging wall to footwall. 
This and similar zoning at Levack West parallels zon 
ing in the platinum group elements and is discussed 
in a later section.

Deposits related to intrusions that are part of flood 
basalt volcanism are characterized by higher concen-
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Fie. 23. A. The Ni and Cu contents of sulfides from a variety 
of Ni-Cu sulfide ores. The different types of ores tend to fall within 
well-defined areas as shown, with the exception that altered, Ni- 
enriched Archean komatiite-related deposits are not included 
within this field and the Kanichee deposit is not included within 
the field defining deposits related to gabbros in greenstone belts. 
The bars represent the mean plus and minus the standard error of 
the mean where this is known.

B. Modeling of how the Ni and Cu contents of ores related to 
certain specific magma types will change in response to variation in 
R. The curved lines refer to variations in R, the tick at highest Ni 
and Cu being equivalent to log R < 5 and subsequent ticks indicat 
ing log R = 3, 2.5, 2, and l in progression. The dotted line indi 
cates the same variation for the Great Lakes deposit, assuming that 
the Pt and Pd values for sulfides in equilibrium with the host 
magma at a value of log R = 10 were the same as at Talnakh. The 
ore than calculates to have equilibrated at log R s 3.34.

C. Compositions of silicate liquids in equilibrium with sulfide 
ores illustrated in Figure 23B. The dashed line indicates the effect 
of the fractional crystallization of 50 percent olivine from the com 
position marked "Archean komatiites." Point A and the dotted line 
indicates the fractionation trend of the liquid if that marked "Ar 
chean komatiites" were itself the result of the fractionation of 20 
percent olivine.

Note that Figures 23B and C are situated here to facilitate com 
parison with 23A but are not discussed in the text until later.

trations of copper than nickel in the sulfides, copper 
ranging from 9.7 at Great Lakes to over 17 at Minna- 
max in the Duluth Complex, and nickel from 4 at 
Minnamax to about 9 in the Noril'sk-Talnakh ores.

Genkin et al. (1980) have emphasized the strong 
zoning present in the Noril'sk-Talnakh ores in which 
the copper/nickel ratio and the overall copper content 
are much higher in massive ores that occur at the base 
of the bodies and in fractures in the underlying coun 
try rocks than in the disseminated ore in the overlying 
picrite and gabbros. This zonation is very similar to 
that at Strathcona. Samples from some of the massive 
ore at Insizwa also have much higher copper contents 
than the disseminated ore while others have Cu/Ni 
ratios similar to the disseminated ore. It would seem 
that the process of segregation of a copper-rich ore 
type also occurred here, although without the same 
spatial relationship to the host intrusion that is pres 
ent at Sudbury and Noril'sk.

The samples of the massive Insizwa ore analyzed 
for this study are from the Scholtz collection, now 
housed at the University of Stellenbosch, and their 
exact relationship to the disseminated ore is unclear. 
From Scholtz' (1936) descriptions it seems that most 
massive ore occurs as segregations that occupy fis 
sures cutting both the contact gabbros and the horn- 
felsed country rocks close to the base of the intrusion. 
Any meaningful average composition for the Insizwa 
ore requires a careful weighting of the various ore 
types. The relative abundances of the types are not 
known. However, Scholtz reports that the overall 
Cu7(Cu + Ni) ratio is probably between 0.33 and 0.4. 
It is impossible to achieve this ratio from our data as 
both ore types have a higher ratio than this. Conse 
quently, the figure given for Insizwa is an average of 
all analyses other than the six Cu-rich samples. The 
average for the Cu-rich samples is given separately in 
Table 2, because they presumably represent a very 
minor ore type but one with an interesting mineralogy 
and therefore favored by Scholtz in his sampling for his 
1936 study. 1

Values for deposits associated with tholeiitic intru 
sions in greenstone belts, with the exception of the 
Kanichee deposit, range from 4.5 to 9 wt percent 
nickel and 1.3 to 2.5 percent copper. The Espedalen 
deposit, associated with an allochthonous Precam 
brian anorthosite intrusion, also plots within this 
grouping. The Kanichee deposit is very much richer 
in copper than the majority of these bodies and plots 
close to the region of the flood basalt-related deposits; 
this similarity is also reflected in the platinum group 
element content of this deposit, as is discussed below.

1 Since writing this, the author has explored the adits at Insizwa 
and can now confirm that the Cu-rich ore occurs in stringers that 
are widely dispersed and constitute a very small proportion of the 
total ore.
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Cobalt
In the komatiite-related deposits, cobalt values are 

mostly in the range 0.22 to 0.34 wt percent, although 
Shangani contains somewhat less at 0.16 wt percent. 
The Kambalda deposits, Juan, Fisher, Lunnon, and 
McMahon, are mostly above 0.3 wt percent, although 
the average for Kambalda is given by Ross and Keays 
(1979) as 0.26 wt percent. The altered komatiite de 
posits have higher cobalt contents and Pipe has a 
lower cobalt content than is typical. The Proterozoic 
komatiites from Ungava have values of 0.21 and 0.23. 
The Sudbury ores are characterized by values be 
tween 0.15 and 0.20; data for deposits related to tho 
leiitic gabbros in greenstone belts is limited but is 
somewhat over 0.2 percent. Very little data are avail 
able for flood basalt-related deposits, and these are 
not very reliable. This is because either the propor 
tion of massive to disseminated ore is not known well 
or the proportion of sulfides in a given ore is so low 
that, despite the high apparent concentration in the 
sulfides, the actual concentration in the ore samples 
was close to the detection limits possible with the ana 
lytical methods used (atomic absorption) and the ex 
trapolation to 100 percent sulfides has magnified the 
error greatly.

Platinum group elements
Introduction: Data for these elements are pre 

sented in Table 2, recalculated to concentrations ex 
pected in 100 percent sulfides as discussed earlier. 
Most of the data sets, in particular those that are more 
complete, have come from the University of Toronto 
project previously referred to. Analytical methods 
used in this project for determining platinum group 
elements have been described by Hoffman et al. 
(1978). With most deposits, 20 to 40 samples were 
collected to represent the different ore types as well 
as was possible. Most samples were l to 2 kg in size; 
these were crushed and a 500-g split pulverized. In all 
cases, two 50-g aliquots were analyzed. It is not possi 
ble to determine the exact grade of an ore deposit on 
the basis of this restricted number of samples, but it 
has been possible to determine the tenor of the plati 
num group elements in the sulfides and the ratio of 
nickel to the different platinum group elements 
within reasonable limits of uncertainty. As with the 
other elements discussed above, the results have 
been recalculated to metal content in 100 percent sul 
fide and then averaged for each deposit. They are also 
presented diagramatically in Figures 24 through 30. 
Here, in order to smooth out interelement differ 
ences and facilitate comparison of the profiles for dif 
ferent deposits, the analyses of Table 2 have been 
normalized with respect to abundances in type l car 
bonaceous chondrites which are also given in Table 2.

It is obvious from Table 2 that the standard error of

the mean for most of the deposits is very large. A vari 
ety of processes, including fractional crystallization 
(accompanied by filter pressing) and thermal diffusion 
during cooling, serve to redistribute metals within an 
ore deposit after emplacement of the sulfide ore 
magma and are believed to account for the high stan 
dard errors of the mean. Much of this section is con 
cerned with inter- rather than intradeposit variations, 
and thus it is more important to know how well the 
mean represents a given deposit rather than how 
close the analysis of any one sample is to the mean for 
the deposit. Therefore, in Figures 24 through 30 bars 
are attached to each element data point, the termina 
tions of the bars representing the mean plus and 
minus the standard error of the mean, all normalized 
by the Ci abundance of the element.

Archean komatiite-related deposits: Data for five 
deposits of this type, the Kambalda camp of Western 
Australia (from Keays and Davison, 1976), the Mt. 
Edward deposit in the Widgiemooltha area of West 
ern Australia, the Langmuir 2 deposit near Timmins, 
Ontario, and the Shangani and Trojan deposits from 
Zimbabwe, are illustrated in Figure 24A. Three of 
these deposits have been used as a standard for com 
parison with deposits of this type in numerous earlier 
papers (e.g., Naldrett and Duke, 1980) and will be 
maintained as a standard in this paper. Data for three 
other deposits, McWatters, Langmuir l, and Epoch, 
are compared with them in Figure 24B. These are in 
highly altered rocks, have an ore mineralogy indica 
tive of alteration, and, as has been stated above, have 
a nickel content that appears to have been upgraded 
as a result of this alteration. All deposits exhibit simi 
lar relatively flat profiles with near or somewhat 
above chondritic abundances and relatively low 
Pt7(Pt -l- Pd) and (Pt + PdV(Ru + Ir + Os) ratios. 
Comparison of data for Langmuir l with that for the 
less altered ore of Langmuir 2 indicates that the plati 
num group elements may have been upgraded during 
this alteration by the factor of 2 to 2.5 that also ap 
pears to have applied to the nickel content.

Ross and Keays (1979) report that Cu-rich stringers 
in basalt underlying the massive ore in certain Kam 
balda deposits are also enriched in Pd. In addition, 
they report a systematic increase in Pd and decrease 
in Ir upward in disseminated ore overlying the mas 
sive ore.

Other komatiite-related deposits: Data for two de 
posits related to the Proterozoic komatiitic rocks of 
Ungava are compared with those for Archean koma 
tiite deposits in Figure 25. The two deposits exhibit 
similar platinum group elements contents, which sup 
ports the view that the sampling and analysis have 
provided data that are truly characteristic of a given 
deposit. The profiles differ from the Archean field pri 
marily in their higher levels of Pd and higher (Pt 4- 
PdX(Ru 4- Ir 4- Os) ratios. The key to this difference is
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FIG. 24. A. Platinum group element data for five Archean komatiite-related deposits. The data on 
average concentrations in 100 percent sulfides given in Table 2 have been divided by the abundance of the 
appropriate element in type l carbonaceous chondrites and are plotted here on a logarithmic scale. The 
vertical bars indicate the mean plus and minus the standard error of the mean. The Langmuir 2, Kam- 
balda, and Mt. Edward data are old data and have been used in previous publications as a basis of compari 
son. They are used similarly in subsequent figures of this type in this paper where the outline of the area in 
which they fall is labeled "typical komatiite."

B. Platinum group element data for three Archean komatiite-related deposits whose compositions are 
believed to have been affected significantly by alteration.

thought to lie in the lower MgO content (~ 19 wt (fa) 
of these magmas in comparison with the Archean 
magmas (24—27 wt'fa), as is discussed below.

The Pipe deposit from the Manitoba nickel belt is 
also illustrated in Figure 25. The deposit exhibits the 
flat profile characteristic of the Archean deposits but 
contains three to ten times lower concentrations of 
platinum group elements than the latter. Reasons for 
this are also discussed below.

Sudbury: Data for the Little Stobie l and 2 and Le 
vack West deposits of the Sudbury district are illus 
trated in Figure 26. Levack West is typical of those 
deposits found on the north range of the Sudbury 
basin. Little Stobie l is typical of deposits found at the 
Nickel Irruptive contact along the south range, 
whereas Little Stobie 2 has many of the characteris 
tics of a deposit associated with the offsets at Sudbury. 
Descriptions of the deposits, together with data for 
individual samples and the sample locations, are 
given by Hoffman et al., (1979). All the deposits are 
characterized by Pt and Pd values greater than chon- 
dritic abundances and Ru, Ir, and Os abundances 
very much lower than chondritic, leading to high 
values of the (Pt -l- Pd)7(Ru + Ir + Os) ratio. For 
most elements Levack West has the lowest and Little

Stobie 2 the highest concentrations.
Data for the Strathcona and Falconbridge deposits 

(Naldrett et al., in prep.) are compared with those for 
the three preceding deposits in Figure 27. Strathcona 
shows a similar steep profile, but the absolute concen 
trations are only one-third to one-tenth of the levels at 
Levack West. This is unusual in view of the close geo 
graphic and geologic similarities of the two deposits.

The Falconbridge deposit is also unusual in that, al 
though the Os, Ir, Ru, and Rh levels are very similar 
to the richest reported for Sudbury to date (Little Sto 
bie 2), the concentrations of Pt and Pd are very much 
lower, approaching those of Strathcona.

The platinum group element data for Strathcona 
also show a pronounced zoning (Fig. 28A) within the 
deposit which parallels that previously described for 
Ni and Cu and which conforms with that shown by 
the individual mineral separates analyzed by Keays 
and Crocket (1970). The Strathcona deposit contains 
four ore types (Cowan, 1968; Abel et al., 1979), the 
hanging-wall ore disseminated within an inclusion- 
bearing norite, the granite breccia (main zone) ore 
emplaced within brecciated footwall gneiss and 
norite, the footwall ore (deep zone) consisting of mas 
sive sulfide stringers filling fractures in gneiss be-
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FIG. 25. Platinum group element data for the Proterozoic ko- 
matiite-related deposits in the Ungava Peninsula (Donaldson West 
and Katiniq) and Manitoba nickel belt (Pipe). See legend of Figure 
24 for explanation.

FlG. 26. Platinum group element data for the Little Stobie l 
and 2 deposits and Levack West. See legend of Figure 24 for expla 
nation.

- o.o.i 
o

FIG. 27. Platinum group element data for the Falconbridge and 
Strathcona deposits at Sudbury. See legend of Figure 24 for expla 
nation.

neath the granite breccia ore, and the quantitatively 
less important copper zone deep within the footwall. 
The granite breccia ore shows the sloping profile 
{(Pt + Pd)7(Ru * Ir 4- Os) ^ 34} similar to but some 
what steeper than that typical for Sudbury. The foot 
wall ore shows an even steeper profile with a (Pt 4- 
Pd)7(Ru ± Ir -r- Os) ratio of greater than 134. Values 
of Ru, Ir, and Os are so low in this ore that our figures 
represent only maximum concentrations. The hang 
ing-wall ore, on the other hand, has an unusually shal 
low slope with a (Pt -l- Pd)7(Ru -l- Ir -f- Os) ratio of 
2.2. Naldrett et al. analyzed only one sample of the 
copper zone ore, but this was extremely depleted in 
platinum group elements and Au, so much so that 
again they were able to place only maximum limits on 
the Rh, Ru, Ir, and Os concentrations. The slope of 
this profile is therefore uncertain, although it is 
clearly steep.

Although ore equivalent to that in the hanging wall 
at Strathcona is not mined and was not sampled at Le 
vack West, the contrasts in platinum group element 
values reported by Hoffman et al. (1979) between the 
granite breccia and footwall ore zones (Fig. 28B) are 
remarkably similar to those found between analogous 
ore zones at Strathcona.

Deposits associated with flood basalt magma: Data 
for deposits with this association are compared with 
those from Sudbury in Figure 29. The deposits in 
clude the Early Triassic Noril'sk-Talnakh deposits of 
Siberia (data from Smirnov, 1977, calculated as de 
scribed by Naldrett and Cabri, 1976), the Minnamax
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FIG. 28. A. Platinum group element data illustrating zoning among ore types at the Strathcona mine. 
See legend of Figure 24 for explanation. 

B. The same for the Levack West mine.

deposit in the l.l-b.y.-old Duluth Complex in Min 
nesota, the Great Lakes nickel deposit also associated 
with a l.l-b.y.-old intrusion west of Thunder Bay, 
Ontario, and the Waterfall Gorge deposit of the In- 
sizwa Complex, Transkei. All four deposits are char-

FIG. 29. Platinum group element data for deposits related to 
flood basalts. See legend of Figure 24 for explanation.

actehzed by significantly higher values of Pt, Pd, and 
Au than those typical of Sudbury. Insizwa differs from 
the other deposits in having a much higher Pt7(Pt H- 
Pd) ratio of 0.65 and lower (Pt + Pd)7(Ru -l- Ir H- Os) 
of 6.99. There are indications in the data that these 
ratios are a function of degree of differentiation of the 
host magma, Insizwa being the least differentiated 
(see below).

The zoning in Cu at Noril'sk-Talnakh has already 
been referred to, and it is interesting to see if the 
same variation in platinum group elements applies 
here as at Strathcona and Levack West at Sudbury. 
The data listed for Komsomolsky in Table 2 are the 
mean of two samples of a massive segregation at the 
base of this deposit very kindly provided by Mr. P. G. 
Thornhill of Falconbridge Nickel Mines Ltd. They 
have a (Pt -f- Pd)7(Ru -l- Ir H- Os) ratio of 4.8 in com 
parison with the average for Talnakh as a whole of 
12.6, suggesting that basal segregations of massive ore 
are similarly depleted in Ru, Ir, and Os.

Other deposits associated with gabbros: All of the 
deposits show the steep slope characteristic of gab 
broic magmas (Fig. 30), although the variation in plat 
inum group element levels is very large, ranging 
from a high in the Kanichee deposit, which has simi 
lar concentrations to those deposits associated with 
flood basalts, to a low in the Montcalm ore in which 
the platinum group element levels are almost as low 
as in some mafic and ultramafic rocks. Reasons for the 
extremely low levels found at Montcalm are discussed 
later.
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Fie. 30. Platinum group element data for certain other gabbro- 
related deposits. See legend of Figure 24 for explanation.

Zinc and lead
Zinc and lead have been determined in samples 

from 11 deposits. Individual analyses are plotted 
against the calculated weight percent sulfide in the 
sample for each of the deposits in Figure 31. The data 
have not been recalculated to metal content in 100 
percent sulfides for reasons that will shortly become 
obvious.

In 9 out of the 11 deposits, the data for zinc show no 
correlation with sulfide content. At the Falconbridge 
deposit there is a weak negative correlation suggest 
ing that the silicate gangue may be richer in zinc than 
the sulfides. At Strathcona there is a weak positive 
correlation which is due to the three ore types, hang 
ing-wall, breccia, and footwall ore, having both pro 
gressively higher zinc levels and, at the same time, 
higher proportions of sulfide. The lack of any correla 
tion with sulfide content at most of the deposits is un 
derstandable if zinc partitions approximately equally 
between magmatic sulfides and silicate gangue, be 
havior that is in agreement with the experimental de 
terminations of Shimazaki and MacLean (1976) that 
are discussed below. The zoning in Cu, Ni, and plati 
num group elements at Strathcona and Levack West 
have already been referred to. This is ascribed 
(below) to the fractional crystallization of Mss from a 
sulfide melt, with Cu, Ni, Pt, and Pd favoring the sul 
fide melt. Our data indicate that zinc also favors the 
sulfide melt over the solid solution. With reference to 
Falconbridge it is pointed out (below) that the ore at 
this deposit appears to be a monosulfide solid solution- 
rich, early crystallizing fraction from the ore fluid.

The sulfides here would therefore be depleted in zinc 
with respect to the sulfide melt from which they crys 
tallized, accounting for the depletion relative to their 
associated host rocks, and thus for the negative corre 
lation observed between zinc content and sulfide con 
tent. One would expect to see the same negative cor 
relation in the equivalent, early crystallizing ore at 
Strathcona (the hanging-wall ore) and, if one data 
point is ignored, a weak negative correlation is in fact 
present.

The plots for lead in Figure 31 are all highly scat 
tered with no correlation apparent, indicating that 
this metal shows equal preference for both sulfides 
and silicates. The large degree of scatter in the data, 
both in silicate- and sulfide-rich ore types, suggests 
that it is very mobile. The lack of apparent preference 
for either silicates or sulfides is again consistent with 
the low partition coefficients observed for Pb by Shi 
mazaki and MacLean (1976) (and see below).
Arsenic, selenium, and sulfur isotopes

The average As concentrations recalculated to con 
centrations in 100 percent sulfide for a number of the 
deposits are given in Table 2. Mt. Edward is the only 
Archean komatiite-related deposit studied and has 
the rather surprisingly high average of 250 ppm. The 
Proterozoic komatiite deposit of Donaldson West has 
an average As content of 136. The As levels at Mont 
calm were below the detection limit of 3 ppm. Con 
siderable variation was observed between the north 
and south ranges at the Sudbury basin. At Levack 
West the As levels were below the detection limit 
whereas the Little Stobie l and 2 deposits averaged 
160 ppm and 93 ppm, respectively. The contrast be 
tween north and south ranges is consistent with the 
observations of Hawley (1962) who noted that arse 
nides appeared to be restricted to the south range and 
offset deposits.

Selenium levels in 100 percent sulfides are also 
given in Table 2. At the three Sudbury deposits, Le 
vack West and Little Stobie l and 2, average values 
are 90 to 100 ppm. They are 99 ppm at Donaldson 
West, 100 ppm at Langmuir l, and 144 ppm at Mt. 
Edward. Low values of 11, 16, 18, 20, 28, and 36 ppm 
have been observed at Langmuir 2, Pipe, Persever 
ance, Mt. Windarra (W. Australia), Cosmic Bay (For- 
restania, W. Australia), and Montcalm, respectively. 
A level of 100 ppm in massive sulfides corresponds to 
a S/Se ratio of 2,900. Ratios of 2,000 to 10,000 are re 
garded as normal for magmatic sulfide ores, and ratios 
of > 20,000 are typical of sedimentary sulfides. Al 
though interpretation using S/Se ratios is open to 
error (see Stanton, 1972), high S/Se ratios have been 
used as supporting evidence to indicate that the as 
similation of sedimentary sulfide may have been in 
volved in the formation of the M t. VVindarra deposit 
(Seccombe et al., 1977). Green (1978) has suggested 
assimilation as being partly responsible for the Lang-
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FIG. 31. Plots of Zn and Pb vs. weight percent sulfide in the sample (calculated as described in text) for 
all deposits for which data are available.

muir 2 mineralization, and the high S/Se ratio at Pipe 
is also consistent with the model of assimilation pro 
posed by Naldrett et al. (1979). The ratio at Montcalm 
(10,800) is not sufficiently distinct to be diagnostic in 
any way as to the source of the sulfur.

Data obtained on the sulfur isotope ratios of some 
of the samples collected for this study are illustrated

in Figure 32 and summarized together with data from 
the literature in Table 2. Most values are very close to 
the value of zero 834S expected for magmatic sulfides. 
Values for the three Sudbury deposits investigated 
range between O and ^^S, with Levack West con 
taining marginally heavier sulfur than the Little Sto 
bie deposits. There is a suggestion in the data that the
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Fie. 32. Histograms of sulfur isotope data for a number of de 
posits. The numbers in the circle refer to total number of analyses 
for each deposit.

breccia ore at Levack West has slightly lighter sulfur 
than the footwall ore which may, in turn, be slightly 
lighter than the Cu-rich stringers.

This progression of ore types is regarded as the con 
sequence of the fractional crystallization of monosul- 
fide solid solution from a sulfide melt, and thus there 
is a possibility that 32 S partitions into early crystalliz 
ing solid solution slightly more readily than MS.

Summary of compositional characteristics
The following points regarding composition appear 

to have general application to nickel-copper sulfide 
deposits:

1. When copper and nickel are included with iron, 
the ratio of atomic percent metal to atomic percent 
sulfur is relatively constant and corresponds to that 
found in most natural pyrrhotites. The proportion of 
oxygen is also relatively low ^5vt\.9fo). Both of these 
characteristics are attributable to the buffering effect 
of silicate magmas on the sulfide liquids segregating 
from them.

2. Deposits associated with ultramafic rocks gen 
erally have higher proportions of nickel and lower 
proportions of copper than those associated with 
mafic rocks. Correlation between the Ni/Cu ratio and 
magma type has been known for a long time (e.g., 
Wilson and Anderson, 1959). When one looks at the 
actual metal contents of the ores, rather than the 
metal ratios, certain anomalous features become ap 
parent. For example, despite its komatiite associa 
tion, the Pipe deposit contains less than 4 wt percent

nickel in its sulfides, approximately one-third of the 
value typical for deposits of this association. Deposits 
in altered rocks often have higher than normal levels 
of Ni and platinum group elements, which is an ap 
parent consequence of the alteration.

3. Some deposits show a marked internal variation 
in the proportions of certain constituents, with Cu, 
Pt, Pd, Au, and to a lesser extent, Ni, increasing pro 
gressively downward into basal segregations of mas 
sive sulfide and then into stringers in subjacent foot 
wall and Fe, Co, Rh, Ru, Ir, and Os showing the re 
verse trend.

4. On the basis of limited data in the literature, 
Naldrett and Cabri (1976) pointed to the negative co 
variation of the ratios Ptf(Pt H- Pd) and Cu7(Cu * Ni) 
in Ni-Cu sulfide deposits associated with tholeiitic 
magmas. Those associated with komatiites were an 
exception to this rule. As seen in Figure 33, this ob 
servation is supported by the very much greater vol 
ume of data available at the present time.

5. The chondrite-normalized platinum group ele 
ment patterns of magmatic sulfides are systematically 
related to the composition of the igneous host rocks. 
In particular, the (Pt * Pd)7(Ru + Ir -\- Os) ratios are 
lowest in sulfides associated with rocks that have crys 
tallized from the most ultramafic magmas. The sul 
fides associated with peridotitic komatiites, which 
have crystallized from magmas containing more than 
about 20 percent MgO, have (Pt * Pd)7(Ru -f Ir * 
Os) ratios of 3.0 or less. Ratios of 12 or more are char 
acteristic of magmatic sulfide deposits related to gab 
broic rocks that have crystallized from magmas con-
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FIG. 33. Pt7(Pt -f- Pd) versus Cu7(Cu -t- Ni) for Ni sulfide de 
posits. Note that Falconbridge and Strathcona do not represent the 
believed original composition of the sulfide liquid, due to certain 
Cu-rich parts of the ore deposits not being sampled; these points 
would be much farther to the right of their present positions if this 
ore had been included. The negative correlation between the two 
ratios in tholeiite-related deposits is well shown, as is the exception 
of the komatiite-related deposits.



664 A. /. NALDRETT

taining less than about 12 percent MgO. Insizwa with 
a ratio of 7.0 is also low, although Tischler et al. (in 
press) have argued that the Insizwa magma contained 
13 wt percent MgO. The Espedalen deposit is an ap 
parent exception with a ratio of 5.6. The (Pt 4- 
Pd)7(Ru +IT + Os) ratio of 5.2 in the two Ungava de 
posits is consistent with the belief that their parent 
magmas were of intermediate composition containing 
about 19 percent MgO.

6. Despite the similarity of the platinum group ele 
ment patterns for deposits of a particular magmatic as 
sociation, the absolute concentrations vary greatly in 
a way that shows no obvious relationship to magmatic 
affiliation. As is well illustrated in the case of the Pipe 
and Montcalm deposits, this variation is much larger 
than that shown by Cu and Ni. It will be shown below 
that a number of processes may operate to redistrib 
ute metals within an orebody after emplacement of 
the molten sulfide. However, although these pro 
cesses may be responsible for many of the variations 
within a given deposit, they cannot account for the 
variations of platinum group element concentrations 
between deposits of the same magmatic association 
(subject to the proviso that the sampling of the depos 
its in question has given a realistic indication of their 
composition). It will be argued below that the ob 
served variations in the abundances of platinum 
group elements and other metals in magmatic sulfide 
ores in large part reflect differences in the concentra 
tions of these elements in the silicate magma from 
which the sulfide segregated and also the relative 
amount of magma with which the sulfide equili 
brated. Suggestions are also made below as to how 
large differences in element concentrations can de 
velop between two otherwise similar magmas.

7. Zinc and lead generally show no preference for 
either sulfide melt or host silicate magma. When ore 
that represents the early crystallizing monosulfide 
solid solution-rich fraction from a sulfide melt is stud 
ied, the overall lack of any preference by zinc for the 
sulfide melt, coupled with zinc's preference for the 
residual sulfide liquid over the early crystallizing 
monosulfide solid solution, results in sulfides that 
have a lower zinc content than their silicate gangue.
Discussion of compositional characteristics

Effects of alteration: Alteration of an ore and its 
host rocks can affect its composition in a number of 
ways, depending in part on whether or not there is 
easy communication between the two and in part on 
the conditions, particularly the /o,, under which the 
alteration takes place.

Serpentinization of host rocks can be accompanied 
by massive oxidation of the ore, formation of mag 
netite, and upgrading of the remaining sulfides in Ni 
and platinum group elements, as has occurred at the 
Langmuir l deposit (Green, 1978). More commonly,

however, as Eckstrand (1975) has pointed out, ser 
pentinization results in a reducing environment, due 
to oxygen being incorporated in magnetite and the 
consequent increase in the Hj/Oj ratio of the serpen- 
tinizing fluid. Nickel in olivine is released during this 
process and may remain in the rock as awaruite 
(Ni3Fe). If small amounts of disseminated sulfide ore 
are present in the rock, this nickel may be added to or 
substituted for iron in the sulfide phases, giving rise 
to pure pentlandite, pentlandite-millerite, millerite, 
pentlandite-heazlewoodite, or heazlewoodite assem 
blages. Naldrett (1966) pointed to the inverse rela 
tionship between amount of sulfide and the Ni con 
tent of the sulfide assemblage in the wall rocks of the 
Alexo deposit. I (Naldrett, 1973) interpreted the data 
as the consequence of serpentinization as discussed 
above. Chamberlain (1967) has pointed to similar 
reactions accompanying serpentinization in the Mus- 
kox intrusion. The effect of released silicate nickel will 
be significant only when the proportions of sulfide in a 
rock are relatively low. If sulfides are abundant and 
the nickel that they contain large in proportion to that 
contained in the silicates, any nickel released on ser 
pentinization will be swamped by that already pres 
ent in the sulfide. The dunite-hosted disseminated 
mineralizations such as that at Six-Mile in the Yaka- 
bindie area are examples where the upgrading during 
serpentinization has had potential economic signifi 
cance. Naldrett and Turner (1977) estimated that the 
original silicates contained 0.35 wt percent Ni. The 
deposit contains, on average, about 0.7 wt percent Ni 
(when the ore is recalculated on a volatile-free basis) 
of which about 0.15 wt percent is now unavailable for 
recovery due to its presence in serpentine or mag 
netite.

Serpentinization does not always lead to the up 
grading of disseminated mineralization. In their stud 
ies of dunite-hosted deposits of the M t. Keith-Beth- 
eno area of Western Australia, Groves and Keays 
(1979) interpreted the variation in Ni/Pd ratios as in 
dicating that sulfur was added to the rocks, reacted 
with iron released during serpentinization, and gave 
rise to an assemblage of lower nickel tenor than ex 
isted prior to serpentinization.

Talc-carbonate alteration of a serpentinized perido 
tite involves the reduction of much of the ferrie iron 
in magnetite and its incorporation in carbonate (Nal 
drett, 1966) with the consequent decrease in the 
Hz/Oz ratio of the fluid and the production of an oxi 
dizing environment. Eckstrand (1975) pointed out 
that sulfide assemblages in ultramafic rocks that have 
undergone talc-carbonate alteration have higher sul 
fur/metal ratios than unaltered magmatic sulfides. 
Pyrite and millerite are frequent components, the as 
semblage as a whole is indicative of higher oxygen and 
sulfur fiigacities, and is therefore compatible with the 
oxygen-releasing nature of the talc-carbonate reac-
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tion. Groves and Keays (1979) reported that at Beth- 
eno the sulfides appear to have lost some nickel dur 
ing this type of reaction. In contrast, my experience at 
the McWatters deposit suggests that the process here 
has been mainly one of the removal of Fe and conse 
quent upgrading in both Ni and S.

In summary, the effect of upgrading of nickel dur 
ing serpentinization is generally only notable in the 
case of sulfides sparsely disseminated in peridotite or 
dunite. As Eckstrand (1975) has stressed, this may 
make the difference between a marginal and an eco 
nomic deposit. On the other hand, oxidation accom 
panying talc-carbonate (and, much more rarely, ser 
pentinization) results in a more S rich and, in some 
cases, a more Ni rich assemblage. In sampling an ore 
deposit with a view to determining the composition of 
the original ore magma, massive or rich dissemina 
tions of sulfide are likely to have suffered less compo 
sitional modification than weakly disseminated sul 
fide. Even in massive ore, where the mineral 
assemblage involves significant amounts of pyrite, or 
where millerite predominates over pentlandite, there 
is a strong probability that major compositional 
changes have occurred subsequent to original crystal 
lization.

Internal zoning of deposits: The variation in Cu, 
Ni, and the platinum group elements within the 
Strathcona and Levack West deposits at Sudbury has 
already been referred to. The comparison between 
the different ore types is also brought out in Table 3, 
in which absolute concentrations of metals, recalcu 

lated to 100 percent sulfides, are shown for the differ 
ent ore zones in the deposits. There is a progressive 
increase in Ni, Cu, Pd, Au, and Zn and decrease in 
Co, Rh, Ru, Ir, and Os from hanging wall through 
granite breccia to footwall ore at Strathcona. Parallel, 
although less dramatic, changes in the same metals 
between granite breccia and footwall ore are present 
at Levack West, with the exception of Au, which is 
lower in the footwall ore. The Cu-rich stringer ore at 
Levack West appears to be the natural continuation of 
this process, with all metals following their previous 
trend, except Ni which decreases and Ru and Os for 
which precise values were unobtainable. The copper 
zone at Strathcona is not analogous geologically to the 
Cu-rich stringers at Levack West, for it occurs very 
much farther into the footwall. It does not appear to 
be analogous chemically either, for the concentrations 
of platinum group elements and Au are very much 
lower than in deep-zone ore, in contrast to the dra 
matic increase shown in the Cu-rich stringers at Le 
vack West.

The question of this zoning has been discussed by 
Naldrett and Kullerud (1967), Cowan (1968), Keays 
and Crocket (1970), Chyi and Crocket (1976), Hoff 
man et al. (1979), and Naldrett et al. (in prep.). The 
last authors review the earlier papers and suggest 
three main processes as being likely to influence the 
distribution of metals across a deposit such as that at 
Strathcona.

1. The different ore types can be interpreted as

TABLE 3. Comparison of Average Metal Concentrations in Different Ore Types at Strathcona and Levack West

Ore type Hanging-wall ore Granite breccia ore Footwall ore Cu-rich stringers Cu-zone

Deposit

wt *fc 
Ni 
Cu 
Co

ppb 
Pt 
Pd 
Rh 
Ru 
Ir 
Os 
Au

ppm 
Zn

Number of 
samples

Strathcona

3.1 
0.37 
0.21

114 
105 
60 
52 
29 
20 
19

122

10

Levack West

5.6 
3.3 
0.17

1,098 
1,223 

228 
73 
62 
26 

166

153

16

Strathcona

3.4 
1.2 
0.14

413 
380 

20 
12
7 
4 

78

160

18

Levack West

5.8 
5.3 
0.11

1,334 
1,350 

.53 
22 
17 
10 
97

529

5

Strathcona

4.0 
2.3 
0.13

7.50 
701 

16 
4 
4 
3 

112

227

8

Levack West

2.6 
27.8 
0.027

3,370 
5,948

O
0.3

167

3,716

4

Strathcona

0.51 
32.3 

0.087

137 
40 

4 
3 
0.2 
2 

13

2J501

1

1 Estimate only, based on reported presence of Q.5% sphalerite containing .54.9 wt *7o Zn; Abel et al. (1979).
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being emplaced successively from a single body of 
magma with the lowermost settling into position first. 
The ore types would then be successive segregations 
of sulfides from the magma, and variations in compo 
sition would depend on the partitioning of the metals 
into these successive segregations. The more chalco 
phile metals would partition more strongly into the 
initial segregation, becoming depleted in the host 
magma and therefore being less concentrated in sub 
sequent segregations of sulfide.

2. The ore types can be viewed as the result of the 
fractional crystallization of a sulfide melt. Monosul- 
fide solid solution (Mss) would be the first phase to 
crystallize from most natural sulfide melts, and the 
lower melting point constituents and those less com 
patible in the monosulfide solid solution structure 
than the melt would become enriched in the latter. 
Hawley (1965) first suggested this model to explain 
Fe-Cu-Ni zoning at the Frood deposit, and it was sub 
sequently favored by Keays and Crocket (1970) and 
Chyi and Crocket (1976) to account for the zoning at 
Strathcona.

3. The metals in the ores may redistribute them 
selves by diffusion in response to a thermal gradient. 
Naldrett and Kullerud (1967) originally suggested this 
mechanism to explain zoning in Ni and Cu at Strath 
cona, and Hoffman et al. (1979) favored it to explain 
the zoning in platinum group elements Levack West.

The first process can account for the progressively 
lower Ni, Cu, Pt, and Pd contents in successively 
higher ores at Strathcona and, provided that one as 
sumes that the partition coefficient between sulfide 
and silicate melts for the last two metals is much 
higher than for Ni, the trend of decreasing Pt/Ni and 
Pd/Ni ratios. It is difficult to explain the variation in 
Cu7(Cu 4- Ni) ratio in this way as the partition coeffi 
cients for these two metals between a sulfide melt and 
a silicate magma of basaltic composition are approxi 
mately equal (Rajamani and Naldrett, 1978).

A far more serious objection is that, although Co is 
not as chalcophile as Ni and Cu—and Rh, Ru, Ir, and 
Os may not be as chalcophile as Pt and Pd—all these 
metals are nevertheless highly chalcophile and would 
partition strongly into any sulfide liquid. All of them 
should, therefore, show depletion in successive sul 
fide segregates rather than the enrichment that is ob 
served at both Strathcona and Levack West (Table 3). 
The process of successive segregation is, therefore, 
ruled out as an explanation for the observed zoning.

As mentioned, diffusion down a thermal gradient 
can account for the enrichment in Ni, Cu, Pt, and Pd 
away from the heat source (the Nickel Irruptive) into 
the footwall of many Sudbury deposits. However, it is 
difficult to envisage how Rh, Ru, Ir, Os, and Co could 
diffuse back against the thermal gradient to explain 
the enrichment of these metals in the hanging-wall

ore. It is possible that Fe is also mobilized and would 
diffuse down the thermal gradient, perhaps less rap 
idly than Ni and Cu as Naldrett and Kullerud have 
suggested. If Rh, Ru, and Ir, Os, and Co were less 
mobile than Fe, they could become enriched in this 
way. However, the degree of enrichment in these 
metals is such as to require more than 50 percent of 
the original sulfides to diffuse out of the hanging-wall 
ore zone in response to the thermal gradient, leaving 
all of their original Rh, Ru, Ir, Os, and Co behind 
them. The texture of the hanging-wall ore at Strath 
cona indicates that no large-scale mobilization of sul 
fides has occurred out of this ore, and this process is 
also ruled out as an explanation.

Naldrett et al. (in prep.) conclude, as Keays and 
Crocket (1970) and Chyi and Crocket (1976) had ear 
lier, that fractional crystallization of a sulfide melt is 
the most likely process responsible for the metal dis 
tributions. The composition of the ore is such that the 
monosulfide solid solution would be the first phase to 
crystallize. Liquidus relations in the Fe-Ni-S and Cu- 
Fe-S (Kullerud et al., 1969) systems indicate that, al 
though Ni and Cu would substitute in the solid solu 
tion, both would be more concentrated in the liquid. 
Fractional crystallization of the initial sulfide melt 
would therefore give rise to a liquid significantly 
enriched in these metals.

This interpretation carries implications also with 
respect to the preference of other metals for the sul 
fide liquid versus the Mss structure. Apart from Ni 
and Cu, Pt, Pd, Au, and Zn should prefer the sulfide 
melt and Co, Rh, Ru, Ir, and Os the monosulfide 
solid solution structure. The work of Skinner et al. 
(1976) on the Fe-Pd-S and Fe-Pt-S systems is consist 
ent with the requirement that Pt and Pd become 
enriched in the residual liquid. Their study of the Pt- 
Pd-S system also implies, but does not prove, that 
during crystallization of an iron-rich sulfide melt, the 
residual sulfide liquid would become steadily 
enriched in Pd over Pt. The lack of any observed 
variation in the Pt7(Pt 4- Pd) ratio from hanging wall 
to footwall between many of the ore types listed in 
Table 3 suggests that this postulated enrichment is 
not very pronounced during much of the crystalliza 
tion history of a sulfide melt, although the markedly 
lower Pt7(Pt 4- Pd) ratio of the Cu-rich stringers at 
Levack West suggests that it occurs in the final stages.

In their work on platinum group elements and the 
Fe-Ni-S system, Distler et al. (1977) have studied the 
distribution of the light elements (Pd, Rh, and Ru) be 
tween monosulfide solid solutions and a phase, pent 
landite type I, that they regarded as the result of the 
peritectic reaction between the solid solution and an 
Ni-rich residual liquid lying on the sulfur-deficient 
side of the solid solution. In view of Kullerud's (1963) 
study of pentlandite, it would seem more likely that 
their sulfur-deficient liquid reacted first to produce a
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high-temperature Nia ± Sj phase, which then 
reacted at an unquenchable rate with monosulfide 
solid solution to produce pentlandite. Regardless of 
the correctness of Distler et al.'s interpretation of the 
origin of the type I pentlandite, their data provide 
evidence that not only does Pd favor the liquid but 
that Rh and Ru favor the solid solution structure, the 
latter more strongly than the former. In view of the 
chemical similarities between Pt and Pd on one hand 
and Ir and Os and Ru on the other, the heavy plati 
num group elements are likely to behave similarly, 
with Pt favoring the liquid and Ir and Os the solid so 
lution structure.

The increase in the Cu7(Cu 4- Ni) ratio toward the 
footwall shown by the different ore zones at Strath 
cona and Levack West requires that Cu favor the liq 
uid over the Mss to a greater degree than Ni. This is 
consistent with data on the Fe-Ni-Cu-S system (Craig 
and Kullerud, 1969). The depletion in the absolute Ni 
content of the Levack West Cu-rich stringers with re 
spect to the footwall ore requires that, as the residual 
liquid becomes richer in Cu, there is a reversal in the 
tendency for Ni to favor the liquid and that it begins 
to favor the monsulfide solid solution structure. This 
is again consistent with Craig and Kullerud's study 
(1969); they reported that at 85Q0C "the sulfide liquid 
contains much more Cu and less Ni than the co-exist 
ing Mss."

Liquidus data on the Fe-Co-S system are unavail 
able. The work of Kuznetsov et al. (1966) indicated 
the existence of a CoSn-x phase with an NiAs-type 
structure. Experience with the Fe-Ni-S system would 
suggest that this is likely to form a solid solution with 
FeS analogous to the solid solution between FeS and 
NiS. The slightly higher maximum melting point of 
the CoSi+x phase (1,195") with respect to the Fei-xS 
phase (1,1880C) indicates that if this were so, the Fe- 
Co solid solution would pull away from the Co-S join 
first, leading to an enrichment of Co in the early form 
ing solid solution with respect to the liquid. Although 
this reasoning is speculative, particularly when ap 
plied to the much more complex natural system, one 
can say that available data are again consistent with 
the interpretation of fractionation of a sulfide liquid.

Studies of the FeS-ZnS liquidus (Kullerud, 1953) 
indicated that when only small amounts of ZnS are in 
volved ZnS prefers the sulfide liquid to substituting 
into the FeS structure.

In summary, all the existing phase equilibria data 
are compatible with much of the zoning at Strathcona 
and Levack West, being the consequence of the 
progressive fractionation of a sulfide liquid, with the 
remaining liquid moving steadily away from the Ir 
ruptive toward the footwall. The precise mechanism 
by which this has occurred poses a problem. The solid 
solution would be denser than the sulfide liquid and 
one might suppose that it would sink and the liquid

float. On the other hand, the ores have not crystal 
lized from a pool of sulfide liquid, but instead are in 
terstitial to silicates within the matrix of brecciated 
footwall gneiss and in fractures in the underlying 
gneiss. I envisage the process as one of cooling and 
crystallization coupled with the filter pressing of the 
fractionating liquid progressively down into the brec 
ciated footwall and away from the more coherent Ir 
ruptive rocks in the hanging wall.

The Cu zone in the footwall at Strathcona is a spe 
cial case. The data of Abel et al. (1979) strongly sup 
port a magmatic origin for it. However, the very low 
concentrations of Au and platinum group elements in 
this ore are difficult to explain in terms of the fraction 
ation model, unless some platinum group element- 
and Au-rich phase had started to crystallize in suffi 
cient amount to cause depletion of the sulfide liquid 
during its migration into the footwall.

Skinner et al.'s (1976) data on liquidus relations in 
the Fe-Pd-S system indicated that, in this system at 
least, Pd is continuously concentrated in the final re 
sidual liquid which crystallizes above 5700C and that 
Pd-rich minerals do not appear on the liquidus at an 
early stage. The natural liquid at Strathcona was con 
centrating elements such as As, Bi, and Te in addition 
to sulfur. It is possible that platinum group element- 
rich phases involving these elements will appear on 
the liquidus of this natural liquid, accounting for the 
depletion.

Genkin et al. (1980) have attributed the zoning 
present at Noril'sk-Talnakh to fractional crystalliza 
tion, as described above. It seems likely that the Cu-, 
Pd-, and Au-enriched stringers described by Ross and 
Keays (1979) in the footwall of the massive ore at Lun- 
non shoot also originated in this way. Keays did not 
refer to their being Pt enriched, but his laboratory 
does not analyze for Pt on a routine basis, and it is 
probable that they are also enriched in this metal.

The zoning in Cu, Ni, and platinum group ele 
ments that has been documented for the deposits 
mentioned above has been looked for in most of the 
other deposits mentioned in the discussion but has 
not been observed. It would seem that it requires 
special conditions in the way of brecciation and frac 
turing of the footwall if the fractionating sulfide liquid 
is to be filter pressed away from early crystallizing 
monosulfide solid solution.

The internal zoning present in some deposits indi 
cates very clearly the problems involved in sampling a 
deposit to obtain means for its constituents that are 
representative of the deposit as a whole. At Strath 
cona, the most strongly zoned of the deposits investi 
gated, the published Cu7(Cu + Ni) ratio of the de 
posit, excluding the copper zone, is 0.32, in 
comparison to the value from Naldrett et al.'s (in 
prep.) samples of 0.25. It is likely that Naldrett et al.'s 
sampling was not weighted heavily enough with Cu-
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rich samples and weighted too heavily with Cu-poor 
samples. If the relative proportions of footwall and 
hanging-wall ore are adjusted so that the 
Cu7(Cu + Ni) ratio rises to 0.32, the changes in the 
platinum group elements are as follows: Pt from 405 
to 590, Pd from 375 to 511, Rh from 30 to 19, Ru from 
21 to 9, Os from 12 to 5, and Au from 69 to 79. As 
Figure 27 is plotted on a logarithmic scale, these 
rather large changes make relatively little difference 
to the slope of the Strathcona average trend in this 
diagram. If the Cu zone is included in the ore re 
serves for Strathcona, the Cu7(Cu + Ni) ratio in 
creases to 0.44 (M. K. Abel, pers. commun., 1980), a 
value much more in line with the Sudbury average. 
The Cu zone is essentially devoid of platinum group 
elements, and inclusion of this ore in computing the 
mean for each element would decrease each value by 
somewhat under 10 percent of the amount present. 
Although the problems involved in sampling a deposit 
become clear from the foregoing discussion, the 
broad similarity in the slopes on the chondrite-nor- 
malized plots obtained for the four Sudbury deposits, 
Levack West, Little Stobie l and 2, and Strathcona, is 
a strong indication that, within a maximum uncer 
tainty of the order illustrated above for Strathcona, 
values given in Table 2 are a reasonable approxima 
tion to the actual metal contents of the deposits.

Naldrett et al. (in prep.) point out, however, that 
the composition of the Falconbridge deposit is highly 
anomalous, with a (Pt -l- Pd)7(Ru ± Ir 4- Os) ratio of 
2.27 and a slope on the chondrite-normalized plot 
that is very similar to that of the hanging-wall ore at 
Strathcona. The deposit is as high as any investigated 
at Sudbury in terms of its Os, Ir, Ru, and Rh content, 
but Pt, Pd, and Au are very significantly depleted in 
comparison with others containing similar other plati 
num metals and Au content. The similarity with the 
Strathcona hanging-wall ore is further enhanced by 
the low Cu7(Cu * Ni) (0.22) and high Co (0.22 wt 7o) 
of the Falconbridge ore. Naldrett et al. suggest that 
the orebody that is mined at Falconbridge is the rem 
nant of a much larger orebody and represents the 
early crystallizing fraction. They speculate on the 
whereabouts of the remaining Cu-, Pt-, Pd-, and Au- 
enriched ore. One possibility is that the ore crystal 
lized as it moved up the fault (Fig. 34), with the late 
crystallizing liquid moving farthest to solidify well 
above the present level of erosion. Against this hy 
pothesis, Naldrett et al. point out that their current 
sampling between the 300- and 5,000-ft levels of the 
deposit gives no indication of a systematic upward in 
crease in the (Pt * Pd)7(Ru H- Ir -f- Os) ratio that 
might be expected if progressive crystallization up 
ward along the fault had occurred. They suggest that 
the Falconbridge deposit may have resembled a por 
tion of the Creighton deposit, as shown in Figure 35. 
At Creighton, much of the ore is associated with a
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FIG. 34. Section through the upper portion of the Falconbridge 
mine (looking west). (From Lockheed, 1955.)

downward bulge of Irruptive sublayer magma into the 
footwall. Faults, approximately parallel to the overall 
strike and dip of the Irruptive contact, have devel 
oped in this area, and sulfide ore has become concen 
trated within the faults. No published information is 
available on the zoning of Cu, Ni, and the platinum 
group elements at Creighton, although it is known 
that many of the south range deposits, including 
Creighton, have a copper-rich fringe made up of chal- 
copyrite-rich stringers within the footwall green 
stones, and it is quite possible that progressive zoning 
of the kind found at Strathcona has developed across 
some of these. If Falconbridge originally resembled 
Creighton with zoning of the kind just discussed oc 
curring across the deposit into the footwall bulge, and 
if movement along the fault closest to the deposit had 
then displaced all of the footwall bulge, one would be 
left with a composition similar to that observed. The 
present near-vertical nature of the Falconbridge fault 
is explicable in terms of the rotation and steepening of 
dips along the south range that has been documented 
with paleomagnetic measurements. Analogy with 
Strathcona suggests that the missing ore may amount 
to more than twice that sampled by Naldrett et al.,
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FIG. 35. Comparison of a schematic representation of how the 
Falconbridge deposit may once have looked with a vertical section 
through the upper levels of the Creighton mine. The Creighton 
section is from Yates (1948). Both sections looking east. (After Nal 
drett et al., in prep.)

that is, more than 100 X l O6 tons. Displacement along 
the Falconbridge fault is unknown, as is the possible 
location of this hypothetical ore.

Relationship between the composition of ore and 
that of the host magma

Partition and exchange partition coefficients: It is 
common to discuss the partitioning of a trace or minor 
element between two phases A and B in terms of a 
partition coefficient. Referring to equilibria between 
sulfide melts and silicate magmas, the Nernst parti 
tion coefficient DI for metal (i) would be defined as

Sul./Sil. — wt ^o of metal i in sulfide melt 
wt Ve of metal i in silicate melt

In the case of metals such as Fe, Ni, Cu, and Co, it is 
believed (see Shimazaki and M ac Lean, 1976; Raja 
mani and Naldrett, 1978) that they occur bonded to 
oxygen in the silicate magma and to sulfur in the sul 
fide melt so that the reaction being considered is, for 
example, in the case of Ni

NiO(sn. manna) * V2 S2 ^ NiS(Sul . melt) * V2 O2 (1)

The equilibria involved in this reaction are related to 
the thermodynamic equilibrium constant Kj by the 
expression

(ii)

where y refers to the respective activity coefficients, 
X refers to the respective mole fractions, and /o, and 
/s, are the fugacities of the gases. From compar 
ison of expressions (i) and (ii) one would expect 
DISUU.SII. for au Of ̂  metais Ni Fe Cu ^ Co to be
a function of/o, and/s, in addition to being a function of 
the temperature and pressure and the compositions of 
the two phases in question. However, reactions such as 
(1) may be combined to give exchange reactions of the 
type
NiO(Sll . ma0na) ^ FeS(Sui. melt) 

NiS(Sul. melt) "* FeO(sn. magma)- (2)

The equilibrium constant for this reaction can be ex 
pressed

a NtS '
a NiO ' 

7ms ' 7FeO
(iii)

The equilibrium constant of this reaction is inde 
pendent of the fugacities of sulfur and oxygen which 
may, however, affect the activities of components in 
the reaction. For example, changing/Sa will affect the 
activity coefficients of NiS and FeS. Citing the work 
of Scott et al. (1974) on the Fen-x S-Ni^x S solid solu 
tion, Rajamani and Naldrett (1978) suggested that in 
liquids of the same composition as monosulfide solid 
solution, yNiS and y?es would have very similar values 
to one another, despite the fact that both would de 
crease with increasing /s, and vice versa. Thus, in 
spite of variations in /Sl , the ratio of these two func 
tions would be close to l and show little change. 
Variation in /o, can affect XFeo by changing the 
Fe^/Fe"1" 2 ratio of the magma, but so long as the value 
of/o, remains below about 10~8 (cf. Fudali, 1965) the 
effect on the Fe^/Fe*2 ratio of basaltic magmas will 
be small.

If a function KD (the exchange partition coefficient) 
is defined (note the use of mole fractions in the defini 
tion) as

Kn = XFeO
XNiO

(iv)

then from (iii) and (iv) and noting that, as discussed 
above, yws/yres ~ l,

D = K2 (v)

As K2 is constant at given temperature and pres-
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sure, KD can be calculated from thermochemical data 
for any silicate magma and iron-rich sulfide melt, so 
long as the values of ywo and yFeo are known for the 
silicate melt in question. Furthermore, if KD is deter 
mined for one particular silicate melt, knowledge of 
the temperature and compositional dependence of 
yN10 and yFeo and of the temperature dependence of 
K2 permits new values of KD to be computed for melts 
of different composition and temperature.

The results of experiments to measure KD between 
Fe-S liquids and FeO-SiOj melts have been reported 
by Shimazaki and MacLean (1976) for Pb and Zn and 
by MacLean and Shimazaki for Ni, Cu, and Co. Raja- 
mani and Naldrett (1978) obtained values for KD for 
Ni, Cu, and Co using liquids with compositions of 
natural basalts, picrites, and andesites. Campbell et 
al. (1979) have studied the relationship between 7N1O 
and temperature and composition, varying their com 
positions over a wide range from those close to natural 
basalt to those close to rhyolite. Roeder (1974) has in 
vestigated the compositional dependence of aFeo in 
the melts in the basaltic range. These two studies as 
sist in the extrapolation of KD'S involving Ni and Fe to 
compositions for which they have not been measured. 
Duke and Naldrett (1978) have derived expressions 
for making such extrapolations to Rajamani and Nal- 
drett's data, although their method did not involve 
using the activity coefficients of NiO and FeO.

Fleet et al. (1977) have published the results of ex 
periments on the partitioning of Ni and Fe between a 
sulfide melt and olivine that are totally at variance 
with the results of Rajamani and Naldrett (1978); their 
results are also incompatible with the existence of 
equilibrium between sulfide melts and olivine as it 
would have to have existed in nature according to hy 
potheses calling upon the magmatic origin of the sul- 
fides. Fleet et al. used their data to cast doubt on the 
magmatic nature of the majority of Ni-Cu deposits. 
The present author has grave doubts as to whether 
equilibrium was reached in the experiments of Fleet 
et al., 2 and therefore prefers to place confidence in

2 Because of the key role that partition coefficients play in much 
of the remainder of this paper, a digression on the relative merits of 
the two conflicting data sets is important at this stage. The data of 
Fleet et al. are not directly comparable with those of Rajamani and 
myself (1978) in that the former were unable to measure Ni in their 
silicate glasses and expressed all their results in terms of iron-nickel 
exchange between sulfide melt and olivine (KDsu1'01). Recently, I 
have discussed their work (Naldrett, 1979), pointing out that there 
are sufficient data governing the distribution of nickel between oli 
vine and silicate magma to allow calculation of the nickel content of 
the olivine that would coexist with the silicate melts of Rajamani 
and myself and hence to enable a direct comparison of the two sets 
of data. The values for KDSU"0' calculated from our data vary be 
tween 5 and 7 and those of Fleet et al. vary between 28 and 51.

As a result of further discussions on the subject (J. M. Duke, 
pers. commun., 1980) and an unsuccessful series of experiments on 
a collaborative project to measure KDSU"01 directly (I. H. Campbell

the data of Rajamani and Naldrett in whose work 
equilibrium was demonstrated with reversed experi 
ments.

Despite the fact that all the experimental studies 
have the exchange reactions discussed above, it has 
been the custom in the literature to use the results of 
the experiments as simple Nernst-type partition coef 
ficients. The reason that major errors have not been 
introduced as a consequence of variations in /os and 
/s, is that the partitioning is in fact exchange partition 
ing. Other factors, however, also affect the use of 
Nernst coefficients. One is that they are applicable 
only at low concentrations of the components in ques 
tion and another is that, if they have been determined 
in an experimental system involving just two exchang 
ing components, they are not applicable to a natural 
system in which one or more additional components 
(for example, Cu) are involved in the same exchange 
reaction.

and J. Nolan, pers. commun., 1980), I believe that equilibrium was 
never established between olivine and sulfide in Fleet et al.'s experi 
ments. The majority of their experiments lasted 16 to 19 hours, 
whereas Campbell and Nolan were unable to achieve equilibrium in 
5 to 7 days. Disequilibrium with respect to Fe and Mg partitioning 
between olivine and the liquid from which it grew is demonstrated 
by Fleet et al.'s own data.

Roeder and Emslie (1970) have shown that the value of KD govern 
ing the distribution of Fe and Mg between olivine and silicate melt is

mole fraction of FeO in olivine/mole 
_________fraction of MgQ in olivine 
mole fraction of FeO in magma/mole

fraction of MgO in magma
- 0.30 ± 0.03.

K ol/sll — 
D

This exchange partition coefficient has been examined in a wide 
range of rocks representative of natural magmas with coexisting 
olivines, and Roeder and Emslie's value has been found to have wide 
application.

Calculation of the values of KD0"*" from Fleet et al.'s data indi 
cates that these range between 0.29 and 0.13. The divergence of 
their olivine compositions from the expected equilibrium values is 
directly a function of how much olivine they crystallized in their 
sample (Fig. 36). Their experimental technique was to melt their 
charge of sulfide and silicate totally at 1,260" to 1,280"C and then, 
over a period of 2 hours, to cool the charge to about 1,1600C, at 
which temperature it was maintained for the duration of the ex 
periment. Their olivines have grown with too little FeO relative to 
MgO with respect to the equilibrium value. Where extremely 
little olivine was present, this tendency is extremely slight and 
within the variation of ±0.03 noted by Roeder and Emslie (1970). 
In all other experiments the deviation is outside these limits. This 
may have been due to the initial crystallization giving rise to a 
disequilibrium composition and, the larger the olivines grew, the 
less effectively was subsequent diffusion within the olivine able to 
convert its composition to the equilibrium value, within the time 
frame of the experiments.

In their experiments, the main body of the sulfide liquid tended 
to develop as a bleb on top of the silicate liquid. My doubts about 
their data for Ni arise from the fact that, if equilibrium was not 
achieved with respect to Fe and Mg between olivine and the sili 
cate liquid enclosing it, how likely is it to have been achieved 
between olivine and the sulfide lying above it?
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Fie. 36. Value of the exchange partition coefficient 
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calculated from Fleet et al.'s (1977) data versus their estimated oli 
vine content in the appropriate sample.

In most cases, uncertainties in the value of a coeffi 
cient due to factors other than those just discussed are 
as great or greater, probably being of the order of at 
least 20 percent, and, for example, errors induced in 
modeling the exchange of Ni between sulfide and sili 
cate melts due to the presence of a few percent of cop 
per are relatively unimportant. However, where 
more than 10 percent Cu is present, it is preferable to 
use KD in calculating compositions. In the following 
discussion in this paper, most deposits considered 
contain less than 10 percent Cu and, for the sake of 
simplicity and in order to be consistent with the liter 
ature, D rather than KD values are used. The reader 
should be aware, however, of the simplifications that 
have been discussed and of the errors that are inher 
ent in their use.

As we have argued above, one can expect KD values 
to be relatively independent of /o, - However, oxygen 
will always be present in a sulfide oxide liquid. In the 
previous discussion and in most of the literature on 
partitioning, the fact that oxygen is present and the 
possible effect that this might have on the activities of 
components such as NiS and CuS have been ignored, 
largely because of a lack of information on the subject. 
The maximum amount of oxygen believed to dissolve 
in a sulfide melt under natural conditions is on the 
order of 5 wt percent, so perhaps this effect is rela 
tively small.

Shimazaki and M ac Lean (1976) studied the parti 
tioning of Zn and Pb between a sulfide oxide liquid 
and an FeO-FejOa-SiOz silicate magma as a function 
of the oxygen content of the sulfide liquid. In most of 
their experiments the partition coefficients are low, of 
the order of 0. l to LO for Zn and 1.5 to 2.5 for Pb, but 
they found in both cases that the partition coefficient 
tended to increase with increasing oxygen in the sul 
fide oxide liquid. On this basis they suggested that Zn 
dissolves in the natural sulfide oxide liquids as ZnO 
and that Pb behaves in the same way when the /o, is 
relatively high.

In summary, the preferred values of D which will 
be used in subsequent discussion are listed in Table 4 
in terms of the magma types to which they will be ap 

plied. Values for Pt and Pd are particularly uncertain. 
The limited data on which they are based has been 
discussed by Naldrett et al. (1979).

Partitioning and the magmalsulfide ratio: When a 
very small amount of sulfide melt segregates from a 
silicate magma, the concentration of any metal i in the 
sulfide melt (Yi) is related to the initial concentration 
in the silicate magma (X4) by the partition coefficient 
E^sui./sn. according to the expression

Yi z DiSuUSU - - Xi (vi)

which is merely a rearrangement of expression (i). 
Provided that equilibrium is always attained between 
sulfide melt and silicate magma, an expression of this 
kind always holds, provided that Xt is taken to be the 
concentration in the silicate magma after the attain 
ment of equilibrium.

It is often more useful to be able to model the com 
position of the sulfide melt in terms of the initial (i.e., 
before segregation of, or reaction with, sulfide occurs) 
composition of the silicate magma. When the ratio of 
silicate magma to sulfide melt is very large, expres 
sion (vi) provides a satisfactory answer. However, as 
this ratio decreases, one reaches a stage when the sul 
fide is concentrating so much of the metal that is pres 
ent in the system as a whole that it is causing a signifi 
cant drop in the concentration of this metal in the sili 
cate magma with which it is equilibrating. Campbell 
and Naldrett (1979) have shown that under these cir 
cumstances it is necessary to use the more general ex 
pression

Di - X, - (R * 1) 
(R * Dt) (vii)

where R is the ratio of the mass of silicate magma to 
the mass of sulfide and Xt refers to the initial concen 
tration of metal i equilibrating with it. Figure 37 illus 
trates schematically the effect that variations in R and 
D will have on Y4 .

At an earlier stage in this paper, I discussed the fact 
that some sulfide deposits are formed by the addition 
of sulfide from an external source to the magma. This 
added sulfide produces an additional dilution so that 
expression (vii) then becomes

Y, = Di R
(R -t- D,) (viii)

TABLE 4. Preferred Partition Coefficients (Dfu"su )

Ni Cu Co Pt Pd

Komatiite magma
279fc MgO
19*fc MgO

Basaltic magma

100
175
275

250
250
250

40
58
80

1,000
1,000
1,000

1,500
1,500
1,500
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FIG. 37. Schematic representation of how variations in 
magma/sulfide ratio (R) and Nernst distribution coefficient (D) af 
fect the metal content of sulfides (Y) that are brought to equilibrium 
with a silicate magma containing an initial concentration (X) of any 
metal.

It is only when R becomes very low indeed that the 
values of Yt obtained from expressions (vii) and (viii) 
differ appreciably.

Application to the composition of komatiite-related 
ores: Considering Archean komatiite-related ores ini 
tially, reference to the literature indicates that for a 
komatiitic liquid containing 27 wt percent MgO a 
nickel content of 1,500 ppm, a copper content of 
50 ppm, and a cobalt content of 75 ppm are reason 
able. Data summarized by Crocket (1981) suggest 
that concentrations of the order of 5 ppb Pt and 
7.5 ppb Pd are also reasonable.

Figure 23B illustrates how the Ni and Cu contents 
of the sulfide segregating from this magma will 
change as the value of logw R varies between 10 and 
1. Figure 23C illustrates the associated changes in Ni 
and Cu in the magma itself as a function of R. It can 
be seen from Figures 23A and B that the Ni and Cu 
contents of many komatiite-related ores lie on or close 
to the line in Figure 23B, representing the effect of 
variations in R on sulfides in equilibrium with the 
model magma, suggesting that these ores may be the 
result of reaction of variable quantities of sulfide with 
silicate magmas of relatively similar compositions. 
The proposition is tested for other elements in Table 
5 where the calculated Ni, Cu, Co, Pt and Pd con 
tents of sulfide liquids resulting from equilibration 
with the same silicate magma at different R values are 
listed. It is seen that the composition of the Lunnon 
shoot is consistent with equilibration at a value of log 
R of between 3.0 and 2.5, most probably 2.7 (R = 501) 
(Fig. 38). Assuming that all of the sulfide involved in 
the deposit was originally in solution in the host sili 
cate magma, this ratio amounts to 0.32 percent sulfide, 
or about one-third of the total sulfide believed to be 
soluble in the magma at low pressures.

The Pipe orebody is associated with an ultramafic 
rock of believed komatiitic origin (Peredery, in press).

This ore can be modeled quite closely at a value of log 
R = 1.53 (R z 34). In the absence of good analyses 
for the Pt and Pd content of peridotitic komatiites at 
the time at which they were writing, Naldrett et al. 
(1979) assumed somewhat lower values than have 
been assumed here, but came to the same conclusion 
with regard to the ratio of magma to sulfide during the 
formation of the Pipe ore. They pointed out that low 
R values such as this require more sulfide than is be 
lieved to be soluble in komatiitic magmas and con 
cluded that assimilation of country-rock sulfur had oc 
curred.

The dashed line in Figure 23C is drawn on the basis 
of the calculations of Duke and Naldrett (1978) and 
Duke (1979); it illustrates the effect of fractional crys 
tallization of olivine on the Ni and Cu contents of the 
peridotitic komatiite composition modeled above. 
Suppose that this particular peridotitic komatiite was 
itself the consequence of the fractional crystallization 
of approximately 20 percent olivine from an even 
more magnesian komatiite (the dotted line in Fig. 
23C). If this were so, the original komatiite would 
have contained about 1,700 ppm Ni, 42 ppm Cu, 
4.2 ppb Pt, and 6.3 ppm Pd. Equilibration of this 
magma with a sulfide melt at an R value of 316 (log 
R = 2.5) would have resulted in the sulfide melt con 
taining 13 wt percent Ni, 0.59 wt percent Cu, 
1,010 ppb Pt, and 1,650 ppb Pd, which is within or 
very close to the limits of error on the composition of 
the Langmuir 2 deposit. This particular case is pre 
sented as an example. Similar combinations of frac 
tional crystallization and equilibration at different R 
values can be used to account for all those deposits re 
lated to Archean komatiites that are believed to rep 
resent primary magmatic compositions.

When we turn to the Proterozoic komatiite ores of 
Ungava, we find that the high Ni, Cu, Pt, and Pd con 
tents of the Donaldson West ore require similarly 
high concentrations in the host magma (Table 5). The 
Ni content of the host magma is within but close to 
the upper limit of the range shown by komatiitic 
magmas of similar MgO content (19 wt *fo) that are not 
believed to have equilibrated with sulfides (Fig. 39). 
This is suggestive that the value of R for this deposit 
was very high, so that essentially no depletion of 
metals has occurred in the host magma as a result of 
equilibration with sulfide. The effect of variations in R 
are illustrated in Figures 23B and C and Table 5 from 
which it can be seen that the composition of the Ka- 
tiniq deposit can be modeled reasonably closely as 
suming an R value of 1,000. The initial magma re 
quired to model these ores contained 890 ppm Ni, 
148 ppm Cu, 5 ppb Pt, and 10 ppb Pd. This is an un 
usual composition in that the Cu content is very high 
in relation to the Ni content. The Pt and Pd contents 
are reasonable for a komatiitic magma of this composi 
tion (cf. Crocket, 1981).
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Log R

FIG. 38. Quantitative modeling of variations in Y (see Fig. 37) 
with R for sulfides in equilibrium with a typical Archean peridotitic 
komatiite, using the values for the parameters given in Table 5. 
Note that the composition of the Lunnon deposit can be modeled 
quite closely assuming an R value of 501 (log R — 2.7) and that of 
Pipe assuming an R value of 34 (log R = 1.53).

Partition coefficients for Os, Ir, and Ru are not 
known; their geochemical behavior would suggest 
(Crocket, 1981) that they are no more chalcophile 
than Pt. This being so, they will not be enriched rela 
tive to Pt and Pd in a sulfide melt in comparison to 
their relative proportions in the coexisting silicate 
melt. Thus, on the chondrite-normalized plots pre 
sented previously, the relatively flat patterns charac 
teristic of Archean komatiite-related ores in compari 
son with the gabbro-related ore are inherited from 
and are characteristic of their host magmas.

Application to the Sudbury ores: Naldrett et al. (in 
prep.) have discussed explanations for compositional 
variations among certain Sudbury deposits and have 
shown how variations in R and fractional crystalliza 
tion of oh'vine can account for most of the variation. 
Their averages for the compositions of the sulfides of 
four Sudbury ore deposits are compared in Table 6. 
As was discussed earlier, some uncertainty exists as to 
exactly how well these averages represent the initial 
composition of the sulfide liquids responsible for 
these deposits, because of difficulties in weighting 
analyses of the different ore types in accordance with

2000

FIG. 39. Variation of Ni with MgO for komatiitic rocks whose 
textures indicate that they represent liquid compositions (i.e., spin 
ifex texture and/or absence of phenocrysts). All values recalculated 
on a volatile-free basis.

the proportions of these types within a given deposit. 
The most extreme example encountered so far is 
Strathcona. As mentioned above and as shown in 
Table 6, the Cu7(Cu -H Ni) ratio for the samples from 
this deposit is 0.25 whereas the ratio for the deposit as 
a whole is 0.44. If this ratio is applied to the value of 
3.6 wt percent for the Ni content of the sulfides as a 
whole, one obtains a value of 2.8 for the overall cop 
per content, much higher than the value of 1.23 given 
in Table 6. This latter value may therefore be substan 
tially in error. Despite reservations of this kind, the 
overall similarities between metal ratios in many of 
the Sudbury deposits are taken to indicate that the 
compositions listed in Table 6 correspond reasonably 
well to the actual compositions of the ores, and that 
many of the differences between them are real differ 
ences and not a function of errors introduced by in 
correct weighting or ignorance about the existence of 
certain ore zones. Some of these real differences in 
clude the observation that in the two nearby deposits 
of Levack West and Strathcona on the north range of 
the Sudbury basin the sulfide liquid responsible for 
the former apparently contained one and a half times 
as much Ni, three times as much of most of the plati 
num group elements, and about the same amount of 
Co as that responsible for the latter. In the case of the 
two immediately adjacent deposits of Little Stobie l 
and 2 on the south range of the basin, the former con 
tains rather less Ni, rather more Cu, and two-thirds of 
the concentration of most of the platinum group ele 
ments of the latter. In addition to these differences 
the south range deposits contain two to three times as 
much platinum group elements, distinctly less Ni, 
and somewhat more Co than the Levack West de 
posit.

Naldrett et al. (in prep.) show that starting with the 
same source magma it is possible to explain many of 
these differences using the principles of fractional and 
batch equilibrations of silicates and sulfides. As has al 
ready been discussed, Irvine (1975) has suggested 
that assimilation of siliceous material by an ultramafic 
or mafic magma will result in the segregation of sul 
fide dissolved in the magma as an immiscible sulfide 
liquid, varying degrees of assimilation resulting in 
varying proportions of the dissolved sulfide being 
forced out of solution. This concept has been adopted 
by Naldrett et al. to produce a stepwise, progressive 
modification of the source magma. The flow chart in 
Figure 40 summarizes their explanation.

Naldrett et al. (in prep.) suggest that the initial 
magma had olivine on the liquidus and was not quite 
saturated in sulfide, containing 0.16 wt percent S, 
240 ppm Ni, 169 ppm Cu, 21.5 ppm Co, and 
2.25 ppb Pd. A portion of this magma, intruding 
along the north range, assimilated siliceous material 
on two separate occasions, resulting in the segrega-
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TABLE 6. Average Compositions of Sulfide Liquids Responsible for Certain Ores

Strathcona

Levack West

Little Stobie 1

Little Stobie 2

Ni

3.6
(3.6)
5.7

(5.5)
3.8

(3.6)
4.0

(4.0)

Wt percent

Cu

1.2[2.8]*
(2.4)
3.7

(3.6)
4.4

(4.0)
3.6

(4.4)

Co

0.15
(0.14)
0.16

(0.17)
0.19

(0.17)
0.17

(0.17)

Pt

420

1,154

1,930

2,130

Pd

372
(410)

1,253
(1,350)
2,120

(2,020)
3,170

(3,090)

Rh

30

186

119

303

ppb

Ru

21

60

123

247

Ir

12

47

61

113

Os

8

22

29

46

Au

54

150

862

860

Figures in parentheses are compositions modeled as discussed in the text.
* This is the copper content if copper is calculated by applying the Cu7(Cu + Ni) ratio of the ore reserves to the average Ni content 

for the deposit, as is discussed in the text.

tion and removal of 6 percent of the dissolved sulfide 
on each. Modeling of the type already discussed indi 
cates that at this stage the magma would have con 
tained 210 ppm Ni, 150 ppm Cu, 20.8 ppm Co, and 
1.2 ppb Pd. Further assimilation followed by precipi 
tation of 5 percent sulfide would have given rise to the 
sulfide liquid labeled Levack West in Figure 40 and 
compared with Levack West in Table 6. Assimilation 
followed instead by precipitation of 50 percent of the 
dissolved sulfide would have given rise to the compo 
sition labeled Strathcona in Figure 40 and compared 
with Strathcona in Table 6.

A second portion of the source magma intruding 
toward the south range underwent fractional crystalli 
zation with the precipitation of 7 percent olivine. As 
suming a value of Dt01'L for Ni of 9, this would have 
reduced the Ni content to 150 ppm, increased Cu and 
Pd to 181 ppm and 2.41 ppb, respectively, and only 
slightly have reduced Co. Assimilation followed by

NORTH RANGE 
LEVACK WEST STPOTHCOMA

SOUTH RANGE 
LITTLE STOBIE No.2 LITTLE STOBIE Mol

FIG. 40. Possible sequences of events undergone by a single 
source magma which would account for many of the variations in 
the composition among four Sudbury ore deposits. (From Naldrett 
et al., in prep.)

precipitation of 2.5 or 12 percent, respectively, would 
have given rise to the compositions given in Figure 40 
and Table 6 under Little Stobie l and 2, respectively. 
It can be seen from Table 6 that with the exception of 
Cu these compositions provide a close match to the 
observed compositions. As discussed above, the Cu 
content of the original sulfide melt responsible for 
Strathcona was more likely to have been 2.8 than 
1.23 wt percent, giving a much closer fit to the model 
composition. Similar errors in the weighting of the 
analyses probably account for the discrepancy in the 
modeling of Cu for the two Little Stobie deposits.

Application to gabbro-related ores (exclusive of 
Sudbury and those related to flood basalt): The Ni 
and Cu contents of magmas in equilibrium with the 
Kenbridge, Espedalen, and Pechenga ores are also 
shown in Figure 23C. Basaltic magmas having be 
tween 150 and 320 ppm Ni and 70 and 170 ppm Cu 
would seem to account for most of the gabbro-related 
deposits, including Sudbury, but exclusive of those 
associated with the intrusive equivalent of flood ba 
salts. The Kanichee ore is also an exclusion; the high 
Cu and platinum group elements of this ore resemble 
the compositions of ores related to flood basalts. Pro 
vided that the partition coefficients of Table 4 are ac 
cepted, the required levels of Pt and Pd in the basal 
tic magmas are in the region of 0.25 to 2.5 ppb. Much 
of the variation toward the lower end of this range can 
probably be explained in terms of a low R value dur 
ing equilibration rather than a low initial value. All 
these values are within the range observed in basalts 
(Crocket, in press) and therefore present no problems 
with regard to the magmatic model of genesis.

At first sight, the Montcalm deposit, containing 
4.31 wt percent Ni and 1.38 wt percent Cu, would 
also seem not to present problems. However, the Pt 
and Pd contents of this ore are 58 and 17 ppb, respec 
tively, closer to the levels in rocks than to expected 
levels in magmatic sulfides. Naldrett and Duke (1980)
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have modeled the composition of this ore, testing to 
see whether the low values of the platinum group ele 
ments can be accounted for by equilibrating a normal 
basaltic magma at a very low R value. They found that 
the R value required to reduce the platinum group 
elements to the required level resulted in Ni and Cu 
being reduced to between one-fourth and one-third of 
the observed levels.

They pointed out, however, that the fractional re 
moval of sulfide, perhaps accompanying the fractional 
crystallization of the host silicate magma, results in 
much more extreme fractionation of elements with 
high as opposed to moderate D values than the con 
cept of batch equilibration that is called upon in the 
R-value modeling. Using a typical Archean picritic 
tholeiite magma containing 13.7 wt percent MgO, 
375 ppm Ni, 100 ppm Cu, and l ppm Pd as a starting 
composition, their modeling (Fig. 41) indicated that 
after crystallization of 50 percent of the magma sul- 
fides segregating at this stage would match that of the 
Montcalm ore very closely. As far as can be deter 
mined with the limited exposure in the area, the 
Montcalm deposit occupies a discordant structure 
near the middle of its host gabbro. Some event, caus 
ing a sudden release of sulfide at this stage in the crys 
tallization of the host gabbro followed by a concentra 
tion of this released sulfide, can thus account for the 
composition and location of the ore.

Application to flood basalt-related deposits: Ores 
related to flood basalt magma have a number of com 
positional features in common, including exception 
ally high Cu, Pt, and Pd levels in their sulfides. The 
calculated composition of the magma responsible for

10

l 9
is

9 6
l 5•

40 X Ni 
l 3*Cu 

l?ppbPd
V

10 20 30 40 50 
Mogma crystallized (mole 14)

60

FIG. 41. Variation of the concentration of Ni, Cu, and Pd in sul 
fide liquid fractionally segregating from a crystallizing gabbroic 
magma as a function of the percentage of the initial mass of magma 
that has crystallized. It is assumed that the magma initially con 
tained 375 ppm Ni, 100 ppm Cu, 7 ppb Pd, and 0.3 percent sulfide 
in solution. The vertical dotted line indicates the amount of frac 
tional crystallization necessary to produce a sulfide liquid contain 
ing 17 ppb Pd. (From Naldrett and Duke, 1980.)

the Talnakh ore is plotted in Figure 23C. Because of 
the very high metal contents, in particular Pd and Pt, 
in this deposit, it would seem likely that the metal 
contents have not been lowered as a result of equili 
bration at low R values, but that the calculated com 
position of the magma is close to that of the initial 
magma before reaction with sulfide occurred.

Rather than regard Talnakh as a special case, the 
result of the generation of an unusually platinum 
group element rich series of magmas in the mantle, 
the possibility that it is normal, and that other flood 
basalt-related ores are the result of equilibration at 
lower R values has been investigated. Sulfides of the 
Great Lakes deposit contain two-thirds to two-fifths of 
the platinum group elements of those of the Talnakh 
camp. This deposit has, therefore, been modeled in 
Figure 23B and C and in Table 5, on the assumption 
that the Pd level in the initial magma was the same as 
at Talnakh. The ore models to be the result of equili 
bration at an R value of approximately 2,200 (log 
R = 3.34). On a similar basis, the Minnamax ore, 
with its lower Ni and platinum group element con 
tent, would be the result of equilibration at an R value 
of approximately 350.

Tile magmas that host flood basalt-related deposits 
appear to be exceptional in having extremely high Cu 
contents (430-440 ppm for Talnakh and Great Lakes 
—much higher for Minnamax) and yet fairly high 
(220-300 ppm) nickel contents. Two factors may have 
contributed to this: (1) the Cu content may have been 
greatly enhanced by fractional crystallization and (2) 
the original magma may have been enriched in Cu as 
a result of the special nature of its source.

With respect to point (1), the relationship between 
the Cu7(Cu H- Ni) and degree of maficity of the host 
magma has been noted by several authors, including 
Wilson and Anderson (1959) and Naldrett and Cabri 
(1976). The ratio in the ores would reflect the ratio in 
the host magma; the latter authors suggested that the 
variation in the magma was the consequence of frac 
tional crystallization.

There is support for this suggestion amongst the 
present data set. Olivine in association with the sul 
fide (Cu7(Cu ± Ni) = 0.8) at Minnamax ranges from 
Fo45 to Fo57 with a median value of about Fo^ 
(Hardyman, 1969), that at the Waterhen Complex 
(average of nine samples Cu7(Cu + Ni) - 0.70, Main 
waring, 1975) averaged FoM , that at Great Lakes 
(Cu7(Cu 4- Ni) = 0.65) ranged from Fow to Fo70 , and 
that at Noril'sk (Cu7(Cu * Ni) = 0.59) ranged from 
Fo77 to Fo7, (optical determination only, Godlevskii, 
1959). Insizwa, with Cu7(Cu -l- Ni) between 0.33 and 
0.4 and yet olivines within the host hyperite contain 
ing about Fo85 appears to be an exception to this gen 
eralization. However, Eales (1980) has reported oli 
vine containing Fo85 in the overlying picrite of the 
Insizwa Complex. More data on the petrologic devel-
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opment of this complex and the timing of ore forma 
tion with respect to this development are required 
before the reasons for the composition of the Insizwa 
ore can be evaluated. With reference to the apparent 
relationship between Cu/Ni ratio of ore and olivine 
composition, inasmuch as Cu is not readily accepted 
into the structure of the silicates of mafic rocks, frac 
tional crystallization will result in an increase in the 
Cu content; for example, 50 percent crystallization 
will double the Cu content of the residual liquid. 
However, fractional crystallization of olivine and/or 
pyroxene will also deplete the magma in Ni. Many of 
the flood basalt-related deposits are characterized by 
relatively high Ni contents in their sulfides; accord 
ingly, extreme fractionation involving the removal of 
very large amounts of olivine and pyroxene cannot be 
called upon.

With regard to point (2), Naldrett and Duke (1980) 
have suggested that the high platinum group element 
content of sulfides related to flood basalts is a conse 
quence of these basalts being derived from exception 
ally pristine mantle. They point to the Sr and Nd iso 
tope data of De Paolo and Wasserburg (1979a) bearing 
on the very undepleted nature of subcontinental man 
tle. It is very likely that Cu is present in the mantle 
mainly as sulfide. Once a partial melt has formed, the 
sulfides will dissolve in it. Limited degrees of melting 
sufficient to just dissolve all the sulfide in the source 
region will give rise to particularly copper rich 
magmas.

Summary: The following points have emerged with 
respect to the compositions of the host magmas for 
Ni-sulfide ores and appear to have general applica 
tion:

1. Variation in the Ni, Cu, Co, Pt, and Pd content 
of unaltered Archean komatiite-related deposits can 
be explained in terms of equilibration of varying pro 
portions of a sulfide melt with a peridotitic komatiite 
magma whose composition itself has varied as a conse 
quence of olivine fractionation.

2. The Proterozoic deposits of Ungava are related 
to magmas whose compositions would appear to have 
been uncommonly Cu rich in relation to their Ni and 
MgO contents when compared with Archean koma- 
tiites.

3. The low (Pt * PdX(Ru -H Ir ^ Os) ratio of depos 
its related to komatiites is inherited from the host 
magma rather than resulting from something unusual 
in the genesis of these deposits.

4. Most gabbro-related deposits, apart from Kani- 
chee and those of the flood basalt association, appear 
to have formed from magmas whose metal contents 
are similar to those of common Archean basalts.

5. Flood basalt magmas appear to have been ex 
ceptionally rich in Cu and, at the same time, rich in 
Ni and platinum group elements. There is a relation 

ship between the average Cu7(Cu -l- Ni) ratio of many 
flood basalt-related deposits and the degree of frac 
tionation of the host magma as indicated by olivine 
composition. The high Cu contents are attributed to 
both fractional crystallization of the host magmas and 
to their derivation from pristine, subcontinental man 
tle.

6. As Barnes et al. (in press) have pointed out with 
respect to Ungava, and as seems also to be the case at 
Noril'sk-Talnakh, some of the ore deposits which ap 
pear to have equilibrated with their host magmas at 
some of the highest magma/sulfide ratios are those oc 
curring in igneous bodies that are interpreted as feed 
ers to volcanism. The mechanism is not clear but it is 
interesting to speculate on whether this high ratio is 
the result of early forming sulfides in the chamber 
having had the opportunity to react with repeated in 
fluxes of new magma as they passed along the feeder 
conduit.

Reasons for the compositional variations between 
different magma types: Two main points are ad 
dressed in this section. The first is the reason for the 
much lower (Pt 4- Pd)7(Ru + Ir + Os) ratio of ores as 
sociated with Archean komatiites, and the second is 
the reason for apparently higher Pt and Pd levels in 
some magmas than in others.

Naldrett and Duke (1980) have suggested a possible 
explanation for the relationship between magma type 
and (Pt + Pd)7(Ru * Ir * Os) ratio of the associated 
ore, pointing to data of Ross and Keays (1979) who 
found that Ir occurs in olivine from the komatiites of 
Western Australia in concentrations of about 5.6 ppb, 
whereas Pd concentrations are below 0.21 ppb. Nal 
drett and Duke suggested (1) that Ir and Pd occur in 
mantle olivine in much the same proportions to one 
another as they do in olivine in komatiites and (2) 
that, as their general chemical similarities would sug 
gest, Ru and Os follow Ir and Pt follows Pd. In their 
review of platinum group elements in rocks. Naldrett 
and Cabri (1976) reported metal concentrations in 
those alpine ultramafic rocks believed to be portions 
of the mantle to be in the 2 to 9, 0.5 to 0.6, and 4 to 
7 ppb range for Ir, Ru, and Os, respectively. Jagoutz 
et al. (1979) and Morgan and Wandless (1979) re 
ported values of about 4 ppb for both Ir and Os in 
mantle nodules. Inasmuch as the mantle is believed 
to be composed of more than 60 percent olivine, it 
would appear that solid solution in olivine can account 
for the amounts of these metals found in these repre 
sentatives of the mantle. Naldrett and Duke were less 
certain about the exact host for Pt and Pd (the same 
sources report values of about 4.5 ppb for Pd and 
7 ppb for Pt in mantle nodules) in the mantle, al 
though they suggested sulfides, spinel, or garnet as 
possibilities. They argued that magmas formed by low 
degrees of partial melting of the mantle will incorpo 
rate much of the spinel and/or garnet and dissolve
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some of the sulfide, but not incorporate large amounts 
of mantle olivine. They will, therefore, be expected to 
have high (Pt + Pd)7(Ru + Ir + Os) ratios. Magmas 
such as komatiites, which have been formed as a re 
sult of a high degree of mantle melting, will incorpo 
rate much mantle olivine and, therefore, they and 
their associated sulfides will have much lower ratios. 
This effect will be compounded if, as is indicated by 
other trace element data including rare earth ele 
ments, the MgO-rich komatiites that typically host 
the komatiite ores are derived from a portion of man 
tle that has undergone previous partial melting, and 
therefore has lost much of its spinel and garnet and 
some of its sulfide and the Pt and Pd residing in these. 
Magmas with intermediate MgO contents, produced 
by less extreme melting of less depleted, possibly 
pristine mantle, would be expected to have interme 
diate values of the (Pt + Pd)7(Ru * Ir 4- Os) ratio, 
which accounts for the intermediate ratios observed 
in the Ungava ores.

Naldrett and Duke's (1980) arguments about the 
provenance of Ru, Ir, and Os must be tempered by 
the fact that Mitchell and Keays (1979) did not report 
any high Ir concentrations in olivine separated from 
mantle nodules of the order of the Ir concentrations 
that they observed in komatiites. The question of the 
provenance of Ru, Ir, and Os must still be regarded as 
an open one. However, as Crocket (in press) points 
out when evaluating the data of Jagoutz et al. (1979) 
and Morgan and Wandless (1979), Ir and Os are 
enriched with respect to Pt and Pd in mantle nodules 
that have more of a residual character as compared 
with the relative enrichment in those with less of a re 
sidual character. He suggests that the reason may be 
their occurrence as a refractory (and presumably in 
soluble in silicate melts) metal alloy.

In short, although the reason is still debatable, it 
would seem that Ru, Ir, and Os behave much more 
"compatibly" with respect to mantle mineralogy dur 
ing partial melting than Pt and Pd, which partition 
into early-forming melts.

The particularly high Pt and Pd concentrations in 
deposits associated with flood basalts and the Ungava 
ores are also explicable in this way. Platinum group 
element data on basalts are relatively sparse and 
mainly confined to Pd and Ir. Crocket (1979) re 
viewed these data and pointed out that continental 
flood basalts have much higher values of Pd (by at 
least a factor of 10 and possibly a factor of 60) and 
higher values of Ir (by a factor of between 2 and 20) 
than ocean-floor basalts. Their low concentrations of 
light relative to heavy rare earth elements and low 
concentrations of imcompatible elements indicate 
that mid-ocean ridge basalts (MORB) have been 
derived from mantle that has been depleted in these 
elements by a previous history of partial melting. Re 

moval of Pd in a previous partial melt, as discussed 
above, can partly account for the much lower values 
of this element in mid-ocean ridge basalts and for the 
suggestion, as yet not provable with available analyti 
cal methods, that the Pd/Ir ratio is lower in them. 
Flood basalts do not show the depleted characteristics 
of mid-ocean ridge basalts and, as has been pointed 
out above, appear on the basis of Sr and Nd isotope 
studies to have been derived from particularly pris 
tine looking mantle. This is in keeping with their rela 
tively high concentrations of Pt and Pd, which is also 
reflected in the compositions of their associated ores. 
A similar argument has been advanced above to ac 
count for the high copper content of these ores. The 
same arguments may also apply to the high copper 
content of the Ungava komatiite-related ores when 
compared with the Archean komatiite-related ores. 
The host magmas to the Ungava ores have flat rare 
earth patterns and concentrations of incompatible 
trace elements (Barnes, 1979) that suggest that they 
have been derived from mantle that is undepleted 
relative to that which has been the source of the 
MgO-rich Archean komatiites.

Conclusions
I will conclude this paper by referring to some of 

the questions posed in the Introduction.

1. The first of these was what are the types of mafic 
and ultramafic bodies that can be recognized. These 
are categorized in Table l in terms of whether they 
were emplaced contemporaneously with volcanism, 
into consolidated cratons, or during active orogenesis.

2. The second question was which of these types 
have proved productive as hosts for nickel sulfide ore. 
Some types, including both cumulate and metamor- 
phic-textured ultramafic portions of ophiolite com 
plexes, Alaskan-type intrusive ultramafic bodies, and 
alkalic ring complexes and kimberlites have proved 
distinctly nonproductive. Certain combinations of 
rock type and tectonic setting, including that of intru 
sions related to flood basalts, associate with intracon 
tinental rifting; and komatiites associated with the 
commencement of volcanic cycles in Archean and (to 
a lesser extent) Proterozoic greenstone belts have 
proved particularly productive. Tholeiitic intrusions 
in similar greenstone belts are important hosts for ore 
although less so than komatiites. The Sudbury Nickel 
Irruptive, believed to have been triggered by the im 
pact of a meteorite and to have intruded up into the 
impact crater, is a unique but highly productive 
petrotectonic setting.

3. With regard to the reasons why these particular
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settings have been productive, the two major exam 
ples related to intracontinental rifting—Noril'sk-Tal- 
nakh and Duluth—clearly resulted from rifting that 
enabled mafic magma to interact with sulfur that was 
concentrated in supracrustal rocks. Isotope ratios in 
dicate that crustal sulfur is a major component of that 
in the ores. Evidence exists at Sudbury that inter 
action of the Irruptive magma with felsic country 
rocks induced saturation of sulfide in the host magma.

The question of why certain komatiites are hosts for 
ore has been debated extensively in the literature, 
some authors suggesting that contamination by 
crustal sulfur has been important (Groves et al., 1979; 
Green, 1978) and others suggesting that komatiites 
are derived from sulfide-rich portions of the mantle 
(Naldrett, 1973; Naldrett and Cabri, 1976).

A strong case can be made that a basal concentration 
of magmatic sulfide is not the normal consequence of 
the generation, intrusion, and crystallization of mafic 
magma. It has been shown for many of the world's im 
portant nickel resources that some other factor or fac 
tors have caused sufficient sulfides to come out of 
solution from the host silicate magma without the 
simultaneous crystallization of much silicate, so that 
the sulfides have had a chance to settle and concen 
trate without being diluted by silicates. The reasons 
for sulfide ores being associated with certain koma 
tiites or certain tholeiitic intrusions in greenstone 
belts are less clear, and this aspect is one of the more 
important areas for research.

4. With regard to the relationships between com 
positions of the ore and their host magmas, the ten 
dency toward lower Cu7(Cu + Ni) ratios in the more 
ultramafic bodies and vice versa has long been 
known. With the present understanding of partition 
coefficients, it is possible to model the contents of Ni, 
Cu, Co, and platinum group elements in many of the 
deposits associated with komatiites and gabbros, in 
cluding the variation found amongst the Sudbury 
ores. The compositions of the silicate magmas re 
quired for the modeling are consistent with analyses 
of rocks believed to represent these magmas. The 
magmas that are modeled to have been in equilibrium 
•with the ores related to flood basalt igneous activity 
are exceptionally high in copper and at the same time 
have fairly high nickel contents. Relatively little at 
tention is paid to the copper content of basalts in the 
geologic literature, and whether basalts having the 
high Cu and Ni contents required by the modeling ac 
tually exist in nature is not known. This is another 
area for future research.

5. The compositions of ores, their host rocks, and 
the partition coefficients relating them allows one to 
place certain constraints on aspects of their genesis.

(a) Some komatiite-related ores have particularly 
high Ni and platinum group element contents, which

can be explained as a result of the alteration that they 
experienced.

(b) The limited range in metal/sulfur ratio in most 
magmatic ores and the restricted amount of contained 
magnetite is a natural consequence of the restricted 
range in fo, and the limited variation in the FeO con 
tent of most mafic and ultramafic magmas. When ores 
fall outside the normal range, there is immediate 
cause to suspect subsolidus alteration.

(c) Much of the variation among unaltered koma 
tiite-related ores can be modeled in terms of the frac 
tional crystallization of komatiite magma, coupled 
with equilibration with sulfide at different ratios of sil 
icate magma to sulfide melt (R). Because of their high 
partition coefficients, platinum group elements be 
have quite differently from nickel and copper in re 
sponse to variations in R, providing compelling evi 
dence of the validity of the approach when all 
elements can be accounted for by using a particular 
genetic model. The Pipe deposit is an example of 
equilibration at an extremely low R value. The pro 
portion of sulfide required to give rise to this ratio 
cannot have been carried in solution, but is conven 
iently explained as the result of interaction of magma 
with country-rock sulfur.

(d) Very low values of platinum group elements 
and yet only slightly depleted values of Ni and Cu, as, 
for example, at Montcalm, are better accounted for as 
resulting from the fractional segregation and removal 
of sulfide (i.e., the continuous removal of small 
amounts of sulfide without its reacting with the con 
tinuously changing magma) than as a result of the seg 
regation and removal of discrete batches of sulfide.

(e) The strong zoning in Ni, Cu, Co, and platinum 
group elements that is present at Strathcona, Levack 
West, and many Noril'sk-Talnakh deposits is best ac 
counted for as a consequence of the fractional crystal 
lization of the sulfide melt responsible for the ore. 
Each stage of the fractional crystallization results in 
sulfides with characteristic ratios of metals. At the 
Falconbridge deposit, the only ore present is that 
having ratios characteristic of the earliest crystallizing 
sulfides, suggesting that a complementary orebody 
representing the later crystallizing fraction of the sul 
fide melt must have been present originally.

(f) There is a crude correlation between the MgO 
content of the host magma for an ore and the (Pt + 
PdV(Ru ^ Ir -l- Os) ratio of the sulfides. This is best 
explained as the result of Ru, Ir, and Os behaving 
compatibly and Pt and Pd behaving incompatibly dur 
ing mantle melting and fractional crystallization. 
Whether Ru, Ir, and Os are in fact compatible with 
the structure of mantle olivine is an open question. It 
is possible that their apparent compatible behavior is 
due to their presence in alloys that are reluctant to 
dissolve in earlv mantle melts.
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(g) Nickel is known to be compatible with olivine 
and copper is believed to be incompatible with the 
structures of most mantle minerals. The compositions 
of many ores can be explained wholly or in part on 
this basis, including the high copper content of ores 
related to flood basalts whose host magmas have been 
generated in very pristine, previously unmelted, and 
therefore relatively copper rich mantle.

(h) The very low zinc and lead contents of Cu-Ni 
ores are the natural correlative of the low experimen 
tally determined partition coefficients between sul 
fide and silicate melts, provided that one accepts a 
magmatic origin for the ores. Persistently low concen 
trations of zinc and lead of the order of those found in 
sulfide-free rocks are not readily explained if Cu-Ni 
ores are the consequence of hydrothermal activity, 
exhalative or otherwise.
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