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Ansrnacr

Some forty-flve new electron-probe analyses have been made of pentJandites and
cobalt pentlandite from a variety of difierert sulphide assemblages mainly from Cana-
dian deposits. Variations from 9.8 to 94..2 at. /e Ni, 1.3 to 31.8 at /s Fe, and 0 to
41,7 at, Vo Ca were found. The Ni : Fe ratios were found to be characteristic of the
particular sulphide assemblages containing the pentlandites. Evidence for appreciable
deviation o'f pentlandite cnmpositions from a 9 :8 metal : sulphu,r ratio is not strong.
The ni&el contents of monoclinic pyrrhotites in assemblages gsntaining pentlanclite
erhibit a weak correlation with the nickel contents of co.oristing pentlardites. A ternary
Fe-Ni-S composition diagram that erplairs most of the mineral co'nrpositioms and
associations formd in this work has been constructd, and some minor discrepancies
with the results of studies in the synthetic syst€m$ have come to light

Irytnopucrrox

Technologically, pentlandite is of great importance, as it is one of the
most important ore minerals of nickel. The mineral is also of considerable
mineralogical interest since it lies in the central portion of the Fe-Ni-S
system, and edsts as a stable component in a variety of different sulphide
assemblages. Its composition exhibits wide variations in intimate response
to its clnemical environment. The purpose of this paper is to present new
compositional data on pentlandites from a variety of occunences, mostly
Canadian, and, together with previously published data, to develop a
comprehensive picture of pentlandite compositions and associations.

Pnrvrous Wonr

There is a voluminous literature on pentlandite, and it is not the
authors' intention to provide a complete literature survey. Rather, we rrill
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introduce here only those works of a comprehensive nature that are
directly relevant to our investigation.

Reviews of the compositional variations exhibited by pentlandite have
been undertaken by Eliseev (1955) and, more recently, by Knop et al.
(1965). Both compilations were based largely on chemical analyses made
on pentlandite concentrates and are thus open to question because of
the possibility of the concentrates containing foreign minerals. Both
authors, of course, recognized this danger, and Eliseev sought to deal with
this problem by rejecting all analyses with Ni ( Fe; as pointed out by
Knop ef al. (1965) and as will be shown later in this paper, this is not
a correct assumption. Knop ef al. (1965) compiled a list of 79 analyses,
discarding only those with metal : sulphur ratios below 0.90 and those with
a large excess of iron over nickel. They were able to demonstrate large
compositional variations, particularly with respect to iron, nickel, and
cobalt, but they did not concern themselves with the sulphide assemblages
co-existing with pentlandite.

Laboratory experiments aimed at determining compositional limits of
pentlandite in the Fe-Ni-S system were recently undertaken by Shewman
& Clark (1970) andby Craig & Naldrett (1971). These studies showed
clearly, apparently for the flrst timg that the composition of pentlandite
is closely related to the sulphide mineral assemblage in which it occurs.
Electron-probe analyses of pentlandites from difierent sulphide assemblages
in the Marbridge ore deposits, Quebec (Graterol & Naldrett 1971) showed
that the pentlandite in natural assemblages shows similar compositional
relationships to those exhibited by synthetic systems.

SaMpr.ss

The samples investigated in this work were derived in various ways :
most had been submitted over a period of years by mining companies in
connection with mineral processing investigations at the Mines Branch,
some were collected by the authors on visits to the deposits, and some
were sent by individuals in response to written requests. No attempt was
made to obtain a systematic sampling of pentlandites across the country,
as this would have been beyond the scope of this investigation, nor do
the numerous analyses shown in the tables bear any consistent relation-
ship to the size or importance of the difierent deposits.

The origins of the samples are given in Table I together with brief
remarks about the geological environments of the deposits.
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Pnocrornn

Pentlandite-bearing assemblages, lrom 21 Canadian deposits that re-
present a wide range of geological environments, were collected as part

of a broader program aimed at investigating the distribution of nickel in
low-grade nickel deposits. Quantitative electron-probe analyses were made

of the pentlandite and associated minerals in the polished sections made

Tasrs L SaMPrrs INvEgrrcAT'ED

Deposit Iocation Geological Environrnent Reference

Atikokan
Bird River

Cassiar
Creighton

Del Nort6 Co. Califomia
Durrrbar1on Lac du Bonnet, Man.

Dumont Val cl'Or, Qtre.
Expo Ungava Wakeham Ban

Ungava, Que.
Falconbridge Sudbury, Ont.

Helen McDame Creek, B.C.
long Lac Rainy River, Ont.
Ionaine Gaboury Twp,, Que.

Marbridge Malartiq Que.
N o . 2
Marbridge Malartig Que.
Nos. 3 and 4
McKim Sudbury, Ont.

McWatters Langmuir Twp., Ont.

Mooihoek South Africa
Muskox Northwest Territories
Nicopor Sclreiber, Ont.
Old Ni& Bridewille, B.C.

Pefkos Cyprus
Srathcona Sudbury, Ont.
Tonnont Bartlett and Geikie

Twp., Ont.

Hutchinson Twp, Ont. Altered gabbro Hawley (1930)

Lac du Bonneg Man, Fault zone of ultra-basic sill D.T. Anderson
(pen. mmm.)

McDame Lake, B.C. Serpentinized ultramafic Gabrielse (1963)

Sudbury, Ont. Norite imrptive Sorrch &

Serpentinite
Granite-andesite contact

Serpentinized ultrabasic
Shean within serpentinite

Contact of and-.site and
greenstone
(amont ina

Somon+in i ta

Ccntact of andesite and
gabbro
Contact of metasedimentary
gneiss and meta-ultabasics
Ultramafic rock

Basal contact of noritg
and in granite footwall
Peridotite sill

Serpentinized ultrabasic
Serperrtinized ultrabasic
Amphibolite-granite mntact
Brecciated greywacke
in serpentine
Serpentin2ed ultrabasic
Basal contact of norite
Lr peridotite n€ar cwtact
with mafic volcanics

Podolsky (1969)

Eakle (1922)

Karup-Moller &
Brummer (1970)

Eckstrand (1971)
C'olat (1962)

Davidson (1948)

O'Grady (1950)

Strklanka (1969)

Kish (1965)

Buchan &
Blowes (1968)
Graterol &
Naldrett (1971)

Clarke &
Potapoff (1959)

Pyke &
Middleton (1970)

Wagner (194)

Chamberlain (1967)

Thomson (1957)

McKechnie (1966)

Antun et ol. (1966)

Cowan (1968)

Pyke &
Middleton (1970)
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from the collected samples, using an Materials Analysis Company electron
probe. Analyses were made for nickel, iron, cobalt and sulphur using
synthetic Nis1.oz, synthetic pyrite, and cobalt metal as standards. Cor-
rections were made using Rucklidge's (1967) computer program, revised
and up-dated,

Only the relatively coarse pentlandite grains (= 50 microns) were
analyzed' to reduce the possibility of spurious counts from the associated
minerals. Each analysis shown in this paper rcpresents an average of a
number of spot analyses (usually from five to ten) made on different
pentlandite grains in the same polished section.

Prlv rr,arorrr C,orvrposmor s
The pentlandite analyses, shown in the Tables 2 to 10, are grouped

according to the type of sulphide assemblage in which the mineral was

-""t '' *tl'" t* tff 
ffi:l: ry 

"rrr-Tnorrrrs AssMrlAcas

Sample
Total

wt.% Lt.% Wt.% N.% Wt.% At% Wr% AL% WL%

Fe

Pefkos
Mooihoek
Muskox
E 1832,
Del Nort6 Co.
Muskox
82 [18
Muskox
E 18328

l n o  A ?

31.8 4.3
30.9 5.1

23,6 18.3 38.0
23.7 18.6 38.4
25.2 r9.5 37.9

25.4 19.7 34.7
26.5 20.7 38.6

8.4 6.4
31.7 1.1

32.4 46.4
32.0 46.2
32.1 45.6

33.0 47.0
32.7 6.8

4.8
3.4
4.0

4.9
0.8

2.0

1003
98.4

1m.3

o o <

98.9

101.2%.r 21.6 37.7 2.6

Tasrs 3. Arvar.rsrs or Pprtramrrss rnou Prlmlarorrs-AwARurrr Assocrarrows
(see figure 2h)

Ni
Sample

WlTo AL% wt.% At.% Wt.% At.% Wt.% AL% Wr%

100.4
q l l

98.8
100.3
99.5

100.4

n.8 2t.4 37.7 30.6 l.e 1.5 33.0 46.5
27.5 21.5 35.4 n.r 2.5 2.0 33.0 47.4
28.4 222 32.9 27.1 4.6 3.6 329 47.1
28.8 222 37.4 30.3 0.9 0,7 332 46.8
n.4 22.9 36.7 30.0 1.0 0.8 32.4 46.3
24.6 18.8 41.0 33.1 1.3 1.0 33.5 47.r

Dumont
Dr:rnont
fhrmont
Drlnont
Dumont
Dumont *

* No awaruite.
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found. The tables are arranged in approximate order of increasing nickel
content, and the analyses within each table are also arranged in the
order of increasing nickel content, in terms of atomic perc€nt nickel. Viola-
rite, which appears to be ahnost always secondary, generally occurs in
veinlets and particlm too intimately intergrown with other minerals to
enable reliable analyses to be obtained and for this study, no particular
attention was paid to the presence or absence of this mineral. The problems
concerning the origin of violarite under difrerent P-T conditions is worthy
of further study.

In addition to our own analyses, Tables 4 to g also contain some
recent analyses taken from the literature in which the mineral assemblages
were given.

The compositions of the pentlandites for the various assemblages are
shown in the general Fe-Ni-S composition diagram (Fig. 1), and the

Frc. l. Composite diagram of the Fe-Ni-S system showing pentlandite compoaitions
(plotted as atornic percent) in relation to the associated sulphide phases. The rackin-
awite composition (Fe1.e6S) is as determined by Taylor & Finger (1970), and the
smythite mmposition (Fq.3Sa is as reported by Nickel (1971).

Ni

Fe3.35a Ni:5r

Fe9
FeS.

Fe1.s6S
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TesL! 4. Alelvsls o: PsNTLANprrEs rRonn Pnxrlarnrrr-Frnnnorrrs AssuMsLAcFs
(see figure 2b)

Ni Fe Co S Tota]
Sample

wt% AL% Wt.% LL% Wt.% N.% wt.% AL% wN%

Muskox 31.0 24.0 33.5 27.2 2.6 L0 33.1 46.8 1002
s-20
Dumbarton 32.6 25.3 27.3 22.2 6.5 5.0 33.5 47.5 99.9
No .5
old Nick 32.6 25.6 32.8 27.1 1.2 0.9 322 46.4 98.8

Dumbarton 33.3 25$ 28.2 2,.8 6.2 4.8 33.3 46.8 101.0
No. I
Dumbarton 33.0 %.8 27.5 22,6 6.3 4.8 32.7 46.8 99.5
No .4
Expo Ungava 35.8 27.6 325 26.6 0.0 0.0 32.5 45.8 101.2
Strathcona * 34.5 27.2 n.9 M.8 1.3 1.1 322 46.9 97.9
sTR-18
Strathcona * 35.2 nS 29.8 24.2 2.5 1.9 32.8 46.6 100.3
STR.7
Strathcona * 35.4 n3 29.8 24.2 2.2 1.7 33.1 46.8 100.5
STR-4
Strathcona * 35.0 27.4 30.5 %.1 1.4 1.1 32.5 46.4 99.4
sTR-23
Strathcona * 35.1 27.7 ?A.7 24.6 1.0 0.8 32.4 46.9 98.2
sTR-14
Creighton 35.7 27.7 30.1 24.5 0.B 0.6 33.3 47 2 99.9
Strathcona M. 35.9 27.9 N.2 23.9 12 0.9 33.2 47.3 99.5
McKim Mine 35.2 %.0 28.1 23.5 2.3 1.8 32.1 46.7 97.8
Dumbarton 35.9 28.4 n.8 23.1 1.7 1.3 32.6 47.2 98.0
No. 3
Drm.barton 37.0 28.5 28.8 23.3 1.3 1.0 33.6 47.2 100.7
N o . 8
Falconbridse 36.4 28.7 28.2 23.5 1.5 1.2 32.2 46.6 98.3
Dunbarton 37.1 29.0 27.8 22.9 1.7 1.3 327 46.8 99.3
No. I
Strathmna * 37.9 n.I n.6 23.9 0.8 0.6 33.0 45.4 101.3
STR.l
Dumbarton 37.7 29.2 28.L 22.8 1.5 1.1 33.1 63 1001
No .2

* From Vaughan et al. (1971).
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Tasrr 5. A:ver.vsss or Pnrvrr.erorrrs FRoM PENrLANorrr-Prnrrr-PTRRHoTITE Asssl"lsr.Acrs
/ .oo f ,o"ra 2n\

Total
Sample

wt% At.% wr.% At.% WL% At.% Wt.% AL% wt.%

867

CoFeNi

Strathcona **

STR-8
Tomront D
Marbridge *

3-27
hng Iac
Rainy River
Marbridge *
Lq l

Strathcona
sTR-11

'\1 q 25.7 29.3

34.7 X.3 30.8 %.5
352 27.4 30.2 24.8

35.8 28.1 %.0 25.1

36.2 282 n.4 232

37.0 2f.6 30.2 24.6

47.0

482

+o,o

2.1

0.6
0.2

1.8

0.4

32.80.3

2.6

0.7
0.3

0.6

0.4

24.0 33.2 472 99.7

3a3 46.6 98.6
33.3 47.6 99.0

32.7 98.9

99.0

100.4

33.8

* From Graterol & Nal&ett (19?l).
*8 From Vaughan et al. (1971).

Tasrr 6. ANarvsss or Prrvtianon'rs rnou Puvterorrn-Pvmuorrrr-SMYrnrnt
AssBMsr,AcEs (see figure 2d)

Co Total

Wt% At% Wr.% Lt.% Wt.% At% Wt% At.% Wt.%
FeNi

Sample

Bird River Mine 372
Iorraine Mine 37.9
Nicopcr 38.3
Atikokan 38.2

26.8 2r.9 2.8
27.4 22.5 0.9
28.5 23.3 0.7
27.8 23.1 n.d.

33.0 47.0 99.8
33.6 48.0 99.8
32.6 46,4 100.1
32.3 46.7 98.3

22.5
29.5
n.8
30.2

2.2
0.7
0.5
nd.

Teslr 7. Aluarvsns .or PtttauorrEs FRoM PrNTLANnrrx-Pvnrrr Asslivtsr-AcEs
(see figure 2e)

Total

Wt.% At.% wt.% At.% Wt.% t$"% Wt.% LL% wt,%

CoFeNi
Sample

Texnront A
Te:anont C
Marbridge
4-U*
Marbridge
4-24*
Marbridge
+25*
Marbridge
+27 *

37.9 29.3 n.7 23.3
38.6 30.1 27.4 22.4
38.8 30.1 27.3 22.3

40.9 32.0 24.9 20.4

40.9 31.8 25.2 20.6

4r2 32.4 2s.4 19.3

0,4 33.1 47.0 100.2
0.8 32.8 46.7 99.8
0.2 33.3 47.4 99.6

0.5 32.9 47.1 99.4

0.7 32.9 46.9 100.0

1.8 323 46.5 99.2

1.0
0.2

0.7

1.0

2.5

* From Graterol & Naldrett (19?1),
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Tem-n 8. Arar.rsrs or PBnrrr-ar.rprrss rnotr PgNTLANDTTB-MnI.SRFI
(t trrp.rrE) Aseurlacrs (see figure 2lf)

Total

Wt.Vo At% Wl% N.% Wt% |LL% Wt% At% WL%

CoFeNi
Sample

Marbridge 39.7 30.3 25.0 n.0
+23.
Marbridge 40.0 31.5 24J U.Ay4r*
Strathcona 40.5 31.9 24.3 n,l
Marbridge 40.8 31.9 241 19.8
3-40,r,
Marbridge 42J 32.0 25,.0 n.0
$.33,.
Marbridge 42.6 32.0 24.2 19.1
!37 t

Marbridse 41.7 32.6 24.1 19.8
4-25*
Marbridge 41.4 32.9 24.9 20.8
3-35 *

Marbridge 41.8 32.9 242 20.0
3-43'r,
Marbridge 420 32.g nl l9.l
$32,.
Marbridge 4216 325 23.0 18.7
3-34 r

Marbridge 42.6 33.3 25.0 n$
No. 2 **

McWatters 68 43.3 33.8 U.L 19.8

0.4

1.0

1.4
1.0

l . J

0.8

0.7

0.4

n 0

0.3

0x

0,2

0.1

0.3 35.4

0.8 33.1

1.1 32.5
0.8 33.1

1.0 33.7

0.6 35.1

0.6 32.8

0.3 31.6

0.7 32.2

0.3 33.2

0.5 33.9

0.2 92

0.1 32.5

49.4 100.5

47:t 98.2

46.9 98.7
47.4 99.0

47.0 102.r

48.3 102.7

47.0 99.3

6.0 98,3

4$.4 99.1

47.7 98.6

47.9 100.1

46.0 100.0

46.4 100.0

* From C"raterol & Naldrett (1971).
** From Buchan & Blowes (1968).

Tesrr 9. Anar.vsns or Pp:vrrarorms rnolr Psr.rrlANDrrs-HEAzrrwoolnE
(* Mnr.rnrrr arvo Goprsvsrrra) Assrrvrrracrs (see flgure 29)

Total

wL% l\L% wt% AL% wt% tt% wL% AL% wt.%

CoFeNi
Sample

Helen A
Toanont B
Marbridge
3-45,*
Toonont *

4t2 32t 19.5
4ZA 33.? 21.8
43.4 33.8 226

442 342 A.8

4.2 33.5
12 32.8
r.2 32.7

0.7 32.9

16.0
r8.0
Id.c

18.5

w.5
99.2

100.2

100.8

b.3

1.6
1.5

0.9

47.7
47.1
46.6

46.6

* From Crraterol & Naldrett (1971).
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individual assemblages are shown in Figure 2 with a tie-line connecting
each composition to that of the co-existing sulphides. In constructing these
diagrams, the cobalt content of pentlandite, if below approximately 6 wt. /6,
was apportioned equally between the iron and the nickel.

Drscussron

Assemblages in the Fe-Ni-S sqstern
This work has confirmed other recent observations (Shewman & Clark

1970, Graterol & Naldrett 1971, Craig & Naldrett 1971) that the com-
position of pentlandite is intimately related to the sulphide assemblage in
which it occurs. When Fig. I is compared with diagrams derived from
studies in synthetic systems (Shewman & Clark 1970, Craig & Naldrett
1971), one major difterence is immediately apparent: the complete solid-
solution between Fer-rS and Nir-rS, generally referred to as Mss and
which exists above 4006C, is compleiely missing in our diagram; even the
partial solid-solution (Mss,) stable at 250oC (Craig & Naldrett 1971) is
ab,sent. This implies that the temperature of final quilibrium of all the
investigated pentlandite assemblages that contain pyrite or millerite was

Tau.s 10. ANar.vsrs 
"" ?'i*ffiqT:#:n"frrrarr'orrr-Hnazuwooorrr.

Sample
Wt% AL% Wt.% At.% Wt.% At.% Wt% Lt% Wt%

Cobaltian Pentlandites

Dumont
Dumont
Univex

Univex
Dumoil **

Dumont **

Drmont **

Dumont x*

Univex
Cassiar
N-4

24.3
24.9
25.7

3r.0
31.8
32.7

12.3
2r.3
n.8
23.6
242
25.3
4.0

24.3 20.0
2.2 r82
18.7 16.0

r l o  0 1

13.3 10.4
14.0 Il.4

46.4 99.6
46.5 99.9
45.9 96.1

32.4
32.6
30.7

32.5
322
325
l l q

32.5
JJ .Z

32.0

C,obalt Pentlandites

9.8 1.6 1.3
r 6.8 9.0 7.4
17.9 rc.2 8.4
18.7 13.9 11.6
19.1 16.3 13.5
19.5 t4.t |.4
22.8 8.7 72

47.2 95.2
6.5 99.9
46.8 100.9
46.3 99.1
46.7 99.3
46.7 101.8
46.1 100.2

52.8 4r.7
37.4 29.3
34.5 26.9
n.7 23.4
26.3 20.7
n.2 2..4
30.5 23.9

* From samples only.
** Associated with awaruite. no heazlewoodite.
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- ,Ftc. 2. Individual diagrams representing the central area (see dashed lines Fig. 1)
of the Fe-Ni-S system showing the pentlandite compositions listed in Tables 2-g for
the different sulphide assemblages. The compositions are plotted as atomic percenr.
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below 250oC. The tentative diagram for part of the Fe-Ni-S system pro-
posed by Graterol & Naldrett (1971) for temperatures below 135oC comes
closat to our observations.

Starting with troilite-pentlandite assemblages and working around the
composition diagram in a clockwise direction, the following obseruations
can be made :

1. Table 2 and Fig. 2a give the composition of pentlandites found
in pentlandite-troilite assemblages. The pentlandite composition is charac-
tenzed by the lowst Ni : Fe ratio which allows it to be distinguished
from the pentlandite-pyrrhotite assemblages.

2. Table 4 and Fig. 2b give the compositions of pentlandites found
in pentlandite-pyrrhotite assemblages. It appears that a distinction can
be made between pentlandite compositions in assemblage containing both
hexagonal and monoclinic pyrrhotites and those containing only the firorlo:
clinic variety. The pentlandites in assemblages containing hexagonal
pyrrhotite have a lower Ni : Fe ratio than the others; the samples in
which hexagonal pyrrhotite was recognized include the Old Nic\ Expo
Ungava and the Strathcona sample nos. STR. 18,7, 4,23 and 14. These
pentlandites all contain z 27.7 atomic percent nickel (28.2 at. /6 if halt
the cobalt content is added to the nickel). The apparent exceptions among
the low-nickel pentlandites are the Dumbarton nos. 5, I and 4. These
three samples all have high cobalt contents. If the nickel content of the
Dumbarton pentlandites is augmented by one-half of the cobalt, then
they have "adjusted" nickel contents in excess of 28 atomic percent, and
are not in fact, exceptions.

3. The pentlandites in assemblages containing pyrite and monoclinic
pyrrhotite (Table 5 and Fig. 2c) and those containing smythite and
monoclinic pyrrhotite (Table 6 and Fig. 2d) fall within the same com-
positional range as those containing pyrrhotite alone, although the pent-
landites with smythite have a lower Ni: Fe ratio than those with pyrite.
The occurrence of pentlandite together with smythite from several localities
having a restricted compositional range seems to suggest this mineral pair
represents an equilibrium assemblage. The fact that the tie-line (smythite-
pentlandite) crosses the pyrite-pyrrhotite-pentlandite tie-lines may mean
that there are two different sets of P-T equilibrium conditions. For this
reason, the smythite-pentlandite tie-line is given in Fig. 1 as a dashed
rather than a solid line,

4. Pentlandite from pentlandite-pyrite associations (Table 7 md
Fig. 2e) and from pentlandite-millerite assemblages, generally with some
pyrite, (Table 8 and Fig. 2f) contains a higher Ni : Fe ratio than that
co-existing with pyrrhotite, establishing rather conclusively that millerite

871
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and pyrrhotite cannot co-exist under these conditions. The apparent tie-
line connecting pyrite and millerite indicates that pentlandite cannot
co-exist with vaesite (NiSr). The position of violarite (FeNirSn) on the
pyrite-millerite join poses some phase problems, but these are disregarded
here because of insufr.cient data on compositions of violarite co-existing with
pentlandite : it can be assumed, however, that at very low temperatures
the pyrite-millerite tie-line probably breaks down to give pyrite-violarite-
pentlandite and millerite-violarite-pentlandite assemblages.

5. Heazlewooditc-pentlandite assemblages (Table 9 and Fig. 29) con-
tain pentlandites with the highest Ni : Fe ratios. When millerite occurs
in this assemblage, godlevskite (NirS.) always seems to be present. In all
the occurrences of godlevskite noted to date, the godlevskite appears to be

secondary; its most frequent occurrence is a fine-grained intergrowths with
millerite, apparently replacing primary heazlewoodite. This indicates that
godlevskite is stable at very low temperatures, perhaps under conditions
similar to those favouring the development of smythite and violarite.

6. The association pentlandite-heazlewoodite-awaruite was not found
during this study, and the authors are not aware o{ this three-phase
assemblage having been reported, in spite of the fact that the assemblage
is a stable one in the synthetic system (Shewman & Clark 1970, Craig &
Naldrett 1971). The apparent absence or at least the scarcity of this
assemblage is rather surprising in view of the large area occupied by this
three-phase assemblage on the Fe-Ni-S ternary diagram and since the
heazlewoodite-awaruite association is not an uncommon one (Ramdohr

1967).

7. Equally surprising is the composition of the pentlandite associated
with awaruite (Table 3 and Fig. 2h). In the synthetic system awaruite
co-exists with a broad range of pentlandite compositions toward the nickel-
rich end of the pentlandite solid solution (Craig & Naldrett 1971). In
contrast to this, the pentlandite described in this study has a composition
at the iron-rich end of the solid solution.

Cobalt content

A number of cobalt pentlandites and pentlandites with cobalt contents
greater than 6 vut. % were analyzed (Table 10). These pentlandite com-
positions, together with those listed in Tables 2 to 9, are plotted in Fig. 3
as atomic percentages of the end-members ConSr, FenS, and NinSr. These
compositions cover a fairly wide area on the diagram but they all fall
within the solid-solution field of synthetic pentlandite found by Knop &
Ibrahim (1961). The position of the solid-solution field in the temary
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diagram indicates that the 3d-electron content remains reladvely un-
changed and supports the suggestion, apparently first made by Rosenqvist
(1954), that the pentlandite phase might be electron stabilized.

Metal-sulphur ratios

(Ni,Fe,Co)nS" contains 47.06 atomic percent sulphur, and if pentlan-
dites were strictly stoichiometric they should all have this sulphur content.
The sulphur contents of all the pentlandites listed in Tables 2 to 70 are
shown in a frequency distribution diagram (Fig. 4). The analyses show a
clustering slightly to the metal-rich side of the ideal composition, although
the range extends almost from Mr.rSr.o (48.5 at. %S) to Mn.uSr.o (45.7 at.
/eS) (one analysis lies beyond this range, - Marbridge 4-23 - reported
by Graterol & Naldrett, and the analysis could therefore not be checked;
perhaps this is an erroneous determination). The questions as to whether

FeeS Ni,r$

Ftc. 3. Pentlandite compositions plotted as atomic percent with respect to cobalt,
iron and nickel contents. Dashed lines represent the solid-solution limits defined by
Itrop & Ibrahim (1961). Open circles repiesent cobalt pentlandites from Outokumpu
(Kowo et al. 1959, Hu,hma 1970). Crosses represent additional unpublished composi-
tions obtained in this study. Stars represent re-analyzed cobalt pentlandite from Cobalt,
Ontario (Petruk et aI. 1969).
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the pentlandite compositions are actually spread over this range or whether
this effect is due to analytical error remain open. Data (Shewman & Clark
1970) on synthetic pentlandite compositions quenched from 600oC with
Fe: Ni : I : I gave sulphur solubility limits of 46.2 to 47.9 atomic per-
cent, a nalTower range than observed in this study. If the spread is due
to analytical error, then the extreme compositions represent an ertor of
-r 1.2 wt. /65; this seems rather large but is nevertheless possible.

The centre of gravity of the analyses shown in Figure 4 is slightly
toward the sulphur-poor side of MrS. ; this supports the conclusions of
Knop et al. (1965), based on their compilation of earlier pentlandite
analyses, that the average pentlandite composition is slightly metal-rich.
On the other hand, if the non-stoichiometry of pentlandite were real,
then one could expect a correlation between sulphur and the mineral
assemblage containing the pentlandite ; assemblages characterized by low-
sulphur minerals such as heazlewoodite or awaruite would presumably
have sulphur-poor pentlandite, whereas the reverse might be expected in
pentlandites from a sulphur-rich assemblage containing pyrite. Such a
correlation is not possible from the data presented here because the sulphur
analyses are not considered sufficiently accurate and because of the narrow
limits of sulphur solubility determined by Shewman & Clark (1970) for
pentlandite.
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Frc. 4. Frequerrcy distribution of sulphur content of pentlandite.
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Composition of pgrrhotite co-exbting with pentlandite

When the nickel contents of monoclinic pyrrhotite co-existing with
pentlandite are plotted against the nickel content of the pentlandite, a
trend toward positive correlation between the nickel contents of the two
phases is discemible (Fig. 5). However, there is a pronounced scatter of
points. This scatter is, perhaps, not unexpected because of the rather wide
variation of nickel content within even one polished section. A typical
variation is in the neighbourhood of -r 0.I5% Ni, which would be enough
to account for the scatter. This variation of Ni contents within one
polished section seems to suggest that deposits have not managed to attain
a stable equilibrium.
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Sum*ranv

This study shows that the composition of natural pentlandites is in-
timately related to the sulphide assemblage in which it occun. Based on
the synthetic work of Graterol & Naldrett (1971), it appears that the
temperature of final equilibrium of all the pentlandite assemblages was
below 135oC. The metal : sulphur ratios in the natural pentlandite show
a grcater spread than that observed by Shewman & Clark (1970) on
synthetic pentlandites but this could be due to analytical error. Although
the evidence for deviation of pentlandite compositions from a 9 : 8 metal :
sulphur ratio is not strong, the analyses show a clustering slightly to the
metal-ric-h side. The presence of violarite (FeNiSn) on the pyrite-millerite
join, of smythite (Fer.rSo) on the pyrite-pyrrhotite tie-ling and of god-
levskite (NirS6) ott the millerite-heazlewoodite tie-line poses .some phase
problems. In all the natural occurrences, these minerals whiih appear to
be secondary are stable at very low temperatures. The apparent absence
of the association pentlandite-heazlewoodite-awaruite is surprising as is
the narrow range of pentlandite compositions associated with awaruite
nearer the iron-rich end of the solid solution.

The cobalt pentlandites examined in this study cover a fairly wide
area on the temary diagram and trend more towards the iron-poor side.
In comparisorg cobalt pentlandites from the Outokumpu regton, Finland,
indieate equal distribution of cobalt between iron and nickel.

The results of this study have further very important economic and
geological implications when applied to orebodies, in particular to the
low-grade nickel-bearing serpentinites. These bodies represent large-ton-
nage low-grade (0.25-0.5 wt. % Ni) ore deposits in which pentlandite
is usually the major nickel-bearing sulphide. Pentlandite in the commonly-
found pentlandite-heazlewoodite assemblage contains higher than average
nickel contents of approximately 44 wt. /a Ni whereas pentlandite in the
pentlandite-awaruite assemblage contains approximately 28 wt. % Nl.
Not only must the assemblage be taken into consideration, but equally
important are the cobalt contents. This relationship is clearly illustrated
in Figure 3 which shows that the pentlandites containing higher cobalt
contain lower nickel. With increasing interest in the development of low-
grade nickel deposi* as a potential source of nickel in the future, these
factors could be important in determining whether or not an economic
concentrate can be obtained. .:
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