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Iron-nickel partition in metamorphosed olivine-sulfide assemblages from Perseverance,
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Abstract

A comparatively regular part i t ion of Fe and Ni exists between forsteri t ic ol ivine and the
bulk sulf ide fract ion in specimens from an ultramafic body metamorphosed under amphibo-
l i te facies condit ions, est imated at 600 + 50"C and 3 to 5 kbar. The distr ibution coeff icient,
Kn : (FelNi)orrur..  X (Ni/Fe)",1116", is 23.9 * 1.0 for three samples whose bulk sulf ide
fractions fal l  within the composit ional f ield of monosulf ide sol id solut ion at 600oC, and 23 * 4
for al l  samples. Avai lable experimental and natural data indicate a pronounced temperature
dependence in the part i t ion relat ionship, which thus has potential ly important appl icat ions in
genetic studies of Fe-Ni sulf ide ores in ultramafic rocks.

Introduction

Due to rapid reequil ibration at low temperatures,
geothermometric assessments of sulfide constituents
usually have limited relevance to the conditions un-
der which base metal deposits formed within their
varied host rocks. However, this diff iculty is alle-
viated in iron-nickel sulfide ores from mafic and ul-
tramafic rocks, f irst because the two metals con-
cerned show both chalcophile and lithophile
affinit ies, and secondly since a monosulfide solid so-
lution (Mss; Fe,-,S-Ni,_,S) dominates most ob-
served ore compositions over a wide temperature
range, as indicated by the experimental work o'f Kul-
lerud (1963) and others. Clark and Naldrett (191.2)
found a systematic partit ion of iron and nickel be-
tween synthetic Fe-Ni olivine and Mss at 900oC, and
deduced a pronounced temperature variation in the
distribution coefficient from thermodynamic data.
Similar experimental results were obtained by Raja-
mani (1974) for orthopyroxene-Mss at 900.C. Ear-
l ier, H?ikli (1963) demonstrated a l inear relationship
between nickel contents of bulk sulfide fractions and
of ferromagnesian sil icates in a number of peridotite
and norite intrusions from Finland. These observa-
tions suggest a powerful tool in gentic studies of such
ores, for which data from well-understood igneous
and metamorphic environments constitute an impor-
tant test.

The recently-discovered nickel sulfide deposits in

Archean ultramafic rocks from the Yilgarn Block of
Western Australia are metamorphosed and occur
mainly in highly-deformed amphibolite facies ter-
rains (Binns et al., 1976). Material especially suitable
for an evaluation of olivine-sulfide partit ion relation-
ships at moderate temperatures occurs in the Per-
severance deposit, 330 km north of Kalgoorlie, de-
scribed by Martin and Allchurch (1976). This deposit
l ies in a steeply dipping ultramafic body up to 700 m
wide, wherein a small core of comparatively un-
recrystall ized dunite with relic cumulate texture
passes outwards into fine- or medium-grained (0.1-2
mm) tectonites, annealed mylonites, and granofelses
showing equil ibrium textural intergrowths between
dominant metamorphic olivine, rarer talc and mag-
netite (some with chromite cores), and scarce tremo-
lite, chlorite, and magnesite. Bladed olivine-talc
rocks comparable with those described by Evans and
Trommsdortr (1974) are developed locally, but the
intrusion was evidently not entirely serpentinized
prior to the high-grade metamorphic and deforma-
tional episode. Retrogressive serpentinizalion of
metamorphic olivines, a common feature of many
other Western Australian nickel deposits, is lacking
in a large portion of the body. A wide compositional
spectrum with respect to Fe-Ni ratio is represented in
Perseverance ores and protores (Fig. l). Sulfide ag-
gregates, consisting largely of varying proportions of
pyrrhotite, pentlandite, and pyrite (Table l) but with
minor chalcopyrite and valleri ite, display smoothly
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Fe Ni+Co
Frc L Bulk composition of sulfide fractions in Perseverance

ultramafic rocks (numbered as in Table I ), compared with phase

relationships in the central portion of the system Fe-Ni-S in

equilibrium with vapor at 600"C (after Naldrett et al , 1967;Shew-

man and Clark,  1970).  Hatching denotes sol id solut ions,  and

divar iant  f ie lds are st ippled.

curved boundaries against the metamorphic silicates
to which they are largely interstitial. In places, sulfide
particles are enclosed by olivine.

The immediate country rocks of the Perseverance

ultramafic body consist mainly of felsic schists
(plagioclase-quartz-orthoclase-biotite-muscovite +

almandine) and amphibolites (green hornblende-
plagioclase + quattz t almandine + biotite), with

some ferruginous metasediments (quartz-hornblende-

cummingtonite-biotite t plagioclase * almandine)

and smaller ultramafic horizons (olivine-talc * trem-

olite t chlorite, commonly retrogressively altered).
The nature of hornblendes in metabasic and fer-

ruginous rocks suggests mid-amphibolite facies meta-
morphism, while the occurrences of almandine in-

dicate moderate pressures (probably exceeding 3

kbar;  compare Winkler ,  1974,  pp.208-2l l ) .  In  the

ultramafic rocks, the stabil ity of forsterite plus talc

and the absence of anthophyll ite or enstatite (knopn

in comparable material from higher-grade portioqs

of the Yilgarn Block; Binns e/ al., 1976) constrain
peak temperatures to the 500-680'C range (Bowen

and Tuttle, 1949; Yoder, 1966; Greenwood, 1963),

the assumption of water pressures equal to l i thostatic
pressure being geologically reasonable here for un-

mineralized rocks. As indicated by Trommsdorffand
Evans (1972) the influence of Fe substitution can be
ignored, and the low limit should perhaps be raised

since antigorite rather than lizardite or chrysoti le is

the stable serpentine species in lower-grade environ-
ments north of Perseverance. The persistence of

muscovite and the lack of anatectic phenomena in

f,elsic schists impose comparable l imits on maximum

Tlnls l. Analytical data for Perseverance samples
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temperature and minimum pressure (AlIhaus et al.,
1970;  Day,  1973).  Al though a luminum si l icates are
unknown at Perseverance, andalusite is typical of sim-
ilar environments elsewhere in the Yilgarn Block.

Collectively, the above criteria and the regional
setting of Perseverance (Binns et al., 1976, Fig. 3)
indicate that this area suffered a metamorphism
whose peak conditions are reasonably well estab-
lished at 600 + 50'C and 3 to 5 kbar. Using models
based on the mathematics of Crank (1956) and ex-
trapolating the distribution coefficient determined by
Clark and Long (1970), it may be estimated that
effective equil ibration of nickel throughout I mm
diameter olivine grains would require about l0 mil-
l ion years at 600oC, which seems acceptably close to
reality. The compositional l imits of Mss at 600'C in
the synthetic system Fe-Ni-S are indicated on Figure
1, after Naldrett et al. (1967). Although the possible
occurrence of other phases wil l be discussed below, a
monosulfide solid solution would evidently dominate
the sulfide fraction of most Perseverance samples
during their metamorphism.

Methods

Analyses of bulk sulfide fractions were obtained
from finely-crushed slices of dri l l  core, using the se-
lective bromine leach and acid extraction procedure
of Davis (1972).Iron, nickel, cobalt, and copper were
determined by atomic absorption spectrophotome-
try, and sulfur was measured gravimetrically. Some
attack of sil icates occurred, for which corrections
were applied to Fe values, based on the Mg contents
of leach solutions and equivalent data for unminer-
alized dunites and serpentinites. The effect of these
corrections on Fe/Ni ratios of bulk sulfide fractions
is greatest in those samples with the least total sulfide,
and estimates of l ikely errors are indicated by bars
on Figure 2. Additional confidence for the figures
cited in Table I arises from the close correspondence
between the plotted positions on Figure I and the
present modal mineralogy of the samples. The most
d iscrepant  sample in  th is  connect ion is  No.  4,  but
the correction necessary to make the analysis more
consistent with the sulfide mode would not improve
its plot on Figure 2. Non-representivity of the pol-
ished slice or of the analyzed sample is suspected. The
bulk analysis of sample 8 is slightly sulfur-deficient
relative to its mineralogy, but in this case the Mg
content of the leached solution required a compara-
tively large though apparently well-established cor-
rection to the Fe content of the bulk sulfide fraction.

Olivine analyses were performed on a Geoscan
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electron microprobe in the Department of Miner-
alogy and Petrology, University of Cambridge, using
pure metal standards and the procedures of Sweat-
man and Long (1969). No continuous fluorescence
factor was applied. Particular care was taken in se-
lecting equidistant high and low Ni background posi-
tions from peak profi les and to optimize pulse-height
discrimination. For each sample, 20 separate olivine
points were counted for between 30 and 50 seconds so
as to aacumulate between 25.000 and 40.000 counts
for Ni radiation, and background values were deter-
mined over a comparable total t ime. Error bars rep-
resenting two standard deviations from count statis-
tics are shown on Figure 2. No statistically significant
variations were observed between individual grains in
a sample. Forsterite contents l isted in Table I are
based on less systematic microprobe analyses for Mg
and Si. MnO contents averaged 0. l2 weight percent,
and Al, Cr, and Ca are negligible.

Most analyzed samples conform to the generalized
description given above. However, specimens 6 and 8
contain substantial quantit ies of relic igneous olivine,
recognizable by its habit and brownish color (Martin
and Allchurch, 1976; Binns e, al., 1976). Although
differences between the two types are barely signifi-
cant, only data for colorless metamorphic olivine
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granules between the larger relics were used. In speci-
men I about 90 percent of the olivine is retro-
gressively altered to serpentine. From experience with
other Western Australian localit ies, this falls in the
danger range where redistribution of Fe and Ni might
occur in olivine remnants (cl Rucklidge, 1972), and
sulfides could suffer some oxidation. However, mi-
croprobe analyses taken at the centers of the largest
olivine remnants showed no significant variations,
and the sample plots satisfactori ly on Figure 2.
About l0 percent of the olivine in specimen 4 is
feplaced by veins of serpentine. The other specimens
show no such alteration. Specimen 7 contains too
litt le sulfide for bulk analysis by the method above,
and an averaged microprobe analysis of the trace
pentlandite has been used in Figure 2.

Discussion

A comparatively regular partit ion relationship is
shown by the logarithmic plot of atom ratios in Figure
2. Before discussing this further, the possible in-
fluence of other sulfide phases coexisting with or oc-
curing in place of Mss at peak metamorphic temper-
atures wi l l  be examined.  Al lowing no to lerance in the
analyses of bulk sulfide fractions, those of specimens
2 and 4lie to the sulfur-rich side of the 600'C Mss
l i m i t s  ( F i g .  1 ) .  F r o m  t h e  l o c a t i o n  o f  t h e
Mss-pyrite-vaesite univariant f ield determined by
Naldrett et al. (1967 ), dominant Mss, would have
been accompanied during metamorphism by some
pyrite in specimen 2, and by a l itt le vaesite and minor
pyrite in specimen a (Fig. 1). However, t ie-l ine orien-
tations are such that the FelNi ratio of peak meta-
morphic Mss in both samples would resemble that of
the respective bulk sulfide fractions (see also Kulle-
rud,  1963,  F ig.  70;  Shewman and Clark,  1970,  F ig.  I  ) .
Specimen 5 lies so close to the Mss field in Figure I
that the effect of other phases is negligible. Relation-
ships in metal-rich specimens 7 and 8 depend on
whether the stabil ity of pentlandite (610'C at low
pressure) was exceeded during metamorphism. If it
was, an almost equal volume of the (Ni, Fe)r*,S,
phase ("H2", Fig. l) would have accompanied Mss,
and the FelNi ratios of Mss would be drastically
altered to about 6 and 1.5, respectively, accotding to
the qualitative tie-l ines of Kullerud (1963, Fig. 69).
This would certainly not improve the expected plot-
ting of these samples on Figure 2. On the other hand,
had pentlandite remained stable during metamorph-
ism (see Fig. I ), t ie l ines in experimental 600' isother-
mal sections for the system Fe-Ni-S (Shewman and
Clark, 1970, Fig. l) suggest a small Mss component

with a fortuitously similar FelNi ratio to the bulk
sulfide fraction for specimen 8, whereas Fe and Ni
activit ies in the pentlandite persisting in specimen 7
would be in the same proportion as in an Mss with
similar f 'e/Ni ratio, resulting in an almost coinciden-
tal conformity of these two specimens to the oli-
vine-sulfide relationship defined by problem-free
spec imens  l .  3 ,  and  6 .

However, the imprecision of analytical data and of
the metamorphic temperature estimate, plus uncer-
tain pressure effects, do not justify rigorous appli-
cation of such arguments to the Perseverance samples
at this stage. An alternative, but unsubstantiated,
interpretation of Figure 2 is that Mss (with which the
olivines equil ibrated) was indeed the sole sulfide
phase during metamorphism, and that adjustments
took place in the metal-sulfur ratio during sub-
sequent cooling, with olivine and magnetite acting as
a buffer. The original magmatic sulfides were prob-
ably also altered in composition during serpentiniza-
tion prior to the olivine-producing metamorphism
(Groves et al., 1974), but so far as the higher temper-
ature reequil ibration was concerned, diffusion calcu-
lations similar to those mentioned previously suggest
that after a temperature fall of not much more than
100'C the sil icates and sulfides effectively become
separate systems. Although it is diff icult to assess the
consequential changes in nickel contents of sil icates
during this cooling interval, there need be l itt le modi-
fication of olivine Fe/Ni ratios, since Mss would
remain an important phase and the olivine-Mss
Fe-Ni partit ion coefficient is unlikely to alter greatly

before olivine ceased to participate in the reequil ibra-
tion. A more careful appraisal of compositional zon-

ing in olivines might resolve this point.

For samples l, 3, and 6-whose bulk sulfide frac-

tions fall within the Mss field at 600"C-the indi-

cated distribution coefficient, Ko : (Fe/Ni)ortut." X
(Ni /Fe)" , r r ia" ,  is  23.9 *  1.0 (mean deviat ion) .  The

equivalent coefficient for all eight samples is 23 + 4,

or 22 t 3 for all except the most seriously discrepant
specimen 8. These values differ significantly from the

900"C experimehtal f igure of 33.2 * 3.4 obtained by
Clark and Naldrett (1972) using synthetic Fe-Ni oli-
vines, and are much too low relative to their calcu-
lated temperature dependence. In comparing their
experiments with measurements on ores from high-
temperature igneous environments, Clark and Nal-

drett (1972\ recorded a coefficient of 10.8 for the

Giant Nickel Deposit of Brit ish Columbia, and Kp
ranging from 2 to 36 (average 17.0) in basal units of
the Duluth gabbro complex. Unfortunately Hiikl i
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(1963) did not determine iron in the olivines used for
his study of nickel partit ion in Finnish peridotites
and norites, but from his cited Ni/Mg ratios it is
possible to estimate an average Fe-Ni distribution
coefficient, also with a low value of 8.5.

The limited natural data thus indicate a substantial
variation in the olivine-sulfide partit ion of Fe and Ni
between the igneous and metamorphic environments.
Absolute differences between the natural and experi-
mental distribution coefficients possibly arise from
cation ordering effects in olivine (Finger and Virgo,
1971; Rajamani et al., 1975), the distinct preference
of Ni for the Ml site preventing direct extrapolation
from synthetic Fe-Ni olivines to their magnesian
equivalents in igneous and metamorphic rocks. The
apparent temperature dependence of the distribution
coefficient exceeds that which is normal for coexisting
sil icates, so further experimental work and data col-
lection from definit ive natural environments are
clearly warranted. The aberrant plotting on Figure 2
of specimens 4 and 8 from Perseverance, however,
provide a warning that numerous measurements may
be necessary to interpret particular localit ies. Factors
such as cat ion order  in  o l iv ine and non- ideal i ty  in
monosulfide solid solutions, and the influence of var-
ying metal-sulfur ratios in the sulfide fractions, wil l
no doubt need further investigation before quan-
titative applications to natural situations become
possible.

However, the potential of the method in resolving
important problems of ore genesis is clear. For ex-
ample, olivines close to Fono with NiO about 0.5
weight percent are characteristic in ultramafic rocks
of komatiitic affinity (cf. Green et al., 1975), with
which Archean nickel sulfide deposits are typically
associated. Knowledge of partit ion relationships at
temperatures near the crystall ization point of Mss
from sulfide or sulfide-oxide melts (cc. 1000-1200'C;
Kul lerud,  1963) would p lace constra ints  on possib le
compositions of unmetamorphosed magmatic sul-
f ides that had opportunity for subsolidus equil ibra-
t ion wi th such o l iv ines.  Basal  n ickel  ores at  Kam-
balda, Western Australia, which are thought to have
accumulated from disseminated globules of immis-
cible sulphide l iquids before consolidation of their
u l t ramaf ic  host  rocks (Ewers and Hudson,  1972;  Nal-
drett, 1973), possess very high FelNi ratios (average
5.4; Ewers and Hudson, 1972). For these to have
equil ibrated with typical komatiit ic olivines (FelNi
* 20) a very low distribution coefficient (Kn = 4)
would be necessary. Perhaps this is a guide to parti-
t ion relationships between sulphide and sil icate melts

near the l iquidus temperatures of the latter, or alter-
natively the ore compositions have been seriously
modified during serpentinization.

Note added in proof

Porphyroblasts of anthophyllite, l00Mg/(Mg + Fe)
: 90.3, have now been discovered in an unmineralized
sample (77906) of the Perseverance ultramafic, associ-
ated with metamorphic olivine (Fo 92.5), minor
chlorite, and chromite. The lack of carbonates and
sulfides suggests these cannot be attributed to dilu-
tion of water vapor by other volati les. Although
forsterite-talc assemblages are the more general rule
at Perseverance, this occurrence of anthophyll ite in-
dicates metamorphic temperatures may have locally
fluctuated up to or slightly in excess of 680'C.
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