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ABSTRACT

Nickel tenor (Ni concentration in 100% sulfides) varies from 12.5 to 14.5 wt% on the eastern flank, and from 16 to 18 wt%
on the western flank of the Edwards lode orebody, Kambalda, Western Australia. The center of the orebody exhibits a large
internal variation in tenor, from 9.6 to 18.7 wt% Ni. Tenor variation of this magnitude within a single orebody has not previously
been documented at Kambalda. Three models were evaluated for the observed variation. (1) Variation in R factor. This model is
supported by a higher nickel tenor within the matrix ores than the massive ores. Pyrolite-mantle-normalized abundances of the
platinum-group elements (PGE) are consistent among massive, matrix and disseminated ores. This does not support an R-factor
model for tenor variation, because sulfide liquid / silicate melt partition coefficients for the PGE are higher than for Ni (DPGE >>
DNi). (2) Variations in oxygen fugacity f(O2). The f(O2) control on Ni tenor is not supported by geochemical or petrographic
observations. The proportion of magnetite is relatively consistent within the orebody, demonstrating no correlation with Ni tenor.
(3) Partial redistribution and sulfidation of the nickel ores during upper-greenschist- to lower-amphibolite-facies metamorphism.
Evidence includes increased pentlandite abundance correlating with an increase in the abundance of secondary metasomatic
pyrite. Some pentlandite grains demonstrate a genetic relationship with carbonate veining, indicating nickel mobility. The large
variation in Ni tenor observed within the central domain of the Edwards lode orebody correlates with the ore surface that exhibits
the greatest degree of metamorphic heterogeneity. A laser-ablation ICP–MS study of the PGE distribution within sulfides shows
that the Ir-group PGE (IPGE) are homogeneously distributed, in contrast to the Pt-group PGE (PPGE). The distribution of Pd
reflects the distribution of pentlandite, and the other PGE (Rh, Ru, Pt) and Au seem controlled by PGM and Au-bearing phases.
The IPGE show a strong primary magmatic control with distance along the strike of the orebody. Nickel does not demonstrate a
correlation with the IPGE, indicating that post-volcanism processes of remobilization partly control the distribution of Ni along
strike.
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SOMMAIRE

Les teneurs en nickel (concentration en nickel sur 100% de sulfure) varient de 12.5 à 14.5% (poids) sur le flanc est, et de 16
à 18% sur le flanc ouest du gisement d’Edwards, à Kambalda, en Australie occidentale. Le centre du gisement montre des
variations internes importantes des teneurs en nickel, depuis 9.6 jusqu’à 18.7%. De telles variations en teneur n’avaient jamais été
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décrites auparavant à Kamblada. Trois modèles ont été testés pour évaluer les variations en teneur observées. (1) Variation du
facteur R. Ce modèle est en accord avec les teneurs plus élevées des minerais en matrice par rapport aux minerais massifs. Les
abondances en éléments du groupe du platine, EGP, normalisées par rapport à un manteau pyrolitique, sont semblables dans les
minerais massifs, en matrice et disséminés. Ces résultats sont en désaccord avec le modèle du facteur R, étant donné que les
coefficients de partage liquide sulfuré / liquide silicaté sont nettement supérieurs pour les EGP que pour le Ni (DEGP >> DNi). (2)
Variation de la fugacité en oxygène f(O2)). Le contrôle qu’exercerait f(O2) sur les teneurs en Ni est en désaccord avec les obser-
vations pétrographiques et géochimiques. Les teneurs en magnétite sont constantes au sein du gisement et ne montrent pas de
corrélation avec les teneurs en nickel. (3) Une redistribution partielle et sulfuration des minerais de nickel au cours du
métamorphisme au faciès schiste-vert supérieur à amphibolite inférieur sont mises en évidence par une augmentation des teneurs
en pentlandite de même qu’en pyrite secondaire et métamorphique. Certains grains de pentlandite sont aussi associés à des veines
de carbonate, indiquant une mobilité du nickel. Les larges variations observées au centre du gisement d’Edwards sont aussi
associées à une grande hétérogenéité métamorphique. Une étude par ablation laser et analyse ICP–MS de la distribution des EGP
au sein des minéraux sulfurés montre que les EGP du groupe de l’iridium sont distribués de façon homogène, en contraste avec
les EGP du groupe du platine. La distribution du palladium reflète la distribution de la pentlandite, tandis que les autres EGP et
l’or semblent régis par la distribution des minéraux du groupe du platine et d’or. La distribution des EGP du groupe de l’Ir fait
preuve d’un contrôle magmatique primaire le long de l’axe du gisement. Le nickel ne montre pas de corrélation avec les EGP du
groupe de l’iridium, ce qui indique que les processus secondaires de remobilisation post-volcanique contrôlent en partie la distri-
bution du nickel le long de l’axe principal du gisement.

Mots-clés: sulfure de nickel, ablation laser, komatiite, Archéen, Otter–Juan, Kambalda, Australie occidentale.

INTRODUCTION

The Otter–Juan ore shoot is located at the northwest-
ern margin of the Kambalda Dome, approximately 600
km east of Perth in Western Australia’s Archean Yilgarn
Craton. At Kambalda, high-tenor orebodies are defined
as having more than 14 wt% nickel, whereas low-tenor
orebodies contain less than 14 wt% nickel (Cowden
1986). Parallel belts of high- and low-nickel tenor
orebodies are present on the eastern flank of the
Kambalda Dome (Marston & Kay 1980, Woolrich et
al. 1981). These parallel belts are in fact present inter-
mittently for approximately 15 km, from Victor in the
south, through Long, Gibb, Durkin and Otter–Juan.
Mineralization is not continuous for the entire 15 km
(Fig. 1). The size of the ore shoots within the parallel
belts varies from approximately 1.0 million tonnes (Mt)
at Victor to 9.9 Mt at Otter–Juan, which is the largest
komatiite-associated nickel sulfide (NiS) deposit of its
type in the world. Low-tenor ores typically range from
8 to 12 wt% nickel, and high-tenor ores range from 18
to 23 wt% nickel. The Edwards lode represents the
down-plunge continuation of the Otter–Juan ore shoot.
The Edwards lode is abnormal because its Ni tenor var-
ies more widely, from 9.6 to 18.7 wt%, perpendicular
to the strike. Variations in nickel tenor of this magni-
tude, within a single orebody, have not been previously
documented at Kambalda. It is unclear how the Edwards
lode fits into the model of parallel belts at Kambalda,
and how such internal variations in tenor can be ex-
plained by present models on ore genesis. Representa-
tive samples have been collected along strike of the
orebody and analyzed for their concentrations of major,
minor and platinum-group elements (PGE). The distri-
bution of the PGE within sulfides has also been studied
in situ with the laser-ablation ICP–MS technique. Cor-

relations among Ni tenor, PGE distribution and assem-
blages of metamorphic minerals will be used to con-
strain the origin of the variation in Ni tenor within the
Edwards lode orebody.

STRATIGRAPHY

The stratigraphic section of the Kambalda area con-
sists of a basal basaltic unit (the Lunnon Basalt Forma-
tion), overlain by a komatiite unit, which locally hosts
the NiS mineralization. The komatiite unit is overlain
by an upper basaltic unit which, in turn, is overlain by a
felsic volcanoclastic and sedimentary unit (Gresham &
Loftus-Hills 1981, Swager et al. 1995). The Lunnon
Basalt Formation is the lowest stratigraphic member at
Kambalda. It is comprised of multiple thin (2–30 m)
massive and pillowed flows. The formation has been
drill-tested to a stratigraphic thickness of 2000 m
(Squires et al. 1998, Redman & Keays 1985).

The Kambalda Komatiite Formation is divided into
two distinct members, the lower nickel-sulfide-bearing
Silver Lake Member, and the upper barren Tripod Hill
Member. The age of the Kambalda Komatiite Forma-
tion is constrained by U–Pb zircon age at 2709±4 Ma
(Claoué-Long et al. 1988). The Silver Lake Member
represents approximately one third of the Kambalda
Komatiite Formation and is composed of sequences of
one to six magnesium-rich komatiitic lava flow (16–45
wt% MgO, 25–100 m thick). Interflow sulfidic sedimen-
tary sequences are common at the basal contact with the
Lunnon Basalt and at flow boundaries within the Silver
Lake Member (Gresham & Loftus-Hills 1981, Bavinton
1981). The present assemblage of minerals in the
Kambalda Komatiite Formation reflects extensive pro-
grade and retrograde metamorphism at high X(CO2),
X(H2O) and fluid:rock ratio.
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FIG. 1. Geological map of the Kambalda Dome area showing the distribution of rock units and ore shoots as proposed by
Marston & Kay (1980). The stratigraphic scheme is from Cowden & Roberts (1995), and the ore-deposit localities are from
Stone & Masterman (1998). The Otter–Juan nickel mine is located on the northwestern flank of Kambalda Dome, which is
approximately 60 km south of the Eastern Goldfields regional center of Kalgoorlie.

655 39#2-avril-01-2189-25 3/07/01, 15:21657



658 THE CANADIAN MINERALOGIST

STRUCTURE AND METAMORPHISM

The Otter–Juan ore shoot is a structurally complex
amalgamation of more than 60 individual orebodies.
The dip, strike and plunge are highly variable, although
the Otter–Juan ore shoot plunges toward the northwest
(330°) to a depth greater than 1200 m. The projected
surface-expression of the Otter–Juan ore shoot is ap-
proximately 3 km long, tapering from 1.25 km wide in
the southeast to 250 m wide in the northwest. The
Edwards lode (62 ore surface) comprises the present
northern extent of Otter–Juan ore shoot, and represents
the northern end of the Kambalda Dome. The Edwards
lode dips from 20 to 25° to the southwest and plunges
to the northwest. Plunge increases with depth from ap-
proximately 20° at the southern extent of the Edwards
lode to more than 45° at depth. The Edwards lode has
been divided into four ore-surfaces on the basis of hang-
ing-wall and footwall lithology (Fig. 2). The eastern
flank, referred to as the M ore surface, consists of mas-
sive ore with a basalt footwall and a basalt hanging-wall.
Directly west of the M ore surface is the N ore surface,
characterized by massive and matrix ore with a basalt
footwall and a komatiite hanging-wall. At the western
extent of the N ore surface, the basalt footwall rolls away
from structurally emplaced ore and forms the W ore
surface. This ore surface has a komatiite footwall and a
komatiite hanging-wall. The basalt footwall flattens out

at a lower depth than the M and N ore surfaces, forming
another concentration of massive ore with a basalt foot-
wall and a basalt hanging-wall. This pinchout ore com-
prises the western extent of the Edwards lode, and is
termed the R ore surface.

Distinct episodes of deformation observed within the
Edwards lode can be related to the events of regional
deformation around the Kambalda Dome. The first
event (D1) produced major north-verging recumbent
folds and south- to north-thrust stacking of stratigraphy
(Swager et al. 1995, Swager 1997, Myers 1992). This
event is responsible for the first schistosity (S1) located
at the footwall basalt contact in the massive ore within
the Edwards lode. The lineations plunge 37° north–
northwest in the 31 level of the Edwards lode, indicat-
ing elongation of the orebody parallel to its long axis
prior to subsequent deformation. The second event (D2)
at Kambalda Dome involved east–northeast, west–
southwest compression, resulting in the development of
west–northwest, east–southeast recumbent folds and
thrusts (Cowden & Roberts 1995). Near a sulfide
orebody, the D2 recumbent folding and thrusting pro-
duced the ore-confining re-entrant trough structures
observed at Kambalda (Archibald 1985, Cowden &
Roberts 1990). The basalt pinchouts on the eastern and
western flanks of the Edwards lode, confining the M62
and R62 ore surfaces, respectively, are interpreted to be
D2 structures. The deformation is focused on and around

FIG. 2. The Edwards lode, northwest-facing schematic cross-section. Internal ore-surface classifications (M62, N62, W62 and
R62) are based on variation in the footwall and hanging-wall lithologies.
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the ore horizon, owing to rheological contrast between
the massive ore and the Lunnon Basalt. Low-angle
thrusts and recumbent folds are activated along these
planes of weakness. Massive boudinage structures are
present in the M62 ore surface as a result of D2 recum-
bent folding. The boudinage structures can be traced
down-plunge for at least two mine levels of the Edwards
lode. Some of the boudinage structures act as loci for
shearing during the third episode of deformation (D3).
En échelon F3 folds indicating sinistral movement are
regionally associated with large transcurrent faults
(Swager et al. 1995). The Kambalda Dome is interpreted
as a D3 structure (Archibald 1985). D3 deformation was
identified as a series of upright to steeply northeast-dip-
ping, northwest-trending shears within the M62 and N62
ore surfaces of the Edwards lode. The D3 shears, which
cross-cut D2 recumbent folding, display limited sinis-
tral strike-slip movement and are commonly associated
with local structural remobilization of the ore. The
fourth event of deformation (D4) reactivated many of
the regional D3 transcurrent faults, producing locally
significant oblique faults that cross-cut and offset the
D3 faults (Swager 1997). D4 is not considered to play a
significant role in the deformation history of the
Edwards lode.

The Kambalda Dome underwent upper-greenschist-
to lower-amphibolite-facies metamorphism that peaked
during D3 deformation. Peak conditions have been esti-
mated by Bavinton (1979) to be 520° ± 20°C and 1 to
4 kbar. Retrograde greenschist-facies metamorphism
continued from D3 to D4, along with D3 hydrothermal
alteration and CO2 metasomatism (Gresham & Loftus-
Hills 1981).

PETROGRAPHY AND MINERALOGY

The orebodies of the Kambalda Dome are thin, rib-
bon-like, subparallel linear belts at the base of high-Mg
komatiite flows (Cowden & Roberts 1995). At
Kambalda, the nickel sulfides reveal vertical zonation
in their bulk composition, with a general decrease in
sulfide content upward. The massive ore zone, contain-
ing more than 80 modal % sulfide (Gresham & Loftus-
Hills 1981), is located at the base of the ore profile, in
contact with the Lunnon Basalt. The mineralogical as-
semblage in the massive ore of the Edwards lode is het-
erogeneous and best discussed in terms of separate ore
surfaces within the Edwards lode orebody (Fig. 2).

The M ore surface constitutes the lower-tenor mas-
sive ore on the eastern flank of the Edwards lode
orebody. Massive ore within the M ore surface pinches
and swells, varying in thickness from 2–3 cm to 2–3 m.
Pyrrhotite is the dominant sulfide phase (46 ± 7.4 wt%,
1�, Fig. 3), present as a matrix of small (2–3 mm) grains
exhibiting metamorphic 120° triple-point junctions (i.e.,
a granoblastic texture). Pentlandite occurs as large (2–5
mm) crystals randomly dispersed within the pyrrhotite
matrix.

The N ore surface comprises the central domain of
the Edwards lode orebody, and is defined as open-con-
tact ore with a basalt footwall and a komatiite hanging-
wall. Massive ore within the N ore surface exhibits
extremely variable morphology, pinching and swelling
from 1–2 cm to 1.5 m. Texturally, the N massive ore is
similar to that from the M, with pentlandite (41.2 ± 6.5
wt%, 1�) occurring as large grains between 2 and 5 mm
in diameter in a pyrrhotite matrix (39.3 ± 9.6 wt%, 1�).

FIG. 3. Ranges and averages for sulfide and silicate abundances, expressed in volume %. The outliers are represented with black
circles.
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As in the case of the M ore surface, the pyrrhotite ma-
trix is comprised of fine (1–3 mm) grains that exhibit a
granoblastic texture. Rare crystals of pentlandite seem
to be squeezed within the interstices of recrystallized
pyrrhotite at triple-point junctions in a ductile fashion.

The massive ore of the R ore surface comprises the
high-tenor western flank of the Edwards lode orebody.
The thickness of the massive ore horizon is generally
more consistent than in the M and N ore surfaces, vary-
ing from a few centimeters to 1.5 m. Sulfide mineral-
ogy is distinct from the M and N ore surfaces, with a
higher proportion of pentlandite (46.6 ± 1.6 wt%, 1�)
and pyrite (27.7 ± 11.3 wt%, 1�), and a lower abun-
dance of pyrrhotite (22.3 ± 10.9 wt%, 1�). Pyrrhotite
occurs as large optically continuous domains, with pent-
landite comprising thin (<1 cm) veins.

Pyrite is present as fine-grained metamorphic sel-
vages, at the border of the massive ore, in all ore sur-
faces within the Edwards lode. Two types of selvages
occur. The first consists of randomly dispersed pyrite
selvages of roughly equal length and width, varying in
size from approximately 5 cm to 18 cm. The second
consists of pyrite selvages approximately 5 cm thick,
located at the upper and basal contact of the massive
ore. The contact-pyrite selvages are commonly continu-
ous for several meters, parallel to the margin of the
massive ore. Contacts between pyrrhotite–pentlandite-
rich ore and the fine-grained pyrite selvages exhibit sul-
fide zonation at a microscopic scale. Pentlandite content
increases with proximity to the fine-grained metamor-
phic contact-pyrite selvages, ultimately forming a halo
consisting solely of pentlandite surrounding the pyrite
selvages. Pentlandite also is present as small lenticular
crystals, exhibiting disequilibrium textures with the sur-
rounding pyrite. Pyrrhotite is absent within the pyrite
selvages. Euhedral to subhedral porphyroblasts of py-
rite, varying from 2 to 6 mm, occur throughout the mas-
sive ore horizon associated with pyrite selvages and as
discrete crystals.

Carbonate veins within the massive ore are randomly
oriented. The crystallization of pyrite and chalcopyrite
is commonly located proximal to post-volcanism car-
bonate veining. A strong correlation is also observed
between carbonate veining and small (0.2 mm) pentlan-
dite crystals. However, unusual large crystals of pent-
landite (>5 mm) could also be associated with
post-volcanism carbonate veining.

Matrix ore (40 – 80% modal sulfide: Gresham &
Loftus Hills 1981) generally overlies massive ore and is
located in the N62 ore surface of the Edwards lode. The
morphological development of the ore is highly vari-
able, with thicknesses varying from 10 cm to over four
meters. The thickness of the matrix ore zone broadly
demonstrates an inverse correlation with the thickness
of the massive ore. In relatively undeformed matrix ore,
sulfides occur as fine-grained (0.75 mm) polymineralic
aggregates of crystals, with a length-to-width ratio about
1. In high-strain environments, sulfides of the ductile

matrix are stretched and exhibit high aspect-ratios (>>1).
The non-sulfide mineralogy is dominated by an assem-
blage of talc, carbonate and chlorite replacing primary
cumulus olivine. Crystals of relict olivine are commonly
replaced by optically continuous talc within the matrix
ore. At some localities, the crystals of relict olivine
contain very fine-grained lenticular pyrrhotite and pent-
landite.

The contacts between massive, matrix and dissemi-
nated ore are usually sharp, and locally sheared. At some
localities within the Edwards lode, post-extrusion
remobilization of sulfides has occurred at the contact
between massive ore and the footwall basalt. Chalcopy-
rite enrichment has always been used as evidence for
sulfide remobilization along footwall stringers (Keays
et al. 1981). A thin band of euhedral grains of chromian
spinel, approximately 5–10 mm thick, occasionally oc-
curs at the basal contact of the massive ore within the M
ore surface. The chromite band consists of densely
packed cumulus grains, with individual crystals approxi-
mately 0.1–0.2 mm in diameter. Metamorphic biotite is
the dominant non-sulfide mineral associated with the
chromite. Chromite is one of the first minerals to crys-
tallize within a sulfide melt and, owing to density con-
trasts with the sulfide liquid, forms a cumulate layer at
the base of the ore horizon (Ewers et al. 1976). Magne-
tite is often concentrated at the massive ore – matrix ore
contact within the Edwards lode. Magnetite enrichment
occurs at the contact between different ore-zones be-
cause of high f(O2) conditions at these localities
(Woolrich et al. 1981). Variation in rates of oxygen dif-
fusion between sulfide and silicate melts is considered
to enhance f(O2) at ore-zone boundaries (Naldrett 1969).

Disseminated ore (<40% modal sulfides) has a simi-
lar assemblage of sulfide minerals as the matrix ore. This
type of ore is not well exposed within the Edwards lode,
as underground development is concentrated along the
economically more viable sulfide-rich base of the ore
profile. Where present, the disseminated ore horizon
varies in thickness between 1 m and >5 m.

Quantitative X-ray diffraction (QXRD) data were
used to determine the variation in abundances of the
major sulfides along the strike of the Edwards lode.
Massive and matrix ore exhibit covariances in sulfide
mineralogy along strike. The pentlandite content in-
creases, whereas the pyrrhotite content decreases, cor-
responding to an increase in metamorphic pyrite (Fig. 4).
The observed variation in sulfide abundances results in
an increased content of pentlandite within the R ore
surface relative to the M and N ore surfaces. Magnetite
content is variable within the matrix ore (5.5 ± 3.4 wt%,
1�). However, massive ore demonstrates a constant
abundance of magnetite along the strike of the orebody.

ANALYTICAL TECHNIQUES

Fifty-three samples of ore, each weighing 3–5 kg,
were collected perpendicular to the main axis of the
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Edwards lode, along a horizontal plane that defined the
strike. Sampling orientation was restricted by under-
ground mining operations; however, representative
samples of each portion of the deposit at the meter scale
were collected. Each sample was analyzed by quantita-
tive X-ray diffraction (QXRD), X-ray fluorescence
(XRF), and whole-rock nickel sulfide fire-assay fol-
lowed by solution analysis using Inductively Coupled
Plasma – Mass Spectrometry (ICP–MS) to establish
platinum-group element (PGE) concentrations. Dupli-
cate analyses of sulfide whole-rocks provide an estimate
of the precision achieved by these analytical techniques.
The precision is below 5% RSD for XRF, ICP–MS and
QXRD analyses. The PGE contents of individual sul-
fide phases were determined using High-Resolution –
Inductively Coupled Plasma – Mass Spectrometry (HR–

ICP–MS) and laser ablation (LA) in the Department of
Earth Sciences, Monash University. The sulfides were
ablated in situ using polished thick (1 mm) sections. The
sulfide phases were analyzed by electron microprobe
prior to the laser-ablation analyses. Electron-microprobe
analyses were made on a Cameca Camebax SX–50 elec-
tron microprobe at the University of Melbourne using
wavelength-dispersion spectrometry (20 kV, 19 nA),
with data reduced using Cameca PAP corrections. The
Fe content of the sulfides determined by electron mi-
croprobe has been used as an internal standard for the
reduction of the LA–HR–ICP–MS data (Ludden et al.
1995). A Cu–Fe–PGE alloy in-house standard has been
used as an external standard. Precision (%RSD) on the
standard, and limit of detection, are presented in Table 1.
The precision is within 15% RSD for the PGE, and 20%

FIG. 4. Along-axis (west-to-east direction) mineralogical variations in pentlandite (black diamond), pyrrhotite (white squares),
pyrite (black circles) and magnetite (white circles) within the Edwards lode, as determined from quantitative X-ray-diffrac-
tion analysis.
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RSD for Au. The limits of detection are between 250
(Rh) and 20 ppb (Ir). The analyses were performed us-
ing a Nd–YAG laser, a repetition rate of 4 Hz, an en-
ergy at 1 mJ and a crater size of 150 �m. A detailed
description of this configuration, optimal instrumental
parameters can be found in Lahaye et al. (1997). Unlike
whole-rock analysis, laser-ablation HR–ICP–MS analy-
sis permits in situ quantification and provides some in-
formation on the distribution of PGE within individual
sulfide phases. Laser-ablation HR–ICP–MS analyses
record PGE concentration through time, as the laser pro-
gressively ablates a pit into the sulfide grain. Data are
recorded as counts per second, which is directly pro-
portional to concentration. Perturbations in the time-in-
tegrated signal generated by the spectrometer are
interpreted to represent the presence of micrometric
platinum-group minerals (PGM). Thus, by this means
of analysis we can distinguish PGE present as PGM,
and PGE present in solid solution within the host sul-
fide grain.

The Excel™ tenor-calculation spreadsheet
“Tenorcal” of WMC Resources Limited was used to
determine the Ni, Cu, and Co tenor values, allowing
meaningful comparison of metal content between
samples of different sulfide abundance. “Tenorcal” re-
quires XRF whole-rock Ni, Cu, Co, Fe and S values, as
well as QXRD-determined pyrrhotite : pyrite ratios. The
XRF, QXRD, ICP–MS and Ni-tenor data are presented
in Table 2.

GEOCHEMISTRY

Mine development within the Edwards lode fails to
provide ideal along-strike access to the orebody.
Samples collected only from the western half of the N62
ore surface place a large down-plunge bias on the
dataset. Sample localities, projected to a mean plunge
line, thus providing true along-strike representation of
geochemical variation, are shown in Figure 5.

The tenor in nickel from the ore within the Edwards
lode varies from 9.6 to 18.7 wt%. The average Ni tenor
is 15.3 wt%, 14.8 wt% for the massive ores, and 16.4
wt% for the matrix ores. Variation in Ni tenor is ob-
served between and within the M62, N62 and R62 ore
surfaces (Fig. 6). The low-tenor eastern flank M62 ore
surface varies from 12.5 to 14.5 wt% in Ni tenor,
whereas the high-tenor western flank R62 ore surface
varies from 16 to 18 wt% in Ni tenor. Massive ore from
the open contact N62 ore surface displays a large
variation, from 13 to 18 wt% in Ni tenor. Outliers of
massive ore with a Ni tenor of 9 to 11 wt% are present
at a distance of 75 m from the low-tenor eastern edge of
the Edwards lode orebody, within the N62 ore surface.
A corresponding outlier of 11 wt% Ni tenor is present
within the matrix ore at the same locality (Fig. 6). Map-
ping at 1:250 scale indicates the presence of a large
shear-zone in the south wall of the N62 ore surface at
the locality where the outliers were sampled.

The pyrolite-mantle-normalized (McDonough &
Sun 1995) spectrum for massive and matrix ore is char-
acterized by a depletion in Ni relative to the PGE, as
anticipated considering the lower sulfide liquid : sili-
cate melt partition-coefficient of Ni relative to the PGE
(Barnes et al. 1987). Average pyrolite-mantle-normal-
ized PGE values for the massive, matrix and dissemi-
nated ores are similar (Fig. 7). This lack of variation
suggests that similar magmatic processes acted equally
within the massive, matrix and disseminated ores. The
so-called IPGE (Os, Ir, Ru) demonstrate a strong posi-
tive correlation, as anticipated in view of their similar
geochemical behavior and immobile nature (Keays &
Davison 1976; Fig. 8).

PGE distribution within sulfide phases

Previous studies of the distribution of PGE within
the Kambalda Ni ores have relied on bulk analysis by
neutron activation (Keays et al. 1981, Cowden et al.
1986). On the basis of analyzed separates of sulfide
minerals from samples of massive ore from Kambalda,
Keays et al. (1981) concluded that pentlandite is the
dominant host for Pd, pyrite is the dominant host for Ir,
and chalcopyrite is an important host for Au. These ear-
lier studies were later criticized by Cowden et al. (1986).
Based on whole-rock analyses for the PGE, Cowden et
al. (1986) suggested that Pt, Pd and Au largely occur in
discrete mineral phases, in agreement with Hudson &
Donaldson (1984). The IPGE are also interpreted to
occur in solid solution in pentlandite.
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The analysis of the signal generated by the LA–HR–
ICP–MS with time during the ablation provides critical
information on the distribution of PGE within the
sulfide.

The concentration of Pd in a pentlandite crystal from
sample Z67778 demonstrates constant enrichment rela-
tive to background levels, indicating that Pd is present
in solid solution. Palladium, Rh, Te, Bi, and Sb demon-
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strate local covariant concentration, fluctuating with
time, within the same grain. This fluctuation is inter-
preted to indicate the presence of unusual PGM, pos-
sible michenerite, PdBiTe, or testibiopalladite
Pd(Sb,Bi)Te. A grain of chalcopyrite from the same

sample showed that Rh, Pd and Ag are in solid solution,
and that Pd is also associated with Bi, Te and Sb within
a PGM, possible sudburyrite (Pd,Pt,Ni)(Sb,Te,Bi). Pre-
vious investigators have not documented the presence
of discrete in situ PGM within the Kambalda ores, but
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rather inferred their existence by analogy with known
PGM located within chalcopyrite stringers and telluride-
rich quartz–carbonate veins (Hudson 1986).

The pyrolite-normalized (McDonough & Sun 1995)
distributions of PGE within (i.e., in solid solution) indi-
vidual sulfide phases are displayed in Figure 7. The
IPGE do not demonstrate the large degree of fraction-
ation among sulfide phases as do the so-called PPGE
(i.e., Pt, Pd, Rh). The distribution of Pd reflects the dis-
tribution of pentlandite and chalcopyrite, and the Au
distribution is controlled by the distribution of pyrite. It
should be noted that only a limited number of analyses
(four) were conducted on pyrite. On the basis of the
modal percentage given by QXRD analysis (Table 2),
and the composition of each of the main four sulfide
phases present (Table 1), the bulk composition of the
massive sulfide ore has been calculated and compared
with the average bulk-composition (Table 3). This com-
parison demonstrates good agreement among the calcu-
lated values, based on in situ analysis of sulfides for
elements such as Os, Ir and Pd. The other PGE (Ru, Rh,
Pt and Au) do not seem to be in solid solution in the
sulfide, and their recalculated concentrations within the
massive sulfide are lower than the average bulk-com-
position. The analytical data presented here agree with
the findings of Ross & Keays (1979), who proposed that

pentlandite is the principal host for Pd, and that Ir is
evenly distributed among sulfide phases.

DISCUSSION

The Edwards lode is abnormal because of its large
variation in nickel tenor. The fractional crystallization
of monosulfide solid-solution (Mss) from a sulfide melt
could be responsible for the Ni zonation in the ore envi-
ronment. Figure 9 represents the variation in Fe, S and
Ni (wt%) of the massive, matrix and disseminated ore
from the Edward lode. The ore samples extend along a
trend of similar Fe/Ni ratio (3.8 ± 1.8, 1�). However,
the massive ore samples are within the Mss field. There-
fore Mss fractionation cannot be responsible for the
variation in Ni tenor in Kambalda. Three models were
evaluated to explain the observed variation in nickel
tenor: (1) variation in R factors, (2) variation in oxygen
fugacity, (3) partial Ni redistribution and sulfidation
during metamorphism.

Variations in R factor

The R factor is the mass ratio of silicate melt to sul-
fide melt, which controls the absolute concentration of
chalcophile metals partitioned between the equilibrated

FIG. 5. Plan of the Edwards lode orebody. The geochemical sample localities are adjusted to the plunge-line mean.
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melts (Campbell & Naldrett 1979). The higher the R
factor, the higher the tenor of Ni in the sulfide melt. The
R factor is considered here as a possible mechanism by
which variation in Ni tenor may have been produced
within the Edwards lode. If the R factor is a major con-
trol on variation in Ni tenor, the matrix ore is expected
to have a higher tenor of Ni than the massive ore, be-
cause matrix sulfides interact with a larger amount of
silicate melt (Lesher & Campbell 1993). The different
types of ore can therefore be interpreted as having been
emplaced successively from a single body of magma,
with the lowermost type of ore settling into position first.
The ore types would then consist of successive segrega-
tion of sulfides from the magmas, and variations in com-
position would depend on the partitioning of the metals
into these successive segregations. The more

chalcophile metals would partition more strongly into
the initial segregation, and deplete the melt. Therefore,
subsequent segregation of sulfides would be less con-
centrated. However, the continuous replenishment of
komatiitic lavas would have led to the segregation of
ore with the same composition. The average tenor of Ni
for the matrix ore-zone is calculated at 16.4 wt%,
whereas the massive ore is slightly lower, at 14.8 wt%.
This disparity in Ni tenor between massive and matrix
ore can be explained by the R factor.

The platinum-group elements are much more sensi-
tive to variation in R factor because of their higher par-
tition-coefficients (DPGE >> DNi, e.g., Barnes et al.
1997). The PGE should therefore exhibit a much greater
concentration in the matrix and disseminated ore than
in the massive ore. However, the PGE tenors of the

FIG. 6. Along-axis variation in Ni tenor within the Edwards lode. Domains highlight variation in Ni tenor within the M62, N62
and R62 ore surfaces.
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massive, matrix and disseminated ores are similar if
normalized to a pyrolitic mantle source (Fig. 7). A ma-
jor problem with the R-factor hypothesis is that the tenor
within the N62 ore surface is extremely variable (>8%)
in a very short distance (<12 m). It is difficult to explain
how dynamics of flow of the komatiitic lava could pro-
duce such a variation in R factor, and thus in Ni tenor,
over such a short distance within a single flow. We con-
clude that the R factor is unlikely to have controlled the
variation in Ni tenor observed within the Edwards lode.

Variations in oxygen fugacity

An increase in the oxygen fugacity of a sulfide-satu-
rated silicate melt will increase the tenor of Ni in the
immiscible sulfide melt owing to an increase in
Fe3+:Fe2+ ratio in the system and the stabilization of Fe3+

within the silicate melt (Cowden & Woolrich 1987).
Cowden (1986) proposed that the variation in Ni tenor
within the Kambalda nickel sulfides reflects variations
in f(O2), and that the entire range of ore compositions
could be accounted for by variations in f(O2) of less than
one log unit. His interpretation was later criticized by
Doyle & Naldrett (1987), who showed that an increase

FIG. 7. Pyrolite-normalized (McDonough & Sun 1995) concentrations of the PGE in massive (open squares), matrix (open
diamonds) and disseminated ore (crosses). The PGE contents of the sulfides are also shown: pentlandite (black triangles),
pyrrhotite (open triangles), pyrite (black circles), chalcopyrite (open circles) and compared with the bulk composition of the
massive ore (open squares) and the recalculated concentrations of the massive ore (black squares), based on the concentra-
tions and modal percentage of the sulfide phases.
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in oxygen fugacity will decrease the partition coefficient
between the sulfide melt and the olivine. This statement
agrees with more recent numerical modeling of the dis-
tribution coefficient of Ni between the sulfide and the
komatiitic liquid with increasing f(O2) / f(S2) (Lesher &
Campbell 1993). Variation in f(O2) is evaluated here as
a hypothesis for the control of variation in Ni tenor ob-
served within the Edwards lode. Woolrich et al. (1981)
have observed a correlation between Ni tenor and py-
rite abundances among the various orebodies. This cor-
relation was inferred to reflect magmatic oxidation,
although metamorphic oxidation cannot be ruled out. An
increase in the proportion of pyrite and magnetite would

occur within high-tenor ores with increasing f(O2): f(S2).
This change in f(O2) could be related to assimilation of
H2O via unconsolidated sediments during thermal ero-
sion of the flowing komatiitic lava. Petrographic and
XRD analysis of the opaque minerals of the Edwards
lode indicates that magnetite abundance is consistent
along the strike within the Edwards lode massive ore,
ranging from 2 to 3 wt% (Fig. 4). Large quantities of
magnetite are observed at massive ore – matrix ore con-
tacts, which are interpreted to represent an oxygen sink,
a result of differences in rates of oxygen diffusion rates
between massive and matrix ores (Naldrett 1969). Such
mineralogical evidence for variation in f(O2) as a con-
trol of variation in tenor is not present within the
Edwards lode. It is also unclear how the flow dynamics
of a single komatiitic flow could produce internal varia-
tions in f(O2) large enough to yield the observed varia-
tion in Ni tenor over such a short distance. We therefore
consider it unlikely that variation in f(O2) is responsible
for the variation in Ni tenor observed along strike in the
Edwards lode.

Post-volcanism processes

Post-volcanism processes, such as metasomatism
through interaction with sulfur-bearing metamorphic
fluids, have been proposed as possible controls on the
variation in Ni tenor within the Kambalda Ni sulfide
deposits (Keays et al. 1981). Many investigators con-
sider post-volcanism processes ineffective at Kambalda
Dome because ore shoots of contrasting Ni tenor are
present within the same tectonic and metamorphic set-
ting (Lesher & Campbell 1993). Textural and mineral-
ogical observations within the Edwards lode ore zone
clearly indicate a large degree of post-volcanism modi-
fication of the Ni sulfide assemblages at the deposit
scale. Mineralogical evidence for a metamorphic con-
trol on Ni tenor includes an increase in abundance of
metamorphic pyrite associated with the higher-tenor
R62 ore surface, and the presence of metamorphic pent-
landite as grains associated with carbonate veining. Note
also that the greatest variation in Ni tenor is associated
with the N62 ore surface, which exhibits the greatest
diversity of metamorphic assemblages and the highest
degree of structural deformation. Keays et al. (1981)
have proposed that the Ni tenor of the matrix ore is on
average 7 wt% higher than that in massive ore. This
variation was attributed by Keays et al. (1981) to a trans-
fer of 5 wt% of the original sulfur from the matrix ore
to the massive ore. Variations in Ni tenor of this magni-
tude, between massive and matrix ore, are not observed
within the Edwards lode sulfides. However, the loca-
tion of fine-grained metamorphic pyrite selvages at
massive ore – matrix ore contacts provide evidence for
some migration of sulfur.

The IPGE are not greatly affected by post-volcan-
ism processes at whole-rock scale, and inter-IPGE ra-
tios of concentration exhibit consistency along the axis

FIG. 8. A. Osmium versus iridium concentrations (ppb). B.
Ni tenor (wt%) versus osmium concentration (ppb). Closed
symbols represent massive ore, and open symbols repre-
sent matrix ore.

A

B
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of the orebody. This finding suggests a primary mag-
matic control on the distribution of the IPGE. Nickel
tenor and the levels of IPGE (Fig. 8) exhibit no correla-
tion, which implies that different geological processes
are responsible for the observed distribution of Ni and
the IPGE within the Edwards lode.

Intra-orebody redistribution of Ni during metamor-
phism is likely to have produced the highly variable Ni
tenor observed within the Edwards lode. The solubility
of Ni in fluids is affected by temperature, redox condi-
tion, salinity, and acidity (Crerar et al. 1985). These
metamorphic parameters, which are associated with the
infiltration of metamorphic fluids within the Kambalda
nickel sulfides, are not well understood.

Comparisons of the Edwards lode with ore shoots
of the Kambalda Dome

The average Ni tenor of the Edwards lode is calcu-
lated to be 15.31 wt%, with a standard deviation of 1.99
wt%. Table 4 lists the average Ni tenors for the ore
shoots located on the Kambalda Dome, as documented
by Leaver (1994), Naldrett (1989), and Lesher &
Campbell (1993). Average Ni tenors of ore shoots on
the Kambalda Dome were calculated at 14.2 wt% Ni
using the data from Naldrett (1989), and 13.9 wt% Ni
from the data of Lesher & Campbell (1993). The stan-
dard deviation for the two data sets is 2.3 wt% Ni and
1.7 wt% Ni (1�), respectively. Ross & Keays (1979)
proposed that the high Ni tenor of the Durkin shoot (18.2
wt%, Naldrett 1989, Fig. 1) is the result of supergene
enrichment processes. The average tenor calculated for
the Edwards lode in our study is 15.31 wt% Ni. It falls
within the range of the average Ni tenors listed in Table 4.

The high- and low-tenor belt model for Kambalda
was originally proposed by Marston & Kay (1980), and
later supported by numerous authors (Woolrich et al.
1981, Archibald 1985, Gresham 1986, Cowden &
Woolrich 1987, Cowden & Roberts 1995, Lesher &
Campbell 1993). According to the model, parallel high-
Ni (>14 wt%) and low-Ni (<14 wt%) belts are present
on the northeastern flank of Kambalda Dome. Statisti-
cal analysis of the variation in Ni tenor on Kambalda
Dome, and the large intra-ore-shoot variation in Ni tenor
highlighted by this study, indicate that the tenor varia-
tion is much more complicated than the high- and low-
tenor model suggests. The average Ni tenor of an ore
shoot at Kambalda is calculated to be 14.05 wt%, with
a standard deviation of 2.0 wt% Ni (1�). This fact ques-

FIG. 9. Variations of the S, Fe and Ni content (wt%) for ore samples from the Edwards
lode orebody. The average composition of the Kambalda Dome is also shown (Naldrett
1989). The symbols are as in Figure 7.
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tions the effectiveness of assigning a high- or low-tenor
ranking on the basis of a 14 wt% cut off.

CONCLUSION

Nickel tenor varies from 9.6 to 18.7 wt% within the
Edwards lode at Kambalda. Geochemical and petro-
graphic evidence indicates that variations in Ni tenor
within the Edwards lode is caused by metamorphic, in-
tra-orebody redistribution of Ni. Nickel tenor displays
less variation at ore localities in the basalt pinchout on
the eastern and western flanks of the Edwards lode. The
west-flank R ore surface exhibits internal variation from
16 to 18 wt%. The east-flank M ore surface has a simi-
lar variation, but a lower average tenor, between 12.5
and 14.5 wt%. The open-contact N ore surface, located
within the center of the Edwards lode, exhibits a large
variation in tenor, from 9.6 to 18 wt%. The average Ni
tenor for the ore shoots located on Kambalda Dome is
calculated to be 14.05 wt% Ni, with a standard devia-
tion of 2.0 wt% Ni (1�). Our data suggest that the high-
and low-tenor model originally proposed by Marston &
Kay (1980) is inappropriate for identifying trends in
tenor variation among ore shoots at Kambalda Dome.
The arbitrary Ni tenor of 14 wt% used to distinguish the
belts equals the average Ni tenor of all Kambalda ore
shoots. The average Ni tenor is calculated to be 15.31
wt% for the Edwards lode, which is within one standard
deviation of the average Ni tenor for other Kambalda
Dome ore shoots. The Edwards lode is therefore con-
sidered largely representative of a standard Kambalda-
style nickel sulfide deposit.
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