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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 asingle orebody has not previously
been documented at Kambalda. Three models were evaluated for the observed variation. (1) Variation in R factor. Thismodel 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 (Dpgg >>
Dni)- (2) Variations in oxygen fugacity f(O,). The f(O,) control on Ni tenor is not supported by geochemical or petrographic
observations. The proportion of magnetiteisrelatively 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-M S 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-vol canism processes of remobilization partly control the distribution of Ni along
strike.

Keywords: nickel sulfide, tenor, laser ablation, komatiite, Archean, Otter—Juan ore shoot, Kambalda, Western Australia.
SOMMAIRE
Lesteneurs en nickel (concentration en nickel sur 100% de sulfure) varient de 12.5 & 14.5% (poids) sur le flanc et, et de 16

a 18% sur le flanc ouest du gisement d' Edwards, a Kambalda, en Australie occidentale. Le centre du gisement montre des
variationsinternesimportantes desteneursen nickel, depuis 9.6 jusqu’ @ 18.7%. Detelles variations en teneur n’ avaient jamais été
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décrites auparavant & Kamblada. Trois modéles ont été testés pour évaluer les variations en teneur observées. (1) Variation du
facteur R. Ce modele est en accord avec les teneurs plus élevées des minerais en matrice par rapport aux minerais massifs. Les
abondances en é éments du groupe du platine, EGP, normalisées par rapport & un manteau pyrolitique, sont semblables dans les
minerais massifs, en matrice et disséminés. Ces résultats sont en désaccord avec le modele du facteur R, étant donné que les
coefficients de partage liquide sulfuré/ liquide silicaté sont nettement supérieurs pour les EGP que pour le Ni (Dggp >> Dyi). (2)
Variation de lafugacité en oxygéne f(O,)). Le contrdle qu’ exercerait f(O,) sur les teneurs en Ni est en désaccord avec |es 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 faciés schiste-vert supérieur aamphibolite inférieur sont mises en évidence par une augmentation des teneurs
en pentlandite de méme qu’ en pyrite secondaire et métamorphique. Certains grains de pentlandite sont aussi associés ades veines
de carbonate, indiquant une mobilité du nickel. Les larges variations observées au centre du gisement d’ Edwards sont auss
associ ées a une grande hétérogenéité métamorphique. Une étude par ablation laser et analyse ICP-M S de ladistribution des EGP
au sein des minéraux sulfurés montre que les EGP du groupe de I’iridium sont distribués de fagon homogeéne, en contraste avec
les EGP du groupe du platine. La distribution du palladium refléte la distribution de |a pentlandite, tandis que les autres EGP et
I"or semblent régis par la distribution des minéraux du groupe du platine et d' or. La distribution des EGP du groupe de I’ It fait
preuve d’ un contréle magmatique primaire le long de |’ axe du gisement. Le nickel ne montre pas de corrélation avec les EGP du
groupedel’iridium, ce qui indique que | es processus secondaires de remobilisation post-vol canique contrdlent en partie ladistri-

bution du nickel lelong de I’ axe principal du gisement.

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

INTRODUCTION

The Otter—Juan ore shoot islocated at the northwest-
ern margin of the Kambal da Dome, approximately 600
km east of Perthin Western Australia’ sArchean 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
beltsvariesfrom approximately 1.0 million tonnes (Mt)
a 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 lodeis 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 isunclear 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-M S 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 abasal 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, inturn, isoverlain 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 (1645
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 K omatiite Formation reflects extensive pro-
grade and retrograde metamorphism at high X(CO,),
X(H20) and fluid:rock ratio.
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Fic. 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.
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STRUCTURE AND METAMORPHISM

The Otter—Juan ore shoot is a structurally complex
amalgamation of more than 60 individual orebodies.
Thedip, 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 orewith abasalt footwall and abasalt hanging-wall.
Directly west of the M ore surface isthe 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 rollsaway
from structurally emplaced ore and forms the W ore
surface. This ore surface has akomatiite footwall and a
komatiite hanging-wall. The basalt footwall flattens out
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at alower depth than theM and N ore surfaces, forming
another concentration of massive ore with abasalt 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 regiona
deformation around the Kambalda Dome. The first
event (D;) produced major north-verging recumbent
folds and south- to north-thrust stacking of stratigraphy
(Swager et al. 1995, Swager 1997, Myers 1992). This
event isresponsible for the first schistosity (S;) 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 (D)
at Kambalda Dome involved east—northeast, west—
southwest compression, resulting in the devel opment of
west—northwest, east—southeast recumbent folds and
thrusts (Cowden & Roberts 1995). Near a sulfide
orebody, the D, recumbent folding and thrusting pro-
duced the ore-confining re-entrant trough structures
observed at Kambalda (Archibald 1985, Cowden &
Raoberts 1990). The basalt pinchouts on the eastern and
western flanks of the Edwards lode, confining the M62
and R62 ore surfaces, respectively, areinterpreted to be
D, structures. The deformation isfocused on and around

Matrix Nickel Ore
i Massive Nickel Ore
Lunnon Basalt Footwall

[] Kambalda Komatiite Formation Hangingwall 0 50

EDWARDS LODE
Schematic Cross Section

METRES

Fic. 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 aresult of D, recum-
bent folding. The boudinage structures can be traced
down-plungefor at least two minelevels of the Edwards
lode. Some of the boudinage structures act as loci for
shearing during the third episode of deformation (D3).
En échelon F; folds indicating sinistral movement are
regionally associated with large transcurrent faults
(Swager et al. 1995). The KambaldaDomeisinterpreted
asaDj structure (Archibald 1985). D3 deformation was
identified as a series of upright to steeply northeast-dip-
ping, northwest-trending shearswithin the M62 and N62
ore surfaces of the Edwards lode. The D3 shears, which
cross-cut D, 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 (D) reactivated many of
the regional D3 transcurrent faults, producing locally
significant oblique faults that cross-cut and offset the
D3 faults (Swager 1997). D, is not considered to play a
significant role in the deformation history of the
Edwards lode.

The Kambal da 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 Dy, along with D3 hydrothermal
ateration and CO, metasomatism (Gresham & Loftus-
Hills 1981).
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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 revea 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 Edwardslodeis 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%,
1o, Fig. 3), present asamatrix of small (2-3 mm) grains
exhibiting metamorphic 120° triple-point junctions (i.e.,
agranoblastic texture). Pentlandite occurs aslarge (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 abasalt footwall and a komatiite hanging-
wall. Massive ore within the N ore surface exhibits
extremely variable morphology, pinching and swelling
from 1-2 cmto 1.5 m. Texturally, the N massive oreis
similar to that from the M, with pentlandite (41.2 £ 6.5
wt%, 1) occurring aslarge grains between 2 and 5 mm
in diameter in apyrrhotite matrix (39.3 + 9.6 wt%, 10).
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Fic. 3. Rangesand averagesfor sulfide and silicate abundances, expressed in volume %. The outliers are represented with black
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Asin 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 sgueezed 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%, 1o)
and pyrite (27.7 £ 11.3 wt%, 1¢), and a lower abun-
dance of pyrrhotite (22.3 + 10.9 wt%, 1¢). Pyrrhotite
occursaslarge 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 al 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 sel vages exhibit sul-
fide zonation at amicroscopic 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 veinswithin the massive ore arerandomly
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 &
LoftusHills 1981) generally overliesmassiveoreand is
located in the N62 ore surface of the Edwardslode. 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 themassive ore. In relatively undeformed matrix ore,
sulfides occur as fine-grained (0.75 mm) polymineralic
aggregates of crystals, with alength-to-width ratio about
1. In high-strain environments, sulfides of the ductile
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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
cumulusolivine. 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. Chal copy-
rite enrichment has aways 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-
cursat the basal contact of the massive orewithintheM
ore surface. The chromite band consists of densely
packed cumulusgrains, with individual crystals approxi-
mately 0.1-0.2 mm in diameter. Metamorphic bictiteis
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-
titeis often concentrated at the massive ore—matrix ore
contact within the Edwards lode. M agnetite enrichment
occurs at the contact between different ore-zones be-
cause of high f(O,) 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(O,) at ore-zone boundaries (Naldrett 1969).

Disseminated ore (<40% modal sulfides) hasasimi-
lar assemblage of sulfide mineralsasthe matrix ore. This
type of oreisnot well exposed within the Edwards|ode,
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 resultsin
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%,
1o). 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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Fic. 4. Along-axis (west-to-east direction) mineralogical variationsin 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.

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 sulfidewhole-rocks provide an estimate
of the precision achieved by these analytical techniques.
The precision isbelow 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-abl ation analyses. Electron-microprobe
analyseswere 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 interna 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 presentedin Table 1.
The precisioniswithin 15% RSD for the PGE, and 20%
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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 a 1 mJ and a crater size of 150 um. A detailed
description of this configuration, optimal instrumental
parameters can befound in Lahayeet al. (1997). Unlike
whole-rock analysis, laser-ablation HR-ICP-M S 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, asthe laser pro-
gressively ablates a pit into the sulfide grain. Data are
recorded as counts per second, which is directly pro-
portional to concentration. Perturbationsin 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, alowing
meaningful comparison of metal content between
samples of different sulfide abundance. “Tenorca” re-
quires XRF whole-rock Ni, Cu, Co, Fe and Svalues, as
well as QXRD-determined pyrrhotite: pyriteratios. The
XRF, QXRD, ICP-M S and Ni-tenor data are presented
in Table 2.

GEOCHEMISTRY

Mine devel opment 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
ling, thus providing true along-strike representation of
geochemical variation, are shown in Figure 5.

Thetenor 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 adistance 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.
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TABLL 1. MAICE ELEMENTS AND POE CONCUEN TRATIONS
[N SLILFLAES. B aRTE TAE ORE DEPOSLT

Prrite Chalcopvote  Mentlandiie Pyrrhotite 5td Prec. LoD

Major-glement data by elertron-microprobe analysis

i 4 16 L4 24

Switp 3199102 3371=03 312+£0D8 3732403

lig 4483+08 304=03 3053123 604303 493
Lo 30808 DOI£002  1Ae 0I5 -

i DAG£026 046+021 339027 04210018

i pOAEYOT 3194 =05 Q00=002 0010001 50

'IE by laser ablation TCP MS anavsis

n 4 15 25 26

Osppm 6327 L.E2 2110 2157 1297 14 (03
I 17 40 047 4.59 N LG LRI
Ru 2847 1.1 17.53 1346 1356 10 415
Rh 218 1782 125 1.4F 1212 3 021
Bt 1.29 28 1.1 1.2 1214 7 007
Bd 0.79 2R.T0 i2.74 447 1616 11 023
Au 115 - - - 327 20 014

n; tumber of analyses; < betow limit of detcetion. Std: standurd. Pree.: precision
(% RET Tl Wmil o detection {ppm ).

The pyrolite-mantle-normalized (McDonough &
Sun 1995) spectrum for massive and matrix oreis 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 chal copyriteisan important host for Au. These ear-
lier studieswerelater 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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Sample

Ze7711
267712
ZETTAS
ZETT4
Zo7715
26715
267717
Z6TTi8
767719
Z6TT20
767721
267722
ZHT723
Z67724
ZATT2S
Zo1126
Z67127
Z67728
7H1729
Z67730
Z67731
ZRITAZ
ZG¥733
267734
ZETT3S
267736
267737
267738
Z&T139
ZHT740
2677141
7ATI42
Z67143
267744
267745
767746
767747
267748
267749
Z&T750
267751
ZETT52
267753
Z&TT54
ZETISS
Z6TT56
Yk
Z67758
247759
267760

Z6776]  Disseminated
ZETI62 Diisseminated
Z57763 Disseminated

Type

Massive
Massive
Measive
Messive
Massive
Massive
Massive
Massive
Masgive
Massive
Masgive
Magsive
Massive
Mussive
Massive
Massive
Massive
Massive
Massive
Massive
Massive
Massive
Massive
Massive
Massive
Massive
Maszsive
Maszsive
Massive
Mazsive
Maszsive
Massive
Massive
Matrix
Matrix
Matrix
Matrix
Matrix
Matrix
Matnx
Matrix
Matrix
Matrix
Matrix
Matrix
Matrix
Matrix
Matrix
Matrix
Matrix

Ni

14.30
13.39
13.40
14.77
13.09
13.29
1345
14.0%
13.71
13.75
13.59
12,56
1482
16,62
15.7%
17.97
1438
13.62
17.35
15.36
1418

9.06
16.57
1137
17,15
14.57
i5.39
14.17
14 83
1717
17.16
16.63
18.33
14.99
17.30
15.4%
16.07
16.12
16.49
16.92
27.51
15.68
1131
16.74
17.01
[7.32
1762
17.62
17.87
1871

Mgt Mg Tl

Chi

Dol

XRF XRD XRND XRD XRD XRD XRD XRD XRD XRD

N Fe & Mg0 Si0, AL, CaD Pn  Po Py Cop

Tenor XRF XRF XRF XRF XRF XRF
1409 466 369 03 04 01 07 416 S10 46 22 07
1336 476 364 03 07 02 06 379 505 74 L7 21
1315 468 375 03 03 02 06 381 478 107 23 11
1286 408 330 10 31 06 12 364 460 94 Li 14
1201 451 400 3 0.5 01 b6 368 327 284 1.8
1362 474 377 0.3 0.5 02 67 387 460 1l4 23 i.7
13,01 458 388 0.3 0.6 0.4 e 379 337 247 21 12
1381 458 381 0.3 0.6 al 0DR 404 434 {47 16
1308 448 368 04 10 03 08 383 440 139 23 1D
1352 482 3606 03 0.4 a2 & 392 563 1.8 14 i1
1352 451 376 03 04 02 05 W2 565 47 06
12.07 4862 380 0.6 1.4 4 08 349 441 17.7 1.4 0.3
11.67 456 376 05 08 02 03 425 45 95 30 06
1655 460 366 04 08 02 03 475 464 26 18 14
14.51 425 340 1.3 29 0.3 1.8 427 485 07 33
1675 421 31 20 33 02 06 488 402 23 0.7
1381 434 383 11 16 02 10 413 397 148 14
1300 457 305 1.4 1.5 04 11 381 531 7.1
1630 424 349 16 21 05 09 475 4332 47 19
1485 445 364 04 06 01 06 426 479 64 27
1391 447 388 06 o7 02 06 405 31 230 19 4
778 377 357 32 67 18 20 231 137 449 23 13
1555 429 357 18 22 03 07 455 371 125 15 07
1091 468 379 1.1 18 04 05 2929 468 175 2.5 .9
1581 428 342 135 16 07 13 467 432 57 05 10
1424 430 39| 0.9 i 0z 0% 416 2031 2735 3z 0.8
1428 433 361 12 16 08 13 418 351 167 08 17
1283 413 351 21 37 1.4 0e 377 295 243 2.6
1426 455 374 08 17 03 08 424 11 157 02 08
1528 390 343 07 16 06 20 450 386 108 18 15
1602 443 377 0.2 0.6 0.1 1.0 468 167 345 1.3
1581 410 384 03 04 01 06 463 180 340 16
1671 440 364 05 18 04 10 487 180 NS5 03 12
537 200 50 161 279 1.2 36 156 63 17.0 0.3
303 181 72 224 258 1% 14 38 11 92 07 100
602 252 167 148 255 12 16 175 23 254 02 20
477 228 125 173 182 1.2 38 139 149 17.8 07 68
670 265 174 142 161 09 26 195 25 4] 1.5 4.0
561 220 144 1586 241 0.4 44 183 228 1.1 1.5
187 116 435 242 281 24 46 34 14 50 04 57
046 70 06 286 334 3E 31 13 0.6 54
530 274 144 152 16e 12 23 154 14 220 07 9.7
701 329 257 78 &5 04 44 207 210 182 25 56
6492 262 171 156 169 1.1 07 02 23 227 18 4.4
6,10 209 150 141 14.4 1.1 2.1 177 D4 224 1.2 121
891 307 212 112 129 09 14 260 26 280 2.0 3.6
572 222 1346 174 219 14 248 166 07 2032 4 1%
658 242 152 168 177 14 12 191 28 183 15 55
808 300 186 112 L2 70 17 2S5 21 246 13 34
740 256 1635 128 238 15 24 218 11 229 04 10
027 39 03 305 344 17 43 08
022 94 0.5 2 430 144 B2 0.7
009 147 02 151 2298 174 8l

02

02

37.8
4.0
360
262
223
355
35.0
380
21.8

9.6
22.9
18.9
17.0
299
229

310
51.0
1.0

ol

0.4
0.2
04
12

4.6

10.4
359
113
83
T.5
§4.0

10.9
42
45

120
83

145

145
2.7
kAl

142
20
6.9
4.4
8.3
59
53
13

133
03

Symbols used: pentlandite Pr., pyrrhotite Po, pytite Py, chalcopyrite Cep, magnetite Mgt, magnesite Mgs, tale Tle, chiorite Chi, dolomite Dol. Propartion
of mingrals in wt %. Proportions of elements and oxides in weight % Whole-rock data determingd by XRF, mineralogical mode determined by quantitative
X-ray diffraction.

Theanalysisof thesignal generated by the LA-HR—
| CP-M S with time during the ablation provides critical
information on the distribution of PGE within the

sulfide.

The concentration of Pd in apentlandite 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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TABLE 2b, WHOLE-ROCK DATA (AS DETERMINED BY ICP-MS), EDWARD'S LODE ORE DEPOSIT

Sample Type Os Ir Ry Rh Pt Pd A Cr Mn  Zn As 8¢ Mo Ay Te Fb
ppb  ppb  ppd  ppb  ppk  ppb  ppb  ppm  ppm ppm ppm ppm ppm ppm ppm  ppm
267111 Massive 620 410 1600 480 720 1200 85 230 78 21 440 340 1.2 2,00 34 30
Z67712 Massive 300 230 300 205 360 1700 40 84 104 22 880 410 1.6 oG 108 100
Z6ITL3 Massive BS0 S20 0 2350 1080 2050 2250 125 280 120 382 4600 340 19 210 90 140
267714 Masgive 350 245 860 300 GBO 1850 TO 490 400 58 160 5S40 25 200 185 100
Za7715 Massive 680 440 1800 470 14 1100 50 265 47 14 140 290 1.3 250 9.6 14.0
267718 Massive S00 330 1350 440 2250 1180 55 125 100 23 2540 390 1.4 210 116 1al
Z67717 Massive 600 400 1300 330 720 1400 15 120 BR 14 1020 4060 1.9 230 08 200
Z6T718 Massive 780 490 1950 520 1080 1500 15 245 68 15 520 340 1.3 1.40 0.0 6.0
Z67719 Massive 460 310 1180 39¢ 470 1500 95 Q80 120 52 300 400 1.5 220 1046 160
267720 Massive 350 250 040 33 2350 1850 55 106 116 18 840 430 2.1 1,60 135 140
Zarin Massive 840 540 2350 480 255 960 it} 210 68 Q 490 330 1.7 1.00 LX) 120
Z67722  Massive 000 560 2400 490 200 1200 35 920 120 32 120 330 16 190 102 120
Za7723 Massive 520 370 1400 440 195 900 110 450 22 43 210 350 1.% 250 66 120
767724  Massive 600 400 1550 460 106 1450 30 185 32 18 110 330 1.7 190 74 100
ZHFT2S Massive 440 00 1040 300 165 1500 30 F40 185 42 80 300 2 1.80 114 180
Z6TT26 Massive 410 265 Q00 450 a2 1400 15 250 150 21 90 295 1.8 1.9 180 120
Z67727 Massive 255 195 580 265 74 2250 35 150 102 14 noe 340 1.5 130 255 120
767728 Massive &0 190 1400 370 135 1850 15 460 210 12 a.n 29.0 19 140 200 120
267729 Massive 520 340 1250 330 135 1730 20 660 215 32 60 270 64 330 225 120
FEITI0 Bassive 380 263 950 330 88 B&0 50 260 74 20 70 300 1.5 230 a6 14.0
Z6TTIT Massive 660 410 1600 360 145 1300 90 340 205 24 76 290 15 350 64 180
267732 Massive 0 380 1400 320 185 2930 60 2830 430 114 5.0 90 42 280 175 140
F67733 Massive 410 290 o980 310 o4 1350 30 580 155 27 4.0 300 22 300 OR 120
767134 Massive 480 336 1140 380 185 1020 35 480 76 21 40 320 31 410 30 16.0
ZeT135 Massive 440 290 1180 350 520 1950 30 400 205 28 404 285 135 210 120 160
767736 Massive 640 400 1450 360 215 1650 55 380 62 21 40 320 16 520 135 160
Z67737 Masgive 500 340 1180 370 180 1450 25 680 155 25 4.0 300 27 340 135 140
Z6ETIIR Massive 560 350 1400 370 330 1750 75 080 25 72 50 290 3 380 160 180
ZaT7139 Massive 549 360 1430 360 180 1600 25 270 40q 12 40 350 17 290 170 149
Z67740 Massive 1200 &30 3400 620 350 1400 90 2550 350 a2 840 3160 7 220 600 120
£67741  Massive 000 S60 2500 S60 6RO SBG 55 70 130 24 1300 370 15 160 140 140
F67742 Massive 1060 640 2950 600 150 300 150 165 37 23 90,0 380 1.5 2.10 o6 160
Z67743  Massive 1160 640 4000 2250 3700 3300 12000 940 175 24 17000 350 3 LI0 102 100
Z67744 Matrix 230 140 620 145 125 s 105 450 To0 50 6.0 16.0 n7 100 135 80
Z6T745 Matrix 150 100 390 100 T2 215 40 B840 1180 i 3.0 T8 0.3 0. 23 6.0
Z6T746 Matrix 3¢ 210 a6 10 102 390 25 2150 560 84 50 16,5 08 1.10 7.2 120
Z6T7747 Matrix 58 52 120 72 210 330 35 La50 12350 T2 4.0 135 06 093 38 16.0
Z67748 Matrix 190 130 460 130 102 320 25 1700 1160 b6 20 160 {6 1.70 6.4 12.0
67749 Mauix 265 170 640 163 &4 400 0 1750 1180 82 30 135 0.5 1.30 26 R0
Z6TT50 Matrix 44 34 29 36 120 290 15 940 1100 68 24 5.0 4.2 0.60 1.1 40
o775 Matrix 14 10 30 9 20 56 1652 1060 (03] 10 aze 02
o772 Marrix 190 125 450 i18 200 460 20 3100 960 80 2.0 14.5 0.5 .90 4.0 10.0
67753 Mairix 285 220 740 275 360 1060 45 3300 1120 62 50 20 09 31 66 120
ZBTT54 Matrix 235 160 540 150 175 760 50 940 920 78 10 16.3 07 230 34 12.0
ZaTIAS Matrix 140 104 320 120 420 20 25 2850 1200 &4 165 4 130 47 120
87756 Matrix 235 150 560 135 160 213 13 340 920 130 240 200 ] 330 66 120
ZaTIST Matrix 320 215 760 210 330 580 45 1250 1000 88 130 @5 110 45 80
£OTISE Matrix 84 10 225 110 163 500 S 960 aeo 82 17.5 09 1.90 T2 120
L6759 Matnix 265 175 760 220 155 360 20 1800  &00 L) 1635 11 220 205 8.0
o760 Matrix 330 205 900 240 460 340 40 37 600 T4 280 185 1.2 080 52 8.0
267761 Disseminated 8 3] 10 3 0 ] 1000 520 30 20 i 020 03 4.0
2671762 Disseninated g [ 22 [ in 10 10 295 1250 94 20 4 040 02 6.0
Z677163 Disseminated 4 4 500 1830 130 1.0 02 410 40

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(Sh,Bi)Te. A grain of chalcopyrite from the same

sampl e showed that Rh, Pd and Ag arein solid solution,
and that Pd is also associated with Bi, Te and Sb within
aPGM, 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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Fic. 5. Plan of the Edwards lode orebody. The geochemical sample localities are adjusted to the plunge-line mean.

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 alimited 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). Thiscom-
parison demonstrates good agreement among the calcu-
lated values, based on in situ analysis of sulfides for
elementssuch 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 recal culated concentrations within the
massive sulfide are lower than the average bulk-com-
position. The analytical data presented here agree with
thefindings 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, 10). However,
the massive ore samples are within the Mssfield. 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 isthe massratio of silicate melt to sul-

fide melt, which controls the absolute concentration of
chalcophile metal's partitioned between the equilibrated
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Fic. 6. Along-axisvariationin Ni tenor within the Edwardslode. Domains highlight variation in Ni tenor within the M62, N62

and R62 ore surfaces.

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 isamajor 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 oretypeswould then consist of successive segrega-
tion of sulfidesfrom the magmas, and variationsin com-
position would depend on the partitioning of the metals
into these successive segregations. The more

chalcophile metals would partition more strongly into
theinitial 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
orewith the same composition. The average tenor of Ni
for the matrix ore-zone is calculated at 16.4 wt%,
whereas the massive oreis 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-
tiveto variation in R factor because of their higher par-
tition-coefficients (Dpge >> Dy, €.0., Barnes et al.
1997). The PGE should therefore exhibit amuch greater
concentration in the matrix and disseminated ore than
in the massive ore. However, the PGE tenors of the
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Fic. 7. Pyrolite-normalized (McDonough & Sun 1995) concentrations of the PGE in massive (open sguares), 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 recal culated concentrations of the massive ore (black squares), based on the concentra-

tions and modal percentage of the sulfide phases.

massive, matrix and disseminated ores are similar if
normalized to a pyrolitic mantle source (Fig. 7). A ma-
jor problem with the R-factor hypothesisisthat thetenor
within the N62 ore surface is extremely variable (>8%)
inavery short distance (<12 m). Itisdifficult to explain
how dynamics of flow of the komatiitic lava could pro-
duce such avariation in R factor, and thus in Ni tenor,
over such ashort distance within asingle 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

Anincreasein the oxygen fugacity of asulfide-satu-
rated silicate melt will increase the tenor of Ni in the
immiscible sulfide melt owing to an increase in
Fe3*:Fe?* ratioin 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(O5), and that the entire range of ore compositions
could be accounted for by variationsin f(O,) of lessthan
one log unit. His interpretation was later criticized by
Doyle & Naldrett (1987), who showed that an increase

TABLE 3. AVERAGE COMPOSTTION OF
THI TR ARDS O OQRE DEPOSLE

Massive Watrix Disseminated

{lre COre Ore
Average Average Avenge
n 33 oo b7 n=3

Major clements by XRE (in 100% B)

NI witi 1467 14.%7 14.54
Cu .55 099 6%
POF by e assaw and [CP KS {in 1002 &)
135 pyvm .64 0.4 1,37
Ir 041 0.23 .38
It Lag 1.22 1.3%
Fh 1.5t 0.3 (.38
P 0.&1 .47 E
Fd L& 1.09 1.26
Au n.44 0.a7 014
Averap: pereentags ol sullide phases (in V0% 5
Cpy vul % 184 280 1.84
I'n 1150 Erail 4ikxy
Iy 1545 4672 61
Fo 40181 441 665

(LR
Ore
Becale.

14.64
061

083
038
204
3%
009
[5G
HI3

184
41.80
[5.45
4381
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Fic. 8. A. Osmium versus iridium concentrations (ppb). B.
Ni tenor (Wt%) ver sus osmium concentration (ppb). Closed
symbols represent massive ore, and open symbols repre-
sent matrix ore.

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(O,) / f(S;) (Lesher &
Campbell 1993). Variation in f(O,) is evauated here as
ahypothesis 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 beruled out. An
increasein the proportion of pyrite and magnetitewould

THE CANADIAN MINERALOGIST

occur within high-tenor oreswith increasing f(O5): f(S,).
This change in f(O,) could be related to assimilation of
H0 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,
aresult of differencesin rates of oxygen diffusion rates
between massive and matrix ores (Naldrett 1969). Such
mineralogical evidence for variation in f(O,) as a con-
trol of variation in tenor is not present within the
Edwards lode. It is & so unclear how the flow dynamics
of asingle komatiitic flow could produceinternal varia-
tionsin f(O,) large enough to yield the observed varia-
tionin Ni tenor over such ashort distance. Wetherefore
consider it unlikely that variation in f(O,) isresponsible
for the variation in Ni tenor observed along strikein the
Edwards lode.

Post-vol canism 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-vol canism processesineffective 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 alarge degree of post-vol canism 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 oreison
average 7 wt% higher than that in massive ore. This
variation was attributed by Keayset al. (1981) to atrans-
fer of 5 wt% of the origina sulfur from the matrix ore
tothe massive ore. Variationsin 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-1PGE ra-
tios of concentration exhibit consistency along the axis
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Fic. 9. Variations of the S, Fe and Ni content (wt%) for ore samples from the Edwards
lode orebody. The average composition of the KambaldaDomeis also shown (Naldrett

1989). The symbols are asin Figure 7.

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 islikely to have produced the highly variable Ni
tenor observed within the Edwards lode. The solubility
of Ni in fluidsis 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.

TABLL 4. COMPARISON OF VHE Ni TENOR IN THE LDWARDS LODHE

WITIUTHAL [N G HEE ORE SHOOTS OF THT KAMBALDA [KIML
"L his study Laayur ™l retl l.esher &
[19%d) {1989 Campbel] {1993)
Fdwards lode 1531
Tumon 12.8 122
Hunl 4§ 1.1 107
Otler—luan 158 138 14.4
Figher 133 14
Long 12.3 14.4 138
enfahon 122 12
Ken 6.1 15
Durkin 1.2 4.3
Casrotig] el
Yigtor 16.6
AveTage [53-2 7. 52 14223 1567

The M coner s cxpressed in wita

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 astandard 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 (10), respectively. Ross & Keays (1979)
proposed that the high Ni tenor of the Durkin shoot (18.2
wit%, 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 therange of the average Ni tenorslistedin 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 thelarge intra-ore-shoot variationin 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
astandard deviation of 2.0 wt% Ni (1¢). Thisfact ques-
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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 Edwardslode. The
west-flank R ore surface exhibitsinternal 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.
Thearbitrary 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|ode, which iswithin 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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