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Introduction

Nickel sulphide mineralisation was first discovered in the Kambalda Dome in 1966, approximately
70 years after gold was identified. The Kambalda Dome is a doubly plunging anticline cored by
granitic intrusions post-dating nickel sulphide mineralisation. Nickel sulphide mineralisation is
primarily hosted within the volcanic stratigraphy exposed along the flanks of the intrusions, and
occurs as discontinuous to semi-continuous lenticular bodies of mineralisation termed ‘ore shoots’
(Gresham and Loftus-Hills, 1981).

The Kambalda Dome is hosted within the Kambalda Domain of the Kalgoorlie Terrane, which
represents one of the fault-bounded tectonostratigraphic units into which the Eastern Goldfields
Superterrane is subdivided (Swager et al., 2002, 2007; Cassidy et al. 2006; Kositcin et al., 2008;
Figs 1, 41).

The three main lithostratigraphic sequences of the Kalgoorlie Terrane are: 1) the Kambalda
Sequence, 2) the Kalgoorlie Sequence and 3) the Kurrawang and Merougil Sequences (Krapez et
al., 2000). Figure 42 schematically illustrates the volcano-sedimentary sequence preserved in the
Kambalda and Kalgoorlie Sequences at Kambalda: nickel sulfide mineralisation is mostly
localised at the contact between the Lunnon Basalt and Silver Lake Member of the Kambalda

Komatiite Formation.

The Kambalda Sequence comprises the Lunnon Basalt, Kambalda Komatiite (Silver Lake Member
and Tripod Hill Member), Devon Consols Basalt, Kapai Slate, and Paringa Basalt. The eruption
age of the Kambalda Komatiite in the Kambalda Sequence is constrained by contemporaneous
komatiite and dacite volcanic activity in the Boorara Domain (Trofimovs et al., 2004) and in the
Agnew—Wiluna greenstone belt (Fiorentini et al., 2005). Zircon U-Pb age determinations from the
dacite volcanic rocks contain an average age of 2707 + 4 Ma (Kositcin et al., 2008; Claoue-Long
et al., 1988; Nelson, 1995, 1997, 1998). Direct Re—Os isotopic age determinations on nickel
sulphide mineralisation from Mount Keith generated a comparable isochron age of 2706 + 36 Ma
(Foster et al., 1996). A detrital zircon age of 2692 + 4 Ma was obtained from the Kapai Slate,
which represents an upper age limit for the Paringa Basalt of the Kambalda Sequence (Claoue-
Long et al., 1988).
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Figure 41. Regional map of the Yilgarn Craton modified from Cassidy et al. (2006). Nickel deposits
are shown as red triangles and the Kambalda Dome is outlined.

The Kambalda Sequence is unconformably overlain by the Kalgoorlie Sequence (Black Flag and
White Flag Formations), which comprises four unconformably bound sequences, characterised by
andesite, dacite, and rhyolite volcaniclastic and epiclastic rocks with minor mafic lavas and
sedimentary rocks (Woodall, 1965; Travis et al., 1971; Hunter, 1993; Hand, 1998; Krapez et al.,
2000). Age determinations constrain the deposition of the Kalgoorlie Sequence to between

2686 + 3 Ma and 2658 + 3 Ma (Krapez et al., 2000). The Kalgoorlie Sequence has been interpreted
to represent deposition in a series of deep-marine intra-arc basins within an extensional to

transtensional tectonic environment (Hand, 1998; Brown et al., 2001; Krapez and Hand, 2008).

The Kurrawang and Merougil sequences unconformably overlie the Kalgoorlie Sequence (Krapez
et al., 2000). The Kurrawang Sequence comprises an upwards-fining succession of conglomerate,
sandstone, and mudstone, interpreted to represent high-density, coarse-grained to low-density,
fine-grained turbidites (Krapez et al., 2000). The Merougil Sequence also consists of upward-
fining successions of conglomerates and sandstones, but is interpreted to represent fluvial bar and

channel systems (Krapez et al., 2000).
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Figure 42. Stratigraphic sequence of the Kambalda and Kalgoorlie Sequences. Modified from
Lesher and Arndt (1995) Beresford et al. (2002), KrapeZ and Hand (2008). Stratigraphy adapted
from Gresham and Loftus-Hills (1981), Cowden and Roberts (1990), Swager et al. (1992), Krapez
(1997). Ages based on U-Pb SHRIMP data from Claoue-Long et al. (1988), Krapez et al. (2000),
Kositcin et al. (2008).

Kambalda Sequence stratigraphy

As the focus of this discussion is primarily concerned with the setting of nickel sulphide
mineralisation in the Kambalda Dome, the following detailed stratigraphic summary is limited to
those units contained within the Kambalda Sequence and underlying basement, and will not

discuss the overlying Kalgoorlie, Kurrawang, and Merougil Sequences.

Basement

Over the years, various studies have speculated on the nature of the basement underlying the
Kambalda Dome stratigraphy. A number of lines of indirect evidence support the presence of an
older basement. Ages >3.4 Ga are identified within the cores of xenocrystic zircons from samples
of the Lunnon Basalt, Devon Consuls, and Paringa Basalts (Compston et al., 1986), with
subsequent metamorphic overgrowths occurring between 3.2 to 3.1 Ga, and final overgrowths
dated at 2.7 Ga (Compston et al., 1986). Trace element and isotopic data support the hypothesis
that magmas from the Kambalda Sequence (i.e. Lunnon Basalt — Kambalda Komatiite — Devon

Consols — Paringa Basalt) may have been generated through varying degrees of crustal
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contamination (Arndt and Jenner, 1986) and mixing of a depleted mantle source with an enriched

subcontinental lithospheric mantle (Said and Kerrich, 2009).

Lunnon Basalt

The Lunnon Basalt forms the footwall to the Kambalda Komatiite Formation and is at least

2000 m thick, dominated by thin, 2-30 m flows, with a minimum lateral extent of 500 km?
(Kambalda to Tramways, extending to Bluebush in the south; Squire et al., 1998). Stratigraphically
equivalent basalts are observed throughout the Eastern Goldfields Terrane, and potentially

represent 1.5 million km® of erupted basalt (Lesher and Arndt, 1995).

Four lithological facies are identified within the Lunnon Basalt and consist of: pillowed basalts,
massive basalt, basalt breccia, and sulphidic metasediments (Squire et al., 1998). Pillowed flows
contribute c. 45% of Lunnon Basalt stratigraphy and commonly exhibit well defined rims with
radial and sub-concentric perlitic fractures, and associated periodic flow-top breccia (Gresham and
Loftus-Hills, 1981; Squire et al., 1998). Massive basalts comprise c. 45% of the sequence and are
dominated by fine- to medium-grained basalt flows ranging in thickness from 10-140 m. It is
thought that the Lunnon Basalt erupted in an aqueous environment with at least 700 m of water
depth (Squire et al., 1998), and that eruption was generally passive with magma transport through
lava tubes on an average slope of <10° with paleo-flow towards the west, ranging from southwest
to north-northwest (Squire et al., 1998).

The Lunnon Basalt tholeiites are characterised by moderately high MgO contents, high Ni and Cr
abundances, low incompatible element concentrations, and minor LREE depletion (La/Sm, = 0.76
to 0.85; Redman and Keays, 1985). The basalts have been subdivided into an upper and lower
sequence, separated by interflow sediments. The lower basalts (high-Mg series basalts; HMSB) are
slightly less evolved (0.69% TiO,, 8.3% MgO) and contain olivine phenocrysts, whereas the upper
basalts (low-Mg series basalt; LMSB) are more evolved (0.91% TiO,, 7.8% MgO) and do not
contain olivine phenocrysts (Redman and Keays, 1985). Vesicles and amygdales are observed in

the lower sequence but absent from the upper sequence (Squire et al., 1998).

The Lunnon Basalts are interpreted to have formed during decompression melting of a mantle
plume in the subcontinental lithospheric mantle, which was depleted in LREE by a previous small-
degree partial melt extraction (Redman and Keays, 1985; Campbell et al., 1989). Geochemistry
and 1sotope work indicates a possible mixed source for their generation, with a combination of
both depleted and primitive mantle sources (Lesher and Arndt, 1995; Said and Kerrich, 2009).

Sediments

Metasedimentary units occur throughout the Kambalda Sequence, but are predominantly
intercalated within the Silver Lake Member of the Kambalda Komatiite, rather than within the
Lunnon Basalt, where sediments are commonly thin and discontinuous. Rare sedimentary

structures (e.g. low-angle cross lamination, small scale scours, and scour truncations) are locally
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observed and indicate a very-low energy depositional environment, in either deep or quiet shallow
conditions (Squire et al., 1998). A thin sedimentary horizon is documented in a number of drill
intersections approximately 100200 m below the contact between the Lunnon Basalt and the
overlying Kambalda Komatiite Formation. This horizon represents a rather continuous
stratigraphic marker, which divides the geochemically less evolved from the slightly more evolved
basalts in the Lunnon Basalt Sequence (Gresham and Loftus-Hills, 1981; Redman and Keays,
1985). Sediment abundance increases towards the top of Lunnon Basalt, with the unconformity
between mafic and ultramafic units marked by a thin (< 5 m) stratigraphic sedimentary horizon

(contact sediments of Bavinton, 1981).

Within the Silver Lake Member of the Kambalda Komatiite Formation, interflow sediments
(internal sediments of Bavinton, 1981) are intercalated with komatiite flows, defining the
boundary between successive flow lobes. Xenocrystic zircon age determinations of 2702 + 4 Ma
were derived from the sediments (Claoue-Long et al., 1988). In the Silver Lake Member there is a
general (with very few exceptions; cf. Bavinton, 1979, 1981) antithetic spatial relationship
between the localisation of nickel sulphide mineralisation, which is generally hosted within
channelised/trough-like environments, and the sediments, which are dominantly restricted to the
flanking environments, and are ubiquitously absent from the ore prism/channel facies and a 100—
300 m wide zone flanking the channel (Bavinton, 1981).

Interflow sedimentary units have limited lateral continuity and are only continuous over 200—

500 m, with highly variable thickness (Bavinton, 1981). The sediments are interpreted to attain a
cumulative maximum thickness at a distance of ¢. 500 m from the channel facies, thinning towards
the channel (Bavinton, 1981). Stratigraphically above the Silver Lake Member, interflow
sediments progressively disappear, with only a few thin discontinuous intervals reported in the
Tripod Hill Member (Bavinton, 1979; Gresham and Loftus-Hills, 1981).

Three main types of sediments have been documented within the Kambalda Dome area and
described in detail by Bavinton (1979, 1981). In decreasing abundance they consist of: 1) light
grey to white siliceous cherts, 2) dark grey to black carbon-bearing slates, and 3) dark-green
chlorite and amphibolite-rich non-siliceous units. Sediment samples typically contain 20-25 wt%
iron sulphide in the form of pyrrhotite in thin 5—15 mm layers, and periodically as small trains of
spherical sulphide nodules parallel to the apparent layering. Total sulphide content increases up
through the stratigraphy.

Sediment-ore association

Sediments are not commonly found associated with ore zones (Fig. 43). This has led to the
interpretation that thermo-mechanical assimilation of sediments occurred within the channel
environment, where turbulent magma effectively scoured the sediments upon emplacement of the
komatiite units (Lesher, 1983; Lesher et al., 1984). Consequently, the assimilation of sulphur led

the komatiites to sulphide saturation. Most ore zones are characterised by a trough-like feature
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hosting mineralisation, with an abrupt transition to a barren contact, commonly containing a 5—
30 cm thick chlorite zone. The basal chlorite zone grades laterally into planar metasediments,
which are dominantly cherty in appearance (Bavinton, 1979). Sediment distribution in the
Kambalda Dome is best summarised by Gresham and Loftus-Hills (1981), where ‘approximately
60—70% of the ultramafic—basalt contact at the Kambalda Dome is sediment-bearing, and the

majority of sediment-free contact areas contain ore’.
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Figure 43. Block model showing distribution of contact sediments within the channel and flank
facies. Modified from Gresham and Loftus-Hills (1981), and Stone and Masterman (1998).

Kambalda Komatiite Formation

Stratigraphy and volcanology

Silver Lake Member

The Silver Lake Member comprises approximately one-third of the Kambalda Komatiite
Formation and varies in thickness from 50-200 m. The Silver Lake Member consists of one or
more laterally continuous flow units, characterised by thick ortho-mesocumulate channels, and
thinner flanking environments (Hill et al., 1995; Lesher and Arndt, 1995; Beresford et al., 2002).
Nickel sulphide mineralisation is associated with thickened (>30 m) channels, whereas flanking
facies environments are commonly barren. The basal flow channel is interpreted to reside in a
shallow (5-30 m deep), pre-existing linear topographic feature, which was further modified by

thermo-mechanical erosion and/or deformation (Gemuts and Theron, 1975; Lesher et al., 1984;
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Groves et al., 1986; Lesher, 1983, 1989; Stone and Archibald, 2004; Stone et al., 2005; Williams
et al., 1998).

Channel facies environments attain thicknesses of up to 100 m and are generally characterised by
olivine ortho-mesocumulates. Thickened olivine cumulates are the product of sustained lava flow
and continuous olivine accumulation with variable abundance of chromite (Hill et al., 1995).
Consequently, channel environments are interpreted to be highly dynamic systems, and contain
complex cooling histories within B-zone cumulates. B-zone cumulates commonly represent
multiple composite cooling units, with the formation of spinifex (<1-10 m thick) at the flow top
forming only once flow velocity has decreased, post-dating a portion of the lower B-zone olivine
accumulation (Hill et al., 1995; Lesher and Arndt, 1995). We refer to Arndt et al. (2008) and

Barnes (2006) for a comprehensive discussion of komatiitic textures and volcanological features.

Flanking environments of the Silver Lake Member commonly have a constant thickness of 15—
35 m. Flanks exhibit a well-differentiated sequence of A-zone spinifex and B-zone cumulates
dominated by orthocumulates. Thin interflow metasedimentary units are common in the flanking
environment, ranging in thickness from <1-10 m. The relationship between channel and flanking
facies is addressed in detail by Beresford et al. (2002).

Tripod Hill Member

The Tripod Hill Member comprises approximately the upper two-thirds of the Kambalda
Komatiite Formation observed in the Kambalda Dome. The Tripod Hill Member ranges in
thickness from 100-1000 m, and is thickest on the northern and western flanks of the Kambalda
Dome, and thinner on the eastern flank and in the St Ives, Tramways, and Bluebush areas to the
south (Lesher and Arndt, 1995; Beresford et al., 2002). The Tripod Hill Member is characterised
by thin (1-10 m) well-differentiated komatiite flow units. Flows exhibit well-developed flow top
breccia, thick spinifex zones, and well-developed B-zone cumulates (Gresham and Loftus-Hills,
1981).

Spinifex-textured samples from the Tripod Hill Member range from 15-32 wt% MgO, 0.4 — 0.5
wt% Ti02, 440-920 ppm Ni, and 2500—4020 ppm Cr (Lesher and Arndt, 1995). Overall, komatiite
flows are characterised by a lower MgO content than in the underlying Silver Lake Member, the
result of a lower overall proportion of cumulus olivine. Within the Tripod Hill Member, a trend of
decreasing MgO content up-sequence is observed (Gresham and Loftus-Hills, 1981).
Metasediments are generally absent from the Tripod Hill Member. The Tripod Hill Member
displays LREE enrichment relative to the Silver Lake Member, the result of minor (c. 5%) crustal
contamination (Lesher and Arndt, 1995). In terms of chalcophile element concentrations, the
Tripod Hill Member displays normal background values (i.e. not enriched or depleted; cf. Lesher
et al., 2001). Accordingly, it is likely that these komatiites did not equilibrate with any sulphide

liquid during crystallisation and fractionation.
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Devon Consuls Basalt and Paringa Basalt

Overlying the Kambalda Komatiite Formation is a sequence of mafic volcanic and intrusive
bodies. In the Kambalda Dome, the transition from the underlying ultramafic units (Kambalda
Komatiite) to the mafic volcanic units is generally sharp, with the exception of St Ives and
Tramways, where the mafic and ultramafic units display interfingering relationships (Gresham
and Loftus-Hills, 1981). The mafic units are siliceous high magnesium series basalts (SHMSB)
comprising two members: the Devon Consuls Basalt (lower member) and the Paringa Basalt
(upper member; Redman and Keays, 1985). Both members contain abundant (up to 30%)
phenocryst phases of olivine, pyroxene, and feldspar (Redman and Keays, 1985). The Kapai Slate,

which is a thin (1-10 m) sedimentary unit, separates the two members.

The Devon Consuls Basalt has a total thickness of 60—100 m and is characterised by two
lithologies: 1) pillowed flows with felsic ocelli, and 2) massive komatiitic basalt with minor
pillowed phases (Ferguson and Currie, 1972). The basalts are further classified into two
geochemical groups: 1) high-Si, low-Mg basalt characterised by 52—-60 wt% SiO,, 4-6 wt% MgO,
6.7 — 7.4 wt% FeOxy, 0.71 — 0.83 wt% TiO,, 742-896 ppm Cr, 231-278 ppm Ni; and 2) low-Si,
high-Mg basalt characterised by 47-52 wt% Si10,, 9—16 wt% MgO, 9.8 — 12 wt% FeOy, 0.64 —
0.77 wt% Ti0O,, 5761173 ppm Cr, 152-393 ppm Ni (Redman and Keays, 1985; Arndt and
Jenner, 1986). Trace element data of the Devon Consuls Basalt exhibit flat HREE primitive mantle
normalised patterns with moderate LREE enrichment and no apparent Nb depletion (Arndt and
Jenner, 1986; Bateman et al., 2001). Undepleted chalcophile element abundances within the unit
indicate that the basalt lavas were emplaced sulphide undersaturated (Redman and Keays, 1985;
Lesher et al., 2001). SHRIMP and U—-Pb age determinations of xenocrystic zircon contained within
the Devon Consuls Basalt exhibit a range of ages from 3450 + 3 Ma to 2652 + 12 Ma (Compston
et al., 1986). Two geochrons are identified, where the oldest (3385 + 10 Ma) represents
crystallisation age of the basement, and a younger (2693 + 50 Ma) is the age of basaltic volcanism
(Compston et al., 1986).

The Kapai Slate is subdivided into two facies assemblages: a lower carbonaceous shale and an
upper unit, which comprises incised turbidites and carbonaceous shales (Krapez et al., 2000).
Lithologically, the Kapai slate is composed of carbonaceous shales, with minor, pale, cherty
sediments and felsic volcaniclastic rocks (Bavinton, 1979; Bateman et al., 2001). Xenocrystic
zircon age determinations from the Kapai Slate produced minimum ages of 2692 + 4 Ma, with
grains as old as 3441 + 18 Ma (Claoue-Long et al., 1988).

The Paringa Basalt (upper member) exceeds 500 m in thickness and is dominated by massive or
pillowed mafic flows. Massive units are interpreted as either massive sheet flows or intrusive
units, and commonly contain medium- to coarse-grained differentiated portions in the central
sections (Gresham and Loftus-Hills, 1981; Said and Kerrich, 2009). The Paringa Basalt rocks are
characterised by c. 10.6 wt% MgO, 10.7 wt% FeO, 13.0 wt% Al,O3 1070-2020 ppm Cr, 280470
ppm Ni with strong LREE-enrichment (Arndt and Jenner, 1986; Lesher and Arndt, 1995).
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The Paringa Basalt is subdivided based on geochemistry into a lower enriched basalt, characterised
as komatiitic basalt to high-magnesium tholeiitic basalt (HMTB), and an upper depleted basalt,
characterised as HMTB (Said and Kerrich, 2009). The upper depleted basalt exhibits a narrow
compositional range (Mg# 61-75) and a flat primitive mantle normalised pattern with slight LREE
depletion. The lower enriched basalt is characterised by Mg# from 53—76 with LREE-enriched

primitive mantle normalised patterns (Bateman et al., 2001; Said and Kerrich, 2009).

The enriched Paringa Basalt (lower unit), characterised by LREE enrichment with negative
anomalies at Nb and Ti, was initially interpreted by Barley (1986) as a crustally contaminated
ultramafic unit. However, Said and Kerrich (2009) indicated that the disparity in geochemistry
between the two Paringa Basalt geochemical subunits can be attributed to a mantle plume
interacting with the asthenospheric mantle that had a component of older crust recycled back into
it (Said and Kerrich, 2009). Despite displaying a complex petrogenetic history, the Paringa Basalt
lavas were emplaced sulphide-undersaturated and preserve normal chalcophile element

concentrations (Redman and Keays, 1985; Lesher et al., 2001).

Intrusions

A complex sequence of intrusions post-dates and crosscuts the mafic and ultramafic units of the
Kambalda Sequence stratigraphy. Geochronology indicates that the majority of these granitoid
intrusions were emplaced between 2.70 to 2.63 Ga, both coeval with and post-dating felsic
volcanism of the Kalgoorlie Sequence (Brown et al., 2001). Intrusion lithologies vary from biotite
monzogranites, granodiorites to trondhjemites (Witt and Swager, 1989; Champion and Sheraton,
1993, 1997; Witt and Davy, 1997).

Geochemistry

The Silver Lake Member of the Kambalda Komatiite Formation comprises Munro-type komatiites
with initial liquid compositions of up to 30 wt% MgO (Lesher et al., 1984; Lesher, 1989; Lesher
and Arndt, 1995). Olivine in equilibrium with the initial liquid would be approximately Foos,
similar to that observed within the channel facies olivine cumulate zones (Ross and Hopkins,

1979; Lesher, 1989). The Silver Lake Member komatiites exhibit major and trace element
variations consistent with the fractionation and accumulation of olivine and minor chromite, akin
to other Munro-type komatiite systems (Barnes et al., 2004, 2007). Accumulation of pyroxene is
not observed in the channel facies. However, pyroxene (metamorphosed to amphibole) is prevalent
in the more fractionated flanking facies of the Silver Lake Member and is interpreted to reflect the

fractionated composition of magmas in this environment (Lesher and Arndt, 1995).

Channel facies are characterised by >40 wt% MgO and inferred olivine compositions ranging from
Fogg-94 (Ross and Hopkins, 1979; Lesher, 1989; Barnes et al., 2007). Channel facies spinifex
ranges in composition from 16-31% MgO, 0.31 — 0.53 wt% TiO,, 385-1610 ppm Ni, 1280-3670

ppm Cr; rare earth element abundances are characterised by La/Sm, ratios from 0.4 — 0.7 with
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slight LREE depletion over HREE (Lesher and Arndt, 1995). Conversely, flanking facies
cumulates are characterised by lower MgO contents (35-40% MgO) and olivine compositions
ranging from Fogg ¢;. Spinifex-textured samples from the flanks are commonly characterised by
12-21 wt% MgO, 0.41 — 0.55 wt% TiO,, 424—1810 ppm Cr, and 71-410 ppm Ni, with LREE

enrichment relative to the channel spinifex (Lesher and Arndt, 1995).

Although thermo-mechanical assimilation of crustal material occurred upon komatiite
emplacement (Groves et al., 1986; Williams et al., 1998; Bekker et al., 2009), channel
environments from the Silver Lake Member do not generally exhibit evidence of crustal
contamination, displaying LREE depletion (La/Sm,, of 0.6 — 0.7) and chondritic ratios of MREE
and HFSE (A1,05/Ti0; ~ 20, Ti/Zr = 97, Gd/Yb., = 1; Arndt and Jenner, 1986). However,
evidence of crustal contamination is locally recorded in the flanking facies (Lesher and Arndt,
1995; Lesher et al. 2001), as observed with LREE enrichment. It is argued that geochemical
evidence of crustal contamination is only preserved in the flanks and not in the channels because
of the highly dynamic nature of komatiite systems. In fact, in the channels the assimilation and
contamination process that occurred upon thermo-mechanical erosion of the substrate is generally
followed by extensive magma recharge, effectively removing and diluting any geochemical
signature of this interaction. Conversely, magma recharge in the flanks is less pronounced and
preservation of a crustal contamination signature is permitted (Lesher and Arndt, 1995; Lesher et
al., 2001). Throughout the Kambalda Dome komatiite system, there is very little physical evidence
of contamination: locally, felsic ocelli, which may be derived from sediment assimilation, are
identified along channel margins (Frost, 1985; McNaughton et al., 1988; Frost and Groves, 1989;
Frost, 1992).

For a comprehensive review of PGE geochemistry of the Silver Lake Member of the Kambalda
Komatiite Formation, we refer to Heggie (2010) and Fiorentini et al. (in press). The authors
integrated a large body of high-precision PGE analyses from various locations, with a focus on the
Long—Victor system on the eastern flank of the Kambalda Dome, and investigated the complex
relationship between PGE variation and localisation of different styles of nickel sulphide
mineralisation (Fig. 44). The authors concluded that the Silver Lake Member komatiites generally
display background PGE concentrations typical of other 2.7 Ga Munro-type komatiites globally
(Maier et al., 2009). Anomalously PGE depleted samples are rare and generally concentrated on
the flanking environments of large channelised environments. Conversely, samples from the

channels are either undepleted or display anomalous PGE enrichment.
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Figure 44. Relationship between MgO content and chalcophile element concentrations from
samples collected at the Long—Victor deposit, located on the eastern flank of the Kambalda Dome
(cf. Figure 45). All data are labelled according to volcanic facies where samples where collected:

Ch Bz = B zone from channelised environments; Ch Spfx = A zone from channelised environments;
F1 Bz = B zone from flanking environments; Fl Spfx = A zone from flanking environments. Data
from Heggie (2010).

Nickel sulphide mineralisation

Mineralisation setting

Basal contact mineralisation occurs at the contact between the footwall basalts and the overlying
ultramafic flows. Basal contact ore surfaces occur within embayments or depressions in the top of
the footwall basalts, termed troughs or channels (Lesher, 1983). The formation of trough or
embayment features is still contentious with two existing interpretations. The first interpretation
states that thermal-mechanical erosion of flowing ultramafic lavas was responsible for the down-
cutting and entrenchment of the ultramafic flows into the sediments overlying the pillowed basalts
(Lesher, 1983, 1989; Beresford et al., 2005). The second interpretation suggests a strong structural
control on the troughs, either through pre-existing faults with syn-eruption graben development, or
during subsequent deformation of the greenstone belt (Stone and Archibald, 2004; Stone et al.,
2005). Evidence for both interpretations is extensively documented, and a combination of both
(pre-existing structures/topography and the erosive action of the ultramafic magma followed by

regional deformation) is most likely responsible for the current ore surface configuration.
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Troughs within the Kambalda Dome area vary in size, but are commonly narrow and elongate with
lengths up to 2300 m and widths <300 m (Gresham and Loftus-Hills, 1981). Mineralisation within
major troughs is dominantly continuous, yet occurs as small (20—130 m) elliptical ore bodies in

minor troughs.

Hangingwall ore occurs stratigraphically higher but usually within 100 m of the komatiite—basalt
contact (Gresham and Loftus-Hills, 1981). Hangingwall mineralisation within the Lunnon, Hunt,
and McMahon ore shoots (Fig. 45) occurs at the contact of the basal ultramafic flow unit and the
second flow unit, with nickel sulphides residing on the A-zone spinifex of the basal flow (Groves
et al., 1986).

Finally, structurally mobilised ore is characterised by the mechanical transportation of sulphide
into areas of dilation and lower tectonic pressure (e.g. fold hinges, fault dilation zones, shear
zones) away from the primary accumulation site (Lesher and Keays, 2002). Mobilised ore is
restricted to massive sulphides, because they are generally more ductile than disseminated sulphide
(cf. McQueen, 1981, 1987).

Mineralisation style

Basal and strata-bound mineralisation zones are commonly 1-3 m thick, with intervals up to 10 m
thick. Mineralisation consists of a massive sulphide layer, (<Im thick) overlain by a zone of
matrix mineralisation. Massive sulphide ore is defined as >80% sulphide comprising pyrrhotite,
pentlandite, pyrite, and chalcopyrite with minor spinels concentrated at some basal or top contacts
(Groves et al., 1977). Massive ore is generally banded with alternating layers of pyrrhotite- and
pentlandite-rich bands. These bands formed during recrystallisation under directed stress, and are

generally parallel to the adjacent wallrock contacts (Ewers and Hudson, 1972).

Matrix mineralisation is defined as mineralisation with 40-80% sulphide abundance, with the
remainder comprising serpentine or talc, pseudomorphs after original olivine, within a continuous
matrix of sulphide. In the Kambalda Dome area, matrix mineralisation exhibits a gradation of
sulphide abundance from 40—60% at the top, to 60—80% sulphide at the base of the unit, and
ranges in thickness from 1-3 m (Gresham and Loftus-Hills, 1981; Keays et al., 1981). Matrix

mineralisation exhibits a greater lateral continuity than the massive sulphide.

Finally, disseminated mineralisation is rarely observed within the Kambalda Dome area. However,
disseminated mineralisation is observed in both basal contact and strata-bound settings.
Disseminated mineralisation is characterised by <10-40%, commonly 5% interstitial sulphide

within an ultramafic host.

Orthomagmatic mineralisation in the Kambalda Dome

The eastern flank of the Kambalda Dome contains the Gibb, Long, and Victor ore shoots. These
ore shoots are characterised by dominant basal contact mineralisation with strong structural control
on trough development or modification (for a review on the genesis and development of through-
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like embayments see Beresford et al., 2002; Stone and Archibald, 2004). Sediments are generally
absent from within the ore environment of the shoots. However, contact sediments are observed in
the flanking positions to the troughs, and hanging-wall sediments are observed in the flanks, and

can stratigraphically overlap the trough structures.

The Gibb ore shoot (Fig. 45), up-dip of the Long ore shoot, is 1300 m in length and attains a
maximum width of 150 m. The Gibb shoot is arc-like, plunging shallowly to the north and south
and terminated at the northern end by extensive felsic intrusions. Ni-sulphide mineralisation is
hosted within the basal komatiite flow, which attains a maximum thickness of 50 m. The
mineralisation resides in a complex trough structure dominated by basalt-basalt pinch-outs
(Gresham and Loftus-Hills, 1981).

The Long ore shoot (Fig. 45) occurs down dip of the Gibb ore shoot and has a known plunge
length of 2300 m, and remains open both up- and down-plunge (giving rise to the Long North and
Long South targets of Independence Group and recent discoveries of the Moran and McLeay ore
bodies; Fig. 45). The Long shoot attains a maximum width of 300 m and is characterised by steep
to sub-vertical dips, but appears to shallow as it plunges to the south. Mineralisation is contained
within a low-relief trough structure, within the basal komatiite flow which attains a thickness of
c. 100 m.

The Victor ore shoot (Fig. 45), south of the Gibb shoot, represents its down-plunge extension,
separated by extensive felsic intrusions. The basal flow unit attains thicknesses of >75 m within
the trough, has a defined mineralised plunge length of 850 m, and another 700 m of unmineralised
extension prior to the development of the McLeay ore body. Nickel sulphide mineralisation within
the Victor shoot occurs in a well-defined trough structure c. 200 m in width, and is defined by

high-angle normal faulting up dip and low angle reverse faulting down dip.

Alteration and metamorphism

Alteration and metamorphism studies on the Kambalda Dome have been conducted by Ross
(1974), Barrett et al. (1977), Bavinton (1979), Marston and Kay (1980), Gresham and Loftus-Hills
(1981), Arndt and Jenner (1986), Barley and Groves (1987), and summarised by Swager and
Griffin (1990) and Lesher et al. (2001). Komatiite units in the Kambalda Dome have undergone
seafloor hydrothermal alteration with alteration intensity (i.e. serpentinisation) increasing towards
the top of the succession (Barley and Groves, 1987). Later regional metamorphism comprising
further serpentine alteration and talc—carbonate alteration locally overprints the primary seafloor

alteration assemblage.
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Figure 45. Geological map of the Kambalda Dome area with mineralised nickel sulphide ore shoots
projected to surface. Major ore shoots are labelled. Map projection UTM zone 16 with WGS84
datum.

Regional metamorphism in the Kalgoorlie Terrane (e.g. Kambalda Dome) is dominantly upper
greenschist facies, but exhibits variation from prehnite—pumpellyite to lower amphibolite facies.
Metamorphism occurred at low to intermediate pressure (2.5 £ 1 kb to >4.5 kb) and temperatures
of 500-600°C, with peak metamorphism occurring during late D2 to D3 (Binns et al., 1976;
Bavinton, 1979; McQueen, 1981; Bickel and Archibald, 1984; Wong, 1986). Low-grade
metamorphism is associated with the central cores of the greenstone belts, whereas higher grades

are observed along the periphery (Brown et al., 2001).

Texturally, many primary igneous features are still visible within the lithological units around the
Kambalda Dome, yet complete replacement by alteration assemblages has occurred locally. The

limited development of penetrative deformation fabrics also aids in the preservation of primary
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igneous textures. Progressive mineralogical changes through hydrothermal alteration were
observed in the ultramafic lithologies (Gresham and Loftus-Hills, 1981; Cowden and Roberts,
1990). Glass and pyroxene were progressively hydrated to form tremolite and chlorite, whereas
olivine is altered to serpentine. Antigorite was identified as the dominant serpentine mineral and
either formed via direct serpentinisation of olivine at peak metamorphic conditions, or is a result of
prograde metamorphism of a lizardite assemblage. Progressive carbonation of the serpentinites
resulted in destruction of tremolite and antigorite and the formation of talc—dolomite and talc—
magnesite assemblages. The only relict igneous minerals are chromite and rare portions of
cumulate olivine within the Durkin and Victor shoots of the Kambalda Dome (Gresham and
Loftus-Hills, 1981; Lesher, 1983).

Alteration effects on sulphide mineralisation are variable and highly dependent upon the metals
involved, abundance of sulphide, and alteration conditions. Work on the Mt Keith disseminated
ore body shows the progressive upgrading and Ni-enrichment of the sulphides with alteration
(Donaldson, 1981; Grguric et al., 2006). However, recent work by Barnes et al. (2010) indicates
that high tenor nickel sulphide assemblages may be primary and not require secondary enrichment.
Furthermore, progressive alteration at the Black Swan deposit and selected ore shoots in the
Kambalda Dome has shown limited effects on the composition of mineralisation (Lesher and
Campbell, 1993; Barnes, 2004; Barnes et al., 2009).

Komatiite lithologies are especially susceptible to element redistribution due to the reactive nature
of high-MgO rocks during low-grade metamorphism. Overall, most komatiite systems exhibit high
loss on ignition values (during XRF whole rock analysis) attributed to the addition of volatiles to
the system. More advanced alteration and metamorphism has variable effects on the geochemistry
and mobility of elements within these systems (Arndt and Jenner, 1986; Lahaye et al., 1995;
Lesher and Arndt, 1995; Kerrich and Wyman, 1996; Lesher and Stone, 1996). Large ion lithophile
elements (LILE; Cs, Rb, K, Na, Ba, Sr, Ca, Eu+2), with large ionic radii and low charge, have high
susceptibility for mobilisation during alteration events (Xie et al., 1993; Lesher and Arndt, 1995;
Lahaye et al., 1995). The mobility of LILE varies from local remobilization, complete removal or
enrichment within the system during seafloor alteration, hydrothermal alteration, and regional

metamorphism.

Rare earth element and high field strength element mobility is dependent upon fluid composition,
with CO,-rich fluids having a stronger influence on element mobility than H,O-rich fluids (Lahaye
et al., 1995). Light rare earth elements (LREE: La, Ce, P, Nd) are relatively immobile, yet may
become mobile in CO,-rich fluids. Limited mobility is observed at low fluid/rock ratios for the
high field strength elements (U+4, Th, Ta, Nb, Zr, Y, and HREE), aluminium, the first period
transition elements (Sc, Ti, V, Cr; Mn, Co, Ni) and the highly siderophile elements (Fe and PGE).

Sulphur mobility within nickel sulphide systems of the Kambalda Dome was proposed by Marston
and Kay (1980), Seccombe et al. (1981) and McQueen (1987). However, work by Keays et al.

(1981) on ore tenors and chalcophile elements in the silicate host rocks did not show a strong
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relationship between sulphur and the metal abundance in samples containing <0.2 wt% sulphur.
The lack of correlation between the two was attributed to metamorphic and metasomatic
redistribution of only S (= Au and Cu). Work by Seccombe et al. (1981) and Stone et al. (2004)
identified sulphur loss through oxidation from prograde metamorphism, with disseminated
sulphides being more susceptible to sulphur loss than net-textured and massive sulphides. Lesher
and Campbell (1993) identified post crystallisation mobilisation of sulphur with no systematic

correlation between degree of sulphur mobility and change in chalcophile element abundance.

Alteration effects on PGE abundances in whole-rock samples are perhaps the most difficult to
identify, leading to the inference of limited PGE mobility during alteration. However, PGE-
enriched hydrothermal ore deposits have been identified (Hanley, 2006; Wilde, 2005), and PGE
mobility and fractionation during weathering is documented (Cameron and Hattori, 2005; Traoré
et al., 2008) in aqueous solutions at very high salinities and oxidation states (Wood and Norman,
2008), thus supporting PGE mobility in sulphur poor rocks under certain conditions. However,
PGE immobility is documented at the Black Swan deposit, which is characterised by pervasive

talc—carbonate alteration (Barnes et al., 2004).

Geodynamic setting of the Kambalda Nickel Camp

The Kambalda Nickel Camp represents one of the largest komatiite-associated nickel sulphide

systems in the world (Barnes, 2006). Refining our understanding of the ore forming process at the

deposit scale may provide useful information in order to constrain the geometry and localisation of

specific ore zones, but it does not provide insights into why the Kambalda Nickel Camp is where

is. Conversely, it is crucial to constrain the geodynamic environment that permitted the formation

it

of such an endowed domain and the clustering of so many mineralised systems in a restricted area.

According to the mineral systems approach defined by McCuaig et al. (2010), in order to fully

comprehend the salient features that control the clustering of mineralised systems it is necessary to

investigate a wide range of data sets at multiple scales. Accordingly, it is necessary to also identify

the lithospheric controls on the localisation of the Kambalda Nickel Camp. Figure 46a illustrates

the Nd model age map of the Yilgarn Craton of Western Australia (Champion and Cassidy, 2007),

whereas Figure 46b is a simplified geological map, which outlines the setting of the largest nickel

sulphide systems. Figures 47a and b show a close up of the Kambalda domain of the Kalgoorlie

Terrane.
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Figure 46 a) Nd model age map of the Yilgarn Craton (Champion and Cassidy, 2007); b) geological
map of the Yilgarn Craton (GSWA 2008 1:500 000), showing the localisation of nickel sulphide
deposits in the Eastern Goldfields Superterrane. Inset area outlined by square is shown in Figure
47. From McCuaig et al. (2010). See Chapter 1, Figure 19 for data sources.
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Figure 47. Inset from Figure 46: a) Nd model age map of the Kambalda domain in the Kalgoorlie
Terrane (Champion and Cassidy, 2007); b) geological map of the Kambalda domain in the
Kalgoorlie Terrane (GSWA 2008, 1:500 000), showing the localisation of nickel sulphide and gold
deposits. The black box highlights the Kambalda Nickel Camp locations. From McCuaig et al.
(2010).

The isotopic map is interpreted as providing a snapshot of the lithosphere architecture at c.

2.65 Ga. This map can be utilised as a proxy to image the major lithospheric discontinuities, which
may have acted as active pathways for large volumes of hot mantle-derived melt to reach upper
crustal levels without undergoing any significant differentiation. In other words, steep colour
gradients (interpreted as lithosphere scale boundaries) in the isotopic map in Figure 46a show

areas of where hot magmas were most likely emplaced.

All along the Kalgoorlie Terrane, from Wiluna in the north to south of the Kambalda Dome,
highly mineralised komatiites (e.g. Mount Keith, Perseverance, Black Swan, Kambalda) are
localised along the boundary between the isotopically juvenile Eastern Goldfields Superterrane
and the older Youanmi Terrane. Arguably, this boundary may represent a significant lithospheric
discontinuity at c. 2.7 Ga, along which high volumes of hot komatiites could be emplaced and
interact with crustally derived sulphur (cf. Bekker et al., 2009) to generate giant nickel sulphide
ore systems. Figure 47 shows how the spatial relationship between nickel sulphide mineralisation
and the lithospheric boundary, as reflected by the different isotopic nature of the Youanmi and
Eastern Goldfields Superterrane, holds down to the camp scale (Mole et al., 2009; Champion and
Cassidy, 2007). On Figure 47 it is noted that the greenstone belts strike NNW, yet the camps of
nickel sulphide mineralisation appear to follow the arc of the paleocraton margin imaged by the

Nd model age map.
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