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ABSTRACT

Most komatiite-associated magmatic Ni—Cu—(PGE) sulfide deposits formed from sulfide-undersaturated magmas and are
interpreted to have formed in dynamic lava channels or magma conduits by incorporation of crustal sulfur. They commonly
exhibit geochemical and isotopic evidence of crustal contamination and chal cophile element depletion on the scale of individual
cooling units or parts of individual cooling units that appear to be associated with the ore-forming process. It is possible, there-
fore, to discriminate between rocks generated during ore-forming processes and rocks generated during normal igneous processes
by identifying signatures characteristic of crustal contamination (e.g., Th—-U—-L REE enrichment, negative Nb-Ta-Ti anomalies)
or sulfide segregation (e.g., Co—Ni—Cu—PGE depletion) (or both) and distinguishing them from signatures characteristic of nor-
mal igneous fractionation or accumulation of crystals. The amounts of contamination and chal cophile element depletion pro-
duced during the ore-forming process depend on several factors: 1) the stratigraphic architecture of the system (e.g., thicknessand
physical accessibility of the contaminant), 2) the fluid dynamics and thermodynamics of the lava or magma, 3) the physical,
chemical, and thermal characteristics of the contaminant, 4) the amount of contaminant melted and incorporated (e.g., amount of
silicate partial melt), 5) the sulfur and metal content of the contaminant, 6) the initial saturation-state of sulfide in the magma,
7) the assimilation:crystallization ratio, 8) the amount of lava replenishment, and 9) the effective magma:sulfide ratio (R factor)
of the system. Because these processes vary independently from deposit to deposit, from areato areawithin adeposit, and within
asingle areawith time, there are many opportunities to decouple contamination from chalcophile element depletion.
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SOMMAIRE

Dans la plupart des cas, les gisements de sulfures de nickel, cuivre, et éléments du groupe du platine associés aux coulées
komatiitiques se sont formés a partir de magmas sous-saturés en sulfures. |1s se seraient formés dans un milieu d’ épanchement
dynamique, dans des chenaux ou conduits, comme résultat de I’incorporation de soufre d’ origine crustale. D’ apres les critéres
géochimiques et isotopiques, ces gisements témoignent de contamination crustale et d’un appauvrissement en éléments
chalcophilesal’ échelle de venuesindividuelles et des parties composantes de telles venues qui semblent associées alaformation
de minerai. Il est donc possible de distinguer entre les roches générées au cours de processus de minéralisation et les roches
stériles généréeslors d’ une cristallisation normal e en identifiant | es signatures caractéristiques de la contamination (par exemple,
enrichissement en Th, U et terres rares |égéres, et anomalies négatives en Nb, Ta et Ti) ou de la ségrégation de sulfures (par
exemple, appauvrissement en Co, Ni, Cu et éléments du groupe du platine) (ou les deux) par rapport aux caractéristiques d’'un
fractionnement normal ou d'une accumulation de cristaux. Le degré de contamination et d’ appauvrissement en éléments
chalcophiles dépend de plusieurs facteurs: 1) I’ architecture stratigraphique du systéme (par exemple, I’ épaisseur du contaminant
et I'acces a celui-ci), 2) les aspects de la dynamique des fluides et de la thermodynamique de la lave ou du magma, 3) les
caractéristiques physiques, chimiques, et thermiques du contaminant, 4) la quantité de contaminant fondue et ainsi incorporée
(c'est-a-dire, la proportion de fusion partielle), 5) lateneur en soufre et en métaux du contaminant, 6) I’ état initial du magma par
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rapport alasaturation en phase sulfurée, 7) le rapport d’ assimilation & cristallisation, 8) I'importance du réapprovisionnement de
lalave, et 9) lerapport effectif de magmaa sulfure (facteur R) du systeme. Parce que ces processus varient indépendemment d’un
gisement al'autre, d’'une partie d’'un seul gisement a une autre, et méme dans une seule partie en fonction du temps, il y aeu
plusieurs occasions de découpler |e phénomeéne de contamination de I’ appauvrissement du systeme en ééments chal cophiles.

(Traduit par la Rédaction)

Mots-clés: discrimination géochimique, komatiite, gisements de nickel, cuivre, et ééments du groupe du platine, contamination.

INTRODUCTION

Komatiite-associated magmatic Ni—Cu—(PGE) de-
posits are interpreted to have formed in lava channels
or magma conduits (Lesher et al. 1984, Lesher 1989,
Hill et al. 1990, 1995, Barnes et al. 1999) from sulfide-
undersaturated magmas (Keays 1982, 1995, Lesher &
Groves 1986, Naldrett & Barnes 1986). Those contain-
ing stratabound disseminated sulfides (e.g., Mt. Keith,
Dumont) appear to have crystallized from magmas that
reached sulfide saturation at alate stagein their crystal-
lization history, whereas those containing stratiform
massive to disseminated Ni-Cu—PGE) sulfides (e.g.,
Kambalda, Perseverance, Raglan, Thompson) appear to
have crystallized from magmas that reached sulfide
saturation early in their crystallization history.

In the case of stratabound disseminated deposits, the
compositions of the cumulate rocks and relict igneous
olivine (Donaldson et al. 1986, Duke 1986, Lesher
1989) indicate that the magmas have not experienced
significant degrees of fractional crystallization. A
mechanism other than fractional crystallization isthere-
fore required to bring the magmas to sulfide saturation,
a process that obviously did not occur in the many cu-
mulate komatiites that do not contain sulfides. Mass-
balance calculations indicate that there may have been
sufficient S in the magma to generate the amount of
sulfide observed in the deposits, but even if that process
involved contamination, deposits of this type appear to
have formed via a process involving relatively large
amounts of magma flow-through and the crystallization
of large amounts of olivine (Donaldson et al. 1986,
Lesher & Groves 1986, Duke 1986, Barnes et al. 1995,
Lesher & Stone 1996). Asaresult of a) the large mass-
fractions of magmainvolved, and b) the decreasein the
bulk partition-coefficients for the chal cophile elements
in presence of olivine (see discussion by Lesher &
Burnham 2001), most deposits of this type do not ex-
hibit geochemical evidence of contamination. Inthe case
of stratiform massive to disseminated deposits, however,
the amount of sulfides is too great to have been dis-
solved in the magmas (Lesher & Groves 1986, Lesher
& Campbell 1993, Lesher & Stone 1996), and an exter-
nal source of sulfur is required.

The compositions of the sulfides and the lavas that
equilibrate with them will depend on the extent to which
lavaequilibrateswith the sulfides (Campbell & Naldrett

1979), whether the sulfur is derived internally or exter-
nally (Naldrett 1981), the composition of the contami-
nant (Lesher & Burnham 1999, 2001), and whether
incomplete or incongruent melting produces other com-
ponents such as residues, xenoliths, xenomelts, or
xenovolatiles (Lesher & Burnham 1999, 2001). How-
ever, on the scale of individual cooling units or parts of
individual cooling units, most stratiform massiveto dis-
seminated deposits exhibit some geochemical and iso-
topic evidence of crustal contamination and chal cophile
element depletion that seem to be associated with the
ore-forming process (e.g., Groves et al. 1979, Lesher &
Groves 1984, Barnes & Picard 1993, Barneset al. 1995,
Lesher & Arndt 1995, Perring et al. 1996, Barnes &
Maier 1999, Lesher et al. 19993, b; seeaso Ripley 1986,
Lightfoot et al. 1990, 1993, 1994, Naldrett et al. 1992,
1996, Walker et al. 1991, 19944, b,1997, Brigmann et
al. 1993, Lambert et al. 1998, Ripley et al. 1998). It is
commonly possible, therefore, to discriminate between
komatiites generated during ore-forming processes and
komatiites generated during normal igneous processes
by identifying characteristics of crustal contamination
or chalcophile element depletion that differ from those
of normal igneous fractionation or accumulation of
crystals.

The purpose of this paper is to discuss the whole-
rock geochemical consequences and geological interpre-
tation of contamination and sulfide segregation in
komatiitic systems. As discussed by Lesher et al.
(1999a), many of the principles discussed here may aso
be applied to ferropicritic, picritic, and basaltic systems,
but the focus here will be on komatiitic systems.

GEOCHEMICAL DISCRIMINATION
Komatiite geochemistry

The geochemistry of komatiites is controlled by
many variables and processes, including: the composi-
tion of the source and residue, the pressure, tempera-
ture, nature, and degree of partial melting, the nature
and degree of crustal contamination, the degree of frac-
tional crystallization and accumulation, and the degree
of remobilization of elements via alteration, metamor-
phism and metasomatism (e.g., Nesbitt et al. 1979,
Beswick 1982, Xieet al. 1993, Anderson 1994, Kerrich
& Wyman 1996, Lesher & Stone 1996, Herzberg &
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O’'Hara 1998, Lesher et al. 1999, Sproule et al.,
submitted).

The high Mg contents of aphyric and random spin-
ifex-textured komatiites (up to 30% MgO in many areas)
and the high Fo content of relict igneous olivine (up to
Fog, in many areas) require derivation from a mantle
source. Low abundances of incompatibl e trace elements
indicate moderate to high degrees of partial melting (30—
60%), depending on the composition of the source and
the degree of prior extraction of melt (see Lesher &
Stone 1996). The lower Mg contents of komatiitic
basalts (up to 18% MgO) and the lower Fo contents of
relict igneous olivine (up to Fog;) also require deriva
tion from a mantle source, but may be produced by
lower degrees of partia melting (15-30%) depending
on the composition of the source and the degree of prior
melt extraction (see Lesher & Stone 1996). Sourcesthat
have experienced prior melt extraction are depleted in
highly incompatible el ements relative to moderately in-
compatible elements (e.g., [Th/Sm]un < 1 and [L&/
Sm]un < 1), with the degree of depletion proportional
to theamount of melt extracted. Conversely, sourcesthat
have been enriched (for example via incorporation of
the sedimentary component of subducted oceanic crust)
areenriched in highly incompatible elementsrelative to
moderately incompatible elements (i.e., [Th/Sm]yn > 1

TABLE 1. GEQUHEMICAL CHARACTERISTICS OF MATDR
GEOLOGICAL RESERVOIRS* AND KEY RATIOS USED
TG DISCRIMINATE BETWEEN CRUSTAL CONTAMINATION
AND CHALCOPHILE ELEMENT DOPLETIDN

Continerta] N-MORB  Depleted ALK Key
Crust Manile Ratios
HILE strongly  moderalely  arrongly  veny strongly Th/La, Th/Sm,
entiched  depleted depleted joplated  TW/YD, La/Sra
Mb-Ta-Tif  moderately moderately moderstely  strongly NbiLa,
enriched lepletod Jepleted depeted NBTh
MILE slightly  undepieted undeploted  alighily LY,
enriched to slightly  enriched GdiYh
enriched
ICE undepleted moderately undepleted  alightly PA/TL,
depleted  toslightly  enriched Pd/Yh
enriched
CCE strongly  stromgly  undepieted  slightly NiMg,
depleted  depleted  toslightly  depleted Nih*,
enriched e

HILE: highly incompatibie lithaphile elements (Cs—Rb-Ba-Th-U-7.RFF), MILE:
moderdtely patible lichophile el ts (MREE-Y). ICE:. mcompatible
chalcophile elements {Au, Cu, FPGE), CCE: computible chaleophile elements (Co,
Mi, TPGE). Tn addition, LEEE light rare-sarth elements, MREE. middle rare-earth
elements, FREE: heavy rare-earth elements, #°CE: Pt-group platinum-group
shementy, PG Tr-group platinum-group elements, N-MORB: “normal™ mid-coean
ridge bazalt (141 5% partial melt uf depleled mantie}, AUK: Al-undepleted (Munro-
type) komatitte (~50% partial melt of depleted mantle). # Nb-Ta-Tiare depleted in
continental crust relative to clements of similar eomparibility,. NN rdo of
meessured Ni o thet expected from mlfide-free olivine fractionation or accumulation.
* {ompited from ‘Taylor & McLemman {1985}, Hofinann {1988), Jochum ef af.
{1991}, Rudnick & Fountain (1993),
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and [La/Sm]un > 1), with the degree of enrichment pro-
portional to the degree of source enrichment.

The major- and trace-element geochemistry of
komatiitesisalso strongly controlled by the retention or
melting of minerals in the source (e.g., Neshitt et al.
1979, Herzberg & O'Hara 1998). The efficiency of this
mechanism is determined by the composition of the
source, the degree of melting, and also by the depth of
partial melting, which influences the stability of miner-
als such as those of the garnet group. Komatiitic melts
derived from sources in which garnet is retained will be
depleted in Al, Sc, Y, and heavy rare-earth elements
(HREE) relative to Ti, middle rare-earth elements
(MREE), light rare-earth elements (LREE), and large-
ion lithophile elements (LILE). Melts derived from
sources in which clinopyroxene, orthopyroxene, and
olivine areretained do not have significantly distinctive
trace-element signatures.

Crustal contamination

Geochemica and mass-balance studies have shown
that the depleted mantle (and magmas extracted from
depleted mantle), and the continental crust (and sedi-
ments derived from the continental crust), have distinc-
tive, yet complementary geochemical signatures (Table
1). These complementary signatures have been attrib-
uted to extraction of the continental crust at an early
stage in the evolution of the Earth (Hofmann 1988).
Thus, the continental crust is enriched in highly incom-
patible lithophile elements (Cs, U, Th, Nb, Ta, LREE)
relative to moderately incompatible lithophile el ements
(MREE, Y, Zr, Hf) and highly compatible elements (Cr,
Mg, Ni, Co). The upper crust is, however, less enriched
inTaand Nbrelativeto Th, and lessenriched in Ti rela
tive to MREE, a feature that has been attributed to re-
tention of these elements in oxide phase(s) in eclogite
during crustal recycling (e.g., Weaver & Tarney 1981,
Rudnick et al. 1998).

Asaconsequence, uncontaminated magmas derived
by a moderate to high degree of partial melting of de-
pleted mantle should be systematically depleted in
highly incompatible lithophile elementsrel ative to mod-
erately incompatible lithophile elements and highly
compatible elements, whereas magmas contaminated by
crust should be enriched in highly incompatible
lithophile elements, with pronounced negative Ta and
Nb anomalies, and moderately enriched in moderately
incompatible lithophile elements, with slightly negative
Ti anomalies (Table 2). In detail, however, the compo-
sitions of mantle-derived magmas vary considerably
owing to recycling of oceanic crust and enrichment of
the subcontinental lithospheric mantle (see above), and
the compositions of crustal sedimentsmay beinfluenced
by awide variety of other processes related to weather-
ing. Accordingly, the precise nature of the signature due
to crustal contamination may vary from areato area.
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TABLE 2. WHOLE-ROCK GEOCHEMICAL S1GNATURES OF
MINERATIZI TNITS IN KOMATITE-ASSOCTATED
Ni-Cu—{PGE} DEPQSITS* RELATIVE TO TNMINERALIZED UNITS
TN THE SAME SEQUENCE AND TO TXPECTED VALUES
FOR UNMINERALIZED KOMATITIC MAGMAS

Kambalda Perseverance  Raplan Thompsun
MgG Higher Higher § Higher Lower?
[La/Sm),py Lower Higher Higher Higher
[N/ Th],y, and [NLa]ye, Higher 1.ower Lower Lower
[Pd¥h]goand [PATilx Higher Lower}  Lowerd  Lower?
NUM] o Higher Lower b Lower § Lower §

(4B, = primitive mantle-normalized ratios (MeDonough & Sun 1695), § the
Minerafized Units at Perseverance are &8s magnesian than the Me Dunite Lens, but
are more Magnesian than barren anking units (see discussion by Barnes et el 1988).
} Whole-rock samples containing sulfides normally have higher abundances (see
Figures in text), but olivine and barren whaole-rock samples sre commonly depleted
in chalcophile elements. ¥ Az summarized from Lesher & Groves {1984), Barnes ¢/
al. (1988, 1995), Lesher & Amdt {1995) and Lesher &f af. (159%a).

As a result of significant differences in their
lithophile and chal cophile trace-element compositions
and their modes of formation, the magma and crustal
component will also exhibit significant differences in
both radiogenic and stable isotopic compositions. If the
crust is substantialy older than the magma, it will be
enriched in radiogenic Sr, Os, and Pb and unradiogenic
Nd (Faure 1986, Dickin 1995). If the source of sulfur is
a sedimentary rock, it may contain significant amounts
of anomalously heavy or light Sor C, depending on the
environment of formation (Ohmoto 1986). Sulfide-bear-
ing sedimentary rocks also usualy have significantly
higher S/Se valuesthan rocks containing only magmatic
sulfides (Stanton 1972).

Although crustal contamination should therefore be
evident from changes in the geochemical and isotopic
compositions of the magmas and associated ores, the
nature of these changes will vary with the relative
masses of the various componentsin the system (L esher
& Burnham 1999, 2001).

Depletion in chalcophile elements

Chalcophile elements, such as Co, Ni, Cu, the plati-
num-group elements (PGE: Pt, Pd, Rh, Ru, Ir, and Os),
and Au, partition very strongly into sulfides relative to
silicate magmas or silicate minerals. Experimentally and
empirically determined sulfide melt — silicate melt par-
tition-coefficientsin komatiitic systems are ~30 for Co,
100200 for Ni, 600-1000 for Cu, ~3000 for Se, and
103-10° for Au and the PGE (see reviews by Lesher &
Stone 1996, Mathez 1999). Silicate magmasthat equili-
brate with sulfides thus will become depleted in the or-
der PGE >> Se > Cu >> Ni > Co.

THE CANADIAN MINERALOGIST

Komatiites and komatiitic basalts have PGE contents
that are consistent with a high degree of partial melting
of the mantle, indicating that they consumed al of the
sulfide in the mantle and that they remained sulfide-
undersaturated during ascent and emplacement (Keays
1982, 1995, Naldrett & Barnes 1986, Lesher & Stone
1996). An exception isthe Barberton komatiites, which
contain only half of the Pd levels of other komatiites
(Keays 1982). Many continental flood basalts, which
appear to have formed at lower degrees of partial melt-
ing, also contain normal levels of the PGE, but those
that show evidence of extensive interaction with crustal
rocks are strongly depleted in the PGE (Brigmann et
al. 1993, Brooks et al. 1999). Mid-ocean-ridge basalts
(MORB) are uniformly depleted in the chalcophile ele-
ments, a feature interpreted to indicate retention of sul-
fides in the source (Crocket 1979, Hamlyn et al. 1985,
Keays 1995).

The partitioning of highly chalcophile metals be-
tween sulfides and magmas has been discussed by
Campbell & Nadrett (1979), Naldrett (1981), Campbell
& Barnes(1984), and Lesher & Burnham (1999, 2001).
Magmas that equilibrate with sulfides at high values of
the magma:sulfide ratio (R) may exhibit no significant
depletion in any of the chalcophile elements, magmas
that have equilibrated with sulfides at moderate R may
exhibit chalcophile element depletion for elements
where R < 10D, and magmasthat have equilibrated with
sulfides at low R may exhibit significant depletion in
al of the chalcophile elements. In systems where the
externally-added sulfide contains significant concentra-
tions of chalcophile elements, the magma may appear
depleted or enriched in certain chalcophile elements,
depending on their relative abundancesin theinitial sili-
cate and sulfide liquids, the compatibilities of the met-
als during olivine fractionation, and R (see discussion
by Lesher & Campbell 1993, Lesher & Burnham 1999,
2001).

Enrichment in chalcophile elements

Just as magmas that have equilibrated with sulfides
at various R factors may exhibit variable degrees of
chal cophile element depletion, rocks containing sulfides
will be variably enriched in chalcophile elements, de-
pending on the R factors under which they formed and
the abundance of sulfides. For example, rocks contain-
ing sulfidesthat have equilibrated with magmas at high
R may be enriched in al chalcophile elements, rocks
containing sulfides that have equilibrated with magmas
at moderate R may be relatively enriched in Co > Ni >
Cu > Se> PGE, and rocks containing sulfides that have
equilibrated with magmas at low R may be only slightly
enriched in chalcophile elements (see Lesher &
Burnham 1999, 2001).
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Alteration

Interpretations of the extent of contamination by
crust and of depletion in chalcophile elements in
komatiites are complicated by the effects of ateration
(e.g., Donaldson 1981, McGoldrick & Keays 1981,
Beswick 1982, Gruau et al. 1992, Arndt et al. 1989,
Lesher & Arndt 1995, Lahaye et al. 1995, Lahaye &
Arndt 1996, L esher & Stone 1996). Alkali elements (Cs,
Rb, K, Na) and akaline earth elements (Ba, Sr, Ca,
Eu?*) have low charges and large ionic radii, are easily
complexed in hydrothermal and metamorphic fluids,
and are hosted by readily atered igneous phases (e.g.,
glass, feldspar) or common metamorphic phases (mi-
cas), so they are commonly mobilein komatiites during
seafloor ateration, hydrothermal alteration, and regional
metamorphism. Some chal cophile elements(e.g., S, Au,
Cu, Zn, Pb) aso are easily complexed in many hydro-
thermal and metamorphic fluids and are hosted by
readily altered sulfides, so they are also commonly
mobile. U%* may be mobile in oxidizing fluids and the
LREE may be mobile in CO,-rich fluids. Other high-
field-strength elements (U**, Th, Ta, Nb, Zr, Y,
HREE®"), Al, many first-period transition elements (Sc,
Ti, V, Cr; Mn, Co, Ni), and highly siderophile elements
(Fe, PGE) are not as easily complexed in hydrothermal
or metamorphic fluids and are stable in relict igneous
phases or metamorphic products. Thus, they typically
appear to have been relatively immobile during ater-
ation at low fluid:rock ratios.

ExAMPLES

Geochemical datarelevant to crustal contamination
and chal cophile element depletion are available for four
komatiite-associated Ni—Cu—(PGE) deposits:
Kambalda, Western Australia (Lesher et al. 1981,
Lesher & Groves 1984, Arndt & Jenner 1986, Lesher &
Arndt 1995, Lesher & Keays, unpubl. data); Persever-
ance, Western Australia (Barnes et al. 1988, 1995);
Raglan, New Quebec (Burnham et al. 19993, Lesher et
al. 1999a), and the Thompson Nickel Belt, Manitoba
(Lesher et al. 19993, Burnham et al. 1999b, in prep.).
We have utilized data from those studies and have ana-
lyzed additional samples for this study using methods
described below.

Analytical methods

Rocks were analyzed for the mgjor elements (Si, Ti,
Al, Fe, Mg, Mn, Ca, Na, K, P) on fused glass disks by
wavel ength-dispersion X-ray-fluorescence spectrometry
(WD-XRFS) at the Laurentian University Central Ana-
Iytical Facility (LU-CAF: Dr. J. Huang, anayst), the
Ontario Geoscience Laboratories (OGL), or the Univer-
sity of Western Ontario (Dr. C. Wu, analyst). These
rockswere analyzed for selected trace elements (Ba, Rb,
Sr, Sc, Cr, V, Co, Ni, Cu, Y, and Zr) on pressed powder
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pellets at the same laboratories. Routine analytical pre-
cision, as determined on replicate analyses of interna-
tional reference materials and in-house standards, is
+2% or better for most major elements, £5% or better
for most minor elements, and +10% or better for most
trace elements. Some samples were analyzed for base
metals by inductively coupled plasma — optical emis-
sion spectrometry (ICP-OES) at the OGL. Routine ana-
Iytical precision is +5% or better. No systematic
differences have been detected in duplicate samples
analyzed at different |aboratories.

Samples were analyzed for the rare-earth elements
(REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu), Y, Zr, and highly incompatible lithophile ele-
ments (HILE: Cs, U, Th, Ta, Nb) by inductively coupled
plasma — mass spectrometry (ICP-MS; Jenner et al.
1990, Longerich et al. 1990) at the OGL using a Perkin
Elmer SCIEX Elan 5000 ICP-MS and 10-day, closed-
beaker, ultra-pure mixed-acid dissolution technique
(Tomlinson et al. 1998). Routine analytical precisionis
+10% or better. No systematic differences have been
detected in duplicate samples analyzed by different
methods.

Samples were analyzed for the platinum-group ele-
ments (PGE: Pt, Pd, Rh, Ru, Ir) and Au by ICP-MS at
the OGL-LU Low-Level PGE Facility (T. Richardson,
analyst) using a Ni-sulfide fire-assay preconcentration
and Te coprecipitation technique (Jackson et al. 1990,
Sun et al. 1993). Routine analytical precision is+10%,
or better.

Data presentation

In order to facilitate comparison, the data will be
summarized on Ni versus MgO, Pd versus MgO, [La&/
Sm]umn versus MgO, and [Nb/Th]yn versus[Th/Y blun
diagrams. Ni and Mg are both compatiblein olivine, but
Ni partitions much more strongly into sulfide (Dy;S/1id
~ 100200 versus Dy @19 ~ 1-2: seereview by Lesher
& Stone 1996); Ni thus is a moderately good indicator
of interaction of the magmas with large masses of sul-
fides (Campbell & Naldrett 1979, Naldrett 1981,
Campbell & Barnes 1984, Lesher & Burnham 1999,
2001). Pdisincompatiblein olivine, but partitions very
strongly into sulfide (Dpg™/9 ~ 10% see review by
Lesher & Stone 1996); Pd thusis an excellent indicator
of interaction of the magmas with large masses of sul-
fides (Keays 1982, and referencesabove). TheratiosLal
Sm and Nb/La are commonly used as indicators of
crustal contamination, but LREE, in general, and La, in
particular, may be mobile during metamorphism (see
above). We prefer to use Th/Yb and Nb/Th as indica-
tors of crustal contamination, but more data are avail-
able for LREE, so these data are plotted as well. Most
uncontaminated komatiitic magmas have [Nb/Th]un
and [La/Nb]yn values slightly greater than unity,
whereas most crustal rocks have [Nb/Th]yn and [Nb/
La]mn values much lessthan unity. The [Pd/Ti]u ratio
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is an excellent indicator of chal cophile-element deple-
tion (see Sun et al. 1991, Barnes & Picard 1993). How-
ever, Ti is commonly measured by WD-XRF of fused
glass disks and reported with a precision less than
0.02wt% (which may represent +20% relative precision
for cumulate komatiitic rocks with very low TiO, con-
tents) and this ratio may also be modified by contami-
nation (see above). As a consequence, we prefer to use
the [Pd/Yb]un ratio as a measure of PGE depletion
when REE dataare available. Like [Pd/Ti]yn, most bar-
ren, sulfide-undersaturated komatiitic magmas have [Pd/
Yb]un near 1, magmas that have equilibrated with sul-
fideshave[Pd/Y b]yn valuesmuch lessthan 1, and rocks
that have accumulated sulfides have [Pd/Y by values
much greater than 1. Available datafor Kambal da, Per-
severance, Raglan, and Thompson are summarized in
Figures 1-4 and Table 2.

We have shown the general trgjectories for olivine
fractionation, olivine accumulation, sulfide fraction-
ation, sulfide accumulation, and crustal contamination
on Figures 1-4. It is possible to calculate specific tra-
jectories (see Barnes et al. 1995, Lesher & Arndt 1995,
Lesher & Stone 1995, L esher et al. 1999a), but because
therelative proportions of olivine, sulfide, and contami-
nant vary with location in the system, thereisno unique
trajectory. The emphasis in this paper will be on the
general trendsin the dataand theimplicationsthat these
have for the processes involved in producing the varia-
tions.

Kambalda, Western Australia

The Kambalda Komatiite Formation (KKF) com-
prises two members (Gresham & Loftus-Hills 1981,
Cowden & Roberts 1990, Stone & Masterman 1998):
the lower Silver Lake Peridotite (SLP) member of
channelized komatiitic peridotite sheet-flows, separated
by thin, sulfidic interflow metasediments, and the up-
per Tripod Hill Komatiite (THK) member of thin spin-
ifex-textured metakomatiite lava lobes. It is underlain
by the Lunnon Basalt, which is part of the low-magne-
sium-series basalts (LMSB) of Redman & Keays
(1985), and is overlain by the Devon Consults Basalt
(DCB) and the Paringa Basalt (PB), which are part of
the high-magnesium-series basats (HMSB) and sili-
ceous high-magnesium-series basalts (SHMSB) of
Redman & Keays (1985). On the basis of their major-
element, trace-element, and Nd isotope geochemistry,
the rocks in the DCB and PB have been interpreted to
be komatiites contaminated by upper crust (Chauvel et
al. 1985, Arndt & Jenner 1986, Lesher & Arndt 1995).
The stratiform massive — net-textured — disseminated
Ni—Cu—(PGE) mineralization at Kambaldais restricted
amost exclusively to lava-channel facies of the Silver
Lake Peridotite (SLP) member (Lesher et al. 1984,
Cowden & Roberts 1990) and has been interpreted on
the basis of a wide range of geological, stratigraphic,
geochemical, isotopic, and theoretical evidence to have

THE CANADIAN MINERALOGIST

been generated by thermomechanical erosion of
interflow sulfidic sediments (Groves et al. 1979, 1986,
Huppert et al. 1984, Lesher et al. 1984, Huppert &
Sparks 1985, Frost & Groves 1989, Lesher 1989,
Williams et al. 1998, 1999, Lesher & Burnham 2001).

The mgjority of the analyzed metakomatiites and
metaperidotites at Kambal da define geochemical trends
that are consistent with fractional crystallization from
or accumulation of olivine (up to Fog,) into a parental
magma containing ~31% MgO (Lesher et al. 1981,
Lesher & Groves 1984, Redman & Keays 1985, Arndt
& Jenner 1986, Lesher 1989, Lesher & Arndt 1995).
Most of the cumulate and non-cumulate rocks in the
lava-channel facies of the SLP and most of the cumu-
late rocks in the sheet-flow facies of the SLP have nor-
mal Ni and PGE contents (Figs. 1a, b) and are depleted
in HILE relative to MILE (Figs. 1c, d), consistent with
derivation from a sulfide-undersaturated magmaformed
via ahigh degree of partial melting of (normal) depleted
mantle. In contrast, many of the non-cumulate rocksin
the sheet-flow facies of the SLP are moderately to
strongly depleted in Ni (Fig. 1a) and PGE (Fig. 1b), and
are variably enriched in HILE relative to MILE (Figs.
1c, d), consistent with contamination and sulfide segre-
gation during emplacement (Lesher & Arndt 1995). The
channel-flow facies samplesthat are depleted in Ni and
Pd (Figs. 1a, b) all come from one locality and may be
misclassified or may represent avolcanologically com-
plex system. Samples of the THK member areuniformly
dlightly enriched in HILE relative to MILE (Figs. 1c,
d), consistent with up to 5% crustal contamination dur-
ing ascent (Lesher & Arndt 1995), but have normal Ni
and PGE contents (Figs. 1a, b), indicating that they were
not saturated in sulfide (Keays 1982). Samples of the
DCB and PB units are moderately to strongly enriched
in HILE relative to MILE, and have anomalously low
Nb/Th values (Figs. 1c, d), consistent with up to 30%
crustal contamination during ascent (Arndt & Jenner
1986, Lesher & Arndt 1995), but they have normal Ni
and PGE contents (Figs. 1a, b), indicating that they were
not saturated in sulfide (Redman & Keays 1985).

The geochemical variations at Kambaldaare consis-
tent with increasing degrees of contamination by rocks
of the upper crust upward through the stratigraphic
sequence (SLP < THK < DCB < PB), as the magmas
gradually heated up their conduits, with only local con-
tamination by interflow sulfidic sediments in the SLP
member (Lesher & Arndt 1995).

Perseverance, Western Australia

The Perseverance Ultramafic Complex (PUC) oc-
curs in the northern part of the 2.7 Ga Norseman—
Wiluna Greenstone Belt in Western Australia (Barnes
et al. 1988, 1995, 1999, Libby et al. 1998). It comprises
a2- to 3- km-wide X 0.5-km-thick lens of adcumulate
metadunite and mesocumulate metaperidotite (Dunite
Lens: DL) that is underlain by a relatively thin Main
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Mineralized Flow (MMF). These units occupy a broad
embayment in the underlying and adjacent sequence of
felsic fragmental metavolcanic rocks that is interpreted
as a deformed thermomechanical erosion channel
(Barneset al. 1988, Williamset al. 1999, in press). The
DL is flanked to the north and south by barren
orthocumulate and spinifex-textured metakomatiites
(PUN and PUS units). The Rocky’s Reward ultramafic
unit (RR) to the north is interpreted as an attenuated
tectonic slice off the bottom of the PUC (Libby et al.
1998). The Ni—-Cu—~PGE) mineralization at Persever-
ance occurs as variably tectonized stratiform massive —
net-textured — disseminated sulfides within the MMF
and adjacent country rocks, and as stratabound dissemi-
nated mineralization within the DL (Barneset al. 1988,
1995, 1999, Libby et al. 1998), and has been interpreted
on the basis of geological, stratigraphic, geochemical,
and theoretical evidence to have been generated by in-
corporation of sulfur from the footwall rocks (Barnes et
al. 1988, 1995, 1999, Williams et al. 1999, in press).
All of the rocks and ores have been metamorphosed to
middle amphibolite facies.

The majority of the analyzed metakomatiites at Per-
severance define geochemical trendsthat are consistent
with fractional crystallization from or accumulation of
olivine into a parental magma containing ~32% MgO
(Barnes et al. 1988, 1995). With a few isolated excep-
tions, the cumulate and non-cumulate rocks on the
southern flank of the dunite lens (PUS) have normal Ni
and PGE contents (Figs. 2a, b) and are depleted to en-
riched in HILE relative to MILE (Figs. 2c, d). Cumu-
late and non-cumulate rocks on the northern flank of
the dunite lens (PUN) aso have norma Ni and PGE
contents (Figs. 2a, b), but are enriched in HILE relative
to MILE (Figs. 2c, d). Cumulate rocksin the MMF and
DL units are enriched in Ni and PGE (Figs. 2a, b) and
are variably enriched in HILE relative to MILE (Figs.
2c¢, d). The abundances of HILE in the most magnesian
adcumulate rocksin the DL are near or below detection
limits, and are consequently more susceptible to meta-
morphic modification than those in less magnesian
rocks.

Thevariationsin incompatible elements at Persever-
ance are consistent with variable degrees of contamina-
tion by a component with a Th:Yb ratio similar to that
in Archean or modern upper crust, but with a higher
La:Sm ratio and lower Nb:Th ratio. Although the com-
position of the footwall felsic metavolcanic rocks has
not been sufficiently characterized in terms of Nb and
Th contents, their La:Sm ratio appears to be lower than
in some of the ultramafic rocks. Unless the LREE en-
richment can be attributed to metasomatic alteration or
unless the two analyzed samples are not representative
of the entire footwall sequence (which seems likely in
any case), therefore, they are not sufficiently enriched
to represent the contaminant. Additional geochemical
work is planned to address this question.

THE CANADIAN MINERALOGIST

Raglan, New Quebec

The Ni—-Cu~PGE) mineralization in the Raglan For-
mation of the Proterozoic Cape Smith Belt is hosted by
a series of mesocumulate peridotite complexes that oc-
cur at or near the base of the Chukotat Group. It isover-
lain by (from base to top) olivine-, pyroxene-, and
plagioclase-phyric basalts of the Chukotat Group, and
underlain by pelitic metasediments and plagioclase-
phyric basalts of the Povungnituk Group (Francis et al.
1983, St. Onge & Lucas 1994). Some of the mineral-
ized complexes appear to represent channelized sheet-
flows (e.g., Cross Lake), whereas others appear to
represent lava channels or very shalow sills with lat-
eral “levee’ faciesbreccias and peperites (Lesher 1999).
Differentiated gabbro—peridotite sills that occur along
the same contact (e.g., Katinniq Gabbro) and within the
upper part of the Povungnituk Group (identified here as
North and South Claim sills) are less commonly miner-
alized and normally contain only subeconomic reef-style
PGE mineralization (Giovenazzo et al. 1989; Thibert
1993). All of the rocks and ores have been metamor-
phosed to lower greenschist facies, but original textures
and structures are extremely well preserved.

The komatiitic metabasalts, metapyroxenites, and
metaperidotites in the east-central Cape Smith Belt de-
fine geochemical trendsthat are broadly consistent with
fractional crystallization from or accumulation of oliv-
ine and minor magnesiochromiteinto aparental magma
containing ~18% MgO (Francis et al. 1983, Burnham
et al. 19993, Lesher et al. 1999a). The most primitive
komatiitic basalts have normal Ni and PGE contents
(Figs. 3a, b) and are depleted in HILE relativeto MILE
(Figs. 3c, d). Most of the metaperidotitesin mineralized
units are enriched in Ni and PGE (Figs. 3a, b), consis-
tent with the ubiquitous presence of finely disseminated
sulfides, and enriched in HILE relative to MILE (Figs.
3c, d), consistent with contamination by rocks of the
upper crust (or sediments derived from these, like those
in the upper Povungnituk Group). Only a few samples
from the Expo Ungava area south of the Raglan area
and a “North Claim” sill in the upper part of the
Povungnituk Group (in a repeated thrust slice) appear
to be depleted in Ni (Figs. 3a). Most of the
metaperidotites in unmineralized units have normal Ni
and PGE contents (Figs. 3a, b) and are less enriched in
HILE relative to MILE (Figs. 3c, d).

Thompson, Manitoba

The Thompson Nickel Belt (TNB) lies within the
Manitoba section of the external zone of the Protero-
zoic Trans-Hudson Orogen (Bleeker 19904, b) and com-
prises a cover sequence of multiply deformed and
metamorphosed fine-grained clastic sedimentary rocks
and silicate—sulfide facies iron-formations (Ospwagan
Group) and komatiitic basaltic vol canic rocks (Bah Lake



681

BARREN AND ORE-ASSOCIATED KOMATIITES

NN
[aA/uL]
00l ol 3 I
]
M e
]
SNdo p
]
NNd W ]
- 3
[ 5 UORBUNLEIIOD e 1
ol awe
o 4
anw g 52 av ]
48¢ 1
]
Fauy :
alo® guon-3 |
J
]
4
]
1
]
(%Im) 0PI
0S8 (04 0€ 0e 0l 0
—_———T———————7 "7
A4X BB HYe SNdO 1
= ]
NNdV dWWm gy 480 * 9
* -
G i
uopenwnIaY n ]
BUAIIO uopeUORIEL] E
. aumio 3
. By |
u ]
. 3
o
uoRenWNIaYy ]
apuing E

0

100

L0

oL

0L

0oL

0001

NW[y1/gn]

(qdd) pd

T ainbi4 uise ake saneAa
Buizifewou pue suoiRIARIqae JBYIO 'Sifeseq Uesaubew (g ‘S300. 01Ued j0ARRBW OISR} : Ad ‘PRMaY S A00Y ¥y ULON dljewel)|n aouelenssied :NNd ‘YNos d1jewrel]|n adue
- IBd ‘SN ‘Suaa1ung BulAiepun molH pazieleuliN URA 4NN ‘Susauung BulAispun s1iun a)1iewoy 4g ‘|emioo) ul Apog o1fewen|n ualsed o9 “NW[g A/yL] snsmen
NW[Y 1/aN] :a OB snseANN[wseT] D *OB NSNS A pd :g ‘OB NSNS A IN 1V "(ApnissIy) ‘GE6T ‘886T ' 10 Soued W0 elep) 30URBAsSBd J0jerep [e2IWay0al pRjsps 2 o

(%) OB
0s ot og 0e (0]% 0
r—r—T—r—r—r—r——T—r—r—r— T 00
AdX GNE  Hue SNdO
NNV HdWNE 1aY  dgo
= )
~
=
O E o
-
uoREINWNA3Y SUIAND - uopeuonaeld 3UIAIO L w
2 o ] g
et -
0 adonnN 4 B
= op : z
11
v P e
LONE|NUNI 2y 4 S m D4V aUIO 4 HHOW-3
v_+odveumio g S " * 810 P b X
v | ] 2 2 v .
-" ) onw®
2 3
= 0L
(%Im) OB
0S ot o€ o4 ol 0
- T — T T T v 0l
DN -
Tyl
Ad¥X  BWNE  ¥Me SNdO m d
NAdY  dwwm av 48 ”
.. >y 1 oot
voneuopoely B T_\" B E
ST sumio FHOW-N ]
wogenuwnaay e m m
auINIO e = =
A 4 oool
=]
1 3
] =
i ooool
Y UONEIMUNIdY ]
apying YV ]
4 000001



THE CANADIAN MINERALOGIST

682

“TaInBi4 uise ale sanfen Buizijewiou pue suoieIAsIgge BYIO ‘UozLioH Ue|Bey auyy BulA|lepun syjeseq on1B [0yl 11 -Ubiy Sieseq yniubunnod 11sodep uospeuod ayl Jo 1eayinos
—4inos wy| TT~ ‘dnous ynyubunaod ay} Jo Led nusd ayl uil 1isodap |ews eaebun odx3 ‘dnoto yn1ubunaod ayl o 1ed Jaddn ay) ul sales ol papn.aiul s||s aliop Lied-oiqoed
WwaeAINbe Ajeinonis S||IS weld Yyinos pue yuoN ‘biuuied e 1un paziesuiw Bulkpspun 1un oiqaeb o1y :olgges biuumey ‘syun pazieeuiw BulApeno smol paehie|
MOIY) pUe S31Je) 888 | 'SMO | Pazifelaulwun ‘siun axinopiiad d117ewoy pazieleuiw Sa1pog diewen|n uejbey ‘s puueyd-ene| pazieeuiw Bulkeno sieseq duAyd-asepoifed

pue ‘-auaxo0JAd ‘-BulIAlo Sieseq o1AYd-1d pue

-Xd 10 '1onyD ‘NWg Ay L] snsien NW[y 1 /aN] :a "OBIN snsien NWwse] 10 "OBIN snsen pd g "OBIN Snsen IN 1 “(Apnis

SIy) 'e666T “[e 1 Jousa “doud Ul 'eE66T [e 1 Weyung ‘€86T e 19 SDUel- WO eep) 1Rd YIS aded 1uso-1es ay) Jo eale ue|Bey au) 10j elep eoILBy0al paleRs g ol

NMA[gAmL]
00k ol L L0
T T T T T L0'0
sjuswipes yrjiubunsod @
sjeseqg ynyuBunsog ¢ syeseg ynpuBunacy seddn o |
SIS WIBD LMo X SIS Wigl] ynos +|
0IqqED) bluugesy ¥ smo|4 peziesauiuun ¢ | 1
sa|pog oyewenn ueifey e ]
® . 0
2] —
ISWN ] =
= & o
© onv 1 =3
aNW 1 N
UONBUILIEILOD X 1
3 B 1 =
1e1sD K W ¥ m =
I
[2E]
=1[e] - h
3]
BHOW-N 1
4 01
(%m) OB
(0] 4 o0e 0eg o] 0
—r——r—r—r—r—r—r—r—r 7T 100
sjusWIpes yruuBunAcd @ eaebun odx3 v ]
sjeseq yryubunsod o syeseg ynpubuniod Jaddn ¢ ]
SIS WIEJTD) YHON X SIS WIBD YINOS + E
aigges) biuugey ¥ SMOj4 pazijElBuILLUN ¢ o0
salpog cyewenn uebey « s)eseg ouhyd-0 1BI09NYD O < 1
sjjeseg oudyd-xid 1ejoynyn v syeseg oulyd-Be|d yejoNnyn o ) ;
PP kA ..y. a4
5 .0 apyms + 1 + M
uoneINWNIIY SUINO ¥ < 4 & “oseppoibed | ey
D =5 X ! %e 3oauaxoild ] -
e o i s
4 +* - 3
txX ¢S P, s 0l —
. ®
v -
| £ * uoneuonIel4 -
0t F* *e A ]
= o auaxoild . ]
3 . o, F oo F
X o oot
. 4
. * * uopemunaay g ]

2PN + U0

000l

(%) OBIN
ov og oe ol 0
e e I e e e L e e e S e S Lo
sualipas ynjubunsod @ eaefun odx3 v
syeseg ymiubunaog ¢ syeseg ymubBunsod Jeddn ¢
SIS WD) YUON * S|IIS WD LRNOS + )
asqqes) bluunes| ¥ SMO|4 pazi|ElaUIlLIun ¢
saipog Jyewen)n uejfey ¢ sjeseq sudyd-|0 1E0¥NUD ¢ )
sjeseg cuhyd-xi4 1Eoynyg v syeseg oudyd-Beld 1moinuyo o 1
uopeuopoRI ] —
& gHON-N E
UOBIMUNSIY SUIANC auaxaild § auio B § m.
' v -
> 7 fV ~EeT O ” —
‘ _m&o&.% &,w.._fkwnn 1, @
* #v & . * o
XX TN »w' o eTe E
A to Py A S
+ . y
.
24V + A
vonenuwnasy
aulAllQ 7
=5 ¥
4 01
(%m) OB
o oe (014 o] % 0
e e e e e e — ———————— oL
L
sjuawipas ynyubuniod @ eaebun odxg v |
syeseq ymyubunaog ¢ syeseg ymyuBunaog Jaddn o Uuu_mw_nﬂ_._ﬂ_quh ]
SIS LWIB|D YUap x 3 Wiejs ynog o
oigges) bluugey x SMO|4 PEZIjRJBULLUN ¢ “
saipog oyewen)n uefey o syeseqg sufyd-|0 JE0NYD O B
syeseg suhyd-xAd 1moynyn v sjeseq oukyd-Bejd 1eoqnyo o m 001
=
—_—
1 =
g T
UOREINWLNIY BUIANO v ] w
a....qx é “ ‘v uogeuon eIy 3 -
i 0* ‘d_ auaxoild 4 0001
!’0{ * F auAlo
> ; . E
e
*  uopenwinaoy 4
*  opuns + aunO 1
4 0000}



BARREN AND ORE-ASSOCIATED KOMATIITES 683

Formation) that unconformably overlie Archean
gneisses of the Superior Province (Bleeker & Macek
1996). The sedimentary rocks have been interpreted to
have been deposited onto a subsiding rifted continental
margin, and the overlying volcanic rocks have been in-
terpreted to have erupted into relatively deep water.
Komatiitic peridotite—dunite sills and granitic
pegmatites have intruded throughout the basement and
Proterozoic cover sequence, but the economic Ni—-Cu—
(PGE) sulfide mineralization in the TNB is associated
with sillsthat have intruded at discrete stratigraphic lev-
els, typically associated with sulfide-faciesiron-forma-
tions of the Pipe Formation (Bleeker & Macek 1996).
All of the rocks and ores have been metamorphosed to
the middle to upper amphibolite facies, the sills are
boudinaged, and the ores are strongly tectonized.

The komatiitic metabasalts, metaperidotites, and
metadunites in the TNB define geochemical trends that
are broadly consistent with fractional crystallization

from or accumulation of olivine (up to Fog,) and minor
magnesiochromite into a parental magma containing
~22% MgO. Pyroxenites from the Thompson mine and
Ospwagan Lake ultramafic body define a separate trend
reflecting accumulation of pyroxene. Thisisparticularly
evident on the Ni versus MgO diagram (Fig. 4a) in
which pyroxene-rich cumulates exhibit low Ni concen-
trations that reflect at least in part their lower olivine
contents, rather than Ni depletion owing to equilibra-
tion with sulfide. The cumulate rocks are variably en-
riched in Ni and PGE (Figs. 4a, b) and variably enriched
in HILE relativeto MILE (Figs. 4c, d), but are less en-
riched in Nb-Ta-Ti relative to elements of similar in-
compatibility, consistent with contamination by rocks
of the upper crust or, more likely given the variability,
local rocks derived from upper crust (i.e., pelites and
iron-formations of the Pipe Formation). Although the
ultramafic sills have previously been interpreted to rep-
resent feeders for the overlying komatiitic basaltic vol-

TABLE 3. AMOUNT OF SULFIDES PRODUCED, ORE TENOR, ORE GEOCHEMICAL
CHARACTERISTICS (53*S, 2%6Ph/2PhT, vos), APPARENT DEGREE OF LAVA CONTAMINATION,
LAVA GEOCHEMICAL CHARACTERISTICS (eng and es),
AND DEGREE OF CHALCOPHILE ELEMENT DEPLETION IN TERMS
OF FLOW DURATION AND FLOW RATE FOR A HIGH-MG KOMATIITE SYSTEM*,

Intermediate Flow Rate

Lower Flow Rate

Highcr Flow Rate
Longer Larger amount of sulfides
Flow Higher ure tenor
Duration Mantle 5S, “Pbi P, Yo,
Minor contamination
Mantle gpy and 5
Minor PCGE depletion
Intermediate Intermediate ami. sullidcs
. Higher ore tenor
Flo“ E o3, 20 ity N
Duration Mantle 578, “Pbi™ Fb, "o
Minor contaminalion
Mantle g and es,
Minor PGE depletion
Shorter Smaller amoont of sullides
Flow 1Tigher ore tezn::_»r
Duration Mantle &S, *Pb*Pb, v,

Minor contamination
Mantle £y, and gy,
Minor PGF. depletion

Larger amounl of sullides
Intermediate ore tenor
Mantle 8*S, crustal “*Pb™Ph, vy,

Intermediate contamination
Crustal £XNd and €4,
Intermediate PGE depletion

Intermediale amt. sulfides
Intenmediate ore tenor
Mantle &S, crustal **Pb*" Pb,

Intecnaediale conlamination
Crustal gy and g5,
Intermediate PGE depletion
Smaller amount of sulfides

Intermediate ore tenor
Mantle 5™, crustal ““*pbi™™ph, Yon

Intermediate contamination
Crostal gy and £
Intermediate POGE depletion

Larger amount of sulhides
Lower ore tenor
Crustal 33, Pb/*"Ph, vo,

Strong contamination
Crustal £y and €4,
Strang PGE deplotion

Intermadiate amit. sullides
Lower ore tenor
Crustal 5'S. *Pu™'Pb, v,

Sirong contaminalion
Crustal £y and €5,

Strong PGL deplction
Smaller amount of sullides

Lower are tengr
Crustal &S, P *Ph, ¥y,

Strong contamination
Crustal £94 and £y,
Strong PGE depletion

1 207Pb/2%Ph and 2%8Ph/2%4Pb should behave similarly.

} Geochemical and isotopic characteristics will differ in other areas depending on elemental abundances and isotopic ratios, and
may be modified by alteration.
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A: Decoupling of Lithophile and Chalcophile Components
in a Dynamic Volcanic Ore-Forming System

Contaminated

Uncontaminated |
sample

magma

' Silicate
[ Ixenomelt

Xenovolatiles €5 550

.Xenolith

. Sulfide Re & Os Contaminated,
Thermo-mechanical o xenomelt | mobilized? metal-depleted
erosion / lava

. : Os-rich Unconsolidated
V| mafic interflow
L7 residue?  sediment
Uncontaminated/' ' Fe-Ni-Cu-(PGE)
undepleted = / 5"'"""’ melk Wholesale melting,
AR /64 trong recrystalhzahon incongruent melting,
~ graphite-out | devolatilization, and
sulfide-out contact metamorphism

of country rocks

B: Decoupling of Lithophile and Chalcophile Component
in a Dynamic Intrusive Ore-Forming System 557

Uncontaminated
magma

C)C)xencmelt

. Xenovolatiles © 590
Xenolith

Contaminated

Silicate samp!e

Uncontaminated
undepleted
magma

Contaminated,
metal-depleted
magma

sulflde melt

skarn
_ sulfate-out

carbonate-out )

=

| devolatilization, and

Sr-rich skarn ?

Wholesale melting,
incongruent melting,

contact metamorphism of
country rocks

Fic. 5. A. Volcanic thermal-mechanica erosion model for komatiite-associated Ni—-Cu—(PGE) deposits. B. Subvolcanic ther-
mal-mechanical erosion model for komatiite-associated Ni-Cu—(PGE) deposits (both adapted from Lesher et al. 1999a).
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canic rocks, the basalts appear to be derived from less
magnesian magmas (up to 15% MgO), are neither en-
riched in HILE nor depleted in chal cophile elements, as
would be expected if they were cogenetic with the min-
eralized sills (Burnham et al. 1999b).

Discussion

Prevailing models for the genesis of extrusive
komatiite-associated Ni—-Cu—(PGE) deposits (see re-

A Thick Assimilant

Thin Assimilant

Sulfide Produced ——»

Flow Duration———

Melting Rate

Transitional

Laminar
Turbulent

%
)
%
‘a}.
otP
%
2>

—_—

Flow Rate ——»
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views by Lesher 1989, Lesher & Stone 1996, Barnes et
al. 1999, Lesher et al. 19993, b, Lesher & Burnham
1999, 2001) involve melting of sulfidic footwall rocks
to form 1) a silicate melt that is normally, but not in-
variably (Frost & Groves 1989), miscible and mixedinto
the komatiite lava, 2) local mafic residues (preserved as
mafic “ metasediments’ and massive chloritites adjacent
to thelavachannels at Kambalda, as xenoliths or skarns
in other types of deposit: see Lesher & Burnham 1999,
2001), and 3) sulfide ores (localized in footwall

B
I Thick Assimilant
c
°
®
E
E
i)
c
o
(&)

Thin Assimilant
Flow Duration ——»

D
[ Thin Assimilant
S
Q - . - %
5 Thick Assimilant
14

Flow Duration———

Fic. 6. A. Schematic diagram illustrating amount of sulfide produced as a function of duration of lavaflow for athin S-bearing
assimilant overlying arefractory substrate (e.g., interflow sediment) and a thick S-bearing assimilant (e.g., thick sediment or
felsic volcanic rock), assuming al else equal. B. Schematic diagram illustrating degree of contamination as a function of
duration of lava flow for athin assimilant overlying a refractory substrate (e.g., interflow sediment) and a thick assimilant
(e.g., thick sediment or felsic volcanic rock), assuming all else equal . C. Schematic diagramillustrating the degree of substrate
melting and percent contamination of the lava as afunction of rate of flow of lava. The melting rate and degree of contami-
nation are low at low rates of flow, owing to the presence of a lower laminar boundary-layer. Both increase during the
transition to turbulent flow and peak as fully turbulent flow isreached. However, at higher flow ratesthe melting rate remains
relatively constant and the degree of contamination declines at higher flow-rates. D. Schematic diagram illustrating changein
magma:sulfide massratio (R factor) asafunction of duration of lavaflow for athin assimilant overlying arefractory substrate
(e.g., interflow sediment) and a thick assimilant (e.g., thick sediment or felsic volcanic rock), assuming all else equal.
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embayments) (Fig. 5a). Similar models can be devel-
oped for intrusive komatiite-associated Ni—Cu—PGE)
deposits such as Thompson and possibly Namew Lake,
Manitoba (Fig. 5b), as well as intrusive Ni—-Cu(PGE)
deposits associated with basaltic magmas such as Duluth
and Noril’sk (Thériault & Barnes 1998, Lightfoot &
Naldrett 1999, Naldrett & Lightfoot 1999).

There is no systematic correlation between the de-
grees of contamination (e.g., LREE enrichment, Nb
depletion) and depletion in chal cophile elementsin stud-
iesof thistype (e.g., Barneset al. 1995, Lesher & Arndt
1995, Perring et al. 1996, this study). For example, the
Paringa Basalt at Kambal daisinterpreted to be contami-
nated by up to 30% upper crust (Lesher & Arndt 1995),
but is undepleted in PGE (Redman & Keays 1985), in-
dicating that contamination by itself is not sufficient to
induce sulfide saturation in komatiitic magmas. |mpor-
tantly, the non-cumulate portions of the sheet-flow fa-
cies at Kambalda are weakly contaminated (Lesher &
Arndt 1995), but significantly depleted in Ni and PGE
(Fig. 1), indicating that these rocks (and only these
rocks) equilibrated with sulfides. The amounts of con-
tamination and PGE depletion produced during this pro-
cess depend on several factors: 1) the stratigraphic
architecture of the system (e.g., thickness and physical
accessibility of the contaminant), 2) the fluid dynamics
and thermodynamics of the lavaor magma, 3) the physi-
cal, chemical, and thermal characteristics of the con-
taminant, 4) the amount of contaminant melted and
incorporated (e.g., the amount of silicate partial melt:
see Lesher & Burnham 1999, 2001), 5) the sulfur and
metal content of the contaminant, 6) the initial sulfide-
saturation state of the magma, 7) the assimilation:
crystallization ratio, 8) the amount of lava replenish-
ment, and 9) the effective magmasulfide ratio (R fac-
tor) of the system. Because these processes vary
independently from deposit to deposit, from areato area
within adeposit, and within asingle areawith time, there
are many opportunities to decoupl e contamination from
depletion in chalcophile elements.

For example, with al else equal (e.g., S content of
assimilant), the amount of sulfide produced (Fig. 6a) in-
creases relatively linearly if the assimilant is thick or
continuously accessible (e.g., Perseverance, Raglan,
Thompson), but increases to a fixed plateau if it isthin
(e.g., Kambalda) or inaccessible. Similarly, with all else
equal, the amount of contamination (Fig. 6b) remains
relatively constant if the substrate is thick and continu-
oudly accessible (e.g., Perseverance, Raglan, Thompson),
but decreases if it is thin (e.g., Kambalda) or inacces-
sible. The rate of melting and amount of contamination
vary with flow rate (Fig. 6c); because the rate of ther-
mal erosion is dependent primarily on the rate of heat
conduction into the substrate or wall rock (Huppert &
Sparks 1985, Williams et al. 1998, 1999, in press),
which reaches a maximum as fully turbulent flow is
reached, the melting rate is relatively constant at mod-
erate to high flow-rates, but the amount of contamina-
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tion is higher at moderate flow-rates than it is at high
flow-rates. Thisissimply afunction of dilution. Finaly,
because the amount of sulfides produced will vary with
flow duration and accessibility of the assimilant
(Fig. 6a), the magmasulfide ratio may also vary with
flow duration (Fig. 6d), resulting in some cases in dis-
solution of sulfide (Lesher & Campbell 1993, Lesher &
Stone 1996, Lesher & Burnham 1999, 2001).

There are many other factors that may also result in
decoupling of contamination and depletion in
chalcophile elements. For example, because komatiites
are so strongly undersaturated in sulfide (Keays 1982,
1995), a considerable amount of contamination may
occur in komatiites before they reach sulfide saturation
(Lesher & Groves 1986, Lesher & Stone 1996), which
means that an increase in the proportion of felsic com-
ponents (Irvine 1977, Naldrett 1989) is not as viable a
process for inducing sulfide saturation in komatiitic sys-
tems as it is in mafic systems. Another factor is that
sulfide liquids (produced by either melting of the sul-
fide component of the substrate or exsolution from the
magma) are normally immiscible and rapidly depletethe
lava in chalcophile elements owing to their very high
Dsifia, whereas silicate xenomelts (produced by melt-
ing of the silicate component of the substrate) are nor-
mally miscible, but in some casesimmiscible, and have
less effect on the composition of the lava owing to their
lower D4, The net result is that the amount of sul-
fides produced (the potential size of the ore deposit),
the tenor of the sulfide ores (as a consequence of differ-
ent R factors), and the geochemical characteristics of
thelava(amount of apparent contamination) do not nec-
essarily correlate with each other (Table 3).

The best ore deposits, i.e., those with the highest
grades, highest tenors, and largest masses, are probably
produced at relatively high flow-rates during long erup-
tions. Ironically, this is also the situation where
geochemical evidenceindicative of the ore-forming pro-
cess (contamination, depletion in the PGE) ismost likely
to be obscured.

These factors may explain the different |ocations of
contaminated, chal cophile-element-depleted lavasin the
areas considered (Table 2): the thin (originally ~3 m)
interflow sediments at Kambalda would normally have
been completely eroded upstream, exposing refractory
basaltic or komatiitic substrates (depending on strati-
graphic position), whereas the very thick (~1 km) felsic
fragmental substrate at Perseverance, the very thick (~1
km) semipelitic sedimentsat Katinniq, and thethick (up
to tens of m) semipelitic sediments and thin (up to
10 m), abeit very sulfide-rich (up to 100%), iron-for-
mations at Thompson would have been continuously
available for erosion (Figs. 7, 8).

The application of chalcophile-element depletion in
mineral exploration depends on the scale and location
of the depletion (adapted from Lesher & Stone 1996):

1) Theidentification of an entire volcanic sequence
that is contaminated or depleted in chal cophile elements
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contaminated, chalcophile
element-depleted lava

felsic contaminant

substrate uncontaminated, undepleted lava

A: Thin Felsic Contaminant, Thick Mafic Substrate

uncontaminated, undepleted lava

e

substrate contaminated, chalcophile
element-depleted lava

B: Thick Felsic Substrate

contaminated, chalcophile
element-depleted lava

N

<— thermal erosion

uncontaminated, undepleted lava

C: Early Stage Turbulent Flow

contaminated, chalcophile
element-depleted lava

<— chilled margins uncontaminated, undepleted lava

D: Late Stage Laminar Flow

Fic. 7. Influence of nature and thickness of substrate and lava-replenishment processes on the distribution of contaminated
lavas (adapted from Lesher & Arndt 1995, Lesher & Stone 1996, Lesher et al. 1999a). A. Thin felsic assimilant, refractory
mafic substrate (e.g., Kambalda). B. Thick assimilant (e.g., Perseverance, Raglan, Thompson). C. Early-stage turbulent flow.
D. Late-stage laminar flow (cf. Figure 6).
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lower Mg-Ni-PGE
higher HILE/MILE, [Nb/Th],,, <1
less +ve £Nd, +ve yOs

A e N
higher Mg-Ni-PGE

lower HILE/MILE, [Nb/Th],,, ~ 1
more +ve ¢éNd, yOs ~ 0
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higher Mg-Ni-PGE
lower HILE/MILE, [Nb/Th],,, ~ 1
more +ve ¢Nd, yOs ~ 0

B ﬂ:_.
lower Mg-Ni-PGE

higher HILE/MILE, [Nb/Th],,, <1
less +ve eNd, +ve yOs

Fic.8. Geochemical faciesresulting from differencesin the nature and thickness of the substrate (adapted from Lesher & Stone
1996, Lesher et al. 1999g; cf. Figure 7). A. Uncontaminated lava channel (e.g., Kambalda), B. Contaminated lava channel

(e.g., Perseverance, Raglan, Thompson).

(or both) indicates that contamination or sulfide segre-
gation (or both) occurred prior to eruption, probably
during ascent through the crust or during processing in
a magma chamber in the deep crust. It is unlikely that
an entire sequence of lavas would have been erupted
through a high-level magma chamber. The sulfides that
segregated at this stage would have been most likely
lost, owing to their very high density, very low viscos-
ity, and very high surface-tension and the low viscosity
of the komatiitic magmas, which would facilitate coa-
lescence and settling of sulfides (Lesher & Groves
1986). Furthermore, any sulfides that formed during
later stages would be depleted in chalcophile elements
(Campbell & Naldrett 1979). Thus, this geological en-
vironment is probably less favorable than those below.

2) The identification of a specific volcanic strati-
graphic unit (cooling unit) that is contaminated and de-
pleted in chalcophile elements within a sequence of
otherwise uncontaminated, chalcophile-element-
undepleted lavas indicates that contamination and sul-
fide segregation occurred at a specific stage of the
eruptive event or within a specific part of the plumbing
system. It is more likely that this process occurred at
higher levels in the system, perhaps even within the
volcanic system. However, sulfide segregation could
have occurred in a low-level magma chamber or kilo-
meters upstream from the analyzed location. This situ-
ation is more favorable than the one above, but less
favorable than the one below.

3) Theidentification of azone or facies of acooling
unit that is contaminated and depleted in chalcophile
elements within a unit of otherwise uncontaminated,
chal cophile-element-undepleted lavas indicates that
contamination and sulfide segregation occurred within

that specific unit. This geological environment is more
favorable than those above.

Most studies of this type indicate that the majority
of the lavas, especially those interpreted to represent
parental magmas, are not depleted in chalcophile ele-
ments. In other words, they did not equilibrate with a
sulfide (or metal) phase in the mantle source-region and
did not exsolve a sulfide (or metal) phase during ascent
or eruption (Keays 1982, Lesher & Groves 1986,
Naldrett & Barnes 1986, Keays 1995, Lesher & Stone
1996). The observation that depletion in chalcophile
elements is observed only in parts of the host units,
stratigraphically correlated with Ni-Cu—PGE) miner-
alization, indicates unequivocally that sulfide saturation
occurred “locally”, upstream from the present ore zones,
not in a subsurface magma chamber.

In the case of Kambalda, where the most likely con-
taminant is a thin (originally ~3 m) sulfidic interflow
sediment overlying a refractory basaltic or komatiitic
substrate, the identification of a zone of contaminated,
chal cophile-element-depleted lavas within aunit of other-
wise uncontaminated, chal cophile-element-undepleted
lavas indicates that contamination and sulfide segrega-
tion must have occurred localy. In the case of Perse-
verance, Raglan, and Thompson (and probably also
Noril’sk, Russia and Voisey's Bay, Labrador), where
themost likely contaminants arethick sequences of sedi-
ments or felsic volcaniclastic rocks, the identification
of large units of contaminated, chalcophile-element-
enriched lavas associated with zones of uncontaminated,
chal cophile-element-undepleted lavas indicates that
contamination and sulfide segregation occurred locally,
although there isless certainty that the units are related.
In al cases, the contamination and ore-forming pro-
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cesses may have occurred a significant distance “up-
stream” from the present ore zones.

The physical volcanological environment isthe ma-
jor control on whether or not contaminated or
chal cophile-element-depl eted lavas are preserved. Con-
taminants drawn into rapidly and turbulently flowing
channel-flow facies, regardless of whether extrusive or
intrusive, are more likely to be assimilated, dispersed,
and diluted. Furthermore, because the host unitsin strati-
form deposits crystallize from lavas that were emplaced
after the mineralizing event, they may be chemically and
genetically unrelated to earlier lavas, which is clearly
the case at Kambalda (Lesher et al. 1984, Lesher &
Arndt 1995), Perseverance (Barnes et al. 1988, 1995),
and Katinniq (Burnham et al. 1999a). Contaminants
drawn into less rapidly and less turbulently flowing
sheet-flow facies, regardless of whether intrusive or
extrusive, are more likely to be preserved, but they do
not necessarily have to be preserved. The point is that
the presence of contaminated or chal cophile-element-
depleted rocks may be regarded as a positive indicator
of favorable ore-forming processes. However, the ab-
sence of such rocks should not be regarded as a nega-
tive indicator.

Other methods of discrimination

Several other geochemical and mineralogical meth-
ods of discrimination have been used to distinguish be-
tween mineralized and unmineralized komatiites (see
reviewsby Lesher 1989, Naldrett 1989, Lesher & Stone
1996), including Zn in chromian spinel, Ni in olivine,
Al-Fe-Mg-Ni in whole rocks, and Ni—Cr in whole
rocks. These methods seem to belessreliable than those
described in this paper, but some may be useful in cer-
tain situations.

Zn enrichment in chromian spinel (e.g., Groves et
al. 1977) may be a useful tool for exploration in areas
where the contaminant is enriched in Zn relative to the
magma and where metamorphic grades are low. How-
ever, not al contaminants are enriched in Zn, chromian
spinel commonly re-equilibrates with the intercumulus
liquid during cooling, and Zn has been mobile in many
cases during metamorphism. For example, H. Papunen
(pers. commun., 1996), Baird (1999), and Barnes (2000)
have shown that Zn is commonly added to chromian
spinel during low-temperature alteration and further
concentrated in the core of grains during prograde meta-
morphism. Thus, highly Zn-enriched chromian spinel,
as at Widgiemooltha and Kambalda (see discussion by
Barnes 2000), may result from proximity to sedimen-
tary Zn sources during metamorphism and may not nec-
essarily result from igneous processes.

Ni depletion in olivine occurs as part of the
chal cophile-element-depletion process affecting the
wholerock (Duke & Naldrett 1978, Lesher & Burnham
1999, 2001) and may be a useful tool for explorationin
areas where it is preserved. Although olivineis suscep-
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tible to post-cumulus or metamorphic modification and
iscommonly pervasively serpentinized, Ni isrelatively
immobile on the hand-sample scale in olivine cumulate
rocks (Donaldson 1981). The level of Ni in olivine thus
can be estimated from whole-rock analytical data. For
example, an extensive Ni depletion halo was identified
in the lower part of the Perseverance dunite body, both
in modified igneous olivine compositions and in whole-
rock elemental data (Barnes et al. 1988). Such haloes
areafeature of large mineralized flow systemsat low R
factors.

Whole-rock Al-Fe-Mg—Ni (Lesher & Groves 1984,
Lesher 1989) and Cr—Ni—-Mg variations (Woolrich &
Giorgetta 1978, Lesher & Stone 1996, Barnes & Brand
1999) may aid in the identification of channel-flow fa-
ciesthat are more likely to host Ni-Cu~(PGE) mineral-
ization than sheet-flow, lava-pond, or lava-lobe facies.
Thisisbecause channel-flow faciesrocksnormally crys-
tallize from more magnesian lavas or from magmasthat,
if komatiitic, are more likely to a) be undersaturated in
magnesiochromite, b) crystallize more magnesian oliv-
ine, and c) accumulate larger amounts of olivine, than
thosein sheet-flow, lava-pond, or lava-lobefacies. How-
ever, these processes are not directly related to ore gen-
esis; not all high-Mg, low-Cr cumulate rocks are
mineralized, and any mafic magma more evolved than
~20% MgO will be saturated in chromian spinel (Murck
& Campbell 1986) and will produce Cr-rich cumulate
rocks (see discussion by Lesher & Stone 1996). A fur-
ther complication is that high-Mg channel-flow facies
asagroup exhibit awiderange of Cr contentsthat reflect
a) the kinetics of crystallization of the chromian spinel
(Barnes 1998) or b) accumulation of olivine then oliv-
ine + chromian spinel from lavas that fractionated and
became saturated in chromian spinel during crystalliza-
tion (Lesher & Stone 1986), or c) both. These compli-
cations have been discussed by Barnes & Brand (1999),
who showed that mineralized komatiite sequences on
average have substantially lower Cr contents and Cr:Ni
ratios than unmineralized sequences, but that that there
is no systematic difference between barren and miner-
alized units from the same flow environment.

The presence of sulfidesis a very reliable indicator
of sulfide saturation, but many sulfide-saturated cumu-
late rocks are non-economic, and the absence of sulfides
does not necessarily indicate that the unit did not form
an ore deposit. Although lavas or magmas that have
achieved sulfide saturation will normally continue to
exsolve a sulfide liquid as they cool, crystallize, and
oxidize (see review by Naldrett 1989), continued flow-
age though the lava channels may drive the lava or
magmaaway from sulfide saturation, leaving essentially
barren cumulate rocks over the ore zones. For example,
at many of the Kambalda shoots (Lesher et al. 1984,
Lesher 1989), at Perseverance (Barnes et al. 1988,
1995), and at Digger Rocks (Perring et al. 1995), sul-
fide-bearing cumulates are overlain by sulfide-free cu-
mulatesin the samelavachannel, indicating that thelava
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evolved from sulfide-saturated to sulfide-undersaturated
during the eruption. The later lavas flowed over a bed
of early-formed cumulates and flushed out the earlier
sulfide-saturated, contaminated lavas. The resulting cu-
mulates retain no trace of the mineralizing processes.
Thus in some areas, contaminated lavas may be pre-
served in close proximity to the ores (Perseverance:
Barnes et al. 1995; Digger Rocks, Perring et al. 1995;
Raglan: thisstudy), in some areasthey may only be pre-
servedin lateral flanking facies (e.g., Kambalda: Lesher
& Arndt 1995), and in some areas they may not be pre-
served at dl (e.g., parts of the Thompson Nickel Belt:
this study). These complexities must be considered
when interpreting komatiite geochemistry, which must
always be viewed from the standpoint of physical vol-
canology.

CoNCLUSIONS

The signatures indicative of crustal contamination
and chal cophile-element-depl etion reviewed in this pa-
per and discussed in severa chapters of Keays et al.
(1999) vary in nature and degree from environment to
environment, but they support current models for the
generation of Ni—-Cu—PGE) sulfide deposits in lava
channels and magma conduits (Lesher 1989, Naldrett
1989, Lesher & Stone 1996, Naldrett 1999). Therestric-
tion of contamination to specific facies of thelavachan-
nels and magma conduits, or to specific lavas derived
from those units, indicates that crustal contamination or
sulfide segregation (or both) occurred locally, and that
the processes of devolatilization, melting, and incorpo-
ration of crustal rocks were an integral part of the ore-
forming process. Provided that these geochemical
signatures areinterpreted and applied within the context
of the geological controls reviewed in this paper, they
provide important information relevant to mineral ex-
ploration for magmatic Ni-Cu—(PGE) sulfide deposits.
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