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ABSTRACT

The Bravo intrusion is a komatiitic sill that forms part
of a feeder system to the Chukotat komatiitic basalts of
the Cape Smith Fold Belt in northern Quebec. The sill is
of interest because of the large changes in the distribution
of chalcophile and siderophile elements within the intru-
sion. The differences in their distribution are interpreted
to be due to the differences in the history of crystalliza-
tion. contamination and alteration of each of the zones of
the intrusion. The concentrations of the lithophile elements,
platinum-group elements (PGE), Ni and Cu in tle upper
zone of the sill may be modeled as the product of 2590 batch
partial melting of a fertile mantle, followed by emplace-
ment of this magma into the crust and accumulation of 40
to 6090 olivine and 0.5 to 190 sulfide during crystalliza-
tion. The lithophile elements of the lower-zone rocks may
be modeled in a similar manner, but the rocks are much
richer in Cu, Ag, Rh, Pt and Pd than most komatiites. This
enrichment could have been caused by the conttmination
of the komatiite magma with a Cu-rich sulfide, which was
formed either by paflial melting of a pre-existing igneous
sulfide or by fractionation of an igneous sulfide liquid, At
the base of the intrusion, there is a chlorite-sulfide zone
that is depleted in Si, Mg, Ca, Na, K and Cr, and enriched
in Ti, Al, REE, Sc, Y and Zr relative to the enclosing
komatiite. The Ni, Os, Ir and Ru contents of the sulfide
are similar to those found in sulfide associated with
komatiites, but the rock is depleted in Pd, Pt and Au, and
richer in Cu and Ag than typical komatiite-associated ores.
The chlorite-sulfide zone may represent the product of
hydrothermal leaching of a komatiite rich in sulfide.

Keywords: platinum-group elements, komatiites, Bravo
sill, hydrothermal alteration, modeling, Cape Smitl
Fold Belt, Quebec.

SOMMAIRE
L'intrusion Bravo est un filon-couche komatiitique fai-

sant partie d'un systdme nourricier aux basaltes komatiiti-
ques de la ceinture du Cap Smith (Nouveau-Qudbec), Le
filon-couche pr6sente un int€rOt particulier puisque la dis-
tribution des 6l6mants chalcophiles et sid6rophiles varie for-
tement i I'int6rieur de I'intrusion. Ces diff6rences dans leur
distribution sont interpretees comme 6tant le produit de
variations dans la cristallisation, la contamination et I'alt6-
ration de chacune des zones de I'intrusion. La concentra-
tion des 6l6ments lithophiles, de ceux du groupe du pla-
tine, de Ni et de Cu dans la zone supdrieure du filon-couche
r6sulterait de 2590 de fusion partielle en masse d'un man-
teau fertile. Cette fusion fut suivie par I'emplacement de
ce magma dans la cro0te, ainsi que de I'accumulation de
40 d 60s/o d'olivine et de 0.5 i l9o de sulfures pendant la
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cristallisation. Nous pouvons expliquer les 6l6ments litho-
philes des roches de la zone inf6rieure de la m6me fagon'
mais ces roches sont plus riches en Cu, Ag, Rh, Pt et Pd
que la plupart des komatiites. Cet enrichissement pourrait
avoir 6t6 produit par la contamination du magma koma-
tiitique avec des sulfures riches en Cu. Ces derniers auraient
6t6 forms soit par une fusion partielle de sulfures ign6s
pr6-existants, soit par le fractionnement d'un liquide ign6
sulfur6. Une zone i chlorite et sulfures, appauvrie en Si,
Mg, Ca, Na, K et Cr, et enrichie en Ti, Al, les terres rares'
Sc, Y et Zr par rapport i la komatiite encaissante' se trouve
d la base de l'intrusion. Les teneurs en Ni' Os, Ir et Ru
des sulfures dans cette zone sont similaires d celles des sirl-
fures associ6s aux komatiiies, mais la roche est appauvrie
en Pd, Pt et Au, et enrichie en Cr et Ag, compar6e aux
minerais typiques associds aux komatiites. La zone i chlo-
rite et sulfures pourrait bien repr6enter le produit d'trn les-
sivage hydrotiermal d'une komatiite riche en sulfures.

Mots-clds:61€ments du groupe du platine, komatiite, filon-
couche de Bravo, lessivage hydrothermal' modble
p€trog6ndtique, ceinture du Cap Smith' Qudbec.

Inr.noluctloN

The Cape Smith Fold Belt is an early Proterozoic
(13210-2000 Ma, Parrish 1989) fold-and-thrust belt
in northern Quebec; it lies between the Archean
Superior and Churchill proYinces (Fig. 1). The
southern half of the belt consists of two stratigraphic
groups, the Povungnituk and Chukotat. The
Povungpituk Group contains clastic continental-shelf
sediments, continental tholeiites and minor alkali
basalts, whereas the Chukotat Group consists of
basaltic komatiite at the base and mid-ocean-ridge
basalt toward the top. These two groups are consi-
dered to accompany the opening of a continental rift
system (formation of the Povungnituk Group), fol-
lowed by the development of an ocean (formation
of the Chukotat Group: Francis et al. L98l' 1983'
Hynes & Francis 1982, Picard el a/. in press).

Ni-Cu sulfides rich in platinum-group elements
(PGE) occur in two different stratigraphic settings,
known as the Raglan and the Delta horizons
(Giovenazzo et al.1989). The Raeilan horizon con-
tains the Donaldson, Katiniq and Cross Lake sul-
fide deposits, which occur at the contact between the
Povungnituk Group and the Chukotat Group' wilhin
sills or frozen lava lakes of basaltic komatiite com-
position @arnes et al. 1982, Dillon-Leitch el al. 1986,
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FIG. 1. Location of the sulfide deposits in the Cape Smith Belt. Modified after Giovenazzo et ol. (1989),
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Picard & Giovenazzo, in press). The Delta horizon
is made up of the Echo, Bravo, Delta, M6quillon and
Expo-Ungava showings (Samis & Andersen 1980,

Daxl 1988, Giovenazzo et al. 1989, Tremblay 1990).
These sulfide showings occur at the base of ultra-
mafic dykes and sills that intrude the upper Powng-
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Flc. 2. Sketch map of the Bravo intrusion, showing the location of the samples. Modified after Samis & Andersen (1980).

nituk Group. The distribution of the lithophile ele-
ments in the sills suggests that they are comagmatic
with the Chukotat Group, i.e., their parent magma
was komatiitic basalt (Iremblay & Barnes 1989), but
some of the sulfide compositions do not appear to
be in equilibrium with a komatiitic basalt (M6quil-
lon and D-9 showings, Table l). These sulfides tend
to have lower Ni/Cu ratios and higher Pdllr ratios
than those reported for sulfides from the Raglan
horizon. The topic of this study is the composition
of the sulfides associated with the Bravo intrusion.
Our aim is to compare the compositions of the sul-
fides from the Bravo sill with the sulfides of .the
Raglan horizon and to explain the distribution and
relative abundance ofthe chalcophile and siderophile
elements within the Bravo intrusion.

LocAL GeoI.ocv AND PETRoLocY

The Bravo sill is approximately 200 m thick and
intrudes dolomitic quartzites of the Upper Povung-
nituk Group (Fie. 2). Along strike, it is connected
to the Echo system of sills to the west and, indirectly,
to the Delta sill to the east. The whole system of sills
from Echo to Expo-Ungava covers approximately
50 km. The Bravo sill exhibits a zonation typical of
the ultramafic sills in the Cape Smith Belt: pyrox-
enite margins and an olivine mesocumulate core
(B6dard et al. 1984, Picard 1980. Note that the rocks
have experienced greenschist-facies metamorphism,
and hence the rock names should be those of meta-

morphic rocks; however" as the igneous textures are
well preserved and relict igueous minerals are present'
the igneous rock names are used here. Within the
intrusion there appear to be two zones (Fig. 2)' a
lower zone consisting of the basal pyroxenite over-
lain by the olivine mesocumulate and a thin discon-
tinuous gabbro, and an upper zone consisting ofthe
middle pyroxenite, an olivine mesocumulate, and a
capping of the thin border pyroxenite in the north.
The sulfide-rich zone, exposed in the B-4 showing,
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contains between 5 and 9090 sulfide and occurs
within the basal pyroxenite. On the surface, it is
approximately 3 m wide and 600 m long; diamond
drilling indicates that it pinches out at depth (Samis
& Andersen 1980).

The pyroxenites consist of subhederal pyroxene
grains 2 to 4 mm in size, now replaced by an inter-
locking mat of actinolite in a matrix of interpenetrat-
ing chlorite laths (0.2 mm). In the basal pyroxenite,
5 to l09o disseminated sulfides are interstitial to the
pyroxene pseudomorphs in inegular patches that are
2to 4mroin diameter and have a narrow (0.1 mm)
rim of magnetite. The sulfides consist of anhedral
chalcopyrite and pyrrhotite grains (0.5 mm) with
straight boundaries. Exsolution flames of pentlan-

dite occur within the pyrrhotite. Daxl (1988) reported
the presence of sperrylite (PtAs, and sudburyite
(PdSb) as discrete grains in the chlorite.

Within the basal pyroxenite and at the western end
of the sill, a l-m-thick zone rich in chlorite and sul-
fide is developed. (In the text below, the rocks from
this zone are called the chlorite-sulfide rocks). This
material has been considered to be of hydrothermal
origin (Lamothe et al. 1987, Daxl 1988). The sulfides
form a matrix containing patches of chlorite 3-5 mm
asross, which consist of a mat of fine-grained (0.1
mm) interlocking laths. Small (0,025 mm) subidio-
blastic grains of epidote and titanite are present
between the chlorite laths. The sulfides consist of
large (l to 2 cm), irregular patches of either chal-
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copyrite or pyrrhotite. Exsolution flames of pent-
landite occur within the pyrrhotite. The boundary
between chalcopyrite and pynhotite is lobate, and
small inclusions of chalcopyrite occur within the pyr-
rhotite and vice yer,ya. None of the minerals in this
zone appears to have a preferred orientation.

The olivine mesocumulate contains anhedral
oikocrysts of augite 0.5 to I cm across, now partly
replaced by laths of actinolite and hornblende. The
medium-grained (1 to 2 mm) tabular to polyhedral

Sm
(ppm)

012
Yb (ppm)

50

Zr
(ppm)

10 30 50 70
Sc (ppm)

Frc. 4. Sm versus Yb (a) and Zr yer,szrs Sc (b). Tria"gtes:
pyroxenite, circles: olivine cumulate, G: gabbro, S:
sulfide-chlorite rock, open symbols: upper zone, sotid
symbols: lower zone. Note that the samples plot above
the chondrite line (solid line), which indicates that they
are enriched in Sm and Zr relative to Yb and Sc, possi-
bly owing to garnet retention at the source.

olivine chadacrysts within the augite have been
replaced by a combination of serpenline, chlorite and
magnetite. Interstitial to the oikocrysts are l-mm
patches of sulfides and a chlorite mat. The sulfides
consist of pyrrhotite with inclusions of chalcopyrite
and exsolved pentlandite. In some samples, the sul-
fides are partly replaced by magnetite. Small (0.2
mm) euhedral grains of chromite occur within the
pyroxene, the sulfides and the chlorite matrix.

The gabbro has a coarse-grained (5 mm) ophitic
texture. The pyroxene laths have been replaced by
actinolite, and the plagioclase, by a mixture of chlo-
rite and epidote.

GsocHsr4rsrnv

Analytical methods

The major elements, except for Na, and the trace
elements Ag, Cu, Ni, S, V, Y andZr, were deter-
mined by X-ray-fluorescence analysis (XRF) at Mid-
land Earth Science Laboratories, Merseyside, U.K.
All other analyses were carried out at the Universit6
du Qu6bec, Chicoutimi (UQAC). The platinum-
group elements and Au were preconcentrated in a
Ni-sulfide bead using the method of Robert el a/.
(L971). The bead was then dissolved, and the noble
metals were collected on filter paper, which was then
irradiated. The concentrations of the noble metals
were determined by instrumental neutron-activation
analysis (INAA). The remaining trace elements and
Na were determined by INAA on 2 g of rock pow-
der. As a cross-check on the accuracy of the XRF
analyses and the recovery ofthe Ni-sulfide bead tech-
nique, Fe, Ir and Au were also determined on the
2 g of rock powder. The difference between Fe deter-
mined !y f,trF and by INAA was less than 590, and
the difference between Ir and Au determined from
the filter paper and Ir and Au determined on the rock
powder by INAA was less than 1570. An estimare
of the accuracy and precision of PGE results is listed
in Table 2.

Distribution of the lithophile elements

The pyroxenite samples (8V3, 4 and 10) show no
cumulate textures and are assumed to approximate
the composition of the liquid. The Mg concentra-
tions cover the range 20 Io 22Wo MgO (Table 3),
which is a little higher than the highest concentra-
tions (1990) recorded for the overlying komatiitic.
basalts, which the Delta horizon intrusions are
bel ieved to feed (Francis  et  a l ,1981,1983,
Giovenazzo et al. 1989, Picard e/ a/. in press). It is
possible to explain the lower Mg contents of the lavas
relative to that of the sills by fractionation of 5 to
l09o olivine in the conduits, which lowered the Mg
content of lavas prior to eruption.

30
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The ratios between elements from the group La,
Sm, Ti and Zr and elements from the group HREE,
Y, Sc, V, Al are $eater than chondritic; for exam-
ple, La/Luo = 1.6, Zr/Yn = 1.3, TilAlo : 1.2,
Sm,/Sc. : 1.3, as illustrated on mantle-normalized
plots of incompatible elements (Fig. 3a). The same
point is illustrated on the plots of Sm versas Yb and
Zr versus Sc (Figs. 4a, b), where the samples plot
on the Sm- and Zr-enriched side of the chondrite line.
The level and shape of the patterns are similar to
those for the overlying komatiitic basalts (Francis
et ol. 1983, Picard et sl, n press), which indicates
that the Bravo intrusion and the komatiitic basalts
could be comagmatic.

Pyroxenites of the lower zone @Vl4 and 16) con-
tain cumulate sulfide and olivine. The presence of
these cumulate phases does not change the incom-
patible element ratios; thus the mantle-normalized
patterns of the lower pyroxenites are indistinguish-
able from those of the upper-zone pyroxenites (Fig.
3a), which suggests that these pyroxenites also
formed from a komatiitic magma.

Owing to the presence of cumulate olivine, the
cumulates contain higher concentrations of Fe, Mg,
Ni and Co than the pyroxenite margins (Table 3).
They also contain higher concentrations of Cr, which
indicates that either some chromite or pyroxene
accumulated in the olivine cumulate. As mentioned
in the section on petrogaphy, euhedral chromite and
augite oikocrysts are present the olivine cumulate,
but it is not possible on textural grounds to distin-
guish between chromite and augite crystallized from
trapped liquid and cumulate chromite and pyroxene.
However, the plots of SiO2 and CaO rerszs MgO
(Figs. 5a, b) show that the olivine cumulates and
pyroxenites lie on olivine control lines rather than
olivine + pyroxene control lines, and there is no evi-
dence for pyroxene as a cumulate phase. Therefore,
the higher Cr content in the olivine cumulates is
attributed to the presence of cumulus chromite. The
concentrations of incompatible elements are diluted
by the cumulate phases, but the interelement ratios
are similar to those of the pyroxenite, and the mantle-
normalized patterns are parallel to those of the
pyroxenite, except for some negative Eu and Ca
anomalies (Fig. 3b). The similarity of the mantle-
normalized patterns of the olivine cumulate and
pyroxenite indicates that the trapped liquid compo-
nent in the cumulates is similar in composition to
that of the pyroxenite.

The gabbro sample has mantle-normalized pat-
terns that are parallel to the pyroxenite and the oli-
vine cumulate, except that it shows enrichments in
Sc and Ca (Fig. 3b). The similarity of the trace ele-
ment patterns is consistent with the derivation of the
gabbro from the magma that formed the pyroxenites
and olivine cumulates. The gabbro has a lower Mg
content and higher Si content than the presumed ini-

20 30
MgO %

20 30
MgO o/o

Frc. 5. SiO2 (a) and CaO (b) verslas MgO; legend as in Fig.
4. The ianges in compositions shown for the olivine'
clinopyroxene and orthopyroxene shown axe those cal-
culated to be in equilibrium with the inittal liquid and
the liquid after fractionation of 3090 olivine, using the
equations of Nielsen (1985) and Jones (1984). Note that
apart from the gabbro and chlorite-sulfide rocks' the
samples plot along olivine control lines and do not show
the influence of pyroxene fractionation.

tial magma, which indicates that some olivine frac-
tionation occurred before this rock formed (Fig. 5a).
However, the gabbro does not simply represent a
fractionated liquid, because on the CaO versas MgO
plot the gabbro does not lie on the olivine control
line but rather on the clinopyroxene control line.
Thus the gabbro may represent a clinopyroxene
cumulate with fractionated trapped liquid. The
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presence of cumulate clinopyroxene also would
explain the Sc enrichment in this sample.

As the chlorite-sulfide rocks occur within the basal
pyroxenite, it is possible that the original rock was
a sulfide-rich pyroxenite. The mantle-normalized
patterrs of the chlorite-sulfide rocks (Fig. 3c) are
similar to those of the pyroxenites, except for the
presence of large negative Ca anomalies and large
positive Eu anomalies. Thus the incompatible ele-
ments support the idea that the protolith of the
chlorite-sulfide rocks was the pyroxenite.

Numerical modeling of the lithophile elements

It is possible to model both the major and trace
elements of the pyroxenite by 250/o batch partial
melting of a fertile mantle (Table 4), The degree of
partial melting was estimated by considering the
high-field-strength elements and assuming that the
partition coefficient for these elements into the resid-

TABI,E 4. !.!ODEL lrEi,T COIiPARED itltg EStn{ArED LIOUID

hLbiaL Model Falt.ll€ ResbLte ltin6ra1B
Llquld !,lElt Mantle Ollvlne pfa. camat.

s lo2  *  47 .64  47 .99
T ! O 2  0 . 4 1  0 . 5 1
N z O l  1  . 9 A  1 . 9 2
E '6o  11 .6?  12 .69
!& lo  0 .19  0 .17
ltSo 22.50 23-62
cao 9 .1?  6 .51
N a 2 O  O . 2 9  0 " 6 1
K 2 O  0 . 0 3  0 . 0 8

ppa <0.5  0 .15
2 9  0 . 4
84 100

1900 1400
69 LL2

2 . 2  2 . 2
650 516

0 . 1 3  0 . 1 4
400 800

o . 4 2  0 . 1
35 23
< x  0 . 1 6

1 . 3 3  L . 2
173 155

10 11
76 61
32 33

t 4 r b  0 . 9  0 . 9
0 . 8  0 . 8

9 . 5  I  . 3

o . 7  4 . 8

3 ,  1 .  4 .  4 .
44 .48  40 .28  52 .83  42 .O3
0 . 1 6  0  0 . 1 4  0 . 1 9
3 . 5 9  0 . ! 9  6 . 1 . 5  2 2 . 2 r
8 . 1 0  1 . 2 2  4 . 4 0  4 . 8 3
0 . 1 2  0 . 1 0  0 . r 2  0 . 1 7

3 9  . 2 2  5 0 . 9 4  2 4 . 8 0  2 2 . 6 5
3 . 4 4  0 . 2 9  9 . 0 5  5 . 1 0
0 . 3 0  0  0 . 7 4  0 . 0 4
o . o 2  0  0  0

Partl-tion Co6ff,Lclsta5
0 . 0 1 9  0  0  0
0 . 1 0  0  0  0

1 0 0 1 1 0

uum was zero; thus the batch partial melting equa-
tion reduces to:

C"/Ct :  11P ( l )

where C, and C, are the concentration of the ele-
ment in the mantle and the magma, respectively, and
F is the degree of partial melting.

The enrichment of Zr, Sm and Ti over HREE, Y ,
Sc indicates that garnet may have been a residual
phase during partial melting. If so, then the melting
event should have taken place at pressrues of greater
than 30 kbar, and the other residual phases would
have been olivine and low-Ca pyroxene (Takahashi
1986). The weight fraction of each of these phases
present in the residuum can be calculated by using
the composition of the minerals listed by Takahashi
(1986) and by simultaneously solving equation 2,
which is a simple mass-balance equation, for SiOr,
AlrOr, FeO and MgO:

WoCo + WoCo + WuCu = (C, - CrF)/(l-F) A)

where Wo, Wo and Wn are the weighl fraction of
olivine, pyroxbne and larnet, respectively, and Co,
Co and Cu are the concentrations of oxides in oli-
vine, clinopyroxene and garnet, respectively.

The "observed initial liquid", based on the aver-
age of the pyroxenites, and the modeled melt show
reasonable agreement (Table 4), except for Ca, Na,
K and Eu concentrations. Calcium, Na, K and Eu
have all been shown to be mobile in metamorphosed
komatiite (Sun & Nesbitt 1978, Beswick 1982, Lud-
den et al. 1983), and therefore the lack of agreement
for these elements is not considered surprising.

In order to model the composition of the cumu-
late rocks, it is necessary to estimate how much
trapped liquid component is present and to evalu-
ate its degree of fractionation. The amount of
trapped liquid present may be estimated by consider-
ing an incompatible element and using the equation:

T : C"/Cr

where T is the weight fraction of the trapped liquid,
and Cc and C1 are the concentrations of the element
in the cumulate and liquid, respectively. If the
trapped liquid component has the same composition
as the initial magma, then C1 will be lower, and
hence the T higher, than if the trapped liquid com-
ponent is fractionated. Therefore, to estimate how
much trapped liquid component is present, it is neces-
sary to estimate the degree of fractionation of the
liquid. Where olivine is the cumulate phase, use of
aplotof MgO/(MgO + FeO), allinwt.a/o,versus
an incompatible element leads to an estimation of
the degree of fractionation of the trapped liquid
component. On such a plot, tie lines between the ini-

(3)
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tial liquid and the olivine.in equilibrium with it can
be drawn using the relationship (FeO/MgO)"y/
(FeO/MgO)6 = 0.3 (Roeder & Emslie 1970). Any
rock that coniists of initial liquid plus olivine should
lie on a tieline between the two. As olivine is
removed from the liquid, the liquid and the olivine
in equilibrium with it become more Fe-rich, and the
tieJine moves. Tielines for 10, 20 and 3090 olivine
fractionation are shown on Figure 6. The presence
of sulfide will not disturb the coordinates of a rock
provided that the Fe in the sulfide is not included
in the "FeO". Using this method' it is possible to
estimate that the cumulate rocks at Bravo have
experienced fractionation of between 10 and 3090
olivine prior to their formation. It is possible to
model the distribution of lithophile elements in the
olivine cumulates as liquid plus 40 to 6090 olivine
and l9o chromite (Table 5). The basal pyroxenites
appear to be unfractionated (Fig. 6) and can be
modeled as consisting of 9090 initial liquid plus 5%
olivine and 590 sulfide (Table 5). The gabbro sam-
ple may be modeled as the fractionated liquid plus
20% cumulate clinopyroxene, but the match between
the model and observed compositions is poor for
CaO and FeO, either because the equations used to
estimate the composition of the clinopyroxene are
not correct or because the gabbro is not directly der-
ived from the initial magma. As this intrusion is part
of an open system, the gabbro may have crystallized
from another batch of magma.

In the case of the chlorite-sulfide rock, the similar-
ity in the shape of the incompatible element patterns
(Frg. 3) indicates that the protolith could have been
the pyroxenite. In terms of the major oxides, the
composition of the silicate portion of the chlorite-
sulfide rock is close to that of a chlorite (Table 6),
which is consistent with the petrographic observa-
tions. If this rock has been derived from the
pyroxenite, then large amounts of Si, Mg, Ca and
Na must have been removed from it. The net loss
or gain of an element may be calculated by

P = (C,0.39 - Ce)/Cel0O (4)

where D is the percentage loss or gain of the element,
Co and C, are the concentrations of the element in
the pyroxenite and chlorite-sulfide rock, respectively,
the constant 0.39 allows for the volume change in
the rock, estimated by assuming that Ti and Al were
immobile and taking the average of Tio/Ti, and
AL/Af". The results of this calculation indicate that
if ihe chlorite-sulfide rock formed from the pyrox-
enite, then the silicate portion of the rocks has lost
6190 of its original weight, mainly by loss of Si, Mg,
Ca, Na, K and Cr (Table 6). This is considered
reasonable, since all of these elements except Cr are
fairly mobile; the immobile elements show much
smaller changes.

MgO /(MgO + FeO) wt' "/o

Frc. 6. Al2O3 varsas MgO/(MgO + FeO)' all in wt.Vo;
legend as in Fig. 4. Solid lines represent tie-lines between
the liquid and the olivine calculated to be in equilibrium
with the liquid, calculated using the Roeder & Emslie
(1970) equation for fractionation of 0, l0' 20 and 30
wt.9o olivine. The initial liquid composition is listed in
Table 4.

Distribution of the chalcoPhile
and siderophile elements

The PGE, Au, Ni and Cu contents of the upper-
zone pyroxenite are intermediate between those
previously reported for komatiites and komatiitic
basalts (Munro Township in Ontario, the Yilgarn
Block of Western Australia and the Karasjok Green-
stone Belt of northern Norway: Crocket & MacRae
1986, Briigmann et ql. 1987, Keays 1982, Barnes &
Often 1990). On metal ratio plots of Ni/Cu versas
Pdllr (Fig. 7),they straddle the boundary between
the fields komatiites and high-Mg basalts (which
includes komatiitic basatts). The Munro, Yilgarn and
Karasjok komatiites contain from 25 to 30Vo MgO,
and the komatiitic basalts contain from 12 to l6tlo
MgO. The Mg content of the Bravo pyroxenites is
in the range 20 to 22Vo MgO; thus the intermediate
PGE, Au, Ni and Cu contents of these pyroxenites
are consistent with their Mg content.

The mantle-normalized metal patterns of the
upper-zone olivine cumulates are slightly higher than
those of the pyroxenite (Fig. 8a) but parallel to them,
which may be attributed to the presence of a small
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TABrE 5. lloDEts oF TgE cuMurJATE RocKs OBTATNED BY Ri[Yr,Ercs FRAcrroNATroN
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11. Sulflde partit,J.on coeff,iclents f,rom peach et at. (1989)

amount of cumulate sulfide. The composition of the
sulfide component was calculated from sample BV6,
which contains the most sulfide (Iable 7). The upper-
zone sulfide at Bravo is similar to that observed for
the massive ore in the nearby Delta D-g zone, but
contains less Cu, Pt, Pd and Au than the sulfide from
the M6quillon showing (Table l). Compared with
sulfides from the Raglan horizon, the upper-zone sul-

fide is poorer in Ni, Cu, and PGEthan the Donald-
son and Katiniq deposits, and similar to the Cross
Lake showing (Table l).

The upper-zone rocks plot close to the tie-line
between initial liquid and sulfide of similar compo-
sition to the BV6 sulfide on the plot of Ir yersr.r Rh
(Fig. 9). Two of the olivine cumulate samples plot
on the Ir-enriched side of the tie-line, which indicates
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that some Ir is present in the cumulate phases.
In contrast to the lithophile elements, concentra-

tions of the PGE, Au, Ni and Cu in the lower-zone
pyroxenite, olivine cumulate and gabbro are very
different from those of the upper-zone rocks. The
concentrations of these elements are 5 to 100 times
higher in the lower-zone rocks. The higher concen-
trations can be attributed in part to the presence of
the sulfide. However, not only are the concentrations
higher, but also the interelement ratios are markedly
different. The mantle-normalized metal plots for the
lower-zone rocks are much steeper than those of the
upper zone (c/. Figs. 8a, b). The Pd/Ir ratio is an
order of magnitude higher in the lower-zone rocks
than in the upper-zone rocks, whereas the Ni/Cu
ratio is an order of magnitude lower. Thus on the
metal ratio plot (Fig. 7), the lower-zone samples tend
toward the flood basalt field. These high Pd/Ir (190)
and low Ni/Cu (0.3) ratios are unusual for sulfides
related to komatiites or basaltic komatiites, which
generally have Pd,/Ir and Ni/Cu ratios of 5 to 2A
(Naldrett l98l). In particular, the sulfide at Katiniq,
Donaldson, Cross Lake and the Delta D-8 zone all
have Pdllr ratios in the range 5 to 50, and Ni/Cu
ratios of 4 to 10 (Table l). High Pd/Ir ratios are
found in the Cross Lake C-l showing, the Delta D-9
zone and the M6quillon Sill (Table l). However,
none of the rocks have Ni/Cu ratios as low as the
Iower-zone sulfides at Bravo. The reason for the high
Pdllr and low Ni/Cu ratios in the lower rocks at
Bravo is the unusually high Cu and Pd concentra-
tions (Table 7). In addition to the high Cu and Pd
concentrations, the sulfide is rich in Pt, Rh, Ag, Sb
and Se. As can be seen on Figure 9, the lower-zone
rocks €ue distinctly Rh-enriched relative to the upper-
zone rocks.

The composition of the sulfide in the chlorite-
sulfide rocks is similar to that of the lower zone,
except that the chlorite-sulfide rocks have much
lower concentrations of Pt, Pd, Au and Sb (Table
7). The mantle-normalized metal patterns for the
chlorite-sulfide rocks are similar to those of the other
lower-zone rocks, except that they have large nega-
tive Pt, Pd and Au anomalies (Fig. 8c). On the plot
of Ni/Cu versusPd/b, the chlorite-sulfide rocks fall
outside the range ofigneous rocks (Fig. 7). Igneous
rocks with such low Ni/Cu ratios normally have high
Pd,/Ir ratios. The fact that considerable amounts of
the mobile lithophile elements have been lost from
these chlorite-sulfide rocks suggests the possibility
that Pt, Pd, Au and Sb, which are all considered to
be relatively mobile (Westland 1981, Wood el a/.
1990), also have been removed. The fluid that
removed these elements did not remove Ag and Cu,
however. A fluid containing "hard" ligands, such
as chlorine, which bond strongly to Ag and Cu, would
therefore not be suitable to cause the alteration, but
a solution containing "soft" ligands, such as thiosul-

T.ABLE 6. COMPARISON OF THE SILICATE
PORTION OF TIIE SI'IFIDE-CIITORITE ROCK
WITII TIIE Pn'OXENITE

Chlorite Pyroxenite wt * dif

1 .
s tO2 *  24 .27
T i O 2  L . 2 8
A12O3 17,11
F e 2 O 3  3 0 . 5 6
!, lnO 0.48
MgO L2.83
C a O  1 . L 1
N a 2 O  < 0 . 0 1
K Z O  < 0 . 0 1
P 2 O S  0 . 0 8
H 2 O  1 0 . 9 9

La ppm
Ce
Se
Eu
Tb
Yb
Iru
Cr
Hf
Sc
Th
v
Zn
Zr

4 . 3
1 3  . 8

2 . 3
L . 7
0 . 5
2 . 2
0 . 2 6

970
2 . 9

67
2

435
274

9 5

2 .  3 .
4 7 . 6 4  -  8 0 . 1
0 . 4 1  +  2 L . 7
1  - 9 8  -  1 5 . 3

1 2 . 9 8  -  8 . 1
0 . 1 9  -  t . 4

2 2 . 5 0  -  7 7
9 . 1 ?  -  9 s
0 . 2 9  - 1 0 0
0 . 0 3  - 1 0 0
o . : .  +  4

2 . 2  -  2 3 . 7
4 . 2  +  2 8
1 . 3  -  3 1
0 .29  +L28
0 . 2 5  -  2 2
0 . 9 s  -  L 2
0 . 1 3  -  2 2

1900  -  80
1 . 1  +  2 . 8

3 5  - 2 5
o . 4 7  +  6 5

1 7 3  -  1 . 9
1 6  + 4 0
3 2  + 1 7

1. Average of the eLllcate portlon
of bv 2, 5 and 15. 2. Average of
the pyroxenites bv 3, 4 and 10
3. The dlffersnce between ttre
siLicate portion of tho cbLorite-
sulfide rock and tbe pyroxenite
e:<pressed as a wt t loss or galn

fate or bisulfide, would (Seward 1973, Phillips &
Groves 1983, Wood et al. 1990).

The loss of Pd, Pt, Au and Sb from the chlorite-
sulfide rocks offers a solution to the problem of the
high concentration of these elements in the other
lower-zone rocks, namely that they have been
introduced hydrothermally from the chlorite-sulfide
rocks. The high Pd/Ir ratio and Cu-rich nature of
the disseminated sulfide in the lower-zone pyroxenite
support the idea of hydrothermal redistribution of
Cu and Pd, since hydrothermal sulfides have high
Pd,/Ir ratios and high Cu contents (Rowell & Edgar
1986, Lesher & Keays 1984). However, compared
with hydrothermal veins of the Donaldson and Delta
deposits, the lower-zone sulfide at Bravo is rich in
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Ftc. 7. Pd/Ir versas Ni,/Cu, legend as in Fig. 4. L,L: layered intrusion, fields from
Barnes el a/. (1988). Note that the lower-zone samples fall in the komatiite or
high-Mg basalt field; the upper-zone samples are more fractionated, but still fall
in the field of igneous rocks, whereas the sulfides fall outside all knorvn fields.

the immobilePGEOs, Ir, Ru and Rh (Table 7) and
poor in the mobile elements Ag, As and Au. Fur-
thermore, the sulfide is present not in veins but rather
disseminated among the pyroxene gxains, which sug-
gests an igneous rather than hydrothermal texture.
Whereas redistribution of Pt, Pd and Au from the
chlorite-sulfide rocks to lower-zone rocks could
account for the Pt- and Pd-rich nature of these rocks,
it will not solve the problem of the high concentra-
tions of Rh, Ag and Cu in both the chlorite-sulfide
rocks and the other lower-zone rocks. As can be seen
on Figure 9, all of the lower-zone rocks are enriched
in Rh relative to the upper zone. If the hydrother-
mal redistribution of Pd, Pt, As and Sb from the
chlorite-sulfide rocks to the other lower-zone rocks
accounts for the high concentration of these elements
in the lower-zone rocks, it is still necessary to postu-
late the introduction of Rh, Cu and Ag from some
outside source. This hypothesis is not attractive
because it requires tlte mobility of Rh, which is gener-
ally considered to be immobile (Plimer & Williams
1988). Therefore, whereas the chlorite-sulfide rocks
may have formed by hydrothermal alteration of a
sulfide-rich pyroxenite, with the loss of Pd, Pt, Au,
Si, Mg, Ca and the alkalis, hydrothermal alteration
will not account for the Rh-, Pt- and Pd-rich nature
of all of the lower-zone sulfides.

Numerical modeling of the chalcophile
ond lithophile elements

The concentrations of the chalcophile and sidero-

phile elements in the upper-zone pyroxenites may be
modeled, like the lithophile elements, as the result
of batch partial melting of a fertile mantle. The most
important phase in controlling PGE is sulfide, but
at25t/o partial melting, no sulfide would be present
in the residuum (Morgan 1986, Barnes 1987); there-
fore, Pd may be treated as an incompatible element
during batch partial melting. The modeled and
observed Pd contents are in reasonable agreement
(Table 4, columns I and 2). Os and Ir behave in a
compatible fashion during partial melting (Crocket
1981, Naldrett & Barnes 1986), but the partition
coefficients into the various phases are unknown.
However, by the use of a bulk-partition coefficient
of 7.5, the Os and Ir contents of the upper-zone
pyroxenite can be modeled. If Ru, Rh and Pt are
treated as incompatible elements, then the model
values would be approximately twice the observed
values; a bulk partition-coefficient of I into the
source is required for the modeled and observed
values to agree. Naldrett & Barnes (1986) found that
the compatibility of Rh is intermediate between Ir
and Pd for a range of magmas. The Bravo data sug-
gest that Ru and Pt also show an intermediate degree
of compatibility. The observed Au and S concentra-
tions are much lower than those estimated by the
model, whereas the observed As and Sb concentra-
tions are much higher than those of the model. The
poor agreement between the model and observed
concentrations for these elements could reflect poor
estimates of the concentration of the elements in the
mantle, but given the fact that the rocks have been

FLOOD
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metamorphosed to middle-geenschist facies, it more
likely reflects mobility of these elements.

The presence of a small amount of cumulate sul-
fide in the olivine cumulates of the upper zone is indi-
cated by the slightly higher concentrations of PGE
in these rocks than in the pyroxenites that are
assumed to represent the initial liquid. The compo-
sition of the sulfide that forms from a magma is
strongly influenced by the amount of sulfide that
segregates (the R factor of Campbell & Naldrett
1979). By rearranging the standard equations for
crystal fractionation, the relation between the com-
position of the sulfide and the amount of sulfide that
has segregated may be described by:

C"/C1 : [-(l-x)D]/x

where C" and C1 are the concentration of the ele-
ment in the sulfide and the liquid, respectively, D
is the partition coefficient of the element into sul-
fide, and x is the the weight fraction of sulfide that
has segregated. C./Cl will be referred to as the
enrichment factor in the text below. Ni and Cu have
similar partition-coefficients into sulfide (Rajamani
& Naldrett 1978, Peach et al. 1989), Experimental
work suggests a D of approximately 200 for rocks
of this composition (Rajamani & Naldrett 1978),
whereas Peach et al. (1989) have calculated D to be
864 and 1300 for Ni and Cu, respectively, in MORB.
If it is assumed that the upper-zone sulfides
segregated from the initial liquid, then the enrich-
ment factor of Ni and Cu in the sulfide would be
59 and 206, respectively (Table 7). This raises a
problem, because the similarity in the partition
coefficients of Ni and Cu requires that they have a
similar enrichment-factor in the sulfide. A solution
to this problem can be found if it is remembered that
the lithophile elements suggest that the trapped liquid
in the olivine cumulates was fractionated. If we allow
fractionation of 9.890 olivine and 0.2v/o chromite,
the Ni and Ir content of the liquid will have fallen,
and the Cu and Pd content risen, such that the
enrichment factors all fall in the range 100 to 170
(Table 7), which suggests that between 0.5 and l7o
sulfide segregated from the liquid (Fig. l0).

The modeling of the chalcophile and siderophile
elements of the lower-zone rocks presents more of
a challenge. Elements such as Ni, Co, Os, Ir and Ru
have enrichment factors of l0 to 150 relative to the
liquid after 20Vo fractionation (Table 7). The figure
of 2.00/o fractionation was chosen because this is the
maximum amount of fractionation indicated by the
lithophile elements in the lower-zone rocks. Use of
the partition coefficients listed in Table 5 and the
curves on Figure l0 implies the segregation of about
l9o sulfide. However, elements such as Cu, Se, Rh,
Pt and Pd have enrichment factors of 300 to 1274
(Table 7), and this implies segregation of approxi-

0.

1000

Ni Os h Ru Rh Pt Pd Arr Ag Cu
Ftc. 8. Mantle-normalized metal patterns, with normali-

zation values from Barnes et al, (L988). On a and b,
dotted lines: pyroxenite, solid lines: olivine cumulate,
dashed line: gabbro.

mately 0.1V0 sulfide @ig. 10). Unless some unknown
process has disturbed the partition coefficients, it
does not seem possible to generate these sulfides sim-
ply by segregation from a basaltic komatiite liquid.

In order to make the enrichment factors for Ni,
Ir, Os, Ru and Co agree with those for Se, Rh, Pt,
Pd, Ag and Cu, the liquid must either contain an
order of magnitude less Ni, Ir, Os, Ru and Co, or
an order of magnitude more Se, Rh, Pt, Pd, Ag and
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TABI,E 7. COMPOSTTION OF TEE BRAVO SUI,FIDES .AND TsB DEGREE OI. ENRXCSMENT
III ITEE SI'L!'IDES

Enricbrent Factor Fraetlonaled Liquid

[ ' 8 0 . 9  F q O  . 8  F E o  . 7UpIEr Low€r Cblorit€
Z o e  Z o e  S u 1 f l d €

UptEr IJou€!

Zona Zone

4 .J .1

F e A
N1
Cu
s

Ag PPa
Ag

sb

101 54
19? L274

<187 94
<25 9

9 1 4
240 150

<323 605

5 2 . 0  4 7 . O  4 5 . 3
s . 7  2 . 9  2 , 5
1 . 4  L O . 2  1 1 , 3

4 0 . 3  3 9 . 9  4 0 , 3

< 2 1  1 6  2 L . 3
< 1 1  4 . 9  3 . 1
76L 1201 1300

2 6 . 4  1 8  1 . 5
<55 L2r 14r.

0  . 1 6  0 .  r . 7  0  . 2 L
o . 4 4  0 . 5 0  0 . 5 7

a4 84  a4
0 . 1 1  0 . L 2  0 . L 4
0 . 1 7  0 . 2  0 . 2 2

0 . 5  0 . 5  0 . 4
0 . 6  0 , 5  0 . / t
5 . 5  6 . 2  7 . 1
1 . 9  2 . 1  2 . 4

L 0 . 5  1 1 . 9  1 3 . s
1 . 5 . 5  1 ? . 5  2 0

0 . 8  0 . 9  I

560 449 342
?1 80  91

os ppb 44 46 44
I r  7L  77  99
Ru 225 L77 1S5
Rb 218 802 97L
Pt Lr32 3451 L9L2
Pd 267L 14680 5?1
Au 162 143 11

73 92
118 154

4 0  2 g
L14 381
107 290
r72 938
202 158

1. CodpoBition of auLflde ln tbe uptD! zone calaLat€d floB bv6.
2. corpaBLtion of, aulfLde ln the ].owe! zone cal@lated flom bv14 sd 16
3. corrpoaition of Bulf,td€ in tbe oblorit€-eulfide rock from bv2, 5 sd 15
4. Enricbrent factor of tba e1@nt l.n tbe uptE!-zone aulf,ldo asaueing
tbat tbe liquid baa exlErLenced 10$ ollvlne f,raotionation.
5. Eulcbm€nt fastor of tb€ €Ie@at 1a tbe lowe!-zone Bulfld€ aa8ueing
tbat tbe Uqutd has €:<IE!ienc6d 20t olivlna f,lactlonation.

1m in these elements (e.C., 40 ppm Ni), It might,
however, be possible to raise the concentration of
Se, Rh, Pt, Pd, Ag and Cu by contamination of the
magma. Because of the high temperature of
komatiitic magmas, contamination of the magma by
the enclosing sediments may have occurred (Hup-
pert & Sparks 1985). However, the dolomilic quartz-
ite (BV 13, Table 3) at the base of the Bravo intru-
sion does not contain sufficient Cu, Pt, Pd and Rh
to act as a source of these elements. The similarity
in the ratio of incompatible elements of the upper
and lower zone requires that any contaminant not
disturb these ratios. Effectively this constraint rules
out contamination by the greyrvackes in the area,
since these have htgh Zr /Y and LREE/ HREE rxios
and high Th concentrations (CT 61, Table 3). The
partial melting of the sulfides in the greyrrackes could
produce a suitably Cu-rich contaminant, but this
would require temperatures of greater than 850oC
(Craig & Kullerud 1969), and at these temperatures
the silicate component of the greywacke should also
have melted, which, as pointed out above, would
have disturbed the lithophile elements.

One possible contaminant that might fulfill the
requirements would be a Cu-rich sulfide melt. Two
possible sources of such a melt would be: a) the par-
tial melt of a pre-existing sulfide (Briigmann e/ a/.
1989), b) a fractionated sulfide liquid formed dur-
ing the crystalliTation of a sulfide magma (Naldrett
et al. 1982). The residual liquid or the partial melt

10

.o
CL
o.

0+
0.5 1000

Rh (ppb)

FIc. 9, Ir versas Rh; legend as in Fig. 4. Note that the
upper-zone samples plot close to a tieline between the
initial liquid (average of BV 3, 4 and ll) and sulfide
from the upper zone in equilibrium with this liquid
(based on BV6), whereas the lower-zone samples lie on
the Rh-enriched side of the tie-line and the sulfide (S)
contains an order of magnitude more Rh.

Cu than estimated. To propose a lowering of Ni, Ir,
Os, Ru and Co concentrations in the silicate liquid
would only work with absurdly low concentrations

10010
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of a komatiitic sulfide could contain up to 4090 Cu Moorl AND CoNcLUsroNS
(Fig. 3 of Craig & Kullerud 1969). Contamination
of the komatiitic magma with 0.2590 of such a sul- The Bravo intrusion represents an interesting case-
fide would increase the Cu content of the silicate study,inthatthecompositionof theserocksappears
liquid to 1000 ppm, and hence change the enrich- to have been affected by at least four processes: par-
ment factor of Cu in the sulfides from 1200 to 120, tial melting, contamination, crystal fractionation and
1.e., similar to that observed for Ni. If it is argued hydrothermal alteration. The field, petrogaphic and
that Rh, Pd, Pt and Ag are incompatible with the geochemical evidence may be interpreted as follows.
pyrrhotite residual phase of a massive sulfide, then After the rifting phase of the Cape Smith Belt and
the concentration of these elements would also be the development of the Povungnituk Group,
expected to be hieh in the partial melt or fractionated komatiitic magma derived by approximately 25t/o
liquid. Hence a partial melt or a fractionated liquid batch partial melting of a primitive mantle rose into
of a pre-existing sulfide may have acted as a source crust, leaving olivine, low-Ca pyroxene and garnet
to contaminate the subsequent komatiitic magma in the source. The komatiite magma created a sys-
that formed Bravo. tem of sills and dykes in the Povungnituk Group,

03.( ) t
\_ 1

oo

D=Z x t05

\
D=2 * tO"

b2
Sulfide saturation

->Z 
x t03

10t

0.001 0.01 0.1 1 10
% SULFIDES

Frc. 10. Enrichment factor versw Vo sulfides segregated for partition coefficients
rangmg from 2 to 20,000, calculated using equation 5.
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Frc. ll. Model for the formation of the Bravo sill. See text for further explanations.
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now represented by the Delta Horizon, which may
be thought of as a conduit to the overlying Chukotat
lavas (Giovenazzo et ol. 1989). ThePGE-rich nature
of the sulfide associated with the komatiites of the
Cape Smith Belt is in part due to the high degree of
partial melting involved in forming the komatiite
magma; at high degrees of partial melting, no sul-
fide remains in the source, and therefore all the Pt
and Pd in the source is released to the magma.

In the region of the Bravo Sill, a batch of komatiite
magma became sulfide-saturated. The sulfide col-
lected the siderophile and chalcophile elements and
settled out of the magma to form a pool of sulfide
liquid (Fig. I la). A new influx of magma passed over
this sulfide and was contaminated by a Cu-rich sul-
fide liquid derived either by partial melting of the
solidified sulfide or by crystal fractionation of the
sulfide. This sulfide melt, rich in Cu, Pd, Pt and Rh,
mixed into the komatiite and changed Ni/Cu, Pd/Ir
and other interelement ratios @ig. llb). The con-
taminated magma was then emplaced in the Bravo
region, where upon crystallization it formed the
lower zone of the sill by olivine accumulation and
sulfide segregation (Fig. llc).

A new influx of uncontaminated komatiitic
magmawas subsequently emplaced, and this magma,
upon cooling, crystallized to form the olivine cumu-
lates of the upper zone (Fig. I ld). As the cumulates
contain 40 to 6090 cumulate olivine, mass-balance
considerations dictate that some fractionated liquid
must have been expelled, perhaps eventually rising
to the surface to form part of the Chukotat lavas.

Portions of the sulfide-rich basal pyroxenite under-
went intense alteration by a fluid containing a "$oft"
ligand, resulting in the loss of Si, Mg, Ca, Na, K,
Cr, Pt, Pd and Au, and the introduction of Eu (Fig.
ud).
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