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Chapter 13

The Pd Deposits of the Lac des Iles Complex, Northwestern Ontario

SARAH-JANE BARNES† AND TAFADZWA SHARON GOMWE

Sciences de la Terre, Université du Québec á Chicoutimi, 555, boulevard de l’Université, Chicoutimi, Québec, Canada G7H 2B1

Abstract
The Lac des Iles Complex contains the Roby, Twilight, and High-grade zones, which make up Canada’s only

primary platinum-group element (PGE) ore deposit with a grade of ~3 ppm Pd + Pt. The ores have remarkably
high Pd/Pt ratios, averaging 7 in the Roby and Twilight zones and even higher, 14, in the High-grade zone. In con-
trast most PGE-dominated deposits have Pd/Pt ratios of 0.5 to 3. The Lac des Iles ore zones occur within a small
(~2 ×y 3.5 km) concentrically zoned mafic intrusion and are approximately 0.5 km wide by 1 km long at surface.

There are three major rock types present, gabbronorite, metagabbronorite, and chlorite-actinolite schist.
The Roby and Twilight zones consist of magmatic breccia of gabbronorite or metagabbronorite, which contains
pegmatoidal and varitextured patches. The gabbronorites have adcumulate textures and consist of deformed
plagioclase and orthopyroxene with minor interstitial clinopyroxene, biotite, and hornblende. In the metagab-
bronorites the pyroxenes and hornblende have been replaced by actinolite and the plagioclase has been partly
altered to sericite. In the most altered metagabbronorites the plagioclase has been replaced by chlorite. The
High-grade zone occurs between the breccia of the Roby zone and the homogeneous East Gabbro. The main
rock type is actinolite-chlorite ± talc schist. 

Three sulfide assemblages are present: (1) pyrrhotite, pentlandite, chalcopyrite ± pyrite; (2) pentlandite,
chalcopyrite, and pyrite; and (3) chalcopyrite, pyrite, and millerite. Assemblage (1) is present in all rock types
and shows equilibrium textures in the fresh rocks. Assemblages (2) and (3) are present only in the metagab-
bronorite and chlorite-actinolite schist and show disequilibrium textures. Pentlandite is an important host for
Pd in assemblages (1) and (2), the other important hosts for Pd in these assemblages are Pd tellurides. In as-
semblage (3) the Pd is found in a wide variety of platinum-group minerals (PGM); Pd tellurides, Pd sulfides,
Pd antinomides, and Pd arsenides. The PGM in assemblages (1) and (2) are found in association with the sul-
fides, while in assemblage (3) they are found as isolated grains.

Whole-rock geochemistry shows that the most of the rocks no matter what their texture or degree of alter-
ation have similar compositions. Most compositions fall on plagioclase-orthopyroxene tie lines. Mantle-nor-
malized patterns show that the rare earth element (REE) and high field strength element (HFSE) concentra-
tions are low (0.8−2 times mantle) and similar. In this flat pattern there are positive Sr, Eu, Pb, and Sc
anomalies. These observations are consistent with the rocks being plagioclase-orthopyroxene adcumulates. A
small group of metagabbronorite and schist samples show MgO, CaO, and Cr enrichment, indicating the pres-
ence of some cumulate olivine, clinopyroxene, and/or chromite. The rocks no matter what their texture or de-
gree of alteration have similar incompatible element ratios, indicating that they all are comagmatic. The low
normative clinopyroxene concentrations and the low HFSE content of these rocks suggest that there is very lit-
tle trapped liquid component present. This observation appears to be in contradiction to the field appearance
of the magmatic breccia which indicates the matrix represents a frozen magma. We suggest that the magma
chamber was being deformed at the time of intrusion and the fractionated liquid was squeezed out of both the
matrix and fragments during this process.

The formation of pegmatite and varitextured rocks could have occurred when the magma became fluid sat-
urated and this fluid infiltrated the partially consolidated gabbronorite causing recrystallization. The composi-
tion of the varitextured and pegmatiodal rocks is similar to that of the other rocks and thus the fluid did not ap-
preciably change the composition of the recrystallized rocks. 

Processes that have been considered for forming the ores include: collection by a sulfide liquid from a sili-
cate magma; zone refining of the sulfides during repeated injections of magmas; and collection of the metals
by deuteric or hydrothermal fluids. For samples from the Twilight and Roby zones there is a strong correlation
between S, Cu, and PGE, indicating that sulfide minerals control the PGE and thus collection by a sulfide liq-
uid could have occurred. However the high Pd/Pt ratio of the ores suggests that the sulfide liquid did not seg-
regate from a primary mafic magma. Possibly, there was a feeder chamber to the Lac des Iles intrusion. The
magma in the feeder system became saturated in sulfide liquid and this collected and crystallized in a struc-
tural trap between chambers. A fresh injection of S-undersaturated magma from the lower chamber partially
melted the sulfides, enriching the magma in S, Cu, Pd, and Au. The Pd-enriched magma was then injected into
the Lac des Iles chamber, mixed with the partially consolidated resident magma, and Pd-rich sulfides segre-
gated from it. In the High-grade zone there appears to have been an additionally low temperature process that
added Pd, Au, As, and Sb to these rocks. Possibly these elements were added by a fluid that exsolved from the
magma in underlying magma chamber and which scavenged the elements from the sulfides formed at depth.
The fluid was focussed in the shear zone between the East Gabbro and the Roby zone because most of the Lac
des Iles intrusion had solidified at this point.
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Introduction
MOST NICKEL-COPPER and platinum-group element (PGE)
deposits are associated with mafic and ultramafic rocks.
These deposits may be divided into two groups (Naldrett,
1981). One group is typically sulfide rich with >10 percent
sulfide minerals and the main products are Ni and Cu with
PGE as by-products (e.g., Sudbury, Canada, and Noril’sk,
Russia). The second group is typically sulfide poor with <5
percent sulfide minerals. Platinum-group elements are the
main product, whereas Ni and Cu are by-products (e.g., the
Merensky reef of the Bushveld Complex, South Africa, and
the J-M reef of the Stillwater Complex, Montana). The PGE-
dominant group may be further divided into three groups.
The first and economically most important comprises narrow
layers of stratiform mineralization represented by the Meren-
sky reef and the Upper-Group (UG-2) chromite layer of the
Bushveld Complex in South Africa (Naldrett et al., 1986; Von
Gruenewaldt et al., 1986), the J-M reef of the Stillwater Com-
plex (Zientek et al., 2002), the reefs of the Penikat and Munni
Munni layered intrusions (Alapieti and Lahtinen, 1986;
Barnes and Hoatson, 1994). The second group consists of
broad zones of mineralization at the margins of an intrusion
hosted by rocks with extremely variable textures and showing
signs of multiple magma injections, for example, the Platreef
of South Africa (Maier et al., 2008). The third group com-
prises concentrically zoned Alaskan-type intrusions, for exam-
ple, the Tulameen Complex in British Columbia (Findlay,
1969; Nixon et al., 1990). The Lac des Iles mineralized zones
do not readily fall into any of these groups but most closely re-
semble the mineralization formed at the margins of intru-
sions. The measured and indicated resources at Lac des Iles
are 36 million metric tons (Mt) at 3.18 ppm Pd, 0.26 ppm Pt,
and 0.22 ppm Au, 0.086 percent Ni, and 0.072 percent Cu.
(North American Palladium web site, April 2010). 

The Lac des Iles Complex is located approximately 85 km
north of the city of Thunder Bay in Northwestern Ontario
(Fig. 1). The complex consists of mafic to ultramafic intru-
sions near the contact between the granite-greenstone ter-
rane of the Wabigoon subprovince of the Superior province
and the northwestern margin of the Quetico subprovince
(Fig. 1). The Quetico subprovince consists of deformed and
metamorphosed volcanic and sedimentary rocks. These rocks
are interpreted to have formed during the subduction of
oceanic lithosphere beneath the Wabigoon subprovince (Per-
cival and Williams, 1989). The Lac des Iles Complex was em-
placed into gneissic tonalites and granodiorites and is in turn
intruded by various granitoids (Sutcliffe et al., 1989). The in-
trusion has been dated by the U/Pb method on zircons from
the gabbroic pegmatites at 2689 ±1 Ma (Stone et al., 2003).
An internal Sm-Nd isochron on whole-rock and mineral sep-
arates (plagioclase, clinopyroxene, and orthopyroxene) gave
an intrusion age of 2736 ± 28 Ma (Brügmann et al., 1997).
Based on the Nd isotopes and the geologic setting, Brügmann
et al. (1997) concluded that the intrusion formed in an arc
setting. 

The Lac des Iles Complex consists of three main intrusions:
the North Lac des Iles, the Mine Block, and the Camp Lake
intrusions (Fig. 1). The ultramafic North Lac des Iles intru-
sion is centered on Lac des Iles, which consists of a layered

and folded sequence of peridotite and pyroxenite cumulates
and minor gabbronorite cumulates (Brügmann et al. 1997;
Stone et al. 2003). The Mine Block intrusion occurs immedi-
ately south of Lac des Iles and consists of mela- to leuco-gab-
bronorite. Most of the Mine Block intrusion consists of vari-
textured gabbronorite and magmatic breccia (Fig. 2). The ore
deposits, Roby, High-grade, and Twilight, occur in the south-
western portion of the intrusion. There are also a number of
Pd occurrences called the Baker, Creek, and Moore zones,
but the grade in these zones is too low for exploitation (Fig.
2). Recently, mining has commenced underground on an ex-
tension of the Roby zone known as the Offset zone. The
Camp Lake intrusion is located southwest of Camp Lake and
consists of a homogeneous hornblende gabbro (Lavigne and
Michaud, 2001).

To date there is no agreement on how the deposits formed.
This is due in part to the unusual composition and textures of
the rocks. Most PGE-dominated deposits have Pd/Pt ratios of
0.5 to 2 and Pd/Ir ratios of 10 to 100 (Fig. 3), similar to man-
tle-derived magmas (Maier and Barnes, 2004). An exception
to this observation is the J-M reef of the Stillwater Complex,
which has higher Pd/Ir and Pd/Pt ratios, but these ratios are
still much lower than those of the Lac des Iles ore zones (Fig.
3). The similarity of the Pd/Ir and Pd/Pt ratios of most PGE
dominated deposits and mantle-derived magmas suggests a
model whereby the PGE are collected from the magma by
sulfide liquid (Barnes and Maier, 1999). At Lac des Iles the
very high Pd/Ir and Pd/Pt ratios are inconsistent with this in-
terpretation. The presence of the breccia, pegmatites, and
varitextured gabbros along with the extensive amphibolitiza-
tion suggests to many authors (Talkington and Watkinson,
1984; Macdonald, 1988; Brügmann et al., 1989; Lavigne and
Michaud, 2001; Watkinson et al., 2002; Hinchey and Hattori,
2005; Hinchey et al., 2005) that fluids played an important
role in the formation of the deposits. This has led to specula-
tion that the fluids introduced Pd into the mineralized zones
(Lavigne and Michaud, 2001; Watkinson et al., 2002; Hinchey
and Hattori, 2005; Hinchey et al., 2005) or that fluids redis-
tributed Pd within the mineralized zones (Brügmann et al.,
1989; Naldrett, 2004).

In order to better understand how the mineralized zones
formed we have investigated the field relationships, petrology,
and whole-rock lithophile and chalcophile geochemistry for
samples from the Roby, High-grade, and Twilight zones. At
the time this study was carried out no material was available
from the Offset zone. However, preliminary observations in-
dicate that the Offset zone material resembles the Roby zone.

General Geology
The geology in the Lac des Iles area has been described by

a number of authors (Sheridan, 1987; Sutcliffe, 1987; Brüg-
mann et al., 1989; Sutcliffe et al. 1989; Brügmann et al., 1997;
Lavigne and Michaud, 2001; Dionne-Foster, 2002; Hinchey
et al., 2005), whose findings are summarized below. The Lac
des Iles area contains several granitoid plutons that are coeval
with, or are intruded by, the Lac des Iles Complex (Sutcliffe
et al., 1989). The immediate country rocks to the Lac des Iles
Complex are foliated tonalitic gneisses (Brügmann et al.,
1997) that range in age from 2775 to 2722 Ma (U/Pb zircon
date, Stone et al., 2003). In addition, the Lac des Iles area
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contains hornblende tonalite, dated at 2727.8 ± 8 Ma, and bi-
otite tonalite dated at 2685 Ma (Stone et al., 2003). 

Based on mineralogical and chemical differences, the
North Lac des Iles intrusion contains two intrusive phases
(Dunning, 1979). One intrusive phase consists of werhlite to
clinopyroxenite and websterite to gabbronorite cumulates.
The other intrusive phase comprises several cyclic units of
peridotite, clinopyroxenite, websterite, and minor amounts of
orthopyroxenite and gabbronorite cumulates (Brügmann et
al., 1987, 1989). The predominant rock type is clinopyroxen-
ite, which forms thick layers (80 m) that have gradational con-
tacts with peridotite cumulates. The peridotites generally

form thin layers (up to 5 m), lenses or dikelike bodies (Brüg-
mann et al., 1989). The North Lac des Iles intrusion contains
PGE-bearing sulfide mineralization associated with pyrrhotite,
chalcopyrite, and pentlandite (Brügmann et al., 1989); at pre-
sent no significant occurrences have been found.

The most common host to Roby and Twilight zone miner-
alization is a magmatic breccia (Fig. 4a) and an accompanying
varitextured gabbro (Fig. 4d). The Twilight zone is separated
from the Roby zone by the East Gabbro, a massive, medium-
grained (Figs. 2, 4b) oxide-rich, barren gabbronorite. Petro-
graphic and geochemical observations revealed that the brec-
cia and varitextured rocks range in composition from olivine
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FIG. 1.  Location map and simplified map of the Lac des Iles Complex, modified after Brügmann et al. (1989, 1997).



gabbronorite to gabbronorite (Fig. 5a). The breccia is in-
truded by pegmatitic and felsic dikes (Fig. 4a) and rare olivine
websterite dikes (Fig 4d). The pegmatite dikes are essentially
gabbronorite in composition, the same as the host rock. The
felsic dikes are later intrusions that cut through the fragments
and matrix of the breccia (Fig. 4a). They run east-west and
are roughly parallel to each other. They are fine grained and
granitic in composition, with a mineral foliation parallel to the
dike contact aureole. The websterites are equigranular,
medium-, to coarse-grained dark-green rocks which now con-
sist of amphibole and chlorite.

Field relationships indicate that there was more than one
intrusive phase of the magmatic breccia (Fig. 4a). Hinchey et
al. (2005) suggested the emplacement of the magma occurred
in three main pulses, based on field observations of the brec-
cia mineralization. The rocks within the breccia show a wide
variety of textures, from equigranular to varitextured (Fig.
4b). Zones of intense black alteration crosscut both the Roby
and Twilight zones (Fig. 4e). Within these zones the rocks are
completely altered to actinolite and chlorite. Sulfides occur in
a number of forms as ubiquitous fine-grained disseminations,
as irregular-shaped blebs interstitial to orthopyroxene and
plagioclase grains, and as inclusions in mineral such as antho-
phyllite pseudomorphs of orthopyroxene (Lavigne and
Michaud, 2001). In the northern Roby zone (now completely
mined out) the rocks were more homogeneous and equigran-
ular, with no visible sulfides (Fig. 4f). 

The High-grade zone is a 15- to 30-m-thick Pd-rich zone lo-
cated between the Roby zone breccia and the East Gabbro
(Fig. 2). It is defined by North American Palladium as a zone
with a mean concentration of 7.89 ppm Pd (Watkinson et al.
2002). At the level currently exposed most of the High-grade
zone is characterized by a 15- to 25-m-thick unit of Pd-rich
amphibole-chlorite ± talc schist, which has been interpreted
to have been a pyroxenite (Lavinge and Michaud, 2001). Also
present in the zone is medium- to coarse-grained metagab-
bronorite breccia similar to the Roby zone. Macdonald
(1988), who studied surface exposures that are now mined
out, described several websterite dikes that intruded into
“anorthositic-gabbro” in the area. He suggested that the host
rock may have been partially consolidated and was deformed
in a ductile fashion during emplacement of the dikes. The
presence of gabbroic blocks in the dikes suggests that the
dikes mixed with the margins of the East Gabbro. Watkinson
et al. (2002) and Lavigne and Michaud (2001) interpreted the
chlorite-actinolite ± talc schist to have been pyroxenite and
this unit is shown in their maps. As will be shown in a later
section, the chlorite-actinolite schist from the High-Grade in
our study is not, strictly speaking, pyroxenites but rather
melaolivine gabbronorites and gabbronorites. We suggest that
the High-grade zone consists of a mixture of gabbronorite and
“websterite” dikes that have been intensely altered and de-
formed. This has led to a misidentification of the all schists as
pyroxenites. Fine-grained disseminated sulfides are present
in some of the rocks, but not all. 

Sampling and Analytical Methods
Our sampling strategy was partly designed to constrain the

formation of the ore-bearing breccia. It has been suggested
that the breccia formed when a volatile Pd-rich magma was
injected into a partially cooled gabbronorite (Lavigne and
Michaud, 2001). This implies that the fragments should be
less PGE rich than the matrix and in turn the matrix magma
was possibly of different composition to the fragments. To
test this model, 74 samples were cut from breccias-bearing
outcrops of the Roby and Twilight zones. It has also been sug-
gested that fluids played a role in forming the mineralization.
Therefore, samples showing a range in mineralogy from pre-
dominantly igneous to pervasively metamorphosed were col-
lected. Furthermore, to consider the role of high-tempera-
ture fluids, the pegmatoid and the varitextured rocks were
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FIG. 2.  Simplified geologic map of the Mine Block intrusion, modified
after Watkinson et al. (2002).

FIG. 3.  Plot of Pd/Ir vs. Pd/Pt for various PGE-dominated deposits. Note
that the Roby zone of Lac des Iles has a much higher Pd/Pt and Pd/Ir ratio
than other PGE deposits. Abbreviations: AP, PV, and SJ = the reefs of the
Penikat intrusion (Halkoaho et al., 1990a, b; Huhtelin et al., 1990); FR = Fer-
guson reef of the Munni Munni Complex (Hoasten and Keays, 1989); JM =
JM reef of the Stillwater Complex (Barnes and Naldrett, 1985); MR =
Merensky and UG = UG-2 reefs of the Bushveld Complex (Steele et al.,
1975; Gain et al., 1985); MS = Main sulphide reef of the Great Dyke (Pren-
dergrast and Keays, 1989); RB = Roby zone (Brügmann et al., 1989).
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also sampled. Finally a suite of samples representative of the
High-grade zone was sampled from drill cores across this
zone. The core samples were 20 cm in length and were se-
lected based on North American Palladium drilling logs to
contain greater than 1 ppm Pd and were classified by North
American Palladium geologists as pyroxenite.

Petrographic investigations were carried out on hand spec-
imens and polished thin sections. Whole-rock chemical analy-
sis was performed on all the samples collected. In the case of
the samples collected on surface, the top 2 to 5 cm of the
sample was removed prior to sample preparation to avoid any
possible contamination from weathering or leaching prod-
ucts. Samples were crushed at the Université du Québec à

Chicoutimi (UQAC) in an aluminum-ceramic mill. Major ox-
ides were determined by X-ray fluorescence (XRF) at the
Geoscience Laboratories, Ontario. Copper was determined
on 1 g of rock powder by atomic absorption analysis at the
UQAC. Sulfur was determined using nonconsecutive double
measurements on an infrared Horiba sulfur and carbon de-
tector, EMIA 220V instrument at the UQAC (details pre-
sented in Bedard et al., 2008). All other elements, except for
the PGE, were determined by instrumental neutron-activa-
tion analysis (INAA) on 2 g of rock powder, using the method
by Bedard and Barnes (2002).

Platinum-group elements were preconcentrated from 20 g
of sample powder, in an Ni sulfide bead following the method
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FIG. 4.  Rock types and field relationships: (a). Magmatic breccia from the Roby zone showing at least four generations
(labeled 1−4) of magma injection. (b). Homogeneous East Gabbro. (c). Websterite dike in the Roby zone. (d). Varitextured
metagabbronorite. (e). Twilight zone showing magmatic breccia and crosscutting black alteration zones. (f). Homogeneous
metagabbronorite from north Roby zone.
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by Gingras (2002), modified after Robert et al. (1971). The
beads were dissolved in HCl, which dissolved the Ni, S, and
most of the chalcophile elements, leaving behind a residue of
noble metals. The metals were collected on millipore filter
paper, which was irradiated at Ecole Polytechnique Montreal,
with a neutron flux of 5 × 1015 m−2s−1. The first irradiation
lasted for 3 min and produced the spectra for Rh determina-
tions, which were collected using a planar detector in Mon-
treal. The samples were then irradiated for an additional 4 h.
The spectra for Pd determinations were collected between 20
and 30 h after irradiation using a planar detector in Montreal.
The spectra for the remaining PGE determinations were col-
lected between 5 and 7 days after irradiation using a semipla-
nar detector situated at the UQAC. A blank, included in each
run, was created by using 20 g of silica in place of sample dur-
ing the analysis of PGE. All of the noble metals were found to
be present at below detection levels in the blank samples. Re-
cently, 18 of the samples have been reanalyzed using Ni fire
assay with Te copreciptation and ICP-MS (Djon et al., 2010);
the results are similar to the results obtained by INAA, except
that the ICP-MS, by virtue of its low detection limits, pro-
vides results for Os, Ru, and Rh, which were all less than de-
tection limit by INAA.

The Ontario Geological Survey has recently issued certified
rock standards from the Lac des Iles Complex and one of
these, Lac des Iles 1, was used to monitor precision and ac-
curacy of the analyses (Table 1). An in-house standard (KPT-
1) was also used to monitor accuracy. The Université du
Québec à Chicoutimi and the Ontario Geological Survey re-
sults agree within analytical error for all elements.

Petrology

General

The majority of the rocks observed in the Roby and Twi-
light zones are gabbronorites. Some fresh gabbronorites are
present, but most have been altered and now consist largely

of actinolite and partially sericitized plagioclase. These rocks
do not have a foliation and will be referred to as metagab-
bronorites. Most of the gabbronorites and metagabbronorites
are medium to coarse grained. However pegmatites and vari-
textured varieties are present. Much of the matrix material in
the breccia is varitextured, but fragments of varitextured
rocks are also present. Pegmatites form diklets and isolated
pods within the matrix of both the Roby and Twilight zones.
In the High-grade zone the dominant rock is chlorite-actino-
lite ± talc schist.

Gabbronorites

These rocks are adcumulates consisting mainly of plagio-
clase and orthopyroxene (Fig. 6a). Plagioclase makes up be-
tween ~25 to 75 modal percent of the gabbronorites. The pla-
gioclase grains are subhedral and range from <1 to 4 mm,
with subgrains (<0.5 mm) concentrated between plagioclase,
orthopyroxene, and alteration minerals. Plagioclase shows
spindle twins and bending of the twin planes (Fig. 6a), indi-
cating high-temperature deformation. Most plagioclase grains
are altered along fractures to sericite, chlorite, and epidote.
Orthopyroxene (1− 3 mm) is generally subhedral to rounded
and makes up between 25 and 75 modal percent of the rock.
The orthopyroxene contains exsolution lamellae of clinopyrox-
ene. Alteration of orthopyroxene to talc or amphibole occurs
along fractures and at the edges of clinopyroxene exsolution
lamellae. Biotite and hornblende are present in low concen-
trations (<<1 modal %) and are interstitial to plagioclase and
orthopyroxene. In most cases the biotite is associated with the
sulfides and the amphiboles. Both the hornblende and biotite
are thought to be igneous based on the fact that they formed
at high temperature (Djon et al., 2010) and the observation
that they are not present in the metagabbronorite.

Metagabbronorites

Metagabbronorites consist of rocks in which the pyroxene
has been completely replaced by actinolite and chlorite (Fig.
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6b). In most cases the plagioclase is only partly replaced. The
metagabbronorite is generally medium to fine grained, but
can be very coarse grained, with grain sizes >2 cm. The py-
roxene is replaced by fine-grained acicular actinolite mats. In
some cases the actinolite grains are deformed. The degree of
alteration of the plagioclase varies from minor, consisting of
sericitization occurring only along fractures, to high, consist-
ing of complete replacement of the plagioclase by chlorite.
The subhedral outline of the original plagioclase grains can
generally be observed. 

Pegmatites and varitextured rocks

Coarse-grained varieties of both the metagabbronorite and
gabbronorite are present. The pegmatites and coarse-grained

patches of the metagabbronorites and gabbronorites are
slightly richer in plagioclase ~30 to 80 modal percent than the
finer grained varieties. Plagioclase ranges in size from 5 mm
to 3 cm and orthopyroxene from 5 mm to 4 cm. In the gab-
bronorites, both the plagioclase and orthopyroxene show lit-
tle alteration. In the metagabbronorites, the orthpyroxene is
replaced by actinolite and chlorite, and the plagioclase is
partly replaced by sericite and chlorite. Minor biotite and sul-
fides occur interstitially to the other phases.

Metagabbronorite microbreccia

Rocks from the High-grade zone, found within 2 m of the
shear zone, show a brecciated texture in thin section. The ma-
trix of these microscale breccias is comprised of rock powder,
fragments of plagioclase and orthopyroxene, along with
tremolite-actinolite, chlorite, and talc. The fragments to this
matrix are mostly plagioclase, orthopyroxene, and actinolite.
The rock composition is similar to that of the metagab-
bronorites of the Roby and Twilight zones. Alteration charac-
teristics are the same as in the metagabbronorites.

Chlorite-actinolite schist

The gabbronorites become progressively more altered to-
ward the interior of the shear zone, essentially changing into
chlorite-actinolite ±talc schist (Fig. 6c). The degree of alter-
ation is directly proportional to the intensity of deformation. 

Base metal sulfides and platinum-group element minerals

The percentage of sulfides varies greatly from <0.1 to 5 modal
percent. Three sulfide assemblages have been observed: (1)
pyrrhotite, pentlandite, chalcopyrite ± pyrite; (2) chalcopy-
rite, pyrite, pentlandite ± pyrrhotite; and (3) chalcopyrite,
pyrite, millerite ± pentlandite (Djon et al., 2010). Hinchey et
al. (2005) reported the presence of the first two assemblages
but as a third assemblage they reported siegenite, millerite ±
pyrite ± chalcopyrite. 

The pyrrhotite-pentlandite-chalcopyrite (Po-Pn-Ccp) as-
semblage may be found in any of the rock types and is the
only assemblage found in the fresh gabbronorites. The sul-
fides form patches that are interstitial to the silicates, 0.5 to 5
mm in size, and consist of intergrowths of all the phases (Fig.
6d). The grain boundaries with the orthopyroxene and pla-
gioclase are rational, i.e., are in equilibrium. We interpret
these to be a primary igneous assemblage.

In the chalcopyrite-pyrite-pentlandite (Ccp-Py-Pn) as-
semblage, pyrite is much more abundant than in the Po-Pn-
Ccp assemblage. The assemblage Ccp-Py-Pn is found in the
metagabbronorites and the schist. The sulfides occur inter-
grown with the silicate minerals or along fractures in the
amphiboles and plagioclase (Fig. 6e). The chalcopyrite-
pyrite-millerite (Ccp-Py-Mil) assemblage occurs both in the
metagabbronorites and the schist. Chalcopyrite is present as
very finely disseminated grains that follow veins of alteration
in the rocks. The relationship between sulfides and actino-
lite is similar to that observed in the metagabbronorite.
Chalcopyrite grains are generally intergrown with silicate
minerals (Fig. 6f). The changes in the texture and mineral-
ogy of the sulfides from an igneous assemblage (Po-Pn-Ccp)
in the gabbronorites to low-temperature assemblage (Ccp-
Py-Mil) in the altered rocks are thought to reflect the
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TABLE1.  Estimation of Precision and Accuracy of the Analyses

Ontario
Reference Geological
material LDI-1 Survey KPT-1
Result This study Certificate This study GeoPt-18

n 2 sigma 1
SiO2 (wt%) 49.52 0.3 48.77 54.06 54.14
TiO2 0.12 0.01 0.12 0.9 0.90
Al2O3 17.94 0.48 17.36 14.91 14.41
Fe2O3 7.45 0.21 7.69 12.5 12.24
MnO 0.13 0.01 0.13 0.15 0.14
MgO 10.48 0.08 10.87 4.4 4.30
CaO 9.78 0.02 10.16 6.83 6.89
Na2O 1.62 0.2 1.89 2.57 2.61
K2O 0.26 0.06 0.21 1.69 1.65
P2O5 0.01 0.01 n.d 0.15 0.17
LOI 2.69 0.27 2.74 1.27 1.51
S 0.13 0.01 0.12 n.d. 1.03

As (ppm) <0.12 n.d. 1.97 2.20
Ba 55 4.55 55 473 465
Ce 1.99 0.34 2.5 62.9 56
Co 57 0.2 52 80 79
Cr 263 1 n.d. 146 152
Cs 0.94 0.94 1.07 4.2 4.4
Cu 412 1 413 n.d. 1112
Eu 0.11 0.014 0.18 1.15 1.24
Hf 0.2 0.06 0.2 4.26 4.41
La 1.03 0.03 1.2 25.5 27
Lu 0.05 0.004 0.05 0.4 0.42
Nd 1.02 0.24 1.2 23.1 25
Ni 643 10 656 1174 1093
Rb <3.3 7 58.1 61
Sb 0.04 0.02 n.d. 12 10
Sc 25.7 0.04 24.5 24.1 25
Sm 0.28 0.002 0.28 4.96 4.90
Ta <0.3 <0.3 0.64 0.60
Tb 0.04 0.01 0.06 0.8 0.74
Th 0.1 0.02 0.12 7.72 7.27
U <0.09 0.04 1.81 1.79
W 1.05 0.18 n.d. 1.4 1.14
Yb 0.31 0.02 0.31 2.62 2.69
Zn n.d. n.d. 105 120

Au (ppb) 72 1.6 84 n.d. n.d.
Ir 0.13 0.03 0.08 n.d. n.d.
Pd 814 50 833 n.d. n.d.
Pt 106 12 98 n.d. n.d.

Notes: LDI-1 = Lac des Iles 1, supplied by Ontario Geological Survey;
KPT-1 = Sudbury diorite, inhouse reference material, reference values from
GeoPt-18 Webb et al. (2006), bold face assigned value; normal face censored
average value; n.d. = not determined



reequilibration of the sulfide and silicate minerals during al-
teration. During this alteration Fe preferentially partitioned
into the alteration silicates, which resulted in the formation
of pyrite from pyrrhotite and millerite from pentlandite
(Djon et al., 2010). 

In the samples examined in this study the Pd minerals that
are present, in order of abundance: Pd tellurides, Pd ar-
senides, Pd antinomides-arsenides, Pd sulfides, and Pd bis-
muth-tellurides (Djon et al., 2010). This is similar to the as-
semblages reported by Cabri and Laflamme (1979) and
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FIG. 6.  Photomicrographs of the main rock types. (a). Fresh gabbronorites showing that they are orthopyroxene-plagio-
clase adcumulates. (b). Metagabbronorite showing that orthopyroxene has been replaced by amphibole and the plagioclase
is partly replaced to sericite and chlorite. (c). Chlorite-actinolite schist. (d). Sulfide assemblage in the fresh rocks pyrrhotite-
pentlandite-chalcopyrite, note the smooth grain boundaries with the silicate minerals indicating that this is an equilibrium
texture. (e). Sulfide assemblage found in the metagabbronorites chalcopyrite-pyrite-pentlandite, note the irregular grain
boundaries indicating a lack of equilibrium. (f). Sulfide assemblage found in metagabbros and schist, chalcopyrite-pyrite-mil-
lerite, note the irregular grain boundaries indicating a lack of equilibrium. Image (f) from Djon et al. (2010).



Sweeny (1989). Djon et al. (2010) showed that in the Po-Pn-
Ccp assemblage ~30 percent of the Pd is hosted by Pn, and
the Pd minerals present are Pd tellurides and Pd arsenides.
These are associated with the base metal sulfides (Fig. 7a),
suggesting that the Pd was collected by a sulfide liquid. In the
Ccp-Py-Mil assemblages, the Pd is mainly hosted by Pd min-
erals, many of which occur among the silicate grains. There is
also a wider variety of Pd minerals present in this assemblage;
Pd antinomide-arsenides, Pd arsenides, Pd tellurides, Pd bis-
muth-tellurides, and Pd sulfide (Fig. 7c, d). The Pd minerals
among the silicate grains could have originally been present
in sulfide minerals that have dissolved, leaving only insoluble
Pd minerals, or they could have precipitated from fluid.

Geochemistry

Classification of the rocks

The median, maximum, and minimum for each of the
rock types identified petrographically are presented in Table
2. In order to deduce what the original rock types of the

metamorphosed rocks were CIPW norms for the samples
were calculated assuming an FeO/(Fe2O3 + FeO) ratio of 0.8.
The number of 0.8 is based on Middlemost (1989) who listed
0.8 as the expected in a basaltic to andesitic magma (Middle-
most, 1989). The majority of the rocks are gabbronorites with
some olivine gabbronorites (Fig. 5a). No olivine was observed
in thin section. However, all the rocks that are classified as
olivine gabbronorites are now metagabbronorites and the
amount of olivine calculated to be present is less than 10 per-
cent in most cases. Thus, some olivine may have been present
originally in some rocks but its presence is now obscured by
the metamorphism. The metagabbronorites, the schist, and
the fresh rocks have similar normative mineralogy (Fig. 5a, b).
In most cases orthopyroxene is by far the dominant pyroxene
(Fig. 5b). Thus the major element geochemistry makes it pos-
sible to extend the petrographic observation, based on the
fresh rocks, to the whole data set and suggests that most of
the rocks are plagioclase-orthopyroxene cumulates. The pet-
rographic observations and the geochemistry of our samples
are not in agreement with the classification used by some
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a)
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d)

FIG. 7.  Back-scattered images of the platinum-group minerals showing their associations in (a) the fresh rocks, the most
common PGM are Pd tellurides found included in base metal sulfides; (b) the chalcopyrite-pyrite-pentlandite assemblage,
the PGM are largely found among the silicates; (c and d) in the chalcopyrite-pyrite-millerite assemblage the platinum-group
mineralogy is more varied with Pd antinomides and Pd bismuth-tellurides present, the platinum-group minerals are largely
found among the silicate grains. Images (a) and (b) from Djon et al. (2010).



 previous workers, who suggested that the rocks in the High-
grade zone are pyroxenite (Lavigne and Michaud 2001;
Hinchey and Hattori 2005). Inspection of the geochemical
data of Hinchey et al. (2005) shows that the High- grade zone
rocks are not pyroxenites because they contain too much
Al2O3. Normative calculations using the data of Hinchey et al.
(2005) and Brügmann et al. (1989) from the Mine Block in-
trusion indicate that all of the rocks they sampled are gab-
bronorites or olivine gabbronorites. Bearing in mind that the
rocks have been altered to chlorite-actinolite schist or
metagabbronorites, it is possible that some authors were mis-
lead by the abundance of actinolite.

Petrographic observations and the normative calculation
indicate that plagioclase and orthopyroxene are the two main
cumulate phases in most of the rocks. The normative calcula-
tions indicate the presence of minor olivine and clinopyrox-
ene in some samples. In order to assess whether the olivine and
clinopyroxene were present as cumulate phases, in these sam-
ples we have plotted Al2O3 versus MgO and CaO versus MgO
(Fig. 8a, b). Seven samples of chlorite-actinolite schist plot
above the plagioclase-orthopyroxene mixing line on the Al2O3

versus MgO graph (Fig. 8a), suggesting the presence of some
olivine as a cumulate phase in these samples. All of the other
samples plot along the orthopyroxene-plagioclase mixing line,
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TABLE 2a.  Whole-Rock Compositions of the Three Rock Types in Roby, Twilight, and High-grade Zones

Rock type Gabbronorite Metagabbronorite Chlorite-actinolite schist

Median Minimum Maximum Median Minimum Maximum Median Minimum Maximum
n 18 64 11

SiO2 (wt %) 48.97 47.39 50.44 49.08 46.72 52.17 49.08 45.93 51.26
TiO2 0.22 0.14 0.30 0.17 0.02 0.46 0.12 0.09 0.31
Al2O3 12.66 8.09 21.09 16.76 3.44 25.97 8.92 5.06 17.34
Fe2O3* 12.66 6.53 15.89 8.92 3.55 16.09 10.00 9.17 15.17
Fe(S) 0.56 0.18 1.67 0.35 0.10 1.97 1.26 0.14 2.38
MnO 0.18 0.10 0.24 0.16 0.07 0.25 0.18 0.15 0.32
MgO 14.00 7.12 17.65 10.38 4.03 21.63 19.35 8.70 23.40
CaO 6.92 5.45 10.71 9.15 4.90 13.59 6.19 5.03 10.42
Na2O 1.18 0.67 1.90 1.91 0.09 3.68 0.44 0.16 2.27
K2O 0.24 0.14 0.74 0.61 0.03 2.09 0.07 0.01 0.55
P2O5 0.01 <0.01 0.03 <0.01 <0.01 0.04 <0.01 <0.01 <0.01
LOI 1.06 0.65 2.70 2.62 1.43 4.53 4.79 1.84 7.36
S 0.29 <0.01 1.33 0.10 0.00 1.48 0.03 0.01 1.75
Total 99.81 98.75 101.06 99.94 98.49 102.39 99.73 98.57 100.84

Ag (ppm) 0.50 <0.5 2.90 <0.5 <0.5 4.40 <0.5 <0.5 0.80
As 0.40 0.20 0.80 0.40 <0.1 3.10 0.75 0.20 3.20
Ba 50 22 205 105 <10 335 12 <10 84
Ce 2.0 1.2 4.1 3.0 0.8 17.2 1.6 0.6 22.1
Co 81 44 128 61 24 167 78 54 174
Cr 388 213 497 237 16 1474 577 171 912
Cs 0.93 0.39 2.78 1.66 0.18 9.45 0.59 0.15 4.52
Cu 1155 47 3369 308 31 3465 86 2 2503
Eu 0.20 0.13 0.38 0.21 0.11 0.79 0.10 0.06 0.31
Hf 0.16 0.06 0.30 0.18 0.03 1.58 0.14 0.00 0.34
La 1.10 0.75 2.19 1.15 0.47 6.78 0.49 0.02 1.97
Lu <0.01 <0.01 0.09 <0.01 <0.01 0.13 <0.01 <0.01 0.12
Nd 0.90 <0.4 1.90 1.00 0.00 14.70 0.95 <0.4 2.10
Ni 909 268 2671 484 56 3285 697 171 2350
Pb 2 <2 8 6 <2 12 n.d n.d n.d
Rb 6 <3 41 16 <3 50 4 <3 28
Sb 0.04 0.02 0.09 0.10 0.00 0.48 0.39 0.04 1.66
Sc 37.3 17.5 54.3 35.8 10.0 66.6 40.3 33.3 54.6
Sr 142 79 215 153 7 414 n.d. n.d. n.d.
Sm 0.29 0.16 0.43 0.33 0.11 3.53 0.18 0.01 0.53
Ta <0.016 <0.016 0.03 <0.016 <0.016 0.28 <0.016 <0.016 0.03
Tb 0.06 <0.04 0.10 0.05 <0.04 0.46 0.05 <0.04 0.09
Th <0.06 <0.06 0.18 0.11 <0.06 2.89 0.08 <0.06 0.46
U <0.07 <0.07 0.13 <0.07 <0.07 0.60 <0.07 <0.07 0.14
W 0.7 <0.1 10.7 1.0 <0.1 13.6 3.2 1.2 4.8
Yb 0.37 0.20 0.57 0.34 0.05 0.89 0.30 0.24 0.67
Zn 72 16 106 51 <4 280 65 <4 96

Au (ppb) 175 8 573 64 2 9951 87 17 474
Ir 0.18 0.02 0.76 0.08 0.01 1.12 0.10 0.02 0.57
Pd 1209 19 5446 291 4 52316 4103 82 8391
Pt 158 5 632 59 1 3078 266 5 934

Notes: Fe2O3* = Fe2O3 - Fe(S)*1.43, Fe(S) = Fe in sulfide = 1.527*S - 0.6592*(Cu)/10,000-0.5285*(Ni)/1,0000, n.d. = not detected



which is consistent with the interpretation of the rocks as pla-
gioclase-orthopyroxene cumulates. 

The MgO versus Al2O3 plot indicates the presence of
olivine but does not clearly differentiate between the influ-
ence of orthopyroxene and clinopyroxene. In order to con-
sider the effect of clinopyroxene CaO versus MgO has been
plotted (Fig. 8b). The samples generally plot close to the pla-
gioclase-orthopyroxene tie line, with most containing less
than approximately 10 percent clinopyroxene component.
Two exceptions to this observation exist: a small group (7) of
the metagabbronorites show clinopyroxene enrichment; and
four of the chlorite-actinolite schist appear be enriched in the
clinopyroxene component. The samples that appear to have

contained cumulate olivine and clinopyroxene tend to be
richer in Cr and MgO than the remaining samples and be dis-
tinguished on a plot of Cr versus MgO (Fig. 8c).

In summary, based on petrography and geochemistry, most
of the rocks (79 of 93) appear to have originally been plagio-
clase-orthopyroxene adcumulates. The remaining 14 samples
are plagioclase-orthpyroxene-olvine cumulates or plagioclase-
orthpyroxene-clinopyroxene ± olvine cumulates.

Comparison of the composition of the 
various rock types and textures

Most of the rocks are gabbronorites or metagabbronorites
and so these will be considered first. The relationships that
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TABLE 2b.  Whole-Rock Compositions of the Different Textural Types in the Roby, Twilight, and High-grade Zones

Rock type Pegmatite and Varitexture Fragments Matrix Microbreccia

Median Minimum Maximum Median Minimum Maximum Median Minimum Maximum Median Minimum Maximum
n 11 32 39 5

SiO2 (wt %) 50.76 48.39 52.17 49.41 47.93 52.17 48.67 46.72 51.53 49.81 47.93 50.55
TiO2 0.18 0.04 0.36 0.14 0.02 0.31 0.22 0.04 0.46 0.16 0.11 0.34
Al2O3 18.15 9.88 24.06 16.95 3.44 24.52 12.15 5.82 25.97 17.33 14.46 18.27
Fe2O3 7.24 3.55 13.23 8.07 3.55 15.43 11.48 4.14 16.09 9.3 6.49 10.26
Fe(S) 0.17 0.12 0.60 0.34 0.10 0.91 0.56 0.10 1.97 0.88 0.00 1.09
MnO 0.13 0.07 0.20 0.14 0.07 0.24 0.18 0.07 0.25 0.15 0.12 0.16
MgO 7.87 4.14 15.86 10.21 4.14 21.63 14.20 4.03 19.52 8.89 8.69 10.53
CaO 9.98 6.58 11.61 9.15 5.98 13.59 7.73 4.90 12.11 10.22 9.5 10.48
Na2O 2.53 0.84 3.68 1.85 0.09 3.53 1.26 0.22 3.68 2.17 1.3 2.26
K2O 0.59 0.40 1.63 0.64 0.03 1.26 0.46 0.11 2.09 0.25 0.2 0.59
P2O5 <0.01 <0.01 0.04 <0.01 <0.01 0.03 <0.01 <0.01 0.03 <0.01 <0.01 <0.01
LOI 1.98 1.02 2.52 2.44 0.65 4.16 2.63 0.66 4.53 2.13 1.8 3.54
S 0.11 0.00 0.52 0.08 <0.01 0.77 0.12 <0.01 1.48 0.06 0.04 0.89
Total 100.39 99.35 101.41 100.14 98.70 101.41 99.75 98.49 102.39 100.39 99.32 101.14

Ag (ppm) 0.00 0.00 1.50 <0.5 <0.5 1.50 <0.5 <0.5 3.40 1.83 <0.5 4.4
As 0.40 <0.1 0.50 0.45 0.20 1.00 0.40 0.00 1.40 0.3 <0.2 3.1
Ba 116 70 240 100 <10 275 70 21 335 82 42 105
Ce 2.7 0.9 5.9 2.2 0.8 15.7 3.1 1.1 17.2 3 2.9 4.4
Co 47 24 81 58 24 100 78 27 167 61 55 96
Cr 162 32 380 259 100 1133 380 16 1474 178 165 239
Cs 2.45 0.94 3.52 1.78 0.20 5.62 1.15 0.18 9.45 2.29 1.29 3.3
Cu 155 79 2060 304 40 2800 371 31 3465 97 85 2756
Eu 0.22 0.14 0.34 0.20 0.11 0.46 0.21 0.12 0.79 0.24 0.2 0.35
Hf 0.19 0.10 1.35 0.15 0.03 0.76 0.20 0.05 1.58 0.26 0.1 0.31
La 1.15 0.47 2.40 1.02 0.47 6.78 1.14 0.60 2.86 1.50 0.54 2.04
Lu <0.01 <0.01 0.08 <0.01 <0.01 0.13 <0.01 <0.01 0.12 <0.01 <0.01 0.08
Nd 1.10 <0.4 2.40 0.80 <0.4 6.70 0.90 <0.4 14.70 1.18 0.80 1.70
Ni 431 106 1130 456 106 1530 612 56 3285 217 184 2684
Pb 6 <2 12 6 <2 12 6 <2 8 n.d n.d n.d
Rb 16 5 46 16 <3 50 12 <3 33 14 5 28
Sb 0.09 0.00 0.13 0.09 0.02 0.21 0.07 0.00 0.48 0.07 0.02 0.12
Sc 33.6 7.8 48.6 30.7 13.7 66.6 39.6 10.0 58.2 35.8 28.3 38.9
Sr 253 116 414 167 7 280 110 <2 368 n.d n.d n.d
Sm 0.27 0.11 0.72 0.26 0.13 1.66 0.32 0.11 3.53 0.48 0.27 0.50
Ta 0.03 0.00 0.14 <0.016 <0.016 0.28 <0.016 <0.016 0.18 <0.016 <0.016 0.057
Tb 0.07 <0.04 0.12 0.05 <0.04 0.19 0.05 <0.04 0.46 0.08 0.05 0.12
Th 0.07 <0.06 0.73 <0.06 <0.06 0.95 0.10 <0.06 2.89 0.07 <0.06 0.23
U 0.02 <0.07 0.23 <0.07 <0.07 0.60 <0.07 <0.07 0.55 0.06 <0.07 0.25
W 0.5 <0.1 2.9 0.8 <0.1 12.7 0.9 <0.1 13.6 2.4 <0.1 4
Yb 0.28 0.07 0.53 0.30 0.10 0.89 0.37 0.00 0.83 0.3 0.05 0.47
Zn 42 7 100 51 <4 104 67 <4 280 10 <4 64

Au (ppb) 47 14 300 57 9 450 96 2 1181 20 15 9951
Ir 0.06 0.01 0.73 0.07 0.01 0.92 0.18 0.02 1.12 0.05 0.03 0.81
Pd 830 10 2800 203 5 5446 757 4 12441 89 69 52316
Pt 101 4 335 43 1 632 102 4 1669 27 18 3078



could be considered possible between the two are (1) the
metagabbronorites represent a different magma to the gab-
bronorites; (2) the metagabbronorites were originally gab-
bronorites that have been altered to metagabbronorites by
late magmatic fluid; and (3) the metagabbronorites were orig-
inally gabbronorites that were altered to metagabbronorites
during regional metamorphism of the intrusion. In terms of
major elements, the gabbronorites and metagabbronorites
cover a similar range of compositions (Figs. 5, 8). The median
metagabbronorite has slightly higher LOI, K2O, Ba, Cs, Rb,
and Sb, but the concentrations of the other elements are sim-
ilar (Table 2, Fig. 9). The similarity in the composition of the
metagabbronorites and gabbronorites suggest that they are

comagmatic, and there was minimal mass transfer of the ele-
ments during water-rock interaction, except for the large ion
lithophile elements (LILE) and possibly Sb. In particular, the
PGE content of the metagabbronorites and gabbronorites is
essentially the same, thus it seems that the fluids that formed
the metagabbronorites did not introduce PGE. As outlined
above the fluids could have been late magmatic or metamor-
phic fluids. We suggest that they are late magmatic because
based on the presence of igneous hornblende and biotite the
magma contained H2O and because the whole-rock geochem-
istry of the metagabbronorites and gabbronorites are similar.

The mineralogy of the pegmatites is similar to that of the
gabbronorites and metagabbronorites. They appear to be
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TABLE 2c.  Whole-Rock Compositions of the Three Ore Zones

Rock type Twilight Roby High-Grade

Median Minimum Maximum Median Minimum Maximum Median Minimum Maximum
n 40 36 17

SiO2 (wt %) 48.84 47.1 50.72 49.81 46.72 52.17 48.28 45.93 51.54
TiO2 0.22 0.13 0.45 0.14 0.02 0.46 0.13 0.09 0.36
Al2O3 13.33 6.42 24.18 16.95 3.44 25.97 10.38 5.06 21.22
Fe2O3 11.13 5.39 16.09 8.22 3.55 13.22 9.86 4.75 15.17
Fe(S) 0.38 0.1 1.67 0.35 0.1 1.97 0.66 0.13 2.38
MnO 0.17 0.09 0.25 0.14 0.07 0.24 0.16 0.08 0.32
MgO 13.41 4.37 18.38 10.27 4.03 21.63 15.56 7.26 23.4
CaO 7.94 4.9 13.59 9.19 6.36 12.11 7.28 5.03 10.48
Na2O 1.24 0.09 3.12 2.14 0.32 3.68 1.3 0.16 2.71
K2O 0.35 0.06 2.09 0.73 0.03 1.26 0.2 0.01 0.59
P2O5 <0.01 <0.01 0.04 <0.01 <0.01 0.02 <0.01 <0.01 0.04
LOI 2.27 0.65 4.53 2.57 1.56 4.05 4.21 1.8 7.36
S 0.16 <0.01 1.33 0.1 <0.01 1.48 0.06 <0.01 1.75
Total 99.74 98.75 101.82 100.45 98.49 102.39 99.92 98.57 101.14

Ag (ppm) <0.5 <0.5 2.9 <0.5 <0.5 3.4 <0.5 <0.5 4.4
As 0.1 0.1 0.8 0.4 0.1 1.4 0.4 0.1 3.2
Ba 70 0 270 143 21 335 26 0 105
Ce 2.2 1.1 15.7 3.2 0.8 17.2 3 0.6 22.1
Co 73 27 104 60 24 167 75 35 174
Cr 380 109 1133 211 16 1474 270 95 912
Cs 1.06 0.29 3.61 1.97 0.18 9.45 1.29 0.15 4.52
Cu 424 31 3369 308 51 3465 97 2 2756
Eu 0.21 0.13 0.46 0.2 0.11 0.79 0.19 0.06 0.35
Hf 0.18 0.03 1.58 0.16 0.07 1.19 0.17 0 1.35
La 1.09 0.6 6.78 1.3 0.47 2.74 0.58 0.02 2.4
Lu <0.01 <0.01 0.13 <0.01 <0.01 0.12 <0.01 <0.01 0.12
Nd 0.8 <0.4 6.7 0.95 <0.4 14.7 1.1 <0.4 2.1
Ni 609 56 2671 463 106 3285 604 171 2684
Pb 6 <2 12 n.d. n.d. n.d. n.d. n.d. n.d.
Rb 9.5 <3 50 16 <3 36 7 <3 28
Sb 0.06 0.01 0.48 0.12 0.03 0.32 0.13 0.02 1.66
Sc 38.15 7.76 66.58 30.16 10.03 66.07 38.7 18.56 54.61
Sr 144 7 414 n.d. n.d. n.d. n.d. n.d. n.d.
Sm 0.29 0.16 1.66 0.32 0.11 3.53 0.27 0.01 0.53
Ta <0.016 <0.016 0.28 <0.016 <0.016 0.09 <0.016 <0.016 0.1
Tb 0.06 <0.04 0.19 0.05 <0.04 0.46 0.07 <0.04 0.12
Th 0.06 <0.06 2.89 0.11 <0.06 0.39 0.08 <0.06 0.73
U <0.07 <0.07 0.6 <0.07 <0.07 0.17 <0.07 <0.07 0.25
W 0.7 <0.1 11.8 1.15 <0.1 13.6 3 <0.1 4.8
Yb 0.39 0.07 0.89 0.32 0.1 0.83 0.3 0.05 0.67
Zn 66 <4 106 45 <4 280 46 <4 96

Au (ppb) 80 2 590 64 4 1181 87 15 9951
Ir 0.16 0.02 0.95 0.06 0.01 1.12 0.06 0.02 0.81
Pd 684 9 5446 330 4 12441 957 69 52316
Pt 94 5 905 49 1 1669 136 5 3078



coarse-grained varieties of the gabbronorite and metagab-
bronorite. The whole-rock geochemistry confirms this. The
median pegmatites have similar compositions to the gab-
bronorites (Table 2). They are slightly richer in LILE and in
plagioclase components (Al2O3, CaO, and Na2O) and slightly
depleted in mafic components (MgO, Ni, and Cr) than the
median gabbronorites, but their composition falls within the
range of compositions of the gabbronorites (Fig. 8). Thus,
they appear to have formed from the same magma. They are
slightly depleted in S, chalcophile elements, PGE, and Au rel-
ative to the gabbronorites. Therefore the processes that led to
the formation of the coarse-grained rocks do not appear to
have enriched the rocks in PGE or chalcophile elements.

The composition of the chlorite-actinolite schist and the
microbreccia, which are the two rock types found in the

High-grade zone, are of particular interest because this zone
contains the highest levels of Pt and Pd. The median schist
composition is richer in mafic components (MgO and Cr) and
has a higher LOI than the gabbronorite (Table 2, Fig. 9). The
schist is correspondingly poorer in felsic components and
LILE (Al2O3, Na2O, K2O, Ba, Rb, and Cs) than the gab-
bronorite. As outlined above, many of the schist samples con-
tain an olivine ± clinopyroxene component. The presence of
the cumulate olivine and clinopyroxene and reduction in the
amount of plagioclase could account for these changes in
composition. The schist is slightly deplete in S, Cu, and Ir and
markedly enriched in Pd, Pt, Sb, As, and Au relative to the
gabbronorite.

With respect to the lithophile elements the median compo-
sition of the microbreccia is very similar to that of the
metagabbronorite (Table 2, Figs. 5, 8, 10). The chalcophile el-
ements and PGE concentrations are a little lower. However
one of the five samples contains the highest Pd, Pt, and Au
values observed in our sample set (Fig. 10d-f). The lithophile
elements in this sample are similar to the median values of
the metagabbro.

In many cases the matrix material appears to be darker in
color than the fragments, and some workers (Lavigne and
Michaud, 2001; Hinchey et al., 2005) have suggested that the
matrix material is more mafic and richer in Pd than the frag-
ments. In our sample set we found that most of the fragments
are gabbronorites to leucogabbronorites, while the matrix
material covers a wider range from melagabbronorite to
leucogabbronorite (Fig. 5). The median composition of the
matrix is richer in mafic components (Mg, Ni, Cr, Co) and de-
pleted in felsic components (Al2O5, CaO, Na2O) and LILE.
The median value of PGE and Au are higher in the matrix
material than in the fragments. Despite the fact that the me-
dian values of the matrix are higher for compatible elements
and PGE, it should be noted that the range of matrix values is
wider than that of the fragments and includes the fragment
values (Table 2), thus any individual matrix sample may have
a lower PGE content than any individual fragment sample.

Field relationships (e.g., Fig. 2a) indicate that the matrix
material flowed around the fragments and this suggests that
the matrix could approximate a liquid composition. However,
the incompatible element content of the matrix material is
very low, similar to that of the other rocks present (Table 2,
Fig. 11). The very low incompatible element content of the
matrix samples and the similarity in incompatible element
content of the matrix samples and adcumulate rocks suggest
that it does not represent a liquid composition (Fig. 11). 

In general, the mantle-normalized trace element plots for
all of the rock types are similar (Fig. 11). The concentrations
of the REE and HFSE are very low and similar at 0.8 to 2
times mantle. The very low concentrations of the REE and
HFSE are consistent with the adcumulate nature of the fresh
samples and require that the liquid component was largely re-
moved from most of the samples. There are positive anom-
alies for Sr, Eu, and Pb reflecting the presence of cumulate
plagioclase. The positive Sc anomaly is probably due to the
presence of cumulate orthopyroxene. The patterns are en-
riched in LILE at 10 to 100 times mantle, either because the
magma was enriched in these elements or because they have
been added during metamorphism.
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Factors controlling PGE distribution

The phase that most commonly controls the concentrations
of chalcophile elements during magmatic processes is base
metal sulfide liquid. In order to assess whether a sulfide liq-
uid controlled the distribution of chalcophile elements and
PGE, these elements were plotted against S (Fig. 10). Cop-
per shows a good correlation with S for all samples (Fig. 10a),
indicating that Cu content is controlled by mixing of sulfide
liquid component with another component which contained
very little Cu. This component is probably the silicates, none
of which would be expected to contain Cu.

For samples containing greater than 0.1 wt percent S, Ni
correlates with S, which we interpret to indicate that sulfide
liquid controlled Ni in these samples (Fig. 10b). At less than
0.1 wt percent S the trend of Ni versus S is flat with the rocks
containing between 200 and 1,000 ppm Ni. For these S-poor
samples Ni and MgO show a positive correlation (Fig. 12a),
suggesting that Ni was probably controlled by variations in the
plagioclase and orthopyroxene (±olivine ) contents in these
rocks. Iridium shows similar behavior to Ni, above 0.1 wt per-
cent S it correlates with S (Fig. 10c) although the correlation
is not as clear as the Ni with S correlation, possibly due to the
very low concentration of Ir, which resulted in large analytical
errors. For the samples with low S contents, Ir values vary
from 0.02 to 0.5 ppb. For the S-poor samples there is a posi-
tive correlation between Cr and Ir (Fig. 12b), suggesting
chromite may be important in controlling Ir in these rocks.

In the metagabbro and gabbronorite (i.e., the Roby and
Twiligth zone samples) Pd, Pt, and Au show a good correla-
tion with S (Fig. 10d-f). These correlations suggest that sul-
fide liquid collected Pd, Pt, and Au in these samples. The cal-
culated composition of the sulfide liquid is similar for these
rock types (Table 3). In contrast many of the chlorite-actino-
lite schist and microbreccia samples (the High-grade zone
samples) do not fall on the trend defined by the gabbronorite
and metagabbronorite, and the schist and microbreccia sam-
ples do not show a good correlation between S and Pd, Pt or
Au (Pd vs. S, shown in Fig. 13a). Data from Hinchey and Hat-
tori (2005) showed a similar distribution with many of their
samples from the High-grade zone showing a poor correlation
between Pd and S (Fig. 13a). Plots of Pd/Pt versus Pd and
Pd/Ir versus Pd (Fig. 13b, c) show that the Pd/Pt and Pd/Ir ra-
tios in the metagabbro and gabbro (the Twilight and Roby
zone samples) are fairly constant at, ~ 6.3 and ~ 5,000, re-
spectively, and do not change with Pd content. In contrast
these ratios show a wide range in the High-grade zone sam-
ples and increase with Pd content. Similarly Pt/Ir ratios in the
gabbronorite and metagabbronorite are fairly constant at 850,
but in the High-grade zone samples they are higher and in-
crease with Pt content (Fig. 13d). These observations suggest
that some other process besides collection by a sulfide liquid
is necessary to explain the enrichment of Pd, Pt, and Au in the
High-grade zone.

A number of observations suggest that the High-grade zone
has undergone more intense alteration than the other zones:
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(1) the schist, which is only found in this zone, contains no ig-
neous silicate minerals; (2) in the sulfide assemblages the dom-

inant Fe sulfide mineral is pyrite rather than pyrrhotite; and
(3) The PGM occur as isolated grains among the silicates,
rather than associated with sulfides (Fig. 6f). It could be sug-
gested that samples with low S and high Pd, Pt, and Au content
have undergone extensive S loss and that originally the sam-
ples contained more sulfide minerals. Sulfur could have been
removed either by late magmatic fluids or metamorphism,
similar to the resorption of sulfides in the UG-2 reef sug-
gested by Li et al. (2004). 
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We do not think that the reason for the high Pd content in
the High-grade zone was the presence of magmatic sulfides
that have now been removed because the Cu/S ratios are sim-
ilar in the High-grade zone samples to the other zones (as can
been seen in the correlations between Cu and S, Fig. 10a). If
S loss had occurred then Cu loss would also have occurred
and this requires an order of magnitude loss in Cu. Further-
more, the Pd/Pt and Pd/Ir ratios are higher in the schist than
in the metagabbronorite and gabbronorite (Fig. 13a, b). If the
schist samples simply represented rocks that were originally
sulfide rich and that have lost S, then the Pd/Pt and Pd/Ir ra-
tios of the schist samples would be expected to be similar to
the other rock types. Thus, S loss does not appear to be the
reason for low S combined with high Pd values in the schist
samples. Hinchey and Hattori (2005) reached a similar con-
clusion based on the strong correlation between Cu and Se
(an element considered to be less mobile than S) in their sam-
ples. The weight of evidence suggests that some process other
than sulfide liquid accumulation added Pd, and to a lesser ex-
tent Pt and Au, to the High-grade zone.

A study of the platinum-group mineralogy shows that Pd tel-
lurides are common in all rock types, but in the schist Pd ar-
senide-Pd antimonides and Pd sulfides are also present (Djon
et al., 2010). The most common Pt mineral is PtAs2. Plots of Pt
and Pd versus As plus Sb for the chlorite-actinolite schist sam-
ples show positive correlations for rocks from the High-grade
zone (Fig. 14a, b). This mineralogical observation, combined
with the whole-rock data, suggests that in these samples Sb
and As have played a role in the collection of Pd and Pt.

Discussion

Any model for the formation of the Lac des Iles ores must
consider the following observations. The deposits occur in
zones of magmatic breccia that underwent deformation at
high temperature (Figs. 4, 6). There were repeated injections
of magma into these zones. Each injection caused the frag-
mentation of the rocks already in place. The rocks are essen-
tially orthopyroxene-plagioclase cumulates with a very low
melt fraction and the matrix material does not represent a sil-
icate liquid composition (Fig. 11). This implies that the frac-
tionated liquid has been squeezed out of the breccia. The
similarity in composition between the fragments and matrix
also implies that they are comagmatic. The presence of peg-
matites and varitextured rocks suggests the presence of a flux-
ing agent during their crystallization, but these rocks are nei-
ther enriched nor depleted in PGE, thus this fluxing agent
did not play a role in the mineralization. Control of the met-
als by a sulfide liquid can explain much of the variation in
metal content observed in the gabbronorites and metagab-
bronorites. The partition coefficients of the PGE into sulfide
liquid are thought to be similar for all of the PGE, thus col-
lection by a sulfide liquid will not explain the extremely high
Pd/Ir and Pd/Pt ratios of the rocks. All of the rocks in the
Mine Block intrusion show very strong fractionation of Pd
from Pt and Ir, and yet, no rocks depleted in Pd have been
found. Therefore, the process of fractionating the PGE must
have taken place elsewhere. The High-grade zone samples
have undergone intense low temperature alteration to a 
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TABLE 3.  Median Metal Contents in 100 Percent Sulfides

n Cu (wt %) Ni (wt %) Au (ppm) Ir (ppm) Pd (ppm) Pt (ppm)

All >0.1 ppm S 49 10.95 9.46 21 0.023 176 24
Gabbronorite 12 12.95 8.42 22 0.028 185 26
Metagabbronorite 37 10.34 9.76 21 0.016 161 24
Schist 2 5.30 11.79 18 0.040 1016 81
Pegmatite 6 14.44 13.19 27 0.019 243 29
Fragments 16 10.74 9.61 21 0.021 97 14
Matrix 26 10.7 8.39 23 0.023 182 25
Microbreccia 2 12.79 8.82 224 0.018 1090 65

Note: Only calculated for samples with S >1,000 ppm
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orthopyroxene ±olivine and Ir by chromite.



greenschist facies assemblage and appear to be located close
to or within a shear zone.

Considering all of these factors, we suggest the following
model. The Lac des Iles Complex is one of a number of small
intrusions in the area that together form a circular array about
50 km in diameter. It has been suggested that the intrusions
are underlain by a large feeder chamber (Hinchey et al.,

2005). In the first stage of the model the East Gabbro was
emplace and solidified. After the emplacement of the East
Gabbro a gabbronorite magma intruded on either side of it
(Fig. 15a). At depth a sulfide liquid segregated from the
magma, collected in a structural trap, and solidified there
(Fig. 15a). Subsequently an S-undersaturated magma passed
over the sulfides and partially dissolved them. We suggest by
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analogy with the experimental work of Peregoedova et al.
(2004, 2006), that Cu, Pd, and Au dissolved into the magma
(Fig. 15b ). This magma was then injected on either side of
the East Gabbro. It mixed with the partially consolidated
magma already present in the chamber to form the magmatic
breccia zones (Fig. 15c). As the magma crystallized it became
saturated in sulfide liquid and because the magma was en-
riched in Pd a Pd-rich sulfide liquid segregated from it and
precipitated among the cumulate grains to form the Roby and
Twilight zones. The chamber was being deformed during
crystallization and much of the fractionated magma was
squeezed out of the Roby and Twilight zones. As the temper-
ature fell the magma in the upper chambers became satu-
rated in a magmatic fluid. This resulted in partial recrystal-
lization of the magma to form pegmatites and varitextured
rocks. This fluid could also have converted many of the rocks
to metagabbronorites.

To model the formation of the High-grade zone, we suggest
that as the temperature decreased in the feeder chamber this
magma became saturated in fluid and that this fluid as it rose
scavenged Pd, As, Sb, and to a lesser extent Pt and Au, from
the sulfide formed at depth (Fig. 15d). At this point the
magma in the Mine Block chamber was consolidated, thus
the fluid could not penetrate everywhere and was confined to
the shear zone next to the East Gabbro (Fig. 15d). The rising
fluid reacted with the host rocks to precipitate Pd, Pt, and Au
accompanied by Sb and As rather than S, creating the low-S,
Pd-rich High-grade zone. The focusing of the lower temper-

ature fluid and the continuing shearing accentuated the level
of alteration in the High-grade zone. The correlation between
Pd, Pt, and Sb plus As, the low Cu content and the enrich-
ment in Au observed in the High-grade zone rocks suggests
involvement of thiosulfate ligands (Wood, pers. comm.).
Thiosulfates may exist in significant concentrations during the
oxidation of sulfide bodies and can significantly transport Pd,
Pt, and Au (Wood 2002). The presence of thiosulfates would
require the process to take place at temperatures well below
240°C (Wood, 2002).

Conclusions
There are three rock types present in the ore zones; gab-

bronorites, metagabbronorites, and chlorite-actinolite schist.
The Twilight and Roby zones consist of gabbronorite and
metagabbronorite. The High-grade zone consists of metagab-
bronorites and schist. Despite the nomenclature used at the
mine for the rocks of the High-grade zone none of the rocks
from the High-grade zone were pyroxenites.

Petrographic observations show that the gabbronorite sam-
ples are plagioclase-orthopyroxene adcumulates. The whole-
rock geochemistry suggests that both the metagabbronorite
and the schist also contain large plagioclase and orthopyrox-
ene cumulate components. The metagabbronorites consist of
actinolite, which has replaced pyroxene, and plagioclase,
which has been partly replaced by sericite and in some cases
chlorite. The gabbronorites and metagabbronorites have sim-
ilar trace element compositions except that the metagab-
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bronorites are enriched in LILE, suggesting that the fluid
that altered the gabbronorite to metagabbronorite added
LILE, we suggest that the fluid was a late magmatic fluid.
Some of the chlorite-actinolite schist fall on the plagioclase-
orthopyroxene tie line and were probably originally plagio-
clase-orthopyroxene adcumulates similar in composition to
the gabbronorites.

A few of the metagabbronorites and most of the schist sam-
ples are enriched in MgO, CaO, and Cr. For these rocks in
addition to plagioclase and orthopyroxene cumulate olivine,
clinopyroxene and possibly chromite were also present. 

We investigated whether there is a variation in composition
of the rocks with grain size. The medium-grained gabbronorite
and metagabbronorites cover a wider range of compositions
than the pegmatitic and varitextured gabbronorites and
metagabbronorites. The median of the pegmatitic and vari-
textured rocks is slightly richer in feldspar component than
the median gabbronorite, suggesting that these rocks formed
from the fractionated magma. The pegmatites were slightly
depleted in PGE and chalcophile elements relative to the
medium-grained samples.

We also investigated whether there was a difference in
composition between the matrix and fragment samples. The
median of the matrix samples is slightly richer in mafic com-
ponents, PGE, and chalcophile elements than the fragment
samples. However, the matrix samples cover a wider range of
compositions than the fragment samples and a particular frag-
ment sample may be richer in both PGE and mafic compo-
nent than a particular matrix sample.

The phases controlling the distribution of PGE and chal-
cophile elements in the metagabbronorite and gabbronorite
samples are sulfide minerals that we suggest formed from a
sulfide liquid that segregated from a silicate magma. However,
the extremely high Pd/Ir and Pd/Pt ratios of these rocks can-
not be modeled by sulfide segregation from a primary magma.
Some process enriched the silicate magma in Pd. We suggest
the magma scavenged Pd from magmatic sulfides that had
formed in the feeder system. The Pd-rich magma transported
the base metals, S, Au, Pd, and a little Pt to the Roby and Twi-
light zones. As the magma cooled it became saturated in a sul-
fide liquid which collected the PGE. The sulfide liquid along
with the PGE was deposited among the silicate grains.

In the samples from the High-grade zone, the schist, Pt,
Pd, and Au do not appear to be controlled by sulfide miner-
als. This cannot simply be a result of S loss during alteration
because in these samples Au, Pd, and Pt do not correlate with
other chalcophile elements such as Cu. Furthermore the
Pd/Ir and Pd/Pt ratios are higher in the schist samples than in
the metagabbro and gabbronorite samples, indicating that Pd
has been preferentially enriched in the schist. In the schist
samples Pd and Pt show a correlation with Sb plus As, sug-
gesting that these elements were acting as a fixing agent for
Pd and Pt in the system. The low-temperature alteration of
the schist samples, the preferential enrichment of Au, Pd, and
Pt, but not Cu suggest that these elements were introduced
by a thiosulfide bearing fluid at less than 240°C (Wood, 2002).
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