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ABSTRACT

Base or precious metal geochemical data from a sulphide-bearing gabbro intrusion located
approximately 10 km north of the Crystal Lake Gabbro are encouraging in the context of the
setting. The mineralized gabbros containing less than 2% sulphide carry 0.1 to 2.4 wt % S, 300
to 915 ppm Ni, 200 to 1809 ppm Cu, and although no samples give detectable Pt, mineralized
samples typically have 20 to 50 ppb Pd and detectable Au (5 to 21 ppb). These values compare
favourably with disseminated sulphides from the hanging wall gabbros at Waterfall Gorge in the
Insizwa Complex of Southern Africa and the disseminated sulphide zones in gabbrodolerites of
intrusions found in the Noril'sk Region. The presence of blebby to disseminated sulphides in the
intrusion north of Crystal Lake Gabbro is consistent with segregation of magmatic sulphide and
settling of the sulphide towards the base of the intrusion. The presence of both chalcopyrite and
pyrrhotite in the blebby sulphides, and the differentiation of these blebs suggests that the sulphide
liquid underwent fractionation after segregation. Local assimilation of sulphur from the Rove
Formation sedimentary rocks may explain the presence of small concentrations of sulphides at the
margins of dykes and sills, but the presence of anomalously high Ni, Cu, and PGE attests to the

equilibration of these sulphides with large volumes of magma.

The significance of the weakly mineralized intrusions in the region southwest of Thunder Bay can
not be overstated. This environment may well turn out to be equivalent in many respects to the
epicontinental setting of the Noril'sk deposits, and therefore more vigorous exploration efforts are

clearly warranted in this region.
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INTRODUCTION

Recent studies of the Keweenawan Osler Group Volcanic (OGV) rocks by Lightfoot et al.
(1991) indicated that some of the effusive volcanic rocks from the central portion of the volcanic
stratigraphy carry geochemical signatures indicating that these tholeiitic lavas underwent extensive
interaction with the continental crust. This is indicated by their elevated SiO, content (50 to 54 wt
%) and elevated La/Sm ratio (3-6). Moreover, these same volcanic rocks also appear to be
somewhat depleted in Ni (50 to 100 ppm Ni at Ni/MgO<15) and possibly also Cu (although the
variation in Cu reflects zeolite facies metamorphism of the basalts), when compared to more
typical flood basalt magmas with 150 to 200 ppm Ni. Naldrett and Lightfoot (1993) pointed out
that the composition of these lavas are similar to the heavily contaminated Nadezhdinsky
Formation lavas of the Siberian Trap at Noril'sk in Russia (e.g., Naldrett et al. 1992, 1995;
Lightfoot et al. 1990, 1993, 1994; Hawkesworth et al. 1995; Wooden et al. 1993). Importantly,
small (<250 m thick) intrusions of picrite and gabbronorite at Noril'sk host the giant
Noril'sk-Talnakh deposits of Ni, Cu, and PGE, and there is a genetic link between these intrusions

and the overlying sequence of flood basalts (Naldrett et al. 1995).

The presence of both heavy contamination signatures and Ni, Cu, and PGE depletion were
two of several important factors in the reasoning that Naldrett and Lightfoot (1993) gave for
speculating that the northern margin of the Keweenawan Rift in the Thunder Bay Region was a
good exploration target for a giant Ni, Cu, PGE-rich magmatic sulphide deposit. Several

similarities exist between the northern margin of the Keweenawan Rift in Ontario and the Noril'sk



Region of the Siberian Trap (Table 1).

In 1994, based in part on these findings, Falconbridge Exploration commenced a $1.4 M
exploration program on a gravity and aeromagnetic high in the Sibley Formation underlying the
Osler Volcanics in Nipigon Bay. In 1995, the Ontario Geological Survey began a renewed
investigation of the Keweenawan intrusive and extrusive rocks in Ontario with specific emphasis
on rocks of the region southwest of Thunder Bay, in the Nipigon Plate Region, and offshore on
the Black Bay Peninsula, St. Ignace Island, and many of the other smaller islands in Lake
Superior. The intention of this work was: 1) To provide explorationists with new geochemical
data to assist in defining Ni, Cu, and PGE exploration targets. 2) To evaluate the mineral
potential of the Keweenawan of the North Shore of Lake Superior in the context of increased
alienation of lands from the exploration land inventory. 3) To further refine models which assist

in exploration for base and precious metal magmatic sulphide deposits.

This report comes in advance of new mapping and geochemistry, but documents an
important new intersection of Ni, Cu, and PGE magmatic sulphide mineralization in a coarse-
grained gabbro approximately 10 km north of the Crystal Lake Gabbro (host to the 45.6 million
ton Great Lakes Nickel Deposit - Smith and Sutcliffe 1987). This new intersection of
disseminated sulphide mineralization made in drill core by Mr. Metro Chaschuck, Prospector,
Thunder Bay Region, is of particular importance as it defines the existence of a previously
unknown, mineralized intrusion at depth in Blake Township (Figure 1), and this intrusion is

located along strike from the mineralized Crystal Lake Gabbro, and is on the trend of an



aeromagnetic high which intersects the Crystal Lake Gabbro, the Duluth Complex, and extends
along the northern margin of Lake Superior. The report also highlights the significance of targets
in dyke rocks of the Pigeon River, Arrow River, and Mount Mollie-Pine River dykes southwest

of Thunder Bay.

GEOLOGY OF THE KEWEENAWAN ROCKS, THUNDER BAY REGION

The region of Keweenawan magmatism at issue lies within the Southern Province of the
Canadian Shield (Figure 1). The Proterozoic rocks exposed in the area form a relatively
unmetamorphosed sulphur-rich epicontinental sequence unconformably resting on Archean rocks

of the Canadian Shield.

The Early Proterozoic sedimentary rocks of this region consist of argillites and arenites of
the Rove Formation. In detail, the Rove Formation consists of a sequence grading from shales
and silts through argillaceous greywackes into quartzite (Smith and Sutcliffe 1987). The Middle
Proterozoic igneous rocks intrude into the Rove Formation, and Smith and Sutcliffe (1987)
suggest that there were three major intrusive events in the following sequence:

1. Sills and sheets of diabase and granophyre possibly comagmatic with the Logan sills in the
Nipigon area.

2. Linear dykes of olivine diabase and quartz diabase termed the Pigeon River and Arrow River
Series. These dykes crosscut the earlier sills (Geul 1970, 1973; Smith and Sutcliffe 1987). The

Pigeon River dykes crosscut the Arrow River dykes (Smith and Sutcliffe 1987).



3. Crystal Lake Gabbro and Pine River—-Mount Mollie intrusion (Smith and Sutcliffe 1987),

which appears to crosscut all of the igneous rocks of the region.

A review of the distribution and nature of these rock types is given in Smith and Sutcliffe
(1987), and Cogulu (1990, 1993a, 1993b) but for comparative purposes we review and

synthesize important features of these three suites of intrusions.

DIABASE SILLS

These sills intrude the Rove Formation and consist of diabase and granophyre buttes and
cuestas which dip gently to the southwest. The sills have reversed magnetic polarity and may
correlate with the 1108 +4/-2 Ma sills of the Nipigon area (Smith and Sutcliffe 1987). Smith and
Sutcliffe (1987) note that the reversed magnetic polarity of these sills correlates with that of sills

in the Duluth, Minnesota area (Weiblen 1982).

The sills are fine- to medium-grained equigranular tholeiitic diabases that exhibit chilled
contact zones against the sedimentary rocks of the Rove Formation. Typically, the sills grade
upwards from an aphanitic to fine-grained chill zone into fine-grained ophitic diabase. A fine- to
medium-grained diabase with medium to coarse-grained plagioclase phenocrysts compose the
central portion of the sill. The upper part of the sill consists of a medium- to fine-grained iron

oxide-rich diabase. Smith and Sutcliffe (1987) document six major sills southwest of Thunder



Bay and suggest that the thickest (44 m) occurs in the northwest of the area.

PIGEON RIVER DYKES

A series of linear olivine diabase and quartz diabase dykes cut the Keweenawan sills and
the Rove Formation sedimentary rocks. These dykes range from 50 to 150 m thick, and can be
traced for a strike length of 15 km (Smith and Sutcliffe 1987). Some dykes crosscut sills, whereas
others merge with the sills. In some cases, it is possible that the sills restricted the upward
emplacement of later dykes. Some of the dykes appear to cut the sills, and are therefore not likely
to be feeders to the sills. The dykes have either fine-grained chilled diabase at the contact, or they
have a marginal phase of granophyre. The dykes vary in grain size and texture from fine- to
medium-ophitic diabase and equigranular medium-grain size diabase. Plagioclase phenocrysts and
glomeroporphyriths are common to the dykes; other features are marginal heavily disseminated
sulphides, pegmatoidal patches, leucocratic segregations, and granitic inclusions (Geul 1970,

1973).

ARROW RIVER DYKES

A small number of dykes trend in a northwesterly direction and appear to be crosscut by

the Pigeon River Dykes as shown on the maps of Smith and Sutcliffe (1989).



CRYSTAL LAKE GABBRO

The Crystal lake Gabbro is approximately "Y" shaped and consists of a 5 km long west-
northwest-striking north limb, and a 2.75 km long east-northeast-striking south limb (Figure 2).
Mapping by Smith and Sutcliffe (1987) suggests that the intrusion has a tilted cone shape open at
the western end. The Crystal Lake Gabbro exhibits fresh primary cumulate igneous mineralogy of
cumulate plagioclase, olivine, and clinopyroxene and intercumulate oxide minerals, Cu-Ni
sulphide minerals, clinopyroxene, and plagioclase (Cogulu 1990, 1993a, 1993b). In the north
limb of the intrusion, four major lithologic zones were recognized by Smith and Sutcliffe (1987) in

the 135 m-thick intrusion:

1. THE BASAL ZONE: this consists of less than 7 m of chilled gabbro in contact with the Rove
Formation. This chilled gabbro locally contains inclusions of Rove Formation sediments and

Pigeon River diabase (Smith and Sutcliffe 1987).

2. THE LOWER ZONE: this consists of 60 m of medium- to coarse-grained gabbro with

pegmatoidal gabbro patches and inclusions of leucotroctolite and fine-grained gabbro.

The sulphide ores of the Great Lakes Nickel Deposit, which is composed of blebs and
disseminations of chalcopyrite, pentlandite, and pyrrhotite occurs in the lower part of the Lower
Zone. The upper part of the Lower Zone contains segregations of coarse-grained leucogabbro to

anorthosite containing less than 5% disseminated chromite. The chromite is concentrated in



elliptical pods oriented parallel to the layering.

3. THE MIDDLE (LAYERED) ZONE: This zone consists of 25 m of anorthosite, anorthosite-
chromite-bearing, and gabbro layers. Chromite can constitute 40% (modal) of the narrow

anorthosite layers.

4. THE UPPER ZONE: This comprises 80 m of coarse-grained olivine gabbro and overlying

medium-grained troctolite.

Cogulu (1990) reports mineral chemical and geochemical date for the Crystal Lake Gabbro

Intrusion. He shows the following main points:

1.The Lower unlayered zone contains cumulus olivine with 51 to 70 mole percent forsterite.
These values suggest crystallization from a low MgO parental magma. NiO-values of olivine are
typically 0.17 wt % which is essentially similar to olivines from rocks which represent magmas

which have not interacted significantly with magmatic sulphides (Simkin and Smith 1970).

2. The intrusion is marked by low SiO, (<48 wt %), moderate TiO, (<2 wt %), and low MgO
(<12 wt %). These rocks are also characterized by dominantly moderate Rb (typically <30 ppm),
but moderately steep rare earth element (REE) patterns with 20 to 100 *chondrite La. These are
typically features of a plagioclase-rich system where elevated TiO,, Rb, and REE reflect fractional

crystallization rather than crustal contamination. The exception appears to be the gabbrodolerite



close to the contact which appears to have interacted with sediments (Cogulu 1990).

PINE RIVER-MOUNT MOLLIE INTRUSION

This intrusion is a major composite dyke of gabbro through diorite to granophyre,
extending from the western edge of Crooks Township in the west to McKellar Island to the east.
The intrusion is 60 to 350 m wide and extends for 35 km. The medium- to coarse-grained gabbro
and olivine gabbro locally exhibits steeply-dipping modal layering. Pegmatitic patches and pods
within the gabbro contain sulphide mineralization at the margins of the gabbro. The gabbro
grades into diorite at the margin of the intrusion. The diorite varies from fine- to coarse-grained,
is often hematized, and contains miarolitic cavities (Smith and Sutcliffe 1987). The diorite exhibits
mixing relationships with the gabbro and contains mafic and sedimentary inclusions. The margin
of the dyke consists of fine- to medium-grained hematized granophyre with abundant quartz,
alkali feldspar, and miarolitic cavities. Smith and Sutcliffe (1987) speculate that the Pine
River—-Mount Mollie Intrusion, although not spatially associated with the Crystal Lake Gabbro, is

probably, in part, contemporaneous with it.

MAGMATIC Ni, Cu, PGE SULPHIDE MINERALIZATION

A number of mineral occurrences in the Crystal Lake area host small amounts of Ni, Cu,
and PGE. By far the largest known occurrence at this time is the Great Lakes Nickel Deposit,

which contains 45.6 million tons of low-grade Ni, Cu, and PGE mineralization. Postle et al.



(1986) quote grades of 0.334% Cu, 0.183% Ni, 0.027 oz/ton Pd, 0.006 oz/ton Pt, 0.003 oz/ton
Au and 0.04 oz/ton Ag. Smith and Sutcliffe (1987) demonstrated anomalous PGE values in the
Ni-Cu ores with values of 7810 ppb Pd, 95 ppb Pt, and 210 ppb Au. Smith and Sutcliffe (1987)
also obtained anomalous PGE values from the chromite-bearing anorthositic gabbro,
stratigraphically above the Cu-Ni ore zone (70 ppb Pt). Anomalous PGE values were also
reported by Smith and Sutcliffe (1987) from other parts of the Crystal Lake Gabbro, with

samples yielding 55 to 125 ppb Pt and 120 to 340 ppb Pd.

Cogulu (1993b) describes the mineralogy and geochemistry of the sulphides. The main
sulphides are pyrrhotite, chalcopyrite, cubanite and pentlandite. Pyrrhotite dominates in the Lower
Zone and chalcopyrite and cubanite in the cyclical units. Cogulu (1993b) suggests that the textural
and mineralogical evidence are consistent with devolatilization of country rock sulphur, and
assimilation of sulphur into the magma which segregated as an immiscible sulphide scavenging Ni,
Cu, and PGE from the magma. The significance of immiscible sulphide derived from the country
rocks is supported by the association of sulphides with pegmatoidal patches within the gabbro and
the presence of blebs of sulphide which show fractionation into pyrrhotite-rich lower portions and
chalcopyrite-rich upper portions as described in other magmatic deposits (Lightfoot et al. 1984;

Naldrett and Lightfoot 1993).

The Pine River—-Mount Mollie Intrusion also carries anomalous sulphide showings with up
to 5% chalcopyrite (1665 to 2442 ppm Cu, 715 to 1190 ppm Ni, 245 to 570 ppb Pd, and 70 to

190 ppb Pt - Smith and Sutcliffe 1987). These sulphides occur as lenses of massive and



disseminated sulphide.
One other intrusion in the area of the Crystal Lake Gabbro is known to host anomalous
PGE: a composite dyke on Naomi Island carries 408 ppm Cu, 390 ppb Pd, and 80 ppb Pt.
Sulphide showings and pits recorded by Geul (1970, 1973) are found at the margins of the

Pigeon River Dykes, but no assay data exist for the PGE tenor of these showings.
NEW Ni, Cu, AND PGE TARGETS IN THE CRYSTAL LAKE-PIGEON RIVER REGION

The project which this initial Open File Report is associated with was intended to utilize
geochemical methodologies to identify specific domains within the Keweenawan of Ontario which
are more likely to host giant Ni, Cu, and PGE mineralization. In the process of the field studies,
one major potential new target and a number of minor new targets were identified. These targets
are given preliminary documentation in this report; a more comprehensive geochemical study is in

progress at the time of publication of this report.
Blake Township Gabbros

Two subhorizontal gabbrodolerite sills crop out in Blake Township as a prominent
escarpment, and are essentially similar in petrology to the Logan Sills; one of these sills was
mapped as such by Smith and Sutcliffe (1987, 1989). Twelve drill holes bored by Metro
Chaschuck, Thunder Bay Region Prospector, collaréd in the Rove Formation sediments below

the lower of these two sills intersected two and possibly three additional sills of gabbro and

10



dolerite which appear not to crop out at surface in Blake Township. The location of this property
'is shown in Figure 1. Preliminary examination of the gabbrodolerites intersected in drill hole
indicates that they belong to two main types. One type is medium grained texturally like the sill
exposed at surface which was grouped by Smith and Sutcliffe (1987) as a Logan sill; the other
intrusion is a coarse- to medium-grained gabbrodolerite which carries pods of pegmatoidal
gabbro and disseminated to blebby sulphide mineralization. The drill core log shown in Table 2
describes an intersection of approximately 430 feet of gabbrodolerite between 1266 and 836 feet
and approximately 135 feet of gabbrodolerite between 750 and 575 feet located at 46°12' north,

89° 29' west.

The deeper of the two gabbrodolerites is dominantly a medium-grained rock with large
pyroxene poikilocrysts up to 1.5 cm in grain size. The gabbro is vari-textured with medium-
grained subophitic diabase and pods/patches of coarse-grained pegmatoidal gabbro with crystals
several cm in grain size. The lower contact is an aphanitic diabase and grades into a medium-
grained gabbro over about 2 feet. The medium-grained gabbro is succeeded by vari-textured
gabbro which is overlain by poikilitic-textured gabbro, and then increasing pegmatoidal gabbros
and the development of large numbers of inclusions, granophyric patches, shale fragments, and a
breccia with a leucocratic matrix. The upper contact consists of fine-grained diabase with felsic
fragments overlain by strongly metamorphosed shale. This gabbrodolerite is unusual in that it
contains disseminated to blebby sulphides. The sulphides are pyrrhotite and chalcopyrite in a ratio
of approximately 80:20, and constitute 0.5 to 5% of the gabbrodolerite over an intersection

between 1266 and 1120 feet (over c. 146 feet). Sulphide mineralization also reappears at the top
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of the intrusion between 934 and 855 feet and is associated with the granophyric gabbro which
hosts the shale fragments. The disseminated sulphides are intercumulate and host phenocrysts of
feldspar and pyroxene. There is a tendency for the chalcopyrite to be associated with the coarser
grain-size pods of vari-textured gabbro, but much of the more pyrrhotite-rich sulphide is hosted as
disseminations in the finer-grained gabbro. The blebby sulphides are fractionated into pyrrhotite-
rich lower portions and chalcopyrite-rich upper portions, much like the blebs at Insizwa

(Lightfoot et al. 1984) and Noril'sk (Naldrett and Lightfoot 1993).
New assay data for the Blake Township gabbros
Sampling and analysis

The 1.5 inches of drill core was split in half, and one half of the core was bagged in 5 foot
intersections between 1135 and 1020 feet and 860 to 835 feet, and 10 foot intersections between
1020 and 860 feet. Samples were crushed in a steel plated jaw crusher and ground in a chromium
steel mill to -170 mesh. Sampies were analyzed by the Geoscience Laboratories, Ontario
GEOServices Centre, Ministry of Northern Development and Mines, for Ni, Cu, Co, Zn, S, Pt,
Pd, and Au. Ni, Cu, Co, and Zn were determined by inductively-coupled plasma emission
spectroscopy, S by Leco Furnace, and Au, Pt, and Pd by a combined fire assay and inductively

coupled plasma emission method (e.g., Geoscience Laboratories, 1990).
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Results

Table 3 summarizes assay data for samples taken from the drill hole which carries the
sulphide intersection. Although the results do not show startlingly high assay values for the base
or precious metals, they are particularly encouraging in the context of the setting and exploration
model outlined above. The mineralized gabbros containing less than 2% sulphide carry 0.1 to 2.4
wt % S, 300 to 915 ppm Ni, 200 to 1809 ppm Cu, and although no samples give detectable Pt,
mineralized samples typically have 20 to 50 ppb Pd and detectable Au (5 to 21 ppb). These values
compare favourably with disseminated sulphides from the hanging wall gabbros at Waterfall
Gorge in the Insizwa Complex of Southern Africa (Lightfoot et al. 1984) and the disseminated
sulphide zones in gabbrodolerites of intrusions found in the Noril'sk Region (Naldrett et al. 1992,

1995; Hawkesworth et al. 1995).

The presence of blebby to disseminated sulphides in this intrusion are consistent with
segregation of magmatic sulphide and settling of the sulphide towards the base of the intrusion.
The presence of both chalcopyrite and pyrrhotite in the blebby sulphides, and the differentiation of
these blebs suggests that the sulphide liquid underwent fractionation after segregation. At issue is
whether any significant body of sulphide mineralization is associated with this disseminated
sulphide mineralization. Local assimilation of sulphur from the Rove Formation sedimentary rocks
may explain the presence of small concentrations of sulphides at the margins of dykes and sills,
but the presence of anomalously high Ni, Cu, and PGE attests to the equilibration of these

sulphides with large volumes of magma. The Ni, Cu, and PGE tenors of the disseminated
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sulphides from the Chaschuck core are consistent with significant enrichment of the sulphide in
base and precious metals. At issue is whether there is good geochemical data to suggest that this
intrusion was the site of significant sulphide accumulation, and much of this information will come

from more detailed mapping, petrology and geochemistry.

The significance of the weakly mineralized intrusions in the region southwest of Thunder
Bay can not be overstated. This environment may well turn out to be equivalent in many respects
to the epicontinental setting of the Noril'sk deposits (see Table 1), and therefore more vigorous

exploration efforts are clearly warranted in this region.

ACKNOWLEDGEMENTS

Many of the ideas and concepts developed in this Open File Report have benefited from research
carried out with Will Doherty, Tony Naldrett, Valeri Fedorenko, and Chris Hawkesworth. The
author is also indebted to Richard Sutcliffe for first suggesting the study of the Osler Volcanic
Group rocks. Logistic support for this project was provided by John Scott. Great Lakes Nickel
and Metro Chaschuck are thanked for access to their properties. Metro Chaschuck is thanked for
access to drill core samples. Analytical work was completed at the Geoscience Laboratories,

Ministry of Northern Development and Mines, under tight time constraints.

14



LIST OF REFERENCES

Cannon, W.F. 1992 The Midcontinent rift of the Lake Superior Region with emphasis on its
geodynamic evolution. Tectonophysics. 213: 41-48.

Cannon, W.F., Green, A.G., Hutchinson, D.R., Lee, M., Milkereit, B., Behrendt, J.C., Halls,
H.C., Green, J.C., Dickas, A.B., Morey, G.B., Sutcliffe, R.H., and Spencer, C. 1989. The
North American rift beneath Lake Superior from GLIMPCE seismic reflection profiling.
Tectonics 8: 305-332.

Cogulu, E.H. (1990) Mineralogical and petrological studies of the Crystal Lake intrusion,
Thunder Bay, Ontario. Geological Survey of Canada, Open File 2277, 15 p. plus figures
and tables.

Cogulu, E.H. 1993a. Mineralogy and chemical variations of sulphides from the Crystal Lake
intrusion, Thunder Bay, Ontario: Geological Survey of Canada, Open File Report 2749,
21 p. plus figures and tables.

Cogulu, E.H. 1993b. Factors controlling postcumulus changes of chrome-spinels in the Crystal
Lake intrusion, Thunder Bay, Ontario: Geological Survey of Canada, Open File 2748, 28
p., plus figures and tables.

Davis, D.W. and Sutcliffe, R.H. 1985. U-Pb ages from the Nipigon plate and northern Lake
Superior. Geological. Society of America Bulletin 96, 1572-1579.

Eckstrand, O.R. and Cogulu, E.H. 1986. Se/S evidence relating to genesis of sulphides in the
Crystal Lake Gabbro, Thunder Bay, Ontario; Geological Association
Canada/Mineralogical Association Canada Annual Meeting, Program with Abstracts, v.11,
p.66.

Geoscience Laboratories. 1990. The analysis of geological materials, volume II: a manual of
methods; Ontario Geological Survey, Miscellaneous Paper 149.

Geul, J.J.C. (1970) Geology of Devon and Pardee Townships and the Stuart Location. Geological
Report 87, Ontario Department of Mines, 52 pages including Map 2207 at 1 inch to 1/2
mile.

Geul, J.J.C. (1973) Geology of Crooks Township Jarvis and Prince Locations and Offshore

Islands District of Thunder Bay. Geological Report 102, Ontario Division of Mines. 46 p.
accompanied by Map 2250 at a scale of 1" to 1/2 mile.

15



Good, D.J. and Crocket, J H. 1994. Genesis of the Marathon Cu-Platinum-Group Element
Deposit, Port Coldwell Alkalic Complex, Ontario: A Midcontinent Rift-Related Magmatic
Sulfide Deposit. Economic Geology 89, 131-149.

Hawkesworth, C.J., Lightfoot, P.C., Fedorenko, V.A., Blake, S., Naldrett, A.J., Doherty, W., and
Gorbachev, N.S. 1995. Magma differentiation and mineralisation in the Siberian
continental flood basalts. Lithos: 34 61-88.

Lightfoot, P.C., Naldrett, A.J., and Hawkesworth, C.J. 1984. The Geology and Geochemistry of
the Waterfall Gorge Section of the Insizwa Complex with particular reference to the origin
of the nickel sulfide deposits. Econ Geological 79: 1857-1879.

Lightfoot, P.C., Naldrett, A.J., Gorbachev, N.S., Doherty, W., and Fedorenko, V.A. 1990.
Geochemistry of the Siberian Trap of the Noril'sk Area, USSR, with implications for the
relative contributions of crust and mantle to flood basalt magmatism. Contribs. Mineral.
Petrol. v.104, p.631-644.

Lightfoot, P.C., Sutcliffe, R H., and Doherty, W. 1991 Crustal contamination identified in
Keweenawan Osler Group Tholeiites, Ontario: A Trace Element Perspective. The Journal
of Geology, v. 99, No. 5, 739-760.

Lightfoot, P.C.,, Hawkesworth, C.J., Hergt, J., Naldrett, A.J., Gorbachev, N.S., Fedorenko,
V.A,, and Doherty, W. 1993. Remobilisation of the continental lithosphere by a mantle
plume: major-, trace-element, and Sr-, Nd- and Pb-isotope evidence from picritic and
tholeiitic lavas of the Noril'sk District, Siberian Trap, Russia. Contrib. Mineral. Petrol.
114: 171-188.

Lightfoot, P.C., Naldrett, A.J., Gorbachev, N.S., Fedorenko, V.A., Hawkesworth, C.J., Hergt, J.,
and Doherty, W. 1994. Chemostratigraphy of Siberian Trap lavas, Noril'sk District,
Russia: Implications for the evolution of flood basalt magmas. In Proceedings of the
Sudbury-Noril'sk Symposium. Edited by P.C. Lightfoot and A.J. Naldrett. Ontario
Geological Survey Special Volume No. 5. p.283-312.

Lightfoot, P.C., Doherty, W., Naldrett, A.J., and Sutcliffe, R H. In Prep. Origin of Proterozoic
Keweenawan flood basalt lavas: major and trace element evidence from the bimodal felsic
and volcanic sequences of Mamainse Point and the Black Bay Peninsula, Ontario.

Mainwaring, P.R. and Naldrett, A.J. 1974., Genesis of Cu-Ni sulfides in the Duluth Complex; in

Society of Economic Geologists, Annual Meeting. Economic Geology Volume 69, No. 7,
p. 1183-1184.

16



Naldrett, A.J., Lightfoot, P.C., Fedorenko, V.A., Doherty, W., and Gorbachev, N.S., 1992.
Geology and Geochemistry of Intrusions and Flood Basalts of the Noril'sk Region, USSR,
with implications for the origin of the Ni-Cu ores. Economic Geology 87: 975-1004.

Naldrett, A.J., Pessaran, R., Asif, M., and Li, C. 1994. Compositional variation in the Sudbury
ores and prediction of the proximity of footwall copper-PGE orebodies. Proceedings of
the Sudbury-Noril'sk symposium. Ontario Geological Survey, Mineral Deposits and Field
Services Section, Sudbury, ON, Canada; in Ontario Geological Survey Special Volume 5,
p. 133-143.

Naldrett, A.J., Fedorenko, V.A., Lightfoot, P.C., Kunilov, V.1, Gorbachev, N.S., Doherty, W_,
and Johan, Z. 1995. Ni-Cu-PGE deposits of Noril'sk Region, Siberia: their formation in
conduits for flood basalt volcanism. Trans. Instn. Min. Metall. Sect B. Appl. earth sci.
104: B18-B36.

Naldrett, A.J. and Lightfoot, P.C. 1993. Ni-Cu-PGE Ores of the Noril'sk Region Siberia: A model
for giant magmatic sulfide deposits associated with flood basalts. In Giant Ore Deposits.
Edited by: B.H. Whiting, C.J. Hodgson, and R. Mason. Society of Economic Geologists
Special Publication Number 2. p. 81-124.

Postle et al. 1986. Review of platinum group element deposits in Ontario in Mineral Policy
Background Paper 24, 87p.

Rempel, G.G. 1994. Regional geophysics at Noril'sk. Proceedings of the Sudbury Noril'sk
symposium. Ontario Geological Survey, Mineral Deposits and Field Services Section,
Sudbury, ON, Canada, in Ontario Geological Survey Special Volume 5. p. 147-160.

Scholtz, D.L. 1936. The magmatic nickeliferous ore deposits of East Griqualand and Pndoland.
Geological Society of S Africa Trans 39: 81-210.

Simkin and Smith. 1970. Minor-element distribution in olivine, in Journal of Geology, vol. 78, no.
3, p. 304-325.

Smith, A R., and Sutcliffe, R.H. 1987. Keweenawan intrusive rocks of the Thunder Bay area. in
Summary of Field Work, 1987. Ontario Geological Survey, Miscellaneous Paper 137, p.
248-255.

Smith, A.R., and Sutcliffe, R. H. 1989. Precambrian geology of Keweenawan intrusive rocks in
the Crystal Lake-Pigeon River area. Ontario Geological Survey Map P.3139, scale
1:50,000

Sutcliffe, R. H. 1987. Petrology of Middle Proterozoic diabases and picrites from Lake Nipigon,
Canada. Contrib. Mineral.\Petrol. 96: 201-211.

17



Sutcliffe, R.H. 1989. Mineral variation in Proterozoic Diabase Sills and Dykes at Lake Nipigon,
Ontario. Canadian Mineralogist. 27, 67-79.

Sutcliffe, R. H. 1991. Proterozoic geology of the Lake Superior area. Geology of Ontario,
Ontario Geological Survey, Precambrian Geological Section, Toronto, ON, Canada, in
Ontario Geological Survey, Special Volume 4. (1). p. 627-658.

Ulff-Moller, F. 1991. Magmatic platinum-nickel occurrences in the Tertiary West Greenland
Basalt Province: prospecting by Greenex A/S in 1985-1988. Geological Survey of
Greenland Open File Series 91/1, 37 pages.

Wallace, H. 1981. Keweenawan Geology of the Lake Superior Basin. in Proterozoic Basins of
Canada, F. H.A. Campbell, editor; Geological. Society of. Canada, Paper 81-10, p.399-
417. .

Weibben. 1982. Keweenawan intrusive igneous rocks, in: Memoir Geological Society of America,
156: p.57-82.

Wooden, J.L. et al., 1993. Isotopic and trace-element constraints on mantle and crustal

contributions to characterization of the Siberian Continental flood basalts. Geochim.
Cosmochim Acta 57: 3677-3704.

18



(£861) ©}}1194nS PUD YHWS Jepy
(s4@3npoid ispd)

s jo dip puo axus

BUOISPNW ‘BUOISHIS ‘9|DYS ‘91ODM

saip @soqoip auAlo
SNOISNYLNI ¥3AN NO39Id

| (L861
QUIPINS PuB YIS 42}/D) UOISSY JOARY U0ITIg—oveT [BISAID) Y} JO SYOO0I UBMBUSOMASY SAISTUIIUI JO UOHNQLISIP pue A50[0s0) | danSig

2=

sauN X, (NOILYANO0S 3A0H) SHO0Y qu“whu_w y eysouLOwD ‘0iqq06 onpowbed "iqqph sLID
e 048 3 IVISANO
qdd gog < ny @ — gav9 V1
Eaﬂamow M MM « dn Aoorydosbyoss )M\_ 51Aydounib ‘019q0b sue ‘epIoIp
td. sayip 8jisodwod pPapIdOSSD pup
e 2 e D sifdounib + esoqol> = g "o ZM_m:E.z_ IMON  INNOW—Y¥3INY uvz_a _”_”__E%
wdd 0005 < IN+ND @ aspqolp = 4—0 ‘Y -a
wdd 005 < 13 O S}98YS pub Sj|is IspQOIP <1 UDMDUBOME)
qdd 00Z < Pd+id @ SNOISNAYINI JIdVN ATIV3 7.._\. 0l0z0J8}04d
P $8.1}8WOJ ~ N
v | seeaseass 000 | S~ - -
P -7 6 9 £ o puD|s| IWODN
V\ —-
QO fog ould .-~
pEASE -
P WAO o) ‘Y
7 Y 5
-7 ay?17 .
% an s BuilLg B
a P
< 1\\.?.__@
1 1
h i ‘
. ° puOjs| R > 3
DUOYOIA
pupjs| Jodg
Aog
s [
v julod ..
SIAID,
[ V] 1 «.\
pup|s| \\\
uosdwoy] L
Puoys|
AUIN
S L A o s Y Sy e N T N ) oy SR S R T L (e (e 2 A TSR
_‘%w pups|
BLTIEET] 5
L
L8y LA

19



1]
rd
-
3

A -
o)

GREAT LAKES
NICKEL DEPOSIT

e e e —s -

0 .5 .
)

kilometres
Middle Proterozoic
Crystal Lake Gabbro ~G layering (strike dip)
olivine gabbro, troctolite NG foliation (strike dip)
abbro, leucogabbro, pegmatitic ) .
9 gabbro, ungthosite Peg .2 lithological contact
U diorite & adit
= chilled gabbro S Sss. roads

Pigeon River Dikes

sulphide mineralization with > 5000 ppm Cu+Ni
sulphide mineralization with > 200 ppb Pt+Pd
sulphide mineralization with > 500 ppm Cr

olivine diabase

ocew®

Early Proterozoic
Rove Formation

] oargillite, wacke

After Smith and Sutcliffe (1987)

Figure 2. Distribution of rock types in the Crystal Lake Intrusion (affer Smith and Sutcliffe
1987).
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Table 2. Log of drill core from the Chaschuck Property, Thunder Bay Region.

Box No Intersection (feet) | Description

24 575-605 Medium to fine-grained gabbro, fining upwards, with
small cm sized pegmatoidal patches giving a local vari-
textured appearance.

24 605-608 Coarse-grained (1 cm) vari-textured gabbro pod in
medium grained gabbro.

24-25 608-615 Medium-grained equigranular textured gabbro.

25-26 615-637 Medium-grained mottles gabbro with troctolitic
feldspar-mafics textures.

26-28 637-690 Mottled coarse-grained gabbro with troctolitic zones.
Limited amount of clinopyroxene.

28-29 690-715 Coarse-grained gabbro with mafic wisps of
clinopyroxene and clusters of plagioclase.

29 715-740 Medium-grained subophitic textured gabbro

29 740-742 Fine-grained chilled gabbro with no sulphide content.

29-30 742-750 Fine-grained shale of the Animikie
NOT LOGGED

34 835-836 Fine-grained diabase with felsic fragments, grades into
shales. Contact at c. 836 ft.

34 836-838 Diorite breccia with chert-quartzite, shale fragments.
Acicular hornblende.

34 838-844 Breccia with leucocratic matrix.

34 844-847 Dark mottled gabbro with granophyric patches. Gabbro
is medium grained.

34-35 847-855 Breccia with fragments of arkose, chert, and shale with

dioritic to granophyric matrix.
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35

855-859

Granophyric textured gabbro. Felsic pink phase and
inclusions of shale 1-3 cm. Felsic leucosomes.
Fragments locally associated with <10% sulphide. All
sulphide appears to be chalcopyrite.

35

859-870

Inclusion-bearing gabbro with felsic nets and clusters.
coarse, 1 cm ophitic plates of clinopyroxene?

35-38

870-934

Increasing mottling defined by feldspar. 6" pegmatoidal
pods. Mottled troctolitic texture? Nets of mafics. <1%
sulphide. Fabric defined by chloritised joints.

38-39

934-935

Ophitic gabbro with increasing size of ophitic plates
upwards. Irregular grainy pyrrhotite but no
chalcopyrite. Sulphide content hard to establish, but
appears to be several percent. Some pegmatoids at 934-
935 ft. with radiating plagioclase and hornblende
needles.

39

962-965

Pegmatoidal patches with acicular hornblende and
plagioclase.

39-41

965-1010

Coarse-grained ophitic gabbro with <2 cm
clinopyroxene plates.

41

1010-1020

Pegmatoidal vari-textured gabbro with coarse 1 cm
sized feldspathic patches (<6") with ophitic gabbro
between pegmatoidal patches.

41-45

1020-1123

Medium grained gabbro with 1.5 cm clinopyroxene
ophitic plates. Disseminated irregular sulphides <1.5 cm
blebs. 1-2% sulphide. chalcopyrite to pyrrhotite=20:80.

45

1123-1124

Coarse-grained chlorite-rich alteration zone.

45

1124-1128

Medium grained with clinopyroxene plates and large
orthopyroxene poikilocrysts. 2% sulphide, chalcopyrite
to pyrrhotite=20:80.

45-46

1128-1149

Medium-grained gabbro with <10% disseminated
sulphide; chalcopyrite to pyrrhotite=20:80. Rare blebby
sulphides reach 1 cm in size. Chalcopyrite rims with
more chalcopyrite at top of bleb. Becomes fine-grained
upwards in sequence. Large clinopyroxene plates at
1158 fi.

27




46-47

1149-1171

Medium-grained to coarse-grained gabbro with
amphibole pods in the vari-textured parts. Wispy mafics
in gabbro. Granular texture with some ophitic
clinopyroxene plates. Regular chlorite veins. 1%
sulphide. chalcopyrite to pyrrhotite=80:20.

47-48

1171-1191

Medium-grained gabbro, ophitic texture, stubby to
ophitic feldspars appear? 60% felsics. <2% sulphide
dominated by pyrrhotite. Texture very granular.

48-50

1191-1225

Vari-textured gabbro (2 mm-1 cm defined by
plagioclase and clinopyroxene). Blebby to disseminated
sulphides in coarser rock. Finer rock has acicular
plagioclase. <5% sulphide chalcopyrite to :pyrrhotite-
20 to 80. Blebs of sulphide are fractionated. Coarser
patches on scale of 1 ft, and fine grained 6".

50

1225-1237

Medium- coarse grained ophitic gabbro with
disseminated to 1 cm blebby sulphide (chalcopyrite top,
pyrrhotite base). 3% sulphides

30chalcopyrite: 70pyrrhotite. Becoming more vari-
textured upwards.

50

1237-1240

Transition acicular feldspar and sub-ophitic matrix 1%
sulphide 50chalcopyrite:5Opyrrhotite.

50-51

1240-1250

Medium-coarse grained gabbro with acicular
plagioclase and subophitic matrix. 1% sulphide.
50chalcopyrite: 5Opyrrhotite.

51

1250-1256

Medium grained to coarse grained with 1" patches of
diabasic-textured gabbro. Minor alteration chlorite
veining. Equigranular clinopyroxene plates and
cumulate -olivine+plagioclase. Patchy sulphides with 1-
3% 50chalcopyrite:SOpyrrhotite.

51

1256-1260

Medium-grained gabbro with 2% blebby
30chalcopyrite: 70pyrrhotite. Coarsens up through
section. Acicular plagioclase well-developed.

51

1260-1261

Chloritoid alteration vein. Spotted gabbro.

51

1261-1266

Medium-grained poikilitic textured gabbro with 2%
blebby-disseminations.
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Table 3. Assay data for drill core.

Sample | Intersection | Co Cu Ni Zn S Au Pt Pd
number | (feet) (bpm) | (ppm) | (ppm) | (ppm) | (WL.%) | (ppb) | (pPB) | (PPb)
MClI 1266-1266.5 | 45 292 95 138 0.27 9 <10 18
MC2 1261-1266 61 328 272 117 0.26 <3 <10 11
MC3 1260-1261 54 228 219 151 0.25 <3 <10 8
MC4 1256-1260 54 129 206 107 0.06 <3 <10 5
MCS 1250-1256 55 232 250 120 0.11 <3 <10 15
MC6 1245-1250 55 146 220 105 0.07 <3 <10 <5
MC7 1240-1245 55 144 216 105 0.06 <3 <10 <5
MC8 1237-1240 55 142 211 108 0.06 <3 <10 <5
MC9 1230-1237 57 139 277 103 0.09 <3 <10 9
MC10 1225-1230 55 187 279 100 0.11 <3 <10 10
MC11 1220-1225 54 272 309 99 0.09 <3 <10 20
MCi2 1215-1220 59 281 317 98 0.19 <3 <10 16
MCI3 1210-1215 74 924 778 102 0.63 7 <10 60
MCi4 | 1205-1210 52 175 250 103 0.13 <3 <10 11
MCI15 1200-1205 74 679 576 105 0.60 4 <10 28
MCi6 1195-1200 72 478 452 101 0.44 <3 <10 23
MC17 1191-1195 62 238 275 104 0.28 <3 <10 <5
MC18 | 1185-1191 57 179 318 197 0.07 <3 <10 |12
MC19 1180-1185 59 110 305 97 0.05 <3 <10 <5
MC20 1175-1180 60 139 343 96 0.05 <3 <10 <5
MC21 1171-1175 61 75 390 100 0.05 <3 <10 5
MC22 1165-1171 59 263 379 91 0.13 <3 <10 10
MC23 1160-1165 65 100 459 94 0.04 <3 <10 <5
MC24 | 1155-1160 66 62 486 93 0.04 <3 <10 |6
MC25 1149-1155 72 262 582 93 0.11 4 <10 10
MC26 1145-1149 98 550 736 100 0.80 <3 <10 20
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Sample | Intersection | Co Cu Ni Zn S Au Pt Pd
number | (feet) (ppm) | (ppm) | (ppm) | (pPm) | (Wr.%) | (ppb) | (pPb) | (PPD)
MC27 | 1140-1145 115 816 915 105 1.15 8 <10 25
MC28 | 1135-1140 79 324 510 97 0.52 <3 <10 19
MC29 | 1128-1135 81 618 632 93 0.53 5 <10 24
MC30 | 1120-1128 63 208 408 99 0.15 <3 <10 8
MC31 1115-1120 54 161 296 94 0.05 <3 <10 10
MC32 1110-1115 53 103 252 93 0.05 <3 <10 <5
MC33 |1105-1110 53 260 276 94 0.04 <3 <10 12
MC34 |1100-1105 51 242 244 95 0.03 <3 <10 6
MC35 | 1095-1100 60 243 267 104 0.15 <3 <10 <5
MC36 | 1090-1095 52 95 226 93 0.03 <3 <10 <5
MC37 | 1085-1090 |49 90 210 91 0.03 <3 <10 <5
MC38 | 1080-1085 51 92 219 90 0.03 <3 <10 <5
MC39 |1075-1080 54 97 199 97 0.03 <3 <10 <5
MC40 1070-1075 52 95 233 94 0.03 <3 <10 <5
MC41 |1065-1070 51 103 215 95 0.03 <3 <10 |<5
MC42 | 1060-1065 50 96 204 94 0.03 <3 <10 <5
MC43 | 1055-1060 50 94 203 93 0.03 <3 <10 <5
MC44 | 1050-1055 | SO 95 197 93 0.03 <3 <10 <5
MC45 | 1045-1050 51 104 197 94 0.03 <3 <10 <5
MC46 | 1040-1045 48 100 206 90 0.05 <3 <10 <5
MC47 | 1035-1040 49 101 205 91 0.03 <3 <10 <5
MC48 |1030-1035 49 104 194 94 0.03 <3 <10 <5
MC49 | 1025-1030 50 103 188 96 0.06 <3 <10 <5
MC50 |1020-1025 49 109 172 99 0.03 <3 <10 |<5
MCS51 1010-1020 50 113 168 100 0.03 <3 <10 <5
MC52 | 1000-1010 49 113 164 106 0.05 <3 <10 |<S
MC53 | 990-1000 49 114 163 104 0.04 <3 <10 <5
MC54 | 980-990 48 105 161 99 0.03 <3 <10 <5
MC55 | 970-980 50 101 170 97 0.03 <3 <10 <5

30




Sample | Intersection | Co Cu Ni Zn S Au Pt Pd
number | (feet) (pm) | (opm) | (ppm) | (ppm) | (wr.%) | (ppb) | (pPB) | (BPY)
MC56 | 960-970 50 117 158 107 0.03 <3 <10 <5
MCS57 | 950-960 51 94 174 96 0.03 <3 <10 <5
MC58 | 940-950 50 107 163 101 0.03 <3 <10 <5
MC59 | 930-940 49 106 167 98 0.05 <3 <10 <5
MC60 |920-930 51 122 174 104 0.03 <3 <10 <5
MCé61 |910-920 52 121 178 104 0.03 <3 <10 <5
MC62 | 900-910 51 123 174 106 0.03 <3 <10 <5
MCé63 | 879-880 52 120 175 105 0.03 <3 <10 <5
MCé64 | 859-870 51 125 159 108 0.04 5 <10 <5
MC65 | 855-859 141 1809 905 198 2040 21 <10 49
MC66 | 847-855 38 300 212 161 .83 <3 <10 8
MC67 | 844-847 31 132 125 255 .89 <3 <10 <5
MC68 | 838-844 47 366 271 511 2.07 <3 <10 9
MC69 | 836-838 34 105 133 302 13 <3 <10 <5
MC70 | 835-836 33 112 138 226 1.58 <3 <10 <5
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CONVERSION FACTORS FOR MEASUREMENTS IN ONTARIO GEOLOGICAL
SURVEY PUBLICATIONS

Conversion from Sl to Imperial Conversion from Imperial to Sl

SIUnit  Multiplied by  Gives Imperial Unit  Multiplied by Gives
_ LENGTH
1mm  0.039 37 inches 1 inch 254 mm
1cm 0.393 70 inches 1 inch 2.54 cm
1m 3.28084 feet 1 foot 0304 8 m
1m 0.049 709 7 chains 1 chain 20.116 8 m
1km 0.621 371 miles (statute) 1 mile (statute) 1.609 344 km
AREA
lem2 01550 square inches 1 square inch 6.451 6 cm?2
1m2 10.763 9 square feet 1 square foot 0.092 903 04 m?2
1km2 0.386 10 square miles 1 square mile 2.589 988 km?
1 ha 2.471 054 acres 1 acre 0.404 685 6 ha
VOLUME
l1ecm3  0.06102 cubic inches 1 cubic inch 16.387 064 cm3
1m3 353147 cubic feet 1 cubic foot 0.028 316 85 m3
1m3 1.3080 cubic yards 1 cubic yard 0.764 555 m3
CAPACITY
1L 1.759 755 pints 1 pint 0.568 261 L
1L 0.879 877 quarts 1 quart 1.136 522 L
1L 0.219 969 gallons 1 gallon 4.546 090 L
MASS
lg 0.035 273 96 ounces (avdp) 1ounce (avdp) 28.349 523 g
1g 0.03215075 ounces (troy) 1ounce (troy) 31.103 476 8 g
1kg 2.204 62 pounds (avdp) 1 pound (avdp) 0.453 5§92 37 kg
1kg 0.0011023 tons (short) 1ton (short)  907.184 74 kg
1t 1.102 311 tons (short) 1 ton (short) 0.907 184 74 t
1kg 0.000 984 21 tons (long) 1ton (long) 1016.046 908 8 kg
1t 0.984 206 5 tons (long) 1 ton (long) 1.016 046 908 8 t
CONCENTRATION

ounce (troy)/  1ounce (troy)/ 34.2857142 g/t
ton (short) ton (short)
pennyweights/ 1 pennyweight/
ton (short) ton (short)

OTHER USEFUL CONVERSION FACTORS

1 g/t 0.029 166 6

1gt  0.58333333 17142857 gt

Multiiplied by
1 ounce (troy) per ton (short) 20.0 pennyweights per ton (short)
1 pennyweight per ton (short) 0.05 ounces (troy) per ton (short)

Note: Conversion factors which are in bold tvpe are exact. The conversion factors have been taken from or have been
derived from factors given in the Meiric Praciice Guide for the Canadian Mining and Metallurgical Industries, pub-
lished by the Mining Association of Canada in co-operaiion with the Coal Association of Canada.
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