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Abstract 
 

The Fox River Belt forms a segment of the Circum-Superior Belt that comprises a 

series of ca. 1900 Ma volcanosedimentary belts located around the margins of the 

Superior Province. The Fox River Belt is a north-facing homoclinal sequence, composed 

of a rift-related sedimentary sequence, intercalated with thick sequences of komatiites 

and tholeiites, and intruded by mafic-ultramafic intrusions. Geological mapping, whole 

rock geochemistry and S, Nd- and Hf-isotope geochemistry of the magmatic and 

sedimentary units within the belt were used to obtain a better understanding of the 

magmatic and tectonic history of the belt and its relation with other segments of the 

Circum-Superior Belt.  

The compositional variation observed in the volcanic rocks (19% to 5% MgO) 

can be accounted for as the product of fractional crystallization. Trace element patterns as 

well as εNd and εHf values (-4 to +8 and +4 to +18 respectively) indicate that the 

magmatism within the belt was the product of partial melting of depleted mantle that was 

locally contaminated with sediments or gneiss. A plume origin for this melting event is 

proposed based on the high degree of partial melting, the large volume of magma, and the 

presence of a radiating dyke swarm. The 250 km long Fox River Sill appears to have 

behaved as a magma conduit during part of its history. Several intervals within the sill 

show enrichment and depletion of PGE. The KO Zone PGE-Cu-Ni mineralization (up to 

5ppm PGE) formed from magmatic sulphides whose tenor was upgraded by the upward 

percolation of evolved intercumulus magma. Contaminated Lower Intrusions and the 

lower margin of the Fox River Sill are considered particularly prospective for hosting Ni-

Cu-PGE mineralization.  
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Chapter 1: Introduction 
 
1.1 Introduction 

 
The Fox River Belt is a Paleoproterozoic volcanic belt that borders the Superior 

Province in northern Manitoba (Figure 1.1 and 1.2). It forms a segment of the Circum-

Superior Belt, which comprises a series of 2.1-1.8 Ga supracrustal belts with magmatic 

rocks of komatiitic and continental tholeiite affinity. The segments comprising the 

Circum-Superior Belt are generally interpreted to represent rift sequences that overlie and 

are infolded with the Neo- and Meso-Archean gneiss at the margin of the Superior 

Province (Figure 1.1) (Baragar and Scoates 1987). A collisional event brought the 

Churchill Province, the Superior Province and the intervening rift sequence together. The 

degree of deformation and metamorphism and the style of preservation is therefore 

dependant on the position of the belt in reference to the relative motion of the collision 

(Green et al. 1985; Bleeker 1990).  Other well-studied segments of the Superior 

Boundary Zone include the Thompson Nickel Belt and the Cape Smith Belt. The Fox 

River Belt, although poorly exposed, is relatively well preserved and provides a unique 

opportunity to study the geologic evolution of the Circum-Superior Belt.  

The Fox River Belt is a north-facing homoclinal sequence comprising clastic and 

chemical sedimentary rocks intercalated with thick sequences of komatiitic-basalts and 

tholeiites, and intruded at two stratigraphic levels by ultramafic intrusions (Figure 1.2 and 

Figure 1.3) (Scoates 1981; Peck et al. 2002). The Lower Intrusions appear to represent 

the lowermost level of sill intrusion and are commonly differentiated into a lowermost 

peridotite and an overlying gabbro. The Fox River Sill intrudes into the relatively thin 

Middle Sedimentary formation and is one of the largest ultramafic intrusions in the world 
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(Scoates 1990). The Upper Volcanic formation is thought to have been tapped from the 

Fox River Sill and is very similar in composition and physical volcanology to the Lower 

Volcanic formation (Scoates 1981). The grade of metamorphism increases from prehnite-

pumpellyite facies in the north to greenschist facies in the south (Scoates 1990). 

Our current knowledge on the Fox River Belt is largely contained in two reports by 

Jon Scoates that deal primarily with the geology and petrography of the volcanic rocks 

(Scoates 1981) and the Fox River Sill (Scoates 1990). The source of, and the 

relationships between the various mafic to ultramafic igneous rocks within the belt are 

poorly understood. A geochemical and isotopic study was therefore undertaken to better 

understand these units. An additional goal of this study was to gauge the mineral 

potential of these units in terms of platinum-group element (PGE) deposits and Ni-Cu-

PGE deposits. 1173 samples that were collected from drill core and from three summers 

of field mapping were analyzed for major and trace element chemistry. Twenty of these 

samples were selected for Hf and Nd isotopic analyses, and 62 samples were selected for 

S-isotopes analyses. The main hypotheses that were to be tested during this study were: 

1. Magmatism in the Fox River Belt and other segments of the Circum-
Superior Belt were caused by a single mantle melting event; 

2. Magmatic rocks with enriched trace element patterns were contaminated 
with sediments or basement gneisses; 

3. The observed geochemical variation observed in the volcanic rocks is the 
product of fractional crystallization of an ultramafic magma; 

4. The geochemical and isotopic data will provide vectors for finding Ni-Cu-
PGE and PGE mineralization. 
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Figure 1.1. Geological Map of Canada illustrating the Circum-Superior Belt (modified 
from Baragar and Scoates 1987). 

 

 

Figure 1.2. Simplified geological map of part of the Fox River Belt (modified from 
Scoates et al. 1981). Abbreviations: SG = Southern Gneisses (Superior Province), LSF = 
Lower Sedimentary formation, LI = Lower Intrusion, LVF = Lower Volcanic formation, 
FRS = Fox River Sill, MSF = Middle Sedimentary formation, UVF = Upper Volcanic 
formation, USF = Upper Sedimentary formation, NG = Northern Gneiss. 
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Figure 1.3. Stratigraphic section of the Fox River Belt, based on Scoates (1981) and 
Scoates (1990). 
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1.2 Previous Work 

Because of the paucity of outcrop much of the current knowledge of the Fox River 

Belt has been gained from exploration programs conducted by Inco (Canadian Nickel 

Company 1950’s-1970’s), B.P. minerals (1980’s), WMC (1990’s), and Falconbridge 

Limited (1998-present). Merritt (1925) and Quinn (1955) initially recognized ultramafic 

rocks along the Fox River. Potter (1962) delineated the eastern lobe of the Fox River Sill 

based on ultrabasic rocks he had observed on the Stupart River and from aeromagnetic 

data. Scoates (1981 and 1990) completed a detailed petrographic, petrologic and 

stratigraphic study of the Fox River Sill and of the volcanic rocks of the Fox River Belt. 

An association between the supercrustal sequences of the Fox River Belt and those of the 

Cape Smith and the Thompson Nickel Belts was first made by Dimroth et al. (1970), Bell 

(1971), and Gibb and Walcott (1971).  Subsequently, Thomas and Gibb (1977) 

introduced the term Circum-Superior Suture in reference to the supercrustal rocks that lie 

between the Superior and Churchill Provinces. Baragar and Scoates (1981, 1987) 

introduced the term Circum-Superior Belt, to apply to the Mid-Proterozoic supracrustal 

rocks that ring the Superior Province craton. Green et al. (1985), Weber (1990), and 

Bleeker (1990) presented tectonic models for the formation of the Thompson Nickel Belt 

and the Fox River Belt. The term Superior Boundary Zone was introduced by Lucas et al. 

(1996), which is used in reference to the rocks affected by the suture. The definition of 

the Superior Boundary Zone includes the margin of the Superior Craton and it is 

generally not used in the literature related to the eastern segments of the Circum Superior 

Belt. For these reasons, this terminology is not used in this thesis when indicating the 

supercrustal sequences that are found along the northern edge of the Superior Craton. 

Syme et al. (1999) described the physical volcanology of the komatiitic basalts within the 
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Fox River Belt. Three undergraduate these were completed at the University of Manitoba 

that focused on the mineral chemistry of the Fox River Sill and Lower Intrusions 

(Huminicki 2000; Osiowy 2000; Smerchanski 2001). Peck et al. (1999; 2000; 2002) and 

Desharnais et al. (2000; 2001; 2002; 2004a; 2004b) have studied the Fox River Belt, 

focussing on the Marginal Zone of the Fox River Sill and mineralization within it.  

1.3 Geology 

Less than 1% of Fox River Belt rocks are exposed at surface. This means that much 

of the geology is interpolated between exploration drill holes and inferred from 

geophysics. The Great Falls area on the Fox River on the other hand has substantial 

outcrop exposure of the top of the Lower Volcanic formation and the base of the Fox 

River Sill (Figure 1.4) (Desharnais et al. 2001; Scoates 1990). Cumulus rocks in this 

thesis are named according to the I.U.G.S. classification (Philpotts 1990). 

 

Figure 1.4. Geological map of the Great Falls area on the Fox River. Numbered triangles 
show locations of mineralized samples of the KO Zone.  
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1.3.1 Lower Sedimentary formation 

The Lower Sedimentary formation is composed primarily of fine-grained clastic 

sedimentary rock that is finely- to coarsely-laminated (mudstone, argillite, pyritic 

argillite, and siltstone). There appears to be an increase in the proportion of chemical 

sedimentary rock, including carbonates and iron-formation, upward in the sequence. 

Similarities between this formation and the sedimentary rocks of the Thompson Nickel 

Belt have been noted (Baragar and Scoates 1987, D. Peck, N. Halden, D. Benson pers. 

com. 2004). 

1.3.2 Dykes 

The Bigstone Gabbros represent gabbronorite bodies of unknown dimensions which 

apparently intrude the Lower Sedimentary formation at approximately 0.5 to 1 km above 

its lower contact with the gneisses of the Superior Province (Peck et al. 2000). These 

intrusive rocks were first identified in 2000 along the Bigstone River in the south-western 

part of the Fox River Belt. Similar gabbronorites have been identified along the Sipanigo 

River and are inferred to occur near the middle of the Lower Sedimentary formation 

succession. East-west trending mafic dykes that intrude Superior Province gneisses 

(1900+/-14 Ma; L. Heaman pers. com.) have also been recognized along the Stupart and 

Sipanigo Rivers (Peck et al. 2000). These mafic intrusive rocks may represent a suite of 

dykes equivalent to the Molson Dykes that intruded the western Superior Province and 

the Thompson Nickel Belt. The Molson Dykes and the Fox River Sill share an age of 

1883 ± 2 Ma (Heaman et al. 1986). 
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1.3.3 Lower Intrusions 

The Lower Intrusions are typically very well differentiated, and are composed of a 

peridotitic base, an overlying thin pyroxene-rich layer and an upper gabbronorite. Some 

of the Lower Intrusions do not appear to be differentiated; instead these intrusions are 

zoned from pyroxenite at the margins to peridotite at the core. The intrusions range 

between 50 and 500 meters thick and appear to extend for tens of kilometers along strike 

based on drilling results and the magnetic anomalies associated with the peridotitic 

portion of these intrusions.  

1.3.4 Lower Volcanic formation 

The Lower Volcanic formation overlies the Lower Sedimentary formation and 

comprises volcanic flows ranging in composition from komatiitic-basalt to tholeiite 

(Scoates 1981). The average thickness of the formation is estimated at 2.4 km. The 

Lower Volcanic formation consists of three zones: an 1100 meter-thick lower zone 

comprising dominantly massive flows, a 700 meter-thick middle zone comprising mainly 

pillowed flows and a 300 meter-thick upper zone comprising mainly massive flows 

(Scoates 1981). Details of the volcanic architecture are described in Syme et al. (2000). 

Flows of the Lower Volcanic formation in the Great Falls area do not appear to have 

undergone significant structural reorganization. This is shown by the relatively 

unchanging strike and dip of pillow shelves, which are excellent paleo-horizontal 

indicators, and the lack of penetrative fabrics. Previous studies have shown that the 

composition of the volcanic rocks generally becomes more evolved upwards in 

stratigraphy (Scoates 1981; Baragar and Scoates 1987). 
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1.3.5 Middle Sedimentary formation 

The Middle Sedimentary formation is less than 100 meters thick and is composed of 

fine grained sediments; predominantly siltstone with variable amounts of pyrite. It was 

intruded by the Fox River Sill, and has been converted to hornfels at the contact. The 

lithological contacts of the sill with the Middle Sedimentary formation contain xenoliths 

of the Middle Sedimentary formation (Peck et al. 2000; Desharnais et al. 2002).  

1.3.6 Fox River Sill 

The Fox River Sill has been divided into four zones based on lithology and 

layering; from the base upward these are: the Marginal Zone, the Lower Central Layered 

Zone, the Upper Central Layered Zone, and the Hybrid Roof Zone (Scoates 1990).  

In the Great Falls area, the Marginal Zone is about 250 meters thick and is 

composed of a Basal Contact Unit and two cyclic units (Cyclic Unit 1 and Cyclic Unit 2) 

that evolve from lherzolite to leucogabbro. The Basal Contact Unit is an olivine 

melagabbro unit that appears to be reversely differentiated, becoming more olivine-rich 

in composition upward (Peck et al. 1999; Desharnais et al. 2004a). The KO-Zone, a 

stratabound zone that commonly contains PGE-Cu-Ni mineralization, occurs along an 

irregular contact at the base of Cyclic unit 2 (Desharnais et al. 2000; Desharnais et al. 

2004a). A zircon U-Pb age of 1883 ± 2 Ma was obtained from a sample of varitextured 

gabbro at the base of the Cyclic unit 2 in the Great Falls area on the Fox River (Heaman 

et al. 1986). 
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The Lower Central Layered Zone comprises nine or more cyclic units, each of 

which is composed of a thick olivine-cumulate layer overlain by a thinner clinopyroxene-

cumulate layer (1 to 6 m). The rocks commonly contain less than 10 % intercumulus 

material, signifying they are true adcumulates (Scoates 1990). This zone is about 850 

meters thick in the western lobe of the Fox River Sill and plagioclase cumulates only 

occur at the top of the zone (Scoates 1990). Sulphides are relatively rare in this zone 

(Scoates 1990). Nevertheless, a few sulphide bearing samples contain over 500 ppb total 

PGE (Pt+Pd+Au) (Smerchanski 2001). Scoates (1990) interpreted the cyclic units as 

representing “beheaded” cycles of fractionally crystallized magma caused by fresh 

influxes of ultramafic magma (i.e. evolved magma that would have eventually 

crystallized a gabbroic cumulate was displaced). 

The Upper Central Layered Zone, which is approximately 900 meters thick, differs 

from the Lower Central Layered Zone in that it has thinner cyclic units that are 

commonly capped by plagioclase cumulates (Scoates 1990). Cyclic units often lack an 

olivine or plagioclase cumulate layer, suggesting that they evolved under more variable 

conditions. The Upper Central Layered Zone is the only unit to contain orthopyroxene as 

a cumulus phase (Scoates 1990). Sulphides are also more common than in the Lower 

Central Layered Zone, with PGE-enriched sulphides occurring near the base of the zone. 

There are three PGE-enriched zones occurring in the western lobe of the Fox River Sill: 

Lower (70 m), Middle (50 m) and Upper (5 m) Mineralized Units (Schwann 1989; 

Schwann et al. 1989; Naldrett et al. 1994). Individual one meter long samples from these 

mineralized units have PGE values ranging from <25 to 980 ppb and are generally higher 

than 100 ppb.  
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The Hybrid Roof Zone has a wide range of mineral and melt phases and is 

characterized by the presence of granophyre and quartz (Scoates 1990). Partially digested 

xenoliths, presumably from the Middle Sedimentary formation, are commonly identified 

within this part of the intrusion (Scoates 1990; Peck et al. 2000). Its thickness varies 

widely but is on average about 50 meters.  

1.3.7 Upper Volcanic Formation 

The Upper Volcanic formation, which overlies the Middle Sedimentary formation, 

is very similar to the Lower Volcanic formation in terms of physical volcanology and 

petrology (Scoates 1981; Desharnais et al. 2004b). The Upper Volcanic formation is 

somewhat thicker (2700m) and has better preserved primary mineralogy and volcanic 

textures due to the lower metamorphic grade. It has been suggested that the Lower and 

Upper Volcanic formations could represent thrust repeated sequences (Desharnais et al. 

in 2004b); but there is limited structural data to support this. 

1.3.8 Upper Sedimentary formation 

Little is known about the Upper Sedimentary formation due to lack of exposure. It 

is inferred to be 1-2 kilometers thick based on airborne magnetics and sporadic outcrop 

and drill-hole information and consists of argillite, shale and carbonaceous shale (Scoates 

1981). 

1.4 Tectonic Setting 

Scoates (1981) suggested a rift origin for the magmatism in the Fox River Belt and 

the Thompson Nickel Belt. This idea is supported by the presence of the Molson Dyke 

Swarm, which indicates several kilometers of extension primarily in an east-west 
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direction within the Superior Craton at this time. Based on geochemical discrimination 

diagrams and spider diagrams, Halden (1990) proposed that Superior Boundary Zone 

rocks formed in a marginal basin environment. The lack of significant fractionation of 

rare earth elements (REE) and high field strength elements (HFSE) as well as negative 

Nb anomalies argues against subduction processes being involved in the generation of 

these magmas (Halden 1990; Rudnick 1995). Several researchers consider that the 

formation of large volumes of komatiitic magma necessitates a mantle plume source (e.g. 

Campbell 2001; Ernst and Buchan 2001).  Ernst and Buchan (2001) suggested that the 

Molson Dyke event, which includes the magmatism within the Fox River Belt, probably 

occurred due to the arrival of a plume head at the base of the crust.  

Recently, the Pickle Crow Dyke in north-western Ontario has been dated at 1876 

+/- 8 Ma. Buchan et al. (2003) suggested that the Molson and Pickle Crow Dykes could 

represent a radiating swarm, emanating from the point of impingement of a plume head 

with the crust. If this is the case, then the radial dykes could be conduits for the 

magmatism in the belt. The Stupart Dykes, which intrude the Southern Gneisses with a 

strike of approximately 090º (Peck et al. 2000), could also be part of this swarm, further 

restricting the position of the plume head to the north-western part of the Superior 

Province. However, the plume model as applied to large igneous provinces in cratonic 

marginal settings is somewhat conjectural.  
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Chapter 2: Geochemical character of the magmatic 
rocks of the Fox River Belt 

2.1 Introduction 

Recent mapping, sampling and analyses have resulted in a large geochemical 

database that is available with this thesis. Lithogeochemical sampling and initial 

analyses were largely accomplished by a group of researchers which include David 

Peck, Jon Scoates and Larry Hulbert. The geochemical database represents a synthesis 

of information acquired by Falconbridge Limited and the Manitoba Geological 

Survey. The volcanic rocks appear to be a product of fractional crystallization of an 

initial komatiitic magma (≈19% MgO). The average komatiitic lava composition was 

used to construct a fractional crystallization model. This was done to test whether the 

compositional variability of the magmatic rocks of the Fox River Belt can be products 

of this process. Incompatible trace elements patterns, which include light rare earth 

elements (LREE) and high field strength elements (HFSE), provide information about 

the type of source and the contamination history of the magma. Variability in 

concentrations of platinum group elements (PGE) can be caused by interaction with 

immiscible sulphide in the magma. The analysis of the geochemical data has resulted 

in a better understanding of the evolution of the magmatic units within the Fox River 

Belt and their relationship with magmatic products within other segments of the 

Circum-Superior Belt.   

2.2 Analytical Procedure     

A total of 1172 whole rock samples have been analysed for major and trace 

elements; all of the analyses were performed at Actlabs in Ancaster, Ontario (see link 

in reference list). Samples were dissolved by lithium metaborate/tetraborate fusion 

and analysed by inductively-coupled plasma optical emission spectroscopy (ICP-
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OES) and by inductively-coupled plasma mass spectrometry (ICP-MS). Most of the 

magmatic samples were analysed for low level PGE abundances by fire assay-ICP-

MS. Samples that had PGE concentrations at or below the detection limit were 

reanalysed using research grade analyses (≈0.1 ppb detection limit). This was done to 

better identify depletion signatures. Any samples that contained visible sulphides 

were also analysed by ICP-OES for metals and sulphur, and by ICP-MS for hydrides 

(including Se).  

2.3 Data Quality 

In addition to the certified reference materials that were inserted by Actlabs to 

monitor data quality seven different types of reference materials were inserted at 

about every 10 samples to monitor the data quality. The inserted reference materials 

were largely internal (not certified) and were chosen to cover the range in 

composition of the magmatic rocks of the Fox River Belt. Tables summarizing the 

variability and accuracy, of the data obtained from the reference materials are located 

within the geochemical database (attached CD-ROM).  

Detection limits are an intrinsic feature of the analytical technique being used 

that is related to sensitivity. A worksheet summarizing the detection limits for the 

various elements can also be found on the Excel workbook in the attached CD-ROM 

(Detection Limits Worksheet). Note that detection limits will differ depending on the 

chosen analytical technique, and where appropriate the technique with the lowest 

detection limit was used for creating diagrams and modelling (Volatile Free 

Worksheet).  

Multiple points can be made from a review of the quality of the data. 

Unacceptable error for trace elements is herein defined as a relative standard deviation 
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(RSD% = 100*[standard deviation]/[average concentration]) greater than 10% (5% 

for major elements). For example: if a standard is analysed 100 times then we would 

expect 68 of them to fall within one standard deviation given a normal distribution. 

The RSD limit of 10% indicates that if the standard deviation of analyses of a given 

element by a given analytical method should not be greater than 10% of the average 

of the concentration of the element. Unacceptable cases are those where more than 

10% of the concentration of an element is needed to describe a 68% confidence 

interval. Several elemental concentrations obtained by ICP-MS should not be used at 

all because their %RSD is unacceptable for the concentrations that are present in the 

rocks: U, Pb, Tl, W, Ta, Cs, Sb, Sn, In, Ag, Mo, As, Ge. There does not appear to be 

any unacceptable error for Pt, Pd and Au because this data is primarily used to define 

depletion and enrichment. Therefore an RSD% of 100 for concentrations of 1ppb is 

acceptable because 2ppb is still considered depleted. 

Several element concentrations analysed by ICP-MS should be used with 

caution because the error is high for concentrations found in some samples from this 

study. Approximate concentrations (in ppm) below which the error is high include: 

Hf<5, Nb<10, Zr<25, Rb<5, Zn<150, Cu<80, Ni<500, Cr<50.  

Trace elements that were analysed by ICP-OES (chalcophile element package 

1F from Actlabs) have unacceptable errors for these concentrations (approximate in 

ppm): S<100, Ni<50, Cu<75. A few major elements have unacceptable error at 

concentrations (in wt%) of: P2O5<0.1, K2O<0.5, Na2O<1, MnO<0.15. All the major 

element chemistry is herein given or shown as anhydrous values. The reason for this 

is that the loss on ignition (LOI) in the magmatic rocks of the Fox River Belt can be 

as high as 20%. This value represents the gaseous components in the rock, which in 

this case largely comprises water in serpentine that has replaced olivine. To correct 
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this diluting effect of water on the concentration of the major elements the sum of the 

major elements are normalized to 100%. 

Error was acceptable for Pt and Pd at all concentrations. Error was unacceptable 

for Au concentrations below 8ppb. The values and variance of analyses of certified 

standards inserted by Actlabs support the established thresholds in terms accuracy and 

precision (see CRM tables on the CD-ROM). 

Ni concentration data analysed by ICP-MS for this study had high variance. This 

appears to be the result of problems in the analytical procedure; attempts made by 

Actlabs to resolve the variance issue were unsuccessful. Error was unacceptable for 

concentrations below 500ppm, while the average komatiitic basalt from the Fox River 

Belt has Ni concentration of 215ppm. The use of Ni data in this thesis is limited to 

chemostratigraphic plots. Co will be used in this report instead of Ni (mainly to show 

depletion) because these elements show similar behaviour in mafic-ultramafic 

magmatic systems (Arth 1976).  

2.4 Fox River Belt Magmatism 

An extremely large volume of magma intruded and erupted during the formation 

of the Fox River Belt (approximately 7.5 km of stratigraphic thickness). Scoates 

(1981, 1990) proposed that the Fox River Sill acted as a staging chamber for the 

magma of the Upper Volcanic formation. As the magma in the sill fractionally 

crystallized, the residual magma that erupted to form the Upper Volcanic formation 

became more evolved. A similar relationship was proposed for the Lower Intrusions 

and Lower Volcanic formation (Scoates 1981, 1990). Estimates of the composition of 

the initial magma composition were defined based on whole rock analyses from the 

most primitive units in the Lower Central Layered Zone and Upper Central Layered 
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Zone within the Fox River Sill are in the range of 19 to 20% MgO (anhydrous) 

(Osiowy 2000). Based on geochemical discrimination alone the most primitive lavas 

within the Fox River Belt can be classified as komatiites (Le Bas 2000). Many 

researchers do not support a classification scheme of ultramafic volcanic rocks based 

solely on geochemistry. Volcanic rocks from the Fox River Belt lack an olivine 

spinifex texture which is most commonly cited as the primary distinctive feature of 

komatiite flows (Nesbitt et al. 1979; Hanski et al. 2001; Huppert et al. 1994). 

Therefore the Fox River Belt volcanic rocks may be better classified as komatiitic 

basalts or picrites. 

In this section the chemistry of the volcanic rocks are plotted on various 

discrimination diagrams in an attempt to better identify their origin. The volcanic 

rocks provide the best estimate of parent liquid composition even though some of 

them may contain cumulus minerals. Figure 2.1a is an AFM plot that shows that the 

volcanic rocks from the Fox River Belt appear to have a tholeiitic affinity; conversely 

the Jensen diagram shows that the Fox River Belt magmatic suites are related to 

komatiites (Figure 2.1b). It should be noted that the volcanic samples that plot in the 

tholeiitic field are all from D member, which represents the uppermost zone of both 

the Lower Volcanic and Upper Volcanic formations (discussed in detail later). Figure 

2.1c is a discrimination diagram by Meschede (1986) that shows that the Fox River 

Belt magma came from a depleted mantle source. The bulk of the magmatism was 

under oxygen fugacity conditions similar to arc-tholeiites (Figure 2.1d). The notable 

exceptions, again, are the D member volcanic rocks, which fall well within the N-

MORB field. A possible explanation for this is that V is depleted relative to Ti in 

these rocks due to the fractional crystallization of a mineral phase that preferentially 

removes V within the subchamber (such as primary magnetite [KdV=26; KdTi=7]).  
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Figure 2.1. Discrimination diagrams illustrating the chemistry of magmatic rocks of 
the Fox River Belt. a) AFM plot; b) Jenson (1976) plot illustrating dominantly 
komatiitic affinity; c) Meschede (1986) plot showing the depleted nature of the 
system; d) Shervais (1982) plot: WPAlk: within-plate alkaline, WP Th: within-plate 
tholeiite, VAB: volcanic arc basalt, BON: bonninite, IAT: island-arc tholeiite, BAB: 
back-arc basin. 
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Figure 2.2. Al2O3 vs MgO plots. a) Marginal Zone (MZ) and Lower Central Layered 
Zone (LCLZ) of the Fox River Sill; the compositions of the various lithologies are 
shown in the labeled boxes. “KO” is the composition of the olivine websterite of the 
KO Zone within the Marginal Zone. The inset diagram shows the range in 
compositions of the main-rock forming minerals (the pyroxene composition field 
includes the compositions of orthopyroxene and clinopyroxene within the belt). b) 
Upper Central Layered Zone (Upper Central Layered Zone) and Hybrid Roof Zone 
(HRZ) of the Fox River Sill. c) Lower Intrusion compositions overlain on Fox River 
Sill data for comparison. d) Lower and Upper Volcanic formation compositions. 

Lithologies found within the Fox River Sill can be grouped using the MgO 

versus Al2O3 diagram (Figure 2.2a and b). Samples that fall to the left of the gabbro 

field were followed up and they are all contaminated or contain significant Fe-Ti 

oxides (examples of the latter case are represented by samples from the Upper Central 

Layered Zone as well as one Marginal Zone sample). The presence of igneous 

amphibole or quartz could explain the position of these samples outside of the gabbro 

field. Local contamination of Fox River Belt magma may have caused it to evolve to 

more quartz-rich lithologies and plot in this region of the diagram. Uncontaminated 

samples that plot to the left side of the gabbro field may represent local accumulations 



 32

of highly evolved liquid. Two relationships emerge when the samples from the Lower 

Intrusions are overlain (Figure 2.2c): a) The Lower Intrusions follow a similar 

evolutionary path to that of the Marginal Zone of the Fox River Sill, although 

attaining more olivine rich compositions; b) there is a considerable cluster of data 

which falls on the contaminated side of the “gabbro limit line”, which is defined by 

the compositions of augite and plagioclase. Each sample that falls on the left side of 

the gabbro limit line are from Lower Intrusions identified as contaminated based on 

REE plots (further dealt with in the Lower Intrusion section below). Exceptions to this 

are samples from Lower Intrusions FX-01-10 and FX-01-11. Data from the Lower 

Volcanic formation and Upper Volcanic formation do not overlap completely with the 

Fox River Sill data. This does not exclude the possibility that these rock suites are 

comagmatic because magma and the mineral cumulates produced from them need not 

overlap (Figure 2.2c). The trend away from the composition of olivine (see the 

position of mineral compositions on the inset diagrams in 2.3a and 2.3b) is interpreted 

to reflect the effect of fractional crystallization of this mineral. 

The Marginal Zone follows a different evolutionary path than the Lower Central 

Layered Zone and Upper Central Layered Zone in CaO/MgO compositional space 

(Figure 2.3). The lower trend of the Marginal Zone samples on the right hand side of 

the diagram in figure 2.3c is probably related to the presence of orthopyroxene as a 

mineral that crystallized late from trapped intercumulus liquid (Figure 2.3a). Trapping 

of the intercumulus magma could be a function of faster cooling due to its proximity 

to country rocks. It is apparent that the Lower Intrusions are more similar in 

mineralogy to the Marginal Zone than to the rest of the Fox River Sill, even though 

there are some true dunites as shown by the high Mg and negligible Ca (Figure 2.3c). 

Sills such as the Lower Intrusions are likely to cool relatively rapidly because of their 
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relative low volume to surface area ratio (Marsh 1996). Again, this could account for 

the presence of orthopyroxene crystallized from trapped intercumulus magma. The 

thin pyroxene-rich layers that commonly occur between peridotite and gabbro in the 

Lower Intrusions are represented as a cluster at 18% CaO and 19% MgO. The 

gabbroic portion of the intrusion has a steeply declining CaO trend. This is due in part 

to the fact that augite has more Ca than plagioclase, and as the amount of augite 

decreases the rock becomes less Ca rich. Additionally, plagioclase becomes more 

sodic as the magma becomes more evolved. Two poorly defined evolutionary trends 

of the Lower Volcanic and Upper Volcanic formations can be seen in figure 2.3d. 

 

Figure 2.3. CaO vs MgO plots; arrows show main evolutionary pathways. The grey 
arrows show the main trends for Lower Central Layered Zone and Upper Central 
Layered Zone samples, the black arrows show the trends within the Marginal Zone, 
Lower Intrusions and volcanic formations. a)  Marginal Zone (MZ) and Lower 
Central Layered Zone (LCLZ) of the Fox River Sill. Mineral composition fields are 
illustrated. b) Upper Central Layered Zone (Upper Central Layered Zone) and Hybrid 
Roof Zone (HRZ) of the Fox River Sill. c) Lower Intrusions (LI). d) Lower and Upper 
Volcanic formations (LVF and UVF). 
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Only a small number of samples from the Lower and Upper Volcanic 

formations were used in the analysis of trace element ratios as many samples had 

concentrations below or close to the acceptable limits for key elements. Samples that 

contained Nb concentrations of less than 1ppm were removed from the dataset. This 

sorting process introduces an element of bias by preferentially excluding samples that 

have not been contaminated with country rocks (poor in trace elements). This being 

said, there are 49 samples from the Lower Volcanic formation and Upper Volcanic 

formation that are considered to be uncontaminated and have Nb concentrations 

above 1ppm. It is assumed here that the volcanic formations most closely represent 

the original trace element ratios of the parent magma.  

Nb and Ti are useful in identifying a magmatic source region because these 

elements are not significantly enriched in the crust compared to the mantle (Figure 

2.4). Therefore, the plot (Nb/Yb vs. Ti/Yb) is less sensitive to contamination than 

those plots that use trace element ratios with LREEs or other HFSEs and more 

accurately represent source characteristics. The volcanic rocks have a signature 

similar to N-MORB (depleted mantle), or primitive mantle (relatively undepleted; 

Taylor and McLennan 1995, Sun and McDonough 1989, Stolz et al. 1990). This 

represents a depleted source for the magma, which is corroborated by the Nd and Hf 

isotope data (Desharnais et al. 2002). Contamination is detected using Nb/La, which 

measures relative negative Nb anomalies, and La/Sm, which measures LREE 

enrichment (Figure 8b). LREE (especially La) appear to be more mobile than HREE 

during some types of alteration processes; alteration fluids containing carbon 

complexes appear to be especially effective at transporting LREE (Lahaye et al. 1995; 

Polat et al. 2003). This has the potential of changing the La/Sm and Nb/La ratios, 

however the volcanic rocks in the Fox River Belt do not appear to have undergone 
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this type of alteration (Desharnais et al. 2003). This effect is discussed in more detail 

in the isotope paper. There is significant variation of these ratios for the sedimentary 

and magmatic rocks. Despite the scatter, the limits of which are shown, the samples of 

sedimentary rocks largely cluster around the average value. Contamination of magma 

with sedimentary rocks of different composition could result in different vectors and 

different degrees of contamination. The volcanic rocks cluster close to the origin (1,1) 

suggesting that they have a composition similar to that of the present day mantle. The 

Lower Intrusions have a cluster in the lower right quadrant, towards the possible 

contaminants (sedimentary rock and gneiss). This is likely a function of these 

intrusions being variably contaminated with sedimentary rock or gneiss. 

Uncontaminated examples of the Lower Intrusions are underrepresented because they 

have lower trace element concentrations and were therefore preferentially removed 

from the dataset. A few examples do exist and plot in the field of volcanic rocks. 

Hybrid Roof Zone samples from the Fox River Sill plot in close proximity to the 

average sedimentary rock. This is consistent with the proposal that the HRZ 

comprises a large component of assimilated sedimentary rock. The degree of 

contamination can be modelled by using two end members; in this case the average 

volcanic rock and three possible contaminants were chosen. The amount of 

contamination required to produce the observed compositions is variable and depends 

on the contaminant chosen. The bulk of the contaminated Lower Intrusions can be 

modelled as having incorporated 15-30% of “average sediment”, 5% to 18% of 

“enriched sediment” (samples having more extreme LREE enrichment and Nb 

anomaly), or 2.5% to 10% of enriched gneiss (Figure 2.4b). These values represent 

maximum degrees of contamination. This is because this model does not take into 

account whether the contamination is accomplished by bulk assimilation or by 
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selective assimilation, or decoupling. Partial melting of the contaminant or transport 

by volatiles can cause certain elements (typically the incompatible elements) to be 

preferentially transferred into the magma (Lesher and Burnham 2001).  

 

Figure 2.4. Mantle normalized trace element ratio plots. a) Plot conveying source 
characteristics. b) Plot designed to show the effects of contamination. The samples 
from the Fox River Sill that are illustrated are only the extreme examples (mostly 
from the Hybrid Roof Zone). Nodes on the mixing line indicate 20% intervals. Lower 
continental crust (Taylor and McLennan 1995), Primitive mantle, N-MORB, E-
MORB (Sun and McDonough 1989), Back-Arc Basin Basalt (BABB)(Ewart et al. 
1994), mn: mantle normalized.  
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2.5 Lower Intrusions 

Recent drilling by WMC International and Falconbridge Limited has delineated 

several new Lower Intrusions and provided new insight on the types and occurrences 

of these sills (Table 2.1). It should be noted that it is very difficult to differentiate 

between the thick, layered flows at the base of the Lower Volcanic formation and the 

Lower Intrusions. However detailed magnetic survey data illustrates that many 

features interpreted as representing Lower Intrusions are locally discordant to 

stratigraphy while the volcanic units appear to be conformable to stratigraphic 

layering and generally lack the high magnetic intensity. The Lower Intrusions are 

designated according to drill hole that intersects them. Ti is a relatively incompatible 

element throughout the evolution of these intrusions (Figure 2.5a). Two intrusions 

appear to have evolved to much more Ti-rich final compositions (FX-01-10 and 

FXR006/010). Sample spacing does not preclude the possibility that other intrusions 

contain similar lithologies. Cr has a very close relationship with Mg# (here expressed 

as molar 100 x Mg/(Mg+Fe2+) where total Fe has been corrected to Fe2+) (Figure 

2.5b). This relationship is a function of the cotectic crystallization of chromite and 

olivine in the Lower Intrusions. There is a strong correlation between Ni and MgO 

caused by the fact that Ni is compatible in olivine (Figure 2.5c). However a few 

samples plot above the main trend suggesting that these samples contain Ni enriched 

sulphides. A few samples from Lower Intrusions FXR-001 and FX-01-15 fall slightly 

below the main trend. This might suggest that the magmas that produced these rock 

samples had Ni-rich sulphides removed from them thus depleting them in this 

element. However due to the analytical problems related to the Ni data and the lack of 

a clear divergence from the olivine trend this interpretation is tenuous. Most samples 

have PGE (Pt+Pd) concentrations between 10 and 40 ppb (Figure 2.5d). Individual 
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Lower Intrusions have very different PGE behaviour (Table 2.1). Some Lower 

Intrusions have PGE concentrations that vary little throughout the intrusion (e.g. FX-

01-10), whereas others have trends of increasing PGE concentrations with decreasing 

Mg#s (FX-01-15 and FX-01-11). This is the trend expected for a normal fractional 

crystallization system because PGE are incompatible in silicate minerals and will 

increase in concentration in the residual magma. FX-01-15 has four samples 

containing in excess of 100ppb PGE, an anomalous enrichment implying the presence 

of sulphide in these samples. FXR006/010 has two distinct groups, one with normal 

concentrations, and the other with unusually low values. Those samples that have low 

PGE concentrations may be caused by a prior sulphide removal event which would 

deplete the remaining magma in PGE. The implications of these features will be 

further discussed in the chemostratigraphic section (2.5.2).  

Table 2.1. Physical and chemical properties of Lower Intrusions. [Ce/Yb]PM represents 
LREE (Ce) enrichment compared to primitive mantle; samples with values greater than 1 
are considered enriched. 

Lower 
Intrusion 
Name 

Estim
ated 

true 
thickness 
(m

) 

Part of 
Intrusion 
intersected 

Thickness 
of Peridotite 
(m

) 

Estim
ated 

Proportion 
of Peridotite 

Thickness 
of 
Pyroxenite 
(m

) 

Average 
P

G
E in 

peridotite 
(ppb) 

Average 
P

G
E in 

gabbro 
(ppb) 

[C
e/Y

b]P
M  

peridotite 

[C
e/Y

b]P
M  

G
abbro 

FXR001 >142 TNI 100 <0.66 10 (1) 11 (2) 5 1.15 0.86 
FX-01-15 120 Full 73 0.61 2 8.6 (3) 13 1.25 2.2 
FXR007 30 Full 20 0.6 0 20 (4) 36 1.9 1.8 
FXR006/010 94 Full 30 0.36 5 (5) 23.4 1.1 1.9 2 
FX-01-11 85 Full 20 0.23 2 11.3 25 0.66 0.77 
FX-01-14 50 Full 45 0.9 0 17 NA (6) 1 NA 
13214 260 BNI 85 0.33 5 NA NA (7) 1 1 
FXR005 32 Full 30 0.95 1 NA NA 2.2 2.2 
13203-13207 >260 TNI 220 ? 1 3.6 13.9 1.7 NA 
13236 >210 TNI 120 ? >1 NA NA 1 0.8 
38576 >70 TNI 55 ? >1 NA NA 1  (8) 1.25 
38593 >360 TNI 200 ? ? NA NA 1.6 (9) 2.8 
38530 >125 TNI 67 ? ? NA NA 1.7 (10) 3.3 
Abbreviations TNI: Top of intrusion not intersected; BNI: Base of intrusion not intersected; (1) 
Only four samples in peridotite; (2) Only one sample in gabbro; (3) Six samples with 
concentrations >75 ppb as well as mineralization at the top; (4) PGE decreases upward in the 
gabbro; (5) 50 ppb Pt+Pd in pyroxenite; (6) The base of the intrusion is highly contaminated; (7) 
Only seven samples and highly irregular; (8) Only one sample in the gabbro; (9) Irregular 
distribution of LREE enrichment; (10) Only 5 samples in total. 
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Figure 2.5. Harker diagrams for Lower Intrusions. a) Mg# vs. TiO2; b) Mg# vs. Cr; c) 
Ni vs. MgO; d) Mg# vs. Pt+Pd. 

 2.5.1 Trace Element Variation 

Some Lower Intrusions display flat to slightly depleted rare earth element (REE) 

patterns around 2 to 9 times chondrite (Figure 2.6a; Table 2.1) (13203, 13207, 13236, 

38576, FX-01-07, FX-01-10, FX-01-11, FXR001). Some intrusions display higher 

overall concentrations of trace elements, especially those that are more incompatible 

in the mantle: towards the left hand side of the diagram (Figure 2.6b; Table 2.1) 

(38530, FXR005, FXR 006/010, FXR007). This enrichment of light-REE (LREE) and 

Th coupled with a negative Nb anomaly is commonly interpreted as resulting from 

contamination of the magma by country rocks (Arndt and Jenner 1986; Lesher and 
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Burnham 2001). Candidates for possible contaminants in the Fox River Belt are the 

lower crust, the gneisses of the Superior Province, or the sedimentary rocks from the 

Lower Sedimentary formation and Middle Sedimentary formation (Figure 2.6c). 

Some of the Lower Intrusions display both trends, a flat uncontaminated trend, and a 

LREE enriched trend (Figure 2.6d) (FX-01-10, FX-01-14, FX-01-15, 13214). Where 

both patterns are present, the LREE enriched samples are found at the contacts with 

sedimentary rocks. This is more prevalent at the upper contacts, thus supporting the 

idea that enriched patterns are due to contamination. It is also possible that the LREE 

enriched intrusions have a different source than those with flat REE patterns. 

However, the coherence between separate intrusions in terms of major element 

geochemistry suggests that these intrusions had a similar parental magma. Several 

samples from the gabbroic portion of this intrusion have positive Eu anomalies. These 

are likely caused by substitution of Eu2+ for Ca2+ in plagioclase; Eu is the only REE 

that can occur in the divalent form (Morris et al. 1974). Most of the samples of 

sedimentary rock have a negative Ti anomaly and a variable Zr anomaly. The reason 

that these signatures are not produced in the contaminated rocks (like the Nb 

anomaly) is that negative anomalies are produced by addition of the elements on 

either side of the “depleted” element. In the case of the Ti anomaly, Gd and Dy 

concentrations are similar in the magma and in the sedimentary rock (Figure 2.6a and 

2.6c). Therefore mixing of these two rock types will only slightly depress the relative 

Ti concentration in the contaminated magma. In contrast Th and La concentrations are 

up to 2 orders of magnitude higher in the sedimentary rock than they are in the 

magmatic rocks and will produce a much more marked Nb anomaly. 
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Figure 2.6. Trace element spider plots for the Lower Intrusions. a) Example of an 
uncontaminated Lower Intrusion (13236). Missing nodes are from samples with 
concentrations below the acceptable values (see data quality section). b) Example of a 
contaminated intrusion (FXR 006/010). c) All of the sedimentary rocks sampled 
within the belt (possible contaminants). d) Example of a Lower Intrusion that is 
variably contaminated, samples with enriched patterns are from the top of the 
intrusion (FX-01-15). Data was normalized using the chondrite data from 
McDonough and Sun (1995). 

 2.5.2 Chemostratigraphy 

Only three of the largest and most systematically sampled Lower Intrusions will 

be described in this section. FXR 001 is about 150 meters thick and has Mg# values 

that range from 93 at its core to 65 at the top of the sampled section; the top of the 

intrusion was not intersected in the drill hole (Figure 2.7a). The Mg # trend has an 

asymmetric bow shape, with the base being more magnesium-rich than the top. The 

increasing upward trend in Mg# and Ni at the very base of the intrusion reflects an 

increase in the proportion of cumulus olivine (Figure 2.7a, and Figure 2.7b). This 
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apparent reverse differentiation trend is likely due to an increase in the proportion of 

trapped liquid towards the base of the intrusions caused by more rapid heat loss 

proximal to the contact with country rock. The peridotitic portion of the intrusion is 

100 meters thick, clearly illustrated by the Ni concentrations (Figure 2.7b). FXR 001 

is an example of an uncontaminated intrusion as shown by mantle normalized Ce/Yb 

ratios that are close to one (Figure 2.7c). A sudden appearance and dominance of 

plagioclase and clinopyroxene as crystallizing phases is shown by the sudden increase 

in Ca and Sc concentrations (Figure 2.7d and Figure 2.7e). There are a few meters of 

pyroxenite separating peridotite from gabbro; illustrated by the spike in Sc values (Sc 

is very compatible within augite). This feature is observed in most of the Lower 

Intrusions. There are two samples that have elevated Cu concentrations (>200ppm) 

occurring just above the contact between peridotite and pyroxenite (Figure 2.7f). 

However, there is no associated PGE enrichment in these samples.  
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Figure 2.7. Chemostratigraphic plots from Lower Intrusion FXR 001. 
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FX-01-15 is approximately 120 meters thick and ranges in Mg# from 48 to 90 

(Figure 2.8a). The Mg# and TiO2 patterns illustrate that the peridotite portion of the 

intrusion is about 60 meters thick (Figure 2.8a and Figure 2.8b). The reversals in Mg# 

and TiO2 at the very top of the intrusion are likely due to significant interaction of the 

Lower Intrusion with dolomitic host rock. Chlorite and carbonate alteration become 

more pervasive at the top of the intrusion, where chalcopyrite and pyrrhotite occur as 

blebs and veins. The addition of Mg from the dolomite and the dilution of Ti in the 

magma by the bulk addition of sedimentary rock could produce the observed 

chemostratigraphic pattern. The contamination signature can also be seen in the 

mantle normalized Ce/Yb ratio that increases sharply at the top (up to 6.4). Cr has a 

sympathetic relationship with Mg#. The slight increase in Cr concentrations at the top 

of the Lower Intrusion suggests that the interaction of magma with the sedimentary 

rock occurred early in the evolution of the chamber; i.e. before the magma became 

depleted in this element due to crystallization of chromite within the peridotitic 

portion of the intrusion. One sample at the top of the intrusion shows significant 

enrichment in Ni and PGE (Figure 2.8e and Figure 2.8f). The sample occurs within a 

chaotic reaction zone between the overlying dolomite and the intrusion. The unit is 

very fine grained and has a light greenish grey colour. Sulphides appear to form veins 

that appear to be subparallel to laminations in the overlying sedimentary rock. The 

sample contains 1.7% S, 4.5ppm Se, 1910ppm Cu, and 3610ppm As. The chlorite and 

carbonate alteration as well as the unusual chemistry appears to suggest that the 

mineralization formed at least in part through a process of localized hydrothermal 

activity. Five samples from the upper 25 meters of the intrusion have Pt +Pd 

concentrations in excess of 75 ppb. Drill core over this section contains 0.5-1% 

pyrrhotite and chalcopyrite.  
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Figure 2.8. Chemostratigraphic plots from Lower Intrusion FX-01-15. 



 46

Drill holes FXR 006 and FXR 010 were drilled on the same section and intersect 

a 95-meter thick intrusion; together these form a continuous section through this 

Lower Intrusion. The Mg# ranges from 28 to 82, and the peridotitic portion of the 

intrusion is only 30 meters thick (Figure 2.9a and Figure 2.9b). Two samples (at 70 

and 80 meters) have extremely low Mg#, high TiO2 concentrations, and also Ni 

concentrations below the detection limit of 20 ppm. This interval could represent a 

“sandwich zone” where final crystallization occurred and incompatible elements 

became concentrated (Figure 2.9a, 13b and 13c). Petrographically the sandwich zone 

is composed of a coarse grained quartz-gabbro with coarse highly corroded grains of 

magnetite. This lithological feature occurs in other many types of intrusions and is 

interpreted as resulting from simultaneous crystallization from the roof and floor of 

the magma chamber (Marsh 1996; McBirney, A.R. and Noyes, R.M., 1979; Latypov 

2003). The upper and lower crystal/magma interfaces grow inward and eventually 

meet in the upper half of the intrusion because crystallization is more rapid at the 

bottom of the intrusion. The very final liquids produced from fractional crystallization 

occur in this horizon, accounting for their highly evolved composition (Latypov 2003; 

Marsh 1996). As with FXR 001, there is a thin interval of pyroxenite between the 

peridotite and gabbro (Figure 2.9d). Figure 2.9e illustrates the LREE enrichment in 

FXR 006/010; the whole of the intrusion appears to be contaminated (average ratio of 

1.9). Above the peridotite the ratio increases upward from 1.6 to a maximum of 2.4 

within the “sandwich zone”. Figure 2.9f illustrates extreme depletion of Pt and Pd 

(average <1.2ppb) in the gabbro.  These concentrations are more than an order of 

magnitude lower than that which is typical of the gabbroic portions of other Lower 

Intrusions and the volcanic formations (≈16ppb). The pyroxenite layer occurring 

between the gabbro and the peridotite contains up to 1% blebs of pyrrhotite and 
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chalcopyrite, yet shows only slight enrichment in Pt +Pd (up to 65ppb). The PGE-

depletion is good evidence that a process has effectively scavenged the PGE from the 

magma. Typically, scavenging of PGE by sulphides is invoked to explain this type of 

situation. PGE enriched sulphide mineralization may be present within this intrusion 

yet was not intersected. It is also possible that the gabbroic portion of this intrusion is 

from a different source than that which formed the ultramafic portion.  
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Figure 2.9. Chemostratigraphic plots from the Lower Intrusion FXR 006/010. b) grey 
symbols are below the detection limit for Ni (20ppm). 
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2.6 Fox River Sill 

Scoates (1990) estimated that the Fox River Sill was composed of 77.7 % 

olivine cumulates, 9.6% pyroxene cumulates, and 12.7% plagioclase cumulates. The 

ultramafic nature of the sill implies that it behaved as an open system for much of its 

history. Although most samples of olivine cumulate contain some chromite, others 

appear to be chromite undersaturated (Figure 2.10). This is analogous to the some of 

the ultramafic rocks of the Thompson Nickel Belt and Cape Smith Belt (mineralized 

Raglan horizon) but contrasts with the Lower Intrusions (Burnham 2003; Martin 

Lévesque pers. com. 2004). Chromite undersaturated magmas are considered to be 

more primitive and principally occur in channelized flows within komatiitic 

provinces. This is interpreted to reflect low degrees of supercooling in these more 

primitive portions of the plumbing systems (Barnes 1998). Most komatiite-hosted Ni-

deposits in the Yilgarn craton of Western Australia occur within channelized flow 

units characterized by chromite undersaturation (Barnes and Brand 1999; Lesher et al. 

2001).  

The samples chosen for the following chemostratigraphic plots are from two 

sections that that are 12 km apart. Samples of the Marginal Zone and Lower Central 

Layered Zone were collected as surface grab samples in the Great Falls area on the 

Fox River. Samples of the Upper Central Layered Zone and the Hybrid Roof Zone 

were collected from drill core from a fence of holes 12 km to the west of the Great 

Falls area. The distance between the sections creates some uncertainty in terms of 

relative stratigraphic position especially between the Lower and Upper Central 

Layered Zones, nonetheless these two sections are the most complete available.  
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The highest Mg#s are found in the Lower Central Layered Zone and peak at 95 

(Figure 2.11). The Mg# increases upward towards the middle stratigraphic levels then 

drops off above the contact between the Lower Central Layered Zone and the Upper 

Central Layered Zone to values below 90. This apparent increase in the ultramafic 

character of the magma within and between cyclic units is also observed in the 

mineral chemistry of the Lower Central Layered Zone (Figure 2.12) (Smerchanski 

2001). Cyclic unit 1 within the Marginal Zone shows significant variation in Mg#, 

ranging from 85 at the base to 67 at the top; this suggests a process of fractional 

crystallization in a closed system. Cyclic Unit 2 has much more limited Mg# variation 

from 69 to 63. This limited Mg# variation coupled with decreasing Ti concentrations 

towards the top of this cyclic unit suggest that the system became open during the 

crystallization of Cyclic Unit 2 (i.e. magma influx diluting the concentrations of 

incompatible elements) (Figure 2.11). The Marginal Zone as a whole has high Ti 

concentrations compared with the rest of the Fox River Sill. The concentrations at the 

very base of the unit are as high as 1.5%. It is unlikely that these values reflect 

contamination by the Middle Sedimentary formation as these rocks only contain an 

average of 0.5 % TiO2. Most of the Fox River Sill has a depleted mantle signature 

(Figure 2.11c). The base of the Marginal Zone has a few samples that show some 

enrichment in LREE as do all the samples from the Hybrid Roof Zone. There is 

physical evidence of contamination with sediments in both these contact regions; this 

subject is further discussed in the Isotope Chapter. There are a significant number of 

samples at the base of the Lower Central Layered Zone that show enrichment in 

LREE. The implications of this enrichment are discussed in the Economic Geology 

Chapter. 
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Figure 2.10. MgO vs. Cr for samples from the Lower Central and Upper Central 
Layered zones of the Fox River Sill and Lower Intrusions. The arrow illustrates the 
expected trend for chromite saturated magmas. Samples falling below this trend are 
partially chromite undersaturated. 

 

Figure 2.11. Chemostratigraphic plots for the Fox River Sill. a. Mg#; b. TiO2; c. 
[Ce/Yb]MN; samples plotting to the left of the grey line are depleted, those to the right 
are enriched compared to the mantle. Normalizing factors from Sun and McDonough 
1989. 
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Figure 2.12. Mineral chemistry within the Lower Central Layered Zone (data from 
Smerchanski 2001). 
 

2.7 Lower and Upper Volcanic formations 

A thorough description of the volcanology, petrography and chemistry of the 

Lower Volcanic formation and Upper Volcanic formation can be found in Scoates 

(1981). Additionally, Syme et al. (1999) produced several detailed volcanological 

sections through the volcanic formations along the Fox and Stupart Rivers. 

Distinguishing between Lower Intrusions and volcanic sequences in drill core can be 

difficult, especially at the top of the LSF. This is because thick flows can differentiate 

and produce grain sizes that are comparable to those of the Lower Intrusions (Scoates 

1981). Distinguishing between flows and intrusions was accomplished primarily by 

observing volcanic features such as pillows, flowtop breccia and by recognizing 

chilled margins and hornfels zones at upper contacts. Interflow sedimentary rocks 

tend to be less than 5 meter thick, and are composed of laminated sulphidic argillite 

(up to 20 wt.% sulphur). For the most part interflow sediments constitute <5% of the 
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volcanic pile (both Lower and Upper Volcanic formations) suggesting rapid effusion 

rates for the Fox River Belt volcanic sequences, similar to that inferred for flood 

basalts (White and McKenzie 1995; Campbell 2001). 

Figure 2.13 illustrates the trace element patterns for samples from the Lower and 

Upper Volcanic formations. The concentrations are relatively low and the patterns are 

depleted in the more incompatible elements. The heavy REE and Y are also slightly 

depleted which could be due to garnet (majorite) in the source. This interpretation is 

in agreement with low Al2O3/TiO2 ratios for a given Mg#, similar to the Chukotat 

Group in the Cape Smith Belt (Francis 1981). Local contamination has affected 15 of 

the samples (Figure 2.13b). Most of the contaminated samples are from a sample suite 

collected along the Fox River in the Lower Volcanic formation. The spread in Eu 

anomalies is only observed in the contaminated samples and could represent 

anomalies found within the various contaminants (Figure 2.6c). 

The Lower Volcanic formation and Upper Volcanic formation are chemically 

and volcanologically very similar. Figure 2.14 illustrates how these volcanic piles 

overlap completely and are likely comagmatic. They might in fact represent the same 

sequence that has been structurally repeated. The facing direction for both formations 

is to the north; therefore if these units are repeated they are likely fault imbricated and 

not folded. Additionally, the Lower Volcanic formation and Upper Volcanic 

formation are almost identical in terms of chemostratigraphic relationships, and will 

therefore be treated together in this section. Figure 2.14a and Figure 2.14b show that 

there are two very distinct groups. The group with high TiO2 and Yb are from D 

member, and are described in greater detail below. 
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Figure 2.13. Trace element patterns for the typical volcanic rocks of the Fox River 
Belt normalized to primitive mantle (Sun and McDonough 1989). a) 74 
“uncontaminated” samples are represented within the fields; filled symbols represent 
average compositions for each member. The fractionation model lines (unfilled 
symbols) are for the model described in detail in section 2.7.3. b) 15 contaminated 
samples from A, B and C members from the Lower and Upper Volcanic formations.  
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Figure 2.14: Harker diagrams of the Lower and Upper Volcanic formations. a) Ti vs. 
MgO, b) Mg# vs. Yb. 

 2.7.1 Chemostratigraphy 

The Lower Volcanic formation is represented in the chemostratigraphic plots of 

Figure 2.15 by samples from the Great Falls area only (the very base of the volcanic 

section is not represented). All of the samples of the Upper Volcanic formation were 

used to construct the plots in Figure 2.15. All but one of these samples were collected 

along the Fox and Stupart Rivers. The very base, the very top, as well as a large 

section in the middle of the stratigraphy were not sampled due to lack of outcrop. The 



 56

chemostratigraphy for the two volcanic formations are a close match, even though the 

Upper Volcanic formation is thicker. The actual position of the base of the Lower 

Volcanic formation within the Great Falls area is poorly constrained because of the 

lack of exposure. The stratigraphic height for the two datasets was adjusted so that the 

significant compositional break between Cr > 500 and Cr < 500 matched up (Figure 

2.15a). This was done by adding 200 meters to all stratigraphic height values for the 

Lower Volcanic formation. The gaps in the sampling of the Lower Volcanic 

formation and Upper Volcanic formation do not preclude the possibility that the 

stratigraphy in the Upper Volcanic formation is a dilated version of the Lower 

Volcanic formation or that specific units are thicker in the Upper Volcanic formation 

(e.g. C member or D member of the Upper Volcanic formation could be in excess of 

1000 meters). Furthermore, it is possible that parts of the stratigraphy are structurally 

repeated, although there is no direct evidence that confirms this. Unfortunately, it is 

impossible to prove or disprove any of these suppositions without more exposure or 

diamond drill core. Regardless, it is useful to show the Lower Volcanic formation and 

Upper Volcanic formation together on these stratigraphic plots because of their 

similar composition and physical volcanology. The major and trace element 

chemostratigraphic plots suggest that there are four distinct zones that essentially 

correspond to volcanology and phenocryst populations described by Scoates (1981). 

Representative values of the chemistry are shown in Table 2.2.  
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Table 2.2. Representative compositions of volcanic rocks of the Fox River Belt. 1. 
Average komatiite composition, 2. 98-99-211-1: typical komatiite from A Member 3. 
98-99-208-14: typical komatiitic basalt from B Member D. 98-99-221-5: typical 
tholeiitic basalt from C Member 5. 98-99-310-1: typical tholeiitic basalt from D  
Member. 
 1. 2. 3. 4. 5. 
SiO2 46.80 47.00 49.08 51.09 50.84 
Al2O3 9.93 9.27 11.50 15.13 13.43 
Fe2O3 12.51 12.49 11.94 11.38 15.37 
MnO 0.19 0.19 0.17 0.18 0.22 
MgO 20.47 20.63 12.92 9.13 7.12 
CaO 9.58 9.29 12.63 10.21 8.90 
Na2O 0.34 0.43 0.91 1.56 2.02 
K2O 0.05 0.04 0.06 0.10 0.09 
TiO2 0.59 0.59 0.73 0.84 1.81 
P2O5 0.05 0.06 0.06 0.06 0.21 
LOI 4.32 4.21 2.38 3.15 2.84 
Mg# 76.4 76.6 68.2 61.4 47.9 
Sc 34 30 36 49 47 
V 200 195 242 289 436 
Cr 1804 2,050 1,070 310 151 
Co 80 84 63 44 47 
Ni 622 659 375 133 72 
Cu 60 80 92 101 138 
Pt 9.2 7.0 9.0 15.8 1.5 
Pd 8.1 9.0 9.1 16.0 1.0 
Ce 4.3 5.5 7.1 6.6 17.0 
Yb 1.29 1.32 1.64 2.11 3.90 
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Figure 2.15. Chemostratigraphic plots of the Lower and Upper Volcanic formations. Boxes 
outline individual members described in the text. 
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The lowermost zone occurs from 0 to 430 meters; A member may correspond to 

the Lower Massive Zone of the Lower Volcanic formation (only one sample) (Scoates 

1981). A member appears to correspond to the Lower Zone of the Upper Volcanic 

formation, described as layered komatiitic basalt flows and olivine clinopyroxenite 

flows. It is characterized by high Mg and Cr owing to its ultramafic composition 

which is also reflected by the presence of olivine and chromite phenocrysts (Figure 

2.15a and Figure 2.15b). Low Sc and Al2O3 concentrations reflect the ultramafic 

character of the magma (Figure 2.15c and Figure 2.15d). Pyroxene spinifex (laths up 

to 1cm in length) is commonly found in this member; olivine spinifex has not been 

recognized (Figure 2.16) (Scoates 1981). Figure 2.16 illustrates disequilibrium 

mineral textures (hopper, chain, box car) that are typical of rapidly cool melts 

(Scoates 1981). The presence of olivine grains with compositions of Fo92 and dunites 

with Mg# in excess of 92 within the Fox River Sill suggests that liquids with MgO 

concentrations in excess of 19% were present within the belt (Roeder and Emslie 

1970; Ghiorso and Sack 1995). The most commonly quoted example of komatiites 

within the Proterozoic are the lowermost volcanic flows of the Chukotat group (>18% 

MgO) in the Cape Smith Belt (e.g. Bedard et al. 1983; Campbell and Griffiths 1993; 

Smith and Ludden 1989). Magmas with as much as 23% MgO have been suggested 

based on olivine compositions within the Thompson Nickel Belt (Mike Lesher pers. 

com.). Therefore it appears that these three segments of the Circum-Superior Belt 

contain lavas derived from komatiitic liquids. Many geologists consider a 

classification scheme based solely on geochemistry misleading. The identification of 

olivine spinifex is usually considered the most important feature that can truly 

distinguish komatiites (Nesbitt et al. 1979; Huppert et al. 1984). This feature is 

lacking from all three suites of volcanic rocks.  
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Figure 2.16. Photomicrographs of a sample of a volcanic flow within A member of 
the Upper Volcanic formation (98-99-216-1) that has 19.5% MgO. Photos in plane 
polarized light; field of view is 3.5mm. 
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B member (430m to 910m) corresponds to the base of the Middle Pillowed Zone 

of Scoates (1981) from the Lower Volcanic formation, which is composed of 

pillowed flows of plagioclase-bearing olivine clinopyroxenite. It also corresponds to 

the Middle Zone of the Upper Volcanic formation (similar lithology to above) 

(Scoates 1981). B member has Cr concentrations between 600 and 1400 ppm, and 

MgO concentrations between 10 and 16% (Figure 2.15). The more evolved 

composition of this member may represent residual liquid after fractional 

crystallization of olivine and chromite. Increased Sc and Al concentrations may 

reflect the relative incompatibility of these elements in olivine and chromite. 

C member (910m to 1640m) corresponds to the top of the Middle Pillowed Zone 

of the Lower Volcanic formation, which comprises basalts with pyroxene and 

plagioclase phenocrysts. It also corresponds to the base of the Upper Zone within the 

Upper Volcanic formation (similar lithology to the Lower Volcanic formation, plus 

rare olivine) (Scoates 1981).  C member is characterized by limited variation in MgO 

(8-9.5 %) and Cr (250-300ppm) concentrations. Sc and Al2O3 concentrations are 

higher than in A and B members (Figure 2.15). Again, this is consistent with cotectic 

crystallization of olivine and chromite in a subchamber. There is a gap between the 

concentrations of all these elements and those of B member. This may be a function 

of sample spacing, a hiatus in volcanism, or volcanic architecture.  

D member (1640m to 2500m) corresponds to the Upper Massive Zone of the 

Lower Volcanic formation comprising plagioclase-phyric basalts. It also corresponds 

to the Upper Zone of the Upper Volcanic formation, comprising pyroxene-

plagioclase-phyric basalts (Scoates 1981). D member has considerably lower MgO (5-

7%) and Cr (80-150ppm) concentrations than the other zones (Figure 2.15). Sc 

concentrations appear to be slightly lower than those of the C member, with the 
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exception of three samples (not shown) that have concentrations in excess of 80 ppm. 

These values are higher than values for the olivine-pyroxenites within the Lower 

Central Layered Zone of the Fox River Sill (where the highest values would be 

expected); therefore it seems likely that these high concentrations are due to addition 

of Sc; possibly through alteration. Al2O3 concentrations appear to be lower than in C 

member samples. The reduced concentrations of Al2O3 and Sc could represent a 

change in the mineralogy crystallizing from the magma in a subchamber. High TiO2 

and Yb concentrations set D member apart from the rest of the zones (Figure 2.15e 

and Figure 2.15f). These concentrations are similar to those found in the “sandwich 

zone” within the Lower Intrusion FXR 006/010 (Figure 2.10c). D member may 

represent late eruption of the magma after a subchamber evolved into closed systems 

(temporarily). A hiatus in Lower Volcanic formation and Upper Volcanic formation 

volcanism would also account for the dramatic change in composition seen in Cr, 

MgO and Mg# (Figure 2.15a, Figure 2.15b, and Figure 2.15g).  

2.7.2 Thermodynamic Modeling 

Modelling was accomplished using the Java version of MELTS running from 

the server at the University of Washington (Ghiorso and Sack 1995). This program 

uses thermodynamic equations to predict what mineral phases will crystallize from a 

given magma at a given temperature and pressure. This approach has some important 

limitations. The model was run in the fractional crystallization mode, at a constant 

pressure of 50 bars and temperature increments of 25°C. An average of seven 

komatiite samples from A member of the Upper Volcanic formation was used as the 

initial liquid composition (Table 2.2). The result of the modelling is shown in Figure 

2.17. The liquidus temperature for this composition (anhydrous) is 1443°C. Olivine 

(Fo92) is the first phase to crystallize followed by cotectic crystallization of olivine 
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and chromite at 1375°C. A small amount of Ca-rich pyroxene crystallizes before 

olivine stops crystallizing. During the next 25°C increment (1200°C to 1175°C) 30% 

of the total volume of the initial magma crystallizes as plagioclase, Ca-rich pyroxene 

and Ca-poor pyroxene (37: 36: 27). This rapid crystallization could be partially 

responsible for the compositional gap observed between C member and D member in 

terms of incompatible element concentrations (Figure 2.14 and 19). This will be 

discussed further in the second model section below. Oxides begin to crystallize at 

1125°C mostly as Cr-poor spinel as well as small amounts of ilmenite below 1000°C. 

The crystallization series is the same as that which has been deduced from 

petrographic studies of the Fox River Sill: olivine + chromite → clinopyroxene → 

plagioclase → orthopyroxene (Scoates and Eckstrand 1986; Scoates 1990).  

 
 

 
Figure 2.17. Stacked histogram illustrating result of modelling using MELTS 
(Ghiorso and Sack 1995). 
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2.7.3 Second Model 

A second model was constructed separately in Microsoft Excel using the 

Rayleigh fractionation equation. This was done to better fit the specific characteristics 

of the Fox River Belt and to more precisely model the trace element variations (Figure 

2.18). 

)1( −= k
lilf Fcc  

Where clf is the fraction of the element remaining in the liquid; cli is the initial 

concentration of the element in the liquid, F is the fraction of liquid remaining, and K 

is the bulk partition coefficient of the element in the mineral assemblage that is 

crystallizing (Philpotts 1990).  

This was done to more accurately match the modelled fractionating liquid 

against the observed liquid compositions (volcanic rocks) by adjusting the proportions 

of crystallizing minerals. The major element compositions of the minerals removed 

from the liquid were taken from electron microprobe data for mafic and ultramafic 

rocks from the Fox River Sill (Smerchanski 2001; Osiowy 2000). Distribution 

coefficients were selected from various published experimental values so as to best fit 

the liquid composition in the subchamber at each stage (Table 2.3). Partition 

coefficients for trace elements into silicate minerals can sometimes vary depending on 

the oxygen fugacity, temperature, pressure and composition of the magma. The 

chosen partition coefficient can have a significant effect on the final result of the 

model and it should be noted here that partition coefficients for ultramafic rocks are 

not well constrained. An excellent example for this is the partition coefficient of Ni in 

olivine that can range between 3 and 32 depending primarily on the composition of 

the magma (Kinzler et al. 1990). The effect of an order of magnitude change in the 
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partition coefficient on a model is drastic, especially for the main crystallizing 

minerals. 

 
Table 2.3. Mineral/melt partition coefficients used in the second model. 
 

Mineral olivine clinopyroxene orthopyroxene plagioclase spinel sulfide Magnetite 
Pt+ Pd * * * * * 55000 (10) * 
Ti 0.02 (1) 0.2 (2) 0.1 (1) 0.02 (1) 0.048 (3) 0.05 (4) 7.5 (1) 
Ni 6 (5) 1.5 (1) 5 (1) 0.06 (2) 29 (*) 257 (6) 29 (1) 
Yb 0.014 (1) 0.542 (1) 0.34 (1) 0.056 (1) 0.12 (3) * 0.9 (1) 
V 0.06 (1) 3.1 (9) 0.6 (1) 0.07 (1) 1 (8) 0.6 (4) 26 (1) 
Sc 0.17 (1) 2.5 (1) 1.2 (1) 0.08 (7) 0.36 (8) ** 0.5(11) 
Co 3 (2) 1 (1) 2 (1) 0.58 (7) 8.3 (8) 61 (6) 1.5 (11) 
Cr 0.7 (1) 3.8 (9) 10 (1) 0.02 (2) NA 0.9 (4) NA 
Rb 0.0098 (1) 0.31 (1) 0.022 0.071 (1) * * * 
Sr 0.014 (1) 0.06 (1) 0.04 1.83 (1) * * * 
Y 0.01 (1) 0.9 (1) 0.18 0.03 (1) 0.2 (3) * 0.2 (1) 
Zr 0.012 (1) 0.1 (1) 0.18 0.048 (1) 0.1 (3) * 0.1 (1) 
Nb 0.01 (1) 0.005 (1) 0.15 0.01 (1) 0.4 (3) * 0.4 (1) 
La 0.0067 (1) 0.056 (1) 0.02 (3) 0.19 (1) 0.01 (3) * 1.5 (11) 
Ce 0.0069 (1) 0.092 (1) 0.02 (1) 0.111 (1) 0.01 (3) * 1.3 (11) 
Pr 0.005 (3) 0.1 (3) 0.0048 (3) 0.17 (3) 0.01 (3) * * 
Nd 0.0066 (1) 0.23 (1) 0.03 (1) 0.09 (1) 0.01 (3) * 1 (11) 
Sm 0.0066 (1) 0.445 (1) 0.05 (1) 0.072 (1) 0.01 (3) * 1.1 (11) 
Eu 0.0068 (1) 0.474 (1) 0.05 (1) 0.443 (1) 0.01 (3) * 0.6 (11) 
Gd 0.0077 (1) 0.556 (1) 0.09 (1) 0.071 (1) 0.01 (3) * * 
Tb 0.0015 (1) 0.57 (1) 0.019 (3) 0.06 (3) * * 1 (11) 
Dy 0.0096 (1) 0.582 (1) 0.15 (1) 0.063 (1) * * * 
Ho 0.0016 (1) 0.31 (3) 0.026 (3) 0.048 (3) * * * 
Er 0.011 (1) 0.583 (1) 0.23 (1) 0.057 (1) * * * 
Tm 0.0015 (1) 0.29 (3) 0.04 (3) 0.036 (3) * * 1 (11) 
Yb 0.014 (1) 0.542 (1) 0.34 (1) 0.056 (1) 0.12 (3) * 0.9 (11) 
Lu 0.016 (1) 0.506 (1) 0.42 (1) 0.053 (1) * * * 
Hf 0.013 (1) 0.263 (1) 0.01 (3) 0.01 (3) 2 (3) * 2 (11) 

 
Data from: (1) compilation by Rollinson 1993; (2) Bougault and Hekinian 1974; (3) 
McKenzie and O’Nions 1991; (4) Pederson 1979; (5) Kinzler et al. 1990; (6) 
Rajamani and Naldrett 1978; (7) Paster et al. 1974; (8) Horn et al. 1994; (9) Hart and 
Dunn 1993; (10) Dunn and Sen 1994, (11) Bezmen et al. 1991. 
* Partition coefficient is not available 
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Figure caption below. 
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Figure caption below. 
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Figure 2.18. Harker diagrams illustrating the second Raleigh fractionation model for 
the evolution of the Fox River Belt volcanic rocks. Also shown is the chemistry of the 
volcanic rocks of Chukotat Group from the Cape Smith Belt and the Bah Lake Group 
from the Thompson Nickel Belt. Fields have been traced around the some of the data 
for clarity. The plagioclase-phyric flows of the Chukotat Group are underrepresented 
(only 3 of the 40 samples representing the Chukotat Group). The Bah Lake group of 
the Thompson Nickel Belt is represented by up to 130 samples which were filtered for 
availability of Pt and Pd or trace element data. a) Mg# vs. Cr; b) Mg# vs. Co; c) Mg# 
vs. TiO2; note the compositional gap in all three datasets at 1.25% TiO2; d) Mg# vs. 
Al2O3; e) Mg# vs. SiO2; f) Mg# vs. Sc; g) Mg# vs. Pt+Pd; note the significant 
depletion of Pt and Pd between stages 1 and 3; h) Mg# vs. mantle normalized Ce/Yb; 
(normalizing factors from Sun and McDonough 1989). Chukotat Group data from 
Barnes and Picard (1993) with permission from Elsevier. Bah Lake data is published 
with permission from Manitoba Industry Trade and Mines. 
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The second model was broken down into three stages that correspond to the 

three crystal assemblages produced in the MELTS modelling as well as the three 

types of cumulate assemblages found in the intrusions of the Fox River Belt.  

Stage 1, entails crystallization of 30% of the initial volume of magma in the 

form of olivine and chromite in the ratio of 98.85 : 1.15 (Figure 2.18). This stage 

explains the composition of the bulk of the volcanic stratigraphy: A, B and C 

members. Stage 1 corresponds to the temperature range of 1443°C to 1225°C in the 

MELTS model (Figure 2.17). The volume of chromitiferous dunite within the Fox 

River Sill could account for the volume of olivine and chromite that would be 

produced during this stage of fractional crystallization. The second significant figure 

in the mineral proportions may seem extreme but is necessary to produce the observed 

compositions in terms of Cr (Figure 2.18a). This is because while Cr is a trace 

element in the magma and in olivine, it is a major element in chromite. Co is also 

depleted in the magma because it is compatible in olivine and chromite (Figure 

2.18b). There is considerably more spread in the data from the Bah Lake Group. It is 

possible that this spread is due to the experimental error, although the same laboratory 

was used to obtain both datasets. Alternatively, the spread could be due to 

remobilization of the Co, possibly due to the higher grade of metamorphism within 

the Thompson Nickel Belt. There are over two dozen samples within the Bah Lake 

dataset that have abnormally low Co concentrations for a given Mg#. Most of these 

samples also show depletion in Ni concentrations but have normal Pt and Pd 

concentrations. The depletion in Co and Ni may have been caused by scavenging of 

these elements by a sulphide liquid. If this is the case, then this occurred at very low 

sulphide to magma ratios (R-Factor < 100), as required by the lack of depletion in Pt 

and Pd. R-factors ranging from 20 to 100 (relatively low) are typical of the Birchtree 
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and Pipe 2 massive Ni-sulphide ores of the Thompson Nickel Belt (Burnham et al. 

2003). The measure of R-Factor is meant to represent the volume of magma that 

given volume of sulphide has interacted with (Campbell and Naldrett 1979). Because 

chalcophile elements have very disparate partition coefficients for sulphide liquid the 

volume of magma that a sulphide liquid has come in contact with will have a 

significant effect on the relative concentrations of these elements (Lesher and 

Burnham 2001). PGE have such a high partition coefficients into sulphides (10,000 < 

Kd < 100,000) that only small amounts of this phase interacting with magma will 

quickly deplete it in these elements (Peach et al. 1990; Fleet et al. 1991; Bezmen et al. 

1991; Barnes and Picard 1993).  Therefore high R-factors produce sulphides that are 

very rich in PGE compared to Ni, Cu or Co.  

The concentrations of Ti, Al, Si, Sc and Pt + Pd all increase with decreasing 

Mg# which indicates incompatible behaviour for the trace elements and low 

concentrations within crystallizing phases for Si and Al (Figure 2.18). The 

rudimentary pattern of increasing Pt and Pd concentrations is of interest because it 

suggests that sulphide saturation was not reached during this stage. This effect may be 

at least partially responsible for the spread of data. The relatively wide spread of Si 

concentrations speaks to the mobility of this element in low and high metamorphic 

grade terranes. This can be observed in the field as quartz-filled vesicles, veins, 

interpillow material, and evacuation chambers. The much wider spread in Si 

concentrations for the Bah Lake field is likely a function of it being a larger dataset as 

well as having undergone a higher and wider range of metamorphism (greenschist to 

amphibolite grade). The spread in Ce/Yb ratios could be related to local 

contamination of the magma with interflow sediments; therefore one should 

concentrate on the minimum values (Figure 2.13b and 22h). There is very little 
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change in the shape of the trace element patterns during the first stage of evolution 

(Figure 2.13a and 22h). Ten of the fifteen most contaminated samples come from a 

single sample section along the Fox River. There appears to be a tighter grouping of 

Ce/Yb ratios between 55 and 63 Mg#; this roughly corresponds to C member volcanic 

rocks, and the clustering is not due to a single sample suite. The reason for the lack of 

contamination in this part of the system could be due to lower heat and higher 

viscosity of the lava at this stage, effectively reducing its ability to assimilate 

sediment or country rock. Alternatively, high effusion rates could prevent 

sedimentation between flows, thus removing one possible contaminant.  

Stage 2 involves fractional crystallization of clinopyroxene, plagioclase, olivine 

and sulphide (75 : 20 : 4.6 : 0.4). This stage corresponds to the temperature range of 

1225°C to 1190°C in the MELTS model (Figure 2.17). The associated cumulates 

from the second stage of fractional crystallization may be linked to olivine-pyroxenite 

and melagabbro that occur at the transition between dunite or peridotite and 

gabbronorite within cyclic units of the Fox River Sill and within the Lower Intrusions. 

Volcanic rocks with compositions produced during this stage of fractional 

crystallization are not represented in the dataset. 15% of the volume of the remaining 

magma is removed which equals 10.5% of the original volume of magma. During this 

stage Cr and Sc are depleted because of their relative compatibility in clinopyroxene. 

The partitioning of highly chalcophile elements within immiscible sulphide requires 

knowing the ratio of magma to sulphide liquid, or R-Factor (Campbell and Naldrett 

1979). In this case, the R-factor was set at 1,500. The combination of high R-Factor 

and small amounts of sulphide results in very small losses of Co (as well as Ni and 

Cu, (not shown)), whereas Pt and Pd are rapidly depleted due to their extremely high 

Kd into sulphide (10,000-100,000) (Peach et al. 1990; Bezmen et al. 1991; Fleet et al. 
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1991). The Ce/Yb ratio begins to increase because clinopyroxene is the main phase 

that accommodates REE and preferentially takes in the heavy REE (KdCe/KdYb = 

0.17) (Arth 1976).  

D member volcanic rocks are the product of up to 60% crystallization of the 

remaining liquid, or 32% of the initial volume of the magma (stage 3). This stage 

involves crystallization of plagioclase, orthopyroxene, clinopyroxene, and magnetite 

(54 : 24 : 21 : 3). Stage 3 would correspond to the temperature range of 1185°C to 

1140°C in the MELTS model (Figure 2.17). Cumulates with this composition are 

common within the Lower Intrusions and at the top of cyclic units within the Fox 

River Sill. Most of the liquids produced during this interval of crystallization are not 

represented in the volcanic pile. Several changes in the chemical evolution during this 

stage are due to the dominance of plagioclase as a crystallizing phase: Mg# does not 

evolve as quickly, Co and Sc increase in concentration, Al and Si are depleted. 

Furthermore, Pt and Pd increase in concentration because sulphides are no longer 

being segregated. The Ce/Yb ratio continues to increase because clinopyroxene and 

orthopyroxene effectively control the bulk Kd even though they are not the main 

crystallizing phases. This is due to the fact that the pyroxenes still accommodate most 

of the incompatible trace elements and therefore control their relative concentrations. 

The modelled trace element pattern closely matches the composition of the D member 

volcanic rocks (Figure 2.13a). Eu is an exception in that there are no negative Eu 

anomalies in the volcanic rocks as would be expected after removing large amounts of 

plagioclase. A likely explanation for the lack of Eu anomaly is that the magma 

evolved under oxidizing conditions; this would mean that there was very little Eu in 

the 2+ state (Morris et al. 1974). If there is little Eu in the 2+ state, then only a minor 

amount will replace Ca2+ in plagioclase, and therefore any negative anomaly expected 
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within the volcanic rocks will be very weak. Little more than half of gabbroic samples 

from the Fox River Sill have positive Eu anomalies and the vast majority of samples 

from the Lower Intrusions do not have positive Eu anomalies. Therefore it appears 

that the magma within the belt was variably oxidized. 

Fractional crystallization has been proposed to explain the variation observed in 

the composition of volcanic rocks of the Chukotat Group from the Cape Smith Belt 

(Francis et al. 1981; Bedard et al. 1984; Barnes and Picard 1993). Bedard et al. (1983) 

proposed that the removal of olivine and chromite during a first stage of fractional 

crystallization would account for the pyroxene-phyric flows, followed by a second 

stage comprising removal of clinopyroxene, plagioclase and iron-titanium oxides to 

account for the plagioclase-phyric flows. This is largely in agreement with the model 

proposed here except it can be shown that removal of orthopyroxene is warranted 

(MELTS modelling) and necessary (as shown in the second model) to produce the 

observed magmatic compositions. Additionally, it is unlikely that iron-titanium oxides 

were fractionating from the magma during this stage, because the Ti concentrations 

are too high for this to have occurred.  

Several processes have been proposed to explain the fractionation of low density 

plagioclase in a more dense magma: accumulation at the roof of the chamber, 

gravitational settling of clots of plagioclase and pyroxene, in situ precipitation, and 

plastering on the bottom of a chamber by a crystal-charged magma (Campbell 1978; 

McBirney and Noyes 1979; Irvine 1980; Bedard et al. 1983; Scoates 2000). There is 

no petrologic evidence that favours one process over the other; suffice it to say that 

whatever the mechanism of fractionation, the end product (plagioclase fractionation) 

is the same.  



 74

Results from numerical models presented herein indicate that the variation in 

composition of the volcanic rocks of the Fox River Belt is a function of fractional 

crystallization. The different fractionating mineral assemblages are identified by using 

the program MELTS, which agree with the observed mineralogy of cumulate 

sequences in the intrusions of the Fox River Belt.  

It is possible that the D member of the Fox River Belt volcanic rocks could be 

the product of a separate low degree partial mantle melting event. Within the 

Chukotat Group of the Cape Smith Belt sequences of olivine-phyric, pyroxene-phyric, 

and plagioclase-phyric lavas are repeated several times, and do not appear to be due to 

fault repetition (Barnes and Picard 1993; Picard et al. 1990). The timing and plumbing 

systems required to produce several small batches of magma representing two 

separate components to each of these cycles is difficult to envisage. It seems more 

likely that fractional crystallization of plagioclase, clinopyroxene and orthopyroxene 

is an intrinsic property of the magma of the Circum-Superior Belt, and that the 

plagioclase-phyric volcanic rocks (D member) of the Fox River Belt are a product of 

fractional crystallization. 

Using the parameters developed from the modelling it is possible to broadly 

estimate the volume of cumulates that are necessary to account for the evolving 

composition of the lava. In this case the volcanic stratigraphy is assumed to be 2000 

meters thick; this represents a minimum thickness. For simplicity this calculation was 

done assuming a single subchamber with the same horizontal dimensions as the 

volcanic pile. The original magma chamber would have to be 2800 meters thick. The 

cumulate rocks produced in this chamber would be equivalent to 612 meters of 

magma that produced olivine + chromite cumulates, and 373 meters of magma that 

produced gabbronorite cumulates. A Lower Intrusion with this volume of olivine 
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cumulate has yet to be identified, and is unlikely to exist because it would stand out 

clearly on the regional airborne magnetics map. Using weighted mass balance 

calculations, the largest of the known Lower Intrusions (13203-13207; Scoates et al. 

1981) likely produced only 550 meters of excess magma that potentially escaped to 

produce lava flows. This is well below the 2000 meters necessary to produce the 

Lower Volcanic formation. The 850 meter thick Lower Central Layered Zone of the 

Fox River Sill on the other hand, is largely composed of chromitiferous dunite and 

represents a good candidate as a subchamber for this reason. The more than 300 

meters of gabbronorite necessary to produce the D member volcanic rocks have yet to 

be identified within either the Fox River Sill, or the Lower Intrusions. The thickest 

sequence of gabbronorite in the Lower Intrusions is only 150 meters and the Fox 

River Sill only contains about 300 meters of pyroxene and plagioclase cumulates 

within the main layered series. However, these are spread over more than a dozen 

cyclic units. As discussed in more detail below, an important characteristic of the 

gabbronorite responsible for the fractional crystallization is that it should be depleted 

in PGE. The large volume of PGE-depleted and uncontaminated gabbronorite 

necessary to account for the observed composition of D member has yet to be 

identified. 

There is a 70% increase in PGE concentration during the first stage of fractional 

crystallization. Ti concentrations over the same interval show the same magnitude of 

increase as the PGE, suggesting that the PGE behaved incompatibly during this stage 

of evolution. This supports the idea that cumulates of the Lower Central Layered 

Zone within the Fox River Sill are responsible for the compositional evolution of A, B 

and C members because this unit typically contains limited sulphide (Scoates 1990). 

The sudden drop (≈ 25ppb) in concentrations between the second and third stage in 
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fractional crystallization has very important economic implications. PGE have very 

high partition coefficients into sulphide liquid; therefore sulphide saturation in the 

magma chamber could have caused PGE to become concentrated and segregated in a 

sulphide phase. 11 of the 17 samples that were analysed in the D member of the 

Lower Volcanic formation have a concentration between 2.4 and 5 ppb Pt +Pd. The 

very constant concentrations within the D member volcanic rocks imply a 

homogeneously depleted magma chamber. One possible explanation is that the entire 

magma chamber underwent sulphide saturation in a single event and deposited the 

sulphides on the crystal mush/magma interface. Alternatively, variably depleted 

magma was homogenized in another staging chamber before erupting to form D 

member. The fact that Co concentrations increase, and that Pt and Pd concentrations 

do not become increasingly depleted during the third stage suggests that only small 

amounts of sulphide were segregated from the magma during stage three. This 

suggests that sulphide saturation was attained during stage 2, or early in stage 3. 

Assuming that the PGE depletion event occurred during stage 2, using a one-

dimensional model, it follows that there was 500 meters of PGE-depleted magma. 

Development of a 1 meter thick mineralized interval grading ≈ 12,500 ppb Pt + Pd 

would account for the indicated 25 ppb decrease in Pd and Pt abundances between C 

and D members. 

The PGE mineralization at the base of the Upper Central Layered Zone 

comprises three units that have moderate PGE grades (<50 to 1200 ppb). The three 

units occur within a 600 meter interval, and olivine pyroxene cumulate layers within 

this interval contain the richest mineralization (Scoates and Eckstrand 1986; Schwann 

1989; Schwann et al. 1989; Naldrett et al. 1994). This is in accordance with the 

observation that the magma became depleted during stage 2. Eighty-five samples with 
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an average true thickness of about 0.75m have concentrations in excess of 50 ppb; 

these samples have an average PGE concentration of 169 ppb. If the mineralization 

were to be compressed into a one meter thick unit it would have a grade of 10,700 

ppb. This mineralization is the right order of magnitude to account for missing PGE in 

the volcanic pile. Again there is the problem of missing gabbronorite. It is proposed 

here that the magma that formed the base of the Upper Central Layered Zone was 

tapped into another part of the plumbing system (another staging chamber) where it 

was homogenized and crystallized gabbronorite before erupting as the plagioclase-

phyric D member. Layering in the Upper Central Layered Zone of the Fox River Sill, 

likely resulted from several pulses of magma (Scoates 1990). This model necessitates 

that magma was periodically displaced to a second staging chamber at the end of each 

cyclic unit instead of erupting to the surface as lava. Alternatively, the D member 

lavas could be unrelated to the Fox River Sill. 

Sills with varying compositions are commonly found within the Chukotat group 

volcanic rocks of the Cape Smith Belt. Sills found near the base of the section are 

dominated by peridotite, whereas those found higher up in the stratigraphy tend to be 

gabbroic in composition (Bedard et al. 1984). This type of plumbing system has not 

been recognized within the Fox River Belt (possibly due to the lack of exposure); 

however it is similar to that which is proposed above. 

The apparent gap in the composition between C and D members, best illustrated 

in Figure 2.18c, is mirrored by a similar gap observed in the Cape Smith Belt 

(between clinopyroxene and plagioclase-phyric lavas) (Bedard et al. 1984). The fact 

that this gap is present in both belts suggests that this feature is inherent to the basaltic 

magmatism within the Circum-Superior Belt. The gap in composition has been 

attributed to an increase in viscosity of a magma caused by high concentrations of 
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suspended plagioclase crystals (Bedard et al. 1984). This would produce a hiatus in 

volcanism coincident with the time necessary for plagioclase to separate from the 

magma. The result of MELTS modelling shows that there is a significant increase in 

rate of crystallization concurrent with the appearance of plagioclase and two 

pyroxenes (30% of the total initial volume of magma crystallizes within a 25°C 

stage). This means that even with a constant heat loss in the subchamber and 

continuous volcanism, the volcanic rocks with Ti concentrations between 1 and 1.6 % 

will be significantly underrepresented (i.e. the residual magma in the subchamber 

evolves so fast that representative samples (volcanic rocks) cannot cover the spectrum 

of compositions). 

2.8 Summary 

In considering the formation of the Fox River Belt it is possible that all the 

magmatic rocks from the Fox River Belt evolved from a single initial magma, and 

that the observed variation in composition is a function of fractional crystallization. 

Olivine compositions seem to suggest that the initial magma had an MgO content of 

15 to 20%. Such a magma must have formed from high degrees of partial melting, 

also shown by the relatively high Cr and Ni contents as well as the high background 

concentrations of PGE (15-20 ppb) (Rehkämper et al. 1999). LREE enrichment of 

some samples is thought to be primarily a function of local contamination of the 

magma. Approximately half of the Lower Intrusions sampled have a distinct LREE 

enrichment that suggests that the magma incorporated some country rock.  

There is a significant variability in the thickness of the peridotite portions of the 

Lower Intrusions as well as the composition of the most evolved rocks of these 

intrusions. This is likely a function of size as well as the timing of the system opening 

and closing. Some of the intrusions must have behaved as open systems for at least 
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part of their history. This is illustrated by the bulk composition of some of these 

intrusions which is much too ultramafic to be representative of an initial magma. 

The Lower and Upper Volcanic formations are geochemically indistinguishable. 

Stratigraphically, they consist of 4 distinct geochemical zones, each zone becoming 

more evolved upwards. The chemostratigraphy has a characteristic stepwise pattern; 

the gaps could be the result of hiatuses in eruption allowing for magma compositions 

to change considerably between eruptions. Also, given the relatively poor exposure, 

incomplete sampling could have contributed to the stepwise pattern. The uppermost 

division, D member, shows a significant increase in incompatible elements (e.g. TiO2 

and REEs), and records the transition from cotectic crystallization of olivine and 

chromite to crystallization of pyroxene and plagioclase. The relatively small volume 

of D member within the Lower Volcanic formation suggests that most of the 

volcanism occurred during a period when crystallization of olivine and chromite 

(dunite) was dominant. Due to the apparently small volumes of olivine-chromite 

cumulates within the Lower Intrusions it is unlikely that these intrusions represent 

candidates for subchambers to volcanism of the Lower Volcanic formation. The Fox 

River Sill may be a better candidate because of its size and the fact that it is largely 

formed of olivine-chromite cumulates. Stratigraphic issues arising from this 

interpretation are dealt with in the discussion chapter.  

The Marginal Zone is appreciably different in its chemistry than the rest of the 

Fox River Sill. Its chemistry more closely resembles that of the Lower Intrusions. 

This is most likely a function of more rapid cooling which resulted in more trapped 

interstitial liquid between cumulus minerals. The Marginal Zone appears to have 

crystallized as a closed system with the exception of the top of Cyclic unit 2, which 

appears to have evolved under open system conditions.  
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The compositional evolution of the volcanic rocks within the Fox River Belt can 

be divided into three stages: 

Stage 1: An initial ultramafic magma produces olivine-chromite cumulates within the 

LCLZ and is periodically erupted to form A, B and C members of the volcanic 

stratigraphy (Figure 2.19). Successive eruptions become less primitive upwards in the 

section suggesting frequent venting from a fractionating subchamber. 

Stage 2: The dynamics of the Fox River Sill change. Smaller pulses of magma intrude 

the chamber and crystallize to more evolved compositions (Upper Central Layered 

Zone). Olivine-chromite cumulates crystallize at the base (Stage 1 repeated) followed 

by olivine pyroxenite (Stage 2) and gabbronorite. Each cyclic unit represents a small 

batch of fractional crystallization, each one ending with a magma that is either almost 

ready to crystallize gabbronorite or has produced a small volume of gabbronorite. 

Sulphide saturation is reached each time pyroxene becomes a liquidus phase causing 

PGE mineralization to form within many cyclic units. The residual magma that is now 

PGE depleted and is at or close to the plagioclase eutectic is evacuated into another 

staging chamber. The trigger for evacuation out of the Fox River Sill could be 

overpressure caused by the intrusion of new pulses of ultramafic magma.  

Stage 3: The magma within the second staging chamber is homogenized and the high 

rate of crystallization expected in the temperature range between 1200°C and 1150°C 

is prevented by the injection of new pulses of relatively hot magma. Eventually the 

magma will crystallize large volumes of gabbronorite and extrude the residual liquids 

to form D member volcanic rocks. 
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Figure 2.19. Schematic diagrams illustrating the proposed model for the magmatic 
evolution of the volcanic rocks of the Fox River Belt. a) The Fox River Sill intrudes 
the Middle Sedimentary Formation; some komatiitic magma erupts to form A 
member; b) Olivine and chromite crystallize and settle to the base of the chamber to 
form the LCLZ. Dark layers represent olivine-clinopyroxenite layers at the top of 
cyclic units. As the magma evolves within the chamber lava is periodically erupted to 
surface to form B and C members. c) Successive pulses of magma into the Fox River 
Sill create the lithological layering within the Upper Central Layered Zone. Pt and Pd 
mineralization forms within many Ol-pyroxenite layers within this zone. Evolved and 
Pt+Pd depleted magma is periodically drawn into a second subchamber. d) A 
gabbronoritic cumulate forms in the second subchamber and lava periodically erupts 
to form D member. 
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The magmas that produced the Cape Smith, Fox River, and Thompson Nickel 

Belts were very similar in composition. For the first time, the magmatism in these 

three segments of the Circum-Superior Belt has been compared with precise trace 

element data and the range of composition has been shown to be very similar. 

However, in the Thompson Nickel Belt, no direct link has been made between flows 

and ultramafic bodies (Burnham et al. 2003), whereas in the Fox River and Cape 

Smith Belts a direct link appears likely based on stratigraphic and geochemical data.  

 

The volcanic sequences within the Chukotat group of the Cape Smith Belt are 

the same as within the Fox River Belt except that they tend to be somewhat thinner 

(200-5000m) and occur as repeated cycles. Most of the cycles are incomplete, usually 

missing the olivine-phyric component near the base of the section or the plagioclase-

phyric component near the top (Hynes and Francis 1982). This could be a function of 

the smaller size of ultramafic intrusions in the Cape Smith Belt (50-500m); individual 

volcanic cycles being related to individual intrusions. 
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Chapter 3: Hf-, Nd- and S-Isotope Geochemistry  

3.1 Introduction 
 
 The source characteristics and contamination history of the mafic and 

ultramafic rocks of the Fox River Belt are poorly understood. This is partly due to the 

dearth of published isotopic results from the belt (two samples of volcanic rocks with 

εNd values of 4.9 and 5.3) (Chauvel et al. 1987). Our understanding of the age 

relationships and petrogenesis of mafic/ultramafic flow sequences and intrusions is 

further complicated by variably enriched trace element patterns. S, Nd and Hf isotopic 

systems have proven to be very effective at resolving age, tectonic and petrologic 

questions related to magmatic events, both modern and ancient. The decay equations, 

half lives and decay constants for the Nd and Hf isotopic systems are given below 

(Faure 1986, Scherer et al. 2001). 

 

 
Half Life = 106 Ga     Half life = 35.4 Ga 
λ = 6.54 x 10-12    λ = 1.865 x 10-11 

 

These equations describe the decay of Sm147 and Lu176 to Nd143 and Hf176 

respectively. The reaction from Sm147 to Nd143 results in the release of an alpha 

particle (2 protons and 2 neutrons), whereas the reaction from Lu176 to Hf176 results in 

the release of β particle (similar to an electron). They have similar half-lives, both of 

which are short enough to have significant impact on the isotopic ratios for 

Proterozoic rocks. 

The epsilon (ε) notation is used for both isotopic systems to facilitate 

comparisons between samples and bulk earth, represented by CHUR. The equation 

below shows how the epsilon value is calculated. A positive ε value is indicative of a 
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sample whose magma was derived from a depleted source (depleted in the more 

incompatible trace elements compared to CHUR). Samples with positive values are 

typically interpreted to have been derived from mantle that had undergone a previous 

episode of melting. A negative value indicates derivation from an enriched source 

(typically continental crust). The equation used to calculate ε value for the Nd and Hf 

systems is given below. 

 

 

The Sm-Nd isotopic system represents an important tool for analysing the 

mantle and melts derived from it. This is due to the gradual fractionation involving 

light rare earth elements (LREE or Nd) and heavy rare earth elements (HREE or Sm) 

that occurs between the mantle and the crust produced from it. Nd is preferentially 

enriched in melt and is depleted in the mantle at each melting event; this is due to the 

fact that garnet and orthopyroxene in the mantle have lower partition coefficients for 

Nd than for Sm. Magmatic rocks derived from melting of the mantle with ages 

between 1.9 and 1.7 Ga, like those found in the Fox River Belt, generally have initial 

εNd values greater than +4 and are the result of melting of homogeneously depleted 

mantle (Patchett and Arndt 1986; Smith and Ludden 1989; Chauvel et al. 1987; Sivell 

and McCulloch 1991; Patchett and Bridgewater 1984; Rohon et al. 1993; Hegner and 

Bouvier 1991; Vervoort and Blichert-Toft 1999).  

Patchett and Arndt (1986) suggested that most juvenile magmatic rocks 

produced during this time with εNd values lower than +4 were mixtures of depleted 

mantle and an enriched component such as Archean crust or sediment derived from 

ancient crust. This chapter will show that the mafic/ultramafic rocks of the Fox River 
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Belt have Nd isotopic systematics similar to other juvenile volcanic terranes from this 

period. 

Samples of magmatic rocks within the Circum-Superior Belt with trace 

element patterns that are enriched in the more incompatible elements are commonly 

interpreted to be the result of crustal contamination (Desharnais et al. 2004b; 

Burnham et al. 2003; Arndt et al. 1987). Recognition of crustal contamination using 

isotopic compositions is a powerful tool that can help identify magmatic bodies with 

high potential to host Ni-Cu-PGE deposits. Contamination of ultramafic magma with 

a sulphur-rich country rock or sediment is widely believed to be a trigger for sulphide 

saturation and the formation of magmatic Ni-Cu-PGE sulphide deposits (e.g. Naldrett 

1999; Lesher et al. 2001; Lesher and Burnham 2001). This is because komatiitic 

magmas are typically S-undersaturated when they are brought to upper crustal levels, 

and the addition of S from external sources helps drive the system to sulphide-

saturation (Keays 1995). Nd- and S-isotopic studies in sulphide-rich magmatic 

systems such as Voisey’s Bay, Thompson Nickel Belt, Norils’k and Bushveld support 

this hypothesis (Naldrett 1999; Amelin et al. 2000; Lesher 2002; Maier and Barnes 

1999). S-isotopes are particularly useful at identifying whether external sulphur was 

incorporated into a magmatic body (Li et al. 2003; Eckstrand et al. 1985). S can be 

incorporated into magma without complete assimilation of the country rock from 

which it is derived. This process (decoupling) implies that external S can be 

incorporated into magma without affecting the composition of other isotopic systems 

or trace element concentrations (Lesher and Burnham 2001).  

The Lu-Hf isotopic system is proving to be a very useful complement to the 

Sm-Nd system (Vervoort and Blichert-Toft 1999; Vervoort et al. 1999; Kempton et al. 

2000). This is especially true for Precambrian terranes where the Rb-Sr isotopic 
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systematics have been disturbed, owing to the relative mobility of these elements 

during metamorphism and alteration (e.g. Tourpin et al. 1991; Polat et al. 2003). The 

recent advent of the multi-collector ICP-MS has greatly facilitated the analyses of Hf 

isotopes in rocks (Blichert-Toft et al. 1997; Blichert-Toft 2001). This instrument uses 

a plasma source which ionizes the atoms very effectively, especially for elements that 

have high ionization potentials, like Hf. The multiple collectors found at the other end 

of the instrument permit the simultaneous collection of several isotopes; this helps to 

monitor isotopes that cause isobaric interferences. The Hf-isotopic system is 

noteworthy in that the parent isotope (Lu) is a HREE whereas the daughter (Hf) is a 

HFSE. Hf partitions heavily into zircon, whereas Lu partitions heavily into garnet. 

This property of Lu has made the Lu-Hf isotopic system particularly effective in 

resolving the nature of the mantle and Al-depleted komatiites during the early 

Archean (Blichert-Toft and Arndt 1999). 

The main goals of this study were:  

1) Characterization of the mantle sources were desired to gain a better 
understanding of how the Fox River Belt fits in a global context. i.e.: Are all the 
magmatic rocks derived from melting of depleted mantle, or do the Lower 
Intrusions with enriched trace element patterns represent magmas derived from 
an enriched source?  
 

2) Identification of ultramafic rocks contaminated with sediments or gneiss was 
important because of the economic and petrological implications. Identification 
of specific contaminants would also have an impact on the prospectivity of 
contaminated rocks as hosts for sulphide deposits. 

 
3) Isotopic dating of the units was desired to help resolve the timing of events 

within the Fox River Belt.  
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3.2 Analytical Techniques 
 

A total of 20 samples were selected from a much larger sample set 

representing a combination of drill core and surface samples collected during the 

regional mapping program. Samples were chosen in such a way that all the magmatic, 

sedimentary and crustal components of the Fox River Belt were represented (Figure 

3.1). All of the samples have undergone prehnite-pumpellyite to lower greenschist 

metamorphism and the predominant alteration is serpentinization of olivine. All of the 

samples were coarse-crushed with a steel jaw crusher and pulverised to a powder 

using a soft steel swing mill.  

The trace element data was obtained by ICP-MS at Memorial University 

(Table 3.1). Typically the concentration data is obtained by the isotope dilution 

method, however a choice was made to not use this method. The main reason for this 

decision was that the MC-ICP-MS was used primarily for samples of modern 

sequence that do not necessitate precise concentration data to correct the data. It was 

judged that new advances in ICP-MS technology would be able to produce 

concentration data with precision comparable to that of the isotope dilution method. 

For the trace elements the analytical procedure was as follows: (1) sintering of a 0.2 g 

sample aliquot with sodium peroxide, (2) dissolution of the sinter cake, separation and 

dissolution of REE hydroxide-bearing precipitate, (3) analysis by ICP-MS using the 

method of internal standardisation to correct for matrix and drift effects. Pure quartz 

reagent blanks and certified geological reference standards (MRG-1, BR-688) were 

prepared and analysed between the samples.  

A komatiite internal standard was inserted 5 times to evaluate the error on the 

analyses by ICP-MS at Memorial University. The %RSD from these standards for 

REE and HFSE are too high to be used for age correction calculations (Hf = 4.8; Lu = 
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3.8; Nd = 6.6; Sm = 3.4). Furthermore, internal duplicates inserted by the laboratory 

occasionally resulted in significantly different values for the same element (e.g. 11.3 

and 12.6 ppm Nd). The relatively high error on the trace element concentration data 

obtained to date are of concern due to the accuracy that is necessary to calculate initial 

isotope ratios of ancient rocks. Older rocks require larger age corrections to the 

isotopic data. This is done to produce initial isotope ratios that can then be compared 

to isotopic data of all ages. It is suspected that the precision issues are due to the 

samples not being sufficiently finely ground; possibly creating heterogeneities that 

would drastically affect the results (e.g. whole zircon grains). Efforts are currently 

being undertaken to reduce these errors by crushing the powders to a finer mesh size 

and re-analysing them at the University of British Columbia by a high resolution 

inductively coupled plasma mass spectrometer (HR-ICP-MS). The results presented 

herein should therefore be considered as preliminary; the final data should be 

presented in a paper in the coming year (2006).  
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Figure 3.1. Idealized stratigraphic section through the western part of the Fox River Belt. 
Approximate sample locations are plotted. Labels for the magmatic units are outlined with 
boxes. Note the uncomformable contact between the Lower Sedimentary formation and the 
Superior Province gneisses. 



Table 3.1 Whole rock geochemistry of samples analyzed for Hf and Nd isotopes.
Sample 98-99-216-1 98-99-221-7 98-99-208-11 GMD-01-113-2 13232-500 GMD-01-047 98-00-005-1S 98-00-002-1A
Rock type Komatiite Tholeiite Komatiitic Basalt Tholeiite Gabbro (Ol)Clinopyroxenite Gabbronorite Gabbronorite
Unit UVF UVF LVF LVF FRS-UCLZ FRS-LCLZ FRS-MZ FRS-MZ
Easting (m) 447819 448035 421280 422538 436330 423033 422453 422436
Northing (m) 6183829 6184654 6185817 6186595 6185216 6187088 6187088 6186997
SiO2 (%) 46.9 50.9 48.7 49.9 47.2 52.0 49.2 49.3
TiO2 0.58 0.85 0.73 1.76 0.31 0.16 0.21 0.45
Al2O3 9.0 15.6 11.5 14.1 14.2 2.3 17.5 19.5
Fe2O3T 12.6 12.2 12.1 15.7 7.6 5.6 5.4 6.8
MnO 0.17 0.14 0.18 0.20 0.16 0.12 0.10 0.12
MgO 19.5 9.3 13.9 6.4 11.6 21.9 9.9 7.5
CaO 11.0 7.7 12.0 9.6 18.6 17.4 15.9 13.7
Na2O 0.1 3.1 0.9 2.0 0.2 0.3 1.3 2.4
K2O 0.0 0.1 0.1 0.2 0.1 0.1 0.5 0.2
P2O5 0.05 0.07 0.06 0.17 0.01 0.02 0.04
LOI 3.8 3.4 2.5 2.7 4.1 2.0 2.4 2.8
Mg# 75.4 60.2 69.5 45.5 75.1 88.5 78.4 68.5
Sc (ppm) 30 49 37 43 40 <1 44 33
V 195 299 240 405 152 <1 126 159
Cr 1500 298 1100 126 300 3750 200 109
Co 86 47 63 41 25 46 27 26
Rb 3 1 2 3 1 3 15 2
Ba 11 22 53 40 8 10 51 27
Sr 11 69 130 154 42 11 124 185
Ta 0.1 0.2 0.1 0.4 0.1 0.0 0.0 0.1
Nb 1.9 2.4 2.2 6.2 0.8 0.1 0.4 1.2
Hf 1.07 1.36 1.25 2.85 0.55 0.13 0.30 0.66
Zr 34.5 46.8 42.3 101.0 18.1 3.8 10.0 22.1
Y 12.0 18.8 15.7 33.2 7.9 4.5 5.4 9.6
Th 0.4 0.2 0.2 0.5 0.3 0.0 0.1 0.2
La 2.5 2.4 2.0 6.0 1.3 0.2 0.5 1.3
Ce 6.3 6.5 5.8 15.9 3.3 0.5 1.3 3.5
Pr 1.0 1.1 1.0 2.5 0.5 0.1 0.2 0.6
Nd 4.62 5.68 5.03 12.15 2.44 0.70 1.23 2.79
Sm 1.42 1.94 1.58 3.75 0.82 0.35 0.47 1.02
Eu 0.6 0.7 0.7 1.4 0.3 0.1 0.3 0.4
Gd 1.9 2.7 2.4 5.0 1.1 0.6 0.7 1.4
Tb 0.34 0.50 0.41 0.89 0.19 0.11 0.13 0.25
Dy 2.1 3.2 2.7 5.4 1.3 0.8 0.9 1.7
Ho 0.46 0.71 0.57 1.18 0.31 0.18 0.20 0.37
Er 1.3 2.0 1.6 3.4 0.8 0.5 0.6 1.1
Tm 0.18 0.30 0.25 0.49 0.13 0.07 0.09 0.16
Yb 1.2 2.0 1.5 3.2 0.8 0.4 0.6 1.1
Lu 0.199 0.318 0.238 0.525 0.122 0.062 0.085 0.159
Ol: Olivine, Hb: Hornblende, Bt: Biotite, UVF: Upper Volcanic formation, LVF: Lower Volcanic Formation, FRS: Fox River Sill, UCLZ: Upper Central Layered Zo
LCLZ: Lower Central Layered Zone, MZ: Marginal Zone, BC: Basal Contact, HRZ: Hybrid Roof Zone, LI: Lower Intrusion, SD: Stupart Dy
MSF: Middle Sedimentary Formation, LSF: Lower Sedimentary Formation, SP: Superior Provin



Table 3. Whole rock geochemistry of samples analyzed for Hf and Nd isotopes.
Sample GMD-01-013 98-99-242-2A 38523-590 FXR-001-51.1 FXR-001-169.1 FXR-005-107.58 FXR-005-112.1 98-99-226-2
Rock type Lherzolite Norite Gabbronorite Gabbronorite Wehrlite Gabbronorite Lherzolite (Hb) Gabbro
Unit FRS-MZ FRS-BC FRS-HRZ LI LI LI LI SD
Easting (m) 422679 422152 412209 418713 418684 414954 414953 445117
Northing (m) 6186799 6186964 6192917 6186154 6186059 6187005 6187000 6173724
SiO2 (%) 44.3 54.5 53.7 50.5 43.6 51.3 46.7 54.6
TiO2 0.50 1.36 1.11 0.26 0.26 0.79 0.42 1.19
Al2O3 7.9 15.7 14.3 14.0 4.0 13.8 6.9 13.1
Fe2O3T 13.8 9.6 12.8 6.5 10.1 11.5 12.6 14.2
MnO 0.16 0.13 0.10 0.12 0.17 0.15 0.15 0.20
MgO 26.6 8.1 5.7 11.8 38.5 8.5 26.2 4.6
CaO 6.0 4.5 6.3 16.0 3.3 9.2 6.8 8.8
Na2O 0.6 5.3 5.6 0.7 0.0 1.5 0.2 2.4
K2O 0.1 0.7 0.3 0.1 0.1 3.2 0.1 0.8
P2O5 0.04 0.02 0.15 0.02 0.02 0.07 0.05 0.12
LOI 7.2 2.7 3.0 2.2 10.0 1.6 5.9 0.4
Mg# 79.2 62.6 46.7 78.3 88.3 59.5 80.5 39.2
Sc (ppm) 30 43 31 47 18 45 26 43
V 144 369 269 151 96 268 136 332
Cr 1910 273 22 676 4860 434 724 <0.1
Co 88 29 31 34 129 42 124 43
Rb 3 16 4 2 6 82 5 27
Ba 13 113 92 15 8 556 7 188
Sr 9 95 120 97 5 497 8 129
Ta 0.1 0.5 0.5 0.0 0.0 0.2 0.2 0.3
Nb 1.6 6.5 4.8 0.6 0.7 3.0 2.0 5.0
Hf 0.89 1.97 2.43 0.37 0.49 1.56 1.06 3.03
Zr 28.8 68.5 84.7 11.4 13.5 57.2 37.3 108.1
Y 11.7 24.4 25.7 6.6 6.7 16.4 9.3 26.1
Th 0.1 0.6 2.4 0.1 0.1 1.6 1.1 2.7
La 1.7 5.2 9.7 0.7 1.5 6.7 3.2 12.2
Ce 4.5 12.5 20.3 1.9 3.6 14.1 7.7 26.1
Pr 0.7 1.8 2.8 0.3 0.5 1.9 1.1 3.3
Nd 3.60 8.59 12.25 1.68 2.42 8.05 4.55 13.99
Sm 1.25 2.60 3.20 0.66 0.73 2.04 1.20 3.49
Eu 0.5 1.3 1.2 0.3 0.3 0.9 0.3 1.2
Gd 1.6 3.3 4.1 1.0 1.0 2.5 1.4 4.1
Tb 0.30 0.61 0.67 0.18 0.18 0.44 0.25 0.72
Dy 2.0 4.0 4.4 1.2 1.2 2.6 1.7 4.6
Ho 0.47 0.89 0.95 0.26 0.25 0.60 0.36 0.97
Er 1.3 2.6 2.7 0.7 0.7 1.8 1.0 2.8
Tm 0.20 0.38 0.39 0.10 0.10 0.24 0.15 0.41
Yb 1.3 2.4 2.5 0.6 0.7 1.6 0.9 2.6
Lu 0.196 0.385 0.402 0.100 0.114 0.228 0.151 0.420
Ol: Olivine, Hb: Hornblende, Bt: Biotite, UVF: Upper Volcanic formation, LVF: Lower Volcanic Formation, FRS: Fox River Sill, UCLZ: Upper Central Layered Zo
LCLZ: Lower Central Layered Zone, MZ: Marginal Zone, BC: Basal Contact, HRZ: Hybrid Roof Zone, LI: Lower Intrusion, SD: Stupart Dy
MSF: Middle Sedimentary Formation, LSF: Lower Sedimentary Formation, SP: Superior Provin



Table 3. Whole rock geochemistry of samples analyzed for Hf and Nd isotopes.
Sample DB01006 FXR-005-103.2 98-99-228-1 98-99-228-2
Rock type Siltstone Argillite Bt Schist Bt Granodiorite
Unit MSF LSF SP SP
Easting (m) 407864 414954 425522 425308
Northing (m) 6192896 6187010 6177043 6176976
SiO2 (%) 76.1 49.8 48.3 76.8
TiO2 0.34 0.26 1.07 0.06
Al2O3 9.9 8.4 15.7 12.8
Fe2O3T 6.6 28.8 13.0 1.2
MnO 0.04 0.11 0.21 0.01
MgO 2.2 5.5 8.2 0.5
CaO 0.4 2.9 6.9 0.1
Na2O 1.5 0.2 0.8 3.6
K2O 2.8 3.9 5.7 5.0
P2O5 0.08 0.24 0.10 0.03
LOI 1.9 2.1 5.0 0.4
Mg# 40.2 27.3 55.7 44.0
Sc (ppm) 130 7 40 2
V 84 287 5
Cr 55 54 217 <0.1
Co 12 8 47 1
Rb 52 235 415 133
Ba 542 95 602 324
Sr 60 9 151 36
Ta 0.4 0.9 0.2 0.9
Nb 3.7 13.5 3.0 11.4
Hf 3.86 2.49 1.90 4.40
Zr 152.7 92.8 65.0 110.7
Y 8.0 28.5 20.7 6.3
Th 3.9 9.8 0.8 50.6
La 8.9 32.0 4.8 16.9
Ce 19.6 53.5 12.6 35.5
Pr 2.3 7.4 1.7 3.7
Nd 8.56 27.81 8.77 13.80
Sm 1.82 5.25 2.45 3.02
Eu 0.5 1.2 0.9 0.3
Gd 1.6 5.0 3.0 2.5
Tb 0.25 0.75 0.57 0.32
Dy 1.3 4.3 3.8 1.5
Ho 0.30 0.92 0.77 0.23
Er 0.7 2.6 2.4 0.6
Tm 0.12 0.39 0.36 0.08
Yb 0.7 2.3 2.3 0.4
Lu 0.129 0.363 0.372 0.047
Ol: Olivine, Hb: Hornblende, Bt: Biotite, UVF: Upper Volcanic formation, LVF: Lower Volcanic Formation, FRS: Fox River Sill, UCLZ: Upper Central Layered Zo
LCLZ: Lower Central Layered Zone, MZ: Marginal Zone, BC: Basal Contact, HRZ: Hybrid Roof Zone, LI: Lower Intrusion, SD: Stupart Dy
MSF: Middle Sedimentary Formation, LSF: Lower Sedimentary Formation, SP: Superior Provin
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Chemical separation of Hf and Nd and isotopic analyses were carried out at 

the Université Libre de Bruxelles. The general procedure for Hf separation followed 

that of Blichert-Toft et al. (1997). For each sample, about 250-300 mg of whole rock 

powder was dissolved in sub-boiled Hf and HNO3 in closed Savilex Teflon vials. The 

sealed vials were left on a hotplate for 3 days to ensure complete dissolution. Most of 

the samples were treated with H2O2 prior to the first column to reduce the Cr from the 

Cr3+ state to the Cr6+ state to avoid Hf complexing with bichromate and the 

destruction of the resin exchanger medium by chromic acid (Blichert-Toft and Arndt 

1999). An initial cation exchange column was used to separate the REE from the 

HFSEs. These elutions were then treated separately for further isolation of Nd and Hf. 

The final Hf separate was run on the Nu Plasma multicollector ICP-MS at the 

Université Libre de Bruxelles. The average value for the Lu corrected 176Hf/177 Hf 

ratio for the JMC-475 standard analysed during the 3 days that the samples were run 

at l’Université Libre de Bruxelles was 0.282153 ± 18 (2sd) (n = 22). Three additional 

samples were analysed at the University of British Columbia and the average value 

obtained from the JMC-475 standard was 0.282160 ± 18 (2sd) (n = 12). These values 

are in agreement with published values of this standard (Blichert-Toft et al. 1997, 

Kempton et al. 2000, Chauvel and Blitchert-Toft 2001, Goolaerts et al. 2004). 

The Nd elution was treated according Weis and Frey (1991). The Nd isotopic 

compositions were analysed at the Université Libre de Bruxelles on the Micromass 

VG elemental Sector 54 in dynamic mode using a triple Re-Ta filament arrangement. 

The data were corrected for mass fractionation with 146Nd/144Nd = 0.7219. The 

average value for the nine Rennes Nd standards (Chauvel and Blichert-Toft 2001) 

analysed within the three turrets concurrently with samples from this study was 

0.511968 ± 26 (2sd). This is in agreement with published value of this standard 
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(Blichert-Toft et al. 1997, Chauvel and Blitchert-Toft 2001) All analytical results are 

presented in Table 3.2. 

Samples analysed for S-isotopes from this study were analysed by Ed Ripley 

at Indiana University. Sulphide was drilled out using a dentist drill and heated to 

1070°C. The SO2 gas was cryogenically separated and aspirated into a Finnigan MAT 

252 mass spectrometer. 

 
Table 3.2. Isotopic compositions of samples of the Fox River Belt. Values in bold and 
italics are likely erroneous and are excluded from discussion. See text for discussion. 

UVF = Upper Volcanic formation, HRZ = Hybrid Roof Zone, UCLZ = Upper Central Layered Zone, 
LCLZ = Lower Central Layered Zone, MZ = Marginal Zone, BCU = Basal Contact Unit, MSF = 
Middle Sedimentary formation, LVF = Lower Volcanic formation, LI = Lower Intrusion, LSF = Lower 
Sedimentary formation, SD = Stupart Dyke, SP = Superior Province Gneiss. TDM = model age 

 

Sample # Unit 
176Hf/177Hf 
measured 

  
2σm 
error Hf 

(ppm) 
Lu 
(ppm)  εHf i 

143Nd/144Nd 
measured  

  
2σm 
error Nd 

(ppm) 
Sm 
(ppm)  εNdi 

TDM 
Hf 
(Ma) 

TDM 
Nd 
(Ma) 

98-99-216-1 UVF 0.282623 8 0.97 0.16 7.3 0.51257 40 4.25 1.21 4.7 2225 2110 
98-99-221-7 UVF 0.282942 10 1.25 0.26 10.6 0.51296 14 5.09 1.58 8.4 1972 1141 
38523-590 HRZ 0.282434 6 2.47 0.36 3.7 0.51212 12 11.18 3.13 -3.5 2448 3506 
13232-500 UCLZ 0.283023 10 0.52 0.11 13.5 0.51269 14 2.43 0.75 3.6 1559 2502 
GMD-01-047 LCLZ 0.284501 40 0.14 0.06 25.9 0.51392 20 0.69 0.32 4.0 2882 1677 
98-00-005-1S MZ 0.283584 24 0.27 0.08 17.7 0.51321 18 1.19 0.44 4.7 6616 959 
98-00-002-1A MZ 0.283065 14 0.80 0.15 18.2 0.51286 22 3.15 0.97 6.8 1090 1631 
GMD-01-013 BCU 0.282921 8 0.89 0.17 12.1 0.51291 10 3.45 1.12 5.6 1778 1993 
98-99-242-2A BCU 0.282681 6 2.07 0.35 8.4 0.51247 6 7.98 2.59 -3.2 2142 5954 
DB-01-006 MSF 0.281461 4 3.48 0.16 -12.7 0.51129 14 11.80 2.48 -9.4 2916 3237 
GMD-01-113-2 LVF 0.282850 6 2.96 0.49 14.9 0.51272 14 11.29 3.64 2.0 1553 3503 
98-99-208-11 LVF 0.283037 32 1.17 0.21 18.9 0.51292 12 4.85 1.51 7.8 7966 1329 
FXR-001-51.1 LI 0.283254 30 0.39 0.09 15.7          717   
FXR-001-169.1 LI 0.283123 16 0.47 0.10 14.5 0.51243 20 2.48 0.68 3.5 1309 2274 
FXR-005-103.2 LSF 0.282274 6 2.50 0.35 -0.4 0.51140 12 25.16 5.03 -5.9 2707 2861 
FXR-005-107.5 LI 0.282474 6 1.52 0.22 5.1 0.51204 12 8.12 1.94 0.9 2340 2443 
FXR 005 112.1 LI 0.282308 8 1.12 0.13 4.1 0.51213 38 4.34 1.10 0.4 2328 2588 
98-99-226-2 SD 0.282442 6 3.14 0.39 8.2 0.51188 14 13.77 3.39 -3.2 2079 2957 
98-99-228-1 SP 0.284084 36 1.93 0.37 53.9 0.51228 10 8.77 2.45 -0.4 -3318 2980 
98-99-228-2 SP 0.281049 18 4.39 0.05 -21.0 0.51125 10 13.77 3.02 -11.7 3088 3550 
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3.3 Lithogeochemistry 

3.3.1 Alteration 

The REE and HFSE are considered to be the most immobile of the trace 

elements. These elements and the isotopic systems that employ them are commonly 

used to asses the source of ultramafic rocks (Sun 1984; Sun and Nesbitt 1978; Lesher 

et al. 2001; Wooden et al. 1993). However, in some specific cases, it has been shown 

that these elements can be mobile when subjected to high-grade metamorphism and 

volatile-rich alteration systems (Lahaye and Arndt 1996; Lahaye et al. 1995; Arndt et 

al. 1989; Tourpin et al. 1991; Gruau et al. 1992; Polat et al. 2003). All of the samples 

from this study have undergone prehnite-pumpellyite to lower greenschist grade 

metamorphism; with the exception of samples 98-99-226-2 (mafic dyke), 98-99-228-1 

(gneiss) and 98-99-228-2 (gneiss), which are metamorphosed to amphibolite facies 

(Appendix 1 for photomicrographs).  

Hf and Nd isotopic systematics have given an extremely useful perspective on 

the understanding of mantle and crust formation and their evolution through time (e.g. 

Vervoort and Blichert-Toft 1999; Chauvel and Blichert-Toft 2001). Specifically, 

isotopic compositions of ancient rocks are extremely useful to infer mantle processes 

that may not be occurring at the present time (e.g. Campbell and Griffiths 1993; 

Blichert-Toft et al. 1999; Stein and Hoffman 1994). Special care must be taken when 

analysing komatiites and highly metamorphosed or altered rocks because these rocks 

are more likely to have had their trace element concentrations disturbed. Studies of 

the Nd and Hf isotopic compositions of komatiites reveal the extent of the trace 

element disturbances that are possible in Precambrian ultramafic rocks. In one study, 

a range of 12 εNd units and an errorchron representing the age of metamorphism was 

measured from a single komatiite flow in eastern Finland (Gruau et al. 1992). Three 
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samples from a single flow in the Barberton greenstone belt gave values ranging from 

2.6 to 7.0 εHf units (Blichert-Toft and Arndt 1999), which the authors attributed to 

localized interaction with the surrounding rocks (alteration or contamination). 

Blichert-Toft et al. (1999) have attributed the highest εHf and εNd values in the 

Birimian and Isua metavolcanic suites to the mobility of Hf and Nd relative to Lu and 

Sm due to infiltration metasomatism (possibly fluoride- or sulphate-rich fluids). They 

also suggest that the Hf isotopic system should generally be considered to be less 

resistant to alteration. The reasoning for this statement is not provided; however it 

may be because Sm and Nd are both REE and have similar properties. Therefore 

alteration should affect their ratio to a lesser extent than for Lu (REE) and Hf (HFSE). 

In contrast, the results of a study of pillowed flows from the Isua greenstone belt in 

Greenland (Figure 3.7-3.8 Ga) showed that the Sr and Nd isotope systematics were 

disrupted, whereas the Hf isotopic compositions appeared to have been well preserved 

(Polat et al. 2003). In this study the Sm-Nd system yielded an errorchron that 

probably represented an episode of high-grade metamorphism, whereas the Hf 

isochron was within error of the accepted age of that unit. All of the basalts were 

metamorphosed from greenschist to amphibolite grade and underwent metasomatic 

alteration. It has also been suggested that CO2- or CO3
2--rich fluids may have caused 

the redistribution of the REE (Gruau et al. 1992; Tourpin et al. 1991). The komatiite 

flows from the Barberton greenstone belt represent an example where greenschist to 

amphibolite metamorphism and pervasive serpentinization of olivine have not 

affected the REE or Nd isotope systematics (Lécuyer et al. 1994).  

The samples from the present study have undergone a relatively low-grade of 

metamorphism and don’t appear to have been altered by a carbonate-, sulphate-, or 

fluoride-rich fluid based on petrographic investigation. However, pervasive 
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serpentinization of olivine is shown by the strong correlation between loss on ignition 

(LOI) and MgO (Figure 3.2). All of the samples plot directly within or below the 

positive trend suggesting that they do not contain significant carbonate; samples 

containing carbonate would plot above the trend (high LOI). This, coupled with the 

fact that the trace element patterns are coherent suggests that the REE and HFSE have 

not been disturbed. However, it is possible that hydration of the rocks may have 

changed the concentrations to some extent. One sample (FXR-005-112.1 {peridotite}) 

has gained considerable LILE; Ba concentrations are more than double what they are 

in samples with similar trace element patterns (Table 3.1). REE and HFSE appear 

unaffected by the process that introduced the LILE. This observation is based on its 

trace element pattern, which is parallel with the other samples within this intrusion 

(Figure 3.3).  

 

Figure 3.2. Harker diagram showing the strong positive trend between MgO and LOI 
(loss on ignition). All samples of magmatic rocks from the Fox River Belt are shown. 
LOI: Loss on ignition 
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3.3.2 Trace Element Geochemistry  

The bulk of the volcanic rocks from the Fox River Belt have primitive-mantle 

normalized trace element patterns that are flat to slightly depleted (Figure 3.3a). This 

suggests that the Fox River Belt magmatism was derived from mantle that had 

undergone a previous episode of melting and was thus depleted in the more 

incompatible elements. Samples from the komatiitic suite of volcanic and intrusive 

rocks from other segments of the Circum-Superior Belt typically have the same 

pattern (Arndt et al. 1987; Halden 1991; Francis et al. 1981). Some samples display 

enrichment in the more incompatible elements and show negative Nb anomalies. This 

pattern is typical for continental crust or sediments derived from it (Figure 2.6c and 

3.3c). Samples of juvenile magmatic rocks displaying this pattern are often interpreted 

to have been contaminated with these rock types (Lesher and Burnham 2001; Lesher 

et al. 2001). Some samples (unfilled symbols in Figure 3.3b and 3.3c) were selected 

for isotope analyses because they showed this “contaminated” trace element pattern 

(high LREE and Th with a negative Nb anomaly). This was done to evaluate whether 

the enrichment in the more incompatible elements within these samples is due to 

contamination or if it is related to an enriched source. Some samples have only a 

slight enrichment in the more incompatible elements; these are shown as grey 

symbols (Figure 3.3a, 3.3b and 3.3c). 

Sample 98-99-216-1 (komatiite) (in grey) has a slight LREE and Th 

enrichment, accompanied by a minor negative Nb anomaly (Figure 3.3a). Fifteen of 

ninety samples of volcanic rocks from the Fox River Belt display this type of 

enrichment (see Chapter 2). Due to the restriction in distribution of these samples, it is 

suggested that this contamination occurred locally and does not reflect a source 

characteristic. Contamination likely occurred between the subchamber where 
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differentiation was occurring and the final site of crystallization, because overlying 

volcanic rocks, which are considered to have shared the same initial magma and 

subchamber, show no evidence of contamination.  

 

Figure 3.3. Primitive mantle normalized trace element diagrams for the samples 
analysed in this study. Note the changes in scale (lower limit in b; upper limit in d). a) 
Samples of volcanic rocks; 98-99-216-1 (in grey) is the least fractionated sample and 
has slightly elevated LREE and Th with a negative Nb anomaly; b) Samples from the 
Fox River Sill. 13232-500 (in grey) is from the Upper Central Layered Zone and has 
elevated Th and a negative Nb anomaly. Note the enrichment of incompatible 
elements and the variable Nb anomalies in samples from the margin of the Fox River 
Sill; c) Samples from Lower Intrusions and one of the Stupart Dykes; FXR-001-169.1 
(in grey) has slightly elevated LREE, which is typical of the peridotite from this 
intrusion. d) Samples of gneiss and sediment. 

Samples from the Fox River Sill have trace element concentrations that are 

generally much lower than their volcanic counterparts. This is due to the fact that 

these rocks are mesocumulates and adcumulates (Scoates 1990). Close packing of 
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crystals results in the exclusion of interstitial melt, which contains the bulk of the 

incompatible trace elements in crystallizing mafic-ultramafic bodies. The samples are 

for the most part depleted in LREE and Th; however, a few samples show enrichment 

in these elements as well as variable Nb anomalies. The sample from the Hybrid Roof 

Zone (38523-590; gabbronorite) has a very pronounced negative Nb anomaly whereas 

the sample from the basal portion of the sill (98-99-242-2a; norite) has a slightly 

positive Nb anomaly.   

About half of the Lower Intrusions that have been analysed have flat to LREE 

depleted trace element patterns, the other half are enriched in LREE and Th and have 

variable Nb anomalies. Figure 3.3c illustrates the different patterns shown by the end-

member intrusions. FXR-001-169.1 (in grey) is a peridotite that exhibits more LREE 

enrichment than its gabbroic counterpart (FXR-001-51.1). The more enriched pattern 

is typical for this portion of the intrusion (upper part of the peridotite). The two 

samples from the contaminated Lower Intrusion are enriched in trace elements overall 

and display relative enrichment in LREE and Th with significant negative Nb 

anomalies. These patterns are parallel to that of the Stupart Dyke sample (Figure 

3.3c).  

Two samples of Superior Province gneiss, a sample from the Lower 

Sedimentary formation and one from the Middle Sedimentary formation were chosen 

to represent likely contaminants to the mafic and ultramafic magmas of the Fox River 

Belt (Figure 3.3d). The samples of sedimentary rock and gneiss are similarly enriched 

in the more incompatible elements, especially Th, and have varying amplitudes of 

negative Nb anomalies. There is considerable variability in HREE, Ti is extremely 

depleted in two of the samples, and Zr and Hf are enriched in most samples. The 

Sm/Nd and Lu/Hf ratios in these samples are very low compared to uncontaminated 
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magmatic samples from the belt; therefore contamination by the gneisses or sediments 

should be clearly detected by both isotopic methods. 

3.4 Isotope Geochemistry 

3.4.1 Hf- and Nd-isotopes 

There is a wide range in the concentrations of the parent and daughter 

elements for samples analysed in this study (Table 3.2). Hf ranges from 0.14 to 4.39 

ppm, Lu ranges from 0.06 to 0.49 ppm, Nd ranges from 0.69 to 25.16 ppm, and Sm 

ranges from 0.32 to 5.03 ppm (Table 3.2). The ultramafic rocks tend to have the 

lowest concentrations, while the gneisses and metasedimentary rocks tend to have the 

highest concentrations; except for Lu which is highest in the most evolved volcanic 

rock sample (GMD-01-113-2 {tholeiite}). Measured 176Hf/177Hf ratios for magmatic 

rocks range from 0.282308 (peridotite) to 0.284501 (peridotite), whereas sediments 

and gneisses have a range of 0.28105 (gneiss) to 0.28408 (gneiss). Measured 

143Nd/144Nd ratios for magmatic rocks range from 0.51188 (mafic dyke) to 0.51392 

(peridotite), whereas sediment and gneisses have a range of 0.51125 (gneiss) to 

0.51228 (gneiss) (Figure 3.4). There appears to be a relationship between 

concentration and measured isotopic ratios at the lowest elemental concentrations (< 

0.5 ppm Hf and < 2 ppm Nd). This may be due to a net addition of Lu into the system, 

or loss of Hf from the system sometime after crystallization. If a small amount of Lu 

is added to all rock samples, then the samples with the lowest concentrations will have 

their Lu/Hf increased much more so than those with high initial concentrations. In 

turn, this would cause the isotopic compositions to become unusually radiogenic. 

Since this study was not designed to assess the effects of alteration on the isotopic 

compositions; further comment would be conjectural. 
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Figure 3.4. Measured isotope ratios vs. the inverse of the concentration of Hf and Nd. 
Note the trend towards higher isotopic ratios at the lowest concentrations. 

Isochron diagrams for both isotopic systems are shown in Figure 3.5. An 1883 

Ma reference isochron is shown on both diagrams to illustrate the expected 

distribution of data points for cogenetic samples of that age that are from a 

homogeneous depleted mantle source. Deviations from this line indicate a separate 

source or contamination with a rock having a different source. Most uncontaminated 

samples (black symbols) from the Fox River Sill, Lower Intrusions and volcanic rocks 

fall very close to this line (Figure 3.5). The samples of sediment, gneiss and 

contaminated magmatic rocks plot mostly below the reference isochron. The εNd and 

εHf values calculated from the Y-intercepts of the reference isochrons on these 
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diagrams are +5.9 and +14.6 respectively. These values represent initial compositions 

for the suite of uncontaminated samples, and indicate a depleted mantle source. 

 

 

Figure 3.5. Isochron diagrams for the Hf and Nd isotopic systems. Samples 
interpreted as being contaminated plot below the 1883 Ma reference isochron and 
define a mixing line between uncontaminated samples and the contaminants 
(sediments and gneiss). 
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3.4.2 S-Isotopes 

S-isotopes are very useful for identifying external S sources in magmatic rocks. 

The following equation is for the δ34S notation compares the composition of a given 

sample with the Canon Diablo Troilite which is taken to represent the S composition 

of bulk earth. Samples that have all of their S derived from the mantle should have 

values around 0‰. Samples of sedimentary S typically have higher values (heavier S) 

resulting from bacterial reduction of sulphate (Canfeild and Raiswell 1999). 

 
 
 
 
 
 
 

This tool has helped to show that contamination of magma with sediments or 

gneisses has contributed to the formation of important magmatic Ni-Cu-PGE deposits 

(Ripley et al. 1999; Naldrett 1999; Li et al. 2003). S-isotope data presented herein 

also includes data from samples analysed by Eckstrand et al. (1989) and Schwann 

(1989) (Figure 3.6). There are limited samples from certain parts of the Fox River 

Belt: only one sample from the Lower Central Layered Zone, one from the Lower 

Volcanic formation, samples from the Lower Intrusions are solely from those 

interpreted to be contaminated, and samples from the Lower Sedimentary formation 

are taken from three drill holes only. Some conclusions that can be made based on 

this dataset are:  

• Most of the Fox River Sill has heavy sulphur contents [mean δS34 = 8.8‰,  
range = 3.6‰ to 17.4‰] (mantle derived S should have a value of 0‰ 
(Canfeild and Raiswell 1999)); 

• The HRZ contains much heavier sulphur than the rest of the Fox River Sill 
[15.7‰ and 20.7‰]; 

• The Middle Sedimentary formation has very heavy sulphur                          
[mean δS34 = 14.7‰, range = 5.8‰ to 25.9‰]; 
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• The sulphur from the Lower Sedimentary formation [mean δS34 = 7.8‰,      
range = 4.5‰ to 11.9‰] is light relative to the Middle Sedimentary formation.   

• The “contaminated” Lower Intrusions have sulphur isotopic signatures that are 
the same as the Fox River Sill [mean δS34 = 8.7‰, range = 7.6‰ to 10.4‰]; 

• Sulphur from the Lower and Upper Volcanic formations have mantle signatures                 
[mean δS34 = 0.8‰, range = -0.3‰ to 1.5‰]; 

• The sulphur from a pyrite bed within the Upper Volcanic formation has a 
mantle signature [δS34 = 1‰]. 

 
 

Figure 3.6. Box and whisker plot illustrating variations in S-isotope compositions. 
Abbreviations: HRZ = Hybrid Roof Zone; LCLZ = Lower Central Layered Zone; 
UCLZ = Upper Central Layered Zone; MZ = Marginal Zone; UVF = Upper Volcanic 
formation; LI = Lower Intrusions; UVF Seds = Sedimentary beds within the Upper 
Volcanic formation; UVF Py. Bed = pyrite bed within the Upper Volcanic formation; 
MSF = Middle Sedimentary formation; LSF = Lower Sedimentary formation. 
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3.5 Discussion 

3.5.1 Significance of the variation in initial Nd- and Hf-isotopic compositions 

There is a wide range in isotopic compositions observed in samples from this 

study (Figure 3.7). The ε notation used in Figure 3.7 is a measure of the difference 

between the isotopic composition of the sample and the chondritic uniform reservoir 

(CHUR), which is representative of bulk earth (DePaolo and Wasserburg 1976). 

Positive values of εHf and εNd imply that the mantle from which the magma was 

produced was depleted (had undergone a previous melting event), whereas negative ε 

values are associated with crustal components which have an enriched nature 

(DePaolo and Wasserburg 1976; Smith and Ludden 1989). Fields for MORB, ocean 

island basalts and island arc volcanic rocks (OIB and IAV) are shown in Figure 3.7 to 

illustrate the expected relationship between the Hf- and Nd-isotopic systems 

(Vervoort et al. 1999). The reason we should expect samples from the Fox River Belt 

to lie on the same fields as modern MORB, OIB and IAV is that the rules that govern 

the depletion of the mantle have not changed; i.e. the ratio of distribution coefficients 

for the parent-daughter pairs are constant.  

Much of the spread seen in samples of the Fox River Belt fields is considered to 

be primary and representative of the isotopic composition of the initial magma. This is 

illustrated by the distinct separation of contaminated and uncontaminated samples in 

Figure 3.7 (i.e. the magnitude of the error in εHf and εNd is less than the magnitude of 

the difference between the contaminated and uncontaminated samples). However, 

issues with the trace element data, and the possibility of alteration means that some of 

the spread, particularly to high εHf values, may be spurious. The εHf values from 

GMD-01-047 (εHf = +26; peridotite) and 98-99-228-1 (εHf  = +54; gneiss) are highly 

anomalous (more than double the values of any sample with a similar age and setting 
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from Earth) and are considered to be erroneous; they will therefore be excluded from 

discussion. 

Samples of volcanic and intrusive rocks have εHf values of +3.7 to +18.9, and 

εNd of -3.5 to +8.4 (Figure 3.7). Maximum εHf and εNd values for the rocks of the 

Fox River Belt suggests that uncontaminated parental magmas were produced from a 

depleted mantle source. This is consistent with studies of other segments of the 

Circum-Superior Belt (Patchett and Arndt 1986; Smith and Ludden 1989; Chauvel et 

al. 1987; Rohon et al. 1993; Hegner and Bouvier 1991; Vervoort and Blichert-Toft 

1999). Five samples that were chosen to represent examples of contaminated 

magmatic rock (unfilled symbols) have lower εHf (+3.7 to +8.2) and εNd (-3.5 to 0.9) 

values. Sedimentary rock and gneiss samples have the lowest εHf (-0.4 to -21) and 

εNd (-0.4 to -11.7) values. There is a significant difference between the two samples 

of sedimentary rock in terms of lithology, chemistry and εNd and εHf composition 

(Figure 3.7; Table 3.1). This probably represents a fraction of the spread of isotopic 

composition for all the sedimentary rocks in the Fox River Belt; especially 

considering the various lithologies that have been identified to date. This may be due 

to the heterogeneous lithological make-up of the Superior Province from which the 

sediments were likely derived. Additionally, segregation of robust zircon grains 

through sedimentary processes has the potential to cause variance in the Hf isotopic 

system (Zircon effect). This is due to the fact that Hf is highly compatible in zircon 

whereas Lu is relatively incompatible (Vervoort et al. 1999).   
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Figure 3.7. Plot of initial εHf vs. εNd calculated at 1883 Ma. The shaded field 
contains 11 analyses from the Ottawa Islands and the Cape Smith Belt and is meant to 
convey the general position of other juvenile rocks having a similar age (Vervoort and 
Blichert-Toft 1999; Blichert-Toft and Arndt 1999). Most of the “uncontaminated” 
samples plot at higher εNd and εHf values than these rocks, yet are within the fields 
of ocean island basalts (OIB), island arc volcanic rocks (IAV), and MORB (Vervoort 
et al. 1999). “Contaminated” samples represented by unfilled symbols generally have 
lower εNd and εHf values. The grey symbols are samples that have slight enrichment 
in the more incompatible elements (see Figure 3.3). 
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3.5.2 Significance of the variation S-isotopic compositions 

The Fox River Sill and the “contaminated” Lower Intrusions (δS34 ~ 9) have a 

δS34 composition that differs from that of the mantle (δS34 ~ 0). The heavy sulphur in 

these intrusions was likely incorporated from the host sedimentary rocks. The Middle 

Sedimentary formation has a large spread in δS34 and values are generally heavier 

than those of the Fox River Sill. The heavy sulphur in the Fox River Sill was likely 

derived from the Middle Sedimentary formation (host of the sill). Heavy sulphur 

signatures within the Fox River Sill and Lower Intrusions indicate that these 

intrusions have acquired sulphur from an external source. However, most Fox River 

Sill samples do not show evidence of contamination, as shown by trace element 

patterns (Figure 2.11c). A possible explanation for this is that the S was derived from 

the country rocks without wholesale melting. This is referred to as decoupling by 

Lesher and Burnham (2001) and indicates that the S can be “steamed off” from 

country rock without causing other major or trace elements to get incorporated into 

the magma. The fact that the Upper Volcanic formation has a lighter S-isotope 

signature than its proposed subchamber, the Fox River Sill, is puzzling. Possible 

explanations include: 

1. The Fox River Sill does not represent a good candidate for a subchamber to the 
Upper Volcanic formation. 

 
2. The limited number of samples that were analysed from the Upper Volcanic 

formation (5 samples from two sites) and the Fox River Sill (Lower Central 
Layered Zone specifically) are not representative of the composition of these 
units as a whole. 

 
3. The sulphides that were sampled within the basalts of the Upper Volcanic 

formation are not magmatic in origin, but are related to sedimentary sulphide 
beds that are commonly found in the stratigraphy. 
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3.5.3 Age constraints 

The fact that uncontaminated samples plot on or near the Nd and Hf reference 

isochrons supports the notion that the Lower and Upper Volcanic formations, the 

Lower Intrusions, and the Fox River Sill are comagmatic with an age of 1883 Ma 

(Figure 3.5). This implies that all the magmatic rocks observed to date within the Fox 

River Belt may be related to the Molson magmatic event which affected the north-

western margin of the Superior Province (Halls and Heaman 2000; Heaman et al. 

1986). This is significant in that other segments of the Circum Superior Belt contain 

igneous assemblages that have different ages and isotopic characteristics. For example 

the Cape Smith Belt contains an older continental tholeiitic suite (Povugnituk Group 

2038 Ma), overlain by a komatiitic suite (Chukotat Group 1918-1870 Ma), with an 

autochtonous ophiolitic sequence (Watts Group 1998 Ma) (Machado et al. 1993; 

Parish 1989).  

Nd depleted mantle model ages have proven very useful in tectonic studies of 

Precambrian terranes. The contribution of Hf depleted mantle model ages are 

somewhat less significant due in large part to the relatively recent proliferation of this 

isotopic technique in whole rocks. The value of depleted mantle model ages 

corresponds to the age of separation from the mantle, and not the age of crystallization 

(Jacobsen and Wasserburg 1980; Depaolo 1981; Goldstein et al. 1984). This dating 

method is based on the assumption that the magma was produced from melting of a 

homogeneously depleted mantle and was not subsequently contaminated. This 

assumption is supported by rather constant fractionation of Sm/Nd and Lu/Hf ratios in 

continental crust (Vervoort and Blichert-Toft 1999). Samples that are contaminated 

with country rock will partially inherit the age of the contaminant; this process is 

dependant on the differences of Sm/Nd and Lu/Hf ratios between the magma and the 
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contaminant. Uncontaminated samples have an average model age of 1823Ma (σ = 

554), contaminated samples have an average model age of 2536Ma (σ = 445), and the 

sediments and gneiss samples have an average model age of 3050Ma (σ = 277) 

(Figure 3.8). Despite the spread, an increasing model age with decreasing εNd trend is 

discernable. The model ages of the sedimentary rock samples are consistent with their 

derivation from Archean crust. This is important from a tectonic point of view, 

because it implies that the sediments were derived from the Superior Province to the 

south rather than the Proterozoic Churchill Province to the north. Contaminated 

samples tend to have model ages that are transitional between those of 

uncontaminated samples and those of the likely contaminants (sediment and gneiss). 

This is the expected result of contamination of the magma with rocks having enriched 

Archean characteristics.  

 

Figure 3.8. εNd vs. Hf and Nd model ages. Unfilled symbols are contaminated and 
have lower εNd and higher model ages than their uncontaminated counterparts. Note 
the Archean model ages for the sediments.  
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3.5.4 Constraints on contamination of mafic/ultramafic magma 

Trace element patterns enriched in the more incompatible trace elements and 

with negative Nb-anomalies are observed in about half the Lower Intrusions, at the 

lower and upper contacts of the Fox River Sill and some Lower Intrusions and within 

some volcanic rocks. This has previously been interpreted as the result of 

contamination (Desharnais et al. 2004b). The distribution of this “contamination 

pattern” at the contacts of many sills as well as within individual flows suggests that 

contamination occurred locally (i.e. not in deep crustal level sills where the 

contamination signature would have had time to homogenize). Furthermore, physical 

evidence of interaction of magma with sediment has been observed at the contacts of 

the Fox River Sill (Figure 3.9) (Scoates 1990; Desharnais et al. 2004b). Rounded 

xenoliths of hornfelsed sediments were found in two locations at the base of the Fox 

River Sill. The Hybrid Roof Zone at the roof of the sill commonly contains patches of 

rock with devitrified textures and granitic rocks with graphic textures interpreted as 

representing melted sediments (Scoates 1990). 

 

Figure 3.9. Photo of rounded xenoliths of hornfelsed sediment located 3 meters above 
the base of the Fox River Sill. 
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The Nd and Hf isotopic compositions of samples that were selected based on 

their enriched trace element patterns (high LREE and Th; negative Nb anomalies) are 

consistent with the notion that these have been contaminated with an enriched 

lithology (Figure 3.3 and 3.7). It is possible that the enriched signature is due to 

melting of an enriched source; however this does not appear to be the case for a few 

reasons: 

1) Enriched magmatic samples are often intermingled with other intrusive and 
extrusive units (individual cyclic units within the Fox River Sill, portions of 
Lower Intrusions, individual volcanic flows). The emplacement of these units is 
difficult to envisage as being a product of at least two separate melting events. 

2) The chemistry and petrology of the Fox River Sill and volcanic rocks displaying 
contaminated patterns are consistent with their development through fractional 
crystallization from a single initial magma. Furthermore, the contaminated and 
uncontaminated Lower Intrusions are indistinguishable from each other in terms 
of major element geochemistry and petrology. 

The older model ages of contaminated samples suggests that the contaminant 

was older, possibly Archean (Figure 3.8). The sediments, because of their apparent 

Archean protolith, the localized distribution of contamination observed in magmatic 

rocks, and contact relationships, are the best candidates for contaminants. We can 

estimate the amount of contamination on individual samples using a two-component 

mixing model (Figure 3.10). In this case, sample 98-99-208-11 (komatiitic basalt) was 

picked as representing the initial uncontaminated magma. This sample was picked 

because it has the highest εNd and εHf values and therefore represents the best 

candidate as the depleted mantle end member for the Fox River Belt. Furthermore, 98-

99-208-11 is a volcanic rock and has trace element concentrations that more closely 

resemble the initial liquid compositions. This is in contrast to cumulate rocks, whose 

trace element concentrations are diluted by the presence of minerals in which these 

elements are incompatible (olivine, plagioclase, pyroxene). The model involved 

mixing various amounts of both sedimentary samples to 98-99-208-11. This model 
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takes into account the concentrations of Hf and Nd of both end-members, as well as 

their relative contribution to the change in isotopic composition. It should be noted 

that selection of end members has a significant impact on the final results of this type 

of modelling (Lesher and Burnham 2001). This model only takes into account mixing 

of the incompatible trace elements. This means that the percentages expressed on 

figure 3.10 do not necessarily reflect complete assimilation; in fact it is unlikely that 

any magma can assimilate 60% of any rock. It is likely that the trace elements become 

decoupled from the major elements to some extent during the mixing process. This 

can be accomplished by partial melting of wall-rocks and preferential assimilation of 

the melt component, or trace elements carried into the magma by a volatile 

component (Lesher and Burnham 2001). The latter scenario is more likely to happen 

if the wall-rocks are wet. Therefore percentage values represented on the figure 

represent a maximum amount of assimilation. 

 

Figure 3.10. Initial εHf vs εNd showing possible mixing curves. 98-99-208-11 was 
chosen to representing the initial composition of the magma, and the two sedimentary 
samples were chosen to represent likely contaminants. The numbers along the mixing 
lines represent percentages of contaminant mixed with the magma. 
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The sample of the Stupart dyke and the Fox River Sill margin samples are best 

explained as products of 40 to 60% assimilation of FXR-005-103.2 (semi-pelite). The 

isotopic composition of the two contaminated Lower Intrusion samples can be 

explained by assimilation of 20 to 30% DB-01-006 (siltstone). The most contaminated 

sample (38523-590; gabbronorite) is part of the Hybrid Roof Zone of the Fox River 

Sill. Petrological evidence shows that this part of the sill is an admixture of melted 

sediment and magma from the sill (Scoates 1990). Several samples, shown as grey 

symbols in the plots, appear to show minor contamination based on their trace 

element patterns (Figure 3.3). The isotopic composition of these samples can be 

explained by 8 to 15% assimilation of DB-01-006 (Figures 3.5, 3.7, and 3.8).  

Contaminated samples should produce trends between Nd and Hf isotopic 

compositions and certain trace element ratios (Figure 3.11). (Th/Lu)PM is used as a 

measure of the relative enrichment in the more incompatible trace elements and 

(La/Nb)PM is a measure of the negative Nb anomaly (Lesher and Burnham 2001) . 

These features are common in the rocks that are likely to be assimilated by the mafic 

and ultramafic magmas within the Fox River Belt (Figure 3.3d). There are good 

overall negative correlations seen in both isotopic systems and element ratios. This 

indicates that trace element patterns and isotopic compositions within the Fox River 

Belt are linked. Therefore, the trace element ratios appear to be effective at identifying 

contaminated units within the Fox River Belt. The amount of contamination can be 

estimated by using a two component mixing model. The concentrations of all the 

elements concerned are modelled separately for both end members (Figure 3.11). End 

members used for this modelling are the same as in Figure 3.10. The results from this 

exercise, although not very consistent, are similar to the results produced in Figure 

3.10. The Fox River Sill contact samples and the Stupart Dyke sample appear to be 
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the most contaminated with an average of 40% assimilant (10-70%). The Lower 

Intrusions have an average of 30% contamination (19-50%). Those samples that had 

slight LREE enriched trace element patterns (grey symbols) typically demonstrate 

10% contamination (8-19%).   

The maximum volume of crust or sediments that can be assimilated by magma 

is a function of its temperature, flow regime, and magmatic architecture (Huppert et 

al. 1984; Lesher and Arndt 1995). A maximum volume of assimilant of 40% has been 

calculated for komatiites, however values as high as 50% have been suggested based 

on Nd isotopic studies of the komatiites in Kambalda (Huppert and Sparks 1985; 

Lesher and Arndt 1995). The most primitive Fox River Belt magma (≥19% MgO) was 

not as primitive as the Kambalda komatiites (≥30% MgO) and should therefore have 

less assimilation potential (lower temperature and higher viscosity). It appears that the 

40 to 60% estimation of assimilation is therefore somewhat high. This could be a 

function of problems with paramaterization (end member selection) or the possible 

presence of xenolith or xenomelt inclusions (Lesher and Burnham 2001). The former 

explanation is valid because only two samples of possible contaminants were 

analysed. The latter explanation is surely valid for the Hybrid Roof Zone (38523-590) 

of the Fox River Sill because evidence of the presence of xenoliths and xenomelts are 

abundant (Scoates 1990). 
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Figure 3.11. Plots of primitive mantle normalized trace element ratios vs. εNd and 
εHf. a) Th/Lu vs. εHf, b) Th/Lu vs. εNd; c) La/Nb vs. εHf; d) La/Nb vs. εNd. 
Primitive mantle normalizing values from McDonough and Sun (1995). The end 
members are the same as those shown in Figure 3.10. The numbers along the mixing 
lines represent percentages of sediment mixed with the magma. 

3.5.5 Comparison with other 1.7-1.9 Ga juvenile magmatic rocks 

There is a significant amount of Nd isotopic data on juvenile rocks in the 

period between 1.8 and 2.1 Ga. This is due in large part to the large volume of 

magmatic rocks that were preserved from this period and speaks to the effectiveness 

of Nd isotopic compositions for solving petrologic and geochemical problems. Figure 

3.12a illustrates how these various magmatic terranes compare with the depleted 

mantle evolution curve of Nägler and Kramers (1998). The majority of terranes have 

maximum values that plot very close to the depleted mantle model curve (Ottawa 

Islands, Belcher Islands, Chukotat Group, Povugnituk Group, Labrador Trough, 

Onega Plateau, Ketilidian, Rampur, Finnish Lapland, Flin Flon, Birimian, Gunnison, 

and Green Mountain). This is consistent with the interpretation that during the 
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Proterozoic the upper mantle was homogeneously depleted (Patchett and Arndt 1989; 

Vervoort et al. 1999). The ophiolitic sequences of the Watts Group from the Cape 

Smith Belt, the basalts of the Hart’s Range in Australia and the Fox River Belt are the 

main examples where the maximum values surpass the curve significantly. Sivell and 

McCulloch (1991) suggested that the highly depleted signature displayed by the 

Hart’s Range suite was related to melting of a pocket of extremely depleted mantle 

(Sivell and McCulloch 1991). This interpretation is inconsistent with the 

interpretation that the mantle is homogeneous (Vervoort et al. 1999). Further testing 

with U-Pb, Hf, or Sr isotopic systems should be undertaken on the ultradepleted suites 

to confirm that these values represent sampling of ultradepleted portions of the 

mantle. The spread to higher εNd values in the Fox River Belt data may be due to 

inaccurate trace element concentration analyses.  

There is much less Hf-isotopic data available for juvenile rocks from this 

period mainly because the whole rock Hf methodology by MC-ICP-MS is relatively 

recent (Figure 3.12b). However, it is clear from this plot that the data from this study 

of the Fox River Belt are abnormal. According to the mantle evolution curve of 

Vervoort and Blichert-Toft (1999), we would expect the depleted mantle at 1883 Ma 

to produce magmas with maximum εHf values of around 10. Uncontaminated 

samples from the Fox River Belt consistently plot to significantly higher values 

(average of 14.3, and up to 18.9). This is well illustrated by the fact that many 

samples plot in the modern MORB field in Figure 3.7. One of three factors could 

explain this: A) the magmas of the Fox River Belt are ultradepleted in terms of Lu-Hf 

and Sm-Nd. B) Most of the samples have undergone some degree of trace element 

mobility which has affected the parent/daughter ratios (in this case Lu and Sm gain or 
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Hf and loss). C) The high εHf values are due to inaccuracies in the Lu and Hf 

concentration analyses. This issue is yet unresolved. 

The majority of the data presented in Figure 3.12c and 3.12d plot close to the 

expected age of 1.8 to 2.1 Ga (as defined by the more robust zircon U-Pb dating 

method). As the Sm/Nd and Lu/Hf ratios approach that of the depleted mantle 

(illustrated by the vertical boxes) many of the model ages produced become 

unreasonable (Figure 3.12c and 3.12d). The reason for this is that the evolutionary 

paths for these samples are subparallel to that of the depleted mantle curve and 

therefore the point of intersection between these lines, which defines the model age, is 

subject to large deviations. The large deviations in model ages speak to the danger of 

using this dating method indiscriminately.   
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3.5.6 Implications for mineralization 

 The findings from this study bode well for the prospectivity of magmatic 

sulphide deposits in the Fox River Belt. The margins of the Fox River Sill as well as 

the Lower Intrusion intersected by drill hole FXR-005 appear to have digested a large 

volume of crustal rock (Figure 3.10 and 3.11). The S-isotope data appears to suggest 

that the contaminant for the Fox River Sill and Lower Intrusions contributed 

significantly to the S budget of the magma. Dilution of Fe, and reduction of magma 

temperature by the addition of relatively cold, Fe-poor country rock can induce S-

saturation in a mafic-ultramafic magma (Haughton et al. 1974; Mavrogenes and 

O’Neill 1999). Therefore, even digestion of a S-poor sediment or felsic gneiss will 

help promote the S-saturation and consequently the formation of magmatic sulphide 

deposits. The trace element ratios (Th/Lu)PM and (Nb/La)PM appear to be useful 

tracers of contamination for samples in this study. Their use as indicators of 

prospectivity of hosting Ni-Cu-PGE deposits for individual intrusions or flows can 

now be used with more confidence.  
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3.6 Summary 

 
1. The mafic/ultramafic magmatism within the Fox River Belt is the product of 

melting of depleted mantle (εHf >10, εNd > 5); similar in character to other 
segments of the Circum-Superior Belt. Derivation from an ultradepleted 
source is suggested based on the highest ε values (εHf = 18.9, εNd = 8.4); 
however this observation is preliminary pending higher accuracy trace element 
concentration data. 

 
2. The distribution of uncontaminated mafic/ultramafic rocks along an 1883 Ma 

reference isochron is consistent with the idea that they are all related to the 
Molson magmatic event that affected the north-western Superior Province. 

 
3. The sediments of the Lower and Middle Sedimentary formations appear to 

have been derived from the Archean Superior Province (Nd and Hf model ages 
> 2700 Ma). 

 
4. The margins of the Fox River Sill and the Lower Intrusion intersected by drill 

hole FXR-005 have likely digested in excess of 25% crustal contaminant 
having an Archean progenitor (probably the Lower and Middle Sedimentary 
formations or Superior Province gneisses). 

 
5. (Th/Lu)PM and (La/Nb)PM are effective tools for identifying contaminated units 

in the Fox River Belt. 
 

6. The Fox River Sill and Lower Intrusions appear to have incorporated heavy 
sulphur, possibly from the Lower or Middle Sedimentary formations. 

 
7. The sulphides within volcanic and sedimentary rocks of the Upper Volcanic 

formation have mantle-like S-isotope compositions.  
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Chapter 4: Economic Geology of the Fox River Sill and 
Lower Intrusions 

4.1 Introduction 
 
Previous exploration for platinum group elements (PGE) mineralization in the Fox River 

Sill has delineated three intervals of weakly and sporadically mineralized ultramafic and mafic 

units occurring in the upper part of the sill (Upper Central Layered Zone) (Scoates and Eckstrand 

1986; Schwann 1989; Naldrett et al. 1994; Peck et al. 2002). This mineralization comprises 

disseminated pyrrhotite, chalcopyrite and pentlandite that tends to be concentrated in pyroxene 

rich layers. The Great Falls area on the Fox River provides a rare, well-exposed section through 

the lower part of the sill and the upper part of the Lower Volcanic formation in the western part 

of the Fox River Belt (Figure 1.4). A new PGE-Cu-Ni occurrence, the KO Zone, was discovered 

in the Great Falls area in 1999 by Falconbridge Limited geologist Kevin Olshefsky. The KO 

Zone occurs at the contact between Cyclic units 1 and 2 and locally contains disseminated, Cu-, 

Ni- and PGE-rich sulphide mineralization. Maximum metal contents obtained to date from the 

KO Zone are 2.1% Cu, 0.9% Ni and 5.5 ppm combined Pd + Pt + Au.  

Some of the Lower Intrusions and the base of the Lower Central Layered Zone of the Fox 

River Sill have several features that suggest that they represent very good targets for Ni-Cu-PGE 

mineralization similar to that which is found in the Thompson Nickel Belt and Raglan mining 

camps. These features include: ultramafic composition, geochemical and isotopic evidence of 

contamination, sedimentary S-isotope signature and chalcophile element depletion.  
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4.2 Marginal Zone Mineralization 

4.2.1 Geology of the Marginal Zone 

The Fox River Sill was emplaced into pyrite-bearing argillites and siltstones of the Middle 

Sedimentary formation (Scoates 1990). The Marginal Zone comprises three main subunits in the 

Great Falls area, but drill holes along strike show that it is completely absent in some sections of 

the sill. The lowermost lithology is the Basal Contact Unit, which contains xenoliths and partial 

melts derived from the underlying Middle Sedimentary formation (Peck et al. 1999). The Basal 

Contact Unit is overlain by the about 100 m thick Cyclic unit 1, which grades from lherzolite 

(UM1) at its base through websterite, melagabbro, gabbro, leucogabbro and, locally, anorthosite 

at its top (LG1) (Huminicki 2000). Cyclic unit 2, about 100 m thick, is interpreted to have been 

generated from a separate pulse of magma that was intruded before Cyclic unit 1 was fully 

solidified (Desharnais et al. 2000). Cyclic unit 2 was formed from a pulse of magma that was 

sulphide-saturated, as shown by the presence of magmatic sulphides throughout the unit. The KO 

Zone occurs at the contact between leucogabbro and anorthosite at the top of Cyclic unit 1 (LG1) 

and ultramafic rocks at the base the Cyclic unit 2 (UM2).  Above the KO Zone, Cyclic unit 2 

grades into several meters of lherzolite (UM2). The lherzolite is a fine- to medium-grained 

olivine cumulate containing both clinopyroxene and orthopyroxene oikocrysts and, locally, 

disseminated sulphides (<1%). The lherzolite unit grades upward into a dm-scale layered 

sequence, comprising lherzolite, melagabbro and gabbro, which is in turn overlain by massive 

gabbro and leucogabbro that correspond to the LG2 subunit.  Up to 15% disseminated pyrrhotite 

and chalcopyrite having low PGE tenors are present in the LG2 subunit (Peck et al. 1999). 
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4.2.2 Geochemistry of the Marginal Zone 

Olivine compositions within the Marginal Zone suggest that the parental magma contained 

12 to 16% MgO (Osiowy 2000). Table 4.1 contains data on a selection of samples intended to 

represent the typical chemical composition of each unit within the Marginal Zone. Geochemical 

relationships and the paucity of magmatic sulphides in Cyclic unit 1 observed in outcrop suggest 

that the contact between Cyclic units 1 and 2 reflects a major shift from a sulphide-

undersaturated magma below to a sulphide-saturated magma above (Huminicki 2000; Peck et al. 

2002).  

The Mg# and the concentration of Ce, chosen to highlight trace element concentrations, 

are highly variable within the Basal Contact Unit (Figure 4.1a and 4.1c). Some of the samples of 

the Basal Contact Unit have very high concentrations of Ce, suggesting possible contamination 

with a REE-rich lithology. Trace element patterns and Nd and Hf isotopic compositions support 

this proposition (Desharnais et al. 2002). A likely contaminant is the Middle Sedimentary 

formation, in which the Ce concentrations range from 12 to 66 ppm. Cyclic unit 1 has a trend of 

decreasing Mg# with increasing stratigraphic height, which is what would be expected from the 

process of normal differentiation in a closed system (Figure 4.1a and 4.1b). This trend is 

supported by Ce concentrations, which increase with increasing stratigraphic height (Figure 

4.1c). Cyclic unit 2 on the other hand, appears to have been continuously replenished by a 

depleted magma, as shown by the Mg#, which decreases only slightly with increasing height, and 

the Ce concentrations, which decrease upward. The system thus became open at some point 

during the formation of Cyclic unit 2.  
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Table 4.1. The composition of representative samples from each of the units within the Marginal 
Zone of the Fox River Sill.  

 
  1 2 3 4 5 6 7 8

SiO2 (%) 78.10 50.35 40.20 47.78 47.24 49.97 43.11 47.33
Al2O3 (%) 9.75 16.49 5.27 16.57 3.56 15.82 8.45 13.16
Fe2O3 (%) 3.91 9.67 11.88 5.72 15.56 6.62 11.65 6.81
MnO (%) 0.02 0.11 0.17 0.10 0.18 0.12 0.15 0.123
MgO (%) 1.49 8.02 30.00 10.56 18.05 9.25 23.12 12.74
CaO (%) 0.33 6.73 4.45 14.88 10.59 10.99 7.30 14.61
Na2O (%) 3.09 3.18 0.02 1.73 0.16 2.67 0.22 1.34
K2O (%) 1.79 1.82 0.06 0.44 0.05 0.87 0.08 0.60
TiO2 (%) 0.29 0.79 0.26 0.19 0.38 0.75 0.27 0.210
P2O5 (%) 0.05 0.10 0.03 0.02 0.04 0.15 0.02 nr
S  (%) 0.37 0.01 Nr 0.01 2.37 0.01 0.05 0.19
LOI (%) 1.37 2.52 7.39 2.06 3.92 2.94 5.71 2.83
Total (%) 100.22 99.78 99.91 100.04 99.72 100.23 100.08 100.13
Cu (ppm) 62 59 36 436 13566 56 33 328
Ni (ppm) 20 114 1120 250 2037 123 654 268
Zn (ppm) 15 164 64 47 166 27 43 32
Co (ppm) 14 52 109 40 161 27 99 39
Cr (ppm) 111 283 2680 1060 377 101 1700 561
V (ppm) 137 273 97 119 178 183 126 133
Au (ppb) na 2.0 1.0 2.0 132.7 8.0 2.0 7.0
Pt (ppb) na 3.0 4.8 8.0 835.8 71.0 17.0 13.0
Pd (ppb) na 6.0 4.2 13.0 4530.0 68.0 10.0 38.0

 
Fe2O3 represents total Fe. Analyses by Activation Laboratories, Ancaster Ontario.  
1. GMD-01-003: Sulphidic Siltstone from the Middle Sedimentary formation;  
2. 98-99-311-5: Hornblende gabbro from the Basal Contact Unit;  
3. 98-99-243-3: Lherzolite from UM1;  
4. 98-99-250-19: Leucogabbro from LG1;  
5. 98-00-011-M1A-C: Olivine websterite from the KO Zone;  
6. 98-00-011-M3BC: Varitextured gabbro from the KO Zone;  
7. 98-99-312-11: Plagioclase lherzolite from UM2;  
8. 98-00-006-1Z: Gabbronorite from LG2.  
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4.2.3 The KO Zone  
 
Detailed mapping of bush and river outcrop areas has delineated a heterogeneous sequence 

of mineralized (PGE-Cu-Ni) ultramafic and mafic rocks referred to as the KO Zone (Figure 4.2) 

(Desharnais et al. 2000). The KO Zone is several meters thick, and is the stratigraphically 

lowermost interval in the sill to contain significant amounts of sulphides and elevated PGE 

concentrations (Figure 4.1d). The base of the KO Zone is represented by an irregular, commonly 

scalloped and undulating contact between gabbroic to anorthositic rocks of the LG1 subunit and 

coarse-grained actinolite-bearing olivine websterite of the KO Zone (base of UM2 subunit) 

(Figure 4.3). The coarse-grained olivine websterite unit is absent in several areas along the 

contact between Cyclic units 1 and 2. The cause of the irregular contact appears to be plastic 

deformation which occurred early in the evolution of the cumulate pile. Similar relationships 

have been recognized in other intrusions at the contact between cyclic units, specifically the 

Klokken Intrusion in Greenland and the Bushveld Complex in South Africa (Parsons and 

Butterfield 1981; Lee 1981; Parsons and Becker 1987). Alternatively, the scalloped contact could 

represent small-scale erosional features related to magmatic currents (Desharnais et al. 2000). It 

would seem extremely difficult to produce erosional channels on such a small scale (as little as 

10cm), as well as some of the more ameoboidal apophyses that protrude laterally into the 

leucogabbro of LG1 (see left-hand side of Figure 4.2, and Figure 4.3). This is especially true if 

we consider the volume and width of any currents that would occur within this environment. The 

flat dome shaped gabbro pods found tens of centimeters above the contact appear to support a 

deformation induced mixing as opposed to one brought on by erosion. 
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Figure 4.2. Outcrop map of the KO Zone. The KO Zone is defined as the area between  LG1 and 
the top of the varitextured gabbro pods. The contact between the leucogabbro from LG1 and the 
base of the KO Zone is both undulatory and scalloped.  
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Figure 4.3. Photographs of the scalloped and ameoboidal contact between the top of LG1 and the 
base of UM2. The mineralization tends to be concentratated at base of the troughs. Pieces of 
white tape were used to help mark the contact. a) scalloped contact, b) apparent lateral protrusion 
of UM2 into LG1. 
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The olivine websterite layer ranges from <1 to 3 m in thickness. It typically contains net-

textured, blebby, and disseminated sulphides concentrated within dm to m-scale trough structures 

along the irregular LG1/UM2 contact. In these places, sulphides are present but they are barren of 

Cu, Ni, or PGE. The mineralized websterite is typically one meter thick and generally decreases 

upward in grain size (2 cm to <0.5 cm) and sulphide content (15% to <1%) (Desharnais et al. 

2000). Chalcopyrite is the dominant sulphide, attaining a maximum concentration of 15% near 

the bottom of some of the troughs. The websterite layer contains up to 10% fine-grained gabbroic 

material occurring as pockets (up to 5 cm wide) or interstitially between the large grains of 

pyroxene. Actinolite makes up approximately 15% of the rock, and occurs as a secondary 

mineral replacing olivine and augite (Figure 4.4). The preserved grain shadow within amphibole 

in Figure 4.4a indicates that the grain of olivine had a shape and size comparable to that of 

olivine within the overlying lherzolite. Figure 4.4b gives an idea of the timing of replacement, 

since it appears that the amphibole replaced the augite grain while chalcopyrite was still a melt 

(i.e. before the magma had completely crystallized). These textures are interpreted to represent 

disequilibrium between an olivine augite cumulate and a more evolved intercumulus melt. The 

presence of orthopyroxene and accessory ilmenite in the websterite represents a significant 

change in the normal order of crystallization (olivine→ clinopyroxene→ plagioclase→ 

orthopyroxene) that is commonly observed in the mafic and ultramafic rocks in the Fox River 

Belt (Scoates 1990; Desharnais et al. 2000). There is an apparent decrease upward in Cu, Ni, S, 

and PGE concentrations within the mineralized portion of the KO Zone (Figure 4.1f). The PGE 

are closely associated with the sulphides, and display a relatively good correlation with Cu and 

Ni concentrations (Desharnais et al. 2000; Peck et al. 2002). Given the primitive composition of 

Cyclic unit 2,  a Cu:Ni ratio of <1 is expected if the KO Zone mineralization represents an 

accumulation of an immiscible, magmatic sulphide melt (Naldrett 1989); however, the values of 
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the Cu:Ni ratio in the KO zone are typically between 2:1 and 3:1 (Desharnais et al. 2000). Metal 

concentrations recalculated to 100% sulphide using the method of Kerr (2003) are as high as 23% 

Cu, 8.5% Ni and 55.9 g/t combined Pd + Pt + Au.  

 

 
 

Figure 4.4. Photomicrographs showing replacement textures. a. Olivine relict found in a grain of 
actinolite with a “grain-shadow” representing the original size and shape of the grain. b. Relict 
grain of augite found within an actinolite crystal that is growing into chalcopyrite. 

 
Crescent-shaped pods and discontinuous, meter-size layers of varitextured gabbro, diorite, 

leucogabbro and leucodiorite occur locally within weakly mineralized lherzolite in the upper part 

of the KO Zone.  These pods are also commonly mineralized and locally display normal size and 

compositional grading of sulphide and silicate components (Peck et al. 1999; Huminicki 2000).  

The pods are considered to reflect late stage intercumulus magma derived from the underlying, 

gabbroic upper part of Cyclic unit 1 (LG1) that ascended into the lower part of Cyclic unit 2 

(Desharnais et al. 2000). These pods could also represent recrystallization of parts of Cyclic unit 

2 induced by upward moving fluids. 
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4.2.4 Evaluation of Classic Models 

In the Bushveld Complex and in Alaskan-type intrusions the PGE are commonly 

associated with chromian spinel. It is therefore postulated that chromian spinel is linked to the 

concentrating mechanism of the PGE in these intrusions (Capobianco et al. 1994; Merkle 1992; 

Scoon and Teigler 1994).  Chromian spinel is not recognized within the KO Zone and there is no 

correlation of PGE with Cr (Figure 4.5). Therefore chromite accumulation is an unlikely 

candidate as a concentrating mechanism for the PGE.  

 
 

Figure 4.5. Plot of Cr versus Pt + Pd for samples of the KO-Zone. 
 
The most accepted model used to explain the PGE mineralization in the Bushveld and 

Stillwater complexes is the one proposed by Campbell et al. (1983). The model, as proposed for 

the Bushveld complex, is that a mixing event between two magmas caused sulphide-saturation 

and formation of a turbulent environment. Owing to the very high partition-coefficient of PGE 

into sulphides, mixing of immiscible sulphide droplets with a large volume of magma would 

have caused them to become enriched in these elements. A 3000 meter thick magma column 
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above the cumulate pile is necessary to account for the PGE tenor of the Merensky Reef (for an R 

factor of 106 and an equivalent of 3 cm of sulphide in the Merensky reef) (Cawthorn 1999). 

Concentrations of the PGE within the Merensky Reef in the Bushveld Complex are also very 

consistent across the entire intrusion (Naldrett 1989; Cawthorn et al. 2002). The Marginal Zone 

of the Fox River Sill is considered to have formed from relatively small pulses of magma with a 

restricted aerial extent (Scoates 1990). With such a limited amount of magma (100-200 meters) it 

would be difficult to scavenge enough PGE to produce the observed tenors. Additionally, PGE 

depletion within Cyclic unit 2 would be expected, but this is not the case (Figure 4.1e). The 

presence of low PGE-tenor sulphides within a few hundred meters along strike indicates that the 

process of enrichment is localized. The fact that the sulphides have a high Cu:Ni ratio argues for 

a more evolved magma than the one that produced the lherzolite at the base of Cyclic unit 2. On 

the basis of these three points, the mineralization is unlikely to have occurred through a process 

of PGE-rich sulphide droplets sinking to the top of the cumulate pile.  

A third model that has been used to explain PGE mineralization in layered intrusions calls 

for fluids (including a vapor phase) that move upward, scavenging PGE from underlying 

cumulates and depositing them along a reef horizon (Boudreau and Meurer 1999; Mathez et al. 

1997; Willmore et al. 2000). Degassing of the cumulate pile below the KO Zone seems an 

unlikely cause for the mineralization for two main reasons: i) the sulphides are present at the 

contact regardless of the presence of a pegmatitic phase, and, ii) there is no apparent vertical 

offset in S, Au and Cu compared with Pt and Pd as would be expected if the metals had traveled 

via a vapor phase (as modeled by Boudreau and Meurer 1999) (Figure 4.1d). 
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4.2.5 Proposed model for the formation of the KO Zone  

The proposed model for the formation of the KO Zone is as follows: 

1) A single pulse of magma is emplaced into the Middle Sedimentary formation that gives rise to 

the Basal Contact Unit and Cyclic unit 1. 

2) A second pulse of magma (represented by Cyclic unit 2) is emplaced into the chamber above 

Cyclic unit 1 before it has had time to crystallize completely. Unlike the first pulse of magma, 

this one is sulphide-saturated at the time of emplacement, or becomes sulphide-saturated soon 

thereafter. 

3) Sulphides and an olivine-clinopyroxene cumulate from the second pulse of magma are 

deposited onto the crystal-mush/magma interface corresponding to the top of LG1 (Figure 

4.6a). 

4) Accumulation of the crystals causes compaction of Cyclic unit 1 and expulsion of a volatile-

rich intercumulus liquid that locally percolates upward through the base of the UM2 subunit 

(Figure 4.6b). This liquid is also rich in PGEs because the system had not reached sulphide-

saturation during the evolution of Cyclic unit 1  

5) The Cu and PGE tenor of pre-existing sulphides present at the base of the UM2 subunit are 

increased by reaction with the ascending liquid. This more evolved liquid would account for 

the high Cu:Ni ratio observed in the mineralized sequence.  

6) The upward movement of the liquid causes the LG1-KO Zone contact to sag and become 

convoluted akin to the behavior of unlithified sediments during dewatering. It would also 

cause the base of the crystal pile to be partially recrystallized (replacement of olivine, 

clinopyroxene, by orthopyroxene and amphibole), and eventually lead to crystallization of 

gabbroic interstitial material. The high volatile content of the intercumulus melt could account 

for the large grain size at the base of the KO Zone (Figure 4.6c).  

7) The upward percolating volatile-rich intercumulus liquid ponds a few meters above the base of 

the UM2 subunit, to form the pods of varitextured gabbro. The pods may result from trapping 

of the volatile-rich gabbroic liquid beneath several meters of olivine-rich cumulates 

(lherzolite) that acts as an impermeable or reactive barrier. In places, the liquid may be 
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sufficiently sulphide-undersaturated to dissolve the sulphides at the contact and reprecipitate 

them within the pods. 

The model described for the KO Zone is similar to that proposed by Vermaak (1976) and 

von Gruenewaldt (1979) for the mineralization of the Merensky Reef in the Bushveld Complex. 

There are a few problems with this model, as applied to the Merensky Reef (Naldrett 1989). 

Firstly, there is a mass-balance problem in the case of the Merensky Reef. Assuming 20% 

interstitial liquid containing 15 ppb Pt, 1667 meters of underlying cumulate material would be 

necessary to account for the enrichment in the reef. Secondly, the intercumulus liquid would have 

percolated through several sulphide-rich layers, including the “Pseudoreef” and “Tarentaal” 

during its ascent. These horizons should have scavenged the PGE; however, they have low 

concentrations of the PGE. These inconsistencies are not valid for the KO Zone. Unlike the 

Merensky Reef, which has PGE grades that are very consistent along its entire strike length 

(Cawthorn et al. 2002), the mineralization in the KO Zone is discontinuous along strike. The 

mineralized areas could represent areas of high liquid flux (i.e. sections of the contact with 

permeability properties which caused funneling of the intercumulus melt). As well, the KO Zone 

is the first significant accumulation of sulphides occurring above the base of the Fox River Sill 

(i.e. there are no horizons of barren sulphides below the KO Zone).  

Summarizing, the KO Zone is a PGE-rich unit that appears to have developed through a 

two-stage, immiscible sulphide accumulation/zone refining process. Evidence supporting this 

model includes: 

a) The sulphides have a distribution and texture suggesting that they were deposited from the 

magma column onto the crystal pile of Cyclic unit 1. 

b) The coarse grain-size and degree of recrystallization of the KO Zone decrease away from the 

basal contact with LG1, resembling a reaction zone. 
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c) Gabbroic material is present at the base of the KO Zone and the varitextured-gabbro pods a 

few meters above LG1.  

d) A high Cu:Ni ratio in the sulphides normally corresponds to compositionally more evolved 

magmas (i.e., gabbroic as opposed to ultramafic). 

e) An undulatory and scalloped contact that strongly resembles features produced by dewatering 

of sediments. 

f) Sulphide occurrences in the KO Zone that are associated with the above-noted features, which 

are characteristic of a high flux of melt, are enriched in PGE. 

g) High PGE tenor sulphides do not appear to occur in segments of the KO Zone that lack these 

features.   

The KO Zone mineralization in the Great Falls area appears to lack significant lateral 

continuity and thickness, but the character of the Zone at more distal locations is not yet known. 

The following exploration criteria for this type of PGE-Cu-Ni mineralization can be applied to 

other layered intrusions: i) Identify sulphides at the contact between major cyclic units, ii) Look 

for evidence of sulphide undersaturation in the underlying units, as well as lower-than-average 

PGE values (although not necessarily depleted), iii) Determine whether evidence exists of flow 

of evolved liquids across the contact and through the sulphide-bearing unit (coarse grain size, 

varitextured gabbro, and irregular contact relationships).  

This model could be tested by looking for geochemical evidence of mixing by analyzing 

mineral chemistry, specifically the pyroxenes which are found in all parts of both cycles. The 

relative PGE concentrations (including Rh, Ir, and Ru) and Os-isotopes may also support or 

refute this model. 
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Figure 4.6. Model showing the evolution of the base of the KO-Zone. a. A crystal mush of 
leucogabbroic composition forms the top of LG1. The second pulse of magma is sulphide 
oversaturated and crystallizes olivine and pyroxene on top of LG1. b. Intercumulus melt enriched 
in PGE and volatile components migrates upward through the crystal pile. The melt enriches the 
sulphides it encounters in Cu and PGE and recrystallizes olivine and pyroxene to amphibole. c. 
The base of the KO Zone is the most highly replaced and has the coarsest grain-size.  
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4.3 Lower Central Layered Zone mineralization 

The average PGE concentration within the Lower Central Layered Zone and Upper 

Central Layered Zone is 11 ppb (excluding samples with concentrations >50 ppb) (Figure 4.7). 

This is lower than the average within the Marginal Zone (18 ppb) and the A Member of the 

Lower and Upper Volcanic formations (16 ppb). Selecting appropriate thresholds for PGE 

enrichment and depletion in cumulate rocks is a tricky exercise because these elements are 

incompatible in silicate minerals and thus get concentrated in intercumulus material. Therefore, 

PGE concentrations will vary depending on the volume of intercumulus material. One can avoid 

this effect by using a ratio with another element which is also incompatible in silicate minerals. 

In this case Zr was used because it was available for most samples; ideally Yb would have been 

used because it is less affected by crustal contamination. PGE enrichment and depletion 

thresholds were chosen in such a way as to meet two criteria: the threshold must exclude most of 

the data points, and they must be at least a factor of two different from the composition of the 

inferred initial magma. In this case, the komatiites at the base of the Upper Volcanic formation 

represent the best candidate for initial liquid (Pt+Pd ≈ 16 ppb; (Pt+Pd)/Zr ≈ 0.6).  
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Figure 4.7. Chemostratigraphic plots of the Fox River Sill. Most of the samples from the 
Marginal Zone and Lower Central Layered Zone are from the Great Falls area. All of the Upper 
Central Layered Zone and Hybrid Roof Zone and some of the Lower Central Layered Zone data 
are from drill holes and therefore their relative stratigraphic position should not be taken as exact. 
Dashed line represents average composition of komatiites from the Upper Volcanic formation. 
Samples containing < 2ppb Pt+Pd and with (Pt+Pd)/Zr < 0.3 are considered to be depleted; 
samples containing > 50 ppb Pt+Pd and with (Pt+Pd)/Zr > 6 are considered enriched (see text for 
discussion). Abbreviations LMU, MMU, UMU: Lower, Middle and Upper Mineralized Units, 
respectively (Schwann 1989). 

PGE enrichment was previously unrecognized within the Lower Central Layered Zone. Of 

the 10 samples that have anomalous PGE concentrations (>50 ppb), 8 are olivine-pyroxenites or 

wehrlites. Most of the samples contain negligible sulphides with the exception of sample number 

38536-405.3, which contains 3.9 % sulphur. Only two of the samples have Cu anomalies (>500 

ppm), and none of them have significant Ni or Cr anomalies. Pt/(Pt+Pd) ranges from 0.23 to 0.6. 

A process of hydrothermal alteration is interpreted to have enriched sample GMD-01-048-10 

within Cyclic unit 1 of the Lower Central Layered Zone (566 ppb total PGE) (Smerchanski 



 141

2001). In the Great Falls area, four of five samples from the olivine-pyroxenite of Cyclic unit 3 

have PGE concentrations exceeding 65ppb (one sample has 149 ppb total PGE). All of the 9 

samples above this olivine-pyroxenite (from 500 to 750 meters) have concentrations less than 7 

ppb; this is low relative to the average concentration within the sill. Four of these samples were 

taken from olivine-pyroxenite layers and five of them are from dunite layers (i.e. this is not due 

to preferential sampling of dunites). In the Great Falls area, the olivine-pyroxenites from Cyclic 

units 6 and 7 of the Lower Central Layered Zone contain anomalous PGE concentrations (85-

421ppb total PGE).  

The base of the Lower Central Layered Zone may represent a prospective horizon for 

Thompson-type Ni-Cu-PGE mineralization. Layered intrusions are often considered to have low 

prospectivity for Ni deposits; this is due in part to the quiescent environment in which they are 

interpreted to have evolved (Maier et al. 2001). The Fox River Sill is not a typical layered 

intrusion however; it has an overwhelming ultramafic character with more than 78% of the 

intrusion being composed of olivine cumulates. The 800 meter thick Lower Central Layered 

Zone of the sill is particularly ultramafic, being composed of thick dunite layers and thin olivine 

pyroxenite layers. It is likely that this zone of the Fox River Sill resulted from increasing flow of 

ultramafic magma through the chamber as shown as by upwards increasing Mg# in mineral 

chemistry as well as increasing Mg# and decreasing TiO2 of whole rock samples (Figure 2.11 

and Figure 2.12). This magma flow-through chamber hypothesis is similar to the model proposed 

for the Uitkomst Complex that hosts important Ni mineralization (Maier et al. 2001).  

The first cyclic unit of the Lower Central Layered Zone is particularly prospective for 

hosting Ni-Cu-PGE mineralization due to several factors. Firstly, the magma that produced the 

Lower Central Layered Zone had very high concentrations of Ni (600ppm) and PGE (16 ppb) 

(from the komatiites at the base of the Upper Volcanic formation). Secondly, an external source 
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of S is available in the form of sulphide-rich sediments within the Lower and Middle 

Sedimentary formations (up to 23% S within the LSF and 1.2% within the MSF). The low 

viscosity and high temperatures of the ultramafic magma that formed the Lower Central Layered 

Zone means that it was potentially extremely erosive. Evidence for contamination and Co (Ni)-

depletion is present in two main areas: in the first cyclic unit within the Great Falls area and 

within drill hole 38536 (Figure 4.8). Both are found at the base of the Lower Central Layered 

Zone and show variable levels of Co (Ni)-depletion and LREE enrichment. The komatiite 

samples from the Lower Volcanic formation are plotted on Figure 4.8 as an illustration of the 

initial levels of both these factors (black diamonds).  

In Great Falls area, the Lower Central Layered Zone overlies leucogabbro of the Marginal 

Zone. In other areas the Lower Central Layered Zone is in direct contact with the Middle 

Sedimentary formation (e.g. 38536). Several samples from this unit also show enrichment and 

depletion in Pt+Pd (Figure 4.7). Most of the samples within the basal 110 meters of the Lower 

Central Layered Zone in drill-hole 38536 are depleted in Ni and are enriched in LREE. The lack 

of consistency in the contaminated signal in both areas may be due to variably contaminated 

magma flowing through the chamber. This may indicate that contamination occurred in transit to 

the sill and not during stagnation in another subchamber. If this is the case, and if sulphides were 

segregated in response to contamination, it implies this process occurred more proximal to the sill 

(i.e. the contamination signature was not homogenized in another chamber). 
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Figure 4.8. Element ratio (Co/MgO vs. [Ce/Yb]PM) diagram for samples from the Lower Central 
Layered Zone. The box outlines samples that have indications of having been contaminated and 
having lost chalcophile elements due to sulphide segregation. Komatiite samples are included to 
illustrate the expected composition of the initial magma. Primitive mantle normalizing factor 
from Sun and McDonough (1989). 
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4.4 Upper Central Layered Zone Mineralization 

Three mineralized units within the Upper Central Layered Zone were discovered during 

drilling by B.P. Resources Canada. The sulphides, consisting mainly of pyrrhotite, pentlandite, 

chalcopyrite, cubanite and mackinawite, rarely exceed 3% by volume (Scoates and Eckstrand 

1986). The three mineralized units are: 1) Lower Mineralized Unit (80m thick), 2) Middle 

Mineralized Unit (50 m thick) and 3) Upper Mineralized Unit (5 m thick) (Schwann 1989; Peck 

et al. 2002). The maximum PGE concentrations within the Upper Central Layered Zone tend to 

occur at the base of pyroxenite units and generally do not exceed 1ppm. Pt/(Pd + Pt) ratios 

increase upward between mineralized intervals as well as within individual intervals (Schwann 

1989; Schwann et al. 1989). The most anomalously PGE rich samples have Pt /(Pd+Pt) ratios as 

high as 0.91, whereas the bulk of samples in the mineralized units are dominated by Pd. The 

tenor of the mineralization at the base of the Upper Central Layered Zone is relatively low. An 

average of mineralized samples in BP drill hole Fox 1 calculated by the method of Kerr (2003) 

has a tenor of 3.4% Cu; 6.7 g/t Pd and 1.9 g/t other PGE. This is not very encouraging because 

even with a massive sulphide deposit this mineralization may not be economic; and massive 

sulphides have yet to be identified in the Fox River Sill. 

4.5 Mineralization Potential of the Lower Intrusions 

 Individual Lower Intrusions vary considerably in terms of size, proportion of peridotite, 

degree of contamination, and chalcophile element depletion (Table 2.1, Figure 4.9). 

Contaminated intrusions, as well as those that show chalcophile element depletion and 

enrichment are considered more prospective for hosting Ni-Cu-PGE mineralization (Naldrett 

1999; Lesher et al. 2001; Czamanske et al. 1994). About half the Lower Intrusions appear to be 

contaminated based on their trace element patterns (Table 2.1). Co-depletion does not appear to 
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be very strong in any of the intrusions. Lower Intrusion FX-01-15 has some samples with 

moderate Co-depletion coupled with high [Ce/Yb]PM ratios (Figure 4.9a). This intrusion has quite 

a spread in Figure 4.9b suggesting that the intrusion was not homogeneously depleted in 

chalcophile elements. On the other hand, several samples from this intrusion show significant 

enrichment in Pt+Pd as discussed in Chapter 2. FXR 006 is contaminated and has some elevated 

Co/MgO values. Investigation of the composition of samples with the highest Co/MgO values 

suggests that this is due to unusually low MgO concentrations in the sandwich zone of this 

intrusion; and does not indicate the presence of Co-rich sulphides. The gabbroic part of Lower 

Intrusion FXR 006 shows significant chalcophile element depletion suggesting that the magma 

that produced it was affected by a sulphide saturation event (Figure 4.9b). 

 A single sample from drill hole FX-01-15 appears to show Ni enrichment (Figure 2.8e). 

This sample is found at the very top of the intrusion and appears to be mixture of sediment and 

magma. Sulphide textures do not appear to be magmatic and the sample also contains anomalous 

concentrations of As and Sn; these features do not support a magmatic origin for this 

mineralization. However, Ni and PGE rich sulphides are almost exclusively formed by magmatic 

processes, suggesting that this mineralization formed by a magmatic process and was later altered 

(Naldrett 1989). The sulphide tenors are very interesting: >6.6% Ni, 4.4% Cu, 3.3 g/t PGE in 

100% sulphide (as calculated by the method of Kerr 2003). 
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Figure 4.9. Trace element ratio diagrams illustrating the contamination ([Ce/Yb]PM) and 
chalcophile element depletion and enrichment (Co/MgO, Cu/Zr, (Pt+Pd)/Zr). Samples of 
komatiite from the base of the Upper Volcanic formation are plotted as an illustration of initial 
magma composition. 

The Raglan horizon within the Cape Smith Belt contains over a hundred small lenses of 

Ni-Cu-PGE mineralization located at the base of an ultramafic flow/sill complex which is 

overlain by a sequence of komatiitic basalts and tholeiites (Chukotat Group) (Barnes 1990). The 

origin of the Raglan horizon has been controversial because the upper contact in places appears 

to be intrusive as shown by peperite textures (magma fingers and breccia within a sedimentary 

matrix), and in others it appears to be extrusive, illustrated by flow-top breccia (Martin Lévesque 

pers. com. 2004). This implies that the ultramafic magma was emplaced at a very shallow level in 

the sedimentary pile and locally extruded to the surface. Some researchers have suggested that 

ultramafic flows can bury themselves into sediment to produce “invasive flows” (Beresford and 

Cas 2001). The Raglan horizon comprises zoned intrusions that are generally pyroxenitic at the 

edges and grade to olivine-pyroxenite and peridotite towards the core. Crude lithological layering 

is common, generally varying between peridotite and olivine-pyroxenite. Some of the layer 

contacts can be very sharp as marked by abrupt changes in sulphide concentrations. The 

ultramafic bodies rarely have a gabbroic component to them; however the footwall to the bodies 

is commonly composed of eroded gabbro.  
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Most of the Lower Intrusions observed in this study represented differentiated intrusions 

that have a peridotitic portion and a gabbroic upper unit. This type of intrusion does not host 

economic mineralization within the Raglan or Thompson nickel mining camps (Barnes and 

Barnes 1990; Burnham et al. 2003). As previously noted, some of the intrusions do not contain a 

gabbroic component and are instead zoned; pyroxenite upper and lower contacts with a 

peridotitic core. Ore lenses within the Thompson and Raglan mining camps are typically 

associated zoned intrusions and therefore should be considered more prospective in the Fox River 

Belt. However, it should be noted that world class Ni deposits are in some places associated with 

differentiated intrusions; such as in Noril’sk and Pechenga (Brügmann et al. 2000; Czamanske et 

al. 1994). 

 Identification of a sedimentary unit that are analogous to the Pipe Formation of the 

Thompson Nickel Belt may be crucial to the identification of favorable horizons for the 

formation of Ni deposits within the Fox River Belt. This is because most Ni-deposits within the 

Thompson Nickel Belt are associated this sedimentary unit which is relatively rich in sulphide-

facies iron formation. This lithological relationship coupled with S-isotope evidence of 

sedimentary derived sulphur within the Ni-deposits implies that the ultramafic magma interacted 

with the sulphide-facies iron formations to produce the mineralization. A Master’s study of the 

Lower Sedimentary formation by David Benson may help identify horizons within the Fox River 

Belt that favor interaction of magma with sedimentary sulphur.  
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4.6 Summary 

 
Several features from the Fox River Belt suggest that it has high potential for the formation of 
economic Ni-Cu-PGE-deposits. 

• Location within the Superior Boundary Zone between two world class Ni mining camps 
(Thompson Nickel Belt, Cape Smith Belt); 

• The mafic-ultramafic character of the magmatic rocks; 

• The magma was sulphur undersaturated when it reached crustal levels as shown by the 
high background PGE concentrations; 

• Sulphur-rich sedimentary rocks represent an excellent candidate for a source of external 
sulphur; 

• Sills and volcanic rocks were emplaced into and flowed onto these S-rich sedimentary 
rocks; 

• Some of the ultramafic units are contaminated and have S-isotope compositions 
suggesting that they acquired S from an external source; and,  

• Magmatic sulphide mineralization has been identified at a number of locations within 
the Fox River Sill and Lower Intrusions. 

Several features within the Fox River Sill make it a good target for PGE deposits: 

• The Fox River Sill is one of the largest intrusions in the world; 

• The background PGE values are high (≈16 ppb); 

• Anomalous values of PGEs are found at several levels within the sill; 

• Samples depleted in PGEs are found at several intervals within the sill; and, 

• The Fox River Sill, especially the Lower Central Layered Zone, is relatively 
underexplored for PGEs. 
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Chapter 5: Discussion  

5.1 Comparison with other Aphebian volcanosedimentary belts. 

 Our understanding of the evolution of the Circum-Superior Belt has been transformed 

recently due to new age dates, improved geological and geophysical  documentation, and a 

better understanding of modern analogues. The northern edge of the Superior Craton was 

affected by at least one rifting event and at least two episodes of magmatism; yet these events 

are not recorded in all of the segments of the Circum-Superior Belt. This section will define the 

main features of the northern segments of the Circum-Superior Belt as well as a rift sequence 

from Greenland and a few from northern Europe. This is followed by a synthesis of the 

magmatic and tectonic observations and a discussion of how the Fox River Belt and the 

Molson magmatic event may fit into the global context. 

5.1.1 New Québec orogen (Labrador Trough) 

The New Québec orogen is the easternmost belt within the Circum-Superior Belt and is 

composed of three unconformity-bounded sequences (Figure 5.1). The lowermost sequence 

comprises fluvial redbeds, marine shelf quartzites and carbonate, foredeep black shale and 

turbidites, and a regressive carbonate reef-complex. The middle and upper sequences 

comprises quartz-arenites, iron formation, foredeep flysch, and fluvial molasse (Hoffman 

1988). Basalt sequences and gabbroic and ultramafic intrusions are more common in the 

middle sequences of the basin (Howse, Doublet and Baby Zones) (Skulski et al. 1993). Initial 

rifting is thought to have occurred prior to 2169 Ma as determined from a gabbro intrusion at 

the base of the sedimentary pile (U/Pb Zircon determination) (Rohon et al. 1993; St Onge et al. 

2000). Alkalic and felsic magmas occur as a very minor component within the first 

sedimentary sequence. A second rifting sequence is responsible for the depleted tholeiitic 



 150

sequences and gabbro intrusions within the orogen; these typically have ages of 1.88 Ga 

(Machado et al. 1997; Hoffman 1988). Sills containing ultramafic units typically predate the 

tholeiites based on crosscutting relationships (Skulski et al. 1993). Pull-apart basins on the 

Superior Province side of the basin may be responsible for localized alkalic, carbonitite, 

olivine-tholeiite assemblages. Closure of the basin is thought to have occurred no later than 

1.87 Ga (Skulski et al. 1993; Machado 1990). 

 

Figure 5.1. Stratigraphic sections of the northern segments of the Circum-Superior Belt. See 
text for references on age dates (figure modified from Baragar and Scoates 1981). 

5.1.2 Cape Smith Belt and Ottawa Islands 

The Cape Smith Belt is composed of basin fill sediments with a sequence of continental 

tholeiites and alkalic basalts (Povungnituk Group) overlain by a sequence of volcanic rocks 

that have a komatiitic affinity (Chukotat Group) (Francis et al. 1983). The volcanic flows of the 
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Ottawa Islands have been correlated with the magmas of the Chukotat Group (Arndt et al. 

1987). 

An unconformable sequence of metasedimentary rock (silty argillite, greywacke, 

dolomite, quartzite and iron formation) overlies the Archean basement in the Cape Smith Belt 

(St-Onge et al. 1997). Massive flows of basic to intermediate metavolcanic rocks with minor 

rhyolite occur towards the top of this sediment pile (Povungnituk Group). This continental 

flood basalt sequence has significant variations in trace element patterns similar to that 

observed in modern hot-spot related magmatic orogens. These variations cannot be attributed 

to contamination with crust because incompatible element enrichment is not associated with 

negative εNd values or negative Nb anomalies (Modeland et al. 2003). This sequence is 

overlain by carbonaceous silty argillite with minor dolomite, quartzite, chert and pillowed 

volcanic rock, which is intruded by laterally extensive gabbro-peridotite layered sills having 

Chukotat affinities (Francis and Hynes 1979). This is in turn overlain by Chukotat Group 

volcanic rocks that comprise a sequence of pillowed and massive flows that are characterized 

by phenocryst populations that evolve from olivine, through clinopyroxene and plagioclase. 

The olivine-phyric flows have a komatiitic affinity while the other two have a tholeiitic 

affinity. This volcanic sequence is repeated several times (Francis and Hynes 1979). The base 

of the sequence is marked by the Raglan horizon; comprised of ultramafic flows/intrusions that 

host several small Ni-Cu-PGE deposits (Barnes and Barnes 1990; St-Onge and Lucas 1994). 

Initial rifting occurred at 2.04-2.03 Ga as marked by the accumulation of continental and 

volcanic rocks (Povungnituk Group). An additional rifting event is proposed at 1.92-1.87 Ga 

(Chukotat Group) (St-Onge et al. 1992; Parrish 1989; Machado et al. 1993).  

The roughly radiating pattern formed by the Maguire, Senneterre, and Klotz dykes 

suggests a point of impingement for the “Ungava Plume” southeast of Ungava Bay. Some have 
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suggested that the Povungnituk sequence of enriched tholeiites and alkali basalts is related to 

the impingement of this plume at ≈ 2215 Ma (Lucas et al. 1992; St-Onge et al. 1997; Buchan et 

al. 1998). Plume-related volcanism is usually contemporaneous with the intrusion of dyke 

swarms (Ernst and Buchan 2001). Currently accepted age dates of the Povungnituk Group and 

the dyke swarms do not appear to support this relationship (125 Ma difference) (Buchan et al. 

1998; St-Onge et al. 2000). “Emplacement of ultramafic sills, accumulation of komatiitic and 

alkalic basalts, and deposition of contemporaneous banded iron formation during renewed 

rifting along the north-eastern margins of the Superior craton are consistent with continued 

impingement of a mantle plume” (St-Onge et al. 2000). It appears from this statement that the 

authors are suggesting that the “Ungava Plume” (2215 Ma) may have been responsible for 

renewed rifting and volcanism related to Chukotat Group (1920-1870 Ma). This is highly 

unlikely because flood volcanism related to a mantle plume typically occurs within 1 Ma; 

further volcanism is usually limited in volume (White and McKenzie 1995). Additionally, it is 

unlikely that this mantle plume was still rising under the north-eastern Superior Craton after 

300 Ma have elapsed. Picard et al. (1990) proposed that Povungnituk and Chukotat Groups 

record gradual opening of the rift and do not invoke a mantle plume to explain either episode 

of volcanism. This also seems unlikely because of the more than 40 Ma that separates the 

eruption of Povungnituk and Chukotat Groups. The closing of the belt is thought to have 

occurred at 1.83-1.80 Ga causing a piggyback-style thrust belt with basal décollement with at 

least 100km of displacement (St-Onge et al. 1997). Recent geological observations suggest that 

the Chukotat group may in fact lie conformably on the Povungnituk Group, at least locally 

(Dave Peck pers. com. 2005).
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5.1.3 Belcher Islands 

The Belcher Islands, located in Hudson Bay, are composed of Early Proterozoic 

volcanic sequences and continental to shallow-marine sediments (Legault et al. 1994). Two 

major suites within the volcanic rocks can be separated based on geochemistry: the Flaherty 

Formation and the Eskimo Formation. The older volcanic rocks of the Eskimo Formation are 

predominantly massive and have red brecciated tops suggesting subaerial emplacement. They 

typically have fractionated trace element patterns and negative Nb anomalies (Legault et al. 

1994). These basalts were likely produced from a depleted source that had a long crustal 

residence time causing crustal contamination and fractional crystallization and generating 

continental tholeiite-type melts (Arndt et al. 1987). The younger Flaherty flows are interpreted 

to have erupted subaqueously as illustrated by pyroclastic flows and volcaniclastic sediments 

interbedded with massive and pillowed flows. They generally have flatter trace element 

patterns and less significant Nb anomalies (Legault et al. 1994). These have been compared to 

rift-related basalt or primitive-MORB implying low degrees of partial melting of a less 

depleted source than for the Eskimo Formation. Chemically, the Belcher Island volcanic 

sequences closely resemble the continental tholeiites of the Povungnituk Group (Cape Smith 

Belt). The Flaherty Formation most closely resembles the eastern Povungnituk flows, whereas 

the Eskimo Formation resembles the western Povungnituk flows (Legault et al. 1994).  A 

composite sample taken from flows at the top of the Flaherty Formation and overlying shales 

gave an Rb-Sr isochron age of 1798 +- 38 Ma (Fryer 1972). Pb-Pb isochrons from the Flaherty 

formation gave ages of 1960 ± 80 Ma (Todt 1984) and 1960 +- 160 Ma (Arndt and Todt 1994).  
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5.1.4 Thompson Nickel Belt and Molson Dykes 

The Thompson Nickel Belt contains a rift-related sedimentary sequence (Ospwagan 

group) that is intruded by ultramafic intrusions and is overlain by komatiitic to tholeiitic 

volcanic rocks (Green et al. 1985; Bleeker 1990; Bleeker and Macek 1996). A lower fining-

upward clastic sequence (Manasan Formation) is overlain by chemical and pelitic sediments 

(Pipe and Thompson Formations). This sequence is then overlain by coarse siliciclastic 

sedimentary rocks including turbidites (Setting Formation) (Burnham et al. 2003). Ultramafic 

bodies occur throughout the sedimentary package, yet generally contain important Ni 

mineralization only where intruded into the sulphide iron formations of the Pipe formation 

(Bleeker 1990; Weber 1990). Currently, the volcanic and intrusive rocks within the Thompson 

Nickel Belt are thought to be unrelated, based on trace element data. (Burnham et al. 2003). 

The structural complexity of the Thompson Nickel Belt compared to that of the other segments 

of the Circum-Superior Belt may be due to oblique collision that caused significant 

transpressive shearing along the suture (Green et al. 1985; Bleeker 1990; Burnham et al. 2003). 

This collision appears to have occurred from 1820 to 1720 Ma (Machado 1990). 

The Molson dykes intrude the Superior craton and the supracrustal sequences within 

the Thompson Nickel Belt (Figure 5.2). They become progressively deformed within the belt. 

However, some dykes that likely belong to the Molson dyke swarm appear to cut the earliest 

Hudsonian fold structures within the belt and follow prominent strike-slip faults (Bleeker 

1990). This observation, coupled with the fact that the Molson Dykes have an age of 1883 Ma 

(Heaman et al. 1986), has led researchers to speculate that the suture was closed by 1883 Ma. 

Conversely, recent age dating (Hulbert et al. 2005) gives an age of 1883 Ma for the highly 

deformed ultramafic sills within belt. Additionally, of the three age groups of Molson Dykes 

(sensu latto) described by Zhai et al. (1994) one appears to have an age of 1.7-1.8 Ga, based on 
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polar wander paths (Halls and Heaman 2000). This suggests that the main age of magmatism 

and mineralization within the belt is related to the 1883 Ma Molson event. The oldest set of 

Molson Dykes (sensu latto) termed the Cauchon Lake series of dykes have an age of 2091 ± 2 

Ma (Figure 5.2) (Halls and Heaman 2000). This age is close to the age for a gabbro intrusion 

found in the lower Hurwitz Group of the Hearne Province (2111.2 ± 0.6 Ma) (Heaman and 

LeCheminant 1993). It has been suggested that these magmatic events are related to the initial 

rifting of the Superior and Hearne provinces to form the Manikewan Ocean (Halls and Heaman 

2000). A second rifting episode is thought to have occurred contemporaneously with the 1883 

Ma Molson event, possibly in a back-arc or marginal basin setting after initial rifting resulted 

in thinned crust (Halls and Heaman 2000; Weber 1990; Halden 1991).  

 

Figure 5.2. Geologic map of northern Manitoba showing the position of major dykes. The 
positions and orientations of Bigstone, Stupart and Pickle Crow dykes are approximated.  Map 
altered from Heaman et al. (1986).  
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5.1.5 Nagssugtoqidian orogen 

An east-west striking Proterozoic suture zone that separates two Archean continents has 

been identified in central Greenland (Kalsbeek et al. 1987). Because of the very high grade of 

metamorphism and the limited amount of age dating in the area, it is difficult to outline the 

juvenile units, the recycled Archean units, and the deformed Archean units. Peridotitic and 

komatiitic units have been identified within the Ussuit area of the Nagssugtoqidian orogen 

which appear to have an age of 2000 Ma (Kalsbeek and Manatschal 1999). This age is 

bracketed by the age of the sediments and the age of deformation. A meta-igneous complex 

near the northern limit of the orogen ranges from ultrabasic to meta-gabbro through leuconorite 

to intermediate and hypersthene-bearing rocks. These rocks appear to be heavily contaminated 

and have given ages of 1900 ± 70 Ma (Sm-Nd isochron) and 1886 ± 6 Ma (Bridgewater et al. 

1990). Younger (1550 – 1660 Ma) as well as older (2200 Ma) mafic intrusions are also found 

within the Proterozoic sedimentary pile and surrounding Archean terranes. Mafic dykes are 

common; some belong to the Kangâmiut suite which have ages of ≈ 2040 Ma (Nutman et al. 

1999); however many do not appear to be related to this suite and are not adequately dated 

(Kalsbeek and Manatschal 1999). These rocks may have been related to the opening of the 

Nagssugtoqidian Ocean; similar to the interpretation of the Chukotat Group of the Cape Smith 

Belt (Arndt et al. 1987). Plutonic activity in this suture zone appears to span several hundred 

million years suggesting that it represents a zone of crustal instability that was periodically 

reactivated (Bridgewater et al. 1990).  

5.1.6 European Examples 

Northern Europe has several belts that contain juvenile volcanic and intrusive rocks 

with ages between 1.8 and 2.1 Ga. Extension in Scotland, Greenland and Baltica is indicated 
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by basic dyke swarms with ages of 2.45-1.95 Ga. At 2.1-2.0 Ga, mafic volcanic rocks 

interpreted as being ocean-floor material were produced in the Lapland-Kola belts and at the 

southern margin of Karelia (Park 1995). The Pechenga Belt is of specific interest because it 

contains 1.97 Ga mafic-ultramafic intrusions of the gabbro-wherlite association that host 

economic Ni mineralization (Hanski and Smolkin 1989; Melezhik and Sturt 1994). There is 

also evidence of extension in the Lewisian and possibly in east Greenland. Between 2.0 and 1.8 

Ga the subduction processes produced arc magmatism along the northern and western edges of 

the North Atlantic craton and between the Kola and Karelian cratons. Magmatic ocean arcs 

were contemporaneously produced to the southeast and were subsequently welded to the craton 

(Svecofennian and Makkovic-Ketilidian belts). Collision took place at 1.89-1.87 Ga in the 

Lapland-Kola belt and along the southern margin of the Karelian craton (Park 1995).  

Puchtel et al. (1998) invoked a mantle plume to explain the magmatism covering the 

south-east Baltic Shield that would include the Onega Plateau, and the Pechenga-Imandra and 

Karasjok-Kittilä (Finish-Lapland) belts. These belts contain rocks of the Jatulian-Ludikovian 

assemblage consisting of submarine volcanic, volcaniclastic, and sedimentary sequences 

attaining a maximum thickness of 4.5 km. The plume-head must have been 2000 km diameter 

in order to produce magmatism on this scale and would have produced magmas with MgO 

contents of 8-10%. Most of the magmas are considerably contaminated with continental crust, 

which is similar to other continental flood basalt sequences. Hanski et al. (2001) argued against 

this idea citing that the basin within all three areas showed signs of deepening, as shown by 

sedimentary sequences that become increasingly carbonaceous and shaley upward. This is not 

reconcilable with the regional uplift which is usually observed just before the voluminous 

eruption of the flood basalts related to mantle plumes (Hanski et al. 2001, White and McKenzie 

1989). 
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The Polmak-Pasvik-Pechenga-Imandra/Varzuga-Ust’Ponoy Belt (PV Belt)  occurring 

on the Kola Peninsula is a very long-lived basin system which has impressive dimensions 

(1000 km by 5 to 50 km with a stratigraphic thickness that is in some places greater than 10 

km). It is composed of several segments that, based on stratigraphy and geochronology, are 

thought to have once been linked (Melezhik and Sturt 1994). The PV belt has been separated 

into 5 stratigraphic units with marker horizons such as erosional unconformities, komatiitic 

series, protoevaporitic sequences, and black shales. The long history of the belt (2500 to 

1875Ma) doesn’t exclude the possibility that one or more of these sequences was part of the 

2.0 Ga mantle plume event proposed by Puchtel et al. (1998). Ni-Cu mineralization is 

associated with the latest volcano-plutonic association: the 2000 Ma Pechenga deposits. 

Individual cycles of volcanism and sedimentation are geochemically distinct and appear to 

have occurred in response to changes in the tectonic setting (rifting reactivation, reverse rifting 

and orogenesis) (Melezhik and Sturt 1994).  

Mafic magmas occurring throughout northern Europe commonly have ages around 

1883 Ma (Patchett and Kouvo 1986 and reference therein). These units, however, are 

interpreted to have evolved in a volcanic arc setting, and are genetically more similar to the 

Flin Flon, Lynn Lake assemblage than the Circum-Superior Belt assemblage. 

5.1.7 Synthesis 

Some of the European belts may be correlative in terms of tectonic setting; however 

they are unlikely to be directly related to magmatism within the Circum-Superior Belt because 

of the discrepancy in age. The complex and long lived history of the PV-belt and the 

Nagssugtoqidian orogen contrasts with that of the Fox River Belt, in that it appeared to have 
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occurred over a relatively short time span. This difference could be due to lack of preservation, 

or of closure of the system shortly after its inception by collision with the Churchill Province.  

All of the segments of the Circum-Superior Belt contain significant packages of rift-

related sediments (Baragar and Scoates 1981). They are typically marked by an overall 

deepening of the basins followed by the deposition of iron formations. This implies that rifting 

was occurring passively for a long time before magmatism became important. The assertion 

that the iron formations likely occurred in a closed basin (Baragar and Scoates 1981) is 

consistent with an inboard failed rift, or marginal basin origin for the Circum-Superior Belt 

basins (Halden 1991). There is little evidence of a continental arc older than 1883 Ma outboard 

of the Superior (Lewry and Collerson 1990). Although many volcanic arc rocks having ages 

between 1910 and 1830 Ma exist within the Reindeer Zone (comprising the area between the 

Circum-Superior Belt and the Wathaman Batholith) these are essentially oceanic. Although the 

Wathoman Batholith has a continental arc origin (Lewry and Collerson 1990), its age (1850 

Ma; Lewry et al. 1987) indicates that it is too young to represent the continental arc behind 

which the “Fox River Belt marginal basin” could have formed.  

At least two distinct magma types within the Circum-Superior Belt have been identified 

and are referred to here as the komatiitic suite (Molson Dykes, Fox River Belt, Thompson 

Nickel Belt, Ottawa Islands, Chukotat Group and New Québec Orogen) and the tholeiitic suite 

(Belcher Islands and Povungnituk) (after Baragar and Scoates 1987). This classification is 

somewhat of a misnomer because the komatiite suite contains an important volume of tholeiitic 

volcanic rocks. Discussion of the evolution of this suite is discussed in more detail below. The 

difference in composition between the two suites may be a function of source characteristics. 

The komatiitic suite was derived from a depleted source (depleted upper mantle), whereas the 

tholeiitic suite appears to have been derived from an enriched source (mantle plume, crustal 
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residence?) (Modeland et al. 2003). Recent age dating has shown that correlation of the 

komatiitic suite of intrusive and volcanic rocks across the Circum-Superior Belt is warranted 

(Table 5.1). The 1883 Ma age, initially measured in the Fox River Sill and some of the Molson 

dykes, is also found within the New Québec Orogen, the Thompson Nickel Belt, and is within 

the range given for the Chukotat Group of the Cape Smith Belt (Machado et al. 1988; St Onge 

et al. 2000; Hulbert in prep.). An 1887 +39
–11 Ma age has recently been published by Wodicka et 

al. (2002) for the Chukotat Group, and more dating is planned because the age of this unit is 

considered poorly constrained. Additionally, the Nagssugtoqidian orogen contains at least one 

mafic-ultramafic intrusion with this age (Bridgewater et al. 1990). There appears to be broad 

agreement that this age represents a second stage event, and not an initial rift sequence (Halls 

and Heaman 2000; St Onge 2000; Bridgewater et al. 1990). This is supported by the presence 

of accreted terrains that developed in an open ocean setting and are contemporaneous or older 

than the Molson event (e.g. Watts Group ophiolite, Flin Flon ocean island arcs) (St Onge et al. 

2000; Weber 1990).  

The initial rifting in individual belts, although poorly constrained, is older than 2040 

Ma, and does not appear to be contemporaneous (Table 5.1). The presence of the 2215 Ma 

“Ungava Plume” has been proposed as a factor causing the break-up of the Superior Province 

(Buchan et al. 1998). This seems unlikely because of the age discrepancy between the 

proposed plume age and the oldest age of significant magmatism (175Ma). It seems more 

likely that the initial rifting occurred over a prolonged period of time. The continental tholeiite 

magmatism (Povungnituk, Belcher Islands) may have occurred in response to rapid stretching 

and decompression melting in the initial basin or it may be related to a mantle plume. 

 



Table 5.1. Comparison of the northern segments of the Circum-Superior Belt. See text for references. 

  Thompson Belt Fox River Belt Belcher Islands Cape Smith Belt New Quebec Orogen Nagssugtoqidian 
Age of initial 
rifting 

2091 Ma (Cauchon 
Dykes) 

2091 Ma (Cauchon 
Dykes) 

? 2040 Ma (earliest 
Povugnituk 
2215 Ma  
(Ungava Plume) 

>2169 Ma (Gabbro at 
base of sediment pile)  
2215 Ma 
(Ungava Plume) 

2040 Ma 
(Kangâmuit suite) 

Magmatism 
associated with 
initial rifting 

Diabase dykes 
(Cauchon) 

Diabase dykes 
(Cauchon) 

? Maguire, 
Senneterre, Klotz 
mafic dykes 

Maguire, Senneterre, 
Klotz mafic dykes 

Mafic Dykes 

Tholeiitic suite absent absent Eskimo and 
Flaherty 

Povugnituk Absent Rare alkalic and 
felsic magmas 

Age of Tholeiitic 
suite 

NA NA 1960 +-80 1960 Ma  NA NA? 

Komatiitic suite Bah Lake, 
Winnipegosis 
Molson Dykes 

Lower and Upper 
Volcanic 
Formations, 
Molson Dykes 

absent Chukotat and 
Ottawa Islands 

Howse, Doublet, Baby 
Zones 

Mafic-ultramafic 
metaigneous 
complex 

Age of Komatiitic 
suite 

1883 Ma 1883 Ma NA 1920-1870 Ma 1883 Ma 1886 Ma 

Closure 1820-1720 Ma ? ? 1830-1800 Ma 1870 Ma ? 
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5.2 Magma source 

The major element, trace element and isotope geochemistry of all the magmatic units 

within the Fox River Belt suggest that they were produced from the same source. The 

differences observed between units are the product of fractional crystallization and 

contamination. The initial magma was produced from large degrees of partial melting of 

depleted mantle similar in composition to that seen in other parts of the world at this time 

(Vervoort and Blichert-Toft 1999; Patchett and Arndt 1986). Local enrichment in 

incompatible trace elements and isotopic characteristics are observed. This enrichment 

affects about half of the Lower Intrusions, some of the flows within the volcanic sequences, 

as well as the margins of some of the Lower Intrusions and the Fox River Sill. The enriched 

signature is likely due to localized contamination occurring where magma interacted with 

sediments of the Lower and Middle Sedimentary formations.   

A mantle plume source for the magmatism within the Fox River and Thompson 

Nickel Belts is suspected based on the high degrees of partial melting, the large volumes of 

magma (>10000km3), the rapid eruptions rates, the association with a mafic dyke swarm 

(Molson Dykes), and the proximity to a proposed plume head at 1883 Ma (Buchan et al. 

2003, Ernst and Buchan 2001). The unambiguous similarities of komatiitic suite volcanic 

rocks and intrusions of the New Québec Orogen, Cape Smith, Fox River, and Thompson 

Nickel Belts in terms of age, tectonic setting, Nd isotopes as well as major and trace elements 

suggests that they are very likely cogenetic. This supports the idea that magmatism within 

these belts was due to a single magmatic event that affected the northern margin of the 

Superior Province over a distance exceeding 2500 km. Although exposure of the volcanic 

rocks is not widespread enough to show absolutely, it is likely that the there is enough 

volcanic rock to classify the Fox River Belt as a flood basalt province (2000 km3) (White and 
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McKenzie 1995). If indeed they are part of the same event, the volume of magma in the Fox 

River Belt, Cape Smith Belt and Thompson Nickel Belt collectively represents one of the 

most significant large igneous provinces in the world.  

This is at odds with conventional thinking because plume heads and the volcanism 

produced from them are thought to have a maximum diameter 2000 km (Figure 5.3) (White 

and McKenzie 1994; Campbell 2001; Ernst and Buchan 2001). Three separate explanations 

for the magmatism along this boundary are: a) Our current understanding of mantle plumes 

in Precambrian times is incomplete (i.e. plume heads may have been larger in the 

Proterozoic); b) Two separate mantle plumes impinged onto the northern part of the Superior 

Province around 1900 Ma; c) The ultramafic magmatism along this 2500km boundary is due 

to a major thermal event unrelated to mantle plumes.  

 

 

Figure 5.3. Map of the Superior Craton showing the maximum radius of a mantle plume head 
centered at the location proposed by Buchan et al. (2003). 
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Recent age dating of the Pickle Crow dyke in north-western Ontario has led to the 

suggestion that a radial dyke swarm may have emanated from the north-western Superior 

Province, which was related to the impingement of a mantle plume linked to the Molson 

event (Buchan et al. 2003) (Figure 5.2 and 5.3). Additionally, analyses of a Stupart Dyke has 

resulted in a preliminary age of 1900 ± 14 Ma (Heaman pers. com. 2003); thus possibly 

adding to the radiating pattern. A plume model is supported by the presence of sulphide, 

oxide and silicate facies iron formations present in the major segments of the Circum-

Superior Belt (Baragar and Scoates 1981). Iron formations are often associated with the heat 

anomalies generated by the plume head (Ernst and Buchan 2001, Condie et al. 2001).  

Magmas produced from mantle plumes tend to have trace element patterns and isotopic 

compositions transitional between MORB and the lower mantle (primitive mantle) (Stein and 

Hoffman 1994; White and McKenzie 1995). However, the magmas from the 1883 Ma 

komatiitic suite of volcanic rocks in the Circum-Superior Belt are consistently between 4 and 

5 εNd units, and have slightly depleted trace element patterns (except those samples affected 

by local contamination) (Chauvel et al. 1987; Baragar and Scoates 1987; Halden 1991). 

These values are slightly more depleted than the Purtuniq ophiolite of the Watts Group 

(possible 2000 Ma MORB) and are typical for all depleted juvenile rocks from this time 

period (Hegner and Bevier 1991; Vervoort and Blichert-Toft 1999). Although the chemistry 

of mantle plume related magmas are not well established from the Precambrian, the 

komatiitic suite lacks a clear “plume signature”. Instead they appear to have an upper-mantle 

(MORB) signature. This may be explained by a mantle plume that is generated from the base 

of the upper mantle (670 km discontinuity). Pb and He isotope systematics would help clarify 

this issue; unfortunately most rocks within the Circum-Superior Belt are altered and extreme 

care would be needed when selecting appropriate samples for this type of study.   
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It has been suggested that the magma that fed the magmatism of the Cape Smith Belt 

was fed laterally by dykes emanating from the proposed Molson plume event (Buchan et al. 

2003). Magma is known to flow laterally for great distances, as illustrated by the Makenzie 

dyke swarm (Ernst and Baragar 1992). There is as of yet no indication that an 1883 Ma dyke 

swarm exists near the Cape Smith Belt; this remains a significant hurdle with regards to 

linking the Cape Smith Belt to the proposed plume model.  

It is possible that plume material was diverted along the base of the Superior Craton 

in response to topography (towards thinspots). Thompson and Gibbons (1991) suggested that 

the Iceland plume-head material migrated to thinspots located in the British Tertiary Igneous 

Province and west Greenland (2400 km apart at the time of impingement). Furthermore, the 

Tristan plume is thought to have diverted laterally towards a thinspot to produce the Parana 

basalts, which are related to the breakup of South America from Africa (Thompson and 

Gibbons 1991).  

A multiple plume hypothesis is consistent with the suggestion by Condie et al. (2000) 

that a superplume event occurred at 1.9 Ga. Condie et al. (2001) define a superplume as “a 

relatively short-lived mantle plume event (<100 My) during which several to many large 

plumes formed and rose to the base of the lithosphere”. The mantle overturn major orogeny 

(MOMO) model of Stein and Hoffman (1994) predicts a periodic catastrophic rupture of the 

boundary between the lower and upper mantle and concurrent production of multiple mantle 

plumes. The superplume and MOMO hypotheses are very similar and have the same 

outcome: multiple plumes and a period of enhanced crustal generation. Speculation on the 

possibility of a second plume is contingent on the identification of a ≈ 1900 Ma dyke swarm 

in northern Québec.  
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A non-plume origin for the magmatism found along the Superior Province is possible; 

however this interpretation will remain controversial until such large scale mantle melting 

events are shown to have occurred. 

5.3 Modern Analogue 

The modern analogue that most closely resembles the observed tectonic setting of the 

komatiitic suite of the Circum-Superior Belt is the rift sequence found on the east coast of 

Greenland related to the opening of the North Atlantic Ocean (Fitton et al. 2000, Baragar and 

Scoates 1987; Green 1985). The seaward-dipping reflector sequences (SDRS), which 

represent the transition between continental volcanism and oceanic crust, are > 6 km thick 

and occur over 40 km (distance perpendicular to the edge of the craton). The arrival of the 

plume head at 61 Ma provoked the first eruptions of continental tholeiites (Kempton et al. 

2000). The main phase of eruption of the post-breakup SDRS series extended onto the 

continental shelf but appears to be thicker and should be the lone magma type outboard from 

the craton. Isotopic studies show that contamination of the continental succession evolved at 

two separate depths in the crust (basic granulite at first, followed by amphibolite facies upper 

crust). Once sea floor spreading was established, contamination was much less important. 

The continental successions and syn-breakup successions are dominated by N-MORB 

signatures, whereas the post-breakup SDRS series have an Icelandic mantle signature (high 

Nb/Y, low Zr/Y, anomalously enriched He3/He4, Sr87/Sr86, Nd143/Nd144, Pb206/Pb204) 

(Saunders et al. 1997). This has been attributed to a sheath of melt from the upper mantle 

around the plume which produced the continental and syn-breakup stages of magmatism.  

The post-breakup SDRS series was erupted 5 Ma later (56-53Ma) and was composed 

of picritic to tholeiitic basalts (Fitton et al. 2000). Subchambers underlying the SDRS are 
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composed of olivine cumulates overlain by gabbroic cumulates. Aphyric flows that have up 

to 18% MgO, and Fo92 olivine have been identified (Demant 1998). These high MgO flows 

occur in several areas and do not appear to be related to the location of the plume center 

(Larsen et al. 1998). Fitton et al. (2000) drew comparisons between the Povungnituk of the 

Cape Smith Belt with the continental succession, as well as the Chukotat Group flows with 

the SDRS succession. A major issue with this interpretation is that the Povungnituk Group 

appears to be at least 40 Ma older than the Chukotat Group; this is much longer than the 8 

Ma that is interpreted to represent the entire opening of the North Atlantic rift. A possible 

explanation for this could be that the Povungnituk Group represents magmatism in a failed 

rift, and that the Chukotat Group represents a second rifting event that was able to fully 

rupture the crust. If this is the case, then a successful rift appears to have occurred outboard 

from the Circum-Superior Belt within which the oceanic sequences developed (Watts Group 

ophiolite and island arcs). The model proposed by Picard et al. (1990) meets these criteria; 

although he does not impose a plume to explain either volcanic succession. 

The Fox River Sill is difficult to fit with a modern analogue because there are no 

other reported examples of 2 km thick ultramafic sills that are semi-continuous for 250km. 

The sill appears to represent a subhorizontal magma conduit which follows a favourable 

sedimentary horizon. It may have carried magma upslope where it eventually surfaced to 

feed volcanism. A similar interpretation has been proposed for the Jameson Land Basin sills, 

although these sills are diabasic in composition at surface (Hald and Tegner 2000). These 

Jameson Land Basin sills are inferred to have a maximum thickness of 80 meters and appear 

to be continuous for 80 km based on seismic sections. There appears to be a difference of 

scale between the Fox River Sill and the Jameson Land Basin sills, however this is merely a 

question of volume of magma, once a sill has spread out thickening is only a function of 
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inflating the intrusion. Scoates (1991) suggested that the Fox River Sill has a geometry 

similar to that of the Muskox Intrusion (boat shaped). Analyses of the magnetic pattern of the 

Fox River Sill is infers a more flat tabular geometry; this is further discussed in section 5.5.  

5.4 Fractional crystallization 

The Lower and Upper Volcanic formations of the Fox River Belt, the Chukotat Group 

of the Cape Smith Belt and the Bah Lake Group of the Thompson Nickel Belt appear to be 

the products of fractional crystallization of an initially komatiitic magma (>19% MgO). 

Fractional crystallization of olivine and chromite explains the bulk of the observed volcanic 

stratigraphy. To produce the most evolved parts of these volcanic successions (D member or 

plagioclase-phyric flows) fractional crystallization of a large volume of sulphide-bearing 

olivine-clinopyroxene and plagioclase-orthopyroxene-clinopyroxene assemblages is 

necessary. The compositional gap between C and D members can be explained by rapid 

crystallization at the onset of gabbronorite crystallization, as modelled by MELTS. The high 

concentrations of plagioclase and pyroxene crystals within the subchamber would have 

increased the magma’s viscosity significantly and choked the plumbing system for a period 

of time. Significant PGE depletion is observed within the majority of the samples from D 

member and its analogues within the Thompson Nickel Belt and Cape Smith Belt. This 

observation is important because it suggests that a sulphide saturation event occurred after 

the onset of clinopyroxene crystallization and that this sulphide saturation event is an 

intrinsic property of this magma type. This is similar to the situation that is observed in the 

Bushveld and Stillwater complexes where sulphide saturation appears to closely follow the 

first appearance of plagioclase (Campbell et al. 1983). 
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Alternatively, the most evolved volcanic flows were produced separately, from low 

degrees of partial melting. This could explain the PGE depletion because these elements tend 

to be strongly partitioned in the mantle unless the degree of melting is sufficiently high 

(Rehkämper et al. 1999). However, the fact that the plagioclase-phyric lavas appear to repeat 

and are interlayered with pyroxene phyric lavas in the Cape Smith Belt is difficult to 

envisage as occurring due to different degrees of partial melting (Francis and Hynes 1979).  

5.5 Thrust-faulting responsible for repeating units 

The broadly similar successions of sedimentary, volcanic and intrusive rocks that 

constitute the Fox River Belt (Lower Sedimentary formation equivalent to Middle 

Sedimentary formation; Lower Volcanic formation equivalent to Upper Volcanic formation; 

Fox River Sill equivalent to Lower Intrusions) have led to the speculation that the succession 

could be explained by tectonic repetition (Figure 5.4) (Weber 1990; Scoates et al. 1981). 

Major element, trace element and isotopic geochemistry of the Lower and Upper Volcanic 

formations further illustrate their close geochemical affinity. Currently however, it is 

believed that the two levels of intrusion and volcanic successions represent two separate 

magmatic cycles (Scoates 1981, Scoates 1990). 

Evidence of faulting in the Fox River Belt in general is rare; however this could be 

due to lack of exposure and the difficulty in identifying faults in drill core. There are 

examples of strongly foliated and brecciated rock near the base of the Fox River Sill in three 

drill holes (FX-01-25, 38528 and 38541). However, there are four other drill holes that do not 

show evidence of faulting. This cannot be taken as evidence of a lack of a fault because faults 

that are subparallel to bedding are often very difficult to recognize in outcrop and even more 

so in drill core. If the volcanic formations are fault repeated, then this would have several 
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important implications (Figure 5.4b). The Lower Sedimentary formation and Middle 

Sedimentary formation would, according to this model, be stratigraphic equivalents. This is 

supported by identification of very distinctive sedimentary rocks (carbonaceous shale with 

quartz spheres 2 to 5 cm in diameter) identified as rafts within the Fox River Sill and within 

the Lower Sedimentary formation. This implies that the Fox River Sill intruded into the 

Lower Sedimentary formation, and was subsequently physically separated from the rest of 

the sedimentary package by a thrust fault (Figure 5.4c). The thrust theory also implies that 

the Fox River Sill and the Lower Intrusions occur at the same stratigraphic level. If this is the 

case then it is possible that the Lower Intrusions represent apophyses to the Fox River Sill.  

Scoates et al. (1981) found a higher metamorphic grade within the top of the Lower 

Volcanic formation that was interpreted as representing a thermal aureole related to the 

intrusion of the Fox River Sill. This creates a timing problem because in the thrust model the 

Fox River Sill acts as a subchamber for both volcanic formations and should therefore be 

present well before the volcanic pile is completely erupted. On the other hand, thermal 

metamorphism is commonly observed below thrust sheets (Karabinos and Ketcham 1988). 

Additionally, the Fox River Sill should retain considerable heat long after it has completely 

crystallized (>500ºC). Green et al. (1985) suggested that repetition within the stratigraphic 

sequences of the Fox River Belt may be due to movement along moderate to steep angled 

faults caused by differential isostatic uplift between the Superior craton and the Churchill 

Province after their collision. Neither tectonic process causing repetition (thrusting during 

collision or during isostatic settling) can be verified at this time, yet they may both have 

merit. The question of structural repetition remains unresolved. An increase in geological 

information may in the future help define the contact between the Lower Volcanic formation 

and the Fox River Sill. The only source of geological information is likely to come from drill 
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core, which unfortunately is a poor substrate to study faults. A recent metamorphic study of 

the metamorphism history within the belt did not support nor refute the thrust theory; 

however contact metamorphic effects were not observed within the top of the Lower 

Volcanic formation (Robert Springer pers.com. 2005).  A more detailed metamorphic study 

focussing on the upper part of the Lower Volcanic formation and the base of the Fox River 

Sill might shed light on this topic.  
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Figure 5.4. North-South cross sections looking west showing an interpretation of the tectonic 
history of the Fox River Belt. a) The basin fill is dominantly derived from the Archean 
Superior Province. b) A massive melting event causes multiple dykes to puncture the crust to 
form the Fox River Sill. As magma evolves within the sill it is periodically extruded to the 
surface to form the Lower and Upper Volcanic Formations. The Lower Intrusions occur as 
apophyses to the Fox River Sill, having a somewhat more evolved composition. c) The 
Northern Gneisses get accreted onto the Superior Province tilting and repeating the 
stratigraphy. 
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5.6 The Fox River Sill 

The shape of the Fox River Sill has previously been described as being lopolithic in 

cross section (Figure 5.5) (Scoates 1990). This shape was interpreted based on shallower dips 

within the Lower and Upper Central Layered Zone compared with the near vertical dips of 

the Marginal Zone. Many of the dip measurements were taken from drill core; however, 

these measurements are made using the assumption that the drill holes did not deviate. 

Furthermore, the relationship between the Marginal Zone and the rest of the sill is poorly 

understood, though it is known to be locally absent. The local absence of the Marginal Zone 

may be due to the structural removal of this unit, or it may not have occurred in all parts of 

the sill. The confidence of dip angle measurements taken within the Marginal Zone and 

Lower Central Layered Zone is therefore relatively low.  

The western lobes of the Fox River Sill have an average thickness of 2.05 km based 

on the width of the magnetic anomaly it produces (Figure 5.6). If the sill is lopolithic in 

geometry then an infinite number of cross sectional shapes are possible (as expressed by the 

erosional surface and the longitudinal axis of the sill). Examples of expected thickness 

variations for various cross-sections of a lopolith are shown in Figure 5.6. A cross sectional 

angle of 2º or less is necessary to produce an anomaly that will be 250 km long. This means 

that there is only a slight likelihood (2%) that a lopolith will be cut in such a way as to 

expose it for that length. We would expect a thickness profile similar to that shown by the 

purple line in Figure 5.6. This does not appear to be a good fit to the observed thickness 

variation. Additionally, the sill only rarely exceeds 2.5 km in thickness. It therefore seems 

more reasonable that the Fox River Sill is a tabular shaped body. 
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Figure 5.5. Diagrams illustrating the two proposed geometries for the Fox River Sill.  

 

 The magnetic map also suggests that the Fox River Sill comprises at least four 

separate lobes (only two are shown on Figure 5.6). This feature has not been thoroughly 

discussed in the literature. Several possible scenarios could explain this feature: 

1) The Fox River Sill is actually composed of several tabular sills that evolved 
contemporaneously;  

2) Areas that show low magnetization represent pillars of sediment that were preserved 
during the evolution of the 250 km long sill; 

3) Areas with a low magnetic signature may represent parts of the sill Fox River Sill that 
are characterized by a different type of alteration (e.g. talc dominated);  

4) The sill was dissected by low angle faults or by boudinaging during deformation.  

Insufficient data exists at this time to choose one of these options. Geological and 

geophysical data could help elucidate this problem. Drilling in areas between magnetic highs 

would help define the nature of the materials between individual “lobes”. Additionally, a 

high resolution gravity survey over these areas could provide significant insight. 
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Figure 5.6. Diagrams illustrating the thickness of the western lobes of the Fox River Sill. a) 
Magnetic map illustrating the apparent tabular shape of the sill in the western of the belt. b) 
Histogram showing the change in thickness of the sill along strike (average = 2.05 km, 
standard deviation shown as grey lines = 0.4 km). The three coloured lines represent a 
diagrammatic representation of profiles that would be produced for different angles between 
the erosional surface and the longitudinal axis of a lopolithic Fox River Sill. c) Diagrammatic 
illustration of the expected cross-sectional shape of lopolithic sills as in b).  
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The chemostratigraphy of the Fox River Sill suggests that it behaved as a magma 

conduit; at least during the formation of the Lower Central Layered Zone (Figure 2.11 and 

2.12). This is illustrated by trends that are contrary of what would be expected from normal 

fractionation. To produce the observed trends the magma in the chamber must be constantly 

replaced by fresher, more primitive magma. There is clear evidence that dykes with a large 

lateral flow component will develop into sills when they intersect a sedimentary basin 

(Fahrig 1987; Hyndman 1987). It is possible that the lateral flow gradient is preserved within 

these sills. The Fox River Sill may represent an example of this situation. This has several 

implications, not the least of which is the formation of layering within this part of the sill. It 

may be that the layers of olivine and clinopyroxene-cumulates formed in response to waxing 

and waning of flow velocity in the chamber. Under high velocity situations, magma at any a 

given location is constantly refreshed and olivine ± chromite will crystallize. As flow rates 

decrease, more olivine crystallizes upstream, and the magma will start to crystallize 

clinopyroxene cumulates. Alternatively, under a magma conduit scenario, layering may be 

due to post-cumulus processes; either mechanical or chemical (e.g. Boudreau and McBirney 

1997; Parsons and Becker 1987; Ariskin et al. 2003). Both of the proposed models for 

explaining the layering of the Lower Central Layered Zone imply that individual layers will 

be discontinuous laterally. In fact, some of the clinopyroxene-cumulate layers within the 

Great Falls area appear to thin out laterally. PGE mineralization may also be favoured in 

certain lateral sections of the sill. This would be in direct contrast to the reef-style 

mineralization that is typically very consistent along strike (e.g. Merensky and J-M reefs) 

(Cawthorn 1999). 
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5.7 Economic geology 

Ultramafic magmas by their very nature are modelled as sulphide-undersaturated at 

their source; therefore a change in the dynamics of the system is usually invoked to account 

for sulphide-saturation (Keays 1995; Lesher et al. 2001; Naldrett 1999). The most commonly 

utilized trigger for driving a magmatic system to sulphide saturation is the addition of 

sulphur, either by physical incorporation of a sulphur-rich country rock, or through 

absorption of sulphur as a volatile phase (Lesher and Burnham 2001, Li et al. 2003). The 

added sulphur can induce sulphide-saturation and cause exsolution of immiscible sulphide 

droplets. PGE, Cu and Ni have high partition coefficients for sulphide liquid and will 

partition preferentially into the sulphide phase (Bezmen et al. 1991; Fleet et al. 1991). Most 

host rocks for Ni deposits worldwide are associated with dynamic, open systems (Naldrett 

1999). A turbulent flow environment is favoured because it forces the sulphide droplets to 

interact with large volumes of magma and should therefore increase the metal tenor of the 

sulphides (high R-factor).  

5.7.1 Ni-Cu-PGE mineralization 

Most of the geological information obtained to date on the Fox River Belt is due to 

diamond drilling completed by several mineral exploration companies in search of 

Thompson-type Ni-Cu-PGE deposits as well as reef-type PGE deposits. The belt has several 

characteristics that make it attractive for further exploration. Firstly, the tectonic position and 

age of the belt is exactly the same as the Cape Smith and Thompson Nickel Belts. 

Geochemically, the ultramafic rocks of the three belts are very similar. Parts of the Raglan 

horizon and some of the Thompson ultramafic rocks and the Fox River Sill are partially 

chromite undersaturated (Burnham et al. 2003; Martin Lévesque pers. com. 2005). A direct 
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link between chromite-undersaturated rocks and mineralization has not been made in these 

belts, however a correlation has been observed in komatiite hosted deposits in Archean 

terrains (Barnes et al. 2004). The explanation for this correlation is that rocks developed from 

chromite-undersaturated magma formed in large-volume magma pathways which keep the 

magma hot and depresses chromite saturation. This is also considered a favourable 

environment for the interaction of sulphide and magma and formation of economic Ni-Cu-

PGE deposits (Barnes et al. 2004). The base of the Lower Central Layered Zone is 

particularly prospective for hosting Ni-Cu-PGE mineralization because it appears to be 

contaminated and contains metal enriched sulphides in at least two places. Additionally, the 

“Fox River Sill magma-conduit” hypothesis described earlier requires large volumes of 

magma to flow through the sill. This has the potential to generate very high R-factors and the 

production of sulphides with very high metal tenors. 

The volcanic sequences in the Cape-Smith and Fox River Belts are geochemically 

and volcanologically similar. This leads to the question: What would be the stratigraphic 

equivalent of the mineralized Raglan horizon within the Fox River Belt? The Fox River Sill 

at the base of the Upper Volcanic formation is in the right stratigraphic position just below 

the komatiitic-basalt sequence. The Fox River Sill is different from the Raglan horizon in 

many ways: it is significantly thicker, it appears to be entirely intrusive, it contains true 

dunite, lithological layering is very well developed, and sulphides rarely exceed 5% of the 

total rock composition. An important similarity between the Fox River Sill and the Raglan 

horizon ultramafic rocks is that they both contain rocks that crystallized from chromite-

undersaturated magma.  

The Lower Intrusions are also in stratigraphic position that is analogous to the Raglan 

horizon: just below the Lower Volcanic formation. The Lower Intrusions are different from 
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the Raglan Horizon in a few important ways: they generally have a gabbroic upper portion, 

they are all produced from magma that was chromite-saturated, and peridotite samples 

containing greater than 5% sulphide have yet to be identified.  

It has been shown that most of the deposits within the Thompson Nickel Belt occur 

within Op1 and Op2 members representing sulphide iron formations of the Pipe Formation 

(Burnham et al. 2003). Finding ultramafic rocks within equivalent sedimentary units in the 

Fox River Belt may prove essential for the success of future exploration programs. A 

stratigraphic study conducted by Dave Benson should be extremely helpful in this 

perspective.  

The Noril’sk mining camp in northern Russia contains the single most important 

source of Ni and Pd in the world (Naldrett 1999). Some of the basalt sequences that are 

directly above the mineralized intrusions show distinct chalcophile element depletion and 

evidence of crustal contamination. These geochemical signals have been interpreted as 

resulting from contamination of magma causing sulphide-saturation followed by scavenging 

of the chalcophile elements from the magma by the immiscible sulphide (Czamanske et al. 

1994). Geochemical and isotopic evidence suggests that the Lower and Upper Volcanic 

formations are not contaminated; and PGE depletion is only identified in the uppermost unit 

of both formations. Ni and Cu depletion has not been identified in any of the volcanic 

sequences. This does not seem to bode well for the potential of the ultramafic intrusions of 

the Fox River Belt to host Ni-Cu-PGE ore bodies. However, the well exposed and well 

sampled Chukotat Group volcanic sequences thought to be associated with the mineralized 

Raglan horizon are not depleted in Ni or Cu (Martin Lévesque pers.com. 2005). In the 

Thompson Nickel Belt only a few samples of komatiitic basalt are depleted in Ni; however a 

clear geological link between the volcanic and intrusive rocks has yet to be suggested for 
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these rocks (Burnham et al. 2003). Therefore it does not appear that contamination and 

chalcophile element depletion of the volcanic sequences should be considered an important 

exploration tool for the identification rocks that are suitable for Ni-Cu-PGE exploration in 

the Circum-Superior Belt.  

Minor sulphide mineralization with grades of 0.5% Ni or more are common in the 

many of the ultramafic intrusion in the Thompson Nickel and Cape Smith Belts (Burnham et 

al. 2003; Martin Lévesque pers. com. 2005). These low grade mineralized rocks are in fact 

significantly more voluminous than the economic ore bodies and could be used on a regional 

scale to evaluate mineral potential. Ultramafic rock containing similar Ni concentrations 

within the Fox River Belt are rare. Two samples from the KO Zone of the Fox River Sill and 

one sample from the top of the intrusion intersected in drill hole FX-01-15 contain Ni-

enriched sulphides. The latter example is important because it is located in an area that is 

relatively rich in sulphide facies iron formation and ultramafic rock (Dave Benson pers.com. 

2004).  

5.7.2 PGE and Cr mineralization 

The Fox River Sill has attracted exploration companies in search of PGE 

mineralization because of its large dimensions and well defined layering. Previous 

exploration activity has shown that moderate PGE grade mineralization is common within 

the Upper Central Layered Zone in the western part of the Fox River Sill (Scoates and 

Eckstrand 1986; Schwann et al. 1989). It is unknown how this mineralization changes along 

strike because of limited follow up drilling. KO-Zone mineralization is not considered to be a 

very prospective PGE deposit-type because of the limited volume of magma that produced 

the Marginal Zone, as well as the laterally discontinuous nature of this mineralization.  



 181

Recent identification of PGE enriched samples and thick sequences of PGE depleted 

rocks within the Lower Central Layered Zone has effectively doubled the area within the 

main part of the Fox River Sill that is considered prospective for hosting economically 

important PGE deposits. The limited number of drill holes that intersect this unit were drilled 

in search of Ni-deposits and PGE were not analysed. Exploration should be concentrated 

within olivine-clinopyroxenite layers in the main part of the intrusion, as these units most 

often contain anomalous PGE concentrations in the Fox River Sill (Schwann 1989; Schwann 

et al. 1989; Naldrett et al. 1994). The relatively low tenor for the mineralization in the UCLZ 

(e.g. 3.4% Cu; 6.7 g/t Pd and 1.9 g/t other PGE) is not very encouraging because even with a 

massive sulphide deposit this mineralization may not be economic. The Fox River Sill is 

relatively thin, relatively ultramafic and does not contain important accumulations of 

chromite compared with the layered intrusions that contain reef-style PGE mineralization 

(Naldrett 1989; Campbell et al. 1983). The thickness of the intrusion speaks to the estimated 

volume of liquid that is in the chamber at the time of reef formation. The lower the volume, 

the less magma sulphide droplets have to interact with, can affect sulphide tenors. The 

ultramafic character of the Fox River Sill suggests that mafic liquids, that are the product of 

fractional crystallization, leave the sill on a regular basis; again this speaks to low volumes of 

magma in the chamber at any given time. Several PGE-rich horizons within the Bushveld 

Complex are associated with chromitite layers, and some researchers have speculated a direct 

link between this lithology and the mineralization (Cawthorne 1999, Merckle 1992). These 

factors decrease the potential for hosting classic reef-type mineralization within the Fox 

River Belt (Cawthorne 1999). The lack of evidence of alteration and brecciation at the base 

of the Fox River Sill reduce its potential of hosting contact-type contact mineralization (Peck 

et al. 2001).   
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PGE enrichment (up to 23 ppm Pt+Pd) has been recognized in the Delta, Bravo and 

Romeo suite of sills in the Cape Smith Belt. These sills are similar in size and composition to 

the Lower Intrusions; however the PGE mineralization within these bodies is typically very 

localized (Picard et al. 1995; St-Onge and Lucas 1994; Barnes and Giovenazzo 1990). At this 

time, the Lower Intrusions are not considered to represent very good targets for PGE deposits 

because of the restricted volume of magma that formed them. 

Scoates (1990) emphasized the high potential for the occurrence of chromite deposits 

within the Fox River Sill. There are several millimeter scale layers having chromite 

concentration of 5 to 25% within the Lower Central Layered Zone and Upper Central 

Layered Zone. The composition of chromite analysed so far within the Fox River Sill appears 

to be somewhat poor in Cr, restricting its potential value as a source of Cr (Scoates 1990; 

Osiowy 2000; Smerchanski 2001). Stratified chromite deposits are typically hosted intrusions 

that are orthopyroxene dominated; those that are clinopyroxene saturated like the Fox River 

Sill tend not to have important accumulations of chromite (Irvine 1975). This could be a 

function of silica activity (higher in OPX dominated intrusions) or the fact that Cr partitions 

more heavily into clinopyroxene depleting the magma in this element. 
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Summary 

1. Magmatism in the Fox River Belt appears to have occurred as a result of the 
Molson Magmatic event (1883 Ma). This is suggested by the position of 
uncontaminated samples on the Hf and Nd reference isochrons, as well as Hf and 
Nd model ages. 

2. Sedimentary rock from the Lower Sedimentary formation and Middle 
Sedimentary formation were likely derived from the Archean Superior Province, 
as shown by their Archean Hf and Nd depleted mantle model ages. 

3. Trace element and isotopic data is consistent with the interpretation that the Fox 
River Sill, Lower Intrusions, Lower and Upper Volcanic formations are coeval 
and comagmatic. 

4. The most primitive magma within the Fox River Belt had MgO concentrations in 
excess of 19%, and was chromite undersaturated. This is analogous to many of 
the mineralized ultramafic rocks from the Thompson Nickel Belt and the Raglan 
horizon in the Cape Smith Belt. 

5. The Fox River Belt magma was produced from high degrees of partial melting of 
depleted mantle, as shown by the ultramafic character of the magma, the positive 
εHf and εNd values and the depleted trace element patterns. 

6. The Stupart Dykes and Pickle Lake Dykes may be part of the Molson Dyke 
Swarm that formed a radiating pattern with an axis near the north-western limit of 
the Superior Province in Manitoba.  

7. The high degrees of partial melting, the large volume of magma, the possible 
presence of a radiating dyke swarm, and the occurrence of iron formations is 
consistent with a mantle plume origin for the 1883 Ma magmatism within the Fox 
River Belt and other segments of the Circum-Superior Belt. 

8. The chemical variations within the Lower and Upper Volcanic formations 
represent liquids sampled during the fractional crystallization of chromite-bearing 
dunite, sulphide-olivine-melagabbro and leucogabbronorite. 

9. D member of the Lower and Upper Volcanic formations are depleted in PGE, 
suggesting that sulphide saturation occurred after olivine stopped crystallizing. 

10. The Fox River Sill represents a good candidate as a subchamber for the evolution 
of A, B and C members of the Upper Volcanic formation.  
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11. The chemostratigraphy of the Fox River Sill implies that it acted as magma 
conduit, at least during the formation of the Lower Central Layered Zone. If this 
is the case, then layering in parts of the Fox River Sill may be related to waxing 
and waning of flow velocity or post-cumulus processes.  

12. Geochemically, the Marginal Zone of the Fox River Sill more closely resembles 
the Lower Intrusions, than the main part of the sill itself. This may be a function 
of more rapid cooling in this part of the intrusion. 

13. The first cyclic unit and the main part of the second cyclic unit of the Marginal 
Zone evolved as a closed system; whereas the top of the second cyclic unit 
appears to have evolved as an open system. 

14. A fault located near the base of the Fox River Sill may have transported the 
Middle Sedimentary formation, Fox River Sill, Upper Volcanic formation, and 
Upper Sedimentary formation onto the Lower Volcanic formation. This theory is 
based primarily on the indistinguishable geochemical and lithological 
characteristics of the Lower and Upper Volcanic formations. 

15. Some samples from the margins of the Fox River Sill and Lower Intrusions, some 
of the flows within the Lower and Upper Volcanic Formations, as well as half the 
Lower Intrusions are contaminated by an enriched rock type. This is shown by 
low εHf and εNd values as well as enriched trace element patterns (with negative 
Nb anomalies).  

16. The contaminant for these units likely had an Archean progenitor, (Superior 
Province Gneisses, Lower or Middle Sedimentary Formation). This is illustrated 
by the older model ages for contaminated samples, and their position between 
uncontaminated samples and sedimentary and gneiss samples on the Nd and Hf 
isochron diagrams. 

17. S-isotopes suggest that some of the Lower Intrusions and the Fox River Sill have 
a high constituent of sedimentary sulphur. This increases their potential for 
hosting sulphide deposits.  

18. Contaminated units are considered to be more prospective for hosting Ni-Cu-PGE 
sulphide deposits. The area around drill-hole FX-01-15 has good potential of 
containing Ni-mineralization as shown by the Ni-Cu-PGE enriched sulphides 
found in the upper contact zone of a Lower Intrusion and the presence S-rich 
sediments in the stratigraphy. Furthermore, some sections at the base of the Lower 
Central Layered Zone of the Fox River Sill are chromite depleted, contaminated 
and show evidence of chalcophile element enrichment/depletion.  
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19. The Fox River Sill retains some potential for hosting economic PGE, although 
sulphide tenors are relatively low (Pd-dominated) and the intrusion is not one that 
resembles classic layered intrusions that typically host reef-style mineralization. 
Pyroxenite layers within the Fox River Sill are considered more prospective to 
host PGE mineralization based on the observation that the highest PGE grades are 
typically within these layers. 

20. Mineralization found in the KO Zone within the Marginal Zone of the Fox River 
Sill has very attractive metal tenors. However, the thickness and lateral extent of 
this mineralization appear to be minor, and the volume of the magma that formed 
the Marginal Zone is very restricted, limiting its potential economic value. 

21. The model for the formation of the KO Zone mineralization involves magmatic 
sulphides deposited onto the magma crystal-pile interface. Metal tenors are then 
upgraded through a process of channelized compaction driven percolation of 
interstitial magma. 

22. “KO Zone-type” deposits may be recognized through the identification of features 
related to upward percolation of evolved liquids across a sulphide-bearing contact 
between cyclic units (coarse grain size, varitextured gabbro, and irregular contact 
relationships). 
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