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 CHAPTER 1 – INTRODUCTION 
 

1.1. GENERAL STATEMENT – AIM OF STUDY  

 

In the last decade the interest in exploration for ore deposits largely increased, due to the 

rising metal prices and the demand for mineral resources of modern societies. Ore deposits in 

large igneous provinces (LIPs) of the Earth are one of the largest sources of the world’s metal 

production as they host a wide array of ore deposits, both magmatic and hydrothermal in 

origin. Magmatic Cu-Ni-PGE deposits are among the more common and intensely studied 

types. The reason for this is that a large part of Cu, most part of Ni and essentially all of the 

PGEs of today’s known resources are hosted by magmatic PGE-dominated deposits or Cu-Ni-

PGE sulfide deposits hosted by LIPs or smaller mafic-ultramafic magmatic systems 

(Eckstrand & Good, 2000; Eckstrand & Hulbert, 2007). The abundance of Cu, Ni and 

elements of the platinum-group (Ru, Rh, Pd, Os, Ir, Pt) in such type of deposits lies in their 

geochemical behavior as these elements have chalcophile properties. The concentration of 

these elements in a magmatic system requires the accumulation of an immiscible sulfide 

liquid, into which these elements will strongly partition. The timing of sulfide immiscibility 

and localization of such an immiscible sulfide liquid is probably the most important factor 

that determines if an economical ore deposit is developed or not (e.g. Naldrett, 1999; 

Mungall, 2007; and references therein).  

The simple classification of magmatic and hydrothermal ore deposits is however not 

always viable, as fluids may coexist with magmas over a wide range of compositions, 

pressures and temperatures. Some ore deposits may be the products of complex fluid-melt and 

subsequent fluid-rock interactions that blur the boundaries of these conceptual categories. 

Ore-forming processes of large PGE-dominated deposits, such as the Bushveld Complex 

(South Africa), the Great Dike (Zimbabwe) or the Stillwater Complex (USA) have long been 

controversial as researchers proposed purely magmatic (Irvine, 1977; Maier & Barnes, 1999; 

Li et al., 2001; Maier, 2005) or magmatic-hydrothermal models (Boudreau & McCallum, 

1992; Meurer & Boudreau, 1999). Similarly, large Cu-Ni-PGE deposits were subject to 

intense debates regarding the importance of magmatic vs. hydrothermal processes; one of the 

most renown being the Sudbury Igneous Complex, where the magmatic massive sulfide 

deposits were overprinted by aqueous solutions that remobilized the primary metal content 

(Farrow & Watkinson, 1997; Molnár et al., 2001 among others).  
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hydrothermal alteration and the exact properties of the responsible fluids were however by far 

not completely described by these studies. 

The aims of present study were therefore multifaceted. Work has been carried out in the 

northernmost mineralized intrusion that is called the South Kawishiwi Intrusion. In Chapter 3 

a complex mineralogical-petrological study is presented on the South Filson Creek area where 

a unique type of sulfide occurrence was described from the otherwise barren units of the 

intrusion, often referred to as ‘cloud-type’ mineralization, due to its stratigraphic position well 

above the basal contact of the intrusion where the substantial disseminated mineralization 

occurs. The chapter’s results are strongly based on extensive fieldwork including geological 

mapping of this interesting corner of the intrusion and the mineralogical-petrological studies 

carried out on the collected rock samples. The results of this chapter are published and 

summarized in Gál et al. (2011). 

The questions to be answered included: 

• What is the areal extent of the unusual ‘cloud-type’ mineralization in the area? 

• What is the genetic relationship to the more voluminous basal mineralizations? 

• What is the predominant process that was responsible for the occurrence of the 

disseminated sulfide mineralization in the area? Is the mineralization really 

structurally controlled? 

• Were there hydrothermal processes that influenced the mineralogical-

geochemical properties of the mineralized rocks? What was their extent in a 

spatial and genetic sense? Were they causative or overprinting processes? 

• What do the results on the mapped area contribute to the overall understanding 

of the geology and dynamics of the intrusion? 

 

Chapter 4 builds on the results of Chapter 3 through more detailed mineralogical, 

petrographical and geochemical studies of several rock units from various drillholes of the 

South Kawishiwi Intrusion. The significance of magmatic fluids is investigated in more detail 

by studying pegmatitic rocks and other features that carry the most information on the late 

fluid-history of the magma. The major findings of this chapter are published in Gál et al. 

(2013). 

The questions to be answered in this chapter included: 

• What features of the rocks reveal information on the primary magmatic fluids? 
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• What were the properties of the primary magmatic fluids exsolved from the 

mafic magma? 

• Under what conditions did the primary magmatic fluids exsolve? 

• Were the segregating fluids capable of metal-remobilization and transport? 

• What are the signs of remobilization of metals from the magmatic 

mineralization? How significant are these processes? 

 

Chapter 5 summarizes the results of the two series of studies and attempts to provide a 

consistent model that links these results together. The stages and relative timing of magmatic 

and fluid-segregation events are reconstructed, as well as their significance in the final 

shaping of the mineralization of the intrusion is discussed. A brief section at the end of the 

chapter deals with some of the practical aspects of the result of the study regarding mineral 

exploration and exploitation in the South Kawishiwi Intrusion and the Duluth Complex. 

 

1.2. METHODS 

 

Mapping of natural outcrops was carried out in the South Filson Creek area 

(approximately 4 square kilometers) at the scale of 1:2500 and 1:5000 in 2007. During 

fieldwork, rock type, igneous foliation, bedding, modal layering and other structural elements 

have been surveyed along with observations on hydrothermal alteration. The nomenclature of 

Phinney (1972) was used with minor modifications to describe rock types. Several hundreds 

of outcrops of various sizes (1 meter to 150 meters in diameter) have been mapped and 

digitized in a GIS database. Outcrops in the study area are relatively small, about 5 % of the 

surface is revealed under the glacial cover and vegetation. Outcrop data from previous 

research and exploration campaigns was also compiled and incorporated into the GIS 

database. These sources include the mapping of M.A. Hanna Mining Company in 1967 and 

1968, Green et al. (1966) and mapping by Peterson et al. (2006). Based on published drillcore 

logs (Patelke, 2003), the first rock type encountered in the drillholes of the area under the 

Quaternary cover was considered as outcrop during the drawing of the geological map 

(Appendix Figure 1-3). 

The mineralized section of five diamond drillholes, drilled by Duluth Metals Ltd, have 

been logged in detail for the purpose of the study, with an additional 3 drillholes sampled and 

studied in less detail. More than 100 drillcore samples have been studied in detail. The 
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boreholes were drilled in the northeast part of the South Kawishiwi Intrusion, originally called 

‘Maturi extension’, later renamed ‘Nokomis deposit’ and recently united with the ‘Maturi 

deposit’ (Duluthmetals Ltd and Twin-metals Ltd company reports). Geochemical assays from 

the mineralized intercepts of the drillholes were released by Duluth Metals Ltd for the 

purpose of this study. Each analysis represents the bulk composition of a 5-feet (~1.5 m) 

interval in the drillhole. These bulk rock analyses have been carried out by ALS Minerals by 

exploration quality geochemical packages using ICP-MS and ICP-AES methods.  

Whole rock chemical analysis of 71 samples from the South Filson Creek area for main 

and trace elements was carried out in the laboratory of ALS Minerals. Samples were analyzed 

for 23 base metals and trace elements using a four-acid-leach ICP-AES package (ME-ICP61), 

Pd, Pt, and Au were analyzed by lead-collection fire-assay ICP-AES packages (PGM-ICP23 

and PGM-ICP24). Detection limits for these analyses are indicated in Appendix Table 1. To 

ensure quality of the analyses, external and internal standards and lab duplicates were used. 

Details of the analytical methods are provided in the service schedules of ALS Minerals 

(http://www.alsglobal.com). Geochemical assays from the mineralized intercepts of the 

drillholes were released by Duluthmetals Ltd. 

Standard, 30 μm thick, polished thin sections have been prepared from the rock samples 

and investigated in petrographic microscopes. 86 thin sections from the South Filson Creek 

area, (Appendix Table 1) and 135 thin sections from the diamond drillhole samples 

(Appendix Table 2). Modal proportions of minerals given in the text are based on visual 

estimates. Petrography was conducted on Olympus BX and Zeiss Axioplan series 

petrographic microscopes. Some thin sections have been scanned using an Epson 

photographic slide scanner in transmitted light mode.  

Microprobe analyses of minerals from the South Filson Creek samples were carried out 

on a JEOL Superprobe 8600 instrument in wavelength-dispersive mode by McSwiggen & 

Associates, Minneapolis, MN, USA. Acceleration voltage was 15kV for silicates and oxides, 

and 20kV for sulfides with 20 nA beam current. Calibration of the measurements was carried 

out on natural mineral and alloy standards. NiO content of olivine has been determined using 

30 seconds of counting time; detection limit was not higher than 0.05 wt% in any cases. 

Composition of minerals from drillcore samples has been determined on a Jeol JSM-

6310 scanning electron microscope, equipped with an energy dispersive and one wavelength 

dispersive spectrometer at the Institute of Mineralogy and Petrology of the Karl-Franzens 

University, Graz, and on a Jeol JXA 8200 Superprobe, equipped with five wavelength 

dispersive spectrometers at the ‘Eugen F. Stumpfl Laboratory’ located at the Department of 



 

7 
 

Applied Geological Sciences and Geophysics of the University of Leoben. Natural mineral 

and artificial alloy samples were used as standards. Both instruments operated at 15 keV 

(silicates and apatite) and 20 keV (PGMs). Sodium and fluorine, if measured, were analyzed 

first in order to minimize errors from volatilization. 1σ error of the measurements was below 

2% and 3% for F and Cl in the case of apatite and biotite analyses, respectively.  

The measurement of F in the case of apatite has been challenged by some analytical 

difficulties in some cases. It is a known problem in the case of apatite that microprobe 

measurement of F can yield inflated values due to migration of F within the crystal along the 

c-axis and also from difficulties in standardization (e.g. Rasmussen & Mortensen, 2013 and 

references therein). These effects are certainly reflected in some of the analyses. On the other 

hand measurement of Cl in apatite is much more reliable. Thus the exact values of F/Cl ratios 

were not used extensively in the interpretations; in turn the observed relative trends and 

absolute values of Cl concentrations are reliable and lead practically to the same conclusions. 

Representative analyses of apatite are provided in the text in Chapter 3.3.1 and 4.4, whereas a 

complete list of analyzed apatite grains is provided as an electronic supplement on the CD 

attachment.  

Identification, petrography and qualitative compositional analyses of PGMs in all 

samples were carried out on an Amray-1830 IT-6 scanning electron microscope at the 

Institute of Geography and Earth Sciences at the Eötvös Loránd University and on the SEM 

instrument at the Karl-Franzens University. More than 100 PGM grains have been identified 

and measured semi-quantitatively. Thin sections from drillcore samples contained 

homogenous PGM grains larger than ~4-5 μm in diameter. These grains were usually possible 

to analyze quantitatively with the Jeol JXA 8200 Superprobe in Leoben, Austria. 

Representative analyses on PGMs are listed in the text in Chapter 4.3.2, whereas a full list of 

quantitative analyses of PGM grains is provided as an electronic supplement on the CD 

attachment. 

For fluid and melt inclusion petrography and microthermometry, doubly polished, 150 

to 300 μm thick sections have been prepared. One of the quartz-rich sections hosting 

abundant fluid and melt inclusion assemblages was studied by ‘hot’ CL imaging in the SEM 

instrument in the Karl-Franzens University in Graz. Heating and freezing experiments on 

fluid inclusions have been carried out with a Linkam FTIR600 heating-cooling stage mounted 

on an Olympus BX51 polarization microscope at the Department of Mineralogy, Eötvös 

Loránd University, Budapest. Precision of the measurements were 0.1°C during freezing 
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experiments and around 1°C at the total homogenization temperatures of the inclusions. The 

instrument has been calibrated using synthetic fluid inclusion standards and distilled water.  

Melt inclusion microthermometry was carried out at the Lithosphere Fluid Research 

Laboratory at the Eötvös Loránd University, Budapest. Heating experiments were conducted 

with a Linkam TS-1500 high-temperature heating stage mounted on a Nikon Eclipse E600 

polarization microscope. Inclusions were heated with a rate of maximum 15°C/minute. 

Inclusions were held on constant temperature at every 100°C for at least 20 minutes. After 

determination of minimum homogenization temperatures for the melt inclusions, a furnace 

technique was applied to newly separated quartz grains containing melt inclusions to 

reproduce the melt phase at the time of entrapment. The grains were placed in a graphite 

capsule to prevent oxidation during heating-quenching experiments and put in a Carl-Zeiss 

Jena high-temperature furnace. Temperatures of 1140 to 1160°C were used for different runs 

with the uncertainty of 15°C. Melt inclusions have been quenched using a quenching rate of 

300-350°C/seconds. After quenching, quartz grains have been polished dry on 800 and 1200 

grit polishing papers and 10/7, 5/3 and 1/0 micron diamond paste until the quenched melt 

inclusions became exposed on the surface of grains. Further details of the furnace technique 

are discussed in Guzmics et al. (2012). The composition of the quenched glass was analyzed 

with the Jeol JXA 8200 Superprobe in Leoben.  

Raman-spectroscopy has been carried out on the fluid and melt inclusions on a Horiba 

Jobin-Yvon LabRAM HR800 instrument using a 532 nm (green) Nd:YAG frequency doubled 

DPSS laser, at the Institute of Geography and Earth Sciences, Eötvös Loránd University, 

Budapest. 50x and 100x objectives were applied to focus the laser beam on the sample; 600 

g/mm spectrograph grating was used with counting times between 10-120 seconds. A Linkam 

THMS600 heating-freezing stage was attached to the instrument in order to analyze fluid 

inclusions at various temperatures.  
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CHAPTER 2 – GEOLOGICAL FRAMEWORK 
 

 2.1. REGIONAL GEOLOGY OF THE DULUTH COMPLEX 

 

 2.1.1. Tectono-magmatic setting of the Duluth Complex 

The Duluth Complex is a suite of intrusive rocks emplaced during the intense 

magmatism connected to the Midcontinent rift system about 1.1 billion years ago (e.g. Davis 

& Green, 1997). The rift system is a complex sequence of igneous and sedimentary rocks, 

crosscutting Archean and Proterozoic crust. Some authors refer to this volcano-sedimentary 

and intrusive sequence as the ‘Keeweenawan suite’.  

 

 
Figure 1: Left: distribution of rocks related to the Midcontinent rift system on the North American continent 
(modified largely after Van Schmus et al. 1987). Right: Bouguer gravity anomaly map of north-central USA, showing 
most of the extent of the rift system (after Daniels & Snyder, 2005). IA – Iowa, IL – Illinois, MI – Michigan, MN – 
Minnesota, WI – Wisconsin, L.M. – Lake Michigan, L.S. – Lake Superior 

 

The rift system is a major crustal structure (one of the biggest of its kind on the North 

American continent) and despite the vast magmatism, it did not reach the oceanic stage. The 

abortion of the rift is attributed to the compressional tectonics of the Grenville orogeny to the 

southwest that took place about the same time as the major rift development (Cannon, 1992). 

In fact, Gordon & Hempton (1986) interpreted the rift system as an en-echelon, pull-apart 

basin related to the Grenville orogeny. Cambray & Fujita (1991) proposed a tectonic model, 
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later supported by Witthuhn-Rolf (1997), where the asymmetrical collision of a younger 

mega-plate with the older Archean plate created local extensional stress field that lead to 

rifting. The general compressional tectonism of the Grenville orogeny later overtook 

dominance and eventually caused the closure of the rift. Other authors, mostly based on 

geochemical evidence and the exceptionally large volume of magmatic rocks, proposed the 

influence of superplume activity (e.g. Hutchinson et al., 1990; Nicholson & Shirey, 1990). 

Rift-related rocks can be traced from the northern border of the state of Kansas, USA as 

north as Ontario, Canada and then southeast-bound to the state of Michigan, forming a 

continuous belt of more than 2000 kilometers (Fig. 3). A third, undeveloped arm or aulacogen 

of the rift system may be present in Canada, however there are ambiguities about the 

interpretation of these sequences (e.g. Van Schmus & Hinze, 1985). Major portion of the rift 

system underlies younger sedimentary cover and interpreted based on geophysical anomalies. 

Rift-related rocks are best exposed in the larger Lake Superior region with very extensive 

intrusive, volcanic and sedimentary sequences in NE Minnesota.  

Four major magmatic stages of the rift evolution are proposed (Miller & Vervoort, 

1996; Miller & Severson, 2002) that are the early (1109-1107 Ma), latent (1107-1102 Ma), 

main (1102-1094 Ma) and late (1094-1086 Ma) stages. The Duluth Complex is the product of 

‘early’ and ‘main’ stage magmatism that produced the second largest mafic intrusive complex 

of the Earth surpassed in volume and dimensions only by the Bushveld Complex in South 

Africa (Miller & Severson, 2002). A geological map of NE Minnesota showing the Duluth 

Complex and its surroundings is presented in Figure 4. 

 

2.1.2. Footwall units 

Two large groups of rocks form the footwall units of the Duluth Complex: 1. Late 

Archean magmatic, sedimentary and metamorphic rocks of the Vermillion-belt which is part 

of the greater Superior province and 2. Paleoproterozoic sedimentary rocks of the Animikie 

basin, discordantly overlying the Archean basement.  

Late Archean rocks in the closer vicinity of the DC are classified into two major groups: 

the ‘Ely greenstone belt’ and the Giants Range Batholith (Fig. 4). The greenstone belt consists 

of subaqueous volcano-sedimentary rocks, mostly massive and pillow-lava flows with basaltic 

and andesitic composition and the Algoma-type (deeper marine, sedimentary-exhalative) 

Soudan Banded Iron Formation. Some siliciclastic metasediments (sandstones, shales, 

arkoses, and conglomerates) also occur in this belt in the footwall along the northern contact 

of the Duluth Complex (Miller et al. 2001). These greenstone rocks are intruded by the Giants 
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Range batholith which is a complex, very large (more than 240 km long) intrusion with 

granitic to monzonitic composition. These felsic intrusive rocks in the vicinity of the Duluth 

Complex are usually feldspar-porphyritic monzonite to quartz-monzonite with abundant 

quartz+K-feldspar+biotite pegmatites, commonly crosscut by aplitic dikes and veins 

(Boerboom & Zartmann, 1993; Southwick, 1993; Boerboom, 1994). 

The Paleoproterozoic sedimentary rocks discordantly overlie the Archean basement, 

separated by a major unconformity and form the footwall rocks of the western part of the 

Duluth Complex. The sequence collectively referred to as the Animikie basin, starts with a 

thin layer of siliciclastic sediments called the Pokegama quartzite ranging from a few meters 

up to 60 meters (Morey, 1979; Ojakangas, 1983). The Pokegama is overlain by the Biwabik 

Iron Formation, one of the most described formations of NE Minnesota. Mining of iron ore 

has continued since the end of the 19th century and led to a very detailed knowledge of these 

iron-rich rocks. The iron formation consists of cherty and slaty units, where the cherty, 

banded or granular textured, magnetite-rich iron ore has economic importance. Abundant 

stromatolitic buildups and sedimentary features suggest shallow marine, coastal depositional 

environment (Morey, 1979; Simonson, 2003; Severson, 2005). Layers of iron formation along 

the northern contact of the Duluth Complex belong to the Gunflint Formation, and although 

latter has thinner and more slaty beds, it is roughly the same age as the Biwabik and the two 

are considered to form a continuous belt disrupted by the igneous rocks of the Midcontinent 

rift system.  

The topmost unit of the Animikie basin is the Virginia Formation that develops 

continuously from the Biwabik Formation and consists of very thick dominantly argillic 

siliciclastic sediments. The lower part is considered to be the product of deposition in deep, 

partly anoxic basins with some carbonate and iron formation interlayers while upper units are 

interpreted as turbiditic sediments (slaty beds with greywacke interlayers) in a gradually filled 

up shallower basinal environment. Important to note that the formation has abundant graphitic 

and sulfidic, mostly pyrrhotite-bearing interlayers in its anoxic parts. These sulfidic sediment 

layers, as discussed later, have an important role as external sulfur sources in the formation of 

the large sulfide-deposits of the Duluth Complex. Other metasedimentary units are the Rove 

and Thompson Formations.  

All footwall units exhibit extensive contact-metamorphic features in the aureole of the 

Duluth Complex up to several hundred meters away from the basal contact (Kilburg, 1972; 

Simmons et al. 1974; Labotka et al. 1981; Severson, 1995; Duchense, 2004). Footwall rocks 

also occur as strongly metamorphosed and partially assimilated xenoliths within the intrusive 
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rocks of the Duluth Complex. Hornfelsed metasediments from the Virginia Formation, 

massive magnetite-pyroxenite rocks from the Biwabik Iron Formation, and migmatitized 

granitoid inclusions from the Giants Range Batholith are all abundant close to the basal 

contact of the mafic-ultramafic intrusions (Alapieti, 1991; Severson, 1994).  

Large-scale crustal structures that developed before the emplacement of the Duluth 

Complex might have had an influence on the localization of the intrusive bodies. The strike of 

the basal contact of some intrusions parallels structures that date back even to Archean ages, 

e.g. the Syphon-fault or the Birch Lake-fault (Peterson & Severson, 2002). Some of the old 

structures apparently acted as conduits for the intruding magmas, as suspected in the case of 

the Grano-fault in the Partridge River Intrusion (Severson et al., 1996). Bedding planes of the 

sedimentary layers of the Animikie basin probably also largely influenced the intrusion of the 

Complex being potential zones of weaknesses as well as the unconformity horizon between 

the Archean basement and Paleoproterozoic sediments. The north and northwestern margin of 

the Duluth Complex line up nicely with the general strike and dip of the Biwabik and Virginia 

Formations.  

 

2.1.3. Volcanic rocks of the Keeweenawan suite 

Most volcanic rocks related to the Midcontinent rift system are classified into the North 

Shore Volcanic Group (Fig. 4). The volcanic sequence is several kilometers thick, usually 

getting thicker towards the basin of Lake Superior, i.e. closer to the rift axis, where it can 

reach a total thickness of up to 10 kilometers (Miller & Severson, 2002; Green, 2002). The 

formation group has a lower, reverse magnetic unit and an upper unit with normal magnetic 

polarization. These units are the product of the early (1108-1107 Ma) and main (1099-1098) 

magmatic stages of the rift system evolution, respectively (Paces & Miller, 1993). Rocks are 

largely tholeiitic basalts, andesitic basalts, andesites and minor riolites. Except for the 

lowermost units that were erupted under shallow water, massive flows and tuff layers are the 

product of subaerial volcanism.  

Volcanic rocks have greatly been disrupted by the intrusions of the Duluth Complex and 

temporally later stage, but still rift-related intrusions (e.g. the Beaver Bay Complex), sills and 

dike swarms. The intrusive rocks often host strongly recrystallized xenoliths of the North 

Shore volcanites up to several hundreds of meters in diameter. The volcanites are juxtaposed 

above the Duluth Complex and form its hangingwall, except for a small area near the city of 

Duluth, where basaltic volcanites are found along the lower contact of troctolitic intrusives 

(Miller et al. 2001).  
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Based on internal structure, crosscutting relationships and radiometric ages, the Duluth 

Complex is classified into four distinct series of intrusions: the granitoid rocks of the ‘Felsic 

Series’ rocks are followed by the ‘Early Gabbro Series’ and the more voluminous 

‘Anorthositic Series’ intrusions. The temporally last suite is the troctolitic ‘Layered Series’ 

which has economic potential due to occurrences of Cu-Ni-PGE sulfide mineralization  

(Fig. 4). The following summary is largely based on the descriptions of Miller & Severson 

(2002).  

 

Felsic Series 

The earliest, granophyric intrusives form a string of plutons along the eastern boundary 

of the Complex and mark to roof zone of the Complex under the hangingwall volcanites. 

They were formed during the early magmatic stage of rifting (~1108 Ma) and their 

composition varies between mostly granitic to lesser amounts of intermediate rocks. Their 

origin is subject of discussion, but the most plausible model states that felsic magmas were 

not the product of extreme differentiation of mafic magmas, but rather the product of melting 

of mafic, mantle-derived crustal material. This would explain the strong mantle signature of 

their average Sm/Nd and εN values (Miller & Vervoort, 1996).  

 

Early Gabbro Series 

Mafic layered intrusions along the northern boundary of the Complex that were 

emplaced during the early magmatic phase of rifting (around 1106 Ma, Paces & Miller, 1993) 

and consist mainly of gabbroic cumulates. This is the least studied series of the Duluth 

Complex, partly due to its hard accessibility in protected wilderness areas.  

 

Anorthositic Series 

A structurally complex series of plagioclase-rich cumulate rocks, that is present in its 

full length of the Duluth Complex. Most places it directly overlies the later Layered Series, 

but in some drillholes its direct contact with Archean rocks have also been described. The 

major rock type is anorthositic troctolite, containing about 80-90% cumulate plagioclase 

(An65-68) and less amount of olivine, pyroxene and oxide minerals, but the modal composition 

can be very heterogeneous. The rocks exhibit abundant poikilitic texture with olivine 

oikocrystals and ophitic clinopyroxene, however modal layering, igneous foliation of 

plagioclase laths, overall taxitic textures, pegmatoidal pockets of varying rock types from 

oxide-rich gabbro to almost pure anorthosite are all characteristic of the Anorthositic Series. 
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Despite the presence of observable crosscutting relationships within the unit, the Anorthositic 

Series appears to have been intruded in a relatively narrow time interval around 1099 Ma 

(Paces & Miller, 1993) during main stage magmatism. The appearance of the rocks led 

researchers to the conclusion that the intruding melt was strongly loaded with plagioclase 

phenocrystals and behaved as a viscous crystal mush during its emplacement (e.g. Miller & 

Weiblen, 1990). 

 

Layered Series 

The last phase of plutons, intruded generally between overlying Anorthositic Series 

intrusives and pre-Keeweenawan footwall rocks or earlier Layered Series intrusives or 

entirely into Anorthositic Series rocks. Consists of about 11 or so discrete, generally 

troctolitic, sheet-like intrusions along the entire strike of the Complex, whereas some plutons 

are more funnel-shaped or plug-like. Dominant rock type is troctolitic that can shift towards 

more anorthositic or gabbroic compositions. Olivine or pyroxene-rich ultramafic rock units as 

well as oxide-rich bodies within the troctolitic mass of intrusives are present. Some intrusions 

are strongly differentiated and exhibit well-developed modal layering (e.g. the Greenwood 

Lake Intrusion or the Layered Series at Duluth; Miller & Ripley, 1996), while others are more 

homogeneous. In general, however, almost all intrusions consist of laterally consistent 

magmatic units.  

Earlier the Layered Series was interpreted to be significantly younger than the 

Anorthositic Series, mostly because of apparent crosscutting relationships, however U-Pb 

dates of Paces & Miller (1993) of about 1099 Ma indicates essentially the same time interval 

of emplacement for the two lithologically distinct series of rocks. The two series are 

interpreted to be tapped from essentially the same feeding chamber in the lower crust. These 

deep-seated chambers were probably highly loaded with suspended plagioclase phenocrystals 

that floated to the roof zones during the latent stage of rift magmatism. These zones were 

tapped first during main stage magmatism to form the Anorthositic Series rocks. As the 

plagioclase-rich crystal suspension got flushed out, later output of magmas produced the 

Layered Series troctolites (Miller & Severson, 2002).  

The Layered Series drew economical interest since the early 20th century as the first 

continuous magmatic sulfide-bearing zones with Cu-Ni mineralization were discovered 

(Miller et al. 2002). Renewed interest in the platinum-group minerals in the 1980s (Sabelin & 

Iwasaki, 1985) induced a new wave of studies in the sulfide mineralization and continuous 

exploration led to the delineation of Cu-Ni-PGE resources of more than 4 billion tons 
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(Eckstrand & Hulbert, 2007). This continuously increasing number qualifies the Complex 

among the largest Cu-Ni-PGE mineralized igneous bodies (Fig. 2).  

 

2.1.5. Post-Duluth Complex intrusives 

Intrusive rocks postdating the Duluth Complex in NE Minnesota are mostly found 

intruding the North Shore volcanites. Most of the thin sills and sheets with dimensions of a 

few kilometers are classified into the Beaver Bay Complex or as individual intrusive bodies 

(Fig. 4). Radiometric dating usually yielded younger ages for these rocks than that of the 

Duluth Complex, but some overlapping activity cannot be ruled out (Miller & Green 2002). 

Intrusive rocks are more hypabyssal than the deeper seated rocks of the Duluth Complex, 

exhibit mafic to felsic compositions and usually lack modal layering or any sort of cumulate 

textures or signs of in-situ differentiation (Miller & Green, 2002). Most of these sills and 

small intrusions lack economic significance; however some reef-type PGE-occurrences have 

been described from for example the Sonju Lake Intrusion, one of the few intrusions to 

actually exhibit modal layering and cumulate rock textures (Miller, 1999; Li et al. 2008).  

 

2.1.6. Origin of sulfide mineralization of the Duluth Complex 

Significant sulfide mineralization in the Duluth Complex has been described from the 

Partridge River Intrusion and the South Kawishiwi Intrusion that are the part of the Layered 

Series (Severson et al., 2002, Fig. 4). Sulfide mineralization in these intrusions appears in the 

basal units of the plutons, generally following the basal contact, most of the time interfingered 

with barren rocks. Chalcopyrite, pyrrhotite, pentlandite and cubanite dominate the mostly 

disseminated mineralization with minor amounts of massive sulfide bodies occurring on the 

immediate basal contact of the intrusions with the footwall rocks. 

Sulfur isotope measurements by e.g. Ripley (1981), Ripley (1986), Ripley & Al-Jassar 

(1987) and Re-Os, Sm-Nd and Pb isotope patterns (Ripley et al. 1998) in the Partridge River 

Intrusion have shown that the mineralization is the result of assimilation of sulfur-bearing 

country-rocks, presumably the Paleoproterozoic Virginia Formation and Biwabik Iron 

Formation by the intruding mafic magmas. As the result of the addition of external sulfur to 

the mafic magmas, silicate melts reached their sulfide saturation that lead to the immiscibility 

of sulfide liquid droplets.  

Assimilation of footwall rocks took place locally at the present footwall of the 

intrusions, apparent by many metamorphic features visible in drillcore in the Partridge River 

Intrusion as well as in the South Kawishiwi Intrusion (e.g. Sawyer, 2002). However the 
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silicate melt probably reacted with sulfidic wallrock and became sulfide saturated in deeper, 

staging chambers and carried sulfide droplets from larger depths, too (Peterson, 2010). 

Abundant xenoliths of metasedimentary rocks in the South Kawishiwi Intrusion, where the 

immediate footwall is the granitoid Giants Range Batholith, probably demonstrate this best. 

Recently, Molnár et al. (2009) showed that extraction of sulfur rich volatiles from the local 

(granitoid) and distant (metasedimentary) footwall units during magma emplacement were 

both key processes in the localization of mineralization in the South Kawishiwi Intrusion.  

 

Hydrothermal processes in the light of mineralization 

While there is consensus about the overall magmatic origin of sulfide mineralization, 

several authors promoted the role of magmatic fluids in the redistribution of ore metals. 

Ripley (1990) and Ripley et al. (1993) based their models on stable O and H isotope 

measurements and suggested that both magmatic processes and hydrothermal fluids from 

different sources were responsible for the observed distribution of PGEs in the Partridge River 

Intrusion. Mogessie et al. (1991) and Mogessie & Stumpfl (1992) suggested hydrothermal 

enrichment of PGE based on spatial association of platinum-group minerals (PGMs) with 

hydrothermal mineral assemblages and distribution patterns of stable O and S isotopes. 

Pasteris et al. (1995) concluded from fluid inclusion investigations that magmatic and 

possibly externally derived fluids played a role in the alteration of rocks along the 

southwestern margin of the Complex and might as well induced remobilization of platinum-

group elements. Ripley et al. (2001) explained some of the observed Re/Os isotopic variations 

in the Virginia Formation (the footwall unit of the Duluth Complex at the Babbit deposit) by 

reaction of the rocks with a primary magmatic fluid with chondritic Re/Os ratios, expelled 

from the Duluth Complex. 

 

2.2. GEOLOGY OF THE SOUTH KAWISHIWI INTRUSION 

 

2.2.1. Magmatic stratigraphy 

The South Kawishiwi Intrusion (Fig. 5) is the northernmost member of the Layered 

Series that hosts currently known and economic sulfide mineralization. Its footwall rocks, 

differently from the Partridge River Intrusion, are predominantly granitoid rocks of the Giants 

Range batholith, part of the Archean Superior Province. It is a shallow bowl-shaped plutonic 

body that is tilted to the SE about 15 degrees (Fig. 6). The basal contact of the intrusion on the 
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W and NW is therefore the lower contact and rocks exposed on the surface are in higher 

stratigraphic position to the SE.  

The SKI consists of several petrologically distinguishable, laterally more or less 

correlating units, gently dipping to the SE (Fig. 6); however, these are not comparable to 

‘classical’ modal layering observed in other intrusions of the Layered Series or other large 

mafic igneous complexes. The most important units, according to Severson (1994) are as 

follows:  

The AT-T (‘Anorthositic troctolite and troctolite’) and Main AGT (‘Main augite-

troctolite’) units that form the hanging wall of the mineralized troctolite unit. They usually do 

not contain ore mineralization, except for some unique locations of low-grade disseminated 

Cu-Ni-PGE sulfide occurrences, e.g. the South Filson Creek area (Kuhns et al., 1990), which 

is in part the subject of present thesis. These units contain abundant inclusions of the 

Anorthositic Series rocks (up to ~1 km in diameter, as in the case of the so called ‘Highway 1 

corridor’ area; Severson, 1994), as well as basaltic xenoliths from the similarly rift-related 

North Shore Volcanic group (Green, 2002).  

The lowermost unit of the intrusion hosts the majority of magmatic sulfide 

mineralization: the BMZ (‘Basal Mineralized Unit’) is referred to in this study as the 

collective of the BH (‘Basal Heterogeneous’) and BAN (‘Basal Noritic’) units along with 

other ultramafic units of Severson (1994). Rock types that form the BMZ unit are 

heterogeneous, fine to very coarse-grained, some places pegmatitic with anorthositic, 

troctolitic to ultramafic compositions. Noritic rocks occur in the lower parts of the intrusive 

sequence, where contamination by the footwall granitoids resulted in crystallization of more 

orthopyroxene in the rocks. Texture of the rocks is very variable with sharp changes in modal 

composition, grain size and sulfide content even within tens of centimeters.  

The PEG (‘Pegmatitic’) unit exhibits abundant coarse-grained pegmatitic rock types of 

various compositions, meanwhile being a relatively discontinuous unit. If present, it overlies 

the BMZ unit and may carry some sulfide mineralization.  
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bodies). Base and especially precious metal grades generally increase upward from the lower 

contact and terminate along the upper contact to the hanging wall homogeneous troctolite. 

Spatial continuity of grades and petrographical properties seem to be more consistent than in 

the precious metal depleted mineralization and probably represent magmatic sulfide ores 

deposited from later stage, more continuous pulses of magma. Higher grades are in part 

attributed to the fact that intruding magma pulses were restricted under a large block of 

Anorthositic Series rocks (Fig. 6) that induced more turbulent magma flow. This resulted in 

the more extensive interaction of sulfide droplets with the silicate melt and allowed more 

effective collection of PGEs. This style of mineralization was consequently termed ‘confined 

style’ (Peterson 2001, 2002a,c). Examples of ‘confined style’ mineralization are the Birch 

Lake, Maturi and Maturi extension/Nokomis deposits (Fig. 7).  

The voluminous, barren troctolitic units (Main AGT, AT-T) are probably the products 

of voluminous and continuous magma charges. It is interpreted that the South Kawishiwi and 

Bald Eagle Intrusions represent a long-lived, complex magma feeding system that used rift-

related structures to lead magma from deeper staging chambers to higher crustal levels (Miller 

& Severson, 2002; Fig. 8). The so called ‘Nickel Lake macrodike’ in the northeastern end of 

the intrusion probably occupies a rift-parallel normal fault and is interpreted to be one of the 

main feeding channels of the system (Peterson et al. 2006).  
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Thus, its spatial relationship to these styles is not clear and has been partly the subject of my 

mapping in the area. Known geochemical assays from the area and drillholes indicated locally 

very high (up to several ppm) TPM values in these rocks, but the distribution of 

mineralization was quite erratic and in part not exactly mapped out, based on earlier research 

carried out in the area.  

The Nickel Lake Macrodike to the east is a southwest trending, steeply dipping, 

asymmetric troctolitic and gabbroic intrusion that exhibit strong igneous foliation, subvertical 

layering and distribution of different magmatic rocks (see map of Peterson et al. 2006; 

Peterson & Albers, 2007). These rocks include oxide gabbro, layered melatroctolite to dunite, 

heterogeneous troctolite units as well as xenoliths originating from the Anorthositic Series, 

the basaltic roof rocks of the Duluth Complex, and hornfelsed inclusions of metasediment and 

banded iron formation from the footwall units of the intrusions. The junction of the dike with 

the South Kawishiwi Intrusion is marked by several inclusions of Anorthositic Series rocks 

and might indicate rapid decrease in magma flow velocity as the melts entered the sill-like 

intrusion from the narrower dike (Peterson & Albers, 2007).  

 

2.3.2. Drillholes from the northeast part of the South Kawishiwi Intrusion 

Eight diamond drillholes have been the subject of detailed studies during present 

project. All of the holes are located in the northern part of the South Kawishiwi Intrusion (Fig. 

5 and 6). Most of the drillholes intersected the large xenolith (~1 km intercepts in drillcore) of 

gabbroic and anorthositic rocks that originate from the Anorthositic Series. This xenolith is 

located above the troctolitic and locally ultramafic Main AGT and BMZ units (Fig. 6). The 

drillholes intersected the basal contact of the intrusion, frequently indicated by partially 

digested granitoid footwall xenoliths and continued into the footwall to various depths. 

Geochemical and stratigraphic sections of drillholes are presented in Appendix Figure 4 to 9. 

Mineralization is more Cu-rich and poorer in Ni, compared to other large magmatic sulfide 

deposits (Eckstrand & Hulbert, 2007). The studied drillholes intersected ‘confined’ style 

mineralization, thus containing significant PGE values (up to several ppm TPM). 

Most of the sulfide mineralization in the studied drillholes exhibit typical magmatic 

textures and mineralogy. The patchy to disseminated sulfide minerals, ranging from few mm 

to several cm in size form intercumulus phases between the major rock-forming silicate 

minerals of fine to coarse-grained troctolitic rocks. Micro-veinlets (<1 μm to several mm 

thick) crosscutting silicates and oxides and interconnecting larger patches of sulfides are very 

common. The most abundant sulfide phases are pyrrhotite, pentlandite, chalcopyrite and 
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 CHAPTER 3 – MINERALIZATION IN THE SOUTH FILSON CREEK AREA 
 

3.1. INTRODUCTION 

 

The South Filson creek area has been in the focus of studies for decades, in large part 

because of the high PGE values some of the rocks in the area returned. Some 30 diamond 

drillholes have been drilled in the area by exploration and mining companies e.g. INCO, 

Hanna Mining, Wallbridge Mining, Duval, Bear Creek Exploration and most recently 

Encampment Minerals. Drillholes returned low to moderate grades (up to 1.2 % Cu), but 

drilling has not been dense enough to assess the continuity of mineralization in depth. Kuhns 

et al. (1990) conducted some limited mapping and petrological studies on the area, too. Latter 

authors, as well as researchers in general familiar with the area has referred to the 

mineralization as being largely ‘structurally controlled’ and being affected by post-magmatic 

hydrothermal processes.  

Geological mapping in the area is not an easy task as accessibility is limited by 

extensive wetlands and peat bogs that negatively affect accessibility and outcrop conditions 

too. Geological maps of the mineralization and its surroundings were therefore limited in 

detail, most of the interpretations being based on petrography and geochemistry of isolated 

samples with poor support of field information. 

This chapter documents the geology, petrography and mineralogy of the South Filson 

Creek area with special regards to the base- and precious metal sulfide mineralization and its 

relationship to the local geology of the intrusion. Geochemical features of the rocks of the 

area are evaluated in the light of magmatic and the overprinting hydrothermal alteration 

processes. Regional context of hydrothermal alteration is provided as well as the assessment 

of the potential in the redistribution of ore metals in the rocks.  

 

3.2. FIELD RELATIONSHIP OF ROCK TYPES AND MINERALIZATION 

 

A detailed geological map of the area, a map of outcrops and other observations and the 

source of information on the geological map is presented in Appendix Figure 1 to 3. A 

description of map units is given in this chapter. 

Footwall units: Footwall rocks of the South Kawishiwi Intrusion are porphyritic quartz 

monzonite, granodiorite and granite cut by aplite and pegmatitic veins and dikes in the studied 
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area. These rocks belong to the Giants Range Batholith (GRB unit on Appendix Figure 1). 

Thermal metamorphic effects of the Duluth Complex resulted in partial melting textures and 

orthopyroxene-quartz-biotite (charnockitic) alteration with development of shear fabrics 

parallel to the basal contact of the intrusions. Disseminated footwall mineralization reported 

from several drillholes elsewhere within the Duluth Complex (Severson, 1994) was not 

observed in the mapped area in outcrop.  

Hangingwall units: The various types of the Anorthositic Series rocks are indicated on 

the geologic map as a single unit (A-tA). The most common rock type is the middle- to 

coarse-grained (1-3 cm), poikilitic, troctolitic to gabbroic anorthosite (Fig. 10A). The 

Anorthositic Series rocks are relatively homogeneous, although modal proportion of rock-

forming minerals varies in a gradual manner. The modal proportion of plagioclase is usually 

higher than 75-80%. The proportion of olivine is from 5 to 15%, often in the form of 

oikocrysts up to a few centimeters in diameter. Clinopyroxene also forms several centimeter 

large oikocrysts at some places, and its proportion can be as high as 10%. Igneous lamination 

is usually present due to alignment of plagioclase laths. The orientation of this lamination is 

variable, which is consistent with the interpretation that the Anorthositic Series was intruded 

as a viscous crystal mush carrying up to 40-50% volume of plagioclase phenocrysts (Miller & 

Weiblen, 1990, Miller & Severson, 2002). Rare occurrences of fine-grained to pegmatoidal, 

anorthositic to oxide-rich gabbroic rocks do not greatly disturb the overall homogeneous 

nature of the Anorthositic Series in the area.  

Layered Series: Layered Series rocks consist of medium- to coarse-grained (0.5-2 cm) 

augite troctolite, ophitic augite troctolite and subordinately medium-grained (0.5-1 cm) 

melatroctolite and anorthositic troctolite (S-pT unit; Fig. 10B). Occasionally, within local 

heterogeneous parts, slight lamination of plagioclase and/or modal layering of olivine or 

clinopyroxene occurs on a few cm scale, but layering cannot be traced from one outcrop to 

another. The proportion of plagioclase in the rocks increases towards the southern part of the 

mapped area where anorthositic troctolite becomes the dominant rock type (S-TaT unit), 

similarly to map units “sat” and “spt” of Green et al. (1966).  

Pyroxene- and plagioclase-rich pegmatite bodies with grain size up to several 

centimeters are also present in the central parts of the study area. They form irregularly 

shaped patches ranging from tens of centimeters up to 2 meters in diameter, especially in the 

vicinity of the occurrence of mineralization in the Layered Series rocks (Fig. 10C,D), but do 

not form laterally continuous layers in the study area. Pegmatitic patches contain sulfides in 

some outcrops. 
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Mineralization: The heterogeneous sulfide-bearing rocks of the Spruce Road Deposit, 

which is the closest contact deposit to the studied mineralization, are located in the lower and 

thus northern part of the Layered Series, in a 100-500 m wide belt along the basal contact (S-

SR unit). The deposit is characterized by very heterogeneous, fine-grained to pegmatoidal 

sulfide-bearing troctolitic rocks. These rocks were described by Lee & Ripley (1995, 1996) 

and Peterson (2002d) among others. The Spruce Road Deposit contains precious metal 

depleted, ‘open’ style mineralization. 

Two types of mineralization have been distinguished in the South Filson Creek area 

based on field observations and confirmed by later petrographic studies. Disseminated sulfide 

mineralization occurs in medium-grained troctolitic to anorthositic rocks with mostly 

homogeneous texture. The extent of these sulfide showings varies from 0.25 m2 up to 20 m2 in 

outcrops. Occurrences of these sulfide-bearing rocks in the troctolites are restricted to an 

approximately 0.5 square kilometer area in the central part of the mapped area (S-Ts unit). 

However, the sulfide-bearing areas indicated on the geologic map should not be considered as 

continuous sulfide-bearing zones: they are places where sulfide-bearing patches are abundant 

within the otherwise barren troctolitic rocks. It is common that only one part of an outcrop is 

mineralized while the rest of the outcrop is barren with no significant change in rock type or 

hydrothermal alteration. Sulfide-bearing zones do not have sharp outlines and do not form 

horizons, massive veins or layers. Elongated appearance of sulfide-rich patches has been 

observed at some places, but the orientations of these zones do not seem to correlate with any 

structural element. Sulfide minerals form fine-grained disseminated inclusions within primary 

plagioclase and clinopyroxene, or larger (up to 2-3 mm) interstitial patches. The most 

common minerals are chalcopyrite, cubanite, pyrrhotite and pentlandite. Although sulfide-

bearing heterogeneous rocks and pegmatitic pods are present in the area, the main sulfide-

hosting rock type is homogeneous troctolite.  

The other type of mineralization in the South Filson Creek is hosted by hydrothermal 

alteration zones. The most intensely altered areas contain very finely disseminated 

chalcopyrite mineralization and occur at the junction zones of faults and fractures crosscutting 

both the Anorthositic and Layered Series (S-Tsx and A-tAs units, Fig. 11 and Appendix 

Figure 1). 
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One of the hydrothermally altered zones occurs in a 200 m long and 30 m wide area in 

the northeastern part of the map within the S-pT unit, approximately 100 meters south from 

the Spruce Road mineralization. This zone is characterized by disseminations and stockworks 

of fine-grained (<1 mm) amphibole, chlorite and minor disseminated sulfides. Fibrous 

amphibole and chlorite are the alteration products of mafic rock-forming minerals (pyroxene 

and olivine) but they also fill up thin (0.5-3 mm) veinlets. The strike of these veinlets is 

parallel to a NNE-SSW oriented linear valley which probably indicates a major fault zone 

next to the altered rocks.  

Within the Anorthositic Series (A-tA unit), close to its southern boundary, two zones of 

sulfide-bearing rocks with extensive chlorite-amphibole alteration were recognized (A-tAs 

unit in Appendix Figure 1; Fig. 11). One of them forms an approximately 250 m long and 70 

m wide NNE trending zone, and the other is an irregular 100 m long and 60 m wide NNW 

trending zone of disseminations and thin veinlets, both following fracture zones in the rock. 

Mafic rock-forming minerals are usually altered to fine-grained masses of chlorite and 

amphibole; plagioclase is altered to sericite, chlorite, carbonate and prehnite. The most 

common sulfide mineral is chalcopyrite with grain size less than 1 mm.  

 

3.3.PETROGRAPHY AND MINERAL CHEMISTRY 

 

3.3.1. Host rock characteristics 

Primary rock-forming minerals in Anorthositic Series: General petrographic 

characteristics of the Anorthositic Series are documented in detail by Miller and Weiblen 

(1990). Unaltered anorthositic rocks consist of up to 85-95 modal percent of euhedral or 

subhedral plagioclase with an average composition of An~60. Grain size is usually between 

0.5 and 2 cm; however some crystals with 3-4 cm sizes sporadically occur. The orientation of 

plagioclase laths is responsible for the generally present foliated texture of the rock. Mafic 

phases like olivine (Fo60), ophitic to subophitic clinopyroxene (with augite composition) and 

oxides as ilmenite and subordinate amount of magnetite are usually interstitial to plagioclase. 

However, poikilitic olivine and augite oikocrysts up to 10 cm in diameter enclosing 

plagioclase also occur. The amount of mafic minerals is less than 15 modal percent altogether. 

Not even trace amounts of sulfides have been found in unaltered rocks of the Anorthosite 

Series. 
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Primary rock-forming minerals in the Layered Series: The most abundant rock-forming 

minerals are plagioclase, olivine and clinopyroxene (Fig. 12A-C). Various types of troctolite 

differ in modal proportions of these phases while the textural appearance of the rock-forming 

minerals is more or less the same throughout the Layered Series.  

Grain size of plagioclase varies from 1 mm up to 1 cm. It mostly forms 

euhedral/subhedral laths and rarely small interstitial crystals (Fig. 12A,B). Modal proportion 

is usually between 65-80%; composition is An55-70 (Table 1), with more albitic composition 

on the rims of the grains especially in pegmatitic rocks. Olivine (modal proportion between 

15-30%) forms subhedral to anhedral rounded grains with 0.5 - 1 cm in diameter. Forsterite 

content of olivine varies between 56 and 63 molar %; no pronounced zoning in composition 

was observed. There is no correlation between the An-content of plagioclase and the Fo-

content of olivine. NiO contents are around 0.1 wt% or less, but in one of the highly 

mineralized sample from the Layered Series troctolites the NiO content of olivine is up to 

0.41 wt% (Fig. 13, Table 2). NiO content of olivine otherwise is not in correlation with 

forsterite content, therefore the outlying cluster of values might indicate re-equilibration of the 

olivine due to post-crystallization processes, e.g. by interaction with a sulfide liquid (Fig. 13). 

Clinopyroxene (10-20 modal percent) forms subhedral to anhedral grains with ophitic to 

subophitic texture (Fig. 12A,C). Grain size of the oikocrysts is up to several centimeters; the 

average size is around 1 cm. Orthopyroxene is present in trace amounts only; it usually occurs 

as thin (0.01-0.05mm) peritectic rims on olivine or forms symplectitic intergrowths with 

plagioclase, ilmenite and chalcopyrite. Composition of clinopyroxene is augitic-diopsidic, 

whereas orthopyroxene is hypersthene (Fig. 14, Table 3).  
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Table 3: Representative composition of ortho- and clinopyroxene from troctolitic rocks of the South Filson Creek area 
Sample 
No.

07-012 07-013 07-011 07-014 07-014 07-013 07-014 07-002 07-009 07-009

mineral hyp hyp hyp hyp hyp aug aug aug aug aug

SiO2 53.65 53.03 53.51 53.54 51.50 51.97 52.08 52.21 51.75 51.86
TiO2 0.21 0.31 0.34 0.19 0.22 0.73 0.50 0.64 0.72 0.73
Al2O3 1.01 0.96 1.06 1.00 0.87 2.31 1.69 2.23 2.40 2.21
FeO 19.79 22.25 19.55 20.44 26.44 9.39 11.97 8.48 9.37 9.22
MgO 24.36 22.46 23.91 23.82 19.08 13.87 12.73 15.17 13.95 14.74
MnO 0.37 0.38 0.29 0.37 0.57 0.18 0.27 0.20 0.17 0.22
Na2O 0.02 b.d.l. 0.02 0.00 0.01 0.31 0.32 0.25 0.32 0.26
CaO 1.01 1.06 1.19 0.97 1.04 21.77 21.05 21.06 21.48 20.72

Total 100.43 100.45 99.87 100.32 99.74 100.52 100.61 100.24 100.15 99.95

Si 1.97 1.97 1.97 1.97 1.97 1.93 1.95 1.93 1.93 1.93
Al 0.04 0.04 0.05 0.04 0.04 0.10 0.07 0.10 0.11 0.10
Ti 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02
Fe 0.61 0.69 0.60 0.63 0.84 0.29 0.38 0.26 0.29 0.29
Mn 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Mg 1.33 1.24 1.31 1.31 1.09 0.77 0.71 0.84 0.78 0.82
Ca 0.04 0.04 0.05 0.04 0.04 0.87 0.85 0.84 0.86 0.83
Na 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.02
Total 4.01 4.00 4.00 4.00 4.01 4.01 4.01 4.01 4.01 4.01
hyp - hyperstene, aug - augite

Cation numbers based on 6 oxigens

 
Ilmenite is the primary oxide mineral. It forms anhedral, intergranular crystals, but 

poikilitic to subpoikilitic grains also appear at some places. In gabbroic rocks, the modal 

proportion is as high as 20 percent, but the amount of ilmenite is generally less than 5 percent 

in troctolitic rocks. At some places, ilmenite forms irregular symplectitic intergrowths with 

orthopyroxene. Other abundant oxide mineral is magnetite or more frequently titanomagnetite 

(with oriented ulvöspinel and ilmenite exsolution lamellae). It is present as round individual 

grains or as anhedral blobs intergrown with ilmenite.  

Biotite is usually present in 1-2 modal percent, but the abundance is locally up to 5-10 

percent. Larger flakes of biotite always appear as rims around granular ilmenite or in places 

interstitial sulfide blobs, whereas smaller, oriented (epitaxial) lamellar crystals are present 

along the grain boundaries between clinopyroxene and plagioclase. The association of biotite 

+ ilmenite + magnetite-orthopyroxene symplectite ± orthopyroxene-plagioclase symplectites 

is very common and possibly represents late crystallizing phases from the residual liquid.  

The main accessory mineral is apatite which forms anhedral to euhedral prisms along 

grain boundaries of plagioclase and inclusions in plagioclase and clinopyroxene. Modal 

proportion is usually less than 1%. 

Primary rock-forming minerals in pegmatites of the Layered Series: The main rock-

forming minerals in pegmatites are plagioclase and clinopyroxene (approximately 2:1 modal 
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abundance) and lesser amount of biotite, amphibole, olivine and trace K-feldspar. Grain size 

is usually more than 2 centimeters and it is up to 4-5 centimeters in some exceptional cases. 

Plagioclase usually forms euhedral and subhedral tabular crystals. Sericite alteration of 

plagioclase with variable intensity is a common feature. Clinopyroxene forms subhedral to 

anhedral intercumulus phases between plagioclase laths. Orthopyroxene is present within the 

clinopyroxene grains as exsolution lamellae and as larger irregular zones or round patches 

also resulting from exsolution. The modal proportion of oxides (ilmenite and magnetite) is up 

to 20%, whereas the abundance of biotite is higher compared to the more fine grained rocks 

but does not exceed 10%. The amount of green amphibole is up to 10-15%. They are either 

alteration products of pyroxene as the very earliest product of the locally extensive deuteric 

alteration or occur as individual, euhedral or subhedral crystals. Zircon is present as an 

accessory mineral and is best visible in altered pyroxene due to its dark rim. Variable amount 

(up to 15%) of apatite is also present in every pegmatite pocket (Fig. 12). The average size of 

the prismatic crystals is usually less than 1-2 mm (Fig. 12D) but up to 1.5 cm long crystals 

also occur (Fig. 12E). The grain size of apatite is not correlated with textural relationship to 

other rock-forming minerals: apatite forms euhedral inclusions in plagioclase, clinopyroxene 

and amphibole and also occurs along grain boundaries of large plagioclase crystals. These 

latter grains usually have more rounded morphology and irregularly dissolved grain 

boundaries. 

Measurement of halogen content of apatite in order to monitor the volatile content of 

liquids and fluids in a magmatic system is widely applied in mafic-ultramafic intrusions 

(Boudreau and McCallum, 1989, Boudreau and Krueger, 1990, Boudreau et al., 1993, Meurer 

and Boudreau, 1996, Ripley et al., 1998 among others). Atomic proportions of Cl, F and OH 

in apatite of the South Filson Creek area are shown on a triangular plot (Fig. 15), whereas 

representative compositions are listed in Table 4. The analyzed samples were plagioclase and 

clinopyroxene-dominated pegmatites except of the sample 07-069, which was a coarse-

grained to pegmatoidal pyroxene-dominated, oxide-rich gabbro.  
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Chlorite usually forms fine-grained masses replacing pyroxenes and also occurs in very 

thin veins with amphibole (Fig. 17A). Amphibole also replaces pyroxene and plagioclase. 

Chlorite is common as an alteration product of biotite, too: complete alteration of biotite 

resulted in assemblages of oriented ilmenite lamellae in fine-grained masses of chlorite. 

Composition of chlorite corresponds mostly to ripidolite and in a lesser extent picnochlorite 

and brunsvigite (Table 5). NiO content of chlorite is around 0.1 wt%, but in some exceptional 

cases it is as high as 0.2 wt%. Cl content is usually less than 0.05 wt% (up to 0.2 wt% in a few 

cases), F content is also fairly low (0.06 wt% in average and up to 0.2 wt%). Formation 

temperatures for chlorite were calculated from the mineral-chemistry data using two different 

thermometers (Kranidiotis and McLean, 1987; Zang and Fyfe, 1995). Based only on those 

analyses that are within the calibrated intervals of these geothermometers, formation 

temperatures are between 250 and 350°C respectively (Fig. 18). 

Amphibole is always present in association with chlorite and together forms fine-

grained mats of elongated fibrous crystals replacing mafic minerals and plagioclase or 

occasionally fills up thin (1-2 mm) veinlets (Fig. 17A, D). Grain size of amphibole is between 

0.5 to 5 mm. Secondary amphibole shows sutured and intergrown contacts with chalcopyrite 

and pyrrhotite, suggestive of replacement (Fig. 17C,E,F). Moreover, chalcopyrite is often 

surrounded by a clear albitic rim in the chlorite-amphibole altered samples (Fig. 17C). 

According to the nomenclature of Leake (1997), the amphiboles of the South Filson Creek 

area can be classified as tremolite, actinolite, magnesiohornblende, ferrohornblende and 

tschermakite (Table 6). Some of the anhedral vein-filling amphibole has tschermakitic 

composition, whereas fibrous amphibole associated with veins is less calcic with 

anthophyllite/cummingtonite compositions; optical properties suggest anthophyllite (Table 6). 

Other than this no correlation has been observed between composition and textural 

appearance. Cl content of amphibole is usually lower than 0.15 wt%, with highs up to 0.5 

wt%. F content is up to 0.12 wt% in some samples, but usually is below 0.05 wt% (Table 6) 

The highest F content in amphibole and the highest F- and Cl- content in chlorite was 

measured from sample 07-026, the same sample in which the most Cl-depleted and most F-

enriched apatite crystals were also found (Table 4). 
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Table 5: Representative composition of chlorite from altered troctolitic and anorthositic rocks of the Layered and 
Anorthositic Series in the South Filson Creek area 

Sample No. 07-021 07-024 07-026 07-052B 07-029 07-056 07-059
mineral pic pic brunsv rip rip rip rip
SiO2 27.48 27.46 28.18 25.19 24.92 26.71 24.61
TiO2 0.01 0.03 1.04 0.06 0.10 0.07 0.04
Al2O3 17.17 19.03 15.18 19.75 19.43 20.16 20.12
FeO 21.57 19.82 32.05 29.28 31.35 19.86 28.51
MnO 0.11 0.20 0.30 0.21 0.35 0.11 0.26
MgO 19.72 20.31 11.20 13.43 11.78 19.86 12.76
CaO b.d.l. 0.02 0.37 b.d.l. 0.02 b.d.l. 0.02
Na2O b.d.l. b.d.l. 0.01 b.d.l. 0.02 b.d.l. 0.03
K2O 0.03 0.02 0.54 0.07 0.05 0.02 0.02
F 0.05 0.04 0.23 0.10 0.09 b.d.l. 0.06
Cl 0.03 0.03 0.26 0.03 0.03 0.06 0.12
NiO 0.24 0.12 0.08 0.07 0.05 0.10 0.20
total 86.41 87.06 89.44 88.20 88.17 86.94 86.76

Si 5.77 5.66 6.05 5.40 5.56 5.51 5.36
Al IV 2.23 2.34 1.95 2.60 2.44 2.49 2.64
Total IV 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Al VI 2.03 2.28 1.89 2.40 2.40 2.42 2.52
Ti 0.00 0.00 0.17 0.01 0.02 0.01 0.01
Fe 3.79 3.41 5.75 5.25 5.52 3.43 5.19
Mn 0.02 0.03 0.05 0.04 0.06 0.02 0.05
Mg 6.18 6.24 3.58 4.29 3.88 6.11 4.14
Ca 0.00 0.00 0.09 0.00 0.01 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.01 0.00 0.01
K 0.01 0.01 0.15 0.02 0.01 0.01 0.01
F 0.03 0.02 0.16 0.07 0.08 0.00 0.04
Cl 0.01 0.01 0.10 0.01 0.01 0.02 0.04
Ni 0.04 0.02 0.01 0.01 0.01 0.02 0.04
Total VI 12.02 11.98 11.68 12.01 11.91 11.99 11.94
Total 20.10 20.03 19.94 20.10 20.01 20.03 20.06

X Fe 0.38 0.35 0.61 0.55 0.58 0.36 0.55

Zang & Fyfe 
1995 250,25* 265.13* 200.02* 273.89 253.50 279.89 277.98

Kranidiotis & 
McLean 1987

282,16* 292.48* 270.13* 333.97 319.56 308.25 338.91

pic - picnochlorite, brunsv - brunsvigite, rip - ripidolite
*calculated temperature falls outside of the calibrated range of thermometer
b.d.l. - below detection limit

calculated formula based on 28 oxigens

calculated formation temperatures (°C)
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Table 6: Representative composition of amphibole from altered troctolitic and pegmatitic rocks of the Layered and 
Anorthositic Series rocks in the South Filson Creek area 

Sample 
No. 07-018 07-018 07-024 07-026 07-029 07-065 07-065

mineral Mg-has Mg-hbld trem Fe-Mg-
hblde act tsch ant

SiO2 40.51 46.68 57.00 48.29 52.57 41.43 54.47
TiO2 0.28 0.49 b.d.l. 0.44 0.41 0.44 0.01
Al2O3 14.20 8.80 0.51 4.77 2.00 14.48 1.98
FeO 20.36 14.77 6.68 20.46 16.86 15.98 18.33
MnO 0.33 0.25 0.20 0.29 0.32 0.35 0.55
MgO 7.97 13.68 20.58 10.62 12.97 11.35 21.62
CaO 11.45 11.00 12.63 11.42 12.60 10.74 0.43
Na2O 2.75 1.74 0.18 0.61 0.18 2.46 0.34
K2O 0.16 0.33 0.02 0.58 0.13 0.16 0.02
NiO 0.10 0.07 0.12 0.04 0.09 0.06 0.07
F b.d.l. b.d.l. b.d.l. 0.12 b.d.l. b.d.l. 0.04
Cl 0.27 0.23 0.02 0.28 0.07 0.34 0.01
total 98.37 98.04 97.93 97.92 98.19 97.80 97.87
O=F,Cl 0.06 0.05 0.00 0.11 0.02 0.08 0.02
total-O 98.31 97.98 97.92 97.80 98.18 97.72 97.86

Si 6.07 6.71 7.87 7.18 7.68 6.02 7.76
Al IV 1.93 1.29 0.08 0.82 0.32 1.98 0.24
total IV 8.00 8.00 7.95 8.00 8.00 8.00 8.00

Al VI 0.58 0.20 0.00 0.01 0.02 0.50 0.09
Ti 0.03 0.05 0.00 0.05 0.04 0.05 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.77 1.05 0.38 0.79 0.19 1.31 0.06
Fe2+ 1.78 0.73 0.39 1.75 1.87 0.63 2.13
Mn 0.04 0.03 0.02 0.04 0.04 0.04 0.07
Mg 1.78 2.93 4.24 2.35 2.82 2.46 4.59
Ni 0.01 0.01 0.01 0.00 0.01 0.01 0.01
total 5.00 5.00 5.05 5.00 5.00 5.00 6.93

Ca 1.84 1.69 1.87 1.82 1.97 1.67 0.07
Na 0.80 0.48 0.05 0.17 0.05 0.69 0.09
K 0.03 0.06 0.00 0.11 0.02 0.03 0.00
total 2.67 2.24 1.92 2.10 2.05 2.40 0.16

F 0.00 0.00 0.00 0.05 0.00 0.00 0.02
Cl 0.07 0.06 0.06 0.07 0.02 0.08 0.00

Total 17.67 17.24 16.92 17.10 17.05 17.40 17.10
Mg-has - magnesio-hastingsite, Mg-hblde - magnesio-hornblende
Fe-Mg-hbld - Ferrous magnesio-hornblende
act - actinolite, tsch - tschermakite, ant - antophyllite

cation numbers based on 23 oxigens
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Besides the above described alteration products, a different secondary mineral 

assemblage also occurs in the South Filson Creek area. This kind of alteration also affects the 

primary magmatic silicates and sulfides. The most common alteration product is the 

extremely fine-grained “iddingsite”, e.g. mixture of serpentine, magnetite and chlorite along 

fractures of olivine (Fig. 17G,H). Very small amounts of pyrrhotite (grain size is smaller than 

500 μm) was also observed in heavily serpentinized olivine. Silver-bearing minerals were 

identified by SEM in association with the serpentine alteration: native silver along a thin (10 

μm) crack in chalcopyrite, and grains of a Ag-Te-bearing phase (probably hessite) were found 

along serpentinized veins in altered olivine with secondary magnetite. Some very thin 

serpentine veinlets occur in plagioclase however the most prominent alteration feature is the 

irregular patchy extinction which indicates modified composition along grain boundaries with 

sulfide grains. The optically anomalous zones of plagioclase are Ca-enriched (up to An80) 

compared to average plagioclase compositions of fresh troctolite.  

This serpentine-iddingsite-anorthite alteration assemblage is present within the Layered 

Series rocks only and almost exclusively within the sulfide-bearing parts without any 

significant structural control. The extent of alteration is not as well pronounced as in the case 

of the amphibole-chlorite assemblage described above and could only be identified in thin 

section. 

 

3.3.3. Sulfide mineralization – magmatic and hydrothermal styles 

The most common primary magmatic sulfide minerals are pyrrhotite, chalcopyrite, 

cubanite and pentlandite (Fig. 19). This association has only been found in the Layered Series 

rocks. The total amount of sulfides in this type of mineralized rocks is usually 1-2 % but can 

reach up to 5%. Abundance of pyrrhotite is from 30 to 50 vol% in relation to the total amount 

of sulfides. It forms isometric and irregular shaped grains with sizes rarely greater than 1 mm. 

Flame-like, low-temperature exsolution lamellae of pentlandite are present in almost every 

grain (Fig. 19A,B). More coarse-grained pentlandite frequently appears along the grain 

boundaries of pyrrhotite. Both of these textural types are probably high temperature 

exsolution products. Pentlandite also forms coarser equigranular-anhedral grains among 

silicates and within chalcopyrite and pyrrhotite (grain size is 0.1-0.5 mm; Fig. 19B). The 

estimated amount of pentlandite is about 15% of the total sulfides. Copper-bearing sulfides 

(chalcopyrite, cubanite) frequently enclose or partially surround composite grains of 

pentlandite and pyrrhotite (Fig. 19B). Chalcopyrite is mostly present as coarse (3-5 mm) 

interstitial grains (Fig. 19C-F); its modal abundance is about 40% to 70%. Chalcopyrite also 
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forms round primary inclusions in plagioclase (Fig. 19C,D) and secondary inclusions along 

cleavage planes of pentlandite, plagioclase, pyroxene and biotite, as well as symplectitic 

intergrowths with orthopyroxene (Fig. 19G,H). 

Chalcopyrite inclusions in plagioclase and larger interstitial chalcopyrite patches are 

often interconnected with thin (<0.1-0.05mm) veinlets of chalcopyrite and cubanite  

(Fig. 19F). These veinlets usually have sharp walls with no alteration halo; however Ca-

enrichment of plagioclase with chloritization occurs at some places. All silicate and oxide 

phases are crosscut by these veinlets, but most of them are along cleavage planes of 

plagioclase, pyroxene and biotite and they are very rare in cracks of olivine and oxide 

minerals. 

Cubanite is always associated with chalcopyrite as oriented exsolution lamellae and as 

larger anhedral grains (Fig. 19B,E). Estimated modal abundance among sulfides is usually 

around 15% but it can be as high as 30% in some exceptional cases. 

Sulfide minerals in hydrothermal alteration zones: In the hydrothermally altered 

Layered Series and Anorthositic Series rocks, occurrence of disseminated chalcopyrite is 

exclusively associated to the chlorite-amphibole alteration assemblage as interstitial, very fine 

grains within fibrous masses of amphiboles and chlorite (Fig. 17D). Larger disseminated 

grains (up to 1 mm) of chalcopyrite occur in the center of alteration zones.  

Alteration of primary magmatic sulfide minerals in the Layered series rocks resulted in 

their replacement by fine amphibole needles and secondary sulfides along grain boundaries 

and microcracks (Fig. 17C,E,F). Secondary sulfides include colloform pyrite which replaces 

chalcopyrite and pyrrhotite. Very small grains (4-5 µm) of sphalerite are occasionally present 

within secondary pyrite masses. NiO content of pyrite varies from non-detectable amount to 

up to 3 wt%. At some places, primary magmatic sulfide grains are surrounded by an optically 

clear or sulfide inclusion rich albitic rim (Fig. 17C). In the Anorthositic Series rocks, 

chalcopyrite is solely present in secondary form in association with fibrous amphibole and 

chlorite with locally minor amounts of pyrite. 
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photomicrograph, 1N). C-D – Transmitted and reflected light photomicrograph (1N) of abundant chalcopyrite 
inclusions in plagioclase, some places interconnected by thin sulfide veinlets. E – reflected light (1N) photomicrograph 
of chalcopyrite with cubanite exsolution lamellae. F - reflected light (1N) photomicrograph of interstitial chalcopyrite 
in plagioclase and thin chalcopyrite veinlets. G-H – reflected (1N) and transmitted light (+N) photomicrograph of 
chalcopyrite+orthopyroxene symplectite between olivine and plagioclase.  

 

The serpentine-dominated alteration has also affected primary magmatic sulfide 

minerals resulting in bornite, covellite and digenite/neodigenite along grain boundaries and 

fractures of primary copper-bearing sulfides. Secondary chalcopyrite along with other copper-

bearing minerals (covellite, bornite and talnakhite) form cloud-like, fine-grained masses along 

the grain boundaries of primary sulfides and anorthite-enriched plagioclase (Fig. 17G,H). 

Primary chalcopyrite is also replaced locally by some rusty-colored iron-oxide-

hydroxide patches. Small grains (tens of microns) of galena are also found within or along 

grain boundaries of altered chalcopyrite. 

Precious metal minerals: Platinum group minerals (PGMs) are present in the primary 

magmatic assemblage and in association with serpentinization and anorthitization. Given the 

small grain size (1-3 μm) of precious metal minerals, no quantitative analyses was possible to 

obtain by the electron microprobe. Therefore the mineral names mentioned here are not 

proven but are inferred based on semi-quantitative EDX analyses. 

In association with primary magmatic sulfides, the following precious metal minerals 

were identified:  

• Pd-Pt-Bi-Te-bearing phase (michenerite/moncheite/merenskyite? Fig. 20A,B): 

one composite grain intergrown with native gold was found on the boundary of 

magmatic chalcopyrite and plagioclase. 

• Pt-As-bearing phase (sperrylite, Fig. 20C,D): associated with chalcopyrite 

inclusions in plagioclase.  

• Electrum was found as solitary inclusions in chalcopyrite. 

• Pt-Te-bearing phase (moncheite?): Only one grain was identified embedded in 

chalcopyrite.  

PGMs in association with or found in hydrothermal alteration are as follows: 

• Pd, Pt, Cu, Sn-bearing phases (taimyrite?, Fig. 20E,F,I) in altered chalcopyrite, 

some associated with electrum.  

• Pd, ± Pt, Sn-bearing phase (paolovite, Fig. 20G,H) associated with chloritized 

biotite and Ca-enriched plagioclase. These PGMs also occur in microscopic 

veinlets of chalcopyrite and along the grain boundaries of chalcopyrite and Ca-

enriched plagioclase in association with galena.  
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Table 7: Correlation matrix of whole-rock compositions of samples from the South Filson Creek area 

 
 

Ag
As

Ba
Co

Cr
Cu

Fe
Ni

Pb
S

Zn
Au

Pt
Pd

Al
Ba

Ca
Fe

K
M

g
Na

P
Sr

Ti
Ag

 
1.

00
As

 
-0

.0
6

1.
00

Ba
 

0.
07

-0
.1

9
1.

00
Co

 
-0

.0
8

0.
31

-0
.4

7
1.

00
Cr

 
-0

.2
2

-0
.0

6
-0

.2
7

0.
59

1.
00

Cu
 

0.
92

-0
.0

9
-0

.0
1

0.
00

-0
.1

1
1.

00
Fe

 
-0

.1
1

0.
34

-0
.5

0
0.

73
0.

41
-0

.1
0

1.
00

N
i 

0.
65

-0
.0

9
-0

.1
9

0.
32

0.
16

0.
79

0.
03

1.
00

Pb
 

0.
51

0.
14

0.
13

0.
17

-0
.1

4
0.

41
0.

17
0.

29
1.

00
S 

0.
83

0.
03

-0
.0

1
0.

18
-0

.0
5

0.
93

-0
.0

5
0.

82
0.

47
1.

00
Zn

 
-0

.2
6

0.
31

-0
.4

1
0.

74
0.

48
-0

.2
3

0.
94

-0
.0

4
0.

06
-0

.1
7

1.
00

Au
 

0.
71

0.
07

0.
01

0.
06

-0
.0

6
0.

74
0.

00
0.

53
0.

40
0.

68
-0

.1
2

1.
00

Pt
 

0.
57

-0
.2

3
0.

04
-0

.1
8

-0
.1

4
0.

70
-0

.2
0

0.
55

0.
24

0.
62

-0
.2

8
0.

54
1.

00
Pd

 
0.

64
-0

.2
1

-0
.0

2
-0

.1
3

-0
.1

1
0.

78
-0

.1
6

0.
62

0.
21

0.
70

-0
.2

6
0.

59
0.

96
1.

00
Al

 
0.

15
-0

.2
6

0.
43

-0
.5

0
-0

.3
1

0.
15

-0
.8

6
0.

08
-0

.0
7

0.
15

-0
.8

5
0.

09
0.

10
0.

09
1.

00
Ba

 
0.

07
-0

.1
9

1.
00

-0
.4

7
-0

.2
7

-0
.0

1
-0

.5
0

-0
.1

9
0.

13
-0

.0
1

-0
.4

1
0.

01
0.

04
-0

.0
2

0.
43

1.
00

Ca
 

-0
.0

4
-0

.0
7

0.
30

-0
.6

9
-0

.4
2

-0
.0

1
-0

.8
3

-0
.1

2
-0

.2
2

-0
.0

3
-0

.7
8

-0
.0

8
0.

12
0.

09
0.

67
0.

30
1.

00
Fe

 
-0

.1
1

0.
34

-0
.5

0
0.

73
0.

41
-0

.1
0

1.
00

0.
03

0.
17

-0
.0

5
0.

94
0.

00
-0

.2
0

-0
.1

6
-0

.8
6

-0
.5

0
-0

.8
3

1.
00

K 
-0

.0
1

-0
.2

2
0.

89
-0

.4
8

-0
.2

5
-0

.0
8

-0
.3

9
-0

.2
2

0.
03

-0
.1

1
-0

.3
1

-0
.0

7
0.

01
-0

.0
7

0.
32

0.
89

0.
27

-0
.3

9
1.

00
M

g 
-0

.2
6

0.
24

-0
.6

2
0.

86
0.

61
-0

.2
1

0.
82

0.
07

0.
01

-0
.1

5
0.

84
-0

.0
9

-0
.2

7
-0

.2
3

-0
.6

5
-0

.6
2

-0
.6

9
0.

82
-0

.5
2

1.
00

Na
 

0.
11

-0
.2

8
0.

70
-0

.6
5

-0
.4

1
0.

07
-0

.8
9

-0
.1

2
-0

.0
3

0.
07

-0
.8

4
0.

03
0.

13
0.

07
0.

86
0.

70
0.

66
-0

.8
9

0.
53

-0
.8

5
1.

00
P 

- 0
.1

4
0.

29
0.

07
0.

10
0.

17
-0

.1
8

0.
34

-0
.1

7
-0

.0
8

-0
.2

1
0.

46
-0

.1
6

-0
.1

0
-0

.1
2

-0
.5

4
0.

07
-0

.1
1

0.
34

0.
22

0.
22

-0
.3

7
1.

00
Sr

 
0.

04
-0

.3
0

0.
76

-0
.6

1
-0

.3
5

0.
04

-0
.8

1
-0

.0
9

-0
.0

4
0.

04
-0

.7
5

-0
.0

2
0.

11
0.

04
0.

77
0.

76
0.

63
-0

.8
1

0.
72

-0
.7

7
0.

88
-0

.2
3

1.
00

Ti
 

-0
.2

4
0.

26
0.

00
0.

12
0.

10
-0

.2
4

0.
53

-0
.2

6
-0

.1
4

-0
.2

7
0.

52
-0

.1
7

-0
.2

1
-0

.2
2

-0
.5

9
0.

00
-0

.3
3

0.
53

0.
18

0.
22

-0
.4

4
0.

56
-0

.2
9

1.
00



 

and P

(aver

eleva

hoste

Corre

corre

assoc

meta

the c

Figure
trocto

 

Table 7 sh

Pd with Au

rage correla

ated concen

ed hydrothe

Correlatio

elation valu

elation valu

ciated with 

als also do n

composition

e 22: Cross-pl
olitic samples.  

 

hows that p

u is slightly

ation is 0.6)

ntrations in

ermal miner

on values o

ues of pre

ues are in ag

sulfides, bu

not show ex

n of identifie

lots of Pt + P

positive corr

y less (0.7). 

), although i

n both Lay

alization. 

f precious 

cious meta

greement wi

ut the preci

xceptional c

ed PGMs. 

d vs. Cu (A) a

5

relation of 

Ag is not 

it shows str

yered Series

metals wit

als with ni

ith the resu

ious metals

correlation v

and S (B). Tr

52 

Pt and Pd i

exceptional

rong correla

s hosted m

th Cu and 

ckel are al

ults of the S

s do not for

values with 

rend lines wer

is high (0.9

lly enriched

ation with C

magmatic an

S are aroun

lso modera

EM-investig

rm minerals

Bi or As, t

e calculated b

9) but corre

d with prec

Cu and S. S

nd Anortho

nd 0.75 an

ate (around

gations: the

s with sulfu

the element

 
based on only 

lation of Pt

ious metals

ilver shows

osite Series

nd 0.65-0.7.

d 0.6). The

e PGMs are

ur. Precious

s present in

the unaltered

t 

s 

s 

s 

. 

e 

e 

s 

n 

d 



 

53 
 

Figure 22 shows cross-plots of Pt+Pd with Cu and S with samples grouped into three 

categories: Those samples that contain magmatic-textured mineralization and lack chlorite-

amphibole alteration, those samples that are from the Layered Series and are overprinted by 

alteration and finally those samples that represent the disseminated low-grade mineralization 

in hydrothermal alteration zones in the Anorthositic Series. A trendline defined by only the 

unaltered samples is also shown. It is apparent that samples affected by alteration plot off this 

trend towards more Cu-rich compositions. 

 

3.5. DISCUSSION 

 

3.5.1. Magmatic ore-forming processes in the Layered Series 

In order to model the magmatic processes responsible for the studied magmatic sulfides, 

data from troctolite samples without chlorite-amphibole alteration from the South Filson 

Creek area were plotted on a Cu/Pd vs. Pd diagram introduced by Barnes et al. (1993) (Fig. 

23A). The basic principle behind the application of such discrimination diagram lies in the 

different partition coefficients of Cu and Pd in respect to sulfide vs. silicate melts. Even 

though both elements have siderophile characteristics, Cu also behaves slightly more 

compatible to the silicate melt than Pd. Partition coefficients to the sulfide melt is ~1000 for 

Cu and at least one magnitude higher for Pd (Peach et al., 1990). A sulfide droplet that 

interacts with silicate magma therefore collects Pd more effectively than Cu. The sulfide 

droplet that has ‘seen’ more silicate magma (has a higher ‘R-factor’), Campbell & Naldrett, 

1979) will be consequently more enriched in Pd and will have a lower Cu/Pd ratio than one 

that interacted with a smaller amount of silicate melt.  

Model compositions of sulfides segregated from an initial basaltic melt by different R-

factors were calculated on the basis of Campbell and Naldrett (1979): 

CC/CL=D(R+1)/(R+D) 

where CC = the initial concentration of the element in the sulfide liquid, CL = the initial 

concentration of the element in the silicate liquid, D = the partition coefficient of the element 

between the sulfide and the silicate liquid and R = the ratio of silicate melt to sulfide liquid. 

On Figure 23A, the endpoints of the solid lines represent the composition of sulfides that 

would segregate from the initial melt by different R-factors while the small dots along the 

lines represent the composition of rocks that would contain 100, 10, 1 and 0.1% of sulfide.  
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the original composition due to the large difference in the partition coefficient for Cu and Pd 

(1200 and 100000, respectively; Peach et. al. 1990, Peach et al., 1994). It is evident that it is 

not possible to segregate a sulfide melt that would yield compositions similar to the samples 

in the South Filson Creek area, especially the Pd-depleted ones, from a melt with 

Keeweenawan basalt composition. Therefore it has to be assumed that the melt has further 

lost a certain amount of sulfides at depth before intrusion to its present location. The 

following equation was used to calculate the composition of a silicate liquid after sulfide 

segregation (Barnes et al., 1993, equation 3.):  

CF/CL=1/[1+X(D-1)/100] 

where CF = concentration of the element in the fractionated magma, CL = the concentration of 

the element in the initial magma, X = the weight percent sulfide that segregated and D = the 

partition coefficient of the element between the sulfide and the silicate liquid. Results show 

that approximately 0.03 weight percent of sulfide had to be removed from the liquid before its 

emplacement in the South Filson Creek area (Fig. 23A). However, among troctolitic samples 

with magmatic sulfides, two groups of datapoints are clearly distinguishable. One group plots 

in the area characterized by R-factors between 1000 and 10000 with 1 to 10 percent sulfide in 

the rock, while the other group is interpreted to have crystallized at higher R factors (10000 to 

1000000) and also plot in the fields of rocks with 1 to 10 percent sulfide (Fig. 23A). These 

sulfide contents defined by model calculations are slightly higher than the actual sulfur 

content of the rocks. Contamination of the melt with a granitic partial melt from the footwall 

would shift the model curves towards the right on the plot (Thériault et al. 2000, their figure 

6.) which would explain this moderate misfit of the model. 

However, if the classical model of ‘R-factor’ is applied, assuming only a single batch of 

magma, from which all the sulfide is segregated, R-factors on the 1000000 range of 

magnitude seems very unrealistic. Simply to put, the model is facing problems with the 

physical possibility to collect the sulfide droplets into a confined area from a silicate magma 

that is about a million times larger in volume. Gravitational settling of sulfide droplets would 

not allow the formation of mineralization in the observed stratigraphic level in the SFC area 

(i.e. 1000 m above the basal contact of the intrusion) and would also be physically held up by 

the crystal content of the magma. The occurrence of sulfide-bearing samples from a relatively 

small area also contradicts the classical ‘single melt intrusion’ model, similarly by physical 

constraints. 

Another interpretation is that the two compositional groups of magmatic mineralization 

distinguished on Figure 23A were crystallizing from melts that have initially segregated and 
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lost different amount of sulfide at depth. In this way, the Pd-enriched group of magmatic 

sulfide-bearing rocks could be modeled as having crystallized from a Keeweenawan basalt 

that had segregated only 0.001 weight percent of sulfide before giving rise to the South Filson 

Creek rocks. The model curves drawn from the 0.001 point would yield lower R-factors (100 

to 10000) for this group. In this manner datapoints fall closer to the 100 percent sulfide 

endpoint of the calculated model curves; given that none of the samples can be considered as 

massive sulfide, this hypothesis needs to be rejected as well. 

It appears that none of the above models could entirely explain compositional variation 

of magmatic sulfide mineralization in the South Filson Creek as a result of intrusion of a 

single melt pulse or with different initial conditions of different pulses. A more plausible 

interpretation is that multiple magma injections from a common deep chamber occurred and 

sulfide droplets reacted with subsequent magma batches with different composition to a 

different extent and thus reached different metal contents. 

If compared to the styles of basal mineralization in the South Kawishiwi Intrusion, 

samples from the magmatic mineralization of the South Filson Creek area are clearly more 

enriched in Pd (up to 2.4 ppm) than the ‘open’ style ores in the intrusion (usually less than 1 

ppm), however not as much as the most PGE-rich values of ‘confined’ style ores. Most of the 

magmatic mineralization is hosted by overall homogeneous troctolitic rocks in the study area 

(with scattered pegmatitic and other rock types), whereas the ‘confined’ style sulfide-bearing 

rocks are also more homogeneous than the ‘open’ style ores. These features imply that the 

magmatic sulfides at the South Filson Creek area are either related to the later magma pulses 

responsible for the ‘confined’ deposits or the melts were subject to similar processes that 

resulted in the similar compositions. 

‘Confined’ style magmas are interpreted by Peterson (2001) to be emplaced by repeated 

pulses, spatially constrained under a large Anorthositic Series xenolith. Turbulent magma 

flow in the sill-like, constrained magma channels resulted in that the sulfide droplets 

interacted with more silicate magma (R-factor increase due to physical processes in an open 

system, dynamic setting) and were able to scavenge more of the highly siderophile elements, 

such as Pd and Pt, resulting in higher PGE tenors. The South Filson Creek are, located at the 

junction point of the Nickel Lake macrodike might as well be a site for a similar setting: 

repeated magma influx through a feeding channel, turbulent flow due to a large number of 

xenoliths and the change in flow energy (dike to intrusion transition) and a large volume of 

sulfide-barren magma that can provide more metals for the sulfide droplets. Interaction with 

undepleted silicate melts can even redissolve some of the sulfur from the sulfide melt, 
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reducing its total volume, but effectively upgrading the metal contents of the remaining 

sulfide phase (Kerr & Leitch, 2005). 

A model with a frozen magma plumbing system instead of the crystallization of a single 

batch of magma has been proposed by several authors for the South Kawishiwi Intrusion (e.g. 

Lee & Ripley 1996, Peterson 2001, 2002a-d) and the results of present study appear to be 

consistent with this. 

 

 Effect of hydrothermal alteration on the Cu/Pd ratio 

Spatial distribution of hydrothermal alteration zones together with petrographic features 

of magmatic and hydrothermal mineralization validates the establishment of two different 

mineralization types in the area. 

For further evaluation of the effect of different magmatic and hydrothermal processes 

all of the geochemical data was plotted on the Cu/Pd vs. Pd diagram. On Figure 23B, samples 

are classified into three categories in order to demonstrate the effect of the fluid/rock 

interaction resulting in chlorite-amphibole alteration. Data from the solely hydrothermal 

mineralization in the Anorthositic Series displays depletion in Pd relative to the unaltered 

magmatic samples in troctolites. Those troctolitic samples that are overprinted by the chlorite-

amphibole alteration, but are hosting magmatic sulfides as well, do not have such a 

pronounced enrichment trend in Pd as the ones with no alteration and overlap between the 

purely hydrothermal (anorthosite-hosted) and magmatic (troctolite-hosted) fields. Overall, the 

effect of chlorite-amphibole alteration is a shift of bulk rock compositions towards the Cu-

enriched and Pd depleted (upper left) corner on the Cu/Pd vs. Pd diagram. 

 

3.5.2. Role of fluids in redistribution of metals 

Experimental results showed that in order to mobilize PGEs, especially Pt and Pd in 

chloride-complexes, highly saline, high temperature, acidic and oxidizing fluids are required 

(Gammons et al., 1992, Xiong and Wood, 2000). According to Wood (2002) and Hanley et al. 

(2005a), less acidic and reducing fluids favor Pt and Pd transportation in the form of bisulfide 

complexes. 

The role of hydrothermal fluids in mobilizing platinum group elements in the deposits 

of the Duluth Complex has been discussed in numerous papers. Kuhns et al. (1990), Ripley 

(1990), Mogessie et al. (1991), Mogessie and Stumpfl (1992), Severson and Hauck (2003) 

and Marma (2004) reported that PGMs occur in the presence of hydrous silicates. Meteoric 

and sediment-related sources of fluids which may have been responsible for hydrous silicate 
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alteration in different parts of the Duluth Complex were reported by many authors (Saini-

Eidukat et al., 1990, Mogessie et al., 1991, Mogessie and Stumpfl, 1992, Ripley and Alawi, 

1986). On the basis of fluid inclusion studies, Pasteris et al. (1995) have shown that high 

temperature saline and CH4-bearing carbonic fluids originating from dehydration of footwall 

inclusions have reacted with the crystallizing magma. 

Magmatic fluid-segregation processes have been tracked by monitoring the volatile 

content of apatite in other large layered igneous complexes like the Stillwater Complex or the 

Bushveld Complex, and some authors have suggested that the segregated fluids played a role 

in the accumulation of the rich PGE horizons in these large igneous complexes (Boudreau and 

McCallum, 1989, Boudreau and Krueger, 1990). Apatite from the pegmatitic rocks of the 

South Filson Creek area shows an obvious Cl-depletion and F-enrichment trend, which is 

consistent with the hypothesis that a Cl-bearing volatile phase has separated from the silicate 

melt during crystallization. However, direct relationship between these magmatic fluids and 

Pt and Pd enrichment is not present. 

The serpentine-anorthite type of alteration does not show large-scale structural control 

and was observed almost exclusively in some of the sulfide-bearing rocks of the Layered 

Series. Iddingsite/serpentine/chlorite and secondary sulfides (covellite, bornite, marcasite) are 

the main alteration products along with chloritized biotite and Ca-enriched plagioclase. This 

type of alteration is present in some samples that showed elevated PGE-values. However, 

only part of PGMs and other precious metal-bearing minerals and Ag-tellurides were 

identified in close association with fine-grained “cloud” of sulfides in the rims of anorthitic 

plagioclase. Thus, partial remobilization of metals (including PGEs) as a result of this 

alteration cannot be excluded; however the fluid might have played a more important role in 

controlling mineralogy. Overall, this process was likely effective on a very local scale in the 

late magmatic stage when sulfide melt was present together with a fluid component.  

The fine-grained chlorite, fibrous amphibole, albite, sericite, prehnite, pumpellyite and 

carbonate alteration occurs in structurally controlled zones and in isolated patches both in the 

rocks of the Anorthositic Series and Layered Series. The most extensively altered zones are 

present in the Anorthositic Series and in some of the anorthositic inclusions hosted by the 

Layered Series rocks. The structures along which the alteration occurs crosscut both the 

Layered Series and the Anorthositic Series, from which it is inferred that these structures are 

coeval and that the alteration in the Anorthositic Series does not predate the intrusion of the 

troctolites. This type of hydrothermal alteration took place at around 250-350°C temperature 

on the basis of chlorite thermometry. 
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The fact that a chalcopyrite-rich mineralization is associated with the chlorite-

amphibole alteration of anorthosite raises questions about the possible source of the metals 

transported to the most altered anorthositic rocks. Given that no significant mineralization 

with magmatic origin has been described to date in the Anorthositic Series rocks of the Duluth 

Complex, the only possible source for copper (and silver) is the troctolitic Layered Series and 

its primary magmatic mineralization. Moreover this would imply that these metals have been 

transported not only on a local scale but also larger distances, at least a few hundred meters.  

Remobilization of copper from primary magmatic sulfides is also supported by 

petrographic evidences where fine-grained amphiboles and chlorite replaces primary 

magmatic sulfides. Geochemical features of Layered Series troctolite with chlorite-amphibole 

alteration display a mixed signature between the magmatic field and the field of the solely 

hydrothermal mineralization in the anorthosite (Fig. 23B). In the case of the anorthosite-

hosted mineralization, this is most probably the result of Cu-enrichment due to the transport 

of copper from a deeper source and deposition in the altered zones. 

From the fact that precious metals are not enriched in the hydrothermal mineralization 

in the Anorthositic Series, it can be assumed that fluids responsible for this regional alteration 

event were not capable of transporting significant amounts of these elements. This is in 

agreement with Wood (2002), who concluded that fluids in equilibrium with alteration 

assemblages containing chlorite, actinolite, carbonates and albite are not capable of 

transporting PGEs as chloride-complexes on low temperatures (<300°C). Although Hanley et 

al. (2005) have proven (by direct chemical analysis of fluid inclusions) that fluids 

precipitating chlorite and actinolite can contain significant amounts of Pt and Pd, a much 

higher temperature is necessary for this than the 250-350°C calculated from chlorite 

compositions in the South Filson Creek samples. Moreover, the paragenesis, especially the 

presence of carbonate, suggests near neutral pH.  

Mogessie et al. (1991) and Severson and Hauck (2003) have observed PGMs in 

association with chlorite, actinolite and prehnite. This is in contrast with the observations of 

present study and could be either the result of: (1) the fact that above authors described 

magmatic PGMs which were primarily magmatic in origin and later surrounded by 

hydrothermal alteration products of a fluid not mobilizing the PGM itself or (2) spatial 

variation of the hydrothermal fluids' mobilization potential on a larger scale than the area that 

was the subject of this present study; latter option being less likely. The relative Pd-depletion 

of troctolitic samples might indicate that this fluid mobilized PGEs from the primary 

magmatic mineralization causing the Pd-depletion of altered troctolitic samples (Fig. 23B), 
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but the location of deposition of these mobilized precious metals is currently unknown and it 

would contradict the mineralogical-geochemical points discussed in the previous paragraph. 

It is very difficult to determine crosscutting and replacing relationships of the 

amphibole-chlorite dominated and the serpentine alteration types as both are characterized by 

very fine-grained, disseminated alteration products. Given that the serpentine-alteration with 

anorthitization is not following structural zones and rather connected to distribution of 

sulfide-bearing rocks and the grain-boundaries of magmatic sulfides, it is likely that this 

alteration is closer to the late-stage magmatic phase. This is further supported by the presence 

of microscopic sulfide veinlets with anorthitic alteration halo in plagioclase. These veinlets 

likely represent pathways of late-stage migration of sulfide melt after the solidification of 

silicate phases; similar process described by Mungall (2002) in the case of Sudbury ores. 

Chlorite-amphibole alteration is associated with larger scale faults and fracture systems which 

suggests a more regional fluid migration event postdating the complete solidification of the 

intrusions. 

 

3.6. CONCLUSIONS 

 

The South Filson Creek sulfide mineralization occurs in homogeneous troctolite and the 

hangingwall anorthosite, approximately 1000 m above the basal contact of the South 

Kawishiwi Intrusion. The position of mineralization within the igneous stratigraphy of the 

intrusion makes it an unusual occurrence compared to other magmatic sulfide deposits along 

the basal contact of the Duluth Complex. Previous researchers (Ripley, 1986; Ervin, 1987; 

Kuhns et al., 1990) have referred to the area as a locality of ‘structurally controlled’ 

mineralization which is, based on the results of present study, only partly true. Detailed field 

mapping, mineralogical, petrographical and geochemical analyses have revealed the presence 

of two types of mineralization in the area. 

Magmatic Cu-Ni-PGE sulfide mineralization in the troctolitic rocks of the Layered 

Series in the South Filson Creek forms disseminations or patches with fine-grained sulfides in 

irregular shaped zones (0.2-2 m in diameter). The occurrence of sulfide-bearing zones is 

restricted to an area of approximately ½ square kilometers. These zones do not form layers or 

horizons and do not follow the direction of large-scale structural lineaments present in the 

area, thus the term ‘structurally controlled’ in the case of this type of mineralization is not 

correct. However, microscopic veinlets of copper-rich sulfides infer that movement of a 

fractionated sulfide liquid was possible shortly after the solidification of silicate minerals. 
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Magmatic sulfide mineralization in the homogeneous troctolites of the Layered Series shows 

higher metal grades and displays a significant enrichment in precious metals, similarly to the 

‘confined’ style mineralization found along the contact zone of the South Kawishiwi 

Intrusion.  

Geochemical features of the primary magmatic mineralization in the Layered Series 

support the model that rocks of the troctolitic intrusion have been crystallized from multiple 

magma injections. The wide span in Cu/Pd ratios is interpreted as the result of crystallization 

by different R-factors, but not in the classical meaning of the term. The broad Cu/Pd ratios 

and some of the extremely high calculated R-factors do not support the model of sulfide-

segregation and crystallization from a single batch of magma. It is likely that sulfides were 

segregated from multiple batches of silicate magma, and while seated in a dynamic intrusive 

environment, had the possibility to react with subsequent magma pulses. This interaction 

modified the metal-content of the sulfide phase and led to the higher PGE contents, similarly 

to ‘confined’ style ores along the basal contact. 

In the last stages of crystallization of troctolitic rocks, a relatively Cl-enriched fluid has 

been segregated from the magma which is documented in the Cl-depletion of apatite crystals 

in pegmatitic pockets. This indicates that magmatic fluids and not only fluids from the 

metasedimentary footwall were present in the rocks. The exact role of this exsolved Cl and 

the suspected development of saline fluids in the remobilization of PGEs is however not 

completely clear. 

The hydrothermal alteration of magmatic sulfide bearing rocks resulted in replacement 

of silicates by fine-grained chlorite, fibrous amphibole, albite, sericite, prehnite, pumpellyite 

and carbonate and formation of veinlets with similar mineralogy. This hydrothermal alteration 

resulted in displacement of ore compositions on plots of Cu vs. Pd, and is interpreted as a 

consequence of hydrothermal mobilization of Cu. A distinct type of precious metal poor, 

copper-sulfide mineralization occurs in the Anorthositic Series rocks that form the 

hangingwall of the intrusion in the South Filson Creek area. This type of mineralization shows 

obvious signs of hydrothermal origin. Locations of the sulfide-bearing hydrothermal alteration 

zones are related to brittle structures and abundant secondary hydrothermal alteration products 

described above. Metal concentrations are much lower than those in the magmatic sulfide 

showings in the troctolitic rocks. The hydrothermal mineralization of Anorthositic Series 

rocks displays only elevated copper-values and some silver anomalies with neither PGE nor 

significant Ni enrichment, which demonstrates that fluids responsible for this alteration event 

were not capable to mobilize and transport PGEs or base metals other than Cu. The fact that 
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no significant magmatic mineralization has been reported from the Anorthositic Series 

throughout the Duluth Complex implies that metals must have been transported from at least 

several hundreds of meters from a source within the Layered Series. 

Serpentinization and anorthitization occurs in troctolitic rocks of the Layered Series of 

the South Filson Creek area. Platinum-group minerals do occur in this kind of alteration thus 

local remobilization or in-situ grain-scale modification of PGEs cannot be ruled out as a result 

of this event. However, the nature of this alteration and the fluids responsible for it is 

somewhat enigmatic. 
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 CHAPTER 4 – MAGMATIC FLUID-SEGREGATION PROCESSES IN THE SOUTH 

KAWISHIWI INTRUSION 
 

4.1. INTRODUCTION 

 

In Chapter 3, it has been shown that there is a potential for the exsolution of a fluid 

phase from the crystallizing intrusion (through compositional trends in apatite) as well as 

there are hydrothermally altered zones in the area. Moreover some of these hydrothermally 

altered zones show anomalous Cu-values in the form of weak disseminated chalcopyrite 

mineralization. Petrographic study of PGMs implies that remobilization of PGEs may have 

also happened, however other than these observations, no other direct evidence were 

recovered to support this. There was also some inconsistency with some of the earlier studies 

regarding the nature of the fluids responsible for alteration and the proposed metal transport. 

Authors, for that matter, studying the fluid history of the Duluth Complex have focused a lot 

on the end products, i.e. the alteration assemblages in the rocks. Thus the concept of research 

summarized in this chapter was to characterize the earliest fluids that possibly evolve from 

this large plutonic body to clarify some of the open topics.  

Within this chapter, the results of a complex geochemical and petrologic study of 

mostly pegmatitic and other felsic rock types in selected drillcore from the South Kawishiwi 

Intrusion is presented. These rocks represent the latest stages of magmatic evolution of the 

intrusion as they are the last crystallization products, often in the presence of incompatible 

elements and volatiles. Rock textures and minerals in such rocks thus carry valuable 

information about the late magmatic and early fluid-history of the crystallizing intrusion. 

Apatite and platinum-group minerals contained in these rocks are especially useful in 

this regard. It has been shown that apatite records the changes in the halogen-content of the 

melt it crystallizes from, with more accuracy than other hydrous silicates such as biotite or 

amphibole and is less prone to post-crystallization modifications (e.g. Boudreau & McCallum, 

1989; Boudreau et al., 1995) and that such changes do occur in the SKI, too (see discussion in 

Chapter 3.5.2). Investigation of platinum-group minerals (PGMs) from these rock types in 

conjunction with apatite petrography and chemistry enables one to correlate the behavior of 

PGEs with changes in the Cl-content of the system, an element suspected to be an important 

agent during the hydrothermal transport of Pt and Pd (e.g. Wood, 2002 and references 

therein).  



 

64 
 

Another powerful tool to track the evolution of late-stage melts and early magmatic 

fluids is the study of silicate melt inclusions and fluid inclusions in the pegmatites. During 

this study I concentrated on the earliest, primary fluid inclusions in the samples, for the above 

reasons. Studying fluid or silicate melt inclusions on their own yields useful information on 

several parameters of the entrapped phases; however for formation temperatures and pressures 

only minimum values are obtained. Coexisting fluid and melt inclusion assemblages on the 

other hand represent a coevally trapped heterogeneous system, enabling one to constrain 

formation temperatures and pressures, additional to compositional information on the 

entrapped phases.  

In present chapter, I provide evidence for the generation of primary magmatic fluids, 

assess their formation conditions and properties and address their potential role in the shaping 

of the magmatic Cu-Ni-PGE mineralization of the South Kawishiwi Intrusion. 

 

4.2. PETROGRAPHY AND MINERAL CHEMISTRY 

 

4.2.1. Pegmatitic rocks 

Although the overall composition of the SKI is troctolitic, there are numerous 

occurrences of coarse-grained to pegmatitic rocks in drillholes. These rock types are the most 

abundant in the PEG unit where plagioclase+clinopyroxene±olivine±biotite pegmatites are 

predominant with felsic, locally granophyric interstices. Gabbroic to more felsic pegmatitic 

intercepts occur throughout the unmineralized Main AGT and in the BMZ unit, too. These 

occurrences are best described as pods, pockets and sometimes dike-like bodies with gradual 

as well as sharp contacts with the surrounding heterogeneous troctolitic rocks (Fig. 24A,B). 

Large (up to 4-5 cm) plagioclase, clinopyroxene, biotite, amphibole and apatite are 

predominant phases in the pegmatites of the BMZ, with K-feldspar, quartz, biotite and 

amphibole usually in the interstitial spaces between the large plagioclase laths (Fig. 25A-F). 

Intercrystalline spaces between the large plagioclase laths can also form open voids or 

miarolitic cavities partly filled by euhedral, hydrous silicates like biotite, amphibole and 

chlorite.  
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Figure 24 (previous page): Macroscopic pictures of drillcore of mineralized and barren pegmatites and other felsic 
rock types. A – plagioclase+clinopyroxene+quartz+biotite pegmatite from the Main AGT unit. B – Mineralized 
pegmatite from the BMZ unit with cpy-rich sulfide patches and qtz+K-fspar granophyric intergrowths in the 
interstices. C – Felsic patches with associated sulfide patches in medium-grained troctolitic rock from the BMZ unit. 
D – K-feldspar-dominated felsic patch (on the right side of the drillcore) with patchy sulfides. Star indicates the 
location of a group of PGMs embedded in K-feldspar, pictured in Fig. 28Q. E – granophyric intergrowth of K-
feldspar and quartz with blebby sulfides. F – Sharp-walled aplitic dike in fine-grained troctolite from the BMZ unit. 
Note the ripped up sulfide xenolith in the dike. bio – biotite, cpx – clinopyroxene, cpy – chalcopyrite, cub – cubanite, 
po – pyrrhotite, plag – plagioclase, qtz – quartz, sulf – sulfide,  

 

Plagioclase compositions vary around An0.6 with significant Na-enrichment towards the 

rim of the crystals (up to An0.25 in composition). Quartz forms anhedral or rarely subhedral to 

euhedral crystals, intergrown with biotite, plagioclase, K-feldspar and amphibole, often 

including apatite crystals. Rutile needles in the quartz occur in a few places. Granophyric 

intergrowths of quartz with K-feldspar in the interstices between large pegmatitic plagioclase 

and clinopyroxene are not uncommon (Fig 24B).  

Biotite is commonly intergrown with the interstitial quartz or can be found as small 

laths or fine-grained masses along grain boundaries of pyroxene and trace oxide minerals 

(Fig. 25B). Chlorine content in rock-forming biotite is usually below 0.3 wt%, F content can 

be up to 1 wt% (Table 8). Fibrous green amphibole and chlorite frequently replaces pyroxenes 

and biotite.  

Up to several cm long euhedral primary pegmatitic amphibole crystals associated with 

quartz, biotite and K-feldspar in the pegmatites with prominent optical and compositional 

zonation in some instances (Fig. 25C,D). Composition of amphiboles corresponds to mostly 

magnesiohornblende and actinolite, less tremolite and anthophyllite/cummingtonite. Zoned 

crystals usually have a calcic core (magnesiohornblende to actinolite) and Ca-poor 

(anthophyllite/cummingtonite) rim. 
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Figure 25 (previous page): Photomicrographs of rock-forming minerals in pegmatites and other felsic rocks. A – 
Intergrowth of plagioclase, quartz, biotite and amphibole (replaced by fibrous chlorite) from a pegmatite. B – biotite 
intergrown with quartz and sericitized plagioclase. Quartz contains abundant apatite inclusions. C-D – Zoned 
euhedral amphibole crystals with quartz, K-feldspar and biotite. E-F – abundant apatite crystals included in K-
feldspar, clinopyroxene (E) and interstitial quartz (F). G-H – granophyric intergrowth of quartz and K-feldspar with 
clinopyroxene (G) and blebby sulfides (H). A-G: transmitted light (+N), H: reflected light (1N). amph – amphibole, ap 
– apatite, bio – biotite, chl – chlorite, cpy – chalcopyrite, cpx – clinopyroxene, cub – cubanite, kfp – K-feldspar, plag – 
plagioclase, qtz – quartz.  

 
Table 8: Representative compositions of rock-forming biotite from the BMZ unit in the South Kawishiwi Intrusion 
and biotite daughter minerals from melt inclusions (see Chapter 4.5 for details) 

Na2O 0.22 0.36 0.13 0.21 0.11 b.d.l. b.d.l. b.d.l.
MgO 14.06 16.01 12.51 13.72 14.45 12.43 4.84 4.29
Al2O3 13.08 13.05 12.13 13.57 12.73 12.37 18.65 15.91
SiO2 38.24 36.49 37.38 37.06 38.18 36.63 33.12 31.23
K2O 9.22 9.45 9.17 9.52 9.82 9.75 9.36 9.22
CaO 0.00 0.00 0.00 0.03 b.d.l. 0.05 b.d.l. b.d.l.
TiO2 1.67 5.76 2.95 3.34 5.12 4.84 2.12 5.19
MnO 0.23 0.00 0.00 0.05 b.d.l. 0.09 0.18 0.23
FeO 19.06 11.10 19.94 17.95 15.39 17.70 24.03 25.34
Cl 0.14 0.17 0.23 0.17 0.28 0.36 1.61 1.61
F 0.27 0.56 0.23 0.11 1.22 0.93 n.a. n.a.
NiO b.d.l. 0.26 0.57 0.27 n.a. n.a. n.a. n.a.
Total 96.18 93.20 95.23 96.00 97.30 95.15 97.12 96.14
b.d.l. - below detection limit, n.a. - not analyzed

Rock-forming biotite Biotite in melt inclusions

 
 

4.2.2. Non-pegmatitic felsic rocks 

Abundance of felsic minerals, especially quartz and K-feldspar, is also higher in rock 

types that are not pegmatitic and coarse-grained at all. Many places the mafic rock-forming 

minerals are intermixed with patches, blebs or spots of felsic mineral clusters that often have a 

transitional margin with the otherwise ‘normal’ troctolites (Fig. 24C,D). Mineralogy in these 

spots is dominated by plagioclase, K-feldspar and very abundant quartz along with biotite and 

amphibole. Felsic spots appear in almost every part of the BMZ unit, but their abundance is 

higher in the vicinity of pegmatitic pockets and in the deeper parts of the drillholes, closer to 

the basal contact (Appendix Figures 5-9). Quartz+K-feldspar blobs with salient granophyric 

texture are also abundant, in particular close to the basal contact of the intrusion, often 

intergrown with sulfide patches (Fig. 24E and Fig. 25G,H).  

Felsic blobs, similarly to pegmatites can contain or develop into miarolitic cavities with 

abundant hydrous silicates (biotite, amphibole), K-feldspar, quartz, calcite, prehnite on and 

around the cavity walls and slight chlorite-amphibole alteration in the surrounding mafic rock. 

One of the miarolitic cavities was completely filled up by xonotlite (Ca6Si6O17(OH)2; 
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confirmed by microprobe and Raman analysis), a secondary mineral only reported from the 

North Shore Volcanic group before. 

Mostly aplitic, sharp-walled dikes locally crosscut the mafic host rock of the intrusion. 

One of these dikes contained a 2 cm diameter chalcopyrite+pyrrhotite+olivine+pyroxene 

fragment that implies that these formations postdate the solidification of the intrusion (Fig. 

24F).  

Textural characteristics of another felsic intercept in drillhole MEX-108 between 1128.3 

to 1130.9 meters (Fig. 26A-E) suggest an earlier time of emplacement into the crystallizing 

crystal pile. This segment of drillcore features a gradational bottom starting with sulfide-

bearing, slightly altered, pegmatitic anorthositic troctolite with felsic patches in the interstices 

and emerges upward into a more metasomatized part with abundant biotite, amphibole, apatite 

and quartz. More and more felsic rocks occur upwards as intrusions of fractionating melt 

batches were emplaced. Amphibole (magnesiohornblende) becomes the dominant mafic 

mineral until the point where mafic minerals disappear completely at the very top. The top of 

the intercept is sharp; the hanging wall rock is altered to fine-grained green amphiboles and 

chlorite. Granophyric patches of quartz and K-feldspar appear in the uppermost part of the 

intercept. Apatite is abundant in these rocks, forming prismatic crystals typically included in 

quartz, feldspar, and biotite and rarely in amphiboles. The overall fabric suggests a more 

ductile environment and thus earlier emplacement than sharp-walled aplitic dikes. Sulfides are 

only abundant in the bottom part of this intercept and disappear towards the upper parts. The 

highest precious metal values in the drillhole with 1.3 ppm Pd and 0.4 ppm Pt (Appendix 

Figure 5) were in fact measured from this lower sulfide-rich part.  
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4.3.SULFIDE MINERALIZATION 

 

4.3.1. Sulfide mineralization in pegmatitic and other felsic rocks 

Besides fine to coarse-grained troctolitic rocks, pegmatites in the BMZ unit as well as 

some of the pegmatitic patches of the PEG unit contain sulfide mineralization. Sulfide 

assemblages range from pyrrhotite-rich to solely chalcopyrite-cubanite-bearing and usually 

appear as coarse-grained patches in the interstitial spaces of the large rock-forming silicates 

(Fig. 24B and Fig. 27A). The most common sulfide minerals are chalcopyrite, cubanite, 

pyrrhotite and pentlandite (Fig. 27B-H). Like in the case of the fine-grained disseminated 

mineralization, sulfide patches in pegmatites show similar crystallization sequences of the 

sulfide minerals. Pyrrhotite is usually the earliest phase with low-temperature exsolution 

lamellae of pentlandite. SEM-imaging revealed that some pyrrhotite crystals developed 

twinning that show different contours on the backscattered electron image that corresponds to 

different Fe-S ratios within the crystal. Pentlandite is associated with pyrrhotite as rounded, 

subhedral grains or rarely as vein-like zones in later chalcopyrite patches. Flame-like 

exsolutions of pentlandite are abundant in pyrrhotite. Pyrrhotite may be found as a fine-

grained zone on the contact of coarse-grained pentlandite and chalcopyrite, too (Fig. 27D).  

Chalcopyrite forms anhedral patches and most often contains cubanite exsolution 

lamellae (Fig. 27B,D). Chalcopyrite resorbs the edges of pyrrhotite, fills cleavage planes of 

pentlandite and also occurs in places as oriented lamellae in pyrrhotite. Plagioclase, when in 

contact with chalcopyrite often contains a cloud or halo of small, rounded inclusions of 

chalcopyrite and smaller amounts of cubanite, pentlandite, bornite and covellite along the 

contact with the larger sulfide patch (Fig. 27B,C). These inclusions are often accompanied by 

relative Ca-enrichment (anorthitization) of the host plagioclase and some places with small or 

larger flakes of biotite, chlorite and platinum-group minerals (see chapter 4.3.2). Larger 

chalcopyrite patches rarely contain star-shaped or rounded exsolution of sphalerite and narrow 

(few tens of μm) pentlandite veinlets.  

Bornite and covellite is present only in trace amounts in some samples, as oriented 

traces in chalcopyrite. Bornite may be present as individual grains containing chalcopyrite 

exsolution (Fig. 27E). Millerite occurs as rounded anhedral grains in net-textured chalcopyrite 

in some mineralized footwall samples in the GRB, but not in the BMZ unit. Mackinawite 

((Fe,Ni)1+xS; easily identified by its characteristic anisotropy in +N reflected light) is present 

in trace amounts as thin (10-100 μm) oriented lamellae in chalcopyrite. 
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Very often, the sulfide patches are including large (up to 3-4 cm), euhedral biotite and 

amphibole crystals. Inclusions of prismatic apatite crystals are common as well with sizes 

from 100 μm up to a cm.  

The largest sulfide patches that were found in the drillcore are usually associated with 

felsic quartz±K-feldspar±biotite-bearing felsic assemblages that have transitional boundaries 

with the host troctolite (Fig. 24C,D) and some of them, especially close to the basal contact, 

exhibit granophyric (quartz+feldspar) texture (Fig. 27G,H). Sulfide patches, that can be 

pyrrhotite as well as chalcopyrite-cubanite dominated, occur intergrown with the felsic 

minerals, in net-textured intergrowths with plagioclase and less commonly clino- and 

orthopyroxene, quartz or as discrete blobs in close contact with these felsic parts of the rock. 

Granophyric intergrowths of quartz and K-feldspar often have a thin chalcopyrite film along 

the grain boundaries.  

Sparse miarolitic cavities and cm to tens of centimeters wide zones with hydrothermal 

alteration to fibrous green amphiboles and chlorite are often found in and around these 

patches in the host troctolite. Euhedral chalcopyrite has been found in numerous miarolitic 

cavities grown in the open spaces, accompanied by euhedral biotite, calcite, amphibole, 

chlorite and other hydrous minerals. Anhedral chalcopyrite patches on the other hand can be 

resorbed by thin, tabular or fibrous amphibole in pegmatites that are affected by heavier 

deuteric alteration. 

Silicate and rarely oxide minerals are often crosscut by thin micro-veinlets of sulfides, 

most commonly chalcopyrite and cubanite and less often pyrrhotite. These veinlets often 

follow cleavage-plains of plagioclase and biotite or grain boundaries and commonly have a 

very thin halo of biotite or chlorite and some places anorthite-enrichment of plagioclase. 

Apatite inclusions are found in some of these thin sulfide veinlets, too (see Chapter 4.4.2). 

Very few veinlets were found where chalcopyrite is intergrown with small tabular amphibole 

crystals (Fig. 27I,J). 
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Table 9: Representative compositions of platinum-group minerals from the BMZ unit of the South Kawishiwi 
Intrusion. A full list of analyzed PGMs is attached in the electronic supplement.  
Mineral ir mon mon mon pv pv sp mich sob/pl sob/pl
As    29.31 b.d.l. b.d.l. b.d.l. b.d.l. 0.07 38.97 b.d.l. b.d.l. b.d.l.
Bi    0.02 28.83 33.19 29.39 b.d.l. b.d.l. b.d.l. 48.88 51.34 47.80
Te    0.01 31.55 27.06 33.77 b.d.l. 3.99 0.38 27.62 12.81 14.71
Sn    b.d.l. b.d.l. b.d.l. b.d.l. 36.68 33.91 0.28 b.d.l. b.d.l. b.d.l.
Sb    0.05 0.34 0.37 0.15 b.d.l. b.d.l. 0.15 0.16 0.76 2.28
S     10.41 b.d.l. b.d.l. b.d.l. b.d.l. 0.78 2.16 b.d.l. 0.04 b.d.l.
Cu    1.20 0.51 b.d.l. 0.62 5.74 0.88 0.85 0.07 0.05 0.06
Fe    1.56 1.06 1.62 0.94 0.58 2.75 1.94 0.24 0.08 0.10
Ni    0.07 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.01 0.09 0.06 0.03
Os    0.25 0.27 b.d.l. 0.39 0.43 0.60 0.52 b.d.l. 0.04 b.d.l.
Ir    45.50 0.34 b.d.l. b.d.l. 0.08 b.d.l. 7.27 b.d.l. b.d.l. b.d.l.
Ru    0.47 b.d.l. 0.07 0.07 b.d.l. b.d.l. 0.01 0.09 0.09 0.13
Rh    4.54 0.18 0.18 0.30 b.d.l. b.d.l. 0.47 0.08 0.04 b.d.l.
Pd    0.96 0.69 0.28 2.89 53.43 58.01 0.13 21.69 35.01 35.61
Pt    8.62 36.16 36.40 31.30 2.25 0.20 45.58 1.84 0.32 0.23
Total 102.98 99.94 99.17 99.82 99.18 101.18 98.71 100.76 100.63 100.95

at%

As    35.4 0.0 0.0 0.0 0.0 0.1 56.4 0.0 0.0 0.0
Bi    0.0 22.5 26.7 22.5 0.0 0.0 0.0 34.8 35.8 32.6
Te    0.0 40.4 35.7 42.3 0.0 3.3 0.3 32.2 14.6 16.4
Sn    0.0 0.0 0.0 0.0 33.5 30.0 0.3 0.0 0.0 0.0
Sb    0.0 0.4 0.5 0.2 0.0 0.0 0.1 0.2 0.9 2.7
S     29.4 0.0 0.0 0.0 0.0 2.6 7.3 0.0 0.2 0.0
Cu    1.7 1.3 0.0 1.6 9.8 1.5 1.5 0.2 0.1 0.1
Fe    2.5 3.1 4.9 2.7 1.1 5.2 3.8 0.6 0.2 0.3
Ni    0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.1 0.1
Os    0.1 0.2 0.0 0.3 0.2 0.3 0.3 0.0 0.0 0.0
Ir    21.4 0.3 0.0 0.0 0.0 0.0 4.1 0.0 0.0 0.0
Ru    0.4 0.0 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.2
Rh    4.0 0.3 0.3 0.5 0.0 0.0 0.5 0.1 0.1 0.0
Pd    0.8 1.1 0.4 4.3 54.1 57.0 0.1 30.2 47.6 47.5
Pt    4.0 30.3 31.4 25.6 1.3 0.1 25.3 1.4 0.2 0.2
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
ir - irarsenide, mon - moncheite, pv - paolovite,  sp - sperrylite, mich - michenerite, sob/pl - sobolevskite/polarite
b.d.l. - below detection limit  

 

The following textural types of PGMs have been distinguished in the studied samples 

(Fig. 28, Table 10): 

1. Included in sulfide minerals: PGM grains are completely embedded in sulfide minerals, 

mostly chalcopyrite and pyrrhotite, but rarely pentlandite can also host PGMs  

(Fig. 28A-C). 

2. Seated at the margin of sulfide patches: this is the most populated textural type. PGMs 

are found on the grain boundaries of mostly chalcopyrite or other sulfide minerals with 

dominantly plagioclase, pyroxene or larger laths of biotite, rarely with apatite. If a thin 

halo of hydrous silicates, most commonly fine biotite or chlorite is present along the grain 
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boundary, then PGMs often occur on the inner side of this halo towards the sulfide patch 

(Fig. 28D-F).  

3. Located in microscopic sulfide veinlets starting off from or interconnecting larger sulfide 

patches. PGM grains can be completely enclosed by the vein-filling sulfide mineral 

(chalcopyrite or pyrrhotite) or seated on the walls of the veinlet (Fig 28G-I).  

4. Located along microscopic zones or veinlets that are not completely filled by sulfide 

minerals, but are indicated by small, scattered sulfide grains and hydrous silicates, mostly 

chlorite and fibrous amphiboles (Fig 28J-L).  

5. Seated among a cloud of small sulfide inclusions in silicate minerals. Some places these 

clouds of sulfide grains are found as a halo around larger sulfide patches. The PGM 

grains usually share a contact with chalcopyrite (Fig 28M-O). 

6. With no direct contact to sulfide minerals, the PGM grains are seated in silicate minerals 

or on the grain boundaries of silicates. K-feldspar hosts most of the PGMs in this group; 

other favorable locations are on the grain boundaries of K-feldspar and quartz in 

granophyric patches that are associated with semi-massive, patchy or net-textured 

sulfides (Fig 28P-R). 

 
Table 10: Number of different platinum-group mineral species found in different textural types. Description of 
texture types is provided in the text.  

1 2 3 4 5 6 Total
moncheite (Bi-bearing) 1 13 2 1 7 - 24
moncheite - - - 1 - - 1
michenerite 3 2 - - 1 1 7
sobolevskite - 2 - 1 - 6 9
paolovite 12 7 3 - 3 - 25
sperrylite - - - 1 4 2 7
irarsite 3 4 - - - - 7
hollingworthite 1 - - - - - 1
PdSn-dominated - paolovite respectively 4 1 - - 3 - 8
PtAs-dominated - sperrylite respectively 1 - - - - 1 2
PtBiTe-dominated - moncheite respectively 1 1 1 4 3 3 13
PdBiTe-dominated - michenerite respectively 4 1 3 - 2 10 20
Total 30 31 9 8 23 23 124

Mineral Textural type and number of grains

 
 __________________________________________________________________________  
Figure 28 (next page): Backscattered electron images of PGMs of different composition in various textural positions. 
A-C – group (1), PGMs included in sulfide minerals, D-F – group (2), PGMs on the margin of sulfide patches. Note the 
thin microcrack-filling tails of the grains in picture D and E, G-I – group (3), PGMs in sulfide veinlets, J-L – group 
(4), PGMs in sulfide+hydrous silicate veinlets, M-O – group (5), PGMs among clouds of small sulfide grains, P-R – 
group (6), PGMs completely embedded in or on the grain boundaries of silicate minerals.  
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(Bi-poor) composition of moncheite. Moncheite is the most common PGM identified and can 

be found in all six textural positions, most commonly on grain boundaries and in the halo of 

sulfide patches (group 2 and 5).  

The second most common PGM identified in the samples is paolovite (ideal formula: 

PdSn). It is most frequently found in the textural group 1 (included in sulfide minerals) and 

group 2 (grain boundaries). A few grains were identified in group 5 texture. Paolovite can 

contain up to a few wt% Pt and a few tens of wt% of other PGEs, mostly Os.  

Michenerite (ideally PdBiTe; Fig 30) is the third most common platinum-group mineral 

(Table 10). A certain population occurs in textural group 1 and 2 and few grains in group 3 

(thin sulfide veinlets). However, most of the PGMs that are hosted by only silicate minerals 

(group 6) are michenerite in composition (silicate-hosted grains are usually small and 

quantitative analysis is difficult, but semi-quantitative identification is possible most of the 

time). Michenerite contains minor amounts of Pt, substituting Pd and trace Sb substituting Bi 

and Te.  

Sobolevskite is characterized by the average formula of (Pd0.959Pt0.004)Σ0.963 

(Bi0.691,Te0.312,Sb00.34)Σ1.037 which is more Te-rich, than the ideal formula of PdBi (Fig. 30). 

Sobolevskite forms a continuous solid solution with kotulskite (PdTe), thus the analyzed 

minerals are likely sobolevskite crystals with up to 30% kotulskite component. Although 

polarite also has the ideal composition of PdBi, natural polarite crystals usually have 

substantial Pb substitution of Bi (Cabri, 2002), which is not the case in the studied grains. 

Most sobolevskite grains were found in textural group 6 (embedded in silicates), also it is the 

second most frequent mineral to be found in this group. A couple of grains were identified in 

sulfide veinlets (group 2).  
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K-contents (Appendix Figure 4 and 9). K also increases above the basal contact in the 

troctolitic rocks in some of the drillholes, e.g. in MEX-69 and MEX-141. In these drillholes it 

is also apparent that mineralization occurs well below the basal contact (in the form of 

disseminated, patchy or vein-type sulfides) and the contact itself is more gradational in texture 

with intense deformation and thermal metamorphic features. Quartz-rich blobs and felsic 

granophyric patches associated with significant amounts of patchy sulfides are very common 

close to the basal contact of these drillholes (see chapter 4.5.1; Appendix Figures 6 and 7). 

The texture of the basal contact and the decrease in metal grades is more abrupt in MEX-108 

and MEX-80 but there are still sulfide-bearing rocks in the footwall and elevated K-values 

above the contact (Appendix Figures 4, 5 and 8). MEX-151 has a very sharp contact in texture 

and geochemically, too (Appendix Figures 4 and 9). 

It is not uncommon that some patchy or even semimassive sulfides (chalcopyrite or 

pyrrhotite-rich) occur on the immediate footwall contact that appears as a peak in metal 

grades on the geochemical logs. These semimassive sulfide patches and lenses often have 

elevated Co and Fe contents, compared to the disseminated and pegmatite-associated sulfide 

mineralization. 

 

4.4. MINERAL CHEMISTRY OF APATITE 

 

4.4.1. Apatite in troctolitic and pegmatitic rocks and other felsic rock types 

Apatite is a common accessory phase in troctolitic rocks of the intrusion and is an 

abundant constituent of pegmatitic pockets in the Main AGT, PEG and BMZ units. It is 

usually found as euhedral, hexagonal, elongated prismatic crystals included in plagioclase as 

well as subhedral grains included in or on the grain boundaries of interstitial minerals such as 

alkaline feldspar, ortho- and clino-pyroxene and amphibole (Fig. 25C,E,F). Sampling and 

preparation of thin sections (where possible) has been carried out in a way that apatite both 

from the pegmatitic pockets and the troctolitic host rock could be analyzed from the same 

sample.  

Results from drillhole MEX-108 (Fig. 35, Table 11A) demonstrate best the distribution 

pattern of Cl-content of apatite in troctolitic rocks versus the pegmatites. Chlorine-content 

reaches the highest values in the samples from the BMZ and PEG units (up to 3-4 wt% Cl), 

however the local rock type has strong control on the composition. Apatite from the mafic, 

fine to medium-grained troctolitic part of the samples usually has Cl-content less than 1 wt%, 

whereas apatite in pegmatitic samples is systematically more Cl-rich in composition (Fig. 35). 
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This trend is consistent throughout the drillhole in many samples from the Main AGT and 

PEG unit, too. Apatite compositions from all drillholes show a more scattered pattern, but 

there is clearly a higher abundance of Cl-enriched apatite in pegmatites if compared to the 

troctolitic samples (Fig 36A). Some, although not all grains from the pegmatitic patches 

exhibit compositional variation on a smaller scale too: Cl-content is elevated in the outer 

regions of the crystals, compared to the cores (Table 11A). Within-crystal variation is more 

subtle than the contrasting composition of apatite from pegmatites versus mafic host rocks, 

the highest increase in Cl observed towards the rim being 0.4 wt%.  

Table 11: Representative composition of apatite from different rock units and rock types of the South Kawishiwi 
Intrusion. A complete list of analyzed apatite grains is provided in the electronic supplement. A – Apatite from MEX-
108 from different rock types, B – Apatite in felsic intersection in drillhole MEX-108 (1128.3 to 1130.9 m), C – Apatite 
from sulfide veinlets 
A
depth (m)

rock unit

rock type troctolite pegmatite
note core rim core rim core rim core rim
SiO2 0.32 0.52 0.39 0.70 0.42 0.38 0.28 0.26 0.35 0.30 0.34 0.41 0.66 0.35 0.32
Al2O3 0.03 b.d.l. 0.05 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. b.d.l. 0.04 0.06 b.d.l. b.d.l. b.d.l.
P2O5 40.68 39.93 40.76 40.02 41.26 41.08 40.62 40.97 40.41 40.65 41.40 40.39 39.89 41.04 40.64
FeO n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
MnO 0.04 b.d.l. b.d.l. b.d.l. 0.02 b.d.l. 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.01
MgO n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
CaO 53.47 52.92 53.94 53.23 54.31 53.78 53.69 54.24 53.70 53.71 53.94 52.65 52.82 54.04 52.92
Na2O 0.16 0.19 0.09 0.10 0.07 0.07 0.12 0.11 0.07 0.10 0.09 0.18 0.09 0.18 0.19
K2O 0.08 0.08 0.09 0.02 0.02 0.16 0.07 0.03 0.07 0.05 0.12 0.11 b.d.l. 0.04 0.08
F 2.46 2.59 3.04 2.85 3.08 2.71 2.48 2.90 2.53 2.10 2.15 1.72 1.74 2.69 2.00
Cl 1.64 1.75 1.20 1.21 0.54 0.85 0.87 0.74 0.82 1.65 1.76 3.18 3.33 1.48 2.92

Total calc 98.88 97.98 99.56 98.13 99.72 99.04 98.14 99.25 97.95 98.56 99.84 98.70 98.53 99.82 99.08
F,Cl=O 1.41 1.49 1.55 1.47 1.42 1.33 1.24 1.39 1.25 1.26 1.30 1.44 1.48 1.47 1.50

Total 97.47 96.49 98.01 96.66 98.30 97.71 96.90 97.86 96.70 97.30 98.54 97.26 97.05 98.35 97.58

PEG

Figure 3B*
troctolite troctolite pegmatite

1004.7

Main AGT

1039.0 1078.4 1098.5

pegmatite pegmatite pegmatite

Main AGT PEG

B C
drillhole
Sample no. MA-8 MA-8 MA-8 109-9 109-9 109-9 109-9
depth (m) 1128.4 1128.4 1129.4 1129.4 1130.2 1130.2 1130.9 1130.9 1254.6 1254.6 1254.6 972.9 972.9 972.9 972.9
note core rim core rim core rim core rim core rim core rim

SiO2 0.22 0.29 0.54 0.30 0.32 0.41 0.23 0.32 0.24 0.22 0.24 0.40 0.40 0.48 0.66
Al2O3 0.05 0.11 b.d.l. b.d.l. b.d.l. 0.16 0.03 b.d.l. 0.18 0.11 0.12 b.d.l. 0.05 b.d.l. b.d.l.
P2O5 40.94 40.67 40.58 39.67 40.14 41.87 40.67 40.65 40.03 39.91 39.64 41.85 41.57 42.19 41.49
FeO 0.14 0.19 n.a. n.a. n.a. n.a. n.a. n.a. 0.09 0.13 0.19 n.a. n.a. n.a. n.a.
MnO 0.16 b.d.l. 0.09 0.04 0.19 0.12 b.d.l. b.d.l. 0.03 b.d.l. b.d.l. b.d.l. 0.02 b.d.l. 0.04
MgO 0.02 0.15 n.a. n.a. n.a. n.a. n.a. n.a. 0.06 0.02 b.d.l. n.a. n.a. n.a. n.a.
CaO 53.88 53.97 53.37 53.61 52.94 54.00 53.47 53.13 53.02 52.95 52.52 54.64 54.50 54.51 54.64
Na2O 0.13 0.12 0.27 0.01 0.22 0.14 0.05 0.05 0.05 0.05 0.02 0.07 b.d.l. 0.05 0.06
K2O b.d.l. b.d.l. 0.13 0.05 0.10 0.16 0.06 0.03 b.d.l. b.d.l. b.d.l. 0.08 0.02 0.13 0.07
F 2.10 2.44 2.50 2.69 1.77 1.92 1.76 1.58 0.70 0.98 0.59 2.85 2.20 2.05 2.13
Cl 0.71 0.54 0.91 0.67 1.15 0.78 1.52 1.42 4.97 5.71 6.92 0.79 0.59 0.97 0.67

Total calc 98.35 98.48 98.39 97.04 96.83 99.56 98.30 97.18 99.50 100.08 100.24 100.68 99.35 100.38 99.76
F,Cl=O 1.04 1.15 1.26 1.29 1.00 0.99 1.08 0.99 1.42 1.70 1.81 1.38 1.06 1.08 1.05

Total 97.31 97.33 97.13 95.75 95.83 98.57 97.21 96.19 98.08 98.38 98.43 99.30 98.29 99.30 98.71
b.d.l. - below detection limit, n.a. - not analyzed

MEX-108 MEX-141 MEX-109
108-23 108-24 108-25 108-26
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4.5. FLUID AND SILICATE MELT INCLUSION STUDIES  

 

4.5.1. Host rock petrography 

Quartz is a common constituent of pegmatites and other felsic rock types in the studied 

drillholes usually containing fluid inclusions and very sparse silicate melt inclusions, too. 

Sample 69-16 (Fig. 38), chosen for detailed fluid and melt inclusion studies, is from close to 

the basal contact of the intrusion at approx. 1260.6 meters drilling depth in drillhole MEX-69 

(Appendix Figure 6). It shares many common features with other felsic rocks in the BMZ unit 

such as association of sulfide minerals and PGMs with felsic minerals and a significant 

amount of quartz. However, the exceptional abundance of fluid and melt inclusions in rock-

forming quartz makes it quite outstanding from other felsic samples. 

Troctolitic host rock with some plagioclase and K-feldspar-rich felsic patches is 

present above the sample, whereas below more granitic footwall rocks are found. The sample 

itself has a complex texture with prominent symmetrical zoning: the 2 to 3 cm central zone 

consists of coarse-grained quartz with grain size of 0.2 to 0.5 cm. This quartz-rich zone has a 

rather sharp, suture-like, irregular contact on both sides with net-textured intergrowth of semi-

massive sulfide minerals and large megacrystals of clino- and orthopyroxenes (Fig. 38A). 

Distribution of pyroxenes is zoned too: closer to the quartz a zone of subhedral to euhedral 

clinopyroxene, augitic in composition is found, surrounded by coarse grained, subhedral to 

euhedral enstatite megacrystals, intergrown with sulfides (Fig. 38B). Quartz in the central part 

contains solid inclusions of biotite and orthopyroxene.  

Distribution of sulfide minerals (Fig. 38C) also exhibit moderate zoning. Pyrrhotite 

with minor amount of pentlandite and chalcopyrite stringers is present close to the quartz, 

whereas chalcopyrite with cubanite exsolution lamellae becomes gradually dominant away 

from the center part. Pentlandite is also present along the grain boundaries of pyrrhotite and 

chalcopyrite. 

PGMs are very common in the sample; in fact, the highest total precious metal content 

has been obtained from this intercept in the drillhole (2.3 ppm Pd, 0.4 ppm Pt and 0.06 ppm 

Au average over a 1.5 meter interval). PGM grains are rarely included in pyrrhotite and 

chalcopyrite but they most typically are located along grain boundaries of sulfide minerals 

and pyroxene and in chalcopyrite-filled microcracks in the pyroxenes.  
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(Fig. 38E). Other minerals, such as pyroxenes, biotite or sulfides do not show signs of 

deformation either.  

Primary fluid inclusion assemblages (FIAs) consist of 4-5 to several tens of inclusions 

randomly distributed in closely packed clusters, often in the central zones of the quartz 

crystals. The inclusions have negative crystal shapes and range from a few microns up to 30 

μm in diameter. Primary FIAs are often crosscut by healed fractures indicated by secondary 

fluid inclusion planes (Fig. 39A-D). These secondary inclusions appear as one-phase, low-

density, gas-rich inclusions, although some quite heterogeneous phase proportions occur in 

some assemblages indicating that these generations of inclusions are different from the 

primary inclusions. 

The vast majority of primary inclusions show two dominant fluid phases at room 

temperature (Fig. 39D): a liquid phase (Lcarbonic) and a vapor bubble (V). Liquid to vapor ratio 

is constant from one assemblage to another, the liquid phase occupying about 60, the vapor 

phase about 40 volume percent of the inclusions based on visual estimation. In a few 

examples, another liquid phase (possibly Laqueous?) was visible as a clear thin film in the sharp 

corners of some fluid inclusions (Laq? in Fig. 39D). 

The size of silicate melt inclusions range from ~20 to 200 μm in diameter. They occur 

both individually and in assemblages of up to 10 inclusions. They are often located close to or 

within the same groups as primary FIAs, some are directly surrounded by primary fluid 

inclusions (Fig. 39E-G). The melt inclusions are in most cases isometric with nearly square-

shaped, angular contours but more elongated and rounded ones are also present. Few crystal 

inclusions in quartz appear to be associated with the melt inclusions (Fig. 39H). Melt 

inclusions at ambient temperature are completely crystallized and consist of various daughter 

minerals. Identification of the daughter minerals was based on their optical properties, by 

SEM and electron microprobe analyses of exposed inclusions on the surface of thin sections 

(Fig. 39I,J) and by Raman-spectroscopy. Daughter minerals, that were possible to identify, are 

plagioclase, K-feldspar, biotite (with concentration of Cl up to 1.61 wt%, Table 8), calcite, 

monazite and some very small (<2 μm) grains of undetermined REE-rich minerals. 

Volumetric proportions of the daughter phases are relatively constant based on visual 

estimates. No fluid phase (e.g. vapor bubble) is visible in the unheated melt inclusions at 

ambient temperature. 
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4.5.3. Microthermometry and composition of fluid inclusions 

Homogenization temperatures of fluid inclusions obtained during heating experiments 

show that the dominant liquid and vapor phases (Lcarbonic and V) homogenize between 30.8 

and 31.0 °C (Thcar) both into the liquid phase and in critical mode (Table 12). 

Melting temperature of the carbonic liquid phase (Tmcar) obtained from freezing 

experiments varies between -57.2 and -56.8 °C which are slightly lower than the triple point 

of pure CO2 (-56.6 °C; Table 12). Such behavior of the inclusions indicates that the visible 

fluid phases consist of predominantly CO2 with a small amount of other apolar molecules 

(methane or other gases). No clathrate phase was observed during the freezing of the 

inclusions. 

Total homogenization of those fluid inclusions that showed a visible liquid film wetting 

the inclusion wall was not possible to observe during the heating experiments simply because 

of the limitations in the resolution of optical microscopy. Homogenization into the vapor 

phase is anyway less accurate when measuring homogenization temperatures (Roedder 1984, 

Diamond 2003). 

Detection of such aqueous liquid film on the inclusion walls at room temperature is 

challenged by Raman spectroscopy, too (Dubessy et al., 1992). However, theoretically by 

heating a CO2-rich inclusion that contains minor H2O-bearing liquid film on the inclusion 

wall, H2O will dissolve into the CO2-rich phase. This dissolved H2O vapor is more easily 

detected by Raman spectroscopy than the thin film of liquid H2O on the inclusions’ wall, 

therefore combined microthermometry and Raman spectroscopy is an effective way to 

analyze the bulk fluid composition of fluid inclusions (Dubessy et al., 1992; Pironon et al., 

2000; Berkesi et al., 2009). 

During the Raman spectroscopic measurements the laser beam was always focused in 

the supercritical CO2-rich phase. Figure 40A shows the Raman spectra of a primary fluid 

inclusion taken on the same spot (in the CO2-rich vapor phase) at laboratory temperature and 

at 300 °C. At ambient temperature peaks of CO2 (1264, 1284, 1387 and 1409 cm-1), CH4 

(2917 cm-1) and N2 (2331 cm-1) were detectable. Upon heating the inclusion a peak appears 

additionally at 3639 cm-1 that corresponds to the molecular symmetric stretching vibration of 

H2O vapor, in our case dissolved in the supercritical CO2-rich phase (Herzberg, 1945; 

Dubessy et al., 1992). Molar proportions of components were calculated from peak area ratios 

(Dubessy et al., 1989) at 300 oC because at this temperature, the fluid inclusions were 

considered completely homogenous (see next paragraph). According to the calculations the 
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studied primary fluid inclusions contain 95 mol% CO2, 4.5 mol% H2O, ~0.4 mol% CH4 and a 

small amount of N2, respectively. 

 
Table 12: Microthermometric data of primary fluid inclusions from the South Kawishiwi Intrusion.  

Inclusion type origin Th to L car Th to crit Tm car Th tot
carbonic prim 30.9 -57.2
carbonic prim 30.9 -57.2
carbonic prim 30.9 -56.9
carbonic prim 30.9 -57.0
carbonic prim 30.9 -57.0
carbonic prim 30.9 -57.0
carbonic prim 30.8 -56.9
carbonic prim 31.0 -57.1
carbonic prim 31.0 -57.1
carbonic prim 31.0 -57.1
carbonic prim 31.0 -57.1
carbonic prim 30.8 -56.9
carbonic prim 30.8 -56.8
carbonic prim 30.8 -56.8
carbonic prim 30.8 -56.8
carbonic prim 30.8 -56.8
carbonic prim 31.0 -57.0
carbonic prim 31.0 -57.0
carbonic prim 31.0 -57.0
carbonic prim 31.0 -57.0
carbonic prim 31.0 -57.0
carbonic prim 31.0 -57.0
carbonic prim 30.8 n.a. 225*
carbonic prim 30.8 n.a. 225*
carbonic prim 30.8 n.a. 225*
carbonic prim 30.8 n.a. 225*
carbonic prim 30.8 n.a. 225*
carbonic prim 30.8 n.a. 225*
carbonic prim 30.8 n.a. 225*
carbonic prim 30.8 n.a. 225*
carbonic prim 30.8 n.a. 225*

Th to L car – partial homogenization of the carbonic fluid into the liquid phase 
Th to crit – partial homogenization of the carbonic fluid in critical mode
Th tot – total homogenization temperature
*determined by combined Raman-spectroscopy and microthermometry
n.a. - not analyzed  
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4.5.4. Melt inclusions – homogenization behavior and composition 

On Figure 41 a set of photographs illustrates the changes occurring during heating of 

an inclusion from room temperature to 1120 °C. Melting begun around 700 °C when a thin 

melt film appeared on the wall of the inclusion first along the edges of feldspars that later 

propagated inward. A vapor bubble appeared in the melt at around 900 °C. Daughter phases 

melted at 1120 °C. At this temperature only small bits of crystals (likely entrapped 

heterogeneously) remain solid, which are presumably monazite or REE-bearing minerals 

(based on semi-quantitative EDS analyses). A cluster of black opaque, Fe-rich minerals 

remain after the decomposition of biotite. The vapor bubble did not homogenize into the melt 

phase at peak temperatures of the measurements. 

Several quartz grains that contained melt inclusions were separated and heated in a 

high-temperature furnace to the previously determined melting temperature. After heating the 

quartz grains to 1140 to 1160 °C (in different runs), they were quenched to produce a 

homogeneous glass that also contained some vapor bubbles (Fig. 41B-D). Raman 

spectroscopy confirmed the presence of CO2 in these vapor bubbles (Fig. 41E,F). Other 

components were not possible to detect from the bubbles by Raman spectroscopy even by 

analyzing at elevated temperatures (above 300 °C), a method proved to be effective in 

detection of small amounts of H2O in the case of fluid inclusions.  
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capable of this. Potassium, for example, does not correlate well with Na in the analyzed glass 

compositions, which may imply the selective removal of Na from some of the inclusions. 

Halogen-content of the melt is difficult to measure by electron microprobe; F 

concentrations are all below detection limits of the analyses. However, Cl concentrations in 

some samples were high enough to detect, with values varying from undetectable (<35 ppm 

on average) up to ~0.3 wt%. Water content of the melt is not known, although the total values 

of the analyses being slightly lower than 100% in most cases implies that there might be some 

dissolved water in the silicate glass. No dissolved sulfur was detected. 

Table 13: Composition of quenched silicate melt inclusions coexisting with carbonic fluid inclusions from the South 
Kawishiwi Intrusion. 
inclusion 
no. 6

Na2O 3.23 4.12 2.76 2.79 0.81 0.75 0.58 0.71 3.26 3.16 3.74 0.28 0.87
K2O 4.04 4.22 5.81 5.78 5.26 5.22 5.03 5.86 6.46 6.04 2.21 7.73 6.25
BaO b.d.l. b.d.l. b.d.l. b.d.l. 0.12 b.d.l. 0.17 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
CaO 0.72 0.61 1.07 1.29 0.84 0.95 0.93 0.96 0.83 0.72 1.85 0.42 1.32
MgO 0.04 0.07 0.10 0.11 0.24 0.33 0.26 0.17 b.d.l. 0.04 0.22 b.d.l. 0.42
TiO2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.13 b.d.l. b.d.l.
SiO2 71.01 71.03 68.74 66.57 68.98 68.72 67.86 66.78 67.47 65.65 64.04 71.98 66.65
Al2O3 19.93 19.39 18.82 20.16 18.49 18.74 19.32 19.83 18.50 17.85 22.58 20.23 22.19
FeOtot 0.06 0.14 1.59 1.56 1.46 2.11 1.44 0.93 0.16 0.79 1.84 0.11 2.02
MnO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
NiO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cr2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
P2O5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
SrO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
SO3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cl b.d.l. b.d.l. 0.31 0.29 0.10 0.15 0.06 0.06 0.08 0.02 0.08 0.03 0.11
F b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Total  99.14 99.65 99.16 98.63 96.32 97.02 95.73 95.44 96.87 94.41 97.84 100.89 99.95

inclusion 
no. 8 9 10 11 12 13 14 16 Average 1SD LOD

Na2O 0.39 2.75 3.25 0.25 2.69 2.70 0.21 3.29 3.53 2.45 2.11 1.35 110
K2O 4.70 7.65 6.50 4.51 6.44 6.76 5.25 5.94 6.18 6.74 5.68 1.23 85
BaO 0.23 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.07 0.04 0.05 400
CaO 0.84 0.70 1.08 0.99 0.94 1.42 1.68 0.73 0.99 0.81 0.99 0.34 100
MgO 0.14 0.16 0.20 0.28 0.17 0.24 0.54 0.11 0.25 0.15 0.20 0.12 80
TiO2 b.d.l. b.d.l. b.d.l. 0.15 b.d.l. 0.34 1.02 b.d.l. b.d.l. b.d.l. 0.12 0.31 160
SiO2 69.55 67.12 69.31 70.78 69.90 64.98 64.90 69.10 65.39 69.50 68.09 2.22 180
Al2O3 19.50 18.51 18.85 20.99 19.15 21.49 20.09 19.42 20.36 18.93 19.71 1.20 85
FeOtot 0.90 0.84 1.09 1.82 0.93 1.78 4.11 1.60 2.42 0.99 1.33 0.91 145
MnO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.05 b.d.l. b.d.l. b.d.l. b.d.l. N/A N/A 135
NiO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. N/A N/A 180
Cr2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. N/A N/A 130
P2O5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. N/A N/A 60
SrO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. N/A N/A 475
SO3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. N/A N/A 300
Cl 0.03 0.03 0.15 0.17 0.04 0.16 0.21 0.02 0.04 0.08 0.10 0.09 35
F b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. N/A N/A 420
Total  96.36 97.98 100.45 100.01 100.42 99.93 98.14 100.22 99.23 99.73
b.d.l. – below detection limit, LOD - limit of detection
1SD – one absolute standard deviation
If value was below detection limit, the half of the detection limit was used in the calculation of average and standard deviation.
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43, has abundant K-feldspar, amphibole (actinolite and magnesiohornblende in composition), 

calcite, chalcopyrite and biotite in its marginal zone and is filled by xonotlite. K-feldspar in 

particular hosts fluid inclusions that appear to be primary or early secondary in origin (Fig. 

43D,E).  

The inclusions are negative crystal shaped or elongate, can be found on their own or as 

groups of two to three. Some of they seem to occupy healed fractures of the host K-feldspar 

(secondary inclusions) with variable phase proportions of a vapor and a liquid phase. These 

phases are carbonic, CO2-rich in composition with minor amount of CH4, confirmed by 

Raman-spectroscopy (Fig. 43F). No aqueous phase was visible during petrography in any of 

the inclusions; neither did combined microthermometry and Raman-spectroscopy confirm the 

presence of H2O in them. The abundance of these carbonic inclusions implies the presence of 

a CO2-rich fluid during the formation of these cavities and those minerals in close association 

with them, including chalcopyrite.  

 

4.6.DISCUSSION 

 

4.6.1. P-T-X conditions of magma and fluid entrapped in primary inclusions 

Based on petrographic evidence and from the similar, CO2-rich composition of primary 

fluid inclusions and vapor bubbles in the quenched melt inclusions, it is evident that silicate 

melt inclusions and primary fluid inclusions were entrapped coevally from a heterogeneous 

fluid-melt system. Coexisting fluid and melt inclusions are very strong tools in the study of 

melt evolution and magmatic fluid-segregation processes as exemplified by Frezotti (2001), 

Davidson & Kamenetsky (2001), De Vivo & Bodnar (2003), Student & Bodnar (2004), 

Davidson et al. (2005), Cesare et al. (2007), Audétat et al. (2008), Zajacz & Halter (2009).  

Interpretation of the microthermometric results of the studied melt inclusions is 

challenged by some difficulties. Melting temperatures above 1100 °C obtained in the melt 

inclusions are much higher than liquidus temperatures of quartz in a fluid-saturated granitoid 

system (Stern et al., 1975). The slow dissolution of daughter phases can be the result of slow 

movement of elements in a melt that is rich in network-formers, such as Si and Al. The 

heating of such felsic silicate melt inclusions cannot be slow enough to ensure perfect 

equilibrium melting (Student & Bodnar 1999). Thus, the actual formation temperatures of the 

quartz-hosted melt inclusions are likely overestimated by microthermometry. This 

overheating effect however did not result in notable enrichment of melt inclusions in SiO2 

(e.g. melting of the host quartz into the melt inclusions) as the SiO2-content of quenched melt 
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inclusions are quite consistent (on average: 66.3 wt%) and is similar or lower than quenched 

melt inclusions described from granitic rocks (SiO2 = 61-69 wt%; Takenouchi & Imai, 1975; 

Hansteen & Lustenhouwer, 1990; Thomas & Klemm, 1997; Vapnik, 1998; Thomas et al., 

2006; Thomas & Davidson, 2012). 

 

 Granitic melt in a mafic environment 

It is quite unusual that in the neighboring of the quartz that trapped the melt inclusions 

of granitoid composition, a mafic rock consisting of clino- and orthopyroxenes together with 

sulfide minerals is present (Fig. 38). The question is obvious: is it possible to produce such an 

evolved melt from an initially mafic magma via normal melt fractionation that has no 

remnants of mafic components (i.e. it is extremely low in Mg, Ca and Ti, Table 13) and has 

very low or undetectable concentrations of e.g. Sr, F, P and Ba, elements typically elevated in 

evolved granitoid melts? Although Sr and Ba may be low in evolved granitoids, due to 

feldspar fractionation (e.g. Zajacz et al. 2008), the other compositional characteristics are hard 

to explain by fractionation of a mafic magma. 

Alternatively, the granitoid melt should be the product of partial melting of granitoid 

footwall rocks due to the heat of the mafic intrusion. Contact metamorphic effects of the 

Duluth Complex on footwall units has been described by e.g. Green (1970), Bonnichsen 

(1972) and more recently by Sawyer (2002), who described high temperature deformation 

textures of feldspars and partial melting of the Giants Range batholith below the South 

Kawishiwi Intrusion. Hovis (2003) and Molnár et al. (2009) discussed the role of footwall-

melt interaction in the shaping of magmatic sulfide mineralization, too. Severson (1994) 

mentions several subvertical lenses in the South Kawishiwi Intrusion that are suspected partial 

melts originating from the footwall and are characterized by quartz-monzonitic and syenitic 

composition. Felsic partial melts investigated by Benkó (pers. comm.) from the Partridge 

River Intrusion are also granitic to monzonitic-syenitic in composition and are very low in Ca, 

Mg, Ti, Sr, P and Ba, similarly to melt inclusion compositions in this study (Fig. 42, Table 

13). Abundant felsic patches, granophyric melt blobs and the usual increase of bulk K-content 

of the rocks closer to the basal contact in many drillholes infer input of felsic material from 

the footwall. 

Geological characteristics of the sample location and the sample itself also point 

towards this origin, too. The sample is essentially from the basal contact of the intrusion, 

contact metamorphic features of the footwall are present in the deeper part of the drillhole, 

and rock types that would imply fractional crystallization of mafic magma are lacking from 
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the vicinity. Based on these facts and in agreement with the above authors, it is very likely 

that the quartz-entrapped inclusions represent partial melts extracted from the footwall due to 

the excess heat of the intrusion. The absence of mafic components from the melt inclusions 

would moreover indicate that the partial melt originating from the footwall did not notably 

mix with the mafic melt of the South Kawishiwi Intrusion before its entrapment. This can be 

explained by the slower movement of elements in a felsic melt than in its mafic counterpart 

because of their difference in concentration of networking species. Thus, mafic melts would 

incorporate components from the felsic partial melt more effectively than vice versa. 

Moreover, physical mixing of the mafic and felsic melts may be prevented if the mafic 

magma carries a mush of phenocrysts and sulfide droplets as proposed by Peterson (2010). 

Partial melt pulses are less able to mix with a viscous mixture of silicate and sulfide melt and 

crystals, and it would only form melt pockets that bulge into this mush. Interaction this way is 

further confined to a restricted interface between the components that explains the suture-like 

contact between the quartz and the mafic mineral assemblage, as well as the mineralogical-

textural zonation. 

SiO2 input from the felsic melt explains crystallization of orthopyroxene instead of 

olivine along the contact. It also enhances sulfide saturation, which promotes further sulfide 

melt immiscibility (Naldrett & MacDonald, 1980) leading to precipitation of more sulfide 

minerals, reflected by the sulfide-rich nature of the sample. Many Co ad Fe-rich sulfide 

patches and semimassive pods observed as elevated peaks in the geochemical logs on the 

basal contact are likely the result of this ‘new’ sulfide segregation event.  

Comparing the crystallization temperatures of ortho- and clinopyroxene and quartz at 

1-2 kbar pressures, it is clear that the pyroxenes will show higher values than quartz. On the 

crystallization temperature of quartz only the felsic component will remain stable as a melt, 

and eventually have the possibility to become trapped as melt inclusions. 

 

 Fluid composition unusual in granitic melt 

Another unusual feature of the fluid and melt inclusion assemblages is the composition 

of the entrapped fluid phase. Primary fluid inclusions in granitic systems show more H2O-rich 

nature (e.g. Audétat et al., 2008), than that of the studied inclusions, which are CO2-

predominant and contain only a very small amount of water. CO2-rich primary magmatic fluid 

compositions are characteristic to mafic systems, as generally the solubility of CO2 decreases 

with increasing Si content of a silicate magma, at given p and T (e.g. Botcharnikov et al., 

2005). Theoretical concentrations of CO2 and H2O were calculated with the program 
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‘H2O_CO2_Solubility’ of Duan & Duan (available online) with melt and fluid compositions 

identical to the investigated fluid and melt inclusions. Results show that the calculated 

concentration of H2O in the melt is almost five times higher than that of CO2 at ~1.7 kbar 

pressure and 900 °C temperature (see discussion in the next chapter). Input of silica by the 

partial melt into the system would also promote the degassing of any CO2 that is left in a 

mafic magma.  

The above considerations imply that the fluid phase entrapped in coeval fluid and melt 

inclusion assemblages originates from the mafic magma. However, this fluid phase coexisted 

in equilibrium with the granitic silicate melt as a heterogeneous two-phase system. Only a 

small amount of CO2 was solved in the granitic melt, until both fluid and melt phases were 

entrapped as inclusions in the precipitating quartz. Their coexistence is strongly supported by 

the presence of CO2 in the vapor bubbles of the quenched melt inclusions. Small parts of 

silicate melt present in the fluid inclusions, as one would expect in a heterogeneously 

entrapped system, was not visible during petrography. However, recent study of Berkesi et al. 

(2012) has shown that a very thin silicate glass film may be present on the walls of gas-rich, 

carbonic fluid inclusions, undetectable by optical microscopy and conventional SEM 

methods.  

 

 P-T conditions of fluid and melt inclusion entrapment 

Coexistence of primary melt and fluid inclusions makes it possible to estimate the 

pressure and temperature conditions during their entrapment (Roedder, 1984). The calculated 

isochore of the homogenized fluid inclusion can be intersected with the inferred formation 

temperature of melt inclusion and, therefore, a more accurate formation pressure can be 

obtained. Although the homogenization temperatures of the melt inclusions are likely 

overestimated, the liquidus temperature of granitic systems with such low water activities 

points the crystallization temperature of quartz and entrapment of fluid and melt inclusions 

between 850 and 950 °C (e.g. Stern et al. 1975, Ebadi & Johannes, 1991).  

In order to simplify calculations, molar volume (Vm) of fluid inclusions has been 

calculated using binary CO2-H2O models. In the case of the binary CO2-H2O system, 

experimental data is available for the high-temperature phase properties from Sterner & 

Bodnar (1991). This data has been converted into quantitative Vm-X diagrams by Bakker & 

Diamond (2000), also addressed by Diamond (2001). Taking the measured temperatures of 

phase transitions and compositions of the inclusions (Thcar=30.8 °C; Thtot=~225 °C; 

XCO2=0.955 and XH2O=0.045), bulk Vm is calculated to be around 78-80 cm3mol-1. This value 
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Although the calculated pressure values from the inclusions have to be considered minimum 

pressures as in some cases the bulk density of fluid inclusions may decrease due to post-

entrapment processes (e.g. Bakker, 2009), calculations correlate well with the above values 

from the more peripheral, thinner parts of the Complex. 

The effect of introducing the small amounts of methane into the calculations is not easy 

to assess. Firstly, there are no available experimental works and models on the solvus of the 

ternary system CO2-CH4-H2O and no quantitative V-X diagrams are available either. 

Therefore, one cannot make direct use of the partial (Thcar) and total homogenization 

temperatures (Thtot) in order to determine bulk Vm properties of inclusions of ternary 

composition (Diamond 2001). In order to overcome this problem, the partial molar volume of 

the carbonic phase has to be calculated and then corrected with the estimated volume 

percentage of the aqueous film on the inclusion walls to obtain the bulk Vm. Although these 

estimations introduce some error, it has been confirmed by some pilot calculations that in 

inclusions with near-critical density, such as those contained in the studied sample, small 

amounts of introduced CH4 (e.g. 0.4 mol%) can lower the calculated formation pressure with 

about 0.2 kbar, an equivalent of ~750 m on 900 °C in the present case (Fig. 44). The effect of 

the aqueous film wetting the inclusion walls has the opposite effect on the calculations, 

compared to CH4. Adding water to an inclusion with fixed volume decreases the bulk Vm, 

therefore the calculated formation pressure of an inclusion containing about 4.5 mol% water 

will be higher than that of a water-free inclusion, however at 900 °C the difference is only 

about 0.05 kbar. The point of the above discussion is that determination of bulk compositions 

of CO2-predominated fluid inclusions is essential during their study and modeling as a water-

free, only CO2-bearing system may lead to erroneous interpretations.  

 

4.6.2. Chlorine in the silicate melt – fluid immiscible system 

Most primary magmatic fluids that exsolved in a single-phase state exhibit relatively 

low salinities as exemplified by Audétat et al. (2008). Quantitative modeling also suggests 

that salinity of CO2-predominated, H2O-poor, one-phase fluids will have very low (less than 1 

wt% NaCl equivalent) bulk salinities (Joyce & Holloway, 1993; Duan & Sun, 2003). 

Dixon (1997) and Métrich & Wallace (2008) discussed that most of the CO2 is degassed 

from a basaltic melt before any aqueous fluid start to exsolve during the crystallization of the 

melt. Aletti et al. (2009) characterized Cl solubility in silicate melts in their experimental 

work and concluded that introduction of even a small amount of CO2 into the system 

drastically increases the Cl fugacity in the melt. 
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The investigated quenched melt inclusions contain relatively high amount of Cl for a 

granitoid melt and biotite daughter crystals in the unheated melt inclusions are also high in Cl 

with values up to 1.6 wt% compared to rock-forming biotite in the pegmatoids (Table 8). 

Although there is no direct information on the bulk salinity of the investigated fluid 

inclusions, their CO2-predominated composition and the presence of detectable Cl in the 

coexisting silicate melt is consistent with the works cited above. It is reasonable to suspect 

that in the carbonic fluid – silicate melt system, represented by the primary fluid and melt 

inclusion assemblages, Cl behaved rather compatible in the melt phase and a significant 

portion of it did not exsolve into the fluid phase by the time of the entrapment of the 

inclusions. 

 

Exsolution of Cl from the silicate melt 

Apatite has been used to monitor changes in the behavior of halogens during 

crystallization in many mafic and ultramafic intrusions, e.g. the Stillwater Complex (USA), 

the Bushveld (South Africa), the Great Dike (Zimbabwe) or in mafic intrusions in Sweden 

and the Antarctica (Boudreau & MacCallum, 1989; Boudreau & Krueger, 1990; Boudreau et 

al., 1995; Willmore et al., 2000; Meurer et al., 2004; Boudreau & Simon, 2012). Chlorine 

behaves rather incompatible in the silicate melt compared to F, thus during the segregation of 

a fluid with appropriate composition (i.e. poor in CO2, Aletti et al., 2009, discussed above) Cl 

will partition into the fluid phase relative to F. If this fluid continuously separates and remains 

no longer in equilibrium with the residual melt the latter will become gradually depleted in Cl, 

compared to F. Consequently, apatite will also gradually become Cl-poor as it crystallizes 

from this melt. This process is recorded in the intercept in drillhole MEX-108 (Fig. 26 and 

Fig. 36B). Chlorine loss is clearly visible in an upward fractionating succession of rocks with 

apatite being gradually depleted from the bottom of the intercept upward and within the 

crystals themselves, too. The melt pulses are emplaced in a structural zone as implied by the 

sharp upper contact, probably related to the tectonic activity caused by syn-magmatic rifting. 

This structure may have acted as a channelway helping the removal and separation of Cl from 

the melt that it exsolved from. This situation can be considered as an ‘open-system’ where Cl 

partitions into a fluid phase and is carried away immediately from the melt.  

In contrast, most of the pegmatitic patches represent isolated pockets of the crystallizing 

intrusion where the immiscible Cl-bearing fluid cannot migrate away by the time of the 

crystallization of apatite and remains in equilibrium with the residual melt until the very last 

stage of crystallization. Accordingly, these ‘closed system’ pegmatitic pockets more often 
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contain apatite with higher Cl contents than those from average troctolitic samples (Fig. 35 

and Fig. 36A).  

These variations in apatite halogen-chemistry suggests that there is a potential for the 

removal of Cl from the crystallizing magma possibly into aqueous solutions, however this 

fluid was not transported away unless there were suitable channels for it. Based on the 

coincidence of footwall mineralization, late granitoid dikes and PGE-enrichments in certain 

zones Severson (1994) suggested that brittle structures became active during the later 

crystallization of the intrusion. These structures provided zones of weakness, were intruded 

by granitic differentiates and/or footwall-originated partial melts and acted as conduits for 

segregating Cl-rich aqueous fluids (Fig. 26 and Fig. 36B). Present data fully supports this 

model. 

Timing of this Cl-separation from the melt is crucial, though. The Cl-content of silicate 

melt inclusions suggests that partitioning of Cl into a fluid phase is only possible after most of 

the CO2 have been degassed from the system since presence of a carbonic-dominated fluid 

increases Cl-fugacity in the melt. It is highly possible that CO2-bearing fluids acted even as a 

barrier factor for the exsolution of Cl from the silicate melt during most of the time of the 

crystallization of the silicate magma. This way only at the very last stages, when most of the 

CO2 left the system, was Cl ‘allowed’ to leave the silicate melt phase and produce late-stage 

saline brines.  

Chlorine solubility in crystallizing melts is furthermore decreased by changes in melt 

composition, namely by the decrease in Mg, Ca and Fe (Webster & De Vivo, 2002). This is 

likely to proceed during the later phase of crystallization of rock-forming minerals and, again, 

after the degassing and removal of a carbonic magmatic fluid. Calculation of formation 

temperatures of apatite from troctolitic and pegmatitic samples from the Duluth Complex by 

Mogessie (1994) yielded temperatures of ~600 °C. Observations of present study suggest that 

around 700-800 °C the carbonic fluid phase had already been exsolved from the mafic melt. 

This also suggests that trends in apatite chemistry represent changes in the Cl-content of the 

melt that occurred after the carbonic fluid was separated.  

 

Apatite in sulfide veinlets 

Coexisting apatite-sulfide assemblages found in thin veinlets (Fig. 37) add some more 

interesting details to the distribution of Cl during the formation of the mineralization. It is 

clear that thin sulfide veinlets crosscutting silicate minerals formed later than the 

crystallization of the main mass of host troctolitic rocks. These veinlets represent late-stage 
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sulfide melts that were injected into microfractures of the already-solidified silicate host rock 

and migrated to a certain distance. Similar process described by Mungall (2002) and Mungall 

& Su (2005) in the Sudbury Igneous Complex. In sample MA-8 (Fig. 37A-C,G) sulfide 

veinlets and late, microcrack-filling PGMs are accompanied by almost pure chlorapatite, 

which inevitably necessitates the presence of high-Cl media during the crystallization of these 

late veinlets. The exact state of Cl in this system is however ambiguous. Mungall & Brenan 

(2003) have proven in their experimental study that fractionated sulfide melts are capable of 

carrying Cl and I on the wt% range of concentrations, while water and F being insoluble in 

the same sulfide melts. Apparently, it may be possible that sulfide melts that equilibrate with 

the crystallizing silicate melt take up some of the exsolved Cl and after the solidification of 

silicates transport it in solution for some time and distance. Then, during crystallization of a 

halogen-bearing sulfide melt, Cl will most likely exsolve into an aqueous fluid and be 

removed through the fracture system. Apatite crystallizing in equilibrium with the sulfide melt 

will consequently become gradually Cl-depleted, demonstrated by the trend in compositions 

of apatite in sample 109-9 (Fig. 37G). Chlorapatite in sulfide veins of samples MA-8 is either 

the result of crystallization in equilibrium with a very Cl-rich sulfide melt or more likely in 

the presence of an evolved Cl-rich fluid. 

Overall, it seems that in the sulfide veinlets the halogen content of the late apatite was 

either determined by the evolution of a late, Cl-bearing sulfide melt or more likely the 

presence of an even later aqueous fluid phase. Sulfide-filled veinlets that are filled by 

intergrown chalcopyrite and small tabular amphibole crystals (Fig. 27I,J) also support the 

possible presence of a hydrous phase during the late evolution of these veinlets.  

 

4.6.3. Potential of magmatic fluids in the transport of base- and precious metals 

 

Redistribution of PGEs 

Chloride-complexing is one of the recognized mechanisms of ore metal transport in 

hydrothermal solutions, especially in the case of Cu and other base metals (Xiao et al., 1998; 

Liu et al., 2001) although less understood regarding PGEs. Most researchers agree that 

chloride-complexing of Pt and Pd at temperatures up to around 300 °C is favored by acidic 

and oxidizing conditions of the hydrothermal fluids (Mountain & Wood, 1988; Fleet & Wu, 

1993, 1995; Wood et al., 1992; Gammons et al., 1992; Ballhaus et al., 1994; Sassani & Shock, 

1998; Xiong & Wood, 2000). Other authors argued that PGE transport in fluids is also 

possible under less oxidizing and acidic conditions on the same, relatively low and more 
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likely at higher temperatures (Gammons & Bloom 1993; Pan & Wood 1994). Wood (2002) 

noted that stability of Pd(II) and Pt(II)-chloride complexes is very likely to increase with 

increasing temperatures as proposed by Ballhaus et al. (1994) and supported by the 

experimental study of Hanley et al. (2005a). Hanley et al. (2005a) confirmed that high-

temperature (above 800 °C) moderately oxidizing NaCl-rich brines are able to dissolve 

significant amounts of PGEs, increasing their potential in creating high-grade zones in 

mineral deposits. Involvement of saline fluids in Pt and Pd enrichment has been promoted in 

natural environments too, most prominently in the case of footwall-type vein mineralization in 

the vicinity of the Sudbury Igneous Complex (Farrow & Watkinson, 1997; Molnár et al., 

1997, 1999, 2001; Hanley et al., 2004, 2005b, Péntek et al., 2008). 

If one looks at the petrographic characteristics of PGMs, it is apparent that there is a 

wide range of order of crystallization relative to sulfides and rock-forming silicate minerals. 

PGM grains found enclosed in sulfide patches are indicative of magmatic affinity, especially 

for e.g. irarsite, since Ir and Rh are less compatible in a fractionated sulfide melt. These grains 

crystallized together with the sulfide minerals from the immiscible sulfide liquid. 

While for example sperrylite is described from a variety of environments (i.e. magmatic 

to hydrothermal), others, such as michenerite, merenskyite or kotulskite are more often found 

in lower temperature assemblages (Hoffman & MacLean, 1976; Cabri, 2002; Wood, 2002;). 

Péntek et al. (2008) reported PGM assemblages that included michenerite, merenskyite, 

kotulskite, moncheite, wittichenite and malyshevite from vein-type PGE mineralization from 

the footwall zone of the Sudbury Igneous Complex and suggested 450-500 °C formation 

temperatures based on fluid inclusion data.  

The more pronounced occurrence of PGMs on the border of sulfide minerals (mostly 

moncheite and paolovite), within sulfide±chlorite±amphibole veinlets (moncheite, 

michenerite, paolovite) and in silicate minerals in felsic patches inevitably point to the 

assumption that Pd and Pt was mobile until the latest stages of sulfide melt crystallization, and 

maybe even beyond. Coincidence of high PGE concentrations with systematic Cl-depletion of 

magmatic apatite and the association of chlorapatite with microcrack-filling sulfide-PGM 

veinlets all point to the direction that Cl-bearing magmatic fluids had influenced the final 

distribution of Pd and Pt in the South Kawishiwi Intrusion. Segregating magmatic fluids 

easily provide the precursor for such transporting agents. Present data conforms to the above-

cited works promoting the importance of chloride complexing in precious-metal transport 

during the final stage of the formation of magmatic sulfide deposits in mafic-ultramafic 

intrusive rocks. 



 

111 
 

Transport of base-metals 

Hydrothermal remobilization of base metals, Cu in particular has been observed in the 

form of euhedral chalcopyrite crystals associated with miarolitic cavities. It is also confirmed 

that in those zones where miarolitic cavities and associated chalcopyrite is observed, Cu/Pd 

ratio of the bulk rock is elevated, up to an order of magnitude higher level. This observation 

implies that fluids responsible for the evolution of miarolitic cavities and the transport of Cu 

in this environment had a higher solubility for Cu than for Pd and thus preferentially 

concentrated Cu in these zones. Fluid inclusions found in K-feldspar indicate that these fluids 

were likely CO2-rich, thus more similar to the primary fluids recorded in quartz-hosted 

primary fluid and melt inclusion assemblages. This is in agreement with the widely accepted 

role of vapor-rich fluids in the formation of Cu-porphyry deposits, likely transporting metals 

as HS- complexes (e.g. Zajacz & Halter, 2009 and references therein), and the fact that CO2-

rich fluids have never been reported as an effective PGE-transporting agent from magmatic 

Cu-Ni-PGE deposits.  

 

4.7. CONCLUSIONS 

 

Present study sheds light on some of the processes in the later stages of crystallization 

of the South Kawishiwi Intrusion of the Duluth Complex through mineralogical and 

petrologic studies. Combined application of microthermometry and Raman spectroscopy 

proved to be an effective tool in the characterization of the entrapped fluid system in primary 

fluid inclusions. Combination of methods made possible the determination of bulk 

compositions and total homogenization temperatures, both of which is difficult to estimate 

precisely in CO2-predominated, water-poor inclusions. Primary fluid inclusions contain about 

95 mol% CO2, 4.5 mol% H2O, ~0.4 mol% CH4 and trace amount of N2. Total homogenization 

of the fluid inclusions was reached at around 225 °C.  

Silicate melt inclusions in the same quartz were homogenized and quenched in order to 

obtain the original melt compositions. The entrapped melt is granitoid, peraluminous, devoid 

of mafic components such as Mg, Ca and Ti, poor in Sr, P, F, and Ba and contains variable 

amounts of Cl with values up to 0.3 wt%. This melt is likely the product of partial melting of 

the monzonitic footwall rocks due to the excess heat of the South Kawishiwi Intrusion. The 

composition of the entrapped melt shows no evidence of extensive interaction with the mafic 

magma of the South Kawishiwi Intrusion. However, petrographic features suggest that input 
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of silica from the partial melt into the mafic melt component occurred, which lead to the 

crystallization of an orthopyroxene and sulfide-rich rock close to the inclusions-rich quartz.  

The presence of CO2-bearing vapor bubbles in the quenched silicate melt inclusions and 

petrographic evidence suggests that primary fluid and melt inclusions were entrapped 

coevally. Although the fluid likely originates from the mafic magma, the two phases coexisted 

in equilibrium as a heterogeneous system until the entrapment as coeval inclusion 

assemblages. Coexistence of the two inclusion types made it possible to calculate a minimum 

entrapment pressure of ~1.7 kbar that corresponds to about 5.8 km formation depth.  

In the studied CO2-rich fluid – silicate melt system, Cl behaved compatible to the melt 

phase rather than partitioning into the CO2-predominated fluid, which is indicated by the high 

Cl-content of biotite daughter minerals in the melt inclusions and also that of the quenched 

melt. However, variations in the halogen-content of apatite from various rock types in 

drillcore made it possible to trace the behavior of Cl on presumably lower temperatures than 

the entrapment of the inclusions. It has been shown that apatite becomes enriched in Cl in the 

pegmatitic pockets of the intrusion, compared to ‘regular’, medium-grained troctolitic rocks. 

This trend implies that the Cl-contents of the silicate melt increases with progressive 

crystallization and thus apatite that crystallized in a closed system environment in equilibrium 

with the melt will have elevated Cl-contents as well. On the other hand, apatite is becoming 

gradually Cl-depleted in some fractionated melt pockets that intruded and solidified in 

structural zones. This indicates that, if suitable channels are available, Cl can be exsolved 

from the silicate melt, probably into an aqueous fluid phase that will migrate away from its 

source under open system conditions. This is, however, only possible after the primary CO2-

rich fluid is separated from the magma. CO2-rich fluids that coexist in equilibrium with the 

crystallizing magma increase the affinity of Cl to the silicate melt and may inhibit its 

exsolution until the latest stages of crystallization, increasing the potential to produce late-

stage saline brines. The primary CO2-rich fluid is probably only capable of the transport of Cu 

and not the PGEs, as exemplified the intimate association of miarolitic cavities, chalcopyrite 

and CO2-rich fluid inclusions in the gangue minerals around these cavities. Petrography of 

PGMs has shown that, besides magmatic textures, apparently secondary generations of PGMs 

are present: these grains are in close association with chlorapatite in late-stage Cu-rich sulfide 

veinlets or fill microcracks that crosscut silicate minerals and are present in felsic pegmatites 

and granophyric patches, too. These observations coincide with the reconstructed fluid history 

and imply that exsolution of the later, Cl-bearing saline brines caused remobilization of PGEs 

from the magmatic mineralization in the South Kawishiwi Intrusion.  
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 CHAPTER 5 – FINAL CONCLUSIONS: A MODEL FOR THE SIGNIFICANCE OF 

MAGMATIC AND HYDROTHERMAL PROCESSES IN THE FORMATION OF CU-NI-

PGE MINERALIZATION OF THE SOUTH KAWISHIWI INTRUSION 
 

Present study provided a wide set of data regarding the geological history behind some 

of the mineralized rocks of the South Kawishiwi Intrusion. In this chapter a model is proposed 

to explain the spatial and temporal relationships of the studied magmatic and hydrothermal 

processes and their influence on the mineralization of the intrusion. 

Magmatic processes and large-scale geological interpretation of rocks of the SKI was 

completed through mapping and mineralogical-petrological studies in the South Filson Creek 

area. The main mineralization in the area is magmatic in origin, although its locality is quite 

unusual of the Duluth Complex. Mineralized rocks are located in about 1000 m stratigraphic 

height in the otherwise barren troctolitic unit of the intrusion. The reason for this unusual 

locality is yet to be confirmed (that is probably possible after more extensive drilling takes 

place), however general geological features of the area suggests a model for a dynamic 

magma chamber with renewed magma input, supporting previous models of e.g. Peterson 

(2001, 2010). The SFC area is at the junction zone of one of these feeder zones, namely the 

Nickel Lake Macrodike (Peterson & Albers, 2007). Such junction points are an ideal location 

for sulfide droplets to interact with new batches of magma and upgrade their precious metal 

content due to the higher partition coefficient of PGEs compared to Cu and Ni (Campbell & 

Naldrett, 1979; Kerr & Leitsch, 2005). Such a setting may account for the relatively PGE-

enriched composition similar to the ‘confined’ style rocks, as opposed to the PGE-poor ‘open’ 

style mineralization (Peterson, 2002a,c). 

The primary fluid and melt inclusion assemblages revealed the subtle local influence of 

partial melts originating from the footwall units on the intruding magmas. Input of small 

amounts of silica from these granitoid melts decreased the sulfur-solubility of the mafic 

magma that resulted in locally more sulfide-enriched rocks within the already sulfide-bearing 

basal unit along the footwall contact.  

Pegmatitic rock pockets indicate the enrichment of incompatible elements and more 

importantly volatiles that will eventually exsolve into a separate fluid phase during late stages 

of magma crystallization. The first magmatic fluid that exsolved from the melt was a 

supercritical CO2-rich phase that contained only a small volume of aqueous component. This 

fluid segregated from the magma at relatively high temperatures and pressures, at least at 
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~900 °C and 1.7 kbar. Gas bubbles that formed miarolitic cavities in the troctolitic rocks 

likely represent products of this primary magmatic fluid. At this point chlorine was restrained 

to the silicate melt as long as the CO2-rich fluid was present. Elevated Cl-content of apatite in 

‘closed-system’ pegmatitic pockets and the high bulk Cl-content of melt inclusions with CO2 

bubbles represent this stage. The transport and concentration of PGEs via aqueous Cl-

complexes at this point is therefore inhibited. This fluid was however able to locally 

concentrate Cu, which is demonstrated by highly elevated bulk rock Cu/Pd ratios in miarolite-

rich zones and the abundance of chalcopyrite in these open cavities. The transport of Cu was 

probably possible in the form of HS-complexes (Zajacz & Halter, 2009), but the chemistry of 

the fluid was apparently not appropriate for the HS-complexing and transport of PGEs.  

There is evidence that semi-brittle structures opened up in the intrusion already when 

magma was not completely solidified. Opening of such structures is possible under short-lived 

high strain conditions (Fourier, 1999) even before the transition from the ductile to the brittle 

regime and may be induced by the episodic tectonic movements of the rifting process. These 

structures were intruded by fractionated silicate melts and probably served as channels for the 

separation of the exsolved primary magmatic fluid. When more regional brittle structures 

evolved the CO2-rich fluid probably expanded rapidly and migrated away from its source 

region. This stage is probably recorded in the hydrothermally altered zones in the South 

Filson Creek area, where intersections of large structures (i.e. the most suitable fluid-

channels) are affected by the most intense alteration and indicate that the fluid was becoming 

more and more out of equilibrium with the wall rocks. Consistently with the observations that 

this primary fluid was capable of Cu-transport (remember miarolitic cavities with 

chalcopyrite), these hydrothermally altered zones contain low-grade disseminated 

chalcopyrite mineralization, sourced most likely from the deeper-seated magmatic 

mineralization. These more regional structures and associated alteration affect both the 

Layered and Anorthositic Series rocks.  

When the CO2-rich primary fluid separated from the magma the rest of the volatile 

content of the melt exsolved. This means any water content of the magma, as well as most of 

the Cl-content, that was incompatible in the carbonic fluid but is highly compatible in an 

aqueous phase. These late brines were probably smaller in volume, compared to the primary 

carbonic fluid. This late brine was however capable of remobilizing Pt and Pd from the 

original magmatic source. The overall reconstructed behavior of Cl in the system strongly 

suggests that Pt(II)- and Pd(II)-chloride complexes were the form in which the transport of 

these elements occurred, however HS- or other complexing species cannot be ruled out at this 
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point (e.g. Wood, 2002). These late saline brines may have coexisted with felsic residual 

melts and with Cu-rich, fractionated sulfide melts that have lower solidus temperatures than 

most rock-forming silicates and were migrating in a network of microcracks in the solidified 

rock (Mungall, 2002). These processes are reflected in the association of PGMs with sulfide-

filled micro-veinlets (some places with chlorapatite) and a generation of PGMs filling 

microcracks on their own.  

It is important to point out that fluid-enrichment of the magma and fluid-segregation 

processes occurred in probably every part of the intrusion, including mineralized and barren 

rock units as well. Metal remobilization only occurred at those places where a magmatic 

generation of sulfide minerals was present and interacted with later migrating fluids.  

 

Implications for mineral exploration  

Results of present study provide conclusions in two main fields regarding mineral 

exploration in the Duluth Complex, one being the exploration for new areas that potentially 

host currently unknown sulfide mineralization while the other is the development and future 

exploitation of the known sulfide occurrences.  

Regional geological conclusions of Chapter 3 regarding the relationship of the South 

Filson Creek area to other parts of intrusion add valuable information to the understanding of 

the complex magmatic plumbing system of the South Kawishiwi Intrusion. Large, better-

known magmatic sulfide deposits (e.g. the Norilsk deposit in Russia) as well as less 

voluminous systems, e.g. the Voisier’s Bay deposit and the Eagle’s Nest deposit in Canada, 

the Eagle deposit in Michigan, USA (Evans-Lamswood et al., 2000; Li et al., 2003; Mungall 

et al., 2010; Ding et al., 2012) are all interpreted to be similar kind of magmatic channel 

systems. The collection of immiscible sulfide droplets in these systems is highly functional of 

the dynamics of the intrusive event (repeated magma influx) and the geometry of the 

‘plumbing system’ (change in flow energy to accumulate sulfide droplets). Repeated intrusion 

of magma pulses will influence the geochemistry and metal content of the sulfide melt present 

(e.g. Kerr & Leitch, 2005). Partial melting of local footwall rocks of the intrusion could also 

lead to the generation of further sulfide immiscibility from the magma and thus the 

concentration of ore metals (see composition of melt inclusions in sulfide-rich sample 

discussed in Chapter 4.5.4, as well as Molnár et al. 2009 and Peterson 2010). Classical 

geological mapping with supporting geochemical and petrological studies are therefore a key 

in understanding the dynamics and the history of an intrusive system, such as the South 

Kawishiwi and surrounding intrusions. Such approach might lead to identification of new, 
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potentially mineralized areas as well as help in the classification of already known sulfide 

occurrences, exemplified by the separation of the two types of mineralization (magmatic-

dominated vs. hydrothermal) in the South Filson Creek area.  

Both Chapter 3 and 4 yielded conclusions regarding the influence of magmatic-

hydrothermal fluids on the mineralization of the intrusion. It is important to emphasize that 

Cu-anomalies solely hydrothermal in origin were only identified in the South Filson Creek 

area. Their extent and grades both lag behind the large volumes and higher grades of 

magmatic sulfide accumulations along the basal contact of the intrusion and being so, this 

mineralization type is not the focus of current mineral exploration in the Duluth Complex. 

Nevertheless, the spatial extent of such hydrothermally altered zones is potentially important 

in planning of operations regarding waste material characterization, mine design and general 

modeling of the deposits. As the supposed source region for the hydrothermal Cu anomalies is 

the magmatic mineralization, it is reasonable to suspect that there are depleted zones, 

probably along structures where hydrothermal fluids diluted the magmatic mineralization. 

Delineation of these ‘negative anomalies’ may be important in block-modeling and resource 

calculation. 

Remobilization of PGEs from the primary magmatic mineralization has been proposed 

by many authors before and has been confirmed and supported with further data by present 

study. It is important to emphasize, however, that remobilization did not result in the spatial 

separation of PGE enriched zones from the magmatic mineralization, such as e.g. the ‘low-

sulfide’ PGE-rich vein systems in the footwall rocks of the Sudbury Igneous Complex, where 

hydrothermal fluids transported PGEs into the barren footwall units up to several hundreds of 

meters away from the source regions (e.g. Farrow & Watkinson, 1997, Molnár et al. 2001). 

Significance of secondary migration of precious metals by aqueous fluids in the SKI lies in 

the ability of such processes to modify the mineralogy and texture of the potential ore 

material. Pt and Pd is hosted by discrete, very fine-grained (<1 – 50 μm) mineral phases, 

many of them being undoubtedly magmatic in origin. However, a large portion is often found 

on grain boundaries of sulfides, and more importantly in microcracks and as inclusions in 

silicate minerals, textures developed largely as a result of secondary remobilization. Sulfide 

flotation techniques during the processing of the potential ore material will very likely ‘lose’ 

some of this silicate-hosted fraction of PGMs and thus result in lower recovery of precious 

metals compared to purely sulfide-associated PGMs or where precious metals are present as 

trace elements in common sulfide minerals. The problem is already demonstrated by pilot-

plant tests of Polymet Mining in their NorthMet deposit in the Partridge River Intrusion: 
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according to the personal communication of chief geologist R. Patelke (in 2009), cited by the 

MS thesis of Cervin (2011), only about 75% of PGEs have been recovered by flotation, in 

contrast with the ~90% recovery of total sulfides. The detailed study of Cervin (2011) on 

PGMs from ore and ore concentrates revealed a fraction of silicate-hosted PGMs, although in 

smaller amounts compared to the same type of PGM population in present study. General 

textural types of PGMs described by the cited author are however strikingly similar and imply 

similar future problems during processing of ores from the South Kawishiwi Intrusion. 
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        ABSTRACT 
 

Present study discusses magmatic and hydrothermal processes that had an impact on the 

formation and redistribution of Cu-Ni-PGE mineralization in the South Kawishiwi Intrusion 

of the Duluth Complex (Minnesota) through detailed geological mapping, mineralogical- 

petrographical and geochemical studies.  

The presence of two distinct types of mineralization in the South Filson Creek area is 

proven. The magmatic sulfide generation is characterized by the association of disseminated 

chalcopyrite, cubanite, pyrrhotite, pentlandite, and various precious metal minerals. The 

elevated precious metal-content of the mineralization is probably the result of the reaction of 

sulfide droplets with multiple pulses of magma. Mineralogical features of pegmatitic rocks in 

the area suggested the segregation of a Cl-bearing magmatic fluid during their crystallization. 

Amphibole-chlorite-dominated hydrothermal alteration zones affected the troctolitic Layered 

Series and the hangingwall Anorthositic Series in the area, the most intensely altered zones 

being controlled by brittle structures. Alteration overprinted the magmatic mineralization and 

resulted in low-grade Cu-anomalies in the hangingwall units, too.  

The subsequent studies of pegmatitic and other felsic rock types from the basal 

mineralized units of the intrusion provided further details about the magmatic fluid-

segregation processes of the intrusion. Fluid and melt inclusion studies revealed that the first 

magmatic fluid exsolved from the melt was CO2-dominated and coexisted with the silicate 

magma at relatively high temperature (~900 °C) at about 5-6 km palaeo-depth. The input of 

partial melts from the local footwall rocks is confirmed by the composition of melt inclusions. 

Their composition also implies that the presence of primary, carbonic magmatic fluids in 

equilibrium with the magma inhibited the exsolution of Cl from the silicate melt. This fluid 

was however capable of precipitating chalcopyrite in miarolitic cavities and was probably 

responsible for the large-scale hydrothermal alteration of the South Filson Creek area.  

Compositional variation in the halogen-content of apatite in pegmatites and fractionated 

melt pockets suggest that the retained Cl-content of the melt was exsolved in some instances. 

However, this process was only possible after the separation of the primary carbonic fluid. A 

very well pronounced group of PGMs in secondary, microcrack-filling textures as well as the 

association with sulfide veinlets and chlorapatite implies that these late saline brines were 

capable of remobilizing some of the PGEs from the original magmatic mineralization, 

contributing to the final distribution of metals in the sulfide deposit.   
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 MAGYAR NYELVŰ ÖSSZEFOGLALÓ 
 

Jelen munka a South Kawishiwi intrúzió magmás és hidrotermális folyamatainak az 

intrúzió ércesedésére gyakorolt hatásait mutatja be, ásványtani-kőzettani vizsgálatok 

eredményein keresztül.  

Részletes geológiai térképezés és ásványtani-petrográfiai-geokémiai vizsgálatok 

eredményei alapján a South Filson Creek területen kétféle ércesedési típus található. Az 

idősebb, magmás eredetű ércesedést hintett szövetű kalkopirit-kubanit-pirrhotin-pentlandit 

ércásványtársulás jellmezi. A szételegyedett szulfidcseppek az egymás után benyomuló újabb 

magmagenerációkkal érintkezve gazdagították nemesfém-tartalmukat. A területen található 

pegmatitos kőzetek ásványtani jellemzői azt sugallják, hogy a kristályosodó magmából egy 

fluid fázis különült el, amelybe a magma Cl-tartalma távozhatott. A terület másik ércesedési 

típusa hidrotermális eredetű. A jellemzően amfibol-klorit ásványegyüttest mutató átalakulás 

töréses szerkezetek találkozási zónáiban a legerősebb és felülbélyegzi a magmás ércesedést 

illetve az intrúzió befogadókőzeteit is. Az eredendően ércesedést nem tartalmazó 

befogadókőzetekben az átalakulási zónákhoz rézanomáliák köthetők.  

Az intrúzió mélyebben fekvő ércesedett kőzeteit mélyfúrások anyagában vizsgáltam 

különböző ásvány- és kőzettani módszerekkel. Együttesen csapdázódott elsődleges fluid- és 

szilikátolvadék-zárványok vizsgálatával meghatározható volt az először szegregálódó 

magmás fluidum összetétele, illetve csapdázódási körülményeik. Ez alapján a CO2-ban 

gazdag fluidum kb. 900 °C-on és 5-6 km paleomélységben együtt létezhetett a szilikátos 

magmával. A szilikátolvadék-zárványok összetétele a fekükőzetek parciális olvadásából 

származó olvadék hozzákeveredéséről tanúskodik. A CO2-gazdag fluidumok egyensúlyi 

jelenléte a szilikátolvadék mellett meggátolta az olvadékban oldott Cl eltávozását. Az 

elsődleges fluidum ugyanakkor képes volt bizonyos mértékben a réz szállítására, amiről 

kalkopirit-tartalmú miarolitos üregek tanúskodnak, továbbá a South Filson Creek terület 

átalakuláshoz kötődő rézanomáliáiért is ez a fluidum lehet felelős. A pegmatitos kőzetek 

illetve frakcionált felzikus olvadékok apatitjainak halogéntartalma megmutatta, hogy a 

kristályosodás során az olvadékban felszaporodott Cl az elsődleges magmás fluidum 

eltávozása után elkülönülhetett az olvadékból, késői sós fluidumot eredményezve, ami már 

képes lehetett a Pt és Pd remobilizálására. Erre utal a platinaásványok egy csoportja, amelyek 

szilikátokat átvágó, klórapatitot is tartalmazó mikroszkopikus szulfiderekhez köthetőek illetve 

maguk is mikrorepedéseket kitöltő szövetben jelennek meg.  



 

120 
 

 REFERENCES 
 

Alapieti TT. Duval-15: Preliminary report on the microscopic study of drill hole Duval-15 – 

Minnesota Department of Natural Resources, Division of Minerals Report 1991; 291:56 

p. 

Aletti M, Baker DR, Scaillet B, Aiuppa A, Moretti R, Ottolini L. Chlorine partitioning 

between a basaltic melt and H2O-CO2 fluids at Mount Etna. Chemical Geology 2009; 

263:37-50. 

Audétat A, Pettke T, Heinrich CA, Bodnar RJ. The Composition of Magmatic-Hydrothermal 

Fluids in Barren and Mineralized Intrusion. Economic Geology 2008; 103:877-908. 

Bakker RJ. Adaptation of the Bowers and Helgeson (1983) equation of state to the H2O-CO2-

CH4-N2-NaCl system. Chemical Geology 1999; 154:225-36. 

Bakker RJ. Package FLUIDS 1. Computer programs for analysis of fluid inclusion data and 

for modeling bulk fluid properties. Chemical Geology 2003; 194:3-23. 

Bakker RJ. Reequilibration of fluid inclusions: Bulk-diffusion. Lithos 2009; 112:277-88. 

Bakker RJ, Diamond LW. Determination of the composition and molar volume of H2O-CO2 

fluid inclusions by microthermometry. Geochimica et Cosmochimica Acta 2000; 

64:1753-64. 

Ballhaus CG, Ryan CG, Mernagh TP, Green DH. The partitioning of Fe, Ni, Cu, Pt, and Au 

between sulphide, metal, and fluid phases: A pilot study. Geochimica et Cosmochimica 

Acta 1994; 58:811-26. 

Barnes S-J, Couture J-F, Sawyer EW, Bouchaib C. Nickel-Copper occurrences in the 

Belltere-Angliers Belt of the Pontiac Subprovince and the use of Cu-Pd ratios in 

interpreting platinum-group element distributions. Economic Geology 1993; 88:1402-

18.  

Berkesi M, Hidas K, Guzmics T, Dubessy J, Bodnar RJ, Szabó Cs, Vajna B et al. Detection of 

small amounts of H2O in CO2-rich fluid inclusions using Raman spectroscopy. Journal 

of Raman Spectroscopy 2009; 40:1461-3. 

Berkesi M, Guzmics T, Szabó Cs, Dubessy J, Bodnar RJ, Hidas K et al. The role of CO2-rich 

fluids in trace element transport and metasomatism in the lithospheric mantle beneath 

the Central Pannonian Basin, Hungary, based on fluid inclusions in mantle xenoliths. 

Earth and Planetary Science Letters 2012; 331–332:8-20. 



 

121 
 

Boerboom TJ. Alkali plutons of northeastern Minnesota In Southwick DL. (ed) Short 

contributions to the geology of Minnesota. Minnesota Geological Survey, Report of 

Investigations 1994; 43:20-38. 

Boerboom TJ, Zartman RE. Geology, geochemistry, and geochronology of the central Giants 

Range batholith, northeastern Minnesota. Canadian Journal of Earth Sciences 1993; 

30/12:2510-22. 

Bonnichsen B. Southern part of the Duluth Complex In Sims TK, Morey GB. (eds) Geology 

of Minnesota: A Centennial Volume. Minnesota Geological Survey Special Publication 

1972; 361-87. 

Botcharnikov R, Freise M, Holtz F, Behrens H. Solubility of C-O-H mixtures in natural melts: 

new experimental data and application range of recent models. Annales Geophysicae 

2005; 48:633-46. 

Boudreau AE, McCallum IS. Investigations of the Stillwater Complex: Part V. Apatites as 

indicators of evolving fluid compositions. Contributions to Mineralogy and Petrology 

1989; 102:138-53. 

Boudreau AE, Kruger FJ. Variation in the composition of apatite through the Merensky 

Cyclic Unit in the Western Bushveld Complex. Economic Geology 1990; 85:737-45. 

Boudreau AE, McCallum IS. Concentration of platinum-group elements by magmatic fluids 

in layered intrusions. Economic Geology 1992; 87:1830-48. 

Boudreau AE, Simon A. Crystallization and Degassing in the Basement Sill, McMurdo Dry 

Valleys, Antarctica. Journal of Petrology 2012; 48:1369-86. 

Boudreau AE, Love C, Hoatson DM. Variation in the composition of apatite in the Munni 

Munni Complex and associated intrusions of the West Pilbara block, Western Australia. 

Geochimica et Cosmochimica Acta 1993; 57:4467–77. 

Boudreau AE, Love C, Prendergast MD. Halogen geochemistry of the Great Dyke, 

Zimbabwe. Contributions to Mineralogy and Petrology 1995; 122:289-300. 

Bowers TS, Helgeson HC. Calculation of the thermodynamic and geochemical consequences 

of nonideal mixing in the system H2O–CO2–NaCl on phase relations in geological 

systems: equation of state for H2O–CO2–NaCl fluids at high pressures and temperatures. 

Geochimica et Cosmochimica Acta 1983; 47:1247–75. 

Cabri LJ. The platinum-group minerals In Cabri LJ. (ed) The Geology, Geochemistry, 

Mineralogy and Mineral Beneficiation of Platinum-Group Elements. Canadian Institute 

of Mining, Metallurgy and Petroleum 2002; Special Volume 54:483-506. 



 

122 
 

Cambray FW, Fujita K. Collision induced ripoffs, ancient and modern: The Midcontinent Rift 

System and the Red Sea – Gulf of Aden compared In Chan LS. (ed) 37th Annual 

Institute on Lake Superior Geology, Eau Claire, Wisconsin, Program and Abstracts, 

1991; 37:15-16. 

Campbell IH, Naldrett AJ. The influence of silicate:sulfide ratios on the geochemistry of 

magmatic sulfides. Economic Geology 1979; 74: 1503-06. 

Cannon WF. Closing of the Midcontinental Rift – A far-field effect of Grennvillian 

compression. Geology 1992; 22:155-8.  

Cervin DO. Characterization of precious metal mineral occurrences in the Northmet deposit in 

the Partridge River Intrusion, Duluth, Complex, Minnesota, USA. M.Sc. thesis, 

University of Minnesota, Duluth, 2011; 155 p. 

Cesare B, Maineri C, Baron TA, Pedron D, Acosta Vigil A. Immiscibility between carbonic 

fluids and granitic melts during crustal anatexis: A fluid and melt inclusion study in the 

enclaves of the Neogene Volcanic Province of SE Spain. Chemical Geology 2007; 

237:433–49. 

Daniels DL, Snyder SL. Bouguer gravity anomaly map of the North-central United States – 

U.S. Geological Survey from various sources, NICE-Geo-group, University of 

Minnesota & Minnesota Geological Survey 2005; 

http://talc.geo.umn.edu/mgs/nicegeo/niceimgs.htm 

Davidson P, Kamenetsky VS. Immiscibility and continuous felsic melt-fluid evolution within 

the Rio Blanco porphyry system, Chile: Evidence from inclusions in magmatic quartz. 

Economic Geology 2001; 96:1921-9. 

Davidson P, Kamenetsky V, Cooke DR, Frikken P. Magmatic Precursors of Hydrothermal 

Fluids at the Río Blanco Cu-Mo Deposit, Chile: Links to Silicate Magmas and Metal 

Transport. Economic Geology 2005; 100:963-78. 

Davis DW, Green JC. Geochronology of the North American Midcontinent rift in western 

Lake Superior and implications for its geodynamic evolution. Canadian Journal of Earth 

Sciences 1997; 34/4:476-88. 

De Vivo B, Bodnar RJ. Melt inclusions in volcanic systems – Methods, Applications and 

Problems. Elsevier Science 2003; 274 p. 

Diamond LW. Review of the systematics of H2O-CO2 fluid inclusions. Lithos 2001; 55:69-

99. 



 

123 
 

Diamond LW. Introduction to gas-bearing, aqueous fluid inclusions In Samson I, Anderson 

A, Marshall D. (eds) Fluid Inclusions: Analysis and Interpretation. Mineralogical 

Association of Canada Short Course 2003; 32:101-58. 

Ding X, Ripley EM, Li C. PGE geochemistry of the Eagle Ni–Cu–(PGE) deposit, Upper 

Michigan: constraints on ore genesis in a dynamic magma conduit. Mineralium 

Deposita 2012; 47:89–104. 

Dixon JE. Degassing of alkalic basalts. American Mineralogist 1997; 82:368-78. 

Duan X, Duan Z. A general model for predicting the solubility behavior of CO2-H2O fluids in 

silicate melts over a wide range of pressure, temperature and compositions. Submitted, 

available at 

’http://www.geochem-model.org/archives/programs/H2O_CO2_Solubility.exe’ 

(2/25/2013) 

Duan Z, Sun R. An improved model calculating CO2 solubility in pure water and aqueous 

NaCl solutions from 273 to 533K and from 0 to 2,000 bar. Chemical Geology 2003; 

193:257–71. 

Duan Z, Møller N, Weare J.H. A general equation of state for supercritical fluid mixtures and 

molecular dynamics simulation of mixture PVTX properties. Geochimica et 

Cosmochimica Acta 1996; 60:1209–16. 

Dubessy J, Poty B, Ramboz C. Advances in C-O-H-N-S fluid geochemistry based on micro-

Raman spectrometric analysis of fluid inclusions. European Journal of Mineralogy 

1989; 1:517-34. 

Dubessy J, Boiron MC, Moissette A, Monnin C, Sretenskaya N. Determination of water, 

hydrates and pH in fluid inclusions by micro-Raman spectrometry. European Journal of 

Mineralogy 1992; 4:885-94. 

Duchesne L. Fusion partielle et microstructures associées dans l’auréole de contact du 

complexe igné de Duluth, Minnesota. Ph.D. dissertation. University of Quebec 2004. 

217 p. 

Ebadi A, Johannes W. Beginning of melting and composition of first melts in the system Qz-

Ab-Or-H2O-CO2. Contributions to Mineralogy and Petrology 1991; 106:286-95. 

Eckstrand OR, Good DJ. Geological Survey of Canada 2000; Open File 3791a,  

Eckstrand OR, Hulbert L. Magmatic nickel-copper-platinum group element deposits In 

Goodfellow WD. (ed) Mineral Deposits of Canada: A Synthesis of Major Deposit-

Types, District Metallogeny, the Evolution of Geological Provinces, and Exploration 



 

124 
 

Methods: Geological Association of Canada, Mineral Deposits Division Special 

Publication 2007; 5:205-22. 

Ervin SM. The relationship between the cloud zone and the basal zone Cu-Ni sulfides, and the 

significance of mafic pegmatites, Minnamax property, Duluth Complex, Minnesota: 

M.Sc. thesis, University of Minnesota, Duluth, 1987; 137 p. 

Evans-Lamswood DM, Butt DP, Jackson RS, Lee DV, Muggridge MG, Wheeler RI. Physical 

Controls Associated with the Distribution of Sulfides in the Voisey’s Bay Ni-Cu-Co 

Deposit, Labrador. Economic Geology 2000; 95:749–69. 

Farrow CEG, Watkinson DH. Diversity of precious-metal mineralization in footwall Cu-Ni-

PGE deposits, Sudbury, Ontario: Implications for hydrothermal models of formation. 

Canadian Mineralogist 1997; 35:817-39. 

Fleet ME, Wu T. Volatile transport of platinum-group elements in sulphide-chloride 

assemblages at 1000 °C. Geochimica et Cosmochimica Acta 1993; 57:3519-31. 

Fleet ME, Wu TW. Volatile transport of precious metals at 1000 °C: Speciation, fractionation 

and the effect of base-metal sulphide. Geochimica et Cosmochimica Acta 1995; 59:487-

95. 

Fournier RO. Hydrothermal processes related to movement of fluid from plastic to brittle rock 

in the magmatic-epithermal environment. Economic Geology, 1999; 94:1193-1211. 

Frezotti ML. Silicate-melt inclusions in magmatic rocks: applications to petrology. Lithos 

2001; 55:273–99. 

Gál B, Molnár F, Peterson DM. Cu-Ni-PGE mineralization in the South Filson Creek area, 

South Kawishiwi Intrusion, Duluth Complex: Mineralization styles, Magmatic and 

Hydrothermal Processes. Economic Geology 2011; 106:481–509. 

Gál B, Molnár F, Guzmics T, Mogessie A, Szabó Cs, Peterson DM. Segregation of magmatic 

fluids and their potential in the mobilization of platinum-group elements in the South 

Kawishiwi Intrusion, Duluth Complex, Minnesota - evidence from petrography, apatite 

geochemistry and coexisting fluid and melt inclusions. Ore Geology Reviews 2013; 

54:59-80. 

Gammons CH, Bloom MS. Experimental investigation of the hydrothermal geochemistry of 

platinum and palladium: II. The solubility of PtS and PdS in aqueous sulphide solutions. 

Geochimica et Cosmochimica Acta 1993; 57:2451-67. 

Gammons CH, Bloom MS, Yu Y. Experimental investigation of the hydrothermal 

geochemistry of platinum and palladium: I. Solubility of platinum and palladium 



 

125 
 

sulphide minerals in NaCl/H2SO4 solutions at 300 °C. Geochimica et Cosmochimica 

Acta 1992; 56:3881-94. 

Goldich SS, Nier AO, Baadsgaard H, Hoffman JH, Krueger HW. The Precambrian Geology 

and Geochronology of Minnesota. Minnesota Geological Survey 1961; Bulletin 41, 193 

p. 

Gordon MB, Hempton, MR. Collision-induced rifting: The Grenville Orogeny and the 

Keweenawan Rift of North America. Tectonophysics 1986; 127/1-2:1-25. 

Green JC. Lower Precambrian rocks of the Gabbro Lake quadrangle, northeastern Minnesota, 

Minnesota Geological Survey 1970; Special Publication 13. 

Green JC. Volcanic and sedimentary rocks of the Keweenawan supergroup in Northeastern 

Minnesota In Miller JD Jr., Green JC, Severson MJ, Chandler VW, Hauck SA, Peterson 

DM et al. Geology and mineral potential of the Duluth Complex and related rocks of 

northeastern Minnesota. Minnesota Geological Survey 2002; Report of Investigations 

58, 207 p. 

Green JC, Phinney WC, Weiblen PW. Geologic map of Gabbro Lake quadrangle, Lake 

County, Minnesota. Minnesota Geological Survey 1996; Miscellaneous Map Series M-

2. 

Guzmics T, Mitchell RH, Szabó Cs, Berkesi M, Milke R, Ratter K. Liquid immiscibility 

between silicate, carbonate and sulfide melts in melt inclusions hosted in co-precipitated 

minerals from Kerimasi volcano (Tanzania): evolution of carbonated nephelinitic 

magma. Contributions to Mineralogy and Petrology 2012; 164:101-22. 

Hanley JJ, Mungall JE, Bray CJ, Gorton MP. The origin of bulk and water-soluble Cl and Br 

enrichments in ore-hosting Sudbury Breccia in the Fraser Copper Zone, Strathcona 

Embayment, Sudbury, Ontario, Canada. Canadian Mineralogist 2004; 42:1777–98. 

Hanley JJ, Pettke T, Mungall JE, Spooner ETC. Investigations of the behavior and 

distribution of platinum and gold in silicate melt – brine mixtures at 1.5 kbar, 600 to 

800 °C using synthetic fluid inclusions methods: a laser ablation ICPMS pilot study. 

Geochimica et Cosmochimica Acta 2005a; 69:2593-2611. 

Hanley JJ, Mungall JE, Pettke T, Spooner ETC, Bray CJ. Ore metal redistribution by 

hydrocarbon–brine and hydrocarbon–halide melt phases, North Range footwall of the 

Sudbury Igneous Complex, Ontario, Canada. Mineralium Deposita 2005b; 40:237–56. 

Hansteen TH, Lustenhouwer WJ. Silicate melt inclusions from a mildly peralkaline granite in 

the Oslo paleorift, Norway. Mineralogical Magazine 1990; 54:195-205. 



 

126 
 

Herzberg G. Molecular spectra and molecular structure: Infrared and Raman spectra of 

polyatomic molecules. Van Nostrand Reinhold Company, 1945. 

Hoffmann E, MacLean WH. Phase relations of michenerite and merenskyite in the Pd-Bi-Te 

system. Economic Geology 1976; 7:1461-68. 

Hovis ST. Observation on Cu-Ni mineralization in the Giants Range Batholith footwall to the 

South Kawishiwi Intrusion, Duluth Complex, NE Minnesota. Natural Resources 

Research Institute, University of Minnesota, Duluth, 2003; Technical Report NRRI/TR-

2003/24, 36. 

Hutchinson D, White RS, Cannon WF, Schultz KJ. Keweenaw hot spot: geophysical evidence 

for a 1.1 Ga mantle plume beneath the midcontinent rift system. Journal of Geophysical 

Research 1990; 95:10869–84. 

Irvine TN. Origin of chromitite layers in Muskox intrusion and other stratiform intrusions—a 

new interpretation. Geology 1977; 5:273–77. 

Joyce DB, Holloway JR. An experimental determination of the thermodynamic properties of 

H2O-CO2-NaCl fluid at high pressures and temperatures. Geochimica et Cosmochimica 

Acta 1993; 57:733–46. 

Kerr A, Leitch AM. Self-destructive sulfide segregation systems and the origins of high-grade 

magmatic ore deposits. Economic Geology 2005; 100:311-332. 

Kilburg JA. Petrology, structure, and correlation of the Upper Precambrian Ely’s Peak 

Basalts. M.Sc. Thesis, University of Minnesota, Duluth, 1972. 

Kranidiotis P, MacLean WH. Systematics of chlorite alteration at the Phelps Dodge massive 

sulfide deposit, Matagami, Quebec. Economic Geology 1987; 82:1898–1911.  

Kuhns MJP, Hauck SA, Barnes RJ. Origin and occurrence of platinum group elements, gold 

and silver in the South Filson Creek copper-nickel mineral deposit, Lake County, 

Minnesota, Duluth: Natural Resources Research Institute, University of Minnesota, 

Duluth, 1990; Technical Report, NRRI/GMIN-TR-89-15, 60 p. 

Labotka TC, Papike JJ, Vaniman DT, Morey GB. Petrology of contact metamorphosed 

argillite from the Rove Formation, Gunflint Trail, Minnesota. American Mineralogist 

1981; 66:70-86. 

Lee I, Ripley EM. Genesis of Cu-Ni sulfide mineralization in the South Kawishiwi intrusion, 

Spruce Road area, Duluth Complex, Minnesota. Canadian Mineralogist 1995; 

33:723−43. 



 

127 
 

Lee I, Ripley EM. Mineralogical and oxygen isotopic studies of open system magmatic 

processes in the South Kawishiwi intrusion, Spruce Road area, Duluth Complex, 

Minnesota. Journal of Petrology 1996; 37:1437−61. 

Li C, Maier WD, de Waal SA. The role of magma mixing in the genesis of PGE 

mineralization in the Bushveld Complex: Thermodynamic calculations and new 

interpretations. Economic Geology 2001; 96:653-62. 

Li C, Ripley EM, Naldrett AJ. Compositional Variations of Olivine and Sulfur Isotopes in the 

Noril’sk and Talnakh Intrusions, Siberia: Implications for Ore-Forming Processes in 

Dynamic Magma Conduits. Economic Geology 2003; 98:69-86. 

Li C, Ripley EM, Oberthür T, Miller JD, Joslin GD. Textural and stable isotope studies of 

hydrothermal alteration in the Main Sulfide Zone of the Great Dyke, Zimbabwe, and the 

Precious Metals Zone of the Sonju Lake Intrusion, Minnesota, USA. Mineralium 

Deposita 2008; 43:97-110. 

Liu W, McPhail DC, Brugger J. An experimental study of copper(I)-chloride and copper(I)-

acetate complexing in hydrothermal solutions between 50 °C and 250 °C and vapor-

saturated pressure. Geochimica et Cosmochimica Acta 2001; 65:2937-48. 

Maier WD. Platinum-group element (PGE) deposits and occurrences: Mineralization styles, 

genetic concepts, and exploration criteria. Journal of African Earth Sciences 2005; 

41/3:165-191. 

Maier WD, Barnes SJ. Platinum-group elements in silicate rocks of the lower, critical and 

main zones at Union section, western Bushveld complex. Journal of Petrology 1999; 

40:1641–71. 

Marma, JC. Magmatic and hydrothermal PGE mineralization of the Birch Lake Cu-Ni-PGE 

deposit in the South Kawishiwi intrusion, Duluth Complex, northeastern Minnesota: 

condensed version of Unpublished M.Sc. thesis, University of Wisconsin – Natural 

Resources Research Institute, University of Minnesota, Duluth, Technical Report 2004, 

NRRI/TR-2003/39, p. 101. 

Métrich N, Wallace PJ. Volatile Abundances in Basaltic Magmas and Their degassing Paths 

Tracked by Melt Inclusions. Reviews in Mineralogy and Geochemistry 2008; 69:363-

402. 

Meurer WP, Boudreau AE. An evaluation of models of apatite compositional variability using 

apatite from the Middle Banded Series of the Stillwater Complex, Montana. 

Contributions to Mineralogy and Petrology 1996; 125:225-36. 



 

128 
 

Meurer WP, Hellström FA, Claeson DT. The relationship between chlorapatite and PGE-rich 

cumulates in layered intrusions: the Klappsjö gabbro, North-Central Sweden, as a case 

study. Canadian Mineralogist 2004; 42: 279-89. 

Middlemost EAK. Magmas and magmatic rocks. Longman Group Limited, Essex, U.K. 1985. 

Miller JD Jr., Weiblen PW. Anorthositic rocks of the Duluth Complex: Examples of rocks 

formed from plagioclase crystal mush. Journal of Petrology 1990; 31/2:295-339. 

Miller JD Jr., Ripley EM. Layered intrusions of the Duluth Complex, Minnesota, USA In 

Cawthorne RG. (ed) Layered Intrusions: Amsterdam, Elsevier, 1996; 257-301. 

Miller JD Jr., Vervoort JD. The latent magmatic stage of the Midcontinent rift: A period of 

magmatic underplating and melting of the lower crust – Institute on Lake Superior 

Geology, 42nd Annual Meeting, Cable, Wis., Proceedings 1996; 42/1:33-35. 

Miller JD, Green JC, Severson MJ, Chandler VW, Peterson DM, Wahl TE. Geologic map of 

the Duluth Complex and related rocks, Northeastern Minnesota. Minnesota Geological 

Survey, 2001; Miscellaneous Map Series, M-119. 

Miller JD, Green JC. Geology of the Beaver Bay Complex and related hypabyssal intrusions 

In Miller JD, Green JC, Severson MJ, Chandler VW, Hauck SA et al. Geology and 

mineral potential of the Duluth Complex and related rocks of northeastern Minnesota. 

Minnesota Geological Survey 2002; Report of Investigations 58, 207. p. 

Miller JD, Severson MJ, Hauck SA. History of geologic mapping and mineral exploration in 

the Duluth Complex In Miller JD, Green JC, Severson MJ, Chandler VW, Hauck SA et 

al. Geology and mineral potential of the Duluth Complex and related rocks of 

northeastern Minnesota. Minnesota Geological Survey 2002a; Report of Investigations 

58, 207. p. 

Miller JD, Severson MJ. Geology of the Duluth Complex In Miller JD, Green JC, Severson 

MJ, Chandler VW, Hauck SA et al. Geology and mineral potential of the Duluth 

Complex and related rocks of northeastern Minnesota. Minnesota Geological Survey 

2002b; Report of Investigations 58, 207. p. 

Mogessie A. The occurrence and origin of platinum group minerals in the basal troctolites of 

the Duluth Complex, Minnesota, USA, Post-doctoral thesis, Institute of Mineralogy-

crystallography and petrology, Karl-Franzens University of Graz, Austria, 1994. 

Mogessie A, Stumpfl EF. Platinum group element and stable isotope geochemistry of PGM-

bearing troctolitic rocks of the Duluth Complex, Minnesota. Australian Journal of Earth 

Sciences 1992; 39:315-25. 



 

129 
 

Mogessie A, Stumpfl EF, Weiblen PW. The role of fluids in the formation of platinum-group-

minerals, Duluth Complex, Minnesota; Mineralogic, textural and chemical evidence. 

Economic Geology 1991; 86:1506-18. 

Molnár F, Watkinson DH, Jones PC, Gatter I. Fluid inclusion evidence for hydrothermal 

enrichment of magmatic ore at the contact zone of the 4b Ni-Cu-PGE deposit, Lindsley 

Mine, Sudbury, Canada. Economic Geology 1997; 92:674-85. 

Molnár F, Watkinson DH, Everest JO. Fluid-inclusion characteristics of hydrothermal Cu–

Ni–PGE veins in granitic and metavolcanic rocks at the contact of the Little Stobie 

deposit, Sudbury, Canada. Chemical Geology 1999; 154:279-301. 

Molnár F, Watkinson DH, Jones PC. Multiple hydrothermal processes in footwall units of the 

North Range, Sudbury Igneous Complex, Canada, and implications for the genesis of 

vein-type Cu-Ni-PGE deposits. Economic Geology 2001; 96:1645-70. 

Molnár F, Arehart GB, Poulson S, Hauck S. Sulfur isotope constraints for a dynamic 

magmatic sulfide ore deposition model in the sill-like South Kawishiwi Intrusion of the 

Duluth Complex, Minnesota. Geological Society of America, Annual Meeting, 

Portland, OR, Abstr Vol, 2009. 

Morey GB. Stratigraphic and tectonic history of east-central Minnesota In Balaban, NH (ed) 

Field trip guidebook for stratigraphy, structure and mineral resources of east-central 

Minnesota. Minnesota Geological Survey Guidebook Series 1979; 9:13-28. 

Mountain BW, Wood SA. Chemical controls on the solubility, transport, and deposition of 

platinum and palladium in hydrothermal solutions: A thermodynamic approach. 

Economic Geology 1988; 83:492-510. 

Mungall JE. Late-stage sulfide liquid mobility in the main mass of the Sudbury Igneous 

Complex: Examples from the Victor Deep, McCreedy East, and Trillabelle deposits. 

Economic Geology 2002; 97:1563–76. 

Mungall JE. Magmatic ore deposits. Treatise on geochemistry, 2007; 3.21:1-33. 

Mungall JE, Brenan JM. Experimental evidence for the chalcophile behavior of the halogens. 

Canadian Mineralogist 2003; 41:207–20. 

Mungall JE, Su SG. Interfacial tension between magmatic sulfide and silicate liquids: 

Constraints on kinetics of sulfide liquation and sulfide migration through silicate rocks. 

Earth and Planetary Science Letters 2005; 234:135–49. 

Mungall JE, Harvey JD, Balch SJ, Azar B, Atkinson J, Hamilton MA: Eagle’s Nest: A 

Magmatic Ni-Sulfide Deposit in the James Bay Lowlands, Ontario, Canada. Society of 

Economic Geologists 2010; Spec. Publ. 15:539-557. 



 

130 
 

Naldrett AJ. World-class Ni-Cu-PGE deposits: key factors in their genesis. Mineralium 

Deposita 1999; 34:227-40. 

Naldrett AJ, MacDonald AJ. Tectonic settings of Ni-Cu sulphide ores: Their importance in 

genesis and exploration. Geological Association of Canada 1980; Special Paper 20. 

Nicholson SW, Shirey SB. Midcontinent rift volcanism in the Lake Superior region: Sr, Nd, 

and Pb isotopic evidence for a mantle plume origin. Journal of Geophysical Research 

1990; 95:10851-68. 

Ojakangas RW. Tidal deposits in the early Proterozoic basin of the Lake Superior region—

The Palms and the Pokegama Formations: Evidence for subtidal-shelf deposition of 

Superior-type banded iron-formation In Medaris LG Jr. (ed) Early Proterozoic geology 

of the Great Lakes region. Geological Society of America Memoir 1983; 160:49-66. 

Paces JB, Miller JD Jr. Precise U-Pb ages of Duluth Complex and related mafic intrusions, 

northeastern Minnesota: Geochronological insights to physical, petrogenetic, 

paleomagnetic and tectonomagmatic processes associated with the 1.1 Ga Midcontinent 

rift system. Journal of Geophysical Research 1993; 98/B8:13997-14013. 

Pan P, Wood SA. Solubility of Pt and Pd sulphides and Au metal in aqueous bisulphide 

solutions. II. Results at 200° to 350 °C and saturated vapour pressure. Mineralium 

Deposita 1994; 29: 373-90. 

Pasteris JD, Harris TN, Sassani DC. Interactions of mixed volatile- brine fluids in rocks of the 

southwestern footwall of the Duluth Complex, Minnesota: evidence from aqueous fluid 

inclusions. American Journal of Science 1995; 295:125-72.  

Patelke RL. Exploration drill hole lithology, geologic unit, copper-nickel assay, and location 

database for the Keweenaw Duluth Complex, northeastern Minnesota, Natural 

Resources Research Institute, University of Minnesota, Duluth, Technical Report 2003, 

97 p. 

Peach CL, Mathez EA, Keays RR. Sulfide melt silicate melt distribution coefficients for noble 

metals and other chalcophile elements as deduced from MORB—implications for 

partial melting. Geochimica et Cosmochimica Acta 1990, 54:3379–89. 

Peach CL, Mathez EA, Keays RR, Reeves SJ. Experimentally determined sulfide melt-silicate 

melt partition coefficients for iridium and palladium. Chemical Geology 1994; 

117:361–77. 

Péntek A, Molnár F, Watkinson DH, Jones PC. Footwall-type Cu-Ni-PGE Mineralization in 

the Broken Hammer Area, Wisner Township, North Range, Sudbury Structure. 

Economic Geology 2008; 103:1005-28. 



 

131 
 

Peterson DM. Development of a conceptual model of Cu-Ni-PGE mineralization in a portion 

of the South Kawishiwi intrusion, Duluth Complex, Minnesota: Society of Economic 

Geologists, 2nd Annual PGE Workshop, Sudbury, Ontario, 2001; Proceedings, 3 p. 

Peterson DM. Cu-Ni-PGE Mineralization in the South Kawishiwi Intrusion, Northeastern 

Minnesota; Variation due to Magmatic Processes. Institute on Lake Superior Geology, 

48th Annual Meeting, Thunder Bay, Ontario, Proceedings, 2002a. 

Peterson DM. 3-Dimensional View Through a Mineralized System: the South Kawishiwi 

Intrusion, Duluth Complex. Institute on Lake Superior Geology, 48th Annual Meeting, 

Thunder Bay, Ontario, Proceedings, 2002b. 

Peterson DM. Variation in the Cu-Ni-PGE Mineralization in the South Kawishiwi Intrusion, 

Duluth Complex, Northeastern Minnesota. 9th International Platinum Symposium, 

Billings, Montana, USA, July 21-25. 2002c. 

Peterson DM. Copper-Nickel grade maps for the Spruce Road deposit, South Kawishiwi 

intrusion, Duluth Complex. University of Minnesota Duluth, Natural Resources 

Research Institute 2002d; Report of Investigations NRRI/RI-2002/03, 99 p. 

Peterson DM. Bedrock Geologic Map of the Duluth Complex in the Northern South 

Kawishiwi Intrusion and Surrounding Area, Lake and St. Louis Counties, Minnesota. 

Natural resources Research Institute, University of Minnesota, Duluth, 2008; NRRI 

Economic Geology Group Map Series NRRI/MAP- 2008-01. 

Peterson DM. Duluth Metals Limited's Nokomis Cu-Ni-PGE Deposit, Duluth Complex: A 

Sulfide-Bearing, Crystal-Laden Magmatic Slurry. 11th International Platinum 

Symposium, Sudbury Canada, 2010. 

Peterson DM, Severson MJ. Archean and Paleoproterozoic rocks that form the footwall of the 

Duluth Complex In Miller JD, Green JC, Severson MJ, Chandler VW, Hauck SA et al. 

Geology and mineral potential of the Duluth Complex and related rocks of northeastern 

Minnesota. Minnesota Geological Survey 2002; Report of Investigations 58, 207. p. 

Peterson DM, Albers PB, White CR. Bedrock Geology Map of the Nickel Lake Macrodike 

and Adjacent Areas: Lake County, Northeastern Minnesota, Natural resources Research 

Institute, University of Minnesota, Duluth, NRRI Economic Geology Group Map Series 

2006; NRRI/MAP- 2006-04. 

Peterson DM, Albers PB. Geology of the Nickel Lake Macrodike and its association with Cu-

Ni-PGE mineralization in the Northern South Kawishiwi intrusion, Duluth Complex, 

Northeastern Minnesota. Field trip guidebook, 53rd Institute on Lake Superior Geology 

Annual Meeting, Lutsen, Minnesota 2007. 



 

132 
 

Phinney WC. Northwestern part of Duluth Complex In Sims PK, Morey GB. (eds.) Geology 

of Minnesota: A centennial volume. Minnesota Geological Survey 1972; 335-45. 

Pironon J, Thiéry R, Teinturier S, Walgenwitz F. Water in petroleum inclusions: evidence 

from Raman and FT-IR measurements, PVT consequences. Journal of Geochemical 

Exploration 2000; 69–70:663–8. 

Rasmussen, KL, Mortensen JK. Magmatic petrogenesis and the evolution of (F:Cl:OH) fluid 

composition in barren and tungsten skarn-associated plutons using apatite and biotite 

compositions: Case studies from the northern Canadian Cordillera. Ore Geology 

Reviews 2013; 50:118-42. 

Ripley EM. Sulfur isotopic studies of the Dunka Road Cu-Ni deposit, Duluth Complex, 

Minnesota. Economic Geology 1981; 76:610-20. 

Ripley EM. Origin and concentration mechanisms of copper and nickel in Duluth Complex 

sulfide zones—a dilemma. Economic Geology 1986; 81/4:974-78. 

Ripley EM. Platinum-group element geochemistry of Cu-Ni mineralization in the basal zone 

of the Babbit Deposit, Duluth, Complex, Minnesota. Economic Geology 1990; 85:830-

41.  

Ripley EM, Alawi JA. Sulfide mineralogy and chemical evolution of the Babbitt Cu-Ni 

deposit, Duluth Complex, Minnesota. Canadian Mineralogist 1986; 24/2:347-68. 

Ripley EM, Al-Jassar TJ. Sulfur and oxygen isotope studies of melt-country rock interaction, 

Babbitt Cu-Ni deposit, Duluth Complex, Minnesota. Economic Geology 1987; 82:87-

107. 

Ripley EM, Butler BK, Taib NI, Lee I. Hydrothermal alteration in the Babbitt Cu-Ni deposit, 

Duluth Complex; mineralogy and hydrogen isotope systematics. Economic Geology 

1993; 88:679-96. 

Ripley EM, Lambert DD, Frick LR. Re-Os, Sm-Nd, and Pb isotopic constraints on mantle and 

crustal contributions to magmatic sulfide mineralization in the Duluth Complex. 

Geochimica et Cosmochimica Acta 1998; 62:3349-65. 

Ripley EM, Park YR, Lambert DD, Frick LR. Re-Os isotopic variations in carbonaceous 

pelites hosting the Duluth Complex: Implications for metamorphic and metasomatic 

processes associated with mafic magma chambers. Geochimica et Cosmochimica Acta 

2001; 65:2965–78. 

Roedder E. Fluid inclusions. Reviews in Mineralogy 12, Mineralogical Society of America, 

1984; 644 p. 



 

133 
 

Sabelin T, Iwasaki I. Evaluation of platinum group metal occurrence in Duval 15 drill core 

from the Duluth Complex. Minneapolis, Minnesota, Minerals Resources Research 

Center, University of Minnesota internal report. 1986. 

Saini-Eidukat B, Weiblen PW, Bitsianes G, Glascock D. Contrasts between platinum group 

element contents and biotite compositions of Duluth Complex troctolitic and 

anorthositic series rocks. Mineralogy and Petrology 1990; 42/1-4:121-40. 

Sassani DC, Shock EL. Solubility and transport of platinum-group elements in supercritical 

fluids: Summary and estimates of thermodynamic properties for ruthenium, rhodium, 

palladium, and platinum solids, aqueous ions, and complexes to 1000 °C and 5 kbar. 

Geochimica et Cosmochimica Acta 1998; 62:2643-69. 

Sawyer EW. Report on thin sections from DDH WM-1, Spruce Road Cu-Ni Deposit, South 

Kawishiwi Intrusion, Duluth Complex. Natural Resources Research Institute, University 

of Minnesota, Duluth, 2002. Report of Investigations NRRI/RI-2002/13, p. 21. 

Severson MJ. Igneous stratigraphy of the South Kawishiwi intrusion, Duluth Complex, 

northeastern Minnesota. Natural Resources Research Institute, University of Minnesota, 

Duluth 1994, Technical Report, NRRI/TR-93/34, 210. p. 

Severson M J. Geology of the southern portion of the Duluth Complex. Natural Resources 

Research Institute 1995, Technical Report NRRI/TR-95/26, 90. p. 

Severson MJ. Preliminary Stratigraphic Correlations of Submembers within the Biwabik Iron 

Formation, NE Minnesota. Natural Resources Research Institute, University of 

Minnesota, Duluth, 2005; NRRI map series 2005/1.  

Severson MJ, Hauck SA. Platinum group elements (PGEs) and platinum group minerals 

(PGMs) in the Duluth Complex. Natural Resources Research Institute, University of 

Minnesota, Duluth, 2003; Technical Report NRRI/TR-2003/37, 296 p. 

Severson MJ, Patelke RL, Hauck SA, Zanko LM. The Babbitt Copper-Nickel Deposit, Part C: 

Igneous Geology, Footwall Lithologies, and Cross-Sections. Natural Resources 

Research Institute Technical Report 1996; NRRI/TR-94/21c 

Severson MJ, Miller JD, Peterson DM, Green JC, Hauck SA. Mineral potential of the Duluth 

Complex and related intrusions In Miller JD, Green JC, Severson MJ, Chandler VW, 

Hauck SA et al. Geology and mineral potential of the Duluth Complex and related rocks 

of northeastern Minnesota. Minnesota Geological Survey 2002; Report of Investigations 

58, 207. p. 



 

134 
 

Simmons EC, Lindsley DH, Papike JJ. Phase relations and crystallization sequence in a 

contact-metamorphosed rock from the Gunflint Iron Formation, Minnesota. Journal of 

Petrology 1974; 15:539-65. 

Simonson BM. Origin and evolution of large Precambrian iron formations. Geological 

Society of America, Special Paper 2003; 370:231-44. 

Southwick DL. Geologic map of Archean bedrock, Soudan–Bigfork area, northern 

Minnesota. Minnesota Geological Survey 1993, Miscellaneous Map M-79. 

Stern CR, Huang WL, Wyllie PJ. Basalt–andesite–rhyolite–H2O: crystallization intervals with 

excess H2O and H2O — undersaturated liquidus surfaces to 35 kbar, with implications 

for magma genesis. Earth and Planetary Science Letters 1975; 28:189–96. 

Sterner SM, Bodnar RJ. Synthetic fluid inclusions: X. Experimental determination of P –V –T 

– X properties in the CO2 –H2O system to 6 kb and 700 °C. American Journal of 

Science 1991; 291:1–54. 

Student JJ, Bodnar RJ. Synthetic fluid inclusions XIV: Microthermometric and compositional 

analysis of coexisting silicate melt and aqueous fluid inclusions trapped in the 

haplogranite-H2O-NaCl-KCl system at 800 °C and 2000 bars. Journal of Petrology 

1999; 40:1509-25. 

Student JJ, Bodnar RJ. Silicate melt inclusions in porphyry copper deposits: identification and 

homogenization behavior. Canadian Mineralogist 2004; 42:1583-99, 

Takenouchi S, Imai H. Glass and fluid inclusions in acidic igneous rocks from some mining 

areas in Japan. Economic Geology 1975; 70:750-69. 

Thériault RD, Barnes S-J, Severson MJ. The influence of country rock assimilation and 

silicate to sulfide ratios (R factor) on the genesis of the Dunka Road Cu-Ni-PGE 

deposit, Duluth Complex, Minnesota: Canadian Journal of Earth Sciences 1997; 

34:373–89. 

Thériault RD, Barnes S-J, Severson MJ. Origin of Cu–Ni–PGE sulfide mineralization in the 

Partridge River Intrusion, Duluth Complex, Minnesota. Economic Geology 2000; 

95:929–43. 

Thomas R, Klemm W. Microthermometric Study of Silicate Melt Inclusions in Variscian 

Granites from SE Germany: Volatile Contents and Entrapment Conditions. Journal of 

Petrology 1997; 38:1753-65. 

Thomas R, Davidson P. Water in granite and pegmatite-forming melts. Ore Geology Reviews 

2012; 46:32-46. 



 

135 
 

Thomas R, Webster JD, Rhede D, Seifert W, Rickers K, Förster HJ et al. The transition from 

peraluminous to peralkaline granitic melts: Evidence from melt inclusions and 

accessory minerals. Lithos 2006; 91:137-49. 

Van Schmus WR, Hinze WJ. The Midcontinent rift system. Annual Reviews in Earth and 

Planetary Sciences 1985; 13:345-83. 

Van Schmus WR, Bickford ME, Zietz I. Early and Middle Proterzoic provinces in the central 

United States In Kroner A. (ed) Proterozoic lithosphere evolution. AGU, Washington, 

1987; 43–68. 

Vapnik Y. Melt inclusions in granitoids of the Timna Igneous Complex, Southern Israel. 

Mineralogical Magazine 1998; 62:29-40. 

Webster JD, De Vivo B. Experimental and modeled solubilities of chlorine in aluminosilicate 

melts, consequences of magma evolution, and implications for exsolution of hydrous 

chloride melt at Mt. Somma-Vesuvius. American Mineralogist 2002; 87:1046–61. 

Weiblen PW, Morey GB. A summary of the stratigraphy, petrology, and structure of the 

Duluth Complex. American Journal of Science 1980; 280-A:88-133. 

Willmore CC, Boudreau AE, Kruger FJ. The halogen geochemistry of the Bushveld Complex, 

Republic of South Africa: Implications for chalcophile element distribution in the 

Lower and Critical zones. Journal of Petrology 2000; 41:1517-39. 

Witthuhn-Rolf WM. A structural analysis of the Midcontinent Rift in Michigan and 

Minnesota. Geological Society of America, Special Paper 1997; 312:97-113. 

Wood SA, Mountain BW, Pan P. The aqueous geochemistry of platinum, palladium and gold: 

Recent experimental constraints and a re-evaluation of theoretical predictions. Canadian 

Mineralogist 1992; 30:955-82. 

Wood SA. The Aqueous Geochemistry of the Platinum-Group Elements with Applications to 

Ore Deposits. In LJ Cabri, editor. The Geology, Geochemistry, Mineralogy and Mineral 

Beneficiation of Platinum-Group Elements. Canadian Institute of Mining, Metallurgy 

and Petroleum 2002; 54:483-506. 

Xiao Z, Gammons CH, Williams-Jones AE. Experimental study of copper(I) chloride 

complexing in hydrothermal solutions at 40 to 300 °C and saturated water vapor 

pressure. Geochimica et Cosmochimica Acta 1998; 62:2949–64. 

Xiong Y, Wood SA. Experimental quantification of hydrothermal solubility of platinum-

group elements with special reference to porphyry copper environments. Mineralogy 

and Petrology 2000; 68:1-28. 



 

136 
 

Zajacz Z, Halter W. Copper transport by high temperature, sulfur-rich magmatic vapor: 

Evidence from silicate melt and vapor inclusions in a basaltic andesite from the 

Villarrica volcano (Chile). Earth and Planetary Science Letters 2009; 282:115–21. 

Zajacz Z, Halter WE, Pettke T, Guillong M. Determination of fluid/melt partition coefficients 

by LA-ICPMS analysis of co-existing fluid and silicate melt inclusions: Controls on 

element partitioning. Geochimica et Cosmochimica Acta 2008; 72:2169-97. 

Zajacz Z, Hanley JJ, Heinrich CA, Halter WE, Guillong M. Diffusive reequilibration of 

quartz-hosted silicate melt and fluid inclusions: are all metal concentrations 

unmodified? Geochimica et Cosmochimica Acta 2009; 73:3013–27. 

Zang W, Fyfe WS. Chloritisation of the hydrothermally altered bedrock at the Igarape Bahia 

gold deposit, Carajas, Brazil. Mineralium Deposita 1995; 30:30–38. 

  



 

137 
 

 APPENDIX 
 

Appendix Table 1: Sample list and whole-rock composition of samples collected in the 

South Filson Creek area 

Appendix Table 2: List of studied samples from diamond drillholes from the South 

Kawishiwi Intrusion 

 

Appendix Figure 1: Geological map of the South Filson Creek area 

Appendix Figure 2: Outcrop map of the South Filson Creek area 

Appendix Figure 3: Sources of information on the geological map of the South Filson 

Creek area 

Appendix Figure 4: Geochemical logs and schematic stratigraphy of diamond drillholes 

along section from the South Kawishiwi Intrusion 

Appendix Figure 5: Geological log and metal contents of the mineralized section of 

drillhole MEX-108 

Appendix Figure 6: Geological log and metal contents of the mineralized section of 

drillhole MEX-69 

Appendix Figure 7: Geological log and metal contents of the mineralized section of 

drillhole MEX-141 

Appendix Figure 8: Geological log and metal contents of the mineralized section of 

drillhole MEX-80 

Appendix Figure 9: Geological log and metal contents of the mineralized section of 

drillhole MEX-151 



Appendix Table 1: Whole rock composition of samples from the South Filson Creek area

Sample No.
chl-

amph 
alt

serp 
alt

smpl 
loc 1 UTM E UTM N

Ag (ppm) 
d.l.2=0.5

Al 
(pct) 
0.01

As 
(ppm) 5

Ba 
(ppm) 

10

Ca 
(pct) 
0.01

Co 
(ppm) 1

Cr 
(ppm) 1

Cu 
(ppm) 1

Fe 
(pct) 
0.01

K 
(pct) 
0.01

Mg 
(pct) 
0.01

06-003 Tr 599400 5297563 1.2 10.80 7 90 5.75 77 182 2380 8.17 0.22 5.01
06-004 Tr 599197 5297393 0.7 9.36 9 130 4.99 44 244 1660 11.65 0.27 2.96
06-017 An 599769 5297244 0.7 6.28 19 120 8.26 47 53 161 10.70 0.69 4.53
06-018 An 599855 5297313 1.0 11.80 b.d.l. 120 7.58 32 15 2150 4.00 0.24 1.83
06-019 Tr 599642 5297744 0.7 10.25 b.d.l. 140 7.16 68 20 1700 5.77 0.28 3.60
06-020 An 599729 5297267 1.0 11.30 5 160 7.41 24 83 2030 4.02 0.33 1.37
06-021 An 599640 5297047 b.d.l. 10.55 12 170 7.30 16 73 187 2.70 0.49 0.98
07-001 x Tr 599069 5298320 b.d.l. 9.14 7 50 7.91 49 287 9 6.08 0.11 6.30
07-002 Tr 599623 5298661 0.5 10.80 b.d.l. 110 6.68 58 105 1690 5.56 0.20 3.22
07-003 Tr 599580 5298665 b.d.l. 10.00 b.d.l. 140 7.16 53 218 173 8.05 0.34 4.25
07-004 Tr 599602 5298564 b.d.l. 9.75 5 170 5.80 56 50 115 7.89 0.41 4.41
07-005 x Tr 599660 5298610 1.8 10.25 b.d.l. 120 6.91 33 42 3760 4.83 0.23 2.30
07-006 Tr 599660 5298610 3.2 9.80 b.d.l. 130 5.97 35 32 4380 6.12 0.28 2.48

07-007A Tr 599660 5298610 2.2 9.65 b.d.l. 110 5.62 45 73 2240 7.82 0.26 3.97
07-007B Tr 599660 5298610 b.d.l. 9.24 8 100 5.73 61 67 414 7.90 0.28 5.13
07-008 Tr 599660 5298610 2.2 10.35 b.d.l. 110 6.49 41 54 6040 5.83 0.22 2.84

07-009A (x) x Tr 599651 5298461 b.d.l. 9.34 11 140 6.00 49 59 160 7.37 0.32 3.93
07-009B Tr 599651 5298461 b.d.l. 9.75 b.d.l. 150 5.83 53 48 118 7.87 0.40 4.33
07-010 Tr 599554 5297480 b.d.l. 9.64 b.d.l. 120 6.17 51 186 231 6.74 0.23 3.93
07-011 Tr 599482 5297505 b.d.l. 10.40 b.d.l. 140 6.65 36 194 359 4.48 0.29 2.59
07-012 Tr 599482 5297543 b.d.l. 9.62 b.d.l. 120 6.19 48 268 1340 5.96 0.29 3.62

07-013A Tr 599494 5297538 b.d.l. 9.94 b.d.l. 110 6.26 50 259 897 6.54 0.26 3.63
07-013B (x) Tr 599494 5297538 b.d.l. 9.64 b.d.l. 110 6.20 50 350 964 5.84 0.24 3.58
07-014 x Tr 599494 5297538 b.d.l. 8.29 b.d.l. 150 6.54 45 121 346 8.41 0.38 3.31
07-015 x Tr 599511 5297613 3.5 9.41 b.d.l. 110 6.06 59 251 10800 7.70 0.23 3.33
07-016 x Tr 599511 5297613 2.5 9.55 b.d.l. 110 6.21 80 276 8950 7.87 0.24 3.80
07-017 x Tr 599511 5297613 3.8 8.98 b.d.l. 110 5.96 52 79 12500 7.84 0.22 3.48
07-018 x Tr 599534 5297672 b.d.l. 8.54 b.d.l. 150 6.16 44 27 846 6.71 0.69 3.45
07-019 x Tr 599534 5297672 1.4 8.47 11 110 5.56 60 29 4110 6.35 0.46 3.79
07-020 Tr 599534 5297672 1.4 8.49 b.d.l. 120 5.52 60 57 3920 7.53 0.52 3.89
07-021 x Tr 599534 5297672 b.d.l. 8.07 b.d.l. 140 5.64 57 44 1950 7.12 0.63 3.95
07-022 (x) Tr 599492 5297598 2.5 8.82 b.d.l. 110 5.87 70 91 6070 7.79 0.24 3.52
07-023 x Tr 599492 5297598 0.9 9.20 b.d.l. 180 7.77 13 121 1580 3.59 0.47 1.44
07-024 x Tr 599523 5297678 b.d.l. 8.23 8 130 5.45 59 45 642 6.05 0.47 3.96

07-025A Tr 599802 5297695 1.1 9.08 b.d.l. 180 7.36 12 4 3030 1.20 0.30 0.07
07-025B Tr 599802 5297695 1.5 10.85 b.d.l. 160 6.89 14 13 2210 2.64 0.33 0.74
07-026 Tr 599404 5297400 b.d.l. 9.43 b.d.l. 250 6.73 21 55 233 6.23 0.92 1.23
07-027 Tr 599400 5297246 1.8 9.82 b.d.l. 170 6.42 26 32 5470 4.23 0.47 1.27
07-028 Tr 599402 5297482 b.d.l. 8.71 b.d.l. 110 5.87 62 138 244 8.38 0.25 4.14
07-029 x Tr 599402 5297482 b.d.l. 9.66 7 140 6.92 11 28 121 3.36 0.47 0.89
07-030 x Tr 599402 5297482 b.d.l. 9.13 b.d.l. 200 7.04 9 3 34 1.83 0.72 0.45
07-031 (x) Tr 599417 5297298 b.d.l. 8.83 b.d.l. 210 6.85 7 9 509 1.79 0.97 0.32
07-032 Tr 599414 5297298 1.3 8.60 b.d.l. 120 5.58 54 84 3320 8.13 0.27 3.86
07-033 Tr 599304 5297241 1.3 9.87 b.d.l. 220 6.99 13 23 1140 3.22 0.66 0.70
07-035 x Tr 599002 5296416 b.d.l. 9.26 b.d.l. 120 7.20 29 97 144 5.11 0.25 2.43
07-036 Tr 599404 5297336 b.d.l. 9.69 8 140 6.16 67 168 251 5.63 0.26 3.04
07-037 x Tr 599443 5297123 b.d.l. 7.80 b.d.l. 120 5.56 64 544 119 7.91 0.37 4.45
07-038 (x) Tr 599405 5297107 b.d.l. 10.40 b.d.l. 110 6.15 62 173 116 6.84 0.30 4.90
07-039 Tr 599151 5296750 0.5 9.39 b.d.l. 120 6.71 36 60 93 5.39 0.25 2.70
07-041 Tr 599175 5297142 b.d.l. 8.51 b.d.l. 200 6.72 3 17 33 1.45 0.62 0.16
07-042 x Tr 599211 5297347 3.6 9.34 b.d.l. 90 6.00 47 83 11600 7.34 0.18 3.34
07-043 Tr 599143 5297431 1.0 9.69 b.d.l. 110 6.69 26 86 1260 4.42 0.20 1.63
07-044 Tr 599093 5297575 5.0 8.77 7 160 5.92 36 62 8370 7.06 0.38 2.64

07-046A x Tr 599150 5297535 b.d.l. 8.52 b.d.l. 160 7.00 16 26 147 3.05 0.42 0.99
07-046B x Tr 599150 5297535 b.d.l. 8.82 b.d.l. 160 5.93 52 36 146 6.94 0.46 4.32
07-049 Tr 598973 5297593 1.3 8.84 b.d.l. 110 5.96 57 28 2740 6.46 0.19 3.47
07-050 x An 599765 5297253 b.d.l. 6.08 b.d.l. 110 6.77 43 55 264 11.10 0.71 3.66
07-051 An 599776 5297294 b.d.l. 9.92 b.d.l. 140 6.75 22 133 257 3.68 0.37 0.95

07-052A x An 599798 5297307 3.1 8.99 b.d.l. 140 5.74 16 23 2630 4.80 0.48 1.35
07-052B x An 599798 5297307 b.d.l. 10.05 b.d.l. 260 6.89 12 5 118 2.88 1.02 0.58
07-053 An 599785 5297414 0.6 8.45 b.d.l. 120 4.48 63 371 1580 10.75 0.30 4.01
07-055 An 599827 5297272 b.d.l. 8.56 b.d.l. 120 5.84 50 257 670 6.08 0.26 2.88
07-056 x An 599734 5297132 b.d.l. 8.58 b.d.l. 120 6.35 24 76 970 3.46 0.70 1.23
07-057 x An 599711 5297324 b.d.l. 9.06 b.d.l. 140 6.24 22 82 615 3.60 0.32 1.10
07-058 x Tr 599701 5297418 b.d.l. 7.81 b.d.l. 170 5.53 36 115 529 4.92 0.39 2.35
07-059 x Tr 599681 5297713 0.5 9.34 b.d.l. 210 6.80 13 7 1350 1.94 0.79 0.33
07-062 x Tr 600814 5299253 b.d.l. 9.20 b.d.l. 110 5.88 59 400 1340 6.59 0.30 4.45
07-063 Tr 600777 5299074 1.3 10.05 b.d.l. 170 6.12 44 115 2510 6.75 0.59 2.99
07-064 x Tr 600716 5298994 3.4 9.49 b.d.l. 100 6.21 69 292 10200 6.81 0.17 3.65
07-065 x Tr 600736 5298956 b.d.l. 8.90 b.d.l. 160 4.58 78 160 398 8.50 0.56 6.60
07-068 x Tr 600875 5299320 b.d.l. 9.30 b.d.l. 310 5.56 50 83 402 6.26 1.19 2.88

1Tr - Layered Series troctolites, An - Anorthositic Series
2detection limits listed under each element
b.d.l.=below detection limit



Appendix Table 1 (continued): Whole rock composition of samples from the South Filson Creek area

Sample No.
Mn 

(ppm) 
5

Na 
(pct) 
0.01

Ni 
(ppm) 

1

P 
(ppm) 

10

Pb 
(ppm) 

2

S 
(pct) 
0.01

Sb 
(ppm) 

5

Sc 
(ppm) 

1

Sr 
(ppm) 

1

Ti 
(pct) 
0.01

V 
(ppm) 

1

Zn 
(ppm) 

2

Au 
(ppm) 
0.001

Pt 
(ppm) 
0.005

Pd 
(ppm) 
0.001

TPM 
(ppm)

06-003 912 2.06 806 320 10 0.42 b.d.l. 5 325 0.26 43 62 0.076 0.046 0.096 0.218
06-004 845 1.97 99 210 14 0.18 b.d.l. 11 308 0.74 166 100 0.047 0.014 0.024 0.085
06-017 1905 1.22 86 2850 6 0.01 b.d.l. 64 325 3.54 287 89 0.005 b.d.l. b.d.l. 0.005
06-018 437 2.63 299 110 9 0.25 5 3 431 0.19 23 36 0.014 0.006 0.012 0.032
06-019 638 2.27 548 300 3 0.38 b.d.l. 3 407 0.19 25 61 0.017 0.016 0.026 0.059
06-020 468 2.68 143 290 3 0.16 14 7 429 0.49 92 43 0.014 0.005 0.008 0.027
06-021 310 2.99 54 210 3 0.01 7 2 576 0.39 101 33 0.006 b.d.l. 0.001 0.007
07-001 1020 1.38 222 40 3 0.02 b.d.l. 24 298 0.16 162 56 0.003 0.009 0.001 0.013
07-002 602 2.22 422 200 b.d.l. 0.31 b.d.l. 4 375 0.27 40 59 0.014 0.023 0.071 0.108
07-003 1070 2.14 236 690 b.d.l. 0.02 b.d.l. 20 331 1.21 188 93 0.004 b.d.l. 0.002 0.006
07-004 1020 2.02 287 530 8 0.01 b.d.l. 7 327 0.70 81 98 0.002 b.d.l. 0.002 0.004
07-005 547 2.26 450 290 3 0.29 b.d.l. 6 343 0.38 50 49 0.047 0.077 0.232 0.356
07-006 598 2.16 610 560 9 0.34 b.d.l. 4 320 0.38 44 56 0.041 0.119 0.234 0.394

07-007A 857 1.90 743 360 5 0.12 5 9 291 0.59 81 75 0.054 0.050 0.189 0.293
07-007B 1000 1.91 472 340 b.d.l. 0.01 b.d.l. 9 295 0.46 66 88 0.002 0.009 0.006 0.017
07-008 621 2.11 699 210 5 0.49 8 6 332 0.43 56 56 0.032 0.064 0.191 0.287

07-009A 953 1.95 270 780 b.d.l. 0.02 b.d.l. 8 315 0.79 98 91 0.003 b.d.l. 0.001 0.004
07-009B 979 1.94 284 940 b.d.l. 0.02 b.d.l. 8 312 0.86 96 94 0.003 b.d.l. 0.001 0.004
07-010 860 2.21 203 240 b.d.l. 0.02 b.d.l. 6 350 0.36 72 75 0.006 0.005 0.004 0.015
07-011 583 2.55 116 320 2 0.04 b.d.l. 4 412 0.35 51 55 0.004 b.d.l. 0.003 0.007
07-012 729 2.16 240 420 2 0.15 b.d.l. 6 367 0.46 70 69 0.011 0.008 0.023 0.042

07-013A 803 2.15 271 260 4 0.11 b.d.l. 6 357 0.42 90 77 0.012 b.d.l. 0.013 0.025
07-013B 706 2.16 197 390 b.d.l. 0.10 b.d.l. 5 363 0.43 73 68 0.013 0.008 0.014 0.035
07-014 1160 1.82 137 860 b.d.l. 0.03 b.d.l. 27 297 1.76 228 96 0.004 b.d.l. 0.001 0.005
07-015 723 1.80 1570 140 9 1.16 b.d.l. 7 312 0.40 85 70 0.393 0.548 1.110 2.051
07-016 812 1.87 2400 250 7 1.14 b.d.l. 7 323 0.45 87 81 0.167 0.432 0.939 1.538
07-017 755 1.82 1220 240 15 1.24 5 6 317 0.38 52 75 0.469 0.635 1.775 2.879
07-018 922 1.80 446 590 b.d.l. 0.10 7 5 396 0.42 53 66 0.014 0.019 0.033 0.066
07-019 752 1.71 784 240 5 0.50 b.d.l. 4 371 0.24 34 76 0.053 0.166 0.165 0.384
07-020 939 1.77 778 380 3 0.52 b.d.l. 9 361 0.58 76 87 0.040 0.043 0.094 0.177
07-021 889 1.79 545 750 b.d.l. 0.22 b.d.l. 7 403 0.50 60 75 0.019 0.011 0.035 0.065
07-022 756 1.96 927 300 8 0.73 b.d.l. 4 322 0.36 57 67 0.349 0.346 0.711 1.406
07-023 485 2.32 159 1130 8 0.09 b.d.l. 16 371 0.75 144 34 0.038 0.164 0.433 0.635
07-024 786 1.92 302 260 b.d.l. 0.03 7 4 391 0.26 41 68 0.007 b.d.l. 0.006 0.013

07-025A 80 2.84 352 220 10 0.44 b.d.l. b.d.l. 424 0.13 11 17 0.175 0.455 0.847 1.477
07-025B 248 2.73 308 360 4 0.16 10 2 401 0.21 23 27 0.203 0.393 0.786 1.382
07-026 974 2.42 59 1440 b.d.l. 0.01 5 16 670 2.57 266 67 0.003 0.006 0.005 0.014
07-027 474 2.63 304 520 3 0.42 b.d.l. 8 455 0.83 89 42 0.015 0.030 0.033 0.078
07-028 1040 2.06 264 250 b.d.l. 0.03 5 6 335 0.52 80 94 0.004 b.d.l. 0.003 0.007
07-029 439 2.55 57 1340 4 0.01 b.d.l. 8 406 0.67 101 36 0.004 b.d.l. 0.001 0.005
07-030 231 2.80 41 990 3 b.d.l. b.d.l. 1 451 0.21 19 21 0.002 b.d.l. 0.001 0.003
07-031 249 2.99 37 2100 3 0.03 b.d.l. 3 641 0.27 43 48 0.007 b.d.l. 0.004 0.011
07-032 970 2.10 359 290 9 0.29 b.d.l. 7 336 0.38 70 125 0.021 0.010 0.021 0.052
07-033 404 2.77 207 930 24 0.07 b.d.l. 8 506 0.76 94 44 0.042 0.438 0.283 0.763
07-035 666 2.19 150 180 3 0.02 b.d.l. 12 346 0.73 109 61 0.003 0.014 0.011 0.028
07-036 685 2.46 152 350 4 0.03 b.d.l. 5 391 0.45 56 70 0.004 0.006 0.002 0.012
07-037 1080 1.61 263 310 5 b.d.l. b.d.l. 6 269 0.54 143 105 0.003 0.006 0.003 0.012
07-038 819 2.05 202 100 b.d.l. 0.01 b.d.l. 6 347 0.34 57 72 0.002 0.007 0.002 0.011
07-039 691 2.14 165 370 b.d.l. 0.01 b.d.l. 9 342 0.59 80 62 0.002 b.d.l. b.d.l. 0.002
07-041 170 3.10 19 120 3 0.01 b.d.l. 2 458 0.34 40 24 0.002 b.d.l. 0.001 0.003
07-042 671 1.94 1240 250 4 1.09 b.d.l. 5 316 0.31 47 56 0.414 1.240 2.430 4.084
07-043 388 2.30 247 270 2 0.08 b.d.l. 3 360 0.27 37 38 0.013 0.013 0.024 0.050
07-044 638 2.01 490 1090 14 0.79 7 7 307 0.56 74 59 0.097 0.061 0.401 0.559

07-046A 446 2.47 76 480 3 0.01 b.d.l. 4 416 0.39 50 46 0.002 b.d.l. 0.002 0.004
07-046B 997 1.54 374 310 5 0.01 b.d.l. 4 310 0.29 40 137 0.002 b.d.l. 0.001 0.003
07-049 686 2.05 649 330 2 0.25 b.d.l. 3 338 0.24 35 63 0.020 0.022 0.031 0.073
07-050 1940 1.24 91 1890 b.d.l. 0.01 b.d.l. 54 326 4.63 282 75 0.003 b.d.l. 0.001 0.004
07-051 430 2.74 63 150 b.d.l. 0.02 b.d.l. 5 416 1.38 139 32 0.004 0.005 0.001 0.010

07-052A 520 2.37 201 420 7 0.20 b.d.l. 4 453 0.52 53 31 0.055 0.036 0.040 0.131
07-052B 349 2.84 42 200 2 0.01 5 4 589 0.48 57 26 0.001 0.006 0.002 0.009
07-053 1080 1.94 252 290 b.d.l. 0.11 b.d.l. 15 291 3.72 335 90 0.005 0.007 0.004 0.016
07-055 702 2.13 212 120 b.d.l. 0.01 b.d.l. 4 367 0.42 103 74 0.006 0.007 0.005 0.018
07-056 429 2.40 114 230 8 0.11 b.d.l. 3 519 0.57 77 54 0.004 0.006 0.003 0.013
07-057 430 2.69 67 300 2 0.04 b.d.l. 4 393 1.20 117 46 0.002 0.005 0.002 0.009
07-058 712 2.42 156 410 7 0.03 b.d.l. 4 437 0.58 86 113 0.007 0.005 0.003 0.015
07-059 241 2.81 224 620 5 0.07 b.d.l. 3 473 0.34 37 36 0.027 0.008 0.014 0.049
07-062 768 1.63 802 570 b.d.l. 0.13 b.d.l. 8 303 0.56 93 75 0.019 0.036 0.077 0.132
07-063 796 2.23 291 1150 8 0.15 b.d.l. 8 433 0.89 87 80 0.043 0.138 0.097 0.278
07-064 631 1.81 2170 420 13 1.14 b.d.l. 5 346 0.39 63 68 0.205 0.281 0.810 1.296
07-065 1165 1.40 337 270 23 0.02 b.d.l. 6 233 0.28 49 143 0.009 b.d.l. 0.004 0.013
07-068 1035 2.66 489 880 6 0.03 b.d.l. 6 590 0.92 95 61 0.022 0.012 0.023 0.057

1Tr - Layered Series troctolites, An - Anorthositic Series
b.d.l.=below detection limit



Appendix Table 2: List of studied samples from diamond drillholes from the South Kawishiwi Intrusion
Sample 
no. DDH Depth 

(feet)
Depth 

(meters) UTM_E UTM_N Unit Notes

108-38 MEX-108 1333.0 406.3 596778 5295591 UG sulfide-bearing anorthosite w/ weak chloritization
108-39 MEX-108 1368.9 417.2 596777 5295591 UG heavily altered anorthosite w/ qtz-chl veins
108-41 MEX-108 2551.0 777.5 596729 5295612 AN-G c.gr. anorthositic gabbro w/ felsic patches
108-42 MEX-108 2582.3 787.1 596729 5295612 AN-G sulfide-bearing weakly altered gabbroic anorthosite
108-44 MEX-108 2681.5 817.3 596725 5295614 AN-G chl-altered anorthosite w/ trace sulfides
108-1 MEX-108 3264.0 994.9 596705 5295627 AN-G c.grained anorthosite from AN-G unit
108-2 MEX-108 3273.8 997.9 596704 5295627 Main AGT heterogeneous troctolite from below the contact of AN-G and Main AGT
108-3 MEX-108 3295.4 1004.4 596703 5295628 Main AGT pegmatitic patch from Main AGT
108-5 MEX-108 3315.5 1010.6 596703 5295628 Main AGT pegmatitic patch from Main AGT
108-7 MEX-108 3358.4 1023.6 596701 5295629 Main AGT pegmatitic patch from Main AGT
108-8 MEX-108 3407.9 1038.7 596701 5295629 Main AGT pegmatitic patch from Main AGT
108-9 MEX-108 3440.0 1048.5 596699 5295631 PEG/Main AGT? qtz-chlorite veined pegmatitic troctolite
108-10 MEX-108 3474.6 1059.1 596697 5295632 PEG/Main AGT? pegmatitic patch from Main AGT
108-13 MEX-108 3537.3 1078.2 596695 5295634 PEG/Main AGT? pegmatitic patch from Main AGT
108-16 MEX-108 3569.0 1087.8 596694 5295634 PEG pegmatitic anorthositic troctolite
108-17 MEX-108 3603.0 1098.2 596693 5295636 PEG pegmatitc patch w/ sharp edges from PEG unit
108-19 MEX-108 3629.0 1106.1 596692 5295636 BMZ heterogeneous aT to mT
108-22 MEX-108 3675.8 1120.4 596690 5295638 BMZ f.grained troctolite w/ dissem sulfides
108-23 MEX-108 3702.0 1128.4 596689 5295638 BMZ contact of granophiric felsic intrusion and heavily chloritized host rock
108-24 MEX-108 3705.3 1129.4 596689 5295638 BMZ sulfide-bearing felsic intrusion
108-25 MEX-108 3708.0 1130.2 596689 5295638 BMZ chl-amph altered sulfide-bearing felsic intrusion
108-26 MEX-108 3710.2 1130.9 596689 5295638 BMZ c.grained to peg troctolite w/ interstitial patchy sulfides
108-27 MEX-108 3744.2 1141.2 596688 5295639 BMZ felsic patches w/ dissem. sulfides and weak chl-amph alt
108-28 MEX-108 3751.8 1143.5 596688 5295640 BMZ plag+px pegmatite w/ interstitial sulfides
108-34 MEX-108 3939.2 1200.7 596681 5295645 GRB sulfide-bearing metamorphosed GRB
109-24 MEX-109 1409.4 429.6 595619 5295102 AN Series xenolith c.gr. sulfide-bearing gabbro w/ felsic interstices
109-15 MEX-109 2592.6 790.2 595622 5295105 AN Series xenolith weakly sulf-bearing chl-altered anorthosite w/ felsic patches
109-16 MEX-109 2594.0 790.7 595622 5295105 AN Series xenolith fine-grained basaltic inclusion in weakly chl-altered anorthosite 
109-17 MEX-109 2604.0 793.7 595622 5295105 AN Series xenolith rounded dissem pyrrhotite in heterogeneous anorthosite
109-18 MEX-109 2606.0 794.3 595622 5295105 AN Series xenolith heavily altered graphite-bearing troctolite to troctolitic anorthosite
109-20 MEX-109 2608.8 795.2 595622 5295106 AN Series xenolith sulf-bearing strongly altered troctolite to troctolitic anorthosite
109-21 MEX-109 2649.2 807.5 595622 5295106 AN Series xenolith chl+biotite vein in troctolitic anorthosite
109-22 MEX-109 2660.0 810.8 595622 5295106 AN Series xenolith sulfide-bearing troctolitic anorthosite
109-13 MEX-109 2978.5 907.8 595623 5295106 AN Series xenolith c.gr. weakly altered sulf.bearing anorthosite
109-4 MEX-109 3121.0 951.3 595623 5295106 AN Series xenolith anorthosite w/ dissem sulf
109-5 MEX-109 3122.8 951.8 595624 5295107 AN Series xenolith c.gr. anorthosite w/ felsic minerals in matrix
109-7 MEX-109 3152.5 960.9 595624 5295107 AN Series xenolith sulf-bearing metamorhosed GRB inclusion in An-G unit
109-9 MEX-109 3191.8 972.9 595624 5295107 AN Series xenolith c.gr. heterogeneous anorthosite w/ sulfide veinlets
109-11 MEX-109 3250.9 990.9 595624 5295107 AN Series xenolith c.gr. anorthosite w/ felsic interstitial patches
109-12 MEX-109 3285.8 1001.5 595624 5295107 AN Series xenolith m.gr. anorthosite w/ trace sulfides
141-HW1 MEX-141 4014.0 1223.5 596701 5295285 Main AGT barren augite-troctolite
MA-1 MEX-141 4020.0 1225.3 596700 5295285 Main AGT barren troctolite above PEG unit
MA-2 MEX-141 4024.0 1226.5 596700 5295285 PEG pegmatite with trace sulfide minerals
MA-3 MEX-141 4035.0 1229.9 596700 5295286 BMZ sulfide-bearing coarse-grained to medium-grained troctolite
MA-7 MEX-141 4111.0 1253.0 596697 5295288 BMZ dissemintated to patchy sulfide-bearing troctolite
MA-8 MEX-141 4116.0 1254.6 596696 5295289 BMZ mineralized pegmatite w/ interstitial sulfides
MA-9 MEX-141 4124.0 1257.0 596696 5295289 BMZ mineralized pegmatite w/ interstitial sulfides
MA-18 MEX-141 4169.5 1270.9 596694 5295291 BMZ pegmatite w/ patchy sulfides
MA-19 MEX-141 4181.0 1274.4 596694 5295291 BMZ c.gr aggregate of biotite, sulfide and felsic blobs + chl-amphibole alteration
141-FW5 MEX-141 4199.0 1279.9 596693 5295292 GRB mineralized footwall with partial melting/migmatitization and semimass sulf
141-FW4 MEX-141 4257.0 1297.5 596691 5295294 GRB mineralized granitoid footwall
151-3 MEX-151 4113.7 1253.9 596763 5295140 AN-G sulfide-bearing granitic dike
151-4 MEX-151 4134.0 1260.0 596762 5295140 BMZ sulfide-bearing granitic dike + peg 
151-5 MEX-151 4140.0 1261.9 596762 5295140 BMZ granitic dike w/ m-grained troctolite on edge, sulfide-bearing
151-7 MEX-151 4160.0 1268.0 596762 5295140 BMZ dissem to patchy sulfides in m.gr troctolite
151-8 MEX-151 4193.7 1278.2 596760 5295140 BMZ felsic blobs w/ assoc sulf in troctolitic host rock
151-9 MEX-151 4248.8 1295.0 596758 5295140 BMZ felsic patch w/ chloritic alteration, patchy sulfides
151-10 MEX-151 4252.8 1296.3 596758 5295140 BMZ fine-grained chilled margin from lower contact of GRB inclusion
151-11 MEX-151 4275.0 1303.0 596757 5295140 BMZ c.gr to peg troctolite, chlorite veinlets
151-12 MEX-151 4310.0 1313.7 596756 5295140 BMZ med.gr troctolite w/ felsic blobs + dissem sulfides
69-C2B MEX-69 3150.0 960.1 596872 5295407 AN Series xenolith qtz-vein and chloritized host rock (c.gr. tA)
69-C5 MEX-69 3175.0 967.7 596873 5295407 AN Series xenolith c.gr sulf-bearing anorthosite w/ chlorite-amphibole alteration
69-C7 MEX-69 3211.7 978.9 596873 5295407 AN Series xenolith granophyric felsic patches in plagoclase-dominated pegmatite
69-C8 MEX-69 3216.5 980.4 596873 5295407 AN Series xenolith chl-altered sulfide-bearing anorthosite
69-C10 MEX-69 3253.0 991.5 596873 5295407 AN Series xenolith very weakly chlorite-altered c.gr anorthosite w/ dissem sulf
69-1 MEX-69 3974.0 1211.3 596883 5295414 Main AGT barren troctolite 
69-2 MEX-69 3982.0 1213.7 596883 5295414 Main AGT weakly sulfide-bearing c.gr troctolite
69-5 MEX-69 4005.2 1220.8 596883 5295414 Main AGT heterogeneous troctolite
69-6 MEX-69 4009.5 1222.1 596883 5295414 Main AGT subhorizontal serp-magnetite veinlets
69-7A MEX-69 4033.0 1229.3 596884 5295414 Main AGT/BMZ felsic patches in troctolite
69-7B MEX-69 4033.3 1229.3 596884 5295414 Main AGT/BMZ pegmatitic pocket on lower contact of felsic patch
69-9 MEX-69 4077.0 1242.7 596885 5295414 Main AGT/BMZ disseminated sulfides w/ associated felsic patches
69-11 MEX-69 4107.5 1252.0 596885 5295414 Main AGT/BMZ plag-cpx pegmatitie with chlorite-amphibole alteration
69-12 MEX-69 4113.7 1253.9 596886 5295415 BMZ coarse-grained patch w/ felsic blob and associated sulfide minerals
69-13 MEX-69 4117.9 1255.1 596886 5295415 BMZ c.gr troctolite w/ disseminated sulfides and weak chlorite-amphibole alteration
69-15 MEX-69 4125.8 1257.5 596886 5295415 BMZ/GRB contaminated footwall(?) rock w/ dissem sulf (transition to GRB)
69-16 MEX-69 4135.8 1260.6 596886 5295415 GRB sulf-bearing zoned peg rock w/ granular qtz and zoned sulfide minerals
69-FW6 MEX-69 4143.5 1262.9 596886 5295415 GRB heavily sulfide-bearing GRB w/ granophyric patches
69-FW4B MEX-69 4249.0 1295.1 596889 5295415 GRB sulfide-bearing GRB
69-FW3 MEX-69 4291.2 1308.0 596890 5295416 GRB weakly sulfide-bearing GRB
72-21 MEX-72 326.0 99.4 594110 5294762 Ai m.gr aT w/ weak folitaion and up to 4 cm plag phenocrystals
72-22 MEX-72 679.0 207.0 594109 5294762 AT&T m.gr. troctolite to anorthositic troctolite
72-23 MEX-72 970.0 295.7 594109 5294762 AT&T m.gr. aT-T w/ weak foliation



Appendix Table 2 (continued): List of studied samples from diamond drillholes from the South Kawishiwi Intrusion
Sample 
no. DDH Depth 

(feet)
Depth 

(meters) UTM_E UTM_N Unit Notes

72-24 MEX-72 1359.2 414.3 594109 5294763 Main AGT medium-grained augite-troctolite
72-25 MEX-72 1697.5 517.4 594108 5294764 Main AGT m.gr troctolite to mela-troctolite
72-26 MEX-72 2041.3 622.2 594107 5294763 Main AGT m.gr anorthositic troctolite
72-27 MEX-72 2384.0 726.6 594107 5294763 Main AGT m.gr augite-troctolite
72-16 MEX-72 2396.0 730.3 594107 5294762 Main AGT granophyric felsic pegmatite overprinted by chl-amf alteration
72-17 MEX-72 2403.0 732.4 594107 5294762 Main AGT chl-amf altered troctolite w/ dissem sufides
72-19 MEX-72 2529.8 771.1 594106 5294762 Main AGT sharp boundary of heavily and moderately altered troctolite
72-20 MEX-72 2549.0 776.9 594106 5294762 Main AGT felsic (granophyric) peg overprinted by chl-amf alteration
72-18 MEX-72 2592.2 790.1 594106 5294762 Main AGT chl-amf altered troctolite w/ dissem to patchy sulf
72-2 MEX-72 2625.0 800.1 594106 5294762 PEG plag-rich pegmatite from PEG unit
72-4 MEX-72 2677.0 815.9 594106 5294762 PEG/U3 contact of PEG unit w/ U3 (chilled margin?)
72-5 MEX-72 2689.5 819.8 594106 5294762 BMZ felsic patch w/ strong chl-amph alteration
72-6 MEX-72 2692.4 820.6 594106 5294762 BMZ contact of c.gr zone and heterogeneous f.gr (mela)troctolite
72-7 MEX-72 2743.0 836.1 594106 5294761 BMZ fine to m.gr anorthositic troctolite w/ patchy sulfides
72-8 MEX-72 2750.8 838.4 594106 5294761 BMZ c.gr. sulf. b. troctolite
72-9 MEX-72 2801.4 853.9 594106 5294761 GRB highly metamorphosed GRB w/ dissem to patchy sulfides
72-10 MEX-72 2841.0 865.9 594106 5294761 GRB metmorhosed GRB w/patchy sulfides & oxide veins
72-12 MEX-72 2889.0 880.6 594106 5294761 GRB epidote-altered GRB
72-13 MEX-72 2904.3 885.2 594106 5294761 GRB metamorhosed GRB w/ dissem sulf
72-15 MEX-72 3117.0 950.1 594105 5294761 GRB GRB from bottom of hole
77W-3 MEX-77W1 3263.4 994.7 596991 5295999 PEG qtz-calcite vein from chl-altered PEG unit
77W-4 MEX-77W1 3316.7 1010.9 596989 5295998 PEG/BMZ contact of PEG w/ underlying heterogeneous f.gr troctolite (U3?)
77W-6 MEX-77W1 3342.4 1018.8 596989 5295998 BMZ c.gr. sulfide-bearing augite-troctolite (cpy-rich) from 4ppm TPM zone
77W-7 MEX-77W1 3347.0 1020.2 596989 5295998 BMZ c.gr. sulfide-bearing augite-troctolite (cpy-rich) from 4ppm TPM zone
77W-14 MEX-77W1 3349.0 1020.8 596989 5295998 BMZ chloritized sulf-bearing augite-troctolite (c.gr.)
77W-9 MEX-77W1 3406.4 1038.3 596988 5295998 BMZ qtz-chl vein in sulf-bearing altered augite-troctolite
77W-10 MEX-77W1 3409.8 1039.3 596988 5295998 BMZ c.gr. sulf.bearing altered gabbro
77W-12 MEX-77W1 3548.3 1081.5 596985 5295997 BMZ po-rich semimassive sulfide patch w/ assoc felsic blob above
77W-13 MEX-77W1 3550.0 1082.0 596985 5295997 GRB incl. partially digested GRB inclusion w/ patchy cpy-rich sulfides
80-28 MEX-80 3917.4 1194.0 596863 5295225 AN-G c.grained anorthosite from AN-G unit
80-27 MEX-80 3944.8 1202.4 596863 5295225 Main AGT m-gr. augite-troctolite from Main AGT unit
80-1 MEX-80 3961.0 1207.3 596863 5295225 Main AGT Main AGT, med-grained augite-troctolite
80-3 MEX-80 4006.2 1221.1 596863 5295226 BMZ disseminated to patchy sufides in c.grained troctolite
80-4 MEX-80 4014.8 1223.7 596862 5295226 BMZ felsic patches w/ disseminated sulfides
80-5 MEX-80 4018.5 1224.8 596862 5295226 BMZ augite-troctolite w/ patchy chloritization of mafic minerals, trace sulf
80-6 MEX-80 4032.0 1229.0 596862 5295226 BMZ patchy sulfide from  plagioclase-rich pegmatoid
80-7 MEX-80 4046.2 1233.3 596862 5295226 BMZ disseminated to patchy sulfides in m- to c.gr heterogeneous anorthositic troctolite
80-8 MEX-80 4052.8 1235.3 596862 5295226 BMZ disseminated to patchy sulfides in heterogeneous troctolite
80-11 MEX-80 4114.2 1254.0 596862 5295227 BMZ c.grained troctolite w/ felsic patches and dissem sulf
80-12 MEX-80 4133.6 1259.9 596862 5295227 BMZ/GRB incl dissem sulfides from upper contact of GRB inclusion
80-14 MEX-80 4169.6 1270.9 596861 5295228 BAN f.grained norite (felsic contam?) w/ trace dissem sulf
80-15 MEX-80 4196.8 1279.2 596861 5295228 BAN upper contact of GRB iclusion
80-16 MEX-80 4252.0 1296.0 596861 5295229 BAN "patchy norite" w/ disseminated sulf
80-18 MEX-80 4284.8 1306.0 596860 5295229 BAN felsic dike in f.gr norititic(?) rock w/ ripped up rounded sulfide xenolith
80-19 MEX-80 4287.0 1306.7 596860 5295229 BAN dissem sulf connected to felsic blobs in "patchy norite"
80-21 MEX-80 4315.7 1315.4 596860 5295230 BAN patchy noritic(?) rock, felsic halo around px patches + dissem sulf
80-22 MEX-80 4321.5 1317.2 596860 5295230 BAN sulfide-bearing felsic dike
80-23 MEX-80 4337.4 1322.0 596860 5295230 BAN felsic dike, upper contact (dike approx 7 cm thick)
80-24 MEX-80 4344.5 1324.2 596860 5295230 BAN patchy norite w/ chloritized patches
80-25 MEX-80 4377.2 1334.2 596860 5295231 BAN felsic dike in norotic(?) contaminated rock w/ trace dissem sulf
80-29 MEX-80 4501.3 1372.0 596859 5295233 GRB mineralized footwall rock
sample locations are also marked on Appendix Figures 5 to 9
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Appendix Figure 4.

Geochemical logs and schematic igneous stratigraphy of diamond drillholes from the South Kawishiwi Intrusion

Drillholes are aligned N (MEX-108) to S (MEX-151) respectively, and hanged on the horizon of the basal contact. 
For location of drillholes, refer to Figure 5 & 6 in text. 
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Appendix Figures 5 to 9 are attached in the envelope at the back of the volume. 

A Legend for these figures is provided below:
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Appendix Figure 5.

Geological log and metal concentrations of the mineralized section of drillhole MEX-108

NotesSulfide 
texture

c.grained to peg
aT to tA

sharp contact of PEG &
BMZ unit

very heterogeneous
aT to melatroctolite
irregular patches of 
felsic to ultramaf parts
diss to patchy sulf

heterogeneous pT-
mT-aT, very abundant 
miarolitic cavities w/
dissem chyl alteration
euhedral cpy in cavities

heterogeneous f to m.gr 
diss sulf-bearing troctoli-
te w/
scattered miarolitic 
cavities

ultramafic (ol-rich) 
horizon in pT, some 
patch sulfides, but 
mostly diss.

subvertical 
serpentine-
magnetite veining

felsic dike in pT

upward fractiona-
ted intercept of 
pegmatitic 
troctolite to 
granophyric 
composition 
upwards. 
Detailed photos 
and description in 
Chapter 4.2.1. and 
Fig. 26.

m to c.gr pT with 
occasional 
pegmatitic 
patches, dissemi-
nated sulfides.

patchy sulfides 
and felsic mine-
rals in interstitial 
spaces of 
plag+ol+px 
pegmatites

sharp-walled 
felsic patch/dike 
(?), weak chlorite 
alterationhalo
sulf-bearing 
pegmatite

heterogeneous, f 
to m.gr troctolite 
with diss sulfides, 
some felsic 
patches

contact with 
footwall gradatio-
nal, very f.grained 
contaminated 
rock on contact

heavily metamor-
phosed GRB 
granitoid, strongly 
foliated, migmati-
zed. Some dissemi-
nated sulfide-
content in the 
footwall that 
decreases down-
hole

weak chlorite-
amphibol veining

depth
(meters)

depth
(feet)

sample numbers

1098.8 157 1020 2730 17 389

1100.3 229 1230 3730 16 288

1101.8 527 3050 10550 20 019

1103.3 230 1320 4770 20 739

1104.8 212 1230 4290 20 236

1106.3 205 1530 4030 19 659

1107.8 302 1770 6340 20 993

1109.3 173 1300 4450 25 723

1110.8 217 1440 4580 21 106

1112.3 91 2510 7830 86 044

1113.8 298 2550 8520 28 591

1115.3 620 3250 8510 13 726

1116.8 209 1370 3290 15 742

1118.3 579 2305 9080 15 682

1119.8 598 2350 9730 16 271

1121.3 664 2980 9750 14 684

1122.8 720 3410 10700 14 861

1124.3 683 2820 10750 15 739

1125.8 750 2940 11650 15 533

1127.3 709 2550 9410 13 272

1128.8 231 965 3990 17 273

1130.3 1335 5390 21000 15 730

1131.8 823 3200 10800 13 123

1133.3 846 2960 11200 13 239

1134.8 1075 3940 13100 12 186

1136.3 744 2620 9660 12 984

1137.8 620 2470 11175 18 024

1139.3 575 2250 7290 12 678

1140.8 804 2280 12150 15 112

1142.3 343 1100 4610 13 440

1143.8 773 2740 8640 11 177

1145.3 477 2120 6230 13 061

1146.7 558 1990 6770 12 133

1148.3 575 2100 7400 12 870

1149.8 360 1320 4580 12 722

1151.3 389 1310 5280 13 573

1152.8 626 1870 8650 13 818

1154.3 226 913 3400 15 044

1155.8 93 558 1100 11 828

1157.3 218 816 2090 9 587

1158.8 49 455 496 10 122

Pd (ppb) Ni (ppm)Cu (ppm) Cu/Pd
108-17

108-19

108-22

108-23

108-24

108-25

108-26

108-27

108-28
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contamination, dissem to patchy sulfides
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zoned pegmatitic patches:
px+plag peg on bottom w/ deuteric alt,
miarolites in the middle,
felsic patches on top
no sulfides in pegmatites

minor plag+px peg with deuteric alteration

heterogeneous T with pegmatitc 
patches and disseminated sulfides

peg patches are weakly mineralized

c.gr. T w/ interst. sulfides
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homog m.gr.  T w/ chlorite/prehnite 
veinlets (subhorizontal)
plag+px+ol peg w/ diss. to patchy 
sulfides

chlorite veinlets in pT

c.gr. troctolite w/ felsic blobs

felsic blobs w/ chl-amph 
alt.eration and sparse miarolites

very minor sulfides mostly assoc w/ felsic patches

dense subhorizontal 
serpentine+magnetite veining

mafic-ultramafic (ol-rich) rock

c.grained heterogeneous  T w/ felsic 
contamination (?)

heterogeneous pT w/ dissem sulf.

oxide-rich horizons 
(~0..5 cm thick, subhorizontal)
assoc w/ felsic blobs

heterogeneous sulf.bearing T

heterogeneous  T w/ felsic blobs and c.gr. 
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miarolitic cavities w/ dissem sulf. 
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Appendix Figure 6.

Detailed geological log and metal concentrations of the mineralized section of drillhole MEX-69
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Pd (ppb) + Ni (ppm) + Cu (ppm)
NotesSulfide 

texture

depth
(feet)

sample numbers

depth
(meters)

1209.8 5 250 127 25 400

1211.2 48 248 174 3 625

1212.7 13 270 256 19 692

1214.2 21 347 876 41 714

1215.8 9 259 293 32 556

1217.2 33 335 472 14 303

1218.7 59 524 989 16 763

1220.2 97 706 1340 13 814

1221.7 115 968 1480 12 870

1223.2 58 780 997 17 190

1224.7 118 994 1980 16 780

1226.2 761 2100 6240 8 200

1227.7 176 894 1515 8 608

1229.2 30 390 461 15 367

1230.8 89 627 1205 13 539

1232.2 86 736 1420 16 512

1233.7 232 834 2000 8 621

1235.2 508 1275 6550 12 894

1236.7 483 1400 6110 12 650

1238.2 779 1350 5940 7 625

1239.7 459 1305 5280 11 503

1241.1 912 2540 8810 9 660

1242.6 659 1975 6880 10 440

1244.2 451 1330 5940 13 171

1245.7 459 1150 4790 10 436

1247.2 14 348 327 23 357

1248.7 320 947 4740 14 813

1250.2 459 1090 6540 14 248

1251.7 187 655 3410 18 235

1253.2 140 657 2860 20 429

1254.7 491 1405 6170 12 566

1256.2 672 1145 4910 7 307

1257.7 487.5 1340 4865 9 979

1259.2 467 1480 6100 13 062

1260.7 2320 12500 14000 6 034

1262.2 1385 12600 36800 26 570

1263.7 508 1360 7060 13 898

1265.2 313 734 3550 11 342

1266.7 416 872 4330 10 409

1268.2 244 609 2640 10 820

1269.7 358 844 4030 11 257

1271.2 817 1830 9320 11 408

Pd (ppb) Ni (ppm)Cu (ppm) Cu/Pd

Assay depth
(meters)

1210

1215

1220

1225

1230

1235

1240

1245

1250

1255

1260

1265



4020

4030

4040

4050

4060

4070

4080

4090

4100

4110

4120

4130

4140

4150

4160

4170

4180

4190

1225

1230

1235

1240

1245

1250

1255

1260

1265

1270

1275

semimassive sulfide (cpy-rich)
w/ granophiric felsic blobs

fine-grained troctolite(?)

GRB

m. gr. pT-aT

melatroct to u.mafic (almost dunitic) rock
c. gr. to peg T

melatroct to u.mafic

m. gr pT w/ 
dissem sulfides

c.gr.  pT w/ patchy sulfides

mela-troct w/ dissem sulf

heterogeneous aT-pT-melaT

homogeneous T

plagioclase-rich peg patches

c.gr. mafic (ol-rich) patch w/
patchy c.gr. sulfides

plag+px(+ol?) peg 
w/ interstitial sulfides
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grainsize decreases downwards
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w/ deuteric alt
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+deuteric alteration
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Appendix Figure 7.

Geological log and metal concentrations of the mineralized section of drillhole MEX-141
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Pd (ppb) Ni (ppm)Cu (ppm) Cu/Pd

13 051
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Appendix Figure 8.

Detailed geological log and metal concentrations of the mineralized section of drillhole MEX-80

0 5000 10000 15000 20000

Pd (ppb) Ni (ppm) Cu (ppm) Cu/Pd

1226.3 707 1630 4370 6 181

1227.8 346 876 2510 7 254

1229.3 829 1550 4900 5 911

1230.8 528 1210 4030 7 633

1232.2 970 1410 4130 4 258

1233.7 1285 2030 8115 6 315

1235.2 1390 2170 9040 6 504

1236.7 2080 3010 10900 5 240

1238.2 3190 5290 17000 5 329

1239.7 1880 3130 10050 5 346

1241.2 526 1040 3720 7 072

1242.9 933 1560 6150 6 592

1244.7 1420 4140 13050 9 190

1246.2 1115 1800 6990 6 269

1247.4 614 1100 5240 8 534

1248.7 278 835 2210 7 950

1250.2 230 764 1670 7 261

1251.7 128 551 1360 10 625

1253.2 15 281 796 53 067

1254.7 82 331 1770 21 585

1256.2 13 233 463 35 615

1257.7 195 434 2040 10 462

1259.2 66 326 1850 28 030

1260.7 93 121 623 6 699

1262.2 48 109 469 9 771

1263.7 28 130 219 7 821

1265.2 22 69 197 8 955

1266.7 63 127 358 5 683

1268.2 83 152 1040 12 530

1269.6 77 181 620 8 052

1270.8 89 220 962 10 809

1272.0 1 63 366 366 000

1273.4 0.5 30 11 22 000

1275.1 0.5 29 5 10 000

1276.9 2 36 29 14 500

1278.4 4 118 189 47 250

1280.1 22 50 133 6 045

1281.7 5 62 289 57 800

1283.2 5 134 221 44 200

1284.7 1 127 119 119 000

1286.2 1 141 171 171 000

1287.7 2 131 127 63 500

1289.2 2 139 132 66 000

1290.7 2 147 114 57 000

1292.2 1 159 107 107 000

1293.7 1 176 128 128 000

1295.2 49 238 726 14 816

1296.7 279 751 3745 13 423

1298.2 167 529 1950 11 677

1299.7 199 772 1650 8 291

1301.3 19 205 569 29 947

1302.8 25 187 551 22 040

1304.3 59 221 899 15 237

1305.7 52 219 1030 19 808

1307.2 315 1375 1440 4 571

1308.7 147 608 1780 12 109

1310.2 9 210 274 30 444

1311.7 2 175 55 27 500

1313.2 40 226 535 13 375

1314.9 64 288 1070 16 719

1316.5 20 203 403 20 150

1318.1 123 310 2030 16 504

1319.5 11 59 254 23 091

1320.4 0.5 23 18 36 000

1321.3 1 139 106 106 000

1322.3 2 135 139 69 500

1323.7 1 156 122 122 000

1325.2 1 158 98 98 000

1326.7 1 99 121 121 000

1328.2 2 112 74 37 000

1329.7 1 98 95 95 000

1331.2 1 112 161 161 000

1332.7 2 143 62 31 000

1334.2 1 129 74 74 000

1335.7 1 138 72 72 000

1337.2 2 145 125 62 500

1338.7 2 147 60 30 000

1340.2 2 153 102 51 000

1341.7 8 149 167 20 875

1343.2 1 150 86 86 000

1344.7 2 128 95 47 500

1346.2 1 123 139 139 000

1347.7 1 102 159 159 000

1349.2 42 202 434 10 333

1350.7 1 104 124 124 000

1352.2 2 120 168 84 000

1353.7 1 27 46 46 000

1355.2 1 22 80 80 000

f. to m.grained troctolite with 
disseminated sulfides, very 
sparse felsic patches

heterogenerous patches in
augite-troctolite

diss sulf-bearing, m.grained
troctolite (somewhat heteroge-
neous texture)
with thin chloritic veinlets

inclusion of GRB granitoid 
footwall
upper and lower contact is 
diffuse, the inclusion in 
thermally metamorphosed, 
recrystallized and partially 
melted on the margins. 
Sparse qtz veinlets crosscut the 
inclusion. 

fine-grained mafic rock

K-fspar porphyritic qtz-monzonite
(GRB footwall unit)

very fine-grained, dark grey to 
greenish black, contaminated 
rock, probably noritic in 
composition with abundant 
clinopyrixene porphyries and 
felsic patches. 
Probably a very early mafic 
intrusive phase, preceding the 
emplacement of the main 
mineralized intrusion. 

Contains traces of disseminated 
sulfides. 

heavily metamorphosed, migmatized 
GRB granitoid

fine-grained dark noritic rock 
with sharp-walled, some places 
weakly sulfide-bearing 
granitoid to aplitic dikes (2-150 
cm thick). 

chlorite-alteration affects 
mostly the mafic phenocrystals 
in the noritic groundmass. 

sharp-walled aplitic dike 
containing a 2 cm xenolith of 
massive sulfide ore

locally chloritized 
fine-grained noritic rock

GRB granitoid footwall rocks
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NotesSulfide 
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depth
(meters)

depth
(feet)

sample numbers

80-6

80-7

80-8

80-11

80-12

80-14

80-15

80-16

80-18

80-19

80-21

80-22

80-23

80-24

80-25



151-3

151-4

151-5

151-7

151-8

151-9

151-10

151-11

151-12

4140

4090

4100

4110

4120

4130

4150

4160

4170

4180

4190

4200

4210

4220

4230

4240

4250

4260

4270

4280

4290

4300

4310

4320

c-grained aT-T w/ disseminated sulfides

miarolitic cavities, dissem sulfides

GRB inclusion with melted halo

fine-grained troctolite on the margin
of GRB inclusion

chlorite-veinlets, ~45°

fe
ls
ic
 
pa
tc
he
s i
n 
pT
 
w/
 
mi
n
or
 

di
ss
e
m 
s
ulf
i
de
s

sharp contact with GRB granitoid footwall

GRB K-fspar porphyritic qtz-monzonite

granitic dike with baundant quartz and hydrous
silicate alteration assemblage, 
minor disseminated sulfides

plag+px+ol+ox peg, no sulfides

granitoid dike with minor disseminated sulfides
+deuteric alteration and c.gr. plag+px+qtz peg

sulfide-bearing felsic intrusion, 
felsic blobs downward

felsic blob w/ dissem sulf. 

heterogeneous 
troctolite with felsic 
blobs, disseminated 
sulfides ( partly 
connected to felsic 
blobs)

c.gr. T w/ dissem. to patchy sulfides

grain size decreases downwards

fine-grained rock with felsic 
contamination (melted footwall
inclusion?)

homogeneous, med-grained barren troctolite

chlorite-veinlets, ~45°

c.gr. to peg heterogeneous
troctolite w/ some chl-amph altered 
patches

felsic dikes, ~45°, disseminated sulfides on the
bottom of main dike

c.grained aT to A, unmineralized, 
w/ some felsic blobs and deuteric halo

1246.8 47 345 383 8 149

1248.3 54 433 340 6 296

1249.8 2 120 96 48 000

1251.4 1 177 74 74 000

1252.9 4 205 159 39 750

1254.4 85 292 1020 12 000

1255.9 1 131 76 76 000

1257.5 1 91 60 60 000

1259.0 10 209 209 20 900

1260.5 46 492 447 9 717

1262.0 547 463 2480 4 534

1263.5 392 484 2240 5 714

1265.1 593.5 792.5 5765 9 714

1266.6 871 1760 8660 9 943

1268.1 963 1050 7570 7 861

1269.6 357 1180 3760 10 532

1271.2 415 1150 4260 10 265

1272.7 649 1540 5520 8 505

1274.2 745 1450 6560 8 805

1275.7 806 1780 6380 7 916

1277.3 506 1340 5220 10 316

1278.8 168 657 1840 10 952

1280.3 391 975 3520 9 003

1281.8 86 530 962 11 186

1283.4 254 490 2480 9 764

1284.9 2 28 34 17 000

1286.4 3 34 70 23 333

1287.9 5 38 65 13 000

1289.5 3 28 42 14 000

1291.0 1 31 6 3 000

1292.5 1 31 52 52 000

1294.0 64 223 1195 18 672

1295.6 35 152 729 20 829

1297.1 48 207 845 17 604

1298.6 53 205 802 15 132

1300.1 22 154 509 23 136

1301.6 17 141 464 27 294

1303.2 10 136 387 38 700

1304.7 26 159 472 18 154

1306.2 25 168 499 19 960

1307.7 14 156 405 28 929

1309.3 5 147 407 81 400

1310.8 8 145 373 46 625

1312.3 16 132 403 25 188

1313.8 62.5 253.5 959.5 15 352

1315.4 108 228 1745 16 157

1316.9 2 26 17 8 500

1318.4 1 24 12 12 000

1319.9 2 28 33 16 500

1321.5 87 143 1095 12 586

Pd (ppb) Ni (ppm) Cu (ppm) Cu/Pd

0 5000 10000 15000 20000

Pd (ppb) + Ni (ppm) + Cu (ppm)

Appendix Figure 9.

Geological log and metal concentrations of the mineralized section of drillhole MEX-151
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depth
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