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Abstract 

The Maturi Cu-Ni-PGE deposit occurs along the basal zone of the SKI where it is in contact with 

granitic rocks of the Archean Giants Range Batholith (GRB) composed of plagioclase rich monzonite to 

monozodiorite.  Generally Cu-Ni-PGE-enriched sulfides are disseminated throughout a 50-150m-thick 

basal mineralized zone (BMZ) and locally may be semi-massive to massive sulfide.  Several researchers 

have noted significant sulfide disseminated to massive sulfide mineralization resultant from S originating 

from the BMZ.  The mechanism of mineralization was unconfirmed.  The goal of this study is to 

determine the mechanism of mineralization using petrography, traditional lithogeochemical analysis, and 

isocon geochemical modeling.  

Petrographic observations are consistent with pyroxene hornfels metamorphism by the presence of 

charnokites and partial melted indicated by the presence of quartz-feldspar aggregates, mortar texture, 

lattice dislocations in feldspars, and sieve texture in feldspars.  Often those characteristics of partial 

melting are closely associated with magmatic sulfides.  Isocon modeling indicates that incompatible 

elements were lost from the system which is often coincident with the gain in sulfide components based 

on a best-fit isocon of Mg-Mn-Cr.  Petrographic and geochemical lines of evidence are interpreted to 

result from the dense sulfide liquid displacing the less dense partial melt from the GRB thereby 

penetrating into the footwall and resulting in the mineralization of below the Maturi Deposit.   
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1. Introduction 

The development of the 1.1 Ga Midcontinent Rift (MCR) generated voluminous magmatism 

resulting in the extensive flood basalts and sub-volcanic intrusions exposed along the flanks of 

Lake Superior (Miller et al. 2002).  In northeastern Minnesota, the multiple subvolcanic 

intrusions emplaced into the lowest sections of the flood basalt edifice (the North Shore Volcanic 

Group) are collectively known as the Duluth Complex (Fig. 1).  The Duluth Complex is 

commonly subdivided into four series on the basis of age, dominant lithology and internal 

structure:  the Felsic Series, Early Gabbro Series, Anorthositic Series, and the Layered Series.  

The Layered Series is the youngest series and forms the base of the complex where it is in contact 

with Archean and Paleoproterozoic rock (Fig. 1).  The Layered Series is composed of over a 

dozen discrete mafic layered intrusions which are variably differentiated.  Most are dominantly 

composed of troctolitic (plagioclase+olivine) cumulates though some are capped by more evolved 

gabbroic (Pl+Cpx+Ox±Ol) cumulates.  Two intrusions of the Layered Series, the Partridge River 

Intrusion (PRI) and South Kawishiwi Intrusion (SKI) are known to hosts significant Cu-Ni-PGE 

sulfide mineralization (Bonnichsen, 1974; Miller et al., 2002).  Combined, the deposits of the 

basal Duluth Complex constitute the world’s third largest Ni and Cu resource at more than 4.4 

billion tons of ore at roughly 0.5% Cu and 0.15% Ni (duluthmetals.com).  The Maturi deposit of 

the South Kawishiwi Intrusion (Fig. 1), currently being evaluated by Twin Metals Minnesota 

LLC, is the focus of this study.   

The Anorthositic Series of the Duluth Complex forms the hanging wall of the Maturi Cu-Ni-

PGE deposit and the footwall is composed of the Archean Giants Range Batholith (GRB) 

(Phinney, 1967).  Generally the sulfides are disseminated throughout a 50-150 m-thick basal 

mineralized zone (BMZ) and locally may be semi-massive to massive (Bonnichsen, 1974).  

Several researchers (Severson, 1993; Peterson, 1997; Hovis, 2003) have noted significant sulfide 

mineralization in the dominantly granitic footwall.  Extensive drilling by Twin Metals Minnesota 
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LLC. since 2006 has shown that the mineralization within the footwall is typically disseminated 

sulfide (mostly chalcopyrite-pyrrhotite-pentlandite as found in the BMZ) and extends as deep as 

100 meters below the basal contact with the SKI (Kevin Boerst, 2013, personal comm.).  While 

sulfur isotope data show that the sulfides in the mineralized granite originated from the same 

source as that in the overlying gabbro (Ripley, 1986; Molnar, 2009), the mechanism by which 

footwall mineralization occurred is unconfirmed. 

 
Figure 1 – Generalized geology of northeastern Minnesota showing main components of the 

Duluth Complex and other Midcontinent Rift-related rocks and older terranes (after 

Miller et al., 2002).  The South Kawishiwi Intrusion (SKI), the Giants Range Batholith 

(GRB), and the Maturi Cu-Ni-PGE deposit area are noted. 

SKI 

Maturi 

GRB 
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The purpose of this study is to evaluate evidence for possible mechanisms by which the 

Giants Range Batholith became mineralized.  Two hypotheses will be evaluated:  

1) Partial melting of the GRB resulting in buoyant exchange of dense magmatic sulfide fluid 

and less dense anatectic melts rising from the GRB.   

2) Hydrothermal fluids emanating from the mineralized gabbro infiltrated the granitoid 

rocks causing metasomatic replacement of silicate mineral by sulfide minerals.   

These two hypotheses will be tested by acquiring petrographic and geochemical data from 

four drill cores from the Maturi deposit that penetrate the gabbro-granite contact and reach below 

the mineralized zone in the granite.  The four drill cores represent variations in different styles of 

mineralization in the gabbro and the granite recognized in recent exploration drilling (Peterson, 

2012).  One core was selected for the extensive occurrence of mineralization in a biotite schist 

enclave within the batholith.  

1.2 Geologic Setting 

The South Kawishiwi Intrusion is part of the Layered Series of the Duluth Complex, which 

is itself the largest exposed plutonic component of the Midcontinent Rift (Fig. 2; Miller et al., 

2002).  The MCR is thought to have been initiated by a mantle plume (Fig. 3) that impacted the 

lithosphere about 1110 Ma (Hutchinson et al., 1990; Nicholson and Shirey, 1990; Cannon and 

Hinze, 1992; Shirey et al., 1993; Heaman et al., 2007).  Impact of the plume may have caused or 

at least was accommodated by crustal extension and was accompanied by partial melting of the 

lithospheric mantle and continental crust generating tholeiitic magmas that range from mafic to 

felsic compositions. Those magmas were generated over about a 30 Ma period from 1115 to 1086 

Ma in which six tectono-magmatic stages have been identified by Miller and Nicholson (2013).  

These stages will be discussed in detail below; however the stage concerning this study is the 
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Main Stage (1101-1094 Ma) when the Anorthositic and Layered Series of the Duluth Complex 

were emplaced.   

The composite intrusions of the Duluth Complex were emplaced into the base of a 5- to 10-

kilometer-thick edifice of dominantly tholeiitic basalt and minor rhyolitic flows of the North 

Shore Volcanic Group (NSVG) (see fig. 1;Green, 2002; Miller and Severson, 2002).  Much of the 

complex intruded along an unconformity between the NSVG and Archean to Paleoproterozoic 

rocks. The general geology of the pre-MCR geology of northeastern Minnesota will first be 

described below.  This will be followed by a more detailed description of the tectono-magmatic 

evolution of the MCR, with special emphasis on the development of the NSVG and the Duluth 

Complex.    

1.2.1 Archean Superior Province and the Giants Range Batholith 

Archean rocks adjacent to the Duluth Complex are the western region of the Wawa 

subprovince located in the southern Superior province of the Canadian Shield (Card and 

Ciesielski, 1986).  The Wawa-Abitibi subprovince consists of granite-greenstone terrranes where 

belts of regionally metamorphosed mafic to felsic volcanics and immature sedimentary rocks are 

intruded by large, multiphase granitic batholiths.  Greenstone belts consist of komatiitic to 

basaltic to felsic volcanics, Algoma-type iron formations, and immature detrital sedimentary units 

that have been regionally metamorphosed to greenschist facies, and locally amphibolite grade.  

The granitic complex of particular interest to this study is the Giants Range Batholith (GRB), as it 

forms the footwall of the northwestern portion of the Duluth Complex where the Cu-Ni-PGE 

Maturi deposit occurs. 

The GRB is the largest exposed granitic batholith in Minnesota stretching about 250 

kilometers between Ely (Fig. 1) and southwest to Grand Rapids (Green et al., 1966; Green, 

1970a; Sims and Viswanathan, 1972). The batholith intruded into supracrustal rocks, which in the 

study area include metavolcanics and iron formation of the Ely Greenstone and metasedimentary 
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rocks of the Knife Lake Group.  Contacts between granitic and supracrustal rocks are generally 

sharp and steeply dipping.  However, contacts between granitic batholiths and greenstone belts 

are often formed by large-scale transcurrent fault zones.  The intensity and grade of thermal 

metamorphism in the country rock decreases with distance from the batholith contacts grading 

from middle amphibolites at the contact to the regional greenschist grade over a distance of 30 to 

60 meters.  Regional metamorphism and deformation in the region resulted from the Algoman (or 

Kenoran) orogeny and is reflected in the GRB by foliation that is sub-parallel to the country rock 

contact and country rock foliation.  U-Pb zircon ages for the GRB set the age of crystallization at 

2.7 Ga (Boerboom and Zartman, 1993), consistent with emplacement during the Algoman 

orogeny and confirming that the GRB is related to other neoArchean granitoids such as the 2689 

Ma Saganaga Tonalite (Corfu and Stott, 1998). 

Sims and Viswanathan (1972) divide the batholith into eastern and western halves, based on 

slightly different compositions and pluton morphology.  The eastern half of the GRB, which is in 

contact with the Duluth Complex, is a compositionally heterogeneous series of small plutons and 

dikes, many with gradational contacts, generally composed of quartz-bearing granitic rocks 

(Green et al., 1966; and Green, 1970; Sims and Viswanathan, 1972).  It is common to find aplite 

or pegmatitic dikes 1-20 centimeters wide as well as slightly less common xenoliths of 

metamorphosed country rock which are usually composed of biotite and amphibole.  Both 

metavolcanic and metasedimentary inclusions of varied size have been observed in the granitic 

intrusives, usually within individual plutons but occasionally present as “selvages” between 

plutons.   

Sims and Viswanathan (1972) described the rocks of the eastern batholith as: “…dominantly 

of medium- or coarse-grained, commonly porphyritic, hornblende-bearing plutonic rocks that 

range in composition from [quartz monzonite] to diorite and are dominantly [quartz monzonite] 

and granodiorite.”  The primary mineral assemblage is plagioclase (oligoclase) + potassium 
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feldspar + quartz + biotite ± hornblende or muscovite with the most common porphyritic phase 

being K-feldspar and occasionally hornblende (Sims and Viswanathan, 1972; Sawyer, 2002).  

Quartz and plagioclase are usually medium-grained and found as groundmass, though 

occasionally plagioclase phenocrysts are observed.  Biotite occurs as non-foliated grains but is 

commonly aligned parallel to foliations defined by feldspars.  Sawyer (2002) noted a secondary 

mineral assemblage of retrograde chlorite, epidote, and muscovite.  Characteristics of regional 

metamorphism are commonly reported in the GRB including “cataclastic” or “mortar” textures 

and foliations with a southeast trend, parallel to foliation in Archean rocks to the north. Several 

workers have noted that the original igneous mineralogy and textures of the granitoids have been 

changed by thermal metamorphism in the vicinity of the SKI contact (Green, 1970; Sims and 

Viswanathan, 1972; Sawyer, 2002; Hovis, 2003).  This attribute will be reevaluated extensively 

in this study.  

1.2.2 Paleoproterozoic Sedimentary Rocks of the Animikie Group 

Paleoproterzoic sedimentary rocks of the Animikie Group unconformably overlie the late 

Archean rocks of the Wawa-Abitibi Subprovince and are interpreted to represent a transgressive 

sequence in a foreland basin during the 1.85 Ga Penokean Orogeny (Peterson and Severson, 

2002).  The Animikie Group is composed of three formations, in ascending stratigraphic order, 

the Pokegama Quartzite, Biwabik Iron Formation, and the Virginia Formation.  The Pokegama 

Quartzite is a thinly to thickly bedded sandstone to argillite that is typically a few meters thick in 

the region of the Duluth Complex, but locally absent (Ojakangas, 1983).  The Biwabik Iron 

Formation varies from thick bedded, grainstone-dominant (cherty-facies) to thin-bedded, fine-

grained (slaty-facies) iron formation and forms the basis for a subdivision into four members – 

lower cherty, lower slaty, upper cherty and upper slaty (Peterson and Severson, 2002).  Overlying 

the Biwabik is the Virginia Formation, a thinly bedded shale/greywacke that is locally rich in 

pyrite.   
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Where the Biwabik and Virginia formations come into contact with the Duluth Complex, the 

rocks are thermally metamorphosed to create dense amphibolite and pyroxene hornfels 

(Bonnichsen, 1968; French, 1968; Severson, 1995; Severson and Hauck, 1990, 1997).  Most 

significantly for the mineralization in the Duluth Complex, pyrite in the Virginia Formation has 

been converted to pyrrhotite.  This conversion is thought to be responsible for the release of 

sulfur that contaminated the Duluth Complex magmas to the point of saturation (Bonnichsen, 

1974; Ripley, 1986; Ripley and Al-Jassar, 1987; Hauck et al., 1997). 

1.2.3 Geology and Tectono-magmatic Evolution of the Midcontinent Rift 

Most of the geology flanking Lake Superior was formed during the development of the 

Midcontinent Rift - a failed Mesoproterozoic (1.1 Ga) intracontinental rift.  Although the full 

2000 km extent of the rift (Fig. 2) is largely buried beneath up to 20 km of Paleozoic sedimentary 

cover, except in the Lake Superior region, it can be delineated geophysically by its gravity and 

magnetic signature.  The Midcontinent Gravity High and its related magnetic signature arcs from 

exposures in the Lake Superior area to the southeast into Lower Michigan and to the southwest as 

far as Kansas.     

The main geologic components of the MCR  (Fig. 2) are 1) thick volcanic sequences 

dominantly composed of flood basalts and lesser rhyolite; 2) subvolcanic intrusions of gabbroic, 

anorthositic, and felsic rocks, as well as minor alkaline and ultramafic intrusions, and 3) pre-, syn, 

and mostly post-volcanic sedimentary sequences of conglomerates, sandstones, and shales.  The 

strataform volcanic and sedimentary rocks are collectively grouped into the Keweenawan 

Supergroup and subdivided into groups, sequences, and formations (Morey and Green, 1982, 

Green, 2002).  The volcanic rocks exposed along Minnesota’s shoreline of Lake Superior are 

termed the North Shore Volcanic Group (Green, 1972).  All intrusive rocks associated with the 

MCR are grouped into the Midcontinent Rift Intrusive Supersuite and subdivided into complexes 

and individual intrusions (Miller et al., 2002).  MCR-related intrusive rocks in northeastern 
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Minnesota (Fig. 1) are grouped into the Duluth Complex, the Beaver Bay Complex, and 

miscellaneous intrusions that were emplaced into both pre-MCR and NSVG rocks (Miller et al., 

2001).  

 

 
Figure 2 - Geology of the Midcontinent Rift exposed around Lake Superior. Major volcanic and 

intrusive units and buried pre-MCR crustal blocks are labeled (from Miller and 

Nicholson, 2013) 

 

Correlating the lithostratigraphy, chemostratigrapy and chronostratigraphy of the various 

volcanic and intrusive suites in the Lake Superior region (Fig. 2), a tectono-magmatic model for 

the MCR (Fig. 3) has recently been updated by Miller and Nicholson (2013).  They break up the 

evolution of the MCR into six stages spanning 75 Ma. 

Stage I (1115-1110 Ma) – Plume Impact: The MCR is thought to have been initiated by the 

impact of a starting mantle plume with the base of the lithosphere.  The impact of a starting 
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plume head would have caused doming of the crust (Campbell and Griffiths, 1990).  This 

doming caused fracturing allowing deep mantle magmas to rapidly rise to the surface and 

erupt primitive (picritic) lava flows.  Although picritic basalts are found at the base of most 

volcanic sequence (Nicholson et al., 1997), they are minor in volume and their ages are 

unknown.   Miller and Nicholson (2013) speculate that the paucity of early primitive 

volcanics may be due to their erosion from the crustal bulge. The main evidence for 

magmatism at this early stage comes from a number of small ultramafic intrusions of this 

age in the Thunder Bay area (Heaman et al., 2007).  These small intrusions would have 

likely served as feeders to early rift volcanics.   

Stage II (1110-1105 Ma) – Early Stage Volcanism:  The earliest volcanics exposed in the Lake 

Superior region are noted for their reversed magnetic polarity and U-Pb ages that cluster 

between 1109 and 1106 Ma.  Geochemically, the volcanics show a rapid progression 

upsection from initially primitive, uncontaminated plume melts to variably evolved 

compositions that show increasing evidence of crustal interaction (e.g., negative εNd, 

increased Th and U concentrations, occurrence of rhyolites).  This progress in interpreted to 

indicate the onset of underplating of mantle melts in the lower crust.   Stage III (1105-1101 

Ma) – Mafic Hiatus Period: This stage is characterized by a rift-wide lack of mafic 

magmatism and only localized felsic volcanic activity.  Miller and Nicholson (2013) have 

speculated that this represents a period a widespread entrapment of mantle melts at the 

Moho due to partial melting of the crust above a growing mafic underplate.  The generation 

of anatectic melts created a rheological and density barrier that prevented dense mafic melts 

from rising through the crust.  At lower crustal pressures, it is likely that plagioclase was 

buoyant in the mafic magmas of the underplated region, which resulted in flotation 

cumulates of anorthosites, and settled ultramafic cumulates.  It is also speculated that the 
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restriction of magmas to the lower crust created a decoupling of the lower ductile crust and 

the upper brittle crust such that all dilation was taken up by the lower crust.  

Stage IV (1100-1094 Ma) – Main Stage Magmatism: Over 50 % of the volcanic and intrusive 

rocks exposed in the Lake Superior region were emplaced into a well-developed and rapidly 

subsiding graben between 1100 and 1094 Ma, a period of normal magnetic polarity.  For the 

Duluth Complex, in particular, more than 80 % of its intrusions were emplaced between 

1100 and 1098 Ma  
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Figure 3 - Tectono-magmatic evolution of the Midcontinent Rift (From Miller and Nicholson, 

2013) 

 

 

 

(Hoagland, 2011).  Miller and Nicholson (2013) suggest that density clarification of the 

lower crust caused by anatectic melting allowed large volumes of mafic magmas to escape 

from the lower crustal chambers and the mantle plume.  Although the magmas rising to the 

upper crust were variably differentiated from primitive magmas, the mature crustal 

plumbing system developed by this time isolated these magmas from further crustal 

contamination.  Volcanism in the later parts of the Main Stage gradually becomes less 

evolved.   

Stage V (1094-1080 Ma) – Waning Volcanism: As magmatism decreased, subsidence of the rift 

evidently continued, resulting in the interceding of classic sediments (Oronto Group) and 

generally evolved volcanics during this final magmatic stage of the rift.  The waning of 

magmatic activity likely represents the depletion of the thermal energy of the plume head 

and the detachment of the head from the plume tail. 

Stage VI (1080-1040 Ma) – Rift Inversion:  The present reversed displacement along what were 

originally normal graben-bounding faults (Fig. 2) is dated to have begun around 1080 Ma 

which corresponds with the onset of active compression of the Grenville orogen along the 

eastern margin of the North American (Laurentian) continent (Cannon, 1994).  The reverse 

faulting created a central horst up along the western arm of the MCR.  Sediments were shed 

off of the horst into flanking basins to form the Bayfield Group (Fig. 2). 
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1.2.4 North Shore Volcanic Group 

Rift-filling volcanics and interflow sedimentary rocks exposed along Minnesota’s north 

shore of Lake Superior are collectively known as the North Shore Volcanic Group (NSVG; 

Green, 1972).  Although locally disrupted by intrusions, the NSVG flows and sedimentary units 

generally dip gently toward the axis of the MCR situated in the center of Lake Superior (Fig. 2). 

The strike of the flows transitions from northerly at the southwest end of the lakeshore to easterly 

at the northeastern extent of NSVG (Fig. 4).  As such, the base of the NSVG section is exposed in 

the vicinity of Duluth and near the Canadian border and the top of the section is exposed mid-

shore near the town of Tofte.   

 

Figure 4 - Exposure areas of the NSVG in northeastern Minnesota showing its subdivision into 

limbs and sequences based on stratigraphy and polarity (N-normal, R-reversed; after 

Green, 2002).  
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The two stratigraphic sections of the NSVG exposed along the north shore are termed the 

southwest limb and the northeast limb, with each limb further subdivided into five stratigraphic 

sequences (Fig. 4).  The lower sequences of each limb are composed of reversely polarized flows, 

while the upper sequences are composed of normally polarized flows.  A capping sequence of 

flows, also normally polarized, occurs between Little Marais and Grand Marais and is termed the 

Schroeder-Lutsen basalts.  These stratigraphically highest flows rest unconformably on the upper 

NSVG sequences.  The cumulative stratigraphic thicknesses of the two limbs are significantly 

different with the stratigraphic section of the southwestern limb being about 10 km thick, whereas 

the northeastern limb stratigraphic section is about 6.5 km (Fig. 5).    

The lithostratigraphy of the two limbs of the NSVG (Fig. 5) has two notable characteristics.  

One is that the stratigrahic variability of lava compositions is somewhat random and the other is 

that the lithostratigraphies of the two limbs do not obviously correlate.  One major distinction 

between the two limbs is that rhyolite composes about 25 % of the northeastern limb and less 

than 10 % of the southwest limb (Green, 1972).  This lack of correlation lead Green (1972, 2002) 

to conclude that the two limbs evolved independent of each other in separate basins of 

accumulation.  This interpretation is consistent with the existence of two gravity highs adjacent to 

each limb.  The gravity low separating the two highs has been interpreted to be a pre-MCR crustal 

ridge (Schroeder-Forest Center (SFC) crustal block in Figure 2) composed largely of eastward 

projection of the Giants Range Batholith (Miller and Chandler, 1997; Peterson and Severson, 

2002).       

Another noteworthy characteristic of the NSVG is the time gap evident in the northeastern 

limb.  U-Pb zircon ages of volcanics straddling the upper (normal polarity) and lower (reversed 

polarity) sequences span about 7 Ma (1107.6 ± 2.5 to 1100.5 ± 1.9 Ma); yet these flows are 
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separate by less than 500 m within a 6500 km stratigraphic section (Fig. 5).  This diminishment of 

volcanic activity corresponds to the mafic hiatus stage (Stage III, Fig. 4).   

 

Figure 5 - Lithostratigraphy and chronology of the North Shore Volcanic Group (modified from 

Davis and Green, 1997). 

 

1.2.5 Beaver Bay Complex and Related Hypabyssal Intrusions 

Emplaced within the medial sections of the NSVG are a series of hypabyssal intrusions that 

range from mafic to felsic (Miller and Chandler, 1997; Miller and Green, 2002).  The greatest 

concentration of intrusions occurring along the midsection of the north shore between Split Rock 

Point and Grand Marais is called the Beaver Bay Complex (Fig. 6).  It consists of at least 13 

individual intrusions ranging in composition from mafic to intermediate to felsic.  The intrusions 

are generally smaller than those of the Duluth Complex and, with the exception of the Sonju Lake 

Intrusion and the Houghtaling Creek troctolite (SLI and HCT, Fig. 6), show little to no evidence 

of in-situ differentiation.  Their higher stratigraphic level of emplacement, smaller intrusion 
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volumes, and lack of internal differentiation distinguish the Beaver Bay Complex intrusions from 

the deeper Duluth Complex. 

 

Figure 6 - Geology of the Beaver Bay Complex and related miscellaneous intrusions emplaced 

into the medial section of the NSVG (from Miller et al., 2002).  

 

 

Like the NSVG, the Beaver Bay intrusions change their character where they cross the 

Schroeder-Forest Center crustal ridge (SFC, Fig. 2) southwest and northeast of the ridge; 

intrusions are a mix of dikes and subconformable sheets within the volcanics. As the mafic 

intrusions cross the ridge, they cluster in a tight collection of composite dikes.  Miller and 

Chandler (1997) interpreted this clustering to indicate reuse of one of the only conduits to have 

breached the granitic crustal ridge.    
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Another distinguishing feature between intrusions of the Beaver Bay and Duluth complexes 

is their ages of emplacement.  U-Pb zircon ages from layered and anorthositic series intrusions of 

the Duluth Complex are consistently in the range of 1099-1098 Ma whereas ages from the Beaver 

Bay Complex tend to cluster at 1096 Ma (Paces and Miller, 1993; Hoagland, 2010).  The 

exception to his is a 1098.62  ± 0.5 Ma age for the Houghtaling Creek troctolite of the Beaver 

Bay Complex, implying contemporaneous emplacement of early Beaver Bay Complex and 

Layered Series intrusions (Hoagland, 2010).   

1.2.6 Duluth Complex 

The Duluth complex of northeastern Minnesota is one of the largest composite mafic 

intrusions in the world, covering nearly 5000 km
2
 over an arcuate trend extending from Duluth 

nearly to Grand Portage.  More than a century of geologic mapping and research in the Duluth 

Complex were summarized in 1:200,000 scale geological map (Miller et al., 2001) and 

companion report (Miller et al., 2002).  In the latter report,  Miller and Severson (2002, p. 109) 

define the Duluth Complex as a “more or less continuous mass of mafic to felsic rocks consisting 

of multiple discrete intrusions which crystallized from tholeiitic magmas and were emplaced 

between Archean and Paleoproterozoic footwall rocks with the North Shore Volcanic Group 

comprising the hanging wall”.  U-Pb zircon ages bracket emplacement of the complex between 

1108 and 1098 Ma (Paces and Miller, 1993; Davis and Green, 1997; Vervoort et al., 2007; 

Hoaglund, 2010).  Intrusive rocks of the Duluth Complex have long been subdivided into one of 

four series based on dominant lithology, internal structure, and age (Weiblen and Morey, 1980; 

Miller et al, 2002): Felsic Series, Early Gabbro Series, Anorthositic Series, and Layered Series.   

1.2.6.1 Felsic Series.  Emplacement of the Duluth Complex begins in the Early Magmatic Stage  

of the MCR (Stage II, Fig. 2) at about 1109 Ma (Miller and Severson, 2002).  Based on field 

relationships and geochronology, some of the first intrusions into the lower reversed polarity 
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sequences of the NSVG are granophyre bodies collectively termed the Felsic Series.  This series 

is comprised of a semi-continuous group of discrete massive granophyre bodies that occur along 

the roof zone of the Duluth Complex (Fig. 1).  They tend to be considerably resistant compared to 

the mafic intrusions and subsequently make up topographic highs in the region.   

Compositionally, the granophyre intrusions are leucogranites that locally grade into 

ferromonzonites and ferromonzodiorites.  They are distinctive from orogenic granite by 

displaying a distinct orange-red color and micrographic intergrowths of feldspar and quartz.  

Their bold orange-red color has resulted in granophyres being given the name “red rock” by early 

researchers (e.g. Grout, 1918).  Most of the intrusions strike northeast except for the eastern most 

intrusions which trend east towards the lake.   

Based on near chondritic to slightly negative εNd values, Vervoort and Green (1997) 

suggested that the Felsic Series magmas are derived from partial melting of older rift-related 

material to more likely Paleoproterozoic lower crust.  These felsic intrusions are some of the 

earliest in the complex with crystallization ages ranging from 1109.4 ± 5.1 Ma to 1106.0 ± 4.8 

Ma (Vervoort et al., 1997). Contact relationships between other Duluth Complex rocks vary.  The 

Early Gabbro Series is often in gradational contact due to partial melting and assimilation of the 

“red rock” by the hot gabbros (Miller et al., 2002), whereas Anorthositic Series rocks are usually 

chilled against the granophyres (Davidson, 1972). 

1.2.6.2 Early Gabbro Series.  The gabbros at the base of the eastern prong of the Duluth Complex 

(Fig. 1) were first recognized to be early intrusions by their reversed magnetic polarity (Nathan, 

1969; Phinney, 1972).  Two intrusions are generally recognized to belong to the Early Gabbro 

Series –the Poplar Lake intrusion, first mapped in detail by Nathan (1969), and the Cucumber 

Lake gabbro, which has only been reconnaissance mapped by Babcock (1959) .  The two 

intrusions are generally composed of gabbroic cumulates with variations between troctolite and 

ferrogabbros.   
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A U-Pb zircon age for the Poplar Lake of 1106.9 ± 0.6 Ma (Paces and Miller, 1993) and the 

overlying Misquah Hills granophyre (1106.0 ± 4.8 Ma; Vervoort et al., 2007) are irresolvable, but 

the field relationships indicate that the Poplar Lake intrusion underplated the granophyre.  A 

narrow interval of intermediate rocks occurs at the contact between the Poplar Lake intrusion and 

Misquah Hills granophyre, which is interpreted as a zone of partial melting of the granite and 

assimilation by the gabbro.  Entrapment of mafic magmas beneath low density rocks such as 

granophyre bodies and rhyolite flows appears to be a common phenomenon throughout the MCR 

rocks in northeastern Minnesota (Miller et al., 2002). The western margin of the Poplar Lake 

intrusion is cut by the Tuscarora intrusion (Costello, 2010), which is part of the Layered Series 

with an age of 1098.8 ± 0.3 Ma (Hoaglund, 2010).  The 6-7 Ma gap between emplacement of 

Felsic and Early Gabbro Series and Layered Series intrusions is consistent with the time gap 

observed in the volcanic rocks of the MCR and corresponds to the Mafic Hiatus Stage of the 

MCR (Fig. 3).     

1.2.6.3 Anorthositic Series.  Miller and Severson (2002) describe the Anorthositic Series as 

dominantly “a structurally complex suite of medium- to coarse-grained plagioclase-rich 

cumulates…” The anorthositic modal rock types in this series include anorthosite, olivine 

gabbroic anorthosite, troctolitic anorthosite, gabbroic anorthosite, olivine leucogabbro, and 

leucotroctolite.  Oxide olivine gabbro to leucogabbro are also locally common components of the 

Anorthositic Series (Miller and Severson, 2002).  Rocks of this series have been mapped along 

the entire extent of the complex (Fig. 1) and are lithologically heterogeneous regionally and at 

outcrop scale.  Plagioclase varies in mode from 65-90 %, is always subhedral granular (i.e. 

cumulus) in habit, and often well foliated.  Olivine ranges from poikilitic (oikocrysts up to 15 cm) 

to anhedral granular while augite and Fe-Ti oxide are always interstitial.  Modal mineral 

proportions, grain size, and crosscutting relationships can vary from outcrop to outcrop making 

discerning individual intrusions difficult. 
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Contact relationships with the Early Gabbro and Felsic Series is usually sharp and somewhat 

chilled, which is consistent with the five U-Pb (Pb 
206

/Pb
207

) dates from the Anorthositic Series 

giving ages between 1099.3 ± 0.3 Ma to 1098.6 ± 0.5 Ma (Paces and Miller, 1993; Hoaglund, 

2010), about 7 Ma younger than the previous two intrusive series. This indicates that the 

Anorthositic Series was emplaced early in the Main Stage and after the Mafic Hiatus Stage of the 

MCR (Fig. 3).    

Miller and Weiblen (1990) suggested that the series was multiply intruded as crystal mushes 

of basaltic magmas physically enriched in plagioclase crystals from lower crustal staging 

chambers where plagioclase would have been buoyant (e.g. the underplate shown in Fig. 3).  

Despite evidence for multiple emplacements, U-Pb geochronology over much of the Anorthositic 

Series yielded nearly identical age dates suggesting rapid intrusion of the series followed 

immediately by emplacement of Layered Series intrusions (Paces and Miller, 1993; Hoaglund, 

2010). 

1.2.6.4 Layered Series.   

The Layered Series is composed of at least 11 distinct mafic layered intrusions which all 

exhibit variable degrees of differentiation (Miller and Severson, 2002).  Although Layered Series 

intrusions yield U-Pb zircon ages that irresolvable from Anorthositic Series ages (Paces and 

Miller, 1993; Hoaglund, 2010), field relations show that emplacement of Layered Series 

intrusions succeeded those of the Anorthositic Series.  With the exception of a few intrusion that 

are completely enveloped in Anorthositic Series, Layered Series intrusions typically were 

emplaced beneath the Anorthositic Series and makes up the base of the complex where it is in 

contact with the Archean and Paleoproterozoic footwall (Fig. 1).  The Layered Series intrusions 

are mostly sill-like or sheet-like bodies that vary from two to four kilometers thick and dip gently 

southeast towards the rift axis.  Some exceptions are the funnel-shaped Bald Eagle intrusion and 

the north-dipping Wilder Lake intrusion.   
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The Layered Series intrusions generally follow the typical crystallization sequence for 

tholeiitic magmas where only olivine or olivine and plagioclase are the first cumulus phases to 

crystallize forming troctolitic cumulates. At intermediate degrees of differentiation, 

clinopyroxene and Fe-Ti oxide become saturated phase, resulting in a 3- to 4-phase gabbroic to 

olivine gabbroic cumulates (Pl+Aug+Ox±Ol).  Some intrusions display advanced stages of 

magmatic differentiation where apatite becomes a cumulus phase and ferromagnesian minerals 

become very iron-rich (e.g., Layered Series at Duluth; Miller and Severson, 2002).  Interestingly, 

the troctolite-dominated South Kawishiwi intrusion displays neither intermediate nor advanced 

stages of differentiation.  

Miller and Ripley (1996) speculate that Layered Series intrusions were tapped from the 

same lower crustal magma chambers that gave rise to  the Anorthositic Series.   They suggest that 

buoyant plagioclase was evacuated from the top of deep-seated chambers to generate the 

plagioclase crystal mushes that were initially emplaced into the Duluth Complex to create the 

Anorthositic Series.  Subsequent evacuations of the lower crustal chamber resulted in a 

plagioclase-depleted magma being tapped.  These magmas, being denser than earlier emplaced 

plagioclase-rich mushes, intruded as discrete intrusions just below the Anorthositic Series, and 

begin to differentiate along a tholeiitic trend evolving to the Layered Series.   

Within two of the basal Layered Series intrusions, the South Kawishiwi and the Partridge 

River intrusions, extensive Cu-Ni-PGE-enriched sulfide mineralization is present at or near the 

footwall contact.  Mineralization is generally low grade (average 0.66% Cu, 0.2% Ni, with 

variable PGE), but the tonnages associated with the deposits are considerable (Listerud and 

Meineke, 1977; Eckstrand and Hulbert, 2007) .  Current estimates are more than 4.4 billion tons 

of ore above 0.5% Cu cutoff (duluthmetals.com, 2012).  Style of the mineralization is dominantly 

disseminated sulfide, but local occurrences of semi-massive and massive sulfide are present near 

the basal contact.   Sulfur isotopic data indicate that the source of the sulfur is dominantly from 
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pyrite-bearing Animikie group footwall rocks, though Archean greenstone sources may have 

contributed S as well (Ripley 1986; Ripley and Li, 2009).   

1.2.7 South Kawishiwi Intrusion 

The South Kawishiwi Intrusion is a poorly differentiated layered mafic intrusion that is part 

of the Layered Series and forms the northwestern margin of the Duluth Complex.  As shown in 

Figure 7, the SKI is exposed over a northeast-trending area that is 8 kilometers wide by 32 

kilometers long.  It is a three to four kilometer-thick sheet that dips gently (15- 25) southeasterly 

towards the MCR axis (Fig. 7).  The Giants Range Batholith forms the footwall along most of the 

SKI, though in the south, the Biwabik Iron Formation and some minor Virginia Formation form 

the immediate footwall.  Hanging wall rocks are either the Anorthositic Series or the semi-

conformable and slightly younger Bald Eagle Intrusion.   

The SKI is almost exclusively composed of troctolitic cumulates with variable amounts of 

ophitic clinopyroxene and subpoikilitic Fe-Ti oxide (Miller and Severson, 2002).  The intrusion 

has been subdivided into multiple stratigraphic units based on subtle changes in modal rock 

compositions and textures.  Inclusions of Anorthositic Series rocks are common in the SKI with 

some being several kilometers in length.  On the M-119 map (Fig. 7), Miller et al. (2001) denoted 

five main units based on previous mapping by Green et al. (1966), Phinney (1967), Bonnichsen 

(1971), Morey and Cooper (1977), and Foose and Cooper (1978):   
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Figure 7 – Geology of the South Kawishiwi Intrusion as portrayed on map M-119 (Miller et al., 

2001). The SKI units are labeled as skcz, skat, skpt, sktr, and skta, and are described in 

the text. Bald Eagle intrusions are betr and begb.  Anorthositic Series units are shown in 

blue.  Outlined in red and labeled are Cu-Ni-PGE deposits located in the SKI. 

 

skcz - basal contact zone composed of a modally and texturally heterogeneous mix of gabbro, 

           troctolite, and norite that are all sulfide-bearing 
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skat - subophitic to ophitic augite troctolite  

slpt - poikilitic leucotroctolite with olivine oikocrysts  

sktr - ophitic troctolite 

skta - homogenous troctolite unit with common anorthositic inclusions 

Miller, Severson, and Foose (2005) published a more detailed (1:24,000) map of the 

southern part of the SKI in the Babbitt SE 7.5” quadrangle that further subdivides the troctolitic 

units shown in Figure 7.  Units skat and sktr are split into six units based on the mode and texture 

of augite and Fe-Ti oxide and the abundance of anorthositic and basaltic hornfels inclusions.   

A much more detail stratigraphy of the lower kilometer of the SKI was delineated by 

Severson (1994) based on extensive relogging of exploration drill core and is discussed in more 

detail in the next section.  The column presented in Figure 8 is an idealized stratigraphic section 

of the Birch Lake, Maturi, and Spruce Road deposit areas developed through extensive core 

logging by Severson (1994) and Zanko et al. (1994). 

Most workers on the SKI explain the monotonous sequences of troctolitic cumulates as the 

result of multiple pulses into an open magma chamber that formed by delaminating the 

Anorthositic Series from the footwall (Severson, 1994; Peterson, 2001; Miller and Severson, 

2002; White, 2011).  Although the footwall of the SKI in its northern half is the Giants Range 

batholith (Fig. 9) , the abundance of inclusions of Animikie Group sediments throughout the basal 

units of the SKI indicate that Paleoproterozoic sedimentary rocks were resting on Archean rocks 

when the SKI was emplaced.  

1.2.8 Mineralization in the South Kawishiwi Intrusion 

Mineralization of the South Kawishiwi intrusion is restricted to the lower units identified by 

Severson (1994); those being the BAN, BH, U3, and rarely PEG (Fig. 8).  While restricted to 

these units in the vertical sections, mineralization along the footwall contact is considerably 

pervasive with sulfides identified from the northernmost Spruce Road deposit to the southernmost 
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point of the SKI where it slices across the northeast end of the Partridge River Intrusion at the 

Serpentine deposit (Fig. 7 Deposits; Miller et al., 2002).  There are several areas along the basal 

contact where sulfide concentration reaches economic or near economic grades and thus would be 

considered to be deposit areas.  From north to south, the SKI deposits are Spruce Road, South 

Filson Creek, Maturi, Birch Lake, Dunka Pit and Serpentine (see figures 7 and 10). Grades, 

mineralization style, mineralogy, and rock type vary between each deposit. 

 

Figure 8 - Idealized lithostratigraphy of the SKI in the Birch Lake, Maturi, and Spruce Road 

deposit areas (Fig. 7). Modified from Severson (1994) and Miller and Severson (2002). 
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Duluth Metals Ltd (duluthmetals.com, 2012). consolidates all the mineralized units of 

Severson (1994) into one unit they call the basal mineralized zone (BMZ; equivalent to unit skcz 

in Fig. 7).  This unit contains 1 - 5% dominantly disseminated sulfides that occur interstitially to 

cumulate plagioclase and olivine (Miller et al., 2002; White, 2010).  The typical sulfide mineral 

assemblage is pyrrhotite (Fex-1S), chalcopyrite(CuFeS2), cubanite (CuFe2S3), and pentlandite ((Fe, 

Ni)9S8).  Occurrences of talnakite (Cu9(Fe, Ni)8S16), bornite (Cu5FeS4), and millerite (NiS) are not 

uncommon with talnakite often present as discrete grains in sulfide-rich areas or as exsolution 

lamellae in coarse chalcopyrite.  Figure 9 is taken from an unpublished PowerPoint presentation 

given by Feri Molnar at a national Geological Society of America meeting (Molnar et al. 2009) 

showing the variation in mineralized and unmineralized rock types found at the Maturi Deposit.  

The BMZ unit is inconsistent from drill hole to drill hole with seemingly random variations in 

sulfide mode, Cu-Ni ratio, grain size, texture, and unit thickness (Severson, 1994; Peterson, 

2012).  Massive sulfide occurrences have been locally observed and are usually at or just below 

the contact with the Giants Range Batholith.  
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Figure 9 - Rock types and styles of mineralization found in the basal section of the SKI in the 

Maturi deposit. The purple unit would be considered the basal mineralized zone defined 

by Duluth Metals Ltd. Unpublished figure from Molnar et al. (2009) PowerPoint 

presentation.  
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Figure 10 - Deposit areas of the SKI showing indicated and inferred mineral resource areas and 

future exploration targets of Twin Metals Minnesota’s LLC mineral leases. Image from 

Duluth Metals website (duluthmetals.com, 2013). 
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1.2.8.1 Maturi Cu-Ni-PGE Deposit.   

The Maturi deposit, which is currently under lease by Twin Metals Minnesota LLC. 

(TMM), is located in the north-central area of the South Kawishiwi intrusion (Fig. 10) and is 

made up of a combination of INCO’s original Maturi deposit, exposed adjacent to the basal 

contact, and their down-dip Maturi Extension targets.  The Maturi Extension was heavily drilled 

by TMM from 2007 to the present and has greatly expanded the resource estimate of the 

expanded Maturi deposit.   

As found in other SKI deposits, sulfide mineralization is restricted to the BMZ and in the 

footwall granitoids of the Giants Range Batholith (GRB).  Much of the intrusion above the BMZ 

is a coarse-grained augite troctolite composed of plagioclase-olivine cumulates with ophitic 

clinopyroxene (Severson, 1994; White, 2010).  Just below the mass of troctolite is commonly the 

PEG unit, which is a pegmatitic augite troctolite or anorthositic troctolite and varies significantly 

in thickness from less than one foot to nearly 100 feet.  Rarely is the PEG mineralized; however, 

when mineralized the sulfides are extremely coarse.  PEG (when present) is considered by 

Peterson (2012) to be the upper contact of BMZ (White 2010).  The BMZ varies in rock type 

from melatroctolite to augite/leucotroctolite and spans from very fine grained to pegmatitic.  

Local noritic compositions are not uncommon, especially along the footwall where siliceous 

partial melts of GRB contaminated the SKI magma.   

The presence of a large anorthositic series inclusion found above the Maturi deposit has 

been suggested by White (2010) and Peterson (2013) to be a significant factor controlling 

mineralization.  The inclusion is directly above much of the Maturi deposit and is 4 km in length, 

2.4 km wide, and nearly 1 km thick (Severson, 1994).  Outcrops mapped by Phinney (Green et 
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al., 1966) of anorthositic inclusions have now been combined to be surface expressions of this 

large block.   

The Maturi deposit is one of the largest Cu-Ni-PGE deposits in the Duluth Complex.  

Indicated resource estimate tonnages are on the order of one billion tons at 0.59 % Cu, 0.19 % Ni, 

and 0.6 ppm precious metals (Duluth Metals Ltd. Website).  This estimate does not include the 

other deposits (Spruce Road and Birch Lake) owned by Twin Metals LLC.  The ore is distributed 

in a sheet-like fashion roughly paralleling the basal contact.  The ore zone is generally less than 

200 meters thick and is very often “top-loaded” with the highest grades (up to 1.8 % CuEQ) at the 

top of the ore body and lower grades (up to 1% CuEQ) at the base (Peterson, 2012).  One 

important item to note is that the ore body is heterogeneous; therefore, ore grades may be locally 

much higher or lower than estimates suggest.  The “top-loaded” nature of Maturi is typical of 

Peterson’s (2008) confined mineralization model. 

1.2.8.2 Footwall Mineralization at Maturi.   

Mineralization within the Giants Range Batholith (Fig. 9) is dominantly disseminated with 

local occurrences of massive (Fig. 11) to semi-massive sulfides (Bonnichsen, 1974; Sims and 

Viswanathan, 1972; Severson, 1994; Peterson, 2001; Sawyer, 2002; Hovis, 2003, Molnar, et al, 

2009).  Sulfides are normally uncommon in the GRB but seem to be considerably more abundant 

where the GRB makes up the footwall of the mineralized mafic rocks of the Maturi Deposit.  

Usually footwall mineralization is low grade with total sulfide between 0.25 and 0.5 %.  

Occurrences of massive and heavily disseminated sulfides have been observed in some drill core 

(Severson, 1993; Peterson, 2001; White, 2010).   
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Figure 11- Photograph of massive sulfide occurrence at the contact of the SKI and GRB.  

Chalcopyrite mantled by pyrrhotite and pentlandite is interpreted to represent sulfide 

fractionation. (from White, 2010) 

 

Disseminated sulfides are the predominant form of mineralization in the granitic footwall.  

Disseminated sulfides have been observed at depths greater than 100 m below the SKI contact 

and are typically hosted in granitoids that appear to have been affected by intense thermal 

metamorphism and possibly partial melting (, Severson, 1994; Peterson, 2001; Hovis, 2003).  The 

disseminated sulfides are dominantly chalcopyrite with lesser bornite and pyrrhotite; however, 

along the margins of mafic enclaves or aplite dikes, pyrrhotite is more common (Kevin Boerst, 

2013 pers. comm.).  Rarely does chalcopyrite occur as clots within otherwise barren and 

unaltered GRB.  Massive and semi-massive sulfide occurrences in the granite are not uncommon, 

especially within 10 meters of the SKI contact (White, 2011).  The sulfides tend to occur between 
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mineral grains and occasionally dispersed within feldspars Peterson (2012).  When present along 

grain boundaries, there is often close association of sulfides and fine-grained aggregates of 

undeformed quartz and feldspar, which both Sawyer (2002) and Hovis (2003) interpreted as 

partial melts.  Occurrences of disseminated sulfides are usually low grade averaging less than 0.1 

% Cu and negligible Ni.  Localized occurrences of heavily disseminated mineralization can reach 

grades of 0.9 % Cu, 0.2 % Ni, and 0.8 ppm PGE (Peterson, 2013, pers. comm.). 

Occurrences of massive sulfides in the granitic footwall have been described by Severson 

(1994), , Peterson (2001), Sawyer (2002), Hovis (2003), White (2010), andPeterson (2012).  

Massive sulfides occur in two environments associated with the GRB; at the contact between with 

the SKI and within one to tencm-wide veins as much as 30 meters below the footwall.  When at 

the contact, massive/semi-massive sulfide is pyrrhotite-dominated with a low Cu/Ni ratio of 0.5 

(average grade 0.37 % Cu, 0.19 %, Ni 0.5 ppm PGE; Peterson, 2012; Peterson, 2013, pers. 

comm.).  Peterson (2001, 2012) and White (2010) attempted to explain these Ni-rich, massive 

sulfide occurrences by suggesting that the sulfides were entrained along structures in along the 

“surface” of the footwall, a similar situation than that observed in the Local Boy locality in the 

Mesaba deposit of the Partridge River intrusion (Severson, 2013).  Pooling of sulfide liquid at the 

contact due to existing structures could allow for sulfide fluid to penetrate into the footwall as 

suggested by Hovis (2003), resulting in vein-like occurrences of sulfide.  On occasion, sulfides 

have been observed in coexistence with quartz-feldspar rich veins, which Sawyer (2002) 

suggested may be partial melts.  Below the contact, semi-massive to massive sulfide occurrences 

are restricted to narrow veins and may be Ni-rich (pyrrhotite-dominant) or Cu-rich (chalcopyrite-

dominant).  Ni-rich occurrences are usually within a few meters of the contact with the gabbro 

while Cu-dominated occurrences tend to be 10 - 30 meters from the contact.  

Several styles of mineralization have been identified in the GRB and mechanisms by which 

this mineralization could take place have been suggested (Severson, 1994; Hovis, 2003; Peterson, 
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2012).  Previous studies have speculated on the mechanisms but have not provided sufficient 

evidence to support their interpretations.  It is the goal of this study to fill the gaps in evidence left 

by previous study and to apply that evidence to determine a mineralization model for the sulfide 

bearing footwall of the Maturi deposit. 

2. Previous Studies 

Reported here are previous studies of the SKI related to minerals exploration, bedrock 

mapping, petrologic studies, and studies focused on the basal mineralized zone.  Selected studies 

pertaining directly to the problem addressed in this study are reported in greater detail. 

2.1 Minerals Exploration of the SKI 

Most of the information on minerals exploration in the SKI prior to 2001 is taken from 

Miller et al. (2002b) unless otherwise noted.  

Early identification of sulfide occurrences in the Duluth Complex were observed by Grant 

(1899) and Nebel (1919); however, mineralization was not judged significant and went otherwise 

unnoticed.  In 1948, Ely prospector F.S. Childers recognized sulfide staining in the weathered 

basal contact along the South Kawishiwi River during aggregate excavation along Spruce Road.  

In 1951, Childers partnered R.V. Whiteside and proceeded to bore a 188 foot hole into the 

modern day Spruce Road deposit intersecting mineralization averaging 0.36 % Cu and 0.13 % Ni.  

Soon thereafter, International Nickel Company (INCO) and Bear Creek Mining (now 

Kennecott/Rio Tinto) moved into the area and began exploration activities along the entire 

exposed extent of the basal margin of the Duluth Complex. After an early phase of bedrock 

mapping and sampling and geophysical surveys, INCO began drilling the Spruce Road and 

Maturi areas under federal leases in 1954.  Bear Creek Mining drilled various targets along the 

basal contact beginning in 1957.   When the State of Minnesota opened up state lands for 

minerals exploration in 1966, exploration activity expanded both in terms of footage drilled 

(almost 200,000’ in 1969) and companies seeking minerals exploration leases. 
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By 2001, over a dozen companies had drilled millions of feet of drill core into the South 

Kawishiwi intrusion delineating several discrete Cu-Ni-PGE sulfide deposits. From southwest to 

northeast, these are Serpentine, Dunka Pit, Birch Lake, Maturi, South Filson Creek, and Spruce 

Road deposits (Fig. 12).  Previous studies (e.g. Severson, 2008) mention deposit and prospect 

areas such as Nokomis, Maturi, Maturi Extension, and Highway-1.  With the recent drilling by 

Twin Metals Minnesota LLC., these deposits are now known to be semi-continuous and are 

collectively referred to as the Maturi deposit.  In 2013, two companies hold the leases to all the 

known SKI deposits: Maturi, Dunka Pit and Spruce Road are held by Twin Metals Minnesota 

LLC. and Serpentine and South Filson Creek are held by Encampment Resources.  

 
Figure 12 - Location of main Cu-Ni sulfide deposits along the northwestern margin of the Duluth 

Complex with tonnages and average grades of Cu and Ni as of 2007 (from Severson, 

2008).  Note: Maturi and Nokomis are now simply known as Maturi. 
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The first drilling into what would become the original Maturi deposit was conduct by the US 

Bureau of Mines in conjunction with the Minnesota Geological Survey, who collared three holes 

in the Maturi-Spruce Road area in 1953 for metallurgical testing.  In 1954 and 1955, INCO 

drilled a series of 40 holes in the same region.  Exploration ebbed in the late 1950’s and early 

1960’s due to low metal prices, but increased dramatically after 1966, spurred largely by the 

opening of state lands for leases.  In response, INCO started a large-scale exploration program 

where nearly sixty-two thousand feet of drill core was collected and in 1967, INCO sunk a shaft 

into the Maturi deposit to explore the option for underground mining but promptly abandoned it 

due to low grades. They subsequently moved their focus to evaluating the Spruce Road deposit 

for open pit mining.  No drilling of the Maturi deposit and the Maturi Extension was conducted in 

the ensuing three decades.  

In the late 1990’s, interest in exploration of the mineral potential of the basal Duluth 

Complex was renewed by Dean Peterson’s (1996) report on Cu-Ni-PGE mineralization in the 

SKI (White, 2010).  Wallbridge America, based out of Sudbury, Ontario, acquired a lease option 

on the Maturi Extension properties from American Copper Nickel Company and began 

conducting assessments of the property. Wallbridge formed Duluth Metals Corp. to explore and 

define the resource for the Maturi Extension by sinking seven initial holes in early 2006.  All 

seven holes intersected significant Cu, Ni, and precious metal mineralization.  Following up on 

initial results, Duluth Metals launched an aggressive drilling campaign in 2006 to better define 

the resource of the Maturi Extension. In 2008, the Maturi Extension was renamed the Nokomis 

deposit (and in 2012 integrated with the original Maturi deposit).  In 2010, Duluth Metals Corp. 

entered into a joint venture with Antofagasta PLC, a major Cu mining company in Chile, to form 

Twin Metals Minnesota LLC (TMM).  TMM is charged with further assessing the resources of 
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the Maturi and Spruce Road deposits as well as the Birch Lake and Dunka Pit deposits, which it 

acquired from Franconia Minerals in 2011.   

The most recent resource estimate for the Maturi deposit as of December 2012, is more than 

1.5 billion tons of indicated and inferred mineral resource average grades of 0.6 % Cu, 0.15 % Ni, 

and 0.6 ppm combined precious metals.  The entire TMM project estimates 2.3 billion tons of 

combined inferred and indicated resource at 0.3 % Cu cutoff grade.  Currently, Twin Metals 

MinnesotaLLC. is continuing to drill and assay to further define the mineral resource of the 

Maturi deposit and is collecting geotechnical and environmental data for a prefeasibility study 

and preliminary mine planning (www.duluthmetals.com; www.twinmetalsminnesota.com). 

2.2  Geologic Mapping of the South Kawishiwi Intrusion 

Spurred by active exploration for Cu-Ni mineralization that took off in the early 1950’s,  

detailed mapping of the South Kawishiwi Intrusion and other mineralized areas of the Duluth 

Complex by the Minnesota Geological Survey began in the early 1960’s (Miller et al., 2002b; 

White, 2010).  This first detailed mapping of the South Kawishiwi Intrusion was conducted by 

William Phinney, John Green, and Paul Weiblen in the Gabbro Lake 15’ quadrangle (Green et al., 

1966).  This map distinguished the South Kawishiwi and Bald Eagle intrusions as discrete 

intrusive bodies, thereby being the first to show that what came to be called the Layered Series 

was in fact composed of multiple discrete intrusions.  Green et al. (1966) identified six map units 

within the SKI - two hosting sulfide mineralization at the basal contact and four units of troctolite 

and augite troctolite.   

Following up on mapping of the Gabbro Lake 15’ quadrangle (Green et al. 1966), Phinney 

(1969) reported on the petrographic and mineral chemical characteristics of the three units he 

distinguished in the SKI: contact zone, augite troctolite, and poikilitic troctolite.  Phinney (1996) 

characterized the contact zone as irregular in texture and mineralogy with common numerous 

fine-grained inclusions of metasedimentary rock.  Generally, the contact zone is medium fine-
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grained to rarely pegmatitic.  Plagioclase is the dominate mineral phase with highly variable 

olivine and pyroxene modes with olivine composition ranging from Fo50-60.  The other two units 

are similar in mineralogy but differ in augite habit.  The augite troctolite unit contains subophitic 

clusters or clots of augite while the poikilitic troctolite contains ophitic oikocrysts of augite up to 

5 cm diameter.  Plagioclase in the two troctolite units is generally weakly foliated and averages 

between 68 and 70 modal percent.  10 – 15 % olivine (Fo55-60), 5 – 10 % augite, 1 – 3 %, 1 – 3 % 

oxide, and 1 – 2 % biotite. 

From 1966 to 1969, Bill Bonnichsen (1970a-e, 1971) conducted reconnaissance mapping in 

the southwestern part of the South Kawishiwi intrusion, as well as in the mineralized Partridge 

River intrusion (Fig. 12).  The culmination of this mapping of the northwestern margin of the 

Duluth Complex was reported in the Minnesota Geological Survey’s Geology of Minnesota: A 

Centennial Volume (Phinney, 1972a and b; Bonnichsen, 1972).    

Subsequent to the release of the MGS Centennial Volume, surface mapping in the SKI was 

restricted to only a few field studies. The state of Minnesota suspened mineral leasing and 

initiated a four-year program to study environmental impacts of Cu-Ni mining, which had never 

been conducted in the state.  One product of the Cu-Ni study was a compilation by the Minnesota 

Geological Survey of previous bedrock mapping (Green et al., 1966; Phinney, 1967; Bonnichsen, 

1970a-e, 1971) in the area of Cu-Ni mineralization along the northwestern margin of the Duluth 

Complex, known as the Hoyt Lakes-Kawishiwi area (Morey and Cooper, 1977).  This 1:48,000 

scale map showed areas of outcrop, structural measurements, and inferred fault zones.  The map 

also incorporated unpublished mapping conducted by Roger Cooper and Bob Beltrame in 1974 

and 1975 in several areas of the South Kawishiwi intrusion and USGS-funded mapping 

conducted by Mike Foose and Roger Cooper in the Harris Lake area in the southeastern SKI.  The 

Harris Lake mapping was later released as a USGS open-file report (Foose and Cooper, 1978) 

and summarized in a Canadian Journal of Earth Science publication (Foose and Cooper, 1981).  
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Foose and Cooper (1981) interpreted the areas to be cut by a complex web of faults with small-

scale displacement based largely on offsets of anorthositic layers hosted within mostly troctolitic 

rocks of the SKI.   

Paralleling the very low exploration activity in the 1980s and 90’s, no bedrock mapping was 

conducted in the SKI in the period.  Instead, as will be described below, this was a period of 

intensive study of exploration drill cores preserved in the public domain (Severson, 1993).  This 

period is bracketed by two large-scale map compilations of the greater Duluth Complex.  In 1982, 

the geology of the Two Harbors 1 x 2 sheet was compiled by John Green (1982).  This map did 

not have the benefit of the high resolution aeromagnetic survey over northeastern Minnesota that 

was acquired by the Minnesota Geological Survey in 1978 and 1979 and was publically released 

in 1983 (Chandler, 1983a,b).  A large-scale (1:1,000,000) recompilation of new mapping and 

drilling and reinterpretation of aeromagnetic data over covered areas of the Duluth Complex was 

published in 2001 by the Minnesota Geological Survey as Miscellaneous Map M-119 (Miller et 

al., 2001).  A companion report was published the following year, which summarized the state of 

knowledge of the Duluth Complex and related rocks in northeastern Minnesota (RI-58; Miller et 

al., 2002).  

Since publication of the M-119 map in 2002, two major detail mapping studies of the SKI 

have been conducted.  Detailed mapping of the four 7.5’ “Babbitt quadrangles” (Babbitt, Babbitt 

SW, Babbitt SE, and Babbitt NE), previous reconnaissance mapped by Bonnichsen (1971 a-d), 

was conducted by Jim Miller and Mark Severson between 1998 and 2004 (, Miller, 2005; Miller 

and Severson, 2005 and Severson and Miller, 2005; Miller et al., 2005).  The Babbitt NE (Miller 

et al., 2005) and Babbitt SE (Miller, 2005) maps include the southern half of the SKI.   They 

subdivided the SKI into nine map units, which are distinguished primarily by variations in augite 

texture and concentration.  Generally, augite mode increases up section from the basal contact 

from less than 5 % sub-poikilitic augite to upwards of 20 % poikilitic augite in units correlative 
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with Severson’s (1994) Main-AGT unit.  Additional criteria to distinguish units, especially those 

that belong to the basal mineralized zone, are the presence of sulfides, sulfide mode, and the 

degree of heterogeneity.  The basal units are the primary sulfide-bearing units and are 

characteristically heterogeneous.  The Babbitt NE quadrangle includes the western part of the 

Harris Lake are mapped by Foose and Cooper (1978).  Miller et al. (2005) reinterpreted the 

anorthosite layers inferred by Foose and Cooper (1978) to be large elongate, semi-conformable 

inclusions of anorthositic series rocks within the SKI troctolites.  Consequently, Miller et al. 

(2005) do not show the high density of faults inferred by Foose and Cooper (1978).  

The most recent bedrock mapping of the northeastern SKI is by Dean Peterson in a series of 

unpublished maps created at UMD’s Natural Resource Research Institute (1999-2008) and 

Duluth Metals (2008 - present). Peterson’s 2008 map of the northern SKI distinguishes map units 

in a similar way to Miller (2005), Miller and Severson (2005), and Miller et al. (2005) by using 

augite mode and texture as well as sulfide concentration.  Peterson (2008) reinterprets the 

northeastern region of the SKI to be synclinal.  The synclinal nature of this region may be a result 

of a large Anorthositic Series block that is surrounded by the SKI and is exposed at surface in 

small areas.  Peterson’s 2008 map graphically distinguishes his open versus confined 

mineralization styles discussed in Peterson (2001) within the mineralized contact zone.  Peterson 

(2013) further refined the Maturi mineralization styles into a three-tiered system based on 

geochemical attributes, sulfide grade and sulfide texture as described below.   

2.3 Igneous Stratigraphy and Petrology of the Lower SKI 

The requirement in 1987 that minerals exploration companies turn over their drill core and 

ancillary data (geochemistry, geophysical data, core logs, etc.)  to the state of Minnesota upon the 

suspension of their state mineral lease created access by government researchers and 

academicians to a wealth of data on the basal zones of the Partridge River Intrusion and the SKI,  

as well as opportunities to further evaluate the petrologic and metallogenic attributes of these 
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systems.   Consequently, this new wealth of publically accessible core spurred many state agency 

and academic studies in the ensuing decades.  

The earliest studies of this newly available drill core was stable and some radiogenic 

isotopic studies focused on the sulfide mineralization of the SKI and Partridge River Intrusion by 

Ed Ripley and his students at Indiana University beginning in the early 1980’s (Ripley, 1981; Rao 

and Ripley, 1983; Ripley and Al-Jassar, 1987; Lee and Ripley, 1996; Arcuri et al. 1998; Ripley et 

al., 1999; Ripley et al., 2007).  The main focus of these studies was to determine the isotopic 

signature of sulfur in the mineralized gabbros and mineralized footwall rock to ascertain the 

source of the sulfur.  Sulfur isotopic data compiled by Hauck et al. (1997) shows elevated mean 

δ
34

S values of 7.5 ‰, suggesting contamination of the gabbros by heavy sulfur, potentially from 

the Virginia Formation.  Complete assimilation of the country rock would result in incorporation 

of sedimentary sulfur into the magma; however, this would also result in elevated δ
18

O.  Review 

of oxygen isotopes (Ripley et al., 1999) found limited δ
18

O in mineralized troctolites, which 

suggests complete digestion of the Virginia Formation likely did not take place.  Therefore, 

sedimentary sulfur must have been introduced into the magma by other means.  Li and Ripley 

(2009) and Hauck (1997) attribute volatile release of sulfur from the country rock to the magma; 

this mechanism does not require assimilation of oxygen and could explain the uncontaminated 

signature observed in δ
18

O.   

By far, the most thorough study of the publically available exploration core was conducted 

by staff at UMD’s Natural Resources Research Institute, particularly by Mark Severson.  

Between 1986 and 2008, Severson had relogged over 1,000,000 feet of core from the 

northwestern and western margins of the Duluth Complex. Severson’s (1994) study of the SKI 

stands as the seminal study that established the detailed igneous lithostratigraphy of the lower 1 - 

1.5 kilometer of the SKI (Fig. 8).   
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Severson’s (1994) study involved the relogging of 193 drill cores scattered throughout the 

South Kawishiwi Intrusion.  This detailed logging resulted in the identification of eight main 

units (Fig. 8) and at least 17 distinct subunits. The units, considered part of the basal contact zone 

(BAN, BH, U3 and PEG; Fig. 8) are sulfide-bearing and characteristically heterogeneous in rock 

type, grain size, and degree of mineralization while units in the upper zone tend to me much more 

homogenous augite troctolites to leucotroctolites with little stratigraphic variability.  Also in that 

study, Severson identified a degree of lateral variability in the units of the SKI.   

The distinguishing characteristics of Severson’s eight SKI units are:  

1) Basal Augite Troctolite and Norite (BAN):  Medium to coarse grained heterogeneous 

augite troctolite mixed with norite with thicknesses between 3 - 100 m, averaging 38 ms.  

Local variations to more gabbroic compositions are common as well as changes in grain 

size.  In thin section, olivine is typically rounded to sub-poikiolitic, plagioclase is 

subhedral, clinopyroxene is interstitial, and orthopyroxene (when present) is also 

interstitial.  The unit is usually sulfide bearing containing up to 5 % pyrrhotite-dominated 

disseminated sulfides.  The sulfide mineral assemblage is po>cpy>pn with cubanite and 

talnakite being commonly associated phases. 

2) Basal Heterogeneous (BH):  Characterized by its heterogeneity, a mixture of troctolite 

and subordinate anorthositic troctolite and augite troctolite.  Contacts between rock types 

vary from sharp to gradational.  Variations in grain sizes can be large, changing from fine 

grained to pegmatoidal, often within the same drill hole.  The unit is usually sulfide 

bearing, carrying 0.5 to 5 % sulfides.  The unit varies greatly in thickness across the 

intrusion both down-dip and along strike.  Thin section analyses observed that olivine 

occurs in both and granular and ameboidal forms, orthopyroxene can be a minor phase, 

and plagioclase symplectite is rare. 
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3) Ultramafic 3 (U3): The lowest of three ultramafic horizons.  Characterized by zones of 

alternating troctolite and melatroctolite and abundant oxide horizons.  Overall thickness 

is about 30 meters.  The U3 is almost always sulfide bearing, generally fine grained 

disseminated po>cpy>pn.  Geochemistry reveals high Cr values associated with the U3.  

Thin sections show olivine to occur as round to poikiolitic grains with interstitial 

orthopyroxene and clinopyroxene.  Usually sits right above the main mineralized zone.   

4) Pegmatitic Unit (PEG):  Characteristically a very coarse grained troctolite to anorthositic 

troctolite.  Grain size varies from coarse to pegmatoidal to pegmatitic often grading into 

one another.  The pegmatoidal and pegmatitic zones contain more plagioclase.  Olivine in 

thin section is commonly ameboidal with interstitial orthopyroxene and clinopyroxene.  

When present the PEG can be 3 to 80 meters thick. 

5) Anorthositic Troctolite-Troctolite (AT-T):  Contrasting strongly with underlying 

heterogeneous units, the homogeneous AT-T is composed of troctolitic cumulates with 

little variation in modal mineral percentages or grain size.  Averages 110 meters thick.  

The Ultramafic 1 (U1) and 2 (U2) subunits occurring within the AT-T unit are very 

similar to U3, but differ by their lack of oxide horizons common is U3.   

6) Main Augite Troctolite (Main AGT):  Generally a homogenous medium-grained augite 

troctolite.  Locally grades into more plagioclase-rich rocks and varies somewhat in grain 

size.  The plagioclase in the Main AGT displays an igneous foliation that is not 

correlative between drill holes.  Thin sections reveal olivine as granular and ameboidal 

forms, abundant (<8 %) opx as rims on olivine.  Inverted pigenonite is common as well 

as olivine symplectite and ilmenite.   

7) Anorthositic Troctolite and Troctolite (AT&T):  Unit consists of medium to coarse 

grained mix of anorthositic troctolite locally grading into troctolite that contains 0 – 10 % 

clinopyroxene and 0 - 5 % oxide.  Generally bound on its upper and lower contacts by 
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melatroctolites (HP#1 and HP#2); however, where the melatroctolite units are not 

present, the lower contact with the Main AGT can be identified by the loss of significant 

clinopyroxene.    

8) Anorthositic Troctolite with local Troctolite (AT (T)):  Units consist of medium to coarse 

grained anorthositic troctolites which locally grade into troctolite.  Unit is similar to 

AT&T; however, subtle increase in plagioclase mode (about 5 %) distinguishes the two 

units.  The increase in plagioclase mode results in common anorthositic troctolite 

intervals with occasional troctolitic anorthosite where plagioclase exceeds 80 %. 

Severson (1994) also noted abundant inclusions of Anorthositic Series rock types as well as 

mafic hornfels inclusion.  The latter are thought to represent thermally metamorphosed North 

Shore Volcanics. Some inclusions may be quite large, nearly 1km in length.  One such large 

inclusion, (the Highway 1 corridor Anorthositic Series Inclusion; Fig. 8), sits above part of the 

Maturi Deposit, reducing the thickness of the SKI to a few tens of meters (White, 2010).  The 

stratigraphy below the “anorthosite block” is restricted to the lower three units of the Severson 

(1994) stratigraphy.  Duluth Metals Ltd. undertook an extensive drilling campaign in the region 

of the “anorthosite block” generating a geochemical database on the lower sulfide-bearing units.  

Based on this exploration, Duluth Metals Ltd. developed a different stratigraphy for the basal 

mineralized zone below the PEG unit, integrating lithologic variations with mineralization grade 

as will be described in the next section (Peterson, 2012; White, 2010). 

Severson (1994) observed that subunits and smaller-scale variations in rock type within the 

SKI were difficult to follow laterally and commonly pinched in and out between drill holes.  

Units characterized in one deposit or region may be completely absent in others.  Severson 

interpreted these stratigraphic inconsistencies as compartmentalization of the SKI magma 

chamber.  Moreover, Severson suggested that occurrence of melatroctolite to dunite forming the 

U1-3 units and other layers in the upper troctolites marked the input of more primitive magma 
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that overplated previously a crystallized cycle.  He concluded that the SKI ismultiply intruded; 

formed by pulses of fresh, undifferentiated magma mixing with partially differentiated magma.  

These repeated injections of more primitive magma into the compartmentalized SKI chamber 

resulted in the low degree of phase differentiation where augite never becomes a cumulus phase 

and resulting in the SKI being a “sea of troctolite”. 

Lee and Ripley (1996) confirmed Severson interpretation by showing that the cryptic 

variations in olivine and plagioclase and in trace element abundances in the SKI near the Spruce 

Road deposit reveal cyclical variations in composition consistent with repeated recharge.  

Additional review of recharge events by comparisons to Severson’s (1994) stratigraphy found 

correlations to several units (U1, U2, U3), concluding that these units represent primitive olivine 

cumulates at the base of new magmatic injections (Miller and Severson, 2002). 

2.4 Studies of the SKI’s Basal Mineralized Zone  

Access to hundreds of drill core from the SKI also resulted in a large body of research 

focused on the character and composition of its basal mineralized zone, particularly in the vicinity 

of the Maturi deposit.  In this section, the early studies that included some description of the basal 

mineralized zone and footwall will be described first.  This will be followed by a summary of the 

mineralization characteristics of the basal mineralized zone revealed by Duluth Metals’ most 

recent compilation of the geochemical attributes of the basal mineralized zone.  Finally, studies 

specific to the mineralization in the granitic footwall by Sawyer (2002), Hovis (2003), and 

Molnar (2009) will be discussed.  

2.4.1 Early Studies of the Basal Mineralized Zone 

Phinney (1969) was the first to describe the mineralized zone as a texturally and 

mineralogically heterogeneous interval (30-60 m thick) with interstitial sulfide containing 

abundant autolith and xenolith inclusions.  Mineralization was observed along the base of the 
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gabbros just above the footwall extending several hundred feet eastward.  He noted that, like the 

SKI in general, the contact zone is composed of troctolite cumulates with variations into 

melatroctolite and anorthositic troctolite.  Sulfide mineralogy consists of chalcopyrite, pyrrhotite, 

and pentlandite.   

Bonnichsen (1974) was one of the earliest studies to condense results from mineral 

exploration of the Duluth Complex, summarizing the estimated resources at the time.  The study 

presented estimates of ore tonnage based on the logging of 24 drill holes and statistically 

analyzing assay data over the Ely-Hoyt lakes region.  Estimates of 0.5 % combined Cu-Ni for 

nearly 5 billion tons of mineralized rock above 0.3% cutoff grade.  These estimates have 

withstood continued exploration considerably well will current estimates at 4.4 billion tons at 0.8 

% combined Cu-Ni (duluthmetals.com, 2013).  

Weiblen and Morey (1976) focused on the textural and compositional characteristics the 

basal mineralized zone in the SKI.  They concurred with Phinney (1969) definition of the basal 

mineralized zone as a heterogeneous sulfide-bearing augite troctolite.   Through the study of over 

70 thin sections, they identified four texturally unique sulfide occurrences within the mineralized 

gabbro.   

1) Interstitial sulfides located in plagioclase and olivine framework. 

2) Fine sulfide veinlets located in serpentinized olivine. 

3) Blocky sulfide grains included in clinopyroxene and plagioclase 

4) Sulfide-silicate intergrowths with late orthopyroxene and or amphibole.   

Sulfide mineral ratios differ between each occurrence where interstitial sulfides generally contain 

chalcopyrite, cubanite, pyrrhotite, and pentlandite the other three are dominantly chalcopyrite and 

have been interpreted by Weiblen and Morey (1975) to be related to sulfur-bearing water derived 

from an external source.   
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Foose and Weiblen (1986) expanded on Weiblen and Morey (1976) by taking advantage of 

the growing body of research (Fukui, 1976; Bonnichsen et al., 1980; Grant and Molling, 1981; 

Foose, 1982; Tyson and Chang, 1984) on the Cu-Ni sulfide mineralization of the South 

Kawishiwi and Partridge River intrusions.  Foose and Weiblen (1986) hypothesized the magmatic 

evolution of the basal mineralized zone as well as the greater SKI.  They suggested that sulfides 

were deposited in the SKI in two stages; the first originating from multiply intruded sulfide-

saturated basaltic magma and a second stage generated by the deposition of sulfides from sulfur 

and metal rich vapor derived from metasedimentary inclusions commonly found in the basal 

zone.  Additionally, they suggested that the sharp contact between the lower (sulfide bearing) 

heterogeneous troctolite and the upper (sulfide poor) homogeneous troctolite represents a drastic 

change in magmatic processes.  The lower heterogeneous troctolites were hypothesized to have 

formed from rapid pulses of sulfide-bearing magma into confined chambers.  Inflation of the 

chamber, coalescence of individual chambers, and voluminous injections were suggested to have 

resulted in a relatively calm intrusive environment where the upper homogeneous troctolites 

crystallized.  Delineating the changes in the intrusive environment will be a significant part of 

later studies focused magmatic processes in the SKI.  
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2.4.2 Duluth Metals Mineralization Model for the Maturi Deposit 

 One of the most recent studies on the petrology and mineralization of the Maturi deposit 

was an MS thesis conducted at the University of Minnesota Duluth by White (2010).  The main 

goal was to test Peterson’s (2002) model for mineralization of the basal mineralized zone 

regarding constricted versus open flow of sulfide-rich magmas emerging from the Nickel Lake 

Macrodike at the northeast end of the SKI (Fig. 13).  Using core logging, petrography and 

geochemistry, he tested both Severson’s (1994) lithostratigraphy and his multiphase intrusive 

model for the development of the SKI and Peterson’s (2001) constricted and channelized flow 

model from a northerly source.  The interpretations of White’s study has implications for this 

study as he recognized evidence for extensive of siliceous melts in the BMZ that he attributed to 

have been generated from partial melting of the Giants Range Batholith.  

 

Figure 13 – Two maps showing the 3 dimensions of the SKI and the Bald Eagle Intrusion.  The 

Nickel Lake Macrodike is label NLM.  The image on the left is in plan view with arrows 

originating in the dike and representing magma flow into the SKI.  The image on the 

right is a view from the NE looking down the strike of the NLM.  From Peterson (2008) 

 

White’s (2010) study took advantage of increasingly large volumes of drill core being 

extracted by Duluth Metals beneath the “anorthosite block” in the former Maturi Extension 
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deposit.  White sought to develop a working stratigraphy by reclogging new drill core and 

evaluating Severson’s (1994) stratigraphy.  White’s logging and petrographic study confirmed the 

viability of Severson’s (1994) stratigraphy, with some minor changes to the upper troctolites.  

White also confirmed the presence the Anorthositic Series block.  White’s interpretation of 

petrographic attributes and geochemical data, particularly olivine composition, olivine Ni-

content, select trace elements, and variations in Cu/Pd values, was that the data are consistent 

with Peterson’s (2001) interpretation of the deeper Maturi deposit being an example of confined 

flow that was locally focused into turbulent channels and with the flow being southward directed.   

Magmatic pathways beneath the Anorthositic Series block were interpreted as convoluted with 

evidence that magmas were constricted beneath the block and magma flow interrupted around the 

block.  Mineralization seems to be strongly affected by the channelization of magmas.  Much of 

the ideas, particularly channelization of the basal mineralized magmas, will be important for the 

Duluth Metals mineralization model presented below.  

The current Duluth Metals model for mineralization of the Maturi deposit is presented in a 

PowerPoint by Dean Peterson’s (2012, duluthmetals.com).  In the Duluth Metals model, Severson 

(1994) stratigraphy based on lithologic characteristics is abandoned and all units with significant 

sulfide mineralization are grouped into a single macrounit termed the basal mineralized zone 

(BMZ).   The BMZ is divided into three units on the basis of assay geochemistry from over 400 

drill core and interpreted timing of formation:  Stages one (S1), two (S2), and three (S3) with S1 

and S2 further sub-divided into upper and lower (S1L, S2U, S2L, S2U, S3 respectively, Fig. 14).  

See Table 1 for distinguishing characteristics of each stage.  Additional units are used to 

characterize mineralized footwall in the form of nickel-rich (GN) and Cu-dominated (GM).  See 

figure 15 for graphical representation of the model.   

S1 is characterized as being a sulfide-poor augite troctolite to troctolite and usually contains 

high Ti and Ba compared to S2 and S3 (Peterson, 2013; Phil Larson, pers. comm..; Kevin Boerst, 
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pers. comm.).  S1 is commonly found in direct contact with the granitic footwall and occasionally 

above the other two stages (S1 Upper) beneath the anorthositic hanging wall. S2 is characterized 

as a sulfide-bearing oxide troctolite and can be distinguished from S1 by an increase in sulfide 

and oxide.  Geochemically, S2 is marked by an increase in total S and drop in Ba concentration.  

S2 is usually in abrupt contact with S1, but locally incises through it and rests directly on the 

granite footwall. S3 has the highest grade sulfide mineralization .  Composed of troctolite and 

melatroctolite that are low in oxides, it is the most mafic of the three stages and is often capped 

by Severson’s (1994) U3 melatroctolite and PEG units.  The contact between S2 and S3 is 

marked geochemically by a significant decrease of nearly 0.5% in Ti and 100ppm Ba.    

Peterson (2012) suggests that higher grades observed in S3 are a result of partial assimilation 

of sulfides originally carried by S2.  As Figure 15 details, later pulses intruded into and 

potentially thermally eroded previous stages resulting in the incorporation of sulfides.  Copper 

and especially Platinum group elements preferentially partition into sulfide liquid (Naldrett, 2013, 

PRC 2013 presentation).  Partitioning of PGE’s into S3 sulfide liquid would result in an increased 

metal tenor in the S3 ore body, potentially explaining the high Cu and PGE concentrations 

observed in this stage. 

Another part of this model is the channelization of magma flow originating from the Nickel 

Lake Macrodike first recognized by Phinney in Green et al (1966).  The dike is now known as the 

Nickel Lake Macrodike and is suggested as the primary feeder for the South Kawishiwi Intrusion.  

Isopac maps of the three stages are interpreted to show channelization of S3 in the form of 

thermal erosion through S2 and S1 (Fig. 16).  Flow would be from the northeast and east to the 

west and southwest (Fig. 16).  Incorporation of low tenor sulfide from S1 and S2 into S3 magma 

is thought to have caused upgrading of the tenor and sulfide content of the S3 slurries.  
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Table 1 – Distinguishing characteristics of S1, S2, and S3 stages of mineralization defined by 

Duluth Metals.  Data compiled from Peterson (2012, PowerPoint) and provided by 

Duluth Metals. 

 

 
Figure 14 - Idealized ore grade stratigraphy for the basal mineralized zone developed by Duluth 

Metals. Unpublished figure from Peterson (2012). 
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Figure 15 - Schematic model for the sulfidic crystal-laden magmas creating three stages of 

mineralization from constricted flow between the Giant Range Batholith footwall and an 

Anorthositic Series hangingwall block. Unpublished figure from Peterson (2012). 
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Figure 16 - Isopach map showing thickness of Stage 2 mineralization. Arrows show areas where 

channelized flow of Stage 3 recharge has evidently eroded through Stage 2 resulting in 

S3 mineralization resting on S1 mineralization or directly on the granite footwall.  From 

Peterson (2012, DM website).  

 

 

2.4.3  Studies of Mineralization in the Granite Footwall  

Several studies have focused primarily on characterizing and explaining the footwall 

mineralization associated with the Cu-Ni-PGE deposits of the SKI; most notably Sawyer (2002), 

Hovis (2003), and Molnar (2009).  However, Green (1970) was the first to note thermal 

metamorphism and sulfide mineralization in the granite near the contact with the 1.1 Ga Duluth 

Complex in the Gabbro Lake 15’ quadrangle (Green, 1966).  While his focus was more on sulfide 

occurrences in the Ely Greenstone and related metasediments, he observed two styles of sulfide 

mineralization in the GRB.  The first was copper-dominate mineralization composed of 

disseminated grains of chalcopyrite and pyrrhotite.  Another less common style observed where 

vein-like of pyrrhotite and some chalcopyrite.  Green noted that the majority of sulfide 
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mineralization in the GRB occurs within the contact aureole resultant from the intrusion of the 

Duluth Complex.  

Sawyer (2002) focused on the moderate to intense contact metamorphism of the granite and 

its relationship with footwall mineralization at the Spruce Road deposit.  He noted new mineral 

assemblages that include augite, hypersthene, and magnetite along with the common GRB 

mineral assemblage (Fig. 17).  Hypersthene is usually only found less than 100 meters from the 

contact and has been observed to contain exsolution lamellae and is locally retrograded to 

actinolite and biotite (Green, 1970; Sawyer, 2002).  Sawyer (2002) recognized the presence of 

two occurrences of biotite in the contact aureole.  The first occurs with fine aggregates of 

intergranular quartz and feldspar and is thought to be associated with the creation of partial melts.  

The second generation of biotite laths are observed in embayments within orthopyroxene grains 

and is interpreted to have formed from reactions with partial melts and orthopyroxene.  Areas rich 

in micrographically intergrown quartz and alkali feldspar and myrmekitic feldspar are common, 

which Sawyer (2002) interpreted to represent pockets of partial melt.  He reported varying 

degrees of deformation in plagioclase grains in conjunction with the presence of fine-grained 

polygonal aggregates of quartz and feldspar (Fig. 17C and 17D) situated between strained mineral 

grains; interpreting this as partial melts allowing for plastic deformation.  Based on the reactions 

observed and the amount of anatectic melts between mineral grains, Sawyer (2002) estimated that 

peak thermal metamorphism of the GRB reach a temperature as high as 800˚C. 

Quartz and feldspar aggregates interpreted to be partial melts by Sawyer (2002) commonly 

host sulfide and oxide minerals.  The sulfides and oxides usually are found as individual grains or 

aggregates, however, they can be found as veinlets (Fig. 17A) with varying degrees of 

interconnectivity.  Sawyer (2002) interprets the veinlets as vestigial permeability in the granite 

due to partial melting.  He cites additional evidence for partial melting in the form of well-
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developed crystal faces of sulfide grains located in aggregates as evidence that the sulfides 

crystallized in a fluid rather than in solid state. 

Further characterization of mineralization of the GRB beneath the SKI was done by Hovis 

(2003).  Hovis focused on sulfide mineralization in the footwall of the Maturi and Dunka deposits 

where the footwall is composed of the GRB in an effort to localize new areas of significant 

mineral potential.  Data in the literature, specifically Peterson’s (1997, 2002) geochemical 

databases of drill core assays from the SKI, and relogging of 11 drill core were used to determine 

spatial relationships for mineralization in the footwall. 

 
Figure 17 - Photomicrographs of Giants Range granite in the footwall of the Spruce Road deposit 

(from Sawyer, 2002).  A) Sulfide veinlets (opaque phases) associated with orthopyroxene 

and quartz/feldspar aggregates.  B) Orthopyroxene porphyroblasts in interstitial 

plagioclase. C and D) Feldspar enclosed in fine-grained matrix of quartz-feldspar 

aggregates. Widths of all photos are approximately 10mm. 
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Three styles of footwall mineralization were identified in this study:  

1) Disseminated copper-rich - This is most commonly observed morphology.  It can occur at 

significant depths, greater than 100 meters, below the contact with the overlying gabbros.  

Sulfides are often discrete blebs, 5-25mm in diameter, which are net-textured with the 

surrounding silicates or with partial melts.  Zoning with increased depth is observed 

where pyrrhotite + pentlandite dominate assemblages gives way to chalcopyrite dominate 

sulfide.  

2) Contact massive sulfides - Hovis observed several occurrences of massive pyrrhotite 

dominate sulfides which are located at the contact between the SKI and the GRB.  

Massive sulfides average 2-40cm in thickness, occasionally reaching greater than one 

meter. 

3) Vein-controlled massive sulfides - Usually restricted to less than 10 meters from the SKI-

GRB contact, veins of massive sulfide form in narrow (less than 3cm) fractures within 

the granite.  Sulfides are dominantly Ni-rich sulfides with sharp contacts with the country 

rock.  Hovis suggests that the contact morphology and composition suggest rapid 

draining of sulfide liquid into granite structures.  Two limiting factors control the degree 

of massive sulfide veining.  Firstly, an extensive fracture network is not present and, 

secondly, there lacked enough sulfide melt to widen the existing fractures.   

Hovis (2003) concluded that two important processes likely controlled footwall 

mineralization in the granite. The primary control was permeability in the GRB resulting from 

partial melting during the emplacement of and metamorphism by the SKI.  Sulfides potentially 

migrated into the GRB as droplets along partially-melted silicate grain boundaries evidenced by 

common textural associations where sulfides enclose primary silicate grains (e.g., Fig. 17B).  The 
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second factor control was Archean or MCR-related structures in the footwall along which sulfide 

melts migrated.  The permeability of these structures was likely improved as a result of partial 

melting.  Hovis (2003) attempted to correlate mineralization styles to the controlling factors he 

hypothesized.  He suggests that the disseminated sulfides originated from droplet migration 

through melt-derived porosity.  Vein controlled mineralization likely was controlled by structures 

in the footwall and contact style massive sulfides may originate from expressions of said 

structures at the “surface” of the footwall.  Hovis suggests that sulfides could have ponded in 

surface irregularities of the footwall then drained into structures in the GRB.  Partial melting of 

the granite could have increased the permeability of the footwall allowing for sulfide liquid to 

migrate downward. 

 Molnar et al. (2009) examined the sulfur isotopes and PGE grades in the basal 

mineralized zone and associated footwall to evaluate if the source if sulfide in the granite came 

from the overlying BMZ.  Molnar replicated the presence of heavy sulfur in the granite that 

characterizes the sulfide in the BMZ and is interpreted to have been originally sourced by sulfur 

assimilation from sediments (potentially the Animikie group).  He observed a decrease in heavy 

sulfur abundance up-section in the BMZ which he interpreted to be a result of dynamic magmatic 

evolution moving from strong sedimentary signature to more magmatic sulfur signature (Fig. 18). 
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Figure 18 – Stratigraphic variations in δ 
34

S in several drill holes from the Maturi deposit that 

profile the BMZ (purple) and underlying granite (pink).  Unpublished figure taken from 

PowerPoint presentation from Ferenc Molnar, 2009 GSA Presentation (with permission) 

  

The data in Figure 18 not only show that the δ 
34

S  in the granite is enriched in heavy S, but 

that it is typically more enriched (δ 
34

S 5.2-6.2 ‰) than the sulfide in the immediately overlying 

BMZ (δ 
34

S 2-6 ‰).  Molnar et al. (2012) interpreted this data and similar relations with PGE 

data to indicate that the sulfide in the granite footwall formed from an early intrusive magma 

strongly contaminated with sedimentary sulfur and that the footwall sulfide then caused 

contamination of later intrusions carrying mostly magmatic sulfur.  It seems also possible that the 

decreasing contamination of later magma pulses could have occur at a distant location in the 
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feeder conduit and not from the immediate footwall, it would seem to be difficult for the dense 

sulfide to migrate upwards into the gabbro. 

3.  Goals and Methods of Study 

The Giant’s Range Batholith is a metal- and sulfide-poor felsic batholith (Sims and 

Viswanathan, 1972; Green, 1976).  However, where it forms the footwall of the South Kawishiwi 

Intrusion, the GRB hosts significant Cu-Ni-PGE sulfide mineralization.  The fundamental 

question this poses is - how did sulfide mineralization develop in the granite?  Three lines of 

evidence cited by others suggest that mineralization occurred by downward infiltration of sulfide 

liquid from the overlying gabbro and upward percolation of anatectic felsic melt into the gabbro.  

1.  Studies by Sawyer (2002) and  Hovis, (2003)  report petrographic evidence for partial 

melting of the granite footwall;   

2. Orthopyroxene, which is typically rare in Duluth Complex intrusions, is a common phase 

in the basal mineralized zone of the SKI  implying silica enrichment of the SKI marginal 

magma (Severson, 1994; Sawyer, 2002; White, 2010) and  

3. sulfur isotopic data of Molnar et al. (2011) shows sulfide in the granite to be 

compositionally identical to sulfide in the lower part of the basal mineralized zone.   

While a partial melting/sulfide liquid infiltration model is consistent with these observations 

and seems to be a reasonable mechanism to explain the mineralization, this evidence is not 

definitive.  While partial melting may have occurred, silica enrichment is evident in the basal 

mineralized zone, and sulfide in both the gabbro and the granite had a similar source, these 

processes do not prove that the partial melts infiltrated upwards while the sulfide liquids 

percolated down.  Moreover these observations do not discount the possibility that other 

processes, particularly metasomatic replacement involving mineralizing hydrothermal fluids, 

were also involved.  A more rigorous test of the mineralization mechanism(s) involved is to 
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document the chemical flux of mass into and out of the granite beneath the BMZ.  Such 

documentation is perfectly suited to the isocon method (Grant, 1986, 2005).  

 

3.1 Goals of Study  

One of the principal goals of this study is to identify the mechanism(s) which resulted in 

sulfide mineralization in the granitic footwall of the Maturi deposit in the South Kawishiwi 

Intrusion by using a combination of mass-balance geochemical analyses via the isocon method 

(Grant, 1986, 2005) and by thorough petrographic characterization of mineralized and 

unmineralized Giants Range Batholith downward from the gabbro-granite contact.  Two general 

mechanism will be tested – the partial melting/sulfide liquid infiltration model suggested by 

others (Sawyer, 2002; Hovis, 2013; and White, 2010) and sulfide metasomatism by hydrothermal 

fluids model that has not previously been proposed but seems plausible given the abundance of 

hydrous minerals (biotite and amphibole) in both the granite and the lower gabbro of the SKI 

(White, 2010). 

A secondary goal of this study is to evaluate whether the style/stage of mineralization in the 

BMZ has an effect on the intensity and composition of mineralization in the footwall granite.  As 

described above, Duluth Metals (Peterson, 2012) has identified three stages of mineralization in 

the BMZ (Table1).  This study looks to evaluate the mineralization in the footwall where it is 

overlain by each of the three stages of mineralization. With Stage 3 mineralization evidently 

related to channelized flow and thermal erosion, it will be interesting to see if this results a deeper 

and higher grade zone of mineralization.   

3.2 Observational and Analytical Methods of Study 

 In order to accomplish the three goals of this study, core logging and sampling were 

conducted on four drill core from the Maturi deposit - MEX-84, MEX-123,  MEX-152, and  
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MEX-331.  Samples roughly one foot in length were taken from each hole to be made into 

petrographic thin sections and submitted for geochemical analyses; the exact number from each 

hole is dependent on the rock characteristics. Petrographic study of polished thin sections 

included a combination of transmitted and reflected light.  The mineral chemistry of mafic phases 

(pyroxene, amphibole, and biotite) was analyzed with a select suite of thin sections.  Research 

grade geochemical analyses were acquired and utilized within the isocon method (Grant, 1986, 

2005).  

3.2.1 Core Sampling and Logging 

Three drill core (MEX-152, 123, 84) were chosen for this study based on the stage of BMZ 

mineralization in contact with the granitic footwall, proximity to presumed mineralization 

channels (Fig. 19), and the depth of the drill core reaching significantly below the zone of 

mineralization in the granite (Table 2).    Figure 20 shows the lithologic logs developed by Duluth 

Metals ltd. in conjunction with grades of Cu, Ni, and PGE.  Additional to metal grades are Ba, Ti, 

and a series of lithologic factors which are used to delineate geochemically the mineralization 

stages.   

These drill cores were chosen from a suite of over 400 holes drilled on the Maturi property. 

Drill core MEX-152 is located in the easternmost region of the property where stage 1 rests on 

the footwall contact and is interpreted (Peterson, 2012) to be the furthest “upstream” of the cores 

sampled.  Footwall mineralization in MEX-152 is limited to the TMM unit, G_M or granite 

mineralized, which is marked by high Cu/Ni tenor.  MEX-123 represents stage 2 in contact with 

GRB and is located midway along the magma channel as it cuts through the property.  Footwall 

mineralization is thicker than in MEX-152 and is characterized as G_N or footwall mineralization 

is Ni-rich resulting in lower Cu/Ni tenor.  The final GRB drill hole is MEX-84 located 

“downstream” from MEX-123, where stage 3 is in direct contact with the footwall suggesting 

immediate proximity to the magma channel.  Mineralization in the GRB is characterized as Ni-
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rich grading to Cu-rich and finally barren granite.  Information gleaned from the company logs in 

figure 20 was used as a guide to sampling during this studies core logging.  

Table 2 - Attributes of drill core selected for this study  

Drill Core 

BMZ Stage at 

Contact 

Depth Cored below 

Gabbro Contact 

Depth of Mineralization  

below Gabbro Contact 

MEX-152 Stage 1 70m 46m 

MEX-123 Stage 2 109m 54m 

MEX-84 Stage 3 106m 62m 

 

Core logging was conducted at the Ely, MN office of Twin Metals Minnesota (TMM).  The 

core was logged on the basis of rock type, texture, and mineralization.  Sampling was closest-

spaced in the vicinity of the contact of the SKI with the GRB.  More widely spaced samples were 

collect downsection to the base of the core where the least mineralized and least altered GRB was 

encountered.  Photographs of the core were acquired for documentation and for evidencing large 

scale features in the rock.  Lithologic logs recorded during the sampling are shown on the next 

chapter (Figs. 23, 23, and 25).  
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Figure 19:  Isopach map of Stage 2 mineralization in the Maturi deposit showing the locations of 

the four drill core (stars) investigated for this study.  Unpublished figure from Peterson 

(2012). 
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Figure 20 – Core logs from Duluth Metals detailing lithology, metal grade for Cu, Ni, Pt, Pd, and 

Cu.  Ti and Ba are included as lithologic indicators used in conjunction with seven factors 

used to delineate internal stratigraphy.   
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3.2.2 Petrography 

 Seventy samples were selected for thin-sectioning and were polished for observation of 

opaque minerals and for semi-quantitative SEM analyses of mineral chemistry.  The textures 

observed in thin section will be critical for determining mechanisms of mineralization within the 

GRB.  A combination of transmitted and reflected light will be used to search for textural 

evidence outlined in the specific hypotheses above – partial melting/sulfide infiltration and/or 

hydrothermal mineralization.    

What this petrographic study seeks to accomplish that previous studies did not do is to 

document the changes in mineralogy, texture and sulfide mineralization in the granite down-

section from the gabbro contact for the three mineralization stages defined in the Maturi 

Mineralization model.   

3.2.3  Mineral Chemistry  

Changes in mineral chemistry were used in determining the driving mechanism for footwall 

mineralization at Maturi.  Scanning electron microscopy was used to perform semi-quantitative 

point analyses for mineral chemistry based on targets determined from petrography.  Some 

potential targets include: 

1) K-spar and plagioclase phenocrysts chosen from samples located at various depths from 

the SKI-GRB contact.  Albitization of K-spar with increased temperature (i.e. proximity 

to gabbro contact) is possible as well as depletion in the albite component in plagioclase 

resulting in more anorthite rich compositions. 

2) Suspected melt films to determine mineralogy.  Many of the films are too small to 

definitively identify mineral phases using only a petrographic microscope. 

3) Tracking of compositional changes in biotite, amphiboles, and pyroxenes with regards to 

proximity to gabbro-granite contact.  
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3.2.4 Whole rock Geochemistry 

 Fifty-two samples were to be submitted to ACME laboratory in Vancouver, BC for 

geochemical analyses.  Samples were chosen under a similar methodology to petrographic 

samples.  Targets for sampling include zones immediately above and below contacts, 

representative samples of regions of similar alteration/mineralization, and representative samples 

of unaltered and unmineralized GRB.  The following elements in Table 3 were analyzed, for 

details on detection limits see appendix 1: 

Table 3 – Digestion and analytical techniques used for analyses performed by ACME Labs 

(Vancouver, BC) 

 

. 

3.3  Application of the Isocon Method of Mass Balance Analysis 

 The isocon method (Grant, 1986; Grant 2005) for geochemical mass balance analysis 

quantitatively estimates changes related to metasomatic processes such as mass, volume, or 

component concentrations.  The process is based on mass balance principals and uses a derivation 

of Gresens equation for metasomatic alteration seen as  

ΔM= [(M
A
/M

o
)(Ci

A
 + Ci

o
)]M

o 

where “i” represents a species, “o” refers to original rock composition, and “A” is the altered 

rock.  “C” is concentration of a species and “M” is mass of the rock (Grant, 1986).   
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 The isocon method includes plotting altered and less altered compositions graphically  

onto an x-y plot, with least altered composition plotted relative to the x-axis, and altered 

compositions plotted relative to the y-axis.  The isocon represents a line of constant relative 

concentration. 

 Several types of isocons can be developed, including:  

1) Constant mass isocon (m=1) 

2) Constant component isocon (plotted through a component shown to or believed to be 

immobile during the metasomatic process in question) 

3) Best-fit isocon, which is the best-fit slope of a series of components that have been shown 

to be relatively immobile during the metasomatic process in question 

4) Constant volume isocon, developed based on calculations related to volumetric changes 

that appear to be associated with the metasomatic process in question. 

Species that are immobile will plot along a straight line through the origin.  This line 

represents the best-fit isocon, from which relative gains or losses of species or changes in mass 

and volume can be determined by comparing the slopes of the line passing through the species 

and the slope of the isocon.  Below is a detailed description of the isocon method followed by the 

applications of the technique to this study. 

The primary requirement when comparing altered and less altered samples (i.e. isocon 

analysis) is that the samples must have identical protoliths.  The following is the isocon 

procedure. 

3.3.1 Determining the Isocon  

This is the most critical step in developing an isocon diagram.  Component concentrations 

determined by whole rock analyses are plotted in pairs onto variation diagrams.  Those 

components which plot at high correlations have changed little relative to each other and can be 
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considered to be immobile.  In the following steps these will be referred to as immobile 

components and will define the line that is the best-fit isocon.   

Two other types of isocon may be chosen, the constant mass and constant volume.  The 

constant mass is based on the mathematics involved with the isocon method and always has a 

slope of one and passes through the origin.  The best fit isocon can be a constant mass if the slope 

is equal to one.  Constant volume can be calculated by determining the density of the samples and 

is applicable if the altered and least altered samples have equal density.   

3.3.2 Scaling of the Data 

Geochemical data must be scaled to fit onto a reasonable sized x-y plot and make the graph 

easier to read.  Ideally, data should be scaled to values less than 40.  Scaling must be equivalent 

amongst all samples for each individual component.  However, each component within each 

analyses does not need to be scaled the same.  See Table 4 for an example. 

Table 4 –Example of scaling factors for major oxides in least altered and most altered GRB 

samples.   

 

 

3.3.3  Plotting the Data 

With data scaled and immobile components identified it is possible to generate an isocon 

plot.  Follow Figure 21 which details that various parts of an isocon diagram.  Plot all 

components of the least altered sample on the x-axis and the altered sample on the y-axis.  

Determine the best-fit isocon by calculating the best-fit line through components shown by linear 
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regression to be “most” immobile.  In addition to the best-fit line, a constant mass line should also 

be placed in the diagram. This constant mass isocon, by definition, will have a slope m=1. 

 

Figure 21 – This figure shows a generalized isocon diagram in which the constant mass isocon is 

used as reference for two examples of best-fit isocons showing regions representing gain 

or loss of mass.  Under notation is the explanation of the symbols in the mathematics. 

From Grant, 1986.   

 

3.3.4  Reading the Diagram 

 

Reading and drawing general conclusions from the diagram once data is plotted is rather 

straightforward.  As well, straight forward mathematical calculations enable quantitative 

evaluation of the gains and losses, in terms of percentages, of the components during the 

metasomatic process.  When the best-fit isocon plots above (steeper slope) the constant mass 

isocon it represents a loss in mass within the system.  When the best-fit isocon is below the 

constant mass line it represents a mass gain.  Ratios of the slopes of the component relative to the 

reference isocon can be used to determine the percent loss or gain in the mass of the component.   

Figure 21 illustrates the process of determining gain or loss of specific components relative 

to an isocon.  Those components that plot above the isocon represent a gain in concentration 

relative to the least altered sample, while those plotting below the isocon represent a decrease in 
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the concentration of a component.  The magnitude of gain or loss can be determined by 

comparing the slope of a line drawn from the origin to the component data points relative to the 

slope of the isocon.   

3.3.5 Mathematics behind the Isocon Diagram  

The fundamental equation (Grant, 1986) is restated here: 

ΔM= [(M
A
/M

o
)(Ci

A
 + Ci

o
)]M

o     
(Equation 1) 

The best-fit isocon is made up of a series of components which have a strong correlation 

when subjected to linear regression.  Those components when plotted each have a line through 

the origin defined by the best-fit isocon in the following equation: 

Ci
A
 = (M

o
/M

A
)C

o
  (Equation 2) 

When applying the method, the statement (M
o
/M

A
) can be simplified to be equal to the slope 

of the chosen isocon.  For example, if a specific immobile component (k) is chosen the equation 

becomes: 

C
A
 = (Ck

A
/Ck

o
)C

o   
(Equation 3) 

If constant mass is assumed the (M
o
/M

A
) statement becomes equal to one leaving: 

C
A
 = C

o
   (Equation 4) 

Each of these equations give a slope for the isocon where in equation (3) the slope depends 

of the relative concentrations of the chosen component and in the case of equation (4) the slope is, 

by definition, one.  It may be noticed that in equation (3) the slope should be one if the chosen 

component is immobile, however, it should be considered that this method relies on ratios, if the 

system does not maintain constant mass, then the relative concentration may change but the total 

abundance will not, and therefore the isocon line may have a slope not equal to unity.   

Calculating the relative gain or loss of mobile components is done by calculating the slope 

of a line coming from the origin and passing through the data-point of the component in question.  

That slope is then divided by the slope of the isocon as follows: 
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ΔCi/Ci
o
 = (M

A
/M

o
)(Ci

A
/Ci

o
)-1 (Equation 5) 

The function (M
A
/M

o
) is determined from the best fit isocon.  When considering a constant 

component: 

ΔCi/Ci
o
 = (Ck

o
/Ck

A
)(Ci

A
/Ci

o
)-1 (Equation 6) 

Constant mass for the same function is given as: 

ΔCi/Ci
o
 = (Ci

A
/Ci

o
)-1(Equation 7) 

Relative percent gains can be determined by dividing the slope of the line from the origin to 

a specific component by the slope of the isocon in the manner seen below for best-fit: 

%ΔCi = [((M
A
/M

o
)(Ci

A
/Ci

o
)-1] · 100 (Equation 8) 

For a constant component: 

%ΔCi = [(Ck
o
/Ck

A
)(Ci

A
/Ci

o
)-1] · 100 (Equation 9) 

Constant mass for the same function is given as: 

%ΔCi = [(Ci
A
/Ci

o
)-1] · 100 (Equation 10) 

 

3.3.6 Application of the Isocon to this Study 

The isocon method has been extensively applied to metasomatic alteration in a variety of 

environments.  This study attempts to apply the method to a system as a means to determine 

whether partial-melting or metasomatic alteration is the dominate mechanism by which footwall 

mineralization occurs.  Table 5 provides a list of components grouped into major element, large-

ion-lithophile (LIL), high-field strength (HFS), rare earth elements (REE), and transition metals 

and contains their expected behavior metasomatic alteration and partial melting. 
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Table 5 – Elemental classifications and expected behavior of those elements under conditions of 

metasomatic/hydrothermal alteration and partial melting.  Potassium is moved from LIL 

classification to major elements due to the abundance of K-spar in the GRB.  REE’s are 

removed from the HFS classification due to possible differences in behavior from other 

HFS elements.  Partition coefficients are estimated based on anatectic melt derived from 

monzonite-quartz monzonite.  Table compiles data from Grant (1986, 2005), Hudak 

(pers. comm. 2014), Jenner (1996), and Bea et al. (1994). 

Elemental Classification Metasomatic alteration Partial melting 

Major Elements                                                 

(Si, Al, Fe, Mg, Ca, Na, K) 

Expected depletion in 

alkalis.  Relative 

immobility of alumina. 

Expected depletion in 

alkalis as well as silica and 

alumina.  Mg and Fe are 

compatible. 

Large Ion Lithophile*                                    

(Rb, Sr, Cs, Ba, Pb) 
Potential mobility 

Pb, Ba, Sr compatible 

while Cs and Rb are 

incompatible.  

High-field strength**                                      

(Sc, Ti, V, Y, Zr, Nb, Hf, Ta, U, Th, P) 
Immobility expected 

Incompatible, however,  

Ti, V, and Nb strongly 

partition into biotite. 

Rare Earth Elements 
Immobility expected. 

Depletion in divalent Eu. 

LREE are slightly more 

compatible than HREE.  

Eu compatible in 

plagioclase.  La possibly 

compatible in biotite. 

 

 

Transition Metals and Precious Metals                                                       

(Cr, Mn, Co, Ni, Cu, Zn, Mo, W, Pt, Pd, 

Au) 

Potential mobility and 

depletion, except in Ni, 

Co, and Cr. 

Mn, Co, Ni, Cu, and Zn 

are compatible.  The Pd 

group PGE's tend to be 

incompatible.  

*Potassium is moved to major elements due to >0.1% abundance 

 
**REE's are excluded from HFS and are treated separately 

 

 

 

Major elements potentially represent good markers for distinguishing chemical changes that 

result from either metasomatic alteration or partial melting.  Hydrothermal systems are able to 

dissolve the alkalis (Na, K, Ca) quite easily commonly resulting in relative changes in 

concentration in altered samples (Grant, 2005; Hudak, pers comm. 2014), however, alkalis may 

be added, such is the case with potassic alteration seen in seafloor and porphyry type 
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hydrothermal systems as well as some epithermal and volcanogenic massive sulfide systems.  

Alumina is often immobile in hydrothermal fluids and maintains constant relative concentrations.  

Partial melting, however, differs in signature.  During partial melting, silica and alumina, as well 

as the alkalis, are compatible and are likely to decrease in relative concentration while Fe and Mg 

are comparably lesscompatible in the siliceous melt and will remain relatively immobile. These 

differences could provide a good marker to define what process dominated the observed 

alteration.   

Elements belonging to the LIL group are expected to be mobile under hydrothermal 

alteration.  This could result in relative depletion of these elements in the GRB.  The LIL 

elements are generally compatible and should show relative enrichment in the GRB where partial 

melting has taken place.  Rb and especially Cs behave incompatibly and will likely be depleted 

under similar circumstances (Grant, 2005; Rollinson, 1993).  Ba is highly compatible in biotite 

and K-spar possibly resulting in decreased concentration if biotite or K-spar are lost during partial 

melting.   

The HFS group of elements normally includes the REE’s, however, in this study they are 

treated separately.  The HFS elements have high ratios of ionic charge to ionic radius resulting in 

high ionic potential.  Bonds with HFS, as a result of high ionic potential, are considerably strong 

making dissolution difficult, thereby making this group of elements considerably immobile. The 

HFS elements Ti, Hf, and Ta are often used to define the isocons (Grant, 2005).  The group as a 

whole tends to behave incompatibly and is expected to decrease in relative concentration.  

However, Ti, V, and Nb partition strongly into biotite.  These three elements may show less 

intense decreases in concentration relative to the other HFS elements under partial melting. 

Similar in behavior to the other HFS elements, the REE’s will likely be immobile during 

metasomatism.  Eu may be an exception as it has shown to be mobile in hydrothermal fluids 

when divalent (Grant, 2005).  The light REE’s are also considerably incompatible and should 
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strongly partition into the melt phase.  Heavy REE’s are more compatible than the light REE’s.  If 

partial melting takes place, this will be shown as a positive slope on a REE plot.  Lower atomic 

numbers, particularly La, partition more strongly into biotite than the heavy REE’s, possibly 

resulting in greater increases in concentration of LREE compared to HREE.  If biotite is lost 

during melting, however, compatibility of LREE’s decrease resulting in depletion of greater 

magnitude.   

The transition metals (including the PGE + Au) are the most variable in their behavior under 

metasomatism and partial melting.  Most of the transition metals are expected to mobile during 

hydrothermal alteration and experience decreased concentrations.  The exceptions are Ni, Co, and 

Cr which are generally immobile in hydrothermal fluids (Rollinson, 1993).  During melting Mn, 

Cu, Co, and Zn are compatible and should increase in concentration in the restite while the 

PGE+Au partition into the liquid phases, decreasing the concentration in the restite.  Loss of 

mafic phases such as biotite or hornblende, however, will significantly affect the partitioning of 

the transition metals. 

Using the criteria shown in Table 5 determination of the dominate mechanism is alteration 

and mineralization can be performed.  The following relationships stand out as important 

markers:   

1) Al is immobile under metasomatic alteration but can be considerably depleted, along with 

silica, by the removal of partial melts.   

2) Strong decreases in LIL elements are expected during hydrothermal alteration, however, 

LIL elements, except for Cs due to incompatibility, remain rather unchanged during 

partial melt separation. 

3) REE’s could be enriched during metasomatism (except divalent Eu) and depleted during 

partial melt separation (but relatively enriched in Eu). 



74 

 

4) Other HFS elements would show similar trends to the REE’s, being relatively enriched in 

metasomatism and depleted during partial melting.   

The combination of geochemical markers is not enough to make a definitive decision on 

mechanisms driving mineralization.  Results from geochemistry were compared to petrographic 

observations to search of congruencies between textural and mineralogical changes and changes 

in geochemistry.  

3.4  Evaluating Evidence for Partial Melting/Sulfide Infiltration in the GRB  

White (2010), Sawyer (2002), and Hovis (2003) cited evidence for partial melting of the 

Giants Range Batholith in the form of silica contamination of the basal SKI due to the presence of 

norite in the basal mineralized zone and in fine grained aggregates of quartz and feldspar in 

roughly eutectic proportions within the GRB.  Their studies concluded that mineralization within 

the GRB could have resulted from partial melting of the GRB that resulted in anatectic melts 

buoyantly rising from the footwall and into the SKI.  The “space” left by these melts would 

subsequently be filled with high density sulfide melts derived from the SKI.  The partial melts 

from GRB could then contaminate the SKI resulting in the formation of norite found in the BAN.  

Testing this mechanism will require a combined petrographic and whole rock geochemical 

analyses that will compare mineralized GRB to unmineralized GRB.   

Evidence for partial melting may be found in changes in three categories: changes in rock 

texture, changes in mineralogy, and changes in geochemical composition.  Changes in 

mineralogy and texture are best evidenced with petrographic analyses (Fig. 22).  Mineralogic 

changes such as modal decrease in low temperature minerals such as quartz and potassium 

feldspars and an increase in plagioclase mode (Curier, 2011).  Biotite mode may decrease as well 

or be completely replaced by oxides and Mg-pyroxene (Rosenberg et al, 2000).  The anorthite 

content in plagioclase is likely to increase as a function of increased melting as the albite 
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component is preferentially partitioned into the melt.  Morphologic changes in individual 

minerals is also likely and may include micro-fractures in the feldspars, embayments in quartz, an 

reaction rims of anorthoclase around K-spar and plagioclase (Curier, 2011; Rosenberg, et al., 

2000).   

Textural changes due to partial melting center around the movement of melt and 

recrystallization of moderate temperature minerals.  Curier (2011) and Rosenberg et al. (2000) 

both cite plagioclase and K-spar in the interstices of quartz-rich aggregates as evidence of partial 

melting.  Both authors interpreted these as melts that migrating along grain boundaries, 

depositing quartz on the existing quartz grains, then crystallized into a quartz-free aggregate of 

plagioclase and K-spar.  Additional textural evidence for partial melting may include sieve-

textures found in plagioclase or K-feldspar, an overall increase in grain size, as well as 

preferential resorption of minerals along heterogeneous contacts (Curier, 2011; Rosenberg, et al. 

2000).   

Perhaps the strongest evidence for a partial melt would be the presence of micrographic K-

feldspar and quartz – i.e., granophyre (Curier, 2011).  The intergrowth of quartz and K-spar that 

is often associated with late stage melts has been evidenced as an indicator of partial melt with a 

eutectic composition.  It would be expected that a melt drawn from the GRB would be of a 

eutectic composition, for a time, until melting resulted in the complete dissolution of a particular 

mineral phase (Winter, 2010).   

It would, of course, be expected that changes in mineralogy would result in a change in 

geochemistry.  As explained in section 3.3, data taken from whole-rock geochemical analyses 

will be put through the isocon  modeling method (Grant 1986, 2005) in order to determine which 

chemical components have “left” or been added to the GRB.  Those that plot above the isocon 

have been added.  Rare earth elements will also be used as they provide a good measure for the 

degree of partial melting due to high liquid partition coefficients (Winter, 2010; Rollinson, 2004).  
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Europium could be especially useful due to its preference to remain in plagioclase.  If the isocon 

method were to show a relative increase in Eu along with an increase in modal % of plagioclase, 

it could be said that other minerals had melted and migrated away, leaving a plagioclase-enriched 

restite (Curier, 2011). 

 
Figure 22 – A series of images of the same region of a thin section where A is in transmitted 

light, B is a backscattered image from SEM, and C is a cartoon.  The arrows in each 

image and the black filled regions in C are areas interpreted to be partial melts located 

along grain boundaries (from Sawyer, 2002). 
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3.5  Evaluating Evidence for Hydrothermal Mineralization of the GRB 

The second hypothesis for GRB mineralization is that metasomatic replacement of GRB 

minerals for sulfides was mediated by hydrothermal fluids infiltrating along fractures and grain 

boundaries.  Evaluation of this hypothesis also requires with a combination of petrographic and 

geochemical mass balance techniques.  The presence of hydrous mineral alteration/replacement 

between grain boundaries and along cleavage planes in sulfide-bearing areas would be strong 

indicators of sulfide-bearing fluids circulating through the GRB.  The chemical signature of 

hydrothermal alteration attending mineralization that one would expect to be evident on an isocon 

plot would be different from that observed from partial melting.  Whereas partial melting would 

largely show a change in eutectic proportions of major elements and incompatible trace element 

abundances, mineralization by hydrothermal fluids would show a loss in mobile elements such as 

alkalis and LIL trace elements, while enriching the GRB in Fe and Mg (Riverin and Hodgson, 

1980).  Also, relatively immobile REE and HFS trace elements would show little relative change 

due to interaction with hydrothermal fluid. The morphology generated from this style of 

mineralization would most likely be structurally controlled, preferring to follow joints and faults 

in the footwall.  Near the contact, pervasive alteration may obscure such structures; therefore, it is 

at depth that these morphologies, if present, could be most evident.   

 

a 

 

b 
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4. Results 

The following is an aggregate of all the data collected as part of this study.  Information is 

divided into five sections which detail the results of core logging and sampling, petrography, 

whole-rock geochemistry, mineral chemistry, and isocon modeling.   

4.1 Core Logging and Sampling 

Three drill cores which bore through the BMZ and into sulfide-bearing GRB were logged 

and sampled as part of this study each core was re-logged in order to determine the best points to 

sample.  The logging was performed with the aid of company logs and whole rock assays which 

helped to break out discrete lithologies.  Samples were chosen that were of representative of the 

main lithologic characteristics of the GRB such as degree and style of mineralization, igneous 

texture, and mineral mode.  In addition to representative samples, targeted sampling was 

performed to better understand the nature of special features such as lithologic contacts, sulfide 

veins, and mafic enclaves.  

Figures 23 through 25 are simplified core logs derived from the detailed re-logging.  The 

columns in Figures 23-25 labeled TS indicate sample locations where a thin-section was made 

and GC marks the locations of geochemical samples.  Locations where multiple samples were 

taken are indicated by the number of “x’s” in the respective column and sample depth.  Multiple 

samples at a specific depth were commonly taken to characterize the material above and below a 

contact between discrete lithologies.   Each log is supplemented with photographs of contact 

relationships, representative samples, or unique textures or mineralogical occurrences.  

The macro-scale appearance of the SKI-GRB contact varies somewhat between drill holes, 

but can be generally described as a heterogeneous zone of mixed gabbro and granitic lithologies 

composed of mesocratic, leucocratic, and melanocratic domains (Figs. 23a, 24b, and 25b). Above 

the lowest occurrence of gabbro, granitic lithologies occur as meter-scale inclusions in a matrix of 

sulfidic taxitic gabbro. Below the lowest occurrence of gabbro, the granite continues to display 
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heterogeneity.  In MEX-84 (BMZ-3) and MEX-123 (BMZ-2) heterogeneity extends more than 40 

feet below the last occurrence of gabbro.  The interval in MEX-152 heterogeneous granite 

extends about 20 feet below the lowest gabbro occurrence. 
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Figure 23 – Generalized drill core log of MEX-152 (BMZ-1) showing the core depths of samples 
collected for thin-sectioning (TS), and geochemical analysis (GC).  Photo A (4281 ft.) is 
from a weakly heterogeneous granite with leucocratic (a) and melanocratic (b) areas.  
Photo B (4341ft) is an example of moderately mineralized granite while photo C (4479 
ft.) is unmineralized granite.  HW indicates the hanging wall of the Maturi deposit made 
up of additional SKI units. 

a	  

	  

a	  
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Figure 24 – Generalized drill core log from MEX-123 (BMZ-2) showing the core depths of 

samples collected for thin-sectioning (TS), and geochemical analysis (GC).  Photo A 
(2679ft) is an example of mineralized (sulfide (S) denoted by arrow) heterogeneous-
textured GRB located near the BMZ-GRB contact.  Photo B (2814ft) is an example of the 
sulfide veining common in the GRB below BMZ-2 and BMZ-3.  The sample in B was 

2993	  

S	  

S	  
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not made into a thin section of geochemical section due to sampling limitation. Photo C 
(2993 ft.) is an example of unmineralized GRB from near the bottom of the drill core.   

 
Figure 25 – Generalized drill core log of MEX-84 (BMZ-3) showing the locations of samples 

collected for thin-sectioning (TS), and geochemical analysis (GC).  Photo A (2938ft) is a 
contact between mineralized gabbro and leucocratic quartz monzonite to monzodiorite.  
This sample is from a heterogeneous contact zone below the contact which contains both 
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leucocratic and gabbroic pods.  Photo B (2956ft) is an example of leucocratic and 
melanocratic domains occurring in mineralized GRB (see Fig. 35 for TS).  Photo C 
(2977.6ft) is semi-massive sulfide in quartz monzonite to monzodiorite.  Hanging wall 
(HW) is composed of overlying SKI units.  

 

With most drill cores terminating when mineralization in granite disappeared, it was initially 

assumed that the unmineralized deepest samples from each drill hole would be minimally 

affected by the thermal and metasomatic effects of the SKI.  However, preliminary petrographic 

and geochemical data indicate that even the deepest samples showed the effects of contact 

metamorphism by the SKI.  It was decided that surface samples should be collected from similar 

GRB lithologies that would be minimally affected by the SKI.  Samples were obtained from two 

road cuts along Minnesota Highway 1 (Fig. 26) which are three to five miles northwest of the 

GRB-SKI contact.  These two samples were analyzed for geochemistry and mineral chemistry.  

In addition, petrographic observations were made of six thin-sections (M samples, Fig. 26) 

collected by Prof. John Green during his mapping of the northwestern corner of the Gabbro Lake 

15’ quadrangle (Green et al., 1966).   

4.2 Petrography 

Petrographic observations were made on fifty-two polished thin-sections from the GRB 

footwall sample collected from drill core MEX-152 (Fig. 23), MEX-123 (Fig. 24), and MEX-83 

(Fig. 25), and six GRB thin-sections from John Green’s sample collection from the Gabbro Lake 

15’ quadrangle (Fig. 26).  Special attention was given to changes in mineral assemblages and 

textures in the footwall rocks as a function of distance from the SKI contact.  Modal mineral 

proportions were estimated visually.  Given below are summary petrographic descriptions of 

mineral assemblages and textures observed in the lower sections of the SKI and in the granitic 

footwall encountered in the three MEX drill core. 
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Figure 26 – Geology of the GRB-SKI contact as portrayed on geological map M-119 (Miller et 

al., 2002) showing the locations of GRB samples investigated for this study.  M-prefixed 
samples are thin sections borrowed from John Green (Green et al., 1966). UAGRB1 and 
UAGRB2 were collected for this study from road cuts along Minnesota Highway 1 
(highlighted in blue). 

 
 

4.2.1 Petrographic Attributes of the Basal Mineralized Zone of the South Kawishiwi Intrusion  

Two general lithologies were observed in the lower part of the SKI.  The most common 

lithology was troctolite with gabbronorite to norite being present in minor abundances.  Troctolite 

is typically heterogeneous in both grain size and in proportions of olivine to plagioclase ranging 

from fine- to medium coarse-grained, leucotroctolite to melatroctolite.  Modally, it is composed 

of 65 – 80 % plagioclase, 15 – 35 % granular olivine with varying degrees of serpentinization, 

and 0 – 5 % subophitic clinopyroxene (Fig. 27a).  Plagioclase occurs as euhedral to subhedral 

granular laths with polysynthetic twinning and normal zonation.  Olivine is typically subhedral 

granular to weakly ameboidal and is locally rimmed in orthopyroxene.  Clinopyroxene is entirely 
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interstitial to olivine and plagioclases and occurs in anhedral granular to subophitic habit.  Local 

occurrences of Ca-plagioclase-orthopyroxene symplectite after plagioclase and orthopyroxene-

oxide symplectite after olivine were observed. Accessory mineral assemblage includes subhedral 

Fe-Ti oxide with occasional exsolution lamellae of ilmenite and fine to medium-fine grained 

biotite.  Alteration is variable ranging from relatively unaltered to strong serpentine alteration of 

olivine and sericitic alteration of plagioclase.  Serpentinization is particularly common in 

melatroctolite units.  The BMZ troctolites often contain sulfide mineralization ranging from 0 – 4 

% but local occurrences of >10 % have been observed.  Sulfide is typically located in the 

interstices between cumulus plagioclase and olivine grains and is sometimes intergrown with 

postcumulus overgrowths. 

Gabbronorite and norite most commonly occurs near the GRB contact and has been 

interpreted by previous studies (Severson, 1994; White, 2010) as indicating contamination of the 

SKI magma by hydrous siliceous melts from the GRB.  This lithology varies from gabbronorite 

to norite based on presence or absence of clinopyroxene.  Generally medium- to coarse-grained, it 

is composed of 70 – 80 % plagioclase, 20 – 30 % orthopyroxene, and 0 – 10 % clinopyroxene 

(fig. 27b).  Plagioclase occurs as euhedral to subhedral granular laths with polysynthetic twinning 

and normal zonation that ranges from smooth, to double-zoned, to cyclical.  Both pyroxene 

phases occur interstitially to plagioclase laths and are locally subophitic.  Many samples of this 

lithology have been strongly hydrothermally altered, leading to sercitization of plagioclase cores 

and uralitic alteration of pyroxenes.  Local occurrences of primary biotite laths are observed. 

4.2.2 Petrographic Attributes of Footwall Granites of the Giants Range Batholith 

As mentioned above, it became obvious when conducting petrography of the deepest drill 

core granite samples that all samples showed thermal effects from the overlying gabbro.  This 

was most evident by the persistent occurrence of orthopyroxene, which does not occur in the 

unaffected granite.   Therefore, discussion of the petrographic attributes of the GRB lithologies 
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will start with a summary of John Green’s sample collection from the Gabbro Lake quadrangle 

(Fig. 26).   This will be followed by a description of features that are noted in the footwall drill 

core that clearly represent the thermal effects and mineralization from the overlying SKI.   These 

features include orthopyroxene and clinopyroxene “porphyroblasts”; aggregates of fine-grained, 

polygonal quartz-feldspar; crystal lattice dislocation textures in alkali feldspars; sieve textures in 

feldspar filled with quartz-K-feldspar or sulfide; disseminated to semi-massive sulfide 

occurrences; and retrograde hydrothermal alteration. 
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Figure 27 –  Photomicrographs of common SKI rock types: A) melatroctolite from MEX-84 

characterized by abundant granular to weakly ameboidal olivine and subhedral 
plagioclase. B)  Norite from MEX-84 with subhedral plagioclase and subophitic 
orthopyroxene which is slightly altered to amphibole.   

A	  

B	  
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4.2.2.1 Unmetamorphosed GRB. The GRB samples collected by John Green are generally 

equigranular to weakly porphyritic, hornblende-biotite quartz monzonite to quartz monzodiorite 

(Fig. 28).  Visual estimates of mode indicate that the GRB lithologies are composed of 30 – 50 % 

plagioclase, 15 – 20 % alkali feldspar (K-spar), 10 – 20 % quartz, 10 – 15 % hornblende, 5 - 10 % 

biotite,  < 1 % magnetite-ilmenite, and minor apatite, zircon, and titanite.  Plagioclase generally 

occurs as 2 - 5mm subhedral granular laths to tablets that are weakly zoned and commonly 

display simple and polysynthetic twinning.  Polygonal to irregular-shaped patches of microcline 

are common within plagioclase grains.  K-spar occurs as subhedral granular semi-rectangular 

crystals that typically display tartan twinning.  Quartz occurs as subpoikilitic grains to granular 

clusters interstitial to plagioclase and K-spar megacrysts. Quartz also commonly occurs as 

symplectic intergrowths with K-spar and plagioclase (granophyre and myrmekite, respectively).  

Hornblende occurs as isolated subprismatic grains and as aggregates and typically displays green-

brown pleochroism and simple twinning.  Biotite is subhedral to anhedral sheafs occurring 

interstitial to feldspar megacrysts or as rims on oxide minerals.  Two pleochroic varieties are 

noted - interstitial biotite has brown-tan pleochroism and oxide-rimming biotite is red-brown 

pleochroic.  Magnetite occurs as anhedral grains with ilmenite oxidation lamellae.  Apatite, 

zircon, and titanite occur as euhedral inclusions in biotite or in contact with biotite and 

hornblende.  Alteration takes the form of weak but pervasive sericite alteration of plagioclase 

cores and K-spar grains. Figure 29 shows a representative sample of unmetamorphosed GRB. 

4.2.2.2 Pyroxene “Porphyroblasts”. Although not found in unmetamorphosed GRB lithologies 

(this study; Green, 1968; Sims and Viswanathan, 1972), orthopyroxene and minor clinopyroxene 

are ubiquitous in the footwall of the SKI.  As such, these quartz monzonitic rocks are more 

appropriately termed charnokites.  Both pyroxenes, with orthopyroxene usually double the 

abundance of clinopyroxene (Figs. 30 and 31), occur as small (< 1 mm) euhedral (Fig. 32) to 

anhedral (Figs. 33 and 34) grains in three textural associations; 1) located within quartz-feldspar 
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aggregates (Figs. 32 and 32), 2) interstitial to plagioclase and/or K-spar megacrysts, (see Fig. 35), 

and 3) located within semi-massive sulfide occurrences.  The modal abundance of pyroxenes 

generally shows an inverse correlation to the modes of hornblende and biotite.  Also, the mode of 

pyroxenes generally decreases downsection from upwards of 20% at the GRB-SKI contact to 

absent in the deepest samples (Figs. 30 and 31). Whether the pyroxenes are metamorphic 

porphyroblasts or igneous phases in partial melts will be discussed in the next chapter. 

 

 

Figure 28 – Visually estimated modal compositions of quartz, alkali feldspar, and plagioclase for 
all GRB and SKI samples observed in this study.  Samples are distinguished as being 
sulfide- &/or pyroxene-bearing.   
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Figure 29 – Photomicrographs of unmetamorphosed GRB (Green sample M-7300)  in cross-

polarized light (A) and plane light (B).  Phases include plagioclase (plag) and alkali 
feldspar which occurs as subhedral tabular grains, quartz (qtz) occurs most often anhedral 
and located between feldspar grains, hornblende (hbl) is generally subhedral. 

A	  

B	  
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Figure 30 – Estimated modal mineral abundances in MEX-84 plotted as a function of depth.  

Notable trends are the gradual decrease of orthopyroxene with depth and subsequent 
increase in quartz, amphibole and biotite modes. 
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Figure 31 – Estimated modal mineral abundances in MEX-152 as a function of depth.  

Amphibole and biotite, which are primary in the GRB, tend to increase downsection 
while the abundance of metamorphic pyroxenes decrease downsection.  This trend is 
expected because the temperature in the GRB should decrease as distance from the GRB 
increases.  The lower temperatures further from the intrusion are not favorable for the 
biotite to pyroxene reaction to take place.  
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Figure 32 – Euhedral orthopyroxene occurring in polygonal quartz-feldspar aggregate in plane-
polarized (A) and cross-polarized (B) illumination. (DDH MEX-84, 64.5 ft. below BMZ-
3 contact).   
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Figure 33 - Photomicrographs of quartz-feldspar aggregates surrounding feldspar megacrysts 

resulting in mortar texture.  (A) Aggregates situated between megacrysts (outlined) 
contain subhedral to anhedral granular orthopyroxene (DDH MEX-84, 262.5ft from 

A	  

B	  
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BMZ-3).  (B) Mortar texture of aggregate surrounding several megacrysts containing 
abundant pyroxene (DDH MEX-152, at BMZ-1 contact). 

 
4.2.2.3 Fine-grained, Polygonal Quartz-Feldspar Aggregates.  A unique feature observed with 

increased proximity to the SKI contact is irregular domains of polygonal aggregates of fine-

grained quartz and feldspars.  These aggregates are characterized by roughly equal proportions of 

euhedral to subhedral quartz, plagioclase, and K-spar (Figs. 32 and 33).  Grains are < 1mm in size 

and the aggregate domains occur between large plagioclase and K-spar megacrysts.  The 

aggregates often contain euhedral to subhedral orthopyroxene (Figs. 32 and 33). Also, they 

commonly display graphic intergrowths between quartz and feldspar phases (Fig. 34).   

With increased abundance of aggregates, the individual pockets become interconnected 

resulting in mortar textures (Fig. 33).  Mortar texture is characterized by quartz-feldspar 

aggregates partially to completely surrounding plagioclase and K-feldspar megacrysts.  Mortar 

texture is more common near the SKI contact.  Quartz-feldspar aggregates also occur as large 

areas (> 2 cm) that have been correlated with mylonite textures observed in macro scale (Fig. 25).  

These occurrences are generally devoid of large feldspars and mafic minerals (Fig. 35) and have 

been observed to contain finely disseminated sulfide.  Narrow veins composed of aggregate are 

also observed. 
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Figure 34 – Graphic intergrowth of quartz (yellow) and feldspar (dark grey) within a quartz-

feldspar aggregate.  (A) indicates the intergrowth while (B) locates a subhedral 
clinopyroxene.  (DDH MEX-84, 209.5ft from BMZ-3) 

 
Figure 35 – Contact between melanosome (B) and leucosome (A) in the GRB.  The contact is 

highlighted with the black line.  Notice the lack of mafic phases and large Ksp 
megacrysts in the leucosome. (DDH MEX-84, 15.5 ft. below the SKI (BMZ-3) contact) 
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Figure 36 – Photomicrograph of an irregular vein-like structure of polygonal quartz-feldspar 

aggregate (outlined by white line) (A).  (DDH MEX-84, 192 ft. from BMZ-3 contact) 
 
 
 
 



	  
	  

	   100	  

 

 
Figure 37 – Photomicrograph of a vein-like structure (delineated in (A) by flanking white lines) 

hosting both quartz-feldspar aggregates and semi-massive sulfide shown in cross-
polarized (A) and plane-polarized (B) illumination.  Sulfide is also in contact with 

B	  
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aggregates located in the host GRB proximal to the vein.  (DDH MEX-123, 113 ft. from 
BMZ-2 contact) 

 

4.2.2.4 Crystal Lattice Dislocation Features in Plagioclase and Alkali Feldspars.  Another 

unique feature of GRB rocks in the immediate footwall of the SKI is the occurrence of lattice 

dislocations in plagioclase and K-spar megacrysts.  Dislocations usually occur where feldspar 

grains are in contact with quartz-feldspar aggregates (Fig. 38). The dislocations occur in varying 

degrees of development and are recognizable by shifts in twinning, loss of optical continuity, the 

disaggregation of an individual grain into roughly rectangular domains and the development of 

sieve texture.  Low intensity dislocation is typically characterized small scale shifts orthogonal to 

the long axis of polysynthetic twinning resulting in no dilation between individual domains (Fig. 

39a).  Moderate intensity is reached when the domains show larger scale shifts/rotations along the 

twins, but retention of original grain shape, and small dilations begin to develop between grains 

which become filled with sub-poikolitic quartz or K-spar (Fig. 39b).  The highest intensity 

develops as the individual domains begin to disaggregate from the larger grain by rotation and/or 

translation (Fig. 39c).  The intensity of lattice dislocations increases with increased proximity to 

the SKI contact.  
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Figure 38 – Photomicrograph in cross-polarized light of moderate-intensity dislocated plagioclase 

grain (A) next to a quartz-feldspar aggregate (B).  The arrow denotes subpoikilitic quartz 
between plagioclase domains. (135.5 ft. from BMZ-1 contact) 

 
 

 

Figure 39 -  Illustration showing the various degrees of lattice dislocations in feldspars observed 
in this study.  Morphology of low degree dislocation (A) is characterized by the 
development of sub-domains in the feldspar grain which shift slightly evidenced by shift 
in the twinning patter. Moderate dislocations(B) are classified by the debarkation of sub-
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domains which then can rotate independently from the larger grain but remain in contact 
and maintain the general shape of the original grain.High degree lattice dislocations (C) 
develop as the sub-domains disaggregate from each other and are able to rotate and move 
independently from one another. The dotted outline in C indicates the original outline of 
the grain. Figure generated by the author based on descriptions and imagery of lattice 
dislocations from Sawyer (1999 and 2002) as well as from observations in this study.  

4.2.2.5 Sieve Textures in Plagioclase and Alkali Feldspars filled with Silicates and Sulfides.  

Sieve textures are manifest as irregular polygonal to ameboidal areas in plagioclase and K-spar 

grains filled with quartz and K-spar (Fig. 40) or with sulfide (Fig. 41).  Defining the intensity of 

sieve texture by the density of filled areas in a feldspar grain, low intensity sieve has filled areas 

that are localized on the outer edges of the grain while high intensity sieve texture affects the 

entire grain.  Generally, the number and pervasiveness of filled areas within the grains increase 

with proximity to the SKI contact. The silicates that fill the sieve are usually too small to make a 

confident petrographic identification, requiring them to be identified by their chemistry using 

SEM-EDS (Fig. 41). The acquired chemistry indicates that the silicates are quartz and K-spar.  

Sulfide-filled polygons contain mixtures of chalcopyrite, pyrrhotite, and pyrite.  The two filling 

types have been observed occurring together within an individual grain and locally in contact 

within the same area (Fig. 41b). 
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Figure 40 – Sieve texture in plagioclase (plag) where the sieve openings are filled with sulfide 
minerals shown in cross-polarized (A) and plane-polarized (B) light.  Opaque phase is all 
sulfide (DDH MEX-84, 107.5ft from BMZ-3 contact).  

 

A	  

B	  
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Figure 41 – Photomicrographs of sieve texture in a plagioclase grain where the sieve is filled with 

silicate minerals. A) plane-polarized; B) cross-polarized. Quartz and K-spar fillings are 
noted while the arrow labeled “sulfide” indicates silicates and sulfide occupying the same 
filled area (DDH MEX-123, 6 ft. from BMZ-2 contact). 

 

A	  

B	  
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4.2.2.6 Disseminated to Semi-massive Sulfide Occurrences.  Observed sulfide occurrences in this 

suite of samples is consistent with previous studies that characterized three styles of 

mineralization.  Disseminated sulfides (Figs. 42 and 45) are Cu-rich, composed of primarily fine- 

to medium fine-grained chalcopyrite with occasional cubanite exsolution flames, pyrite, and 

pyrrhotite.  Massive and semi-massive sulfide occurrences (Fig. 43) in thin-section are commonly 

strongly networked sulfide mixtures containing chalcopyrite-pyrrhotite-pentlandite with 

occasional pyrite.  The networked sulfides surround silicate grains, usually pyroxenes, but net-

textured sulfide around feldspars also occurs.  Occurrences of massive to semi-massive sulfide 

are often associated with high concentrations of pyroxenes (Fig. 43) and commonly occur in 

veins which are some distance from the SKI contact.  Semi-massive and massive sulfide has been 

observed in contact with mortar-textured quartz-feldspar aggregates (Figs. 47) and intergrown 

with pyroxene (Fig. 44).  

 

Figure 42 – Disseminated chalcopyrite and pyrite grains with occasional pyrrhotite commonly 
occur with small volumes of magnetite (A). (DDH MEX-152, 74.5ft from BMZ-1) 
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Two styles of rims on feldspars have been observed where the grain is in contact with 

sulfide.  The first has a spongy appearance where the sponge holes are filled with sulfide mineral.  

The edges are irregular and occasionally jagged.  The second style of rim on feldspars is 

compositional characterized by different extinction angle along the outer edge of the feldspar 

where it is in contact with the sulfide. Both of these textures were described by Sawyer (2002) 

and can be seen in Figure 46. 

 
Figure 43 – Plane-polarized reflected-light photomicrograph of net-textured sulfides in close 

association with euhedral pyroxenes and feldspars.  Sulfide mineral assemblage in this 
photo is pyrrhotite (Po) and chalcopyrite (Cpy).  (DDH MEX-84, 7.5ft from BMZ-3) 
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Figure 44 – Plane-polarized reflected light photomicrograph of chalcopyrite intergrown with 

orthopyroxene (arrow).  Sample contains disseminated chalcopyrite and lesser 
occurrences of pyrrhotite and rare pyrite (DDH MEX-84, 153.5ft from BMZ-3) 

 
Figure 45- Cross-polarized reflected light photomicrograph of cpy-po occurring as disseminated 

sulfide grains.  The chalcopyrite hosts orange-to-blue anisotropic cubanite (A) as 
exsolution flames along crystallographic planes. (DDH MEX-152, 74.5 ft. from BMZ-1) 
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Figure 46 – Cross-polarized photomicrograph of a feldspar grain partially surrounded by opaque 

sulfide (B). The arrow marked (A) indicates the rim of anorthoclase with a spongy 
texture that persist into the feldspar interior in the upper right. (DDH MEX-84, 151.5 ft. 
from BMZ-3 contact. 
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Figure 47 – Plane- (A) and cross- (B) polarized photomicrographs of mortar-textured quartz 
feldspar aggregates (interior of white outline) in contact with sulfide (opaque phase).  
Both the aggregates,and sulfide-rich area contain pyroxene porphyroblasts.   (DDH 
MEX084, 107.5ft from BMZ-3 contact) 

 

A	  

B	  
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4.2.2.7 Retrograde Hydrothermal Alteration,  Retrograde hydrothermal alteration of metamorphic 

pyroxene (Figs. 48) is commonly observed at all levels below the SKI-GRB contact.  Alteration is 

manifest as rims on orthopyroxene composed generally of pale-green to green pleochroic 

amphibole which is commonly rimmed by biotite (Fig. 48).  Chlorite alteration after biotite is 

locally observed.  Alteration of pyroxenes occurs in all textural occurrences including pyroxenes 

surrounded by or in contact with sulfide and pyroxene associated only with silicate minerals. 

Alteration of plagioclase and K-spar to sericite is present in both unmetamorphosed and 

metamorphosed samples.  The degree of alteration is generally weak expect in local cases where 

entire grains are altered, which is commonly associated with intense chlorite alteration of biotite 

(Fig. 49).   

 
Figure 48 – Alteration of orthopyroxene to amphibole and biotite in contact with plagioclase 

megacrysts and pocket of sulfide.  Note that the sulfide contact with the pyroxene and 
convex, indicating that the pyroxene formed before the sulfide.  However, the 
hydrothermal alteration of the pyroxene to amphibole and biotite are not in contact and 
are likely not related to the sulfide mineralization.  (DDH MEX-84, 29ft from BMZ-1 
contact) 
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Figure 49 – Example of intense plagioclase alteration in cross-polarized (A) and plane light (B).  

Note the chloritized biotite (CB) grain that occurs in a large sericitized plagioclase 
pseudomorph that fills the field of view. (DDH MEX-84 152.5 ft. from BMZ-3).  

 
 
 
 

A	  

B	  

CB	  

CB	  
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4.3 Lithogeochemistry and PGE Assay Analyses 

Presented here are the results of whole rock geochemical analyses performed by ACME 

Laboratories in Vancouver, BC Canada via:  R200-250 crush and pulverize, 3B03 fire assay 

fusion for Au, Pt, Pd by ICP-MS, and 4AB1 whole rock for major and minor elements by ICP-

emission spectroscopy, trace elements by ICP-MS, and total carbon and sulfur by leuco-titration.  

Digestions for major, minor, and trace elements were done by lithium borate fusion and acid 

digestion and precious and base metals by aqua regia.  The whole rock lithogeochemical and 

assay data for each of the three drill cores samples are listed in Tables 6A-D to 8A-D.  For each 

drill hole, the dataset is broken into major and minor element oxides, LOI, total S and total C (A 

Tables), trace elements (B Tables), rare earth elements (C Tables), and transition and precious 

metals (D Tables).   

A number of elements (Sn, Sb, As, W, Hg, Tl, Bi, Cd) were consistently or commonly 

below the detection limit and were thus excluded from the data tables.  In MEX-84, Ta is below 

detection limits while in the other two GRB drill cores Ta is detectable.  Cu and Pd occasionally 

exceed the upper detection limit (10,000 ppm and 10,000 ppb, respectively).  If upper limit is 

exceeded the concentration of the element is considered to be equal to the upper limit.  

The typical method of graphically presenting trace element chemistry is through spider 

diagrams (Rollinson, 1993).  Elements are normalized to a standard composition, which in this 

study is the chondrite standard reported by Sun and McDonough (1987).  This study presents 

spider diagrams using Microsoft Excel for both the REE’s and the complete suite of incompatible 

elements.  REE’s for 52 samples are plotted in figure 50.  The REE spider diagrams have been 

observed to have three distinct patterns largely reflecting whether they have positive, negative or 

neutral Eu anomalies. The petrogenetic significance of these three patterns will be considered in 

the discussion section.
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Table 6A – Major and minor element oxide with S, C, and LOI as weight percent for MEX-84
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Table 6B –Large Ion Lithophile and High Field Strength trace element abundances for MEX-84
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Table 6C – Rare Earth Elements abundances for MEX-84
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Table 6D – Transition and Precious Metal abundances for MEX-84.
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Table 7A – Major and minor element oxides with C, S, and LOI as weight percent for MEX-123

 
 
Table 7B – Large Ion Lithophile and High Field Strength trace element abundances for MEX-123
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Table 7C – Rare Earth Element abundances for MEX-123

 
 
 
Table 7D – Transition and Precious Metal concentrations for MEX-123
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Table 8A – Major and minor oxides with C, S, LOI as weight percent for MEX-152
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Table 8B – Large Ion Lithophile and High Field Strength trace element abundances for MEX-152
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Table 8C – Rare Earth Element abundances for MEX-152
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Table 8D – Transition and Precious Metal abundances for MEX-152
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Figure 50 – Chondrite-normalized spider diagram of rare earth element concentrations in GRB 

drill core samples grouped by the presence or absence of a Eu anomaly.   Abundances are 
normalized to chondrite compositions reported by Sun and McDonough (1987). 

 
Multi-element spider diagrams were also plotted for each geochemical sample using the 

Thompson (1982) order of incompatible elements (Fig. 51).  All GRB samples were combined 

into a single field for simplicity.  Most samples plot in a dense right-sloping cluster roughly 

paralleling the two Highway 1 samples. The major deviation of drill core samples from the 

Highway 1 samples is seen in the most incompatible element at the left end of the diagram.  The 

significance of this deviation will be considered in the discussion section.   

CIPW norms were calculated from major and minor element oxide concentrations using the 

Igpet CIPW application.  The calculated mineral suites (see Appendix 3) indicate the presence of 

hypersthene and diopside, which is not necessarily consistent with all petrographic data.  MgO, 

Fe2O3, and CaO components that CIPW norms put into hypersthene and diopside can also be put 

into biotite and amphibole; however, the complex compositions of biotite and amphibole limit the 
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program’s ability to calculate those minerals modal percent.  A triangular plot of CIPW norms of 

quartz, orthoclase, and albite components for all GRB samples are shown in Figure 52.  The Ab-

rich composition of the samples are evident and consistent with the plagioclase-rich mode 

recognized from petrographic observations.  The significance of the somewhat linear spread in 

QAP compositions evident in figure 52 will be discussed in the next section. 

 

 

Figure 51 – Multi-element spider diagram of incompatible trace element concentrations from 
GRB samples.  The grey field contains all GRB samples from drill core.  The two 
Highway 1 samples are plotted individually.  Chondrite normalization values are from 
Thompson (1982).  
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Figure 52 – Ternary plot of CIPW normative components of Ab, 50 % Or, 50 % Q for major and 
minor element analyses of GRB samples from MEX-152, MEX-123, and MEX-84 drill 
core.  Note the  linear array of data point which trend orthogonal to the Or-Qtz side of the 
diagram.   

 
 
4.4 Mineral Chemistry 

Fifty-two samples were analyzed for orthopyroxene, clinopyroxene, amphibole, and biotite 

compositions.  Table 9 summarizes the number of analyses collected for each phase from the 

three drill core.  The purpose was to monitor changes in mineral compositions relative to depth in 

the GRB footwall.  All data was taken in weight percent oxide.  Pyroxene compositions were 
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characterized based on En:Fs:Wo components (= Mg/(Mg+Fe+Ca): Fe/(Mg+Fe+Ca): 

Ca/(Mg+Fe+Ca); cation %).  Average pyroxene compositions of high and low Ca pyroxenes were 

plotted on an En-Fs-Wo ternary diagram (Fig. 53) where low-Ca orthorhombic pyroxene (Opx) is 

readily distinguishable from high-Ca, monoclinic pyroxene (Cpx).  It should be noted that Cpx 

did not occur in each sample analyzed. 

For samples from MEX-152, MEX-123, and MEX-84, the magnesium number or mg#’s 

(=MgO/(FeO+MgO); mol%) for both types of pyroxene, as well as biotite, and amphibole were 

calculated and plotted against depth (Figs. 54 to 59).  The error bars in figures 54 - 59 represent 

one standard deviation of multiple analyses per sample.  The implications of the relationships in 

the variability of the mg# between mineral phases are discussed in the following chapter.   

Mineral chemistry data files can be found in appendix 4.  

Table 9 - Number of SEM-EDS analyses for minerals plotted on down-hole diagrams and 
pyroxene classification diagram (Fig. 53). 
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Figure 53 – Average En-Fs-Wo compositions of orthopyroxene and clinopyroxene in 52 GRB 

samples.  High-Ca pyroxenes plot as magnesian augites and Fe-rich dioposide while low-
Ca pyroxenes plot as bronzite to hypersthene.  Data plotting in the pigeonite field are 
probably from the effects of Cpx exsolution lamellae in the analysis.  Pyroxene field 
names based on Deer et al., 1992. 
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Figure 54- Variation in mg# (=MgO/(MgO+FeO), mol %) in biotite and amphibole as a function 
of depth through drill core MEX-152 (S1-GRB).  Error bars indicate one standard 
deviation of multiple analyses (averaging 5-20) per sample.  
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Figure 55 - Variation in mg# (=MgO/(MgO+FeO), mol %) in orthopyroxene and clinopyroxene 
as a function of depth through drill core MEX-152 (S1-GRB).  Error bars indicate one 
standard deviation of multiple analyses (averaging 5-20) per sample. 
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Figure 56 – Variation in mg# (=MgO/(MgO+FeO), mol %) in biotite and amphibole as a function 
of depth through drill core MEX-123 (S2-GRB).  Error bars indicate one standard 
deviation of multiple analyses (averaging 5-20) per sample.  
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Figure 57 – Variation in mg# (=MgO/(MgO+FeO), mol %) in clinopyroxene and orthopyroxene 

as a function of depth through drill core MEX-123 (S2-GRB).  Error bars indicate one 
standard deviation of multiple analyses (averaging 5-20) per sample. 
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Figure 58 – Variation in mg# (=MgO/(MgO+FeO), mol %) in biotite and amphibole as a function 
of depth through drill core MEX-84 (S3-GRB).  Error bars indicate one standard 
deviation of multiple analyses (averaging 5-20) per sample. 



	  
	  

	   134	  

 
Figure 59 – Variation in mg# (=MgO/(MgO+FeO), mol %) in clinopyroxene and orthopyroxene 

as a function of depth through drill core MEX-84 (S3-GRB).  Error bars indicate one 
standard deviation of multiple analyses (averaging 5-20) per sample. 
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4.5 Isocon Modeling 

4.5.1 Choosing the Least Altered 

Choosing a “least-altered” (LA) sample that is representative of the protolith of the altered 

(metamorphosed/partially melted) samples is required for isocon analysis (Grant, 1986).  In this 

study “altered” does not imply hydrothermal processes but is a sample that has experienced some 

degree of change due to the intrusion of the SKI. 

For MEX-123 (S2-GRB contact) and MEX-152 (S1-contact) the LA sample might be 

expected to be approximated by the unmineralized sample taken from the end-of-hole (EOH) of 

the drill core.  Preliminary petrography indicates the presence of pyroxene (which is absent from 

UAGRB samples) as well as small pockets of quartz-feldspar aggregates which have been 

interpreted by previous studies to indicate thermal metamorphism.  The amount of these two 

characteristics is small, occurring in accessory amounts (less than one modal percent), leading to 

the decision to use these two samples as least altered representatives of their respective drill 

cores.  However in MEX-84, the bottom-most sample is in contact with a diabase dike that has 

potentially affected the GRB making that sample unsuitable as an LA sample.   

In order to test a sample’s suitability for use as a LA sample, the whole-rock geochemistry 

of each potential LA sample was plotted on an isocon diagram against the average whole-rock 

geochemistry of the Highway 1 samples (UAGRB1 and UAGRB 2).  If the sample plotted near 

unity indicating no-relative mobilization of components it can be used as a LA sample.  For 

MEX-123 and MEX-152 (Figs. 60 and 61, respectively), the EOH samples passed this test, but 

the sample from MEX-84 did not (Fig. 62).  It was decided that the LA samples from the other 

two drill holes would be averaged with the Highway 1 samples in order to compensate for 

lithologic heterogeneity common in the GRB.  This average was then used as the LA sample for 

MEX-84.   
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Figure 60 – Cartesian plot comparing the EOH sample for DDH MEX-123 to the 

unaltered/unmetamorphosed GRB (UAGRB) average.  Major and minor elements plot 
reasonably close together with limited spread in data points indicating the EOH sample 
from MEX-123 is a reasonable LA candidate. 
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Figure 61 – Cartesian plot comparing the EOH sample for DDH MEX-152 to the UAGRB 

average.  The data plot considerably close together indicating that the EOH sample is a 
very good LA candidate. 
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Figure 62 – Cartesian plot of EOH composition for DDH MEX-84 against GRB Hwy 1 samples.  
The large spread in the data points indicates that the two samples are not very similar.  
The HFSE and REE’s indicate considerable depletion which is consistent with 
petrographic observations that the EOH sample from MEX-84 had been partially melted 
and is, therefore, a poor LA candidate.  To compensate for the unsuitability of the EOH 
sample, isocon diagrams for MEX-84 will use the UAGRB average as the LA.  
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4.5.2 Determining Immobile Elements 

Immobile elements represent remnants of the protolith after removal of a partial melt or 

hydrothermal alteration.  Grant (2005) details several suites of immobile elements that are 

characteristic of different metamorphic/alteration environments.  These suites, in conjunction 

with crystal-liquid partition coefficients (Rollinson, 1993), were used as a starting point to 

identify the mobility of elements under hydrothermal and partial melting conditions.  Table 10 

summarizes published liquid-crystal partition coefficients for these two processes.  

Application of the isocon method to partial melting creating migmatites (Olsen and Grant, 

1991; Chavagnac et al. 2001) indicates that Mg, Mn, Fe, Ti, Al, and Ca may be considered to be 

compatible elements during partial melting.  This study used this suite as a template for 

identifying an immobile suite characteristic of partial melting.  Al and Ca were eliminated due to 

likelihood of partitioning of these components into a silicate liquid phase during the melting of 

feldspar.  Ti was eliminated on the basis of its incompatibility in pyroxenes which are the 

metamorphic product of biotite dehydration (Rollinson, 1993) of which Ti is a common 

component.  Al and the HFSE, specifically Ti, Zr, Nb, Y, and REE (with the exception of Eu) 

have been identified by previous studies (Finlow-Bates and Stumpfl, 1981; Harper, 1997; Cail 

and Cline, 2001; Nijland and Touret, 2001) as immobile in hydrothermal alteration. 

Previous studies (Finlow-Bates, et al. 1981; Osterberg, 1993; Hudak, 1996; Hudak et al., 

2002) used Cartesian plots to evaluate the mobility of elements to determine viable candidates to 

define an isocon.  A similar method is applied in this study using the Microsoft Excel™ 

correlation function.  Data tables were constructed to give the correlation coefficients between all 

components (appendix 2). 

This study opted to use an isocon defined by MgO, MnO, and Cr2O3.  These three elements 

correlate well with each other as seen in Figure 63.  Table 10 indicates the R value of each 

correlation.  This is a suite that, with the addition of Cr2O3, matches those used previously in 

migmatites (Olsen and Grant, 1991).  These three components are likely to be retained in 
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metamorphic pyroxenes which are stable even at temperatures associated with partial melting.  

Because the pyroxenes are stable at those temperatures, even if a partial melt is separated, the 

pyroxenes will be left behind as a restite due their high density, thus satisfying the immobility 

requirement.  Fe2O3 is also a component in the metamorphic pyroxenes but is also a component in 

sulfides and would be added to the system along with sulfur and chalcophile elements precluding 

Fe2O3 from being an immobile species.  Mg, Mn, and Cr2O3 do not partition into a sulfide phase 

to any appreciable degree and should not be affected by the addition of sulfide.   

 
 
Figure 63 – Variation diagrams for three drill cores showing the correlations between MgO, 

MnO, and Cr2O3.  The purpose is to determine the correlation between components to 
determine their validity as immobile elements.  
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Table 10 - Average correlation coefficient (R value) for MgO, MnO, and Cr2O3.  These three are 
used to define this studies isocon for the GRB drill cores. 

 
 

 

4.5.3 Isocon Results 

Because of the number of isocon plots generated as part of this study, a few examples of 

the patterns observed are part of this section.  Each of the patterns observed are described based 

on the slope of the best-fit isocon defined by MgO-MnO-Cr2O3 relative to the constant mass 

(m=1) line. Each isocon plots generally fits into one of three patterns relative to the constant-mass 

isocon (grey line where m=1).  The first pattern (Fig. 64) is a characterized by enrichment in 

sulfide components and depletion in the HFSE, REE, and LIL elements where the slope of the 

best-fit line is greater than 1, indicating a mass loss.  The second pattern (Fig. 65) is characterized 

by depletion of trace elements relative to a best-fit line whose slope is greater than 1 with no 

change in sulfide component concentration.  A third pattern (Fig. 66) shows similar behavior to 

the first in sulfide components and trace elements but the best-fit slope is less than one indicating 

an overall mass gain. 

In order to quantify the change in the concentration of components, the slope of a line 

drawn from the origin through the component in question is divided by the slope of the best-fit 

isocon then multiplied by 100 to give a percent change.  The percent change in component 
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concentrations for each of the three drill core are described in Tables 11-13.  The significance of 

component changes will be addressed in the discussion section. 

 

 
 
Figure 64 - Isocon diagram from MEX-84 at a sample depth of 3202 feet.  This pattern shows 

depletion in trace elements relative to the best-fit isocon but shows no mineralization. 
The slope of the best-fit isocon is greater than 1 indicating a loss in overall mass. 
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Figure 65 – Isocon diagram from MEX-84 sample at a depth of 2948 feet.  This pattern shows 

depletion in trace elements relative to the best-fit isocon along with enrichment in sulfide 
components. The slope of the best-fit isocon indicates a loss in overall mass. 
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Figure 66 – Isocon diagram from MEX-84 sample at a depth of 3122.  Pattern shows depletion in 

select trace elements and enrichment in sulfide components.  Note the slop of the best-fit 
isocon is less than 1 indicating a gain in overall mass. 
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Table 11 – Percent changes in component concentrations relative to the Mg-Mn-Cr isocon for MEX-152 
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Table 12 – Percent changes in component concentrations based on Mg-Mn-Cr isocon for MEX-84. 



	  

	  

147	  

Table 12 – Percent changes in component concentrations based on Mg-Mn-Cr isocon for MEX-
123 
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5. Discussion 

The Giants Range Batholith beneath the Maturi deposit of the South Kawishiwi Intrusion 

has been studied through petrographic observations, whole rock geochemistry, and mineral 

chemistry analysis.  This chapter focuses on interpretations of observations made and data 

collected in regard to three aspect of the GRB footwall: 1) estimation of the degree and extent of 

its metamorphism and partial melting, 2) evaluation of the sulfide mineralizing mechanisms, and 

3) the effects of the three BMZ emplacement stages on the metamorphism and mineralization in 

the footwall.   

5.1 Metamorphism and Partial Melting of the GRB Footwall 

This study approached the question of understanding the contact metamorphism in the 

GRB by  thermal modeling and interpretations of data collected from petrographic observations 

and SEM-EDS mineral analyses.  The section on thermal modeling employs a simple model to 

ascertain whether conditions conducive to partial melting could be achieved in the GRB footwall 

and to what depth.  Following the modeling discussion, supporting evidence from petrography 

and mineral analyses for both prograde and retrograde metamorphic regimes will be presented.   

5.1.1 Thermal Modeling 

Two-dimensional thermal modeling of the SKI-GRB contact was used to gain a general 

understanding of the possible extent of the thermal halo into the granitic footwall.  The thermal 

model employed is similar to that used by Furlong, et al (1991).in the examination of the thermal 

metamorphism in the Animikie Group sedimentary rocks below the Duluth Complex.  A grossly 

simplifying assumption for this model is that the SKI was emplaced as a single magma pulse 

which formed a thick sheet of magma that is laterally infinite. This allows the assumption of one-

dimensional heat flow, i.e.  the intrusion is assumed to have no edges that might influence 

temperature development and the thickness is such that the center of the intrusion is unlikely to 

cool within the modeled timescale.  Depth of emplacement is assumed to be 5 kilometers, which 
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is in line with pressure conditions of 1.5-2 kilobars implied by contact metamorphic conditions of 

argillites in the Duluth Complex footwall along its northern contact (Labotka et al., 1981) i.  To 

determine the initial temperature of the wall rock, a geothermal gradient of 30˚C per kilometer is 

applied, giving an initial GRB temperature of 150˚C. Assumptions for initial conditions and 

specific thermal characteristics of rock types are listed in Table 14. 

The model was run in Microsoft Excel as a series of iterative calculations.  The calculations 

are a derivation of the heat equation for linear diffusion in the form of: 

                                      !"!" = 𝑘 !
!!
!!!

  (equation 10) 

where time is (t) measured from the point of emplacement, T is the temperature at a discrete 

point. The variable z is distance between two discrete points. The constant k is the thermal 

diffusivity calculated from the ratio of thermal conductivity to the product of density and specific 

heat of the rock (Lide, 2009). 

The partial differential was solved using a simple finite difference method yielding the 

result shown in equation 11.  

T!!!! = T!!!! +
!∆!
∆!!

× T!!!! − 2T!! + T!!!! , z = depth (m),  (equation 11) 

 Figure 67 shows the final equation in conjunction with a graphical explanation of how the 

model works. Equation 11was entered into Microsoft Excel at discrete  6 m intervals which were 

then assigned an initial temperature based on geothermal gradient of wall rock or at the liquidus 

temperature of tholeiitic magma (1200˚C) if located within the bounds of the intrusion.  As shown 

in Figure 67, the model compares the temperature values at discrete depth intervals to 

neighboring depth intervals and calculates a new temperature for that discrete depth interval for 

each time step.  Time steps were set one order of magnitude less than the intended duration and 

the model was allowed to run for 31,556 iterations.  The number of iterations and time step 

requirement were determined by trial-and-error in an attempt to replicate the model developed by 

Frost (2010). 
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Figure 67 – Graphical representation of the derivation of the heat equation used to calculate 
changes in temperature for each discrete step in time (t) and space (z).  The equation 
works by calculating a new temperature for space z at (t + 1, 2, 3…) by interpolating the 
temperatures at the adjacent (z ±1).  This is done for each discrete spatial interval at a 
specific time step for a set number of iterations in order to build the 2-dimensional model 
used in this study.  

 

Table 14 – Parameters used for the thermal model in this study. 

Model Parameters 
Initial Wall Rock Temperature  (°C) 150 
Initial Intrusion Temperature  (°C) 1200 
Thickness of the Wall Rocks  (km) infinite 
Thickness of the Intrusion  (km) infinite 
Thermal Conductivity of the Wall 
Rocks 

(κ=λ/ρc) 0.0011721 

Thermal Conductivity of the 
Intrusion 

(κ=λ/ρc) 0.0001 

λ Wall Rocks    2.5 
λ Intrusion    3 
Density, ρ Wall Rocks  (kg/m3) 2700 
Density, ρ Intrusion    2900 
Specific Heat, c Wall Rocks  (J/g*K) 0.79 
Specific Heat, c Intrusion  (J/g*K) 1000 
Δ z (meters)    6 
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After the model was run for each time duration, thermal data were plotted as a function of 

depth in order to compare the behavior of the thermal gradient as a function of time.  Figure 68 

shows the evolution of the temperature distribution from the intrusion into the underlying GRB.  

The maximum temperature reached in the footwall is around 900˚C immediately at the contact, 

then steadily decreases as a function of distance from the contact. As more heat is conducted 

away from the gabbro into the cooler GRB, it is expected that the temperature curves would 

steepen and approach the geothermal gradient.  

 

Figure 68 - Thermal model showing the evolution of temperature profiles with time based on the 
initial conditions described in the text.  The depths indicated along the y-axis are 
estimated depths for the emplacement of the SKI and are not representative of modern 
depths.  The red curve represents the initial temperature conditions at the SKI-GRB 
contact.  Each subsequent curve is an increase in the time-step.  The horizontal blue line 
indicates the maximum depth of this study’s drill cores in the GRB.  The model 
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calculated that the temperatures in the GRB could well have reached those required for 
the observed pyroxene-metamorphism and partial melting.   

The maximum temperature calculated by the model falls within the expected field of 

mineral stability for the assemblages observed petrographically (i.e., above 650˚C, the lower limit 

of pyroxene hornfels resultant from the biotite consuming reaction discussed in the Sawyer 

(2002) section of the previous studies).  This temperature is also consistent with observations 

made in this study (see following sections) and previous studies of partial melts (Sawyer, 2002; 

Curier, 2011).  Anatectic melting of a “dry” granite at low pressure (0.5 kbar) should begin at 

770˚C (Fig. 69), while a “wet” granite could begin melting as low as 640˚C (Winter, 2001). The 

calculated depth of the high-grade (pyroxene hornfels) metamorphic halo extends far below the 

drill depth of this studies core (marked by blue horizontal line in figure 68).  However, 

petrographic evidence suggests that the true halo is somewhat smaller than predicted by the 

model - less than 100 meters.   

 
Figure 69 - QAP ternary diagram at 0.5 kbar (Tuttle and Bowen, 1958).  Point “m2” is the 

eutectic and is the expected composition of the first partial melts The blue outlined area 
indicates the modal range of GRB samples from this study. Based on this compositional 
range of the GRB samples, eutectic melting would result in the loss of quartz and 

Eutectic	  Melt	  

Melt-‐depleted	  GRB	  
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orthoclase as solid phases first as they are less abundant than albite.  Subsequent removal 
of that melt would drive the melt-depleted GRB rocks towards the albite corner (arrow).  

The goal of the thermal model was to gain insight into the possible extent of high-

temperature metamorphism and is not meant to accurately mimic the natural system.  The model 

is limited by its one-dimensional nature, which represents temperature changes with depth and 

ignores loss of heat laterally or through the volcanic hanging wall.  Another problem is that 

previous studies (Severson, 1994; Peterson 1999, 2012) have shown that the SKI intruded as a 

series of discrete pulses and not as a single intrusive event and was immediately preceded by 

intrusion of the Anorthositic Series, which likely served to preheat the country rock.   This is 

likely to result in a smaller instantaneous heat budget thereby reducing the maximum extent of 

the metamorphic halo.  The model also assumes that both the SKI and the GRB are thermally 

homogenous; however, both are compositionally heterogeneous which may influence thermal 

characteristics.   

5.1.2 Empirical Evidence of Metamorphism and Partial Melting of the GRB 

Supporting the thermal modeling, which shows that temperatures exceeding the melting 

point of quartz monzodiorite containing hydrous mafic phases (hornblende and biotite) likely 

existed for tens of thousands of years, is abundant empirical petrographic evidence for high-grade 

thermal metamorphism and partial melting, as well as retrograde metamorphism as the thermal 

regime degrades to a normal geothermal gradient.  As shown from theoretical thermal modeling, 

the thermal input accompanying the emplacement of the SKI (and perhaps previous Duluth 

Complex intrusions) resulted in profound changes in the original mineralogy and textural 

characteristics of the GRB.  The following discussion considers empirical evidence for the 

thermal evolution of the GRB footwall below the Maturi deposit, which resulted in prograde 

metamorphism to pyroxene hornfels facies, partial melting creating anatectic liquids, and then 

retrograde metamorphism.  This thermal evolution is portrayed by the generalized temperature 

curve in Figure 70 as a function of time.   
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The timeline begins with the emplacement of the BMZ units of the SKI between the 

footwall GRB and the hanging wall Anorthositic Series rocks and NSVG.  These are thought to 

have been crystal-laden, moderately evolved, olivine tholeiite magmas that were already sulfur-

saturated (Miller and Severson, 2002; Peterson, 2002).  Structures such as joints or rift-related 

faults were likely already present in the GRB.  Heating of the country rocks starts immediately, as 

indicated by the thermal model (Fig. 68), tracing up the metamorphic curve in figure 70 towards 

point “A”.  Up until point “A” any metamorphic minerals that formed are likely to have been 

overprinted by higher grade minerals indicative of pyroxene hornfels grade metamorphism. 

 
Figure 70 - Generalized metamorphic curve schematically showing the changes in temperature as 

a function of time.  (A) Onset of pyroxene hornfels grade metamorphism.  (B) Peak 
which falls into temperatures capable of partially melting the GRB.  (C) Point along the 
thermal collapse of the system below pyroxene grade metamorphism.   

 
5.1.2.1 Evidence of Prograde Pyroxene Hornfels Metamorphism.  The increased thermal input 

from the overlying SKI allows rapid heating of the GRB to continue past 650˚C, causing the 

metamorphic grade to reach pyroxene hornfels.  Primary biotite and amphibole begin to 
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breakdown and recrystallized into orthopyroxene (or clinopyroxene depending on the Ca-

composition of the amphibole) also generating K- feldspar and water as additional products 

(Sawyer, 2002) by the following reaction: 

 

biotite (amphibole) + quartz + plagioclase = orthopyroxene (clinopyroxene) + K-feldspar + water 

 

 
Figure 71 – Cross-polarized photomicrograph showing orthopyroxene replacing biotite in the 

presence of hornblende. (DDH MEX-152 57.5ft from BMZ 1 contact).   
 

Mineral chemistry data were acquired with the expectation that perhaps an increase in mg# 

of pyroxene in the GRB may be observed as the gabbro contact is approached due to equilibration 

with the overlying gabbro.  However as seen in Figure 72, the data in MEX-152 show the 

opposite and suggests that the mg# of pyroxenes is instead related to equilibration with the biotite 

+ amphibole consuming reaction to form pyroxene. The thermal halo in MEX-152 appears to be 
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the smallest as indicated by the increased abundance of biotite and hornblende and low 

abundance of metamorphic pyroxene towards the bottom of the drill core (Fig. 31).   

 
Figure 72 – Variation in mg# of biotite and orthopyroxene with as a function of depth in MEX-

152.  Note the opposite down-section trends with biotite mg# decreasing and 
orthopyroxene increasing.   

A way to explain the change in mg# with respect to the depth for both pyroxenes and 

biotite is that it reflects differential partitioning of Mg and Fe between the dehydrating biotite and 

metamorphic pyroxene.  Samples that were taken from near the contact show biotite with higher 

mg#’s than samples from the bottom of the drill core resulting in a trend of decreasing mg# down 

section (Fig. 72).  Pyroxene, however, has an opposite trend with increasing mg# down section 
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(Fig. 72).  The pyroxenes begin to crystallize and consume Mg preferentially over Fe from 

biotite, thereby reducing the biotite mg# while the pyroxene starts with high mg #.  This process 

reaches differing stages of completion based on the thermal budget which, as the thermal model 

implies, is a function of distance from the contact. The increased percent of biotite consumed 

results in more Fe partitioning into the pyroxenes as evidence from the decreased mg# of 

proximal pyroxene compared to more distal samples.   

Similar trends are observed in MEX-84 (BMZ-3; Figs. 58 and 59); however, perhaps due to 

the higher heat budget (see BMZ Staging section, 1.2.8.1) and mafic intrusives at the bottom of 

the drill core pyroxene is taking in more Fe deeper down obscuring the trends observed in MEX-

152 (BMZ-1). 

 

5.1.2.2 Evidence of Partial Melting of GRB to Create Anatectic Magma.  The thermal gradient 

continues to extend deeper into the GRB and temperatures continue to rise causing the 

metamorphism to approach point B in Figure 70.  At this stage, the felsic minerals in the GRB 

have become thermally unstable and begin to undergo anatexis at heterogeneous grain boundaries 

(Fig. 22, Sawyer, 1999; Rosenberg and Riller, 2000).  The first melts to form will have eutectic 

proportions of quartz-albite-orthoclase (point m2, Fig. 69) and will continue to produce this 

composition of liquid until one of the three phases is consumed (Tuttle and Bowen, 1958). 

Evidence of the existence of partial melts can be found in several lines of petrographic 

observations including quartz-feldspar aggregates, silicate sieve texture, and lattice dislocations in 

feldspars.  Several examples of quartz-feldspar aggregates observed in this study can be seen in 

Figures 29 to 34.  In each of these, the morphology of the aggregate grains and approximate 

modal mineral proportions are consistent with the aggregates being crystallized from anatectic 

melts (Sawyer, 1999).  With increasing percentage of melting, the pockets can begin to 

interconnect and if the melt remains in the parent rock it can crystallize into the mortar textures, 
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as noted by Sawyer (2002).  Examples from this study (Fig. 33) can be compared to those from 

Figure 17 of Sawyer (2002).   

Silicate-filled sieve textures are commonly observed and is more common near the contact 

with the SKI.  The minerals filling the sieve (fig. 41) are consistent with the expected melt 

derived from an albite-rich or K-spar grain.  Melting of the grain produces an anatectic melt 

composed of quartz, K-spar, and albite-rich plagioclase; however, because the albite is often 

obscured due to the albite-rich composition of the host grain (Tuttle and Bowen, 1956).  The 

minerals within the sieve are often optically continuous suggesting they are composed of one 

crystal orientation and potentially are one interconnected mineral grain.  Although it is difficult to 

discern the modes of the silicate infillings to determine if they are eutectic combinations of quartz 

and feldspars, it seems likely that they represent crystallized partial melts trapped within the 

primocryst.   

A third texture observed in both this study and by Sawyer (2002) were dislocated 

plagioclase grains (Fig. 38), which Sawyer interpreted as occurring due to plastic behavior of the 

surrounding rock, straining and eventually dislocating the lattice structure of primocrysts grains.  

This study also observed eutectic quartz and feldspar minerals filling the interstitial space 

between the dislocated plagioclase domains (Figs. 38 and 41b).  Given the optical continuity 

observed in the silicate infillings, they are interpreted to have formed similarly to the infillings 

recognized in sieve-textured feldspars and thus resulted from direct melting of the host feldspar 

grain.   

5.1.2.3 Evidence of Minor Retrograde Metamorphism of the GRB footwall.  Once the peak of 

metamorphism is passed, the GRB slowly cools down to the normal geothermal gradient. If 

sufficient volatiles are present, retrograde metamorphism should affect the GRB.  A possible 

source of such hydrothermal fluids could be derived from deeper in the GRB from the 

dehydration of biotite and amphiboles.  It should be noted that the volatile content of the 
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unaltered GRB is quite small at less than 2 wt.% (estimated from the LOI of the UAGRB samples 

(Tables 6A, 7A, and 8A).  This limited amount of available fluids would make extensive 

hydrothermal alteration of the metamorphosed GRB unlikely.  Indeed, only minor degrees of 

localized retrograde metamorphism of the GRB have been observed where amphibole is replacing 

orthopyroxene as needle-like growths into the pyroxene grain(Fig. 48), as small pockets of 

chlorite alteration, and as locally intense sericitization of feldspars (Fig. 49). 

With hydrothermal fluids comes the potential for remobilization of sulfide minerals (Robb, 

2012).  This process would likely result in the replacement of sulfides (especially pyrrhotite) with 

other minerals such as iron-oxides or hydrous silicates (chlorite, actinolite).  The sulfides 

observed in this study appear unaltered (Fig. 42-45) indicating that little to no dissolution of the 

sulfide took place.  Additionally, characteristic magmatic exsolution of pentlandite from 

pyrrhotite and cubanite from chalcopyrite (which are observed in the SKI) were noted in the 

footwall sulfide (Fig.  45). Thus, there is no evidence to suggest that the late hydrothermal 

alteration has had a significant effect on the distribution of sulfides within the GRB, which makes 

up the footwall of the Maturi deposit. 

 

5.2 Sulfide Mineralization of the GRB Footwall by Exchange with Anatectic Melts 

Although some workers have suggested that hydrothermal fluids may be responsible for 

mobilizing significant amounts of sulfide and metals in both the gabbroic rocks of the Duluth 

Complex (Gal et al., 2012), as well as in the GRB footwall (Molnar, 2012), it seems clear from 

this study that hydrothermal processes affecting the GRB footwall were minor and had little 

effect on the sulfide mineralization.  Rather, as suggested by Sawyer (2002) and Hovis (2003), a 

more likely cause for the sulfide mineralization is the physical exchange of sulfide liquid from the 

overlying sulfur-saturated mafic magma with anatectic felsic melts generated from the partially 

melted GRB footwall.  When considering that sulfide liquid is about twice as dense as anatectic 
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felsic melts (Table 15), it seems entirely plausible that what drives this exchange of immiscible 

liquids is this density contrast.  

 

 

Table 15 – Densities of liquids likely present at the SKI-GRB contact zone.  The sulfide liquid is 
as much as twice the density of an anatectic melt.  The density contrast between those 
two liquids suggests that a sulfide liquid could sink into an anatectic melt so long as 
rheological factors such as viscosity do not inhibit such a process. 

 

In this section, petrographic and geochemical evidence of this liquid exchange will be 

discussed. This study presents geochemical evidence for this exchange.  This geochemical 

evidence comes from CIPW normative calculations from major and minor element data which 

shows that anatectic melt compositions are lost from the whole rock chemistry of the GRB as the 

contact is approached.  Trace element chemistry also shows that an anatectic liquid rich in 

incompatible elements is lost as the contact is approached.  This exchange is perhaps most clearly 

revealed when applying the isocon method to the data.     

5.2.1 Petrographic Evidence of Silicate Melt – Sulfide Liquid Exchange 

It has already been established that partial melt pockets reached a high enough volume to 

become interconnected.  With interconnectivity comes the potential for melts to become mobile 

and separate from the refractory/restite material.  Several petrographic attributes lend themselves 

to the hypothesis that melts separated from restite.  These include migmatite-like textures and 

veins of quartz-feldspar aggregates (anatectic liquid) observed in drill core and thin-section.   

Migmatites form by the partial melting of high-grade metamorphic rocks resulting in the 

separation of the melt from the restite and developing leucosome-melanosome textures (Winter, 

2002).  Regions rich in quartz and feldspar are interpreted to result from the crystallization of the 



	  

161	  
	  

partial melt where melanosomes represent the restite material after the melt separates.  This study 

has identified textures that are consistent with this morphology in both hand sample and thin 

section.  Hand-samples of drill core have obvious distinctions between dark grey, pyroxene-rich 

zones and leucocratic zones which strongly resemble migmatite (Figs. 23a and 25b).  In thin 

section, the leucocratic pods are clearly composed of quart-feldspar aggregates (crystallized melt 

according to Sawyer 2002) along with some primocrysts (Fig. 35).  The primocrysts were likely 

trapped in the liquid as the density difference between the two is small.  Notable in the leucosome 

pods is the general lack of mafic minerals.  This may be due to the difference in density between 

the two phases, allowing the dense mafic minerals to remain behind as restite while the less dense 

melt mobilizes.  This process should increase the modal concentration of pyroxene in samples 

where significant melt has separated, leaving little melt behind to crystallize into a quartz-feldspar 

aggregate.  Examples of this process can be seen in Figure 73 where a GRB sample just below the 

BMZ contact has a high concentration of pyroxene but relatively little aggregate (Fig. 73A), 

compared to sample more distant from the contact which contain much more aggregate and less 

orthopyroxene (Fig. 73B). 

Conduits for the pooled mobile silicate liquid vary.  They are typically manifest as complex 

networks derived from well-developed mortar textures (e.g., Fig. 36) and as vein-like pathways 

which may follow preexisting structures (e.g., Fig. 37).  Pooled anatectic liquids would be rich in 

incompatible components that would preferentially partition into the liquid phase.  Removal of 

those liquids left its signature in the major and trace element whole rock geochemistry of the 

GRB footwall. 

Exchange of anatectic liquid for sulfide liquid is the primary hypothesis for mineralization 

in the GRB. For two liquids to exchange for each other, they must coexist at some point during 

the mineralization timeline.  For this to be a viable hypothesis, it is important to show that the two 

liquids did exist and that they interacted in some manner.  Occurrences of partial melts in the 

GRB have already been discussed and indicate that a silicate liquid was present.  Evidence for the 
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existence of a sulfide liquid can be seen in the mineral make-up and textural occurrence of sulfide 

found in the GRB.  

 

 
Figure 73 – A) Thin-section  of GRB 2.5 meters below the BMZ contact showing abundant 

pyroxene porphyroblasts located in the interstitial space. The upgrading of pyroxene 

A	  

B	  
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mode is interpreted to have resulted from removal of anatectic melt and leaving pyroxene 
porphyroblasts behind in the restite.  B) A thin section of GRB about 30 meters below the 
contact shows less mafic phase and has the interstitial space filled with quartz and K-
feldspar exhibiting mortar texture. 

 
The mineralogy of the sulfides in the GRB is typically cpy-cb-po-pn with accessory sulfide 

phases (Fig. 45).  This assemblage is identical to that found in the overlying BMZ where it has 

clearly been shown to have been mineralized by exsolving a sulfide liquid from the SKI magma 

(Foose and Weiblen, 1986; Peterson, 2008; White, 2010).  Additionally, this mineral assemblage 

is typical of other magmatic sulfide deposits whose textural occurrence of sulfide with silicates 

leads to the interpretation of the presence of a sulfide liquid (Naldrett, 2004).  Evidence that 

sulfides in the GRB crystallized from a sulfide liquid are their typically anhedral morphology and 

their intersititial between silicate grains.  This is especially apparent when large amounts of 

sulfide and restitic pyroxene occur together, as seen in Figures 40 and 74.  Here, sulfide envelops 

euhedral pyroxene grains which suggests sulfide was present as a liquid that surrounded the 

pyroxene and other silicates. 

Evidence that sulfide and silicate liquids coexisted of those two liquids is indicated by 

petrographic observations.  Contacts between quartz-feldspar aggregates (anatectic melt) and 

multi-phase sulfide can be seen in core MEX084 about 35 meters below the gabbro contact (Fig. 

47).  Here, quartz-feldspar aggregates forming a mortar texture (outlined in Fig. 47) are in contact 

with the opaque sulfide minerals.  Notice also that both the aggregate and the sulfide occupy the 

same interstitial space between restite feldspar primocrysts.  Coexistence of the two liquids can 

also be inferred from two-phase veins (e.g, Fig. 37).  The sample from DDH MEX-123 at 113 ft. 

from BMZ-2 contact (Fig. 37) shows quartz-feldspar aggregates surrounded by sulfide which is 

extending into the walls of the vein.  The structural complexity within the vein itself may indicate 

shearing along the vein walls due to fluid movement.  This is significant in that this implies both 

the coexistence between two liquids and their differential movement through a conduit.   Textural 

evidence for this exchange process has been observed in many samples in this study in the form 
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of silicate- and sulfide-filled sieve textures, two-phase conduits, and morphological similarities 

between quartz-feldspar aggregates (partial melts) and semi-massive sulfide.  These textures will 

be discussed below.  

Sieve textures are commonly observed in the GRB within the metamorphic halo of the SKI.  

Both silicate- and sulfide-filled sieve textures are considered to be genetically related.  First, the 

silicate sieve (Fig. 41) develops due to heating of the GRB and partial melting of feldspar grains.  

The melting process may be related to lattice dislocations due to the morphological similarity and 

mineral composition observed in both.  The melts within the grain form a network of openings 

(e.g., Fig. 41) as melt pockets interconnect.  Once a sufficient volume of melt has formed to be 

mobilized, dense overlying sulfide liquid can penetrate into the pocket and displace the silicate 

melt, resulting in the sulfide-filled sieve pockets (e.g., Fig. 42).  Evidence of incomplete 

displacement of the silicate melt can be seen in Figure 41B, where a small sulfide bleb appears to 

have partially penetrated into a silicate pocket.   

Another pathway for sulfide to penetrate into the GRB is via centimeter-scaled conduits or 

veins.  Figure 37 is an example of a two-phase conduit through which anatectic melt appears to 

have risen and sulfide liquid descended.  This irregular-shaped vein is about 8 mm wide and is 

filled with coexisting sulfide and silicate melts.  The interpretation of this texture is that of a 

frozen pathway along which the two liquids were exchanged.   

If a sulfide liquid is displacing a silicate liquid associated with partial melting, they would 

occupy the same space at different times and it would, therefore, be expected that the morphology 

of the two, once solidified, would be similar.  Figure 42 shows a contact between a network of 

pyroxene-rich mortar texture and sulfide.Notice that the sulfide surrounds the silicate primocrysts 

just as the quartz-feldspar mortar texture does in Figure 43. Figures 42 and 43 are from different 

locations in the same sample (MEX-84, 2.5m below gabbro contact).    There is an abundance of 

orthopyroxene porphyroblasts in the sulfide (Fig. 74) just as there is abundance in the mortar 

texture (Fig. 47).    In addition to complete displacement, partial displacement of silicate melt for 
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sulfide is also evident where films of silicate liquid are interpreted to have adhered to the 

orthopyroxene as sulfide displaced the remaining silicate liquid. The similarity in the morphology 

suggests that the sulfide liquid incompletely displaced the silicate melt in this sample and they 

both crystallized in common way. 

 

 
Figure 74 – Plane light photomicrograph of networked sulfide (opaque) filling around feldspar 

primocrysts (Ksp) and opx porphyroblasts (Opx).  The space occupied by the sulfide is 
morphologically similar to that which is occupied by quartz-feldspar aggregates in Figure 
42.  The similarity in the morphology leads to the interpretation that the silicate melt 
(which crystallizes into the quartz-feldspar aggregates) was displaced by density-driven 
infiltration of sulfide liquid from the overlying BMZ.  
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Figure 75 – Cross-polarized (A) and plane-polarized (B) photomicrographs of narrow areas of 

quartz-feldspar aggregate (QFA) interstitial to orthopyroxene porphyroblasts (Opx) and 
net-textured sulfide (opaques).  The aggregate is considered to be crystallized films of 
partial melt that adhered to the pyroxene grains and was not completely displaced by 
sulfide liquid  

 

A	  

B	  



	  

167	  
	  

5.2.2 Major Element Geochemical Evidence for Silicate Melt Mobility (CIPW) 

Calculated CIPW norms were used as one geochemical indicator for the mobility of melts 

in the GRB.  Because the GRB would have undergone anatectic melting, it is evident that 

removal of that anatectic melt would result in a decrease in the calculated CIPW proportions of 

quartz and orthoclase relative to albite in the restite (Fig. 69).  This is due to the proportions of 

these three phases at the eutectic compared to the more plagioclase-rich composition of 

unmetamorphosed GRB quartz monzodiorite.  The removal of an anatectic melt from the GRB 

should shift the residue composition away from the eutectic and away from the Qtz-Or side of a 

Qtz-Ab-Or ternary diagram.  As expected, a generally linear trend is defined by CIPW 

compositions of GRB footwall compositions that extends from unmetamorphosed GRB  samples 

towards the albite (plagioclase) corner (Fig. 52).  This trend is suggestive of a progression from 

little to no melt separation near the unmetamorphosed GRB samples to increased melt separation 

along the trend towards albite. 

In order to more clearly verify that the CIPW data trend plotted in Figure 52 is related to 

thermal metamorphic and partial melting in the GRB footwall, the data are color coded as 

function of depth intervals below the BMZ contact in Figure 76.  In general, the data shows more 

plagioclase-rich compositions (i.e., increased melt separation) with increased proximity to the 

SKI contact.  

However, several GRB footwall compositions are anomalous relative to this relationship of 

depth to CIPW composition. Two samples from within 50 feet of the contact plot near the 

unmetamorphosed samples.  Petrographic review of the thin section samples from MEX-84 at 

2956 ft (Fig. 35) and MEX-123 at 2906ft indicates that the geochemical samples may have 

included a felsic (leucosome) pod that locally occurs in an otherwise pyroxene-rich (melansome) 

rock.  The cause for the other anomalous geochemical sample from the contact zone, MEX-123 at 

2706 ft, cannot be established because there is no thin section for that specific sample and 

inspection of the core sample yields no obvious explanation. 
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A third anomalous geochemical sample, MEX-84 at 3203 ft, plots far into the albite 

corner, but belongs to samples in the >200 feet depth range.  Other samples of this depth 

regime tend to consistently plotted near the unmetamorphosed GRB samples and indicate 

little to no separation of melt.  A possible explanation for this sample’s CIPW composition 

is that it is positioned next to a diabase which intrudes the GRB (see Fig. 24).  The presence 

of metamorphic pyroxene and mortar texture in this sample (Fig. 77) suggests that it has 

undergone metamorphism and partial melting as a result of the diabase intrusion, 

respectively.   

 
Figure 76 – Calculated CIPW norm compositions of quartz (Qtz), albite (Ab), and orthoclase (Or) 

of GRB footwall samples color coded to show distance from the SKI contact.  Two 
unmetamorphosed GRB samples from  Highway 1 are shown with blue dotted circles.   
The graph shows that samples most proximal to the contact plot close to the albite corner 
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and the most distant samples plot nearer to the unmetamorphosed GRB samples.  
Labelled samples are anomolous and are discussed in the text.  

. 

 

Figure 77 – Photomicrograph of the contact between diabase and GRB in MEX-84 from 3203 
feet (BMZ-3).  The GRB is mortar textured and contains metamorphic pyroxene 
characteristic of samples much closer to the SKI contact.  Note a film of quartz-feldspar 
aggregate (QFA) along the contact and a slightly dislocated plagioclase grain in the GRB 
(DP)  

 

Accepting that enrichment in the Ab CIPW component of GRB footwall samples is a 

general indication of anatectic melt removal, one can further test the hypothesis that silicate melt 

migration and sulfide mineralization are linked.  Using whole rock sulfur as a proxy for degree of 

mineralization and recognizing that sulfur is generally below detection limit (0.02 wt. %) in 

unmetamorphosed GRB, weight percent S is compared to  the CIPW normative value 

Ab/(Ab+Or+Qtz), which is taken as a proxy of the degree of anatectic melt separation.  A 

positive correlation between these two parameter should provide additional support for the 

silicate melt – sulfide liquid exchange hypothesis.   As shown in Figure 78, …     

QFA	  

DP	  
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When all of the data is considered the trends are obscured. This is because each drill core 

was exposed to differing degrees of thermal metamorphism due the overlying BMZ unit.  Stage 1 

best exhibits the observed trends and is marked in figure 78 by the green data points.  The data 

shows a positive trend where the CIPW factor increases as total Sulfur increases.  Therefore, the 

trend indicates that increased melt separation, defined by an increase in the CIPW factor, is 

coincident with an increase in sulfide mineralization in the GRB.  The trend is especially apparent 

when the UAGRB samples are considered as the least metamorphosed samples in figure 76.  The 

UAGRB have low CIPW factor indicating no melt separation and a total Sulfur content which is 

below the detection limit of 0.02 wt % indicating no sulfide mineralization.   

 
Figure 78 – Plot of CIPW normative values of Ab# = Ab/(Or+Qtz) to whole rock sulfur.  Increase 

in the Ab# is taken as an indication of increased migration of an anatetic melt.  Increased 
S is taken as a proxy for increased infiltration of sulfide liquid.   The UAGRB samples 
are unmetamorphosed and unmineralized.  
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5.2.3 Trace Element Geochemical Evidence for Silicate Melt Mobility 

During partial melting, not only do rock textures change but also the distribution of 

elements between the liquid and solid phases.  Both major and trace element distributions are 

affected by the melting process.  Each element will partition into a liquid phase based on its 

partition coefficient (Rollinson, 1993; Table 16).  Many minor and trace elements, such as those 

belonging to the HFSE (excl. Eu) and LIL groups, have a strong propensity to partition into the 

melt phase over remaining in a silicate mineral phase.  This is evident in their low KD (Kd(i)
1

 = 

C(i)
mineral 1/ C(i)

liquid   (C(i) - concentration of element i in wt. %), Rollinson, 1993) values (partition 

or distribution coefficients).  KD values indicate the affinity for a specific component between two 

particular phases.  In this study, the two phases are specific minerals (see table 16) and an 

anatectic melt (felsic composition) for which crystal-liquid partition coefficients apply.  

 

 

 

 

 

 

 

 

 

 

 



	  

172	  
	  

Table 16 – Crystal-liquid partition coefficients (KD) for a variety of trace elements between a 
felsic melt and several mineral phases of interest to this study. 

 

which are equal to one indicate no preference for the mineral or melt phase.  Components which 

have a strong affinity for a mineral phase will have a greater than 1 value while those with values 

< 1 preferentially partition into the melt phase.  Because these elements will partition more 

strongly into a melt phase, their whole-rock concentrations in the GRB can be heavily influenced 

by the removal of partial melts.  Other elements, such as Ca, Mg, Mn, Cr, and to a lesser extent 

Eu, have higher partition coefficients in a sample like the GRB.  Therefore, they will be 

preferentially held in the solid phase. 

 

5.2.3.1  Eu/Ce Ratio as a Proxy for Anatectic Melt Migration and a Test of Melt-Sulfide 

Exchange.  A second proxy for evaluating the migration of an anatectic silicate melt draws on the 
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differential partitioning of the LREE’s and Eu into the silicate liquid.  The ratio of Eu to Ce can 

be used to show the amount of separation of melt from the restite by the fact that Eu moderately 

compatible in plagioclase, whereas other REE are moderately to strongly incompatible in 

plagioclase and all other granitic phases (Table 16).  Therefore during partial melting Eu will 

remain behind in residual plagioclase and an incompatible REE like Ce will be largely partitioned 

into the melt.  The more melt that is removed, the lower the Ce concentration and the higher the 

Eu/Ce ratio.   

Therefore, like the plot of Ab# and total sulfur (Fig. 78),plotting Eu/Ce against weight % 

sulfur should show a similar positive correlation if silicate melt-sulfide liquid exchange has 

occurred.  As shown in Figure 79, a general positive trend between Eu/Ce and total S is observed.  

And as on the Ab#-S, the UAGRB samples a plot  in the lower left hand corner of the diagram 

marking initial conditions of no separation of anatectic melt and no infiltration of sulfide liquid.  

Towards the upper right of the diagram are samples which have undergone the most separation of 

melt and are also mineralized.  The positive trend, though quite scattered, is nevertheless 

consistent with the hypothesis that the increased melt migration is generally linked with increased 

sulfide liquid infitration.  The data in Fig. 79 are color coded based on drill hole. Note that the 

BMZ-2 and BMZ-3 holes have steeper slopes than the BMZ-1 hole.  The significance of the 

differing slopes between drill holes will be discussed in the following section.   
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Figure 79 - Data plot comparing the amount of melt separated from the GRB as a function of the 

ration of Eu:Ce to mineralization proxy of total sulfur.  The further to the right along the 
x-axis indicates that increased melt separation is coincident with sulfide mineralization.  

 

5.2.3.2 Eu Anomaly and Rare Earth Element Evidence for Silicate Melt Mobility.  The 

behavior of Eu relative to other REE during partial melting of plagioclase-bearing rocks has a 

strong effect on the patterns of REE normalized variation diagrams (Rollinson, 1993).   The 

LREE are moderately incompatible in plagioclase while the HREE are strongly incompatible.  

Partially melting a plagioclase rich rock with residual plagioclase will have a noticeable effect on 

the REE distribution.  Migration of that melt will result in noticeable changes in the REE curve 



	  

175	  
	  

by depleting the rock in HREE more rapidly than the LREE causing the slope of the curve to 

increase.  

The process of melt removal would be a function of the amount of melt produced in much 

the same way as melting of the mantle to produce a basaltic liquid (Winter, 2001).  The higher the 

heat budget, ideally, the more melting should occur.  Therefore, it would be expected to see a 

more intense signature of melt separation near the contact with the SKI.  This is observed in all 

three drill cores but is expressed best in MEX-123 (BMZ-2, fig.80).  The samples close to the 

BMZ-2 contact have a pronounced Eu peak due to removal of liquid which preferentially contains 

the other REE’s. The intensity of the Eu peak decreases as a function of depth due to 

subsequently smaller volumes of melting, partitioning of REE’s into that melt, and removal of 

that melt.  The bottom-most sample in the drill core expresses no Eu anomaly and is parallel to 

the blue field and the UAGRB samples in figure 50. 

The first morphology (Fig. 50) indicates that little to no preferential removal of partial 

melts have taken place.  This is evident in the rather smooth slope of the curve.  Reflecting this 

smooth curve are the UAGRB samples which fit well into the blue field.  The lack of 

fractionation in the REE’s with respect to Eu suggests that any melts that may have formed in 

samples within the blue field did not mobilize and therefore did not remove non-Eu REE’s from 

the whole rock and crystallized in situ resulting in pockets of quartz-feldspar aggregates. 

The red field (Fig. 50) is characterized by a peak in the Eu concentration relative the other 

REE’s.  Retention of Eu in plagioclase during melting causes the melt to be depleted in Eu 

relative to the restite which is now enriched in the rest of the REE’s.  Subsequent removal of that 

melt depletes the whole rock in REE’s except for Eu.  Therefore, the restite becomes depleted in 

all REE’s but Eu.  Based on this process, the red field is interpreted to be the restite material left 

behind after partial melts are removed and is indicative of partial melt removal.   

The melts themselves should be relatively depleted in Eu compared to the restite material.  

The green field in figure 50 shows depletion in Eu which has been interpreted in the past to 
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represent the melt resultant from incomplete anatexis of a plagioclase rich rock (Rollinson, 1993).  

Therefore, the green field is interpreted to be samples which are enriched in non-Eu REE’s 

indicating addition of partial melts derived from somewhere else in the GRB.   

 
 
Figure 80 – REE variation diagrams for five samples taken from different depths in MEX-152.  

Whole rock REE data (Table 7c) are chondrite normalized (Sun and McDonough, 1987).  
Note the increased positive Eu anomaly and the increased slope of the wholed REE curve 
(reflecting increase in LREE/HREE).  The highest sample is actually taken from just 
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above the SKI-GRB contact and likely has some mixing of the REE signatures from the 
SKI and GRB.   

 

 

 

5.2.4 Isocon Evidence of Silicate Melt-Sulfide Liquid Exchange.  

Up to this point this study has addressed the geochemical data acquired from the footwall 

of the Maturi deposit as individual suites such as the major elements in CIPW norms and the 

REE’s.  The isocon method allows for the observation of the entire package of elements 

simultaneously.  This study hypothesizes that infiltration of a sulfide liquid into the GRB as a 

result of partial melting allowed the sulfide liquid to displace the silicate melt and thereby 

mineralize the footwall.  In order to fully test this hypothesis, changes in concentrations of mobile 

components which make up sulfide (Cu, S, Fe, Ni) and those which make up anatectic melt from 

the GRB (LIL, HFSE, SiO2) must be compared to components that remain immobile (Mg, Mn, 

Cr, Ca, Eu).  The implications of results from isocon modeling and supporting petrographic 

evidence are discussed here.   

Analysis of the metamorphic halo with respect to depth is presented in a series of isocon 

diagrams (Figs. 82 to 84).  The locations of each of the three samples are indicated in figure 81.  

The series of plots trace the changes of relative concentrations of components from the second 

deepest sample in MEX-152 (the deepest is used at the LA) upwards towards the SKI contact, 

thereby tracing the changes in component concentrations upward into high temperature regimes.  

The following is a qualitative analysis of these changes.  

The deepest samples should have undergone the least amount of metamorphism and partial 

melting which limits the potential for melts to separate from the GRB as they are displaced by a 

sulfide liquid.  Therefore it would be expected that the deepest samples should plotrelatively at 

unity and show no change in overall mass assuming no lithologic heterogeneity.   Note that the % 

change for each component is detailed in tables 11-13. 
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Comparison of the most distal sample from MEX-152 (BMZ-1) can is in Figure 82.  The 

best-fit isocon (Mg-Mn-Cr) plots above the constant mass isocon indicating a mass loss (- 26 %).  

Elements which would partition into an anatectic melt such as the LIL, HFSE, and the LREE’s all 

show some degree of depletion ranging from 16 to 70 %.  However, Ca, Na, and Eu all show little 

depletions at less than 14 %.  The only enriched components are those carried by sulfides, which 

increase by 46 % in the case of sulfur and 113 % for Cu.  The precious metals also indicate 

enrichment from 83 % (Pt) to 290 % (Au).  

Moving upward in the drill core (Fig. 83) shows that the spread of elements has increased 

and that the best-fit isocon has increased in slope suggesting an increased mass loss compared to 

figure 82.  Depletion in the HFSE and the LIL has increased and indicates that a higher fraction 

of partial melt has been removed.   

The third sample (Fig. 84) is from immediately below the contact with BMZ-1.  Once again 

the spread has increased as well as the slope of the best-fit isocon.  Significant depletion in the 

LIL and HFSE is apparent with values ranging from 60 – 95 %.  Sulfide components, however, 

are considerably enriched with Cu showing an increase in over 6100 %.  It appears that there is a 

relationship between the depletion of components which partition into a silicate liquid and the 

enrichment of sulfide components.   
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Figure 81 – Drill core of MEX-152 showing the sample locations for figures 82 (A), 83 (B), and 

84 (C).  The samples which are indicated above will be used as an example of the 
changes in component concentrations in the GRB as proximity to the SKI 
increases.   
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Figure 82 – Isocon plot based on Mg-Mn-Cr isocon comparing the two most distal samples in 

MEX-152 (BMZ-1):152-4479(LA) to 152-4455.  This sample is from 24 feet above the 
deepest samples taken from this drill core.  The majority of element plot close to the Mg-
Mn-Cr isocon which also plots near the constant mass isocon.  The combination of these 
two qualitative observations suggest that there was little removal or addition of 
components.  Some exceptions can been observed in Cs and Th which both indicate mass 
loss; potentially as a result of removal of melt as these two will strongly partition into the 
melt phase.  The sulfide components (Cu, Ni, Tot-S, PGE’s) all indicate an increase in 
relative abundance.  This is an unexpected result as this sample  contains very little 
observable sulfide. 
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Figure 83 – Isocon plot comparing 152-4479 (LA) to 152-4379.5.  This sample is 75.5 feet closer 

to the SKI than figure 82 as indicated in figure 81.  The slope of the Mn-Mg-Cr isocon is 
greater than that of the constant mass indicating that some mass has been lost from the 
system.  Notice that most components are indicating loss, relative to the Mg-Mn-Cr 
isocon.  The HFSE’s Th, Cs, Zr, Nb, and Hf all plot far below the best-fit isocon 
indicating considerable loss in mass.  
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Figure 84 – Isocon plot comparing 152-4479 to 152-4266.5b.  This sample is located just below 

the SKI-GRB contact and displayed several characteristics of intense metamorphism 
including abundant pyroxenes and strong mortar textures.  Therefore, it is not surprising 
that strong depletions are observed in the components which would be likely to partition 
into a partial melt.  These include Cs, Ba, the HFSE and REE’s as well as K2O and P2O5.  
The depletion in these elements in interpreted to result from the removal of partial melt 
which is rich those elements thereby depleting the restite material.  Sulfide components 
show considerable enrichement by plotting far above the best-fit isocon.  

 

Higher degrees of melting are likely to occur closer to the SKI contact allowing more 

sulfide liquid to exchange.  This trend is evident in the isocon data when plotted versus depth 
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(figures 85-87).  Four components were chosen to indicate the variation with depth: La, Eu, Yb, 

and total sulfur.  La and Yb were chosen to show the full variation in the REE’s from light to 

heavy.  Eu was chosen because of its affinity for plagioclase, a restite which would show melt 

separation when compared to La and Yb.  Total sulfur was selected to show significant 

mineralization.  Definition of significant sulfide mineralization with respect to the isocon method 

must be determined in order to proceed.  Because of the low (0.02 wt. %) minimum total sulfur 

content of unmetamorphosed GRB an increase to 0.04 wt. % would result in an isocon increase of 

100 %.  This low sulfur content in the rock makes for very little observable sulfide.  However, 

weight percent of more than 0.1 wt. % are easily observable and are considered by this study to 

be of significance (500 % increase). 

The overall trend from each of the three drill cores is a large decrease in the concentration 

of all the REE’s, including Eu.  However, the degree of mass loss in Eu is less than that of La and 

Yb, indicating a degree of fractionation within the REE’s.  The degree of mass loss in La, Yb, and 

Eu decreases down section in all three; however, in MEX-84 (Fig. 78; BMZ-3) the mass loss 

increases again at 3150 ft and will be discussed below.  The overall trend to less REE depletion 

with depth is consistent with the expected trend where more melt is removed closer to the heat 

source.   

Does the degree of mass loss in incompatible elements, such as the REE’s, coincide with 

significant mineralization?  The general trend in sulfur content is to decrease away from the 

contact and locally is considered to be at a mass loss (indicated some sulfur in the LA sample).  

Samples which indicate mass loss in incompatible elements also show mineralization, confirming 

the relationship between melt separation and mineralization.   

Some outliers do exist, but when compared to hand samples, they follow the expected 

trend.  Several samples, including those between the 4300 and 4325 ft. depth in figure 85 and 

2710 in figure 86, indicate enrichment in sulfur as well as La and Eu.  These samples are 

interpreted to be where melt has been transported from another location and became trapped at 
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the sample locations.  This would explain the higher La/Yb ratio because of the higher 

partitioning of La into a melt phase due to its stronger incompatibility compared to Yb.  Eu is 

likely high due to primocrysts carried in the melts.   

A second group of outliers indicate depletion in incompatibles with no mineralization.  

These outliers are located at 4355 ft in figure 85, 2775 ft in figure 86, and 3150 to 3200 ft in 

figure 87.  Each of these samples indicates textures consistent with partial melting including 

mortar textures suggesting interconnectedness of melt pockets.  It is possible, then, that the melts 

which carried the incompatible elements in these samples became mobilized by a mechanism not 

directly related to the displacement by sulfide.  This study speculates that the surrounding rock 

may have been mineralized or contained large amounts of mafic minerals resulting in a density 

instability which provided the force to move the melt from those samples without sulfide 

displacement.   
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Figure 85– MEX-152 (BMZ-1) down section plot of the percentage changes in the concentration 

of La, Yb, Eu, and S based on isocon analysis. The REE’s, including Eu, show relative 
depletion, however, the depletion of Eu is often less intense than La or Yb.  Two samples 
between 4300 ft and 4325 ft indicate increased concentrations of both Eu and La along 
with sulfur which is interpreted to be the result of directly sampling plagioclase-
primocrysts laden crystallized partial melt that sulfide liquid had penetrated into.   
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Figure 86 – MEX-123 (BMZ-2) down section plot of the percentage changes in the concentration 

of La, Yb, Eu, and S based on isocon analysis.  Intense sulfide mineralization can be 
observed at very near the SKI contact at the top of the diagram where total sulfur shows a 
relative increase in concentration over 10000%.  The mineralization is coincident with 
loss in mass of the REE’s with the exception of Eu.  At about 2710 ft, both La and Eu are 
enriched alongside S which may represent crysalized sulfide bearing partial melt.   
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Figure 87– MEX-84 (BMZ-3) down section plot of the percentage changes in the concentration 

of La, Yb, Eu, and S based on isocon analysis.  Strong sulfide mineralization is observed 
throughout MEX-84 along with loss in mass of the REE’s indicative of melt separation.  
The sudden change observed at 3100 feet where sulfur changes significantly enriched to 
depleted was anticipated due to sudden disappearance of sulfide below an aplite dike 
which cross-cuts the GRB..   
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5.2.5 Summary Model for Silicate Melt-Sulfide Liquid Exchange 

Petrographic and geochemical evidence has been studied and indicates that the sulfide 

mineralization in the footwall granites of the Maturi deposit resulted from the displacement of 

silicate partial melts from the GRB by sulfide liquid derived from the SKI.  Previous studies 

(Sawyer, 2002; Hovis, 2003) speculated that this process led to mineralization but did not 

produce conclusive evidence to that end.  This study proposes that the model suggested by those 

two studies is accurate as discussed below. 

The series of events which leads to the sulfide mineralization of the GRB beneath the 

Maturi deposit begins with the emplacement of the BMZ stages (for the purposed of this 

discussion differences between the mineralization in each stage is ignored and will be discussed 

in a following section).  Figure 88a represents the initial intrusion of the SKI magmas between 

the hanging wall anorthositic series and the footwall GRB.  Pre-existing structures in the GRB 

likely contributed to the intrusive sequence of the BMZ (White, 2010) and are thought to play a 

role in the footwall mineralization.  Notice that the GRB contains only biotite and amphibole as 

its mafic phases determined by the Green (1968) samples (Fig. 29).  
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Figure 88 – Cartoon illustrating the model suggested by this study for the mineralization of the 

giants range batholith beneath the Matui deposit.  
 
 

Emplacement of the BMZ continues causing melting of the GRB surface and 

contamination of the SKI magma with silica and water, resulting in norite and gabbro-norite (Fig. 

27b).  Water is derived from the dehydration of biotite and amphibole as the GRB near the SKI is 
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heated to pyroxene hornfels grade (Fig. 88b) resulting in orthopyroxene (Fig. 29).  The SKI, 

already sulfide saturated (White 2010, Peterson, 2001), is intruded with some sulfide liquid 

present in the melt. However, with contamination of silica, the sulfur saturation drops (Campbell 

and Naldrett, 1979), causing a large volume of sulfide liquid to exsolve from the SKI magma.  

This dense sulfide liquid could collect along footwall irregularities as suggested by Hovis (2003). 

Continued heating of the GRB results in increased temperatures at greater depths into the 

footwall converting hydrous mafic phases into pyroxene at still greater depths.  The prograding 

thermal gradient brings the GRB near the contact up to the anatectic melting temperature of the 

quartz-orthoclase-albite system (Fig. 69).  The first melts to form are of the eutectic composition 

indicated in figure 69.  These melts quickly scavenge the GRB in incompatible elements such as 

the LIL and HFSE, except for Eu which is retained to a greater degree in the restite plagioclase 

primocrysts.  With increased melt fraction comes interconnectedness of melt pockets partially 

surrounding the feldspar primocrysts. With interconnectedness comes the potential for melts to 

mobilize.  The melts will likely begin to move to pre-existing structures and weaknesses in the 

footwall as indicated by the confluence of melt droplets along a structure in figure 88c.  Very near 

the contact, the interconnectedness allows dense sulfide droplets to begin to displace the silicate 

melt and penetrate into the footwall.  Additionally, the melts allow the GRB to begin to behave in 

a plastic manner resulting in the deformation of the feldspar primocryst causeing lattice 

dislocations in the grains (Fig. 38).   

Reaching the peak of metamorphism, melting is at its greatest extent with biotite 

recrystallizing to pyroxene and melts being formed as deep at 200 feet below the footwall contact 

(Fig. 33).  Figure 88d illustrates the peak of metamorphism.  Partial melts are now well connected 

throughout the upper 200 feet of the metamorphic halo and are migrating towards structures 

which will allow easier transport.  The dense sulfide liquid which collected at the GRB-SKI 

contact is now able to take full advantage of the network of silicate melt and begins to displace 

the silicate liquid and penetrate deeper into the GRB.  Removal of the silicate melt from regions 
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of the GRB depletes the restite in incompatible elements leaving restite minerals behind which 

contain Mg, Mn, and Cr (in pyroxene) and Ca and Eu in the plagioclase.  Isocon modeling 

indicates that these components were relatively immobile confirming their behavior as restites.  

Melts which have congregated in structures form veins which provide a conduit for both the 

silicate and sulfide liquid as seen in figure 37.  The vast difference in density between the two 

liquids drives the exchange.   

More sulfide liquid penetrates into the footwall displacing the silicate liquid.  The near 

complete displacement of silicate liquid for sulfide is evident in the similar morphology of quartz-

feldspar aggregates (anatectic melts) and sulfide as seen in figures 47 and 74.  In regions where 

the feldspar grains melted, forming interconnected pockets of intra-grain melt, the sulfide pushes 

the silicate liquid out forming sulfide sieve seen in figure 40.  

After the peak of metamorphism and mineralization the GRB begins to cool down along 

with the SKI.  The thermal halo collapses back towards the contact causing a decrease in the 

temperature of the high grade metamorphic rocks (Fig. 88e).  As the temperature falls below the 

anatectic temperature of the GRB the partial melts crystallize into polygonal quartz-feldspar 

aggregates (Sawyer, 1999, 2002).  Melts which surrounded the feldspar primocrysts crystallize 

into mortar textures.  As cooling continues the curve falls below the pyroxene hornfels 

temperature and reaches point C in figure 70.  Water derived from deeper seated biotite and 

amphibole rises to meet the metamorphic pyroxenes and begins to alter them in the form of 

amphibole and biotite rims.   

Solidification and cooling of the SKI allows temperature in the GRB to fall and re-solidify.  

Crystallization locks the sulfide in the GRB which has not been subsequently altered by 

hydrothermal processes.  The sulfides appear disseminated and crystallized from discrete droplets 

which penetrated the silicate liquid below the contact and potentially below occurrences of 

massive sulfide. Massive sulfides solidified from veins which carried the sulfide liquid into and 

silicate out of the GRB.   
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5.3 Relationship of Footwall Mineralization to Three Stages of BMZ Mineralization 

The footwall in each of the three drill cores show evidence that thermal metamorphism 

penetrated to the end of the hole.  However, the intensity of that metamorphism varies in both the 

amount of metamorphic pyroxene and the degree of partial melting.  It has been hypothesized by 

previous studies (Peterson, 2012) that channelization of the BMZ stage 3 magmas contributed to 

increased mineralization intensity and extent in the footwall.   

The mineralization model discussed in the previous section suggests that increased 

metamorphism and subsequent partial melting could result in increased mineralization potential.  

Therefore, it could be expected that channelized magma flow could provide a higher heat budget 

for increased footwall metamorphism.  If higher degrees of metamorphism do occur, it would be 

expected that the abundance of metamorphic pyroxene could increase; however, this is possibly 

limited by the initial abundance of biotite and hornblende.  Also, with increased heat budget, the 

degree of partial melting and subsequent melt mobility should show a marked increase.  The 

following discussion details interpretations of results which support this hypothesis.   

MEX-84 (BMZ-3) is interpreted in this study to have undergone more intense thermal 

metamorphism than MEX-152 (stage 1).  This is evident in both the abundance of metamorphic 

pyroxene and in the degree of partial melting.  MEX-84 contains considerably more 

orthopyroxene (over 25 % in several samples) which far exceeds the maximum of 15 % in MEX-

152.  Two possible explanations are proposed for the increased pyroxene mode.  Either the 

protolith for the metamorphosed GRB in MEX-84 had more abundant mafic minerals or the 

mobilization of partial melts relatively upgraded the modal abundance of pyroxene restite by 

removing material from the GRB.  Mobilization of partial melts upgrading the pyroxene 

abundance is the preferred explanation due to the abundance of partial melting textures 

throughout MEX-84.  
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Figure 89 - Down section variations of REE ratios to show the relationships of Eu to the LREE 

(Ce), and HREE (Yb) in MEX-84 (top, BMZ-b) and the changes in the REE slope with 
respect to the light, medium, and heavy REE’s (bottom, B) 
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Figure 90 - Down section variations of REE ratios to show the relationships of Eu to the LREE 

(Ce), and HREE (Yb) in MEX-152 (top, BMZ-1) and the changes in the REE slope with 
respect to the light, medium, and heavy REE’s (bottom, B)  
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Abundant migmatite like textures in the upper 200 ft of the GRB in MEX-84 lends to 

increased partial melting and melt mobility.  Evidence of the heterogeneous nature of the 

metamorphosed GRB in MEX-84 is evident in the REE chemistry.  Figure 89A illustrates the 

variability in MEX-84 compared to the rather smooth, less heterogeneous MEX-152 (BMZ-1; fig. 

90 A).  Additionally, the overall REE slope is variable supporting the compositional segregation 

of REE.  Sporadic pockets of leucosome and melanosome, segregated partial melts, and restite 

attest to the compositional heterogeneity of MEX-84 while less intense segregation occurred in 

MEX-152.  The cause of the increased heterogeneity is interpreted to be increased melting and 

melt separation due to the increased heat budget derived from channelized stage 3 magma.  It was 

difficult to determine if stage 2 had any unique impact on the footwall due to low sampling 

density; however, MEX-123 (BMZ-2) does contain abundant sulfide veins and two-phase 

conduits which suggests melt mobility.   

With increased melting and melt separation, it would be expected to see increased 

mineralization based on the proposed mineralization model.  To compare the mineralization in 

drill core, down section plots were created which detail four mineralization characteristics: Cu/Ni 

ratio, Pt/Pd ratio, total S, and total precious metals (PM).   Total sulfur and total precious metals 

are used as a proxy for sulfide and precious metal abundance, respectively.  Cu/Ni ratio is used to 

distinguish between Cu-rich mineralization and Ni- rich mineralization (Peterson, 2008), and 

Pt/Pd ratio to look at variability in precious metal composition.  The mineralization plots for each 

of the three drill cores can be found in figures 91 to 93. 

The total mineralization indicated by total sulfur generally increases down section in each 

drill core.  However, the maximum abundance and	  changeability varies considerably.  MEX-84 

(BMZ-3) shows a rather consistent trend in total S from 2960 ft to 3100 ft (Fig. 86).  Within this 

same interval, there is an increase in the Cu/Ni ratio and total PM; however, the Pt/Pf ratio 

remains constant.  This study interprets these three characteristics to be representative of sulfide 

fractionation by partitioning of Ni and Fe out of the sulfide liquid, driving the Cu and PM content 
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upward (Naldrett, 2013).  At 3115 ft in MEX-84 there are a series of aplite dikes which appear to 

demark dense occurrences of disseminated sulfide from nearly barren GRB at greater depths.  

Below 3115 ft total S, total PM, and the Cu/Ni ratio decrease by an order of magnitude with little 

change in  Pt/Pd.  This study suggests that the aplite dikes, in some way, inhibit sulfide liquid 

from penetrating to mineralize deeper GRB.  The consistency of the mineralization up to the 

aplite dikes in MEX-84 (BMZ-3; Fig. 86) is interesting considering the lithologic heterogeneity 

observed in hand sample, thin-section, and available geochemical data.  This study hypothesizes 

that the consistency of mineralization is caused by the high degree of partial melting of the GRB 

due to the increased heat budget from the stage 3 magma channel.  Pervasive partial melting 

could have allowed sulfides to distribute freely in the footwall supporting the rather consistent 

mineralization profile.  Partitioning of higher temperature sulfide phases such as pyrrhotite and 

pentlandite would likely lead to the increasing Cu-Ni tenor and precious metal values with depth.   

 

Figure 95 – Down section variation in mineralization paramters in the GRB footwall in MEX-84. 
Parameters include Cu/Ni, Pt/Pd, total precious metal content, and total sulfur.  
Mineralization in MEX-84 is rather consistent throughout the GRB where all four 
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mineralization factors (Cu/Ni, Total precious metals, Pt/Pd, and total sulfur) gave nearly 
vertical slopes.   

 

By contrast, MEX-152 (BMZ-1; Fig. 97) shows inconsistent values in Cu/Ni, total S, and 

total precious metals while the Pt/Pd ratio remains constant, increasing only slightly down 

section.  The variability in the amount of sulfide in the footwall where stage 1 is in contact with 

the GRB may be the resultof a less cohesive network of partial melts.  The behavior of the REE’s 

suggests that the GRB remained more homogeneous beneath stage 1 (fig. 94) than beneath stage 

3 (fig. 85).  The homogeneity in MEX-152 could result from less complete separation of melt 

subsequently affecting the distribution of sulfide in the GRB and concentrating sulfide liquid into 

pockets resulting in the saw-tooth pattern observed in figure (97).  The smooth Pt/Pd ratio 

suggests that the sulfide liquid probably fractionated very little during its journey into the GRB.   

In summary it appears that the footwall beneath the BMZ-3 in MEX-84 shows stronger 

evidence for melt separation/migmatite development and a more consistent mineralization profile 

which also indicates sulfide fractionation.  One the other hand, in MX-152 BMZ-1 has less of a 

migmatite geochemical signature which is reflected in observations of the drill core.  

Additionally, MEX-152 has a more variable degrees of mineralization in the GRB footwall but 

shows little evidence for fractionation.  Therefore, this study concludes that BMZ-3 has a greater 

impact than BMZ-1 on the footwall mineralization due to increased partial melting as a result of 

the higher heat budget provided by a proposed magma channel (Peterson, 2012). 
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Figure 96 - Down section variation in mineralization parameters in the GRB footwall in MEX-
123.  Parameters include Cu/Ni, Pt/Pd, total precious metal content, and total sulfur. 

 
 

 
Figure 97 - Down section data characterizing the footwall mineralization beneath BMZ-1 in 

MEX-152 with respect to the ratios of Cu/Ni and Pt/Pd as well as the total precious metal 
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content and total sulfur.  Unlike the rather uniform mineralization in MEX-84, MEX-152 
is considerably non-uniform.  The saw-tooth pattern observed above in total S (proxy for 
total sulfide mineralization) as well as total precious metals supports macro and 
microscopic observations of non-uniform distribution of sulfide mineralization.  The 
Cu/Ni in the upper 100 feet of the GRB is uniform but below 4350 feet parallels changes 
in total sulfur and total precious metals. 

 
6 Conclusions 

The principal conclusions of this study are as follows: 

1) Within 100 meters of the contact of the Maturi Cu-Ni-PGE deposit, at the lower section 

of the  South Kawishiwi intrusion, the footwall which was initially composed of quartz 

monzonite of the Archean Giants Range Batholith, has been metamorphosed to pyroxene 

hornfels grade.  Under these conditions, primary amphibole and biotite were dehydrated 

and converted to orthopyroxene and minor clinopyroxene.  Within 0- meters of the basal 

SKI, partial melting of the GRB occurred to create a granitic anatectic magma and a 

restitic charnokite.  Textural features indicative of partial melting include:  polygonal 

quartz-feldspar aggregates, mortar textures, sieve textured feldspars, and lattice 

dislocations in alkali-feldspar and plagioclase.  Coalescence of melt pockets in sieve 

structures, dislocated feldspars, and veins and conduits, provided permeability and 

allowed melt mobility.  

2) Interconnectedness of anatectic melts from the GRB created pathways by which melt 

could mobilize, allowing the dense sulfide liquid derived from the BMZ to displace the 

lower density silicate melts and penetrate into the GRB footwall creating massive sulfide 

in conduit veins, semi-massive/net-textured sulfide where primocrysts were surrounded 

by sulfide liquid, and disseminated sulfide as the ratio between sulfide liquid and silicate 

melt decreased.   

3) The increased heat budget as a result of the channelization of the BMZ stage 3 led to 

increased partial melting and subsequent higher grade and more consistent sulfide 

mineralization beneath the proposed S3 magma channel (Peterson, 2012).  
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This study cites several lines of petrographic and geochemical evidence for a causal 

relationship between thermal metamorphism, partial melting, and sulfide mineralization of the 

granitic footwall of the Maturi deposit.  The relationship between partial melting and 

mineralization could be exploited by Twin Metals LLC as a means to target heavily mineralized 

footwall.  Those regions which have the greatest potential for partial melting of the footwall 

would be ideal locations to search for additional mineralization below the main BMZ ore body.  

This study concluded that where the BMZ stage 3 is in contact with the GRB presents the greatest 

potential to cause significant partially melting tens of meters into the footwall and thus provide 

sizeable pathways for sulfide liquid infiltration.  Additionally, this concept may be applicable to 

other magmatic sulfide deposits which exhibit significant melting of the country rock and 

especially those which host massive sulfides in contact with the footwall, as Maturi does.   
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7. Appendices  
 

Appendices 1-4 can be found in the supplementary files attaches to this document.  
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