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Abstract 
  

The Tamarack intrusion is an unexposed mineralized cumulate ultramafic 

intrusion located near the town of Tamarack, about 80 kilometers west of Duluth, 

Minnesota.  Rio Tinto Exploration (previously Kennecott Exploration) has been 

conducting exploration drilling of the Tamarack intrusion for Cu-Ni-PGE sulfide deposits 

since 2001.  The intrusion was emplaced into black slates of the Paleoproterozoic 

Animikie Basin during the early magmatic stage of the 1.1Ga Midcontinent Rift. A new 

U-Pb baddeleyite age reported here yields an age of 1105.6 ± 1.2 Ma and confirms its 

association with the Midcontinent Rift.  Drilling and geophysical data indicate that the 

Tamarack intrusion has a tadpole-like shape that is about 13 km long and is between 1 

and 4 km wide.   The narrow tail area of the intrusion, which is the site of greatest 

exploration drilling, is composed exclusively of ultramafic rock types.   The wider 

“body” area at the southeastern end of the intrusion is composed of a wider variety of 

rock types ranging from lherzolite to granophyric gabbronorite.    

Core logging, petrographic observations, mineral chemical analyses, 

lithogeochemical analyses, and XRF scanning of drill core were employed on four drill 

cores from the Tamarack intrusion to evaluate its emplacement and crystallization 

history.  Core logging and petrography show that the lherzolitic cumulates of the tail area 

can be subdivided into two texturally and modally distinct units – a lower Feldspathic 

Lherzolite Unit characterized by coarse olivine primocrysts, and an upper Lherzolite Unit 

characterized by medium-grained olivine.  The contact between the two lherzolite units 

was investigated in three cores.  In one core, the contact occurs across a zone of intense 

alteration; in another, it shows the two lherzolite lithologies irregularly interlayered; and 

in a third, the feldspathic lherzolite contains gabbroic inclusions of unknown origin.  In 

the drill core from the body area, a lherzolite similar to the upper Lherzolite Unit of the 

tail area grades upsection to an intergranular olivine websterite, and then to a 

gabbronorite, which locally contains interstitial to irregular segregations of granophyre. 

Disseminated Ni-Cu-PGE sulfide mineralization is present throughout most of the 

lithologies studied here, but is particularly abundant in the tail area at the basal contact of 
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the Feldapathic Lherzolite unit and in a zone straddling the contact between the two 

lherzolite units.    

Whereas mineral compositions and whole rock chemical analysis within the 

Feldspathic Lherzolite and Lherzolite Units found in the tail of the intrusion show little 

cryptic variation, the chemical attributes of lithologies in the body areas show evidence of 

extreme differentiation.  Olivine composition ranges from Fo84 in the lowermost 

lherzolite and becomes progressively evolved to Fo10 in the uppermost granophyric 

gabbronorite.  Other mineral and whole rock data both show smooth gradations from the 

lherzolite to the gabbronorite which are consistent with these lithologies having formed 

from a single mafic parental magma by fractional crystallization in a closed system.   

The main petrologic conclusions of this study are:  

1) The two lherzolitic units in the tail area formed from a similar high-Mg olivine 

tholeiitic parent magma.  The composition of this parent magma is estimated from 

subtracting 30% Fo89 olivine phenocryst composition from a chilled margin found at 

the basal contact of the Feldspathic Lherzolite unit.  The resulting composition is 

comparable to other picritic basalt compositions found at the base of the MCR-related 

Mamainse Point Volcanics.    

2) The emplacement of the lower feldspathic lherzolite preceded that of the upper 

lherzolite in the tail area.  The differences in texture and modal mineralogy between 

the two lherzolite units are attributed to more rapid cooling of the earlier feldspathic 

lherzolite, creating an orthocumulate in contrast to the more adcumulate upper 

lherzolite.   

3) The sulfide mineralization straddling the lherzolite contact in the tail area is 

attributed to country rock assimilation and sulfur contamination in the leading edge of 

the lherzolite parent magmas during the two main emplacement episodes.   The 

sulfide mineralization in the upper part of the Feldspathic Lherzolite is thought to be 

related to downward infiltration of sulfide liquid from the overlying Lherzolite unit 

magma upon its emplacement into the semi-molten core of the Feldspathic Lherzolite.    

4) Finally, the well differentiated lithologic sequence comprising the body area is 

interpreted to have resulted from closed-system fractional crystallization of the 

second magma pulse that created the upper Lherzolite Unit in the tail area.  
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1.0 Introduction 
 

The recent industrialization of the Far East and ongoing consumption throughout 

the rest of the developed world has caused a global metal shortage to an extent that 

world-wide mineral exploration is at record levels.  This boom in mineral exploration is 

even being felt in the United States despite the fact that most near surface deposits have 

already been discovered and exploited.  This has forced the search for metals into areas of 

poor exposure or deeper into the subsurface, largely with the aid of geophysics.  

Fortunately, Cu-Ni-PGE sulfide deposits are readily identifiable by various geophysical 

tools (Naldrett, 2004).  Magmatic Cu-Ni-PGE deposits are associated with mafic to 

ultramafic rocks which have varying amounts of primary and secondary magnetite and 

thus can be located by airborne magnetic surveys.  Also, the occurrence of massive to 

semi-massive sulfide, wherein sulfide minerals are interconnected can easily be identified 

by an electromagnetic survey.  The fact that Cu-Ni sulfide deposits occur in particular 

tectono-magmatic settings further helps to narrow down the probable search areas.   The 

Precambrian geology of Minnesota includes many such favorable settings, much of the 

bedrock in Minnesota is obscured by as much as 200m of glacial till and outwash so 

bedrock mapping and mineral exploration has relied heavily on geophysics.  

To better understand the geology and mineral potential of Minnesota, the 

Minnesota Geological Survey (MGS) contracted for a high resolution aeromagnetic 

survey of the state from 1979 to 1991 (Chandler and Lively, 2008).  Following this 

survey, the MGS conducted a series of reconnaissance shallow drilling programs (10-20’ 

lengths of core) to ascertain the bedrock source of various aeromagnetic anomalies 
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(Southwick et al., 1986).  One anomaly drilled in Aitkin County turned out to be an 

ultramafic rock, yet the 7’ core had no significant sulfide mineralization (Southwick et 

al., 1986).   In a later study that inventoried mafic and ultramafic intrusions throughout 

the state outside the Duluth Complex, Jirsa et al. (2006) termed the igneous body 

associated with this anomaly the Tamarack intrusion for the town located near the initial 

drill site. 

Intrigued by the occurrence of an ultramafic rock evidently emplaced into 

greywackes and black slates of the Paleoproterozoic Animikie Basin, Kennecott 

Exploration (subsidiary of Rio Tinto) started to explore the Tamarack anomaly in 2001.  

The company drilled their first core in 2002 and immediately discovered mineralization.   

By the end of 2005 when this study was initiated, Kennecott had drilled 23 holes and had 

conducted various geochemical and geophysical surveys (aeromagnetic, ground 

magnetic, down hole electromagnetic, and seismic).  Kennecott adopted the name 

Tamarack for the mineral deposit prospect.  

In the fall of 2005, Dean Rossell, chief geologist for Kennecott, approached Dr.  

Jim Miller, at the time, a senior geologist with the Minnesota Geological Survey and an 

adjunct faculty member of the Department of Geological Sciences at the University of 

Minnesota at Duluth, to inquire about the possibility of a Master’s candidate at UMD 

conducting a petrologic study of the Tamarack intrusion.  I had been in contact with Dr. 

Miller that fall about applying to UMD for an MS degree in economic geology.  After a 

meeting with Dean Rossell and being accepted into the MS program at UMD in January 

of 2006, a research program for my work on the Tamarack intrusion was agreed to.   I 

was employed by Kennecott as a field assistant beginning in August of 2006 until the end 
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of the year.  About 10% of this time was spent working on the Tamarack intrusion.  In 

January 2007, I enrolled at UMD to officially begin work on my MS degree.  Over the 

following year and a half, Kennecott has continued to support my graduate education and 

research with part-time employment, financial support of the analytical costs of my 

research, and geologic advice, in addition to being hired on full time in 2008.   I am very 

grateful to Kennecott’s support and for the opportunity to conduct first-time petrologic 

research on a newly discovered intrusion and potential Ni- Cu-PGE deposit. 

 

1.1 Geologic Setting   
 

The Tamarack intrusion is located 50 miles west of Duluth, Minnesota (Figure 1) 

and is named for the town of Tamarack (population 56), where the intrusion was first 

drilled by the MGS in 1982.  It occurs within Paleoproterozoic (~1.85 Ga) slates and 

greywackes of the Animikie Group, which in east-central Minnesota are termed the 

Thomson Formation.  At the onset of this study, the age of the Tamarack intrusion was 

unknown.  It was thought possible that it is related to other Paleoproterozoic (~1.75 Ga) 

intrusions that occur in the Penokean Orogen (Jirsa et al., 2006).   Alternatively, due to its 

proximity to the 1.1 Ga Midcontinent Rift (MCR) and its ultramafic composition, it was 

thought to be more likely associated with the MCR.   As will be reported below, a U-Pb 

age from baddeleyites acquired during this study confirms its Midcontinent Rift 

affiliation.   Therefore, to completely describe the geologic setting of the Tamarack 

intrusion, the geology of both the Animikie Basin/Penokean Orogen and the 

Midcontinent Rift (MCR) will be described below. 
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Figure 1: Simplified geologic map of northeastern Minnesota showing the location of the 
Tamarack intrusion.  Note the distance between the Tamarack intrusion and the 
Duluth Complex.  Modified from Jirsa et al., 2006. 

 
 

1.1.1 Animikie Basin and Penokean Orogen 

 
The depositional and tectonic history of the Penokean Orogen started around 1880 

Ma and is made up of two major components in Minnesota - an allochthonous fold and 

thrust belt and at least one tectonic foredeep (Southwick et al., 1988, 1991;  Schulz and 

Cannon, 2007).  Much of the deformation associated with the Penokean Orogen is 

attributed to a collision between the continental margin of the Archean Superior Province 

craton and the Pembine-Wausau oceanic arc (Figure 2).  The oceanic arc abducted onto 

the continental margin of the Superior Craton, which produced imbricated thrust sheets 

and a downflexured foreland basin called the Animikie Basin (Figure 2).  Into this basin, 

greywacke and black shale accumulated in the deeper waters via turbidities while banded 
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iron formations were deposited in the near shore environment to the north (Figure 3).   In 

Upper Michigan and Wisconsin, the Animikie Group sediments are correlative with the 

Baraga Group (Schulz and Cannon, 2007; Figure 2) 

In east-central Minnesota, the Animikie Group sediments unconformably overlie 

the Mille Lacs Group (equivalent to the Menomonie Group in Fig. 2), North Range 

Group (Chocolay Group in Fig. 2), and Archean basement.  The formational units of the 

Animikie Group include basal sandstones, conglomerates, and siltstones of the Pokegama 

Quartzite, the banded iron formations of Biwabik Iron Formation and the slates and 

greywackes of the Virginia and Thompson Formations (Ojakangas et al., 2001; 

Southwick and Morey, 1991.) 

The Virginia and Thompson Formations, whose correlative sediments are relevant 

to this study, are dominantly composed of moderately metamorphosed greywacke and 

slate.  These metasedimentary rocks have variable amounts of sulfide and are interpreted 

to represent deep water turbidities in the Animikie Basin (Morey and Ojakangas, 1970; 

Morey, 1967; Lucente and Morey, 1983; Fig. 3).  Because of the deformational and 

metamorphic effects of the Penokean orogen, these units in east-central Minnesota are 

folded at high angles, metamorphosed to greenschist facies, and are veined with quartz, 

calcite, and occasionally hairline veins of sulfide.   U-Pb dating of euhedral zircons from 

an ash layer near the base of the Virginia Formation has yielded at date of approximately 

1850 Ma (Hemming et al., 1996).  
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Figure 2:  Evolution of the Penokean Orogeny in Wisconsin (from Schulz and Cannon, 

2007).  The tectonic evolution of the Penokean orogen in Minnesota is similar, 
though major depositional groups are given different names.  The equivalent 
groups to the Chocolay, Menomonie and Baraga groups in Minnesota are the 
North Range, Mille Lacs, and Animikie groups, respectively.  
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 Figure 3: Configuration of the Animikie Basin and the Penokean orogen prior to the 
development of the MCR. After Ojakangas et al., 2001.   

 

  

1.1.2 Midcontinent Rift  
 

The Mesoproterozoic Midcontinent Rift is a large igneous province that formed 

from plume-influenced intracontinental rifting at ~1.1 Ga (Hutchinson et al., 1990).  The 

MCR extends along a 2000 km arcuate path from the Lake Superior region to the 

southwest as far as Kansas and to the southeast beneath Lower Michigan (Van Schmus 
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and Hinze, 1985) (Figure 4).  Although only exposed in the Lake Superior area, the 

extent of the MCR beneath younger cover is inferred from its pronounced gravity and 

aeromagnetic signature.  Throughout its trace, the MCR cuts several major geotectonic 

regions ranging in age from 1.3-3.6 Ga (Van Schmus, 1992).   

Geological, geochemical and geophysical data collectively imply that the rift 

formed from the influence of an asthenospheric plume centered under Lake Superior 

(Nicholson and Shirey, 1990, Hutchinson et al., 1990).  Seismic profiles across the rift in 

the Lake Superior basin have been interpreted to indicate that the basalt flows comprise a 

thickness as great as 20 km below Lake Superior (Cannon et al., 1989).  Green (1982) 

interpreted the lack of erosion and 

subsequent preservation to be a result of 

subsidence from thermal collapse as the 

continental plate drifted off the mantle 

plume (Davis and Green, 1997). 

Cannon (1992) estimated that a 

total of approximately 2 x 106 km3 of 

tholeiitic to subalkaline sub-aerial mafic 

to felsic lavas were extruded during an 

approximately 23 Ma period of 

volcanism (Davis and Paces, 1990).  U-

Pb ages of lava flows in the western 

Lake Superior region fall between 1109 Ma and 1086 Ma, with a significant hiatus in 

mafic volcanism between 1106 and 1100 Ma (Nicholson et al., 1997).  Temporal 

Figure 4: Shows the extent of the 
Midcontinent Rift and the various 
province ages that are cut by the 
1.1Ga rift.  From Meyer, 2008. 
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variations in rates of volcanism and the compositions of magmas have given rise to the 

recognition of multiple stages of MCR magmatism (Miller and Vervoort, 1996; Davis 

and Green, 1997; Nicholson et al., 1997, Vervoort et al., 2007).  Many components of the  

Nipigon Sill Complex evidently predate the volcanics of the MCR and have been dated to 

be as early as ~1140 Ma (Heaman et. al., 2007).  These early dates require a different set 

of magmatic stages, but until a consensus on those stages can be reached the stages 

described in Miller and Vervoort (1996) will be used.  

1) The early magmatic stage (1109-1106 Ma) is characterized by the eruption of 

primitive liquids caused by the impact of a starting mantle plume with the base of the 

lithosphere.  These primitive magmas soon became contaminated by melted lower crust 

and drifted toward mafic and felsic composition melts.  This stage occurred during a 

period of reversed magnetic polarity.   

2) The latent magmatic stage (1106-1102 Ma) is characterized by a hiatus in mafic 

volcanism, but persistent rhyolitic volcanism.  This is thought to represent a period of 

continued mantle plume upwelling and melting, but the storage of these mafic melt in the 

lower crust.  Crustal underplating of mafic magmas caused pervasive anatectic melting of 

the lower crust, which produced felsic melts and triggered further underplating by the 

creation of density and rheologic barriers.   

3) The main magmatic stage (1102-1094 Ma) saw revival of volcanism of various 

compositions that occurred during a period of normal magnetic polarity.  This stage is 

thought to represent the beginning of upper crustal separation, the evacuation of lower 

crustal magma chambers, and the further melting of the mantle plume. 
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4) The late magmatic stage (1094-1086 Ma) is characterized by the formation of 

composite volcanoes attending the reduction in overall rates of volcanism and increased 

subsidence.  This waning magmatism and thermal collapse is probably due to exhaustion 

of the mantle plume and to plate drift off the plume. 

1.1.3 Intrusions related to the Midcontinent Rift. 

In addition to the extrusive rocks in the MCR, there is a vast volume of intrusive 

rock that were emplaced during the early and main magmatic stages and include the 

Duluth Complex, the Mellen Complex, the Coldwell Complex, and the Beaver Bay 

Complex (Figure 5) (Miller et al., 2002).   

 

Figure 5: Map showing the geology of the Lake Superior region and the location of the 
Tamarack intrusion and other intrusive components of the Midcontinent Rift.  
Modified from Miller and others (1995).   

Tamarack 
Intrusion 
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The Duluth Complex is the collection of these intrusive rocks, covering over 

5,000 km2 and is geographically closest to the Tamarack intrusion.  Miller and Severson 

(2002) defined the Duluth Complex as being composed of multiple discrete intrusions 

episodically emplaced into the base of a comagmatic volcanic edifice between 1108 and 

1098 Ma.  The Duluth Complex can be subdivided into four distinct series (Fig. 6) based 

on age, lithology, and structural position within the Duluth Complex.     

 

Figure 6.  Geology of northeastern Minnesota showing the major series of the Duluth 
Complex.  After Miller and Severson, 2002. 
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The oldest is the felsic series, which is composed of massive intrusions of 

granophyric granite to intermediate rock types that occur along the eastern and central 

roof zone.  U-Pb ages from zircons indicate emplacement ages from 1109-1106 Ma 

(Vervoort et al., 2007). The early gabbro series is composed of  intrusions of troctolite, 

olivine gabbro, gabbronorite, and oxide gabbro that were also emplaced during the early 

magmatic stage (~1108 Ma) and occur exclusively along the northeastern contact of the 

Duluth Complex (Miller and Severson, 2002).  Field relationships indicate that the felsic 

series intrusions preceded (and likely caused the trapping of) the early mafic intrusions.  

The anorthositic series is a complex suite of intrusions of plagioclase-rich gabbro 

that is found throughout the Duluth Complex.  The anorthositic series was emplaced 

during the early main stage magmatism (~1099 Ma) and is interpreted to have formed by 

the multiple emplacements of viscous plagioclase crystal mush from lower crustal 

magma chambers (Miller and Weiblen, 1990).  Emplaced beneath and locally within the 

anorthositic series is a suite of discrete mafic layered intrusions collectively termed the 

layered series.  Layered series intrusions show a range in their degree of differentiation, 

from the poorly differentiated Partridge River intrusion composed almost exclusively of 

troctolitic cumulates, to the well differentiated Layered Series at Duluth, which grades 

from lower dunite to upper ferromonzodiorites (Miller and Ripley, 1997).   

Stratigraphically higher in the volcanic edifice of the North Shore Volcanic 

Group, there is a second arcuate package of intrusive rocks termed the Beaver Bay 

Complex (BBC).  Miller and Chandler (1997) defined the BBC as all of the intrusive 

rocks between Split Rock Point and Grand Marais, and inland as far as 20km (Fig. 6).  

The BBC is composed of thirteen intrusive units that represent a minimum of six major 
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intrusive events (Miller and Chandler, 1997).  U-Pb ages indicate that BBC magmatism 

was concentrated at about 1096 Ma, though one intrusive phase, the Houghtaling Creek 

troctolite, has a main stage Duluth Complex age of 1099 Ma (Paces and Miller, 1993; 

Hoaglund, 2010). The most notable of the BBC intrusions is the Sonju Lake intrusion, 

which has been explored for PGE reef-style mineralization and has received academic 

attention due to its nearly closed-system differentiation similar to that of the Skaergaard 

intrusion (Joslin, 2004). 

Intrusive magmatism associated with the MCR is not limited to emplacement 

within the volcanic pile, but also occurs within pre-Keweenawan rocks in the form of 

dike swarms and small satellite intrusions (Fig. 5).  A number of dike swarms, which 

presumably fed since eroded lava flows, occur along the flanks of the MCR (Green et al., 

1987).  Although few have been dated (Heaman et al., 2007), both reversed and normal 

polarity dikes are known to occur.  Smaller intrusions of limited areal extent occur in 

proximity to the Duluth Complex and are here called satellite intrusions.  Examples of 

satellite intrusions are the Eagle, Echo Lake, and Bovine Intrusive Complex (BIC) 

intrusions in upper Michigan, the Coldwell Complex near Marathon, Ontario, the Seagull 

Lake, Kitto, and Disraeli Lake intrusions in the Lake Nipigon area, the Crystal Lake 

Gabbro in the Thunder Bay area, and presumably, the Tamarack intrusion in east-central 

Minnesota (Fig. 5).  All of these intrusions display evidence of multiple emplacements, 

internal differentiation, and Cu-Ni-PGE sulfide mineralization.  Of these bodies, the 

Eagle, Coldwell Complex, and the Seagull Lake intrusions are the best studied, are well 

mineralized, and will be described briefly below.  
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The Eagle intrusion is a primitive olivine gabbro intrusion emplaced into the 

Paleoproterozoic slates of the Baraga Basin, located in the Upper Peninsula of Michigan.  

The Eagle intrusion is composed of mostly coarse-grained peridotite and feldspathic 

peridotite but also contains a fine grained melagabbro to melatroctolite around the 

margins of the intrusion and as xenoliths within the peridotite (Ware, 2007).   Fo content 

in olivine in this body range between 76 and 85 mole %, which is significantly higher 

than most intrusions of the Duluth Complex (Ding et al., 2007).  U-Pb baddeleyite dating 

from the olivine gabbro has yielded an age of 1107.3 ± 3.7 Ma (Ding, 2007). 

The Coldwell Complex is a 350 km-diameter, multiply-intruded igneous complex 

composed of a variety of rock types ranging from olivine gabbro to syenite.  It is located 

just north of Lake Superior and was emplaced within Archean granite-greenstone rocks 

around 1108 ± 1 Ma (Heaman and Machado, 1990).   

The Seagull Lake intrusion is a mafic to ultramafic intrusion within the Nipigon 

Sill complex, located north of Lake Superior near Lake Nipigon (Hollings et al., 2007).  

This intrusion is composed of an olivine amphibole-pyroxenite at the base that grades up 

into a peridotite which is the predominant lithology.  The upper part of the peridotite has 

thin layers of pyroxenite that become more felsic and plagioclase rich near the surface. 

U-Pb dating of baddeleyite and zircon crystals found in the peridotite yields an age of 

1112.8 ± 1.4 which is interpreted as the best constraint for the age of emplacement 

(Heaman et al., 2007).   

A lot of attention has been paid to these satellite intrusions as exploration targets 

for Ni-Cu-PGE because all are emplaced into sulfide-bearing sedimentary rocks, which 

provide sources of sulfur contamination.  The gabbroic eastern flank of the Coldwell 
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Complex contains copper–rich sulfides and platinum group minerals (PGM’s), with the 

source of sulfur apparently derived from sulfidic greenstone assemblages (Barrie et al., 

2002; Good et al., 2010). The Seagull Lake intrusion contains two zones of 

mineralization, one of which is a 700m section of greater than 0.3ppm Pt + Pd and has 

shown to have as much as 3690 Pt and 3990 Pd ppb over a 0.44m section.  The second 

mineralized zone is found at the basal contact with sulfidic Archean metasedimentary 

rocks (Heggie, 2005).  The Eagle intrusion hosts a small, but high-grade Ni-Cu-PGE 

deposit (6.6 million ton deposit that averages 3.7% nickel and 3.1% copper).  The sulfur 

source of the Eagle intrusion is thought to be derived from contamination of a lower 

stratified magma chamber (Ware, 2007).  Like all of these deposits, the Tamarack 

intrusion is a primitive satellite intrusion that has come into contact with sulfide-bearing 

slate and has the potential to have similar sulfide mineralization. 

1.2 Previous work 

One challenge in interpreting the bedrock geology of much of Minnesota is 

dealing with the copious amount of glacial overburden.  Aeromagnetic and gravity 

surveys had been acquired in the 60’s and 70’s, but the data were low resolution and not 

digital (Bath and others, 1965; U.S. Geological Survey, 1970; McGinnis and others, 

1978; Ervin, 1980).  To better understand the buried bedrock of the state, the Minnesota 

Geological Survey (MGS) in 1979 began a high resolution aeromagnetic survey that was 

competed in 1991.  The survey was flown with a proton magnetometer 150m above the 

ground and at a line spacing of 400m (Southwick et al., 1986; Chandler, 1983a, b, c; 
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1985).  To aid in interpreting the new high resolution aeromagnetic data, the Minnesota 

Geological Survey conducted a follow-up program of shallow drilling.   

The objective of the program was to drill through the glacial overburden to 

bedrock and acquire a 10-20’ core of sound bedrock.  A shallow drilling program was 

conducted in east central Minnesota between 1980 and 1985.   One of the anomalies 

targeted for this program was an irregular tadpole-shaped magnetic high straddling the 

Carlton-Aitkin county line.  As reported in Southwick et al. (1986), hole AB-6 

encountered an ultramafic rock.  The seven foot core recovered was cut for thin section 

work and a portion was sent for geochemical analysis, all of which was published 

(Southwick et al., 1986).  As mentioned in the introduction, the geologic unit inferred to 

correlate to this aeromagnetic anomaly and single drill core was termed the Tamarack 

intrusion in a later report on mafic and ultramafic intrusions outside the Duluth Complex 

by Jirsa et al. (2006). 

Recognizing the potential mineralization resulting from a primitive intrusion 

intruding sulfide-bearing sediments, Kennecott Exploration acquired mineral leases over 

the aeromagnetic anomaly and began active exploration in 2001.  Soon after the Ni-Cu-

PGE mineralization was discovered, Kennecott began to refer to this body as the 

Lakeview prospect. In this report, I will use the name Tamarack intrusion to describe the 

igneous body and Tamarack prospect to describe the potential ore body.   At the time that 

this study began in the 2006, Kennecott had been exploring the Tamarack area for 5 years 

and had accumulated 36 drill holes (Figure 7).  Initial logging and sampling of the first 

few drill cores was done on a reconnaissance scale, only recording major lithologic 

breaks and only sampling obvious mineralization for specific elements such as Cu, Ni, 
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Cr, Ti, and Zn. As the program progressed, the logging, geochemical sampling, and 

interpretations became more consistent and more detailed, with the regular analysis of 

1.5m-long core sections and the training of new geologists in logging techniques best 

suited to mafic igneous rocks.  

All of the data have been collected on the drill holes used in this study were made 

available by Kennecott with the exception of copper and nickel values, due to 

confidentiality policies.  However, of the four drill holes evaluated in this study, only 

holes 07L034 and 07L031 were assayed in any detail.  Hole 02L003 had two 1.5m 

intervals assayed for Cr, Ti, and Zn.  Hole 03L004 was assayed in totality, but was only 

analyzed for the same three elements.  Holes 07L034 and 07L031 were completely 

sampled at 1.5m intervals and assayed for a total of ten elements which include; CaO, 

Al2O3, Cr, Fe2O3,  FeO, MgO, MnO, SiO2, TiO2, and Zn.  Despite their policy to not 

release their Cu-Ni data, Kennecott was open to and funded the analysis of these and 

other elements for this study. 

 From the drilling and geophysical surveys, Kennecott roughly established the 

tadpole shape and areal extent of the Tamarack intrusion (Figure 7).  The intrusion can be 

subdivided into three sections, which are referred to here as the body, the neck and the 

tail.  The tail is where most of the drilling has occurred and is also where the intrusion is 

closest to the surface.  The shape of the tail appears to be like a ship’s keel.  Little is 

known about the neck because the aeromagnetic signature pinches and therefore has 

received little drilling attention.  The body is a seemingly more diverse package of rocks, 

though it has not been drilled as extensively as the tail.  Drilling and geophysical 

modeling by Kennecott suggest that the body could be the conduit for the intrusion.
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Figure 7: Total field aeromagnetic map of the Tamarack intrusion showing drill collar 
locations and labels for drill holes used in this study.  Black dashed line shows 
general outline of the Tamarack intrusion.  This map was created using a line 
spacing of 200m and a Magnetometer Scintrex Cs-2 single cell caesium vapour, 
towed-bird installation, sensitivity = 0.01 nT1, sampling rate = 0.1 s, ambient range 
20,000 to 100,000 nT.  The general noise envelope was kept below 0.5 nT.  
Nominal sensor height of 73 m above ground. 
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1.3 Objectives of Study 

The main focus of this study is the igneous petrology of the Tamarack intrusion 

and less so its mineralization.  Although Kennecott’s interest in the Tamarack intrusion is 

obviously centered on its economic potential, they recognize that a basic petrologic study 

is necessary to properly evaluate that potential.  As such, there are four main objectives to 

this study.   

1) Establish the main lithologic units that comprise the Tamarack intrusion and 

document their mineralogical, textural, chemical attributes, in addition to the 

nature of the contacts between the main lithologies.   

2) Estimate the compositional characteristics of the magma(s) parental to the main 

rock types.   

3) Determine the emplacement and crystallization history of the Tamarack intrusion.  

4) Evaluate the genetic relationship between the magmatic history and the sulfide 

mineralization.  Although this is not an integral aspect of this study, an attempt 

was made to determine the relationship between the sulfide and the history of the 

silicate minerals by mineral chemical analysis, whole rock analysis and 

petrographic analysis. 
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2. Methods of Investigation 

2.1 Core logging 

The strategy for choosing drill core for detailed petrographic, mineral chemical 

and whole rock analysis is based on selecting cores that represent the most complete 

sections of the igneous stratigraphy in the tail, neck, and body sections of the Tamarack 

intrusion.  At the time this study was initiated, Kennecott had drilled 23 holes in various 

parts of the intrusion.  Kennecott Chief Geologist Dean Rossell guided the selection 

process and it was determined that cores 02L003, 03L004, 07L034 (Fig. 7) were the most 

representative of the intrusion.  Each of the selected cores span two or more igneous 

lithologies, show some degree of mineralization, and in most cases intersect a contact 

with enclosing metasedimentary rocks. 

Each core was chosen for its own specific reasons.  Core 02L003 was the most 

complete hole profiling the body and includes three major rock types.  Core 03L004 

represents the most complete stratigraphic column of the tail.  Core 07L034 is also from 

the tail and exhibits a complex inter-fingering relationship between the two dominant 

lithologies recognized in the tail which had not been recorded elsewhere. Finally, a 

section of core 07L031, also from the tail, was selected to determine the composition of a 

lithology not seen in any other drill core.  Unfortunately, none of the holes drilled in the 

neck area were appropriate for study because they typically either encountered only 

sedimentary rocks or transected an incomplete package of igneous rocks missing the 

basal contact.   

Kennecott workers had logged all of these holes in the past, but their 

interpretations and logging protocols were inconsistent.  All four holes were relogged for 
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this study, paying particular attention to modal mineralogy, texture, structure, alteration, 

and sulfide mineralization.  Prior to logging, cores 02L003, 03L004 and 07L034 were 

analyzed by a NITON handheld XRF analyzer down the entire length of the hole with 

spot analyses spaced every 5 feet.  The NITON data were used as a guide to monitor 

chemical variation and to assist in determining more subtle contacts.  Core logging 

provided the framework for the sampling strategy for subsequent petrographic, mineral 

chemical and geochemical work. 

2.2 Petrography 

Once the logging was completed, these four holes were sampled for thin 

sectioning about every 15m and additional samples were taken in areas of interesting 

lithologic variation such as contacts or changes in grain size.  The 15m regular sampling 

interval also provided a reasonable spacing for determining the extent of cryptic variation 

in either mineral chemistry or whole rock chemistry through the cores.  A total of 126 

samples were sent to Vancouver Petrographics for the creation of microprobe quality 

polished thin sections.  Transmitted light petrographic studies of these sections were 

carried out to document the mineralogy, texture, and alteration in the different lithologies.  

Petrographic data of the bulk rock and individual mineral attributes were recorded in a 

spreadsheet (Appendix A).  The specific characteristics recorded for each mineral were 

mineral mode, habit, exsolution, zoning, alteration, and overgrowths. 

Modal rock names were determined based on the modal classification scheme of 

Miller et al. (2002) (Fig. 8).  Modal percentages were visually estimated and calibrated 

against an AGI data sheet.  Textural terminology used in the petrographic study follows 
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standard nomenclature as defined in the AGI Glossary of Geology (Bates and Jackson, 

1987).  Reflected light microscopy was beyond the scope of this study, however, the 

sulfide abundances were estimated from visual inspection of polished thin sections with a 

hand lens. 

These petrographic data will be used to determine the main igneous lithologies 

that comprise the Tamarack intrusion, identify minerals suitable for microprobe analysis 

and help in determining the composition and crystallization history of the parent 

magma(s).  
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Figure 8:  Modal classification scheme for mafic and ultramafic rocks used for this study 

(Miller et al., 2002).  Plot A defines major groupings based on modal 
concentrations of plagioclase and shows modal rock types within those groups 
based on relative proportions of olivine and clinopyroxene.  Plots B and C show 
more detailed modal rock classifications within the ultramafic and mafic groups 
based on the relative proportions of olivine, low-Ca pyroxene, high-Ca pyroxene, 
and Fe-Ti oxide. 
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2.3 Mineral Chemical Analysis 

Electron microprobe analyses were undertaken to characterize phase composition 

and document cryptic variation through the tail and body sections of the Tamarack 

intrusion.  Cores 02L003, 03L004 and 07L034 were sampled for this purpose.  These 

data will be used to address the manner of crystallization and to constrain the parent 

magma composition of the Tamarack intrusion.   

The sampling protocol for microprobe analysis evolved in two stages.  The initial 

stage involved analyzing every other thin section containing olivine that was less than 

completely altered.  After this first microprobe stage was completed and the results 

evaluated it was determined that there was sufficient chemical variation throughout the 

cores to warrant a more detailed analysis, therefore every thin section containing some 

unaltered olivine was analyzed for a total of 80. 

Quantitative mineral analysis was carried out during four 24-hour days at the 

University of Minnesota Twin Cities electron microprobe lab 

(http://probelab.geo.umn.edu) using a JEOL 8900 Electron Probe Microanalyzer 

equipped with five automated wavelength-dispersive spectrometers (WDS) and an 

energy-dispersive spectrometer (EDS).  All samples were subject to a count time of 10 

seconds, background readings of 5 seconds, accelerating voltage of 15Kv, a beam current 

of 20nA and a beam diameter of 5 microns. In an effort to maximize analytical 

efficiency, spot analyses per sample averaged ten for olivine, sixteen for pyroxenes, and 

eight for plagioclase.  The olivine measurements were further expedited by reducing the 

number of background measurements to once per every five readings instead of every 

reading.  Three standardization tables were set up for three groups of minerals; olivine, 
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pyroxene-hornblende-biotite (PAB) and plagioclase (Appendix B).  The olivine 

standardization table was set up for the analysis of olivine and was calibrated for the 

elements Mg, Ca, Al, Si, Ni, Fe, and Mn.   The PAB standardization table was used for 

analysis of clinopyroxene, orthopyroxene, hornblende, biotite, and various alteration 

phases. It was calibrated for Na, Ca, Al, Cr, Fe, Mg, K, Si, Ti, and Mn.  The plagioclase 

standardization table was used for plagioclase and alkali feldspar analyses and included 

the elements Na, Ca, Al, Fe, Mg, K, and Si.   

2.4 Whole Rock Analysis 

A total of 60 samples were chosen for whole rock analyses for the purpose of 

establishing the compositional characteristics of the parent magmas to the Tamarack 

intrusion.   Samples were taken from cores 02L003 (body) and 03L004 (tail) that were 

10-30 cm in length of quarter-sectioned core.  Samples were taken at or near the locations 

of microprobe analysis and thin sections in order to allow for correlation between whole 

rock data, modal abundance derived from petrography, and mineral chemistries from 

microprobe data.  Five samples were taken from the lower fine-grained contact zone 

exposed in core 03L004 for more high precision analyses to evaluate whether they might 

represent a chilled margin of the intrusion. 

Whole rock analyses were conducted by Activation Laboratories at their 

laboratory in Texas.  Samples were first crushed to 1.7mm then split to achieve a smaller 

sample size, which was then pulverized to 106 microns.  Most of the samples were 

analyzed using ACTLABS 4 litho WRA + trace package utilizing whole rock ICP and 

trace element ICP-MS.  The five samples from the lower contact zone were analyzed at a 
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higher precision by supplementing the base analysis with multi-acid digestion ICP and 

INAA analysis.  Specifications of the analyses are given in appendix C. 

Precise whole rock geochemistry, particularly trace element chemistry, is critical 

to determining if the various lithologies found in the Tamarack intrusion originated from 

a common magma or whether they are from distinct magmatic sources.  Precise whole 

rock geochemistry combined with mineral chemical analysis and mineral modes will also 

allow for a parent magma estimation. 

2.5 Baddeleyite Dating 

The Tamarack intrusion is positioned far enough away from the MCR that it can 

not be assumed that it is associated with the MCR.  The discovery of baddeleyites during 

the petrography and microprobe stages of this study, and the ambiguity of the age of the 

Tamarack intrusion made this intrusion a candidate for dating.   Baddeleyite uranium-

lead dating was undertaken at the Jack Satterly Geochronology Laboratory (JSGL) at the 

University of Toronto in hopes to gather a definitive age.  A 10kg sample was crushed 

with a jaw crusher, disk mill, and was finally ground to a coarse powder for 30 seconds in 

a ring mill (Hamilton, 2007).  Once the sample was in powder form it was split and fed 

over a Wilfley table where the heavy metal concentrate was pipetted from the table. 

Using a binocular microscope, the concentrate was placed under alcohol and the 

highest quality baddeleyite grains were selected based on a lack of zircon overgrowth and 

other phases that remained attached to the crystal through the grinding process.  Selected 

baddeleyites were washed with 7N HNO3, and then transferred into a Teflon vessel where 

they were combined with hydrofluoric acid and a known quantity of 205Pb-235U isotopic 
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tracer solution (Krogh, 1973; Hamilton, 2007).  Sample dissolution required about 4 days 

at a temperature of 195ºC to finish (Hamilton, 2007). 

In all baddeleyites analyzed, the fraction weight was small enough that no ion 

exchange column chemical isolation and purification of Pb and U was required.  The 

isotopic compositions of Pb and U were determined on a VG354 mass spectrometer using 

a Daly detector equipped with a digital ion counting system.  System deadtime 

corrections during the analytical period were 19.5 ns for both Pb and U. Corrections for 

Daly mass discrimination were 0.034%/a.m.u., while that for thermal mass discrimination 

was estimated at 0.1%/a.m.u. (Hamilton, 2007). 

Laboratory procedural blanks at the JSGL are routinely at the 0.5 pg and 0.1 pg 

level or less for Pb and U, respectively.  In most cases, the measured total common Pb in 

the samples was negligible and was assigned the isotopic composition of the lab blank; in 

rare cases, however, higher common Pb contents could be correlated with the presence of 

inclusions or minor cracks, and can be interpreted to represent initial common Pb, 

estimated here after Stacey and Kramers (1975).  Comprehensive error estimation was 

made by propagating all known sources of analytical error, including internal (within-

run) ratio variability, uncertainty in the fractionation corrections for Pb and U (based on 

long-term monitoring of standards), and uncertainties in the quantities and isotopic 

compositions of the laboratory blank and initial common Pb.  The decay constants used 

for the U-Pb system are those of Jaffey et al. (1971) (Hamilton, 2007).  
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2.6  Scanning XRF 

 
The XRF Core Scanner at the Large Lakes Observatory was used to analyze a 1.5 

m section of core 07L034 (tail) that showed a complex contact relationship between the 

lherzolite and the feldspathic lherzolite.  The intermixing of the two lithologies occurs on 

a scale ranging from a few meters to a few centimeters.   The XRF scanner was deployed 

to determine what level of chemical zonation might exist between the two major 

lithologies and to evaluate how much of either lithology, if any, was liquid when they 

came into contact.  Interstitial melt would have implications for mineralization because 

sulfide is one of the last phases to crystallize. 

The XRF beam is fixed at 8mm long but its width can be adjusted so after a few 

tests it was determined that a 2mm step size is optimal for efficiency (Croudace, et al., 

2006).  The detector was allowed to count for 30 seconds so in order to keep from 

saturating the detector the energy from the molybdenum tube was lowered to 30kV and 

15mA. 
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3.  Results 

Reported in this chapter are the results of core logging, petrographic study, 

microprobe analysis, whole rock analysis, U-Pb dating, and scanning XRF analysis 

conducted on four drill cores from the Tamarack intrusion.  A macroscopic description of 

the four drill cores given in the first section will establish the main lithostratigraphic 

units.  Subsequent petrographic and geochemical results will be described in the context 

of this lithostratigraphy.   

3.1 Core Logging 

A total of 804.7m of core were logged among four holes: 02L003 (267.9m), 

03L004 (350.2 m), 07L031 (30m), and 07L034 (156.6m).  Hole 02L003 is located in the 

transition between the neck and body of the intrusion (hereafter simply referred to as the 

“body area”, whereas the other three holes are all located close to one another in the tail 

of the intrusion (Fig. 7). The descriptions given below report on the macroscopic 

attributes of the cores, but also take into account the knowledge gained from the 

petrographic and chemical data to be described in detail in following sections.  For 

example, although the modal mineralogy of much of the core is difficult to discern due to 

fine grain size or alteration, modal rock names are assigned to the rock types from 

information determined from petrographic observations.     

Modal rock names are based on the classification diagrams shown in Figure 8 

(Miller and others, 2002) and textural terminology follows the definitions given in the 

Glossary of Geology (Bates and Jackson, 1987).   
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3.1.1 Core 02L003 (Body Area) 

Core 02L003 is taken from a 267.92m hole drilled vertically into the northwestern 

corner of the body of the Tamarack intrusion where it narrows into the neck area (Fig. 7).  

This core intersected intrusive rocks after 58.84m of glacial overburden (Fig. 9).   

Macroscopically, the core can be readily subdivided into two general lithostratigraphic 

units on the basis of plagioclase abundance and texture.  The upper 220m is composed of 

a fine- to medium-grained gabbronorite with greater than 50% tabular (cumulus) 

plagioclase and upwardly increasing concentrations of coarse-grained to pegmatitic 

interstitial patches of micrographic quartz monzonite.  This interval will hereafter be 

referred to as the gabbronorite unit.   The lower 50m of the core is composed of a 

medium-grained lherzolite with a 10m thick interval of olivine-bearing websterite near 

the upper part of the unit. Plagioclase throughout this interval is consistentently 

subpoikilitic to poikilitic and composes 5- 30% of the total mode.  This interval will be 

termed the lherzolite/ websterite unit. 

The gabbronorite is a grey, fine- to medium-grained, poorly foliated, intergranular 

rock that is mostly composed of tabular plagioclase, granular clinopyroxene, and granular 

orthopyroxene.  The gabbronorite also contains irregular-shaped masses of whitish pink, 

coarse-grained to pegmatitic micrographic quartz ferromonzonite, which are generically 

referred to as granophyre.  These granophyre patches range in size from a few cm to over 

a meter and are composed of orthoclase feldspar, quartz, plagioclase feldspar and 

clinopyroxene.  The abundance of granophyre patches decreases with depth from about 

20 volume % near the top to a trace amount near the lower contact with the lherzolite.  

The grain size of the minerals within those patches also decreases with depth. 
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Figure 9:  Lithostratigraphy of core 02L003 with photographs showing representative 

samples from the various lithologies.  A) Coarse granophyric (15% granophyre) 
gabbronorite.  B) Medium gabbronorite C) Gabbronorite.  D) Websterite.  E) 
Feldspathic lherzolite, the white mineral is subpoikilitic plagioclase.  
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Most crystals in these granophyre patches range from 1-3cm, though in pegmatitic 

areas clinopyroxene crystals can reach over 10 cm in length and have an aspect ratio of 

8:1.  This is a stark contrast to the gabbronorite host where crystals only reach 1-2 mm in 

length  

The lherzolite unit comprises the lower quarter of the core and is composed of a dark 

green, medium-grained, strongly serpentinized intergranular to poikilitic lherzolite with a 

minor interval of olivine-bearing websterite.  Intense serpentine veining obscures the 

nature of the contact between the gabbronorite and the lherzolite unit, but it can be 

constrained to within a few meters.  Several subunits can be discriminated within the 

lherzolite unit.  In a six-meter-thick interval below the gabbronorite-lherzolite unit 

contact, the lherzolite contains anhedral granular pyroxene.  This intergranular lherzolite 

grades down into a seven-meter-thick interval where olivine drops below 10% to form an 

olivine–bearing (<10%) websterite dominated by granular pyroxene.  The websterite unit 

grades downward into a poikilitic lherzolite over a 10m thick interval marked by a 

decrease in pyroxene to less than 10% and a change in its texture to poikilitic.  The 

websterite/poikilitic lherzolite contact is also marked by a local increase in the mode of 

interstitial plagioclase to about 30% (Fig 9).   More details on the textural and modal 

changes through the subunits comprising the lherzolite/websterite unit will be given in 

the petrography section. 

Upper and lower contacts between the lherzolite and websterite lithologies are 

gradational on a decimeter scale and the contrasts between the subunits are 

macroscopically subtle.  In fact, the olivine websterite subunit was not initially 

recognized when the core was first logged, but was identified after first noting a sustained 
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interval of increased Cr and decreased Ni in the NITON data from hole 02L003 (Fig. 10).  

The modal nature of this interval and the change in pyroxene texture was subsequently 

verified by re-logging the core and petrographic analysis of samples from the interval.  

There are other smaller zones that show an interval in increased Cr and decreased Ni but 

they are not sustained over tens of meters. The cause is thought to be related to the nugget 

effect from the NITON since poikilitic pyroxene crystals can be rather large. 

As will be described in greater detail in the petrography section, the lherzolite 

occurring below the websterite subunit differs only slightly in mode, but significantly in 

texture from the lherzolite sandwiched between the olivine websterite and the 

gabbronorite.   Both clinopyroxene and orthopyroxene are subpoikilitic to poikilitic in the 

lower lherzolite, but anhedral to subhedral granular in the upper lherzolite.   Plagioclase 

is consistently interstitial in texture throughout all rock types in the lherzolite/websterite 

unit.  

Serpentine alteration and veining is common throughout all of the rocks in this 

core.  Olivine grains in all rock types are typically psueodomorphically replaced by 

serpentine and Fe-oxide.   Serpentine veins are also pervasive in all rock types, but are 

most easily identified in the gabbronorite due to the color difference between the grey 

gabbronorite and the black/green serpentine veins.  Veins typically range in size from 

sub-millimeter to three cm in width and also give rise to alteration halos of a brown 

alteration mineral replacing pyroxene.  The smaller veins have halos that are 

approximately 10cm across while the larger veins can have halos up to 1.5m across. 

Sulfide minerals are rare (<0.25%) in the gabbronorite, but may reach a couple 

percent modal abundance in the lherzolite/websterite unit.  In the gabbronorite unit, the 
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sulfides are mostly composed of pyrrhotite with trace amounts of chalcopyrite and 

usually occur as finely disseminated anhedral grains interstitial to silicate minerals.  In 

the granophyre patches, up to 2% sulfide occurs, which tends to form larger (up to 7mm) 

grains that often enclose other minerals.    In the lherzolite/websterite unit, up to 2% of 

approximately equal amounts of pyrrhotite and chalcopyrite occur as finely disseminated 

sub-millimeter grains.   

 

Figure 10: Plot of nickel and chrome concentrations measured from the NITON XLt in 
drill core 02L003.  Green interval indicates the olivine websterite subunit, which 
shows elevated Cr and low Ni.   
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3.1.2 Core 03L004 (Tail Area) 

 This 349.7m vertical hole provides one of the most complete profiles through the 

tail section of the Tamarack intrusion and into the metasedimentary footwall.  

Macroscopically, the intrusive rocks in the core can be subdivided into two 

lithostratigraphic units.  The upper 165m of the core is composed of an intensely altered, 

medium-grained lherzolite, which will hereafter be referred to as the lherzolite unit.  

Below the lherzolite unit is a 135m thick interval of coarse-grained, feldspathic lherzolite, 

which will be termed the feldspathic lherzolite unit.  The core is capped by glacial 

overburden and a weathering profile totaling about 35m and terminates in slates and 

greywackes (Fig. 11). 

At 34m depth, glacial overburden is in sharp contact with a regolith that is capped 

by a 50cm thick pisolite layer.  The pisolite is composed of 50% banded nodules (2-4 mm 

in diameter) and 50% fine-grained matrix (Fig. 11).  This pisolitic layer abruptly grades 

downward into a zone of strongly clay-altered lherzolite, which locally contains up to 2% 

native copper as 1-3 mm nuggets and thin veinlets.  The clay-rich interval persists over an 

8m thickness, but then at about 42m depth grades into a strongly serpentinized lherzolite.  

Native copper veins persist into the upper five meters of the altered lherzolite, but then 

gives way to veinlets dominated by serpentine, calcite, chalcopyrite, and pyrite. 

The lherzolite unit ranges in modal rock type from a dunite to a feldspathic 

lherzolite and is, on average, composed of 65-90% subequant olivine (or olivine 

pseudomorphs), 5-25% poikilitic pyroxene (petrography shows both clinopyroxene and 
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orthopyroxene are present in a nearly 1:1 ratio), and 3-10% poikilitic plagioclase.  

Pyroxene oikocrysts enclose olivine and are 1-2 cm in width, increasing in size and 

abundance with depth.  Plagioclase oikocrysts range from 0.5 to 2 cm in diameter, also 

become larger and more modally abundant with depth, and also enclose olivine crystals.   

Sulfide minerals, predominately pyrrhotite and chalcopyrite, form net-textured patches 

around olivine grains that range in size from 0.5 to 1 cm and compose up to 1% of the 

rock.  Olivine is completely serpentinized near the top of the lherzolite unit to the point 

where it is difficult to identify individual grains in hand sample.  Alteration in the 

lherzolite decreases with depth and olivine becomes slightly less altered to the point at 

which there are small remnants of unaltered olivine.   

 The contact between the lherzolite and the feldspathic lherzolite units occurs over 

a 30 cm interval that is again largely obscured by intense serpentine veining and 

alteration.  The feldspathic lherzolite unit differs from the overlying lherzolite unit by 

being coarser grained, more consistently leucocratic, less altered, and by containing a 

greater abundance of pyroxene that is subpoikilitic to anhedral granular rather than 

poikilitic.  On average, the lower unit is a coarse-grained, subpoikilitic feldspathic 

lherzolite composed of 45-65% subhedral granular olivine, 10-30% pyroxene (both 

clinopyroxene and orthopyroxene), 5-20% subpoikilitic plagioclase, up to 5% anhedral 

oxide, and up to 5% sulfide (pyrrhotite, chalcopyrite, and pentlandite).  Olivine is 2-4mm 

in diameter and decreases in mode with depth.  Plagioclase and pyroxene oikocrysts 

increase in mode with depth and are typically about 5 mm in width, but can locally reach 

1 cm.  Sulfide minerals form small (5-10 mm) patchy blobs that are dominantly  
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Figure 11: Lithostratigraphy of core 03L004 with photographs showing typical 
lithologies of the Lherzolite and Feldspathic Lherzolite units.  A) Pisolite regolith.  B) 
Weathered lherzolite/dunite with native copper veins.  C) Intensely altered, poikilitic 
pyroxene-bearing (dark clots) lherzolite; poikilitic plagioclase occurs in the lighter 
colored areas.  D) Altered lherzolite with more abundant subpoikilitic plagioclase.  E) 
Serpentine-veined and altered lherzolite in the vicinity of the contact zone.  F) 
Coarse-grained, sulfidic feldspathic lherzolite.  G) Coarse-grained feldspathic 
lherzolite with a subtle decrease in olivine abundance and increased plagioclase 
mode.  H)  Medium-grained, feldspathic lherzolite at basal contact.  Images are 
approximately 5cm across. 
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pyrrhotite rimmed by chalcopyrite.  Pentlandite occurs in the pyrrhotite as small but 

visible sub-millimeter grains.   

In the lower two meters of the feldspathic lherzolite unit above the sharp basal 

contact with metagreywacke, the coarse-grained feldspathic lherzolite grades into a 

medium coarse-grained olivine melagabbro to olivine melagabbronorite. Olivine 

decreases in mode (30-40%) and slightly in size (1-3mm).  Plagioclase increases to about 

30% and develops a lath-shaped habit, with crystals approximately 1-2mm in length.   

Pyroxene increases to 25-35% and becomes subpoikilitic to anhedral granular.   

3.1.3 Core 07L031 (Tail Area) 

 Core 07L031 was selected to investigate a unique contact between the Lherzolite 

and the underlying Feldspathic Lherzolite units in the tail area.    The core below the 

contact zone was not considered for this study due to the close proximity to the hole 

03L004, which is more representative of the entire stratigraphic section in the tail area.  

Consequently, only 30m of this 350m hole was logged and sampled (Fig. 12).   

 The lithology of the upper part of this hole is similar to the Lherzolite Unit 

defined in core 03L004 in terms of its olivine-rich mode, medium-grained texture, and 

intense serpentine alteration and is interpreted to be the same unit.   Similarly, the lower 

section of the core is a coarse-grained, feldspathic lherzolite with poikilitic plagioclase 

and pyroxene as seen in core 03L004 and is regarded as correlative with the Feldspathic 

Lherzolite Unit.   Whereas the contact in core 03L004 was obscured by intense alteration 

and serpentine veining, the contact between the Lherzolite and Feldspathic Lherzolite 

units in this core is marked by the presence of several meter-sized sulfidic gabbronorite 
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masses.   The gabbronorite is medium-grained and intergranular in texture.  Sulfide 

minerals, occurring as discrete grains up to one centimeter across, comprise 3-7 modal % 

of the gabbronorite and include pyrrhotite, chalcopyrite, and pentlandite.   Altered, 

medium-grained lherzolite is in sharp contact with only the uppermost of the 

gabbronorite masses while the coarse-grained feldspathic lherzolite is in contact with the 

lower part of the uppermost gabbronorite mass as well as two smaller gabbronorite 

masses below.  The contacts between the feldspathic lherzolite and the gabbronorite 

masses are more gradational (on the scale of several cm) than the upper lherzolite-

gabbronorite contact.  Interestingly, the gabbronorite masses have about 2-4% sulfide in 

the center of the masses, but the concentrations increase to 5-10 % sulfide toward their 

contacts with the coarse feldspathic lherzolite matrix.  
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Figure 12:  Lithostratigraphy of core 07L031 showing expanded detail of the contact 
zone between the Lherzolite and Feldspathic Lherzolite units which contains 
masses of sulfidic gabbronorite.  Also shown are photos of core illustrating the 
main lithologies comprising the contact zone: A) poikilitic feldspathic lherzolite; 
B) sulfidic gabbronorite, note the increased mineralization and lack of olivine; 
and C) slightly mineralized coarse feldspathic lherzolite. Images are 
approximately 6cm in length. 
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It is not clear whether the gabbronoritic masses are inclusion blocks or are layers 

within the feldspathic lherzolite.   All of the contacts are subhorizontal and sub-parallel to 

one another, which along with their somewhat gradational contacts, might imply that they 

are layers. Without internal structures within the lherzolite, however, it is difficult to 

definitely interpret their structural configuration and genetic relationship to the host 

feldspathic lherzolite.    

3.1.4 Core 07L034 (Tail Area) 

Core 07L034 is a 156m long vertical hole also drilled into the tail of the intrusion.  

This hole was chosen for the study to evaluate a third type of contact relationship 

between the Lherzolite and Feldspathic Lherzolite units.   In this core, the two lherzolitic 

lithologies display an interlayered or mixed relationship over a 25m interval (Fig. 13).  

The hole consists of about 58m of glacial overburden followed by 30m of altered 

medium-grained lherzolite.  Between 88 and 117m depth, altered medium-grained 

lherzolite is interlayered or mixed with coarse-grained feldspathic lherzolite. The 

interlayered sequence of lherzolite and feldspathic lherzolite continues for a total of 11 

lithology changes with individual layer ranging in thickness from 15 cm to 30m.   Except 

for the uppermost layer of feldspathic lherzolite, which has sharp (1-2 cm) contacts on 

the top and bottom, lower intervals generally display more gradational contacts on a 

centimeter to decimeter scale.  At one point around 92.5m depth, the two lithologies 

appear to be irregularly mixed with both fine and coarse grained olivine and fine and 

coarse grained sulfide occurring together (Image C in Fig. 13).   
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 Figure 13: Lithostratigraphy of core 07L034 which shows an interlayered contact 
relationship between altered upper lherzolite and coarse-grained lower feldspathic 
lherzolite. Also shows photos illustrating the main lithologies:   A) altered 
medium-grained lherzolite;  B) coarse –grained sulfidic feldspathic lherzolite;  C) 
gradational contact between sulfidic medium-grained lherzolite (left side) and 
sulfidic coarse-grained feldspathic lherzolite (right side); D)  mixed zone between 
lherzolite and feldspathic lherzolite;  E)  medium-grained subpoikilitic feldspathic 
lherzolite;  F) medium-grained intergranular olivine melagabbro near basal 
contact with metasedimentary rocks.  Photos are 5cm in width. 
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The altered lherzolite has 1-2% finely disseminated sulfide throughout where as 

the underlying feldspathic lherzolite is only significantly sulfidic within the interlayered 

zone, where it may reach up to 10% modal abundance.  In the feldspathic lherzolite 

below the interlayered contact zone, sulfide abundance decreases abruptly to a trace 

amount and is coarser grained (≤4mm) than in the altered lherzolite (~1mm). 

Feldspathic lherzolite below the interlayered contact is much thinner than in other 

holes (~25m compared to over 100m).  The feldspathic lherzolite is also finer grained and 

has a modal abundance more similar to the basal contact zone often found at the bottom 

of the feldspathic lherzolite. 

3.2 Petrography 

 Detailed transmitted light petrography was conducted to acquire a more accurate 

identification of the modal mineralogy, textures, and alteration of the rock types 

comprising the Tamarack intrusion.  

This section is divided into two parts. The first describes the petrography of the 

rock types comprising upper lherzolite and lower feldspathic lherzolite units occurring in 

the tail area of the Tamarack intrusion.  It focuses particular attention on the rock types 

comprising the varied contact zone relationships between the two units and between the 

lower feldspathic lherzolite and the metasedimentary rocks in the footwall.  The second 

part describes the petrographic attributes of the rock types comprising the gabbronorite 

and lherzolite/websterite units of the body area of the intrusion. The complete 

petrographic descriptions in spreadsheet form are given in Appendix A. 
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3.2.1 Petrography of the Rock Types in the Tail Area  

As described in the preceding section, the three drill holes in the tail area show 

that this part of the intrusion can be subdivided into two main lithostratigraphic units: an 

upper Lherzolite Unit and a lower Feldspathic Lherzolite Unit.  To thoroughly describe 

the petrographic attributes of these two units, 92 polished thin sections were analyzed 

from over 500m of drill cores from holes 03L004, 07L031, and 07L034 (Fig. 7, 

Appendix A).    

3.2.1.1 Lherzolite Unit 

Major primary phases in the lherzolite include olivine, clinopyroxene, 

orthopyroxene, and plagioclase while minor primary phases include opaques (magnetite, 

pyrrhotite, chalcopyrite, and pentlandite), biotite, and hornblende.  Despite intense 

alteration, modal compositions were estimated from alteration assemblages and the 

preservation of primary igneous textures.     Modal rock types in the upper lherzolite unit 

include dunite, lherzolite, feldspathic lherzolite, and harzburgite (Figs. 14 and 15).  

The altered lherzolite is buried under 40 to 50m of glacial overburden and is often 

capped by a pisolitic saprolite.  Directly under this saprolite lies strongly altered 

lherzolite wherein most if not all primary mineral phases are replaced over most of the 

unit’s thickness (Fig. 16).  Under these circumstances, the modal mineralogy was 

estimated by textural evidence and alteration assemblages.  One issue that arose from this 

alteration was that it was not possible to distinguish the two types of pyroxenes from each 
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other.   In this case, a 50:50 split was assumed.  The modal compositions of these samples 

plotted in Figure 14 are highlighted in red. 

  

Figure 14:  Modal compositions of the lherzolite unit in the tail region of the intrusion 
in terms of olivine, clinopyroxene and orthopyroxene.  Ranges of plagioclase 
abundance are denoted by different colors.  Red data points indicate samples 
where alteration was too intense to allow discrimination of the Cpx/Opx ratio and 
is inferred to be 1:1. Modal rock boundaries from Streckeisen (1976) 

 
 Olivine and its pseudomorphically replaced equivalents in the upper lherzolite 

unit range in estimated modal abundance from 87% to 67% and subtly decrease in 

abundance with depth (Fig. 15).  Olivine grains are consistently equigranular, subhedral 

granular, and medium-grained (1-2 mm).  Serpentine and magnetite alteration of olivine 
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is complete throughout most of this unit, but within 30m of the contact with the 

feldspathic lherzolite, partially unaltered olivine is evident and becomes progressively 

more abundant down the core. 

 Plagioclase ranges in mode from 3-12% in the lherzolite and can be found as 

medium- to coarse-grained (2-5 mm), anhedral granular crystals that are often obscured 

by intense sausseritization.  Zonation is not readily observed due to the intense alteration.  
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Figure 15:  Stratigraphic plot of modal data visually estimated from thin sections 
sampled from core 03L004 (lithologic log as in figure 11).  Sample locations 
shown by the black dots to the right of the lithologic column.  Opaques include 
oxides and sulfides. 
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Figure 16:  Stratigraphic plot of petrographic data from thin sections sampled from core 
03L004. Sample locations shown by the black dots to the right of the lithologic 
column.  Data sets shown are grain size, habit, and alteration. Abbreviations for 
grain size: FF – 0.2-0.8mm,  MF – 0.8-1.5mm,  MM – 1.5-3mm, MC – 3-7mm, C 
– 7-12mm; for habit nomenclature: PR – Prismatic, SG – Subhedral granular, AG 
- anhedral granular, SP – Subpoikilitic, PK – Poikilitic; and for alteration: N – 
None, W – Weak, M – Moderate, S – Strong, C – Complete.  Complete 
petrographic data in Appendix A.  
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 Clinopyroxene (Cpx) and orthopyroxene (Opx) are the most difficult minerals to 

distinguish in the upper lherzolite unit because they are often completely altered and the 

two minerals exhibit similar habits.  In order to differentiate between the two minerals, 

petrographic analysis of samples progressed from the bottom up where the core is less 

altered and differences in the style and intensity of alteration between the two pyroxenes 

were noted.  Clinopyroxene tends to alter along cleavage planes while orthopyroxene 

does not and is usually less altered than clinopyroxene.  Once these differences were 

recognized, the modes of both pyroxenes could be estimated in the completely altered 

lherzolite because altered clinopyroxene retains a vestige of its cleavage.  As such, 

clinopyroxene and orthopyroxene both consistently exhibit poikilitic texture (Fig. 16), 

enclose olivine, and rarely display exsolution lamellae.  Modally, Cpx and Opx range 

from 3-15% and 0-20%, respectively, and both irregularly increase in mode with depth 

(Fig. 15).   

 Sulfide minerals in the upper lherzolite unit occur interstitial to other minerals and 

form small patches up to 1-2 cm across.  Sulfide abundance ranges from 0-5% (estimated 

by hand lens observation of the thin sections) and increases near the lower contact with 

the feldspathic lherzolite unit (Fig. 15). 

Accessory phases in the upper lherzolite unit include biotite, hornblende and 

apatite, which collectively compose only a few percent.   Hornblende commonly forms a 

corona around the poikilitic clinopyroxene.   
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3.2.1.2 Feldspathic Lherzolite Unit 

 The feldspathic lherzolite unit is medium- to coarse-grained (3-5 mm), 

intergranular, moderately altered rock.  Alteration is less intense than that found in the 

upper lherzolite, but is still weak to moderate. Modal compositions in the lower lherzolite 

unit are most commonly feldspathic lherzolite, but also include lherzolite, wehrlite, and 

dunite (Fig. 17). 

   
 
Figure 17:  Estimated modal compositions of samples from the lower feldspathic 

lherzolite unit in the tail region of the Tamarack intrusion in terms of olivine, 
clinopyroxene and orthopyroxene.  Ranges of plagioclase abundance are denoted 
by different colors. 
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Olivine in the feldspathic lherzolite unit occurs as subhedral granular, medium- to 

medium coarse-grained (3-6mm) crystals that range in modal abundance from 40% to 

80% and generally decrease in mode with depth (Figs. 15 and 16).  The size of the 

crystals remains constant until the lower few meters above the basal contact.  Here 

olivine is 2-3mm in diameter. Serpentine alteration of the less altered crystals can be seen 

starting at the rim of the crystal and often propagating toward the center of the crystal via 

cracks (Fig 18b).  Serpentinization of olivine is less intense than in the upper lherzolite 

and also decreases with depth (Fig. 16). 

 Plagioclase ranges in abundance from 3% to 35% and abruptly increases near the 

basal contact with the slates and metagreywackes.  Plagioclase habit is generally 

subhedral to anhedral granular with crystals occupying small interstitial spaces between 

olivine grains.  Grain size gradually decreases down section.  Near the basal contact, 

plagioclase becomes subprismatic with crystals that are about 1-2mm long and <0.5mm 

wide (Fig. 18c).  These subprismatic crystals commonly partially enclose olivine crystals. 

 Clinopyroxene ranges from 5-20% in modal abundance and orthopyroxene ranges 

between 5-35% (Fig. 15).  Both phases typically occur as subhedral to anhedral granular 

crystals, though augite is locally subpoikilitic (Fig. 16).  Near the basal contact 

clinopyroxene changes habit to subprismatic and is often triangular in shape because the 

crystals usually fill the void spaces between plagioclase crystals (Fig. 18). 

 Sulfide occurs in the feldspathic lherzolite as 3-5mm diameter interstitial grains 

(estimated by hand lens observation of the thin sections).  These grains are typically 

found as irregular blebs containing intergranular pyrrhotite, chalcopyrite and minor 
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amounts of pentlandite.  Sulfide mode increases with depth, but decreases sharply near 

the basal contact. 

Other primary minerals commonly found in the feldspathic lherzolite include 

biotite, apatite, hornblende and opaques.  Biotite is found throughout the feldspathic 

lherzolite and often rims opaque minerals.  Some biotite contains minute crystals of 

baddeleyite with radiogenic halos (as will be described below, these baddelyites were 

extracted for U-Pb dating.)   Also commonly associated with biotite are prismatic apatite 

crystals.  Hornblende is uncommon (often less than 1%), but occasionally rims 

clinopyroxene and orthopyroxene and has also been found rimming opaques. 
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Figure 18:  Photomicrographs of samples from core 03L004 in the tail area of the 

Tamarack intrusion.   Images labeled “pl” (left side) are taken under plane 
polarized light; images labeled “xp” (right side) are the same photo under cross-
polarized illumination.  A) Completely serpentinized lherzolite (104m); B) 
Moderately altered sulfidic feldspathic lherzolite (294m). Phase labeled are Ol-
olivine, Pl-plagioclase, Opx-orthopyroxene.    C) Prismatic olivine melagabbro 
occurring near the basal contact with metasedimentary rocks (332m).  The field of 
view width for all images is about 1 cm.   

 



 54

3.2.1.3 Gabbronorite Masses at the Lherzolite-Feldspathic Lherzolite Contact 

Eight thin sections from core 07L031 were examined to determine the mineral and 

textural attributes of the gabbronorite masses within the upper part of the lower 

Feldspathic Lherzolite unit.  Two sections are from the upper lherzolite, three are from 

the gabbronorite masses, two are from the lower feldspathic lherzolite and one is from the 

contact between the uppermost gabbronorite mass and the underlying feldspathic 

lherzolite (Fig. 19).  As indicated by the petrographic data shown in Figure 19, there are  

no observable difference between the lherzolite and feldspathic lherzolite lithologies  

found in this hole and the lherzolite and feldspathic lherzolite found drill core 03L004 

(Figs. 15 and 16).  The gabbronorite, however, has not been observed in any of the other 

drill holes investigated in this study.   

One of the most dramatic differences between the gabbronorite masses and the 

surrounding feldspathic lherzolite is the absence of olivine in the gabbronorite.   

Moreover, plagioclase in the gabbronorite is very distinctive in mode, habit, and internal 

features compared to plagioclase found in the surrounding lithologies.  The gabbronorite 

plagioclase averages about 55 modal % and forms subhedral lath-shaped to tabular 

crystals that are often strongly zoned.   Many of the plagioclase crystals are dusted with 

abundant tiny sub mm magnetite needles (Fig. 20B).  Such oxide dusting is commonly 

attributed to reheating and subsequent cooling of the plagioclase resulting in oxide 

exsolution (Halls & Zhang, 1995; Sobolev, 1990) 

Clinopyroxene and orthopyroxene both occur in the gabbronorite in about 15-20% 

modal abundance for each phase.  Both phases occur in anhedral to subhedral granular 
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habits.  Orthopyroxene tends to occur as smaller crystals and are less altered than the 

larger clinopyroxene crystals. 

Up to 7% sulfide minerals occur in the gabbronorite and include chalcopyrite, 

pyrrhotite, and pentlandite (estimated by hand lens observation of thin sections).  Sulfide 

is observed throughout the gabbronorite, but is strongly concentrated near contacts with 

enclosing lherzolite.  Often rimming sulfide and oxide minerals are biotite flakes that 

display more obvious radiogenic halos compared with biotite in surrounding lherzolite 

(Fig 21).  It was not possible to determine if the radiogenic crystals found in the biotite 

flakes were baddeleyites or zircons from petrographic work alone. 
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Figure 19:  Stratigraphic plot of modal, textural, and alteration attributes of samples from core 

07L031 (lithologic log as in figure 12).  Modal abundance based on visual petrographic 
estimates.  Opaques include oxides and sulfides. Grain size ; FF – 0.2-0.8mm,  MF – 0.8-
1.5mm, MM – 1.5-3mm, MC – 3-7mm, C – 7-12mm.  Habit terms: PR – Prismatic, SG – 
Subhedral to anhedral granular, SP – Subpoikilitic, PK – Poikilitic.  Alteration: N – 
None, W – Weak, M – Moderate, S – Strong, C – Complete. 
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Figure 20:  Photomicrographs of samples from core 07L031 from the tail area of the 
Tamarack intrusion.  Images labeled “pl” (left side) are taken under plane 
polarized light; images labeled “xp” (right side) are the same photo under cross-
polarized illumination.   A) Strongly altered olivine in the lherzolite with 
relatively unaltered clinopyroxene.  (204m); B) Oxide dusting in plagioclase 
(208m),   C) Moderately altered feldspathic lherzolite (220m).  Labeled phases are 
Serp-serpentine, Ol-olivine, Cpx-clinopyroxene, Bi-biotite, Badd-baddeleyite and 
Pl-plagioclase.  Field of view for all images is about 1cm.   
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Figure 21:  Photomicrograph of a single baddeleyite crystal hosted in biotite mantling an 
opaque mineral.  Note the radiation halo surrounding the baddeleyite crystal, 
which is 75 microns in length.  Sample was taken from the Feldspathic 
Lherzolite unit at 312m in core 03L004. 

 

3.2.1.4 Interlayered Lherzolite-Feldspathic Lherzolite Contact 

In contrast to the sharp contact typically observed between the upper lherzolite 

and the lower feldspathic lherzolite units, hole 07L034 displays a uniquely intermixed 

contact between these rock units which spans over 25m (MxZ in Figs 22 and 23).  This 

contact zone starts with interfingering layers of lherzolite and feldspathic lherzolite that 

show sharp contacts.  With depth, the contacts become less sharp and more diffuse.  By 

about 90m the interlayered contacts are so diffuse that a hybrid mix of the two end-

member lithologies is evident.  Here, medium-grained olivine typical of the Lherzolite 

unit and coarse-grained olivine typical of the Feldspathic Lherzolite are comingled (Fig. 

24).  The mixed interval also contains orthopyroxene and clinopyroxene that show habits 
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found in both the lherzolite and feldspathic lherzolite.  Plagioclase shows a similar 

subhedral granular habit in both lithologies, but gradually increases in modal abundance 

with depth.   

Sulfide is most abundant (up to 15%) near the top of the mixed zone and 

irregularly decrease down section (Fig. 22).  The highest concentrations typically occur in 

the coarse feldspathic lherzolite near each contact with medium-grained lherzolite, but 

rapidly decreases in concentration to 1% away from the contact.  

  

Figure 22:  Stratigraphic variation in modal mineralogy in core 07L034 (lithologic log as 
in Figure 13).  The stippled area labeled MxZ indicates the zone of intermixing 
between the Lherzolite Unit and the Feldspathic Lherzolite unit zone. Modal 
abundance based on visual estimation.  Opaques include oxides and sulfides.  
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Figure 23:  Stratigraphic variation in grain size, habit, and alteration in Core 07L034. 
Abbreviations - Grain size : FF – 0.2-0.8mm,  MF – 0.8-1.5mm, MM – 1.5-3mm, 
MC – 3-7mm, C – 7-12mm.  Habit: PR – Prismatic, SG – Subhedral granular, SP 
– Subpoikilitic, PK – Poikilitic.  Alteration: N – None, W – Weak, M – Moderate, 
S – Strong, C – Complete. 
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Figure 24:  Cut core face from Core 07L034 (depth showing the bimodal distribution of 
olivine grain size that exemplifies the intermixed contact between the Lherzolite 
(Lhz) Unit and the Feldspathic Lherzolite (FLhz) Unit.   

 
 

3.2.1.5 Basal Contact 

 In both tail drill holes that intersected basal metasediments (03L004 and 07L034), 

the feldspathic lherzolite becomes finer grained near the basal contact.  Petrographic 

observations reveal that olivine crystals decrease in modal abundance and decrease in 

size down to 1.5mm (Figs. 22 and 23).  Plagioclase becomes subprismatic in habit near 

the basal contact and is often found as needle-like crystals clustered around larger olivine 

grains (Figure 25c).  Clinopyroxene and orthopyroxene crystals retain their subhedral 

granular habit but are also found within the void spaces between plagioclase crystals.  

Opaques (sulfide and oxide) are usually not present except for isolated blebs up to 3 

centimeters across.   

 

Lhz olivine grains 

FLhz olivine grains 
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 Figure 25:  Photomicrographs of samples across the interlayered lherzolite contact in 
drill core 07L034.  Images A pl and A xp show alteration of plagioclase and 
olivine to sericite and serpentine, respectively, in the upper lherzolite (sample 
07L034-109.7m).  Images B pl and B xp show the increased grain size of olivine 
in the feldspathic lherzolite and alteration along fractures in the olivine grains 
(07L034 at 115.4 m).  Images C pl and C xp show the change in plagioclase habit 
found near the contact of the basal sediments (03L004). The field of view for all 
images is approximately 1cm. 
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3.2.2 Petrography of Rock Units in the Body Area 

Core 02L003 from the neck-body transition of the intrusion (Fig. 7) encountered 

six major rock types; granophyric gabbronorite, gabbronorite, intergranular lherzolite, 

olivine websterite, poikilitic lherzolite, and metagreywacke (Fig. 9).    The gabbronorite 

and the granophyric gabbronorite are similar lithologies except for the amount of 

interstitial granophyre (granophyric gabbronorite has >5% granophyre).  As noted in 

section 3.1.1, they are considered subunits of the gabbronorite unit and their petrographic 

attributes will be discussed together.  The intergranular lherzolite, olivine websterite, and 

poikilitic rock types constitute subunits of the lherzolite/websterite unit and will be 

discussed together. 

3.2.2.1 Gabbronorite and Granophyric Gabbronorite 

The gabbronorite unit is predominantly composed of medium-grained, poorly 

foliated, intergranular gabbronorite to olivine gabbronorite and rare norite (Fig. 26).  The 

principal phases of plagioclase, clinopyroxene, and orthopyroxene are consistently 

subhedral granular and, except near pockets rich in granophyre, are consistently medium 

grained.  Subhedral granular olivine is present only in the upper granophyric gabbronorite 

unit, whereas inverted pigeonite occurs exclusively in the lower gabbronorite (Figs. 27 

and 28).  Irregular-shaped areas of coarse-grained to pegmatitic granophyre occur within 

the granophyric gabbronorite unit and can range in size from a few centimeters to over a 

meter.  These granophyre patches are composed of orthoclase feldspar, quartz, 

plagioclase, and clinopyroxene.   
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Figure 26:  Modal composition plot of samples from the gabbronorite and granophyric 
gabbronorite (>5% granophyre) subunits in the bowl region of the Tamarack 
intrusion.  The Opx component includes both hypersthene and inverted pigeonite.  
The concentration of data points at 50:50 Cpx and Opx is due to the difficulty of 
estimating modal abundance of clinopyroxene and orthopyroxene when they are 
strongly altered.  The anomalous data points in the Cpx corner of the plot are from 
petrographic analysis of samples from granophyric-rich areas. 
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Plagioclase in the granophyric gabbronorite and gabbronorite subunits tends to be 

tabular to lath-shaped, well zoned crystals that range in mode from 25 to 60%.  They 

define a poor foliation and are weakly altered to sericite which decreases with depth. 

Three types of pyroxene occur in the gabbronorite including orthopyroxene 

(hypersthene), clinopyroxene, and inverted pigeonite.  All of the pyroxenes show similar 

weak alteration to uralite, but clinopyroxene is slightly more altered than the other two 

types and shows exsolution.  The modal abundance of the three pyroxene types also 

increases with depth. Between 120 and 208m, some clinopyroxene crystals become 

mantled by inverted pigeonite which shows well formed blebby exsolution (Fig. 30).  

Olivine occurs only in the granophyric gabbronorite where it is subhedral granular 

to subpoikilitic in habit.  It is only present in a few samples that have little to no inverted 

pigeonite.  Within these samples, olivine makes up only 5-10% of the total abundance 

and is moderately to weakly altered to serpentine.    

Accessory minerals in the gabbronorite and granophyric gabbronorite units 

include hornblende, biotite, oxide, and zircon.  Hornblende tends to be either brown or 

green in color and is often found as single, discrete anhedral crystals as well as rims on 

clinopyroxene.  Biotite ranges from brown to reddish brown and steadily decreases in 

modal abundance from a maximum of 20% in the granophyric gabbronorite to trace 

amounts at a depth of 190m.  Opaque minerals range from 0% to 5% and change habit 

from discrete grains in the gabbronorite to skeletal crystals in the granophyric 

gabbronorite.  Based on hand lens inspection of the thin sections, the upper gabbro 

contained sulfide in amounts of up to 1%.  Trace amounts of subprismatic zircon are 

locally found in biotite and exhibit dark radiation halos.  
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The granophyric patches were difficult to characterize petrographically due to 

their coarse grain size and heterogeneous nature.  Generally, they are composed of 

primarily alkali plagioclase, quartz and clinopyroxene.  Alkali feldspar occurs as tabular 

crystals and as graphic intergrowths with quartz (Fig. 29).  Plagioclase is much larger in 

grain size in these granophyric patches, can reach up to 3cm in length and is weakly 

altered to sericite.  Clinopyroxene in the granophyric patches can occur as prismatic 

crystals up to 15cm long and 1cm wide and are often strongly altered to uralite. 
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Figure 27:  Stratigraphic variation in modal mineralogy in core 02L003 (lithologic log as 

in Figure 9).  Modal abundance based on visual estimation.  Opaque minerals 
include oxides and sulfides. 
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Figure 28:  Stratigraphic variations in grain size, habit, and alteration in core 02L003. Grain size 

is based on plagioclase width in the gabbronorite and by olivine width in the lherzolite.  
Abbreviations - Grain size:   FF – 0.2-0.8mm,  MF – 0.8-1.5mm, MM – 1.5-3mm, MC – 
3-7mm, C – 7-12mm.  Habit:  PR – Prismatic, SG – Subhedral granular, SP – 
Subpoikilitic, PK – Poikilitic.  Alteration: N – None, W – Weak, M – Moderate, S – 
Strong, C – Complete. 
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Figure 29:  Micrographic texture between quartz and alkali feldspar observed in granophyric 
gabbronorite (DDH 02L003, 63m).  A pl - plane light; A xp - crossed polarized light. 
Abbreviations – Qtz – Quartz, Ksp – Orthoclase Feldspar. Width of images 
approximately 3mm. 

 

 

 

 

 

 Figure 30:  Inverted pigeonite showing elongate blebby exsolution (DDH 02L003, 120 
m).  Apl - plane light; Axp - cross polarized light.  Abbreviations – Pl – Plagioclase, IP – 
Inverted Pigeonite.  Width of images approximately 4mm. 
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3.2.2.2 Intergranular Lherzolite, Pyroxenite, and Poikilitic Lherzolite 

The various ultramafic rock types composing the lherzolite/websterite unit of the 

body area, which is profiled in core 02L003 (Fig. 27 and 28), share many petrographic 

attributes in common.  They are generally medium-grained, non-foliated, non-layered, 

devoid of inverted pigeonite, and range in alteration from strong to weak (Fig. 28).  

Major phases in these units include olivine, clinopyroxene, orthopyroxene, and 

plagioclase while minor phases include sulfides (pyrrhotite, chalcopyrite, and 

pentlandite), magnetite, biotite, and hornblende. Despite locally intense alteration, modal 

compositions were estimated from alteration assemblages and the preservation of primary 

igneous textures.  Modal rock types comprising the two lherzolite subunits include 

dunite, lherzolite, wehrlite, and feldspathic lherzolite while the olivine websterite unit is 

exclusively composed of olivine websterite (Fig. 31).    

Within the two lherzolite subunits, olivine predominates (60-80%) with minor 

amounts of plagioclase, clinopyroxene and orthopyroxene (Figure 27).   Olivine forms 

equigranular, rounded 2-3mm crystals and has varying degrees of serpentine alteration 

that decreases with depth (Figure 28).   Plagioclase ranges in mode from 5 to 20% and is 

strongly altered.  The crystal habit of plagioclase is difficult to determine due to the 

alteration, but most crystals seem to be poikilitic in the lower poikilitic lherzolite.  

Beginning in the olivine websterite and continuing upward into the intergranular 

lherzolite, the interstitial plagioclase develops a subpoikilitic texture.  No zonation is 

observed possibly due to the intense alteration.  
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Figure 31:  Modal compositions of samples from the three subunits comprising the 
lherzolite/websterite unit of the bowl area of the Tamarack intrusion (Core 
02L003). 
 

The two subunits of lherzolite are broken out based on pyroxene habit; the 

intergranular lherzolite located above the olivine websterite and the poikilitic lherzolite 

located below the olivine websterite.  Within the intergranular lherzolite (one section 

investigated), clinopyroxene and orthopyroxene each compose about 15 modal % of the 

rock and are subhedral granular in habit.  This intergranular pyroxene texture persists into 

the underlying olivine websterite subunit.  Below the olivine websterite subunit, the 

clinopyroxene habit abruptly changes to poikilitic and the mode ranges from 3-10%, 
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decreasing with depth.  Orthopyroxene follows a similar trend where the habit changes to 

poikilitic and the modal abundance ranges from 0-5% with a slight decrease with depth.   

 Other minerals found in the lherzolite subunits include oxides, chlorite, biotite 

and sulfides.  Magnetite can be found in altered olivine crystals as individual grains and 

as olivine symplectite.  Chlorite and biotite occur as rims on opaques but are also 

dispersed throughout the interstitial space in the rock.  The opaques (oxide + sulfide) 

occur as small (<1mm) crystals in amounts up to 1% that primarily fill in the intersticies 

between olivine grains.  Often these opaque crystals coalesce into patches up to 1.5cm in 

diameter and resemble fine-scale net-textured sulfides. 

 Between the two lherzolite subunits, the olivine websterite unit is recognized by 

the rapid decrease in granular olivine mode (<15%; Fig. 27).  The subunit is 

approximately 8m thick interval and is also composed of 20-35% subhedral granular 

clinopyroxene, 30-60% subhedral orthopyroxene, and 5-30% plagioclase.  The habit of 

plagioclase changes from subpoikilitic at the upper contact to subhedral granular at the 

lower contact.    
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Figure 32: Photomicrographs of rock types observed in the neck-body transition area of 
the Tamarack intrusion (core 02L003). A pl and A xp show intergranular 
gabbronorite at 187m.  B pl and B xp highlight the intense alteration of 
intergranular lherzolite at 213m.  . C pl and C xp show the intergranular texture 
of intergranular pyroxenite.  The width of all images is 1cm.   Abbrevations – Bi – 
Biotite, Cpx – Clinopyroxene, Opx – Orthopyroxene, Pl – Plagioclase, Or – 
Orthoclase, Ol – Olivine, Serp - Serpentine 
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3.3 Mineral Chemistry 

Microprobe analysis of minerals was limited to 80 samples that had less than 

completely altered mineralogy, which greatly reduced the samples available from the 

upper parts of the holes drilled in the tail.  Mineral chemical data were converted from 

weight percent of oxides to cation proportions to calculate stoichiometry and major 

compositional components (Fo in olivine, En-Fs-Wo and En in pyroxene, An in 

plagioclase).  Analyses of olivine, plagioclase and pyroxene with oxide totals less than 95 

were omitted from the dataset reported in Appendix B.   

3.3.1 Cryptic Layering in the Tail Area 

The variation in Mg# (=Mg/(Mg+Fe), cation %) in olivine (=Fo), clinopyroxene 

(=En’), orthopyroxene (=En’), An (=Ca/(Ca+Na+K), cation %)  in plagioclase and nickel 

abundance in olivine from core 03L004, which profiles the most complete section of the 

tail area in this study, is shown in Figure 33.  Much of the upper Lherzolite unit is 

completely altered so mineral chemical data was collected from only the lower part of the 

unit.  The Fo content of olivine shows a slight decrease from the Lherzolite Unit into the 

underlying Feldspathic Lherzolite Unit.  Within the feldspathic lherzolite, the Fo content 

is fairly constant from the top down to just above the basal contact.  Near the basal 

contact the Fo content increases sharply and reaches a maximum of Fo88 (Fig. 33).  The 

En’ content of pyroxenes show a relatively constant trend through both the Lherzolite 

Unit and upper part of the Feldspathic Lherzolite Unit (~En’84).  However, near the basal 

contact, the Fo content of pyroxene sharply decreases in contrast to the increase shown 

by olivine.  The An content in plagioclase through the feldspathic lherzolite is relatively 
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constant at about An 60. Despite rather large errors, nickel in olivine shows a gradual 

increase in concentration with depth.    

 

 

Figure 33:  Stratigraphic variation in mineral composition results from microprobe 
analysis of samples from core 03L004.  Dot represents average composition and 
error bars represent one standard deviation of multiple (5-10) analyses per sample. 
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The three distinct contact styles between the Lherzolite and Feldspathic Lherzolite 

units observed in the three drill cores investigated in the tail area display distinctive 

variations in mineral chemistry.   The contact styles include a sharp contact between the 

lherzolite and the feldspathic lherzolite (core 03L004; Fig. 33), a contact interrupted by 

gabbronorite masses (core 07L031; Fig. 34), and an interlayered contact between 

lherzolite and feldspathic lherzolite (core 07L034, Fig. 35). 

Despite a sharp contact marked by an abrupt change in grain size, pyroxene habit, 

and olivine/plagioclase modal ratio profiled in core 03L004 (Figs. 16 and 17), cryptic 

mineral variations across the contact are remarkably unremarkable (Fig. 33).  Fo content 

of olivine shows a smooth gradual increase upward across the contact.  Clinopyroxene 

composition is constant to showing a subtle decrease in mg# across the contact.  The 

gradual decrease in Fo content of olivine is matched by a gradual decrease in nickel 

abundance that shows no break across the contact.     

The contact containing gabbronorite masses in the upper feldspathic lherzolite 

unit and profiled in core 07L031 is shown in Figure 34.  Considering only the eight 

lherzolitic samples analyzed across the gabbronorite block-bearing contact zone, the 

variation of average Fo in olivine shows a similar trend as that displayed by the sharp 

contact in core 03L004 where Fo decreases slightly downward from the lherzolite to the 

feldspathic lherzolite.  Similarly, the En’ of pyroxene is nearly constant through the 

contact transition as observed for the sharp contact (Fig. 33). Two samples from the 

upper gabbronorite block (208 & 210 m) have more evolved En’ and An compositions 

than the enclosing lherzolite.   Samples taken from the sharp contact between the 

feldspathic lherzolite and the base of the uppermost and lowermost gabbronorite blocks 



 77

have intermediate compositions between the lherzolite and gabbronorite end-member 

compositions implying some degree of mixing or contamination.   

 Microprobe data from the mixed (or interlayered) zone observed in core 07L034 is 

complicated by the fact that the lower part of the contact zone appears to be a hybrid of 

both lherzolite lithologies as indicated by the mix of olivine grain sizes (Figure 35).  

Therefore, care was taken when probing olivine crystals to ensure that the size of the 

olivine crystal was recorded to determine whether the readings were from finer grains 

more typical of the lherzolite unit or coarser grains more typical of the feldspathic 

lherzolite unit.  In samples with bimodal olivine, the fine lherzolite olivine had an 

average Mg# of 73.7 and the coarse feldspathic lherzolite olivine had an average Mg# of 

83.4 Despite the textural heterogeneity in the contact zone, the overall compositional 

trends in this drill core are similar to other cores.    Average Fo content of olivine shows a 

bowed pattern decreasing up from the basal contact to about the midpoint of the contact 

zone and then increasing upward into the upper lherzolite unit.   Pyroxene mg# shows a 

gradual increase up section, becoming nearly constant in the upper lherzolite unit.  

Average An content of plagioclase gradually increases through the entire section, though 

it has a broad range of compositions indicative of significant zoning.   Nickel in olivine 

generally decreases from the bottom up as seen in the smooth contact (Fig. 33); however, 

it stays relatively constant through the mixed zone.  
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Figure 34:  Stratigraphic variation in mineral chemical results from microprobe analysis of core 
07L031 where gabbronorite inclusions (tan color) occur at the top of the Feldspathic 
Lherzolite unit.  Dot represents average composition and error bars represent one standard 
deviation of multiple (5-10) analyses per sample.  Complete data in Appendix B. 
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Figure 35:  Stratigraphic variation in mineral chemical results from microprobe analysis of 
samples from core 07L034.  The stippled area labeled MxZ indicates the zone of 
intermixing between the Lherzolite Unit and the Feldspathic Lherzolite unit. Dot 
represents average composition and error bars represent one standard deviation of multiple 
(5-10) analyses per sample. 

 
 

3.3.2 Cryptic Layering in the Body Area 

Stratigraphic variations in olivine, plagioclase, and pyroxene compositions 

through the 02L003 core in the neck-body transition area of the Tamarack intrusion show 

surprisingly smooth and regular trends that vary independently of the abrupt lithologic 

changes (Fig. 36).  The gabbronorite and granophyric gabbronorite units have the most 

evolved compositions with Fo contents of pyroxene (30) and olivine (10) that increase 



 80

with depth (Figure 36).  The disappearance of olivine in the gabbronorite unit 

corresponds to an increase in the mode of inverted pyroxene - a phenomenon also 

observed in the Skaergaard intrusion (Wager and Brown, 1967).  When olivine reappears 

in the lherzolite it follows the same trend of increasing mg# as the clinopyroxene.  It is 

noteworthy that the highest mg#s in olivine (81) and clinopyroxene (82) in the lowermost 

lherzolite are comparable to the lowest mg# of olivine and pyroxenes observed in the 

lherzolitic units of the tail area.  This is true of Ni in olivine as well, where the highest Ni 

in olivine in the body lherzolite (~0.2 wt. %) is similar to the lowest Ni found in the tail 

lherzolite (Figs. 33-35).    

The An content of plagioclase shows a slight increase with depth, but nothing as 

pronounced as in the olivine and pyroxene plots (Fig. 36).  Much of the scatter in the 

plagioclase measurements in the gabbronorite can be attributed to zoning and alteration.  

Yet, here too, the average An content of the lherzolite from the body area (~An60) is 

similar to the average An of plagioclase from the lherzolite in the tail area (Figs. 33-35).    

Figure 37 shows the covariation of Wo-En-Fs components in clinopyroxene and 

orthopyroxene occurring in individual samples from the body drill hole.  The tie lines 

connect orthopyroxene and clinopyroxene compositions for the same sample location and 

the lateral progression suggests linear evolution of the magma from left to right.  The 

point where the tie lines cross is where inverted pigeonite is observed. 
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Figure 36:  Stratigraphic plot showing mineral chemical results from microprobe analysis of 
samples from core 02L003 in the neck-body area.  Dot represents average composition 
and error bars represent one standard deviation of multiple (5-10) analyses per sample. 
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Figure 37:  Plot of Wo-En-Fs compositions of pyroxenes from core 02L003 with tie lines 
linking clinopyroxene and orthopyroxene compositions from various rock types 
encountered in the bowl area.   Opx compositions from inverted pigeonite are 
noted.  

 

Inverted Pigeonite 
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3.4 Whole Rock Geochemistry 

 Whole rock analyses were acquired from drill cores 02L003 and 03L004 to 

evaluate the chemostratigraphy in the bowl and tail areas, respectively.  Thirty four 

samples were analyzed from core 02L003 and 26 samples from core 03L004.  Actlabs 

reported that the samples passed quality control though Pb readings required three trials 

to achieve results within acceptable error.  Complete analyses and quality control are 

compiled in Appendix C.  Major element, select trace element, and chalcophile element 

chemical analyses are summarized for lithologies from the body area and tail area in 

Tables 1 through 6.  

3.5 Scanning XRF 

In order to better evaluate the mixed-interlayered contact between the upper 

lherzolite and the lower feldspathic lherzolite units observed in core 07L034, a slow XRF 

scan (2mm/30 seconds) of 24 element abundances (Al, Si, S, Cl, Ar, K, Ca, Ti, Cr, Mn, 

Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Zr,  Ba, Hf, W, and Au) were collected over a 1.5m 

section of the core at the UMD Large Lakes Observatory.  Over 2800 analyses were 

acquired over the entire interval from 91.5m to 97.5m depth.   Of the 24 elements 

analyzed, only nine were at sufficient levels to produce values above background.  These 

elements include S, Ca, Ti, Mn, Cr, Fe, Ni, Sr, and Cu (Fig. 38; Appendix D).  The beam 

irradiates a 2mm by 8mm area, which results in a strong nugget effect for coarse grained 

lithologies.   
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Figure 38:  Stratigraphic plot showing elemental abundances of Sr, Ca, Cr, Mn, Fe, Ni, 
Cu, and S measured in the tail from core 07L034 by scanning XRF.  Rock types 
portrayed in the stratigraphic column are lherzolite - dark green, feldspathic 
lherzolite – blue, hybrid rock type - light green. 
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Despite this nugget effect and the limited suite of elements with sufficient 

resolution, the elemental profiles show variations that generally correlate with the 

silicate-oxide mineralogy and sulfide mineralization in the core (Fig. 38).  Differences in 

plagioclase abundance between the lherzolite and feldspathic lherzolite lithologies 

generally correlated with Sr abundance, which is compatible in plagioclase (Fig. 38).  

Variation in Ca abundance also show a correlation with rock type, though here it likely 

reflects variation in both clinopyroxene and plagioclase mode, which are higher in the 

feldspathic lherzolite.   The variation in Cr concentration likely reflects the mode of 

chromium spinel, which as show by Niton scans (see Fig. 41) is more abundant in the 

lherzolite.  

Because Mn typically displays a strong correlation with Fe in Mg-Fe silicates 

(olivine, clinopyroxene, and orthopyroxene; Deer, Howie, and Zussman, 1967), one 

would expect these elements to correlate here and for both to be more abundant in the 

lherzolite than the feldspathic lherzolite.   The variation in Mn abundance correlates well 

with lithology, but Fe does not.  Rather, Fe abundance better correlates with S, Ni and 

Cu, which implies that its variation is more indicative of sulfide mineralization.   

With the covariation of the chalcophile elements being clearly indicative of Cu-

Ni-Fe sulfide abundance, the patterns in Figure 38 show that sulfide mineralization does 

not directly correlate with rock type, though greater concentrations tend to occur in the 

feldspathic lherzolite than the lherzolite or mixed lithologies.  Instead, the greatest 

concentrations of sulfide mineralization appear to be somewhat random or peak at 

contacts between the three main rock types, as noted during core logging. 
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3.6 Radiometric Dating 

 While conducting the petrographic analysis of samples from the Feldspathic 

Lherzolite unit in the Tail area (03L004), a few small dark radioactive decay halos were 

noted in biotite.  Upon closer inspection these dark spots had a single crystal in the center 

and the crystals themselves had a high aspect ratio and high birefringence.  A quick EDS 

scan during microprobe analyses revealed that the mineral is baddeleyite and the dark 

halo surrounding the mineral is a radiation burn from radioactive decay of uranium in the 

crystal.  Once identified, baddeleyites were much easier to find and were found in every 

hole containing coarse feldspathic lherzolite.  In granophyric gabbro, zircon occurs 

instead of baddeleyite.  A 10.1 kg long core split from the bottom of hole 03L004 was 

submitted for U-Pb TIMS age dating to the University of Toronto.  This sample was 

chosen because it contained some of the largest baddeleyite crystals observed in the four 

cores studied. 

 Crushing and flotation carried out in the Jack Satterly Geochronology Laboratory 

at the University of Toronto yielded 41 baddeleyite grains (Fig. 39).  Baddeleyite grains 

recovered from this sample reach a maximum dimension of approximately 75 microns by 

40 microns and are frequently very thin (up to ~8 microns thick). However, most grains 

found were present as irregular broken fragments frequently smaller in length and width 

than these dimensions (average ~ 40 x 15 x 3 microns). Highest quality grains were 

defined on the basis of clarity and luster; grains that appeared dull or slightly mottled by 

the presence of very fine dusty inclusions or coatings were deliberately avoided, as 

experience shows that these grains often show greater degrees of Pb-loss or slightly 

higher contents of common Pb (Hamilton, 2008). Most grains chosen were relatively dark 
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brown in color. Three fractions, comprising four, seven and eleven grains each, were 

chosen for analysis. 

 

 

Figure 39:  Baddeleyite crystals recovered from the Feldspathic Lherzolite unit in core 03L004 
and used to acquire a U-Pb age of the Tamarack intrusion via TIMS geochronology.  
Image from Hamilton, 2008. 

 

 

Measured U concentrations in recovered baddeleyites are relatively high, between 

870-1700 ppm, in accord with the deep brown color of the grains.  The data show a 

restricted range in model 207Pb/206Pb ages, falling narrowly between 1105.4 – 1106.0 Ma 

(Table 7 and Fig. 40).  The analyses display minor discordance, between 1.1 – 1.5% and 

error ellipses are all overlapping.  The narrow range of dispersion of the data precludes a 

meaningful free regression; instead, the data are regressed through a forced, zero-aged 

lower intercept which fits the data distribution relatively well. The resulting regression 

through the origin yields an upper intercept age of 1105.6 ± 1.3 Ma (2σ; MSWD = 0.1; 

probability of fit = 92%) (Hamilton, 2008). 
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This clearly establishes that the Tamarack intrusion is related to the Midcontinent 

Rift and moreover, to early stage magmatism.  It also puts the Tamarack intrusion into 

the same class of early MCR mineralized ultramafic intrusions as Eagle (Ware, 2007), 

BIC (Rossell, 2008), and intrusions in the Lake Nipigon area of Ontario (Heaman et al., 

2007).   
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Figure 40:  Regression plot of U-Pb isotope data for three baddeleyite fractions separated 
from core 03L004.    
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4. Discussion 

The logging and petrographic results reported above clearly show that the 

petrology of the tail and body areas of the Tamarack intrusion are distinctive and will 

therefore be discussed separately below.  The emplacement, crystallization, and 

mineralization history that produced the two main lherzolite units in the tail area will first 

be considered, followed by a discussion of the petrogenesis of the well differentiated 

lithologies that comprise the body area. Recognizing that there is connectivity (Fig. 7) 

and some lithologic similarities between the two areas, a discussion of how the tail and 

body rock types might correlate will follow.  Next, the geochemical attributes of the 

Tamarack intrusion will be evaluated to estimate a possible parent magma composition.  

This composition will then be compared to early Midcontinent Rift mafic volcanics and 

intrusions.  From these petrologic discussions, a model for the emplacement, 

crystallization, and sulfide mineralization history of the Tamarack intrusion will be 

proposed. 

 

4.1 Petrology of the Tamarack Intrusion in the Tail Area 

The recognition of two modally and texturally distinctive lherzolitic lithologies in 

the tail area of the Tamarack intrusion that are in abrupt to mixed/interlayered contact 

strongly implies at least two main episodes of magma emplacement.   This then begs the 

questions of  how did the composition of the parent magmas to the two lherzolite units 

differ, if at all, and what was the sequence of emplacement.  These questions will be 

addressed in the following discussion.   
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4.1.1 Attributes of the Lherzolitic Parent Magmas  
 

When comparing the petrologic attributes of the two lherzolite units observed in 

the three drill core from the tail area, the similarities in mineralogy, texture, and 

chemistry strongly suggest that both units crystallized from a similar ultramafic magma.   

The differences that are evident in mode, mineral texture, mineral chemistry, and 

lithochemistry can be reasonably attributed to crystallization of these similar magmas 

under different conditions of cooling.    

Although the primary mineralogy of the two lherzolite units is basically same, 

being composed of olivine, plagioclase, two pyroxenes, variable sulfide, and minor oxide, 

amphibole and biotite, the modal abundances and textures of these phases differ 

significantly between the two units.  Ignoring the strong changes in mode and texture at 

the basal contact of the feldspathic lherzolite Unit (to be discussed below), the major 

difference in modal abundance between the two lithologies is a 20% lower abundance of 

olivine and complimentary increase in plagioclase, pyroxene, and opaques in the lower 

feldspathic lherzolite compared to the upper lherzolite (Fig. 15).  The most notable 

textural differences, besides an abrupt change in olivine grain size, are in the habit of 

clinopyroxene and orthopyroxene where they change from ophitic in the altered lherzolite 

to subhedral granular in the feldspathic lherzolite (Fig. 16).   

Despite these measurable differences in mineral abundance and habit, however, 

the paragenesis of the primary minerals implied by their overall modes and textures are 

the same in both lherzolite units.  By their subhedral texture and high modal abundance 

(40-85%), olivine crystals are clearly the main primocrystic (i.e., cumulus) phase in both 

the lherzolite and the feldspathic lherzolite.  (As discussed below, Cr-spinel was also 
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probably an early primocrystic phase, albeit in low abundance (<2%).  Plagioclase, 

clinopyroxene, orthopyroxene, and all accessory phases are all texturally interstitial (i.e. 

intercumulus) to olivine in both lherzolite types as indicated by their consistent display of 

poikilitic to anhedral granular habits.   All these phases are also in distinctly non-cotectic 

proportions to olivine.  Although clinopyroxene in the feldspathic lherzolite often 

displays a subhedral granular habit, which may be interpreted as indicting a cumulus 

texture, its proportion to olivine is less than 1:2, far from cotectic (approximately 1:1; 

McCallum et al., 1980).  Therefore, despite some notable differences in mode and 

texture, both lherzolites can be generally characterized as being olivine cumulates with 

intercumulus clinopyroxene, orthopyroxene, plagioclase, and other minor phases.   In 

terms of the cumulate nomenclature (Wadsworth et al., 1960), the greater abundances of 

intercumulus minerals in the Feldspathic Lherzolite Unit would qualify most of these 

lithologies (save the basal contact zone) as olivine orthocumulates, whereas the 

intercumulus mineral-poor rock types of the Lherzolite Unit would qualify as olivine 

mesocumulates to adcumulates  

In contrast to these distinct physical attributes of the two lherzolite units, cryptic 

variation in solid-solution mineral chemistry between and within the two lherzolite units 

(again ignoring the basal contact zone) are remarkably subtle and smooth.    The cryptic 

mineral chemistry changes across the lherzolite-feldspathic lherzolite contact are 

particularly surprising given the abrupt to interlayered changes in texture and mode (Figs. 

15, 16, 22, and 23).   Indeed, without the abrupt mineralogic and textural break, the 

mineral chemical data alone would not compel the interpretation of two magmatic 

episodes of emplacement.  Interestingly, the Fo content in olivine gradually increases 
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while the Ni content decreases upward across the contact in hole 03L004 (Fig. 33) and 

07L031 (Fig. 34). The An content of plagioclase has a similar upwardly increasing trend 

in the two cores that detail the contact (Figs. 34 and 35). Despite their abrupt change in 

texture from anhedral granular in the feldspathic lherzolite to poikilitic in the lherzolite 

(Fig. 16), pyroxene compositions, on the other hand, show no significant change across 

the contact.   

The smooth and minor shifts in mineral composition across the contact strongly 

suggests that the composition of the two magma pulses was generally similar at least in 

terms of mg# (Mg/Mg+Fe, cation%).  Moreover, the lack of a significant break in 

mineral chemistry may imply that the preceding pulse was still semi-molten when the 

second pulse was emplaced, resulting in magma mixing at the contact.  Although the 

slightly more fosteritic olivine and anorthitic plagioclase compositions in the Lherzolite 

Unit may suggest that its parent magma was more primitive (or less differentiated) than 

that of the lower Feldspathic Lherzolite unit, the lower Ni content of olivine in the upper 

lherzolite argues against this.  The greater abundance of postcumulus phases in the 

feldspathic lherzolite suggests that the lower Fo content of its olivine may be due to a 

trapped liquid shift, as will be discuss in a later section. 

The lherzolite and feldspathic lherzolite also are subtly distinct in their whole rock 

geochemistry, but this distinction can again be explained by the orthocumulate nature of 

the feldspathic lherzolite and the more adcumulate character of the lherzolite.  Chromium 

concentration analyzed by Niton core scans seems to be one of the better compositional 

components for distinguishing the two units (Fig. 41) with the upper altered lherzolite 

being significantly enriched in Cr (~3000 ppm vs. ~1500 ppm).   This elevated Cr 
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abundance probably indicates a increase in Cr-spinel mode in the upper lherzolite.  Cr-

spinel was not initially recognized in the petrographic or mineral chemical study since 

opaques were not readily distinguishable.  However, revisiting some of the sections in 

both lherzolite units reveal the occurrence of small, equant opaques that are likely Cr-

spinel.  The greater abundance of Cr spinel in the mesocumulates and adcumulates of the 

Lherzolite Unit is likely due to its being a primocrystic phase along with olivine.  

Although Cr spinel is also cumulus in the Feldspathic Lherzolite unit, its overall 

abundance is diluted by the abundance of intercumulus minerals.  

 

 

Figure 41:  Profile of Cr, Cu and Ni abundances in core 03L004 (tail area) measured with the 
NITON XLT.  Changes in chromium values likely represent changes in the concentration 
of Cr spinel between the Lherzolite and Feldspathic Lherzolite units, whereas copper and 
nickel spikes indicate sulfide mineralization.   
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Trace element and rare earth element (REE) contents from the tail area are also 

consistent with the lherzolite and feldspathic lherzolite having crystallized from a 

common parent magma that differ in the amount of intercumulus liquid incorporated into 

each.  With few exceptions, the patterns of trace element variation on spider graphs of the 

incompatible trace elements (Figs. 42 and 43) are remarkably coparallel for samples from 

both lithologies.  This is especially true of the REE data (Fig. 43).  In terms of absolute 

abundance, the Feldspathic Lherzolite Unit is uniformly more enriched in incompatible 

trace elements than the Lherzolite Unit.  While this might be interpreted to indicate that 

the feldspathic lherzolite crystallized from a more evolved magma, it is more likely an 

indication that the feldspathic lherzolite has more trapped liquid component, which is 

consistent with its interpretation of being an orthocumulate.   

The positive Pb anomaly found in both lithologies (Fig. 42) likely reflects the 

sulfide mineralization in these rocks.   The negative strontium (Sr) anomaly evident in the 

lherzolite and a few feldspathic lherzolite samples is curious as it implies a depletion of 

plagioclase.  However, a similar depletion signature is not evident in europium, which is 

also compatible in plagioclase.  The explanation for this is not obvious. 
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Figure 42:  Trace element normalization plot of samples from DDH 03L004 profiling the 
tail area of the Tamarack intrusion.  Analyses below detection limits were not 
plotted. Primitive mantle abundances from Sun and McDonough (1989) 

 
 
 

 
 
Figure 43:  REE normalization plot of samples from DDH 03L004 profiling the tail area 

of the Tamarack intrusion.  Analyses below detection limits were not plotted. 
Primitive mantle abundances from Sun and McDonough (1989). 
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The supposition that the two lherzolite units crystallized from a similar magma 

composition is further indicated by the equivalent incompatible element ratios displayed 

throughout both units.  As shown in Figure 44, the Zr/Hf and Ce/Yb ratios vary similarly 

and in a non-systematic way in both lherzolite units.  The average Zr/Hf ratio in the lower 

feldspathic lherzolite is 36.07, while in the upper lherzolite it is 36.4.  For Ce/Yb, the 

average ratio in the lower lherzolite and upper lherzolite are 16.18 and 15.5, respectively.  

The variability in these ratios at the lherzolite contact is curious and may be related to 

contamination and incomplete mixing between the two lherzolites.  

Evidence of country rock contamination is demonstrated by a significant increase 

in the Th/Zr and U/Zr ratios at the basal contact and at the upper/lower lherzolite contact 

(Fig. 44).  The Animikie shales are known to be enriched in U and Th and have been 

explored for uranium in the past (Ojakangas, 1980). The fact that increased Th/Zr and 

U/Zr ratios are confined to the contact zones suggest that this contamination largely 

affected only the leading edge of the magma as it was emplaced; the contamination 

signature evidently being flushed out by the main surge of magma into the chamber. The 

variability of this ratio and the other incompatible element ratios across the lherzolite 

contact further implies incomplete mixing between a contaminated new pulse of magma 

(altered lherzolite?) and a relatively uncontaminated resident magma (feldspathic 

lherzolite?).   

In summary, the modal, textural, mineral chemical, and lithochemical data from 

the tail area are consistent with the both the lherzolite and the feldspathic lherzolite 

having crystallized from a similar parent magma.  The significant difference in petrologic 

attributes between the two lherzolites can be principally  
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Figure 44:  Down hole variations of petrographic attributes and geochemical data in 
DDH 03L004 from the tail area.   
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attributed to differences in cooling rates and secondarily to the size of olivine phenocrysts 

entrained in the parent magmas. More rapid cooling of the olivine-phyric magma parental 

to the Feldspathic Lherzolite Unit caused trapping of a significant amount of interstitial 

melt thus resulting in the formation of olivine orthocumulates with 30-45% intercumulus 

minerals (see Pl+Cpx+Opx column in Fig. 44).   Postcumulus overgrowths on olivine 

may have contributed their coarsening.  In contrast, the parental magma of the Lherzolite 

Unit cooled more slowly which allowed for expulsion of the intercumulus melt driven by 

compaction and buoyancy of the melt.      

Estimating the actual composition of the magmas parental to the lherzolite units is 

problematic because all the units are cumulates with some combination of cumulus 

olivine (and spinel) and intercumulus minerals crystallized from entrapped melt.  

Although the intercumulus melt would initially have the composition of the parent 

magma, it is unlikely that the melt remains trapped during the slow cooling conditions 

that attends crystallization under plutonic conditions (e.g., Meurer et al., 2002).   This is 

especially true of mesocumulates and adcumulates that comprise the Lherzolite Unit.   

The composition of the intercumulus mineral assemblage in the orthocumulates of the 

Feldspathic Lherzolite Unit may approximate this parental magma, but even here it is 

likely that some melt was lost due to compaction or buoyant infiltration.   Moreover, to 

calculate the composition of the intercumulus assemblage requires knowledge of the 

composition and abundance of cumulus olivine.  This is difficult because more evolved 

(lower mg#) postcumulus overgrowths on the cumulus olivine commonly reequilbrate 

during subsolidus cooling (the trapped liquid shift of Barnes et al., 1989).   This problem 
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with using cumulates to estimate the parent magma composition can be circumvented if 

one can be assured that the intercumulus mineral assemblage is truly trapped.  

Fortunately in the Tamarack intrusion, quenching of the olivine-phyric parent magma 

appears to have occurred in the basal contact zone. 

 

4.1.2 Significance of the Basal Contact Zone  

Texturally and compositionally, the basal contact zone (BCZ)  resembles a chilled 

margin of the Feldspathic Lherzolite Unit that formed by quenching of an olivine 

porphyritic parent magma as it came into contact with the colder basal sediments and 

rapidly crystallizing.  This quenching caused rapid nucleation and resulted in smaller 

crystals filling all the void space surrounding olivine phenocrysts that the magma was 

evidently transporting.  Throughout the Feldspathic Lherzolite Unit, olivine is very 

consistent in grain size (3-5mm) and modal abundance, but within the BCZ olivine 

decreases in size and modal abundance abruptly (Fig. 44).  The decrease in size and 

mode, and increase in Fo content of olivine in the BCZ (see Fig. 15) suggests that these 

crystals are early formed phenocrysts that did not become overgrown with more Fo-poor 

olivine rims during quenching. The smooth decrease in Ni content of olivine upward 

from the basal contact (Fig. 44) is consistent with a more primocrystic composition of 

olivine being preserved in the chill zone.  

The increase in plagioclase and pyroxene mode to about 60-65% of the total rock 

(Fig. 44) and the fine prismatic textures in the BCZ are also consistent with quenching of 

the feldspathic lherzolite parent magma in the contact zone by rapid cooling. The 

decrease in the En’ of clinopyroxene (Fig. 44) and its prismatic texture in the basal 
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contact zone is consistent with its having crystallized exclusively from the quenched 

melt.   

In summary, the basal contact zone appears to approximate a quench of the 

feldspathic lherzolite parent magma, albeit with olivine phenocrysts.  If this is the case 

and if the two lherzolite units were indeed formed from a similar magma, as the 

geochemical data seem to suggest then the composition of the chilled margin may be 

taken to approximate the parental magma of the Tamarack intrusion.   

 
 

4.1.3 Evidence for Relative Timing of Lherzolite Emplacement  

Definitely determining timing relationships between the two lherzolite units in the 

tail area is difficult because of the lack of obvious crosscutting relationships.  Rather, the 

lherzolite – feldspathic lherzolite contact observed in the three drill cores shows an 

interlayered to hybridized character defined by the blending of coarse olivine from the 

lower feldspathic lherzolite with fine olivine from the upper altered lherzolite.  This 

blending implies that, at a minimum, the intruded unit was not completely solidified 

when the intruding unit was emplaced.  Several lines of evidence imply, however, that 

the Feldspathic Lherzolite Unit was emplaced first, followed by the  Lherzolite Unit.  

1) The coarser Feldspathic Lherzolite Unit shows a distinct chill zone in direct 

contact with the metasedimentary footwall (Figure 18c).  If the Lherzolite Unit 

were emplaced first and the feldspathic lherzolite underplated it, one would 

expect that the base of the lherzolite would show some effects of chilling and that 

the contact would be sharp, not intermixed.  That the lherzolite –feldspathic 

lherzolite contact is diffuse seems better explained by the Lherzolite Unit magma 
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being emplaced into and variably mixing with the semi-consolidated interior of 

Feldspathic Lherzolite Unit.   

2) The relative abundances of intercumulus phases of plagioclase and pyroxene and 

of incompatible trace elements in the two lherzolite units imply that the 

Feldspathic Lherzolite rock types contains a greater abundance of trapped liquid 

component (i.e., is more of a orthocumulate, whereas the lherzolite is more of a 

mesocumulate to adcumulate).  More rapid cooling would be expected of the first 

magma emplaced into cool country rock and thereby promote more trapping of 

intercumulus magma.  Preheating of the country rocks by the initial intrusion 

would lead to slower cooling of the second pulse and thereby promote the 

development of more adcumulate textures as found in the Lherzolite Unit.  The 

greater coarseness of olivine in the Feldspathic Lherzolite Unit would seem to 

contradict this scenario of faster cooling.  However, the grain size of olivine may 

simply be a feature of the phenocrysts inherited from the source magma chamber 

from which the two magma pulses were derived. 

3) The most primitive olivine phenocrysts in the Tamarack intrusion (Fo 89.1) are 

found in the basal contact zone of the Feldspathic Lherzolite Unit.  The most 

primitive olivine found in the Lherzolite Unit is Fo 84 (Fig. 33).  Moreover, Ni 

concentrations in the Feldspathic Lherzolite Unit are up to 0.4 wt% in the basal 

contact zone, whereas Ni concentrations in olivine of the Lherzolite Unit do not 

exceed 0.25 wt.%.   If the two lherzolites were derived from a common magma 

staging chamber that was fractionally crystallizing olivine, one would expect that 
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the earliest pulse would contain the most primitive olivine phenocrysts and the 

latter would be more evolved. 

4) The crustal contamination evident at the basal contacts of the feldspathic lherzolite 

and the fine lherzolite, implied by increased Th/Zr and U/Zr ratios and possibly 

the Ce/Yb ratio (Fig. 44), also seems better explained by the Lherzolite Unit 

magma being emplaced into and locally intermixing with the resident feldspathic 

lherzolite.   If only the leading edge of each magma surge was contaminated, this 

would explain why contamination at the lherzolite- feldspathic lherzolite contact 

is largely confined to the lherzolite component.  Although the sulfide melts 

carried by the intruding Lherzolite Unit magma would be likely to drain down 

into the underlying feldspathic lherzolite due to their high density, the 

contaminated silicate liquid of the Lherzolite Unit magma would show no such 

propensity to advectively mix with the interstitial liquid of the feldspathic 

lherzolite.  

 

In summary, the petrographic, mineral chemical and lithogeochemical data from 

the tail area drill core are most consistent with an interpretation of the Lherzolite Unit 

magma being emplaced into the earlier intruded and incompletely crystallized 

Feldspathic Lherzolite Unit.  
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4.1.4 Estimate of the Parent Magma Composition of the Tamarack Intrusion 
   

As discussed in section 4.1.1 above, determining the parental magma of mafic 

intrusions composed mostly of cumulate rocks can be problematic because whole rock 

compositions do not directly represent magma compositions.  One of the most 

straightforward approaches to estimating the parent magma composition is to seek out a 

chilled margin or chilled offshoot dike that may represent a liquid composition.  

Although, as discussed above, the basal contact zone of the feldspathic lherzolite has 

textural and mineral chemical attributes consistent with its representing a chilled contact, 

it is clear that the basal contact also contains olivine phenocrysts in excess of a true liquid 

composition.   A possible parent magma can still be estimated if the mode and 

composition of the olivine primocrysts are known by simple mass balance (Roeder and 

Emslie 1970) (Eq. 1).   The weight percent concentration of an element X in the magma 

component of the chill zone composition can be calculated by the equation: 

  XWhole Rock = XOlivine * %Olivine + XMagma * %Magma, or 

XMagma = (XWhole Rock – (XOlivine*% Olivine)) / % Magma  (Eq. 1) 

For example, silicon in the parent magma in sample 4-319.7 is calculated as: 

SiMagma = (46.95 – (38.9*.45)) / .55 

SiMagma = 53.54 

    

Assessing both the amount and composition of olivine phenocrysts in the whole 

rock composition of the basal contact zone is difficult, however, because whereas most of 

the olivine crystallized as primitive primocrysts, some surely grew as more evolved 

postcumulus overgrowths from the chilled liquid.  Unlike plagioclase, which preserves 
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those distinct phases of growth in the zonation patterns of the crystals, olivine 

reequilibrates under conditions of slow cooling and thus destroys any original zoning 

(Barnes, 1986).  This has the effect of lowering the overall Fo content of the olivine from 

its original cumulus composition.  As discussed in the preceding section, however, the 

increase of Fo in the basal contact zone implies that the olivine phenocrysts added 

minimal postcumulus overgrowths and thus had only minor trapped liquid shift.  

Tamarack samples 4-334.2 and 4-319.7 were selected from drill core 03L004 to 

evaluate both as possible parent magma compositions with excess olivine.  Sample 4-

334.2 occurs 0.1m above the sharp contact with metasedimentary rocks and is a fine-

grained, melanocratic olivine gabbronorite with about 30% olivine phenocrysts.  Sample 

4-319.7 occurs about 15m above the contact and is a medium-grained feldspathic 

lherzolite with about 45% olivine.  It was chosen to compare with the chilled margin 

sample and to monitor any contamination at the immediate contact.   

If olivine crystals in the chill zone, which has the most primitive Fo content (89) 

recorded in the Tamarack intrusion, are indeed phenocrysts that were frozen into the 

basal contact zone and did not accumulate significant overgrowths, as suggested above, 

then calculating the parent magma composition can simply be done by subtracting 30% 

of this composition (Table 8, Column A) out of the whole rock composition.  For sample 

4-319.7, the coarser and less primitive olivine (Fo 84) cannot be assumed to be all 

primocrystic.   To calculate the magmatic component of this sample, it will be assumed 

that it contained the same amount (30 vol %) and composition (Fo89) of primocrystic 

olivine.  If the two calculated compositions are similar, this serves as an independent 

check on these assumptions and might yield a reasonable estimate of the parent magma 
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composition.  Whole rock composition of both samples contain about 6% of LOI (Table 

2), which given their moderate degree of alteration, probably represents introduced 

volatiles.  With the significance abundance (~ 5%) of primary amphibole and biotite 

indicating that the parent magmas were not completely dry, it will be assumed that the 

parental magmas contained 1 wt. % H2O + CO2   Therefore, before subtracting the 

composition of primocrystic olivine from the two compositions, analyses were 

recalculated to reflect this composition and normalized to 100% (Table 8, Columns B and 

C). 
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 A B C D E F 

 
Fo 89 

Olivine 4-334.2  4-319.7  
4-334.2-

30% 
Fo89 Ol 

4-319.7 -
30% 

Fo89 Ol 

4-319.7 -
40% 

Fo89 Ol 
SiO2 39.0 47.8 46.5 51.5 49.7 51.5 

Al2O3  8.73 7.32 12.5 10.5 12.2 
FeOT 10.8 10.9 10.7 10.9 10.7 10.7 
MnO 0.16 0.17 0.16 0.17 0.16 0.16 
MgO 49.8 23.3 27.4 12.0 17.8 12.5 
CaO 0.25 5.66 5.09 7.98 7.16 8.32 

Na2O  1.14 0.77 1.63 1.10 1.28 
K2O  0.41 0.37 0.59 0.53 0.62 
TiO2  0.82 0.58 1.17 0.83 0.97 
P2O5  0.08 0.06 0.11 0.09 0.10 

H2O + CO2  1.05 1.07 1.50 1.53 1.78 
Total 100.0 100.0 100.0 100.0 100.0 100.0 

mg# 
(.9FeOT) 89.1 81.0 83.5 68.5 76.7 69.8 

 
Table 8:  Estimation of major and minor element compositions of the Tamarack intrusion 

parent magma.  Column A is the normalized composition of the most primitive 
olivine measured sample 4-334.2 from drill core 03L004 in the basal chill zone 
Columns B and C are whole rock analyses of two samples from the basal contact 
zone in drill core 03L004 assuming 1% H2O + CO2 and normalized to 100% 
Columns D and E are the these two compositions recalculated by subtracting 30 
wt% of Fo89 olivine composition (column A). Column F is sample 4-319.7 
composition recalculated by subtracting 40 wt% of Fo89 olivine composition. 
mg# = MgO / (MgO+FeO), mole %.  For whole rock compositions (columns B-
F), the mg# is calculated assuming that 90% of total iron is as FeO.  
 

The two recalculated major element compositions (Table 8, Columns D and E) 

show a large difference in mg#.  This suggests that either the amount or the composition 

of olivine is inappropriate for one or the other calculations.   It would seem that the most 

primitive composition of olivine (Fo89) would be the best estimate of a primocrystic 

composition for both samples since it is unlikely that the mg# of the magma changed 
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much over the 15m between the crystallization of the two samples.  The 30% abundance 

is the approximate mode of olivine in the basal contact sample (4-334.2) whereas sample 

4-319.7 contains approximately 45% olivine.   If magma component of sample 4-319.7 is 

recalculated assuming that 40% of the olivine is cumulus, a much better match with 

sample 4-334.2 is achieved.  This would imply that sample 319.7 had accumulated about 

10% more  primocrystic olivine than sample 4-334.2 in addition to about 5% 

postcumulus olivine overgrowth.  Based on the agreement of the two recalculated 

compositions, that estimated from chilled sample 4-334.2 (Table 8, Column D) is 

proposed as a reasonable approximation of the major and minor element composition for 

the Tamarack intrusion parent magma.   

The trace element composition of the magma component in sample 4-334.2 can 

also be calculated from Equation 1.  With the concentration of most trace elements in 

olivine being negligible, save Ni, Equation 1 can be simplified to:  

XMagma = XWhole Rock / 0.7  (Eq. 2) 

The recalculated trace element composition of the magma component of sample 4-334.2 

is given in Table 9.  
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  S Sc V Co Ni Cu Pt Pd 
4-334.2 

WR 1290 22 171 91 1040 91 8.2 3.7 

4-334.2 
MC 1840 31 244 130 200 130 11.7 5.3 

           
  Ba Rb Sr Y Zr Nb Hf Ta 

4-334.2 
WR 230 14 121 12.5 61 3.8 1.5 0.26 

4-334.2 
MC 329 20 173 17.9 87.1 5.4 2.14 0.37 

           
  Th U La Ce Pr Nd Sm Eu 

4-334.2 
WR 2.49 2.74 9.81 19.2 2.21 9.33 2.28 0.813 

4-334.2 
MC 3.56 3.91 14 27.4 3.2 13.3 3.3 1.16 

           
  Gd Tb Dy Ho Er Tm Yb Lu 

4-334.2 
WR 2.36 0.39 2.28 0.44 1.25 0.175 1.09 0.161 

4-334.2 
MC 3.37 0.56 3.26 0.63 1.79 0.25 1.56 0.23 

 

 
Table 9: Trace element abundances of sample 4-334.2 (in ppm) measured by whole rock 

analysis (4-334.2 WR) and calculated for its magmatic component (4-334.2 MC) 
based on Equation 2 and assuming 30 wt% primocrystic olivine.  Because Ni is 
compatible in olivine, the magmatic component of Ni is calculated from Equation 
1 assuming that primocrystic olivine contains about 3000ppm Ni.   

 

 

4.1.5  Comparison of Proposed Tamarack Parent Magma to other MCR Basalt  

Compositions 

One way to test the plausibility of the magmatic component composition, 

calculated in Table 8 (Column D) and Table 9, as being the Tamarack parent magma is to 

compare it to the composition of Midcontinent Rift lavas with similar mg#s (in the range 

of 60 to 72).   With U-Pb age of 1105.6 Ma for the Tamarack intrusion placing it in the 

early stage of the MCR, suitable lava compositions were sought from the reversed 
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polarity lavas of the rift.  These include the Mamainse Point Formation lavas in eastern 

Lake Superior (Shirey et al., 1994), the Osler Volcanic Group of the Black Bay Peninsula 

(Lightfoot et al., 1991, Hollings et al., 2007), the Siemens Creek Formation of the 

Powdermill Group in Michigan and Wisconsin (Nicholson and Shirey, 1990; Nicholson 

et al., 1997), and reversed polarity lavas of the North Shore Volcanic Group in Minnesota 

(Green, 1986).   A digital compilation of over 600 geochemical analyses associated with 

igneous rocks of the MCR was graciously made available by Suzanne Nicholson, who is 

creating digital GIS database of all MCR related geochemistry for a USGS database 

release to be completed in 2011.  

Scanning through the MCR geochemical database, 40 whole rock analyses of 

early MCR basalts with mg#s between 59 and 72 were selected for evaluation.  To 

evaluate how closely the major and minor element abundances of these basalts matched 

the proposed Tamarack parent magma composition (Table 8, Column D), the basalt 

compositions were normalized to the Tamarack composition and plotted on log plots.  

Figure 45 shows the plots of 19 basalt analyses from the Mamainse Point lavas, the Osler 

Volcanic Group, and the Siemens Creek lava that show the closest fit to unity of the 40 

original compositions considered.  Note that many of the basalts have depleted K2O 

abundances, which probably reflects the mobility of K during alteration and weathering.   

Group 1 picritic lavas of the Mamainse Point Formation are noted for being some of the 

most primitive basalts recognized in the MCR (Nicholson et al., 1997) and show the 

overall best matches of major and minor elements to the Tamarack composition.  The 

Osler Group volcanics also show a reasonable fit to the Tamarack composition, but are 

somewhat more enriched in Al2O3, CaO and Na2O, indicating a more feldspathic 
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composition. Group 2 lavas of the lower Mamainse section and Siemens Creek of the 

Powdermill Group are more enriched in TiO2 and P2O5 compared to the Tamarack 

composition.   Nicholson et al. (1997) noted that high- and low-Ti lavas form two distinct 

geochemical populations in the MCR and reflect different mantle sources.  Clearly, the 

proposed Tamarack parent magma composition has major element affinities more closely 

tied with the low-Ti group.  Interestingly, although the North Shore Volcanic Group is 

the geographically the closest volcanic sequence to the Tamarack intrusion, no 

compositions were found in the NSVG that are reasonably similar to the proposed parent 

magma composition.  
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Figure 45:  Major and minor element compositions of early MCR basalts from the 

Mamainse Point Formation (Groups 1 and 2), the Osler Volcanic Group, and the 
Siemens Creek Formation of the PowderMill Group normalized to the proposed 
Tamarack parent magma composition (Table 8, Column D).  
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To evaluate the fit of the trace element abundances of the proposed Tamarack 

parent magma (Table 9) to early MCR primitive basalts, spidergrams of most 

incompatible trace elements and REE data were normalized to primitive mantle (Sun and 

McDonough, 1989) and plotted in Figure 46.   The Tamarack composition (shown by 

bold red line) displays a moderately sloped pattern of enrichment in more incompatible 

elements and a slightly concaved upward REE pattern, the latter due to enriched La and 

Ce.  The most pronounced anomalies are strongly negative Nb and Ta, moderately 

negative Sr, and strongly positive U.   The negative Nb and Ta anomalies are 

characteristic of many early MCR basalts and were interpreted by Shirey et al., 1994 to 

indicate the interaction of mantle plume melts with subcontinental lithosphere that was 

LREE-enriched and had an arc-like Nb-Ta-depleted signature.   The anomalously 

enriched La and Ce abundances in the Tamarack parent magma may be a similar mantle 

signature, or it may represent country rock contamination.  Note that Ce/Yb ratios 

increase at the basal contact and at the contact between the two lherzolite units (Fig. 44).   

The enrichment of U is almost certainly a result of local contamination by uranium-rich 

black slates.    Curiously, Th is not similarly enriched as U.  

The trace element abundances of the proposed Tamarack parent magma has a 

mantle normalized pattern that is similar to many early MCR basalts.  Basalts from the 

various MCR volcanic suites that have the greatest similarity to the Tamarack 

composition in pattern and absolute abundance are highlighted in color in Figure 46.   

While there is general similarities, distinctive aspects of the Tamarack trace element 

composition are that it has a steeper LREE pattern and a more pronounced negative Nb-
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Ta anomaly than most basalts, though the latter is in part due to the enriched La and U 

abundances.  

In summary, the proposed composition of the Tamarack parent magma is comparable to 

other early MCR-related basalts with similar primitive mg#s.    The full composition of 

the proposed Tamarack parent magma composition is given in Table 10 along with nine 

other basalt compositions that have similar overall chemical attributes based on the plots 

shown in Figures 45 and 46.  Another test of the plausibility of this composition will 

come in section 4.3 with an evaluation of the phase equilibrium of this composition and 

whether its fractional crystallization can account for the igneous stratigraphy of the 

Tamarack intrusion. 
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Figure 46.  Primitive mantle normalization plots of incompatible trace elements (left 
side) and rare earth elements (right side) of primitive early MCR basalts and the 
proposed Tamarack parent magma composition (highlighted in red).   Basalt 
compositions that show the best fit to the Tamarack composition are highlight in 
color.  Whole rock compositions of these highlighted samples are listed in Table 
10. 
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Mamainse Point 

Formation 
  

Osler Volcanic Group 
Siemens 

Creek 
  

Tamarack 
  

PM 
1‐

DSC‐3 
2‐

2R‐8 
2‐

MP‐6 
2‐BMC‐

1 
95PCL‐ 
1627 

95PCL‐ 
1630 

95PCL‐ 
1631 

95PCL‐ 
1609  92PM634 

SiO2 51.5 48.6 48.6 46.6 50 43.3 45.5 44.2 46.6 52.3 
TiO2 1.17 1.18 1.72 2.04 1.79 0.99 1.04 0.73 1.15 1.62 

Al2O3 12.5 12.9 12 13.2 11.7 18.1 18.8 17.6 16.6 15.1 
FeOt 10.9 11.7 12.6 13.3 14.6 12.1 10.3 10.3 11 11.8 
MnO 0.17 0.21 0.18 0.18 0.25 0.15 0.13 0.15 0.14 0.15 
MgO 12 11.1 11.5 10 10.7 12 10.1 13.5 10.3 10.5 
CaO 8 9.9 9.2 9.9 7.5 10 10.1 10 10.1 2.7 

Na2O 1.63 2.61 2.1 2.48 1.55 1.47 1.97 1.48 2.19 3.4 
K2O 0.59 0.15 0.34 0.63 0.17 0.38 0.42 0.35 0.22 0.65 

P2O5 0.11 0.1 0.14 0.18 0.15 0.04 0.03 0.1 0.06 0.2 

Volatile 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

Total 100.1 100 99.9 100 100 100 100 100 100 99.9 
mg#(.9) 68.5 65.2 64.5 59.9 59.2 66.2 66.1 72.2 65 63.9 

               
Trace Elements (ppm)           

Sc 31 26 26 24 23 11 10 11 15 28 
V 244 246 274 228 267 140 120 106 179   

Co 130 67 75 61 62 97 65 72 80 50 
Ni 200 393 465 468 641 1315 448 506 593 110 

Cu 130      2269 188 93 599 132 
Ba 329 46 189 226 50 124 132 95 124 100 
Rb 20 4 6 13 5 11 14 12 8 9 
Sr 173 248 256 283 183 270 340 270 270 118 
Y 17.9 16.2 18.8 21.2 19.2 19 16 13 20 22 

Zr 87 90 114 127 122 70 57 39 76 144 
Nb 5.4 5.3 9.2 10 0.9 7.2 6.4 4.3 7.4 16 
Hf 2.1 2.2 3 3.1 2.7 2.2 1.9 1.4 2.4 3.3 
Ta 0.37      0.43 0.4 0.26 0.42 1.02 
Th 3.6 0.9 1.1 1.06 1.34 0.99 0.87 0.57 1.1 2.64 
U 3.9 0 0 0 0 0.24 0.21 0.15 0.25 0.74 

La 14 8.1 10.9 11.9 11.8 9.9 9.3 6.3 10 14.8 
Ce 27.4 16.8 26.4 27.5 26.6 22 21 14 23 30.8 
Nd 13.3      12 12 8.2 14 15 
Sm 3.3 2.8 4.2 4.5 3.9 2.9 2.7 1.9 3.2 4.1 
Eu 1.16 0.98 1.39 1.6 1.37 1 1 0.82 1.1 1.19 
Tb 0.56 0.47 0.64 0.66 0.57 0.49 0.45 0.32 0.55 0.61 
Dy 3.3      3 2.6 2 3.3   
Yb 1.6 1.2 1.5 1.5 1.3 1.6 1.4 1 1.7 1.8 

Lu 0.23 0.18 0.2 0.21 0.19 0.23 0.2 0.16 0.25 0.23 

   Tab 
Table 10.  Composition of the proposed Tamarack intrusion parent magma and basalts of 

comparable from the Mamainse Point Formation, Osler Volcanic Group, and 
Siemens Creek Formation. All compositions are normalized to 100% and 
assumed to contain 1.5% volatiles.  The mg# (=MgO/(MgO+FeO), mole %) is 
calculated assuming that 90% of total Fe is as FeO.  
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4.2 Petrology of the Tamarack Intrusion in the Body Area 
 
The body of the Tamarack intrusion profiled in DDH 02L003 is subdivided into 

five lithologic units on the basis of modal mineralogy and texture.  From bottom to top, 

these units are the Poikilitic Lherzolite, Olivine Websterite, Intergranular Lherzolite, 

Gabbronorite, and Granophyric Gabbronorite (Fig. 47).  This progression in mineralogy 

and texture, coupled with smooth variations in mineral chemistry and whole rock 

geochemistry, are consistent with closed-system fractional crystallization of an ultramafic 

parent magma    

 

4.2.1 Cumulate Stratigraphy as Evidence for Closed-system Fractional 
Crystallization of a Single Magma 

Whereas the lherzolitic units in the tail area are basically olivine adcumulates to 

orthocumulates with significant amounts of postcumulus minerals, the progression of 

mineral abundance and textures observed in core 02L003 (Figs. 47 and 48) are 

interpreted to define a cumulus stratigraphy of Ol  Ol+Opx+Cpx  Pl+Opx+Cpx+Pl(-

Ol)  Pl+Opx+Cpx+Fe-TiOx-  Pl+Opx+Cpx+Fe-TiOx+Ol.  This cumulus paragenesis 

is consistent with the progressive crystallization differentiation of an ultramafic magma.   

The poikilitic lherzolite unit that forms the lower 42m of the core is similar in 

mode and texture to the Lherzolite Unit of the tail area.  Clinopyroxene and 

orthopyroxene are both poikilitic to subpoikilitic (i.e., postcumulus) and are initially in 

low abundance (<5%; Fig. 47).  The modal abundance of orthopyroxene and 

clinopyroxene abruptly increase to 60% and 30%, respectively, at the base of the olivine 

websterite unit and both pyroxene types develop a granular habit.  This dramatic change 

in the modal abundance and texture in the olivine websterite unit implies that both 
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pyroxenes reached saturation and are cumulus phases.  The dramatic drop in olivine 

abundance at the expense of granular pyroxene in this interval may indicate excess 

production of pyroxene due to oversaturation of the magma in the pyroxene component.  

Such a phenomenon of overproduction was noted by Morse (1986) where augite reached 

cumulus saturation in the Kiglapait intrusion. The cumulus mode of the narrow 

intergranular lherzolite interval overlying the olivine websterite unit is probably more 

representative of a “cotectic” abundance for a magma mutually saturated in olivine, 

clinopyroxene, and orthopyroxene (McCallum et al., 1980).   The subhedral granular 

habit and robust mode of orthopyroxene that begins in the olivine websterite unit 

continues upward into the gabbronorite and implies that the cumulus status of 

orthopyroxene persists throughout the upper part of the intrusion body.  The cumulus 

status higher in the intrusion is less certain, as will be discussed below.  

The increase in plagioclase mode and its change in habit from poikilitic in the 

poikilitic lherzolite, olivine websterite, and intergranular lherzolite to subhedral granular 

laths in the gabbronorite unit imply its change from postcumulus to cumulus status at the 

lherzolite-gabbronorite contact (Fig. 47). Other features consistent with plagioclase being 

a cumulus phase in the gabbronorite unit are its weak foliation and its increase in modal 

abundance from less than 20% in the ultramafic units to 50-60% in the gabbronorite.  The 

loss of olivine and an increase in inverted pigeonite at intergranular lherzolite-

gabbronorite contact is a commonly observed phenomenon in tholeiitic layered intrusions 

such as Skaergaard (Wager and Brown 1968) and Sonju Lake (Miller and Green, 2002), 

although this typically occurs where oxide become cumulus.  Olivine’s reappearance in 

the evolved upper part of the sequence is commonly observed in these intrusions as well.   
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Although the mode of opaque minerals begins to raise at the lherzolite-

gabbronorite contact, magnetic susceptibility measurements through the 02L003 core 

(Fig. 47) show a sharp increase near 150m in the gabbronorite.  The jump at 150m 

generally correlates with the mode of opaques showing a more consistent increase from 

about 2-3% to roughly 7% (Fig. 27).   Because this increase is rather subtle in the core, it 

was not deemed significant enough to break out another lithologic unit.  Nevertheless, 

this increase at 150m probably marks the cumulus arrival of titanomagnetite midway 

through the gabbronorite unit (Fig. 47).  The cumulus status of oxides does not seem to 

persist upward through the top of the sections as the intensity of magnetic susceptibility 

and the mode of opaques gradually decrease upward into the overlying granophyric 

gabbronorite unit and where the habit of opaques become distinctly skeletal in 

granophyric patches(Figs. 27 and 47). 

Interestingly, another change near the 150m depth in the 02L003 core is that 

augite habit changes from anhedral granular to subophitic and its mode decreases from 

about 20% to less the 12%.   This is taken to indicate that augite loses it cumulus status at 

about this level in body area.   

An increase in granophyric mesostasis and larger granophyre clots to consistently 

greater than 5% defines the granophyric gabbronorite unit at about 110m in the 02L003 

core.  Although quartz and alkali feldspar do not reach cumulus status, their increased 

abundance further indicates the evolved composition of the cumulates in the upper 

reaches of the body area.   The reappearance of very iron-rich olivine in the granophyric 

gabbronorite unit is further evidence of its strongly differentiated composition. 
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In summary, the upward progression of mineral abundances and textures 

throughout lithologic units of the body area profiled in core 02L003 define a cumulus 

paragenesis of Ol  Ol+Opx+Cpx  Pl+Opx+Cpx(-Ol)  Pl+Opx +Fe-TiOx(-Cpx)  

Pl+Opx+Fe-Ti Ox+Fe-Ol.  This progression, coupled with smooth variations in mineral 

chemistry and whole rock geochemistry described below are consistent with closed-

system crystallization differentiation of an ultramafic parent magma (Wager and Brown, 

1968). 

4.2.2 Cryptic Mineral Chemistry Layering as Evidence for Closed-system Fractional 
Crystallization of a Single Magma 

In addition to the modal and textural evidence, the smooth variations in solid 

solution mineral chemistries of olivine, pyroxene and plagioclase also strongly support 

the notion of closed-system magmatic differentiation of a single magma by progressive 

(bottom up) fractional crystallization.   

  Although olivine is absent from most of the gabbronorite unit, it disappears with a 

composition of Fo 81 at the top of the olivine websterite unit and re-emerges in the 

granophyric gabbronorite unit with a composition of Fo 30, and then rapidly grades to a 

final composition of Fo 10 (Fig. 37).   This iron-rich composition is similar to evolved 

cumulates in Upper Zone C of the well differentiated Skaergaard intrusion (Wager and 

Brown, 1968).   



 125

  

Figure 47:  Stratigraphic variations in mineral modes and habit through DDH 02L003 
based on petrographic analysis.  Also shown is the variation in magnetic 
susceptibility measured by Kennecott geologists.  Red lines show cumulus 
arrivals and losses of listed minerals. 
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Figure 48:  Stratigraphic variations in pyroxene (En’) and plagioclase (An) compositions 

and incompatible trace element ratios (Zr/Hf and Ce/Yb) through DDH 02L003 
from the body of the Tamarack intrusion. 
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Changes in the En’ contents of clinopyroxene and orthopyroxene, which persist 

throughout the bowl stratigraphy, show a less extreme but comparable decreases in mg# 

(Opx - En’ 84.0 – 27.4 -; Cpx - En’ 84.6 – 49.6; Fig. 48).   The same is true for the An 

content of cumulus plagioclase through the gabbronorite unit (An 68-42; Fig. 48).  

Moreover, the cryptic variation is smooth and exponential, as would be expected from the 

progressive differentiation of a single liquid driven by bottom up fractional 

crystallization. 

4.2.3 Trace Element Geochemical Evidence for Closed-system Fractional 
Crystallization of a Single Liquid 

The variation in the Zr/Hf ratio through the body section (Fig. 48) shows no 

significant variation and has an average value (33.7) similar to that displayed by the two 

lherzolite units in the tail area (36.07, Fig. 43).  Since Hf and Zr have similar mineral-

liquid partition coefficients for olivine, plagioclase, orthopyroxene, and clinopyroxene, 

fractional crystallization of any assemblage of these minerals should not result in change 

in this ratio.  Therefore the constancy of the Zr/Hf ratio is consistent with the fractional 

crystallization of a single liquid that was parental to all lithologies present in the 

Tamarack intrusion.  

The gradual increase in the Ce/Yb ratio through the gabbronorite unit is probably 

related to the more rapid enrichment of Ce compared to Yb due to fractional 

crystallization of pyroxene (Fig. 48).  The augite-basaltic liquid distribution coefficient 

for Ce is 0.15 and for Yb is 0.62 and the orthopyroxene-liquid distribution coefficient for 

Ce is 0.02 and for Yb is 0.34 (Rollinson, 1993).  Plagioclase crystallization from a mafic 

magma has an opposite incompatibility between HREE and LREE, but the effect is less 
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extreme than for pyroxene.  The plagioclase-liquid distribution coefficient for Ce is 0.12 

and for Yb is 0.06.  The increased abundance of apatite can also have a strong effect on 

the overall abundance of REE All REE are compatible with apatite, but LREE are 

somewhat more preferred over HREE (Rollinson, 1993).  This effect may therefore also 

account for some of the increase in Ce/Yb ratio in the upper gabbronorite unit.  Finally, 

as discussed in the next section, country rock assimilation represented by the granophyre 

in the upper part of the body area may also have resulted in contamination that was 

enriched in LREE over HREE. 

Evaluating incompatible trace element data through the body area in total (Fig. 

49) reveals a steady increase in absolute abundances upward through the cumulate 

stratigraphy, but also shows remarkable parallelism of normalized abundances.  The only 

exceptions to the parallelism of the trace element normalized abundances are minor 

differences in Sr and Eu between the lherzolite and the gabbronorite (Figure 49).   These 

differences can be attributed to the cumulus status of plagioclase crystallization.     

Collectively, the petrographic, mineral chemical, and whole rock geochemical 

data paint an internally consistent picture of the stratigraphic sequence of rock types of 

the body area as being the products of closed-system fractional crystallization of an 

initially ultramafic magma in a closed system (i.e., without any significant recharge or 

venting events).  Evidence that this ultramafic magma was fundamentally the same as 

that which produced the lherzolitic units of the tail area will be considered in section 4.4 

below. 
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Figure 49: Trace element normalization plot of whole rock samples from DDH 02L003 
profiling the body area of the Tamarack intrusion.  Primitive mantle abundances 
from Sun and McDonough (1989) 

 
 

 

4.2.4 Evidence for Contamination in the Granophyric Gabbronorite Zone  

The granophyric gabbronorite contains interstitial mesostasis to cm-sized patches 

of granophyre - coarsely granular to micrographically intergrown quartz and alkali 

feldspar (e.g., Fig. 29) - that increase in size and modal abundance upsection (Fig. 50).  

Given the granitic composition and patchy and clotted occurrence of much of the 

granophyre, a possible explanation for their origin is that it represents incomplete mixing 

and assimilation of partially melted country rock by the Tamarack magma.   

Support for this idea is implied by the gradual enrichment of Th/Zr and U/Zr up 

section through the gabbronorite and granophyric gabbronorite units and by the increased 

ratios where granophyre patches were included in the samples (65m and 100m; Fig. 50).  
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Figure 50: Stratigraphic variations in U/Zr, Th/Zr, and quartz+K-feldspar (granophyre) 
mode through DDH 02L003 from the body of the Tamarack intrusion. 
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4.3 Correlation of Units between the Tail and Body of the Tamarack Intrusion  

Concluding that the body section is a well differentiated sequence whose lowest 

sampled section is a lherzolite, it begs the question as whether this lherzolite is 

genetically related to the lherzolite units in the tail section and, if so, which lherzolite 

unit.  The continuity of the magnetic signature between the tail and the body areas (Fig. 

7) implies that intrusion extends across this entire area, but it does not shed direct insight 

into how the lithologies in the two areas may correlate. 

Petrographic comparisons provided some insight into possible correlations.  

Interestingly, the grain size of olivine, which is one of the most distinguishing features of 

the two lherzolite units in the tail area, is not very useful in linking the body lherzolite, 

which has medium-grained olivine, with the medium fine-grained olivine of the 

Lherzolite Unit or the medium coarse-grained olivine of the Feldspathic Lherzolite Unit.  

However, one piece of evidence suggesting that the Lherzolite Unit of the tail transitions 

into the body lherzolite unit is the generally subpoikilitic texture and low abundance of 

intercumulus pyroxene and plagioclase found in lherzolite from the two areas.  The 

feldspathic lherzolite contains generally subhedral granular to subpoikilitic pyroxene and 

plagioclase, though in too low of abundances to be cumulus.     

Whole rock geochemistry gives more supporting evidence that of the Lherzolite 

Unit of the tail and the lherzolites of the body area may be transitional into one another.  

As shown in Figure 51, they have generally similar normalized trace element patterns 

with only a few exceptions.  Moreover, as would be expected given its higher structural 

position, the absolute trace element abundances of the body lherzolites are elevated above 

the trace element abundances of the Lherzolite Unit composition (Fig. 51).  The main 
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compositional differences are that body lherzolites have positive Sr and Ba anomalies, 

whereas the tail lherzolite has negative Sr and Ba anomalies.  These are obviously related 

to plagioclase control, but with plagioclase being interstitial (intercumulus) in both 

lherzolite units, the reason for the difference is not obvious. 

 

Figure 51:  Trace element normalization plot comparing samples from the Lherzolite 
Unit from the tail and lherzolite units from the body area of the Tamarack 
intrusion.  Primitive mantle abundances from Sun and McDonough (1989) 

 
 

Mineral chemical data also corroborates the notion that the Lherzolite Unit of the 

tail area is correlative and stratigraphically below the lherzolite units of the body area.  

Figure 52 shows a possible correlation of mineral chemical data for olivine, pyroxene 

(cpx and opx) and plagioclase from the two areas of the Tamarack intrusion.  When 

stratigraphic sections from the two area regions are plotted with slight overlap, a smooth 

transition in all mineral chemical data is obvious.  The remarkable parallelism of the 
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proposed correlation of mineral chemical trends might imply that the combined lherzolite 

unit is near its true thickness, but may just be an artifact of compositional homogeneity of 

the lherzolite.  As displayed in most well differentiated layered intrusions (e.g. 

Skaergaard, Wager and Brown, 1968; Sonju Lake, Miller and Ripley, 1996), Rayleigh-

type fractionation being an exponential function will result in insignificant cryptic 

variation in solid solution minerals during the first 60% of crystallization.   Still, the basic 

correlation of mineral chemistry shown in Figure 52 supports the idea that the Lherzolite 

Unit of the tail and the lherzolite in the body area are part of the same differentiation 

sequence. 

Figure 53 shows a cross section drawn based on the assumption that the tail and 

body of the Tamarack intrusion are connected over the interval of the altered.  Since 

upper contact of the Lherzolite Unit in the tail has been eroded away, it is difficult to 

know whether the gabbronorite from the body extended over the tail area.  Similarly, 

because drilling in the body area of the Tamarack intrusion was sparse at the time of this 

study, it will be interesting to see if deeper drilling encounters the two lherzolites found 

in the tail area.   
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Figure 52:  Possible correlation of cryptic layering of mineral chemistry created by 
stacking data from the body area (DDH 02L003) above the same data from the 
tail area.  Red dashed line shows the possible trend of missing data. 
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Figure 53:  Hypothetical cross section correlating the body and tail of the Tamarack 
Intrusion by compositional evidence linking the Lherzolite.   
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4.4. Phase Equilibrium of the Proposed Tamarack Intrusion Parent Magma 

Having postulated a parent magma composition for both lherzolite units in the tail 

area and having concluded that the upper Lherzolite Unit in the tail likely transitions 

stratigraphically into the well differentiated sequence encountered in the body area, a 

broader test of both of these conclusions would be to evaluate the phase equilibrium of 

the proposed parent magma to see if the cumulate sequence observed would be generated 

by such a composition.  To do this, the proposed parent magma composition was applied 

to the PELE program developed by Boudreau (2005; 

http://www.nicholas.duke.edu/people/faculty/boudreau/DownLoads.html).   

PELE is a modification of MELTS, a software package designed to facilitate 

thermodynamic modeling of phase equilibria in magmatic systems (Ghiorso and Sack, 

1995).  PELE provides the ability to compute equilibrium phase relations for a given bulk 

composition over the temperature range 500-2000 °C, the pressure range 0-2 GPa, and 

oxygen fugacities in the range of 3 log units on either side of the Quartz-Fayalite-

Magnetite (QFM) buffer.  The PELE program allows for equilibrium and fractional 

crystallization to be modeled at selected temperature intervals and allows for certain ideal 

phases to allowed or excluded from consideration.  

The modeling conducted here evaluated both equilibrium and fractional 

crystallization of the proposed Tamarack parent magma composition (Table 10) between 

the olivine liquidus temperature (1304-1287°C) and 1000°C.  The depth of emplacement 

of the Tamarack intrusion is unknown, but given the strongly chilled contact is assumed 

to be shallow; 1 kbar lithostatic pressure is used.  The main variables evaluated, besides 
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equilibrium and fractional crystallization, are the oxygen fugacity and the oxide phases 

available.  Oxygen fugacity buffers of QFM, 2 log units above, and 2 log units below 

were evaluated.  PELE requires a selection of oxide types available for crystallization 

with a choice of two spinel models (either eight components or mt-usp only) and three 

rhombohedral oxide models (either four components, hm - ilm, or pure ilm). For this low-

Ti composition, only a choice of either a complex spinel model or a simple magnetite-

ulvospinel solid solution model was needed and both were evaluated. 

The mineral output results for fractional and equilibrium crystallization of the 

proposed Tamarack parent magma composition at three states of oxygen fugacity buffers 

and choosing either the complex spinel or Mt-Usp model are shown in Figure 54.  One 

common feature of all models is the protracted crystallization of olivine before other 

phases reach their liquidus temperature (over a range of 200-250°C).   The liquidus 

temperature of olivine varies by oxygen fugacity buffer from Fo89.2 under oxidized 

conditions (QFM+2) to Fo86.7 under reduced conditions.  This compares remarkably 

well with the Fo89.1 composition of the primitive olivine phenocrysts in the basal contact 

zone of the Tamarack intrusion.  Also consistent with the observed cumulus paragensis of 

the Tamarack intrusion is that the liquidus temperatures of pyroxene and plagioclase are 

within 50°C of each other for most conditions. 

The choice of spinel model creates some of the more interesting and not well 

understood effects in the modeling. Choosing the complex spinel model results in Cr-rich 

spinel being on the liquidus at very high temperature (>1400°C). Under oxidizing 

conditions, the amount of spinel crystallizing is triple that of olivine, whether by 

equilibrium or fractional crystallization. The crystallization of spinel actually increases 
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the mg# of the differentiating magma such that by the time olivine crystallization gives 

way to augite (at 1110°C) it has a composition of Fo90.2.  While Cr spinel is present in 

the Lherzolite unit, it is only a couple modal percent at most.    

Choosing the Mt-Usp model resulted in no oxide crystallization until close to 

1000°C under QFM or more oxidizing conditions.  Interestingly, plagioclase saturation 

occurs just before augite for the Mt-Usp model with their liquidus temperatures differing 

by less than 10°C under all oxidation conditions.  For the complex spinel model, augite 

saturation occurs before plagioclase with differences in liquidus temperatures of 12°C for 

reduced conditions and increasing to 60°C for oxidizing condition.  Another difference 

between the two oxide models is that spinel crystallization promotes the disappearance of 

olivine soon after augite saturation, whereas olivine crystallization persists throughout the 

Mt-Usp models (at least through 1000°C). 

The effects of fractional crystallization vs. equilibrium crystallization for the 

complex spinel model is compared for all oxidation conditions in the center and left 

diagrams in Figure 54.  One obvious effect is the more muted cryptic variation in mineral 

compositions resulting from equilibrium crystallization (note changes in Fo content 

during olivine (+sp) crystallization in Fig. 54). Given the very subtle decrease in Fo 

content observed in the Tamarack, equilibrium crystallization may play a role in at least 

the formation of the lherzolite.    

Another difference between the two styles of crystallization is that equilibrium 

crystallization promotes the saturation of orthopyroxene soon after augite, especially 

under oxidized conditions.  This effect is may be an artifact of the unrealistically 

dominant crystallization of spinel in the model under oxidizing conditions.    Opx should 
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become stable as SiO2 is enriched in the magma, though it would seem that fractional 

crystallization of olivine and spinel would more be more effective at rapidly increasing 

the SiO2 concentration in the magma than would equilibrium crystallization. 
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Figure 54.  PELE model results showing the cumulative increase in mineral abundances 
with the crystallization of the proposed Tamarack parent magma under various 
conditions.  The conditions displayed include oxygen fugacity relative to the 
QFM buffer, equilibrium vs. fractional crystallization, and the spinel oxide model 
(complex spinel or Mt-Usp).  The cryptic variation of olivine composition (Fo 
content) during lherzolite crystallization is shown for fractional crystallization 
models.  PELE program was developed by Boudreau (2005) 

 

In summary, although the oxide models of the PELE program generate some 

unrealistic and confusing effects, the basic results of the models give strong support to 

the validity of the proposed parent magma and its closed-system crystallization in 

generating the igneous stratigraphy for the Tamarack intrusion.  The protracted 

crystallization of olivine prior to the near mutual saturation of pyroxene and plagioclase 

is basically as observed in the transition from the thick lherzolite sequence upward into 

the olivine websterite and gabbronorite.   If the details of the models are to be believed, 

then the best matches to cumulus mineral arrivals and their cryptic compositions would 

indicate the Tamarack intrusion crystallized under oxygen fugacity conditions at to 

slightly more oxidizing than the QFM buffer.  If the promotion of orthopyroxene 

crystallization and muted cryptic variation by equilibrium crystallization is also correct, 

this would imply that equilibrium crystallization played a role in the formation of the 

Tamarack intrusion.  However given the unidirectional (bottom up) phase layering of the 

intrusion and the strong cryptic layering of gabbronorite unit, inefficient fractional 

crystallization was more likely the dominant process.  Finally, with the complex spinel 

model promoting pyroxene saturation just prior to plagioclase and given the fact that Cr-

spinel does occur in the lherzolite rock types, this would seem to indicate that spinel 

played an important role.  However, the excessive amount of spinel predicted by the 

model, especially under oxidizing conditions is very unrealistic.   
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4.5 Model for the Emplacement, Crystallization, and Sulfide Mineralization History 
of the Tamarack Intrusion   

Based on the interpretations on the sequence of emplacement of the tail lherzolite 

units, the single stage differentiation of the body area, and correlation between the tail 

and body areas, a model is proposed here summarizing the emplacement, crystallization 

and the general sulfide mineralization of the Tamarack intrusion (Fig. 55).  

Fundamentally, this model has the Tamarack intrusion evolving in three basic 

stages: 1) emplacement of the feldspathic lherzolite with sulfide saturation largely 

confined to the basal contact zone, 2) injection of another larger volume of magma of a 

similar composition that is more extensively contaminated by partial melts of the country 

rock, and 3) progressive magmatic differentiation of the large magma body by bottom-up 

fractional crystallization of the lherzolite to gabbronorite (Fig. 55). 

The Feldspathic Lherzolite Unit magma was the first to intrude the cold Animikie 

sediments as evidenced by the chilled margin geochemical trend and reversely graded 

olivine modal abundance (Figure 55A).  Evidently, this early pulse transported gabbro 

xenoliths from an unknown source as indicated by their occurrence in DDH 07L031.   

This magma also experience wall rock contamination that led to sulfide oversaturation at 

its margins.  Sometime after the feldspathic lherzolite magma intruded, but was only 

partially crystallized in its interior, a new pulse of similar magma composition was 

emplaced presumably through the same conduit system.  This second more voluminous 

pulse of magma intruded into the semi-molten feldspathic lherzolite intrusion and 

considerably expanded the size of the intrusion system (Figure 55B).  The new pulse of 

magma carried much smaller olivine phenocrysts than the initial pulse.  The contact 
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between the new pulse and the semi-consolidated coarse feldspathic lherzolite locally 

resulted in interfingering of the two lherzolite types.   

Any country rock inclusions carried in by this second magma was likely to have 

been partially melted by this ultramafic magma.  These low density felsic melts rose into 

the upper parts of the magma chamber where, because of their viscosity contrast and the 

quiescent closed system conditions, they were not fully assimilated into the mafic 

magma.  These “blobs” of felsic melt eventually became incorporated into the 

gabbronoritic cumulates to form granophyre clots. 

Because of the preheating by the feldspathic lherzolite intrusion, the second 

magma intrusion was able to cool much slower than the feldspathic lherzolite creating 

well differentiated mesocumulates to adcumulates under closed system conditions.  

Moreover, this preheating was also probably responsible for allowing sulfur and other 

volatiles in the country rock to become easily liberated during the second magma 

intrusion. This desulfurization and devolatilization of the country rock led to the sulfide 

oversaturation of at least the early magma inputs during the second magma intrusion.  

This sulfide melt was able to infiltrate downward across the semi-molten contact between 

the fine lherzolite and the underlying feldspathic lherzolite.    

Finally, erosion of presumably some cover of Midcontinent Rift volcanics and 

Animikie basin sedimentary rocks brought the Tamarack intrusion to the Earth’s surface.   

Many millennia of weathering, perhaps during the Cretaceous weathering event (Morey 

and Sims, 1976) developed a pisolitic cap on the intrusion.   Glaciation over the past 1.6 

million years likely removed a significant amount of that weathered cupola, what 

remained was subsequently buried under 50m of glacial overburden (Figure 55D). 
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Figure 55:  Proposed emplacement model for the Tamarack intrusion.  Panel A 
represents the initial intrusion of the feldspathic lherzolite magma into Animikie 
sedimentary rocks.  Panel B shows a second injection of melt into the core of the 
feldspathic lherzolite intrusion and the onset of its bottom up fractional 
crystallization. Panel C shows the final stratigraphy of the Tamarack intrusion.  
Image D shows the current erosion level and glacial cover.  

Tail Area Body Area 
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5. Conclusion 

The main observations and conclusions made in this study are as follows:  

• The Tamarack intrusion is an 1105.6±1.3 Ma ultramafic intrusion associated with 

the early magmatic stage of the Midcontinent Rift.  It has a tadpole shape body that is 

subdivided in to three areas – tail, neck, and body.  

• Core logging, petrographic, mineral chemical and lithogeochemical data from 

three drill cores studied in the tail area show it to be composed of two major lithologic 

units - a Feldspathic Lherzolite Unit, composed of coarser olivine orthocumulates and an 

overlying Lherzolite Unit, and composed of finer olivine adcumulates to mesocumulates. 

Abrupt mineralogic and textural changes across the contact between the two lherzolites 

units imply that they were emplaced in two distinct pulses of ultramafic magma.  Mineral 

chemical and lithogeochemical data indicate that the two units formed from a common 

parent magma.  Interpretation of the various physical and chemical attributes of the two 

lherzolites lead to the conclusion that the Feldspathic Lherzolite was emplaced first.  The 

Lherzolite Unit was emplaced later, but while the feldspathic lherzolite was still partially 

molten.  

• A basal contact zone for the Feldspathic Lherzolite Unit represents a chill of an 

olivine-phyric ultramafic magma. Subtracting the compositional contribution of 30% 

olivine phenocrysts, a proposed parent magma can be calculated.  The composition of the 

proposed parent magma, which is a low Ti-P high-MgO (12 wt.%;  mg#=68.5) olivine 

tholeiite, is comparable to other early primitive MCR basalts.    
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• The one drill core studied from the body area of the intrusion shows this area to 

be composed of a very well differentiated sequence of ultramafic to mafic cumuluates. 

Upward through the 230m core, the main lithologic units are a poikilitic lherzolite, an 

intergranular olivine-bearing websterite, an intergranular lherzolite, an intergranular 

gabbronorite, an oxide gabbronorite, and an olivine-bearing granophyric gabbronorite.   

Mineral chemical and lithogeochemical data a show a smooth progression of more 

evolved compositions up section indicative of closed-system fractional crystallization. 

The cumulus stratigraphy of the body area is: Ol(+Sp)  Ol+Opx+Cpx  

Pl+Opx+Cpx+Pl(-Ol)  Pl+Opx+FeTiOx-Cpx  Pl+Opx+Ol-FeTiOx.   

• The interstitial and patchy granophyre in the upper reaches of the body section are 

interpreted to represent incompletely assimilated felsic melt generated by partial melting 

of the sedimentary country rock.   .   

• The petrographic and chemical attributes of the poikilitic lherzolite unit at the 

base of the body section are very similar to the Lherzolite Unit of the tail area and the two 

are interpreted to correlate with the body sequence situated stratigraphically above the tail 

lherzolite.    

• Applying the proposed parent magma composition to the PELE phase equilibrium 

model generally supports the observed crystallization sequence defined by the correlated 

units of the Tamarack intrusion.  The model predicts a protracted period of olivine (+ Cr-

spinel) crystallization followed by pyroxene and plagioclase in rapid succession.  The 

details of the cumulus arrivals of clinopyroxene, orthopyroxene, and plagioclase depends 

on the idealize spinel model selected and on the choice of equilibrium or fractional 

crystallization.  In general, the model gives independent confirmation of the validity of 
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the proposed parent magma composition.  Furthermore, it confirms that closed-system 

fractional crystallization of this composition was capable of producing the igneous 

stratigraphy of the Tamarack intrusion.   
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