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Foreword 

This geological field trip guidebook was prepared initially for use with a 5-day, postmeeting field trip 
(trip number B2, June 24 to 30, 2010) held in conjunction with the 11th International Platinum 
Symposium meeting in Sudbury, Ontario, June 20–24, 2010. 

Sudbury is one of the world’s premier nickel-copper mining districts, a significant platinum group 
element (PGE) producer, and one of the oldest, largest, and best-exposed meteorite impact sites on Earth. 
As the world’s largest integrated mining technology cluster, Sudbury has a vibrant mineral exploration 
and mining community that includes several major producers, numerous junior exploration companies, 
dozens of mining supply and service companies, 3 post-secondary educational institutions and associated 
exploration and mining centres, and several Ontario government mining and mineral ministry offices, 
making Sudbury one of the best places in the world to host a multidisciplinary meeting of this type. The 
City of Greater Sudbury, the largest city by landmass in Ontario, lies amidst glacially-shaped ridges, 
green boreal forests, and contains 330 lakes over 10 hectares in size and 112 lakes over 100 hectares in 
size. The success of more than 30 continuous years of environmental reclamation efforts has led to 
numerous national and international awards, including a Government of Canada Environmental 
Achievement Award, a United States Chevron Conservation Award, and a United Nations Local 
Government Honours Award. All of these features made Sudbury an ideal place to hold the 11th 
International Platinum Symposium Meeting from June 20–24, 2010, on Laurentian University Campus. 

The theme of the meeting was “PGE in the 21st Century: Innovations in Understanding their Origin 
and Applications to Mineral Exploration and Beneficiation”. The mining industry is presently in a 
recovery, so this was a very appropriate time to examine ways to make exploration efforts more efficient, 
to identify problems that need to be addressed, and to ensure that we pass our expertise along to the new 
generation. In addition to the technical program of oral and poster presentations, 3 workshops and 9 field 
trips were run in conjunction with the meeting. 

The meeting was hosted by the Department of Earth Sciences and Mineral Exploration Research 
Centre (MERC) at Laurentian University and the Ontario Geological Survey. It was sponsored by MERC, 
the Society for Geology Applied to Mineral Deposits, the Mineralogical Association of Canada, the 
Mineral Deposits Division of the Geological Association of Canada, and the Society of Economic 
Geologists. 
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Preface 

This field trip has been organized as part of the 11th International Platinum Symposium held in Sudbury, 
Ontario, June 21 to 24, 2010.  The purpose of the field trip is to highlight the Cu-Ni-PGE deposits and 
prospects associated with mafic to ultramafic intrusions in the western Lake Superior area.  This area has 
been the focus of intense exploration for base and precious metal deposits for the past few decades.  
Although similar trips to this were run in 1995 as part of IGCP Project 336 (Miller 1995) and in 2002 as 
part of the 9th International Platinum Symposium in Billings, Montana (Miller et al. 2002), several new 
discoveries have been made since 2002 (e.g., Duluth Metal’s Nokomis deposit and Rio Tinto’s Lakeview 
deposit in Minnesota, and Magma Metal’s Current Lake deposit in Ontario) and many projects that were 
in the early stages of exploration are now very close to production (e.g., PolyMet’s NorthMet deposit in 
northeastern Minnesota, Marathon PGM’s deposit in Ontario, and Rio Tinto’s Eagle deposit in Upper 
Michigan). 

The bulk of the field trip will focus on mineralization associated with mafic intrusions related to the 
Mesoproterozoic (1.1 Ga) Midcontinent Rift (Figure I-1).  The notable exception to this will be a visit to 
the Archean Lac des Îles intrusion, the only PGE mine in the region.  Following a long (700 km) drive 
from the symposium site in Sudbury to Marathon, Ontario, on June 24th, the first field trip day (June 25th) 
will be spent traversing mineralized exposures and trenches in the Marathon Cu-PGM deposit in the 
eastern Coldwell Complex. Driving to Thunder Bay in the late afternoon, Magma Metals will present a 
talk with a core display of Cu-Ni-PGM mineralization from their Thunder Bay North project area.  North 
American Palladium will also give an introduction to the Lac des Îles PGM deposit. The Lac des Iles 
mine will be visited on June 26th.   Leaving Lac des Îles in the early afternoon, the trip will cross the 
international border into Minnesota and on to Ely.  The next day and a half (June 27th and 28th) will 
examine the Cu-Ni-PGE sulfide deposits in drill core and in outcrop along the northwestern basal contact 
of the Duluth Complex.  Four exploration companies—PolyMet mining, Teck, Franconia Minerals, and 
Duluth Metal—will showcase core from their respective deposit areas.  In addition, Cardero Iron Ore will 
show core from some of the ilmenite ore bodies associated with the Duluth Complex.  On the evening of 
June 27th, participants have the option of attending an evening field trip to the Nickel Lake macrodike—a 
feeder zone to one of the mineralized Duluth Complex intrusions—or to attend a presentation on PGE 
reef-style mineralization in the Sonju Lake intrusion of northeast Minnesota.  After an overnight in 
Duluth, the trip will drive on June 29th to Marquette, Michigan, where Rio Tinto will display core from 
the Ni-Cu-PGE Eagle deposit.  Finally, on June 30th, the trip will deadhead back to Sudbury and arrive in 
the early afternoon.  

   Jim Miller 

   Mark Smyk 

   Pete Hollings                  May 2010 

 

References 

Miller, J.D., Jr. ed. 1995. Field trip guidebook for the geology and ore deposits of the Midcontinent Rift in the Lake 
Superior region; Minnesota Geological Survey Guidebook Series 20, 216p. 

Miller, J.D., Jr., Smyk, M.C., Severson, M.J., Lavigne, M.J. and Middleton, R.S. 2002. Guidebook for pre-
symposium field trip #3:  PGE mineralization in mafic intrusions around western Lake Superior, USA and 
Canada; 9th International Platinum Symposium, Billings, MT, USA, 136p. 

xiii 



 

 

 



 

 

 

Sa
ul

t S
t. 

M
ar

ie
 

D
A

Y 
5 

Ea
gl

e 
 

M
ar

qu
et

te
 

D
A

Y 
3 

&
 4

 
Ba

sa
l D

ul
ut

h 
C

om
pl

ex
   Du

lu
th

 

Th
un

de
r B

ay
  

D
A

Y 
1B

 
Th

un
de

r B
a y

 N
or

th
  

D
A

Y 
2 

La
c 

d
es

 
Ile

s  
D

A
Y 

1A
 

M
ar

at
ho

n 
D

e p
os

it 

F
ig

u
re

 I
-1

. G
en

er
al

iz
ed

 g
eo

lo
gy

 o
f 

th
e 

M
id

co
nt

in
en

t R
if

t t
er

ra
ne

 in
 th

e 
L

ak
e 

S
up

er
io

r 
re

gi
on

 s
ho

w
in

g 
de

po
si

ts
 to

 b
e 

vi
si

te
d 

du
ri

n g
 th

e 
fi

el
d 

tr
ip

.  

 
 

xv 



 
 



 
 

Organizers and Editors 
 

 James D. Miller  Mark C. Smyk Peter N. Hollings 
 Department of Geological Sciences Ontario Geological Survey Department of Geology 
 University of Minnesota Duluth  Ministry of Northern Development, Lakehead University 
  Mines and Forestry 

 
 

Guidebook Contributors and Principal Trip Leaders 
 

 John Corkery Robert Galyen David Good 
 North American Palladium Franconia Minerals Marathon PGM 

 Tim Jefferson Al  MacTavish Richard Patelke  
 Teck American Magma Metals PolyMet Mining  

 Dean Peterson  Mark Severson Andrew Ware 
 Duluth Metals UMD-Nat. Res. Research Institute Rio Tinto 

  Chris White 
  Cardero Iron Ore Co. 
 

xvii 



 



 

Cu-Ni-PGE Deposits in Mafic Intrusions of the Lake Superior Region: 
A Field Trip for the 11th International Platinum Symposium 

J.D. Miller1, M.C. Smyk2 and P.N. Hollings3 , Editors 
Ontario Geological Survey 
Open File Report 6254 
2010 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 
1 Department of Geological Sciences, University of Minnesota—Duluth, Duluth, Minnesota, USA 
2 Resident Geologist Program, Ontario Geological Survey 
 Ministry of Northern Development, Mines and Forestry, Thunder Bay, Ontario, Canada 
3 Department of Geology, Lakehead University, Thunder Bay, Ontario, Canada 

 



 

 



 

1 

DAY 1-A 

 

GEOLOGY AND CU-PGE MINERALIZATION 

OF THE COLDWELL COMPLEX 
 

 

Overview and Self-Guided Field Trip through the Coldwell Complex 
 

Mark Smyk  
Resident Geologist Program, Ministry of Northern Development, Mines and Forestry 

 

A variety of Mesoproterozoic, Midcontinent Rift-related alkaline and carbonatitic rocks occur in several 
intrusive complexes on the northern shore of Lake Superior.  They include the Coldwell and Killala Lake 
alkalic complexes, the Prairie Lake carbonatite and numerous diatremes and related dikes in the vicinity 
of Dead Horse Creek (Sage 1982, 1985, 1987) (Figure 1-1A).  These complexes are spatially localized 
and structurally controlled by the Trans-Superior Tectonic Zone (TSTZ), a north-northeast-trending 
structure that extends for over 600 km and includes the Thiel Fault in Lake Superior (Klasner et al. 1982).  
Carbonatitic magmatism has been recognized at Chipman Lake 150 km northeast of Lake Superior (Sage 
1985).  Alkalic magmatism related to Midcontinent rifting occurred along the TSTZ from approximately 
1.2 to 1.0 Ga, as is shown in the table below: 

 
Lithologic Unit / Complex Age(s) (Method) Reference 
 
Coldwell Complex 1108 ± 1 Ma (U/Pb) Heaman and Machado (1987) 
 
Be-Zr-zone crosscutting 1112.7 ± 4 Ma (U/Pb)1; Krogh and Wilkinson (pers. comm. 1995) 
Dead Horse Creek diatreme 1128.7 ± 6 Ma  (U/Pb)2  
 
Prairie Lake Carbonatite 1130 ± 10 Ma (Rb/Sr) Pollock (1987) 

Lamprophyre dike,  1145 +15/-10 Ma (U/Pb) Queen et al. (1996) 
  McKellar Harbour 
 
Gabbro (biotite), 1185 ± 90 Ma (K/Ar) Coates (1970) 
  Killala Lake Complex 
 
Syenite, Killala Lake Complex 1050 ± 35 Ma (Rb/Sr)             Bell and Blenkinsop (1980) 
 
Nemegosenda carbonatite 1105.4 ± 2.6 Ma (U/Pb) Heaman et al. (2007) 
 
Lackner Lake carbonatite 1100.6 ± 1.5 Ma (U/Pb) Heaman et al. (2007) 

( 
1
 -2.49% discordant;  2 1.82% discordant) 

 

It has been postulated that the TSTZ may represent part of a failed arm of a Keweenawan triple 
junction (Weiblen 1982; Mitchell and Platt 1982b) or the intersection of a late fracture system with the 
rift (Mitchell et al. 1983).  Local alkalic and carbonatite complexes have been emplaced at inflections in 
the trends of major structural zones, or at sites of cross-faulting (Sage 1991).  The Coldwell and Killala 



 

2 

Lake complexes have both formed as the result of ring fracturing and caldera collapse.  The abundance of 
xenolithic blocks and roof pendants suggests that these complexes are presently exposed at relatively high 
structural levels. 

Similar ages for numerous mafic intrusions in the Nipigon Embayment (cf. Heaman et al. 2007) and 
alkalic rocks of the Coldwell complex (1108 ± 1 Ma; Heaman and Machado 1992) indicate the 
contemporaneous production of tholeiitic and alkalic magmas during Midcontinent rifting.  The oldest 
magnetization, found in the gabbros and augite syenite on the eastern side of the complex, records a 
concordant pole position with reversed polarity of about 1109 ± 5 Ma on the Keweenawan segment of 
Precambrian apparent polar wander path (Lewchuk and Symons 1990). The localization of the alkalic 
magmatism off-axis, dominantly northeast of the central rift, prompted Heaman and Machado (1992) to 
suggest that this may have been a region of maximum lithospheric extension during rifting.  U/Pb data 
collected by Heaman and Machado (1992) demonstrate that the majority of rock units in the Coldwell 
complex were emplaced within a relatively short time span (<3 million years) ca. 1108 Ma, and support 
the contention that the complex experienced relatively rapid cooling from initial emplacement 
temperatures to at least ~500º C.   

Strontium-, neodymium- and lead-isotopic compositions of selected minerals from different phases 
of the complex (Heaman and Machado 1992) display considerable scatter, suggesting that their magmas 
had different isotopic compositions. The initial strontium- and neodymium-isotopic compositions of 
clinopyroxene and plagioclase from one of the earliest gabbroic phases are identical to data derived from 
primitive olivine tholeiites from the Midcontinent Rift and indicate that the majority of magmas, both 
tholeiitic and alkaline, have a uniform, nearly chondritic isotopic composition (ibid).  Samarium-
neodymium data, supported by oxygen-isotopic and whole-rock geochemical data, indicate that crustal 
contamination played a small, varied role in the generation of Coldwell magmas (Bohay 1997).  In 
addition to small, variable amounts of assimilation of upper and lower crust, the parental plume magmas 
also interacted with the lithospheric upper mantle to a small degree (ibid). 

Local alkalic and carbonatitic intrusive rocks host a variety of characteristic base, precious and rare 
metal occurrences (cf. Smyk and Sage 1995).  They include the following: 

1. magmatic Cu-Ni-PGE (±Au, Ag) in gabbros of the Killala Lake and Coldwell complexes (which 
will be the focus of this field trip) 

2. magmatic U, Nb (+ wollastonite, apatite) in the Prairie Lake carbonatite (Sage 1987) 

3. late-stage magmatic Nb-Y-F-family rare earth elements in syenite pegmatites (Alexander 2007) 

4. a Be-Zr-U-Th-Y mineralized zone crosscutting the Dead Horse Creek diatremes (Smyk et al. 
1993; Potter, 2004), and  

5. Pb-Zn-Ag-mineralized quartz-carbonate veins (Kissin and McCuaig 1988). 

 

The Coldwell complex (Figure 1-1B) covers an area of approximately 580 km2, making it one of the 
largest alkalic complexes in the world.  It has been mapped by Kerr (1910a, 1910b), Puskas (1967) and 
most recently by Walker et al. (1993b, 1993c).  The complex comprises 3, superimposed ring 
subcomplexes or magmatic centers (Mitchell and Platt 1978) that young progressively (Centers 1 3) to 
the southwest.  The centres can be generally described as the following: 
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Figure 1-1B. Generalized geology of the Coldwell alkalic 
complex after Mitchell and Platt (1994). 

Figure 1-1A.  Regional geology  (Sage 1991) in the vicinity 
of the Trans-Superior Tectonic Zone (TSTZ), extension of 
the Thiel Fault (B). 
 
 
Key to numbering: 
30 - Chipman Lake fenites / carbonatite dikes 
31 - Killala Lake alkaline complex 
32 - Prairie Lake Carbonatite 
33 - Coldwell alkaline complex 
47 - Dead Horse Creek diatremes 
48 - McKellar Creek diatreme 
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Center 1:  saturated alkalic rocks with oversaturated residue; chiefly gabbro and iron-rich augite syenite 
Center 2:  miaskitic alkalic rocks with oversaturated residue; chiefly alkalic biotite gabbro and nepheline 

syenite 
Center 3:  alkalic rocks with oversaturated residue; chiefly syenite and quartz syenite 
 

The mineralogy of the main lithologic units is listed in Appendix 1. 

The superimposition of intrusive centres and a complex and protracted magmatic history have 
produced a myriad of hybrid rocks, igneous breccias and ambiguous crosscutting relationships. 

A variety of lamprophyric and other dike rocks occur within the complex.  As described by Mitchell 
and Platt (1994), they include (in order of emplacement) the following: 

(1)  mafic ocellar lamprophyre (camptonitic variety) 
(2)  quartz-bearing, mafic lamprophyres (camptonitic variety) 
(3)  sannaite-type lamprophyres 
(4)  monchiquitic-type lamprophyres 
(5)  feldspar glomeroporphyry and alkali basalt dikes 
(6)  analcime tinguaite (heronite) 
 

Mafic intrusive rocks occur within Centers 1 and 2 and are tabulated, with their associated 
mineralized zones, below: 

Intrusion (Center) Lithologic Units Reference(s) 
Eastern Gabbro (1)
  

layered gabbro cumulates  
(olivine gabbro, gabbro, troctolite, anorthositic gabbro) 

Shaw (1994, 1997);  
Lum (1973) 

Western Gabbro (1) Massive and layered series gabbro; olivine-bearing Penczak (1992);  
Wilkinson (1983) 

Gabbronorite, olivine gabbronorite, olivine-bearing 
gabbro, leucogabbro 

Shaw (1994, 1997) Two Duck Lake (1) 

Hornblende gabbro to monzodiorite; olivine 
ferrogabbro to ferrodiorite; olivine gabbro to diorite 

Dahl et al. (1987) 

Malpas Lake (1) Amphibole-bearing olivine gabbro Shaw (1994, 1997) 
Geordie Lake (?) Troctolite, olivine gabbro Mulja (1989);  

MacTavish et al. (1987) 
Biotite gabbro Mitchell and Platt (1982b) Alkalic gabbro (2) 
Biotite- and olivine-gabbro Walker et al. (1993a) 

 

Magmatic, gabbro-hosted Cu-Ni-PGE deposits in the Coldwell Complex have been the focus of 
much exploration and research for the past 45 years.  Mineralized zones occur in the border gabbro at the 
eastern (Marathon deposit; Skipper Lake Zone) and western (Middleton occurrences) margins of the 
complex, and in its interior at Geordie Lake. The Geordie Lake mineralized zones, hosted by a younger 
gabbro, are enriched in tellurium and silver and have higher Pd:Pt ratios (~19) than the border gabbro-
hosted deposits (Mulja and Mitchell 1991). Geochemical variations in mineralized zones in the Coldwell 
Complex are shown in Figure 1-2. A table of selected deposits and mineralized zones is shown below. 



 

5 

 
Deposit / 

Mineralized 
Zone 

Grade / 
Significant Assays 

Ore Mineralogy Reference(s) 

Marathon Measured and 
Indicated In-Pit 
Resources : 114.8 
Mt @ 0.775 g/t Pd, 
0.228 g/t Pt, 0.083 
g/t Au, 0.241% Cu, 
1.567 g/t Ag; 
Proven and 
Probable In-Pit 
Reserves: 91.447 
Mt @ 0.832 g/t Pd, 
0.237 g/t Pt, 0.085 
g/t Au, 0.247% Cu, 
1.440 g/t Ag 
(January 2010) 

Chalcopyrite  pyrrhotite >> pentlandite > 
cubanite  pyrite;  sphalerite, 
hollingworthite, atokite-zvyaginstevite, 
sperrylite, Bi-kotulskite, michenerite, 
merenskyite, monceite, stibiopalladinite, 
paolovite, merteite II, palladoarsenide, 
unnamed (Pd5As2), nickeline, majakite, 
aregentian gold 

Marathon PGM 
Corporation 
(http://www.mar
athonpgm.com/i
ndex31.html) 
 
Ohnenstetter et 
al. (1991); 
Watkinson and 
Ohnenstetter 
(1992); 
Good and 
Crocket (1994a, 
1994b) 
 
 

Geordie Lake Measured and 
Indicated 
Resources (above 
$13.00/t cut-off): 
32.42 Mt @ 0.61 
g/t Pd, 0.04 g/t Pt, 
0.05 g/t Au, 0.37% 
Cu, 2.93 g/t Ag  

Chalcopyrite, bornite, pyrite, millerite, 
siegenite, pentlandite, galena, chalcocite, 
melonite, hessite, unnamed (Ag3Te2), 
altaite, kotulskite, merenskyite, michenerite, 
sopcheite, Pd-bismuthotelluride, paolovite, 
Pd-arsenide, guanglinite, Pd-antimonide, 
sperrylite, electrum, Pd1.6As1.5Ni, AgSb4 

news release, 
Marathon PGM 
Corporation, 
May 04, 2010 
 
Mulja (1989); 
Mulja and 
Mitchell (1990, 
1991) 

Middleton  Chalcopyrite, pyrrhotite, pentlandite, 
sphalerite, pyrite 

Penczak (1992) 

Skipper Lake average grade of 
1.05 g/t Pd+Pt+Au 
over 12 m 

Chalcopyrite, bornite, pentlandite, cobaltite, 
galena, chalcocite; telargpalite, polarite, 
kotulskite, taimyrite, merteite, 
zvyaginstevite, plumbopalladinite, majakite, 
tetraferroplatinum 

MacTavish 
(2000) 

Area 41 0.48 g/t Pt+Pd+Au 
over 202 m, incl. 
1.23 g/t Pt+Pd+Au 
over 61 m  

n/a Benton 
Resources Corp. 
(http://www.bent
onresources.ca/u
pload/documents
/bermuda---
highlights-on-
geo.pdf) 

 

http://www.marathonpgm.com/index31.html�
http://www.marathonpgm.com/index31.html�
http://www.marathonpgm.com/index31.html�
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Marked similarities exist between the mineralization style, geochemistry and host rocks of both 
Coldwell- and Duluth Complex-hosted deposits, as well as the Crystal Lake gabbro near Thunder Bay.  
These features include mineral textures, abundance and compositions, crystallization paths for the host 
gabbros, silicate-sulphide associations, trace-element trends and chalcophile element fractionation trends 
(Good and Crockett 1994a).   

Research by Watkinson and Ohnenstetter (1992) and Good and Crockett (1994a, 1994b) produced 
debate between the relative importance of magmatic and hydrothermal processes in local copper-nickel-
PGE mineralization processes.  Watkinson and Ohnenstetter (1992) presented field, petrographic and 
mineral-chemical data that support the interaction of magmatic sulfide mineral assemblages with a 
chlorine-rich mixture of magmatic (deuteric) fluid and volatile species generated by the breakdown of 
assimilated xenoliths at low temperatures.   However, Good and Crockett (1994a, 1994b) contended that 
element migration took place over only very short distances and that the original, bulk sulfides were not 
enriched in copper and PGE by later fluids.    

This field trip guidebook has drawn information from a variety of sources, including guidebooks 
from previous trips to the Coldwell Complex:  Puskas (1970); Loubat (1972); Mitchell and Platt (1977, 
1982a, 1994); Smyk and Sage (1995). 
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Figure 1-2.  Discrimination plot for PGE-mineralized samples, Coldwell and other Midcontinent Rift-related intrusions. Data 
from Good (1992), MacTavish (unpublished data, Resident Geologist’s Files, Thunder Bay), Watkinson et al. (1983), Wilkinson 
(1983), and unpublished data , Resident Geologist's Files, Thunder Bay.  Duluth Complex composite data from Hauck et al. 
(1997). 
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FIELD TRIP STOP DESCRIPTIONS 
 
 
Eastern Contact of the Coldwell Complex 
 

Location: Lat: 4843'10"N  Long: 8619'30"W; UTM 549656 / 5396038  
3.3 to 3.6 km east of the Highway 626 and Highway 17 junction 

 

Description:  A number of highway rock cuts and outcrops expose the eastern contact of the Coldwell 
complex with Archean greenstone belt country rocks.  Center 1 gabbros, the oldest rocks of the complex, 
form a ring dike that forms the eastern and northern margins of the complex where it is in contact with 
Archean supracrustal and granitoid rocks.  The reverse magnetization of these gabbros (Lilley 1964) 
produces prominent magnetic “lows” on aeromagnetic maps.  The most recent and comprehensive study 
of the Eastern Gabbro was conducted by Shaw (1994, 1997) who noted that more than 90% of the Eastern 
Gabbro consists of layered gabbro.   

At this location, varitextured, unlayered Eastern (border) gabbro is in contact with and contains 
numerous xenoliths of Archean metasedimentary rocks.  This has produced hybrid and contaminated 
phases and rheomorphic breccia.  Crosscutting Center 1 syenite dikes are commonly pegmatitic.  
Amethystine quartz, calcite and molybdenite occur in vugs within in this chaotic contact zone. 

Disseminated iron- and copper-sulfides occur in biotite-rich, varitextured gabbro (Dunlop 
Occurrence), which has experienced sporadic exploration since the discovery of copper in the early 
1950’s.  It was last drilled in 1992 by Noranda Inc.; the best assay intervals returned 0.35% Cu over 6.0 m 
and 0.42% Cu over 4.0 m, respectively (Resident Geologist’s Files, Thunder Bay).  A grab sample of 
rusty-weathering, moderately magnetic, fine- to medium-grained gabbro with coarse biotite and blebby 
chalcopyrite returned 5090 ppm Cu, 494 ppm Ni, 241 ppm Zn, 8 ppb Pd, 2 ppb Pt and 22 ppb Au (ibid).  
Overgrown pits are located just inside the tree line, west of the highway (UTM 549575 / 5396290). 

Shaw (1994; 1997) Walker et al. (1993a, 1993b,1993c), Currie (1980) and Tucker (1995) have 
documented a number of occurrences of rheomorphic breccia associated with the Eastern Gabbro along 
its intrusive, basal contact with the Archean supracrustal country rocks.  Breccia units are characterized 
by chaotic flow fabrics that surround flow-oriented clasts situated in a medium-grained, granitic matrix.  
This unit has been somewhat enigmatic, having been alternatively described by earlier workers as 
conglomerate and ignimbrite (Resident Geologist’s Files, Thunder Bay).  Similar exposures of this map 
unit also occur along the western contact of the complex, north of Middleton (cf. Wilkinson 1983). 

Locally, pods of breccia vary from 20 to 75 m in width and are up to 250 m long.  The breccia 
exposed along Highway 17 at this site contains mainly hornfelsed Archean clastic metasedimentary and 
metavolcanic rocks, and massive vein quartz.  In the vicinity of Two Duck Lake, the breccia contains 
fine-grained gabbro clasts (Tucker 1995).  The breccia varies from clast- to matrix-supported; the matrix 
consists of equigranular quartz, feldspar and minor biotite, clino- and orthopyroxene and opaque 
minerals; tourmaline and prehnite overgrowths have been noted (Tucker 1995).  Rounded to angular 
clasts range in size from 0.5 to over 100 cm and locally have developed 1 to 2 cm wide, chlorite-rich 
reaction rims that are thickest where they are matrix-supported (Shaw 1994).  Magnetite and quartz-
feldspar-tourmaline veins cut both matrix and clasts.  Quartzo-feldspathic rinds and crosscutting veinlets 
have been interpreted to be the result of partial melting of the felsic material during assimilation.  The 
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close association between rheomorphic breccia and the Eastern Gabbro suggests that the intrusion of the 
gabbro led to the brecciation and partial melting of the country rocks (Shaw 1994, 1997; Tucker 1995). 

 
 
Layered Eastern (Border) Gabbro  
 
Location: Lat: 4844'00"N   Long: 8620'00"W;  UTM 549212 / 5397796 
 1.7 km east of the Highway 626 and Highway 17 junction 

 

Description: Layering in the Eastern Gabbro shows distinct variations in style, is usually parallel to the 
eastern contact of the gabbro and dips 20 to 60 toward the center of the Coldwell Complex (Shaw 1994; 
1997).  At this stop, layering strikes approximately north and dips west towards the rest of the complex at 
~ 45.  This thickly layered sequence is underlain by massive gabbro (STOP 1) near the contact with the 
Archean country rocks.  The macrorhythmic layering is laterally discontinuous, pinching out over 
distances of 5 to 10 m; contacts are sharp and conformable (Shaw 1994; 1997).  Rhythmic layering has 
been related to variation in the respective proportions of plagioclase (An60-35), augite (Fo67-43), minor 
orthopyroxene (En55-66) and Fe-Ti-oxides by Lum (1973).  Modal plagioclase varies from approximately 
60 to 80% in the leucocratic layers and 20 to 35% in the meso- to melanocratic layers (Shaw 1994).  A 
second band of layered gabbro, separated from the first by massive gabbro, is exposed on top of the long 
rock cut.  Here, the microrhythmic layering produces relatively thin (1 to 5 cm) to medium thick (5 to 100 
cm) layers that can be traced for over 35 m along strike (see Frontispiece).  Layer contacts are sharp, 
locally scalloped and conformable.  Trough cross-bedding has been noted on vertical faces by Shaw 
(1994).  This stop is also close to the contact between the Eastern Gabbro and Fe-rich augite syenite.  
Pegmatitic syenite dikes intrude the gabbro at this locality and contain miarolitic cavities.  McLaughlin 
(1990) has reported the presence of a variety of REE-bearing fluorocarbonates (bastnaesite, parisite, 
synchisite), Nb-bearing phases and zircon in pegmatitic syenite with quartz, feldspar and sodic 
amphibole.   

The cumulus and intercumulus mineral chemistry of the Eastern Gabbro along Highway 17 has been 
described by Shaw (1994, 1997):  

 
Mineral  Habit      An  Mg#  Hy/En  Fo      
Plagioclase  cumulus     16 - 55      
   adcumulus overgrowth    29 
Clinopyroxene  cumulus    57-72 
Orthopyroxene  intercumulus      45.5 / 54.5 
Olivine   cumulus        74 - 45 
Biotite   intercumulus    28.5-65.5 
 
A grab sample of locally rusty, medium-grained, layered gabbro with  0.8 cm thick magnetite layers and 
no visible sulfides returned 40 ppm Cu, 19 ppm Ni, 113 ppm Zn, 2 ppb Pd, 1 ppb Pt and 5 ppb Au 
(Resident Geologist’s Files, Thunder Bay). 
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Layered Fe-rich Augite Syenite 
 
Location:  Lat: 4844'20"N  Long: 8623'25"W; UTM 544782 / 5398443 
 680 m west along the shoreline of Lake Superior from the end of the James River industrial 

road along the waterfront in Marathon; OR 150 m south of Carden Cove road, 0.3 km past 
CPR tracks (park at 544864 / 5398750) 

 

Description:  Broad expanses of glacially polished and wave-washed, massive Fe-rich augite syenite 
occur all along this part of the Lake Superior shoreline near Marathon.  Fresh surfaces vary from dark 
green-brown to black, despite a buff to white weathered surface.  Small dimension stone quarries were 
developed and produced in this area during the 1930’s.  Much of the stone was shipped to larger centres 
in the American midwest and Toronto. 

Fe-rich augite syenite (formerly referred to as ferroaugite syenite) comprises a large portion of the 
exposure in the eastern half of the Coldwell Complex.  It appears to be a sheet-like intrusion that dips 
approximately 15 toward the center of the complex, sandwiched between underlying Eastern Gabbro and 
overlying, recrystallized amphibole-quartz syenite; it also intrudes the basaltic roof pendants (Walker et 
al. 1992; 1993a).  Crystallization of the syenite inwards from its upper and lower contacts produced 
mineralogical and compositional variations across it (Walker et al. 1993a).  Constituent minerals include 
iridescent, lathlike, cryptoperthitic feldspar, up to 30% interstitial, Fe-rich augite and variable amounts of 
fayalite, amphibole, aenigmatite and rare quartz.  Coarse-grained to pegmatitic portions of the syenite 
host a variety of REE-bearing fluor-carbonates, quartz, chalcedony and molybdenite.  Iridescent feldspar, 
known locally as “spectrolite”, is commercially extracted on a small-scale from pegmatite at Shack Lake 
near Marathon. 

Although this unit is typically massive, rhythmic to chaotic layering is locally developed and 
commonly dips shallowly towards the centre of the complex.  At this site, layering strikes at 070 and 
dips north at 60.  The layering is unusual in that it is defined by an intercumulus mineral (augite) rather 
that by cumulus phases (feldspar).   

 
 
Hornfelsed Basaltic Roof Pendants, Wolf Camp Lake 
 
Location:  Lat: 4847'40"N  Long: 8626'05"W; UTM 541744 / 5404007 
 8.6 km west of the Highway 626 and Highway 17 junction 
 

Description:  Hornfelsed basaltic rocks overlying the complex were recognized early in its mapping by 
Tuominen (1967) and Puskas (1970) and likely represent a volcanic edifice that has been subsequently 
eroded (Sage 1986).  Mitchell and Platt (1994) and Nicol (1990) have considered these basalts to be a 
tholeiitic lineage, contemporaneous with the Coldwell Complex.  Fresh, metasomatized and hornfelsed 
andesine-oligoclase basalt flows are estimated to attain a thickness of 5 m (Mitchell and Platt 1994; Nicol 
1990).  Assimilation and brecciation of the flows by subsequent gabbroic to syenitic magmatism has 
resulted in the widespread development of basaltic xenoliths 1 m to over 1 km in size, comprising a roof 
pendant in the central part of the complex (Walker et al. 1992).  Walker et al. (1992) subdivided these 
basaltic rocks into 3 main units:  
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(1) aphanitic to fine-grained, massive, locally amygdaloidal (?) / ocellar basalt;  

(2) medium-grained, diabasic basalt; and  

(3)  aphanitic to medium-grained, feldspar-phyric, diabasic basalt. 
 

At Wolf Camp Lake, aphanitic basalts contain round to amoeboid, epidote- and quartz-filled 
structures up to 2 cm in diameter that have been interpreted as amygdules.  Well-defined, amygdule-
bearing zones dip 8 to the southwest in this vicinity (Walker et al. 1992).  The basaltic roof pendant is 
locally underlain and enveloped by feldspar-phyric amphibole syenite and Fe-rich augite syenite. 

 
 
 
Prisoner Cove, Neys Provincial Park (Sample Collecting Prohibited!) 
 
Location:  Lat: 4846'30"N  Long: 8637'10"W;  
 23.5 km west of the Highway 626 and Highway 17 junction; 2.8 km off Highway 17 to the 

park headquarters and south along the shoreline trail 

 

Description:  The wave-washed, glacially polished outcrops along the shoreline of Lake Superior at 
Prisoner Cove and south along the western side of the Coldwell Peninsula exhibit a variety of lithologic, 
textural and crosscutting features that characterize much of the Center 2 magmatism in the Coldwell 
Complex.  In its simplest sense, this stop displays the contact between alkalic gabbro and amphibole-
natrolite-nepheline syenite, but the enigmatic effects of assimilation and hybridization have severely 
complicated and obscured many of the primary features.   

Medium- to coarse-grained, olivine- and enclave-bearing, biotite gabbro comprise much of the 
eastern portion of the outcrops.  Gabbro xenoliths occur within the syenite and within hybrid phases along 
their mutual contact, which trends roughly north, parallel to the shoreline.  Much of the outcrop has a 
pitted surface resulting from the preferential weathering of mafic enclaves consisting of biotite-olivine 
gabbro to biotite-clinopyroxene gabbro or leucogabbro (Walker et al. 1992) within a more syenitic matrix.  
The syenitic matrix consists of fine- to coarse-grained nepheline (+natrolite) syenite with minor acicular 
amphibole and poikilitic biotite.  Mitchell and Platt (1994) have identified the amphibole as hastingsite. 

Distinct to nebulitic layering exists within the amphibole-natrolite-nepheline syenite.  It is oriented 
parallel to the contact and dips very steeply to vertically at this location.  Much discussion has focused on 
whether the observed structures have resulted simply from igneous process, syn- or post-intrusion 
shearing, or a combination of processes. 

 
 
Little Pic River Breccia Zone 
 
Location:  Lat: 4847'45"N   Long: 8637'30"W; UTM 527491 / 5405292 
 27.3 km west of the Highway 626 and Highway 17 junction 

Description:  These road cuts expose spectacular intrusive breccias within the youngest rocks of the 
complex, along the east side of the fault zone that the Little Pic River occupies.  The breccias consist of 
angular blocks of fine- to medium-grained, equigranular, gabbroic rocks in a matrix of pink, medium-
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grained, quartz syenite.  The mafic rocks were interpreted as oligoclase-bearing basalt by Mitchell and 
Platt (1982a).  Subsequent discussion and study has led to the suggestion of perhaps 2, texturally 
discernable types of basic xenoliths, those with: (i) sharp, angular margins, and (ii) those with lobate to 
cuspate margins.  In this model, the angular xenoliths represent synplutonic basalts which are now 
preserved elsewhere as megaxenoliths in younger intrusions (e.g., STOP 4-6).  The cuspate-margined 
xenoliths may represent the effects of mixing between 2 contemporaneous gabbroic/basaltic and syenite 
magmas (i.e., magma mixing or co-mingling).  Cuspate, possible chilled margins with quench-textured 
clinopyroxene, plagioclase and skeletal olivine have been noted in similar xenoliths to the south on the 
Coldwell Peninsula by G. Shore (personal communication, 1995) and suggest the quenching of the basic 
magma against the cooler, syenitic magma.  Although isolated xenoliths are common, there are areas of 
incipient or in-situ brecciation characterized by syenite dikes and “jig-saw puzzle” breccias, where 
brecciated fragments can be fit back together.  Miarolitic cavities, up to several centimetres in width, 
contain euhedral quartz, feldspar and calcite crystals. 

The breccia zone persists to the east, towards the scenic lookout (800 m east).  The south side of the 
highway is underlain by oligoclase gabbro and quartz syenite, while various, xenolithic-bearing syenitic 
rocks are exposed on the north side.  These pyroxene- and amphibole-(ferro-edenite) bearing syenites 
contain xenoliths of alkali gabbro, alkali diorite and other, equigranular to porphyritic, syenites.  Near the 
lookout turnoff, gray, nepheline-bearing syenite intrudes the mafic rocks and contains orange natrolite.   
Sannaite and ocellar, camptonitic lamprophyre dikes have been reported near this site by Mitchell and 
Platt (1994) who proposed the following order of local emplacement: 

 
Mg-hornblende syenite  contaminated Fe-edenite syenite   Fe-edenite syenite   quartz syenite       
 (earliest)                                                                                                              (latest) 
 

Lukosius-Sanders (1988) classified the local rocks as miaskitic, metaluminous syenites, enriched in 
U, Th, REE and Zr.  These syenites have affinities to A-type granites and have been interpreted to be the 
result of fractional crystallization of mantle-derived, basaltic magma (Lukosius-Sanders 1988; Mitchell et 
al. 1993). 

 
 
Natrolite-Bearing Syenite and Massive Fe-Ti-oxides 
 
Location:  Lat: 4847'45" N  Long: 8639'15"W;  

29.4 to 29.9 km west of the Highway 626 and Highway 17 junction 
 

Description:  This exposure displays natrolite-bearing, pegmatitic syenite.  Reddish orange natrolite 
patches (10-15 cm), perthitic feldspar (30 cm) and black amphibole (20-25 cm) comprise the bulk of 
this pegmatitic syenite; Mitchell and Platt (1994) reported accessory pleochroic clinopyroxene, zircon, 
titanite and biotite.  Natrolite has locally been ascribed to the hydrothermal alteration of primary 
nepheline; it has also been referred to as “hydronepheline” by local workers. The syenite is intruded by a 
lamprophyre dike (camptonite(?); Mitchell and Platt 1994) and also hosts medium-grained gabbro 
xenoliths.  These gabbro xenoliths, up to 1 m in size, have a 1 to 2 cm wide, dark reaction rim next to the 
enclosing syenite.  To the east, the pegmatitic syenite gives way to finer grained nepheline syenite in 
which chalky-weathering nepheline may be discerned.  Rare natrolite grains are also present.  Farther 
east, a variety of equigranular and pegmatitic syenites are exposed.   
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Near the eastern end of the outcrop (UTM 525625 / 5404825), a large xenolith of gabbro-hosted, 
massive titaniferous magnetite has been exposed.  Minor clinopyroxene, plagioclase and apatite occur 
within the massive oxide unit.  Analyses completed in 1951 and reported by Hinz and Landry (1994) 
indicated total iron and titanium values ranging between 33 and 45%, and 4.5 and 13.5%, respectively; 
phosphorus contents ranged up to 0.371%.  A grab sample of rusty-weathering, moderately magnetic, 
medium-grained gabbro with abundant oxides and fine-grained, disseminated pyrite returned 454 ppm 
Cu, 39 ppm Ni, 178 ppm Zn, 8 ppb Pd, 4 ppb Pt and 6 ppb Au (Resident Geologist’s Files, Thunder Bay).  
McGill (1980) has examined both the natrolite-bearing syenites and the titaniferous magnetite deposits in 
the gabbro. 

 
 
Contact Metamorphic Aureole 
 
Location:    Lat: 4848'40"N  Long: 8639'45"W;  

30.9 km west of the Highway 626 and Highway 17 junction; 2.0 km east along Highway 17 
from the Dead Horse Creek road turn-off, both sides of highway 

 

Description:  These road cuts consist of hornfelsed Archean wackes of the Schreiber–Hemlo greenstone 
belt which strike approximately 050 and dip steeply to the south.  Extreme variation in the attitude of 
bedding is evident, however.  The contact metamorphic aureole was first described by Walker (1967) who 
noted the development of red-brown biotite, inclusion-free(r) feldspars and locally garnet in the 
metasedimentary rocks within the aureole.  The mafic volcanic rocks display hornblende (rather than 
tremolite-actinolite), and biotite closer to the complex contact and pyroxene at the contact.  Acicular 
cummingtonite has recently been identified in mafic metavolcanic rocks in the Dead Horse Creek area 
(Resident Geologist’s Files, Schreiber–Hemlo District, Thunder Bay).   

Molybdenite occurs as disseminated grains and rosettes up to 2 mm along joint and fracture surfaces.  
Some molybdenite has been altered to yellow ferrimolybdite.  The wackes are locally cut by gabbro and 
syenite dikes of the Coldwell Complex.  These syenite dikes commonly host xenoliths of country rocks 
and other phases of the complex.  
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APPENDIX 1   

Synopsis of the Mineralogy of Lithologic Units  

Coldwell Alkalic Complex 
  

 
ROCK TYPE MINERALOGY      
 
Amphibole quartz syenite Albite, potassium feldspar, quartz, amphibole 
 
Coarse-grained amphibole quartz syenite Albite, potassium feldspar, olivine, clinopyroxene, 

amphibole 
 
Amphibole nepheline syenite Albite, potassium feldspar, biotite, zeolites, nepheline, 

amphibole 
 
Feldspar-phyric amphibole syenite Albite, potassium feldspar, magnetite, amphibole 
 
Fe-rich augite syenite Albite, potassium feldspar, Fe-rich augite, fayalite, 

magnetite, amphibole 
 

Recrystallized amphibole quartz syenite Albite, potassium feldspar, quartz, amphibole 
 
Alkaline gabbro Plagioclase (An30-70), biotite, clinopyroxene, olivine, 
 magnetite, apatite, amphibole 
 
Geordie Lake gabbro Plagioclase (An46-57), olivine (Fo44-56), clinopyroxene   
(~Di35Hd60Ae5), magnetite, potassium feldspar 
 
Two Duck Lake gabbro Plagioclase (An52-79), olivine (avg. Fo57), augite, 

magnetite, hypersthene, amphibole 
 
Eastern/Western gabbro Plagioclase, biotite, olivine, clinopyroxene, magnetite 
 
Rheomorphic breccia Feldspar, quartz, biotite, amphibole, tourmaline 
 
Monzodiorite Plagioclase, potassium feldspar, clinopyroxene, 

amphibole, epidote, magnetite 
 
Basalt (xenoliths) Clinopyroxene, plagioclase, potassium feldspar, 

magnetite 
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Sibley Group Sedimentary Rocks and Nipigon Diabase Sills, Kama Hill 

Location:  Lat: 49°00'00"N   Long: 88˚01'30";  UTM 425160 / 5427350 (NAD83) 
  Highway 17, 21.9 to 22.9 km east of Nipigon   

 

Description:  This stop features a cross section through the Rossport and Kama Hill formations of the 
Mesoproterozoic Sibley Group as exposed in a large, highway rock cut.  These sedimentary rocks 
unconformably overlie Neoarchean migmatitic and granitoid rocks of the Quetico subprovince at this 
locality.  The unconformity lies near the highway level at the base of Kama Hill, west of this stop and is 
exposed on the shore of Kama Bay.  Thin, mafic to ultramafic sills intrude these sedimentary rocks at 
various levels throughout this section and caps this and nearby cuestas. These intrusions share 
geochemical similarities with the Kitto ultramafic intrusion in the Nipigon Embayment (Hart and 
MacDonald 2007). U/Pb geochronology of the upper sill yielded only a minimum estimated age of 1008 
Ma; similar rocks in the Nipigon Embayment typically yield ages between 1100 and 1110 Ma (Heaman et 
al. 2007). 

The depositional age for much of the Sibley Group is constrained between ~1340 Ma (Rb/Sr whole-
rock age, 1339 ± 31 Ma; Franklin et al. 1980) and 1450 Ma (detrital zircon U/Pb age; Rogala et al. 2007). 
The Rossport and Kama Hill formations represent a saline playa lake and sabkha-type environments, 
respectively (Rogala 2003; Rogala et al. 2007). The rocks exposed at highway level are interbedded, buff 
dolomicrite and red, dolomicritic mudstone of the Channel Island Member (Rossport Formation).  They 
were interpreted by Cheadle (1986) to be the result of fluctuating water levels in a playa lake, proximal to 
an alluvial floodplain.  These rocks are overlain by the Middlebrun Bay Member, a thin (80 to 140 cm), 
but laterally extensive chert-carbonate unit that is characterized by cryptalgal laminites and 
hemispherical, stromatolitic growth structures.  The uppermost part of the Rossport Formation, the Fire 
Hill Member, consists of purplish-red to orange to buff, dolomicritic mudstone.  The overlying Kama Hill 
Formation consists of purple, hematitic shale and buff, arkosic siltstone (Fralick et al. 2000). 

The sedimentary rocks, which dip southwards at about 10˚, are intruded by a number of stacked, 
Logan diabase sills that vary in thickness from 1 to 100 m.  Columnar-jointed, erosion-resistant sills form 
the tops of the mesas and cuestas in the region.  Features such as asymmetric folds and boudinage 
adjacent to the sills, ascribed in part to synsedimentary deformation (Franklin et al. 1980), have more 
recently been interpreted by Antonellini and Cambray (1992) as shear strain-induced.  They have 
described an early deformation phase that produced minor thrusts and mesoscopic “shear bands” [C' 
shears?] that suggest dextral or tops-to-the-south movement, parallel to bedding planes.  These thrusts are 
confined to a single stratum and are in association with southwest-verging, asymmetric folds and tension 
gashes.  These structures are well-developed in coarser, buff-coloured Channel Island Member beds near 
highway level.  Extensive brecciation has occurred in overlying chert-carbonates.  A second 
deformational event involved the rotation of the shear bands in the opposite (sinistral) sense and is 
localized at the basal contact of this lower sill.  These observations support a model in which sills take 
advantage of bedding-parallel shear zones that are the surface expression of a south-dipping, step-like 
detachment plane related to extension during Midcontinent rifting.  The second deformational phase may 
be the result of shear stress induced by the intrusion of diabase magma from the south. 
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Marathon Cu-PGM Deposit 
 
 

David Good, Jessica Borysenko, John McBride and Phillip Walford  
Marathon PGM Corporation 

 
 
Regional Setting of Cu-PGM Deposits in the Coldwell Complex 

The Coldwell Complex was emplaced as 3 nested intrusive centres (Centres I, II and III) (Mitchell and 
Platt 1982) that were active during cauldron subsidence near where the northern end of the Thiel Fault 
intersected Archean rocks, on the north shore of Lake Superior (Figure 1-3; after Sutcliffe 1991). The 
subcircular complex has a diameter of 25 km and a surface area of 580 km2 and is the largest alkalic 
intrusive complex in North America (Walker et al. 1993). It is considered to be related to other intrusive 
complexes associated with the Midcontinent Rift system, such as the Duluth Complex, Logan Sills, and 
Crystal Lake Gabbro, which were emplaced at around 1108 Ma (Heaman and Machado 1992).  

The Marathon platinum group mineral (PGM)-Cu deposit is hosted by the Two Duck Lake Gabbro, a 
late phase of multiple gabbroic intrusive events that form the Eastern Gabbro of the Coldwell Complex. 
The Geordie Lake Cu-PGM deposit is located in gabbro similar to that which hosts the Marathon PGM-
Cu deposit but is located near the centre of the complex and is presumably related to the Western Gabbro 
(Figure 1-4). 

 
Eastern Gabbro  

The Eastern Gabbro is up to 2 km thick and strikes for 33 km around the eastern margin of the Coldwell 
Complex (Figures 1-4 and 1-5) and contains numerous Cu-PGM occurrences. It is considered the oldest 
intrusive phase of the Complex and is interpreted to have formed by multiple distinct intrusions of magma 
into restricted dilatant zones within a ring dike possibly associated with ongoing caldera collapse (Walker 
et al. 1993; Shaw 1997). 

At the Marathon deposit, multiple intrusive events are subdivided by crosscutting relationships and 
their respective petrographic characteristics into 2 main groups: the earlier Layered Gabbro Series (LGS) 
and the later Two Duck Lake Gabbro (TDLG) (Figure 1-6). The complicated intrusive relationships have 
been described by previous workers but complete descriptions detailing stratigraphy and relative timing 
have not been fully documented owing to the complexity of formations, size of the project and, until 
recently, a general lack of exposure.  

The Cu-PGM sulfide mineralization is hosted by the Two Duck Lake Gabbro, the latest intrusive 
event and consequently the most continuous gabbroic body in the Eastern Gabbro (Figure 1-6).  Detailed 
petrographic and mineral chemistry study is underway to determine if among other things the Two Duck 
Lake Gabbro also formed by multiple pulses, as this is most consistent with the origin of the sulfides. 
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Figure 1-3. Regional geology of the Lake Superior area showing the location of the Coldwell Complex. Diagram after Sutcliffe 
(1991). 

 

Previous workers have suggested the LGS and TDLG are part of a single, large, layered intrusive 
complex with upper, lower and basal zones and TDLG is the basal or contact phase of the Eastern Gabbro 
Layered Intrusion (Mainwaring et al. 1982; Good 1993; Dahl et al. 2001; Barrie 2001). However, the 
gabbro units do not co-exist as an orderly assemblage expected in layered intrusion. Recent detailed 
mapping of numerous exploration trenches shows the TDLG crosscuts the LGS at multiple horizons with 
most of the TDLG occurring at the base of the LGS, but with a significant amount of TDLG occurring 
higher up in the stratigraphy of the LGS as anastomozing or bifurcating series of units that cut the pre-
existing gabbros (Figure 1-6). 
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Figure 1-4. Geology of the eastern half of the 
Coldwell Complex showing the locations of the 
Marathon deposit and the Geordie Lake deposit 
relative to the Eastern and Western Gabbro 
bodies. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 1-5. Total magnetic image over 
eastern boundary of the Coldwell Complex. 
The location of the Marathon deposit is 
shown in relation to the town of Marathon, 
airport and Trans Canada highway. The 
magnetite-rich zones within the Layered 
Gabbro Series exhibit a magnetic reversal 
resulting in the dark blue colour in the 
image. 
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Figure 1-6. Geology of the Marathon deposit in the vicinity of the planned open pit (see Figure 1-7). 
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Figure 1-7. Location of the open pit and trench outcrops. 
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Footwall Rheomorphic Intrusive Breccia (RIB) 

The footwall of the Marathon Cu-PGM deposit consists of Archean intermediate pyroclastic rocks that 
have undergone partial melting as a result of the heat of intrusion of the Eastern Gabbro Series. At the 
contact with the gabbro, the footwall is referred to as Rheomorphic Intrusive Breccia (RIB). The 
RIB/gabbro contact is not a simple contact as blocks of RIB material occur within the gabbroic series and 
intrusions of gabbro extend deep below the footwall contact.  

In a detailed study of the RIB, Abolins (1967) described the breccia as a matrix-supported 
heterogeneous mixture of angular and subrounded fragments composed of fine- to coarse-grained 
gabbroic material, quartzite, pyroxenite and layered quartz pyroxenite. A distinguishing feature of the 
RIB is the common occurrence of elongate, curved pyroxenite fragments. Abolins estimated the 
composition of the breccia matrix to be close to that of a quartz norite. 

 
Two Duck Lake Gabbro (TDLG) 

The Two Duck Lake Gabbro occurs as a coarse-grained to pegmatitic unit approximately 50 to 250 m 
thick that strikes near north for greater than 6 km (see Figure 1-6) and in general dips west at angles from 
5 to 45°. Modal layering is rare. It is distinguished from the Layered Gabbro Series by the dominant 
ophitic clinopyroxene texture and the overall coarser grain size. At the basal contact, the TDLG intrudes 
the RIB, but the TDLG is also intruded by thin dikelets of felsic material that are presumably partial melt 
derivatives of the RIB. 

An important aspect of TDLG relative to other Cu-PGM deposits is the fresh unaltered nature of 
primary minerals and textures. There is some local development of secondary minerals such as chlorite, 
serpentine and calcite replacing primary mineral, but only at the thin-section scale. 

There is only minor fluctuation of mineral compositions across the TDLG (Figure 1-8; Good and 
Crocket 1994). Plagioclase crystals are normally zoned with compositions between 70 and 52% anorthite 
and typically exhibit replacement at grain margins by a more calcic plagioclase (69 to 79% anorthite) in 
the vicinity of sulfides. The average olivine composition is 56.9 % forsterite and 540 ppm Ni. 
Clinopyroxene and orthopyroxene lie respectively within the fields of augite and hypersthene with Mg 
numbers between 0.6 and 0.7. Orthopyroxene occurs rarely as reaction rims on olivine.  

Plagioclase and olivine composition data across the TDLG are compared to data for Eastern Gabbro 
xenoliths and magnetite olivine cumulate at the Marathon deposit and to data at other localities in the 
Coldwell Complex including the Geordie Lake Gabbro and the Bamoos Lake area in Figures 1-10 and 1-
11. There are 2 important observations: (1) plagioclase and olivine in TDLG are slightly less evolved than 
in the magnetite olivine cumulate, and (2) plagioclase in TDLG is more calcic (less evolved) and olivine 
less magnesian (more evolved) than in the spatially associated Eastern Gabbro xenoliths.  

Based on mineral composition data alone, it appears that magma that crystallized the Two Duck 
Lake Gabbro could be related to that which formed the magnetite olivine cumulate but is different than 
that which crystallized the Eastern Gabbro xenoliths. This possibility is consistent with crosscutting 
relationships and with field and textural evidence that suggests Eastern Gabbro had cooled slightly prior 
to emplacement of the TDLG, including (1) plagioclase in the xenoliths is not zoned, suggesting feldspar 
re-equilibrated during contact metamorphism related to emplacement of the TDLG, and (2) ubiquitous 
poikiloblastic texture of clinopyroxene and olivine in Eastern Gabbro in the vicinity of TDLG. 
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Magmatic Breccia Zones 

The brecciated units consist of a matrix of Two Duck Lake Gabbro and a heterogeneous mix of 
subangular blocks of gabbro that are representative of all types of the LGS or of blocks from the footwall 
RIB. Breccia units located near the base of the TDLG typically contain a higher proportion of fragments 
from the footwall RIB. 

The brecciated units presumably formed as the Two Duck Lake Gabbro intruded by stoping its way 
along fracture sets or geologic contacts such as the Eastern Gabbro/footwall RIB contact resulting in the 
anastomozing shape of TDLG and numerous offshoots into the wall rock. 

Brecciated units are widely associated with Cu-PGM mineralization. 

 

Figure 1-8. Mineral compositions across the Two Duck Lake Gabbro in the Main Zone.  From Good and Crocket (1994). 
 

Layered Gabbro Series (LGS) 

The Layered Gabbro Series forms the oldest and most diverse range of rock types in the Eastern Gabbro, 
and is made up of alternating layers of gabbro, olivine gabbro, augite troctolite, and troctolite (Table 1-1 
and Figure 1-9) (Good 1993; Shaw 1997; McBride 2010). The gabbros are further subdivided into fine-
grained (micro gabbros) and medium- to coarse-grained types. The series is up to 2 km thick, strikes near 
north and dips moderately to the west (see Figure 1-6). At the base, fine-grained gabbro is interlayered 
with footwall RIB rocks and near the top it is intruded by syenite of Centre I magmatism of the Coldwell 
Complex.  
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The most abundant rock type within the layered series is fine-grained gabbro. It consists of subhedral 
clinopyroxene, olivine and magnetite with interstitial plagioclase. Layering can be detected at the metre 
scale by gradational change in grain size. Thin layers of magnetite cumulate up to 20 cm thick occur 
locally within fine-grained gabbro and locally exhibit slump features.  

A common feature within the fine-grained gabbro, particularly close to the contact with TDLG, is the 
formation of 1 to 2 cm sized, amoeboid-shaped zoned blebs with either a clinopyroxene or olivine core 
and a thin plagioclase-rich rim.  This texture is interpreted to have formed by recrystallization during 
intrusion of the TDLG. Other evidence of contact metamorphism includes the absence of zoning in 
plagioclase within LGS xenoliths (McBride 2010). 

 
Magnetite Olivine Cumulate (MOC) 

Numerous pod-shaped, layered intrusive bodies of Magnetite Olivine Cumulate (MOC) occur to the west 
of and stratigraphically above the Two Duck Lake Gabbro and make up less than about 5% of the 
relatively older and finer grained Layered Gabbro Series. Recently exposed trench outcrops show that 
MOC units are not reef-type accumulations as proposed by previous workers, but are relatively small 
intrusive bodies that cut the Layered Gabbro Series and occur sporadically within a 50 to 100 m thick 
sequence of Layered Gabbro. The units are up to 50 m thick and 200 m along strike or down dip. 

Magnetite olivine ultramafic cumulate layers with over 85% magnetite plus olivine are commonly 
associated with disseminated chalcopyrite and minor pyrrhotite and range in thickness from several 
centimetres to tens of metres. The Cu and PGM grades are similar to those of the Lower Main Zone and 
since the units occur within the pit shell boundary, will make up a small portion of the overall ore body. 

 

Table 1-1. Cumulate and modal classification of samples from xenoliths of Layered Gabbro Series within Two Duck Lake 
Gabbro. The plagioclase grains in these sections are not zoned. Classification scheme after Miller et al. 2002). 

Sample Cumulate Classification Modal Classification 

F13a and b POcf Augite troctolite 

F14 OPcf Troctolite 

F16 CpF Gabbro 

F36 OpCf Augite troctolite 

F37 CpF Gabbro 

 

 

Sulfide Mineralization in the Two Duck Lake Gabbro 

Sulfide mineralization is contained within the TDLG (Figure 1-12) and consists predominantly of 
chalcopyrite, pyrrhotite and minor amounts of pentlandite, cobaltite, bornite and pyrite. They occur in 
between primary silicates and to a lesser extent in association with secondary calcite and hydrous silicates 
such as chlorite and serpentine (Watkinson and Ohnenstetter 1992). Chalcopyrite occurs as separate 
grains or as replacement rims on pyrrhotite grains. Some chalcopyrite is intergrown with highly calcic 
plagioclase in replacement zones at the margins of plagioclase crystals (Good and Crocket 1994). 
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The sulfide assemblage changes gradually up section from the base to the top of mineralized zones 
(Figures 1-13 and 1-14). Sulfides at the base of the TDLG consist predominantly of pyrrhotite and minor 
chalcopyrite but the relative proportion of chalcopyrite increases up section to nearly 100% chalcopyrite 
near the top. In the W Horizon, sulfides consist mainly of chalcopyrite and bornite and minor to trace 
amounts of pentlandite, cobaltite, pyrite and pyrrhotite. The Cu/Pd ratio is much lower than in the Main 
Zone (Figure 1-14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-9. SEM image of xenolith samples from the Layered Gabbro Series and located near Two Duck Lake. Classification for 
samples described in Table 1. Images by McBride (2010). 
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Figure 1-10. Ternary plot showing plagioclase compositions from various gabbros in the Coldwell Complex (Mulja and  
Mitchell 1990; Shaw 1997; McBride 2007; Good 1993). 
 

Figure 1-11. Ternary plot showing olivine compositions from various gabbros in the Coldwell Complex (Mulja and  
Mitchell 1990; Shaw 1997; McBride 2007; Good 1993). 
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Figure 1-12. Cross-section of the Marathon deposit along section 5275 north. 
 

 

Table 1-2. Data for intersections highlighted in Figure 1-13 (G9) and Figure 1-14 (M-08-434). 

 

 

 

 

 Hole Zone 
From 
(m) 

To 
(m) Thickness sum pge+Au (ppm) Cu %

M-08-434 W Horizon 56 80 24 4.14 0.13 
including  64 72 8 7.96 0.14 

G9 Main 58 74 16 2.53 0.47 
including Main 58 64 6 5.02 0.78 

 Main 98 118 20 0.42 0.24 
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Figure 1-13. Stratigraphic cross-section of the Main Zone in drill hole G9. (Data for intersections shown in Table 1-2.) 
 

 

Figure 1-14. Stratigraphic cross-section of the W Horizon in drill hole M-08-434. (Data for intersections shown in Table 1-2.) 
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Stops 1 to 3. Traverse across the Main Zone of the Marathon deposit. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stop 1.  
- Start at the basal contact of 
the Two Duck Lake Gabbro 
with Rheomorphic Intrusive 
Breccia. 
 
- Walk west from the contact 
across the Main Zone of the 
Marathon deposit. 
 
- Examine top of the Main 
Zone where TDLG intrudes 
LGS as thin sulfide-bearing 
dikelets. 
 
- Continue westward along 
path to the xenoliths of 
Layered Gabbro Series 

Stop 2.  
- Traverse across the 
Layered Gabbro Series 
 
- Crosscutting relationships 
 
- Magnetite Olivine 
Cumulate 
 
- Fine-grained gabbro with 
slump features  

Stop 3.  
- Blocks of anorthosite that 
have fallen into and are 
partly wrapped by layered 
gabbro 

Stop 1 

Stop 2 

Stop 3 
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Stops 4 and 5. Traverse across the W Horizon close to the magma conduit illustrating complicated 
breccia and crosscutting relationships. 
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Stop 4. 
Splat Trench East Branch 

Stop 5. 
Splat Trench - NW branch 



 

36 

References 

Abolins, U. 1967. A petrographic study of a breccia zone on the eastern contact of the Port Coldwell Complex area; 
unpublished BSc thesis, University of Toronto, Toronto, Ontario, 36p. 

Barrie, C.T. 2001. Geology of the Marathon Deposit and magnetitite-associated Pd-Cu occurrences on the Marathon 
property: Comparisons with other Pd-Cu occurrences in 1.1 Ga Coldwell Complex, Ontario; Geomaque 
Explorations Limited, 30p. 

Dahl, R., Watkinson, D., Taylor, R. 2001. Geology of the Two Duck Lake Intrusion and the Marathon Cu-PGE 
deposit, Coldwell Complex, northern Ontario; Exploration and Mining Geology, v10, no.1-2, p.51-65. 

Good, D. 1993. Genesis of copper-precious metal sulfide deposits in the Port Coldwell Alkalic Complex, Ontario 
Geoscience Research Grant Program, Grant No.341; Ontario Geological Survey, Open File Report 5839, 23p. 

Good, D.J. and Crocket, J.H. 1994. Genesis of the Marathon Cu-platinum-group element deposit, Port Coldwell 
Alkalic Complex, Ontario: A midcontinent rift-related magmatic sulfide deposit; Economic Geology, v.89, 
p.131-149. 

Heaman, L.M. and Machado, N. 2001. Timing and origin of Midcontinent Rift alkaline magmatism, North America; 
evidence from the Coldwell Complex; Contributions to Mineralogy and Petrology, v.110, no.2-3, p.289-303. 

Mainwaring, P.R. and Watkinson, D.H. 1981. Grant 46. Origin of chromian spinel in the Crystal Lake Intrusion, 
Pardee Township; Ontario Ontario Geological Survey, Miscellaneous Paper, no.98, p.180-186. 

McBride, J. 2007. Investigation of the magnetite olivine coarse grained gabbro units of the Eastern Gabbro, 
Marathon, Ontario; unpublished BSc thesis, Lakehead University, Thunder Bay, Ontario. 

——— 2010. The mineral composition of the Eastern Gabbro xenoliths and reclassification of the Magnetite-
Olivine Cumulate Zone; Marathon PGM Internal report. 

Miller, J.D., Severson, M.J., Hauck, S.A., Green, J.C., Chandler, V.W., Peterson, D.M. and Wahl, T.E. 2002. 
geology and mineral potential of the Duluth Complex and related rocks of northeastern Minnesota, Minnesota 
Geological Survey, Report of Investigations 58. 

Mitchell, R.H. and Platt, G. R. 1982. The Coldwell alkaline complex; in Field Trip Guidebook, Proterozoic Geology 
of the Northern Lake Superior Area, Geological Association of Canada–Mineralogical Association of Canada, 
Joint Annual Meeting, Winnipeg, Manitoba, p.42-61. 

Mulja, T. and Mitchell, R.H. 1990. Platinum-group minerals and tellurides from the Geordie Lake Intrusion, 
Coldwell Complex, northwestern Ontario; The Canadian Mineralogist, v.28, p.489-501. 

Shaw, C. 1997. The petrology of the layered gabbro intrusion, eastern gabbro, Coldwell alkaline complex, 
Northwestern Ontario, Canada: evidence for multiple phases of intrusion in a ring dyke; Lithos, v.40,  
p.243-259.  

Sutcliffe, R.H. 1991. Proterozoic geology of the Lake Superior area; in Geology of Ontario, Ontario Geological 
Survey, Special 4, Part 1, p.627-660. 

Walker, E.C., Sutcliff, R.H., Shaw, C.S.J., Shore, G.T. and Penczak, R.S. 1993. Precambrian geology of the 
Coldwell Alkaline Complex; Ontario Geological Survey, Open File Report 5868, 30p. 

Watkinson, D.H. and Ohnenstetter, D. 1992. Hydrothermal origin of platinum-group mineralization in the Two 
Duck Lake intrusion, Coldwell Complex, northwestern Ontario; Canadian Mineralogist, v.30, p.121-136. 

 



 

37 

DAY 1-B 
 

CU-NI-PGE DEPOSITS IN THE  
THUNDER BAY NORTH DISTRICT 

 

Overview of the Nipigon Embayment and the Midcontinent Rift in the 
Thunder Bay Area 

Mark C. Smyk (Ontario Geological Survey) 
Peter N. Hollings (Lakehead University) 

The Midcontinent Rift (MCR) comprises a series of basaltic sheets, flows and intrusive rocks emplaced in 
the Lake Superior region during the Mesoproterozoic. The supracrustal and intrusive rocks of the MCR 
have been subdivided into the Keweenawan Supergroup and Midcontinent Rift Intrusive Supersuite, 
respectively, by Morey and Green (1982) and Miller et al. (2002). The majority of the igneous activity 
within the MCR is tholeiitic in composition (Green 1983) and isotopic data have been used to infer 
contributions from lithospheric, asthenospheric and crustal sources (Lightfoot et al. 1991; Shirey et al. 
1994; Nicholson et al. 1997; Hollings et al. 2007b). 

There have been various studies of the petrology and geochemistry of the igneous rocks (Sutcliffe 
1989; Nicholson and Shirey 1990; Lightfoot et al. 1991; Hollings et al. 2007a). The majority of these 
studies have dealt with the large volumes of mafic magmas emplaced between 1107 and 1096 Ma. 
However, the oldest rift-related rocks on which U-Pb age determinations have been performed lie along 
the northwestern portion of the MCR in northwestern Ontario (Heaman et al. 2007). and until recently 
have received relatively little study. Mafic-ultramafic intrusions in the vicinity of Lake Nipigon have 
yielded ages ranging from 1117 Ma (Kitto intrusion) to 1109 to 1113 Ma for extensive diabase sills 
(Heaman et al. 2007). The discovery of these older ages suggests that the initial stages of MCR 
magmatism occurred earlier than previously thought, significantly pre-dating main rift-stage volcanism 
(1108 to 1094 Ma). Heaman et al. (2007) have suggested that MCR magmatism can be divided into  
4 stages extending from 1150 to 1087 Ma with a marked gap between 1130 and 1115 Ma. This 
approximately 60 million year time span is considerably longer than is recognized for most recent plume-
related Large Igneous Provinces (LIPs) that are emplaced within approximately 10 my, with the bulk of 
magmatism within approximately 1 my (Ernst et al. 2005), but is similar to that proposed for the 
Marathon plume (Halls et al. 2008). An extensive database for the intrusive rocks of the Nipigon 
Embayment was developed as a result of the recent geological studies completed in the Lake Nipigon area 
(Hart and MacDonald 2007; Heaman et al. 2007; Hollings et al. 2007a-d; Hollings and Smyk 2008; Smyk 
and Hollings 2009).   

Hollings et al. (2007a, 2007b) have shown that the intrusive rocks of the Nipigon Embayment 
comprise a series of 4 mafic to ultramafic intrusions and a number of laterally extensive diabase sills that 
are among the oldest expression of the MCR (~1.1 Ga). The mafic sills are typically massive, medium-
grained, intergranular-textured gabbros ranging in thickness from a few metres to over 250 m. Two of the 
ultramafic intrusions (Disraeli and Hele) are composed of a pyroxene peridotite core with olivine gabbros 
along the margins. The geochemical characteristics of the ultramafic intrusions and diabase sills are 
consistent with plume-derived melts that have undergone subsequent fractionation and been contaminated 
by continental crust, likely at depth, but a few samples from the Hele and Disraeli intrusions have the 
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characteristics of primary, uncontaminated melts that have been rapidly transported through the 
lithosphere with little interaction with wall rocks.  

The sills can be subdivided into 5 geochemically distinct suites: the Nipigon, McIntyre, Inspiration, 

Shillabeer and Jackfish. The εNdT of all the sill suites are consistently negative (-0.5 to -6.5) but show 

coherent variations both within and between suites. The negative εNdT values can be interpreted as the 
result of contamination of a plume-related mantle source by older crustal material. The Sri values (0.7032 
to 0.7068) for the sills indicate that at least 2 distinct contaminants are required: a source with strongly 

negative εNdT and lower Sri, likely Archean metasedimentary rocks or granite, and one with elevated Sri, 
likely sedimentary rocks of the Mesoproterozoic Sibley Group. The Pb data for the Nipigon and 
Inspiration sills form distinct linear arrays, consistent with variable contamination of a source comparable 
to that of other igneous suites of the MCR. The radiogenic isotopes preserve a complex contamination 
history best interpreted as the result of less than 5% contamination by a variety of Archean and 
Proterozoic sources. The ultramafic Jackfish sill shows the least evidence of contamination and is 
interpreted to have been emplaced along a crustal-scale fault with little interaction with crustal material. 
In contrast, the other sill suites have undergone complex contamination histories requiring variable crustal 
residence times and assimilation of material both at depth, in large magma chambers and during 
emplacement. 

Hollings et al. (2010) presented new geochronological, geochemical and paleomagnetic data for the 
dikes and sills located in and south of Thunder Bay. Three sill suites are recognized within the study area: 
an earlier, spatially restricted mafic to ultramafic unit, termed the Riverdale sill; the predominant Logan 
diabase sills; and Nipigon diabase sills in the northern part of the study area. In addition, 3 dike sets are 
recognized: the northeast-trending Pigeon River swarm, the northwest-trending Cloud River dikes, and 
the Mt. Mollie dike. Hollings et al. (2010) show that the geochemical data demonstrate that the majority 
of sills south of Thunder Bay are of Logan affinity and geochemically distinct from those of broadly 
similar age in the Nipigon Embayment to the north. The Pigeon River dikes that intrude the sills are 
geochemically coherent but distinct from the Logan sills and could not be feeders to the sills. A new age 
of 1109.2±4.2 Ma for the Cloud River dike and its reversed magnetic polarity are consistent with 
published magnetostratigraphy, whereas the new age for the Mt. Mollie dike (1109.3±6.3 Ma) indicates 
that it is not coeval with the spatially associated, copper-nickel-PGE-mineralized Crystal Lake gabbro 
(1099.6±1.2 Ma, Heaman et al. 2007) as previously thought.  

The complexity of the dike and sill suites on the northern flank of the rift suggests that the early 
phases of rifting occurred in distinct and changing stress fields prior to the main extensional rifting 
preserved in younger rocks to the south. The geochemistry and geochronology of the intrusions suggest a 
long-lived and complex magmatic history for the MCR. 
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Thunder Bay North Project, Magma Metals Limited 

Allan MacTavish (Magma Metals Ltd.) 
Mark C. Smyk (Ontario Geological Survey) 

(modified from http://www.magmametals.com.au/?section=projects&project=7) 

Location  

The Thunder Bay North (TBN) project is located approximately 50 km north-northeast of Thunder Bay in 
northwestern Ontario. The property comprises several blocks of mining claims covering an area of 
approximately 700 km2, mostly owned 100% by Magma Metals Ltd. Magma Metals Ltd. also has a 
number of options to acquire 100% of certain claims. 

Geology, Exploration History and Targets 

The Thunder Bay North (TBN) project is in the northern part of the Mesoproterozoic Midcontinent Rift 
(MCR) (circa 1.1 Ga), an important emerging Ni-Cu-platinum group element (PGE) province. MCR-
related rocks at TBN have intruded Neoarchean metasedimentary and granitoid rocks of the Quetico 
Subprovince (Superior Province) in the vicinity of the regional-scale, transcurrent Quetico Fault (Figure 
1-15). Zircon from the Current Lake peridotite yielded an age of 1120±23 Ma (Smyk and Hollings 2009). 

Ultramafic boulders containing abundant disseminated sulfides were located within the southern part 
of the TBN claim block in July 2001. The glacially transported boulders are large (metre scale) and 
angular, indicating a proximal source. The boulders are mainly composed of unfoliated, partly 
serpentinized peridotite containing abundant magnetite and generally 2 to 5% disseminated sulfides.  
Assays ranged from 1.6 g/t Pt+Pd+Au, 0.2% Ni and 0.2% Cu to 9.5 g/t Pt+Pd+Au, 0.3% Ni and 1.0% Cu 
and averaged 3.8 g/t Pt+Pd+Au, 0.2% Ni and 0.4% Cu. The Pt:Pd ratio of the mineralization is 
characteristically 1:1. 

Another extensive occurrence of boulders was found on the eastern shore of Current Lake in 2006. 
These boulders appear to be in situ, with some minor movement, possibly due to frost heave. Assay 
values for 22 samples of these boulders ranged up to 9.4 g/t Pt+Pd+Au, 1.2% Cu and 0.4% Ni with an 
average of 2.3 g/t Pt+Pd+Au, 0.2% Cu and 0.2% Ni. 

An aeromagnetic survey of the TBN claim block in July 2006 identified a prominent linear anomaly 
beneath Current Lake (Figure 1-16). This was interpreted to reflect the source intrusion for the peridotite 
boulders. The survey also located an intense reversely magnetized “bulls-eye” magnetic anomaly, 
southeast of Current Lake on the adjacent Beaver Lake claim. Drilling of the magnetic anomaly at 
Current Lake in December 2006 confirmed that it reflects a peridotite intrusion and is the source of the 
mineralized glacial boulders. The discovery drill hole, TBND001, completed in December 2006, returned 
an intersection of  2.8 g/t Pt+Pd+Au, 0.5% Cu and 0.3% Ni over 10.5 m. 

Subsequent geophysical surveys and drilling have confirmed that the peridotite intersected in 
TBND001 is part of the Current Lake Intrusive Complex, a 5 km long, mafic-ultramafic magma conduit 
(Figure 1-16). In addition, 2 other intrusive complexes of similar size have been identified to the west: the 
Steepledge Lake and Lone Island Lake intrusive complexes (see Figure 1-15). These are also thought to 
be prospective for Pt-Pd-Cu-Ni deposits. 
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Figure 1-15. Magnetic image showing exploration targets in the Thunder Bay North intrusive complexes (www.magmametals.com.au). 

 

Over 50 000 m of diamond drilling was completed in the northwestern part of the Current Lake 
Intrusive Complex up to June 2009 (Figure 1-16). This drilling formed the basis for an initial Mineral 
Resource estimate completed by SRK Consultants (Canada) Inc. They estimated National Instrument (NI)  
43-101- and JORC-compliant resources, which were described in an announcement dated September 7, 
2009, of: 

 Indicated Mineral Resource: 4.6 Mt grading 1.35 g/t Pt, 1.27 g/t Pd, 0.32% Cu and 0.22% Ni 

 Inferred Mineral Resource: 3.6 Mt grading 1.06 g/t Pt, 1.00 g/t Pd, 0.26% Cu and 0.19% Ni 

Approximately 90% of the resources (by metal content) are within an optimized pit shell; the 
remainder are underground resources. 

Sulfides, including chalcopyrite, cubanite, pyrrhotite and pentlandite, are coarse-grained composite 
grains. Preliminary QEMSCAN work indicated that moncheite (PtTe2), michenerite (PdBiTe) and 
platarsite (PtAsS) are the most abundant platinum-group minerals in an East Shore Boulder sample 
(http://www.magmametals.com.au/docs/WATKINS_WED_4_MARCH_PDAC2009.pdf). Chalcopyrite 
carries most of the copper. 

Geochemical analyses indicate that the parent magma had a tholeiitic (~6% MgO) composition. High 
background levels of metals and strong Pt-Pd-Cu-Ni correlation suggest that this represents a pristine 
magmatic sulfide system with little alteration/re-distribution of metals. There is also evidence for 
homogenized crustal contamination in addition to localized marginal contamination. Pt, Pd, Au and Cu 
are enriched relative to Fe, Mg, Cr, Ni and Co. This is perhaps due to fractionation of olivine and 
chromite and/or the fractionation of Ni-rich sulfides. Sulfide tenors range from 3 to 4% Ni, 6 to 8% Cu, 
24 to 38g/t Pt and 22-37g/t Pd (ibid). 

http://www.magmametals.com.au/docs/WATKINS_WED_4_MARCH_PDAC2009.pdf�
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Exploration is now in progress to extend the resources along strike and convert Inferred Resources to 
Indicated Resources by infill drilling. In addition, drilling is in progress to determine the mineralization 
potential of the Steepledge and Lone Island Lake Intrusive Complexes to the west (Figure 1-15). 

 

 
Figure 1-16. Current Lake Intrusive Complex and some of the recent results from the infill drilling program (note that 
information on the Mineral Resource Estimates and the methodology for calculating platinum equivalents was contained in an 
ASX announcement dated 7th September 2009, available on the Company’s website at www.magmametals.com.au). 

http://www.magmametals.com.au/�
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Magma Metals recently completed a 195-hole 47 172 m infill diamond-drilling program in the 
resource area at TBN (News Release, Magma Metals Limited, May 6, 2010). The infill drilling program 
started in June 2009 and focused on the Bridge and Beaver Lake Zones, where the current resources are 
mostly in the Inferred Mineral Resource category (Figure 1-16).  

Recent drilling results from the Bridge and Beaver Lake Zones included  

 DDH BL10-272: 39.00 m @ 3.31g/t Pt+Pd, 0.41% Cu and 0.23% Ni, 

  including 17.00 m @ 5.44g/t Pt+Pd, 0.66% Cu and 0.32% Ni; 

 DDH BL10-282: 16.00 m @ 5.39g/t Pt+Pd, 0.69% Cu and 0.37% Ni, 

  including 1.21 m @ 30.73g/t Pt+Pd, 4.29% Cu and 2.76% Ni; 

 DDH BL10-303: 12.45 m @ 13.23g/t Pt+Pd, 1.45% Cu and 0.51% Ni, 

  including 1.70m @ 72.18g/t Pt+Pd, 7.59% Cu and 2.21% Ni. 

Data from the infill drilling will be combined with that from 50 416 m in 333 holes drilled 
previously to form the basis for a mineral resource update. It is anticipated that the resource update will 
be completed in the September quarter, 2010. 

Following completion of the infill drilling program, the exploration focus for the remainder of 2010 
will be on identifying new areas of mineralization within the Thunder Bay North intrusive complexes, and 
elsewhere in the region, which have potential to contain additional mineral resources. Some of these 
target areas are shown in Figure 1-15. Approximately 30 000 m of diamond drilling and extensive 
geophysical surveys have been budgeted in 2010 for this work. 

Magma Metals started a Scoping Study (Preliminary Economic Assessment) on the Thunder Bay 
North project (News Release, Magma Metals Limited, November 25, 2009). A contracted project 
manager will conduct mining engineering and metallurgical and process engineering studies on the 
mineral deposit. Another contractor will conduct environmental work in relation to the Scoping Study and 
provide advice on a permitting program. The outcomes of the Scoping Study will provide guidance on the 
potential economic development of the Mineral Resource at the project. It is anticipated that the results of 
the Scoping Study will be available by the end of the June Quarter 2010. 

 

Reference 

Smyk, M.C. and Hollings, P.N. 2009. Mesoproterozoic Midcontinent Rift–related mafic intrusions near Thunder 
Bay: Update; in Summary of Field Work and Other Activities 2009, Ontario Geological Survey, Open File 
Report 6240, p.11-1 to 11-5. 
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Day 2 
 

LAC DES ILES PGE MINE 
 

 
Regional Setting of the Lac des Iles Mine 

Mark Smyk (Ontario Geological Survey) 
John Corkery (North American Palladium, Ltd.) 

 

The Lac des Iles Mine area is underlain by mafic to ultramafic rocks of the Neoarchean Lac des Iles 
Intrusive Complex (LDI-IC). The LDI-IC is part of the Lac des Iles Suite, whose mafic intrusive rocks 
generally range in age between 2686 and 2699 Ma (cf. Stone 2010). These rocks have intruded a variety 
of metamorphosed granitoid and supracrustal greenstone belt rocks (ca. 2.9 to 2.7 Ga in age) of the 
Wabigoon Subprovince of the Superior Province (Figure 2-1). The LDI-IC lies immediately north of the 
boundary between the volcano-plutonic Wabigoon and metasedimentary Quetico subprovinces. The LDI-
IC is the largest of a series of mafic and ultramafic intrusions that occur along the boundary and which 
collectively define a 30 km diameter circular pattern (Figure 2-1).  

 
Figure 2-1. Regional setting of the Lac des Iles complex and related ultramafic and mafic intrusions within the Wabigoon 
Subprovince (from Lavigne and Michaud 2002). Area shown in Figure 2-2 is outlined in the upper right corner. 

Figure 2-2 →    
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Figure 2-2. Geologic setting of the Lac des Iles complex and related ultramafic and mafic intrusions (from Lavigne and Michaud 
2002). 
 
 
There are 3 broad, temporally diverse settings for Archean platinum group element (PGE) mineralization 
west of Lake Nipigon (cf. Smyk et al. 2002): 

(1) Pre-tectonic mafic to ultramafic subvolcanic(?) intrusions intimately associated and coeval with 
greenstone belts of various ages in the Wabigoon Subprovince;  

(2) Mafic intrusive rocks occurring within syntectonic to posttectonic, diorite-monzodiorite-
monzonite suites with sanukitoid affinity within the Wabigoon and Quetico subprovinces  
(e.g., Shelby Lake batholith, Stone et al. 2003; Roaring River Complex, Schnieders et al. 2002). 

(3) Posttectonic, mafic to ultramafic intrusions related to late plutonism in the Wabigoon 
Subprovince, hosted by gneissic tonalite-granodiorite (e.g., Lac des Iles suite). 

 

Pre-tectonic, deformed mafic to ultramafic intrusions and/or coeval komatiitic metavolcanic rocks 
within greenstone belt assemblages may host copper-nickel-PGE mineralization.  This broad 
classification is equivalent to the “komatiitic-associated” and “intrusions comagmatic with volcanic 
rocks” settings for copper-nickel-PGE ± chromium mineralization described by Fyon et al. (1992).  Such 
deposits are characterized by remobilized, deformed and annealed, net-textured to massive sulfides. 
Examples include the past-producing Shebandowan Mine in the Shebandowan greenstone belt, west of 
Thunder Bay (8.64 million tonnes mined, grading 1.92% Ni, 0.98% Cu, 2.62 g/t Pt+Pd; Resident 
Geologist’s Files, Thunder Bay South District, Thunder Bay). In the Obonga Lake belt, the Core Zone 
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gabbro (2733±7 Ma; Tomlinson et al. 1999) and the Puddy Lake serpentinite both may contain 
indications of such mineralization. Lavigne et al. (1991) reported metal contents from the Puddy Lake 
serpentinite up to 5.02% Cu, 2.1% Ni, 415 ppb Au, 1500 ppb Pt and 3750 ppb Pd; cobalt values of 0.07% 
were reported from drilling in the 1960s (Lavigne et al. 1992). 

PGE mineralization is also associated with rocks of the sanukitoid suite (ca. 2688 to 2690 Ma, Davis 
et al. 1990; Kamo 2004; cf. Stern et al. 1989). The Shelby Lake batholith, which consists of hornblende 
leucogabbro (diorite) to monzodiorite and hornblende granodiorite to granite, contains disseminated 
sulfide zones in thin units of hornblende gabbro distributed along its northwestern margin (e.g., Turtle 
Hill and Stocker occurrences). Similar, somewhat larger sulfide occurrences have been described (Stone 
et al. 2003) at Wakinoo Lake, Towle Lake (e.g., Powder Hill, Stinger and Vande occurrences) and Legris 
Lake (e.g., Main and Poplar occurrences). Diamond drill holes in hornblende gabbro at Legris Lake 
contained 2.04 g/t Pd, 0.41 g/t Pt, 0.71 g/t Au, 0.42% Cu and 0.13% Ni over 9.95 m (News Release, 
Avalon Ventures Ltd. and Starcore Resources Ltd., November 10, 2000). The Roaring River complex 
(Stern and Hanson 1991) consists of a variety of plutonic rocks including diorite, monzodiorite, 
monzonite, quartz monzodiorite and granodiorite, all of sanukitoid affinity; gabbroic and pyroxenitic 
mega-inclusions occur in these phases. Grab samples of the Mere showing contain up to 1249 ppm Ni, 
3159 ppm Cu and 1.1 g/t Pt+Pd+Au; the Leigh (boulder) occurrence returned up to 2067 ppm Ni, 1920 
ppm Cu and 1.23 g/t Pt+Pd+Au (Schnieders et al. 2002 and references therein). Disseminated to locally 
net-textured chalcopyrite, iron sulfides, pentlandite and magnetite typically characterize PGE-mineralized 
zones, which are commonly associated with intrusive contacts, polyphase intrusive breccia, and sheared 
and hydrothermally altered zones. 

Mafic to ultramafic intrusions of the Lac des Iles suite (ca. 2686 to 2699 Ma; Stone 2010 and 
references therein; Davis 2003; Kamo 2004) and their associated copper-nickel-PGE mineralization at the 
North American Palladium Ltd.’s Lac des Iles mine were most recently described by Stone et al. (2003).  
This suite includes the Buck Lake, Dog River, Taman Lake, Demars Lake, Bullseye and Tib Lake 
intrusions (see Figure 2-2), as well as the Northern Ultramafic intrusion and Mine Block intrusion at Lac 
des Iles (Figure 2-3). These leucogabbro and gabbronorite intrusions (± anorthosite, peridotite) range 
from 1 to 10 km in diameter and are considered to represent a continuum of the Quetico suite of mafic to 
ultramafic intrusions (cf. MacTavish 1999; Pettigrew et al. 2000).  

Michaud (1998), Lavigne and Michaud (2002) and Lavigne et al. (2005) provided recent descriptions 
of the deposits in the Mine Block intrusion (Figure 2-4). Platinum group elements are associated with 
disseminated Cu-Ni-sulfide minerals in the matrix of magmatic breccia, and in varitextured to pegmatitic 
gabbroic rocks (which together represent the Breccia Zone), and also in pyroxenite that is part of the 
High-Grade Zone. Platinum group elements also occur with sulfide-poor, varitextured to pegmatitic 
gabbro in the Roby and North Roby zones and are locally associated with strong silicate alteration  
(e.g., Roby Zone and portions of the High-Grade Zone; Lavigne et al. 2005). The Roby Zone is the 
product of multiple stages of intrusion, alteration and mineralization (Lavigne et al. 2005). 
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Figure 2-3. Geology of the Northern Ultramafic and Mine Block intrusions of the Lac des Iles Complex (from Lavigne and 
Michaud 2002). 
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Figure 2-4. Geology of the Mine Block intrusion showing the main ore zones (from Lavigne and Michaud 2002). 

Hinchey et al. (2005) put forward a schematic model illustrating a deposit model for the history of 
mineralization at the southern Roby Zone (Figure 2-5): 

The textures of the Lac des Iles deposit are similar to those of contact-type PGE deposits, but there are 
fundamental differences between the two. The Lac des Iles deposit is not localized near the contact between 
the host intrusion and the country rocks and evidence of the assimilation of the host rocks is lacking. Instead, 
the mineralization at Lac des Iles has many features in common with layered intrusion-hosted deposits, in 
which pulses of primitive magma introduced the PGE. Unlike the quiescent magma chambers of most layered 
deposits, the magmas at Lac des Iles were intruded energetically, forming breccias and magma-mingling 
textures. Magmas formed by a high degree of partial melting in a depleted mantle source (A1) became 
enriched in Cu, Pt, and Pd through fractional crystallization of olivine, chromite, and high-temperature 
PGM (A2), segregated sulfide melt that had low Cu/Pd ratios along the conduit and the base of the magma 
chamber (A3), and solidified as the early leucocratic gabbros. A second episode of partial melting in the 
mantle source produced another batch of fertile magma. As with the early magma, this magma was enriched 
in Cu, Pt, and Pd through fractional crystallization (A2). This magma incorporated the earlier sulfide melt 
and intruded forcefully into the partially crystallized leucocratic rocks (B1), causing brecciation and magma 
mingling, and solidified as fertile melanocratic gabbro. Aqueous fluids that separated from the melanocratic 
magma percolated through the cumulates, partially dissolving Pd and concentrating it in the High Grade ore 
zone adjacent to barren East Gabbro (B2). 
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Figure 2-5. Schematic mineralization model for the Lac des Iles Mine (from Hinchey et al. 2005). 
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The Lac des Iles Mine (North American Palladium Limited) 
 

John Corkery, Exploration Manager, NAPL 
 
 
 
Field Trip Stops: 
 

 Roby Zone open pit  
 Baker Zone  
 North VT Rim Trenches  
 Exploration office and diamond drill core 
 Directional drilling sites and Devico Unit  
 Mill 

 

Many of the following excerpts have been modified after McCombe et al. (2009). 

 
 
History of Exploration and Mining 
 

The Lac des Iles area was initially mapped by Jolliffe (1934) and later by Pye (1968), Watkinson and 
Dunning (1979), Sutcliffe and Sweeny (1985, 1986), Sweeny and Edgar (1987), Stone et al. (2003). The 
regional geology has been summarized by Stone (2010). Economic interest in the area was sparked by the 
ground-truthed aeromagnetic anomalies. Significant palladium mineralization was first discovered in the 
Roby Zone in 1963 by a prospecting syndicate. Various exploration programs were undertaken over the 
next 25 years by a number of companies, including Gunnex Ltd., Anaconda Ltd., Texas Gulf Sulphur Co. 
Inc., and Boston Bay Mines Ltd. In 1990, Madeleine Mines Ltd., a precursor to North American 
Palladium Limited (NAPL), developed the property. After intermittent production and continuing capital 
expenditures, commercial open pit production of the Roby Zone was achieved in December 1993. NAPL 
was formed through corporate reorganization.  

In 2000, an expansion program began and a new mill was commissioned in the second quarter of 
2001 to achieve its rated 15 000 t per day throughput in August 2002. From 1999 to 2001, an extensive 
drilling campaign identified mineralization at depth, below the ultimate pit bottom. The drilling identified 
2 zones with potential for underground mining: the Roby Underground Zone and the Offset Zone. 

On July 31, 2003, a positive pre-feasibility study for underground mining of the Roby Underground 
Zone (down-dip extension of the open pit Main Zone) was completed, followed by a feasibility study for 
underground mining in 2004. Underground development on the Roby Underground Zone started in 2004, 
with the ramp developed and the zone accessed in late 2005. Development muck was delivered to the 
concentrator in December 2005 and underground commercial production began in March 2006. 

The Offset Zone, discovered in 2000, was historically subdivided into the Offset High Grade Zone 
and the adjacent Roby Footwall Zone. The Offset Zone is the fault-offset, down-dip extension of the 
Roby Underground Zone that was mined below the Roby open pit until October 2008. A number of 
surface and underground drilling programs have targeted the Offset Zone since 2001. 

In 2008, a surface drilling program focused on exploring targets on the Mine Block Intrusion and on 
the Southeast Breccia Zone, situated adjacent to the southeastern corner of the open pit. 
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The Cowboy Zone was discovered in June 2009 during infill drilling of the Offset Zone to support a 
pre-feasibility study (news release, NAPL, June 25, 2009).  It is located 30 to 50 m down-section to the 
west of the Offset Zone and extends for up to 250 m along strike and 350 m down-dip. It remains open in 
all directions. Similar to the Offset Zone, the Cowboy Zone appears to consist of several mineralized sub-
zones. Intersections include 5.10 g/t Pd over 4 m, 3.88 g/t Pd over 4 m, and 4.46 g/t Pd over 5 m. 

Open pit mining of the Roby Zone began in 1993. The open pit was operated by conventional truck-
and-shovel mining, with low- and high-grade material stockpiled near the on-site concentrator. In May 
2004, LDI collared a portal in the northwest wall of the pit and ramped down to access the Roby 
Underground Zone that continues down-dip from the Roby Zone hanging wall below the pit. LDI began 
processing development muck from the Roby Underground Zone in December 2005. The ramp was 
extended around the pit to the north and the new portal was opened in the east wall in 2006. The Roby 
Underground Zone reached commercial production at 2000 t per day in April 2006. Operations were 
suspended in October, 2008 due to the global economic downturn and depressed metal prices. Palladium 
production at Lac des Iles Mine resumed in April 2010 (news release, NAPL, April 14, 2010). NAPL 
expects to produce 140 000 ounces of palladium per year. Ore production from the Roby Underground 
zone is expected to increase to a target rate of 2600 t per day.  

Since production began in 1993 at Lac des Iles Mine, almost 42 Mt of ore have been processed, and 
approximately 2.3 million ounces of palladium produced (see table below). 
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A Mineral Resource Summary (December 31, 2008) is given below (McCombe et al. 2009): 

 
 

 
 

An updated resource summary is expected by the end of October 2010 that will include all of the 86 
drill holes from 2009. 

 
 
Local and Property Geology (from McCombe et al. 2009) 

 
The mine lies in the southern portion of the Lac des Iles Intrusive Complex (LDI-IC) (see Figures 2-2 and 
2-3), in a roughly elliptical intrusive package measuring 3 km long by 1.5 km wide, termed the Mine 
Block Intrusive (MBI) (see Figures 2-3 and 2-4). It hosts a number of PGE deposits; the most important 
of these is the Roby Zone (and its 3 subzones: the North Roby Zone, the High Grade Zone, and the 
Breccia Zone).  

The MBI comprises rocks with a very wide range of textures and mafic and ultramafic compositions, 
ranging from anorthosite to clinopyroxenite, leucogabbronorite to melanonorite, and includes magnetite-
rich gabbro. Textures include equigranular, fine- to coarse-grained, porphyritic and pegmatitic, 
varitextured units and heterolithic gabbro breccias. These last 3 textural types are the most common host 
to PGE mineralization, including the Roby Zone. The MBI consists of 2 lithologically distinct domains. 
The oval-shaped domain immediately south of Lac des Iles is lithologically complex and contains 
widespread PGE mineralization, while the domain further to the south is dominated by massive, medium-
grained, PGE-barren gabbronorite (see Figures 2-2 to 2-4). Extensive stripping has disclosed that the 
interior of the oval-shaped domain has an abundance of monolithic and heterolithic breccia with an 
average composition of gabbronorite. Within this area, individual lithological units are not laterally 
extensive and chaotically distributed. The most laterally continuous unit is a massive, medium-grained 
gabbro, referred to as East Gabbro (EGAB) (see Figure 2-5). EGAB is adjacent to a varitextured gabbro 
“rim” to the west and more equigranular gabbronorite (GN) to the east. The varitextured rim is host to 
the Roby palladium deposit, where heterolithic gabbro breccia (HGABBX) commonly occurs as pipes 
and pods, and large blocks (~60 m) of varying composition. A pyroxenite unit (PYXT), at the contact 
between the EGAB and the HGABBX, is host to much of the High Grade Zone. 
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The principal rock types in the Offset Zone area include the following: 

 

East Gabbro (EGAB) – is a well-known gabbro “marker unit” that is characteristically uniform and 
compositionally homogeneous. EGAB has very minor alteration, with local trace pyrite and epidote. It 
has no significant associated mineralization, and bounds the Roby Zone to the east. (i.e., hanging wall 
contact of the Roby Zone). 

Heterolithic Gabbro Breccia (HGABBX) – the principal host for the Roby Zone, consisting of a 
melanogabbro to gabbro matrix with variable clast composition, ranging from leucogabbro to pyroxenite. 
Clast percentage varies commonly from 15 to 60%. This unit comprises most of the economic ore grade 
material in the current open pit and underground reserves. 

Varitextured Gabbro (VGAB) – the majority of rock types, excluding EGAB, have a varitextured 
counterpart. The VGAB varies from leucocratic to pyroxenitic, with grain sizes from fine to very coarse, 
to pegmatitic. The coarser-grained units form patches and “veinlets” within finer-grained counterparts. 

Gabbro (GAB) – the most common gabbros in the MBI are medium grained and equigranular, but range 
from fine to coarse grained and may locally be leucocratic to melanocratic. 

Magnetic Gabbro (MTGAB) – medium-grained, equigranular gabbro occurs within the MBI and 
contains black, fine-grained, interstitial magnetite (typically < 20%); magnetite content ranges from trace 
amounts to local, narrow layers of 60 to 95% magnetite. 

Pyroxenite (PYXT) – a steeply dipping, thin layer situated along the contact between the Heterolithic 
Gabbro and EGAB; it hosts the highest proportion of the High Grade Zone. This unit is responsible for 
much of the high PGE grades. Not all pyroxenites locally carry economic PGE grades. 

Gabbronorite (GN) – a 20 to 50 m thick, steeply dipping slab located along the northwestern contact of 
the EGAB; it is also a host unit of the High Grade Zone, although to a lesser degree than the PYXT. The 
gabbronorite appears to be a gradational extension of the pyroxenite to the northeast of the mine site. 

Gabbronorite Breccia (GNBX) – a palladium-mineralized (Twilight Zone) heterolithic breccia, similar 
to the HGABBX but without pegmatitic phases or varitextured gabbro; it occurs as a roughly cylindrical 
pod, approximately 150 m in diameter, completely enclosed by the EGAB. 

Dikes – late, post-mineralization, mafic dikes vary from small, discrete bodies that occupy space within 
the modeled mineralized wire frames to large bodies that control the northern termination of the Offset 
Zone. A dike swarm approximately 30 m wide and trending approximately easterly was mapped at the 
southern extent of the Roby Zone. 

Two major faults have been interpreted to influence the Offset Zone. The Offset Fault structure 
displaces the High Grade Zone down and approximately 300 m to the west. This fault, easily picked out 
in diamond-drill core, is often marked by extensive fault gouge, fracturing and alteration of adjacent 
country rock, and infilling by mafic dikes.  The B2 Fault has recently been recognized and interpreted 
from the underground Offset Zone diamond drilling. It lies approximately 20 to 40 m below and parallel 
to the westerly dipping Baker Fault and is marked by narrow intersections of fault gouge, fracturing and 
late mafic dikes. 
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Mineralized Zones 
 

The Roby Zone is a bulk-mineable, PGE-enriched disseminated sulfide deposit with a minimum north to 
south length of 950 m, and a width of 815 m, including the Twilight Zone in the southwestern portion of 
the deposit. The Roby Zone consists of 3 distinct ore types: High Grade Ore (7.6% of volume), North 
Roby Ore (5.3% of volume), and Breccia Ore (87.1% of volume). The High Grade Ore is the primary ore 
type mined underground.  

High Grade Zone ore is hosted mainly within a portion of a 15 to 25 m thick unit of locally sheared 
pyroxenite/melanogabbro. A host to high-grade PGE mineralization, it is located in the east-central 
portion of the Roby Zone, bounded by the barren EGAB hanging wall and HGABBX-hosted Breccia Ore 
to the west. The High Grade Zone is primarily confined to a 400 m long segment of the pyroxenite, 
although it does extend northward into the gabbronorite. The High Grade Zone, striking north-northwest 
to north-northeast, dips almost vertically near surface and flattens to nearly 45° at depth. Below the open 
pit, this zone is referred to as the Roby Underground Zone. The zone appears to be terminated down dip 
by a relatively shallow dipping fault, the Offset Fault. 

The Offset Zone, a higher grade zone similar to the High Grade Zone, is located below the Offset 
Fault structure, where it is displaced down and approximately 300 m to the west. The Offset Zone can be 
split into 3 horizons and has been divided into 3 subzones: the High Grade (HG) Subzone, the Mid (MID) 
Subzone and the Footwall (FW) Subzone. 

High Grade Subzone mineralization is stratabound, along the contact between the EGAB and the 
mineralized HGABBX. Within the HGABBX, there is a high-grade core typically constrained to an easily 
recognized ultramafic unit, the pyroxenite. Width varies from 4 to 30 m, with an average of 15 m. 

Approximately 2% of the zone is occupied by late dikes (dilution). Less than 1% is occupied by 
shears and faults. 

The MID Subzone is proximal to the HG Zone, generally sharing a common boundary in the centre 
sections and then splitting away near the top and bottom areas. Palladium grades within the MID Subzone 
can approximate those high grades found within the HG Zone. Apparent widths can vary from 4 to 90 m, 
with an average of 15 m. Approximately 4% of the zone is occupied by late dikes (dilution). Less than 1% 
is occupied by shears and faults. 

The Footwall Subzone is a stand-alone band of higher grade mineralization that can be defined 
based on higher grade intersections within the Footwall varitextured gabbro mineralization. This subzone, 
located approximately 2 to 40 m from the MID Zone, was interpreted based on vertical continuity seen in 
the drill hole intersections. It is discontinuous and sinuous in plan and has less of a defined areal extent 
than the other zones. Apparent widths can vary from 4 to 20 m, with an average of 7 m. Approximately 
1% of the zone is occupied by late dikes (dilution). 

Other mineralized zones present within the MBI, as shown in Figure 2-4, are described below: 

The Twilight Zone was removed with the mining of the open pit. 

The Baker Zone is located approximately 1 km northeast from the Roby and Twilight zones and 
contains similar rock types and textures. Gabbronorites/norites have been intruded by east-northeast-
trending, heterolithic melanogabbro breccia and lesser melanogabbro, leucogabbro breccia, varitextured 
gabbro and late pyroxenite dikes. Surface exploration has exposed the Baker Zone breccias and associated 
lithologies over a 150 by 55 m area. The heterolithic melanogabbro breccia hosts blebby to disseminated 
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to narrow veinlets of sulphide with sporadic mineralization in the adjacent lithologies. The north-trending, 
shallowly westerly dipping Baker Fault appears to truncate the Baker Zone mineralization at depth. 
Extensive surface exploration by NAP occurred mainly from 1998 to 2001 and consisted of prospecting, 
stripping/trenching (including the main stripped area of approximately 200 by 120 m), channel sampling, 
geological mapping and ground induced polarization (IP) / resistivity surveys. Sixteen diamond-drill 
holes in 1998–99 tested the main portion of the Baker Zone over a 250 m strike length and to a maximum 
depth of 200 m. Subsequent exploration (trenching and diamond drilling) has tested possible strike 
extensions of the zone and the area below the Baker Fault.  

The Moore Zone is a low-grade, presently uneconomic, mineralized zone approximately 500 m 
south of the current Roby pit with similar lithologies and textures to other MBI breccias. The central area 
of interest is a small breccia pod measuring approximately 200 m long, varying from approximately 15 to 
115 m wide, which occurs within the massive, medium-grained gabbronorite typical of the more southerly 
domain of the MBI. The main Moore Zone mineralization is located in the eastern portion of the breccia 
pod and appears to be structurally controlled (trending ~030°, dipping 70° east), ranging from 5 to 25 m 
thick. Prospecting, mapping, trenching, sampling and limited diamond drilling of the Moore Zone have 
indicated limited economic potential. 

The Creek Zone is located approximately 2 km northeast of the Roby pit in the northeastern nose of 
the MBI, near the contact with the north LDI-IC. Surface trenching has exposed the main portion of the 
Creek Zone in an area 90 m long by 10 to 40 m wide. It is dominated by low-sulfide breccias that have 
intruded the varitextured gabbro rim of the MBI. The breccias consist of approximately 90% GBNR clasts 
and only approximately 10% MGAB matrix. Unlike the Roby Zone, mineralization is not dominantly 
hosted by the breccia matrix but seems to occur within the pegmatitic gabbronorite. Prospecting, 
mapping, trenching, sampling and limited diamond drilling of the Creek Zone have indicated limited 
mineralized potential. 

 
Mineralization 
 

Platinum group element and base metal mineralization at Lac des Iles Mine appears to be dominantly 
stratabound along the contact between the EGAB and the mineralized HGABBX. Within the HGABBX, 
there is a high-grade core typically constrained to an easily recognized pyroxenite unit. Visible PGE 
mineralization is rare and its occurrence is difficult to predict. In general, economic PGE grades are 
anticipated within gabbroic to pyroxenitic rocks (in close proximity to the marker unit EGAB) that exhibit 
strong sausseritization of plagioclase feldspars, strong talcose alteration and association with either 
disseminated or blebby secondary sulfides. Higher PGE grades (mean – 7.89 g/t Pd, maximum – 55.95 g/t 
Pd) occur in those portions of the pyroxenite that are altered to an assemblage of amphibole 
(anthophyllite-actinolite-hornblende)-talc-chlorite. The PGE tenor is not proportional to the sulfide 
content, and samples free of visible sulfide often contain more than 10 g/t Pd. The high-grade 
mineralization is located primarily within the western, highly altered portion of the pyroxenite, since 
much of the pyroxenite between the barren EGAB and the High Grade Zone is low grade. The higher 
grade “High Grade Ore” is not restricted to the pyroxenite as it commonly straddles the pyroxenite/gabbro 
breccia contact to widths exceeding 250 m. 

The majority of platinum-group minerals occur either interstitially to sulfides as cumulus grains or 
are associated with sulfides at sulfide-silicate boundaries, occurring as discrete mineral inclusions within 
secondary silicates of altered rocks (Sweeny 1989; Lavigne and Michaud 2001). Palladium and platinum 
mineralization within the High Grade Zone consists primarily of fine-grained PGE sulfide, braggite and 
the telluride minerals, merenskyite and kotulskite (Sweeny 1989; Lavigne and Michaud 2001). The 
platinum-group minerals at Lac des Iles Mine include the following (Lavigne and Michaud 2001): 
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Braggite  (Pt,Pd)S 
Kotulskite  Pd(Te,Bi)2 
Isometrieite  Pd11(Sb,Te)2As2 
Merenskyite  PdTe2 
Moncheite  PtTe2 
Palladoarsenide  Pd2As 
Sperrylite  PtAs2 
Stibiopalladinite  Pd5Sb2 
Stillwaterite  Pd8As3 
Vysotskite  PdS 
Unnamed  Ag4Pd3Te4 
Unnamed  Pd5As2 
Melonite, gold, pentlandite Pd in solid solution 
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Mineral Exploration and Geology of the Northwestern Duluth Complex 
By Richard Patelke, Mark Severson, Tim Jefferson and Dean Peterson 

 

Over time there have been many trips to drill sites, core sheds and outcrops of the mineralized parts of the 
Duluth Complex.  As the current projects move toward development it becomes appropriate to visit the 
sites, assess the development potential, and see how that potential has changed over time. We will visit 
core displays for 4 of these projects: PolyMet’s NorthMet project, Teck American’s Mesaba deposit, 
Franconia’s Birch Lake deposit, and Duluth Metals Nokomis deposit. PolyMet is deep in the permitting 
process with state and federal agencies; Franconia and Duluth Metals have commissioned scoping studies 
on their deposits and are on the cusp of proceeding to development. Teck does their assessment work 
internally and is taking a different and less public route through economic review and development. These 
write-ups are not core specific and are intended to give a sense of the general geology of these projects. 

Besides the 4 Cu-Ni companies whose projects we will visit, Encampment Resources, Prime 
Meridian Resources and Kennecott have been active in the area. Technical reports from most of these 
companies can be found by visiting the “SEDAR Home Page”. These reports will give good background 
on the reserve and resource calculations, as well as development planning. Throughout these descriptions, 
the term “PGE” means platinum group elements (mostly platinum and palladium) and gold. 

Since these deposits were first discovered in the 1950s and 1960s, market and technological changes 
have made older assessments of the projects obsolete. The big market change has been the rise of PGE as 
important products, providing about a fourth of the revenue for these projects. Technological change has 
included the ability to routinely and inexpensively analyze for PGE; improvements in flotation processes 
that allow the capture of almost all sulfide (minimizing sulfur in tails as well as improving recoveries) and 
the production of saleable split (i.e., separate copper and nickel) concentrates; and the refinement of 
hydrometallurgical processes that are able to cleanly recover not just copper and nickel, but PGE, gold, 
cobalt and silver. Better flotation and the polymetallic nature of these deposits have pushed the ore versus 
waste cut-off much lower than in historic estimates. 

The change in environmental aspects of these projects due to the recent market and technological 
changes cannot be overstated.  Much of the research on these issues over the years has assumed metal and 
sulfur contents in waste rock and tailings far above expected ore versus waste cut-off grades for these 
deposits today, when hydrometallurgical processes are considered. 

 

http://www.sedar.com/�
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EXPLORATION AND DEVELOPMENT BACKGROUND 

Large resources of low-grade copper-nickel sulfide ore that locally contain PGE concentrations are well 
documented by drilling in the basal zones of the Partridge River and South Kawishiwi intrusions.  At least 
11 occurrences of significant mineralization have been delineated in the basal 300 to 1000 feet of both 
intrusions. Of these 11 occurrences, the projects that are currently undergoing, or have recently 
completed, deposit definition drilling, include NorthMet (PolyMet), Mesaba (Teck American), Birch 
Lake (Franconia Minerals), and Nokomis (Duluth Metals Ltd.). The NorthMet deposit (PolyMet Mining) 
is currently undergoing environmental review and mine permitting. Overall, the copper-nickel 
mineralization consists predominantly of disseminated sulfides that collectively constitute over 4.4 billion 
tons of material averaging 0.66% Cu and 0.20% Ni at a 0.5% Cu cut-off, according to an earlier study by 
Listerud and Meineke (1977). 

Serious exploration for Cu-Ni deposits at the base of the Duluth Complex began in 1948, about  
8 miles (13 km) to the southeast of Ely, Minnesota, when strongly mineralized rocks were uncovered in 
an excavation used to source road material for Spruce Road.  Local prospector Fred S. Childers of Ely 
noted copper stains in the material and he, along with Roger V. Whiteside of Duluth, began searching 
along the basal contact in the vicinity of the Kawishiwi River. In 1951, they diamond drilled a 188 foot 
(57 m) deep hole and intersected mineralized gabbro that averaged 0.36% Cu and 0.13% Ni. In 1952, 
both Bear Creek Mining Company (BMC) and the International Nickel Company (INCO) began intensive 
exploration efforts along a 38 mile (61 km) long zone that coincided with the basal contact.  INCO 
eventually picked up the Childers-Whiteside properties (Spruce Road and Maturi deposits); whereas, 
BMC concentrated most of their effort near the town of Babbitt, which resulted in the discoveries of the 
Babbitt (formerly called Minnamax and now known as Mesaba) and Serpentine deposits.  By 1960, these 
exploration efforts indicated that very large tonnages of disseminated Cu-Ni mineralization were present; 
however, the low-grade nature of the deposits and the unavailability of state-owned mineral lands at the 
time led to suspension of activities. 

In 1966, state mineral leases were offered by the Minnesota Department of Natural Resources (DNR) 
and were awarded to successful bidders, resulting in renewed exploration activity (including the return of 
BMC and INCO).  Since 1966, over 20 companies have been actively involved in exploration for Cu-Ni 
and Fe-Ti-V deposits along the basal contact of the complex.  Over 2000 holes, totaling over 2 million 
feet (609 000 m) of core, have been drilled.  Exploration efforts during this period also defined several 
more deposits, including Dunka Road (now NorthMet) and Wyman Creek (United States Steel Corp.), 
Birch Lake (Duval Corporation and Newmont Mining), South Filson Creek (Hanna Mining), Dunka Pit 
(Erie Mining, BMC, and Exxon), and Wetlegs (BMC and Exxon). AMAX Exploration Inc. leased the 
Babbitt deposit from BMC and renamed it the Minnamax deposit in 1973.  During mid to late 1970s, the 
Spruce Road and Minnamax deposits came closest to development.  Mining plans were submitted, test 
shafts were sunk (one each at the Maturi and Minnamax/Mesaba deposits), surface bulk samples were 
collected from 3 sites, and various land-use and water-use permits were requested from State and Federal 
agencies.  In 1974, the Minnesota Environmental Quality Board required that a regional Environmental 
Impact Statement (EIS) be conducted prior to acceptance of any site-specific EIS mining-related 
proposals.  The DNR discontinued lease sales of State lands (1974–1982) until completion of the regional 
EIS.  However, by the time the regional EIS was submitted in 1979, development of the Cu-Ni deposits 
was put on hold by the most of the mining companies involved due to weakened copper and nickel 
markets and the inability to make marketable (i.e., “smeltable”) separate copper and nickel concentrates.  
Amax abandoned their plans to develop an underground high-grade ore zone within the 
Minnamax/Mesaba deposit (known as the Local Boy ore body) in late 1982. 

Then started the “PGE” era.  During the early period of drilling (prior to 1980), all of the exploration 
companies recognized that the Cu-Ni deposits had some potential for hosting PGEs.  Based on very 
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limited sampling, the companies assumed that the typical Cu-Ni ore contained no more that a few 
hundred parts per billion (ppb) combined platinum and palladium.  In 1985, the DNR and Minerals 
Resource Research Center (MRRC of the U of M) conducted a geochemical evaluation of portions of a 
Duval drill hole (DU-15), from the Birch Lake area, and found significant values of up to 9 parts per 
million (ppm) combined Pt and Pd (Sabelin and Iwasaki 1985, 1986).  This was at a time when demand 
for these elements was increasing due to their use in automotive catalysts.  A short time later, Morton and 
Hauck (1987) compiled all of the known PGE data for the complex and reported the presence of 
anomalous PGE values, often associated with high Cu values, at several other Cu-Ni deposits.  These 
discoveries sparked renewed interest in the Cu-Ni deposits as potential polymetallic deposits (Miller et al. 
2002a; and references therein).  E.K. Lehman and Associates of Minnesota obtained mineral leases from 
the state of Minnesota and began drilling wedges off the discovery hole (DU-15W) in the Birch Lake 
area.  These Lehmann leases were later incorporated into Franconia Minerals holdings.  Additional drill 
holes were sampled and analyzed for PGEs by several other companies throughout the Duluth Complex, 
and as a result, significant PGEs were found at many deposits. The occurrences of PGE mineralization for 
each deposit will be more thoroughly discussed later in this guidebook. 

Enter the “Hydromet” era. Early development of the deposits was hampered both by state leasing 
issues, complex metallurgy that resulted in an inability at the time to make marketable separate Cu and Ni 
concentrates, and by general environmental concerns regarding sulfide mining and conventional 
pyrometallurgical processes.  In the mid to late 1990s, the potential of developing the Cu-Ni deposits 
using hydrometallurgical techniques once again sparked renewed activity in the Duluth Complex.  
PolyMet plans to use the PlatSol technique, developed and patented by SGS Lakefield on NorthMet ores, 
to recover Cu, Ni, Co, and PGE at the NorthMet deposit (Dunka Road).  Teck American is conducting 
tests on Mesaba ore to utilize its patented Cominco Engineering Services Laboratory (CESL) process to 
recover metals. Both Duluth Metals and Franconia have PlatSol licenses. The PlatSol and CESL 
processes are of similar concept, both utilizing an autoclave (pressure oxidation) process wherein sulfides 
are converted to sulfates and metals put into, and then recovered from, solution. Thus the sulfur air 
emissions of conventional smelting are eliminated and an inert and potentially marketable by-product of 
gypsum (calcium sulfate) is produced. Other residues from the processes are easily isolated for landfill 
disposal or other containment. 

REGIONAL GEOLOGIC SETTING OF THE DULUTH COMPLEX 

The Duluth Complex and associated intrusions of Keweenawan age (~1.1 Ga) in northeastern Minnesota 
constitute one of the largest mafic intrusive complexes in the world, second only to the Bushveld 
Complex of South Africa (Miller et al. 2002a). These rocks cover a 2200 square mile (5700 square km) 
arcuate area associated with the 2 strongest gravity anomalies (+50 and +70 milligals) in North America, 
that imply intrusive roots more than 8 miles (13 km) deep (Allen et al. 1997).  The comagmatic flood 
basalts and intrusive rocks underlying much of northeastern Minnesota were emplaced during the 
development of the Mesoproterozoic Midcontinent Rift, which can be traced geophysically from 
exposures in the Lake Superior region along a 1250 mile (2000 km) long, segmented, arcuate path to 
Kansas and Lower Michigan.  The Duluth Complex is defined as the more or less continuous mass of 
mafic to felsic plutonic rocks that extends for >170 miles (275 km) in an arcuate fashion from Duluth 
nearly to Grand Portage (Figure 3-1).  It is bounded by a footwall of Paleoproterozoic sedimentary rocks 
and Archean granite-greenstone terranes (Peterson and Severson 2002), and a hanging wall largely of 
comagmatic, rift-related flood basalts and hypabyssal intrusions of the Beaver Bay Complex (see Figure 
3-1).  In genetic terms, the Duluth Complex is composed of multiple discrete intrusions of mafic to felsic 
tholeiitic magmas that were episodically emplaced into the base of a comagmatic volcanic edifice 
between 1108 and 1098 Ma. 
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The geology of the Duluth Complex and adjacent areas has recently been described in 2 major 
publications by the Minnesota Geological Survey (MGS).  These include a 1:200 000 scale regional 
bedrock geological map of northeastern Minnesota (Miller et al. 2001), and a comprehensive written 
description of the geology depicted on this map (Miller et al. 2002a, commonly referred to as the “bible” 
by geologists working on Duluth Complex geology.  Readers interested in more detailed descriptions of 
the geologic setting of the Duluth Complex should begin their quest for knowledge by downloading these 
publications from the MGS website (ftp://mgssun6.mngs.umn.edu/pub2/).  

Within the nearly continuous mass of intrusive igneous rock forming the Duluth Complex, 4 general 
rock series are distinguished on the basis of age, dominant lithology, internal structure and structural 
position within the complex.   

Felsic series—Massive granophyric granite and smaller amounts of intermediate rock that occur as a 
semi-continuous mass of intrusions strung along the eastern and central roof zone of the complex, 
emplaced during an early stage magmatism (~1108 Ma). 

Early gabbro series—Layered sequences of dominantly gabbroic cumulates that occur along the 
northeastern contact of the Duluth Complex, emplaced during early stage magmatism (~1108 Ma). 

Anorthositic series—A structurally complex suite of foliated, but rarely layered, plagioclase-rich 
gabbroic cumulates emplaced throughout the complex during main stage magmatism (~1099 Ma). 

Layered series—A suite of stratiform troctolitic intrusions that comprises at least 11 variably 
differentiated mafic layered intrusions that occur mostly along the base of the Duluth Complex. 
These intrusions were emplaced shortly after the Anorthositic series (~1099 Ma). 

 

Figure 3-1. Generalized geologic map of northeastern Minnesota showing the locations of the mineralized South Kawishiwi and 
Partridge River Intrusions (modified from Miller et al. 2002a). 

South Kawishiwi Intrusion

Partridge River Intrusion

ftp://mgssun6.mngs.umn.edu/pub2/�
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GEOLOGY OF PARTRIDGE RIVER, BATHTUB, AND SOUTH KAWISHIWI INTRUSIONS 

The 4 deposits under review for this trip are located in 3 of the oldest intrusions in the complex: NorthMet 
and parts of the Mesaba deposit in the Partridge River intrusion, parts of Mesaba in the newly defined 
Bathtub intrusion, and Birch Lake and Nokomis in the South Kawishiwi intrusion (Figure 3-2). 

Partridge River Intrusion 

The Partridge River intrusion (PRI) consists mainly of troctolitic cumulates, dips gently to the southeast, 
and is exposed in an arc-shaped area that extends from the Water Hen deposit, on the southwest, to the 
southern edge of the Mesaba/Babbitt deposit, on the northeast (Figure 3-3).  Footwall rocks include the 
Paleoproterozoic Virginia Formation and locally the Biwabik Iron Formation. The basal 3000 feet (900 m) 
are known in great detail from studies of abundant drill core (Severson and Hauck 1990; Severson 1988) 
and are subdivided into 7 or more units that can be traced over a strike-length of 15 miles (24 km). 

The units of the Partridge River intrusion (PRI) are recently described in Miller and Severson (2002) 
and are depicted in Figure 3-3.  At the base of the PRI is Unit I which consists of a suite of 
heterogeneous-textured troctolitic rocks that contain the vast majority of disseminated sulfide-mineralized 
zones.  The top of Unit I is characterized by a fairly persistent ultramafic horizon, which in actuality is at 
the base of Unit II.  Within Unit I are several laterally discontinuous ultramafic horizons and abundant 
footwall sedimentary inclusions of the Virginia Formation.  Noritic rocks are common at the basal contact 
and adjacent to the inclusions.  Unit II consists of more homogenous-textured troctolitic rocks with minor 
sulfide-bearing zones.  However, at the Wetlegs deposit, both Units I and II contain abundant laterally 
discontinuous ultramafic horizons, interbedded with troctolitic rocks that are collectively referred to as the 
Wetlegs Layered Interval (see Figure 3-3). 

Unit III is a major marker bed throughout much of the PRI (Wetlegs to Mesaba deposits, see Figure 
3-3) in that it is characterized by a poikilitic leucotroctolite with olivine oikocyrsts that are randomly 
dispersed throughout the rock giving it a mottled appearance.  This mottled appearance, and the relatively 
fine-grained nature of Unit III, give it a distinct appearance in drill core and it is easily identified.  Unit III 
pinches out to the west of the Wetlegs deposit and is present on only the southern fringe of the Mesaba 
deposit.  The rapid pinch-out of Unit III to the north within the Mesaba deposit appears to be related to 
emplacement of a distinctly different sub-intrusion herein referred to as the Bathtub intrusion (see 
discussion below). 

Overlying Unit III in the PRI are units IV through VIII.  Unit IV varies from a troctolite to augite 
troctolite, often contains an ultramafic base, and commonly grades upward into Unit V which is coarser 
grained and varies from a troctolite to troctolitic anorthosite.  Units VI and VII, and additional units above 
VII, are generally homogenous-textured troctolitic to anorthositic troctolitic rocks, each with a persistent 
ultramafic base that record magma injection events. 

Bathtub Intrusion 

The Bathtub intrusion (BTI) is wholly contained in the central portion of the Mesaba (Babbitt) deposit.  It 
has recently been singled out as a separate intrusion to explain the abrupt change from typical Partridge 
River intrusion stratigraphy in the southern part of the deposit to a completely different stratigraphy, to 
the north, in the remainder of the deposit.  There are 3 structural features that are pertinent to 
understanding the intrusive history of the BTI (see Figure 3-2): 1) an east-west trending, paired syncline 
and anticline in the footwall rocks referred to as the Bathtub syncline and Local Boy anticline; 2) a zone 
that is closely associated with the Local Boy anticline, referred to as “The Hidden Rise,” that separates 
the PRI and BTI; and 3) a north-trending fault zone referred to as the Grano Fault, which has been 
postulated to have been the feeder zone for the BTI and footwall-injected massive sulfides of the Local 
Boy ore zone. 
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Figure 3-2.  Location of Cu-Ni±PGE sulfide deposits, Fe-Ti±V oxide deposits (Oxide-bearing Ultramafic Intrusion - OUI), and 
other exploration areas along the western edge/base of the Duluth Complex.  Note that the NorthMet deposit was referred to as 
the Dunka Road deposit and the Mesaba deposit was referred to as the Babbitt deposit; the most recent names for these 2 deposits 
are used in this guidebook.   
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Figure 3-3.  Generalized stratigraphy of the basal zone of the Partridge River intrusion (modified from Severson 1994).  Roman 
numerals (I through VIII) denote igneous units in the Partridge River intrusion; BT1 and BT4 denote igneous units in the Bathtub 
intrusion; and OUI denotes Oxide-bearing Ultramafic Intrusions. 
 
 

The “Hidden Rise” is a loosely defined zone wherein scattered hornfels inclusions, and associated 
noritic rocks, are fairly common.  When viewed collectively, the inclusions in “The Hidden Rise” define 
an east-west trending “ridge” that is roughly positioned at the contact between the PRI and BTI.  Thus, 
“The Hidden Rise” is used to both define this hornfels-bearing “ridge” and to artistically, and 
conveniently, divide the BTI from the PRI.  The morphology of this feature suggests that it may have 
originally served as the floor and/or north edge of an earlier intruded PRI and later served as a wall along 
the south edge of the BTI as it was emplaced.  The BTI has been subdivided into 2 main units, BT1 and 
BT4, each of which contains several internal subunits (Figure 3-4).  In the vicinity of the Bathtub 
syncline, ultramafic layers and modally bedded rocks are extremely common within the BT4 Unit and 
have been collectively referred to as the Bathtub Layered Interval (BTLI). 

Copper-rich massive sulfides are locally present at the Mesaba deposit in a small zone referred to as 
the Local Boy ore zone.  Local Boy is positioned along the crest of the Local Boy anticline, in close  
proximity to “The Hidden Rise,” and just west of the Grano Fault.  Most of the massive sulfides are 
associated with either hornfelsed sedimentary inclusions above the basal contact or with footwall rocks 
below the contact while the interfingering intrusive rocks are relatively barren of massive sulfides 
(Severson and Barnes 1991).  This suggests that the massive sulfide ores were not formed by the 
gravitational settling of sulfides, but rather, the ores formed by injection of an immiscible sulfide melt 
into structurally prepared areas within the footwall rocks along the Local Boy anticline in a vein-like 
setting.  A possible feeder vent for the sulfide injection event may have been the Grano Fault, which was 
repeatedly reactivated during emplacement of the complex.  West-directed increases in Cu and PGE, 
associated with the massive sulfides at Local Boy, suggest that the immiscible sulfide melt fractionally 
crystallized and became progressively enriched in Cu and PGE as it was deposited in an east-to-west 
direction. 

 



 

67 

 
Figure 3-4.  Schematic “type-section” cross-section, looking east, through the Mesaba deposit that crudely displays the spatial 
distribution of most of the igneous units in the Bathtub intrusion and pertinent structural features.  Note that not all PRI units are 
shown on the right side of the figure. 
 

Partridge River and Bathtub Intrusion Footwall Rocks 

Because the footwall at NorthMet and Mesaba is so similar, following is a generic description appropriate 
to both deposits.  The drilled footwall rock types at Mesaba and NorthMet consist mainly of the Virginia 
Formation and Biwabik Iron Formation.  Both are Paleoproterozoic in age (approximately 1.9 to 1.8 Ga) 
and are the two upper units of the Animikie Group. Any discussion on these two formations must include 
a description of their type-section on the Mesabi Range, as well as, a description of them as related to the 
metamorphism and partial melting that was produced during emplacement of the complex. Lying beneath 
the Biwabik Iron Formation, but encountered only in a few drill holes, are the Paleoproterozoic Pokegama 
quartzite (also of the Animike Group), along with granites and gneisses of the Archean Giant’s Range 
Batholith. 

Biwabik Iron Formation 

The Biwabik Iron Formation (BIF) exposed on the nearby Mesabi Range has typically been subdivided 
into 4 informal lithostratigraphic members (Wolff 1917) that are, from the bottom up: Lower Cherty, 
Lower Slaty, Upper Cherty, and Upper Slaty.  Diamond-drill holes at Mesaba and NorthMet generally 
pierce the top submembers of the Upper Slaty, and end in submember C or D. Submember A consists of a 
pale to white chert and marble, submember B is characterized by alternating bands of green diopside and 
chert, and submember C is a green to gray, thin-bedded rock consisting of chert-fayalite-ferrohyperstene 
with wispy black bands of magnetite (taconite). The upper contact of the BIF is gradational with the 
overlying Virginia Formation. 

Virginia Formation below the PRI and BTI 

The Virginia Formation is a thick sequence of argillite, siltstone, and graywacke at the top of the 
Animikie Group.  On the basis of lithotypes present in 5 drill holes, Lucente and Morey (1983) divided 
the Virginia Formation into 2 informal members: a lower argillaceous lithosome and an upper silty and 
sandy lithosome.  The lower lithosome is approximately 600 feet (180 m) thick and contains common 
intervals wherein black, thin-bedded, carbonaceous argillite is the dominant rock type (Lucente and 
Morey 1983); visible sulfides are locally present. The lower lithesome is the unit which underlies the 
Mesaba deposit, and the base of the Virginia Formation is what is most commonly intersected below the 
Bathtub intrusive, prior to reaching the Biwabik Iron Formation.  
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In close proximity to the Duluth Complex, the Virginia Formation is described as being a hornfels, 
which, as defined by Turner (1968), is a nonfoliated rock composed of a mosaic of equidimensional 
grains.  In reality, many of the “hornfels” textures exhibited by the metamorphosed Virginia Formation do 
not meet this criterion, but as the term has been widely used in descriptions of the Virginia Formation in 
the vicinity of the complex, it is retained in this guidebook.  Mineral assemblages in the hornfels, in both 
the footwall and in inclusions within the complex, consist of varying mixtures of cordierite, quartz, 
potassium feldspar, and biotite with lesser amounts of chlorite, muscovite, plagioclase, orthopyroxene, 
and minor graphite and sulfides. 

The effects of partial melting are profound and portions of the hornfelsed Virginia Formation no 
longer even remotely resemble a sedimentary rock.  Severson et al. (1994a) subdivided the hornfelsed 
Virginia Formation, in both the footwall and in inclusions within the Duluth Complex, into at least  
5 informal units based largely on metamorphic attributes, which are each related to varying degrees of 
partial melting.  These members, and a pre-Duluth Complex sill, are described below and are 
schematically portrayed in Figure 3-5, although in real occurrence, this idealized metamorphic 
progression is more erratic, often with rapid lateral and vertical changes between the 4 metamorphic units 
discussed below.  

Cordieritic Hornfels 

Directly beneath the basal contact of the Duluth Complex, the adjacent Virginia Formation typically 
consists of massive/nonfoliated, cordierite-rich hornfels that display a bluish-gray color in drill core.  The 
rock is generally fine-grained, granoblastic, and biotite-poor (due to loss of water into the complex) and 
locally may contain porphyroblastic and/or poikiloblastic cordierite.  Original bedding planes are 
preserved in some localities, but mostly the bedding planes have been obliterated by contact 
metamorphism. 

 

 
Figure 3-5.  Schematic cross-section showing the general relationships of the metamorphosed footwall rocks beneath the Duluth 
Complex at the Mesaba, NorthMet, Wetlegs, and Serpentine deposits. 
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Recrystallized unit (RXTAL) 

Beneath the cordieritic “capping” the next metamorphic variant of the Virginia Formation nearest to the 
Duluth Complex is a rock that is referred to as the RXTAL unit.  The RXTAL unit is properly classed as a 
diatexite and is characterized by fine- to medium-grained cordierite, plagioclase, biotite, quartz, and 
potassium feldspar with lesser amounts of Opx and opaques.  Bedding planes of the original argillaceous 
rocks are obliterated and what remains is a massive recrystallized rock with decussate biotite that contains 
enclaves (blocks and folded boudins) of more structurally competent calc-silicate hornfels and thin-bedded 
siltstone. 

Disrupted unit (DISRUPT) 

With increased distance from the complex, the RXTAL unit progressively grades into the DISRUPT unit 
which is a thin-bedded rock that is visibly deformed and underwent less degrees of partial melting.  
Textures that characterize the DISRUPT unit are bedding planes that are extremely chaotic and random in 
orientation due to pervasive small-scale folding, faulting, and brecciation.  Superimposed on this chaotic 
pattern are abundant zones of leucocratic partial melts that are also chaotic and folded.  The rock consists 
of varying amounts of quartz, cordierite, potassium feldspar, biotite, plagioclase, and muscovite with 
leucosome veins and patches containing quartz, potassium feldspar (microperthite), plagioclase, and 
muscovite (Duchesne 2004).  The DISRUPT unit is properly classed as a metatexite.   

Graphitic Argillite and Bedded Pyrrhotite (BDD PO) units 

Carbonaceous argillite of the lower lithosome of the Virginia Formation is commonly preserved as either 
the BDD PO unit, or graphitic argillite, in close proximity to the Duluth Complex.  This rock commonly 
contains over 5% disseminated pyrrhotite and/or extremely thin-bedded pyrrhotite laminae (hairline-
thick), and variable amounts of graphite, staurolite(?) and sillimanite.  Wherever the unit contains 
conspicuous and regularly spaced laminae of pyrrhotite (0.5 to 3.0 mm thick at 1 to 20 mm spacings), it is 
informally referred to as the bedded pyrrhotite unit (BDD PO unit). 

VirgSill 

The VirgSill is generally present in the bottom 0.5 to 130 feet (0.15 to 40 m) of the Virginia Formation, 
and as local apophyses into the top of the Biwabik Iron Formation.  The VirgSill was intruded along the 
contact between the Virginia Formation and Biwabik Iron Formation and exhibits a granoblastic texture 
indicating that it was metamorphosed by the Duluth Complex (and thus the VirgSill is pre-Duluth 
Complex in age).  On this basis, the VirgSill is inferred to be equivalent to the Logan sills (circa 1109 
Ma), as is another sill, the BIFSill, in the C submember of the Biwabik Iron Formation (Hauck et al. 
1997).  However, the VirgSill and BIFSill are different chemical entities (the VirgSill is much more Cr-
enriched), and thus, these 2 sills may be related to at least 2 different intrusive events. When present, the 
VirgSill ranges from a few centimetres to several metres thick. Identification of the VirgSill in drill core 
is hampered by the fine-grained granoblastic texture that makes it difficult to distinguish from the 
enclosing hornfelsed Virginia Formation rocks; both were metamorphosed by the Duluth Complex.  The 
VirgSill is subdivided into 2 textural varieties (Severson et al. 1994a; Park et al. 1999): 

1. MG unit – fine-grained, massive, gray-colored unit (massive gray unit or MG unit) that appears 
to be a border phase or chill zone, albeit quite thick at some localities (up to 200 feet (60 m) 
thick in drill hole B1-264).  In some drill holes the entire interval of the VirgSill consists of the 
MG unit. 
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2. Coarser-grained interior – medium- to coarse-grained, green- to brown-colored, olivine- and 
hornblende-bearing interior of the sill that is easily identified as an intrusive rock in drill core.  
The coarse-grained interior is not always present, and when present, may be up to 80 feet  (24 m) 
thick, and occurs as either a single lense within a thick MG unit or as several vertically stacked 
lenses within the MG unit. 

Both the MG unit and coarser-grained interior of the VirgSill contain variable amounts of 
plagioclase, olivine, hornblende, clinopyroxene, orthopyroxene, and biotite with local sulfides (pyrrhotite, 
chalcopyrite, and bornite).  The presence and metamorphic effect of this sill has caused an “armoring” 
wherein previously metamorphosed Virginia Formation has resisted assimilation by the Duluth Complex. 
Across much of the lower parts of the NorthMet and Mesaba deposits there is a persistent thin (<10 feet 
(3 m)) rind of Virginia Formation associated with this sill. 

South Kawishiwi intrusion 

The South Kawishiwi intrusion (SKI) consists mainly of troctolitic cumulates and dips gently to the 
southeast.  The SKI is exposed in an arc-shaped area that extends from the Serpentine deposit, on the 
southwest, to the Spruce Road deposit, on the northeast (see Figure 3-2).  Footwall rocks include the 
Paleoproterozoic Virginia Formation, Biwabik Iron Formation and Archean Giants Range Batholith, the 
latter being the dominant footwall rock type.  The presence of Biwabik Iron Formation as inclusions, from 
the Birch Lake deposit to as far north as the Spruce Road deposit, indicates that the majority of 
Paleoproterozoic units were assimilated and removed from the footwall during emplacement of the South 
Kawishiwi intrusion (Severson et al. 2002).  The basal stratigraphic section is known in great detail from 
studies of abundant drill core and is subdivided into 17 different units (Figure 3-6) that are present over a 
strike-length of 19 miles (31 km).  The lowermost units are unevenly distributed along the strike length of 
the intrusion in a “compartmentalized” fashion, suggesting a complicated intrusive history (Miller and 
Severson 2002).  A few salient features to keep in mind regarding the igneous stratigraphy of the SKI 
include: 

 The vast majority of sulfide mineralization is confined to the BH (Basal Heterogeneous Unit), BAN 
(Basal Augite Troctolite and Norite Unit), UW (Updip Wedge Unit), and U3 (Ultramafic 3 Unit); 

 Major marker beds include 3 horizons that contain abundant cyclic ultramafic layers (U1, U2, and U3 
units) and a pegmatite-bearing unit (PEG Unit, originally recognized by Foose 1984).  The U1, U2 
and U3 units represent periods of rapid and continuous magma replenishment that crystallized more 
primitive ultramafic layers before mixing with the resident magma (Severson et al. 2002); 

 The U3 Unit is unique in that it contains several massive oxide pods (titanomagnetite-rich), as well as 
recognizable inclusions of bedded Biwabik Iron Formation.  The spatial correspondence between the 
U3 Unit and footwall iron-formation suggests that most of the massive oxide pods are iron-rich 
“restite” produced by assimilation and partial melting of the iron-formation (Muhich 1993; Severson 
1994; Severson et al. 2002); 

 The U3 Unit contains the vast majority of high PGE values, especially within the Birch Lake area and 
possibly at the Nokomis deposit.  However, high PGE values are also present in the PEG Unit (Birch 
Lake area and Nokomis deposit), the top of the BH Unit (Maturi deposit and Nokomis deposit), and 
very locally in troctolitic rocks situated well above the basal contact (South Filson Creek deposit); 
and 

 A large inclusion/pillar of anorthosite is present at the Nokomis deposit.  This pillar, and possible 
proximity to a vent area and magma flow paths (see discussion for Nokomis deposit), are the inferred 
reasons for high PGE values at the Nokomis deposit. 
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Figure 3-6. Generalized stratigraphy of the basal zone of the South Kawishiwi intrusion (modified from Severson 1994; and 
included in Miller and Severson 2002).  The lowermost igneous units are: BAN = Basal Augite Troctolite and Norite;  
BH = Basal Heterogeneous; U3 = Ultramafic 3; PEG = Pegmatitic unit of Foose (1984); U2 = Ultramafic 2; U1 = Ultramafic 2; 
AT-T = Anorthositic Troctolite to Troctolite; UW = Updip Wedge; Main AGT = Main Augite Troctolite. 

REGIONAL ECONOMIC GEOLOGY  

While Minnesota is home to the United States iron ore industry, development of its known nonferrous 
deposits has been hampered by industry downturns, remoteness from the rest of the base metals industry, 
a complex land situation, and a (wrongly) perceived environmental risk. The state has done much to 
support nonferrous exploration, in particular maintaining an impressive drill core and data library in 
Hibbing, and sponsoring extensive mapping and sampling projects. Research arms of the Minnesota 
Department of Natural Resources and the Natural Resources Research Institute at the University of 
Minnesota Duluth (UMD) have contributed much knowledge to mineral processing methods for these 
ores. In general this work has not been well publicized.  This short discussion on regional mineral 
potential focuses on rocks in the north part of the state, but there has been recent exploration for nickel 
and diamonds throughout the state. For detailed discussion of potential in Archean rocks see Peterson 
(2001a) and for Duluth Complex rocks see Miller et al. (2002a). 

Mesabi Range Iron Mines—Status 

There are 6 operating iron mines employing about 3500 people in the region. They all produce taconite 
pellets from low-grade magnetic ore. Four are captive to steel companies, 2 produce pellets for market, 
generally through long term contracts. Product shipping is largely by rail to 1 of 4 ports on Lake Superior, 
then by boat to mills on the lower lakes. About thirty-eight million tons of pellets were produced in 2007. 
Total material movement (ore and stripping) was on the order of 200 million tons. The greater than  
100 year history of this world class mining district means that there is an extensive, developed 
infrastructure and service industry for these mines. 

Two iron-related projects are in development in 2010. Mesabi Nugget, located near the PolyMet plant 
site, initially is using purchased concentrate to produce iron nuggets suitable for electric furnace 
production of steel, and is ramping up production. The company has submitted plans to the state to re-
open some of the LTV pits and produce their own concentrate. Essar Steel (Minnesota Steel Industries, 
formerly Minnesota Iron & Steel) plans to re-open a closed taconite mine (Butler Taconite) at the western 
end of the Mesabi Range and produce direct reduced iron from taconite pellets on site. That direct 
reduced iron will in turn be used to make steel slab for shipment. This will be the only mine-to-steel, 
single-site production facility in North America.  
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Other Regional Economic Geology 

Two broad-age groups dominate the other rocks with mineral potential in northern Minnesota.  Archean 
rocks represent possible hosts for lode gold, volcanogenic massive sulfide (VMS), and diamond 
prospects. North of the Duluth Complex is extensive terrane of exposed Archean rock, similar to that in 
Ontario (Wawa and Quetico subprovinces). Over the years various prospects for gold and base metals 
have been delineated, but follow-up work has been sporadic and generally short lived. These prospects 
include, for gold, Raspberry, Murray Shear zone, Spaulding Bay, Mud Lake, Pac Man Pond, and Section 
6, investigated by Goldfields, Newmont, Kerr McGee, and Noranda among others.  For base metals the 
deposits include Clear Lake, Skeleton Lake, Fivemile Lake, and Purvis Road worked by the above 
companies as well as Exxon, Teck, Rendrag, and Lehmann.  A 2001 PhD thesis (Peterson 2001a) is an 
excellent review of the Archean mineral potential of the region. That report makes detailed analytical 
comparisons between producing gold and base metals camps in Canada and prospects in Minnesota.  
Diamond work in Archean-age rock of Minnesota includes Exmin (DeBeers), WMC, and others, as well 
as the Minnesota Geologic Survey. 

Proterozoic rocks in northern Minnesota include Animikian Basin (Paleoproterozoic, ~1.8 Ga) 
sedimentary rocks (Pokegama Quartzite, Biwabik Iron-Formation, and the Virginia Formation). Besides 
current iron ore production, past exploration has focused mostly on zinc and other base metals in the 
Virginia. Anomalous mineralization (sphalerite, molybdenite) has been found in the Virginia, but no 
prospects have been defined. 

Titanium and Other Oxide Mineral Potential in the Duluth Complex 

There are at least 4 titanium deposits within 12 miles (19 km) of PolyMet’s Hoyt Lakes plant site (out of 
13 known titanium deposits in the area). They are all located in the Duluth Complex and locally called 
“OUI’s” for “Oxide-bearing Ultramafic Intrusions”. These are titanium-rich plugs which crosscut the 
rocks of the complex. All are greatly undersampled, especially for PGE and other oxides besides titanium 
(chromium, vanadium, etc.). 

Bulk samples have been processed from 2 of these titanium prospects. The titanium in these deposits 
is in magnesium-rich ilmenite which is not easily processed by current commercial methods. BHP, 
Coleraine Minerals Research Laboratory of UMD’s Natural Resources Research Institute (NRRI), and 
others have done extensive process testing towards adding value to these prospects. All 13 have been 
drilled, but generally not to a point where a legitimate (i.e., NI 43-101 compliant) resource can be 
declared.  Two OUI’s with reasonable historical resource estimates are Longnose, with 50 million tons 
averaging 21% TiO2 based on 11 drill holes, and Water Hen, with 62 million tons averaging 14% TiO2, 
based on 37 drill holes.  At present, Cardero Resources has leased Longnose, as well as the Section 34 
deposit about halfway between Duluth and the Iron Range. Cardero has drilled numerous holes at both 
sites in the winter of 2010. 

This group of deposits represents great potential for undiscovered copper-nickel-PGE, silver, as well 
as oxide rich “plug-like” intrusions with known titanium resources and possibilities for chromium, 
vanadium, etc. It is obviously unknown what is undiscovered, but historic exploration on the Duluth 
Complex and associated rocks has focused almost exclusively on the large copper-nickel deposits along 
the northwestern contact with virtually no work done on the interior of the complex.  There is a large 
collection of core available for all of these projects, and in general a good collection of related data stored 
at the Minnesota Department of Natural Resources in Hibbing. NRRI has logged most of this core, and 
consolidated whatever assay data is available (Patelke 2003). 

Additional discussion of Ti-V resources is given in Day 4B field trip description. 



 

73 

Northmet Deposit – PolyMet Mining 
By Richard Patelke, Steve Geerts, Mark Severson 

NorthMet, located in the Partridge River intrusion of the Duluth Complex, is a large, disseminated sulfide 
deposit in heterogeneous troctolitic rocks associated with the 1100 million year old Midcontinent Rift. 
Metals of interest are copper, nickel, cobalt, platinum, palladium and gold. The majority of the metals are 
concentrated in 4 sulfide minerals: chalcopyrite, cubanite, pentlandite, and pyrrhotite, with platinum, 
palladium and gold also found in bismuthides, tellurides, and alloys.  NorthMet is one of 11 copper-
nickel-PGE deposits along the northern margin of the complex (PGE: platinum, palladium, gold). All of 
these share grossly similar geologic settings: disseminated sulfides with minor local massive sulfides in 
heterogeneous rocks forming the basal unit of the Duluth Complex along the contact with older rocks. 

The deposit is on the southern flank of the Mesabi Iron Range, which is host to 6 large operating 
taconite mines, the closest of which is less than two miles (3.2 km) north of the planned NorthMet pits 
(Figure 3-7).  Ore from NorthMet will be processed at a rate of 32 000 short tons per day through the 
former LTV Steel Mining Company iron ore concentration plant (“Erie Plant”), with new facilities for 
processing of the NorthMet copper-nickel-PGE concentrates through a hydrometallurgical method to 
produce copper metal and various hydroxide and concentrate products of nickel-cobalt-PGE (Figure 3-8). 

EXPLORATION AND DEVELOPMENT 

There have been 5 major drilling programs since 1969, re-sampling for PGE began in 1989, three 
PolyMet joint ventures were pursued and dissolved in the 1990s, processing technology was developed in 
the late 1990s, the former LTV Steel Mining Company concentrator and other property was optioned in 
2003, and the metallurgical process was refined in 2005–2009. 

Drilling programs have been conducted by United States Steel (USS, in 1969–1974) and PolyMet 
Mining Inc. (reverse circulation or “RC” drilling and core drilling in 1998–2000 and 3 phases of core 
drilling in 2005, 2007 and 2010), plus 2 (actually 2 pairs of twins) holes by NERCO Minerals Company 
in 1991. This drilling encompasses 324 292 feet over 455 holes as of May 2010. Over 38 700 acceptable 
assays have been taken from this drilling (232 584 feet assayed). Table 3-1 gives a breakdown of years, 
footages, and number of assays for all project drilling. 

United States Steel (USS) began core drilling at NorthMet (as the Dunka Road project) in 1969. 
Drilling targeted a conductor that turned out to be in the footwall metasedimentary rocks, but the first drill 
hole hit massive sulfide in the Duluth Complex. Drilling continued over five years for 112 holes with 
133,716 feet of intercept. The working assumption was to mine the deposit from underground, sampling 
was limited to the most continuous zones with strong visible copper-nickel mineralization, and only about 
2,200 samples representing about 22,000 feet were taken. USS assayed only for copper, nickel, sulfur, 
and iron. PGE presence was known from sampling on concentrates, but the economics of PGE recovery 
were apparently not pursued. Project work stopped while apparently incomplete and was not restarted. 

USS did not do much follow-up, but kept their land ownership, core, pulps, coarse rejects, and 
records for the project. In the mid 1980s the Minnesota Department of Natural Resources (MDNR) began 
sampling various historic drill core intervals in the Duluth Complex for PGE and got some good, but 
localized, results. In 1989 Fleck Resources (Fleck) leased the Dunka Road property from USS and began 
a program of re-assaying USS pulps and coarse rejects with a much more extensive multi-element suite, 
as well as adding in some new samples from existing core through cooperative work with the Natural 
Resources Research Institute (NRRI), associated with the University of Minnesota Duluth. The results 
were very positive in showing elevated PGE values in the deposit and confirming the previous copper-
nickel assays. 
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Figure 3-7.  PolyMet NorthMet project site. 
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Figure 3-8. Detail of Erie Plant site showing existing facility and new construction. 
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Table 3-1. Total drilling and assaying for NorthMet project. 

Company Drilling 
years 

Assaying 
years 

No. of 
drill 
holes 

Total 
footage for 
group 

No. of assay 
intervals used in 
“accepted values” 
tables 

Assayed 
footage used 
in final 
database 

Assay 
laboratories 

US Steel 1969-
1974 

1969-1974, 
1989-1991, 
1999-2001, 
2005-2006, 
2008 

112 133 716 
 
 
 

11 259 73 303 USS, ACME, 
ALS-Chemex 

NERCO 1991 1991 2 (4) 842 165 822 ACME 

PolyMet rev-
circulation 
drilling 

1998-
2000 

1998-2000 52 24 650 4765 23 767 ACME 

PolyMet core 
drilling 

1999-
2000 

2000-2001, 
few in 2005 

32 22 156 4058 20 727 ALS-Chemex 

PolyMet RC 
drilling 
deepened with 
AQ core tail 

2000 2000 3 2696 524 2610 ALS-Chemex 

PolyMet core 
drilling  

2005 2005-2006 109 77 166 11 656 71 896 ALS-Chemex 

PolyMet core 
drilling 

2007 2007 61 24,530 3456 23 310 ALS-Chemex 

PolyMet core 
drilling 

2010 2010 41 17 674 2533 16 232 ALS-Chemex 

Totals for Exploration Drilling:    412 303 430 38 506 232 576  

US Steel 
stratigraphic 
holes 

1970s? none 6 9647 none none  

INCO 1956 none 3 2015 none none  

Humble Oil / 
Exxon 

1968-
1969 

none 3 9912 none none  

Bear Creek / 
AMAX 

1967-
1977 

none 11 8893 none none  

PolyMet / Barr 
Engineering 
(hydrologic 
testing) 

2005-
2007 

none 21+ 3459+ none none  

 

Fleck partnered with NERCO in 1991 for some bulk sample work, mine plans, environmental 
reviews etc., done through Fluor Daniel Wright engineers, but the partnership was eventually dissolved. 
In 1995 Fleck joined with Argosy Mining Corp. to do more work on the project, again with no major 
progress towards production.  In June 1998, Fleck became PolyMet and focused their resources on Dunka 
Road, which was renamed NorthMet. Without partners, except for a brief venture with North Mining 
(North), PolyMet drilled and sampled 87 holes in 1998–2001, and sent 2 large bulk metallurgical samples 
to Lakefield Laboratories (now SGS) in Lakefield, Ontario, for development and refinement of the 
PlatSol hydrometallurgical process and began some environmental background work. 
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In the summer of 2000, North was taken over by Rio Tinto. The joint venture agreement was 
terminated by PolyMet upon consideration that NorthMet appeared to be a low priority to Rio Tinto. The 
main concern was that other partnership opportunities might be missed during the time that Rio Tinto 
assessed and prioritized the ongoing North projects. However, much of the North funding was already in 
place and was used to partially finance the 2001 pre-feasibility study.  After release of the pre-feasibility 
study (2001), a brief hiatus, and a major re-evaluation of how the project should proceed, PolyMet 
became active again in 2003 with new management and a new development plan. 

This plan involves integrating the former LTV Steel Mining Company iron ore concentration plant 
(“Erie Plant”) with new facilities for processing of the NorthMet copper-nickel-PGE concentrates through 
a hydrometallurgical method at rate of 32 000 short tons of ore per day to produce copper metal and 
various hydroxide and concentrate products of nickel-cobalt-PGE.  Geologic work towards this end began 
in 2004 and first focused on a careful and total re-compilation of the historic NorthMet project drill-hole-
related data. This effort organized and verified all drilling metadata, location, downhole survey, lithology, 
and assay data, and cataloged all paper (and digital) records for the project. Of note is that this resulted in 
an increase in the number of acceptable assays from 12 000 to around 17 200 and an improved geologic 
picture from careful consolidation of existing records. 

This work was used as background for a revised resource estimate in January 2005 and planning of a 
drill program for 2005. The 2005 program entailed drilling and sampling 109 holes (77 000 feet), 
collection of a 40 ton metallurgical bulk sample for pilot scale testwork, geotechnical (oriented core) 
drilling, in-fill sampling of previously drilled core, and extensive collection of waste characterization 
data. The 2005 drilling program added 13 450 multi-element assay records to the existing database. A 
PolyMet report covers the details of historic drilling and assaying (Patelke and Geerts 2006). 

Drilling in 2007 for 24.530 feet (7.5 m) with 3546 assays concentrated on defining mineralization in 
the upper units in the west part of the deposit (the “Magenta Zone”). This drilling and the subsequent re-
modeling of the deposit turned about 50 million tons of material previously classed as waste to ore.  There 
is also over 34 000 feet of hydrogeology drilling and “stratigraphic holes” (drilling by other companies 
not done as part of the NorthMet project). No assays are in use from these 44 holes which are used for 
geologic control.  Approximately 89.5% of Unit 1 and about 57% of the upper units have been sampled 
across the deposit. The sampled percentages are higher in the anticipated area of mining. 

Sampling in Unit 1 (the main mineralized zone) is now mostly continuous through the zone for all 
generations of drilling. The PolyMet RC and core holes have continuous sample through the upper waste 
zones (which do have some intercepts of economic mineralization). Work in 2005 through 2008 
essentially completed the sampling of historic USS core within the area likely to be mined. This broad 
sampling limits the possibility of location bias in the sample set. While not all of the USS core has been 
sampled, there is no known unsampled mineralized core. 

There have been numerous bulk samples taken at NorthMet (Table 3-2). Samples have been 
representated by Unit and rock type. Agreement between calculated grades (based on core sampling) and 
analyzed grades of final sample has been excellent. Earlier bulk samples represented the first 10 years of 
production, more recent samples used material from across the deposit. Each bulk sample has built upon 
the previous, and work has progressed to the point where PolyMet has confirmed the ability to make 
separate, saleable, copper and nickel concentrates. This will allow the company to develop cash flow from 
sales much earlier in production while completing construction of the hydrometallurgical facility. 
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Table 3-2. Large metallurgical samples collected at NorthMet. 

Bulk Sample Year Tons Location of sample 

USS Bulk sample pit No. 1 1971 Unknown, but small Pit in center of property 

USS Bulk sample pit No. 2 1971 300 Pit at east end of property 

USS Bulk sample pit No. 3 1971 20 Pit at east end of property 

NERCO PQ drill core 1991 Estimated at 4.5 tons or 
less by drill core size

One PQ drill hole from each end of property 

Argosy Mining 1995 Unknown, but small Composited from USS coarse rejects 

PolyMet RC drill cuttings 1998 26 One composite, mostly from what is now 
considered east part of 10 year pits 

PolyMet RC drill cuttings 2000 33 One composite, mostly from what is now 
considered east part of 10 year pits 

PolyMet 4 inch and PQ core 
and coarse reject 

2005 10.5, 21.5, and 10.7 Three composites from within 10 year pits 
across property

PolyMet coarse reject 2006 4.2 and 4.94 One composite from 10 year east pit, one 
from 20 year pit across property 

PolyMet ¼ core from 2005 
and 2007 Drilling 

2007 500  kg One composite, from east and west pit areas 

PolyMet ¼ core from 2005 
and 2007 Drilling 

2008 4.44 One composite, from east and west pit areas 

PolyMet ¼ core from 2005 
and 2007 Drilling 

2008 4.48 One composite, from east and west pit areas 

 

The planned hydrometallurgical process (PlatSol) was developed on NorthMet ores. The process 
uses pressure oxidation (225°C, over 30 atmospheres) in the presence of chloride to capture all base and 
precious metals in the concentrate. Hydromet process recoveries are all over 98%.  Other geologic data 
collected includes recovery and RQD measurements on all core, over 7000 specific gravity 
measurements, over 900 whole rock analyses, over 300 rare earth element packages and a large amount of 
microprobe data collected for waste characterization purposes. 

GEOLOGY OF THE NORTHMET DEPOSIT 

NorthMet consists of 7 igneous units that dip southeast, with most economic sulfide mineralization in the 
top parts of the lowermost unit (Unit 1). The following is a summarized description of the geology of the 
deposit, based on observations from drill core and limited outcrop mapping. 

Quaternary Geology 

In general the Quaternary geology of the region is a thin (0 to 30 feet or 0 to 10 m, but locally thicker) 
blanket of glacial deposits including till, lacustrine materials, and outwash. Low spots are usually peat 
bog or open wetland. Topography is subdued and drainage is poor.  Site specific geologic studies of the 
drift have not been done, though a series of geophysical soundings were carried out in 2006 to better 
define drift thickness outside the area to be mined (Ikola 2006).  Lehr and Hobbs (1992) mapped the area 
as part of the Wampus Lake Moraine. Minnesota Geologic Survey Map 164 (Jennings and Reynolds 
2005, includes GIS database) categorizes all drift materials as Rainy Lobe till and re-sedimented glacial 
deposits, overlain locally by post glacial peat. 
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Test pits for preliminary PolyMet engineering studies and informal observations of sumps and other 
small excavations bear this out. Most areas consist of unsorted sand/silt/clay with cobbles and boulders. 
Boulders on surface can be greater than 10 feet (3 m) in size and there may be a boulder lag horizon just 
below the ground surface in some areas.  As measured from drill holes, thickness of the drift ranges from 
0 to 50 feet (0 to 15 m) (mostly less than 20 feet or 6 m) and averages about 12 feet (3.7 m). The 2006 
geophysical soundings measured thicknesses up to 60 feet (18 m) past the western margins of the drilled 
area. 

Structural Geology 

The general structure of the NorthMet deposit, as defined by igneous contact dips, foliation in 
serpentinized zones, bedding trends in the Biwabik Iron Formation (BIF) and in the Virginia Formation, 
is dominated by an overall dip ranging from 15 to 25° to the southeast, striking about N56°E. Dips in the 
7 igneous units are grossly similar, but dips of the mineralized zone are up to 60° in the east pit area. Dips 
in both the Animikian and the Duluth Complex rocks can be attributed to crustal loading, associated with 
the input of large volumes of magma originating from the Midcontinent Rift (Sims and Morey 1972). 

Numerous faults have been proposed across the NorthMet deposit, based largely on reconciling dips 
in the footwall rocks. Unfortunately, not enough evidence has been established through drilling to indicate 
with certainty the exact location of major offsets or faulting within the igneous rock units or the footwall 
rocks on a hole-to-hole basis. This definition difficulty is compounded by the fact that over time the fault 
representations have been extended vertically from ground surface to footwall, though many were 
originally thought to only show offset in the footwall, or were based solely on limited outcrop evidence. 

Clearly, however, offset or faulting exists, at least within the footwall rocks, because of substantial 
offsets in the BIF (assuming an average 20° dip) as evidenced between drill holes portrayed in cross-
sections. Many of these same offsets can be correlated in adjacent cross-sections. Fault zones are apparent 
in drill core and show up as brecciated intervals (up to several feet thick), including gouge mineralization 
(clay, calcite, quartz, etc.), slickensides on serpentinized fracture faces, and/or severely broken (rubble) 
core. However, the exact location of all faults/offsets at the NorthMet deposit on a hole-to-hole basis has 
only been approximated because of the sparse structural information so far provided by drilling. 
Extensive angle drilling in 2005 and 2007 (142 of 170 holes) brought no great clarity to this issue 
(virtually all previous drilling was vertical). The current geological model and working cross-sections are 
therefore constructed with minimal faulting influence, especially within the igneous rock units of the 
Partridge River intrusion, until more evidence clarifies this issue. 

Logging and Mapping Units 

A summary of the general stratigraphy of the NorthMet deposit is outlined below. Rock units and 
formations are listed in descending order, as would be observed from top to bottom in drill hole. 
NorthMet units are labeled as Units 1 through 7 (Units I through VII in Severson’s (1994) terminology), 
bottom to top. Unit 3 is probably the oldest, the intrusion sequence of the other units is not clear. 

The broad picture is of a regular stratigraphy of troctolitic to anorthositic rock units, dipping 
southeast at 20 to 25°, with basal ultramafic units defining the boundaries of some of these units. The 
basal ultramafic zones tend to have diffuse tops, sharp bases, and are commonly serpentinized and 
foliated. Geologists have generally picked the unit boundaries at the base of these ultramafics though 
there are local exceptions. Economic sulfide mineralization is ubiquitous in the basal igneous unit (Unit 1) 
and is locally present, but restricted, in the upper units. 
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Rock Type and Unit Classification 

Igneous rock types in the Duluth Complex are classified at NorthMet by visually estimating the modal 
percentages of plagioclase, olivine, and pyroxene and using the modal classification scheme proposed by 
Severson and Hauck (1990), which they modified from Phinney (1972) (Figure 3-9). Because of subtle 
changes in the percentages of these minerals, a variation in the defined rock types within the rock units 
may be present from interval to interval or hole to hole. This is especially true for Unit 1.  

Unit definitions are based on overall texture of a rock type package; mineralogy; sulfide content; and 
context with respect to bounding surfaces (i.e., ultramafic horizons, oxide-rich horizons). Unit definitions 
are not always immediately clear in logging, but usually clarified when drill holes are plotted on cross-
sections. In other words, to correctly identify a particular stratigraphic unit, the context of the units 
directly above and below should also be considered.  Based on drill-hole logging, the generalized rock 
type distribution at NorthMet is about 83% troctolitic, 6% anorthositic, 4% ultramafic, 4% sedimentary 
inclusions, 2% noritic and gabbroic rocks, and minor pegmatite, breccia, basalt inclusions, and others. 

Unit Definitions and Descriptions 

Descriptions of the general igneous stratigraphy for the NorthMet deposit is described below and 
presented in a stratigraphic column in Figure 3-10.  Also see Figures 3-11 and 3-12 for map and cross-
sectional views of the main units, respectively. 

Unit 7 

Unit 7 is the uppermost unit intersected in drill holes at the NorthMet deposit. It consists predominantly 
of homogeneous, coarse-grained anorthositic troctolite and troctolitic anorthosite, characterized by a 
continuous basal ultramafic subunit that averages 20 feet (6 m) thick. The ultramafic consists of fine- to 
medium-grained melatroctolite to peridotite and minor dunite. The average thickness of Unit 7 is 
unknown because of erosion removing the upper parts. Unit 7 is generally not mineralized. 

 
 

 
 

Figure 3-9. Modal rock type classification scheme, after Severson and Hauck (1990). 
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Unit 6 

Very similar to Unit 7, Unit 6 is composed of homogeneous, fine- to coarse-grained, troctolitic 
anorthosite to troctolite. It averages 400 feet ( thick and has a continuous basal ultramafic subunit that 
averages 15 feet (4.6 m) thick. Overall, sulfide mineralization is minimal, although a number of drill holes 
in the southwestern portion of the NorthMet deposit contain significant sulfides and associated elevated 
PGEs (Geerts 1991, 1994). Sulfides within Unit 6 generally occur as disseminated chalcopyrite/cubanite 
with minimal pyrrhotite. This mineralized occurrence, the “Magenta Zone”, transitions into Units 3, 4 and 
5, and is discussed in greater detail below.  

 

 

 
 

Figure 3-10. Generalized stratigraphic column for NorthMet units (modified after Geerts 1994). 
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Unit 5 

Unit 5 exhibits an average thickness of 250 feet (76 m) and is composed primarily of homogeneous, 
equigranular-textured, coarse-grained anorthositic troctolite. Anorthositic troctolite is the predominant 
rock type, but can locally grade into troctolite and augite troctolite towards the base of the unit. The lower 
contact of Unit 5 is gradational and lacks any ultramafic subunit; therefore, the transition into Unit 4 is a 
somewhat arbitrary pick. Due to the ambiguity of this contact, thicknesses of both units vary dramatically. 
However, when Units 5 and 4 are combined, the thickness is fairly consistent deposit-wide. Aside from 
Magenta Zone mineralization in the west, Unit 5 is not mineralized. 

Unit 4 

Being somewhat more mafic than Unit 5, Unit 4 is characterized by homogeneous, coarse-grained, ophitic 
augite troctolite with some anorthosite troctolitic. Unit 4 averages about 250 feet (76 m) thick. At its base, 
Unit 4 may contain a local thin (usually no more than 6 inch, or 15 cm) ultramafic layer or oxide-rich 
zone. The lower contact with Unit 3 is generally sharp.  Unit 4 is rarely mineralized outside the Magenta 
Zone. 

Unit 3 

Unit 3 is used as the major “marker bed” in determining stratigraphic position in the PRI. It is composed 
of fine- to medium-grained, poikilitic and/or ophitic, troctolitic anorthosite to anorthositic troctolite. 
Characteristic poikilitic olivine gives the rock an overall mottled appearance. On average Unit 3 is  
300 feet (91 m) thick. As with Units 4 and 5, the thickness of Units 2 and 3 tend to be highly variable, 
whereas if combined into 1 unit, it is more consistent deposit-wide (though not as consistent as Units 4 
and 5). 

Unit 2 

Unit 2 is characterized by homogeneous, medium- to coarse-grained troctolite and augite troctolite with a 
consistent basal ultramafic subunit. The continuity of the basal ultramafic subunit, in addition to the 
relatively uniform grain size and homogeneity of the troctolite, makes this unit distinguishable from  
Units 1 and 3. Unit 2 has an average thickness of 100 feet (30.5 m). The ultramafic subunit at the base of 
Unit 2 is the lowermost continuous basal ultramafic horizon at the NorthMet deposit, averages 25 feet 
(7.6 m) thick, and is composed of melatroctolite to peridotite and minor dunite. 

In some ways the characteristics of Unit 2 and how it fits into the stratigraphy are ambiguous.  It can be 
interpreted as the lower part of Unit 3, the upper part of Unit 1, or a separate unit. Based on continuity of 
the ultramafic boundary it seems to be a lower, more mafic, counterpart to Unit 3 or a separate unit. 
However, even though Unit 2 has been historically described as barren, in the western part of the deposit 
it appears to have mineralization grossly continuous with that at the top of Unit 1. The general lack of 
footwall inclusions would argue against Unit 2 being older than Unit 1. 

Unit 1 

Of the 7 igneous rock units represented within the NorthMet deposit, Unit 1 is the only unit that contains 
significant deposit-wide sulfide mineralization. Sulfides occur primarily as disseminated interstitial grains 
between a dominant silicate framework and are chalcopyrite > pyrrhotite > cubanite > pentlandite. Unit 1 
is also the most complex unit, with internal ultramafic subunits, increasing and decreasing quantities of 
mineralization, complex textural relations and varying grain sizes, and abundant sedimentary inclusions. 
It averages 450 feet (137 m) thick, but is locally 1000 feet (305 m) thick and is characterized 
lithologically by fine- to coarse-grained heterogeneous rock ranging from anorthositic troctolite (more 
abundant in the upper half of Unit 1) to augite troctolite with lesser amounts of gabbro-norite and norite 
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(becoming increasingly more abundant towards the basal contact) and numerous sedimentary inclusions. 
By far the dominant rock type in Unit 1 is medium-grained ophitic augite troctolite, but the textures can 
vary wildly. Two internal ultramafic subunits occur in drill holes in the southwest, and have an average 
thickness of 10 feet (3 m). 

Footwall rocks are covered in the Partridge River intrusion description. 

Inclusions 

Two broad populations of inclusions occur at NorthMet: hanging wall metabasalts (Keweenawan) and 
footwall metasedimentary rocks. Basalts are fine-grained, generally gabbroic, with no apparent relation to 
any mineralization. Footwall inclusions may carry substantial sulfide (pyrrhotite) and often appear to 
contribute to the local sulfur content. Footwall inclusions are all Virginia Formation, no iron-formation. 
Pokegama Quartzite, or older granitic rock, has been recognized as an inclusion at NorthMet. 
Sedimentary inclusions make up about 4% of the logged rock types, and basalt inclusions sum to less than 
1% of the drilling footage. 

Inclusions and Timing 

Generally, hanging wall inclusions are restricted to Unit 3 and the units above, while footwall inclusions 
are most abundant in Unit 1. This zoned distribution of inclusions indicates that one possible scenario for 
order of intrusion is that Unit 3 intruded first, created space between the basalt and the Virginia 
Formation, then portions of the hanging wall basalts collapsed into the Unit 3, but for some reason Unit 3 
was not able to dissagregate or assimilate much of the footwall rock (because of temperature, viscosity of 
magma or ductility of the footwall). Unit 1, however, intruded between Unit 3 and the footwall and was 
able to assimilate large portions of the footwall and thus contaminate itself with both sulfur and silica. In 
this scenario Unit 2 is intruded after Unit 1, between Units 1 and 3, as Unit 2 has limited footwall 
inclusions. Unit 3’s intrusion would have separated the footwall and Unit 1 from later Units 4 through 7, 
which never reacted with the footwall at the NorthMet site. Therefore, any footwall inclusions seen in 
Units 4 through 7 (and probably those seen in Unit 2) can be interpreted as being carried in from some 
other part of the magmatic system. Note that basalt overlies and is in direct contact with the Virginia 
Formation at the Wetlegs deposit to the west of NorthMet, implying that the starting conditions for this 
chain of events are plausible. 

Other Igneous Units 

Quadrangle-scale outcrop mapping indicates that other igneous stratigraphic units are present above  
Unit 7. These units are similar to Units 6 and 7 in that they consist of homogeneous-textured troctolitic 
rocks with basal ultramafic members.  

There are minor, unmineralized, pre-Duluth Complex sills in both the Virginia Formation and 
Biwabik Iron Formation at NorthMet (VirgSill and BIF Sill in footwall descriptions above). In neither 
case is there any apparent relation to Duluth Complex mineralization. Early sills in the Virginia probably 
metamorphosed the Virginia, forming a zone that resisted assimilation during later intrusion of the 
complex, hence leading to the thin “rind” of metamorphosed Virginia on top of the BIF seen in the deeper 
downdip drill holes at NorthMet. 

Alteration 

The vast majority of rock within the NorthMet deposit would be considered fresh and is unaltered or only 
weakly altered. Types of alteration most commonly observed in NorthMet rocks are 
serpentinization/chloritization of olivine, sericitization and saussuritization of plagioclase, and 
uralitization of pyroxenes. Most alteration is related to close proximity of fractures and/or joints that 
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crosscut the troctolitic rocks. Likewise, on a microscopic level the center of alteration is focused around 
microfractures. This pattern suggests that both fracturing and accompanying alteration of the rock occur 
as a result of the migration of late-stage deuteric fluids during the cooling phase. The vast majority of 
sulfide mineralization is independent of alteration. 

Nickel in Silicates (Lab Assay Nickel vs. Recoverable Nickel) 

It has been characteristic of NorthMet and other Duluth Complex deposits to show lower nickel 
recoveries in process test work than would be expected from laboratory assays on drill core. Generally 
there is a loss of about 25 to 35% of the nickel compared to drill core assays when concentrating sulfides. 
From previous work, it is known that small amounts of unrecoverable nickel occur as a magnesium-iron-
nickel silicate [(Mg,Fe,Ni)2 SiO4] that is tied up in the mineral olivine, which is 1 of 3 significant gangue 
minerals that occur across the NorthMet deposit. Test work has shown that most of the very small amount 
of nickel contained in silicates would not be recovered during the autoclaving process proposed. 

For example, mineralogical studies show that approximately 25 to 35% of the rock in NorthMet is 
composed of olivine. Previous microprobe study, plus work by PolyMet in 2006, has shown an average of 
about 0.10% nickel in olivine. The approximate nickel grade of the PolyMet metallurgical bulk samples is 
0.10%. Because the average nickel in the olivine is the same as the average nickel in the bulk samples, the 
unrecoverable nickel in the olivine would be expected to reduce nickel recovery by the amount of olivine 
in the bulk sample – 25 to 35%. Nickel recoveries on the 6 PolyMet metallurgical bulk samples have 
ranged from 69 to 77%. This is in line with an approximate 25 to 35% loss of nickel to silicate. 

ECONOMIC MINERALIZATION 

The majority of economic mineralization (copper, nickel, cobalt, platinum, palladium and gold) at 
NorthMet occurs in the upper parts of basal Unit 1, with copper and nickel in chalcopyrite, cubanite and 
pentlandite, all in the presence of pyrrhotite. Cobalt is contained in sulfides. Platinum, palladium and 
gold, while showing good correlation with sulfur and the other metals, are also in a variety of tellurides, 
bismuthides, and alloys, as well as associated with the major and minor sulfides.  Table 3-3 shows 
correlation of metals values in drill-core data. 

The simple correlation table above (number of samples = 19 516) shows the strong relation of 
copper, nickel and palladium, and a somewhat surprising relation of cobalt to sulfur. Zinc’s low factor is 
probably related to its multiple origins as either magmatic or derived from assimilation of footwall rock, 
hence representing 2 populations of data.  The sulfur vs. metal correlation is probably greatly affected by 
iron, the presence of which is not shown here, but is in excess in all rocks. 

Table 3-3. Simple correlation table for economic metals and sulfur. 

 Cu % Ni % S % Pt ppb Pd ppb Au ppb Pt+Pd+Au Co ppm Zn ppm 

Cu % 1.000         

Ni % 0.860 1.000        

S % 0.541 0.572 1.000       

Pt ppb 0.568 0.508 0.195 1.000      

Pd ppb 0.750 0.635 0.292 0.673 1.000     

Au ppb 0.591 0.472 0.250 0.482 0.699 1.000    

Pt+Pd+Au 0.760 0.645 0.292 0.778 0.983 0.755 1.000   

Co ppm 0.544 0.704 0.621 0.217 0.281 0.241 0.288 1.000  

Zn ppm -0.021 -0.004 0.286 -0.041 -0.037 -0.017 -0.039 0.093 1.000 
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Figure 3-11. Geologic map of NorthMet deposit. All units dip southeast. The Magenta Zone is projected upward and does not 
actually subcrop. 
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Figure 3-12. Cross-section 35700 at west end of property and 45600 at east end. Purple shading indicates ore zones; bar graphs 
along holes indicate grades expressed as dollar values, where the colour red is the US$7.42 cut-off to average grade (~US$14.39), 
purple shows above average grade, and blue are zones of potential lean ore should metals prices rise. 
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Grades are highest at the top of Unit 1 and fade going down hole.  Grades appear to be higher down-
dip though this may be an artifact of less dense sampling.  There is a smaller zone of economic 
mineralization (about 50 million tons) at the western end of the property in the upper units, known as the 
“Magenta Zone.” This zone is generally copper and PGE-rich (sulfur-poor relative to metals) and of 
“average” reserve grade. 

The minerals of interest from a waste characterization perspective are the same as above, but 
pyrrhotite is expected to be the main mineral affecting water quality in regards to waste rock, though the 
traces of chalcopyrite, cubanite and pentlandite will require study for waste rock storage. Trace pyrite and 
pyrrhotite are the main sulfide minerals found in the tailings. Pyrite is largely from joint faces and other 
secondary sources; it is rarely seen in polished section or core. 

Most sulfide mineralization at NorthMet is of a distant source (but sedimentary?); some is locally 
modified by sulfur derived from footwall metasedimentary rocks (Virginia Formation). Minor veins and 
other crosscutting relationships indicate some movement of sulfides within the deposit, but there is no 
evidence recognized for large-scale relocation of sulfides, nor any macroscopic evidence for any 
hydrothermal event that may have remobilized PGEs or sulfides. 

Virtually all sulfide mineralization at NorthMet moved in with magmatic pulses, and metal 
enrichment of the magma happened in a deeper chamber. Therefore, the main controls on the location of 
mineralization within the deposit may be the specific magmatic pulse or pulses making up the individual 
units. While textures in Unit 1 are described as heterogeneous, there is also a broad homogeneity in 
regards to mineral occurrence, mineral chemistry, whole rock and REE chemistry, and gross rock type 
that all reinforce the view of a large system of magma pulses replenishing the resident magma at the 
NorthMet site. 

The exception to this is that some sulfur, particularly in Unit 1, was derived locally from assimilation 
of footwall rocks (evidenced by high pyrrhotite content nearer footwall inclusions). The main effect of 
this assimilation has been to dilute the sulfide grade with additional pyrrhotite in Unit 1, rather than this 
sulfur scavenging more base metals from the magma. 

Resource 

The PolyMet resource and reserve (Table 3-4) models have been done in cooperation with several 
consultants, most recently PEG Mining of Toronto. PolyMet supplies the geologic solids model, database, 
and block model geometry. Geostatistics and population of the block model, and hence the resource 
estimate, are done in consultation, with finalized resource block models then sent forward to engineers for 
reserve calculation and mine planning.  Resource geologic modeling treats the NorthMet deposit as  
5 separate domains: 

1. Virginia Formation footwall rocks; 

2. a domain including the upper, higher grade parts of Unit 1, locally merged with the higher grade 
zones at the base of Unit 2; 

3. the remainder (lower part) of Unit 1; 

4. the “Magenta Zone” in Units 3, 4, 5 and 6 in the western part of the deposit; 

5. and the remaining, less mineralized, parts of Units 2 through 7. 

Unit 1 is mineralized throughout the deposit area, with other units (2 through 6) showing some 
economic mineralization in the western and central parts of the deposit, but essentially no continuous 
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zones in the east. There is no known economic mineralization in the footwall rocks. Deposit wide, Unit 1 
has the highest grades near its top. 

Though grades vary, Unit 1 is also mineralized to the east of the deposit, down-dip (south) to depths 
of at least 2500 feet (762 m), and past the limits of expected pit development in the west. The 
development of waste rock stockpiles over these areas in the east and south is not expected to encumber 
any material that could reasonably be classed as ore because the upper units are barren and the Unit 1 
mineralization is from 1700 to over 2500 feet (518 to over 762 m) below ground surface.  

For modeling purposes, Unit 1 is bounded by both “hard” and “soft” geologic surfaces. A “hard” 
boundary is one where the interpolation of drill-hole data into the block model does not cross geological 
surfaces. A “soft” boundary is one where interpolation crosses geological boundaries. The top of Unit 1 
(i.e., the ultramafic at the base of Unit 2) is a soft boundary for mineralization estimation as the 
mineralized domain model crosses from Unit 1 into Unit 2. The base of Unit 1, where it contacts the 
Virginia Formation, is a hard boundary for estimation and metals values, with virtually all sulfide in the 
Virginia Formation below as pyrrhotite. No data from Unit 1 is used in estimating grades in the Virginia 
Formation, or vice versa. 

In the up-dip, west half of the deposit there is an arbitrary and diffuse geologic boundary within  
Unit 1 that vanishes to the east. This is roughly equal to the top of a petrological contamination zone 
where large quantities of the footwall metasedimentary rocks have been assimilated. This zone is  
 

Table 3-4. NorthMet resource and reserve values. Work done by Wardrop Engineering 2007. Cut-off based on “Net Metals 
Value” per ton, accounting for grade, average flotation and hydromet recovery, realization costs, metal prices, and other factors. 
See Desaultels and Patelke (2008) for resource calculation details. Enough reserve has been shown for 24 years of production. 

RESERVES—2007 

Cut-off 

value 

Million

Tons 

Cu

% 

Ni

% 

Co

ppm 

Pt 

ppb 

Pd 

ppb 

Au

ppb

Proven $7.42 118.1 0.30 0.09 75 75 275 38

Probable $7.42 156.5 0.27 0.08 72 75 248 37

Proven and Probable $7.42 274.6 0.28 0.08 73 75 260 37
 

 

ASSUMPTIONS 

Metal and Units
Cu

% 

Ni

% 

Co

ppm 

Pt 

ppb 

Pd 

ppb 

Au

ppb

Assumed Metal Price $1.25 lb $5.60 lb $15.25 lb $800 oz $210 oz $400 oz

Average % recovery, as used in DFS 92.33 70.34 40.75 75.74 72.69 67.04
 

RESOURCES—2007 

Cut-off 

value 

Million

Tons 

Cu

% 

Ni

%

Co

ppm 

Pt 

ppb 

Pd 

ppb 

Au

ppb

Measured $7.42 202.5 0.285 0.083 74 71 258 36

Indicated $7.42 491.7 0.256 0.075 70 66 231 34

Measured & Indicated $7.42 694.2 0.265 0.077 71 68 239 35

Inferred $7.42 229.7 0.273 0.079 56 73 263 37



 

89 

 

informally called the “front” or “norite zone” by PolyMet geologists. Precious metals values drop off in 
this zone and pyrrhotite becomes the dominant sulfide. Moderate copper values may persist below this 
line, but this is essentially a lower physical limit to combined polymetallic grades above the likely project 
cut-offs. 

In the center of the deposit the highest, near surface, Unit 1 grades transition into the middle of the 
unit, while in the east, mineralization is strong and vertically persistent throughout the unit.  The top of 
the merged Unit 1 and Unit 2 mineralized domain (domain 1) forms a hard boundary that, combined with 
the bedrock ledge (depth to bedrock) surface, forms the bottom and top estimation boundaries for the 
upper units (exclusive of the “Magenta Zone”, which is internal to this domain).  There is no conclusive 
relation between specific Unit 1 specific rock type and presence or grade of mineralization except that 
noritic rocks are generally of lower grade. 

Units 2 and 3 are treated as one unit in the geologic model, with PolyMet geologists considering 
them as a single package grading from an ultramafic base to an anorthositic top for modeling purposes. 
The thickness of the package stays relatively constant, though the thickness of the 2 individual units 
varies, primarily due to Unit 2 locally thinning. 

While generally barren, Unit 2 has mineralization at its base in the western half of the deposit. These 
zones may not be strictly equivalent to Unit 1-type mineralization. Copper and nickel values are lower, as 
is pyrrhotite, but behavior of other metals is inconsistent, with PGE (Pt + Pd +Au) content varying locally 
relative to nearby grades at the top of Unit 1. Above the basal zone of Unit 2 it is usually barren, medium 
grained, and homogenous in texture. Average PGE in Unit 2 is slightly above that of Unit 1. 

Unit 3 shows mineralization in the west, in the middle of the unit and near the top. This occurrence 
is merged into the “Magenta Zone”. 

Units 4 and 5 are also modeled as a geologic package. There is no compelling geologic reason to 
fully separate these units, the boundary between them being an arbitrary pick based on overall changes in 
texture from homogenous to heterogeneous, grain size, and plagioclase content, but without a well 
defined bounding horizon. The top boundary of Unit 5 is the basal ultramafic of Unit 6, which is an 
unused hard boundary in grade modelling. The bottom boundary of Unit 4 is a discontinuous ultramafic 
horizon. There are also discontinuous oxide-rich zones along the contact between Units 3 and 4. 

Metals and sulfur grades in Unit 4 are proportional to Unit 1, but consistently lower. Unit 4 has few 
high copper or sulfur assay intervals. There is some near surface mineralization, modeled as a part of the 
“Magenta Zone”, described below. Otherwise, there is only low-grade discontinuous material at the base. 

Unit 6 and Unit 7 are very similar in nature. Both are homogenous anorthositic troctolites with well-
defined ultramafic bases. No top for Unit 7 has been seen in drill hole. 

Units 3, 4, 5 and 6 host a zone of mineralization, modeled as the “Magenta Zone”. Unit 6 material 
was described by Geerts (1994) as the “Magenta Horizon” when originally found in 6 drill holes. Further 
drilling has extended these copper-rich, sulfur-poor zones (of moderate overall grade) into more than 50 
drill holes in Units 3, 4, 5 and 6. The zone transitions across the ultramafic base of Unit 6 and into Units 
3, 4 and 5, (i.e., does cross the igneous stratigraphy) which is problematic if the emplacement model of 
these units representing individual pulses of magma is correct. There is no gross evidence for this 
mineralization being hydrothermal, which could cross boundaries, but would presumably alter large 
masses of rock. 
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Unit 7 has a few good assay intercepts, but no apparent continuity for sulfides.  

Copper, nickel and sulfur values in Table 3-5 are calculated after removing samples with less than 
0.05% copper. Samples removed are generally those collected for waste characterization purposes, many 
well outside the expected mining area, and these low values can somewhat obscure the ore 
chemistry/mineralogy relations in the “ore.” Ratios are calculated on all raw data, not on the copper-
nickel-sulfur values shown here. 

 No lateral or vertical zonation has been recognized in sulfide or silicate mineral chemistry; 

 Gatehouse (North Mining) did report some geochemical cyclicity in unit 1, but this has not been 
revisited with the larger data set; 

 Poor assay grades in the noritic rocks are related to footwall assimilation and contamination; 
otherwise, there is little connection between grades and specific rock type. About 83% of the igneous 
rocks at NorthMet are troctolites, 6% anorthositic rocks, 4% ultramafic rocks, and 4% footwall 
inclusions. The remainder are norites, gabbros, and other; 

 Within Unit 1 copper:sulfur ratio tends to be highest at top, then diminishes with depth, following the 
pattern of PGEs; 

 The upper units have higher copper:sulfur ratios than Unit 1 (i.e., more chalcopyrite rich), but lower 
overall copper values; 

Ratio of PGE to copper is lowest in Unit 1, but Unit 1 has greatest quantities of both; 

 Chalcopyrite is the dominant sulfide in the upper units regardless of total sulfur content. 

 

 
Table 3-5. Average values for assays by unit after removal of the less than 0.05% copper intervals (drill core samples). 
Unsampled zones not accounted for here. Data complete through 2006. 

 Cu 
% 

Ni 
% 

S 
% 

Pt+Pd+Au 
ppb 

Co 
ppm 

Cu+Ni 
% 

Cu/Ni Cu/S 
Total % of 
unit sampled 

Average sample 
length (feet) 

Unit 1 0.3 0.09 0.83 349 76 0.39 3.35 0.43 90 5.3 

Unit 2 0.2 0.07 0.39 365 73 0.27 2.74 0.61 80 5.6 

Unit 3 0.19 0.05 0.5 286 62 0.25 3.19 0.53 71 7.2 

Unit 4 0.21 0.06 0.58 269 66 0.28 3.40 0.44 51 7.6 

Unit 5 0.27 0.07 0.54 398 65 0.35 3.64 0.54 41 7.8 

Unit 6 0.33 0.08 0.48 532 69 0.41 3.74 0.69 27 7.2 

Unit 7 0.2 0.06 0.32 330 83 0.26 3.60 0.72 11 8.4 
 

 

Sulfide (Ore) Mineral Proportions 

Various metallurgical test programs have been conducted on NorthMet ores since the 1970s. Reported 
sulfide mineral proportions have not been entirely consistent between these tests. Table 3-6 shows well 
characterized sulfide mineral proportions for waste rock from studies done by PolyMet in 2006 and 
results from various previous studies. 

Sulfide mineralogy within the NorthMet deposit has been described in detail through petrographic 
observations and microprobe analysis. Approximately 95 to 98% of all sulfide mineralization consists of 
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4 predominant species, in decreasing order of abundance: chalcopyrite (cp) > pyrrhotite (po) > cubanite 
(cb) > pentlandite (pn). In general, Po:Cp+Cb ratios increase towards the basal contact or in proximity to 
sedimentary inclusions. Likewise, Cp:Cb ratios increase with increased distance away from the footwall 
rocks. In core logging and other work, chalcopyrite is often not distinguished from cubanite. 

The results show a fairly wide range of values, which may not be totally representative of the deposit 
as a whole. It is important to note that these discrepancies may be the results of differences in composites, 
mixed intervals from multiple units including both waste rock and ore, or variations in petrography or 
laboratory procedures. Some of the composite samples submitted for metallurgical studies were prepared 
from relatively limited representative core (NERCO samples from 2 drill hole locations), while others 
were prepared from multiple locations evenly distributed across the deposit.  

 

Table 3-6. Sulfide average percentage (recalculated to 100 % sulfide). 

METALLURGICAL STUDIES: 
Chalcopyrite 
% 

Cubanite 
% 

Cp:Cb 
ratio 

Pyrrhotite 
% 

Pentlandite
% 

    SGS Lakefield 1991 (NERCO L1) 44 12 4:1 2 9 

    SGS Lakefield 1991 (NERCO H1) 36 18 2:1 3 8 

    SGS Lakefield 2000 (PolyMet Conc.) 32 14 2:1 27 7 

    SGS Lakefield 2005 (Comp. 1) 37 9 4:1 38 16 

    SGS Lakefield 2005 (Comp. 2) 42 7 6:1 36 15 

    SGS Lakefield 2005 (Comp. 3) 36 7 5:1 41 16 

INDEPENDENT STUDIES: - - - - - 

    Geerts 1994 (Unit 1 – Ore) 54 15 4:1 21 3 

POLYMET WASTE ROCK STUDY 2006: - - - - - 

    Unit 6 76 6 12:1 5 4 

    Unit 5 55 3 17:1 17 5 

    Unit 4 41 5 8:1 32 16 

    Unit 3 48 6 9:1 35 5 

    Unit 2 52 13 4:1 24 9 

    Unit 1 39 7 6:1 44 9 

 

Mining 

Mining  at NorthMet will begin with contractor clearing and overburden stripping of the pit and stockpile 
areas (Figure 3-13). Engineered stockpile bases and liner systems must be in place before mining begins, 
as does the overall water collection system for treatment and pumping to the tailings basin.  Ore and 
waste production will start in the east pit, with production from the west pit ramping up soon afterwards. 
Up through about year 11 or 12, production from both pits will be equal until the east pit is mined out. At 
that point, backfilling of the east pit will begin, with the ultimate goal of constructing a wetland in that 
pit. The central pit area will be mined last. 

Ore will be moved at a rate of 32 000 tons per day. Waste-to-ore strip ratio will be about 1.46:1. Ore 
will be moved by truck to the “superpocket” and loaded to 100 ton capacity side dump rail cars by pan 
feeder. There will be 20 trains per day of 16 cars each.  Trains will go to the crushers via the existing rail 
line parallel to the Dunka Road and a short run of new track through the former LTV pits.  The equipment 
fleet is expected to be eight 240 ton haul trucks, 2 electric hydraulic shovels, 1 large wheel loader,  
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Figure 3-13. Layout of mine site showing 20 year pits, stockpiles for various waste categories, haul roads, railroad, pipelines, 
lease boundary and loadout. 
 

2 rotary blasthole drills, plus bulldozers, rubber tired dozers, road graders, water trucks, and smaller fleet 
vehicles. GPS control for dispatch is planned for all equipment, with high precision GPS planned for the 
shovels and drills.  High precision GPS may also be installed on the haul trucks. 

Bench heights will be 40 feet.  Ore blast patterns will have blasthole burden and spacing of 25 by  
28 feet, and the holes will have 5 feet of subdrilling and 17 feet of stemming. Waste rock blast patterns 
will have blasthole burden and spacing of 29 by 34 feet, 6 feet of subdrilling and 20 feet of stemming. 
ANFO and emulsion blends will be the explosives used. 

Ore and waste categorization (“ore control”) will be by assay of core and/or blast holes and careful 
pit mapping.  Waste material will be sorted to stockpiles, and stockpile liners will be built, according to 
the sulfur and metals content of the waste rock. Over 80% of the waste rock will never produce acid 
drainage, and about 4% will produce acid drainage within 1 year. Safe final disposition of this rock will 
be a permit condition, but as yet the state has not concluded what that condition will be. PolyMet has 
proposed to place some under capping systems, and to place some underwater. 

PolyMet Process Plant 

The Plant Site consists of 3 areas: 

● Process Plant (discussed in this section) – beneficiation and hydrometallurgical processing 
facility including Tailings Basin and Hydrometallurgical Residue Facility,  

● Area 1 Shop – mine mobile equipment major repair facility, 

● Area 2 Shop – base of mine and railroad operations, locomotive service facility, rail car 
maintenance facility. 

The Process Plant design is based on key parameters determined by the characteristics of the deposit 
to be mined and the beneficiation and hydrometallurgical processes that will extract the metals from the 
ore.  On average, 32 000 short tons of ore will be processed each day.  This results in annual metal 
production of 38 821 short tons of copper, 9037 short tons of nickel, 400 short tons of cobalt,  
22 184 ounces of platinum, 87 129 ounces of palladium and 13 824 ounces of gold.  
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The process plant is located at the LTV Steel Mining Company (LTVSMC) plant site.  The entire 
Process Plant is in an area that was previously disturbed by mining operations.  The Beneficiation Plant 
will use the Coarse Crusher Building, Fine Crusher Building and Concentrator Building that were part of 
the LTVSMC taconite plant.  The Hydrometallurgical Plant will be located in the 3 new buildings 
constructed at the LTVSMC site: the Hydrometallurgical Facility, the Cu Solvent Extraction Building and 
the Cu Electrowinning Tank House. 

The Beneficiation Plant consists of the following processing steps: 

● Ore Crushing – reducing 48” ore from the mine to 2.5” in the Coarse Crusher Building and from 
2.5” to 0.315” in the Fine Crusher Building 

● Ore Grinding – reducing the 0.315” ore from the Fine Crusher Building to 120 microns in the 
Concentrator Building 

● Flotation – separating the ore into:  

 Concentrate containing the minerals with the metals to be extracted in the 
Hydrometallurgical Plant 

 Tailings containing the rock in the ore that is not valuable to be pumped to the 
Tailings Basin 

● Concentrate Regrinding – reducing the size of the concentrate particles from 120 micron to  
15 micron 

 

The flotation process has been designed to recover virtually all of the sulfide minerals to the 
concentrate and minimize the amount of sulfide minerals remaining with the tailings.  This process has 
been tested with ore samples representing the NorthMet ore in a pilot plant set up to represent the 
proposed grinding and flotation process.  The flotation tailings generated by this work has been subjected 
to rigorous waste characterization.  Collectively this has demonstrated that the flotation tailings can be 
placed in the LTVSMC Tailings Basin.  

 
The Hydrometallurgical Plant consists of the following processing steps: 

● High Pressure Oxidation Autoclave.  

– Oxidize the copper, nickel, cobalt, iron sulfides and the gold and platinum group minerals 
(AuPGMs) contained in the concentrate to liberate the contained metal and drive those metals 
into a leach solution. 

– Generate a leach residue containing the portions of the concentrate that did not dissolve. 

● AuPGM Precipitation – precipitate the AuPGMs from the leach solution and filter the 
precipitated solids to be sold as a product for further refining. 

● Solution Neutralization – neutralize the leach solution (minus AuPGMs) by adding limestone and 
generating a solution neutralization residue. 

● Copper Solvent Extraction – separate the leach solution (minus AuPGMs) into 2 components. 

– A strip solution containing the copper. 

– A raffinate solution containing the non-copper portions of the leach solution plus residual 
copper. 

● Copper Electrowinning – transfer the copper from the strip solution onto plates as a very pure 
final product. 
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● Raffinate Neutralization with Iron and Aluminum Removal. 

– Neutralize the raffinate solution (minus AuPGMs and copper) by adding limestone and 
generating a raffinate neutralization residue. 

– Precipitate iron and aluminum (which behave as impurities in downstream processing) with 
the raffinate neutralization residue.  

● Residual Copper Removal – precipitate residual copper from raffinate solution and recycle.  

● Mixed Hydroxide Precipitation – precipitate the nickel, cobalt and zinc from the raffinate solution 
and filter the precipitated solids to be sold as a product for further refining. 

● Magnesium Removal – precipitate magnesium from the raffinate solution and pump the 
precipitated solids to the Hydrometallurgical Residue Facility along with the leach residue, 
solution neutralization residue, and raffinate neutralization residue. These residues are not 
hazardous waste individually or combined. The total annual residue generation is 794 000 short 
tons. 

● The Hydrometallurgical Residue Facility will be located within the LTVSMC Tailings Basin.  
The facility will have engineered lined containment areas designed for the residues to be 
disposed. 

Water management at the plant site will:  

● Segregate water that has contacted hydrometallurgical residues in the Hydrometallurgical Plant 
and the lined Hydrometallurgical Residue Facility and recycle it to the Hydrometallurgical Plant. 

● Collect water that has seeped from the Tailings Basin and return it to the Tailings Basin for reuse. 

● Use treated water from the Mine Site (via the Tailings Basin) as make-up water. 

●  Supplement the Mine Site make-up water with new water from Colby Lake. 

 

The result is that there is no surface discharge of process water at the Plant Site and that the 
requirement for make-up water via water appropriation from Colby Lake is minimized.  

 
The Plant Site already has required service infrastructure available: 

● County Road 666 ends at the Main Gate for the industrial area that included the NorthMet 
Process Plant, Area 1 Shop and Area 2 Shop. 

● The Canadian National Railroad serves the industrial area that included the NorthMet Process 
Plant, and existing PolyMet track connects to the Area 1 Shop and the Area 2 Shop.  

● Three Minnesota Power 138Kv transmission lines serve the NorthMet substation. 

● Access to railroad line from mine to plant site 

 

The closure plan for the Plant Site consists of standard mineland reclamation practices and landfill 
closure practices (for the Hydrometallurgical Residue Facility).  Original watersheds will be restored to 
the extent practicable.  Structures will be removed and the structure areas covered with soil and 
revegetated. 
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DUNKA ROAD FIELD TRIP STOPS 
By Mark Severson (UMD-Natural Resources Research Institute) 

 

In transiting from the PolyMet plant site to Babbitt, we will follow the Dunka Road, a private mine road 
originally used as a service road for the LTV railroad and to access the Dunka Pit iron mine east of the 
Northshore mine. The road is now controlled by PolyMet, Cliffs Erie, and Minnesota Power. Access is 
restricted. Note that UTM locations given for the field trip stops (Figure 3-14) are estimates. 

NORTHMET AND MESABA DEPOSITS 

As the bus proceeds to Babbitt, we will make a few field stops (Figure 3-14), time and weather 
permitting, and traverse across the southernmost limits of the NorthMet and Mesaba deposits.  There is 
very little to see in the way of mineralized exposures for either of these deposits.  However, one point to 
keep in mind is the immense size of these low-grade deposits.  The NorthMet deposit extends for about  
3 miles (4.8 km) along the road, and the Mesaba deposit extends for another 2.5 miles (4 km) along the 
road. The deposits are separated by undrilled and untested area along the Partridge River that is about  
1 mile (1.6 km) wide. Most of the undrilled area is within the PolyMet lease area. 

Just outside the town of Hoyt Lakes, the bus will enter and proceed east through the now inactive 
LTV taconite mine.  Founded in 1957 by the Erie Mining Company, this mine was the second taconite 
production facility on the Mesabi Iron Range.  Ore was mined from a series of pits in the 
Paleoproterozoic Biwabik Iron Formation.  At least 4 horizons were mined:  one from the Upper Slaty 
Member (submembers D and E); two from the Upper Cherty Member (submembers G-H-I-J, and 
submembers L-M); and one from the Lower Cherty Member (submembers S-T-U). 

Crude ore, which contains about 30% iron, was typically crushed and ground to a powder-like 
consistency and passed through several stages of magnetic separation and silica flotation to form a 
magnetite concentrate with 67% iron content.  It was then mixed with a bentonite binder and rolled in 
balling drums to produce “green pellets” (or balls about the size of a marble).   The pellets were then 
conveyed to a furnace where they were heat-hardened at about 2400 Fahrenheit (1300° C).  After the 
pellets were hardened they were able to be easily handled and transported by rail to the Taconite Harbor 
Pier, and shipped via the Great Lakes to iron mills.  In 1973, a record high of 13 104 000 tons of pellets 
was shipped from Taconite Harbor.  In its last years of full production, the LTV Mining Company 

 
Figure 3-14. Locations of field trip stops along Dunka Road. 
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produced about 8 million tons of taconite pellets annually.  In May of 2000, the LTV Steel Corporation 
announced its intent to close the mine and facilities, including a power plant on Lake Superior.  Over 
1400 people were laid off in January 2001.  The mine, facilities, and tailings basin were acquired by 
Cliffs Management Services in late 2001.  PolyMet bought the concentrator and tailings basin from Cliffs 
for use in processing copper-nickel material from the NorthMet deposit.  

As the bus progresses down the Dunka Road (a private mine-related road) through the mine area 
note the undulating nature of bedding planes in the iron formation (LTV Area 3 where iron ore was mined 
from the Lower Cherty member).  This area is located near the base of the Biwabik Iron Formation and it 
does not take much imagination to envision deposition of the gently undulating beds in shallow waters 
along the shores of the Animikie Basin.  To the north (left side of bus), the iron formation conformably 
overlies beach sands of the Pokegama Quartzite (bottom of the Animikie sediment package).  To the 
south, the iron formation is conformably overlain by deep water sediments and turbidites of the Virginia 
Formation (top of the Animikie sediments). 

After going through Area 3 the road takes a sharp jog to the south (right).  At this locale, the surface 
trace of the Siphon Fault approximates the road and iron formation is present to the west of the road and 
the Virginia Formation is present across the swamp on the east side of the road.  Just before the road 
curves back to the east to climb a low hill, take the immediate left and go down a secondary mining road 
for about 500 feet (150 m).  Proceed to the north on foot along a flagged trail to the next stop. 

 

STOP 1-1: Virginia Formation near Siphon Fault (No hammering please!) 

Location: Cliffs-Erie site, T. 59 N., R. 14 W., sec. 26, SE of SE of NE  
Allen quadrangle; UTM: 569505E / 5271610N (NAD 83) 

Description:  This area is the only natural exposure of the Virginia Formation actually on the Mesabi Iron 
Range (there are a few scattered outcrops to the south of Hoyt Lakes).  Unfortunately, in this area the 
Virginia is only a few feet thick.  A total of 1,443 feet (440 meters) of the formation is present in drill 
cores from holes drilled south of the range.  Note the graded beds, mud chips, concretions, and loading at 
the bases of these beds.  The bedding is near vertical in this location due to proximity to the north-
trending Siphon fault—an inferred growth fault (Graber 1993) wherein the iron-formation decreases in 
thickness to the east (across the fault) by about 100 feet (30 m). 

 
 

STOP 1-2: Wetlegs Cu-Ni Prospect / Partridge River Intrusion 

Location: Rail tracks just south of Dunka Road T. 59 N., R. 13 W., sec. 18, NE of SE of SE  
Allen quadrangle; UTM: 57272E / 5271178N (NAD 83) 

Description: A west to east traverse along the LTV railroad tracks will be conducted at this field stop.  
The traverse, approximately 0.5 miles (0.8 km) long, will start at the basal contact and progress upwards 
through the igneous stratigraphy of the Partridge River intrusion.  Outcrops of Units I and III will be 
viewed.  A generalized geologic map of the Wetlegs prospect is shown in Figure 3-15.  Detailed 
descriptions of the railroad cuts are listed in Table 3-7 below. 
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Figure 3-15. Geology of the Wetlegs copper-nickel deposit area and the location of Stop 1-2 (Severson and Miller 1999). 
 
 
 
Table 3-7. Wetlegs prospect outcrop descriptions of Stop 1-2. 

Feet (W to E) Description of Outcrops 

0 ft. Railroad culvert – Longnose Creek 

100-110 ft. 
(left side of 
tracks)  
 

Sulfide/gossan-cemented till consisting mostly of large boulders of a pyrrhotite- and graphite-
rich member of the Virginia Formation (the BDD PO unit).  Note the rounded granite cobbles 
beneath the BDD PO boulders.  Drilling indicates that the BDD PO subcrops very close to this 
location. 

337-355 ft. 
(left side of 
tracks) 
 

Very fine-grained (chilled) gabbronorite at basal contact with 60% plagioclase, 30% 
orthopyroxene, 5 % clinopyroxene, trace to 2% biotite, and 3% oxides.  The outcrop contains 
well assimilated “streaks” of Virginia Formation inclusions (very hard to see recently). 

400-1025 ft. 
(both sides of 
tracks) 
 
 

Unit I – taxitic medium- to coarse-grained ophitic augite troctolite (POcf) to olivine gabbro 
(PcOf) with patches and lenses of augite-rich pegmatite.  The outcrops are sulfide-bearing with 
the sulfides unevenly distributed along patches, spots, lenses, and joint faces (at numerous 
orientations!).  Trace amounts to 5% uralite due to pervasive deuteric alteration is present. 
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Feet (W to E) Description of Outcrops 

1245-1355 ft. 
(2 outcrops on 
north side of 
tracks) 
 

Unit I – taxitic, pervasively uralitized, medium- to coarse-grained ophitic olivine gabbro 
(PcOf) to augite troctolite (POcf) with trace to 1% sulfides.  Also present within these outcrops 
are very coarse-grained anorthosite inclusions that vary from 10 cm across to 3 by 5 m blocks.  
The edges of the inclusions are sharp, and straight to highly lobate.  Within the inclusions, the 
plagioclase foliation is subvertical and highly variable. 

1385-1685 ft. 
(many outcrops 
on both sides of 
tracks) 
 
 

Unit I – taxitic, medium- to coarse-grained ophitic augitic troctolite (POcf) with abundant 
irregular pegmatitic patches and lenses.  The pegmatites contain variable amounts of 
saussurized plagioclase, clinopyroxene, oxides, biotite, and uralite, with minor quartz, 
potassium feldspar, graphic granite, and sulfides.  Most of the sulfides are either within or 
adjacent to the pegmatites.  Uralite is common throughout the outcrops as pervasive 
replacement products in irregular patches and along joints. 

2355-2480 ft. 
(4 outcrops on 
both sides of 
the tracks) 

Unit III – mottled, poikilitic/ophitic troctolite (Po(cf)) to augite troctolite (Pocf).  This is a 
major marker bed due to the presence of medium- to high-density olivine oikocrysts up to  
10 cm across.  This unit is easily recognized in drill core due to the mottled texture, and the 
relatively finer-grained plagioclase (1 to 5 mm). 

 
 
 
STOP 1-3:  Dunka Railroad Junction—PolyMet Discussion Stop 

Location: Where rail line splits along Dunka Road, T. 59 N., R. 13 W., sec. 13, NW of NE  
Babbitt SW quadrangle; UTM: 578358E / 5273795N (NAD 83) 

Description: Weather permitting, we will stop here to look across a clear cut where some of the PolyMet 
facility will be located, talk about development plans, note Dunka Junction as a landmark on most 
regional maps and air photos, and look at outcrops of the upper units of the PRI (Unit VIII or 8?), barren 
of sulfides, but very typical. Some basalt inclusions are in the flat outcrop to the south of the road. 

 

STOP 1-4:  Dunka Railroad Hornfels and Late OUIs 

Location: Abandoned rail grade, south and parallel to the Dunka Road T. 60 N., R. 12 W., sec. 33, NE of 
SW, Babbitt SE quadrangle; UTM: 584808E / 5276122N (NAD 83) 

Description: The Dunka Railroad hornfels is a large mafic volcanic inclusion located near the eastern 
margin of the Partridge River intrusion and just south of the Mesaba deposit.  Outcrop and drill hole 
information indicates that the inclusion is about 900 by 1500 m across.  The hornfels is a fine-grained, 
granoblastic to poikiloblastic basaltic hornfels that contains variable amounts of plagioclase, augite, 
hypersthene, inverted pigeonite, and olivine.  Both massive and meta-amygdaloidal varieties are present. 

In addition to the basaltic hornfels, several small bodies of late intrusive OUIs (Oxide Ultramafic 
Intrusions-crosscutting plugs of oxide-rich rock) are also present in the railroad cuts.  The abundance of 
OUI at this locality is related to proximity to the north-trending Grano Fault, which may have served as a 
feeder vent for the massive sulfides at the Local Boy area of the Babbitt/Mesaba deposit.  These OUIs, 
and a wide variety of granitic rocks, occur as lenses and bodies that cut the troctolitic rocks of the 
Partridge River intrusion.  They are extremely common in drill holes, within a 1300 to 1900 foot (400 to 
580 m) wide zone, on the west side of the Grano Fault.  The OUIs at this locality are characterized by 
medium- to coarse-grained clinopyroxenite with 75 to 80% augite, 0 to 15% olivine, <5% interstitial 
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plagioclase, and 5 to 15% oxides (ilmenite is dominant).  Contact relationships with the basaltic hornfels 
are sharp but highly irregular and lobate.  Granitic dikes and veins, present within a north-northeast-
trending zone, are also evident in the exposures.  They are rarely observed in close proximity to the OUI, 
but where they are, the dikes crosscut the OUI. Four sites, shown on Figure 3-16, can be observed at this 
locality. 

 
 
 
 
 

 

Figure 3-16. Geology of the Dunka Railroad hornfels and the location of Stop 1-4 (from Miller, Severson and Foose 2002). 
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MESABA DEPOSIT – TECK AMERICAN  
 

By Tim Jefferson (Teck American) and Mark Severson (UMD–NRRI) 

 

INTRODUCTION 

Previous Exploration and Development  

The Mesaba deposit was first discovered along the base of the Duluth Complex in 1958 by Bear Creek 
Mining Company (BMC) which targeted a geophysical anomaly. Between 1958 and 1960 BMC 
completed 55 shallow drill holes for 43 000 feet (13 952 m) on their discovery located 5 miles (8 km) 
south of Babbitt.  BMC renewed drilling activities in 1967–1971 completing 149 additional holes. Drill 
hole B1-105 intersected substantial amounts of semi-massive to massive sulfide mineralization between 
1400 and 1800 feet (425 and 550 m) below surface in footwall rock. Subsequent drilling defined a high-
grade zone appropriately named the Local Boy deposit after BCM geologist Stuart Behling, the “local 
boy,” who encouraged BMC to continue drilling this site. Bear Creek defined the overall tonnage and 
grade for the deposit to be 851 million tons (772 million tonnes) grading 0.46% Cu, 0.12% Ni at 0.25% 
Cu cut-off. 

In late 1973, AMAX Exploration, Inc. agreed to take over BMC’s state and private leases. During 
the next 4 years (1974–1978) AMAX continued drilling over the entire deposit (completing 228 drill 
holes), and evaluated whether an underground operation was feasible (Watowich 1978).  In particular 
their focus was drawn to the Local Boy ore body, and following successful permitting, they sank a shaft 
in 1976–1977. Four drifts totaling 3800 feet (1160 m) were developed and 218 underground holes were 
completed.  This detailed definition resulted in an overall underground resource of 364 million tons 
(330.2 million tonnes) averaging 0.84% Cu and 0.19% Ni , with a Local Boy-only resource of 5 million 
tons (4.54 million tonnes) grading 1.89% Cu, 0.36% Ni. Both underground resources were estimated 
based on a 0.60% Cu cut-off. Due to weakening copper and nickel markets and the inability to produce 
separate high-grade Cu and Ni concentrates, Amax abandoned their plans to develop the deposit in late 
1981.  Rhude and Fryberger obtained leases and evaluated the Local Boy deposit circa 1990. 

Arimetco Inc, picked up the Babbitt deposit leases, renamed the Mesaba deposit, and evaluated the 
property circa 1994–1996.  They did not complete any drilling but collected 2 bulk samples for 
metallurgical test work. Arimetco upgraded the resource estimate to 3300 million tons (2993.7 million 
tonnes) grading 0.46% Cu, 0.12% Ni, cut-off 0.38% Cu (Miller et al. 2002). Arimetco Inc. declared 
bankruptcy in late 1996. 

Present Exploration and Development  

Teck American Incorporated picked up a package of state and private leases covering the Mesaba deposit 
in 1997.  In 2001 the evaluation of the resource included collection of a 5511 ton (5000 tonnes) bulk 
sample.  Sulfide concentrates were made from this bulk sample and tested at their Cominco Engineering 
Services Lab near Vancouver, BC, using their patented CESL hydrometallurgical pressure oxidation 
process.  New definition drilling began in the fall of 2007 and continued until June 2008 for a total of  
67 430 feet (20 560 m) in 64 drill holes (Figure 3-17).  This drilling was concentrated on the western 
portion of the deposit to complete a 400 foot (120 m) grid infill program.  In addition to this work, a new 
4409 ton (4000 tonnes) bulk sample was mined in the fall of 2008. Sulfide concentrates from this ore 
were made at NRRI’s Coleraine Mineral Research Laboratory. The concentrates were shipped to the 
CESL facilities for a new round of hydrometallugical tests, including the successful recovery of an 
intermediate mixed nickel-cobalt hydroxide.  While Teck has not released a new reserve estimate pending 
completion of additional definition drilling, they are continuing their evaluation of the deposit on several  
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Figure 3-17. Drill hole location map for Mesaba deposit. Grid north is about 33° west of north. 

 

fronts, including baseline environmental studies, geophysical surveys, and flotation and ore 
beneficiation/recovery test work at their Applied Research and Technology division at Trail, BC, along 
with other engineering studies. 

Recent re-logging of historic holes at the Mesaba deposit, in addition to information gained from 
logging of holes completed in 2007–2008 by Teck American geologists and Mark Severson (NRRI), 
indicates that the deposit is primarily hosted by a previously unrecognized intrusion within the Duluth 
Complex (Severson and Hauck 2008). It is believed that this intrusion, informally named the Bathtub 
intrusion (BTI), lies between the Partridge River intrusion (PRI), to the south, and the South Kawishiwi 
intrusion (SKI) to the north and east (Figure 3-18). This intrusion is believed to have been fed by a vent in 
the Grano Fault area on the east side of the Mesaba deposit.  The BTI is believed to pre-date the South 
Kawishiwi intrusion, and is coeval in age to the Partridge River intrusion. It is further believed, based on 
drill hole evidence, that igneous units of the PRI and BTI overlap and co-mingle, with the upper units of 
the PRI overlying BTI units.  Supporting evidence for this new interpretation is based on igneous units 
that are unique to either the PRI or BTI, and different styles of sulfide mineralization between the two. 
The following geologic discussion is largely based on the work of Severson and Hauck (2008) but is 
condensed and summarized.  

 

The reader is referred to the regional geology section for further description of the Partridge River and 
South Kawishiwi intrusions. 
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Figure 3-18.  Preliminary geologic map of the Mesaba deposit showing major geologic units of the Bathtub, Partridge River, and 
South Kawishiwi intrusions.  Major structural features associated with the deposit are also shown.  Outline of ore deposit and 
Teck property boundaries are indicated. 

F
ig

u
re

 3
-1

8.
  P

re
li

m
in

ar
y 

ge
ol

og
ic

 m
ap

 o
f 

th
e 

M
es

ab
a 

de
po

si
t s

ho
w

in
g 

m
aj

or
 g

eo
lo

gi
c 

un
it

s 
of

 th
e 

B
at

ht
ub

, P
ar

tr
id

ge
 R

iv
er

, a
nd

 S
ou

th
 K

aw
is

hi
w

i i
nt

ru
si

on
s.

  
M

aj
or

 s
tr

uc
tu

ra
l f

ea
tu

re
s 

as
so

ci
at

ed
 w

it
h 

th
e 

de
po

si
t a

re
 a

ls
o 

sh
ow

n.
  O

ut
li

ne
 o

f 
or

e 
de

po
si

t a
nd

 T
ec

k 
pr

op
er

ty
 b

ou
nd

ar
ie

s 
ar

e 
in

di
ca

te
d.

 



 

103 

GEOLOGIC SETTING 
 
Footwall Rocks 

As there is great commonality between the footwall rocks at the NorthMet deposit and the Mesaba 
deposit, they are discussed in the regional geology section for the PRI. 

 
Structure  

There are 3 structural features that are pertinent to understanding the intrusive history of the BTI that 
include (see Figure 3-18): 1. an east-west trending paired syncline and anticline in the footwall rocks 
referred to as the Bathtub Syncline and Local Boy Anticline; 2. a zone that is closely associated with the 
Local Boy Anticline, referred to as “The Hidden Rise,” that separates the PRI and BTI; and 3. a north-
trending fault zone, referred to as the Grano Fault, that has been postulated to have been the feeder zone 
for the BTI and footwall-injected massive sulfides of the Local Boy ore zone. 

The paired Local Boy Anticline and Bathtub Syncline have been determined to be pre-complex, and 
pre- or syndeposition of the BIF and Virginia formations by the following evidence: 

1) BIF submembers A and B are notably thin or absent along the trough of the syncline.  There is 
always a thin layer of Virginia Formation between the BIF and the overlying Bathtub intrusion 
in the synclinal trough (indicting that the Duluth Complex has not assimilated BIF A and B in 
the syncline).   

2) The VirgSill also is thickest along the axis of the anticline and limbs of the syncline, and thins 
or is absent in the trough of the syncline.  This attests to a more open structural setting along 
anticlinal folding for injection of the sill. 

It is thus interpreted that the thinning of BIF within the trough is due to lack of deposition of these 
more calcareous units in deeper water (Severson et al. 1994a).  

The “Hidden Rise” is a loosely-defined zone wherein scattered hornfels inclusions of footwall 
Virginia Formation, and associated noritic rocks, are fairly common.  When viewed collectively, the 
inclusions in “The Hidden Rise” define an east-west trending “ridge” that is roughly positioned at the 
contact between the PRI and BTI.  Thus, “The Hidden Rise” is used to both define this hornfels-bearing 
“ridge” and to artistically, and conveniently, divide the BTI from the PRI.   The morphology of this 
feature suggests that it may have originally served as the floor and/or north edge of an earlier intruded 
PRI and later served as a wall along the south edge of the BTI as it was emplaced.  

Along the far eastern edge of the Mesaba deposit is the north-trending Grano Fault, so named for the 
abundant and sometimes voluminous amounts of late granitoid and oxide-rich pyroxenitic lenses (OUIs) 
associated with the fault zone (Severson 1994).  The late intrusive lenses are interpreted to have vertical 
configurations.  They were injected along subsidiary fault zones parallel to, and immediately west of, the 
Grano Fault.  The late intrusive rocks cut the troctolitic rocks and thus demonstrate that the fault was 
active during and after emplacement of the PRI, BTI and SKI and may represent a rift-related transform 
fault.  Other features that are associated with the Grano Fault include 

 a steep drop in the basal contact (down to the east); 

 abundant pre-Duluth Complex sills are common within the Biwabik Iron Formation in a limited 
area at the Serpentine deposit; the localized increase in the sills outlines the fault trace at 
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Serpentine and suggests that the fault was activated prior to emplacement of the SKI and PRI (see 
also Zanko et al. 1994); and 

 a well-defined topographical lineament occurs along the trace of the fault to the south of the 
Mesaba deposit.  Along the eastern edge of Mesaba, a buried valley, defined by contouring the 
top of the ledge (Plate IV, Severson et al. 1994b), is also present on the northern extension of the 
same topographical lineament. 

 
BATHTUB INTRUSION  

The newly named Bathtub intrusion (BTI) is wholly contained in the central portion of the Mesaba 
(Babbitt) deposit. The BTI has recently been singled out as a separate intrusion to explain the abrupt 
change from typical Partridge River intrusion (PRI) stratigraphy, in the southern part of the deposit, to a 
completely different stratigraphy to the north in the remainder of the deposit.  The BTI has been divided 
into 2 major units, BT1 and BT4, each of which contain several subunits.  These units, in addition to 
footwall rocks and structural features, are portrayed in Figure 3-19.  

 

 
Figure 3-19. Schematic “type-section” cross-section, looking east, through the Mesaba deposit that crudely displays the spatial 
distribution of most of the igneous units in the Bathtub intrusion.  Note that not all of the PRI units are shown on the right side of 
the figure. 
 
 
BT1 Unit 

The lowermost unit of the BTI is referred to as the BT1 Unit.  It is very similar to Unit I of the nearby PRI 
in that it is heterogeneous textured at all scales, contains abundant hornfels inclusions near the basal 
contact, and is the main sulfide-bearing unit at Mesaba.  However, there are some important differences 
between Units I and BT1 that include 

 Augite troctolite is the dominant rock type in the bottom half of BT1 (as is also the case for  
Unit I) but in many of the cross-sections the entire up-dip portion of BT1 consists of augite 
troctolite; 

 Massive sulfide occurrences are more common near the basal contact in the BT1 than in Unit I 
(excluding the unique Local Boy ore zone) indicating that sulfide settling may have been a more 
important mineralization mechanism in the BTI; 
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 Coarse- to very coarse-grained disseminated sulfides (up to several centimeters across) are 
exceedingly common in the lowermost portions of BT1; whereas, this same relationship is not so 
obvious in Unit I – this again implies the importance of a sulfide settling origin, and; 

 Ultramafic horizons and patches are very common in portions of the BT1; whereas, similar 
ultramafic horizons are not as common in Unit I of the PRI. 

 

The BT1 Unit has been further subdivided into several internal subunits that are discussed below. 

 
BT1-a 

This subunit of the BT1 is a heterogeneous-textured augite troctolite grading to olivine gabbro.  The  
BT1-a subunit is more common in the bottom half of the BT1 Unit and increases up dip (to the north) at 
the expense of most other subunits of the BT1. 

 
BT1-c 

At the base of the BT1 there is significant silica contamination of the magma because of assimilation of 
the footwall rocks; noritic rocks (norite to gabbro norite), with common hornfels inclusions, are the 
dominant rock types with lesser amounts of augite troctolite.  The BT1-c subunit spatially occurs as a rind 
or coating along the basal contact of the BTI. 

 
BT1-uz 

Wherever olivine-rich ultramafic rocks are common over appreciable intervals in the BT1 Unit this 
subunit is used to designate ultramafic zones.  The morphology of the ultramafic rocks in these zones 
ranges from well-defined layers to zones where irregular ultramafic patches are presumably peppered 
throughout a troctolitic host rock. 

 
BT1-at 

This subunit of the BT1 is used to denote areas where anorthositic troctolite is the dominant rock type.  
The BT1-at zone is located at the very top of the BT1 Unit in the cross-sections of this report.  It is a 
small unit that is locally present in only the central portion of the Bathtub ore zone. 

 
BT-sli 

A few holes in the extreme western end of the BTI exhibit well-defined, modally bedded rocks consisting 
of alternating troctolitic and olivine-enriched ultramafic rocks.  These intervals are designated as BT-sli 
for the Bathtub Side Layered Interval. The BT-sli subunit occurs about in the center of the BT1 unit 
where it comes in close proximity to “The Hidden Rise”.   While the BT-sli can be readily mapped out 
and correlated between cross-sections, it is difficult to tell if this subunit is a downward continuation of 
the BTLI or “± Picrite” (as depicted in Figure 3-19). 

 
BT4 Unit 

The uppermost unit of the BTI is referred to as the BT4 Unit.  It was originally correlated with Unit IV of 
the PRI.  However, the BT4 Unit is distinctly different from Unit IV in that the BT4 Unit at Mesaba is: 
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 heterogeneous textured at all scales and composed of many alternating rock types; 

 sulfide bearing whereas Unit IV is mostly sulfide barren; the sulfides in BT4 are generally finer 
grained and generally of lower ore grade tenor in comparison to sulfide-bearing zones in the 
underlying BT1 Unit; 

 floored by a semi-persistent ultramafic layer termed the “± Picrite” (see discussion below) in the 
central portion of the Bathtub ore zone; and 

 ultramafic layers and modally bedded zones, termed the Bathtub Layered Interval (BTLI), are 
common in the central portion of the Bathtub ore zone. 

The BT4 Unit has been further subdivided into several internal subunits based on the presence of a 
dominant rock type.  The various subdivisions of the BT4 Unit are briefly discussed below. 

BT4-a 

This subunit of the BT4 on the cross-sections denotes areas where heterogeneous-textured augite 
troctolite is the dominant rock type.  

BT4-at 

This subunit of the BT4 is used to denote areas where anorthositic troctolite is the dominant rock type.  
Thick zones of BT4-at are common to some cross-sections through the Mesaba deposit and show 
relatively good correlation and predictability with similar zones in adjacent cross-sections. 

 
“± Picrite” 

At the base of BT4 is a semi-persistent, olivine-enriched ultramafic horizon referred to as the “± Picrite.”   
It is present in about 70% of the drill holes in the BTI-portion of the Mesaba deposit.  The “± Picrite” is 
generally absent in the up-dip direction (to the north) and is variably present to the south in the contact 
zone between the PRI and BTI.  Where present, the  “± Picrite” is about 1 to 15 feet (4.5 m) thick, but 
exceptions are locally present.  In some areas, the  “± Picrite” consists of several stacked ultramafic 
horizons, or modal beds, that are interlayered with troctolitic rocks, and thus, the zone represents a 
collection of several cyclic layers.  In other areas of the Mesaba deposit, the  “± Picrite” is not always 
easily singled out as it occurs in close proximity to a downward thickening BTLI with similar ultramafic 
layers and modal beds.  Therefore, in some instances it is difficult to pick the  “± Picrite” out of a myriad 
of ultramafic horizons associated with either the BTLI or BT-sli. 

Bathtub Layered Interval (BTLI) 

In the vicinity of the Bathtub Syncline, ultramafic layers are extremely common within the BT4 Unit. The 
ultramafic layers may represent repetitious cyclic layers and can be correlated in drill holes as an overall 
rock package.  This package of abundant cyclic layers, present in the BT4 Unit, is referred to as the 
Bathtub Layered Interval (BTLI).  In the eastern half of the Mesaba deposit the BTLI appears to be 
present in a subhorizontal saucer-shaped morphology.  Conversely, in the western half of the deposit, the 
BTLI is confined to 1 or 2 cylinder-shaped zones, albeit with irregular edges, that are positioned in close 
proximity to “The Hidden Rise.” 

Overall, the ultramafic rock types of the BTLI are characterized by alternating assemblages of 
either/or melatroctolite (picrite), feldspathic peridotite, peridotite, dunite (minor), olivine-rich troctolite, 
and troctolite with modal beds of olivine-rich layers.  One or more of these rock types may be stacked 
above the other in no particular order, and the thickness of this assortment may be highly variable 
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between drill holes.  The number of individual ultramafic layers present within the BTLI for any 
particular drill hole varies drastically.  In some holes, over 75 individual ultramafic layers and modal beds 
are intersected, whereas in other holes only a few scattered ultramafic beds are encountered.  The range in 
thickness for each of the individual ultramafic beds also shows considerable variation, ranging from a few 
inches to over tens of feet thick.  Although the BTLI can be correlated as a package of alternating 
troctolitic and ultramafic layers, each of the individual ultramafic layers cannot be correlated on a hole by 
hole basis.  This situation indicates that some of the ultramafic layers either 1) commonly bifurcate – 
thick ultramafic layers may divide into many thin ultramafic layers; 2) may actually represent dike-like 
features (filter pressed?); 3) may pinch out or have very limited spatial extent because of localized 
crystallization or other deposition-related origins; or 4) combinations of the above. 

Gradational tops and sharp bases are commonly present, indicating that crystal settling may have 
been important (this is especially true in the eastern half of the Mesaba deposit).  However, the reverse 
(gradational bottoms and sharp tops) is also locally present.  In addition, the inclination of contacts and 
modal bedding associated with the ultramafic layers are highly variable, ranging from 5 to 80 (with 
localized overturned beds).  This variation in inclinations can even be present in a single drill hole.  For 
the most part, the bedding and contact inclinations in the BTLI are steeper higher up in the drill hole and 
gradually shallow with depth.  The shallow to steep angles exhibited by the BTLI may reflect that the 
ultramafic layers originated via a variety of mechanisms, including 1) crystal settling to form 
subhorizontal layers (dominant in the eastern half of the deposit); 2) filter-pressing to form localized dike-
like morphologies; 3) slumpage and folding of the beds before they were fully crystallized to form highly 
irregular and overturned beds; 4) compaction differences during lithostatic loading of the crystal pile to 
form steep and irregular beds; 5) cooling and crystallization along, and parallel to, the southern wall of 
the BTI (up against “The Hidden Rise”); or 6) combinations of all of these mechanisms.  Whatever their 
origin, the steep beds displayed by the BTLI in the western half of the Mesaba deposit are inordinately 
associated with “The Hidden Rise.”  

PARTRIDGE RIVER INTRUSIVE (PRI) AT MESABA 

Many of the igneous rock units that are present at the nearby NorthMet deposit are also present along the 
southern edge of the Mesaba deposit and are believed to represent units of the Partridge River intrusion 
(see previous geologic setting discussion).  Additionally, Units IV through VI of the PRI appear to extend 
northward and overlie the heterogeneous-textured BT4 Unit.  This relationship, also depicted in Figure 3-
19, suggests that the BTI was eventually overridden/overlain by the upper units of the PRI.  The overall 
timing of emplacement for the PRI versus the BTI is unknown but correlations in the cross-sections 
crudely suggest the following: 

 Units I through III were intruded first along the southern edge of the Mesaba deposit with a vent 
area located somewhere to the southwest.  “The Hidden Rise” generally marks the northern 
extent of this intrusive activity and originally formed as part of the floor to these units.  Unit III 
may have been intruded as thin lenses across and north of  “The Hidden Rise”; which may 
explain the local presence of Unit III-like inclusions in the BTI. 

 Concurrent with or after the above activity, the BT1 Unit was intruded from a vent area located 
somewhere to the east, possibly from the Grano Fault area.  “The Hidden Rise” formed the 
southern wall of this particular magma chamber. 

 The BT4 Unit was intruded into the same magma chamber but was emplaced above the BT1 Unit. 

 Concurrent with or after the above activity, Units IV through VII+ of the PRI were intruded from 
a vent area located somewhere to the southeast.  These upper units were emplaced over the BT4 
Unit. 
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MINERALIZATION AT MESABA 

The Mesaba deposit is characterized by disseminated sulfide mineralization, which occurs most 
commonly as intercumulus accumulations of chalcopyrite, cubanite, and pyrrhotite.  Pentlandite crystals 
are less commonly identified megascopically. Additionally, less common occurrences of talnakite and 
bornite have been noted. Short intercepts of semi-massive to massive sulfide mineralization are often 
encountered in drill core in the Virginia footwall rocks immediately adjacent to noritic intrusive rock.  
Sulfur isotope analyses have indicated that the source of the sulfur used in the formation of the sulfides of 
the Mesaba deposit is the pelitic sediments of the Virginia Formation (Ripley 1986).  The model of 
sulfide deposition entails turbulent injection of units of the BTI wherein immiscible sulfide droplets 
coalesce within the silicate melts and attract the chalcophile elements (chiefly copper and nickel) through 
magma mixing.  Thus, the most contaminated magma (from assimilation of footwall Virginia Formation) 
hosts basal sulfides that contain excess sulfur relative to intrusive units higher above the footwall.  The 
sulfide content of the rock increases, often dramatically as the footwall is approached. This sulfide 
content increase is accompanied by the increasing presence of pyrrhotite and a subsequent change in the 
copper-bearing sulfides (cubanite is dominant over chalcopyrite).  The disseminated mineralization is 
generally composed of 1 to 4% sulfides, but can reach upwards of 8 to 12% sulfides as the footwall is 
approached.  In addition to the interstitial disseminated sulfide and semi-massive to massive sulfide 
mineralization, sulfides may locally occur as clots up to several centimetres in diameter, and are seen 
occasionally as chalcopyrite-rich vein fillings indicative of a late sulfide-rich fluid origin. 

The most important mineralized zone at Mesaba is the basal zone, starting at the footwall Virginia 
Formation contact, that commonly ranges between 200 and 400 feet thick (60 and 125 m thick).  Higher 
up in the intrusive package, often overlapping the BT1–BT4 unit boundary, is a second zone of 
disseminated sulfide mineralization which is more erratic and discontinuous in nature. 

The Mesaba deposit (hosted by the BTI) displays significant differences with the nearby NorthMet 
deposit (hosted by the PRI).  At NorthMet, the ore zone lower in the deposit is more stratiform and near 
the top of PRI Unit I, while at Mesaba the main mineralized zone starts immediately at the footwall 
contact zone. As noted in earlier discussions, units of the BTI are more erratic and chaotic than those of 
the adjoining PRI intrusion.  This is also true of the sulfide distribution which is often locally quite 
chaotic, and variable but overall the basal zone is tied together by adjacent drill holes to define a strongly 
mineralized ore body of considerable extent. The footprint of the Mesaba deposit is oblong to arcuate in 
shape, 3000 by 13 000 feet (925 by 4000 m) in approximate dimension, cropping out to surface on the 
northern/up-dip side and extending to approximately 1650 feet (500 m) below surface in the 
southern/downdip direction. The strongest basal mineralization is often localized within the Bathtub 
Syncline.  Here, concentration of sulfides by gravitational settling into the footwall depression has likely 
occurred.  Teck American has not released any new reserve/resource estimates, and the reader is referred 
to historic reserve numbers as reported at the start of the Mesaba section. 

Three geologic cross-sections from the western half of the Mesaba deposit depicting composited 
copper-nickel grades from historic and recent drilling are displayed below (Figures 3-20, 3-21, 3-22). 

PGE Mineralization at Mesaba 

Platinum group element (PGE) mineralization occurs at Mesaba and the other Duluth Complex copper-
nickel deposits.  Along with analyzing all new drill core for precious metals (Pt-Pd-Au), Teck American 
is in the process of cataloging and analyzing pulps from historic drill holes (BMC, AMAX) for precious 
metals at this time as well.  Analytical results of this data collection (in progress) have not been released 
to the public. As a general statement, the western side of the Mesaba deposit (hosted by the BTI) 
generally contains very low PGE values, while there are occurrences of anomalous PGE values in the  
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Figure 3-20. Cross-section 68+00W through the west end of the Mesaba deposit showing grades of significant intervals.  Drill 
holes MB-08-38 from this cross-section will be on display at Teck’s core shack. 
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Figure 3-21. Cross-section 44+00W through the west end of the Mesaba deposit showing grades of significant intervals.  Drill 
holes MB-07-15 and MB-08-37 from this cross-section will be on display at Teck’s core shack. 
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Figure 3-22. Cross-section 36+00W through the west end of the Mesaba deposit showing grades of significant intervals.  Drill 
hole MB-08-36 from this cross-section will be on display at Teck’s core shack. 
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eastern half of the Mesaba deposit.  It is postulated that the higher values to the east may be dependent on 
a more proximal distance from the hypothesized vent area of the BTI. 

 
Local Boy PGE Occurrences 

Numerous anomalous PGE and precious metal values are confirmed to be present within the massive 
sulfide ores (Severson and Barnes 1991; Hauck and Severson 2000).  Maximum values include  
Pd – 11 100 ppb, Pt – 8300 ppb, Au – 13 100 ppb, and Ag – 62 ppm (note that these values are present in 
sampled intervals that range from 5 to 15 feet (1.5 to 4.5 m thick). The majority of the anomalous PGE 
values are spatially distributed along the axis of the Local Boy Anticline with the highest Cu and PGE 
values occurring in the west half of Local Boy. The Grano Fault may have served as a feeder zone to the 
massive sulfides that were injected into the footwall rocks along the Local Boy Anticline as an immiscible 
sulfide melt. This melt fractionally crystallized in an east-to-west direction and progressively became 
enriched in PGE towards the west (see discussion below). 

PGE Mineralization at the Top of PRI Unit I  (along the Southern Margin of the Mesaba Deposit) 

Drill holes along the southern margin of the Mesaba deposit intersect an igneous stratigraphic section 
similar to the section present at the nearby NorthMet deposit.  Limited sampling for PGE at the top of 
Unit I (the equivalent of the Red Horizon of Geerts (1991, 1994) at NorthMet) has taken place in a few 
holes at the Mesaba deposit (Severson and Hauck 2003). For the most part, the Pd contents at the top of 
Unit I in the sampled holes are similar to Pd contents of the Red Horizon at the NorthMet deposit.  
Publicly available data indicates a maximum of 1267 ppb Pd is present at the top of Unit I in the southern 
portion of the Mesaba deposit (Severson and Hauck 2008). 

Massive Sulfides at the Local Boy Ore Zone of the Mesaba Deposit 

Copper-rich massive sulfides near the basal contact of the Duluth Complex are locally present at the 
Mesaba deposit in a small zone referred to as the Local Boy ore zone. In 1976, AMAX Inc. completed a 
1700-foot-deep exploratory shaft (Minnamax shaft) down to massive sulfides of the Local Boy ore zone 
and, in 1977, completed 4 drifts (A, B, C, and D; Figure 3-23). Underground Fan drilling (217 holes) was 
completed in 1978 to further define the massive sulfide distribution. Sulfide minerals include pyrrhotite, 
pentlandite, chalcopyrite, talnakhite, cubanite, maucherite (nickel arsenide), sphalerite, bornite and late 
mackinawite, chalcocite, covellite, godlevskite, and native silver. A more detailed description of these 
minerals, along with microprobe compositions, microphotographs, and possible paragenetic sequence, are 
presented in Severson and Barnes (1991). 

The Grano Fault may have served as a feeder zone to both the BTI and to massive sulfides of the 
Local Boy ore zone.  Severson and Hauck (2003) speculated that magma that issued from the Grano Fault 
may have been initially enriched in PGE, forming the PGE-enriched massive sulfides at the base of the 
PRI in the Local Boy ore zone, but as the magma intruded in an east-to-west direction (to form the BTI) it 
became progressively impoverished with respect to PGE in such a manner that rocks at the extreme 
western end of the Bathtub ore zone contain very little PGE. 

Footwall Structures in the Local Boy Ore Zone 

Several investigators have recognized that pre-existing structural conditions in the footwall rocks strongly 
influenced the basal contact of the Duluth Complex (Mancuso and Dolence 1970; Watowich 1978; Holst 
et al. 1986; Martineau 1989; Severson and Barnes 1991). Major irregularities in the basal contact are 
generally related to folds in the underlying country rock indicating that intrusion proceeded more or less 
along bedding planes in the footwall rocks (Holst et al. 1986). This is readily expressed by a major east-
trending trough and ridge in the basal contact at Mesaba that coincides exactly with a syncline-  
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Figure 3-23.  Contoured top of the Biwabik Iron Formation at Local Boy (A), and the contoured top of the basal contact between 
the footwall Virginia Formation and the Partridge River intrusion at Local Boy (B). Potential distribution of semi-massive to 
massive sulfide types (Cu-poor versus Cu-rich) at the Local Boy ore zone (C) and an isopach map of the cumulative thickness of 
the massive sulfide zones at the Local Boy ore zone (D).  Note that the massive sulfides are not present as a continuous blanket, 
but rather, as one or more stacked disjointed/separated multiple horizons near the basal contact. 

A) B) 

C) D) 
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anticline that is defined by the top of the Biwabik Iron Formation (BIF). The thickness of preserved 
Virginia Formation between the complex and the BIF is variable due to the amount of material 
assimilated by the complex. 
 

The Local Boy ore zone is also situated over this anticlinal ridge. The majority of massive sulfide ore 
zones, hosted mainly by the Virginia Formation (Severson and Barnes 1991), are broadly coincident with 
the axis of the anticline. The contoured top of the BIF in the Local Boy area is shown in Figure 3-23A. 
Similar anticline geometries are also present for the basal contact as shown in Figure 3-23B. All the data 
indicate that an east-trending anticline is the major structural feature present within the footwall rocks of 
the Local Boy area. 

The spacing of the contours in Figure 3-23 suggests that the anticline is asymmetrical with a steeper 
flank to the immediate south of the anticlinal crest.  Also, fault zones in drill core, as well as recognizable 
fault offsets of correlative units, are most commonly present on the south flank of the anticline.  Taken 
collectively, all these data suggest that additional structural features, in the form of increased faulting and 
shearing, are more important on the south flank of the anticline in the Local Boy area.  The northeast-
trending Kulas Fault is also shown in the Figure 3-23.  This fault was initially mapped by Jim Kulas in the 
underground drifts at Local Boy.  The cross-sections included in Severson and Hauck (2008) also 
recognized the fault, with an offset of 10 to 20 feet (3 to 6 m), and named the fault after Kulas. 

Mineralization Trends in the Massive Sulfide at the Local Boy Ore Zone 

The vast majority of massive sulfides at Local Boy are contained within the Paleoproterozoic Virginia 
Formation.  Even though the massive sulfides straddle the basal contact, most of the massive sulfides are 
associated with either hornfelsed sedimentary inclusions above the contact or with footwall rocks below 
the contact while the interfingering intrusive rocks are relatively barren of massive sulfides (Severson and 
Barnes 1991).  This suggests that the massive sulfide ores were not formed in this area by the 
gravitational settling of sulfides, but rather, the ores formed by injection of an immiscible sulfide melt 
into structurally prepared areas within the footwall rocks along the Local Boy Anticline in a vein-like 
setting.  A similar mechanism is proposed for the Noril’sk–Talnahk deposits in Russia. 

Even though the basal contact of the Duluth Complex with the Virginia Formation is highly 
undulatory, the massive sulfides exhibit a definite top and bottom.  The ore is distributed such that most 
of it is contained within a zone between 20 and 300 feet (6 and 91 m) above the top of the Biwabik Iron 
Formation.  The geologic constraint for the bottom of the ore zone generally corresponds to the top of the 
VirgSill.  The constraints for the upper portion of the ore zone are unknown and may have been 
obliterated during emplacement of the complex.  Figures 3-23C and 3-23D show, in a plan view, where 
massive sulfide zones are present and the massive sulfide types (ranging from pyrrhotite-dominant to 
copper-rich) relative to structural features.  The relationships shown in Figure 3-23 indicate that 1) semi-
continuous massive sulfide zones are present, mainly to the south of the Kulas Fault; and most 
importantly 2) the massive sulfides show a progressive change in an east-to-west direction from copper-
poor massive sulfides to copper-rich massive sulfides in the vicinity of the Local Boy Anticline.  These 
relationships suggest that the injected immiscible sulfide melt underwent fractional crystallization and 
progressively became more copper and PGE enriched as it moved through the footwall rocks in an east-
to-west direction. 

A possible feeder vent for the sulfide injection event may have been the Grano Fault, which was 
repeatedly reactivated during emplacement of the complex.  Other data that indicates that the Grano Fault 
was a potential feeder vent include  1) the massive sulfides are more common, and thicker (Figure 3-23), 
close to the Grano Fault (feeder) and along the axis of the Local Boy Anticline (structurally prepared 
site); 2) the VirgSill rarely contains significant amounts of disseminated sulfides – except near the Grano 
Fault; and 3) the Biwabik Iron Formation rarely contains sulfides – except near the Grano Fault.   
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In summary, the massive sulfides at the Local Boy ore zone are interpreted to be structurally controlled in 
that they are situated along the axis of the Local Boy Anticline.  The massive sulfides are Cu-rich (5 to 
25% Cu) and are almost exclusively hosted by the Virginia Formation.  Sulfide textures suggest that the 
massive sulfides were injected as an immiscible sulfide melt into the footwall rocks.  The overall pattern 
of sulfide types and PGE contents suggest that the sulfides formed via a process of fractional 
crystallization of an immiscible sulfide melt as it migrated into the footwall rocks.  The Grano Fault is 
inferred to represent the potential feeder zone in this scenario. 
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BIRCH LAKE DEPOSIT – FRANCONIA MINERALS 

By Robert Galyen (Franconia Minerals) 

Introduction 

In the 1970s Duval Corporation drilled several widely space holes in the Birch Lake area.  Some copper-
nickel mineralization was intersected at great depths in many of these holes; however, exploration 
companies were not impressed with the copper-nickel grades and largely abandoned the area – the 
potential for PGE mineralization was never considered.  In the mid-1980s, the MDNR and Mineral 
Resources Research Center (MRRC) conducted analyses of iron-rich intervals in the basal portion of drill 
hole Du-15.  PGE values as high as 9123 ppm Pd+Pd, associated with high Cr2O3 contents (5.3%) were 
documented (Sabelin and Iwasaki 1985, 1986).  This discovery marked the start of serious PGE 
exploration in the Duluth Complex. 

Prior to Franconia’s involvement, limited exploration drilling was conducted in subsequent years 
(Lehmann  2002a, 2002b; Routledge 2004).  In 2005 Franconia Minerals initiated an on-going drilling 
campaign with the intent of resource definition and extension.  To date this has resulted in the completion 
of 39 pilot holes and 105 wedges.  In total, 66 pilot holes have been drilled on or adjacent to the defined 
resource area. 

Property Geology 

The Birch Lake deposit is within the basal mineral zone of the troctolitic South Kawishiwi intrusion 
(SKI) that is itself bordered on the southwest by the Partridge River body and on the southeast by the 
Bald Eagle pluton.  

The SKI extends approximately 25 miles (40 km) in a northeast-southwest direction and is up to  
4.5 miles (7 km) wide. The footwall Middle Precambrian metasediments outcrop less than a kilometre 
west of the property boundary in the area of the Birch Lake deposit. Figure 3-24 shows the property 
geology. On the Birch Lake property, the SKI ranges in vertical thickness from 1150 to 4420 feet  
(350.5 to 1347 m) (Table 3-8).  

The deposit was initially considered to consist of sulfide-enriched ultramafic rocks blanketing the 
underlying basement rocks of the Giants Range Batholith, which is the predominant basement unit.  
Results of development and exploration drilling at Birch Lake has shown metals-enriched sulfide rocks 
are confined to an uninterrupted, sinuous channel-like zone.  This zone does not appear to be related to 
rock type or lithology, which are laterally discontinuous and even vary in the feet between drill wedges. 

Referred to as the Main Zone, this interval is a subset of the basal mineral zone.  The Main Zone, 
defined solely on assay data of the economic metals and Cu/Pd or Ni/Pt ratios, is interpreted to be the 
result of continuous to intermittent magma flow through specific intervals within the earlier emplaced low 
grade, but sulfur saturated, basal mineral zone.  This developed into a transport channel, or perhaps a 
network of channels.  Transport of magma provided increased opportunity for sulfide melt to become 
enriched in metals, as compared to mineral zone material outside of the channel. 

At Birch Lake the basal mineral zone varies in thickness from 100 feet (30 m) on the west side to 
over 450 feet (140 m) on the east side.  The Main Zone varies in thickness from 0 to over 300 feet (90 m) 
the thickest interval forms a continuous channel-like feature which thins laterally.  Main Zone 
development could be due to a magma transport network, which is the preferred interpretation, or by 
gravity slumping. 
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Figure 3-24. Bedrock geology and drill hole map of the Birch Lake deposit area. 
 



 

118 

Table 3-8.  Stratigraphic section for South Kawishiwi intrusion at Birch Lake. 

Unit Thickness Remarks 

Hanging Wall Rocks 

AT-T  Thick  Thin picrite units at top or middle of unit 

Main AGT  Averages 275 m  

AT-T  21 to 365 m; average 115 m  

Cu-Ni-PGE Mineralized Units 

PEG  3 to 80 m; averages 28 m  Sulfides first appear intermittently near base 

Basal Mineral Zone 
Zone 

 30 to 140+ m  Formerly U3, BH, BAN 

Main Zone  0 to 90+ m 
 Primary metals-enriched sulfide unit and is    
subset of basal mineral zone 

Footwall Rocks: 

BIF  120 m 
 Contact metamorphosed to pyroxene, rare 
basement unit 

GRB  
 Melted and recrystallized, common basement 
unit 

 

With a few exceptions, the Main Zone occupies the interval immediately below the unmineralized 
troctolitic hanging wall rocks and is on average about 100 feet (30 m) thick.  In a few locations the Main 
Zone extends to the granitic basement.  Where present, the Main Zone is vertically continuous, but may 
be interrupted by lower grade penecontemporaneous crystalline structures, or frameworks, varying in 
thickness from a few feet to 40 feet (12 m), that were developed as a result of crystal aggregation within 
flowing magma.  These crystalline frameworks are probably not laterally extensive; length or width to 
thickness ratios are probably less than 5.   

At a few locations, post-mineral troctolitic intrusions have also interrupted the Main Zone.  These 
intrusions are characterized by very low-grade economic metals and sulfur, frequently near lab detection 
limits. 

PGE enrichment is associated with late stage copper-nickel sulfides, particularly with chalcopyrite, 
talnakhite and bornite where they occur as replacement mineralization. Weaker PGEs are found where 
chalcopyrite and pyrrhotite are the primary sulfides.  Saussauritization and serpentinization are commonly 
deuteric.  Retrograde alteration and schistosity may accompany faulting. 

The Duluth Complex has not been significantly deformed since magma consolidation, but it has been 
subjected to displacements along basement faults and possible cross faults.  The extent of faulting and 
amount of displacement within the deposit is currently being re-evaluated.  Evidence of faulting  
(i.e., gouge, significant fracturing, etc.) is apparent in several drill holes. Preliminary analysis indicates 
possibly 2 high-angle, northeast-trending arcuate faults in the northwestern portion of the resource area.  
The overall affect on the deposit is yet to be determined, but is believed to be structurally insignificant.  
Additionally, a north- to northeast-trending fault, termed the Bob Bay fault, lies immediately west of the 
resource area. 
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Mineralization 

Information on mineralization has been obtained from core logging by personnel of the Beaver Bay Joint 
Venture, prior to Franconia Minerals, its partners and State geologists, laboratory analysis and the 
detailed mineralogical investigation of 5 core samples from 5 drill holes. The latter consisted of a 
reflecting light microscope and scanning electron microscope study of polished thin sections prepared 
from heavy minerals concentrated by heavy liquid separation of crushed and ground core (Cabri 2002). 
These samples had relatively high PGE grades. Detailed petrography and electron microprobe work on 
drill core from 4 holes has also been done by the UMN and the NRRI (Marma et al. 2002). 

Sulfides are dispersed interstitially in the rock matrix and mirror the size of rock-forming mineral 
grains: coarser sulfides with coarse-grained to pegmatoid fabrics, finer sulfides with medium-grained 
rocks. The sulfides occur 

 intergrown as eutectic and replacement textures 

 as triple point exsolution between rock mineral grains 

 intergrown with silicates, and  

 rarely as sulfide seams or veinlets. 

Microscope study by Cabri (2002) has identified the major ore minerals to be chalcopyrite and 
undefined members of the chalcopyrite family, possibly one or more of talnakhite, mooihoekite, 
putoranite and haycockite; the oxide minerals chromian spinel, ilmenite, magnetite, chromite and native 
copper and troilite. Common minerals found are the copper sulfides bornite, chalcocite, and cubanite as 
well as nickel sulfide minerals heazlewoodite and pentlandite. Trace amounts identified are altaite, 
digenite, frobergite, galena, mackinawite, millerite, sphalerite and 9 different platinum group-bearing 
minerals (PGM), native silver, silver telluride and alloys of silver and gold. Cobalt is analyzed from 
pentlandite up to 2.12 wt%. Iron sulfide gangue is pyrrhotite and troilite. 

The PGEs occur as various fine-grained Pd tellurides with other Pt, Os, Ru, Au, Ag, Te and B 
minerals. Ninety percent of the PGMs are associated with copper sulfides (Cabri 2002) as discrete grains 
attached to sulfides, as sulfide inclusions and at the margins between sulfides and gangue silicates. The 
PGMs may form halos around, or be included in, interstitial copper sulfides, pyroxenes, secondary 
amphiboles and biotite. PGEs are also remobilized in chlorite, serpentine or secondary magnetite. High 
PGE values were first analyzed from an interval characterized by poikilitic chromite in plagioclase 
feldspar known as “2 in one texture”. Pd minerals occur at twice the frequency of Pt minerals and this is 
reflected in drill core analyses.  Native silver is generally occluded in sulfides with Ag and Au-Ag alloys 
found as discrete grains and inclusions. 

The Birch Lake deposit appears to be the result of “channelized” magma transport system resulting 
in the formation of a metals-enriched sulfide interval recognized as the Main Zone.  Though 
indistinguishable lithologically from the lower grade and poorly enriched rocks of the encompassing basal 
mineral zone, the Main Zone is readily distinguishable by metal grades and ratios. 

Main Zone mineralization is usually associated with the top of basal mineral zone and pegmatite 
marker horizon that is traceable hole to hole as the deposit hanging wall.  Hydrothermal activity may have 
locally affected the deposit, but currently is not believed to be a significant factor. 

Franconia is continuing the drill program in 2010. As more information becomes available and the 
database for the Birch Lake deposit grows, the model for the deposit will also continue to evolve. Stay 
tuned! 
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NOKOMIS DEPOSIT - DULUTH METALS  

By Dean M. Peterson (Duluth Metals Ltd.) 

 

INTRODUCTION AND COMPANY HISTORY 

Wallbridge Mining Company Limited began active mineral exploration in the Duluth Complex in 1998 
when it reviewed data on the adjacent Maturi and Spruce Road deposits.  The company completed limited 
field work including geological mapping, geophysical surveys and a 3-hole drill program.  A review of 
existing data allowed an estimation of an underground Inferred Resource of copper, nickel, cobalt and 
PGE of the Maturi deposit and its extension to the east. Based on this initial work, the company elected to 
proceed to acquire properties immediately to the east of the Maturi deposit, previously referred to as the 
Maturi Extension property but currently referred to as the Nokomis property. 

Duluth Metals was incorporated under the laws of the State of Delaware on January 18, 2000, under 
the name of Wallbridge America Corporation. During 2000 and 2001, Duluth Metals acquired 4 state 
leases and 2 federal prospecting permits within the Nokomis property for future exploration.  The initial 
exploration work in 2001 and 2002 included contracting a three-dimensional (3D) computer model of the 
geology (completed by individuals at the Natural Resources Research Institute, or NRRI) and reviewing 
the exploration potential of Duluth Metals’ holdings on the basis of this new 3D geological model. 
Resampling was done on drill core from 7 holes on the property and 1 hole immediately adjacent to the 
property stored at the core storage facility in Hibbing, Minnesota. Results of this new geochemical data 
provided the foundation of the initial magma flow model for the deposit (Peterson 2001b).  During 2003 
and 2004, no significant exploration was conducted and properties were merely maintained in good 
standing. 

Increased development activity in the area and increasing commodity prices in 2005 resulted in 
Wallbridge activating Duluth Metals. Also in that year Wallbridge concluded that the most effective way 
to finance the exploration and possible development of these properties was to “spin off” Duluth Metals 
by vending it into a free-standing company to be run independently. In early 2006 a fully equipped field 
office was set up in Ely, Minnesota, located approximately 15 minutes drive from the project site. 
Facilities, including 3-bedroom accommodation, computerized data handling, core analysis and storage, 
have been organized at the Ely field office. A 7-hole drill program completed in the spring of 2006 
extended the mineralization to the east into the property acquired in January 2006 from a private party.  
The results of the drilling also confirmed the grade and consistency of the mineralization located beneath 
a very large anorthosite block in the middle of the Nokomis property.  Through sound geologic analysis 
of public domain data and the fortuitous open properties available between the known Maturi and Spruce 
Road deposits, the foundation for a world-class Cu-Ni-PGE discovery was in place.   

However, it requires more than a bit of well-positioned property to make a world-class discovery.  
The favorable alignment of world metals demand, increasing metals prices, new hydrometallurgical 
extractive technologies, and a bit of luck provided the strong market conditions facilitating the successful 
Initial Public Offering (IPO) of Duluth Metals stock in October of 2006.  The financial underpinnings of 
the IPO provided the fuel for a systematic exploration drilling of the property.  This approximately  
500 000-foot drill program was incredibly successful, with every one of the 155 drill holes intersecting 
Cu-Ni-PGE mineralization.  This extensive drill program provided the cornerstone of the development of 
the giant Nokomis Cu-Ni-PGE deposit.  In tandem with the drilling efforts were property acquisition 
efforts (still ongoing), resulting in the purchase of private surface lands, leasing of additional State lands, 
and the optioning of the Dunka Pit property as a potential process and tailings site (Figure 3-25). 
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Figure 3-25. Simplified terrain and geology map with overlays of identified Cu-Ni-PGE and TiO2 deposits and Duluth Metals 
properties. 
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NOKOMIS DEPOSIT MILESTONES 

With the success of drilling efforts (Figure 3-26) came National Instrument 43-101 (NI 43-101) compliant 
resource calculations, showing that, within the Duluth Complex, the Nokomis stands out with its 
continuity of grade and overall dimensions.  NI 43-101 is a mineral resource classification scheme used 
for the public disclosure of information relating to mineral properties owned by, or explored by, 
companies that report these results on stock exchanges within Canada.  

 

 
Figure 3-26. Map of the defined resource blocks categorized as Indicated and Inferred as well as the location of Duluth Metals 
and historic drill holes on the Nokomis property. 
 

With the positive resource picture, metallurgical testing was warranted on the Nokomis data and a 
study was contracted with SGS Lakefield.  Here again the Nokomis deposit proved itself by 
demonstrating exceptionally high recoveries of Cu, Ni, and precious metals (Table 3-9).  These high 
recoveries are above typical metal recoveries of conventional smelting; therefore, a technology agreement 
was signed by Duluth Metals for the use of the patented Platsol process.   

 
Table 3-9. Nokomis metallurgical test results, completed by SGS Lakefield. 

Metal / Recovery Cu Ni Pt Pd Au 

Flotation / Concentration Recovery 95.3% 72.4% 86.0% 87.0% 73.0% 

Hydrometallurgical (Platsol) Recovery 99.6% 99.2% 97.6% 98.1% 84.1% 

Combined Recovery 94.9% 71.2% 83.9% 85.4% 61.3% 
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With the positive metallurgical testing, 2 scoping studies were completed on the Nokomis project by 
the consulting firm Scott Wilson Roscoe Postle Associates Incorporated (SWRPA) resulting in very 
positive outcomes.  Based on indicated and inferred resources, the Nokomis deposit ranks as one of the 
largest combined base and precious metal resources discovered in North America in decades. For 
comparison, the Nokomis deposit contains a higher than average grade for deposits within the Duluth 
Complex. Specifically, the Nokomis deposit contains significantly higher grade zones of copper, nickel, 
platinum, palladium, gold and silver zones in large coherent portions of the deposit. One of the main 
objectives of Duluth Metals is to quantify these higher grade zones and appraise the potentially positive 
impact on future mining scenarios. 

Updated interim resource estimates were received in June 2008 and October 2009 from SWRPA 
based on drilling completed through October 2009 (see Fig 3-26).  The increased resource estimate update 
at a 1% copper equivalent cut-off and various copper cut-off grades is shown in Table 3-10.  Based on 
SWRPA review of metal prices, process recoveries, refining costs and underground mine operating costs 
likely to apply at the Nokomis deposit site, the 1.0% copper equivalent cut-off grade is reasonable for the 
statement of indicated and inferred resources at this time. 

 
Table 3-10. Indicated and inferred resource estimate for the Nokomis deposit. 

  Indicated Resources 

Cut-off Tonnes Cu Ni Co Au Pt Pd TPM CuEq 
 (000’s) % % % g/t g/t g/t g/t % 
1.0% CuEq 550 038 0.639 0.200 0.010 0.092 0.176 0.392 0.660 1.51 

0.5% Cu 482 438 0.666 0.206 0.010 0.098 0.188 0.420 0.706 1.57 

0.6% Cu 327 847 0.719 0.216 0.011 0.110 0.216 0.482 0.808 1.69 

0.7% Cu 157 803 0.797 0.231 0.011 0.127 0.256 0.567 0.950 1.87 

0.8% Cu 59 958 0.886 0.242 0.011 0.149 0.307 0.676 1.132 2.07 

  Inferred Resources 

Cut-off Tonnes Cu Ni Co Au Pt Pd TPM CuEq 
Grade (000’s) % % % g/t g/t g/t g/t % 
1.0% CuEq 273 835 0.632 0.207 0.010 0.091 0.185 0.409 0.685 1.53 
0.5% Cu 252 000 0.648 0.210 0.010 0.094 0.192 0.424 0.710 1.57 

0.6% Cu 158 651 0.700 0.218 0.010 0.109 0.227 0.499 0.835 1.69 

0.7% Cu 63 846 0.785 0.229 0.010 0.131 0.278 0.601 1.010 1.88 

0.8% Cu 20 275 0.865 0.239 0.010 0.134 0.307 0.657 1.098 2.03 

Note: 
1. CIM definitions were followed for Mineral Resource estimation and classification.  
2. Mineral Resources are estimated at a zone definition (wireframe) cut-off grade of approximately 1.0% Cu equivalent grade 

(CuEq).  
3. The approximately 1.0% CuEq cut-off grade includes all material in the wireframed zones.  
4. Bulk density is 3.01 t/m3  
5. Resources were estimated to a maximum depth of approximately 1350 m.  
6. Copper equivalent (CuEq%) is based on Net Smelter Return Factors as determined for the Preliminary Economic 

Assessment by Scott Wilson RPA dated January 18, 2008.  
7. Metal Prices used were $1.75/lb copper, $7.00/lb nickel, $10.00/lb Co, $600/oz Au, $1100/oz Pt and $350/oz Pd.  
8. Copper equivalent (CuEq%) = Cu% + 3.03 x Ni% + 0.63 x Co% + 0.30 x Au g/t + 0.76 x Pt g/t + 0.24 x Pd g/t based on 

expected metal prices and process recovery and refining charges.  
9. TPM is Au g/t + Pt g/t + Pd g/t.  
10. Co, Au, Pt, Pd grades that are lacking in historic drill holes have been entered in the resource database based on regression 

of assay grades from DML drill hole assays.  
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The indicated and inferred resource estimates for base and precious metal content in the Nokomis 
deposit truly are enormous (Table 3-11).  It is perhaps more revealing to compare these Nokomis numbers 
on the world stage of magmatic Cu-Ni-PGE sulfide deposits.  This comparison (Figure 3-27) is based on 
2 types of data for this class of ore deposit.  Historic metal contents for mining camps and individual 
deposits are taken from Anthony Naldrett’s book titled Magmatic Sulfide Deposits: Geology, 
Geochemistry, and Exploration published in 2004.  Publically reported metal contents for these same 
mining camps and deposits, as well as the Nokomis deposit, are from SEC filings, NI 43-101 reports and 
related audits available online.  Review of this figure clearly displays the size and importance of the 
Nokomis deposit on the world stage.  For example, a simple comparison of the publically reported data 
for the Sudbury mining camp versus Nokomis shows that the Nokomis deposit contains more copper and 
PGE than is left in all of the active and developing mines in Sudbury. 

Table 3-11.  Calculated base and precious metal content of the Nokomis deposit. 

 Metal Indicated Inferred 

Copper 7.75 Billion lbs. 3.82 Billion lbs. 

Nickel 2.43 Billion lbs. 1.25 Billion lbs. 

B
as

e 

Cobalt 121.26 Million lbs. 60.37 Million lbs. 

Platinum 3.11 Million ozs. 1.63 Million ozs. 

Palladium 6.93 Million ozs. 3.60 Million ozs. 

Gold 1.63 Million ozs. 0.80 Million ozs. 

P
re

ci
ou

s 

TPM (Pt+Pd+Au) 11.67 Million ozs. 6.03 Million ozs. 

 
 
 
 

 
 

Figure 3-27. Chart of the contained base and precious metals in world class Cu-Ni-PGE mining camps and deposits. 
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On January 12, 2009, Duluth Metals announced the receipt of a new independent NI 43-101 
Preliminary Assessment (“PA” or Scoping Study) on its Nokomis Project from SWRPA. This report 
(available online at SEDAR) provides an updated preliminary assessment of the Nokomis project, based 
on the June 2008 mineral resource estimate.  This PA is based on an expanded 40 000 tonne per day 
(“tpd”) production rate scenario which doubles the January 2008 PA production rate. The report confirms 
positive economics for the Nokomis deposit even at today’s lower metal prices with the potential to be 
one of the world’s low-cost copper-nickel producers (Table 3-12). 

 
   Table 3-12. Nokomis production rate scenarios. 

Base Case1 
Scenarios 

Production Rate2  
@ 20 000 tpd 

Production Rate3  
@ 40 000 tpd 

Undiscounted Net Present Value $4.328 Billion $8.214 Billion 

Net Present Value @ 10% $792 Million $1.598 Billion 

Average Annual Cash Flow $205 Million $434 Million 

Internal Rate of Return (IRR) 21.0% 23.0% 

Capital Cost $795 Million $1.332 Billion 

Payback Period 4 years 4 years 

Annual Metal Production 
102.1 million lbs Cu  
23.8 million lbs Ni  
121,000 ozs TPM 

181.7 million lbs Cu  
42.3 million lbs Ni  
251,000 ozs TPM 

 Note, all monetary units are in $US: 

1. Scott Wilson RPA: Base Case Prices of $1.75/lb Cu; $7.00/lb Ni; $10.00/lb Co; $1,100/oz Pt; $350/oz Pd; $600/oz Au 

2. January 18, 2008, Scott Wilson RPA Preliminary Assessment on the Nokomis Project, Minnesota, U.S.A.  

3. January 8, 2009, Scott Wilson RPA Preliminary Assessment on the Nokomis Project, Minnesota, U.S.A. 
 

The new PA for the Nokomis project envisions and includes costing for a fully integrated mining and 
processing facility that encompasses the following general process flow: ore production rate of 40 000 
tonnes per day (14 million tonnes per year); underground mining by blasthole open stoping with partially 
recoverable pillars; Underground access by shaft and ramp; Underground ore handling by conveyor 
systems; underground primary crushing, further crushing and grinding on surface; transfer from mine to 
concentrator via 10 km slurry line; agitated holding tanks at mill with a minimum capacity of 11 000 m3; 
flotation concentration, producing a bulk copper-nickel-cobalt-PGM-gold concentrate; hydrometallurgical 
processing using PLATSOL™ process; production of saleable copper and nickel metal via standard 
electrowinning and production of cobalt and PGM-gold products to shipped to refineries for final 
processing to metal; and a brownfields tailings disposal facility within 3 km of the processing site. 

Table 3-13 shows unit cash costs (operating and capital), calculated for either nickel or copper. This 
measure provides a means to compare costs in dollars per pound of metal to individual metal prices (also 
in dollars per pound of metal). SWRPA notes that the calculation is net of byproduct credits, which in this 
case amounts to approximately 60% of revenue. Since no single metal is a dominant contributor, unit cash 
costs calculated in this manner appear very low, or negative in most cases. 
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Table 3-13. Unit cash costing chart for evaluating the Nokomis deposit as a Copper or Nickel mine with all other metals as 
byproducts. 

Assumptions Low Case Base Case Market Case 

Key Variable - Cu Price ($/lb) $1.55 /lb. $1.75 /lb. $3.31 /lb. 
Key Variable - Ni Price ($/lb) $4.90 /lb. $7.00 /lb. $12.70 /lb. 
Capital Cost, including Contingency (Billion $) $1.332  $1.332  $1.332  
Conceptual Projected Mine Life 22 years 22 years 22 years 

Nokomis as a Copper Mine    

Unit Cash Costs - Operating ($/lb Cu) $(0.09) /lb. $(0.72) /lb. $(2.36) /lb. 
Unit Cash Costs - Capital ($/lb Cu) $0.42 /lb. $0.42 /lb. $0.42 /lb. 
Total Unit Cash Costs - Operating + Capital ($/lb Cu) $0.32 /lb. $(0.30) /lb. $(1.94) /lb. 

Nokomis as a Nickel Mine    

Unit Cash Costs - Operating ($/lb Ni) $(2.15) /lb. $(3.61) /lb. $(11.62) /lb. 
Unit Cash Costs - Capital ($/lb Ni) $1.79 /lb. $1.79 /lb. $1.79 /lb. 
Total Unit Cash Costs - Operating + Capital ($/lb Ni) $(0.36) /lb. $(1.82) /lb. $(9.83) /lb. 

Note: 
 Low Case - reflecting recent low metal prices of 1.55/lb Cu; $4.90/lb Ni; $10.00/lb Co; $795/oz Pt; $295/oz Pd; $600/oz Au.  
 Base Case - same base case prices used in the previous Technical Report (January 2008 PA), based on long-term average price 

forecasts of the past several years ($1.75/lb Cu; $7.00/lb Ni; $10.00/lb Co; $1,100/oz Pt; $350/oz Pd; $600/oz Au).  
 Market Case - prices as of January 13, 2008*, for direct comparison to the previously reported 20 000 tpd scenario contained in 

the January 2008 PA. 
 
 
 
ENVIRONMENTAL STUDIES 

With the scoping studies completed, Duluth Metals initiated baseline and preliminary environmental 
studies.  Duluth Metals recognizes environmental guardianship as an important corporate priority, and is 
working closely with state and federal agencies to establish policies, programs and practices for 
conducting its business in an environmentally sound manner. Our company realizes its long-term success 
depends on the well being of the environment and the community as a whole. Duluth Metals goal is to not 
only remain in compliance with all state and federal regulations governing their operations but to exceed 
them. Duluth Metals has an environmental policy under which it has made a number of commitments 
consistent with responsible environmental stewardship. The company is committed to  

1. retain qualified, professional employees and consultants to design and implement their field 
programs;  

2. develop, design and operate facilities in a socially and environmentally friendly manner in order 
to mitigate environmental impacts;  

3. support research to advance understanding of industry’s impact on the environment and to reduce 
harmful effects through improved practices and technologies;  

4. contribute to the dissemination of environmentally sound technology and management methods;  

5. work with government and the public to develop effective, efficient and equitable measures to 
protect the environment based on sound science;  

6. require contractors to comply with our company’s environmental policy requirements;  



 

127 

7. encourage dialogue on environmental issues with employees and the concerned public groups and 
to be responsive to their concerns;  

8. ensure that all employees understand and are able to fulfill their environmental responsibilities; 
and,  

9. reclaim work sites in accordance with site-specific criteria in a planned and timely manner. 

 

The numerous studies that need to be completed (over a number of years) in order for Duluth Metals 
to gain the right to mine the deposit in an environmentally sound manner is perhaps best viewed in a 
graphical form (Figure 3-28).  This chart clearly displays the complex interplay of geology, 
geoengineering, metallurgy, mine planning and design, and extensive environmental studies that must 
mesh together into a coherent plan to put the Nokomis deposit into production. Duluth Metals has 
initiated baseline environmental and engineering studies in support of the Nokomis environmental review 
and permitting process.  Examples of baseline environmental studies that have been completed include 
Wetlands Delineations and Functional Assessments; Stream Morphology Assessments; Wildlife Habitat 
Surveys; Sensitive Plant Species Surveys; and Phase 1a Cultural Resources Searches.  In addition, several 
preliminary environmental engineering studies have been completed to help with siting potential 
facilities. 

 

 

 
Figure 3-28. The environmental review and permit process utilized in Minnesota for the Cu-Ni-PGE projects in the Duluth 
Complex.  Dark grey boxes represent work that the company has to complete, light grey boxes are completed by the state and 
federal agencies, and white boxes represent times the public has input into the process. 
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GEOLOGY OF THE NOKOMIS DEPOSIT 

Duluth Metals Limited’s Nokomis deposit is the most recently discovered Cu-Ni-PGE deposit in the  
Duluth Complex (1.1 Ga) of northeastern Minnesota.  The deposit is located near the north end of the 
South Kawishiwi intrusion (SKI) west-southwest of the junction of the Nickel Lake Macrodike (NLM) 
and the SKI (Peterson et al. 2006; Peterson and Albers 2007; Tharlason et al. 2007; Peterson 2008; White, 
in prep; Gal 2008). The deposit was discovered utilizing a genetic ore deposit model that identified 
channelized magma flow within the SKI under a large xenolith/pillar of anorthosite. The model led to 
exploratory drilling in 2006, deposit discovery and initial resource estimation in 2007, and significant 
resource expansion in 2008, all in a period of 18 months. The regional-scale magma flow model that is 
being used by Duluth Metals to interpret the origin of the Nokomis deposit is presented in Figure 3-29.   

Duluth Metals has come to the realization that the initial basaltic composition SKI magmas that 
ultimately created the Nokomis deposit intruded as sulfide-bearing, crystal-laden slurries (olivine and 
plagioclase crystals).  Therefore the company has reinterpreted the regional basal stratigraphy (PEG, U3, 
BH, BAN) of the SKI (see Figure 3-6) at Nokomis into the Basal Mineralized Zone, or BMZ.  The 
company believes that the geometry of the system (sill-like, subhorizontal intrusion) led to crystal sorting 
and melting the footwall granitic rocks to create the heterogeneous lithologies of the BMZ (Figure 3-30). 

 

 

 

Figure 3-29. Regional-scale magmatic flow model for the northern SKI.  Modified after Peterson 2008. 
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Figure 3-30. Simplified crystal-liquid slurry model for the SKI in the Nokomis area. 
 
 

The SKI is a shallow-dipping (~24º east-southeast), sill-like, troctolitic intrusion exposed in an 8 by 
32 km arcuate band along the northwestern margin of the Duluth Complex.  Lithologic units within the 
Nokomis deposit include Mesoproterozoic rocks of the SKI and Anorthositic Series of the Duluth 
Complex as well as basalt xenoliths of the North Shore Volcanic Group.  At Nokomis, SKI magmas 
intruded between hangingwall anorthositic rocks and footwall granitic rocks of the Neoarchean Giants 
Range batholith (see Figure 3-30).  Brief descriptions of the map units that Duluth Metals recognizes on 
the property are given in Table 3-14. 
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Table 3-14. Lithostratigraphic units within the Nokomis deposit. 

Duluth Complex and related rocks (1.1 Ga) 

Anorthositic troctolite to troctolite (ATA Series) – Medium to coarse-grained, 
homogeneous, well-foliated and locally layered anorthositic troctolite, troctolite, and 
ophitic troctolitic rocks.  In the field, this unit is commonly referred to as the “sea of 
troctolite”. 

Augite-bearing troctolite (Main AGT) – Heterogeneous, coarse-grained, subophitic to 
ophitic, poorly foliated augite troctolite characterized by scattered augite-rich 
pegmatitic clots and patches.  Commonly capped by hanging wall inclusions (HB and 
Ai) and interpreted to be the solidified basaltic liquid that carries the crystals and 
sulfides of the BMZ. 
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Sulfide-bearing troctolite (BMZ) – Heterogeneous, sulfide-bearing, varitextured troctolite, 
augite troctolite, anorthositic troctolite, and olivine gabbro with 0.5 to  5% 
disseminated chalcopyrite, cubanite, pentlandite and pyrrhotite.    

Anorthosite (AN-G and Ai) – Undifferentiated Anorthositic Series inclusions.  Includes 
well-foliated anorthosite, troctolitic-anorthosite, poikilitic troctolitic anorthosite, 
gabbroic anorthosite, and rarely gabbro and troctolite.  Inclusions range from a few 
centimetres to elongate bodies measured in kilometres. 

Anorthositic gabbro to gabbro (Upper Gabbro) – Mixed group of Anorthositic Series 
rocks that occur in the central portion of the map area.  Includes well-foliated 
anorthositic gabbro, gabbro, anorthosite, hornfelsed basalt, and augite troctolite.   
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Basaltic hornfels (Upper Basalt, HB) – Fine-grained, granoblastic to poikiloblastic basaltic 
hornfels; consists of variable amounts of plagioclase, augite, olivine, hypersthene, and 
inverted pigeonite.  Commonly associated with Anorthosite xenoliths (unit Ai). 

Giants Range Batholith (2.68 Ga) 
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l Porphyritic quartz monzonite (GRB) – Pink, coarse-grained, hornblende-phyric, quartz 

monzonite with large (1 to 2 cm) orthoclase phenocrysts.  Also contains irregular zones 
of aplite and supracrustal xenoliths.  Strongly recrystallized and partially melted locally 
anong the contact with the SKI. 

 
 

Two detailed geologic cross-sections through the Nokomis deposit are presented in Figure 3-31.  
These sections display the continuity of the basal mineralization as well as the differences in the 
hangingwall stratigraphy from west to east through the deposit (see Figure 3-6).  In the east, the deposit is 
located under an extremely thick (> 1000 m) pillar of Anorthosite Series rocks, and in essence the basal 
SKI can be viewed as a thin sill-like body.  To the west, the anorthosite pillar ends and the immediate 
hangingwall rocks to the deposit are troctolites of the Main AGT unit.  We interpret the Main AGT as the 
solidified troctolite melt (see Figure 3-30) that carried the crystals and sulfide droplets of the magmatic 
slurry.  
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Figure 3-31.  Geologic cross-sections through the Nokomis deposit. 
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NOKOMIS ORE DEPOSIT MODEL 

Duluth Meals is utilizing advanced geological modeling and analysis of the Nokomis deposit to identify 
and characterize higher grade copper, nickel, platinum, palladium and gold zones within the deposit.  This 
same modeling defines contiguous, large tonnage, higher grade zones that will be important in the 
evaluation of future mining scenarios.  The geologic modeling also provides an innovative way to 
understand the origin of, and the controls on, grade distribution within the deposit.  As well, the model 
will assist on directional search parameters and variography of subsequent block models and grade-
tonnage estimates. Duluth Metals is commissioning a new NI 43-101 resource estimate which will 
include 155 drill holes and 63 wedges as part of its higher grade zone targeting effort.  

The results of our models show 4 distinct types of higher grade Cu-Ni-PGE mineralization within the 
Nokomis deposit. These 4 distinct types of mineralization are briefly described below and are presented 
graphically in Figure 3-32. 

 
1) PGE-rich disseminated mineralization on the eastern side of the Nokomis property.  

This area is known as the Eastern High Grade Corridor (21 drill holes as indicated in the October 27, 
2008, press release). This large coherent zone of significantly higher grade PGE mineralization is the 
result of the initial constriction of the magma channel beneath a large block of older Anorthositic 
Series rocks within the Nokomis deposit. Such a blockage impedes the flow of crystals and sulfide 
droplets. However, the liquid portion of the magma continues to flow along with its dissolved 
platinum group elements (“PGE”). Once these dissolved and flowing PGE’s come in contact with a 
stuck sulfide droplet, they dissolve into the sulfide droplets and increase the PGE tenor of the sulfide.  

 

2) Ni-Co enriched semi-massive sulfides at, or immediately below, base of magma channel. 

This mineralization is believed to have formed by continuous flushing of hot magma through the 
channelway that melted footwall granitic rocks. These granitic melts were incorporated into the 
magma and induced the formation of new sulfide minerals beneath the crystal slurry. These new 
sulfides scrubbed the melt of nickel and cobalt and settled to the bottom of the system.  

 

3) Cu-PGE-enriched disseminated mineralization deep in footwall below magma channel.  

The ever-deepening (into the melting footwall) magma channel induced and pinned hydrothermal 
convection cells in the footwall beneath the magma channel. The water in the system was released 
from the footwall granitoids by thermal metamorphism and circulated Cu-PGE downwards beneath 
the channelway.  

 

4) Cu-PGE-enriched disseminated mineralization at top of mineralized zone (top-loaded).  

 To the sides of the magma channelway, the sulfide-bearing crystal-liquid slurry was intruded as 
batches of magma out and to the sides of the channel. Since these highly crystalline magmas are distal 
to the very hot main magma channel, they solidified quickly into sulfide-bearing troctolite. Once the 
silicates (olivine+plagioclase) are solid, buoyant fractionated sulfide (Cu-PGE) liquid and magmatic 
waters moved upwards through the solidifying crystal pile and precipitated Cu-PGE sulfide and 
hydrous silicate minerals beneath the overlying crystal-poor, liquid silicate magma. 

 

Company-sponsored and internal research on many aspects of the mineralization within the Nokomis 
deposit is continuing.  Models based on normative mineralogical compositions have shown that the 
composition of Cu-Ni-PGE mineralization reflects local segregation and fractionation of the sulfide liquid 
as well as processes involved in the transportation upwards and/or downwards of the evolved sulfide 
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liquid through the solidified host rock (Figures 3-33 and 3-34).  Further details of segregation-
fractionation-infiltration and transportation processes of evolved Cu-Ni-PGE sulfide liquids/fluids are 
currently being explored by Duluth Metals.  Such studies include detailed petrography, fluid inclusion 
studies, research-grade total PGE analyses, whole-rock analyses, and stable isotope geochemical studies.  

DRILL CORE DISPLAY 

Intervals from drill holes will be on display in the Duluth Metals drill core logging shed in Ely Minnesota 
for the field trip.  We at Duluth Metals invite you to examine these drill hole intervals and think about the 
physical and chemical processes that came together to create truly one of the world’s largest resources of 
Cu-Ni-PGE (see Figure 3-27).  Herein at the Nokomis deposit, a channelized and crystal-laden 
(plagioclase and olivine phenocrysts) basaltic melt containing sulfide droplets intruded subhorizontally as 
a sill-like body between a granitoid footwall and anorthosite hangingwall.  The physical magmatic 
processes that the system underwent imparted discrete thermal and chemical processes onto the system.  
Many of these combined processes can be seen as snapshots in time and place in the drill hole intervals 
presented. 

 
 

 
Figure 3-32.  Integrated ore deposit model for the Nokomis deposit. 
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Figure 3-33. Copper-nickel assays (A), normalized sulfide mineralogy calculated at 100% sulfide (B), and sulfide fractionation 
model for Nokomis drill hole MEX-084.  
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Figure 3-34. Copper-nickel assays (A), normalized sulfide mineralogy calculated at 100% sulfide (B), and sulfide fractionation 
model for Nokomis drill hole MEX-109.  
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Optional Field Trip 

GEOLOGY OF THE NICKEL LAKE MACRODIKE 
By Dean Peterson (Duluth Metals Ltd) and Paul Albers (Consultant) 

Partial reprint from 2007 Institute on Lake Superior Geology Guidebook 

Detailed geological mapping at a scale of 1:5000 by the authors and Chris White, a Masters candidate in 
the Department of Geological Sciences at the University of Minnesota Duluth, was completed in the late 
summer and fall of 2006, and published at a scale of 1:10 000 by the NRRI (Peterson et al. 2006).  This 
map, available online at http://www.nrri.umn.edu/egg/REPORTS/MAP200604/MAP200604.html, is the 
foundation upon which the field component of this trip will be based.  During the course of this mapping, 
approximately 1000 outcrops along nearly 100 km of field traverses were examined to identify and 
confirm the internal lithologic variability, contact relationships, and structure of the western extent of the 
Nickel Lake macrodike (NLM), the adjacent SKI, and bounding rocks of the Anorthositic Series.  The 
authors wish to acknowledge Dr. Paul Weiblen (emeritus professor of geology at the University of 
Minnesota) for his keen insight on the geology of the area and Dr. George Hudak and undergraduate student 
Jeremiah Gowey of the University of Wisconsin Oshkosh for assistance in mapping outcrops around and 
south of Omaday Lake.  As well, a 1 day field excursion to Nickel Lake with Dave Peck (Anglo American), 
Harry Noyes (Encampment Resources), and Ted Dematties (consulting geologist) prior to the mapping 
campaign developed new insight on identifying dynamic magmatic systems in the field to the senior author 
(Peterson). 

Additional reconnaissance mapping in early November by Dean Peterson was completed to field 
check compiled outcrop locations depicted on the 1957 INCO map of the Spruce Road deposit and the 
1968 Hanna Mining map of the South Filson Creek deposit (both of which are publicly available in the 
DNR archive at Hibbing, Minnesota). The reconnaissance mapping confirmed the location of gossanous 
copper-nickel-bearing INCO outcrops and reconfirmed the outstanding field mapping of all types of 
Duluth Complex rocks by Hanna Mining Company geologists of the late 1960s. 

The NLM is a southwest to northeast-trending (Figure 3-35), steeply dipping, asymmetric troctolitic 
and gabbroic intrusion interpreted to be a feeder dike for the northern portions of the SKI.  The macrodike 
is interpreted to be located within a major rift-parallel normal fault (down to the southeast) now obscured 
by intrusion of NLM igneous rocks. Regional southward tilting (based on the deep level of erosion of the 
northern Bald Eagle Intrusion directly east of this area) leads to the interpretation that the southwest end 
of the NLM (near Omaday Lake) is structurally higher than the northeastern portion of the dike, and 
represents the location where magma flow changed from dike-like to sill-like, as it exited the dike – thus 
the magma velocity slowed – and entered the growing SKI magma chamber. Excellent potential exists for 
nickel-copper-rich massive sulfide at the basal contact where the dike enters the SKI (Section 31, T62N, 
R10W). The dike is composed of 3 main units: 1) inclusion-rich, locally sulfide-bearing, heterogeneous 
troctolite (unit N-Th); 2) layered troctolite, melatroctolite, and dunite (unit N-Tl); and 3) a late, 
crosscutting, coarse-grained to pegmatitic oxide-rich, olivine-gabbro to melagabbro (unit N-xG).   

Description of NLM Map Units 

The basis for all of the field aspects of this field trip is the aforementioned recently published bedrock 
geologic map of the NLM (Peterson et al. 2006).  As well, the description of “Field Trip Stops” to follow 
differ from most geology field trip guidebooks in that we are simply going to take some walks in the 
bush, mostly along logging roads and snowmobile trails, look at numerous outcrops of the NLM and 
adjacent rocks, and discuss the geology.  We are NOT GOING TO SPECIFIC OUTCROPS to try to 
make a case for our interpretations; instead, we urge you to use your imagination while we look at 

http://www.nrri.umn.edu/egg/REPORTS/MAP200604/MAP200604.html�
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outcrops and add to the conversation.  Instead of writing detailed descriptions of specific outcrops we’ll 
visit during the “stops” in the field trip, the authors have instead decided to simply copy verbatim the 
Description of Map Units from the map NRRI/MAP-2006-04 (Peterson et al. 2006) below, and use this as 
a reference during the field trip.  The rocks of the NLM include, generally from youngest to oldest: 

Oxide Gabbro (N-xG) – Dark-grey, coarse-grained to pegmatitic, recessive weathered, oxide-rich 
(magnetite and ilmenite), olivine-gabbro to melagabbro. Contains small inclusions of anorthosite 
(unit N-Ai), basalt (unit N-Bi), and troctolite (unit N-Th).  Interpreted to be the youngest phase of 
the dike based on inclusion types and crosscutting relationships. 

Layered Troctolite to Dunite (N-Tl) – Grey to black, medium-grained, well-layered troctolite, 
melatroctolite, and dunite.  Lamination of plagioclase and olivine parallel to modal layering is 
commonly observed as well as igneous scours and crossbedding.  Small inclusions of anorthosite 
(unit N-Ai) and basalt (unit N-Bi) rare. Layering possibly developed as the up-welling magma 
streams through the dynamic (expanding) feeder dike. A constant temperature appropriate to 
plagioclase-olivine crystallization is maintained by a balance between the heat content of the 
incoming magma plus the heat of crystallization and the heat loss through the chamber walls. 
Plagioclase and olivine are left behind and oriented/segregated on the walls of the expanding 
chamber (Weiblen, pers. comm.). Sulfide noted locally in outcrop in the southeast corner of 
Section 31. 

Heterogeneous Troctolite (N-Th) – Light to dark grey, medium- to coarse-grained, inclusion-rich, 
heterogeneous troctolitic rocks with local igneous scour structures. Unit composed of intermixed 
troctolite, anorthositic-troctolite, melatroctolite, and gabbroic phases surrounding numerous local 
country rock (unit N-Ai) and exotic (units N-IF and N-Bi) inclusions that are elongate parallel to 
the macrodike, as well as hosts the sulfide-bearing unit N-Ts. Interpreted to be the initial highly 
dynamic magmatic phase of the dike that carried exotic inclusions from deep in the crust to their 
present level. 

Sulfide-Bearing Troctolite (N-Ts) – Rusty weathered, medium- to coarse-grained, sulfide-bearing, 
heterogeneous troctolitic and gabbroic rocks. Generally forms recessive weathering, iron-stained, 
gossanous outcrops near, but not at, the northern margin of the macrodike. The current extent of 
this unit on the map is confined to those areas with outcrop, which in reality may be much more 
extensive as these outcrops generally end along linear swampy areas. 

Anorthosite Inclusion (N-Ai) – Light-grey, medium- to coarse-grained troctolitic-anorthosite, commonly 
with 1 to 2 cm poikilitic olivine pits. The large anorthosite inclusions at the southwest end of the 
dike (around Omaday Lake) are interpreted to represent a “logjam” of blocks that quit moving due 
to the decreased speed of the macrodike magmas as they entered the South Kawishiwi intrusion 
magma chamber. Includes blocks within the SKI adjacent to the Nickel Lake macrodike. 

Basaltic Hornfels Inclusion (N-Bi) – Grey, fine-grained, steeply dipping to vertical, granoblastic, locally 
magnetic, massive to amygdaloidal basaltic hornfels.  Includes a highly magnetic block within the 
SKI adjacent to the Nickel Lake macrodike. 

Biwabik Iron Formation Inclusion (N-IF) – Well-bedded, steeply-dipping, recrystallized (layered 
magnetite and pyroxenite) iron-formation commonly with disseminated copper-nickel sulfides.  
Forms an intense localized positive magnetic anomaly. 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Anorthositic Series – Subsuite of the Duluth Complex composed predominantly of plagioclase 

cumulates displaying complex internal structure and lacking obvious signs of in situ differentiation.   
Occurs throughout the Duluth Complex as anorthosite, troctolitic-anorthosite, and gabbroic-
anorthosite, commonly poikilitic. 
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Anorthositic Rocks Undivided (A-tA) – Mixed group of anorthositic cumulates occurring as large sill-like 
masses and as inclusions within troctolitic cumulates.  Common rock types include troctolitic-
anorthosite, leucotroctolite, anorthosite, and olivine-bearing gabbroic-anorthosite.  Olivine ranges 
from 2 to 15% in mode and from granular to poikilitic in texture, with oikocrysts ranging from 1 to 
3 cm in diameter.  Plagioclase mode ranges from 75 to 95% and varies from being nonfoliated to 
well foliated.  Inclusions range in size from a few centimeters to elongate bodies hundreds of 
meters long that are parallel to foliation in the enclosing troctolite. 

 

FIELD TRIP STOPS 

Traverse #1 

The location of the first field trip traverse (#1) is given in Figure 3-35.  This walk in the bush begins 
within numerous outcrops of the bounding Anorthositic Series rocks (map unit A-tA) on the northern 
margin of the NLM.  The trail will take us southwest into inclusion-rich heterogeneous troctolitic rocks 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-35. Bedrock geology map of portions of the southwestern end of the Nickel Lake macrodike in Sections 29 and 30, 
T62N, R10W.  Dark lines are superimposed locations of field trip traverse #1 and traverse #2 along logging roads and 
snowmobile trails.  Dashed lines represent short traverses through the bush to additional known outcrops. 
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(map unit N-Th) and into southwestern most zone of known Cu-Ni-(PGE) mineralization in the NLM 
(map unit N-Ts), which in this location is associated with a large, subvertical inclusion of Biwabik Iron 
Formation (map unit N-IF).  One must try to imagine from where such an inclusion came from, how it 
relates to the model that the NLM is a feeder dike to the SKI, why it and other large mapped inclusions in 
the NLM (see Figure 3-35) are concentrated at the southwestern end of the NLM (magma velocity).  
Think back to the previously described fundamental tenet of Ni-Cu-PGE magmatic sulfide deposits:  

“… realization that decreases in the flow rate of magmas, principally due to the geometry of the conduit, 
is a major factor in settling entrained sulfide droplets and forming sulfide-rich ore bodies…”.   
 
Traverse #2 

The location of the second field trip traverse (#2) is presented in Figure 3-35.  This walk to the southeast 
along a logging road/snowmobile trail begins in coarse-grained, oxide-rich olivine gabbro to melagabbro 
of map unit N-xG.  Contact relationships between the N-xG and layered troctolitic to dunitic rocks (map 
unit N-Tl) can be complex, and we’ll investigate these relationships early on the traverse.  The bulk of 
this traverse will be through the widest section (>650 m) of unit N-Tl that has been mapped in the NLM.  
Careful attention should be directed towards igneous textures in the N-Tl, and what they imply to 
magmatic processes (expanding dike with time, modal layering, pasting plagioclase and olivine 
phenocrysts on dike walls, solidification fronts, etc.).  Optional traverses shown include a walk to 
outcrops of the very large (~ 1.5 km long) basalt inclusion (map unit N-Bi), and to exceptional exposures 
of layered troctolite and dunite around a small beaver pond. 

Traverse #3 

The location of the third field trip traverse (#3) is presented in Figure 3-36.  This walk to the north-
northeast of Nickel Lake will traverse through most of the main units identified in the NLM, including 
map units N-Th, N-xG, N-Tl, N-Ts, N-Bi and N-Ai.  An important walk through the bush (optional 
traverse on Figure 3-36) will visit several Cu-Ni-(PGE) mineralized outcrops near the northwestern 
margin of the NLM, and allow us to view some spectacular exposures, around the margin of a drained 
beaver pond, of the Anorthositic Series rocks immediately northwest of the NLM.  The authors cannot 
speak too strongly on the importance of finding these types of exposures (totally free of lichen, moss, 
trees, etc.), early in a mapping program, as they provide proxies for subsequent mapping of outcrops deep 
in the bush, where trees, shrubs, shade, forest litter, dirt and black flies partially obscure exposures and/or 
one’s willingness to observe them. 

Field relationships that offer evidence that a dike-like mafic to ultramafic intrusion is a conduit 
through which magma ascended upwards in the Earth’s crust all lead back to the fundamental tenets of 
the Ni-Cu-PGE ore deposit model.  Such relationships provide evidence that the rocks formed in a 
dynamic, sulfide-bearing magmatic system (once again, think like a person fly fishing a trout stream) that 
include  1) early phases being inclusion-rich (some of which should be from a deeper crustal level) and 
forming as the igneous conduit breeches upwards into the Earth’s crust; 2) imbrication and/or elongation 
of entrained country rock inclusions parallel to igneous foliation; 3) igneous scour structures;  
4) prominent steeply dipping igneous foliation and localized disruption due to magmatic injection; 5) 
cross-bedding of modal layering; 6) evidence of sulfide mineralization; and 7) evidence that that magma 
velocity varies.  One of the authors’ goals of the field trip is to expand this list based on conversations on 
the outcrop with the participants.  Outcrop photographs given in Figure 3-37 show a few of these lines of 
evidence for the dynamic nature of the NLM. 
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Figure 3-36. Bedrock geology map of portions of the Nickel Lake macrodike in the vicinity of Nickel Lake, Section 29, T62N, 
R10W.  Dark line in the center of the image is the superimposed location of field trip traverse #3 along a logging road.  Dashed 
line in the northwest quadrant represents a short traverse through the bush into the Cu-Ni-PGE mineralized northern zone of the 
NLM.  Note that beaver dams along the main traverse may cause very wet and/or impassable conditions. 



 

145 

 
 

 
 
Figure 3-37. Photographs of selected outcrops that give us clues to the dynamic nature of the magmatic processes which 
ultimately led to the formation of the NLM, and by interpretation, the northern portion of the SKI and its associated Cu-Ni-PGE 
mineralization.  A) Scour structure in map unit N-Th.  B) Disrupted igneous foliation along the southern margin of map  
unit N-Tl.  C) Cross-bedding of troctolitic rocks in map unit N-Tl.  D) Cu-Ni sulfide mineralization in map unit N-Ts. 
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Optional Evening Presentation 

GEOLOGY AND PGE REEF MINERALIZATION OF THE  

SONJU LAKE INTRUSION  
By Jim Miller (University of Minnesota Duluth) and Greg Joslin (Boliden Mineral AB, Sweden) 

Partial reprint from 2008 Precambrian Research Center Professional Workshop Guidebook 

The Sonju Lake intrusion (SLI) is a 1200 m thick, shallow-dipping, sheet-like intrusion that forms part of 
the Beaver Bay Complex (Miller and Chandler 1997).  Although its exposed strike-length is only about  
3 km (Figure 3-38), the SLI has a distinctive aeromagnetic signature that can be traced for at least 20 km 
beneath a cover of glacial drift.  The nearly constant width of its aeromagnetic anomaly suggests that the 
intrusive sheet retains a fairly uniform thickness and dip angle over most of this distance.  The eastern 
margin of the SLI is abruptly truncated by the Beaver River diabase dike.  The base of the SLI is in 
intrusive contact with a complex mixture of gabbroic to dioritic rocks, granophyre, and volcanic hornfels.  
The top of the SLI is in gradational contact with a granophyric quartz ferromonzodiorite phase of the 
Finland granite.  The granite is thought to have acted as a density barrier that caused the SLI mafic 
magma to underplate it (Miller and Chandler 1997).   

The SLI is predominantly composed of well-laminated, mafic mesocumulates that define a 
unidirectionally differentiated sequence.  Between a lower contact zone of fine-grained melatroctolite 
cumulates (slmt – OP cumulate) and an upper zone of unlaminated olivine ferromonzodiorite (slmd),  
5 units are distinguished on the basis of cumulus mineral assemblages (in parentheses in Figure 3-38).   
In ascending order these units are sld – dunite (O), slt – troctolite (PO), slg – gabbro (POA),  
slfg – ferrogabbro (PAF±O), and slad – apatite olivine ferrodiorite (PAFOAp). This cumulus stratigraphy 
is complemented by a smooth cryptic variation in mineral compositions (Figure 3-39).   This cumulate 
paragenesis and cryptic layering is remarkably similar to the classic Skaergaard intrusion (Wager and 
Brown 1968).  

The parent magma composition of the SLI is estimated to be an uncontaminated, moderately evolved 
olivine tholeiite.  Miller and Ripley (1996) calculated the bulk composition of the SLI by a weighted sum 
of its chemostratigraphy and demonstrated by a good fit to fractional crystallization models (e.g., Nielsen 
1990) that this composition is a reasonable estimate of the parent magma.  The unidirectional cumulus 
stratigraphy and smooth cryptic variation (see Figure 3-39) suggest that the SLI formed by fractional 
crystallization under nearly closed conditions, again very much like the Skaergaard intrusion. 

With the discovery of the gold-palladium-rich Platinova reef in the Middle Zone of the kindred 
Skaergaard intrusion (Bird et al. 1991; Andersen et al. 1998), the question arose as to whether a similar 
stratiform PGE reef may occur in the SLI.  When a review of whole rock data was evaluated, it was 
discovered that Cu concentrations dramatically increased from about 100 ppm to over 600 ppm in the slfg 
unit, about two-thirds up into the intrusion.  This was interpreted to imply that sulfide saturation had been 
attained at that level in the intrusion and that an othromagmatic PGE reef, similar to the Platinova, may 
indeed have formed in the SLI.  A geochemical sampling study was subsequently undertaken wherein 67 
outcrop and drill core samples, which profile the intrusion, were analyzed for Pt, Pd, Ni, Au, S, Cu and 
other major and trace elements.  The data (Figure 3-40) reveal that indeed a PGE-enriched interval exists 
within the slfg unit and lies immediately below the abrupt increase in Cu levels.   The data also showed 
that nickel was strongly depleted in the magma at the time of inferred sulfide saturation (see Figure 3-40), 
presumably by prolonged olivine crystallization. The results of this study were published in an Minnesota 
Geological Survey Information Circular (Miller 1999) and led soon thereafter to leasing of the property 
by Franconia Minerals. 
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Figure 3-38.  Geology of the Sonju Lake intrusion (from Miller et al. 1993).  The locations of geochemical samples collected by 
Miller (1999) that constrained the location of the PGE reef are noted. 
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In June 2002, 3 exploration holes were drill by Franconia that transected the inferred zone of 
precious metals enrichment (see Figure 3-38) and allowed for detailed study of the mineralization. 
Franconia generously allowed a University of Minnesota, Duluth, graduate student, Greg Joslin, to study 
the petrography and geochemistry of this core for his MSc dissertation (Joslin 2004) with the goal of 
better defining the mineralization and understanding its origin.  Detailed geochemical assays of the core 
revealed that the precious metal mineralization (Pt+Pd >100 ppb) occurs over an 85 m thick interval 
within homogeneous well-foliated oxide gabbro (Figure 3-41).  Joslin (2004) referred to this interval as 
the Precious Metal Zone (PMZ).  The only overt sign of mineralization is a subtle but abrupt increase in 
sulfide in the oxide gabbro immediately overlying the PMZ.  Continuous geochemical sampling shows 
base and precious metal mineralization to be strongly zoned and stratigraphically offset in all 3 drill cores 
(Figure 3-42).  Corresponding to the abrupt increase in sulfide is an abrupt increase in Cu from <100 ppm 
to >400 ppm, which confirmed the results of the outcrop sampling by Miller (1999). A strong narrow Au 
peak is associated with the abrupt jump in Cu. Below the Cu-Au break, Pd and Pt concentrations are 
broadly offset, with Pd below Pt, and show several subzones of enrichment.  Maximum grades of 0.3 m 
intervals are 410 ppb Pd, 275 ppb Pt, and 1080 ppb Au. Above the Cu-Au break, all precious metals are 
strongly depleted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-39. Stratigraphic variation of average Fo, En and An contents in olivine, pyroxene, and plagioclase from outcrop and 
drill core samples through the Sonju Lake intrusion.  After Miller and Ripley (1996). 
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Figure 3-40. Chemostratigraphic variations in whole rock concentrations of sulfur, nickel, copper, palladium, platinum, gold and 
copper/palladium ratio through the Sonju Lake intrusion.  Data from Miller (1999). The abrupt increase in Cu concentration at the 
322 m level is interpreted to indicate the horizon of initial sulfide saturation.  
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Figure 3-41. A) Lithologic logs of drill cores SL02-1, SL02-2, and SL02-3 correlated at the horizon of abrupt increase in Cu and 
a spike in Au concentration (Cu-Au break).  B) Scan of a thin section showing the texture of olivine-bearing gabbro from the 
PMZ.  From Joslin (2004). 

 

 

Figure 3-42.  Stratigraphic variations in concentrations of Cu, Au, Pt, and Pd across the PMZ in 3 Franconia drill core correlated 
at the Cu-Au break.  From Joslin (2004).  

A. 
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The spatial relationship of PGE zonation, sulfide distribution, and subtle modal layering of cumulus 
silicate phases strongly suggest that the PMZ formed by an orthomagmatic process of sulfide liquation 
and fractionation from silicate magma.  Despite the paucity of sulfide in the PMZ, the occurrence of 
sulfide inclusions in cumulus silicate phases indicates that sulfide was a saturated phase during 
crystallization of the PMZ.  The homogeneity of the host rock, the thickness of the mineralized interval, 
and the offset of metal concentrations further implies that sulfide saturation was passively triggered by 
fractional crystallization of the SLI magma.  Mungall (2002) showed that stratigraphic offsets of Pd, Pt, 
Au and Cu peaks common to many PGE reefs can be satisfactorily explained by a kinetic factors 
attending sulfide liquation and settling in well-mixed, differentiated silicate magma.   

Although the zonation of Pd, Pt, Au and Cu are generally consistent with a kinetic model of sulfide 
liquation, it does not explain the secondary cycles of Pd and Pt concentrations nor the sharpness and 
uneven offset of the Cu-Au break from the Pd and Pt peaks.  The correlation of secondary Pd and Pt 
peaks with subtle modal layering led Joslin and Miller (2005) to conclude that the variation in PGE 
concentrations are primary features of the mineralization event (Figure 3-43).  Perhaps the secondary 
cycles are linked to large-scale convective overturn as suggested by Prendergast (2000) to explain similar 
variations in the Rincon del Tigre Complex.   In contrast, from the sharpness and varied offset of the Cu-
Au break from the Pd and Pt peaks, coupled with petrographic evidence of sulfide dissolution, Joslin and 
Miller (2005) concluded that that Cu and Au concentrations were upwardly displaced by deuteric fluids 
by a process similar to that described by Boudreau and Meurer (1999) (Figure 3-43). 

Several lines of evidence have been cited that suggest dissolution of sulfides and mobilization of 
base metals had occurred in the PMZ.  Miller (1999) noted several features that were consistent with such 
a process of oxidation and desulfurization: 

1)  moderate degrees of chloritic and uralitic alteration of pyroxene are common in ferrogabbroic 
cumulates of the slfg unit,  

2)  Cu-rich sulfides (chalcopyrite, bornite, and digenite) predominate in samples near the Cu-Au break, 
and  

3)  secondary veins of pyrite with hematite occur locally above the Cu-Au break. 

Park et al. (2004) presented oxygen isotope data from the SLI that indicates significant sulfide 
dissolution and mobilization of base metals by magmatic fluids, as well as low-temperature externally 
derived fluids.  Li et al. (2007) evaluated the textural, mineralogical, and geochemical characteristics of 
the PMZ and concluded that desulfurization and mobilization of base metals was evident, but that 
evidence for or against mobility of PGE was not definitive.       

When directly comparing the Sonju Lake and Skaergaard intrusions, not only are their petrologic 
similarities evident, but when comparably scaled, their patterns of precious metal mineralization are 
remarkably similar (Figure 3-44).  Their similar paragenetic sequences of cumulus minerals imply 
comparable closed-system crystallization differentiation of moderately evolved tholeiitic parent magmas.  
Evidently both parent magmas were initially sulfide undersaturated and became saturated at 
proportionally similar levels in their crystallization histories.  Both intrusions were crystallizing a 
cumulus mineral assemblage of plagioclase + augite + iron oxide at the time of sulfide saturation.  Both 
show peak PGE concentrations at or just below the level of initial sulfide saturation marked by an abrupt 
increase in Cu and an increase in S above 400 ppm.  Both show low and variable levels of Pd in the lower 
sulfide-undersaturated part of the intrusions (related to variable amounts of trapped undepleted magma?) 
and almost complete and persistent Pd depletion above the sulfide saturation horizon (Figure 3-44).  Both 
show an upward displacement of peak Au concentration from the Pd peak. 
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Figure 3-43.  Model for the formation of the PMZ (Joslin and Miller 2005).  Illustration A shows the primary stratigraphic 
distribution of base and precious metal resulting from fractional crystallization-driven sulfide saturation.  Illustration B shows the 
displacement of Cu and Au concentrations due to sulfide dissolution caused by upward fluxing of deuteric fluids.  Pd and Pt 
occurring largely in PGM are inferred to be insoluble. 
 

 

Figure 3-44. Comparison of generalized igneous stratigraphy and stratigraphic variation of Pd concentration in the Skaergaard 
and Sonju Lake intrusions.  Note scaling differences in stratigraphic height and in Pd concentration.  Skaergaard data from 
Andersen et al. (1998); SLI data from Miller (1999). 
 
 

A.  B.  
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DAY 4B 

 

TI-V RESOURCES OF THE DULUTH COMPLEX 
  

 
 

TITANIUM POTENTIAL OF THE DULUTH COMPLEX 

By Mark J. Severson (University of Minnesota, Duluth – Natural Resources Research Institute) 
 

In addition to the discovery of extensive copper-nickel deposits in the 1950s and 60s, several oxide-rich 
ultramafic intrusive bodies were also discovered along the western margin of the Duluth Complex. These 
plug-like bodies are late in that they intrude the troctolitic and gabbroic rocks of the complex and are 
referred to as Oxide-bearing Ultramafic Intrusions or OUIs.  At least 13 OUI bodies have been outlined 
by limited drilling (Figure 4-1).   
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Figure 4-1.  Oxide ultramafic intrusion 
(OUI) occurrences along the 
western margin of the Duluth 
Complex (from Severson 1995). 
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Resource Potential 

The titanium resource potential of the OUIs was not recognized until the 1970s and drilling to date is only 
sufficient to define TiO2 resources for 2 of the bodies:  Longnose (11 drill holes – 50 million tons 
averaging 21% TiO2) and Water Hen (37 drill holes – 62 million tons averaging 14% TiO2).  Evaluating 
the resource potential for the other poorly studied bodies requires additional drilling and TiO2 analyses.  
Almost all of the OUIs are close to the surface and would be easily amenable to open pit mining with 
minimal stripping of overburden.   

Some of the OUIs have Cu-Ni±PGE credits; however, most contain minimal amounts of sulfides.  
The OUIs are extremely low in co-products (U, Th, Zr, REEs) that are typically associated with currently 
mined placer titanium deposits.  The roots/feeder conduits of the various OUIs have never been drilled 
and may contain significant PGE and base metal concentrations, especially near the basal contact of the 
Duluth Complex.   

It may also be possible that weathering during the Cretaceous may have produced titanium beach 
sands along the western shoreline of an inland sea (the shoreline could have been located just west of the 
present-day Duluth Complex basal contact).  The presence of a thick saprolite cap over the Water Hen 
OUI suggests that such a mechanism could have occurred during the Cretaceous. 

Mineralogy 

Titanium minerals in the OUIs consist of intergrown coarse-grained ilmenite and titanomagnetite; in some 
OUI occurrences ilmenite is dominant, whereas titanomagnetite is dominant in others.  Oxide content in 
the OUIs is variable and ranges from 15 to 100% in localized massive oxide zones.  Thick massive oxide 
zones are common to the Longnose deposit which has been described by BHP as being “The largest 
highest grade deposit of near pure ilmenite in North America.”  Table 4-1 shows a listing of TiO2 and 
vanadium values in the known OUI occurrences.  Note that many of the OUIs have been historically 
undersampled and that the average TiO2 listings are not calculated for ore zones, but include an unknown 
proportion of lean ore and waste rock. 

Processing 

Development attempts to date, mostly associated with the Longnose deposit, have failed due to the high 
content of MgO associated with the ilmenite (2 to 4% MgO) which makes the concentrate unsuitable for 
chloride processing.  However, Altair Nanotechnologies Inc. (originally a branch of BHP) has recently 
developed a hydrochloride pigment process that can process ilmenite directly into a titanium product.  
This method can be used to treat high MgO ores, is competitive with existing sulfate and chloride 
processes, and recycles all waste streams (and thus would be more environmentally friendly and more 
easily permitted).  Additional studies regarding grinding and liberation characteristics of the ilmenite ore 
at Longnose have been performed by the Coleraine Minerals Research Laboratory of the UMD Natural 
Resources Research Institute. 
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Table 4-1. Titanium and vanadium concentrations in known OUI occurrences. 
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Deposit 
Drill 
Holes 

Avg. TiO2 
Wt. % 

Max. TiO2 
Wt. % 

Avg. V 
(ppm) 

Max. V 
(ppm) 

Resources in Mt 

Longnose 11 12.49 30.370 1325 4400 
50 Mt @ 21% 

TiO2 

Water Hen 37 11.15 29.30 1065 2285 
62 Mt @ 14% 

TiO2 

Longear 3 18.06 50.50 580 3590 ? 

Sec. 34 6 15.66 26.74 2610 4035 ? 

Sec. 17 6 33 analyses 14.66 790 950 ? 

Sec. 22 2 62 analyses 28.72 1130 2790 ? 

Skibo 9 18 analyses 25.28 165 220 ? 

Skibo South 1 3 analyses 12.60 1100 1346 ? 

Wyman Creek 4 10 analyses 28.65 ? 540 ? 

Boulder Creek 2 8 analyses 19.09 4630 8125  

Boulder Lake - 
North 

3 6 analyses 35.20 4045 6835 ? 

Central 
Boulder Lake 

1 no analyses ? ? ? ? 

Boulder Lake - 
South 

3 2 analyses 16.03 ? 787 ? 
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LONGNOSE AND TITAK (SEC 34) TI DEPOSITS – CARDERO IRON ORE  
 

By Chris White (Cardero Iron Ore) 

Cardero Iron Ore is a subsidiary of Cardero Resource Corp., a mineral exploration company based in 
Vancouver, British Columbia.  Cardero has projects in Argentina, Peru, Mexico and the US.  Having 
recently completed sale of the Pampa de Pongo iron deposit in Peru (for total gross proceeds of USD 100 
million), Cardero is now focused on utilizing these substantial funds to maximize shareholder value through 
advancement of its key development and exploration projects in addition to potential major acquisitions.  

Cardero has acquired and is exploring several iron-titanium-vanadium targets on the edge of the Duluth 
Complex, northeastern Minnesota.  Drilling commenced in early 2010 on both the Longnose project (Hoyt 
Lakes, MN), and the Titac project (Section 34; Island Lake, MN) (see Figure 4-1), and is ongoing.   

The Longnose prospect was first discovered in the 1950s through aeromagnetic and gravity 
geophysical surveys, and was first drilled by Bear Creek Mining Company in 1958 (Miner 1995).  The 
Partridge River intrusion (PRI) hosts the Longnose body, which appears to be an asymmetrical body that 
crosscuts the igneous stratigraphy of the PRI (Miner 1995).  The Longnose body dominantly consists of 
oxide-bearing peridotite, pyroxenite, and semi-massive and massive oxide.  BHP minerals previously 
calculated (pre-NI 43-101 standards) a “probable reserve” at Longnose of 27.57 million tonnes at 21.3% 
TiO2, stating at the time that Longnose is “… the largest known ilmenite resource in North America.”  
The drilling program at Longnose is currently focused on calculation of an independent NI 43-101-
compliant resource calculation.    

The Titac prospect was first drilled by U.S. Steel Corporation after discovering several magnetic 
highs in the Section 34 area (Severson 1995).  The Titac body is hosted by anorthositic and troctolitic 
rocks of the Anorthositic Series (ASMX), the Boulder Lake intrusion (BLTR), and the Western Margin 
intrusion (WMTR; Miller et al. 2001).  Thick glacial deposits cover the bedrock in this area, making the 
relationships between the ASMX, BLTR, WMTR, and Titac unclear.  The Duluth Complex rocks in this 
area have largely been delineated through drill core analysis (Severson 1995), and by aeromagnetic data 
acquired by the Minnesota Geological Survey (Chandler 2002).  The Titac body dominantly consists of 
oxide-bearing pyroxenite and peridotite, and massive and semi-massive oxide.  Drilling efforts at Titac 
have focused on 2 magnetic anomalies with a goal of obtaining an independent NI 43-101 resource 
estimate. 

The field trip stop will consist of touring Cardero’s Minnesota field office in Aurora, and viewing 
current drill core from both the Longnose and Titac prospects. 
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DAY 5 

 

EAGLE NI-CU-PGE DEPOSIT 
MARQUETTE, MICHIGAN 

  
 

Andrew Ware (Kennecott Eagle Minerals/Rio Tinto) 
Xi Ding (Indiana University) 

Modified excerpt from 2008 Institute on Lake Superior Geology Field Guidebook 

Introduction 

The Eagle sulfide-bearing intrusion consists of both disseminated and massive sulfides in most parts of 
the intrusion. The Eagle intrusion is part of the intrusive-extrusive association in the 1100 Ma 
Midcontinent Rift System (MRS). Major exposures of the volcanic rocks occur along the shores of Lake 
Superior, but not in the Eagle area. Instead, equivalent mafic dikes are abundant in the Eagle area. The 
styles of sulfide mineralization in the Eagle intrusion differ significantly from those associated with the 
Duluth and Mellen complexes, the principle exposed plutonic rocks of the rift. In the Duluth Complex 
sulfide mineralization is restricted to the basal contact zones, whereas Eagle sulfide mineralization is 
distributed throughout the host intrusion. The Cu, Ni, and PGE tenor of the sulfide ores from Eagle are 
also much higher. These features, together with higher olivine abundance and a lack of layering in the 
Eagle intrusion, suggest that the Eagle intrusion may represent a dynamic magma conduit similar to the 
feeder dike of the Voisey’s Bay Ni-Cu sulfide deposit in Labrador.  

Eagle Discovery History 

The potential of ultramafic-hosted magmatic Ni deposits was recognized in the late 70s. The Michigan 
Geological Survey conducted an extensive geophysical and geological study of the deposit and concluded 
that there was potential for Ni-sulfide mineralization.  Kennecott Exploration was exploring the Baraga 
basin in the early 1990s for sediment-hosted base metal mineralization. During this time, a Kennecott 
geologist noted sulfide mineralization in ultramafic rocks in the field that in turn was tracked to a gravel 
pit. A review of the public file data on the area turned up a Michigan Geological Survey paper on the 
Yellow Dog Peridotite and leases were secured shortly after.  

The first drill holes were complete in 1995. Weakly disseminated mineralization was intercepted in 
the Eagle East intrusive. In 2002, the discovery of 89 m of massive sulfide in drill hole YD02-02 at Eagle 
proper provided impetus to continue drilling and a positive order of magnitude study was completed in 
2004. The projected was handed to Rio Tinto Copper Projects in April 2004. Drilling continued on both 
Eagle and East Eagle through 2008 and a feasibility study was completed in 2009.  

Geological Background 

The Eagle Ni-Cu sulfide deposit occurs in the Baraga basin in northern Michigan (Figure 5-1). The 
Baraga basin was intruded by the Mesoproterozoic Baraga–Marquette dike swarm, which is considered to 
be related to the early stage basaltic magmatism in the MRS (Wilband and Wasuwanich 1981; Green et 
al. 1987). Sulfide mineralization occurs in 2 intrusions referred to as the Eagle and East Eagle deposits. 
The western intrusion, which hosts the Eagle deposit, is approximately 480 m in length and 100 m wide 
near the surface. It narrows to approximately 10 m at a depth of approximately 340 m. The eastern 
intrusion is located 650 m to the east of the Eagle deposit.  
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Figure 5-1 Map of the Lake Superior region showing major exposure of volcanic and plutonic rocks associated with the 
Midcontinent Rift (after Nicholson et al.1997). 

 

The exposed volcanic rocks of the MRS are located around Lake Superior in southern Ontario, 
northern Minnesota, northern Wisconsin and Michigan. Volcanic rocks are also found in deep drill cores 
as far south as Kansas. Most of the volcanic rocks are tholeiitic in nature, with smaller amounts of 
intermediate and rhyolitic rocks (e.g., Nicholson et al. 1997).  

The principal intrusive rocks of the MRS are the Duluth Complex in Minnesota and the Mellen 
Complex in Wisconsin, both of which contain low-grade Ni-Cu sulfide mineralization. The Duluth 
Complex and associated subvolcanic intrusions comprise a large (5000 km2) intrusive complex that 
represents a significant low-grade, but high tonnage, resource. The smaller Mellen Complex emplaced 
near the base of the Keweenawan volcanic section along the southeastern flank of Lake Superior, also 
contains low-grade mineralization. U-Pb dating of zircons from various intrusions in the Duluth Complex 
provides an age of 1099 Ma (Paces and Miller 1993) and correlates with Keweenawan high Al olivine 
tholeiite basalts of the North Shore volcanic group (Chalokwu et al. 1996). The Mellen Complex was 
emplaced at 1102 Ma, and has been correlated with the Kallander Creek Volcanics of the Powder Mill 
Group (Zartman et al. 1997). 

The Eagle intrusion intruded Early Proterozoic sedimentary rocks of the Marquette Range 
Supergroup in the Baraga Basin (Figure 5-2). The Marquette Range Supergroup is divided into the 
Chocolay, Menominee, and Baraga groups. The Baraga Group is thought to be contemporaneous with the 
Proterozoic Animikie Group in Minnesota (Ojakangas et al. 2001). In the Baraga Basin, the Baraga Group 
sediments are low-grade metamorphosed marine sediments that contain disseminated pyrite, pyrrhotite, or 
both. The Baraga basin is bounded to the north and south by Late Archean gneiss and granitoids, and to 
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the east and southeast by Late Archean, low-grade metamorphosed volcanic and sedimentary rocks. The 
lowest member of the Baraga Group is the Goodrich Quartzite, which is overlain by a chert carbonate 
member. The chert carbonate member is overlain by the Michigamme Formation. Kennecott geologists 
informally divide the Michigamme Formation into 3 members: the Lower Slate, Upper Greywacke, and 
Fossum Creek. Sulfide and graphite-rich horizons are present in the Lower Slate and Lower Fossum 
Creek units. The sulfide assemblages are pyrrhotite-dominant, with lesser amounts of pyrite, chalcopyrite, 
and pentlandite. 

 

 
Figure 5-2. Stratigraphic diagram illustrates country rock around Eagle deposit, including Archean gneiss and Proterozoic 
sediment. 

 

 

Lithology and Sulfide Mineralization of the Eagle Intrusion 

The Eagle intrusion comprises feldspathic peridotite, gabbronorite, melatroctolite, melagabbro and olivine 
gabbro (Figure 5-3 and Figure 5-4). The basal contact occurs as an elongated feeder, composed of 
melatroctolite, which ranges in dip from steeply dipping southeastward to vertical. The melatroctolite is 
not restricted to the basal contact of the steeply dipping feeder, but can occur higher where it turns into a 
flat lying sheet. The melatroctolite is also discontinuously underlain by a thin (~25 m thick) olivine 
gabbro. In the central part of the Eagle intrusion, thick melatroctolite encloses approximately 60 m of 
melagabbro. However, there is no thermal contact or chilled margin between melatroctolite and 
melagabbro. In the upper part of the intrusion, the melagabbro is overlain by feldspathic peridotite. 
Gabbronorite occurs as elongated lenses (a few meters thick) along the contact between feldspathic 
peridotite and melatrocolite. In general, lithological units of the Eagle intrusion show a broad range of 
orientations. Most strike east-southeastward parallel to the trend of the Eagle intrusion and have flat to 
moderate dips to both north and south. 
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Figure 5-3. Long section through the Eagle intrusion showing its stratigraphy. 

 

 

Figure 5-4. Section 431470E showing the stratigraphy of the Eagle intrusion. 

 



 

162 

 
Figure 5-5. Block diagram illustrating ore body distribution. Red denotes the massive sulfide unit (MSU), or zone, and orange 
denotes the semi-massive sulfide unit (SMSU), or zone. 

 

Three distinct types of sulfide mineralization occur at the Eagle deposit (Figure5-5). They are 
described as disseminated, semi-massive and massive sulfide. Finely disseminated sulfide minerals can be 
found in most portions of the intrusion. The ore reserve consists of 2 semi-massive sulfide zones (SMSU) 
that are linked by a zone of massive sulfides (MSU). The mineralogy is typical of magmatic sulfides, and 
consists of pyrrhotite, chalcopyrite, pentlandite and cubanite. The average grade of semi-massive sulfide 
ores are 2.1% Ni, 2.2% Cu, 0.5 g/t Pt and 0.3 g/t Pd. The average grade of massive sulfide ore is 6.1% Ni, 
4.2% Cu, 1.1 g/t Pt and 0.8 g/t Pd. 

By ore type, the Ni, Cu Co, Pt, Pd and Au grades show different distributions as shown below. 
Examples of each ore type will be on display in the core shed for viewing. The copper-rich MSU ore 
types have minor tonnages; however, they were divided into two units (upper and lower) due to 
metallurgical considerations.  

 

SOURCE ZONE Ni% Cu% Co% 
Au 

ppm Pt ppm 
Pd 

ppm 
MSU - Eagle msu 6.011 4.009 0.168 0.284 1.039 0.708 
SMSU Eastern smse 2.108 1.742 0.062 0.223 0.501 0.303 
SMSU Western smsw 2.074 2.238 0.054 0.273 0.465 0.288 
MSU Lower Cu-
rich  msul-cu 4.795 14.065 0.091 1.852 3.331 2.323 
MSU Upper Cu-
rich 

msuu-
cu 4.922 12.032 0.083 1.104 2.583 1.711 
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MINERALOGIC, PETROLOGIC AND ISOTOPIC STUDIES OF THE 
EAGLE NI-CU SULFIDE DEPOSIT, MICHIGAN 

By Xin Ding, Edward M. Ripley and Chusi Li (Indiana University) 
 

The Eagle and East Eagle intrusions are small, subvertical, dike-like mafic-ultramafic bodies that cut 
Proterozoic sedimentary strata in the Baraga Basin in northern Michigan. The Eagle intrusion hosts a 
newly discovered magmatic Ni-Cu-PGE deposit. The nearby East Eagle intrusion also contains sulfide 
mineralization, but the extent of this mineralization has yet to be determined by further drilling. Both 
intrusions contain olivine-bearing rocks such as feldspathic peridotite, melatroctolite and olivine 
melagabbro.  

Sulfide accumulations range from disseminated at both Eagle and East Eagle intrusions to semi-
massive and massive at Eagle. U-Pb baddeleyite dating gives a crystallization age of 1107.2 ± 5.7 Ma for 
the Eagle intrusion, coeval with eruption of picritic basalts at the base of the volcanic succession in the 
Midcontinent Rift System (MRS). The Fo contents of olivine cores in the Eagle and East Eagle intrusions 
vary between 75 and 85 mol%, higher than those of olivine in larger layered intrusions in the MRS such 
as the Duluth Complex. The FeO/MgO ratios and Al2O3 contents of the parental magmas for the Eagle 
and East Eagle intrusions inferred from olivine and spinel compositions are similar to those of picritic 
basalts in the base of the MRS volcanic succession. These petrochemical data suggest that the Eagle and 
East Eagle intrusions are the intrusive equivalents of high-MgO basalts that erupted in the early stages of 
continental magmatism associated with the development of the rift.  

Variations in mineral compositions and incompatible trace element ratios suggest that at least  
3 major pulses of magmas were involved in the formation of low-sulfide rocks in the Eagle intrusion. 
Lower Fo contents of olivine associated with semi-massive sulfides as compared to that of olivine in low-
sulfide rocks suggest that the magma associated with the semi-massive sulfide was more fractionated than 
the parental magmas of the low-sulfide rocks in the Eagle intrusion. Accumulation of suspended olivine 
crystals and sulfide droplets from ascending magmas as they passed through wide parts of the conduits at 
Eagle and East Eagle played a critical role in the genesis of olivine-rich rocks and sulfide ores in the 
intrusions. The Eagle Ni-Cu-PGE deposit typifies the conduit-style of magmatic sulfide deposition that is 
associated with continental basaltic magmatism. Contamination of mantle-derived magmas by country 
rocks is thought to be a crucial process in the genesis of magmatic Cu-Ni-(PGE) deposits, and the conduit 
environment represents a prime location for melt-rock interaction.  

In order to better assess the extent of country rock contamination in the Eagle system a combined 
trace element, Nd, Os, O and S isotope study of country rocks, sulfide-bearing igneous rocks and massive 
sulfide was initiated. Both the Eagle and the weakly mineralized East Eagle intrusion show trace element 
patterns that are similar to those of picritic basalts that formed during early stages of rift development. 
The trace element, Os, Nd, and O isotopic values of the igneous rocks are consistent with less than 5% of 
bulk contamination by Proterozoic and Archean country rocks. Both the Re-Os and Sm-Nd systems 
provide isochrons that are in agreement with the 1107 Ma U-Pb age of the intrusive rocks. Calculated 
Os(1100) and Nd(1100) values for the magmas are 34.7 and -2.1.  

18O values of pyroxene in feldspathic pyroxenite range from 6.5 to 6.9‰ and are the only indication 
that bulk contamination may locally have exceeded 20%. Sulfur isotopic values of disseminated and 
massive sulfide in the Eagle intrusion range from 0.3 to 4.6‰. The 34S values are much lower than those 
that characterize most of the country rocks, but could still be indicative of a contribution of S from 
country rocks of up to approximately 50%. 33S values of the disseminated and massive sulfides range 
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from -0.10 to 0.09‰ and are consistent with contaminant sulfide being derived from Proterozoic country 
rocks. In contrast, semi-massive sulfide in the Eagle deposit has 34S values between 2.7 and 3.9‰, but 
33S values that show a broad range between -0.86 and 0.86‰. The 33S values are similar to those of 
pyrite in Archean meta-igneous rocks in the area of the Eagle deposit, and are suggestive of derivation of 
a large component of sulfide from an Archean-aged source. Isotopic data from the Eagle deposit strongly 
indicate that multiple sources of sulfur were involved in the generation of the Cu-Ni-(PGE) mineralization 
and that magmas which traversed variable paths through the mantle and crust utilized the same conduit at 
the level of the Eagle deposit. This set of circumstances should not be unexpected for mantle-derived 
magmas that must encounter a variety of rocks types in route to shallow intrusive levels. Our results 
emphasize the fact that the sulfur isotopic values of immediate country rocks may not be accurate 
indicators of the source of sulfur involved in magmatic ore genesis.  

Four main types of sulfide mineralization have been recognized within the Eagle deposits. These are 
(1) disseminated sulfide; (2) semi-massive sulfides; (3) massive sulfides; and (4) sulfide veins in 
sedimentary country rock. Disseminated and massive sulfides are typically composed of pyrrhotite, 
pentlandite and chalcopyrite, whereas semi-massive sulfides are also composed of pyrrhotite, pentlandite 
and chalcopyrite but are characterized by higher proportions of cubanite. Three distinct types of sulfide 
ores are present in the massive sulfide ore zone: IPGE-rich, PPGE-rich and PGE-unfractionated. The 
lower and upper semi-massive sulfide zones have different PGE compositions. Samples from the lower 
semi-massive sulfide zone are characterized by unfractionated PGE patterns whereas those from the upper 
semi-massive sulfide zone show moderate depletion in IPGE and moderate enrichment in PPGE. The 
mantle-normalized PGE patterns of unfractionated massive and lower semi-massive sulfide ores are 
subparallel to those of the disseminated sulfide ores.  

Numerical modeling suggests that the disseminated and unfractionated massive sulfide ores formed 
by accumulation of primary sulfide liquids with similar R-factors between 200 and 300. In contrast, the 
modeled R-factor for the lower semi-massive sulfide zone is less than 100. The fractionated sulfide ore 
zones such as the IPGE-rich and PPGE-rich massive sulfide ores and the upper semi-massive sulfide zone 
can be explained by fractional crystallization of monosulfide solid solution from sulfide liquids with a  
R-factor similar to that for the disseminated sulfide ores. Interestingly, the modeled parental sulfide liquid 
for the IPGE-rich and PPGE-rich massive sulfide ores has a higher R factor (~400) than that for the 
unfractionated massive sulfide ores. Except one sample which has unusually high IPPE and PPGE 
contents, all other samples from the Cu-rich sulfide veins in the footwall of the intrusion are highly 
depleted in IPGE and enriched in PPGE. These signatures are generally consistent with highly 
fractionated sulfide liquids expelled from the intrusion. Collectively, our data suggest that at least  
4 primary sulfide liquids with different R-factors and 33S values were involved in the formation of the 
Eagle magmatic sulfide deposit. We envision that the immiscible sulfide liquids were transported from 
depth by multiple pulses of magma passing through the Eagle conduit system. The sulfide liquids were 
deposited in the widen part of the conduit system at Eagle due to decreasing velocity. The presence of 
abundant olivine in some of the sulfide ore zones suggests that the ascending magma also carried some 
olivine crystals. Sulfide saturation was attained in the parental magma due in large part to the assimilation 
of country rock sulfur at depth. 
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Metric Conversion Table

Conversion from SI to Imperial Conversion from Imperial to SI

SI Unit Multiplied by Gives Imperial Unit Multiplied by Gives

LENGTH
1 mm 0.039 37 inches 1 inch 25.4 mm
1 cm 0.393 70 inches 1 inch 2.54 cm
1 m 3.280 84 feet 1 foot 0.304 8 m
1 m 0.049 709 chains 1 chain 20.116 8 m
1 km 0.621 371 miles (statute) 1 mile (statute) 1.609 344 km

AREA
1 cm@ 0.155 0 square inches 1 square inch 6.451 6 cm@
1 m@ 10.763 9 square feet 1 square foot 0.092 903 04 m@
1 km@ 0.386 10 square miles 1 square mile 2.589 988 km@
1 ha 2.471 054 acres 1 acre 0.404 685 6 ha

VOLUME
1 cm# 0.061 023 cubic inches 1 cubic inch 16.387 064 cm#
1 m# 35.314 7 cubic feet 1 cubic foot 0.028 316 85 m#
1 m# 1.307 951 cubic yards 1 cubic yard 0.764 554 86 m#

CAPACITY
1 L 1.759 755 pints 1 pint 0.568 261 L
1 L 0.879 877 quarts 1 quart 1.136 522 L
1 L 0.219 969 gallons 1 gallon 4.546 090 L

MASS
1 g 0.035 273 962 ounces (avdp) 1 ounce (avdp) 28.349 523 g
1 g 0.032 150 747 ounces (troy) 1 ounce (troy) 31.103 476 8 g
1 kg 2.204 622 6 pounds (avdp) 1 pound (avdp) 0.453 592 37 kg
1 kg 0.001 102 3 tons (short) 1 ton (short) 907.184 74 kg
1 t 1.102 311 3 tons (short) 1 ton (short) 0.907 184 74 t
1 kg 0.000 984 21 tons (long) 1 ton (long) 1016.046 908 8 kg
1 t 0.984 206 5 tons (long) 1 ton (long) 1.016 046 90 t

CONCENTRATION
1 g/t 0.029 166 6 ounce (troy)/ 1 ounce (troy)/ 34.285 714 2 g/t

ton (short) ton (short)
1 g/t 0.583 333 33 pennyweights/ 1 pennyweight/ 1.714 285 7 g/t

ton (short) ton (short)

OTHER USEFUL CONVERSION FACTORS

Multiplied by
1 ounce (troy) per ton (short) 31.103 477 grams per ton (short)
1 gram per ton (short) 0.032 151 ounces (troy) per ton (short)
1 ounce (troy) per ton (short) 20.0 pennyweights per ton (short)
1 pennyweight per ton (short) 0.05 ounces (troy) per ton (short)

Note:Conversion factorswhich are in boldtype areexact. Theconversion factorshave been taken fromor havebeen
derived from factors given in theMetric PracticeGuide for the CanadianMining andMetallurgical Industries, pub-
lished by the Mining Association of Canada in co-operation with the Coal Association of Canada.
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