
  

Part III  Conclusion and Proposal 
 

Chapter 1:  Conclusion 
 
    This project started in anticipation of whether we can find Noril’sk style 
copper-nickel-PGE sulfide ore deposits in the Paraná flood basalts.  Studies on LIPs (Large 
Igneous Provinces), including the flood basalt that formed ore deposit of this type, have just 
made rapid development since 1995.  Because discussions are still on the progress on the 
characteristics and origin of LIP, researchers have naturally different opinions.   
    Given this situation, this survey began, based on existing literature, by reviewing the 
characteristics and genesis of flood basalts around the world, chemical stratigraphy and 
geological structure of the Noril’sk ore deposits and Siberian trap, and considering the 
exploration criteria of the Noril’sk style ore deposits.  According to the exploration criteria 
studied, the approaches from analyzing both the geological structure and the geochemistry of 
the basalts were conducted in order to extract an area with similar geological environment to the 
Noril’sk region in the Paraná Basin.  That is, the geological structure analysis of the entire 
basin was carried out using the existing documents, satellite images, and gravity/geomagnetic 
data.  At the same time, the analysis of the major chemical compositions and trace elements, 
such as Pt, Pd, Au, and REE, and isotope analysis for rock samples collected during the survey 
were also carried out.  This resulted in defining the geochemical characteristics of the Paraná 
flood basalts.  Based on comprehension of these results, we carried out study for the area that 
has a potential for existence of ore deposits.   
 
1-1  Genesis of Flood Basalt and PGE Sulfide Ore Deposit 
 

A number of theories exist concerning the genesis of flood basalt, including a theory that 
supports active involvement of the mantle plume and a theory that emphasizes ascensions of the 
asthenosphere in continent breaking up.  However, there has been no established theory yet 
concerning the genesis of flood basalt.  Since 1995, a new theoretical model has been 
attracting researchers.  According to this model, vast amounts of oceanic crust (slab) that 
subducted from continental margins deposited at the deep of the mantle, and ascended as 
heterogeneous mantle plume.  The flood basalt magma characteristically erupted huge amounts 
of lava in a short period generally within 1 Ma or less.  The heterogeneous plume that consists 
of basalt constituent having low melting temperature and peridotite constituent.  In addition to 
such variety of the theory, magma activities of flood basalt vary depending on the location, so 
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the theory of flood basalt formation does not necessarily lead to direct linkage to the existence 
of PGE ore deposits.   

Most PGE concentrate in the earth’s core and are rarely included in the continental crust 
that is markedly differentiated.  Therefore, it is reasonable to think that the original magma of 
PGE deposit was brought from the deep part of the earth.  The source materials of flood basalt 
that yielded the PGE mineralization may have been brought from mantle plume that ascended 
from the core and mantle boundary zone.  The magma is also expected to be generated with 
large scale melting of plume and surrounding mantle.  During the formation of flood basalt, 
large magma quantities are generated compared to periods of ordinary igneous activity.  At this 
stage, PGE that ordinarily concentrates in solid phases is considered to have a high possibility to 
be caught in the melt with relatively large quantity.  Since PGE concentration is affected by 
factors of the supplies of SiO2 and sulfur by crustal contamination, and the local tectonic setting, 
such factors that influence to PGE concentration are important for forming PGE ore deposits 
from the magmas generated by the above process. 
 
1-2  Exploration criteria of the Noril'sk style deposit 
 
    Assuming that the Noril’sk ore deposits in Russia belong to a type of orthomagmatic 
sulfide ore deposit, we considered the geological environment that satisfies the common 
requirements for the genesis of orthomagmatic sulfide has been formed connected to the flood 
basalt magmatism in the Noril’sk region.  Based on such standpoint, a document survey 
regarding the world orthomagmatic sulfide deposits and the Noril’sk ore deposits was carried 
out. 
    The magmas related to the genesis of the Noril’sk ore deposits were initially sulfur 
undersaturated and rich in PGE, and were also picritic to basaltic compositions of high 
temperature.  The Noril’sk ore deposits were formed in an area with large quantities of such 
magmas, that is the center of plume related magmatic activity.  Considering the forming 
environment of the Noril’sk ore deposits from the view point of the condition of orthomagmatic 
sulfide ore deposit forming, the follows are presented as the exploration criteria for 
orthomagmatic ore deposit accompanied with flood basalt: 
 

(1) The existence of sulfur undersaturated PGE rich magmas as lavas or intrusions. 
(2) The existence of magmas showing the signatures of crustal contamination and sulfide 

segregation associated with above PGE rich magmas as lavas or intrusions. 
(3) It is desirable that the magmas are high temperature picritic to basaltic composition that 

easily contaminates the crust materials. 
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(4) The center of the magmatic activity where the large volume of silicate magmas are supplied 
through crustal suture zone. 

 
1-3  Geology and Geological Structure of the Paraná Basin 
 

After Paleozoic in age, intracratonic basins such as Parana Basin, etc. were formed in the 
Gondwana continent.  M. S. M. Mantovani et al. (2001) calculated the thickness of lithosphere 
of South-American plates using the tidal gravity anomalies.  According to the results, the 
thickness of lithosphere of Parana Basin is 10 to 20 km or more thinner than that of surrounding 
basement rocks.  At this kind of portion with thin lithosphere, intracratonic basins are formed 
by changes of regional stress field and mantle plume (Bott, 1971; Makenzie et al., 1978).  The 
Noril’sk ore deposit was formed in Gydansk-Omsk rift (Zonnenshain et al., 1990) and Duluth 
ore deposit in Midcontinent Rift (MCR) of North America. 

From Paleozoic to Mesozoic in age, the Parana Basin was repeatedly deposited and eroded 
due to dilation and constriction of mantle plume.  The present total thickness of the 
sedimentary rocks attains a maximum of more than 4,000 meters.  In Early Cretaceous in age, 
tholeiite basaltic magma was active in rift and subsequently Gondwana continent was ruptured 
(Rezende, 1972).  The sedimentary rocks and volcanic rocks of Parana Basin can be divided 
into the following six Supersequences (SS) according to geologic ages (Milani et al., 1998; Fig. 
II-1-4-9).  They are the Rio Ivai SS (Ordovician to Silurian), the Parana SS (Devonian), 
Gondwana I SS (Late Carboniferous to Early Triassic), the Gondwana II SS (Early to Middle 
Triassic), the Gondwana III SS (Early Cretaceous) which mostly comprises thoreiitic flood 
basalt (maximum thickness 1,723 m) and the Bauru SS (Late Cretaceous). 

As the flood basalt lava is distributed thickly in the NE-SW direction along the Parana 
River, the area is estimated to have been a rift.  Drillings for oil exploration revealed that a 
large amount of sills and dykes associated with flood basalt magmatism intruded into the rift.  
There are two zones which accumulated thickness of sills and dykes are larger. The one is an 
area where extends in the NW-SE direction from the east of Parana River to Ponta Grossa Arch 
and the other an area where are located in the boundaries between Matto Grosso do Sul 
Province and Sao Paulo province in the northern area of the Basin and extends in the N-S 
direction.  In the TM false color image (RGB=234), they are expressed as geographyic features 
uplifted in the form of thin strings and sometimes continue over 100 kilometers. 

Based on the residual gravity anomaly map (M. C. L. Quintas, 1995), A large and high 
anomaly is present along Parana River in the NE-SW direction of the central area of Basin.  
The high gravity anomaly of the rift may be due to the density difference between 
asthenosphere (3.33 g/cm3) and lithosphere (2.80 g/cm3).  Other large high anomalies and large 
low anomalies are considered to indicate basement structures blocked by faults in the N-S 
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direction, NE-SE direction, and NW-SE direction.   
With respect to the basement structure of the cetral region of the Basin based on 

aeromagnetic anomalies, large and high pseudogravity anomalies are recognized in the N-S 
direction in the eastern part and the western part, while a large and low pseudogravity anomaly 
is recognized in the N-S direction at the central part of the central region.  The former are 
inferred to be regions with basement rocks in comparatively shallow depth and the latter a 
region where basement rocks collapsed due to flood basalt magmatism.  The high 
pseudogravity anomaly in the western part may be possibly a part of Paraguay-Araguay belt and 
the high pseudogravity anomaly in the eastern part a part of Sao Francisco craton under the 
flood basalt lava pile.  In the large low anomaly of the central part, high anomalies and low 
anomalies are recognized in the NE-SW direction, which run nearly in the same direction as 
Parana River.  The low anomaly along the right side of Parana River coincides with high 
residual gravity anomaly and thick part of flood basalt lava. 
    Many magnetic lineaments which indicate faults are present on the pseudogravity anomaly 
map and so on.  Principal directions of faults are NW-SE direction, NE-SW direction, and 
E-W direction.  The magnetic lineaments in the NW-SE direction are continuous faults which 
have sharp boundaries.  The magnetic lineaments in the E-W direction are poorly continuous.  
Most of faults in the E-W direction seem to be secondary shear faults derived from sinstral 
wrench faults in the NW-SE direction.  The unclockwise rotations of them coincide with those 
mentioned by Turner et al. (1994) and W.M. de Rezende (1972).  A large amount of sills and 
dykes are recognized in the areas where Rio Alonzo fault in the NW-SE direction and rift along 
Parana River in the NE-SW direction intersect.   
 
1-4  Promising Areas of Emplacements of Ni-Cu-PGE Ore Deposits Estimated from    
     Geological structure 
     

We will present a comprehensive explanation of Precambrian basement rocks, sedimentary 
rocks and flood basalts in Post- Early Paleozoic, and faults in the Parana Basin and consider the 
relation among the rift zone and the regional stress field, and promising areas of emplacement of 
Noril'sk-type Cu-Ni-PGE ore deposit (Fig.II-1-5-25). 

A large low anomaly zone in the central part of the pseudogravity anomaly map overlaps 
with a zone where sedimentary sequence and flood basalt lava are thicker, with a zone where a 
large quantity of sills and dykes intruded, with a high residual gravity anomaly zone, and with a 
high attenuation factor zone.  Based on these facts, it is concluded that the large low anomaly 
zone was rift zone associated with flood basalt magmatism. 

The direction of the rift zone extends in the N-S directions in the northern Basin; in the 
NE-SW directions the central Basin, and branches into the NE-SW and NW-SE directions in the 
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southern Rio Alfonzo fault.  The inside of the rift zone has repetitions of high anomaly zones 
and low anomaly zones in the NE-SW direction.  These anomaly zones in the NE-SW 
directions were formed by stair-step normal faults (vertical direction: maximum compressive 
principal stress axis σ1) in the extensional stress in the NW-SE directions field (minimum 
compressive principal stress axis σ3). 

Many magnetic lineaments which represent faults in the NW-SE direction are recognized 
on the pseudogravity anomaly map.  For example, Rio Alfonzo fault on the geological map are 
represented by several magnetic lineaments on the pseudogravity aomaly map.  The faults in 
the NW-SE directions are estimated to be sinistral transcurrent faults because they have sharp 
boundaries and are accompanied with many secondary shear faults in E-W directions.  In the 
Duluth ore deposit, many secondary shear fractures occurred in the form of Cymoid Loop-like 
tensional fractures in areas where the rift zone and transcurrent faults cross.  The Duluth 
Complex intruded there and formed the ore deposit.  The Noril'sk ore deposit was also formed 
in the volcano-center where magma extruded most instensely in the Gydansk-Omsk rift zone 
(Tamrazyan, 1962). 

As the results mentioned above, we propose the following four promising areas, which rift 
zone and transcurrent faults cross, of emplacements of Ni-Cu-PGE ore deposits. 

  
(1) The area where the Tiete structural line in the NW-SE direction crosses through Paran  

River 
(2) The area where the Guapiara fault in the NW-SE direction crosses through Parana River.  
(3) The area where Rio Alfonzo fault in the NW-SE direction crosses through Parana River.  
(4) The western part of Torres‐Posadas fault in the southern region of Parana Basin   
 
    All of these areas are estimated to have been the volcano-center of flood basalt magmas.  
The largest volcano-center is found in the area (3) where the Rio Alfonzo fault crosses through 
Parana River.  Among four areas, it is concluded that areas where the Guapiara fault and the 
Rio Alfonzo fault in the NW-SE directions cross through Parana River are the most promising 
area of emplacements of Ni-Cu-PGE ore deposits. 
 
1-5  Geochemical Characteristics of Paraná Flood Basalts 
 
(1) Classification of Magma Type 
    Six types of lava units of Paraná flood basalts are divided into Low-Ti type and High-Ti 
type by Peate et al. (1992).  Since the Ti contents of Paranápanema and Ribeira are 
intermediate in this survey, the two above were geochemically judged not to be classified into 
Low-Ti type nor High-Ti type.  Therefore, the two above were newly classified as the 
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Intermediate-Ti type, and the magma types of Paraná flood basalts were classified as follows.  
The difference of Ti contents among the three types is obvious, and each type shows different 
trends of fractionation in Mg#-TiO2 diagram. 

 

   Peate et al. (1992)  This survey         
Low-Ti type   Gramado  Gramado    
   Esmeralda  Esmeralda     
   Ribeira 
 
Intermediate-Ti Type      －  Paranápanema-Ribeira 
 
High-Ti Type   Paranápanema  Pitanga 
   Pitanga  Urubicí 
   Urubicí 

 
    Ggeochemical examinations were carried out for both lava samples and intrusion samples 
in this survey.  Both samples show entirely the same geochemical trend.  Therefore, both lava 
and intrusion samples were classified into the above five magma types.  As for distribution, 
Pitanga is distributed in the northern part of the Paraná Basin, Pitanga and 
Paranápanema-Ribeira are distributed in the central part, and Gramado, Esmeralda and Urubici 
are distributed in the southern part.  Pitanga and Paranápanema-Ribeira are intermingled in the 
intrusions of the Ponta Grossa Arch in the central part.  The results of the geochemical 
examinations are summarized in Table II-4-5-1. 
 
(2) Partial Melting and Crustal Contamination  

 Pitanga, High-Ti type, is distributed from the northern to the central part of the Paraná 
Basin.  This magma type shows the smallest degree of partial melting.  It is thought to have 
been generated in relatively deeper portion in the upper mantle.  Paranápanera-Ribeira, the 
Iintermediate type, is distributed in the central area of the Paraná Basin.  The degree of partial 
melting of this type is shown larger than that of Pitanga.  This means that it has been generated 
in a shallower portion than Pitanga was generated.  The effect of the crustal contamination is 
considered limited in these two types of magma because of poor contents of U and Th that 
concentrate in the crust.  Mantovani et al. (2000) described that the two types above were 
generated from a similar magma source with different degrees of partial melting.  The large 
quantities of the two magma types above erupted and were piled with a thickness of 
approximately 1,800 meters along the Paraná River in the central part of the Paraná Basin, 
which is thought to be the center of the magmatic activity. 
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    The Low-Ti type magmas (Gramado and Esmeralda) show relatively large degree of partial 
melting.  They are thought to have been generated in relatively shallower portions compared to 
the other magma types.  The increases of LIL elements such as Th, U and the likes that 
concentrate in crust, and Sr isotopic ratio are observed in both magma types.  It is thought to 
be the effect of crustal contamination.  The effect is particularly marked in Gramado.  
Esmeralda is considered to be the most primitive magma among all the magma types because of 
its low contents of light rare earth elements and a relatively high Nd isotopic ratio. 
    As regards the Low-Ti types of magma, the following three points are thought to have a 
close relationship.  The first is that the magma was generated in a shallow portion.  The 
second is that the magma was highly affected by crustal contamination, and the third is the 
existence of acidic rocks, which are considered to be the products of lower crust melting, in the 
southern part of the Paraná Basin.  More specifically, the following process is thought to have 
occured.  That is, the acidic magma was generated from the melt of the lower crust by the 
mantle plume heating.  After generating the acidic magma, this magma and the magma 
generated by the melting of the mantle plume itself mixed and yielded Gramado type magma.  
Finally, just after the commencement of expanding the Atlantic, Esmeralda type magma is 
thought to have been generated that is less influenced by crustal contamination although the 
origin is the same as Gramado. 
 
(3) PGE Contents of the Paraná Flood Basalts 
    The original magmas of the Paraná flood basalts are thougth to be PGE rich as a whole, 
particularly Pd rich (Refer to Table II-3-5-1) although there are some differences among the 
magma types.  The most PGE enriched magma is Paranápanema-Ribeira.  The average 
content of Pt and Pd summing is approximately the same as that of the Tuklonsky lava, the most 
PGE enriched lava in the Noril’sk region.  Paranápanema-Ribeira is also rich in Cu.  The 
magma of this type as lavas is distributed along the Paraná River in the central part of the 
Paraná Basin, and much native copper is observed in the cavities.  The geochemical anomaly 
in PGE, Ni, Cu, and other elements that is observed in the western part of the state of Paraná (by 
the stream sediment geochemical survey carried out by MINEROPAR) possibly shows the 
distribution of Paranápanema-Ribeira that has high PGE contents.  Paranápanema-Riberia as 
intrusions is distributed in the Ponta Grossa Arch intermingled with Pitanga of High-Ti type.  
The magma type of the higher PGE content next to Pitanga is Esmeralda that has the most 
primitive chemical composition.  The PGE depletion by sulfur saturation is rarely observed in 
Paranápanema-Ribeira and Esmeralda. 
    Regarding Gramado and Pitanga, there are two populations of samples, PGE enriched and 
depleted. These two types are thought to have been initially PGE enriched.  The depletion of 
PGE, however, is thought to have occurred due to sulfur saturation in a part of the magma.  As 
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the cause of sulfur saturation, the crustal contamination in Gramado, and the crystallization 
differentiation in Pitanga are both thought to have occurred.  Pd contents of 133.8 ppb were 
obtained by analyses of the intrusion sample (KN104) of Pitanga type that was collected in the 
Ponta Grossa Arch.  This value exceeds the Pd content of ordinary basaltic magma, and 
suggests the existence of sulfide that includes Pd. 
    According to the facts above, all magma types of Paraná basalts are considered to be 
initially sulfur undersaturated and rich in PGE.  They have the potential to form the ore 
deposits if satisfy other requirements demonstrated above. 
 
1-6  Mineralization Potential of the Paraná Flood Basalts 
 
    In the Noril'sk region, the majority of the lava and intrusion is basaltic, however, the sills 
which embed ore deposits contain picritic parts and the assimilation of country rock on a large 
scale in the picritic sill is observed.  Picritic magma, however, is rarely observed in the Paraná 
flood basalts, and the basalts are more differentiated than in the Noril’sk region.  The magma 
temperature of the Paraná flood basalts is thought to be lower than that of the Noril’sk region.  
It is thought to be possible that this low temperature obstruct the assimilation of country rock 
and the large scale segregation of immiscible sulfides.  As assumed in Pitanga, though, there is 
a possibility of segregating immiscible sulfides by the progress of the simple crystallization 
differentiation without the influence of contamination.  The saturation mechanism on sulfur 
mentioned above is the same process considered in the Skaergaard intrusion in East Greenland 
(Anderson et. al., 1998) and the Sonju Lake intrusion in Minnesota, USA(Refer to Appendix 2). 
    All the samples of intrusion including the Ponta Grossa Arch sill that could be collected in 
this survey were distributed in the marginal area of the Basin, the edge area away from the 
center of magmaic activity.  The sills are mostly poor in sulfide, and the maximum thickness is 
approximately 200 m, which is comparatively thin.  The rock compositions show basaltic, and 
although show high PGE contents, the magma temperature is lower than that of the magma of 
Noril’sk.  The contamination effect of country rock in such intrusions is weak.  This is 
considered to be the reason why only a faint dissemination of sulfides is observed 
(pyrite/pyrrhotite/chalcopyrite/sphalerite).  The segregation of sulfides in a large scale magma 
chamber like the Skaergaard intrusion under the high R factor is necessary to generate sulfide 
ore deposit from basaltic magma with high PGE contents.  
    The location with the highest possibility of generating sulfide ore deposit is thought to be 
the eruption center of Paranápanema-Ribeira and Pitanga types, which have the largest 
quantities of magmas among the Patana flood basalts.  The eruption center is thought to be 
located in the central area of the Paraná Basin along the Paraná River where the lava piles are 
the thickest.  Based on the existing data analysis, the strong shrinkage of lithosphere by the 
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ascension of the asthenosphere is observed in this area, and magma intrusion is estimated to be 
the most active in this area. 
 

Chapter 2:  Proposal  
 
    From analyses of existing geological papers, geological survey on the ground surface, 
geophysical anomaly maps, drilling data of coal exploration and so on resulted in identifying 
geotectonic characteristics of the Parana Basin and geochemical characteristics of flood basalt 
magmas and possibility of emplacements of Ni-Cu-PGE ore deposits such as the Noril’sk, 
Duluth and Skaergaard ore deposits.  
    According to the dykes and sills in the basement rocks, although the drilling cores of coal 
exploration and the outcrops were investigated, no Ni-Cu-PGE mineralization was almost 
identified. 
    Hereafter, diamond drillings are proposed for identifying mineralization of dykes and sills 
in the basement rocks in the promising area where have been located at vocano-centers of flood 
basalt magmas.  But, as most of  volcano-centers are located at more than 1,000 meters below 
the ground surface, it is difficult for ore deposits to be economic.  
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    The survey team attended the pre-symposium excursion of the 9th International Platinum 
Symposium," PGE Occurrences in Mafic Intrusions around Western Lake Superior, USA and 
Canada", which are held from July 13 to July 20, 2002. We summarize as follows the geology and 
mineral deposits of the Duluth Complex based on the pre-symposium excursion guide, Miller and 
Severson (2002), Severson et al. (2002), and Miller et al. (2002), and so on. The purpose of 
attending the symposium and the excursion was securing new insight and exploration criteria on 
Cu-Ni-PGE deposits, which is a mineralization being targeted in the present project of the Parana 
Basin Area, Brazil. 
 
１－１.  Geology of the Duluth Complex 
 
１－１－１． Tectonic Setting 
    The Duluth Complex and associated Keweenawan intrusions in northeastern Minnesota 
constitute one of the largest mafic intrusive complexes in the world, second only to the 
Bushveld Complex of South Africa. These rocks cover an arcuate area of over 5,000 square 
Kilometers (Fig.1, Fig.2, and Fig.3). The intrusive rocks and comagmatic flood basalts underlying 
most of northeastern Minnesota were emplaced during the development of the Mesoproterozoic 
Midcontinent rift about 1.1 billion years ago. 

        
Fig.1 Generalized geological map of the Midcontinent Rift of North America(Weiblen, 1980). 

Duluth Complex 



 
    The Midcontinent rift can be traced by its geophysical signature from its exposure in the Lake 
Superior region along a 2,000- kilometer-long, segmented, arcuate path from Kansas to lower 
Michigan. The rift is infilled with a lower sequence of volcanic rocks, locally as much as 20-
kilometersthick, and an upper sequence of fluvial sedimentary rocks. Conceptually, the evolution of 
the Duluth Complex and related igneous rocks is interpreted in terms of the interactions between a 
deep mantle plume and mature continental lithosphere. Geochronologic studies indicate that the 
magmatic activity occurred in four distinct stages within the span of about 23 million years. 
 
    The early magmatic stage (1109 to 1107 Ma) occurred during a time of reversed magnetic 
polarity and was characterized by the rapid and voluminous eruption of initially primitive magmas 
derived directly from the plume. This quickly gave way to more evolved and crustally contaminated 
mafic magmas as well as felsic melts. This stage is thought to represent the impact of the mantle 
plume head with the initially cool and brittle lithosphere, the rapid heating of the lithosphere by 
mantle-derived melts, and the eventual contamination of those melts by their staging in the lower 
crust. This mafic underplating likely resulted in felsic melts being formed by partial melting of the 
lower crust. 
    The latent magmatic stage (1107 to 1102 Ma) was a period during which volcanic activity 
was largely dormant, except for possibly rhyolitic volcanism. This stage is thought to represent a 
period of continued mantle plume upwelling and melting, extensive crustal underplating, and lower 
crustal melting. Crustal anatexis created a rheological and density barrier to the passage of mafic 
magmas to the upper crust. 
    The main magmatic stage (1102 to 1094 Ma) was a period of normal magnetic polarity 
conditions during which volcanic activity was renewed. This stage was characterized by moderate 
rates of eruption of uncontaminated (except for rhyolite) but diverse magma compositions. It is 
thought to represent the onset of upper crustal separation, the evacuation of lower crustal magma 
chambers, and continued mantle plume melting.  
    The late magmatic stage (1094 to 1086 Ma) was a period of waning volcanic activity but 
continued subsidence of the rift basin. This led to the development of evolved composite volcanoes 
and the interbedding of lava flows and basin sediments. This period probably represents the loss of 
the plume heat source by plate drift and the thermal collapse of the rift basin.  
 
    U-Pb ages indicate that various intrusions of the Duluth Complex were emplaced during the 
early and main magmatic stages of the Midcontinent rift. Early stage intrusions include the large 
granophyre bodies occurring in the roof zone of the Duluth Complex (the Cucumber Lake, Misquah 
Hills, and Whitefish Lake granophyres) and the gabbroic intrusions occurring at the northeastern  
end of the Duluth Complex (the Crocodile Lake and Poplar Lake intrusions). Gradational 



relationships between the roof zones of these gabbros and the overlying granophyre bodies imply 
that the felsic rocks preceded emplacement of the gabbros. The overall evolved nature of these 
mafic and felsic intrusions implies that they were emplaced late in the early magmatic stage, 
probably contemporaneous with the eruption of the evolved and contaminated Hovland lavas. A 
precise age of 1106.9 ± 0.8 Ma for the basal gabbro of the Poplar Lake intrusion is consistent 
with this interpretation. The large volume of anorthositic rocks and the eleven discrete mafic 
layered intrusions that make up the remainder of the Duluth Complex were emplaced during the 
main magmatic stage. 



   
Fig.2 Generalized geology of the Duluth Complex and surrounding area 

                                             (Miller and Severson, 2002). 
 



 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.3 Generalized geology of the Duluth Complex and associated rocks with emphasis on each   
   intrusions(Chandler, 2002). 

Abbreviation of geological units:BEI—Bald Eagle intrusion, BIF—Biwabik Iron Formation 

(Paleoproterozoic), BLI—Boulder Lake intrusion, BBC—Beaver Bay Complex, BH—Brule Lake

and Hovland gabbros, BRD—Beaver River diabase, CLG—Crocodile Lake gabbro, CLLS—Cloquet

Lake layered series, DLS—Layered series at Duluth, EG—Ely Greenstone (Archean), EPB—Ely’s

Peak basalts, GIF—Gunflint Iron Formation, GLI—Greenwood Lake intrusion GPH—Grand

Portage basalts & Hovland lavas GRB—Giants Range batholith (Archean), GPD—Grand Portage 

dikes HCT—Houghtaling Creek troctolite LI—Logan intrusions, LP—Leveaux porphyritic diorite

PLI—Poplar Lake intrusion PRD—Pigeon River diabase, PRI—Partridge River intrusion RF—Rove 

Formation (Paleoproterozoic) SCG—Silver Creek gabbro, SLRD—St. Louis River dikes SLB—

Schroeder–Lutsen basalts SKI—South Kawishiwi intrusion, SLG—Sawmill Lake gabbro SLI—

Sonju Lake intrusion TF—Thomson Formation (Paleoproterozoic), TI—Tuscarora intrusion VGC—

Vermilion Granitic Complex (Archean) VF—Virginia Formation (Paleoproterozoic), WMI—Western

Margin intrusion 

Areas with heavy hatchures designate basement highs as follows:GMR—Grand Marais ridge

SFCR—Schroeder–Forest Center ridge WR—White’s ridge  

 



１－１－２． General Definition of the Duluth Complex  
    The Duluth Complex is defined as a more or less continuous mass of mafic to felsic plutonic 
rocks that extends in an arcuate fashion from Duluth nearly to Grand Portage. It is bounded by a 
footwall of predominantly Paleoproterozoic and Archean rocks, a hanging wall of largely mafic 
volcanic rocks and hypabyssal intrusions.  
    Defining the Duluth Complex more genetically, it 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. Within the nearly continuous mass of intrusive 
igneous rock forming the Duluth Complex, four 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 semicontinuous mass of intrusions strung along the eastern and central roof zone of the 
complex emplaced during early stage magmatism (~1108 Ma). 
 
    Early gabbro series - Layered sequences of dominantly gabbroic cumulates that occur along 
the northeastern contact of the Duluth Complex that were also emplaced during early stage 
magmatism (~1108 Ma). 
 
    Anorthositic series - A structurally complex suite of foliated, but rarely layered, plagioclase-
rich gabbroic cumulates that was emplaced throughout the complex during main stage magmatism 
(~1099 Ma). The upper contact of the anorthositic series against volcanic or granophyric rocks is 
typically sharp and somewhat chilled. 
 
    Layered series - A suite of stratiform troctolitic to ferrogabbroic cumulates that comprises at 
least 11 variably differentiated mafic layered intrusions and occurs mostly along the base of the 
Duluth Complex. These intrusions were emplaced during main stage magmatism, but generally 
after the anorthositic series (~1099 Ma). 



１－１－３ The main intrusions of the Duluth Complex 
    The layered series at Duluth is a well differentiated, 3- to 4.5-kilometer-thick, eastdipping, 
sheetlike mafic layered intrusion(Fig.4). Aeromagnetic data show that the layered series at Duluth 
has a north-south strike length of about 60 kilometers and eventually pinches out into the Boulder 
Lake intrusion. The hanging wall of the layered series at Duluth consists of olivine gabbroic and 
troctolitic anorthosite of the anorthositic series. The footwall of the layered series at Duluth at its 
southern end is composed of reversed polarity lavas of the Ely's Peak basalts.  

 
Fig.4 Igneous stratigraphy and cryptic variation through the Layered Series at Duluth 

                                                  (Miller and Severson, 2002). 
 
    The layered series at Duluth is divided into five major zones based on dominant rock type. The 
basal contact zone is composed of coarse-grained, taxitic olivine gabbro and augite troctolite. The 



lowermost cumulate sequence is the troctolite zone. It is 1- to 2-kilometers-thick, consists mostly of 
homogeneous foliated troctolitic cumulates(Fig.5A). The cyclic zone forms the medial section of 
the layered series at Duluth and is characterized by cyclical variations in cumulus mineralogy 
between troctolitic and gabbroic cumulates(Fig.5B). The persistent occurrence of gabbroic 
cumulates defines the gabbro zone. Gabbroic cumulates, in turn, grade upward into unlaminated 
(noncumulate) apatitic quartz ferromonzodiorite, which composes most of the upper contact zone. 
This quartz ferromonzodiorite complexly mixes with a fine-grained biotitic ilmenite ferrodiorite, 
which ultimately forms a "chilled" contact with anorthositic series rocks. A body of 
melanogranophyre that irregularly cuts through the anorthositic series probably represents the 
uppermost differentiate of the layered series at Duluth.  
    Although the layered series at Duluth is overall a well-differentiated intrusion, the repeated 
progression from troctolitic to gabbroic cumulates in the cyclic zone indicates that it did not 
fractionally crystallize as a closed system. The cyclic zone consists of at least five macrocycles 
within which troctolitic cumulates grade upward to gabbroic cumulates. Macrocycle boundaries are 
marked by the abrupt regression in the cumulus mineralogy from gabbroic back to troctolitic 
cumulates(Fig.5B). The gabbroic parts of the macrocycles commonly contain inclusions of 
anorthositic series rocks and the very uppermost parts of the macrocycles locally have 
discontinuous layers of fine-grained gabbroic adcumulate. Miller and Ripley (1996) suggested that 
the macrocyclic phase layering is predominantly related to devolatilization and decompression that 
attended magma venting events from a shallow chamber (less than 5-kilometers-deep), with magma 
recharge possibly having a secondary effect. 
 
 
 
 
 
 
 
 
 
 
 
             Fig.5 Photographs of  
                  A)Troctolite zone(layered augite troctolite) and  
                  B)Cyclic zone 



    The Partridge River intrusion has been studied in detail because it hosts at least four sub-
economic copper-nickel deposits and at least seven potential Fe-Ti deposits. The Partridge River 
intrusion consists mainly of troctolitic cumulates that are exposed in an arc shaped area that extends 
from the Water Hen Fe-Ti deposit area to the Babbitt copper-nickel deposit. Miller and 
Ripley(1996) estimated that the Partridge River intrusion is 2.5-kilometers-thick. Its footwall 
includes the Paleoproterozoic Virginia Formation (slate and graywacke), and to a lesser extent, the 
Biwabik Iron Formation. The top of the Partridge River intrusion is in complex contact with 
anorthositic rocks, gabbroic rocks, and mafic volcanic. This assemblage of anorthositic, gabbroic, 
and hornfelsic rocks are also present as large inclusions within the interior of the Partridge River 
intrusion. 
    The basal 900 meters of the Partridge River intrusion are known in great detail from the 
abundance of exploration drill core. This marginal zone, consisting of varied troctolitic and 
gabbroic rock types, is subdivided into seven stratigraphic units that can be correlated over a strike 
length of 24 kilometers. All of these igneous units generally exhibit shallow dips (10o to 20°) to 
the southeast. The stratigraphy shown in Fig.6 is based on the re-logging of almost 700 drill holes, 
or 205 kilometers of drill core. 
 

 
      Fig.6 Generalized stratigraphy of the marginal zone of the Partridge River Intrusion 
                                                  (Miller and Severson, 2002). 
 
 
 



Unit I:  
    Unit I is the dominant sulfide-bearing member of the Partridge River intrusion. It consists of a 
heterogeneous mixture of ophitic troctolitic to gabbroic rocks that contain abundant inclusions of 
hornfelsic sedimentary footwall rocks and minor thin, discontinuous layers of melatroctolite and 
peridotite. Noritic rocks are common at the basal contact and peripheral to sedimentary hornfels 
inclusions, probably due to contamination of the magma. An ultramafic interval, consisting of an 
oxide-bearing peridotite overlying an oxide-bearing pyroxenite, is present at the base of Unit I in 
areas where the Partridge River intrusion is in direct contact with the Biwabik Iron Formation . 
Unit II : 
    This unit exhibits considerable variation from one copper-nickel deposit to the next. At the 
Dunka Road and Babbitt deposits, Unit II consists of homogeneous troctolitic rocks, with minor 
sulfide mineralization, and a fairly persistent basal ultramafic layer that separates Unit II from Unit 
I. The upper contact with Unit III is gradational at the Dunka Road deposit. At the Wetlegs deposit, 
Unit II is either a single ultramafic layer immediately beneath Unit III, and/or the Wetlegs layered 
interval, which consists of repeated, thin cyclic units that internally grade upward from ultramafic 
rock to troctolite. Still farther to the west at the Wyman Creek deposit, Unit II consists of a single 
ultramafic horizon that separates sulfide-bearing and heterogeneous troctolitic rocks of Unit I from 
homogeneous troctolitic rocks of Unit IV. 
Unit III:  
    This unit consists of poikilitic leucotroctolite that commonly grades into poikilitic/ophitic 
augite troctolite. Because of its fine-grained texture and distinctive olivine oikocrysts that impart a 
mottled appearance, Unit III is a useful marker horizon, although it is absent from the Wyman 
Creek deposit and portions of the Babbitt deposit. Hornfelsed basalt inclusions, or roof rocks, are 
commonly associated with Unit III at the Dunka Road deposit. This relationship, and the highly 
gradational contact of Unit III with Unit II, suggest that Unit III may have formed as a roof 
cumulate during crystallization of Unit II. 
Unit IV:  
    Homogeneous ophitic augite troctolite that contains a local basal unit of ultramafic rock. Unit 
IV typically exhibits a highly gradational upper contact with Unit V. A cyclic sequence of 
alternating troctolitic and ultramafic layers, termed the Bathtub layered interval, is present in the 
Bathtub ore zone of the Babbitt deposit. 
Unit V:  
    Unit V consists of homogeneous, coarse-grained leucotroctolite. At the Wyman Creek deposit, 
drill hole relationships suggest that Unit V cuts downward into the lower units. 
Units VI and VII:  
    Each of these units consist of homogeneous leucotroctolite that locally grades into ophitic 
augite troctolite; both also contain a fairly persistent ultramafic base. Several other similar units 



(Unit VIII and up) are present above these two units, but they are not defined by drilling. 
Oxide ultramafic intrusions (OUI): 
    Several late-stage pegmatitic plugs and vertical lenses of oxide-bearing ultramafic intrusions 
intrude the troctolitic rocks of the Partridge River intrusion. Severson and Hauck (1990) first used 
the acronym OUI to designate crosscutting pegmatitic bodies of peridotite, melatroctolite, 
melagabbro, and clinopyroxenite that contain a high percentage of coarse-grained oxides (15 to 100 
percent). The OUI are spatially arranged along linear trends, suggesting that structural control was 
important to their genesis. In addition, the Longnose.Longear.Section 17 group of OUIs is 
positioned over a window in the basal contact where the Biwabik Iron Formation is the footwall 
rock. This relationship suggests a genetic link between assimilation of iron formation at the basal 
contact and formation of OUI along a coincident fault zone.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7  Photographs of A) Unit I, and B) Unit II of the Partridge River Intrusion. 
                                            

Wetlegs deposit, Unit I (D.H. W-8B):
heterogeneous sulfide-bearing augite
troctolite (Cu:0.25-0.34%, Ni:0.07-
0.10%). 

Wetlegs deposit, Unit II : abundant
ultramafic layers in the Wetlegs area. 



    Attributes of the more heterogeneous units (I and II) near the base of the Partridge River 
intrusion are interpreted to indicate rapid magma replenishment in a progressively developing 
magma chamber, and magmatic contamination from assimilated footwall rocks. The more 
homogeneous upper units (IV through VII), each floored by a persistent ultramafic layer, were 
probably emplaced later in a well-developed magma chamber. The ultramafic layers in the upper 
units, and abundant ultramafic layers of the Wetlegs and Bathtub layered intervals, probably 
represent the inception of episodic magma injection that crystallized more primitive ultramafic 
layers before mixing with the resident magma. 
 
    The South Kawishiwi intrusion hosts at least five subeconomic copper-nickel deposits and a 
potential platinum group element-copper-nickel deposit. The South Kawishiwi intrusion is 
dominantly composed of troctolitic cumulates that are exposed in an 8- by 32-kilometer arcuate 
band. Footwall rocks include the Virginia Formation in the Serpentine and Dunka Pit deposits, the 
Biwabik Iron Formation in the Dunka Pit and Birch Lake deposits, and the Archean Giants Range 
batholith in the Dunka Pit deposit north to the Spruce Road deposit. The presence of Biwabik Iron 
Formation as inclusions 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, leaving the Giants Range batholith as the dominant footwall rock type. 
Also present as inclusions in the Dunka Pit and Serpentine deposits are mafic volcanic hornfels 
(probably North Shore Volcanic Group) and quartz sandstone hornfels (probably equivalents to the 
Puckwunge and Nopeming Sandstones).  
    The South Kawishiwi intrusion consists of five major map units. These are, from the base 
upward: 
 
1. A basal contact zone that is a heterogeneous mix of sulfide-bearing troctolitic, gabbroic, and    
  noritic rocks with abundant hornfels inclusions; 
2. A thick unit of subophitic to ophitic augite troctolite that contains an internal ophitic olivine  
  gabbro unit; 
3. A discontinuous and localized layer of poikilitic leucotroctolite; 
4. A thick, homogeneous sequence of ophitic troctolite; 
5. An uppermost, thick sequence of homogeneous troctolite that contains numerous lensoidal layers   
  and inclusions of anorthositic rocks. 
 
    Severson (1994) and Zanko and others (1994) further subdivided the marginal zone of the 
South Kawishiwi intrusion into 17 different lithostratigraphic units (Fig.8) that are present in over 
180 drill holes over a strike length of 31 kilometers. Sulfide mineralization is confined to the BH, 
BAN, UW, and U3 units, and to a lesser extent the U1 and U2 units. Major marker horizons that are 



correlated in drill holes include three horizons with abundant cyclic ultramafic layers (U1, U2, and 
U3 units) and a pegmatite-bearing unit (PEG unit). A large, anorthositic inclusion (less than 1-
kilometer-thick) is intersected in six deep drill holes in the State Highway One corridor area. 
    The lowest units of the marginal zone are the most varied with respect to textures, rock type, 
and sulfide content. They are unevenly distributed along the strike length of the South Kawishiwi 
intrusion in a "compartmentalized" fashion, suggesting a complicated intrusive history(Fig.8). The 
lowest units were emplaced early into several restricted magma chambers via repeated and close-
spaced magmatic pulses. The U1, U2, and U3 units represent periods of rapid and continuous 
magma injection that crystallized more primitive ultramafic layers before mixing with the resident 
magma. The U3 unit is unique among the lower units in that it contains several massive oxide pods 
(titanomagnetite-rich) along its entire length. A spatial correspondence between the U3 unit and 
footwall iron-formation suggests that most of the massive oxide pods are iron-rich "restite" 
produced by the magmatic digestion of iron-formation. The U3 unit also contains the majority of 
the high platinum group element values that have been sampled within the South Kawishiwi 
intrusion.  
    The upper units of the South Kawishiwi intrusion are continuous throughout the intrusion. 
Their continuity and monotonous troctolitic composition suggest that they crystallized in a more 
quiescent and open magmatic system characterized by widely spaced magmatic pulses. 
 

 
 
    Fig.8 Generalized stratigraphy of the marginal zone of the South Kawishiwi Intrusion 
                                                 (Miller and Severson, 2002). 
 
 



１－２.  Mineral Deposits of the Duluth Complex 
    Increased demand and commodity prices for platinum group elements (PGEs) have recently 
reinvigorated exploration activity in the Duluth Complex and related Keweenawan intrusions in 
northeastern Minnesota. Known copper-nickel deposits along the base of the complex are being 
reassessed for their PGE concentrations, and intrusions stratigraphically higher in the Duluth and 
Beaver Bay Complexes are being evaluated using new models for stratiform PGE mineralization 
within well-differentiated tholeiitic systems.  
 
１－２－１．Copper-Nickel-(PGE) Sulfide Mineralization 
    The fundamental characteristics of this style of mineralization involve sulfur contamination of 
mafic magmas by pre-Keweenawan footwall rocks, and mineralization occurring in the vicinity of 
the basal contact of mafic intrusions. The variants of this style of mineralization that may 
potentially exist in the Duluth Complex include: 
 
 a) Disseminated copper-nickel-(PGE) sulfide mineralization in basal contact zones of mafic    
   intrusions 
 b) Massive sulfide mineralization at the basal intrusive contact and in footwall rocks 
 c) Sulfide mineralization in major feeder zones (Noril'sk/Voisey's Bay-type; Naldrett, 1997) 
 
    Only disseminated copper-nickel sulfide mineralization and basal massive sulfide 
mineralization are presently known to occur in the Duluth Complex.  
 
a) Disseminated Sulfide Mineralization 
    Large resources of low-grade copper-nickel sulfide ore that locally contain anomalous PGE 
concentrations are well documented by drilling in the basal zones of the South Kawishiwi and 
Partridge River intrusions(Fig.9, Table.1). At least nine subeconomic deposits have been delineated 
in the basal 100 to 300 meters of both intrusions. The mineralization consists predominantly of 
disseminated sulfides that collectively constitute over 4.4 billion tons of material averaging 0.66 
percent copper and 0.2 percent nickel (Listerud and Meineke, 1977). Overall, the copper to nickel 
ratio averages 3.3:1, ranging from 2.4:1 to 4.11:1. PGE concentrations average about 10 parts per 
million platinum + palladium (recalculated to 100 percent sulfide), but may range as high as 50 
parts per million platinum + palladium (recalculated to 100 percent sulfide) in associated 
stratabound zones, such as the Birch Lake and Dunka Road deposits. Sulfur isotope analyses 
consistently indicate that the source of sulfur was from the pelitic country-rocks of the Virginia 
Formation, which form much of the footwall to the Partridge River intrusion and locally to the 
South Kawishiwi intrusion. 
 



            
Fig.9 Location of the mineral deposits and exploration areas along the western base of the Duluth  
  Complex(Miller at al., 2002). 



Table 1 Calculated copper-nickel resources for various deposits along the western margin of the   
  Duluth Complex(Miller et al., 2002). 

        
 
    The sulfide deposits are hosted by taxitic troctolitic to gabbroic rocks that contain abundant 
inclusions of the various footwall rock types. Within the Partridge River intrusion, the basal 
unit(Unit-I) hosts the vast majority of the disseminated sulfides. Similarly, mineralization within the 
South Kawishiwi intrusion is confined to the basal heterogeneous (BH), ultramafic 3 (U3), basal 
augite troctolite/norite (BAN), and updip wedge (UW) units.  
    The disseminated sulfide minerals occur as interstitial grains that make up between trace 
amounts and 10 percent of the rock by volume (visual estimation). The average sulfide mineral 
content is between 1 and 5 percent. Major sulfide minerals are pyrrhotite, chalcopyrite, cubanite, 
and pentlandite. Pyrrhotite is generally the dominant sulfide, especially closer to the basal contact. 
Chalcopyrite is generally the dominant copper-sulfide with variable amounts of cubanite. Also 



present are minor amounts of bornite, talnakhite, chalcocite, digenite, mackinawite, valleriite, 
violarite, native copper, and platinum group minerals. 
    Although this mineralization type is described as being present within the basal units of the 
South Kawishiwi and Partridge River intrusions, the basal zones do not contain sulfides in all areas. 
Mineralized zones are extremely erratic in their spatial extent and ore grades. Zones that are barren 
of sulfides commonly interfinger with mineralized zones in a random pattern. This erratic pattern of 
mineralization, in part, mirrors the lithologic heterogeneity of the basal units. The only exception to 
this random mineralization pattern is the Maturi deposit (and its downdip eastward extension), 
where the upper portion of the basal heterogeneous (BH) unit consistently exhibits copper values in 
excess of 1.0 percent that gradually decrease with depth toward the basal contact. The change to 
more consistent mineralization at Maturi may be related to a thinning of the basal heterogeneous 
unit in the area and thus the sulfides are more restricted to a specific horizon.  
    Although the style of mineralization in all of the deposits is dominated by disseminated 
copper-nickel sulfides, differences occur between the deposits in copper-nickel and PGE grade, 
thickness, and tonnage. Mineralization profiles from single drill holes within each of the deposits of 
the South Kawishiwi intrusion are presented in Fig.10. Peterson (2001) attributed the higher-grade, 
sheetlike mineralization of the Maturi and Maturi Extension deposits to confined magma flow of the 
lower South Kawishiwi intrusion beneath a large pillar of older anorthositic series rocks. 

 

Fig.10 Assay from drill holes in each of the copper-nickel deposits of the South Kawishiwi 
      Intrusion(Peterson, 2002). 
 



    Contrasting with this heterogeneity of rock types and mineralization, some internal PGE 
bearing sulfide zones within the lower units exhibit a stratabound relationship to the igneous 
stratigraphic section. For example, at the Dunka Road and Babbitt deposits, the top of Unit I 
immediately beneath an ultramafic layer commonly exhibits increased copper-PGE grades (Fig.11). 
These PGE-bearing zones are often copper enriched.  
 

 

 

Fig.11 Distribution of PGE-bearing stratabound horizons relative to the igneous stratigraphy at    
  the Dunka Road deposits(modified from Geerts, 1991). (Severson et al., 2002)  
  
Two other stratabound copper-rich (±PGE) zones are present beneath discontinuous ultramafic 
horizons within the interior of Unit I at Dunka Road. At the Maturi deposit, a copper-enriched (and 
possibly PGE-enriched) zone also occurs immediately beneath an ultramafic unit (U3) at the top of 
the basal heterogeneous unit.  
    Copper-enrichment often occurs locally near fault zones as in the Wyman Creek, Wetlegs, and 
Dunka Road deposits close to the basal contact, and at the South Filson Creek deposit, 670 meters 
above the basal contact. The causes of copper-PGE enrichment along faults are not entirely clear, 



but probably involve the remobilization and redeposition of copper and PGEs by circulating 
chlorine-rich hydrothermal fluids, possibly during the latest stages of magmatic crystallization. 
Evidence for such fluids is given by the presence of chlorine-rich brown liquid drops that 
commonly coat the surfaces of drill core after exposure to air. These drops form by a deliquescent 
process and are found on core from the Fish Lake area north to the Spruce Road deposit and the 
Gunflint Trail area. Analyses of the drops indicate high chlorine content values up to 3,000 parts per 
million. The drops are most common on core from the ultramafic layers (variably serpentinized) 
and the oxide ultramafic intrusions (OUI). They are also locally associated with disseminated 
sulfide zones, massive sulfides at the Local Boy ore zone of the Babbitt deposit, massive oxides and 
ultramafic layers from the U3 unit of the South Kawishiwi intrusion, pre-Duluth Complex sills 
(Logan-type sill and Cr-sill), and olivine-bearing portions of the metamorphosed footwall Biwabik 
Iron Formation. In addition to the liquid drops, chlorine-rich coatings on the core occur in a variety 
of colors and precipitate forms. 
    In summary, the disseminated sulfide mineralization at each of the copper-nickel deposits, with 
the exception of the Maturi deposit, can be classified as chaotic with diverse ore grades that are 
unevenly distributed throughout the basal mineralized units. This diverse nature makes it difficult to 
predict the overall spatial distribution of ore zones based on widely scattered drill holes and little to 
no outcrop. More in-fill drilling is needed in order to address ore controls. The cause of the erratic 
mineralization is probably related to a variety of factors that include: 
 
 ·The nature of magma emplacement (turbulent versus quiescent) 
 ·The mode of emplacement (along bedding planes in the footwall rocks versus overplating    
  previous magma pulses) 
 ·The volume of magmatic inputs (small incremental batches versus wide-spaced and large-volume   
  batches) 
 ·The total sulfide content of the magma prior to final emplacement 
 ·The sulfide content of the footwall rocks (in-situ source) 
 ·The secondary enrichment/depletion of copper and PGEs along faults 
 
    Magma pulses in the basal heterogeneous units appear to have formed dispersed sulfides that 
were unable to coalesce and form massive sulfides. Exceptions include pyrrhotite-rich massive 
sulfides at the Serpentine and Dunka Pit deposits; however, in these two cases a local sulfur source 
is also present in the footwall Virginia Formation. Most of the disseminated mineralization appears 
to have formed from a sulfide melt that interacted with low volumes of silicate magma, as indicated 
by low to moderate R-factors ranging from 50 to 3,000. The low R-factors are probably the result of 
close-spaced magma inputs of limited volume in progressively developing magma chambers 
accompanied by contamination from the footwall rocks. Conversely, the copper-PGE-enriched 



zones beneath ultramafic horizons formed from a sulfide melt that apparently interacted with large 
volumes of silicate magma as indicated by high R-factors in the range of 5,000 to 17,000. The high 
R-factors of these zones are indicative of more turbulent magma conditions following a new magma 
input that crystallized the ultramafic layers. Overall, copper and PGE-enriched zones within the 
disseminated sulfide mineralization are associated with a dynamic changeover in the style of 
emplacement from close-spaced, low-volume, and contaminated pulses to wide-spaced, large-
volume, and uncontaminated pulses. Some late hydrothermal secondary enrichment of copper and 
PGEs also took place adjacent to faults during later stages of emplacement. 
 
b) Basal massive sulfide mineralization 
    In a few localized areas along the basal zones of the South Kawishiwi and Partridge River 
intrusions, semi-massive to massive sulfide mineralization is present at the basal contact. In most 
cases, the massive to semi-massive sulfide is proximal to either sulfide-rich footwall rocks or 
structures such as faults and pre-complex folds. Massive sulfide zones that are spatially related to 
sulfide-rich footwall rocks are intersected in scattered drill holes in the Dunka Pit, Babbitt, and 
Serpentine deposits. All of these massive sulfides are pyrrhotite-rich (with generally less than 2 
percent copper) and are present at, or slightly above, the basal contact. In all cases, a pyrrhotite-rich 
member of the footwall Virginia Formation (bedded pyrrhotite unit) is located at the basal contact 
and is situated updip of the massive sulfide occurrences. This relationship suggests that the bedded 
pyrrhotite unit acted as a local sulfur source that generated a copper-poor, sulfide-rich melt that was 
concentrated downdip along the basal contact, via gravity settling.  
    The massive sulfide occurrence in the Local Boy ore zone of the Babbitt deposit is clearly 
structurally controlled. At this locality, the massive sulfide zones are copper-rich (generally 5 to 25 
percent copper) and are situated along the axis of an anticline defined by the footwall rock units. 
The highest PGE values (11 parts per million palladium and 8 parts per million platinum) found to 
date within the Duluth Complex are associated with these structurally controlled, copper-rich, 
massive sulfides. The massive sulfides are almost exclusively hosted by the Virginia Formation, 
present as both inclusions above the basal contact and in the footwall rocks below the basal contact, 
while interfingering intrusive rocks are relatively barren of massive sulfide. These relationships, 
plus sulfide textures that are indicative of structural preparation, suggest that the massive sulfides 
were "injected" into the footwall rocks. Ripley (1986) and Severson and Barnes (1991) proposed 
that an immiscible sulfide melt, formed in an auxiliary magma chamber at depth, was injected into 
structurally prepared zones in the footwall rocks along the anticline to form the Local Boy ores. 
Late movement of chlorine-rich fluids along the axis of the anticline further redistributed and 
concentrated the PGEs. Recent studies indicated that there is an overall increase in the copper-PGE 
content of the massive sulfide in an east-to-west direction; this is possibly the result of fractional 
crystallization of immiscible sulfide melt as it migrated into the footwall rocks. In this scenario, the 



north-south-trending Grano fault is inferred to be a potential feeder zone. 
    Structurally controlled veins and irregular pods of massive sulfide are locally present within 
granitic footwall rocks immediately beneath the South Kawishiwi intrusion. These occurrences are 
intersected in scattered holes that outline two northeast-trending belts(Fig.12). The linearity of the 
belts suggests they are fault controlled. One of these belts crudely aligns with the Birch Lake fault 
zone that trends through the Birch Lake PGE prospect. The massive sulfide veins were probably 
formed by the downward expulsion of a basal immiscible sulfide melt into fractured and faulted 
footwall rocks. The veins are moderately copper enriched due to fractional crystallization of the 
sulfide melt as it moved down through the footwall rocks. 
    The occurrence of local massive sulfide veins near and below the basal contact of the Duluth 
Complex is an indication that larger, potentially economic footwall massive sulfide deposits may 
yet be found. 

 

Fig.12 Linear distribution of massive sulfide, disseminated sulfide, and copper rich veins in the    
  footwall rocks beneath the South Kawishiwi Intrusion(Severson et al., 2002). 



c) Feeder Zone Sulfide Mineralization 
    Some of the attributes of the Duluth Complex copper-nickel-PGE sulfide deposits resemble 
those of deposits at Noril'sk, Russia and Voisey's Bay, Canada that are associated with sulfide 
mineralization in intrusive feeder zones. The common attributes include occurrence in shallow 
tholeiitic intrusions associated with plateau basalt volcanism, an external sedimentary source of 
sulfur, and openness to repeated magma influx and expulsion. A critical attribute of the high-grade 
Noril'sk.Talnakh and Voisey's Bay deposits, not yet positively identified in the Duluth Complex 
deposits, is the location of a magma conduit. A conduit that experienced repeated influxes of 
magma appears to be key to the formation of high grade copper-nickel-PGE deposits. Although this 
type of mineralization has not been recognized in the Duluth Complex, the conceptional model of 
magma flow has been established in the South Kiwishiwi and the Partridge River Intrusions and 
promissing areas of the mineralization have been delineating.  
    One of the difficulties in evaluating the potential for feeder zone mineralization in the Duluth 
Complex is determining whether intrusions were fed one-by-one by local magma conduits or by 
master conduits that sequentially fed several intrusions. 
 
１－２－２． Stratabound and Stratiform PGE Mineralization 
    PGE-enriched zones in the Duluth Complex and related intrusions can be classified into two 
categories, stratabound and stratiform. The term stratabound refers to PGE-enriched horizons that 
are restricted to a general stratigraphic unit; however, the PGE-enriched zones are often 
transgressive relative to the enclosing stratigraphy because they are associated with a wide variety 
of internal rock types that characterize the stratigraphic unit. The term stratiform denotes specific 
PGE-enriched horizons that are sheetlike in form, concordant, and strictly coextensive with laterally 
persistent igneous layers. The stratiform PGE horizons differ from the stratabound ones because 
they are consistently sulfide-poor and tend to occur at mid levels of well differentiated intrusions. 
 
a) Stratabound PGE mineralization 
    Stratabound PGE-enriched horizons, with low to moderate sulfide concentrations (0.05 to 1.0 
weight percent sulfur), are commonly associated with ultramafic layers in the Dunka Road, Babbitt, 
Wetlegs, and Birch Lake deposits, and occur at the extreme top of Unit I immediately beneath a 
laterally persistent ultramafic layer(Fig.11). At Dunka Road, this stratabound horizon averages 
about 10-meters-thick and contains an average of 1.0 part per million palladium + platinum. Recent 
work suggested that the sulfur was largely derived from the mafic magma and that this stratabound 
horizon was formed as a result of magma mixing. Two similar stratabound PGE enriched horizons, 
related to laterally discontinuous ultramafic layers, occur toward the middle of Unit I at Dunka 
Road. To the west of Dunka Road, the stratabound PGE horizon at the top of Unit I is also present 
at the Wetlegs and Wyman Creek deposits. At the Dunka Road and the Wetlegs deposits, PGE-



enriched stratabound horizons also span across the ultramafic layer that separates Units VI and VII. 
    Another example of a PGE stratabound horizon is at the Birch Lake PGE prospect within the 
South Kawishiwi intrusion. There, PGE contents as high as 9 parts per million palladium + 
platinum, and Cr2O3 contents locally as high as 10 weight percent are associated with a wide variety 
of rock types within the U3 unit. The U3 unit consists of alternating troctolitic and ultramafic layers 
in which variably sulfide mineralized zones and discontinuous pods of Cr-bearing massive oxide 
both occur. As stated above, the massive oxide pods are interpreted based on empirical relationships 
to have been produced by assimilation and partial melting of the Biwabik Iron Formation. This 
oxide-rich partial melt may have initially acted as a trap that concentrated chromium and titanium, 
and through further assimilation and contamination of the magma, may have led to precipitation of 
PGEs. However, because the ultramafic layers of the U3 unit are interpreted to record new influxes 
of more primitive magma, magma mixing may have had a more significant effect on PGE 
mineralization. Furthermore, the presence of chlorine-rich drops on the surface of drill core from 
the Birch Lake area suggests that a hydrothermal model of concentrating the PGE could also be 
invoked. As depicked in Fig.13, ascending chlorine-rich hydrothermal fluids may have remobilized 
and further concentrated the PGE along the northeast trending Birch Lake fault. 

 

Fig.13 Schematic diagram showing the possible role of the Birch Lake fault for concentration  
  PGE in U3 unit(Severson et al., 2002). 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Birch Lake area (D.H. BL-89-2): 
troctolite in the vicinity of 2595.5ft
(2593-2597ft, Cu:0.71%, Ni:0.18%, 
Pd:1100ppb, Pt:520ppb) 

Babbitt deposit (D.H. BI-120): mela-
troctolite in the vicinity of 1307ft (the
top of Unit I), with native copper (1305-
1315ft, Cu:0.72%, Ni:0.16%,
Pd:1728ppb, Pt:837ppb). 

Babbitt deposit (D.H.10198): mixed
norite and hornfels with massive
sulfide in the vicinity of 21ft (20-25ft,
Cu:14%, Ni:0.28%, Pd:1700ppb,
Pt:260ppb, Au:250ppb). 

Fig.14A Photograph of Ni-Cu-PGE ore 
   (disseminated ore). 

Fig.14B Photograph of Ni-Cu-PGE   
  ore (stratabound mineralization?). 

Fig.14C Photograph of Ni-Cu-PGE  
  ore(massive ore). 



b) Stratiform PGE mineralization 
    Recent discoveries of gold- and PGE-enriched horizons (or PGE reefs) in the upper part of the 
Skaergaard intrusion and related Tertiary intrusions of east Greenland have stimulated exploration 
for such deposits in other tholeiitic layered intrusions such as those comprising the Duluth Complex. 
Stratiform PGE mineralization in well-differentiated tholeiitic intrusions are similar to classic PGE 
reef deposits hosted by ultramafic-mafic complexes, such as the Bushveld and Stillwater 
Complexes, in that they occur as sulfide-poor (less than 1 weight percent), PGE-rich intervals that 
are several meters thick and are conformable with igneous layering. However, stratiform PGE 
mineralization in tholeiitic intrusions, termed Skaergaard-type PGE mineralization, differs from the 
classic PGE reefs because it is: 
 
 ・Exclusively associated with mantle plume influenced, continental rift environments 
 ・Of Middle Proterozoic age or younger 
 ・Associated with aluminous, olivine tholeiitic parent magma compositions that experience 
   Fenner-type crystallization differentiation 
 ・Hosted by ferrogabbroic cumulate rocks 
 ・Associated with copper-rich, nickel-poor sulfide 
 ・Associated with significant gold that is stratigraphically offset above peak PGE concentrations 
 
    Although there is considerable disagreement about how classic PGE reefs formed, most 
believe that Skaergaard-type reefs are orthomagmatic (formation by the saturation, 
exsolution, and settling of sulfide melt from silicate magma). 
    The key requirements for the orthomagmatic formation of an economic PGE reef in a tholeiitic 
intrusion are: 
 ・The parent magma must be initially sulfide undersaturated 
 ・The parent magma must have a high initial PGE concentration and/or experience a considerable   
   amount of fractional crystallization to build up noble metal concentrations prior to sulfide  
   saturation 
 ・The initial segregation of sulfide melt must be associated with a large R-factor (silicate/sulfide   
   melt ratio) 
 
    These required conditions imply that the best chance for significant stratiform PGE 
mineralization in a tholeiitic intrusion should be at a mid- to upper-level horizon that marks the first 
"cumulus arrival" of immiscible sulfide melt. Given a well-differentiated, initially sulfide 
undersaturated tholeiitic intrusion, its ability to form an economic PGE reef depends on the manner 
by which sulfide becomes saturated in the magma. Mechanisms that may trigger sulfide saturation 
include: 



    Fractional crystallization - Because sulfur is an incompatible element in silicate minerals, 
sulfide will become enriched in differentiating magmas ultimately to the point of saturation and 
exsolution. 
    Magma recharge and mixing - Unlike variable sulfide solubility in ultramafic-mafic magmas 
that produce classic PGE reefs, sulfide solubility in differentiating tholeiitic magmas remains fairly 
constant over the course of fractional crystallization due to the offsetting effects of temperature and 
Fe enrichment. Therefore, mixing of magmas with comparable sulfide solubilities is unlikely to 
produce sulfide saturation or oversaturation. 
    Decompression due to magma venting - At shallow crustal depths, sulfide solubility appears 
to positively correlate with pressure. Consequently, in a magma that is close to sulfide saturation, 
decompression due to magma venting can potentially trigger system wide exsolution of sulfide melt. 
    Phase changes - The cumulus arrival of a mineral phase that abruptly lowers the iron content 
of the magma can potentially trigger sulfide saturation. Magnetite crystallization would be the most 
effective phase change. This was the apparent trigger for sulfide saturation in the Rincon del Tigre 
magma system of Bolivia(Prendergast, 2000). 
 
    Most intrusions of the Duluth and Beaver Bay Complexes formed from initially sulfide 
undersaturated magmas and show evidence of having undergone one or more of the above 
mentioned processes during crystallization. Two of these intrusions, the Sonju Lake intrusion and 
the layered series at Duluth, have been studied for their potential to host stratiform PGE 
mineralization, and subeconomic mineralization has been found in both areas. The Sonju Lake 
intrusion was a closed magmatic system and the layered series at Duluth was a more open magmatic 
system. 
 
Stratiform PGE mineralization in the Sonju Lake intrusion 
    The Sonju Lake intrusion is a 1,200-meter-thick, shallow-dipping, sheetlike intrusion that 
forms part of the Beaver Bay Complex(Fig.3). Although its exposed strike-length is only about 3 
kilometers, the Sonju Lake intrusion has a distinctive aeromagnetic signature that can be traced for 
at least 20 kilometers. The Sonju Lake intrusion is predominantly composed of well-laminated, 
mafic mesocumulates that define a unidirectionally differentiated sequence. Between a lower 
contact zone of fine grained melatroctolite cumulates (unit slmt - OP cumulate) and an upper zone 
of unlaminated olivine ferromonzodiorite (unit slmd), five units are distinguished on the basis of 
cumulus mineral assemblages. In ascending order these units are: sld - dunite (O), slt - troctolite 
(PO), slg - gabbro (POC), slfg - ferrogabbro (PCF ± O), and slad - apatite olivine ferrodiorite 
(PCFOA). This cumulus stratigraphy is complemented by a smooth cryptic variation in mineral 
compositions. The parent magma composition of the Sonju Lake intrusion is estimated to be an 
uncontaminated, moderately evolved olivine tholeiite. Cumulus stratigraphy and cryptic variation 



suggests that the Sonju Lake intrusion formed by unidirectional fractional crystallization under 
nearly closed conditions. 
    To determine the possible location of a stratiform PGE reef in the Sonju Lake intrusion, a total 
of 67 outcrop and drill core samples that profile the intrusion were analyzed for platinum, palladium, 
gold, sulfur, copper, and other major and trace elements(Fig.15). These data indicate that a narrow 
PGE-enriched interval exists within the ferrogabbro unit and lies immediately below the 
stratigraphic level marking the initial saturation of sulfide melt in the Sonju Lake intrusion magma. 
Initial saturation and segregation of sulfide melt is inferred to occur at the +322-meter level, where 
an increase in copper abundance is recognized. Copper content increases from consistently less than 
100 parts per million below the +322-meter level to greater than 500 parts per million above, and 
then gradually decreases to below 100 parts per million in the upper part of the intrusion. This 
pattern is consistent with: 
 ・Sulfide undersaturated conditions below the +322-meter level 
 ・The saturation and cumulus segregation of sulfide melt at the +322-meter level 
 ・The gradual depletion of copper abundance due to continued exsolution of sulfide melt above    
   the +322-meter level 
Nickel was strongly depleted in the magma at the time of inferred sulfide saturation, presumably by 
prolonged olivine crystallization. 
    Interestingly, the onset of sulfide saturation at the +322-meter level implied by the abrupt 
increase in copper abundance is not reflected in the sulfur data. Theoretically, a gabbro cumulate 
saturated in sulfide melt should contain a minimum of 400 parts per million sulfur based on sulfide 
solubility of 0.1 weight percent for a moderately evolved mafic magma. The sulfur abundance in 
cumulates below the +322 meter level are consistently less than the theoretical saturation 
benchmark. However, sulfur concentrations above the +322 meter level vary unsystematically 
between less than 100 and 500 parts per million, and only sustain greater than 400 parts per million 
sulfur concentrations above about +460 meters. Petrographic observations confirm that this zone of 
presumed sulfide saturation is locally poor in modal sulfide and where present, the sulfide is 
dominated by copper rich varieties (chalcopyrite, bornite, and digenite). A possible explanation for 
the high copper, low sulfur samples in the zone between +322 meters and +460 meters is that 
oxidizing deuteric fluids caused dissolution of sulfur without mobilizing copper. A similar 
oxidation/desulfurization process has been noted in the low-sulfide PGE reefs in eastern Greenland 
intrusions. The Sonju Lake intrusion displays several features that are consistent with such a 
process of oxidation and desulfurization: 
 ・Moderate degrees of chloritic and uralitic alteration of pyroxene are common in ferrogabbroic    
   cumulates of the ferrogabbro unit 
 ・Copper-rich sulfides (chalcopyrite, bornite, and digenite) predominate in samples near the +322    
   meter level 



 ・Secondary veins of pyrite with hematite occur locally above the +322-meter level 
If deuteric desulfurization is a widespread phenomenon in mafic layered intrusions, variations in 
copper abundance rather than total sulfur may be better indicators of magmatic sulfide saturation. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.15 Chemostratigraphic variation in whole rock concentrations of S, Ni, Cu,   
  Pd, Pt, Au, and Cu/Pd through the Sonju Lake intrusion(Severson et al., 2002). 



    There are no overt changes in lithology evident from field observations across the horizon of 
increased copper abundance (and PGE enrichment) that would suggest sulfide saturation was 
triggered by a significant perturbation to the magma system (such as magma recharge, assimilation, 
or venting). The only notable change observed across the horizon of initial sulfide saturation is the 
gradual changeover from titanomagnetite-dominated to ilmenite-dominated cumulus oxide phases. 
However, this also seems an unlikely triggering mechanism because such a change should have 
minimal effect on the FeO content of the magma and thus sulfide solubility. Rather, given the well-
differentiated and closed nature of the Sonju Lake intrusion system, it is concluded that simple 
crystallization differentiation was the process primarily responsible for not only driving the magma 
to sulfide saturation, but also for triggering the initial sulfide exsolution event. 
    Upward from about the +230-meter level, palladium abundance increases regularly to a peak 
concentration of 320 parts per billion in the sample just below the first known sample to display an 
abrupt jump in copper to greater than 500 parts per million. This high palladium sample also yields 
the greatest platinum concentration (66 parts per billion), although a secondary platinum peak (less 
than 30 parts per billion) seems to exist about 90 meters below the sulfide saturation level. The 
highest gold concentration (85 parts per billion) occurs 35 meters above the level of initial sulfur 
saturation, although its variation is less systematic than palladium and platinum. In the first high 
concentration copper sample (greater than 500 parts per billion) and in most overlying samples, 
palladium and platinum abundances drop to below detection limits (less than 0.1 part per billion). 
    The efficiency with which PGEs were scavenged from the Sonju Lake intrusion magma with 
the "cumulus arrival" of sulfide melt is indicated by the 104 increase in copper/palladium observed 
across the +322-meter horizon. Changes in the copper/palladium ratio reflect the fact that the 
sulfide melt/silicate magma partition coefficient for palladium is several orders-of magnitude 
greater than that for copper. 
    When directly comparing the Sonju Lake and Skaergaard intrusions, not only are their 
petrologic similarities evident, but also when comparably scaled, their patterns of precious metal 
and sulfide mineralization are remarkably similar (Fig.16). Their similar paragenetic sequences of 
cumulus minerals imply comparable closed-system crystallization differentiation of aluminous, 
olivine tholeiitic parent magmas. 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. Both show low and variable levels of palladium in the lower sulfide undersaturated part 
of the intrusions and almost complete and persistent palladium depletion above the sulfide 
saturation horizon. Finally, both show an upward displacement of peak gold concentration from the 
PGE peak. 



 

 

 

  

 

 
Stratiform PGE mineralization in the layered series at Duluth 
    The layered series at Duluth is a 3.5 to 5kilometer-thick, sheetlike, mafic layered intrusion, and 
the igneous stratigraphy of the layered series at Duluth is divided into five major zones. The 
repeated progression from troctolitic to gabbroic cumulates in the cyclic zone indicates that the 
layered series at Duluth, unlike the Sonju Lake intrusion, did not crystallize as a closed system. 
Based on these characteristics, Miller and Ripley (1996) suggested that the macrocyclic phase 
layering is predominantly related to devolatilization and decompression that attended magma 
venting events from a shallow (less than 5 kilometers) chamber, with magma recharge possibly 
having a secondary affect. 
    Geochemical data were acquired from 83 hand samples that profile the general stratigraphy of 
the layered series at Duluth. Most of the samples have platinum + palladium concentrations below 
15 parts per billion, 14 samples have concentrations between 15 and 150 parts per billion, and five 
samples have concentrations greater than 150 parts per billion(Fig.17). Whole rock sulfur and 
copper concentrations imply that the layered series at Duluth magma was consistently sulfide 

Fig.16 Comparison of generalized igneous stratigraphy and stratigraphic variation of Pd   
  concentrations in the Skaergaard and Sonju Lake intrusions(Severson et al., 2002). 
 



undersaturated during troctolite-zone crystallization, achieved intermittent saturation during 
crystallization of the cyclic zone, and was fairly consistently saturated as the gabbro zone 
accumulated. In contrast to the singular large increase in copper abundance and copper/palladium 
ratio observed in the Sonju Lake intrusion system (Fig.15), the layered series at Duluth shows 
erratic variability in these parameters (Fig.17). Such variability probably reflects the openness of 
the layered series at Duluth system to magmatic recharge.  
 

 

 

Fig.17 Stratigraphic variation in S, Cu, Cu/Pd, and Cu+Pd abundances through the Layered 
  Series of Duluth(Severson et al., 2002). 



１－３.  Mineral Exploration in the Duluth Complex 
 
１－３－１．Copper-Nickel Exploration activity at the Base of the Duluth Complex 
    Exploration for copper-nickel sulfide deposits along the base of the Duluth Complex began in 
1948 and has continued intermittently. Between 1951 and 2000, at least 22 companies conducted 
drilling campaigns in 28 areas. During this period, over 1,700 holes totaling over 1.4 million feet 
(427 kilometers) of core have been drilled in the basal zone of the complex. At least ten copper 
nickel deposits, portrayed on Fig.9 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
    Outcrops that contain disseminated sulfide minerals were first noted at the base of the Duluth 
Complex by Grant(1899). However these occurrences were too sporadic and weakly mineralized to 
spark any exploration interest. More strongly mineralized rocks with copper stains were discovered 
in 1948 by prospector F.S. Childers at the area of present Spruce Road deposit. In 1951, a 188-foot 
(57-meter) exploration drill by Childers and partner R.V. Whiteside, situated within what is now 
referred to as the Maturi deposit, intersected disseminated sulfides in gabbroic rock that averaged 
0.36 percent copper and 0.13 percent nickel. 
    This discovery sparked the exploration activity. In 1952, INCO and Bear Creek Mining(a 

Fig.18 Histgram of annual exploration drilling footage along the basal contact of the   
  Duluth Complex(Miller et al., 2002). 



subsidiary of Kennecott Mining Company) conducted reconnaissance geological and geophysical 
surveys, which were beginning of the exploration activities by major mining companies. The 
drilling campaign commenced in 1954 is divided into two phases, the first phase(1954-1960), and 
the second phase(1966-1981).  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 
 
 
The first phase 
    INCO conducted drillings during 1954 and 1955 at the Spruce Road and Maturi deposits. A 
potentially large tonnage of low grade copper-nickel ore was indicated by this work. During 1956 
and 1957, on the basis of geophysical surveys, INCO drilled reconnaissance holes into other areas. 

Fig.19 Chronology of drilling activities between 1950 and 2000 along the basal contact of 
  the Duluth complex(Miller et al., 2002). 



However the results from these areas were disappointing.  
    Between 1957 and 1960, Bear Creek Mining conducted an extensive drilling program that 
targeted scattered geophysical anomalies, and the most interesting holes were located at the Babbitt 
Lake deposit.  
    After 1960, all drilling activities were suspended due to the low grade nature of the ore, 
coupled with low metal price, and unavailability of state-owned mineral lands. 
The second phase 
    In 1966, regulations covering mining leases for copper and nickel on state lands were 
established. Leases were awarded to many companies and the second phase drilling activities began. 
Between 1967 and 1978, extensive drilling programs were conducted along the base of the Duluth 
Complex.  
    INCO completed a major drilling effort at its Spruce Road and Maturi deposits, and sunk a 
shaft at the Maturi deposit in 1966 and 1967. They decided that the mineralization at the Maturi 
deposit was too low grade to support an underground mine and concentrated their efforts at the 
Spruce Road deposit. In 1974, INCO announced their plan to establish an open-pit mine at the site. 
    Bear Creek Mining concentrated most of their effort at the Babbitt and Serpentine deposits 
between 1967 and 1971. After the activity of Bear Creek Mining, Amax renamed the deposit, "the 
Minnamax deposit", and conducted an extensive exploration program at the deposit that consisted 
of 228 surface drill holes(from 1974 to 1978), sinking a shaft with four drifts into massive sulfide 
mineralization near the basal contact at the Local Boy ore zone, and drilling 219 underground holes 
at Local Boy. 
    Between 1974 and 1978, in response to environment concerns regarding the impact of sulfide 
mining, "The Regional Copper and Nickel Study" was conducted by the state. Coincident with the 
study, the leasing of state lands was suspended between 1974 and 1981. The impact of the study on 
exploration activity in the Duluth Complex was significant. Development of both the Spruce Road 
and Babbitt deposits was delayed pending results of the study. By the end of the study in 1978, 
copper and nickel markets had weakened. As a result AMAX relinquished their land position at the 
Babbitt deposit and the Minnamax shaft was closed in 1981. INCO continues to maintain their 
leases, but has not pursued any further developments. 
 
１－３－２． PGEs exploration activity 
    During the early phases of drilling (prior to about 1980), all of the exploration companies 
recognized that the copper-nickel deposits had some potential for hosting precious metals, 
especially platinum group elements (PGEs). However, PGEs were rarely analyzed for in the early 
exploration period because PGE assays were too, and the assays were often inaccurate and not 
replicable. Based on limited PGE sampling, the companies assumed that the typical copper-nickel 
ore contained no more than a few hundred parts per billion combined platinum and palladium. In 



1985, the Minnesota Department of Natural Resources and University of Minnesota (Minerals 
Resource Research Center [MRRC]) discovered significant values of about 9 parts per million 
combined platinum + palladium in the chromium bearing drill core from the Birch Lake area. A 
short time later, Morton and Hauck (1987) compiled all of the unpublished company PGE data for 
the Duluth Complex and reported the presence of significant PGE values, often associated with high 
copper contents. These discoveries sparked renewed interest in the copper-nickel deposits of the 
Duluth Complex as potential polymetallic deposits. 
    At least four companies are currently evaluating the polymetallic potential of five areas along 
the basal contact. PolyMet Mining Corporation has acquired the Dunka Road deposit and renamed 
it the NorthMet deposit. PolyMet has recently drilled over 90 holes (from 1998 to 2001) and is 
conducting pre-feasibility studies. They plan on using a hydrometallurgical process to treat the 
copper-nickel-cobalt-PGE-gold sulfide ore. Cominco American Incorporated has acquired the 
Babbitt deposit and has renamed it the Mesaba deposit. They also plan on using a 
hydrometallurgical process. Between 1988 and 2000, Lehmann drilled 20 surface holes to evaluate 
the PGE potential of the Birch Lake area at depths of 2,000 to 2,600 feet (610 to 792 meters) below 
the surface. In 1997, INCO began to renew their interest in the Maturi and Spruce Road deposits 
following the discovery of high-grade copper-PGE massive sulfide veins in the footwall rocks 
beneath the Sudbury Igneous Complex. In 1999, INCO's U.S. subsidiary, American Copper and 
Nickel Company, joint-ventured their properties with Wallbridge Mining Company Limited. 
Wallbridge has recently drilled two holes at Spruce Road to evaluate the high-grade vein potential, 
and one hole at Maturi to evaluate the PGE potential associated with the disseminated copper-nickel 
mineralization.  
    In addition to the recent activity along the basal contact of the Duluth Complex stated above, 
companies are showing interest in the possibilities of discovering PGE reef deposits at higher 
stratigraphic levels. Miller (1999) proposed that several intrusions within the Duluth and Beaver 
Bay Complexes appear to have petrologic attributes favorable for reef formation. Exploration 
companies that held mineral leases in the interior of the Duluth Complex and in the Beaver Bay 
Complex in 2001 include Falconbridge Limited, McVicar Minerals Limited, Polymet Mining 
Incorporated, and E.K. Lehmann and Associates. 
 



 

 

 

 

 

APPENDIX 3 

 

 



 
 
 
 
 

Report of  

the 9th 

International Platinum Symposium 
 
 

- Geology and PGE mineralization of  
the Lac de Iles mine and others  

in Ontario, CANADA - 



Lac des Iles  
The mafic to ultramafic Archean Lac des Iles Intrusive Complex (2692Ma) (LDI-IC) is 
located approximately 85 kilometres north of the City of Thunder Bay in northwestern 
Ontario,CANADA. The LDI-IC is host to numerous zone of platinum group 
element(PGM) mineralization,including the Roby Zone(open-pit). The Roby Zone has 
been in commercial production since 1993 and as of December 31,2001 has produced 
629,272 ounces of palladium,44,086 ounces of platinum,42,073 ounces of 
gold,11,139,923 pounds of copper and 7,765,647 pounds of nickel. As of December 
31,2001 measured and indicated resources for the 950 metres long by 815 metres wide 
Roby Zone deposit total 159 million tones grading 1.55g/t Pd,0.17g/t Pt,0.12g/t 
Au,0.05 % Cu and 0.05 % Ni at a palladium cut-off grade of 0.7g/t.   
Lac des Iles Intrusive Complex (LDI-IC) (Fig.1) 
The LDI-IC is the largest of a series of mafic to ultramafic intrusions defining a circular 
pattern in the Lac des Iles area that is approximately 30 kilometres in diameters. The 
LDI-IC consists of three chambers,each a distinct lithological domain. Ultramafic 
intrusions(North Lac des Iles Intrusion) are centerd on Lac des Iles, chaotic gabbroic 
intrusions(Mine Block Intrusion) occur immediately south of Lac des Iles, and a 
relatively homogeneous hornblende gabbro(Camp Lake Intrusion) is located southwest 
of Camp Lake. 
North Lac des Iles Intrusion(NLDI-I) 
The NLDI-I can be sub-divided into four domains based on lithological variations and 
structure. 
(1) massive to broadly layered,east-trending clinopyroxenite,with lesser websterite and 

minor olivine bearing units underlying the extreme north-northwest portion of The 
NLDI-I 

(2) massive to locally well layered north trending clinopyroxenite,websterite,thin 
olivine rich units and underlying gabbro in the northeastern portion of of The 
NLDI-I 

(3) east-trending massive gabbro,gabbronorite,varitextured gabbro/gabbronorite,and 
heterolithic gabbro/gabbronorite breccia interfingered with massive clinopyroxenite 
and minor websterite and olivine-bearing units in the south central portion of of The 
NLDI-I 

(4) clinopyroxenite with less abundant olivine-bearing units,websterite and gabbro 
underlying the southern portion of of The NLDI-I 

Laterally,the most continuous unit is a 50m thick gabbro that can be traced over 2 
kilometres on a northerly strike in the northeastern part of The NLDI-I. The most 





common style of mineralization in the NLDI-I consists of disseminated chalcopyrite 
containing up to 1.0g/t Pd+Pt. 
Mine Block Intrusion(MBI) (Fig.2) 
MBI is texturally and compositionally complex. Its composition ranges from anorthosite 
to clinopyroxenite,leuco-gabbronorite to melanonorite and includes magnetite-rich 
gabbro. Textures include equigranular, fine-to coarse-grained, porphyritic, and 
pegmatitic, varitextured units and heterolithic gabbro breccia. These last three textural 
types are the most common host to PGE mineralization, including the Roby Zone. The 
most laterally continuous unit is a massive medium-grained gabbro, referred to as East 
Gabbro. It is adjacent to a varitextured gabbro “rim” to the west and more equigranular 
gabbronorite to the east. The varitextured rim is host to the Roby Zone palladium 
deposit where heterolithic gabbro breccia is common, occurring as pipes and pods, and 
large blocks(～60m) of varying composition. 
Camp Lake Intrusion 
Camp Lake Intrusion is dominantly a medium-grained hornblende gabbro, with lesser 
leucocratic, melanocratic, porphyritic, varitextured, and monolithic breccia. Minor PGE 
mineralization occurs along the northern edge of this intrusion. 
 
Roby Zone (Fig.3,4,5,6) 
The Roby Zone is a bulk mineable deposit with a minimum north to south length of 950 
metres, a width of 815 metres and has been intersected at a depth of 1,000 metres by 
core drilling. The Roby Zone is comprised of three distinct ore types. 
High Grade Ore(7.6% of volume), North Roby Ore(5.3%) and Breccia Ore(87.1%) 
High Grade Ore 
The High Grade Ore is mostly hosted by a portion of a 15 to 25 metres thick unit of 
pyroxenite/melanogabbro. It is located in the east-central portion of the Roby Zone, 
bounded by the PGE-barren East Gabbro hanging wall and Breccia Ore to the west. The 
High Grade Ore is confined to a 400-metres long segment of the pyroxenite, while the on 
strike extensions are barren to low grade. 
Sulfide mineralization within the pyroxenite consists of 0.25% to 3.0% fine-grained 
disseminated sulfides with local net textured patches with up to 10% sulfide. The 
dominant sulfides are pyrite, pyrrhotite, chalcopyrite and pentlandite. Palladium and 
platinum mineralization within the High Grade Ore consists of predominantly 
fine-grained PGE sulfide, braggite and telluride minerals,merenskyite and kotulskite, 
which are present interstitially to cumulus grains and as inclusions within secondary 
silicates. The mean grade of the High Grade Ore is 7.89g/t Pd,with a maximum of 









55.95g/t Pd. 
North Roby Ore 
The North Roby Ore is a tabular zone that is 20 to 40 metres thick, and 200 metres long. 
Surfide mineralization occurs primarily within gabbronorite and clinopyroxenite, 
ranging from trace amounts to 4%, and typically is less than 0.25%. The dominant 
sulfides are pyrrhotite, pentlandite, chalcopyrite and pyrite. Net-textured sulfides are 
common in gabbronorite and clinopyroxenite and occur locally within the gabbroic 
matrix of the heterolithic gabbro. PGE mineralization of the North Roby Ore, occurs 
primarily within gabbronorite and clinopyroxenite layers. The mean grade of the North 
Roby Ore is 1.7g/t Pd, and a maximum assay value of 39.7g/t Pd. 
Breccia Ore 
Southwest of the High Grade Ore, the central mass of the Breccia Ore is contained 
within a mineralized complex that measures 550 metres north-south by 350 metres 
wide. An arm of this mineralization has been traced for an additional 250 metres to the 
southeast. This complex contains lithologies that range in composition from 
clinopyroxenite to anorthosite to norite. Textures include equigranular fine to coarse 
grain, porphyrytic, pegmatiteic, varitextured and heterolithic gabbroic breccia, of which 
the latter three textures are host to the PGE mineralization. Sulfide mineralization 
within the Breccia Ore often comprises up to 5% of the rock and consists of intergrown 
chalcopyrite, pentlandite, pyrrhotite and pyrite. PGE mineralization within the Breccia 
Ore is associated with heterolithic gabbro breccia and accompanying varitextured 
gabbro. The mean grade of the Breccia Ore is 1.2g/t Pd,with a maximum of 36g/t Pd. 
 
Twilight Zone 
The Twilight Zone is a small pod of gabbronoritic breccia found on the eastern side of 
the Roby Pit. It is separated from the Roby Zone on its western boundary by the 50-70m 
thick East Gabbro and separated from the southeastern extension of the Roby Zone by a 
100m thick barren, post-mineralization gabbro dike. The breccia is characterized by 
large, sub-round noritic clasts set within a matrix of melanogabbro.  
 
Baker Zone 
The Baker Zone is a lower grade deposit situated approximately 1km ENE of the Roby 
Zone Pit. The zone is situated in the northern/central portion of the Lac des Iles 
Complex and consists mostly of equigranular norite/gabbronorite that has been 
intruded by heterolithic melanogabbro breccia, melanogabbro, and a small amount of 
varitextured gabbro. 



Keweenawan Supergroup  
Mesoproterozoic intrusive, volcanic and minor sedimentary rocks associated with the 
Midcontinent Rift(MCR) comprise the Keweenawan Supergroup. On the northern 
margin of the MCR, Keweenawan rocks include a variety of intrusive rocks.  
 
Copper-Nickel-Platinum Group Element Deposits Associated with the MCR 
 Rift-related intrusive rocks, such as the Duluth Complex in Minnesota, the Mellen 
Complex in Wisconsin, the Logan sills and Nipigon plate near Thunder Bay, as well as 
the alkalic-carbonatite complexes near Marathon, are most commonly exposed along 
the margins of the MCR. The presence of widespread disseminated Ni-Cu-sulphide 
mineralization in basal units of the the Duluth Complex , the Mellen Complex, the 
Coldwell alkalic complex, and in a number of gabbroic to peridotitic dykes and sills, 
shows that processes necessary for the formation of sulphide deposits were active in 
some intrusions locally in the MCR. 



Exploring for PGM near the Lake Nipigion area (Fig.7,8,9) 
The Lake Nipigion area near Thunder Bay where ultramafic rocks of the Nipigion 
embayment are being testing for their potential to host prolific Noril'sk-type nickel 
deposits.Many active companies are mentioned by this district. 
Campany's names are as follows. 
North American Palladium Ltd.          
New Millennium Metals Corp.         
Platinum Group Metals Inc.           
Jonpol Explorations Ltd and Wolfden Resources Inc.  
East West Resources Corp.         
Canadian Golden Dragon Resources Ltd.    
McVicar Mineral Ltd.           
Geomaque Explorations Ltd.           
LEH Ventures Ltd.              
Aurora Platinum Corp.             
PGM Ventures Corp.             
Spider Resources Inc.            
Landore Resources Inc.           
Canplats Resources Corp.          
Hunter Dickinson Inc. 
 
East West Resources Corp. and joint-venture partner Canadian Golden Dragon 
Resources Ltd. on exploring the Seagull and Disraeli intrusions for PGM.The project is 
90km northeast of Thunder Bay, and forms part of the Wolf Mountain project.Diamond 
drilling has been conducted on magnetic anomary in Seagull pluton, it`s conical phase 
measures 3km long 2km wide and is composed of an upper phase of pink granophyric 
gabbro and a pyroxenite-gabbro unit that contains a magnetite-rich layer with elevated 
PGE values(1to 3g/t Pd+Pt).The sulphide zone with elevated PGE values ranges up to 
16m in thickness and sometimes forms two layers containing more elevated values. 









Crystal Lake gabbro (Fig.10,11) 
Crystal Lake gabbro, which is Y-shaped in plan view, with a west-northwest-striking 
limb 5km long and an east-northeast-striking, southern limb 2.75km long.This 
intrusion was subdivided into four major, roughly equivalent, lithologic zone. 
(1) an upper zone(60 to 80m) of sulfide-barren troctolite, olivine gabbro and anorthositic 

gabbro 
(2)a middle zone(30 to 42m) of cyclic, layered anorthositic and olivine gabbro, 
Cr-spinel-bearing anorthosite, and olivine gabbro 
(3)a lower, unlayered zone(50m) of vari-textured gabbro and leucotroctolite, which hosts 
the bulk of the Cu-Ni-sulfide deposit 
(4)a basal zone(1 to 7m) of fine-grained, chilled melagabbro and hornfelsed country-rock 
xenoliths 
 
The sulphides which comprise the Great Lakes Nickel deposit are disseminated, 
interstitial and included grains and droplets.Pyrrhotite, chalcopyrite, cubanite and 
pentlandite are the main sulphides.A grab sample of the lower adit area returned 
116ppb/t Au, 688ppb/t Pd, 14ppb/t Pt, 13494ppm/t Cu, 4756ppm/t Ni and 255ppm/t 
Zn.This deposit reserves 45.6 million tons at a grade of 0.334% Cu and 0.183% Ni. 







Coldwell alkaline complex (Fig.12,13,14(1),(2),Tab.1) 
A variety of Mesoproterozoic, Midcontinent Rift-related alkaline and carbonatitic rocks 
comprise several intrusive complexes on the north shore of Lake Superior.They include 
the Coldwell and Killala Lake alkaline complexes, the Prairie Lake carbonatite and 
numerous diatremes and related dykes in the vicinity of Dead Horse Creek.the Coldwell 
complex covers an area of approximately 580km2.The complex comprises three, 
superimposed ring subcomplexes or magmatic centers that young progressively(Centers 
1⇒3) to the southwest. 
Center 1 ：saturated alkaline rocks with oversaturated residue；chiefly gabbro and 

 Fe-rich augite syenite 
 Center 2 ：miaskitic alkaline rocks with oversaturated residue；chiefly alkaline biotite 

 gabbro and nephline syenite 
Center 3 ：alkaline rocks with oversaturated residue；chiefly syenite and quartz syenite 
  
A variety lamprophyric and other dyke rocks occur within the complex. 
Mafic(+ultramafic) intrusive rocks occur within Centers 1 and 2 and are tabulated, with 
their associated mineralized zones.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. 
Marathon deposit 
The mineralization has a north-south strike length of about 1.9 kilometers and dips 
30゜to 40゜to the west, and has a true thickness ranging from 15 to 100m.The Southern 
Extension Zone incorporates two targets(BR Target and the RD Target) situated to the 
south of the known resource area(Main Zone) in the under-explored southern 2.3km of 
the Marathon Property.Grades of up to 4.70g/t Pt+Pd over 15.5m have been intersected 
in past drilling in the BR Target.The BR Target has a strike length of 225m.The RD 
Target is located 500m south of the BR Target.Several grab samples grading in the 
2.0g/t Pt+Pd range have been found.The significant sulphide occurrences are restricted 
to the layered olivine gabbro(Eastern Border gabbro), with major concentrations as pods, 
lenses and interstitiall, disseminated grains in the coarse basal phase at or near the 
contact with the Archean supracrustal rocks.Pyrrhotite and chalcopyrite are the 
pricipal sulphide minerals. 
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APPENDIX 7 

 

 

 



Sample No. Ag Cd Cu Mn Mo Ni Pb Zn S Pd Pt

ppm ppm ppm ppm ppm ppm ppm ppm % ppb ppb

AS027P < 0.2 < 0.5 68 318 < 2 45 7 68 0.006 1.0 1.0

AS022P-1 < 0.2 < 0.5 79 1236 6 51 6 75 3.966 <1.0 4.0

AS022P-2 < 0.2 < 0.5 75 758 < 2 109 6 66 9.976 3.0 3.0

AS022P-3 < 0.2 < 0.5 130 922 < 2 105 5 50 10.026 3.0 3.0

AS022P-4 < 0.2 < 0.5 53 5397 < 2 1161 14 86 3.192 5.0 6.0

Geochemical grade assay for pan concentrated samples collected in the Lajes districts
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CK-A- 1 22J 495450 UTM 6698500 CK-A- 69 22J 505500 UTM 6701250
CK-A- 2 22J 494900 UTM 6699000 CK-A- 70 22J 505100 UTM 6700550
CK-A- 3 22J 492450 UTM 6698150 CK-A- 71 22J 504900 UTM 6699650
CK-A- 4 22J 493000 UTM 6699100 CK-A- 72 22J 504900 UTM 6699550
CK-A- 5 22J 494800 UTM 6699550 CK-A- 73 22J 504800 UTM 6698950
CK-A- 6 22J 495000 UTM 6699650 CK-A- 74 22J 504850 UTM 6699250
CK-A- 7 22J 495700 UTM 6700200 CK-A- 75 22J 502050 UTM 6700200
CK-A- 8 22J 495850 UTM 6700400 CK-A- 76 22J 502550 UTM 6699550
CK-A- 9 22J 494250 UTM 6700350 CK-A- 77 22J 502600 UTM 6701150
CK-A- 10 22J 494150 UTM 6701550 CK-A- 78 22J 503100 UTM 6700350
CK-A- 11 22J 493200 UTM 6700600 CK-A- 79 22J 503000 UTM 6700200
CK-A- 12 22J 493100 UTM 6701400 CK-A- 80 22J 503400 UTM 6700100
CK-A- 13 22J 492200 UTM 6702000 CK-A- 81 22J 503400 UTM 6698900
CK-A- 14 22J 498150 UTM 6698500 CK-A- 82 22J 503900 UTM 6700150
CK-A- 15 22J 497700 UTM 6698500 CK-A- 83 22J 503850 UTM 6700050
CK-A- 16 22J 499300 UTM 6699550 CK-A- 84 22J 503950 UTM 6699800
CK-A- 17 22J 498800 UTM 6699350 CK-A- 85 22J 502700 UTM 6698100
CK-A- 18 22J 499100 UTM 6699650 CK-A- 86 22J 501750 UTM 6698900
CK-A- 19 22J 499550 UTM 6701100 CK-A- 87 22J 500700 UTM 6698400
CK-A- 20 22J 498200 UTM 6703000 CK-A- 88 22J 501100 UTM 6697550
CK-A- 21 22J 499050 UTM 6703100 CK-A- 89 22J 501050 UTM 6700200
CK-A- 22 22J 498500 UTM 6704000 CK-A- 90 22J 501450 UTM 6701400
CK-A- 23 22J 498700 UTM 6704000 CK-A- 91 22J 501200 UTM 6701600
CK-A- 24 22J 498650 UTM 6704650 CK-A- 92 22J 501100 UTM 6701100
CK-A- 25 22J 498650 UTM 6705000 CK-A- 93 22J 500050 UTM 6700950
CK-A- 26 22J 498300 UTM 6705200 CK-A- 94 22J 502250 UTM 6694300
CK-A- 27 22J 499150 UTM 6705800 CK-A- 95 22J 500200 UTM 6693250
CK-A- 28 22J 496450 UTM 6706100 CK-A- 96 22J 501700 UTM 6691650
CK-A- 29 22J 494200 UTM 6705600 CK-A- 97 22J 513500 UTM 6704750
CK-A- 30 22J 496900 UTM 6703400 CK-A- 98 22J 513400 UTM 6704200
CK-A- 31 22J 496050 UTM 6704250 CK-A- 99 22J 511950 UTM 6703750
CK-A- 32 22J 496100 UTM 6704400 CK-A- 100 22J 511500 UTM 6702450
CK-A- 33 22J 495250 UTM 6704300 CK-A- 101 22J 512850 UTM 6701750
CK-A- 34 22J 494100 UTM 6702900 CK-A- 102 22J 513950 UTM 6705950
CK-A- 35 22J 493800 UTM 6704000 CK-A- 103 22J 515100 UTM 6705200
CK-A- 36 22J 494750 UTM 6703700 CK-A- 104 22J 515700 UTM 6706700
CK-A- 37 22J 494900 UTM 6703700 CK-A- 105 22J 515750 UTM 6703400
CK-A- 38 22J 495300 UTM 6702750 CK-A- 106 22J 509600 UTM 6697650
CK-A- 39 22J 493350 UTM 6704900 CK-A- 107 22J 510200 UTM 6698000
CK-A- 40 22J 493200 UTM 6704900 CK-A- 108 22J 511100 UTM 6698200
CK-A- 41 22J 492300 UTM 6703450 CK-A- 109 22J 511600 UTM 6698700
CK-A- 42 22J 503750 UTM 6705700 CK-A- 110 22J 512300 UTM 6698250
CK-A- 43 22J 502850 UTM 6705300 CK-A- 111 22J 512250 UTM 6696900
CK-A- 44 22J 502900 UTM 6705450 CK-A- 112 22J 511850 UTM 6697650
CK-A- 45 22J 502400 UTM 6705350 CK-A- 113 22J 511050 UTM 6697450
CK-A- 46 22J 502700 UTM 6703000 CK-A- 114 22J 510850 UTM 6696700
CK-A- 47 22J 502900 UTM 6703050 CK-A- 115 22J 510750 UTM 6696450
CK-A- 48 22J 501750 UTM 6703600 CK-A- 116 22J 510150 UTM 6697000
CK-A- 49 22J 507400 UTM 6706700 CK-A- 117 22J 509600 UTM 6696150
CK-A- 50 22J 509500 UTM 6705950 CK-A- 118 22J 508850 UTM 6696550
CK-A- 51 22J 509400 UTM 6703850 CK-A- 119 22J 511400 UTM 6695950
CK-A- 52 22J 510000 UTM 6703900 CK-A- 120 22J 510950 UTM 6694250
CK-A- 53 22J 509000 UTM 6703500 CK-A- 121 22J 510100 UTM 6695550
CK-A- 54 22J 507950 UTM 6703000 CK-A- 122 22J 509550 UTM 6695000
CK-A- 55 22J 504750 UTM 6703850 CK-A- 123 22J 514950 UTM 6699950
CK-A- 56 22J 506300 UTM 6704050 CK-A- 124 22J 514250 UTM 6699600
CK-A- 57 22J 505700 UTM 6703800 CK-A- 125 22J 514900 UTM 6699050
CK-A- 58 22J 506700 UTM 6703200 CK-A- 126 22J 513350 UTM 6699000
CK-A- 59 22J 506450 UTM 6703150 CK-A- 127 22J 515700 UTM 6699400
CK-A- 60 22J 506600 UTM 6702900 CK-A- 128 22J 515600 UTM 6699200
CK-A- 61 22J 507150 UTM 6702000 CK-A- 129 22J 516300 UTM 6698250
CK-A- 62 22J 506650 UTM 6701700 CK-A- 130 22J 507350 UTM 6701050
CK-A- 63 22J 506700 UTM 6701450 CK-A- 131 22J 507450 UTM 6601100
CK-A- 64 22J 505800 UTM 6702150 CK-A- 132 22J 507700 UTM 6700300
CK-A- 65 22J 504850 UTM 6702500 CK-A- 133 22J 508450 UTM 6701250
CK-A- 66 22J 503900 UTM 6702950 CK-A- 134 22J 517550 UTM 6700450
CK-A- 67 22J 503900 UTM 6702100 CK-A- 135 22J 516550 UTM 6700350
CK-A- 68 22J 503900 UTM 6701100 CK-A- 136 22J 516750 UTM 6699250

Sample No. Sample No.
List of stream water collected in the Lomba Grande district

E-W N-SN-SE-W
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CK-A- 137 22J 516650 UTM 6698900
CK-A- 138 22J 517500 UTM 6698250
CK-A- 139 22J 517400 UTM 6698050
CK-A- 140 22J 517900 UTM 6699500
CK-A- 141 22J 518900 UTM 6697800
CK-A- 142 22J 517350 UTM 6696050
CK-A- 143 22J 515500 UTM 6698400
CK-A- 144 22J 515600 UTM 6698450
CK-A- 145 22J 516550 UTM 6696650
CK-A- 146 22J 513800 UTM 6695850
CK-A- 147 22J 514050 UTM 6695850
CK-A- 148 22J 512700 UTM 6693450
CK-A- 149 22J 515530 UTM 6694200
CK-A- 150 22J 515550 UTM 6694200
CK-A- 151 22J 515400 UTM 6694000
CK-A- 152 22J 514450 UTM 6692450
CK-A- 153 22J 514050 UTM 6692150
CK-A- 154 22J 512850 UTM 6690900
CK-A- 155 22J 512950 UTM 6691100
CK-A- 156 22J 513650 UTM 6690400
CK-A- 157 22J 515500 UTM 6693000
CK-A- 158 22J 514700 UTM 6691250
CK-A- 159 22J 511800 UTM 6690900
CK-A- 160 22J 512950 UTM 6687850
CK-A- 161 22J 513050 UTM 6689200
CK-A- 162 22J 513350 UTM 6688800
CK-A- 163 22J 514350 UTM 6690150
CK-A- 164 22J 515000 UTM 6689600
CK-A- 165 22J 512450 UTM 6689550
CK-A- 166 22J 509700 UTM 6692700
CK-A- 167 22J 509600 UTM 6692850
CK-A- 168 22J 508300 UTM 6689550
CK-A- 169 22J 508250 UTM 6689800
CK-A- 170 22J 506550 UTM 6690350
CK-A- 171 22J 505800 UTM 6689800
CK-A- 172 22J 503150 UTM 6690450
CK-A- 173 22J 502950 UTM 6690250
CK-A- 174 22J 503200 UTM 6691950
CK-A- 175 22J 505400 UTM 6692600
CK-A- 176 22J 505950 UTM 6690700
CK-A- 177 22J 508150 UTM 6692950
CK-A- 178 22J 504650 UTM 6695800
CK-A- 179 22J 507900 UTM 6694450
CK-A- 180 22J 506100 UTM 6695350
CK-A- 181 22J 504550 UTM 6696400
CK-A- 182 22J 491600 UTM 6698850

List of stream water collected in the Lomba Grande district
Sample No. E-W N-S
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Ni Mn Mg Fe O Total

AS004A Point9-1-core 0.015 0.389 12.131 18.169 29.334 60.038

AS004A Point9-2-core 0.064 0.431 10.451 19.875 30.979 61.800

AS004A Point10-1-core 0.043 0.379 13.097 16.436 29.911 59.866

AS004A Point10-2-core ― 0.435 12.176 17.497 31.521 61.629

AS004A Point10-3-core 0.035 0.212 10.668 7.993 23.800 42.708

AS021 Point7-1-core 0.020 0.303 13.317 14.772 33.057 61.469

AS021 Point7-2-core 0.035 0.297 14.300 14.185 31.566 60.383

AS021 Point8-1-core ― 0.231 9.953 10.547 22.245 42.976

KN003 Point5-1-core 0.195 0.155 29.989 9.177 38.155 77.671

KN003 Point5-2-core 0.120 0.204 28.709 12.287 36.573 77.893

KN003 Point5-3-core 0.183 0.168 28.117 11.979 38.350 78.797

KN003 Point6-1-core 0.214 0.118 28.472 10.027 41.271 80.102

KN003 Point6-2-core 0.243 0.127 29.746 9.340 39.757 79.213

TG62-226.3 Point1-1-core 0.184 0.211 27.577 13.517 37.950 79.439

TG62-226.3 Point1-1-rim 0.202 0.212 27.988 13.188 38.762 80.352

TG62-226.3 Point1-2-core 0.180 0.217 28.130 14.359 36.683 79.569

TG62-226.3 Point1-2-rim 0.166 0.209 27.015 13.913 39.886 81.189

TG62-226.3 Point2-1-core 0.136 0.172 28.494 11.824 36.054 76.680

TG62-226.3 Point2-1-rim 0.209 0.215 26.668 13.105 35.975 76.172

TG62-226.3 Point2-2-core 0.176 0.224 28.236 13.091 37.747 79.474

TG62-226.3 Point2-2-rim 0.204 0.179 28.291 11.310 35.888 75.872

TG114-289.9 Point3-1-core 0.160 0.231 26.470 14.638 36.858 78.357

TG114-289.9 Point3-1-rim 0.121 0.327 24.348 17.660 38.077 80.533

TG114-289.9 Point3-2-core 0.090 0.346 24.728 19.051 35.981 80.196

TG114-289.9 Point3-2-rim 0.193 0.307 23.273 18.155 39.814 81.742

TG114-289.9 Point4-1-core 0.176 0.224 26.244 14.149 37.686 78.479

TG114-289.9 Point4-1-rim 0.201 0.237 26.816 13.963 37.628 78.845

TG114-289.9 Point4-2-core 0.129 0.290 23.769 17.815 37.130 79.133

TG114-289.9 Point4-2-rim 0.114 0.328 24.446 18.794 36.823 80.505

Electron microprove analysis for olivine in the Paraná basaltic lava and intrusion

(ｗｔ％)
Sample No.



1

2
3

0.5 mm

1

2
3

0.5 mm

1

2

0.5 mm

1

2

0.5 mm

Measuring Points of EPMA 

AS004A  Point 10 (Lava: Ribeira)

1

0.5 mm

1

0.5 mm

AS004  Point 9 (Lava: Ribeira)

1

2

0.5 mm

1

2

0.5 mm

AS021  Point 7 (Lava: Gramado)

AS021  Point 8 (Lava: Gramado)



KN003  Point 5 (Feeder Dyke)

KN003  Point 6 (Feeder Dyke)

0.5 mm

Measuring Points of EPMA 

0.5 mm

0.5 mm 0.5 mm

1 mm 1 mm

1 2 1 2

1 mm 1 mm

1

2

1

2

2

1

2

1

2

3

1

TG62-226.3  Point 2 (Intrusion: Drill Core)

TG62-226.3  Point 1 (Intrusion: Drill Core)

2

3

1



TG114-289.9  Point 3 (Intrusion: Drill Core)

TG114-289.9  Point 4 (Intrusion: Drill Core)

1 mm

1 mm1 mm

1 mm

Measuring Points of EPMA

1

2

1

2

1 2 1 2
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 40Ar-39Ar dating for the Paraná basaltic lava and intrusion (1/4)

AS001
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
351 1.07E-02 3.10E-04 1.91E-03 3.00E-05 351 2.68 68.8 2.3 44
519 8.12E-03 1.70E-05 6.39E-04 3.20E-06 519 17.87 163.7 0.4 81
595 9.84E-03 9.00E-06 3.45E-04 2.10E-06 595 23.54 150.3 0.2 90
689 1.08E-02 9.90E-06 3.88E-04 3.00E-06 689 17.62 135.9 0.2 89
769 1.05E-02 1.00E-05 4.90E-04 5.30E-06 769 11.51 134.4 0.3 86
845 9.33E-03 1.30E-05 8.83E-04 7.90E-06 845 5.37 131.1 0.4 74
1102 1.14E-02 1.20E-05 7.86E-04 4.00E-06 1102 17.53 111.6 0.2 77
1422 9.08E-03 5.20E-05 1.18E-03 1.00E-05 1422 3.87 119.2 0.9 65

AS003
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
421 1.79E-04 3.00E-06 3.29E-03 1.20E-05 421 2.08 239.4 29 2.6
512 4.54E-03 7.80E-06 1.68E-03 9.40E-06 512 6.32 181.1 1 50
590 9.41E-03 9.70E-06 5.87E-04 4.60E-06 590 21.05 145 0.3 82
688 1.01E-02 9.40E-06 5.28E-04 4.60E-06 688 25.17 137.7 0.3 84
769 1.05E-02 1.20E-05 4.61E-04 5.30E-06 769 16 135.9 0.3 86
841 9.57E-03 1.00E-05 8.12E-04 9.00E-06 841 10.4 131.5 0.5 76
1097 9.34E-03 1.00E-05 1.25E-03 8.00E-06 1097 16.44 112.5 0.4 63
1422 6.02E-03 1.50E-05 1.84E-03 1.90E-05 1422 2.55 125.6 1.6 46

AS006
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
444 8.41E-03 8.10E-06 6.29E-04 9.20E-06 444 7.72 159.3 0.5 83
530 9.42E-03 1.10E-05 3.60E-04 8.00E-06 530 11.6 156.3 0.4 89
590 9.90E-03 1.10E-05 4.39E-04 6.10E-06 590 15.82 145.3 0.3 87
690 1.10E-02 1.10E-05 3.11E-04 3.90E-06 690 31 136.9 0.2 91
770 1.06E-02 1.10E-05 5.05E-04 4.70E-06 770 23.07 133.4 0.3 85
910 8.67E-03 2.50E-05 1.15E-03 2.80E-05 910 3.15 126.5 1.6 66
1100 8.34E-03 1.70E-05 1.55E-03 1.20E-05 1100 6.18 108.6 0.7 54
1420 5.56E-03 7.10E-05 1.99E-03 3.00E-05 1420 1.46 123.2 3 41

AS023
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
432 1.08E-02 3.30E-05 1.39E-03 1.60E-05 432 27.89 91.2 0.8 59
514 1.03E-02 1.10E-05 9.64E-04 1.10E-05 514 24.19 116.2 0.5 71
588 9.22E-03 1.10E-05 9.40E-04 9.00E-06 588 22.98 130.3 0.5 72
771 8.84E-03 9.30E-06 1.02E-03 1.20E-05 771 12.18 131.5 0.7 70
845 7.69E-03 2.00E-05 1.75E-03 2.20E-05 845 4.6 105.3 1.4 48
909 6.39E-03 2.20E-05 2.20E-03 3.90E-05 909 1.98 92.1 3 35
1106 5.80E-03 8.20E-06 2.12E-03 1.60E-05 1106 4.1 107.8 1.4 37
1420 2.79E-03 1.50E-05 2.28E-03 1.70E-05 1420 2.09 191.2 2.9 33



 40Ar-39Ar dating for the Paraná basaltic lava and intrusion (2/4)

AS024A
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
438 3.62E-03 3.50E-05 2.29E-03 1.30E-05 438 5.18 148.3 2 32
523 5.23E-03 2.20E-05 1.72E-03 1.00E-05 523 12.68 155.7 1.1 49
590 7.01E-03 7.20E-06 1.30E-03 7.20E-06 590 16.97 145.5 0.5 61
690 7.15E-03 6.60E-06 1.37E-03 5.50E-06 690 30.18 138.5 0.4 59
767 6.20E-03 7.00E-06 1.55E-03 9.10E-06 767 10.64 144.9 0.7 54
843 5.74E-03 1.50E-05 1.79E-03 1.40E-05 843 5.05 136.6 1.2 47
908 5.54E-03 6.40E-06 1.94E-03 1.50E-05 908 4.77 128.8 1.3 43
1105 5.68E-03 8.50E-06 2.04E-03 9.00E-06 1105 11.18 116.7 0.8 40
1424 3.25E-03 7.90E-06 2.39E-03 1.30E-05 1424 3.35 150.2 2 29

KN002
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
432 7.20E-03 1.90E-04 2.55E-03 4.50E-05 432 7.21 57.1 3.1 25
515 5.78E-03 1.80E-04 2.11E-03 5.80E-05 515 11.24 106.3 5.5 37
600 5.20E-03 1.70E-05 1.83E-03 1.70E-05 600 6.84 143 1.5 46
688 5.38E-03 7.10E-06 1.85E-03 8.10E-06 688 30.73 136.8 0.7 45
769 6.11E-03 9.70E-06 1.54E-03 1.00E-05 769 14.34 144.1 0.8 54
917 5.32E-03 1.50E-05 1.84E-03 2.00E-05 917 5.92 139.3 1.8 46
1110 5.06E-03 5.70E-06 2.06E-03 9.00E-06 1110 19.15 125.4 0.8 39
1420 2.31E-03 7.60E-06 2.70E-03 1.70E-05 1420 4.57 141.8 3.4 20

KN003
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
450 3.23E-03 5.20E-06 2.11E-03 9.90E-06 450 15.15 185.8 1.4 37
550 4.52E-03 1.30E-05 1.84E-03 1.00E-05 550 14.24 163.2 1.1 46
600 4.51E-03 2.30E-05 1.92E-03 1.40E-05 600 12.48 155.4 1.5 43
690 4.12E-03 7.20E-06 2.09E-03 9.40E-06 690 19.54 150 1.1 38
770 5.82E-03 2.30E-05 1.47E-03 2.10E-05 770 7.12 156.9 1.8 56
910 5.34E-03 1.40E-05 1.70E-03 1.60E-05 910 8.61 151.1 1.4 50
1110 5.81E-03 8.10E-06 1.81E-03 1.20E-05 1110 19.61 130.4 1 46
1410 3.40E-03 3.00E-05 2.26E-03 3.10E-05 1410 3.26 157.1 4.4 33

KN005
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
444 8.19E-03 4.90E-05 6.59E-04 1.70E-05 444 4.29 159 1.3 81
522 9.67E-03 1.10E-05 2.57E-04 4.90E-06 522 19.92 154.7 0.3 92
600 1.07E-02 1.10E-05 2.08E-04 3.30E-06 600 29.81 142.6 0.2 94
693 1.11E-02 1.10E-05 2.25E-04 4.00E-06 693 23.97 137 0.2 93
770 1.07E-02 1.70E-05 4.04E-04 1.40E-05 770 7.01 134.3 0.6 88
910 1.01E-02 2.60E-05 7.23E-04 1.40E-05 910 5.67 126.8 0.7 79
1110 1.04E-02 1.80E-05 1.13E-03 1.70E-05 1110 6.98 105.2 0.8 67
1420 7.75E-03 2.30E-05 1.34E-03 2.90E-05 1420 2.35 127.3 1.8 60



 40Ar-39Ar dating for the Paraná basaltic lava and intrusion (3/4)

KN012
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
370 7.35E-03 7.80E-06 1.07E-03 9.60E-06 370 10.97 151.3 0.6 68
530 8.51E-03 1.10E-05 4.70E-04 9.00E-06 530 16.01 163.6 0.5 86
595 9.60E-03 8.90E-06 3.88E-04 4.20E-06 595 29.49 149.8 0.2 88
688 9.86E-03 1.10E-05 4.86E-04 7.40E-06 688 20.41 141.4 0.4 86
769 9.38E-03 1.30E-05 6.44E-04 9.70E-06 769 11.85 140.5 0.5 81
910 7.75E-03 1.20E-05 1.21E-03 1.40E-05 910 5.65 135.4 0.9 64
1100 5.81E-03 2.20E-05 2.33E-03 1.80E-05 1100 4.16 88.7 1.5 31
1420 3.23E-03 1.90E-05 2.57E-03 3.10E-05 1420 1.45 122.1 4.5 24

KN016
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
435 1.10E-04 1.80E-06 3.31E-03 1.20E-05 435 0.64 307.1 45 2
522 6.05E-03 5.50E-05 1.56E-03 1.50E-05 522 4.79 145 1.7 54
597 9.08E-03 1.10E-05 6.54E-04 6.40E-06 597 11.07 144.7 0.4 81
681 1.00E-02 9.40E-06 5.53E-04 2.60E-06 681 35.91 136 0.2 84
761 1.01E-02 1.00E-05 5.88E-04 4.70E-06 761 18.1 133.3 0.3 83
921 9.44E-03 1.10E-05 9.18E-04 6.00E-06 921 13.83 126.4 0.3 73
1110 9.26E-03 1.10E-05 1.28E-03 9.30E-06 1110 12.01 110.6 0.5 62
1434 5.91E-03 1.10E-05 1.85E-03 1.20E-05 1434 3.66 125.4 1 45

KN020
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
438 7.51E-03 1.70E-05 6.52E-04 1.50E-05 438 5.24 173.8 1 55
525 9.29E-03 1.70E-05 3.50E-04 7.30E-06 525 28.52 156.8 0.5 69
593 9.91E-03 1.10E-05 3.26E-04 1.10E-05 593 12.84 148.5 0.5 77
686 1.07E-02 1.10E-05 3.33E-04 4.80E-06 686 22.33 137.9 0.3 80
776 1.08E-02 1.40E-05 3.64E-04 8.50E-06 776 17.41 135.1 0.4 85
840 9.62E-03 2.20E-05 7.18E-04 1.30E-05 840 7.25 134 0.7 87
1098 7.68E-03 1.60E-05 1.38E-03 2.10E-05 1098 5.14 126.5 1.3 73
1420 5.26E-03 3.10E-05 2.03E-03 3.80E-05 1420 1.25 124.4 3.5 55

KN024A
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
433 6.70E-03 6.80E-05 6.31E-04 4.90E-05 433 1.44 195.7 3.8 81
533 9.44E-03 1.00E-05 3.35E-04 7.40E-06 533 34 155.5 0.4 90
602 1.04E-02 1.10E-05 2.36E-04 7.30E-06 602 17.75 145.8 0.4 93
693 1.11E-02 1.00E-05 2.91E-04 4.60E-06 693 31.38 135.3 0.2 91
771 9.48E-03 1.00E-05 7.62E-04 1.40E-05 771 7.86 133.9 0.7 77
912 8.03E-03 2.40E-05 1.25E-03 2.10E-05 912 3.86 128.9 1.3 63
1102 7.47E-03 2.90E-05 2.00E-03 2.60E-05 1102 2.95 91 1.7 41
1418 4.77E-03 9.00E-05 1.99E-03 6.90E-05 1418 0.77 141.6 7.2 41



 40Ar-39Ar dating for the Paraná basaltic lava and intrusion (4/4)

KN027
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
458 4.87E-03 2.20E-05 1.53E-03 1.50E-05 458 4.3 181.8 1.6 55
535 5.50E-03 2.40E-05 1.05E-03 1.50E-05 535 3.29 202.2 1.5 69
606 7.16E-03 1.10E-05 7.72E-04 8.90E-06 606 7.48 174.8 0.6 77
693 8.59E-03 1.30E-05 6.58E-04 6.20E-06 693 9.17 153.1 0.4 80
771 9.82E-03 1.20E-05 5.07E-04 7.80E-06 771 10.13 141.8 0.4 85
845 1.07E-02 9.90E-06 4.48E-04 2.20E-06 845 51.8 132.8 0.2 87
1100 1.11E-02 1.50E-05 8.97E-04 1.30E-05 1100 11.33 109.5 0.6 73
1420 8.42E-03 2.60E-05 1.53E-03 2.90E-05 1420 2.5 107.5 1.7 55

KN031
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
437 6.65E-03 1.00E-05 1.09E-03 1.50E-05 437 3.9 166.3 1.1 68
520 8.37E-03 1.30E-05 6.10E-04 1.20E-05 520 4.54 159.8 0.7 81
601 9.58E-03 1.00E-05 4.93E-04 7.30E-06 601 23.91 146.2 0.4 85
693 1.05E-02 1.00E-05 3.60E-04 3.60E-06 693 21.61 139.7 0.2 89
772 1.05E-02 1.00E-05 5.26E-04 4.00E-06 772 20.18 131.8 0.2 84
916 1.00E-02 1.10E-05 7.08E-04 6.60E-06 916 11.73 129.9 0.3 79
1108 9.21E-03 1.30E-05 1.24E-03 6.40E-06 1108 10.27 114 0.4 63
1430 7.74E-03 1.60E-05 1.50E-03 1.40E-05 1430 3.85 119.1 0.9 56

KN050
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
429 5.83E-03 1.90E-05 1.35E-03 1.90E-05 429 4.19 168.4 1.6 60
530 7.61E-03 8.80E-06 8.12E-04 5.40E-06 530 18.19 163.2 0.4 76
594 8.64E-03 9.00E-06 7.04E-04 5.20E-06 594 17.55 150.3 0.3 79
688 9.53E-03 8.80E-06 6.56E-04 4.70E-06 688 29.71 139.2 0.3 81
770 9.41E-03 1.20E-05 8.07E-04 8.20E-06 770 13.61 133.4 0.4 58

912 8.18E-03 1.30E-05 1.24E-03 1.00E-05 912 9.01 127.8 0.6 63
1151 6.02E-03 1.40E-05 2.01E-03 1.20E-05 1151 6.47 112.1 1 41
1424 2.86E-03 2.60E-05 2.67E-03 2.30E-05 1424 1.28 122.8 4 21

KN052
Inc. 39/40 (39/40)err 36/40 (36/40)err Inc. % 39Ar Age (Ma) Age Err %40Arrad
264 4.99E-03 3.00E-04 3.05E-03 1.40E-05 264 8.5 33.6 2.4 9.8
419 4.32E-03 6.30E-06 2.01E-03 9.60E-06 419 5.76 154.1 1 40.6
517 7.28E-03 7.10E-06 1.02E-03 4.40E-06 517 25.27 157.7 0.3 70
589 7.68E-03 7.00E-06 1.12E-03 6.50E-06 589 13.96 143.3 0.4 67
687 8.52E-03 8.00E-06 9.78E-04 4.40E-06 687 19.85 137.7 0.3 71
770 9.42E-03 9.60E-06 8.25E-04 5.60E-06 770 12.38 132.6 0.3 76
841 8.11E-03 9.90E-06 1.20E-03 9.20E-06 841 6.39 131.4 0.6 65
1103 5.54E-03 9.40E-06 2.08E-03 9.70E-06 1103 6.48 115.3 0.9 38
1418 2.85E-03 2.20E-05 2.50E-03 1.80E-05 1418 1.41 151 3.3 26
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