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ABSTRACT 
This open file report is an extension of the work of Trow 
(1979, DNR Open-File Report) and specifically deals 
with pyrites in the approximately 2 b. y. old Michigamme 
Formation in northern Michigan.  The Michigamme 
Formation is composed of mostly slate and argillite with 
lesser amounts of intercalated graywacke, iron 
formation, ashbed (volcanogenic) and quartzite.  These 
rocks generally contain between 0.2 and 4.0 weight 
percent carbon and typically, calculated pyrite content is 
less than 2 weight percent.  There are at least four 
textural types of pyrite in the Michigamme rocks.  Co, Ni 
and V content were determined for 80 pyrite 
concentrates of core samples from six diamond drill 
holes.  The pyrite data can be divided into four groups:  
a) low Ni and Co; b) low Ni and variable Co; c) low Co 

and variable Ni; and d) variable Co and Ni.  The Co/Ni 
ratios of pyrite are not simply interpretable but most can 
be explained by a combination of sedimentary and 
metamorphic processes.  A few can be less certainly 
related to volcanic-exhalative processes.  This study 
leaves open the question of economic potential for 
massive sulfide deposits in the Michigamme Formation. 
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INTRODUCTION 
Carbon-rich, pyritic sedimentary and metasedimentary 
rocks, including Precambrian black shales, are known to 
be host rocks for base metal sulfide mineralization.  
Often, these are stratiform massive pyrite and/or 
pyrrhotite with associated base metal sulfides.  
Examples of such deposits includes 

1.  Outokumpu, Finland, where stratiform massive 
sulfides containing Ni and Co are hosted by 
Middle Precambrian organic- and pyrite-rich 
metapelites (Peltola, 1978). 

2.  MacArthur River, Mt. Isa, and Broken Hill, 
Australia, where stratiform Pb-Zn sulfides are 
hosted by Precambrian sediments and spatially 
associated with iron formation (Williams, 1980f 
Stanton and Vaughn, 1979). 

3.  Kupfershiefer, Germany, where base metal 
sulfides are hosted by Permian shale and 
sandstone (Jung and Knitzschke, 1976) . 

4.  Ducktown, Tennessee, where massive sulfides 
are hosted by Precambrian metamorphosed 
sediments (Magee, 1968). 

The Michigamme Formation of the Upper Peninsula of 
Michigan consists of carbon-rich slates and argillites, 
turbiditic graywackes, intercalated volcanics and minor 
iron formation that have been weakly metamorphosed to 
lower greenschist facies except in the vicinities of 
metamorphic nodes. 

The Michigamme Formation (2 ± 0.2 b.y.) (Cannon and 
Gair, 1970) bears some resemblance in lithology of 
many of the host rocks cited above, particularly to the 
Outokumpu rocks which are of similar age.  At 
Outokumpu, Co and Ni are found as substitutions for Fe 
in the pyrite structure.  An average of 0.6% Co is found 
in the early pyrite, but as much as 3% is found in pyrite 
porphyroblasts in massive pyrrhotite ore.  Co is enriched 
relative to Ni in pyrite, yielding large Co/Ni ratios 
(Peltola, 1978). 

The trace element geochemistry of pyrite, particularly Co 
and Ni, have been used by numerous workers in an 
attempt to distinguish biogenic from volcanogenic or 
hydrothermal origin (Pandalai et al., 1983; Duchesne et 
al. , 1983? Bralia et al. , 1979; Price, 1972; Loftus-Hills 
and Solomon, 1967; Hegeman, 1943 and references 
therein).  Where pyrite has not been subjected to 
metamorphism a Co/Ni ratio of greater than one and Co 
content greater than 100 ppm indicates volcanic-

exhalative origin.  The objective of this study is to report 
cobalt, nickel, and vanadium content and to discuss the 
mode of origin of pyrites in the Michigamme Formation. 

SAMPLING AND ANALYTICAL 
METHODS 
Core from six different diamond drill holes were 
examined.  These cores were studied by Trow (1979a 
and b) who reports lithologic logs and whole-rock 
chemical composition for a variety of major and trace 
elements.  The holes were drilled as part of the U. 8, 
Department of Energy's evaluation of uranium 
resources.  About 2500m of Michigamme Formation 
were intersected by the drill holes (Fig. 1).  The 
Michigamme Formation is composed of mostly slate and 
argillite with lesser amounts of graywacke, iron formation 
and volcanogenic deposits.  The samples of 
Michigamme Formation used in this study are from these 
drill holes.  Sampling of the core was based on a 
statistically unbiased method for each 1.5m segment.  A 
total of 140 samples were processed but only 80 yielded 
enough pyrite for chemical analysis. 

Pyrite was separated using standard heavy liquid and 
magnetic susceptiblity methods.  Purity of the pyrite 
separate was checked and if necessary impurities were 
removed by hand-sorting.  Co, Ni and V contents were 
determined by graphite furnace atomic absorption 
spectrometry.  The pyrite was dissolved by aqua regia 
acid digestion.  Detection limits were estimated to be 
about 2 ppm for each element.  Precision of the data is 
better than plus or minus 15 percent of the amount 
determined.  A total of 80 pyrite separates were 
analyzed (Appendix I).  Whole-rock total sulfur was 
determined for the same 80 samples by a combustion 
and titration method (Appendix II). 

 
Figure 1:  Distribution of the Michigamme Formation and 
location of drill holes, west-central northern Michigan. 

Whole-rock chemical data (N=270) reported by Trow 
(1979b) were integrated into this study.  Trow (1979b) 
reported Co, Ni and V contents analyzed by radio 
frequency argon plasma emission spectrometry.  Carbon 
was determined by colorimetry. 
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RESULTS 
Pyrite is common throughout the Michigamme 
Formation.  In the polished sections which were 
examined pyrrhotite is very rare.  Chalcopyrite and 
sphalerite are present in trace amounts and almost 
exclusively in veinlets.  Whole-rock Zn and Cu contents 
reported by Trow (1979b) were used to calculate the 
percent of sphalerite and chalcopyrite assuming that all 
Zn and Cu are tied up in stoichmetric minerals.  
Calculated weight percent chalcopyrite  and sphalerite is 
generally between 0.01 to 0.02 but there are a few 
values as much as about 0.1% (excluding one very 
anomalous value).  After partitioning whole-rock total 
sulfur to sphalerite and chalcopyrite the remaining sulfur 
was assumed to be stoichmetric pyrite.  Calculated 
pyrite content ranges up to 6.8 weight percent (Fig. 2).  
The linear correlation coefficient is 0.35 (N = 80, 0.22 
significant at 95% confidence level) between carbon and 
calculated pyrite, both tend to be more abundant in slaty 
rocks and iron formation (Table 1). 

 
Figure 2:  Histogram of calculated weight percent pyrite in 
representative samples of the Michigamme Formation.  Two 
values of 4.3 and 6.8 are excluded from this figure. 

Pyrite occurs as disseminated grains and rarely in 
veinlets.  Generally, the disseminated grains are 
subhedral to anhedral in form.  The maximum equivalent 
diameter of individual grains range from 0.1 mm to more 
than 2 mm.  Ten samples were etched and no visible 
zoning or framboidal textures were observed.  There are 
at least four textural types of pyrite:  1) finely 
disseminated pyrite in a fine-grained chlorite and carbon 
matrix which follows bedding; 2) fine-grained pyrite 
concentrated in crudely spherical shaped masses 
surrounded by disseminated pyrite in the matrix; 3) pyrite 
porphyroblasts with a recrystallized boxwork texture 

surrounded by matrix that is virtually devoid of pyrite; 
and 4) rarely euhedral pyrite is found filling veinlets 
which in some cases are surrounded by and partially 
replaced by later chalcopyrite and sphalerite.  We 
interpret the first type of pyrite to be of syngenetic origin, 
the second and third types to be diagenetic (third 
possibly metamorphic?) and the fourth type to be 
epigenetic.  Based on textural interpretation only a few 
samples contain more than a trace amount of epigenetic 
pyrite.  In most cases pyrite is syngenetic with or without 
diagenetic/metamorphic remobilization. 

The pyrites contain up to 7 90 ppm Co, up to 770 ppm 
Ni, and up to 400 ppm V (Fig. 3).  The trace element 
data for Michigamme pyrites approach a log-normal 
distribution when values below the detection limit are 
considered.  Pyrite from iron formation tends to have 
relatively high Ni contents and tends to have Co below 
the detection limit; pyrite from units defined by Trow 
(1979a) as interbedded ashbed and argillite often to 
have both Ni and Co contents below the detection limit 
or either one or the other with greater than 500 ppm (the 
high values raise the log-normalized means reported in 
Table 1). 
Table 1:  Log-normalized mean whole-rock and pyrite 
composition of various rock types in the Michigamme 
Formation.  Rock types are based on drill core logs of Trow 
(1979a,b).  For pyrite the detection limit value of 2 ppm for 
each element was used in calculating log-normalized means.  
Data are given in Appendix I and II. 

 

 
Figure 3:  Histograms of Co, Ni and V contents in pyrite from 
the Michigamme Formation. 

The Co/Ni ratios of pyrites from the Michigamme 
Formation are generally less than 1.0 (Fig. 4).  The 
Co/Ni ratios of pyrite with Co and/or Ni below the 
detection limit are difficult to evaluate.  We arbitarily 
assummed the detection limit value for calculation of the 
ratios.  Lithologically, slates tend to have the highest 
ratios (Table 1). 
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For whole-rock chemical data of the Michigamme 
Formation reported by Trow(1979b) we calculated the 
following linear correlation coefficients (N=270; 0.11 
significant at the 95% confidence level): nickel versus 
vanadium, +0.71; vanadium versus organic carbon, 
+0.62; nickel versus organic carbon, +0.44; nickel versus 
cobalt, +0.19; cobalt versus organic carbon, +0.10; and 
cobalt versus vanadium, +0.09.  The partitioning of Co, 
Ni, and V between the whole rock and pyrite was 
evaluated by using the calculated percent pyrite in 
combination with the pyrite and whole rock trace element 
data.  For the majority of samples, less than 1.0% of the 
Co, Ni, and V in the whole rock is contained in the pyrite.  
For 30 percent of the samples, pyrite contained 1 to 20% 
of the total Ni in the whole rock and 1 to 30% of the total 
Co in the whole rock, and for 13 percent of the samples, 
pyrite contained 1 to 4% of the total V in the whole rock. 

The distribution of cobalt-nickel ratios in pyrite separates 
from Michigamme rocks is illustrated in Figure 5.  There 
are four obvious populations: 

A.  Ni and Co are below detection limits, 

B.  Ni is below detection limit and Co ranges up to 790 
ppm. 

C.  Co is below detection limit and Ni ranges up to 770 
ppm. 

D.  variable Co and Ni contents. 

There is no clear correlation between the textural types 
of pyrite and cobalt-nickel ratios. 

 
Figure 4:  Histogram of Co/Ni ratio in pyrites from the 
Michigamme Formation.  Open bars represent either Co and/or 
Ni below the detection limit and 2 ppm (detection limit) was 
used to calculate the Co/Ni ratio. 

DISCUSSION 
The whole rock trace element geochemistry of the 
Michigamme Formation reported by Trow (1979b) is not 
diagnostic of any particular shale environment.  Trace 
element concentrations are of the same order of 
magnitude as average shales.  The Michigamme rocks 
are enriched in carbon (typically 0.2 to 4 wt. %, two 
reported values are between 4 and 6 wt. % and 13 are 
below 0.2 out of 270) but contain less than “typical” black 
shales.  High vanadium contents in the sedimentary 
environment usually are associated with the transport of 
V as vanadate ions and precipitation as sulfide.  In the 
Michigamme Formation V is correlated with carbon 
content.  The low V contents in the pyrite probably 
reflects low V content of the source rocks.  Sediments 
typically have whole-rock Co/Ni ratios less than 1.0; 
however, Co is relatively enriched in oxidate minerals 
(e.g. Fe and Mn hydroxides).  Thus, higher Co contents 
may be indicative of higher Fe or Mn hydroxides in the 
original sediments.  In the sedimentary environments Ni 
is typically enriched in hydrolzates (e.g. clays), since Ni 
readily enters the octahedral unit in layered silicates.  
The lower whole-rock Co/Ni values in slates and 
argillites are probably indicative of larger proportions of 
layered silicates.  Rocks containing mostly quartz, with 
only a minor clay component (quartzite) and iron rich 
rocks (iron formation) are relatively enriched in Co, 
resulting in Co/Ni ratios greater than 1.0 and probably 
reflect a high proportion of Fe hydroxides. 

Pyrites of sedimentary origin might be expected to have 
Co/Ni ratios of less than 1.0 whereas those of 
volcanogenic origin (exhalative) are characterized by 
Co/Ni ratios of greater than 5, but more often greater 
than 10.  The interpretation of the four obvious 
populations of Co/Ni ratios of pyrites from the 
Michigamme Formation (Fig. 5) is complicated by the 
fact that the Michigamme Formation has been subjected 
to variable degrees of folding and greenschist facies 
metamorphism.  Duchesne et al. (1983) suggest that 
metamorphism can result in an enrichment of Co relative 
to Ni, an increase in the Co/Ni ratio.  Thus, 
metamorphism could be invoked to explain Michigamme 
Formation pyrites of Groups B and possibly D.  Some of 
the Co/Ni ratios of Group D pyrites fall within the field of 
magmatic origin and thus suggest the possibility, if one 
excludes Co enrichment by metamorphism, that a few 
samples could have been strongly influenced by 
volcanic-exhalative processes.  These were from the 
East Baraga Basin (Fig. 1).  Rocks with comparable 
whole-rock chemical composition but not enough 
extractable pyrite are present in the Dead River and 
Clark Creek Basins suggesting that this pyrite 
compositional type may exist beyond the East Baraga 
Basin.  Loftus-Hills and Solomon (1967) reported pyrite 
related to granitic intrusions with both low cobalt and 
nickel contents and Co/Ni ratios of less than 1.  Thus, 
Michigamme Formation Group A pyrites might have a 
volcanic-exhalative origin.  This conclusion is supported 
by the fact that pyrites from interbedded ashbed 
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(volcanogenic) and argillite tend to be in Group A.   In 
contrast, Price (1972) reports pyrites of sedimentary 
origin with 1 ppm Co and 5 to 15 ppm Ni.  Michigamme 
Group C pyrites have no clear analog in the literature.  
Because of the very low Co/Ni ratios, we conclude that 
the Michigamme Group C pyrites are of probable 
sedimentary origin. 

CONCLUSION 
Petrographic and trace element data support a 
syngenetic and/or diagenetic origin for the majority of the 
pyrite.  These data includes textural nature of the pyrite, 
abundance of pyrite in organic-rich rock, absence of 
significant amounts of sulfides other than pyrite and low 
partitioning of Co, Ni and V in pyrite of most samples.  
The Co/Ni ratios of pyrite are not interpreted to have a 
simple origin.  Most of the data can probably be 
explained by a combination of sedimentary and 
metamorphic processes.  The origin of Group A and a 
few of Group D might be volcanic-exhalative, although 
this conclusion is subject to debate.  Overall, we suggest 
that hydrothermal or magmatic solutions were not a 
major contributor to sulfides in most of the Michigamme 
Formation sediments.  This is not a surprising conclusion 
since such hydrothermal solutions are likely to be of 
relatively local extent.  The location of the drill holes may 
have been a significant distance from such local hot 
spots. 

 
Figure 5:  Variation of Co and Ni in pyrites from the 
Michigamme Formation.  Field for the composition of 
sedimentary- and magmatic-related pyrites are drawn based 
on the data reported by Duchesne et al. (1983), Bralia et al. 
(1979), Price (1972) and Loftus-Hills and Solomon (1967).  
Groups of Michigamme Formation pyrites are discussed in the 
text.  Data below the detection limit are plotted at the detection 
limit. 

Clastic sedimentary rocks are known to host base metal 
massive sulfide deposits (Hutchinson, 1980).  The 
lithology of the Michigamme Formation, mid-Proterozoic 
age, probable tectonic setting (Larue and Sloss, 1980), 
and the pyrite data reported in this study clearly leaves 
open the economic potential for massive sulfide deposits 
in the Michigamme Formation. 
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APPENDIX I 
Michigamme Formation 

Pyrite Analyses 

Cobalt, nickel and vanadium contents in pyrite as 
determined by atomic absorption analysis of separates 
from drill core.  Details of the analytical technique can be 
found in Stadnik (1983).  Drill hole numbers and the 
footage interval which was sampled correspond to Trow 
(1979a and b).  Details about the drill core can be found 
in Trow (1979a and b).  NE is equivalent to not enough 
pyrite for analysis. 

Co, Ni and V Concentrations in Pyrite for Drill Hole 1. 

 

Co, Ni and V Concentrations in Pyrite for Drill Hole 3. 

 
Co, Ni and V Concentrations in Pyrite for Drill Hole 4. 
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Co, Ni and V Concentrations in Pyrite for Drill Hole 5. 

 
Co, Ni and V Concentrations in Pyrite for Drill Hole 6. 

 
Co, Ni and V Concentrations in Pyrite for Drill Hole 7. 

 

APPENDIX II 
Michigamme Formation Whole-Rock Sulfur Analyses 

and Calculated Pyrite Content 

Whole-rock sulfur content was determined by a 
combustion and titration method on drill core described 
by Trow (1979a and b).  The whole-rock weight percent 
pyrite was calculated from the sulfur data by first 
allocating sulfur to sphalerite, and chalcopyrite by whole-
rock Zn and Cu data of Trow (1979b) and using then 
assuming the remaining sulfur occurs in pyrite. 

Sulfur and Calculated Pyrite Content in Drill Hole 1. 

 
Sulfur and Calculated Pyrite Content in Drill Hole 3. 
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Sulfur and Calculated Pyrite Content in Drill Hole 4. 

 
Sulfur and Calculated Pyrite Content in Drill Hole 5. 

 
Sulfur and Calculated Pyrite Content in Drill Hole 6. 

 
Sulfur and Calculated Pyrite Content in Drill Hole 7. 
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