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ABSTRACT 

The Precambrian terrane of the southern Lake Superior region records a 
long and complex geologic history. The oldest rock in the region was formed 
around 3.B to 3.6 Ga and repeated tectonic, igneous, and metamorphic activity 
continued throughout the Precambrian until about 1 . 1  Ga. 

Two contrasting Archean--aged geologic terranes are present. The first 
is an older southern gneiss terrane, parts of which were produced at least 3. B 
to 3.6 Ga. This terrane experienced regional metamorphic activity at approx­
imately 3 . 1, 2.6, 1. B, and 1. 6 Ga. To the north, a granite-greenstone terrane 
which constitutes the second and younger group of Archean rock was formed 2.75 
to 2. 6 Ga. Archean metamorphism(s) in the gneiss terrane was relatively high­
grade (P = 5-6 Kb, T = 650-BOO OC), with some localized areas reaching the 
granulite facies. In contrast, regional metamorphism in the greenstone belts 
of the granite-greenstone terrane was low grade (P � 3 Kb, T < 450 OC). Late 
Archean metamorphism in the southern gneiss terrane may be related to a collis­
ion event with the more northern granite-greenstone terrane. 

Early Proterozoic sedimentation, volcanism, and plutonism were extensive 
throughout much of the southern Lake Superior region, especially in Wisconsin. 
Metamorphism associated with the Penokean orogeny of 1.90 - 1.BO Ga was wide­
spread and occurred mainly in the low-pressure to intermediate- to low- pres­
sure (P < 4 Kb) facies series, except for a possible belt of intermediate--pres­
sure facies series (P - 7.5 Kb) kyanite schist in northern Wisconsin. The high­
est grade attained was the lower sillimanite zone, but much of the metamorphism 
reached only into the greenschist facies. Metamorphism at this time was con­
current with or preceded slightly the major deformational activity. At least 
two major phases of deformation can be recognized throughout the Lake Superior 
area. It is proposed that the metamorphism accompanying the Penokean orogeny 
can be interpreted in a plate-tectonic context. Medium-pressure kyanite schist 
in northern Wisconsin may represent a suture or mark the site of crustal 
collision_ 

Post--Penokean metamorphism around 1. 63 Ga also appears to be widespread, 
but is of low grade. Interpretation of the 1. 63 Ga metamorphism is complicated 
by the intrusion of the Wolf River Batholith and related rock (1_5 - 1. 45 Ga), 
which possibly produced widespread contact-like metamorphism in central and 
southern Wisconsin. The tectonic interpretation of the 1. 63 Ga event is uncer­
tain and widely debated at the present time. 

A possible, but presently unconfirmed pre-Penokean metamorphism around 
2. 4 - 2. 1 Ga is also obscured and complicated by younger tectonic and 
metamorphic events. 
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INTRODUCTION 

The Precambrian terrane of the southern Lake Superior region of Minn­
esota, Wisconsin, and Upper Michigan has experienced a protracted geologic his­
tory. The crust in this region contains some of the few truly ancient rock pre­
sently exposed at the Earth's surface. Multiple orogenic and anorogenic events 
have formed and shaped the present crustal structure and have formed the vari­
ous types of basement rock found in the region. As in all ancient terranes, 
determining the effects of metamorphism is especially important for under­
sbmrling the geologic history. 

A regional geothermometric and geobarometric study of metamorphic rock 
in the southern Lake Superior area will aid in constructing, as well as con­
straining, tectonic models for the Precambrian Era in this area. Rock to the 
east in Canada that has experienced many of the same geologic events as those 
in the Lake Superior region will be excluded. Finally, tectonic models that 
are consistent with the petrologic and geologic data are discussed. This P--T 
synthesis is the first attempt at constructing a rigorous, regional P and T 
overview, and our geologic conclusions should be considered as working models. 
Published data on the chemistry of minerals are sparse to nonexistent, so most 
pressure and temperature estimates will be based on metapelitic index-minerals, 
along with consideration of well known discontinuous mineral-reaction and sta­
bility curves. Published P and T estimates are also incorporated. Although 
intermediate-facies-series amphibolite and greenschist are ubiquitous through-­
out this area, it is more difficult to quantitatively estimate P and T of meta­
morphism for such bulk compositions and they will largely be excluded in this 
paper. 

REGIONAL SETTING 

The Precambrian basement of the southern Lake Superior region consists 
of both Archean and Proterozoic rock. Much of it, termed the Southern Provinee 
(fig. 1), is actually the southernmost extension of the vast Precambrian area 
to the north that makes up the North American Shield. This province is bounded 
on the north by the large Superior province and eovered in the west and south 
by Paleozoic and Mesozoic rock. Geoehronologic studies allow qualitative cor­
relation of some rock of the Southern Province with Archean rock in Wyoming and 
Montana. Much of the early radiometric geochronologic work in North America 
was done by geochemists working in the Lake Superior region (Goldich, 1972). 
Because of the lack of good exposure, Precambrian rock is found only as inliers 
surrounded and partially covered by Phanerozoic rock and thick deposits of 
Pleistocene glacial material. Hence, direct geologic mapping is difficult and 
subject to considerable differences in interpretation. Geologic reviews regar­
ding the Archean and Early Proterozoic of the Great I,akes region have been col­
lated by Morey and Hanson (1980) and Medaris (1983), respectively. The papers, 
therein, form the basic historic framework within which the metamorphism will 
be interpreted. Review and synthesis of these papers suggests that the 
following geologic events appear to (or possibly could) involve major 
region-wide metamorphism in the Lake Superior Region. 

(1) 3.8-3.5 Ga Mortonian orogeny related to the early formation of si­
alic and now largely gneissic crust. Any possible metamorphism as­
sociated with this event cannot be recognized at the present time 
because of younger, strong overprinting events. 
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Figure 1. Location of the Southern Province relative to the distribution of Ar--
chean subprovinces of the Superior Province. 
is contiguous but separated from the Superior 
Canada is not described in detail in the text 

The Southern Province 
province. The area in 
(from Goodwin, 1977) . 

( 2) 3 . 0-2. 6 Ga a late Archean event termed the Kenoran or Algoman 
orogeny ( 2.75-2.6 Ga) . This interval may be marked by two meta­
morphisms, at l east in Minnesota. 

(3) 2 . 4--2.1 Ga unnamed, poorly understood early Proterozoic event. 
Any metamorphism( s) associated with this period has yet to be 
geologically or petrologically demonstrated. 

(4)  1. 90-1. 8 Ga the Penokean orogeny. The most significant 
Proterozoic tectonic event. 

(5) 1.63 Ga--an unnamed event; part of the Baraboo interval. 
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( 6) 1.5-1.45 Ga--an anorogenic event producing the Wolf River 
Batholith and related rock. 

(7) 1.1 Ga--Keweenawan rifting event. Metamorphism at this time was 
not regionally extensive as only the Keweenawan basin and immedi­
ate rock were affected. 

DATA AND RESULTS 

Archean Metamorphism 

Much of the granite-greenstone terrane ( Sims, 1976) of the North Ameri­
can shield and the Lake Superior region (figs. 1 and 2) formed 2. 75-2. 60 Ga, 
thereby producing a relatively thick, stable, areally extensive and permanent 
continental crust. The metamorphism within the U.S. part of this granite­
greenstone terrane has received relatively little study and few P and T data 
are available. The sedimentary and volcanic rock of the greenstone belts al'e 
relatively low grade ( greenschist facies), except where they border on the asso­
ciated gneissic or granitic units; there the grade local ly increases up to the 
amphibolite facies (Morey, 1978) .  At best, metamorphic analogies can be drawn 
from studies in the Superior Province. Jolly's ( 1974) examination of the meta­
morphic zonation of a part of the Abitibi greenstone belt of the eastern Supe­
rior Province ( fig. 1) identified an initial region-wide prehnite-purnpellyite 
facies metamorphism. Jolly suggested a model of simple burial metamorphism to 
account for the metamorphism of these volcanic piles. Therefore, pressure of 
metamorphism was probably relatively low, with P < 4 Kh. Although compression­
al features can be observed, the preservation of original volcanic textures sug­
gests that penetrative deformation and recrystal lization were not intense. Tec-­
tonically late intrusives of associated granitic or gneissic rock produced al­
bite-epidote-actinolite and hornblende-almandine aureoles in the supracrustal 
rock. 

Studemeister (1983) estimated T = 325-450 °C and P = 2-3 Kb for a re­
gional metamorphic event which affected both supracrustal sedimentary and vol­
canic rock, along with a previously intruded stock for a small part of the Wawa 
greenstone belt ( fig. 1). These estimates were based on the mineral assemblage 
chlorite-actinolite-epidote-albite in mafic metavolcanics and the FeS contents 
of sphalerite where buffered by pyrite and pyrrhotite. These conditions are 
also likely to be similar for the greenstone belts of the southern Lake Super­
ior area. For the most part it appears that this terrane was not strongly af­
fected by younger tectonic, metamorphic, or deformational events ( Sims, 1976 ) .  

Rock of the gneissic sUbprovinces or granite-migmatite massifs within 
Sim's ( 1976) granite-greenstone terrane ( Southwick, 1972) display higher grades 
of metamorphism. The only data available for this rock in the U.S. are for the 
Vermilion granite-migmatite massif of northeast Minnesota (fig. 1) , where South­
wick (1976 and in Morey, 1978) has described sillimanite, cordierite, stauro­
lite, garnet and sapphirine. He estimated T = 600-700 °C and P = 3-5 Kb for 
this rock. 

In Minnesota an older Archean gneiss terrane to the south of the 
granite-greenstone terrane (Sims 1976) has received more detailed study. The 
type rock of this terrane is located in the Minnesota River Valley, where true 
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Figure 2. Detailed Geologic map of the Southern Province of the Lake Superior 
region. Compare with figure 1. Numbers refer to metamorphic local­
ities described in text. NF stands for the Niagara Fault ( from 
Morey, 1983) 

orthopyroxene granulites, hornblende amphibolite, and migmatite are present 
(Himmelberg, 1968). Here the exact timing of metamorphism is not agreed upon. 
Bauer (1980) concluded from a structural study that metamorphism occurred over 
a long interval between 3.05 Ga and 2. 65 Ga; the mineral textures suggest no 
discernible hiatus. Goldich and Wooden (1980) ,  however, have interpreted the 
geochronologic data as indicating that two district high-grade metamorphic 
events occurred, at least in the Morton area, at 3.05 Ga and 2. 6 Ga. Thus, 
there is some uncertainty regarding the exact timing of metamorphism. The 
possibility of Archean polymetamorphism should be considered. Later Penokean 
igneous intrusions around 1.8 Ga probably imprinted some metamorphic signature 
on the Archean metamorphic rock (Himmelberg, 1968). Himmelberg and Phinney 
( 1967) and Himmelberg ( 1968) , in the most complete metamorphic study of the 
Minnesota River Valley, could find no large-scale metamorphic zonation nor did 
they map any isograds. Presumably, all the different lithologies formed under 
silnilar P and T conditions, with differences in the degree of hydration of min­
eral assemblages controlled by differences in the activity of H20. A wide 
variety of mineral asssnblages (see Morey, 1978) which can provide esti-
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mates of P and T are present. Grant and Weiblen (1971) present a garnet-bio­
tite KD of 0.22-0.23 taken from the central region near Dehli. Garnet-bio­
tite thermometry (Thompson, 1976; Holdaway and Lee, 1977; Ferry and Spear, 
1978) gives a range of T = 635-680 °c, assuming P = 6.0 Kb. We also calcu­
lated a maximum pressure from the same area using the cordierite-garnet­
quartz- A12SiOs barometer of Newton and Wood ( 1979) . The mineralogic assem­
blage reported by Grant and Weiblen lacked an Al2SiOs phase, so estimated 
pressures of Pdry = 4. 8 Kb or PH20 = 6 . 0  Kb are maxima. The latter is 
probably a better estimate for these hydrous metapelites. 

The presence of sillimanite, muscovite and quartz indicates that the 
Minnesota River Valley is not a high-P granulite terrane. P must be less than 
7.0 Kb at T < 650 °C ( fig. 3) . 

Leier and Perkins (1982) have presented P and T estimates for much of 
the Minnesota River Valley. Garnet-biotite temperatures from a variety of lo­
calities fall within a narrow range of 640-670 °C. Two-feldspar temperatures 
show considerable scatter ranging from 730-720 °C down to 450 °C. The 
latter was attributed to resetting during the 1.8 Ga Penokean event. Pressure 
estimates are relatively uniform ranging from 5 to 7 Kb and averaging about 6 
Kb, and they show no depth progression along the valley. Previously, Goldich 
and others ( 1980) speculated that rock in the northwest part of the Minnesota 
River Valley were buried to greater depths than those to the southeast. 
Moecher and Medaris (1984) have also presented P and T estimates for granulite 
at Granite Falls. Their P estimates of 4.7 to 5 . 3  Kb are a little lower than 
those of Leier and Perkins ( 1982 ) .  T was estimated at 665 oc using garnet­
clinopyroxene (Ellis and Green, 1979) and magnetite-ilmenite ( Spencer and 
Lindsley, 1981) thermometry. Orthopyroxene-clinopyroxene thermometry 
( Lindsley, 1983) ,  using clinopyroxene compositions, gave 675 °C. 

Temperature estimates by Dacre and others ( 1984) for the Sartell Gneiss 
of east-central Minnesota, where garnet-cordierite gneiss is found, were based 
on Fe-Mg partitioning between garnet and biotite and garnet and cordierite 
( Thompson, 1976; Hensen and Green, 1973) . Some inconsistencies were noted, 
such as between the garnet-biotite thermometers, with 805 0 C  being the best 
overall estimate. Pressure was estimated at 5.1 Kb using Hensen and Green's 
( 1973) garnet-cordierite-orthopyroxene-quartz barometer. This is consistent 
with the rather iron-rich nature of the cordierite (Mg/Mg+Fe = .58) found in 
the gneiss. 

Rigorous temperature and pressure estimates for the 3.0-2 . 6  Ga event(s)  
in Wisconsin and Michigan are lacking. Migmatite from Linwood Township, Wood 
County, Wisconsin, were estimated to have Tormed at 5 to 6 Kb water pressure 
using melt compositions projected onto the granite ternary Or-Ab-Qtz ( Van 
Schmus and Anderson, 1977) .  The Granitic melts were thought to be injected 
from a local source. Reasonable inferred temperatures for melting of these com-­
positions at PH20 = 6 Kb, are T = 700 °C ± 50 oc. Although diag�ostic 
index-mineral assemblages and pelitic lithologies, specifically, are lacking, 
Morey ( 1978) grouped the Archean g�eiss terrane of central Wisconsin into the 
upper amphibolite-granulite facies. However, there has been little to no ortho­
pyroxene reported from ei ther Michigan or Wisconsin. Garnet-bearing gneiss is 
also relatively uncommon. We prefer to regard this rock as belonging to the 
upper amphibolite facies. 

Retrograde metamorphic features or younger overprinting of additional as-
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Figure 3. Petrogenetic grid showing relevant mineral equilibria and reaction 
curves of interest. See text for details. The three metamorphic 
facies series depicted are from Miyashiro (1973) and the reaction 
curves are: (1) Albite = jadeite + quartz (Holland, 1980) ; 
(2) Kaolinite + quartz = pyrophyllite + H20 (Thompson, 1970);  
(3) Pyrophyllite = A12Si05 ;- quartz + H20 (Kerrick, 1968) ; 
(4) Garnet + chlorite + muscovite = biotite + staurolite + H20 
(Guidotti, 1974 ) ;  (5a) Fe-chloritoid + A12Si05 = staurolite + 
quartz + H2O; (5b) Staurolite + quartz = almandine + sillimanite + 
H20; (5c) Staurolite + quartz = cordierite + H20; (d) Cordierite 
= almandine + sillimanite + quartz + H2O (Richardson, 1968-5a-5d) ; 
(6) Paragonite + quartz = A12Si05 + albite + H2O (Chatterjee, 
1972) ;  (7) Staurolite + chlorite + muscovite = A12Si05 + biotite 
+ quartz + H2O (Guidotti, 1974);  (8) Staurolite + muscovite = 

A12Si05 + biotite + garnet + H20 (Hoschek, 1969) ; (9) Muscovite 
+ quartz = sanidine + A12Si05 + H2O (Chatterjee and Johannes, 
1974) ;  (10) Albite + orthoclase + quartz + H20 = melt (Luth and 
others, 1964) ; (11) A12Si05 phase diagram of Holdaway (1971). 

semblages are found in many of the Archean units discussed above, but the exact 
timing and grade of the retrograde effects or polymetamorphism is not known. 

Early Proterozoic Metamorphism 

Morey (1978) , Van Schmus (1976) and LaBerge and Myers (1984) have argued 
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for a period of metamorphism at restricted localities between 2.4 - 2.1 Ga. 
These proposals were based on age determinations and field relationships; how­
ever, they have only been advanced in areas where the effect of the younger 
Penokean orogeny have obliterated many older geologic features and thus compli­
cated the metamorphic aspect of the rock. Because conclusive petrologic evi­
dence does not, as yet, exist, any possible metamorphism around 2.4 - 2.1 Ga 
will not be discussed here. 

Much of the metamorphism and deformation now observed in the Southern 
Province is due to the Penokean orogeny, a period of major regional metamor­
phism in the Proterozoic (1.90-1. 80 Ga; Van Schmus, 1976). Some workers have 
concluded that the metamorphism was rather uniformly low grade, but data pre­
sented below show this is not the case. Generally, this regional metamorphism 
appears to range from greenschist to upper-amphibolite facies conditions. The 
intensity or grade does tend to decrease to the north (Morey, 1978),  where weak­
ly metamorphosed Animikean strata rest upon the Archean granite-greenstone ter­
rane. The Gunflint Iron-formation of Animikean age in extreme northeast 
Minnesota and Canada is hardly metamorphosed (Morey, 1978) ; the Gogebic Range, 
located in Wisconsin about 40 km north of locality 6a (fig. 2) , displays low­
grade assemblages and shows little Penokean deformation. 

Although much of the Penokean metamorphism in northern Michigan and nor­
thernmost Wisconsin is low to medium grade on a regional basis, James (1955) 
defined certain areas of higher grade nodes (fig. 4 ) .  In the two northeastern 
most nodes (Republic and Peavy) , the Dletamorphic grade progresses from the chlo­
rite zone up into the sillimanite zone (fig. 4).  Recent metamorphic studies 
both in the Republic and Peavy Node by Haase (1982) , Attoh (1976) , Attoh and 
Vander Meulen (1984) have confirmed James' original isograds. The Watersmeet 
node as originally mapped by James only reached the garnet zone; however, Black 
(1977) found staurolite, kyanite and some sillimanite in the central core. 

The mineral assemblages and compositions given by James (1955) and Haase 
(1982) for the Republic Node restrict T to 500-525 oc for the staurolite zone 
and 550--615 0 C  for the sillimanite zone at P-2.0--3.8 Kb (table 2) . The high­
grade silicate mineral assemblages, when combined with the oxygen isotope data 
of James and Clayton (1962) , give a reasonable metamorphic temperature profile 
starting with T-325 oC in the chlorite zone and increasing up to 615 °C in 
the sillimanite zone (table 1 ) .  

The second major Penokean metamorphic node in Michigan is to the south 
near Peavy Pond (fig. 4) and is similar to that at Republic with respect to the 
grades of metamorphism, except the, thennal gradient is steeper on the west side 
of the node (fig. 4). At Peavy Pond the sillimanite zone is centered around a 
gabbroic-diorite intrusion of early Penokean age--1. 90 Ga (Bayley, 1959; Banks 
and Van Schmus, 1971). Attoh and Vander Meulen (1984) used a geobarometer 
based on the assemblage sillimanite-garnet-plagioclase-quartz to calculate P = 

4.6 Kb for the sillimanite zone, and used garnet-biotite thermometry to 
calculate T = 592 oc. They estimated 545-582 oc for the staurolite zone 
and 485-557 °C for garnet zone metapelitic rock. Heat flow calculations 
indicate that the diorite intrusion, alone, could not account for these 
elevated temperatures and proposed that an external temperature gradient was 
required. Bayley (1959) has shown that the mafic igneous intrusions are them­
selves metamorphosed (that is predated metamorphism) . 
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Table L Estimate of temperatures from metamorphic zones around the Republic 

node, Michigan. 

Zone Chlorite Biotite Garnet Staurolite Sillimani te 

sample no. 3 4 5 7 8 10 11 12 16 

�180 qtz 16.5 18. 0 15.9 15.2 13.3 11.5 11.2 13.8 10.4 

'21'80 mag -1. 4 3. 9 3.9 4.3 2.5 -0.9 -0.1 2.4 -0.1 

oOqtz-mag 17.9 14.1 12.0 10.9 10.8 12.4 11.3 11.4 10.5 

1" C' 150 205 245 270 270 235 260 260 280 

TOC2 255 325 385 425 430 380 410 410 435 

TD C3 500 525 550 

'James and Clayton (1962) 

2recalculated using fractionation curve of Becker and Clayton (1976) 
precision + 10-15 DC 

3Haase (1982) 

18 

8.7 

-0.5 

9.2 

320 

495 

615 

Relatively l ow-pressure metamorphism also characterizes most of the 
Penokean igneous belt in Wisconsin. Andalusite is the dominant A12SiOs 
polymorph. Cunnnings (1978) made a regional geologic study in northeast Wis­
consin with emphasis on the metamorphism and mineralization effecting the vol­
canic Quinnesec formation, locality 1, figure 2 .  This formation consists pre­
dominantly of intermediate to mafic volcanic flows and tuffs with interspersed 
and localized felsic domes. Banks and Rebello (1969) obtained U-Pb ages of 
1905 :!: 30 Ma on zircon taken from a felsic unit. Throughout the area several 
large Penokean intrusives crosscut the volcanics and these have been dated in 
the general range 1.88 to 1.81 Ga. Cunnnings reports T = 500-540 DC and P = 

1. 5--3.5 Kb based upon the assemblage andalusite (partially pseudomorphed)­
muscovite-chlorite- quartz taken from a tuffaceous unit and garnet- biotite 
Ko data obtained in other units. 

We have undertaken a reconnaissance petrographic study of metapelitic 
schists sampled just west of the town of Merrill and near Kempster (fig 2., 
locs 2a, b). Table 2 lists the relevant assemblages. At location 2a there is 
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Table 2. Critical mineral assemblages in the metamorphic nodes. 

Metamorphic zone 
or 

locality 

Sillimanite Zone 
at Republic 

Staurolite Zone 
at Republic 

2a + 2b - WI 

2a - WI 

2b - WI 

3 - WI 

Critical P-T phases 
or 

assemblages 

Andalusite 
Sil limanite 
andalusite-fibrolite 

Garnet-biotite Ko's 

Quartz-muscovite-andalusite-
si llimani te-plagioclase-bioti te­
magnetite 

Staurolite-quartz 

Chloritoid-quartz 

Andalusite-quartz­
chloritoid 

Andalusite-muscovite­
quartz ± paragonite 

Quartz-andalusite-biotite­
staurolite-muscovite-plagioclase-

T 

550-615 °C 

550-610 D C  

500-525 D C  

<550 

<550 

<500 

chlorite 525-575 D C  

Quartz-staurolite-garnet­
biotite-chlorite-plagioclase­
muscovite 

Quartz-andalusite-chlorite­
plagioclase-biotite-muscovite­
± garnet 

Quartz-chlorite-muscovite­
andalusite 

Quartz-biotite-chlorite­
staurolite-garnet-andalusite­
muscovite 

Quartz-biotite-plagioclase­
muscovite 
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525-575 °C 

500-575 D C  

p 

<3 . 8  Kb 

2. 2-3.8 Kb 

>1.5-2.0 Kb 

<3.8 Kb 

<3.8 Kb 

1.5-3.8 Kb 

1.5-3.8 Kb 

<3.8 Kb 

<3.8 Kb 

1.5-3.8 Kb 
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Figure 4 .  Generalized geologic and metamorphic zonation map of. northern Mich­
igan. Note the 4 metamorphic nodes. The Watersmeet node can be ex­
tended westward into Wisconsin with inner staurolite and kyanite 
(+ sillimanite) zones, but they are not depicted here (James, 1955). 

petrographic evidence of chlorite overprinting the major foliation and also par­
tially replacing staurolite. Nonetheless, assuming chlorite is an equilibrium 
phase, then use of various stability curves restricts P = 1. 5-3. 8 Kb and T = 

525-575 D C  ( table 2 and fig. 3). This is a slightly higher temperature than 
that at locality 1, and is consistent with the presence of staurolite. In the 
Quinnesec area the garnet-chlorite tie-line probably was not broken, thereby 
precluding the reaction garnet + chlorite + muscovite = staurolite + biotite + 
quartz + H20. According to Guidotti (1974) this occurs around 500 D C  at 
P = 3 Kb (fig. 3). 

Assemblages at 2a and 2b may involve 4-phase AFM fields and one may ques­
tion whether garnet is stabilized by CaD or MnO or both, and whether chlorite 
is in equilibrium with the other phases . Nevertheless, the P-T estimates for 
both localities are similar and it is quite probable that they represent the 
same lithology which was subjected to similar metamorphic conditions (table 
2). The hand samples from both localities are remarkably similar. Weidman 
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(1907) mapped a graywacke schist, containing andalusite, in the Merrill area 
which he termed the Hamburg slate. The lnetapelites at 2a and 2b are probably 
from this unit. Direct dating of the Hamburg slate by Rb--Sr mineral isochrons 
(biotite and muscovite) has given ages of 1.80, 1.60, 1.51 Ga and a couple of 
anomalous younger ages (Aldrich and others, 1959; in Dutton and Bradley, 
1970) . We interpret the 1.80 Ga date to represent Penokean regional metamor­
phism. The 1.60 Ga date may represent regional low-grade metamorphism around 
1. 63 Ga to be discussed later, and the 1.51 Ga age may represent partial reset­
ting by the Wolf River Complex which is nearby to the east (fig. 2) . Greenberg 
and Brown (1983) have proposed, alternatively, that these assemblages are not 
Penokean metamorphics, but contact related phenomenon formed by intrusion of 
the Wolf River Batholith. 

Locality 3 is located just east of Black River Falls, within the Jackson 
County iron mine. The iron mine is situated within the central Archean pro­
vince of Wisconsin (fig. 2). However, this area has been intruded with Peno­
kean-age plutons (Maass, 1983) , and we conclude that the major metamorphism of 
this area may be Penokean in age. Table 2 lists the metapelitic asse�blages 
from rock surrounding the iron-formation, which based on petrographic evidence, 
underwent two discrete metamorphisms (Jones, 1978). The first involved isocli­
nal folding and produced the assemblages listed in table 2 above and corres­
ponded to the amphibolite facies, with T = 500-575 0C and P � 3 . 0  Kh. The 
second metamorphism was not accompanied by any penetrative deformation. It was 
a separate event and not merely a retrogression of the first and strongest meta­
morphism. During this second metamorphism, andalusite was unstable as petrogra­
phic features indicated that the retrograde reaction biotite + andalusite + 
H20 = chlorite + staurolite occurred, and Jones (1978) suggested that equili­
brium was attained in this second metamorphism at conditions of the medium to 
upper greenschist facies. Garnet-biotite thermometry gives temperatures in the 
range 360-425 oC, with one pair giving an anomalously low T of 260 °C. 
Therefore garnet and biotite reequilibrated to the last metamorphic event. 

May (1976) has described various stratigraphic units sampled from dia­
mond-drill cores taken in an investigation of massive sulfide mineralization in 
Ladysmith area, locality 4, figure 2. Nearly all the stratigraphic units are 
steeply dipping and are described as various kinds of metavolcanic tuff. Sever­
al mineral assemblages in more AI-rich bulk compositions permit estimates of P 
and T. The two most diagnostic assemblages are qUartz-biotite--chlorite- garnet 
and anda1usite-biotite-chlorite ± quartz and sericite. Andalusite displays ex­
tensive alteration, but its presence restricts P to � 3.8 Kh. T was less than 
600 °C and it is probable that for these pelitic compositions the garnet­
chlorite tie-line was broken, forming andalusite + biotite at T � 500 °C 
(Guidotti, 1974). Penokean intrusives are located just south of Ladysmith and 
we infer the metamorphism in this area also to be Penokean in age. 

The Pelican River deposit of age 1.83 Ga (Wiggins and Brett, 1977) is 
another early Proterozoic massive sulfide ore-body similar to that at Lady-­
smith, locality 5, figure 2. Wiggins and Brett (1977) estimated P = 4.6 Kb 
using the sphalerite geobarometer of Scott (1976) , and T = 550-600 °C based 
upon the assemblage anthophyllite-quartz-Mg chlorite-muscovite. Anthophyllite 
was originally identified as sillimanite, but this identification was corrected 
when the abstract was presented. 

In summary, it appears that the P of metamorphism of localities 1 
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through 5 is bracketed between 4. 6 and 1. 5 Kb (the lower limit is arbitrarily 
chosen based on the general appearance of this regionally metamorphosed rock) 
and averaging somewhere around 3 Kb. T is restricted between 500-600 D C. 
This metamorphism can be classified as andalusite-sillimanite type (Miyashiro, 
1973 - fig. 3) . Metamorphism appears to be Penokean in age, and all these 
localities are found within the Penokean igneous fold-belt. 

The last Penokean-aged localities to be described in Wisconsin are 
labeled 6a and 6b (fig. 2). They represent the highest-grade metapelitic rock 
in the Lake Superior region and are contained within the Animikean basin (fig. 
2). Rb--Sr whole-rock dates on this metasedimentary rock give a Penokean age of 
1.82 Ga (Sims and others, 1984) . Locality 6a near Lac du Flambeau has been des­
cribed by Black (1977) and is the central part of James' Watersmeet node, if 
the original metamorphic zones are extended westward from Michigan (fig. 4) . 

Black described two different lithologic sequences at locality 6a of 
steeply dipping metamorphic rock that are separated by a large west northwest -
east southeast striking fault. Rock to the south of this fault constitutes a 
southern gneiss sequence and are characterized by biotite gneiss, amphibolite, 
and kyanite-staurolite metapelite. Rock north of the fault is termed the 
northern greenstone sequence and consists of pillowed greenstone, mafic 
metavolcanic, slate, and iron- formation. 

Near Lac du Flambeau (6a), the assemblages in the high-grade southern 
sequence include gedrite-plagioclase-quartz-biotite--staurolite in amphibolites, 
and plagioclase-quartz-biotite-kyanite-garnet-staurolite-muscovite-graphite­
pyrrotite ± sil limanite in high-grade metapelites. Migmatite is associated 
with the sillimanite-bearing metapelite localities. The co-existence of kyan­
ite and sillimanite in some metapelites and several relevant mineral stability 
curves gives P = 7. 5 Kb and T = 685 DC, Black (1977) . Black's compositional 
data for co-existing garnet, biotite, and plagioclase allow P and-T to be cal­
culated using various geothermobarometers. Garnet-biotite t�nperatures range 
from 630--680 DC using garnet core compositions and the calibrations of Ferry 
and Spear (1978) and Thompson (1976) . Using the garnet = plagioclase + 
Al2SiOs + quartz barometer of Perchuck and others (1981) , two different 
pressures were obtained. At one locality the staurolite-kyanite schist gave P 
= 8. 3 +1 Kb (T = 675 DC) to P = 7. 8 (T = 650 DC) , and at the other locality 
they gave P = 6. 85 ±IKb (T = 675 DC) to P = 6.45 Kb (T = 650 DC). As two 
different outcrops are involved, there is a possibility that they may have equi­
librated at slightly different pressures. But considering the uncertainties, 
the preferred average value is P = 7.5 Kb and this compares well with that 
obtained from relevant P-T curves (fig. 3). 

On the north side of the fault, the sequence displays a much lower grade 
of metamorphism, for example, original sedimentary and volcanogenic structures 
are still present, thereby attesting to the lesser degree of deformation and 
recrystallization that affected this rock. Here rigorous P and T estimates are 
not possible, but based upon the mineralogic assemblages, Black (1977) con­
cluded that metamorphism took place in the lower amphibolite facies at low to 
moderate pressures. 

Kyanite-staurolite schist has also been reported in drill core (Allen 
and Barrett, 1915) 80 km east of Flambeau near Lac Vieux Deser'i: (locality 6b) . 
Hence, the southern lithologic sequence !Day delineate a 100 km long belt of 
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high-grade metamorphism stretching from Lac du Flambeau (6a) to Lac Vieux 
Desert (6b). This belt appears narrow, as similar high-grade rock is not found 
far north or south of this east-west trending sequence. Lack of good exposure 
in the middle section of this belt precludes a confirmation of this hypothe­
sis. Nonetheless, one can at least consider the possibility of a kyanite­
sillimanite type of metamorphism (fig. 3) extending from 6a to 6b. 

The effects of Penokean metamorphism are poorly understood in Minnes­
ota. A large area west of Duluth has exposures of Animikean metasedimentary 
rock that was deformed in the Penokean orogeny (fig. 2) . Morey (1978) has 
l isted various mineral assemblages from this area and none contain an 
A12SiOs polymorph. This may be a bulk-composition effect (not aluminous 
enough), but it is more probably related to the grade of metamorphism. The 
absence of A12SiOs phases suggests that the chlorite-garnet pair remained 
stable for average pelitic bulk-compositions. This reaction curve is located 
at T = 500 DC at P = 4.5 Kb (Guidotti, 1974, fig. 3). Indeed, Morey (1978) 
has mapped much of this area as belonging to the subgreenschist (mainly in the 
north) and greenschist facies. The metrunorphic grade does increase towards the 
south near the first appearance of Penokean granitic rock. Here biotite, 
garnet, and staurolite isograds occur as concentric rings around a Penokean 
intrusive complex (Morey, 1978). The presence of staurolite restricts T to 
about 550 ± 50 DC and P ) 2 Kb (fig. 3) . Labotka and others (1980) have sug­
gested T = 450 °C to 485 DC and P = 6.0 ± 0.3 Kb (garnet + biotite + musco­
vite + plagioclase) for an unspecified part of the Animikean Thompson forma­
tion. If their P estimate is correct, rock in Minnesota may have been metamor­
phosed to higher pressures than the majority of those in Wisconsin and 
Michigan, which contain andalusite and sillimanite. 

Despite the limitation of data in some areas, the following statements 
can be made about Penokean metamorphism. 

(a) Except for the kyanite schist belt between (6a) and (6b), and 
possibly the area considered in Labotka and others (1980), all of it occurred 
in the general P range of 3 + 1 Kb, that is, andalusite-sillimanite type. 
Between (6a) and (6b) the P was higher (7.5 ± Kb, kyanite-sillimanite type). 

(b) In no cases does it seem that the metamorphic conditions exceeded 
the upper stability limit of staurolite. The highest grade attained was the 
lower sillimanite zone as defined in Guidotti (1974). 

(c) The overall metamorphic grade in the Penokean magmatic belt is of 
the amphibolite facies, but greenschist facies rock is typically observed in 
Animikean metasedimentary rock in Michigan and Minnesota. 

(d) From (a) and (b) it is clear that the general metamorphic style of 
the Penokean event is similar to that formed during the Acadian metamorphism of 
New England (Thompson and Norton, 1968). This would include being associated 
with fairly extensive plutonism and some kind of plate tectonic activity. 

Penokean Deformation - Thermal-Time Relations 

Penokean structural-deformational studies have been undertaken in a 
number of localized areas, but no synthesis has been attempted for the entire 
Lake Superior region. From the available data there does appear to be fairly 
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good agreement in recogn1z1ng the relationships between the regional deforma­
tional events and metamorphism. In general, as discussed below for specific 
areas, it appears that metamorphism during the Penokean orogeny occurred con­
currently or preceded slightly the major structural deformation(s) . 

Several structural studies have been undertaken on Animikean strata and 
Archean basement in northern Michigan that were deformed during the Penokean 
orogeny (Klasner, 1978; Powell, 1972; James, 1955; Kappmeyer and Wiltschko, 
1984). The earlier studies (Powell, 1972 and James, 1955) suggested that Peno­
kean metamorphism almost completely postdated deformation, but Klasner (1978) 
and Kappmeyer and Wiltschko (1984) have arg"Ued against this. Klasner recog­
nized four phases of structural deformation (Fl, Fl', F2, F3), but with 
Fl and Fl' related to a single long lived deformational event, where Fl 
represented an initial phase and Fl' a renewed or continued pulse of Fl 
deformation. Thermal activity started before Fl and peaked around F2. 
Hence, mineral growth was concurrent with the major deformation. Fl pro­
duced a strong, regional foliation, S,. F2 and F3 were thought to be 
related to late uplift of large underlying blocks of Archean basement. Some 
deformation did postdate metamorphic recrystallization (Klasner, 1978; 
Kappmeyer and Wiltschko, 1984). 

In north-central Wisconsin detailed deformational-time studies have been 
made by Maass and others (1980) and Maass (1983). The former study documented 
two ages of Penokean intrusive granitic rock in central Wisconsin (about 80 km 
east of locality 3)--1.84 Ga foliated tonalite and 1.82 Ga lineated tonalite. 
Three folding events were recognized in this area (Fl' F2, F3) . The 
latter study concentrated on Penokean rock located in the same area and others 
farther north and west of the previous study area. Here three folding events 
(Fl, F2, F3) were again recognized. Fl was characterized by steeply 
dipping isoclinal folds, thus attesting to "substantial horizontal compression" 
(Maass ,  1983). Metamorphism was generally concurrent with the major structural 
deformation and both metamorphosed synkinematic and undeformed post-kinematic 
Penokean granitic rock was recognized. Synkinematic plutons were generally 
emplaced late during F,. 

In northeastern Wisconsin the areally extensive Dunbar Gneiss has been 
well studied structurally (Sims and others, 1985). This felsic, but litholo­
gically diverse, domal body has been suggested to be a large-scale fold-inter­
ference structure formed through polydeformation and diapirism (Sims and 
others, 1985). Four deformations have been recognized. Dl produced the 
major S" foliation formed during an early amphibolite facies metamorphism, 
and then superimposed F2(D2) and F3(D3) folding produced the large-
scale fold-interference structure. D4 occurred during late diapiric uprise, 
which was thought to be related to colljsion of two crustal blocks. 

North of this area in the vicinity of the Niagara Fault (fig. 2), the 
geologic and structural features are complicated. Larue (1983) and Ueng and 
others (1984) have described a number of discrete early Proterozoic terranes. 
The structural relationships among these small terranes Dr packets are complex, 
as is their relationship to the Penokean igneous belt in Wisconsin and metasedi­
mentary rock in northern Michigan. In the area just north of the Niagara Fault 
five phases of deformation have been recognized (Ueng and others, 1984). This 
area is miogeoclinal with no Penokean plutonic rock yet recognIzed. Only the 
first two episodes of deformation, yielding Fl and F2, produced regional 
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structural features. Fl produced extreme shortening in the north-northeast 
south-southwest orientation. 

In east-central Minnesota, Connolly (1981) studied a small area of Animi­
kean-age strata that were deformed during the Penokean orogeny, and noted evi­
dence for three deformations (Dl, D2, D3) . Connolly's Dl was marked by 
south dipping, overturned or recumbent isoclinal folds. Although no quantita­
tive estimate of shortening was given, this would imply significant horizontal 
shortening. Holst (1984) has presented quantitative strain analysis data demon­
strating that recumbent folding up to nappe scale occurred in east--central Min­
nesota during this time. Connolly (1981) concluded that the culmination of 
metamorphism was initiated prior to D" which continued during, after, and 
into D2 and D3. Dl was marked by upper-greenschist to lower-amphibolite 
facies conditions (no P or T estimates given) . Regional metamorphism continued 
during the weaker D2 and D3 deformations at greenschist facies conditions. 

Middle Proterozoic Metamorphism 

It became apparent during the course of various geochronologic studies 
in the Lake Superior region in the 1960s and 1970s that certain isotopic 
systems recorded an event that postdated the Penokean orogeny. U-Pb, Rb-Sr, 
and K-Ar studies on both whole-rock and mineral separates commonly recorded an 
age around 1.63 Ga (Goldich and others 1961; Peterman and others, 1985) , 
although no igneous rock having similar crystallization ages could be found. 
Moreover, various metasedimentary rock unconformably overlying older 
Proterozoic rock was recognized as being deformed and metamorphosed (Dalziel 
and Dott, 1970) , but the exact significance and age of their metamorphism 
remained unclear4 

For example, in southern Wisconsin red quartzite like the Baraboo and 
Waterloo rests unconformably on 1.76 Ga rhyolites (Dalziel and Dott, 1970; Van 
Schmus, 1976) . In northwest Wisconsin the Barron Quartzite over lies Penokean-­
aged rock. In southwest Minnesota the Sioux Quartzite rests on rock that was 
last metrunorphosed around 1.85-1.7 Ga, as well as �ntruded by Penokean plutons 
(Goldich and others, 1970) . 

Greenberg and Brown (1984) have suggested, that there is a close rela­
tionship between the metamorphism of the quartzite and related metasedimentary 
rock in central and southern Wisconsin, and anorogenic intrusions which are 
thought to be 1.5 to 1.45 Ga in age. Guidotti and others (unpub.) have deter­
mined a probable 39Ar-4oAr metamorphic date of 1.43 Ga on an amphibolite 
associated with the quartzite at Waterloo. These two studies, plus the propos­
al of Hoppe and others (1983) suggesting buried 1.5-1.45 Ga plutons in southern 
Wisconsin, indicate that the southern Wisconsin quartzite may have been contact 
metamorphosed at 1. 5 Ga and not regionally metamorphosed at 1.63 Ga. In con­
trast, no 1.5 Ga age dates are known from northernmost Wisconsin or Michigan, 
but 1.63 Ga dates are common. 

The metamorphic grade of the Middle Proterozoic quartzite is variable. 
Based upon a petrographic study of aluminous, pelitic interbeds at Waterloo, 
Geiger and others (1982) documented two periods of metamorphism (M, and 
M2) , which postdated two deformations (Dl and D2). Using the assemblage 
chlorite-chloritoid-andalusite-muscovite-quartz-hematite ± plagioclase, they 
concluded that for �h, T = 350-550 °C and PH20 = PTOT = 1. 0-3. 8 Kb 
(fig. 3). The presence of M, pseudomorphs with a staurolite-like habit indi-
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cate that T was closer to 550 oc. M2 was a separate, lower grade event, 
possibly unrelated to M1 directly, and occurring at P < 3.8 Kb and 
T < 500 oC. 

Metamorphism at Baraboo was lower in grade, although deformation was 
intense. There phyllitic units contain the assemblage quartz-muscovite- pyro­
phyllite-he�atite; this restricts T to less than 430 °C (fig. 3). Andalusite 
was reported from the Seely Slate which overlies the Baraboo Quartzite (Wied­
man, 1904). However, petrographically this slate appears low grade (chlorite­
quartz-plagioclase-hematite) and examination of several thin-sections indicates 
Wiedman's andalusite was probably a misidentification. P of metamorphism was 
still probably similar to that at Waterloo (P = 1-4 Kb; Geiger, 1986). The 
difference in metamorphic grade between these two lithologically similar quartz­
ites is demonstrated by the presence of pyrophyllite in aluminous interbeds at 
Baraboo and not at Waterloo. At Waterloo, pyrophyllite has been consumed by 
either of two possible reactions: Pyrophyllite = andalusite + quartz + H20 
and/or pyrophyllite + chlorite = chloritoid + quartz + H2O. 

The present data do not suggest polymetamorphism at Baraboo. The struc­
tural history has been determined in detail by Dalziel and Dott (1970), who 
have observed S, and 52 cleavages within the more phyllitic units. Al-
though the detailed structure is ]nore complicated, the gross structural fea­
tures appear similar to those at Waterloo. There are late breccia zones within 
the quartzite that contain hydrothermal quartz crystals and the aluminous 
mineral, dickite. Fluid inclusion filling temperatures give 105- 107 °C for 
quartz crystals sampled from this breccia zone (Bailey, in Dalziel and Dott, 
1970). These zones are late geologic fractures that postdate the major struc­
tures in the Baraboo Quartzite. They formed after the ]nain metamorphism, 
possibly at 1.5 Ga. 

The Barron Quartzite of northwest Wisconsin has aluminous beds contain­
ing diaspore-quartz-kaolinite-illite (Morey, 1978). The Sioux Quartzite in Min­
nesota is similar and contains muscovite-diaspore-quartz-hematite and pyrophyl­
lite-quartz-muscovite-kaolinite-illite assemblages (Morey, 1978). The presence 
of quartz + kaolinite at both localities restricts T < 350 °C and it was pro­
bably lower (fig. 3). It is clear that these two quartzites are not as intense­
ly metamorphosed or folded as the Baraboo and Waterloo in southern Wisconsin. 

In addition to affecting post Penokean-aged sedimentary rock, the 1.63 
Ga and 1.5 Ga events apparently imprinted metamorphic feature(s) on older Pen­
okean or Archean rock. Earlier discussion on Penokean metamorphic rock showed 
that mineral retrogression was in most cases ubiquitous. In some instances 
polymetamorphism also appeared likely. In Wisconsin this is sometimes charact­
erized as a discrete overprinting by a new mineral assemblage (for example, 
Jackson County, Iron Mine). Other localities from northern Wisconsin show 
evidence of pseudomorphic minerals (for example, Quinnesec, Ladysmith, possibly 
Merrill). The pseudomorphic minerals grew at a lower grade than the main Peno­
kean metarnorphis]n, corresponding to the greenschist facies. Garnet is often 
surrounded by chlorite and in the Dunbar dome Nielsen (1984) noted that cordi­
erite was replaced by pinite. 

In metasedimentary rock from the thick Animikean basin of east-central 
Minnesota, Morey (1978) reports the occurrence of secondary muscovite grains 
that overprint an earlier Penokean metamorphic fabric and give K-Ar dates of 
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about 1. 63-1. 61 Ga. Farther to the east near Marquette, Michigan, Rb-Sr model 
ages on minerals (biotite and muscovite) separated from Archean gneissic base­
ment rock and early Proterozoic metasedimentary rock give an age of around 
1. 665 Ga (Van Schmus and Woolsey, 1975) . 

DISCUSSION 

Archean 

The Archean interval of metrunorphism(s), which falls between 3.0-2.6 Ga, 
was characterized in the southern gneiss terrane by upper-runphibolite to gran­
ulite facies metrunorphism. We favor the proposal that two periods of Archean 
metrunorphism affected the Minnesota River Valley (Goldich and Wooden, 1980) and 
that the younger 2.6 Ga event produced most of the metrunorphic mineral assem­
blages seen today. For exrunple, an age of 2. 65 Ga was obtained from U-Pb 
dating of zircons taken from a garnet-biotite gneiss (Goldich and others, 
1970) . This metrunorphic gneiss of probable sedimentary origin records a high­
grade metrunorphic recrystallization event that is probably not an older ig�eous 
or detrital zircon age. This suggests that the 2.65 Ga-event was sufficiently 
intense to recrystallize most silicate assemblages. 

No data have yet been presented to justify more than one episode of 
Archean metrunorphism in Wisconsin and Michigan. However, the Archean rock 
there has not received as much intensive geochronologic study as those in the 
Minnesota River Valley. If a 2.8 Ga age is accepted as the metrunorphic age of 
Archean rock in central Wisconsin (Van Schmus and Anderson, 1977) and in Upper 
Michigan, then two simple, end-member tectonic scenarios relating metrunorphic 
events in all southern gneissic rock are possible, if they were all part of a 
large, single crustal block or unit (Sims, 1976; Morey, 1978). The first is 
that the rock in Minnesota has experienced an entirely different metrunorphic 
and tectonic history than those in Wisconsin and Michigan, because rock in 
Minnesota gives ages of metrunorphism at 3.05 Ga and 2.6 Ga versus 2.8 Ga in 
central Wisconsin. The second scenario would link all of these areas in one 
grand metrunorphic episode (but polymetamorphic in Minnesota) starting at 3.05 
Ga and ending at 2.6 Ga. The differences in ages could then be attributed to 
differences in times of thermal equilibration and uplift, resulting in 
contrasting times of isotopic closure. If there was a large, single block of 
Archean crust extending from Minnesota to central Wisconsin and Michigan (Sims, 
1976; Morey, 1978) , it would seem that the simplest assumption for such a 
high-grade regional terrane is that all areas experienced a similar tectonic 
history--(scenario two) . 

Contrary to the Sims-Morey proposal is the idea that the various pieces 
of southern gneissic Archean crust (Minnesota River Valley, Watersmeet, central 
Wisconsin) may have formed in different geographic areas, and may never have 
been linked in an early, contiguous pre-2.75 Ga southern Lake Superior Archean 
gneissic terrane. Unfortunately, incomplete isotopic data for Archean rock in 
central Wisconsin and Michigan preclude a definite choice of any of the pos­
sible scenarios presented above. 

The Minnesota River Valley has been considered the type area for the 
southern gneissic terrane, and the rock there can be best classified as be-­
longing to a transitional facies between the runphibolite and granulite facies. 
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Pressure and t�nperature never reached those characteristic of the higher grade 
massif-type granulite terranes, such as those found in South India or the Adir­
ondacks (Raith and others, 1982 ; Bohlen and Essene, 1980). The widespread pre­
sence of migmatite and abundant hydrous amphibolite demonstrate that tempera­
ture or water partial pressure were lower and higher respectively, when com­
pared to other Precambrian granul ite terranes. This non-granulitic signature 
could also simply be a result of a depth zone arrangement where deeper levels 
of the Archean gneissic crust are not exposed. Newton and Hansen (1983) have 
reviewed the P and T regimes of many Precrunbrian granulite terranes: One char­
acteristic of the true granulite terranes is a metamorphic pressure signature 
between 6 and 10 ill) with most clustering around 8 Kb, and t�peratures ranging 
from 750-900 C C. P and T estimates in the Minnesota River Valley fall toward 
the lower end of more transitional granulite terranes. 

The only granulite of the southern Lake Superior region may be the 
Archean metamorphic rock of east-central Minnesota. Pressures of metamorphism 
here are similar to those in the Minnesota River Valley, being roughly 5 Kb, 
but temperatures appear to be 125 to 150 0 C  higher (805 ° C  versus 650-675 
O C) .  This area might be equivalent with rock in the Minnesota River Valley, 
but age-dates are required to confirm this. The simplest hypothesis would l ink 
this rock with the 2.6 Ga old transitional granulite facies metamorphism of the 
Minnesota River Valley. 

Rock of similar age in Wisconsin and Michigan, which may have experi­
enced the same metamorphism, display equivalent or slightly lower grades of 
metamorphism than those in the Minnesota. This metamorphic rock generally 
lacks orthopyroxene and garnet in either felsic or mafic gneiss. Orthopyroxene 
marks the incoming of the granulite facies and the absence of garnet suggests 
that metamorphic pressure was not very high (that is less than 7 Kb around 700 
o C) .  Therefore, the relatively low pressures and temperatures observed 
across the entire gneiss terrane and the large regional similarities in meta­
morphic grade for the Algoman orogeny, argue against a simple depth zone expla­
nation. Instead, this indicates that Archean metamorphism in the southern Lake 
Superior region did not progress to the higher grades seen in Precambrian areas 
elsewhere throughout the world. 

It is clear that Archean metamorphism in the southern gneiss terrane was 
more intense than in the greenstone belts of the more northern granite-green­
stone terrane. Rock in the former were buried to depths of roughly 20 km and 
those of the latter to no more than 10 km. We tentatively propose that the 
2.6 Ga ,netamorphism in the Minnesota River Valley and east central Minnesota, 
was caused by a collision between the southern gneiss terrane and the more nor­
thern granite-greenstone terrane. Gibbs and others (1984) identified large 
thrust faults i n  central Minnesota from COCORP seismic reflection data. They 
proposed that they formed as a result of a collision between the 2.7 Ga 
Superior Province and the older 3.5 Ga southern gneiss terrane. Depths of 
burial between 15 and 20 km and ,netamorphism in the gneiss terrane could b e  
explained b y  crustal underthrusting beneath greenstones, as has been postulated 
in other granulite terranes. Crustal overlapping by a greenstone terrane of 
normal thickness ( 35 km) as a mechanism for producing the metamorphism seems to 
be ruled out by the relatively low paleopressures of 5 - 6 ill> observed, versus 
8 ill> as in many true granulite terranes. It is interesting, however, that 
pressure of ,netamorphism may have been similar between the Minnesota River 
Valley and east-central Minnesota. Higher pressure should be expected nearer 
the collision zone; instead it appears that pressure was roughly equivalent and 
only temperature was higher nearer this junction. 
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Early Proterozoic 

Most of the detailed work on Penokean metamorphism has concentrated on 
Michigan and Wisconsin. From a close examination, it appears that the pattern 
of metamorphism is somewhat different in these two states. Penokean metrunor� 
phism in Michigan is nodal (James, 1955) , whereas in Wisconsin it appears that 
much of the Penokean orogenic foldbelt is of a relatively uniform upper green­
schist to amphibolite grade. To the extent that any variation in grade can be 
detected in Wisconsin, i t  appears that it is partly linear in pattern (locali­
ties 2a-2b and 6a-6b, fi�Jre 2).  Furthermore , in Wisconsin, sillimanite- grade 
rock is generally absent, whereas in Michigan sillimanite is found in the inner 
part of the Republic and Peavy Nodes where, of course, pelitic lithologies are 
more abundant .  Nonetheless, (excluding localities 6a and Bb )  the te�perature 
of Penokean metamorphism in the center of the nodes may have attained slightly 
higher values in Michigan. The present erosional depth in both states seems to 
be roughly similar (depths corresponding to 2-4 Kb, excluding localities 6a 
and Bb ) .  Thus large differences in the depth during metamorphism cannot be 
invoked to explain the difference in maximum temperature attained. Outside of 
the nodes the metamorphic grade in Michigan seems to be slightly lower than the 
overall grade in Wisconsin. 

James (1955) proposed the existence of a buried pluton beneath the Re­
public Node to account for the bul lseye pattern of metamorphism. If such an hy­
pothesis is advanced further to explain the patterns of all Penokean metamor­
phic nodes, then there should be synorogenic plutons beneath Peavy Pond or the 
central Watersmeet area. However, no large Penokean-age plutonic bodies crop 
out anywhere in the western Upper Peninsula of Michigan (fig. 2) . In the high­
grade part of the Watersmeet node only few Penokean intrusive igneous rock is 
found. This area is, instead, dominated by older Archean rock and Animikean­
aged metasedimentary rock (fig. 2) . Where early Penokean (1. 90 Ga) mafic ig"Ile­
ous rock does crop out, as at the Peavy Node, it is metamorphosed (Bayley, 
1959) . 

Small pe�atites do occur near Republic (Van Scmnus and Woolsey, 1975) 
and in the center of the Peavy Node, and mi�atite is present near locality 6a 
in the Watersmeet Node. This rock may be related to some buried granitic 
source, but they could just as well represent the products of ultrametamorphism 
OCCUrring at deeper crustal levels. Such an interpretation is supported by the 
fact that the ma�atic pe�atites at Republic are located within the silli­
manite zone where partial melting would most likely occur. The same is general­
ly true for the Peavy and Watersmeet Nodes, where the igneous rock is restric­
ted to the highest grade zone. Hence, we interpret the pe�atite and mi�atite 
as partial melts resulting from ultrametamorphism, and not as high-level repre­
sentatives of hypothetical, more deeply buried crustal plutons that solely 
caused Penokean regional metamorphism. We are of the opinion that a more funda­
mental and region wide heat--flux is required to promote metamorphism in not 
only the nodes, but also in the more widespread low-grade areas not contained 
within any tectonic hot-spot. 

In Wisconsin south of the metamorphic nodes there are numerous Penokean 
intrusive and extrusive igneous rock (fig. 2) . Here the volcanic rock, which 
appears to be the first expression of any kind of Penokean ig"Ileous activity, is 
metamorphosed. Younger, Penokean granitic plutons are synmetamorphic; a sub­
stantial fraction are postmetamorphic (Maass, 1983) . The large volume of ig-
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neous rock present in Wisconsin can probably account for the higher overall me­
tamorphic grade of rock observed in the Penokean magmatic belt. Lux and others 
(1986) recognized that low-pressure/high-temperature (that is andalusite-sil li­
manite) metamorphic terranes might originate during orogenesis from deep-level 
contact metamorphism near granitoid batholiths. In northern New England they 
propose that tI,e higher grade Acadian metamorphism observed at the present ero­
sional surface is a consequence of granitic plutonism. This general model is 
applicable to Penokean metamorphic rock in Wisconsin. It follows the observa­
tions that higher grade assemblages are found close to and associated with 
Penokean intrusives (Greenberg and Brown, 1983; Sims and others, 1985) . How­
ever, the primary heat source is still unknown. Melting must be caused by 
either transient high mantle heat fluxes or conductive heating subsequent to 
crustal thickening (Lux and others, 1986) . Regional metamorphic geotherms 
could be partly a result of mantle related magma (basalts) fluxing thfough or 
ponding at the base of the crust. The Penokean orogeny did experience early 
and pervasive basaltic volcanism. 

Silnilar low-pressure metamorphic field geotherms or facies series have 
been recognized many places worldwide, the northeastern Appalachians (Thompson 
and Norton, 1968) being a c lassic example. Metamorphism in the northern 
Appalachians has been successfully related to early Paleozoic continental col­
lision between North America and Europe (Bird and Dewey, 1970) . Crunbray ( 1978) 
proposed a plate-tectonic model to account for the geology of the early Proter­
ozoic in the Lake Superior region. He proposed that deposition of sediment 
(Animikean) began around 2. 0 Ga upon a rifted Archean basement. Younger 
Animikean-aged sediment was then deposited upon a passive continental margin 
along an east-west trending basin that overlies the Great Lakes Tectonic zone 
(fig. 2 ) .  This may have been a zone of crustal weakness or instability. Later 
the sedimentary rock was deformed and metamorphosed in a collision with a plate 
or arc moving from the south during the Penokean orogeny. Cambray suggested 
that the granite and rhyolite in Wisconsin represented a Cordilleran-type 
margin of the southern plate. His proposed plate suture lies in the area of 
the Quinnesec Formation in northeast Wisconsin. This general model has been 
extended and modified by other workers (for example, Larue, 1983). Greenberg 
and Brown ( 1983) and Van Schmus ( 1976) have also presented possible plate-tec­
tonic- like models, but with northward dipping subduction zones. Greenberg and 
Brown ( 1983) proposed that the Penokean volcanic belt in Wisconsin may once 
have been an island arc, although analogies with modern island arcs may be some­
what different. Greenberg and Brown ( 1983) and Larue ( 1983) consider that the 
east-west trending Niagara Fault of northern Wisconsin (fig. 2) marks a major 
structural break between the Penokean volcanic-plutonic (magmatic) complex of 
Wisconsin and the Animikean-aged sedimental-volcanic (miogeoclinal) terrane of 
northern Michigan. This tectonic model is consistent with the type of low­
pressure metamorphism found wi thin the Penokean igneous belt. Moreover, the 
belt of kyanite or medium-pressure facies series rock of localities 6a-6b (fig. 
2) can be modeled as forming slightly north of and roughly parallel to a suture 
zone during collision of two plates along a westward extension of the Niagara 
Fault. The actual case is probably more complicated because "sutures and su­
ture zones ... are rarely simple well defined easily recognizable lineaments" 
(Dewey, 1977) . In fact, in northern Wisconsin a large number of large east­
west trending faults have been recognized by many workers (Sims, 1976; Sims and 
others, 1980). 

In the sense of fonning along a suture, the belt of kyanite-bearing rock 
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might be roughly analogous to the blueschist of Mesozoic and Cenozoic Orogens. 
The pressure of metamorphism for the kyanite schist is about 7.5 Kb, and this 
is similar to some younger blueschists. Ernst (1971) suggests 5 to more than 8 
Kb for subduction related rock of the Californian Franciscan. However, metamor­
phic temperatures of 650 D C  for the kyanite schist, are much higher than 
those of geologically more recent blueschists, where T = 150-300 °C (Ernst, 
1971) . On the other hand, some recent high-pressure subduction related ter­
ranes, such as at New Caledonia and Sanbagawa, Japan, have metamorphic zones 
that may have formed at temperatures approaching 600 °C at 7-14 Kb (Brothers 
and Yokoyama, 1982) . Low temperatures are not always intrinsic to all subduc­
tion zones. 

Much has been written about the possible differences in tectonic style 
and heat-flow between Precambrian and Phanerozoic time. Thus, if plate--tec­
tonics was operative during the Archean or Early Proterozoic, it may have had a 
different style. Miyashiro (1973) has discussed the requirements for low- tem­
perature, high-pressure metamorphism to occur during subduction. The rate of 
plate descent should be rapid and the initial temperature of the descending 
slab low. The slope and thickness of the subducted plate also controls the 
pressure and temperatures of metamorphism. If subduction took place at a shal­
lower angle or level, or the initial plate temperature was higher in Penokean 
time than today, then the resulting metamorphic field geotherm during subduc­
tion may have produced the medium-pressure series shown in figure 3. This 
scenario is speculative, but it is consistent with the present data. It is 
also possible that the medium-pressure series recorded by these schists was a 
function of the uplift and cooling rate (England and Thompson, 1984) . The im­
portant point is that the kyanite schists, which were originally pelitic sedi­
ment, were buried to depths around 25 km, and thus, 10-15 km deeper than the 
low-pressure andalusite-sillimanite series rock surrounding th@n to the north 
and south. This has important tectonic implications. Crustal thickening 
during plate collision could be invoked to explain the different depths of 
burial. But such thickening would have to occur in a narrow band (6a-6b) or in 
a localized and restricted area sucb as 6a. This seems unlikely. Understand­
ing fault movement may be critical in explaining the distribution of this meta­
morphic rock and their relationship to the tectonic processes that occurred 
about 1 . 9  Ga. 

We have att@npted to relate the large region--wide Penokean deformational 
history to the metamorphism using the thesis that the best approach is a combi­
nation of regional geologic mapping and geologic synthesis together with de­
tailed structural studies in key areas. As in all multiply deformed terranes, 
the deformational events could well be relative and localized sequences and 
their absolute relationships probably vary both in time and space (Williams, 
1985) across the Penokean orogen. It appears that two and ' possibly three ]najor 
and regionally significant Penokean deformations can be found in rock of widely 
separated areas. The first and second deformation appear to be penetrative and 
the most significant, both locally and on a regional scale. Intense horizontal 
compression has been argued for in part of Wisconsin and Minnesota (Maass, 
1983; Holst, 1984) , but not as yet in Upper Michigan, away from the Niagara 
Fault. Most importantly, it would seem that Penokean metamorphism and 
deformation are largely contemporaneous. 

Contrary to previous ideas that suggested vertical tectonic styles 
(Greenberg and Brown, 1983; Sims, 1976) , structural studies point to horizon-
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tal compression in Wisconsin and Minnesota during the Penokean (Maass, 1983; 
Connolly, 1981; Holst, 1984) . In contrast, more vertical-type tectonic acti­
vity has been proposed in northern Michigan (Cannon, 1973). The studies indi­
cating intense horizontal compression are consistent with a plate-tectonic 
model involving colliding plates or arcs. In addition, it  may be more than a 
coincidence that both the deformation and style of metamorphism appear to be 
different in  Michigan than that in  Wisconsin and Minnesota. 

Middle Proterozoic 

Regional metamorphism in  the southern Lake Superior region occurred 
after the Penokean orogeny; however, it is difficult to separate the effects of 
1.63 Ga and 1.5-1. 45 Ga metamorphism in central and southern Wisconsin. Other 
younger Proterozoic ages have also been detected (Peterman and others, 1985). 

We propose that the 1.63 Ga event produced a regional low-grade meta­
morphism. The fact that radi ometric dates give ages of 1. 63 Ga at great dis­
tances from the 1.5 Ga Wolf River batholith and related plutons does suggest 
that some thermal activity occurred at 1. 63 Ga. Recent Th-U-Pb dating on 
whole-Tock and mineral separates from a variety of localities in  northern 
Wisconsin give 1.63 Ga ages; they reflect shearing and retrogressive Inetamor­
phism (Afifi and others, 1984) and not simple crustal uplift ( Greenberg and 
Brown, 1984). 

An alternative explanation for the ubiquitous pseudomorphing and poly­
metamorphi c  mineral assemblages is late-state metamorphic retrogression or mul­
t iple thermal episodes occurring during the Penokean orogeny, or both. Late­
stage metamorphic mineral retrogression occurs in most metamorphi c  terranes 
during cooling and uplift, but it is not as pervasive as that seen in many of 
the Penokean-aged rock. Cummings (1984) has described polymetamorphic Penokean 
rock in  the Eau Claire complex of western Wisconsin. He interpreted the ear­
liest metamorphism as amphibolite facies and a second thermal event as epidote­
mnphibolite. However, because no age data are given by Cummings, the final 
metamorphism could also be interpreted as being post-Penokean (1. 63 Ga). 

In southern Wisconsin the Baraboo and Waterloo quartzite may have exper­
ienced either or both of the 1.63 and 1 . 5-1.45 Ga aged events. Traditional 
vi ews placed their metamorphism at 1 .  63 Ga (Van Schmus, 1980; Geiger and 
others, 1982) . However, recent work suggests that the main metamorphism is  
related to the Wolf River event at 1 . 5 Ga (Greenberg and Brown, 1984). 

The grade of metamorphism is  distinctly higher at Waterloo (for M, ) 
than at Baraboo, which is located 65 Km to the northwest of the former. This 
difference could be as much as 120 °C. Both units are strongly deformed. 
Pol�netamorphism is ohserved at Waterloo. Although metamorphic-based petro­
graphic studies from Baraboo are meagre, there does not seem to be any existing 
evidence supporting more than one episode of metamorphism (Dalziel and Dott, 
1970). This is puzzling, because the quartzite at both localities are part of 
the smne stratigraphic unit. One would expect similar tectonic histories for 
both localities. 

Despite the above proble�s of interpretation, it appears that none of 
the Baraboo interval quartzite has been deeply buried. Van Scnmus and Bickford 
(1981) have suggested that the 1.63 Ga metamorphism is a foreland manifestation 
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of an event that produced similar aged igneous rock (Mazatal Belt) that extend 
from Arizona and New Mexico to possibly as far north as Illinois. This would 
have been a tectonic event of large continental proportions. Dott (1983) sug­
gested that the southern Baraboo interval quartzite were deformed and metamor­
phosed at 1. 63 Ga in a continental collision occurring to the south in Iowa and 
Illinois. 

Small areas of metamorphism in the Lake Superior region can be related 
to Keweenawan rifting (1. 1 Ga). This event was also of continental dimensions , 
but any associated metamorphism appears to be restricted quite closely to 
igneous or rifting activity. Keweenawan dikes do intrude rock l ocated outside 
the rift valley, but they are usually sInal 1 and did not alter their host rock 
to any significant extent. 

CONCLUSIONS 

We have reviewed the metamorphism of the Precambrian terrane of the 
southern I,ake Superior region. The Earth's  crust in this area has experienced 
a long and complex orogenic and anorogenic history starting around 3.6 Ga and 
ending 1.1 Ga ago. Relatively small and localized, but possibly thick sialic 
continental nuclei formed the first crust as at Watersmeet and the Minnesota 
River Valley by 3.6 Ga. Since then and occurring over a 2, 500 m. y .  interval at 
least three major regional metamorphic periods have been recognized. These 
periods are around or between 3.1 and 2. 6 Ga, 1.9-1.8 Ga, and 1.63 Ga. Meta­
morphism may also' have occurred regionally or semiregionally around 2.4-2.1 Ga 
and 1. 5-1.45 Ga, but the present data are inadequate to confirm this sugges­
tion. No metamorphism older than 3.1 Ga has yet been recognized. In Minnesota 
two periods of metamorphism seem to have taken place between 3.1 and 2.6 Ga. 
The younger event appears to be related to the Kenoran or Algoman Orogeny. It 
was characterized by upper-amphibolite to lower-granulite facies metamorphisln 
in the southernmost Lake Superior area. 

Some workers have called for a hot, thin Archean crust (Collerson and 
Fryer, 1978) . However, this does not seem to be the case for the Lake Superior 
region where geobarometry estimates give about 6 Kb for the Minnesota River 
Valley. Using an average of 6 I(b and 675 o C ,  an inferred metamorphic field 
geothermal gradient would be 35 oC/km. This metmnorphic gradient is similar 
to that suggested by Boak and Dymek (1982) for Archean metamorphic assemblages 
in Greenland. 

Of course,  metamorphic field geotherms or facies do not represent the 
actual P-T path experienced by rock undergoing burial metamorphism and subse­
quent excavation and uplift during a complete tectonic cycle. Quantitative 
P-T-t path studies need to be undertaken on both the Archean and Penokean units 
to enru)l e  more quantitative tectonic models to be formulated. Yet, the P and T 
data presented from the Archean metamorphic period in the Lake Superior region 
shows, that as in other areas of the world, by the end of the Archean (2. 5 Ga) 
a relatively thick, largely sialic, stable crust had developed. Since then, 
parts of the southern gneiss terrane may have remained at approxilnately the 
same crustal level after being buried earlier to 20 km depth. The greenstone 
belts in the more northern granite-greenstone terrane were probably never 
buried to depths greater than roughly 10 km. 

-24-



The Penokean orogeny reworked and metamorphosed rock in the southern 
gneiss terrane, especially in Wisconsin. New crustal material was also pro­
duced. Here the suggestion was made that the orogeny and associated metamor­
phism could be described in terms of a plate-tectonic model involving plate or 
arc col lis ion. It is not clear how the Watersmeet gneiss ( 3 . 6  Ga) and the 
Puritan Quartz monzonite ( 2 . 6  Ga) were affected by the Penokean orogeny. These 
two units are located close to the kyanite-schist of the Watersmeet node, yet 
they appear relatively unaffected. Moreover, low-grade metasedimentary rock 
and volcanic rock are located just to the north and east of the kyanite-schist 
at locality 6a. They are separated from the kyanite schist by a large fault 
(Black, 1977) . Fault movement may have played a critical role in juxtaposing 
rock with such different metamorphic grades and ages . S ims and others ( 1 981) 
have proposed northeast-trending faulting in this same area to account for the 
close spatial association of Archean and Proterozoic rock. The possible pre­
sence of thrust sheets must also be considered, especially in the context of 
the recent study of Holst ( 1 984) . 

Post-Penokean metamorphism is just beginning to be unraveled. A variety 
of age data suggest a low-grade metamorphic event around 1 . 63 Ga. This could 
account for the ubiquitous retrograde effects seen in Penokean aged rock. How­
ever, 1 . 63 Ga effects are obscured by possible 1 . 5  Ga regional contact metamor­
phism, especially in southern Wisconsin. Structural geology studies at Baraboo 
have had a long history, but unti l  recently little has been done with regards 
to interrelating the metamorphism and large-scale tectonics. Only recently 
have several tectonic models been put forth (Dott,  1983; Van Schmus and Bick­
ford, 1981 ; Greenberg and Brown, 1984) , but agreement among these models is 
poor and reflects a critical lack of understanding of the tectonic processes 
operating between 1 . 76 and 1 . 45 Ga. 

NOTE ADDED IN PROOF 

Peterson and Geiger ( 1 987 , 1988) have described high pressure and 
temperature Archean granulites from the Harwood gneiss of Dickinson County, 
Michigan. Petrographic relationships indicate at least two period of meta­
lnorphism. Quantitative geothermometry and geobarometry involving two gener­
ations of garnet indicate 850-950 °C and 8-10 Kb for the first event and 650 
°C and 7-8 Kb for the second event. The Harwood gneiss represents the 
highest grade metamorphic rock in the Southern Province yet described and are 
evidence for deep burial of supracrustal rock to at least 25 km. 

ACKNOWLEDGMENTS 

We thank G. L. LaBerge and J. K. Greenberg for donating several rock 
specimens used in this study. These two colleagues and M . G .  Mudrey, Jr. ,  B . A. 
Brown, R . S .  Maass , L .G .  Medaris,  Jr. , and R.H. Dott, Jr . have enlightened us 
greatly through discussions on the Precambrian geology of this area. M.G .  
Mudrey, Jr. has been especially generous with additional information. However, 
they do not necessarily endorse all the ideas herein and we accept sole 
responsibility for the contents of this paper.  Support to C. V.G. via NSF Grant 
EAR 8204254 is also gratefully acknowledged. 

-25-



REFERENCES CITED 

Afifi, A. , Doe, B. R. , Sims, P.K., and Deleaux, M. H. , 1984, U-Th-Pb isotope 
chronology of sulfide ores and rocks in the early proterozoic metavol­
canic belt of northern Wisconsin: Economic Geology, v. 79, p. 338-353. 

Aldrich, L. T., Wetherill, G. W. , Bass, M.N. , Compston, W. , Davis, G. L., and 
Tilton, G. R. , 1959, Mineral age measurements: in Annual Report to the 
Director of the Department of Terrestrial Magnetism, Carnegie Institute 
Washington Year Book 58, 1958-1959, p. 244-247. 

Allen, R. C. and Barrett, L. P., 1915, Contributions to the pre-Cambrian geology 
of northern Michigan and Wisconsin: Michigan Geological and Biological 
Survey Publication 18, Geological Series 15, p. 13-164. 

Attoh; K. , 1976, Stoichiometric consequences of metamorphic mineral-forming 
reactions in pelitic rocks: Lithos, v. 9,  p. 75-84. 

Attoh, K. , and Vander Meulen, J. , 1984, Metamorphic temperatures in the 
Michigamme Formation compared with the thermal effect of an intrusion 
northern Michigan : Journal of Geology, v. 91, p. 417-432. 

Banks, P. O. , and Rebello, D. P., 
northeastern Wisconsin: 
p. 907-910. 

1969, Zircon ages of a Precambrian rhyolite, 
Geological Society of America Bulletin, v. 80, 

Banks, P.O., and Van Schmus, W. R. , 1971, Chronology of Precrunbrian rocks of 
Iron and Dickinson counties, Michigan (abs. ) : Institute on Lake Superior 
Geology, Abstracts and Field Guides, 17th, p. 9-10. 

Bauer, R. L. , 1980 , Multiphase deformation in the Granite Falls-Montevideo area, 
Minnesota River Valley: Geological Society of America Special Paper 182, 
p. 1-17. 

Bayley, R.W. , 1959, Geology of the Lake Mary quadrangle, Iron county, Michigan: 
United States Geological Survey Bulletin, 1077, 112 p. 

Becker, R. H. , and Clayton, R.N. , 1976, Oxygen isotope study of a Precambrian 
banded iron-formation, Hamersley Range, Western Australia: Geochimica et 
Cosmochimica Acta, v. 40 , p. 1153-1165. 

Bird, J. M. , and Dewey J. F., 1970 , Lithosphere plate-continental margin tecton 
ics and the evolution of the Appalachian Orogen : Geological Society of 
America Bulletin, v. 81,  p. 1031-1060. 

Black, F.M., 1977, The geology of the Turtle-Flambeau area: Iron and Ashland 
Counties, Wisconsin: Madison, University of Wiscosin-Madison, 
unpublished M. S. thesis, 150 p. 

Boak, J. L. and Dymek, R . F. , 1982 , Metamorphism of the ca. 3800 Ma supracrustal 
rocks at Isua, West Greenland: implications for early Archean crustal 
evolution: Earth Planetar'y and and Science Letters, v. 59, p. 155-176. 

Bohlen, S.R. , and Essene, E. J. , 1 980, Evaluation of coexisting garnet-biotite, 

-26-



garnet-clinopyroxene, and other Mg-Fe exchange thermometers in Adiron­
dack granulites: Geological Society of America Bulletin, v. 91, 
p .  685-719. 

Brothers , R. N . , and Yokoyama, K . , 1982, Comparison of the high-pressure schists 
belts of New Caledonia and Sanbagawa, Japan: Contributions to Mineralogy 
and Petrology, v. 79, p. 219--229. 

Cambray, F . W . , 1978, Plate tectonics as a model for the environment of deposi 
tion and deformation of the early Proterozoic (Precambrian X) of 
northern Michigan (abs. ): Geological Society of America Abstracts with 
Programs, v. 10, p .  376. 

Cannon, W. F. , 1973 , The Penokean orogeny in northern Michigan: Geologi�al 
Association of Canada Special Paper 12, p. 251-271. 

Chatter jee, N.  D. , 1972, The upper stability limit of the assemblage paragonite 
+ quartz and its natural occurrences: Contributions to Mineralogy and 
Petrology, v. 34, p .  288-303. 

Chatterjee, N . D .  and Johannes, W. , 1974, Thermal stability and standard 
thermodynamic properties of synthetic 2M muscovite, 
KA12[AISi3 0, o ] (OH) 2:  Contributions to Mineralogy and Petrology, 
v. 48, p. 89-114. 

Collerson, K. D. , and Fryer, B. J. , 1978, The role of fluids 
subsequent development of early continental crust: 
Mineralogy Petrology, v. 67, p. 151-167. 

in the formation and 
Contributions to 

Connolly, M . C. , 1981, The geology of the middle Precambrian Thompson Formation 
in southern Carlton County, east-central Minnesota: Duluth, University 
of Minnesota-Duluth, M. S. thesis, 133 p. 

Cunnnings, M. L., 1978, Metamorphism and mineralization of the Quinnesec Forma 
tion northeastern Wisconsin: Madison, University of Wisconsin-Madison, 
Ph. D. thesis, 190 p. 

Cummings, M.L., 1984, The Eau Claire river complex: A metamorphosed Precambrian 
mafic intrusion in western Wisconsin: Geological Society of America 
Bul letin, v. 95, p. 75-86. 

Dacre, G. A. , Himmelberg, G . R . , and Morey, G.B. , 1984, Pre-Penokean igneous and 
metamorphic rocks, Benton and Stearns counties, central Minnesota: 
Minnesota Geological Survey Report of Investigation 16 p. 

Dalziel , I. W. D .  and Dott, R . H .  Jr. , with Black, R. F. , and Zimmerman, J . H. , 
1970, Geology of the Baraboo district, Wisconsin: Wisconsin Geological 
and Natural History Survey Information Circular No. 14, 164 p. 

Dewey, J. F. , 1977, Suture zone complexities: A review: Tectonphysics, v. 40, 
p .  53-67. 

Dott, R. H. Jr. , 1983, The Proterozoic red quartzite enigma in the north-central 
United States:  Resolved by plate collision?: Geological Society of 
Mnerica Memoir 160, p. 129-141. 

-27--



Dutton, C. E., and Bradley, R.E. , 1 970, Lithologic, geophysical, and mineral 
commodity maps of Precambrian rocks in Wisconsin: United States 
Geological Survey Miscel laneous Investigations Map I-631. 

Ellis, D.J., and Green, D.H. , 1979, An experimental study of the effect of Ca 
upon garnet-clinopyroxene Fe-Mg exchange equilibria: Contributions to 
�lineralogy and Petrology, v. 71, p. 13· -22. 

Engl and, P.C., and Thompson, A.B. , 1984 , Pressure-temperature-time paths of 
regional metamorphism, I. Heat transfer during the evolution of regions 
of thickened continental crus t :  Journal of Petrology, v. 25 , p. 894-928. 

Ernst, W.G. , 1971, Do mineral parageneses reflect unusually high-pressure 
conditions of Franciscan metamorphism: American Journal of Science, 
v. 270, p. 81-108. 

Ferry, J.M. , and Spear, F.S. , 1978, Experimental cal ibration of the part:i tion 
ing of Fe and Mg between biotite and garnet : Contributions to Mineralogy 
and Petrology, v. 66, p. 113-117. 

Geiger, C. A., 1986, A note regarding the sedimentology of rock overlying the 
Baraboo Quartzite : Geoscience Wisconsi n, v. 10, p. 28--37. 

Geiger, C.A., Guidotti, C. V. and Petro, W. I .. , 1982, Some aspects of the petro 
logic and tectonic history of the Precambrian rocks of Waterloo, 
Wisconsin: Geoscience Wisconsin, v. 6, p. 21-40. 

Gibbs, A. K. , Payne, B. , Setzer, T., Brown, L.D., Oliver, J.E., Kaufman, S., 
1984, Seismic -reflection study of the Precambrian crust of central 
Minnesota: Geological Society of America Bulletin, v. 95 , p. 280-294. 

Goldich, S. S. , 1972, Geochronology in Minnesota, in Geology of Minnesota: A 
Centennial Volume: Minnesota Geological Survey, p. 27-37. 

Goldich, S.S. and Wooden, .L L. , 1980, Origin of the Morton Gneiss, southwestern 
Minnesota: Part 3 .  Geochronology: Geological Society of America Special 
Paper 182, p. 77-94. 

Goldich, S. S. , Hedge, C.E . ,  Stern, T.W. , Wooden, J.L. , Bodkin, J . B. ,  and North, 
R.M., 1980, Archean rocks of the Granite Falls area, southwestern 
Minnesota: Geological Society of America Special Paper 182: p. 1 9-43. 

Goldich, S.S., Hedge , C.E., and Stern, T . W. , 1970, Age of the Morton and 
Montevideo gneisses and related rocks, southwestern Minnesota: 
Geological Society of America Bulletin, v. 81, p. 3671-3695. 

Goldich, S. S., Nier , A.D. , Baadsgaard, H . ,  Hoffman, J.N., and Krueger, H . W. ,  
1961, The Precambrian geology and geochronology o f  Minnesota: Minnesota 
Geological Survey Bul letin, v. 41, 193 p. 

Goodwin, A.M . ,  1977, Archean basin-craton complexes and the growth of Precam 
brian shields : Canadian Journal of Earth Sc:i ences , v. 14, p. 2737-2759. 

Grant, J.A., and Weiblen, P.W., 1971, Retrograde zoning in garnet near the 

-28-



second sillimanite isograd: American Journal of Science, v. 270, 
p. 281-296. 

Greenberg, J.K. and Brown, B.A . ,  1983, Lower Proterozoic volcanic rocks and 
their setting in the southern Lake Superior district : Geological Society 
of America Memoir 160, p. 67�·84. 

Greenberg, J . K .  and Brown, B.A., 1984, Cratonic sedimentation during the Pro­
terozoic: An anorogenic connection in Wisconsin and the upper midwest : 
Journal of Geology, v. 92, p. 159-171. 

Guidotti, C . V., 1974, Transition from staurolite to sill imanite zone, Rangeley 
Quadrangle, Maine: Geological Sodety of America Bulletin, v. 85, 
p. 475-490. 

Haase, C . S . ,  1982, Metamorphic petrology of the Negaunee Iron Formation, 
Marquette District, northern Michigan: mineralogy, metamorphic 
reactions, and phase equilibria: Economic Geology, v.  77, p. 60-81. 

Hensen, B.J. and Green, D.H., 1973, Experimental study of the stability of 
cordierite and garnet in pelitic compositions at high pressures and 
temperatures : III. synthesis of experimental data and geological 
applications : Contributions to Mineralogy and Petrology, v. 38, 
p .  151-166. 

Himmelberg, G.R., 1968, Geology of Precambri an rocks, Granite Falls-Montevideo 
area, southwestern Minnesota: Minnesota Geological Survey Spec ial 
Publication 5, 33 p. 

Hilmnelberg, G . R. and Phinney, W.C . ,  1967, Granulite facies metamorphism, 
Granite Fal ls-Montevideo area, Minnesota: Journal of Petrology, v. 8, 
p. 325-348. 

Holdaway, M.J., 1971, Stability of andalusite and the aluminium silicate phase 
diagram: American Journal of Science, v. 271, p .  97-131. 

Holdaway, M . J. and Lee, S.M., 1977, Fe-Mg cordierite stability in high-grade 
pelitic rocks based on experimental, theoretical, and natural observa­
tions : Contributions to Mineralogy and Petrology, v .  63, p. 175-198. 

Holland, T.J.B., 1980, The reaction albite � jadeite + quartz determined exper 
imentally in the range 600-1200o C :  American Mineralogist, v .  65, 
p .  129-134. 

Holst, T.B., 1984, Implications of strain determinations from early Proterozoic 
rocks in Minnesota (abs.): Geological Society of America Abstracts with 
Programs, v .  15, p. 598. 

Hoppe, W. J., Montgomery, C.W." and Van Schmus, W.R., 1983, Age and signifi 
cance of Precambrian basement samples from northern Illinois and 
adjacent states : Journal of Geophysical Research, v. 88, p. 7276-7286. 

James, H . L., 1955, Zones of regional metamorphism in the Precambrian of 
northern Michigan: Geological Society of knerica Bulletin, v. 66, 
p .  1455-1488. 

-29-



James , H . L . , and Clayton, R . N. , 1962, Oxygen isotope fractionation in metamor 
phosed iron formations of the Lake Superior Region and in other iron­
rich rock s ,  in Petrologic Studies :  A Volume to Honor A . F .  Buddington. 
Geological Society of America, >p. 217-239. 

Jolly, W. T . , 1974, Regional Metamorphic zonation as an aid in study of Archean 
terrains: Abitibi region, Ontario :  Canadian Mineralogist, v.  12, 
p .  499-508. 

Jones, D . G . , 1978, Geology of the iron formation and associated rocks of the 
Jackson County Iron Mine , Jackson County Wiscons in: Madison, University 
of Wisconsin-Madison, M . S .  thesis, 117 p .  

Kappmeyer, J .  and Wiltschk o ,  D . V . , 1984, Quartz deformation in the Marquette 
and Republic troughs , Upper Peninsula of Michigan : Canadian Journal o f  
Earth Science s ,  v. 21, p .  793-801. 

Kerrick, D . M . , 1968, Experiments on the upper stability limit of pyrophyllite 
at 1 . 8  kilobars and 3 . 9  kilobars water pressure: American Journal of 
Science, v .  266, p .  204-214. 

Klasner, J . S . , 1978, Penokean deformation and associated metamorphism in the 
western Marquette Range , northern Michigan : Geological Society of 
America Bulletin, v.  89, p. 711-722 . 

LaBerge, G . L . , and Myers , P . E . , 1984 , Two early Proterozoic successions in 
central Wisconsin and their tectonic significance: Geological Society of 
America Bulletin, v. 95 , p .  246-253. 

Labotka, T . C . , Papike, J . J . , and Morey, G . B . , 1981,  The effect of pressure on 
isochemical metamorphism of pelitic rocks from north central Minnesota 
(abs . ) :  Geological Society of America Abstracts with Programs, v. 13,  p .  
493. 

Larue, D . K. , 1983, Early Proterozoic tectonics of the Lake Superior region: 
tectonostratigraphic terranes near the purported collision zone: 
Geological Society of America Memoir 160 , p. 33-47. 

Leier , P . J .  and Perkins , D .  I I I ,  1982, Thermometry and barometry of granulite 
facies rocks from the Minnesota River Valley ( abs . ) :  EOS , v .  63 , 
p .  1151.  

Lindsley, D . H. , 1983, Pyroxene Thermometry: American Mineralogist, v .  68, 
p. 477-493 .  

Luth, W . C . , Jahns , R . H . , and Tuttle, O . F . , 1964 , The granite system at 
pressures of 4 to 10 kilobars : Journal of Geophysical Research, v .  69, 
p. 759-773. 

Lux , D . R . , DeYoreo, J . J . , Guidotti, C . V . , and Decker, E . R. , 1986, Role of 
plutonism in low pressure metamorphic belt formation: Nature, v. 323, 
p .  794-797 .  

Maass , R. S . ,  1983, Early Proterozoic tectonic style in central Wisconsin: 
Geological Society of America Memoir 160 , p. 85-95 . 

-30-



Maass , R . S. , Medaris, L. G . , Jr. , and Van Schmus , W.R. , 1980 , Penokean defor­
mation in central Wisconsin: Geological Society of America Special Paper 
182, p .  147-157. 

May, E. R . , 1976, Flambeau - A Precmnbrian supergene enriched massive sulfide 
deposit:  Society of Mining Engineers , 76-1-55 , p. 1-25. 

Medaris, L . G. ,  Jr. , 1983, Early Proterozoic geology of the Great Lakes region: 
Geological Society of America Memoir 160, 141 p. 

Miyashiro, A . , 1973, Metamorphism and Metamorphic Belts: George Allen and Unwin 
Limited, London , 492 p. 

Moecher, D. , and Medaris, L . G . , 1984, Late Archean metamorphic conditions of 
Granite Falls,  Minnesota ( abs. ) :  Institute on Lake Superior Geology , 
31st, (Wausau). 

Morey, G. B . , 1978, Metamorphism in the Lake Superior region, U. S.A. , and its 
relation to crustal evolution: in Metamorphism in the Canadian Shield: 
Geological Survey of Canada Paper 78-10, p. 283-314. 

Morey, G . B. , 1983, Animikie basin, Lake Superior region, U. S. A . : in Iron 
Formation: Facts and Problems , p. 13�67. 

Morey, G . B .  and Hanson, G. N. , 1980 , Selected studies of Archean gneisses and 
lower Proterozoic rocks , southern Canadian shield: Geological Society of 
America Special Paper 182, 175 p. 

Newton, R. C. and Hansen, E . C. ,  1983, The or1g1n of Proterozoic and late Archean 
charnokites-evidence from field relations and experimental petrology: 
Geological Society of America Memoir 161 . 

Newton, R.C. and Wood, B. J. , 1979, Thermodynamics of water in cordierite and 
some petrologic consequences of cordierite as a hydrous phase: 
Contributions to Mineralogy and Petrology, v. 68, p. 391-405. 

Nielsen, P . A . , 1984, Metamorphism of the Dunbar gneiss and associated supra 
crustals, N. E .  Wisconsin, U. S.A. ( abs. ) :  Geological Association of 
Canada and Mineralogical Association of Canada Abstracts with Programs, 
v. 9, 93 p. 

Perchuk, L . L. , Podlesskil , K. K. , and Aranorich, L . Ya,  1981 , Calculation of 
thermodynamic properties of end-member minerals from natural para­
geneses: in Thermodynamics of Minerals and Melts: Springer, New York, p .  
111-129. 

Peterman, Z. E. , Sims, P. K. , Zartman, R. E. , Schulz, K . J. ,  1985, Middle Protero­
zoic uplift events in the Dunbar dome of northeastern Wisconsin, U. S. A. :  
Contributions to Mineralogy and Petrology, v .  91 , p. 138-150. 

Peterson, J.W. , and Geiger, C. A. , 1987, The Harwood gneiss , a basic two 
pryoxene granulite (abs. ) :  Institute on Lake Superior Geology (Wawa) , 
Proceedings and Abstracts,  v. 33 , pt. 1 ,  p. 55 . 

Peterson, J.W. and Geiger, C.A. , 1988, Two generations of garnet growth in the 

-31-



Harwood gneiss, Dickinson County, Michigan (abs. ) ! Insti tute on l,ake 
Superior G.,ology (Marquette) ,  Procedings and Abstracts, v .  34, pt. l, p. 
90. 

Powe l l ,  C .  MeA. (1972) .  
S late, Michigan ! 
p. 2149-2158. 

Tectonic dewatering and strain in the Michigmmne 
Geological Society of America Bul letin, v. 83, 

Raith, M . ,  Raase, P . ,  Ackermand, D., and Lal, R.K. , 1982, The Archean craton of 
southern India: metamorphic evolution and P-T r.onditions! Geologische 
Rundschau, v. 71, p. 280-290. 

Richardson, S . W. ,  1968, Staut'Olite stability in a part of the system 
Fe-AI--Si-O-H! Journa l  of Petrology, v. 9, p. 468--488. 

Scott, S . D., 1976, Application of the sphalerite geobarometer to regionally 
metamorphosed terra ins! American Mineralogist, v. 61, p .  661-670. 

Sims, P.K., 1976, Precambrian tectonics and mineral deposits, Lake Superior 
region ! Economic Geology, v. 71, p. 1092-1118 . 

Sims, P.K. , Card, K . D . , Morey, G.B., and Peterman, Z.E., 1980, The Great Lakes 
tectonic zone - A major crustal structure in central North America ! 
Geological Society of America Bulletin, part I, v. 9l, p .  690-698. 

Sims, P.K., Peterman, Z.E . ,  Prinz, lV.C., and Benedict, F.C., 1984, Geology, 
Geochemistry, and age of Archean and early Proterozoic rocks in the 
Marenisco-lVatersmeet Area, Northern M i chigan ! Geologic Survey 
Professional Paper l292-A, B, p .  Al-A41. 

Sims, P.K . ,  Peterman, Z.E., and Schulz, K.J., 1985, The Dunbar Gneiss-grani toid 
dome! Immplications for early Proterozoic tectonic evolution of northern 
Wisconsin! Geological Society of America Bul letin, v. 96, p. 1101-1112. 

Southwick, 0 . 1" ,  1972, Vermilion Granite - Migmat i.te Massif ! in! Geology of Min 
nesota ! A Centenni al Volume. Minnesota Geological Survey, p. 108-119. 

Southwi.ck, D. L., 1976, High-grade metamorphism associated with the Vermilion 
batholi th, Minnesota--Ontario (abs. ) !  Institute on Lake Superior Geology, 
22nd (St. Pau l ) ,  61 p. 

Spencer, K.J., and Lindsley, D . H. ,  1981, A solution model for coexisting iron­
titanium oxides ! American Mineralogist , v .  66 , p. 1189-1201. 

Studemeister, P. A., 1983, The greenschi st facies of an Archean asseJllb lage near 
\'Iawa, Ontario ! Canadian Journal of Earth Sciences, v. 20, p. 1409-1420. 

Thompson, A . B., 1970, A note on the kaolinite--pyrophyl l ite equilibriwn! 
Amer ican .J ournal of Science, v. 268, p. 454--458. 

Thompson, A.B., 1976, Mineral r(,,,ctions in pelitic rocks! I I. Caleulations of 

some P-T--X (Fe-Mg) phase relations! American Journal of Science, v .  276, 
p. 425-454. 

-32-



Thompson, J.B. and Norton, S.A., 1968, Paleozoic Regional Metamorphism in New 
England and Adjacent areas, in Studies in Appalachian Geology: Wiley and 
Sons, New York, p. 319-327. 

Ueng, W. L. , Larue, D.K., Sedlock, R. L. , and Kasper, D. A. , 1984, Early Protero­
zoic tectonostratigraphic terranes of the southern Lake Superior region: 
Field Trip Guide with Summary: Institute on Lake Superior Geology, 30th, 
Field Trip 2, 23 p. 

Van Schmus, W.R., 1976, Early and middle Proterozoic history of the Great Lakes 
area, North America: Transactions of the Royal Society of London, 
v. A280, p. 605-628. 

Van scmnus, W.R., 1980, Chronology of igneous rocks associated with the 
Penokean Orogeny in Wisconsin: Geological Society of America Special 
Paper 182 ,  p. 159-188. 

Van Schmus, W.R., and Anderson, J. L. , 197 7 ,  Gneiss and lnigmatite of Archean age 
in the Precambrian basement of central Wisconsin :  Geology, v. 5 ,  
p. 45-48. 

Van Schmus, W.R. and B ickford, M.E., 1981 , Proterozoic chronology and evolution 
of the midcontinent region, North America: in Precambrian Plate 
Tectonics: Elsevier, New York, p. 261-296. 

Van Schmus, W.R. and Woolsey, L. L., 1975, Rb-Sr geochronology of the Republic 
area, Marquette County, Michigan: Canadian Journal of Earth Sciences, 
v. 12, p. 1723-1733. 

Weidman, S. , 1904 , The Baraboo iron-bearing district of Wisconsin: Wisconsin 
Geologic and Natural History Survey B ulletin 13,  190 p. 

Weidman, S., 1907, The geology of north central Wisconsin: Wisconsin Geologic 
and Natural History Survey B ulletin 16, 697 p. 

Wiggins, L.B., and Brett, R. , 1977 , Pelican River Cu-Zn deposit , Wisconsin: 
Metamorphic conditions in Penokean t ime (abs.) : Geological Society of 
America Abstracts with Programs, v. 9, p. 1226-1227. 

-33-


