








Pt and Ni Arsenide Minerals in the Duluth Complex

PATRICK J. RYAN (Mineral Resources Research Center, University of
Minnesota, Minneapolis, MI 551455)*

PAUL W. WEIBLEN (Minnesota Geological Survey, 26142 University Ave.,
St. Paul, MN 551114)

Sperrylite (PtAs2), maucherite (Ni3tts2), and possibly niccolite
(NiAs) have been identified in massive sulfide samples from the Duluth
Complex. The identification was made in the course of a survey of
three representative massive sulfide samples (Table 1) from the
MINNAMA.X Shaft (located about 8 i south of Babbitt, MN).

One sperrylite grain was found as a small, �c5 micrometer, euhedral
crystal in a larger, elongate grain of maucherite which in turn was
embedded in an intergrowth of obalcopyrite—cubanite. Quantitative
electron microprobe analyses indicate a deficiency of As for
atcichiometric sperrylite (Table 2, 1 & 2). Minor elements total less
than two wt. %. The sperrylite grain has a very complex internal
structure which consists of an inclusion of a blade of graphite (?)
and a complex myrmeketic intergrowth. This proved to be too fine—
grained (2 micrometer wide blebs) for quantitative analysis, however,
qualitative data indicate the possible presence of graphite, precious
metal alloys, tellurides, and bismuth minerals. These phases are
postulated on the basis of positive identification of C, Cu, Au,
Te, Bi, and Pb peaks in x—ray dispersive (EDX) and scanning Auger
microprobe spectra. Pd was identified in only one x—ray spectra in a
myrmeketic bleb rich in Bi in the sperrylite grain.

Maucherite was found in all three samples studied. It is
distinguished in reflected light microscopy from other sulfide and
arsenide minerals by its white, high reflectivity and very faint pink
tint. It was found in five polished sections as small blebs
(10 micrometer) and as long needle—like stringers (0.01 to 1.5 mm
long). It was found in all three major sulfide phases——pyrrhotite,
pentlandite, and chalcopyrite—cubanite intergrowthz——but makes up less
than one wt. % of the massive ore samples. Although the inaucherite
grains appear homogeneous in reflected light, electron microprobe
analyzes show a wide range of variation in Ni/As and Fe/Ni ratios
(Table 2, 3—5). One analysis of a Ni—As grain is clearly outside the
range of maucherite compositions (2) and approaches the composition of
niccolite (Table 2, 6). One micrometer—sized grain in mauchrite gave
an EDX spectra for osmium.

Platinum mineralization and maucherite have been reported in
Keweenawan rocks (2 & 3), but the data reported here is the first
identification we are aware of in the Duluth Complex. The new data
emphasizes the need for evaluation of the ore recovery procedures
which up to now have iguored special problems related to arsenide
minerals. The data leaves the question of what phases are responsible
for platinum metal group elements other than Pt in assay values unre-
solved (14).
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Sper ry l i t e  (PtAs21, maucherite (Ni3As21, and possibly n i c c o l i t e  
(NUS) have been iden t i f i ed  i n  massive su l f ide  samples from the Duluth 
Complex. The iden t i f i ca t ion  was made i n  the course of a survey of 
three representat ive massive su l f ide  samples (Table 1) from the  
MINNAMAX Shaft (located about 8 km south of Babbitt, MN). 

One s p e r r y l i t e  grain w a s  found aa a small, a 5  micrometer, euhedral 
crystal i n  a largery elongate grain of maucherite which i n  turn w a s  
embedded i n  an intergrowth of chalcopyrite-cubanite. Quant i ta t ive  
electron microprobe analyses indicate  a deficiency of A s  f o r  
stoichlometric s p e r r y l i t e  (Table 2, 1 & 2).  Minor elements t o t a l  l e s s  
than two wt.  5. The s p e r r y l i t e  grain has a very complex i n t e r n a l  
s t ruc tu re  which consis ts  of an inclusion of a blade of graphite (?I 
and a complex m m e k e t i c  intergrowth. T h i s  proved t o  be too fine- 
grained (2  micrometer wide blebs) f o r  quant i ta t ive  analysis ,  however, 
qua l i t a t ive  data indicate  the possible presence of graphite, precious 
metal al loys,  t e l lu r ides ,  and bismuth minerals. These phases are 
postulated on the b a s i s  of pos i t ive  i d e n t i f i c a t i o n  of C ,  Cu, Au, 
Te, B i ,  and Pb peaks i n  x-ray dispersive (EDXI and scanning Auger 
microprobe spectra. Pd w a s  i den t i f i ed  i n  only one x-ray spect ra  i n  a 
myrmeketic bleb r i c h  i n  B i  in the  s p e r r y l i t e  grain. 

Maucherite w a s  found i n  a l l  three samples studied. It is 
distinguished i n  ref lec ted  l i g h t  microscopy from other su l f ide  and 
arsenide mineral8 by its white, high r e f l e c t i d t y  and very f a i n t  pink 
t i n t .  It was found i n  f i v e  polished sect ions as s m a l l  blebs 
(10 micrometer) and as long n e e d l e l i k e  s t r i n g e r s  (0.01 t o  1.5 rn 
long). It was found i n  all three major su l f ide  phases--pyrrhotite, 
pentlanditey and chalcopyrite-cubanite intergrowths-but makes up l e s s  
than one w t .  % of the massive ore  samples. Although the maucherite 
grains appear homogeneous i n  ref lec ted  l i g h t ,  electron microprobe 
analyses show a wide range of var ia t ion  i n  N i / A s  and Fe/Ni r a t i o s  
(Table 2, 3-51. One analysis  of a N i - A s  g ra in  is c lea r ly  outside the 
range of maucherite compositions (2) and approaches the composition of 
n icco l i t e  (Table 2, 6). One micrometer-sized grain i n  mauchrite gave 
an EDX spec tm f o r  osmium. 

Platinum mineralization and maucherite have been reported i n  
Keweenawan rock8 (2  & 31, but the data reported here is the f i r s t  
iden t i f i ca t ion  we a re  aware of i n  the Duluth Complex. The new data 
emphasizes the need f o r  evaluation of the ore recovery procedures 
which up t o  now have ignored specia l  problems re la ted  t o  araenide 
minerals. The data leaves the question of w h a t  
f o r  platinum metal group elements other than P t  
solved ( 4 ) .  
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Table 1. Samples of the Duluth Complex examined for arsenide minerals.

Sample Type Location

MIX-A 1 kg sample of massive Supplied by MINNAMAX from an
sulfide, rich in chalco-. unspecified locality.
pyri te—cubarii te

AMX—B kg sized sample of massive Supplied by MINNAMAX from
sulfide, rich in pentlan— drift round #k17, 1055 feet
dite below reference in MINNAMt&X

shaft.

AMX—C 25 kg random massive sul- From the MINNAMAX shaft dump.
fide ore sample.

Table 2. Electron microprobe analyses of arsenide minerals in the
Duluth Complex.

Analysis 1 2 3 k 5 6
Sample AMX—A3 MIX—A9 MIX—Al MIX—A2 MIX—Bk MIX-B 1

S .10 .09 .0k .52 .11 .15
As kO.82 kO.30 117.09 116.93 118.08 55.19
Fe .77 1.01 .62 1.15 2.27 11.69

Co .07 .10 2.38 3.18 1.97 .80

Ni .76 .20 50.06 118.59 118.90 110.57

Cu .13 .53 0 0 0 0

Zn 0 0 0 0 0 0

Pt 57.82 58.96 .06 .13 .09 .11

Total 100.117 101.19 100.25 100.50 101.112 101.51

S .010 .008 .0011 .0511 .011 .018
As 1.670 1.612 2.085 2.081 2.122 2.800
Fe .0112 .0511 .037 .068 .1311 .319
Co .00k .005 .13k .179 .111 .052
Ni .0110 .010 2.828 2.750 2.75k 2.627
Cu .006 .025 0 0 0 0

Zn 0 0 0 0 0 0

Pt .908 .906 .001 .002 .002 .002

Anions 1.679 1.620 2.089 2.135 2.133 2.818
Cations 1.000 1.000 3.000 3.000 3.000 3.00

Total 2.679 2.620 5.089 5.135 5.133 5.818

59

Table 1. Samples of the Duluth Complex examined f o r  a rsen ide  minerals .  

Sample Type Location 

AMX-A 1 kg sample of  massive Suppl ied by MINNAMAX from an 
s u l f i d e ,  r i c h  i n  chalco- unspec i f ied  l o c a l i t y .  
p y r i  te-cubanite 

AM-B kg s i z e d  sample of massive Suppl ied by MINNAMAX from 
s u l f i d e ,  r i c h  i n  pentlan- d r i f t  round #417, 1055 feet 
d i  te below refe rence  i n  MINNAMAX 

shaft. 

M - C  25 kg random massive sul- From the  MINNAMAX shaft dump. 
f i d e  o r e  sample. 

Table 2. Elec t ron  microprobe analyses  of a rsen ide  minera l s  i n  t h e  
Duluth Complex. 

Analysis 1 2 3 4 5 6 
Sample 

s 
A s  
Fe 
co 
N i  
cu 
zn 
P t 

Total  

s 
A s  
Fe 
co 
N i  
cu 
zn 
P t 

Anions 

AMX-A 1 

-04 
47 09 

62 
2- 38 
50.06 

0 
0 

-06 

100- 25 

-004 
2.085 
037 
-134 

2.828 
0 
0 

.001 

1.679 1.620 2.089 2.135 20 133 2.81 8 
. Cations 1.000 1,000 3.000 3.000 3.000 3.000 

Tota l  2.679 2.620 5.089 5.135 5- 133 5.818 



Notes to Table 2:

Analyses were made on the ARL. nine spectrometer electron microprobe
in the Dept. of Geology, University of Wisconsin, Madison. Operating
conditions: 15 K.V., 0.05 microamperes sample current; three repli-
cate analyses with counting time sufficient to give accuracies of
+ 5 wt. % of amount present for major elements and ÷ 50 wt. % for ele-
ments present at less than one wt. %. X—ray intensity data were
reduced from mineral standards with standard ZAP corrections.

References:

1) Watowich, S.N., 1978, A preliminary geological view of the
MINNAMAX copper—nickel deposit in the Duluth Gabbro: 39th
Annual Mining Symposium, University of Minnesota, Minneapolis,
Minnesota, Paper 19, p. 1—11.

2) Geul, J.J.D., 1970, Geology of the Devon and Pardee townships and
the Stuart location: Ontario Department of Mines Geological
Report 87, 52 p.

3) Kullerud, G., Private communication in Ramdohr, P., 1980. The ore
minerals and their intergrowths, Pergamon Press, Vi, p. L02.

L) Schiuter, R.B. and Landstroin, A.B., 1976, Continuous pilot plant
testing confirms f].oatability of Duluth Complex sulphides,
Engineering Mining Journal, v. 177, #L, p. 80—83.

* Present address: Magaetic Peripherals
7801 Computer Avenue
Minneapolis, MN 5535
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Notes t o  Table 2: 

Analyses were made on the ARL nine spectrometer e lec t ron microprobe 
i n  the Dept. of Geology, University of Wisconsin, Madison. Operating 
conditions: 15 K.V., 0.05 microamperes sample current;  three  rep l i -  
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Late and Post—Glacial Lacustrine Sediment Distribution in
Western Lake Superior from Seismic Reflection Profiles

CHRISTOPHER A. SCHOLZ (Department of Geology, University of Minnesota,
Duluth, Minnesota 55812)

During the summers of 1982 and 1983, University of Minnesota
researchers acquired over 700 km of high—resolution seismic profiles
in the extreme western end of Lake Superior between Duluth and the
Apostle Islands. The normal—incidence, 3.5 kHz single—channel seismic
system employed had limited penetration of Proterozoic bedrock and
Superior Lobe tills, but produced a clear and detailed acoustic picture
of the fine—grained late and post—glacial lacustrine sediments.

The Duluth sub—basin has a subdued bathymetry compared with east-
ern Lake Superior's valleys and ridges. The basin between Duluth and
the Apostle Islands deepens gradually from the west and south, but
quite rapidly from the north, such that a deep trough runs parallel to
the axis of the basin along the Minnesota shoreline. This depression
is first distinguishable in the west near the mouth of the French River,
and deepens and broadens northeastward, until it achieves a maximum
depth of 290 meters off Silver Bay Minnesota.

The major stratigraphic components of the basin are Keweenawan
clastic and volcanic rocks, unconsolidated Superior Lobe glacial tills
of Wisconsinan age, and the post and late—glacial lacustrine sediments
of Superior and earlier lakes. Till reflectors are commonly broad,
diffuse and noisy, and are rarely traceable over more than a few
kilometers. They appear only sporadically across the basin. The con-
tact between the till and lacustrine sediments is generally parallel
to the present—day lake bottom but in places may show relief several
meters greater than the modern depositional surface. This contact is
one of the most distinctive features on almost all the records and is
defined by a crisp even—to—wavy or diffracted reflector which separates
the noisy, commonly reflection—free till signature from the highly
transparent lacustrine unit.

The lacustrine section typically contains numerous high continuity
even—to—wavy reflectors which mimic the till—lake sediment contact.
Maximum accumulations of fine—grained sediments, onthe order of 25
meters, occur in the axis of the North Shore Trough. Reflectors within
this unit are commonly parallel but within the trough onlap the steep
trough sides and occasionally diverge down basin. Contorted reflectors
and the lack of lacustrine sediments in certain areas suggest slumping
has taken place on the flanks of the trough. Section thickness and
reflector concentration increase from the basin edges to the basin
deeps. Lacustrine sediment isopachs are grossly parallel to the bathy-
metric contours except in the extreme western portion of the area where
an anomalous sediment distribution occurs. Of f the French and Lester
Rivers are concentrations of sediment of up to 20 meters which are not
related to the modern bathymetry or modern sediment focusing effects.
Between the two "mud patches," is an area of elevated acoustic base-
ment, approximately 50 meters below the present lake level and buried
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During t h e  summers of 1982 and 1983y Universi ty  of Minnesota 
researchers  acquired over 700 km of high-resolut ion se i smic  p r o f i l e s  
in t h e  extreme western end of Lake Superior between Duluth and t h e  
Apostle Is lands.  The normal-incidence, 3.5 kHz single-channel seismic 
system employed had l imi t ed  penet ra t ion  of Pro terozoic  bedrock and 
Superior Lobe tills, but  produced a c l e a r  and d e t a i l e d  acous t i c  p i c t u r e  
of t h e  fine-grained l a t e  and pos t -g lac ia l  l a c u s t r i n e  sediments. 

The Duluth sub-basin has a subdued bathymetry compared with eas t -  
e rn  Lake Superior 's  va l l eys  and r idges.  The basin between Duluth and 
the  Apostle I s l ands  deepens gradual ly  from t h e  west and south,  but 
q u i t e  r ap id ly  from t h e  nor th ,  such t h a t  a deep trough runs p a r a l l e l  t o  
t h e  a x i s  of t h e  basin along t h e  Minnesota shore l ine .  This depression 
is f i r s t  d i s t i ngu i shab le  in t h e  west near  t h e  mouth of t h e  French River,  
and deepens and broadens northeastwardÂ u n t i l  it achieves a maximum 
depth of 290 meters o f f  S i l v e r  Bay Minnesota. 

The major s t r a t i g r a p h i c  components of t h e  basin are Keweenawan 
c l a s t i c  and volcanic  rocks, unconsolidated Superior Lobe g l a c i a l  t i l ls  
of Wisconsinan age, and t h e  pos t  and l a t e - g l a c i a l  l a c u s t r i n e  sediments 
of Superior and e a r l i e r  lakes.  T i l l  r e f l e c t o r s  a r e  commonly broad, 
d i f f u s e  and noisyy  and a r e  r a r e l y  t r aceab le  over more than a few 
kilometers.  They appear only spo rad ica l ly  ac ros s  t h e  basin.  The con- 
t a c t  between t h e  till and l a c u s t r i n e  sediments is  gene ra l ly  p a r a l l e l  
t o  the  present-day l ake  bottom but i n  p laces  may show r e l i e f  s e v e r a l  
meters g r e a t e r  than t h e  modern depos i t i ona l  surface.  This contac t  is 
one of t h e  most d i s t i n c t i v e  f ea tu re s  on almost a l l  t h e  records and is  
defined by a c r i s p  even-to-wavy o r  d i f f r a c t e d  r e f l e c t o r  which sepa ra t e s  
t h e  noisy,  commonly r e f l ec t ion - f r ee  t i l l  s igna tu re  from t h e  h ighly  
t ransparent  l a c u s t r i n e  un i t .  

The l a c u s t r i n e  sec t ion  t y p i c a l l y  conta ins  numerous high con t inu i ty  
even-to-wavy r e f l e c t o r s  which mimic t h e  t i l l - l a k e  sediment contact .  
Maximum accumulations of fine-grained sediments, onthe o rde r  of 25 
meters,  occur i n  t h e  a x i s  of t h e  North Shore Trough. Ref lec tors  wi th in  
t h i s  u n i t  a r e  commonly p a r a l l e l  but  wi th in  the  trough onlap t h e  s t eep  
trough s i d e s  and occas iona l ly  diverge down basin. Contorted r e f l e c t o r s  
and t h e  l a c k  of l a c u s t r i n e  sediments in c e r t a i n  a r eas  suggest slumping 
has taken p l ace  on the  f lanks  of t h e  trough. Section th ickness  and 
r e f l e c t o r  concentrat ion increase  from t h e  basin edges t o  t h e  bas in  
deeps. Lacustr ine sediment isopachs a r e  gross ly  p a r a l l e l  t o  t h e  bathy- 
met r ic  contours except i n  t h e  extreme western por t ion  of t h e  a r e a  where 
an anomalous sediment d i s t r i b u t i o n  occurs.  Off t h e  French and Les te r  
Rivers a r e  concentrat ions of sediment of up t o  20 meters which a r e  not  
r e l a t e d  t o  t h e  modern bathymetry o r  modern sediment focusing e f f e c t s .  
Between t h e  two "mud patches," is an a r e a  of e leva ted  acous t i c  base- 
ment, approximately 50 meters below t h e  present  l ake  l e v e l  and buried 



3—5 meters beneath fine—grained sediments, which externally resembles
a broad, curved, spit—shaped sand body. A linear submerged ridge close
and parallel to the Wisconsin shoreline also at depth of 50 meters
appears to be an ancient low lake level strand line. These shallow
water features suggest the past existence of a low lake stage 50 meters
below current lake level.
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3-5 meters  beneath f ine-grained sediments,  which e x t e r n a l l y  resembles 
a broad, curved, spit-shaped sand body. A l i n e a r  submerged r idge  c l o s e  
and p a r a l l e l  t o  t h e  Wisconsin s h o r e l i n e  a l s o  a t  depth of 50 meters  
appears t o  be an anc ien t  low l ake  l e v e l  s t r a n d  l i n e .  These shal low 
water f e a t u r e s  suggest  t h e  p a s t  ex i s t ence  of a low l a k e  s t a g e  50 meters 
below cu r ren t  l ake  l eve l .  



Metamorphism of Kuruman and Griguatown Iron Formations and
Associated Makganyene Diatnictite, Cape Province, South

Africa: A Stable Isotope Investigation

E. SCHUESSLER AND E.C. PERRY, JR. (Northern Illinois University)

Oxygen isotope geothermoinetry of cores of 2200X106 m.y. old
Kuruman and Griquatown Iron Formations and overlying Makganyene
Diamictite, Postmasburg Group, from cores near Postmasburg, Cape
Province, South Africa indicate a maximum temperature of
diagenes/burial metamorphism of about 250°C. Large variations
in the tS 0 of carbonates on the scale of cm indicates that the
iron formation acted as a series of closed subsystems during
diagenesis/metamorphism and has remained closed to post—
metamorphic isotope exchange for 2X10 years. Thus, apart from
metamorphic effects, these Proterozoic South African iron for-
mations retain a record of primary isotope composition.

Proterozoic1ghemical sediments, including iron formations,
are depleted in 0 compared to modern cherts and carbonates. A
possible explanation of this effect is high ocean temperature and
consequent low chert—water isotope fractionation. The intimate
association of Makganyene Diamictite of glacial origin and iron
formation (Powell, this volume) effectively rules out such an
explanation and implies1hat this iron ormation was precipitated
from water depleted in 0 by about 10 /oo compared to the
modern ocean.

Carbon isotope composition of carbonate in core from the
Makganyene Diamictite varies sympathetically with niagnetite
content in a way that suggests the reaction:

5Fe 0 + C . FeCO + 3Fe 04.
2 3 (or2anlc) 3 3

This relationship between carbonate and oxide iron minerals in
the diamictite matrix reinforces the interpretation that these
minerals were produced from active, chemically deposited iron—
rich precursor phases and, thus, that diamictite deposition was,
in part, contemporaneous with the chemical precipitation of iron
formation minerals.

Oxygen isotopic study of two iron formation cores helps
interpret diagenetic/metamorphic processes occurring in the
rocks. In core CS119, carbonate is coarse—grained. Its 0
varies by only 1 /oo suggesting low—temperature exchange with
magnetite and Si02 followed by carbonate recrystallizaon and
isolation from further isotoRic exchange. In CS12O, 0 of
carbonate varies by several /00 and is correlated on a cm scale
with per cent inagnetite. A consequence of this pattern is that
several apparent siderite—magnetite oxygen isotope temperatures
from this core are about 100°C higher than quartz—magnetite
temperatures, while quartz—siderite "temperatures" are often
below 0°C. To explain oxygen isotopic values for quartz, mag—
netite, and siderite in is core, it is necessary to postulate
that siderite exchanged 0 with magnetite at relatively low
temperature, then ceased to react while magnetite continued
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Metamorphism of Kuruman and Griquatown Iron Formations and 
Associated Makganyene Diamictitey Cape Provincey South 

Africa: A Stable Isotope Investigation 
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6 Oxygen isotope geothermometry of cores of 2200x10 may. old 
Kuruman and Griquatown Iron Formations and overlying Makganyene 
Diamictite* Postmasburg Groupy from cores near Postnxasburgy Cape 
Province* South Africa indicate a maximum temperature of 
diagenesi./burial metamorphism of about 250Â°C Large variations 
in the r5 0 of carbonates on the scale of cm indicates that the 
iron formation acted as a series of closed subsystems during 
diagenesislmetamorphism and has remai ed closed to post- 9 metamorphic isotope exchange for 2x10 years. Thusy apart from 
metamorphic effects* these Proterozoic South African iron for- 
mations retain a record of primary isotope composition. 

Proterozoic hemical sedimentsy including iron formationsy 
lk are depleted in 0 compared to modern cherts and carbonates. A 

possible explanation of this effect is high ocean temperature and 
consequent low chert-water isotope fractionation. The intimate 
association of Makganyene Diamictite of glacial origin and iron 
formation (Powelly this volume) effectively rules out such an 
explanation and implieslbhat this iron formation was precipitated 
from water depleted in 0 by about 10 0100 compared to the 
modern ocean. 

Carbon isotope composition of carbonate in core from the 
Makganyene Diamictite varies sympathetically with magnetite 
content in a way that suggests the reaction: 

5Fe203 + or a ic FeCO + 3Fe304. 
This relat=onsh$p 8e~weLn carbona?e and oxide iron minerals in 
the diamictite matrix reinforces the interpretation that these 
minerals were produced from activey chemically deposited iron- 
rich precursor phases and, thus* that diamictite deposition wasy 
in party contemporaneous with the chemical precipitation of iron 
formation minerals. 

Oxygen isotopic study of two iron formation cores helps 
interpret diageneticlmetamorphic processes occurring in th Be rocks. In core CSl1gy carbonate is coarse-grained. Its 6 0 
varies by only 1 O/oo suggesting low-temperature exchange with 
magnetite and SiO followed by carbonate recrystallizaf~on and 

2 isolation from further isoto ic exchange. In CS120y 6 0 of g carbonate varies by several loo and is correlated on a cm scale 
with per cent magnetite. A consequence of this pattern is that 
several apparent siderite-magnetite oxygen isotope temperatures 
from this core are about 100Â° higher than quartz-magnetite 
temperaturesy while quartz-siderite "temperatures" are often 
below OÂ°C To explain oxygen isotopic values for quartzy mag- 
netite* and siderite in @is core* it is necessary to postulate 
that siderite exchanged 0 with magnetite at relatively low 
temperaturey then ceased to react while magnetite continued 



to exchange isotopes with quartz to temperatures of about 250°C.
Thus, it appears that before crystallization siderite is more
reactive than quartz whereas after recrystallization it is
relatively isolated from further oxygen isotope exchange. Other
explanations are inconsistent with isotope geothermometry.
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Early Proterozoic Penokean Igneous Rocks of the Lake
Superior Region: Geochemistry and Tectonic Implications

Klaus J. Schulz
U.S. Geological Survey

National Center, M.S. 954
Reston, VA 22092

The nature and composition of igneous rocks from ancient terranes can
provide significant insights into the tectonic processes active during their
formation. Until recently only limited data were available for the Early
Proterozoic Penokean ( 1900—l840Ma) igneous rocks of the Lake Superior
region, particularly those that constitute the volcanic—plutonic terrane of
northern Wisconsin. However, with the recent review of available major
element data for volcanic rocks of the region by Greenberg and Brown (1983),
the acquisition of trace—element data (including rare—earth element data)
for the volcanic rocks of upper Michigan (Fox, 1983) and northern Wisconsin
(Schulz, 1983), and the documentation of the compositional characteristics
of the granitoid rocks in northern Wisconsin (Schulz and others, 1983), the
nature and compositional affinities of the igneous rocks can now be more
fully evaluated and used to understand the tectonic activity during the
Early Proterozoic Penokean evolution of the region.

In upper Michigan, Penokean igneous rocks within the dominantly sedi-
mentary Marquette Range Supergroup consist of basalt flows and gabbroic sills,
and lesser amounts of basaltic and rhyolitic volcaniclastic rocks. These
suites are distinctly bimodal with basalt and lesser rhyolite predominant,
show strong tholeiitic iron enrichment trends, and relatively high concen-
trations of large—ion lithophile (LIL)elements. The rocks are compositionally
similar to continental—rift and plateau volcanics such as those of the
Keweenawan Supergroup of the Lake Superior region and those of the Columbia
River Basalt Group of Washington, Oregon, and Idaho.

In northern Wisconsin, Penokean volcanic sequences within the volcanic—
plutonic terrane consist 0f basalt through andesite and rhyolite flows and
pyroclastics with associated subvolcanic intrusives. These volcanic rocks
are dominantly caic—alkaline and are enriched in LIL elements (i.e.,
[La/YbJN=2.5—9.4) but are depleted in high—field—strength elements (i.e.,
Hf, Zr, Ta, etc.) and are similar to volcanic sequences found in recent
island—arcs (e.g., New Hebrides and Japanese arcs). In contrast, the
basalts of the Quinnesec Formation from northeastern Wisconsin are tholeiitic
in character, are strongly depleted in LIL elements [i.e., [La/Yb]N = 0.09—0.89],
and are compositionally similar to recent back—arc basin basalts (e.g., Lau
Basin) and island—arc tholeiites (e.g., Scotia arc).

The Penokean granitoid rocks of northern Wisconsin show a temporal
progression from gabbro and diorite through tonalite to granite. These
rocks are mostly calc—alkaline, although slightly alkaline varieties
(i.e. Marinette Quartz Diorite, northeastern Wisconsin) are also present.
The granitoids show an increase from north to south across the terrane in
their K20/Na20 ratios and overall Si02 contents. They are compositionally
similar to granitoids found in modern, evolved island—arcs (e.g., Japan)
and continental convergent-plate—margin settings (e.g., Sierra Nevada
batholith).

65

Early Proterozoic Penokean Igneous Rocks of the Lake 
Superior Region: Geochemi s t ry and Tectonic Imp1 ications 

Klaus J. Schuqz 
U-S- Geoloqical Survey 

National cenier* M S .  934 
Reston, VA 22092 

The nature and composition of igneous rocks from ancient terranes can 
provide significant insights into the tectonic processes active during thei r 
formation- Until recently only limited data were available fo r  the Early 
Proterozoic Penokean ( 1900-184OMa) igneous rocks of the Lake Superior 
region* particularly those that constitute the volcanic-plutonic terrane of 
northern Wisconsin- However* with the recent review of available major 
element data for volcanic rocks of the region by Greenberg and Brown (1983)* 
the acquisition of trace-el ement data (incl udi ng rare-earth el ement data) 
for  the volcanic rocks of upper Michigan (Fox* 1983) and northern Wisconsin 
(Schulz * 1983) * and the documentation of the compositional characteristics 
of the granitoid rocks in northern Wisconsin (Schulz and others* 1983)* the 
nature and compositiona1 af f in i t ies  of the igneous rocks can now be more 
fully evaluated and used to  understand the tectonic activity during the 
Early Proterozoic Penokean evolution of the region- 

In upper Michigan, Penokean igneous rocks within the dmi nantly sedi- 
mentary Marquette Range Supergroup consist of basalt f1 ows and gabbroic sf1 1 s *  
and lesser amounts of basaltic and rhyoli t i c  volcanic1 ast ic  rocks. These 
suites are distinctly bimodal with basalt and.lesser rhyolite predominant* 
show strong tholei i t i c  iron enrichment trends * and re1 atively high concen- 
trations of large-ion lithophi1 e (LIL) elements- The rocks are compositional 1y 
simil a r  to  continental - r i f t  and plateau volcanics such as those of the 
Keweenawan Supergroup of the Lake Superior region and those of the Columbia 
River Basalt Group of Washington* Oregon, and Idaho- 

In northern Wi sconsi n 9  Penokean vo1 canic sequences within the volcanic- 
p1 utonic terrane consist of basalt through andesite and rhyolite f1 ows and 
pyroclasti cs w i t h  associated subvol canic i ntrusives- These volcanic rocks 
are dominantly calc-alkaline and are enriched i n  LIL elements ( i  -e. * 
[La/Yb]N=2.5-9.4) b u t  are depleted in high-f iel d-strength el ements ( i  .e. * 
Hf, Zr, Ta* e t c - )  and are similar t o  volcanic sequences found in recent 
i sland-arcs (e-g- New Hebrides and Japanese arcs) In contrast ,  the 
basalts of the Quinnesec Formation from northeastern Wisconsin are tho le i i t i c  
in character* a re  strongly depleted in LIL elements [i .e- [LalYb]~ = 0.09-0.89]* 
and are compositional 1y simi la r  to  recent back-arc basin basalts (e.g. * Lau 
Basin) and is1 and-arc tholei i tes  (e.g- * Scotia arc). 

The Penokean granitoid rocks of northern Wi sconsin show a temporal 
progression from gabbro and dior i te  through tonal i t e  to granite. These 
rocks are mostly ca1 c-a1 kaline* although sl  ightly a1 kali ne varieties 
( i  .e. Marinette Quartz Diorite* northeastern Wisconsin) are also present. 
The granitoids show an increase from north to  south across the terrane in 
the i r  K20lNa20 ratios and overall Si02 contents- They are cmposi tional ly 
simil a r  to  granitoids found in modern* evolved i s1 and-arcs (e.g. Japan) 
and continental convergent-plate-margi n sett ings (e.g. * Sierra Nevada 
bath01 i t h )  

6 5 



The nature and geochemistry of the Early Proterozoic Penokean igneous
•rocks of the Lake Superior region strongly suggest the operation of plate—
tectonic processes largely similar to those active today. The data support
a tectonic model of 1) early crustal rifting (bimodal basalt-rhyolite
volcanism, upper Michigan) and spreading, 2) subsequent subduction and
formation of a complex volcanic arc (tholeiitic, and caic-alkaline volcanism
and plutonism, northern Wisconsin), and collision of the arc first with
Archean crust on the south and then with the continental—margin sequence
and Archean crust of upper Michigan on the north (i.e., the Penokean Orogeny).
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Regional Controls of Lower Precambrian Metallogeny
in the Upper Peninsula of Michigan

MICHAEL J. SCHWARTZ (Dept. of Geology, Univ. 1Nis.-Parkside,
Kenosha, Wi. 53141)
PETER A. NIELSEN (Dept. of Geology, Univ. Wis.-Parkside,
Kenosha, Wi. 53141)

This is an attempt at finding any large scale regional controls
of metallogeny in the Upper Peninsula of Michigan. To limit the
extent of this study we are restricting the scope of it to Archean
and lower middle Precambrian sections and not including the
Keweenaw which has obvious structural controls at a regional
level. We have gathered an information base of structural and
lithologic trends from both large scale (1:250000) and small scale
(1:24000) maps and an unpublished M.S. thesis by Bodwell (1972,
MTU). Bodwell covered all reported metal locations and this was
used as the primary data-base.

By plotting structure and lithology on a base map and making
overlays of different metal associations (Au + Cu + Ag, Au + Ag,
Au + base metal sulfides, Cu + Mo, base metal sulfides) regional
structural/lithologic metallogenic patterns are shown, if present.
For purposes of simplification the Upper Peninsula has been divided
into three areas: The Marquette Range, The Gogebic-Watersmeet
area, and the Crystal FalIs-Menomonee-lron River areas. This is
based on some physical separation of these areas. These areas have
a common Paragenesis although stratigraphic columns are not
exactly the same.

After following this procedure hopefully some relations will
become apparent. At this point my research is not complete but
some apparent trends are present. In the Gogebic-Watersmeet area
gold deposits seem to be confined to a greenstone belt and the very
near proximity. In the northern Marquette Range base metal
deposits follow the limbs of an apparent fold.

Bodwell, Willard H., 1972. Geologic Compilation and Nonferrous
Metal Potential, Precambrian Section, Northern Michigan,
unpublished MS thesis, MTU.
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Trace Element Geochemistry of Some Lake Superior
Keweenawan Basic Layered Intrusions

KARL E. SEIFERT (Dept. of Earth Sciences, Iowa State University, Ames,
IA 50011)

Seven REE (La, Ce, Sm, Eu, Tb, Yb, and Lu), Ca, Cr, Th, Hf, Ta, Sr,
Rb, and Ba have been determined by instrumental neutron activation
analysis (IRAA) for rocks from the Duluth complex, Mineral Lake intru-
sion, and the Rearing Pond intrusion. The trace element characteristics
of the various units comprising these intrusions can be combined in
their appropriate abundances to derive the character of their parental
magmas. For the Mineral Lake intrusion, this calculated composition is
compared to a chill zone sample and found to be markedly different.
Insufficient data are available on the Rearing Pond intrusion to
calculate a parental magma composition.

The parental magma compositions are compared to the most primitive
North Shore volcanic composition to test for a genetic relationship. It

is not possible to derive the intrusive parental maginas from the most
primitive North Shore volcanic composition by magmatic differentiation
alone. The various parental tnagmas can only be related by more complex
models.

68

Trace Element Geochemistry of Some Lake Superior . 

Keweenawan Basic Layered In t rus ions  

KART,, E. SEIFERT (Dept. of Earth Sciences, Iowa S t a t e  Universi ty,  A m e s ,  
IA 50011) 

SevenREE (La, C e ,  Sm, Eu, Tb, Yb, a n d L u ) ,  Co, C r ,  Th, Hf, Ta, S r ,  
Rb, and B a  have been determined by instrumental  neutron a c t i v a t i o n  
ana lys i s  (INAA) f o r  rocks from t h e  Duluth complex, Mineral Lake i n t r u -  
s ion ,  and t h e  Rearing Pond in t rus ion .  The t r a c e  element c h a r a c t e r i s t i c s  
of t h e  var ious  u n i t s  comprising these  i n t r u s i o n s  can be combined i n  
t h e i r  appropr ia te  abundances t o  de r ive  the  charac ter  of t h e i r  pa ren ta l  
magmas. For t h e  Mineral Lake in t rus ion ,  t h i s  ca lcula ted  composition i s  
compared t o  a c h i l l  zone sample and found t o  be markedly d i f f e r e n t .  
I n s u f f i c i e n t  da ta  a r e  ava i l ab le  on the  Rearing Pond i n t r u s i o n  t o  
ca lcu la t e  a pa ren ta l  magma composition. 

The pa ren ta l  magma compositions a r e  compared t o  the  most p r imi t ive  
North Shore volcanic composition t o  t e s t  f o r  a genet ic  r e l a t ionsh ip .  It 
is  no t  poss ib le  t o  de r ive  the  i n t r u s i v e  pa ren ta l  magmas from t h e  most 
pr imi t ive  North Shore volcanic composition by magmatic d i f f e r e n t i a t i o n  
alone. The various pa ren ta l  magmas can only be r e l a t e d  by more complex 
models. 



Dikes as Tectonic Indicators in the Eastern Lake Superior Region —
Structural and Paleomagnetic Considerations

E.G. Shaw (Dept. of Geology, University of Toronto, Erindale
College, Mississauga, Ontario, Canada L5L 1C6)

The majority of Archean rocks have undergone complex Early
Precambrian deformation, and thus, are of limited use in defining
the nature and timing of post-Archean tectonic events. It is
clear, however, from the abundance of faults and shear—zones in
shield areas that later Precambrian tectonic events of some kind
have indeed occurred. Where a shield is overlain by Middle to
Late Precambrian volcanic/sedimentary sequences, tilting, fault
displacement, and other deformational features can often be
directly observed and constraints placed on the age and extent of
deformation. For the most part, however, such Precambrian cover
rocks are confined to localized areas on shield margins.

Ernst and Halls (1984) have shown from a study of dikes in
the Kapuskasing Zone, that dike attitudes and paleomagnetic
signatures may be used as tectonic indicators in the Canadian
Shield. In their study, dikes of the same swarm which differed
from the norm both in attitude and paleomagnetic direction were
used to show a westward tilting of the crust in association with
upthrusting along the eastern margin of the Zone.

Patches of lakeward—dipping Keweenawan volcanics and
sediments show that the shield along the coast of Lake Superior
has been involved in basin subsidence. These Keweenawan rocks,
however, are only rarely found along the eastern shore and thus
are insufficient to define the full extent of shield deformation
associated with basin develonent. On the other hand, dikes are
pervasive both on the Lake Superior coast and in the interior of
the shield. Muff ield (1951) observed that the dikes in the
Montreal River Harbour area dip NE; dikes north and east of the
lake have been observed to be near—vertical. This is an ideal
environment in which to apply and extend the findings of Ernst and
Halls.

In addition, the Montreal River follows a major fault that
may be the southern extension of the eastern boundary thrust of
the Kapuskasing Zone. It was thought that if faulting had been of
major extent, an overprint dating from fault movement (and
Kapuskasing activity in general) uld be evident in the
paleomagnetic signature of dikes cutting the fault.

The purpose of this study, then, was to use the palemagnetic
signature and attitude of dikes to 1) determine the nature and
extent of eastern—shore shield deformation related to Keweenawari
basin subsidence and 2) look for signs of Kapuskasing activity
along the Montreal River fault.
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Thirty—nine paleomagnetic sites comprising a total of 300
samples were collected from northwest—trending diabase dikes along
two traverses roughly normal to the eastern shoreline of Lake
Superior and oblique to the trend of the dikes. The northern
traverse, about 45 km long, follows the Montreal River to the
coast. Since it was important to know the structure and
paleomagnetism of dikes in a relatively stable area, a southern
traverse—remote from possible influences of Kapuskasing and Lake
Superior deformation—was chosen as a control. This traverse is
located 5 to 10 km south of the northern traverse, 35 km from the
coast, and extends eastward for a distance of 70 km. Twenty—three
dikes in the southern traverse and sixteen dikes in the nothern
traverse were sampled.

Based on paleomagnetic direction, there appear to be at least
four ages of dike intrusions in the interior corresponding to
Keweenawan, Sudbury, Matachewan and an undated dike set which cuts
a Huronian outlier and has a similar paleomagnetic direction to
that of Abitibi and Preissac dikes. All sampled interior dikes
trend NW to N, and beyond about two km from the shoreline, dip
less than 5 to 10 degrees from the vertical. In the field,
samples generally appear fresh, though apparent deuteric
alteration is present in some margins. Dikes within about two km
of the shoreline tend to have a more westerly trend and all dip NE
at angles ranging from 45 to 70 degrees. These dikes, in
comparison with those of the interior, are more altered and
sheared, especially at the margins.

An easterly rotation of approximately 40 degrees about a NW
axis returns both the attitude and paleomagnetic direction of the
coastal dikes to those of the control group. This is in agreement
with the rotation needed to return the Keenawan rocks in the
south to the horizontal. The combination of rotated attitudes and
paleotnagnetic poles—and also the large degree of shearing—
indicates that the present anomalous dips and strikes of the
coastal dikes are due to tectonic rotation and not to a geographic
change in orientation of the tensional environment during
emplacement. In addition, the study shows that, at least locally,
a rim of shield no more than 2 km wide has been tilted in response
to subsidence in the Lake Superior Basin.

Preliminary structural and palenagnetic data from the NW
trending dikes cutting the Montreal River Fault suggest that
little activity has occurred in the area since emplacement of
these dikes.
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Characterization of the Ore Host Rock at the
Ropes Gold Mine, Ishpexning, Michigan

Anthony W. Shepeck and Theodore J. Bornhorst (Dept. of Geol. & Geol.
Engrg., Michigan Technological University, Houghton, MI 49931)

Gold mineralization at the Ropes Gold Mine is contained within an
east—west trending, nearly vertical, tabular, schistose rock body
which .s surràunded by the Deer Lake Peridotite. The ore host rock
(OHR) can be divided into four mappable units based on the relative
abundance of layer silicate minerals, which make up the majority of
the OHR, and whole rock chemical composition: 1) mostly sericite;
2) about equal amounts of sericite and chlorite; 3) mostly chlorite;
and 4) chlorite and carbonate. Quartz is ubiquitous throughout all
the units. Disseminated pyrite and lesser amounts of magnetite are
also present. The carbonate is dolomite with minor ankerite. Dis-
seminated gold is most abundant in the more sericitized and.silici—
fied units. However, the highest gold values in the mine are asso-
ciated with quartz—sulfide veins which were the target for the early
mining. These veins are cross—cut by barren carbonate veins.

The layer silicate minerals within the various OHR units can be
distinguished by composition, structural type and textural criteria.
In general, chiorites are clinochiore but in detail can be subdivided
into: Type 1) an early fine—grained, lower ordered lb chlorite, rela-
tively enriched in Mg and Si with a composition of [(Mg11 2Fe08+2)
(Si71Al0g) 020 (OH)16)] which commonly defines foliations and is a
major component of the matrix; and Type 2) a later porphyroblastic,
higher ordered lib chlorite, which is relatively higher in Fe and Al
with a composition of [(Mg.7Fe332) (Si58Al22) 020 (OH)16]. Seri—
cites are essentially an ideal K, Al muscovite with low Na, Fe and Mg
and can also be subdivided into two varieties: Type A) an early fine—
grained 2. mica which commonly occurs in discrete blebs or in torn
fragments; and Type B) a later highly crystalline, coarser 2m1 mica
which commonly occurs in the matrix. The Type 1 chiorites are re-
stricted to the less intensely altered gold—poor chlorite and chlorite—
carbonate units of the OHR whereas Type 2 chlorites and Type B seri—
cites are predominantly found in the more gold—rich sericite and
sericite—chlorite units. The chlorite polytypes suggest that the
later Type 2 chlorite was formed at a higher temperature than the
earlier Type 1 chlorite and may be a recrystallization product of
Type 1. Their compositions reflect the composition of the fluid,
rock and water/rock ratios. The overall distribution of the various
types of layer silicate minerals within the OHR may be a reflection
of hydrothermal gradients established during mineralization.

The OHR is interpreted as an altered and sheared rock and, as such,
there is only speculative evidence as to the original protolith.
Whole—rock major and trace element data on 63 samples indicate that
the sericite, sericite—chiorite and the chlorite units are composi—
tiortally different than the Deer Lake Peridotite. However, the
chlorite—carbonate unit is similar in some respects to the peridotite.
I=obile element ratios suggest that the sericite unit is similar to
andesitic members of the Kitchi Schist.
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Charac ter iza t ion  of the  Ore Host Rock a t  the  
Ropes Gold Mine, Ishpeming, Michigan 

Anthony W. Shepeck and Theodore J. Bornhorst (Dept. of Geol. & Geol. 
Engrg., Michigan Technological Universi ty ,  Houghton, M I  49931) 

Gold minera l iza t ion  a t  t he  Ropes Gold Mine i s  contained wi th in  an 
east-west t rending ,  near ly  v e r t i c a l ,  t a b u l a r ,  s ch i s to se  rock body 
which is  surrounded by the  Deer Lake P e r i d o t i t e .  The o r e  hos t  rock 
(OIiR) can be divided i n t o  four  mappable u n i t s  based on the  r e l a t i v e  
abundance of l aye r  s i l i c a t e  minerals ,  which make up t h e  major i ty  of 
t h e  OHR, and whole rock chemical composition: 1 )  mostly s e r i c i t e ;  
2) about equal  amounts of s e r i c i t e  and c h l o r i t e ;  3)  mostly c h l o r i t e ;  
and 4 )  c h l o r i t e  and carbonate.  Quartz is  ubiqui tous throughout a l l  
the  u n i t s .  Disseminated p y r i t e  and l e s s e r  amounts of magnetite a r e  
a l s o  present .  The carbonate i s  dolomite with minor anke r i t e .  D i s -  
seminated gold is  most abundant i n  t h e  more s e r i c i t i z e d  a n d . s i 1 i c i -  
f i e d  u n i t s .  However, the  highest  gold values i n  t he  mine a r e  asso- 
c i a t ed  with quar tz -su l f ide  veins  which were the  t a r g e t  f o r  t he  e a r l y  
mining. These veins  a r e  cross-cut by bar ren  carbonate veins .  

The l aye r  s i l i c a t e  minerals wi th in  the  var ious  OHR u n i t s  can be 
d is t inguished  by composition, s t r u c t u r a l  type and t e x t u r a l  c r i t e r i a .  
In  general ,  c h l o r i t e s  a r e  c l inochlore  but  i n  d e t a i l  can be subdivided 
i n t o :  Type 1 )  an e a r l y  fine-grained, lower ordered Ib c h l o r i t e ,  r e l a -  
t i v e l y  enriched i n  Mg and S i  with a  composition of [(Mgll.2Feo.8+2) 
(Si7.lAlc.g) 020 (OH)16)] which commonly def ines  f o l i a t i o n s  and i s  a  
major component of t he  matr ix;  and Type 2) a  l a t e r  porphyroblas t ic ,  
higher  ordered I Ib  c h l o r i t e ,  which is  r e l a t i v e l y  higher  i n  Fe and A 1  
wi th  a  composition of [ ( ~ ~ 8 .  71?e3. 3+2) ( s i 5  8 ~ 1 2 . 2 )  o~~ (OH) 16] . s e r i -  
c i t e s  a r e  e s s e n t i a l l y  an i d e a l  K,  Al. muscovite wi th  low N a ,  Fe and Mg 
and can a l s o  be subdivided i n t o  two v a r i e t i e s :  Type A) an e a r l y  f ine-  
grained mica which commonly occurs  i n  d i s c r e t e  blebs o r  i n  t o r n  
fragments; and Type B) a  l a t e r  highly c r y s t a l l i n e ,  coarser  zm1 mica 
which commonly occurs i n  the  matrix.  The Type 1 c h l o r i t e s  a r e  re- 
s t r i c t e d  t o  t h e  l e s s  i n t ense ly  a l t e r e d  gold-poor c h l o r i t e  and c h l o r i t e -  
carbonate u n i t s  of the  OHR whereas Type 2  c h l o r i t e s  and Type B s e r i -  
c i t e s  a r e  predominantly found i n  t h e  more gold-rich s e r i c i t e  and 
s e r i c i t e - c h l o r i t e  u n i t s .  The c h l o r i t e  polytypes suggest t h a t  the  
l a t e r  Type 2  c h l o r i t e  w a s  formed a t  a  higher  temperature than t h e  
e a r l i e r  Type 1 c h l o r i t e  and may be a  r e c r y s t a l l i z a t i o n  product of 
Type 1. Their  compositions r e f l e c t  t he  composition of the  f l u i d ,  
rock and water l rock r a t i o s .  The o v e r a l l  d i s t r i b u t i o n  of t he  var ious  
types of l a y e r  s i l i c a t e  minerals wi th in  the  OHR may be a  r e f l e c t i o n  
of hydrothermal grad ien ts  e s t ab l i shed  during minera l iza t ion .  

The OHR is  in t e rp re t ed  a s  an a l t e r e d  and sheared rock and, a s  such, 
t he re  is only specula t ive  evidence a s  t o  the  o r i g i n a l  p r o t o l i t h .  
Whole-rock major and t r a c e  element da t a  on 63 samples i nd ica t e  t h a t  
the  s e r i c i t e ,  s e r i c i t e - c h l o r i t e  and the  c h l o r i t e  u n i t s  a r e  composi- 
t i o n a l l y  d i f f e r e n t  than the  Deer Lake P e r i d o t i t e .  However, t he  
ch lor i te -carbonateuni t  is s imi l a r  i n  some r e spec t s  t o  t he  p e r i d o t i t e .  
Immobile element r a t i o s  suggest t h a t  t he  s e r i c i t e  u n i t  i s  s imi l a r  t o  
a n d e s i t i c  members of t he  Ki tch i  Schis t .  



Petrographic and Geochemical Study of the Mount Bohemia Stock,
Portage Lake Volcanics, Keweenaw Peninsula, Michigan

Kevin Sikkila (Dept. of Geol. & Geol. Engrg., Michigan Technological
University, Houghton, MI 49931)

Mount Bohemii is a small stock (284 x 146 m) intruded into the lower
section of the Portage Lake Volcanics. The majority of Mount Bohemia
stock is an altered, medium— to coarse—grained diorite. It has a
reconstructed primary mineral assemblage of 45% to 50% sodic plagio—
clase, 30% to 50% mafic minerals (augite and hornblende), and up to
3% quartz. In addition, considerable amounts of magnetite (exceeding
15% in some areas) are more or less ubiquitous throughout the rock
body. A small section in the southeastern portion of the body is com-
posed of fine—grained quartz diorite with a reconstructed primary
mineral assemblage of approximately 60% sodic plagioclase, 30% quartz,.
and 7% biotite. A much smaller concentration of inagnetite, about 3%,

is found in this section of the intrusive. Presumably this quartz
diorite is representative of the final stages of intrusive activity.

The dioritehas been moderately to severely altered. The alteration
shows a strong correlation with the Lac La Belle fissure, a structural
feature striking N20°W through the intrusive, indicating a preferential
channeling of hydrothermal fluids. Potassium metasomatism is pervasive,
although heaviest along the fissure, and secondary potassium feldspar
is microscopically observable in almost all thin sections. This, com-

bined with the alteration of primary tnagnetite to fine—grained hematite,
is responsible for the pinkish coloration that gives hand specimens the
misleading appearance of a syenite. Alteration products which are

relatable to the fissure position are: serpentine (from mafics); epi—
dote (from plagioclase, mafics); and calcIte (from plagioclase). Alter-

ation products whose abundance is inversely related to the position of
the fissure include: actinolite (from pyroxene) and sericite (from

plagioclase). Alteration of mafic minerals to chlorite occurs every-
where and it is the alteration product of the biotite in the fine—
grained quartz diorite.

Geochemical variations within the intrusive follow a few general
treads. Concentrations of mobile elements such as Cu, Zn and Rb are
higher along the Lac La Belle fissure. High Rb concentrations can be
specifically correlated with the presence of secondary K—feldspar.
I=obile elements such as Zr, V and Ni have relatively uniform values
throughout the diorite rock body. Cr varies in a manner which might
be related to original magmatic processes. The concentrations of im-
mobile elements are distinctly different between the main diorite
rock body and the later—stage quartz diorite. The Zr concentration
is higher in the more silicic rock, and Cr and V concentrations are
lower.
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Mount Bohemia is a small stock (284 x 146 m) intruded into the lower 
section of the Portage Lake Volcanics. The majority of Mount Bohemia 
stock is an altered, medium- to coarse-grained diorite. It has a 
reconstructed primary mineral assemblage of 45% to 50% sodic plagio- 
clase, 30% to 50% mafic minerals (augite and hornblende), and up to 
3% quartz. In additiony considerable amounts of magnetite (exceeding 
15% in some areas) are more or less ubiquitous throughout the rock 
body. A small section in the southeastern portion of the body is com- 
posed of fine-grained quartz diorite with a reconstructed primary 
mineral assemblage of approximately 60% sodic plagioclase, 30% quartz,.. 
and 7% biotite. A much smaller concentration of magnetitey about 3%, 
is found in this section of the intrusive. Presumably this quartz 
diorite is representative of the final stages of intrusive activity. 

The dioritehas been moderately to severely altered. The alteration 
shows a strong correlation with the Lac La Belle fissurey a structural 
feature striking N20Â° through the intrusivey indicating a preferential 
channeling of hydrothermal fluids. Potassium metasomatism is pervasive, 
although heaviest along the fissure, and secondary potassium feldspar 
is microscopically observable in almost all thin sections. Thisy com- 
bined with the alteration of primary magnetite to fine-grained hematitey 
is responsible for the pinkish coloration that gives hand specimens the 
misleading appearanceof a syenite. Alteration products which are 
relatable to the fissure position are: serpentine (from mafics); epi- 
dote (from plagioclasey mafics); and calcite (from plagioclase). Alter- 
ation products whose abundance is inversely related to the position of 
the fissure include: actinolite (from pyroxene) and sericite (from 
plagioclase). Alteration of mafic minerals to chlorite occurs every- 
where and it is the alteration product of the biotite in the fine- 
grained quartz diorite. 

Geochemical variations within the intrusive follow a few general 
trends. Concentrations of mobile elements such as Cu, Zn and Rb are 
higher along the Lac La Belle fissure. High Rb concentrations can be 
specifically correlated with the presence of secondary K-feldspar. 
Immobile elements such as Zry V and Ni have relatively uniform values 
throughout the diorite rock body. Cr varies in a manner which might 
be related to original magmatic processes. The concentrations of im- 
mobile elements are distinctly different between the main diorite 
rock body and the later-stage quartz diorite. The Zr concentration 
is higher in the more silicic rocky and Cr and V concentrations are 
lower. 



A partisan review of the Early Proterozoic geology
of Wisconsin and adjacent Michigan

P. K. SIMS and Z. E. PETERMAN, U.S. Geological Survey, Denver, CO 80225;
KLAUS J. SCHULZ, U.S. Geological Survey, Reston, VA 22092

Two contrasting sequences of Early Proterozoic rocks are present in the
Wisconsin—Michigan region: a northern epicratonic sequence of interbedded
sedimentary and volcanic rocks (Marquette Range Supergroup of Michigan)
overlying Archean basement, and a southern terrane dominantly composed of
volcanic and granitoid rocks and generally lacking Archean basement (Wisconsin
magmatic zone). The boundary between the two terranes, at least in
northeastern Wisconsin, is the Niagara fault.

The Marquette Range Supergroup is composed of three depositional cycles
separated by minor unconformities. In general, the deposits fine upward:
basal clastic and chemical deposits, accumulated in rift basins and on
platforms (Larue and Sloss, 1980), are succeeded upward by quartzose sandstone
and the major iron—formations of the region. These strata are overlain by a
southward—thickening wedge of turbidites, areally restricted iron—formations
and, in more southerly parts, intercalated submarine volcanic rocks, which are
mainly pillow basalts. The depositional patterns indicate a shelf prograding
into a deep water environment, the detritus being derived principally from
exposed Archean rocks to the north. Deposition took place on a passive
continental margin. Sedimentation ceased before or during the main pulse of
deformation accompanying the Penokean orogeny. Deformation involved sub—
horizontal compression accompanied by substantial shortening of the
supracrustal sequence (Cannon, 1973) and, later, dominantly vertical tectonism
associated with the development of diapiric gneiss domes caused by
reactivation of Archean basement gneiss. An annular pattern of metamorphism
around some of the gneiss domes was superposed on regional greenschist
metamorphism.

The age of the Marquette Range is poorly defined, but it is bracketed
between 2,120 m.y. (maf Ic dikes in basement; Beck and Murthy, 1982) and 1,820
m.y., the age of a granite body at Lake Mary, Mich., that cuts the
supergroup. The volcanic rocks in the supergroup as indicated by rhyolite in
the Hemlock Formation, are about 1,900 m.y. old (W. R. Van Schmus, written
comm., 1983). They are largely bimodal with abundant tholeiitic basalt and
minor high 1(20 rhyolite. The basalt shows strong iron enrichment, and high
Ti02 and incompatible—element contents (Fox, 1983); it is compositionally
similar to continental basalts.

Except in a broad sense, a coherent, integrated view of the Wisconsin
magmatic zone is lacking, partly because of meagre exposures and partly
because of the inherent difficulties of deciphering thick, complexly disturbed
volcanic accumulations. As a generalization, the magmatic zone is composed of
calc—alkaline volcanic and intrusive rocks having overall island—arc
affinities, and more restricted granitoid gneisses.

A key area for understanding the stratigraphy, metamorphism, and tectonic
evolution of the magtuatic terrane is the Dunbar dome and vicinity in
northeastern Wisconsin. The dome is a large—scale, antiforma]. fold—

73

A partisan review of the Early Proterozoic geology 
of Wisconsin and adjacent Michigan 

P. K. SIMS and Z. E. PETERMAN, U.S. Geological Survey, Denver, CO 80225; 
KLAUS J. SCHULZ, U.S. Geological Survey, Reston, VA 22092 

Two contrasting sequences of Early Proterozoic rocks are present in the 
Wisconsin-Michigan region: a northern epicratonic sequence of interbedded 
sedimentary and volcanic rocks (Marquette Range Supergroup of Michigan) 
overlying Archean basement, and a southern terrane dominantly composed of 
volcanic and granitoid rocks and generally lacking Archean basement (Wisconsin 
magmatic zone). The boundary between the two terranes, at least in 
northeastern Wisconsin, is the Niagara fault. 

The Marquette Range Supergroup is composed of three depositional cycles 
separated by minor unconformities. In general, the deposits fine upward: 
basal clastic and chemical deposits, accumulated in rift basins and on 
platforms (Larue and Sloss, 1980), are succeeded upward by quartzose sandstone 
and the major iron-formations of the region. These strata are overlain by a 
southward-thickening wedge of turbidites, areally restricted iron-formations 
and, in more southerly parts, intercalated submarine volcanic rocks, which are 
mainly pillow basalts. The depositional patterns indicate a shelf prograding 
into a deep water environment, the detritus being derived principally from 
exposed Archean rocks to the north* Deposition took place on a passive 
continental margin. Sedimentation ceased before or during the main pulse of 
deformation accompanying the Penokean orogeny. Deformation involved sub- 
horizontal compression accompanied by substantial shortening of the 
supracrustal sequence (Cannon, 1973) and, later, dominantly vertical tectonism 
associated with the development of diapiric gneiss domes caused by 
reactivation of Archean basement gneiss. An annular pattern of metamorphism 
around some of the gneiss domes was superposed on regional greenschist 
metamorphism. 

The age of the Marquette Range is poorly defined, but it is bracketed 
between 2,120 m.y. (mafic dikes in basement; Beck and Murthy, 1982) and 1,820 
m.y., the age of a granite body at Lake Mary, Mich., that cuts the 
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interference structure about 20 kin in diameter, modified by diapirism and by
intrusion of tonalite, granodiorite, and granite. It provides a window
exposing older gneiss that evolved at a deeper crustal level than the
widespread supracrustal rocks. The gneiss and the immediately adjacent
supracrustal rocks are amphibolite facies, whereas the regional metamorphic
grade of the supracrustals in the area is greenschist facies. The

stracigraphic succession in the dome area, from oldest to youngest, is (1)
gneiss, miginatite, and amphibolite (Dunbar Gneiss of Cain, 1964), (2) shallow—
water sedimentary rocks, (3) basalt—andesite—dacite (Quinnesec Formation), and
(4) rhyolite. The rhyolite appears to be younger than the major deformation
and metamorphism. In a broad sense, this stratigraphic succession appears to
fit the other gneiss—granitoid domes across northern Wisconsin.

A similarly complex stratigraphy of Early Proterozoic rocks has been
determined in central Wisconsin (LaBerge and Myers, 1984). At least three
successions of volcanic rocks are distinguished on the basis of differences in
composition, metamorphism, and structural fabric. An older, widespread
subaqueous basaltic succession with abundant tnafic subvolcanic intrusion
breccias, mainly of amphibolite facies, is overlain locally by subaqueous
felsic—intermediate volcanic rocks and intercalated sedimentary rocks of upper
greenschist facies. At Wausau, a still younger, weakly metamorphosed, partly
subaerial volcanic—sedimentary succession is present. Distinct episodes of
granite emplacement followed extrusion of the older basalt and the younger
volcanics at Wausau; the younger granites are leucocratic and have high
K20/Na20 ratios. The age of the volcanic successions relative to the Early
Proterozoic gneisses and foliated tonalite associated with Archean gneiss in

central Wisconsin (Maass, 1983) is equivocal, but we interpret the volcanic
successions as being younger; the gneisses are representative of a deeper
crustal level than the volcanic rocks.

All the volcanic rocks in Wisconsin (regardless of stratigraphic age) and
the associated granitoid rocks have U—Pb zircon ages of about 1,850 tn.y.
(Van Schmus, 1980). Detailed zircon dating in northeastern Wisconsin
(Peterman, unpublished data) indicates that the volcanic and granitoid rocks
crystallized in the short time span of 30 m.y., from 1,865 to 1,835 m.y. ago.

The structure of the Early Proterozoic rocks in Wisconsin is complex. On

a regional scale, the terrane consists of generally large structural blocks
having diversely oriented internal structures that are bounded by ductile
deformation zones ("shear zones"). The deformation zones record pronounced
flattening in the foliation planes and a strong component of vertical movement
(Palmer, 1980). Although defQrmation is intense in the shear zones, it is

regional in scope, and generally is younger than the prevailing internal
structural fabric within the blocks.

The boundary between the northern and southern Early Proterozoic
terranes, as indicated by the Niagara fault, is marked by structures
indicative of variable but generally high strain (Larue, 1983). On both sides
of the fault, the rocks generally have a steep south—dipping foliation that is
subparallel to the fault and a generally steep southwest—plunging stretching
lineation. These data, together with high—angle reverse faults on the north
side of the shear zone (Bayley and others, 1966), suggest that the Niagara
fault itself is steeply inclined southward. The westward continuation of the
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interference structure about 20 km in diameter, modified by diapirism and by 
intrusion of tonalite, granodiorite, and granite. It provides a window 
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gneiss, migmatite, and amphibolite (Dunbar Gneiss of Cain, 1964), (2) shallow- 
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subaerial volcanic-sedimentary succession is present. Distinct episodes of 
granite emplacement followed extrusion of the older basalt and the younger 
volcanics at Wausau; the younger granites are leucocratic and have high 
K20/Na20 ratios. The age of the volcanic successions relative to the Early 
Proterozoic gneisses and foliated tonalite associated with Archean gneiss in 
central Wisconsin (Maass, 1983) is equivocal, but we interpret the volcanic 
successions as being younger; the gneisses are representative of a deeper 
crustal level than the volcanic rocks. 

All the volcanic rocks in Wisconsin (regardless of stratigraphic age) and 
the associated granitoid rocks have U-Pb zircon ages of about 1,850 m.y. 
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The boundary between the northern and southern Early Proterozoic 
terranes, as indicated by the Niagara fault, is marked by structures 
indicative of variable but generally high strain (Larue, 1983). On both sides 
of the fault, the rocks generally have a steep south-dipping foliation that is 
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fault itself is steeply inclined southward. The westward continuation of the 



fault is conjectural, although a fault is shown on the regional geologic map
(Morey and others, 1982).

Differences in lithology, chemical composition of volcanics, and
metamorphic and structural style suggest that the two Early Proterozoic
terranes largely evolved separately. Several plate tectonic models involving
some combination of rifting, subduction, and collision have been proposed to
explain the evolution of the Early Proterozoic rocks in the Michigan—Wisconsin
segment of the Lake Superior region as well as the nature of the Penokean
orogeny (Van Schmus, 1976; Cambray, 1978; Larue and Sloss, 1980; and Greenberg
and Brown, 1983). On the basis of new chemical and structural data, Schulz
and others (1984) have proposed a tectonic model of early crustal rifting and
spreading, subsequent subduction and formation of a complex volcanic arc, and
collision of the arc, first with Archean crust on the south and then with the
continental margin (epicratonic) sequence and Archean crust of upper Michigan
on the north (the Penokean orogeny). Culmination of the orogeny was
approximately 1,850 m.y. ago.
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fault is conjectural, although a fault is shown on the regional geologic map 
(Morey and others, 1982). 

Differences in lithology, chemical composition of volcanics, and 
metamorphic and structural style suggest that the two Early Proterozoic 
terranes largely evolved separately. Several plate tectonic models involving 
some combination of rifting, subduction, and collision have been proposed to 
explain the evolution of the Early Proterozoic rocks in the Michigan-Wisconsin 
segment of the Lake Superior region as well as the nature of the Penokean 
orogeny (Van Schmus, 1976; Cambray, 1978; Larue and Sloss, 1980; and Greenberg 
and Brown, 1983). On the basis of new chemical and structural data, Schulz 
and others (1984) have proposed a tectonic model of early crustal rifting and 
spreading, subsequent subduction and formation of a complex volcanic arc, and 
collision of the arc, first with Archean crust on the south and then with the 
continental margin (epicratonic) sequence and Archean crust of upper Michigan 
on the north (the ~enokean orogeny). Culmination of the orogeny was 
approximately 1,850 m.y. ago. 
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Morphologr_Accretion Rate and Microstructur
of Recent Algal Stromatolites from
Eagle Lake, Ottertail Co., MN

L.G. SOROKA (Dept. of Earth Sciences, St. Cloud State University,
St. Cloud, MN 56301)

J.A. Roach (Dept. of Earth Sciences, St. Cloud State University, St.
Cloud, MN 56301)

hardened, high relief organo—sedimentary carbonate structures
(stromatolites) have been discovered growing as cauliflower—like
mounds on cobbles and. boulders in water depths of between 11 and 15m
along the south shore of Eagle Lake, Ottertail Co., MN. The lake is
an exceptionally clear, hard—water, kettle moraine lake. The
stromatolites begin as encrustations (on cobbles and boulders), which
gradually evolve into hemispheroidaJ. columns 0.5 to O.8m in height.
The stromatolite surface is covered by a green mat of filamentous
algae - Cladophora gagropila rabenhorst. A botryoidal surface
growth form merges into an interior with numerous interconnecting
cavities which are populated by gastropods, leeches, and other
organisms. X—ray diffraction analysis indicates that most of the
lithified. interior consists of low—magnesium calcite. The dominant
interior microstructure, as revealed by thin—sections and scanning
electron microscopy, consists of non—laminated., anhedral calcite
crystals and. diatoms. This inicrostructure suggests that settling lake
carbonates have been trapped and bound. by the filamentous algae.
Subsequent cementation occurs by photosynthesis induced precipitation
of calcite from the saturated lake water. Observable in scanning
electron xuicrographs as well as in thin—sections are areas which show
laminations. These laminated areas make up less than 5% of the
stromatolite and appear to form in recesses where the bioinduced.
precipitation is not being diluted by the more rapidly settling lake
carbonates. This bioind.uced precipitate consists of a mosaic of
smaller uniformly sized arthedral calcite crystals measuring l-5.
Preliminary uranium—thorium series dating suggests that the rate of
accretion is extremely slow. A sample obtained from inside a 0.5m
thick strosiatolite indicated an age in excess of 10,000 years.

This observed stromatolite formation in a relatIvely deep fresh-
water environment may necessitate a re—evaluation of their generally
accepted pa.leoenvironmenta]. interpretation.

77

Mor~holom, Accretion Rate and acrost-tm- 
of Recent Algal Stromatolites from 
Ehgle Lake Ottertail Co. XI1 

L.G. SOROKA (Dept. of W t h  Sciences St. Cloud State University 
st. cloud, m 56301) 

J.A. Hosch (Dept. of Earth Sciencesy St. Cloud State Universityy St. 
cloud, MN 56301) 

Hardened, high relief organo-sedimentary carbonate structures 
(stromatolites) have been discovered growing as cauliflower-like 
mounds on cobbles and boulders in water depths of between 11 and l5m 
along the south shore of Eagle Lake, Ottertail CO.~ MI?. The lake is 

' an exceptionally clear, hard-water, kettle moraine lake. The 
stromatolites begin as encrustations ( on cobbles and boulders ) which 
gradually evolve into hemispheroidal columns 0.5 to 0.8m in height. 
The stromatolite surface is covered by a green mat of filamentous 
algae - Cladophora aegagropila rabenhorst. A botryoidal surface 
growth form merges into an interior with numerous interconnecting 
cavities which are populated by gastropods, leeches, and other 
organisms. X-ray diffraction analysis indicates that most of the - 
lithified interior consists of low-magnesium calcite. The dominant 
interior microstructurey as revealed by thin-sections and scanning 
electron microscopy, consists of non-laminated, anhedral calcite 
crystals and diatoms. This microstructure suggests that settling lake 
carbonates have been trapped and bound by the filamentous algae. 
Subsequent cementation occurs by photosynthesis induced precipitation 
of calcite from the saturated lake water. Observable in scanning 
electron micrographs as well as in thin-sections are areas which show 
laminations. These laminated areas make up less than 5% of the 
stromatolite and appear to form in recesses where the bioinduced 
precipitation is not being diluted by the more rapidly settling lake 
carbonates. This bioinduced precipitate consists of a mosaic of 
smaller uniformly sized anhedral calcite crystals measuring 1 - 5 ~ .  
Preliminary uranium-thorium series dating suggests that the rate of 
accretion is extremely slow. A sample obtained from inside a O.5m 
thick stromatolite indicated an age in excess of 10,000 years. 

This observed stromatolite formation in a relatively deep fresh- 
water environment may necessitate a re-evaluation of their generally 
accepted pdeoenvironmental interpretation. 



Geologic History and Palinspastic Reconstruction of the
Early Proterozoic Penokean Collision Zone

By

W.L. Ueng, D.K. Larue, R.L. Sedlock
Dept. of Geology, Stanford University, Stanford CA 9+3O5

There are two principal early Proterozoic tectonic elements in the southern
Lake Superior region: a northern passive margin assemblage, and a southern
magmatic arc assemblage, juxtaposed along the Florence—Niagara fault. The
passive margin assemblage, representing the southern terminus of the Superior
province of the Canadian Shield, is locally fragmented into two discrete
blocks next to the contact with the magmatic assemblage; the Florence—Niagara
and Crystal Falls terranes. These terranes are stratigraphically comparable
but disjunct from the rest of the passive margin.

Paired shear zones straddle the Florence—Niagara fault: to the north of
the fault, highly-deformed strata of the Florence—Niagara terrane define the
northern shear zone; to the south of the fault, highly—deformed rocks of the
northern margin of the magmatic terrarle define the southern shear zone.
There has been little or no material transfer across the fault. These paired
shear zones were probably formed during terrane accretion.

•The entire region has been deformed by probably five deformation events.
This has been precisely documented only north of the Florence—Niagara fault,
but preliminary data to the south support this contention. The parallel
deformation histories shared by different terranes in this region indicate
that a NNE oriented shortening regime of the first deformation was responsible
for the terrane accretion. Throughout the region, the Fl deformation left
a set of penetrative foliations oriented N7OW 90 and a series of tight folds
which sometimes involved Archaen crystalline basement, such as at the Amasa
Oval. The second phase of deformation is characterized by planar elements
oriented N65E 90; Fl elements are locally crossfolded by this deformation.
The bending of originally N7OW—trending Fl structures into a Nl54 orientation
is concentrated in a 50 km wide NE—trending band cutting through approximately
Crystal Falls, Michigan, up toward the southern tip of the Republic trough.
To the southwest, this F2 deformation band bends. the Florence—Niagara Fault.
The location of this band was probably controlled in part by structures in
the underlying basement. The Amasa Oval represents one such product of
crossfolding and does not represent a gneiss dome.

We propose that the southcentral Lake Superior region was originally
characterized by W—NW trending structures resulting from terrane accretion.
This regional structure was modified by the NE—trending deformation band
which rotated previous W—NW trending structures.
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Geologic H i s t o r y  and P a l i n s p a s t i c  Reconst ruct ion o f  the  
Ear ly  Pro te rozo ic  Penokean C o l l i s i o n  Zone 

W.L. Ueng, D.K. Larue, R.L. Sedlock 
Dept. o f  Geology, Stanford Un i vers i t y  , Stan fo rd  CA 94305 

There a r e  two p r i n c i p a l  e a r l y  P ro te rozo i c  t e c t o n i c  elements i n  the  southern 
Lake Super ior  reg ion:  a no r t he rn  pass ive margin assemblage, and a southern 
magmatic a r c  assemblage, juxtaposed a long  the  Florence-Niagara f a u l t .  The 
passive margin assemblage, represen t ing  the  southern terminus o f  the  Super io r  
prov ince o f  the Canadian Shie ld ,  i s  l o c a l l y  fragmented i n t o  two d i s c r e t e  
blocks nex t  t o  the  con tac t  w i t h  the  magmatic assemblage; the Florence-Niagara 
and Crys ta l  F a l l s  ter ranes.  These te r ranes  a r e  s t r a t i g r a p h i c a l l y  comparable 
bu t  d i s j u n c t  from the  r e s t  o f  the  pass ive margin. 

Pai red shear zones s t r a d d l e  the Florence-Niagara f a u l t :  t o  the  n o r t h  o f  
the f a u l t ,  h ighly-deformed s t r a t a  o f  the  Florence-Niagara t e r rane  d e f i n e  t he  
nor thern  shear zone; t o  the  south o f  the  f a u l t ,  h ighly-deformed rocks o f  the  
nor thern  margin o f  t he  magmat i c  t e r rane  d e f i n e  t he  southern shear zone. 
There has been l i t t l e  o r  no ma te r i a l  t r a n s f e r  across t he  f a u l t .  These p a i r e d  
shear zones were probably formed du r i ng  t e r rane  acc re t i on .  

.The e n t i r e  reg ion  has been deformed by probably  f i v e  deformat ion events.  
This has been p r e c i s e l y  documented o n l y  n o r t h  o f  t h e  Florence-Niagara f a u l t ,  
bu t  p re l im ina ry  data t o  t he  south suppor t  t h i s  con ten t ion .  The p a r a l l e l  
deformat ion h i s t o r i e s  shared by d i f f e r e n t  te r ranes  i n  t h i s  reg ion  i n d i c a t e  
t h a t  a NNE o r i e n t e d  shor ten ing  regime o f  the  f i r s t  deformat ion was respons ib le  
f o r  the  te r rane  accre t ion .  Throughout t he  reg ion ,  the  F1 deformat ion l e f t  
a se t  o f  p e n e t r a t i v e  f o l i a t i o n s  o r i e n t e d  N70W 90 and a s e r i e s  o f  t i g h t  f o l ds  
which sometimes invo lved  Archaen c r y s t a l l i n e  basement, such as a t  the  Amasa 
Oval. The second phase o f  deformat ion i s  cha rac te r i zed  by p l ana r  elements 
o r i e n t e d  N65E 90; F1 elements a re  l o c a l l y  c ross fo l ded  by t h i s  deformat ion. 
The bending o f  o r i g i n a l l y  N7OW-trending F1 s t r u c t u r e s  i n t o  a N15W o r i e n t a t i o n  
i s  concentrated i n  a SO km wide NE-trending band. c u t t i n g  through approx imate ly  
Crys ta l  F a l l s ,  Michigan, up toward t he  southern t i p  o f  t he  Republ ic  t rough. 
To the southwest, t h i s  F2 deformat ion band bends t he  Florence-Niagara Fau l t .  
The l o c a t i o n  o f  t h i s  band was probably  c o n t r o l l e d  i n  p a r t  by s t r u c t u r e s  i n  
the under1 y i n g  basement. The Amasa Oval represents  one such product  o f  
c ross fo l d i ng  and does n o t  represent  a gneiss dome. 

We propose t h a t  the sou thcen t ra l  Lake Super ior  reg ion  was o r i g i n a l l y  
charac te r i zed  by W-NW t r end ing  s t r u c t u r e s  resu l  t i ng  f rom te r rane  acc re t i on .  
This reg iona l  s t r u c t u r e  was mod i f ied  by the  NE-trending deformat ion band 
which r o t a t e d  prev ious W-NW t r end ing  s t r uc tu res .  



Recent Contributions to the Geochronology of the
Precambrian of Wisconsin

W. R. VAN SCHMUS (Department of Geology, University of Kansas,
Lawrence, KS 66045)

Continued U—Pb age studies on zircons from Precambrian units
throughout central and N Wisconsin have helped to document in more
detail the occurrence of rocks formed during the main phase of the
Penokean Orogeny in Wisconsin and have improved our understanding of
the Archean block of central Wisconsin. In addition, results from
several localities seem to confirm the presence of pre—Penokean Early
Proterozoic igneous units in Wisconsin.

Based on previous and new results, it still seems best to bracket
the main phase of Penokean Orogeny between 1830 and 1860 Ma. The
tendency for plutonic units with ages in the older part of this
range to be more strongly foliated is still pronounced, but not
universal. Several units have also been found that yield apparent
ages from 1870 to 1920. In some cases it is possible these are
Penokean units with an inherited older component in the zircons, but
if so this is not obvious. Furthermore, in some cases with ages of
1890 to 1915 Ma this possibility has virtually been ruled out. Thus,
these ages around 1900 Ma probably represent true ages, and the rocks
from which they were obtained are tentatively interpreted as remnants
of one or more older, pre—Penokean (or earlier Penokean) igneous
suites. Most of these units are tonalitic, deformed, and scattered
over a large area, so that no single, coherent older Proterozoic
terrane or domain can be identified at present.

Tonalitic gneiss near Marshfield, along the northern edge of the
Central Wisconsin Archean block, yields zircons with complex U—Pb
discordance patterns. However, it is clear that these zircons are
about 3000 Ma old, consistent with earlier results suggesting that
this Archean terrane may be a remnant of the older gneiss—migmatite
province of the southern Lake Superior region. Zircons separated
from felsic gneiss near Fifield also indicate an age of 2950 to 3000
Ma, suggesting that the Archean block in central Wisconsin is related
to the older gneisses in northwestern Wisconsin.

The overall tectonic picture preferred by the author is still one
in which most of the Penokean igneous suite of northern Wisconsin was
formed in continental margin arc complexes, and that more than one
distinct period of subduction-generated magmatism occurred within
the interval 1920 to 1820 Ma. However, outcrop and geochronologic
control is still insufficient to constrain the model precisely.
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Continued U-Pb age s t u d i e s  on z i rcons  from Precambrian u n i t s  
throughout c e n t r a l  and N Wisconsin have helped t o  document i n  more 
d e t a i l  t h e  occurrence of rocks formed during t h e  main phase of t h e  
Penokean Orogeny i n  Wisconsin and have improved our  understanding of 
t h e  Archean block of c e n t r a l  Wisconsin. I n  add i t i onÂ r e s u l t s  from 
several l o c a l i t i e s  s e e m  t o  confirm t h e  presence of pre-Penokean Early 
Pro terozoic  igneous u n i t s  i n  Wisconsin. 

Based on previous and new resultsÂ i t  s t i l l  seems b e s t  t o  bracket  
t he  main phase of Penokean Orogeny between 1830 and 1860 M a .  The 
tendency f o r  p lu ton ic  u n i t s  wi th  ages i n  t he  o lder  p a r t  of t h i s  
range t o  be more s t rong ly  f o l i a t e d  i s  s t i l l  pronounced, but  no t  
un iversa l .  Several  u n i t s  have a l s o  been found t h a t  y i e l d  apparent 
ages from 1870 t o  1920. I n  some cases  it is  poss ib l e  t hese  a r e  
Penokean u n i t s  wi th  an inhe r i t ed  o lde r  component i n  t h e  z i rcons  Â but  
i f  so t h i s  is  not  obvious. Furthermores i n  some cases  wi th  ages of 
1890 t o  1915 Ma this p o s s i b i l i t y  has  v i r t u a l l y  been ru l ed  out .  Thusy 
these  ages around 1900 M a  probably r ep re sen t  t r u e  agesy  and t h e  rocks 
from which they  were obtained a r e  t e n t a t i v e l y  i n t e r p r e t e d  as remnants 
of one o r  more o lde r*  pre-Penokean (or  e a r l i e r  Penokean) igneous 
s u i t e s .  Most of t hese  u n i t s  a r e  t o n a l i t i ~ ~  deformed, and s c a t t e r e d  
over a l a r g e  a rea*  so that  no s i n g l e Â  coherent o lde r  Pro terozoic  
t e r r a n e  o r  domain can be i d e n t i f i e d  a t  p resent .  

T o n a l i t i c  gne iss  near Marshfield,  along t h e  northern edge of t h e  
Cent ra l  Wisconsin Archean block, y i e l d s  z i r cons  wi th  complex U-Pb 
discordance pa t t e rns .  However, i t  is c l e a r  t h a t  t hese  z i rcons  a r e  
about 3000 Ma o ld ,  cons is ten t  wi th  e a r l i e r  r e s u l t s  suggest ing t h a t  
t h i s  Archean t e r r a n e  may be a remnant of t h e  o lde r  gneiss-migmatite 
province of t h e  southern Lake Superior region. Zircons separated 
from f e l s i c  gne iss  near F i f i e l d  a l s o  i n d i c a t e  an age of 2950 t o  3000 
Ma9 suggesting t h a t  t h e  Archean block i n  c e n t r a l  Wisconsin i s  r e l a t e d  
t o  t h e  o lde r  gneisses  i n  northwestern Wisconsin. 

The o v e r a l l  t e c t o n i c  p i c t u r e  p re fe r r ed  by t h e  author  i s  s t i l l  one 
i n  which most of t h e  Penokean igneous s u i t e  of northern Wisconsin w a s  
formed i n  con t inen ta l  margin a r c  complexes9 and t h a t  more than  one 
d i s t i n c t  per iod of subduction-generated m a g m a t i s m  occurred wi th in  
the  i n t e r v a l  1920 t o  1820 M a .  However, outcrop and geochronologic 
con t ro l  i s  s t i l l  i n s u f f i c i e n t  t o  cons t r a in  t h e  model p rec i se ly .  



The Huronian Supergroup: An Example of an Early Proterozoic
Passive Margin Sequence

GRANT M. YOUNG, (Department of Geology, University of Western Ontario, London,
Ontario, Canada)

Information on passive margin successions such as those of the pen-Atlantic
region has come from geophysical work and drilling. The stratigraphic succession
differs in different areas but the classical model involves alkaline volcanics
and continental sediments deposited in fault-bounded troughs, followed by
evaporites and, above the "break—up" unconformity, a continental margin succession
comprising the terrace wedge and continental rise successions.

Huronian stratigraphy has largely been interpreted in terms of a tripartite
cycle involving diamictites, argillites and sandstones in ascending sequence.
It is here suggested that the Huronian succession (10—12 km in max. thickness)
may be the result of continental fragmentation. The lower Huronian, below the
Cobalt Group, includes syn-nift volcanics chemically akin to those of the Afar
Triangle and largely continental clastic sediments such as those of the Mississagi
and Serpent Formations. These formations are of limited distribution and display
major thickness and facies changes consistent with contemporaneous fault activity.
Evaporitic facies may be represented by carbonates of the Espanola Formation near
the top of the lower Huronian succession.

The boundary between the lower and upper Huroriian is taken as the base of the
Gowganda Formation. In the southern part of the Huronian outcrop belt there is a
profound change from a basin—full condition to one in which resedimented glacio—
genic rocks predominate. The boundary is interpreted to mean a sudden tectonic
foundering of the basin. In more northerly areas there is an angular unconformity
between the Gowganda and underlying lower Huronian formations and still farther
north the Gowganda Formation lies directly on Archean basement rocks. These
relationships indicate both local and regional subsidence and the transition from
a dominantly continental to marine shelf-type sedimentation. Relationships at
the base of the Gowganda Formation are equated to the "break—up" unconformity
that characterizes many younger continental margin assemblages. It differs,
however, in bearing evidence of contemporaneous glaciation. Similar resedimented
glaciogenic facies are associated with late Proterozoic continental fragmentation
in the Cordifleran region.

Rocks of the lower Huronian do not appear to be represented in the Lake Superior
region, probably because the early rifting did not extend that far west but the
transgressionassociated with the regional subsidence phase led to deposition of
glaciogeriic and succeeding marine platformal facies of the Chocolay Group and
possibly the Mule Lacs Group which are considered to be equivalent to the upper
Huronian.

The tectonic setting of the Huronian and equivalent rocks remains obscure but
thickness and facies changes and regional paleocurrent data suggest that they were
formed in an intracratonic rift setting with subsequent ocean opening to the east
to explain the regional subsidence in Gowganda times. The subsequent history of
early Proterozoic rocks of the south shore of Lake Superior has been interpreted
by several workers to involve a period of ocean opening and closure.
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Information on passive margin successions such as  those of the  peri-Atlantic  
region has come from geophysical work and d r i l l i n g .  The s t r a t ig raph ic  succession 
d i f f e r s  i n  d i f f e ren t  areas but the  c l a s s i c a l  model involves a lka l ine  volcanics 
and continental  sediments deposited i n  fault-bounded troughs, followed by 
evaporites and, above the  "break-up" unconformity, a continental  margin succession 
comprising the  te r race  wedge and continental  r i s e  successions. 

Huronian strat igraphy has la rgely  been in terpre ted  i n  terms of a t r i p a r t i t e  
cycle involving d iamict i tes l  a r g i l l i t e s  and sandstones i n  ascending sequence. 
It is here suggested t h a t  the  Huronian succession (10-12 km i n  max. thickness) 
may be the  r e s u l t  of continental  fragmentation. The lower Huronian, below the  
Cobalt Groupl includes syn-r i f t  volcanics chemically akin t o  those of the  Afar 
Triangle and largely  continental  c l a s t i c  sediments such as  those of the Mississagi 
and Serpent Formations. These formations are  of l imited d i s t r ibu t ion  and display 
major thickness and fac ies  changes consistent  with contemporaneous f a u l t  a c t i v i t y .  
Evaporitic fac ies  may be represented by carbonates of the Espanola Formation near 
the top of the lower Huronian succession. 

The boundary between the  lower and upper Huronian is  taken as the  base of the 
Gowganda Formation. In the  southern p a r t  of the  Huronian outcrop b e l t  there  is a 
profound change from a basin-ful l  condition t o  one i n  which resedimented glacio- 
genic rocks predominate. me boundary is in terpre ted  t o  mean a sudden tec tonic  
foundering of the basin. In more northerly areas there  is  an angular unconformity 
between the  Gowganda and underlying lower Huronian formations and s t i l l  f a r the r  
north the  Gowganda Formation l i e s  d i rec t ly  on Archean basement rocks. These 
relat ionships indicate both loca l  and regional subsidence and the  t r ans i t ion  from 
a dominantly continental  t o  marine shelf-type sedimentation. Relationships a t  
the  base of the  Gowganda Formation a r e  equated t o  the  "break-up" unconformity 
t h a t  characterizes many younger continental  margin assemblages. It d i f f e r s ,  
however, i n  bearing evidence of contemporaneous g lac ia t ion .  Similar resedimented 
glaciogenic fac ies  a re  associated with l a t e  Proterozoic continental  fragmentation 
i n  the  Cordilleran region. 

Rocks of the lower Huronian do not appear t o  be represented i n  the  Lake Superior 
region, probably because the ea r ly  r i f t i n g  d id  not extend t h a t  f a r  west but the  
transgression~associated with the  regional subsidence phase l e d  t o  deposition of 
glaciogenic and succeeding marine platformal fac ies  of the  Chocolay Group and 
possibly the  Mille Lacs Group which a re  considered t o  be equivalent t o  the  upper 
Huronian . 

The tectonic s e t t i n g  of the Huronian and equivalent rocks remains obscure but  
thickness and fac ies  changes and regional paleocurrent da ta  suggest t h a t  they were 
formed i n  an in t racra tonic  r i f t  s e t t i n g  with subsequent ocean opening t o  the  e a s t  
t o  explain the  regional subsidence i n  Gowganda times. The subsequent h i s to ry  of 
ea r ly  Proterozoic rocks of the  south shore of Lake Superior has been in terpre ted  
by several  workers t o  involve a period of ocean opening and closure. 

Reference 

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




