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INTRODUCTION

EARLY PROTEROZOIC TECTONOSTRATIGRAPRIC
TERRAZ!S OP THE SOUTHERN LAZE SUPERIOR REGION:

FIELD TRIP GUIDE WITH SUMMARY

W.L. Ueng
D.K. Lame
l.L. Sedlock
D.A. lasper

Dept. Geology, Stanford University
Stanford CL 94305

Geologic studies in the Lake Superior region

underwent a minor revolution in 1976 with the
publication of Van Schmue' paper suiarizing the
geology and speculating about early Proterozoic
tectonics of the Great Lakes region. Van Schimia
proposed that a belt of cab—alkaline magmatic rock

extending across northern Wisconsin represented the
exhumed resmants of an Andean—type arc which had
formed on an older passive margin, exposed to the
north (Pig. I). Cambray (1978), Larue and Sboss
(1980) and more recently Greenberg and Brown (1983)
proposed instead that an arc terrane collided with
a passive continental margin about 1.8—1.9 b.y. ago.

404 •

*
•

The present paper relies on a previous study
recently published (Larue, 1983) concerning the
geology of the acuthcentral to southeast Lake
Superior region. Previously one of us suggested
(Lame, 1983) that early Proterozoic rocks of the
Lake Superior region can be described in terms of a

number of discrete tarranea (Pig. 1, 2) including:

a miogeocline (terranes A,B), a probably composite

magnetic terrane (en) (Laberge and Meyers, in
press) and two smaller, complicated terranes
composed of miogeoclinal lithologies, the
Florence—Niagara and Crystal Falls terraces (FNt,

Clt). In Larue (1983), it was suggested that the
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Fig. 1 A. Location of the Lake Superior Region. (After Morey, et al,1982)
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Geologic s tudies  in the Lake Superior region 
ur~dervent a minor revolution i n  1976 with the 
publication of V a n  Schma' paper s-king the 
geolow aud speculating about ear ly Proterozoic 
tectonics of the Great Lakes region. Van Schen~ 
propoaed that a b e l t  of calc-alkaline ma-tic rock 
extending across aorthena Wisconsin represented the 
exhumed remnants of au Andean-type arc  which had 
formed on an older passive margin, exposed t o  the 
north (Fig. 1). Cambray (19781, Larue and Sloss 
(1980) aud more recencly Greenberg and Brown (1983) 
proposed instead that  an arc terrane collided with 
a passive continental margin about 1.8-1.9 bay. ago. 

Ttm present paper r e l i e s  on a previous study 
recent ly published (Lame, 1983) concerning the 
geolow of the southcentral t o  southeast Lake 
Superior regim. Prwious ly  cue of us suggested 
(Larue, 1983) t h a t  ea r ly  Proterozoic rocks of the 
Lake Superior r e g i m  can be described i n  tenus of a 
number of d i sc re te  terranes (Fig. 1, 2) including: 
a udogeocline ( terranes A,B), a probably composite 
magmatic t e r r a  (mt) (Laberge and Meyers, i n  
press) and tvo smaller, complicated terranes 
ccmposed of miogeoclinal l i tho log ies ,  the 
Florence-Niagara and Crystal F a l l s  terranes (FNt, 
m t ) .  In  Lame (19831, it was suggested tha t  the 
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Fig. 1 C. Stratigraphy of units discussed in text.

mt represents an arc terrane that collided with and
probably overthrust the miogeocline, and that the

CYt and FNt were also probably emplaced during this
major accretion event. The fault that separates

the mt and the terranes composed of miogeoclinal
lithologies is knoem as the Florence—Niagara fault,
and, may represent a suture.

The present paper is aimed at discussing the
following points: 1) a brief review of the geology
of the southern Lake Superior region; 2) recent
studies that we have made in the southern Lake
Superior region astride the Florence-Niagara
fault. Specifically, we present data concerning
structural evolution of the area surrounding the
suture. We will stress the complicated nature of
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this deformation by examining the structural
history of each terrane. In addition, we present
some new exciting data on the geochemistry of early
Proterosoic shales in the Lake Superior region.
We begin with a discussion of lithologies in the
southern Lake Superior region, followed by a
structural analysis and summary. We do not attempt
to modify existing tectonic models in this paper.

The responsibilities for work are as follows:
W.L. Ueng, regional deformation model; O.K. Larue,
regional studies; R.L. Sedlock, deformation in
magmatic terrane; D. Kasper, geochemistry. These
studies were supported by the National Science
Foundation (NSF LAP. 80—08202, 81—08564) to O.K.

Larue and by the U.S. Geological Survey.
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mt represents m arc  terrane that  collided u i t h  and t h i s  deformation by examining the s t r u c t u r a l  
probably overthrust the miogeocline, and t h a t  the h i s to ry  of each terrane. I n  addition, we present 
CFt and FNt k r e  a l so  probably -laced during t h i s  some new exci t ing c?ata on the geochemistry of ea r ly  
major accretion event. The fau l t  tha t  separates Proterozoic shales i n  the Lake Superior region. 
the mt  and the terranes composed of miogeoclind We begin with a discussion of l i tho log ies  i n  the 
l i thologies  i s  k n m  an the Florence-Niagara f a u l t ,  southern Lake Superior region, followed by a 
and may represent a suture. s t ruc tura l  analysis and sumnary. We do not attempt 

t o  modify exis t ing tectonic  models in  t h i s  paper. 
The present paper is aimed a t  discussing the  

f o l l w i n g  points: 1) a b r ie f  review of the g e o l w  The respons ib i l i t i es  f o r  work are  as  follows: 
of the southern Lake Superior region; 2) recent W.L. Ueng, regional deformatica model; D.K. Larue, 
studies tlut ve have made i n  the southern Lake regional studies; R.L. S d l o c k ,  deformation i n  
Superior region a s t r i d e  the Florence-Niagara m a p a t i c  t e r r a e ;  D. Kasper, geochemistrv. These 
faul t .  Specifically, we present data concerning studies were supported by the National Science 
s t ructural  evolution of the area surrounding the Foundation (NSF EAR 8048202, 81-08564) t o  D.K. 
suture. We w i l l  s t r e s s  the complicated Y t u r e  of Larue and by the  U.S. Geological Survey. 

Fig. 1 C. Stratigraphy of uni ts  discussed i n  text. 



OLOGY OF THE MIOOCLT.NE

General

Older Precambrian Basement • Older Precambrian
basement shown in Figure 2 is exposed only Lfl the
miogeocline, and can be divided into two types:
Huronian strata (2.2—2.3 b.y.) and Archean (>2.4
by.) crystalline rocks (Van Schmus, 1976).
ifuronian strata are relatively rare in the Lake
Superior region (Van Schmus, 1976) and are not
discussed here. Morey and Sims (1976) divided the
Lake Superior region Archean rocks into a younger
(2.7—2.5 b.y.), northern, granits—greenstone
terrane and an older (>3.0 b.y.), southern,
gamiasic terrane (Fig. 1). Archean rocks in Figure
2 are in their gneissic terrana.

Marquette ! Supergroup. The Chocolay Group
uncomfornably overlies older Precambrian basement,
consists of basal conglomerate overlain
successively by quartaits, dolomite, and slate and
is the lowermost unit of the Marquette Range
Supergroup (Fig. 23).

Menominee Group strata rest unconformably on
Chocolay Group strata, and consist of quartaite or
muddy quartzite overlain by banded iron formation
(Pig. 23). The Baraga Group overlies the Menominee
Group at least locally uncouformably, and consists
of dominantly deep—water sandy and muddy turbidites
and volcanic units.

Sub terrane A

The miogeocline is divided into subterranes A
and B (Fig. 2), which have different geologic
features but are not separated by any apparent
maj or structural discontinuity.

Boundaries and Distinguishing Features.
Subterrane It is inferred to be fault—bound on the
west with the Cit and fault—bound on the south with
the FNt, is overlain to the east by Phanerozoic
cover, and is apparently continuous to the nortwest
(sub terrane B) and to the north. Subtarrane A is
unique with regard to the other terranes discussed
here because it lacks the thick sequence of Baraga
Group volcanics of the Cit and subterrane B, and
significant mappable units in the Baraga Group
composed of mature (quartzose and carbonate)
lithologies as in the FNt.

Stratigrephy. The oldest Proterozoic rocks of
subterrane A are those of the Chocolay Group, which
include locally thick accumulations of quartzite
and dolomite. Muddy quartzitea and iron formation
of the Menominee Group unconformably overlie strata
of the Chocolay Group and are relatively thin.
Baraga Group slates and dirty sandstones, locally
with volcaniclastic interbeds (James and others,
1968), cap the sequence.

Larue and Sloss (1980) and Lame (l981a) have
suggested that the Felch and Menominee structural
troughs were sedimentary basins during Chocolay
Group sedimentation. This interpretation is based
on the presence of trough—parallel paleocurrent
vectors from cross—beds in quartaite in the areas
within the structural troughs. The Felch basin was
bound on either side by platforms, now expressed by
exposed Archaen basement. Archean basement is
present only on the northeast side of the Menominee
trough. The southwest margin of the Menominee
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trough is structurally complicated and not well
understood. In fact, this side, of the basin may
have been open, such that the Menominee basin may
have had only one well—defined margin.

During Menominee Group sedimentation, the Felch

and Menominee basins received little sediment.

Apparently, the basins became inactive during this

period, and it is not known whether these basins
were reactivated during Baraga Group
sedimentation. The complex structural and
metamorphic overprinting of these strata precludes
detailed sedimentologic analysis. Baraga Group
sediments represent products of regional deep-water
sedimentation.

Sub terrane B

Miogeoclinal sub terrane B is different from
subterrane A because it contains much greater
volumes of early Proterozoic inafic igneous rocks.

Stratigraphy. The basement of subterrane B is
Archean gneiss which forms the core of a large
dome, the southern tip of which is shown in Figure

La. Marquette Range Supergroup strata mantle the
dome. Chocolay Group dolomites comprise the
lowermost part of the sedimentary drape, and are
overlain by Baraga Group volcanics and sediment.
Of particular interest is the ICiernan sills
intrusive complex which is of greatest thickness to
the southwest of the domes (Fig. 23) but is
probably equivalent to scattered, smaller mafic
intrusions that occupy a similar stratigraphic
position around the perimeter of the dome (Cannon,
1978). Where it is thickest, the iCiemnan complex
consists of: 1) a cumulate—layered ultramafic rock
base (lO0—300m); 2) a cumulate and isotropic gabbro
medial section (1—3 1cm); and 3) a pillow basalt cap
(>1 ion) overlain by ribbon charts and turbiditic
ash beds ("lOO m), and iron formation (the
Mansfield member; —200 in) (descriptions from Gair
and Weir, 1956; Bayley, 1959; Weir, 1967). The
Kiernan complex probably originated as the floor of
a volcanic basin within continental crust, during
deposition of Baraga Group strata (Fox 1982;
Wilband and others, in prep.).

Crystal Falls Terrane

Boundaries and Distinguishing Features. The
Cit is roughly equidimensional in shape and is
inferred to be fault—bound. The Cit is in fault
contact on the south with the FNt (Fig. lIt). Art

inferred fault to the east separates the Cit from
terrane A, and an inferred fault to the north
separates the Cit from terrane B (the latter two
fault boundaries are inferred based on truncation
of aeromagnetic trends shown on the map by Zietz
and Kirby, 1971). There is insufficient outcrop to
define the exact boundaries of the southwest and
west sides of terrane 1; however, faults are
inferred based on preliminary study of aeroinagnetic
anomalies.

Stratigraphy. No unequivocal Chocolay or
Menominee Group rocks are present in the Cit.
Baraga Group extrusive volcanics (Badwater—
Greens tone) are in fault contact with Chocolay
Group strata of the Flit in the SW of the Cit.
Presumably deep-water turbiditic sandstones and
pelites of the Paint River—Group unconfommably(?)
overlie Saraga Group strata (James and others,
1968). A deep—water (below storm—wave base) origin

General 

Older Precambrian Basement. Older Precambrian - 
basement shown i n  Figure 2 is exposed only i n  the  
miogeocline, and can be divided in to  two types: 
Huroniau s t r a t a  (2.2-2.3 b.y.1 and Archean 02.4 
b-y.) c rys ta l l ine  rocks (Van S c h s ,  1976). 
Eurmiau s t r a t a  are  re la t ive ly  ra re  i n  the Lake 
Superior region (Van Schmus, 1976) and a r e  not 
discussed here. Morey and Sima (1976) divided the  
Lake Superior region Archean rocks in to  a younger 
(2.7-2.5 b.y.), northern, granite-greenstone 
terrane and au older 03.0 b.y.1, southern, 
gneissic terrane (Fig. 1). Archean rocks i n  Figure 
2 a re  i n  t h e i r  m e i s s i c  terrane. 

Marquette a Supergroup. The Chocolay Group 
uuconfomably overl ies  older Precambrian basement, 
consists of basal conglomerate overlain 
successively by quartzi te ,  dolanite, and s l a t e  and 
is the lowermost uui t  of the Marquette Rauge 
Supergroup (Fig. 2B). 

M m d n e e  Group s t r a t a  r e s t  uuconformably on 
Chocolay Group s t r a t a ,  a d  consist of quar tz i t e  o r  
muddy quartzi te  overlain by bauded iron formation 
(Fig. 2B). The Baraga Group overl ies  the M e n d n e e  
Group a t  l eas t  local ly uuconform~bly, aud consis ts  
of dominantly deep-water sandy and muddy tu rb id i tes  
and volcanic uuits. 

Subterrane A 

The osiogeocliae M divided in to  subterraues A 
and B (Fig. 21, which ham di f fe ren t  geologic 
features but a re  not separated by any apparent 
major s t ruc tura l  discontinuity. 

Boundaries & Distinguishins Features. 
Subterrane A ia inferred to be f a u l t - b d  m the  
west with the CFt and fault-bound on the south with 
the F N t ,  ia overlain to  the east  by Phanerozoic 
cover, and is apparently continuous t o  the nortwest 
(subterrane B) and t o  the north. Subterrane A is 
unique with regard to the other terranes discussed 
here because it lacks the thick sequence of Baraga 
Group volcanics of the CFt and subterrane B, and 
s ignif icant  mappable uui ts  i n  the Baraga Group 
composed of mature (quartzose and carbonate) 
l i thologies  as i n  the FNt. 

Stratigraphx. The oldest Proterozoic rocks of 
subterrane A are those of the Chocolay Group, which 
include local ly thick accumulatims of quar tz i t e  
and dolomite. Muddy quartzitea and iron f0m.athII 
of the Menknee  Group uncmfomably w e r l i e  s t r a t a  
of the Chocolay Group and a re  re la t ive ly  thin. 
Baraga Group s l a t e s  and d i m  sandstones, local ly 
with volcaniclastic interbeds (James and others, 
19681, cap the sequence. 

Larue and Sloss (1980) and Larue (1981a) have 
suggested that  the Felch and Menominee s t ruc tura l  
troughs were sedimentary basins during Chocolay 
Group sedimentatim. This in te rpre ta t ion  is based 
on the presence of trough-parallel paleocurrent 
vectors frao cross-beds i n  quar tz i t e  in the areas 
within the s t ruc tura l  troughs. The Felch basin was 
bound on e i ther  side by platfoma,  nw expressed by 
exposed Archaen basement. Archean basement i s  
present cmly a~ the northeast side of the Menominee 
trough. The southwest margin of the Menominee 

trough is s t ruc tura l ly  complicated and not well 
uuderstood. In  fac t ,  t h i s  s i d e , o f  the basin may 
have been open, such tha t  the  M e n d n e e  basin may 
have had only one well-defined margin. 

During M e n d n e e  Group sedimentation, the Felch 
and Menominee basins received l i t t l e  sediment. 
Apparently, the basinn became inact ive during t h i s  
period, and it is not known whether these basins 
were reactivated during Baraga Group 
sedimentation. The complex s t r u c t u r a l  and 
metamorphic overprinting of these s t r a t a  precludes 
detai led s e d i ~ t o l o g i c  analysis.  Baraga Group 
sediments represent products of regional deep-water 
sedimentation. 

Hiogeoc1iaal subterrane B is d i f fe ren t  from 
subterrane A because it contains much grea te r  
volumes of ear ly Proterozoic mafic igneous rocks. 

S t r a t i g r a p b .  The basement of subterrane B is 
Archean gneiss which f o r m  the core of a large 
dme, the southern t i p  of which is shown i n  F i c r e  
U. lfarquette Range Supergroup s t r a t a  maatle the 
dome. Chocolay Group d o l m i t e s  comprise the 
lowermost part of the sedimentary drape, and a re  
overlain by Baraga Group volcanics and sediment. 
Of par t i cu la r  i n t e r e s t  is the Kiernan si l ls  
in t rus ive  ccmplex which is of g rea tes t  thickness t o  
the southwest of the domea (Fig. 2B) but is 
probably equivalent t o  scat tered,  smaller mafic 
intrusions that  occupy a s imilar  s t ra t ig raphic  
p o s i t i m  a r d  the perimeter of the dam (Cannon, 
1978). Where it is thickest ,  the Kiernan complex 
consis ts  of: 1) a cumulate-layerad ultramafie rock 
base (100-3001~); 2) a cumulate aud i so t rop ic  gabbro 
medial secticm (1-3 k d ;  and 3) a pillow basa l t  cap 
( > l  k d  w e r l a i n  by r i b b a ~  cherta and t u r b i d i t i c  
ash beds (-100 d, and i ron formation ( the  
Mansfield member; a200 m) (descriptions from Gair 
and Weir, 1956; Bayley, 1959; Weir, 1967). The 
Xiernan cmplex probably originated as the f loor  of 
a volcanic basin within cont inental  c rus t ,  during 
depos i t im of Baraga Group s t r a t a  (Fox 1982; 
Wilband and others, i n  prep.). 

Crystal F a l l s  Terrane 

Boundaries Distinguishing Features. The 
CFt is roughly equidimensional i n  shape and is 
inferred t o  be fault-bound. The CFt is i n  f a u l t  
contact m the south with the F N t  (Fig. 2A). An 
inferred f a u l t  t o  the east separates the CFt frcm 
t e r r a e  A, and au inferred f a u l t  t o  the north 
separates the CFt from terrane B ( the  l a t t e r  two 
f a u l t  boundaries are  inferred based m truncation 
of aeromagnetic trends s h m  on the map by Zietz 
and Kirby, 1971). There is insufficient outcrop t o  
define the exact boundaries of the southwest arid 
west sides of terrane 1; hawever, f a u l t s  are  
inferred based m preliminary study of aerumagnetic 
anamalies. 

S t r a t i g r a p h ~ .  No mequivocal Chocolay or 
M e n d n e e  Group rocks a re  present i n  the  CFt. 
Baraga Group extrusive volcanics (Badwater- 
Greenstone) are  i n  f a u l t  contact with Chocolay 
Group s t r a t a  of the E'Nt i n  the SW of the CFt. 
Presumably deep-water t u r b i d i t i c  sandstones and 
pe l i t es  of the Paint River-Group mconformably(?) 
overl ie  Baraga Group s t r a t a  (James and others, 
1968). A deep-water (below storm-wave base) o r ig in  



Fig. 2 B. Terrane aap of Fig. 2A with geology superimposed.
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1 Florence—NIagara Fault 3 Unnamed Block
2 PIne River Block 4 Keyes Lake Block

Fig. 2 A. TerTanem in the south central Lake Superior region. After Larue
(1983).
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£5 proposed because of the fine—grained,
thin—bedded nature of these rocks; their
significant lateral extent without evidence of
intefingering with shallow—water deposits; and
their significant formation thicknesses within
sequences that show no evidence of shall.owing.

The Florence—Niagara Terrane

Architecture. The PNt is at least 40 ion long
and consists of a number of major steeply—dipping
faults that separate disparate tithologies and

offset metamorphic isograds (3ayley and others,

1966; Dutton, 1970). Four of these major faults in
the Ft4t define three composite fault slices with
cumulative width of about 5—8 Ion; the Pine River,
the Keyes Lake and an intermediate unnamed block
called the 8essie Rabbit block by Lame and Ijeng
(submitted) (Pig. 2k). As will be shown in the
structure section, these three blocks are composed
of additional fault slices and thus are composite.

The Pine River block contains Chocolay,
Mmtominee and 3araga Group strata. The Beraga
Group comprises th. Michigasme Slate in the Pine
River block, and consists mainly of pelites, of
probable deep—water origin, and a fault—bound unit
of 0.5 thick of pebbly quartzite representing
shallow—water or fluvial deposition.

The intermediate fault slice is poorly exposed,
and contains Paint River Group strata and pillow
basalts of the Badwater Greenstone which are folded
in a SE—closing syncline (Dutton, 1970). Th. Paint
River Group in this intermediate block contains two
principle lithologies, iron formation and slate
with thin graded sandstone interbeds. Dutton
(1970, plate 5) show. that th. southwestern fault
that defines the unnamed block truncates
ntetanorphic isograds, demonstrating the movement on
the fault occurred after regional metamorphism.

The Keyes Lake block is similar to the Pine
River block, containing Chocolay, Mencminee and
Baraga Group strata. Michigasne Slate of the
Saraga Group includes another fault—bound unit 0.3
Ion thick quartzite representing shallow marine or
fluvial deposition, also studied by Nilsen (1965).
Pillow baaalts of the 3adwater Greenstone (Fig. 23)
are present in this block in the st part of the
florence County Quadrangle.

Magnetic terrane

In the magnetic terrane, granitoid and gneissic
rocks of Penokean age are mantled by highly
deformed units of three major lithotypes: 1) a
schistose suite, consisting of felsic to
predominantly mafic metavolcanic rocks of the
Quinnesec Formation (Bayley and others, 1966); 2) a
metasedinentary rock suite, consisting of scattered
outcrops of quartzite and slate; and 3) a gabbroic
suite, which includes pillowed and massive basalt,
massive gabbroe of varying composition, and local
diabase dikes. The granitoid and gneissic rocks
that form the core of the magnetic terrace have
been shown by Schulz (1983) to have calc—alkaline
affinities, suggesting a nagmatic arc origin. The
volcanic rocks of the schiatose suite bear
geochemical signatures typical of arc environments
(Cudzillo, 1978). The gabbroic suite may be
interpreted as the roots of this arc complex.
Archaen gneiss present in southcentral Wisconsin
(Fig. IA) is not considered here.

STRUCTURE

Miogeocline and Crystal Falls Terrane

Structural features of Early Proteroroic rocks
in the iniogeocline and Cit north of the FNt are
generally oriented E—W except at the Amasa Oval,
Smith Creek Uplift, Kiernan Sills, and eastern
margin of the Cit (Fig. 3). Most structural
troughs in the miogeocline are oriented E—W, such
as the Marquette trough, Felch trough, and Calumet
trough. The Sagola structural basin, however,
bends toward the WNW and becomes parallel to the
Smith Creek Uplift and Amasa Oval. The penetrative
foliation formed during the first deformation (see
below) i'. this region which comeonly strikes 1*1W,
also bends toward the NNW and becomes parallel with
the axis of the Amasa Oval. Transverse to these
structural bends, tectonolithologic assemblages
change in the miogeoclinal assemblage: most
significantly, the amount of volcanic material in
the Baraga Group increases dramatically to the 14—SW
across the Amaaa Oval (from subterrane A to 3).

Five phases of deformation have been recognized
in the miogeocline, CFt, and TNt of the southern
Lake Superior region based on cross—folds and
cross—cutting leavages (deformation in the TNt is
considered in detail below)(iig. 3). Four of these
phases are characterized by steeply dipping
cleavages and axial planes of minor folds. These
deformation fabrics are recognized regionally in
the area north of magmatic terrane. The other
phase of deformation, P3, is defined by
subhorizontal crenulation cleavages which generally
dip less than 35 degrees. This set of

subhorizontal crenulatiom cleavage is recognized
everywhere but in the Crystal Fells terrane.

TI, the earliest and most pervasive
deformation, is characterized by the following
planar structures: slaty cleavage, schistosity, and
axial planes of minor folds. In spite of later
deformations, axial planes of minor folds and
foliations of this deformation, SI, regionally
strike N7OW and dip vertically (for example, Fig.
6k, from Lame, 1983). Only in the neighborhood of
the Amasa Oval, Kiernan Sills, and SE part of the
Cit have Si surfaces been passively rotated by P2
to an orientation of NNW. Apical angles of Fl
folds are characteristically tight, less than 60
degrees, and fold profiles can comuonly be
categorized into type 13, LC, and type 3 folds of
Ramsey's classification scheme (1967). Apical
angles of these NNW—trendimg Fl folds are usually
extremely small such that isoclinal folds and
transposed layers are not uncomeonly present. The
foliation, which ranges from a closely spaced
penetrative alignment of piety minerals to a spaced
foliation or cleavage, comuonly parallels bedding,
especially in the Limbs of isoclines.

The P2 deformation refolded the $1 surfaces and
formed a set of crenulation cleavages and open
folds. Ax.al planes and crenulation cleavages, $2
of P2, strike consistently N65E throughout the
region (Pig. 3), indicating that later deformations
failed to regionally refold Ti and P2 structures.
Fold axes of P2 minor folds form a great circle
distribution on stereogram because the P2
deformation represents folding of an already folded
surface. Apical angles are comuonly 70 degrees to
120 degrees, and fold profiles indicate type 13 and
IC folds. Depending on host rock lithology,
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is proposed because of the fine-grained, 
thin-bedded nature of these rocks; t h e i r  
s ignif icant  l a t e r a l  extent without evidence of 
intefingering v i t h  shall-ter deposits; and 
t h e i r  s ignif icant  formation thickness- within 
sequences that  show w evidence of shallatring. 

The Florence-Niagara Terrane 

Architecture. The FNt is a t  l e a s t  40 km long 
and consis ts  of a number of major steeply-dipping 
fau l t s  that  separate disparate  l i thologies  and 
of f s e t  metamorphic isograds (Bayley and others, 
1966; Dutton, 1970). Four of these major fau l t s  i n  
the  FNt define three composite f a u l t  s l icea with 
cumla t ive  width of about 5-8 h; the Pine River? 
the Keyes Lake and an intkmediate  uammed block 
cal led the Bessie Babbit block by U r u e  and Ueng 
(submitted) (Fig. ZA). A# w i l l  be shown in the 
s t ructure section, these three blocks a r e  ccmposed 
of addititma1 f a u l t  s l i c e s  and thus a re  composite. 

The Pine River block contains Chocolay, 
Menominee and Baraga Group s t ra ta .  The Baraga 
Group comprises tb M i c h i w e  S la te  in the Pine 
River block, and consis ts  mainly of pe l i t es ,  of 
probable deep-water origin, and a f a u l t - b o d  un i t  
of 0.5 km thick of pebbly quar tz i t e  representing 
shallmmrater or f luv ia l  deposition. 

The intermediate f a u l t  s l i c e  is poorly exposed, 
and contains Paint River Group s t r a t a  and pillow 
basal ts  of the Badwater Greenstone vhich a re  folded 
in a SE-closing syncline (Dutton, 1970). The Paint 
River Group i n  t h i s  intermediate block contains two 
principle  l i thologies ,  i ron formation and s l a t e  
v i t h  thin graded sandstone interbeds. Dutton 
(1970, p la te  5 )  shmm that  the southwestern f a u l t  
that  defines the unnamed block truncates 
metamorphic isograds, demonstrating the movement on 
the fau l t  occurred a f t e r  regional mtawrphiam. 

i 

The Keyes Lake block is s imilar  t o  the Pine 
River block, containing Cheeolay, Manominee and 
Baraga Group strata .  X i c h i w e  S la te  of the 
Baraga Group includes another fault-bound un i t  0.3 
km thick quartzi te  representing shallow marine or  
f luv ia l  deposition, a l so  studied by Nilsen (1965). 
Pillow basalta of the Badwater Greenstone (Fig. 2B) 
are  present i n  th i s  block i n  the vest part  of the 
Florence County Quadrangle. 

Magmatic terrane 

In the magmatic terrane, grani toid and gneissic  
rocks of Penokean age are  mantled by highly 
deformed units of three major lithotypes: 1) a 
schistose sui te ,  consisting of f e l s i c  t o  
predominantly mafic metavolcanic rocks of the 
Quinnesec Formation (Bayley and others, 1966) ; 2) a 
inetasedimentary rock su i te ,  consisting of scattered 
outcrops of quartzi te  and s la te ;  and 3) a gabbroic 
su i te ,  which includes pillowed and manaive basal t ,  
massive gabbrca of varying cmposition, and loca l  
diabase dikes. The granitoid and gneissic rocks 
that  form the core of the magmatic terrane have 
been s b  by Schulz (1983) t o  have calc-alkaline 
a f f i n i t i e s ,  suggesting a magmatic arc origin. The 
volcanic rocks of the schis tose s u i t e  bear 
geochemical signatures typical  of arc envirmments 
(Cudzillo, 1978). The gabbroic s u i t e  may be 
interpreted as the roots of t h i s  arc complex. 
Archaen gneiss present i n  southcentral Wisconsin 
(Fig. LA) ia not considered here. 

Miogeocline and Crystal F a l l s  Terrane 

S t ruc tura l  features  of Early Proterozoic rocks 
i n  the miogeocline and CFt north of the FNt a r e  
generally oriented E-W except a t  the  Amasa Oval, 
Smith Creek Upl i f t ?  Kiernan S i l l s ,  and eastern 
'margin of the  CFt (Fig. 3). Moat s t r u c t u r a l  
troughs i n  the miogeocline a r e  oriented E-W, such 
as the  Marquette trough, Felch trough, and Calumet 
trough. The Sagola s t r u c t u r a l  basin, hovever, 
bends toward the WNW and becomes p a r a l l e l  t o  the  
Smith Creek Upl i f t  and Amasa Oval. The penetrative 
f o l i a t i o n  fomed during the  f i r s t  deformation ( see  
below) i* t h i s  region which coumonly s t r i k e s  WNW, 
a l s o  bends toward the  NNW and becomes p a r a l l e l  with 
the axis of the Amasa Oval. Transverse to  these 
s t ruc tura l  bends, tectonol i thologic assemblages 
change i n  the miogeoclinal assemblage: most 
s ign i f ican t ly ,  the amount of volcanic mater ial  i n  
the Baraga Group increases dramatically t o  the W-SW 
across the  Amasa Oval (from s u b t e r r ~ e  A t o  B). 

Five phases of deformation have been recognized 
i n  the miogeocline, CFt, and FNt of tbe southern 
Lake Superior region based on cross-folds and 
cross-cutting kleavages ( d e f m t i o n  in the FNt is 
considered i n  d e t a i l  below)(Fig. 3). Four of these 
phases a re  characterized by s teeply dipping 
cleavages and a x i a l  planes of minor folds. These 
deformation fabr ics  a re  recognized regionally i n  
the .a rea  north of magmatic terrane. The other 
phase of deformation, F3, M defined by 
subhorizontal c rmula t ion  cleavages which generally 
dip l e s s  thau 35 degrees. This s e t  of 
subhorizontal crenulation cleavage is recognized 
everywhere but i n  the  Crystal  F a l l s  terrane. 

Fl ,  the e a r l i e s t  and -st pervasive 
defomation, ia characterized by the  following 
planar structures: s l a t y  cleavage, sch is tos i ty ,  and 
a x i a l  plan- of minor folds. I n  s p i t e  of l a t e r  
deformations, a x i a l  planes of minor folds and 
f o l i a t i o m  of t h i s  defomation, S l ,  regionally 
s t r i k e  N70W and dip v e r t i c a l l y  ( f o r  example, Fig. 
6A, from Larue, 1983). Only i n  the neighborhood of 
the Amasa Oval, Kiernan S i l l s ,  and SE part  of the 
CFt have Sl surfaces bean passively rotated by F2 
t o  an or ientat ion of NNW. Apical angles of Fl  
folds a m  charac te r i s t i ca l ly  t igh t ,  l e ss  than 60 
degrees, and fold prof i l es  can coaw~only be 
categorized i n t o  type lB, l C ,  and type 3 folds of 
Ramaay's c lass i f i ca t ion  schema (1967). Apical 
angles of these NNW-trending Fl  folds a re  usual ly 
extremely amall such that  i soc l ina l  folds and 
tranapoaed layers- are  not unconw~mly present. The 
fo l ia t ion ,  vhich ranges f r m  a closely spaced 
penetrative alignment of p la ty  minerals to a spaced 
f o l i a t i m  or cleavage, conmuonly para l le l s  bedding, 
especial ly  i n  the limbs of isocl ines.  

The F2 deformation refolded the S l  surfaces and 
formed a s e t  of crenulation cleavages and open 
folds. M a 1  planes and crenula t im cleavages, S2 
of F2, s t r i k e  consis tent ly N6SE throughout the 
region (Fig. 3) ,  indicat ing tha t  l a t e r  deformations 
fa i l ed  t o  regionally refold Fl  and F2 s tructures .  
Fold axes of F2 minor folds  f o m  a great  c i r c l e  
d i s t r i b u t i m  on stereogram because the F2 
deformation represents folding of at already folded 
surface. Apical angles are  coummly 70 degrees t o  
120 degrees, and fold prof i l es  indicate  type 1B and 
1 C  folds. Depending m host rock l i thology,  



crenulation cleavage of P2 ranges from a ional
cleavage in pelitic rocks to discrete,
disccntinuäus cleavage in netavolcanics or

sandstones. In places, P2 deformation folds Si
foliations into minor chevron folds or kinks. The
deployment of P2 deformation fabrics is not
homogeneous throughout the area studied. P2 minor
folds were observed only in the CFt and the Hemlock
Pormation slates above the Fiernar& Sills. The
development of P2 crenulation cleavages is also
most intense when Si surfaces are oriented NNW.

The P3 d•formmtion is characterized by
subhorizontal crenulation cleavages (dips (35
degrees) which intersect with Sl foliations to form
abundant subhorizontal crenul ation lineatione.
These subhorizontal cleavages dip away, on all
sides, from the Amasa Oval and the Peavy Pond
intrusive. These subhorizontal foliations indicate
subvertical shortening, probably associated with
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basement uplift. The relation between this phase
of deformation and basement is best illustrated by
the case of the Peavy Pond intrusive (Pig. 3). The
subhorizontal crenulation cleavages dipping away
from the Peavy Pond stock can reasonably be related
to the emplacement of the Peavy Pond intrusive. So
it is reasonable enough to believe that the
presence of subhorizontal crenulation cleavages
dipping away from Amasa Oval is also the result of
Archean basement uplift even though this uplift was
not accompanied by any detectable thermal
activity. In the Peich trough, Calumet trough and
Taylor mine, the subhorizontal cleavages may also
be related to mobilization of crystalline
basement. But in these areas, it is difficult to
pin doiin the exact piece of basement involved.
This phase of deformation can be subdivided into
different sets of subhori.zontal crenulation
cleavages based an which part of basement uplift

Fig. 3. Deformation in the iniogeocline, Florence—Niagara and Crystal Falls
terranes.

crenulation cleavage of F2 ranges from a zonal 
cleavage i n  p e i i t i c  rocks t o  discrete ,  
diacontinu6us cleavage i n  metavolcanics or 
sandstones. I n  places, F2 deformation folds S l  
fo l ia t ions  i n t o  minor chevron folds or kinks. The 
deployment of F2 deformation fabrics  is not 
homogeneous throughout the area studied. F2 minor 
folds were obserred only in the CFt and the Hemlock 
Formation s l a t e s  above the Kiernan S i l l s .  The 
development of F2 crenulation cleavages is a l so  
most intense when Sl  surfaces a re  oriented BMW. 

The F3 deformation is  characterized by 
subhorizontal crenulation cleavages (dips <35  
degrees) which in te rsec t  with 31 fo l ia t ions  t o  f o m  
abundant subhorizontal crenulation lineations. 
These subhorizontal cleavages dip away, on a l l  
sides, from the Amasa Oval and the Peavy Pond 
intrusive. These subhorizontal fol ia t iona indicate  

basement up l i f t .  The re la t ion  between t h i s  phase 
of deformation and basement is bes t  i l l u s t r a t e d  by 
the case of the Peavy Pond in t rus ive  (Fig. 3 ) .  The 
subhorizontal crenulation cleavages dipping away 
from the Peavy Pond stock can reasonably be related 
t o  the emplacement of the Peavy Pond intrusive.  So 
it is reasonable enough t o  bel ieve tha t  the 
presence of subhorizontal c renula t ia i  cleavages 
dipping away from h s a  Oval is a l s o  the r e s u l t  of 
Archean basement u p l i f t  even though t h i s  u p l i f t  was 
not accompanied by any detectable  thermal 
ac t iv i ty .  In the Felch trough, Calumet trough and 
Taylor mine, the subhorizontal cleavages nay a l s o  
be related t o  mobilization of c r y s t a l l i n e  
basement. But i n  these areas, it is d i f f i c u l t  to  
pin down the exact piece of basement involved. 
This phase of deformation can be subdivided i n t o  
d i f fe ren t  s e t s  of subhorizontal crenulat ion 
cleavages baaed on which par t  of basement u p l i f t  

subvertical shortening, probably associated with 

Fig. 3. Deformation i n  the miogeocline, Florence-Niagara and Crystal F a l l s  
terranes. 



that each set is related to. Rowever,
cross—cutting relations among cleavages indicate

that the time slot for formation of these
subhorizontal cleavages was confined between
deformations, 12 and 14. Therefore it seems that
Archean crystalline basement of the study area was
regionally remobilized, except in the Cit (where no

crystalline basement if exposed), during this phase
of deformation. Subborizontal cleavage in the INt
is problematic, but may also be related to this
period of regional uplift.

The 14 deformation is marked by sporadic
occurrences of NW—striking, steeply dipping minor
fold axial surfaces, kink, and crenulatiom planes,
which cross—cut preexisting fabric. The solid
evidence of this deformation is shown by refolding
or crenulating 13 subhorizontal crenulation
cleavages. 14 minor folds observed in the field
have apical angles ranging from 70 degrees to 120
degrees.

15 deformation is represented by a set of
steeply—dipping NS—striking crenulations and some
open folds with apicat angles greater than 100
degrees. Fold profiles indicate that most of 15
folds are type 13 and lC folds. Crenulation
cleavages of this deformation range from a zonal
crenulation cleavage to discontinuous, discrete
cleavage and is coenonly present whenever the 31
surfaces are oriented EW.

In spite of the fact that five phases of
deformation were recognized in this region, only
the first two episodes of deformation 11, and 12,
were effective in constructing the regional
structural features. The extremely intense NNE—SSW
oriented shortening regime of Fl constructed a
series of WNW trending right folds and shear zones
which sometimes involved Archaen basement such as
the Amasa Oval, and Smith Creek Uplift. The 12
deformation cross folded the existing 11 structural
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features and locally rotated them into NNW trending
structures. The crossfolding origin of Amasa Oval
instead of gneiss doming is supported by the
following observations:

1. The fact that structures in strata of the
Marquette Range Supergroup mantling the Archean
basement of the Amasa Oval indicate
crossfolding.
2. A set of penetrative NNW trending
subvertical foliations, which is pervasively
developed in the sediments mantling the
basement, is found to be cross—cut by later
deformation fabrics 52, S3. Both the
cross—cutting relations and the correlation
with NNW trending Fl folds in Crystal Falls
terrane indicate that this is a set of rotated
Si foliations.
3. The same set of NNW trending foliations is
the most prevalent foliation developed in Amasa
Oval Archean basement.
4. Lack of metamorphic aureol related to Amasa
Oval discredits the possible origin by gneiss
doming.
5. The subhorizontal crenulation cleavage
which was related to basement uplift cross—cuts
the NNW trending 31.

The presence of 53 subhorizontal cleavages in
this region indicates that basement uplift presided
over the miogeocline once. Rowever, the major
structural features in this region were constructed
mainly by periods of horizontal shortening prior to
basement uplift.

Florence—Niagara Terrane

Fig. 4. Geology of the Florence—Niagara terrane.
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The Florence—Niagara terrane consists of at
least eight fault—bound slices striking NW (Bayley
and others, 1966; Dutton, 1970; Larue and Gang, in
prep.) (Fig. 4). Recognition of faults is based on
truncation of regional stratigraphy (Fig. 2A)
(Bayley and others, 1966; Dutton, 1970), changes in
structural style or fabric across lithic
boundaries, and stratigraphic relations (Larue and
Gang, in prep.), as discussed below. Fault slices
3, 7 and 7A are defined on the basis of
stratigraphy each represents shallow-marine to
fluvial quartzices contiguous on both sides with
apparently deep—water, volcanogenic slates (Larue,
1983). Contacts are sharp, though no obvious
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that  each s e t  is related to. However, 
cross-cutting re la t ions  among cleavages indicate  
that  the time s l o t  f o r  formation of these 
subhorizontal cleavazes was confined between 
deformations, F2 andF4. Therefore it seems t h a t  
Archean c rys ta l l ine  basement of the study area was 
regionally renobilized, except in the CFt (where no 
c rys ta l l ine  basement i f  exnosed). during t h i s  phase 

features  and loca l ly  rotated them i n t o  NNW trending 
s tructures .  The crossfolding or ig in  of Amasa Oval 
instead of gneiss doming is supported by the 
following observations: 

1. The f a c t  that  s t ruc tures  i n  s t r a t a  of the 
Marquette Range Supergroup mantling the  Archean 
basement of the Amasa Oval indicate  

o f  deformation. subhorizokal  c leavage in  t h e  FNt . crossfolding. 
is problematic, but may a l so  be related t o  t h i s  2. A s e t  of penetrative NNW trending 

period of regional up l i f t .  subvert ical  fo l ia t ions ,  which is pervasively 
developed i n  the sediments mantling the 

The F4 deformation is marked by sporadic basement, is found t o  be cross-cut by l a t e r  
occurrences of NW-striking, steeply dipping minor deformation fabr ics  S2, S3. Both the  
fold a x i a l  surfaces, kink. and erenulation planes, cross-cutting re la t ions  and the correlat ion 
which cross-cut p reex is t ingfabr ic .  The sol id with NNW trending F l  folds i n  Crystal  F a l l s  
evidence of th i s  deformation is shown by refolding terrane indicate  tha t  t h i s  is a s e t  of rotated 
or crenulating F3 subhorizontal crenulation S l  fol ia t ions.  
cleavages. F4 minor folds observed in the f i e l d  3. The same s e t  of NNW treading fo l ia t ions  is 
have apical angles ranging from 70 degrees t o  120 the  most prevalent f o l i a t i o n  developed i n  Amasa 
degrees. Oval Archean basement. 

4. Lack of metamorphic aureol re la ted  t o  Amasa 
F5 deformation is represented by a s e t  of Oval d i sc red i t s  the possible or igin by gneiss 

steeply-dipping US-striking crenulationa and some doming. 
open folds with apical  angles greater  than 100 5. The subhorizontal crenulation cleavage 
degrees. Fold prof i l es  indicate  tha t  most of F5 which was re la ted  to  basement u p l i f t  cross-cuts 
folds are  type 1B and 1C folds. Crenulation the NNW trending Sl. 
cleavages of t h i s  deformation range from a zonal 
crenulation cleavage t o  discontinuous, d i sc re te  The presence of S3 subhorizontal cleavages i n  
cleavage and is connonly present whenever the 31 t h i s  region indicates  t h a t  basement u p l i f t  presided 
surfaces a re  oriented EW. over the miogeocline once. However, the major 

s t ruc tura l  features  i n  t h i s  region were constructed 
In  s p i t e  of the f a c t  t h a t  f ive  phasea of mainly by periods of horizontal  shortening pr io r  t o  

deformation were recognized i n  t h i s  region, only basement up l i f t .  
the f i r s t  two episodes of defoimation Fl,  and F2, 
were effect ive i n  constructing the regional Florence-Niagara Terrane 
s t ructural  features. The extremely intense NMB-SSW 
oriented shortening regime of Fl  constructed a The Florence-Siagara terrane consis ts  of a t  
se r ies  of WMU trending t igh t  folds and shear zones l e a s t  e ight  fault-bound s l i c e s  s t r i k i n g  NU (Bayley 
which sometimes involved Archaen baaemant such as  and others, 1966; Dutton, 1970; Larue and Ueng, i n  
the Amasa Oval, and Smith Creek Uplift .  The 72 prep.) (Fig. 4). Recognition of fau l t s  is based on 
deformation croasfolded the exis t ing F1 s t ruc tura l  truncation of regional s t rat igraphy (f ig .  2A) 

(Bayley and others, 1966; Dutton, 1970), changes i n  
s t ruc tura l  s t y l e  or fabr ic  across l i t h i c  
boundaries, and s t ra t ig raphic  re la t ions  (Lame and 
Ueng, i n  prep.), as discussed below. Fault s l i c e s  
3, 7 and 7A a r e  defined on the basis  of 
s t rat igraphy each represents shallow-marine t o  
f l u v i a l  quar tz i t es  contiguous on both s ides with 
apparently deepwater ,  volcanogenic s l a t e s  (Larue, 
1983). Contacts a re  sharp, though no obvious 
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truncations are present. All fault packets except
packet 8 contain homoclinal south—facing strata.
Packet 8, the Bessie 3abbitt block, contains a

major fold.

Your different types of structural fabric are
recognized in the YNt. ALL are characterized by
Si, a dominant cleavage, or by axial surfaces that
strike W—NW and dip steeply. Elongation lineationa
associated with such foliations plunge down dip in
all cases except in packet 1, where bulk extension
locally parallels shallowly—plunging fold axes, a
probable product of superimposed strains
(compaction and tectonic). 1) VoId axes in packets
1 and 5 are aubhorizontal or shallowly plunging,
and trend E—W to NW—SE. 2) Fold axes in packets 2
and 7k are girdled in a NW—SE plane (Fig. 6B).

Fig. 5. Geologic map of early Proterozoic rocks
near Iron Mountain (IN), MI, Florence (F),
WI, and Niagara (N), WI. Florence—Niagara
(FE Fault separates passive margin
assemblage to the north (Miogeo/Cracon —
autochthonous sedimentary cover of
Superior Province basement; YNt
Florence—Niagara terrace; Cit • Crystal
Falls terrace) from magmatic arc terrace
(mt) to the south (stipples — granitoids
and gneiss; ma - netasedimentary rocks; g

gabbroic suite; v — metavolcanic
schiacs). Jagged line bounds high strain
belt developed on either side of the
fault; queried line denotes tentative
location of boundary. Solid lines
bounding passive margin terraces and
within TNt are faults; solid Lines in tat
are lithologic contacts (after K. Schulz
and P. Sims, unpub. map) that way also be
faults. a locations of slickenside
striations used in stress axes
calculations (see text). Vertically lined
pattern denotes low-strain fault slices in
TNt.

3) Fold axes in packets 3, 4, 6, and 7 are steeply
inclined and plunge down the regional foliation.
4) Fold axes in packet 8 also plunge steeply but
have been complicated by cross—folds with *4 axial
planes. The first three fabrics (1—3) are
interpreted as products of different strain
histories. The girdled fold axes (fabric 2)

represents the highly strained equivalent of the
first fabric type (for example, Sanderson, 1973).
That is, initially subhorizontal fold axes

• Fig. 6 6*—c. Lower hemisphere stereographic
projections of structural data for Dl
(accretion—related) deformation. Circles

fold axes; squares — poles to axial
surfaces; 1, 2, 3 are axes of the stress
ellipsoid; X, Y, Z are axes of strain
ellipaoid. a. miogeoayncline/craton
folds; b. TNt folds with inferred I, Y, Z
strain axes; c. TNt stress axes fton
slickeneide striations with inferred 951
confidence circles; d. tat folds; e. tnt

stress axes.

(parallel to the intermediate axis of strain) have
been strained toward the direction of finite
extension. Fold axes parallel to the intermediate
axis of strain rotate less than those askew, thus a
girdled distribution results. The origin of fabric
type 3 is poorly understood, but measured strains
indicate X/Z ratios of up to 10, and therefore the
fabric is also related to large strains.

Fabric 4 seems represented in fabric 3 with a
superposed deformation about a N—S axial plane
(52). Minor folds with N—S axial planes are not
present elsewhere in the TNt. Crenulacions with
axial surfaces parallel to those described in the
iniogeocline (12—V5) era present sporadically, but
age relations can not be specified other than
post—Si.

Metamorphism was relative complicated in the
TNt. Early folding was not associated with
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truncations are present. A l l  f a u l t  packets except 
packet 8 contain homoclinal south-facing s t ra ta .  
Packet 8 ,  the Bessie Babbitt block, contains a 
major fold. 

Four d i f fe ren t  types of s t ruc tura l  fabric  a r e  
recognized i n  the  FNt. A l l  a m  characterized by 
Sl,  a dominant cleavage, o r  by ax ia l  surfaces tha t  
s t r i k e  W-NW and dip steeply. Elongation l ineat ions 
associated with such fo l ia t ions  plunge down dip i n  
a l l  cases except i n  packet 1, where bulk extension 
local ly para l le l s  shallouly-plunging fold axes, a 
probable product of superimposed s t ra ins  
(compaction and tectonic).  1) f o l d  axes in packets 
1 and 5 a re  subhorizontal or shallowly plunging, 
and trend E-W to  HW-SE. 2) -Fold axes i n  packets 2 
and 7A are girdled i n  a SW-SE plane (Fig. 6B). 

I I -  

Fig. 5. 
t 

Geologic map of ear ly Proteroioic  rocks 
near Iron Mountain (IM), MI, Florence (?I, 
WI, and Niagara (N), UI. Florence-Uiagara 
(FH) Fault separates passive margin 
assemblage t o  the north (Miogeo/Craton - 
autochthonous sedimentary cover of 
Superior Province basement: F N t  = 
Florence-Niagara t e r r a e ;  CFt - Crystal 
Fal ls  t e r r a e )  from magmatic arc  terrane 
(me) t o  the south ( s t ipp les  - grani toids  
and gneiss: os - metasedimentary rocks; g 
= gabbroic sui te;  v - metavolcanic 
schis ts) .  Jagged l i n e  bounds high s t r a i n  
b e l t  developed on e i t h e r  side of the 
faul t ;  queried l i n e  denotes tentat ive 
location of boundary. Solid l ines  
bounding passive margin terranes and 
within F U t  are  faults: so l id  l ines  i n  m t  
a re  l i thologic contacts ( a f t e r  K. Schulz 
and P. S k ,  unpub. map) that  may a l s o  be 
faul ts .  s * locations of slickenside 
s t r i a t ions  used i n  s t r e s s  axes 
calculations (see text) .  Vert ical ly  l ined 
pattern denotes low-strain f a u l t  s l i c e s  i n  
FNt. 

3) Fold axes in packets 3, 4, 6, and 7 a re  s teeply 
inclined and plunge down the regional fol ia t ion.  
4) Fold axes in packet 8 a l s o  plunge steeply but 
have been complicated by cross-folds with N-S ax ia l  
planes. The f i r s t  three fabrics  (1-3) a re  
interpreted as  products of d i f fe ren t  s t r a i n  
his tor ies .  The girdled fold axes ( fabr ic  2) 
represents the highly s t rained equivalent of the 
f i r s t  fabr ic  type ( for  example, Sanderson, 1973). 
That i s ,  i n i t i a l l y  subhorizontal fold axes 

Fig. 6 6a-e. Lower hemisphere stereographic 
project ions of s t ruc tura l  data  f o r  D l  
(accretion-related) deformation. Circles  
= fold axes; squares - poles to  a x i a l  
surfaces: 1, 2, 3 a r e  axes of the s t r e s s  
e l l ipso id ;  X, Y, Z are axes of s t r a i n  
el l ipsoid.  a. miogeosyncline/craton 
folds; b. FHt folds with inferred X, Y, Z 
s t r a i n  axes: c. FNt s t r e s s  axes from 
slickenside s t r i a t i o n s  with inferred 95% 
confidence c i rc les ;  d. m t  folds; e. m t  
s t r e s s  axes. 

(para l le l  to  the  intermediate axis  of s t r a i n )  have 
been s trained toward the direct ion of f i n i t e  
extension. Fold axes p a r a l l e l  t o  the intermediate 
axis  of s t r a i n  ro ta te  l ess  t h a n t h o s e  askew, thus a 
girdled d i s t r ibu t ion  resul ts .  The origin of fabr ic  
type 3 is poorly understood, but measured s t r a i n s  
indicate  X/Z  r a t ios  of up t o  10, and therefore the 
fabr ic  is a l so  related t o  large s t ra ins .  

Fabric 4 seems represented i n  fabr ic  3 with a 
superposed deformation about a N-S a x i a l  plane 
(S2). Minor folds with N-S a x i a l  planes are  not 
present elsewhere i n  the FNt. Crenulations with 
a x i a l  surfaces para l le l  t o  those described i n  the 
miogeocline (F2-F5) a r e  present sporadically, but 
age re la t ions  can not be specif ied other than 
pos t-Sl. 

Metamorphism was re la t ive  complicated i n  the 
F N t .  Early folding was not associated with 



significant metamorphism. Cross—folds in packet 8
pre—dated garnet grade metamorphism. S trtke—s lLp
faulting (NW—striking) with associated garnet grade

metamorphism is observed in packet 4.

Slickensid. striations on faults were studied
(ma in Fig. 4), and mean stress axes calculated from
such data (technique of A. Michaels, submitted).
Results are shown in Figure 6C, and stress axes

parallel strain axes.

Magmatic Terrane

To a first approximation, the northern edge of
the magiaatic terrane cam be best thought of as a

2-4 km wide highly strained zone that strikes N7OW,
parallel to the Florence—Niagara Fault (Fig. 53).
In detail, the penetrative vertical foliation that
defines the shear zone fabric has been refolded
about subvertical axes during a subsequent
deformation event.

In this region a dominant structural feature is
the Dumbar Gneiss done, which Sims (pers. come.,
1982) invokes to accoimt for variable foliat3.on

attitudes at the edges of the gneiss body.

Relative timing of gneise doming and later folding
of the penetrative foliation near the fault is

unresolved.

Structural Synthesis of the Magmatic Terrane.
The earliest recognizable deformation, Dl, produced
a penetrative, subvertical, regionally WNW—striking
foliation Si with a steep down—dip mineral
lineation 1.1. Boudinage and dismembered isoclinal
folds indicate great strain accompanied DI.. Early
metamorphism Ml was synkineaatic with Dl and
probably attained amaphibolit. facies PT
conditions. Subsequent open to tight folding
comprised 32; these folds range from cm to km in
wavelength, have subvertical axes, and do not
signify a penetrative deformation event.
Retrograde thermal metamorphism, M2, generated
randomly oriented amphibole and chlorite that
overprint the Ml metamorphic fabric. It is not
known whether 112 is post— or syn—32.

Several structural features indicate that Dl
was accompanied by great strain. Isoclinally
folded compositional layering and, in some
mnetaseditnencary rocks, bedding, is almost always
tectonically dismembered. The resultant boudins
have their long axes or major planes oriented
parallel to the penetrative Sl foliation. Pressure
shadows around some mineral grains lend support to
an interpretation of Ll as a stretching lineation.
Finally, when 32 folding is removed, Dl fold axes
define a great circle distribution within a
constant mean axial surface of approximately N7OW
(Fig. 63). Renoval of 32 folds also yields a point
maximum of mineral (stretching) lineations plunging
steeply southwest. From this geometry we infer
axes of the strain ellipsoid during Dl to be X
subvertical, Y subhorizontal WNW—ESE, and Z
subhorizontal NNE—SSW. Hence X corresponds with
Ll, the XY plane corresponds with Sl, and the
shortening direction Z lies roughly normal to 1170W

and the Florence—Niagara Fault.

Further support for this orientation of the Dl
strain axes was recently obtained from slickenside
striations on minor faults in the at. Using a
computer program developed by Andrew Michael of

Stanford University, we calculated axes of the
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stress ellipsoid (sigma 1, 2, 3) that coincide
almost exactly with the strain axes, Z, Y, and X
(Pig. 6E). The close agreement of axes
orientations derived from two markedly different
techniques, coupled with the tiny 95% confidence
circles for the sigma values, strongly indicate
NNE—SSW shortening and subvertical extension during
Dl.

The earliest metamorphism, Mi, was synkinematic
with Dl as evidenced by alignment of relict
amphibole grains within the Si foliation plane and
parallel to Li. In thin section, however, lLttle
or none of the original Ml mineral assemblage can
be identified due to retrograde metamorphism during
112.

During D2, Dl layering was folded about
subvertical axes both at outcrop scale, where close
to open cm to meter wavelength folds are observed,
and at map scale, where homogeneous domains having
variable, but always steep, orientations of Dl
foliation/layering are best explained as limbs of

open folds with wavelengths measured in kin. Axial
surfaces of these folds are variable but usually
imply E—W to NW—SE shortening. No penetrative
S—surface or lineation accompanies 32.

The preponderance of randomly—oriented green
amphibole and chlorite in rocks of all lithocypes
suggests that the magnetic terrane experience late
thermal metamorphic retrogression of Ml amphibolite
facies assemblages to 112 greenschist facies
assemblages. We have no direct evidence pertaining
to whether 112 is post— or syn—D2.

Also present in the magmatic terrane are local
areas in which crenulations are developed that
appear to be parallel to crenulation cleavages in
the miogeoclin. and TNt. However, we do not have
enough data at present to conclude whether all
deformation phases observed in the miogeocline are
present in th. at, and whether the ordering of
these events is similar.

RICH STRAIN BELT: NATURE OF THE 1ff—TNT BOUNDARY.

The TNt and northern tnt define a high a train
belt, where fold axes have been locally strained
into parallelism with the direction of finite
extension (Fig. 5)(Larue and Ueng, submitted;
Sedlock and tarmac, 1983). Other features
assocated with this great strain are isoclinal
folds, dismembered folds, type 2 and 3 folds (of
Rainsay, 1967) and transposed layering. Large
strains such as those inferred here occur only
rarely in rocks north of the FNt. The southern
boundary of the high strain belt has not been
adequately defined. We conclude that the FNt and
northern part of the met represents a high strain
belt straddling the Florence—Niagara Fault. The
northern zone (FNt) is developed within the
mna.ogeoclinal assemblage rocks, whereas the southern
zone affects only arc assemblage rocks (northern
part of tnt). Structural fabrics are nearly
Ldentcal (Ftg. 63—f). This high strain belt
probably formed during terrane accretion.

Other zones of high strain including shear
zones occur locally throughout the miogeocline andprobably represent zones of increased strain
resulting from localized weaknesses in the basement.

CEOCHE1fISTRY

Provenance of Marquette Range Supergroup

signif icant  metamorphism. Cross-folds i n  packet 8 
p r e d a t e d  garnet grade metamorphism. S t r i k e s l i p  
faul t ing ( W s t r i k i n g )  with associated garnet grade 
metamorphism is observed i n  packet 6. 

Slickenside s t r i a t i m s  on fau l t s  -re studied 
(m i n  Fig. 4 I y  and mean s t r e s s  axas calculated from 
such data (technique of A. Michaels, submitted). 
Results a re  shown i n  Figure 6C, and s t r e s s  axes 
p a r a l l e l  s t r a i n  axes. 

Mamatic Terrane 

To a f i r a t  approximation, the northern edge of 
the magmatic terrane can be best  thought of as  a 
2-6 km wide highly s t rained zme that s t r ikes  U7W, 
para l le l  t o  the Florence-Niagara Faul t  (Fig. 5B)- 
In  de ta i l ,  the penetrative v e r t i c a l  f o l i a t i m  tha t  
defines the shear zone fabric  ha8 been refolded 
about subvertical axes during a subsequent 
deformation went. 

In  t h i s  region a dominant s t ruc tura l  feature is 
the Dtmbar Gneiss dm*, which S i w  (pers. c ~ n m . ~  
1982) invokes to  account for  var iable  fo l ia t ion  
a t t i tudes  a t  the edges of the gneiss b*. 
Relative timing of gneiss doming and l a t e r  folding 
of the penetrative f o l i a t i a t  near the f a u l t  is 
unresolved. 

Structural  Synthesis of the Mamutic Terrane. 
The e a r l i e s t  recornizable deformtiax,  D l ,  produced 
a penetrative, sGvert ica1,  regionally WlW-striking 
fo l ia t ion  Sl with a steep dom-dip mineral 
l ineat ion Ll. B d i n a g e  and dismembered i soc l ina l  
folds indicate great  s t r a i n  accompmied D l .  Early 
metamorphism Ml was synkinamatic with D l  aad 
probably attained amphibolite facies  P-T 
conditima. Subsequent opea t o  t igh t  folding 
cmprised D2; these folds range f r m  cm t o  km i n  
wavelength, have subvertical axes, and do not 
signify a penetrative defonnatim went .  
Retrograde t h e w 1  metamorphism, M2, generated 
randmly oriented amphibole and ch lor i t e  t h a t  
overprint the M l  metamorphic fabric. It is not 
known whether M2 i s  post- or SF-D2. 

Several s t ruc tura l  features indicate  tha t  D l  
was accompanied by great  s t rain.  I soc l ina l ly  
folded compositional layering and, i n  some 
metasedhentary rocks, bedding, is almost a l m y s  
tectonical ly dismembered. The resul tant  b d i n s  
have t h e i r  long axes or major planea oriented 
para l le l  t o  the penetrative S l  fol ia t ion.  Pressure 
shadows around saue mineral grains lend support t o  
an interpretat ion of Ll as  a s t retching lineation. 
Finally, when D2 folding is removed, D l  fold axes 
define a great c i r c l e  dis t r ibut ion within a 
constant mean ax ia l  surface of approximately N70W 
(Fig. 6D). 3eanoval of D2 folds a l so  yields  a point 
maximum of mineral (s t retching)  lineations plunging 
steeply southwest. From th i s  geometry we in fe r  
axes of the s t ra in  el l ipsoid during D l  to  be X 
subvertical,  Y subhorizontal WUW-ESE, and Z 
subhorizmcal NNE-SSW. Renee X corresponds with 
Ll, the XY plane corresponds with Sl ,  and the 
shortening direct ion Z l ien roughly nonnal t o  N70W 
and the Florence-Niagara Fault. 

Further support fo r  thia  o r i e n t a t i m  of the  D l  
s t r a i n  axes was recently obtained from slickenside 
s t r i a t i o n s  on minor fau l t s  i n  the m t .  Using a 
computer program developed by Andrew Michael of 
Stanford University, we calculated axes of the 

s t r e s s  e l l ipso id  (sigma 1, 2, 3) tha t  coincide 
almost exactly with the s t r a i n  axes, 2, Y, and X 
(Fig. 6E). The close agreement of axes 
or ientat ions derived frau two markedly d i f f e r e n t  
techniques, coupled with the t iny  95% confidence 
c i r c l e s  f o r  the sigaa values, strongly ind ica te  
NNE-SSW shortening and subvert ical  extension during 
D l .  

The e a r l i e s t  metamorphism, M l ,  was synkinematic 
with D l  a s  evidenced by alignment of r e l i c t  
mphibole grains  within the  S l  f o l i a t i m  plane and 
p a r a l l e l  t o  Ll. I n  th in  s e c t i m ,  however, l i t t l e  
or none of the or iginalM1 mineral assemblage can 
be iden t i f i ed  due t o  retrograde metamorphism during 
M2. 

During D2, D l  layering was folded about 
subvert ical  axes both a t  a t c r o p  scale ,  where c lose  
t o  open an t o  meter wavelmgth folds a r e  observed, 
and a t  map scale ,  where hmogeneous domaim having 
variable, but always steep, or ientat ions of D l  
fol ia t ion/ layering are  best  explained as  limbs of 
open folds  with wavelengths measured i n  km. Axial 
surfaces of these folds  are  variable  but usually 
imply E-W t o  W S E  shortening. No penetrative 
S-surface or l ineat ion acccmpanies D2. 

The prepcaderaace of randomly-oriented green 
amphibole and c h l o r i t e  i n  rocks of a l l  l i thotypes 
s q g e s t s  that  the magmatic terrane experience l a t e  
thennal metamorphic re t rogress im of N l  amphibolite 
facies  assemblages t o  M2 greenschist facies  
assemblages. We have w d i r e c t  evidence pertaining 
t o  whether M2 is  post- or SF-D2. 

AL& present i n  the  magmatic terrane a r e  loca l  
areas in which c renula t ims  a re  developed t h a t  
appear t o  be p a r a l l e l  to  c r e n u l a t i m  cleavages i n  
the miogeocline and FNt. Hwever, we do not have 
enough data a t  present t o  conclude whether a l l  
def-tim phases obsemed i n  the miogeocline a r e  
present i n  the m t ,  and whether the ordering of 
these events is similar.  

The mt and northern m t  define a high s t r a i n  
b e l t ,  where fold axes have been loca l ly  s t rained 
i n t o  para l le l i su  with the direct ion of f i n i t e  
extension (Fig. 5)(Larue and Ueng, submitted; 
Sedlock and Larue, 1983). Other features  
associated with t h i s  great  s t r a i n  a r e  i soc l ina l  
folds, dimembered folds ,  type 2 and 3 folds (of 
Ramsay, 1967) and transposed layering. Large 
s t r a i n s  such as thome inferred here occur only 
ra re ly  i n  rocks north of the FNt. The southern 
bomdary of the high s t r a i n  b e l t  has not been 
adequately defined. We conclude tha t  the F N ~  and 
northern part of the m t  represents a high s t r a i n  
b e l t  straddling the Florence-Niagara Fault.  m e  
northern zone (F'!?t) is developed within the 
miogeoclinal assemblage rocks, whereas the southern 
zone a f fec t s  only arc  assemblage rocks (northern 
part  of mt). Structural  fabrics  are  nearly 
iden t ica l  @ig. 6B-E). This high s t r a i n  b e l t  
probably formed during terrane accretion. 

Other zones of high s t r a i n  including shear 
zones occur local ly throughout the miogeocline and 
probably represent zones of increased s t r a i n  
resul t ing frcm localized weaknesses i n  the basement. 

GEOCXEMISTRY 
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sandstones is not well constrained because
diagenesis and metamorphism has altered and
destroyed 1.LthLc fragments such that modified
assemblages exist. Petrographic studies of only
slightly metamorphosed sandstones indicates an
older Precambrian source for the Chocolay,
Menoininee (Lame, 1981) and Baraga Groups (Alvin,
1979). Rovever, a significant portion of the
Marquette Range Supergroup is represented by slate,
whose provenance is extremely difficult to
establish petmographically.

To try to characterise the provenance of the
slates, we sent about 60 samples from throughout
th. early Proterozoic section to the
Barrangem—Maj ants Corporation, who made major and
trace element studies using induced coupled plasma
techniques (IcP). Several duplicate samples were
sent and errors were in all cases <5Z. Ton Vogel
(Michigan State university, pers. c., 1980) has
had similar success with them.
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Provenance studies using slate geochemistry
have been made by Carrels and MacKenzie (1971),
Cameron and Carrels (1981) and others,, who used
geochemistry to separate slates of volcanic and
continental provenance. In our study, we made 106
ternary diagrams of which 4 are showu (Pig. 7)

representing different combinations of major and
minor elements of the slates, and also plotted
average argillite, average granite and average
green. tone from the Canadian shield (Roaov and
Migdieov, 1971). In addition, analyses of the
3adwater Greenstone are plotted in Figure 7.

Sample. used in our study are mostly from the
areas discussed herein, but we also included
samples from the Marquette trough (especially the
Siamo Slate of the Menominee Group which underlies
the Negatntee Iron Formation).

Two basic populati.ons are recognized in the
ternary diagrams presented herein in which
formational groupings occurred. Slates interbedded

Fig. 7 Ternary plots of slate geochemistry.
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sandstones is not wall constrained because 
diagenesis and metamorphism has a l t e red  and 
destroyed l i t h i c  fragments such tha t  modified 
assemblages exist. Petrographic s tudies  of m l y  
s l i g h t l y  metamorphosed sandstones indicates  an 
older Precambrian source for  the Chocolay, 
Menominee (Larue, 1981) and Baraga Groups (Alwin, 
1979). Emever, a s ignif icant  poztion of the 
Marquette Range Supergroup is represented by s l a t e ,  
whose provenance is extremely d i f f i c u l t  to  
establ ish petrographically. 

To t r y  t o  character ize the provenance of the 
s la tes ,  we seat about 60 samples f ran  throughout 
the ea r ly  Proterozoic sectiai t o  the 
Barrmger-Majenta Corporation, who made major and 
t race element s tudies  using induced coupled pla- 
techniques (ICP). Several duplicate samples were 
sent and e r rors  =re i n  a l l  cases 45%. Tau Vogel 
(Xichigau S t a t e  University, perÂ¶ e m . ,  1980) has 
had s imilar  success with than. 

Provenance s tudies  using s l a t e  geochemistry 
have been made by Garrels and MacKenzie (19711, 
Cameron and Garrels (1981) and others,. who used 
geochemistry t o  separate s l a t e s  of volcanic and 
continental provenance. In  our study, we made 106 
ternary diagrams of which 4 a r e  shown (Fig. 7) 
representing d i f fe ren t  cmbinat ions of major and 
minor elements of the s lates;  and a l s o  p lo t ted  
average a r g i l l i t e ,  average gran i te  and average 
greenstme from the Canadiau shield (Ronov and 
Migdisw, 1971). In addition, analyses of the 
Badwater Greenstone a r e  plot ted i n  Figure 7. 

Samples used i n  our study a re  mostly f ran  the 
areas discussed herein, but we a l s o  included 
samples frau the  Marquette trough (especial ly  the 
S i a o  S l a t e  of the M e n d n e e  Group which underlies 
the Negauuee Iron Formatirm). 

Two basic populations a r e  recognized i n  t h e  
ternary diagrams presented herein i n  which 
fornat ional  groupings occurred. S la tes  interbedded 

Fig. 7 Ternary plots  of s l a t e  geochemistry. 



with ultramature quartzites and dolomites of the

Chocolay Group generally plot in a tight cluster
near composition of the average granite. Such

pOtasSC and alulaLnous slates were probably
originally illitic, and derived from a continental
source. Slates from the Mencminee and Barags
(including Hemlock Slates) seem to represent mixed
source—continental plus volcanic. Some slates from
the Sismo Slate have bulk geochemistry similar to
greenscones, probably indicating a volcanogenic
source. Although volcanic rocks have been
recognized in the upper part of the tlenominee Group
(Prinz, 1976), this is the first indication that
pre—iron formation strata, specifically the Siamo
Slate contain volcanogenic material. Gait and
Thaden (1968) proposed, also cm the basis of
geochemistry, that certain of the Wewe Slates
(uppermost omit of the ChocolayCroup in the
Marquette trough) were volcanogenic. A single data
point from Gait and Thaden is plotted in Figure 7.

In conclusion, it appears that volcanism
occurred sporadically throughout Marquette Range
Supergroup sedimentation. It appears that Chocolay
Group sediments were derived exclusively from a
continental (older Precambrian) source, with a
minor influx of votcanogenic sedimentation
occurring late in its depositional history.
Uncouformably overlying Menominee Group quartzites
also represent purely continental provenance, but
Siano Slate turbidites contain significant amounts
(as yet riot ascertained) of volcanogenic slates.
Votcanics are also interstratified with Mencminee
Group iron formation in the Gagebic Range (Prina,
1976). Baraga Group slates also contain both
continentally—derived, mixed, and
volcanogenically-derived slates • Thus, volcanism
seems to have been significant and long—lived from
Menaminee Group through Baraga Group
sedimentation. Volcanic rocks of this age are
knotin to represent continental tholeiites based on
other studies (Fox, 1982; Cudzillo, 1978).

SUMMARY

This study establishes that the Proterozoic

rocks in the south central Lake Superior region
have suffered a complicated, polyphase deformation
history. The exact tectonic interpretation of each
deformation event is not yet fully understood.
However, it is clear that the CFt, E'Nt, tat, and
miogeocline have undergone parallel deformation
histories. By removing all deformations except Fl,
some interesting tectonotithological assemblages
are observed: the non—volcanic miogeocline
(subterrane A), submarine tholeiitic volcanics of
subterrane B; basin floor deposits (Crystal Falls
terrane), highly strained fault packets (TNt), and
the magmatic terrane, from NE to SW in sequence.
These assemblages were juxtaposed together by the
end of deformation Fl. Lacer deformations were
responsible for rotation of the regional structural
features (Fig. 8).

Fig. 8 Palinepastic restoration of the southern Lake Superior region.
Compare with Figure 1.
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with ultramature quartzi tes  md d o l d t e s  of the 
Chocolay Group generally p lo t  i n  a t igh t  c l u s t e r  
near composition of the average granite. Such 
potassic and aluminous s l a t e s  were probably 
or iginal ly i l l i t i c ,  and derived from a continental 
source. S la tes  f r m  the  M e n d n e e  and Baraga 
(including Hemlock Slates)  seem to represent mixed 
source-continental plus volcanic. Some s l a t e s  fram 
the Siama S l a t e  have bulk geochemistry s imilar  t o  
greenstones, probably indicat ing a vo1caogenic 
source. Although volcanic rocks have been 
recognized i n  the upper part  of the M e n d n e e  Group 
(Prinz, 19761, t h i s  is the f i r s t  i n d i c a t i m  tha t  
pre-irm formatim s t r a t a ,  spec i f ica l ly  the  S i a w  
Sla te  contain volcanogenic material. Gair and 
Thadm (1968) proposed, a l s o  m the basis  of 
geochemistry, tha t  ce r ta in  of the Wewe Sla tes  
(uppennost m i t  of the Chocolay'Group i n  the 
!hrquette trough) were volcanogenic. A s ing le  data 
point from Gair and Thadm ia plot ted i n  Figure 7. 

In  conclusim, it appears that  volcanism 
occu=ed sporadi&lly t h ~ o u g h m t  Marquette Range 
S u ~ e r x r o u ~  s e d b t a t i m .  It appears that  Chocolay 
~r&-sed-hents  were derived exclusively f ran  a 
continental (older Precambrian) source, with a 
minor inf lux of volcanogenic sedimentatim 
occurring l a t e  i n  its depositional history. 
Uncmformably overlying M e n d n e e  Group quar tz i t es  
a l so  represent purely continental provenance, but  
Siama S la te  turbidi t -  contain s ignif icant  amounts 
(as yet not ascertained) of volcanogenic s lates .  
Volcanics are  a l so  i n t e r s t r a t i f i e d  with M e n d n e e  
Group iron formatim i n  the Gogebic h g e  (Pr im,  
1976). Baraga Group s l a t e s  a l so  contain both 
continentally-derived, mixed, and 
volcanogenically-derived slates .  Thus, volcanism 
seema to have been s ignif icant  and lmg-lived f r m  
Mendnee  Group through Baraga Group 
sedimentatim. Volcanic rocks of t h i s  age a r e  
kn- to represent continental tho le i i t ea  based on 
other studies (Fox, 1982; Cudzillo, 1978). 

This study establ ishes that  the Proterozoic 
rocks in the  south cen t ra l  Lake Superior region 
have suffered a complicated, polyphase deformation 
history. The exact tectonic  in te rpre ta t ion  of each 
deformatim w e n t  is not yet  f u l l y  understood. 
However, it i s  c l e a r  tha t  t h e  CFt, E N t ,  m t ,  a d  
miogeocline have mdergone p a r a l l e l  deformation 
his tor ies .  By r d n g  a l l  deformations except E l ,  
some in te res t ing  tectonolitho1ogical assemblages 
a re  observed: the non-volcanic miogeocline 
(aubterrane A),  submarine t h o l e i i t i c  volcanics of 
subterrane B; basin f loor  deposits (Crystal  F a l l s  
t e r r a e ) ,  highly s t rained f a u l t  packets (FNt), and 
the  magmatic terrane, from NE t o  SW i n  sequence. 
These assemblages were juxtaposed together by the 
end of deformation Fl. Later deformations were 
respmsib le  fo r  r o t a t i m  of the regional s t r u c t u r a l  
features  (Fig. 8).  

Fig. 8 Pal inspast ic  restorat ion of the southern Lake Superior region. 
Cuupare with Figure I. 



Leave Dickinson Inn, Iron Mountain,
Michigan (Fig. at—i)

Eight turn onto Stephenson (U.S. 2).
(Go south).

4.2 Town of Quitmesec

4.6 Fumee Creek. Excellent continuous
exposure. of Randvilie Dolomite. Good
algal structures. (This will be Stop
4).

Town of Norway.

Flashing light (State Street). Turn
left. (North). Town of Loretto.

13.7 Right on paved road.

14.8
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Stop 1 Sturgeon Falls dam. Park at
end of road. Obtain permission to
look at rocks from dam keeper.
Excellent exposures of Archean
granitoid basement. Fern Creek
Formation, and, down the road a piece,
Sturgeon Quartzite. Fern Creek and
Sturgeon Quartzite represent basal
umits of the Chocolay Group.

This outcrop is famous because Pettijohn (1943)
and Tray (1948) claimed that the Fern Creek
represents glacial sedimentation. More recently,
tarot (1981a) suggested an alluvial origin was more
appropriate. Because the rocks at the damsite are
extremely deformed, compelling data will probably
never be presented. Last suamer, one of us (U.
Leaper) spent one week studying the Fern Creek
section, and concluded that the sequence was as a
whole fining—upward (see Figure at—i), but that
several smaller fining—upward and coarsening—upward
cycles are apparent. We conclude that the basal
sections representS channelized deposits
(fining—upward sequences), whereas the upper
sandier sections represent progradation of
sheet—like sand bodies (coarsening upward
sequences). Such en overall package of channelized
bodies overlain by sheet—sand bodies, capped by

at—I Location map of Stops 1—5. (Map courtesy of tourist bureau)

Mileage

Field Trip Road Log
15.5

Left on gravel road.

Mileage 

0.0 

0.1 

4.2 

4.6 

8 -4 

13.1 

13.7 

14.8 

Field Trip Road Log 

Leave Dickinson Inn, Iron Mountain, 
Xichigan (Fig. EL-1) 

Right turn m t o  Stephenson (U.S. 2). 
(Go south). 

Fume8 Creek. Excellent continuous 
exposures of Randville Dolomite. Good 
a lga l  structures. (This w i l l  be Stop 
4). 

Tom of Norway. 

Flashing l i g h t  (State  
l e f t .  (North). Tom 

Right m paved' mad. 

Left m gravel road. 

Stop 1 Sturgeon F a l l s  dam. Park a t  
end of road.. Obtain permission t o  
look a t  rocks from dam keeper. 
Excellent expoeures of Archean 
grani toid basement. Fern Creek 
Formation, and, down the road a piece, 
Sturgeon Quartzite. Fern Creek and 
Sturgeon Quartzi te  represent basal  
un i t s  of the Chocolay Group. 

This outcrop is famous because Pet t i john (1943) 
and T r w  (1948) claimed t h ~ t  the Fern Creek 
represents g l a c i a l  sedimentation. More recently, 
Larw (1981a) suggested an a l l u v i a l  or igin was more 
appropriate. Because the  rocks a t  the  damsite a r e  
extremely deformed, compelling data  w i l l  probably 
never be ~ r e s e n t e d .  Last s-er, one of us (D. 
Kaaper) s i e n t  m e  week studying the Fern Creek 
section, and concluded t h a t  the  sequence was as a 
whole fining-upuard (see Figure RL-21, but tha t  

S t ree t  1. ,Turn several smaller fining-upward and coarsaing-upward 
of Loretto. cycles a r e  apparent. We conclude tha t  the basal 

sec tiom represents channelized deposits 
(fining-upuard sequences), whereas the upper 
sandier sections represent progradat im of 
sheet-like sand bodies (coarsening upward 
sequences). Such an overal l  package of channelized 
bodies overlain by sheet-sand bodies, capped by 

.- RL-1 LocatLon map of Stops 1-5. (Map courtesy of t o u r i s t  bureau) 



nearshore sands of the Sturgeon Quartaite seems
best interpreted as the flooding of a fan delta.
That is, a fat delta with more proximal channelized
gravels and distal sheet sands, feeding a nearshore
environment, was drowned by a rise in sea level.

Although we prefer the fan delta argument,

til
4o

P1 — plane laminated
r — rippled

—13—

perhaps a glacial fan delta is also allowable.

The Sturgeon Quartzite is also an interesting
unit, because of its great thickness ( 700 m) and
extremely unidirectional paleocurrents (directed
SE). The sedimentology of the Sturgeon Quartzite
is discussed in Larue (1980).

RL—2 Stratigraphic section at Fern Creek dam (Stop 1). Fern Creek Foretatin
topping in Sturgeon Qiiartzite. Numbers here are facies described in appendix.

15.5

16.5

17.3

22 • 4

234.

23.7

Leave Sturgeon Falls dam. Go back
toward Loretto.

Right on main road.

Left on road (back to toretto).

Right on U.S. 2 at Loretto.

Left on Section Street (town of Norway).

Section becomes Forest Street.

Left on Pine Drive.

Stop 2A Slates near Hanbury Lake. As
shown in Figure 4 of the text, Lariie and

Ceng (submitted) separate the
fault—bound Florence—Niagara terrane
(FNt) from the other rocks of the
Marquette Range Supergroup and
underlying Archean basement, based on
differences in structure and lithology
observed in the FNt. The separation of
the PNt from the rest of the Lake
Superior miogeoc line was based in large
part on studies made at Ranbury Lake.
Strata exposed at Hanbury Lake are
thought to represent the Michigamne
Formation of the Baraga Group. However,
unlike other Michigataite Formation
strata, rocks at flanbury Lake include
quartzites (probably turbidites) and
dolomites (deep—water?). Deep—water

lOmi

black — mudstone
black with bars — thinly bedded sandstones in nudstones

nearshore sands of the Sturgeon Quartzite seems 
best interpreted as  the flooding of a fan delta. 
That is, a fan de l ta  with more proximal channelized 
gravels and d i s t a l  sheet sands, feeding a nearshore 
envircument, was drowned by a r i s e  i n  sea level.  

Although we prefer  the fan d e l t a  argument, 

perhaps a g l a c i a l  fan d e l t a  is a l s o  allowable. 

The Sturgeon Quartzite is a l s o  an in te res t ing  
unit,  because of its great  thickness ( 700 m) and 
extremely unidirect ional  paleocurrents (directed 
SE). The sedhentology of the  Sturgeon Quar tz i t e  
is discussed i n  Larue (1980). 

PI - plane laminated black - mdstone 
r - rippled black with bars - th in ly  bedded sandstones i n  mudstones 

RL-2 Strat igraphic section a t  Fern Creek dam (Stop 1). Fern Creek Formation 
topping i n  Sturgeon Quartzite. Numbers here a r e  fac ies  described i n  appendix. 

Leave Sturgeon Fa l l s  dam. Go back 
toward Loretto. 

Xight on main road. 

Left cm road (back to Loretto).  

Right m U.S. 2 a t  Loretto. 

Left on Section S t ree t  (town of Norway). 

Section becomes Forest Street .  

Left cm Pine Drive. 

Stop 2~? Slates  near Haabury Lake. A s  
shown In Figure & of the tex t ,  Lame and 

Ueng (submitted) separate the 
fault-bomd Florence-Niagara terrane 
(FNt) f r m  the other rocks of the 
Marquette Range Supergroup and 
waderlying Archean basement, based on 
differences i n  s t ruc ture  and lithology 
obsemed i n  the  FNt. The separation of 
the FNt from the r e s t  of the Lake 
Superior miogeocline was based i n  l a rge  
part on s tudies  made a t  h b u r y  Lake. 
S t r a t a  exposed a t  Ranbury Lake are  
thought t o  represent the Michigame 
Formation of the Baraga Group. Hwever, 
unlike other Michigamae Formation 
s t r a t a ,  rocks a t  Ranbury Lake include 
quartzi tes  (probably tu rb id i tes )  and 
dolomites (deep-water?). Deep-water 



quartzites and dolomites are not present
elsewhere in the Lake Superior region in
the Michigarene Formation to our
knowledge. Therefore, the lithology of
strata exposed at Ranbury Lake is not

directly comparable to Nichigarane
Formation strata in the miogeoclinal
realm of the Lake Superior region (north
of the FMt).

Secondly, the rocks at Ranbury Lake
have experienced great strain. Fold

axes have been stretched into local
parallelism with the direction of bulk

extension. This is not observed
elsewhere in the Lake Superior region
except perhaps near the Republic Mine.

At Stop 2k, 1ev outcrops by the
road show examples of slate near Ranbury

Lake. Foliation strikes WNW, and dips

steeply south. A wrinkle limeation
plunges down the foliation, parallel to-- .-

25.7 Turn around and backtrack to U.S. 2.
Left on U.S. 2 (go west).

27.6 Right turn on dirt road after "Begin
Only" sign.

Stop 3. Munro mine. Baytey and others
(1966) consider that the Monroe mine
exposes only Trader's Iron—bearing
member of the Vulcan Iron Formation.
These rocks are thin bedded, siliceous,
and are tightly folded locally. The
regional structure of the pit is a
south—dipping homocline complicated by
minor folds. Fold axes plunge
subhorizontally, and axial planes dip
steeply. Some box folds are present and
have one subhorizontal axial plane.
Slickenaida striations on bedding
surfaces are distributed in a plane
perpendicular to the fold axis.

Rams Rofmaun, the Canadian

stromatotite expert, told us (lP8l) that

trace fossils had been described at this

locality, but together we found none.

The principal point of this outcrop is
the marked change in fold axis

a stretching direction observed
elsewhere. Bedding is locally
transposed into the foliation
(Fig. RL—3A). Quartz veins are
boudinaged and folded locally.

Stop 2B. Park near bend in road. Ask
permission to trespass from nice people
in house before curve. Hike up hill
behind house to crest, down to small
pasture, up to next low bill where
spectacular folds are exposed.

Folds (Fig. RL—33) have axes
sub—parallel to direction of extension,
have attenuated limbs, are tight to
isoclinal, and have probably undergone
great finite strain. Larue and Ueng (in
preparation) suggest X/Z ratios of
around 10 are required to account for
the observed fabric and structures.

orientation from the previous outcrop.

At Stop 2, fold axes are girdled in a
constant mean axial plane. At Stop 3,
fold axes are all aubhorizontal in the
same mean axial plane. Larue and Ueng
(submitted) suggest that there is a
structural discontinuity that separates
the highly strained rocks of outcrop 2
with the less strained rocks observed in
the Mianro mine.

Go back to U.S. 2 and proceed NW
(turn right).

Fumee Creek. Stop 4. Exposed at Fiance

Creek is an excellent homoclinal
south—dipping sectionof Randvilla
dolomite, in fault contact with
Michigasme Formation (Bayley and others,
1966). This upper part of the Randville
contains almost no clastic detritus.
Minor folds with axes subparallel to
those observed at Stop 3 are present
locally in cherty beds. Algal
structures are exposed (Fig. BL—4) on
the railroad grade perpendicular to the
creek.
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24.0

RL—3 Fold of Nichigasmie Formation, Stop 2.

29.7

quar tz i t es  and dolomites a re  not present 
elsewhere i n  the Lake Superior region i n  
the Michigame Formation t o  our 
knwledge. Therefore, the lithology of 
s t r a t a  exposed a t  Ranbury Lake is not 
d i r e c t l y  ccmparable t o  Xichigamma 
F o m a t i m  s t r a t a  i n  the miogeocliual 
realm of the Lake Superior region (north 
of the E'Nt). 

Secondly, the rocks a t  Eanhry Lake 
have experienced great  s t rain.  Fold 
axes have been stretched in to  loca l  
p a r a l l e l i m  with the d i r e c t i a  of bulk 
extension. This is not observed 
elsewhere in the Lake Superior r e g i a  
except perhaps near the Republic M i n e -  

A t  Stop ZA, lw outcrops by the 
r o d  show examples of s l a t e  near Hanbuq 
Lake. F o l i a t i m  s t r ikes  WIW* and dips 
steeply south. A wrinkle l inea t ian  
~ l u n g e a  down the fol ia t ion,  p a r a l l e l  t o  

a s t retching direct ion observed 
elsewhere. Bedding is loca l ly  
transposed i n t o  the f o l i a t i o n  
(Fig. RL-3A). Quartz veins a r e  
bowlinaged and folded local ly.  

24.0 Stop 2B. Park near bend in road. Ask 
p e r m i s s i a  t o  trespass from nice people 
i n  hcuse before curve. Hike up h i l l  
behind house t o  c res t ,  down t o  s m a l l  
pasture, up to  next low h i l l  where 
spectacular folds a re  exposed. 

Folds (Fig. XL-3B) have axes 
sub-parallel t o  direct ion of extension, 
have attenuated limbs, a r e  t igh t  t o  
i s o c l i ~ l ,  aud have probably undergone 
grea t  f i n i t e  s t rain.  Larue and Ueng ( i n  
preparation) suggest X/Z r a t i o s  of 
arouad 10 a re  required to  account f o r  
the observed fabr ic  and s tructures .  

I&-3 Fold of Hichigame Formation, Stop 2. 

25.7~ Turn around and backtrack t o  U.S. 2. 
Left m U.S. 2 (go west). 

27.6 Right turn m d i r t  road a f t e r  "Begin 
Only1' sign. 

St0 3. Munro mine. Bayley and others 
1966) consider that  the  Monroe mine + 

exposes m l y  Trader's Iron-bearing 
member of the Vulcan I r m  Formation. 
These rocks are  thin bedded* si l iceous,  
and are t igh t ly  folded locally. The 
regional s t ructure of the p i t  is a 
south-dipping homocline cauplicated by 
minor folds. Fold axes plunge 
subhorizontally, and a x i a l  planes dip 
steeply. Some box folds are  present and 
have one subhorizontal ax ia l  plane. 
Slickenside s t r i a t i o n s  on bedding 
surfaces are  dis t r ibuted i n  a plane 
perpendicular to  the fold axis. 

R ~ S  K O ~ ~ U ,  the Canadiau 
stromatolite expert, told us (1?81) that  
t race f o s s i l s  had been described a t  t h i s  
loca l i ty ,  but together we found none. 
The principal  point of t h i s  outcrop i s  
the marked change in fold axis 

o r i e n t a t i m  frrm the previous outcrop. 
A t  Stop 2, fold axes a re  girdled i n  a 
constant mean a x i a l  plane. A t  Stop 3 ,  
fold axes a re  a l l  subhorizontal i n  the 
same mean a x i a l  plane. Larue and Ueng 
(submitted) suggest that  there i s  a 
s t ruc tura l  discont inui ty t h a t  separates 
the highly s t rained rocks of outcrop 2 
with the l e s s  s t rained rocks observed i n  
the Munro mine. 

Go back t o  U.S. 2 and proceed NW 
( turn r igh t ) .  

29.7 Fume Creek. Stop 4. Exposed a t  Fumee 
Creek is an excellent hmocl ina l  
south-dipping sect ion.  of Randville 
dolomite, i n  f a u l t  contact with 
Michigame Formation (Bayley and others ,  
1966). Th i s  upper part  of the  Randville 
contains almost no c l a s t i c  de t r i tus .  
Minor folds  ,with axes subparal le l  t o  
those observed a t  Stop 3 a r e  present 
loca l ly  i n  cherty beds. Algal 
s t ructures  a re  exposed (Fig. RL4) on 
the rai l road grade perpendicular to  the  
creek.. 



Stop at Randvifle Quarry. Stop 5. You
could spend months studying this
outcrop. Strained and folded algal
structures, strained msdcracks, minor
folds, intraclastic dolomite, mud—draped
ripples (Fig. RL—5) • Mote the abundance
of coars.—grainsd sand in this lover
part of the Randville. The sand is
feldspathic and derived from a gremitic
source. Excellent exposures of
Exudville Dolomite are also found on the
island lO m to the WNW.

Structurally, the most interesting
problem here is that the algal
structures have beet stretched parallel
to local fold axes (trending U, plunging
15—40°)(Fig. RL—5A). Most stretching
i.ineations in the Florence—Niagara
terrane plunge about 70—90°W. Fold
axis parallel stretching lineationi can
occur when a coiitpac ted rock is then
strained.

Another interesting structure is
one we call "tornado" structures
(Pig. RL—5E,F). These are deformed
algal stromatolites that have been
folded such that they look, in
cross—section, like a tornado couching
dove. Other deformation features of the
stromatolites include folding of
individual laminae.

These stroisatolites obviously
represent intertidal structures because
they are interstratified with
and—cracked strata.

Another interesting point to
reflect on is the nonstrous thickness
(700 m) of the P.andville Dolomite in the
FNt. Was this really deposited on
Sturgeon Quartzite?

—1.5—

1L—4 Cr'tptalgal structures, Stop 4

Go back to car. Proceed NW on U.S. 2.

30.2 Turn right at tovn of Quinnesec.

33.1 Turn left at Lake Antoine Rd.

34.3

(Fig. RL-SE,F). These a re  d e f d  
a lga l  strmnatolites that  have been 
folded such that  they look, i n  
cross-section, l i k e  a tornado touchhg 
down. Other deformaticm features of the 
s t r m a t o l i t e s  include folding of 
individual laminae. 

These strmnatolites obviously 
represent i n t e r t i d a l  s t ructures  because 
they are i n t e r s t r a t i f i e d  with 
mud-cracked s t ra ta .  

Another in te res t ing  point t o  
r e f l e c t  m is the mmstroua thickness 
(700 m) of the Randville Dolumite i n  the 
FNt. Was th i s  rea l ly  deposited on 
Sturgeon Quartzite? 
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RL—5 A. Plan vi.ew of strained cryptalgal
stronatolite domes. Lineation plunges
about 300 V. &andville Dolomite,

Stop 5. 3,C. Cross—sections of strained
cryptalgal structures, Stop 5. 1). Folded

cryptalgal lamination. E,F. Tornado
structures (folded algal co1mins). .
Molar teeth in Randville 1)oloiaite,

Stop 5. Origin unknown.

Turn right at U.S. 2. From here on the
field guide gets sketchy in that the
individual males aren't counted.
Rovever, there is only on. more stop
left in this field trip. (Fig. RL—6 is a
map).

Drive NW on U.S. 2 for
approximately 15 miles until you reach
the town of Florence, Wisconsin. In the

center of town, take County Road N south
(turn left from U.S. 2). Drive for
about 3 miles on N until it intersects
County Road D. Turn tight at U and
proceed for about 1 mile until you see
the road to the Pine River Dam public

35 • 7

Proceed on Lake Antoine Rd. which
becomes Margaret Street.

RL—6 Map showing Florence and vicinity, Wisconsin and Stop 6.
(Map courtesy of local tourist bureau)

Proceed at Lake Antoine Rd. which 
beccmes Margaret Street.  

35.7 Turn r igh t  a t  U.S. 2. From here at the 
f i e ld  guide gem sketchy i n  that the 
individual miles aren ' t  counted. 
H o v e v e r ,  there ia only one more stop 
l e f t  i n  t h i s  f i e l d  t r ip .  (Fig. RL-6 is a 
map). 

RL-5 A. P l a  dsu of s t rained cryptalgal  
s t r a u a t o l i t e  domes. Lineation plunges 
about 300 W. Randville D o l d t e ,  
Stop 5. B,C. Cross-sections of s t rained 
cryptalgal  s t ructures ,  Stop 5. D. Folded 
cryptalgal  laminatim. E,F. Tornado 
s t ruc tures  (folded a l g a l  columns). G. 
Molar teeth i n  Randville Dolomite, 
Stop 5. Origin mhown. 

Drive NW at U.S. 2 f o r  
approximately 15 miles u n t i l  you reach 
the tm of Florence, Wisconsin. In the 
center  of tm, take County Road U south 
( turn l e f t  from U.S. 2). Drive for  
about 3 miles on N u n t i l  it i n t e r s e c t s  
Comity Road D. Turn r i g h t  a t  D and 
proceed f o r  about 1 mile u n t i l  you see 
the road to the Pine River D a m  public 

RL-6 Map showing Florence and v ic in i ty ,  Wisconsin and Stop 6. 
(Map courtesy of loca l  t o u r i s t  bureau) 



RL—7 Slow-up of Fig. RL—6 with geology, from
Duttoti, 1971.

access (see Fig. RL—6). Take this road
(it only goes south) to the end and park
near the water (see Fig. RL—7).

Walk back up the road ¼ mile until
you reach the hill crest, outcrops are
off to the west 150 u.

Stop 6a Stop 6a is an exposure of
pebbly quartaitic sandstones (Fig. RL—8)
in the flichiganme Formation of the
Florence—Niagara tarrane. The rocks are
exposed in a south—facing homocline,
about half a kilometer in maximum
thickness. Strata are composed of
pebble beds, sandstone beds and pebbly
sandstone beds are coemomly
plane—laminated or cross—laminated.
Sediments are extremely quartzoee, tare
argillite pebbles are present.
Deposition occurred in shalloti water
(Nilsen, 1965), possibly by fluvial
processes.

Pebbles in the quartzite have been
stretched into cigar—shaped
(constrictioital strain)(Fig. RL—9).
Such extreme strains make paleocurrent
studies (Nilsen, 1965) doubtful.

Go back to the dam and walk down to
the rocks exposed below the dam.

RL—9 Strain data (Rf/Ø technique) from Stop 6A
(hollow circles, squares, triangles) and
northern quartzite (packet 7 of squares,
triangles) and northern quartzite (packet
7 of Fig. 4; filled circles) and Lake
Antoine area (Stop 5)(hexagon).

*
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RL—8 Pebbly sandstones in "Michigamue
Formation" at Stop 6A. Layering sketched
in at left.
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RL-7 Blowup of Fig. m-6 with geology, from 
Duttm, 1971. 

access (sea Fig. m-6). Take t h i s  road 
( i t  m l y  goes south) t o  the end and park 
near the water (sea Fig. RL-7). 

Walk back up the road k atile u n t i l  
you reach the h i l l  c res t ,  outcrops a r e  
off to  the west 150 m. 

Stop 6a Stop 6a is au exposure of 
pebbly quar tz i t i c  sandstones (Fig. RL-8) 
in  the Michigamne Fonuatim of the 
Florence-Niagara terraue. The rocks are  
exposed i n  a south-facing humocline, 
about half a kiltmeter i n  maximum 
thickness. S t ra ta  are  composed of 
pebble beds, sandstone beds a d  pebbly 
sandstone beds are c a m ~ m l y  
plane-laminated or cross-laminated. 
Sediments are  extremely quartzose, rare  
a r g i l l i t e  pebbles are  present. 
Depositim occurred i n  shallcw water 
(Nilsen, 19651, possibly by f l u v i a l  
processes. 

Pebbles i n  the quartzi te  have been 
stretched i n t o  cigar-shaped 
( c m s t r i c t i a a l  s t rain)(Fig.  RL-9). 
Such extreme s t ra ins  make paleocurrent 
s t d i e a  (Nilsen, 1965) doubtful. 

Go back t o  the dam and walk down t o  
the rocks exposed b e l w  the dam. 

RL-8 Pebbly sandstones i n  "Michigamue 
Fornmtim" a t  Stop 6A. Layering sketched 
i n  a t  l e f t .  

RL-9 S t ra in  data (~f/$ t e c h i q u e )  from Stop 6A 
( h o l l w  c i r c l e s ,  squares, t r iangles)  and 
northern quar tz i t e  (packet 7 of squares, 
t r iangles)  and northern quar tz i t e  (packet 
7 of Fig. + f i l l e d  c i r c l e s )  and Lake 
Antoine area (Stop S)(hexagon). 



Stop 6b. Exposed along the spillvay of
the dam is a spectacular homodtinal (?
top indicators are rare) section of
slate with local sandstone interbeda.
In the hills just north of the spilluay
are highly deformed volcanic rocks
(agglomerates of Dutton, 1970).

Interesting features at the damsite
are foliations with strongly developed
down dip lineation.

This lineation can be shown to be
of two origins: a stretching lineation
and an intersection (foliation x
foliation) intersection.

Zoned garnets are locally present
and define a shallowly—plunging
lineation in the dominant NW—trending
foliation (Fig. BL—l0).

RL—l0 Oriented garnecs (plunging SE),
cross—cutting down—dip tineatian. Quarter
for scale. Michigmmse Formation, Stop 6B.

Folds with steeply plunging axes
disrupt the regional homocline and can
be shown to be associated with
strike—slip fault zones.

The structural history of the
outcrop is discussed in Larue and Ueng

(in preparation). The dominant NW

trending homocline with bedding—parallel
foliation is a product of the earliest
deformation. Metamorphism during this
deformation was probably low grade. The
second foliation, which cross—cuts the
first at high angles, occurred next, and
was associated with biotite—grade
metamorphism. Strike—slip faulting was
concurrent with development of folds
with steep axes occurred last and was
also associated with garnet grade
metamorphism. Garnets grew with long
axes parallel to the extension direction
(subhorizontal).

Suninary of Stop 6. What should
strike even the most casual observer
about Stop 6 is the contiguity of
shallow water quarazites with deep—water
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slates and volcanics. This great change
in stratigraphy is not accompanied by
any gradational changes, and therefore
we conclude that Stop 6a and 6b are
separated by a major fault.

In susmarizing the FNt, the
occurrence of shallow water quartzites
in two locations (at Stop 6a nd also to
the NW; see Fig. 4) in contact with
deep—water locally volcanogenic shales
suggests that both quartzite units are

fault bound. Further, the changes in
structural style between slaty rocks and
those of the Chocolay and Menominee
Groups suggests a fault separation as
well. Finally, if one adds these faults
to those previously described by Bayley
and others (1966) and Dutton (1970), one

reaches the conclusion that the FNt is a
collage of fault bound slices.

Optional Field Stop — Paint River Dam

Location: Return to Florence,
Wisconsin, and proceed NW on U.S. 2 to
Crystal Falls, Michigan. When you reach
the blinking red light in Crystal Falls
(intersection with M—69), proceed on
U.S. I past the Red Owl (one block, on
right), and into the left curve of U.S.
2 (about 2 blocks from blinking red
light). Turn right on the Street next
to the abandoned gas station and proceed
down hill, cross the Paint River (about
1 mile) and park in dirt lot on left.
Walk over to dam spillway.

Geology: The Riverton iron
formation exposed at this damsite was
deformed by three phases of deformation,
the 71, 72, and 75 events discussed in
the text, to form a complicated mosaic
of folds. Axial planes of FL folds
comeonly strike WNW and dip vertically,
except those Fl folds cropping out on
the NE bank of the river (Figure
RL—Il). Axial planes of FL folds
exposed on the NE bank were rotated by a
later folding event of F5 to a NS

orientation. Apical angles of FL folds
generally show type ib, lc and type 3
folds of Ramsay's classification scheme
(1967). Th. beds were folded by 71 to

form two sets of homoclinal limbs with
strikes of N5OW and 2W. Because the
orientations of these homoclinal limbs
with respect to the flattening planes of
later deformations. are not the same, the
fold styles of later deformations
imprinted on these two limbs are also
distinctively different. In the
southwest part of the outcrop, the 72
deformation folded the 2W striking Fl
limb into a series of open folds with
fold axes plunging 50 degrees NE, in a
NE—striking axial plane. Apical angles
of these folds range from 100 to 120
degrees and fold profiles indicate type
lb and Ic folds. Theae open folds are
the result of the small angle between
the 2W trending 71 limb and N65E
striking flattening planes of 72
deformation. At the northern end of
this outcrop the F2 deformation formed a

Stop 6b. Exposed a l m g  the spillway of 
the dam is a spectacular homoclinal (?  
top indicators  a re  rare)  s e c t i m  of 
s l a t e  with loca l  sandstone interbeds. 
In  the h i l l s  jus t  north of the  spillway 
a r e  highly deformed volcanic rocks 
(agglauerates of Dutton, 1970). 

In te res t ing  features a t  the damsite 
a re  f o l i a t i m  vi th.s t raagly developed 
down dip l ineat iaa.  

This l i n e a t i m  can be shom t o  be 
of two origins: a s t retching l i n e a t i m  
and an in te r sec t iaa  ( f o l i a t i m  x 
f o l i a t i m )  intersection. 

Zoned garneta a r e  loca l ly  present 
and define a sballwly-plunging 
l ineat ion i n  the d d n u n t  W t r e n d i n g  
f o l i a t i m  (Fig. BL-10). 

m-10 Oriented garnets (plunging SE), 
cross-cutting d m - d i p  lineation. Quarter  
for  scale. Michiganme Formation, St- 6B. 

Folds with steeply plunging axes 
disrupt  the r e g i a a l  homocline and cun 
be shmm to be associated with 
s t r i k e s l i p  f a u l t  zones. 

The s t ruc tura l  his tory of the 
outcrop is discussed i n  Lame and Ueng 
( in  preparation). The dauinunt NW 
trending homocline with bedding-parallel 
f o l i a t i m  is a product of the e a r l i e s t  
deformatim. Metamorphism during t h i s  
def o m a t i m  was probably lw grade. The 
second fo l ia t ionT which cross-cuts the 
f i r s t  a t  high anglesT occurred nextT and 
was associated with biotite-grade 
metamorphism. S t r i k e s l i p  faul t ing was 
concurrent with developwnt of folds 
with steep axes occurTed l a s t  and Was 
a l so  associated with garnet grade 
metamorphism. Garnets greu with long 
axes p a r a l l e l  to  the extension d i r e c t i m  
(subhorizontal). 

Swmary of Stop 6. What should 
s t r i k e  evm the most casual observer 
about Stop 6 is the contiguity of 
s h a l l w  water quartzi tes  with deep-water 

s l a t e s  and volcanics. This great  change 
i n  s t rat igraphy i s  not accmpanied by 
any g r a d a t i m a l  changes, and therefore 
we conclude t h a t  Stop 6a and 6b a re  
separated by a major fau l t .  

In  s m a r i z i n g  the FNt ,  the  
occurrence of s h a l l w  wager quar tz i t es  
i n  two locat ions ( a t  Stop 6a and a l s o  t o  
the NW; see Fig. 6) in contact with 
deepwater  loca l ly  volcanogenic shales  
suggests th8t both quar tz i t e  un i t s  a r e  
f a u l t  bound. Further, the changes i n  
s t r u c t u r a l  s t y l e  between s l a t y  rocks and 
those of the  Chocolay and M e n d n e e  
Groups suggests a f a u l t  separation as 
w e l l .  Final ly,  i f  one adds these f a u l t s  
t o  those previously described by Bayley 
a d  others (1966) aud Duttm (1970), one 
reaches the conclusion tha t  the FNt is a 
collage of f a u l t  bound s l i ces .  

Opt imal  F ie ld  Stop - Paint  River Dam 

Location: Return t o  Florence, 
WisconsinT and proceed NW m U.S. 2 t o  
Crystal Fa l l s ,  Michigan. When you reach 
the blinking red l i g h t  i n  Crystal  F a l l s  
( i n t e r s e c t i m  with M-69)* proceed on 
U.S. 2 past the Red Owl (one block, on 
r igh t ) ,  and i n t o  the l e f t  c u m  of U.S. 
2 (about 2 blocks from blinking red 
l igh t ) .  Turn r igh t  on the s t r e e t  next 
t o  the abandoned gas s t a t i m  and proceed 
d m  h i l l ,  cross the Paint  River (about 
1 mile) and park i n  d i r t  l o t  a l e f t .  
Walk over t o  dam spillway. 

Geology: The River tm iron 
formati- exposed a t  t h i s  damsite was 
deformed by three pbases of deformation, 
the Fl ,  F2, and F5 eveats discussed in 
tlm text ,  t o  form a cauplicated mosaic 
of folds. Axial planes of F l  folds 
c o m ~ m l y  s t r i k e  WtW and dip  v e r t i c a l l y ,  
except those F l  folds cropping out on 
the  NE bank of the r i v e r  (Figure 
a-11) .  Axial planes of Fl  folds  
exposed m the  NE bank were rotated by a 
l a t e r  folding event of F5 t o  a NS 
orientat iaa.  Apical augles of Fl  folds  
generally s h w  type lb, l c  and type 3 
folds of Ramsay's c l a s s i f i c a t i o n  scheme 
(1967). The beds were folded by Fl  t o  
f o m  m s e t s  of homoclinal limbs with 
s t r i k e s  of NSOW and EV. Because the 
or ientat ioaa of these humoclinal limbs 
with respect t o  the f l a t t en ing  planes of 
l a t e r  deformations. a re  not the same, the 
fold s t y l e s  of l a t e r  deformations 
imprinted m these two limbs are  a l s o  
d i s t inc t ive ly  different .  In the 
southwest part of the outcrop, the F2 
deformation folded the EW s t r ik ing  Fl 
limb in to  a se r ies  of open folds with 
fold axes plunging 50 degrees NET i n  a 
NE-striking a x i a l  plane. Apical angles 
of these folds range from 100 t o  120 
degrees and fold prof i l es  indicate  type 
l b  and l c  folds. These open folds a re  
the resu l t  of the small angle between 
the EW trending F l  limb and N65E 
s t r ik ing  f la t t en ing  planes of F2 
deformatim. A t  the northern end of 
t h i s  outcrop the  F2 deformation formed a 



1 1A

aL—IIA,B Structure of the Paint River daetsite. See toad1og.
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Fl folding cr.stsd two homoclin.. (So) ThSSS honiOcSln•s w., r.foldsd by F2 SO wsr rsfold.d again by F3



series of much tighter folds, with fold
axes plunging SW, by deforming the N5OW
oriented Fl fold limb. Apical angles of
these folds are coamonly smaller than 80

degrees and fold profiles indicate type
lb, ic and type 3 folds. These tight
folds partially reflect the parallelism
of the original. N5OW striking Fl fold
limb with the sherteni..g direction of
the P2 deformation regime.

Secause the P2 deformation
represents folding of a previously
folded surface, 12 fold axes plunge at
various angles and define a great circle
distribution on the stereogran
(Pig. RL—llB)..

The 13, 14 deformations, which are
present in other outcrops (see text) are
not recorded in this outcrop. The 15
deformation bands the eastern part of
this outcrop into parallelism with the
river. Apical angles of P5 folds are
coamonly 120 degrees and fold profiles
show type ib, ic folds.
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On the NE bank of ths river,most
of the N—S trending folds with apical
angles smaller than 80 degrees are 11
folds rotated by P5 (Pig. 11). However,
there are a few 15 folds exposed at NE
bank judging from the characteristic 120
degree apical angle.

Groveland Mine sec 31 P.29W T42N

Location: The Groveland mine is a
recently abandoned iron mine in the
Felch trough (see Pig. aL—i or James and
others, 1966 for location). Take M95
north about 12 miles from Iron Mountain,
turn east (right) on County Road 569,

and follow signs to the Groveland mine.
You must have permission to get into the
pit!

Geology: Most spectacular in this
pit is the Chocolay Group Randville
Dolomite in fault contact over Manominee
Group Iron Pormation; this fault is
isoclinal folded. Therefore, this fault
may represent a folded thrust fault.
Unfolding the fault reveals a minimum
heave of several. hundred meters
(Pig. RL—12).

The mine also contains numerous
examples of folds, gorgeous foliations,
Idnks, metamorphic minerals and on and
on.

East of town of Alpha SE ¼ sec 7 T42N
P.32W

Location: Start from town of
Crystal Falls, the intersection of
Highway 69 and Highway 2. 1)rive south
on Highway 2 for 2.8 miles. Take right
on the intersection to town of Alpha.
Drive for 0.7 miles. Stop at a roadcut
outcrop over a small hill.

Geology: The original N7OW
trending Fl folds in the Dunn Creek

slate were folded by 12 to a H1SW
trending orientation. Axial planes of
these folds are still vertical. Fold
styles of these folds are still similar
to those P1 folds exposed at Paint River
dam except with tighter apical angles.
Fold profiles coamonly show type ib, Ic,
and type 3 fold.. At the eastern and of
this outcrop, en SW oriented P2 fold was
refolded by N—S oriented 15
deformation. Fold axes here are
generally plunging north.

NW of Stager Lake NW ¼ sec 31 242N P.32W

Location: Start from town of
Crystal Falls. Take Highway 2 south.
Drive for roughly 9.5 miles. Take right
turn on the intersection to Stager
Lake. Drive for 2.4 miles northwest,
passing Stager Lake. Take a dirt road
to cross the railroad right before the
paved road bends from NW to NNE. You
will come to an open field. There is
another railroad track about 200 yards
away from you in the southwest. Pick up
your backpack and hit this railroad
track. Hike for 3/4 mile toward NW on
this track. This outcrop is present on
both sides of the track.

Description: Deformed Dunn Creek
slate here shows beautiful isoclinal
folds and very tight folds. They are 71
folds which had been rotated by 72
deformation to a N—S trending
orientation. Fold profiles coumonly
show ib, lc, and type 3 folds. Apical
angles are cormonly smaller than 30
degrees. Pold axes are generally gently
dipping. Some dismembered isoclinal
folds are present. The extreme
flattening of these folds is probably
accumulated from strain regimes of Vt,
72, and 15.

R.endvitle Dolomite in tault contact
Vulcan Iron Formation, Croveland Mine,
west face. Contact is isoclinally
folded. Pacing directions unknown.

se r ies  of mch t igh te r  folds, with fold 
axes plunging SW, by deforming the N5OW 
o r i m t e d  F l  fold limb. Apical angles of 
these folds are  comonly smaller than 80 
degrees a d  fold profi les  indicate  type 
lb ,  l c  and type 3 folds. These t igh t  
folds  p a r t i a l l y  r e f l e c t  the parallelism 
of the or iginal  N5OW s t r ik ing  Fl  fold 
limb with the shortmi-g direct ion of 
the F2 defamation regime. 

Because the F2 defonuation 
represents folding of a previously 
folded surface, F2 fold axes plunge a t  
various anglea and define a great  c i r c l e  
d i s t r ibu t ion  on the stereoRram 
( F ~ z .  RL-llB).. 

- 
The F3, F4 defonoatims, which a r e  

present i n  other outcrops (see tex t )  a r e  
not recorded i n  t h i s  outcrop. The FS 
deformation bends the eastern part  of 
t h i s  outcrop i n t o  p a r a l l e l i m  with the 
river. Apical angles of F5 folds a re  
comonly 120 degreea and fold prof i l es  
show type lb, l c  folds. 

On the  NE bank of the r iver ;mst  
of the N-S trending folds with apical  
angles smaller thau 80 degrees a r e  F l  
folds rotated by F5 (Pig. 11). Uwever, 
there are  a feu FS folds exposed a t  NE 
bank judging from the charac te r i s t i c  120 
degree apical  angle. 

Grweland Kine set 31 R29W T4m 

Location: The Groveland G n e  is a 
recently abandoned i ron mine in the 
Felch trough (see Fig. RL-1 or  Jams and 
others, 1966 f o r  location). Take M95 
north a b a t  12 miles from Iron Mountain, 
turn east  ( r igh t )  on County R o d  569, 
and f o l l w  signs t o  the Groveland mine. 
You mast have permission t o  get  i n t o  the  
pi t !  

Geolm:  Moat spectacular i n  t h i s  
p i t  is the Chocolay Group Randville 
D o l d t e  i n  f a u l t  c m t a c t  5 M e n k n e e  
Group Iron Formation; t h i s  f a u l t  i s  
i soc l ina l  folded. Therefore, t h i s  f a u l t  
may represent a folded th rus t  faul t .  
Unfolding the fau l t  reveals a m i n h  
heave of several hundred meters 
(Fig. RL-12). 

The mine also cmtaina numerous 
examples of folds, gorgeous fo l ia t iune ,  
k i n k ,  metamorphic minerals and on and 
on. 

East of town of Alpha SE k sec 7 T42N 
R32w 

Location: S ta r t  from town of 
Crystal Fal ls ,  the intersect ion of 
Highway 69 and Uighway 2. Drive south 
a Highway 2 f o r  2.8 miles. Take r igh t  
on the intersect ion to town of Alpha. 
Drive for  0.7 miles. Stop a t  a roadcut 
outcrop over a small h i l l .  

Geology: The original  N70W 
trendmg Fl folds i n  the Dunn Creek 

I&-12 Randville D o l d t e  i n  f a u l t  contact over 
Vulcan Iron Formation, Groveland Xine, 
west face. Contact is i soc l ina l ly  
folded. Pacing d i r e c t i m  unknown. 

s l a t e  were folded by F2 t o  a NlSW 
trending or imta t ion .  Axial planes of 
these fold6 a re  s t i l l  ve r t i ca l .  Fold 
s t y l e s  of these folds  a re  s t i l l  s imilar  
to  t h m e  F l  folds exposed a t  Paint  River 
dam except v i t h  t i g h t e r  apical  angles. 
Fold prof i l es  commonly s h m  type lb,  l c ,  
and type 3 folds. A t  the eastern end of 
t h i s  outcrop, an EW oriented F2 fold was 
refolded by N-S o r i m t e d  F5 
deformation. Fold axes here a r e  
generally plunging north. 

NU of Stager Lake NW k see 31 TUN R32W 

Location: S t a r t  from town of 
Crystal Falls.  Take Righway 2 south. 
Drive for  roughly 9.5 miles. Take r igh t  
turn on the intersect ion t o  Stager 
Lake. Drive for  2.4 miles northwest, 
passing Stager Lake. Take a d i r t  road 
t o  cross the rai l road r igh t  before the 
paved road bends from NW t o  NNE. You 
u i l l  come t o  an open f ie ld.  There is  
another ra i l road  track about 200 yards 
away from you i n  the southwest. Pick up 
your backpack and h i t  t h i s  rai l road 
track. Uike for  314 mile toward NW on 
t h ~  track. This outcrop is present on 
both s ides of the track. 

Descriptim: Deformed Dunn Creek 
s l a t e  here shows beaut iful  i soc l ina l  
folds and very t igh t  folds. They a r e  '?I 
folds which had been rotated by F2 
deformation t o  a N-S trending 
orientation. Fold prof i l es  coammly 
show lb, lc ,  and type 3 folds. Apical 
angles a re  coamonly smaller than 30 
degrees. Fold axes are  generally gently 
dipping. Some dismembered i soc l ina l  
folds are  present. The extreme 
f la t t en ing  of these folds is probably 
accumulated f r a t  s t r a i n  regimes of F l ,  
F2, and F5. 



NW of Peavy Pond NEI/4 sec 24 232W T42N

Location: Prom town of Crystal
Falls, drive 4.2 miles east on Highway

69. Turn to south at the intersection
to Lake Mary. Drive 3.4 miles south
passing Lake Mary. Turn right at the
3—way junction. Drive on this grl.t road
toward the SW for 1 miles till you come
to a fork. Take the road on right and
slowly drive for another 0.35 miles.
Stop exactly where the road begins to
descend. Search for the outcrop in the
woods to your right which is about 20
yards away from you.

Geology: Examine the pelitic
portion of the outcrop. There are three
sets of cleavages present in the rock,
i.e. one set of slary cleavage, two Sets
of crenulatiam cleavages. The Si slaty
cleavage strikes NE and is crenulated by
S2 which strikes N65E. Both Si and 32
cleavages dip vertically. However, 33
is a set of subhorizomtal crenulation
cleavage dipping NW and crosscutting
both Si and S2. The 33 crenulation
cleavage here belongs to a group of
subhorizomtal crenuiatiom cleavage
dipping away from the Peavy Pond
intrusive, which is located SE of where
you stand.

Neighborhood of Mansfield mine. sec 20

T43N 2.31W

Location: Go back to Highway 69.
Drive east for 300 yards on Highway 69.
Take left after spotting the sign of
HD.0CX DAM. Drive north for 2.8 miles
till, you come to a fork. Take the right
road passing the one—lane bridge. Drive
for another 0.2 miles till you hit the
first series of toed cut outcrops.

Geology: Some Hemlock pillows and
slates are present here. The slates
exposed at the south side of the road
are a mixture of tuffaceous sediments
and chert. The slates were baked by the
neighboring Hiernan Sills to form
abundant porphyoblasts. Under
m.croscope, these porphyroblasts are
nothing but pockets of chert doped with
some tiny tourmaline crystals. However,
porphyroblasts in outcrops half a mile
south of here cocnly show chiastolite
pseudomorphs. Climb up the northern
hill of this outcrop. A cliff made of
pillows is present at the western end ofthis bill. The depositionai surface
outlined by the pillows faces west and
dips vertically. This N—S striking and
vertically dipping depositional surface
.s paralleled by the bedding of slates
and rhythmic layering in ier'nan Sills.

Among the over 2—mile thick Hemlock
volcanics SW of the Amasa oval, pillows
are ubiquitously present regardless of
stratigraphic position.

21

Hemlock dam NE1/4 sec 18 231W T43N

Location: Go back and pass the
one—lane bridge. Take right turn
heading north at the three way
junction. Drive all the way to the end
of the road. Ask for permission from a
very nice person, Bob Graph, to enter
the darn.

Geology: A series of fault bound
packets of cherry sediments and pillows
are exposed on the cliff at the northern
end of dam. The rhythmic banding of
sediments here are mixtures of
tuffaceous sediments and chert. Graded
bedding is not coamon. These sediments
resemble ribbon cherts which represent
deep sea sediments in orogenic beits.
Some fallen blocks on the northern bank
of the river, if you can cross the
river, show depositional contacts among
three major lithotypes, the massive lava
flows and pillows, agglomerates, and
ribbon charts.

The deployment of the one—mile
thick differentiated sills (Hiernan
sills), pillow lavas, ferrugenous
sediments (iron formation), and ribbon
chert in the neighborhood of Hemlock dam
and Mansfield mine draws close
resemblance to the upper part of
ophioiite. It is true that the
chemistry of Hemlock volcanics and
Kiernan silla is not depleted enough to
be characterized by MORB. However, the
geological setting presented in front of
you is a very rare case in the world
where a layered intrusion was emplaced
into a very thick pillow basalt sequence.

SW of Arnasa N sec 10 232W T44N

Location: A map of Kelso Junction
quadrangle (U.S.G.S. Bulletin 1226,
plate 1) will be needed to get to this
outcrop. Start from Paint River dam
(optional outcrop 1) and drive north.
It is about 11 miles of driving.

Geology: Some Hemlock slates and
volcanics are exposed among several
small mounds scattered within 100 yards
here. Three phases of deformation are
registered in these rocks, i.e. Fl, F2,
P3. Fl is shown by very tight folds and
a penetrative slaty cleavage. The Fl
slaty cleavage strikes N15W and is
coemonly present all through the rocks
here. P2 crenulation cleavage is very
subtle, but is coianonly characterized by
a set of vertical crenulation lineations
showing on netavolcanics and
carbonaceous slates. Stretched
agglomerate pebbles plunge vertically in
parallel with F1xF2 crenulation
lineatione. P3 is a set of

subhorizontal crenulation cleavage that
dips 25 degrees west and croescuts Fl.
Some similar sets of subhorjzontal
cleavages dipping away from the Amasa
oval have been observed.

NW of P e a 7  Pond m1/4 sec 24 R32W T42N 

Location: From town of Crystal 
Fa l l s ,  drive 4.2 milea east  on Righ-y 
69. Turn t o  south a t  the intersect ion 
t o  Lake M a r y .  Drive 3.4 miles south 
passing Lake Mary. Turn r igh t  a t  the - 
3-way junction. Drive on t h i s  g r i t  road 
t w a r d  the  SW f o r  1 miles till you c m e  
t o  a fork. Take the road on r igh t  and 
slowly drive f o r  another 0.35 miles. 
Stop exactly where the road begins t o  
deacend. Search f o r  the.outcrop i n  the  
woods t o  your r igh t  which is &cut 20 
yards away f r m  you. 

Geolm:  Examine the p e l i t i c  
p o r t i a  of the outcrop. There a re  three 
s e t s  of cleavages present i n  the rock, 
i.e. one s e t  of s l a t y  cleavage, two s e t s  
of c renula t im cleavages. The S l  s l a t y  
cleavage s t r i k e s  NE and is crenulated by 
S2 which s t r ikes  N65E. Both S l  and S2 
cleavages dip vert ical ly .  Rowever, S3 
is a se t  of subhorizontal crenulation 
cleavage dipping NW aad crosscut t ing 
both Sl and S2. The S3 crenulation 
cleavage here belmgs to a group of 
subhorizontal c renula t im cleavage 
dipping away f r m  the Pea- Pond 
Intrusive, which is located SE of where 
you stand. 

Neighborhood of Mansfield mine. see 20 
T63N R 3 l W  

Locatim: Go back t o  Righway 69. 
Drive east f o r  300 yards oa Righway 69. 
Take l e f t  a f t e r  spotting the sign of 
EEMLOCK DAM. Drive north f o r  2.8 miles 
ti11 you came to a fork. Take the r igh t  
road passing the oae-lane bridge. Drive 
for  another 0.2 miles till you h i t  the 
f i r s t  seriea of road cut outcrops. 

Geoloa: Some Redock p i l l m  and 
s la tes  are  present here. The s l a t e s  
exposed a t  the south side of the road 
are a mixture of tuffaceous sediments 
and chert. The s l a t e s  were baked by the 
neighboring Kiernan S i l l s  to  foam 
aFndant  porphyoblasts. Under 
tucroscopeT these porphyroblasts a r e  
nothing but pockets of chert doped u i t h  
same tiny toumaline crystals .  Rowever* 
porphyroblasts i n  outcrops half a mile 
south of here comonly show c h i a s t o l i t e  
pseudomorphs. Climb up the northern 
h i l l  of th i s  outcrop. A c l i f f  made of 
pillows is present a t  the western a d  of 
th i s  h i l l .  The depositional surface 
outlined by the pi l l -  faces west and 
dips vert ical ly .  This N-S s t r ik ing  and 
ver t i ca l ly  dipping depositional surface 
i s  paralleled by the bedding of s l a t e s  
and rhythmic layering i n  Kiernan S i l l s .  

Ammg the over 2-mile thick Redock 
volcaaics SW of the Amasa oval, pillows 
a re  ubiquitously prenent regardless of 
s t rat igraphic position. 

Ranlock dam NE1/4 see 18 R 3 l W  T43N 

Location: Go back and pass the  
me-lane bridge. Take r igh t  turn 
heading north a t  the three way 
jtmctim. Drive a l l  the way t o  the end 
of the road. Ask f o r  pemission from a 
very nice person, Bob Graph, t o  en te r  
the dam. 

Geologp A s e r i e s  of f a u l t  bound 
packets of cherty sediments and pillows 
a r e  exposed a the c l i f f  a t  the northern 
end of d m .  The rhythmic banding of 
sedimeuts here a r e  mixtures of 
tuffaceous sediments and chert.  Graded 
bedding is not conmon. These sediments 
resemble r ibbm cherts  which represent 
deep sea sediments i n  orogenic bel ts .  
Sane fa l l eu  blocks on the northern bank 
of the r iver ,  i f  you can cross the 
r iver ,  show depositional contacts among 
three major l i thotypes,  the massive lava 
flown aad pillows, agglomerates, and 
ribbon cherts. 

The deployment of the one-mile 
thick d i f fe ren t ia ted  s i l l s  (Kiernan 
s i l l s . ) ,  pillow lavas, ferrugenous 
sediments ( i ron formation), and ribbon 
chert  in t h e  neighborhood of Redock dam 
and Muaf ie ld  mine draws close 
resemblance t o  the upper part  of 
ophiolite.  It is t rue that the 
chemistry of Redock volcanics and 
Kiernan s i l l s  i s  not depleted enough t o  
be characterized by MORE. HouwerT the  
geological s e t t i n g  presented in front  of 
you is s very ra re  case i n  the world 
where a layered intrusion was emplaced 
i n t o  a very thick pillow basa l t  sequence. 

SW of h s a  NWk sec 10 R32W TUN 

Location: A map of Kelso Junction 
quadr-.s.G.s. Bullet in  1226* 
p la te  1) w i l l  be needed to get to  t h i s  
outcrop. S t a r t  f r m  Paint  River dam 
(optional outcrop 1) and drive north. 
It is about 11 miles of driving. 

Geolom: Some Hemlock s l a t e s  and 
volcanics are exposed among several 
s m a l l  w m d s  scat tered within 100 yards 
here. Three phases of deformation a re  
regis tered i n  these rocks* i.e. F l ,  E2* 
F3. Fl  is s h m  by very t igh t  folds and 
a penetrative s l a t y  cleavage. The Fl  
s l a t y  cleavage s t r i k e s  N15W and is 
conmonly present a l l  through the rocks 
here. F2 crenulation cleavage is very 
subt le ,  but is conmanly characterized by 
a s e t  of v e r t i c a l  crenulation l ineat ions 
showing on metavolcanics and 
carbonaceous s la tes .  Stretched 
agglomerate pebbles plunge v e r t i c a l l y  i n  
p a r a l l e l  with E l f l2  crenulation 
l ineat ions.  E3 is a s e t  of 
subhorizontal crenulation cleavage t h a t  
dips 25 degrees west and crosscuts Fl. 
Some similar  s e t s  of subhorizontal 
cleavages dipping away from the Amasa 
oval have be- observed. 



The subhorizocital flattening plane
shoen by 13 cleavage here requires the
uplift of the Amasa Oval basement to
account for the vertical shortening.
However, the uplift of Archean basement

in !,masa ovalitas to occur later than
the 11 and 12 deformation because 13
cleavage croascuts both Si and 52.

Apparently, th. magnitude of this uplift
was minor such that the dip. of the
vertical Si cleavage has not been
rotated much.

Peterson's Farm SE1/4 sec 19 530W T4IN

Location: Start from town of
Randvilie, drive south for 7.5 miles on
county road 607. Turn right and drive
2.2 miles to the end of the road. Or
when you leave Randvills, drive south
for 6.5 miles on State 95. Turn left
and drive for 1.2 miles till you hit
Comty 607 • Make right turn heading
north for mile. Turn left and drive
another 2.2 miles till you hit the end
of the road. Get out of the car and ask
permission from the owner. The outcrops
are scattered about 150 yards M15E from
you.

Description: The Michiga slate
exposed in these rocks registered at
least 4 deformations, i.e. 11, 13, 14,
15. Almost all the politic portions of
these rocks record 3 sets of cleavages
at least. However, the best outcrop is
an 8—foot tall, 15 feet wids block
sitting atop a very gentle hill. Here
the 51 slaty cleavage is crenulated by
S3 crenulatiom cleavage. The
crenulatiom of 33 fabric i.e so intense
that it resembles bedding, but it is
not. The 53 crenulation cleavages were
folded into a NW trending fold by 14.
15 crenulation cleavage is imprinted on
everything exposed here. To the middle
toward west end of this outcrop, another
set of eubhorizomtal cleavage is clearly
present. This set of subhorizontsl
cleavage dips SE and may very well be
related to the uplift of Peavy Pond
intrusive.

APPENDIX

Facies descriptions of stratigraphic section at Fern
Creek dam (Stop 1).

Facies 1: Disorganized matrix—supported conglom-
erate. Mean grain size: 10 cm. Sedimentary struc-
tures: massive (amalgamated?) beds, tectonically
alligned clasts subparallel to cleavage. Facies
thickness: 2—5 m. Lower contact: irregular. Upper
contact: tabular, abrupt. Interpretation: debris
flow deposits.

Facies 2: Pebbly muddy sandstone. Mean grain
size: 0.5 mu. Sedimentary structures: massive
(amalgamated?) beds. Facies thickness: 3 m. Lower
contact: tabular. Upper contact: not exposed.
Interpretation: debris flow deposits.

Facies 3: Ripple and plane—laminated fine grained
sandstone. Mean grain size: 0.3 cm. Bed thickness:
1—20 cm, mean — 3 cm. SS:Sh • 1—3. Sedimentary
structures: ripple and plane—laminations, convoluted
bedding. Facies thickness: 1—2 n. Lower contact:
tabular. Upper contact: tabular or scoured.
Interpretation: Lower to transitional flow regime
bedforms.

Facies 4: Interbedded sandstone and shale. ted

thickness 1—30 cm, mean — 10 cm. SS: SH ' 1—10.
Sedimentary structures: mud—draped ripples, diffuse
plane laminations, massive beds. Facies thickness:
2—9 m. Lower contact: tabular. Upper contact:
tabular or scoured. Interpretation: Lower flow
regime deposits interbedded with suspended load depos-
its.

Facies 5: Massive medium to coarse grained sand-
stone. Mean grain size: 0.7 am. SS:Sh 10.

Sedimentary structures: rare mud—draped ripples,
diffuse plane laminations, massive (amalgamated?)
beds. Facies thickness: 11—12 m. Lower contact:
tabular, abrupt. Upper contact: tabular, abrupt.
Interpretation: Lower to transitional flow regime
sheet—flow deposits.

Facies 6: Fine—grained sandstone. Mean grain size:
0.3 ma. ted thickness: 1—15 cm, mean — 4 cm.
SS:Sh > 10. Sedimentary structures: ripples.
Facies thickness: 4—6 m. Lower contact: tabular,
abrupt. Upper contact: gradational into the
Sturgeon Quartzite. Interpretation: Lower to
transitional flow regime deposits.

—2 2—

The subhorizontal flattening plane 
shom by F3 cleavage here requires the 
uplift of the Amasa.Ova1 basememt to 
account for the vertical shortening. 
However, the uplift of Archean basement 
in Amasa oval'has to occur later than 
the Fl and F2 deformation because F3 
cleavage crosscuts both Sl and S2. 
Apparently, the magnitude of this uplift 
van minor such that the dipa of the 
vertical Sl cleavage has not been 
rotated much. 

Peterson's Farm Sill4 sac 19 R3OU T41N 

Location: Start fraa town of 
Randville* drive south for 7.5 miles on 
county road 607. Turn right aud drive 
2.2 miles to the end of the road. Or 
vha you leave Randville, drive south 
for 6.5 miles m State 95. Turn left 
and drive for 1.2 miles till you hit 
C-ty 607. Malee right tum heading 
north for k mile. Turn left and drive 
another 2.2 miles till you hit the end 
of the road. Get out of the car and ask 
permissica from the mer. The outcrops 
are scattered about 150 yards N15E f r m  
You- 

Description: The H i c h i g m  slate 
exposed in these rocks registered at 
least 6 defonuatiaw* i.e. Fl, F3* F4, 
F5. Almost a11 the pelitic purtims of 
these rock record 3 seCa of cleavages 
at least. Rwever, the best autcrop is 
m 8-foot tall, 15 feet wide block 
sitting atop a very gentle hill. Here 
the Sl slaty cleavage ia crenulated by 
S3 crenulatim cleavage. The 
crenulatim of S3 fabric is so intense 
that it resembles bedding* but it is 
not. The S3 crenulatim cleavages vere 
folded into a NW trending fold by F.5. 
F5 crenulation cleavage is imprinted on 
everything exposed here. To the middle 
toward vest end of this outcrop, another 
set of subhorizontal cleavage is clearly 
preseut. This set of subhorizontal 
cleavage dipa SE and may very well be 
related to the uplift of Peavy Pond 
intrusive. 

APPENDIX 

Facies descriptions of stratigraphic section at Fern 
Creek dam (Stop 1). 

Facies 1: Disorganized matrix-supported conglom- 
erate. Mean grain size: 10 cm. Sedimentary struc- 
tures: massive (amalgamated?) beds, tectonically 
alligned clasts subparallel to cleavage. Facies , 

thickness: 2-5 m. Lower contact: irregular. Upper 
contact: tabular, abrupt. Interpretation: debris 
flow deposits. 

Facies 2: Pebbly muddy sandstone. Mean grain 
size: 0.5 mu. Sedimentary structures: massive 
(amalgamated?) beds. Facies thickness: 3 m. Lower 
contact: tabular. Upper contact: not exposed. 
Interpretation: debris flow deposits. 

Facies 3: Ripple and plane-laminated fine grained 
sandstone. Mean grain size: 0.3 m. Bed thickness: 
1-20 a, mean - 3 cm. SS:Sh = 1-3. Sedimentary 
structures: ripple and plane-laminations, convoluted 
bedding. Facies thickness: 1-2 m. Lower contact: 
tabular. Upper contact: tabular or scoured. 
Interpretation: Lower to transitional flow regime 
bedf oms. 
Facies 4: Interbedded sandstone and shale. Bed 

thickness 1-30 cm. mean - 10 cm. SS: SH =<I-10. 
Sedimentary structures: mud-draped ripples, diffuse 
plane laminations, massive beds. Facies thickness: 
2-9 m. Lower contact: tabular. Upper contact: 
tabular or scoured. Interpretation: Lower flow 
regime deposits interbedded with suspended load depos- 
its. 

Facles 5: Massive medium to,coarse grained sand- 
stone. Mean grain size: 0.7 mu. SS:Sh = 10. 
Sedimentary structures: rare mud-draped ripples, 
diffuse plane laminations, massive (amalgamated?) 
beds. Facies thickness: 11-12 m. Lower contact: 
tabular, abrupt. Upper contact: tabular, abrupt. 
Interpretation: Lower to transitional flow regime 
sheet-flow deposits. 

Facies 6: Fine-grained sandstone. Mean grain size: 
0.3 mu. Bed thickness: 1-15 cm, mean - 4 cm. 
SS:Sh = > 10. Sedimentary structures: ripples. 
Facies thickness: 4-6 m. Lower contact: tabular, 
abrupt. Upper contact: gradational into the 
Sturgeon Quartzite. Interpretation: Lower tc 
transitional flow regime deposits. 
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