
INFORMATION TO USERS

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI film s the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer.

The quality of th is reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these 
will be noted. Also, if  unauthorized copyright material 
had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and w hite photographic print for an additional 
charge.

Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order.

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600





Order Number 8916511

Systematic variation in clay-mineral composition o f  Wisconsinan 
age t i l l  sheets  in the Lake Michigan Basin.

Monaghan, George William, Ph.D.

Michigan State  Universi ty ,  1989

U M I
300 N. Zeeb Rd.
Ann Arbor, MI 48106





SYSTEMATIC VARIATION IN CLAY-MINERAL COMPOSITION 
OF WISCONSINAN AGE TILL SHEETS 

IN THE LAKE MICHIGAN BASIN.

By

G. William M onaghan

A DISSERTATION

S u b m i t t e d  to 

Michigan  S ta t e  U n i v e r s i t y  

in p a r t i a l  fu l f i l lm en t  of t h e  r e q u i r e m e n t s  

f o r  t h e  d e g r e e  of

DOCTOR OF PHILOSOPHY

D e p a r t m e n t  of  Geological  S c ie n c e s

1989



ABSTRACT

SYSTEMATIC VARIATION IN CLAY-MINERAL COMPOSITION 
OF WISCONSINAN AGE TILL SHEETS 

IN THE LAKE MICHIGAN BASIN.

By

G. William M onaghan

X - r a y  d i f f r a c t i o n  a n a l y s e s  of  ti l l  s am p le s  co l lec ted  f rom m ul t i - t i l l  

e x p o s u r e s  a lo n g  th e  Lake Michigan  s h o r e l i n e  in Wiscons in  a n d  Michigan 

show a s y s t e m a t i c  v a r i a t i o n  in th e  c l a y - m in e r a l  com posi t ion  of  s u c c e s s i v e  

till s h e e t s .  A g e n e r a l  i n c r e a s e  in  t h e  r e l a t i v e  am o u n t  of  10A c lay  o c c u r s  

b e g i n n i n g  with  e a r l y  o r  middle W iscons inan  (Altonian) Glenn S h o r e s  till 

a n d  t h r o u g h  la te  W iscons inan  (mid -Woodford ian)  G anges -N ew  Ber l in  till a n d  

S a u g a t u c k - O a k  C reek  till. A s i g n i f i c a n t  d e c r e a s e  in t h e  r e l a t i v e  a m o u n t  of  

10A c l a y  o c c u r s  w i th in  p o s t -M a c k in a w  I n t e r s t a d e  ( late Woodford ian) 

O z a u k e e -H a v e n  a n d  Two R iv e r s  ti lls.

L a c u s t r i n e  s e d im e n t s  sampled  from b e tw e e n  till s h e e t s  m a in ta ined  a 

g e n e r a l l y  c o n s t a n t  m in e ra lo g y  with  e q u a l  a m o u n t s  of  7A a n d  10A c lay s  

from th e  mid -W iscons inan  u n t i l  t h e  Two C r e e k s  I n t e r s t a d e .  Pos t -T w o  

C r e e k a n  l a c u s t r i n e  s e d im e n t s ,  h o w ev e r ,  show  a s i g n i f i c a n t  i n c r e a s e  in 10A 

c lay  c o n t e n t .  This  s u g g e s t s  t h a t  i n c o r p o r a t i o n  of  l a c u s t r i n e  c l ay  w i th in  

th e  till in no t  r e s p o n s i b l e  f o r  t h e  o b s e r v e d  s y s t e m a t i c  v a r i a t i o n  in till c lay  

m ine ra logy .  A s t r o n g ,  p o s i t i v e  r e l a t i o n s h i p ,  h o w e v e r ,  e x i s t s  b e tw e e n  th e  

am o u n t  of  s h a l e / s i l t s t o n e  c l a s t s  in  t h e  ti l l  a n d  t h e  am o u n t  of  10A c lay  in



t h e  ti l ls .  This  i n d i c a t e s  t h a t  t h e  v a r i a t i o n  in till c lay  m in e ra lo g y  r e s u l t s  

f rom e ro s io n  of  d i f f e r i n g  p r o p o r t i o n s  of  l a c u s t r i n e  c l ay  a n d  sh a le  d u r i n g  

W iscons inan  a d v a n c e s  of  t h e  Lake  Michigan  Lobe.

A p r o g r e s s i v e  u n r o o f i n g  of  sh a le  o u t c r o p s  d u r i n g  s u c c e s s i v e  

r e a d v a n c e s  of  t h e  Lake  M ich igan  Lobe is be l iev ed  r e s p o n s i b l e  fo r  

i n c r e a s i n g  a m o u n t s  of  s h a l e  c l a s t s  a n d  10A c lay  m in e ra l s  w i th in  

s u c c e s s i v e l y  y o u n g e r  till  s h e e t s  in t h e  s o u t h e r n  ha l f  of  t h e  Lake  Michigan 

bas in .  A lack  of  s h a le  o u t c r o p p i n g s  a s  well a s  com posi t iona l  s im i la r i ty  

b e t w e e n  P o r t  H u ro n  a n d  G r e a t l a k e a n  a g e  t i l ls  a n d  Lake  Chicago s e d im e n t s ,  

h o w e v e r ,  s u g g e s t  t h a t  c l a y  m in e ra l s  in t i l ls  of  t h e  n o r t h e r n  ha l f  of  the  

b a s i n  w e re  d e r i v e d  p r i m a r i l y  from r e w o r k i n g  u n d e r l y i n g  l a c u s t r i n e  c lay  a n d  

s i l t  d e p o s i t s .
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INTRODUCTION

R e s e a r c h  c o n d u c t e d  in  t h e  G re a t  L a k e s  r e g i o n  o v e r  t h e  p a s t  25 y e a r s  

h a s  b o th  r e v i s e d  a n d  r e f i n e d  t h e  W iscons inan  s t r a t i g r a p h i c  s y s t e m  (Willman 

a n d  F r y e  1970; Dre imanis  a n d  G old thw ai t  1973; E v e n s o n  1973; Acomb e t  a l . 

1982; Mickelson  e t  a l . 1984; M o naghan  e t  a l . 1986; M onaghan  a n d  L a r s o n  

1986; S c h n e i d e r  a n d  Need 1985). P a r t  of  t h i s  s y s t e m  d e f in e d  a lo n g  the  

e a s t  a n d  w es t  m a rg i n s  of  Lake  Michigan ,  t o g e t h e r  w i th  p r o b a b l e  

c o r r e l a t i o n s  of  till u n i t s  from lake  b a s i n s  e a s t  of  Lake Michigan,  is show n 

in Tab le  1. F o r  i n s t a n c e ,  S c h n e i d e r  (1983) a n d  S c h n e i d e r  a n d  Need (1985) 

h a v e  d e s c r i b e d  two mid-W oodford ian  a g e  till u n i t s  a lo n g  th e  w e s t  s h o r e  of 

Lake Michigan in s o u t h e a s t e r n  Wisconsin  ( t i lls  of t h e  New Ber l in  a n d  Oak 

C reek  Form at ions ;  Table  1) a n d  c o n c l u d e d  t h a t  a s i g n i f i c a n t  r e t r e a t  of the  

Lake  Michigan Lobe o c c u r r e d  b e t w e e n  th e  d e p o s i t i o n  of  t h e s e  t i lls .  J u s t  

n o r t h  of  t h i s  a r e a ,  in e a s t e r n  a n d  n o r t h e a s t e r n  Wiscons in ,  Acomb e t  a l . 

(1982) h a v e  d e f in e d  t h r e e  till u n i t s  r e l a t e d  to th e  P o r t  H uron  a d v a n c e  

(Ozaukee ,  Haven,  a n d  V a ld e r s  till m e m b ers  of th e  Kew aunee  Format ion ;  

Table  1) a n d  one  till u n i t  r e l a t e d  to t h e  G r e a t l a k e a n  a d v a n c e  (Two R ive rs  

Till Member,  Kew aunee  Form at ion ) .  T h e y  h a v e  al so  n o te d  t h e  o c c u r r e n c e  

of till u n i t s  o l d e r  t h a n  th e  Mackinaw I n t e r s t a d e .

Along th e  e a s t  s h o r e  of  Lake  M ich igan  in s o u t h w e s t e r n  Michigan,  

M o naghan  e t  a l . (1986) h a v e  d e f in e d  t h r e e  W iscons inan  till s h e e t s  (Glenn 

S h o r e s ,  G anges ,  a n d  S a u g a t u c k ;  Tab le  1) a n d  h a v e  s u g g e s t e d  t h a t  a

1



s ig n i f i c a n t  r e t r e a t  of  t h e  Lake  Michigan  Lobe  o c c u r r e d  b e t w e e n  d e p o s i t io n  

of  eac h  of  t h e s e  ti l ls .  I n  a d d i t io n ,  t h e y  h a v e  n o t e d  t h a t  a  s y s t e m a t i c  

v a r i a t i o n  in c l a y - m in e r a l  com posi t ion ,  a p p a r e n t l y  r e l a t e d  to  t h e s e  r e t r e a t s ,  

o c c u r s  f rom one  till s h e e t  to th e  next .

A l th o u g h  th e  a b o v e  s t u d i e s  h a v e  c o n t r i b u t e d  to a n  u n d e r s t a n d i n g  of  

t h e  Wisconsinan ,  t h e y  a r e  b a s e d  p r im a r i ly  on  s t r a t i g r a p h i c  f r a m e w o r k s  

d e v e l o p e d  from em pir ica l  a n a l y s i s  of l i thologic c h a r a c t e r i s t i c s  of  till u n i t s .  

Impl ic i t  in t h i s  em p i r ica l  a p p r o a c h  to s t r a t i g r a p h y  is  t h e  a s s u m p t i o n  not  

o n ly  t h a t  th e  l i tho logy  of  in d i v id u a l  till s h e e t s  r e m a in s  c o n s t a n t  o v e r  long  

d i s t a n c e s ,  b u t  al so  t h a t  c h a n g e s  in l i tho logic com posi t ion  r e s u l t  from some 

bas ic  c h a n g e  in ice d y n am ics .  R ecen t ly ,  Ey les  e t  a l . (1983) h a v e  c r i t i c i z e d  

s u c h  " p r o c e e d u a l  a p p r o a c h e s ” to d e s c r i p t i o n  of g la c igen ic  s e d im e n t s  b e c a u s e  

t h e y  o f t e n  a r e  no t  r e l a t e d  in a n y  simple f a s h io n  to d e p o s i t io n a l  

e n v i r o n m e n t s  a n d  do n o t  g e n e r a l l y  c o n s i d e r  f ac ie s  v a r i a b i l i t y .

The p u r p o s e  of  t h i s  p a p e r  is two fold. The f i r s t  is to show t h a t  

c l a y - m i n e r a l  com posi t ion  s y s t e m a t i c a l ly  v a r i e s  b e t w e e n  s u c c e s s i v e  till 

s h e e t s  d e p o s i t e d  d u r i n g  th e  W iscons inan  S ta g e  t h r o u g h o u t  th e  Lake 

Michigan  b a s in  a n d  t h a t  t h i s  v a r i a t i o n  is r e l a t e d  to s i g n i f i c a n t  f l u c t u a t i o n s  

of  t h e  Lake Michigan  Lobe.  The s e c o n d  is to p r o p o s e  a model which  

a c c o u n t s  fo r  t h i s  v a r i a t i o n  in a b a s in - w id e  e r o s i o n a l /  d e p o s i t io n a l  

f r a m e w o rk .
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LAKE MICHIGAN 
LOBE

SAGINAH
LOBE

ERIE
LOBE

TIME
kB.P.

NE H I . ' SE H I . 2 N I L . 3 SW M I.4 NH H I . 3 S M l.6 ONT.7

Two R ive rs "Red V a ld e rs "

THG CREEKS INTERSTADE 11.0

V a lde rs
Haven
Ozaut.ee

M an itow oc-
Shorewood "P o rt Huron"

MACKINAW INTERSTADE 13.3

"F 're -F 'o rt
Huron"

Oak
Creek Uadsworth Saugatuck "P re -P o rt

Huron" Bedford P o rt
S ta n le y

HID-HOQDFORDIAN INTERSTADE ERIE INTERSTADE 15.5

Hew
B e r l in

Haeger 
York v i l i e Ganges F u lto n C a tf is h

Creek

MID-HI SCONS I NAN INTERSTADE PT. TALBOT INTERSTADE >40

________ L  _ L  .
Glenn Shores

Table  1. C o r re la t ion  c h a r t  o f  s e l e c t e d  till s h e e t s  in the  G rea t  Lakes  
Region.  'Acomb e t  a l . (1982); 2S c h n e i d e r  (1983), Mickelson e t  a l . (1984), 
a n d  S c h n e i d e r  a n d  Need (1985); 2Willman and  F r y e  (1970), a n d  J o h n s o n  et
al. (1985); • 'Monaghan e t  al. (1986); 5Melhorn  (1954); 6M onaghan  a n d
L a rs o n  (1986); 7Dreimanis a n d  G old thw ai t  (1973).
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LITHOLOGY AND STRATIGRAPHY OF TILL SHEETS 

IN THE LAKE MICHIGAN BASIN

M ethods

Clay M in e ra lo g y : Most t e c h n i q u e s  em ployed  to q u a n t i f y  c l a y - m in e r a l

com pos i t ions  i n v o lv e  p e a k - h e i g h t  m e a s u r e m e n t s  of  b a s a l  (001) X - r a y  

d i f f r a c t i o n  r e f l e c t i o n s  f rom 18A (smect i te ) ,  14A ( c h lo r i te  a n d / o r  

v e r m i c u l i t e ) ,  10A ( i l l i t e ) ,  a n d  7A ( k a o l i n i t e  001 a n d / o r  

c h l o r i t e  002 re f le c t io n )  c l a y s  (Carro l l  1972; B r in d l e y  a n d  Brown 1980). 

T h e s e  m e a s u r e m e n t s  a r e  u s u a l l y  r e p o r t e d  e i t h e r  a s  r e l a t i v e  p e r c e n t a g e s  of 

t h e s e  r e f l e c t i o n s  (Glass 1981; Acomb e t  a l . 1982; Willman e t  a l . 1963) o r  as  

s imple r a t i o s  b e tw e e n  two of th e  p e a k s  (Rieck e t  a l . 1979; C h u n g  1973; 

M onaghan  a n d  L a r s o n  1986; M onaghan  e t  a l . 1986). The l a t t e r  me thod ,  in 

t h i s  c a s e  7A/10A p e a k - h e i g h t  r a t i o s  of  t h e  c l a y - s i z e  f r a c t i o n  (<2 microns)  

of till, h a s  b e e n  u s e d  in t h i s  p a p e r  to show th e  v a r i a t i o n  in r e l a t i v e  

a m o u n ts  of  7A a n d  10A c lays .  Samples  of f r e s h ,  g e n e r a l l y  u n l e a c h e d  till 

a n d  l a c u s t r i n e  s e d im e n t  w e re  p r e - t r e a t e d  with  sodium a c e t a t e ,  w a s h e d  with  

d i s t i l l e d  w a te r ,  d e p o s i t e d  on  g la s s  s l id e s  a s  a  s l u r r y  a n d  a i r  d r i e d .  T h ey  

w ere  t h e n  p la ced  in a n  e t h y l e n e - g l y c o l  a t m o s p h e r e  fo r  72 h o u r s  a n d  X- 

r a y e d .  Detai ls  of  t h e s e  m e th o d s  a r e  d i s c u s s e d  in M onaghan  (1984) a n d  

M onaghan  e t  a l . (1986).

Matrix a n d  Clast  L i th o lo g y : Both c l a s t  a n d  m atr ix  l i tho logy  a s  well a s  the

d i s t r i b u t i o n  of  g r a i n - s i z e s  in  till m a t r ix  (<2 mm) a r e  commonly em ployed  

b y  r e s e a r c h e r s  w i th in  t h e  Lake  Michigan  b a s in  to e i t h e r  d i f f e r e n t i a t e  till 

u n i t s  (M u r ra y  1953; Willman a n d  F r y e  1970; B u r g i s  a n d  Eschm an  1981; 

Acomb e t  a l . 1982; S c h n e i d e r  1983; S c h n e i d e r  a n d  Need 1985; Mickelson e t
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al. 1984) o r  to d i s t i n g u i s h  p r o v e n a n c e  (S lawson 1933; K rum bein  1933; 

A n d e r s o n  1957). G enera l ly ,  l i tho log ies  a r e  d e t e r m in e d  b y  s e p a r a t i n g  the  

p a r t i c l e  s ize  of  i n t e r e s t  ( u s u a l l y  <2mm fo r  matr ix  a n d  >3-4 mm fo r  c l a s t s )  

f rom a b u lk  sample a n d  s im ply  c o u n t i n g  th e  n u m b e r  of  c l a s t s  p r e s e n t  from 

e a c h  l i tho lologic c l a ss .  Mat rix  g r a i n - s i z e  d i s t r i b u t i o n  d a t a  p r e s e n t e d  in 

t h i s  s t u d y  a r e  all r e p o r t e d  e l s e w h e r e  a n d  th e  t e c h n i q u e s  u s e d  a r e  d i s c u s s e d  

in t h e  a p p r o p r i a t e  r e f e r e n c e s .

In  t h i s  s t u d y ,  th e  l i tho logy  of  c l a s t s  in t h e  till was  examined  

p r im a r i ly  to q u a n t i t a t i v e l y  a s s e s s  the  r e l a t i v e  a b u n d a n c e  of  sha le  c l a s t s  

p r e s e n t  in till. The l i tho logic c l a s s e s  c o u n t e d  w e re  c h o s e n  bo th  b e c a u se  

t h e y  r e p r e s e n t  t h e  d o m in a n t  l i th o log ies  p r e s e n t  in till w i th in  t h e  r e g io n  

( A n d e r s o n  1957) a n d  to e n a b l e  d e t e r m in a t io n  of th e  am oun t  of sha le  and  

s i l t s t o n e  c o m p a re d  to o t h e r  b e d r o c k  t y p e s  o c c u r r i n g  in the  tills.  

D e te rm ina t ion  of  th e  r e l a t i v e  am o u n t  of  s h a le  is im p o r t a n t  b e c a u s e  (as 

d i s c u s s e d  below),  sh a le  may r e p r e s e n t  th e  dominate  s o u r c e  fo r  clay  

m ine ra ls  f o u n d  in till.

Clast  l i th o log ies  w e r e  d e t e r m in e d  u s i n g  a com posi te  of  samples  

a n a l y z e d  f o r  c l a y - m in e r a l  com posi t ion .  A com posi te  sample was  u s e d  

b e c a u s e  it  b e t t e r  r e p r e s e n t s  t h e  bu lk  composi t ion  of the  till. 

A pprox im a te ly  e q u a l  a m o u n t s  of  i n d i v id u a l  sam ples  w ere  p laced  t o g e t h e r  in 

a 16 l i t e r  v e s s e l  a n d  w a s h e d  in t a p  w a te r  fo r  s e v e r a l  h o u r s  to d i s a g g r e g a t e  

t h e  composi te .  The com pos i te  was  t h e n  w e t - s i e v e d  a n d  th e  >3 mm s ize 

f r a c t i o n  w as  s a v e d .  At l e a s t  75 c l a s t s  w e re  t h e n  c o u n t e d  from the  

com pos i te  sample.



N.W. Mich.

PPK

-TR.-Mn.̂

S h o re w o od
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Franis

^2 co G lennl  S h o r e s  
X  o  ^

T  ^< 5  /  > J

Ml
25 50

50
KM

F i g u r e  1 Map of t h e  G re a t  Lakes  Region sh o w in g  th e  loca t ions  of 
s e c t i o n s  s tu d i e d  a n d  m o ra in es  of  th e  Erie,  Sag inaw,  a n d  Lake  Michigan 
lobes .  Sec t ion  show n  by  c losed  c i rc le s .  T r e n d  of m ora ines  show n  by  
h a t c h e r e d  line ( d a s h e d  w h e r e  a pp rox im a te ) ;  i n t e r lo b a t e  b o u n d a r i e s  shown 
by  d a s h - d o t t e d  l ine ( a f t e r  L e v e r e t t  a n d  Tay lo r  1915).

Ka Kalamazoo Moraine 
(Sag inaw  Lobe)

Ka-S S tu rg is -K a la m a z o o  
Morainal  Sys tem  

MSW M iss iss inew a Moraine 
PH P o r t  Huron Moraine 
PPK P e t e r s o n  P a rk  Sec t ion

PWL Powell Moraine 
TK T e k o n s h a  Moraine  (Sag inaw  

a n d  Lake Michigan  lobes)  
TR-MnTwo R ive rs  (WI) and

Manis tee  (MI) Moraines  
VLP V alpara iso  Moraine (IN, IL)



7

F igu re  2 Map of axes  of  m a jo r  m o ra in es  in s o u t h w e s t e r n  
M ich igan  s h o w in g  t h e  d i s t r i b u t i o n  of  S a u g a t u c k  till (o p en  c i rc le s )  
a n d  G an g es  till (c lo sed  c i r c l e s ) .  7A/10A h i s t o g r a m s  show 
co m p a r i s o n  of  t h e  c l a y - m in e r a l  com pos i t ion  of  t h e  e a c h  of  the  
m ora ines .  Hor izonta l  ax is  show s  7A/10A ra t i o  v a lu e s ;  v e r t i c a l  axis  
show s  n u m b e r  of  sam p les  w i th  a  p a r t i c u l a r  r a t i o  v a lu e .  Moraine 
nam es  sh o w n  a long  r i g h t  s id e  of  h i s to g r a m s .  G ene ra l ized  c r o s s  
s e c t i o n  s how s  th e  s t r a t i g r a p h y  a n d  r e l a t i o n s h i p  to s e c t i o n s  
d i s c u s s e d  in t h e  t e x t  fo r  t h e  till u n i t s  a lo n g  t h e  Lake  Michigan 
s h o re l i n e .  Moraine p o s i t i o n s  a f t e r  L e v e r e t t  a n d  T a y lo r  (1915); 
c r o s s  s e c t i o n  of  s o u t h w e s t e r n  Michigan a f t e r  L a r s o n  a n d  M onaghan  
(1988).
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S o u th w estern  M ichigan

The s e q u e n c e  of  till s h e e t s  in  s o u t h w e s t e r n  Michigan  (Table 1) is b e s t  

ex p o s ed  a t  t h e  Glenn S h o r e s  s e c t i o n ,  lo c a ted  a lo n g  t h e  Lake  Michigan  

s h o r e l i n e  a b o u t  16 km n o r t h  of  S o u t h  Haven ,  Michigan ( F i g u r e s  1 a n d  2).

Here  t h r e e  till u n i t s  (Glenn S h o r e s ,  G anges ,  a n d  S a u g a t u c k  t ills) a r e

ex p o s ed  a n d  a r e  s e p a r a t e d  f rom e a c h  o t h e r  b y  l a c u s t r i n e  s a n d ,  s il t ,  a n d  

c lay  (Glenn S h o r e s  a n d  G anges)  o r  b y  l a c u s t r i n e  s a n d  (Ganges  and  

S a u g a t u c k )  d e p o s i t s .  S a u g a t u c k  till, which  r e p r e s e n t s  th e  s u r f a c e  till 

t h r o u g h o u t  most  of s o u t h w e s t e r n  Michigan,  h a s  b een  t r a c e  e a s t w a r d  a long  

th e  g r o u n d  s u r f a c e  f rom th e  Lake  Michigan s h o r e l i n e  to the  

S tu rg is -K a lam azo o  mora ina l  s y s t e m  ( F i g u r e s  1 a n d  2) a n d  c o r r e l a t e d  with  

th e  W adsw or th  Till Member of t h e  Wedron  Form at ion  in I l l inois  (Monaghan

e t  ah  1986). G a n g e s  till h a s  b e e n  t r a c e d  in t h e  s u b s u r f a c e  b e n e a th

S a u g a t u c k  till f rom th e  s h o r e l i n e  e a s t w a r d  to e x p o s u r e s  in  th e  T e k o n s h a  

Moraine (F ig u r e  2) a n d  c o r r e l a t e d  w i th  t h e  u p p e r  p a r t  of  Yorkvil le  Till

Member (Wedron Format ion)  of  t h e  Jo l ie t  S u b lo b e  in I l l inois  (Monaghan  et

al. 1986). G e p h a r t  e t  a l . (1982) h a v e  p r o p o s e d  a middle o r  e a r l y

Wiscons inan  a g e  fo r  Glenn S h o r e s  till (and  o v e r l y i n g  s a n d ,  s i l t ,  a n d  clay)

b a s e d  on r a d i o c a r b o n  d a t e s  r a n g i n g  from 37,150 to >48,000 y e a r s  B.P. on 

d e t r i t a l  o r g a n i c  m a te r ia l  w i th in  s t r a t i f i e d  d e p o s i t s  o v e r l y i n g  th e  till. 

However,  a  more r e c e n t l y  o b t a i n e d  14C a g e  d a t e  of  64,500 + 1000

y e a r s  B.P. (L a r s o n  a n d  M on ag h an  1988) f rom th i s  d e p o s i t  s u g g e s t s  th a t

Glenn S h o r e s  till may be o l d e r  t h a n  middle  Wisconsinan .

Based  on  t h e  r e g io n a l  s t r a t i g r a p h i c  r e l a t i o n s h i p s  of  t h e  ti l ls  a n d  in 

p a r t  on th e  fa c t  t h a t  s t r a t i f i e d  d e p o s i t s  s e p a r a t e  t h e  till u n i t s ,  M onaghan  

e t  a l . (1986) p r o p o s e d  t h a t  a  s i g n i f i c a n t  r e t r e a t  of t h e  Lake  Michigan Lobe
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o c c u r r e d  b e tw e e n  d e p o s i t i o n  of  e a c h  till s h e e t .  S ince  G anges  till m akes  u p  

th e  T e k o n s h a  Moraine of  t h e  L ake  Michigan Lobe  ( F i g u r e  2) while 

S a u g a t u c k  till r e p r e s e n t s  t h e  s u r f a c e  till f rom th e  S t u r g i s  Kalamazoo 

Morainal  S y s tem  ( F i g u r e  2) w e s t w a r d  to  Lake Michigan  a n d  o v e r l i e s  G anges  

till,  M onaghan  e t  a l . (1986) w e re  a l so  ab l e  to p lace  a  minimum d i s t a n c e  fo r  

th e  r e t r e a t  r e c o r d e d  b e t w e e n  G an g es  a n d  S a u g a t u c k  ti lls.  T h e y  p r o p o s e d  

t h a t  fo l lowing th e  fo rm a t ion  of  t h e  T e k o n s h a  Moraine (F ig u r e  2) a n d  

d e p o s i t io n  of  G anges  till, t h e  Lake  Michigan Lobe r e t r e a t e d  a t  l e a s t  60 km 

w e s tw a r d  in to  th e  Lake M ich igan  b a s in  a n d  t h a t  a p r o - g i a c i a l  lake  formed 

in f r o n t  of t h e  r e t r e a t i n g  ice m arg in .  The  ice m a rg in  s u b s e q u e n t l y  

r e a d v a n c e d  e a s t  a c r o s s  s o u t h w e s t e r n  Michigan  to th e  S tu rg is -K a lam azo o  

S y s tem  (F ig u re  2). M o n ag h an  a n d  L a r s o n  (1986) s u g g e s t e d  t h a t  th i s  

r e t r e a t  o c c u r r e d  p r i o r  to a p p r o x im a te ly  15,000 y e a r s  ago  a n d  is c o r r e l a t i v e  

with  t h e  Erie  I n t e r s t a d e  of  t h e  Lake  Erie  b as in .

A v e ra g e  ma tr ix  g r a i n - s i z e  d i s t r i b u t i o n  a n d  c l a y - m in e r a l  a n a l y s e s  

r e p o r t e d  fo r  t h e  t h r e e  till  u n i t s  a t  Glenn  S h o r e s  a r e  l i s t e d  in  Tab le 2. 

Also f r e q u e n c y  h i s t o g r a m s  c o m p a r in g  th e  c lay  m inera l  com posi t ion  of  th e  

t i l ls  f rom Glenn S h o r e s  a r e  sh o w n  in F ig u r e  3. A pplica t ion  of th e  T - t e s t  

to th e  c l a y - m in e r a l  d a t a  show  t h a t  th e  t h r e e  ti l ls  ex p o s ed  a t  Glenn S h o r e s  

h a v e  d i f f e r e n t  c o m pos i t ions  to t h e  99% c o n f id e n c e  level ,  a n d  i n d i c a t e s  t h a t  

a s ig n i f i c a n t  i n c r e a s e  in 10A c lay  c o n t e n t ,  r e l a t i v e  to 7A clay ,  o c c u r s  from 

th e  lowermost  till u n i t  to th e  u p p e r m o s t  till (F ig u re  3). C la y -m ine ra l  

a n a l y s e s  al so  show t h a t  t h e  l a c u s t r i n e  s e d im e n t s  o c c u r r i n g  b e tw e e n  Glenn 

S h o r e s  a n d  G anges  t i l ls  h a v e  a  c l a y - m in e r a l  com posi t ion  i n t e r m e d i a t e  

be tw ee n  th e  two t i l ls  ( F i g u r e  3).
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TILL SHEET
CLAY-HINERAL 

DATA 
(71/lOU

MATRIX 6RAIN SIZE DATA Z CLAST LITHOLOGY

Z SAND Z SILT Z CLAY I/H CB SH OT

T**o R iv e rs 2 * ‘ 0 .89 1 0 .3 1 * 31 50 19 14* 79 1 5
'V a ld e rs *

(NH H i . ) 3 * 1 1.01 t  0 .2 8 7 — — — 127 86 0 0

Haven2 ’ 1 0.99 i  0 .3 4 * 16 56 28 15* 80 0 6
Ozaukee2 ’ 1 0.87 t  0 .3 0 ° 13 47 40 15s 74 10 1

Oak C reek4 - 1 0.51 t  0 .2 0 ’ 12 44 44 15’ 49 30 6
Saugatuck3 ’ * 0.58 + 0 .1 2 > ° 36 42 22 14>° 36 45 4

Nen B e r l in 4 ’ 1 0.91 t  0 .3 0 ’ 58 29 13 12’ 82 3 3
Ganges3 ’ 3 0.85 i  0 .1 8 ‘ ° 59 22 19 17l ° 52 27 4

Glenn Shores3 ,3 1.22 + 0 .3 2 * ° 46 34 20 15>° 70 13 2

Table  2. C lay-minera l ,  ma trix g r a i n  s ize,  a n d  ma jor  c l a s t  l i tho logy  d a t a  
from s e le c te d  till u n i t s  in t h e  Lake Michigan  bas in .  Grain  size b o u n d a r i e s :  
S an d  2.0 mm; Sil t  0.062 mm; c lay  <0.004 mm. Clast  l i tho logy  b a s e d  >3 mm 
size f r ac t io n ;  I /M I g n e o u s /M e ta m o r p h ic ,  CB Limestone-Dolomite ,  SH Shale ,  
OT O ther ;  d a s h  r e p r e s e n t s  <1%. S u p e r s c r i p t s  in th e  "Till S h ee t "  Column 
r e f e r  to d a t a  s o u r c e s ;  f i r s t  n u m b e r ,  matr ix  g r a i n - s i z e  da ta ;  second  n u m b e r ,  
c l a y - m in e r a l  da ta .  S u p e r s c r i p t s  in t h e  "Clay Minera l  Data” a n d  "P e b b le  
C o u n t  Data" co lumns  r e f e r  s e c t io n  from which  d a t a  co l lec ted ;  locat ion  of  
s e c t i o n s  fo u n d  in F ig u r e s  1 a n d  2. JThis  S tu d y ;  zAcomb e t  a l . 1982;
3Melhorn  1954; 4S c h n e i d e r  a n d  Need 1985; 5M onaghan  et  al. 1986; 6Two
C reeks ;  7P e t e r s o n  P a rk ;  ^Shorewood; 9St.  F r a n c i s ;  10Glenn S h o res .
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F i g u r e  3 7A/10A f r e q u e n c y
h i s t o g r a m s  o f  t i l l  a n d  
l a c u s t r i n e  u n i t s  ex p o s e d  a t  
s e c t i o n s  w i th in  s o u t h w e s t e r n  
Michigan .  H or izonta l  axis
s h o w s  7A/10A ra t i o  v a lu e s ;  
v e r t i c a l  ax is  sh o w s  n u m b e r  of  
s a m p le s  with  a p a r t i c u l a r  r a t i o  
va lue .  Unit  nam es  s how n  a lo n g  
r i g h t  of  h i s to g ra m s ;  s e c t i o n  
from which  d a t a  co l lec ted  
s h o w n  a lo n g  le ft  s ide  of  
d i a g ra m  with  l ine s e p a r a t i n g  
in d i v id u a l  s e c t i o n s .  U n i t s  from 
i n d i v id u a l  s e c t io n  a r r a n g e d  in 
s t r a t i g r a p h i c  o r d e r .  Data from 
Glenn S h o r e s  from M onaghan  
e t  al. (1986)

",i 11
n  j m ,

Saugatuck t i l l  
(23) (0.38) (0.04)

_ J i u .
Ganges t i l l  
(39) (0.83) (0.11)

aid-kisconslnan lake clay
(9) (1.04) (0.08)JLAx

Glenn Shores t i l l  
(21) ( 1. 21) (0 . 10)

i  I - n  î

- f r q
3 Saugatuck t i l l  (Cedar Bluff)

(10) 10.63) (0.04)

Saugatuck t i l l  (flioei Park) 
(IS) (0.561 (0.08)

f  r  q 
3 Saugatuck t i l l  — Area M (Park C l if ts )  

|  J j j  (9) (0.61) (0.06)

Saugatuck t i l l  — Area 6 (Park Cliffs )  
(15) (0.78) (0.08)

i k .
Lake Nil«aukee (Park C lif fs )  

(12) 10.98) (0.17)
JUUL-jijLtuU-j

aid-Hisconsinan lake? (Park C lif fs )  
(7) (1.01) (0.10) 

j  1^1 ■ ,

f r q
7-i aid-Hisconsinan lake (South Haven)

g ;  (10) (0.97) (0.11)

n   ........ - '■ i ^  r  1 ■ i
0.30 1.00 1.30

^ > 1  o  A



13

NAME OF PERCENT CLAST L I T H O L O G I E S [  NAME OF
T I L L ------------------- ----------------- ----------------- ----------------- ---------------- --------------- SAMPLED

SHEET I / M CB SH S S CH 0 T S E C T I O N

Two R i v e r s 1 4 7 9 1 4 1 - Two C r e e k s
" V a l d e r s " 1 5 8 0 1 4 - - P e t e r s o n  P a r k

(NW.  M I . ) 12 8 6 0 Oil - _ P e t e r s o n  P a r k
F i l e r 14 81 0 1 1 O r c h a r d  B e a c h

H a v e n 1 5 8 0 - 4 1 _ Two C r e e k s
O z a u k e e 15 7 4 1 0 1 - - S h o r e w o o d
O r c h a r d  B e a c h 15 8 0 o .j> - O r c h a r d  B e a c h

S a u g a t u c k 14 3 6 4 5 4 1 - G l e n n  S h o r e s
1 3 4 5 3 7 o ? - P a r k  C l i f t s  (A)
1 4 4 0 3 9 3 I - P a r k  C l i f f s  (N)
1 7 2 8 4 6 ■j £ B 1 o o m i  n g d a l e

Oak C r e e k 15 4 9 3 0 6 - - S t  F r a n c i s
17 5 6 2 4 *7 - - S h o r e w o o d

G a n g e s 1 7 5 2 2 7 n - G l e n n  S h o r e s
14 4 7 2 6 9 4 - C e d a r  B l u f f
1 5 51 n cr 

.i. U
c
U 4 - B 1 o o m i  n g d a l  e

New B e r l i n 12 8 2 O - S t  F r a n c i s

G l e n n  S h o r e s 15 7 0 , 3 1 - I G l e n n  S h o r e s

Table  3. Pebb le  c o u n t  d a t a  from com pos i te  till s am p les  co l lec ted  a t  
s e c t i o n s  wi thin th e  Lake Michigan  b as in .  Clast  l i tho logy  b a s e d  on
p e r c e n t a g e  of each  l i th o lo g y  in th e  >3 mm size f r a c t io n ;  I /M I g n e o u s -
Metamorphic;  CB Limes tone-Dolomite ;  SH Shale ;  SS S a n d s t o n e ;  CH C her t ;  
OT Other .  Dash r e p r e s e n t s  <1%.

In o r d e r  to a s s e s s  t h e  r e l a t i v e  am o u n t  of sha le  c o m p a re d  to o t h e r  

l i tho logies  found  in each  of  t h e  till u n i t s  a t  Glenn S h o r e s ,  t h e  l i tho log ies  

of  p e b b le  c l a s t s  (>3 mm) w e re  d e t e r m in e d  a n d  c o u n t e d  u s i n g  m e th o d s  

o u t l ined  above .  The r e s u l t s  of  t h e s e  d e t e r m in a t io n s  a r e  l i s t e d  in Table 3 

and  show t h a t  the  r e l a t i v e  am o u n t  of  sha le  i n c r e a s e s  in p r o g r e s s i v e l y  

y o u n g e r  till u n i t s .  I m p o r t a n t l y ,  t h e  i n c r e a s e  in the  r e l a t i v e  am oun t  of

sha le  g en e ra l ly  c o r r e s p o n d s  with  t h e  i n c r e a s e  in the  r e l a t i v e  am oun t  of

IDA clay  in each  till u n i t  (Tab le 3 a n d  F ig u r e  3).

Corre la t ion  of  G an g es  a n d  S a u g a t u c k  till with spec i f i c  e n d  mora ines  

of  th e  Lake Michigan Lobe  ( F i g u r e  2) is based  on s im i la r i t i e s  in c l a y -  

mineral  composi t ion b e tw e e n  t h e s e  till u n i t s  exposed  a long  t h e  l a k e s h o r e
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a n d  ti l l  c o m p r i s in g  s p ec i f i c  m ora ines .  The  c l a y - m in e r a l  d a t a  p r e s e n t e d  in 

M on ag h an  e t  a l . (1986), t o g e t h e r  w ith  a d d i t i o n a l  d a t a  co l lec ted  d u r i n g  th e  

c o u r s e  of t h i s  s t u d y ,  s h o w s  t h a t  t h e  c l a y - m in e r a l  com posi t ion  of b o th  

S a u g a t u c k  a n d  G anges  t i l ls  r e m a in s  g e n e r a l l y  c o n s t a n t  t h r o u g h o u t  

s o u t h w e s t e r n  Michigan  ( F ig u r e  2). In  a d d i t i o n ,  th e  c l a y - m in e r a l  

com pos i t ion  of  till c o m p r i s in g  th e  o u t e r  r i d g e  of t h e  V a lpa ra iso  Moraine 

a r o u n d  t h e  s o u t h e r n  e n d  of  Lake  Michigan  (W adsw or th  till in n o r t h e a s t e r n  

I n d i a n a  a n d  n o r t h w e s t e r n  I l l inois)  was  al so  d e t e r m in e d .  T h ese  d a t a  (F ig u r e  

2) show t h a t  W adsw or th  till in  I n d i a n a  a n d  I l l inois  is s imilar  in  c l a y -  

m ine ra l  com posi t ion  to S a u g a t u c k  till.

In  o r d e r  to a s s e s s  v a r i a b i l i t y  in c l a y - m in e r a l  com posi t ion  of  till 

e x p o s e d  a lo n g  th e  l a k e s h o r e  in s o u t h w e s t e r n  Michigan,  t h e  till u n i t s  

e x p o s e d  a t  Glenn S h o r e s  w e re  t r a c e d  s o u t h w a r d .  A few km s o u t h  of th e  

Glenn S h o r e s  s ec t io n  G an g es  a n d  Glenn S h o r e s  t i l ls  d ip  u n d e r  t h e  p r e s e n t  

b eac h .  S a u g a t u c k  till, h o w e v e r ,  c a n  be followed s o u t h w a r d  f rom th e  Glenn 

S h o r e s  s e c t i o n  t h r o u g h  s e v e r a l  km of r e l a t i v e l y  c o n t i n u o u s  e x p o s u r e  

( F i g u r e  2). At a  few p la c e s  (C edar  Bluff ,  Miomi P a r k ,  a n d  P a r k  Cliffs; 

F i g u r e  2), S a u g a t u c k  till w as  sampled  a n d  a n a l y z e d .  The  r e s u l t s  of  t h e s e  

a n a l y s e s  (F ig u r e  3) show t h a t  in g e n e r a l  th e  c l a y - m in e r a l  com pos i t ion  of  

S a u g a t u c k  till r e m a in s  r e l a t i v e l y  c o n s t a n t .  One n o ta b le  exce p t ion ,  

h o w e v e r ,  is f o u n d  a t  t h e  P a r k  Cliffs  e x p o s u r e ,  t h e  s o u t h e r n  most  e x t e n t  of 

c o n t i n u o u s  e x p o s u r e  of  S a u g a t u c k  till,  a n d  s how s  t h a t  t h e  c lay  m in e ra lo g y  

of  S a u g a t u c k  till c a n  s ig n i f i c a n t l y  v a r y  o v e r  a  s h o r t  d i s t a n c e .

The  P a r k  Cliffs e x p o s u r e  o c c u r s  in b lu f f s  a t  t h e  V a r ie ty  P a r k  t r a i l e r  

p a r k  a lo n g  th e  Lake  M ich igan  s h o r e l i n e  a b o u t  2 km n o r t h  of S o u th  Haven  

in Allegan  C o u n ty  ( F i g u r e  2). The  g e n e r a l i z e d  s t r a t i g r a p h y  of  th e



e x p o s u r e  b e g i n s  a t  la ke  leve l  (177 m) with  a b o u t  1-1.5 m of d i s c o n t i n u o u s  

d e fo rm e d ,  i n t e r b e d d e d  s a n d  a n d  sil t .  The  i n t e r b e d s  a r e  o f t e n  t i g h t l y  

fo lded  a n d  th e  to p  of  t h e  fo ld s  commonly t r u n c a t e d .  Some r o u n d e d  c l a s t s  

of  c l ay  a l so  o c c u r  w i th in  t h e  d e p o s i t .  Small a b r a d e d  wood c h i p s  o c c u r  

w i th in  t h i s  d e p o s i t s ,  one  of  w hich  (300 mg of c a r b o n )  was  d a t e d  a n d  

y ie lded  a n  a g e  of >24,700 y e a r s  B.P. (WAT-1918; L a r s o n  a n d  M onaghan  

1988). Based  on th e  a g e  wood w i th in  it ,  t h e  d e fo rm e d  s i l t  may r e p r e s e n t  

e v i d e n c e  fo r  a  m id -W iscons inan  (or  o lde r )  lake  in  t h e  Lake  Michigan  b as in .  

At t h e  n o r t h  a n d  s o u t h  e n d s  of  t h e  e x p o s u r e  t h e  s i l t  d i p s  u n d e r  th e  

p r e s e n t  b e a c h  a n d  is no t  exposed .

The d e fo rm e d  s i l t  is u n c o n f o r m a b ly  o v e r l a in  b y  2-4 m of l am ina ted ,  

t a b u l a r  b e d d e d  clay.  The t a b u l a r  b e d s  of  c l ay  a r e  2-8  cm th i c k  a n d  a r e  

o f t e n  s e p a r a t e d  b y  t h i n  b e d s  of  f ine  s a n d  a n d  sil t .  The b e d s  of c lay  

become t h i n n e r  t o w a r d s  t h e  top  of t h e  d e p o s i t  while t h e  i n t e r b e d d e d  s a n d  

a n d  s i l t  l a y e r s  become t h i c k e r .  Thin  l a y e r s  of  d i s c o n t i n u o u s  d iamic ton  

o c c u r  w ith  t h e  c l ay  l a y e r s  a n d  o f t e n  e x h ib i t  flow s t r u c t u r e s .  The  c lay  

g r a d e s  u p w a r d s  in to  a 2-5  m th i c k  d e p o s i t  of  c r o s s b e d d e d  a n d  r i p p l e d  

medium to c o a r s e  s a n d .  The  c r o s s b e d s  a r e  most  common in th e  lower  p a r t  

t h e  d e p o s i t  while r i p p l e d  s a n d  is more common in t h e  u p p e r  p a r t .  Si l t  a n d  

c lay  o f t e n  d r a p e  t h e  r i p p l e s .  This  s e q u e n c e  of  l a c u s t r i n e  s e d im e n t  can  be 

t r a c e d  n o r t h w a r d  a n d  is p r o b a b l y  e q u i v a l e n t  to t h e  l a c u s t r i n e  s a n d  which  

o c c u r  b e t w e e n  G anges  a n d  S a u g a t u c k  till a t  Glenn S h o r e s .  If  so, t h e s e  

s e d im e n t s  w e re  d e p o s i t e d  in  a n  e x t e n s i v e  p ro g la c ia l  lake  fo rm ed  p r i o r  to

15,000 y e a r s  ago  w h e n  th e  Lake Michigan Lobe r e t r e a t e d  d u r i n g  th e  Erie 

I n t e r s t a d e .
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The r i p p l e d  a n d  c r o s s b e d d e d  s a n d  is  o v e r l a in  b y  a b o u t  5-6 m of 

S a u g a t u c k  till.  The  c o n t a c t  b e tw e e n  t h e  till a n d  u n d e r l y i n g  s a n d  is 

g e n e r a l l y  s h a r p ;  h o w e v e r ,  d i s c r e t e  l a y e r s  of  c l ay  a n d  d iamic ton  o c c u r  in 

t h e  to p  s e v e r a l  cm of t h e  s a n d .  At t h e  s o u t h e r n  e n d  of  t h e  e x p o s u r e ,  th e  

s a n d  p i n c h e s  o u t  a n d  t h e  till d i r e c t l y  o v e r l i e s  t h e  la mina ted  clay.  

S a u g a t u c k  till is o v e r l a in  b y  a few m e te r s  of  s a n d  a n d  p e b b l e  to cobb le  

g r a v e l  i n t e r p r e t e d  to be Glenwood shal low w a t e r  a n d / o r  b e a c h  sed im en t .

Two a r e a s  w e re  sam p led ,  one  a long  t h e  s h o r e l i n e  a t  t h e  n o r t h  e n d  of 

t h e  e x p o s u r e  (Area N) a n d  t h e  o t h e r  a b o u t  200 m to t h e  s o u th  in a small 

g u l ly  (Area G). C la y -m in e ra l  a n a l y s e s  w ere  p e r f o r m e d  on samples  of 

S a u g a t u c k  till  a s  well a s  mid -W iscons inan  d e fo rm e d  s i l t  a n d  late 

W iscons inan  lam ina ted  c lay .  T h es e  a n a l y s e s  i n d i c a te  t h a t  no s ig n i f i c a n t  

d i f f e r e n c e  in c l a y - m in e r a l  composi t ion  ex i s t s  b e tw e e n  e i t h e r  l a c u s t r i n e  

d e p o s i t .  In  fa c t ,  t h e  c o m p a r i s o n  of  t h e  com posi t ion  of t h e s e  l a c u s t r i n e  

d e p o s i t s  w ith  t h e  m id -W iscons inan  l a c u s t r i n e  s e d im e n t s  from Glenn S h o r e s  

al so  sh o w s  no d i f f e r e n c e  (F ig u r e  3). However ,  w h e n  th e  c l a y -m in e ra l  

com posi t ion  of  t i l ls  s am p led  from A reas  N a n d  G a t  P a r k  Cliffs a r e  

co m p a re d  d i s t i n c t i v e  d i f f e r e n c e s  a r e  o b s e r v e d  (F ig u re  3). While S a u g a t u c k  

till f rom A rea  N is s imi la r  to S a u g a t u c k  till f rom the  Glenn S h o r e s  

S ec t ion ,  S a u g a t u c k  Till f rom Area  G h a s  a c l a y - m in e r a l  com posi t ion  more 

l ike  G anges  till.  Till f rom b o th  A reas  N a n d  G, h o w ev e r ,  each  h a v e  

simi lar  a m o u n t s  of  sha le  (39% a n d  37% r e s p e c t i v e l y ;  Table  3) a n d  a r e  

simi la r  to t h e  a m o u n t  of s h a l e  o b s e r v e d  fo r  S a u g a t u c k  till a t  Glenn S h o r e s  

a n d  Miomi P a r k .  T h e s e  d a t a  show t h a t  whi le  t h e  c l a y - m in e r a l  composi t ion  

of  till c a n  v a r y  s i g n i f i c a n t l y  o v e r  a  r e l a t i v e l y  s h o r t  d i s t a n c e ,  th e  

d i s t r i b u t i o n  of  p e b b l e  l i tho log ie s  a p p a r e n t l y  r e m a in s  r e l a t i v e l y  c o n s t a n t .
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A f ina l  s i t e  of  i n t e r e s t ,  t h e  S o u th  Haven  P e a t  Bed (Z u m b u rg e  a n d  

P o t z g e r  1956), i s  lo c a ted  a long  th e  Lake  Michigan  s h o r e l i n e  a b o u t  3 km 

s o u t h  of  S o u th  Haven  in Van B u r e n  C o u n ty ,  Michigan .  Here,  t h e  top  

m e te r  of  a  c o n t o r t e d  s i l t  b e d  c o n t a i n i n g  small,  a b r a d e d  wood c h i p s  d a t e d  

to  30,000 + 800 y e a r s  B.P. (Eschm an  1980) is e x p o s e d .  The r a d i o - c a r b o n  

d a t e  on  t h i s  d e p o s i t  i n d i c a t e s  t h a t  i t  may r e p r e s e n t  s e d im e n t  d e p o s i t e d  in 

a m id -W iscons inan  lake  a s  h a s  b een  s u g g e s t e d  b y  Eschm an  (1980). The  si l t  

is u n c o n f o r m a b ly  o v e r l a in  b y  a  d i s c o n t i n u o u s  l a y e r  of  p e a t  a n d  logs  d a t e d  

a t  11,200 + 600 to 10,860 + 350 y e a r s  B.P. which  is in t u r n  o v e r l a in  by  2 

to 9 m of medium to c o a r s e  s a n d  w i th  s t r i n g e r s  a n d  l e n s e s  of  f ine  to 

medium g r a v e l  i n t e r p r e t e d  to r e p r e s e n t  sha l low l a c u s t r i n e  a n d / o r  l i t to ra l  

d e p o s i t  fo rmed  d u r i n g  t h e  Calumet t r a n s g r e s s i o n .  C la y -m in e ra l  a n a l y s e s  

w e re  p e r f o r m e d  on  sam p le s  from th e  m id -W iscons inan  d e fo rm e d  si l t  and  

c lay .  The  r e s u l t s  of  t h e s e  a n a l y s e s  show  t h a t  t h i s  d e p o s i t  h a s  a  s imi lar  

c l a y - m in e r a l  com posi t ion  to  th e  l a c u s t r i n e  s e d im e n t s  (bo th  mid-  a n d  late 

Wiscons inan)  from Glenn  S h o r e s  a n d  P a r k  Cliffs  (F ig u r e  3).

A su m m a ry  of  t h e  c l a y - m i n e r a l  v a r i a t i o n  o b s e r v e d  in till ex p o s ed  

a long  th e  lake  s h o r e  in  s o u t h w e s t e r n  Michigan ,  t o g e t h e r  w i th  i n t e r v e n i n g  

l a c u s t r i n e  s i l t s  a n d  c l a y s ,  is p r e s e n t e d  in F i g u r e  4. I t  s how s  t h a t  a 

s i g n i f i c a n t  i n c r e a s e  in t h e  r e l a t i v e  am o u n t  of  10A c lay  o c c u r s  b e g i n n i n g  

with m id -W iscons inan  Glenn S h o r e s  till a n d  c o n t i n u e s  t h r o u g h  d e p o s i t i o n  of 

S a u g a t u c k  till. The c l a y - m in e r a l  com posi t ion  of  i n t e r v e n i n g  l a c u s t r i n e  

d e p o s i t s ,  h o w e v e r ,  s h o w s  no  s u c h  t r e n d .  In  f ac t ,  a t  l e a s t  in  t h i s  small 

a r e a  of  s o u t h w e s t e r n  Michigan ,  t h e  com posi t ion  of  l a c u s t r i n e  s e d im e n t  

d e p o s i t e d  in t h e  Lake  Michigan  b a s in  a p p a r e n t l y  r e m a in s  c o n s t a n t  from the  

m id -W iscons inan  t h r o u g h  t h e  la te  W iscons inan .
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■frq Saugatuck t i l l  
(70) (0.63) (0.10)

F i g u r e  4 7A/10A f r e q u e n c y
h i s t o - g r a m s  o f  t i l l  a n d
l a c u s t r i n e  s a m p l e s  f ro m  
s o u t h w e s t e r n  Michigan ( u p p e r  
p a r t  of  d ia g ra m )  a n d  S t . F r a n c i s  
s e c t i o n  ( lower  p a r t  of  d ia g ra m ) .  
Named u n i t s  sh o w n  a long  r i g h t  
s id e  of  eac h  h i s to g ra m ;  s ec t i o n  
o r  a r e a  from which  d a t a
co l lec ted  s h o w n  a long  le f t  s ide  
of  d ia g ra m .  Unit s  from
i n d i v id u a l  s e c t i o n  a r r a n g e d  in 
s t r a t i g r a p h i c  o r d e r .  Hor izonta l  
ax is  s h o w s  7A/10A ra t i o  v a lu e s ;  
v e r t i c a l  ax is  r e p r e s e n t s  th e  
n u m b e r  of  samples  with  a 
p a r t i c u l a r  r a t i o  v a l u e .  
S o u t h w e s t e r n  Michigan  d a t a  
r e p r e s e n t s  a com posi te  of d a t a  
show n  in F ig u r e  3.

f r  q
J Li

lak e  Hil»aukee* uediaeflt
(12) 10.98) (0.17)|  i mi i

j n  g l i  k i - r - X

j i i j .
Ganges t i l l  
(39) (0.83) (0.11)

•aid-ttisconsinan* lake sediaent 
(19) (1.00) (0.10)

JUL

Slenn Shares t i l l  
(21) 11.21) (0.16)

Oak Creek t i l l
(13) (0.31) (0.13)

Lake Hilaaukee sediaent 
(6 ) ( 1. 03 ) (0 . 10)

0.30
U R

New Berlin t i l l  
(12) (0.91) (0.11)

1 . 0 0
“ 7
1.30
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S o u th e a ster n  W isconsin

The  s e q u e n c e  of  m id-W oodfo rd ian  a g e  till s h e e t s  in s o u t h e a s t e r n  

Wiscons in  (New B er l in  a n d  Oak C reek ;  Tab le 1) is well ex p o s e d  a t  t h e  St.  

F r a n c i s  s e c t io n ,  loc a ted  a b o u t  8 km s o u t h  of  Milwaukee,  Wisconsin 

( F i g u r e  1). Here ,  two till u n i t s  r e p r e s e n t a t i v e  of  t h e  Oak C re e k  a n d  New 

Ber l in  fo rm a t io n s  (M ickelson e t  a l . 1984) a r e  s e p a r a t e d  b y  a th i c k  s e q u e n c e  

of  g l a c i a l - l a c u s t r i n e  d e p o s i t s  ( C h r i s t e n s e n  a n d  S c h n e i d e r  1984 a n d  

S c h n e i d e r  a n d  Need 1985). The  two t i l ls  w e re  d i f f e r e n t i a t e d  b y  S c h n e i d e r  

a n d  Need (1985) b a s e d  on  m a tr ix  g r a i n - s i z e  (Table 2). The  p r e s e n c e  of 

s t r a t i f i e d  d e p o s i t s  b e t w e e n  t h e  two t i l l s  a t  St .  F r a n c i s  a s  well a s  s e v e r a l  

o t h e r  p la ce s  in t h e  Milwaukee  a r e a  led S c h n e i d e r  a n d  Need (1985) to 

s u g g e s t  t h a t  a r e t r e a t  o f  the  Lake Michigan  Lobe o c c u r r e d  be tw een  

d e p o s i t i o n  of  New Ber l in  a n d  Oak C re e k  ti lls.  T h e y  h a v e  named a p r o 

glac ia l  lake  which  fo rm ed  d u r i n g  th i s  r e t r e a t  Lake  Milwaukee.  In p a r t

b e c a u s e  of  t h e  s im i la r i t i e s  in  ma t r ix  g r a i n - s i z e ,  S c h n e i d e r  (1983), Mickelson 

e t  a l . (1984), a n d  S c h n e i d e r  a n d  Need (1985) h a v e  s u g g e s t e d  t h a t  New

Ber lin  till c o r r e l a t e s  with  H aeger  till of  t h e  H a r v a r d  S u b lo b e  in I l l inois

a n d  t h a t  Oak C reek  till c o r r e l a t e s  with  W adsw or th  till  in I l l inois  (Table 1). 

M onaghan  (1985, in p r e s s )  h a s  f u r t h e r  s u g g e s t e d  t h a t  Oak C reek  till 

c o r r e l a t e s  w ith  S a u g a t u c k  till in s o u t h w e s t e r n  Michigan  while New Ber l in  

till p r o b a b l y  c o r r e l a t e s  w i th  G an g es  till (Table 1).

The c o r r e l a t i o n  of  S a u g a t u c k  a n d  Oak C reek  till is  r e a s o n a b l e  s ince  

b o th  h a v e  b e e n  c o r r e l a t e d  w i th  W adsw or th  till  in  I l l inois  a n d  all t h r e e  of 

t h e s e  u n i t s  r e p r e s e n t  t h e  y o u n g e s t  s u r f a c e  till a r o u n d  much of  th e  

s o u t h e r n  e n d  of  Lake  Michigan .  C o r r e la t io n  of  G anges  w i th  New Berl in  

till is more p ro b lem a t ic ,  h o w e v e r ,  s in c e  eac h  h a s  b e e n  c o r r e l a t e d  with
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d i f f e r e n t  till u n i t s  in  I l l inois  (G anges  till w ith  Yorkv il le  till a n d  New 

Berl in  till w ith  H aeger  t i l l ) .  The  c o r r e l a t i o n  of  G anges  till w ith  Yorkv il le  

till b y  M onaghan  e t  a l . (1986) is b a s e d  p r im a r i l y  on  a  s u m m a ry  b y  J o h n s o n  

(1976) who s u g g e s t e d  t h a t  H aeger  till c o r r e l a t e s  in time w i th  W adsw or th  

till a n d  Yorkvil le  till d i r e c t l y  u n d e r l i e s  b o th  H aeger  a n d  W adsw or th  t ills.  

More r e c e n t l y ,  t h e  r e l a t i o n s h i p s  b e t w e e n  Yorkvil le ,  H aeger ,  a n d  W adsw or th  

t i l ls  h a s  b e e n  r e v i s e d  to show  t h a t  H aege r  till (or  i t ’s e q u i v a l e n t  s o u th  of 

Chicago,  Lemont Drif t)  a c t u a l l y  u n d e r l i e s  W adsw or th  till t h r o u g h o u t  

n o r t h e a s t e r n  I l l inois  a n d  Yorkv il le  till is o ld e r  t h a n  b o th  Haegar  a n d  

Vvadsworth t i l ls  ( J o h n s o n  e t  a l . 1985). If  c o r r e c t ,  G anges  till p r o b a b l y  

c o r r e l a t e s  with  H aeger  till ( a n d / o r  Lemont  d r i f t ) .  I n  fac t ,  J o h n s o n  e t  a l . 

(1985) p r o p o s e d  t h a t  a r e t r e a t ,  e q u i v a l e n t  in time to t h a t  r e c o r d e d  b e tw ee n  

d e p o s i t i o n  of  New Ber l in  a n d  Oak C re e k  t i l ls ,  o c c u r r e d  in I l l inois  b e tw ee n  

d e p o s i t io n  of  H aeger  a n d  W adsw or th  t i l ls  a n d  h a v e  s u g g e s t e d  t h a t  Lake 

Milwaukee was  fo rm ed  d u r i n g  t h i s  i n t e r v a l .  A r e c e n t l y  p u b l i s h e d  

r a d i o c a r b o n  d a t e  of  15,240 + 120 y e a r s  B.P. (ISGS-465; S p r i n g e r  a n d  Flemal 

1981) p r o v i d e s  a  minimum a g e  fo r  W adsw or th  till ( J o h n s o n  e t  a l . 1985) a n d  

i n d i c a t e s  t h a t  t h e  r e t r e a t  r e c o r d e d  b e tw e e n  G anges -N ew  Berl in  a n d  

S a u g a t u c k - O a k  C re e k  t i l ls  m u s t  h a v e  o c c u r r e d  b e f o r e  a b o u t

15,000 y e a r s  B.P. If  so,  it  p r o v i d e s  f u r t h e r  e v i d e n c e  t h a t  t h e  r e t r e a t  is 

a p p ro x im a te ly  time e q u i v a l e n t  to t h e  Er ie  I n t e r s t a d e  of th e  Lake Erie  b a s in  

(Table 1) a s  s u g g e s t e d  b y  M onaghan  a n d  L a r s o n  (1986) a n d  more  r e c e n t l y  

b y  M onaghan  (1985, in p r e s s ) .

In  o r d e r  to t e s t  w h e t h e r  a  s y s t e m a t i c ,  s t r a t i g r a p h i c  v a r i a t i o n  in 

c l a y - m in e r a l  com posi t ion  s imi la r  to t h a t  o b s e r v e d  in s o u t h w e s t e r n  Michigan  

o c c u r s  in e a s t e r n  Wiscons in ,  X - r a y  d i f f r a c t i o n  a n a l y s e s  w e re  p e r f o r m e d  on
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s am p les  of  New Ber l in  a n d  Oak C reek  t i l ls  co l lec ted  a t  St .  F r a n c i s .  The 

r e s u l t s  of  t h e s e  a n a l y s e s  ( F i g u r e  4) i n d i c a t e  t h a t  New B er l in  a n d  Oak 

C re e k  t i l ls  no t  o n ly  h a v e  s i g n i f i c a n t l y  d i f f e r e n t  c l a y - m in e r a l  com pos i t ions ,  

b u t  a l so  t h a t  t h e  two t i l ls  exh ib i t  a  s imilar  s y s t e m a t i c  i n c r e a s e  in th e  

r e l a t i v e  a m o u n t  of  10A c l a y  i n c o r p o r a t e d  w i th in  t h e  y o u n g e r  till a s  was 

o b s e r v e d  in s o u t h w e s t e r n  Michigan  (F ig u r e  3 a n d  F i g u r e  4). A pp l ica t ion  of 

t h e  T - t e s t  to t h e  two t i l ls  a t  St .  F r a n c i s  w i th  th o s e  from Glenn S h o r e s  

s h o w s  t h a t  to t h e  95% c o n f id e n c e  level  Oak C reek  a n d  S a u g a t u c k  till h ave  

t h e  same g e n e r a l  c l a y - m in e r a l  composi t ion ,  a s  do a l so  New Ber l in  a n d  

G a n g e s  t i l ls .  P e b b le  c o u n t s  of  New Ber l in  a n d  Oak C re e k  t i l l s  (Table  3) 

i n d i c a t e  t h a t  t h e  Oak C reek  till c o n t a i n s  s i g n i f i c a n t l y  more sha le  t h a n  

d o e s  New Berl in.  A l though  d i f f e r i n g  in a b s o l u t e  am oun t ,  b o th  t h e  Glenn 

S h o r e s  a n d  St .  F r a n c i s  s e c t i o n s  ex h ib i t  a  t r e n d  to w a rd  i n c r e a s i n g  sha le  a n d  

10A c lay  c o n t e n t  in y o u n g e r  till u n i t s .  C la y -m in e ra l  a n a l y s e s  w e re  also 

p e r f o r m e d  on  sam ples  of Lake Milwaukee c lay  w hich  o c c u r s  b e tw e e n  New 

Ber l in  a n d  Oak C reek  ti lls.  The  r e s u l t s  of t h e s e  a n a l y s i s  ( F ig u r e  4) show 

t h a t  t h e s e  s e d im e n t s  h a v e  a s imi lar  c l a y - m in e r a l  com pos i t ion  to all the  

lake  s e d im e n t s  a n a l y z e d  from s e c t io n s  in s o u t h w e s t e r n  Michigan .

In  p a r t  b a s e d  on  t h e i r  l i thologic  s im i la r i t ies  a s  well a s  t h e  reg io n a l  

c o r r e l a t i o n s  p r o p o s e d  ab o v e ,  Oak C reek  till is c o r r e l a t e d  wdth S a u g a t u c k  

till, while New Ber l in  till is c o r r e l a t e d  a t  l e a s t  in p a r t  with  G anges  till. 

I f  t h e s e  c o r r e l a t i o n s  a r e  c o r r e c t  t h e n  t h e  r e t r e a t  r e c o g n i z e d  in 

s o u t h w e s t e r n  Michigan  b e t w e e n  d e p o s i t io n  of  G anges  a n d  S a u g a t u c k  t i lls  is 

p r o b a b l y  e q u i v a l e n t  to t h a t  r e c o r d e d  in  Wisconsin  b e t w e e n  d e p o s i t i o n  of 

New Ber l in  a n d  Oak C reek  t i l ls  (Table 1).
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f r  q
3 Ozaukee t i l l  

(10) (0.88) (0.03)

I ■A
Sleouood Phase sediaent

(11) (0.95) (0.13) 
1 I i

I X

•Oak Creek(?)* t i l l
(12) (0.67) (0.07)

f r  q

F i g u r e  5 7A/10A f r e q u e n c y
h i s t o - g r a m s  o f  t i l l  a n d
l a c u s t r i n e  s am p les  from the  
S ho rew ood  s e c t io n  ( u p p e r  p a r t  
of  d ia g ra m ) ,  Two C r e e k s  
s e c t i o n  ( m id d le  p a r t  of
d ia g ra m ) ,  a n d  NW. Michigan 
s e c t i o n s  ( lo w e r  p a r t  of
d ia g ra m ) .  Named u n i t s  sh o w n  
a lo n g  r i g h t  s id e  of each
h is to g ra m ;  s e c t i o n  o r  a r e a  from 
which  d a t a  co l lec ted  show
a lo n g  le f t  s id e  of  d iag ram .  
U n i t s  from in d iv id u a l  s e c t i o n  
a r r a n g e d  in s t r a t i g r a p h i c  o r d e r .  
Horizonta l  ax is  sh o w s  7A/10A 
r a t i o  v a lu e s ;  v e r t i c a l  axis  
r e p r e s e n t s  n u m b e r  of sam ples  
with  a  p a r t i c u l a r  r a t i o  va lue .  
D a ta  f ro m  NW M ic h ig a n
r e p r e s e n t s  a com pos i te  from 
s e c t i o n s  d i s c u s s e d  in text .
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Tao River* t i l l  
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Haven t i l l  
(10) (1.01) (0.16)
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'Tao Rivers’ t i l l  
(29) (0.97) (0.14)

l ip

Caluaet(?) Phase sediaent 
(3) (0.76) (0.04)

f r  q
File r  t i l l
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Orchard Beach t i l l  
(27) (1.03) (0.17)
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E astern  and N orth eastern  W isconsin

A s e q u e n c e  of  t h r e e  P o r t  H u ro n  a n d  one  G r e a t l a k e a n  a g e  till u n i t s  

f rom e a s t e r n  a n d  n o r t h e a s t e r n  Wisconsin  (Table 1) h a s  b e e n  d e s c r i b e d  b y  

Acomb e t  a l . (1982). Two of t h e  P o r t  H uron  t i l ls ,  O zaukee  a n d  Haven,  

o c c u r  r e l a t i v e l y  c o n t i n u o u s l y  n o r t h w a r d  a long  th e  Lake  Michigan  sh o re l in e  

f rom th e  P o r t  H uron  Moraine to well n o r t h  of t h e  Two R iv e r s  Moraine 

(F ig u r e  1). G r e a t l a k e a n  a g e  Two R iv e r s  till, h o w e v e r ,  o n ly  o c c u r s  

n o r t h w a r d  from th e  Two R iv e r s  Moraine (F ig u re  1). T h e s e  till u n i t s  can  

be d i f f e r e n t i a t e d  b a s e d  on g r a i n - s i z e  d i s t r i b u t i o n  (Table 2) a n d  the  r e l a t i v e  

am o u n t  of  e x p a n d a b l e  c l ay  m ine ra l s  (Acomb e t  a l . 1982).

To t e s t  w h e t h e r  a  s y s t e m a t i c  v a r i a t i o n  in c l a y - m in e r a l  composi t ion ,  

s u c h  a s  t h a t  o b s e r v e d  a t  S t .  F r a n c i s  a n d  Glenn S h o r e s ,  a l so  o c c u r s  w i th in  

y o u n g e r  s e q u e n c e s  of  till s h e e t s ,  two s e c t i o n s  r e p r e s e n t a t i v e  of  P o r t  Huron 

a n d  G r e a t l a k e a n  s t r a t i g r a p h y  w ere  s t u d i e d .  The  f i r s t ,  in fo rm al ly  named 

th e  S ho rew ood  s ec t ion ,  i n c l u d e s  t h e  o ld e r  s e q u e n c e  of  till u n i t s ,  while the  

se c o n d ,  t h e  Two C r e e k s  S ec t ion ,  i n c l u d e s  th e  y o u n g e r  p a r t  of  t h e  s e q u e n c e  

( F ig u r e  1).

The  S horew ood  s e c t io n ,  loc a ted  a b o u t  16 km n o r t h  of th e  St.  F r a n c i s  

s e c t i o n  a n d  n o r t h  of  t h e  P o r t  H uron  Moraine (F ig u r e  1), i n c lu d e s  a t  le as t  

two till u n i t s  s e p a r a t e d  b y  a th i c k  s e q u e n c e  of  g l a c i a l - l a c u s t r i n e  d e p o s i t s  

(Acomb e t  a l . 1982). The  u p p e r  till,  O zaukee  Till Member  of t h e  Kewaunee  

Format ion ,  is c o n s i d e r e d  e q u i v a l e n t  in  time to ti l l  c o m p r i s in g  t h e  P o r t

H uron  Moraine (Mickelson e t  al. 1983) while t h e  lower  till

( u n d i f f e r e n t i a t e d )  is c o n s i d e r e d  to be  m id-W oodford ian  ( p r e - P o r t  Huron)  in 

a g e  (Acomb e t  a l . 1982). T h u s  t h e s e  two till u n i t s  a r e  s e p a r a t e d  by
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Glenwood l a c u s t r i n e  s e d im e n t s  d e p o s i t e d  d u r i n g  t h e  Mackinaw I n t e r s t a d e  

(Table 1).

C la y -m in e ra l  a n a l y s e s  of  Glenwood s e d i m e n t s  w h ich  s e p a r a t e  t h e  p r e -  

P o r t  H uron  from O zaukee  till (F ig u r e  5) show  t h a t  t h e y  h a v e  a  s imi lar  

com pos i t ion  to Lake Milwaukee a n d  m id -W iscons inan  l a c u s t r i n e  s e d im e n t s  

from s o u t h e a s t e r n  Wisconsin a n d  s o u t h w e s t e r n  Michigan  (F ig u r e  4). 

C la y -m in e ra l  a n a l y s e s  p e r f o r m e d  on  th e  two till u n i t s ,  h o w e v e r ,  show t h a t  

eac h  h a s  a s ig n i f i c a n t l y  d i f f e r e n t  c l a y - m in e r a l  com pos i t ion  (F ig u r e  5). 

U nlike  t h e  g e n e r a l  i n c r e a s e  in t h e  r e l a t i v e  am o u n t  of  10A c l a y  o b s e r v e d  a t  

Glenn S h o r e s  a n d  St .  F r a n c i s ,  t h e  s e q u e n c e  of  t i l ls  e x p o s e d  a t  t h e  

S horew ood  s ec t io n  show a  d e c r e a s e  in  t h e  r e l a t i v e  a m o u n t  of  10A c lay  

i n c o r p o r a t e d  w i th in  th e  y o u n g e r  till. A l th o u g h  som ew ha t  lower  in 10A 

c lay  c o n t e n t ,  t h e  com posi t ion  of  t h e  lower  till is s imi la r  to Oak C re e k  till 

f rom th e  St.  F r a n c i s  S ec t ion  ( F ig u r e  4) a n d  is p r o b a b l y  e q u i v a l e n t  to Oak 

C reek  till. P eb b le  c o u n t  d a t a  compiled  f o r  O zaukee  a n d  Oak C reek  till 

f rom S horew ood  (Table 3) also s u p p o r t  t h i s  r e l a t i o n s h i p  s in c e  b o th  Oak 

C re e k  t i l ls  h a v e  a s imilar  s h a le  d i s t r i b u t i o n .  The  s h a le  d i s t r i b u t i o n  of 

O zaukee  a n d  Oak C reek  t i l l s  from S h orew ood  a l so  s h o w s  a  d e c r e a s e  in 

s h a le  c o n t e n t  w i th in  th e  y o u n g e r  till.

T he  Two C r e e k s  S ec t io n  o c c u r s  a p p ro x im a te ly  125 km n o r t h  of t h e  

S horew ood  sec t ion ,  j u s t  n o r t h  of  t h e  Two R iv e r s  Moraine ( F i g u r e  1). 

Here ,  two till u n i t s ,  s e p a r a t e d  b y  lake  s e d im e n t s  a n d  t h e  Two C r e e k s  

F o r e s t  Bed,  a r e  exposed .  The u p p e r  till  h a s  b e e n  c o r r e l a t e d  with  Two 

R iv e r s  till a n d  is t h e r e f o r e  G re a t l a k e a n  in a g e  ( E v e n s o n  1973). The  lower 

till o c c u r s  below th e  f o r e s t  bed  a n d  is c o n s i d e r e d  P o r t  H uron  in a g e  

(E v e n s o n  1973; Mickelson e t  al. 1983) a n d  c o r r e l a t e d  with  Haven  till
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(Acomb e t  al. 1982). B ased  on  t h e  a g e s  of  t h e  till  u n i t s ,  t h e  lake

s e d i m e n t s  w h ich  s e p a r a t e  t h e  two t i l ls  m u s t  be  r e l a t e d  to Lake  Chicago 

a n d  a r e  s e p a r a t e d  b y  t h e  Two C r e e k s  F o r e s t  Bed in to  two d i f f e r e n t  p h a s e s .  

Lake Chicago  s e d im e n t s  be low t h e  f o r e s t  bed  a r e  p r e - T w o  C r e e k a n  a n d  

r e l a t e d  to t h e  Glenwood p h a s e  while s e d im e n t s  o v e r l y i n g  th e  f o r e s t  bed  

a r e  p o s t - T w o  C r e e k a n  a n d  r e l a t e d  to  t h e  Ca lumet  P h a s e  (Hansel  e t  a l . 

1986).

P e b b le  c o u n t  d a t a  (Tab le 3) of  sam ples  t a k e n  f rom th e  two till u n i t s  

e x p o s e d  a t  Two C r e e k s  show  t h a t  b o th  h a v e  o n ly  t r a c e  a m o u n ts  of s h a le  

a n d  c o n t a in  mos t ly  c a r b o n a t e  c l a s t s .  C la y -m in e ra l  a n a l y s e s  ( F i g u r e  5) of  

t h e  two t i l ls  show  t h a t  t h e  Two R iv e r s  a n d  Haven  t i lls  b o th  ex h ib i t  t h e  

same g e n e r a l  c l a y - m in e r a l  com posi t ion  a n d  t h a t  b o th  a r e  simi lar  in c l a y -  

minera l  com pos i t ion  to t h e  P o r t  H uron  a g e  O zaukee  till f rom th e  

S h o rew o o d  s e c t io n  ( F i g u r e  5). C la y -m in e ra l  a n a l y s e s  of Lake  Chicago 

s e d im e n t s ,  h o w e v e r ,  show t h a t  eac h  p h a s e  of  t h e  lake  h a s  a d i s t i n c t l y  

d i f f e r e n t  com posi t ion  ( F i g u r e  5). Glenwood P h a s e  s e d im e n t  is 

com pos i t iona l ly  simi la r  to Glenwood s e d im e n t  sampled  a t  S horew ood  a n d  to 

m id-  a n d  la te  W iscons inan  l a c u s t r i n e  d e p o s i t s  from the  s o u t h e r n  e n d  of  t h e  

b a s in .  Calumet  P h a s e  s e d im e n t ,  h o w e v e r ,  h a s  s ig n i f i c a n t l y  more  10A c lay  

t h a n  Glenwood P h a s e  s e d im e n t  ( F i g u r e  5). While it is d is s im i la r  to all 

o t h e r  l a c u s t r i n e  d e p o s i t s ,  i t  is com pos i t iona l ly  s imilar  to S a u g a t u c k - O a k  

C reek  till f rom t h e  s o u t h e r n  e n d  of  t h e  b a s in  (F ig u r e  4 a n d  F i g u r e  5).

N orth w estern  M ichigan

In  1954 M elhorn  c o r r e l a t e d  t h e  s u r f a c e  till  in L ee lanau  a n d  Benzie 

c o u n t i e s  in  n o r t h w e s t e r n  M ich igan  with  t h e  "V a lde rs "  till (as  d e f in e d  b y
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T h w a i t e s  1943) in Wiscons in .  More r e c e n t l y ,  M e lh o rn ’s " V a ld e r s ” till  h a s  

b e e n  c o r r e l a t e d  w i th  Two R iv e r s  till in  Wisconsin a n d  was t h e r e f o r e  

d e p o s i t e d  fo l lowing  t h e  Two C r e e k s  i n t e r v a l  (E v e n s o n  1973). A n a ly s e s  of  

t h e  u p p e r m o s t  till u n i t s  f rom s e v e r a l  s e c t i o n s  in n o r t h w e s t e r n  Michigan 

( F i g u r e  1) show  t h a t  t h e s e  t i l ls  h a v e  a  c l a y - m in e r a l  com posi t ion  s imilar  to 

Two R iv e r s ,  O zaukee ,  a n d  Haven  t i l ls  f rom  Wisconsin (F ig u re  5). At one  

s e c t i o n  ( j u s t  s o u t h  of P e t e r s o n  P a r k  in Lee lanau  C oun ty ,  F i g u r e  1), 

m ul t ip le  till u n i t s ,  s e p a r a t e d  b y  s t r a t i f i e d  d e p o s i t s ,  a r e  exposed .  

C la y -m in e ra l  a n a l y s e s  of  t h e  lower  a n d  middle  till of  t h i s  s ec t ion  show a 

s imilar  s y s t e m a t i c  i n c r e a s e  in  t h e  r e l a t i v e  am o u n t  of  10A c lay  i n c o r p o r a t e d  

in t h e  y o u n g e r  till u n i t  a s  was  o b s e r v e d  a t  Glenn S h o r e s  a n d  St.  F r a n c i s ,  

while th e  u p p e r  till show a  d e c r e a s e  in 10A c lay  c o n t e n t  s imilar  to th a t  

o b s e r v e d  a t  t h e  S h o rew ood  se c t io n  in Wiscons in  (F ig u re  5). P ebb le  c o u n t  

d a t a  (Table 3), h o w e v e r ,  sh o w s  t h a t  u n l i k e  the  h ig h  a m o u n ts  of  sha le  

o b s e r v e d  in 10A r i c h  ti l ls  in s o u t h e r n  Lake  Michigan ,  all t i l ls  a t  P e t e r s o n  

P a r k  h a v e  o n ly  t r a c e  a m o u n t s  of  sha le .

At one  of  t h e  s e c t i o n s  a n a l y z e d  in n o r t h w e s t e r n  Michigan,  Pt .  Betsie  

( F i g u r e  1), a  th i c k  u n i t  o f  l a c u s t r i n e  c lay ,  s i lt ,  a n d  s a n d  o c c u r s  below 

"Two R i v e r s ” till.  C la y -m in e ra l  a n a l y s e s  p e r f o r m e d  on samples  of th is  

l a c u s t r i n e  d e p o s i t s  i n d i c a t e s  t h a t  t h e  c l a y - m i n e r a l  com posi t ion  is s imilar  to 

t h e  Calumet  s e d im e n t s  a n a l y z e d  a t  Two C re e k s .  S ince  no d i s t i n c t i v e

s t r a t i g r a p h i c  b r e a k  was  o b s e r v e d  w i th in  t h i s  sec t ion ,  t h e s e  s e d im e n t s  a r e

p r o b a b l y  r e l a t e d  to t h e  Calumet  Phase .

R ecen t ly ,  T a y lo r  (1979, 1981) h a s  p r o p o s e d  a more fo rmal ized

s t r a t i g r a p h i c  f r a m e v 'o rk  f o r  P o r t  H uron  a n d  G re a t l a k e a n  ti l ls  o c c u r r i n g  in 

n o r t h w e s t e r n  Michigan .  He d e s c r i b e d  two ti l ls ,  M ontague  a n d  O r c h a r d
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Beach,  r e l a t e d  to  t h e  P o r t  H uron  a d v a n c e  a n d  one  till,  F i le r ,  r e l a t e d  to 

t h e  G r e a t l a k e a n  a d v a n c e .  O r c h a r d  Beach till,  r e l a t e d  b y  Tay lo r  to t h e  

i n n e r  P o r t  H uron  Moraine a n d  p r o b a b l y  c o r r e l a t i v e  w i th  e i t h e r  O zaukee  or  

Haven  till f rom Wisconsin ,  is  ex p o s e d  a t  s e v e r a l  p la ce s  a lo n g  t h e  s h o r e l i n e  

from L u d i n g t o n  n o r t h w a r d  to  F r a n k f o r t .  F i le r  till,  c o r r e l a t e d  b y  Tay lo r  

w ith  Two R iv e r s  till, is a l so  ex p o s e d  a lo n g  th e  s h o r e l i n e  b u t  g e n e r a l l y  

r e s t r i c t e d  to e x p o s u r e s  n o r t h  of  Mansitee.

The  s o u t h e r n m o s t  e x p o s u r e  d e s c r i b e d  b y  Tay lo r  (1981) w h e r e  bo th  

P o r t  H uron  a n d  G r e a t l a k e a n  a g e  till u n i t s  a r e  ex p o s e d  o c c u r s  a t  th e  

O r c h a r d  Beach  se c t io n  ( F i g u r e  1), loca ted  a b o u t  3 km n o r t h  of  M ans itee  

Michigan .  Here,  O r c h a r d  Beach  a n d  F i le r  ti l ls  a r e  ex p o s ed  in a 20-25 m 

h ig h  b lu f f  a lo n g  th e  Lake  Michigan s h o r e l i n e  a t  t h e  O r c h a r d  Beach S ta t e  

P a r k .  The  s t r a t i g r a p h y  b e g i n s  lake  level  (177 m) with  a b o u t  6 m of d e n s e ,  

b ro w n  s a n d y  till. A d i s c o n t i n u o u s  l a y e r  of  g r a v e l  u p  to s e v e r a l  cm th i c k  

in p l a c e s  s e p a r a t e s  th e  till in to  two u n i t s .  The till is o v e r l a i n  b y  3-4 m 

of c r o s s - b e d d e d  s a n d  a n d  p e b b l e  g r a v e l .  Occas iona l  d i s c o n t i n u o u s  l a y e r s  of 

s i l t  a n d  c lay  a l so  o c c u r  w i th in  t h i s  u n i t .  The s a n d  a n d  p e b b l e  g r a v e l  is 

o v e r l a in  b y  2-3  m of r e d  s a n d y  till. The  till  is o v e r l a in  b y  10-12 m of 

b e d d e d  s a n d  a n d  s i l t  w ith  o cca s iona l  l e n s e s  of  c r o s s b e d d e d  g r a v e l  a n d  

d iamic ton  c o n c e n t r a t e d  w i th in  t h e  middle of  t h e  u n i t .  The  e x p o s u r e  is 

c a p p e d  by  2-3 m of r e d  s a n d y  till. The u p p e r m o s t  till was  r e l a t e d  by 

Tay lo r  (1979, 1981) to F i le r  till a n d  c o r r e l a t i v e  with  Two R iv e r s  till in 

Wisconsin.  T a y lo r  a l so  p r o p o s e d  t h a t  t h e  2 (or 3) till u n i t s  u n d e r l y i n g  

F i le r  til l  e a c h  r e p r e s e n t  some p h a s e  O r c h a r d  Beach till d e p o s i t i o n  a n d  

s u g g e s t e d  t h a t  t h e y  w e re  d e p o s i t e d  a s  t h e  ice f r o n t  of  t h e  Lake  Michigan  

Lobe o sc i l l a t ed  d u r i n g  th e  P o r t  H uron  S tade .
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The  till u n i t s  ex p o s e d  a t  O r c h a r d  Beach  c a n  be  t r a c e d  s o u t h w a r d  fo r  

a b o u t  2 km a n d  w e re  sam pled  a n d  a n a l y z e d  f rom a few p la ces  a lo n g  th i s  

e x p o s u r e .  The  r e s u l t s  of  t h e s e  a n a l y s e s  ( F i g u r e  5) in d i c a t e  t h a t  no 

s ig n i f i c a n t  d i f f e r e n c e  e x i s t s  in  t h e  c l a y - m in e r a l  com pos i t ion  of  e i t h e r  

O r c h a r d  Beach  o r  F i le r  t i l ls .  Compar ison  of  t h e s e  r e s u l t s  w ith  t h o s e  from 

Two R iv e r s  e q u i v a l e n t  till s am p led  f u r t h e r  n o r t h  a n d  with  O zaukee ,  Haven,  

a n d  Two R iv e r s  t i l ls  from Wisconsin in d i c a t e  t h a t  all h a v e  th e  same bas ic  

c l a y - m in e r a l  com posi t ion  ( F i g u r e  5). P e b b le  c o u n t s  p e r f o r m e d  on samples  

of  till f rom O r c h a r d  Beach  al so  show t h a t ,  l ike o t h e r  P o r t  H uron  a n d  

G r e a t l a k e a n  t i l l s  f rom t h e  Lake  Michigan b a s in ,  O r c h a r d  Beach  a n d  F i le r  

t i l ls  a r e  low in s h a l e - c l a s t  c o n t e n t  (Table 3).

S u m m a ry  of  C lay -M inera l  V ar ia t ion  in t h e  Lake  Michigan  Basin

A com pos i te  s u m m a ry  of  t h e  s y s t e m a t i c  v a r i a t i o n  of c l a y - m in e r a l  

com pos i t ions  in s u c c e s s i v e  till s h e e t s  of t h e  Lake Michigan  bas in ,  t o g e t h e r  

w i th  th e  c l a y - m in e r a l  com posi t ion  of  i n t e r v e n i n g  l a c u s t r i n e  u n i t s ,  is sh o w n  

in F i g u r e  6. I t  was  c o n s t r u c t e d  b y  g r o u p i n g  t o g e t h e r  t i l ls  a n d  l a c u s t r i n e  

d e p o s i t s  of  s imilar  a g e  a n d  sh o w s  t h a t  two d i f f e r e n t  s y s t e m  m u s t  h ave  

o p e r a t e d  d u r i n g  th e  W iscons inan ,  one  c o n t ro l l i n g  th e  c l a y - m in e r a l  

com posi t ion  of  till a n d  a n o t h e r  c o n t ro l l i n g  th e  com posi t ion  of l a c u s t r i n e  

sed im en t .

In  de ta i l ,  F i g u r e  6 s how s  a g e n e r a l  i n c r e a s e  in t h e  r e l a t i v e  am o u n t  of 

10A c lay  i n c o r p o r a t e d  in  till b e g i n n i n g  with  e a r l y  o r  middle Wiscons inan  

(Altonian) G lenn S h o r e s  till a n d  c o n t i n u i n g  t h r o u g h  la te  W iscons inan  (mid-  

Woodfordian)  G anges -N ew  Ber l in  a n d  S a u g a t u c k - O a k  C reek  ti l ls .  A 

s ig n i f i c a n t  d e c r e a s e  in  t h e  r e l a t i v e  am o u n t  of  10A c lay ,  h o w e v e r ,  o c c u r s
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fo r  p o s t -M a c k in a w  I n t e r s t a d e  O z a u k e e - H a v e n - O r c h a r d  Beach  (P o r t  Huron)  

a n d  Two R ive r  s - F i l e r  (G rea t l ak ean )  ti l ls .  B e c a u se  a r e t r e a t  of  t h e  Lake 

Michigan  Lobe h a s  b e e n  p r o p o s e d  b e tw e e n  e a c h  of  t h e s e  g r o u p i n g s  of  till, 

m a rk e d  c h a n g e s  in c l a y - m i n e r a l  com posi t ion  of  till s h e e t s  a p p a r e n t l y  

o f t e n  co in c id e  w i th  s i g n i f i c a n t  f l u c t u a t i o n s  of  t h e  Lake  Michigan  Lobe (i.e. 

t h e  m id -W iscons inan  P o r t  T a lbo t  I n t e r s t a d e  a n d  la te  W iscons inan  "Er ie"  a n d  

Mackinaw I n t e r s t a d e s ;  Tab le  1).

Unlike t h e  v a r i a t i o n  o b s e r v e d  in s u c c e s s i v e  till s h e e t s ,  t h e  c l a y -  

m ine ra l  com pos i t ion  of  l a c u s t r i n e  s e d im e n t  a s s o c i a t e d  w i th  i n t e r s t a d i a l  

i n t e r v a l s  o c c u r r i n g  b e t w e e n  th e  till s h e e t s  a p p e a r s  to rem a in  r e l a t i v e ly  

c o n s t a n t .  B e g i n n in g  w i th  u n n a m e d  m id -W iscons inan  lake  s e d im e n t s  a n d  

c o n t i n u i n g  t h r o u g h  la te  W iscons inan  a g e  Lake Milwaukee (Erie I n t e r s t a d e )  

s e d i m e n t s  a n d  t h e  Glenwood P h a s e  of  Lake  Chicago  (Mackinaw I n t e r s t a d e )  

s e d im e n t s  no s i g n i f i c a n t  c h a n g e  in c lay  m in e ra lo g y  was  fo u n d .  The 

com pos i t ion  of each  of  t h e s e  u n i t s  is s imilar  to la te  W iscons inan  G a n g e s -  

New Ber l in  a n d  to P o r t  H uron  a n d  G r e a t l a k e a n  a g e  ti lls.  A s ig n i f i c a n t  

i n c r e a s e  in t h e  r e l a t i v e  a m o u n t  of 10A c lay ,  h o w e v e r ,  o c c u r s  fo r  Calumet 

P h a s e  of  Lake  Chicago  (Two C r e e k s  I n t e r s t a d e )  s e d im e n t s .  The  

com pos i t ion  of  t h e s e  s e d i m e n t s  a p p e a r s  s imilar  to S a u g a t u c k - O a k  C reek  

till.
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F i g u r e  6 Compos ite  7A/10A 
f r e q u e n c y  h i s t o g r a m s  fo r  till 
s h e e t s  a n d  i n t e r v e n i n g  
l a c u s t r i n e  u n i t s  in t h e  Lake  
Michigan  b a s in .  H or izon ta l  
ax is  s h o w s  7A/10A r a t i o  v a lu e s ;  
v e r t i c a l  ax is  r e p r e s e n t s  n u m b e r  
of  s a m p le s  with  a p a r t i c u l a r  
r a t i o  v a lu e .  U n i t s  a r r a n g e d  in 
s t r a t i - g r a p h i c  o r d e r .

f r q

I

1

0. 34)

Tao R ivers - f i le r  t i l l  
(31) (0.94) (0.14)

Caluaet Phase sediaent
(8) (0.72) (0.04)

61enaood Phase sediaent
(9) (0.99) (0.11)

J U t L j
Oaaukee-Haven-Qrchard Beach t i l l  

(47) (0.99) (0.14)

i k Jill
u u j l f  .-JL.1

Slenaood Phase sediaent 
(ID  (0.95) (0.13)

Saugatuck-Oak Creek t i l l  
(80) (0.39) (0.09)

Lake hilaaukee sediaent
(18) (1.00) (0.13)

A-lfl I

Sanges-Nea Berlin t i l l  
(51) (0.86) (0.11)

•aid-dliconsinanl?) '  lake sediaent
(19) (1.00) (0.10)

i l l UL

Slenn Shores t i l l  
(21) (1.21) (0.16)

4 J U i 4
1.00

o  A

1.30
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THE ORIGIN OF CLAY MINERALS FROM TILLS 

IN THE LAKE MICHIGAN BASIN 

T h r e e  b a s ic  models  can  be  f o rm u la te d  to e xp la in  t h e  s y s t e m a t i c  

v a r i a t i o n  in  c l a y - m in e r a l  com posi t ion  of  t i l ls  d e p o s i t e d  in  t h e  Lake 

Michigan  b a s in .  T h e s e  model  a re :  1) a  p e d o g e n i c  model  in  w h ich  c l a y -

m inera l  v a r i a t i o n  in  till  is d u e  so le ly  to fo rm a t io n  o r  a l t e r a t i o n  of c l ay s

a f t e r  d e p o s i t io n ,  2) a  l a c u s t r i n e - m i x i n g  model  w h ich  a t t r i b u t e s  the  

v a r i a t i o n  to i n c o r p o r a t i o n  b y  t h e  ice of p r e v i o u s l y  f r a c t i o n a t e d  lake 

s e d im e n t s  w ith  d i f f e r e n t  c l a y - m in e r a l  com posi t ion ,  a n d  3) a  b e d r o c k - m ix in g  

model w hich  a s c r i b e s  t h e  v a r i a t i o n  to e r o s io n  b y  t h e  ice of  d i f f e r i n g  

a m o u n t  of  s h a le  d u r i n g  each  r e a d v a n c e .  Each of  t h e s e  models  a r e

d i s c u s s e d  below.

P ed ogen ic  Model

The p e d o g e n i c  model  a t t r i b u t e s  t h e  v a r i a t i o n  in  c l a y - m in e r a l  

com posi t ion  of  till to fo rm at ion  o r  s e l e c t i v e  a l t e r a t i o n  of  c l a y  m inera ls  

a f t e r  d e p o s i t io n .  The model ,  t h e r e f o r e ,  a s c r i b e s  t h e  u l t im a te  c l a y - m in e r a l  

com posi t ion  of  s e d im e n t s  to p o s t - d e p o s i t i o n a l  t r a n s f o r m a t i o n  p r o c e s s e s  

r e l a t e d  to w e a t h e r i n g  r a t h e r  t h a n  to a bas ic  e ro s io n a l  o r  d e p o s i t io n a l  

m echan ism a s s o c i a t e d  with  ice d y n a m ic s .  Two bas ic  t r a n s f o r m a t i o n  

p r o c e s s e s  could  a c c o u n t  fo r  t h e  o b s e r v e d  v a r i a t i o n  in c l a y - m in e r a l

com posi t ion  of till; one  r e l a t e d  to time a n d  th e  o t h e r  r e l a t e d  to d e p t h .  

Both p r o c e s s e s  r e ly  on t h e  f a c t  t h a t ,  a t  l e a s t  in  th e  G rea t  L ak e s  r e g io n ,  

c h l o r i t e  is g e n e r a l l y  one  of  t h e  l e a s t  s t a b l e  c l ay  m in e ra l s  (Dros te  1956a, 

1956b) while kao l in i te  one  of  t h e  most  s t a b l e .  The s t a b i l i t y  of i ll ite is 

i n t e r m e d i a t e  betw'een c h l o r i t e  a n d  kao l in i t e .
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C hlor i te  c a n  w e a t h e r  to  e x p a n d a b l e  c l ay  m ine ra l s  s u c h  a s  v e rm icu l i t e  

a n d  s m e c t i t e s  t h r o u g h  h y d r o l y s i s  of  t h e  b r u c i t e  i n t e r l a y e r .  This  

t r a n s f o r m a t i o n  o f t e n  p r o c e e d s  b y  d e v e l o p in g  a  mixed l a y e r  c h l o r i t e -  

v e rm i c u l i t e  (or sm ec t i t e )  s t r u c t u r e s  a n d  is  most  r a p i d  u n d e r  ac idic 

co n d i t i o n s .  I l l i te  c a n  a l so  a l t e r  to a  m i x e d - l a y e r e d  s t r u c t u r e  a n d  

u l t im a te ly  to v e rm ic u l i t e  a n d  s m ec t i t e  b y  s imilar  h y d r a t i o n  of the  

i n t e r l a y e r  s i t e s .  U n d e r  i n t e n s i v e  l e a c h in g  c o n d i t io n s ,  mono- a n d  d i - v a l e n t  

c a t i o n s  a r e  l e ach ed  f rom th e  p a r e n t  m a te r ia l  w h ich  p ro m o te s  ac id  

c o n d i t i o n s  a n d  d e s i l i f i c a t io n  a n d  al lows th e  fo rm a t ion  of  kaol in i t e .  If, on 

t h e  o t h e r  h a n d ,  l e a c h in g  r a t e s  a r e  low, neofo rm ed  v e rm ic u l i t e  a n d  s m ec t i t e  

may be s t a b l e  e n d  p r o d u c t s .  If  r e l a t i v e ly  l a r g e  a m o u n ts  of K-ions a r e  

p r e s e n t ,  h o w e v e r ,  t h e y  may be  s c a v e n g e d  a n d  allo\v illite to form. This 

p r o c e s s  of K -f ixa t ion  is p a r t i c u l a r l y  p rom oted  if t h e  p a r e n t  ma te r ia l  

u n d e r g o e s  a l t e r n a t i n g  w e t - d r y  cyc le s .

The  t r a n s f o r m a t i o n  p r o c e s s e s  d i s c u s s e d  a b o v e  a r e  well d o c u m e n te d  

a n d  h a v e  b e e n  u s e d  by  n u m e r o u s  r e s e a r c h e r s  t h r o u g h o u t  the  G rea t  Lakes  

r e g io n  to exp la in  c l a y - m i n e r a l  d i f f e r e n c e s  in ti lls (eg. D ros te  1956a, 1956b; 

Willman e t  a l . 1963; Q uige ly  1968). If t h e s e  p r o c e s s e s  a r e  s ig n i f i c a n t ,  the  

v a r i a t i o n  in c l a y - m in e r a l  com pos i t ion  of  t i l ls ,  a t  l e a s t  from th e  s o u t h e r n  

p a r t  of  th e  Lake Michigan  b a s in ,  could  r e l a t e  to g r e a t e r  a l t e r a t i o n  of o ld e r  

till u n i t s  r e l a t i v e  to  y o u n g e r  u n i t s .  F o r  example ,  if t h e  all t h e  t i l ls  were  

o r ig i n a l l y  i l l i t e - r i c h ,  t h e n  th e  a l t e r a t i o n  of illi te to kao l in i te  (or, 

a l t e r n a t i v e l y ,  a n  a l t e r a t i o n  s e q u e n c e  of  c h l o r i t e  to e x p a n d a b le  c lay  to 

kao l in i t e )  cou ld  p r o d u c e  a n  a p p a r e n t  p r o g r e s s i v e  i n c r e a s e  in the  r e l a t i v e  

a m o u n t  of  7A c lay  w i th in  o l d e r  ti lls.  S u ch  a p a t t e r n  is s imi lar  to t h a t  

o b s e r v e d  a t  t h e  Glenn  S h o r e s  a n d  St. F r a n c i s  s e c t i o n s .  A l t e rn a t iv e ly ,  if
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t h e s e  t i l ls  w e re  all o r ig i n a l l y  low in i lli te (wi th a  com posi t ion ,  fo r  

example,  s imilar  to t h e  Glenn S h o r e s  till) t h e n  a n  a p p a r e n t  i n c r e a s e  in 

i l li te w i th in  y o u n g e r  (and  more sha l lowly  b u r i e d )  t i l ls  may h a v e  r e s u l t e d  

f rom a n  a c c e l e r a t e d  t r a n s f o r m a t i o n  of  c h l o r i t e  in to  e x p a n d a b le  m inera ls  

a n d / o r  neofo rm a t ion  of  i l li te b y  K -f ixa t ion  p r o c e s s e s  w i th in  n e a r  s u r f a c e  

d e p o s i t s .

A l though  some w e a t h e r i n g  of  t h e  o r ig in a l  p a r e n t  m a te r ia l  m igh t  h ave  

o c c u r r e d ,  t h e  p e d o g e n i c  model  is p r o b a b l y  n o t  p la u s ib le  s in c e  it c an  not  

a d e q u a t e l y  a c c o u n t  fo r  t h e  v a r i a t i o n  in c l a y - m in e r a l  com posi t ion  of  ti lls 

w i th in  t h e  Lake  Michigan  b a s in .  For example ,  if t h e  i n c r e a s e  in 7A c lay  

c o n t e n t  w i th in  o ld e r  t i l ls  r e s u l t e d  f rom neo fo rm a t ion  of kao l in i te ,  t h e n  the  

y o u n g e s t  till u n i t s  s h o u ld  h a v e  th e  lowes t  a m o u n t  of  7A c lay .  This  is 

c l e a r ly  not  t h e  c a s e  s ince  t h e  y o u n g e s t  till  u n i t s  (O z a u k e e -H a v e n  a n d  Two 

R ive r s )  h a v e  n e a r l y  t h e  same p r o p o r t i o n  of  7A a n d  10A c l a y s  a s  th e  o ld e s t  

(Glenn S h o r e s  till; F i g u r e  6).

The f a c t  t h a t  th e  y o u n g e s t  a n d  o l d e s t  t i l ls  h a v e  s imilar  p r o p o r t i o n s

of 7A a n d  10A c lay s  a l so  s h o w s  t h a t  t h e  s e c o n d  mechan ism fo r  p e d o g e n ic  

fo rm at ion  of  c lay  m ine ra ls ,  neo fo rm a t ion  of ill i te r e l a t e d  to n e a r  s u r f a c e  

w e a t h e r i n g ,  is q u e s t i o n a b le .  A l though  wi th in  th e  s o u t h e r n  e n d  of  the

ba s in  most  h ig h - i l l i t e  t i l ls  o c c u r  n e a r  t h e  g r o u n d  s u r f a c e ,  w i th in  th e

n o r t h e r n  e n d  of  th e  b a s in  n e a r  s u r f a c e  ti l ls  a r e  r e l a t i v e l y  r i c h  in 7A clay  

while more  illit ic s e d im e n t s  a r e  f o u n d  a t  g r e a t e r  d e p t h  (e.g.  S horew ood ,  

Two C re e k s ,  a n d  P e t e r s o n  P a r k  s e c t i o n ) .  A p e d o g e n ic  o r ig i n  fo r  clay  

m ine ra l s  w i th in  t i l ls  in  s o u t h w e s t e r n  Michigan h a s  al so  b e e n  q u e s t i o n e d  b y  

M onaghan  (1984) a n d  M onaghan  e t  al. (1986). T h e y  show ed  t h a t  no
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r e g u l a r  t r e n d  in c l a y - m in e r a l  com posi t ion  o c c u r r e d  a lo n g  c lo se ly  s p a c e d  

v e r t i c a l  sam p l in g  t r a n s e c t s  w i th in  in d i v id u a l  til l  u n i t s .

L acu strin e-M ixin g  Model

The l a c u s t r i n e - m i x i n g  model  r e q u i r e s  t h a t  e x t e n s i v e  la ke  s y s t e m s  form 

in t h e  Lake  Michigan  b a s i n  d u r i n g  ma jor  ice r e t r e a t s  a n d  t h a t  t h e  c l a y -  

m inera l  com posi t ion  of s e d im e n t s  d e p o s i t e d  w i th in  t h e s e  l a k es  

s y s t e m a t i c a l l y  c h a n g e  t h r o u g h  time.  I t ,  t h e r e f o r e ,  a s c r i b e s  t h e  u l t imate  

r e a s o n  fo r  c h a n g e  in th e  com pos i t ion  of  till to s ed im en to log ica l  p r o c e s s e s  

a c t i n g  in t h e  lake  b a s in  d u r i n g  i n t e r s t a d i a l s .  D i f fe ren t ia l  s e t t l i n g  of  c lay  

m in e ra l s  in a n  a q u e o u s  s y s t e m  (Gibbs 1977; P rah am  1966) may h a v e  a c t e d  

a s  t h e  f r a c t i o n a t io n  p r o c e s s  fo r  t h e s e  sed im en ts .

D u r in g  r e a d v a n c e s  of  th e  Lake  Michigan  Lobe,  t h e s e  l a c u s t r i n e  

s e d im e n t s  w ere  i n c o r p o r a t e d  in t h e  ice b y  r e g e l a t i o n  p r o c e s s e s  a n d / o r  

l a r g e r  sca le  p r o c e s s e s  s u c h  a s  a c c r e t a t i o n  (Weertman 1961) a n d  block 

i n c o r p o r a t i o n  (Moran 1971, Moran e t  a l . 1980). If  f r o z e n ,  t h e y  may also 

h a v e  b e e n  p lu c k e d  a s  " c l a s t s "  from the  lake  bed .  The  e r o d e d  s e d im e n t s  

w e re  t h e n  t r a n s p o r t e d  b y  th e  ice, homogenized ,  a n d  d e p o s i t e d  a s  till with  

a c l a y - m in e r a l  composi t ion  similar  to t h a t  of  th e  s o u r c e  l a c u s t r i n e  beds .  

Th is  m echan ism seem p la u s ib le  p a r t i c u l a r l y  s ince  c h a n g e s  in  c l a y  c o n t e n t  

of  some ti l ls  in  t h e  G rea t  Lakes  reg io n ,  a s  well as  c h a n g e s  in t h e  c lay  

m in e ra lo g y  of  till, h a v e  b e e n  a t t r i b u t e d  to e ro s io n  a n d  i n c o r p o r a t i o n  of 

u n d e r l y i n g  d r i f t  d e p o s i t s  ( S c h n e i d e r  1983; Acomb e t  a l . 1982; Willman e t  a l . 

1963). In  o r d e r  to f u n c t i o n ,  h o w e v e r ,  t h e  model r e q u i r e s  t h a t ,  a t  l e a s t  in 

th e  s o u t h e r n  e n d  of  t h e  b a s in ,  t h e  am o u n t  of 10A c lay  m u s t  i n c r e a s e  in
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s u c c e s s i v e l y  y o u n g e r  l a c u s t r i n e  u n i t s .  I t  a l so  im pl ies  t h a t  t h i s  10A c lay  is 

p r o b a b l y  d e r i v e d  f rom o u t s i d e  of  t h e  Lake  M ich igan  b a s in .

D u r in g  m a jo r  i n t e r s t a d i a l  p e r i o d s  in t h e  G re a t  L a k e s  r e g io n ,  e x t e n s i v e  

l a c u s t r i n e  s y s t e m s  w e re  fo rm ed  w i th in  t h e  Lake  Michigan  b a s in .  Such  

s y s t e m s  al so  d e v e lo p e d  w i th in  t h e  L a k e s  H u ro n  a n d  Er ie  b a s i n s  a n d  

p e r io d ic a l ly  d r a i n e d  w e s t w a r d  in to  Lake  Michigan .  The t h i c k n e s s  of  

s e d im e n t  d e p o s i t e d  w i th in  t h e s e  l a k e s  was  p r o b a b l y  c o n t ro l l e d  by  s e v e r a l  

f a c t o r s  i n c lu d in g :  t h e  am o u n t  of  v e g e t a t i o n  c o v e r i n g  s u r r o u n d i n g  la nd  

a r e a s ,  the  e x t e n t  a n d  h e i g h t  of  b lu f f s  a lo n g  t h e  s h o r e l i n e ,  a n d  th e  

d u r a t i o n  a n d  m a g n i tu d e  of  t h e  r e t r e a t .  T h e s e  l a t e r  f a c t o r s  ( d u r a t i o n  a n d  

m a g n i tu d e  of  the  r e t r e a t )  p r o b a b l y  had  t h e  g r e a t e s t  c o n t ro l  o v e r  t h e  

t h i c k n e s s  of  lake  s e d im e n t s  s in c e  l o n g e r  time i n t e r v a l s  allow more 

se d im e n t  to accum ula te .

The  m a g n i tu d e  a n d  e x t e n t  of r e t r e a t  would  no t  on ly  h a v e  a f f e c t e d  

t h e  t h i c k n e s s  of s ed im en t  which  a c c u m u la te d  in t h e  Lake Michigan  b as in  

b u t  cou ld  a l so  h ave  a f f e c t e d  t h e  m i n e ra lo g y  of s e d im e n t  d e p o s i t e d .  When 

e a s t e r n  o u t l e t s  fo r  th e  G re a t  L ake s  ( s u c h  a s  t h e  St .  L a w re n c e  Valley) w ere  

b locked  as  was o f t e n  t h e  c a s e  d u r i n g  th e  middle a n d  la te  Wisconsinan  

(Dreimanis  1958; Dre imanis a n d  G old thw ai t  1973; Dre imanis  a n d  Karrow 

1972; Win te rs  e t  a l . 1986, 1988; G e p h a r t  e t  a l . 1982), d r a i n a g e  was  fo rced  

w e s tw a r d  t h r o u g h  b a s i n s  of  t h e  G re a t  Lakes .  D u r in g  s u c h  t imes the  Lake 

Michigan  b a s in  was  o f t e n  t h e  l a s t  b a s i n  in  t h e  d r a i n a g e  s y s tem .  If 

d i f f e r e n t i a l  s e t t l i n g  of  c lay  m in e ra l s  in  a n  a q u e o u s  s y s t e m  is a  s i g n i f i c a n t  

f r a c t i o n a t i o n  p r o c e s s  t h e n  d u r i n g  t imes  of w e s t w a r d  d r a i n a g e  t h e  e a s t e r n  

b a s i n s  may h a v e  a c t e d  a s  a  s in k  f o r  e i t h e r  kao l in i te  o r  c h l o r i t e  ( the  

p r in c i p a l  7A c l a y -m in e ra l s )  a n d  s u p p l i e d  i l l i t e - r i c h  (10A clay) to th e  Lake



36

Michigan bas in .  Th is  f r a c t i o n a t i o n  p r o c e s s  is b a s e d  in  p a r t  on  t h e  f a c t  

t h a t  i l l i te h a s  a  smal le r  g r a i n  s ize  r e l a t i v e  to  e i t h e r  kao l in i te  o r  c h l o r i t e  

(Grim 1968; Gibbs  1977) a n d  would  t h e r e f o r e  r em a in  in  s u s p e n s i o n  lo n g e r .  

A l t e rn a t iv e ly ,  t h e  e a s t e r n  b a s i n s  may h a v e  s imply  c o n t a in e d  mos tly  i l l i te -  

r i c h  s e d im e n t  which  was  t h e n  w a s h e d  in to  t h e  Lake Michigan bas in .  

W e a th e r in g  of  c h l o r i t e  to v e rm ic u l i t e  p r i o r  to o r  d u r i n g  e ro s io n  of  d e p o s i t s  

s u r r o u n d i n g  th e  b a s in s ,  p a r t i c u l a r l y  if accom pan ied  b y  K -f ixa t ion  d u r i n g  

e ro s io n  a n d / o r  t r a n s p o r t ,  may a l so  h a v e  a l t e r e d  th e  r e l a t i v e  a m o u n t  of  7A 

a n d  10A c l a y s  d e p o s i t e d  in  t h e  b a s in s .

A l th o u g h  a n y ,  a n d  p e r h a p s  all, of  the  a b o v e  f r a c t i o n a t i o n  p r o c e s s e s  

may h a v e  o p e r a t e d  d u r i n g  th e  W iscons inan ,  a p p a r e n t l y  none  was 

s ig n i f i c a n t .  As i l l u s t r a t e d  on F ig u r e  6, d u r i n g  most  of  t h e  W iscons inan  no 

w i d e s p r e a d ,  s i g n i f i c a n t  c h a n g e  in th e  c l a y - m in e r a l  com posi t ion  of l a c u s t r i n e  

s e d im e n t  o c c u r r e d  in t h e  Lake  Michigan bas in ;  t h e  on ly  e x ce p t io n  b e in g  

Calumet P h a s e  (Lake  Chicago) s e d im e n t s .  Compared  to o ld e r  lake  d e p o s i t s ,  

t h e s e  s e d im e n t s  show a r e l a t i v e  i n c r e a s e  in 10A c lay  c o n t e n t .  F a t h e r  t h a n  

f r a c t i o n  d u e  to sed im en ta lo g ic  p r o c e s s e s ,  h o w e v e r ,  th e  i n c r e a s e  in 10A c lay  

may simply  r e f l e c t  i n c r e a s e d  e ro s io n  of ti lls w ith  h ig h  10A c lay  c o n t e n t  

s u c h  a s  th e  S a u g a t u c k - O a k  C reek  till. I f  t h e s e  d a t a  (F ig u re  6) a r e  

in d i c a t i v e  of t h e  b a s i n  a s  a  whole t h e n  th e  lake  s y s t e m  may h a v e  o p e r a t e d  

a s  a n  hom ogen iz ing  b a s in  fo r  e r o d e d  c lay  m a te r ia l  w hose  com pos i t ion  was 

i n f l u e n c e d  b y  t h e  c l ay  m in e ra lo g y  of  e r o d e d ,  p r e - e x i s t i n g  sed im en t .

C lear ly ,  b a s e d  on  t h e  d a t a  p r e s e n t e d  in F i g u r e  6, t h e  s y s t e m a t i c  

v a r i a t i o n  in c l a y - m in e r a l  com pos i t ion  of  t i l ls  is n o t  so le ly  r e l a t e d  to t h e  

com posi t ion  of u n d e r l y i n g  l a c u s t r i n e  s e d im e n t s .  A l th o u g h  n o t  th e  sole 

f a c t o r  fo r  s t r a t i g r a p h i c  v a r i a t i o n ,  t h e  com posi t ion  of  t h e s e  u n d e r l y i n g
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s e d i m e n t s  a p p a r e n t l y  d id  s i g n i f i c a n t l y  in f l u e n c e  t h e  c l a y  m in e ra lo g y  of  

s u b s e q u e n t l y  d e p o s i t e d  till.  Th is  i n f lu e n c e ,  f o r  i n s t a n c e ,  is i l l u s t r a t e d  o n  a 

local  sca le  b y  t h e  d r a m a t ic  c h a n g e  in com posi t ion  of  S a u g a t u c k  till 

s am pled  f rom two a r e a s  o n ly  a  few h u n d r e d  m e te r s  a p a r t  a t  t h e  P a r k  

Cliffs  s e c t i o n  in  s o u t h w e s t e r n  Michigan ( F i g u r e s  2 a n d  3). Here,  th e  

co m pos i t ion  of  till sampled  from A rea  G s h o w s  a r e l a t i v e l y  g r e a t e r  am oun t  

of  7A c l a y s  t h a n  Area  N a n d  may h a v e  r e s u l t e d  from a l a r g e r  am oun t  of  

u n d e r l y i n g  lake  s e d im e n t s  b e i n g  e r o d e d  a t  Area  G t h a n  at. Area  N (F ig u re  

3). The  f a c t  t h a t  t h i s  o c c u r r e d  on ly  local ly  is e v i d e n c e d  b o th  b y  the  

p e r s i s t e n c e  of  S a u g a t u c k  till  " m in e ra lo g y "  e l s e w h e r e  a long  t h e  s h o re l i n e  

( s u ch  a s  a t  Glenn S h o r e s ,  C e d a r  B lu f fs ,  a n d  Miomi P a rk ;  F i g u r e s  2 a n d  3) 

a n d  b y  th e  u n i fo rm i ty  of t h e  com posi t ion  sampled  from mora ines  

t h r o u g h o u t  s o u t h w e s t e r n  M ich igan  (F ig u r e  2). A simi lar  p r o c e s s  may 

a c c o u n t  fo r  t h e  r e l a t i v e ly  h ig h  a m o u n t  of  10A c lay  o b s e r v e d  a t  th e  

P e t e r s o n  P a r k  s e c t i o n  ( F i g u r e  5).

Based  on  s im i la r i t ies  of  G anges -N ew  B er l in  till a n d  P o r t  H uron  and  

G re a t l a k e a n  t i l ls  w i th  u n d e r l y i n g  lake  s e d im e n t s  ( F i g u r e  6), the  

i n c o r p o r a t i o n  of  lake  s e d im e n t s  by  th e  ice may a l so  s i g n i f i c a n t l y  (if not  

com ple te ly )  c o n t r o l  t h e  c l a y - m i n e r a l  com posi t ion  of some till u n i t s  on a 

r e g io n a l  sca le .  However,  t h e  s i g n i f i c a n t  i n c r e a s e  in 10A c lay  c o n t e n t  

o b s e r v e d  in S a u g a t u c k - O a k  C reek  till c l e a r ly  c a n  no t  be a c c o u n t e d  fo r  by  

t h i s  p r o c e s s  s in c e  no s imilar  m in e ra lo g y  e x i s t s  fo r  Lake Milwaukee 

s e d im e n t s  ( F i g u r e  6).
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C o l d w a t e r  S h a l e

An l f  Im^E I a wor thy/  
S h a l e / ””̂

F i g u r e  7 Map show ing  d i s t r i b u t i o n  of  A n t r im -E l l sw o r th  a n d  Coldw ate r  
F o rm a t io n s  w i th in  th e  Lake Michigan  bas in .  (Afte r  Wold e t  a l . 1981)
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B edrock-M ixing Model

The b e d r o c k - m ix in g  model  a t t r i b u t e s  t h e  v a r i a t i o n  in  c l a y - m in e r a l  

com posi t ion  of  till to  e ro s io n  of  d i f f e r i n g  am o u n t  of  s h a le  a n d  s i l t s t o n e  

b e d r o c k  d u r i n g  r e a d v a n c e s  of  t h e  Lake  Michigan  Lobe.  Th is  model  is 

p a r t i c u l a r l y  a p p e a l i n g  s in c e  h ig h  a m o u n ts  of  sh a le  h a v e  b e e n  o b s e r v e d  

a s s o c i a t e d  with  Lake  M ich igan  Lobe t i l ls  ( A n d e r s o n  1957; K ru m b e in  1933; 

t h i s  s t u d y )  a n d  h a v e  b e e n  u s e d  to a c c o u n t  f o r  th e  h igh  c l a y  c o n t e n t  of 

th e  till.  Sha le  is al so  am ong  th e  most  e ro d ib l e  r o c k s  s in c e  i t  is well 

j o i n t e d ,  ex t re m e ly  f i s s i le ,  r e l a t i v e ly  so f t ,  a n d  o f t e n  has  t e n s i l e  s t r e n g t h  

lower  t h a n  s t r e s s e s  e x e r t e d  b y  a n  o v e r - r i d i n g  ice s h e e t s  (D rew ry  1986). 

When s a t u r a t e d ,  th e  t e n s i l e  s t r e n g t h  of  sha le  is e v e n  lower  (as much a s  

30% of th e  u n s a t u r a t e d  s t r e n g t h ;  Mesri  a n d  Gibala 1972) al lowing it to fail 

e a s i ly  u n d e r  t h e  s t r e s s e s  a pp l ied  b y  an '  o v e r r i d i n g  ice s h e e t .  D u r in g  a 

r e a d v a n c e ,  sh a le  could  be d i r e c t l y  i n c o r p o r a t e d  in to  the  ice by  p l u c k i n g  

( q u a r r y i n g )  a n d / o r  l a r g e r  sca le  p r o c e s s e s  s u c h  a s  a c c r e t a t i o n  (Weertman 

1961) o r  block in c o r p o r a t i o n  (Moran 1971, Moran e t  a l . 1980). As t h e  ice 

f lowed a c r o s s  o u t c r o p  a r e a s ,  a b r a s i o n  a t  t h e  sole of  t h e  g l a c i e r s  may also 

h a v e  g r o u n d  t h e  ro c k  in to  a f ine  f lo u r  o r  d i s p la c e d  small c h i p s  w h ich  were  

t h e n  i n c o r p o r a t e d  in to  t h e  ice by  r e g e l a t i o n  p r o c e s s e s .  In  o r d e r  to 

f u n c t io n ,  t h e  b e d r o c k - m ix in g  model  r e q u i r e s  t h a t  t h e  s h a le  fo rm a t io n s  m us t  

h a v e  a r e l a t i v e ly  h igh  a m o u n t  of  10A c lay  a n d  mus t ,  a t  l e a s t  in p laces ,  

o u t c r o p  u n d e r  Lake Michigan .  An implici t  a s s u m p t i o n  of t h e  model  is th a t  

most  of  t h e  o u t c r o p s  of  t h e s e  s h a l e s  m us t  be c o n c e n t r a t e d  in t h e  s o u t h e r n  

e n d  of t h e  bas in .

The p r i n c i p a l  b e d r o c k  c lay  s o u r c e s  which  o c c u r  w i th in  th e  Lake 

Michigan b a s in  a r e  s h a l e s  of  t h e  D ev o n ia n -M is s i s s ip p ia n  Antr im a n d



El lsw or th  F o rm a t io n s  a n d  M is s i s s ip p ia n  Co ldw ate r  Format ion .  The 

d i s t r i b u t i o n  of  t h e s e  d e p o s i t s  is Shown in F i g u r e  7 a n d  in d i c a t e s  t h a t  most 

of  th e  s o u t h e r n  ha l f  of Lake  Michigan,  p a r t i c u l a r l y  t h e  e a s t e r n  p a r t ,  is 

u n d e r l a i n  mainly b y  sha le .  E xce p t  a lo n g  th e  e a s t e r n  s h o r e  of  Lake 

Michigan,  the  n o r t h e r n  ha l f  of  t h e  b a s in  is u n d e r l a i n  b y  middle Devonian  

dolomites  a n d  l im es tones  a s  well a s  u p p e r  a n d  middle S i lu r i a n  do lomites 

a n d  e v a p o r i t e s  (Wold e t  a l . 1981).

F i g u r e  8 7A/10A f r e q u e n c y
h i s t o g r a m s  of  A n t r im -E l l s w o r th  
a n d  C o ldw ate r  s h a l e s  ( u p p e r  
p a r t  o f  the  d ia g ra m )  a n d  sha le  
p e b b l e s  co l lec ted  from the  
t h r e e  t i l ls  a t  th e  Glenn  S h o r e s  
s e c t io n  ( lower p a r t  of  d iag ram ) .  
Hor izonta l  axis  s h o w s  7A/10A 
r a t i o  v a lu es ;  v e r t i c a l  axis  
r e p r e s e n t s  the  n u m b e r  of 
s am p les  with a p a r t i c u l a r  r a t io  
va lue .  Note c h a n g e  in sca le  of 
h o r i z o n ta l  axis  f o r  p r e v i o u s  
h i s to g ra m s .
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The  C o ldw ate r  Format ion  c o n s i s t s  mainly of  g r e y  sha le  with minor 

i n t e r b e d s  of  dolomite ,  l imestone,  a n d  s a n d s t o n e  a n d  is u p  to 150 m th ick .  

I t  s u b c r o p s  u n d e r  from 30 to 100 m of d r i f t  t h r o u g h o u t  most  of
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Michigan .  S h a le s  of  t h e  C o ldw ate r  F o rm at ion  a l so  o c c u r  u n d e r  a  few to 

u p  to 30 m of s e d im e n t  in  t h e  s o u t h e r n  ha l f  of  t h e  Lake  Michigan  bas in .  

C la y -m in e ra l  a n a l y s e s  f o r  t h e  C o ldw a te r  h a v e  b e e n  r e p o r t e d  b y  C h u n g  

(1973) a n d  a r e  b a s e d  on  c u t t i n g s  sam pled  f rom t h e  u p p e r ,  middle  a n d  lower  

1 /3  of oil wells  t h r o u g h o u t  t h e  low er  p e n i n s u l a  of  Michigan .  The  7/10A 

ra t i o  r e p o r t e d  f o r  wells  u n d e r l y i n g  Lake  M ich igan  Lobe d e p o s i t s  a r e  show n  

in F ig u r e  8. T h e s e  d a t a  in d i c a t e  t h a t  a  h ig h  a m o u n t  of  10A ( r e la t iv e  to 

7A) c l a y  c h a r a c t e r i z e  C o ldw ate r  sha le .  I m p o r t a n t ly ,  C h u n g  (1973) also 

i n d i c a t e s  t h a t  th e  r e l a t i v e  am oun t  of  10A c lay  i n c r e a s e s  w e s t w a r d  in 

Michigan.  If  c o r r e c t ,  t h e  a m o u n t  of  10A c lay  in C o ldw ate r  sha le

s u b c r o p p i n g  u n d e r  lake  Michigan  ( f u r t h e r  w e s t  t h a n  C h u n g  sampled)  migh t  

h a v e  e v e n  more 10A c lay  t h e n  shown in F i g u r e  8.

The  A n t r im -E l l s w o r th  Format ion ,  which  u n d e r l i e s  the  Co ldw ate r  

Format ion  t h r o u g h o u t  most  of  s o u t h w e s t e r n  Michigan  (F ig u r e  7), c o n s i s t s  

of  u p  to  100 m of mostly  g r e y  to b lack  (Antrim) a n d  g r e e n  (E l lsworth)  

sha le .  I t  o u t c r o p s  e x t e n s i v e l y  a long  a  b a n d  e x t e n d i n g  a c r o s s  t h e  n o r t h e r n  

p a r t  of  t h e  lower  p e n i n s u l a  from A lpena  to  C har levo ix  a n d  s u b c r o p s  a s  an  

i r r e g u l a r  a r c u a t e  b a n d  u n d e r  p a r t  o f  t h e  s o u t h e r n  e n d  of Lake Michigan 

( F ig u r e  7). An e ro s io n a l  o u t l i e r  of  Antr im  sh a le  a l so  o c c u r s  o f f - s h o r e  

b e tw e e n  Milwaukee a n d  S h e b o y g a n ,  Wiscons in.  The  p r e s e n c e  of th i s

o u t l i e r ,  a s  well a s  th e  f a c t  t h a t  f i s h  f o s s i l s  a n d  p l a n t  f r a g m e n t s  f o u n d

w i th in  Antr im sh a le  o f f s h o r e  from Milwaukee t h a t  do no t  in d i c a te

p rox im i ty  to a s h o re l i n e ,  s u g g e s t  t h a t  A n t r im - E l l s w o r th  s h a l e s  o nce  

e x t e n d e d  much f u r t h e r  w e s t  t h a n  s h o w n  in F i g u r e  7 (Wold e t  a l . 1981).

Along most  of  t h e  e a s t  s h o r e  of  Lake  Michigan ,  A n t r im -E l l s w o r th  a n d  

C o ldw ate r  s h a l e s  a r e  b u r i e d  b y  a th i c k  mantle  (up  to 200 m) of d r i f t  (Wold
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e t  a l . 1981). I n  t h e  s o u t h e r n m o s t  e n d  of  t h e  b a s in ,  h o w e v e r ,  t h e j - a r e  

o n ly  b u r i e d  b y  a  t h i n  l a y e r  of  s e d im e n t  (L in eb ack  e t  a l . 1972; L in eb ack  e t  

al. 1974) a n d  may a c t u a l l y  o u t c r o p  in p la ces  a lo n g  a  n a r r o w  n o r t h e a s t -  

s o u t h w e s t  e s c a r p m e n t  e x t e n d i n g  from L u d i n g t o n ,  Michigan,  to Milwaukee,  

Wiscons in  in t h e  c e n t r a l  p a r t  of  Lake  Michigan  (Wold e t  a l . 1981; L in eb ack  

e t  a l . 1974). Th is  e s c a r p m e n t  m a r k s  t h e  n o r t h w e s t e r n  limit of  A n t r im -  

E l l sw or th  sha le  u n d e r  Lake  Michigan  a s  well a s  t h e  n o r t h e r n  e d g e  of  the  

"m id - lak e  h ig h " ,  a 25-50 km wide t o p o g r a p h i c  r i s e  in t h e  lake  bo ttom (and 

b e d r o c k  s u r f a c e )  e x t e n d i n g  a c r o s s  Lake Michigan  ( F i g u r e  7). The p r e s e n c e  

of  t h i s  e s c a r p m e n t  i n d i c a t e s  t h a t  e x t e n s i v e  e ro s io n  of  t h e  sha le ,  p o s s i b ly  

a s s o c i a t e d  with  g lac ia t ion ,  m us t  h a v e  o c c u r r e d .

C la y -m ine ra l  a n a l y s e s  of  A n t r im -E l l s w o r th  sh a le  r e p o r t e d  by 

Rou tsau l la  (1980) i n d i c a t e s  t h a t ,  like th e  C o ldw a te r  sha le ,  it has  a 

r e l a t i v e l y  h ig h  a m o u n t  of  10A clay.  The d a t a  was  co l lec ted  by  sam pl ing  

well c o r e s  a t  a p p r o x im a te ly  3 m (10 f t)  i n t e r v a l s  from wells  d i s t r i b u t e d  

t h r o u g h o u t  th e  lower  p e n i n s u l a  of Michigan .  O r ig ina l ly ,  R ou tsau l la  

r e p o r t e d  t h e  c l a y - m in e r a l  d a t a  a s  r e l a t i v e  p e r c e n t a g e s  of p e a k - h e i g h t s  of 

each  minera l  s t u d i e d ,  h o w e v e r ,  to f ac i l i t a te  co m p a r i s o n  with  t h e  p r e s e n t  

s t u d y ,  t h e s e  d a t a  w e re  c o n v e r t e d  to 7/10A p e a k - h e i g h t  r a t io s .  The 

a v e r a g e  of s am ples  r e p o r t e d  b y  R ou tsau l la  fo r  th e  u p p e r  15 m of wells 

u n d e r l y i n g  Lake Michigan  Lobe d e p o s i t s  a r e  s h o w n  in F i g u r e  8. In  o r d e r  

to p r o v i d e  a d d i t i o n a l  c h e c k s  on  the  d a t a  r e p o r t e d  b y  R ou tsau l la ,  two 

o u t c r o p s  of  Antr im s h a le  w ere  sampled  a n d  a n a l y z e d ;  one  from the  

n o r t h e a s t e r n  Michigan n e a r  A lpena  a n d  one  from a lo n g  th e  Lake  Michigan 

s h o r e l i n e  in  n o r t h w e s t e r n  Michigan  n e a r  t h e  v i l l age  of Norwood in Antrim 

C oun ty .  The  r e s u l t s  of  t h e s e  a n a l y s e s  com pare  well with  t h e  r a n g e
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d e r i v e d  from R o u t s a u l l a ’s d a t a  ( F ig u r e  8) a n d  in d i c a t e  t h a t  Antr im  sha le  

c o n t a i n s  r e l a t i v e l y  h ig h  a m o u n t s  of  10A clay.

Both t h e  s p a t i a l  d i s t r i b u t i o n  of  A n t r im -E l l s w o r th  a n d  Coldw ate r  

F o rm a t io n s  a n d  th e  f a c t  t h a t  b o th  of  t h e s e  fo rm a t io n s  c o n t a in  s h a le s  with  

r e l a t i v e ly  h ig h  a m o u n t s  of  10A c l a y  fu lf i l l  t h e  bas ic  r e q u i r e m e n t s  of th e  

b e d r o c k - m i x i n g  model.  If  t h e  b e d r o c k - m i x i n g  p r o c e s s  a c t u a l l y  o p e r a t e d  

d u r i n g  t h e  W iscons inan  t h e n  t i lls  w ith  r e l a t i v e ly  h ig h  a m o u n ts  of  10A clay,  

s u c h  a s  S a u g a t u c k - O a k  C re e k ,  s h o u ld  al so  h a v e  a h ig h  am o u n t  of sha le  

while t i l ls  w ith  lower  a m o u n t s  of 10A c lay ,  s u c h  as  G anges -N ew  Ber l in  a n d  

Glenn S h o r e s  t i lls ,  s h o u ld  h a v e  c o n co m i ta n t ly  lower a m o u n t s  of sha le .  

Tills d e p o s i t e d  well n o r t h  of  th e  " sh a le  limit" (F ig u r e  7), s u c h  a s  Two 

R ive rs  till, s h o u ld  h a v e  o n ly  t r a c e  a m o u n ts  of  sha le .  In  o r d e r  to t e s t  

w h e t h e r  s u c h  a r e l a t i o n s h i p  in f a c t  ex i s t s ,  com pos i te  till sam p les  d e r i v e d  

from r e p r e s e n t a t i v e  s e c t i o n s  w e re  w et  s i e v e d  a n d  th e  d i s t r i b u t i o n  of 

l i tho log ies  in t h e  p e b b l e - s i z e  (>4 mm) f r a c t io n  was  d e t e r m in e d .  The a c t u a l  

t e c h n i q u e s  em ployed  w ere  d e s c r i b e d  above .

The r e s u l t s  of t h e s e  d e t e r m i n a t i o n s  a r e  l i s ted  on  Tab le 3 a n d  in d i c a te  

t h a t  in g e n e r a l  ti l ls  w ith  th e  h i g h e s t  a m o u n ts  of  10A c lay  from each  

s ec t ion  h a v e  c o r r e s p o n d i n g l y  h ig h  am oun t  of  sha le .  P o r t  H uron  a n d  

G r e a t l a k e a n  t i l ls  s am pled  f rom g e n e r a l l y  n o r t h  of  t h e  " sh a le  limit" show 

v e r y  low p e r c e n t a g e s  of s h a l e  w ith  th e  h i g h e s t  a m o u n t  of  sha le  a s s o c ia t e d  

with  O zaukee  till f rom t h e  s o u t h e r n m o s t  s am p l in g  local (Shorewood  

s ec t ion ) .  Data from s e c t i o n s  s o u t h  of the  sh a le  limit (St.  F r a n c i s  and  

Glenn S h o r e s ) ,  on  t h e  o t h e r  h a n d ,  show  a g e n e r a l  i n c r e a s e  in th e  am oun t  

of  bo th  s h a le  a n d  10A c l a y  f o u n d  in p r o g r e s s i v e l y  y o u n g e r  till u n i t s .  The
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r e l a t i o n s h ip  b e t w e e n  t h e  a m o u n t  of  sha le  p e b b le s  a n d  th e  7/10A ra t io  is 

i l l u s t r a t e d  in F i g u r e  9.

•  ll/IN.

Ml.  «

Q AC A T L A K C A N  
R O A T  MUR OM

S H O R C S

•5 0 • 7 0 • 9 0

7/l0  A

F ig u r e  9 Plot  s h o w i n g  r e l a t i o n s h i p  be tw een  %shale c l a s t s  (>3.0 mm) found  
in till a n d  a v e r a g e  7A/10A ra t io  v a lu e s  for  th e  till u n i t  a t  th e  s ec t ion  
from w hich  d a t a  co l lec ted .  T re n d  a t  se lec ted  se c t i o n s  sh o w n  b y  solid line; 
named s e c t i o n s  sh o w n  a long  line. Data from s o u t h w e s t e r n  Michigan 
s e p a r a t e d  from r e s t  of  th e  bas in  by  a h e a v y  solid line.

The a s s o c i a t io n  of h igh  a m o u n ts  of sha le  c l a s t s  with  r e l a t iv e ly  h igh  

a m o u n ts  of  10A c lay  in till is al so  s u p p o r t e d  by  p e b b l e  c o u n t  d a t a  

p r e s e n t e d  by K rum bein  (1933). He sampled  till a t  s e v e r a l - k i l o m e te r  

i n t e r v a l s  a lo n g  th e  f r o n t  of th e  V alpara iso  Moraine in I ll inois ,  Ind iana ,  and  

s o u t h w e s t e r n  Michigan  (F ig u r e  1) t h e n  s e p a r a t e d  and  c o u n t e d  p e b b l e - s i z e  

c l a s t s .  His r e s u l t s  in d i c a t e  t h a t  sh a le  c l a s t s  in till f rom the  Valpara iso  

Moraine in I ll inois  a n d  I n d i a n a  (W adsworth  till) a v e r a g e  72% of all c l a s t s  

while till s am p les  co l lec ted  from s o u t h w e s t e r n  Michigan ( S a u g a tu c k  till) 

a v e r a g e  62% sha le .  In o r d e r  to c o m p are  the  re l a t iv e  a m o u n t  of sha le  to
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t h e  c l a y -m in e ra l  com posi t ion  of  till f rom th i s  a r e a ,  till s am p les  w e re  

co l lec ted  fol lowing a  p a t t e r n  simi lar  to t h a t  o f  K rum be in .  C la y -m in e ra l  

a n a l y s i s  of t h e s e  sam ples  show  t h a t  till in  I l l inois  a n d  I n d i a n a  which  

a v e r a g e s  72% sha le  h a s  a  mean 7A/10A r a t i o  v a lu e  of  0.39 ( F i g u r e  2). 

A na lys is  of  till co l lec ted  f rom th e  same a r e a  a s  sam pled  b y  K rum be in  in 

s o u t h w e s t e r n  Michigan w h ich  a v e r a g e s  som ew ha t  l e s s  s h a le  (62%) al so  

sh o w s  a c o r r e s p o n d i n g l y  h i g h e r  mean 7A/10A r a t i o  (0.48). T h e s e  d a t a ,  a s  

well a s  t h e  r e s t  in c lu d e d  in F i g u r e  9, in d i c a t e  t h a t  a n  a p p a r e n t  

r e l a t i o n s h i p  e x i s t s  b e tw e e n  h ig h  a m o u n ts  of  s h a le  a n d  10A c lay  c o n t e n t  of 

till.

A l th o u g h  t h e  exac t  q u a n t i t a t i v e  r e l a t i o n s h i p  b e t w e e n  a m o u n t s  of sha le  

an d  t h e  c l a y - m in e r a l  com posi t ion  of  till v a r i e s  g e o g r a p h i c a l l y  ( p a r t i c u l a r l y  

b e t w e e n  th e  Michigan  a n d  Wisconsin s id e s  of Lake Michigan;  F i g u r e  9), a 

t r e n d  to w a r d s  i n c r e a s e d  10A c lay  c o n t e n t  with  i n c r e a s e d  a m o u n t s  of  sha le  

is p r e v a l e n t  t h r o u g h o u t  t h e  bas in .  Such  a r e l a t i o n s h i p ,  t o g e t h e r  with  th e  

s im i la r i ty  in c lay  m in e ra lo g y  of s h a le s  from th e  A n t r im - E l l s w o r th  a n d  

C o ldw ate r  Fo rm at ions  (F ig u r e  7) a n d  S a u g a t u c k - O a k  C re e k  till (F ig u r e  6), 

s u p p o r t s  t h e  b e d r o c k  mixing model.  T h e s e  d a t a  a lone ,  h o w e v e r ,  do not  

d e m o n s t r a t e  t h a t  th e  model a c t u a l l y  o p e r a t e d  d u r i n g  th e  W iscons inan .  In 

o r d e r  to h a v e  o p e r a t e d ,  t h e  b e d r o c k  s o u r c e  m u s t  no t  o n ly  h a v e  r e l a t i v e ly  

h ig h  am oun t  of 10A clay,  be c l a y - r i c h ,  a n d  be " e ro d ib l e "  b u t  m us t  al so  be 

te m p o ra l ly  a n d  sp a t i a l l y  u n i fo rm  in c l a y - m in e r a l  com posi t ion .

In  o r d e r  to t e s t  w h e t h e r  t h e  sha le  c l a s t s  f o u n d  in till w e re  in f a c t  

d e r i v e d  from the  A n t r im -E l l s w o r th  a n d / o r  C o ldw a te r  s h a l e s  (or a t  l e a s t  

from b e d r o c k  with  a s imi lar  c l a y - m in e r a l  com posi t ion ) ,  h a v e  r e l a t i v e ly  h ig h  

a m o u n t s  of  10A c lay ,  a n d  h a v e  a g e n e r a l l y  u n i fo rm  c l a y  m in e ra lo g y
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t h r o u g h  t ime,  s e v e r a l  s h a l e  c l a s t s  f rom eac h  of  t h e  t i l ls  a t  Glenn S h o r e s  

w e re  a n a l y z e d .  T h e s e  c l a s t s  w e re  g r o u n d  in to  a  s l u r r y  with  d is t i l led  

w a te r ,  d e p o s i t e d  o n  g l a s s  s l id e s ,  g ly c o la te d ,  a n d  X - r a y e d .  T he  r e s u l t s  of 

t h e s e  a n a l y s e s  a r e  s h o w n  on  F i g u r e  8 a n d  in d i c a t e  t h a t  1) b a s e d  on 

s im i la r i ty  in  com pos i t ion ,  t h e y  w e r e  p r o b a b l y  d e r i v e d  from t h e  A n t r im -  

E l l s w o r th  o r  C o ldw ate r  s h a l e s  a n d  2) t h e i r  c l a y - m in e r a l  com posi t ion  does  

n o t  v a r y  b e t w e e n  t i l ls  u n i t s .  Th i s  l a t t e r  o b s e r v a t i o n  sh o w s  t h a t  t h e  sha le  

s o u r c e  w h ich  was  e r o d e d  b y  ice a p p a r e n t l y  did  no t  v a r y  in c l a y - m in e r a l  

com pos i t ion  d u r i n g  t h e  W iscons inan .  This  is an  im p o r t a n t  o b s e r v a t i o n  

b e c a u s e  i t  i n d i c a t e s  t h a t  b o th  majo r  c l a y - m in e r a l  s o u r c e s  ( sha le  a n d  lake  

c l ays )  w h ich  could  h a v e  b e e n  e r o d e d  b y  ice m a in ta in ed  a c o n s t a n t  c l a y -  

mineral  com posi t ion  t h r o u g h o u t  th e  Wisconsinan .  T h e r e f o re ,  s ince  n e i t h e r  

c h a n g e d  a n d  b o th  h a v e  s u c h  r a d ic a l l y  d i f f e r e n t  com pos i t ions ,  n e i t h e r  a lone 

can  a c c o u n t  fo r  th e  s y s t e m a t i c  v a r i a t i o n  o b s e r v e d  in c l a y -m in e ra l  

com posi t ion  show fo r  till u n i t s  ( F ig u r e  6).

D iscuss ion

Based  on  t h e  a b o v e  d i s c u s s i o n ,  c lay  m in e ra l s  in ti lls of  th e  Lake 

Michigan  b a s in  w e re  d e r i v e d  l a r g e l y  from e ros ion  b y  ice of  sha le  b e d r o c k  

a n d  l a c u s t r i n e  c l ay s .  A l th o u g h  s im i la r i ty  in com posi t ion  c a n  be o b s e r v e d  

b e tw e e n  i n d i v id u a l  till s h e e t s  a n d  one  o r  the  o t h e r  of t h e s e  s o u r c e s ,  the  

s y s t e m a t i c  v a r i a t i o n  in c l a y - m i n e r a l  com posi t ion  sh o w n  fo r  s u c c e s s i v e  till 

s h e e t s  ( F i g u r e  6) c a n  no t  be  fu l l y  a c c o u n t e d  fo r  b y  e ro s io n  of  e i t h e r  one 

of  t h e s e  s o u r c e s  a lone.  C lear ly ,  t h e r e f o r e ,  v a r i a t i o n s  in c l a y -m in e ra l  

com pos i t ion  of  Lake  M ich igan  b a s in  t i l ls  a r e  p r o b a b l y  r e l a t e d  tc  the  

e ro s io n  of  d i f f e r i n g  p r o p o r t i o n s  of  s h a le  a n d  l a c u s t r i n e  c lay  t h r o u g h  time.
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The  r e a s o n  fo r  e ro s io n  of  d i f f e r i n g  p r o p o r t i o n s  of  t h e s e  s o u r c e  b e d s  may 

r e l a t e  to one  of  two p r o c e s s e s :  1) c h a n g e s  in  i ce - f low  v e c t o r s  d u r i n g  th e  

W iscons inan  w i th in  t h e  b a s in  o r  2) p r o g r e s s i v e  " u n r o o f in g "  of  sha le  

o u t c r o p s  b y  e r o s io n  of  d r i f t  m a n t l i n g  b e d r o c k  d u r i n g  s u c c e s s i v e  r e a d v a n c e s  

of  t h e  Lake  M ich igan  Lobe.  T h e s e  models  a r e  b r i e f l y  o u t l in e d  below.

Ice Flow V ariation Model

Based  on  th e  o u t c r o p  p a t t e r n  of  s h a le  in  t h e  Lake Michigan  b as in  

(F ig u re  7), ice f lowing  N-S a lo n g  t h e  ax is  of  Lake  Michigan would h ave  

be e n  c h a n n e l e d  o b l iq u e  to b e d r o c k  s t r i k e  w h ich  would h a v e  r e s u l t e d  in a 

r e l a t i v e l y  s h o r t  t r a v e r s e  a c r o s s  t h e  sha le .  A more NE-SW flow p a t t e r n ,  

h o w e v e r ,  would  d i r e c t  ice a long  s t r i k e  of th e  b e d r o c k  a n d  would have  

e r o d e  r e l a t i v e l y  more  sha le .  T h u s ,  till w ith  low a m o u n ts  of  10A c lay  and  

sh a le  (Glenn S h o r e s ,  G anges -N e w  Ber l in ,  a n d  O zau k ee -H av en )  may have  

b e e n  d e p o s i t e d  b y  ice from a n o r t h  o r  n o r t h w e s t e r n  s o u r c e  a r e a  w hich  was 

c h a n n e l e d  s o u t h  dow n th e  axis  ( c e n t e r )  of  Lake  Michigan .  Till with  h igh  

a m o u n t s  of  10A c lay  a n d  s h a le  ( S a u g a t u c k - O a k  C re e k ) ,  on t h e  o t h e r  h a n d ,  

may h a v e  b e e n  d e p o s i t e d  by  ice f rom a n o r t h e a s t e r n  s o u r c e  a r e a  which 

f lowed s o u t h w e s t  a c r o s s  n o r t h w e s t e r n  Michigan a n d  in to  th e  Lake Michigan 

bas in .

S h i f t s  in i ce - f low  p a t t e r n s  s imilar  to th o s e  s u g g e s t e d  ab o v e  h a v e  been  

p r o p o s e d  b y  s e v e r a l  a u t h o r s .  F o r  example,  D enton  a n d  H u g h e s  (1980) h a v e  

p r o p o s e d  a s h i f t  in  ice - f low  d i r e c t i o n  of  t h e  Lake  Michigan  Lobe f rom a 

n o r t h e r n  s o u r c e  r e g i o n  to a n o r t h e a s t e r n  s o u r c e  r e g io n  b e tw e e n  17,000 

y e a r s  ago  (d e p o s i t io n  of  G anges -N ew  Berl in  till) a n d  14,000 y e a r s  ago  

(d ep o s i t io n  of  S a u g a t u c k - O a k  C reek  till).  T h e y  h a v e  a lso  s u g g e s t e d  t h a t
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b y  a p p r o x im a te ly  10,000 y e a r s  ago  t h e  s o u r c e  a r e a  of t h e  Lake  Michigan 

Lobe h a d  s h i f t e d  b a c k  to t h e  n o r t h w e s t .  Likewise,  Dworkin  e t  a l . (1986) 

h a v e  s u g g e s t e d  t h a t  t h e  s o u r c e  r e g i o n  fo r  S a u g a t u c k  till in s o u t h w e s t e r n  

Michigan  was  n o r t h  of  Lake  H uron  a n d  h a v e  p r o p o s e d  a n o r t h e a s t -  

s o u t h w e s t  f low p a t h  fo r  t h e  ice. T h e y  a l so  p r o p o s e d  t h a t  t h e  s o u r c e  

r e g io n  had  s h i f t e d  w e s t w a r d  d u r i n g  d e p o s i t io n  of  P o r t  H uron  ti lls.  A 

s imilar  w e s t w a r d  s h i f t  in s o u r c e  r e g io n  fo r  th e  L a u r e n t i d e  ice s h e e t  was  

s u g g e s t e d  b y  Gwyn a n d  Dre imanis  (1979). A n o r t h w e s t e r n  s o u r c e  r e g io n  

fo r  Two R iv e r s  till (G rea t l akean )  h a s  b e e n  s u g g e s t e d  b y  B u r g i s  a n d  

E schm an  (1981). A s o u t h e a s t  flow p a t h  d u r i n g  th e  l a s t  r e t r e a t  of  ice from 

n o r t h e r n  Michigan  h a s  a l so  b e e n  s u g g e s t e d  b y  Karrow (1987).

A l though ,  a s  d i s c u s s e d  ab o v e ,  the  c h a n g e s  in  s o u r c e  a r e a  r e q u i r e d  by 

th e  ice-f low v a r i a t i o n  model h a v e  b een  s u g g e s t e d  s e v e r a l  a u t h o r s ,  th e  

model does  not  o f f e r  a  p a r t i c u l a r l y  compell ing  e x p la n a t io n  fo r  the  c l a y -  

minera l  v a r i a t i o n  in till. I n  o r d e r  f o r  t h e  model to h a v e  a c t u a l l y  o p e r a t e d ,  

it r e q u i r e s  t h a t  ice m us t  flow o b l iq u e  to th e  t o p o g r a p h i c  axis  of Lake 

Michigan.  B ecause  t h e  Lake  Michigan  b a s in  fo rms  a long ,  r e g io n a l ,  

t o p o g r a p h i c  t r o u g h ,  a n y  ice flow p a t t e r n  o t h e r  t h a n  d i r e c t l y  s o u t h  down 

th e  axis  ( c e n t e r )  of Lake Michigan  seems p rob lem at ic .  This  would h a v e  

b e e n  t r u e  r e g a r d l e s s  of t h e  d i r e c t io n  from w hich  ice e n t e r s  t h e  b a s in .  For 

example,  a c c o r d i n g  to th e  model,  ice which  d e p o s i t e d  S a u g a t u c k - O a k  C reek  

till m u s t  f i r s t  h a v e  f lowed s o u t h w e s t  a c r o s s  t h e  t o p o g r a p h i c  u p l a n d s  of  

n o r t h w e s t e r n  Michigan a n d  t h e n  e n t e r e d  t h e  t r o u g h  of  Lake  Michigan.  

M oreover ,  o n c e  th e  Lake  M ich igan  Lobe e n t e r e d  t h e  b a s in ,  i t  m u s t  h a v e  

m a in ta ined  a g e n e r a l  n o r t h e a s t - s o u t h w e s t  flow p a t h  a n d  m u s t  h a v e  b e e n  

com ple te ly  u n a f f e c t e d  b y  th e  t o p o g r a p h y  of th e  lake;  a  s i t u a t i o n  which
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seems un l ike ly .  The  model  a l so  implies t h a t  s h a le  is g e n e r a l l y  ex p o s ed  a n d  

ava i lab le  fo r  e ro s io n  o v e r  l a rg e  g e o g r a p h i c  a r e a s  t h r o u g h o u t  th e  b as in .  

Shale  b e d ro c k ,  h o w ev e r ,  o u t c r o p s  e x t e n s i v e l y  in on ly  a few a r e a s  which ,  

most  no tab ly ,  a r e  a lo n g  th e  m id - lake  h igh  in c e n t r a l  Lake Michigan (F ig u re

7) a n d  in ex t rem e  n o r t h e r n  n o r t h w e s t e r n  Michigan.

The ice- f low model is  a l so  q u e s t i o n e d  b a s e d  on d a t a  p r e s e n t e d  in 

F ig u r e  9. T h ese  d a t a  in d i c a te  t h a t  no simple r e l a t i o n s h i p  ex i s t s  b e tw ee n  

the  a m oun t  of  sh a le  c l a s t  a n d  c l a y -m in e ra l  com posi t ion  of  till. A l though  a 

few m echan ism s  migh t  exp la in  t h e  a b s o lu t e  d i f f e r e n c e s  in a m o u n ts  of sha le  

c l a s t s  in s imilar  ag e  ti lls with  similar  c l a y -m in e ra l  com pos i t ions  b e tw ee n  

Wisconsin a n d  Michigan  ( F ig u r e  9), none  is s a t i s f a c t o r y .  For  example,  

d i f f e r e n c e s  in a m o u n ts  of sha le  c l a s t s  a n d  a s s o c i a t e d  c l a y -m in e ra l  

composi t ion  could  be e x p la in ed  by  a " t h r e s h o l d "  r e l a t i o n s h i p  b e tw ee n  

volume of sha le  a n d  c l a y - m in e r a l  composi t ion .  S u ch  a r e l a t i o n s h i p  d e r i v e s  

from the  f a c t  t h a t  th e  c l a y - m in e r a l  com pos i t ion  of sha le  c l a s t s  f o u n d  in 

till is close  to t h a t  of  b o th  S a u g a t u c k  a n d  Oak C reek  till ( F i g u r e s  6 and

8 ) a n d ,  t h e r e f o r e ,  r e g a r d l e s s  of th e  volume of s h a le  e r o d e d ,  no s i g n i f i c a n t  

c h a n g e  in com posi t ion  cou ld  r e s u l t .  However,  if c o r r e c t  t h e n  G anges  (in 

Michigan) a n d  Oak C reek  (in Wisconsin)  till s h o u ld  exh ib i t  s imi lar  c lay  

minera l  com pos i t ions  s in ce  t h e y  h a v e  similar  a m o u n t s  of  sha le  c l a s t s .  Th is  

is c l e a r ly  not  t h e  c a s e  a n d  in d i c a t e s  t h a t  a  more  complex p r o c e s s  mus t  

h a v e  o p e r a t e d .

U nroofing  Model

Much r e c e n t  r e s e a r c h  c o n c e r n i n g  th e  W iscons inan  in t h e  G rea t  L ak e s  

r e g io n  h a s  c o n c l u d e d  t h a t  t h e  mid -W iscons inan  (55,000 to 25,000 y e a r s  ago;
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Dreim anis  a n d  G old thw ai t  1973) g e n e r a l l y  r e p r e s e n t s  a n  i c e - f r e e  i n t e r v a l  

(Berg  e t  a l . 1985; E s c h m a n  1980; G e p h a r t  e t  a l . 1982; Rieck a n d  W in te rs  

1982; W in te r s  e t  a l . 1986; W in te r s  e t  a l . 1988). If  c o r r e c t ,  t h a n  a s  much 

a s  20-30,000 y e a r s  of  l a c u s t r i n e  s e d im e n t  was  d e p o s i t e d  w i th in  t h e  Lake 

Michigan  b a s in  d u r i n g  th i s  i c e - f r e e  i n t e r v a l .  Th is  p r o b a b l y  al lowed a t h i c k  

mantle  of  l a c u s t r i n e  s e d im e n t  to mask  a l r e a d y  s p a r s e  b e d r o c k  o u t c r o p s  

w i th in  t h e  b a s in .  As t h e  in i t i a l  la te  W iscons inan  ( ea r ly  Woodfordian)  

a d v a n c e  f i l led th e  b a s in  a t  a b o u t  25,000 y e a r s  ago ,  i t  would h a v e  b e g u n  to 

e r o d e  th i s  s e d im e n t  mantle .  T h u s ,  t i l ls  d e p o s i t e d  e a r l y  in t h e  la te  

W iscons inan  ( s u c h  a s  G anges -N ew  Berl in)  s h o u ld  r e f l e c t  th e  m in e ra lo g y  of  

t h e s e  l a c u s t r i n e  s e d im e n t s .  S ince  much of  th e  s e d im e n t  o v e r l y i n g  sha le  

o u t c r o p s  would h a v e  b e e n  e r o d e d  t h r o u g h  t ime,  h o w ev e r ,  l a t e r  a d v a n c e s  of 

the  Lake  Michigan  lobe would  h a v e  e r o d e d  r e l a t i v e l y  more  sha le  and  

d e p o s i t e d  till ( S a u g a t u c k - O a k  Creek)  with  a g r e a t e r  i n f l u e n c e  of b e d r o c k  

m ine ra logy .  S u ch  a p a t t e r n  is i l l u s t r a t e d  in F i g u r e s  4 a n d  7. A dominance  

of l a c u s t r i n e - t y p e  m in e ra lo g y  in t h e  y o u n g e s t  (and  most  n o r t h e r n )  ti lls 

p r o b a b l y  r e f l e c t s  th e  f a c t  t h a t  th e  s h a le  e i t h e r  did  not  o c c u r  w ith in  the  

n o r t h e r n  p a r t  of  Lake  M ich igan  o r  s u b c r o p p e d  u n d e r  th ick ,  p r e - e x i s t i n g  

d r i f t .

The q u a n t i t a t i v e  d i f f e r e n c e  in t h e  r e l a t i v e  a b u n d a n c e  of s h a le  c l a s t s  

o c c u r r i n g  w i th in  e q u i v a l e n t  a g e  till in Michigan  a n d  Wiscons in  ( S a u g a tu c k  

an d  Oak C reek ,  r e s p e c t i v e l y ;  F i g u r e  9) may r e l a t e  to the  p rox im i ty  of 

sh a le  o u t c r o p s  to s i t e s  of  d e p o s i t i o n  of  t h e s e  ti l ls  a n d  to t h e  local ba sa l  

co n d i t i o n s  of  t h e  Lake  Michigan  Lobe.  For  example ,  a l t h o u g h  a simple,  

p o s i t i v e  r e l a t i o n s h i p  may e x i s t  b e tw e e n  th e  a m o u n t  of  a g iv e n  ro c k  t y p e  

e r o d e d  by  ice a n d  th e  a r e a l  e x t e n t  of  o u t c r o p  of  t h a t  r o c k  t y p e  " u p - i c e "



(H a r r i so n  1960; Pe ltoniemi 1985), t h e  a c t u a l  d i s t a n c e  c l a s t s  a r e  t r a n s p o r t e d  

a n d  th e  r a t e  of  comminut ion  a p p e a r  i n d e p e n d e n t  of  o u t c r o p  s ize .  This  was 

s u g g e s t e d  b y  Cla rk  (1987) who f u r t h e r  p r o p o s e d  t h a t  t r a n s p o r t  d i s t a n c e  of 

c l a s t s  a r e  n o t  c o n t ro l l e d  b y  in i t i a l  c o n c e n t r a t i o n  b u t  r a t h e r  b y  t o p o g r a p h y  

of  t h e  s u b s t r a t e  a n d  b a s a l  ice ve loc i ty .  T o p o g r a p h i c  o b s t r u c t i o n s  a long  

t h e  bed  c a u s e  t h e  ice to d e c r e a s e  b a s a l  v e lo c i ty  w hich  r e s u l t s  in  i n c r e a s e d  

f r i c t io n a l  d r a g  a n d  t r a c t i v e  f o r c e s  a long  th e  bed ,  r e l a t i v e ly  g r e a t e r  d e b r i s  

e n t r a i n m e n t ,  a n d  in c r e a s e d  "mixing"  of  b a s a l  d e b r i s  (Clark 1987). L a rg e  

t r a c t i v e  f o r c e s  al so  r e s u l t  in  i n c r e a s e d  c r u s h i n g  a n d  g r i n d i n g  of s e d im e n t s  

(D re w ry  1986). C r u s h i n g  a n d  g r i n d i n g  is p r o b a b l y  e n h a n c e d  u n d e r  t h e s e  

c o n d i t i o n s  b e c a u s e  low b a s a l  v e lo c i ty  i n c r e a s e s  r a t e s  of  lodgem en t ,  

p a r t i c u l a r l y  of  l a r g e r  c l a s t s  (Boulton 1975), w hich  allow e x t e n s i v e  

r e w o r k i n g  of d e b r i s  a lo n g  th e  b a s e  of  t h e  ice. C o n v e r s e ly ,  a s  ice e n t e r s  

t o p o g r a p h i c  d e p r e s s i o n s ,  b a s a l  v e lo c i ty  is e n h a n c e d .  Rapid ba s a l  v e lo c i ty  is 

a c o n s e q u e n c e  of  d e c r e a s e d  f r i c t io n a l  d r a g  b e tw e e n  c l a s t s  in  t h e  ice a n d  

th e  s u b s t r a t e  a n d  r e s u l t s  in l o n g e r  t r a n s p o r t  d i s t a n c e s  a n d  d e c r e a s e d  

mixing of  d e b r i s  w i th in  t h e  ice (Clark  1987). Lower comminut ion  r a t e s  

p r o b a b l y  a l so  o c c u r  u n d e r  s u c h  co n d i t io n s .

A l th o u g h  th e  r e l a t i o n s h i p  b e tw e e n  basa l  v e lo c i ty  a n d  to p o g r a p h i c  

o b s t r u c t i o n s  is  b e s t  u n d e r s t o o d  fo r  sm a l l - sca le  f e a t u r e s  (e.g.  l e s s  t h a n  a 

few m e te r s  in s ize) ,  i t  h a s  al so  b e e n  a p p l i e d  on a  r e g io n a l  sca le  to the

G rea t  L ak e s  a r e a  (Boulton e t  al. 1985) a n d  sp ec i f i ca l ly  to t h e  Lake

Michigan  b a s in  (Mickelson e t  a l . 1981). Lake  Michigan  c o n s i s t s  of  two 

d e e p  b a s i n s  (one r e s t r i c t e d  to t h e  n o r t h e r n  ha l f  of  t h e  lake  a n d  th e  o t h e r  

to t h e  s o u t h e r n  half)  w h ich  a r e  s e p a r a t e d  b y  th e  m id - lak e  h ig h  (F ig u r e  7). 

Water  d e p t h  in t h e  two b a s i n s  e x c e e d s  150 m b u t  is o f t e n  <60 m a lo n g  the
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m id - la k e  h ig h  (Wickham e t  a l . 1978). Rapid v e lo c i ty  is  p r e d i c t e d  a s  ice 

f lows t h r o u g h  th e  two b a s i n s  a n d  in p la c e s  may h a v e  e v e n  u n c o u p l e d  from 

th e  b e d  (Mickelson e t  a l . 1981). However ,  a s  ice c r o s s e d  t h e  r e g io n a l  

t o p o g r a p h i c  o b s t r u c t i o n  r e p r e s e n t e d  b y  th e  m id - lak e  h ig h ,  b a s a l  v e lo c i ty  

would  d e c r e a s e  a s  f r i c t io n a l  d r a g  a n d  t r a c t i v e  f o r c e s  a lo n g  t h e  bed  

i n c r e a s e d .  This ,  a s  o u t l in e d  ab o v e ,  would r e s u l t  in r e l a t i v e l y  g r e a t e r  

e n t r a i n m e n t  a n d  mixing of  ba s a l  d e b r i s  a s  well a s  i n c r e a s e d  c r u s h i n g  and  

g r i n d i n g  of  t h e  e n t r a i n e d  s e d im e n t s .

As th e  Lake  Michigan  Lobe f lowed a c r o s s  th e  m id - l a k e  h ig h  d u r i n g  

th e  l a t e r  p a r t  of t h e  Woodford ian  (ab o u t  14-15,000 y e a r s  ago) ,  it p r o b a b l y  

e r o d e d  a c o n s i d e r a b l e  am o u n t  of  new ly  exposed  s h a le  (as  p r e d i c t e d  b y  th e  

u n r o o f i n g  model) . F u t h e r m o r e ,  if e n h a n c e d  r a t e s  of c r u s h i n g  a n d  g r i n d i n g  

a c t u a l l y  o c c u r r e d ,  th e  s h a le  would h a v e  b e e n  r a p i d l y  com m inu ted  to f i n e 

g r a i n e d  d e b r i s .  C o n t in u e d  s o u t h w e s t w a r d  flow of t h e  Lake  Michigan Lobe 

to w a rd  St. F r a n c i s  would h a v e  c a u s e d  it to p a s s  from a  t e r r a i n  dom ina ted  

b y  sh a le  to one  dom ina ted  b y  middle Devonian  c a r b o n a t e  ( F i g u r e  7; Wold 

e t  a l . 1981). Th is  would  h a v e  r e s u l t e d  in d i lu t ion  of  t h e  s h a l e - r i c h  p e b b l e -  

s ize  d e b r i s  w ith  c a r b o n a t e  c l a s t s .  B ecause  t h e s e  c a r b o n a t e s  a r e  r e l a t i v e ly  

low in c lay  m ine ra l s  (Wold e t  a l . 1981), h o w ev e r ,  no s i g n i f i c a n t  c h a n g e  in 

t h e  c l a y - m in e r a l  com pos i t ion  of  t h e  v e r y  f ine  f r a c t i o n  wrou ld  h a v e  r e s u l t e d .

Flow from th e  m id - lake  h ig h  s o u t h e a s t w a r d  tov 'a rd  Glenn S h o r e s ,  on  

th e  o t h e r  h a n d ,  would h a v e  c a u s e d  th e  Lake Michigan  Lobe to p a s s  o v e r  

t h e  s o u t h e r n  b a s in  w hich  is  n o t  on ly  t o p o g r a p h i c a l l y  low b u t  a l so  u n d e r l a i n  

mainly  b y  sha le  b e d r o c k  ( F i g u r e  7). The b r o a d ,  low, t o p o g r a p h i c  

c o n f i g u r a t i o n  of th i s  a r e a  p r o b a b l y  r e s u l t e d  in e n h a n c e d  b a s a l  flow v e lo c i ty  

a n d  c o n s e q u e n t l y  no t  o n ly  al lowed ice to c a r r y  c l a s t s  f u r t h e r ,  b u t  al so
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d e c r e a s e d  mixing a n d  c l a s t  comminut ion .  B eca u se  t h e  s o u t h e r n  b a s in  is 

s u c h  a b r o a d  f e a t u r e ,  h o w e v e r ,  minor  b e d  o b s t r u c t i o n s  p r o b a b l y  loca l ly  

a f f e c t e d  t h e  b a s a l  flow p a t t e r n  of  t h e  Lake  Michigan  Lobe a n d  in  p la c e s  

in c r e a s e d  t h e  r a t e  of  e r o s i o n  a n d  comminut ion.  I m p o r t a n t ly ,  t h e s e  

o b s t r u c t i o n s  would  h a v e  b e e n  com posed  main ly  of  e i t h e r  sh a le  o r  p r e 

e x i s t in g  d r i f t .  T h e r e f o r e ,  a l t h o u g h  ice  c r o s s e d  a s ig n i f i c a n t  d i s t a n c e  (75— 

100 km; F i g u r e  7) f rom t h e  m id - l a k e  h ig h  to Glenn S h o r e s  a n d  may h a v e  

c r o s s e d  a n d  e r o d e d  c o n s i d e r a b l e  s h a l e  o u t c r o p ,  it  a l so  c r o s s e d  a n d  e ro d e d  

e x t e n s i v e  lake  c l ays .  T h u s ,  a  dyn am ic  e q u i l ib r iu m  b e t w e e n  e ro s io n  of  sha le  

an d  lake  c l a y s  may h a v e  b e e n  a c h i e v e d  a n d  10A c lay  d e r i v e d  from e ro s io n  

of sha le  may h a v e  b e e n  d i l u t e d  b y  7A c lay  d e r i v e d  from e ro s io n  of lake 

c lays .

As the  Lake Michigan  Lobe c o n t i n u e d  to flow s o u t h  tow ard  I n d i a n a  

a n d  I l l inois  it  p a s s e d  o u t  of  t h e  s o u t h e r n  b a s in  a n d  b e g a n  to cl imb o u t  of 

th e  lake  b as in .  Th i s  a r e a  is no t  o n ly  t o p o g r a p h i c a l l y  a n a l o g o u s  to the  

m id- lake  h igh  b u t  is a l so  u n d e r l a i n  b y  v e r y  shal low d r i f t  ( s e v e r a l  m e te rs ;  

L ineback  e t  a l . 1972, 1974) a n d  a t  l e a s t  in  p a r t  b y  s h a le  (F ig u r e  7). This  

would r e s u l t  in b a s a l  ice c o n d i t i o n s  s imilar  to t h o s e  s u g g e s t e d  a lo n g  th e  

m id - lake  h ig h  a n d  al low s im i la r ly  h ig h  r a t e s  of e ro s io n  a n d  com minut ion  of 

b e d r o c k .

R e g a r d l e s s  of  a n y  d i f f e r e n c e  in  a b s o l u t e  a m o u n ts  of sha le ,  h o w ev e r ,  

th e  d a t a  s h o w n  in f i g u r e  9 a n d  th e  s p a t i a l  d i s t r i b u t i o n  of  s h a le  w i th in  th e  

b a s in  d e m o n s t r a t e  t h a t  s h a l e  was  a p p a r e n t l y  r a p i d l y  com m inu ted  to c l a y -  

s ize m a te r ia l  (w i th in  a few to s e v e r a l  10’s of  km). Th is  s u g g e s t s  t h a t  

c l a y - s i z e  m a te r ia l  in  till is n o t  n e c e s s a r i l y  r e p r e s e n t  " f a r - t r a v e l e d ” ma ter ia l  

a n d  a s i g n i f i c a n t  c o m p o n e n t  cou ld  be  d e r i v e d  locally.  This  is al so implied,
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if a s  s u g g e s t e d ,  th e  d i f f e r e n c e s  in c l ay  m in e ra lo g y  b e t w e e n  t h e  two a r e a s  

a t  P a r k  Cliffs (Area N a n d  G; F i g u r e  3) r e s u l t e d  loca l ly  f rom e ro s io n  of 

l ake  c lays .

Glenn S h o res  Till?

A l th o u g h  t h e  u n r o o f i n g  model seems most  p la u s ib le ,  e i t h e r  of  the  

a b o v e  models  could  a c c o u n t  f o r  t h e  v a r i a t i o n  of  c l a y - m in e r a l s  in la te  

W iscons inan  t ills.  N e i the r ,  h o w ev e r ,  a d e q u a t e l y  a c c o u n t s  f o r  t h e  clay  

m in e ra lo g y  of  Glenn S h o r e s  till s in c e  it  c o n t a i n s  h i g h e r  a m o u n ts  of  7A 

c lay  t h a n  a n y  of  t h e  s o u r c e s  d i s c u s s e d  ab o v e .  Th is  composi t iona l  

d i s s im i la r i ty  with  o t h e r  s e d im e n t s  of  t h e  Lake  Michigan  b a s in  may r e l a t e  

to th e  r e l a t i v e ly  g r e a t  a g e  of th e  till. For example ,  if Glenn S h o r e s  till 

was  d e p o s i t e d  d u r i n g  t h e  E a r ly  W iscons inan  (as  p r o p o s e d  b y  G e p h a r t  e t  a l . 

1982), i t  may r e p r e s e n t  o n e  of t h e  e a r l i e s t  p o s t - S a n g a m o n  ice  a d v a n c e s  in 

the  Lake Michigan  b as in .  Th is  ice a d v a n c e  p r o b a b l y  t r a v e r s e d  an  

e x t e n s i v e ly  w e a t h e r e d  s u r f a c e  w hich ,  if w e a t h e r i n g  had  b e e n  of  s u f f i c i e n t  

i n t e n s i t y ,  may h a v e  b e e n  r e l a t i v e l y  k a o l in i t e - r i c h .  This  w e a t h e r i n g  s u r f a c e  

may, t h e r e f o r e ,  r e p r e s e n t  a n  ad d i t io n a l ,  b u t  now a b s e n t ,  k a o l in i t e - r i c h ,  

c l a y - m in e r a l  s o u r c e  bed  a n d  cou ld  a c c o u n t  fo r  t h e  a n om a lous ly  h igh  

a m oun t  of  7A c lay  f o u n d  in  Glenn S h o r e s  till.

A l th o u g h  a p p e a l in g ,  t h e  a b o v e  model is no n e  t h e  l e s s  s p e c u la t i v e  

s ince  no S angam on  a g e  w e a t h e r i n g  s u r f a c e  h a s  b e e n  r e p o r t e d  w i th in  the  

Lake  Michigan  b a s in .  S o u th  of  t h e  b a s in  in  I l l inois ,  h o w e v e r ,  Sangam on  

soils  h a v e  b e e n  s t u d i e d .  For  example ,  B r o p h y  (1959), u s i n g  h e a v y  m inera ls  

a s  an  inde x  of  w e a t h e r i n g ,  h a s  s u g g e s t e d  r e l a t i v e l y  i n t e n s e  w e a t h e r i n g  of  

S angam on  soils ,  b u t  i n d i c a t e s  t h a t  t h e  p r i n c i p a l  c l a y - m i n e r a l  w e a t h e r i n g
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p r o d u c t  is montmor il lon it e  (smec t i te ) .  E l s e w h e re  in  t h e  G rea t  Lakes  

r e g io n ,  h o w e v e r ,  k a o l i n i t e - r i c h  s a p r o l i t e  h a s  b e e n  r e p o r t e d .  LaSalle (1984) 

a n d  LaSalle e t  a l . (1985) h a v e  d e s c r i b e d  s c a t t e r e d  s a p r o l i t e  d e p o s i t s  

d e v e l o p e d  on  sh ie ld  r o c k s  of  s o u t h e r n  Q uebec  t h a t  c o n t a in  a b u n d a n t  

a u t h i g e n i c  kao l in i t e .  D u r in g  i n t e r g l a c i a l  p e r i o d s ,  t h e s e  s a p r o l i t e s  may h a v e  

b e e n  more  w i d e - s p r e a d  a n d  may h a v e  r e p r e s e n t e d  a  s ig n i f i c a n t  kaol in i t e  

s o u r c e  w h ich  is now a lmos t  com ple te ly  gone .

In o r d e r  to t e s t  w h e t h e r  Glenn S h o r e s  till in f ac t  does  con ta in  a 

s ig n i f i c a n t  q u a n t i t y  of kao l in i te ,  t h e  r e l a t i v e  c o n t r i b u t i o n  of c h lo r i t e  a n d  

kao l in i te  to 7A p e a k  i n t e n s i t y  m u s t  be d e t e r m in e d .  This  is b e c a u s e  bo th  

kao l in i te  a n d  c h l o r i t e  a r e  p r e s e n t  in all samples  a n d  c h l o r i t e  a n d  kao l in i t e  

bo th  s h a r e  b as a l  X - r a y  d i f f r a c t i o n  r e f l e c t i o n  a t  7.14A (002 c h l o r i t e  a n d  001 

kao l in i t e )  a n d  3.58A (004 c h l o r i t e  a n d  002 kao l in i t e ) .  Var ious  h e a t

t r e a t m e n t s  a r e  commonly em ployed  to d e t e r m in e  if  kao l in i te  is p r e s e n t  in 

t h e  sample  (Carro l l  1972; B r in d l e y  a n d  Brown 1980). S u c h  t r e a t m e n t s ,  

h o w e v e r ,  u s u a l l y  on ly  al low d e t e r m in a t io n  of  t h e  p r e s e n c e  of  kao l in i te  a n d  

a r e  no t  q u a n t i t a t i v e .  Heat  t r e a t m e n t s  a r e  a l so  n o t  p a r t i c u l a r l y  r e l i ab le  if 

c h l o r i t e  is  p o o r ly  c r y s t a l l i n e ,  a s  in  o f t e n  th e  c a s e  in " so i l” m a te r ia l  

(B r in d l e y  a n d  Brown 1980). A s e p a r a t i o n  of  kao l in i te  a n d  c h l o r i t e  c a n  also 

be  o b t a i n e d  u s i n g  warm HC1 (B r in d l e y  a n d  Brown 1980). This  t r e a t m e n t  

r e l i e s  on  th e  f a c t  t h a t  HCl s e l e c t i v e ly  d i s s o lv e s  c h lo r i t e  while g e n e r a l l y  

l e a v in g  kao l in i te  u n t o u c h e d  a n d  was  em ployed  in th i s  s t u d y  to d e t e rm in e  

t h e  r e l a t i v e  a m o u n ts  of  kao l in i t e  a n d  c h l o r i t e  in sam ples .

P r e v i o u s l y  s e p a r a t e d  c l a y - s i z e  (<2 um) f r a c t i o n  of  sam ples  w ere  sp l i t  

in to  2 p o r t i o n s .  One p o r t i o n  was  p la ced  on  a g l a s s  s l ide  a n d  X - ra y e d .  

The o t h e r  was  p la ced  in a so lu t ion  of  warm, IN HCl fo r  4 h o u r s ,  w as h ed
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with d is t i l led  w a te r ,  p la ced  on a g la s s  s l ide  a n d  X - ra y e d .  The  ac id i f ied  X- 

r a y  p a t t e r n  w as  t h e n  c o m p a re d  with th e  n o n -a c id i f i e d .  The  r e l a t iv e  

r e d u c t io n  of  t h e  7A pe a k  of  acid if ied  samples  r e p r e s e n t s  t h e  am oun t  of 

ch lo r i t e  rem oved  by HCl while  the  peak  r e m a in in g  r e p r e s e n t s  the  a m oun t  

of  kao l in i t e  in t h e  sample .  The % in tens i ty  of  t h e  7A peak  d u e  to kaol in i t e  

(%K7A) a n d  c h l o r i t e  {%Cta) w e re  d e t e rm in e  by  th e  following r e l a t i o n s h ip s :  

%K7A = [ (7A/10A)hci] / [  (7A/10A)noHcil 

%C7a = 1-%K7a
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F i g u r e  10 Cumula t ive  p e r c e n t  d ia g ra m  of r e l a t i v e  a b u n d a n c e  of  illi te (I), 
k ao l in i te  (K), a n d  C h lo r i te  (C) in till a n d  l a c u s t r i n e  u n i t s  d e t e r m i n e d  by 
HCL method .  Hor izonta l  ax is  shows  cu m u la t iv e  p e r c e n t ;  v e r t i c a l  axis  
s h o w s  age .  Open c i r c l e s  c o n n e c te d  b y  solid l ines  show s  t r e n d  in till un i t s ;  
c losed  c i r c l e s  c o n n e c t e d  b y  d a s h e d  l ine s how s  t r e n d  in l a c u s t r i n e  u n i t s  
( a p p ro x im a te  ag e  a lo n g  r i g h t  s ide) .  One a n a l y s i s  fo r  each  un i t .
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The re la t ive  p e r c e n ta g e s  o f  illite (%I), kaolin ite (%K), and ch lor ite  (%C) 

w ere determ ined  b y  ca lcu la t in g  the % intensity o f  each mineral p h ase  to the  

total in te n s i ty  (non-ac id if ied  d iffraction  p a tte r n s  w ere u sed )  by  the  

fo llow ing relationships:

%I = 10A/(7A+10A)

%K = (7A*%K7a)/(7A+10A)

% C  = (7A*%C7a)/(7A+10A)

The  a b o v e  p r o c e d u r e  w as  p e r f o r m e d  on a sample  of each  of  t h e  majo r  

till a n d  l a c u s t r i n e  u n i t s  f o u n d  in th e  b a s in .  The  r e s u l t s  of  t h e s e  a n a l y s e s  

( F i g u r e  10) s u g g e s t s  t h a t  c o m p a re d  to  y o u n g e r  s e d im e n t s ,  kao l in i t e  is most  

a b u n d a n t  in Glenn  S h o r e s  till. A l th o u g h  t h e s e  d a t a  do n o t  con f i rm  th a t  

t h e  kao l in i te  in Glenn S h o r e s  till w e re  d e r i v e d  from e ro s io n  of  Sangam on  

s a p r o l i t e ,  t h e y  do  a t  l e a s t  l end  s u p p o r t  to t h i s  e x p lana t ion .

SUMMARY AND CONCLUSIONS

Data p r e s e n t e d  in t h i s  p a p e r  show  t h a t  t h e  c l a y - m in e r a l  composi t ion  

of  W iscons inan  a g e  till s h e e t s  s y s t e m a t i c a l ly  v a r i e s  t h r o u g h o u t  t h e  Lake 

Michigan  b as in .  A g e n e r a l  i n c r e a s e  in t h e  r e l a t i v e  am o u n t  of  10A c lay  

i n c o r p o r a t e d  in till b e g a n  with  t h e  d e p o s i t i o n  of  e a r l y  o r  middle 

Wiscons inan  (Altonian) Glenn  S h o r e s  till a n d  c o n t i n u e d  t h r o u g h  the  

d e p o s i t i o n  of la te  W iscons inan  (mid-Woodford ian) G anges -N e w  Ber l in  a n d  

S a u g a t u c k - O a k  C re e k  ti l ls .  A s i g n i f i c a n t  d e c r e a s e  in th e  r e l a t i v e  am oun t  

of  10A c lay ,  h o w ev e r ,  o c c u r r e d  d u r i n g  d e p o s i t i o n  of  t h e  p o s t -M a c k in a w  

I n t e r s t a d e  O z a u k e e - H a v e n - O r c h a r d  Beach (P o r t  H uron)  a n d  Two R i v e r s -  

Fi ler  (G rea t l ak ean )  tills.
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U nlike  t h e  v a r i a t i o n  o b s e r v e d  in  s u c c e s s i v e  till s h e e t s ,  t h e  c l a y -  

minera l  com pos i t ion  of l a c u s t r i n e  s e d im e n t  a s s o c i a t e d  w i th  i n t e r s t a d i a l  

i n t e r v a l s  o c c u r r i n g  b e t w e e n  t h e  till s h e e t s  r e m a in s  r e l a t i v e l y  c o n s t a n t .  

B e g in n in g  w i th  d e p o s i t i o n  in  u n - n a m e d  m id -W iscons inan  l a k es  a n d  

c o n t i n u i n g  t h r o u g h  d e p o s i t i o n  in la te  W iscons inan  a g e  Lake Milwaukee 

(Erie I n t e r s t a d e )  a n d  th e  Glenwood P h a s e  of  Lake  Chicago  (Mackinaw a n d  

p r e - T w o  C r e e k s  I n t e r s t a d e )  no s ig n i f i c a n t  c h a n g e  in c lay  m in e ra lo g y  was  

found .  The  o n ly  s i g n i f i c a n t  c h a n g e  in c l a y - m i n e r a l  com posi t ion  o c c u r r e d  

d u r i n g  d e p o s i t i o n  of  s e d im e n t  w i th in  t h e  f ina l  glac ia l  lake  p h a s e  in th e  

b a s in  ( the  p o s t - T w o  C r e e k a n  a g e  Ca lumet  P h a s e  of  Lake  Chicago) .  T hese  

s e d im e n t s  show a signif icant ,  r e l a t i v e  i n c r e a s e  in 10A c lay  c o n t e n t .

C la y -m in e ra l s  in ti l ls  of  t h e  Lake  Michigan b a s in  w ere  d e r i v e d  l a rg e ly  

from e ro s io n  b y  ice of e i t h e r  s h a le  b e d r o c k  a n d / o r  l a c u s t r i n e  c l ays .  The 

com posi t ion  of  W iscons inan  a g e  l a c u s t r i n e  c l ay  s e d im e n t  is g e n e r a l l y  similar  

to t h a t  of  l a te  W iscons inan  G anges -N ew  B er l in  a n d  to P o r t  H uron  and  

G r e a t l a k e a n  a g e  t i lls .  Lake s e d im e n t s  p r o b a b l y  r e p r e s e n t  t h e  p r i n c i p a l  c lay  

s o u r c e  fo r  t h e s e  till s h e e t s .  Based  on  a s im i la r i ty  in c l a y - m in e r a l  

com posi t ion  b e t w e e n  A n t r im - E l l s w o r th  a n d  C o ldw ate r  sha le  a n d  S a u g a t u c k -  

Oak C re e k  till a s  well a s  t h e  r e l a t i v e l y  h igh  a m o u n t s  of  sha le  c l a s t s  in 

t h e s e  till u n i t s ,  t h e s e  b e d r o c k s  p r o b a b l y  r e p r e s e n t e d  th e  most  im p o r t a n t  

c lay  s o u r c e  fo r  S a u g a t u c k - O a k  C re e k  till. When all t h e  la te  W iscons inan  

age  till s h e e t s  a r e  c o n s i d e r e d  t o g e t h e r ,  h o w e v e r ,  t h e  s y s t e m a t i c  v a r i a t i o n  

o b s e r v e d  in t h e i r  c l a y - m i n e r a l  com posi t ion  c a n  o n ly  be a c c o u n t e d  fo r  by  

e ro s io n  of  d i f f e r i n g  p r o p o r t i o n s  of  l a c u s t r i n e  c l ay  a n d  s h a le  t h r o u g h  time. 

The r e a s o n  fo r  e r o s io n  of  d i f f e r i n g  a m o u n ts  of t h e s e  two s o u r c e  b e d s  may 

r e l a t e  to one  of  two p r o c e s s e s :  1) c h a n g e s  in i ce - f low  v e c t o r s  d u r i n g  th e
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W iscons inan  w i th in  t h e  b a s i n  o r  2) p r o g r e s s i v e  " u n r o o f in g "  of sha le  

o u t c r o p s  b y  e ro s io n  of  d r i f t  m a n t l in g  b e d r o c k  d u r i n g  s u c c e s s i v e  r e a d v a n c e s  

of  th e  Lake  Michigan  Lobe.

A l th o u g h  e i t h e r  model  cou ld  h a v e  o p e r a t e d ,  t h e  p r o g r e s s i v e  u n r o o f i n g  

of  sh a le  o u t c r o p s  (model  2 above )  seem s  th e  most  p la us ib le .  I t  r e l i e s  on 

bas ic  s u b g la c i a l  p r o c e s s e s  w h ich ,  w h e n  a p p l i e d  to  spec i f i c  c o n d i t io n s  in th e  

Lake Michigan b a s in  a c c o u n t  fo r  t h e  p a t t e r n s  in till l i tho logy  o b s e r v e d  

t h r o u g h o u t  th e  b a s in .  The  model a c c o u n t s  no t  on ly  fo r  th e  g e n e r a l  

ho m o g e n e i ty  in c l a y - m i n e r a l  com posi t ion  of  till s h e e t s  of  s imi lar  a g e  b u t  

a l so  w hy  d i f f e r e n t  a g e  till s h e e t  ex h ib i t  s y s t e m a t i c  composi t iona l  v a r ia t io n .  

F u r t h e r m o r e ,  t h e  model  a l so  ex p la in s  w h y  im p o r t a n t  g e o g r a p h i c  d i f f e r e n c e s  

s h ou ld  ex is t  in t h e  r e l a t i v e  a m o u n t  of  s h a le  c l a s t s  p r e s e n t  in till s h e e t s .  

Even  t h o u g h  th e  ice-f low v a r i a t i o n  model cou ld  a c c o u n t  fo r  th e  s y s t e m a t i c  

v a r i a t i o n s  in c lay  m ine ra l  com posi t ion ,  i t  c a n  no t  a d e q u a t e l y  explain  

g e o g r a p h i c  d i f f e r e n c e s  in t h e  l i tho logy ,  p a r t i c u l a r l y  in t h e  a m o u n t  of  sha le ,  

of  s imilar  a g e  till s h e e t s .  In  f ac t ,  t h e  t o p o g r a p h i c  c o n f i g u r a t i o n  of  th e  

Lake Michigan  b a s in  a lone  m akes  a model r e l y i n g  on  v a r i a t i o n  in ice flow 

q u e s t i o n a b le .

R e g a r d l e s s  of  which  model  is c o r r e c t ,  h o w e v e r ,  n e i t h e r  can  a d e q u a t e l y  

exp la in  th e  c l a y -m in e ra l  com pos i t ion  of  e a r l y  to middle W iscons inan  a g e  

Glenn S h o r e s  till b e c a u s e  t h i s  u n i t  c o n t a i n s  s ig n i f i c a n t l y  more 7A c lay  

( spec i f ica l ly  kao l in i t e )  t h a n  f o u n d  in e i t h e r  the  l a c u s t r i n e  c l ay  o r  sha le  

s o u r c e  b e d s .  A l th o u g h  s p e c u l a t i v e ,  b a s e d  on  th e  a g e  of  Glenn S h o r e s  till, 

t h e  7A c lay  may h a v e  b e e n  kao l in i t e  fo rm ed  d u r i n g  th e  Sangam on  a n d  

d e r i v e d  from e ro s io n  of  t h i s  w e a t h e r i n g  s u r f a c e  d u r i n g  some ini t ial  

W iscons inan  ice a d v a n c e .
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Based  on  d a t a  p r e s e n t e d  a b o v e ,  t h e  fo l lowing a d d i t i o n a l  p o in t s  a r e  

c o n c l u d e d  f rom t h i s  s t u d y :

1) The  c lay  m in e ra lo g y  of  s u c c e s s i v e  till s h e e t s  s y s t e m a t i c a l ly  v a r i e s  

t h r o u g h o u t  t h e  b a s in  while  t h a t  of  l a c u s t r i n e  g e n e r a l l y  r em a in s  

r e l a t i v e l y  c o n s t a n t .

2) Regional  c h a n g e s  in c l a y - m in e r a l  composi t ion  of till in t h e  b a s in  

o c c u r  fo l lowing s ig n i f i c a n t  f l u c t u a t i o n s  of  t h e  Lake Michigan Lobe.

3) In  g e n e r a l ,  t h e  c lay  m in e ra lo g y  of  an  in d iv id u a l  till s h e e t  is un i fo rm  

o v e r  r e l a t i v e ly  l a rg e  g e o g r a p h i c  a r e a s ,  b u t  c an  ex h ib i t  some 

s i g n i f i c a n t  v a r i a t i o n  w i th in  a local a re a .

4) Clay m in e ra l s  o c c u r r i n g  w i th in  till w e re  d e r i v e d  from e ro s io n  of 

u n d e r l y i n g  d r i f t  a n d / o r  b e d r o c k  while th ose  o c c u r r i n g  in lake  c l ay s  

w e re  a p p a r e n t l y  e r o d e d  from p r e - e x i s t i n g  d r i f t  a n d  th e n  

hom ogen ized  a n d  d e p o s i t e d  w i th in  the  lake bas in .

5) Sha le  b e d r o c k  can  a p p a r e n t l y  be r a p i d l y  comminuted  to c l a y - s i z e  

m a te r ia l  a n d ,  t h u s ,  a  s i g n i f i c a n t  com p o n en t  of th e  f i n e - g r a i n e d  

f r a c t i o n  of  till may r e p r e s e n t  local ly d e r i v e d  materia l .

A l th o u g h  each  of th e  a b o v e  c o n c lu s io n s  is im p o r ta n t ,  p a r t i c u l a r l y  th e  

fa c t  t h a t  the  c lay  minera l  com posi t ion  of till s h e e t s  s y s t e m a t i c a l l y  v a r y  

t h r o u g h  s p a c e  a n d  time, t h e  most  im p o r t a n t  c o n t r i b u t i o n  made b y  th i s  

r e s e a r c h  is t h e  iso la t ion  of  p r o c e s s e s  with  could a c c o u n t  fo r  s i g n i f i c a n t  

c h a n g e s  in till l i tho logy .  An u n d e r s t a n d i n g  of th e s e  p r o c e s s e s  is e spec ia l ly  

i m p o r t a n t  b e c a u s e ,  to d a t e ,  till s t r a t i g r a p h y  in the  Lake Michigan  bas in ,  

a n d  c o n s e q u e n t l y  o u r  u n d e r s t a n d i n g  of  t h e  d y n am ics  of t h e  L a u r e n t i d e  ice 

s h e e t ,  is b a s e d  l a r g e l y  on simple,  em pir ica l  d e s c r i p t i o n s  of till l i tho logy.  

In  i t ’s c o n s t r u c t i o n ,  it a s s u m e s  l i tho logic u n i fo rm i ty  of  till s h e e t s  o v e r



l a r g e  g e o g r a p h i c  a r e a s  g e n e r a l l y  w i th o u t  r e f e r e n c e  to t h e  e ro s io n a l  a n d  

d e p o s i t io n a l  p r o c e s s e s  w h ich  a r e  u l t im a te ly  r e s p o n s i b l e  fo r  t h e  l i th o lo g y  of  

till. A l th o u g h ,  a s  s h o w n  in  t h i s  s t u d y ,  t h e  l i tho log ies  of  t h e s e  ti ll  s h e e t s  

do  in f a c t  m a in ta in  a  g e n e r a l l y  un i fo rm  com posi t ion ,  t h e y  can  a l so  e x h ib i t  

s i g n i f i c a n t  v a r i a t i o n  o v e r  a  r e l a t i v e l y  s h o r t  d i s t a n c e  (F ig u re  3) a s  well a s  

show  i m p o r t a n t  g e o g r a p h i c  d i f f e r e n c e s  in some p a r a m e t e r s  (F ig u re  8 ). The 

fa c t  t h a t  till s h e e t  do  v a r y  h a s  led some a u t h o r s  to r e j e c t  th e  e n t i r e  

s t r a t i g r a p h i c  s y s t e m .  C o n s id e r a t i o n s  of  t h e s e  i i thologic p a r a m e t e r s  a s  a  

c o n s e q u e n c e  of  s u b g la c i a l  p r o c e s s e s  t h a t  dom ina ted  in th e  e ro s io n a l  a n d  

d e p o s i t io n a l  e n v i r o n m e n t s  spec i f i c  to t h e  Lake Michigan b as in ,  h o w e v e r ,  

no t  on ly  le n d s  s u p p o r t  to t h e  s t r a t i g r a p h i c  s y s t e m  b y  e x p la in in g  anom alous  

d a t a  but. a l so  i n c r e a s e s  u n d e r s t a n d i n g  of th e  d y n a m ic s  of  t h e  Lake 

Michigan  Lobe.  I n  f ac t ,  more  s u c h  s t u d i e s  from o t h e r  a r e a s  may " p r o v i d e  

a r e l a t i v e l y  simple m e a s u r e  of  t h e  l a r g e - s c a l e  b e h a v i o r  of  fo rm e r  ice 

s h e e t s "  (Clark  1988, p.  539)
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BY GEOLOGICAL UNIT AND SECTION
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S a u g a t u c k  T i l l  ( G l e n n  S h o r e s  S e c t i o n )

Sample #___________7A/10A Sample #___________7A/1OA
UT 100 0.55 UT 113 0.65
UT 101 0.58 UT 114 0.53
UT 102 0.53 UT 115 0.53
UT 103 0.59 UT 116 0.61
UT 104 0.60 UT 117 0.63
UT 105 0.57 UT 118 0.57
UT 106 0.59 UT 119 0.54
UT 107 0.63 UT 120 0 . 57
UT 108 0.51 UT 121 0.55
UT 109 0.58 UT 122 0.67
UT 110 0.52 UT 123 0.53
UT 111 0.57 UT 124 0.61
UT 112 0.58
Shale Clasts (Saugatuck till: Glenn Shores Section)

Sample #___________7A/ 10A
GLSH SGSH-3-86 0.49
GLSH SGSH-4-86 0.32
GLSH SGSH-5-86 0.52
GLSH SGSH-6-86 0.33

Ganges Till (Glenn
Sample #___________7A/10A

MT 1 0.82
MT 2 0.80
MT 3 0.81
MT 4 0.75
MT 5 0.81
MT 6 0.81
MT 7 0.91
MT 8 1 .05
MT 9 0.85
MT 10 0.95
MT 11 0.75
MT 12 1.03
MT 13 0.96
MT 14 1 .09
MT 15 0.80
MT 16 0.86
MT 17 0.75
MT 18 0.88
MT 19 0.82
MT 20 1.01

Sample #____________ 7A/ 10A
GLSH SGSH-7-86 0.47
GLSH SGSH-8-86 0.36
GLSH SGSH-9-86 0.43
GLSH SGSH- 10-86 0.78

Shores Section)
Sample #____________ 7A/10A

MT 21 0,.87
MT 22 0..90
MT 23 0,. 76
MT 24 0,,80
MT 25 0,. 73
MT 26 0 ,.64
MT 27 0,. 66
MT 28 0 ,,82
MT 29 0 ,.74
MT 30 0.,71
MT 500 1 ,.01
MT 501 0 ..88
MT 502 0,.69
MT 503 0 .,91
MT 504 1,, 06
MT 505 0.,75
MT 506 0 ,.98
MT 507 0 .,89
MT 508 0 ,. 79
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Shale Clasts (Ganges Till; Glenn Shores Section)
Sample # 7A/10A Sample # 7A/10A

GLSH GGSH-1-86 0 . 38 GLSH GGSH-5-86 0.41
GLSH GGSH-2-86 0 . 56 GLSH GGSH-6-86 0.48
GLSH GGSH-3-86 0.47 GLSH GGSH-7-86 0.43
GLSH GGSH-4-86 0.43

Middle Wisconsinan Lacustrine (Glenn Shores Section)
Sample # 7A/10A Sample # 7A/10A

GLSH-LC- 1-N84 1 . 19 GLSH-LC1-1-SA84 1 .00
GLSH-LC-2-N84 1.03 GLSH-LC1-1-SB84 0 .93
GLSH-LC-3-N84 1 .04 GLSH-LC1-2-SB84 1 .09
GLSH-LC-4-N84 1 .06 GLSH-LC1-3-SB84 0.93
GLSH-LC-5-N84 1 .07

Glenn Shores Till (Glenn Shores Section)
Sample #____________7A / 10A Sample #_____________7A / 10A

LT 300 1 . 37 LT 203 1 . 23
LT 301 1 . 29 LT 204 1 . 26
LT 302 1 .02 LT 205 1 . 14
LT 303 1 . 14 LT 206 1 . 29
LT 304 1 .06 LT 207 1 .04
LT 305 1 .05 LT 250 1 . 48
LT 306 1 . 24 LT 251 1 . 48
LT 307 1 . 04 LT 252 1 . 30
LT 200 1 . 46 LT 253 1 . 37
LT 201 1 .03 LT 254 0.96
LT 202 1 . 15

Shale Clasts (Glenn Shores Till; Glenn Shores Section)
Sample #___________7A/ 10A

GLSH GSSH-1-86 0.41
GLSH GSSH-2-86 0.36
GLSH GSSH-3-86 0.48
GLSH GSSH-4-86 0.39

Sample #___________7A/ 10A
GLSH GSSH-5-86 0.42
GLSH GSSII-6-86 0 . 38
GLSH GSSH-7-86 0.42
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S a u g a t u c k  t i l l  ( C e d a r  B l u f f  S e c t i o n )

Sample #______________ 7A/1OA Sample #____________ 7A/ 10A
CDBF SGTI-620-82 0.63 CDBF SGTI-625-82 0 .
CDBF SGTI-621-82 0.60 CDBF SGTI-626-82 0.
CDBF SGTI-622-82 0.58 CDBF SGTI-627-82 0 .
CDBF SGTI-623-82 0.60 CDBF SGTI-628-82 0 .
CDBF SGTI-624-82 0.62 CDBF SGTI-629-82 0.

S a u g a tu c k  t i l l  (Mimoi Park S e c t i o n )

Sample #______________ 7A/ 1 OA Sample #____________ 7A/ 10A
MMPK TA-1-A85 0.41 MMPK TA-12-A86
MMPK TA-2-A85 0. 50 MMPK TA-14-A86
MMPK TA-3-A85 0.63 MMPK TA-16-A86
MMPK TA-4-A85 0.77 MMPK TA-5-A86
MMPK TA-5-A85 0.52 MMPK TA-7-A86
MMPK TA-6-A85 0 .60 MMPK TA-8-A86
MMPK TA-7-A85 0. 56 MMPK TA-9-A86
MMPK TA-10-A86 0.48

S a u g a tu ck  t i l l  (Park  C l i f f s  S e c t i o n ;  A rea G)

Sample #______________ 7A/ 10A Sample #____________ 7A/ 10A
PKCF TA-1-A84 0.99 PKCF TA-3-A84
PKCF TA-10-A84 0. 72 PKCF TA-4-A84
PKCF TA-11-A84 0. 72 PKCF TA-5-A84
PKCF TA-12-A84 0.75 PKCF TA-6-A84
PKCF TA-13-A84 0.72 PKCF TA-7-A84
PKCF TA-14-A84 0.68 PKCF TA-8-A84
PKCF TA-15-A84 0.72 PKCF TA-9-A84
PKCF TA-2-A84 0.87

S a u g a tu ck  t i l l  (Park  C l i f f s  S e c t i o n ;  A rea  N)

Sample #______________ 7A/10A Sample #____________ 7A/ 10A
PKCF TA-1-M85 0.52 PKCF TA-4-N85 0.
PKCF TA-2-N85 0.61 PKCF TA-5-N85 0.
PKCF TA-3-N85 0.64

69
67
65
57
65

58
52
57
62
62
52
57

79
79
83
85
82
73
68

62
68



72

Lake M ilw a u k e e (? )  S e d im e n ts  (P ark  C l i f f s  S e c t i o n )

Sample # 7A/ 1 OA Sample #____________7A / 1 OA
PKCF LA-1-A82 1 .00 PKCF LA-5-A82 1 .06
PKCF LA-10-A82 0.77 PKCF LA-6-A82 1 .07
PKCF LA-11-A82 0.80 PKCF LA-7A-A82 0.91
PKCF LA-2-A82 1 .29 PKCF LA-7B-A82 0.97
PKCF LA-3-A82 1 . 13 PKCF LA-8-A82 0.96
PKCF LA-4-A82 1 .09 PKCF LA-9-A82 0.69

M id d le (? )  W is c o n s in a n  L a c u s t r i n e  (Park  C l i f f s  S e c t i o n )

Sample #______________ 7A/ 10A Sample #____________ 7A/10A
PKCF LC-1-N86 
PKCF LC-2-N86 
PKCF LC-3-N86 
PKCF LC-4-N86

1 . 00  
0.97 
0.90 
0.89

PKCF LC-5-86 
PKCF LC-6-86 
PKCF LC-7-86

1.13 
1.15 
1 . 05

M idd le  W is c o n s in a n  L a c u s t r i n e  (S o u th  Haven S e c t i o n )

Sample #______________ 7A/ 10A Sample #____________ 7A/ 10A
SHZB LF-1-82 1.03 SHZB LF-5-82 1.01
SHZB LF-10-82 0.90 SHZB LF-6-82 0.94
SHZB LF-2-82 1.25 SHZB LF-7-82 0.92
SHZB LF-3-82 1.00 SHZB LF-8-82 0.85
SHZB LF-4-82 0.94 SHZB LF-9-82 0.88
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Lake Border Moraine (Southwestern Michigan)
Sample #_________ 7A/1 OA Sample #_______ 7A/ 10A

2S17W 27-1-84 0.65 LBM-5 0.65
2S17W 27-2-84 0.51 LBM-6 0.63
2S17W 33-1-84 0.56 LBM-7 0.62
3S 17W 6-1-84 0.53 LBM-8 0.44
3S 18W 14-1-84 0.51 LBM-9 0.63
3S18W 12-1-84 0.56 LBM-10 0.47
5S 19W 24-1-84 0.44 LBM-11 0.40
5S19W 25-1-84 0.48 LBM-12 0.47
6S 19W 10-1-84 0 . 53 LBM-13 0.89
6S19W 21-1-84 0.83 LBM-14 0.61
7 S 19W 18-1-84 0.44 LBM-15 0 . 70
7S20W 24-1-84 0.53 LBM-16 0.62
7S20W 36-1-84 0.49 LBM-17 0.63
8S20W 19-1-84 0.57 LBM-18 0.68
LBM-1 0.57 LBM-19 0.55
LBM-2 0.69 LBM-20 0.51
LBM-3 0.59 LBM-21 0 . 50
LBM-4 0.56

Valparaiso Moraine (Southwestern Michigan)
Sample #_______ 7A/10A Sample #_______ 7A/ 10A

1N15W 2 4 - 1 - 8 5 0 ,. 45 IVM- 3 0 ..67
1S14W 1 1 - 1 - 8 5 0 ,.68 IVM- 4 0 ,.51
2S15W 3 0 - 1 - 8 5 0 ,,32 IVM- 5 0 ..63
2S15W 3 4 - 1 - 8 5 0 ,.45 IVM- 6 1 .0 0
IS 14W29-1 0 ,. 56 IVM- 7 0 .,81
I S 1 4 W 2 9 -10 0 ,.51 IVM- 8 0 ,.69
IS14W29-8 0 ,, 38 IVM- 9 0 .,67
IS14W29-9 0 ,.75 OVM- 1 0 ,,64
IS 14W29-9-T 0 ,, 54 OVM- 2 0 ,, 50
1S14W29-25 0 ,.43 OVM- 3 0 .. 6 5
IS14W29-27 0 .. 50 OVM- 4 0 ., 53
1S14W29-29 0 ,.41 OVM- 5 0 ,. 56
IS 14W29-30 0 ., 50 2S16W 8 -1 - 8 5 0 .,63
IS 14W 29-31 0 ,,64 3S15W 2 2 - 1 -85 0 ,.51
BRDV TA- 1-85 0 ,. 39 3S16W 19- 1-85 0 ., 49
BRDV TA-2-85 0 ., 39 3S16W 36- 1-85 0 ,.43
BRDV TB-1-A85 0 ,,60 3S16W 36- 2-85 0 ..41
IVM-1 0 ,. 57 5S17W 13- 1-85 0 ,.44
IVM-2 0 .,66
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V a lp a r a i s o  M ora in e  ( I n d i a n a  and I l l i n o i s )

Sample #_______ 7A/10A Sample # 7A/ 1 OA
VALP 6-9-86 0.25 VALP 13-9-86 0 .27
VALP 5-9-86 0.37 VALP 12-9-86 0 . 35
VALP 19-9-86 0.53 VALP 11-9-86 0 . 38
VALP 18-9-86 0.77 VALP 10-9-86 0.62
VALP 17-9-86 0.26 VALP 9-9-86 0 . 33
VALP 16-9-86 0.39 VALP 8-9-86 0.28
VALP 15-9-86 0.40 VALP 7-9-86 0.31
VALP 14-9-86 0.35

Sturgis-Kalamazoo System (Southwest Michigan)
Sample # 7 A / 10 A Sample * 7 A / 1 0 A

5S12W 21-1 0 .47 7S15W 31-1-85 0.79
5S12W 28-1 0 .53 7S15W 31-2-85 0 . 59
STM-1 0.57 8S16W 2-1-85 0.41
STM-2 0.74 8S16W 2-2-85 0 . 49
STM-3 0.43 8S16W 2-3-85 0.55
PAPA TB-1-A84 0.74 8S16W 2-4-85 0 . 44
PAPA TB-2-A84 0.54 KZM-8 0.55
PAPA TB-3-A84 0.66 KZM-1 0 .63
PAPA TB-4-A84 0.56 KZM-10 0 .83
3S13W 35-1 0.59 KZM-11 ' 08
4S13W 26-1 0.65 KZM-2 0.60
5S14W 17-1 0.64 KZM-3 0. 45
5S14W 23-1 1 . 04 KZM-4 0.49
5S14W 26-1 0.80 KZM-5 0.51
6S14W 3-1 0.77 KZM-6 0. 50
6S14W 7-1 0.70 KZM-7 0.60
7S15W 19-1-85 0 .79 KZM-9 0.60

Tekonsha Moraine (Southwest Michigan)
Sample # 7A/ 1 OA Sample_#_______ 7A/ 1 OA

6S12W 15-1 1 . 00 THRS TB-2-84 0.84
6S12W 23-1 0.91 THRS TB-3-84 1 . 06
6S13W 13-1 0.75 TKM-1 0.67
6S13W 15-1 1.11 TKM-2 0.69
7S13W 26-1 1 .37 TKM-3 0 . 88
7S14W 26-1 0.70 TKM-4 0 . 87
7S14W 30-1 0 . 89 TKM-5 1.11
8S14W 28-1 0.67 TKM-6 0.88
THRS TB-1-84 0.81
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Oak C r e e k  t i l l  ( S t .  F r a n c i s  S e c t i o n )

Sample f______________ 7A/1 OA Sample #____________ 7A/ 1 OA
MLKS TA-1-B84 0 . 7 4  MLKS TA-4-B84  0.
MLKS TA-10-B84 0 . 4 1  MLKS TA -5-B84  0 .
MLKS TA-12-B84 0 . 3 8  MLKS TA -6-B84  0 .
MLKS TA-13-B84 0 . 4 0  MLKS TA-7-B84  0 .
MLKS TA-14-B84 0 . 3 8  MLKS TA-8-B84  0 .
MLKS TA-2-B84 0 . 6 2  MLKS TA-9-B84  0 .
MLKS TA-3-B84 0 . 7 2

Lake Milwaukee Sediments (St. Francis Section)
S am p le  #________________7A/ 1 OA Sam ple  #_____________ 7A /  1 OA

MLKS TC-1-B84 1 . 1 4  MLKS TC -4 -B 84  1.
MLKS TC-2-B84 0 . 9 9  MLKS TC -5-B 84  0.
MLKS TC-3-B84  1 . 1 7  MLKS TC -6 -B 84  0.

New Berlin till (St. Francis Section)
S am p le  #________________7A/ 10A Sam ple  #_____________ 7A/ 10A

MLKS T F -1 -C 84  0 . 9 3  MLKS T F -2 -C 8 4  0 .
MLKS T F -1 1 -C 8 4  0 . 8 6  MLKS T F -3 -C 8 4  0 .
MLKS T F -1 3 -C 8 4  0 . 8 1  MLKS T F -4 -C 8 4  0 .
MLKS T F -1 4 -C 8 4  0 . 9 8  MLKS T F -5 -C 8 4  0 .
MLKS T F -1 5 -C 8 4  0 . 8 6  MLKS T F -6 -C 8 4  0 .
MLKS T F -1 6 -C 8 4  1 . 1 1  MLKS T F -7 -C 8 4  0 .

Ozaukee till (Shorewood Section)
S am ple  ♦_______________ 7A/ 10A Sam ple  #_____________ 7A/ 10A

SHWD TA -1-S84  0 . 8 6  SHWD T A -5 -S 8 4  0 .
SHWD T A -10-S 84  0 . 8 8  SHWD T A -6 -S 8 4  0 .
SHWD T A - U - S 8 4  0 . 8 6  SHWD T A -8 -S 8 4  0 .
SHWD TA -2-S84  0 . 8 3  SHWD T A -9 -S 8 4  0.
SHWD TA-3-S84  0 . 9 0  SHWD T A -4 -S 8 4  0.

Glenwood Sediments (Shorewood Section)
S am ple  # ___________7A/ 10A Sam ple  #_____________ 7A/ 10A

SHWD T B -1 0 -S 8 4  0 . 8 9  SHWD T B -8 -S 8 4  0.
SHWD T B -1 1 -S 8 4  1 . 0 0  SHWD T B -9 -S 8 4  0 .
SHWD T B -12 -S 84  0 . 7 6  SHWD T B -2 -S 8 4  1.
SHWD T B -1 3 -S 8 4  0 . 9 0  SHWD T B - 4 - S 8 4  0 .
SHWD T B -1 4 -S 8 4  1 . 2 3  SHWD T B -1 6 -S 8 4  0 .
SHWD T B -1 5 -S 8 4  0 . 8 5

5 6
40
64
49
42
51

10
92
97

70
81
95
99
93
96

84
90
93
85
92

95
98
12
90
83
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" O ak  C r e e k ( ? ) "  t i l l  ( S h o r e w o o d  S e c t i o n )

Sample #______________ 7A/1 OA Sample #____________ 7A /10A
SHWD TF-1-N84 0.77 SHWD TF-1-NA84 0.
SHWD TF-2-NT84 0.63 SHWD TF-2-NA84 0.
SHWD TF-3-N84 0.68 SHWD TF-3-NA84 0.
SHWD TF-4-N84 0.70 SHWD TF-4-NA84 0.
SHWD TF-6-N84 0.60 SHWD TF-5-N'A84 0.
SHWD TF-7-N84 0.58 SHWD TF-8-M84 0.

Two Rivers till (Two Creeks Section)
Sample # 7A/ 1 0A Sample #____________ 7A/ 1 0A

TOCK TA-1-2-B84 0.87 TOCK TA-1-1-B84 0.
TOCK TA-1-6-C184 1.00 TOCK TA-1-3-B84 1.
TOCK TA-1-7-C184 0.77 TOCK TA-1-4-B84 0.
TOCK TA-1-8-C184 0.84 TOCK TA-1-0-B84 0.

Calumet Sediments (Two Creeks Section)
Sample #_______________ 7A/ 10A Sample #____________ 7A/ 10A

TOCK LBU-1-B84 0.69 TOCK LBU-4-B84 0.
TOCK LBU-2-B84 0.69 TOCK LBU-5-B84 0.
TOCK LBU-3-B84 0.71

Glenwood Sediments (Two Creeks Section)
Sample #_______________ 7A/10A Sample #____________ 7A / 10A

TOCK LBL-1-B84 1.05 TOCK LBL-7-B84 0.
TOCK LBL-3-B84 0.98 TOCK LBL-8-B84 1.
TOCK LBL-4-B84 0.98 TOCK LBL-9-B84 1.
TOCK LBL-5-B84 1.11 TOCK LBL-10-B84 0.
TOCK LBL-6-B84 0.77

65
82
69
70
69
57

90
00
81
95

67
74

89
10
00
99
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H a v e n  t i l l  (Two C r e e k s  S e c t i o n )

Sample f______________ 7A/10A Sample #____________ 7A/10A
TOCK TC- 1 - 1-C184 0.73 TOCK TC-2-C84 1.21
TOCK TC-1-2-C184 1 .17 TOCK TC-3-C84 0.98
TOCK TC- 1-3-C184 0.85 TOCK TC-4-C84 1 .00
TOCK TC-1-4-C184 1 .22 TOCK TC-1-0-C184 1.03
TOCK TC-1-C84 0.91 TOCK TC-1-5-C184 1 .00
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Two Rivers(?) till (Peterson Park !Section)
Sample # 7 A / 1OA Sample # 7A/10A

PPKS TA-1-A 1.03 PPKS TB-2-A 0.92
PPKS TA-2-A 0.85 PPKS TB-3-A 1 . 12
PPKS TB-l-A 0.98 PPKS TB-4-A 1 . 12
PPKS TD-l-A 0.73 PPKS TF-1-1 0.88
PPKS TD-2-A 0.71 PPKS TF-2-A 1 . 05
PPKS TD-3-A 0.65 PPKS TF-3-A 0.82
PPKS TD-4-A 0.71 PPKS TF-4-A 0. 78

Two Rivers(?) Till (Indian Cemetery Section)
Sample # 7 A /10 A Sample a .

I T 7 A / 10 A
IDCM TB-1-A84 0.84 IDCM TA-2-A84 0.87
IDCM TB-8-A84 0.88 IDCM TA-3-A84 0.94
IDCM TA-1-A84 1 .01 IDCM TA-4-A84 0 . 90

Two Rivers(?) till (South Manitou Island Section)
Sample # 7A/10A Sample * 7A / 10A

SMNT TA-1-A 1 .09 SMNT TA-4-A 1 .12
SMNT TA-2-A 0.96 SMNT TA-5-A 0 . 99
SMNT TA-3-A 1 .02

Two Rivers(?) till (P t . Betsie Section)
Sample # 7A/10A Sample # 7A/10A

PTBT TA-1-83 0.88 PTBT TA-5-83 1 . 39
PTBT TA-2-83 0 .93 PTBT TB- 1-83 1 .02
PTBT TA-3-83 1 . 17 PTBT TB-2-83 1 .02
PTBT TA-4-83 0 .75 PTBT TB-3-83 0 . 85

Calumet(? ) Sediments (Pt. Betsie Section)
Sample # 7A/10A Sample # 7 A / 10 A

PTBT LA-2-A83 0. 76 PTBT LA-4-A8 3 0 . 72
PTBT LA-3-A83 0.80



79

Filer till (Orchard Beach Section)
Sample # 7A/10A Sample # 7A/10A

ORBH TJ-1-A83 0.87 ORBS TA-4 1 .02
ORBS TJ-2-A83 0.75 ORBS TA-l-A 0.93
ORBH TJ-3-A83 0.85 ORBS TA-2-A 0.80
ORBH TJ-4-A83 0.79 ORBS TA-3-A 0.77
ORBS TA-1 1 .29 ORBS TA-10 0.73
ORBS TA-2 1 .04 ORBS TB-l-A 1 . 32
ORBS TA-7 0.87 ORBS TB-2-A 1 .32
ORBS TA-8 0.95 ORBS TB-3-A 1 .00
ORBS TA-9 1 . 19 ORBS TB-4-A 1 . 20

Orchard Beach till (Orchard Beach iSection)
Sample # 7A/10A Sample # 7A/10A

ORBH TK-1-A83 0.91 ORBH TM-1-A83 1.10
ORBH TK-2-A83 1.15 ORBH TM-2-A83 0.97
ORBH TK-3-A83 0.89 ORBH TM-3-A83 1 .09
ORBH TK-4-A8 3 0 .97 ORBH TM-4-A83 1 . 14
ORBH TK-5-A83 0.93 ORBS TJ-l-B 0.90
ORBH TK-6-A83 0.90 ORBS TJ-2-B 0 .83
ORBH TL-1-A83 1 . 32 ORBS TJ-3-B 0.82
ORBH TL-2-A83 1 . 22 ORBS TJ-4 0.93
ORBH TL-3-A83 0 . 90 ORBS TM-l-B 1 . 10
ORBH TL-4-A83 1 . 14 ORBS TM-2-B 0.70
ORBH TL-5-A83 1.05 ORBS TM-3-B 0 . 86
ORBH TL-6-A83 1 . 10


