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ABSTRACT

A d e t a i l e d  i n v e s t i g a t i o n  o f  s e l e c t e d  t e x t u r a l  and 

m i n e r a l o g i c a l  a s p e c t s  o f  t i l l s  in  s o u t h w e s t e r n  M ich igan  i s  

u s e d  to  d e f i n e  an i n t e r l o b a t e  boundary  r e l a t i o n s h i p  b e ­

tween th e  W isco ns in an  i c e  o f  t h e  Lake M ich igan  and Saginaw 

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

t l e  t o  th e  b u l k  c o m p o s i t io n  o f  th e  t i l l s  i n v e s t i g a t e d .  

However, m o r a i n a l  d ev e lo p m en t  i n  t h e  s t u d y  a r e a  shows 

s t r o n g  c o r r e l a t i o n  w i t h  b e d ro c k  to p o g r a p h y .

In  a d i s c u s s i o n  o f  t h e  d e g l a c i a t i o n  o f  Michigan  and 

th e  s t u d y  a r e a ,  a h i s t o r y  o f  m o r a in a l  deve lopm ent  i s  r e ­

v iewed and a t t e n t i o n  i s  f o c u s e d  on th e  r e e n t r a n t  d i s t r i c t  

l o c a t e d  i n  Kalamazoo and n e i g h b o r i n g  c o u n t i e s .  A t tem pts  

to  d e l i n e a t e  t i l l s  o f  t h e  Lake M ichigan  and Saginaw lo b e s  

u s i n g  t e x t u r a l  and m a g n e t i c  s u s c e p t i b i l i t y  d a ta  were i n ­

c o n c l u s i v e .  However,  t h e  c h a r a c t e r  and e x t e n t  o f  an i n ­

t e r l o b a t e  boundary  r e l a t i o n s h i p  i n  t h e  s t u d y  a r e a  i s  de ­

l i m i t e d  by r a t i o s  o f  heavy  m i n e r a l s ,  as w e l l  a s ,  r a t i o s  o f  

th e  7A/10A p e ak s  p ro d u c e d  by c l a y s  i n  X -ray  d i f f r a c t o g r a m s .

i i
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INTRODUCTION

Development  o f  t h e  s u r f a c e  g e o lo g y  o f  s o u t h w e s t e r n  

M ich igan  o c c u r r e d  d u r i n g  th e  W is c o n s in a n  g l a c i a t i o n  o f  

N o r th  A m erica .  Of p a r t i c u l a r  i n t e r e s t  to  t h i s  s t u d y  a re  

t h e  g l a c i a l  d e p o s i t s  i n  Kalamazoo County and th e  a d j a c e n t  

a r e a s  p r o d u c e d  by th e  i n t e r p l a y  o f  t h e  Lake M ich igan  and 

Saginaw l o b e s  o f  t h e  W is c o n s in a n  i c e .  To d a t e ,  no r e l i a ­

b l e  s t a t i s t i c a l  d a t a  have  been  u s e d  t o  d e l i n e a t e  t h e  l i m i t s  

o f  t h e s e  d e p o s i t s ;  how ever ,  a co m ple te  u n d e r s t a n d i n g  o f  

t h e  g l a c i a l  h i s t o r y  o f  M ich igan  n e c e s s i t a t e s  some compre­

h e n s i o n  o f  t h e  b o u nd a ry  r e l a t i o n s h i p s  be tw een  them.

C ham ber l in  (1883a and 1883b) i n t r o d u c e d  th e  te rm  

" i n t e r l o b a t e  m o ra in e "  f o r  f e a t u r e s  " fo rm ed  by th e  j o i n t  

a c t i o n  o f  two g l a c i e r s  ( o r  g l a c i a l  l o b e s )  p u s h in g  t h e i r  

m a r g i n a l  m o ra in es  t o g e t h e r "  t o  p r o d u c e  a common b oundary .  

R e a l i z i n g  t h e  complex r e g i o n a l  n a t u r e  o f  the  i n t e r p l a y  o f  

g l a c i e r s  in  an i n t e r l o b a t e  a r e a ,  a more g e n e r a l  d e f i n i t i o n  

would be o f  g r e a t e r  v a l u e .  Thus ,  as d e f i n e d  by Rieck 

(1976) and u se d  h e r e i n ,  an i n t e r l o b a t e  a r e a  i s  an a r e a  of  

d r i f t  a c c u m u la t io n  d e v e lo p e d  i n  o r  n e a r  th e  r e e n t r a n t  d i s ­

t r i c t  b e tw een  two lo b e s  o f  g l a c i a l  i c e .  M ora ines  d e v e l o p ­

ed  i n  su c h  an a r e a  may have formed when a c t i v e  g l a c i a l  

m o ra in e s  were i n  c o n t a c t  o r  when t h e  a c t i v e  g l a c i a l  i c e  

m arg in s  had  r e t r e a t e d  and e x p o sed  a n a r ro w  zone ,  1 m i le

1
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(1 .6  km) t o  s e v e r a l  m i l e s ,  be tween them ( R ie c k ,  19 76 ) .

Using  t h e  above d e f i n i t i o n ,  much o f  s o u t h w e s t e r n  

M ic h ig a n ,  and i n  p a r t i c u l a r  Kalamazoo County ,  i s  a c l a s s i c  

i n t e r l o b a t e  a r e a  ( L e v e r e t t  and T a y l o r ,  1915; Wayne and 

Zumberge, 1965; F a r r a n d  and Eschman, 1 9 7 4 ) .  Shah (1971) 

d e f i n e d  and drew an i n t e r l o b a t e  boundary  d e p i c t i n g  the  

e a s t e r n  most  e x t e n s i o n  o f  t h e  Lake M ich igan  lo b e  i n  s o u t h ­

w e s t e r n  M ich igan  ( F ig .  1) b a s e d  on t h e  morphology o f  weak 

m o r a i n a l  r i d g e s  t h a t  p a r a l l e l  known d e p o s i t s  o f  t h e  Lake 

M ich igan  l o b e .

The p r e s e n t  s t u d y  i s  an e f f o r t  t o  s t a t i s t i c a l l y  d e ­

f i n e  and e s t a b l i s h  t h e  i n t e r l o b a t e  b o u nd a ry  r e l a t i o n s h i p  

p ro d u c e d  by th e  i n t e r p l a y  o f  th e  Lake M ich igan  and Saginaw 

l o b e s  i n  a r e a s  i n  and a d j a c e n t  to  Kalamazoo County ,  M i c h i ­

g a n ,  by d e t e r m i n i n g  t h e  p ro v en a n ce  o f  g l a c i a l  t i l l s .

Rieck  (1976) d e l i n e a t e d  t i l l s  o f  t h e  Saginaw and Huron-  

E r i e  l o b e s  i n  s o u t h e a s t e r n  M ichigan  u t i l i z i n g  X -ray  d i f ­

f r a c t i o n  t e c h n i q u e s ,  and B le u e r  (1975) d i s t i n g u i s h e d  t i l l s  

i n  I n d i a n a  d e r i v e d  from d i f f e r e n t  s o u r c e  a r e a s  by e s t a ­

b l i s h i n g  r a t i o s  o f  v a r i o u s  heavy  m i n e r a l s .  S t u d i e s  in  

s u r r o u n d i n g  r e g i o n s  have a l s o  been s u c c e s s f u l  i n  e s t a ­

b l i s h i n g  t i l l  p ro v e n a n c e  by u s i n g  m i n e r a l o g i c  and o t h e r  

t e c h n i q u e s  (G ra v e n o r ,  e t  a l . ,  1976; D e r r y ,  1934; A nde rso n ,  

1957; G r a v e n o r ,  1 9 5 1 ) .  In  t h e  p r e s e n t  s t u d y ,  t e x t u r a l  and 

m i n e r a l o g i c  d a t a  a re  u t i l i z e d  t o  d e s c r i b e  t h e  c h a r a c t e r ,  

e x t e n t ,  and c o n t a c t  r e l a t i o n s h i p  o f  t h e  t i l l s  l e f t  by th e
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Lake M ichigan  and Saginaw g l a c i a l  l o b e s .  Not o n ly  i s  an 

u n d e r s t a n d i n g  o f  th e  n a t u r e  o f  d e g l a c i a t i o n  i n  s o u th w e s ­

t e r n  M ichigan  e n h an c ed ,  b u t  a l s o  r e l a t i v e l y  new t e c h n i q u e s  

p ro v en  s u c c e s s f u l  in  o t h e r  r e g i o n s  a r e  u se d  and t e s t e d  i n  

e s t a b l i s h i n g  th e  i n t e r l o b a t e  boundary  i n  t h e  s t u d y  a r e a .

BEDROCK GEOLOGY

The b e d ro c k  geo logy  o f  M ich igan  c o n s i s t s  o f  two d i s ­

t i n c t  p r o v i n c e s  (Wayne and Zumberge, 1 9 6 5 ) .  A l l  o f  t h e  

S o u th e rn  P e n i n s u l a  and th e  e a s t e r n  h a l f  o f  t h e  Upper (Nor­

t h e r n )  P e n i n s u l a  c o n s i s t s  o f  Cambrian t o  P e n n s y lv a n ia n  

s h a l e s ,  s a n d s t o n e s ,  c a r b o n a t e s ,  and e v a p o r i t e s  o f  th e  

M ich igan  B a s in .  The w e s t e r n  h a l f  o f  t h e  Upper P e n i n s u l a  

o f  M ich igan  exposes  ro cks  o f  t h e  P re c a m b r ia n  Canadian 

S h i e l d .  These ro ck s  a re  m a in ly  E a r l y  P r e c a m b r ia n ,  Keewatin  

t h ro u g h  Algoman, g r a n i t e s ,  g r e e n s t o n e s  (metamorphosed l a v a  

f l o w s ) ,  and m e ta s e d im e n t s ;  Middle  P r e c a m b r ia n ,  A n im ik ia n ,  

i r o n  f o r m a t io n s  and i n t r u s i v e s ;  and L a te  P r e c a m b r ia n ,  Ke- 

weenawan, l a v a  f l o w s ,  c o n g l o m e r a t e s ,  and s a n d s t o n e s  (Wayne 

and Zumberge, 1965; Dorr and Eschman, 19 71) .

U n c o n s o l i d a t e d  g l a c i a l  s e d im e n t s  o f  th e  s t u d y  a r e a  

a r e  u n d e r l a i n  by th e  Lower M i s s i s s i p p i a n  C o ldw ate r  Sha le  

and M a r s h a l l  S a n d s ton e  ( F ig .  2 ) .  No known b e d ro c k  o u t ­

c ro p s  a p p e a r  in  t h e  s t u d y  a r e a .  The p r e s e n t  knowledge o f  

b e d ro c k  c h a r a c t e r i s t i c s  w i t h i n  t h e  s t u d y  a r e a  i s  b a s e d  on 

w e l l  l o g s  from Kalamazoo County and b e d ro c k  o u t c r o p s  in
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a d j a c e n t  a r e a s  (Shah ,  1 97 1 ) .

As r e p o r t e d  by Shah ( 1 9 7 1 ) ,  t h e  C o ld w a te r  S h a le  i n  

s o u t h w e s t e r n  M ich igan  i s  d o m in a n t ly  b l u e  t o  grey  and g ra d e s  

upward i n t o  t h e  Lower M a r s h a l l  S a n d s t o n e .  T rend in g  n o r t h ­

w es tw ard  a c r o s s  Kalamazoo County ,  t h e  C o ld w a te r  S h a le  forms 

a b e l t  a p p r o x i m a t e l y  25 m i l e s  (40 km) i n  w i d t h  b e n e a t h  t h e  

s u r f a c e  d r i f t  m a t e r i a l  (Shah ,  1971) .  W i th in  th e  s h a l e s  

a r e  t h i n  d i s c o n t i n u o u s  zones o f  l i m e s t o n e ,  d o l o m i t e ,  and 

c l a y  i r o n s t o n e  c o n c r e t i o n s .

The Lower M a r s h a l l  S a n d s to n e  o c c u p i e s  p o r t i o n s  o f  t h e  

n o r t h e a s t  c o r n e r  o f  t h e  s t u d y  a r e a  ( F i g .  2 ) .  W inche l l  

(1861) d e s c r i b e d  t h e  Lower M a r s h a l l  S a n d s to n e  as b e in g  

w h i t e ,  g r e y ,  g r e e n ,  and r e d  i n  c o l o r .  C lay  i r o n s t o n e  c o n ­

c r e t i o n s  a r e  p r e s e n t  i n  san d y  s h a l e  l e n s e s  which a r e  l o c a l ­

l y  m ic a c e o u s .  P l a n t  i m p r e s s io n s  and p o c k e t s  o f  c o a l  have 

a l s o  been  r e p o r t e d  (Shah,  1 9 7 1 ) .  P a r a l l e l i n g  the  C o ld w a te r  

S h a le  w i t h i n  t h e  s t u d y  a r e a ,  the  M a r s h a l l  S a n d s to ne  s t r i k e s  

n o r t h w e s t  and d ip s  g e n t l y  n o r t h e a s t w a r d  to w a rd  th e  b a s i n ' s  

c e n t e r .

GLACIAL GEOLOGY 

I n t r o d u c t i o n

The P l e i s t o c e n e  Epoch was marked by s e v e r a l  w o r l d ­

w i d e ,  sy n c h ro n o u s  g l a c i a t i o n s .  In  N o r th  America  a t  l e a s t  

f o u r  s e p a r a t e  p e r i o d s  o f  c o n t i n e n t a l  g l a c i a t i o n  have been
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r e c o r d e d  ( F ig .  3 ) .

The Nebraskan  g l a c i a t i o n  e x te n d e d  as f a r  s o u t h  as 

Kansas and M is s o u r i  ( F i g . 4 ) .  B u r ie d  b e n e a t h  y o u ng e r  d r i f t  

w h e re v e r  i t  o c c u r s ,  N ebraskan  d r i f t  i s  b e s t  d e v e lo p e d  i n  

n o r t h e r n  M i s s o u r i ,  e a s t e r n  N e b ra s k a ,  and n o r t h e a s t e r n  Kan­

s a s  ( F l i n t ,  1 957) .  At t h e  c l o s e  o f  th e  N ebraskan  g l a c i a ­

t i o n  a p e r i o d  o f  c l i m a t i c  warming o c c u r r e d  and h as  been  

named th e  A f t o n i a n  I n t e r g l a c i a l  (C h a m b e r l in ,  1 8 9 5 ) .*  Dur­

in g  th e  A f t o n i a n  and b e f o r e  s u b s e q u e n t  g l a c i a l  a d v an c e ,  

g r a s s e s  and t r e e s  f l o u r i s h e d  as r e c o r d e d  i n  t h e  p o l l e n  o f  

s o i l  p r o f i l e s  and p e a t  l e n s e s  l y i n g  be tween  Nebraskan  and 

Kansan d r i f t  s h e e t s  ( F l i n t ,  1957) .

G l a c i a l s I n t e r g l a c i a l s Y .B .P .

0
Recent

W iscons inan
Sangomonian

10,000

I l l i n o i a n
Y armouth ian

Kansan
A f t o n i a n

N ebraskan
1 .5  M i l l i o n

F ig u r e  3. S u b d i v i s i o n s  o f  t h e  P l e i s t o c e n e  i n  
Nor th  America  ( a f t e r  D orr  and Eschman, 1 971) .

* I n t e r g l a c i a l s  a r e  p e r i o d s  o f  c l i m a t i c  warming b e ­
tween p e r i o d s  o f  g l a c i a l  advance o r  g l a c i a l s .
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West o f  th e  M i s s i s s i p p i  R iv e r  Kansan Age d r i f t  e x te n d s  

beyond younger  d r i f t  s h e e t s  b u t  i s  o v e r l a p p e d  by I l l i n o i a n  

d r i f t  i n  I l l i n o i s ,  I n d i a n a ,  and Ohio.  Two lo b es  o f  Kansan 

i c e  a r e  shown i n  I l l i n o i s  ( F ig .  4 ) ;  however ,  F l i n t  (1957) 

s t a t e d  t h a t  th e  e x i s t e n c e  o f  two Kansan lo b e s  in  I l l i n o i s  

i s  q u e s t i o n a b l e  c o n s i d e r i n g  th e  " s c a n t y "  s u b s u r f a c e  d a t a  

a v a i l a b l e .  The Yarmouth ian  I n t e r g l a c i a l  s e p a r a t i n g  the  

Kansan and I l l i n o i a n  g l a c i a l s  i s  r e p r e s e n t e d  by a s o i l  zone 

d e v e lo p ed  in  Kansan d r i f t .  Simonson (1954) compared s o i l s  

d e v e lo p ed  in  Kansan d r i f t  w i th  modern e q u i v a l e n t s  and s t a ­

t e d  t h a t  t h e  Yarmouthian  c l i m a t e  was much l i k e  t h a t  o f  the  

p r e s e n t .

I l l i n o i a n  d r i f t  i s  b e s t  dev e lo p ed  in  I l l i n o i s  w i t h  i t s  

o v e r a l l  d r i f t  b o r d e r  f o l lo w in g  a s i m i l a r  o u t l i n e  as th e  

s u b s e q u e n t  W iscons inan  g l a c i a t i o n  (F ig .  4 ) .  T i l l s  o f  I l l i ­

n o i a n  Age a re  r e p o r t e d  as b e in g  r i c h  i n  c l a y  and s i l t .  

L e v e r e t t  and T a y lo r  (1915) d e s c r i b e d  a t i l l  i n  s o u t h e a s t e r n  

Michigan  which th e y  a t t r i b u t e d  t o  I l l i n o i a n  g l a c i a t i o n .

Evidence  f o r  m u l t i p l e  p e r i o d s  o f  g l a c i a l  advance d u r ­

in g  I l l i n o i a n  t ime e x i s t s .  Frye and Leonard  (1954) e s t a ­

b l i s h e d  t h a t  a s o i l  zone d e v e lo p e d  w i t h i n  t h e  I l l i n o i a n  

s e d im e n ts  o f  Kansas i m p l i e s  a p e r i o d  o f  warm c l i m a t e  t h a t  

e n d u red  f o r  s e v e r a l  t h o u sa n d  y e a r s .  S t u d i e s  i n  N ebraska  

and M is s o u r i  y i e l d  c o r r e l a t i v e  r e s u l t s  (T horp ,  e t  a l .  1951;  

and D a v i s ,  u n p u b l i s h e d  d a t a  i n  F l i n t ,  1 95 7 ) .

The I l l i n o i a n  and W iscons inan  g l a c i a t i o n s  a r e  s e p a r a -
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t e d  by a p e r i o d  o f  warmer c l i m a t e  c a l l e d  t h e  Sangamon 

I n t e r g l a c i a l .  Sangamon s o i l s  a r e  w e l l  d e v e lo p e d  and show 

ab o u t  t h e  same r e g i o n a l  changes as do modern s o i l s  ( F l i n t ,  

1957;  F l i n t ,  1971) .

P e rh ap s  t h e  b e s t  known and d i f f e r e n t i a t e d  p e r i o d  o f  

p a l e o g l a c i a t i o n  i s  t h a t  o f  t h e  W is con s in an  Age. T h is  i s  

e a s i l y  u n d e r s t o o d  when i t  i s  r e a l i z e d  t h a t  W iscons inan  

g l a c i a t i o n  ended l e s s  t h a n  10 ,000  y e a r s  ago.  At i t s  m a x i ­

mum e x t e n t ,  W isco n s inan  i c e  r e a c h e d  i n t o  s o u t h e r n  Ohio,  

I n d i a n a ,  and I l l i n o i s .  From I l l i n o i s ,  t h e  W iscons inan  

b o r d e r  e x te n d s  w es tw ard  and n o r t h  th r o u g h  Iowa, N e b ra s k a ,  

and th e  D a k o ta s ,  t h e n  on to  t h e  Rocky M ounta ins  ( F ig .  4 ) .

The s t r a t i g r a p h y  o f  th e  W is co n s in a n  d e p o s i t s  a re  

b e t t e r  known th a n  t h a t  o f  any o t h e r  g l a c i a l  age .  S ince  

a round  1950,  a d e t a i l e d  r e e x a m i n a t i o n  o f  W is co ns inan  Age 

d e p o s i t s  has  been  u n d e r t a k e n  and t h e i r  c l a s s i f i c a t i o n  r e ­

v iew ed .  L e ig h to n  (1960) and Willman and Frye  (1970) e s ­

p ou se d  c l a s s i f i c a t i o n s  o f  W is co ns inan  s t r a t i g r a p h y  which 

a r e  in  use  t o d a y .  However, t h e  c l a s s i f i c a t i o n  o f  L e ig h to n  

(1960) a p p e a r s  to  be p r e f e r r e d  by r e s e a r c h e r s  s t u d y i n g  

M i c h i g a n ' s  g l a c i a l  d e p o s i t s .

P r a c t i c a l l y  a l l  o f  the  s u r f a c e  d e p o s i t s  c o v e r in g  

M i c h i g a n ' s  low er  p e n i n s u l a  a re  g l a c i a l  i n  o r i g i n .  The 

m a j o r i t y  o f  t h e s e  d e p o s i t s  a r e  t h e  r e s u l t  o f  i c e  advance  

and r e t r e a t  p h a s e s  o f  t h e  C ary ,  P o r t  Huron (M ankato ) ,  and 

V a ld e r s  s u b s t a g e s  o f  t h e  W isco n s inan  g l a c i a t i o n  ( F ig .  5 ) .
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Very few, i f  an y ,  e x p o su re s  o f  p r e - W i s c o n s i n a n  t i l l s  o c c u r  

a t  t h e  s u r f a c e  i n  M ich igan .  T hus ,  o n ly  th e  g l a c i a l  h i s ­

t o r y  o f  M ich igan  d u r in g  W iscons inan  t i m e ,  more p r e c i s e l y  

from Cary t im e  to  t h e  R e c e n t ,  i s  d i s c u s s e d .

T i l l  C l a s s i f i c a t i o n

P r i o r  t o  t h e  e v o l u t i o n  o f  t h e  g l a c i a l  t h e o r y  i n  t h e  

s e c o n d  q u a r t e r  o f  t h e  1 9 th  c e n t u r y ,  e r r a t i c  b o u l d e r s  were 

r e c o g n i z e d  as b e in g  d e p o s i t s  o f  t r a n s p o r t e d  m a t e r i a l s  

( C h a r l e s w o r t h ,  1957; F l i n t ,  1 9 7 1 ) .  O r i g i n a l l y  t h e s e  d e ­

p o s i t s  were  b e l i e v e d  to  have been  lo w e re d  t o  t h e  e a r t h ’s 

s u r f a c e  a f t e r  f l o a t i n g  on i c e  a c r o s s  t h e  l a n d s c a p e  d u r ­

in g  t h e  g r e a t  B i b l i c a l  d e lu g e .  S u b s e q u e n t l y ,  S i r  C h a r le s  

L y e l l ,  i n  1830,  e sp o u se d  t h e  " D r i f t  Theory"  to  e x p l a i n  

th e  d i s t r i b u t i o n  o f  t h e s e  e r r a t i c s  and M urch ison  (1836) 

recommended th e  term d r i f t  be u s e d  i n  o r d e r  to  a v o id  f u r ­

t h e r  r e l i g i o u s  c o n n o t a t i o n s .  With t i m e ,  and t h e  d e v e l o p ­

ment o f  t h e  i d e a  t h a t  g l a c i e r s  once o c c u p p ie d  r e g i o n s  f a r  

more e x t e n s i v e  th a n  a t  p r e s e n t ,  t h e  te rm  " G l a c i a l  D r i f t "  

h a s  e v o lv e d  to  embrace a l l  rock  m a t e r i a l  i n  t r a n s p o r t  by 

g l a c i a l  i c e ,  a l l  d e p o s i t s  made by g l a c i a l  i c e ,  and a l l  

d e p o s i t s  l a r g e l y  o f  g l a c i a l  o r i g i n  ( F l i n t ,  19 71) .

D r i f t  has  s u b s e q u e n t l y  been  s u b d i v i d e d  i n t o  t h r e e  

b a s i c  c a t e g o r i e s  b a s e d  p r i m a r i l y  on t h e  s e d i m e n t o l o g i c a l  

c h a r a c t e r i s t i c s :  s t r a t i f i e d  d r i f t ,  u n s t r a t i f i e d  d r i f t ,

and e r r a t i c  b o u l d e r s  and c l a s t s .  S t r a t i f i e d  d r i f t  ( o u t -
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wash) i s  t h a t  m a t e r i a l  d e p o s i t e d  i n d i r e c t l y  from the  i c e  

by th e  a c t i o n  o f  g l a c i a l  m e l t w a t e r s .  As outwash  and e r ­

r a t i c  b o u l d e r s  a re  n o t  t o p i c s  o f  d i s c u s s i o n  i n  t h i s  p a p e r ,  

no f u r t h e r  a t t e m p t  w i l l  be made t o  d e f i n e  o r  c l a s s i f y  them 

B u t ,  b e c a u se  t h i s  s t u d y  d e a l s  w i t h  u n s t r a t i f i e d  d r i f t  

( t i l l )  t h e  d e f i n i t i o n  and c l a s s i f i c a t i o n  o f  such  m a t e r i a l  

i s  i n c l u d e d .

T i l l ,  a S c o t t i s h  word u s e d  t o  d e s c r i b e  a c o a r s e  o b ­

d u r a t e  l a n d ,  i s  d e f i n e d  as an a g g r e g a t e  whose components 

a r e  b r o u g h t  t o g e t h e r  and d e p o s i t e d  d i r e c t l y  by g l a c i e r  i c e  

( B o u l to n ,  1972) .  Being more v a r i a b l e  t h a n  any o t h e r  s e d i ­

m ent ,  t i l l  i s  a m ix tu r e  o f  g r a i n  s i z e s  and ro ck  ty p e s  

( G o l d t h w a i t ,  1971; F l i n t ,  1 9 57) .  Any g iv e n  g r a i n  s i z e  may 

c o n s t i t u t e  th e  b u lk  o f  an accu m u la te d  t i l l ,  and t h e  ro ck  

ty p e s  a r e  dep en den t  on th e  g e o l o g i c  f o r m a t io n s  ov e r  which 

th e  g l a c i e r  has  r i d d e n .

T i l l s  have been  v a r i o u s l y  c l a s s i f i e d  by o r i g i n ,  c o l o r  

t e x t u r e ,  deg ree  o f  c o m p ac t io n ,  l i t h o l o g i c  c o m p o s i t i o n ,  and 

mode o f  d e p o s i t i o n  (D re im a n is ,  1971) .  P e rhaps  th e  most  

u s e f u l  and fu nd am en ta l  c l a s s i f i c a t i o n  i s  b a s e d  on g e n e s i s ;  

how ever ,  the  most  d i s t i n c t i v e  and e a s i l y  r e c o g n i z e d  p r o ­

p e r t i e s  o f  t i l l s  a r e  t h o s e  a c q u i r e d  d u r i n g  th e  p r o c e s s  o f  

d e p o s i t i o n .  Thus,  t h e  most s a t i s f a c t o r y  c l a s s i f i c a t i o n  i s  

one b a s e d  on d e p o s i t i o n a l  modes ( F l i n t ,  1957; B o u l to n ,  

1972) .

U sing  th e  above d e f i n i t i o n  and u t i l i z i n g  t h e  s u b g l a -
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c i a l ,  e n g l a c i a l ,  and s u p r a g l a c i a l  c r i t e r i o n  o f  g l a c i a l  

d e b r i s  in  t r a n s p o r t  (Fig* 6 ) ,  t i l l s  may be c l a s s i f i e d  i n  

t h e  f o l l o w i n g  manner:

A. Lodgement o r  b a s a l  t i l l , d e p o s i t e d  
s u b g l a c i a l l y  from d r i f t  m  t r a n s p o r t  i n  
t h e  b a se  o f  an a c t i v e  g l a c i e r .  The d e ­
b r i s  i s  r e l e a s e d  from t h e  i c e  by s low 
p r e s s u r e  m e l t i n g  o f  th e  f l o w in g  i c e  and 
lo d g ed  i n  t h e  a c c u m u la t in g  d r i f t  on t h e  
s u b g l a c i a l  f l o o r  (C h a m b e r l in ,  1894;
D r e im a n is ,  1967a; F l i n t ,  1957;  B o u l to n ,
1 972) .  The r e s u l t i n g  t i l l  l a c k s  s o r t ­
i n g ,  i s  com pact ,  and o f t e n  a c q u i r e s  a 
f i s s i l e  s t r u c t u r e  ( F l i n t ,  1 971) .

B. A b l a t i o n  t i l l , d e p o s i t e d  from en-  
g l a c i a l  and s u p r a g l a c i a l  d e b r i s  i n  th e  
t e r m i n a l  a r e a  o f  a g l a c i e r .  The g l a c i a l  
m a t e r i a l  i s  low ered  t o  t h e  g round  as t h e  
i c e  m e l t s  inw ard  from th e  t e r m i n u s ,  t o p ,
and b a se  ( F l i n t ,  1 9 57 ) .  T i l l s  p r o d u c e d
by t h i s  method a re  c h a r a c t e r i s t i c a l l y  
l o o s e ,  noncompact ,  and n o n f i s s i l e .

F o l lo w in g  s e v e r a l  y e a r s  o f  r e s e a r c h  w i t h  modern a r c t i c  

g l a c i e r s  as d e p o s i t i o n a l  m o d e ls ,  B o u l ton  (1972) s u g g e s t e d

t h a t ,  by u s i n g  t h e  above c l a s s i f i c a t i o n ,  e x i s t i n g  models

f o r  t h e  i n t e r p r e t a t i o n  o f  a n c i e n t  t i l l s  and th e  seq u en c es  

i n  which th e y  l i e  a r e  o f t e n  t o o  s i m p l e .  Going even f u r t h e r  

B o u l ton  s t a t e d  t h a t  "many P l e i s t o c e n e  and e a r l i e r  seq u en c es  

c u r r e n t l y  t h o u g h t  o f  as p r o d u c t s  o f  r e p e a t e d  g l a c i e r  a d ­

vance  and r e a d v a n c e ,  may be p r o d u c t s  o f  a s i n g l e  r e t r e a t  

p h a se  by a g l a c i e r  w i t h  a t h i c k  e n g l a c i a l  d e b r i s  l o a d . "

With t h i s  i n  mind B ou l ton  o f f e r s  a r e f i n e m e n t  o f  th e  

a b l a t i o n  t i l l  c a t e g o r y  as f o l l o w s :

A. Flow t i l l , r e l e a s e d  s u p r a g l a c i a l l y
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F i g u r e  6. C l a s s i f i c a t i o n  o f  t i l l s  showing th e  r e l a t i o n s h i p  b e tw een  g l a c i a l  d r i f t  i n  
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and u n d e rg o in g  s u b s e q u e n t  d e f o r m a t io n  
as a r e s u l t  o f  s u b a e r i a l  f low  ( B o u l to n ,
1972) . T i l l s  d e v e lo p e d  by t h i s  method, 
a r e  v e r y  o f t e n  b r o u g h t  from a s u b g l a ­
c i a l  p o s i t i o n  t o  a s u p r a g l a c i a l  p o s i ­
t i o n  a lo n g  d e b r i s  bands  w i t h i n  t h e  i c e  
and t h e r e f o r e  may c o n t a i n  many f e a t u r e s  
c h a r a c t e r i s t i c  o f  b a s a l  t i l l s  (B o u l to n ,
1968) .

B. M e l t - o u t  t i l l s , d e p o s i t e d  e i t h e r  
s u p r a g l a c i a l l y  o r  s u b g l a c i a l l y  from 
s t a g n a n t  i c e  b e n e a t h  a c o n f i n i n g  o v e r ­
bu rden  ( B o u l to n ,  1970b; B o u l to n ,  1 97 2 ) .
In  a g l a c i a l  s e q u en c e  from w hich  th e  
i c e  h as  v a n i s h e d ,  m e l t - o u t  t i l l s  r e ­
p r e s e n t  th e  s t r a t i g r a p h i c  p o s i t i o n  o f  
th e  d e p o s i t i n g  g l a c i e r  ( B o u l to n ,  1 9 7 0 ) .

The s i g n i f i c a n c e  i n  B o u l t o n ' s  r e f i n e m e n t  (1972) i s  

t h a t  t h e  a b l a t i o n  t i l l / b a s a l  t i l l  d o u b l e t  p o s t u l a t e d  by 

F l i n t  (1957) may d e v e lo p  e n t i r e l y  s u p r a g l a c i a l l y .  As s u b ­

g l a c i a l  t i l l  i s  b r o u g h t  to  a s u p r a g l a c i a l  p o s i t i o n  a lo n g  

g l a c i a l  d e b r i s  b a n d s ,  s u b s e q u e n t  downslope f lo w  may t r a n s ­

l a t e  p a r t s  o f  t h e  t i l l  t o  t h e  u p p e r  s u r f a c e  o f  t h e  i c e .

Once exp o sed  t o  s u b a e r i a l  p r o c e s s e s ,  s o r t i n g  o f  t h e  u p p e r  

p o r t i o n  o f  th e  t i l l  may p ro d u c e  a lo w e r  m ass iv e  e le m e n t  

w i t h  an u p p e r ,  washed and o f t e n  c r u d e l y  s t r a t i f i e d  e l e m e n t .  

I f  t h e n ,  g iv e n  th e  a s s o c i a t i o n  o f  s u p r a g l a c i a l  ou tw ash ,  

t r i p a r t i t e  t i l l / o u t w a s h / t i l l  s e q u e n c e s  may d e v e lo p  which  

a r e  t h e  r e s u l t  o f  a s i n g l e  g l a c i a l  r e t r e a t  p h a se  r a t h e r  

t h a n  m u l t i p l e  advance  and r e t r e a t  ( B o u l to n ,  1968; 1971;

1 9 7 2 ) .*

*For i n f o r m a t i o n  on f a b r i c  d a t a  as  r e l a t e d  t o  t i l l s ,  
s e e  Holmes, 1941,  F l i n t ,  1957 ,  1971,  and B o u l to n ,  1971.
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D e g l a c i a t i o n  o f  M ich igan

The g l a c i a t i o n  o f  M ich igan  d u r i n g  Cary t im e  was a c ­

c o m p l i s h e d  by th e  n e a r l y  s i m u l t a n e o u s  advance o f  g l a c i a l  

i c e  v i a  t h e  Lake M ic h ig a n ,  Lake E r i e ,  and Saginaw b a s i n s  

(Wayne and Zumberge, 1 9 6 5 ) .  C om p le te ly  c o v e r in g  M ic h ig a n ,  

t h e  Cary i c e  e x te n d e d  i n t o  s o u t h e r n  I l l i n o i s ,  I n d i a n a ,  and 

Ohio .  At i t s  maximum e x t e n s i o n ,  18 ,000  y e a r s  ago ,  t h e  Cary 

i c e  s t o o d  n e a r  t h e  Ohio R i v e r  and r e s u l t e d  i n  t h e  d e p o s i t i o n  

o f  t h e  Minooka, I r o q u o i s - P a c k e r t o n , and Union C i ty  t e r m i n a l  

m o r a in e s  ( F i g .  7) o f  t h e  Lake M ich igan  l o b e ,  Saginaw l o b e ,  

and E r i e  lo b e  r e s p e c t i v e l y  (Eschman and F a r r a n d ,  1 97 4 ) .

As t h e  i c e  o f  a l l  t h r e e  g l a c i a l  l o b e s  began  t o  r e t r e a t  

from i t s  p o s i t i o n  o f  maximum e x t e n s i o n ,  th e  Saginaw lob e  

i c e  d i s s i p a t e d  more r a p i d l y  t h a n  t h e  i c e  of  t h e  Lake M i c h i ­

gan and Lake E r i e  l o b e s .  L e v e r e t t  (1915) r e a s o n e d  t h a t ,  

d u r i n g  a d v a n c e ,  th e  Saginaw lo b e  i c e  had  o v e r r i d d e n  an a r e a  

o f  g r e a t e r  t o p o g r a p h i c  r e l i e f  t h a n  e i t h e r  th e  Lake M ich igan  

o r  Lake E r i e  l o b e s .  The r e s u l t i n g  t h i c k n e s s  o f  Saginaw i c e  

m u s t ,  t h e r e f o r e ,  have been  l e s s  t h a n  t h a t  o f  i t s  c o u n t e r ­

p a r t s  and th e  movement o f  Saginaw i c e  c o r r e s p o n d i n g l y  

w e a k e r .  A d d i t i o n a l l y ,  L e v e r e t t  (1915) added t h a t  e x c e s s i v e  

l o a d i n g  o f  Saginaw lo b e  i c e  r e s u l t i n g  from c o n v e rg en c e  w i t h  

t h e  a d j a c e n t  Lake M ichigan  and Lake E r i e  lo b e s  may a l s o  have 

e f f e c t e d  t h e  weaker  movement o f  t h e  Saginaw l o b e .  With con-
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fo g f  Erie lobe  m o ra in e s
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S a g in a w  lo b e  m o ra in e s  
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F i g u r e  7. Map i l l u s t r a t i n g  W is c o n s in a n  m o r a i n a l  d ev e lo p m en t  o£ t h e  Lake M ic h ig a n ,  
Sag inaw ,  and Lake E r i e  l o b e s  i n  s o u t h e r n  M ic h ig a n ,  and n o r t h e r n  I l l i n o i s ,  I n d i a n a ,  and 
Ohio ( a f t e r  Zumberge, 1960: W, West Chicago  m o r a i n e ;  M, M a r s e i l l e s  m o r a i n e ;  Mi,
Minooka m o r a i n e ;  Ma, M a n h a t tan  m o r a i n e ;  C, C h a ts w o r th  m o r a i n e ;  LB, Lake B o rd e r  m o r a in e ;  
T i , T i n l e y  m o r a i n e ;  V, V a l p a r a i s o  m o r a i n e ;  I ,  I r o q u o i s  m o r a i n e ;  K, Kalamazoo m o r a in e ;
S, S t u r g i s  m o r a i n e ;  T, Tekonsha  m o r a i n e ;  Mx, Maxinkuckee  m o r a i n e ;  P,  P a c k e r t o n  m o r a in e ;  
U, Union C i ty  m o r a i n e ;  Ms, M i s s i s s i n e w a  m o r a i n e ;  Sa ,  S a lam o n ie  m o r a i n e ;  Fw, F o r t  Wayne 
m o r a in e ;  Wa, Wabash m o r a i n e ;  D, D e f i a n c e  m o r a i n e ) .
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t i n u e d  r e t r e a t  o f  Cary i c e ,  th e  f i r s t  p o r t i o n  o f  M ichigan  

( s o u t h - c e n t r a l  M ich igan)  to  become i c e  f r e e  o c c u r r e d  a p ­

p r o x i m a t e l y  15 ,000 y e a r s  b . p .  (Wayne and Zumberge, 19 65) .

E v idence  f o r  t h e  more r a p i d  r e t r e a t  o f  Saginaw lobe  

i c e  as compared w i th  i c e  o f  t h e  Lake M ichigan  and Lake E r i e  

lo b es  i s  found 2 8 m i l e s  (45 km) s o u th w e s t  o f  Ann A rb o r ,  

M ic h ig a n ,  and i n  S teu b en  and DeKalb C o u n t i e s ,  I n d i a n a .  At 

t h e s e  l o c a t i o n s  c l a y - r i c h  t i l l s  o f  t h e  E r i e  lo b e  o v e r l i e  

s a n d i e r  t e x t u r e d  t i l l s  o f  t h e  Saginaw lo b e  (Zumberge, 1960; 

Wayne and T h o rn bu ry ,  1955; Wayne and Zumberge,  1 965) .  

A d d i t i o n a l  s u p p o r t  e x i s t s  i n  n o r t h e a s t e r n  I n d i a n a  and 

s o u t h - c e n t r a l  M ich igan  where outwash san ds  and g r a v e l s  o f  

th e  E r i e  lob e  occupy a r e a s  p r e v i o u s l y  i n h a b i t e d  by th e  

Saginaw lo b e  (Wayne and Zumberge,  19 65) .

The s t r o n g e s t  e v id e n c e  s u p p o r t i n g  r a p i d  r e c e s s i o n  o f  

Saginaw i c e ,  as w e l l  as p r o v i d i n g  a means o f  c o r r e l a t i o n  

f o r  Cary age m o r a i n e s ,  i s  t h e  Kankakee T o r r e n t .  Ekblaw 

and Athy (1925) e s t a b l i s h e d  t h e  c o a l e s c e n c e  o f  m e l t - w a t e r  

c h a n n e l s  h e a d in g  a t  t h e  Tekonsha m ora ine  o f  t h e  E r i e  lobe  

(F ig .  7 ) .  The Kankakee T o r r e n t  d i s c h a r g e d  so u th w e s tw a rd  

a lon g  th e  e a s t - s o u t h e a s t e r n  edge o f  th e  Lake M ich igan  lobe  

and a c r o s s  t h e  n o r t h w e s t e r n  c o r n e r  o f  I n d i a n a  to  I l l i n o i s .

D re im an is  and Morner (1973) r e c o g n i z e d  a m a jo r  f l u c ­

t u a t i o n  i n  t h e  E r i e  lo b e  i c e  t h a t  was sy n ch ro n ou s  w i t h  th e  

t o r r e n t ,  t h e  E r i e  I n t e r s t a d e .  Kunkle (1963) c o r r e l a t e d  

l a k e  beds  in  s o u t h w e s t e r n  O n t a r i o  w i t h  e r o s i o n a l  c h a n n e ls
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i n  t h e  Huron R i v e r  v a l l e y  which i n d i c a t e s  i c e  r e c e s s i o n  

n o r t h  o f  Lake E r i e  a p p r o x i m a t e ly  15 ,600 y e a r s  ago.  Fa r -  

r a n d  and Eschman (1974) n o t e d  t h a t  an o s c i l l a t i o n  o f  t h i s  

m agn i tude  has  n o t  y e t  been  r e c o g n i z e d  f o r  t h e  i c e  o f  th e  

Lake M ichigan  l o b e .

F o l lo w in g  t h e  E r i e  I n t e r s t a d e ,  t h e  i c e  r e a d v a n c e d  i n t o  

s o u t h e a s t e r n  M ich igan  c u l m i n a t i n g  a b ou t  14 ,800  y e a r s  ago 

(D re im an is  and M orner ,  1 9 7 3 ) .  From t h i s  p o i n t  i n  t im e  th e  

Cary i c e  c o n t i n u e d  i t s  o v e r a l l  r e t r e a t  w i t h  o n ly  m inor  r e ­

advances  .

The Cary i c e  r e t r e a t e d  n o r th w a r d  t o  a p p r o x i m a t e ly  t h e  

S t r a i t s  o f  M ack inac .  A b ry o p h y te  bed  i s  exposed  n i n e  m i l e s  

(1 4 .4  km) s o u th  o f  th e  s t r a i t s  i n  Cheboygan County (F a r -  

r a n d ,  e t  a l . ,  1 9 6 9 ) .  R ad ioca rb o n  d a t e s  o f  13 ,300  y . b . p .  

a r e  g iv en  f o r  m a t e r i a l  from t h i s  bed .  T h is  1 cm t h i c k  mat 

o f  mosses i n d i c a t e s  t h a t  t h e  Cary i c e  f r o n t  must  have r e ­

t r e a t e d  a t  l e a s t  t h i s  f a r  n o r t h  ( F a r r a n d  and Eschman,

1 97 4 ) .

Readvance o f  t h e  i c e  in  P o r t  Huron t im e  r e s u l t e d  in  

t h e  f o r m a t io n  o f  th e  P o r t  Huron m o r a i n e ,  13 ,000  y . b . p .

(Hough, 1958) ( F i g .  8 ) .  A c co rd in g  t o  D orr  and Eschman 

(1 9 7 1 ) ,  a l l  g l a c i a l  d e p o s i t s  s o u t h  o f  t h e  P o r t  Huron 

m ora ine  a r e  Cary i n  ag e .  The P o r t  Huron i c e  r e a c h e d  as 

f a r  s o u t h  as Muskegon and Milwaukee ( F a r r a n d  and Eschman, 

1 9 7 4 ) .  T i l l s  o f  t h i s  m ora ine  a r e  c h a r a c t e r i z e d  as b e in g  

b l u e  t o  g r e y - b l u e  and q u i t e  sandy  i n  p l a c e s  (Wayne and
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m i le s

Expl ana t i on

W i s c o n s i n a n  e n d  m o r a i n e s

1 S t u r g i s  m o r a i n e

2  T e k o n s h a  m o r a i n e

3  K a l a m a z o o  m o r a i n e

4  K e n d a l l  m o r a i n e

F i g u r e  8. W is c o n s in a n  m o r a i n a l  sys tem s  i n  
M ich igan  ( a f t e r  M ich ig an  G e o l o g ic a l  S u rv e y ,
1 9 7 5 ) .

Zumberge,  1 9 6 5 ) .  In  c o n t r a s t ,  t h e  l a t e r  V a ld e ran  t i l l s  a r e  

r e d  t o  p i n k .

With r e c e s s i o n  o f  P o r t  Huron i c e ,  V a ld e r s  i c e  advanced  

from th e  n o r t h e a s t  t o  a p o s i t i o n  p r o x im a l  t o  th e  P o r t  Huron 

Moraine  i n  th e  n o r t h e r n  p a r t  o f  t h e  S o u th e rn  P e n i n s u l a  

(Wayne and Zumberge,  1 9 6 5 ) .  No end m o ra in es  were b u i l t  by 

V a ld e r a n  i c e ,  b u t  d r u m l in s  n e a r  Grand T r a v e r s e  Bay t r e n d  

n o r th w e s tw a r d  i n d i c a t i n g  a r a d i a l  f low  from th e  c e n t r a l
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Lake S u p e r i o r  r e g i o n  (Wayne and Zumberge, 1 96 5 ) .  With r e ­

t r e a t  o f  th e  l a s t  V a ld e r a n  i c e ,  a l l  o f  M ich igan  was i c e  

f r e e  a b o u t  10,000 y e a r s  b . p .  (B roec k e r  and F a r r a n d ,  1963) 

l e a v i n g  b e h in d  t h e  p r e s e n t  g l a c i a l  l an d fo rm s  ( F ig .  8 ) .

T erm ina l  and L a t e r a l  M ora ines  
i n  t h e  S tud y  Area

The s t u d y  a r e a ,  which c e n t e r s  in  Kalamazoo County ,  

was c o m p le t e ly  c o v e re d  by two l o b e s  o f  t h e  W iscon s in an  c o n ­

t i n e n t a l  g l a c i e r .  The Lake M ich igan  lo b e  advanced  i n t o  

th e  s t u d y  a r e a  from th e  n o r t h w e s t .  The Saginaw lo b e  a d ­

van ce d  from th e  n o r t h e a s t .  With f i n a l  r e t r e a t  o f  th e  i c e  

f r o n t s  i n  Cary t i m e ,  b o l d  m o r a i n i c  sy s tem s  were l e f t  to  

c o v e r  t h e  l a n d s c a p e .

P o r t i o n s  o f  f i v e  (5) m o r a i n a l  sy s tem s  i n  th e  s tu d y  

a r e a  were l e f t  by th e  Lake M ich igan  a n d / o r  Saginaw l o b e s .

The Lake M ich igan  lo b e  i s  r e s p o n s i b l e  f o r  p o r t i o n s  o r  a l l  

o f  th e  V a l p a r a i s o ,  K e n d a l l ,  Kalamazoo, T ekonsha ,  and 

S t u r g i s  m o r a in e s .  The Saginaw lo b e  b u i l t  p o r t i o n s  o f  th e  

Kalamazoo, S t u r g i s ,  and Tekonsha  m o ra in es  ( F i g .  9 ) .

The f o l l o w i n g  m o r a i n a l  d e s c r i p t i o n s  a r e  b a s e d  l a r g e l y  

on work by L e v e r e t t  and T a y lo r  (1915) .

V a l p a r a i s o  m o r a i n i c  sy s tem

A segment  o f  t h e  V a l p a r a i s o  m o r a i n i c  sy s tem  o f  th e  

Lake M ichigan  lobe  o c c u p ie s  t h e  n o r t h w e s t e r n  c o r n e r  o f  t h e
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s t u d y  a r e a  i n  s o u t h e a s t e r n  A l l e g a n  County and n o r t h e a s t e r n  

Van Buren County,  M ich igan  (F ig .  9 ) .  This  m o r a i n ic  sy s te m  

e x te n d s  from the  W i s c o n s i n - I l l i n o i s  l i n e  a round  th e  s o u ­

t h e r n  end o f  Lake M ich igan  th ro u g h  n o r t h e r n  I n d i a n a  and 

n o r th w a r d  t o  n e a r  R o c k fo rd ,  M ich ig an .  Here i t  j o i n s  i t s  

c o r r e l a t i v e  m ora ine  o f  t h e  Saginaw l o b e .

The V a l p a r a i s o  m o r a i n i c  sy s tem  c o n s t i t u t e s  th e  d r a i ­

nage  d i v i d e  a t  t h e  head  o f  Lake M ichigan  s e p a r a t i n g  w a t e r s  

f l o w in g  t o  t h e  S t .  Lawrence and M i s s i s s i p p i  R i v e r s .  Topo-

EXPLANATION

W i s c o n s i n a n  
end  m o ra in e

I n t e r lo b a t e  
b o u n d a ry  (S h ah , 
1 9 7 1 )

F ig u r e  9. Map o f  s o u t h w e s t e r n  Michigan  showing W iscon­
s i n a n  m o r a i n a l  sy s tem s  i n  r e l a t i o n  to  S h a h 's  I n t e r l o b a t e  
boundary  (1971) and th e  s t u d y  a r e a  (m o ra in a l  sys tem s a f t e r  
M ichigan  G e o l o g ic a l  Su rvey ,  1975; V, V a l p a r a i s o ;  K, K e n d a l l  
T, Tekonsha;  Ka, Kalamazoo; S, S t u r g i s ) .
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g r a p h i c  r e l i e f  a lo n g  th e  i n n e r  b o r d e r  o f  th e  m ora in e  i s  

q u i t e  c o n s p i c u o u s ,  r i s i n g  100 to  200 f e e t  o r  more to  i t s  

c r e s t  ( L e v e r e t t  and T a y l o r ,  1915) . C o n v e r s e ly ,  t h e  r e l i e f  

a lo n g  th e  o u t e r  b o r d e r  i s  somewhat l e s s ,  r a n g in g  i n  g e n e r a l  

from 50 f e e t  o r  l e s s  to  a ro u n d  75 f e e t .

The t h i c k n e s s  o f  d r i f t  a v e r a g e s  about  200 f e e t  a long  

t h e  e n t i r e  e x t e n t  o f  th e  m ora in e  in  I n d i a n a  and M ic h ig a n ,  

b u t  a wide range  o f  t i l l  c o m p o s i t i o n s  e x i s t s  o v e r  t h i s  

d i s t a n c e .  The W iscons inan  d r i f t  i n  I l l i n o i s  t e n d s  t o  be 

a b l u e  c l a y e y  t i l l .  E as tw a rd  tow ard  V a l p a r a i s o ,  I n d i a n a ,  

c l a y  c o n t i n u e s  to  p re d o m in a te  o v e r  sa n d  and g r a v e l ,  b u t  

beyond t h i s ,  t o  t h e  n o r t h e a s t ,  sand  and g r a v e l  a r e  p r e d o ­

m in a te  o v e r  c l a y .  Sample s t a t i o n s  58 and 59 ( F ig .  10) a r e  

l o c a t e d  on th e  V a l p a r a i s o  m o r a in e .  T i l l s  a t  t h e s e  l o c a l i ­

t i e s  a re  v e ry  sandy w i th  b o u l d e r s  r a n g i n g  to  8 i n c h e s  

(20 .32  cm) in  d i a m e t e r .  Most b o u l d e r s  c o n s i s t  o f  ig n eo u s  

and m etam orphic  l i t h o l o g i e s  o f  Canadian S h i e l d  d e r i v a t i o n .

K e n da l l  m ora ine

The K e n d a l l  m ora ine  i s  l o c a t e d  i n  t h e  n o r t h e a s t e r n  

c o r n e r  o f  Van Buren County a few m i l e s  n o r t h  o f  Paw Paw, 

M ichigan  ( F ig .  9 ) .  A p p ro x im a te ly  n i n e  m i l e s  (1 4 .4  km) long  

i n  a n o r t h e a s t - s o u t h w e s t  d i r e c t i o n ,  t h e  K e n d a l l  m o ra in e  

a v e r a g e s  1 .5  to  2 .5  m i l e s  ( 2 . 4  to  4 km) in  w id t h .

N or th  o f  t h e  v i l l a g e  o f  K e n d a l l  k n o l l s  e x h i b i t  a r e ­

l i e f  o f  60 to  80 f e e t  (1 8 .2 8  to  24 .3 8  m ) , w h e r e a s ,  s o u t h
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o f  th e  v i l l a g e  t h e  r e l i e f  a v e r a g e s  25 t o  30 f e e t  (7 .6 2  t o  

9 .1 4  m ) .

E x te n d in g  n o r t h e a s t w a r d ,  t h e  K e n d a l l  m ora ine  t e r ­

m in a t e s  i n  a swamp. E a s t  o f  t h i s  swamp a weak r i d g e  e x ­

t e n d s  t o  t h e  n o r t h e a s t  and  c o n n e c t s  w i t h  t h e  i n n e r  b o r d e r  

o f  t h e  Kalamazoo m o r a in e .  Because  o f  t h i s  r e l a t i o n s h i p ,  

L e v e r e t t  (1915) a s s i g n e d  t h e  K en d a l l  m o ra ine  t o  t h e  K a l a ­

mazoo m o r a i n a l  sy s te m  o f  t h e  Lake M ichigan  l o b e .  D i s ­

a g r e e i n g  w i t h  L e v e r e t t ,  T e r w i l l i g e r  (1954) c o r r e l a t e d  t h e  

K e n d a l l  m o ra in e  w i t h  t h e  V a l p a r a i s o  m o r a i n i c  s y s te m .  By 

s t u d y i n g  t e r r a c e s  o f  e q u a l  e l e v a t i o n  a lo n g  th e  s i d e s  o f  

t h e  Dowagiac D ra inagew ay and t h e  e a s t  s i d e  o f  P r o s p e c t  

H i l l ,  T e r w i l l i g e r  c o n c lu d e d  t h a t  P r o s p e c t  H i l l  and t h e  low 

m ora ine  upon w hich  D e c a t u r  i s  s i t u a t e d  a r e  co n tem poraneous  

w i t h  th e  K e n d a l l  m o r a in e .

T i l l  s a m p les  from e i g h t  l o c a t i o n s  were c o l l e c t e d  

a lo n g  t h e  K e n d a l l  m o ra in e  ( F i g .  10,  s t a t i o n s  23 th r o u g h  

29,  and 3 1 ) .  I t s  t i l l s  a r e  g e n e r a l l y  p o o r l y  c o n s o l i d a t e d ,  

sandy  to  b o u l d e r y ,  and r e d  t o  red -b row n  i n  c o l o r .  L e v e r e t t  

(1915) r e p o r t e d  b l u e  t i l l  a t  d e p th s  w i t h i n  t h e  m o ra in e  and 

c h a r a c t e r i z e d  t h e  s u r f a c e  a p p e a ra n c e  as b e in g  b o u l d e r y .

Shah (1971) r e c o r d e d  t h e  p r e s e n c e  of r e d  j a s p e r  c o n g l o ­

m e ra te  a t  t h e  n o r t h  end o f  t h e  K e n d a l l  m o ra in e .  Because  

t h e  r e d  j a s p e r  c o n g lo m e r a t e  i s  p r e d o m i n a n t l y  a s s o c i a t e d  

w i t h  Saginaw l o b e  d e p o s i t s ,  Shah (1971) a s s e r t e d  t h a t  t h e  

K e n d a l l  m o ra in e  i s  a d e p o s i t  o f  th e  Saginaw l o b e .  In  a
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p a p e r  c o n c e rn in g  t h e  s o u rc e  o f  th e  above r e d  j a s p e r  c o n ­

g lo m e r a t e  e r r a t i c s ,  Slawson (1925) s t a t e d  t h e  f o l l o w i n g :

MIn t h e  W isco n s in  d r i f t  t h e  e a s t e r n  l i m i t  
o f  t h e s e  e r r a t i c s  i s  marked i n  M ichigan  
by th e  m o ra in es  b o r d e r i n g  t h e  g l a c i a l  l a k e  
beds and in  Ohio by a l i n e  ru n n in g  s o u t h  
o f  Norwalk th r o u g h  M a n s f i e l d  and e a s t  o f  
Dayton .  On th e  w e s t  a l i m i t e d  number o f  
t h e  b o u l d e r s  have been d e p o s i t e d  by t h e  
e a s t e r n  h a l f  o f  the  Lake M ich igan  l o b e .
In  g e n e r a l ,  tho u g h ,  t h e  g r e a t  b u lk  o f  
them were t r a n s p o r t e d  by th e  i c e  o f  t h e  
Saginaw l o b e . "

X -ray  d a t a  and a n a l y s i s  o f  heavy  m i n e r a l s  on sam ples  c o l ­

l e c t e d  on th e  K e n da l l  moraine  show c o n c l u s i v e l y  t h a t  t i l l s  

o f  th e  K e n d a l l  m ora ine  b e lo n g  t o  t h e  Lake M ich igan  l o b e .

Kalamazoo m o r a i n i c  sys tem

The Kalamazoo m o r a i n ic  sy s te m  was c o n s t r u c t e d  by th e  

j o i n t  a c t i o n  o f  t h e  Lake M ichigan  and Saginaw l o b e s .  The 

j u n c t i o n  o f  th e  two c o r r e l a t i v e  m o r a i n i c  sy s tem s  i s  l o ­

c a t e d  s l i g h t l y  n o r t h  o f  the  s t u d y  a r e a  i n  B a r ry  County 

( F ig .  9 ) .  I t  i s  h e re  t h a t  t h e  Kalamazoo m o r a i n i c  sy s te m  

r e a c h e s  i t s  g r e a t e s t  e l e v a t i o n ,  1050 f e e t  above s e a  l e v e l .

In  M ich igan  th e  Kalamazoo m ora ine  o f  t h e  Lake M ich igan  

lo b e  i s  c o m p r ised  o f  two n e a r l y  p a r a l l e l  r i d g e s  which  t r e n d  

i n  a n o r t h e a s t - s o u t h w e s t  d i r e c t i o n .  The o u t e r  r i d g e  ( e a s ­

t e r n  r i d g e )  e x te n d s  from P r a i r i e v i l l e  s o u th w e s tw a rd  to  

Sou th  Bend, I n d i a n a ,  where i t  i s  i n t e r r u p t e d  by a g r a v e l  

p l a i n  a lo n g  th e  S t .  J o s e p h  R i v e r .  The i n n e r  o r  w e s t e r n  

r i d g e  p a r a l l e l s  th e  o u t e r  r i d g e  and i s  t r a c e a b l e  t o  a l o c a -
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t i o n  a p p r o x im a te ly  s i x  m i l e s  (9 .6  km) w e s t  o f  South  Bend.

The r e l i e f  a lo ng  the  o u t e r  b o r d e r  i s  s l i g h t  as a 

g r a v e l  p l a i n  i s  b u i l t  up n e a r l y  to  i t s  c r e s t  t h r o u g h o u t  

i t s  l e n g t h .  C o n v e r s e ly ,  t h e  r e l i e f  a lo n g  th e  i n n e r  b o r d e r  

r i d g e  r a n g e s  from 50 f e e t  (1 5 .2  m) i n  s o u t h e r n  Michigan  t o  

200 f e e t  (60 .9  m) as th e  m ora ine  e x te n d s  n o r th w a rd .

S u r f a c e  t i l l s  o f  b o th  th e  i n n e r  and o u t e r  m ora ines  a re  

lo o s e  t e x t u r e d  and range  from c l a y - r i c h  to  ve ry  sandy .

Cobbles to  8 in c h e s  (2 0 .3  cm) i n  d i a m e t e r  commonly o c cu r  

d i s p e r s e d  i n  th e  t i l l .  In  most  i n s t a n c e s  th e  s u r f a c e  d r i f t  

i s  l e s s  th an  1 .5  m e te r s  t h i c k  and i s  u n d e r l a i n  by s t r a t i ­

f i e d  and o f t e n  c ro s s b e d d e d  sands  and g r a v e l s .  A g rey  o r  

b l u i s h  c l a y - r i c h  compact  t i l l  i s  l o c a t e d  a t  sample s t a t i o n  

3 (F ig .  10) a t  t h e  c o r n e r  o f  Ravine Road and Douglas Ave­

nue in  Kalamazoo, M ic h ig a n .  S i m i l a r  t i l l s  a re  found e x ­

p o sed  i n  30 to  50 f o o t  c l i f f s  i n  th e  Lake B orde r  moraine  

a long  t h e  Lake M ichigan  s h o r e  l i n e  i n  A l l e g a n  County ( F ig .

10,  s t a t i o n s  60 and 6 1 ) .  P e rh ap s  t h e  b l u e  c l a y - r i c h  n a t u r e  

i s  due t o  th e  u n d e r l y i n g  Lower M i s s i s s i p p i a n  Coldwate r  

Sha le  ( F i g .  2 ) .

The Kalamazoo m o r a i n i c  sy s tem  o f  t h e  Saginaw lobe  

j o i n s  i t s  c o r r e l a t i v e  sy s tem  o f  the  Lake Michigan lobe  in  

s o u t h w e s t e r n  B arry  County ( F i g .  9 ) .  From t h i s  j u n c t i o n  the  

Saginaw lo b e  p o r t i o n  o f  t h e s e  m ora ines  e x te n d s  s o u t h e a s t ­

ward and e v e n t u a l l y  c o n n e c t s  w i t h  t h e  M is s i s s in a w a  m ora ine  

o f  the  H u ro n -E r ie  lo b e  i n  Washtenaw County.
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R e l i e f  a lo n g  th e  Saginaw lo be  p o r t i o n  o f  t h e  m o r a i n ic  

s y s te m  i s  s l i g h t .  In most p l a c e s  i t  i s  l i t t l e  more than  

30 f e e t  (9 .1  m) and r a r e l y  exceeds  50 f e e t  (15 .2  m ) . In  

J a c k s o n  County t h e  a r e a  a round  P o r t a g e  swamp has  150 f e e t  

( 4 5 .7  m) o f  r e l i e f  and i s  t h e  most  p ro m in e n t  p o r t i o n  o f  t h e  

m o ra in e .

T i l l s  w i t h i n  t h e  m ora ine  a r e  g e n e r a l l y  sa n d y ,  r e s u l t ­

in g  from e r o s i o n  o f  t h e  u n d e r l y i n g  s a n d s t o n e  u n i t s .  B o u l ­

d e r s  o f  l o c a l  bed ro ck  and Canadian S h i e l d  d e r i v a t i o n  a re  

commonly a b u n d a n t .

Tekonsha m o r a i n i c  sy s tem  *»**"-

4

W ith in  th e  s tu d y  a r e a ,  t h e  Tekonsha m o r a i n ic  sys tem 

i s  l o c a t e d  i n  w e s t e r n  Calhoun County and e a s t e r n  Kalamazoo 

County ( F ig .  9 ) .  The Tekonsha m ora ine  o f  th e  Saginaw lobe  

i s  j o i n e d  a t  i t s  n o r t h w e s t  and s o u t h e a s t  ends by c o r r e l a ­

t i v e  m ora ines  o f  t h e  Lake M ichigan  and H u ro n -E r ie  l o b e s ,  

r e s p e c t i v e l y ,  and has a g e n e r a l  w id th  o f  4 to  5 m i l e s  ( 6 .4  

t o  8 km ). I t s  c o u n t e r p a r t  from th e  Lake M ichigan  lobe  e x ­

t e n d s  sou th w e s tw a rd  from th e  j u n c t i o n  and a v e r a g e s  a p p r o ­

x i m a t e l y  3 m i l e s  ( 4 .8  km) i n  w i d t h .

The so u th w e s tw a rd  e x t e n s i o n  o f  th e  Tekonsha m oraine  

o f  t h e  Lake M ichigan  lob e  i s  w e l l  d e v e lo p ed  f o r  a p p r o x i ­

m a te ly  8 m i l e s  (1 0 .8  km). Based on t h e  l o c a t i o n  and mor­

pho logy  o f  t h e  e a s t e r n  s i d e  o f  t h e  S t u r g i s  m ora ine  o f  th e  

Lake M ichigan  l o b e ,  S t raw  (1977 ,  p e r s o n a l  communication)
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i s  o f  th e  o p in io n  t h a t  t h i s  p o r t i o n  o f  t h e  S t u r g i s  m ora ine  

may have d e v e lo p ed  s y n c h r o n o u s ly  w i t h ,  and  t h e r e f o r e ,  r e ­

p r e s e n t  an e x t e n s i o n  o f  th e  Tekonsha  m o ra in e .

T i l l s  o f  th e  Tekonsha m ora ine  a r e  t y p i c a l l y  sandy  and 

b o u l d e r  s t r e w n .  The sandy n a t u r e  r e s u l t s  i n  l a r g e  p a r t  

from t h e  u n d e r l y i n g  and n e i g h b o r i n g  Lower M a r s h a l l  Sand­

s t o n e .  I t  s h o u ld  be n o t e d  t h a t  b o u l d e r s  o f  the  Lake Mich­

ig a n  l o b e ’ s S t u r g i s  and Tekonsha m ora ine  a r e  l i t h o l o g i c a l l y  

s i m i l a r .

A n o r t h  t r e n d i n g  s p u r  o f  th e  S t u r g i s  m ora ine  i n  Cass 

and S t .  Jo s e p h  C o u n t ie s  p r o j e c t s  i n t o  t h e  s tu d y  a r e a .

Sample s t a t i o n s  64 and 65 ( F i g .  10) i n d i c a t e  t h a t  t i l l s  o f  

t h i s  m oraine  a re  sandy  t e x t u r e d  and l i t h o l o g i c a l l y  s i m i l a r  

t o  t h o s e  o f  th e  Tekonsha m o ra in e .  As o n ly  a s m a l l  p o r t i o n  

o f  th e  S t u r g i s  m ora ine  i s  r e p r e s e n t e d  i n  t h e  s t u d y  a r e a  

( F ig .  9 ) ,  a d i s c u s s i o n  o f  t h i s  m o r a i n a l  sys tem  i s  o m i t t e d .

LOCATION

-The a r e a  un d e r  i n v e s t i g a t i o n ,  c e n t e r i n g  i n  Kalamazoo 

County ,  l i e s  i n  th e  s o u t h w e s t e r n  M ich igan  i n t e r l o b a t e  r e ­

g io n  o f  th e  C e n t r a l  Lowlands p h y s i o g r a p h i c  p r o v i n c e  (F ig .

1 ) .  L oca ted  on th e  s o u t h w e s t e r n  f l a n k  o f  t h e  Michigan  

b a s i n ,  th e  e n t i r e  s t u d y  a r e a  i s  c o v e r e d  by g l a c i a l l y  d e ­

r i v e d  s e d i m e n t s .  Here  th e  g l a c i a l  m a t e r i a l s  a re  c h a r a c ­

t e r i z e d  by b o l d  m o r a i n a l  d e p o s i t s  and a s s o c i a t e d  s a n d  and 

g r a v e l  ou twash  p l a i n s .  T i l l s  w i t h i n  t h e  a r e a  a re  g e n e r a l l y
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l o o s e  t e x t u r e d  a l t h o u g h  compact  t i l l s  a r e  l o c a l l y  d i s t r i ­

b u t e d .  I b r a h im  (1969) r e p o r t e d  t h a t  t h e  d r i f t  t h i c k n e s s  

i n  Kalamazoo County r a n g e s  from 50 to  650 f e e t  (1 5 .2  to  

198 .1  m) and a c c o r d i n g  t o  Malanchak (1973) t h e  a v e r a g e  

t h i c k n e s s  i s  b e tw een  290 t o  390 f e e t  ( 8 8 .4  t o  118 .9  m ) .

The m i d p o i n t  o f  t h e  s t u d y  a r e a  l i e s  a p p r o x i m a t e ly  

136 m i l e s  (2 1 7 .6  km) w e s t  o f  D e t r o i t ,  50 m i l e s  (80 km) 

s o u t h  o f  Grand R a p id s ,  and 112 m i le s  (1 79 .2  km) e a s t  o f  

C h i c a g o .

TECHNIQUES 

F i e l d  Sampling

In  o r d e r  t o  e s t a b l i s h  a s t a t i s t i c a l  b a s i s  f o r  i n i t i a l  

s a m p l in g ,  a g r i d  was d e s i g n e d  which t r a v e r s e d  th e  s t u d y  

a r e a  i n  a n o r t h w e s t - s o u t h e a s t  d i r e c t i o n  ( F i g .  1 ) .  Using 

t h e  i n t e r l o b a t e  boundary  mapped by Shah (1971) as a f o c a l  

p o i n t ,  t h e  g r i d  a r e a  was e x te n d e d  i n t o  r e g i o n s  o f  known 

Lake M ich igan  and Saginaw l o b e  d e p o s i t s ,  t h e r e b y  i n s u r i n g  

t h e  p o s i t i o n i n g  o f  th e  i n t e r l o b a t e  b o un d a ry  w i t h i n  t h e  

g r i d .

Sample c o l l e c t i o n  was c o n t r o l l e d  by t i l l  o u t c r o p  e x ­

p o s u r e ,  and r e p r e s e n t a t i v e  t i l l  sam p le s  were c o l l e c t e d  by 

e n t r e n c h i n g  t h e  e x p o s u r e s .  The l o c a t i o n  o f  each  s t a t i o n  

i s  r e c o r d e d  i n  T ab le  1 o f  Appendix I and i n  F ig u r e  10.

F o l lo w in g  t h e  l a b o r a t o r y  a n a l y s i s  o f  t h e  i n i t i a l  o r
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p r im a r y  s a m p le s ,  an i n t e r l o b a t e  boundary  was e s t a b l i s h e d  

w i t h i n  t h e  g r i d .  S u b s e q u e n t l y ,  a d d i t i o n a l  o r  s e c o n d a ry  

s t a t i o n s  were randomly e s t a b l i s h e d  and r e p r e s e n t a t i v e  

sam ples  were  c o l l e c t e d  and a n a l y z e d  i n  o r d e r  to  d e f i n e  an 

i n t e r l o b a t e  boundary  th r o u g h o u t  t h e  r e m a in d e r  o f  t h e  s tu d y  

a r e a .

L a b o r a to r y  A n a l y s i s

A n a l y t i c a l  t e c h n i q u e s  d e s c r i b e d  i n  t h i s  s e c t i o n  i n ­

c lu d e  v a r i o u s  methods f o r  o b t a i n i n g  t e x t u r a l ,  m a g n e t i c  

s u s c e p t i b i l i t y ,  X - r a y ,  and h e a v y - m in e r a l  d a t a .  R e s u l t s  

u t i l i z i n g  t h e s e  t e c h n i q u e s  a re  th e n  p r e s e n t e d  i n  t h e  s e c ­

t i o n  t i t l e d  " A n a ly s i s  o f  an I n t e r l o b a t e  Boundary R e l a t i o n ­

s h i p  . "

Using m o d i f i c a t i o n s  o f  p r o c e d u r e s  o u t l i n e d  by Folk  

( 1 9 6 8 ) ,  a l l  samples  were d r i e d  a t  100°F f o r  a minimum o f  

e i g h t  h o u r s .  Samples were th e n  t r a n s f e r r e d  to  th e  l a b o r a ­

t o r y  p r e p a r a t i o n  room where th e y  were d i s a g g r e g a t e d  and 

a l lo w e d  to  e q u i l i b r a t e  w i t h  room t e m p e r a t u r e  and h u m i d i t y .

The g r a v e l  p o r t i o n  o f  each  sample  was removed by p a s s i n g  

t h e  e n t i r e  sample  t h r o u g h  a 10 mesh (2 .0 0  mm) s i e v e .

G ra v e l  p o r t i o n s  o f  each  sample were marked and s t o r e d ;  

a s p l i t  ( a p p r o x i m a t e l y  200 grams) o f  t h e  r e m a in in g  c l a y s ,  

s i l t s ,  and san ds  was o b t a i n e d  and washed i n  200 ml o f  

c a l g o n a t e d  d e - i o n i z e d  w a t e r  f o r  a minimum o f  24 h o u r s .

A seco n d  s p l i t  (75 t o  100 grams) o f  th e  r e m a in in g  c l a y s ,
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s i l t s ,  and sand s  was o b t a i n e d .  T h is  r e p r e s e n t a t i v e  o f  

t h e  " b u lk  sam ple"*  was t ak e n  t o  I n d i a n a  U n i v e r s i t y  (B lo o ­

m ington)  f o r  a n a l y s i s  o f  m ag n e t ic  s u s c e p t i b i l i t y  ( se e  

s e c t i o n  on m a g n e t i c  s u s c e p t i b i l i t y ) .

Clays and s i l t s  were s e p a r a t e d  from th e  sand  f r a c ­

t i o n s  by wet s i e v i n g  u s i n g  a 63 m icron  (230 mesh, 0 .0625 

mm) s i e v e  and d e - i o n i z e d  w a t e r .  The muds were washed 

i n t o  a 1000 ml g r a d u a t e d  c y l i n d e r ,  s t i r r e d ,  and a l lo w ed  

to  s e t t l e  f o r  24 h o u r s .  S u b s e q u e n t ly ,  b a s a l l y - o r i e n t e d  

c l a y  mounts were p r e p a r e d  f o r  X-ray  d i f f r a c t i o n  a n a l y s i s  

by p i p p e t t i n g  a c l a y - r i c h  s u s p e n s i o n  o n to  g l a s s  s l i d e s  

and d r y in g  a t  room t e m p e r a t u r e .  D r i e d  b a s a l l y - o r i e n t e d  

c l a y  mounts were p l a c e d  in  a d e s s i c a t o r  p a r t i a l l y  f i l l e d  

w i th  e t h y l e n e  g l y c o l  f o r  an a d d i t i o n a l  24 h o u r s .  I t  s h o u ld  

be n o t e d  t h a t  s l i d e s  number 3 c ,  10,  12,  14,  16a ,  17,  18,

20, 23, 27 ,  29,  and 31 had to  be remade b e c a u s e  o f  s h r i n ­

kage d u r in g  d r y i n g .  Remaking was a c c o m p l i sh e d  by p a s s i n g  

th e  r e s i d u a l  s i l t s  and c l a y s  th r o u g h  a 325 mesh s i e v e ,  

m ix ing  w i t h  d i s t i l l e d  d e - i o n i z e d  w a t e r ,  and p r e p a r i n g  

c l a y  mounts as d e s c r i b e d  above.  The r e m a in in g  mud/water  

s o l u t i o n  was t r a n s f e r r e d  to  1000 ml b e a k e r s ,  d r i e d ,  and 

s t o r e d .

A f t e r  wet  s i e v i n g  and removal  o f  th e  mud f r a c t i o n s

*Bulk sample  i s  d e f i n e d  as t h e  s p l i t  sample e x c l u d ­
in g  th e  g r a v e l  f r a c t i o n  and i s  r e c o r d e d  i n  Table  1 o f  
Appendix I .
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from th e  sa n d  f r a c t i o n s  o f  each  s a m p le ,  t h e  c l e a n e d  sands  

were washed i n t o  b e a k e r s  and d r i e d  a t  125°F. D r ie d  sand  

sam ples  were th e n  s p l i t  and w e ighed .  The s p l i t s  o f  each  

s a n d  sample  were s i e v e d  i n t o  v e ry  c o a r s e ,  c o a r s e ,  medium, 

f i n e ,  and v e ry  f i n e  sa n d  f r a c t i o n s  (1 0 ,  18,  35,  60,  120, 

and 230 mesh s i e v e s ) , and each  f r a c t i o n  w e ighed  (T ab le  1 

o f  Appendix I ) . Sands from th e  120 and 230 mesh s i e v e s  

were combined f o r  heavy m in e r a l  a n a l y s i s .

F o l lo w in g  th e  p r o c e d u r e  o u t l i n e d  by Krumbein and 

P e t t i j o h n  (1938) and m o d i f i e d  by Kuenzi (1 9 7 4 ) ,  heavy 

m i n e r a l  s e p a r a t i o n s  in  t h e  f i n e  and v e ry  f i n e  sa n d  f r a c ­

t i o n s  (120 + 230 mesh) were a c c o m p l i sh e d  u s i n g  bromoform 

(CHBrg, d=2.89 a t  20°C) and wash ing  w i t h  a c e to n e  ( ( C H j ^

CO). Each combined 120 p l u s  230 mesh sample  was p o u r e d  

i n t o  a s e p a r a t o r y  f u n n e l  f i l l e d  w i t h  bromoform h a v in g  a 

s p e c i f i c  g r a v i t y  o f  2 .89  a t  20°C. The sam ples  were s t i r r e d  

e v e ry  t h i r t y  m in u te s  f o r  t h r e e  h o u r s , t h e n  a l lo w e d  t o  s e t ­

t l e  f o r  two h o u rs  (5 h o u rs  t o t a l )  b e f o r e  t h e  heavy m i n e r a l s  

were drawn o f f .  Upon f i n a l  s e p a r a t i o n  o f  h e a v y - m in e r a l  

c o n c e n t r a t i o n s ,  each  sample  was a i r  d r i e d ,  w e ig h ed ,  and 

s p l i t  i n t o  p o r t i o n s  p r e p a r a t o r y  t o  m ount ing  on g l a s s  s l i d e s .

G ra in  mounts were p r e p a r e d  by c o a t i n g  h e a t e d  p e t r o -  

g r a p h i c  s l i d e s  w i t h  a c o m b in a t io n  o f  a p p r o x im a te ly  0 .110  

grams o f  heavy m i n e r a l s  p e r  sample  and caedex  ( s y n t h e t i c  

Canada b a l s a m ) . Upon f i n a l  c u r i n g  o f  t h e  c ae d ex ,  a g l a s s  

c o v e r  s l i d e  was a p p l i e d  and g r a i n s  d i s p e r s e d  by m a n ip u la -
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t i o n  o f  t h e  co v e r  g l a s s .  G r in d in g  o f  t h e  g r a i n  mounts was 

u n n e c e s s a r y  as g r a i n s  r a n g i n g  from 100 t o  200 mesh y i e l d  

f i r s t  o r d e r  c o l o r s  when i l l u m i n a t e d  u n d e r  a p o l a r i z i n g  

m ic ro sc o p e  ( B l o s s ,  196 1 ) .

Using  a L i e t z  p o l a r i z i n g  m ic ro s c o p e  and m e c h a n ic a l  

s t a g e ,  a t o t a l  o f  500 g a r n e t  v e r s u s  e p i d o t e  p l u s  h o rn b le n d e  

d e t e r m i n a t i o n s  were  c o u n te d  p e r  s l i d e .  D ata  a c c u m u la te d  

u s i n g  t h i s  t e c h n i q u e  may be found  i n  T ab le  1 o f  Appendix I .

ANALYSIS OF AN INTERLOBATE BOUNDARY

In t h e  p a s t ,  t h e  h i s t o r y  o f  t h e  d e g l a c i a t i o n  o f  any 

g iv e n  a r e a  has  been  b a s e d  p r i m a r i l y  on t h e  morphology o f  

b o l d  m o r a in a l  sy s te m s  l e f t  by t h e  r e t r e a t i n g  i c e  mass.  

M ich igan  has  been no e x c e p t i o n .  The d e g l a c i a t i o n  o f  M i c h i ­

gan d u r i n g  W iscons inan  t im e  l e f t  t h e  s t a t e  c o v e re d  w i t h  

b o l d  m o r a in a l  sy s te m s  ( F i g .  8 ) .  C a r e f u l  e x a m in a t io n  o f  

t h e s e  m o ra in es  and o t h e r  d a t a  have r e s u l t e d  i n  m a jo r  works 

by L e v e r e t t  and T a y l o r  (1 9 1 5 ) ,  Hough ( 1 9 5 8 ) ,  and Wayne and 

Zumberge (1 9 6 5 ) ,  as w e l l  as many o t h e r s .  T h e i r  c o n t r i b u ­

t i o n s  have t r e m e n d o u s ly  added to  t h e  knowledge o f  c o n t i n e n ­

t a l  d e g l a c i a t i o n  d u r i n g  th e  P l e i s t o c e n e .

Recen t  s t u d i e s  have f o c u s e d  more and more a t t e n t i o n  

on t h e  p rob lem  o f  u n r a v e l i n g  t h e  h i s t o r y  o f  a r e a s  which  

d e v e lo p e d  by th e  complex i n t e r a c t i o n  o f  two o r  more l o b e s  

o f  i c e  d u r i n g  t h e  same o r  r e p e a t e d  g l a c i a t i o n .  To do t h i s ,  

many a n a l y t i c a l  t e c h n i q u e s  have been  d e v e lo p e d  and t e s t e d .
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In  t h i s  s t u d y ,  t e x t u r a l ,  m a g n e t i c  s u s c e p t i b i l i t y ,  X -ray  

d i f f r a c t i o n ,  and heavy m i n e r a l  d a t a  a r e  u s e d  to  e s t a b l i s h  

t h e  c h a r a c t e r  o f  an i n t e r l o b a t e  b ou n d a ry  i n  the  s t u d y  

a r e a .

T e x t u r a l  p a r a m e t e r s  have been  f r e q u e n t l y  u t i l i z e d  i n  

d e s c r i b i n g  and d i f f e r e n t i a t i n g  g l a c i a l  s e d i m e n t s .  In  t h i s  

s t u d y ,  two t e c h n i q u e s  b a s e d  on t e x t u r a l  a n a l y s i s  o f  t i l l  

m a t r i x  ( m a t e r i a K  2 mm) were u se d  i n  an a t t e m p t  t o  d i f ­

f e r e n t i a t e  t i l l  (D re im an is  and V a g n e r s ,  19 7 2 ) .  The p e r ­

c e n t  s a n d / p e r c e n t  mud r a t i o  and t h e  p e r c e n t  heavy m i n e r a l s  

i n  t h e  120 p l u s  230 mesh sa n d s  were  c a l c u l a t e d .  Both 

p a r a m e t e r s  were s t a t i s t i c a l l y  a n a l y z e d .  The r e s u l t s  a r e  

p r e s e n t e d  i n  f o l l o w i n g  s e c t i o n s .  T e x t u r a l  d a t a  accumu­

l a t e d  by e x e r c i s i n g  th e  above methods o f  a n a l y s i s  can be 

found  i n  T a b le s  1 -3  o f  Appendix I .

The use  o f  m a g n e t i c  s u s c e p t i b i l i t y  (MS) as a t o o l  f o r  

t h e  d i f f e r e n t i a t i o n  o f  g l a c i a l  s e d i m e n t s  b a se d  on p r o v e n ­

ance has  been  w e l l  e s t a b l i s h e d  i n  t h e  l a s t  decade  (Vonder 

Haar  and J o h n s o n ,  1973; G ravenor  and S tu p a v s k y ,  1974; 

G r a v e n o r ,  e t  a l . ,  1 9 7 6 ) .  U t i l i z i n g  t h e  f a c i l i t i e s  o f  

I n d i a n a  U n i v e r s i t y ' s  D epar tm en t  o f  Geology (B lo o m in g to n ) ,  

t h e  m a g n e t i c  s u s c e p t i b i l i t y  o f  s am p les  from th e  i n i t i a l  

g r i d  a r e a  were d e t e r m i n e d  and s t a t i s t i c a l  a n a l y s i s  s u b s e ­

q u e n t l y  p e r f o r m e d .  The r e s u l t s  a r e  p r e s e n t e d  i n  f o l l o w i n g  

s e c t i o n s  and t h e  A ppendix .

I t  h a s  lon g  been  r e c o g n i z e d  t h a t  t h e  c o m p o s i t io n  o f  a
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t i l l  i s  r e f l e c t i v e  o f  t h e  b e d ro c k  l i t h o l o g i e s  o v e r  which 

t h e  g l a c i e r  t r a v e r s e d .  T hus ,  i t  f o l lo w s  t h a t  i f  two d i s ­

t i n c t  g l a c i e r s  o r  g l a c i a l  l o b e s  o r i g i n a t e d  i n  s i m i l a r  b u t  

d i f f e r e n t  a r e a s ,  t h e  c o m p o s i t i o n  o f  t h e i r  r e s u l t i n g  t i l l s  

s h o u l d  be d i s s i m i l a r ,  o r  a t  t h e  v e ry  l e a s t ,  show d i f f e r ­

i n g  r a t i o s  be tw een  any g iv e n  s u i t e  o f  m i n e r a l s .  Based on 

t h i s  a s s u m p t io n ,  heavy m i n e r a l  a n a l y s i s  was u n d e r t a k e n  and 

a r a t i o  o f  g a r n e t / e p i d o t e  p l u s  h o r n b le n d e  c a l c u l a t e d  f o r  

a l l  s a m p le s .  The d a t a  was s t a t i s t i c a l l y  a n a ly z e d  and th e  

r e s u l t s  a r e  p r e s e n t e d  i n  s u b s e q u e n t  s e c t i o n s  and Appendix 

I and I I .

The use  o f  X-ray  d i f f r a c t i o n  t e c h n i q u e s  t o  d i f f e r e n ­

t i a t e  g l a c i a l  d r i f t  from d i f f e r i n g  s o u r c e s  has  been  i n ­

v e s t i g a t e d  i n  a number o f  s t u d i e s  (F ry e ,  1968; C a s t i l l i o n ,  

1 9 7 2 ) .  R ieck  (1 9 7 6 ) ,  w ork ing  i n  an i n t e r l o b a t e  a r e a  o f  

s o u t h e a s t e r n  M ic h ig a n ,  was a b l e  to  d i f f e r e n t i a t e  t i l l s  o f  

t h e  Saginaw and H u ro n -E r ie  lo b e s  by u s i n g  X -ray  d i f f r a c ­

t i o n  o f  c l a y s .  M od ify ing  t h e  methods o f  Rieck  ( 1 9 7 6 ) ,  and 

G la ss  ( p e r s o n a l  com m unica t ion ,  1976) and G l u s k o t e r  (1967)
o

o f  t h e  I l l i n o i s  G e o l o g ic a l  S u rv e y ,  a n a l y s i s  o f  t h e  7A and 
©

10A c l a y  p e ak s  was u n d e r t a k e n .  The r e s u l t s  a r e  s t a t i s t i ­

c a l l y  a n a l y z e d  and p r e s e n t e d  i n  s u c c e e d in g  s e c t i o n s  and 

t h e  Appendix .

T e x t u r a l  A n a l y s i s  

T i l l s  a r e  more v a r i a b l e  t h a n  any o t h e r  se d im e n t  (Gold-
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t h w a i t ,  1971) .  G r a v e l s ,  s a n d s ,  s i l t s ,  and c l a y s  i n d i ­

v i d u a l l y  may c o n s t i t u t e  t h e  b u lk  o f  any g iv e n  t i l l  and 

l o c a l  v a r i a t i o n  from one ex trem e to  a n o t h e r  i s  common. 

E x a m in a t io n  o f  t e x t u r a l  d a t a  (Table  1 o f  Appendix I and 

F i g .  11) shows t h a t  th e  p e r c e n t  o f  sand  i n  sam ples  c o l ­

l e c t e d  from d e p o s i t s  o f  t h e  Lake Michigan  lobe  r a n g e s  from 

25 to  9 7 p e r c e n t .  The p e r c e n t  o f  mud f o r  th e  same lo b e  

r a n g e s  from 3 t o  75 p e r c e n t .  Samples c o l l e c t e d  from S a g i ­

naw l o b e  m a t e r i a l  e x h i b i t  some o v e r l a p ,  h a v in g  a range  o f  

50 to  94 p e r c e n t  sand  and 6 t o  50 p e r c e n t  mud. I t  i s  

n o t e w o r t h y  t h a t  w i t h i n  t h e  s t u d y  a r e a  Lake M ich igan  lobe  

i c e  e r o d e d  b e d ro c k  p a r a l l e l  t o  the  s t r i k e  o f  t h e  u n d e r ­

l y i n g  C o ld w a te r  S h a le  and M a r s h a l l  S a n d s to n e ;  w h e r e a s ,

Saginaw lo b e  i c e  e ro d ed  b e d ro c k  p e r p e n d i c u l a r  t o  t h i s  

s t r i k e .  Thus,  i t  may be h y p o t h e s i z e d  t h a t  t h e  r e s u l t i n g  

Lake M ichigan  lobe  t i l l s  w i t h i n  t h e  s t u d y  a r e a  may c o n t a i n  

a g r e a t e r  p r o p o r t i o n  o f  c l a y  th a n  th e  o p pos ing  Saginaw 

lo b e  t i l l s .  On t h i s  a s s u m p t io n ,  a r a t i o  o f  p e r c e n t  sand  

t o  p e r c e n t  mud (%sand/!mud) was c a l c u l a t e d  and s t a t i s t i ­

c a l l y  a n a l y z e d  f o r  a l l  s u r f a c e  d a t a  ( se e  Appendix I I ) .  

Comparison o f  t h e  mean sand/mud r a t i o  f o r  th e  Lake M ic h i ­

gan and th e  Saginaw lobe  t i l l s  s u p p o r t  t h e  above hy p o ­

t h e s i s  ( F ig .  11 and 1 2 ) .  Lake Michigan  lo b e  t i l l s  e x h i b i t  

a mean sand/mud r a t i o  o f  2 .249  w h i l e  Saginaw lob e  t i l l s  

show a mean o f  4 .095  ( F i g .  1 2 ) .  The Chi Square  T e s t  i n d i ­

c a t e s  t h a t  t h e  sand/mud r a t i o  o f  th e  sample  p o p u l a t i o n
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100 _ □ La k e  Michigan lobe 

•  S a g i n a w  lobe  

Xa Mean  L a k e  M i c h i g a n  lobe  

Xb Mean S a g i n a w  lobeso _

70  _

6 0  _

50 _

30 _

20 _

100905 0 704 0 6 020 3 0

PERCENT MUD

F ig u r e  11. P l o t  o f  p e r c e n t  s a n d  v e r s u s  p e r c e n t  mud f o r  
sam ples_f rom  d e p o s i t s  o f  t h e  Lake M ichigan  and Saginaw 
l o b e s  (Xa, mean f o r  Lake M ich igan  lo b e  = 69 .45  p e r c e n t  sand 
and 31.55 p e r c e n t  mud; Xb, mean f o r  Saginaw lo b e  = 81.10 
p e r c e n t  sa n d  and 19.90 p e r c e n t  mud).
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from each  lo b e  i s  n o t  n o r m a l ly  d i s t r i b u t e d  ( se e  Appendix 

I I ) . The Mann-Whitney U T e s t  f o r  in d ep e n d en c e  showed no 

s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p o p u l a t i o n s  from each  lobe  

(T ab le  7, Appendix I I ) .  Y e t ,  a c c o r d i n g  to  th e  S tu d e n t  T 

T e s t  (T ab le  10 ,  Appendix I I )  t h e  d i f f e r e n c e  i n  t h e  mean 

sand/mud r a t i o  f o r  each  lobe  i s  s i g n i f i c a n t  a t  t h e  0 .10  

l e v e l .  However,  only  l e v e l s  o f  s i g n i f i c a n c e  l e s s  th a n  o r  

e q u a l  t o  0 .05  a re  c o n s i d e r e d  g e o l o g i c a l l y  s i g n i f i c a n t  in  

t h i s  s t u d y ,  a l t h o u g h  a l e v e l  o f  s i g n i f i c a n c e  o f  0 .10  c l e a r -
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F ig u r e  12.  H is tog ram  o f  t h e  sand/mud r a t i o  o f  samples  
from th e  Lake Michigan  and Saginaw l o b e s  showing th e  mean 
sand/mud r a t i o  f o r  each__group o f  sam ples  (Xa, mean Lake 
M ich igan  lobe  = 2 .2 4 9 ;  Xb, mean Saginaw lob e  = 4 .0 9 5 ) .
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v e ry  c o a r s e  & c o a r s e  s a n d

LAKE MICH IGAN LOBE

SAGINAW  LOBE

X a  MEAN LAKE MICHIGAN LOBE

Xb MEAN SAGINAW LOBE

□ •

m e d iu m  s a n df i n e  A v e ry  f in e  s a n d

F ig u r e  13. T e r n a ry  p l o t  o f  t h e  v e ry  c o a r s e - c o a r s e  (18+35 
m e s h ) ,  medium (60 m esh ) ,  and f i n e - v e r y  f i n e  (120+230 mesh) 
sa n d  f r a c t i o n s  i n  sam ples  f rom b o t h  t h e  Lake M ich igan  and 
Saginaw lo b e s  showing th e  mean from eac h  group o f  s a m p le s .

l y  i n d i c a t e s  t h e  g e n e r a l  t r u t h  o f  t h e  a s s u m p t io n .

A t e r n a r y  p l o t  o f  t h e  v e r y  c o a r s e - c o a r s e ,  medium, and 

f i n e - v e r y  f i n e  sa n d  f r a c t i o n s  i n  sam ples  from b o th  t h e  Lake 

M ich igan  and Saginaw lo b e  d e p o s i t s  i l l u s t r a t e s  t h a t  d i f f e r ­

e n ce s  i n  t e x t u r e  o f  th e  m a t r i x  s a n d  a r e  sm a l l  and o v e r l a p  

(F i g .  1 3 ) .  S i m i l a r  o v e r l a p  i s  o b s e r v e d  when t h e  p e r c e n t  o f  

f i n e  and v e ry  f i n e  sa n d  (120 p l u s  230 mesh) i s  p l o t t e d  

a g a i n s t  t h e  p e r c e n t  o f  heavy m i n e r a l s  from t h o s e  f r a c t i o n s
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( F ig .  14) and i n  th e  h i s t o g r a m  o f  p e r c e n t  heavy  m i n e r a l s  

i n  t h e  f i n e  p l u s  v e ry  f i n e  s a n d  (120 p l u s  230 mesh) from 

b o t h  l o b e s  ( F ig .  1 5 ) .  The S t u d e n t  T T e s t  i n d i c a t e s  t h a t  

t h e  d i f f e r e n c e  i n  t h e  heavy  m i n e r a l  c o n t e n t  o f  t h e  f i n e  

p l u s  v e r y  f i n e  s a n d  f r a c t i o n  (120 p l u s  230 mesh) o c c u r r i n g  

i n  sam ples  from b o t h  t h e  Lake M ich igan  and Saginaw l o b e s
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F ig u r e  14. Graph o f  p e r c e n t  heavy m i n e r a l s  i n  th e  f i n e  
p l u s  v e ry  f i n e  (120+230 mesh) s a n d  f r a c t i o n s  i n  sam ples  
from Lake M ich igan  and Saginaw lobe  d e p o s i t s  i l l u s t r a t i n g  
th e  mean p e r c e n t a g e  from each  group o f  sam ples  (T, t o t a l  
s a n d  r e c a l c u l a t e d  to  1001;  Xa, mean Lake M ich igan  lob e  = 
2 .6  70; Xb, mean Saginaw lo be  = 3 . 1 3 3 ) .
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4 3

i s  s i g n i f i c a n t  a t  th e  0 .10  l e v e l .  A g a in ,  however ,  t h e  r e ­

s u l t s  a r e  c o n s i d e r e d  i n c o n c l u s i v e  ( s e e  Table  7, Appendix

I I ) .

L oca l  v a r i a t i o n  i n  t e x t u r e  i s  o f t e n  o b s e rv e d .  For  

exam ple ,  s t a t i o n s  22a and b ,  31a and b ,  and 32a t h ro u g h  d 

( F ig .  10) show v a r i a t i o n  in  t e x t u r e  w i t h i n  a v e ry  l o c a l  

a r e a  (T ab le  1 o f  Appendix  I ) . Samples a and b from s t a t i o n

>
o
z
U13aiiie
a .

14 -

12 -

10 _

8 _

6 _

4  _

2 —

Saginaw lobe

Lake Mich i gan  lobe,

’a Mean Lake  Mi c h i ga n  l o b e . X a
Xb _

Mean S a g i n a w  l o b e ............... Xb

P

DD 
n o  
DDon
DD 
OBI 
BB O B 
DBDD 
DBDD 
DODD 
BD B BB
B H D D D
B D B B B
ODBBB

i  tl il

H

l:|:l r l:|:l i FI
5  6 7  8

1
X a Xb

P E R C E N T  HEAVY M IN E R A L S  IN T H E  1 2 0 + 2 3 0  M ESH  S A N D S

F ig u r e  15.  H is to g ra m  o f  th e  p e r c e n t  heavy m in e r a l s  in  
th e  f i n e  p l u s  v e ry  f i n e  (120+230 mesh) sands  i n  samples  
from d e p o s i t s  o f  t h e  Lake M ich igan  and Saginaw lo bes  i l ­
l u s t r a t i n g  t h e  mean p e r c e n t a g e  f o r  eac h  group o f  sam ples  
(Xa, mean Lake M ichigan  lobe  = 2 .6 7 0 ;  Xb, mean Saginaw 
lo b e  = 3 . 1 3 3 ) .
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22 ( F ig .  10) were c o l l e c t e d  from s i t e s  s e p a r a t e d  by a 

l a t e r a l  d i s t a n c e  o f  a p p ro x im a te ly  30 f e e t  (9 .1 4  m ) . S t a ­

t i o n  22a c o n t a i n s  31 .25 p e r c e n t  s a n d  and 68 .75  p e r c e n t  

mud, w h e r e a s ,  22b c o n t a i n s  60 .64  p e r c e n t  sa n d  and 39 .36 

p e r c e n t  mud. V a r i a t i o n  i n  p e r c e n t  sa n d  and mud t a k e n  i n  

a v e r t i c a l  s equ en ce  was o b s e r v e d  a t  s t a t i o n s  31 and 32 

(T ab le  1 o f  Appendix I ) .  Thus,  b e c a u s e  o f  v a r i a t i o n  and 

o v e r l a p  i n  m a t r i x  t e x t u r e s  b o th  r e g i o n a l l y  and l o c a l l y ,  

d e l i n e a t i o n  u s i n g  t e x t u r a l  d a t a  i s  i n c o n c l u s i v e .

The t e x t u r e  o f  t i l l  i s  dep en d en t  on f o u r  f a c t o r s :  

l i t h o l o g i c  c o n t r i b u t i o n  o f  b e d ro c k ,  comminution (d ep e n ­

de n t  on mode o f  t r a n s p o r t ,  e i t h e r  s u p r a g l a c i a l , e n g l a c i a l ,  

o r  s u b g l a c i a l ) , p o s s i b l e  s o r t i n g  o f  ro ck s  and m in e r a l s  

d u r in g  t r a n s p o r t ,  t h e  p r o c e s s  o f  d e p o s i t i o n ,  and p o s t -  

d e p o s i t i o n a l  change (D re im anis  and V a g n e r s ,  1972) .  How­

e v e r ,  t h e  t e x t u r e  o f  t i l l  m a t r i x  ( t h a t  m a t e r i a l  l e s s  

t h a n  2 mm i n  s i z e )  depends m a in ly  on th e  t e r m i n a l  g rad e s  

o f  i t s  c o n s t i t u e n t  m i n e r a l s  (D re im anis  and V a g n e rs ,

1972) .

A ro c k  o r  m i n e r a l ’ s t e r m i n a l  g rade  i s  t h e  f i n a l  p r o ­

d u c t  o f  comm inution .  P a r t i c l e  s i z e  range  i n  t i l l  depends 

on th e  o r i g i n a l  s i z e  o f  t h e  m i n e r a l  g r a i n s  when i n c o r ­

p o r a t e d  w i t h i n  th e  i c e ,  as w e l l  a s ,  t h e i r  r e s i s t a n c e  d u r ­

in g  t r a n s p o r t  and d i s t a n c e  o f  t r a n s p o r t  (D re im an is  and 

V a g ners ,  1 972) .  L a rg e r  g rad e  s i z e s  o f  most ro ck s  and 

m i n e r a l s  a r e  r ed u c ed  t o  u n d e r  o n e - t e n t h  o f  a p e r c e n t  o f
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t h e  o r i g i n a l  s i z e  i n  8 t o  80 k i l o m e t e r s  o f  t r a n s p o r t  

( G o l d t h w a i t ,  1 971) .  Most r e s i s t a n t  m i n e r a l s  a r e  b r o u g h t  

to  t h e i r  t e r m i n a l  g rade  a f t e r  80 to  180 k i l o m e t e r s  o f  

g l a c i a l  comminution (D re im an is  and V a g n e r s ,  1 9 72 ) .  The 

t e r m i n a l  g rade  o f  g a r n e t s  and o t h e r  heavy m i n e r a l s  r an g e s  

f rom 2 to  50 (Dre im anis  and V a g n e r s ,  19 71 ) .

The t e x t u r e ,  as w e l l  as t h e  c o m p o s i t i o n ,  o f  t i l l  i s  

g r e a t l y  i n f l u e n c e d  by th e  c o m p o s i t i o n  o f  t h e  l o c a l  b e d ­

r o c k .  However,  b e cau se  t h e  s tu d y  a r e a  i s  a lm o s t  c o m p le t e ly  

u n d e r l a i n  by th e  Lower M i s s i s s i p p i a n  C o ld w a te r  S h a l e ,  t h e  

e f f e c t  o f  t h e  l o c a l  bed ro ck  on th e  t e x t u r e  and c o m p o s i t i o n  

o f  t i l l  i s  r e d u c e d .  T h e r e f o r e ,  t h e  s i m i l a r i t y  and o v e r ­

l a p p i n g  n a t u r e  o f  th e  t i l l  m a t r i x  t e x t u r e s  f o r  t h e  Lake 

M ich igan  and Saginaw lo b e  d e p o s i t s  w i t h i n  th e  s t u d y  a r e a  

can be a t t r i b u t e d  to  t h e  f a r  t r a v e l e d  c h a r a c t e r  o f  th e  

t i l l  m a t r i x .

M agne t ic  S u s c e p t i b i l i t y  A n a l y s i s

The m a g n e t ic  s u s c e p t i b i l i t y  (MS) o f  t i l l s  i s  d e p e n ­

d e n t  on t h e  amount and d i s t r i b u t i o n  o f  t h e  f e r r o m a g n e t i c  

m i n e r a l s  w i t h i n  th e  t i l l ,  as w e l l  a s ,  on t h e  s t r e n g t h  o f  

t h e  m a g n e t i c  f i e l d  employed i n  i t s  measurement  (N aga ta ,

1 961) .  The p r o p e r t y  m easured  i s  t h e  d e n s i t y  m a g n e t i c  s u s ­

c e p t i b i l i t y  and r e p r e s e n t s  th e  r a t i o  o f  t h e  i n t e n s i t y  o f  

m a g n e t i z a t i o n  p ro d u c e d  in  a s u b s t a n c e  t o  t h e  m a g n e t i z in g  

f o r c e  t o  which i t  i s  s u b j e c t e d  (Vonder Haar and Jo h n s o n ,
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1973) .

Jo nes  and B eavers  (1964a)  u t i l i z e d  m a g n e t i c  s u s c e p ­

t i b i l i t y  m easurements  t o  d i f f e r e n t i a t e  l o e s s  d e p o s i t s  i n  

I l l i n o i s .  D i f f e r e n c e s  i n  s u s c e p t i b i l i t y  f o r  t h e s e  d e p o ­

s i t s  r e f l e c t e d  m i n e r a l o g i c  d i f f e r e n c e s  which were i n t e r ­

p r e t e d  t o  r e f l e c t  d i f f e r e n c e s  in  p r o v e n a n c e .  G ravenor  and 

S tu p a v sk y  (1974) were a b l e  to  d i f f e r e n t i a t e  t i l l s  found 

s o u t h  o f  th e  P r e c a m b r i a n - P a l e o z o i c  boundary  in  O n t a r i o  

u s i n g  m a g n e t i c  s u s c e p t i b i l i t i e s .

M agne t ic  s u s c e p t i b i l i t y  m easurem ents  were  d e te r m in e d  

f o r  sam ples  from t h e  i n i t i a l  g r i d  a r e a  ( s t a t i o n s  1 th ro u g h  

57, F i g .  1 0 ) .  Comparison o f  MS m easu rem en ts  w i t h  lobe  

d e s i g n a t i o n s  b a s e d  on X - ra y  and h e a v y - m i n e r a l  a n a l y s i s  

(T ab le  1 o f  Appendix  I )  shows no s i g n i f i c a n t  d i f f e r e n c e  

be tween t h e  Lake M ich igan  and Saginaw lo b e  d e p o s i t s .  

S t a t i s t i c a l  a n a l y s i s  o f  t h e s e  d a t a  y i e l d  s i m i l a r  r e s u l t s  

(Appendix I I ) . The Chi Sq u a re  T e s t  i n d i c a t e s  t h a t  a n o n ­

norm al  d i s t r i b u t i o n  e x i s t s  f o r  p o p u l a t i o n s  f rom b o t h  th e  

Lake M ich igan  and Saginaw lo b e s  (Appendix  I I ) .  The Mann- 

Whitney U T e s t  and S t u d e n t  T T e s t  b o t h  a c c e p t e d  t h e i r  

r e s p e c t i v e  N u l l  H y p o t h e s i s  which s t a t e  t h a t  two i n d e p e n ­

d e n t  sam ples  a r e  from t h e  same p o p u l a t i o n ,  and t h e  means 

o f  each  p o p u l a t i o n  a r e  e q u a l  ( see  T a b le s  8 and 11 o f  

Appendix I I ) .

The l a c k  o f  c o r r e l a t i o n  o f  MS v a l u e s  and t i l l  p r o ­

v enance  f o r  sam ples  w i t h i n  t h e  s t u d y  a r e a  c a n n o t  be s i n g u ­
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l a r l y  e x p l a i n e d .  S e v e r a l  p o s s i b i l i t i e s  e x i s t  which  c o u ld  

p ro d u ce  i n c o n c l u s i v e  d a t a .  F i r s t ,  i n c o n c l u s i v e  d a t a  may 

be o b t a i n e d  i f  t h e  sam p les  a re  w e a t h e r e d  ( B l e u e r ,  1976, 

p e r s o n a l  c o m m u n ic a t io n ) . O x i d a t i o n  and l e a c h i n g  o f  t h e  

t i l l  may change t h e  v a l e n c e  s t a t e s  o f  th e  f e r r o m a g n e t i c  

m i n e r a l s ,  t h e r e b y  c r e a t i n g  a l i k e l i h o o d  o f  o b t a i n i n g  u n ­

r e l i a b l e  MS d a t a .  However, G ravenor  and S tu p a v sk y  (1 9 7 4 ) ,  

i n  O n t a r i o ,  made MS m easurem ents  on sam ples  from f o u r  l o ­

c a l i t i e s  i n  which b o t h  o x i d i z e d  and u n o x i d i z e d  sam ples  

were u s e d .  The r e s u l t s  o b t a i n e d  were i d e n t i c a l  w i t h i n  

t h e i r  range  o f  a c c u r a c y .  In  a s i m i l a r  s t u d y ,  Vonder H aar  

and Johnson  (1973) found  t h a t  o x i d i z e d  sam ples  c o l l e c t e d  

w i t h i n  t h e i r  s t u d y  a r e a  y i e l d e d  e s s e n t i a l l y  th e  same MS as 

u n o x i d i z e d  sam ples  from t h e  same l o c a t i o n .  N o n e t h e l e s s ,  

t h e y  f u r t h e r  s t a t e  t h a t  " i n  o t h e r  s i t u a t i o n s  o r  t y p e s  o f  

m a t e r i a l ,  o x i d a t i o n  may i n f l u e n c e  t h e  m a g n e t i c  p r o p e r t i e s . "

The q u e s t i o n  which  s h o u l d  be a sked  i s ,  i f  th e  sam ples  

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

s u s c e p t i b i l i t y  d a t a ,  would  n o t  t h e  d a t a  o b t a i n e d  from c l a y  

m i n e r a l  and heavy m i n e r a l  a n a l y s i s  a l s o  be e f f e c t e d ?

In a d i s c u s s i o n  o f  w e a t h e r e d  s a m p le s ,  Krumbein and P e t t i -  

j o h n  (1938) c o n c lu d e d  t h a t  th e  e f f e c t s  o f  o x i d a t i o n  a r e  on 

th e  i r o n - b e a r i n g  m i n e r a l s .  They f u r t h e r  s t a t e d  t h a t  min-  

e r a l o g i c  changes  may o r  may n o t  o c c u r  i n  o x i d i z e d  s a m p le s .  

Assuming t h e  c o n c l u s i o n  o f  Krumbein and P e t t i j o h n  i s  t r u e ,  

sam ples  t a k e n  from t h e  s t u d y  a r e a  c o u ld  be o x i d i z e d  and
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t h e r e f o r e  y i e l d  anomalous m a g n e t i c  s u s c e p t i b i l i t y  w h i l e  

s i m u l t a n e o u s l y  y i e l d i n g  d e f i n i t i v e  m i n e r a l o g i c  r e s u l t s .

With t h i s  i n  m ind ,  i t  i s  n o t e w o r th y  t h a t  i n  t h i s  s t u d y ,  

r a t i o s  o f  g a r n e t  v e r s u s  e p i d o t e  p l u s  h o rn b le n d e  a r e  s u c ­

c e s s f u l l y  u s e d  t o  e s t a b l i s h  lobe  p ro v e n a n c e .

Second,  as t h e  a r e a  u n d e r  i n v e s t i g a t i o n  i s  an i n t e r -  

l o b a t e  zone ,  th e  p o s s i b i l i t y  o f  m ix ing  e x i s t s .  O s c i l l a t i n g  

l o b e s  o f  i c e  may have mixed th e  c o n c e n t r a t i o n s  o f  f e r r o ­

m a g n e t i c  m i n e r a l s  which e f f e c t  MS. The v i a b i l i t y  o f  t h i s  

e x p l a n a t i o n  i s  somewhat d i m i n i s h e d ,  however ,  when i t  i s  

n o t e d  t h a t  c l a y  and heavy m i n e r a l  d a t a  a re  s u c c e s s f u l l y  

u s e d  to  d e l i n e a t e  d e p o s i t s  o f  t h e  Lake M ichigan  and S a g i ­

naw l o b e s .  P re su m a b ly ,  had  m ix ing  o c c u r r e d ,  n o t  on ly  

would  the  c o n c e n t r a t i o n s  o f  f e r r o m a g n e t i c  m i n e r a l s  have 

been  mixed,  b u t  a l s o  t h e  c l a y s  and heavy m i n e r a l s  u se d  i n  

e s t a b l i s h i n g  g l a c i a l  lo be  p r o v e n a n c e  would have been  mixed 

as  w e l l .

In c o n s i d e r i n g  th e  a b ov e ,  a q u e s t i o n  which a r i s e s  i s ,

Mi s  i t  p o s s i b l e  t h a t  m i n e r a l o g i c  m ix ing  c o u ld  o c c u r  such 

t h a t  m a g n e t i c  s u s c e p t i b i l i t y  a p p e a r s  s i m i l a r  in  th e  oppo­

s i n g  g l a c i a l  t i l l s ,  bu t  y e t ,  t h e  c l a y  m in e ra lo g y  and heavy 

m i n e r a l  c o n t e n t  o f  th e  t i l l s  remain d i s t i n c t i v e ?  S traw 

(1976 ,  p e r s o n a l  com m unica t ion)  o b s e r v e d  t h a t  Saginaw lobe  

d e p o s i t s  n e a r  t h e  a i r p o r t  i n  Kalamazoo, M ic h ig a n ,  show 

e v id e n c e  o f  h a v in g  been  p u sh e d  by i c e  from th e  w e s t  (Lake 

M ich igan  lo b e  i c e ) .  Shah (1971) d e s i g n a t e d  s e v e r a l  weak
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m ora in es  i n  Saginaw lo b e  d r i f t  which p a r a l l e l  known d epo­

s i t s  o f  t h e  Lake Michigan  lo b e  as push  m o r a in e s .

E xam ina t ion  o f  th e  mean m a g n e t i c  s u s c e p t i b i l i t y  f o r  

d e p o s i t s  o f  th e  Lake M ich igan  and Saginaw lo b e s  may l e n d  

s u p p o r t  to  t h e  above q u e s t i o n .  The mean MS o f  t h e  d e p o ­

s i t s  o f  th e  Lake Michigan  lo b e  i s  3 .2 1 8  x 1 0 ~4 c g s .  S i m i ­

l a r l y ,  t h e  Saginaw lo b e  d e p o s i t s  e x h i b i t  a mean v a lu e  o f  

3 .131 x 10 4 c g s .  I f ,  however ,  t h e  d e p o s i t s  d e l i n e a t e d  as 

Lake Michigan  lo be  and Saginaw lob e  m a t e r i a l  a re  d i v i d e d  

i n t o  t h e i r  r e s p e c t i v e  e a s t  and w es t  h a l v e s ,  a mean o f  

2 .875 x 10 ~4 cgs i s  g iv e n  f o r  t h e  e a s t e r n  h a l f  o f  t h e  Lake 

M ichigan  lo be  and 3 .565 x 1 0 “ 4 cgs f o r  t h e  w e s t e r n  h a l f .

From o b s e r v a t i o n  o f  m a g n e t i t e  sands  a lo n g  Lake M i c h ig a n ' s  

s h o re  such an i n c r e a s e  m igh t  be e x p e c t e d .  The e a s t e r n  h a l f  

o f  t h e  Saginaw lobe  d e p o s i t s  shows a mean MS o f  3 .085  x 

10 " 4 cgs w h i l e  th e  w e s t e r n  h a l f  e x h i b i t s  a 3 .114  x 1 0 " 4 

cg s .  The q u e s t i o n  now a r i s i n g  i s ,  " i s  t h i s  phenomena o f  

th e  w es tw ard  i n c r e a s e  in  mean MS f o r  t i l l s  from t h e  Lake 

M ich igan  lo b e  and th e  e a s t w a r d  d e c r e a s e  i n  mean MS f o r  th e  

Saginaw lo be  t i l l s  t h e  r e s u l t  o f  m ix ing  and i f  n o t ,  t h e n  

w ha t?"

The f i n a l  p o s s i b i l i t y  i s  t h a t  t h e r e  i s  l i t t l e  o r  no 

d i f f e r e n c e  i n  t h e  v a lu e s  o f  m a g n e t i c  s u s c e p t i b i l i t y  f o r  

sam ples  c o l l e c t e d  w i t h i n  t h e  s tu d y  a r e a .  S t a t i s t i c a l  

a n a l y s i s  o f  m a g n e t i c  s u s c e p t i b i l i t y  d a t a  t e n d s  to  s u b s t a n ­

t i a t e  t h i s  p o s s i b i l i t y .  E x am in a t io n  o f  t h e  h i s t o g r a m  (F ig .
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16) f o r  MS shows o v e r l a p  in  t h e  f r e q u e n c y  o f  o c c u r r e n c e  o f  

MS f o r  sam ples  t a k e n  from th e  Lake M ichigan  and Saginaw 

l o b e s .  The g rap h  shows a marked s i m i l a r i t y  i n  p e r c e n t  

f r e q u e n c y  o f  o c c u r r e n c e .  A d d i t i o n a l  s u p p o r t  i s  found  when 

i t  i s  n o t e d  t h a t  a s i m i l a r  o v e r l a p  o c c u r s  when comparing 

p e r c e n t a g e s  o f  f e r r o m a g n e t i c  and o t h e r  heavy m i n e r a l s

2 0  “ I

18 -

16 -

14 -

> 1 2 - 1  Oz
UJ

o  10 -  111 a ll
8 -

6 -

4  -

2 -

Xb

Xa

I

S a g i n a w  lo b e

L a k e  M ich igan  lo b e

Xa M e a n  L a k e  M ic h ig a n  lo b e  

Xb M e a n  S a g i n a w  l o b e

Fl ■ FFF :m |:n  i i-ii 6 7
4

Xb

M A G N E T I C  S U S C E P T I B I L I T Y  r. 10~4 C G S

F ig u r e  16. H is to g ra m  o f  th e  m a g n e t i c  s u s c e p t i b i l i t y  o f  
sam ples  t a k e n  from d e p o s i t s  o f  t h e  Lake M ich igan  and S a g i ­
naw lo b e s  i l l u s t r a t i n g  th e  mean m a g n e t i c  s u s c e p t i b i l i t y  o f  
each  group o f  sam ples  (Xa, mean Lake M ich igan  lobe  = 
3 .2 1 8 ;  Xb, mean Saginaw lob e  = 3 .1 3 1 ) .
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(Table 4 ) .

G rav en o r  and S tu pav sk y  (1974) e s t a b l i s h e d  t h a t  t h e r e  

i s  a s i g n i f i c a n t  c o r r e l a t i o n  be tw een  t h e  amount o f  mag­

n e t i c  m a t e r i a l  and t h e  amount o f  heavy  m i n e r a l s  i n  a t i l l  

T i l l  s am p le s  t a k e n  from t h e  s t u d y  a r e a  show a ran g e  o f  

0 .69  to  6 .8 5  p e r c e n t  w e i g h t  o f  heavy  m i n e r a l s  f o r  Lake 

M ich igan  lo b e  t i l l s  and 1 .42  t o  7 .66  p e r c e n t  w e i g h t  o f  

heavy  m i n e r a l s  f o r  Saginaw lo b e  t i l l s .  T h e r e f o r e ,  a l a c k  

o f  c o r r e l a t i o n  o f  m a g n e t i c  s u s c e p t i b i l i t y  and p ro v e n a n c e  

f o r  t i l l s  w i t h i n  t h e  s t u d y  a r e a  may be due t o  t h e  s i m i l a r  

i t y ,  as w e l l  a s ,  t h e  v a r i a b i l i t y  o f  t h e  p e r c e n t  range  o f  

heavy m i n e r a l s .  However, as a m a j o r i t y  o f  t h e  sam p les  

c o l l e c t e d  a r e  from o x i d i z e d  s u r f a c e  e x p o s u r e s ,  t h e  e f f e c t  

o f  w e a t h e r i n g  c a n n o t  be d i s c o u n t e d .

TABLE 4. P e r c e n t  ran g e  o f  p r e d o m in a n t  heavy 
m i n e r a l s .  M i n e r a l s  o b s e r v e d  b u t  
n o t  i n c l u d e d  in  T ab le  a r e  r u t i l e ,  
a p a t i t e ,  s t a u r o l i t e ,  and k y a n i t e .

M in e r a l
Range o f  p e r c e n t o c c u r r e n c e

Lake M ich igan  lo b e Saginaw lo b e

H ornb lende 50-631 37-57%
M a g n e t i t e 14-241 7-28%
B i o t i t e 4- 9% 4-14%
E p id o te 1-10% 6 - 2 2 %
G arne t 0-11% 11-16%
Tourm aline 0 - 1% 0 - 1 %
Sphene 0- 31 0- 7%
Z irc o n 0 - 1% 0 - 1 %
P y r i t e 0 - 2% 0 - 1 %

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



Heavy M in e ra l  A n a l y s i s

The s t u d y  o f  heavy  m i n e r a l s  in  g l a c i a l  t i l l s  i s  w e l l  

e s t a b l i s h e d  i n  t h e  g e o l o g i c  l i t e r a t u r e  (D e r ry ,  1934; D r e i ­

manis and R e a v e ly ,  1953;  D r e im a n i s ,  e t  a l . ,  195 7; B re en e ,  

1957; Brophy,  1959; F r y e ,  W i l l i a m s ,  and G l a s s ,  1960; S i t -  

l e r ,  1 9 6 3 ) .  G ravenor  ( 1 9 5 1 ) ,  i n  a s t u d y  o f  heavy m in e r a l  

s u i t e s  from s o u t h w e s t e r n  O n t a r i o  t i l l s ,  c o n c lu d e d  t h a t  t h e  

heavy  m i n e r a l s  were  c o n t r i b u t e d  m a in ly  by the  c r y s t a l l i n e  

ro c k s  o f  t h e  Canadian  S h i e l d .  S i m i l a r  o b s e r v a t i o n s  were 

made by e a r l i e r  w o rk e r s  (Krumbein,  1933; K ru ge r ,  1937) in  

e s t a b l i s h i n g  th e  p r o v e n a n c e  o f  t i l l s .

By assum ing  t h a t  heavy m i n e r a l  s u i t e s  in  t i l l s  a re  

r e f l e c t i v e  o f  p r o v e n a n c e ,  i t  f o l l o w s  t h a t  r a t i o s  o f  heavy 

m i n e r a l s  can be s t a t i s t i c a l l y  u s e d  t o  d i s t i n g u i s h  t i l l s  

from s e p a r a t e  g l a c i e r s .  To t e s t  t h i s  a s su m p t io n  15 r a n ­

domly ch osen  t h i n - s e c t i o n  g r a i n  mounts  c o n t a i n i n g  heavy 

m i n e r a l s  from t h e  f i n e  and v e ry  f i n e  sa n d  f r a c t i o n s  were 

s e l e c t e d  from sam ples  o f  each  l o b e .  Three  h u n d red  g r a i n  

d e t e r m i n a t i o n s  were made p e r  s l i d e .  T e rn a ry  p l o t s  o f  heavy 

m i n e r a l  d a t a  o b t a i n e d  from t h i s  a n a l y s i s  i l l u s t r a t e  t h e  

v i a b i l i t y  o f  d e l i n e a t i n g  t i l l s  b a s e d  on p ro v en an ce  by t h i s  

method ( F i g .  1 7 ) .

B l e u e r  (1975) had  s u c c e s s  i n  d e l i n e a t i n g  t i l l s  o f  the

Lake M ic h ig a n ,  Sag inaw ,  and E r i e  lo b e s  i n  I n d i a n a  by such

a m ethod .  He r e p o r t s  t h a t  th e  Lake Michigan  lobe  t i l l s  a re

52
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S p h e n e  M ag n e t i te

•  S a g i n a w  l o b e

□  L a k e  M ic h iga n  lo b e

Garnet

E p id o te H o r n b le n d e

F i g u r e  17. T e r n a ry  p l o t s  o f  heavy  m i n e r a l  a ssem b lages  
o c c u r r i n g  in  th e  f i n e  p l u s  v e ry  f i n e  (120 + 230 mesh) sand  
f r a c t i o n  o f  sam ples  from t i l l s  o f  th e  Saginaw and Lake 
M ich igan  l o b e s .
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B i o t i t e

•  S a g i n a w  lo b e

□  L a k e  M ic h ig a n  l o b e

•  •  
• • • *

lo rn b le n d eM a g n e t i te .

a □□
□  • □ □ C P  

•  •

G a r n e t

F ig u r e  17. C o n t in u e d .
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c h a r a c t e r i z e d  by g a r n e t / e p i d o t e  r a t i o s  r a n g i n g  from 1 : 1  to  

3 :1  and th e  Saginaw and E r i e  lo b e  t i l l s  were r e p o r t e d  as 

h a v in g  r a t i o s  v a r y i n g  from 3 :1  to  4 : 1 .  U t i l i z i n g  t h e  

method o f  B le u e r  (19 75) on t i l l  sam ples  from s o u t h w e s t e r n  

M ic h ig a n ,  heavy m i n e r a l  a n a l y s i s  was p e r f o r m e d  and a boun­

da ry  was e s t a b l i s h e d  be tween th e  Lake M ich igan  lo b e  and 

t h e  Saginaw lo b e  in  t h e  i n t e r l o b a t e  a r e a  o f  Kalamazoo 

County ,  M ichigan  ( F i g .  1 8 ) .  Data  from t h i s  a n a l y s i s  may 

be found  i n  T ab le  1 o f  Appendix I .

Comparison o f  t h e  i n t e r l o b a t e  l i n e  b a s e d  on g a r n e t /  

e p i d o t e  p l u s  h o r n b le n d e  r a t i o s  w i t h  S h a h ' s  i n t e r l o b a t e  l i n e  

(1971) b a sed  on th e  morphology o f  weak m o r a i n a l  r i d g e s  

( F i g .  18) show marked s i m i l a r i t y .  However, t h e  more e a s t ­

ward p o s i t i o n  o f  t h e  i n t e r l o b a t e  l i n e  b a s e d  on heavy m in­

e r a l  r a t i o s ,  such  t h a t  i t  i n c l u d e s  c o m p l e t e ly  t h a t  p o r t i o n  

o f  th e  Tekonsha m ora in e  c o n s i d e r e d  as a Lake M ich igan  lobe  

d e p o s i t ,  seems more r e a l i s t i c  th a n  s p l i t t i n g  t h e  m o r a in e ,  

as does S h a h ' s  i n t e r l o b a t e  boundary  ( F ig .  1 8 ) .

S t a t i s t i c s  were p e rfo rm ed  on a l l  heavy m i n e r a l  d a t a  

(Appendix I I ) . Chi Square  T e s t  i n d i c a t e s  t h a t  t h e  g a r n e t /  

e p i d o t e  p l u s  h o r n b le n d e  r a t i o  o f  th e  sample  p o p u l a t i o n  

from each  lo b e  i s  n o t  n o r m a l ly  d i s t r i b u t e d  ( s e e  F i g .  19 

and Appendix I I ) .  The Mann-Whitney U T e s t  (Tab le  9 o f  

Appendix I I )  shows t h a t  th e  sample  p o p u l a t i o n  from each 

lo b e  i s  i n d e p e n d e n t  and s i g n i f i c a n t  a t  t h e  0 . 0 1 0  l e v e l .

The S t u d e n t  T T e s t  (T ab le  12 o f  Appendix I I )  i l l u s t r a t e s
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K a la m a z o o  Co

Van B u re n  Co .

C a lh o u n  Co .

1

V a l p a r a i s o  m ora ine  

K e n d a l l  m ora ine  

Kalamazoo m ora ine  

S t u r g i s  m ora ine  

Tekonsha m ora ine

I n t e r l o b a t e  boundary  o f  Shah ,  1971

I n t e r l o b a t e  boundary  b a s e d  on X -ray  d i f f r a c t i o n  d a t a

I n t e r l o b a t e  boundary  b a se d  on heavy m i n e r a l  d a t a

F i g u r e  18. Map o f  th e  s t u d y  a r e a  showing m o r a i n a l  d e v e ­
lopment  ( g r e y ) , and i n t e r l o b a t e  b o u n d a r i e s  b a s e d  on g a r n e t /  
e p i d o t e + h o r n b le n d e  r a t i o s  (dashed  l i n e ) , X -ray  d i f f r a c t i o n  
a n a l y s i s  o f  7A/10A p e a k - h e i g h t  r a t i o s  ( d o t t e d  l i n e )  , and 
th e  morphology o f  weak m o r a i n a l  r i d g e s  d e v e lo p e d  by t h e  Lake 
M ich igan  lo b e  ( s o l i d  l i n e ,  from Shah ,  1 9 7 1 ) .
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t h a t  t h e  d i f f e r e n c e  in  t h e  mean g a r n e t / e p i d o t e  p l u s  h o r n ­

b l e n d e  r a t i o  f o r  e ac h  lo b e  i s  s i g n i f i c a n t  a t  t h e  0 .005  

l e v e l .

X a

1 6  - Xb

S a g i n a w  l o b e14 -

L a k e  M i c h i g a n  

l o b e

12 _

10 - y  M e a n  L a k e  M i c h i g a n  
A a  l o b e

X b  M e a n  S a g i n a w  l o b e

u.

6 -

4  _

XbX a

G A R N E T /E P ID O T E  & H O R N B L E N D E  RATIO

F i g u r e  19. H is to g ra m  o f  g a r n e t / e p i d o t e + h o r n b l e n d e  r a t i o s  
f rom t i l l  sam ples  o f  t h e  Lake Michigan  and Saginaw l o b e s  
i l l u s t r a t i n g  t h e  mean g a r n e t / e p i d o t e + h o r n b l e n d e  r a t i o  f o r  
e ac h  gro.up o f  sam ples  (Xa, mean Lake M ichigan  lob e  =
0 .1 6 6 ;  Xb, mean Saginaw lo b e  = 0 . 3 3 8 ) .
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X-ray  D i f f r a c t i o n  o f  Clays

The use  o f  X -ray  d i f f r a c t i o n  t e c h n i q u e s  t o  d i f f e r e n ­

t i a t e  g l a c i a l  d r i f t  ha s  been i n v e s t i g a t e d  i n  numerous 

s t u d i e s .  Frye  (1 9 6 8 ) ,  i n  s t u d i e s  p u b l i s h e d  by th e  I l l i n o i s  

G e o l o g ic a l  S u rv e y ,  d i s c u s s e d  t h e  u t i l i z a t i o n  o f  d a t a  d e ­

r i v e d  from c l a y - m i n e r a l  s t u d i e s  o f  d r i f t s  o f  d i f f e r i n g  

ages  and a r e a l  e x t e n t .  C a s t i l l i o n  (1972) l o c a t e d  an i n t e r ­

l o b a t e  c o n t a c t  be tween  two s u r f i c i a l  t i l l s  i n  I l l i n o i s  

p a r t i a l l y  by t h e  u s e  o f  c l a y - m i n e r a l  d a t a .  In M ic h ig a n ,  

R ieck  (1976) made u s e  o f  7A/10A p e a k - h e i g h t  r a t i o s  to  

d i s t i n g u i s h  t i l l s  o f  Saginaw lo b e  and H u ro n -E r ie  lobe  

p r o v e n a n c e .

M o d ify in g  th e  methods o f  R ieck  (1 9 7 6 ) ,  G lass  (1976,  

p e r s o n a l  c o m m u n ic a t io n ) ,  and G l u s k o t e r  (1 9 6 7 ) ,  X-ray  d i f -  

f r a c t o g r a m s  ( F ig .  20) o f  b a s a l l y - o r i e n t e d  c l a y s  were o b ­

t a i n e d  u s i n g  a N o r e l c o ,  w a t e r  c o o l e d ,  X-ray  d i f f r a c t o m e t e r .  

G l y c o l a t e d  sam ples  were  run  from 2° to  30° 29. Copper 

K -a lp h a  r a d i a t i o n  and a n i c k e l  f i l t e r  were  u se d .  Subse-
O 0

q u e n t l y ,  p e a k - h e i g h t  r a t i o s  o f  7 A and 10A peaks  were d e ­

t e r m in e d  (T ab le  1 o f  Appendix  I )  and an i n t e r l o b a t e  boun­

d a ry  e s t a b l i s h e d  w i t h i n  t h e  s t u d y  a r e a  ( F ig .  1 8 ) .

C h l o r i t e ,  i l l i t e ,  k a o l i n i t e ,  and v e r m i c u l i t e  com pr ise  

t h e  m a jo r  c l a y  m i n e r a l s  i n  t h e  s a m p le s .  I t  i s  assumed t h a t
Q

t h e  i n t e n s i t y  o f  t h e  10A peak  was p ro d u c e d  by i l l i t e .  The

58
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F ig u r e  20. X -ray  d i f f r a c t o g r a m s  o f  s u r f a c e  t i l l  samples  
from t h e  Lake Michigan  and Saginaw lo b e s  showing th e  7A and 
10A peaks  p rod u ce d  by c l a y  m i n e r a l s  ( se e  F i g .  10 and Table  1 
o f  Appendix I f o r  th e  l o c a t i o n  and g l a c i a l  l o b e  d e s i g n a t i o n ) .
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F ig u r e  20. C on t inued ,
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F ig u r e  20. C o n t in u e d .
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o
7A p e ak  was p ro d u c e d  e i t h e r  i n d i v i d u a l l y  o r  by a combina­

t i o n  o f  c h l o r i t e ,  k a o l i n i t e ,  a n d / o r  v e r m i c u l i t e .  Rieck 

( 1 9 7 6 ) ,  i n  d e l i n e a t i n g  t i l l s  from s o u t h e a s t e r n  M ich ig a n ,  

o b t a i n e d  s i m i l a r  r e s u l t s .  He s t a t e d  t h a t  " t h e  7A/10A 

r a t i o  i s  n o t  a com ple te  m i n e r a l o g i c a l  c h a r a c t e r i z a t i o n  b u t  

i s  o n ly  u s e d  to  g roup sam ples  i n v e s t i g a t e d . "  Thus,  b e ­

c ause  a r a t i o  o f  t h e  i n t e n s i t i e s  was u se d  and t h e s e  i n t e n ­

s i t i e s  were  o b s e r v e d  on the  same d i f f r a c t o g r a m ,  com par ison  

be tw een  d i f f e r e n t  d i f f r a c t o g r a m s  can be p e r fo rm e d  w i t h o u t

>u

o
111£
u.

16 “ I

14 -

12 -

10 -

8 -

6 —

4  -

2 -

Xa

Xb

S a g i n a w  lo b e

L a k e  M ich igan  lo b e

M e an  L a k e  M ic h ig a n  lo b e  Xa

M e an  S a g in a w  l o b e  Xb

I f t‘ 6 7 i l  .8 'J i  ' l!o ' l!l ' l'

X-RAY 7A /10A  P E A K -H E IG H T  RATIO

F i g u r e  21. H is to g ra m  o f  7A/10A p e a k - h e i g h t  r a t i o s  from 
X -ray  d i f f r a c t o g r a m s  o f  sam ples  from Lake M ichigan  and 
Saginaw lo b e  d e p o s i t s  showing the_mean 7A/10A p e a k - h e i g h t  
r a t i o  i n  eac h  group o f  sam ples  (Xa, mean Lake M ichigan  
lo b e  = 0 .7 6 6 ;  Xb, mean Saginaw l o b e  = 0 . 8 8 8 ) .
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u s i n g  an i n t e r n a l  s t a n d a r d  (R iec k ,  1 976) .

A l l  d a t a  was s t a t i s t i c a l l y  a n a ly z e d  ( s e e  Appendix I I )  

The Chi Square  T e s t  i n d i c a t e s  t h a t  th e  7A/10A r a t i o s  f o r  

t h e  sample  p o p u l a t i o n s  from each  lob e  a re  n o t  n o r m a l ly  d i s  

t r i b u t e d  ( F ig .  21 and Appendix I I ) .  The Mann-Whitney U 

T e s t  (Table  8 o f  Appendix I I )  i n d i c a t e s  t h a t  t h e  sam ples  

f rom each lo b e  a re  i n d e p e n d e n t  a t  t h e  0 .01 l e v e l .  S tu d e n t  

T T e s t  i l l u s t r a t e s  t h a t  th e  d i f f e r e n c e  i n  t h e  mean 7A/10A 

r a t i o  f o r  each  lo b e  i s  s i g n i f i c a n t  a t  th e  0 .005  l e v e l  

(Table  11 o f  Appendix I I ) .

R e l a t i o n s h i p  o f  Bedrock Geology 
to  M in e r a l  C o n ten t  in  Loca l  T i l l s

The c o m p o s i t io n  o f  a t i l l  i s  g r e a t l y  i n f l u e n c e d  by 

th e  c o m p o s i t io n  o f  the  l o c a l  u n d e r l y i n g  b e d ro c k .  Commonly 

g r e a t e r  th a n  50 p e r c e n t  o f  th e  b u lk  m i n e r a l  c o n t e n t  o f  a 

t i l l  may be r e p r e s e n t a t i v e  o f  t h e  c o m p o s i t io n  o f  t h e  b e d ­

ro ck  b e n e a th  i t .  This  i s  n o t  t r u e  o f  t i l l s  found  w i t h i n  

t h e  s tu d y  a r e a .

As e v id e n c e d  by th e  heavy m i n e r a l  s u i t e s  from th e  120 

and 230 mesh sands  o f  t i l l  samples  c o l l e c t e d  i n  the  s tu d y  

a r e a ,  th e  m i n e r a l  c o n t e n t  o f  t i l l s  w i t h i n  t h e  s tu d y  a r e a  

i s  l a r g e l y  d e r i v e d  from s o u r c e s  o u t s i d e  i t s  b o u n d a r i e s .  

Large q u a n t i t i e s  o f  ig n eo u s  and m etam orphic  b o u l d e r s ,  co b ­

b l e s ,  and g r a v e l s  a l s o  i n d i c a t e  s o u r c e s  f o r e i g n  to  th e  

s t u d y  a r e a .  This  i s  more e a s i l y  u n d e r s t o o d  when i t  i s  ob-
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s e r v e d  t h a t  an e s t i m a t e d  90 p e r c e n t  o f  t h e  s tu d y  a r e a  i s  

u n d e r l a i n  by t h e  M i s s i s s i p p i a n  C o ldw ate r  S h a l e .

A ccord ing  t o  Anderson ( 1 9 5 7 ) ,  who examined th e  p e b b le  

and sand  l i t h o l o g i e s  o f  sam ples  from th e  a x i a l  p o r t i o n  o f  

s e v e r a l  m a jo r  W iscons inan  g l a c i a l  l o b e s  w i t h i n  th e  C e n t r a l  

Lowlands p r o v i n c e ,  t h e  sand  f r a c t i o n  o f  t h e  Saginaw lo b e  

sam ples  c o n t a i n  34 .4  p e r c e n t  P a l e o z o i c  l i t h o l o g i e s  and 

10 .6  p e r c e n t  P re ca m b r ia n  l i t h o l o g i e s .  Lake M ichigan  lobe  

sam ples  show 84.5 p e r c e n t  P a l e o z o i c  and 4 .2  p e r c e n t  P r e ­

cam brian  l i t h o l o g i e s .  W ith in  the  p e b b le  f r a c t i o n ,  the  

Saginaw lobe  c o n t a i n s  39 .1  p e r c e n t  P re ca m b r ia n  and 60 .9  

p e r c e n t  P a l e o z o i c  l i t h o l o g i e s .  Of t h e  P a l e o z o i c  l i t h o l o g i e s ,  

t h e  M i s s i s s i p p i a n  M a r s h a l l  S a n d s to ne  c o n s t i t u t e s  a p p r o x i ­

m a te ly  3 .6  p e r c e n t .  The Lake M ichigan  lobe  p e b b le  l i t h o ­

l o g i e s  c o n s i s t  o f  1 0 .7  p e r c e n t  P reca m b r ia n  and 89.3 p e r c e n t  

P a l e o z o i c  r o c k s .  The l i t h o l o g i c  i n d i c a t o r s  p o i n t  to  an 

e a s t e r n  s o u r c e  f o r  b o th  l o b e s .

Anderson (1957) p o s t u l a t e d  a H uronian  s o u r c e  f o r  b o th  

l o b e s .  He s t a t e d ,  how ever ,  t h a t  t h e  Lake M ichigan  lobe  has  

few er  Huron ian  ro ck s  as i t  a p p e a rs  to  have b y - p a s s e d  th e  

main Huron ian  s o u r c e  a r e a  o f  Lake Huron and a c q u i r e d  more 

g r a n i t i c  m a t e r i a l  f a r t h e r  n o r t h w e s t .  A H uron ian  p ro v en a n ce  

f o r  Saginaw lob e  t i l l s  i s  more c o n c l u s i v e l y  e s t a b l i s h e d  by 

th e  p r e s e n c e  o f  j a s p e r  c o n g lo m e ra te  and r a r e  p e b b le s  o f  t h e  

P recam b r ian  Gowganda t i l l i t e  (S law son ,  1933) which a re  

commonly a s s o c i a t e d  w i th  Saginaw lo b e  d e p o s i t s .  As demon-

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



66

s t x a t e d  by Slawson (1 9 3 3 ) ,  t h e  s o u r c e  o f  t h e  j a s p e r  con­

g lo m e r a t e  i s  l o c a l i z e d  i n  t h e  Bruce Mines a r e a  ( F i g .  2 2 ) .

The l o c a t i o n  o f  t h i s  j a s p e r  c o n g lo m e ra te  i n  t h e  Bruce 

Mines a r e a  b r i n g s  i t  t o  t h e  a x i s  o f  t h e  Lake M ich igan  and 

Lake Huron lo b e s  such  t h a t  most  f r a g m e n ts  from t h i s  a r e a  

were t r a n s p o r t e d  by t h e  Saginaw lobe  o f  th e  H uron ian  i c e .

I t  s h o u ld  be n o t e d ,  ho w ev er ,  t h a t  Lake M ich igan  lo b e  i c e  

a l s o  t r a n s p o r t e d ,  a t  t h e  v e r y  l e a s t ,  s e v e r a l  o f  t h e  red  

j a s p e r  c o n g lo m e ra te  and t h e  P re c a m b r ia n  t i l l i t e  e r r a t i c s .  

L e v e r e t t  ( 1 9 1 5 ) ,  T e r w i l l i g e r  (1 9 5 4 ) ,  and Shah (1971) a l l  

r e p o r t e d  f i n d i n g  j a s p e r  c o n g lo m e ra te  i n  th e  K e n d a l l  m ora ine  

c o n s i d e r e d  h e r e i n  as a Lake M ich igan  lo b e  d e p o s i t .  F u r ­

t h e r m o r e ,  t h i s  a u t h o r  fou n d  b o u l d e r s  o f  th e  P re ca m b r ia n  

Gowganda t i l l i t e  in  Lake M ich igan  lo b e  d e p o s i t s  i n  K a la ­

mazoo County.

R e l a t i o n s h i p  o f  Bedrock Topography t o  
M o r a in a l  Development

A m o r a in e ,  i n  th e  s t r i c t e s t  s e n s e ,  i s  a m o rp h o lo g ic  

f e a t u r e  composed o f  s e d i m e n t s  d e p o s i t e d  d i r e c t l y  by a c t i v e  

g l a c i a l  i c e .  Numerous m o r a i n a l  c l a s s i f i c a t i o n s  e x i s t  and 

w i t h i n  each  t h e r e  a r e  a number o f  m o r a i n a l  t y p e s .  However, 

t h e  c l a s s i f i c a t i o n  o f  m o r a in e s  i s  beyond t h e  scop e  o f  t h i s  

t e x t  and o n ly  t h o s e  m o r a in e s  d e p o s i t e d  w i t h i n  t h e  s tu d y  

a r e a  a t  t h e  m arg in  o f  an a c t i v e  c o n t i n e n t a l  g l a c i e r  a re  

c o n s i d e r e d  h e r e i n .
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F ig u r e  22.  Map o£ i c e  f low  d i r e c t i o n s  d u r in g  th e  Wiscon- 
s i n a n  g l a c i a t i o n  o f  N o r th  America  showing th e  p ro venance  and 
p o s s i b l e  movement d i r e c t i o n s  o f  t h e  j a s p e r  c o n g lo m e ra te  e r ­
r a t i c s  a s s o c i a t e d  p r i m a r i l y  w i t h  Saginaw lobe  t i l l s  ( a f t e r  
L e v e r e t t  and T a y l o r ,  1915 ,  i n  S law so n ,  1933) .
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The Saginaw and Lake M ich igan  g l a c i a l  l o b e s  may be 

r e g a r d e d  as i n d e p e n d e n t  i c e  f low s  o f  t h e  m ajo r  W iscons inan  

c o n t i n e n t a l  g l a c i e r ;  each  b e in g  g r e a t l y ,  though n o t  t o ­

t a l l y ,  c o n t r o l l e d  by b e d ro c k  to p o g ra p h y  (Anderson and Hor- 

b e r g ,  1 9 56) .  The p o s i t i o n  o f  i c e  c e n t e r s ,  c o n f i g u r a t i o n  

o f  i c e  s h e e t s ,  and d e f l e c t i o n  by a d j a c e n t  g l a c i a l  lo b es  i s  

o f  s e c o n d a r y  im p o r ta n c e  (Anderson and H o rb e rg ,  1 956) .

M o ra in a l  developm ent  may o c c u r  when th e  a b l a t i o n  r a t e ,  

o r  r a t e  o f  back  w a s t i n g  by m e l t i n g  and a b l a t i o n ,  a p p r o x i ­

m a te ly  e q u a l s  t h e  r a t e  o f  fo rw a rd  movement o f  t h e  i c e .  The 

n e t  r e s u l t  b e in g  a s t a t i o n a r y  i c e  f r o n t .  At such  a s t a ­

t i o n a r y  i c e  f r o n t ,  t h e  f o rw a rd  movement o f  the  i c e  co n ­

t i n u a l l y  b r i n g s  g l a c i a l  d r i f t  t o  th e  t e r m in u s  where  i t  i s  

r e l e a s e d  from th e  i c e ,  fo rm ing  a m o ra in e  (end m o r a i n e ) .

The t o p o g r a p h i c  e x p r e s s i o n  o f  an a r e a  may i n f l u e n c e  

m o r a i n a l  d ev e lo p m en t .  A t o p o g r a p h i c  h i g h  o r  low, as w e l l  

as a s h a r p  b r e a k  i n  s l o p e  may impede t h e  fo rw a rd  movement 

o f  g l a c i a l  i c e  and e f f e c t  d e p o s i t i o n  o f  d r i f t  i f  t h e  l a n d -  

form a c t s  as a b a r r i e r  t o  f o r w a r d  movement. Shah (1971) 

p o s t u l a t e d  th a t., t h e  g e n e r a l  n o r t h w e s t w a r d  s l o p e  o f  th e  

b e d ro c k  s u r f a c e  in  s o u t h w e s t e r n  M ich igan  tow ard  th e  Lake 

M ich igan  lo w lan d  may have p rom oted  movement o f  Lake M ic h i ­

gan lo b e  i c e  toward  t h e  e a s t  and s o u t h e a s t .  The r e s u l t  o f  

such  movement b e in g  enhanced  g l a c i a l  m o d i f i c a t i o n  o f  e x i s ­

t i n g  b e d ro c k  t o p o g r a p h y .  S i m i l a r l y ,  t h e  e f f e c t i v e n e s s  o f  

e r o s i o n  by Saginaw lob e  i c e  may have been  l e s s e n e d  when
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e n c o u n t e r i n g  th e  b e d ro ck  h i g h l a n d  i n  th e  s o u t h e a s t e r n  

p o r t i o n  o f  t h e  a r e a  (Shah,  1971; F ig .  2 3 ) .

Comparison o f  th e  bed ro ck  to p o g rap h y  t o  t h e  d i s t r i ­

b u t i o n  o f  m ora ines  in  s o u t h w e s t e r n  M ichigan  ( F ig .  24) 

i l l u s t r a t e s  th e  r e l a t i o n s h i p  o f  b e d ro ck  to p o g ra p h y  and 

m o r a in a l  deve lopm ent .  Note t h e  p o s i t i o n  o f  th e  Kalamazoo 

m ora ine  (K) o f  th e  Saginaw lob e  l o c a t e d  i n  t h e  n o r t h e a s t  

c o r n e r  o f  th e  s tu d y  a r e a ,  and t h e  Tekonsha m ora ine  (T) in  

th e  e a s t e r n  p o r t i o n  o f  t h e  s tu d y  a r e a .  Both m o ra in es  a re  

l o c a t e d  on t o p o g r a p h i c  r i d g e s .  The S t u r g i s  m ora in e  (S) 

on the  b o r d e r  o f  Cass and S t .  J o s e p h  C o u n t ie s  i s  i l l u s t r a ­

t i v e  o f  bedrock  v a l l e y  o r  d e p r e s s i o n  c o n t r o l  w h i l e  th e  

Kalamazoo moraine  o f  t h e  Lake Michigan  lo be  shows m o r a in a l  

development  w i th  " r i d g e  c o n t r o l "  in  i t s  s o u t h w e s t e r n  p o r ­

t i o n  and " v a l l e y  and s l o p e  b r e a k  c o n t r o l "  as t h e  moraine  

e x te n d s  n o r t h e a s t w a r d .

In  comparing t h e  r e l a t i o n s h i p  o f  b e d ro c k  to p o g rap h y  

to  th e  d i s t r i b u t i o n  o f  W iscons inan  m o ra in es  i n  s o u t h w e s t e r n  

M ich ig an ,  the  e f f e c t  o f  p r e - W is c o n s in a n  g l a c i a t i o n  s h o u ld  

be c o n s i d e r e d .  Assuming,  t h e r e f o r e ,  t h a t  b e d ro c k  t o p o ­

graphy  i n f l u e n c e s  m o r a i n a l  deve lop m en t ,  s e q u e n t i a l  g l a c i a ­

t i o n  s h o u l d  r e s u l t  i n  a r e p e t i t i o n  o f  m o r a in a l  d eve lopm en t .  

Thus,  a l t h o u g h  W iscons inan  i c e  may n o t  have a c t u a l l y  co n ­

t a c t e d  t r u e  b e d ro c k ,  th e  i n f l u e n c e  o f  b e d ro ck  top o g rap h y  

on W iscons inan  m o r a in a l  deve lopm ent  may have been  t r a n s ­

m i t t e d ,  a t  l e a s t  p a r t i a l l y ,  t h ro u g h  p r i o r  g l a c i a l  l a n d fo rm s .
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F i g u r e  23. Map showing th e  b e d ro c k  to p o g r a p h y  o f  s o u t h w e s t e r n  M ic h ig a n  ( m o d i f i e d  
from Shah ,  1 9 7 1 ) .  S tud y  a r e a  h e a v i l y  o u t l i n e d .
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F i g u r e  24. Map i l l u s t r a t i n g  th e  r e l a t i o n s h i p  o f  b e d r o c k  to p o g r a p h y  t o  m o r a i n a l  de 
v e lo p m en t  ( sh a d ed )  in  s o u t h w e s t e r n  M ich igan  ( m o d i f i e d  from Shah ,  1971 ,  and t h e  Michi  
gan G e o l o g i c a l  S u r v e y ,  1 9 7 5 ) .



D e g l a c i a t i o n  o f  the  S tud y  Area

At t h e  b e g in n i n g  o f  d e g l a c i a t i o n  o f  s o u t h w e s t e r n  

M ich igan  and t h e  s t u d y  a r e a ,  Saginaw lob e  i c e  e x te n d e d  

s l i g h t l y  s o u t h  o f  t h e  M i c h i g a n - I n d i a n a  b o r d e r ,  w h i l e  Lake 

M ich igan  lo b e  i c e  was w e l l  c o n t a i n e d  i n  i t s  b a s i n  t o  th e  

w e s t .  As th e  Lake M ich igan  lob e  advanced  s lo w ly  to  t h e  

s o u t h - s o u t h e a s t ,  Saginaw lo b e  i c e  r e t r e a t e d  t o  t h e  p o s i ­

t i o n  o f  th e  S t u r g i s  m o ra ine  i n  S t .  J o s e p h  County ,  M ich igan  

( F i g .  2 5 ) .  Shah (1971) s t a t e d  t h a t  when t h e  Saginaw lo b e  

was i n  t h i s  p o s i t i o n ,  i t  d e p o s i t e d  t h e  Alamo and K e n d a l l  

m o ra in es  i n  n o r t h w e s t e r n  Kalamazoo and n o r t h e a s t e r n  Van 

Buren C o u n t i e s .  With a d d i t i o n a l  r e t r e a t  o f  th e  Saginaw 

lo b e  and c o n t i n u e d  advance  o f  th e  Lake M ich igan  i c e ,  Shah 

(1971) f u r t h e r  p o s t u l a t e d  t h a t  th e  Lake M ich igan  lob e  

o v e r r o d e  th e  K e n d a l l  and Alamo m o ra in e s  w h i l e  ad v an c in g  

to  and s t a g n a t i n g  a t  a p o s i t i o n  n e a r  t h e  p r e s e n t  main a x i s  

o f  t h e  Kalamazoo m o ra in e .  T i l l  sam ples  c o l l e c t e d  on t h e  

K e n d a l l  and Alamo m o ra in es  were a n a l y z e d  u s i n g  X -ray  d i f ­

f r a c t i o n  and heavy m i n e r a l  s u i t e s  as p r e v i o u s l y  d e s c r i b e d .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  K e n d a l l  and Alamo m o ra in es  

a r e  d e p o s i t s  o f  t h e  Lake M ich igan  l o b e .  Thus,  when th e  

Saginaw lo b e  was p o s i t i o n e d  a t  t h e  S t u r g i s  m ora ine  i n  S t .  

J o s e p h  Coun ty ,  t h e  Lake M ich igan  lo b e  p r o b a b l y  was a t  o r  

n e a r  t h e  p r e s e n t  Kalamazoo m ora ine  i n  Kalamazoo and Cass 

C o u n t i e s .
72
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Fo l l ow in g  t h e  fo r m a t i o n  o f  t he  S t u r g i s  mora ine  i n  S t .  

J o s ep h  County ,  t h e  Saginaw l o b e  c o n t i n u e d  i t s  r e t r e a t  

l e a v i n g  a s e r i e s  o f  t i l l  and outwash p l a i n s  (Tig-  2 5 ) .  At 

t h e  p o s i t i o n  o f  t he  Tekonsha mora ine  t h e  Saginaw i c e  h a l ­

t e d  t o  deve lop  a s t r o n g  r e c e s s i o n a l  m o r a i n e .  The Lake 

Mich igan l o b e ,  however ,  began  t o  advance  f rom i t s  p o s i t i o n  

n e a r  t h e  Kalamazoo m o r a i n e ,  o v e r r i d i n g  i t  and p u s h i n g  i t s  

way t oward  t h e  w e s t e r n  b o r d e r  of  t h e  p r e s e n t  Tekonsha 

m ora in e .  At  t h i s  p o s i t i o n  t h e  Lake Michigan  i c e  d e p o s i t e d  

t he  n o r t h e a s t - s o u t h w e s t  t r e n d i n g  arm o f  t h e  Tekonsha mor­

a i n e  and began  o r  c o n t i n u e d  development  o f  t he  S t u r g i s  

mora ine  i n  w e s t e r n  S t .  Jo sep h  County and e a s t e r n  Cass 

County.  Contemporaneous w i t h  t he  above i s  t h e  deve lopment  

o f  weak m o r a i n a l  r i d g e s  i n  Saginaw lobe  s e d i m e n t s  which 

Shah (1971) d e f i n e d  as t h e  o u t e r m o s t  l i m i t  o f  t h e  Lake 

Mich igan  l o b e  i n  s o u t h w e s t e r n  Michigan (F ig .  9 ) .

O v e r r i d i n g  o f  t h e  Kalamazoo mora ine  i s  s u p p o r t e d  by 

s e v e r a l  l i n e s  o f  e v i d e n c e .  F i r s t ,  t h e  p r e s e n c e  o f  a b l a t i o n  

t i l l  from t h e  Lake Michigan l obe  o v e r  t h e  Kalamazoo mora ine  

i m p l i e s  t h a t  i c e  p a s s e d  ove r  t h e  mora ine  and a t  some p o i n t  

became s t a t i o n a r y  and m e l t e d  l o we r in g  t h e  a b l a t i o n  t i l l  t o  

t h e  s u r f a c e .  Second ,  Shah (1971) r e p o r t e d  t he  p r e s e n c e  o f  

t h i n  t i l l  p l a i n s  o v e r  outwash p l a i n s  i n  Cooper and P r a i r i e  

Ronde Townships o f  Kalamazoo County.  This  i m p l i e s  a r a p i d  

r e t r e a t  o f  a t h i n  s h e e t  o f  i c e  l e a v i n g  ground m ora ine  (F ig .  

2 5 ) .  T h i r d ,  t h e  p r e s e n c e  o f  weak m o r a i n a l  r i d g e s  (push
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Explanation

E n d  m o r a i n e  

G r o u n d  m o r a i n e  

O u t w a s h

| | L a k e  b e d s  a n d  d r a i n a g e  w a y s

I -  I C l a y  c a p p i n g  o n  o u t w a s h

9 5 J  S a n d  d u n e s  

MHA D r u m l i n s

IZ1 E s k e r s

D«ltoe
IXnsxI  T h i n  t i l l  o n  o u t w a s h

1

m ,

m i l e s

F i g u r e  25.  S u r f a c e  ge o lo gy  o f  s o u t h w e s t e r n  Mic h ig an  ( a f t e r  Shah ,  1971)  showing Wis­
c o n s i n a n  g l a c i a l  d e p o s i t s  (V, V a l p a r a i s o  m o r a i n e ;  K, K e n d a l l  m o r a i n e ;  Ka, Kalamazoo 
m o r a i n e ;  T, Tekonsha  m o r a i n e ;  S,  S t u r g i s  m o r a i n e ) .
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mora ine s  o f  Shah ,  1971) e a s t  o f  t h e  Kalamazoo moraine  

which p a r a l l e l  o t h e r  known m or a in e s  o f  t h e  Lake Michigan  

l obe  and p o s s i b l y  i n d i c a t e  g l a c i a l  s u r g e s  r e s u l t i n g  from 

d i f f e r e n t i a l  f l o w - l a g .  F o u r t h  and l a s t ,  f o l d i n g  oc cu r s  

i n  t h e  d r i f t  m a t e r i a l  o f  t h e  Kalamazoo mora ine  (F ig .  26 ) .  

Such f o l d i n g  i n d i c a t e s  o v e r r i d i n g  o f  t h e  moraine  and s u b ­

s e q u e n t  d e f o r m a t i o n  o f  t h e  u n d e r l y i n g  d r i f t  r e s u l t i n g  from 

s t r e s s e s  i m p a r t e d  by t h e  moving i c e .

With t h e  i c e  f r o n t s  o f  b o t h  l o b es  s t a n d i n g  a t  t h e i r  

r e s p e c t i v e  p o s i t i o n s  o f  t h e  Tekonsha m o ra in e ,  m e l t - w a t e r s

F i g u r e  26.  Pho t og ra ph  o f  a f o l d  o c c u r r i n g  i n  t he  d r i f t  
o f  t h e  Kalamazoo mora ine  o f  t h e  Lake Mich igan  l obe  i n d i ­
c a t i n g  t he  o v e r r i d i n g  and d e f o r m a t i o n  o f  the  mora ine  by 
Lake Michigan  l o b e  i c e  i n  Wiscons inan  t ime (ph o tog raph  
t a k e n  by W. T. S t r a w ,  1973,  on t h e  campus o f  Western  M i c h i ­
gan U n i v e r s i t y ) .
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f rom b o t h  l o b e s  combined w i t h  m e l t - w a t e r s  f rom t h e  E r i e  

l obe  i c e  t o  form t h e  Kankakee T o r r e n t  ( F i g .  7,  s e e  p r e ­

v i o u s  d i s c u s s i o n ) . The Kankakee T o r r e n t  d i s c h a r g e d  t o  t h e  

s o u t h w e s t  as an i c e  m a r g i n a l  s t r e a m  b o r d e r i n g  t h e  Lake 

Michigan  l obe  i c e .

A s l i g h t  r e a dv anc e  o f  t h e  Saginaw lo b e  i s  i n d i c a t e d  

by d ruml in s  and a t h i n  a b l a t i o n  t i l l  on t h e  n o r t h w e s t -  

s o u t h e a s t  t r e n d i n g  Tekonsha  m or a in e .  The i c e  f r o n t  a d ­

vanced  a t  l e a s t  as  f a r  as t h e  d r um l in  f i e l d  s o u t h e a s t  o f  

Kalamazoo County.  The s m a l l  m o r a i n i c  forms e x t e n d i n g  

n o r t h w e s t  from Bronson Township i n  Branch County (T7S,R8W) 

may r e p r e s e n t  t h e  o u t e r  l i m i t  o f  t h i s  o s c i l l a t i o n .

As t h e  Saginaw lobe  r e t r e a t e d  r a p i d l y  back  t o  t h e  

Tekonsha m or a i ne ,  t h e  Lake Mich igan  i c e  r e t r e a t e d  s l ow ly  

wes twa rd  t oward  t h e  Kalamazoo m o r a i n e .  O s c i l l a t i o n  o f  t h e  

Lake Michigan i c e  f r o n t  i s  marked by t h i n  l i n e a r  mora i ne s  

i n  P r a i r i e  Ronde,  P o r t a g e ,  and Cooper  Townships o f  K a l a ­

mazoo County.

The Saginaw lo be  c o n t i n u e d  i t s  r e t r e a t  from t h e  Te­

konsha  mora ine  s l o w l y  t o  t h e  p o s i t i o n  o f  t h e  n o r t h w e s t -  

s o u t h e a s t  t r e n d i n g  Kalamazoo m o ra i n e .  With b o t h  l o b e s  

s t a t i o n a r y  a t  t h e i r  c o r r e s p o n d i n g  Kalamazoo m o r a i n e ,  a 

p e r i o d  o f  s t a n d s t i l l  r e s u l t e d  i n  t h e  mas s ive  m o r a i n i c  

sys tem o f  t o day .

Con t inued  wes twa rd  r e t r e a t  o f  t h e  Lake Mich igan  l obe  

i c e  r e s u l t e d  i n  d e p o s i t i o n  o f  t h e  K e n d a l l ,  and l a t e r ,  t h e
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V a l p a r a i s o  m o r a i n i c  sy s t em p r e v i o u s l y  d i s c u s s e d .  The 

h i s t o r y  o f  t h e  Saginaw and Lake Mich igan  l ob es  o u t s i d e  o f  

t h e  s t u d y  a r e a  t h r o u g h  t h e  r e m a i n d e r  o f  t h e i r  r e t r e a t  

d u r i n g  W isc ons ina n  t ime  i s  g e n e r a l l y  d e s c r i b e d  i n  L e v e r e t t  

and  T a y l o r  ( 19 15 ) .  R e f e r e n c e s  d i s c u s s i n g  t h e  d e g l a c i a t i o n  

o f  Mich igan  d u r i n g  W iscons inan  t ime  i n c l u d e  t h e  f o l l o w i n g :  

Dor r  and Eschman (19 71 ) ,  Eschman and F a r r a n d  (19 74 ) ,  and 

Wayne and Zumberge (1965 ) .

SUMMARY AND CONCLUSIONS

T i l l s  w i t h i n  t h e  s t u d y  a r e a  a r e  g e n e r a l l y  p o o r l y  

c o n s o l i d a t e d ,  a l t h o u g h  compact  t i l l s  may be found i n  l o ­

c a l i z e d  a r e a s  o r  a t  d e p th .  G r a v e l s  a r e  common and a wide 

r ang e  o f  l i t h o l o g i e s  a r e  r e p r e s e n t e d ,  t h e  m a j o r i t y  b e in g  

d e r i v e d  f rom Canadi an  S h i e l d  be d r o c k  s o u r c e s .

The e f f e c t  o f  l o c a l  b ed roc k  on t h e  c o m p o s i t i o n  o f  

t i l l  w i t h i n  t h e  s t u d y  a r e a  i s  ma rk ed ly  l e s s e n e d  b e ca u se  a p ­

p r o x i m a t e l y  90 p e r c e n t  o f  t h e  s t u d y  a r e a  i s  u n d e r l a i n  by 

t h e  Lower M i s s i s s i p p i a n  Co l dwa te r  S h a l e .  Heavy m i n e r a l  

s u i t e s  i n  t h e  1 2 0  and 230 mesh s a nds  a l s o  a r e  r e f l e c t i v e  

o f  a Canadi an  S h i e l d  p ro v e n a n c e .

M o r a i n a l  deve lopmen t  shows a s t r o n g  c o r r e l a t i o n  w i t h  

b e d r o c k  t o p o g r ap hy  i n  t h e  s t u d y  a r e a .  The Kalamazoo and 

Tekonsha  m o ra i n e s  o f  t h e  Saginaw l o b e  a r e  l o c a t e d  on b e d ­

r oc k  h i g h s .  I t  i s  p o s s i b l e  t h a t  f o r w a r d  movement o f  t he  

Saginaw i c e  was impeded by t h e s e  b e d ro c k  h i g h s  and r e s u l t e d
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i n  t h e  d e p o s i t i o n  o f  t h e  p r e s e n t - d a y  m o r a i n a l  s y s t e m s .

The S t u r g i s  mora ine  in  Cass and S t .  Jo s e p h  Cou n t i e s  i s  

l o c a t e d  i n  a bed rock  low.  Argument  i s  made t h a t  any b r e a k  

i n  s l o p e  may h a l t  t h e  f o r w a r d  movement o f  a weak i c e  f r o n t  

and ,  t h e r e b y ,  " t r i g g e r "  t h e  d e p o s i t i o n  o f  t i l l  and s u b s e ­

q u e n t  m o r a i n a l  deve lopmen t .

The d e g l a c i a t i o n  o f  Mic h ig an  in  Wiscons inan  t ime l e f t  

t h e  s t a t e  co ve re d  w i t h  t h e  p r e s e n t - d a y  g l a c i a l  l a n d f o r m s .  

Whi le  t h e  h i s t o r y  o f  d e g l a c i a t i o n  i n  t h e  p a s t  ha s  been 

b a s e d  p r i m a r i l y  on m or p h o lo g i c  e v id e n c e  ( t h e  m o r a i n a l  

sy s t e m s )  and has  d e a l t  w i t h  b r o a d  r e g i o n a l  a r e a s ,  r e c e n t  

s t u d i e s  have  t u r n e d  to a more d e t a i l e d  d e s c r i p t i o n  o f  

l o c a l i z e d  a r e a s .  A n a l y t i c a l  t e c h n i q u e s  have  been  de ve l op ed  

and u t i l i z e d  which a l l o w  t h e  d i s c r i m i n a t i o n  o f  g l a c i a l  

s e d i m e n t s  w i t h  d i f f e r i n g  s o u r c e  a r e a s .  These t e c h n i q u e s  

have  p r ov en  p a r t i c u l a r l y  e f f e c t i v e  i n  a r e a s  o f  g l a c i a l  

l o b e  c o nv e rg enc e .

P o r t i o n s  o f  f i v e  C5) m o r a i n a l  sy s t ems  a re  found i n  

t h e  s t u d y  a r e a .  Lake Mich igan  l o be  i c e  i s  r e s p o n s i b l e  f o r  

p a r t  o r  a l l  o f  t h e  V a l p a r a i s o ,  K e n d a l l ,  S t u r g i s ,  and t he  

n o r t h e a s t  t r e n d i n g  Kalamazoo and Tekonsha m o r a i n e s .  The 

Saginaw lo be  d e ve lo ped  t h e  n o r t h w e s t  t r e n d i n g  arms o f  t h e  

Kalamazoo and Tekonsha m o r a i n e s  and a p o r t i o n  o f  t h e  S t u r ­

g i s  mora ine  i n  S t .  J o s ep h  County and e a s t w a r d .

The i n t e r p l a y  o f  t h e  Lake Mich igan  l o be  and Saginaw 

l o b e  i c e  i n  s o u t h w e s t e r n  Mich igan  r e s u l t e d  i n  t h e  d e v e l o p -
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ment  o f  a c l a s s i c  i n t e r l o b a t e  a r e a .  In  t h e  p a s t ,  mor­

p h o l o g i c  c h a r a c t e r i s t i c s  o f  t he  a r e a  have been u t i l i z e d  

t o  d e s c r i b e  t h e  c h a r a c t e r  and r e l a t i o n s h i p  o f  t h e  i c e  

f r o n t s  d u r i n g  d e g l a c i a t i o n .  In t he  p r e s e n t  s t u d y ,  t e x ­

t u r a l  and m i n e r a l o g i c  p a r a m e t e r s  a r e  u sed  t o  enhance  t he  

knowledge o f  t h e  i n t e r l o b a t e  boundary  r e l a t i o n s h i p  o f  t h e  

Lake Michigan  and Saginaw l o b e s  i n  Kalamazoo County,

Mich igan .

R e s u l t s  u s i n g  t e x t u r a l  and m agn e t i c  s u s c e p t i b i l i t y  

d a t a  t o  d e l i n e a t e  t i l l s  o f  t h e  Lake Michigan and Saginaw 

l o b e s  a r e  i n c o n c l u s i v e .  Marked v a r i a b i l i t y  i n  t i l l  t e x t u r e  

i n  l o c a l i z e d  a r e a s  p r e c l u d e s  any t e x t u r a l  c o r r e l a t i o n  on a 

r e g i o n a l  s c a l e .  A r a t i o  o f  p e r c e n t  s a n d / p e r c e n t  mud, 

however ,  shows t h a t  Lake Mich igan  l obe  t i l l s  have a s t a ­

t i s t i c a l l y  h i g h e r  c l a y  c o n t e n t  t han  Saginaw lobe  t i l l s .

The i n c o n c l u s i v e  n a t u r e  o f  r e s u l t s  from m agn e t i c  s u s c e p ­

t i b i l i t y  a n a l y s i s  c anno t  be s i n g u l a r l y  e x p l a i n e d .  I t  i s  

h y p o t h e s i z e d  t h a t  e i t h e r  t h e  r e s u l t s  a r e  t r u e l y  i n c o n ­

c l u s i v e ,  o r  t h e  mixing o f  t i l l s  by t he  i n t e r p l a y  o f  t he  

two i c e  l o b e s  and w e a t h e r i n g ,  e i t h e r  s i n g u l a r l y  o r  i n  

c o m b i n a t i o n ,  r e s u l t e d  i n  p oo r  m ag n e t i c  s u s c e p t i b i l i t y  

m e a s u r e m e n t s .

An i n t e r l o b a t e  boundary  r e l a t i o n s h i p  i s  e s t a b l i s h e d  

u s i n g  d i f f e r e n c e s  i n  r a t i o s  o f  heavy m i n e r a l s  and c l a y  

m i n e r a l o g i c  d a t a .  Comparison o f  t h e  i n t e r l o b a t e  b o u n d a r i e s  

u s i n g  t h e  above methods w i t h  S h a h ' s  i n t e r l o b a t e  boundary
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(1971) b a se d  on t h e  morphology o f  weak m o r a i n a l  r i d g e s  

shows s i m i l a r  r e s u l t s .  However ,  t h e  p o s i t i o n  o f  t h e  i n ­

t e r l o b a t e  bounda ry  f u r t h e r  t o  t h e  e a s t ,  as d e f i n e d  i n  t h i s  

s t u d y ,  a pp ea r s  more r e a s o n a b l e  as i t  i n c l u d e s  t h e  e n t i r e  

n o r t h e a s t  t r e n d i n g  l imb o f  t h e  Tekonsha m o ra in e .

S u g g e s t i o n s  f o r  F u t u r e  Resea r ch

The use  o f  heavy m i n e r a l  s u i t e s  t o  d e l i n e a t e  t i l l s  o f  

d i f f e r i n g  p r ov ena nce  has  been  e s t a b l i s h e d  i n  p a s t  l i t e r a ­

t u r e .  A l though  heavy m i n e r a l  s e p a r a t i o n s  o f t e n  p ro ve  t o  

be t e d i o u s  and t ime consuming,  t h e  r e s u l t s  f rom such  d a t a  

a r e  t he  l e a s t  e f f e c t e d  by o u t s i d e  v a r i a b l e s  such  as wea­

t h e r i n g ,  e t c .  I t  i s  t h e r e f o r e  s u g g e s t e d  t h a t  f u t u r e  r e ­

s e a r c h  i n  d e l i n e a t i n g  t i l l  by p rovenance  c o n s i d e r  t h e  use  

o f  heavy m i n e r a l  a n a l y s i s  as an e s p e c i a l l y  v i a b l e  t o o l .

F i e l d  o b s e r v a t i o n s  and l i t e r a t u r e  r ev i ew  c h a r a c t e r i z e  

t he  m o ra i n a l  d e p o s i t s  w i t h i n  t h e  s t u d y  a r e a  as c o n t a i n i n g  

r e l a t i v e l y  l a r g e  amounts o f  s t r a t i f i e d  d r i f t .  A t t e n t i o n  

sh o u l d  be g i v e n  t h i s  f a c t  and a d e t a i l e d  s t u d y  o f  t he  

p r o p o r t i o n s  o f  s t r a t i f i e d  and u n s t r a t i f i e d  d r i f t  embodied 

by t h e  mora ine s  o f  t h e  a r e a  i s  recommended.  Such a know­

l e d ge  would g r e a t l y  add t o  t h e  u n d e r s t a n d i n g  o f  m o r a i n a l  

deve lopment  w i t h i n  t he  s t u d y  a r e a .

As i t  i s  q u e s t i o n e d  w h e t h e r  t h e  w e a t h e r i n g  o f  t i l l s  

and t h e  mix ing  o f  t i l l s  w i t h i n  t h e  s t u d y  a r e a  a r e  s i n g u ­

l a r l y  o r  j o i n t l y  r e s p o n s i b l e  f o r  i n c o n c l u s i v e  magne t i c
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s u s c e p t i b i l i t y  a n a l y s i s ,  a t t e n t i o n  s h o u l d  be g i ven  t o  t h e  

e f f e c t s  o f  w e a t h e r i n g  and mix ing  on a n a l y t i c a l  t e c h n i q u e s  

u se d  t o  d e l i n e a t e  t i l l s  o f  d i f f e r i n g  p r o v e n a n c e .
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TABLE 1.  L o c a t i o n ,  t e x t u r a l ,  m a g n e t i c  s u s c e p t i b i l i t y ,  X - r ay  d i f f r a c t i o n ,  and g a r n e t /  
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3 c . SW 9 2S 11W 205.00 2 . 2 0 0 .611 0 .288 65 .42 34 .58 L 1. 891
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TABLE 2. S ieve  Data.

S t a ­
t i o n

18
Mesh

35
Mesh

WEIGHT
60

Mesh

(GRAMS)
1 2 0
Mesh

230
Mesh Pan

T o t a l
(T)

1 . 1 .274

2 . 2.872

3a. 3.206

3b. 3.036

3 c . 3.352

4. 3. 776

5. 0 .864

6 . 12.778

7. 1.423

8 . 11 .453

9. 1 . 1 0 2

1 0 . 0 .246

1 1 . 0 .982

1 2 . 0.  707

13. 7.161

14. 1 .948

15a.

15b.

16a .  1 .617

3 .323  21.179

5.389 21.000

5.870 16.499

5 .720 15 .983

7.301 21.642

11 .117  36.614

3 .193  14.545

33 .047 39.955

1 .697 19.470

12 .610 21 .647

9 .294  37.572

0 .932 5.671

3 .367  22.160

3 .075  17.870

16.425  39.112

3.692 15.382

6.755 21 .663

20.930 7.031

14.463 5 .309

19.876  10.800

20.239 10.890

22 .463 11 .557

30 .877  6 .784

12.550 4.145

11.240 1.471

18 .928  1.399

17 .118  8.968

28.022 6 .836

13.072 28.541

21.170 5 .341

22 .244  11.005

19.888  3.109

18 .724  8.653

20.586 5.923

1.127 54 .717

0 .678  49.711

1.776 58.027

1.216 57 .084

0 .644 67.059

0 .507  89.675

0 .231  35 .528

0 .181 98.672

0.000 42 .917

0.212 72.008

0 .333  81.159

2.526 50 .988

0.521 53.541

0 .344  55.245

0 .137  86.032

0.599 48 .998

0.362 56.906
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TABLE 2. Continued.

S t a ­
t i o n

18
Mesh

35
Mesh

WEIGHT
60

Mesh

(GRAMS)
1 2 0
Mesh

230
Mesh Pan

T o t a l
(T)

16b. 4 .373 11.637 38.256 27 .487 7.553 0.190 89.496

17. 2 .117 2 .9  79 6.333 6.745 5.321 0.491 23.986

18a. 2 .141 5.759 22.691 21.764 7.130 0.219 59.704

18b. - - - - - - -

19. 2 .277 6.845 22.265 15 .604 3.676 0.180 50.847

2 0 . 1 .313 5.409 23 .727 20.171 7.003 0 . 1 1 0 57. 733

2 1 . 3 .353 5.981 14.517 15.972 5.  790 0.256 45.869

2 2 a. 0.796 2.494 10.336 12.335 5.107 0.183 31.251

2 2 b. 1 .098 2.959 21.952 28.235 9. 894 0.143 64.281

23. 1. 774 6.695 29.845 30.665 4 .947 0 .204 74.150

24a. 2 .684 6.198 17.889 24 .828 8.269 0.318 60.186

24b. 1.989 1.442 16 .084 30.595 8.209 0.353 58.672

25. 4 .961 8.992 27.191 33.892 8.713 0.246 83.996

26. 2 .904 8.316 24.276 22.716 6.442 0 .378 65.032

27. 4 .128 11.441 25.262 22.461 6.486 0 .204 69.982

28. 8 . 754 8.155 13.426 16 .418 4.016 0.205 50.974

29. 1 .520 2.089 11.340 21.315 7.281 0.266 43.811

30a. 12.510 25.403 46.136 16.782 2.503 0.326 103.660

30b. 3.400 8.961 18.624 10 .534 5.773 0.260 47.552
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TABLE 2. Continued.

S t a ­
t i o n

18
Mesh

35
Mesh

WEIGHT
60

Mesh

(GRAMS)
1 2 0
Mesh

230
Mesh Pan

T o ta l
(T)

30c. 3 .783 10 .307 33.240 25.562 6 . 751 0 .683 80.326

31a. 0 .452 1 .263 9 .158 15.269 8.975 0 .4 34 35 .551

31b. 8 .365 8.260 19.565 25.732 6.382 0 .295 68.599

32a. 4 .869 1 .7 2 7 6.244 10.980 3 .018 0 . 1 2 0 26.958

32b. 17 .451 8.059 24 .778 18.482 2.771 0 .181 71.722

32c. 3 .739 3 .04 7 13 .078 20.852 9 .3 18 0 .43 4 50 .468

32d. 25.955 11 .816 13 .033 18.197 7. 719 0 .621 77.341

33. 15 .173 35.401 17.281 4.351 1.152 0 .1 73 73.531

34. 9 .130 16 .643 56.940 15.699 1 . 1 0 0 0 .171 99 .683

35a. - - - - - - -

35b. - - - - - - -

36a. 8 .708 11 .768 23 .3 44 19.650 5 .409 0 .341 69.220

36b. 12.162 12 .233 14.265 10.532 2 .3 9 7 0 .167 51.756

37a. 6 .720 17.323 40.553 7.882 1 .081 0 .125 73.684

37b. 7 .547 22.882 56.493 7.427 0. 718 0 .083 95 .150

38. 1 .801 5 .1 2 4 18.834 16.608 6 .5 4 7 0 .2 0 7 49.121

39. 5 .900 13 .508 21.852 20.004 3 .456 0.150 64.870

40. 3 .759 12 .644 21.950 8.231 0 .449 0.092 47.125

41. 3 .201 8.990 29.205 26.249 8 .163 0 . 1 2 0 75.928
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TABLE 2 .  Continued.

S t a ­
t i o n

18
Mesh

35
Mesh

WEIGHT
60

Mesh

(GRAMS)
1 2 0
Mesh

230
Mesh Pan

T o t a l
(T)

42. 2 .0 8 4

43a. 5 .519

43b. 7 .522

44a. 2 .611

44b. -

44c. -

45. 1 .659

46a. 2 .3 3 8

46b. -

47a. 4 .9 2 8

4 7b. 2 .7 5 7

48. 2 . 2 1 0

49. 2 .8 1 8

SO. 2 .9 2 8

51. 2 .3 9 3

52. 3 .3 0 7

53. 4. 743

54. 5 .4 5 3

55. 8 .308

5 .766  18.750

1 3 .0 3 4  23.109

14 .245  21 .377

10 .392  23 .187

4 .8 8 4  17.882

12 .332  30.663

9 .5 7 3  25.662

4 .896  18.102

6 .8 0 3  32.817

7.523 24 .258

5 .929  20.692

8.991  25.075

8.402 28 .798

7.999 19 .157

11 .632  30.112

18 .566  37 .778

17 .813  7.406

2 7 .564  10 .013

15 .193  4.910

12.072 3 .825

10 .092  3 .121

17.576 4 .445

27 .459  12 .829

27 .472  15.749

24 .784  5 .815

27 .201  9 .996

16 .621  4 .912

17 .768  5 .564

22 .170  8.662

23 .572  14 .007

31 .389  9 .813

13 .919  1 .639

0.201 52 .020

0 .228 79 .467

0.192 63 .439

0.340 52 .427

0.269 37 .907

0.298 67 .652

0.409 80 .860

0 .648  69 .62 4

0 .597  73.026

0 .447  72 .243

0.119 51 .201

0 .153  59 .94 4

0 .317 71.656

0.566 70.044

0.196 88.595

0.111 80.321
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TABLE 2. Continued.

S t a ­
t i o n

18
Mesh

35
Mesh

WEIGHT
60

Mesh

(GRAMS)
12 0
Mesh

230
Mesh Pan

T o ta l
(T)

56. 1 .537

57. 8 .976

58. 2 .863

59. 8.791

60a. 2 .853

60b. 1 .644

6 0 c . 1 .309

60d. 1 .206

61. 1 .113

62a. 7 .068

62b. 7.565

63. 4 .106

64a. 4 .243

64b. 9 .556

65. 5 .525

6 6 . 16 .860

67. 2 .356

00VD 2.515

69. 2 .916

5.039 29.030

20.030 30.011

5 .623 20.294

19.471 18.829

5.084 21.861

2 .451 7.839

1 .757 5.288

1.781 5.693

1.894 8.425

16.179 39.868

19 .928 38.061

11 .934 39.611

7.465 22.249

14.820 25.237

12.504 26.514

36.151 22.401

10.560 55.292

19.087 46.050

6 .7 4 4 20 .843

19 .4 47 2.902

1 4 .97 4 1.276

22 .416 11.610

14 .658 4.311

23 .214 11.078

9 .321 6.582

6 .6 8 9 5.022

4. 804 7.688

12 .649 10.611

10 .869 2 .377

12 .936 1.343

25 .250 5. 765

21 .439 9 .00  7

10 .777 3.733

9 .109 1. 859

4 .6 2 6 2 .003

19 .621 2.321

22 .203 1 .229

22 .765 14.790

0.133 58.088

0 .058 75.325

0 .245 63.051

0 .3  76 66.436

0 . 2 1 1 64.301

0.205 28.042

0 .261 20.326

0.362 21.534

0.261 34.953

0 .123 76.484

0.456 80.289

0.311 86.917

0 . 2 1 2 64.615

0 .048 64.171

0 . 1 2 2 55.633

0.155 82.196

0.311 90.461

0 .263 91 .347

0 . 0 1 1 68.069
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TABLE 2.  Continued.

>ta-
: ion

18
Mesh

35
Mesh

WEIGHT
60

Mesh

(GRAMS)
1 2 0
Mesh

230
Mesh Pan

T o ta l
(T)

70. 12 .251 24.852 18.049 8.368 1.306 0.301 65 .127

71. 2 .706 6.452 22.051 22.126 16.514 0 .237 70.086

72. 4. 701 13 .797 34 .944 12 .638 4.821 0.310 71.211

73. 8 .016 19 .667 29 .807 5 .394 0.736 0 .048 63 .668

74. 1 . 6 8 8 5.451 11.083 6.237 3.118 0 .168 27.745

75. 7.915 19 .353 54.697 11 .374 1 .808 0.375 95.522

76. 18 .012 17 .371 18.756 4. 719 1.470 0 . 1 1 2 60.440
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CM CD ĉ h H* o rH O vO CM

• • • • • • » • •
o c - h 00 c - h . C - H r ^ CM vo
r-H rH tH tH T—i tH tH

CM O LO CD LO tH CM CD CD
«>r VO r-H CO LO CM a t LO

• • * • • • * • •
o O C-H I>H o 00 o CO CD
tH tH tH tH tH

O H* t o CD r ^ CM t o CD O
C-H CM CD CM CO CD <3* t o

• • ♦ « • • • • •
CO CM 00 c- h CM o O O LO
t o <3* CM CM t o *3*

vO CO tH C-H CD t o LO CO rH
C-H CD t o LO r-H CD 00 O

• • • • • • • • •
CO CD H" LO vO 00 r-H LO O
tH rH tH tH tH tH

O c-h O t o to CD CD CO VO
tH c-h CO LO r-H CD CD 00 t o

• • • • ♦ « » • •
tH CD CM o tH vO CM r-H
LO t o LO LO LO <3* H* rH

CO CM CM CM O H* CD CM
O CM O tH C-H o tH O

CD LO LO to tH CO rH H* CM
• • • • • • • • •

CM CM CM CM CM tH CM CM

H" to vO r-H LO tH tH o
CM CD r n tH tH O LO vO o
0 0 H * r ^ t-H r-H t-H t o LO H"

• • • • • • • • •
o O o o o o o o o

tH CM vO CD o rH LO rH t-H
VO t-H r ^ CM CM O CD tH CM
CD r ^ vO rH o vO vO t-H t o

• • • • • • • • •
c-h CD o tH H* t-H VO CM O
CM tH t o t o to t o tH tH CM

.
rH CM CO X* o LO vO t-H

t o to t o

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



TA
BL

E 
3.

 
C

on
ti

nu
ed

.

1 0 6

g
qssw S£+8 T 

aqgiOM rj.uaa.iaa
001  x

0 0 T x qsaft  S£+8 T 
aqSiOM Auaojaa

g
0 0 1  X qsaw 09 

rjqSiaM 3-uaa.iaa

0 0 1  X qssw 09 
aqgiaM rj.uaa.iaa

0 01  x g
qsaw 0£Z+0ZT 

iqgiaM rj.uaa.iaa

0 0 1  x xisaw 0£Z + 0ZI 
rjqSiaM rj.uaa.iaa

qsaw 0£Z+0ZI 
siBJauxw Xab9h 

rj.uaa.iaa

qssw 0£Z+0ZT 
s i a a a u i w  XAtan 
( suibaS) ^qSiajvi

qsaw 0 £Z+0 ZI 
( suibaS) iq S ia M

uoTrjBis
axduies

rH O oo 00 O
OO rH LO t-H CO LO oo

• • • • • • •
rH LO o CM rH t-H CM
rH t-H

CM o rv. rH 00 t-H
CM t-H OO

• • • « • • •
co o r-^ Oi CM
t o rH CM t-H

to vO to CM C i <3*
o CO C i OO rH vO

• • • • • • •

1
0

1
8 CM

1
0 co

1
9

vO o CM 00 vO C i
O CM t-H to t o CO

• • • • • • •
o \ o t-H t-H CM LO t-H
to rH *3“ t o *3" t o

rH CM O LO rH
OO t-H co o LO CM vO

» • • • • • •
CM O to O rH t o
rH rH CM t-H rH t-H t-H

CM LO rH rH 00 t o
CM C i vO LO t-H C*̂ 00

• • • • • • •
vO CM rH C i o vO LO
t o CO *3* VO CM LO

o o t o O t o vO
v o LO C i LO CO C i

o vO t o CO to
• • • • • • •

CM o CM rH t o CM

rH *3* oo rH C i CO VO
rH oo LO LO oo LO

CM C*̂ CM vO 00 vo
• • • • • • •

rH O o o o o o

vo CO t o rH Ci
CO LO rH rH rfr Ci r**.
o 00 VO LO CM Ci to

• • « • • • •
vD rH vO to CM r-**
CM t o CM t o CM CM

00 Ci O rH CM to
rH rH rH rH t-H

CS
LO

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .

15
b.



TA
BL

E 
3.

 
C

on
ti

nu
ed

.

1 0 7

0 0 1  x tjsow S£+8 T 
aut§i9M tj.U90.i9d

0 0 1  X qssM S£+8 I
iqSiaM tj.u93.i8d

001: x qsgp\[ 09 
t ) . l{S t9 M tJ.U9 3 . I 9 d

0 0 1  x HS9W 09 
i q § T 9 M tJ.U9 3 . I 9 d

0 0 1  X qs9W 0£Z+0ZT 
t i q S i 3 M tj.U9 3 . i 9 d

0 0 1  X qs9W 0£Z+0ZI 
q .q § i9M tj.U9 3 . i 9 d

qsgw 0£Z+0ZI 
sx^uguiw Xab9h 

tJ.U9 3 . I 9 d

qs9W 0£Z+0ZI 
SX'BA9UI^I XAB9H 
( siubjS)

t{S9H 0£Z+0ZT 
(SUIBUS) aqST9M

UOTtJBtJ-S
9XduiBS

*3“ O Cn LO tH o LO
tH LO LO LO tO to VO

• • • • 1 • • • •
CM t o tO <3* t-H

o rH O rH tH LO CM CM
t o tH t o vO t o CO Cn tH

• • • • t • • • •
LO 00 t o CO 00 rH o tH
t—1 tH CM tH tH tH CM tH

t o r>* CM cn CM CO r*^ o
r ^ o CM O CO tH

• • • • I • • • •
o 00 t o o tH tH vo LO
tH tH tH tH tH

vO H* O O oo cn H* r->
O O o vO o

• • • • i • • • •
co CM vO 00 CO tH tH t o
t o CM to H- to t o

t o LO H * H * H - o O CM
tH LO tH LO o tH• • • • l • « • •
t o vD O t o cn t o O oo
tH tH tH tH tH

CO LO o C7> tH vD tH
LO tH CO t o cn O 00

• • • • i • • • •
vO Cn o to C^s r - LO
H * t o LO t o H " LO

CM cn CO LO o H" to oo
cn o cn 0 0 vD LO CM oo

H * tH o i vo H- CO H -
• • • • • • • •

CM CM LO t o H* CM o tH

O H " tH o o r^» cn cn
H " CM cn cn vD r ^ LO
r-v 00 vD 00 1 c o vD tH CM

• > • • • • • •
o o o o o o o o

cn O vO H * o H - CM CM
o vO cn 0 0 vD ^1*
LO O O 0 0 CM t—!

• • • • 1 « • • •
vO LO CM 0 0 cn r ^ tH C*"**
CM t o CM tH CM CM tH

• • « • • • • • •
cd rO cd •O cn o tH cd

vD VO tH 00 00 tH CM CM CM
tH tH tH tH CM

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



TA
BL

E 
3.

 
C

on
ti

nu
ed

.

1 0 8

00T x g

0 0 1  x qsow S£+8T 
xqSxaM xuao-iad

g
0 0 1  x  -UUL qsoH 09 

^qSiSM ausoxa^.

0 0 1  ^ qsaw 09 
aqSiaM TU30-tSd

001  x
g

qsaw 0£Z+0ZT 
iqStaM q.uaoj;ad

0 0 T x qsaft 0£Z+0ZT 
q.q§i9M lu ao x ad

qsaw 0£Z + 0ZT 
sxBJiauiw Xab9h

XXI90 J L 9 J

qsajj  0£Z + 0ZT 
SXBAaUT^ XAB9H 
( S U I B . I § j  l l f S l 9 J \ l

qssw 0£Z+0Zt 
( S U I B A S )  X I { 8 t 9M

uoiq.BXS
aiduiBS

t- H * 3 “ 0 0 t O t o L O o o
c n r H v O o L O c n t- H c o

• • • • • • • • •
t- H * 3 “ T“ H L O C O r - H

O cn © O O L O L O cn L O
L O C M t o oo L O L O oo

• • • • • • • • •
© t- H L O © o 0 3 t o oo

t- H T— 1 C M t- H 0 3 t o

L O c n to to to CO O to ©
to L O * 3 “ r H c n c n v O

• • • • • • • • •
o c n C O to r H c m © L O
t- H r H t- H r H r H

L O © C M r H o C M c n t o C O
r H C M C"** c n t o o t o C O

• • • • • • • • •
o c n c o V © © L O

t o C M c m C M t o t o C M C M

0 0 r H C M r H c n 0 0 c n
c n © L O t o C M

» • • • • • • • •
c n t- H c n

r H r H r H r H C M r H T— i T— i

r H c n t o C M t o © C O
t o o c n r H 0 0 t o o C M

• • • • • • • • •
c n 0 0 © O T— i o L O
L O L O © L O O

CO «Sl" CO c n r H LO LO CM
t-H c n © CM 0 0 CO ©
CM r H c n r H LO c n © o

• • • • • • • • •
r H r H o r H T—i LO t-H r H rH

L O o 0 0 L O t o v © t o
© C M C M t o r H t o o

t o v © L O t o t o
• • • • • • • • •

O O o o o r H o o o

cn t o C -* *3* LO 00 r - ©
C M t-H cn O © LO t o c n
T— f V© o 00 v© T— i 0 5 LO

• • • • • • • * •
o o LO t o 0 0 CM cn 0 0 o CO
t o t o t o t o CM CM CM CM

.
© t o c d © LO © r ^ . CO cn
C M
CM

CM
CM CM

CM CM CM CM CM

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



TA
BL

E 
3.

 
C

on
ti

nu
ed

.

1 0 9

0 0 1  x ------- 5---------Tjsaw $£+8 T
q.usoJSd

0 0 1  x q sa n  S£+8 T

001  x  9i[S9W 09 
lu§i9M q.u9oa9£

001  x qs9H 09 
11{St9m lugo-ig^

0 0 T x 9qs9K 0£Z+0ZT
3.q§i9M q.U9DJ9cJ

001  x qsgw 0£Z+0ZI 
iq§i9M TUSOJSd

i{S9W 0£Z+0ZI 
SXBJ:9UtJi\[ XAB9JJ 

augo-ig^

*IS9W 0£Z+0ZI 
SXBJ9UTM[ XAB9H 
(SUIBAS)

^S9K 0£Z+0ZI 
( s u i b j c S )  x . q § i 9 M

uotiBq.s
9xduiBS

C M v O C M v O o T“ i * 3 * L O
T— i C M C M O O L O o o oo

• • • • • • • • •

17 v O © o O O co 13 C O 18

O LO O LO r*^ CM CO T—i LO
cn LO o © cn OO CO ©

• • • • • • • • *
© © oo © LO cn
CO CM CM CM CO tH

v O O o c 0 0 © C M * 3 “ o
L O F > » C O cn t o © C O L O

• • • • * • • • •

2
1 cn

1
4 cn C O

1
2 L O ©

o © 0 0 © C M v O * 3 “ T— i L O
L O r H co L O r — i L O cn O O

• • • • • • • • •

cn T — i L O 0 0 C O L O v O
co * 3 " C M C M C M C O C M T— i

T — i CO o LO *3 - *3” CO
O CM CO v o CO CO LO cn

• « • • • • • • •

cn 0 0 rH vD o CO CM
T— i tH T— i rH tH T— i

O cn C M © T— i C M C O C O o
v O C M C M t—1 C O cn v O L O

• « • • • • • • •

O O O co v O T— i cn cn co
tH C O v O L O C M L O co

c ^ v O cn ©
r H O O T— i c ^ . r C C M L O C O

C O C M © r H C O r H oo
• • • • • • • • •

* 3 * C M C M T— i r H C M T— i T— i

tH cn o C M O cn c o
L O co c n cn O v O cn co
0 0 co C M L O r H C O

• • • • • • • • •

O o o O T— i O o o o

L O C O * 3 " C O C O O o
C O o T— i T— i cn L O r H
C M C O C O C M t H cn C M T— i O i

• • • • • • • • •

cn v O C M C M C O t — i o L O
T— i r H C O C M C O r H C M C O C M

• • • • • • • • •

c C X I o c t f X c d X CJ • x
© © © T— i T— i CM CM CM CM
CO t o t o CO CO CO CO CO CO

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

T3
0
33•H•P
C
o

cj

to
w
PQ
<H

0 0 1  X
a

qssM S£+8 T 
aqSrsjn i u s d j s j

0 0 1  x qssK S£+8 T 
H{Sx9M a u s o j s ^

a
0 0 1  x qsaw 09

0 0 1  x ----- - -----qssK 09
3.i[§t9M ^ u a D ja j

0 0 1  x a
qssw 0£Z+0ZT 

at{§tQM auao-iaa

oo i  x US3W 0£Z+0ZT 
q.q§T3M m so - i sd

qS9H 0£Z+0ZT 
SXBJ!9Xirp\[ XAB9H 

aU90J9d

qsaw 0 £Z+0 ZT 
SXBJ19UIK XAB9H 
(suiBaS) x^^T9M

qsaw 0£Z+0ZT
( S U I B j g )  a q ? I 9 J l |

UOTX.BX-S
axdui^s

* 3 * t o L O to C n
0 0 L O C M C n C T i

• •  1 ( • • • •
L O r H O r H
C M r H r H r H r H r H

CM to 00 vO r H •
O o O 00 O

vO o CM CM
vO CM to to to

to L O v O cn
0 0 0 0 v O c o

• •  1 i  * • • •
0 0 C O r H 0 0 Cn E ^

C M r H r H C M

O C M C M o to o
L O r H L O o

• •  t 1 • • • •
to to L O Cn
C M L O to C M L O L O

r H r H C M C M r H
0 0 L O L O c n t o O

• • I I • • • •
C M 0 0 C M "3 - ■<3-

r H

0 0 L O O 0 0 o O
0 0 C M cn r H L O

• • 1 I • • • •
vO O ^d" C M o o
r H t o C M r H

to L O O i O o
to o o o o C M vO
o CO ( 1 C M r H O t o

• • • • • •
L O to ^3" to L O

Oi C M O
L O r H o t o

C M vO 1 1 o t o
• • • • • •

o o r H O o o

t o CTi C n c n t o L O
O Cn L O C M o
L O r * ^ o cn cn r H

• • 1 1 • • • •
L O o L O C M 0 0 O O

r H C M r H

t o cci rO cd r O cd p O
to to L O L O vO v£>

t o t o C O t o t o t o

oo
t o

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .

23
.1

55
 

0.
46

7 
2.

01
7 

47
.1

3 
11

.5
6 

38
.3

4 
9.

40
 

14
.5

3 
3.

45



TA
BL

E 
3.

 
C

on
ti

nu
ed

.

I l l

0 0 T x S
iisaft S£+8T 

iqgtSM tuoojis^

0 0 1  x t{S8W S£+ST 
aqSiOM iu od j io j

90 0 1  X .
qsaw 09 

iqSxsM a u a o a o j

0 0 1  X qsaw 09 
aqStOM ^uao-isa

001  x
a

usow 0 2 Z+0 ZI
m§I9M lUSOJlS^

001  x qssW 02Z+0ZI 
iqSiSM a u a o x a j

qsaw 02Z+0ZT 
sxBaauip^ Xabsh 

l u e o a s j

qsaw 02Z+0ZI
SXBASUTJflJ XAB3H 
( S U I B A § j  a t I § T 3 M

qsew 02Z+0ZT 
( s u i b a S )  i q S x s M

uox^Bis
aiduiBg

t O lo © c* ^ 3-
o tH c^. o o LO CN]

• • • • • • •
© CO LO t o 00

1
0 O

© C J o o cn LO t o C J
T—1 o C O © © ©

o LO © LO t o LO
t o t o rH rH CJ t o rH

© tH © LO 00 LO
rH c n CO CJ © © LO

• • • • • • •
o © t o c n © © 1—1
tH rH rH iH tH rH

0 0 c * © *3* Cv © ©
© LO © © ©

• • • • • • •
t o © C O © © t o t o
t o t o t o CJ t o LO

rH <H c* © tH
© t o CJ <53" t o ©

• • • • • • •
© © CJ c © O*
tH rH tH tH

© tH CJ 0 0 C O CJ
tH H" t o CJ © t o

• • • • • • •
© O O LO C O rH ©
t o tH H * t o t o

© © © © © c>.
CJ © CJ <3“ c*
CJ H* © CJ © CJ LO

• • • • • • •
CJ CJ CJ CJ tH CJ CJ

CJ CJ © r>* © rH ©
CJ tH © © © LO ©
LO CJ LO ©

• • • • • • •
© © © © © © ©

© © C J © t o
© 0 0 tH rH c * © ©

© C J LO tH 0 0
• • • • • • *

t o o o LO c * . o LO
C J t o C J t o C J rH

© © tH CJ c t f © ctf
t o H" t o t o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

44
b.



TA
BL

E 
3.

 
C

on
ti

nu
ed

.

112

001 x a
qssw  S2+8T 

q.uaoaacj

0 0 1  x qsaw S2 +8 T
aitSiSM q.uaoxaa

a
0 0 1  X qssM 09 

aq S x s^  auao-ia^

0 0 1  X qsaw 09 
xqSxsjvi x u s o x s j

0 0 1  *
a

023+031 
q.qSx9M x u s o x a j

0 0 1  x tfsaft 023 + 031 
lugxsM a u a o x a j

qsaw 023+031 
SXBXSUX^ XAB3H 

q-uaoxacj

^S3W 023+031 
s iB x a u x ^  Ĉabsh
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S T A T I S T I C S

A s t a t i s t i c a l  s tu d y  o f  t e x t u r a l  and m i n e r a l o g i c a l  

d a t a  from s u r f a c e  e x p o su re s  i s  p r e s e n t e d  h e r e i n .  A n a l y s i s  

was a c c o m p l i sh e d  u s in g  th e  s t a t i s t i c a l  package  program 

(STAT PACK V4) and th e  PDP 10 t im e  s h a r i n g  computer  in  

W estern  M ich igan  U n i v e r s i t y ' s  Computer C e n t e r .  The s t a t  

pack  p rogram  i s  an i n t e g r a t e d  s t a t i s t i c a l  package  w r i t t e n  

f o r  t e r m i n a l  u s e .  Among th e  s t a t i s t i c a l  o p e r a t i o n s  c a l ­

c u l a t e d  and p r e s e n t e d  w i t h i n  t h i s  a pp en d ix  a r e  t h e  f o l ­

lo w in g :  mean, s t a n d a r d  d e v i a t i o n ,  v a r i a n c e ,  m ed ian ,  mode,

r a n g e ,  s t a n d a r d  e r r o r  o f  mean, c o e f f i c i e n t  o f  sk e w n e ss ,  

c o e f f i c i e n t  o f  v a r i a n c e ,  z - s c o r e ,  h i s t o g r a m ,  Chi S q u a re ,

T T e s t ,  and Mann-Whitney U T e s t .  A com ple te  d i s c u s s i o n  

o f  t h e  above s t a t i s t i c a l  t e c h n i q u e s  may be o b t a i n e d  by 

c o n s u l t i n g  F o lk  (19 6 8 ) ,  Krumbein and G r a y b i l l  (1 9 6 5 ) ,  

Sp en ce ,  e t  a l . ,  (1 9 6 8 ) ,  and M endenha l l  (1 9 7 5 ) .

A l l  s u r f a c e  d a t a  p r e s e n t e d  in  th e  t e x t  was examined 

w i t h  Chi S q u a r e ,  T, and Mann-Whitney U T e s t s .  The Chi 

Square  T e s t  t e s t s  p o p u l a t i o n  d i s t r i b u t i o n s  as a whole 

(Krumbein and G r a y b i l l ,  1965) and i s  u sed  h e r e i n  as a t e s t  

o f  n o r m a l i t y  o f  p o p u l a t i o n  d i s t r i b u t i o n .  The T T e s t  e x a ­

mines t h e  s i g n i f i c a n c e  o f  d i f f e r e n c e  be tw een  two means, 

w h i l e  th e  Mann-Whitney U T e s t  s t a t i s t i c a l l y  t e s t s  t h e  

in d ep e n d en c e  o f  d a t a  and i n d i c a t e s  w h e th e r  two in d e p e n d e n t

118
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sam ples  a re  from th e  same p o p u l a t i o n .  The N u l l  H y p o th e s i s  

a s s o c i a t e d  w i t h  each  t e s t  f o l l o w s .

Chi S q u a re :  The d i s t r i b u t i o n  o f  each  p o p u ­
l a t i o n  i s  n o t  n o rm a l .

T T e s t :  The means o f  each  p o p u l a t i o n  a re
e q u a l .

Mann-Whitney U T e s t :  Two i n d e p e n d e n t  sam­
p l e s  a r e  from t h e  same p o p u l a t i o n .

C r i t i c a l  v a lu e s  f o r  th e  Chi Square  and T T e s t s  may be 

o b t a i n e d  by c o n s u l t i n g  Mendenhal l  (19 75) Appendix I I ,

T ab les  4 and 5.  The Mann-Whitney U T e s t  r e j e c t s  th e  N u l l  

H y p o th e s i s  i f  [ z | £ 2 . 5  a t  th e  0.01  l e v e l  o f  s i g n i f i c a n c e ,

1 .96  a t  th e  0 .05  l e v e l  o f  s i g n i f i c a n c e ,  and 1 .6 4  a t  the  

0 . 1 0  l e v e l  o f  s i g n i f i c a n c e .

Using t h e  T T e s t  and Mann-Whitney U T e s t ,  b o th  between 

lobe  and w i t h i n  lo be  a n a l y s i s  were p e r fo rm e d .  Each lobe  

was d i v i d e d  i n t o  e a s t  and w e s t  h a l v e s  and d e s i g n a t e d  as 

f o l l o w s :

LM, Lake M ich igan  lobe

1, E a s t e r n  h a l f

2 ,  Western  h a l f

S, Saginaw lo b e

3 ,  E a s t e r n  h a l f

4 ,  W estern  h a l f

T ab le  5 r e c o r d s  th e  sample s t a t i o n s  a s s o c i a t e d  w i th  

each  h a l f  l o b e  d e s i g n a t i o n .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 5. Sample s t a t i o n s  a s s o c i a t e d  w i t h  each  
h a l f  l o b e  d e s i g n a t i o n .

h a l f  lob e  
d e s i g n a t i o n Sample S t a t i o n

16 ,  17 33,  35 
45, 6643, 44

13 ,  14 
29, 31 
64,  65

10
32

54
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Chi Square  A n a l y s i s  

Sand/mud r a t i o  a n a l y s i s

X2 = 0 .000  w i th  73 d f  and p r o b a b i l i t y  o f  1 .000  

P e r c e n t  heavy m i n e r a l s  i n  120+230 mesh sands  

X2 = 0 .000  w i th  73 d f  and p r o b a b i l i t y  o f  1 .000  

M a g n e t ic  s u s c e p t i b i l i t y

X2 = 6 .472  w i th  48 d f  and p r o b a b i l i t y  o f  1 .000

X -ray  d i f f r a c t i o n

LM+S X2 = 4 .285  w i th  64 d f  and a p r o b a b i l i t y  o f  1 .000

LM X2 = 1 .666  w i t h  21 d f  and a p r o b a b i l i t y  o f  1 .000

S X2 = 1 .826  w i t h  43 d f  and a p r o b a b i l i t y  o f  1 .000

G a r n e t / e p i d o t e + h o r n b l e n d e

LM+S X2 = 10.729 w i th 56 d f and a p r o b a b i l i t y o f

LM X2 = 7 .632 w i t h 36 d f and a p r o b a b i l i t y o f

S X2 = 3 .120 w i t h 18 d f and a p r o b a b i l i t y o f
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TABLE 10 

Sand/mud

T T e s t  f o r  sand/mud 
mesh s a n d s .

r a t i o  d a t a

r a t i o  d a t a and f o r p e r c e n t  heavy m i n e r a l s  in 120+230

S t d . V a r . V a r . C a l c u l a t e d  T V alue
Dev. S i z e Mean V ar . 1 2 3 4 LM S

2.480 21 2.512 1 0 . 0 0 0 —
1. 758 27 2 .0 3 4 2 - 0 .7 8 1 0 . 0 0 0 - - -
4 .042 • 12 3.331 3 0. 72 3 1. 409 0 . 0 0 0 - -

11 .890 14 5.530 4 1 .0 6 7 1. 436 0 .5 6 0  0 .0 0 0 -

2.249 49 2.249 LM - - - 0 . 0 0 0 1 .6 3 4
4.095 25 4.095 S ~ 1.634* 0 . 0 0 0

P e r c e n t heavy  m i n e r a l s  i n 120+230 mesh san d s

S t d . Var . Var .
V a r .

C a l c u l a t e d  T Value
Dev. S i  ze Mean 1 2 3 4 LM S

1.051 21 2 . 818 1 0 . 0 0 0 _ — M
1 .6 0 8 27 2.578 2 -0 .5 9 2 0 . 0 0 0 - - -

1 .657 12 3.172 3 0. 753 1 .056 0 . 0 0 0 - -

1. 382 14 3 .021 4 0 .4 9 3 0. 876 - 0 .2 5 3  0 .00 0 - -

1. 423 49 2.670 LM - - - 0 . 0 0 0 1. 327
1. 503 25 3 .133 S “ “ 1 .327* 0 . 0 0 0

* s i g n i f i c a n t  a t  0 . 1 0 0  l e v e l 127
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TABLE 12.  T T e s t  f o r  g a r n e t / e p i d o t e + h o r n b l e n d e  d a t a .

E ld .
Dev.

Var.
S i z e

Var .
Mean V a r . C a l c u l a t e d T V a lue1 2 4 LM s

0 .059 21 0 .1 7 0 1 0 .0 0 0 — _

0.045 27 0 .161 2 -0 . 562 0 .0 0 0 - - - -

0.072 12 0. 350 3 7.784* 9 .918* 0 .0 0 0 - - -

0.772 14 0. 316 4 6 .356* 8 .101* - 1 .1 5 1 0 .0 0 0 - -

0.051 49 0 .1 6 6 LM - - - - 0 .0 0 0 1 1 .610 '
0 .0 7 3 25 0. 337 S “ “ “ “ 11 .610* 0 .0 0 0

* s i g n i f i c a n t  a t  0 .0 0 5  l e v e l
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