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ABSTRACT

The morphology and genes is  o f  th re e  s o i l  p r o f i l e s  re p re s e n ta ­

t i v e  o f  the  M cBride, Is a b e l la  and N es ter s e r ie s  were in v e s t ig a te d .  

These th re e  s e r ie s  c o n s t i tu te  a  11 thosequence o f  w e ll d ra in e d , b is e -  

qusl p o d zo ls  o f  N o rth  M ich igan  form ed on ca lcareo u s  sandy loam, sandy 

c la y  loam, and c la y  loam t i l l ,  r e s p e c t iv e ly .

S o ils  o f  the above lith o s e q u e n c e  fre q u e n tly  c o n ta in  fra g ip a n s , 

h o riz o n s , which a re  r e v e r s ib ly  in d u ra te d  when dry and f r ia b le  o r f irm  

when w e t.

FTagipans are  formed in  th e  e lu v ia l  zone o f  the  low er sequura. 

They have h ig h  b u lk  d e n s it ie s ,  and low  w ater p e r m e a b il i t ie s .  They 

r e s t r i c t  th e  ro o t growth o f  p la n ts .

C hem ical, p h y s ic a l,  m in e ra lo g ic a l and m ic ro s c o p ica l determ ina^  

t io n s  showed th a t the  necessary c o n d itio n s  fo r  the in d u ra t io n  o f  th e  

f ra g ip a n  were th e  c lo s e  p ack ing  o f  the  sand and coarse s i l t  g ra in s  and 

an 55optimum" c la y  c o n te n t. The c ls y  o f  the  fra g ip a n  c o n s is ts  m ain ly  

o f  non-expanding  m in e ra ls  ( i l l i t e ,  c h lo r i t e ,  k a o l i n i t e ) .  I t  forms 

s o l id  b rid g e s  h o ld in g  to g e th e r  the  sand g ra in s . Free a lu m ina  may also  

have a cem enting r o le ,  as i t  shows a  sm all in c re a s e  in  the  fra g ip a n .

The im p o rta n t p ro p e r t ie s  o f  th e  fra g ip a n  have been developed  

g e n e t ic a l ly .  The c lo s e  pack ing  o f  th e  g ra in s , the lo s s  o f  the  non­

expanding c l^ r  and th e  rearrangem ent o f  th e  m a tr ix  substances r e s u lt  

in  a  s ig n i f ic a n t  re d u c tio n  o f  th e  volume o f  th e  fra g ip a n  and in  th e  

fo rm a tio n  o f  v e r t ic a l  c racks  in  th is  p a r t  o f  th e  p r o f i l e .

R e s u lts  o f  X -ra y , H T .A . ,  s p e c if ic  su rfa ce  and t o t a l  K a n a ly -  

ses showed th a t  i l l i t e  and i n t e r s t r a t i f i e d  c la y s  are being d r a s t ic a l ly
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w eathered  n ear th e  s u rfa c e  o f  th e  s o i l .  D is c re te  m in e ra ls  o f  mont- 

m o r i l lo n i t e  and v e r m ic u l ite  a re  be in g  form ed th e re .

The p rim ary  m in e ra ls  which showed s ig n if ic a n t  w ea th erin g  ares  

c a lc i t e ,  h o rn b len d e, o l iv in e  and e p id o te .

The w ea th erin g  o f  both the c la y  and p rim ary  m in e ra ls  decreases  

w ith  in c re a s in g  depth from th e  s u rfa c e .

F ilm s o f  a n is o tro p ic  (w e ll  o r ie n te d )  c la y  have been seen in  

th e  th in  s e c tio n s  o f  a l l  th e  h o rizo n s  o f  the  low er sequa except the C 

h o r iz o n . The number and the  th ic kn es s  o f  the  f i lm s ,  however, in c re a s e  

w ith  depth and reach a maximum in  the Bt h o r iz o n .

The P odzol sequa a re  c h a ra c te r iz e d  by a h ig h  s ta te  o f  p h y s ic a l,  

b io lo g ic a l ,  and chem ical a c t iv i t y ,  w h ile  th e  Gray-Brown P o d zo lic  sequa 

a re  c h a ra c te r iz e d  by h ig h  p h y s ic a l a c t iv i t y .  The chem ical and b io lo ­

g ic a l  a c t i v i t i e s  in  th e  l a t t e r  sequa seem to be low er than in  the  

podzo l sequa.
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INTRODUCTION

Things can be c la s s i f ie d  accord ing  to  t h e i r  p ro p e r t ie s  e i t h e r  

e m p ir ic a l ly  on the b a s is  o f  o b s e rv a tio n s  and e xp e rien ce , o r s c ie n t i f ­

i c a l l y  on the  b as is  o f  law s which e x p la in  and p r e d ic t  when, where, 

how and why these p ro p e r t ie s  d eve lop .

S o il c la s s i f ic a t io n  has as i t s  aim the developm ent o f  schemes, 

which w i l l  enab le  us to  e s tim a te  th e  s u i t a b i l i t y  and p o te n t ia l  o f  each 

s o i l  fo r  s p e c if ic  purposes, such as A g r ic u ltu re ,  F o re s try , E n g in eerin g  

e tc . T h is  s u i t a b i l i t y  o r  p o t e n t ia l ,  however, depends on th e  p ro p er­

t ie s  o f  th e  s o i l .

S o il  g e n e s is  t r i e s  to  develop and fo rm u la te  law s, which w i l l  

en ab le  us to e s tim a te  o r  p r e d ic t  th e  p ro p e r t ie s  o f  each s o i l ,  when 

th e  m agnitude o f  each o f  the s o i l  form ing fa c to rs , as proposed by 

Jenny (3 1 ) is  known.

Each s o i l  g en es is  problem , th e re fo re ,  i s  designed to answer 

s p e c if ic  q u estio n s  and c o n tr ib u te  to the  fo rm u la tio n  o f  the laws o f  

s o i l  c la s s i f ic a t io n .

The p re s e n t in v e s t ig a t io n  has as i t s  purpose to study the  

p ro p e r t ie s  and genesis  o f  the  s o i ls  o f  N orth ern  M ich igan  having  

fra g ip a n s  in  r e la t io n  to the  e x is t in g  m agnitudes o f  the s o i l  fo rm ing  

fa c to rs  in  t h is  a rea .

Frag ipans  are  s o i l  h o riz o n s , which a re  r e v e r s ib ly  in d u ra te d  

when th e y  a re  dry and s l ig h t ly  co h es ive  o r  f irm  but f r a g i le  when they  

a re  m o is t. They decrease the w ater p e rm e a b ility  o f  the s o i l  end cause 

s e rio u s  d e form ations  in  th e  ro o t system o f  tne p la n ts . When exposed 

by s o i l  e ro s io n  they  a re  d i f f i c u l t  to plow . When s tro n g ly  developed
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th ey  seem to  reduce the  p h y s io lo g ic a l depth o f  th e  s o i l .

I t  i s  im p o rta n t to pedology, a g r ic u ltu r e  and fo r e s tr y  to know 

how these  s o i ls  a re  form ed, what causes the in d u ra t io n  o f  the fra g ip e n e  

and how th e y  co u ld  be d estro yed  in  o rd e r to  develop b e t te r  p h y s ic a l 

c o n d it io n s  f o r  th e  grow th o f  p la n ts .

To answer these  q u e stio n s , th e  changes which have o ccu rred  in  

the p r o f i l e s ,  s in ce  zero tim e o f  s o i l  fo rm a tio n , have been e v a lu a te d  

by d e ta i le d  f i e l d ,  ch em ica l, p h y s ic a l,  ra in e ra lo g ic a l and m ic ro s c o p ic a l 

s tu d i es.



REVIEW OF LITERATURE

A. G eneral v iew s on Podzols

A g re a t number o f  works on p o d zo ls  have been p u b lis h e d , s in ce  

S prengel (1 8 3 7 ) d escrib ed  what we know now as podzol s o i ls .

J o f fe ,  in  h is  Pedology, a f t e r  re v ie w in g  th e  c la s s ic a l  works 

and hypotheses co n cern in g  th e  g en es is , th e  morphology and th e  chem ical 

p r o p e r t ie s  o f  the  p o dzo ls  o f  the  w orld , and c i t in g  two ty p ic a l  podzol 

p r o f i l e s  on th e  c o a s ta l p la in  o f  New Jersey , makes th e  fo llo w in g  gen­

e r a l  s ta te m e n t;

" In  g e n e ra l, the process o f  p o d z o liz a t io n  re s u lts  in  th e  

d e p le t io n  o f th e  a lk a l i  and a lk a l in e  e a r th  bases from th e  A  ̂ and more 

so from  th e  h o r iz o n . The reason fo r  th e  d if fe r e n c e  i s  due to the  

h ig h e r o rg a n ic  m a tte r  c o n te n t o f  th e  h o rizo n  and hence a h ig h e r  

c a t io n  a d s o rp tio n  c a p a c ity . On p a re n t m a te r ia l  r ic h  in  bases, the  

r e tu r n  o f  these through the  v e g e ta tio n  c o n tr ib u te s  to  th e  d i f f e r e n ­

t i a l  d is t r ib u t io n  o f  th e  bases in  the  p r o f i l e .  The type o f  v eg e ta ­

t io n ,  w hether r ic h  o r  poor in  bases, may a lso  be a fa c to r .

“ W ith the  d e p le t io n  o f  bases, th e  sesqu iox ides  and th e  c la y  

p a r t ic le s  e n te r  in to  c i r c u la t io n ,  move downwards and accum ulate in  

th e  p r o f i l e  to  form th e  B h o rizo n  and g iv e  i t s  c h a r a c te r is t ic s .  The 

a b s o rp t iv e  power o f  th e  c la y  causes the r e te n t io n  o f  some a lk a l in e  

e a rth  bases which in  tu rn  enhance the p r e c ip i ta t io n  o f  the  s esq u i- 

o x id e s ."

¥ a rb u t (4 0 ) in c lu d e d  th e  p o d zo ls  in  h is  P e d a lfe rs . According  

to him, a ty p ic a l  podzol p r o f i l e  c o n s is ts  o f  a r e la t i v e l y  th ic k  la y e r  

o f  o n ly  p a r t i a l l y  decomposed o rg a n ic  d e b r is , u n d e r la in  by a gray
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la y e r  o f  m in e ra l s o i l .  T h is  la y e r  ranges in  th ic k n e s s  from a mere 

f i lm  up to more than one fo o t . The g ray  la y e r  is  u n d e r la id  by the  

o r t s t e in  o r  o r te rd e , which is  h e a v ie r  in  te x tu re  than  th e  gray la y e r  

and i t  i s  brown, dark brown o r c o ffe e  brown in  c o lo r . The c o lo r  is  

s tro n g e r  a t  th e  top o f  th is  la y e r  and i t s  te x tu re  i s  a ls o  f in e r .  

Sometimes i t  i s  cemented in to  a hardpan which is  h a rd es t n ear the  

to p . The o r t s t e in  is  u n d e r la id  by the p a ren t m a te r ia l ,  but th e re  is  

a g ra d a t io n  from  one in to  th e  o th e r . C hem ica lly  th e  gray (A) h o rizo n  

has a r e la t i v e ly  low amount o f  i r o n  and a lum ina and o f te n  o f  a lk a l ie s  

and a lk a l in e  e a r th s , and a h ig h  p ercen tage  o f  s i l i c a -  The o r t s t e in  

(B ) h o riz o n  c o n ta in s  a r e la t iv e ly  h igh  p ercen tag e  o f  a lum ina, iro n  

o x id e  and o rg a n ic  m a tte r , and a low er p ercen tag e  o f  s i l i c a .  The A 

h o riz o n  is  low er in  i r o n ,  a lum ina, a lk a l ie s  and a lk a l in e  e a rth s  than  

th e  p a re n t m a te r ia l  and h ig h e r in  s i l i c a .

M arbut p o in te d  o u t th a t  p re v io u s  in v e s t ig a t io n s  in d ic a te d  

th a t ir o n  and alum ina were c a r r ie d  down from th e  A h o rizo n  in  c o l lo i ­

d a l form  along w ith  c o l lo id a l  o rg a n ic  m a tte r  and d ep o s ited  in  the  B 

h o riz o n . The p r e c ip i t a t io n  o f  the c o llo id s  in  the B h o rizo n  r e s u lte d  

m ain ly  from  c o l lo id a l  re a c tio n s  c o n tro lle d  by the com position  o f the  

s o lu t io n  and th e  c o n c e n tra tio n  o f  the  c o l lo id a l  suspension. Some o f  

the  ir o n  is  removed e n t i r e ly  from the s o i l  through d ra in  w a te r.

S o ils  which have developed under th e  in f lu e n c e  o f  a r e la t iv e ly  

weak podzo Li z a tio n  a re , acco rd in g  to M arbut, p o d z o iic  s o i ls  but not 

tru e  p o d zo ls . These s o i ls  have c o ars e r te x tu re d  A h o rizo n s  and f in e r  

te x tu re d  B h o rizo n s  which d i f f e r  from  the  o r ts te in  o f  the tru e  podzols  

in  h av in g  no h ig h e r o rg a n ic  m a tte r  than the A h o rizo n  and not being
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in d u ra te d  as a  r u le .

B. Podzols o f  M ich igan

McCool, Veatch and Spurway (4 5 ) have g iv e n  the  fo llo w in g  gen­

e r a l  d e s c r ip t io n  o f  a p o d zo li z o liz e d  s o i l  from the  n o rth e rn  p a r t  o f  

M ich ig an :

1. T h in  humus s o i l .

2 . Gray p o d z o li zed h o riz o n  (3 -2 4  in c h ) .

3 . Brown h o riz o n  (d a rk  c o ffe e  "brown to l ig h t  le a th e r  c o lo r  

and d u ll  y e l lo w ) :  th ic kn es s  4 in .  to 4 fe e t ;  h o rizo n  o f

a c id  c o n c e n tra tio n .

4 .  H orizon  showing ir o n  o x id e  c o lo ra t io n ;  h ig h e s t c la y  con­

te n t :  g ra d a tio n  to substratum .

5 . Substratum .

Veatch (5 9 )  sep a ra te d  th e  Podzol re g io n  o f  M ichigan s o i ls  from  

th e  Gray-Brown P o d z o lic  re g io n  by a l i n e  which fo llo w s  the  approxim ate  

southern  l i m i t  o f  th e  n a t iv e  w h ite  p in e  and beech v e g e ta tio n . He also  

e s ta b lis h e d  a t r a n s i t io n a l  zone between th e  Podzol re g io n  o f  the  

n o rth e rn  p a r t  o f  M ich igan  and th e  Gray-Brown P o d zo iic  re g io n  o f  the  

so u th ern  p a r t  o f  the  s ta te .

Veatch and M i l i a r  (6 0 ) recognized  in  M icnigan the  so c a l le d  

b iseq u a  p r o f i l e s ,  which c o n s is t o f  more than one zone o f  e lu v ia t io n  

and more than one zone o f  i l l u v i a t i o n .

G ardner and W h ite s id e  (2 1 ) s tu d ie d  b isequa p r o f i le s  o f  the  

P o d zo l-G ray  Brown P o d zo iic  t r a n s it io n  a re a . T h e ir  s tu d ie s  showed th a t  

th e s e  p r o f i l e s  c o n s is t o f  a Podzol upper seouum u n d e r la in  by the  A2



6

and Bg o r  sequum, o f  a Or ay- Bro wn P o d zo iic  p r o f i l e .  In  the  s an d ie r  

s o i ls  the  Podzol sequum is  much more s tro n g ly  developed than the  

Gray-Brown P o d zo iic  sequum, w h ile  in  th e  f in e r  s o ils  th e  re verse  is  

t r u e .  The au th o rs  concluded th a t a l l  h o rizo n s  are  g e n e tic  and are  

th e  r e s u l t  o f  e i t h e r  s im ultaneous development o r  o f  the  development 

o f  a younger Podzol p r o f i l e  in  the  Ag h o rizo n  o f  an o ld e r  Gray-Brown  

P o d zo iic  s o i l .

Cann and W h ite s id e  (1 2 ) in v e s t ig a te d  the  genesis  o f  a Podzol 

Gray-Brown P o d z o iic  in te rg ra d e  s o i l  p r o f i l e .  They found th a t  lo s s  in  

w eight and ga in  in  volume takes  p la c e  la r g e ly  in  th e  Podzol sequum o f  

th e  p r o f i l e  and a marked in c re a s e  o f  o rg an ic  m a te r ia l  in  th e  Podzol B 

and a s l ig h t  in c re a s e  o f  o rg an ic  m a tte r and c o n s id e ra b le  c la y  in  the  

Gray Brown P o d zo iic  B. Both h o rizo n s , th e re fo re ,  a re  i l l u v i a l  but the  

p r in c ip a l  c o n s t itu e n t accum ulated is  o rg an ic  m a tte r  in  the Podzol B 

and s i l i c a t e  c la v in  th e  Gray-Brown P o d zo iic  B. The au thors  concluded  

th a t the  development o f  the  bisequum is  a r e s u lt  o f  sim ultaneous p ro ­

cesses in v o lv in g  the  movement o f  d i f fe r e n t  c o n s titu e n ts  and th e ir  de­

p o s it io n  in  d i f f e r e n t  p a r ts  o f the  solum.

Veatch (6 1 ), in  h is  book " S o ils  and Land o f  M ich ig an ", g ives  

th e  fo llo w in g  d e s c r ip t io n  o f  the most com plete p r o f i l e  in  M ichigan  

p o s s ib le  under th e  n a tu r a l  environm ents

" 1 . S u rface  h o riz o n  o f  o rg a n ic  accum ulation  in c lu d in g  the  

m a te r ia l  commonly d esignated  humus.

2 . Maximum e lu v ia t io n s  u s u a lly  l i g h t  g ra y is h , o r b leached , 

in c o h e re n t o r  f r i a b le .

3 . H orizon  o f  secondary i l l u v i a t i o n ;  commonly brown o r  

y e llo w ; c o l lo id a l  m a tte r  m ostly  o rg a n ic  and ir o n  o x id es ;
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h ig h e r  aluminum s i l i c a t e  co n ten t than in  No. 2 hut le s s  

than  in  No. 5 .

4 .  low er l i x i v ia t e d  o r  b lanched h o rizo n ; y e llo w is h  becoming 

a l ig h t e r  shade w ith  depth and in  extrem e developm ent, 

g l e i - l i k e ,  g ray  m o tt le d , o r c o n ta in in g  c o n c re tio n s  and 

p a r t i a l  cem en ta tio n  by iro n  o x id e s .

5 . A i f e r r ic  h o riz o n ; maximum content o f  c la y  and maximum 

c o lo r in g  from  f e r r ic  o x id es .

6 . T r a n s it io n a l h o riz o n  o f w eatn erin g  between solum and 

u n a lte re d  p a re n t m a te r ia l ,  s l ig h t  accum ulation  o f  c a r ­

bonates.

7 . Unweathered p a re n t m a te r ia l ."

Veatch s ta te s , however, th a t n o t a l l  the  p r o f i l e s  in  M ichigan  

fo l lo w  th e  above p a t te r n .  He d escrib es  v a r ia t io n s  o f  Podzols as the  

Gray Podzol which is  th e  "norm al" Podzol s o i l ,  th e  Brown Podzol which 

develops an o r te rd e  brown h o rizo n  but i t s  e lu v ia l  g ray s u rface  h o rizo n  

is  v e ry  weak o r absent, and the Gray Podzol c la y s  (d eveloped  on c la y  

m a te r ia ls )  in  which o r te rd e  h o rizo n  is  very  weak o r  absent.

M a te is k i and Turk  (4 3 ) s tu d ie d  th e  heavy m in e ra ls  o f  some 

M ich igan  Podzol p r o f i l e s .  They concluded th a t the  brown B h o riz o n  o f  

some Podzol p r o f i l e s  is  th e  r e s u l t  o f  the  decom position o f  a r e la t i v e ­

l y  h ig h  o r ig in a l  c o n te n t o f opaque and ferrom agnesian  m in e ra ls . The 

le a s t  r e s is ta n t  m in e ra l was found to be the dark green hornb lende.

The au th o rs  co n s id ered  o rg a n ic  m a tte r  as an e f f e c t iv e  w eath erin g  agent 

in  th e  B h o r iz o n s .

B a ile y , W h ites id e  and E rickso n  (2 )  s tu d ie d  the  r o le  o f  g la c ia l  

m a te r ia ls  as a fa c to r  in  the morphology and genesis  o f  23 s o il  s e r ie s



o f  M ich ig an . They found th a t the so la  in c re a s e  in  th ic kn es s  except 

when th e  p a re n t ro ck  co n ta in ed  more than 12% a c id  s o lu b le  m a te r ia ls .  

The p e rce n ta g e  o f  in c re a s e  in  c la y  co n ten ts  r e la t i v e  to  th a t in  th e  

p a re n t rocks is  sm all except in  the very  sandy m a te r ia ls ,  where most 

o f  the  c la y  m ight be pedogenetic  in  o r ig in .

McKenzie (4 6 ) s tu d ie d  the  redox p o te n t ia ls  in  th e  d i f f e r e n t  

h o rizo n s  o f  th e  Kalkaska-Saugatuck-Roscommon s o i l  ca ten a  in  M ich igan . 

He found th a t  in  th e  w e ll  d ra in ed  K a lkaska , th e  A h o rizo n  had the  

low est o x id a t io n  p o t e n t ia l  o f  a l l  the  h o rizo n s , w h ile  the  B ir  and C 

h o rizo n s  had th e  h ig h e s t o x id a t io n  p o te n t ia l  in  the  p r o f i l e .  He a lso  

i s o la t e d  from  th e  B ir  m icroorganism s a b le  to o x id iz e  fe rro u s  ir o n .

C. S o ils  w ith  fra g ip a n  h o rizo n s

C a r l is le  (1 4 ) has summarized in  h is  Ph.D. th e s is  s ev e ra l pub­

l ic a t io n s  re g a rd in g  r e v e r s ib ly  in d u ra te d  s o i l  h o rizo n s . These in v e s ­

t ig a t io n s  need no t be rem entioned in  th e  p re se n t l i t e r a t u r e  re v ie w . 

C a r l is le  s tu d ie d  the M ardin and V o lu s ia  s o i l  s e r ie s  o f  New York.

M ardin is  a m o d erate ly  w e ll  d ra in ed  s e r ie s  c la s s i f ie d  as P odzo l. Vo­

lu s ia  i s  a  p o o rly  d ra in ed  Low-Humic G-ley s o i l  s e r ie s . Both s e r ie s  

belong to th e  Bat h - M ar di n - Pr e emo nd- Vo lu  s i a- Chippewa s o i l  c a ten a , and 

they have been developed on s i l t y  g la c ia l  t i l l .  The upper solum o f  

M ardin  shows a ty p ic a l  podzol sequum to a depth o f  15 in c h e s . Under­

ly in g  the  podzol B h o riz o n  is  a l ig h t e r  c o lo red  and co arser te x tu re d  

h o rizo n  3 -6  inches  th ic k ,  which C a r l is le  names an A^p h o rizo n . The 

c o lo r  o f  t h is  h o rizo n  is  r ig h t  y e llo w is h  brown (2 .5 Y 6/ 4 -  5 Y w i t h  

y e llo w is h  brown m o tt le s . I t  has a coarse  s i l t  loam or v e ry  f in e  Sandy 

loam te x tu r e  and a w eakly to m oderate ly  developed f in e  and medium
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p la t y  s t r u c tu r e ,  and sometimes a very  weak: medium b locky s tru c tu re .

The Af  % h o rizo n  i s  f r i a b l e  to s l ig h t ly  f irm  and b r i t t l e  when dry .

The pH ranges from  5 .0  to 5 .5 .  C a r l is le  assumes th a t  th is  h o r iz o n  is  

a g e n e tic  one, because o f  i t s  co n stan t th ic kn es s  and co n stan t depth  

from  the  s u rfa c e  o f  th e  s o i l  w ith in  a g iv e n  k in d  o f  p r o f i l e .  He also  

bases h is  assumption on the fa c t  th a t th is  h o rizo n  is  always lo c a te d  

i n  th e  sane p o s it io n  r e la t i v e  to  o th e r h o rizo n s  o f  the p r o f i l e .

Below th e  k !  ^  i®  the fra g ip a n  o r h o r iz o n , which is  about 

th re e  fe e t  th ic k ,  very  f ir m , dense and s lo w ly  perm eable to w a te r.

Th is  h o riz o n  is  compacted and has an o l iv e  brown c o lo r .  I t  is  very  

f irm  when m o is t and h ard  to extrem ely hard  when d ry . The pan is  

d iv id e d  in to  very  la rg e  prism s across) by v e r t ic a l  gray s tre ak s

1 /4  -  1 1 /2  inches wide and 5 0 -60  inches long . On a h o r iz o n ta l  p lan e  

th e  s tre a k s  form a p o ly g o n a l p a t te r n .  These s tre a k s  a re  f i l l e d  w ith  

gray s i l t  loam.

The im p e r fe c t ly  and p o o rly  dra ineo  V o lu s ia  s o i ls  have an A  ̂

h o rizo n  3 -4  Inches  th ic k  u n d e r la in  by A/ ^  and B /  h o rizo n s  s im ila r  to 

those in  Wardin but more s tro n g ly  g leyed .

C a r l is le  advances the  h y p o th es is  th a t the  above s o i ls  were 

formed from  a compact, s lo w ly  perm eable and ca lcareo u s  ground m oraine.

Ey means o f  p h y s ic a l w ea th e rin g , an in c re a s e  o f  the  w ate r p e rm e a b il ity  

r e s u lte d  in  th e  development o f  an e lu v ia l  k * 2  h o r iz o n  through l a t e r a l  

w ater movement, and in  the  d e p o s it io n  o f  s i l t y  m a te r ia ls  in  th e  cracks  

formed d u rin g  dry w ea th er. Continued d e p o s itio n  re s u lte d  in  tne  h igh  

b u lk  d e n s ity  and low p e rm e a b il ity  o f th e  pan. Tne c h a ra c te r  o f  the  

p r o f i l e  above the  pan is  a r e s u lt  o f th e  w ater c o n d itio n s  produced by 

tn e  in te r a c t io n  o f  the pan and topography. D egradation  o f  the  pan
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in  M ardin s o i ls  is  due to a c c e le ra te d  lo ss  o f  c la y  from p a r ts  o f  the  

pan exposed to a c id  s o lu t io n  moving downwards from th e  Podzol h o r i ­

zons .

C a r l is le ,  Knox and Grossman ( IS )  described  fra g ip a n s  1? isa, 

b r i t t l e  s u b so il h o rizo n s  th a t  appear to  be in d u ra te d  when dry but not 

in d u ra te d  when m o is t. They co n s id e r them as g e n e tic  h o rizo n s  found 

below an A=B h o rizo n  sequences (seoua) c h a r a c te r is t ic  o f  F o a zo ls ,

Brown P o d zo iic  s o i ls  o r  A cid  Brown E a rth s , and as components o f  Low- 

Flumic G ley s o i ls .  They a re  found in  m a te r ia ls  o f  v a rio u s  te x tu re s  

but t h e i r  c h a r a c te r is t ic s  v e ry  w ith  t h e i r  te x tu re . The au thors  s ta te  

th a t  f in e  sandy loam o r  s i l t  loam fra g ip a n s  a re  th ic k e r ,  f irm e r  and 

h ard er when dry than th e  co arser te x tu re d  pans. Loamy sand and sandy 

loam fra g ip a n s  have a weak, th ic k  p la ty  o r weak, subanguler b locky  

s tru c tu re  te n d in g  toward a m assive c o n d it io n . P ine sanaj'- loam and 

s i l t  loam fra g ip a n s  have a very  coarse  p r is m a tic  s tru c tu re  o u tlin e d  

by v e r t ic a l  p lan es  o f  g ra y is h  s i l t y  m a te r ia l ,  th a t form p o lyg o n al 

p a t te r n  on a h o r iz o n ta l  p la n e . C lay loam and s i l t y  c la y  loam f r a g i ­

pans are  s im i la r  to  th e  ones o f  in te rm e d ia te  te x tu re .

Brewer ( 8 ) ,  in  h is  Report o f  Overseas v i s i t ,  d escrib es  Non- 

calcic Brown s o i ls  in  C a l i f o r n ia  in  th e  U n ited  S ta tes  and in  the v i ­

c in i t y  o f  M adrid , Spain . These s o ils  have a w e ll developed Ag h o rizo n  

which is  s tru c tu re le s s , very  h ard  and b r i t t l e  when dry and f r ia b le  

when m o is t. The au th o r s ta te s  th a t  the  hardness o f t h is  h o rizo n  is  

a ss o c ia te d  w ith  the d is t r ib u t io n  o f  p a r t ic le s  o f  s i l t  and very  f in e  

sand which form w h ite , bleached c o atin g s  on the  c o ars e r g ra in s . These 

c o a tin g s  a re  seen through a (.■ DX) hand le n s . Brewer p o in ts  out th a t  

the N o n -c a ll c Brown s o i ls  o f C a l i f o r n ia  and Spain are  morpho lo g i c a l ly
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s im i la r  to s tro n g ly  d i f f e r e n t ia t e d  s o i ls  formed on g ra n ite s ,  grano- 

d io r i t e s  and rocks o f  s im ila r  com position , in  th e  Southern Tab le lan d s  

o f New South W ales, A u s t r a l ia .

W in te rs  and Simonson (6 7 ) d escrib e  the  fra g ip a n  as a h o rizo n  

i n  th e  p r o f i l e  th a t  i s  s lo w ly  perm eable, compact o r dense, hard  when 

dry and m o d erate ly  f r i a b l e  to  f r i a b le  when m o is t. S i l t  loam i s  c i t e d  

as th e  predom inant te x tu r a l  c la s s . They a iso  s ta te  th a t  very  f in e  

sandy loam , s i l t y  c la y  loam and c la y  loam are  common te x tu re s  o f  

fra g ip a n s . Change o f  co n s is te n c e  w ith  change in  m o istu re  co n ten t is  

a s t r ik in g  fe a tu re  o f  fra g ip a n s . They suggest th a t the s la k in g  o f  

lumps from fra g ip a n s , when p la c e d  in  w ater a f te r  a i r  d ry in g , is  an 

evidence th a t  th e  la y e rs  are  not cemented by s i l i c a ,  even though they  

occur in  reg io ns where re le a s e  o f  la rg e  amounts o f  c o l lo id a l  s i l i c a  

can be expected . I f  th e  cem enting agent were the  s i l i c a  g e l,d r y in g  

would d es tro y  i t s  cem enting power. The s i l i c a  g e l would no t re g a in  

i t s  cem enting p r o p e r t ie s  u n le ss  i t  were d is s o lv e d  and r e p r e c ip ita te d ,  

which would not occur as the s o i l  was re w e tte d .

Knox (3 6 ) s tu d ie d  four fra g ip a n  h o rizo n s  from Orange County,

M. Y . M ic ro s c o p ic a l exam ination  showed th a t sand g ra in s  a re  p a r t i a l l y  

c o a ted  and bonded to g e th e r  w ith  y e llo w is h  brown b rid g e s  o f  f in e  mâ - 

t e r i a l .  These b rid g e s  c o n s is t o f  c r y s ta ls  o f  f in e  s i l t  and coarse  

c la y  h e ld  to g e th e r by a f in e r  c r y s t a l l in e  m a tr ix . O p tic a l and X -ra y  

d i f f r a c t io n  exam inations re v e a le d  th a t the  f in e -g r a in e d  m a te r ia l which 

h o ld s  the  sand and s i l t  p a r t ic le s  to g e th e r was i l l i t e .  S t a b i l i t y  and 

s y n th e s is  experim ents designed to study the ro le  o f  p o s s ib le  bonding  

m a te r ia ls  as hydrous i r o n  and aluminum o x id es , c o l lo id a l  s i l i c a ,  and 

c la y  showed th a t i l l i t e  was re s p o n s ib le  fo r  a m ajor p a r t  o f  the
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s tre n g th  o f  t y p ic a l  fra g ip a n s , and th a t  both i l l i t e  and c o l lo id a l  

s i l i c a  a re  in v o lv e d  in  th e  s tre n g th  o f  an extrem e pan. Knox assumes 

th a t  th e  e ffe c t iv e n e s s  o f  i l l i t e  as b in d in g  m a te r ia l  in  th e  fra g ip a n  

i s  due to  h ig h  b u lk  d e n s ity , la c k  o f  e f f e c t iv e  s tru c tu re ,  and s p e c ia l  

d is t r ib u t io n  o f  c la y .

Grossman and M. G. C lin e  (2 3 ) s tu d ie d  tw e n ty -fo u r  fra g ip a n  

h o riso n s  o f  New York S ta te . The te x tu re  o f  these h o rizo n s  f e l l  in to  

two groups: ( l )  sandy loams and coarse loams, and (2 )  medium to f in e  

s i l t  loam s. The au thors  t r i e d  to determ ine the  re la t io n s h ip s  between 

r i g i d i t y  ©nd p a r t ic le  s iz e  d is t r ib u t io n .  Fragments o f  fra g ip a n  were 

shaped by hand in to  rough c y lin d e rs  ap p ro xim ate ly  40 mm. long  and 25 

mm. in  d ia m e te r . These c y lin d e rs  were d rie d  fo r  48 hours a t a tem­

p e ra tu re  o f  420 c. A f t e r  dry ing , th e  c y lin d e rs  were encased from both  

ends in  p la s te r  o f  p a r is  end they were crushed by slow a p p lic a t io n  o f  

an a x ia l  s tre s s - The maximum s tre s s  w ithstood  p e r u n i t  o f  c ro s s -s e c -  

t io n a i  a rea  was found to be h ig h ly  c o r re la te d  w ith  p er cent o f t o t a l  

c la y .  The d a ta  d id  no t j u s t i f y  any s p e c ia l r o le  o f  th e  u l t r a - f i n e  

c la y  as a bonding ag en t. Grossman and C lin e  concluded th a t c la y  was 

th e  p r in c ip le  bonding ag en t, th a t  very  f in e  sand and s i l t  mav be 

e q u a lly  e f f e c t iv e  as a  m a tr ix  w ith in  which such c la y  bonds o ccu r, and 

th a t  c la y  can a lso  be re s p o n s ib le  fo r  weakness o f th e  pan due to the  

development o f  s t r u c tu r e ,  depending upon i t s  amount and d is t r ib u t io n .

Anderson and W hite  (1 )  s tu d ie d  th re e  h ig h ly  w eathered s o i ls  o f  

southern  Ind iana, h av in g  fra g ip a n  h o riz o n s . These h o rizo n s  a re  found 

im m ed ia te ly  below th e  main p a r t  o f  the B h o ri zon o r the zone o f  m axi­

mum c la y  accu m u la tio n . In  a d d it io n  to th e  fra g ip a n  p r o f i l e s ,  a fo u r th  

p r o f i l e  which d id  not have a fra g ip a n , but was formed from s im ila r
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p a re n t m a te r ia l ,  was s tu d ie d  fo r  com parison. R esu lts  showed a h ig h e r  

pH v a lu e  fo r  the p r o f i l e  which d id  not have a fra g ip a n . The authors  

reached th re e  co n c lu s io n s  re g ard in g  th e  fra g ip an s  o f  the m oderately  

w e ll d ra in e d  Hosmer s i l t  loam s o i l :  (a )  The c la y  o f  these h o rizo n s  is

lo w er in  m o n tm o r illo n ite  compared to a s im ila r  s o i l  p r o f i l e  w ith o u t a 

f ra g ip a n . (b )  Only a sm all amount o f  the  m o n tr ro r r il lo n ite  o f  these  

h o rizo n s  i s  capable  o f  expansion under normal c o n d itio n s . (c ) They 

c o n s is t o f  s o i l  p a r t ic le s  which a re  weakly cementea by ir o n  o x id e s .

Grossman et a l (^’4 ) found in  the Hosmer s e r ie s  o f  I l l i n o i s  

th a t  fra g ip a n  and b is e q u a i n a tu re  in c re a se  w ith  decreasin g  loess  th ic k ” 

ness and w ith  la t i t u d e  from n o rth  to south. The h o rizo n  they name as 

fra g ip a n  Is  lo c a te d  below the (B^g) h o rizo n  o f  maximum c la y  i l l u v i a -  

t io n  and i t  has an in te rm e d ia te  m ic ro s tru c tu re  between the r ic h  in  

c la y  f i lm s  m icro s tru e  tu re  o f  and the u n a lte re d  m icro s tru c tu re  o f  

th e  C i h o r iz o n .

F i t z p a t r ic k  (1 9 ) suggests th a t in d u ra te d  la y e rs  o f  c e r ta in  

S c o tt is h  and Norwegian s o ils  have been formed by p e rm a fro s t. He l i s t s  

s e v e ra l m acroscopic c h a r a c te r is t ic s  o f these h o rizo n s  as occurrence, 

topography, d ra in ag e , s t r u c tu r e ,  th ic k n e s s , depth, com paction and in ­

d u ra tio n , which a re  v e ry  s im ila r  to th e  c h a r a c te r is t ic s  o f  the f r a g i -  

pans d escrib ed  by American au thors  ana found in  s o ils  o f  M ichigan  

d u rin g  t h is  in v e s t ig a t io n .

F i t z p a t r ic k  suggests th a t s t r u c tu r a l  fe a tu re s  o f the in d u r ­

a ted  la y e r  were produced under p e r ig la c ia l  c o n d itio n s  e x is t in g  in  

p re v io u s  tim es, and through the fo llo w in g  mechanism:

"A t f i r s t  summer thawing would ta k e  p la c e  to a c o n s id e ra b le  

o epth . Succeeding tu n d ra  c o n d itio n s  w ith  the accompanying v e g e ta tio n
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and l i t t e r  would p ro v id e  in s u la t io n  which would cause a steadj' reduc­

t io n  o f  th e  depth o f  thaw ing . The re d u c tio n  in  depth o f  thaw ing would 

ta k e  p la c e  s lo w ly , a llo w in g  th e  g rad u a l hut steady r is e  in  th e  perma­

f r o s t  ta b le .  T h is  g ra d u a l upward movement o f  the p e rm afro s t ta b le  

would produce a marked development o f  a lt e r n a t in g  lam inae o f  c le a r  

ic e  and th e  s o i l  which would account fo r  the w e ll developed lam in a r  

s tru c tu re  o f  th e  in d u ra te d  la y e r ,  e s p e c ia lly  a t i t s  upper s u rfa c e .

The presence o f  con tinuous v e g e ta t iv e  co ver would tend to cause the  

depth o f  thawing to be f a i r l y  u n ifo rm  in  any l o c a l i t y . "

This suggestion  is  based on exam inations o f the  perm anently  

fro z e n  s u b so ils  o f  S p itzb e rg en , which re ve a le d  a macro s tru c tu re  s im i­

l a r  to th e  one o f  the  in d u ra te d  la y e r  o f  the S c o ttis h  s o i ls .  The 

s tr u c tu r e  o f  th e  p e rm afro s t la y e r ,  which conta ined  bands o f  c le a r  ic e ,  

was p reserved  a f t e r  a g radual thaw ing . F i t z p a t r ic k  was aDle to p ro ­

duce v e s ic u la r  pores by fre e z in g  a mass o f  s o i l  pudoled w ith  ta p  w ater 

and w ith  ic e  c o ld  w ater s a tu ra te d  w ith  carbon d io x id e . The presence  

o f  th e  0 0 2  in  the  w ater in c re a se d  th e  number and the s iz e  o f  the p o res .



15

FIELD STUDIES

F ie ld  s tu d ie s  have been made m ain ly  on s o i ls  i n  Osceola County, 

M ich igan . A few s o i ls  o f  n e ighborin g  Lake County have also been 

s tu d ie d  d u r in g  th is  in v e s t ig a t io n .  The f i e l d  s tu d ies  were completed  

during  th re e  summer p e r io d s  o f  d e t a i le d  s o i l  survey in g , in  1956, 1957 

and 1958.

I .  General environment

Osceola County i s  lo c a te d  in  the n o r th e rn  p a r t  o f  lo v e r  Penin­

s u la ,  and f a i l s  e n t i r e l y  w i th in  the Podzol Region o f  M ich igan.

( I )  C l im a te . The c l im a te  o f  M ichigan is  s ig n i f i c a n t l y  in ­

f lu e n c ed  by the  presence o f  the  Great Lakes. In  the i n t e r i o r  co u n ties  

the  c l im a te  a l t e r n a te s  between c o n t in e n ta l  and semimarine, depending 

on the d i r e c t io n  and th e  fo rce  o f  the  wind. When tn ere  is  l i t t l e  or  

no wind, the c o n t in e n ta l  c l im a te  p r e v a i l s ,  but s trong  winds from the 

Lakes tran s fo rm  the c l im a te  in to  sem im arine. Narrow b e l ts  along the  

shores o f  the  Great Lakes have marine c l im a te s .  S o i ls  s tud ied  in  th is  

in v e s t ig a t io n  a re  s u b je c te d  to tne c im t i .n e n ta l-s e m iira r in e  type o f  

c l im a te .  P r e c i p i t a t i o n  in  Michigan i s  f a i r l y  w e l l  d is t r ib u t e d  through  

the  y e a r .  The r e l a t i v e  hu m id ity  i s  h igh  in  the w in te r  and moderate in  

the  summer. The number o f  cloudy days is  about equal to the number o f  

the  c le a r  days, but c le a r  days are  more freq u en t during  the  summer 

m onths.

fo l lo w in g  a re  some m e te o ro lo g ic a l  d a ta  from Reed C i ty ,  Osceola  

County, taken  from the Yearbook of A g r ic u l tu r e ,  1941, p. 9 i4 -»c .4 .
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Temperature Average P r e c i p i t a t i o n  in  inches

January average 1 8 .7 °  ? W in te r  4 .4 4

J u ly  average 6 9 .2 °  F Spring 7 .4 1

Maximum i0 2  0 p Summer 9 .4 5

Minimum -4 2  0 p P a l l  8 .4 3

Annual 2 9 .7 3

Length o f  Growing Season 125 days.

(2 )  Geolojgy. Michigan was e n t i r e l y  covered by ic e  sheets  

du rin g  re c e n t  g l a c i a l  p e r io d s  and, th e r e fo r e ,  the  s u rfa ce  forms are  

l a r g e l y  th e  r e s u l t  o f  th e  type and th ickn ess  o f  the  g l a c i a l  d e p o s its .

O sceo la  County i s  lo c a te d  in  the  Northern  H ighland o f  the  

South P e n in s u la .  The a l t i t u d e  above th e  sea l e v e l  ranges from about 

1200 f e e t  to 1400 f e e t .  The physiography o f  the  b iggest p a r t  o f  Os­

c e o la  and o f  the s i t e s  s tu d ie d  in  Lake County are m o ra in ic .  A relar*  

t i v e l y  sm all a rea  c o n s is ts  o f  g l a c i a l  and outwash channels .

( 3 )  V e g e ta t io n . The predominant woodland v e g e ta t io n  o f  the  

a re a  a t  p re se n t c o n s is ts  o f  n o r th e rn  hardwoods, in c lu d in g  the  fo l lo w ­

in g  s p ec ies : Sugar maple (Acer saccharuin, M arsh), Elm (Ulmus a n e r i -

cana, L . ) ,  Basswood ( T i l i a  americana, L . ) ,  Beech (Fagus g r a n d i f o l ia ,  

E h r h . ) ,  Hemlock (Tsuga canadensi s, L . ) ,  Aspen (Populus trernulo ides,  

M ic h x . ) ,  and s c a t te re d  i fn ite  p in e  (F in u s  strobus , L . )

The p re se n t com position and d i s t r i b u t i o n  o f  the  v e g e ta t io n  has 

r e s u l te d  from the e x te n s iv e  lum bering  and subsequent burning during  

the l a s t  q u a r te r  o f  the  19th  c e n tu ry .  The o r i g i n a l  v e g e ta t io n  before  

th e  lum bering  was, accord ing  to Veatch ( 5 9 ) ,  o f  a hardw o o d -co n ifer
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ty p e ,  c o n s is t in g  o f  the  hardwoods mentioned above, p lu s  Bed p in e  ( P i— 

nus re s in o s a ,  A i t )  and White p in e  (P inus strobus, L . ) • The p in es  used  

to form pure  o r  mixed w ith  hardwoods stands.

O pin ions concern ing  the c lim a x  v e g e ta t io n  are  d iv id e d  in to  two 

groups. One cons iders  p ine-hem lock  and the  o th e r  co n s id ers  hemlock- 

deciduous fo r e s t  as a c lim a x . The l a t t e r  group considers  p in e  on sandy 

s o i ls  as an edaphic c lim a x  or post c lim ax .

Fo tzg er  (5 4 )  s ta te s  th a t  p o l le n  p r o f i l e s  in d ic a t e  th a t  p in e  i s  

a post c l im a x  and Tsuga-broadleaved genera are  the  c lim a x .  P o l le n  p ro ­

f i l e s ,  accord ing  to P o tzg e r ,  also show th a t ,  s in ce  the  l a s t  g l a c i a ­

t i o n ,  c l im a t ic  f lu c t u a t io n s  from c e n t r a l  In d ia n a  to the Upper Penin­

s u la  o f  M ichigan were not s u f f i c i e n t  to cause g re a t  changes in  th e  

fo r e s t  c o v e r .  He assumes th a t  P ice a  g la u ca  c o n s t i tu te d  a b e l t  between 

the  ic e  f r o n t  and the deciduous fo r e s t  to th e  south in  the i n t e r i o r  o f  

In d ia n a .  When Pinus crowded i n ,  P ic e a  s ta r te d  being rep laced  by dec id ­

uous species a ss o c ia te d  w ith  Tsuga and subsequently  Pinus s ta r te d  to  

d e c l in e .

I I .  S o ils

The o b je c t  o f  th is  in v e s t ig a t io n  was to  study the morphology 

and genes is  o f  c e r t a in  s o i ls  i n  Northern  Michigan c o n ta in in g  f ra g ip a n  

h o r i  zons,

^ a g ip a n s  have been d e fin ed  in  the  U. S. as compact s o i l  h o r i ­

zons, r i c h  in  sand and s i l t ,  and which are hard  and b r i t t l e  when dry  

but lo o se  o r  f i r m  when w et. They have a p la t y  s t r u c tu r e  and d iscon­

tin u o u s  v e s ic u la r  pores in  t h e i r  upper p a r t ,  and a massive s t r u c tu r e  

i n  the  low er p a r t .  T h e ir  upper boundary is  sh arp ly  d e fin e d , w h i le  the
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lo w e r  boundary i s  u s u a l ly  d i f f u s e .  They hav^ r e l a t i v e l y  l i g h t  c o lo rs .  

T h e ir  common c h a r a c t e r is t i c  i s  the  r e v e r s ib le  in d u r a t io n ,  which d i f ­

f e r e n t i a t e s  them from o th e r  n o n - r e v e r s ib le  pans.

Guy Smith g iv es  the fo l lo w in g  d e f i n i t i o n  o f  f ra g ip a n  in  the  

5 th  Approxim ation;

"A  f ra g ip a n  i s  a loamy subsurface h o r iz o n ,  u s u a l ly  u n d e r ly in g  

a B, ve ry  low  i n  o rgan ic  m a tte r ,  w ith  h igh  b u lk  d e n s ity  r e l a t i v e  to 

the  solum above, seemingly cemented when dry, having hard  o r  very  hard  

co n s is ten ce , but when m oist moderate or weak b r i t t l e n e s s  (tendency fo r  

a ped to ru p tu re  suddenly r a t h e r  than undergoing deform ation  as i n ­

c rea s in g  p re ss u re  i s  a p p l ie d ) .  I t  i s  m o tt le d ,  s lo w ly  o r  very  s lo w ly  

permeable to w ater ,  and u s u a l ly  has occas iona l o r  freq u en t bleached  

crack s  form ing  polygons. Fragipans are  u s u a l ly  found w ith  abrupt or  

c le a r  upper h o r iz o n  boundaries a t  from 15 to 40 inches below the  o r i ­

g in a l  s u r fa c e ,  vary  from a few inches to s e v e ra l  fe e t  i n  th ickn ess  and 

have g rad u a l or d i f f u s e  lower boundaries. They are  n e a r ly  f r e e  o f  

ro o ts  except fo r  the  bleached c racks . Clay skins  are  scarce to common 

both in  the  p o lygona l cracks and in  the i n t e r i o r s  o f  the p e d s .H

I t  has been re p e a te d ly  observed in  the f i e l d  th a t  s o i ls  o f  

N o rth ern  M ich igan, which have f ra g ip a n  h o r izo n s , belong to the  l i t h o -  

sequences o f  s o i ls  formed from g l a c i a l  d r i f t s  o f  loamy sand, sandy 

loam, sandy c la y  loam, c la y  loam, and sandy c la y  te x tu r e s .  The most 

pronounced fra g ip a n s ,  however, are  found in  p r o f i l e s  developed on 

sandy loam o r  sandy c la y  loam p aren t m a te r ia ls .  In  the case o f  sandy 

c la y  loam and f i n e r  te x tu re d  paren t m a te r ia ls ,  th e  fra g ip a n s  are  more 

s tro n g ly  developed in  deeply leached p r o f i l e s  ( l im y  h o rizo n s  below 40 

inches from th e  s u r fa c e ) .  The weakest fra g ip a n s  are  found on c la y
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loam p a re n t  m a t e r ia l .  loam p a re n t  m a te r ia ls  were not common and s i l t  

loams were absent in  th e  a re a  s tu d ie d  and these te x tu re s  were not  

s tu d ie d ,  a lthough  i t  i s  e v id e n t in  o th e r  p a r ts  o f  Michigan th a t  f r a g i ­

pans form in  loam and s i l t  loam m a te r ia ls ,  to o .

Fragipan h o r ieo n s  were recogn ized  in  w e ll  d ra in ed  s o i ls  as 

w e l l  as i n  im p e r f e c t ly  d ra in ed  s o i ls .  The im p e r fe c t ly  d ra in ed  s o i ls  

were n o t  dry enough to r e v e a l  the  extreme hardness o f  t h e i r  pan, but 

th e  p h y s ic a l  p r o p e r t ie s  o f  the pan were conspicuous. Most o f  the  

f ra g ip a n s  a re  found i n  s o i ls  w ith  b isequa p r o f i l e s  which are the  zonal 

p r o f i l e s  in  t h is  a rea . In  the case o f  the  f in e s t  members o f  the  

l i th o s e q u e n c e ,  the upper Podzol sequum i s  very  weakly developed, w h ile  

c l e a r l y  developed Podzol upper sequa a re  found on loamy sand and sandy 

loam p a re n t  m a te r ia ls .  S o i ls  formed on sandy loam and f i n e r  p a re n t  

m a te r ia ls  do not develop o r s t e in  in  the a re a  s tu d ie d , but they do form 

o r t e r d e  o r  B h ir  h o r iz o n ,  o f  which the c o lo r  ranges from the  moderate  

orange y e l lo w  to the  d ark  red d ish  brown. The l i g h t  c o lo re d  B h ir  forms 

on heavy members o f  the  l i th o s e q u e n c e .  The e l u v i a l  grav A2 h o r izo n  i s  

almost always p re s e n t ,  but i t s  th ickn ess  is  q u i te  v a r ia b le ,  ranging  

u s u a l ly  from one inch  up to  f i v e  o r  s ix  in ch es .

As a g en era l r u l e ,  the  f ra g ip a n  h o r izo n  develops in  the second 

e l u v i a l  zone o f  the  p r o f i l e ,  ju s t  below th e  Podzol B h o r iz o n .  In  most 

o f  the s o i ls  i t  i s  a continuous  h o r iz o n ,  but i n  sand and loamy sand 

p r o f i l e s  having  m u l t ip le  t e x t u r a l  bands, the  f ra g ip a n  develops in  the  

f i n e r  t e x tu r e d  bands below the second e lu v i a l  zone, w h ile  the  co arse r  

la y e r s  between the  bands do not show any cem enta tion .

In  the  case o f  w e l l  developed fra g ip a n s ,  th e  cemented zone can 

be d iv id e d  in t o  th re e  in d iv id u a l  l a y e r s :  upper, m idd le , and lo w er.
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The upper l a y e r  c o n s t i tu te s  a  t r a n s i t i o n a l  la y e r  between the  Foazo l  

B h ir  and th e  f ra g ip a n .  I t s  upper boundary i s  ra th e r  d i f f u s e  but i t s  

lo w e r  boundary i s  s h a rp ly  d e f in e d .  Both boundaries a re  i r r e g u l a r .  I t  

i s  coarse , p l a t y  and v e s ic u la r  in  s t r u c tu r e  and weakly cemented, w h i le  

the  B h ir  u s u a l ly  has a weak crumb s t r u c tu r e  and i t  is  n o t cemented.

Some o rg a n ic  m a tte r  and sesquioxides  p r e c i p i t a t e  i n  t h i s  l a y e r ,  p ro ­

ducing a d a rke r c o lo r  than th a t  o f  the la y e r  below. The ro o ts  are  

f a i r l y  w e l l  d i s t r i b u t e d  in  t h is  l a y e r .  I t  seems th a t  t h is  la y e r  was 

o r i g i n a l l y  s im i la r  to the h o r iz o n  below, and th a t  i t  has been a f fe c te d  

by processes re s p o n s ib le  fo r  the  development o f  the upper Podzol se- 

qunm. I t s  th ic kn es s  u s u a l ly  ranges between one and two inches.

The m iddle  h o r iz o n  has a d i s t i n c t  p la t y  and v e s ic u la r  s tru c ­

tu r e ,  and i t  i s  much denser and h ard er than the o v e r ly in g  t r a n s i t io n a l  

l a y e r .  I t s  te x tu r e  u s u a l ly  i s co arse r than the B h ir  and the imme­

d i a t e l y  u n d e r ly in g  h o r iz o n .  There i s  no m acroscopical evidence o f  any 

k in d  o f  i l l u v i a t i o n .  The usual c o lo rs  o f  t h is  la y e r  a re: (m o is t)

10 YR 5 /2 ,  10 YR 6/ i ,  10 YR 6/ 2 , 10 YR ?/ 2 , and 10 YR 7/ 3 . Th is  h o r i ­

zon c o n ta in s  a few blocks r ic h e r  i n  c la y  than the r e s t  o f  the  h o r iz o n .  

These f i n e r  te x tu re d  b locks have a redd ish  brown c o lo r  in  c o n tra s t  to 

the  g ra y is h  c o lo r  o f  th e  b u lk  o f  the  h o r iz o n .  The c o lo r  o f  the  blocks  

depends on the  amount o f  c la y  p re s e n t ,  which v a r ie s  w ith  th e  degree o f  

e lu v ia t io n  o f  each one o f  them. The most common c o lo rs  observed are  

10 YR 5/ 4 , 5 t r  5 / 3( 5 YR 4/ 3 , and 7 .5  YR 4 / 4 . The 8i 2e Qf  the b locks  

i s  q u i te  v a r ia b le ,  but they g e n e r a l ly  are  le s s  than one inch  in  t h e i r  

lo n g e s t  d imension. Depending on the  degree o f  e lu v ia t io n  o f  the c la y ,  

some o f  the  b locks are  c o n s id e ra b ly  h a rd e r  and o th e rs  much s o f t e r  than  

th e  r e s t  o f  the  h o r iz o n .  U s u a lly  the  g rayer t h e i r  c o lo r ,  the h a rd er
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they  a re .  The blocks a re  more abundant and r e l a t i v e l y  s o f te r  in  s o i ls  

developed on the  f i n e r  te x tu re d  m a te r ia ls  in  the  l i th o s eq u e n c e ,  but 

th e  h ard es t o f  them have been found in  s o i ls  formed from loamy sand 

p a re n t  m a t e r ia ls .  As mentioned above, the  upper boundary is  sharp and 

i r r e g u l a r  as the  Podzol sequum extends as tongues in to  the  f ra g ip a n .

The depth to th e  upper boundary v a r ie s  i n  most cases from 10-22 in ch es .  

The deepest pans are  u s u a l ly  found in  the co arser te x tu re d  members o f  

the l i  thosecfuence. In  many cases a sheath o f  s i l t y  m a te r ia l  has been 

found around the  pebb les  in  these p r o f i l e s .  S im i la r  fo rm ations  have 

been found by F i t z p a t r i c k  (1 9 )  in  perm afrost h o r izo n s . The th ickness

o f  t h i s  la y e r  ranges from 5 to 12 inches . The h ig h e s t  th ickn ess  i s

found on co arse r  s o i ls .  Root branching is  r a r e  in  t h i s  la y p r ,  but a 

few tap  ro o ts  go through i t .  Tap ro o ts  o f  a l f a l f a  have been observed  

which a p p a re n t ly  had d i f f i c u l t i e s  in  p e n e t r a t in g  the pan, fo r  they  

ta k e  a z ig za g  course fo l lo w in g  c racks. The degree o f  cem entation  o f

t h is  la y e r  v a r ie s  in  d i f f e r e n t  p la c e s ,  and i t  seems to depend on the

amount o f  c la y  p re s e n t .

The lower la y e r  o f  the pan i s  a lso v e ry  dense but c o n s id e ra b ly  

h a rd er  and a l i t t l e  r i c h e r  in  c la y  than the m iddle  la y e r .  I t s  s tru c ­

tu re  is  massive, but sometimes when pressed i t  breaks in to  coarse  

p la t y  o r  subangular and an g u lar  blocky fragm ents. The v e s ic u la r  d is ­

continuous pores are c o n s id e ra b ly  les s  abundant in  t h is  pa^t o f  the  

pan. I t s  upper boundary i s  c le a r  and i r r e g u l a r .  The lower boundary 

i s  a lso  c le a r  in  most cases but sometimes i t  i s  g ra d u a l ,  and g e n e r a l ly  

i s  very  i r r e g u l a r ,  w ith  many tongues extending in to  the u n d e r ly in g  

i l l u v i a l  zone. The th ic kn es s  o f  t h is  la y e r  v a r ie s  c o n s id e ra b ly  even 

i n  the  same s o i l ,  m a in ly  because o f  the tongues and the i r r e g u l a r i t y
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o f  the  lo w er  ‘boundary; i t  u s u a l ly  ranges "between 5 and 15 inches ,

F in e r  te x tu r e d  "blocks a re  more abundant in  t h i s  la y e r  than in  the  

m iddle  one, but they  u s u a l ly  are  s o f te r  than the  bu lk  o f  the la y ^ r ,  

except in  loamy sand s o i ls ,  in  which they may be h a rd e r .  Due to the  

h ig h e r  c la y  co n te n t ,  the  c o lo r  o f  the  low er la y e r  is  a l i t t l e  more 

p in k is h  than the  c o lo r  o f  the  m idd le  la y e r .  Common c o lo rs  a re;

(m o is t )  10 YR 5 /2  and 7 .5  5 / p. There is  no ro o t  branching in  th is  

h o r iz o n  e i t h e r ,  and ta p  ro o ts  have z igzag  shapes.

In  many s o i ls  and e s p e c ia l ly  i n  those formed on sandy c la y  

loams and c la y  loams, a t r a n s i t io n a l  la y e r  i s  developed between the  

pan and the second zone o f  i l l u v i a t i o n .  This t r a n s i t io n a l  l a y e r  i s  

i l l u v i a l  and resembles the  u n d e r ly in g  B̂ . h o r izo n ,  fo r  th e  most p a r t ,  

but in  c e r t a i n  p la c e s  and e s p e c ia l ly  on the  edges o f  the  s t r u c t u r a l  

u n i t s ,  i t  i s  g ra y is h  in  c o lo r ,  shows e lu v ia t io n  and g e n e r a l ly  i t s  pro ­

p e r t i e s  in  these p la ce s  are s im i la r  to the  p ro p e r t ie s  o f  the  pan. I t  

has a medium, subangular b locky s t r u c tu r e .

Most o f  the  f ra g ip a n  p r o f i l e s  s tu d ie d  have s e v e ra l  w e d g e - l ik e  

cracks  e x ten d in g  from th e  top o f  th e  pan down to the t r a n s i t lo n a l  i l l u ­

v i a l  h o r iz o n .  S i l t  and c la y  have been depos ited  by p e r c o la t in g  w ater  

i n  these c ra c k s .  In  c e r t a in  p a r ts  o f  the  cracks , s i l t y  c la y  or c la y  

b a l ls  form by d e p o s it io n .  The cracks co n ta in ,  a lso , p la n t  roots  and 

s o i l  m a te r ia ls  f a l l i n g  down from the  Podzol sequum under the  in f lu e n c e  

o f  g r a v i t y .  In  p i t s  dug 5 -6  fe e t  wide, the cracks have not been found 

to form r e g u la r  p o lyg o n a l p a t te r n  on a h o r iz o n ta l  s u rfa ce , as des­

c r ib e d  by C a r l i s l e  (1 4 )  in  s o i ls  o f  Hew York, and by o th e r  w orkers.

The c racks , due to t h e i r  v e r t i c a l  o r i e n t a t io n ,  c o n t r ib u te  to the in ­

t e r n a l  d ra in age  o f  the s o i l ,  which o th e rw ise  would have been im p e r fe c t ,
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because o f  th e  low w ater p e r m e a b i l i t y  o f  the  f ra g ip a n .  Besides the  

v e r t i c a l  c racks, h o r i z o n t a l  p l a n e - l i k e  cracks have been found in  the  

pan o f  many s o i ls .  These cracks c o n t r ib u te  to the  p la t in e s s  o f  the  

s t r u c tu r e  o f  the  pan. They are  0 .5  -  2 mm. wide, w h ile  the  v e r t i c a l  

ones can be as wide as 2 or 3 inches . The cracks have a w h ite  c o lo r  

end, when examined under the  b in o c u la r  microscope, a re  found to be 

f i l l e d  w ith  s i l t .

The pan o f  the im p e r f e c t ly  dra in ed  s o i ls  has s im i la r  p h y s ic a l  

p r o p e r t ie s  to those o f  th e  w e l l  d ra ined s o i ls ,  but i t  i s  m o tt le d ,  and 

being wet fo r  longer p e r io d s ,  re v e a ls  i t s  hardness fo r  s h o r te r  p e r io d s  

d u rin g  the y e a r  than the  pans in  the w e l l  d ra in ed  s o i ls .

The f ra g ip a n  o f  M ichigan s o i ls  i s  compact, has a h igh  bulk  

d e n s ity ,  e x h ib i ts  a r e v e r s ib le  in d u r a t io n ,  and g e n e r a l ly  i s  s im i la r  

in  i t s  m acroscopical c h a r a c t e r is t ic s  to those described  elsewhere in  

the U. S. and abroad, as c i t e d  in  the l i t e r a t u r e  rev iew . The r e l a ­

t i v e l y  h igh  bulk d e n s ity  o f  many s o i ls  o f  M ichigan i s  not l im i t e d  on ly  

to the  f ra g ip a n ,  but i t  extends down to the t r a n s i t io n a l  i l l u v i e l  h o r i ­

zon and even to the  Bt h o r iz o n .  The bulk  d ens ity  o f  the s o i l  below  

the  f ra g ip a n  decreases w ith  depth.

Below th e  t r a n s i t i o n a l  h o r izo n  is  the second i l i u v i a l  h o rizo n  

o r Bt, which is  the h o r iz o n  r ic h e s t  in  c la y .  I t  u s u a l ly  has a brown 

o r re d d ish  brown c o lo r .  There are  numerous and conspicuous c la y  c o a t ­

ings  along th e  root channels and on the  surfaces o f  s t r u c t u r a l  u n i t s .

The s t r u c tu r e  is  u s u a l ly  medium subangular blocky but sometimes i t  i s  

a n g u la r  b lo c k y .  There is  a f a i r  ro o t  branching in  th is  h o r iz o n .  Root 

branch ing  and c la y  c o a t in g s  are  also found in  the o v e r ly in g  t r a n s i ­

t i o n a l  i l i u v i a l  h o r iz o n .  The th ickn ess  o f  the Bt ranges between 12
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ana 25 in c h es .  Coarse s h l s  nave u s u a l ly  th ic k e r  Bt h o r iz o n s .  There  

i s  no evidence o f  cem entation  i n  t h is  h o r izo n ,  except a s l i g h t  one in  

th e  case o f  loamy sand and some sandy loam m a te r ia ls -  Common moist 

c o lo rs  o f  the  Bt are  5 YR 4 /4 ,  5 YR 4 / 3t 5 YR 3/ 4 ,  and 7 .5  YR 4/ 4 .

The Bt h o r iz o n  i s  u n d e r la id  by the p a ren t m a te r ia l  or C h o r i ­

zon which i s  a ca lcareo u s  g r i t t y  g l a c i a l  d r i f t .  Due to the presence  

o f  l im e  and to the r e l a t i v e l y  low amount o f  i r o n  asso c ia ted  w ith  the  

c la y ,  the  C h o r izo n  has l i g h t e r  c o lo r  than the B t. Common co lors  a re :  

(m o is t )  5 YR 6/ 3f 7.5 yR 6/ 4 , 7 .5  YR 5 /4 ,  5 YR 5 / 3> 5 vp 3 / 4 . There  

a re  no c la y  c o a t in g s  in  the C h o r izo n  except i n  a th in  l a y e r  imme­

d ia t e ly  below the B t. The C h o r iz o n  i s  g e n e ra l ly  not so compact, as 

the  o v e r ly in g  la y e r s  and ro o ts  show a f a i r  amount o f  branching.

These fra g ip a n  p r o f i l e s  are  u s u a l ly  m oderately  acid from the  

s u r fa c e  down to the low er boundary o f  the  Bt h o r iz o n .

Since f ra g ip a n s  are  found in  Michigan m ostly  in  the l i t h o s e ­

quences o f  s o i l  formed in  loamy sand to c la y  loam p rim ary  m a te r ia ls ,  

and s ince  w e ll  d ra in ed  members o f  the  catenas which f a i l  w i th in  the  

above l i th o s eq u e n c es , f re q u e n t ly  form w e ll  developed fra g ip a n s ,  which 

a re  a p p a re n t ly  cemented fo r  longer p e r io d s  annua lly  than im p e r fe c t ly  

dra ined f ra g ip a n s ,  i t  was decided to s e le c t  re p re s e n ta t iv e s  o f  these  

fo r  the  p re se n t in v e s t ig a t io n .  Three w e l l  dra ined Podzol p r o f i l e s  o f  

the  above l i th o s e q u e n c e ,  having w e l l  expressed fra g ip an s  were s e le c te d  

fo r  s tudy.

The p r o f i l e s  s e le c te d  f o r  t h is  study belong to the fo l lo w in g  

s o i l  s e r ie s :

(1 )  McBride formed in  sandy loam parent m a te r ia l

(2 )  I s a b e l l a  formed in  sandy c la y  loam to sandy c la y  parent



mat e r i a l

(3 )  Wester formed on c la y  loan"! to s i l t y  c la y  loam paren t  

mat e r i  a l

fo l lo w in g  a re  d e s c r ip t io n s  of' th e  th re e  p r o f i l e s  which have 

teen  sub jected  to d e ta i le d  f i e l d  and la b o ra to ry  s tu d ie s :

I .  McBride sandy loam

lo c a t io n :

V e g e ta t io n :

Drainage:

Slope:

P hys iography:

NW 1 /4 ,  SB 1 /4 ,  Section  23, T 20 N, R 11 W, Lake 

County, 100 fe e t  east o f  the road across from the  

farmhouse.

Sugar maple, 40 years o ld  stand  

w e l l  d ra in ed  

8#  East

B o l l in g  g l a c i a l  moraine

Ai

A2

H o rizo n  Depth D e s c r ip t io n

A0 0 -1 "  Leaf l i t t e r  and p a r t i a l l y  decomposed organ ic  m ater­

i a l .  I t  conta ins  many f ib ro u s  ro o ts .

Dark g ra y is h  y e l lo w is h  brown (1C YR 3 / 2  m o is t ) ;  

coarse, sandy loam; r i c h  in  w e l l  decomposed and 

in te rm ix e d  organ ic  m a te r ia l ,  h e a v i ly  matted w ith  

f ib ro u s  ro o ts ;  moderate, medium, crumb; f r i a b l e ;  

pH. 5 .4 ;  boundary- abrup t.

L ig h t  brownish gray -  g ra y is h  y e l lo w is h  brown (1C YR 

5 /1  m o is t ) ;  loamy sand; the  number o f  f ib ro u s  ro o ts  

i s  s m a lle r  than in  Ao» A i;  numerous channels , ro o t

and worm h o le s ,  and d i f f e r e n t  passages are  f i l l e d

w ith  dark m a te r ia ls  from Ao &hd Ai; weak, medium, 

C olor names used are ISCG-NBS names.

3 -5"
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subangular 'blocky, f r i a b l e ;  pH 5 .2 ;  boundary ab ru p t.

B h ir  5 -17*’ Moderate y e l lo w is h  brown (10 YR 4/4 m o is t ) ;  loamy

sand; r ic h  in  ro o ts  o f  var io u s  s ize s ;  weak, medium, 

subangular b locky; f r i a b l e ;  pH 5 .3 ;  boundary c le a r .

Bm ( t r a n s .  ) 1 7 -1 9 ” Moderate y e l lo w is h  brown (10 YR 3 /4  m o is t ) ;  loarry

sand; few ro o ts ;  v e s ic u la r ,  moderate, t h ic k ,  p la t y  

and medium, subangular b locky; f r i a b l e  when wet, 

weakly cemented when dry; conta ins  small lumps which 

resemble the  h o r izo n  below; pH 5 .6 ;  boundary c le a r ,  

i r r e g u l a r .

jA2Jm 1 9 -2 4 ” L ig h t  y e l lo w is h  brown (10 YR ? /4  m o is t ) ;  loany sand;

f ib ro u s  ro o ts  are p r a c t i c a l l y  absent, a very  few tap  

ro o ts  go through th is  h o r izo n  w ith o u t branching;  

v e s ic u la r ,  s trong , very  th ic k ,  p la t y ;  in d u ra te d  when 

dry , f r i a b l e  when wet; a few worm ho les  cure f i l l e d  

w ith  m a te r ia ls  from o v e r ly in g  h o r izo n s ; wedge-shaped 

v e r t i c a l  cracks co n ta in  s i l t  and c la y  depos its ; 0 .5  

-  2.0 mm. wide h o r iz o n ta l  p la n e - l i k e  cracks f i l l e d  

w ith  s i l t ;  compact; pH 5 .8 ;  boundary c le a r ,  i r r e g u ­

l a r  .

2 4 -3 5 ” L ig h t  g ra y is h  brown (7 .5  YR 3 /2  m oist) fo r  i t s

g r e a te s t  p a r t ,  but c o n ta in s  moderate brown (5  YR 4 /3  

m o is t)  lumps, which ere  f i n e r  in  te x tu r e  than the  

r e s t  o f  the h o r izo n  and in c re a se  in  number and s iz e  

w ith  depth, sandy loam; massive but when pressed, i t  

breaks in to  s trong , very  t h i c k , p l a t y  and medium, 

subangular blocky fragments; in d u ra te d  when dry,
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f r i a b l e  when wet; v e r t i c a l  and h o r i  zo n ta l  cracks  

same as in  th e  o v e r ly in g  h o r izo n ;  ro o t  d i s t r i b u t i o n  

a lso  same as above; very  compact; ( t h i s  i s  the  hard­

es t o f  a l l  the  h o rizo n s  o f  the  p r o f i l e ) ;  pH 5 .6 ;  

boundary c le a r  and i r r e g u l a r .

Bt 3 5 -53"  Moderate brown (5  YR 3 /4  m o is t ) ;  coarse , sandy c la y

loam; s tro n g , medium, angular b locky; when moist i s  

very  f i r m ,  somewhat compact; r i c h  in  c la y  coatin gs  

but not in d u ra te d ;  ro o ts  a re  abundant; pH 5 .2 ;  bound­

ary  c le a r  and wavy.

C 1= 53" L ig h t  g ra y is h  red d ish  brown -  l i g h t  brown (5 YR 5/3
m o is t ) ;  sandy loam; m oderate, medium, subangular  

blocky ; no c la y  c o a t in g s ;  m oist,  f i rm  but not com­

p a c t;  ro o ts  f a i r l y  abundant; pH 7 .8 ;  c a lc a re o u s .

I I .  I s a b e l l a  sandy loam

L o c a t io n :

V e g e ta t io n : 

D rainage:  

S lope:

Physiography:

SW 1 /4 ,  NE 1 /4 ,  NW 1 /4 ,  Section 31, T 19 N, R 9 W, 

O sceola  County, Michigan.

Sugar maple, elm, beech, and w hite  p in e  

W ell d ra in ed  

16# West 

G la c ia l  moraine.

H orizon  Depth 

A o  0- 1"

Al
•3 f t

D e s c r ip t io n

L eaf l i t t e r  and p a r t i a l l y  decomposed organ ic  mater- 

i  a l  •

Dark g ra y is h  y e l lo w is h  brown (10  YR 2 / 1 m o is t ) ;  

sandy loam; weak, medium, crumb; f r i a b l e ;  r i c h  in



f ib ro u s  ro o ts  and w e ll  decomposed and in te rm ix e d  

o rg a n ic  m a tte r ;  pH 4 .7 ;  boundary ab ru p t.

A2 3 -5 "  L ig h t  g ra y is h  y e l lo w is h  brown (10 YE 6 /2  m o is t ) ;

coarse , sandy loam; weak, f in e ,  crumb; m o ist ,  f r i ­

a b le ;  fewer ro o ts  than in  A^; i t  c o n ta in s  ro o t  h o les  

and o th e r  la r g e  pores f i l l e d  w ith  dark m a te r ia l  from 

the A l;  pH 4 .7 ;  boundary abrup t.

B h ir  5 - 1 1 ” Moderate brown (5 YE 3 /3 ,  4 / 3  m o is t ) ;  sandy loam;

weak, f in e ,  subangular b locky; m o is t,  f r i a b l e ;  ro o ts  

o f  v a r io u s  s ize s  are abundant; pH 4 .6 ;  boundary  

c le a r  and i r r e g u l a r .

Btq ( t ra n s .)  1 1 -1 3 ” Grayish y e l lo w is h  brown to moderate y e l lo w is h

brown (10 YR 3 /3 ,  4 / 3  m o ist)  loamy sand; v e s ic u la r ,  

moderate, th ic k ,  p la t y  and medium, angular b locky;  

weakly cemented, m oderately  compacted; few ro o ts ;  

pH 4 .6 ;  boundary sharp and i r r e g u l a r .

& 2 m  13=21" L ig h t  brownish gray -  l i g h t  g ra y is h  y e l lo w is h  brown

(10 YR 3/1 m o is t ) ;  w ith  f in e r  te x tu re d  moderate  

y e l lo w is h  brown (10 YE 3 /4  m o is t)  'lumps; loamy sand; 

v e s ic u la r ,  s trong , medium p la ty ;  in d u ra te d  when i t  

i s  dry and f r i a b l e  when m oist,  s tro n g ly  compacted; 

w ed g e - lik e  and v e r t i c a l  cracks and o ld  root ho les  

c o n ta in  s i l t  and c la y  depos its  and m a te r ia ls  th a t  

have f a l l e n  down from upper horizo n s; root d i s t r i ­

b u tio n  very  sparse; pH 4 .9 ;  boundary abrup t.

A3m 2 1 -3 4 ” L ig h t  g ra y is h  brown ( 7 .5  YR 3 /2  m o is t)  w ith  f in e r

te x tu re d  l i g h t  brown (5 YE 3/3 moi s t )  lumps; sandy
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loam; massive, "but when pressed, i t  breaks in to  

moderate, medium, subangular blocky fragments; i n ­

dura ted  when dry, ( th e  h a rd es t h o r izo n  in  the pro ­

f i l e ) ,  s tro n g ly  compacted; cracks and root ho les  

same as in  the  h o r iz o n  above; pH 5 .0 ;  boundary d i f ­

fuse and i r r e g u l a r .

A & B 34-42"  Moderate brown (7 .5  YR 4/4 m o is t ) ,  sandy c la y  loam

fo r  th e  most p a r t ;  sandy c la y  loam, but small por­

t io n s  a re  y e l lo w is h  gray (10 YR ^ / l  m o is t)  and have 

loamy sand te x tu re ;  weak, medium, subangular b locky;  

moist f i rm ,  m oderately  compact, the v e r t i c a l  cracks  

stop i n  th is  h o rizo n  and conta in  g ra y is h  sandy ma­

t e r i a l s  along w ith  s i l t  and c la y  d epos its ; th ere  are  

numerous c la y  co at in g s  along the ro o t  h o les  and 

o th e r  channels; f in e  f ib ro u s  ro o ts  a re  abundant; 

pH 4 .8 ;  boundary abrupt and i r r e g u l a r .

B t*  4 2 -55 "  Moderate brown (7 .5  YR 4/4 m o is t ) ;  sandy c la y  loam;

weak, medium blocky; m oist, very f i rm ,  not compact; 

r ic h  in  moderate brown (5 YR 4 /3  m o is t)  c la y  c o a t­

ings  a long the  root holes and p lanes o f  weakness; 

ro o ts  are abundant; pH 5 .3 ;  boundary c le a r  and 

wavy.

C 4 -5 6  L ig h t  brown (7 .5  5 / 4 m o is t ) ;  sandy c la y  loam; weak,

* Between the  Bt and C h o rizons  have been found 1-3 inches th ic k  
pockets  o f  s i l t y  m a te r ia ls  which have no g e n e t ic  r e la t io n s  w ith  the  
h o r iz o n s ,  but they are  g eo lo g ic  d e p o s it io n s  frequent in  the g l a c i a l  
depo s i t s .



medium, subangular b locky; f i r m  but not compact; no 

c la y  c o a t in g s ; few ro o ts ;  pH 7 .9 ,  ca lc are o u s .

I I I .  H e s te r  sandy loam

l o c a t io n ;

V e g e ta t io n :

D ra in a g e ; 

Slope:

Physiography:

H ori zon 

Ao

Ai

Depth

0- 1"

1-5"

A^/Bhir 5 -9 11

Sff 1 /4 ,  SW 1 /4 ,  SE 1 /4 ,  Section  36, T IS  N, R 10 

O sceola  County, M ichigan.

Sugar maple, aspen, b irc h ,  ash, basswood and few 

f i r s .

Well d ra in ed  

2^ East 

Moraine

D e s c r ip t io n

Leaf l i t t e r  and p a r t i a l l y  decomposed organ ic  m atte r ;  

abundant f ib ro u s  ro o ts ; boundary abrupt and wavy. 

Dark g ra y is h  y e l lo w is h  brown (10 YR *V 2 m o is t ) ;  

sandy loam; moderate, medium, crumb; m oist, f r i a b l e ;  

r ic h  in  w e ll  decomposed and in te rm ix e d  o rgan ic  mat­

t e r ;  matted w ith  f ib ro u s  and la rg e r  roo ts; pH 

5 .4 ;  boundary abrupt and smooth.

C ra y ish  y e l lo w is h  brown (10 YR 5 /2  m o is t ) ,  but in  

c e r t a in  spots a weak, moderate y e l lo w is h  brown (10 YR 

4 /4  m o is t )  o r te rd e  has developed; sandy loam; mod­

e r a te ,  medium, p ia t.y  ana subangular blocky; f r i a b l e ,  

ro o ts  o f  v a r io u s  s iz e s  are abundant; ro o t  and worm 

h o le s  are  f i l l e d  w ith  m a te r ia ls  from the Ai; pH 5 .2 ;  

boundary abrupt and i r r e g u l a r .  The Aii and B h ir  are  

not developed w e ll  enough to be d is t in g u is h e d  as
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i n d iv id u a l  h o r izo n s ,

A2m 9 -1 6"  G ray ish  y e l lo w is h  brown (10 YR 5 /2  rnoist) w ith  f i n e r

te x tu re d  moderate brown ( 7 . 5  YR 4/4 m o is t)  lumps 1 /4  

-  6" in  d iam eter; sandy loam; v e s ic u la r ,  iroderate ,  

th ic k ,  p l a t y ,  w ith  some v e r t i c a l  cracks and h o r iz o n ­

t a l  p la n es  o f  weakness; cemented when d ry ,  f r i a b l e  

when m o is t;  (fflnen dry , i t  i s  the  h a rd es t h o r iz o n  in  

the  p r o f i l e . )  very few unbranched roots  p en etra te  

t h i s  h o r izo n ;  s i l t  and c la y  depos its  are  p resen t i n  

the  cracks and th e re  are a few c la y  co at in g s  along

ro o t channels; pH 5 .4 ;  boundary c le a r  and i r r e g u l a r .

A & B 16-27" Moderate brown ( 7 . 5  YR 4/4 m o is t)  f o r  the most p a r t

and g ra y is h  y e l lo w is h  brown (10 YR 5 /2  m o is t )  in  

some e lu v i a l  spots; c la y  loam, in  th e  i l i u v i a l  p a r ts  

and sandy loam in  the  e l u v i a l  p a r ts ;  moderate, me­

dium, subangular b locky; dry cemented or m oist ex­

trem ely  f irm ;  m oderately  compact; the v e r t i c a l  

cracks  end in  t h is  h o r iz o n  and c o n ta in  sand s i l t  

and c la y  d e p o s its ;  th e re  i s  a f a i r  ro o t  branching; 

c la y  c o a t in g s  are  abundant along the ro o t channels;  

pH 5 .0 ;  boundary c le a r  and i r r e g u l a r ,

Bt 27 -48"  Moderate brown (5  YR 4/4 m o is t ) ;  c la y ;  s trong , me­

dium, subangular b locky; m oist very f i rm ,  m oderate ly  

compact; ro o ts  a re  abundant; numerous c la y  c o a t in g s  

along the ro o t channels and on the su rfaces  o f  the  

s t r u c t u r a l  u n i t s ;  pH 5 .0 ;  boundary c le a r  and wavy.
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C 48-55"  Moderate brown (5  YH 4/3 m o is t ) ;  c la y  loam to sondy

c la y  loam c o n ta in in g  f in e  g ra v e ls  o f  decomposing 

l im esto n e; moderate, medium, subangular blocky;  

m oist v e ry  f i rm ;  ro o ts  are  f a i r l y  abundant; few c la y  

c o a t in g s  in  i t s  upper p a r t ;  pH 7 .5 ;  boundary abrupt  

and wavy.

D 4= 65" Moderate brown ( 7 .5  YH 4/4 m o ist) ca lc are o u s ; coarse

sandy loam; not compact.

Kemarks;

The morphology o f  the  d escribed  and o th e r  s im i la r  p r o f i l e s  

suggests th a t  p o d zo li  z a t io n  has d is in te g r a te d  the upper p a r t  o f  the  

f r a g ip a n .

The presence o f  the f i n e r  te x tu re d  lumps in  the f ra g ip a n  and 

th e  e x is te n c e  o f  a t r a n s i t i o n a l  e l u v i a l - i l l u v i a l  la y e r  ju s t  below the 

f r a g ip a n ,  show th a t  the  pan had been in  the  past r ic h e r  in  c la y ,  and 

th a t  a t  l e a s t  some o f  i t s  p ro p e r t ie s  end fe a tu re s  are  p re v io u s ly  de­

veloped g e n e t ic a l  Bt h o r iz o n s .  The f i n e r  lumps can be considered  as 

r e l i c s  o f  the p a ren t m a t e r ia l .

The dependence o f  the hardness o f  the pan and o f  i t s  f in e r  

te x tu re d  lumps on ohe c la y  con ten t suggests th a t  c la y  p lays  a c e r t a in

r o le  as a b ind ing  agent.

The t r a n s i t i o n a l  e l u v i a l - i l i u v i a l  h o r iz o n  o f  the McBride s o i l  

was not w e l l  d e f in e d  and, th e r e fo r e ,  in  sampling, i t  was s p l i t  between 

th e  low er h o r izo n  o f  the  pan and the  u n d e r ly in g  second i l i u v i a l  h o r i ­

zon. The symbol B h ir  used h ere  does not im ply o u ts ta n d in g  accumula­

t io n  o f  i ro n  and o rg an ic  m a tte r  causing cem entation as s ta te d  in  the  

S o i l  Survey Manual.
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METHODS OF ANALYSIS

S tu d ie s  o f  th e  p h y s ic a l ,  chem ical and m in e ra lo g ie s !  p r o p e r t ie s  

o f  each h o r iz o n  were conducted in  the la b o ra to ry  to determ ine the k in d  

and amount o f  changes in  the  course o f  s o i l  genesis  o f  the  th ree  se­

l e c t e d  p r o f i l e s .

S ix  u n d is tu rb e d  core samples and a th re e  to fo u r  pound bag 

sample were taken  from each o f  the h o r izo n s  described in  the  p re v io u s  

c h a p te r .  The bag samples were p a r ts  o f  a b igger and thoroughly  mixed 

sample, r e p r e s e n ta t iv e  o f  each h o r iz o n ,

Methods fo l lo w e d  in  the  la b o ra to ry  d e te rm in a t io n s  are:

I .  DETFBMJ N AT 10 N OF PHYSICAL PHOPEHTIES

1. Water p e r m e a b i l i t y ,  pore s iz e  d i s t r i b u t i o n ,  ana bu lk  den- 

s i ty were determ ined on s ix  r e p l i c a t e  core  samples from each h o r izo n ,  

accord ing  to Uhland and O 'N eal (5 8 )  methods.

Water p e rm e a b i l i  ty  was determ ined by a p p ly in g  100 c c . o f  d is ­

t i l l e d  w ater  on top o f  the w ater s a tu ra te d  c o ie s ,  and re c o rd in g  the 

t im e which e lapsed u n t i l  water on top o f  the  core  was co m p le te ly  

d ra in e d .  In  th e  case o f  cores w ith  slow p e r m e a b i l i t y ,  the volume o f  

w ate r  passed through the  core  in  two hours was es t im a te d  by measuring  

th e  volume o f  th e  w ater  which remained on the top o f  the  core at th a t  

t im e and s u b s tru c t in g  i t  from 100 ml. No constant head o f  water was 

used.

Pore s iz e  d i s t r i b u t i o n .  Water s a tu ra te d  cores were weighed
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and p la c e d  on 60 cm, te n s io n  ta t t le s .  A f t e r  constan t weight was ob­

ta in e d ,  th e  samples were oven d r ie d  a t  105° C. u n t i l  a  new constant  

w eight was reached. The weight losses  in  grams on the  te n s io n  ta b le  

and in  th e  oven d iv id e d  by the  volume o f  the  cores (347 m l . )  re p re s e n t  

th e  p e r  cen t n o n - c a p i l l a r y  and c a p i l l a r y  p o ro s i ty  r e s p e c t iv e ly .

Bulk d e n s ity  was determ ined by d iv id in g  the  oven dry weight o f  

the s o i l  sample by th e  volume o f  the  c o re .

Hardness. Grossman and C l in e  (2 3 )  measured hardness o f  

f ra g ip a n s  by re co rd in g  the c ru sh in g  p ressure  a p p lie d  on dry and rough­

l y  c y l i n d r i c a l  a r t i f i c i a l l y  molded c y l in d e r s  o f  s o i l  m a te r ia ls .  They 

expressed t h e i r  r e s u l t s  in  terms o f  a c rush ing  number which was r e ­

l a t e d  to th e  fo rc e  a p p l ie d  and the s ize  (c ross  s e c t io n )  o f  the c y l i n ­

de rs .

Since c rush ing  va lu es  a re  s c i e n t i f i c a l l y  sound o n ly  when geo­

m e t r i c a l l y  p e r f e c t  bodies a re  being te s te d ,  i t  was f e l t  th a t  th is  

method cou ld  not be s u c c e s s fu l ly  used in  the p resen t study, because 

i t  is  e x trem e ly  d i f f i c u l t  to p repare  g e o m e tr ic a l ly  p e r f e c t  s o i l  sam­

p le s  w ith o u t  d e s tro y in g  t h e i r  n a tu r a l  s t r u c tu r e .  The problem i s  s t i l l  

more d i f f i c u l t  in  the  case o f  f ra g ip a n  h o r izo n s  because o f  t h e i r  b r i t ­

t le n e s s  and t h e i r  numerous p lan es  o f  weakness. I t  was decided, th e re ­

fo r e ,  to use the  r e l a t i v e  r e s is ta n c e  o f  the  u n d is tu rb e d  cores o f  s o i l  

to the  v e r t i c a l  p e n e t r a t io n  o f  a 90° m e t a l l i c  cone as a measure o f  the 

s o i l  hardness .

A d isadvantage o f  t h is  method i s  adherence on the soi 1 -m eta l  

i n t e r f a c e  which may m odify  the r e s u l t s  e s p e c ia l ly  in  f in e  tex^ui ed 

s o i l s .  Factors  in f lu e n c in g  the magnitude o f  the  adherence a re :  te x ­

tu r e ,  s t ru c tu re ,  type o f  c la y  minerals p re s e n t ,  o rg an ic  m a tte r ,  and
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w a te r  c o n te n t .  In  the case o f  the  p r o f i l e s  s tu d ie d ,  however, the  

d i f f e r e n c e s  i n  hardness o f  the te s te d  h o rizons  were so g re a t  th a t  the  

in f lu e n c e  o f  adherence co u ld  be d is re g a rd e d .

Another problem  i n  measuring hardness was the p roper w ater  

c o n te n t  o f  th e  samples a t  the tim e o f  measurement. Fragipans have 

been d e f in e d  as h o r iz o n s  in d u ra te d  when dry but not in d u ra te d  when 

m o is t .  I t  has been observed, however, th a t  deeper and f i n e r  h o r iz o n s ,  

not h av in g  the  axjpearance and the p r o p e r t ie s  o f  f ra g ip a n ,  e x h ib i t  an 

extrem e hardness when they are a i r  d r ie d .  I t  has a lso been observed, 

both i n  the  f i e l d  and in  the  la b o r a to ry ,  th a t  moist f ra g ip an s  p a r t i a l ­

l y  m a in ta in  t h e i r  hardness i f  t h e i r  w ater content is  below f i e l d  capa­

c i t y ,  w h i le  o th e r  h o r iz o n s  become e i t h e r  f r i a b l e  o r  p l a s t i c .

The water co n ten t at one atmosphere tens io n  was found to be 

s a t i s f a c t o r y  f o r  these measurements.

The two h a rd es t core samples from each o f  the te s te d  h o rizons  

were w ater  s a tu ra te d  and p la c e d  in  p re ss u re  cookers, where they were 

su b jec te d  to one atmosphere p ressu re  u n t i l  t h e i r  water content had  

reached e q u i l ib r iu m  (c o n s ta n t  w e ig h t ) .  'The fo rc e  re q u ire d  to push the  

cone f o r  1.5 cm. in to  the u n d is tu rb e d  s o i l  o f  the core was measured by 

means o f  an unconfined  compression appara tus . The v e iy  h ard  cores o f  

th e  A3m h o r izo n s  were te s te d  by means o f  a T in iu s  O lsen h y d ra u l ic  

p re s s .  Three measurements were made on each base o f  the  c o re s . The 

average Cone P e n e t r a t io n  R e s is tan ce  fo r  each h o r iz o n  was c a lc u la t e d  by 

u s in g  the fo rm u la  suggested by Capper and Cassie (1 3 ) :

CFH = (fTz  - Vwp2 

JF (F2 -  P i)2



where CPU -  cone p e n e t r a t io n  r e s is ta n c e  

Wi = w eight o f  the  cone in  Kgras.

^ 2  -  a p p l ie d  lo a d  in  Kgms.

P i  s p e n e t r a t io n  in  cm. due to th e  weight o f  the cone

?2 = f i n a l  p e n e t r a t io n  due to the  load  a p p lie d  p lus  th e  weight o f

the  cone ( 1 . 5  cm .)

3 . Mechanical A n a lyses : The hu lk  samples were crushed l i g h t ­

l y  w i th  a wooden r o l l i n g  p in  to avoid  f r a c t u r in g  p r im ary  p a r t ic le s ,  and 

th e  m a t e r ia l  pass ing  through a 2  . sere ‘L r s tc u i c- s ' f  the or

p e r t i e s  o f  the  hu lk  samples. 25 gms. o f  m oderately f in e  te x tu re d  s o i l

samples and 50 gms. o f  sandy s o i l  samples were used. Organic m atte r  

was destroyed  ty  o v e rn ig h t  d ig e s t io n  w ith  200 ml. o f  10$ H2O2 , fo l lo w e d  

by d ig e s t io n  w ith  50 ml. o f  30$  H2O2 on a 90° C. ho t p la t e  u n t i l  re a c ­

t i o n  ceased and th e  excess o f  H2O2 was evaporated. Samples o f  Al h o r i ­

zons r i c h  i n  o rg a n ic  m a tte r  were re p e a te d ly  d ig e s ted  w ith  10$ and 30$

H202 u n t i l  they were not r e a c t i v e  w ith  H202.

Carbonates and exchangeable Ca^ ions were removed by washing 

th e  samples w ith  300 cc. o f  1$ ECl s o lu t io n  in  Buchner fu n n e ls .  The 

c a lc a re o u s  samples o f  the C h o r izo n s  were re p e a te d ly  t i t r a t e d  w ith  1$

KC1 u n t i l  a  c o n s tan t  pH o f  3 .5  -  4 .0  was ob ta in ed . The c h lo r id e s  were

then removed by washing w ith  d i s t i l l e d  w ater u n t i l  AgN03 produced no

w h ite  p r e c i p i t a t e  w ith  the le a c h a te s .  The samples were then t i t r a t e d  

to pH 8 .5  w ith  0 .1  NaOH and wer- shaken o v e rn ig h t .  A f t e r  shaking, the  

sand was s ep a ra te d  from the  s i l t  and c la y  by s ie v in g  through a 300 

mesh s ie v e .  The sands were oven d r ie d  and then separa ted  in to  co arse ,  

medium, f i n e ,  and ve ry  f in e  f r a c t io n s  by mechanical shaking fo r  15



m inutes  in  a n e s t o f  s ie v e s ,  and f i n a l l y  these separa tes  were weighed. 

A 1000 ml. w ater suspension was made from the  le s s  than 50 fuL f r a c t io n  

and the  amounts o f  5 0 -2 0 ,  2 0 -5 ,  5-2 and le s s  than 2 micron s o i l  sepa­

ra te s  were determ ined  "by the p i p e t t e  method as d escribed  by F i lm e r  and 

A lexander ( 3 5 ) .  C o rre c t io n s  fo r  the NaOH added in  each sample were 

made.

The r e s u l t s  o f  the  m echanical analyses were c a lc u la t e d  on an 

oven dry , o rg an ic  m a tte r  f r e e  and carbonate  fre e  and H saturated  

bas is .

Hygroscopic w ate r. 10 gms. o f  a i r  dry s o il  were weighed, oven

d r ie d  fo r  fo u r  hours and weighed a g a in . The loss  in  weight expressed  

as a per c e n t o f  the oven dry w eight o f  the s o i l  re p re s e n ts  the p e r  

cent o f  hygroscopic  w a te r .

I I .  CHM CAL ANALYSES

The samples were crushed by a wooden r o l l i n g  p in  and passed  

through a 1 mm. s ie v e .

1. Organic Carbon. The dry combustion method o f  the carbon 

t r a i n  was fo l lo w e d  as d escrib ed  by P ip e r  (5 1 ) .  1 -3  gms. o f  oven dry

s o i l  were mixed w ith  0 . 2 5  gms. o f  manganese d io x id e  and about 2 gms. 

o f  carbon f r e e  ground q u a r tz  in  a p o r c e la in  boat and were ig n i t e d  in  

th e  combustion tube o f  the  t r a i n  a t  950° C. w ith  a constant f lo w  o f  

oxygen. P u r i f i e d  carbon d io x id e  was absorbed in  the a s c a r i t e  tube  

and weighed. Car “Donates o f  the  C h o rizo n s  were decomposed p re v io u s  

to combustion by s u lfu ro u s  a c id .  R esu lts  were c a lc u la te d  as per cent  

o f  o rg an ic  carbon on an oven dry 1 mm. car  Donate c o n ta in in g  bas is .



2. pH measurem ents. 25 gms. o f  a i r  dry s o i l  were mixed w ith  

25 c c . o f  d i s t i l l e d  w ater  in  a 100 ml, beaker and a llo w ed  to e q u i l i -  

b r a te  f o r  h a l f  an n o u r . Measurements were made by u s in g  a Beckman 

zerom atic  pH m eter.

h, loss in  s o lu t io n . 10 gms. o f  oven d r ie d  s o i l  was p laced  

i n  400 m l. preweighed beakers and d ig e s ted  w ith  10-1> and 30% o f  H^Ok 

as described  in  the  method o f  mecnanical a n a ly s is .  A f t e r  tne o rgan ic  

m a tte r  was d ig e s te d ,  th e  samples were oven d r ie d  and weighed w ith  the  

b eakers . 100 m i. o f  \%  HC1 were then added ana, a f t e r  adequate s t i r ­

r in g ,  the  suspension was f i l t e r e d  and washed f r e e  o f  c h lo r id e s  in  

Buchner fu n n e ls .  The s o i l  was f i n a l l y  t r a n s fe r r e d  back, in to  the 

beakers , oven d r ie d  and weighed. The loss  in  acid  s o lu t io n  was c a l ­

c u la te d  by s u b tra c t in g  from the t o t a l  loss  the  loss  due to the d iges­

t io n  w i th  H2O2 . The r e s u l t s  were expressed on oven dry bas is .

4 .  D e te rm in a t io n  o f  the  r e l a t i v e  d is t r i b u t i o n  o f  the a l k a l i  

s o lu b le  s i l i c a  i n  the s o i l  p r o f i l e s .

Amorphous o r  ” f r e e  s i l i c a "  were measured to determ ine  whether  

they  a re  r e la t e d  to th e  fo rm atio n  and in d u r a t io n  o f  the f ra g ip a n s ,  as 

they  are  in  c e r t a in  i r r e v e r s i b l y  in d u ra te d  hardpans . A h igh  r e l a t i v e  

amorphous s i l i c a  c o n te n t in  the f ra g ip a n  could p o s s ib ly  c o n t r ib u te  to 

i t s  cem en ta tio n .

Methods fo r  e x t r a c t in g  " f r e e  s i l i c a "  from the s o i l  use a l k a l i  

e x t r a c t a n t s  -  commonly O.bhhSaOH. The s o l u b i l i t y  o f  s i l i c a  inc reases  

w ith  pH. The s o l u b i l i t y  o f  s i l i c a  a lso in creases  w ith  tem peratu re .  

Sawney and. Jackson ( 55) removed amorphous s i l i c a  and alumina from  

c la y s  by b o i l in g  the samples w ith  s5hUaOH fo r  four houi s . Hot a lt -.e li  

s o lv e n ts ,  however, ta k e  s i l i c a  in^o s o lu t io n  from s i l i c a t e s  and o u a r t t ,
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to o . The amount o f  s i l i c a  passing in to  s o lu t io n  in c re a se s  w ith  de­

c re a s in g  s iz e  o f  the  m in e ra ls .

S ince o n ly  r e l a t i v e  amounts o f  f r e e  s i l i c a  were to he d e te r ­

mined in  t h i s  study, i t  was decided, i n  o rd e r  to m in im ize  the s o lu t io n  

o f  c r y s t a l l i n e  s i l i c a ,  to b o i l  the  s o i l  samples w ith  . 5NNaOH fo r  on ly  

15 m inu tes .

The fo l lo w in g  adapted g ra v im e tr ic  method was fo l lo w e d  fo r  the  

d e te rm in a t io n  o f  th e  e x t r a c te d  s i l i c a :

Im p l ic a te  5 gm. s o i l  samples were put in  400 mi. n ic k e l  beak­

e rs . 50 ml. O.SNNaDH were added and the  suspension was b o i le d  fo r  15 

minutes on a hot p l a t e .  A f t e r  b o i l in g  the  s o lu t io n  was f i l t e r e d  in to  

100 rn l. n ic k e l  c r u c ib le s  2 -4  times u n t i l  no s o i l  p a r t i c l e  was l e f t  in  

th e  s o lu t io n .  No. 4 .2  "Whatman f i l t e r  paper and p o ly e th y le n e  funne ls  

were used. A f t e r  each f i l t r a t i o n ,  the s o i l  and the  f i l t e r  paper were 

th o ro u g h ly  washed w ith  warm . 5"NTIaOH. The c le a r  f i l t r a t e  was s low ly  

eva p o ra ted  on a hot p l a t e  to dryness -  care  was taken to avoid  any 

s p l a t t e r i n g  -  the  re s id u e  was ig n i t e d  in  an e le c t r i c  fu rnace  fo r  h a l f  

an hour a t  500° C. A lk a l i  s o lu b le  o rg an ic  m a tte r  was in  t h is  way o x i ­

d iz e d .  The c r u c ib le s  were then cooled fo r  15 m inutes, the  covers were 

p la c e d  on them, and 15 ml. o f  7 0 %  p e r c h lo r ic  acid  (KCIC4 ) were added 

droowise under the  s l i g h t l y  ra is e d  l i d s .  When e f fe rve s ce n c e  ceased, 

the  l i d s  and the sides o f  the  c r u c ib le s  were washed down w ith  a m in i -  

mar,. o f  w a te r  and the c r u c ib le s ,  w ith  the  l i d s  co ver in g  th r e e - fo u r th s  

o f  the top , were p la c e d  or. the hot p la t e ,  end the  suspension was evap­

o ra te d  to fumes o f  HCIO4 . When dense fumes appeared, th e  c r u c ib le s  

were covered  and the  suspension was c o i le d  g e n t ly  l o r  15 minuses.

"iiThen the c r u c ib le s  were cooled , 20 ml. o f  d i s t i l l e d  water were added
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2nd blie suspension was c a r e f u l l y  mixed and heated  almost to b o i l in g  

to d is s o lv e  the  s a l t s  which have s o l i d i f i e d  on c o o l in g .  The suspen­

sion was then  t r a n s f e r r e d  to 50 ml. p o in te d  c e n t r i f u g e  tubes. Care  

was taken  th a t  no s i l i c a  was l e f t  in  the  c r u c ib le s ,  2 ml. o f  61THC1 

were added and the suspension was thoroughly  mixed and c e n t r i fu g e d  a t  

1300 rpm. f o r  5 m inutes to throw down the  dehydrated s i l i c a .  The 

su p ern a ta n t s o lu t io n  c o n ta in in g  d i f f e r e n t  s a l t s  and n ic k e l  taken from  

th e  c r u c ib le s  was c a r e f u l l y  sucked o f f  by means o f  a 50 ml. p i p e t t e  

a tta c h ed  to a rubber s u c t io n  bulb . The p r e c ip i t a t e d  s i l i c a  was washed 

w ith  1. 2NH01 and c e n t r i f u g e d  fo u r  more times and then the re s id u e  was 

t r a n s f e r r e d  to 30 m l. p la t in u m  c r u c ib le s .  10 drops o f  (14=4) s u l f u r ic  

a c id  were added and the suspension was s low ly evaporated  to dryness on 

an e l e c t r i c  hot p l a t e  a t  about 100° C. A f te r  the s i l i c a  had been 

d r ie d ,  th e  c r u c ib le s  were p laced  on a s i l i c a - t u b e  t r i a n g l e  and heated  

g e n t ly ,  f i r s t  w ith  a low flam e Meeker burner, and then were heated  

w ith  s tro n g  flame fo r  about 10 m inutes during  which the  c ru c ib le s  were 

t h r e e - f o u r t h s  covered . The c r u c ib le s  were then cooled i n  a d e s ic a to r  

f o r  5 m inutes and weighed. The i g n i t i o n  was repeated  u n t i l  constant  

weight was o b ta in e d .  The s i l i c a  was then moistened w ith  2 drops o f  

(14*1) s u l f u r i c  a c id  and then 10 m i. o f  HF were added. The l i q u i d  was 

s lo w ly  evaporated  to dryness on a hot p l a t e  and then ig n i t e d  on the  

Meeker b u rn er,  cooled i n  the  d e s ic a to r  and weighed.

The lo s s  in  weight due to v o l a t i l i z a t i o n  o f  s i l i c a  by HF r e ­

p re s e n ts  th e  amount o f  S i02 e x t r a c te d  from the s o i l .

Any use o f  g lassw are  be fo re  the ac id  p r e c i p i t a t i o n  o f  s i l i c a  

was avo ided . E x t r a c t in g  s o lu t io n s  were k ep t  i n  p o ly e th y le n e  b o t t le s .



5• Determin a t io n  o f  the  r e l a t i v e  d i s t r i b u t i o n  o f  so lu b le  

a lu m ina  in  th e  s o i l  p r o f i l e s .

S o lu b le  a lu m ina  was also determ ined to see i f  i t  bore any r e ­

l a t io n s h ip  to the apparent cem entation  o f  th e  f ra g ip a n  h o r izo n s .

D i f f e r e n t  e x t r a c t in g  s o lu t io n s  fo r  " f r e e  alumina" have been 

suggested by d i f f e r e n t  au thors . McLean, Henderson, B a r t l e t t  and 

Holowayckuk (4 7 )  recommended 1. H CH3COOHH4 b u f fe re d  a t  pH 4 . 8 . They 

e x t r a c te d  more a lu m ina  w ith  pH 4 .0  b u f f e r ,  but they p o s tu la te d  th a t  

A1 was p robab ly  removed from p rim ary  and secondary m in era ls  at the  

low er pH.

0.1 N ammonium a c e ta te  (CH3COOHH4 ) b u ffe re d  a t  pH 4 .2  was 

used in  th e  p re se n t in v e s t ig a t io n  fo r  th e  fo l lo w in g  reasons: I t  i s

r e l a t i v e l y  weak and, th e r e fo r e ,  a p p re c ia b le  decomposition o f  m in era ls  

w i l l  be avo ided . Hydrous aluminum o x id e  is  amphoteric and i t s  so lu­

b i l i t y  in c re a se s  w ith  in c re a s in g  a c i d i t y .  In  the  presence o f  NH4OH, 

p r e c i p i t a t i o n  begins a t  pH 3 .0  and is  completed a t  about pH 6 .5 .  pH 

4 .8  was, th e r e fo r e ,  considered too h ig h  a pH s ince  some f r e e  alumina  

would be p r e c ip i t a t e d  a t  th a t  pH. Ammonium a c e ta te  i s  f re e  o f  sub­

stances i n t e r f e r i n g  w ith  c o lo r im e t r ic  procedures and can De e a s i ly  

d e s tro ye d  by i g n i t i o n ,  and f i n a l l y ,  i t  i s  w e ll  b u f fe re d .

D u p lic a te  15 gms. s o i l  samples were weighed in to  250 mi. 

Erlermeyer f la s k s ,  150 mi. o f  C . lh  CK3COONH4 b u ffe re d  a t  pH 4 .2  were 

added and the suspension was shaken fo r  72 hours on an e le c t r i c  gyro -  

t a r y  shaker a t moderate speed. The e x t r a c t  was then f i l t e r e d  2 to 4 

tim es through Ho. 42 Whatman f i l t e r  paper u n o i l  n^ s o i l  p<-u o ic le s  

were l e f t  in  th e  s o lu t io n ,  which was then evaporated to dryness. The 

re si due was then ig n i t e d  f o r  one hour in  an e l e c t r i c  fu rnace  a t  5oCP C
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to d e s tro y  c o lo r in g  o rg a n ic  substances and organ ic  a c id s .  A f t e r  c o o l­

ing, 5 -7  drops o f  5 N KC1 were added ( i n  the  samples o f  the  ca lcareo u s  

C h o r iz o n ,  more HC1 was added u n t i l  e f fe rvescen ce  ceased), fo l lo w ed  

by a d d i t io n  o f  100 m l. d i s t i l l e d  w a te r .  The s o lu t io n  was then g e n t ly  

b o i le d  fo r  one ho u r, f i l t e r e d  and brought to 150 c c . volume.

The e x t ra c te d  a lum ina was determined by u s in g  the  c o lo r im e t r ic  

method developed by Robertson ( 5 3 ) :

Reagents.

( 1 )  Composite s o lu t io n .  107 gms. o f  ammonium c h lo r id e  

(NH4C I)  were d is s o lv e d  i n  1 1. o f  4 N ammonium a c e ta te .  The s o lu t io n  

was shaken and f i l t e r e d .  10 gms. o f  powdered gum a rab ic  were d is ­

so lved  i n  100 m l. o f  w ater and added to the  f i l t e r e d  b u f f e r  s o lu t io n .

0 .4  gms. aluminon ( s u r in  t r i c a r b o x i l i e  a c id )  were d is s o lv e d  in  25 ml. 

o f  w a te r  to  which 1 drop o f  NHs had been added, b o i le d  u n t i l  no smell 

o f  NH3 p e r s is t e d ,  and then t h is  was added to the b u f fe r  s o lu t io n  and 

the  whole d i lu t e d  to 1750 ml. f i n a l l y ,  H &  was added u n t i l  a pH 4 .4  

was o b ta in e d ,  and the  whole was then d i lu te d  to 2 1 , mixed w e l l  and 

a llo w e d  to stand 3 days b e fo re  use. 1C ml. o f  t h is  s o lu t io n  d i lu t e d  

to 100 ml. had a pH 4 .5  to 4 .8 .

(2 )  T h io g ly c o l ic  a c id .  80-90t>

Standard s o lu t io n :  1 .8 60  gins, o f  potash alum were d is so lv ed  in  w ater

c o n ta in in g  oO ml. of 5 N. Hl 1 ano t n is  was q 1 luted. to 1 1. 1 ml. o f

t h is  s o lu t io n  is  e o u iv a lc n t  to  0 .<- mg. AlgOb- 

Froc edur e.

An a l iq u o t  c o n ta in in g  .0 2  -  .03  mg. A I2O3 "as t r a n s f e r r e d  to

100 m l. c o n ic a l  f l a s k s .  One drop o f  U . io g iy c o l ie  ac id  and water were 

added to  make the  f i n a l  volume 55 ml. ( f  2 m l . ) .  1C ml. o f  composrte
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s o lu t io n  were added and tne  f la s k s  were immersed i n  b o i l in g  w ater fo r  

30 m inu tes . They were then cooled in  running w ater to 1 5 -18 °  C. The 

s o lu t io n  was then t r a n s fe r r e d  in to  a ICO ml. v o lu m e tr ic  f l a s k ,  made up 

to  volume and mixed w e l l .  The c o lo r  was determined w ith o u t delay by 

means o f  a Coleman U n iv e rs a l  Spectrophotom eter, Model 14, using wave 

le n g th  o f  530 m |JL.

F ig h t  s tandards c o n ta in in g  .01 -  .08 mg. A I2O3/IOO ml. were 

p re p are d . A l l  steps described  in  th is  procedure were fo l lo w e d  in  de­

v e lo p in g  the  c o lo r  o f  the blanks and o f  the s tandards.

One drop o f  t h io g ly c o l i c  a c id  was adequate to e l im in a te  com­

p l e t e l y  th e  i n t e r f e r i n g  Fe'r° by reducing  i t  to the  fe rro u s  s ta te .

I I I .  MirfRALOGICAL ANALYSTS

1. X -ra y  d e te rm in a t io n s  o f  c la y  m in e r a ls .

The N a -s a tu ra te d  c la y  f r a c t io n  from the mechanical a n a ly s is  

was c a r e f u l l y  s ep ara ted  from the s i l t  by repea ted  d e c a n ta t io n s .  About 

f i v e  m l. o f  the  suspension c o n ta in in g  30 -40  mg. o f  c lay  were t ra n s ­

fe r r e d  to t e s t  tubes. 5 drops o f  g ly c e r o l  were added, the  suspension  

was shaken and l e t  stand o v e rn ig h t .  A porous ceramic p la t e  was placed  

on a h o ld e r  and a t ta c h e d  to a vacuum. The c la y  suspension was poured  

in to  the w e l l  o f  the  h o ld e r .  When the c la y  was a l l  depos ited  on the  

oorous p la t e s ,  i t  was leached w itn  th re e  increm ents o f  .1  h Ca C I3 
c o n ta in in g  3$ g ly c e r o l  by volume, fo l lo w e d  by 3$, 10^ and 40^ g ly c e r o l  

s o lu t io n s .  The p la te s  were then removed and l e f t  o v e rn ig h t  i n  a dcs i -  

c a to r  c o n ta in in g  Ca C l2 . The samples were then mounted on th^ Norelco  

X -ra y  sp ec tro m eter ,  u s in g  a l / 4 n d iv e rg e n t  s l i t ,  0 .0 0 3"  re c e iv in g  

s l i t ,  and 1 / 4 ” s c a t t e r  s l i t  in  the beam c o l l im a t in g  system. The
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d i f f r a c t i o n  u n i t  was op era ted  at & 0  mi 11iamperes and 35 k i l o v o l t s  

u s in g  a copper ta r g e t  tube . The re c o rd in g  u n i t  c i r c u i t  panel was set 

a t  tim e co n stan t fo u r ,  m u l t i p l i e r  one, and. sca le  f a c to r  fo u r .  Clay  

samples were scanned from two to t h i r t y  degrees. A f t e r  i r r a d i a t i o n ,  

th e  ceramic p la t e s  were re p laced  i n  the h o ld e rs  and the  c la y  was 

leached  th re e  tim es w ith  10 -15  drops o f  .1  N K Cl and then washed 

w ith  d i s t i l l e d  w ater ,  d r ie d  fo r  4 hours in  the desiccator, and then  

p la ce d  in  110° C. oven fo r  fo u r  hours and l e f t  to cool in  the  des ica ­

t o r .  The samples were then scanned again . f i n a l l y  these samples were

h eated  to 5500 C. fo r  one hour, cooled and scanned fo r  the t h i r d  tim e.

2. D i f f e r e n t i a l  therm al a n a ly s is  o f  c la y  m in e r a ls .

The tem peratu re  changes i n  0 .2b  gnu o f  a i r  dry c la y  samples 

compared to the  tem peratu re  changes in  aluminum ox ide  were recorded.

The c la y  samples and aluminum o x id e  were heated  to 1000° C. Standard  

samples were p repared  by m ixing d i f f e r e n t  amounts o f  k a o l i n i t e  w ith  

aluminum o x id e .  Model DTA-CS-2 and DTA 51/, b u i l t  by I?. L. Stone o f  

A u s t in ,  Texas, and a Brown recorde i were used fo r  the measurements.

Clay samples were run at atmospheric p ressure  w ith  a re s is ta n c e  o f  50 

ohms in  th e  re c o rd in g  u n i t .  The am plitude o f  the endotherm ic  and exo­

therm ic  oeaks was used as an approximate Q u a n t i ta t iv e  measure o f  the  

substances r e a c t in g  a t  the s p e c i f ic  tem peratures o f  the  peaks. San- 

u ie s  o f  the  ITester p r o f i l e  were run on a d i f f e r e n t  sample h o ld e r  than  

th e  one used fo r  the  ©the' two pro f i l e s .  A new set o f  s tandards was 

run  as a b a s is  o f  comparison fo r  the  t e s t e r  p r o f i l e .

3 . T o ta l  s p e c i f ic  surface  o f c la y s .

The e th y le n e  g ly c o l  met nod proposed Dy Bower a.io ^eschwend. ( 6}
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was used.

0 . 5  gm. o f  a i r  dry c la y  were p laced  i n  weighing b o t t le s  and 

were evacuated  o v er  P2O5 u n t i l  co n stan t weight was o b ta in e d . 2 0  drops 

o f  e th y le n e  g ly c o l  were added and the b o t t le s ,  w ith  covers on, were 

p laced  in  a d e s ic c a to r  w ith  Ca C l2 ana l e t  stand o v e rn ig h t .  The 

covers o f  the  w eigh ing  b o t t le s  were then removed and a vacuum was 

a p p l ie d  a t  a tem p eratu re  o f  25° C u n t i l  the excess o f  e thy lene  g ly c o l  

was removed. The samples were then weighed a t h o u r ly  i n t e r v a l s  u n t i l  

th e  lo s s  o f  w eight became sm a lle r  than 3^ o f  the weight o f  the re ­

ta in e d  e th y le n e  g ly c o l .  T o ta l  s u rfa ce  was c a lc u la t e d  by us in g  the  

fo rm u la .

A rea  m^/gm. = (w t. o f  e th y len e  g ly c o l  r e ta in e d  (gm .) )

( w t . o f  vacuum d r ie d  c la y  x 0 .0 0 0 3 1 )

4. T o ta l  Potassium in  c l a y .

A m o d if ie d  method proposed by Webber and Shivas (o3) was used.

0.2 gm. o f  oven dry c la y  were weighed in  p la t in u m  c r u c ib le s  

and heated  to redness fo r  one m inute to destroy  o rgan ic  m a tte r .  When 

coo led , 1 ml. 1 :5  H2SO4 was added and the  m ix tu re  was s t i r r e d  w ith  a 

p la t in u m  w ire .  5 ml. o f  c o n ce n tra te d  h y d r o f lu o r ic  ac id  were added 

arid evap o ra ted  s low ly  to dryness on a hot p la t e .  The sane trea tm ent  

was re p e a te d  once more. The c r u c ib le s  were then p laced  in  a 200 ml. 

beaker and th e  re s id u e  was removed w ith  a s o lu t io n  o f  200 ml. HpO 4- 

10 ml. HlTCh. and h e a ted . When h o t ,  the  c r u c ib le s  were removed andO *

r in s e d  w ith  w a te r .  The s o lu t io n  was then evaporated 0̂ dryness and 

th e  re s id u e  was taken  ud in  0.1NPC1, h eated , f i l t e r e a  and d i lu t e d  to 

a volume o f  250 m l. Potassium was determ ined by means o f  a F e rk in
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j i lmer flam e photom eter, Model 52 a. Standard potassium s o lu t io n s  

c o n ta in in g  5 &  40 ppm were p rep ared  in  0.1IJHC1. A s tandard  concen­

t r a t i o n  vs. tra n s m is s io n  curve  was p lo t t e d .

5 . M in era l a n a ly s is  o f  the f in e  sand.

The m in e ra ls  o f  the f in d  sand f r a c t io n  which was about 50$  o f  

th e  t o t a l  sand in  the  p r o f i l e s  s tu d ie d , were i d e n t i f i e d ,  counted and 

t h e i r  per  cent fre q u e n c ie s  i n  the l i g h t  and heavy f r a c t io n s  were de­

te rm in e d . F ine  sand samples p r e t r e a te d  and separated  as in  the mech­

a n ic a l  analyses  were used. I ro n  and o th e r  c o a t in g s  were removed from 

trie  f i n e  sand acco rd in g  to the method suggested by K ilm er (personal  

comrnunication) . Two gms. o f  f in e  sand were placed in  200 ml. E r le -  

mayer f l a s k s .  Two gms. o f  sodium h y d r o s u l f i t e  (NasSsOd) p lus  75 ml. 

o f  w ater  were added. The f la s k s  were stoppered and shaken fo r  one 

hour. The suspension was then t r a n s fe r r e d  to 250 ml. beakers, the  pH 

was a d ju s ted  to 3 .5  -  4 .0  by adding 10$ HC1. The suspension was l e t  

stand fo r  one hour d uring  which i t  was s t i r r e d  s ev e ra l  t im es. The 

su p ern a tan t l i q u i d  was then decanted and the  sands were washed w ith  

w ater 3 t im es . They were then oven d r ie d .

Heavy m in e ra ls  were sep ara ted  from the l i g h t  ones by c e n t r i ­

fu g in g  1 gm. o f  c lean ed  f i n e  sand in  a 15 ml. J e f f r i e s '  double c e n t r i ­

fuge tube which c o n ta in e d  a te tra -b ro m o -e th a n e ,  n itro b e n ze n e  m ix tu re  

o f  s p e c i f i c  g r a v i t y  2 .8 .  The heavy m in era ls  were washed w ith  acetone,  

oven d r ie d ,  weighed, and mounted on g lass  microscopic s l id e s  by u s in g  

1 drop o f  0 . 1$  g e l a t i n  s o lu t io n  and 1 drop o f  fo rm a lin e  s o lu t io n  as 

d e s c r ib e d  by M arsh a ll  and J e f f r i e s  ( 4 1 ) .  Trie g ra in s  were thus stuck  

on the  s l i d e  w ith o u t be ing  immersed in  g e la t in e .



F e ld sp ars  and q u a r tz  were determined in  the l i g h t  f r a c t io n  

w ith  th e  a id  o i  the  p e tro g ra p n ic  microscope. An immersion o i l  o f  in ­

dex 1 .5 4 3  was used. F iv e  to seven hundred g ra in s  from each h o r iz o n  

were counted .

Heavy m in e ra ls  were determ ined i n  the same way by us ing  an 

immersion o i l  o f  r e f r a c t i v e  index 1 .6 6 5 .  A l l  the  heavy g ra in s  sepa­

r a t e d  from the  1 gm. sample were counted. T h e ir  numbers ranged be­

tween 300 end 600.

IV .  THIN SECTIONS OF SOILS

H o r iz o n ta l  and v e r t i c a l  th in  s ec t io n s , 0 .0 3  mm. th ic k ,  from  

each h o r i  zon were s tu d ied  under the p e tro g ra p h ic  microscope.

A ir  dry u n d is tu rb e d  lumps o f  f i r m  h o r izo n s  were trimmed w ith  

sand paper to about 20 x 30 x 7 mm. s l ic e s .  Loose or f r i a b l e  h o rizo n s  

were sampled w ith  the  a id  o f  1 .5 "  x 1" x .5"  aluminum frames to secure  

u n d is tu rb e d  b locks . The a i r  dry samples were then impregnated w ith  

Lakes ide  No. 70 C cement accord ing to the  method proposed by the manu­

f a c t u r e r .

A f t e r  a i r  d ry in g  the s o i l  samples were heated  fo r  15 minutes  

on a hot p l a t e  w ith  su rface  tem peratu re  o f  180° -  200° C. and were 

then dropped q u ic k ly  in to  a vesse l c o n ta in in g  xy len e , to d r iv e  out the  

a i r .  Crushed Lakeside 70 C cement was p laced  in  a p yrex  c r y s t a l l i z i n g  

dish  which c o n ta in ed  8 p a r ts  o f  ab so lu te  e th y l  a lc o h o l .  This  m ix tu re  

was p laced  on a  hot p la t e  w ith  surface  tem peratu re  o f  180° C. When 

th e  e f fe rv e s c e n c e  o f  the  s o i l  samples ceased, in d ic a t in g  complete r e ­

placem ent o f  th e  a i r  by xy len e , the  samples were t r a n s f e r r e d  in to  the  

a lc o h o l-c e m en t m ix tu re .  The m ix tu re  was a llow ed to b o i l  g e n t ly  u n t i l



the  s p i r i t s  were c o m p le te ly  evaporated . Th is  l e f t  the  cement in  mol­

te n  c o n d i t io n  and i t  re p la c e d  the  xylene in  the pores o f  the samples. 

The samples were l i f t e d  out o f  and inmersed again  in  the  m e lt ,  u n t i l  

a l l  the la r g e  pores  were im pregnated, and then removed and a llow ed to 

cool to room te m p era tu re .  The aluminum frames were removed by ouick  

h e a t in g  o f  t h e i r  edges on a bnnsen burner and pushing out the  impreg­

n a te d  b lo c k s .  Care was taken  th a t  the  s o i l  would not be he a ted .

The im pregnated samples were shipped to CAL-ERSA L a b o ra to r ie s ,  

where th e  th in  s e c t io n s  were p repared .



RESULTS

1. P h y s ic a l  P r o p e r t ie s

The average o f  measurements on s ix  core samples from each 

h o r iz o n  a re  g iv e n  i n  ta b le  1 .

B u lk  den s i t y  o f  the  podzol sequa (A^, Ag and B h ir  h o r izo n s )  o f  

a l l  th re e  p r o f i l e s  i s  c o n s id e ra b ly  lower than the bu lk  d e n s ity  o f  the  

g ray  brown p o d zo lic  sequa (B^, A2m, A3m, A & B, Bt and C h o r iz o n s ) .  

I s a b e l l a  and McBride show a d e f i n i t e  maximum in  t h e i r  A2m and A3ra h o r i  

zons.

N o n - c a p i l la r y  p o r o s i ty  i s  h ig h  in  the  podzol sequa and de­

c reases  s h a rp ly  on th e  top  o f  the  f ra g ip a n  (Bm or A2m h o r iz o n s ) .

There i s  a minimum o f  n o n - c a p i l l a r y  p o r o s i ty  i n  the  B  ̂ h o rizons  at  

N e s te r  and McBride, w h i le  in  I s a b e l la  th e  C h o r izo n  has a B l ig h t ly  

low er v a lu e  then the  B^.

C a £ i l l  a ry p o r o s i ty  does not show as g re a t  d i f fe r e n c e s  among 

the  d i f f e r e n t  h o r izo n s  as th e  n o n - c a p i l la r y  p o ro s i ty  doeB, but th e re  

i s  a d e f i n i t e  minimum in  the f ra g ip a n  ho rizo n s  o f  a l l  th re e  p r o f i l e s .  

The A i ,  A2 and C h o r izo n s  have th e  h ig h e s t  c a p i l l a r y  p o r o s i ty  in  a l l  

th re e  p r o f i l e s .

W ater p e r m e a b i l i t y  fo l lo w s  p a r a l l e l  trends  w ith  n o n - c a p i l l a r y  

p o r o s i t y .  I t  i s  v e ry  h igh  in  the  podzol sequa, shows a sharp decrease  

i n  the  pan, end reaches a minimum i n  the Bt and C h o r iz o n s .  I t  must 

be m entioned, however, th a t  the  r e p l i c a t e  cores o f  the fra g ip a n s  

showed th e  b ig g e s t  v a r i a b i l i t y  o f  a l l  the o th e r  h o r iz o n s .  T h e ir  

v a lu e s  were as extreme as e .g .  0.2 -  2 .3  cm ./hour. Th is  v a r i a b i l i t y  

i n  w ater  p e r m e a b i l i t y  was due to the  presence o f  cracks  and worm and./o
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ro o t  h o le s  in  some o f  the cores w h ile  they were absent from o th e rs .

I t  has been observed th a t  the pan i n h i b i t s  the in t e r n a l  d ra in ­

age to  a c e r t a i n  degree during  the sp r in g  months when the  s o i l  is  

w ater  s a tu ra te d .  Dr. A. E. Erickson  (18 ) has observed in  the  Upper 

P e n in s u la  o f  M ichigan th a t  in  s p r in g  th e  p a r t  o f  the  p r o f i l e  above the  

f r a g ip a n  was w ater  s a tu ra te d  w h ile  the p a r t  below the  f ra g ip a n  was at  

o r  below f i e l d  c a p a c i ty .  He a lso  has observed th a t  on exposed p ro ­

f i l e s  o f  ro ad cu ts  s p rin g s  form on top o f  the  f ra g ip a n  and th a t  water  

d ra in s  l a t e r a l l y .

The absences o f  m o t t l in g  i n  the th re e  p r o f i l e s  s tu d ie d  ex­

c lu d es  th e  e x is te n c e  o f  seasonal poor dra in age , p o s s ib ly  because o f  

th e  adequate s u r fa c e  d ra in ag e  and the  p o s s ib le  in t e r n a l  d ra in age  due 

to the presence  o f  v e r t i c a l  cracks in  the p r o f i l e .

Hardness o r  Cone P e n e tra t io n  R es is tan ce  data  g e n e r a l ly  agree  

w ith  o b s e rv a t io n s  made in  the  f i e l d .  The h ard es t or f ra g ip a n  horizons  

c o in c id e  w ith  th e  h o r izo n s  o f  h ig h e s t  b u lk  d e n s ity .  The hardness,  

however, does not e x c lu s iv e ly  depend on bulk  d e n s ity ,  as th e re  i s  o n ly  

a s l i g h t  d i f f e r e n c e  i n  b u lk  d e n s ity  between the  Agm and A3m h o rizo n s  

o f  I s a b e l l a  and McBride, w h ile  th e re  i s  a very sharp d i f fe r e n c e  in  

t h e i r  hardness. I n  th e  Nester p r o f i l e  the  Agm h o r izo n  i s  more than  

tw ic e  as h a rd  as th e  Bt h o r iz o n  in  s p i te  o f  the  f a c t  th a t  i t s  bulk  

d e n s ity  i s  low er than the  one o f  the Bt.

The t r a n s i t i o n a l  Bm h o r izo n s  v a r ie d  in  th ickn ess  from less  

than one inch  to two inches , and they  could not f i l l  a core . Given  

v a lu e s  o f  p h y s ic a l  p r o p e r t ie s  a c t u a l ly  correspond to a th re e  inches  

t h ic k  la y e r  c o n s is t in g  o f  E h i r ,  Em, and A2m h o rizons  o f  the McBride 

p r o f i l e .  The upper p a r t  o f  c e r t a i n  cores  o f  th e  I s a b e l l a  p r o f i l e



c o n s is te d  e n t i r e l y  o f  th e  t r a n s i t io n a l  Bm h o r izo n  and hardness te s ts  

were conducted on them. I t  must be adm itted , however, th a t  due to the  

f a c t  th a t  i t  was im p o s s ib le  to have core samples made o f  m a te r ia ls  

from the  Bm h o r izo n  o n ly ,  the  o th e r  v a lu e s  o b ta in e d  are  somehow d i f ­

f e r e n t  from th e  t r u e  ones.

2 .  Mechanical A na lys is

The I s a b e l la  and McBride s o i ls  which have w e l l  developed b i -  

sequa p r o f i l e s ,  show a d e f i n i t e  maximum content o f  t o t a l  sand i n  t h e i r  

Bm and A2m h o r iz o n s .  The N e s te r  s o i l ,  which has a r a th e r  weakly de­

ve loped bisequum p r o f i l e ,  shows a g rad u a l decrease o f  th e  t o t a l  sand 

c o n te n t  w ith  in c re a s in g  depth w ith  a minimum in  the  Bt h o r iz o n  and a 

v e ry  sm all maximum in  the A2/B h i r .  The content o f  t o t a l  s i l t  i s  h ig h ­

e r  in  the  podzol sequa o f  a l l  th re e  p r o f i l e s  than in  t h e i r  gray brown 

p o d z o l ic  seoua. The Al h o r izo n s  o f  McBride and N ester  and the Aq  o f  

I s a b e l la  have the  maximum r e l a t i v e  c o n c e n tra t io n  o f  s i l t  i n  the p a r t i ­

c u la r  p r o f i l e s .  The d i f f e r e n t  sand f r a c t io n s ,  the 50 -20  p and 20=5 p 

s i l t  f r a c t io n s  f o l lo w  in  a genera l way the trends  o f  t o t a l  sand and 

t o t a l  s i l t  co n ten ts  r e s p e c t iv e ly .  Tab le  4 shows th a t  th e re  is  a r e ­

d i s t r i b u t i o n  o f  the  5=2 p f r a c t io n  o f  s i l t  i n  a l l  th re e  p r o f i l e s .

There is  a lo ss  o f  the  5=2 p s ize d  s i l t  in  the podzol sequa o f  the  

th re e  p r o f i l e s  and a d e f i n i t e  g a in  in  the  gray brown p o d z o lic  o f  

McBride and N e s te r .  The r e s u l ts  o f  I s a b e l l a  are  in c o n c lu s iv e  as to  

whether th e r e  i s  a g a in  o f  5=2 p s i l t  in  the grav brown p o d z o l ic  se- 

quum o f  the  p r o f i l e .  T h is  i s  probab ly  due to d i f fe r e n c e s  i n  the p re ­

sent m a t e r ia l  o f  the  p a r t i c u l a r  h o r iz o n s ,  as i t  w i l l  be shown l a t e r .
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Tahle  I .  P h y s ic a l  P r o p e r t ie s

McBride

H o r i  zon Depth
inches

Bulk
D ensity

i
N o n -c a p i l ­
l a r y  poro­
s i t y

i

C a p i l la r y
p o ro s i ty

Permea- 
hi l i t y
cm/ h r

Cone pene­
t r a t i o n  
Besi stanc e
Y g f  cm

A1“A2 1 -5 1 .1 9 20.6 2 8 .8 2 1 .0 9

B h ir 5= 17 1 .3 8 2 0 .5 2 5 .5 2 9 .0 0 8 .5

Brn 1 7-19 1 .6 1 8 .5 20.1 6 .77 —

A2in 1 9 -24 1.82 8 . 1 1 7 .0 1 .4 5 3 1 .0

2 4 -3 5 1.86 3. 6 2 1 .3 0 .1 3 122.6
Bt 3 5 -5 3 1 .7 8 3 .2 2 3 .4 0.11 1 8 .2

C -1= 53 1 .7 4 5 .8 2 5 .2 0 .2 4

N es ter

A l 1 -5 1 .0 3 2 0 .5 3 2 .7 52. 53 —

A2 /B h i r 5 -9 1 .3 8 1 6 .7 26 .8 15 .8 2 8 .3

A2m 9-16 1 .6 1 9 .3 2 5 .5 1 .56 2 6 .3

A & B 16-27 1 .6 5 7 .4 2 9 .4 3 .1 1 20.2

Bt 2 8-48 1.66 4 .5 3 2 ,3 0 .9 2 1 1 .6 5

/•»
KJ 4 9 -6 5 1 .6 0 5 .4 3 3 .0 0 .1 5 —
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Table I. continued

I s a b e l l a

H o r izo n Depth
inches

B a lk
D en s ity

4
N o n cap il­
l a r y  poro­
s i t y

4
C a p i l la r y
p o ro s i ty

Permea­
b i l i t y  
cm/hr

Cone pene­
t r a t i o n  
R es is tance  
Y g / c m

A1-A2 1 -5 1 .1 0 8 1 6 .9 3 6 .2 22.26 —

B h ir 5 -11 1 .4 3 1 7 .0 2 6 .7 1 4 .6 3 1 0 .9

Bm 1 1-13 — — — 1 4 .9

^2m 13-21 1 .8 7 7 .7 IS .  15 0 .8 4 3 3 .3

A3m 21=34 1 .8 5 8 .9 1 9 .6 1 .0 4 7 7 .9

A &  B 3 4 -4 2 1 .78 3 .9 28.6 0.10 2 5 .8

Bt 4 2 -5 5 1 .7 1 2 .4 3 4 .2 0 .1 6 16.6

C += 55 1 .7 6 1.6 3 4 .2 0 .0 7 —

T a b le  l a . Per cent Hygroscopic w ater

H o r i  zon 

P r o f i l e
Al A2 A2,/Bhi r  B h ir  Bm A2m A3m A &  B Bt C

Me Br i  de 1 .1 4 0.62 0.66 0 .3 8 0.21 0 .48 0 .6 9  0 .7 1

I  s a b e l la 1 .6 3 0 .3 1 2 .6 7  0 .2 9 0 .3 0  0 .65 0 .9 7 1 .2 3  0 .6 5

N e s te r 1 .7 2 0 .7 7 —  ■ 0 .4 0 1 .43 1 .6 0  1 .4 8
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C lay  c o n ten t shows two d e f i n i t e  minima and maxima in  the  I s a ­

b e l l a  and McBride p r o f i l e s .  The f i r s t  minimum is  in  the A2 and the  

second i n  the  Bm and Agm h o r izo n s . The f i r s t  maximum i s  found i n  the  

B h ir  and th e  second and h ig h e s t  one in  the  Bt h o r izo n .  The N e s te r  

p r o f i l e  shows o n ly  one minimum in  the  A2/B h i r  h o r izo n  and one maximum 

in  the  Bt h o r i  zon.

The r e s u l t s  o f  mechanical a n a ly s is  suggest th a t  a downward 

movement o f  c la y  and ve ry  f i n e  s i l t  takes p la c e  in  a l l  th re e  p r o f i l e s .  

The Bt h o r izo n s  c o n s t i t u t e  the zone o f  maximum c la y  accum ulation . The 

f r a g ip a n  h o r iz o n s  have low er c la y  co n ten t than the p a re n t  m a t e r ia l ,  

and i f  we assume th a t  the  p r o f i l e s  were formed from u n ifo rm  p a ren t  

m a t e r i a l ,  they c o n s t i t u t e  an e lu v i a l  zone. F ine  sand makes up the  

b u lk  o f  the  sand f r a c t i o n  and i t s  d i s t r i b u t i o n  i s  f a i r l y  u n ifo rm  in  

a l l  th e  h o r izo n s  o f  the  th ree  p r o f i l e s ,  as shown in  t a b le  3 .

3 .  Chemical P r o p e r t ie s

The pH v a lu es  o f  t a b le  5 show th a t  I s a b e l l a  has the most 

leached and consequently  weathered p r o f i l e  o f  the th re e  s o i ls .  The 

d i f fe r e n c e s  i n  th e  chem ical p ro p e r t ie s  among th e  d i f f e r e n t  h o r izo n s  

a re  a lso  more pronounced in  the I s a b e l l a  than in  the o th e r  two s o i ls .

Organic  carbon and so lu t io n ,  lo s s  va lues  suggest th a t  the pod­

zo l sequum is  b e t t e r  developed in  I s a b e l l a  than i n  the o th e r  two p ro ­

f i l e s .  T h is  co n c lu s io n  i s  in  accordance w ith  the  f i e l d  d e s c r ip t io n  o f  

th e  s o i l s .

A l k a l i  s o lu b le  s i l i c a  in c re a se s  w ith  depth and show a maximum 

c o n c e n tra t io n  in  the  Bt h o r izo n s  o f  McBride and N e s te r  and in  the  A &

B h o r iz o n  o f  I s a b e l la .  The A2m h o r izo n s  o f  a l l  th re e  p r o f i l e s  have
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T a b le  2 .  Mechanical Analyses

McBride Ai A2 Bhir Bm A2m A3m Bt C

Depth 1-2 3 -5 5 -17 17-19 19-24 24-35 3 5 -5 3 += 53

F .G -C .S .
2 - 0 . 5  mm. 7 .8 5 8 .7 6 8 .6 4 9 .9 0 9 .9 8 8 .7 7 8 . 2.8 8 .4 8

M. S
. 5 “ .2 5  mm. 14 .4 1 1 5 .6 4 16 .09 18 .4 7 18.21 16 .91 15 .08 16.46

F. S.
. 2 5 - .1  mm. 4 2 .0 9 4 2 .1 8 4 2 .4 0 4 4 .5 8 4 5 .3 3 4 2 .1 0 3 8 .4 5 40 .4 8

V. P. S. 
. 1 - . 0 5  mm. 8 .6 4 12. o3 12 .40 12 .4 2 12 .56 1 0 .5 0 9 .4 0 9 .91

T o ta l  sand 7 3 .9 9 7 9 .9 1 79 .99 85 .37 8 6 .0 8 7 8 .2 8 71.21 7 5 .3 3

S i l t

5 0 -2 0  p 9 .2 4 5 .3 3 5 .1 8 1 .5 5 2.66 0 .8 7 2 .0 9 2.02

2 0 -5  p 8 .0 4 7 .3 5 5 .4 2 4.2.6 4 .0 2 4 .3 1 3 .3 4 6.21

5 -2  p 2 .9 3 2 .8 0 1 .8 4 2 .5 0 2 .2 8 3 .4 8 2 .2 5 2 .4 1

T o ta l  s i l t 20.21 15 .48 1 2 .4 4 8 .3 1 8 .9 6 8 . 66 7 .6 8 1 0 .6 4

C lay 5 .8 0 4 .6 1 7 .5 7 6 .3 2 4 .9 6 13.06 21.11 14 .03



T a b le  2 . c o n tin u e d

I s a b e l l a Al A2 B h ir 3n A2m *3m A &  B Bt C

Depth 1=3 3=5 5 -1 1 11=13 13=21 21-34 34 -42 4 2 -55 +■ 55

F. G-.-CS 
2 - 0 .5  mm.

1 0 .3 5 9 .3 6 9. 97 10. 63 10 .4 3 9 .07 8, 26 6.55 7 .5 0

M. S.
. 5 -  . 2-5 nan.

18 .88 17 .34 16.40 2 0 .1 5 17.67 16.40 14 .75 12.06 15 .9 2

F. S.
. 2 5 - . 1  mm.

3 6 .8 9 3 6 .7 8 34 .4 1 4 1 .6 9 3 9 .9 5 36. C-3 35 .77 3 1 .9 6 3 0 .5 7

V .F .  S.
. 1 - . 0 5  ran.

4 .? 5 6 .2 3 8.62 10 .17 7 .3 6 5 .9 8 5 .8 9 4 .8 1 3 .4 3

T o ta l  sand 7 0 .8 8 6 9 .7 2 69.11 8 2 .6 5 75 ,41 67 .48 64 .6 8 55.38 5 7 .4 2

S i l t

5 0 - 2C p 9.1C 10 .46 6 .0 3 4 .0 2 4 .9 5 4 .1 6 2 .7 4 4 .5 6 4 .5 8

2 0 -5  p 1 0 .3 7 12 .03 9 .9 2 5 .9 2 8 .3 6 7 .4 3 5 .3 3 6 .61 5 .5 8

5=2 p 3 .5 2 3 .5 4 4 .5 2 3 .3 0 3 .7 1 3 . l<4 2 .7 8 4 .6 8 5 .5 0

T o ta l  s i l t 22. 9S 2 6 .4 6 2 0 .4 7 13.2-4 17 .02 14. 83 10 .85 15.65 15.66

Clay 6 .1 3 3 .8 2 1 0 .4 2 4 .1 1 7 .5 7 17.69 24 .47 28 .97 2 6 .9 2



T a b le  2 . c o n t in u e d

N e s te r Al A2/B h i r A3m A &  B Bt C

Depth 1=5 5 -9 9-16 16-27 27-48 4 8 -6 5

F.G-C. S. 
2- 0.5 mm. 7 .6 4 8 .4 3 7 .4 6 6 .7 2 5 .2 3 6 .0 6

M. S
. 5 - . 2 5  mm. 14 .15 13 .28 13 .6 3 1 0 .5 2 5 .7 2 9 .0 9

F. S.
. 2 5 - . 1  mm. 3 2 .5 4 3 2 .5 5 3 0 .4 2 21 .89 2 1 .1 4 2 4 .6 5

V. F. S.
. 1-= .05  mm. 5 .7 8 8.22 6 .1 9 4 .0 7 5 .8 7 6 .2 5

T o ta l  sand 60 .08 62 .48 5 7 .7 0 4 3 .2 0 37 .9 6 4 6 .0 5

S i l t  

50 -20  p 1 1 .1 8 9 .5 3 8 .9 5 5 .9 0 6 .7 6 5. 63

2 0 -5  p 12.66 12 .3 4 13 .07 8.12 8 .5 6 9 .3 2

5 -2  p 5 .3 8 6 .31 5 .3 6 5 .5 3 4 .5 8 4 .0 2

T o ta l  s i l t 2 9 .2 2 28. 18 27 .38 19 .55 19.90 18 .97

Clay 1 0 .7 0 9 .3 4 1 4 .2 2 3 7 .2 5 4 2 .1 4 34 .98



T a b le  3 . o f  P in e  Sand i n  th e  T o ta l Sand F ra c t io n
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H o rizo n  

Fro f i l e
Ai A2 * B h ir Bm A2m ASm A & B C

McBride 5 8 .2 3 52 .78 5 3 .0 1 5 2 .2 2 5 2 .6 6 53 .7 7 — 5 3 .2 1 53 .7 4

N e s te r 5 4 .1 5 5 2 .1C — — 5 2 .7 2 5 0 .9 2 — 5 6 .0 4 5 3 .5 8

I s a b e i i a 5 2 .0 4 5 2 .7 6 4 9 .4 0 5 0 .4 7 5 2 .9 7 53 .38 55 .2 7 54 .7 0 5 3 .2 4

T ab le  4 . Per cen t o f  5* 2  ji s i l t  in the t o t a l s i l t f r a c t io n

H o ri zon 

P r o f i l e
Ai A2* B hir Bm Agm A & B Bt C

McBride 1 4 .5 1 8 .1 14 .3 3 0 .1 2 5 .4 4 0 .2 — 2 9 .3 '2 2 .7

I s a b e l l a 1 5 .3 1 4 .4 22.1 2 4 .9 21.8 21.8 2 5 .6 2 9 .9 3 5 .5

N e s te r 1 8 .4 2 2 .4 — -*= 1 9 .6 —— 2 8 .3 2 3 .0 21.2

* A g  corresponds to A2/B h i r  in  N e s te r .



s o lu b le  S i0 2  co n te n t  lo w er  than the  in ro e d ia te ly  o v e r ly in g  and under-  

l y in g  h o r iz o n s .  The A1 h o r izo n  o f  I s a b e l la  has a rem arkably h igh  a l ­

k a l i  s o lu b le  s i l i c a  c o n te n t .

S o lu b le  a lum ina d a ta  show maxirrium c o n ce n tra t io n s  in  the  B h ir  

and Bm h o r iz o n s  o f  the  I s a b e l l a  and McBride p r o f i l e s .  The A j,  A2 and 

C h o r izo n s  o f  a l l  th re e  p r o f i l e s  a re  r e l a t i v e l y  poor i n  s o lu b le  a lu ­

mina. In  a l l  th re e  p r o f i l e s  there  e x is ts  a zone in  which s o lu b le  

alum ina accum ulate. Th is  zone extends from the B h ir  down to the Bt 

h o r iz o n .  The f ra g ip a n  h o r izo n s  are  lo ca ted  in  t h is  zone, but they do 

not c o in c id e  w ith  the  p a r t  o f  the  p r o f i l e  which has the  maximum so lu ­

b le  a lum ina c o n te n t .  The A2m horizons  o f  I s a b e l la  and McBride have

low er s o lu b le  a lum ina  co n ten t than the im m ediate ly  o v e r ly in g  and

u n d e r ly in g  h o r iz o n s .  The d is t r ib u t io n  o f  the so lu b le  a lumina in  the

p r o f i l e s  does not fo l lo w  the d i s t r i b u t i o n  o f  c la y  and, th e re fo re ,  the  

g iv e n  va lu e s  c o n ta in  very  l i t t l e  i f  any aluminum e x t ra c te d  from the  

l a t t i c e  o f  the  c la y s .

The data  o f  t a b le  5 did not re v e a l  o u ts ta n d in g  accumula­

t io n s  o f  S i02 a nd /o r  A I2O3 i n  the f ra g ip a n  horizons  to j u s t i f y  the  

assumption th a t  they  are  major fa c to rs  o f  cem enta tion . T h e ir  r o le ,  

however, w i l l  be d iscussed  in  the next c h ap ter .

4 . X -rav  d e te rm in a t io n  o f  c la y  m inera ls

The g ly c e r a te d  and ca lc ium  s a tu ra te d  c la y  samples o f  a l l  the 

h o r i  zons o f  the  th re e  p r o f i l e s  produced d i f f r a c t i o n  maxima a t 10 A 

and 7 A. The 7 A peak disappeared upon h e a t in g  the sample to 550° C. 

These peaks suggest the  presence o f  i l l i t e  and k a o l in i  te ,  re s p e c t iv e ly ,  

i n  a l l  the  h o r izo n s  o f  the th re e  p r o f i l e s . Tne a rea  under each peak
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T a b le  5 . Chemical P r o p e r t ie s  

____________    McBride

H o ri  20 n Depth
inches

pH Loss in  a c id  
s o lu t io n  

%

Organic
carbon

$

Soluble
SiO*

4

Soluble
AlbOo
. rag.
100 gm. s o i l

*1 1 -3 5 .4 0 .7 2 4 .4 4 .176 5 .0

A2 3 -5 5 .2 1 .6 3 2.00 .145 6.0
B h ir 5 -1 7 5 .3 1 .80 1 .1 5 .206 20.0
Bm 1 7-19 5 .6 .90 .27 .272 20.6
A2 m 19-24 5 .8 .68 . 13 .137 1 3 .0

A3m 2 4 -3 5 5 .6 .45 .11 .290 1 4 .2

Bt 3 5 -53 5 .2 .66 .16 .417 14 .0

C 534= 7 .8 5 .6 0 .15 . 2-04 7 .0

I s a b e l l a

*1 1 -3 4 .7 0 .7 3 o. 12 1.000 3 .4

A8 3 -5 4 .7 0.12 .98 .305 5 .3

B h ir 5-11 4 .6 2 .4 5 2 .6 3 .415 3 6 .7

Bm 11-13 4 .6 • r,o 00 .20 .360 3 6 .0

^2m 1 3-2  i 4 .9 .93 .15 .320 2 6 .4

•A3tn 2 1 -34 5 ,0 1 .40 . 16 .540 3 3 .0

A & B 34-42 4 .6 1 .67 .18 .725 2 6 .6

Bt 4 2 -5 5 5 .3 1.53 .13 .645 12.2

C 554= 7 .9 9 .2 0 . 12 .250 4 .2
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T a b le  6 . c o n t in u e d

N ester

H o ri zon Depth
inches

pH Lo ss in  
s o lu t io n

i

a c id  Organic  
carbon  

*

Soluble  
Si02

*

Soluble
A1203

mg.
100 gm. s o i l

Ai 1 -5 6 .0 1 .2 4 5 .1 2 . ̂ 52 4 .3

A2./ B a ir 5 -9 5 .4 2 .26 .73 .345 8 .1

9 -1 6 5 .4 1 .1 6 .25 .315 9 .7 5

A &  B -16-27 5 .0 1.81 .51 .630 1 6 .2

Bt 2 7-48 5 .0 2 .0 8 .26 .720 13 .4

C 48-65 7 .6 5 .7 7 .2 2 .490 6 .4

is  r e la t e d  to the amount o f  the p a r t i c u l a r  mine r a l  p re s e n t .  O ther

fa c to r s . however, such as amount o f  i r o n  oxides p re s e n t, the o r ie n t a -

t io n  o f  the c la y  p a r t i c l e s  on the  porous p l a t e ,  th e  cry  s t a l l i n i  ty  o f  

th e  m in e ra ls ,  e t c . ,  s tro n g ly  modify the  a re a  and the  sharpness o f  the  

peak's. A ccurate  Q u a n t i ta t iv e  d e te rm in a t io n ,  th e r e fo r e ,  o f  the c la y  

m in e ra ls ,  based on ly  on X—ray d a ta  i s  v e iy  d i f f i c u l t .  From the X -ray  

p a t te r n s  which a re  shown in  the appendix, i^  can g e n e r a l ly  be con­

c luded th a t  the amount o f  i l l i t e  is  lower in  the podzol seoua o f  Is a ­

b e l l a  and McBride than in  t h e i r  gray brown p o d z o l ic  secrua.

Any conclus ion  on the amounts o f  k a o i i n i t e  present in  each 

h o r iz o n  i s  le s s  c e r t a i n ,  as th e  i n t e n s i t y  o f  the  7 \  peak i s  p a r t l y  

due to the  second o rd e r  d i f f r a c t i o n  o f  the X -rays  by the basal planes  

o f  m in e ra ls  h av ing  14 A basal spacing ( c h l o r i t e ,  v e r m i c c l i t e ) . The 

d i f f e r e n c e s  in  the  7 A peaks o f  the  No. 2 t ra c in g  fo r  each sample (K
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s a tu ra te d  and h e a te d  to 11C° C) and the No. 3 (heated  to 550° C) p a t ­

te rn s  show th a t  k a o l i n i t e  i s  r e l a t i v e l y  low in  the Al and A3 h o r izo n s  

o f  I s a b e l l a  and in  the  o f  McBride.

Assumptions re g a rd in g  th e  amounts o f  i l i i t e  and k a o l i n i t e ,  

based on ly  on X -ra y  d a ta , cannot be made fo r  the N e s te r  p r o f i l e .

W ell expressed peaks corresponding to the 17 .7  A spacing were 

produced by th e  g ly c e r a te d  and Ca s a tu ra te d  samples o f  the A i,  A2 , 

and Bm h o r iz o n s  o f  I s a b e l l a ,  by the Al and A2 o f  McBride, and by the  

A i h o r iz o n  o f  N e s te r .  These d a ta  suggest the presence o f  m o n tm o r i l lo n ite  

in  these  upper h o r izo n s  as a pure m in e ra l .  The repeated  a p p l ic a t io n s  

o f  g l y c e r o l ,  however, were able to expand the l a t t i c e  o f  m ontm oril-  

l o n i t e  o f  the Al h o r izo n s  o f  I s a b e l l a  and McBride on ly  to 17 .0  A.

The s t ro n g ly  absorbed o rg an ic  m atte r  probab ly  in h i b i t e d  the expansion  

o f  some o f  the  l a t t i c e s  to 17.7  A basal spacing which i s  t y p ic a l  o f  

the  g ly c e r a te d  m o n tm o r i l lo n i te .  The r e s u l t in g  1 7 .0  A peak may then  

re p re s e n t  the r e s u l t s  o f  random i n t e r  s t r a t i  f i c a t io n  o f  m o n tm o r i l lo n i te  

capable  o f  absorb ing two la y e rs  o f  g ly c e r o l  and o th er  expanding la y e rs  

which c o u ld  p robab ly  take  on ly  one.

M o n tm o r i l lo n i te  is  a lso p resen t as i n t e r s t r a t i f i e d  w ith  la y e r s  

o f  c h l o r i t e  an d 'o r  v e r r i c u l i  t ? end possi Dly 0.: i l l i t e  in  to st o f  the  

o th e r  h o r izo n s  o f  the th re e  p r o f i l e s ,  as in d ic a te d  by the  broad h igh  

and low  bands lo c a te d  between 17 .7  A ana 14 A le v e ls  o f  basal spacing. 

These bands are h ig h e r  and b e t te r  pronounced in  the podzol secrua than  

in  the  g ray  brown p o d zo lic  seaus* The X -ra y  p a t te rn s  o f  the A2m h o r i ­

zons o f  I s a b e l l a  and McBride do not show the presence o f  d is c r e te  

m o n tm o r i l lo n i te  i n  these two h o r iz o n s .  The p a t te rn s  are  in c o n c lu s iv e  

as to the presence o f  i n t e r s t r a t i f i e d  m o n tm o r i l lo n ite  w ith  c h l o r i t e
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and m o n tm o r i l Io n i te  in  the  Bt h o rizons  o f  I s a b e l la  and McBride and the 

C h o r iz o n  o f  N e s t e r . The 14 A peak, however, could be p a r t l y  due to 

d i f f r a c t i o n  from an i n t e r s t r a t i f i e d  system o f  i l l i  t e - rn o n tm o r i l lo n i te .  

X -ra y  p a t te r n s  o f  the  micron c la y  o f  the  above h o rizo n s  showed 

th a t  i n t e r s t r a t i f i e d  complexes o f  expanding and non-expanding c lays  

predom inate  i n  t h is  f r a c t io n .

The presence o f  v e r r r . ic u l i te  was determined in  each h o r iz o n  by 

comparing the fo l lo w in g  r a t i o s :  Amplitude o f  tne 14 A peak. / Ampli­

tude o f  the  3 .3 5  A peak o f  q u a rtz ,  o f  the Ca s a tu ra te d  and g lv c e ra te d  

sample a g a in s t  th e  same r a t io  o f  the  sample when K s a tu ra te d  and h e a t ­

ed to 110° C. A decrease o f  t h is  r a t io  by h e a t in g  and K s a tu ra t io n  o f  

th e  c la y  would in d ic a t e  the  presence o f  v e r m ic u l i t e .  The am plitudes  

o f  the  14 A peaks as such could  not be compared because a s ig n i f ic a n t  

change o f  the  am plitudes o f  a l l  peaks re s u l te d  by h e a t in g  and re p la c in g  

th e  exchangeable Ca by K.

The absence o f  any peak at the 14 A basal spacing p o in t  in  the  

X -ray  p a t te r n s  o f  the Al and A2 h o r izo n s  o f  I s a b e l la  suggest the ab­

sence o f  both c h l o r i t e  and v e r m ic u l i t e  from these two h o r izo n s .  Ver-  

m ic u l i t e  was found in  the  E h ir  and ho rizo n s  o f  I s a b e l la  and in  the  

Al h o r iz o n s  o f  N e s te r  and McBride. The broad bands between the 10 A 

and 14 A basal spacing o f  the c o l la p s e d  c lays  (p a t te r n s  No. 2 and 3)  

o f  the  above h o r izo n s  in d ic a t e  tn a t  v e r m ic u l i t e  is  i n t e r s t r a t i f i e d  

w ith  c h l o r i t e .  The broad bands between 14 A and 1 7 .7  A in d ic a te s  

( p a t t e r n  No. l )  th a t  v e r m ic u l i t e  i s  a lso probably  i n t e r s t r a t i f i e d

w ith  m o n t.m o r i l lo n ite .

The e x is te n c e  o f  broad bands between 10 and 14 A produced by 

the h ea ted  to 110 and 550° C samples o f  the  h o r izo n s  o f  gray brown
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p o d z o l ic  sequa suggests the  p o s s ib le  presence o f  v e r m ic u l i t e  as i n t e r ­

s t r a t i f i e d  w i th  c h l o r i t e  and m o n tm o r i l io n i te  in  these h o r izo n s - Chlo­

r i t e  was d e te c te d  by the  presence o f  the 14 A basal spacing, which 

p e r s is te d  upon F s a tu r a t io n  and h e a t in g  to 110° C and 550° C (p a t te r n s  

2 and 3 ) .

X -rg y  p a t te r n s  in d ic a te  the  absence o f  c h l o r i t e  from the Al 

and A2  h o r iz o n s  o f  I s a b e l la ,  and p robab ly  from the Al o f  McBride. A l l  

th e  o th e r  h o r izo n s  o f  the  th ree  p r o f i l e s  produced X -ray  p a t te rn s  in ­

d ic a t in g  th e  presence o f  c h l o r i t e ,  which seems to be i n t e r s t r a t i f i e d  

w ith  v e r m ic u l i t e  and m o n tm o r i l lo n ite  in  the  podzol sequa and w ith  

m o n tm o r i l lo n i te  and p o s s ib ly  v e r m ic u l i t e  in  the  gray  brown p o d zo lic  

sequa.

I r o n  ox ides i n t e r f e r e d  s tro n g ly  in  the E h ir  and Bt h o r izo n s  o f  

I s a b e l l a  and they were removed from the  samples o f  these two and o f  

the  A3m and A &  B h o r izo n s  o f  t h is  p r o f i l e .  By removing the  i r o n ,  

h ig h e r  and more d i s t i n c t  peaks were ob ta in ed .

5. D i f f e r e n t i a l  Thermal A na lys is  o f  Clays

Clays  o f  a l l  th e  h o r izo n s  o f  the  th re e  p r o f i l e s  produced endo- 

therm ic  peaks a t  tem peratu res  o f  100=200° C, which correspond to the  

lo ss  o f  i n t e r l a y e r  w a te r .  The f ra g ip a n  la y e rs  o f  a l l  th re e  p r o f i l e s  

produced r e l a t i v e l y  small peaks at the above range o f  tem peratures ,  

i n d ic a t in g  a low amount o f  expanding c la y  m in e ra ls .  The A3m horizons  

o f  a l l  th r e e  p r o f i l e s  and the A3m o f  McBride showed d e f i n i t e  minima o f  

lo s s  o f  i n t e r l a y e r  w ater  w i th in  t h e i r  own p r o f i l e s .

C lays o f  the  h o r izo n s  o f  the  podzol sequa produced s trong  exo­

therm ic  peaks a t  tem peratures  between 300° C and 400° C, whi^h a re  due
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to  th e  combustion o f  th e  ass o c ia te d  organic  m a tte r .  Th is  o rgan ic  

m a tte r  r e s is t e d  tn e  H2O2 t re a tm en ts  during the p re p a ra t io n  o f  the  

samples f o r  m echanical a n a ly s is .  The Al h o rizo n s  o f  I s a b e l la  and 

McBride have also o rg an ic  m a tte r  s tro n g ly  absorbed by t h e i r  c la y s  

as in d ic a t e d  by the  exothermic peaks at tem peratures  between 600° C 

and 700° C ( 3 3 ) .

Endothermic peaks at tem peratures between 550° C and 600° C 

were a lso  produced by the c la y s  o f  a l l  h o r izo n s . These peaks c o rre s ­

pond to th e  lo s s  o f  th e  OH water from the  l a t t i c e  o f  k a o l i n i t e  m ain ly .  

S ince , a ls o ,  o th e r  c la y  m in era ls  as i l l i t e ,  c h l o r i t e  and v e r m ic u l i t e  

(2 2 )  undergo loss  o f  OH water at the  Same as above range o f  tempera­

tu re s ,  th e  areas under these peaks have on ly  l im i t e d  v a lu e  fo r  the  

q u a n t i t a t i v e  d e te rm in a t io n  o f  k a o l i n i t e .  Curves o f  standard samples 

o f  k a o l i n i t e  a re  g iven  in  the appendix along w ith  curves o f  s o i l  c lays  

fo r  comparison.

Based on the r e s u l t s  o f  D .T .A . , we can conclude th a t  expanding  

m in e ra ls  a re  p re se n t i n  a l l  horizons  but t h e i r  amounts are very  sm all  

i n  the  f ra g ip a n  h o r izo n s . ffe can also conclude th a t  the q u a n t i t ie s  

o f  k a o l i n i t e  are  s m a l le r  in  the Al and A2 h o rizo n s  o f  I s a b e l l a  and 

McBride, and in  th e  Al o f  H e s te r ,  than in  the re s t  o f  the h o r izo n s .

6 . T o ta l  S p e c i f ic  Surface and K Content o f  C la y s .

T o ta l  s p e c i f ic  su rface  d a ta  show a d i s t i n c t  minimum in  the  

A2m h o r izo n s  o f  the  th re e  p r o f i l e s  and in  the A3m h o r izo n  o f  McBride. 

The va lu es  show the  presence o f  expanding m inera ls  in  a l l  h o r iz o n s ,  

w ith  a p o s s ib le  e xc e p tio n  in  the above mentioned f ra g ip a n  h o r iz o n s .

Both th e  podzol seoua and the  i l l u v i a l  zones o f  th e  gray brown
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p o d z o l ic  sequa seem to be en r ich ed  w ith  expanding c la y s .  The C h o r i  = 

zonSof a l l  th re e  p r o f i l e s  have s m alle r  surface  areas than the and 

A & B h o r iz o n s .

The potassium co n ten t o f  th e  c la y s  is  r e l a t i v e l y  low i n  the  

podzo l sequa and r a th e r  h igh  in  the gray brown p o d zo lic  sequa. The 

c la y  o f  th e  pan o f  McBride has the maximum F2O content in  the p r o f i l e ,  

in  I s a b e l l a  and N e s te r ,  however, th e re  i s  a  second and h ig h e r  ¥ 2 0  con­

te n t  i n  th e  c la y  o f  th e  p a ren t m a te r ia l .

The above d a ta  suggest th a t  i l l i t i c  c la y s  undergo a r a th e r

d r a s t ic  w ea th e r in g  and lo ss  o f  ¥  i n  the podzol sequa, w h ile  th is

w eathering  i s  not d e te c ta b le  in  the  gray brown p o d zo lic  sequa.

I t  must be n o t ic e d  h ere  th a t  th e  A3m h o rizo n  o f  the McBride

p r o f i l e  which is  the h a rd e s t  o f  a l l  the  h o rizo n s  te s te d  has the  maxi­

mum ¥ 2 0  content o f  a l l  hor izons  o f  the th re e  p r o f i l e s .

The measured K can be assumed to come from the  c la y  o n ly , as

no fe ld s p a rs  were d e te c ted  in  the  X -ray  p a t te rn s .

7 .  Summary on Clav Analyses

Comparing the  r e s u l ts  o f  the d i f f e r e n t  methods fo l lo w e d  in  

c ls y  a n a ly s is ,  we n o t ic e  th a t  the  jsnplitudes o f  the 10 A peak's o f  

i l l i t e  in  th e  X -ray  p a t te r n s  do not c o r r e la t e  w ith  the  K20 conten t o f  

th e  p a r t i c u l a r  samples. The lac k  o f  c o r r e la t io n  is  p robab ly  due to  

th e  f a c t  th a t  th e  degree o f  o r i e n t a t i o n  o f  the  c la y  p a r t i c l e s  and the  

amount o f  i r o n  ox ides  p re s e n t had s tro n g ly  in f lu e n c e d  the  am plitudes

o f  th e  X -ra y  peaks.

There i s  a r a t h e r  s a t is f a c t o r y  c o r r e la t io n  between the  t o t a l

s p e c i f i c  s u r fa c e  a rea  o f  the c lays  and the  area under the 100° C
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T a b le  6 . T o ta l  K c o n te n t  and t o t a l  s p e c i f i c  s u r fa c e  o f  th e  c la y

McBride Is a b e l l a N es ter

H o r izo n  % 

K2O
T o ta l  sp. 
s u r fa c e
m2/ gm.

H o ri zon 4

7 2 0

T o ta l  sp. 
sur f  ac e 

gm.

Hori zon % T o ta l  sp. 
K20 s u rfa ce  

m 2/  gm.

A1 3 .1 2 259 Al 2 .2 4 218 Al 3 .4 8  217

A3 3 .4 8 255 A2 3 .3 2 180 A s /B h ir 3 .4 8  204

B h ir 3 .4 8 203 B h ir 2 .7 6 294 A2m 4 .2 0  126

Bm 3 .9 6 252 Bm 3 .8 4 214 A & B 4 .0 8  260

A2m 4 .8 0 120 A2m 4 .2 0 139 Bt 4 .0 8  252

A3m 5 .0 4 114 A3m 4 .2 0 201 C 4 .3 2  215

Bt 4 .2 0 266 A &  B 3 .9 6 273

C 4 .2 0 221 B

C

4 .6 8

4 .6 8

218

217

T ab le  7. P er  cent o f  heavy m in e ra ls  in  the  f in e  sand

Hori zon 

P r o f i l e
Al A2 A s /B h ir  B h ir Asm Agm A & B Bt C

McBride .55 -Cf 0 11 0 cn
 

cn .65  .70  .65 .62 .68

I s a b e l l a 1 .7 5 2 .2 0  —  2 .4 1 ,3 0  1 .3 5  .78  .55 .72 .78

N e s te r 1 .7 0 —  1.20 1 .25  —  1 .0 0 1 .1 5 1.10
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200 C endothermic peak o f  the D .T .A . p a t te rn s  as i t  i s  shown in  

f  i  gar e 1 .

The r e l a t i v e l y  low  s u rfa ce  a rea  o f  I s a b e l l a ’ s J& h o r izo n  (ISO  

n r f g m .  c la y )  in  which the X -ray  p a t te rn s  show th a t  m o n tm o r i l lo n i te  i s  

r a t h e r  abundant, can be exp la in ed  by assuming th a t  the absorption  by 

th e  c la y  o f  o rg a n ic  m a t te r  i n h ib i t e d  th e  p e n e t ra t io n  o f  e thy lene g ly ­

c o l  in t o  the  i n t e r l a y e r  space o f  m o n tm o ril lo n i te .  The la rg e  e xo th er­

mic peak a t  300° -  400° C o f  the D .T .A . p a t te r n  o f  the  above h o r izo n  

confirm s  th e  presence o f  la r g e  Q u a n t i t ie s  o f  o rgan ic  m a tte r  a sso c ia ted  

w ith  th e  c la y .

In  s p i t e  o f  the  above shortcomings, the fo l lo w in g  conclusions  

can be d e r iv ed  from th e  c la y  s tu d ie s :

( a )  I l l i t e  and c h l o r i t e  and i n t e r s t r a t i f i e d  systems are the  

main c la y  m in e ra ls  which weather and t h e i r  r e l a t i v e  amounts are sm all 

in  the  podzol sequa o f  th e  p r o f i l e .  The small 10 A and 14 A peaks in  

the  X -ra y  p a t t e r n s ,  th e  r e l a t i v e l y  h igh  s u rfa ce  area , and the low KpO 

c o n te n t  o f  the  c la y  o f  th e  podzol seaua support th e  above conc lus ion .

(b )  D i s t in c t  X -ra y  maxima corresponding to the 17 .7  A and 14 A 

b asal spac ing , th e  disappearance o f  these peaks from the  p a t te rn s  o f  

the heated  samples, and the  r e l a t i v e l y  h igh s p e c i f ic  s u r fa c e  o f  the  

c la y  i n d ic a t e s  th a t  m o n tm o r i l lo n i te  and v e r m ic u l i t e  are  the  product o f  

the  above mentioned w ea th er in g . The process o f  w eathering  and the  

fo rm a t io n  o f  new m in era ls  w i l l  be discussed in  the next c h ap te r .

(c )  M o n tm o r i l lo n i te  i s  p resen t in  most o f  the h o rizo n s  o f  the 

gray brown p o d z o l ic  seoua and in  the p a ren t m a te r ia l  as randomly i n ­

t e r s t r a t i f i e d  la y e r s  w ith  c h l o r i t e ,  and p o s s ib ly  w ith  v e r m ic u l i t e  and 

i l l i t e ,  too . Th is  co n c lu s io n  is  based on the presence o f  broad bands
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i n  th e  X -ra y  p a t te r n s  o f  these h o r iz o n s ,  corresponding to i n t e r s t r a t i ­

f i e d  l a t t i c e s  o f  1 7 .7  A and 14 A basal spacing, the r e l a t i v e l y  h igh

t o t a l  s p e c i f i c  s u r fa c e  o f  the c la y ,  end the  r e l a t i v e l y  la r g e  endother-  

mic peaks a t  tem peratu res  o f  100 -  200° C in  the  D. T. A. p a t te rn s .

(d )  A h ig h  KgO co n ten t and r e l a t i v e l y  low t o t a l  s p e c i f ic  sur­

face  o f  the  c la y ,  a long w ith  w e l l  expressed 10 A peaks and absence o f  

1 7 .7  A peaks in  the  X -ra y  p a t te rn s  suggest th a t  a r e l a t i v e  concentra ­

t io n  o f  i l l i t i c  c la y  takes  p lace  i n  the  f ra g ip a n .

(e )  The peaks a t  500° -  600° G o f  the D .T .A . p a t te rn s  are  the  

r e s u l t  o f  the a d d i t iv e  endothermic re a c t io n s  o f  k a o l i n i t e  and i l l i t e .

By rough comparisons o f  the  above peaks w ith  those o f  s tandard  samples 

o f  p u re  k a o l i n i t e ,  i t  co u ld  be p o s tu la te d  th a t  the  amount o f  k a o l i n i t e

in  th e  c la y  f r a c t i o n  o f  the  Ap and A2 h o r izo n  o f  I s a b e l l a  and McBride

and o f  the  A l  o f  N e s t e r  is  s m a lle r  than 10 -15$ , w h i le  in  the deeper h o r i ­

zons i t  can be as h ig h  as 20 -30$ .

( f )  The le s s  than .2  microns c la y  o f  th e  gray  brown p o d zo lic  

sequa c o n s is ts  m a in ly  o f  i n t e r s t r a t i f i e d  expanding and non-expanding  

m in e ra ls .

8. M in e ra l  Analyses o f  Fine Sand

M in e ra l analyses were made on the p o r t io n  o f  the f in e  sand 

which r e s is t e d  the  i t  HCl trea tm en t d uring  the p re p a ra t io n  o f  samples 

f o r  m echanical a n a ly s is .  C a lc i t e  and o th e r  ac id  so lu b le  m in era ls  were 

e l im in a te d  by the  above t re a tm e n t .

(a )  Heavy Min e r a ls .  A r e l a t i v e l y  h igh  per cent weight o f  

heavy m in e ra ls  were found in  the podzol seouum o f  I s a b e l la ,  w h i le  the 

A3m and i t s  u n d e r ly in g  h o r izo n s  had d i s t i n c t l y  s m a lle r  amounts o f
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h e a vy  m in e r a ls .  T a b le  7 .

VcB ride  and N e s te r  showed a r a th e r  un iform  d i s t r i b u t i o n  o f  

heavy m in e ra ls  w i th in  t h e i r  p r o f i l e s .

A l l  th re e  s o i l s  show s ig n i f i c a n t  d i f fe re n c e s  i n  the p e r  cent 

freouency o f  le s s  r e s is t a n t  m in e ra ls  in  the  d i f f e r e n t  ho rizo n s  (Tab le  

8 ) .  Hornblende, o l i v i n e  and e p id o te  weather r a p id ly .  Among the most 

r e s is t a n t  heavy m in e ra ls  a re  m a g n e t ite ,  z irc o n ,  g a rn e t ,  and tourma­

l i n e .  The most pronounced d i f fe re n c e s  in  the d is t r ib u t io n  o f  the  

e a s i l y  weathered m in e ra ls  were found in  the  I s a b e l la  p r o f i l e .

W eathering o f  the le s s  r e s is t a n t  m inera ls  takes p lace  in  a l l  

h o rizo n s  which o v e r l i e  the  Bt h o r iz o n .  The in t e n s i t y  o f  w eathering ,  

however, decreases w ith  in c re a s in g  depth.

O l iv in e  g ra in s  were v e ry  h ig h ly  weathered and more or less  

opaque because o f  t h e i r  weathered s u rfa ce . I t  must be adm itted , how­

eve r ,  t h a t  th e  accu ra te  d e te rm in a t io n  o f  t h e i r  o p t ic a l  p ro p e r t ie s  was 

n o t always p o s s ib le .  Some o f  the  g ra in s  c a l l e d  o l i v i n e ,  th e r e fo r e ,  

co u ld  a c t u a l ly  have been h ig h ly  weathered hornblende or ep id o te .  When 

observed u n d er the  p e tro g ra p h ic  and b in o c u la r  microscopes, the  g ra in s  

o f  the  le s s  r e s i s t a n t  m in era ls  showed a decrease in  the  w eathering  

w ith  in c re a s in g  depth. The g ra in s  o f  hornblende, a u g ite ,  e p id o te ,  

and h e m a t ite  were co n s id erab ly  weathered in  the  podzol sequa, le s s  

weathered in  the  A2m. A3m and A & B h o rizo n s , and h a rd ly  weathered in

th e  Bt and C h o r iz o n s .

The r a t i o  o f  m ag n etite  to garn et was used as a te s t  o f  the  

g e o lo g ic a l  and l i t h o l o g i c a l  u n i fo r m i ty  o f  the re s p e c t iv e  p r o f i l e s .

Cady (1 0 )  found th a t  m a g n e t ite ,  g a rn e t and z irco n  were among the  most 

r e s i s t a n t  m in era ls  to p o d zo lic  w e a tn e i in g .  Garnet was chosen in s te a d
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T a b le  8 . P e r c e n t F requency in  th e  Heavy F ra c t io n  o f  F in e  Send.

McBride

H o ri zon 

M in e ra ls
*1 A2 B hir 3m 43m Agm Bt C

M a g n e tite 5 3 .8 4 7 .3 50.1 4 7 .7 4 8 .9 4 8 .0 3 8 .3 4 0 .5

Garnet 7.2- 7 .2 9 .3 8 .5 8 .6 8 .8 6 .6 7 .4

Hornblende 2 2 .9 2 4 .2 19 .1 19 .6 2 1 .0 2 2 .3 2 9 .2 27. 9

O l iv in e 4 .9 7 .2 7 .2 7 .8 6 .9 7 .0 9 .1 7 .7

E p id o te 3 .1 5 .8 6 .2 5 .8 5 .5 5 .7 7 .6 6 .9

Hem atit e 4 .9 6 .1 6 .4 8 .0 7 .0 6 .0 6 .6 6 .9

Augi t  e 1 .6 0 .8 1 .0 1.1 0 .9 O.S 1 .8 1 ,5

Z irco n 0 .3 0 .4 0 .2 0 .4 0 .5 0 .8 0 .5 0 .8

Tourm aline 0 .3 — 0 .5 1 .1 0 .5 0 .6 0 .3 0 .6

M a g n e tite
Garnet 7 .5 6 .5 5 .4 5 .6 5 .7 5 .4 5 .8 5 .5



Table 8. continued

I s a b e l la

H o ri zon
Ai A2 B h ir

M in e ra ls

M a g n e tite 7 6 .8 7 7 .5 5 7 .0

G-arnet 6 .6 6 .5 5 .5

H ornblende 4 .2 6 .3 15.1

O l iv in e 4 .0 3 .1 7 .5

E p id o te 1 .6 1 .2 7 .0

H e m atite 5 .0 3 .9 3 .0

A u g ite 0 .6 0 .5 3 .0

Zi rc on 0 .6 0 .5 0 .6

Tourm aline — — 0 .5

Leucoxene 0 .6 — —

B u t i le — —

S ta u ro li  te - - - -

E n s t a t i t e — 0 .5 - -

B io t i t e — - - 0 .8

G-arnet'
1 1 .6 1 1 .9 1 0 .4

Blm A2m A & B Bt  C

5 9 .4 6 0 .9 4 5 .3 4 1 .6 3 8 .9 3 6 .9

5 .2 6 .1 9 .1 4 .7 4 .1 4 .4

1 0 .7 9 .0 2 1 .2 2 2 .7 2 4 .6 23 .8

7 .5 8 .0 7 .4 1 1 .5 12.1 10 .8

6 .8 6 .6 7 .6 9 .5 11.1 11.8

5 .8 5 .5 3 .7 7 .2 6 .7 9 .2

2 .6 2.1 2 .3 2 .3 1 .7 1 .7

0 .6 0 .4 1 .2 0 .3 0 .4 0 .7

— 0 .6 0 .6 0 .2 0 .2 0 .7

0 .2 0 .6 — — —

0 .6 —

0 .3 0 .2 —

— — 0 .2 — 0 .2 - -

— 1 .4 — — —

11.4 9 .9 4 .9 7 8 .8 9 .5 8 .2



Table 8. continued

N ester

Hori zon 

M in e ra ls
A1 A z !  Bhir ASm A &  B Bt C

M a g n e tite 3 9 .8 3 9 .5 3 6 .9 3 7 .4 3 2 .2 3 0 .5

Garnet 7 .5 7 .2 6 .9 7 .5 6 .5 5 .4

Hornblende 2 3 .5 2 3 .3 2 6 .6 2 6 .9 3 5 .4 3 8 .8

O l iv in e 1 2 .9 1 3 .2 12 .2 9 .6 1 0 .5 1 0 .0

Epidote 8 .5 1 0 .5 9 .9 9 .3 8 .5 8 .3

Hemati te 6 .1 4 .0 6 .3 4 .5 4 .8 4 ,4

Augite 1 .4 1 .9 0 .9 3 .3 1 .9 2 .0

Z ircon — 0 .4 0 .2 0 .6 0 .2 0 .4

Tourm aline 0 .3 — 0 .2 0 .9 0 .2 0 .2

M ag n e tite  
Garnet

5 .3 6 .5 5 .4 5 .0 5 .1 5 .6
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T ab le  9 . P er c e n t F requency in  th e  L ig h t  F ra c t io n  o f  F in e  Sand

McBride I s a b e l l a  N es ter

H orizon  Q u artz  Fe ldspar H orizon Quartz  Felds. Horizon  Q uartz  Fe lds .

Al 8 5 .6 1 6 .4 Al 8 3 .7 16 .3 Al 8 3 .4 1 6 .6

A2 8 5 .0 1 5 .0 A2 8 6 .0 14 .0 Ag/ B h ir 8 5 .5 1 4 .5

B h ir 8 3 .7 1 6 .3 B h ir 8 4 .7 1 5 .3 A2m 8 3 .2 16 .8

Bm 8 4 .0 1 6 .0 Bm

00•00 1 5 .2 A & B 8 3 .9 16.1

A2m 8 3 .9 16 .1 A2m 8 3 .0 1 7 .0 Bt 83 .5 1 6 .5

A3m 8 3 .1 1 6 .9 A3m 8 3 .5 1 6 .5 C 83 .5 1 6 .5

Bt

to00 1 6 .6 A &  B 8 3 .6 1 6 .4

C 8 3 .3 16 .7 Bt 8 3 .4 1 6 .6

C 8 3 .4 1 6 .6
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o l  z i rc o n  136081186 the  l a t t e r  was p rese n t on ly  i n  v e ry  small q u a n t i t i e s .  

Data show th a t  Nester and McBride have u n ifo rm  p r o f i l e s ,  w h i le  Is a ­

b e l l a ' s  h o r iz o n  i s  d i s t i n c t l y  d i f f e r e n t  from the  o v e r ly in g  and 

u n d e r ly in g  h o r izo n s  which also d i f f e r  from each o th e r .  The m a g n e t ite -  

g arn e t r a t i o  and the  t o t a l  weight o f  heavy m inera ls  suggest th a t  the  

podzol seauum and pro b a b ly  the  and A2ra horizons o f  I s a b e l l a  are  

p e tro  g ra p h ic  a l l y  d i f f e r e n t  from th e  low er p a r t  o f  the p r o f i l e .

(b )  L ig h t m in e r a ls . The p e r  cent frequency o f  q u a r tz  and 

f e ld s p a r  i s  r a th e r  u n ifo rm  throughout the  th re e  p r o f i l e s .  A s l ig h t  

decrease i n  fe ld s p a rs  is  n o t ic e a b le  in  the  A2 horizons  o f  a l l  th re e  

p r o f i l e s .  Tab le  9 .

The r e f r a c t i v e  in d ic e s  o f  the fe ld sp ars  were below those o f  

q u a r tz .  T h is  in d ic a te s  th a t  on ly  Y. and Na fe ld sp ars  a re  present in  

th e  p r o f i l e s  s tu d ie d .  Q u a l i t a t i v e l y  i d e n t i f i e d  fe ld s p a rs  were o r th o -  

c la s e ,  m ic r o c l in e  and a l b i t e .

( 9 )  D e s c r ip t io n  o f  the Thin Sections

Th in  s e c t io n s  were s tu d ie d  w ith  the a id  o f  the  pe tro g rap h ic  

m icroscope, u s in g  m a g n if ic a t io n s  x 50 to x 1940. M in e ra lo g ic a l  obser­

v a t io n s  were o f  q u a l i t a t i v e  n a tu re .  Average d is tan ce s  between sand 

g ra in s  and pore  s iz e s  were es t im ated .

( a )  I s a b e l la

Micro s t r u e t u r e : Crumbly and very  loose. Consists

o f  aggregates  1 .0  -  5 .0  mm. in  d ia m e te r ,  which are separated  from each 

other by empty pores and cracks o f  v a r io u s  shapes and s iz e s .  The 

pores  have d iam eters  rang ing  between 0 .5  mm. and 1 .5  mm. jhe prim ary  

b in d in g  agent o f  the aggregates i s  o rg an ic  m a tte r .  The d is tances
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between the  n e ig h b o r in g  sand g ra in s  o f  the aggregates range between 

50 microns and 600 m icrons w ith  a rough average o f  200 p .  In s id e  the  

aggregates  th e re  are  numerous pores o f  v a ry in g  s iz e s .  A rough average  

e s t im a te  o f  t h e i r  d iam eters  is  150 |i. N e i th e r  the  pores nor the  

g ra in s  have c o a t in g s  o f  o r ie n te d  c la y .  The in te r g r a n u la r  spaces are  

f i l l e d  w ith  a porous m a t r ix  c o n s is t in g  o f  organ ic  m a tte r ,  s i l t ,  c la y  

and i ro n  o x id es . The c la y  lacks  o f  any o r i e n t a t io n  and i t  i s  associa­

ted w ith  the  o rg an ic  m a tte r ,  so th a t  i t  cannot be d is t in g u is h e d .  In ­

d iv id u a l  p a r t i c l e s  o f  coarse c la y  can o n ly  be seen under crossed  

n ic o ls  and h ig h  m a g n i f ic a t io n .  Iro n  oxides also s t ic k  on the decom­

posed o rg a n ic  m a tte r .

Organic M a t te r : I t  occupies most o f  the m a tr ix  and

i t  c o n s is ts  o f  f i n e  f r e e  p a r t i c l e s  o f  decomposed o rg an ic  substances

mixed w ith  egg-shaped orange droppings o f  o r th ro p o d s .  “Efegs o f  nema­

todes and fungus hyphae, w ith  sep ta  and f r u i t  bodies, are also p re s e n t.  

A few p la n t  m a te r ia ls  are  not com ple te ly  decomposed and in c lu d e ,  in  

t h e i r  decomposed c a v i t i e s ,  f r e e  or cemented droppings o f  a rthropods.  

Some p la n t  re s id u e s  have a w h i t is h  nucleus o f  r e s id u a l  c e l lu lo s e  n e t­

work, which i s  o p t i c a l l y  a c t iv e .  The nucleus is  surrounded by red  

brown l i g n i n .  These res id u es  do not c o n ta in  droppings and, according  

to Hartmann ( 2 5 ) ,  have been decomposed by fu n g i.  The humus o f  th is

h o r iz o n  c o n s is ts  m a in ly  o f  l i g n i n  and copiogenic  elements o f  a r th r o —

cods, and accord ing  to Hartmann (2 5 )  and Kubiena ( 3 9 ) ,  can be c l a s s i ­

f i e d  as a rthropods  -  f in e  moder.

Y in er a lo g y ‘ The bulk  o f  the sand f r a c t io n  c o n s is ts

o f  cfuartz and fe ld s p a rs  (M ic r o c l in e ,  O rtn o c iase  end A l b i t e ) .  Some 

hornb lende  g ra in s  a re  d is in t e g r a te d  in to  s i l t - s i z e  prism s. A few



c o n c re t io n s  o f  p r e c i p i t a t e d  i r o n  oxide are  p resen t but they are hard  

to d is t in g u is h  from l i g n i n .

¥1 c ro s t r u e t u r e : Aggregates are absent and a r a th e r

massive m ic r o s t r u c tu r e  c h a r a c te r iz e s  th is  h o r iz o n .  The average d is ­

tance  "between the  sand g ra in s  i s  about O . i  mm. Many cracks and pores  

are  p re s e n t .  T h e ir  average d iam eter o r  w idth  i s  about 0 .2  mm. No 

c o a t in g s  o f  w e l l  o r ie n te d  c la y  are found around the  sand g ra in s  o r  the 

pores. Some o f  the  sand g ra in s  have around them d i f fu s e  and d iscon­

tinuous c o a t in g s  o f  weakly o r ie n te d  c la y .  These c o a t in g s  are  formed, 

accord ing  to Fub iena  ( 3 7 ) ,  by a l t e r n a t e  dry in g  and w e t t in g  o f  the s o i l  

The m a t r ix  co n s is ts  m ain ly  o f  s i l t ,  i n  which are randomly in te rm ix ed  

p a r t i c l e s  o f  coarse c la y ,  la th -s l ia p e d  c la y  aggregates 1C-20 microns  

lo n g ,  and very  f i n e l y  d iv id e d  o rgan ic  m a tte r .  The c la y  aggregates  

seem to have the  c la y  p a r t i c l e s  o r ie n te d  along t h e i r  long axes. Frac­

tu re s  o f  some q u a rtz  end fe ld s p a r  g ra in s  c o n ta in  c la y .

Organic M a t t e r : Most o f  i t  c o n s is ts  o f  red brown

l i g n in  aggregates o f  less  than 50 microns d iam eter, and o f  broken 

arthropods droppings. No preserved  p la n t  t issu es  are v is i o l e ,  except 

few red brown ro o t  barks . The amount o f  o rganic  m atte r  i s  co ns ider­

ably s m a l le r  in  t h is  h o r izo n  than in  the Af. There are few fungi hy­

phae w i th  septa .

Miner ai ogy * Same as in  , but most o f  the sand 

g ra in s  are cracked . There are numerous p r is m a tic  g ra in s  o f  s i l t - s i z e d  

hornb lende. Very l i t t l e  i r o n  ox ide  is  asso c ia ted  w ith  the organ ic  

mat t  e r .

■ĝ r̂  Mi cro s tru c  tu re  r Loose, r ic h  in  c a v i t i e s  and spongy

1 f a b r i c .  Average d is ta n c e  between the sand gra ins  is  about m,... ,
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but i t  ranges from 0 .0 5  mm. to 0 .4 0  mm. There are numerous la r g e r  

pores 0 .2  -  0 .0  mm. i n  d iam eter , and many t in y  ones co n fin ed  w ith in  

the  f lo c u la t e d  m a tr ix .  The pores do not have o r ie n te d  co a t in g s  but 

mos . o f  the sand g ra in s  are surrounded o r  coated  by a m ix tu re  o f  c la y ,  

o rg a n ic  m a tte r  and p r e c i p i t a t e d  i r o n .  The c la y  o f  these coatin gs  

shows a weak: o r i e n t a t i o n  on the  surface  o f  the  g ra in s .  T h e ir  th ic k ­

ness ranges between. 10 and 50 microns. The in t e r g r a n u la r  spaces be- 

tween the  coated  sand g ra in s  i s  r a th e r  f i l l e d  w ith  a h ig h ly  porous 

and aggregated  m a tr ix .  The micro aggregates o f  the m a tr ix  are 20-100  

microns in  d ia m e te r  and c o n s is t  o f  the same m a te r ia ls  as the sand 

c o a t in g s  p lu s  embedded s i l t  g ra in s .

Organic M a t te r : I t  c o n s is ts  o f  h ig h ly  d ispersed  red

brown c o l l o i d a l  substance, w e l l  mixed w ith  c la y  and i ro n  ox ides , so 

th a t  i t  i s  d i f f i c u l t  to be d is t in g u is h e d  from them. Pew organ ic  p a r t i ­

c le s  o f  10 m icrons d iam eter and o f  dark brown red  c o lo r  are not mixed  

w ith  m in e ra ls  and can be d is t in g u is h e d  as such. Fungi hyphae and 

animal droppings are absent.

M in e ra lo g y ; Same as in  A2 but only very  few q u artz  

and fe ld s p a r  g ra in s  a re  f r a c tu r e d  and much more iro n  ox ide  is  associa­

te d  w ith  c la y  and organ ic  m a tte r  in  t h is  h o r izo n .

Bm Micros t r ue tu re ;  The Bm horizon  is  a l i t t l e  denser

than the  B h ir .  The average d is tan ce  between the  sand g ra in s  is  about 

0 .1 5  mm. Many cores are  a lso present in  th is  h o r iz o n .  T h e ir  d iam eter  

v a r ie s  from 0 .1  to  1 .0  mm. A few o f  the  pores and channels have on 

t h e i r  p e r ip h e ry  d iscontinuous 5 -10  microns th ic k  la y e r s  o f  w e l l  o r ie n ­

t a t e d  c la y .  Some o f  the pores are  p a r t i a l l y  o r  e n t i r e l y  f i l l e d  w ith  

s i l t  g r a in s .  The sand p a r t i c l e s  have ai ound them 2=5 micions t n i^ k



c o a t in g s  o f  weakly o r ien ted , c la y .  The in te r g r a n u la r  m a tr ix  is  porous 

and c o n s is ts  m a in ly  o f  s i l t  wnich is  in te rm ix e d  w ith  u n -o r ie n te d  c la y .  

In  a few narrow  in t e r g r a n u la r  spaces ana in  p a r ts  o f  pores w ith  sm all 

r a d i i  a re  menisci o f  w e l l  o r ie n te d  c la y .  Some o f  these m enisci act as 

b rid g es  b in d in g  the n e ig h b o r in g  sand g ra in s .  In  the m a tr ix  are also  

spread sm all c la y  aggregates o f  d i f f e r e n t  shapes and s ize s  which seem 

to have t h e i r  c la y  o r ie n te d  along an a x is  or around a nucleus.

Organic  M a t te r : The organ ic  m atter is  o f  the same

n a tu re  as th a t  o f  the B h ir  but i t  is  c o n fin ed  to on ly  a few spots o f

the  m a t r ix  and i t s  amount i s  s i g n i f i c a l l y  sm alle r  than in  the B h ir .

M in e ra lo g y s Same as in  the  B h ir .  Mamr hornblende  

g ra in s  a re  f r a c tu r e d  in to  s i l t - s i z e d  p r is m a t ic  g ra in s  and some o f  them 

show re le a s e  o f  i r o n  o x id e  around them and form ation  o f  c la y  which i s  

h e a v i ly  coated  w ith  i r o n  o x id es . G en era lly  the  amount o f  i ro n  ox ides  

i s  s i g n i f i c a n t l y  sm a lle r  than in  the  B h ir .

A 2 jn  Micro s t r u c t u r e ; A s t r i k i n g  c h a r a c t e r is t ic  o f  t h is

h o r iz o n  i s  i t s  dense f a b r ic ,  which in  c e r t a in  areas approaches the  

f a b r ic  o f  sandstone. The d is tan ce  between the sand g ra in s  ranges be­

tween 1C y  and 8C y . , w ith  a rough average o f  30-40  p.

T h is  massive m ic ro s tru c tu re  i s  broken by d i f f e r e n t  cracks and 

la rg e  pores ( 1 .0  mm. -  1 .5  mm. in  d ia m e te r ) ,  which produce the  ves icu ­

l a r  m a c ro s tru e tu re .  T h is  h o r izo n ,  nowever, has much low er p o ro s i ty  

than the o v e r ly in g  ones. More pores and e s p e c ia l ly  small ones c o n ta in  

(1 0 -2 0  microns t h ic k )  la y e r s  o f  w e l l  o r ie n te d  c la y  than in  the Bq .

The la r g e  pores have c o a t in g s  o f  f in e  s i l t  mixed w itn u n -o r ie n te d  c la y  

and i n  some p a r ts  w ith  sharp c u rva tu re s  they have d iscontinuous c o a t­

ings  o f  w e l l  o r ie n te d  c la y .  A number o f  pores are f i l l e d  w ith  s i l t -
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s iz e d  g r a in s .  Sand g ra in s  have t h in  co a t in g s  o f  weakly o r ie n te d  c la y  

s im i la r  to those d escrib e d  in  the  Bm.

In  v e r t i c a l  sec t io n s  are seen long , narrow and h o r i z o n t a l ly  

o r ie n te d  p lanes o f  weakness, which have la r g e r  in te r g r a n u la r  spaces 

and d i f f e r e n t  cracks  i n  which f in e  s i l t  and coarse c la y  i s  depos ited .  

TheBe p lan es  o u t l in e  the coarse p la t y  u n i ts  o f  the m acrostrue ture .

The m a t r ix  has fewer pores, l i t t l e  more c la y  and h ig h e r  d e n s ity  than  

i n  th e  Bm, and forms s e v e ra l  s o l id  b r idges  between the  sand g ra in s .  

There are  a lso  h e re  more meniscus -shaped bridges o f  w e l l  o r ie n te d  

c la y  than in  th e  Bm.

Organic M a t t e r : Very few and sporadic  red brown

aggregates .

M in e ra lo g y : Same as in  Bm w ith  le s s  i r o n  o x ide ,

which i s  a sso c ia ted  m ain ly  w ith  some w e l l  o r ie n te d  c la y  c o a t in g s .

There a re  a few d is in te g r a te d  hornblende g ra in s ,  but th e re  i s  no e v i ­

dence o f  chem ical w ea th er in g  and fo rm atio n  o f  i ro n  ox ides  or c la y ,

Ar̂ m M ic r o s t r u e t u r e i The arrangement o f  the s k e le t a l

elem ents (sand and coarse s i l t  g ra in s )  and the p o r o s i ty  o f  t h is  h o r i ­

zon is  much the  same as in  the A2m* Tbe m a tr ix  o f  the in te r g r a n u la r  

spaces and the f i lm s  o f  o r ie n te d  c la y ,  however, show d i s t i n c t  d i f f e r ­

ences in  c e r t a i n  p a r ts  o f  the s ec t io n , w h i le  in  o th er  they are very

s im i la r  to the ones in  the A2m.

Most o f  the pores have on t h e i r  p e r ip h e ry  f i lm s  20-40  |r th ic k  

o f  w e l l  o r ie n te d  ( b i r e f r i n g e n t ) c la y .  A few pores have th ic k e r  f i lm s  

which are  e x f o l i a t e d  in to  two or th re e  p a r a l l e l  sheets . Coatings o f  

w e l l  o r ie n te d  c la y  are a lso tound arounu the  ed^es o f  sand g ra in s ,  

which a r e  lo c a te d  in  the  v i c i n i t y  o f  tne pores. Some o f  these c o a t in g s
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form b r id g e s  between th e  g ra in s .  Most o f  the  la r g e r  pores have thick: 

d e p o s its  o f  f i n e  s i l t  mixed w ith  u n -o r ie n te d  c la y .  Most o f  the sand 

g r a in s  have c o a t in g s  o f  weakly o r ie n te d  c la y .

The m a t r ix  in  c e r t a in  areas is  denser and r ic h e r  in  c la y  and 

forms more s o l id  b r idges  than in  the A2m. The menisci o f  w ell o r ie n ­

te d  c la y  and o th e r  aggregates o f  o r ie n te d  c la y  are a lso ro re  abundant 

i n  t h i s  h o r iz o n .  Some o f  the menisci have p a r a l l e l  e x f o l ia t e d  sheets.  

There a re  a lso  in  th is  h o r izo n  some la r g e  aggregates very r ic h  in  un­

o r ie n t e d  c la y .  W ith in  these aggregates a r e  found t in y  ro o t  ho les  o u t ­

l in e d  by th in  f i lm s  o f  w e l l  o r ie n te d  c la y .

The pack ing  o f  the  sand g ra in s ,  the dense s i l t - c l a y  m a tr ix  and 

th e  la r g e  number o f  b r idges  which b ind  the sand p a r t i c l e s  c o r r e la te  

w ith  the  h ig h  in d u r a t io n  o f  t h is  h o r izo n .

Organic M a t te r : Not v i s i b l e .

M in e ra lo g y ? Same as in  ASm w ith  fewer d is in te g r a te d  

hornblendes and more i r o n  ox ide  asso c ia te d  w ith  c la y .

A & B M ic r o s t r u c tu r e : Th is  h o r izo n  i s  d i s t i n c t l y  less

compacted than the  is la n d  the  ASn h o r izo n s . There are numerous pores,  

cracks  and channels o f  a l l  k inds and shapes, rang ing  in  width or d ia ­

m eter from 50 microns up to 1 or 2 mm. P r a c t i c a l l y  a l l  the pores and 

cracks  have c o m p a ra t iv e ly  th ic k  c o a t in g s  o f  w e l l  o r ie n te d  c la y .  The 

c la y  c o a t in g s  are  p a r t i c u l a r l y  t h ic k  in  the  corners  o f  the  pores o r  

g e n e r a l ly  in  p laces  where the  p e r ip h e ry  o f  the pores shows s trong  

c u rv a tu re .  The th ic kn es s  o f  these c o a t in g s  ranges from 30 microns to 

150 m icrons. A g re a t  number o f  sand and coarse s i l t  g ra in s  are  coated  

w ith  the  same type  o f  o r ie n te d  c la y .  The number o f  o r ie n te d  c la y  ag- 

g re g a te s  w i th in  th e  in t e r g r a n u la r  spaces is  c o n s id e ra b ly  h ig h e r  than
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i n  th e  p r e v io u s ly  d escrib ed  h o r izo n s . Most o f  the o r ie n te d  c la y  c o a t­

ings  o r  aggregates  a re  e x f o l ia t e d  in to  2 -5  p a r a l l e l  sheets o r  cracked  

in t o  s m a lle r  p ie c e s .  Many o f  the coatin gs  o f  the  g ra in s  are detached  

and have a  v e ry  t h in  empty crack  between them and the s u rface  o f  the  

sand g r a in s .  The most common d is tan ce  between the n e ighborin g  sand 

g ra in s  ranges rough ly  between 0 .1 5  -  0 .2 5  mm. In  the in t e r g r a n u la r  

spaces a re  numerous round pores 30 -50  microns in  d iam eter . A l l  o f  

these t i n y  pores are  coated  w ith  o r ie n te d  c la y  and presumably have  

been formed by ro o t h a i r s .  The m a tr ix  o f  the  in te r g r a n u la r  spaces 

c o n s is ts  o f  c la y  and s i l t  but the c la y  f r a c t io n  is  the  dominant con­

s t i t u e n t .  This c la y  is  more o r  le s s  a m ix tu re  o f  aggregates o f  o r ie n ­

ted  c la y  and u n -o r ie n te d  c la y ,  which has more or le s s  the  same appear­

ance as in  the  A3m h o r iz o n .  The aggregates o f  the o r i - n t e d  c la y  are  

o f  v a r io u s  s iz e s  (from  5 to 100 microns) and are  w e l l  d is t r ib u t e d  

throughout the m a t r ix .  Some o f  them are fragments o f  d i f f e r e n t  c la y  

c o a t in g s  and some have t h e i r  c la y  o r ie n te d  around a p o in t .  Sand 

g ra in s ,  which a re  not coated w ith  w e l l  o r ie n te d  c la y ,  have around them 

weakly o r ie n t e d  c la y  f i lm s  as described p re v io u s ly .

Flow s tru c tu re s  described  by Kubiena (3?) are present in  t h is  

h o r iz o n  e s p e c ia l ly  i n  the  v e r t i c a l  sec tions . They are  m ostly  conduct­

in g  channels  formed beside  decayed ro o ts .  T n e ir  depos its  c o n s is t  o f  

an i n i t i a l  l a y e r  o f  mixed f in e  s i l t  and c la y  on top o f  which i s  a 

l a y e r  o f  w e l l  o r ie n te d  c la y *  These fe a tu re s  are s im i la r  to the ones 

found by Haeside (5 2 ) in  A u s tra l ia n  s o i ls .

In  s p i te  o f  th e  fa c t  th a t  the m a tr ix  i s  cruite r ic h  in  c la y ,  

th e re  are  not many s o l id  bridges connecting  the sand g ra in s ,  because 

o f  the  g r e a t  number o f  micropores and m ic ro f is s u re s  which break these
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b r id g e s .

The d escrib ed  micro s t r u c tu r e  is  the predominant one fo r  t h is  

h o r iz o n ;  some s i t e s ,  however, have m ic ro s tru c tu re  s im i la r  to the  one 

o f  Agjn ©n d

0r g a m p  Mat t e r ; Not v i s i b l e  except in  a few ro o t  

channels  which have dark brown c o a t in g s  which are regarded to be H g -  

n in s  and o th e r  products  o f  decomposition o f  the ro o t  bark.

M in e ra lo g y ; Same as in  A 3 m  w ith  s t i l l  fewer d is in ­

te g ra te d  hornblendes and more i r o n  oxide a sso c ia ted  w ith  c la y .

Bt Micros tru e  t u r e ; Nuciform  w ith  c la y  c ru s ts  on the

ag g reg ates , as d escr ib ed  by F re i  and C l in e  (20 ) in  gray-brown p o d zo lic  

s o i ls  o f  New York. The aggregates have a spongy fa b r ic  w ith  many 

pores o f  v a r io u s  s izes , and they are  separa ted  by la rg e  c racks . Lar­

ger  pores  and conducting  channels are  also abundant. A l l  these pores,  

c rack s , e t c . ,  have e x f o l i a t e d  f i lm s  o f  w e ll  o r ie n te d  c la y .  The con­

d u c tin g  channels  have lam in a ted  f low  s tru c tu re s  o f  w e l l  o r ie n te d  c la y  

but s i l t  d ep o s its  are m iss ing . The amount o f  w e l l  o r ie n te d  c la y  in  

t h i s  h o r iz o n  i s  the h ig h e s t  in  the  p r o f i l e ,  ©nh the th ickn ess  o f  i t s  

f i lm s  ranges between 30 and 150 microns.

The d is ta n c e  between the  sand g ra in s  is  u s u a l ly  0 .2  to 0 .5  mm.

The m a t r ix  c o n s is ts  again o f  a c la y - s i  i t  m ix tu re  and co n ta in s  

a ls rg e  number o f  w e ll  d e fin ed  and c la y  coated f in e  pores o f  30—100 

q •p ry^g d iam ete r .  I t s  s t r u c tu re  is  more u n ifo rm  and i t  does not 

c o n ta in  as many m ic ro f is s u re s  as the A &  B h o r iz o n .  Menisci o f  o r ie n ­

te d  c la y  are not common. The genera l appearance Oi the m a tr ix  suggests  

th a t  i t  has not s u f fe re d  ser ious  movement and rearrangements o f  the  

o r i g i n a l  c la y s .  The o r ie n te d  c la y  o f  the pores, e t c . ,  o r ig in a t e s ,
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th e r e fo r e ,  from o u ts id e  the  Bt h o r izo n  o r ig in .

Organic  _M atter: Same as in  A &  B h o r izo n .

M in e ra lo g y : Same as in  A & B but no d is in t e g r a te d

g r a in s  o f  hornblende have been observed.

9 . M i 1c r .o s tru e tu re : Nuciform  w ithout c la y  c ru s ts  on the

s u rfa c e  o f  the  aggregates . This h o r izo n  shows the same arrangement o f  

the s k e le t a l  e lem ents, pores and cracks and o f  the s i l t  and o r i g i n a l  

c la y  in  th e  m a tr ix ,  as the Bt h o r iz o n .  A s t r i k i n g  d i f fe r e n c e  i s  the  

absence o f  the  o r ie n t e d  c la y  from the m a jo r i ty  o f  the pores and c racks.  

A few pores in  th e  upper p a r t  o f  t h i s  h o r izo n  have th in  coatin gs  o f  

o r ie n te d  c la y  s im i la r  to  those described in  the  Am and ABm h o r izo n .

A t h in  s e c t io n  taken a few inches deeper was f re e  from o r ie n te d  c la y  

c o a t in g s .

The m a t r ix  c la y  c o n s is ts  again  o f  o r i g i n a l  f in e  c la y ,  o f  o r i ­

ented very  f in e  aggregates  o f  o r i g i n a l  c la y  and o f  coarse c la y  p a r t i ­

c le s .  I t  seems th a t  in  th is  h o r izo n ,  th e  o r ig in a l  c la y  shows more 

areas o f  weak o r ie n t a t io n  which produce under crossed n ic o ls  a cloudy  

p ic t u r e  o f  th e  m a tr ix .  P robably  these weakly o r ie n te d  areas are a 

r e s u l t  o f  aggregation  o f  c la y s .  T iny c a l c i t e  c r y s t a ls  also add to the 

a n iso tro p is m  o f  the m a t r ix .  Sand g ra in s  u s u a l ly  have c o a t in g s  o f  o r i ­

ented c la y .

Organic Matter? Not v is i b l e .

M in e ra lo g y : The d i f fe r e n c e  between th e  C and Bt i s

th a t  th e  amount o f  i r o n  ox ide  is  s m alle r  in  the C and i t  occurs in  the  

form o f  i s o la t e d  c o n c re t io n s .  The C i s  r i c h  in  Ca carbonates . Pew 

l im e s to n e  g ra in s  aT-e p resen t but most o f  the  c a l c i t e  is  in  form o f  

f i n e  s i l t - s i  zed c r y s t a ls ,  which a re  spread through the  m a tr ix .
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(b )  N e s te r

AL M ic r o s t r u e t u r e : I t  i s  s im i la r  to the m ic ro s tru c tu re

o f  I s a b e l l a ’ s A l,  but th e  sand g r a in s ,  he re ,  are embedded in  a denser 

m a tr ix  o f  s i l t ,  c la y ,  o rg an ic  m a tte r  and i ro n  o x id es .

Organ ic  M a t te r ; I t  i s  more decomposed and d ispersed  

than i n  th e  Al o f  I s a b e l l a .  I t  c o n s is ts  o f  w id e ly  spread droppings o f  

arth ro p o d s  and d isp ersed  f in e  l i g n in  fragments o f  p la n t  res id u e s .

Only very  few p la n t  re s id u e s  re v e a l  the s t r u c tu r e  o f  t h e i r  p a r t l y  de­

composed t is s u e s .  The fungi hyphae are  more common than in  the Al o f  

I s a b e l l a .  The humus o f  th is  h o r iz o n  can be c l a s s i f i e d  as ©rthropods-  

M u ll ,  accord ing  to Hartmann* s (2 5 )  scheme, or as M o d e r-M u ll , accord ing  

to Kubiena (3 8 ) .

M in e ra lo g y ; Q uartz  and K, Na fe ld s p a rs  are the p re ­

dominant m in e ra ls  o f  th e  sand f r a c t io n .  Some o f  the hornblende g ra in s  

are  d is in t e g r a t e d  in to  s i l t - s i z e d  prism s. Iro n  o x id e  is  ass o c ia ted  

w ith  c o l l o i d a l  o rg an ic  m a tte r .

A 2 /B h ir  M ic r o s t r u e t u r e : Massive but w ith  many pores and

c rack s . Average d is ta n c e  between the  sand g ra in s  about 0 .1  mm. The 

pores  and cracks  have d iam eters  or widths rang ing  from 50 microns to

0 .6  mm,; most o f  them, however, are about 0 .2 0  -  0 .^ 5  mm. in  s iz e .

Some o f  th e  sand g ra in s  have c o a t in g s  o f  weakly o r ie n te d  c la v ,  w h ile  

a v e ry  few small pores  and sand g ra in s  have around them d iscontinuous

f i lm s  o f  w e l l  o r ie n te d  c la y .

The m a tr ix  i s  r a th e r  dense and s i l t  i s  i t s  main c o n s t i tu e n t .  

Coarse c la y  p a r t i c l e s  and m icro -ag g reg a tes  o f  c lay  are  a lso  in te rm ix e d  

w ith  s i l t .  Some o f  these  c la y  aggregates show under crossed N ic o ls  

o r i e n t a t i o n  along t h e i r  long  axes, as described  i n  the A2 h o rizo n  o f
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I s a b e l l a .

O rgan ic  M a t t e r : I t s  amount i s  much sm alle r  than in

the A l,  and i t  i s  found in  the m a tr ix  as is o la t e d  spots o f  red  brown 

c o l l o i d a l  substance which i s  o n ly  l o c a l l y  in te rm ix e d  w ith  c la y .  A few 

s e p ta te d  fu n g i hyphae a re  p re s e n t .

M in e ra lo g y : Some as in  A i- Only very  few horn­

blendes a re  d is in t e g r a t e d  but th e re  is  an abundance o f  s i l t - s i  zed

p r is m a t ic  hornblendes in  th e  m a tr ix .

A3m M ic r o s t r u e t u r e ; Th is  h o r iz o n  does n o t e x h ib i t  a

u n ifo rm  micro s t r u c t u r e .  C e r ta in  p a r ts  o f  i t  resemble the  A2m or A3m 

and o th e rs  the  Bt o f  I s a b e l l a .  The d is tan ce  between the  sand g ra in s  

ranges from about 30 to 400 microns. There are  numerous h o r iz o n ta l  

c ra c k s ,  0 . 2  -  0 .6  mm. wide, which o u t l in e  the  p la t y  u n i t s  o f  m icro­

s t r u c t u r e .  Pores are  a lso abundant and t h e i r  d iam eters  range from 50

m icrons to 1 .5  mm. Most o f  th e  la r g e  cracks and pores have d ep o s its  

o f  s i l t  and u n -o r ie n te d  coarse c la y .  In  c e r t a in  p a r ts  o f  the  s ec t io n  

the  pores  and sand g ra in s  are surrounded by f i lm s  o f  w e l l  o r ie n te d  

c la y  1 0 -100  m icrons th ic k .  Plow s t ru c tu re s  o f  s i l t  and w e l l  o r ie n te d  

c la y  are  a lso  p re se n t in  some cracks  and conducting channels .

The s i l t - c l a y  m a tr ix  i s  not u n ifo rm  but in  c e r t a in  areas i s  

dense and i n  o th e rs  f is s u r e d .  There a re  spaces, 2 -4  mm. in  d iam ete r ,  

which are  f i l l e d  w ith  u n -o r ie n te d  c la y  and f in e  s i l t .  W ith in  these  

soaces a re  found nores 20 -10 0  m icrons in  d iam eter , which have f i lm s  

o f  w e l l  o r ie n t e d  c la y  10-20  microns th ic k .

Some sand g ra in s  have c o a t in g s  o f  weakly o r ie n te d  c la y .

O rgan ic  M a t t e r : Same as in  the overy in g  h o r izo n  but

i t s  amount i s  c o n s id e ra b ly  s m a l le r .
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M in e ra lo g y :  Same as in  the  A 2 /B h ir .  Iro n  ox ides

a re  a s s o c ia te d  w ith  th e  w e l l  o r ie n te d  c la y  f i lm s ,  A rock  fragment 

shows a l t e r a t i o n  o f  hornblende on i t s  edge and c leavage  l in e s .  I ro n  

o x id e  and some c la y  are  the products  o f  t h is  a l t e r a t i o n .

A & B M ic r o s t r u c t u r e : Nuciform  w ith  and w ithout c la y

c r u s ts  on th e  s u r fa c e  o f  th e  aggregates . Few spots have m ic ro s tru c -  

tu re  s im i l a r  to the  one o f  I s a b e l la *  s A3m h o r iz o n .  Sand g ra in s  are  

a t  d is ta n c e s  ran g in g  from 50-400  microns w ith  a rough average o f  200= 

250 m icrons. There are  a g re a t  number o f  pores which have diam eters  

ra n g in g  from 50 microns to 2 .0  ram. Cracks and conducting  channels  

200 -5 00  microns wide are  a lso abundant. The m ic ro s tru c  tu re  o f  t h is  

h o r iz o n  g e n e r a l ly  is  very  porous, and resembles the  micro s t r u c tu r e  o f  

the  A &  B h o r iz o n  o f  I s a b e l l a  but i t  has h ig h er c la y  c o n te n t .

Most o f  th e  pores  have e x f o l ia t e d  and f r a c tu r e d  f i lm s  o f  w e l l  

o r ie n t e d  c la y .  Many sand g ra in s  a re  coated  by w e l l  o r ie n te d  c la y ,  too .  

Conducting channels have f lo w  s tru c tu re s  o f  lam in a ted  and i r r e g u l a r l y  

f r a c t u r e d ,  w e l l  o r ie n te d  c la y  and o f  s i l t  d e p o s its .  E x f o l ia t e d  meni­

s c i  a re  a lso  p resen t e s p e c ia l ly  in  the narrow in te r g r a n u la r  spaces.

The th ickn ess  o f  the d i f f e r e n t  f i lm s  o f  w e l l  o r ie n te d  c la y  ranges be­

tween 20 and 200 m icrons.

The m a t r ix  o f  s i l t  and o r i g i n a l  c la y  co n ta in s  many d i f f e r e n t  

f i lm s  and aggregates  o f  w e l l  o r ie n te d  c la y .

O rganic  M a t t e r : Very few is o la te d  spots o f  red

brown c o l l o i d a l  substance asso c ia ted  w ith  i r o n  ox ides  and c la y .

M in e ra lo g y ; Composition same as in  o v e r ly in g  h o r i ­

zons . Mor e i  ron oxr d e i s  as so c i  at ed w ith  o r l e n t  e d c la y  on t h i  s ho r i  — 

zon, than in  th e  A2rn. There are  a lso  some aggregates o f  p r e c i p i t a t e d
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i r o n  o x id es* Some m a g n e t ite  g ra in s  seem to d i f fu s e  i r o n  ox ides  from  

t h e i r  s u r fa c e .

M iC -ro s tru e tu re : ITuciform w ith  c la y  c ru s t  on the  

s u rfa ce  o f  tne  aggregates . Average d is tan ce  "between sand g ra in s  

about 0 .3  mm. There are  numerous pores and cracks o f  which the s ize s  

v a ry  from 20 m icrons to 1 .5  mm. The abundance and th e  th ickness  o f  

the  d i f f e r e n t  f i lm s  o f  w e l l  o r ie n te d  c la y  and o f  the  f lo w  s tru c tu re s  

i s  u n ique  in  t h i s  h o r iz o n .  .All the  pores , channels, cracks  and most 

o f  the  sand and coarse  s i l t  g ra in s  have c o a t in g s  o f  w e l l  o r ie n te d  

c la y .  The th ickn ess  o f  these co a t in g s  ranges between 20-300  microns. 

There a re  a lso  q u i te  a few pores f i l l e d  co m ple te ly  w ith  w e ll  o r ie n te d  

c la y .

The in t e r g r a n u la r  m a tr ix  c o n s is ts  o f  s i l t ,  o r i g i n a l  c la y  and 

o f  w e l l  o r ie n te d  c la y  which forms c o a t in g s  or deposits  around the  

m icropores  and sand g r a in s ,  and in  the  m ic r o f is s u r e s . I t  seems th a t  

th e  o r i g i n a l  c la y  is  more mixed w ith  w e l l  o r ie n te d  c la y  in  t h is  h o r i ­

zon than i n  the Bt o f  I s a b e l la .

The m a t r ix  i s  h ig h ly  porous and occupies a much la r g e r  a re a

than the sand g r a in s .

Organic M a t t e r : Not v i s i b l e .

M in e ra lo g y : Same as in  the o v e r ly in g  h o r izo n .

Q Micro s t r u c t u r e : Nuciform  w ith  on ly  few and d is ­

continuous c la y  c ru s ts  on the  s u rfa ce  o f  some aggregates , which them­

s e lv e s  have a spongy i n t e r i o r  f a b r ic .  The average d is ta n c e  between 

the  sand g ra in s  is  about 300 m icrons. There are a g re a t  number o f

p o re s ,  the  d iam eters  o f  which range from 0 .1  mm. to 1 .5  mm. Only a

few cores and cracks have f i lm s  o f  w e l l  o r ie n te d  c la y  and flow



s t r u c t u r e s .  Around c e r t a in  pores are found carbonate  depos its  which 

c o n s is t  o f  i r r e g u la r ly - s h a p e d  c a l c i t e  c r y s t a ls  o f  le s s  than i micron

to about 5 microns i n  s iz e ,  and which show h ig h  b ire f re n g e n c e .

The m a t r ix  i s  h ig h ly  porous and f is s u re d  and cons is ts  o f  s i l t  

and c la y  which is  s im i l a r  to th a t  described in  the C h o r izo n  o f  I s a -  

b e l l  a-

Some sand g ra in s  are coated w ith  weakly o r ie n te d  c la y .

O rganic M a t t e r ; Not v i s i b l e .

M in e ra lo g y : Same as i n  Bt but w ith  less  i r o n  oxide

and w ith  a number o f  l im es to n e  g ra in s  o f  v a r io u s  s ize s .

(c )  McBride

A1 Micro s t r u c t u r e : S im i la r  to the m ic ro s tru c tu re s  o f

th e  Al h o r izo n s  o f  I s a b e l l a  and N e s te r .  The aggregates are  separa ted  

from each o th e r  by 0 .5  to 1 .0  mm. wide cracks . Large pores 0 .5  to 1 .5  

mm. i n  d iam ete r  are  abundant. 200 microns is  an average e s t im a te  o f  

t h e i r  d ia m e te r .  The d is ta n c e  between the sanu g ra in s  is  q u ite  v a r i ­

a b le  (5 0 -4 0 0  m ic ro n s ).  Pores and sand g ra in s  do not have c o a t in g s  o f  

o r ie n te d  c la y .

The m a tr ix  c o n s is ts  o f  a m ix tu re  o f  s i l t ,  c la y ,  o rg an ic  mat­

t e r  and i r o n  o x id es .  The c la y  and ox ides are  w e l l  mixed w ith  o rg an ic  

m a t te r  and cannot be d is t in g u is h e d .  Oniy p a r t i c l e s  o f  coa ise  c lo y  

can be seen under crossed n ic o ls .

Organi c M a tte r :  The humus can be c l a s s i f i e d  as

a r th ro p o d s -M u ll  ( 2 5 ) ,  but the number o f  the droppings is  c o n s id e ra b ly  

s m a l le r  h ere  than i n  the Aj_ o f  I s a b e l l a  and N e s te r ,  Most o f  the o r ­

g an ic  m a t te r  c o n s is ts  o f  f i n e l y  d iv id e d  l i g n i n - l i k e  amorphous aggre­

g a te s  which a re  a s s o c ia te d  w ith  c la y  and some i r o n  o x id es . I t  seems
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t h a t  the  decom position o f  the  o rg an ic  m atte r  i s  in  more advanced stage  

h ere  tnan in  the  o th e r  two p r o f i l e s .  A few fung i, w ith  sep ta , and 

eggs o f  nematodes are  p re s e n t .

M in e ra lo g y : Q uartz  and fe ld sp ars  are  th e  main p r i ­

mary m in e ra ls .  fe ld s p a rs  are  m ainly m ic ro c i in e s  and a lb i t e s  w ith  

some o r th o c fa s e  Some o f  the  hornblende g ra in s  are  d is in t e g r a te d .

A2 h ' ic r o s t r u e t u r e ; Rather massive w ith  numerous la r g e

pores, 0 .5  -  2 mm. i n  d iam eter  and 0 .5  to 1 .0  mm. wide cracks . In  

a d d i t io n  to la r g e  p o re s , th e re  i s  a g re a t  number o f  sm alle r  pores o f  

which the  average d iam ete r  i s  about 0 .2  mm. The average d is tan ce  be­

tween the  sand g ra in s  is  about 0 .1  mrn.

Tores and sand g ra in s  are  f r e e  o f  w e l l  o r ie n te d  c la y  c o a t in g s .  

Some sand g ra in s  have co a t in g s  o f  weakly o r ie n te d  clay.

The m a tr ix  o f  the in t e r g r a n u la r  spaces is  si malar to the ma­

t r i x  o f  I s a b e l l a ' s  A2 h o r iz o n  but i t  i s  r ic h e r  in  organic  m a tte r .

Organic M a t t e r : I t  co n s is ts  o f  h ig h ly  decomposed

and d ispersed  red brown l ig n in o u s  substance, mixed w ith  c la y .  A few 

arthropods  droppings and fungus hyphae, w ith  septa, a re  also p re se n t.

The amount o f  organ ic  m atte r  is  c o n s id e ra b ly  h igher in  th is  h o r izo n  

than i n  the  corresponding  A2 o f  I s a b e l la .

M in e ra lo g y i Same as in  Al w ith  less  iro n  o x id e .

p h i r  V ic  ro s t rue t u r e : Loose and spongy f a b r i c .  I t  d i f ­

f e r s  from the B h ir  o f  Is a b e L ia  in  having  le s s  c lo y  and organ ic  m a tte r  

and more empty spaces in  i t s  m a tr ix .  Thr average d is tan ce  between the

sand g ra in s  is  about 0. <• mm.

The m a tr ix  c o n s is ts  o f  s i l t  and c la y .  The c la y  and f in e  s i l t  

are  w e l l  mixed w ith  re d  brown amorphous o rg an ic  m a tte r ,  and p r e c ip i t a t e d
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i r o n  o x id e .  Most o f  the  m a tr ix  substance surrounds the sand and 

coarse  s i l t  g r a in s ,  and forms <^0-00 microns th ic k  co a t in g s  le a v in g  

empty spaces o f  d i f f e r e n t  shapes and s iz e s .  The average s iz e  o f

these spaces is  about 0 ,5  mm. The co at in g s  show a weak o r ie n t a t io n

o f  t h e i r  c la y  on the s u n  ace o f  the g ra in s  and they do not act as 

cem enting agents.

Organic  M a t t e r ; I t  i s  o f  the  same n a tu re  as th a t  

describ e d  in  the  E h ir  h o r iz o n  o f  I s a b e l la ,  but i t s  amount i s  s m a lle r

h e re .  I t  i s  a lso  s m a lle r  than in  the o v e r ly in g  A2 h o r izo n ,  ko fungi

a re  p re s e n t .

M in e ra lo g y : Same as i n  the  p rev ious  h o r izo n s .  Only-

few hornb lende  g ra in s  a re  d is in t e g r a te d .  Some i r o n  ox ides  form s i l t ­

s iz e d  aggregates  which are  not mixed w ith  c la y  and o rgan ic  m a tte r .

3m M ic ro s tru c  t u r e : I t  i s  consp icuously  more packed

than th e  B h ir  but i t  s t i l l  has a g re a t  number o f  pores and empty 

spaces o f  0 .1  to 0 .3  nrr.. in  d iam eter. An approximate e s t im a te  o f  the  

d is ta n c e  between the  sand g ra in s  i s  about 50 microns. The sand g ra in s  

have t h in  c o a t in g s  o f  weakly o r ie n te d  c la y .  The pores do not have  

f i lm s  o f  w e l l  o r ie n te d  c la y .

The m a tr ix  c o n s is ts  o f  a m ix tu re  o f  s i l t  and b ig  aggregates  

o f  o r ie n t e d  c la y  10 -50  microns in  d iam eter . In  narrow spaces between 

th e  send g ra in s  are  found m en isc i— shaped c la y  aggregates in  which the  

c la y  p a r t ic3 .e s  are  o r ie n t e d  p a r a l l e l  to the su rface  o f  the m en isc i.

I ro n  o x id es  a re  a ss o c ia te d  with t h is  type o f  c la y .  Most o f  the  menis­

c i  do not form b rid g es  between tn e  sand g ra in s .

O rganic  M a t t e r : Few aggregates o f  h ig h ly  decomposed

red  brown substance mixed with c la y  and i r o n  o x id e .  I t s  amount i s
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c o n s id e ra b lj '  s m a lle r  h e re  than in  the o v e r ly in g  h o r izo n s  o f  the p ro ­

f i l e .

M in e ra lo g y : Same as above but le s s  i ro n  ox ides than

in  the  B h ir .  Ho d is in t e g r a t e d  hornblendes were observed. The s i l t  o f  

the  m a t r ix ,  however, i s  r i c h  in  p r is m a t ic  t in y  hornblende which under  

crossed n ic o ls  Can be confused with aggregates o f  o r ie n te d  c la y .  Some 

m a g n et ites  have d i f fu s e d  i r o n  ox ide  around them.

A2m Micro s t ru c tu re  : I t  i s  as packed as the Bm above and

th e  A2m o f  I s a b e l l a .  The number o f  the pores is  a l i t t l e  sm alle r  than  

i n  the  o v e r ly in g  Bm. T h e ir  d iam eters  range from 0 .1  mm. to 1 .5  mm. 

but th e  m a jo r i t y  o f  th^m have d iam eters  o f  0 .1  to 0 . 3  mm. The average  

d is ta n c e  between th e  sand g ra in s  i s  about 50 microns. A few o f  the  

pores have d is co n tin u o u s  f i lm s  o f  w e l l  o r ie n te d  c la y .  T h e ir  th ickn ess  

i s  about 10 m icrons. Some o f  the pores are f i l l e d  w ith  s i l t  and most 

o f  them have d ep o s its  o f  f in e  s i l t  mixed w ith  c la y .  On the  v e r t i c a l  

s e c t io n  a re  seen h o r i z o n t a l  p lanes o f  weakness in  which the d is tan ce  

between the  sand g ra in s  i s  about 0 . 3  mm. Many sand g ra in s  have c o a t­

in g s  o f  weakly o r ie n te d  c la y .

The m a tr ix  is  r a t h e r  loose and forms only  a few s o l id  bridges  

between the sand g ra in s .  I t  c o n s is ts  o f  s i l t  m a in ly . The c la y  i s  

e i t h e r  mixed w ith  the s i l t  w ithout any o r i e n t a t io n  or in  form o f  small  

aggregates  which show o p t ic a l  an iso tro p ism  (o r ie n te d  c la y s ) .  More 

m enisci o f  o r ie n te d  c la y  are p re s -n t  in  th is  h o r izo n  than i n  the  o v e r -  

l y i n g  one but very  few o f  them form oridges between p la in s .

Organic M a t t e r ; Very few is o la t e d  re d  brown f in e

a g g re g a te s .

M in e ra lo g y « Same as in  Bm but the  amount o f  i ro n
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0 x iu e  a s s o c ia te d  w ith  c la y  i s  consi derably s m a lle r  here . Very few 

hornb lende  g ra in s  a re  d is in t e g r a te d .

^5™ M ic r o s t r u e t u r e : The degree o f  pack ing  o f  the  sand

and coarse  s i l t  g ra in s  and the p o ro s i ty  o f  th is  h o r iz o n  are  very s im i­

l a r  to th e  o v e r ly in g  A2m and the corresponding ho rizo n s  o f  I s a b e l la .

The number o f  the pores  which have f i lm s  o f  w e l l  o r ie n te d  c la y ,  how­

e v e r ,  i s  g r e a t e r  in  th is  h o r izo n  than in  the  A2m, and the f i lm s  tend  

to  be more continuous  h e re .  The th ickn ess  o f  these f i lm s  ranges be­

tween 5 and 20 tn icrons. The d is ta n c e  between the sand g ra in s  ranges  

m ain ly  between 20 and 100 microns. In  the v e r t i c a l  s e c t io n  are seen 

h o r i z o n t a l  cracks 0 .1  -  0 .?  mm. wide, having deposits  o f  f in e  s i l t  and 

o f  u n - o r ie n t e d  c l a y .  These cracks c o n t r ib u te  to the p la ty  macro s t ru c ­

tu r e  o f  th e  h o r iz o n .

The menisci o f  w e l l  o r ie n te d  c la y  are more abundant h ere  than  

i n  A2m and form s e v e ra l  s o l id  b r id g es  between the sand g ra in s .

The m a tr ix  i s  dense and forms s o l id  b ridges  f i r m ly  connecting  

n e ig h b o r in g  sand g ra in s .  In  narrow in te r g r a n u la r  spaces the o r i g i n a l  

c la y  tends to form menisci which show a weak an iso tro p ism  ( o r ie n t a ­

t i o n  o f  t h e i r  c l a y ) ,  producing c loudy i l lu m in a t io n  under crossed n ic o ls .  

These m enisci a lso form s o l id  b r id g es  between the sand g ra in s .  Sand 

g r a in s  have c o a t in g s  o f  weakly o r ie n te d  c la y .

The m ic ro s t ru c tu re  o f  th is  h o r iz o n  suggests th a t  i t s  extreme  

hardness i s  m ain ly  due to the c lo se  packing o f  tne  sand g ra in s ,  the  

rfterrangem ent o f  the m a tr ix  and tne  fo rm atio n  o f  numerous s o l id  

b r id g e s  c o n n ectin g  f i r m ly  the sand and coarse s i l t  g ra in s .

Organic  M a t t e r : Not v i s i b l e .

M in e ra lo g y : Sane as i n  o v e r ly in g  h o r iz o n s ,  but no
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d is in t e g r a t e d  hornb lende  g ra in s  have been n o tic e d  in  th is  h o r iz o n .

I ro n  o x id e  i s  m a in ly  a ss o c ia te d  w ith  the w e ll  o r ie n te d  c la y  o f  the  

f i lm s  and menisci.. A few i s o la t e d  i ro n  oxide aggregates are  randomly  

s c a t t e r e d  throughout the  t h in  s e c t io n .

I &  Micro s t r u c t u r e ; Somewhat nuc iform , but the aggre­

ga tes  a re  not as w e l l  d e f in e d  as in  the Bt o f  I s a b e l la  and N e s te r ,  and 

they  are  o n ly  p a r t i a l l y  coated w ith  c la y  c ru s ts .  This  h o r izo n  is  d is ­

t i n c t l y  le s s  packed than the o v e r ly in g  fra g ip a n  h o r izo n s .

The average d is ta n c e  between the sand g ra in s  i s  about 0 .1 5  mm. 

I n  some s i t e s ,  however, these d is tan ces  are  as small as 30-50  microns.

The pores are  more abundant h ere  than in  the o v e r ly in g  h o r i ­

zon and t h e i r  s izes  range from 00 microns to 1 .0  mm. The crachs are  

i r r e g u l a r  ana have random o r ie n t a t io n .

P r a c t i c a l l y  a l l  the  pores and most o f  the  cracks have f i lm s  

(2 0 -1 0 0  microns t h ic k )  o f  w ell  o r ie n te d  c la y -  Conducting channels  

have lam inate;! f lo w  s t r u c tu r e s ,  but s i l t  deposits  a re  m iss ing . Many 

sand and coarse  s i l t  g ra in s  are  coated  by w e l l  o r ie n te d  c la y .  Menisci 

o f  w e ll  o r ie n t e d  c la y  are  more abundant and b igger than i n  any o th e r  

h o r iz o n  o f  the p r o f i l e .  Most o f  the  above f i lm s ,  c o a t in g s ,  e t c . ,  are

e x f o l i a t e d  o r  f r a c tu r e d .

The m a tr ix  i s  h ig h ly  porous and f is s u re d ,  and i t  i s  impreg­

n a te d  by a network o f  f is s u re d  f i lm s  and lam inae o f  w e l l  o r ie n te d  

c la v .  In  o n ly  a few s i t e s  the m a tr ix  has not s u ffe re d  rearrangement 

o f  i t s  c o n s t i tu e n ts .  Because o f  the e x f o l ia t io n s  and f is s u r e s ,  on ly  

vgry egw s o l id  b r id g es  connect sand g ra in s  in  th is  h o r izo n .

Organic M a t t e r ; Not v i s i b l e .

M inera logy  - Same as in  o v e r ly in g  h o r izo n s .  More
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i r o n  ox i des arp assoc i  a t  no w itc  the wel o r ie n te d  c la y -  Some magne- 

t i t e  g ra in s  d i f fu s e  i r o n  ox ide  around them.

2. M ic r o s t r u e t u r e : Nuciform  - i t h o u t  c la y  c ru s ts  on the

su rface  o f  th e  aggregates . The fa b r ic  o f  the aggregates i s  spongy.

The average d is tan ce  between the sand g ra in s  i s  about 0.2 mm. Fores 

a re  abundant and t h e i r  d iam eters  range mostly between 0.1 and 0.6 mm. 

There are no c la y  f i lm s ,  f low  s tru c tu re s  and coatin gs  o f  w e l l  o r ie n te d  

c la y  i n  t h i s  h o r iz o n  except in  i t s  upper p a r t .  Sand g ra in s  have c o a t­

ings  o f  weakly o r ie n te d  c la y .

The m a tr ix  c o n s is ts  o f  a m ix tu re  o f  s i l t  and c la y  and i t  i s  

h ig h ly  f r a c t u r e d  or f is s u r e d  and forms empty spaces 10-50  microns in  

s iz e .  The c la y  o f  the m a tr ix  shows c loudy, i l lu m in a t io n  under crossed  

n ic o ls  as described i n  the C h o r izo n s  o f  I s a b e l la  and N e s te r .  No de­

p o s i t io n s  o f  carbonates  have been observed in  th is  h o r iz o n .

Organic  M a t te r : Not v i s i b l e .

M in e ra lo g y : I t  d i f f e r s  from the Bt in  hav in g  l im e ­

stone and c a l c i t e  g ra in s ,  and less  iro n  oxicie.



{jENERAL discussion a n d evaluation
OF THE RESULTS

1. Changes due to s o i l  fo rm atio n

( &) U n i fo r m i ty  o f  the  p r o f i l e s . Changes o c c u rr in g  i n  the  p ro ­

f i l e  d u r in g  the development o f  a s o i l  can "be f u l l y  eva lua ted  on ly  when 

th e  p a re n t  m a te r ia l  i s  known. I f  the p a ren t m a te r ia l  i s  re p resen ted  

"by th e  C h o r iz o n ,  we w i l l  he ab le  to eva lu a te  o b je c t iv e ly  th« changes, 

which have o ccurred  in  the p a r t i c u l a r  h o r izo n s , only  i f  we prove th a t  

th e  whole p r o f i l e  had, at time zero, composition i d e n t i c a l  to the 

p re s e n t com position  o f  the C h o r iz o n .  That is  to show th a t  the  pro­

f i l e  has been formed in  u n ifo rm  p a re n t  m a te r ia l .

Sand s iz e  d is t r ib u t io n s  and the c ru a r tz /fe ld s p a r  r a t io s  are  

r a t h e r  u n ifo rm  throughout the  th re e  p r o f i l e s .  The d i s t r i b u t i o n  o f  the  

t o t a l  heavy m in era l f r a c t io n s  and th e  m a g n e t ite /g a rn ^ t  r a t io s ,  how­

e v e r ,  show th a t  on ly  N es ter  and McBride have been formed from u n ifo rm  

n a re n t  m a t e r ia ls ,  w h i le  I s a b e l la  c o n s is ts  o f  the fo l lo w in g  th re e  d i f ­

fe r e n t  s t r a t a .8
1st -  The 0 to 21" la y ^ r ,  in c lu d in g  the Ao, A i,  Ag, 

E h i r ,  Bm and A2m h o r izo n s  is  c h a r a c te r iz e d  by a r e l a t i v e l y  h ig h  amount 

o f  heavy m in e ra ls  in  the  f in e  sand f r a c t io n  and a m a g n e t ite /g a rn e t

r a t i o  o f  11 to 9 .9 .

2nd -  The 2 i -3 4 "  la y e r  co n s is ts  o f  the A3m h o rizo n

i s  c h a r a c te r -! zed by a small amount o f  heavy m in era ls  and a magne­

t i t e / g a r n e t  r a t i o  o f  about 5 .

3 rd  -  The m a te r ia l  below 34*', in c lu d in g  the A &  B,

Bt and C h o r iz o n s ,  i s  c h a r a c te r iz e d  by a small amount o f  heavy m in era l  

and a m a g n e t i te /g a rn e t  r a t i o  o f  8 .2  -  9 .5 .  The q u a l i t a t i v e  m in e ra l -
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o g ic s l  com position  o f  t h is  s tra tum  i s  s im i la r  to the  com position o f  

th e  f i r s t  s tra tum .

S o i l  g en es is , however, proceeds re g a rd le s s  o f  the u n i fo r m i ty  

o f  the  p a re n t  m a t e r ia l ,  and consequently , i t  w i l l  be s tu d ie d  in  a l l  

th re e  p r o f i l e s .

(b )  Changes in  physi c a l  p r o p e r t ie s . The f i v e  s o i l  forming  

f a c to r s  as d escrib ed  by Jenny (3 1 )  c o n tro l  the changes in  p h y s ic a l  as 

w e l l  as i n  a l l  th e  o th e r  p ro p e r t ie s  o f  the  s o i l .  The p h y s ic a l  p ro p er­

t i e s  which have undergone s ig n i f i c a n t  changes during  the  development 

o f  th e  s tud ied  p r o f i l e s  a re :  b u lk  d e n s ity ,  pore s iz e  d is t r ib u t io n ,

m echanical com posit ion , and arrangement o f  the s o i l  c o n s t i tu e n ts .

The magnitude o f  o th e r  p h y s ic a l  p r o p e r t ie s  such as water p e rm e a b i l i ty  

and hardness depend on th e  magnitudes o f the above p ro p e rtie s .

Bulk d e n s ity  da ta  show a s ig n i f ic a n t  in c re a se  in  volume in  the  

podzo l seoua and a decrease in  volume in  the w e ll  developed A2m and 

Agm h o r iz o n s .  I f  we re g ard  q u a r tz  as a r e s is t a n t  m in era l in  the pod­

z o l  re g io n ,  we can c a lc u la t e  the volume in  which one gram o f  f in e  

q u a r tz  sand i s  c o n fin e d  in  each h o r iz o n .  Tab le  10 shows the above 

m entioned changes in  volume o f  the McBride p r o f i l e .

Table  10. Volume occupied by one gram o f  f in e  sand s iz e d  qu artz

MeEri de

Horizon  Al-Ag B h ir Bm A2m A3m Bt 0

Vo lu  me c . c . f

g r .  q u a r tz  2 .4 8 2 .1 1 1.66 1 .44 1 .54 1.20 1 .7 ?
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The in c re a s e  i n  volume in  the  podzol senna i s  due to the  i n ­

c re a s e  in  n o n -c a p i l  1 a ry  p o ro s i ty  and in  the fo rm ation  o f  loose  crumbly  

o r  spongy s t r u c tu r e .  Processes which produced these changes a re : ( l )

lo s s  o f  c la y ,  ( 2 )  a d d i t io n  o f  o rgan ic  m a tte r ,  (3 )  b io lo g ic a l  a c t i v i t y ,  

( 4 )  a l t e r n a t e  w e t t in g  and dry in g , ( 5 )  f re e z in g  and thawing and r e a r ­

rangement o f  the  s o i l  c o n s t i tu e n ts .  How these processes develop the  

s o i l  s t r u c tu r e  i s  w e l l  described  by B&ver ( 4 ) .

The in c re a s e  in  the  bulk  d en s ity  o f  the A2m arid A3m h o rizo n s  

i s  m a in ly  the r e s u l t  o f  the c lo se  packing  o f  the  sand and coarse s i l t  

and s e c o n d a r i ly  o f  the  f i l l i n g  o f  the  pores w ith  s i l t  as i t  has been 

d e s c r ib e d  in  the  m ic ro s c o p ica l s tu d ie s .

The pack ing  o f  the  sand g ra in s  has not been in h e r i t e d  from the  

p a re n t  m a t e r ia l  but i t  has been developed during  the fo rm atio n  o f  the

s o i l .  The d is tan ce s  between th e  sand g ra in s ,  as seen i n  th e  th in  sec­

t io n s ,  are  c o n s id e ra b ly  g r e a te r  in  the C ho rizo n s  than in  the  pan 

ho r i  zo ns.

Water p e rm e a b i l i t y  depends on the volume o f  the n o n - c a p i l l a r y  

pores, and th e r e fo r e ,  i t  has been greatly increased in  the podzol

sequa. In  the pan h o r iz o n s ,  the  w ater  p e rm e a b i l i ty  i s  c o n t r o l le d  by

the  c ra c k s ,  ro o t  h o les  and/or worm h o les .

Mechanical analyses and th in  s ec tio n  s tu d ies  show th a t the  

h o r izo n s  which o v e r l i e  the Bt h o r iz o n  have lo s t  v a r io u s  amounts o f  

clay. I s a b e l l a  and McBride show a small a d d it io n  o f  c la y  in  t h e i r  

B h ir  h o r izo n s  but the amount o f  c lo y  added has not compensated the  

amount o f  c la y  l o s t .  The on ly  t r u l y  c la y  enriched h o rizons  are the

Bt h o r iz o n s .

The b iseoua p r o f i l e s ,  th e r e fo r e ,  have two zones o f  i l l u v i a t i o n :
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th e  B h ir  h o r iz o n  and the  Bt h o r izo n .  The bu lk  o f  the i l l u v i a l  c la y ,  

however, i s  d epos ited  in  th e  l a t t e r .

The f i lm s  o f  w e l l  o r ie n te d  c la y ,  which are seen in  the th in  

s e c t io n s ,  have been reg ard ed  by many authors as Brewer ( 7 ) ,  Cady ( 1 1 ) ,  

F re i  and C l in e  (2 0 )  and Haeside (5 2 ) ,  as c o n s is t in g  o f  i l l u v i a l  c la y  

d ep o s ited  by p e r c o la t in g  w aters . I f  t h is  i s  t ru e ,  we must admit th a t  

c la y  i s  be ing  d ep o s ited  in  a l l  ho rizo n s  but the A l,  A£> and C, and 

th a t  e lu v i a t i o n  ana i l l u v i a t i o n  have taken p la c e  e i t h e r  s im ultaneously  

o r  a t  d i f f e r e n t  stages during  the  s o i l  fo rm a tio n , in  the  p a r t  o f  the  

p r o f i l e  which in c lu d e s  the B h ir  -  A &  B s e r ie s  o f  h o r izo n s .

The abundance and th ic kn es s  o f  the  c la y  f i lm s  in creases  w ith  

depth . The f i lm s  o f  the pan h o r izo n s  are d iscontinuous and th in  -  but 

th e y  do n o t  show any evidence o f  e ros ion  which would lea d  to the con­

c lu s io n  th a t  these h o r izo n s  were i l l u v i a l  a t p rev ious  tim es and th a t  

they a re  be in g  e lu v ia te d  a t  the p resen t stage o f  s o i l  genesis .

The m enisci o f  w e l l  o r ie n te d  c laY  o f  the pan h o r izo n s  co u ld  be 

formed by lo c a l  rearrangement o f  the o r i g i n a l  c la y  through d is p e rs io n  

i n  w ater and subseouent c o n c e n tra t io n  and e f f lo re s c e n c e  in  c e r t a in  

narrow  in t e r g r a n u la r  spaces as d escribed  ty  r ub ien a  (3 7 ) .

Y a r i lo v a  and P arfenova  (6 9 )  s tu d ie d  the  c la y  f i lm s  o f  a wide 

range o f  s o i ls  o f  the  podzol and gray brown podzo lic  reg ion  o f  Bussia.  

T h e ir  s tu d ie s  showed t h a t  the c la y  f i lm s  always c o n s is te d  o f  a r ic h  in  

i r o n  c 1 ay m in era l  o f  the  montmorilToni group which, they suggest, i s  

o f  s y n th e t ic  o r i g i n .  They have named t h is  m inera l as T o ly n i t e  in  honor

o f  Fo lynov.

The most lo g ic a l  assumption i s  th a t  a l l  the above described  

processes take p lac^  d u r in g  the s o i l  fo rm atio n .
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F i e l d  s tu d ie s  and th in  s ec tio n  o b serva tio n s  showed th a t  the  

i l l u v i a l  c la y  is  not u n i fo rm ly  d is t r ib u t e d  in  the  i l l u v i a l  zone (20) ,  

but i t  i s  depos ited  a long conducting channels, pores and in  the v e r ­

t i c a l  c ra c k s .

#e can conclude from the above d iscussion th a t  the on ly  p u re ly  

e lu v ia l  h o r iz o n  i s  the  A2 and the o n ly  p u re ly  i l l u v i a l  h o r izo n  i s  the  

B t.

The podzol sequa o f  I s a b e l la  and McBride show a. c e r t a in  en­

richm ent in  s i l t ,  which probably  i s  due to the d is in t e g r a t io n  o f  

g r a v e l l y  ro c k  and c h e r ty  fragments which are abundant in  these pro ­

f i l e s ,  Besides c la y ,  ve ry  f in e  s i l t  i s  the  on ly  o th e r  f r a c t io n  o f  

th e  s o i l  p a r t i c l e s  which undergoes r e d is t r i b u t io n  in  the  p r o f i l e .

T ab le  4 shows an enrichment o f  the A3m and A & B h o r izo n s  in  very  

f i n e  s i l t .

The downward movement and d e p o s it io n  o f  the very  f in e  s i l t  i s  

p ro b a b ly  f a c i l i t a t e d  by the  presence o f  the  v e r t i c a l  c racks .

c .  Changes in  m in era lo g y . In  the  case o f  McBride and N es ter  

p r o f i l e s ,  the m in e ra lo g ic a l  changes can be e va lu a ted  on the  b as is  o f  

th e  m in e r a lo g ic a l  com position o f  tne  C h o rizo n s  (p a re n t  m a t e r ia l ) .

I n  the  case o f  I s a b e l la ,  however, the m inera l changes can bo e va lu a ted

w ith  on ly  r e l a t i v e  accuracy,

1, Primary rninoral changes in  tne f in e  sano. t r a c t i o n . As i t  

was shown in  the p re v io u s  c h ap ter ,  w eathering  o f  p rim ary  s i l i c a t e  

m in e ra ls  ta kes  p la ce  on ly  in  the p a r t  o f  the p r o f i l e  which o v e r l i e s  

th e  Bt h o r iz o n .  Vfhen c o n s id er in g  c a l c i t e ,  howevei , the 3t, h o r izo n  i s

in c lu d e d  in  the  zone o l w ea thering .

The r a t e  o f  w eath er in g  decreases w ith  in c re a s in g  depth from
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This  decrease in  w eathering  should he ex-  

le a c h in g  i s  h ig h e r  near the su rfa ce  than

show most w eathering  in  the  s tu d ied  p ro -  

hornblende and ep id o te .  R e s is ta n t  m iner-  

g a rn e t ,  z irc o n , to u rm a lin e  and F-T'Ta f e l d -  

o f  the m in era ls  i s  in  agreement w ith  the  

"by d i f f e r e n t  authors and summarized by 

a disagreement, however, re g ard in g

as moderately resistant. 1'atelBki 

decreases in size due to weathering, 

there was very little evidence of 

because this garnet is different in 

by the above authors, 

of ST-Na feldsxjar grains in the Ag 

weathering of the above minerals in this

was observed that both physical (disinte- 

chemical (release of iron and formation of 

takes place in the profile. Evidence 

only in a few thin sections of the 

this evidence has been obscared in

th e  s u rfa ce  o f  th e  s o i l ,  

pec ted  as th e  i n t e n s i t y  o f  

i n  th e  s u b s o il .

The m in era ls  which 

f i l e s  are  c a l c i t e ,  o l i v i n e ,  

a ls  a re  q u a r tz ,  m a g n e t ite ,  

spars . Th is  c l a s s i f i c a t i o n  

w ea th e r in g  sequences worked out 

Jackson and Sherman. There i s  

g a rn e t ,  which some people c la s s i f y  

and Turk (4 3 )  found th a t  garnet  

In  the s tu d ie d  s o i ls ,  however, 

w ea th e r in g  o f  g a rn e t .  P robab ly  

co m posit ion  than the g a rn e t s tud ied

The decrease in  th e  number 

h o r izo n s  in d ic a te s  a s l i g h t  

p a r t  o f  th e  p r o f i l e s .

In  t h in  sec tio n s  i t  

g r a t io n  o f  h o rnb lende) and 

c la y )  w ea th e r in g  o f  th e  m in era ls  

o f  chem ical w ea thering  was seen 

grav brown p o d zo lic  sequa, w h ile  

the podzol sequa by le a c h in g  and/or  

i c  m a t te r ,  Th<= in creased  roughness  

m in e ra ls  o f  the  podzol sequa i s  an 

the  chem ical w ea thering  in  th is  pai

"Regarding the fa c t  th a t  the

mining of the products with organ- 

of the surface of the weathered 

indication of the importance of 

t of the profile, 

easily weather -mi primary minerals,
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w ith  tne  e x c e p tio n  o f  c a l c i t e ,  re p re s e n t a very  sm all f r a c t io n  o f  the  

s o i l  c o n s t i tu e n ts ,  we can conclude th a t  t h e i r  r o le  in  s o i l  genesis  i s  

secondary.

Clay m in e ra l  changes. The r e s u l ts  o f  the  d i f f e r e n t  meth­

ods o f  c la y  a n a ly s is  in d ic a t e  th a t  a w eathering  o f  c la y s  takes p lace  

i n  the  p r o f i l e .  The r a te  o f  t h is  weathering  decreases again w ith  in ­

c re a s in g  depth from th e  surface  o f  the  s o i l .

The p r i n c ip a l  c la y  m inera ls  which weather a re  i l l i t e  and the  

i n t e r s t r s t i f i e d  complexes o f  i l l i t e - c n l o r i t e - v e r m i c u l i t e - m o n t m o r i l I o ­

n i t e ,  which are  a lso p re se n t in  the p a ren t m a te r ia l .  The amounts o f  

i l l i t e  and o f  the i n t e r s t r a t i f i e d  complexes sharp ly  decrease near the  

s u r fa c e  o f  the s o i l  and d is c re te  p a r t i c l e s  o f  m o n tm o r i l lo n ite  become 

the  dominant m in e ra ls ,  and presumably are the  products o f  w eathering .  

T h is  seauence o f  w eathering  has also been found in  s o i ls  o f  In d ian a  

by Murray (5 0 )  and in  s o i l  o f  Wisconsin by Whitting and Jackson ( 6 5 ) .

I n  cases o f  advanced w eathering , as in  trie Ai and horizons  o f  Is a ­

b e l l a ,  v e r m ic u l i t e  a lso weathers and m o n trr .o r i l lo n ite  remains as the 

■only end product.

Wurman ( 68) found an in crease  in  the amount o f  rm n tm o r i l lo n i  te  

near the s u rfa ce  o f  the W allace and Montcalm series  o f  M ichigan. I t  

i s  obvious, t h e r e fo r e ,  th a t  n o n t n o r i l l o n i t e  is  forming in  the podzols  

o f  M ich igan , which have been developed on parent m a te r ia ls  rang ing  

from sand to sandy c la y  or c la y  loam.

Another s trong  in d ic a t io n  o f  th e  g en et ic  o r ig in  o f  montmori] - 

I o n i t e  i s  th a t  on the su rface  o f  the  N es ter  p r o f i l e ,  which is  s i g n i f i ­

c a n t ly  le s s  leached  and weathered than the  Is a b e l la  p r o f i l e ,  i t  i s  

m ostly  i n t e r s t r a t i f i e d  w ith  o th e r  m in e ra ls ,  p oss ib ly  because i t  has
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n o t  been s u b jec te d  to the degree o f  w eathering impressed on the o th e r  

p r o f i l e s .  I f  the  m o n tm o r i l lo n i te  o f  the I s a b e l la  surface  had been 

brougnt in  by wind, we should expect to f in d  d is c re te  m o n tm o r i l lo n ite  

a lso  in  N e s te r ,  s ince  the  two p r o f i l e s  are  only one mile a p a rt .

The w eathering  sequence o f  c la y s  o f  the s tu d ie d  p r o f i l e s  i s  

in  agreement w ith  the s t a b i l i t y  sequence o f  c la y s  suggested by Jackson 

and Sherman ( 2 8 ) .

t a l k e r  (6 2 )  found in  s o i ls  o f  Scotland th a t  b i o t i t e  weathers

to  v e r m ic u l i t e .  P o rt lan d  (4 9 ) formed d is c r e te  p a r t i c l e s  o f  verm icu-

l i t e  by le a c h in g  b i o t i t e  f la k e s  w ith  0 . IN  N acl. Murray (5 0 )  suggests  

th a t  the i n i t i a t i n g  mechanism fo r  the fo rm ation  o f  m ontrnorilloni te  

from i l l i t e  i s  the  o x id a t io n  o f  the  fe rrous  i ro n  in  th<= o c tah ed ra l  

l a y e r s .  P o rt lan d  (48) s lso a t t r i b u t e s  the  decrease in  t o t a l  charge, 

which i s  a. r e s u l t  o f  the t ra n s fo rm a t io n  o f  b i o t i t e  to v e r m ic u l i t e  by 

p la n t  grow th , to the o x id a t io n  o f  th e  o c ta h e d ra l  i r o n .

Some o f  the  c la y  m in era ls  are probably  syn th es ized  from S i,

A1 and. T’e ox ides  o f  the s o i l  s o lu t io n  which are the  products  o f  the

com plete decomposition o f  the  prim ary and c la y  m in era ls .  Y av i lo va  

and P arfenova  (6 9 )  have proposed the  s y n th e t ic  n a tu re  o f  the  c la y  

f i lm s ,  o f  the  Russian s o i ls .  Henin (2 6 )  has syn th es ized  m o n tm o ril lo -  

n i t e  from d i l u t e  s o lu t io n s  o f  £ 102, A I2O3 and Fe203 under atmo spheric  

condi t  io n s .

C lay  a n a ly s is  d a ta  snowed a p r e f e r e n t i a l  removal o f  expanding  

c la y s  from th e  f ra g ip a n  h o r iz o n  and a r e l a t i v e  accum ulation o f  i l l i t e  

and o th e r  non-expanding c la y s .  The e x f o l i a t io n  o f the c la y  f i lm s  seen 

i n  th e  t h in  sec tio n s  o f  the i l l u v i a l  zones in d ic a te s  tn a t  expanding  

c la y s  c o n s t i t u t e  a s ig n i f i c a n t  p o r t io n  o f  tnese f i lm s .  Tne expanuing
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c la y s  expana and c o n tra c t  upon a l t e r n a t e  w e t t in g  and j i y i n g  and cause 

the "breaking o f  the  f i lm s  in to  p a r a l l e l  sheets . Assuming th a t  the 

c la y  f i lm s  have "been formed by p h y s ic a l i l l u v i a t i o n  o f  c la y  through  

tne  p e r c o la t in g  w a te rs ,  we can e x p la in  the  r e l a t i v e  accum ulation o f  

non-expanding  c la y s  in  the f ra g ip e n .  V o n tr ro r i l lo n i  te  m in era ls  are  

g e n e r a l ly  s m a lle r  then the non-expanding m inera ls  (22) .

7- r a y  p a t te rn s  o f  the (.2 microns c la y  show th a t  i t  c o n s is ts  

m ain ly  o f  i n t e r s t r a t i f i e d  complexes o f  i l l i t e - c h l o r i t e  and expanding  

c la y s ,  w h i le  i l l i t e  and k a o l i n i t e  are present in  much s m alle r  amounts 

than i n  the t o t a l  c la y  f r a c t io n .  The expanding c la y ,  th e r e fo r e ,  being  

o f  s m a lle r  s iz e  than the non-expanding c la y ,  i s  removed from the

f ra g ip e n  h o r iz o n s  by p e r c o la t in g  waters  more e a s i ly  than the  non-ex­

panding one.

The accum ulation o f  i l l i t e  and o th e r  non-expanding c la y s  in  

th e  f ra g ip a n  also in d ic a te s  th a t  th e re  i s  no s ig n i f ic a n t  a l t e r a t i o n  

o f  the c la y s  in  th is  p a r t  o f  the  p r o f i l e .

The decrease o f  the amounts o f  k a o f in i t e  near the  surface  o f  

the  s o i ls  cannot be a t t r ib u t e d  to chemical w eathering  ?s k a o l i n i t e  i s  

regarded as a veyv s ta b le  m inera l i n  the  podzol reg io n , as Jackson and 

Sherman (2 9 )  have found. B lo o m fie ld  (5 )  found th a t  l e a f  leach a tes  

e x e r t  3 marked d e f lo c u la t in g  e f f e c t  on K ao lin i  lc  suspensions. I t  i s  

lo g ic a l  th ^ re fo ^ e ,  to assume tn e t  k a o l i n i t e  i s  C’-ung j. amoved fr^.n the

s u r fa c e  o f  the  s o i l  by pe1 col a tin*:. wptei ■

According to the  h ypothes is  th a t  there  has been p r e f e r e n t i a l  

removal o f  the expanding c la y  in  the f ra g ip e n ,  we might expect th a t  

such removal should also be ta k in g  p lace  in  the  podzol secua and 

i l l u v i a t i o n  o c c u rr in g  in  the u n d e r ly in g  f ra g ip a n .  Some such a removal
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un do u cte dl y toom p la c e  in  previous times, as th is  o a r t  o f  the  ".to f i l s  

has low ar c la y  con ten t teen  t r i e  C h o r izo n , 'cn.it i t  seems th a t  the r e ­

moval o f  c 1 ay was e i t h e r  by s o lu t io n  o r  th a t  i t  was not deposited un­

t i l  i t  reached th e  Bt h o r izo n  or i t  was deposited only  in  the v e r t i c a l  

c rac k s  and not in  the mass o f  the fra g ip an  h o rizo n s ,

The r e l a t i v e  in c re a se  in  expanding c la y s  found t o d a y  i n  the  

podzol sequa i s  an i n d ic a t io n  th a t  th e  r a te  o f  t h e i r  fo rm ation  exceeds  

th e  r a t e  o f  t h e i r  removal. In  the  th in  sec tio n s  i t  has been observed  

th a t  c la v  end o rg an ic  m attpr form s ta b le  complexes and aggregates.

The a g g reg a t io n  o f  the  c la y  s e r io u s ly  i n h i b i t s  i t s  removal from the  

podzol sequa a t  the  p re se n t stage. The in c rease  in  c la y  content at 

the  podzol B h ir  horizons  compared to the two o v e r ly in g  end u n d e r ly in g  

h o r iz o n s  in d ic a te s  th a t  c la y  I s  being deposited th e re  e i t h e r  as d is ­

c r e t e  p a r t i c l e s  as a r e s u l t  o f  p h y s ic a l  i l l u v i a t i o n  or i s  being formed 

by p r e c i p i t a t i o n  from the  s o lu t io n  o r  both.

(d ) Chemical changes. The chemical change? are  the  r e s u l t  o f  

the  chem ical w ea th er in g , a d d it io n  o f  organic  m a tte r ,  s o lu t io n ,  chemi­

c a l  re a c t io n  between the  s o i l  c o n s t i tu e n t? ,  lea c h in g  and p r e c i p i t a ­

t io n .

The main c ha nge s  d e tec ted  in  t h i s  study a re :

1. Loss o f  carbonates from the h o r izo n  o v e r ly in g

the  C h o r iz o n  and in c re a s e  o f  t h e i r  a c id i t y .

2. A d d it io n  o f  o rgan ic  m atte r  to the h o r izo n s  b v e r -

I v i n t the  C h o r iz o n  and mainly in  one podzol sequa.

3 . Tbrmation o f  c la y -o rg a n ic  m a tte r  complexes es­

p e c i a l l y  in  t r i p  podzol sc-qua.

- . fo rm a tio n  o f  s e s a u io r id e -o rg a n ic  m atte r  complexes
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and. precipitation o f  them in the  B h ir  horizon.

o. Accumulation o f  ' ' f r e e *1 alumi . ua in  the  zone o f

the  p r o f i l e s  occupied by the  B h ir ,  5:r, A2m. A z m and A &  B h o rizo n s .

6 . Acrumu.ia.tion o f  a l k a l i  s o lu b le  s i l i c a  in  the B^

h o r i  zons.

7 . Loss o f  scsquiox ides from the A2  ho r izo n s  and 

accum ula tion  o f  i r o n  oxides  in  the B hir  h o r i  zons' where they  a re  asso­

c ia t e d  w ith  o rg an ic  m a tte r  and c la y  and in  the Bt where they a ss o c ia te  

w ith  the  clp.y f i lm s .

8 . Thin section  s tud ies  and th e  l i g h t  c o lo r  o f  the

pan in d ic a te  th a t  the  A2m and A3m h o rizons  s u f fe r  a loss  o f  i ro n

o x id e s ,  too.

2 . Formation o f  the f ra ^ iu a n

In v e s t ig a t io n s  c a r r ie d  out in  o th e r  p a rts  o f the country  admit 

th a t  the f ra g ip a n  is  a r e v e r s i ’oly in d u ra te d  pan which owes i t s  in d u ra ­

t i o n  to the  p e c u l ia r  arrangement o f  the s o i l  p a r t i c l e s .  S i l i c a  is  not 

assumed to have a cementing ro le  in  the  fra g ip a n .

Vany authors as C a r l i s l e  (14 )  cons ider the  compaction o f  the  

f r a g ip a n  as a major f a c to r  o f  cem enta tion . O thers (3 8 )  suggest th a t  

c la y  and e s p e c ia l ly  i l l i t e  i s  th e  b inding agent.

R e s u lts  o f  th is  study showed th a t  the f ra g ip a n  c o n s t i tu te s  the  

second e l u v i a l  zone o f  the bisequum p r o f i l e  as Grossman e.t a l (7 4 )  

have found i n  s o i ls  o f  I l l i n o i s .  Bulk d en s ity  measurements showed 

d i s t i n c t  maxima in  the  A2m and A3m ho rizo n s  o f  the pan, ’cut hardness  

d a ta  suggest th a t  high bu lk  d e n s ity  alone is  not enough to produce 

maximum in d u r a t io n .  E esu lts  o f  chem ical ■ analyses f a i l e d  to revea l any 

s i g n i f i c a n t  c o n c e n tra t io n  o f  a lk a l i  s o lu b le  s i l i c a  in  the pan.
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'E y i ' T q.c. t a b le  alum ina, however, showed a remark,able in c re a se  in  the a rea  

o f  the pan*

f ig u r e  2 shows th a t  w ith  a more or le s s  constant h u lk  d e n s ity ,  

th e  hardness o f  the  f ra g ip a n  in creases  w ith  c la y  content u n t i l  an 

optimum" i s  reached and then i t  decreases w ith  in c re a s in g  c la y  con­

t e n t .  The ^optimum11 amount o f  c la y s  fo r  fragi.pans having mechanical 

com posit ions analogous to the s tud ied  ones seems to be about 1 5 * .

The g r e a te s t  d i f fe r e n c e s  in  hardness w ith  changing c la y  con ten t f a l l  

between 7 and 22 p e r  cent o f  c la y .  The "optimum" c la y  content which 

i s  necessary  fo r  the  ma.rimu.rr. hardness o f  the pan has also been postu ­

la t e d  d u r in g  the f i e l d  s tu d ie s .  B esu lts  obta ined by Grossman (23 ) d id  

n ot show any "optimum" cl,ay co n ten t, because he te s te d  dried samples 

o f  f ra g ip a n  and because he did not measure hardness o f  the par. but the  

f irm ness  o f  the d r ied  s o i l  c lo ds, which under dry c o n d it io n s  norm ally  

in c re a s e s  ? i t h  in c re a s in g  c lay  content.

F ig u re  2 a lso  shows th a t  w i th in  the narrow ranges o f  c la y  

c o n te n t ,  hardness in c re a se s  w ith  in c re a s in g  bulk d e n s ity ,  e s p e c ia l ly  

in  the range o f  4 - IT - c la y .

High bu lk  d e n s i t y  and optimum c la y  content a re , th e re fo re ,  

the  main end necessary c o n d it io n s  ion th e  in d u ra t io n  o f  th e  pan. 

Alumina mikht a c t  as a cementing agent 'out i t s  r o le  appears to be o f

s ec o nd p r y  i  moor t  anc e.

Thin s e c t io n  studies revea led  th a t  the most im p o rtan t fe a tu re  

o f  the  oar h o r izo n s  is  the  c lose packing o one saim and coarse s i l t  

g r a in s ,  which is  re s p o n s ib le  fo r  the  h igh  bulk den s ity  o f  the  pan. 

Peeper h o r i  sons, however, in  s p i te  o f  t h e i r  high cul.v density  , have 

low hardness and much les s  packed sand g ra in s  than the  pan. I t



E
ff

ec
t 

of
 

th
e 

cl
ay
 

co
nt

en
t 

an
d 

of 
th

e 
bu

lk
 

de
ns

ity
 

on 
th

e 
ha

rd
ne

ss
 

of
 

th
e 

s
o

il
109

s

u io /3 m r>oue^STsaji cioT'+saiaued 3110

%
 C

la
y 

Bu
lk

 
D

en
si

ty
m

- 
/-* 

a



110

appeei s, th e r e fo r e ,  th a t  the  c lo se  packing o f  the sand and cosrse s i l t  

g ra in s  is  tne  im p o rta n t  fa c to r  o f  the  in d u r a t io n  and not the h igh  h u lk  

d e n s ity  i t s e l f .

In  o rd e r  th a t  the  c lo se  packing he o b ta in e d , the c la y  content 

must not exceed a c e r t a in  amount. We have, th e r e fo r e ,  another- support 

o f  the  id e a  o f  '‘optimum c la y  c o n te n t" .

r he c la y  acts as a cementing agent by forming s o l id  bridges  

co n n ectin g  the  neighboring; sand g ra in s .  The in c re a s e  o f  hardness w ith  

in c re a s in g  c la y  content can be a t t r ib u t e d  to the fo rm ation  o f  more 

c la y  b r id g e s .  I f  the  c la y  content exceed the "optimum", l a r g e r  i n t e r -  

g r a n u la r  spaces w i l l  be re o u ir^ d  and f r a c tu r e  and d is c o n t in u i t y  o f  the  

c la y  b r id g es  ' - i l l  occur, because o f  t h e i r  l a r g e r  s iz e  and o f  the a l ­

t e r n a te  w e t t in g  and d ry in g , ©s i t  has been seen in  the  th in  sections  

o f  the i l l u v i a l  Bt h o r izo n s .

Clay analyses have shown th a t  the c la y  o f  the A2m and A3m 

h o r izo n s  c o n s is ts  l a r g e ly  o f  non-expanding species. Knox (36 ) also  

found i n  fra g ip o n s  o f  New York th a t  i l l i t e  was the m a te r ia l  which 

h o ld s  to g e th e r  the  g ra in s  o f  sand and s i l t .  Clay bridges formed in  

the  pan, th e r e fo r e ,  ©re not f r a c tu r e d  oy w e t t in g  end dry in g , because 

th e y  c o n s is t  o f  n o n -em en d in g  m in era ls .  This i s  t r u e  o n ly  i f  we as­

sume th a t  d is p e rs io n  does not take p lace .

upon w ater s a t u r a t io n  the cores o f  the ABm and A3m h o rizo n s  

did  not show any change o f  volume as d id the cor^s o f  o th e r  h o r izo n s  

c o n ta in in g  expanding c la y s .  This means th a t  once the s t r u c tu re  o f  

the f ra g ip a n  i s  f o r m e d  i t  cannot be changed by mere w e t t in g  and dry ­

in g .
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H ypothesis  o f  the genesis o f  the pan

In  the p rece d in g  d iscu ss io n  we have shown th a t  c lo se  packing  

o f  the  sand and s i l t  g ra in s ,  a c e r t a in  oijtimum c la y  co n ten t and a 

proper arrangement o f  the  s o i l  p a r t i c l e s  are  the main fa c to rs  respon­

s ib le  fo r  the  in d u r a t io n  o f  the pan.

The p aren t m a te r ia ls  o f  th e  s tu d ied  p r o f i l e s  co not have the  

above th re e  p r o p e r t ie s  combined. That i s ,  the p r o p e r t ie s  o f  the pan, 

which cause i t s  in d u r a t io n ,  have been developed during  the s o i l  forma­

t i o n .  The frag ip an s  th a t  were s tu d ie d , th e r e fo r e ,  are g e n e t ic  s o i l  

fo rm atio n s  and not g eo lo g ic  fo rm ations .

The genesis o f  the f ra g ip a n  h o r izo n s  takes p la c e  p a r a l l e l  to 

th e  genesis  o f  the  o th e r  h o rizo n s . A f t e r  the  le a c h in g  o f  the carbo­

n a tes  and a c i d i f i c a t i o n  o f  the p r o f i l e ,  the  fo l lo w in g  steps are postu­

l a t e d  for the fo rm atio n  o f  the pan:

(a )  ‘Removal o f  a. p a r t  o f  the  c la y  f ra c t io n ,  and p r e f e r e n t i a l l y  

o f  the  expending c la y .

(b )  C o n tra c t io n  fo l lo w in g  the removal o f  c la y  s tep  by s tep .

T h is  c o n t r a c t io n  which re s u lte d  in  the  c lo se  packing o f  the g ra in s  

was g ra d u a l and not u n ifo rm . '?orces which caused t h is  c o n tra c t io n  

were the  g r a v i t a t i o n a l  forces w i th in  the h o r izo n ,  the load o f  the  

o v e r ly in g  h o r izo n s ,  p ressures  everted  by tap  ro o t  o f  the  t re e s ,  and 

pressu res  developed during w e tt in g  and d ry in g  plus f re e z in g  and thaw­

in g  o f  th e  soil du rin g  the  e a r ly  stages o f  development. The c o n tra c ­

t io n  th e re  fo r e ,  ceu sod by” I ore e s ac t in ^  3 0 b i i  ct 1. t  d i .e e  . i  o;.s,

re s u l te d  in  a three dimensional shrin kage  o f  the  pan and in  tne f o r ­

m ation o f  v e r t i c a l  crac>s and the  coarse col'ronar s t r u c tu r e .  I t  is  

known th a t  th e  fo rm atio n  o f  a hexagonal P a t te r n  o f  crac>s causes the
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l e a s t  c ra c k in g  due to shrinkage.

In  case o f a un i forrr. body "being g ra d u a l ly  c o n tra c te d  from the  

top to th e  hot tom a h^-y agonal p r is m a t ic  s t ru c tu re  i s  produced. In  

tn is  way the  fo rm atio n  o f  po lygonal p a t te r n  o f  cracks found, in  many 

f ra g ip a n s  throughout the  country  and the  v e r t i c a l  cracks o f  Michigan  

f ra g ip a n s  can he e x p la in e d .

(c )  F o llo w in g  the c o n tra c t io n  and the c lo se  pack ing  o f  the 

s k e l e t a l  elements, th e  m a tr ix  substances ( f i n e  s i l t  and rem ain ing  

c la y )  undergo a rearrangem ent.

The c lo se  packing o f  the sand has p rov ided  the  c a p i l l a r y  i n -  

t e r g r a n u la r  spaces, i n  which the s o i l  suspension is  confined a t  mois­

t u r e  l e v e ls  "below f i e l d  c a p a c i ty .  Upon evapora tion  o f  the  w ater , the  

c la y  is  depos ited  fo r ,r in g  o p t i c a l l y  a n is o tro p ic  menisci vh ich  serve  

as b r id g es  connecting  th e  ne ighborin g  sand and coarse s i l t  g ra in s .

The c la y  o f  the  a n is o tro p ic  •'■eni sci is  p a r t l y  ^he c la y  o f  the  

o r i g i n a l  m a t r ix  and p a r t l y  i l l u v i a l  c la y  brought in  from o v e r ly in g  

h o rizo n s  by the p e rco la t in g - waters during the stage o f  c o n tra c t io n .

The Agm h o r iz o n  o f  I s a b e l le  has a co n s id e ra b le  amount o f  i l l u ­

v i a l  d r y .

(d )  During the  course o f  th e  s o i l  development, aluminum i s  

re le a s e d  from the decomposing m in e ra ls ,  pno a p a r t  o f  i t  i s  p r e c i p i ­

ta te d  from th e  s o i l  s o lu t io n  in  the area o f  the pan, p o s s ib ly  adding

to the  cem enta tion  o f the pan.

^he above hypothesis d i f f e r s  b a s ic a l ly  from the hypothes is

proposed by C a r l i s l e  (1 4 )  in  th e  fo llo - .- ir .fc- two p o in ts :  The compac­

t io n  o f  the s tud ied  f r e r i p m s  o f  MtchlrfH. s o i ls  V s  not h em  in h e r i t e d  

from th e  P arent m a te r ia l  hut i t  is  the r e s u l t  o f  s o i l  e e n m is .  The
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o tr .e i p o in t  i s  t h a t  th e  v e r t i c a l  cracks gre the r e s u l t  o f  the c o n tra c ­

t io n  due to lo s s  end rearrangem ent o f  the c o n s t i tu e n ts  o f  the pan and 

n o t o f  tn e  a l t e r n a t e  w e t t in g  and d ry in g . ‘Experim ental evidence and 

tne  type and amount o f  d r y  o f  the pan exclude volume changes o f  the  

pan d u r in g  w e t t in g  and d ry in g  which could account fo r  the cracking .

The s o f te n in g  o f  the pan upon v e t t in g  can be exp la in ed  by 

assuming t h a t  w ater  a c ts  as a lu b r ic a n t  decreasing the adhesion fo rces  

between the  s o i l  p a r t i c l e s  and p o s s ib ly  by d is s o lv in g  or h y d ra t in g  the  

AljgOg, as th e  pH o f  th e  pan favors  i t s  s o lu t io n .

The p la t y  and v e s ic u la r  s t r u c tu r e  o f  the pan has been ex­

p la in e d  by F i t z p a t r i c  (1 9 )  as due to f r o s t  a c t io n .  He proved th a t the

v e s ic u la r  pores have been formed by the d isso lved  gases d uring  the  

f r e e z in g  o f  s o i l  w a te r .

C zerask i (1 6 )  in  Germany has done a complete study o f  the  

f r o s t  a c t io n  and i t s  e f f e c t  on the s o i l  s t ru c tu re .  He describes  the 

a c t io n  o f  s o i l  f r o s t  as accompanied by the fo l lo w in g  phenomena:

( 1 )  Expansion, o f  w ater  by f re e z in g  (9$  o f  i t s  volum e).

( 2 ) f i is e  o f  w ater  from the u n d e r ly in g  h o rizo n s  toward the f r o ­

zen zone and d e p o s it io n  o f  t h is  water in  form o f  ic e  sheets.

(3 )  L i f t i n g  o f  the  s o i l  through the f re e z in g  o f  the o r i g i n a l  

end o f  the w ater  th a t  r is e s  by c a p i l l a r i t y  from below.

The most e f f e c t i v e  phenomenon, however, is  the second one, 

vhich  produces the fo l lo w in g  s t ru c tu re s :

a. Massive o r  homogenous s t r u c tu r e  which is  c h a r a c t e r is t ic  o f

th e  sandy s o i ls  and

h. Laminated or heterogenous s tr u c tu r e  which i s  c h a r a c t e r is t i c

o f  th e  f i n e r  s o i ls .
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The heterogenous s tru c tu re s  arc b e t te r  developed on compact 

s o i ls  than on lo o se  s o i ls .  The p a r t i c u la r  type ( p l a t y ,  p o lygona l,  

ooly n e d r e l , e t c . )  depends on the te x tu re  o f  the s o i l  and on the r a te  

o f  f r e e z in g .

The maximum r is e  o f  wat~r and the best developed p la t y  s t ru c ­

tu re s  occur on compacted loess and loams.

C zerask i (1 7 )  a lso produced ana photographed the development 

o f  f r o s t  s t r u c tu r e s  i n  the la b o ra to ry  S o i l  from A3 h o r izo n  o f  a F’a ra -  

braunerde  formed on loess  and having s im i la r  p r o p e r t ie s  to the  s tu d ie d  

fragipa.ns produced upon f r e e z in g  a network o f  h o r iz o n ta l  and zigzag  

ic e  s h ee ts .

The p la t y  s t r u c tu r e ,  th e r e fo r e ,  and the t h in  h o r iz o n ta l  cracks  

seen in  the f ra g ip a n  and mainly in  i t s  A 2 m h o r izo n  are  p robab ly  caused  

by f r o s t  a c t io n .

During the w in te r  o f  1959, T e n  M i t t e r t  and Steve Shetron, s o i l  

s c i e n t i s t s  w ith  the S o il  Conservation Serv ice  in  Osceola County, Mich­

ig a n ,  found these s o i ls  mere not fro  zen because o f  a th ic k  snow cover.  

Data o f  p re v io u s  y e a rs  in  tne v i c i n i t y  o i  "East Lansing and oo serva tio n s  

made by T .  M i t t e r t ,  c h i e f  o f  the Csceola s o i l  survey p a r ty ,  v e r i f y  

th a t  f r e e z in g  does occur at dept/is where the pan is  lo c a te d .

I t  seems, th e r e fo r e ,  th a t  s o i l  f r o s t  may cause the d is in t e ­

g r a t io n  o f  the  pan by break ing  i t s  massive s t ru c tu re .  This d is in t e ­

g r a t io n  i s  more pronounced in  the Brn and. A£m horizons  o i the  pan.

3 , C l a s s i f i c a fJ_ldI o r i  z o n  monc 1 a tu re

The s tu d ied  p r o f i l e s  f a l l  - i t h i n  the group o f  s o i ls  named by 

Gardner and W hites ide  as double (b iseq u a) p r o l i l e s  o* p o a z o l-^ ra y -  

brown p o d z o l ic  in te rg ra d e s ,  which re p re s e n t the zonal s o i ls  o f  th e
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studied area. Such soils have also been found in ITex York and Ontario.

'he fragipan is a genetic formation in the stucded profiles, 

fô  ...ed in the eluvi&l zone of toe Gray Bro mi Po a so lie sequum, and 

falls within the concept of fragipan hori zous defined; in the Soil 

Survey Manual.

The typical sequence of ^anetic horizons of the soils of 

Northern Michigan "hichi have Vn^ textural range of the studied pro­

files are:

Pirst, a Podzol sequum characterized by maximum physical, 

chemical and biological activity or changes, ana by an increase in 

vo lu'ne.

f-oo A very thin layer of undecomposed lit tern The

proper genetic resignation of this horizon is 

Od*.

Al A crumbly ana loose mineral horizon of acid reaction.

It has been enriched by arthropods fine moder or ar­

thropods mull humus. Intense chemical weathering

and formation of discrete particles of expanding

clay minerals, decomposition of organic materials 

ana formation of clay-organic matt -r are the pre­

dominant processes which take place in this horizon. 

The genetical designation of this horizon is Vh.

A2 Able ach ed ac i a ho r i zo n c . h ? r ac t - i z ed bp c 1 ay a:: d

sesauioxiae eluviatior., massive friable structure,

* These genetic designations have be-~n recently proposed by Dr. T. ?. 
Whiteside in his article pi; dished in Soils ana r tili zer, V: EX a I, 
1959, 1 -8 .
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and in te n s e  chemical weathering p s in  the Aj_. I t s  

g e n e t ic  d es ig n a tio n  i s  Tan,

H i i r  An acid  h o rizo n  o f  loos-j spongy s t r u c tu r e ,  r i c h e r  in

i r o n ,  alumina and c o l lo i d a l  organic  m a tte r .  I t  i s  

c h a r a c te r iz e d  by a secondary increase  in  c la y  con­

te n t  and oy the fo rm ation  o f  c la y - i r o n -o r g a n ic  mat­

t e r  complexes. The form ation  o f  d is c re te  p a r t i c l e s  

o f  expanding c la y  is  le s s  pronounced here  than in  

th e  o v e r ly in g  h o r izo n s . I t s  g e n e t ic  des ig n a tio n  is  

^Iibh,

Bm An a c id  h o r izo n , r i c h  in  alumina and t r a n s i t io n a l

•between the podzol sequum and the  pan. Th is  h o rizo n  

i s ,  in s o fa r  as sesouionides are  concerned, i l l u v i a l  

but i t  has lo s t  most o f  i t s  c la y  through e lu v ia t io n .  

I t s  sand i s  somewhat c lo se  packed, has a coarse  

p la t y  s t r u c tu r e  and is  s l i g h t l y  in d u ra te d .  The

g e n e t ic  d e s ig n a t io n  fo r  th is  h o r izo n  is  | I b i  Eq

Second, a Gray-Erown F o d zo lic  sequum, c h a ra c te r iz e d  by high  

n h y s ic a l  a c t i v i t y  and r e l a t i v e l y  low chemical and o io lo g ic a l  a c t i v i ­

t i e s .  There i s  no strong evidence of fom a t i n r, o f  expanding c la y  in

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

A£m An a c id ,  bleached, e lu v i a l  h o r iz o n  which has suf­

fe re d  p r e f e r e n t i a l  losses in  expanding types o f  c la y  

and iro n  ox ides , a r e l a t i v e  in c re a se  in  non-expand­

ing  c la y ,  c lose packing o f  sand and coarse s i l t  

g ra in s  w ith  a lo ss  in  volume and rearrangem ent o f  

the m a tr ix  substances. The above changes have
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r e s u l te d  in  the  r e v e r s ib le  in d u ra t io n  o f  the h o r izo n  

under dry c o n d it io n s .  This h o r izo n  has a coarse  

p la t y  and v e s ic u la r  s t r u c tu r e  produced by f r o s t  

a c t io n .  I t s  g e n e t ic  d es ig n atio n  i s  Eql

A3m Same as above, but w ith  more p oorly  expressed p la t y

s t r u c tu r e ,  h ig h e r  c la y  and fre e  a lum ina conten t and 

w ith  a small amount o f  i l l u v i a l  c la y  in  form o f  

f i lm s .  This  h o r izo n  i s  c o n s id e ra b ly  more in d u ra te d  

than any o th e r  h o r iz o n  in  the p r o f i l e .  I t s  g e n e t ic  

d e s ig n a tio n  is  Eq / H o t .

A & B An a c id  h o rizo n  which i s  p a r t l y  e lu v ia l  and p a r t ly

i l l u v i a l .  I t  c o n s t i tu te s  a t r a n s i t io n  between the  

o v e r ly in g  A3m and the u n d e r ly in g  Bt- I t s  g p netic  

d e s ig n a tio n  i s  l l t i  &  Eq .

Bt An a.cid h o r izo n  th a t  c o n s t i tu te s  the  zone o f  maximum

c la y  i l l u v i a t i o n .  I ro n  ox ides  also accumulate in  

t h i s  h o r izo n  and they are mainly assoc ia ted  w ith  the  

c la y  f i lm s .  Except fo r  the decomposition and leach ­

in g  o f  the carbonates , there  i s  no s ig n i f ic a n t  wea­

th e r in g  o f  p rim ary  and c lay  m in era ls  in  t h i s  h o r i ­

zon. The sand g ra in s  are  not packed. Th is  h o r iz o n  

i s  c h a ra c te r iz e d  by th e  abundance and th ickn ess  o f  

f lo w  s tru c tu re s  and f i lm s  o f  v e i l  o r i e n t e :  c la y .

I t s  s t ru c tu re  i s  u s u a l ly  blocky and the ro o t  d is ­

t r i b u t i o n  is  h ig h e r  here  than in  any o th e r  h o r izo n  

o f  th *  Grey-Brown r o d z o l ic  sequum. Tne gen etic  

d e s ig n a tio n  fo r  t h i s  ho rizo n  i s  i l t i  .
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Third, "unaltered par put material.

 ̂ Calcareous glacial till. I t  constitutes the parent

material (P).

-he  po&zol sequa o f  the th re e  p r o f i l e s  stud ied  and g e n e r a l ly  

o i  tn e  M ich igan  s o i ls  which f a l l  w i th in  t h is  l i th o s eq u e n c e , have not 

the charac t e r i  s t ie s  o f  the c la s s ic a l  podzols o f  Russia and "Europe. 

Namely, they  do not have accum ulation o f  raw humus on t h e i r  surface  

and t h e i r  B h ir  h o r izo n s  are  not cemented. B loom fie ld  ( 5 ) ,  however, 

does not accept th a t  the presence o f  raw humus is  im p o rtan t in  c a l l i n g  

a s o i l  po d zo l.  According to him, Russian podzols , gray wooded and 

A u s t r a l ia n  p o a z o l ic  s o i ls  are  m o rp h o lo g ic a lly  s im i la r  and the same 

processes a re  re s p o n s ib le  fo r  t h e i r  fo rm atio n . ’Ve can c la s s i f y ,  th e re ­

fo r e ,  the upper sequa o f  the s tu d ied  s o i ls  as podzo ls .

Among the s tud ied  th ree  p r o f i l e s ,  on ly  Is a b e l la  has the t y p i ­

c a l  sequence o f  g en etic  horizons  as described above. I t s  Agm h o r izo n ,  

however, i s  g e o lo g ic a l ly  d i f f e r e n t  from the o v e r ly in g  and u n d e r ly in g  

h o r izo n s  and i t s  d es ig n atio n  accora ing  to W h ite s id e ’ s (64 ) system, 

should be I I  Eq I b t .

McBride is  the next best developed p r o f i l e  but i t s  As h orizon  

c o n ta in s  much more o rg an ic  m atte r  than a ty p ic a l  A g  should have, and 

i t s  g e n e t ic  d e s ig n a t io n  should be EmVh. The A &  B h o r iz o n  is  not w e l l

d e f in e d  in  Me B r id e .

The le a s t  developed p r o f i l e  i s  the  N es te r  p r o f i l e .  I t  is  la c k ­

in g  t y p ic a l  and separab le  A3 and B h ir  horizons in  i t s  p o iz o l  sequum. 

In s te a d ,  i t  has a g ra d a t io n  or m ix tu re  o f  these two h o r iz o n s ,  o f  which 

t h *  g e n e t ic  d e s ig n a tio n  is  E m /J lh i .  In  the  gray-brown p o a z o l ic  se- 

quum, the  A3m h o r iz o n  has not y e t  been developed.
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SUMVARY -  CONCLUSIONS

The th ree  p r o f i l e s  s tu d ied  have bem  developed on ca lcareous  

i - i l l  and th ey  re p re s e n t d i f f e r e n t  stages o f  w eathering  and s o i l  de­

ve lopm ent. The I s a b e l l a  p r o f i l e  i s  the most weathered, and best de­

veloped and the N e s te r  p r o f i l e  is  the le a s t  developed.

H i r in g  the  development o f  the p r o f i l e s ,  the  carbonates  were 

d is s o lv e d  and removed from the zone which o v e r l ie s  the C h o r izo n .

As a r e s u l t ,  an a c i d i f i c a t i o n  o f  the  p r o f i l e s  took p la ce . Clay was 

a lso  removed from the zone o v e r ly in g  the h o rizo n  by e i t h e r  p h ys ica l  

i l l u v i a t i o n  o r  complete demmposit i 'm .  A p a r t  o f  the removed c la y  was 

depos ited  in  the  Bt horizons  which have the h ig h e s t  c la y  content in  

each h o r iz o n .

The expanding i n t e r s t r a t i f i e d  complexes o f  i l l i t e - c h l o r i t e -  

v e r m ic u l i t e - m o n t m o r i l lo n i t e  being sm all in  s ize  were p r e f e r e n t i a l l y  

removed from the  e lu ’u a l  A2m and A3m h o r izo n s ,  which thus show a 

r e l a t i v e  in c re a se  in  non-expanding c la y s .  The in te n s e  w eathering  o f  

the  c la y  and o f  the less r e s is t a n t  prim ary  m in era ls  in  the upper p a r t  

o f  the p r o f i l e s  re s u l te d  in  the re le a s e  o f  11 free"  Fe oxide, alum ina and 

s i l i c a  sna in  the  fo rm atio n  o f  d is c re te  p a r t i c le s  o f  v e r m ic u l i t e  and 

rno a t  mo r  i  11 o n i  t  e . Conseou e n t ly , an in c re a se  in  the amount o f  these  

m in era ls  tooh p la c e  near the su rface  o f  me s o i l .

The a d d i t io n  o f  o rganic  m a tte r  formed the humus o f  the Ap, A2 

m e B h ir  h o r izo n s  and i n i t i a t e d  'he  formation, ox  ̂l a y —organ ic  m atter  

and i r o n —o rg an ic  m a tte r  complexes o f  tn - podzol sep^a-

In  the  e lu v i a l  zone o f  the g r a y -b r o m  p o fz o l ic  spqua, a c lose  

pacVing o f  sand and coarse s i l t  g ra in s  too ’* p iece  and re s u lte d  in  the
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re d u c t io n  01 the  volume o f  th a t  la y e r .  F o l lo v in g  o r  during; t h is  con- 

• .ra c t io n ,  a rearrangem ent o f  the  c la y  and f in e  s i l t  took p la c e ,  which 

r e s u l t e d  in  the  fo rm a tio n  o f  s o l i  d c 1 ay "bri dgeg connecting the n e ig h ­

boring  sane g ra in s  and tnus a never s i b ly  indura ted  pan was developed  

in  the A2:n and A^y, h o r izo n s .

The h ard es t pan has "been developed in  the McBride p r o f i l e  be­

cause i t s  paren t m a te r ia l  had n e a r ly  the  optimum mechanical composi­

t io n  necessary  f o r  the  fo rm atio n  o f  the pan. On the c o n tra ry ,  the  

pan o f  the  t e s t e r  p r o f i l e  is  o n ly  poorly  developed, as i t s  p a ren t  

m a te r ia l  had c o n s id e ra b ly  h ig h e r  c la y  c o n te n t ,  which has inn i  hi ted  

th e  adequate t r a n s lo c a t io n  and rearrangement o f  the s o i l  substances.

The f ra g ip a n  l i m i t s  the  branching and causes a ser ious  d e fo r ­

m ation o f  the  ro o ts .  At f i r s t  g lance , however, no serious d e c l in e  o f  

th e  f o r e s t  growth, due to the  presence o f  f ra g ip a n ,  has been n o tic e d  

out, b e fo re  we reach any g enera l conc lus ion , more in fo rm a t io n  and r e ­

search i s  reeded . The fra g ip an  can be more harm fu l in  eroded a g r i ­

c u l t u r a l  la n d s ,  where i t s  presence l i m i t s  the  p h y s io lo g ic a l  depth o f  

lhe soil.
The n a tu re  o f  the  pan i s  such th a t  i t  can e a s i ly  be destroyed  

by mechanical b re ak in g , when the s o i l  i s  wet, and by thorough mi wing  

w ith  tne  o v e r ly in g  h o r iz o n s .  A d o i t i o x i  o i  c la y  and organ ic  m a tte r  

could  produce and s t a b i l i z e  a fa v o ra b le  s o i l  s t r u c tu iv  and prevent

vhe reformation of the pan.

Below the fragipan is the zone of maximum clay illuviation 

characterized by the abundance of flow structures and other clay films 

which are rich in precipitated iron oxides.



From the above discussion, we can c /uoiude that the Fodzol 

sequa are charecteri zed by high states o: cnysicni, chemical and tio- 

logical activities which result in drastic changes in the physical, 

chec.ical and mineral ogical properties of the soil.

Th underlying Gray-Frown Fodzolic sequa are characterized 

mainly oy high physical activity such as clay illaviation, eluviation, 

contraction, and rearrangement of soil particles.
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1

Patterns 'Mo.

Patterns No.

X-RAY DIEFATIOM PATTERNS OF CLaY

1 correspond to ^ and glycerol saturated, samples

2 correspond to samples which were A- saturated and 

heated to 110° C.

Patterns Ho. 3 correspond to samples which were saturated and

heated to 550° C.



I 3 
A 

B 
E

.L
L

A













N
E

S
T

E
R





M
C

B
R

ID
E

2
° 

2
0







CD



. 2 
mI

cr
on

 s



e 
z



15

PATTCTS 0Tr DIFTnF^TIAX TH’SPVAL ANALYSIS OF CLAY

The numbers correspond to degrees °C.
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>'TCBCFHO?hG?APRS OF THITT SECTIO NS OF TJ1TDISTT8BFD S O U

1. Seal e Fach small division corresponds to 10 microns.

^ . Bhir horizon of the McBride profile
n A2ir. ti it ti M n

4 . B t
11 (1 (t ii it

5 . Q II II M ii n

5 . Detailed microstructure of thl° A3m hori zo n o f the Me 3r x ie pro fi1e

M e n i s c i  o f  c l a y  f o r m  s o l i d  b r i d g e s  c o n n e c t i n g  t h e  sand g r a i n s .



in

C M


