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ABSTRACT 

A c i d i c  .atmospheric d e p o s i t i o n  w i l l  r e s u l t  i n  soi l .  a c i d i f i c a t i o n ,  wh ich  may 
cause  s e r i o u s  ha rm t o  f o r e s t  p r o d u c t i o n .  S o i l  a c i d i f i c a t i o n  i n v o l v e s  t h e  
change o f  s e v e r a l  s o i l  p r o p e r t i e s .  The d e c r e a s e  o f  t h e  a c i d  n e u t r a l i z i n  
c a p a c i t y  i s  a s u i t a b l e  parameter  t o  q u a n t i f y  s o i  1 a c i d i f i c a t i o n .  A decrease! 
pH and i n c r e a s e d  c o n c e n t r a t i o n s  o f  a l u m i n u m  and ammonium as compared t o  
c o n c e n t r a t i o n s  o f  c a t i o n i c  p l a n t  n u t r i e n t s  a f f e c t  b i o l o g i c a l  func t ions .  The 
ma n i t u d e s  and t i m e  s c a l e s  o f  changes i n  s o i 1 . c h e m i s t r . y  depcnd on c a t i o n  
exc%an e p r o p e r t i e s  and t h e  n a t u r e  and r a t e  o f  s i l i c a t e  weather ing.  Knowled e 
about I h e s e .  t w o  .proce.sses i s  a l s o  e s s e n t i a l  t o  eva lua te  s t r a t e g i e s  t o  aba&e 
a c i d  c o n d i t i o n s  i n  s o i l s .  

INTRODUCTION 

S o i l  a c i d i f i c a t i o n  i s  a n a t u r a l  process w i c h  can be s t r o n g l y  enhanced by 

a tmospher ic  d e p o s i t i o n  o f  SO*, NO, and NHg Enhanced s o i l  a c i d i f i c a t i o n  due 

t o  a c i d  d e p o s i t i o n  i s  an i m p o r t a n t  example o f  s o i l  deg rada t ion  because t h e  

l a n d  a r e a  i n v o l v e d  i s  v e r y  l a r g e  and e f f e c t s  on b i o l o g y  d e v e l o p  v e r y  

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

e f f e c t s  f r o m  o t h e r  changes i n  t h e  e n v i r o n m e n t .  E v i d e n c e  g rows  t h a t  

deg rada t ion  o f  s o i l  c o n d i t i o n s  due t o  a c i d  d e p o s i t i o n  s e r i o u s l y  harms f o r e s t  

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

Europe and t h e  n o r t h - e a s t  o f  t h e  Nor th  American cont inent .  

I n  t h e  absence o f  a c l e a r c u t  d e f i n i t i o n  o f  s o i l  a c i d i f i c a t i o n  s e v e r a l  

s c i e n t i f i c  c o n t r o v e r s i e s  a r o s e  a b o u t  t h e  t r u e  n a t u r e  o f  t h i s  p r o c e s s  and 

a b o u t  t h e  r e l a t i v e  i m p o r t a n c e  o f  man- induced  s o i l  a c i d i f i c a t i o n  v e r s u s  

n a t u r a l  s o i l  a c i d i f i c a t i o n .  S o i l  a c i d i f i c a t i o n  can e x e r t  i t s e l f  i n  va r ious  

ways: by a decrease o f  pH o r  base s a t u r a t i o n ,  by an i nc rease  i n  s o i l  a c i d i t y ,  

b y  an u n b a l a n c e d  a v a i l a b i l i t y  o f  n u t r i e n t s  i n  t h e  r o o t  e n v i r o n m e n t  o r  by a 

d e c r e a s e  o f  t h e  a c i d  n e u t r a l i z i n g  c a p a c i t y  (ANC) o f  t h e  s o i l .  F rom w h i c h  

ang le  one w ishes  t o  approach t h e  s o i l  a c i d i f i c a t i o n  process depends on t h e  

q u e s t i o n  t o  be answered. Relevant ques t i ons  are:  

- To what e x t e n t  i s  a c i d  d e p o s i t i o n  d e t e r i o r a t i n g  s o i l  c o n d i t i o n s  now, and 

w i l l  i t  do i n  t h e  f u t u r e ,  and what a r e  t h e  e f f e c t s  on ecosystems i n  genera l  

and f o r e s t  g rowth  i n  p a r t i c u l a r ?  

- Which s i t u a t i o n s  need a m e l i o r a t i o n  and how shou ld  t h i s  a m e l i o r a t i o n  o f  s o i l  
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c o n d i t i o n s  be brought  about? 

To answer  t h e s e  q u e s t i o n s  we need a t h o r o u g h  u n d e r s t a n d i n g  o f  c h e m i c a l  

i n t e r a c t i o n s  i n  t h e  s o i l  r e l a t e d  t o  t h e  a c i d i f i c a t i o n  process. Fo res t  s o i l s  

i n  genera l  have a g r e a t  c a p a b i l i t y  t o  de lay  e f f e c t s  o f  a c i d i c  d e p o s i t i o n  due 

t o  t h e  presence o f  a l a rge ,  m a i n l y  b io -o rgan ic ,  exchange complex. However 

t h e  u l t i m a t e  process  f o r  a c i d  n e u t r a l i z a t i o n  and supply o f  p l a n t  n u t r i e n t s  i n  

( u n - f e r t i l i z e d )  s o i l s  i s  d i s s o l u t i o n  o f  s i l i c a t e  m i n e r a l s .  Compared t o  

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

i s  n e a r l y  i n f i n i t e .  However t h e  r a t e s  o f  d i s s o l u t i o n  a r e  f a r  more i m p o r t a n t  

as t h e y  seem t o  be  s i m i l a r  t o  c u r r e n t  d e p o s i t i o n  r a t e s .  Exchange r e a c t i o n s  

and m ine ra l  d i s s o l u t i o n  need t o  be unders tood t o  eva lua te  p resen t  and f u t u r e  

e f f e c t s  o f  a c i d  d e p o s i t i o n  on s o i l  and t o  develop abatement s t r a t e g i e s .  

S O I L  ACIDIFICATION: THE CONCEPT OF A C I D  NEUTRALIZING CAPACITY 

The s o i l  m a t r i x  g e n e r a l l y  c o n s i s t s  o f  a l a r g e  b u l k  o f  i n e r t  q u a r t z  i n  

wh ich  v a r i o u s  amounts o f  c l a y  m ine ra l s ,  amorphous (hyd r tox ides  o f  aluminum 

and i r o n ,  pr imar.y m i n e r a l s  and o rgan ic  m a t t e r  a r e  present.  C lay  m i n e r a l s  and 

o r g a n i c  m a t t e r  h a v e  p r e d o m i n a n t l y  n e g a t i v e l y  c h a r g e d  s u r f a c e s  ( p a r t l y )  

n e u t r a l i z e d  by ca t ions .  I f  s t r o n g  a c i d  e n t e r s  t h e  s o i l  i t  can r e a c t  w i t h  t h e  

s o i l  m a t r i x  i n  v a r i o u s  ways: 

1) If t h e  p ro tons  do n o t  r e a c t  w i t h  s o i l  c o n s t i t u e n t s  a pH decrease w i l l  t a k e  

p l  ace. 

2 )  The p o s i t i v e l y  charged p ro tons  can exchange aga ins t  base c a t i o n s  (Na, K, 

Ca and Mg) bound t o  c l a y  m i n e r a l s  o r  o rgan ic  mat te r .  The pH decrease w i l l  

be  l e s s  t h a n  i n  c a s e  (1) and w i l l  b e  i n s i g n i f i c a n t  ' when t h e  p r o t o n  

i n p u t  i s  n e g l i g i b l e  compared t o  t h e  t o t a l  amount o f  base c a t i o n s  bound t o  

c l a y  m i n e r a l s  and o r g a n i c  mat te r .  

CI-C~ + ZH+ - - -> CI-H~ + Ca2+ 

3 )  The p ro tons  can r e a c t  w i t h  p r i m a r y  m i n e r a l s  o r  (hydr)oxides. Pro tons  w i l l  

be  bound i n  c a r b o n i c  a c i d ,  w a t e r  o r  s i l i c i c  a c i d  and c a t i o n s  w i l l  b e  

b rought  i n t o  so lu t i on .  T h i s  can be  e x a m p l i f i e d  b,y t h e  f o l l o w i n g  reac t i ons :  

C ~ C O ~  + ZH+ 

Al(OH)3 + 3H+ ---> A13+ + 3H20 

Mg2Si04 + 4H+ ---> 2Mg2+ + H4Si04 

---> Ca2+ + ~ 2 ~ 0 3  

The pH d e c r e a s e  w i l l  b e  l e s s  t h a n  i n  (1). I f  t h e  m i n e r a l  i s  r e l a t i v e l y  
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r e a c t i v e ,  as i n  t h e  c a s e  o f  CaC03 t h e  pH w i l l  r e m a i n  a p p r o x i m a t e l y  

c o n s t a n t ,  as l o n g  as t h e  m i n e r a l  i s  p r e s e n t .  I f  t h e  m i n e r a l  i s  v e r y  

u n r e a c t i v e ,  t h e  i n c r e a s e  i n  pH w i l l  b e  n o t i c e a b l e  on1.y i f  t h e  r e s i d e n c e  

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

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

p r o b l e m .  D e f i n i t i o n  o f  s o i l  a c i d i f i c a t i o n  as a d e c r e a s e  o f  s o i l  pH i s  

obv ious1.y  t o o  n a r r o w ,  a l t h o u g h  f r o m  an e c o l o g i c a l  p o i n t  o f  v i e w  i t  m i g h t  

s u f f i c e  because an unchanged pH g e n e r a l l y  i n d i c a t e s  unchanged c o n d i t i o n s  f o r  

p l a n t  growth. Recen t l y  t h e  d e f i n i t i o n  o f  s o i l  a c i d i f i c a t i o n  as a decrease o f  

t h e  a c i d  n e u t r a l i z i n g  c a p a c i t y  (ANC) was i n t r o d u c e d  ( r e f .  1 and 2).  The ANC 

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

anions, expressed as t h e i r  p o t e n t i a l  t o  consume o r  produce p ro tons  above a pH 

o f  3: 

2(Mg0) + 2(K20) + Z(Na20) + 2(Mn0) + 

p205) - HC1 - o x a l a t e  

The t e r m s  correspond t o  t h e  t o t a l  amounts o f  t h e  r e s p e c t i v e  e lements  i n  an 

i n o r g a n i c  b u l k  s o i l  samp le ,  e x p r e s s e d  eg. as  c a p a c i t y  t o  consume m o l e s  o f  

p r o t o n s  p e r  kg  o f  a b u l k  s o i l .  Some consequences o f  t h e  above d e f i n i t i o n  a r e  

t h a t  any i n t r o d u c t i o n  o f  s t r o n g  a c i d ,  eg. H2SO4, w i l l d e c r e a s e  t h e  ANC. 

However when t h e  s t r o n g  a c i d  would pass t h e  s o i l  u n n e u t r a l i z e d  t h e  ANC would 

r e m a i n  unchanged. I f  a weak a c i d  w o u l d  be i n t r o d u c e d  t o  t h e  s o i l ,  eg. H2CO3 

o r  o r g a n i c  a c i d s ,  t h e  ANC w o u l d  n o t  be changed u n l e s s  t h e s e  a c i d s  m o b i l i z e  

c a t i o n s  wh ich  a r e  subsequent ly leached f r o m  t h e  s o i l  system f o r  wh ich  t h e  ANC 

was def ined. As i n  most areas i n  n o r t h  and c e n t r a l  Europe and t h e  no r th -eas t  

o f  Nor th  America p r e c i p i t a t i o n  exceeds evapo t ransp i ra t i on ,  l e a c h i n g  o f c a t i o n s  

f r o m  t h e  s o i l ,  and c o n s e q u e n t l y  s o i l  a c i d i f i c a t i o n  a c c o r d i n g  t o  t h e  above 

mechanism, i s  very  common. 

Changes o f  ANC can he expressed i n  kmol.ha-'.yr-l. 

NATURAL AND ENHANCED S O I L  ACIDIFICATION 

I n  a c l e a n  p r e - i n d u s t r i a l  s i t u a t i o n  t h e r e  a r e  t w o  s o u r c e s  o f  p r o t o n s  

i n p u t  t o  s o i l ,  c a r b o n i c  a c i d  (H2C03) and o r g a n i c  a c i d s .  C a r b o n i c  a c i d  w i l l  

o n l y  d i s s o c i a t e  p r o t o n s  a t  pH va lues  above 5. S o i l  a c i d i f i c a t i o n  due t o  

ca rbon ic  a c i d  t h e r e f o r e  i s  o f  p a r t i c u l a r  i n t e r e s t  i n  s o i l s  w i t h  near n e u t r a l  

pH, i n c l u d i n g  t h o s e  r i c h  i n  c a r b o n a t e  m i n e r a l s .  The o v e r a l l  r e a c t i o n  i n  

ca l ca reous  s o i l s  i s :  
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CaC03 + C02 + H20 ---> Ca2' + 2HCO3- 

The n e t  e f f e c t  w i l l  be l e a c h i n g  o f  Ca f r o m  t h e  s o i l  p r o f i l e  and t h u s  a 

decrease o f  ANC. R e s u l t i n g  s o i l  a c i d i f i c a t i o n  r a t e s  can be as h i g h  as 10-20 

kmol.ha-'.yr-l, as compared t o  4 kmol.ha-'.yr-l due t o  a c i d  d e p o s i t i o n  i n  t h e  

more exposed areas i n  t h e  Nether lands, FRG and CSSR. 

I f  a s o i l  i s  d e c a l c i f i e d  and i s  c o v e r e d  by a v e g e t a t i o n ,  b i o l o g i c a l  

a c t i v i t y  w i l l  produce o rgan ic  ac ids,  which can d i s s o c i a t e  and cause pH values 

l e s s  than  4. Fur thermore t h e  organic  anions can m o b i l i z e  c a t i o n s  which a r e  

subsequent ly leached f rom t h e  s o i l .  T h i s  may r e s u l t  i n  a decrease o f  ANC i n  

t h e  o r d e r  o f  0.1 t o  0.5 kmo l .ha - l . y r - l  ( r e f .  3). 

Vegetat ion under u n f e r t i l i z e d  c o n d i t i o n s  tendsl to  t a k e  up more c a t i o n s  than 

anions.  F o r  c h a r g e  b a l a n c e  p u r p o s e s  t h i s  d i f f e r e n c e  i s  compensated b y  an 

e x c r e t i o n  o f  p r o t o n s  f rom t h e  r o o t s .  R e s u l t i n g  s o i l  a c i d i f i c a t i o n  i s  o f  

s i m i l a r  magnitude as t h a t  due t o  o rgan ic  acids. 

R e g u l a r  remova l  o f  v e g e t a t i o n  o r  l i t t e r  by man w i l l  i n c r e a s e  s o i l  

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

i n o r g a n i c  s o i l  system. Removal o f  f o r e s t  l i t t e r  f o r  use i n  a g r i c u l t u r e ,  which 

was common on p o o r  s o i l s  u n t i l  t h e  b e g i n n i n g  o f  t h i s  c e n t u r y ,  can  i n c r e a s e  

s o i l  a c i d i f i c a t i o n  w i t h  0.1 t o  1, modern a g r i c u l t u r e  ( f e r t i l i z e r  use, h i g h  

ha rves ts )  w i t h  2 t o  3 kmo l .ha - l . y r - l  ( r e f .  4 ) .  

Wet and d r y  d e p o s i t i o n  o f  a c i d i c  o r  p o t e n t i a l l y  a c i d i c  subs tances  c a n  

inc rease  s o i l  a c i d i f i c a t i o n  by 1 t o  2 kmol.ha-'.yr-l i n  Scandinavia and t h e  

nor th-west  o f  Nor th  America and by 2 t o  8 kmol.ha-l.yr-' i n  west and c e n t r a l  

Europe. 

CHEMICAL CHARACTERISTICS OF ACIDIFIED SOILS 

D e f i n i t i o n  o f  s o i l  a c i d i f i c a t i o n  as a decrease o f  t h e  ANC i s  unambiguous, 

b u t  does n o t  p r o v i d e  e c o l o g i c a l l y  u s e f u l  i n fo rma t ion .  I n  t h i s  chap te r  we w i l l  

desc r ibe  some t y p i c a l  chemical  f e a t u r e s  o f  n a t u r a l l y  and a n t r o p o g e n i c a l  l y  

a c i d i  f y i n g  so i  1 s. 

I n t e r e s t i n g  parameters a re  concen t ra t i ons  o f  a number o f  s o l u t e s  i n  t h e  

s o i l  s o l u t i o n  e s p e c i a l l y  o f  H, commonly e x p r e s s e d  as pH ( - l og (H+) ) ,  Ca+Mg, 

h e r e a f t e r  adressed as M, and A l .  Apar t  f r o m  t h e  concen t ra t i ons  t h e  f l u x e s  o f  

these components f rom t h e  s o i l  t o  t h e  groundwater a re  o f  i n t e r e s t  too. 

I n  a c a r b o n a t e  h o l d i n g  s o i l  t h e  d o m i n a n t  a n i o n  w i l l  be  HC03-, t h e  

d o m i n a t i n g  c a t i o n  w i l l  b e  M, t h e  pH w i l l  b e  a b o u t  7 ,  A1 w i l l  b e  

i n s i g n i f i c a n t .  The e q u i v a l e n t  l e a c h a t e  f l u x  (kmol.ha- ' .yr- l )  o f  Ca (and 

HC03) w i l l  e q u a l  t h e  a c i d i f i c a t i o n  r a t e .  C o n c e n t r a t i o n s  a l s o  depend on t h e  



d i f f e r e n c e  b e t w e e n  p r e c i p i t a t i o n  and e v a p o t r a n s p i r a t i o n .  The s m a l l e r  t h e  

d i f f e r e n c e ,  t h e  h i g h e r  c o n c e n t r a t i o n s  t e n d  t o  be. The d i f f e r e n c e  be tween  

p r e c i p i t a t i o n  and e v a p o t r a n s p i r a t i o n  i nc reases  go ing  f r o m  c o n i f e r o u s  f o r e s t  

t o  d e c i d u o u s  f o r e s t  t o  g r o u n d  v e g e t a t i o n  (eg. h e a t h  l a n d )  t o  b a r e  s o i l .  In 

t h e  same range a c i d  atmospher ic d e p o s i t i o n  tends  t o  decrease. D iscuss ion  f r o m  

he re  on w i l l  dea l  w i t h  a c i d  so i l s  (pH<61 wh ich  a r e  n o t  used f o r  a g r i c u l t u r e .  

A l though s o i l  a c i d i f i c a t i o n  i s  a r e l e v a n t  process i n  a g r i c u l t u r a l  s o l l s ,  i t  

poses  n o  p r o b l e m  as  a d e q u a t e  l i m i n g  i s  common p r a c t i c e .  I n  f a c t  i n  

a g r i c u l t u r e  t h e  ANC o f  t h e  s o i l  may remain  cons tan t  o r  even inc rease  due t o  

a p p l i c a t i o n  o f  l i m e  and some f e r t i l i z e r s  as ANC c o n t r i b u t o r s .  

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

w h i l e  c o n c e n t r a t i o n s  o f  A1 c a n  r a n g e  b e t w e e n  30 a n d  1 0 0  m m ~ l . m - ~ .  

Concent ra t ions  w i t h i n  t h e  roo tzone a r e  t h e  o v e r a l l  r e s u l t  o f  a complex s e r i e s  

o f  p rocesses .  S o i l s  c o v e r e d  by  a v e g e t a t i o n  a r e  i n v o l v e d  i n  a c y c l e  o f  

n u t r i e n t s  (eg. NH4, NO3, M and K) w h i c h  a r e  m o b i l i z e d  a t  t h e  s u r f a c e  b y  

b iodegrada t ion  o f  o rgan ic  m a t e r i a l ,  m i n e r a l i z a t i o n ,  and g r a d u a l l y  taken up 

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

a tmospher ic  d e p o s i t i o n  on t h e  s o i l  s o l u t i o n  compos i t i on  i s  superimposed on 

t h e  e f f e c t s  o f  t h e  b iocyc le .  

A t m o s p h e r i c  d e p o s i t i o n  o f  a c i d i c  o r  p o t e n t i a l l y  a c i d i c  substances w i l l  

i nc rease  t h e  t o t a l  amount o f  s o l u t e s  i n  t h e  s o i l .  Genera l l y  concen t ra t i ons  o f  

SO4 and NO3 w i l l  increase. The l a t t e r  depends on whether depos i ted  NO3 o r  NH4 

i s  t aken  up by t h e  vegeta t ion .  I n  t h e  eas t  o f  t h e  Nether lands  and t h e  n o r t h -  

west o f  FRG d e p o s i t i o n  o f  NH4, up t o  2 kmol.ha-l.yr-’ i s  common i n  woodlands, 

nex t  t o  a d e p o s i t i o n  o f  1 kmol.ha-’.yr-’ o f  NO3. The NH4 i n  many cases i s ,  a t  

l e a s t  p a r t l y ,  n i t r i f i e d  i n  t h e  s o i l ,  l e a d i n g  t o  inc reased s o i l  a c i d i f i c a t i o n .  

I f  a l l  d e p o s i t e d  NH3 i s  t a k e n  up  t h e r e  w i l l  be  no  a c i d i f y i n g  e f f e c t ,  i f  a l l  

depos i ted  NH3 i s  n i t r i f i e d  and no t  t aken  up s o i l  a c i d i f i c a t i o n  w i l l  be 1 mole  

p e r  1 m o l e  o f  d e p o s i t e d  NH3. I n  an e a r l y  s t a g e  o f  s o i l  a c i d i f i c a t i o n  t h e  

g e n e r a t e d  a c i d  w i l l  be  n e u t r a l i z e d  by d i s s o l u t i o n  o f  Ca, K ,  Na and Mg. W i t h  

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

d e p o s i t i o n  w i l  

t o  produce A1 

c o n s t i t u e n t  o f  

c o n c e n t r a t i o n  

c o n c e n t  r a t  i o n  

be n e u t r a l i z e d  by d i s s o l u t i o n  o f  A l .  The c a p a c i t y  o f  t h e  s o i l  

s n e a r l y  i n f i n i t e :  compared t o  base c a t i o n s  A1 i s  an abundant 

t h e  s o i l  m a t r i x .  Aluminum can be t o x i c ,  e s p e c i a l l y  when t h e  

i s  h i g h  compared  t o  M. The same i s  t r u e  f o r  NH4, when t h e  

i s  h i g h  compared t o  t h a t  o f  K and Mg. T o x i c  e f f e c t  o f  A1 and 
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NH4 i s  d i m i n i s h e d  i n  t h e  su r face  s o i l  by m i n e r a l i z a t i o n  o f  base ca t ions .  

Abso lu te  concen t ra t i ons  o f  A l ,  SO4, NO3 and NH4 depend on v e g e t a t i o n  t y p e  and 

d e p o s i t i o n  rate.  F o r  Dutch f o r e s t s  w i t h  d e p o s i t i o n  r a t e s  o f  2 (deciduous) t o  

3 ( c o n i f e r o u s )  kmo l .ha - l . y r - l ,  i o n i c  e q u i v a l e n t  c o n c e n t r a t i o n s  o f  A1 c a n  

amount t o  2 and 4, o f  SO4 1 and 2 and o f  NO3 1 and 2 m r n ~ l . m - ~ ,  f o r  d e c i d u o u s  

and c o n i f e r o u s  f o r e s t s  r e s p e c t i v e l y .  C o n c e n t r a t i o n s  o f  NH4 i n  s o l u t i o n s  O f  

f o r e s t  s o i l s  a r e  g e n e r a l l y  l o w .  U n d e r  h e a t h  l a n d  i o n i c  e q u i v a l e n t  

c o n c e n t r a t i o n s  o f  NH4 c a n  b e  a s  h i g h  a s  0.5 mm01.m-~  d u e  t o  l e s s  

n i t r i f i c a t i o n ,  wh ich  i s  s t i l l  comparably l o w  compared t o  c o n c e n t r a t i o n s  o f ,  

f o r  example ,  NO3 i n  f o r e s t  s o i l s .  T h i s  d i f f e r e n c e  r e s u l t s  f r o m  l o w  

e v a p o t r a n s p i r a t i o n  and d e p o s i t i o n .  A b s o l u t e  c o n c e n t r a t i o n s  i n ,  g e n e r a l l y  

con i fe rous ,  f o r e s t s  i n  Scand inav ia  w i l l  be up t o  t e n  t i m e s  l o w e r  due t o  l o w e r  

d e p o s i t i o n  r a t e s  and h i g h e r  p r e c i p i t a t i o n  surpluses. 

EFFECTS ON GROUNDWATER AND D R I N K I N G  WATER 

S o i l  l e a c h a t e s  r i c h  i n  NO3, SO4, A1 and p o s s i b l y  NH4, w i l l  e v e n t u a l l y  

reach deeper groundwater. Fo r  example concen t ra t i ons  o f ’N03 i n  s o i l  wa te r  and 

sha l l ow  groundwater  under Dutch woodland s o i l s  range between 50 and 200 mg.1-l 

( r e f .  5 ) .  These c o n c e n t r a t i o n s  a r e  a l a r m i n g  as t h e y  exceed  t h e  c u r r e n t  

d r i n k i n g  wa te r  s tandards  o f  50 mg.1-1 and a r e  comparable t o  c o n c e n t r a t i o n s  

u n d e r  h e a v i l y  manured f a r m l a n d .  However  t h e  v e l o c i t y  o f  t h e  n i t r a t e  f r o n t  

under f o r e s t  (about 0.5 m.yr-l) i s  l o w e r  t h a n  under fa rm land  (1 m.jr-’), due 

t o  a l o w e r  p r e c i p i t a t i o n  surplus.  Cur ren t  d r i n k i n g  wa te r  s tandards  f o r  NO3 

l i k e l y  w i l l  be aggravated i n  t h e  near  fu tu re .  D r i n k i n g  w a t e r  s t a t i o n s  i n  t h e  

N e t h e r l a n d s  a r e  commonly  l o c a t e d  on sandy  s e d i m e n t s  u n d e r  f o r e s t  i n  a r e a s  

w i t h  h i g h  ammonia depos i t i on .  

Due t o  d e n i t r i f i c a t i o n  t h e  NO3 c o n c e n t r a t i o n  i n  g roundwater  may f u r t h e r  

d e c r e a s e  when m o v i n g  down. However ,  l o w  o r g a n i c  C c o n t e n t s  and l o w  pH may 

l i m i t  d e n i t r i f i c a t i o n  rates.  H igh  NO3 c o n c e n t r a t i o n s  i n  g roundwater  may a l s o  

cause  o x i d a t i o n  o f  s u l f i d e  c o n t a i n i n g  s e d i m e n t s  and e x p l a i n  o c c a s i o n a l l y  

repo r ted  l o w  pH va lues  a t  g r e a t e r  depths  (N1O m) ( re f .  5). 

Recent ly  one d r i n k i n g  wa te r  pumping s t a t i o n  has been c losed  a l ready  i n  an 

area i n  t h e  Nether lands  w i t h  h i g h  NO3 c o n c e n t r a t i o n s  due t o  excess ive  manure 

a p p l i c a t i o n .  Groundwater q u a l i t y  near  pumping s t a t i o n s  i s  t h rea tened  and w i l l  

be th rea tened,  a l s o  under f o r e s t  areas. Su lphate  concen t ra t i ons  i n  s o i l  w a t e r  

u n d e r  wood lands  due t o  a c i d  d e p o s i t i o n ,  50-100 mg.l-’, a l s o  g r a d u a l l y  

a p p r o a c h  t h e  D u t c h  d r i n k i n g  w a t e r  s t a n d a r d  o f  100 mg.1-’ (EC 250 mg.1-’). A 

s p e c i a l  p rob lem i s  posed b,y d r i n k i n g  w a t e r  f r o m  p r i v a t e  we l l s ,  e i t h e r  f o r  use 

by  c a t t l e  o r  b y  man. P r o b l e m s  w i t h  NO3 f o r  c a t t l e  have been  r e p o r t e d  i n  t h e  

N e t h e r l a n d s .  R e c e n t l y  a r e l a t i o n  was s u g g e s t e d  be tween  t h e  i n c r e a s i n g  
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occur rence o f  s e n i l e  dement ia  and inc reased  A1 l e v e l s  i n  d r i n k i n g  wa te r  f rom 

p r i v a t e  w e l l s  i n  t h e  UK. 

KEY PROCESSES AND CRITICAL PARAMETERS 

I n  o r d e r  t o  o b t a i n  more  i n s i g h t  i n  t h e  p r e s e n t  and f u t u r e  e f f e c t s  o f  

a c i d i c  d e p o s i t i o n  on t h e  s o i l  c h e m i s t r y  some key s o i l  chemica l  processes w i l l  

be d iscussed b r i e f l y .  

Su r face  s o i l s  o f  f o r e s t  g e n e r a l l y  have a l a r g e  o r g a n i c  exchange complex, 

w i t h  e q u i v a l e n t  c a p a c i t i e s  (CEC) u p  t o  100 mmol.kg-l. C a t i o n  e q u i v a l e n t  

exchange c a p a c i t y  f o r  t h e  roo ted  s o i l  p r o f i l e  (0.3-1 m), conver ted  t o  a r e a l  

u n i t s ,  r a n g e s  f r o m  200 t o  500 kmol.ha-', w h i c h  i s  c o n s i d e r a b l e  compared t o  

d e p o s i t i o n  r a t e s  o f  2 t o  8 kmol.ha- l .yr-1.  Such a l a r g e  exchange c a p a c i t y  

s t r o n g l y  b u f f e r s  c o n c e n t r a t i o n s  o f  a l l  c a t i o n s  i n  t h e  s o i l  s o l u t i o n .  I n  an 

e a r l y  s t a g e  o f  a c i d i c  d e p o s i t i o n  a C o n s i d e r a b l e  p o r t i o n  o f  t h e  exchange 

c o m p l e x  w i l l  b e  o c c u p i e d  by base c a t i o n s .  T h i s  f r a c t i o n  i s  g e n e r a l l y  

i n d i c a t e d  as base s a t u r a t i o n  va lue  (6s). Protons  w i l l  a t  f i r s t  be exchanged 

a g a i n s t  t h e s e  b a s e  c a t i o n s . 8 ~  a r e s u l t  t h e  pH i n  t h e  s o i l  s o l u t i o n  r e m a i n s  

r e l a t i v e l y  cons tan t ,  w h i l e  c o n c e n t r a t i o n s  o f  base c a t i o n s  a re  inc reased and 

a r e  leached f r o m  t h e  s o i l .  I n  o r d e r  t o  l o w e r  an i n i t i a l  BS o f  30% t o  10% i n  a 

s o i l  w i t h  an  e q u i v a l e n t  C E C  o f  400 kmol.ha-', 27  y e a r s  o f  a c i d  d e p o s i t i o n  

d e p o s i t i o n  a t  a r a t e  o f  3 kmo l .ha - l . y r - l  w o u l d  be  n e c e s s a r y ,  assuming  no  

r e s u p p l y  o f  bases  f r o m  a d d i t i o n a l  p rocesses .  I n  advanced s t a g e s  o f  s o i l  

a c i d i f i c a t i o n  t h e  BS o f t e n  l i e s  below lo%, w h i l e  t h e  remainder  o f  t h e  CEC i s  

o c c u p i e d  b y  H and A l .  I n  o r d e r  t o  r e s t o r e  t h e  i n i t i a l  BS f o r e s t  s o i l s  c o u l d  

b e  l i m e d  o r  d e p o s i t i o n  r a t e s  c o u l d  be  l o w e r e d .  I n  t h e  l a t t e r  c a s e  n a t u r a l  

r e s u p p l y  o f  bases  ( t o  b a l a n c e  n e t  l o s s )  w o u l d  o c c u r  by  m i n e r a l  w e a t h e r i n g ,  

wh ich  w i l l  be d iscussed l a t e r  i n  t h i s  chapter.  To b r i n g  t h e  BS f rom 10 t o  30% 

400 kg CaCO3 p e r  ha  would be  needed. Na tu ra l  resupp ly  by m i n e r a l  weather ing  

a t  a common r a t e  o f  0.5 kmo l .ha - l . y r - l  w o u l d  t a k e  a t  l e a s t  160 years .  These 

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

c o m p l e x  on a d v e r s e  e f f e c t s  o f  a c i d i c  d e p o s i t i o n  and b e n e f i c i a l  e f f e c t s  o f  

l o w e r i n g  t h e  d e p o s i t i o n  rate.  

I n  a l l  c a s e s  t h e  exchange c o m p l e x  w i l l  p r e v e n t  t h e  o c c u r r e n c e  o f  

t e m p o r a r i l y ,  ex t reme ly  l o w  pH values and assoc ia ted  h i g h  concen t ra t i ons  o f  

A l .  Such l o w  pH c o n d i t i o n s  can  p r e v a i l  a f t e r  d r y  p e r i o d s  i n  summer, when 

accumulated d r y  d e p o s i t i o n  i s  washed, a l l  a t  once, f rom t h e  f o r e s t  canopy and 

i n f i l t r a t e s  i n  t h e  s o i l .  A l so  a c i d  pu l ses  may occur  a t  t h e  s t a r t  o f  snowmelt 

o r  r i g h t  a f t e r  a d r y  per iod .  
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A second c r u c i a l  process i s  m ine ra l  weather ing,  which i s  t h e  d i s s o l u t i o n  

o f  p r i m a r y  and secondary s o i l  minera ls .  The d r i v i n g  f o r c e  f o r  weather ing i s  

t h e  a t t a c k  o f  t h e  m i n e r a l  sur faces by protons. P r imary  m i n e r a l s  a r e  g e n e r a l l y  

a l u m i n o - s i l i c a t e s ,  t h a t  c o n t a i n  s m a l l  amounts o f  base  c a t i o n s  i n  t h e i r  

c r y s t a l s ,  l i k e  eg. m i c r o l i n e  (Na), a l b i t e  and m u s c o v i t e  (K ) ,  a n o r t h i t e  and 

p l a g i o c l a s e  (Ca), b i o t i t e  (Ca and Mg) etc. Secondary m i n e r a l s  a r e  res idues of  

i ncomp le te  d i s s o l u t i o n  o f  p r i m a r y  minera ls ,  o r  m i n e r a l s  newly formed f rom t h e  

I T  

I 

F i  1. Theore t i ca l  r e l a t i o n s  i between t h e  r a t i o  o f  concen t ra t i ons  o f  base 
c a p i o n s  ( M 2 + )  and a l u m j n u m  PAf3 tl i n  s o j l  s o l u t i o n  as a f u n c t i o n  o f  depth.  
The e f f e c t  o f  i n c r e a s i n  t h e  d i s s o l  t i o  r a t e  o f  base  c a t i o n s  f r o m  t h e  
m i n e r a j  p h p s e . f r o 9  0.5 ($9.) t o  1.0 [-! kmo1.ha-l.yr-1 i s  d e m o n s t r a t e d  
f o r  s o i l l a c i d i f i c a t i o n  r a t e s  o f  4 ( I )  and 2 (11) kmol.ha-l.yr-1. It i s  assumed 
t h a t  m i n e r a l  w e a t h e r i n g  i s  t h e  o n l y  a c i d  n e u t r a l i z i n g  p r o c e s s  and t h a t ,  
b e s i d e s  t h e  base  c a t i o n s  a lum inum i s  t h e  o n l y  d i s s o l v i n g  i on .  f h e  p r e s e n t  
r a t i o s  between concentrat?ons o f  M 2 +  and A13t in t h e  f i e l d  (+) a r e  c l o s e  t o  
t h e  presumably c r i t i c a l  va lue o f  1 (----). 
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r e a c t i o n  products  o f  d i s s o l u t i o n  o f  p r i m a r y  minerals.  The t w o  mainlgroups o f  

secondary  m i n e r a l s  a r e  c l a y  m i n e r a l s ,  w h i c h  i n  f a c t  a r e  a s p e c i a l  g roup  o f  

a lum ino -s i  l i c a t e s ,  and ox ides and hydrox ides o f  aluminum and i ron.  Sec0ndar.y 

m i n e r a l s  g e n e r a l l y  have l a r g e  su r face  areas and exchange capaci t ies.  M ine ra l  

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

n a t u r a l  systems. The p r o p o r t i o n  o f  secondary m i n e r a l s  i n  t h e  s o i l  s t r o n g l y  

v a r i e s  and can amount t o  severa l  t e n s  o f  percentages, depending on rock t y p e  

and g e o l o g i c a l  h i s t o r y .  M i n e r a l  w e a t h e r i n g  can  be c h a r a c t e r i z e d  by ( 1 )  t h e  

c a p a c i t y  t o  consume p r o t o n s  and t o  p r o d u c e  base c a t i o n s  and A1 and ( 2 )  t h e  

d i s s o l u t i o n  r a t e ,  ( 3 )  t h e  s t o i c h i o m e t r y ,  w h i c h  g i v e s  t h e  n a t u r e  and t h e  

r e l a t i v e  occurrence o f  t h e  d i sso l ved  ions. 

The c a p a c i t . y  o f  w e a t h e r i n g  t o  consume p r o t o n s  i s  v e r y  l a r g e .  F o r  an 

ave rage  s o i l  w i t h  20% s i l i c a t e  m i n e r a l s ,  and a r o o t z o n e  o f  0.5 m, t h e  

b u f f e r i n g  c a p a c i t y  app rox ima te l y  i s  20.000 kmol.ha- l .  C a p a c i t i e s  t o  p r o d u c e  

base c a t i o n s  a r e  a l s o  very large. T,ypical i o n i c  equ iva len t  poo ls  f o r  podzo l i c  

s o i l s  a r e  200 t o  400 kmo l  Ca o r  Mg, 1000 k m o l  Na o r  K and 10.000 t o  20.000 

kmo l  A1 p e r  ha. 

The d i s s o l u t i o n  r a t e  i s  a f a r  more i m p o r t a n t  parameter than t h e  capac i t y  

f o r  m i n e r a l  w e a t h e r i n g .  I n  t h e  f i e l d ,  w e a t h e r i n g  r a t e s  o f  0.5 t o  5 

kmol.ha-l.yr-' (base c a t i o n s  + A l )  a r e  measured i n  chemical  balance s tud ies  

( r e f .  2 and 6). H i g h  w e a t h e r i n g  r a t e s  c o r r e s p o n d  t o  s i t u a t i o n s  w i t h  h i g h  

a c i d i f i c a t i o n  r a t e s  and, f o r  a c i d  s o i l s ,  w i t h  h igh  f r a c t i o n s  o f  aluminum i n  

t h e  d i s s o l v e d  ions .  I n  g e n e r a l  t h e  l a r g e r  p a r t  o f  p r o t o n  p r o d u c t i o n  due t o  

a c i d  d e p o s i t i o n  i s  consumed i n  s o i l ,  suggest ing t h a t  p ro ton  consumption r a t e s  

a r e  s u f f i c i e n t l y  h i g h  t o  meet  p r e s e n t  d e p o s i t i o n  r a t e s .  However,  o f  more  

concern a r e  t h e  r a t e s  o f  base c a t i o n  weather ing:  these determine whether t h e  

BS, w h i c h  i s  t h e  r e a d i l y  a v a i l a b l e  p o o l  o f  c a t i o n i c  p l a n t  n u t r i e n t s  w i l l  

decrease, i nc rease  o r  remain constant. I f  t h e  r a t e  o f  exchange and subsequent 

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

w e a t h e r i n g  t h e  p o o l  w i l l  become s m a l l e r ,  i f  i t  i s  s m a l l e r  t h e  p o o l  w i l l  

i n c r e a s e  i f  the,y a r e  e q u a l  t h e  p o o l  w i l l  r e m a i n  c o n s t a n t .  D i s s o l u t i o n  

k i n e t i c s  o f  p r imary  m i n e r a l s  are s t i l l  n o t  s u f f i c i e n t l y  understood t o  p r e d i c t  

w e a t h e r i n g  r a t e s  i n  f i e l d  s i t u a t i o n s .  I t  i s  g e n e r a l l y  accep ted  t h a t  

weather ing r a t e s  i nc rease  w i t h  decreas ing pH and r e a c t i v e  su r face  area, and 

decrease w i t h  i n c r e a s i n g  accumulat ion o f  d i sso l ved  i o n s  i n  t h e  s o i l  so lu t i on .  

T h e o r e t i c a l l y ,  weather ing r a t e s  under d i f f e r e n t  f i e l d  c o n d i t i o n s  may vary by 

a f a c t o r  o f  10 t o  100. High weather ing r a t e s  can occur d u r i n g  s h o r t - l a s t i n g  

pH drops (<3!)  o r  excess ive f l u s h i n g  o f  t h e  s o i l  s o l u t i o n  ( d i l u t i o n ) .  

The amount o f  d i s s o l v e d  base c a t i o n s  and a lum inum f r o m  t h e  o v e r a l l  
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w e a t h e r i n g  r e a c t i o n  ( t h e  r e a c t i o n  s t o i c h i o m e t r y )  i s  i m p o r t a n t  a s  i t  

d e t e r m i n e s  t h e  a b s o l u t e  c o n c e n t r a t i o n  o f  A1 a n d  i t s  r a t i o  t o  t h e  

c o n c e n t r a t i o n  o f  M, w h i c h  a r e  b o t h  i m p o r t a n t  p a r a m e t e r s  w i t h  r e s p e c t  t o  

damage t o  t h e  v e g e t a t i o n .  The f r a c t i o n  o f  a lum inum,  w h i c h  d i s s o l v e s  f r o m  

s i l i c a t e  m ine ra l s ,  tends  t o  be h i g h  a t  l o w  pH and f o r  h i g h  a c i d  load ings ,  b u t  

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

The u n d e r l y i n g  mechan ism i s  n o t  y e t  c l e a r .  I f  t h e  f r a c t i o n  o f  d i s s o l v i n g  

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

c o n c e n t r a t i o n s  o f  A1 and M w i l l  e v e n t u a l l y  i m p r o v e  when d e p o s i t i o n  r a t e s  

would be lowered ( f i g u r e  1). 

S o i  1 s  g e n e r a l l y  c o n t a i n  s e v e r a l  p e r c e n t s  o f  amorphous a l u m i n u m -  

( h y d r ) o x i d e s ,  w h i c h  c o u l d  d i s s o l v e  r e l a t i v e l y  f a s t  a f t e r  a h i g h  i n p u t  o f  

protons. H igh  i n i t i a l  a luminum c o n c e n t r a t i o n s  c o u l d  a l s o  r e s u l t  f rom comple te  

(congruent )  d i s s o l u t i o n  o f  m i n e r a l  c r y s t a l s .  

Al(OH)3 + 3H+ 
KA13Si3010(OH)2 + 10H' 

- - -> A13+ + 3H20 
---> K+ + 3A13+ 3H4Si04 

I n  t h e  course  o f  t i m e  A1 c o u l d  s l o w l y  r e p r e c i p i t a t e  as a hydrox ide ,  g r a d u a l l y  

r e l e a s i n g  p r o t o n s  i n  s o l u t i o n  a g a i n ,  w h i c h  w i l l  now be consumed b y  base 

c a t i o n  wea the r ing  f r o m  p r i m a r y  minera ls .  

A13+ + 3H20 ---> Al(OH)3 + 3H' 

KA1 3Si3010(OH)2 + H+ +1.5H20 ---> K+ + 1.5A1 p s i  205(OH)4 

The n e t  r e s u l t  o f  t h e  w e a t h e r i n g  r e a c t i o n  i s  an i n c o m p l e t e  ( i n c o n g r u e n t )  

d i s s o l u t i o n  o f  a p r i m a r y  m i n e r a l .  By d i s s o l u t i o n  o f  a l u m i n u m - h y d r o x i d e  o r  

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

mechanism t o  q u i c k l y  consume h i g h  l oads  o f  protons. 

A t h i r d  p rocess  wh ich  can be c r i t i c a l  i s  n i t r i f i c a t i o n .  N i t r i f i c a t i o n  i s  

i m p o r t a n t  i n  s i t u a t i o n s  w i t h  h i g h  d e p o s i t i o n  o f  NH3, w h i c h  o c c u r  i n  a r e a s  

w i t h  i n t e n s i v e  a n i m a l  h u s b a n d r y  ( b i o i n d u s t r y ) ,  f o r  e x a m p l e  i n  t h e  e a s t e r n  

p a r t  o f  t h e  Nether lands  and t h e  no r th -wes t  o f  t h e  FRG. I n  c o n t r a d i c t i o n  w i t h  

g e n e r a l  e x p e r i e n c e  n i t r i f i c a t i o n  i n  f o r e s t  s o i l s  a l s o  t a k e s  p l a c e  a t  pH 

va lues  be low 4, as i n d i c a t e d  by h i g h  l eacha te  f l u x e s  o f  NO3 when n i t r o g e n  i s  

d e p o s i t e d  m a i n l y  as NH3. A f a i r  a v a i l a b i l t y  o f  base  c a t i o n s  seems a 

p r e r e q u i s i t e  f o r  n i t r i f i c a t i o n .  
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SOME CONCLUSIVE REMARKS 

S o i l  a c i d i f i c a t i o n  i s  a c o m p l e x  p r o c e s s  w h i c h  w i l l  a f f e c t  v a r i o u s  s o i l  

p a r a m e t e r s .  D e f i n i t i o n  o f  s o i l  a c i d i f i c a t i o n  as a d e c r e a s e  o f  t h e  a c i d  

n e u t r a l i z i n g  capac i t y ,  g i v e s  us a t o o l  t o  compare r a t e s  o f  a c i d i f i c a t i o n  i n  

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

a c i d i f i c a t i o n .  I n  o r d e r  t o  e v a l u a t e  e c o l o g i c a l  consequences  o f  changes i n  

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

a luminum as compared t o  base c a t i o n s  need t o  be assessed. For  unders tand ing  

t h e  changes o f  t h e s e  s o i l  c h e m i c a l  p r o p e r t i e s  c a t i o n  exchange and m i n e r a l  

w e a t h e r i n g  a r e  k e y  p rocesses .  C r i t i c a l  p a r a m e t e r s  a r e  c a t i o n  exchange 

c a p a c i t y ,  base s a t u r a t i o n ,  and t h e  r a t e  and t h e  s t o i c h i o m e t r y  o f  m i n e r a l  

d i s s o l u t i o n  reac t ions .  S o i l s  w i t h  a l o w  CEC and l o w  base s a t u r a t i o n  and l o w  

base  w e a t h e r i n g  r a t e s  a r e  m o s t  s u s c e p t f b l e  t o  a d v e r s e  e f f e c t s  o f  a c i d i c  

d e p o s i t i o n .  S o i l s  w i t h  a h i g h  CEC and h i g h  amoun t  o f  e x c h a n g e a b l e  H and A1 

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

d i s s o l u t i o n  r a t e s  o f  b a s e  c a t i o n s  f r o m  s i l i c a t e  m i n e r a l s  a r e  l o w ,  n a t u r a l  

recove ry  o f  t h e  s o i l  a f t e r  d e p o s i t i o n  r a t e s  a r e  lowered w i l l  be very  slow. 

Exper imen ta l  s t u d i e s  t o  o b t a i n  c r i t i c a l  parameters  i n  comb ina t ion  w i t h  t h e  

use o f  s i m u l a t i o n  models w i l l  be i m p o r t a n t  t o  p r e d i c t  f u t u r e  changes i n  s o i l  

c h e m i s t r y  f o r  d i f f e r e n t  e m i s s i o n / d e p o s i t i o n  s c e n a r i o s  and t o  p r e e v a l u a t e  

m i t i g a t i o n  s t r a t e g i e s  f o r  f o r e s t  s o i l s .  
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