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ABSTRACT 

Chemical w e a t h e r i n g  i n  a h i g h - e l e v a t i o n  p i n e  f o r e s t  was 

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

s o l i d  phases .  I n  t h e  s h a l l o w  s o i l  (above  40 cm), s o i l - w a t e r  

c h e m i s t r y  is c o n t r o l l e d  by b i o l o g i c a l  p r o c e s s e s  -- up take  by 

p l a n t s  and decay  i n  t h e  l i t t e r  l a y e r .  

w e a t h e r i n g  becomes more i m p o r t a n t  as a c o n t r o l ,  b u t  s o l u t i o n  

compos i t ions  are so v a r i a b l e  i n  s p a c e  and time t h a t  i t  is 

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

K a o l i n i t e  i s  forming  i n  t h e  upper  p a r t  of t h e  s o i l  p r o f i l e  and 

smectite i n  t h e  lower  p a r t ,  a l t h o u g h  s o l u t i o n  compos i t ions  

i n d i c a t e  t h a t  k a o l i n i t e  s h o u l d  be t h e  more s t a b l e  phase  a t  a l l  

d e p t h s .  

Below 40 cm m i n e r a l  

D i s so lved  o r g a n i c  ca rbon  (DOC) v a l u e s  are h i g h  ( a v e r a g e  

38 mgC/l) i n  t h e  f o r e s t  f l o o r  l i t t e r ,  and d e c r e a s e  w i t h  d e p t h  i n  

t h e  m i n e r a l  s o i l .  I n  c l a y - r i c h ,  l ow-pe rmeab i l i t y  s o i l  t h e  DOC 

l o s s  and a c q u i s i t i o n  of  c a t i o n s  t a k e  p l a c e  c l o s e  t o  t h e  s u r f a c e ,  

whereas  i n  more permeable  s o i l s  DOC t r a n s p o r t  and chemica l  

wea the r ing  e x t e n d  t o  g r e a t e r  d e p t h s .  

t r a n s p o r t  of A 1  and Fe as a r e s u l t  of complexing by o r g a n i c  

a c i d s .  

n o t  clear. 

There  is  some enhanced 

The mechanisms by which DOC is removed from s o l u t i o n  are 
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INTRODUCTION 

Weather ing  of r o c k s  i n  t h e  s o i l  zone is  t h e  major  s o u r c e  of  

s o l u t e s  f o r  ground and s u r f a c e  waters, and of  c l a y  m i n e r a l s  which 

are u l t i m a t e l y  t r a n s p o r t e d  t o  form s e d i m e n t s  and s h a l e s .  

Chemical p r o c e s s e s  i n  s o i l s  are ve ry  d i f f i c u l t  t o  s t u d y .  

Chemical  c o n d i t i o n s  s u c h  as t e m p e r a t u r e  and m o i s t u r e  c o n t e n t  va ry  

r a p i d l y ,  s econda ry  p h a s e s  are o f t e n  p o o r l y  c r y s t a l l i z e d  and ha rd  

t o  c h a r a c t e r i z e ,  and t h e  a c t i v i t i e s  of t h e  b i o t a ,  which canno t  be 

d e s c r i b e d  i n  s i m p l e  chemica l  terms, p l a y  a n  e s s e n t i a l  r o l e .  Many 

s t u d i e s  ( f o r  a summary, see Dreve r ,  1982)  have i n f e r r e d  t h e  

n a t u r e  of  w e a t h e r i n g  r e a c t i o n s  from stream and s p r i n g  water 

c o m p o s i t i o n s ,  bu t  t h e r e  have been r e l a t i v e l y  few geochemica l ly-  

o r i e n t e d  s t u d i e s  of water p e r c o l a t i n g  t h r o u g h  s o i l s  ( f o r  example 

G r a u s t e i n ,  1975,  1976,  1981; Best and Monk, 1975; Dawson e t  a l . ,  

1978; An twe i l e r  and Dreve r ,  1983). The g e n e r a l  c o n c l u s i o n  of 

t h e s e  s t u d i e s  i s  t h a t  b i o l o g i c a l  p r o c e s s e s  are a t  least  as 

i m p o r t a n t  as i n o r g a n i c  p r o c e s s e s  i n  c o n t r o l l i n g  t h e  c h e m i s t r y  of  

s o l u t i o n s  i n  t h e  w e a t h e r i n g  envi ronment .  

An e x p e r i m e n t a l  eco logy  group i n  t h e  Botany Department a t  t h e  

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

l o d g e p o l e  p i n e  ( P i n u s  c o n t o r t a )  s t a n d s  i n  t h e  Medicine Bow 

Mountains  of  Wyoming (Fahey ,  1979,  1983; Knight  e t  a l . ,  i n  

p r e s s ) .  Three  of  t h e s e  s i t e s  were s e l e c t e d  f o r  t h i s  s t u d y  of 

chemica l  wea the r ing ;  t h e  work r e p o r t e d  h e r e  re l ies  h e a v i l y  on t h e  
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ear l ier  work of  t h e  eco logy  group.  

The pu rpose  of t h i s  s t u d y  was t o  i n v e s t i g a t e  t h e  mechanisms 

c o n t r o l l i n g  c a t i o n  a c q u i s i t i o n  i n  t h e  s o i l  zone ,  w i t h  t h e  long-  

term o b j e c t i v e  of  p r e d i c t i n g  t h e  e f f e c t  of p o s s i b l e  f u t u r e  a c i d  

d e p o s i t i o n .  

u n d i s t u r b e d  sys t em,  which w i l l  form t h e  b a s i s  of  f u t u r e  s t u d i e s  

on t h e  impact  of a c i d  d e p o s i t i o n .  

T h i s  r e p o r t  d i s c u s s e s  c a t i o n  a c q u i s i t i o n  i n  t h e  

STUDY AREA 

Some c h a r a c t e r i s t i c s  o f  t h e  t h r e e  s i t e s  chosen  f o r  t h i s  s t u d y  

are p r e s e n t e d  i n  T a b l e  1. 

by Houston e t  a l .  (1968). 

The geology of t h e  area is  d e s c r i b e d  

S o i l s  a t  t h e  Albany s i t e  are developed  d i r e c t l y  on Sherman 

g r a n i t e  (Precambr ian)  f o r  which McCallum (1964)  r e p o r t e d  a 

g e n e r a l i z e d  compos i t ion  of 30-40% m i c r o c l i n e ,  20-35% p l a g i c l a s e  

(An 12-33, u s u a l l y  zoned) ,  20-40% q u a r t z ,  1-5% hornb lende ,  and 1- 

5% b i o t i t e .  

t h i c k n e s s  (1-3 cm) and a f a i r l y  uni form 25-30 cm t h i c k  A h o r i z o n  

l y i n g  d i r e c t l y  on d e e p l y  weathered  g r a n i t i c  bedrock .  

t r a n s i t i o n  zone  between t h e  s o i l  and t h e  u n d e r l y i n g  r e g o l i t h  is  

o n l y  a b o u t  5 cm t h i c k .  

g r a n i t e  are s t i l l  e v i d e n t  i n  t h e  r e g o l i t h  below 30 c m .  

The s o i l  c o n s i s t s  of  a n  o r g a n i c  l a y e r  of  v a r i a b l e  

The 

Regu la r  j o i n t  p a t t e r n s  i n  t h e  Sherman 

The Nash Fork  s i t e  i s  l o c a t e d  on P l e i s t o c e n e  till. 

3 



TABLE 1 ,  Study s i t e  c h a r a c t e r i s t i c s .  

E leva t i on  (m) 
Stand age (y)l 
Tree dens i t y  (no/ha) 
Tree biomass ( t / h a ) l  
Thickness o f  o rgan ic  

hor  i zon 

Soi 1 type2 

Number o f  40 cm 
lys imeters  

Number o f  140 cm 
lys imeters  

1982 snowmelt per iod :  
Date o f  f i r s t  

l ys imeter  c o l l e c t i o n  
Date o f  l a s t  l ys imeter  

c o l l e c t i o n  
Loca t i on 

A1 bany Nash Fork 

2760 2845 
uneven 110 

1920 1850 
76.1 174.8 

0-3 cm 8 cm 

l n c e p t i s o l  A l f i s o l  
L i t h i c  Typ i c 

( 1 oamy ( f i n e  
c ryocrep t  cryobora l  f 

s k e l e t a l )  loamy) 

8 11 

1 5 

A p r i l  25 May 10 

June 14 Ju l y  9 

NW& Sec 16 NW& Sec 20 
T14N R78W T16N R78W 

l f r o m  Knight,  Fahey and Running ( i n  press) .  

2from Y a v i t t  (1984) 

French Creek 

3005 
240 
420 

174.7 
6 cm 

A1 f i so l  
Typ i c 

( 1 oamy 
c ryobora l f  

s ke 1 e t a  1 ) 

5 

5 

Ju l y  22 

S E t  Sec 29 
T16N R80W 
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The pebb le  t o  b o u l d e r  f r a c t i o n  of  t h e  till i s  p r i m a r i l y  migmat i t e  

and q u a r t z o - f e l d s p a t h i c  g n e i s s  w i t h  10% each  of  b i o t i t e  g n e i s s  

and a m p h i b o l i t e ,  and 2% do lomi te .  

s l a t e  would be  expec ted  on t h e  b a s i s  of  t h e  s o u r c e  area, none was 

obse rved  i n  t h e  c o a r s e  f r a c t i o n ,  p robab ly  due t o  t h e i r  low 

p h y s i c a l  competency d u r i n g  t r a n s p o r t .  

Al though some p h y l l i t e  and 

The French  Creek s i t e  is  l o c a t e d  on P l e i s t o c e n e  till, which 

had i t s  s o u r c e  i n  t h e  Medic ine  Bow q u a r t z i t e  (P recambr ian )  and 

f lowed westward.  

a l m o s t  e x c l u s i v e l y  Medic ine  Bow q u a r t z i t e ,  w i t h  o n l y  1-2% 

a m p h i b o l i t e .  

The p e b b l e  t o  bou lde r  f r a c t i o n  of  t h e  till i s  

The s o i l  p r o f i l e s  a t  b o t h  Nash Fork  and French  Creek are ve ry  

p o o r l y  deve loped  w i t h  t h e  t r a n s i t i o n  between t h e  A and B h o r i z o n s  

e x t r e m e l y  g r a d a t i o n a l  and n o t  immedia te ly  e v i d e n t  i n  t h e  f i e l d .  

A t  bo th  s i tes  t h e  s o i l  c o n t a i n s  i n t e r s p e r s e d  b o u l d e r s  and is 

q u i t e  he t e rogeneous .  

deve loped  o v e r  a maximum p e r i o d  of a b o u t  10,000 y e a r s ,  t h e  a g e  of  

t h e  end of t h e  l as t  P l e i s t o c e n e  g l a c i a t i o n ,  and have o n l y  ve ry  

weakly deve loped  zones  of  l e a c h i n g  and d e p o s i t i o n .  

The s o i l  p r o f i l e s  a t  a l l  t h r e e  s i tes  have 

Long-term climatic d a t a  are a v a i l a b l e  f o r  t h e  Nash Fork  s i t e  

(Wyoming Water Resources  Research  I n s t i t u t e ,  1967-1976). The 

o t h e r  sites shou ld  be similar.  Mean a n n u a l  p r e c i p i t a t i o n  i s  

a b o u t  60 c m  w i t h  a b o u t  two t h i r d s  i n  t h e  form of  snow from 

October  t o  May. However, l a r g e  v a r i a t i o n s  i n  a n n u a l  

p r e c i p i t a t i o n  ( o v e r  two-fo ld)  are c h a r a c t e r i s t i c  of  t h e  Medicine 

5 



Bow Mountains. Winter snow accumulations may be several meters, 

and the spring snowmelt is the only time of significant soil 

water movement. 

surface, although after one exceptionally heavy October 

rainstorm, most lysimeters at 40 cm depth and several at 140 cm 

did collect a small volume. 

temperature is about 20  C and the minimum temperature about 4 C, 

with occassional subfreezing temperatures at night. 

daily maximum temperatures are about -5 C and the minimum 

temperatures about -13 C. 

Sporadic summer storms wet only the soil 

In July the mean daily maximum 

January mean 

METHODS 

One soil profile at each site was sampled from excavated 

trenches at 10+2 - cm intervals from 0 to 40 cm and at 20+2 - cm 

intervals to the bottom of the trench at 140 to 180 cm. Pebbles 

larger than 1 cm were removed from soil samples by hand, the (1 

mm and <75 micrometer fractions were separated by seiving, and 

the (2 micrometer fraction by repeated ultrasonic dispersion and 

centrifugation. The clay mineralogy of the (2 micrometer 

fraction was determined by X-ray diffraction. Tota l  carbon 

content of the <75 micrometer fraction was determined by ignition 

to C02 (estimated precision: - +lo%; detection limit: 0.1%); 
inorganic carbon was determined by acidification and titration of 

evolved CO2 (estimated precision: - +lo%; detection limit: 0.1% C), 

6 



and o r g a n i c  ca rbon  by d i f f e r e n c e .  

were used  t o  estimate amorphous and s e s q u i o x i d e  aluminum, i r o n  

and s i l i c a  phases  i n  t h e  <1 mm and (2 micrometer  f r a c t i o n s ;  

1) e x t r a c t i o n  of  " o r g a n i c a l l y "  bound aluminum and i r o n  by 0.1 M 

sodium pyrophosphate  (McKeague, 1967) ,  2 )  e x t r a c t i o n  of  

"amorphous" phases  by 0.2 M ammonium o x a l a t e  a c i d i f i e d  t o  pH 3.0 

(McKeague and Day, 1966), and 3) d i s s o l u t i o n  of  " c r y s t a l l i n e "  

i r o n  s e s q u i o x i d e s  by t h e  citrate-dithionate-bicarbonate method o f  

Mehra and Jackson  (1960). 

compar i s ion  of t h e  r e l a t i v e  s e l e c t i v i t y  and e f f e c t i v e n e s s  of 

t h e s e  e x t r a c t i o n s .  I r o n ,  aluminum, and s i l i ca  i n  t h e  s e l e c t i v e  

d i s s o l u t i o n  e x t r a c t s  were de termined  by induced  plasma a tomic  

a b s o r b t i o n  on a P e r k i n  Elmer CIP/5500. 

Three  s e l e c t i v e  d i s s o l u t i o n s  

Fey and Le Roux (1977)  g i v e  a 

S o i l  s o l u t i o n  samples  were c o l l e c t e d  by s u c t i o n  t u b e  

l y s i m e t e r s  ( P a r i z e k  and Lane ,  1970)  a t  a vacuum of  0.12 b a r s  f rom 

d e p t h s  of  40 cm and 140 cm. Samples  of  s o l u t i o n  from t h e  base  of 

t h e  o r g a n i c  l a y e r  were c o l l e c t e d  w i t h  t e n s i o n  alundum p l a t e  

l y s i m e t e r s  (Cole, 1958) from t h e  i n t e r f a c e  o f  t h e  02 l a y e r  and 

t h e  m i n e r a l  s o i l .  C o l l e c t i o n s  were made a t  i n t e r v a l s  of 2 - 4 

days  i n  t h e  e a r l y  snow melt, and t h e n  a b o u t  e v e r y  week i n  t h e  

l a te r  s p r i n g .  Con tamina t ion  and a d s o r b t i o n  by t h e  ceramic cups  

was found n o t  t o  be  a problem i n  an  ear l ie r  s t u d y  ( A n t w e i l e r ,  

1981). 

y e a r s ,  so t r a n s i e n t  d i s t u r b a n c e  o r  c o n t a m i n a t i o n  caused  by t h e i r  

The l y s i m e t e r s  had been i n  p l a c e  and sampled f o r  t h r e e  

emplacement o r  a l t e r a t i o n  of  o r g a n i c s  by t h e  ceramic p l a t e  or  cup 

shou ld  have d i s a p p e a r e d  (Dawson and H r u t f i o r d ,  1976) .  
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T h r o u g h f a l l  and bu lk  p r e c i p i t a t i o n  were c o l l e c t e d  by f u n n e l  r a i n  

gauges ,  t h r o u g h f a l l  by a network of  10 c o l l e c t o r s  under  t h e  

f o r e s t  canopy i n  t h e  s t a n d  p r o p e r ,  and p r e c i p i t a t i o n  i n  nearby  

u n o b s t r u c t e d  areas. 

A l l  water samples  were r e t u r n e d  t o  t h e  l a b o r a t o r y  and ana lyzed  

f o r  pH by g l a s s  e l e c t r o d e  ( e s t i m a t e d  p r e c i s i o n  - +0.02 pH u n i t s )  

w i t h i n  s i x  h o u r s  of  c o l l e c t i o n .  

immedia te ly  a f t e r  c o l l e c t i o n  ( comple t e ly  f i l l e d  i f  t h e r e  was 

s u f f i c i e n t  s a m p l e ) ,  and n o t  opened u n t i l  t h e  pH measurement was 

Sample b o t t l e s  were s e a l e d  

made. 

d i o x i d e  l o s s  w h i l e  t h e  samples  were under  vacuum i n  t h e  

l y s i m e t e r s  b e f o r e  c o l l e c t i o n .  

pH be ing  h i g h e r  t h a n  t h e  i n - s i t u  s o i l  s o l u t i o n  pH. 

s o i l  a tmosphere  was c o n s i s t e n t l y  a b o u t  0.30% ca rbon  d i o x i d e  by 

volume (Fahey and Y a v i t t ,  unpub l i shed  d a t a ) ,  a n  o r d e r  of  

D e s p i t e  t h e s e  p r e c a u t i o n s  t h e r e  was p robab ly  some ca rbon  

T h i s  would r e s u l t  i n  t h e  measured 

The measured 

magnitude h i g h e r  t h a n  a t m o s p h e r i c  ca rbon  d i o x i d e .  

s o l u t i o n s  t o t a l l y  r e e q u i l i b r a t e d  w i t h  a t m o s p h e r i c  ca rbon  d i o x i d e ,  

t h e  measured pH would be  a maximum o f  one pH u n i t  h i g h e r  t h a n  t h e  

i n  s i t u  pH. The s o i l  s o l u t i o n s ,  however, are p robab ly  n o t  

t o t a l l y  e q u i l i b r a t e d  w i t h  a t m o s p h e r i c  ca rbon  d i o x i d e ,  and are 

b u f f e r e d  by o r g a n i c  a c i d s ,  so t h e  a c t u a l  e r r o r  i n  t h e  pH i s  

p robab ly  much smaller t h a n  1 pH u n i t .  Fol lowing  f i l t r a t i o n  of 

t h e  samples  th rough  0.45 m g l a s s  f i b e r  f i l t e r s ,  t h e  f o l l o w i n g  

I f  t h e  s o i l  

q u a n t i t i e s  were de te rmined  w i t h i n  24 h o u r s  a f t e r  c o l l e c t i o n :  

t o t a l  a l k a l i n i t y  by t i t r a t i o n  t o  pH 4 . 5 ;  d i s s o c i a t e d  weak o r g a n i c  

a c i d s  by pu rg ing  w i t h  N2 f o r  15 minu tes  a t  pH 4.5 and back 
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titrating to the original pH; total acidity by titration to pH 

8.3;  and undissociated organic acids by purging with N2 for 30 

minutes at the natural pH and titrating to pH 8.3. 

stored in polyethylene bottles and refrigerated at 4 C at all 

Samples were 

times between analyses. 

Calcium, magnesium, potassium, and sodium were determined by 

atomic adsorption spectrophotornetry (estimated precision - +5%). 

Aqueous silica was determined colorimetrically by the molybdate 

blue method (estimated precision: - +2%; detection limit: 0.05 mg/ 

1). Chloride, sulfate and phosphate were analyzed using standard 

colorimeteric methods for a Scientific Instruments continuous 

flow autoanalyzer, chloride by the mercuric thiocyanate method, 

sulfate by the methylthymol blue method.preceded by a peroxide 

digestion and ultraviolet irradiation t o  minimize organic 

interferences (Cronan, 1979), and phosphate by a molybdate blue 

method. Dissolved organic carbon (DOC) was determined by 

persulfate digestion in sealed ampules, with detection of evolved 

C02 by coulometric titration (estimated precision: - +5%; detection 

limit: 0.1 mg/l). 

Following filtration through a 0.1 m membrane filter, 

dissolved aluminum was determined by the pyrocatechol violet 

method of Dougan and Wilson (1974) (estimated precision: ~ 5 % ;  

detection limit: 0.010 mg/l) and dissolved iron by the ferrozine 

method of Stookey (1970) (estimated precision: - +5%; detection 

limit: 0.025 mg/l). There are some uncertainties in the 
s 
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a n a l y t i c a l  v a l u e s  f o r  aluminum and i r o n  due t o  f l o c c u l a t i o n  of  

d i s s o l v e d  o r g a n i c  matter between t h e  t i m e  o f  c o l l e c t i o n  and t h e  

time of a n a l y s i s  c a u s i n g  removal  of some d i s s o l v e d  aluminum and 

i r o n  from s o l u t i o n .  

i n  samples  w i t h  h i g h  DOC v a l u e s  ( p r i m a r i l y  samples  f rom Nash 

Fork)  t o  be  low,  b u t  i t  s h o u l d  n o t  a f f e c t  t h e  samples  from Albany 

o r  French  Creek ,  where DOC v a l u e s  are lower. 

T h i s  may c a u s e  t h e  aluminum and i r o n  v a l u e s  

RESULTS AND DISCUSSION 

S o l i d  Phases  

G r a i n  S i z e  D i s t r i b u t i o n  The s o i l  was s e p a r a t e d  by s i e v i n g  a t  1 mm 

and by c e n t r i f u g a t i o n  ( F i g .  1). With t h e  French  Creek s o i l ,  

t h e r e  was a problem of  c l a y  a g g r e g a t e s  which d i d  n o t  p a s s  th rough  

t h e  1 mm s i e v e .  

French  Creek i s  (1 mm t h a n  i n d i c a t e d  i n  F i g .  

Creek s o i l  is  c o n s i d e r a b l y  f i n e r  t h a n  t h a t  a t  Nash Fork.  

t h a t  t h e  Albany s o i l  i s  r a t h e r  c o a r s e  even  n e a r  t h e  s u r f a c e ,  t h e  

r e g o l i t h  below 30 cm i s  e s s e n t i a l l y  g r a v e l .  

French  Creek s o i l s  have a f a i r l y  f i n e ,  c l a y - r i c h  m a t r i x  w i t h  

i n t e r s p e r s e d  p e b b l e s ,  c o b b l e s  and b o u l d e r s  and a he te rogeneous  

c h a r a c t e r  t y p i c a l  of  g l a c i a l  t i l ls .  

h i g h e s t  c o n c e n t r a t i o n  of c l a y  a t  t h e  s u r f a c e ;  below 20 c m  t h e r e  

i s  ve ry  l i t t l e  v a r i a t i o n  i n  s i z e  d i s t r i b u t i o n  w i t h  d e p t h .  

-- 

A s  a r e s u l t ,  a l a r g e r  p r o p o r t i o n  of t h e  s o i l  a t  

1, and t h e  French  

Note 

The Nash Fork and 

A l l  t h r e e  sites have t h e  
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Figure 1. Grain-size distribution in soil profiles from the three 
study sites. 
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Organ ic  Carbon 

The d i s t r i b u t i o n  of s o l i d  o r g a n i c  ca rbon  is  p r e s e n t e d  i n  F i g .  

Carbon c o n t e n t  was de termined  on t h e  <75 micrometer  f r a c t i o n  2.  

i n  o r d e r  t o  g e t  a rough measure of  t h e  h i g h l y  decomposed, 

"mine ra l i zed" ,  a n d / o r  t r a n s p o r t e d  c a r b o n ,  r a t h e r  t h a n  

undecomposed n e e d l e s  and r o o t s .  

o r g a n i c  ca rbon  c o n t e n t s  below 20 cm. The v a l u e s  a t  Albany 

d e c r e a s e  less r a p i d l y  w i t h  d e p t h ,  p robab ly  because  t h e  <75 

micrometer  f r a c t i o n  a t  Albany i s  so much smaller a p r o p o r t i o n  of 

t h e  t o t a l  s o i l  t h a n  is t h e  case a t  Nash Fork  o r  French  Creek.  

Thus t h e  o r g a n i c  ca rbon  c o n t e n t  e x p r e s s e d  as p e r c e n t  of  t o t a l  

s o i l  may be  q u i t e  similar a t  t h e  t h r e e  s i tes .  

e v i d e n c e  f o r  t h e  accumula t ion  of  o r g a n i c  matter a t  d e p t h  i n  t h e  

s o i l  p r o f i l e  of  any  of  t h e  t h r e e  s i t e s .  

A l l  t h e  si tes have ve ry  low 

There  is no 

Clay  Minera logy  

Albany S i t e -  The c l a y  m i n e r a l s  i d e n t i f i e d  by X-ray d i f f r a c t i o n  

i n  t h e  (2 micrometer  f r a c t i o n  of t h e  s o i l  and  u n d e r l y i n g  r e g o l i t h  

a t  t h e  Albany s i t e  were k a o l i n i t e ,  v e r m i c u l i t e ,  smectite, and 

mica. K a o l i n i t e  was p r e s e n t  t h roughou t  t h e  p r o f i l e ,  b u t  t h e  X- 

r a y  peaks  broaden  w i t h  d e p t h  below 30 c m ,  t h e  approx ima te  s o i l -  

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

i n c r e a s i n g  o r g a n i c  and o x i d e  c o a t i n g s .  V e r m i c u l i t e  X-ray 

i n t e n s i t y  i n c r e a s e s  from t h e  s u r f a c e  t o  20 c m ,  d e c r e a s e s  f rom 20 

cm t o  60 cm, and v e r m i c u l i t e  peaks  are n o t  p r e s e n t  below 60 c m .  

The v e r m i c u l i t e  i s  p robab ly  formed from t h e  a l t e r a t i o n  of  b i o t i t e  

1 2  
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Figure 2. Organic carbon ( w t  % )  i n  the (75 pm s i z e  f r ac t ion  of s o i l  
p r o f i l e s  from t h e  three si tes .  
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in the Sherman granite . Smectite X-ray peaks are barely 

discernible above 60 cm, but below 60 cm they increase in 

intensity with depth becoming the dominant peak below 120 cm. 

mica peak of uniform low intensity is present throughout the 

profile, and is presumably mica derived directly from the Sherman 

granite. 

A 

Nash Fork and French -- Creek Sites- The clay minerals identified 

in the (2  micrometer fraction of the soil at Nash Fork and French 

Creek are chlorite, illite, kaolinite and smectite. Chlorite and 

illite are present throughout the profile, and are probably 

derived from the metasediments in the glacial source area. 

Nash Fork kaolinite is a major clay mineral from the surface t o  

30 cm, and kaolinite is undetectable below 60 cm. 

Creek the kaolinite is present throughout the profile, but 

becomes much weaker, broader and poorly defined below 60 cm. 

both sites the smectite peak is of very low intensity from the 

surface to about 60 cm, but by 80 cm the smectite peak has become 

a relatively sharp, dominant peak. 

--- 

At 

At French 

At 

Selective Extractions 

Three selective extractions, pyrophosphate, oxalate, and 

c i t r a t e -d i th ion i t e -b i ca rbona te  (CDB) were performed in order to 

determine the distribution of sesquioxides of aluminum and iron, 

and the distribution of amorphous aluminosilicate material. All 
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of  t h e s e  methods are l a r g e l y  e m p i r i c a l ,  and t h e  q u a n t i t i e s  of  

i r o n  and aluminum e x t r a c t e d  canno t  be s t r i c t l y  equa ted  w i t h  

s p e c i f i c  phases  (Schwertmann, 1973; Fey and Le ROUX,  1977). I n  

g e n e r a l ,  t h e  s e l e c t i v e  e x t r a c t i o n  r e s u l t s  show a g r e a t  d e a l  of 

scatter r e f l e c t i n g  t h e  h e t e r o g e n e i t y  of  t h e s e  s o i l s .  The s i l i c a  

v a l u e s  from a l l  t h e  e x t r a c t i o n s  are q u i t e  low (<  0.4%),  and show 

no s i g n i f i c a n t  t r e n d s .  

A t  a l l  t h r e e  s i t e s ,  o x a l a t e  and CDB e x t r a c t a b l e  aluminum shows 

a poor ly -de f ined  maximum v a l u e  a t  10 cm, and t h e n  d e c r e a s e s  w i t h  

d e p t h .  T h i s  s u g g e s t s  a small amount of aluminum h a s  been 

m o b i l i z e d  and h a s  accumula ted  a t  s h a l l o w  d e p t h s  i n  t h e  s o i l  as 

amorphous aluminum hydrox ides .  However, a t  none of t h e  s i tes  is  

t h e r e  a w e l l  d e f i n e d  aluminum and /o r  i r o n  s e s q u i o x i d e - r i c h  

h o r i z o n .  

S o l u t i o n  Chemis t ry  

ComDosition 

P r e c i p i t a t i o n -  Bulk p r e c i p i t a t i o n  i n  t h e  Medic ine  Bow 

Mountains  i s  r a t h e r  d i l u t e  w i t h  c a l c i u m  as t h e  major c a t i o n  and 

b i c a r b o n a t e  and s u l f a t e  as t h e  major  a n i o n s  ( T a b l e  2 ) .  

p r e c i p i t a t i o n  h a s  a modera t e ly  h i g h  a v e r a g e  pH o f  5 .21  

( a t m o s p h e r i c a l l y  e q u i l i b r a t e d  pu re  water i s  a b o u t  5.6).  

s u l f a t e  v a l u e s  are ba lanced  by ca l c ium and o t h e r  c a t i o n s ,  n o t  

m i n e r a l  a c i d i t y .  

The bu lk  

The h i g h  

It is  n o t  clear whether  t h e  s u l f a t e  is  
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TABLE 2: Average concentrations (urnoles/!L) o f  solutes in 
rainfall, throughfall, and s o i l  solutions from the 
organic layer from lodgepole stands i n  the Medicine 
Bow Mountains, 1979-81 (Knight, Fahey and Yavitt, 
unpubl i shed data )  

Bulk 
Rainfall 

No of 
samples 200 

Ca 
Mg 
K 
Na 
Mn 
so4 
c1 

42.7 

14.8 
18.7 
0.9 

14.1 
15.7 

8.2 

32.8  

un i ts) 
HCO3 
DOC (mg/l) 

Throuclhfall O m a n  i c 1 aver 

830 
74.4 
2 3 . 5  
42.5 
42.2 
3.8 

51.1 
29.3 
10.9 
8.4 
4.65 

solutions 
I 

103 * !  

153.2 
57.2 
79 - 0  
51.8 
4.7 
78.6 
28.2 

5.75 

172 
27 9l 

IAverage o f  43 samples. 
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a n t h r o p o g e n i c  p o l l u t i o n  from s e v e r a l  l a r g e  c o a l - f i r e d  p l a n t s  t o  

t h e  sou thwes t  which h a s  been n e u t a l i z e d  by p a r t i c u l a t e  ca l c ium 

c a r b o n a t e ,  o r  i s  n a t u r a l l y  d e r i v e d  p a r t i c u l a t e  ca l c ium s u l f a t e  

from t h e  a r i d  areas t o  t h e  west. 

T h r o u g h f a l l -  The compos i t ion  of t h r o u g h f a l l  i s  ex t r eme ly  

v a r i a b l e ,  bo th  s p a t i a l l y  and t e m p o r a l l y ,  and on a v e r a g e  shows a 

d e c r e a s e  i n  pH and a n  i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  of most i o n s ,  

p a r t i c u l a r l y  po ta s s ium,  ove r  bu lk  p r e c i p i t a t i o n  (Tab le  2 ) .  The. 

p r o p o r t i o n  of  t h e  i n c r e a s e  i n  t h e  s o l u t e  c o n c e n t r a t i o n  of 

t h r o u g h f a l l  f rom a )  l e a c h i n g  of  t h e  f o l i a g e ,  b )  d i s s o l u t i o n  of  

impacted  p a r t i c u l a t e s  on t h e  f o i l a g e ,  and c )  e v a p o r a t i v e  

c o n c e n t r a t i o n ,  is  p r e s e n t l y  unknown. Fahey (1979) s u g g e s t e d  t h a t  

impac t ion  and e v a p o r a t i o n  are major  s o u r c e s  of  i n c r e a s e d  c a t i o n  

c o n c e n t r a t i o n s  i n  t h r o u g h f a l l .  G r a u s t e i n  and Armstrong (1983) ,  

u s i n g  Sr87/Sr86  r a t i o s  i n  a New Mexico Engelmann s p r u c e  and 

s u b a l p i n e  f i r  s t a n d ,  found t h a t  66% of t h e  s t r o n t i u m  i n  

t h r o u g h f a l l  was a t m o s p h e r i c a l l y  d e r i v e d ,  emphas iz ing  t h e  p robab le  

impor t ance  of  impacted  p a r t i c u l a t e s  t o  t h e  compos i t ion  of 

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

Organ ic  Layer  S o l u t i o n s -  S o l u t i o n s  were n o t  c o l l e c t e d  from t h e  

o r g a n i c  l a y e r  a t  t h e  t h r e e  s i tes  used i n  t h i s  s t u d y ,  b u t  were 

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

Medic ine  Bow Mountains  used i n  t h e  eco logy  s t u d y  ( Y a v i t t ,  1984) .  

The s o l u t e  c o n c e n t r a t i o n s  i n  t h e  s o l u t i o n s  from t h e  o r g a n i c  l a y e r  

are so s p a t i a l l y  v a r i a b l e  t h a t  s o l u t i o n s  from t h e  v a r i o u s  s t a n d s  
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are s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e .  

s o l u t i o n s  from t h e  o r g a n i c  l a y e r  d u r i n g  snowmelt f rom t h e s e  s i t e s  

( T a b l e  2) t o  d i s c e r n  a t  l eas t  t h e  g e n e r a l  n a t u r e  of  t h e  s o l u t i o n  

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

We can  u s e  t h e  d a t a  on 

S o i l  S o l u t i o n s -  The unweighted a v e r a g e  s o l u t e  c o n c e n t r a t i o n s  

from 40 c m  and 140 cm t u b e  l y s i m e t e r s  a t  e a c h  s i t e  are p r e s e n t e d  

i n  T a b l e  3.  

computed because  v a r i a t i o n s  i n  p e r m e a b i l i t y  and t h e  p o o r l y  

Volume-weighted a v e r a g e s  and f l u x e s  cou ld  n o t  be 

d e f i n e d  geometry of  t h e  r e g i o n  sampled by t h e  t u b e  l y s i m e t e r s  

mean t h a t  t h e  volume of  s o l u t i o n  c o l l e c t e d  by t h e  t u b e  l y s i m e t e r s  

is  n o t  n e c e s s a r i l y  r e p r e s e n t a t i v e  of  s o l u t i o n  f l u x  th rough  t h e  

s o i l .  

DISCUSSION 

I n i t i a l l y  w e  had hoped t o  f i n d  t h e  s o i l  and s o i l  s o l u t i o n s  

s p a t i a l l y  homogenous, w i t h  v a r i a t i o n s  o n l y  i n  d e p t h  and time. 

U n f o r t u n a t e l y ,  a l l  t h r e e  s t a n d s  are e x t r e m e l y  he te rogeneous .  

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

v a r i a t i o n s  i n :  1) v e g e t a t i v e  canopy cove r  which s i g n i f i c a n t l y  

m o d i f i e s  t h e  volume, o r g a n i c  and i n o r g a n i c  compos i t ion  o f  

p r e c i p i t a t i o n  a c t u a l l y  r e a c h i n g  t h e  f o r e s t  f l o o r ;  2) s p a t i a l  

v a r i a t i o n s  i n  t h e  l i t t e r  l a y e r ;  3) d r i f t i n g  of  t h e  snowpack, 

which cou ld  r e s u l t  i n  l a r g e  s p a t i a l  d i f f e r e n c e s  i n  water f l u x  

from snowmelt ;  4 )  v a r i a t i o n s  i n  t h e  s o i l  compos i t ion ,  

p a r t i c u l a r l y  i n  t h e  t i l ls;  and p robab ly  most i m p o r t a n t l y ,  
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TABLE 3: Unweighted average concentrations (pmoles/ll) o f  major 
solutes in s o i l  solutions sampled by suction tube lysimeters 
during 1982 snowmelt period. 

A1 bany 
40 cm 140 cm 

Ca 74.4 
Mg 26.3 
K 22.6 
Na 32.7 

58.0 
22.3 

so4 c1 
78 

Hco? PH PH 5.95 
u n i t s )  
A1 2.37 
Fe 1.33 
Si 231 
DOC 8.8 
Dissoc. 
organic 22 
ac i ds2 
Undissoc. 
organic 30 
acids2 

107.3 
36.0 
14.5 
94.0 
53.4 

9.2 
73 

5.68 

1.33 
0.67 

9.3 
482 

17 

38 

Nash Fork 

40 cm 

149.3 
73.4 
60.2 
44.2 

119.2 
65.7 

104 
5.99 

140 cm 

225 9 5 
164.5 
35.1 

108.9 
92.2 
29.7 

725 
6.67 

5.31 0.20 
5.79 0.14 

349 498 
17.3 6.9 

40 24 

72 23 

French Creek 

40 cm 140 cm 
66.3 68.5 
28.1 31.2 
14.5 9.8 
30.4 35.1 
81.8 193.4 
18.7 18.8 
73 110 

5.73 5.89 

0.38 0.35 
0.37 0.39 

4.4 4.3 
253 267 

7 11 

27 28 



-- 

5) v a r i a t i o n s  i n  p e r m e a b i l i t y  w i t h i n  t h e  s o i l .  

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

c h a n n e l s ,  i n f i l t r a t i n g  q u i c k l y ,  and c o n t a c t i n g  o n l y  t h e s e  narrow 

c h a n n e l s .  A smaller volume of  s o l u t i o n  may r e s i d e  i n  more 

i s o l a t e d  po re  s p a c e s  w i t h i n  t h e  s o i l  f o r  much l o n g e r  p e r i o d s .  

The he te rogeneous  n a t u r e  of  t h e  s o i l  h a s  been documented by 

measurements  of  i n f i l t r a t i o n  ra tes  a t  a l l  t h r e e  s i t e s  (Fahey and 

Nyberg, unpub l i shed  d a t a )  These  h e t e r o g e n e i t i e s  would r e s u l t  i n  

l a r g e  v a r i a t i o n s  i n  s o i l  s o l u t i o n  compos i t ions  o v e r  s h o r t  

d i s t a n c e s .  I n  a d d i t i o n ,  t h e  c o l l e c t i o n  of 0.5 t o  1.0 l i ters  of  

s o i l  s o l u t i o n  w i t h i n  a 24 hour  p e r i o d  affects  t h e  r e s i d e n c e  time 

of  s o i l  s o l u t i o n s  i n  t h e  immediate  v i c i n i t y  of  t h e  l y s i m e t e r  c u p ,  

and t h u s  cou ld  affect  t h e i r  compos i t ions .  

A l a r g e  p o r t i o n  

Clay  Mine ra l  Formation-  A t  a l l  t h r e e  s i tes  t h e  predominant  

c l a y  phase  formed by w e a t h e r i n g  i s  k a o l i n i t e  i n  t h e  n e a r  s u r f a c e  

and smectite a t  d e p t h .  

t h e  s o i l  and wea the r ing  r e a c t i o n s  p roceed ,  s o i l  s o l u t i o n s  shou ld  

accumula te  c a t i o n s  and d i s s o l v e d  s i l i c a  and t h e  pH shou ld  

i n c r e a s e .  T h i s  s h o u l d  t e n d  t o  f a v o r  t h e  f o r m a t i o n  of  smectite 

r a t h e r  t h a n  k a o l i n i t e  ( F i g .  3).  However, c a l c u l a t i o n s  u s i n g  

WATEQF (Plummer e t  a l . ,  1976) i n d i c a t e  t h a t  t h e  sampled s o i l  

s o l u t i o n s ,  even  t h o s e  from 140 cm, are more s u p e r s a t u r a t e d  w i t h  

r e s p e c t  t o  k a o l i n i t e  t h a n  w i t h  r e s p e c t  t o  smectite. S e v e r a l  o f  

t h e  e a r l y  140 c m  samples  f rom Nash Fork  are ve ry  close t o  t h e  

A s  t h e  s o i l  s o l u t i o n s  p e r c o l a t e  t h rough  
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Figure 3. Soil solution compositions plotted on a stability diagram 
for selected minerals in the system CaO-A1203-Si02-H20 at 
25°C (a€ter Drever, 1982). Activities were calculated 
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21 



kaolinite-smectite stability boundary, but the vast majority of 

the Nash Fork and all of the Albany and French Creek samples are 

firmly in the kaolinite stability field. 

associated with the position of the smectite-kaolinite stability 

boundary, but the boundary was largely established by observation 

of solution chemistry in natural weathering environments, so the 

behavior observed here represents a departure from the "normal" 

relationships between clay mineral formation and solution 

chemistry. 

There is uncertainty 

One explanation of the apparent contradiction between the clay 

phase predicted from soil solution compositions and the clay 

phase actually observed, may be that a large proportion of the 

water flux is through high permeability channels, and it is 

therefore primarily channel flow that the lysimeters collect. 

The majority of the soil particles, however, may actually be in 

contact with pore waters with much lower percolation rates. The 

longer residence time of pore water in the soil allows the 

accumulation of higher concentrations of dissolved cations and 

silica from weathering reactions, probably pushing the solution 

composition into the smectite stability field. 

concentrated pore waters may account for a very small proportion 

of the total water flux, and yet because they are in contact with 

a large proportion of the particle surface area subject to 

weathering, they may dominate the formation of secondary 

weathering products. 

smectite over kaolinite at depth, even at Albany and French Creek 

These more 

This could account for the dominance of 
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where t h e  s o i l  s o l u t i o n s  sampled by t h e  l y s i m e t e r s  are d i l u t e  and 

s h o u l d  f a v o r  k a o l i n i t e  f o r m a t i o n .  

Another  p o s s i b l e  e x p l a i n a t i o n  f o r  t h e  smectite fo rma t ion  i s  

t h a t  s o i l  s o l u t i o n s  move t h r o u g h  t h e  s o i l s  a t  t h e s e  s i t e s  f o r  

o n l y  a b o u t  t h r e e  months d u r i n g  t h e  y e a r .  During t h e  remainder  of 

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

accumula t ing  h i g h  s o l u t e  c o n c e n t r a t i o n s ,  and forming  smectite as 

a wea the r ing  p r o d u c t .  However, t h e  s o i l s  are a l l  q u i t e  d r y  

d u r i n g  t h e  l a t e  summer and w i n t e r ,  and t h e  e x t e n t  t o  which 

h y d r o l y s i s  - t ype  wea the r ing  r e a c t i o n s  c o u l d  t a k e  p l a c e  d u r i n g  

t h i s  p e r i o d  a p p e a r s  q u i t e  l i m i t e d .  

T rends  w i t h  Time and Depth --- 

Major Ions -  C o n c e n t r a t i o n s  of t h e  major  c a t i o n s  (Na, K ,  Ca, 

and Mg), s i l i c a ,  DOC, and o r g a n i c  a c i d s  have h i g h  v a l u e s  i n  t h e  

f i r s t  s p r i n g  melt water t o  p e r c o l a t e  t h rough  t h e  o r g a n i c  l a y e r  i n  

t h e  f o r e s t  f l o o r  ( F i g .  

s o i l  s o l u t i o n  (40  and 140 cm) s o l u t e  c o n c e n t r a t i o n s  v e r s u s  time 

4 ) .  However, a s i n g l e  p l o t  of  a l l  t h e  

d i s p l a y s  no o b v i o u s  t r e n d s .  The ca l c ium v e r s u s  d a t e  p l o t  ( F i g .  

5) is  r a t h e r  t y p i c a l  of t h e  a p p a r e n t  i ncohe rency  of s o i l  s o l u t i o n  

compos i t ions  w i t h  time. T h i s  is  presumably a r e s u l t  o f  t h e  

h e t e r o g e n e i t y  of  t h e  s o i l  and t h e  d i f f e r e n c e s  i n  t h e  d a t e  enough 

snow had me l t ed  t h a t  s o i l  s o l u t i o n  c o u l d  be  c o l l e c t e d  a t  t h e  

v a r i o u s  l y s i r n e t e r s .  However, when i n d i v i d u a l  l y s i m e t e r s  are 

p l o t t e d  ( F i g .  6 ) ,  s e v e r a l  t r e n d s  become e v i d e n t .  S o l u t e  
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c o n c e n t r a t i o n s  g e n e r a l l y  d e c r e a s e  w i t h  time th rough  t h e  main 

snowmelt p e r i o d ,  w i t h  a s l i g h t  r i se  ( p r o b a b l y  due t o  

e v a p o t r a n s p i r a t i o n )  a t  t h e  end of t h e  snowmelt. 

The h i g h  i n i t i a l  c o n c e n t r a t i o n s  can  be e x p l a i n e d  as a 

combina t ion  of 1) t h e  f l u s h i n g  of  accumula ted  wea the r ing  and 

decay  p r o d u c t s  from t h e  f a l l  and w i n t e r ,  and of  s o l u t e  i n p u t s  

f rom small r a i n s t o r m s  d u r i n g  t h e  p r e v i o u s  summer, 2)  r e s i d e n c e  

time of t h e  s o i l  s o l u t i o n  ( t h e  i n i t i a l  meltwater p e r c o l a t e s  

s l o w l y ) ,  and 3)  t h e  c o n c e n t r a t i o n  of o r g a n i c  s o l u t e s  i n  t h e  s o i l  

s o l u t i o n  and t h e i r  i n f l u e n c e  ove r  wea the r ing  rates i n  t h e  m i n e r a l  

s o i l .  

Winter  decompos i t ion  i s  t h e  major  f a c t o r  c o n t r o l l i n g  t h e  h i g h  

i n i t i a l  s o l u t e  c o n c e n t r a t i o n s  i n  t h e  s o l u t i o n s  from t h e  o r g a n i c  

l a y e r ;  i t  is  n o t  clear whether  t h e  h i g h  i n i t i a l  s o i l  s o l u t i o n  

c o n c e n t r a t i o n s  a t  40 cm and 140 cm r e p r e s e n t  w i n t e r  wea the r ing  

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

of  s o l u t e s  f rom t h e  f o r e s t  f l o o r  l i t t e r ,  o r  are a f u n c t i o n  of  

l o n g e r  s o l u t i o n  r e s i d e n c e  time. 

c o n c e n t r a t i o n s  s u g g e s t  t h e  l i t t e r  must have a major  i n f l u e n c e ,  

even  a t  140 c m .  

The h i g h e r  i n i t i a l  DOC 

P l o t s  of a v e r a g e  compos i t ions  of r a i n f a l l ,  t h r o u g h f a l l ,  and 

s o i l  s o l u t i o n s  are shown i n  F ig .  

i n t e r p r e t e d  w i t h  c a u t i o n  as t h e y  u s e  unweighted a v e r a g e  

c o n c e n t r a t i o n s  and n o t  e l e m e n t a l  f l u x e s .  There  are two competing 

f a c t o r s  c o n t r o l l i n g  t h e  c o n c e n t r a t i o n s  o f  t h e  major  i o n s  i n  s o i l  

7. These p l o t s  must be 
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s o l u t i o n s ,  1) v e g e t a t i v e  u p t a k e  and r e c y c l i n g ,  p r i m a r i l y  of  

po ta s s ium,  ca l c ium,  and magnesium, and 2 )  release of i o n s  by 

wea the r ing  r e a c t i o n s  ( i . e .  d i s s o l u t i o n  and p r e c i p i t a t i o n  of  

s o l i d  p h a s e s ) .  

magnesium and po ta s s ium between t h e  o r g a n i c  l a y e r  and 40 cm is  a 

r e s u l t  of v e g e t a t i v e  u p t a k e  i n  t h e  d e n s e l y  r o o t e d  zone above 40 

cm be ing  much g r e a t e r  t h a n  t h e  c o n t r i b u t i o n  of  t h e s e  e l e m e n t s  

from wea the r ing .  Below 40 c m ,  t h e  a v e r a g e  c o n c e n t r a t i o n s  o f  

calcium and magnesium as well as of sodium, s i l i c a ,  and 

b i c a r b o n a t e  i n c r e a s e  markedly w i t h  d e p t h  as wea the r ing  b e g i n s  t o  

predominate  o v e r  v e g e t a t i v e  u p t a k e .  Po ta s s ium,  however, is 

scavenged so v i g o r o u s l y  by v e g e t a t i o n  t h a t  i t  c o n t i n u e s  t o  

d e c r e a s e  i n  c o n c e n t r a t i o n ,  even below 40 cm. 

The d e c r e a s e  i n  c o n c e n t r a t i o n  of ca l c ium,  

The impor t ance  of v e g e t a t i v e  r e c y c l i n g  i n  c o n t r o l l i n g  s o i l  

The ra te  of  s o l u t i o n  compos i t ion  i s  demons t r a t ed  i n  T a b l e  4 .  

v e g e t a t i v e  r e c y c l i n g  of  e l e m e n t s  i s  approximated  by t h e  e l e m e n t a l  

f l u x  t o  t h e  f o r e s t  f l o o r  i n  v e g e t a t i v e  l i t t e r f a l l .  

c o n t r i b u t i o n  o f  e l e m e n t s  f rom wea the r ing  above 140 c m  i s  

c a l c u l a t e d  as t h e  d i f f e r e n c e  between e l emen t  l o s s  i n  s o l u t i o n  

from t h e  s t a n d  a t  140 c m ,  below any  s i g n i f i c a n t  v e g e t a t i v e  

u p t a k e ,  and t h e  e l e m e n t a l  i n p u t  i n  bu lk  p r e c i p i t a t i o n .  The water 

f l u x  a t  140 cm i s  based  on t h e  h y d r o l o g i c  model of  Running 

( 1 9 8 3 ) .  It s h o u l d  be emphasized t h a t  t h e  r e s u l t i n g  r a t i o  of 

v e g e t a t i v e  r e c y c l i n g  t o  w e a t h e r i n g  i s  a minimum v a l u e ,  s i n c e  

v e g e t a t i v e  r e c y c l i n g  of e l e m e n t s  l e a c h e d  from f o l i a g e  by 

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

The 
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TABLE 4: Fluxes of major cations in vegetative 
recycling and weathering at the Nash 
Fork site. U n i t s  are g/m2/y. 

Ca M9 K 
Flux to the forest 

Outflow in solution 
at 140 cm2 1 .og 0.282 0.093 

Input in 
prec i p i tat ion2 0.27 0.044 0.095 

Contribution from 
weathering 0.82 0.238 0.00 
(outflow-input) 

Ratio of vegetative 
cycling flux to 0.89 0.52 very 
weathering flux 1 a rge 

floor in 1 i tterl 0.73 0.123 0.155 

lfrom Fahey (1983) 2from Knight et a1 (in press) 



impacted particulates are not included in atmospheric input. 

At Nash Fork essentially all the potassium is recycled by 

vegetation, atmospheric input approximately equalling outflow, 

and 89% as much calcium and 52% as much magnesium is recycled as 

is contributed by weathering. 

uptake takes place above 40 cm, whereas much of the weathering 

takes place between 40 cm and 140 cm, the importance of 

vegetation in controlling the composition of soil solutions in 

the near surface is quite dramatic. Unfortunately, sodium and 

silica concentrations were not available for leaf-fall, and so 

similar balances could not be computed for these elements. 

Graustein (1981) reports silica concentrations of 0.45% by dry 

weight in spruce foilage and Rodin and Bazilevich (1967)  report 

silica concentrations of 0.12% by dry weight in Pinus silvestris 

litter fall. Thus, silica is probably also recycled 

substantially in these lodgepole pine stands. Although sodium 

comprises a much lower percentage of the biomass, the amount 

recycled by vegetation could still be large enough to mask any 

weathering stoichiometry in the near-surface solutions. 

Considering that most vegetative 

A further important aspect of the cycling of elements through 

the biomass is the effect of increases in the biomass on the net 

export of elements in solution. 

leaving the base of the soil zone reflect both supply by 

weathering of minerals and loss by net uptake by the biomass 

(compare Likens et al., 1977) .  

The compositions of solutions 

In the pine forests of the 
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Medicine Bow Mountains  t h e  biomass g e n e r a l l y  accumula t e s  u n t i l  

t h e r e  is a major  d e s t r u c t i o n /  release by f i r e ,  which o c c u r s  a t  

i n t e r v a l s  of  t y p i c a l l y  100 t o  200 y e a r s .  On time-scales s h o r t e r  

t h a n  t h i s ,  t h e  e x p o r t  o f  c a t i o n s  i n  s o l u t i o n  does  n o t  co r re spond  

e x a c t l y  t o  t h e  release of  c a t i o n s  by wea the r ing .  

D i s so lved  Ornan ic  ComDounds 

The l i t t e r  l a y e r  is  t h e  major  s o u r c e  of DOC i n  t h e  s o i l  

s o l u t i o n ,  and c o n c e n t r a t i o n s  of  DOC, weak d i s s o c i a t e d  o r g a n i c  

a c i d s ,  and u n d i s s o c i a t e d  o r g a n i c  a c i d s  a l l  d e c r e a s e  r a p i d l y  w i t h  

d e p t h  i n  t h e  m i n e r a l  s o i l  ( F i g .  8).  The f a t e  of  t h e s e  d i s s o l v e d  

o r g a n i c  compounds is u n c e r t a i n .  They may be: 1) t a k e n  up by 

v e g e t a t i o n ;  2 )  me tabo l i zed  by s o i l  microorganisms;  3 )  f l o c c u l a t e  

o r  po lymer i ze  t o  form p e r s i s t e n t  "mine ra l i zed"  o r g a n i c  matter i n  

t h e  s o i l ;  or 4 )  be adso rbed  on c l a y  o r  s e s q u i o x i d e  s u r f a c e s .  

a b s o l u t e  amount of  ca rbon  l o s t  from s o i l  s o l u t i o n s  between 40 c m  

and 140 cm is so small, however, t h a t  t h e  accumula t ion  of o r g a n i c  

ca rbon  would be  d i f f i c u l t  t o  d e t e c t .  

The 

D i s s o l v e d  o r g a n i c  ca rbon  shows a pronounced t r e n d  of  h i g h  

s p r i n g  c o n c e n t r a t i o n s  i n  t h e  o r g a n i c  l a y e r  similiar t o  t h a t  of  

t h e  c a t i o n s .  However, t h e  t r e n d  is  p r o g r e s s i v e l y  less pronounced 

a t  40 cm and 140 cm, which t e n d  t o  have t h e i r  h i g h e s t  DOC v a l u e s  

s l i g h t l y  l a te r  i n  t h e  snowmelt p e r i o d .  

r e t a r d a t i o n  of d i s s o l v e d  o r g a n i c  compounds from t h e  f o r e s t  f l o o r  

l i t t e r  by a d s o r b t i o n  on c l a y  and o x i d e  s u r f a c e s ,  s lowing  t h e i r  

pas sage  t h r o u g h  t h e  s o i l .  

T h i s  may be due t o  
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Aluminum and I r o n -  The s o l u b i l i t i e s  of  aluminum and i r o n  as  -- 

free i o n s  and i n o r g a n i c  complexes are q u i t e  l o w  a t  pH v a l u e s  

between a b o u t  4 and 10 (Dreve r ,  1982) .  E q u i l i b r i u m  c a l c u i l a t i o n s  

u s i n g  WATEQF i n d i c a t e  t h a t  t h e  samples  w i t h  h i g h e r  aluminum 

v a l u e s  shou ld  be  o v e r s a t u r a t e d  w i t h  r e s p e c t  t o  g i b b s i t e .  

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

T h i s  is  

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

it is  o r g a n i c  complexa t ion  

t h e  h i g h  aluminum v a l u e s .  

complexes i n  i t s  c a l c u l a t i o n s ,  

t h a t  i s  presumably r e s p o n s i b l e  

s t o r a g e  d i s c u s s e d  ear l ie r .  WATEQF 

and 

f o r  

The c o r r e l a t i o n s  between a1 rmini m ,  i r o n  and DOC i n  t h e  s o i l  

s o l u t i o n s  of t h i s  s t u d y  ( F i g .  9 )  are n o t  as  good as t h o s e  found 

i n  o t h e r  s t u d i e s  (An twe i l e r  and Dreve r ,  1983; G r a u s t e i n ,  1981; 

Beck e t  a l . ,  1974) ,  pe rhaps  because  t h e  DOC v a l u e s  h e r e  are much 

lower  t h a n  t h e  g e n e r a l  l e v e l s  i n  t h e s e  o t h e r  s t u d i e s .  

samples  w i t h  h i g h  aluminum c o n c e n t r a t i o n s  a l s o  have h i g h  DOC 

v a l u e s ,  b u t  some samples  w i t h  h i g h  DOC v a l u e s  have low aluminum 

c o n c e n t r a t i o n s .  T h i s  cou ld  p a r t i a l l y  be a n  a r t i f a c t  of aluminum 

and i r o n  removal  by o r g a n i c  f l o c c u l a t i o n  b e f o r e  a n a l y s i s ,  

p a r t i c u l a r l y  a t  Nash Fork. However, a t  Albany t h e  c o r r e l a t i o n s  

between DOC, aluminum and i r o n  are p o o r ,  y e t  t h e r e  are good 

c o r r e l a t i o n s  between i r o n  and aluminum and bo th  d i s s o c i a t e d  and 

u n d i s s o c i a t e d  o r g a n i c  a c i d s  ( F i g .  10). T h i s  s u g g e s t s  t h a t  i t  is  

c a r b o x y l i c  a c i d s  r a t h e r  t h a n  t o t a l  DOC t h a t  c o n t r o l s  aluminum and 

i r o n  c o n c e n t r a t i o n s ,  and t h a t  t h e  p r o p o r t i o n  of DOC i n  s o i l  

s o l u t i o n s  which is  c a p a b l e  of complexing aluminum and i r o n  i s  

v a r i a b l e .  

The 
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Elemen ta l  R a t i o s  

The m a t r i x  of  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  of  major s p e c i e s  

i n  t h e  s o i l  s o l u t i o n s  i s  p r e s e n t e d  i n  T a b l e  5. 

groups  of v a r i a b l e s  which t e n d  t o  have m u t u a l l y  h i g h  c o r r e l a t i o n  

c o e f f i c i e n t s :  1) c a l c i u m ,  magnesium, sodium, s i l i c a  and pH -- t h e  

s p e c i e s  whose c o n c e n t r a t i o n s  a t  40 cm and below are p redomina te ly  

c o n t r o l l e d  by w e a t h e r i n g  r e a c t i o n s ;  and 2 )  po ta s s ium,  i r o n ,  

aluminum, d i s s o c i a t e d  and u n d i s s o c i a t e d  o r g a n i c  a c i d s ,  and DOC -- 

t h e  s p e c i e s  dominated by b i o l o g i c a l  p r o c e s s e s .  Aluminum and i r o n  

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

dependent  upon o r g a n i c  complexing.  

There  are two 

Although t h e  c o r r e l a t i o n s  w i t h i n  t h e  groups  of  wea the r ing  and 

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

s t i l l  c o n s i d e r a b l e  v a r i a b i l i t y  i n  t h e  compos i t ion  of  s o i l  

s o l u t i o n s .  

sodium, which have  r e l a t i v e l y  h i g h  c o r r e l a t i o n  c o e f f i c i e n t s  and 

are c o n t r o l l e d  p redominan t ly  by w e a t h e r i n g  r e a c t i o n s  d i s p l a y  

c o n s i d e r a b l e  scatter and no d e f i n i t i v e  s t o i c h i o m e t r y  ( F i g s .  11 

and 1 2 ) .  

Even e l emen t  p a i r s  such  as s i l i c a - s o d i u m  and calcium- 

By f a r  t h e  s t r o n g e s t  c o r r e l a t i o n  is between ca l c ium and 

magnesium which d i s p l a y  a l i n e a r  r e l a t i o n s h i p  i n  t h e  s o l u t i o n s  

from t h e  o r g a n i c  l a y e r  and t h e  m i n e r a l  s o i l  of a l l  t h r e e  sites 

( F i g .  13). T h i s  i s  somewhat s u r p r i s i n g ,  as  t h e y  have d i f f e r e n t  

m i n e r a l  sources and behave ve ry  d i f f e r e n t l y  i n  t h e  b i o t i c  sys tem 

(Fahey ,1983) .  The c l o s e  c o r r e l a t i o n  may be a r e s u l t  o f  b u f f e r i n g  
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TABLE 5: Linear correlation coefficients o f  solutes from 40 cm and 140 cm 
lysimeters, computed u s i n g  all 1982 data from all three sites. 

- Mg Na - K s o 4 -  C1 HCO3 pH 
Ca .86 .60 .57 .58 .62 .38 .44 
Mg ,74 .43 .32 .40 .50 .54 
Na 020 039 025 039 -53 
I( .54 .68 .OO - 1 3  

so4 .65 .13 -.08 

c1 -.lo -.06 
HCO3 45 
PH 

Si 

A1 

Fe 

DOC - A l  - Fe - Si - 
.62 , l g  .15 .28 
.52 .02 .iz .ii 

.36 .47 .47 .68 

.28 .29 .25 .58 

.65 -.I6 -.I0 -.06 

.53 .24 .l9 .31 

.2I -.22 -.I6 -.I9 

.29 -.40 -.40 -.I6 
*1g .14 .13 

-78 .67 
.61 
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by c a t i o n  exchange.  

Between-Si te  V a r i a t i o n s  

The t h r e e  s t u d y  s i tes  have similar climatic and v e g e t a t i v e  

c o n d i t i o n s ,  and y e t  have ve ry  d i f f e r e n t  s o i l  s o l u t i o n  

compos i t ions .  

compos i t ion  of  t h e  s o i l  s o l u t i o n  b o t h  th rough  d i f f e r e n c e s  i n  

The mine ra logy  of  t h e  s o i l  shou ld  a f f e c t  t h e  

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

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

c o n t r o l l i n g  t h e  r e s i d e n c e  time of s o i l  s o l u t i o n s ,  and as  

d i s c u s s e d  ear l ie r ,  c h a n n e l i n g  p robab ly  h a s  a profound i n f l u e n c e  

on t h e  o v e r a l l  s o i l  p e r m e a b i l i t y .  Of c o u r s e ,  s o i l  minera logy  and 

p e r m e a b i l i t y  are r e l a t e d ;  h i g h  c l a y  s o i l s  t e n d  t o  have low 

p e r m e a b i l i t i e s .  Although t h r e e  sites is  a r a t h e r  small sample 

from which t o  draw c o n c l u s i o n s  on t h e  c a u s e  of be tween- s i t e  

v a r i a t i o n s ,  w e  can  make s e v e r a l  o b s e r v a t i o n s .  

Of t h e  s i t e s  s t u d i e d ,  French  Creek h a s  by f a r  t h e  l o w e s t  

i n o r g a n i c  and o r g a n i c  s o l u t e  c o n c e n t r a t i o n s  i n  s o i l  s o l u t i o n s .  

It a l s o  h a s  a v e r y  f i n e  s o i l  w i t h  h i g h  c l a y  c o n t e n t  which r e s u l t s  

i n  a ve ry  low p e r m e a b i l i t y .  The h i g h  c l a y  c o n t e n t  means t h e  s o i l  

s h o u l d  have a h i g h  a d s o r p t i o n  c a p a c i t y .  

means a l o n g e r  r e s i d e n c e  time f o r  wea the r ing  r e a c t i o n s  t o  proceed  

and release c a t i o n s  t o  s o l u t i o n ,  b u t  a l s o  f o r  v e g e t a t i v e  up take  

of  c a t i o n s  and metabol i sm and f l o c c u l a t i o n  of  o r g a n i c  s o l u t e s .  

The low p e r m e a b i l i t y  
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The o r g a n i c  l a y e r  a t  French  Creek i s  f a i r l y  t h i c k  (6 cm), y e t  

t h e  40 cm s o i l  s o l u t i o n s  a t  French  Creek have v e r y  low DOC and 

d i s s o c i a t e d  and u n d i s s o c i a t e d  o r g a n i c  a c i d  c o n c e n t r a t i o n s .  

p robab ly  r e s u l t s  f rom some combina t ion  o f  a d s o r p t i o n  on c l a y  

s u r f a c e s  and a l o n g  r e s i d e n c e  time f o r  f l o c c u l a t i o n  and 

metabol i sm.  

by Fahey and Nyberg ( u n p u b l i s h e d ) .  

t h e  s o i l  s o l u t i o n s  s h o u l d  f a v o r  a c q u i s i t i o n  of  c a t i o n s  and s i l i c a  

from w e a t h e r i n g .  However, c a t i o n  and s i l i c a  c o n c e n t r a t i o n s  i n  

t h e  s o i l  s o l u t i o n s  a t  French  Creek are ve ry  low. 

f u n c t i o n  of  two factors;  1) t h e  e f f i c i e n t  removal  of  o r g a n i c  

a c i d s  a t  a s h a l l o w  d e p t h  means t h e y  are n o t  a v a i l i b l e  f o r  

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

k i n e t i c s  of  t h e  w e a t h e r i n g  r e a c t i o n s ,  and 2 )  t h e  s o i l  a t  French  

Creek i s  p redomina te ly  c l a y s  and q u a r t z  g r a i n s ,  b o t h  of which are 

e x t r e m e l y  r e s i s t a n t  t o  w e a t h e r i n g .  

T h i s  

The v e r y  slow i n f i l t r a t i o n  ra te  h a s  been documented 

The l o n g  r e s i d e n c e  time o f  

T h i s  c o u l d  be a 

The s o i l  a t  t h e  Albany s i t e  i s  q u i t e  po rous  and permeable  

(Fahey and Nyberg, u n p u b l i s h e d ) ,  and h a s  a ve ry  low c l a y  c o n t e n t .  

A s  a r e s u l t ,  bo th  t h e  r e s i d e n c e  time of  t h e  s o i l  s o l u t i o n  and t h e  

a d s o r p t i o n  c a p a b i l i t y  of t h e  s o i l  shou ld  be much lower t h a n  a t  

French  Creek ,  and ,  as would be e x p e c t e d ,  DOC and o r g a n i c  a c i d  

c o n c e n t r a t i o n s  d e c r e a s e  much more s l o w l y  w i t h  dep th .  

DOC v a l u e s  a t  Albany a c t u a l l y  i n c r e a s e  s l i g h t l y  w i t h  d e p t h  

( a l t h o u g h  t h e  i n c r e a s e  i s  s t a t i s t i c a l l y  i n s i g n i f i c a n t ) ,  and are 

twice as h i g h  as DOC v a l u e s  a t  French  Creek .  

French  Creek hav ing  a much t h i c k e r  o r g a n i c  layer .  

The a v e r a g e  

T h i s  i s  d e s p i t e  

C a t i o n  
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c o n c e n t r a t i o n s  a t  Albany i n c r e a s e  d r a m a t i c a l l y  between 40 cm amd 

140 cm. T h i s  i s  p robab ly  a r e s u l t  o f ;  1) t h e  h i g h  a v a i l a b i l i t y  

of m i n e r a l s  s u s c e p t i b l e  t o  w e a t h e r i n g ,  p a r t i c u l a r l y  amphibole ,  

b i o t i t e ,  and p l a g i c l a s e ;  and 2 )  t h e  p e r s i s t e n c e  of o r g a n i c  a c i d s  

i n  t h e  s o i l  s o l u t i o n  t o  g r e a t e r  d e p t h s  t o  act  as  a complexing 

a g e n t  and pH b u f f e r .  

i n t o  t h e  g r a n i t i c  bedrock  a t  Albany; a backhoe was a b l e  t o  d i g  t o  

two meters v e r y  e a s i l y ,  w i t h  no i n d i c a t i o n  of a s i g n i f i c a n t  

d e c r e a s e  i n  t h e  e x t e n t  o f  wea the r ing .  

p robab ly  a r e s u l t  o f  t h e  h i g h  p e r m e a b i l i t y  and low c l a y  c o n t e n t  

which a l l o w s  s o l u t i o n s  w i t h  h i g h  c o n c e n t r a t i o n s  o f  o r g a n i c  

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

The zone of w e a t h e r i n g  e x t e n d s  q u i t e  deep  

The d e p t h  of w e a t h e r i n g  i s  

The Nash Fork  s i t e  h a s  a p e r m e a b i l i t y  and c l a y  c o n t e n t  

i n t e r m e d i a t e  between t h o s e  of French  Creek and Albany. 

French  Creek  most DOC l o s s  arid c a t i o n  a c q u i s i t i o n  t a k e  p l a c e  

above  40 cm, and a t  Albany w e a t h e r i n g  and DOC l o s s  c o n t i n u e  on 

well below 140 cm, a t  Nash Fork  t h e  lower boundary o f  t h e  zone of 

While a t  

a c t i v e  w e a t h e r i n g  seems t o  l i e  between 40 c m  and 140 c m ;  t h e  Nash 

Fork  s o i l  s o l u t i o n s  show a d r a m a t i c  d e c r e a s e  i n  DOC and i n c r e a s e  

i n  c a t i o n  c o n c e n t r a t i o n s  between 40 cm and 140 cm. 

SUMMARY AND CONCLUSIONS 

1. I n  t h e  s h a l l o w  s o i l  (40 c m  and above ) ,  s o i l  water c h e m i s t r y  

i s  dominated by b i o l o g i c a l  p r o c e s s e s  -- u p t a k e  by r o o t s  and 
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release from decay  i n  t h e  l i t t e r  l a y e r .  

wea the r ing  of m i n e r a l s  becomes more s i g n i f i c a n t .  

Below 40 c m ,  

2. S o i l  water c o m p o s i t i o n s  a t  t h e s e  s i t e s  are h i g h l y  v a r i a b l e ,  

bo th  s p a t i a l l y  and t e m p o r a l l y .  The v a r i a b i l i t y  makes i t  

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

S o i l  s o l u t i o n s  are most c o n c e n t r a t e d  i n  e a r l y  s p r i n g ,  as t h e  

accumula ted  p r o d u c t s  of w e a t h e r i n g  and b i o l o g i c a l  decay are 

f l u s h e d  o u t .  

3 .  Uptake by t h e  biomass c a n n o t  be  i g n o r e d  i n  mass b a l a n c e  

c a l c u l a t i o n s  f o r  w e a t h e r i n g  i n  t h e s e  f o r e s t s .  E lements  

( p a r t i c u l a r l y  po ta s s ium)  accumula t e  i n  t h e  biomass u n t i l  t h e y  

are r e l e a s e d  by f i r e ,  which o c c u r s  e v e r y  100 t o  200 y e a r s .  

The biomass c a n  be  r e g a r d e d  as  be ing  i n  a s t e a d y  s ta te  o n l y  

f o r  time-scales of  s e v e r a l  c e n t u r i e s  o r  l o n g e r .  

4 .  K a o l i n i t e  is  forming  n e a r  t h e  s u r f a c e  and smectite a t  d e p t h  

i n  t h e  s o i l s ,  even  though thermodynamic c a l c u l a t i o n s  i n d i c a t e  

t h a t  k a o l i n i t e  s h o u l d  be  f a v o r e d  a t  a l l  d e p t h s .  

i n c o n s i s t e n c y  may be  because  t h e  l y s i m e t e r s  t e n d  t o  sample 

p r e f e r e n t i a l l y  water from h i g h - p e r m e a b i l i t y  c h a n n e l s .  

The 

5. Complexing by d i s s o l v e d  o r g a n i c  matter i s  i m p o r t a n t  i n  t h e  

t r a n s p o r t  o f  aluminum and i r o n .  

c o r r e l a t e  much more c l o s e l y  w i t h  d i s s o l v e d  o r g a n i c  a c i d s  t h a n  

w i t h  DOC, s u g g e s t i n g  t h a t  o r g a n i c  a c i d s ,  r a t h e r  t h a n  DOC i n  

g e n e r a l ,  are r e s p o n s i b l e  f o r  complexing t h e s e  e l e m e n t s .  The 

Di s so lved  aluminum and i r o n  
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d e p t h  a t  which d i s s o l v e d  o r g a n i c  compounds, and t h e r e f o r e  

aluminum and i r o n ,  are removed from s o i l  s o l u t i o n s  a p p e a r s  

s t r o n g l y  dependent  on s o i l  p e r m e a b i l i t y  and i n f i l t r a t i o n  

rates. 

major f a c t o r  i n  t h e  i m m o b i l i z a t i o n  of d i s s o l v e d  o r g a n i c  

compounds. 

Adsorp t ion  on s e s q u i o x i d e s  does  n o t  a p p e a r  t o  be  a 
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