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A b s t r a c t  - We measured t h e  b u l k  p r e c i p i t a t i o n  i n p u t s  and s t ream w a t e r  o u t p u t s  

o f  m a j o r  i o n s  t o  a  6.3 ha f o r e s t e d  watershed from March 1981 t h r o u g h  February  

1985; and t h e  pH o f  b u l k  p r e c i p i t a t i o n  and s t ream w a t e r  f r om 1975 th rough  

1984. We c a l c u l a t e d  cha rge  ba lances  f o r  p r e c i p i t a t i o n  and s t ream w a t e r  and 

used t h e  mass ba lances between i n p u t s  and o u t p u t s  t o  c o n s t r u c t  an average an- 

nua l  a c i d  budget f o r  t h e  watershed and t o  draw i n f e r e n c e s  about  t h e  f a t e  and 

impacts  o f  a c i d  d e p o s i t i o n .  

The mean pH o f  b u l k  p r e c i p i t a t i o n  even ts  was 4.14 ( range  3.41-6.11) f o r  

1981-1984 w h i l e  t h e  mean pH o f  week ly  s t ream samples was 5.17 ( range  4.15- 

6.37).  A t  t h e  90% c o n f i d e n c e  l e v e l ,  t h e  average annual  pH o f  b o t h  p r e c i p i t a -  

t i o n  and s t ream w a t e r  d e c l i n e d  s i g n i f i c a n t l y  between 1975 and 1984 and t h e  pH 

o f  s t ream w a t e r  was s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  p r e c i p i t a t i o n  pH ( r 2  = 0.44, 

P  = 0.06).  Bo th  p r e c i p i t a t i o n  and s t ream w a t e r  had a  s l i g h t  excess o f  an ions 

ove r  c a t i o n s ,  b u t  t h e  d i sc repancy  was o n l y  4.3% f o r  p r e c i p i t a t i o n  and 1.5% f o r  

s t ream wa te r .  B u l k  p r e c i p i t a t i o n  was p r i m a r i l y  a  d i l u t e  s o l u t i o n  o f  n i t r i c  

and s u l f u r i c  a c i d s  w i t h  s m a l l e r  amounts o f  ammonium, c h l o r i d e ,  and m e t a l l i c  

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

c h l o r i d e s .  The d i f f e r e n c e s  r e f l e c t  t h e  n e a r l y  comple te  r e t e n t i o n  o f  ammonium, 

hydron ium,  and n i t r a t e  i o n s ;  t h e  p a r t i a l  r e t e n t i o n  o f  s u l f a t e ;  and a  n e t  l o s s  

o f  m e t a l l i c  c a t i o n s  f r o m  t h e  watershed.  
-1 -1 

An average o f  1102 eq ha y r  of  a c i d  was n e u t r a l i z e d  i n  t h e  watershed. 

Of t h i s ,  76% e n t e r e d  as hydron ium i o n s  i n  p r e c i p i t a t i o n ,  21% was genera ted by 

ecosystem processes t h a t  r e t a i n e d  t h e  ammonium i o n s  i n  p r e c i p i t a t i o n ,  and 3% 

came f r o m  d i s s o c i a t i o n  o f  c a r b o n i c  a c i d  w i t h i n  t h e  ecosystem. T o t a l  a c i d  neu- 

t r a l i z a t i o n  ev idenced by t h e  mass ba lances o f  o t h e r  i o n s  was 1048 eq h a - I  
- 1 y r  , o f  wh ich  42% was f rom r e l e a s e  o f  m e t a l l i c  c a t i o n s ,  38% f r o m  r e t e n t i o n  o f  

n i t r a t e ,  20% f rom r e t e n t i o n  o f  s u l f a t e ,  and <1% f rom r e t e n t i o n  o f  phosphate.  

The watershed ecosystem n e u t r a l i z e d  98% o f  t h e  a c i d i t y  i n  b u l k  p r e c i p i -  

t a t i o n ,  b u t  t h e  remainder  was s u f f i c i e n t  t o  a c i d i f y  t h e  e f f l u e n t  stream. Be- 

cause o f  n i t r a t e  r e t e n t i o n  w i t h i n  t h e  ecosystem, t h e  n i t r i c  a c i d  i n  p r e c i p i -  



t a t i o n  was e f f e c t i v e l y  s e l f - n e n t r a l i z i n g  and d i d  n o t  a f f e c t  s t ream chemis t r y .  

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

s t ream a c i d i f i c a t i o n .  N a t u r a l  a c i d  sources ( c a r b o n i c  and o r g a n i c  a c i d  d i s s o -  

c i a t i o n )  c o n t r i b u t e d  l e s s  t h a n  3% o f  t h e  t o t a l  a c i d  budget .  The t o t a l  l o s s  

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

p o o l s  and rep1 e n i  shment f r o m  wea the r i ng ;  however, c a l  c i  um i s  p r e s e n t  i n  t h e  

s o i l  o n l y  i n  t r a c e  amounts. I f  p r e s e n t  l e a c h i n g  r a t e s  c o n t i n u e  w i t h  no r e -  

p lacement ,  36% o f  t h e  s o i l  c a l c i u m  poo l  wou ld  be exhausted i n  70 y e a r s .  Ob- 

se rved  l e v e l s  o f  a c i d  and d i s s o l v e d  aluminum i n  t h e  e f f l u e n t  s t ream a r e  w i t h i n  

t h e  ranges t h a t  cause adverse changes i n  a q u a t i c  communit ies.  

E x i s t i n g  maps o f  p o t e n t i a l  a c i d  d e p o s i t i o n  impacts  do n o t  c o r r e c t l y  i d e n -  

t i f y  o u r  s i t e  as a c i d  s u s c e p t i b l e .  Such maps shou ld  be i n t e r p r e t e d  w i t h  c a r e  

u n t i  1  more a c c u r a t e  p r e d i c t i o n s  a r e  a v a i l a b l e .  

INTRODUCTION 

Much r e c e n t  resea rch  has been d i r e c t e d  toward  e v a l u a t i n g  t h e  impac t  o f  

a tmosphe r i c  d e p o s i t i o n  o f  n i t r i c  and s u l f u r i c  a c i d s  on t e r r e s t r i a l  and a q u a t i c  

systems (see rev iews  i n  ERL, 1983; OTA, 1985).  A c i d  d e p o s i t i o n  ( " a c i d  r a i n " )  

can be h a r m f u l ,  u n i m p o r t a n t ,  o r  even b e n e f i c i a l  t o  ecosytems ( L i k e n s  e t  a l . ,  

1977; Johnson e t  a1 ., 1982; L i n t h u r s t ,  1984; P a e r l ,  1985) .  F o r  a  t e r r e s t r i a l  

ecosystem and i t s  r e c e i v i n g  wa te rs ,  t h e  impact  of  a c i d  d e p o s i t i o n  depends on 

t h e  geo logy,  s o i l s ,  and eco logy  o f  t h e  system; t h e r e f o r e ,  assessments must be 

made f o r  i n d i v i d u a l  systems on a  t o t a l  ecosystem b a s i s  (Johnson e t  a l . ,  1982; 

OTA, 1985).  We a r e  s t u d y i n g  t h e  e f f e c t s  of  a c i d  d e p o s i t i o n  a t  t h e  Smi thson ian 

I n s t i t u t i o n ' s  Rhode R i v e r  s tudy  s i t e  on t h e  wes te rn  sho re  o f  t h e  Chesapeake 

Bay, where t h e  s o i l s ,  v e g e t a t i o n ,  and l a n d  uses a r e  t y p i c a l  f o r  t h e  c o a s t a l  

p l a i n  o f  sou the rn  Mary land.  The impac ts  o f  a c i d  d e p o s i t i o n  on c o a s t a l  f o r e s t s  

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

t r i a l  systems c o n t r o l  t h e  impact  of  a c i d  d e p o s i t i o n  on e c o l o g i c a l l y  and econom- 

i c a l l y  i m p o r t a n t  r e c e i v i n g  wa te rs ,  such as t h e  Chesapeake Bay and i t s  t r i b u t a r -  

i e s .  

We a p p l y  t h e  sma l l  watershed t e c h n i q u e  ( L i k e n s  aJ., 1977) t o  i n f e r  t h e  

mechanisms o f  n e u t r a l i z a t i o n  o f  a c i d  d e p o s i t i o n  by comparing t h e  i o n i c  i n p u t s  

i n  p r e c i p i t a t i o n  t o  t h e  i o n i c  o u t p u t s  i n  t h e  s t ream d i s c h a r g e  from a  sma l l  

m o n i t o r e d  watershed. A  comple te  a c c o u n t i n g  o f  a l l  i o n s  i s  needed because hy- 

dron ium i o n  i s  i n v o l v e d  i n  most b i o l o g i c a l  and g e o l o g i c a l  r e a c t i o n s  t h a t  p ro -  



duce o r  consume o t h e r  i o n s  ( D r i s c o l l  and L i k e n s ,  1982).  We c o n s t r u c t  an a c i d  

budget  t o  e v a l u a t e  t h e  r e l a t i v e  impor tance  o f  d i f f e r e n t  pathways o f  a c i d  neu- 

t r a l i z a t i o n ,  and c o n s i d e r  t h e  i m p l i c a t i o n s  o f  t h e  budget f o r  t h e  impacts  o f  

a c i d  d e p o s i t i o n  on t h e  f o r e s t  and on a q u a t i c  communi t ies  i n  t h e  r e c e i v i n g  wa- 

t e r s .  

METHODS 

Study s i t e  - The Rhode R i v e r  d r a i n a g e  b a s i n  i s  p a r t  o f  t h e  i n n e r  m i d - A t l a n t i c  

c o a s t a l  p l a i n  and i s  l o c a t e d  on t h e  w e s t e r n  s h o r e  o f  Chesapeake  Bay a t  

3B053'N, 76'35'W (20  km sou th  o f  Annapo l i s ,  Mary land ) .  The mean annual  r a i n -  

f a l l  from a  160-year  weather  r e c o r d  i s  108 cm, and t h i s  r a i n f a l l  i s  d i s t r i b u -  

t e d  e v e n l y  t h roughou t  t h e  y e a r  (Higman and C o r r e l l ,  1982) .  The mean January  

and J u l y  t empera tu res  a r e  1.6 and 25.2OC, r e s p e c t i v e l y  (Higman and C o r r e l l ,  

1982).  We mon i to red  t h e  i n p u t s  and o u t p u t s  f r om a  6.3 ha subwatershed r e f e r -  

r e d  t o  as watershed 110. The average s l o p e  i s  8.3% and t h e  s o i l s  a r e  sandy 

loams f r o m  t h e  Eocene Nanjemoy f o r m a t i o n  ( C o r r e l l  e t  a1 ., 1984) .  Lower e l e v a -  

t i o n  s o i l s  a r e  f r om t h e  Keypo r t  s e r i e s ;  i n t e r m e d i a t e  e l e v a t i o n  s o i l s  a r e  from 

t h e  Howel 1  and Don lon ton  s e r i e s ;  and upper  e l e v a t i o n  s o i  1s a r e  f r o m  t h e  Mon- 

mouth, Ade lph ia ,  and C o l l i n g t o n  s e r i e s  ( K i r b y  and Matthews, 1973) .  I n  t h e  

modern s o i l  c l a s s i f i c a t i o n ,  a l l  t h e s e  s e r i e s  a r e  u l t i s o l s ;  and t h e  Keypo r t ,  

Don lon ton ,  and Ade lph ia  s e r i e s  a r e  a q u i c  h a p l u d u l t s  w h i l e  t h e  Howel l ,  Mon- 

mouth, and C o l l i n g t o n  s e r i e s  a r e  t y p i c  h a p l u d u l t s  ( K i r b y  and Matthews, 1973) .  

The average p a r t i c l e  c o m p o s i t i o n  o f  t h e  watershed s o i l s  i s  46% sand, 39% s i l t ,  

and 1 5 W l a y  ( P i e r c e ,  1982) .  F o r  60 cm s o i l  co res  c o l l e c t e d  i n  a l l  seasons 

f r o m  d i f f e r e n t  s i t e s  on watershed 110, t h e  mean pH was 4.9 and s o i l  o r g a n i c  

m a t t e r  c o n t e n t  was 4.2% ( C o r r e l l ,  1982).  The watershed i s  u n d e r l a i n  by an 

imperv ious  c l a y  l a y e r  ( M a r l b o r o  C l a y )  wh i ch  fo rms an e f f e c t i v e  a q u i c l u d e  and 

a l l o w s  w a t e r  d i s c h a r g e  t o  be measured by a  V-notch w i e r  on t h e  ephemeral 

s t ream d r a i n i n g  t h e  b a s i n  ( C o r r e l l  , 1977; C h i r l i n  and S c h a f f n e r ,  1977).  Bed- 

rock  i s  l o c a t e d  hundreds o f  meters  below t h e  a q u i c l u d e  (O t ton ,  1955; C o r r e l l ,  

1977) and does n o t  a f f e c t  t h e  c h e m i s t r y  o f  s u r f a c e  wa te r .  

Whigham (1984)  d e s c r i b e d  t h e  v e g e t a t i o n  as a  mixed spec ies ,  b road lea f  

dec iduous f o r e s t  dominated by w h i t e ,  sou the rn  red,  and b l a c k  oaks (Quercus 

a lba ,  Q. f a l c a t a ,  Q. v e l u t i n a ) ;  p i g n u t  and mockernut h i c k o r i e s  (Carya g l a b r a ,  

C. tomentosa) ;  t u l i p  p o p l a r  ( L i r i o d e n d r o n  t u l  i p i f e r a ) ;  and sweetgum ( L i q u i d -  - 
ambar s t y r a c i f l u a ) .  The w e l l  deve loped u n d e r s t o r y  i s  dominated by dogwood 
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(Cornus -- f l o r i d a )  and i ronwood (Ca rp inus  c a r o l i n i a n a )  i n  h i g h e r  p a r t s  o f  t h e  

watershed,  and by b l a c k  haw (Viburnum denta tum)  and sp icebush ( L i n d e r a  ben- 

z o i n )  i n  l ower  areas.  N i n e t y  pe rcen t  (5.7 h a )  o f  t h e  watershed has neve r  been 

c l e a r e d ,  b u t  was s e l e c t i v e l y  logged p r i o r  t o  1940. The r e m a i n i n g  10% (0.6 ha)  

was abandoned f rom f a r m i n g  i n  1940. 

Sampl ing  - B u l k  p r e c i p i t a t i o n  samples were t a k e n  a f t e r  each r a i n f a l l  event  

f r o m  a  c o l l e c t o r  on a  13 m tower  about  450 m n o r t h  o f  t h e  s tudy  s i t e .  Stream 

d i s c h a r g e  was measured by a  120 degree sha rp -c res ted  V-notch w e i r  and reco rded  

eve ry  5 min. Each week, t h r e e  samples o f  s t ream wa te r  were t a k e n  f o r  chemical  

a n a l y s i s .  Two o f  t h e  samples were i n t e g r a t e d  samples compos i ted  o v e r  one week 

f r o m  a l i q u o t s  pumped i n  p r o p o r t i o n  t o  s t ream f l o w  ( C o r r e l l  and Dixon,  1980).  

One o f  t h e  i n t e g r a t e d  samples was p rese rved  w i t h  2-3 ml of  12 N  s u l f u r i c  a c i d  

p e r  1  i t e r  t o  p r e v e n t  chemica l  and b i o l o g i c a l  t r a n s f o r m a t i o n s .  When t h e  two  

i n t e g r a t e d  samples were c o l l e c t e d ,  a  t h i r d  spo t  sample was t a k e n  f o r  a n a l y s i s  

o f  l a b i l e  chemical  spec ies  t h a t  c o u l d  n o t  be ana lyzed i n  t h e  a c i d  p rese rved  

sampl es. 

Chemical ana lyses - P r e c i p i t a t i o n  and a c i d i f i e d  i n t e g r a t e d  s t ream samples were 

f i l t e r e d  t h r o u g h  prewashed 0.45 um Mi 11 i p o r e  HA membrane f i l t e r s .  Ammonia was 

ana l yzed  c o l o r i m e t r i c a l  l y  a f t e r  r e a c t i o n  w i t h  h y p o c h l o r i t e  (R i cha rds  and 

K l e t s c h ,  1964) ;  o r t hophospha te  by r e a c t i o n  w i t h  molybdate  and s tannous c h l o r -  

i d e  (APHA, 1976);  and n i t r a t e  p l u s  n i t r i t e  by r e d u c i n g  n i t r a t e  t o  n i t r i t e  on 

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

(APHA, 1976).  Because n i t r i t e  was p r e s e n t  o n l y  i n  t r a c e  amounts, t h e  sum o f  

n i t r i t e  and n i t r a t e  i s  r e f e r r e d  t o  h e r e  as s i m p l y  n i t r a t e .  Over t h e  observed 

pH ranges o f  b o t h  p r e c i p i t a t i o n  and s t ream wa te r ,  o r t hophospha te  i s  p resen t  i n  

t h e  f o r m  o f  b iphospha te  i o n  (H2P04-). 

P r e c i p i t a t i o r l  and n o n a c i d i f i e d  i n t e g r a t e d  s t ream samples were f i l t e r e d  

and ana l yzed  f o r  s u l f a t e  and c h l o r i d e  by i o n  chromatography (D ionex Model 16 ) .  

T h i s  method was a l s o  used f o r  c a l c i u m  and magnesium u n t i l  December, 1983 and 

f o r  sodium and po tass ium u n t i l  March, 1984. A f t e r  t h e s e  da tes ,  m e t a l l i c  c a t -  

i o n s  were determined by a tom ic  a b s o r p t i o n  spec t roscopy  on a  P e r k i  n-Elmer Model 

5000. Sodium and po tass ium were de te rm ined  w i t h  an a c e t y l e n e  and a i r  f lame i n  

t h e  presence o f  cesium c h l o r i d e  w h i l e  c a l c i u m  and magnesium were determined 

w i t h  an a c e t y l e n e  and n i t r o u s  o x i d e  f l ame  i n  t h e  presence of  po tass ium c h l o r -  

i d e  (Perk in-E lmer ,  1982a). 



The a c i d i t i e s  o f  p r e c i p i t a t i o n  and s p o t  s t ream f l o w  samples were measured 

w i t h  an expanded range pH meter.  Fo r  s p o t  s t ream f l o w  samples, t o t a l  a l k a l i n -  

i t y ,  d i s s o l v e d  r e a c t i v e  s i l i c a ,  and t o t a l  f l u o r i d e  were a l s o  de te rm ined .  T o t a l  

a l k a l i n i t y  was measured by p o t e n t i o m e t r i c  t i t r a t i o n  w i t h  0.02 N  s u l f u r i c  a c i d  

t o  endpo in t s  o f  pH 4.5 and 4.2 (APHA, 1976 ) .  W i t h i n  t h e  range o f  observed 

s t ream pH, i o n i z e d  c a r b o n i c  a c i d  i s  p r e s e n t  p r i m a r i l y  as b i c a r b o n a t e  i o n ,  so 

t h e  measured t o t a l  a l k a l i n i t y  was i n t e r p r e t e d  as e q u i v a l e n t s  o f  b i c a r b o n a t e .  

B u l k  p r e c i p i t a t i o n  samples were t o o  a c i d  t o  c o n t a i n  s i g n i f i c a n t  amounts o f  

b i ca rbona te .  A  p o r t i o n  o f  spo t  s t ream f l o w  sample was f i l t e r e d  t h r o u g h  a  0.4 

pm Nucl  eopore f i l t e r  and d i s s o l v e d  r e a c t i v e  s i  1  i c a  de te rm ined  by t h e  molybdo- 

s i l i c a t e  method (APHA, 1976) and t o t a l  f l u o r i d e  by t h e  SPADNS method (APHA, 

1976) .  Another  p o r t i o n  o f  spo t  s t ream sample was f i l t e r e d  t h r o u g h  a  0.4 rn 
Nucleopore  f i l t e r  and a c i d i f i e d  t o  pH 2.0 w i t h  u l t r a p u r e  c o n c e n t r a t e d  n i t r i c  

a c i d  f o r  a n a l y s i s  o f  aluminum, i r o n ,  and manganese. T o t a l  d i s s o l v e d  aluminum 

was de te rm ined  by a tom ic  a b s o r p t i o n  spec t roscopy  on a  t empera tu re  s t a b i l i z e d  

p l a t f o r m  i n  t h e  Zeeman g r a p h i t e  f u rnace  i n  t h e  presence o f  magnesium n i t r a t e  

(Pe rk in -E lmer  1982b).  I r o n  and manganese were de te rm ined  by a tom ic  a b s o r p t i o n  

spec t roscopy  w i t h  an a c e t y l e n e  and a i r  f l ame  i n  t h e  presence o f  c a l c i u m  c h l o r -  

i de. 

Time spans o f  measurements - E leven  v a r i a b l e s  were measured c o n t i n u o u s l y  i n  - 
b o t h  b u l k  p r e c i p i t a t i o n  and s t ream d i s c h a r g e  f r o m  March 2, 1981, t h r o u g h  Feb- 

r u a r y  25, 1985: volume o f  w a t e r  ( T a b l e  1); pH ( T a b l e  2 ) ;  and t h e  concen t ra -  

t i o n s  o f  sodium, potass ium,  ca l c i um,  magnesium, ammonium, n i t r a t e ,  b i phospa te ,  

c h l o r i d e ,  and s u l f a t e  ( T a b l e  3 ) .  There  were 181 p r e c i p i t a t i o n  even ts  d u r i n g  

t h e  f o u r - y e a r  s tudy.  Stream f l o w  was ephemeral so o n l y  150 week ly  samples 

were t a k e n  o v e r  t h e  208-week p e r i o d .  App rox ima te l y  10% o f  t h e  c o m p o s i t i o n a l  

d a t a  were m i s s i n g  because o f  equipment m a l f u n c t i o n s  o r  f a u l t y  ana lyses.  These 

m i s s i n g  va lues were e s t i m a t e d  by i n t e r p o l a t i o n ,  by e x t r a p o l  a t i o n  o f  p r e v i o u s  

o r  succeed ing va lues,  o r  by comparison t o  measurements t a k e n  a t  o t h e r ,  s i m i l a r  

watersheds i n  t h e  Rhode R i v e r  dra inage.  

B i c a r b o n a t e ,  f l u o r i d e ,  aluminum, i r o n ,  manganese and d i s s o l v e d  s i  1 i c a  were 

n o t  measured ove r  t h e  e n t i r e  f o u r - y e a r  s t u d y  p e r i o d  ( T a b l e  4 ) .  A l k a l i n i t y  was 

measured between October  1981 and May 1982 and between November 1984 and May 

1985. Aluminum was measured f r o m  Feb rua ry  1984 t h r o u g h  May 1985 and f l u o r i d e ,  

s i l i c a ,  i r o n ,  and manganese were measured f r o m  June 1984 t h r o u g h  May 1985. 

Twelve weeks o f  d a t a  beyond t h e  February  25 end ing  d a t e  o f  t h e  s t u d y  were used 



Tab le  1. Volumes o f  p r e c i p i t a t i o n  and s t ream d i s c h a r g e  (cm) 

Annual volume Average seasonal  volume 
1981 1982 1983 1984 Mean Mar- June- Sep- Dec- 

May Aug Nov Feb 

P r e c i p i t a t i o n  102.2 115.0 138.4 109.5 116.3  34.1 30.3 24.0 27.9 
Stream d i s c h a r g e  4.8 8 .8  34.5 21.0 17.3  10.4 2.3 0.3 4.3 
% r u n o f f  4.7% 7.7% 25.0% 19.1% 14.8% 30.4% 7.5% 1.3% 15.4% 

Note: Seasons d e f i n e d  as f o u r  13-week p e r i o d s  s t a r t i n g  a p p r o x i m a t e l y  March 1, 
June 1 ,  September 1 ,  and December 1. 

Tab le  2. pH o f  b u l k  p r e c i p i t a t i o n  and s t ream wa te r  

Seasonal s t a t i s t i c s  
Annual s t a t i s t i c s  Mar.- June- Sep.- Dec.- 

1981 1982 1983 1984 Mean May Aug. Nov. Feb. 

B u l k  p r e c i p i t a t i o n  
* 

Mean 4.01 4.30 4.11 4.17 4.14 4.13 4.06 4.15 4.23 
Median 3.99 4.28 4.12 4.17 4.16 4.18 4.00 4.17 4.25 
Min.  3.41 3.81 3.44 3.53 3.41 3.41 3.44 3.53 3.60 
5 t h  % 3.62 3.97 3.50 3.59 3.64 3.70 3.52 3.60 3.70 
95 th  % 4.68 4.92 4.89 4.95 4.82 4.92 4.84 4.89 4.69 
Max. 4.85 4.93 4.92 6.11 6.11 4.93 6.11 4.92 4.74 

Stream w a t e r  

Mean 5.36 5.33 5.13 5.14 5.17 5.17 5.40 5.14 5.08 
Median 5.41 5.36 5.19 5.21 5.30 5.22 5.51 5.20 5.19 
Min. 4.15 4.88 4.85 4.36 4.15 4.15 5.23 4.85 4.85 
5 t h  % 4.30 5.04 4.85 4.91 4.89 4.57 5.23 t 4.88 
9 5 t h  % 5.82 5.91 5.52 6.12 5.32 5.84 6.32 t 5.74 
Max. 5.90 6.02 5.88 6.37 6.37 6.02 6.37 5.76 5.90 

* 
C a l c u l a t e d  as t h e  n e g a t i v e  l o g a r i t h m  o f  t h e  volume-wei gh ted  
mean hydron ium i o n  c o n c e n t r a t i o n .  

t ~ q u a l  t o  min. o r  max. because o f  sma l l  sample s i z e .  



Tab le  3. F l u x e s  o f  t e n  i o n s  i n  p r e c i p i t a t i o n  and s t ream w a t e r  

Average seasonal  f 1  ux  

-1  (eq ha-' season-') Annual f l u x  (ea ha v Mar.- June- Sep.- Uec.- 
I o n  1981 1982 1983 1984 Mean May Aug. Nov. Feb. 

B u l k  p r e c i p i t a t i o n  

Hydronium 1004 581 1077 
Ammonium 221 194 223 
Sodi um 132 178 311 
Cal c i  um 114 181 145 
Magnesium 91 141 111 
Potass ium 45 69 42 
S u l f a t e  908 799 1030 
N i t r a t e  374 372 538 
C h l o r i d e  410 258 378 
Biphosphate  5 6 8 

Stream w a t e r  

Hydronium 2 4 26 1 5  12 
Ammoni um 3 4 1 5  9 8 
Sodi um 77 147 479 334 259 
Cal c i  um 63 132 418 333 237 
Magnesium 95 201 616 383 324 
Potass ium 33 72 233 97 109 
S u l f a t e  271 414 1375 899 740 
N i t r a t e  5 8 32 1 3  14 
C h l o r i d e  81 106 380 233 200 
Biphosphate  1 4 9 6 5 

Note: I o n  f l u x e s  c a l c u l a t e d  week ly  as f l o w  t i m e s  c o n c e n t r a t i o n ,  t h e n  
summed t o  g i v e  t o t a l  annua l ,  average annua l ,  and average seasonal  f l u x e s .  

f o r  t h e s e  s i x  chemica ls  t o  max imize a v a i l a b l e  d a t a  and t o  ensure  t h a t  a l l  chem- 

i c a l s  were sampled o v e r  a t  l e a s t  one comple te  annual  c y c l e .  

RESULTS 

Water ba lance  - The average annual  r a i n f a l l  f o r  t h e  f o u r  y e a r s  f r o m  March 1981 -- 
t h r o u g h  Feb rua ry  1985 was 116 cm ( T a b l e  1 ) ;  s l i g h t l y  above t h e  108 cm average 

c a l c u l a t e d  f r o m  a  160-year  weather  r e c o r d ,  b u t  q u i t e  c l o s e  t o  t h e  mean o f  117 



+ 
Tab le  4. A d d i t i o n a l  c o n s t i t u e n t s  o f  s t ream w a t e r  

* 
Vol  ume-wei gh ted  Average annual  f l u x  

mean c o n c e n t r a t i o n  (moles (eq 

C a t i o n s  

A1 umi num 54 4.67 14.0 8 2 4 
I r o n  35 3.96 7.91 7 14 
Manganese 3 5 1,75 3.51 3 6 

An ions 

B i c a r b o n a t e  36 16,9 16.9 2 9 2 9 
F l  u o r i d e  37 10.8 10.8 19 19 

S i l i c a  37 521 901 

+ 
C o n s t i t u e n t s  measured f o r  o n l y  p a r t  o f  t h e  March 1981 
t h r o u g h  Feb rua ry  1985 s t u d y  p e r i o d .  

** 
Number o f  c o n c e n t r a t i o n  measurements made. 

* 
Assuming annual  s t ream d i s c h a r g e  o f  17.3 cm ( T a b l e  1). 

3+ 2 + t ~ s s u m i n g  i o n i c  forms o f  A1 , ~ e ~ ' ,  and Mn . 

cm r e p o r t e d  f o r  1967 t h r o u g h  1977 (Higman and C o r r e l l  , 1982).  Annual p r e c i p i -  

t a t i o n  ranged f rom 102 cm i n  1981 t o  138 cm i n  1983. Average annual  s t ream 

f l o w  was 17.3 cm ( range  4.8 t o  34.5) o r  15% o f  t h e  average annual  p r e c i p i t a -  

t i o n  ( range  5% t o  25%). The r u n o f f  pe rcen tage  seems l o w  compared t o  1974-76 

measurements o f  seven o t h e r  Rhode R i v e r  watersheds,  wh i ch  d i s c h a r g e d  20% t o  

34% o f  p r e c i p i t a t i o n  i n p u t s  ( C h i r l i n  and S c h a f f n e r ,  1977),  b u t  t h e  l o w e r  w a t e r  

y i e l d  f o r  watershed 110 can be a t t r i b u t e d  t o  t h e  f a c t  t h a t  wa te rshed  110 i s  

c o m p l e t e l y  f o r e s t e d  w h i l e  38% t o  69% o f  t h e  o t h e r  seven watersheds a r e  devoted 



t o  l e s s  r e t e n t i v e  l a n d  u s e s  such  as  row  c r o p s ,  r e s i d e n c e s ,  and  p a s t u r e s  

( C o r r e l l  , 1977).  

A c i d i t y  o f  p r e c i p i t a t i o n  and d i s c h a r g e  - Between March 1981 and Feb rua ry  1985, -- 
t h e  average pH o f  p r e c i p i t a t i o n  was 4.14 and t h a t  o f  s t ream d i s c h a r g e  5.17, a  

d i f f e r e n c e  o f  1.03 pH u n i t s  (Tab le  2 ) .  The annual  averages o f  b o t h  p r e c i p i -  

t a t i o n  pH and s t ream pH have d e c l i n e d  between 1975 and 1984 ( F i g .  1A). We 

used l i n e a r  r e g r e s s i o n s  o f  pH a g a i n s t  t i m e  t o  e s t i m a t e  average r a t e s  o f  pH 

d e c l i n e  o f  0.04 pH u n i t s l y r  f o r  p r e c i p i t a t i o n  and 0.08 pH u n i t s l y r  f o r  s t ream 

water .  The r e g r e s s i o n s  a l s o  i n d i c a t e d  t h a t  t h e  d e c l i n e s  i n  p r e c i p i t a t i o n  pH 

and s t ream pH were s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  90% c o n f i d e n c e  l e v e l  (F ig .  

1A).  The pH o f  d i s c h a r g e  was s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  p r e c i p i t a t i o n  pH 

a t  t h e  90% con f i dence  l e v e l  (F ig .  1B).  

Charge ba lance  - The c a l c u l a t i o n  o f  cha rge  ba lances f o r  t h e  p r e c i p i t a t i o n  and 

s t ream w a t e r  s o l u t i o n s  p r o v i d e s  a  s i m p l e  check on t h e  chemica l  ana lyses.  I n  

any s o l u t i o n ,  t h e  e q u i v a l e n t s  o f  d i s s o l v e d  c a t i o n s  must equal  t h e  e q u i v a l e n t s  

o f  d i s s o l v e d  an ions,  so a  m a j o r  d e p a r t u r e  f r o m  e q u a l i t y  wou ld  i n d i c a t e  s y s t e -  

m a t i c  e r r o r s  i n  t h e  chemica l  ana lyses o r  f a i l u r e  t o  measure an i m p o r t a n t  i o n .  

On ly  f o r  s t ream w a t e r  i n  1981 i s  t h e  a b s o l u t e  v a l u e  of  t h e  cha rge  imbalance 

g r e a t e r  t h a n  7% o f  t h e  t o t a l  a n i o n  f l u x  ( T a b l e  5 ) .  T h i s  was t h e  f i r s t  y e a r  

t h a t  many o f  t h e  chemica l  ana lyses were done i n  o u r  l a b o r a t o r y ,  so t h e r e  prob-  

a b l y  were l a r g e r  a n a l y t i c a l  e r r o r s  i n  1981. However, o n l y  9.3% o f  t h e  f o u r -  

y e a r  a n i o n  d i s c h a r g e  i n  s t ream w a t e r  o c c u r r e d  i n  1981 ( a  d rough t  y e a r )  so t h a t  

e r r o r s  i n  t h a t  y e a r  were r e l a t i v e l y  u n i m p o r t a n t  t o  t h e  f o u r - y e a r  averages. I n  

f a c t ,  t h e  f o u r - y e a r  charge imbalance was o n l y  -1.5% f o r  s t ream w a t e r  and -4.3% 

f o r  b u l k  p r e c i p i t a t i o n .  These f i g u r e s  a r e  q u i t e  good i n  compar ison t o  s i m i l a r  

s t u d i e s .  F o r  t e n  y e a r s  o f  da ta ,  L i k e n s  e t  a l .  (1977) r e p o r t e d  imbalances o f  

+4.6% f o r  b u l k  p r e c i p i t a t i o n  and -1.4% f o r  s t ream wa te r  and cons ide red  any 

annual  imba lance w i t h i n  f 10% t o  be ve ry  good. 

The annual  averages suggest  a  s l i g h t  excess o f  an ions  o v e r  c a t i o n s  i n  

b o t h  p r e c i p i t a t i o n  and s t ream water .  The median va lue  o f  C c a t i o n s  - Canions 

f o r  181 p r e c i p i t a t i o n  even ts  i s  -1.56 eq/ha, wh ich  i s  a t  t h e  b o r d e r l i n e  o f  

b e i n g  s i g n i f i c a n t l y  d i f f e r e n t  f r om z e r o  a t  t h e  90% con f i dence  l e v e l  (S179 = 
-1782, P = 0.011) by t h e  c e n t e r e d  s igned  rank t e s t  (SAS, 1982) .  However, t h e  

median v a l u e  o f  -0.002 eq/ha f o r  150 week ly  samples was n o t  s t a t i s t i c a l l y  d i f -  

f e r e n t  f r om z e r o  (S149 = -214, P = 0.7). 

Mass ba lance  - I n  an average y e a r ,  t h e r e  were n e t  ga ins  o f  hydronium, ammoni- -- 
400 



YEAR PRECIPITATION pH 

F i g .  1. T r e n d s  i n  a v e r a g e  a n n u a l  pH. A v e r a g e  pH was c a l c u l a t e d  as i n  T a b l e  2 

o v e r  w a t e r  y e a r s  e x t e n d i n g  f r o m  December t h o r o u g h  November. ( A )  shows t i m e  

p l o t s  o f  pH and  l i n e a r  r e g r e s s i o n s  o f  pH a g a i n s t  t i m e .  The r e g r e s s i o n  f o r  

p r e c i p i t a t i o n  was Y = -0.0372 X + 4.37 ( r 2  = 0.36, F = 4.41, P = 0 .069) ,  
1 ,8  

where  Y i s  a v e r a g e  a n n u a l  pH and  X i s  t h e  y e a r  number ( 0  f o r  1975, 9  f o r  

1 9 8 4 ) .  F o r  s t r e a m  pH, t h e  r e g r e s s i o n  f o r  e i g h t  y e a r s  o f  d a t a  was Y = -0.0794 

X + 5.76 ( r 2  = 0.52, F  = 6.53, P = 0 .043) .  ( B )  shows t h e  c o r r e l a t i o n  o f  
1,6 

s t r e a m  pH w i t h  p r e c i p i t a t i o n  pH. The r e g r e s s i o n  e q u a t i o n  was Y = 1.04 X + 

1.04 ( r 2  = 0.44, F = 5.51, P = 0 .063) ,  w h e r e  Y i s  s t r e a m  pH and X i s  p r e -  
1 ,6  

c i p i t a t i o n  pH. 

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

l o s s e s  o f  s i l i c a  and o f  b i c a r b o n a t e ,  f l u o r i d e ,  and  m e t a l l i c  i o n s  ( T a b l e  6, F i g .  
-1 -1 2 ) .  The t o t a l  i o n i c  i n p u t  o f  3319 e q  ha  y r  exceeds  t h e  t o t a l  o u t p u t  o f  

-1 -1 1999  e q  ha  y r  , s o  o v e r a l l ,  t h e  e c o s y s t e m  r e t a i n s  a b o u t  40% o f  i o n s  i n p u t .  

The p r i m a r y  c a t i o n s  i n  p r e c i p i t a t i o n  w e r e  h y d r o n i u m  and  ammonium w h i l e  t h e  

p r i m a r y  a n i o n s  w e r e  n i t r a t e  and s u l f a t e .  I n  s t r e a m  d i s c h a r g e ,  t h e  m a j o r  ca -  

t i o n s  w e r e  m e t a l l i c  c a t i o n s  and t h e  m a j o r  a n i o n s  w e r e  s u l f a t e  and  c h l o r i d e .  

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

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



T a b l e  5. Charge  b a l a n c e s  f o r  p r e c i p i t a t i o n  and s t r e a m  w a t e r  ( e q  h a - I  yr - l )  

B u l k  P r e c i p i t a t i o n  S t r e a m  W a t e r  
1981  1982 1983  1984  Mean 1 9 8 1  1982  1983  1984  Mean ~ e a n *  

C c a t i o n s  1606 1334  1 9 1 1  1632  1623  272 560 1786  1172  948  992  
Z a n i o n s  1696  1435  1954  1700  1696  357 532 1796  1150  959  1007 
C a l l  i o n s t  3302 2769 3865 3332 3319 629 1092  3583 2322 1907  1999  
I m b a l a n c e  , -90 - 9 1  -43 -68  -73  -85 t 2 8  -10 t 2 2  -11 -15 
% i m b a l a n c e  -5.3 -6.3 -2.2 -4.0 -4.3 -24  t 5 . 3  +0.6 t 1 . 9  -1.1 -1.5 

* 
I n c l u d e s  i o n s  i n  T a b l e  3. O t h e r  c o l u m n s  i n c l u d e  o n l y  i o n s  i n  T a b l e  2. 

t ~ c a t i  ons  - 1 a n i o n s .  

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

i n  p r e c i p i t a t i o n  i s  m o s t l y  n e u t r a l i z e d  i n  t h e  e c o s y s t e m  and r e p 1  aced  b y  m e t a l -  

i c  c a t i o n s .  M o s t  o f  n i t r o g e n  (ammonium and  n i t r a t e )  i n  p r e c i p i t a t i o n  i s  r e -  

moved i n  t h e  ecosys tem.  Some o f  t h e  s u l f a t e  i n  p r e c i p i t a t i o n  i s  r e t a i n e d ,  b u t  

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

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

c a t i o n s  1  e a v i  n g  t h e  ecosys tem.  

A c i d  b u d g e t  - Measurements  o f  t h e  pH and  vo lume o f  p r e c i p i t a t i o n  and s t r e a m  -- 
f l o w  y i e l d  a  d i r e c t  measurement  o f  t h e  i n p u t  and o u t p u t  o f  a c i d i c  i o n s  t o  t h e  

ecosys tem,  and  b y  d i f f e r e n c e ,  t h e  a c i d i t y  n e u t r a l i z e d  w i t h i n  t h e  sys tem.  How- 

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

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

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

mass b a l a n c e  d a t a  f o r  a l l  m a j o r  i o n s  ( T a b l e  6 )  p e r m i t  t h e  c o n s t r u c t i o n  o f  a  

more  c o m p l e t e  and i n f o r m a t i v e  a c i d  b u d g e t .  A l l  c h e m i c a l  r e a c t i o n s  mus t  p r o -  

ceed  s o  t h a t  mass and  c h a r g e  b a l a n c e  a r e  p r e s e r v e d ,  s o  r e a c t i o n s  t h a t  consume 

h y d r o n i u m  i o n  mus t  e i t h e r  consume a  b a l a n c i n g  a n i o n  o r  p r o d u c e  some o t h e r  c a t -  

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

i o n s  m u s t  s i m u l t a n e o u s l y  p r o d u c e  a  b a l a n c i n g  a n i o n  o r  consume some o t h e r  c a t -  

i o n  i n  exchange  f o r  t h e  h y d r o n i u m  i o n  p r o d u c e d .  T h e r e f o r e ,  t h e  measured  mass 

b a l a n c e  o f  any i o n  c a n  b e  combined  w i t h  a s s u m p t i o n s  o f  how many h y d r o n i u m  i o n s  



T a b l e  6. Mass ba lances ( i n p u t  f l u x e s  - o u t p u t  f l u x e s )  

Mean seasonal  ha lance  

-1 -1 (eq ha-' season-') 
Annual ba lance  (eq ha v r  ) Mar.- June- Sep.- Dec.- 

I on 1981 1982 1983 1984 Mean May Aug. Nov. Feb. 

Hydronium 1002 577 1052 
Ammoni um 218 189 208 
Sodi  um 54 31 -168 
Cal c i  um 51 49 -272 
Magnesi um -4 -59 -504 
Potass ium 13 -3 -191 
S u l f a t e  637 385 -345 
N i t r a t e  369 363 506 
C h l o r i d e  329 152 -2 
B iphospha te  4 2 -1 
A1 umi num(3+) 
I r o n ( 2 + )  
Manganese(2+) 
B i c a r b o n a t e  
F l u o r i d e  

* 
Assumes t h a t  t h e  unmeasured p r e c i p i t a t i o n  i n p u t  i s  zero .  

a r e  produced o r  consumed i n  ecosystem r e a c t i o n s  i n v o l v i n g  t h a t  i o n  t o  c a l c u -  

l a t e  t h e  n e t  p r o d u c t i o n  o r  consumption o f  a c i d i t y  i m p l i e d  by t h e  observed mass 

b a l  ance. 

We based  o u r  a c i d  budget on t h e  f o l l o w i n g  assumpt ions about  t h e  produc-  

t i o n  o r  consumption o f  d c i d i t y  i n  d i f f e r e n t  ecosystem r e a c t i o n s .  F u r t h e r  d i s -  

cuss ions  o f  t h e s e  assumpt ions may be found i n  D r i s c o l l  and L i k e n s  (1982)  and 

Johnson e t  a l .  (1982) .  
t 

1. P l a n t  up take  o f  one e q u i v a l e n t  o f  a c a t i o n  ( such  as NH4 o r  M', where 

M+ i s  any m e t a l l i c  i o n )  i s  accompanied by t h e  r e l e a s e  of  one e q u i v a l e n t  o f  

hydron ium i o n .  S i m i l a r l y  , p l a n t s  exchange one e q u i v a l e n t  of  h y d r o x i d e  i o n  f o r  

each e q u i v a l e n t  o f  n i t r a t e ,  phosphate,  o r  s u l f a t e  a s s i m i l a t e d .  

2. M e t a l l i c  c a t i o n s  l o s t  f r o m  t h e  ecosystem can be d i s p l a c e d  f rom s o i l  

exchange s i t e s ,  d i s p l a c e d  f rom l i v i n g  o r  dead biomass, o r  produced i n  chemical  

w e a t h e r i n g  o f  s o i l  m i n e r a l s .  A l l  t h r e e  processes consume one hydron ium i o n  



PREC I P I TAT I ON STREAM WATER 

I NO; 
CI- 

A.  B. 
r l l l l ~ l l l l ~ l r l l ~ l l l l ~  

1000 500 0 500 1000 
O N  FLUX (eq ho-' y-' ) 

F i g .  2. Average annual  i o n  f l u x e s  i n  p r e c i p i t a t i o n  ( A )  and s t ream w a t e r  ( 6 ) .  

f o r  each i o n i c  e q u i v a l e n t  o f  me ta l  l o s t .  

3. O x i d a t i o n  r e a c t i o n s  produce hydron ium i o n s  whi l e  r e d u c t i o n  r e a c t i o n s  

consume hydron ium i o n s .  The r e d u c t i o n  o f  one mole  o f  s u l f a t e  t o  s u l f i d e  con- 

sumes two  moles o f  hydron ium i o n s ,  o r  one e q u i v a l e n t  o f  hydron ium p e r  i o n i c  

e q u i v a l e n t  o f  s u l f a t e .  S i m i l a r l y ,  t h e  o x i d a t i o n  o f  s u l f i d e  t o  s u l f a t e  p ro -  

duces one e q u i v a l e n t  o f  hydron ium i o n  p e r  i o n i c  e q u i v a l e n t  of  s u l f a t e .  Re- 

d u c t i o n  o f  one e q u i v a l e n t  o f  n i t r a t e  t o  n i t r o u s  o x i d e  o r  n i t r o g e n  ( d e n i t r i f i -  

c a t i o n )  consumes one e q u i v a l e n t  o f  hydron ium i o n .  O x i d a t i o n  o f  one e q u i v a l e n t  



o f  ammonium t o  n i t r a t e  ( n i t r i f i c a t i o n )  produces t w o  e q u i v a l e n t s  o f  hydron ium 

i o n ,  b u t  i f  t h e  r e s u l t i n g  n i t r a t e  i s  t a k e n  up by p l a n t s  o r  d e n i t r i f i e d ,  one 

e q u i v a l e n t  of  hydron ium i o n  i s  consumed i n  t h e  second process and t h e  n e t  r e -  

a c t i o n  produces one e q u i v a l e n t  o f  hydron ium i o n .  

4. I m m o b i l i z a t i o n  of  i o n s  i n  t h e  s o i l  can g i v e  apparent  n e u t r a l i z a t i o n  

o f  hyd ron ium i o n s .  F o r  example, i f  ammonium i o n  i s  adsorbed t o  t h e  s o i l  p a r t -  

i c l e s ,  t h e n  t h e  hydron ium i o n  a s s o c i a t e d  w i t h  t h e  ammonia mo lecu le  i s  a l s o  

immob i l i zed .  S i m i l a r l y ,  s u l f a t e  i o n s  may be adsorbed i n  s o i l s  h i g h  i n  sesqu i -  

ox ides,  such as g i b b s i t e  (A1[OHJ3), h e m a t i t e  (Fe203) ,  o r  l i m o n i t e  (Fe2O3.H20). 

A l t hough  t h i s  a d s o r b t i o n  i s  no t  a  t r u e  n e u t r a l i z a t i o n ,  i t  a l s o  i m m o b i l i z e s  t h e  

a s s o c i a t e d  hydron ium i o n s  ( o r  o t h e r  c a t i o n s )  t h a t  were p a i r e d  w i t h  t h e  s u l f a t e  

i n  p r e c i p i t a t i o n  so t h a t  t h o s e  c a t i o n s  do n o t  appear i n  t h e  ecosystem o u t p u t  

(Johnson - e t  - a1 ., 1982; OTA, 1985) .  

5. Carbon ic  a c i d  i n  t h e  s o i l  s o l u t i o n  can d i s s o c i a t e  t o  produce one 

e q u i v a l e n t  each o f  hydron ium and b i c a r b o n a t e  i o n .  

6. C h l o r i d e  and f l u o r i d e  e n t e r  and l e a v e  t h e  ecosystem as n e u t r a l  s a l t s  

and do n o t  p a r t i c i p a t e  i n  r e a c t i o n s  p r o d u c i n g  o r  consuming hydron ium ions .  

F i g .  3  p r e s e n t s  a  schemat ic  a c i d  budget  based on t h e  above assumptions. 

We emphasize t h a t  t h i s  i s  n o t  a  r i g i d  m e c h a n i s t i c  diagram, b u t  s i m p l y  a  v i s u a l  

a c c o u n t i n g  system f o r  hydron ium i o n .  Arrows l e a d i n g  toward  t h e  c e n t r a l  box 

r e p r e s e n t  r e t e n t i o n s  o f  i o n s  by t h e  ecosystem, w h i l e  ar rows l e a d i n g  away f r o m  

t h e  box r e p r e s e n t  l o s s e s  o f  i ons .  F i g .  4A p r e s e n t s  t h e  same budget  as a  h i s t o -  

gram t h a t  focuses a t t e n t i o n  on t h e  t o t a l  amounts o f  p r o d u c t i o n  and consumption 

o f  a c i d i t y .  Of t h e  t o t a l  a c i d i t y  n e u t r a l i z e d  i n  t h e  system, 76% e n t e r s  as hy- 

dron ium i o n s  i n  p r e c i p i t a t i o n ,  21% i s  produced i n t e r n a l l y  by r e t e n t i o n  o f  am- 

monium i o n s  i n  p r e c i p i t a t i o n ,  and 3% i s  produced i n t e r n a l l y  by d i s s o c i a t i o n  o f  

c a r b o n i c  ac id .  App rox ima te l y  equa l  amounts o f  a c i d i t y  a r e  n e u t r a l i z e d  by t h e  

r e l e a s e  o f  m e t a l l i c  c a t i o n s  (42%) and t h e  r e t e n t i o n  o f  n i t r a t e  (38%).  Reten- 

t i o n  o f  s u l f a t e  p r o v i d e s  a  s m a l l e r ,  b u t  s t i l l  i m p o r t a n t  pe rcen tage  o f  a c i d  

n e u t r a l i z a t i o n  (20%).  There  i s  a  s l i g h t  excess o f  a c i d  i n p u t s  (1102 eq h a - I  

yr-l) o v e r  n e u t r a l i z a t i o n  (1048 eq ha-' yr-l) so t h e  budget  does n o t  ba lance 

e x a c t l y ;  however, t h e  4.8% d i sc repancy  i s  q u i t e  sma l l  g i v e n  t h a t  t h e s e  two  

numbers a r e  d e r i v e d  f r o m  s e v e r a l  thousand i n d i v i d u a l  f l o w  measurements and 

chemica l  ana lyses.  S i m i l a r  l e v e l s  o f  excess o f  a c i d  p r o d u c t i o n  have been re -  

p o r t e d  f o r  o t h e r  a c i d  budgets  (4.5% excess a c i d ,  D r i s c o l l  and L i k e n s ,  1982; 6% 

excess a c i d ,  Hemond and Eshleman, 1984).  



F i g .  3. Schematic a c i d  budget .  Numbers a r e  average annual  i o n  o r  a c i d  f l u x e s  

i n  eq/ha f rom Tab les  3, 4, and 6. The q u e s t i o n  mark r e p r e s e n t s  t h e  5% o f  t h e  
1 -1 

t o t a l  a c i d  i n p u t  o f  1113 eq ha- y r  t h a t  i s  n o t  accounted f o r  by t h e  ahove 

a c i d  s i n k s ,  y e t  does n o t  appear i n  t h e  s t ream wa te r .  

M+ NH: H ~ O +  
PRECIPITATION 

NO; SO:- H,PO; 
531 241 851 411 947 9 

DISCUSSION 

A c i d  budget - The l ow  pH and h i g h  c o n c e n t r a t i o n s  of  s u l f a t e  and n i t r a t e  i n  - 
h u l k  p r e c i p i t a t i o n  c o n f i r m  t h a t  t h e  Rhode R i v e r  s i t e  i s  r e c e i v i n g  s i g n i f i c a n t  

a c i d  d e p o s i t i o n .  The average annual  pH of  4.14 p u t s  t h e  s i t e  i n  t h e  zone o f  

most a c i d i c  r a i n f a l l  (pH 5 4.2) w i t h i n  t h e  a c i d  r a i n  b e l t  o f  t h e  e a s t e r n  U.S. 

(OTA, 1985).  The f o r e s t e d  watershed s t u d i e d  h e r e  p r e s e n t l y  n e u t r a l i z e s  o v e r  

98% o f  t h e  t o t a l  a c i d i t y  i n  b u l k  p r e c i p i t a t i o n ,  b u t  t h e  u n n e u t r a l i z e d  p o r t i o n  

does have an e f f e c t  on s t ream pH, as demonst ra ted by t h e  p a r a l l e l  d e c l i n e s  i n  

t h e  pH o f  p r e c i p i t a t i o n  and s t ream w a t e r  and by t h e  c o r r e l a t i o n  o f  s t ream pH 
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F i g .  4. Net p r o d u c t i o n  and n e t  n e u t r a l i z a t i o n  o f  a c i d i t y .  (A )  i s  t h e  unad- 

j u s t e d  a c i d  budget w h i l e  ( B )  i n c l u d e s  an ad jus tmen t  t h a t  ha lances  t h e  c h l o r i d e  

budget (see d i s c u s s i o n ) .  

w i t h  p r e c i p i t a t i o n  pH ( F i g .  1 ) .  One encou rag ing  aspec t  o f  t h e  pH t r e n d s  i s  

t h e  upswing i n  b o t h  p r e c i p i t a t i o n  and s t ream pH a f t e r  1980-1981. An e a r l i e r  

a n a l y s i s  o f  d a t a  f r om 1975 t o  1981 ( C o r r e l l  e t  a1 ., 1984) i n d i c a t e d  v e r y  s teep  

r a t e s  o f  pH d e c l i n e .  I f  t h o s e  t r e n d s  had con t i nued ,  t h e  average pH o f  b u l k  

p r e c i p i t a t i o n  and s t ream w a t e r  f o r  1984 would  have been 3.63 and 4.57--much 

l e s s  t h e n  t h e  a c t u a l  va lues  o f  4.17 and 5.14. The d a t a  s t i l l  i n d i c a t e  s i g n i f i -  

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

i n d i c a t e d .  

Hydronium i o n s  i n  p r e c i p i t a t i o n  and t h o s e  genera ted by r e t e n t i o n  o f  am- 

monium i o n s  i n  p r e c i p i t a t i o n  by t h e  ecosystem t o g e t h e r  c o n t r i b u t e  97% o f  t h e  

t o t a l  a c i d  budget o f  t h e  watershed ( F i g .  4A). Carbon ic  and o r g a n i c  a c i d s ,  



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

(Cronan e t  a1 ., 1978; Johnson e t  a1 ., 1983) ,  a r e  almost c o m p l e t e l y  overshad- - -  
owed by t h e  an th ropogen i c  a c i d s  i n  p r e c i p i t a t i o n .  The d i s s o c i a t i o n  o f  c a r -  

b o n i c  a c i d ,  as ev idenced by t h e  e f f l u x  o f  b i c a r b o n a t e  i n  s t ream wa te r ,  c o n t r i -  

bu tes  l e s s  t h a n  32 o f  t h e  a c i d  budget.  S i m i l a r l y ,  o r g a n i c  a c i d s  do n o t  appear 

t o  d i s s o c i a t e  t o  produce s i g n i f i c a n t  amounts o f  hydron ium i o n s  w i t h i n  t h e  wa- 

t e r shed .  I f  t h i s  process was i m p o r t a n t ,  t h e  cha rge  ba lance  s h o u l d  g i v e  sn 

apparent  an ion  d e f i c i t  because o r g a n i c  an ions  were n o t  i n c l u d e d  ( D r i s c o l l  and 

L i kens ,  1982; Johnson - e t  - a1 ., 1983).  I n s t e a d ,  t h e r e  was a  s m a l l  a n i o n  excess 

(Tab1 e  5 ) .  

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

t h e  g r e a t e r  p o t e n t i  a1 t o  impact  f o r e s t e d  watersheds and e f f l u e n t  streams i n  

t h e  Rhode R i v e r .  T h i s  c o n c l u s i o n  f o l l o w s  because 97% of t h e  d e p o s i t e d  n i t r a t e  

i s  r e t a i n e d  i n  t h e  ecosystem by p l a n t  up take  and d e n i t r i f i c a t i o n ,  r e s u l t i n g  i n  

t h e  n e u t r a l i z a t i o n  o f  one e q u i v a l e n t  o f  hydron ium i o n  f o r  each e q u i v a l e n t  o f  

n i t r a t e  r e t a i n e d .  From a  watershed p e r s p e c t i v e ,  t h e  i n p u t  o f  n i t r i c  a c i d  i s  

e s s e n t i a l l y  s e l f - n e u t r a l  i z i n g  and does n o t  a f f e c t  t h e  c h e m i s t r y  o f  s t ream wa- 

t e r .  However, i f  n i t r a t e  r e t e n t i o n  occu rs  i n  deeper s o i l  l a y e r s ,  t h e  n i t r i c  

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

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

t r a n s p o r t  of  n u t r i e n t  c a t i o n s  below t h e  r o o t i n g  zone. S u l f a t e  p r o v i d e s  73% o f  

t o t a l  a n i o n  f l u x  i n  s t ream wa te r  and c h l o r i d e  p r o v i d e s  20%, w h i l e  an ions o f  

o t h e r  a c i d s  ( n i t r a t e ,  b i c a r b o n a t e ,  and o r g a n i c  a n i o n s )  a r e  o n l y  4.2% o f  t o t a l  

an ion  e f f l u x .  These percentages suggest  t h a t  a tmospher ic  s u l f u r i c  a c i d  i s  t h e  

dominant source o f  c a t i o n  l e a c h i n g  and s t ream a c i d i t y  (Cronan e t  a1 ., 1978; 

Johnson z., 1983).  

Hemond and Eshelman (1984)  a l s o  r e p o r t e d  97% n i t r a t e  r e t e n t i o n  f o r  two 

watersheds i n  c e n t r a l  Massachuset ts  and asked whether  h i g h  l e v e l s  o f  n i t r a t e  

removal a r e  t h e  norm f o r  t h e  e a s t e r n  U.S., r a t h e r  t h a n  more modest l e v e l s  o f  

14-44% n i t r a t e  removal i n  e a r l i e r  r e p o r t s  f r o m  Hubbard Brook, New Hampshire 

and t h e  I n t e g r a t e d  Lake-Watershed A c i d i f i c a t i o n  Study i n  t h e  Ad i rondack Moun- 

t a i n s  o f  New York ( see  r e f e r e n c e s  i n  Hemond and Eshelman, 1984).  Our s tudy  

does n o t  answer t h i s  q u e s t i o n ,  b u t  i s  an example of  a  s i t e  i n  a  d i f f e r e n t  phys- 

i o g r a p h i c  p r o v i n c e  where n i t r a t e  r e t e n t i o n  i s  a lmost  comple te .  Thus, o u r  

s tudy  suppo r t s  t h e  impor tance  of n i t r a t e  r e t e n t i o n  as a  b u f f e r i n g  process i n  

t h e  e a s t e r n  U.S., and l e n d s  f u r t h e r  w e i g h t  t o  t h e  p roposa l s  o f  Hemond and 



Eshelman (1984)  t h a t  c o n s i s t e n t l y  l o w  n i t r a t e  c o n c e n t r a t i o n s  i n  s u r f a c e  w a t e r  

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

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

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

use on a c i d  d e p o s i t i o n .  C l e a r l y  n i t r a t e  r e t e n t i o n  s h o u l d  n o t  be i g n o r e d  i n  

r e g i o n a l  mode l i ng  e f f o r t s  (e.g., B i s c h o f f  aJ., 1984) n o r  i n  geochemical  

ana lyses o f  watershed wea the r i ng  (e.g., Ka tz  e t  a l . ,  1986) .  

F o r e s t  impacts  - A c i d  d e p o s i t i o n  can a f f e c t  f o r e s t s  d i r e c t l y  by i n j u r i n g  p l a n t  

t i s s u e s  o r  i n d i r e c t l y  by chang ing s o i l  n u t r i e n t  poo l s .  The s u l f a t e  and n i -  

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

f o r e s t s  l i m i t e d  by t h e s e  n u t r i e n t s  ( L i k e n s  e t  a1 ., 1977) .  More n e g a t i v e l y ,  

a c i d  d e p o s i t i o n  can remove e s s e n t i a l  n u t r i e n t  c a t i o n s  f r o m  ecosystems and 

m o b i l i z e  s o i l  aluminum, wh ich  can be d i r e c t l y  t o x i c  t o  p l a n t  r o o t s  and i n t e r -  

f e r e  w i t h  up take  o f  e s s e n t i a l  m e t a l l i c  c a t i o n s  ( U l r i c h  e t  a1 ., 1980; Hutterman 

and Ul r i c h ,  1984) .  The p o s s i b l e  e f f e c t s  i n c l u d e  reduced growth  o r  regenera-  

t i o n ,  i n c r e a s e d  m o r t a l i t y ,  and changes i n  spec ies  composi t i o n .  The p o t e n t i a l  

f o r  d i r e c t  a c i d  damage t o  p l a n t s  has been v e r i f i e d  i n  l a b o r a t o r y  s t u d i e s  and 

t h e  ha rmfu l  e f f e c t s  o f  c a t i o n  d e f i c i e n c i e s  on p l a n t s  a r e  w e l l  known, b u t  t o  

da te ,  no f i e l d  s t u d i e s  have unequi  vocab l y  demonst ra ted d e l e t e r i o u s  e f f e c t s  o f  

a c i d  d e p o s i t i o n  on U.S. f o r e s t s  (Evans, 1982; L i n t h u r s t ,  1984; OTA, 1985).  

Many s t u d i e s  have a t t emp ted  t o  e v a l u a t e  t h e  impor tance  o f  c a t i o n  l e a c h i n g ,  b u t  

have g e n e r a l l y  conc luded t h a t  c a t i o n  l o s s  r a t e s  f r o m  a c i d  d e p o s i t i o n  a r e  no t  

a l a r m i n g  because t h e  l o s s  r a t e s  a r e  sma l l  r e l a t i v e  t o  s o i l  p o o l s  (Johnson 3 
al . ,  1983).  A l so ,  t h e  s o i l  p o o l s  a r e  c o n s t a n t l y  r e p l e n i s h e d  by c a t i o n s  r e -  - 
leased  from p a r e n t  m a t e r i a l s  i n  chemica l  w e a t h e r i n g  r e a c t i o n s  t h a t  a r e  a c t u a l -  

l y  a c c e l e r a t e d  by i nc reased  a c i d i t y .  

We do n o t  have measurements t o  examine p o s s i b l e  p h y s i o l o g i c a l  e f f e c t s  o f  

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

f a t e  f e r t i l i z a t i o n ;  however, t h e  l o s s  r a t e  of  c a l c i u m  f r o m  ou r  system i s  unus- 

u a l  l y  a la rm ing .  C u r r e n t l y ,  441 eq/ha o f  m e t a l l i c  c a t i o n s  a r e  a n n u a l l y  leached 

from t h e  f o r e s t e d  watershed. T h i s  r a t e  i s  l ower  t h a n  c a t i o n  l e a c h i n g  r a t e s  

r e p o r t e d  f o r  o t h e r  s i t e s  i n  t h e  e a s t e r n  U.S. (e.g. 1270 eq h a - I  y r - l  a t  Hub- 

ba rd  Brook, L i k e n s  - -  e t  a1 . , 1977; a p p r o x i m a t e l y  1200 eq ha-' y r - '  i n  c e n t r a l  

Massachuset ts ,  Hemond and Eshelman, 1984; 890-2300 eq ha-' y r - I  i n  e a s t e r n  

Tennessee, Johnson e t  a l . ,  1982) ,  b u t  must be e v a l u a t e d  i n  comparison t o  t h e  



T a b l e  7. C a t i o n  l o s s  r a t e s  

1976  M e a s u r e d  f l u x e s  t 

S o i  1  A v e r a g e  P e r c e n t  Years  
p o o l  * a n n u a l  l o s s  l o s s  i n  t o  

I on ( k e q / h a )  ( k e q / h a )  % 70 y e a r s  100  % 

P o t a s s i u m  16.0 0.049 0.31% 22% 324 
C a l  c i  um 16.9 0.086 0.51% 36% 197  
Magnesium 510 0.215 0.04% 3% 2372 

2+ .  mounts o f  t o t a l  ca2+ and e x c h a n g e a b l e  K+ and  Mg I n  t h e  u p p e r  60 cm o f  
s o i l  ( f r o m  C o r r e l l  e t  a1 ., 1 9 8 4 ) .  

t ~ v e r a g e  a n n u a l  l o s s  r a t e  ( T a b l e  6 )  as a  f l u x  a n d  as a  p e r c e n t a g e  o f  t h e  s o i l  
p o o l .  A l s o  g i v e s  t h e  p e r c e n t a g e  o f  s u r f a c e  s o i l  p o o l  l o s t  i n  7 0  y e a r s  and t h e  
t i m e  r e q u i r e d  t o  e x h a u s t  t h e  p o o l  i f  c u r r e n t  l o s s e s  c o n t i n u e  w i t h  n o  r e p l a c e -  
ment .  

t h e  amounts o f  e x c h a n g e a b l e  c a t i o n s  i n  t h e  s u r f a c e  s o i l  o f  o u r  s t u d y  s i t e  

( T a b l e  7 ) .  The c o m p a r i s o n  i s  d i f f i c u l t  t o  i n t e r p r e t  f o r  p o t a s s i u m  and magne- 

s i u m  because  t h e r e  a r e  l a r g e  amounts o f  t h e s e  e l e m e n t s  i n  t h e  s o i l  m i n e r a l s  

( P i e r c e ,  1 9 8 2 )  w h i c h  c a n  be  w e a t h e r e d  t o  r e p l e n i s h  a v a i l a b l e  p o t a s s i u m  and 

magnesium a t  some unknown r a t e .  However,  t h e r e  a r e  n o  s i g n i f i c a n t  s o u r c e s  o f  

c a l c i u m  i n  t h e  s o i l  m i n e r a l s  ( P i e r c e ,  1 9 8 2 ) ,  s o  T a b l e  7  may g i v e  t h e  t r u e  n e t  

l o s s  f r o m  t h e  ecosys tem.  A t  t h e  c u r r e n t  r a t e  o f  l o s s ,  t h e  c a l c i u m  p o o l  i n  t h e  

s o i l  w o u l d  b e  d e p l e t e d  i n  197  y e a r s ,  and  36% w o u l d  b e  l o s t  i n  a  s i n g l e  human 

l i f e t i m e  o f  a b o u t  70 y e a r s .  

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

o f  c a l c i u m  (Foss  e t  a l . ,  1969 ;  K i r b y  and  M a t t h e w s ,  1973;  J. W. P i e r c e ,  p e r -  

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

t i c u l a r l y  s i g n i f i c a n t  l o s s  t o  t h e  t e r r e s t r i a l  ecosys tems o f  t h e  r e g i o n .  How- 

e v e r ,  o u r  a n a l y s i s  o f  c a l c i u m  l o s s  r a t e s  mus t  he  i n t e r p r e t e d  w i t h  t w o  i m p o r -  

t a n t  c a v e a t s .  F i r s t ,  o u r  e s t i m a t e  o f  t h e  f o r e s t  c a l c i u m  p o o l  does  n o t  i n c l u d e  

t h e  c a l c i u m  i n  v e g e t a t i o n ,  w h i c h  may b e  1 t o  5% c a l c i u m  i n  d r y  w e i g h t  ( R a k e r ,  

1 9 8 3 ) .  G i v e n  t h a t  f o r e s t s  m a i n t a i n  a  l a r g e  s t a n d i n g  c r o p  o f  b i o m a s s ,  t h e  vege- 

t a t i o n  p o o l  c o u l d  e a s i l y  e q u a l  o r  e x c e e d  t h e  measured  s o i l  p o o l  i n  T a b l e  7. 

F o r  example ,  L i k e n s  e t  a l .  ( 1 9 7 7 )  r e p o r t e d  t h a t  t h e  s t a n d i n g  s t o c k  o f  p l a n t  



biomass and f o r e s t  f l o o r  l i t t e r  i n  t h e i r  n o r t h e r n  hardwood f o r e s t s  c o n t a i n e d  

43 keq/ha o f  ca l c i um.  Second, we do n o t  know t h e  r a t e  o f  l e a c h i n g  by c a r b o n i c  

and o r g a n i c  a c i d s  under  t h e  n a t u r a l  w e a t h e r i n g  reg ime t h a t  e x i s t e d  p r i o r  t o  

t h e  advent  o f  a c i d  d e p o s i t i o n  i n  t h e  t w e n t i e t h  c e n t u r y ;  so we can n o t  q u a n t i f y  

t h e  e x t e n t  t o  wh i ch  a c i d  d e p o s i t i o n  has i nc reased  t h e  n a t u r a l  l e a c h i n g  r a t e s .  

However, t h e  f a c t  t h a t  s t ream pH has dropped i n  response t o  a c i d  d e p o s i t i o n  

i n d i c a t e s  t h a t  t h e  a c i d  l o a d  has i n c r e a s e d  above n a t u r a l  l e v e l s  and s t r o n g l y  

suggests  a  co r respond ing  i n c r e a s e  i n  c a t i o n  l e a c h i n g  r a t e s .  Cronan e t  a l .  

(1978)  conc luded t h a t  l e a c h i n g  r a t e s  a r e  a c c e l e r a t e d  as t h e  pH o f  p r e c i p i t a -  

t i o n  d rops  below 4.5. 

Stream impac ts  - More t h a n  98% o f  t h e  t o t a l  a c i d i t y  i n  b u l k  p r e c i p i t a t i o n  was 

n e u t r a l i z e d  w i t h i n  t h e  f o r e s t e d  watershed, b u t  t h e  remainder  decreased t h e  pH 

o f  t h e  stream. Because t h e  f o r e s t s  cannot  c o m p l e t e l y  b u f f e r  t h e  streams f r o m  

a c i d  d e p o s i t i o n ,  a q u a t i c  ecosystems a r e  a1 so v u l n e r a b l e  t o  damage. The aver -  

age pH o f  5.17 i n  t h e  e f f l u e n t  s t ream r e p r e s e n t s  a  l e v e l  o f  a c i d i t y  t h a t  can 

have d i r e c t  t o x i c  e f f e c t s  on f i s h ,  i n v e r t e b r a t e s ,  and o t h e r  a q u a t i c  organisms 

and can a l t e r  t h e  community compos i t i ons  and t r o p h i c  s t r u c t u r e s  o f  a q u a t i c  

ecosystems (Haines, 1981; S c h i n d l e r  e t  a1 ., 1985) .  A c i d  d e p o s i t i o n  can a l s o  

r a i s e  t h e  l e v e l  o f  d i s s o l v e d  aluminum i n  streams. A l t h o u g h  t h e  n e t  o u t p u t  o f  

24 eq ha-' yr-l o f  d i s s o l v e d  aluminum f r o m  watershed 110 cor responds t o  o n l y  

2% o f  t h e  t o t a l  a c i d i t y  n e u t r a l i z e d ,  t h i s  sma l l  f l u x  e l e v a t e s  t h e  d i s s o l v e d  

aluminum c o n c e n t r a t i o n  i n  t h e  s t ream t o  p o t e n t i a l l y  dangerous l e v e l s .  The 

average d i  s s o l  ved a1 umi num c o n c e n t r a t i o n  was 4.67 P M, and maximum va l  ues nea r  

9.3 p M  were reco rded  f o r  two  weeks i n  March and A p r i l ,  1984. These va lues  a r e  

l e s s  t h a n  t h e  aluminum c o n c e n t r a t i o n  r e p o r t e d  f o r  l ow  o r d e r  s t reams i n  New 

England (e.g. 26 pM, Johnson, 1979; 67 pM, Cronan and S c h o f i e l d ,  1979),  b u t  

s i m i l a r  l e v e l s  o f  pH and d i s s o l v e d  aluminum have been shown t o  i n d u c e  m o r t a l -  

i t y  o r  s u b l e t h a l  g row th  r e d u c t i o n s  (Cronan and S c h o f i e l d ,  1979; D r i s c o l l  - e t  

a1 ., 1980; H a l l  e t  a1 ., 1985).  Fu r the rmore ,  t h e  h i g h e s t  va lues  o f  a c i d  and - 
d i s s o l v e d  aluminum c o n c e n t r a t i o n s  f o r  o u r  s t ream have been reco rded  i n  t h e  

s p r i n g ,  when many economical  l y  i m p o r t a n t  anadramous f i s h  spec ies  o f  t h e  Ches- 

apeake Bay e n t e r  t h e  s t reams t o  spawn. J u v e n i l e  f i s h  a r e  even more suscep- 

t i b l e  t o  t h e  d e l e t e r i o u s  e f f e c t s  o f  l o w  pH t h a n  a r e  a d u l t s  (Ha ines,  1981; 

S c h i n d l e r ,  1985) ,  so t h e  u n u s u a l l y  h i g h  s p r i n g  a c i d i t i e s  may e f f e c t i v e l y  p re -  

vent  r e p r o d u c t i o n  and may be p a r t l y  r e s p o n s i b l e  f o r  r e c e n t  p r e c i p i t o u s  dec- 

l i n e s  i n  t h e  Chesapeake Bay p o p u l a t i o n s  of  many economica l l y  i m p o r t a n t  anadra- 



mous f i s h  spec ies ,  such as s t r i p e d  bass (Morone s a x a t i l i s ) ,  w h i t e  pe rch  (M. 
amer icana) ,  ye1 low pe rch  (Perca f l  avescens) ,  American shad ( A l o s a  sap i  d i  s- 

s ima) ,  and o t h e r s  ( C o r r e l l  e t  a1 ., s u b m i t t e d ) .  Of course,  t h e  s t ream d r a i n i n g  - 
watershed 110 i s  n o t  r e p r e s e n t a t i v e  o f  c o a s t a l  p l a i n  streams because few wa- 

t e r sheds  a r e  c o m p l e t e l y  f o r e s t e d  and l a n d  use can have i m p o r t a n t  e f f e c t s  on 

s t ream a c i d i t y .  P r e l i m i n a r y  comparisons o f  watershed 110 t o  nearby watersheds 

dominated by c rops  and p a s t u r e s  suggests  t h a t  average s t ream a c i d i t y  i s  h i g h -  

e r ,  b u t  more s t a b l e  i n  t h e  f o r e s t e d  system. However, t h e  c r o p l a n d  and p a s t u r e  

streams reach more a c i d i c  extremes d u r i n g  e p i s o d i c  a c i d  surges t h a t  may be 

e s p e c i a l l y  dangerous t o  a q u a t i c  o r g a n i  sins ( C o r r e l l  e t  a1 . , 1984, C o r r e l l  

a1 . , s u b m i t t e d ) .  - 
C h l o r i d e  ba lanced a c i d  budget - One aspect  o f  o u r  i o n  mass ba lances i s  t r o u b -  

l i n g  and may have i m p o r t a n t  i m p l i c a t i o n s  f o r  t h e  a c i d  budget and i n f e r e n c e s  

about t h e  sources and s i n k s  of  a c i d i t y  i n  t h e  watershed.  O f  t h e  t o t a l  average 

i o n i c  i n f l u x  o f  3319 eq ha-' yr-l, o n l y  1999 eq h a - l  yr-l was recove red  i n  t h e  

e f f l u e n t  s t ream;  so about 40% o f  t h e  t o t a l  i o n i c  i n f l u x  was r e t a i n e d  i n  t h e  

watershed. The t o t a l  r e t e n t i o n  i s  d i f f i c u l t  t o  i n t e r p r e t  because some i o n s  

( n i t r a t e ,  ammonium, hydron ium)  a r e  a lmost  c o m p l e t e l y  r e t a i n e d  t h r o u g h  v a r i o u s  

b iogeochemica l  r e a c t i o n s ,  w h i l e  t h e r e  i s  a  n e t  l o s s  f r o m  t h e  ecosystem of 

o t h e r  i o n s  ( ca l c i um,  magnesium, b i c a r b o n a t e ) .  However, c h l o r i d e  i s  genera l  l y  

regarded as a  c o n s e r v a t i v e  t r a c e r  t h a t  i s  n e i t h e r  r e t a i n e d  i n  b iogeochemica l  

r e a c t i o n s  n o r  genera ted by wea the r i ng ,  so t h a t  recove ry  o f  c h l o r i d e  i n  t h e  

s t ream w a t e r  shou ld  equal  t h e  i n p u t  i n  p r e c i p i t a t i o n  ove r  t h e  l o n g  t e r m  (Todd, 

1964; B u r t o n  -- e t  a1 ., 1977; V i t ousek ,  1977; Lowrance e t  a1 ., 1985).  T h e r e f o r e ,  

t h e  observed recove ry  i n  s t ream o u t p u t  o f  o n l y  61% o f  t h e  f o u r - y e a r  c h l o r i d e  

i n p u t  i s  d i s t u r b i n g .  

We cons ide red  s e v e r a l  hypotheses t o  e x p l a i n  t h e  f a t e  o f  t h i s  m i s s i n g  c h l o -  

r i d e :  temporary  s t o r a g e  i n  t h e  s o i  1  d u r i n g  p e r i o d s  o f  h i g h  e v a p o t r a n s p i r a t i o n  

( C o r r e l l  e t  a1 ., 1984) ,  s t o r a g e  i n  agg rad ing  f o r e s t  b iomass ( L i k e n s  e t  a1 ., 
1977),  a  n e t  g a i n  i n  ground w a t e r  s t o r a g e  ove r  t h e  f o u r - y e a r  p e r i o d ,  and p o s s i -  

b l e  e r r o r s  i n  s t ream f l ow  measurement. S i n c e  t h r e e  o f  t h e  f o u r  s t u d y  y e a r s  

had above average annual  r a i n f a l l  we d i s c a r d e d  t h e  h y p o t h e s i s  o f  s o i l  s to rage .  

Our b e s t  e s t i m a t e  of  n e t  wood p r o d u c t i o n  (12800 k g  ha-' yr-l, P e t e r j o h n  and 

C o r r e l l ,  1984) c o u l d  e x p l a i n  a  r e t e n t i o n  o f  o n l y  36 eq h a - I  yr-l o f  c h l o r i d e  

i f  t h e  c o n c e n t r a t i o n  o f  c h l o r i d e  i n  wood i s  a b o u t  0.01% o f  d r y  w e i g h t  

(Eps te in ,  1972; D. L. C o r r e l l ,  unpub l i shed ) .  We d i s c a r d e d  t h e  h y p o t h e s i s  of 
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s t o r a g e  i n  ground w a t e r  because a  n e t  g a i n  o f  about  60 cm o f  ground w a t e r  

wou ld  be r e q u i r e d  t o  s t o r e  t h e  m i s s i n g  c h l o r i d e  a t  t h e  c o n c e n t r a t i o n  observed 

a t  t h e  end o f  t h e  s tudy .  P r e c i p i t a t i o n  and d i s c h a r g e  c h a r a c t e r i s t i c s  i n  Novem- 

be r - Janua ry  1980 were v e r y  s i m i l a r  t o  t h e  same p e r i o d  i n  1985, so  t h e  amounts 

o f  s t o r e d  ground w a t e r  shou ld  a l s o  be s i m i l a r ,  n o t  i n c r e a s e d  by 60 cm. Our 

measurements o f  s t ream d i s c h a r g e  a r e  a c c u r a t e  t o  2 3-5% (Chi  r l  i n  and C o r r e l l  , 
1977),  b u t  more s e r i o u s ,  s y s t e m a t i c  h y d r o l o g i c a l  e r r o r s  c o u l d  r e s u l t  i f  d r a i n -  

age d i v i d e s  were i n c o r r e c t l y  mapped, i f  t h e  topography o f  t h e  a q u i c l u d e  l a y e r  

d i f f e r s  f r o m  s u r f a c e  topography,  o r  if t h e r e  were ho les  i n  t h e  a q u i c l u d e  a l l o w -  

i n g  unmeasured l o s s e s  t o  deep a q u i f e r s .  We compared t h e  w i n t e r  1978 w a t e r  

y i e l d s  o f  s e v e r a l  Rhode R i v e r  watersheds a f t e r  t h e  watersheds were f u l l y  r e -  

charged by a  l o n g  p e r i o d  of  heavy p r e c i p i t a t i o n .  Watershed 110 shou ld  have 

had an u n u s u a l l y  l ow  w a t e r  y i e l d  i f  i t  has a  break i n  t h e  a q u i c l u d e  w h i l e  t h e  

o t h e r  watersheds do n o t ,  b u t  t h e  observed 40 cm of r u n o f f  was n o t  n o t i c e a b l y  

d i f f e r e n t  f r o m  e i g h t  o t h e r  watersheds, wh i ch  y i e l d e d  between 35 and 45 cm. We 

a l s o  compared t h e  seasonal  o u t p u t s  o f  c h l o r i d e  t o  t h e  seasonal  i n p u t s .  I f  

t h e r e  was a  l e a k  i n  t h e  a q u i c l u d e ,  g r e a t e r  a b s o l u t e  amounts o f  c h l o r i d e  shou ld  

be unaccounted f o r  d u r i n g  p e r i o d s  o f  h i g h e s t  r a i n f a l l  and d i s c h a r g e ,  because 

t h e s e  would  be t h e  p e r i o d s  o f  g r e a t e r  a b s o l u t e  leakage.  I n s t e a d  we observed 

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

d i scha rge .  

None o f  t h e  hypotheses e x p l a i n e d  t h e  observed c h l o r i d e  r e t e n t i o n .  The 

r e t e n t i o n  may be due t o  a n a l y t i c a l  e r r o r s  o r  o t h e r  s t o r a g e  mechanisms t h a t  we 

have n o t  cons ide red ,  b u t  o t h e r  i n v e s t i g a t o r s  have a1 so r e p o r t e d  unexp la ined  

n e t  r e t e n t i o n s  o f  c h l o r i d e  i n  i n p u t - o u t p u t  ana l yses  o f  ecosystems ( L i k e n s  

a1 ., 1977; J. W. G i l l  iam, pe rsona l  communicat ion) .  The Hubbard Brook s t u d y  - 
-1 -1 

( L i k e n s  e t  a l . ,  1977) r e p o r t e d  c h l o r i d e  r e t e n t i o n s  o f  57 eq ha y r  (about  

29% o f  i n p u t s )  and s u b s t a n t i a l  r e l e a s e s  o f  c h l o r i d e  a f t e r  d e f o r e s t a t i o n ,  sug- 

g e s t i n g  some i n t e r n a l  r e s e r v o i r  i n  t h e  f o r e s t  system. These r e s u l t s  c a s t  

doubt  on t h e  common assumpt ion t h a t  c h l o r i d e  i s  a  c o n s e r v a t i v e  t r a c e r  i n  eco- 

sys tem s t u d i e s .  

Because we were unab le  t o  e x p l a i n  t h e  observed c h l o r i d e  r e t e n t i o n s ,  we 

a l s o  c a l c u l a t e d  a  r e v i s e d  a c i d  budget a f t e r  a p p l y i n g  an ad jus tmen t  t h a t  b a l -  

anced t h e  c h l o r i d e  budget ( F i g .  4R) .  A l l  o u t p u t  f l u x e s  were m u l t i p l i e d  by 

1.650, t h e  r a t i o  o f  average annual  c h l o r i d e  i n p u t  t o  c h l o r i d e  o u t p u t  (Tab le  

2) .  T h i s  ad jus tmen t ,  wh i ch  makes t h e  o u t p u t  f l u x  o f  c h l o r i d e  equal  t o  t h e  



c h l o r i d e  i n p u t ,  assumes t h a t  t h e r e  i s  some unmeasured l o s s  o f  w a t e r  f r o m  t h e  

s y s t e m  and  t h e  l o s t  w a t e r  i s  c h e m i c a l l y  i d e n t i c a l  t o  s t r e a m  w a t e r .  The a d j u s t -  

ment  h a r d l y  changes  n e t  r e t e n t i o n s  o f  h y d r o n i u m  i o n ,  n i t r a t e  i o n ,  o r  ammonium 

i o n  because  t h e  o u t p u t  f l u x e s  a r e  s o  s m a l l  t h a t  m u l t i p l i c a t i o n  b y  1.650 i s  

i n c o n s e q u e n t i a l .  However,  t h e  n e t  l o s s  o f  m e t a l  1  i c  c a t i o n s  i s  i n c r e a s e d  f r o m  
1 -1 -1 -1 4 4 1  eq  h a -  y r  t o  1 0 7 1  eq  ha  y r  and t h e  s u l f a t e  b a l a n c e  i s  changed  f r o m  

-1 -1 -1 -1 
a  n e t  r e t e n t i o n  o f  207 eq  ha  y r  t o  a  n e t  p r o d u c t i o n  o f  273 eq ha y r  . 
Because  s u l f a t e  r e t e n t i o n  i s  a  symptom o f  i n t e r n a l  a c i d  n e u t r a l i z a t i o n  w h i l e  

s u l f a t e  p r o d u c t i o n  i s  e v i d e n c e  o f  a c i d  p r o d u c t i o n ,  t h e  change  i n  s u l f a t e  h a l -  

a n c e  g i v e s  t h e  m a j o r  d i f f e r e n c e  b e t w e e n  t h e  o r i g i n a l  b u d g e t  and  t h e  c h l o r i d e -  

b a l a n c e d  b u d g e t :  an  i n c r e a s e  i n  t h e  sum o f  a c i d  s o u r c e s  f r o m  1102  t o  1 3 8 1  e q  
-1 -1 

h a  y r  . The b u d g e t  r e m a i n s  r e a s o n a b l y  we1 1 b a l a n c e d  b e c a u s e  an  i n c r e a s e  i n  

m e t a l l i c  c a t i o n  l o s s  a p p r o x i m a t e l y  o f f s e t s  t h e  comb ined  e f f e c t  o f  273 eq  ha- '  
- 1 

y r  o f  new a c i d  a s s o c i a t e d  w i t h  s u l f a t e  p r o d u c t i o n ,  and  t h e  l o s s  o f  207 eq 
-1 -1 

ha y r  o f  a c i d  s i n k  a s s o c i a t e d  w i t h  s u l f a t e  r e t e n t i o n  i n  t h e  u n a d j u s t e d  

b u d g e t .  

It i s  d i f f i c u l t  t o  i n d e p e n d e n t l y  r e s o l v e  w h i c h  o f  t h e  t w o  b u d g e t s  i n  F i g .  

4  i s  more  r e a s o n a b l e  f o r  t h e  f o r e s t e d  w a t e r s h e d .  The a d j u s t e d  v a l u e  o f  m e t a l -  

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

U.S. ( s e e  p r e v i o u s  d i s c u s s i o n  o f  f o r e s t  i m p a c t s ) ,  b u t  t h e  l o w e r  v a l u e  o f  t h e  

u n a d j u s t e d  b u d g e t  i s  c e r t a i n l y  p l a u s i b l e .  N o r  c a n  we p r e d i c t  f r o m  i n d e p e n d e n t  

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

w e a t h e r e d  s o i l s  a r e  t y p i c a l l y  h i g h  i n  t h e  s e s q u i o x i d e  compounds t h a t  c a n  r e -  

t a i n  s u l f a t e  (Johnson  e t  a l  ., 1 9 7 9 )  and o u r  s o i l s  a r e  h i g h l y  w e a t h e r e d  ( K i r b y  

and M a t t h e w s ,  1 9 7 3 ) ,  s o  s u l f a t e  r e t e n t i o n  seems p o s s i b l e .  However,  t h e  s o i l s  

i n  some a r e a s  o f  t h e  Rhode R i v e r  w a t e r s h e d  c o n t a i n  p y r i t e  ( i r o n  s u l f i d e ,  

O t t o n ,  1 9 5 5 ) ,  w h i c h  c o u l d  be  o x i d i z e d  t o  p r o d u c e  s u l f a t e ,  s o  s u l f a t e  p r o d u c -  

t i o n  i s  a l s o  p o s s i b l e .  A l s o ,  s u l f a t e  c a n  e n t e r  t h e  s y s t e m  b y  d r y  d e p o s i t i o n  

on  t h e  f o r e s t  canopy ,  a  p r o c e s s  t h a t  i s  p o o r l y  measured  b y  b u l k  p r e c i p i t a t i o n  

( J o h n s o n  e t  a l . ,  1979) .  T h i s  unmeasured component  o f  s u l f a t e  i n p u t ,  i f  s i g -  

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

and Eshe lman,  1 9 8 4 ) .  S i n c e  we h a v e  n o  c l e a r  e v i d e n c e  o f  i m p o r t a n t  h y d r o l o g i c a l  

e r r o r s ,  we f a v o r  t h e  u n a d j u s t e d  b u d g e t  ( F i g .  4A) .  A c c e p t a n c e  o f  t h e  a d j u s t e d  

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

f o r e s t s  and s t r e a m s ,  e x c e p t  i n  t h e  a r e a  o f  c a t i o n  l o s s .  W i t h  t h e  l a r g e r  c a t -  

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



w o u l d  b e  2.4 t i m e s  g r e a t e r  t h a n  i m p l i e d  b y  t h e  u n a d j u s t e d  b u d g e t ,  w h i l e  t h e  
-1 -1 

a n n u a l  l o s s  o f  c a l c i u m  a l o n e  w o u l d  be  240 eq  ha  y r  , 2.8 t i m e s  t h e  u n a d j u s t -  

ed  v a l u e .  A t  t h i s  r a t e  o f  d e p l e t i o n ,  99% o f  t h e  s o i l  c a l c i u m  p o o l  w o u l d  b e  

l e a c h e d  away i n  a  7 0  y e a r  human l i f e t i m e .  

C o m p a r i s o n  r e g i o n a l  assessments  - Much a t t e n t i o n  i s  c u r r e n t l y  f o c u s e d  on  

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

damage by a c i d  d e p o s i t i o n .  F o r  example ,  c o n t r a c t o r s  f o r  t h e  O f f i c e  o f  Tech-  

n o l o g y  Assessment  ( 1 9 8 5 )  h a v e  p r o d u c e d  maps o f  r e g i o n s  w h e r e  s o i l s  and s u r f a c e  

w a t e r s  a r e  s u s c e p t i b l e  t o  a c i d i f i c a t i o n .  These maps d o  n o t  p l a c e  t h e  Rhode 

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

t h a t  a d v e r s e  e f f e c t s  o f  a c i d  d e p o s i t i o n  h a v e  been underway  f o r  s e v e r a l  y e a r s .  

O t h e r  r e c e n t  work  s u g g e s t s  t h a t  a c i d  d e p o s i t i o n  may b e  a  m a j o r  f a c t o r  i n  t h e  

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

( C o r r e l l  e t  a1  . , submi t t e d ) .  These p o p u l a t i o n  d e c l i n e s  w o u l d  r e p r e s e n t  a  ma- 

j o r  r e g i o n a l  i m p a c t  o f  a c i d  d e p o s i t i o n  t h a t  h a s  been m i s s e d  i n  e x i s t i n g  e f -  

f o r t s  t o  map s e n s i t i v e  r e s o u r c e s .  Our  r e s u l t s  s u g g e s t  t h a t  f u r t h e r  r e f i n e m e n t  

i s  needed  i n  i d e n t i f y i n g  a c i d  s e n s i t i v e  a r e a s  and  t h a t  e x i s t i n g  maps may u n -  

d e r e s t i m a t e  t h e  e x t e n t  o f  s u s c e p t i b l e  a r e a s .  
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DISCUSSION: W e l l e r  Paper 

Q u e s t i o n  (A laback ) :  I was wonder ing how c o n f i d e n t  you a r e  w i t h  y o u r  e s t i -  
/I mates o f  p l a n t  up take  and what components you were c o n s i d e r i n g  i n  making 

t h a t  a  c o n d i t i o n ?  

I Answer: We r e a l l y  h a v e n ' t  t r i e d  t o  p a r t i t i o n  t h e  amount o f  p l a n t  uptake. 
I N i t r a t e  c o u l d  be go ing  t o  p l a n t s ,  o r  i t  c o u l d  be go ing  t o  microbes.  We 

know what t h e  t o t a l  amount i s  because we have d a t a  on what i s  c o n i n g  i n  and 
what i s  g o i n g  out .  But ,  we c a n ' t  r e a l l y  p a r t i t i o n  i t  between t h o s e  t w o  
pathways. 

Q u e s t i o n  (P ionke ) :  G e n e r a l l y  you have a  l o w  pH stream, wa te r  coming i n t o  
t h e  stream, I guess i t  i s  around 4  o r  5. 

I 



Answer: The average i s  about 5.2. 

Q u e s t i o n  (P ionke ) :  You seem t o  be f i n d i n g  a  l o t  o f  s i l i c a t e  d i scha rged ,  
b u t  n o t  much aluminum. I guess you  a r e  a s c r i b i n g  t h a t  t o  m i n e r a l  weather -  
i n g .  Do you  hope t o  r e s o l v e  t h e  h i g h  s i l i c i c  a c i d  and l ow  aluminum i n  y o u r  
d i s c h a r g e s ?  

Answer: That i s  a  dilemma we have. We saw t h i s  l a r g e  d i s c h a r g e  o f  s i l i c a  
o f  about  943 moles o f  s i l i c i c  a c i d l y e a r ,  so t h e r e  i s  ev idence wea the r i ng  
processes a r e  go ing  on. But,  we c o u l d n ' t  t a k e  a  s e t  o f  chemica l  r e a c t i o n s  
and p u t  them t o g e t h e r  i n  such a  way t h a t  a l l  c o n s t r a i n t s  were met. 

Q u e s t i o n  (P ionke ) :  Do you  have any o r g a n i c  ana l yses?  

Answer: I f  you had a  l o t  o f  o r g a n i c  an ions  one m a j o r  symptom o f  t h a t  would 
be i n  y o u r  charge ba lance.  You would see a  d e f i c i t  o f  an ions.  I ns tead ,  we 
see an excess o f  an ions.  That would seem t o  a rgue  a g a i n s t  t h a t  hypo thes i s .  



WATERSHED 
RESEARCH 
PERSPECTIVES 

Edited by 
DAVID L. CORRELL 

Published for 

SMITHSONIAN ENVIRONMENTAL 
RESEARCH CENTER 
BOX 28 
EDGEWATER MD 21037 

by the 

SMlTHSONlAN INSTITUTION PRESS 
WASHINGTON DC 20560 



Library of Congress Catalog Card Number: 86-61587 

Copyright Smithsonian Institution 1986 

Cover design resulted from 
Mississippi Watershed Model 
page 22. 


	img042.bmp
	img043.bmp
	img044.bmp
	img045.bmp
	img046.bmp
	img047.bmp
	img048.bmp
	img049.bmp
	img050.bmp
	img051.bmp
	img052.bmp
	img053.bmp
	img054.bmp
	img055.bmp
	img056.bmp
	img057.bmp
	img058.bmp
	img059.bmp
	img060.bmp
	img061.bmp
	img062.bmp
	img063.bmp
	img064.bmp
	img065.bmp
	img066.bmp
	img067.bmp
	img068.bmp
	img069.bmp
	img070.bmp
	img071.bmp
	xx.pdf
	img021.bmp
	img022.bmp
	img023.bmp
	img024.bmp
	img025.bmp
	img026.bmp
	img027.bmp
	img028.bmp
	img029.bmp
	img030.bmp
	img031.bmp
	img032.bmp
	img033.bmp
	img034.bmp
	img035.bmp
	img036.bmp
	img037.bmp
	img038.bmp
	img039.bmp
	img040.bmp
	img041.bmp




