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PREFACE 

The e f f e c t  o f  sed iments  a s  a p o t e n t i a l  n u t r i e n t  sou rce  i s  
o f t e n  t aken  i n t o  accoun t  i n  w a t e r  q u a l i t y  models.  I n  many c a s e s  
however, t h e  sed iment  n u t r i e n t  l oad ,  o r  i n t e r n a l  l o a d ,  i s  very  
s i g n i f i c a n t  and it may even be  h i g h e r  t h a n  t h e  e x t e r n a l  one. 
There fo re  t h e  problem o f  t h e  i n f l u e n c e  o f  sed iment  on t h e  q u a l i t y  
o f  wa te r  r esou rces  shou ld  b e  c a r e f u l l y  s t u d i e d ,  i n  o r d e r  t o  have 
a d i s t i n c t i v e  p i c t u r e  o f  t h e  r o l e  o f  sed iment  i n  t h e  n u t r i e n t  
ba lance  o f  wa te r  b o d i e s ,  a s  w e l l  a s  on  t h e  mechanisms r e g u l a t i n g  
t h e  n u t r i e n t  exchange through t h e  sediment-water  i n t e r f a c e .  
Th i s  problem i s  cons ide red  e s p e c i a l l y  impo r tan t  when s t u d y i n g  
wa te r  body e u t r o p h i c a t i o n  a s  a consequence o f  t h e  excess  i n p u t  
o f  phosphorus ( o r  sometimes n i t r o g e n )  compounds. The major  
o b j e c t i v e s  o f  t h i s  s t u d y  a r e  t o  rev iew t h e  l i t e r a t u r e  on t h i s  
t o p i c  and t o  d i s c u s s  t h e  approaches i n  t h e  mathemat ica l  d e s c r i p -  
t i o n  o f  phosphorus exchange i n  wa te r  q u a l i t y  models o f  d i f f e r e n t  
complexi ty .  Th i s  pape r  c o n t r i b u t e s  t o  t h e  Task on Envi ronmental  
Q u a l i t y  Con t ro l  and Management i n  IIASA's Resources and Environ- 
ment Area. 



ABSTRACT 

T h i s  r e p o r t  summarizes t h e  d a t a  a v a i l a b l e  on t h e  r o l e  o f  
t h e  sed imen ts  a s  a n  i n t e r n a l  s o u r c e  o f  phosphorus  and rev iews  
t h e  l i t e r a t u r e  on  t h e  phosphorus exchange p r o c e s s e s  i n  t h e  
sed iment -water  i n t e r f a c e .  Da ta  on the s e d i m e n t  phosphorus  
r e l e a s e  r a t e s  i s  p r e s e n t e d .  The r o l e  o f  i n d i v i d u a l  p r o c e s s e s  
such  a s  mix ing  and d i f f u s i o n  a s  w e l l  a s  i m p o r t a n t  e n v i r o n m e n t a l  
c h a r a c t e r i s t i c s  (oxygen and o r g a n i c  m a t t e r  c o n c e n t r a t i o n s  i n  s e d i m e n t ,  
t e m p e r a t u r e ,  pH and s e d i m e n t  o x i d a t i v e  s t a t e  and b a c t e r i a l  a c t i v i t y )  
a r e  d i s c u s s e d .  S p e c i f i c  a t t e n t i o n  i s  g i v e n  t o  a n a l y z i n g  t h e  
a v a i l a b l e  i n f o r m a t i o n  on t h e  mechanisms o f  phosphorus t r a n s f o r m a -  
t i o n s  i n  t h e  sed iment -water  i n t e r f a c e  because  it is c o n s i d e r e d  
i m p o r t a n t  i n  c h o o s i n g  t h e  approaches  when model ing t h e  phosphorus  
exchange r e a c t i o n s  i n  t h e  sed iment -water  l a y e r .  The r e p o r t  a l s o  
i n c l u d e s :  models o f  phosphorus  a d s o r p t i o n  which a r e  used i n  
c a l c u l a t i o n s  o f  phosphorus  removal  by sed imen ts .  I n  a d d i t i o n ,  
t h i s  r e p o r t  d i s c u s s e s  31 d i f f e r e n t  models t h a t  a r e  used f o r  
e s t i m a t i o n s  o f  phosphorus release f rom t h e  sed imen t  a s  w e l l  a s  
f o r  t h e  s i m u l a t i o n  o f  phosphorus t r a n s f o r m a t i o n s  i n  t h e  sed iment -  
w a t e r  i n t e r f a c e .  The r e p o r t  summarizes t h e  r a t e  c o e f f i c i e n t s  
and model p a r a m e t e r s  used i n  t h e  s i m u l a t i o n  r u n s .  
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A REVIEW OF MATHEMATICAL MODELS OF 
PHOSPHORUS RELEASE FROM SEDIMENTS 

A.V.  Leonov 

1. INTRODUCTION 

The p r o c e s s e s  o f  phosphorus exchange between sed iment  and 

wa te r  a r e  impo r tan t  f o r  t h e  n u t r i e n t  ba lance  and p a r t i c u l a r l y  

f o r  t h e  phosphorus c y c l e  i n  n a t u r a l  w a t e r s .  These p r o c e s s e s  

z l s o  p l ay  an impo r tan t  r o l e  i n  t h e  w a t e r  q u a l i t y  and t h e  develop-  

ment o f  e u t r o p h i c a t i o n .  Sometimes i n  e u t r o p h i c a t i o n  s t u d i e s  

by mathemat ica l  model ing t echn iques  (Or lob ,  1968 ) ,  t h e  e f f e c t  

o f  sed imen ts  i s  i g n o r e d  and a s  Jo rgensen  e t  a l . ,  (1975) 

i n d i c a t e d ,  t h i s  may g i v e  a  f a l s e  p rognos i s  o f  t h e  t r o p h i c  s ta te  

o f  w a t e r  bod ies .  Because t h e  exchange p r o c e s s e s  have been 

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

o f  sed iment  on t h e  n u t r i e n t  ba lance  may be  taken  i n t o  accoun t  

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

wa te r .  A s  Imboden and Emerson (1977) had shown i n  t h e  c a s e  of 

G re i f ensee ,  t h e  phosphate  c o n t e n t s  i n  t h e  sed imen t  w i t h  informa- 

t i o n  on t h e  v a l u e s  o f  v e r t i c a l  eddy d i f f u s i o n ,  g i v e  t h e  magni tudes 

o f  phosphorus f l u x  from t h e  sed imen t  w i t h i n  r easonab le  l i m i t s .  

-1 -  



However, a  b e t t e r  u n d e r s t a n d i n g  o f  mass t r a n s p o r t  a c r o s s  t h e  

sed imen t -wa te r  i n t e r f a c e ,  e s p e c i a l l y  w i t h  r e s p e c t  t o  t h e  impac t  

on  s h a l l o w  l a k e s  a n d  r e s e r v o i r s  where n u t r i e n t - r i c h  s e d i m e n t  may 

g r e a t l y  hamper a t t e m p t s  a t  improv ing  water q u a l i t y  which c o u l d  

be  e f f e c t e d  by r e d u c i n g  t h e  e x t e r n a l  l o a d  (Gregor  a n d  Johnson ,  

1 9 8 0 ) ,  is one o f  t h e  i m p o r t a n t  p u r p o s e s  o f  e u t r o p h i c a t i o n  and  

phosphorus  t r a n s f o r m a t i o n  s t u d i e s  (Imboden and G a c h t e r ,  1 9 7 8 ) .  

T h e r e f o r e ,  emphas is  i n  t h i s  r e p o r t  i s  g i v e n  t o  r e v i e w i n g  

t h e  e x i s t i n g  i n f o r m a t i o n  on t h e  role o f  s e d i m e n t s  o n  t h e  mechanisms 

o f  phosphorus  t r a n s f o r m a t i o n  i n  t h e  sed imen t -wa te r  i n t e r f a c e  and 

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

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

sed imen t -wa te r  boundary a s  w e l l  as t o  models  u s e d  f o r  t h e  estima- 

t i o n  of sed imen t  i n f l u e n c e  on  t h e  phosphorus  b a l a n c e  and  i t s  

c y c l i n g  w i t h i n  water b o d i e s .  

2 .  CHARACTERISTICS OF THE SEDIMENT-WATER 
INTERFACE WITH RESPECT TO PHOSPHORUS EXCHANGE 

Many s t u d i e s  have  been made t o  c l a r i f y  t h e  ro le  o f  s e d i m e n t s  

a s  n u t r i e n t  s o u r c e s  i n  d i f f e r e n t  w a t e r  b o d i e s .  I t  i s  recog-  

n i z e d  t h a t  phosphorus  i n  s e d i m e n t s  i s  p r e s e n t  i n  t h e  fo rm o f  

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

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

phosphorus  and as " n o n a p a t i t e  i n o r g a n i c  phosphorus "  ( P o r c e l l a  

e t  a l . ,  1970; W i l l i a m s  e t  a l . ,  1 9 7 6 ) .  A p a t i t e  phosphorus  c o n s i s t s  

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

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

r ema in ing  PO4-P i o n s  i n  s e d i m e n t  p o r e  w a t e r .  O r g a n i c  phosphorus  

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



a l l  phosphorus  a s s o c i a t i o n  w i t h  c a r b o n  atoms v i a  C-0-P o r  C-P 

bonds (Wi l l i ams e t  a l . ,  1976 ) .  

I t  was n o t e d  t h a t  i n  t h e  u n p r o d u c t i v e  l a k e s ,  t h e  sed imen t  

behaved ma in l y  a s  a s i n k  f o r  phosphorus ,  w h i l e  i n  p r o d u c t i v e  

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

phospha te  (Webster  and  S c h o f i e l d ,  1971) and t h e y  a c t  a s  a 

phospha te  b u f f e r ,  k e e p i n g  t h e  p h o s p h a t e  c o n c e n t r a t i o n  i n  t h e  

o v e r l y i n g  w a t e r  c o n s t a n t  ( H a r t e r ,  1 9 6 8 ) .  The d i r e c t  a v a i l a b i l i t y  

o f  s e d i m e n t - d e r i v e d  phospha te  a s  a n u t r i e n t  s o u r c e  f o r  phyto-  

p l a n k t o n  i s  d e t e r m i n e d  by t h e  t y p e  o f  s e d i m e n t s .  Gol terman (1977)  

i n d i c a t e d t h a t i r o n - b o u n d  phospha te  and p h o s p h a t e  f r e s h l y  a d s o r b e d  

i n t o  t h e  c l a y  w e r e  a v a i l a b l e  f o r  a l g a e  u p t a k e  w h i l e  t h e  a v a i l -  

a b i l i t y  o f  a p a t i t e  was dependen t  upon t h e  s i z e  o f  t h e  c r y s t a l s .  

I n  s t u d i e s  o f  sed imen t  e f f e c t  upon t h e  n u t r i e n t  exchange i n  

t r o p i c a l  l a k e s ,  V i n e r  (1977)  conc luded  t h a t  compared t o  t h e  

w a t e r  column, t h e  s e d i m e n t  was much less i m p o r t a n t  f o r  t h e  

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

Stumm and L e c k i e  (1971)  n o t e d  t h a t  t h e  p r o c e s s e s  o f  n u t r i e n t  

exchange i n  t h e  sed imen t -wa te r  i n t e r f a c e  a r e  i m p o r t a n t  f a c t o r s  

o f  p r imary  p r o d u c t i o n .  The s e d i m e n t s  may a c t  a s  s i g n i f i c a n t  

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

compounds i n  i n t e r s t i t i a l  w a t e r  i s  c o n s i d e r a b l y  h i g h e r  t h a n  i n  

t h e  upper  l a y e r s  o f  w a t e r  ( G l a s s  and P o d o l s k i ,  1 9 7 5 ) .  

The n e t  phosphorus  r e l e a s e  f rom t h e  s e d i m e n t  i n  s h a l l o w  

p o l l u t e d  w a t e r  b o d i e s  may be  compared to  e x t e r n a l  l o a d i n g  (Ryding 

and  F o r s b e r g ,  1977) . Ulen (197Cb) found t h a t  i n t e r n a l  phosphorus  

l o a d i n g  o r  phosphorus  r e l e a s e  from t h e  s e d i m e n t  was a more impor- 

t a n t  phosphorus s o u r c e  f o r  Lake Nor rv i ken  t h a n  t h e  p r e s e n t  e x t e r -  

n a l  l o a d i n g  and  t h e  l a t t e r  was a b o u t  17-35 p e r c e n t  o f  t h e  i n t e r n a l  



l o a d  f rom t h e  s e d i m e n t .  Even f o r  l a r g e  l a k e s ,  f o r  example ,  Lake 

O n t a r i o ,  t h e  s e d i m e n t - d e r i v e d  phosphorus  l o a d  i s  e s t i m a t e d  t o  b e  

e s s e n t i a l  and  e q u a l  t o  10 p e r c e n t  o f  t h e  stream l o a d  (Bannerman 

e t  a l . ,  1 9 7 5 ) .  

Ku e t  a l . ,  (1978)  showed t h a t  a s i g n i f i c a n t  amount o f  

phosphorus  i s  a v a i l a b l e  f o r  exchange i n  t h e  s e d i m e n t - w a t e r  i n t e r -  

f a c e .  L i  e t  a l . ,  (1972)  f ound  t h a t  e x c h a n g e a b l e  phospho rus  

compr i sed  f rom 19 t o  4 3  p e r c e n t  o f  t h e  t o t a l  n a t i v e  phospho rus  

o f  t h e  s e d i m e n t s .  The dominan t  role o f  s e d i m e n t s  i n  t h e  phospho- 

r u s  c y c l e  h a s  been  shown by  Holden and  C a i n e s  ( 1 9 7 4 ) ,  Andersen 

( 1 9 7 5 ) ,  Bengtson  ( 1 9 7 5 ) ,  and  S t e v e n s  a n d  Gibson ( 1 9 7 7 ) .  

I n t e n s i t y  o f  phospho rus  r e l e a s e  f rom t h e  s e d i m e n t  v a r i e s  

s e a s o n a l l y  a s  r e s u l t s  o f  c h a n g e s  i n  o x i c  c o n d i t i o n s ,  macro fauna 

b iomass ,  pH, t e m p e r a t u r e  a n d  d i s s o l v e d  phospho rus  c o n t e n t  i n  t h e  

w a t e r  (Wi ldung a n d  Schmid t ,  1973; Neame 1977; Ku e t  a l . ,  1 9 7 8 ) .  

Ho ld ren  e t  a l . ,  (1977)  assumed t h a t  s e a s o n a l  ckanges i n  i n t e r -  

s t i t i a l  phospho rus  a n d  s e d i m e n t  phosphorus  r e l e a s e  may b e  e x p l a i n e d  

by t e m p e r a t u r e  a n d  oxygen p e n e t r a t i o n  f rom t h e  u p p e r  l a y e r s  o f  

w a t e r .  

E s s e n t i a l  s e a s o n a l  v a r i a t i o n s  i n  t h e  r a t e s  o f  n u t r i e n t  r e l e a s e  

f rom s e d i m e n t  w e r e  o b s e r v e d  b y  Kamp-Nielsen ( 1 9 7 5 a ) .  I t  was found 

t h a t  i n  w i n t e r  t h e  r e l e a s e  o f  phospho rus  d o e s  n o t  t a k e  p l a c e  

u n d e r  t h e  ice ( G a h l e r ,  1 9 6 9 ) .  A s  Gol te rman (1975)  i n d i c a t e d ,  

i n  s h a l l o w  l a k e s  it i s  p o s s i b l e  t h a t  t h e  phospho rus  w i l l  a c c u m u l a t e  

i n  t h e  s e d i m e n t  d u r i n g  t h e  w i n t e r  and  r e l e a s e  f rom s e d i m e n t  i n  

summer. K o z e r s k i  ( 1  98 1 ) found  t h a t  phospho rus  l o s s e s  t o  s e d i m e n t  

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

l a k e ,  Mugelsee.  G a h l e r  (1969)  h a s  shown t h a t  exchange  o f  n u t r i e n t s  

i n c l u d i n g  phosphorus  be tween s e d i m e n t  and  water was t h e  most  



a c t i v e  i n  June  and September  1968 i n  Upper Klamath l a k e .  Fo r  

Lake Moos$, Riemann (1977)  found a b i n d i n g  o f  phospha te  t o  s e d i n e n t  

2  
a l l  o v e r  t h e  bo t tom o f  t h e  l a k e  amount ing t o  0.2-1.6 mgP/m -day 

d u r i n g  J a n u a r y - F e b r u a r y ,  w h i l e  d u r i n g  t h e  summer t h e  r e l e a s e  o f  

phosphorus  f rom s e d i m e n t  was o b s e r v e d  w i t h  maximum r a t e s  o f  4 .5-8.6 

2 
mg P/m -day i n  J u l y .  The s t u d y  r e s u l t s  o f  Hu tch inson  ( 1 9 5 7 ) ,  

Andersen ( 1 9 7 4 ) ,  Ryding and  F o r s b e r g  (1977)  , T h e i s  a n d  McCabe 

(1978) show t h a t  a  s u b s t a n t i a l  amount o f  phosphorus  i s  r e l e a s e d  

from t h e  s e d i m e n t  d u r i n g  t h e  summer. I t  was a l s o  found t h a t  t h e  

i n t e r s t i t i a l  w a t e r  may be e n r i c h e d  w i t h  phosphorus  by a f a c t o r  

o f  5-20 compared t o  o v e r l y i n g  w a t e r  i n  t h e  summer (Ho ld ren  e t  

a l . ,  1977 ) .  Sometimes t h e  i n c r e a s e d  r e l e a s e  o f  n u t r i e n t s  f rom 

t h e  s e d i m e n t s  d u r i n g  summer i s  e x p l a i n e d  by i n t e n s i v e  decomposi- 

t i o n  of  p a r t i c u l a t e  m a t t e r ,  b o t h  l i v i n g  and  dead  ( R y d i ~ g  a n d  

F o r s b e r g ,  1977) .  A s  Moss (1980)  c o n c l u d e d ,  t h e  s e d i m e n t s  i n  

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

e a r l y  summer b e f o r e  t h e  r e l e a s e  can  b e g i n .  Simrn (1977)  found 

t h a t  phospha te  c o n c e n t r a t i o n  i n  t h e  i n t e r s t i t i a l  w a t e r  was 

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

s e a s o n s  t h e  phospha te  c o n t e n t  i n  i n t e r s t i t i a l  w a t e r  was f rom 10 

t o  30 t i m e s  h i g h e r  t h a n  i n  t h e  l a k e  w a t e r .  However, S e r r u y a  

(1977)  i n d i c a t e d  t h a t  Lake K i n n e r e t  s e d i m e n t  a c t e d  a s  a phospho- 

r u s  t r a p ,  e x c e p t  i n  w i n t e r  when i t  s u p p l i e d  phosphorus  t o  t h e  

upper  l a y e r s .  Ah lg ren  (1977)  found t h a t  t h e r e  was a c o n s i d e r a b l e  

n e t  r e l e a s e  o f  phosphorus  b o t h  i n  w i n t e r  and  summer and n e t  

d e p o s i t s  o c c u r r e d  o n l y  i n  May, a f t e r  d i a t o m  bloom i n  Lake Nor rv i ken ,  

1971. However i n  1974-75 t h e r e  was a n e t  r e l e a s e  o n l y  d u r i n g  t h e  

surrmer months.  



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

a r e  t h e  i m p o r t a n t  c h a r a c t e r i s t i c s  which d e t e r m i n e  t h e  amount o f  

n u t r i e n t  a v a i l a b l e  f o r  exchange i n  t h e  sed imen t -wa te r  i n t e r f a c e  

(Bengtsson,  1978) .  F o r  example,  i n  Lake Sddra  Berqunda jdn ,  t h e  

mixed l a y e r  d e p t h  i s  e s t i m a t e d  t o  b e  e q u a l  t o  b e  a b o u t  20 c m  

and phosphorus  c o n c e n t r a t i o n  i n  i n t e r s t i t i a l  w a t e r  o f  s e d i m e n t  

is  a b o u t  10 t i m e s  t h a t  o f  p r e p o l l u t i o n .  I t  was e s t i m a t e d  t h a t  

t h e  t i m e  r e q u i r e d  f o r  phosphorus  c o n c e n t r a t i o n  i n  t h e  mixed l a y e r  

t o  d e c r e a s e  t o  p r e p o l l u t i o n  l e v e l s  i s  a b o u t  20 y e a r s .  

I n f o r m a t i o n  a v a i l a b l e  i n  l i t e r a t u r e  a b o u t  t h e  phosphorus-  

sed imen t  exchange shows t h a t  t h e  n e t  f l u x  o f  phosphorus  t h r o u g h  

t h i s  i n t e r f a c e  or  t h e  r e s u l t a n t  phosphorus  a c c u m u l a t i o n  i n  and 

r e l e a s e  from s e d i m e n t  h a s  a lways  been measured a s  p o s i t i v e .  

T h i s  means t h a t  a c c u m u l a t i o n  i s  l a r g e r  t h a n  release ( P o r c e l l a  

e t  a l . ,  1971) .  A s  S c h i n d l e r  e t  a l . ,  (1977)  have  e s t i m a t e d ,  a b o u t  

81 p e r c e n t  o f  phosphorus  w a s  d e p o s i t e d  i n  sed imen t  and o n l y  

1 p e r c e n t  a p p e a r e d  by r e s u s p e n s i o n  i n  a water column. I n  Lake 

B a l a t o n ,  a b o u t  75-83 p e r c e n t  o f  t o t a l  phosphorus  e n t e r i n g  t h e  

l a k e  f rom t h e  w a t e r s h e d  s e t t l e d  i n t o  t h e  s e d i m e n t  (Leonov, i 9 8 0 ) .  

Over 80 p e r c e n t  o f  phosphorus  e n t e r i n g  Lake E r i e  i s  sed imen ted  

w i t h i n  t h e  l a k e  b a s i n  ( I n t e r n a t i o n a l  J o i n t  Commission, 1969) .  

I n  d i s c u s s i o n  o f  t h e  w a t e r  e c o l o g i c a l  p rob lems,  Moss (1980)  

conc luded  t h a t  i n  m o s t  l a k e s ,  t h e  n e t  f l u x  o f  phosphorus  t e n d s  

s t r o n g l y  toward  t h e  s e d i m e n t s .  

The a b i l i t y  o f  s e d i m e n t s  t o  a d s o r b  t h e  phosphorus  may be  

e s t i m a t e d  i n  s p e c i a l  e x p e r i m e n t s  (Wildung and Schmid t ,  1973; 

C o l l i n s ,  1977; J a c o b s e n ,  1977, 1 9 7 8 ) ,  and  a s  a  r u l e ,  on  t h e  

b a s i s  o f  e x p e r i m e n t s ,  t h e  models o f  phosphorus  a d s o r p t i o n  by 

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



s e d i m e n t  phosphorus  a d s o r p t i o n  a r e  p r e s e n t e d  i n  T a b l e  1 .  A s  

Jacobsen  (1977)  i n d i c a t e d ,  v a l u e s  o f  model p a r a m e t e r s  may be  

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

t h a t  a p p l y i n g  t h e  h y p e r b o l a - l i k e  Langmuir  i s o t h e r m  ( e q u a t i o n  3 

i n  T a b l e  1 )  gave t h e  b e s t  agreement  f o r  e x p e r i m e n t s  w i t h  o x i d i z e d  

mud, w h i l e  f o r  reduced  mud, t h e  b e s t  f i t  was o b t a i n e d  by t h e  Freund-  

l i c h  i s o t h e r m  ( e q u a t i o n  4 i n  Tab le  1 ) .  Hwang e t  a l .  (1976)  n o t e d  t h a t  

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

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

f r a c t i o n s  and t h e  b e s t  a d s o r p t i o n  e f f i c i e n c y  was o b t a i n e d  a t  s i z e  

f r a c t i o n s  o f  5 t o  2 p, Green e t  a 1 . ( 1 9 7 8 )  found a p o s i t i v e  c o r r e -  

l a t i o n  between t o t a l  phosphorus  o f  suspended  s e d i m e n t  and ca lc i te  

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

t h e  phosphorus  a d s o r p t i o n  c a p a c i t y  o f  suspended  s e d i m e n t s .  

The s t u d y  r e s u l t s  show t h a t  t h e  s e d i m e n t s  w i t h i n  a  l a k e  a r e  

n o t  un i fo rm i n  r e s p e c t  o f  phosphorus  r e l e a s e  a s  w e l l  as i n  t h e  

compos i t i on  o f  phosphorus  compounds. F o r  example f o r  Lake 

Cons tance ,  Mi i l le r  and  T i e t s  (1966)  found t h a t  s e d i m e n t  phosphorus  

c o n c e n t r a t i o n s  depend p r i m a r i l y  on t h e  mud p a r t i c l e  s i z e  and  

i n c r e a s e s  w i t h  c l a y  c o n t e n t .  W i l l i ams  e t  a l .  (1971)  and  Shuk la  

e t  a l .  (1971)  o b t a i n e d  l ower  v a l u e s  f o r  p h o s p h a t e  a d s o r p t i o n  by 

c a l c i f e r o u s  s e d i m e n t s  i n  compar ison  w i t h  n o n c a l c i f e r o u s  muds. 

Riemann (1  977 1 found c o n s i d e r a b l y  h o r i z o n t a l  d i f f e r e n c e s  i n  t h e  

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

phospha te  i n  s p i t e  o f  t h e  phosphorus  c o n t e n t  ( a t  t h e  v a r i o u s  

s t a t i o n s )  i n  t h e  upper  s e d i m e n t  l a y e r  b e i n g  n e a r l y  t h e  same. 

To a  l a r g e  d e g r e e ,  t h i s  i s  d e f i n e d  by chemica l  f e a t u r e s  o f  s e d i -  

ments  and  c o n d i t i o n s  i n  phosphorus  t r a n s f o r m a t i o n s  i n  s e d i m e n t s .  



T a b l e  1.  Models  f o r  P h o s p h o r u s  A d s o r p t i o n  b y  S e d i m e n t s  

NN E q u a t i o n s  Symbols  R e f e r e n c e  

X i s  amount  of p h o s p h o r u s  a d s o r b e d  p e r  u n i t  Kuo a n d  
w e i g h t  of s e d i m e n t ;  L o s t e  ( 1974 )  

Po i s  i n i t i a l  p h o s p h o r u s  c o n c e n t r a t i o n  i n  water; 

t i s  r e a c t i o n  t i m e ;  
K a n d  m are c o n s t a n t s .  

P  is  a c t u a l  p h o s p h a t e  c o n c e n t r a t i o n  i n  water; Hwang e t  a l .  

k  a n d  n  a r e  c o n s t a n t s  e q u a l  t o  0.205 a n d  (1976 )  

0 .61  8  r e s p e c t i v e l y ;  
-- I 

03 

J a c o b s e n  ( 19 77 )  I 

P 'e i s  e q u i l i b r i u m  p h o s p h a t e  c o n c e n t r a t i o n ;  

3  X = PSC e - NAP k t  is  h a l f - s a t u r a t i o n  c o n s t a n t ;  
k' + Pe PSC is  h i g h e s t  p h o s p h a t e  s o r p t i o n  c a p a c i t y  of 

s e d i m e n t ;  

4  X = Ke (Pe lP  - NAP NAP i s  n a t i v e  a d s o r b e d  p h o s p h a t e ;  
Ke a n d  p  a r e  c o n s t a n t s .  

'e - 1  1  Xm i s  e q u i l i b r i u m  c a p a c i t y  o f  s e d i m e n t s ;  Ku e t  a1. ( 1978 )  
- - 
X 

+ - * P  
b  Xm 

Green  e t  a l .  
'm b  i s  c o n s t a n t  r e l a t e d  t o  t h e  e n e r g y  o f  a d s o r p t i o n .  ( 1 9 7 8 )  

F e  i s  i r o n  c o n c e n t r a t i o n  i n  water; 
- -  Pads - 0 .298  - 0.0316.pH 

F e  i s  p h o s p h o r u s  c o n c e n t r a t i o n  a d s o r b e d  

+ 0 .201  & Pads by  s e d i m e n t  

L i j k l e m a  a n d  
Hiel t jes ( 1979 )  



I n  any c a s e ,  t h e  s e d i m e n t s  a r e  i n t i m a t e l y  i n v o l v e d  i n  t h e  phos- 

phorus  c y c l e  o f  t h e  l a k e s  and  i t i s  n o t e d  t h a t  low r e a c t i v i t y  

o f  t h e  p h o s p h a t e  r e t a i n i n g  phase  o f  t h e  s e d i m e n t s  i s  a  key f a c t o r  

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

and min imal  l o s s  t h r o u g h  t h e  f o r m a t i o n  o f  s t a b i l e  phospha te .  

The r a t e s  o f  o r g a n i c  phosphorus  m i n e r a l i z a t i o n  i s  t h e  ma jo r  

l i m i t i n g  f a c t o r  i n  t h i s  c y c l e  (Webster  and  S c h o f i e l d ,  1 9 7 1 ) .  

However t h e  s i t u a t i o n  s t r o n g l y  depends  on t h e  t y p e  o f  l a k e .  

S c h i n d l e r  e t  a l .  (1977)  found t h a t  a l m o s t  a l l  phosphorus  i n  t h e  

sed imen t  o f  e u t r o p h i c  l a k e s  was bound t o  t h e  p a r t i c u l a t e  f r a c t i o n s .  

Ulen (1978b)  showed t h a t  4 0  p e r c e n t  o f  phosphorus  i n  s e d i m e n t  

was i n  t h e  o r g a n i c  P - f r a c t i o n ,  30 p e r c e n t  i n  t h e  s o r b e d  P - f r a c t i o n ,  

15 p e r c e n t  i n  t h e  a p a t i t e  P - f r a c t i o n  and  15 p e r c e n t  i n  s t a b l e  

P-minera ls .  P o r c e l l a  e t  a l .  (1971)  a l s o  r e v e a l e d  t h a t  a l m o s t  

a l l  sed imen t  phosphorus  i n  e u t r o p h i c  Lake Huron was o r g a n i c a l l y  

bound and t h e  c y c l i n g  o f  a v a i l a b l e  i n o r g a n i c  phosphorus  would 

be  more r a p i d  t h a n  o r g a n i c .  T h e r e f o r e  i n  t h e  e u t r o p h i c  l a k e ,  

t h e  m i n e r a l  phosphorus  r e l e a s e  from t h e  s e d i m e n t  s h o u l d  b e  

dominant .  T h i s  f a c t  i s  c o n f i r m e d  by t h e  e x p e r i m e n t a l  r e s u l t s  

o f  Banoub (1975)  t h a t  phosphorus  r e l e a s e  from t h e  sed imen t  was 

mos t l y  i n o r g a n i c .  Wi ldung a n d  Schmidt  (1973)  a l s o  found t h a t  

a l g a e  growth r e s p o n s e  t o  t h e  phosphorus  r e l e a s e  from t h e  s e d i m e n t  

was a p p r o x i m a t e l y  e q u i v a l e n t  t o  t h e  r e s p o n s e  t o  o r t h o p h o s p h a t e .  

Webster  and  S c h o f i e l d  (1971)  conc luded  t h a t  s e d i m e n t s  i n  

p r o d u c t i v e  l a k e s  w e r e  dominan t l y  a u t o c h t h o n o u s  w i t h  l o w  c o n t e n t s  

o f  Fe and A 1  and  had  a  low p h o s p h a t e  r e t e n t i o n  c a p a c i t y .  Phospha te  

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

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

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

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



I n  o l i g o t r o p h i c  l a k e  s e d i m e n t s ,  t h e  r a t e s  o f  o r g a n i c  phos- 

pho rus  m i n e r a l i z a t i o n  is  low and  p a r t l y  i n h i b i t e d  by low s u b s t r a t e  

a v a i l a b i l i t y  (Webster  and S c h o f i e l d ,  1 9 7 1 ) .  T h i s  f a c t  may b e  

a t t r i b u t e d  t o  t h e  h i g h  r e t e n t i o n  c a p a c i t y  o f  a n  i r o n  domina ted  

r e t a i n i n g  phase  i n  t h e  s e d i n e n t .  

Some o f  t h e  i n f o r m a t i o n  a v a i l a b l e  i n  l i t e r a t u r e  on  t h e  r a t e s  

o f  phosphorus  r e l e a s e  f rom s e d i m e n t s  i s  summarized i n  T a b l e  2 .  

The r a t e s  p r e s e n t e d  i n  T a b l e  2  were e s t i m a t e d  by methods o f  

a n a l y s i s  o f  phosphorus  b a l a n c e  i n  w a t e r  b o d i e s  o n  t h e  b a s i s  o f  

f i e l d  s t u d i e s  a s  w e l l  a s  a n a l y s i s  o f  c o n d i t i o n s  i n  t h e  phosphorus  

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

and  muds. However a s  Riemann (1977)  i n d i c a t e d ,  t h e  r a t e s  o f  

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

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

o b t a i n e d  i n  l a b o r a t o r y  e x p e r i m e n t s .  H e  assumed t h a t  d i f f e r e n c e s  

i n  t h e s e  r a t e s  may b e  due t o  t h e  c o n s t a n t  movements o f  t h e  upper  

sed imen t  l a y e r ,  a c c e l e r a t i n g  t h e  n u t r i e n t  r e l e a s e  f rom s e d i m e n t ,  

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

g r o s s  f l u x e s  o f  n u t r i e n t s  a c r o s s  t h e  sed imen t -wa te r  i n t e r f a c e  

a r e  e s t i m a t e d  i n  p r a c t i c e  by m u l t i p l y i n g  t h e  maximum n u t r i e n t  

g r a d i e n t s  by t h e  d i f f u s i o n  c o e f f i c i e n t s .  Ulen (1978b)  e s t i m a t e d  

t h e  phosphorus  r e l e a s e  r a t e s  f rom t h e  s e d i m e n t s  by t h r e e  d i f f e r e n t  

methods: ( i) on t h e  b a s i s  o f  d i f f u s i o n  laws;  (ii) f rom l a b o r a t o r y  

e x p e r i m e n t s  a n d  (iii) f rom n e t  phosphorus  i n c r e a s e  i n  t h e  hypol im- 

n ion  d u r i n g  s t a g n a n t  c o n d i t i o n s .  H e  o b t a i n e d  t h e  f o l l o w i n g  v a l u e s  

o f  r a t e s :  7,  3.6-4.7 and  7.9-9.3 mgp/m2-day r e s p e c t i v e l y  and  

conc luded  t h a t  t h e  f i r s t  t w o  methods p r o b a b l y  gave  low e s t i m a t e s ,  

because  t h e  e f f e c t s  o f  some i m p o r t a n t  p r o c e s s e s  on  phosphorus  

c y c l i n g  was n o t  t a k e n  i n t o  a c c o u n t  i n  t h e s e  c a l c u l a t i o n s ,  w h i l e  

t h e  t h i r d  method gave t h e  upper  l i m i t  o f  phosphorus  r e l e a s e  r a t e s .  



Table 2 .  Review o f  Phosphorus Release Rates  f r o n  Sediments 

UU Phosphorur releare rater Oxic conditions Temperature Referenoe 
or searon 

anaerobic - Vollenweider(l968) 

aerobic - rillos and Molof(1970) 

30.0 - - - anaerobic - 
3 0.11-0.73 rp D I P / ~ ~ - ~ ~ I  - - Porcella at al(1971) 

0.1 rq ~ o ~ / r ~ - d a y  - - 
4 0.27 rgp/r2-day - - sturm and Leckie(l971) 

5 0.22 - ro1p/r2-day aerobic Winter Burns and Ross (1972) 

0 .24-10-~ -: - - anaerobic surrer 

6 0.597-1.22 rpP/q-hour aerobic - Armstrong at a1 (1972) 

1.43-3.02 - - - - anaerobic - 
I 

7 4.0 r g ~ / r ~ - d a y  anaerobic - Welch and Spyridakia(l972) ~ 
8 1.2 qp/r2-month aerobic - Anderaen (1974) 

2.5-8.0 rgp/r2 -day - 1 - 1 -  - - 
9 17.3 2 4.6 rpp/r2-day anaerobic - Xarp-Uielaen(l974) 

12.3 3.6 - - - - - - - - -  - 
+ 1.2 - 0.2 - - - - 

0.8 2 0.2 - - - - -._ - - 
10 2 8.0-10.0 , r g P / ~  -day anaerobic Surrer Zonzogni (1974) 

11 0.a008-0.01 =q~/ l-day - - Shidharan and Lee(l974) 

aerobic 
- - - Serruya st al(1974) 

14 1.0-16.0 rgp/r2-day anaerobic - J6rgensen at a1 (1975) 

15 0 - 50.0 pg-at~/r2-hoor - - Uixon et al(1975) 

16 0.27 rqp/r2:day aerobic - Bannerran et a1 (1975) 

17 1.2 rgP/m2-day anaerobio 4 Ri~noub (1.975) 

2.2 - - - - -'. - 10 

3.5 - - - - I - - -  15 

18 1.2 r q p / ~ ~ - d a y  aerobic - rillos and Swanaon(1975) 

26.0 - - - - anaerobic - 
19 22.0-49.0 mgp/r2-day - 8 Bengtsson(l975) 

20 3 - 0  r g ~ / m ~ - d a y  anaerobic 2 0 rillom and Bimwaa(l976) 

2 1 9.0-47.6 mgp/r2-day aerobic - Ryding and Porsberq (1976) 

2 2 0-. 65  rgp/r2-day - - Neame (1976) 

2 3 3.0 r q ~ / m ~ - d a y  anaerobic 



Table 2 .  (contd-.) 

HI Phosphorus release rate. Oxic conditions Temperature Ref ereace. 
or season 

2 5 0.02 rg~/ l -day - Spring Lung et a1 (1976) 

0.08-0.12 - -' - - Summer 

0.02-0.05 - - - - Autumn 

- Ahlgren (1977) 

27 20.0-440.0 gp/m2-hour aerobic - Poon(1977) 

28 25.1 mg ~1p/m~-d.y - - Freedman and Canale(l977) 

38.0 mg TP/r2-day - - 
29 2.9 m9p/m2-day - s umme r Boldren et a1(1977) 

1.3 - - - - Winter 

30 10.4 m9P/m2-day - - Rippey (1977) 

31 14.0-38.0 m9?/m2-day - - Stevens and Gibson(l977) 

3 2 4.5-8.6 mpp/m2-day (in expori- - 
meatm) 

9.0-15.0 - ' - -(by balaaco - 
calculation.) 

s umme r Rieman (1977) 

3 3 4.0-10.8 mgp/rZ-day anaerobic - Zonrogni et al(1977) 

34 10.0-20.0 rgP/r2-day aerobic 11-19(Aatorn) Theis and UcCabe(1978) 

35 68.0 r g ~ / m ~ - d 8 ~  - Autumn Olen(1978a) 

3 6 1.7-3.0 m9p/m2-day aerobic 4 01en (1978b) 

4.0-7.3 anaerobic - - -  
37 2 1.5 gP/m -year - - bengtsson (1978) 

3 0 5.0-138.0 mg?/m2-day - - Chiaro and lurk. (1980) 



However, it may b e  n o t e d  t h a t  t h e  c a l c u l a t e d  r a t e s  o f  phosphorus  

r e l e a s e  f rom s e d i m e n t  o b t a i n e d  by Ulen (1978b)  have  t h e  same 

o r d e r  o f  magn i tude  and  h e  u s e d  them f o r  e s t i m a t i n g  t h e  impor tance  

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

o f  Lake Nor rv i ken .  

3 .  EFFECTS OF ENVIRONMENTAL FACTORS AND PHYSICAL- 
CHEMICAL AND BIOLOGICAL PROCESSES ON PHOSPHORUS 
EXCHANGE I N  THE SEDIMENT-WATER INTERFACE 

Sed imen ts  have  t h e  a b i l i t y  t o  s u p p o r t  c e r t a i n  l e v e l s  o f  

phospha te  i n  t h e  w a t e r .  T h i s  f a c t  may b e  i m p o r t a n t  i n  t h e  

phosphorus  c y c l e  i n  w a t e r  b o d i e s  ( K u f f e l ,  1977)  . The d e g r e e  o f  

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

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

b i o l o g i c a l  p r o c e s s e s  which i n t e r a c t  w i t h  e a c h  o t h e r  ( F i l l o s  and  

Swanson, 1 9 7 5 ) .  Moss (1980)  n o t e d  t h a t  t h e  r e a s o n  f o r  s u b s t a n c e s  

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

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

p r o c e s s e s  i n  t h e  sed imen t -wa te r  i n t e r f a c e .  S r i d h a r a n  and Lee 

(1974)  s u g g e s t e d  t h a t  t h e  r e l e a s e  r a t e  o f  phospho rus  is  t h e  

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

a b i o t i c .  Go l te rman (1977)  c o n c l u d e d  t h a t  p o t e n t i a l  a v a i l a b i l i t y  

o f  s e d i m e n t  phosphorus  i n  l a k e s  w i l l  s t r o n g l y  depend on  t h e  

hydrodynamic p r o c e s s e s .  The r e l e a s e  r a t e  i s  c o n s i d e r e d  t o  be  

dependen t  on mechanisms which l e a d  t o  s o l u b i l i z a t i o n  o f  phospho rus  

(decompos i t i on ,  a n a e r o b i c  c o n d i t i o n )  o r  b e n t h i c  u p t a k e  and  

t r a n s p o r t  f rom t h e  s e d i m e n t  ( P o r c e l l a  e t  a l .  1 9 7 1 ) .  

A s  Moore and  S i l v e r  (1972)  c o n c l u d e d ,  one  weakness  o f  t h e  

e x i s t i n g  l i t e r a t u r e  on  phosphorus  t r a n s f o r m a t i o n  and  exchange 

i n  t h e  sed iment -water  i n t e r f a c e  is a f a i l u r e  t o  c a r e f u l l y  c o n s i d e r  

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



t h a t  might i n f l u e n c e  t h e  mechanisms. Because t h e  i d e n t i f i c a t i o n  

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

from t h e  sed iment  by budget  c a l c u l a t i o n  i s  n o t  p o s s i b l e  (Ryding 

and Forsberg ,  1977) ,  i n  t h e  g iven  s tudy  it i s  assumed t o  be 

u s e f u l  t o  ana lyze  t h e  a v a i l a b l e  i n fo rma t i on  on f a c t o r s  t h a t  

r e g u l a t e  t h e  exchange p rocesses  i n  t h e  sediment-water  i n t e r f a c e .  

The e f f e c t s  o f  some p h y s i c a l  f a c t o r s  (such a s  mix ing,  d i f f u s i o n  

and tempera tu re )  and chemica l  f a c t o r s  (such a s  oxygen and o r g a n i c  

m a t t e r  l e v e l s ,  o x i d a t i v e  s t a t e  o f  sed iment ,  pH and redox cond i -  

t i o n s )  and b i o l o g i c a l  f a c t o r s  (such a s  b a c t e r i a l  a c t i v i t y )  on t h e  

p rocess  o f  phosphorus r e l e a s e  from t h e  sed iment  i s  d i s c u s s e d  i n  

t h i s  s e c t i o n  o f  t h e  r e p o r t  based on d a t a  a v a i l a b l e  from l i t e r a t u r e .  

These f a c t o r s  a r e  cons ide red  t o  b e  t h e  most impo r tan t  i n  under- 

s t a n d i n g  and e x p l a i n i n g  t h e  c o n d i t i o n s  and t r e n d s  i n  t h e  pnos- 

phorus c y c l e  and t h e  t r a n s f o r m a t i o n  o f  phosphorus compounds i n  

wa te r  bod ies .  I t  i s  a l s o  assumed t h a t  i n f o rma t i on  p r e s e n t e d  i n  

t h i s  s e c t i o n  may be  u s e f u l  f o r  t h e  f o rmu la t i on  o f  c e r t a i n  

approaches t o  t h e  s i m u l a t i o n  o f  phosphorus t r ans fo rma t i on  i n  

wa te r  q u a l i t y  models c o n s i d e r i n g  t h e  e u t r o p h i c a t i o n  and phosphorus 

t r ans fo rma t i ons  i n  wa te r  envi ronments.  

3 .1  Mixing 

I t  i s  recogn ized  t h a t  mixing by v a r i o u s  p h y s i c a l  p rocesses  

such a s  wind and wave a c t i o n ,  c u r r e n t s ,  e b u l l i t i o n  of  g a s ,  e t c . ,  i s  

one o f  t h e  most impo r tan t  f a c t o r s  i n  t h e  r e g u l a t i o n  of  phosphorus 

exchange i n  t h e  sediment-water  i n t e r f a c e  (Lee, 1970) . Yousef 

e t  a l .  (1981) e s t i m a t e d  changes i n  phosphorus c o n c e n t r a t i o n s  due 

t o  t h e  mixing caused by motorboats  i n  sha l l ow  l a k e s .  They found 

t h a t  maximum phosphorus i n c r e a s e  occu r red  i n  t h e  s h a l l o w e s t  l a k e  



and t h e  e f f e c t  o f  m ix ing  showed an i n c r e a s e  i n  phosphorus  c o n t e n t  

f o r  l a k e s  C l a i r  ( a v e r a g e  d e p t h  2 . 3  m ) ,  M i z e l l  ( 4  m ) ,  and J e s s u p  

( 1 . 8  m )  v a r y i n g  f rom 39-43 p e r c e n t ,  16-28 p e r c e n t  and  59-73 

p e r c e n t  r e s p e c t i v e l y .  The a u t h o r s  a l s o  e s t i m a t e d  t h e  amount o f  

o r t h o p h o s p h a t e  r e s u s p e n d e d  due  t o  mix ing  i n  t h e  same l a k e s  t o  

b e  e q u a l  t o  46,  24 and  105 mgp/m2 o f  t h e  b o t t o m  s e d i m e n t s  and  

t h e s e  phosphorus  amounts  a v e r a g e d  55 ,  41 and  42 p e r c e n t  o f  t o t a l  

phosphorus  i n  s i m i l a r  l a k e s .  

When t h e  wa te r - sed imen t  s y s t e m  i s  c o m p l e t e l y  mixed,  r e l a -  

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

a e r o b i c  and  a n a e r o b i c  c o n d i t i o n s .  Kramer e t  a l .  (1972)  i n d i c a t e d  

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

by a g i t a t i o n  i n f l u e n c e d  t h e  phosphorus  exchange between s e d i m e n t  

and w a t e r .  Z i c k e r  e t  a l .  (1956)  have  shown t h a t  phospho rus  

r e l e a s e  f rom s e d i m e n t  unde r  dynamic o r  mixed c o n d i t i o n s  was 

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

Neafus  (1980)  i n d i c a t e d  t h a t  m i x i n g  i n  a l l  e x p e r i m e n t a l l y  

s t u d i e d  c a s e s  enhanced phosphorus  r e l e a s e  f rom t h e  s e d i m e n t s .  

R ippey (1977)  a l s o  found  t h a t  t h e  phosphorus  r e l e a s e  r a t e  was 

s e n s i t i v e  t o  t h e  s t i r r i n g .  

Under s t a t i c  c o n d i t i o n s  a s l o w  r e l e a s e  r a t e  o f  phospho rus  

was o b s e r v e d  (Lee ,  1 9 7 3 ) .  I t  i s  n o t e d  t h a t  t h e  p h o s p h a t e  r e l e a s e  

was r e t a r d e d  when b o t t o m  w a t e r  e n r i c h e d  by  p h o s p h a t e  was n o t  

exchanged by hydrodynamic movements ( H a l l b e r g  e t  a l .  1 9 7 6 ) .  The 

i n t e n s i t y  a t  which t h e  m ix ing  r e d i s t r i b u t e s  t h e  s e d i m e n t e d  phos- 

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

and  r e s e r v o i r s .  P o r c e l l a  e t  a l .  (1971)  i n d i c a t e d  t h a t  n u t r i e n t  

c y c l i n g  i n  s h a l l o w  l a k e s  i s  a c c e l e r a t e d  by m ix ing  b e c a u s e  o f  



g r e a t e r  e f f e c t s  on t h e  bo t tom s e d i m e n t s  due t o  w ind ,  wave and 

c u r r e n t  a c t i o n s  (W i l l i ams  and Mayer, 1972) . I n  w e s t e r n  Lake 

E r i e  t h e  t o p  l a y e r  5 t o  7 .5  c m  o f  s e d i m e n t  was w e l l  mixed by 

wave a c t i o n  and c u r r e n t s  (Skoch and B r i t t ,  1 9 6 9 ) .  S e r r u y a  (1977)  

found t h a t  t h e  t u r b u l e n t  m ix ing  o f  s e d i m e n t  was a  mechanism 

e x p l a i n i n g  t h e  i n c r e a s e  o f  t h e  t o t a l  phosphorus  s t o r a g e  o f  Lake 

K i n n e r e t  w a t e r  i n  December-January.  

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

o f  phosphorus  a c c u m u l a t i o n  i n  t h e  s e d i m e n t s  (Ah lg ren ,  1977) i s  

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

exchange and it is e s p e c i a l l y  e x p r e s s e d  i n  s h a l l o w  w a t e r  b o d i e s  

(Andersen,  1974; Kamp-Nielsen, 1975b) . Moss ( 1980) n o t e d  t h a t  

i n  l a k e s ,  where t u r b u l e n t  m ix ing  i n d u c e d  o n  t h e  s u r f a c e  by wind 

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

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

3.2 D i f f u s i o n  

D i f f u s i o n  i s  a l s o  o n e  of t h e  mechanisms o f  n u t r i e n t  r e l e a s e  

from t h e  s e d i m e n t .  I t  i s  t h e  r e s u l t  o f  d i f f e r e n c e s  i n  c o n c e n t r a -  

t i o n s  o f  phosphorus  i n  o v e r l y i n g  and  i n t e r s t i t i a l  s e d i m e n t  w a t e r  

(W i l l i ams  a n d  Mayer, 1 9 7 2 ) .  L e e  (1970)  and Wood (1975)  n o t e d  

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

t h a n  t h e  e f f e c t  o f  m ix ing .  However many a u t h o r s  found t h a t  

p r o c e s s e s  o f  phosphorus  r e l e a s e  f rom s e d i m e n t  have  been  w e l l  

c o r r e l a t e d  w i t h  g r a d i e n t s  between phosphorus  c o n c e n t r a t i o n s  i n  

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

a r e  d i f f u s i o n  c o n t r o l l e d  r e a c t i o n s  (Mor t imer ,  1971 ; Stumm and 

L e c k i e ,  1971; DiGiano,  1971; F i l l o s  and Biswas,  1 9 7 6 ) .  Ulen 

(1978b)  i n d i c a t e d  t h a t  t h e  r e l a t i o n s h i p  between s e d i m e n t  



p h o s p h o r u s  release a n d  t h e  c o r r e s p o n d i n g  p h o s p h o r u s  g r a d i e n t s  

w a s  n o n l i n e a r .  V i n e r  ( 1977 )  s u g g e s t e d  t h a t  t h e  s e d i m e n t  c o n t r i b u -  

t i o n  of n u t r i e n t s  was l i m i t e d  by  t h e  d i f f u s i o n  i n  t r o p i c a l  l a k e s .  

Wi ldung a n d  S c h m i d t  ( 1973 )  a n d  Kamp-Nielsen (1974 ,  1975b)  con- 

c l u d e d  t h a t  release ra te  i s  a f u n c t i o n  o f  p h o s p h o r u s  c o n t e n t  i n  

t h e  s e d i m e n t  a n d  i n t e r s t i t i a l  w a t e r  a n d  t h a t  t h e  low p h o s p h o r u s  

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

f r om t h e  s e d i m e n t .  R ippey  (1977 )  f o u n d  t h a t  t h e  p r o c e s s  o f  

p h o s p h o r u s  release f r om  t h e  s e d i m e n t  was s e n s i t i v e  t o  t h e  s u p e r -  

n a t a n t  p h o s p h o r u s  c o n c e n t r a t i o n .  The d i f f u s i o n  t r a n s f e r  o f  

p h o s p h o r u s  w i l l  b e  much i n f l u e n c e d  by  i t s  c a p a c i t y  t o  b e  

a d s o r b e d  (Gup ta  a n d  G r e e n k o r n ,  19 74 )  . 
F l e i s c h e r  ( 19 78 )  assumed t h a t  p h o s p h o r u s  t r a n s p o r t  f rom 

i n t e r s t i t i a l  w a t e r  t o  o v e r l y i n g  w a t e r  seems t o  b e  a p h y s i c a l  

p r o c e s s  ( d i f f u s i o n  o r  t u r b u l e n c e )  c o n t r o l l e d  by  e a r l i e r  b i o l o g i c a l  

p r o c e s s e s .  Hecky (1977 )  n o t e d  t h a t  d i f f u s i o n  o f  n u t r i e n t s  from 

t h e  s e d i m e n t  was max im ized  by  h i g h  p o r o s i t y  o f  s e d i m e n t ,  90 p e r c e n t  

a n d  h i g h  a n n u a l  t e m p e r a t u r e  200C i n  t h e  smal l  Momela L a k e .  V i n e r  

(1977)  f o u n d  t h a t  t h e  e f f e c t i v e  d i f f u s i o n  g r a d i e n t s  w e r e  a c t u a l l y  

w i t h i n  t h e  s e d i m e n t  a n d  n o t  a t  t h e  u n d i s t u r b e d  s e d i m e n t - w a t e r  

i n t e r f a c e .  

3 .3  T e m p e r a t u r e  

The  e f f e c t  o f  t e m p e r a t u r e  on  t h e  i n t e n s i t y  o f  p h o s p h o r u s  

release f rom s e d i m e n t  t o  o v e r l y i n g  w a t e r  was s t u d i e d  by  many 

a u t h o r s .  The h i g h e s t  p h o s p h o r u s  release ra tes o c c u r r e d  when 

w a t e r  t e m p e r a t u r e  n e a r  t h e  b o t t o m  r e a c h e d  a maximum v a l u e   heis is 

a n d  McCabe, 1 9 7 8 ) .  S i m i l a r  t r e n d s  h a v e  b e e n  r e p o r t e d  b y  S c h i p p e l  

e t  a l .  ( 1 9 7 3 ) ,  Wi ldung a n d  S c h m i d t  ( 1 9 7 3 ) ,  ~ n d e r s e n  ( 1 9 7 4 ) ,  

Kamp-Nielsen ( 1 9 7 5 b ) ,  Banoub ( 1 9 7 7 ) ,  H o l d r e n  e t  a l .  (1  9771,  



Ulen ( 1 9 7 8 b ) ,  Ku e t  a l .  ( 1 9 7 8 ) .  T h i s  f a c t o r  may p a r t l y  e x p l a i n  

t h e  h i g h e s t  phosphorus  release rates i n  summer months t h a t  is 

o f t e n  o b s e r v e d  i n  water b o d i e s  ( G a h l e r ,  1969; Ryding and  F o r s b e r g ,  

1 9 7 7 ) .  Lee e t  a l .  (1977)  n o t e d  t h a t  t h e  rate o f  phosphorus  

r e l e a s e  f rom s e d i m e n t  w a s  markedly  a f f e c t e d  by t e m p e r a t u r e  under  

o x i c  and a n o x i c  c o n d i t i o n s .  I n  e x p e r i m e n t a l  s t u d i e s  o f  phosphorus  

release f rom s e d i m e n t s ,  Riemann (1 977)  f ound  no s i g n i f i c a n t  d i f -  

f e r e n c e s  i n  rates a t  50C and 1 5 O ~ .  Accord ing  t o  Banoub (1975)  

and  Kamp-Nielsen (1974)  t h e  s h a r p  i n c r e a s e  i n  t h e  phosphorus  

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

15Oc. 

The e x p l a n a t i o n  f o r  t h e  t e m p e r a t u r e  i n f l u e n c e  on  t h e  phos- 

pho rus  release is t h a t  t e m p e r a t u r e  h a s  a n  i n d i s p u t a b l e  i n f l u e n c e  

on m i c r o b i o l o g i c a l  a c t i v i t y  (Andersen,  1974) . I t  c a n  s u p p r e s s  

t h e  redox  p o t e n t i a l  a n d  s t i m u l a t e  g r e a t e r  d i s s o l u t i o n  o f  phos- 

pho rus  f rom s o l i d  t o  s o l u t i o n  ( T h e i s  a n d  McCabe, 1 9 7 8 ) .  Ho ld ren  

e t  a l .  (1977)  conc luded  t h a t  i n c r e a s i n g  t h e  t e m p e r a t u r e  w i l l  

i n c r e a s e  t h e  rate o f  e l e c t r o n  t r a n s f e r  f rom t h e  o r g a n i c  c a r b o n  

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

o f  Fe 
+++ ++ 

t o  Fe w i t h  c o n c u r r e n t  releases o f  phosphorus  f rom 

i n t e r s t i t i a l  water o f  sed imen t .  

A s  Wildung and  Schmidt  ( 1973) conc luded ,  t e m p e r a t u r e  a l o n e  

c a n n o t  e x p l a i n  t h e  v a r i a t i o n s  i n  s e d i m e n t  phosphorus  r e l e a s e  

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

b i o l o g i c a l  growth.  

I t  i s  n o t e d  t h a t  t e m p e r a t u r e  dependence o f  phosphorus  

r e l e a s e  f rom t h e  s e d i m e n t  may b e  d e s c r i b e d  by e x p o n e n t i a l  

t e m p e r a t u r e  f u n c t i o n  (Kanp-Nie lsen,  1975b; J a c o b s e n  a n d  

J$rgensen,  1975; Jq5rgensen e t  a l .  1975; K r e m e r  and Nixon, 1975) .  



The c l a s s i c a l  A r r e n i u s  e q u a t i o n  was a p p l i e d  by Ku e t  a l .  (1978)  

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

between phosphorus  c o n t e n t s  i n  s e d i m e n t s  and  o v e r l y i n g  w a t e r .  

The e x p o n e n t i a l  t e m p e r a t u r e  dependence was a l s o  o b t a i n e d  f o r  

n i t r o g e n  (Nixon e t  a l .  1975) and  s i l i c a  (Andersen,  1974; Rippey,  

1977) r e l e a s e  from t h e  s e d i m e n t s .  

3.4 Oxygen 

The oxygen l e v e l  i s  c o n s i d e r e d  t o  b e  i m p o r t a n t  i n  t h e  

r e g u l a t i o n  o f  t h e  phosphorus  r e l e a s e  f rom t h e  s e d i m e n t  t o  ove r -  

l y i n g  w a t e r  ( F i l l o s  a n d  Swanson, 1975) .  A s  F i l l o s  and Molof 

(1970)  e x p e r i m e n t a l l y  showed, t h e  r a t e  o f  phosphorus  r e l e a s e  

from t h e  s e d i m e n t  i n c r e a s e s  w i t h  d e c r e a s i n g  oxygen c o n t e n t  i n  

t h e  s u r r o u n d i n g  w a t e r .  A s i m i l a r  t endency  was o b s e r v e d  by 

K u f f e l  ( 1 9 7 6 ) ,  Banoub ( 1 9 7 7 ) ,  S t e v e n s  a n d  Gibson (1977)  . 
A s  oxygen i n  b o t t o m  w a t e r  d e c r e a s e d  f rom 7.6 t o  2.9 mg02/f, 

t h e  b u f f e r i n g  l e v e l  o f  p h o s p h a t e  i n c r e a s e d  f rom 0 .1  mgP04/f, t o  

a b o u t  0.75 mg PO4/$,; i n  o t h e r  l a k e s  where  oxygen d e p l e t i o n  was 

o b s e r v e d  t h e  b u f f e r i n g  l e v e l  was c o n s i d e r a b l y  h i g h e r  ( K u f f e l ,  

1 9 7 6 ) .  The c r i t i ca l  oxygen c o n t e n t  i n  s e d i m e n t  i s  c o n s i d e r e d  

t o  b e  e q u a l  t o  2 mg02/9,; t h e  oxygen u p t a k e  i n  s e d i m e n t  above 

t h i s  l e v e l  i s  i n d e p e n d e n t  o f  t h e  oxygen c o n c e n t r a t i o n .  There- 

f o r e  t h e  c o n t e n t  o f  2 mg O2/9, may a l s o  b e  c o n s i d e r e d  as a c r i t i -  

c a l  l e v e l  f o r  t h e  phosphorus  r e l e a s e  f rom t h e  s e d i m e n t  ( F i l l o s ,  

1977) .  S t e v e n s  a n d  Gibson (1977)  found t h a t  phosphorus  was 

b e i n g  r e l e a s e d  f rom t h e  s e d i m e n t  when t h e  d i s s o l v e d  oxygen con- 

c e n t r a t i o n  i n  t h e  water j u s t  above t h e  s e d i m e n t  was a p p a r e n t l y  

50 p e r c e n t  s a t u r a t e d .  M o r t i m e r  (1971)  i n d i c a t e d  t h a t  t r a n s f e r  

o f  n u t r i e n t s  f rom t h e  s e d i m e n t s  may b e  e x p e c t e d  when oxygen 

c o n c e n t r a t i o n s  n e a r  t h e  bo t tom a r e  below 20 p e r c e n t  s a t u r a t i o n .  



I n  l a k e s  which a r e  t o o  sha l low f o r  s t r a t i f i c a t i o n  t h e  s u r f a c e  

of  t h e  sediment  may become anae rob i c  i n  summer i f  s u f f i c i e n t  

sedimentory o r g a n i c  m a t t e r  i s  p rov ided  f o r  r a p i d  decomposi t ion 

a t  h i g h e r  summer t empera tu res  (MOSS, 1980) .  Because t h e  oxygen 

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

t h e  f a c t o r s  d e f i n i n g  t h e  sed iment  oxygen l e v e l s  shou ld  b e  o f  

major  importance i n  de te rm in ing  t h e  observed i n t e r s t i t i a l  phos- 

phorus l e v e l .  Among t h e s e  f a c t o r s ,  mixing and d i f f u s i o n  a r e  

cons ide red  t o  be  t h e  major  f a c t o r s  c o n t r o l l i n g  t h e  oxygen t r a n s -  

f e r  t o  sed iment  (Holdren e t  a l .  1977) .  

A s  Table  1 shows t h e  r e l e a s e  o f  phosphorus from t h e  sed iments  

t a k e s  p l a c e  i n  a n a e r o b i c  a s  w e l l  a s  a e r o b i c  c o n d i t i o n  i n  o v e r l y i n g  

wa te r .  Ba tes  and Neafus (1980) showed t h a t  a e r o b i c  phosphorus 

r e l e a s e  began much l a t e r  i n  t h e  exper imen ta l  p e r i o d  t han  t h e  

anae rob i c  r e l e a s e  and lower  va lues  were o b t a i n e d  f o r  t h e  a e r o b i c  

sys tem i n  comparison w i t h  co r respond ing  a n a e r o b i c  u n i t s .  S tevens  

and Gibson (1977) found t h a t  t h e  phosphorus r e l e a s e  occu r red  

when t h e  w a t e r  o v e r l y i n g  t h e  sed iment  was oxygen d e p l e t e d  b u t  

n o t  anox ic .  S r i dha ran  and Lee (1974) and Lee e t  a l .  (1977) 

no ted  t h a t  t h e  r e l e a s e  o f  phosphorus under anox ic  c o n d i t i o n s  

was h i g h e r  i n  many r e s p e c t s  t han  t h a t  found i n  o x i c  r e l e a s e .  

The d a t a  i n  Tab le  1 con f i rms  t h i s  conc lus ion .  

Lee e t  a l .  (1977) a l s o  showed t h a t  phosphorus r e l e a s e  under 

o x i c  c o n d i t i o n s  ove r  ex tended  p e r i o d s  o f  t i m e  was e q u a l  t o  t h a t  

o b t a i n e d  under anox ic  c o n d i t i o n s .  They sugges ted  t h a t  o x i c  

r e l e a s e  o f  phosphorus was p r i m a r i l y  r e l a t e d  t o  m i n e r a l i z a t i o n  

of  o r g a n i c  m a t t e r  and i t  p l a y s  a much more impo r tan t  r o l e  i n  

l a k e  s e l f - p u r i f i c a t i o n  t h a n  g e n e r a l l y  thought .  



3.5 Ox ida t i ve  S t a t e  o f  t h e  Sediment 

Oxygen c o n d i t i o n s  d e f i n e  t h e  o x i d a t i v e  s t a t e  o f  t h e  sed iment  

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

o f  t h e  sed iment  possesses  a  c e r t a i n  c a p a c i t y  t o  adso rb  t h e  

n u t r i e n t s  i n c l u d i n g  phosphorus from o v e r l y i n g  w a t e r  ( F i l l o s ,  

1977) .  I t  i s  no ted  t h a t  phosphorus a d s o r p t i o n  by o x i d i z e d  s e d i -  

ment i s  l a r g e r  t h a n  by reduced sed iments  (Gol terman,  1975) .  I t  

was found t h a t  i n  t h e  reduced s t a t e ,  t h e  sed iments  showed a  

r e l e a s e  o f  phosphorus o n l y  when t h e  phosphorus c o n t e n t  i n  t h e  

su r round ing  wa te r  was below t h e  r e l a t i v e l y  h igh  v a l u e  equa l  t o  

2  mg/R (Golterman, 1973b).  The a e r o b i c  l a y e r  may n o t  be more 

than  a  few m i l l i m e t e r s  deep. There fo re  t h e  changes i n  oxygen 

c o n t e n t  i n  t h e  bottom wa te r  w i l l  s e r i o u s l y  a f f e c t  t h e  phosphorus 

r e l e a s e  c o n d i t i o n s  i n  t h e  sediment-water  i n t e r f a c e .  The a e r o b i c  

ox id i zed  l a y e r  o f  sed iment  i s  cons ide red  a  d i f f u s i o n  b a r r i e r  

(Mortimer, 1942; Lee, 1970) and t h i s  l a y e r  q u i c k l y  d i s a p p e a r s  

when oxygen i n  o v e r l y i n g  w a t e r  i s  reduced t o  ze ro .  During 

summer when t h e  tempera tu re  i s  h igh  t h e  o x i d i z e d  sediment  l a y e r  

i s  broken down and a s  a  r u l e  comple te ly  d i s a p p e a r s .  A s  a r e s u l t  

o f  i t s  d i s t u r b a n c e ,  t h e  mo lecu la r  d i f f u s i o n  o r  t u r b u l e n t  d i s p e r -  

s i o n  of  t h e  n u t r i e n t s  from sed iments  t o  o v e r l y i n g  wa te r  may 

become e f f e c t i v e  (Ser ruya  e t  a l .  1974; Kamp-Nielsen, 1975b) . A s  

Golterman (1975) conc luded,  t h e  reduc t i on  c o n d i t i o n  i n  t h e  

sediment-water  i n t e r f a c e  s t i m u l a t e s  t h e  phosphorus r e l e a s e  from 

t h e  sediment .  A s i m i l a r  tendency was observed by Sch ippe l  e t  a l .  

(1973) .  F i l l o s  (1977) a l s o  found t h a t  i n  a n a e r o b i c  c o n d i t i o n s  

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

ment and i n c r e a s e d  n u t r i e n t  r e l e a s e  from sed iment  t a k e s  p l a c e .  



Kamp-Nielsen (1975b) no ted  t h a t  t h e  g radua l  breakdown o r  

p e r f o r a t i o n  o f  t h e  o x i d i z e d  sed iment  l a y e r  can e x p l a i n  t h e  ex- 

p o n e n t i a l  tempera tu re  r e l a t i o n s h i p  and a  g radua l  t r a n s i t i o n  from 

a d s o r p t i o n  t o  d i f f u s i o n  a s  dominat ing p rocesses  o f  n u t r i e n t  

exchange i n  t h e  sediment-water  i n t e r f a c e .  

An o x i d i z e d  sed iment  l a y e r  i s  o f t e n  found i n  n o n - s t r a t i f i e d  

l a k e s  w i t h  h igh oxygen c o n t e n t  (Andersen, 1974) .  I t  i s  no ted  

t h a t  i n  t h e s e  l a k e s  t h e  o x i d i z e d  zone of  sed iment  may be  broken 

when t h e  oxygen consumption o f  sedimented m a t e r i a l  i s  l a r g e r  

t han  t h e  oxygen t r a n s f e r  t o  t h e  sed iment  f rom t h e  o v e r l y i n g  

wa te r  (Gorham, 1958) . Oxygen consumption a f f e c t i n g  t h e  ox ida-  

t i v e  s t a t e  o f  t h e  sed iment ,  changes w i t h  t h e  supp ly  of  a v a i l a b l e  

o r g a n i c  ma t te r ,  b a c t e r i a l  a c t i v i t y  and t empera tu re  (Holdren 

e t  a l .  1977).  

Re lease o f  t h e  subs tances  o f  which t h e  s o l u b i l i t y  i s  i n  

p a r t  de termined by t h e  o x i d a t i v e  s t a t e  o f  t h e  Fe,  Mn, PO4 and 

o t h e r s  i n  sed iment ,  o c c u r s  when t h e  o v e r l y i n g  wa te r  becomes 

d e p l e t e d  o f  oxygen though n o t  n e c e s s a r i l y  comp le te ly  anae rob i c  

(MOSS,  1980) .  Holdren e t  a l .  (1977) concluded t h a t  phosphorus 

c o n t e n t  i n  i n t e r s t i t i a l  w a t e r  shou ld  be c o n t r o l l e d  l a r g e l y  by 

t h e  o x i d a t i v e  s t a t e  o f  sed iment  i r o n  which i s  a  f u n c t i o n  o f  t h e  

r e l a t i v e  a v a i l a b i l i t y  o f  e l e c t r o n  donors ( p r i m a r i l y  o r g a n i c  C )  

and a l t e r n a t i v e  e l e c t r o n  a c c e p t o r s ,  such a s  oxygen, i n  t h e  

sed iment .  They no ted  t h a t  t h e  l e v e l  o f  i n t e r s t i t i a l  phosphorus 

+++ 
shou ld  i n c r e a s e  when sed iment  oxygen becomes d e p l e t e d  and Fe 

becomes reduced. Rippey (1 977) found t h a t  phosphorus r e l e a s e  

from t h e  sediment  i n  t h e  e u t r o p h i c  Lake Lough Neagh had been i n  

a s s o c i a t i o n  w i t h  f e r r i c  o x i d e s  r a t h e r  t han  w i t h  ca lc ium ca rbona te .  

Nriagu and D e l l  (1 974) found t h a t  phosphorus r e g e n e r a t e d  under 



a n o x i c  c o n d i t i o n s  i n  Lake E r i e  s e d i m e n t s  was a s s o c i a t e d  w i t h  

n o n - a p a t i t e  i n o r g a n i c  phosphorus  f r a c t i o n s .  

I n  f e r t i l i z e d  s h a l l o w  l a k e s  w i t h  a  heavy n u t r i e n t  l o a d  

t h e  sed imen ted  o r g a n i c  m a t e r i a l  r e a c h e s  t h e  bo t tom s u r f a c e  i n  

a  r e l a t i v e l y  l a b i l e  s t a t e  because  o f  t h e  s h a l l o w n e s s  o f  t h e  

w a t e r  column. The i n t e n s i v e  decompos i t i on  a t  t h e  s e d i m e n t  

s u r f a c e  t h e n  n o t  o n l y  b r e a k s  down t h e  o x i d i z e d  s e d i m e n t  l a y e r  

b u t  may r e d u c e  t h e  r e d o x  p o t e n t i a l .  When t h i s  happens  ~ e + +  i s  

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

i n t o  t h e  o v e r l y i n g  w a t e r  even  i n  oxygena ted  w a t e r s .  T h i s  

mechanism o f  phosphorus  r e l e a s e  f rom t h e  s e d i m e n t  i s  t y p i c a l  

f o r  summer p e r i o d s  i n  s h a l l o w  l a k e s ,  when t h e r e  is a n  i n t e n s i v e  

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

o c c u r s  when l a r g e  e x t e r n a l  phosphorus  s u p p l i e s  e x i s t  (Moss, 1 9 8 0 ) .  

Sometimes t h e  compos i ton  o f  m i n e r a l s  i n  t h e  o x i d i z e d  l a y e r  

o f  sed imen t  i s  c o n s i d e r e d  a  f a c t o r  r e g u l a t i n g  t h e  n u t r i e n t  ex- 

change i n  t h e  sed iment -water  i n t e r f a c e .  Stumrn (1964)  had sug- 

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

phospha te  c o n t e n t s  i n  l a k e s  r e s u l t i n g  i n  c o n c e n t r a t i o n s  o f  

0 .03 mg P/R a t  t h e  e q u i l i b r i u m .  I n  a n a l y z i n g  t h e  f a c t o r s  

a f f e c t i n g  t h e  t r a n s f e r  o f  n u t r i e n t s  f rom t h e  s e d i m e n t ,  Lee (1970)  

assumed t h a t  t h e  k i n e t i c s  o f  h y d r o a p a t i t e  f o r m a t i o n  i n  sed imen t  

c o n t r o l s  t h e  phosphorus  r e l e a s e  b e c a u s e  t h e  phosphorus  c o n c e n t r a -  

t i o n  i n  many l a k e s  i s  more t h a n  0 .03  mg P/R. However P o r c e l l a  

e t  a l .  (1971)  conc luded  t h a t  t h i s  may o n l y  be a p p l i c a b l e  n o t  t o  

e u t r o p h i c  l a k e s  b u t  o n l y  t o  o l i g o t r o p h i c  l a k e s ,  where c o n c e n t r a -  

t i o n s  o f  phosphorus  compounds change s e a s o n a l l y ,  d e c r e a s e  i n  

phy top lank ton  blooms a n d  i n c r e a s e  o n l y  a f t e r  b looms, a s  a  r e s u l t  

o f  phosphorus  t u r n o v e r  and c y c l i n g  by c h e m i c a l - 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 .  



3.6 Redox and  pH C o n d i t i o n s  

The o x i d a t i v e  s t a t e  o f  t h e  sed imen t  may b e  c h a r a c t e r i z e d  

by pH and  redox  p o t e n t i a l .  The i n f l u e n c e  o f  t h e s e  s t a t e  v a r i -  

a b l e s  on t h e  phosphorus  r e l e a s e  from t h e  s e d i m e n t  were s t u d i e d  

by  many a u t h o r s .  Andersen (1974)  found t h a t  release o f  phosphorus  

f rom t h e  s e d i m e n t  i s  a r e s u l t  o f  i n c r e a s e  i n  pH and  change i n  

redox  c o n d i t i o n s .  T h i s  i s  con f i rmed  by r e s u l t s  o b t a i n e d  by 

Kramer e t  a l .  ( 1 9 7 2 ) ,  Kamp-Nielsen (19741, and  Ku e t  a l .  (1978 ) .  

The change i n  pH may s h i f t  a n  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  com- 

pounds i n  t h e  sed imen t -wa te r  i n t e r f a c e .  Andersen (1974)  o b t a i n e d  

2 
t h e  i n c r e a s i n g  phosphorus  r e l e a s e  ra te  f rom 20 t o  100 mg P/m -day 

a t  i n c r e a s i n g  pH f rom 8 t o  9.5,  b u t  t h i s  r a t e  w a s  r a p i d l y  d e c r e a s e d  

a t  t h e  f u r t h e r  pH i n c r e a s e  f rom 9.5 t o  11.0.  H e  assumed t h a t  t h e  

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

a t  h i g h  pH a s  a r e s u l t  o f  changes  o f  s u r f a c e  c h a r g e  o f  c o l l o i d s  

and c l a y  p a r t i c l e s  and when pH v a l u e s  are l a r g e r  t h a n  9.0 t h e  
- 

d i s s o l u t i o n  o f  A R   OH^) as A R   OH^) o c c u r s .  

When p h o s p h a t e  phosphorus  i s  p r e s e n t  i n  s e d i m e n t s  i n  s o r b e d  

and bounded states w i t h  Ca, Fe and A R  it h a s  a h i g h  s o r p t i o n  

a b i l i t y .  Gol terman (197%) i n d i c a t e d  t h e  a b i l i t y  o f  phosphorus  

a n i o n s  t o  be  s o r b e d  i n t o  c l a y s ,  o r g a n i c  p a r t i c u l a t e s ,  Fe and  A R  
\ 

h y d r o o x i d e s  as w e l l  as c a l c i u m  c a r b o n a t e .  F i g u r e  1 shows t h e  

change o f  phosphorus  a d s o r p t i o n  by c l a y s  a s  a f u n c t i o n  o f  pH 

(Edzwald, 1977 ) .  The maximum a d s o r p t i o n  of p h o s p h a t e  by k a o l i n i t e  

and i l l i t e  is o b s e r v e d  a t  pH v a r y i n g  between 4 and 5 .  Ku e t  a l .  

(1978)  and  K u f f e l  (1976)  s t u d i e d  t h e  phosphorus  a d s o r p t i o n  i n  

t h e  e u t r o p h i c  l a k e  s e d i m e n t s  i n  t h e  r a n g e  o f  pH 4.8-7.0 and  

t h e y  a l s o  found t h e  most a c t i v e  p h o s p h a t e  s o r p t i o n  a t  t h e  l o w e s t  

pH. 



F i g u r e  1 .  Phosphorus A d s o r p t i o n  by C l a y s  a s  a F u n c t i o n  
o f  pH a f t e r  Edzwald (1977)  
1 - i l l i t e ;  2 - m o n t m o r i l l o n i t e ;  3 - k a o l i n i t e  

Dur ing t h e  a d s o r p t i o n  o f  phospha te  by c l a y s ,  t h e  i n t e r a c t i o n s  

o f  phospha te  w i t h  m e t a l  i o n s  on t h e  c l a y  s u r f a c e s  i s  q u i t e  impor- 

t a n t .  T h i s  f a c t  e x p l a i n s  t h e  d i f f e r e n t  c h a r a c t e r  o f  phospha te  

a d s o r p t i o n  which is  dependent  on pH f o r  k a o l i n i t e ,  i l l i t e  and 

m o n t m o r i l l o n i t e  a s  shown i n  F i g u r e  1 .  Stumrn and L e c k i e  (1971)  

i n d i c a t e d  t h a t  a d s o r p t i o n  o f  phospha te  t o  c l a y s ,  a s  w e l l  a s  t h e  

s o l u b i l i t y  o f  some m i n e r a l s  s u c h  a s  A L P 0 4  ( v a r i s c i t e ) ,  FeP04 

( s t r e n g i t e )  and Cal ( P O 4 )  (OH)  ( h y d r o a p a t i t e )  d e t e r m i n e  t h e  

he te rogeneous  e q u i l i b r i u m  i n  phospha te  c o n c e n t r a t i o n s  i n  t h e  

aqueous phase  and s o l i d  phase  i n  s e d i m e n t s .  Accord ing  t o  

F i g u r e  2, showing t h e  s o l u b i l i t y  o f  phospha te  r e l a t i o n s  i n  s o l i d  

phases  (Stumm and L e c k i e ,  1 9 7 1 ) ,  t h e  c o n c e n t r a t i o n  o f  phospha te  

i n  t h e  aqueous phase  i s  main ly  de te rm ined  by t h e  s o l u b i l i t y  o f  



F i g u r e  2. Diagram o f  S o l u b i l i t y  f o r  S o l i d  Phospha te  
Phases  a f t e r  Stumm and L e c k i e  (1971)  

phospha te  r e l a t i o n s  w i t h  i r o n  u n t i l  pH i s  a b o u t  6 . 0 ,  w h i l e  a t  

pH h i g h e r  t h a n  6.0 it w i l l  depend on t h e  s o l u b i l i t y  o f  phospha te  

r e l a t i o n s  w i t h  ca l c ium.  Hepher (1958)  p r e s e n t e d  a g r a p h  f o r  t h e  

c a l c u l a t i o n  o f  t h e  amounts o f  p h o s p h a t e  and  c a l c i u m  e x i s t i n g  

t o g e t h e r  i n  t h e  s o l u t i o n  a t  v a r i o u s  pH v a l u e s .  F i g u r e  3  i l l u s -  

t r a t e s  t h e  r e l a t i o n s h i p  between 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  

c a l c i u m  c o n c e n t r a t i o n ,  pCa, a t  s a t u r a t i o n  a g a i n s t  pH i n  t h e  

t e r n a r y  s y s t e m  Ca (OH)  2-H3P04-H20 a t  2 5 O ~  (Brown, 1973)  . Using 

t h i s  p l o t ,  t h e  r e l a t i v e  s o l u b i l i t y  o f  t h e  s a l t s  a t  a g i v e n  pH 

may be found.  Thus F i g u r e  3  shows t h a t  CaHP04- 2  H 2 0  i s  more 

s t a b l e  t h a n  Ca5 (PO4) 3 0 H  a t  pH lower t h a n  4.3.  The b roken  ve r -  

t i c a l  l i n e s  i n  F i g u r e  3  d e f i n e  t h e  pH v a l u e s  f o r  v a r i o u s  s i n g u l a r  

p o i n t s  i n  t h e  t e r n a r y  s y s t e m  (Brown, 1973) .  The i n f l u e n c e  o f  



F igu re  3. R e l a t i o n s h i p  between Calcium Concen t ra t i on  and pH 
Values o f  S o l u t i o n s  s a t u r a t e d  w i t h  r e s p e c t  t o  
Var ious  Calc ium Phosphates  i n  t h e  Ternary  System 
Ca (OH) 2-H PO -H 0 a t  250C ( a f t e r  Brown, 1973) 3 4 2 

Ca c o n t e n t  and pH v a l u e s  on t h e  behav io r  o f  t h e  Ca-C03-PO4 sys tem 

i s  d i s c u s s e d  by Golterman (197313). A s  Brown (1973) and Morse 

and Berner  (1979) showed, t h e  mechanisms f o r  s o l u b i l i t y  o f  t h e  

ca lc ium phospha tes  may be e x p l a i n e d  by phys ica l - chemica l  laws.  

Rippey ( 19 77) found t h e  expe r imen ta l  dependence between t h e  

phosphorus r e l e a s e  r a t e  and pH i n  t h e  range  o f  pH 7.9-9.0. H e  

sugges ted  t h a t  t h e  i n c r e a s e  o f  t h e  phosphorus r e l e a s e  r a t e  w i t h  

pH depending on i r on -  o r  c lay-bound P I  r a t h e r  t han  Ca-PI con- 

t r o l s  t h e  phosphorus s o l u b i l i t y .  The phosphorus s o l u b i l i t y  

minimum i s  between pH 5 and 8 i n c r e a s i n g  above and below t h i s  

pH range (Rippey, 1977) .  H e l f r i s h  and Kevern (1973) found t h a t  

a t  pH 8 . 0  and h i g h e r ,  t h e  phosphate  p r e c i p i t a t i o n  was enhanced 

and t h e  r e l e a s e  i n t o  t h e  w a t e r  o f  two o r t hophospha tes ,  H2P04 



and HPOq, o c c u r r e d  a t  pH < 6 . 5 .  S t a b e l  and ~ b s t e r  (1977)  

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

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

m a t t e r  r e l e a s e d  was c l o s e l y  c o r r e l a t e d  w i t h  i n c r e a s i n g  pH i n  a 

range  of 7.4-10.3. Lee e t  a l .  (1977)  m a i n t a i n  t h a t  c n a n g i n g  

t h e  pH from 8  t o  7 had n o  e f f e c t  on t h e  o r t h o p h o s p h a t e  c o n c e n t r a -  

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

p r e s e n t  i n  t h e  s o l u t i o n .  Gumerman (1970)  o b t a i n e d  a  maximum 

phosphorus  release f rom s e d i m e n t  w i t h i n  t h e  pH r a n g e  4 .5  t o  5 . 5  

and i t  was r e l a t i v e l y  c o n s t a n t  i n  t h e  pH r a n g e  f rom 6 . 5  t o  9.0.  

Macpherson e t  a l .  (1958)  found t h e  maximum r e l e a s e  o f  phospha te  

by sed imen t  i n  t h e  pH r a n g e  5  t o  7. 

L i j k l ema  (1977)  conc luded  t h a t  pH i n  o v e r l y i n g  w a t e r  may 

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

w h i l e  t h e  r a t e  o f  p h o t o s y n t h e s i s ,  a l k a l i n i t y ,  w a t e r  d e p t h  and 

c a r b o n  d i o x i d e  exchange rate a t  t h e  s u r f a c e  c o n t r o l  t h e  pH i n  

o v e r l y i n g  w a t e r .  I t  i s  n o t e d  a l s o  t h a t  t h e  t e m p e r a t u r e  and 

t e m p e r a t u r e  dependen t  b i o l o g i c a l  and  c h e m i c a l  p r o c e s s e s  have a  

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

w a t e r  and t h e r e f o r e  on s e d i m e n t  phosphorus  r e l e a s e  t h r o ~ g h  t h e i r  

e f f e c t  on r e d o x  c o n d i t i o n s  i n  t h e  s e d i m e n t  (Ho ld ren  e t  a l .  1 9 7 7 ) .  

3.7 B a c t e r i a l  A c t i v i t y  

The sed imen t -wa te r  i n t e r f a c e  is  i m p o r t a n t  a s  p o t e n t i a l  

n u t r i e n t  s o u r c e s  o r  a s  s i tes o f  p o t e n t i a l  a c c u m u l a t i o n  o f  n u t r i e n t s  

o r  f o r  t h e  permanent  l o d g i n g  o f  m ic roo rgan isms  ( M a r s h a l l ,  1978) , 

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

f a c t o r s  which r e g u l a t e  t h e  n u t r i e n t  exchange between s e d i m e n t  and 

w a t e r .  P a e r l  (1977)  n o t e d  t h a t  many s t u d i e s  have r e v e a l e d  a n  



i n t e r a c t i o n  between suspended s e d i m e n t s  and  b a c t e r i a  i n  a  

v a r i e t y  o f  l a k e s .  The ro le o f  t h e  b a c t e r i a  i s  t o  decompose t h e  

o r g a n i c  m a t t e r  coming f rom t h e  p r o d u c t i o n  i n  t h e  upper  w a t e r  

l a y e r s  which i n  t u r n  depend on  t h e  ma in tenance  o f  p o o l s  o f  

n e c e s s a r y  n u t r i e n t s  by e x t e r n a l  l o a d i n g  (Moss, 1980) .  

C o l l i n s  (1977)  conc luded  t h a t  t h e  t y p e s  a n d  c o u n t s  o f  

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

s e d i m e n t s  may be  a  r e f l e c t i o n  o f  t h e  a v a i l a b i l i t y  o f  o r g a n i c  

m a t t e r  s u p p l i e d  f rom t h e  decompos i t i on  o f  a l g a e  f o r  u t i l i z a t i o n  

o f  b a c t e r i a .  T h e r e f o r e  t h e  b a c t e r i a  a r e  r e s p o n s i b l e  f o r  m i n e r a l i z a -  

t i o n  and f o r  p u t t i n g  t h e  i n o r g a n i c  compounds back i n t o  c i r c u l a t i o n  

( P e t r ,  1977 ) .  I t  i s  n o t e d  t h a t  i n  e u t r o p h i c  l a k e s  t h e  b i o l o g i c a l  

t r a n s f o r m a t i o n  o f  compounds w i t h i n  s e d i m e n t s  i s  p r o b a b l y  most  

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

and o v e r l y i n g  w a t e r  ( P o r c e l l a  e t  a l .  1971; P e t r ,  1977 ) .  

The i m p o r t a n c e  o f  b i o l o g i c a l  p r o c e s s e s  i n  s e d i m e n t  was con- 

f i r m e d  by s p e c i a l  e x p e r i m e n t s  ( H a l l b e r g  e t  a l .  1973, 1976) .  

Ba tes  and Neafus (1980)  i n d i c a t e d  i n  a n  e x p e r i m e n t a l  s t u d y  t h a t  

phosphorus  release f rom n o n - s t e r i l e  s e d i m e n t  was more t h a n  twice 

t h e  r e l e a s e  o b t a i n e d  f rom t h e  s te r i l e  sys tem.  Rode1 e t  a1. (1977)  

e x p e r i m e n t a l l y  found t h a t  s e d i m e n t  m ic roo rgan isms  a r e  respon-  

s i b l e  f o r  t h e  h y d r o l y s i s  o f  o r g a n i c  phosphorus  i n  sed imen t .  

However, F i l l o s  (1977)  i n  s t u d i e s  on t h e  e f f e c t  o f  b a c t e r i a l  

a c t i v i t y  on t h e  release r a t e  o f  phosphorus  f rom s e d i m e n t  found 

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

f rom t h e  s e d i m e n t  and t h a t  t h i s  p r o c e s s  was p r o b a b l y  governed 

by d e s o r p t i o n .  K u f f e l  (1977)  conc luded  t h a t  m ic roorgan isms d o  

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

t h e  r a t e  o f  exchange p r o c e s s e s  by r e g u l a t i n g  pH and redox  p o t e n t i a l .  



I t  i s  o b v i o u s l y  t h a t  b a c t e r i a l  a c t i v i t y  may g r e a t l y  depend 

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

c e n t r a t i o n  i n  s e d i m e n t .  Boy len a n d  Brock (1973)  f ound  t h a t  

r a t e s  of b a c t e r i a l  me tabo l i sm i n  Lake Wingra s e d i m e n t s  a t  ~ O C  

was a b o u t  f i v e f o l d  lower t h a n  a t  2 5 O ~ ,  and  t h a t  h e t e r o t r o p h i c  

b a c t e r i a  d o  n o t  a d o p t  t o  t h e  low t e m p e r a t u r e  (1-1.50C) wh ich  

p r e v a i l s  d u r i n g  w i n t e r .  Kamp-Nielsen (197513) n o t e d  t h e  s i g -  

n i f i c a n t  role of b i o l o g i c a l  d e g r a d a t i o n  i n  phospho rus  r e l e a s e  

i n  t h e  sed imen t -wa te r  i n t e r f a c e  i n  Lake Esr6m when t h e  bo t tom 

t e m p e r a t u r e  was h i g h .  Ho ld ren  e t  a l .  (1977)  showed t h e  dependence 

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

C o l l i n s  (1977)  f ound  t h a t  t h e r e  was a  t e n d e n c y  toward  

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

t h e  sed imen t -wa te r  i n t e r f a c e  a t  t h e  i n i t i a l  s t a g e  o f  s t r a t i f i c a -  

t i o n  i n  a  number o f  l a k e s .  H e  assumed t h a t  t h e  h i g h  b a c t e r i a l  

c o u n t s  i n  t h e  sed imen t -wa te r  i n t e r f a c e ,  o b t a i n e d  f o r  t h e  s h a l l o w  

e u t r o p h i c  l a k e  E s t w a i t e r  Water d u r i n g  w i n t e r  a n d  s p r i n g ,  may 

w e l l  b e  a r e f l e c t i o n  o f  t h e  t y p e  a n d  q u a n t i t y  o f  p a r t i c u l a t e  

matter c i r c u l a t i n g  w i t h i n  t h e  l a k e .  The h i g h  b a c t e r i a l  c o u n t s  

found d u r i n g  summer a n d  autumn i n  t h e  s e d i m e n t  s u r f a c e  o f  

B a s s e n t h w a i t e  Lake,  t h a t  i s  a b o u t  5 .3  m d e e p ,  may b e  due  t o  

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

m a t e r i a l  by  wind a c t i o n  ( C o l l i n s ,  1977 ) .  

3 .8  O r g a n i c  Matter 

A number o f  s t u d i e s  show t h a t  t h e  phospho rus  r e l e a s e  f rom 

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

(Wildung e t  a l .  1977; H a l l b e r g  e t  a l .  1973; Banoub, 1 9 7 7 ) .  I n  



a l l  l a k e s  any r e l e a s e  o f  o x i d a t i v e  s e n s i t i v e  s u b s t a n c e s  from t h e  

sed imen t  i s  dependen t  on a ready  s u p p l y  o f  e a s i l y  decomposable 

o r g a n i c  m a t t e r  t o  t h e  sed imen t  s u r f a c e  where b a c t e r i a  can decom- 

p o s e  i t  (Moss, 1980) . The decompos i t i on  o f  sed imen ted  m a t e r i a l  

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

(Ho ldren  e t  a l .  1977) .  T h i s  may e x p l a i n  t h e  i n c r e a s e d  release 

o f  phosphorus  d u r i n g  summer when t h e  t e m p e r a t u r e  o f  s u r f a c e  

sed imen t  is  h i g h  a n d  decompos i t i on  o f  sed imen ted  m a t e r i a l  on 

t h e  bo t tom s u r f a c e  i s  r a p i d  (Andersen,  1974) .  I n t e n s i v e  decompo- 

s i t i o n  o f  o r g a n i c  m a t t e r  on t h e  sed imen t -wa te r  i n t e r f a c e  a l s o  

e x p l a i n s  t h e  f o r m a t i o n  o f  a n a e r o b i c  c o n d i t i o n s  o n  t h e  bo t tom 

l a y e r s  o f  l a k e s  d u r i n g  summer (Kamp-Nielsen, 1974) .  

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

t h e  o x i d a t i v e  zone o f  s e d i m e n t s  t h a t  have a n  i n f l u e n c e  on t h e  

change o f  r e g u l a t i o n  mechanisms i n  phosphorus  exchange f rom 

a d s o r p t i o n  t o  d i f f u s i o n  a t  t h e a n a e r o b i c  c o n d i t i o n  i n  sed iment -  

w a t e r  i n t e r f a c e .  P o r c e l l a  e t  a l .  (1970)  assumed t h a t  t h e  pos- 

s i b l e  e f f e c t  o f  o r g a n i c  m a t e r i a l s  would be t o  i n c r e a s e  t h e  phos- 

pho rus  r e l e a s e  f rom s e d i m e n t s  by s e r v i n g  a s  a s u b s t r a t e  f o r  

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

sed imen t  pH and  i n c r e a s e d  s o l u b i l i z a t i o n  o f  p h o s p h a t e s .  

Wi l l iams and  Mayer (1972)  s u g g e s t e d  t h a t  m i n e r a l i z a t i o n  o f  

o r g a n i c  phosphorus i n  s e d i m e n t  i s  o n e  way by which s o l u b l e  o r t h o -  

phospha te  may be  r e l e a s e d  i n t o  i n t e r s t i t i a l  w a t e r .  Lee e t  a l .  

(1977)  n o t e d  t h a t  t h i s  p r o c e s s  c a n  e s p e c i a l l y  e x p l a i n  t h e  phos- 

phorus  r e l e a s e  under  o x i c  c o n d i t i o n s .  T h i s  f a c t  was e x p e r i m e n t a l l y  

con f i rmed by B a t e s  a n d  Neafus ( 1 9 8 0 ) .  



The t r e n d  a n d  r a t e  o f  o r g a n i c  m a t t e r  m i n e r a l i z a t i o n  i n  

bo t tom s e d i m e n t s  depend on  t h e  c h a r a c t e r  a n d  d e p t h  o f  t h e  w a t e r  

body. P h y s i c a l - c h e m i c a l  c o n d i t i o n s  o f  t h e  o v e r l y i n g  w a t e r  and  

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

o f  o r g a n i c  matter i n  s e d i m e n t s  ( P e t r ,  1 9 7 7 ) .  T h i s  a g r e e s  w i t h  

r e s u l t s  p r e s e n t e d  by Harg rave  and  Kamp-Nielsen ( 1  977)  . 
I n  t r o p i c a l  l a k e s ,  V i n e r  (1977)  found t h a t  t h e  decomposi-  

t i o n  o f  o r g a n i c  s u b s t a n c e s  was i n e f f i c i e n t .  Ha rg rave  and  

Kamp-Nielsen (1977)  s u g g e s t e d  t h a t  d i f f e r e n c e s  i n  t h e  o r g a n i c  

c o n t e n t  o f  s e d i m e n t s  a l o n g  s t e e p  bo t tom g r a d i e n t s  c a n  o f t e n  b e  

r e l a t e d  t o  e r o s i o n a l  f e a t u r e s  c a u s e d  by w a t e r  c i r c u l a t i o n  and  

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

~ u n s t e r  ( 1977) c o n c l u d e d  t h a t  t h e  d i f f e r e n t  c o m p o s i t i o n  o f  

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

l a k e  s e d i m e n t s  a n d  l a k e  me tabo l i sms .  

3.9 O t h e r  F a c t o r s  

I n  t h e  l i t e r a t u r e  i t  i s  p o s s i b l e  t o  come a c r o s s  some o f  t h e  

o t h e r  f a c t o r s  men t i oned ,  which i n f l u e n c e  t h e  r a t e  o f  phosphorus  

r e l e a s e  f rom t h e  s e d i m e n t s .  Manheim (1970)  c o n c l u d e d  t h a t  t h e  

r a t e  o f  phosphorus  r e l e a s e  f rom t h e  i n t e r s t i t i a l  w a t e r  o f  s e d i -  

ment  i s  d e f i n e d  by t h e  p o r o s i t y  o f  t h e  mud. T h i s  f a c t  i s  a l s o  

ment ioned by Wi l l i ams  a n d  Mayer (1972)  a n d  Lerman ( 1 9 7 7 ) .  I t  

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

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

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

t h e  n u t r i e n t  f l u x e s  a c r o s s  t h e  sed imen t -wa te r  i n t e r f a c e  (Robb ins ,  

1980 ) .  



I n  t h e  k i n e t i c  s t u d y  o f  phosphorus  exchange t h r o u g h  t h e  

sed iment -water  i n t e r f a c e ,  Hayes e t  a l .  ( 1952) s u g g e s t e d  t h a t  

t h e  r a p i d  e q u i l i b r i u m  o f  phosphorus  c o n t e n t  i n  o v e r l y i n g  w a t e r  

and i n  sed imen t  i n  s h a l l o w  l a k e s  i s  due t o  t h e  r e l a t i v e l y  l a r g e  

sed imen t  s u r f a c e  t o  l a k e  volume r a t i o .  The ro le o f  b e n t h i c  

f auna  a s  one  o f  t h e  f a c t o r s  i s  a l s o  c o n s i d e r e d  i m p o r t a n t  i n  

c i r c u l a t i n g  n u t r i e n t s  f rom t h e  sed imen t  t o  t h e  w a t e r  ( P e t r ,  1977; 

Neame, 1 9 7 7 ) .  The s t u d y  r e s u l t s  o f  Dav is  e t  a l .  (1975)  gave a n  

i n d i c a t i o n  o f  t h e  ro le o f  Chiromomids and  O l i g o c h e t s  i n  t h e  

n u t r i e n t  r e l e a s e  f rom s e d i m e n t s .  Ulen (1978b) assumed t h a t  g a s  

c o n v e c t i o n  i s  t h e  main mechanisms f o r  t h e  n u t r i e n t  r e l e a s e  f rom 

t h e  sed imen t .  Kuo and  L o t s e  (1974)  f ound  t h a t  t h e  phosphorus  

r e l e a s e  from s e d i m e n t  was dependen t  on t h e  a n i o n i c  s p e c i e s  

p r e s e n t  i n  s o l u t i o n .  

4 .  PHOSPHORUS TRANSFORMATION I N  SEDIMENT 

P r o c e s s e s  o f  phosphorus  t r a n s f o r m a t i o n s  i n  s e d i m e n t  have  a 

s i g n i f i c a n t  e f f e c t  on  t h e  dynamics o f  phosphorus  exchange i n  t h e  

sed iment -water  i n t e r f a c e .  On t h e  b a s i s  o f  t h e  k i n e t i c  f a c t o r s  

W i l l i a m s  a n d  Mayer ( 1972) d i s t i n g u i s h e d  t h e  t w o  majo r  s t a g e s  i n  

t h e  phosphorus  r e g e n e r a t i o n  r e s p o n s i b l e  f o r  t h e  phosphorus  

r e l e a s e  f rom t h e  G r e a t  Lakes s e d i m e n t s .  The f i r s t  one  i s  r e l a t e d  

t o  t h e  t r a n s f o r m a t i o n  o f  sed imen ted  m a t e r i a l  i n t o  s o l u b l e  phos- 

pho rus  i n  t h e  sed imen t -wa te r  i n t e r f a c e  w i t h o u t  i n c o r p o r a t i o n  o f  

t h e  sed imen ted  m a t e r i a l  i n t o  t h e  core o f  t h e  s e d i m e n t  column. 

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

o r  a l g a e  remains .  Accord ing  t o  Burns and Ross ( 1  972 , a b o u t  

25 p e r c e n t  o f  phosphorus  may b e  e x c r e t e d  d u r i n g  t h e  few months 

t o  t h e  o v e r l y i n g  w a t e r  by decompos i t i on  o f  t h e  a l g a e  rema ins ,  

w h i l e  t h e  o t h e r  p a r t  i s  r e t a i n e d  by t h e  s e d i m e n t s .  



The second s t a g e  o f  phosphorus r e g e n e r a t i o n  i s  t h e  r e s u l t  

o f  d i a g e n e t i c  p rocesses  w i t h i n  t h e  sed iment .  A h y p o t h e t i c a l  

scheme of  phosphorus t r ans fo rma t i ons  i n  sed iment  accord ing  t o  

W i l l i a m s  and Mayer (1972) ,  is p r e s e n t e d  i n  F igu re  4 .  They con- 

c luded  t h a t  a p a t i t e  i s  a  major  phosphorus form i n  t h e  sed iments  

and o t h e r  phosphorus forms i n  sed iment  a r e  u l t i m a t e l y  t rans fo rmed 

i n t o  a p a t i t e  under  t h e  dominat ing env i ronmenta l  c o n d i t i o n s .  

The c o n c e n t r a t i o n  o f  o r thophospha te  i n  i n t e r s t i t i a l  wa te r  

i s  d e f i n e d  by t h e  m i n e r a l i z a t i o n  o f  o r g a n i c  phosphorus,  which 

i s  a  s low p rocess  and t h e  r e l e a s e  o f  so rbed  phosphate  by 

chemical  r e a c t i o n s .  The phosphate  c o n c e n t r a t i o n  may a l s o  be 

reduced by t h e  p r e c i p i t a t i o n  o f  a p a t i t e .  Wi l l iams and Mayer 

(1972) no ted  t h a t  k i n e t i c  f a c t o r s  r e g u l a t e  t h e  r a t e  o f  phosphorus 

t r ans fo rma t i ons  i n  sed iments .  

The phosphate exchange i n  t h e  sediment-water  i n t e r f a c e  i s  

s t r o n g l y  i n f l u e n c e d  by t h e  chemis t ry  o f  i ron-phosphorus and 

calcium-phosphorus compounds. The s o l u b i l i t y  o f  t h e s e  compounds 

depends on t h e  redox p o t e n t i a l  and pH (Gol tenpan,  1960) . 
Li jk lema (1977) i n d i c a t e d  t h a t  s o l u b i l i t y  o f  i r o n  and phosphate 

i n  t h e  sediment  w i l l  be i n c r e a s e d  by reduc ing  c o n d i t i o n s .  

Golterman (1960) proposed t h a t  phosphate may p r e c i p i t a t e  i n  

t h e  form o f  i r o n  o r  ca lc ium phosphate i f  i t s  presence  exceeds 

t h e  s o l u b i l i t y  p roduc ts  o f  t h e s e  compounds. 

Some o f  t h e  f e a t u r e s  o f  i ron-phosphate  i n t e r a c t i o n s  i n  

s t a g n a n t  wa te r  i s  p r e s e n t e d  i n  F igu re  5 (L i jk lema,  1977) .  

Rippey (1977) found t h a t  t h e  sed iments  e x h i b i t  t h e  same pH 

behav ior  a s  t h e  i ron-phosphorus sys tem ( o r  t h e  b a s i c  f e r r i c  

pnosphate)  . Nriagu and D e l l  (1974) no ted  t h a t  t h e  b a s i c  f e r r i c  

phosphate undergoes a c i d  and b a s i c  h y d r o l y s i s  a t  t h e  lower  and 

h ighe r  pH r e s p e c t i v e l y .  
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Li jklema and H i e l t j e s  (1979) proposed a scheme of  phosphate 

cyc l i ng  between t h e  sediment and ove r l y ing  water  (F igure 6 )  

suggest ing t h a t  i t i nc ludes  a l l  of  t h e  main p rocesses  w i th  

r e s p e c t  t o  t h e  eu t roph ica t i on  problem. A s  a whole, F igure  6 

demonstrates t h e  r e l a t i o n s h i p s  between some o f  t h e  chemical and 

b i o l o g i c a l  compounds i n  t h e  water  and sediments.  Phytoplankton 

i s  cons idered a main component of t h e  system i n  t h i s  case .  The 

phytoplankton t ransforms t h e  minera l  phosphorus i n t o  p a r t i c u l a t e  

o rgan ic  forms. Through t h e  food cha in ,  t he  p a r t i c u l a t e  o rgan ic  

phosphorus i s  i nc luded i n  t h e  biomass o f  t h e  organisms o f  h igh 

t r o p h i c  l e v e l s .  I n  wa te r ,  t h e  quota of  phosphate i s  regenera ted  

by t h e  a c t i v i t y  of  organisms o r  through decay and hyd ro l ys i s ,  

whi le  ano ther  p a r t  o f  phosphorus reaches t h e  sediments.  In  

aerob ic  and anaerob ic  cond i t i ons ,  t h e  sedimented p a r t  of  phosphate 

i s  bound wi th i r o n  and calc ium compo~nds i n  t h e  sediment. 

According t o  L i  jklema and H i e l t j e s  ( 1  979) , t h e  seasona l  

v a r i a t i o n s  of phosphorus r e l e a s e  from sediment may be exp la ined 

by t h e  o x i d a t i v e  s t a t e  o f  i r o n  and redox cond i t i ons  i n  t h e  

sediment-water i n t e r f a c e .  

Sr idharan  and Lee (1974) observed a concur ren t  r e l e a s e  of  

i r o n  wi th  or thophosphate r e l e a s e  i n  anoxic exper iments ,  sugges t ing  

an a s s o c i a t i o n  of phosphorus wi th  i r o n .  They proposed two pos- 

s i b l e  ways i n  which i ron -assoc ia ted  phosphorus r e l e a s e  may occur  

under anoxic cond i t i ons .  The f i r s t  one t a k e s  p lace  when f e r r i c  

i r o n  i s  reduced t o  f e r r o u s  i r o n  and i n  t h i s  case ,  t h e  phosphorus, 

i n  a s s o c i a t i o n  w i th  t h e  former, i s  r e l e a s e d  t o  t h e  ove r l y ing  

water.  The second p o s s i b l e  way p e r t a i n s  t o  t h e  r e l a t i o n s h i p  of  

phosphorus t o  f e r r o u s  i r o n  and cons ide rs  t h e  s o r p t i o n  of phos- 

phorus by t h e  f e r r o u s  compounds. I n  t h i s  case  t h e  phosphorus 



F i g u r e  6.  Scheme o f  Phospha te  C y c l i n g  i n  t h e  Sediment-Water 
1 : l t e r face  a f t e r  L i  jk lema and  Hie l t jes  (1979)  
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Under o x i c  c o n d i t i o n s  a b o u t  60 p e r c e n t  o f  t h e  t o t a l  s o l u b l e  

o r t h o p h o s p h a t e  r e l e a s e d  i n  30 days  o c c u r r e d  w i t h i n  t h e  f i r s t  10 

days  ( S r i d h a r a n  and  Lee,  1974) .  They s u g g e s t e d  t h a t  t h i s  h i g h  

p e r c e n t a g e  o f  phosphorus  release i n  a r e l a t i v e l y  s h o r t  t i m e  

i n d i c a t e d  t h a t  t h e  o x i c  release due t o  m i n e r a l i z a t i o n  o f  o r g a n i c  

phosphorus  i s  l i k e l y  t o  be low i n  t h e  o x i c  s e d i m e n t .  However, 

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

phosphorus  t o g e t h e r  w i t h  t h e  c h e m i c a l  and  b i o l o g i c a l  d e s o r p t i o n  

o f  l o o s e l y  bound phosphorus  seems t o  be  a mechanism o f  phosphorus  

r e l e a s e  under  o x i c  c o n d i t i o n s  ( S r i d h a r a n  a n d  L e e ,  1974) .  

I n  c a l c i u m - r i c h  waters, e . g . ,  Lake Geneva (Go l te rman,  1973a) 

phospha te  may p r e c i p i t a t e  w i t h  CaC03 e i t h e r  b e i n g  a d s o r b e d  o r  

i n c l u d e d  a s  a h y d r o a p a t i t e .  A s  t h e  p r e c i p i t a t e  moves t o  t h e  

bo t tom,  t h e  low pH a t  t h e  sed imen t -wa te r  i n t e r f a c e  may c a u s e  

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

may be  s low.  The s e c o n d a r y  f o r m a t i o n  of h y d r o a p a t i t e  may a l s o  

b e  i n  mud a f t e r  s e d i m e n t a t i o n  o f  p a r t i c u l a t e  phosphorus .  For  

example,  i n  Lake E r i e  a l l  p h o s p h a t e s  i n  sed imen t  p r e s e n t  i n  

t h i s  fo rm (Wi l l i ams  a n d  Mayer, 1 9 7 2 ) .  K u f f e l  (1977)  found t h a t  

t h e  abundance o f  c a l c i u m s  i n  m o s t  o f  t h e  l a k e  w a t e r s  f a c i l i t a t e s  

t h e  permanent  f i x a t i o n  a n d  a c c u m u l a t i o n  o f  p h o s p h a t e  i n  s e d i m e n t s .  

G r i f f i n  and  J u r i n a k  (1974)  i n d i c a t e d  t h a t  t h e  i n t e r a c t i o n  o f  

phospha te  and c a l c i t e  may be  d e s c r i b e d  by two s i m u l t a n e o u s  

r e a c t i o n s :  ( i) second-o rde r  r e a c t i o n  o f  p h o s p h a t e  a d s o r p t i o n  

on t h e  c a l c i t e  s u r f a c e  and  (ii) f i r s t - o r d e r  r e a c t i o n  o f  s u r f a c e  

a r rangemen ts  o f  p h o s p h a t e  c l u s t e r s  i n t o  c a l c i u m  p h o s p h a t e  

h e t e r o n u c l e i .  



I n  t h e  d i s c u s s i o n  o f  t h e  exchange p r o c e s s e s  deve loped  i n  

t h e  sed iment -water  i n t e r f a c e ,  L i  jk lema (1  980) i n d i c a t e d  t h a t  a  

d i s t i n c t i o n  c a n  be  made between t h e  p a r t i c u l a t e  and  d i s s o l v e d  

m a t e r i a l  a s  a n  e x c h a n g e a b l e  s u b s t a n c e .  The s i m p l i f i e d  scheme 

( F i g u r e  7 )  f o r  t h e  phosphorus  c y c l i n g  i n  a  s h a l l o w  l a k e  was 

s u g g e s t e d  by L i j k l e m a  (1980)  f o r  t h e  e x p l a n a t i o n  o f  t h e  phos- 

phorus  t r a n s f o r m a t i o n s  i n  t h e  w a t e r  and  o f  t h e  d i f f e r e n t  mecha- 

n isms c o n t r o l 1  i n g  t h e  phosphorus  exchange p r o c e s s e s  i n  t h e  

sed imen t -wa te r  i n t e r f a c e .  The scheme i n  F i g u r e  7  a s  w e l l  a s  t h e  

r e s u l t s  r e p o r t e d  e l s e w h e r e  (Moore and S i l v e r ,  1972; Leonov, 1979, 

1980) on  t h e  phosphorus  c y c l i n g  i n  w a t e r s ,  shows t h a t  t h e  phos- 

pho rus  t r a n s f o r m a t i o n s  i n  w a t e r  o c c u r s  a s  a complex i n t e r a c t i o n  

between m ic roo rgan isms  and c h e m i c a l  compounds o f  which t h e  r a t e s  

o f  change and c h a r a c t e r  a r e  q u i t e  dependen t  upon e n v i r o n m e n t a l  

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

c o n t e n t  i n  t h e  w a t e r  a r e  d i f f u s i o n ,  s e d i m e n t a t i o n  and resuspen-  

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

a c r o s s  t h e  sed imen t -wa te r  i n t e r f a c e  i n  a c c o r d a n c e  w i t h  t h e  con- 

c e n t r a t i o n  g r a d i e n t s  i n  t h e s e  env i ronmen ts .  S e d i m e n t a t i o n  and 

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

m a t e r i a l  t o  and o u t  o f  t h e  s e d i m e n t s  r e s p e c t i v e l y  ( L i j k l e m a ,  

1 9 8 0 ) .  

Thus i n  a c c o r d a n c e  w i t h  i n f o r m a t i o n  a v a i l a b l e  i n  t h e  l i t e ra -  

t u r e ,  t h e  mechanisms o f  phosphorus  c o n v e r s i o n  i n  t h e  sed imen t  

may be  i d e n t i f i e d .  F i r s t  o f  a l l  t h e r e  is  a  c e r t a i n  i n p u t  o f  

n o n - l i v i n g  p a r t i c u l a t e  phosphorus  f rom t h e  w a t e r  t o  sed imen t  

and t h e n  i t s  t r a n s f o r m a t i o n  f rom t h e  p a r t i c u l a t e  form t o  d i s s o l v e d  
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forms. I t  i s  obv ious l y  d u r i n g  t h e s e  subsequen t  t r a n s f o r m a t i o n s  

t h a t  t h e  d i s s o l v e d  o r g a n i c  phosphorus a s  w e l l  a s  d i s s o l v e d  

i n o r g a n i c  phosphorus would be formed i n  sed iments .  According 

t o  Wi l l iams and Mayer (1972) t h e  t y p i c a l  p r o c e s s e s  i n  consequent  

convers ion  r e a c t i o n s  are t h e  b iochemica l  o x i d a t i o n  and decomposi- 

t i o n  o f  sed imented p a r t i c u l a t e  phosphorus,  o x i d a t i o n  and reduc- 

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

a d s o r p t i o n ,  p r e c i p i t a t i o n  and d i s s o l u t i o n  o f  phosphorus compounds 

t o  and from minera l  forms.  



5.  MODELS OF PHOSPHORUS RELEASE FROM SEDIMENTS 

One o f  t h e  p rob lems o f  t h e  modern w a t e r  q u a l i t y  models o f  

t h e  phosphorus  c y c l e  o r  t h e  t r a n s f o r m a t i o n  o f  i t s  main compounds 

i s  i n  t h e  d e s c r i p t i o n  o f  dynamic i n t e r a c t i o n s  o f  phosphorus  com- 

pounds o r  phosphorus  exchange between s e d i m e n t s  a n d  water. I n  

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

on t h e  n u t r i e n t  b a l a n c e  and  phosphorus  t r a n s f o r m a t i o n  i n  w a t e r  

b o d i e s .  

A s  a r u l e ,  i n  t h e  s i m p l e s t  models  used  w i t h  l i m i t e d  in fo rma-  

t i o n  on phosphorus  exchange t h r o u g h  t h e  sed imen t -wa te r  i n t e r f a c e ,  

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

a s  a n  e x t e r n a l  l o a d ,  w i t h  a  c o n s t a n t  f l u x  o f  phosphorus  i n t o  t h e  

w a t e r  body (Ah lg ren  1973; Imboden, 1974; Macko e t  a l . ,  1974) . I n  

an  e c o l o ~ ~ i c a l l y  s i m p l e  model o f  phosphorus  dynamics ,  t h e  i n d i v i d u a l  

r a t e s  o f  phosphorus  s e d i m e n t a t i o n  and phosphorus  r e l e a s e  from 

sed imen t  a r e  a l s o  u s e d ,  b u t  f o r  s i m p l i f i c a t i o n  o r  because  a 

r e a s o n a b l e  amount o f  i n f o r m a t i o n  on t h e  P exchange is  n o t  a v a i l -  

a b l e ,  t h e  s e d i m e n t  P r e l e a s e  i s  t a k e n  t o  be a c o n s t a n t  (Welch 

e t  a l . ,  1 9 7 3 ) .  

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

sed iment -water  i n t e r f a c e  were f o r m u l a t e d  a b o u t  t e n  y e a r s  ago. 

To t h e  p r e s e n t ,  v a r i o u s  a t t e m p t s  t o  s i m u l a t e  t h e  P exchange on 

t h e  b a s i s  o f  mechanisms o f  phosphorus  t r a n s f o r m a t i o n s  i n  s e d i m e n t s  

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

t h e  r a t e s  o f  P c o n v e r s i o n  f rom one form t o  a n o t h e r ,  a r e  a l r e a d y  

o b s e r v e d  i n  l i t e r a t u r e .  T h i s  s e c t i o n  o f  t h e  p a p e r  rev iews  t h e  

v a r i o u s  models d e s c r i b i n g  t h e  s e d i m e n t  phosphorus  r e l e a s e  b a s e d  

on t h e  p h y s i c a l  and c h e m i c a l - b i o l o g i c a l  n a t u r e  o f  phosphorus  

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



r evea led  i n  exper imen ta l  s t u d i e s  w i t h  sed iments  o r  i n  cons ide r i ng  

t h e  phosphorus mass ba lance  i n  d i f f e r e n t  w a t e r  bod ies .  

5.1 O l sen ' s  (1958,1964) Approach 

The a u t h o r  showed i n  exper imen ts  t h a t  t h e  phosphorus exchange 

i n  t h e  sediment-water  i n t e r f a c e  i s  a f a s t  p rocess  and phosphate  

taken  up by phytop lankton i n  t h e  water may be r e p l e n i s h e d  by 

phosphate release from t h e  sed iments  w i t h  rates depending on t h e  

o x i c  c o n d i t i o n s .  On t h e  b a s i s  o f  exper imen ts  w i t h  a c o a r s e  

sed iment ,  Olsen (1958, 1964) desc r i bed  a n e t  q u a n t i t y  o f  phosphate 

adsorbed by sed iment  (a)  as a d i f f e r e n c e  between g r o s s  adsorbed 

q u a n t i t y  (A )  and t h e  sed iment  r e l e a s e  ( b )  : 

where A i s  amount o f  phosphate  on d r y  sed iment ,  g ~ / g  d ry  

sed iment ;  

-9 
C i s  c o n c e n t r a t i o n  o f  phosphate  i n  water, 10 g  P/ml 

s o l u t i o n ;  

K ,  V and Vb are c o n s t a n t s .  

The f i r s t  term i n  e q u a t i o n  ( 7 )  i s  t h e  F reund l i ch  a d s o r p t i o n  

i so the rm  and t h e  second one i s  t h e  hype rbo la - l i ke  P  exchange 

f unc t i on .  Th is  e q u a t i o n  may be used f o r  t h e  d e s c r i p t i o n  o f  

phosphorus exchange i n  o x i d i z e d  and reduced sed iments .  A s  

Kramer e t  a l . ,  (1972) i n d i c a t e d ,  t h e  major d i f f e r e n c e  i n  phosphorus 

exchange i n  o x i d i z i n g  and reduc ing  sed iment  i s  due t o  t h e  adsorp-  

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



5 . 2  P o r c e l l a  e t  a l .  (1971) Approach 

P o r c e l l a  e t  a l .  (1971) cons ide red  a p o s s i b l e  way t o  t a k e  

i n t o  accoun t  t h e  phosphorus ba lance  i n  l a k e s  under complete 

mixing c o n d i t i o n s .  The mass ba lance  o f  phosphorus was desc r i bed  

sed iment  sed iment  
dP - Va - (Pin Fin) + r e l e a s e  - accumula t ion  - ('res Fou t )  

where P .  and Pres a r e  t h e  phosphorus c o n c e n t r a t i o n s  i n  t h e  I n  

i n f l u e n t  and i n  t h e  r e s e r v o i r  (pg/R);  

F i n  and Fout  a r e  f low r a t e s  o f  i n p u t  and o u t p u t  (day- ' )  , 

t i s  t i m e  i n  days.  

For  s t e a d y - s t a t e  c o n d i t i o n s  w i t h  r e s p e c t  t o  t h e  phosphorus,  

t h e  phosphorus ba lance  w i l l  s t i l l  e x i s t ,  s o  t h a t  

sed iment  - sed iment  
('in ' F i n )  - ('res ' Fou t )  = accumulat ion r e l e a s e  

There fo re  t h e  n e t  f l u x  i n  sediment  phosphorus o v e r  any 

pe r i od  o f  t i m e  can  be de f i ned  on an a r e a l  b a s i s  a s :  

2 where Pb i s  t h e  f l u x  o f  phosphorus (ug/m ) ;  

SA i s  t h e  t o t a l  s u r f a c e  a r e a  o f  sediment  i n  a wa te r  

2 body ( m  ) .  



5.3 The L i  e t  a l .  (1972) Approach 

Th is  model was fo rmu la ted  on t h e  b a s i s  o f  exper iments  w i t h  

sed iment  samples.  Amounts o f  exchangeable  phosphorus i n  t h e  

sed iment  were d e f i n e d  by add ing c a r r i e r - f r e e  i n o r g a n i c  p h o s p h a t e - 3 2 ~  

t o  t h e  sediment-water  sys tem i n  s t e a d y  s t a t e  w i t h  r e s p e c t  t o  t h e  

3 1 
l e v e l s  o f  i n o r g a n i c  phosphate  i n  t h e  f i l t r a t e  ( Psoln 1 ,  and 

measuring t h e  l e v e l s  o f  3 1 
'soln and i n o r g a n i c  phosphate  i n  so lu -  

32 
t i o n  ( Psoln 

32 
a f t e r  Psoln had reached a c o n s t a n t  l e v e l .  

The g e n e r a l  e q u i l i b r i u m  s t a t e  f o r  t h e  exchange phosphorus 

r e a c t i o n  is g iven  by 

where Sed. Exch. 3 1 ~ i  i s  exchangeable  sed iment  i n o r g a n i c  phosphorus 

expresse6. i n  pg/g sed iment ;  

S e d . E ~ c h . ~ ~ P  i s  t h e  3 2 ~  i n  t h e  sed iment  exp ressed  i n  t h e  

32 pe rcen tage  o f  added P; 

3 1 
P s o l  i s  i n o r g a n i c  phosphate  i n  f i l t r a t e  (pg/g sed imen t ) ;  

3 2 ~  s o l n  i s  i n o r g a n i c  phosphate  i n  s o l u t i o n ,  exp ressed  i n  

t h e  pe rcen tage  o f  added 3 2 ~ .  

When e q u i l i b r i u m  i s  reached ,  t h e  added 3 2 ~  i s  uni formly  

d i s t r i b u t e d  between phosphate  i n  s o l u t i o n  and exchangeable  s e d i -  

ment i n o r g a n i c  phosphate .  The q u a n t i t y  o f  exchangeable  sed iment  

phosphate may be c a l c u l a t e d  a s  fo l l ows :  

' s o l n  



The t o t a l  exchangeable i n o r g a n i c  phosphate i n  t h e  sys tem 

t h a t  i n c l u d e s  t h e  sed iment  and s o l u t i o n  P  may be  expressed  a s :  

T o t a l  Exch.Pi = 
3  1  3  1 

'soln + Sed.Exch. Pi . (12)  

The r a t e s  o f  phosphorus exchange i n  t h e  sediment-water  

i n t e r f a c e  can be d e f i n e d  f o r  s t e a d y  s t a t e  c o n d i t i o n s  from t h e  

r a t e  of  3 2 ~  t r a n s f e r  from t h e  s o l u t i o n  t o  t h e  sed iment  phase 

us ing  t h e  f o l l ow ing  exchange r e a c t i o n  scheme: 

where k l  and k2 a r e  t h e  exchange r a t e  c o n s t a n t s .  I f  3 2 ~  i s  added 

t o  t h e  s o l u t i o n  phase,  t h e  n e t  r a t e  o f  3 2 ~  removal from s o l u t i o n  

i s  g iven  by 

The s o l u t i o n  o f  t h i s  equa t i on  by i n t e g r a t i o n  g i v e s  t h e  n e x t  

exp ress ion  

32 - 32 - 3  2  3  2  I - - 
'soln 'so ln.  i n £  ( ' t o t a l  'soln. i n f  ) * e x ?  ( - k l - t )  

(15 )  

where i n £  i s  t h e  t ime ,  r e q u i r e d  t o  r each  t h e  e q u i l i b r i u m  s t a t e  

and 

3  2  
I 'soln + S e d . E x ~ h . ~ ~ P  

k l  = k1 . 
Sed. Exch. 3 2 ~  



32 
I t  was found t h a t  a p l o t  o f  l o g  ( Psoln - 

3 2 
'soln.  i n f  1 

a g a i n s t  t i m e  i s  l i n e a r  and it makes p o s s i b l e  an  e v a l u a t i o n  of  

t h e  exchange paramete rs .  

Exper imenta l  r e s u l t s  r e c e i v e d  by a u t h o r s  i n d i c a t e d  t h a t  

t h e  exchange k i n e t i c s  were t h e  combined e f f e c t s  o f  s e v e r a l  

exchange r e a c t i o n s  o c c u r r i n g  a t  d i f f e r e n t  r a t e s  due t o  d i f f e r e n c e s  

i n  t ypes  o f  bounding o r  t h e  p o s i t i o n  of  sed iments .  The p l o t  of  

equa t i on  (15)  f o r  each  t y p e  o f  sed iment  was r e s o l v e d  i n t o  t h r e e  

s e p a r a t e  r e a c t i o n s .  The most r a p i d  f i r s t  r e a c t i o n  reached 

e q u i l i b r i u m  i n  abou t  15 minutes ,  wh i l e  p e r i o d s  o f  2 t o  4 hours  

and more' than  24 hou rs  were r e q u i r e d  f o r  e q u i l i b r i u m  i n  t h e  

i n t e r m e d i a t e  second exchange r e a c t i o n  and s low t h i r d  exchange 

r e a c t i o n  r e s p e c t i v e l y .  The a u t h o r s  conc luded t h a t  t h e  g r a p h i c a l  

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

d i f f e r e n t  r a t e s  do n o t  c o n s t i t u t e  proof  t h a t  t h r e e  s p e c i f i c  

r e a c t i o n s  a r e  invo lved  i n  t h e  exchange p rocess .  There fo re ,  it 

was assumed t h a t  o t h e r  r e a c t i o n s  may a l s o  occu r ,  b u t  w i t h  r a t e s  

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

approach.  

5.4 Lorenzen 's  (1 973) Approach 

The a u t h o r  showed t h a t  p r e d i c t e d  r e s u l t s  i n  n u t r i e n t  dynamics 

may s i g n i f i c a n t l y  d i f f e r  from each o t h e r ,  depending on t h e  model 

s t r u c t u r e .  H e  cons ide red  t h e  i n t e r a c t i o n  o f  sed imen ta t i on  and 

resuspens ion  i n  t h e  sediment-water  i n t e r f a c e  a s  shown i n  F igu re  

8a. Lorenzen 's  model i s  p r e s e n t e d  by e q u a t i o n s  (1 7)  and (18) : 



where M is  mass f low i n  t h e  system from a l l  s o u r c e s  ( g / y e a r ) ;  

3 
C i s  t h e  average annua l  n u t r i e n t  c o n c e n t r a t i o n  (g/m 1 ;  

K 1  i s  t h e  s p e c i f i c  r a t e  o f  n u t r i e n t  t r a n s f e r  t o  sediment  

(m/year) ; 

3 
Q i s  t h e  l a k e  volume ( m  ) ; 

2 
A i s  s u r f a c e  a r e a  ( m  ) ; 

3 
Cs i s  t h e  n u t r i e n t  c o n c e n t r a t i o n  i n  t h e  sed iment  (g/m 1 ;  

3 
V i s  t h e  volume o f  sediment  ( m  ) .  

S 

This  model was improved (Lorenzen e t  a l .  1976) t o  c o n s i d e r  

i n  t h e  phosphorus budget  model t h e  f r a c t i o n  o f  t h e  t o t a l  phos- 

phorus i n p u t  t o  sed iment  t h a t  i s  u n a v a i l a b l e  f o r  t h e  exchange 

p rocess .  The s t r u c t u r e  o f  t h i s  model i s  p r e s e n t e d  i n  F igu re  8b. 

Equat ion (1 8)  i n  t h e  improved model w a s  modi f ied  and r e w r i t t e n  

where K 3  i s  t h e  f r a c t i o n  o f  t o t a l  phosphorus i n p u t  t o  sed iment ,  

u n a v a i l a b l e  f o r  t h e  exchange p rocess  ( u n i t l e s s ) .  

5 . 5  Tne Wildung and Schmidt,  1973 Approach 

The a u t h o r ' s  e s t i m a t i o n  of  phosphorus r e l e a s e  r a t e  from t h e  

sediment  w e r e  based on t h e  r e g r e s s i o n  a n a l y s i s  o f  t h e  wide set 

of exper iments  d e s i g n a t e d  t o  determine ( i )  t h e  predominant  i n -  

o r g a n i c  and o r g a n i c  forms of  phosphorus i n  sed iments  o f  t h e  

Upper Klamath Lake, Oregon; (i i) t h e  e f f e c t  o f  t h e  env i ronmenta l  

f a c t o r s  such as t empera tu re ,  pH and wa te r  and sed iment  compound 

compos i t ion  on t h e  phosphorus r e l e a s e  r a t e  and (iii) t h e  r e l a -  

t i o n s h i p  o f  phosphorus r e l e a s e  t o  a l g a e  growth requ i rements .  A 

m u l t i p l e  c o r r e l a t i o n  e q u a t i o n  based  on exper imen ta l  d a t a  f o r  
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d e s c r i p t i o n  o f  phosphorus  r e l e a s e  from t h e  s e d i m e n t  was p r e s e n t e d ,  

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

p r o c e s s e s  c o n s i d e r e d  i n  e x p e r i m e n t s .  Thus t h e  g e n e r a l  form o f  

t h e  model e q u a t i o n  i s  

where Y i s  t o t a l  phosphorus  i n  s o l u t i o n  pg P/g sed imen t ;  

Bo, B 1 ,  B2, B3 and B4 a r e  p a r t i a l  r e g r e s s i o n  c o e f f i c i e n t s ;  

X i s  i n c u b a t i o n  t e m p e r a t u r e ,  OC; 1  

X 4  i s  o r g a n i c  phosphorus c o n c e n t r a t i o n ,  pg P/lOO g  

sed imen t ;  

X5 i s  t o t a l  s o l i d  c o n c e n t r a t i o n ,  g/100 m l ;  

( X I  X 4 )  i s  t e m p e r a t u r e - o r g a n i c  phosphorus  i n t e r a c t i o n .  

T h i s  model was used  t o  p r e d i c t  t h e  phosphorus  r e l e a s e  t o  

s o l u t i o n  a f t e r  16 and 31 days  a t  :OOC and 2 3 O ~ .  I t  was found 

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

( t h a t  a r e  n o t  l i s t e d  i n  t h e  r e p o r t )  i n d i c a t e d  r e a s o n a b l e  correla- 

t i o n  ( r=0.986-0.998)  w i t h  good p r e d i c t i v e  c a p a b i l i t y  and l o w  

v a r i a n c e .  

5 .6 Dahl-Madsen and N i e l s e n ' s  (1974)  Approach 

The a u t h o r s  a p p l i e d  a s i m p l e  f i r s t - o r d e r  e q u a t i o n  t o  d e s c r i b e  

t h e  phosphorus exchange r a t e  between s e d i m e n t  and w a t e r :  

where Prel h a s  d imens ion  mg/m2-day; and K i s  ra te  c o n s t a n t ,  

2 day-'  and SP i s  phosphorus c o n c e n t r a t i o n  i n  s e d i m e n t  (mg P/m 1 .  



5 . 7  B e r n e r ' s  (1975)  Approach 

I n  s t u d y i n g  t h e  n u t r i e n t  r e l e a s e  f rom t h e  s e d i m e n t ,  B e r n e r  

(1975)  had s u g g e s t e d  t h e  e q u a t i o n  t o  c a l c u l a t e  t h e  t r a n s p o r t  o f  

d i s s o l v e d  s u b s t a n c e s  f rom mud t o  w a t e r :  

2  
where Ji i s  t h e  d i f f u s i o n  f l u x  o f  s u b s t a n c e  i (mg/m -day)  ; 

2  
D i s  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  ( m  /set) ; 

Ci i s  t h e  c o n c e n t r a t i o n  o f  s u b s t a n c e  i ( m g / i ) ;  

6 i s  p o r o s i t y  ( u n i t l e s s ) ;  

z i s  t h e  d e p t h  i n  s e d i m e n t  ( m ) .  

T h i s  model w a s  u s e d  by Freedman and C a n a l e  (1977)  t o  est i -  

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

5 .8  G a m e  a n d  Duke 's  ( 1  975)  Approach 

Phosphorus r e l e a s e  f rom o r g a n i c  s e d i m e n t  was d e s c r i b e d  i n  

t h e  e c o l o g i c a l  model EPAECO ( G a m e  and Duke, 1975) a s  

where S is  s e d i m e n t  d e n s i t y  e x p r e s s e d  i n  grams p e r  s q u a r e  meter; 

a i s  t h e  phosphorus  f r a c t i o n  o f  o r g a n i c  s e d i m e n t ;  
s P  

K4'c20) i s  t h e  r a t e  c o n s t a n t  o f  s e d i m e n t  decay  a t  200C 

(day- ' )  ; 

8 i s  t h e  t e m p e r a t u r e  c o e f f i c i e n t ;  

T  i s  t e m p e r a t u r e  i n  OC. 

5.9 Kamp-Nielsen' s (1  974 and  1975b) Approach 

Kamp-Nielsen ( 1974) p roposed  a n  e m p i r i c a l  e q u a t i o n  t o  

d e s c r i b e  t h e  phosphorus  r e l e a s e  f rom t h e  s e d i m e n t :  



where P i  i s  c o n c e n t r a t i o n  o f  phosphorus i n  i n t e r s t i t i a l  w a t e r  

o f  sed imen t  mg P / i ;  

Ps i s  t h e  c o n c e n t r a t i o n  o f  s o l u b l e  phosphorus  i n  t h e  

o v e r l y i n g  w a t e r ,  mg P / i .  

I n  a n o t h e r  e m p i r i c a l  model, Kamp-Nielsen (1975b)  c o n s i d e r e d  

t h e  phosphorus r e l e a s e  from t h e  l a k e  sed imen t  a s  a r e s u l t  o f  

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

a n a e r o b i c  c o n d i t i o n s .  Ae rob ic  phosphorus r e l e a s e  a t  t e m p e r a t u r e s  

below 15OC f o r  t h e  p r o f u n d a l  zone o f  t h e  l a k e  was d e s c r i b e d  by 

w h i l e  f o r  t h e  l i t t o r a l  zone o f  t h e  l a k e  e q u a t i o n  (24 )  i s  t r a n s -  

formed t o  

The phosphorus r e l e a s e  a t  t e m p e r a t u r e s  above 15Oc f o r  t h e  

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

was d e s c r i b e d  by 

're1 
= 0.563.e 0 - 2 0 3  + 0.6 i n  Ps + 1.21* (P i -Ps) -3 .97  

( 2 5 )  

I n  e q u a t i o n s  (24-25) T is  w a t e r  t e m p e r a t u r e  i n  OC.  

5.10 The Jd rgensen  e t  a 1 . ( 1 9 7 5 )  Approach 

I n  J d r g e n s e n  e t  a 1 .  ( 19 75) a s  w e l l  as ~ d r g e n s e n  ( 1  980)  , 

e q u a t i o n  ( 2 3 )  was used i n  t h e  dynamical  model o f  exchange p roces -  

ses i n  t h e  sed iment -water  i n t e r f a c e .  T h i s  model shown i n  

F i g u r e  9 d e s c r i b e s  t h e  temporary  change o f  Pi. The model i s  

a s  f o l l o w s :  



Symbols used a r e :  S i s  t o t a l  sed imen ted  phosphorus  s u b d i v i d e d  i n t o  
f r a c t i o n s ,  SNET and 'DETRITUS ; 

Pne i s  nonexchangeab le  phosphorus  i n  u n s t a b i l i z e d  
s e d i m e n t ;  

Pe i s  exchangeab le  phosphorus  i n  u n s t a b i l i z e d  
s e d i m e n t ;  

Pi i s  phosphorus  i n  i n t e r s t i t i a l  w a t e r ;  

Ps i s  d i s s o l v e d  phosphorus  i n  o v e r l y i n g  w a t e r .  

F i g u r e  9 .  Model o f  Phosphorus Exchange i n  Sediment-Water 
I n t e r f a c e  a f t e r  J 4 r g e n s e n  e t  a 1 . ( 1 9 7 5 )  and 
J @ r g e n s e n  (1980)  

w*ere PSnet, i s  t h e  phosphorus  s e t t l i n g  r a t e  t o  t h e  s t a b i l i z e d  

s e d i m e n t  (mg/m3-day) ; 

a i s  t h e  f a c t o r  c o n v e r t i n g  t h e  phosphorus  c o n c e n t r a -  

t i o n  i n  w a t e r  t o  c o n c e n t r a t i o n  u n i t s  i n  sed imen t  

(mg P/kg d r y  r a t t e r ) ;  

8 i s  t h e  t e m p e r a t u r e  c o e f f i c i e n t ;  

- 1 k i s  t h e  r a t e  c o e f f i c i e n t  (day ) ; 

T i s  t h e  a b s o l u t e  t e m p e r a t u r e ;  

B i s  t h e  c o e f f i c i e n t  c o n v e r t i n g  t h e  c o n c e n t r a t i o n  

u n i t s  i n  t h e  s e d i m e n t  t o  t h o s e  i n  l a k e  w a t e r ;  

Pe i s  t h e  e x c h a n g e a b l e  phosphorus  i n  upper  l a y e r s  



5.11 Kamp-Nielsen's (1977)  Approach 

The a u t h o r  deve loped  a c o n c e p t u a l  model o f  phosphorus  

exchange p r o c e s s e s  i n  t h e  sed imen t -wa te r  i n t e r f a c e  which i s  

shown i n  F i g u r e  10. The model i n c l u d e s  t h e  d i f f e r e n t i a l  equa- 

t i o n s :  

dPe - -  
d t  - PSDE - PSUM - PSEM - RESUe 

dPi 
- -  
d t  - PSEM - PDSP - RESUi ( f o r  a e r o b i c  c o n d i t i o n s )  ( 2 9 )  

dPi 
- -  
d t  

- PSEM - PDSP - RESUi - PDIF ( f o r  a n a e r o b i c  

c o n d i t i o n s )  (30 )  

where PSED i s  t h e  r a t e  o f  a c c u m u l a t i o n  o f  t h e  exchangeab le  f r a c -  

t i o n  o f  s e d i m e n t a r y  phosphorus  t h a t  i s  d e s c r i b e d  by 

F PSDE = PSED (-) (31 1 

2 and PSED i s  t h e  t o t a l  phosphorus  s e d i m e n t a t i o n  i n  g  P/m -day;  

F i s  r a t i o  o f  exchangeable/nonexchangeable phosphorus  

i n  t o t a l  sed imen ted  phosphorus  ( u n i t l e s s )  ; 

PSUM i s  t h e  r a t e  o f  m i n e r a l i z a t i o n  o f  exchangeab le  phosphorus  

2 on  t h e  s e d i m e n t  s u r f a c e  i n  g  P/m -day,  t h a t  i s  

d e s c r i b e d  a s  

PSUM = 0.56.e 0 . 2 0 3  T P S E D . I O - ~  
PSED + 1 

PSEM i s  t h e  r a t e  o f  m i n e r a l i z a t i o n  o f  e x c h a n g e a b l e  phosphorus  

w i t h i n  t h e  l a k e  s e d i m e n t  i n  g  p/m2-day and t h i s  r a t e  

is  r e g u l a t e d  by t e m p e r a t u r e  s o  t h a t  



up.,, 1 

Symbols f o r  phosphorus f r a c t i o n s  a r e :  

Pe i s  t h e  exchangeable  sed imentary  phosphorus;  

Pne i s  nonexchangeable sed imentary  phosphorus;  

Pi i s  t h e  i n t e r s t i t i a l  and so rbed  phosphate .  

F igu re  1 0 .  Conceptua l  Model o f  Phosphorus Poo ls  and Exchange 
P rocesses  i n  t h e  Sediment-Water I n t e r f a c e  a f t e r  
Kamp-Nielsen ( 1  977) . 

PSEM = k*Pe*8 (T-20) 

where k and 8 a r e  t h e  r a t e  c o n s t a n t  and t empera tu re  c o e f f i c i e n t  

r e s p e c t i v e l y ;  

T i s  wate r  tempeature  i n  OC; 

RESUe is t h e  r a t e  o f  r esuspens ion  o f  t h e  t o t a l  sed imentary  phos- 

phorus i n  g p/m2-day and i t i s  c a l c u l a t e d  a s  

F RESUe = RESP ( F  + ) (34)  

PDSP i s  t h e  r a t e  o f  d e s o r p t i o n  o f  i n t e r s t i t i a l  and so rbed  

phosphate  i n  g ~/rn'-day and it i s  exp ressed  by t h e  

e m p i r i c a l  e q u a t i o n  i n  form 

PDSP = - ( 0 . 6  i n  Ps + 2.27) (35 )  



RESUi i s  t h e  r a t e  o f  remova l  o f  t h e  i n t e r s t i t i a l  and  s o r b e d  

p h o s p h a t e  by r e s u s p e n s i o r .  i n  g  p/mL-day a n d  t h i s  i s  a f u n c t i o n  

o f  

.tJ i F  
RESUi = RESP - (- 

'e F + 1 )  

PDIF i s  t h e  ra te  o f  r emova l  o f  t h e  i n t e r s t i t i a l  a n d  s o r b e d  

p h o s p h a t e  by d i f f u s i o n  i n  g  p/m2-day a n d  it i s  e x p r e s s e d  by 

Pi - 0.004 -3  
PDIF = 1.21 - (  0.0157  

- Ps) - 1 . 7  10 ( 3 7 )  

I n  t h i s  model  t h e  e m p i r i c a l  e q u a t i o n s  (321 ,  ( 3 5 )  and  ( 3 7 )  

were d e r i v e d  o n  t h e  b a s i s  o f  e x p e r i m e n t s  (Kamp-Nielsen,  1974;  

1975b) . 

5.12  J $ r g e n s e n g  s ( 1976)  Approach 

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

s e d i m e n t - w a t e r  i n t e r f a c e  (Kamp-Nielsen,  1974;  197513; 1977)  a n d  

p r e v i o u s  mode l s  (Kamp-Nielsen,  1975b; 1977;  J $ r g e n s e n  e t  a l .  

1 9 7 5 ) ,  t h e  a u t h o r  c o n s i d e r e d  t h e  exchange  p r o c e s s e s  o f  n u t r i e n t s  

i n c l u d i n g  p h o s p h o r u s  i n  a comprehens i ve  e u t r o g h i c a t i o n  mode l .  

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

f a c e  c o r r e s p o n d i n g  t o  J $ r g e n s e n l s  model  i s  p r e s e n t e d  i n  F i g u r e  11.  

The dynamics  o f  p h o s p h o r u s  i n  s e d i m e n t  and  w a t e r ,  i s  de- 

s c r i b e d  by t h e  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n s :  

K 5  PE K g  (T-20) 
dP I  - - -  - 1 . 2 .  ( P I  - PS) - 1 - 7  . T +  273 ( 3 8 )  
d t  1 - DMU LUL (1  - DMU) 280 

3  dPE - SA *CA * V  10 - . P E .  - -  (T-20) + SA DP - V  l o 3  
d t  f  PP LUL S  f LUL S- (39  



Symbols  are: PS i s  s o l u b l e  p h o s p h o r u s  i n  l a k e  w a t e r  (mg P / R ) ;  

DP i s  d e t r i t a l  p h o s p h o r u s  i n  l a k e  w a t e r  (mg P / R ) ;  

PC is p h o s p h o r u s  i n  p h y t o p l a n k t o n  (mg P /R ) ;  

PE i s  e x c h a n g e a b l e  p h o s p h o r u s  i n  t h e  u p p e r  l a y e r  

o f  s e d i m e n t  (mg P/R) ; 

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

(mg P/R) . 
F i g u r e  1 1 .  The Model o f  P h o s p h o r u s  Exchange  P r o c e s s e s  i n  t h e  

Sed iment -Wate r  I n t e r f a c e  a f t e r  J fh rgensen  (1  9 7 6 )  . 

where  F 1 ,  F 2 ,  F3 a n d  Fq are f l o w  ra tes  o f  t h e  stream e n t e r i n g  

t h e  l a k e ,  f l o w  ra te  o f  w a s t e  l o a d ,  p r e c i p i t a t i o n  and  f l o w  

3 ra te o f  stream l e a v i n g  t h e  l a k e  r e s p e c t i v e l y  ( a l l  m / y e a r ) ;  

P I ,  P2 a n d  P3 are p h o s p h o r u s  i n  t h e  stream e n t e r i n g  t h e  

l a k e  i n  w a s t e  w a t e r  a n d  i n  r a i n  w a t e r  ( a l l  rng P /R ) ;  

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

i n  w a t e r  wh i ch  i n c l u d e s  t h e  e f f e c t  o f  p h y t o p l a n k t o n ,  zoo- 

p l a n k t o n  a c t i v i t i e s  a n d  d e t r i t u s  d e c o m p o s i t i o n  (mgP/R-day); 

2 S i s  s u r f a c e  area of t h e  l a k e  ( m  ) ; 

3 V i s  volume o f  t h e  l a k e  ( m  1 ;  

T i s  t e m p e r a t u r e  i n  OC; 

LUL i s  u p p e r  u n s t a b i l i z e d  l a y e r  (100 mrn) ;  



DMU is  d r y  m a t t e r  o f  uppper  l a y e r  i n  s e d i m e n t  (0 .925  kg/Xg; ; 

SA is  s e t t l i n g  r a t e  ( d a y - ' ) ;  

CA i s  p h y t o p l a n k t o n  c o n c e n t r a t i o n  (mg/E) ; 

f  is  r a t i o  o f  t o t a l  phosphorus  t o  e x c h a n g e a b l e  phosphorus  

i n  s e d i m e n t  ( u n i  t less)  ; 

PP i s  phosphorus  c o n t e n t  i n  p h y t o p l a n k t o n  ( l / l i 4 ) ;  

K 5  i s  b i o d e g r a d a t i o n  r a t e  o f  o r g a n i c  phospho rus  i n  s e d i m e n t  

- 1 
(day  1 ; 

K6 i s  t e m p e r a t u r e  c o e f f i c i e n t  f o r  b i o d e g r a d a t i o n .  

These model e q u a t i o n s  of phosphorus  exchange p r o c e s s e s  were  

a l s o  u s e d  i n  t h e  s p e c i f i c  s t u d y  o f  t h e  l a k e  model e x a m i n a t i o n  

(Jg5rgensen e t  a l .  1 9 7 8 ) .  

5 . 1 3  The F i l l o s  and  Biswas (1976)  Approach 

The a u t h o r s  p r o p o s e d  t h e  fo rmu la  be low f o r  c a l c u l a t i n g  t h e  

phosphorus  r e l e a s e  rate f rom t h e  sed imen t :  

where Prel i s  i n  mg p/m2-day; Q is f l ow  r a t e  i n  day- ' ;  A i s  

2  s u r f a c e  a r e a  o f  s e d i m e n t  i n  m ; C and Co are c o n c e n t r a t i o n s  i n  

e f f l u e n t  and i n f l u e n t  i n  mg/i r e s p e c t i v e l y ;  V i s  volume o f  o v e r -  

l y i n g  water, 2; t i s  t i m e  i n t e r v a l  f rom n  t o  n+ l  i n  d a y s .  

5 . 1 4  DiG iano ' s  and Snow's  (1977)  Approach 

The a u t h o r s  d e s c r i b e d  t h e  phosphorus  r e l e a s e  t h r o u g h  t h e  

sed imen t -wa te r  i n t e r f a c e  by e q u a t i o n :  

where Pi is  t h e  phospho rus  c o n c e n t r a t i o n  i n  i n t e r s t i t i a l  w a t e r  



Ps i s  phosphorus  c o n c e n t r a t i o n  i n  o v e r l y i n g  w a t e r  (mg P / P ) ;  

4 i s  p o r i s i t y  ( u n i t l e s s )  ; 

2 
A i s  s e d i m e n t  s u r f a c e  a r e a  (m  ) ;  

3 
VL i s  volume o f  t h e  l a k e  (m 1;  

K i s  release r a t e  (mg P / t - d a y ) .  1 

The a u t h o r s  i n d i c a t e d  t h a t  t h e  c o n c e n t r a t i o n  g r a d i e n t  between 

t h e  phosphorus  c o n c e n t r a t i o n s  i n  i n t e r s t i t i a l  w a t e r  and  o v e r l y i n g  

w a t e r  i s  t h e  r e g u l a t o r  o f  t h e  mass t r a n s f e r  and  t h a t  t h e  ra te  o f  

t h e  change o f  Ps i s  d i r e c t l y  i n f l u e n c e d  by t h e  r a t e  o f  change 

o f  Pi. A s  a whole t h e  model o f  DiGiano and Snow (1977)  i n c l u d e s  

t h e  f o l l o w i n g  e q u a t i o n s :  

where Q i s  f l o w  rate t h r o u g h  t h e  l a k e  (m3/day) ; 

Po i s  i n p u t  o f  phosphorus  t o  l a k e  (mg P/R) ; 

K2  i s  t h e  phosphorus  s e d i m e n t a t i o n  rate (day- '  ) ; 

3 
VS i s  volume of s e d i m e n t  ( m  ) .  

5.15 Lam and J a q u e t ' s  (1976)  Approach 

The a u t h o r s  p r o p o s e d  a f o rmu la  which r e l a t e s  t h e  r e g e n e r a t e d  

amount o f  t o t a l  phosphorus  t o  wave o s c i l l a t i o n  a n d  s e d i m e n t  mean 

g r a i n  s i z e ,  on t h e  b a s i s  o f  known c o n c e p t s  and  d a t a  i n  wave 

t h e o r y ,  sed imen to logy  and g e o c h e m i s t r y .  So upward f l u x  o f  

s e d i m e n t  J i s  g i v e n  by 



where kr  i s  d i m e n s i o n l e s s  p r o p o r t i o n a l i t y  c o n s t a n t ;  

a i s  s e d i m e n t  d e n s i t y  (g /cm3) ;  
s 

u i s  v e l o c i t y  (cn/sec) ; a 

u i s  t h r e s h o l d  v e l o c i t y  (cm/sec); 
c r  

i s  o r b i t a l  v e l o c i t y  (cm/sec). 

E q u a t i o n  ( 4 5 )  was u s e d  t o  e s t i m a t e  t h e  upward f l u x  o f  

r e g e n e r a t e d  phospho rus  ( G )  i n  pg/cm2-sec w i t h  t h e  h e l p  o f  t h e  

fo rmu la :  

A 

where Ps i s  e s t i m a t e d  r e g e n e r a t i o n - p r o n e  phospho rus  ( ; ? g / g )  and  

t h i s  p a r a m e t e r  depends  on t h e  s e d i m e n t  mean g r a i n  s i z e  d  

( s p e c i f i c  u n i t s )  : 

A 

Ps = 200 when d ( 5 . 5  - 
A 

Ps = 108-d  - 394 when 5 . 5  < d < 7.5  - 
A 

Ps = 269 d - 1600 when 7 . 5 < d .  

5 .16  The Th ibodenaus  and Cheng (1  976)  Approach 

The model o f  phospho rus  f l u x  f rom t h e  s e d i m e n t  is  g i v e n  by 

re 1 (Pi - PSI I ( 4 7 )  

where R i s  t h e  c o e f f i c i e n t  depend ing  on  t h e r m i c  s t r u c t u r e  o f  t h e  

w a t e r  body;  

D ( t )  i s  t h e  c o e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n  o f  compounds 

i n  w a t e r ;  

t i s  t i m e .  

I t  i s  assumed t h a t  v a l u e s  o f  R and  Pi may b e  found  by c a l -  

c u l a t i o n s .  The compar i son  o f  computed v e r t i c a l  p r o f i l e s  o f  



phosphorus c o n c e n t r a t i o n  w i t h  obse rved  p r o f i l e s  may b e  used  f o r  

choos ing  t h e  v a l u e s  o f  t h e s e  p a r a m e t e r s .  

5.17 The Lung e t  a 1 . ( 1 9 7 6 )  Approach 

Lung e t  a l .  (1976)  and a l s o  Lung and Cana le  (1977)  d e s c r i b e d  

t h e  phosphorus  t r a n s f e r  a c r o s s  t h e  sed imen t -wa te r  i n t e r f a c e  i n  

t h e  phosphorus t r a n s f o r m a t i o n  model by d i f f u s i o n  mechanisms 

( F i g u r e  1 2 ) .  The e q u a t i o n  f o r  t h e  phosphorus  r e l e a s e  f rom t h e  

s e d i m e n t s  by d i f f u s i o n  was w r i t t e n  a s :  

2 where D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  ( c m  /set); 

2 A i s  a r e a  s i z e  ( m  1;  

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

@, Pi and Ps a r e  ment ioned above.  

Th is  model a s  a  whole d e s c r i b e s  t h e  dynamics o f  t h e  phos- 

phorus  f r a c t i o n s  ( p a r t i c u l a t e  and d i s s o l v e d  phosphorus )  i n  

e p i l i m n i o n ,  hypo l imn ion  and s e d i m e n t s  i n  White Lake.  I n  t h e  

g i ven  r e p o r t ,  o n l y  e q u a t i o n s  t h a t  i l l u s t r a t e  t h e  phosphorus  

i n t e r a c t i o n s  i n  t h e  sed imen t -wa te r  i n t e r f a c e  a r e  p r e s e n t e d .  

The dynamics o f  p a r t i c u l a t e  and d i s s o l v e d  phosphorus  f r a c -  

t i o n s  i n  hypol imnion a r e  d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n s :  

eddy d i f f u s i o n  s e t t l i n g  f rom 
e p i l i m n i o n  

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



EPIL INNION 

PHOSPHORUS 

F i g u r e  12. P a r t  o f  Phospho rus  T r a n s f o r m a t i o n  Model showing  t h e  
Phospho rus  Sed iment -Water  I n t e r a c t i o n s  i n  Wh i te  
Lake ,  a f t e r  Lung e t  a1. ( 1976 )  and  Lung a n d  
C a n a l e  ( 1977 )  

eddy  d i f f u s i o n  d i f f u s i o n  a c r o s s  t h e  
i n t e r f a c e  

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

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

d e s c r i b e d  by  

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

s e d i m e n t a t i o n  t o  l o w e r  l a y e r  

- P 7 '  Cn V m 



and d i s s o l v e d  phosphorus a r e  g i ven  a s  

s e d i m e n t a t i o n  from t h e  upper  l a y e r  

sed imen ta t i on  t o  t h e  lower l a y e r  

d i f f u s i o n  

d i f f u s i o n  r e a c t i o n  

2  where k  i s  v e r t i c a l  eddy d i f f u s i o n  c o e f f i c i e n t  (cin /sec) ;  

2  5 i s  d i f f u s i o n  c o e f f i c i e n t  i n  l a y e r  c o n s i d e r e d  ( c m  /sec);  

'1.2; '2,3; 'n-1,n are c o n t a c t  areas between l a y e r  

cons ide red  i n  m 2 ;  

C C ... Cpn 
P I '  ~2  

a r e  c o n c e n t r a t i o n s  o f  p a r t i c u l a t e  pnos- 

phorus i n  mg/R; 

C D 1 ,  CD2 ... CD a r e  c o n c e n t r a t i o n s  o f  d i s s o l v e d  phosphorus 
n  

L1 ,2 ;  L213;  Ln - l ,n  a r e  average  c h a r a c t e r i s t i c  l e n g t h  

between l a y e r s  i n  m; 

V2 and Vn a r e  volumes o f  hypol imnion and sed iment  l a y e r  

cons ide red  i n  m3; 

V s l ,  Vs2 ... Vs are s i n k i n g  v e l o c i t y  o r  sed imen ta t i on  
n  

r a t e  i n  m/day o r  cm/year; 

Vss i s  accumula t ion  r a t e  a t  sed iment -water  i n t e r f a c e  i n  

cm/year ; 



X i s  phosphorus  c o n c e n t r a t i o n  i n  s o l i d  s e d i m e n t  p a r t i c l e s  
P 1 

i n  g  P/g d r y  w e i g h t  s e d i m e n t ;  

rr i s  w e i g h t i n g  f a c t o r  ( u n i t l e s s )  ; 

B = 1 - a ;  

p 2  and  u 3  a r e  k i n e t i c  c o n s t a n t s  f o r  c o n v e r s i o n  o f  p a r t i c u -  

l a t e  phospho rus  t o  d i s s o l v e d  phospho rus  i n  hypo l imn ion  

and  u p p e r  l a y e r  o f  s e d i m e n t  r e s p e c t i v e l y  ( b o t h  d a y - ' ) ;  

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

d r y  weight /cm3; 

6 i s  p o r o s i t y  o f  s e d i m e n t  ( u n i t l e s s )  . 
I t  was i n d i c a t e d  t h a t  t h e  r a t e  o f  b i o c h e m i c a l  t r a n s f o r m a t i o n  

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

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

t h e  phosphorus  sed imen t -wa te r  i n t e r a c t i o n s  i n  Whi te  Lake (Lung 

and  C a n a l e ,  1 9 7 7 ) .  The f i r s t - o r d e r  r a t e  c o n s t a n t  o f  t h i s  p r o c e s s  

c o r r e l a t e s  w e l l  w i t h  t h e  d i s s o l v e d  oxygen c o n t e n t  a t  bo t tom 

w a t e r  (Lung e t  a l .  1 9 7 6 ) .  The v a l u e  o f  t h i s  r a t e  c o n s t a n t  f o r  

a e r o b i c  c o n d i t i o n s  was e s t i m a t e d  t o  b e  e q u a l  2 day- '  and 

f o r  a n a e r o b i c  c o n d i t i o n s  7.9 day- '  w i t h  a  d i f f e r e n c e  o f  

a b o u t  40 t i m e s .  

5.18 The Spear  and  Hornbe rge r  ( 1  978) Approach 

E q u a t i o n  ( 4 8 )  used  by Lung and  C a n a l e  (1977)  was a l s o  a p p l i e d  

i n  t h e  e u t r o p h i c a t i o n  model o f  P e e l  I n l e t  B a s i n  i n  c o n s i d e r i n g  

t h e  i n t e r a c t i o n s  be tween p l a n k t o n  o r g a n i s m s ,  s o l u b l e  phosphorus  

and s e d i m e n t  ( S p e a r  and  Hornbe rge r ,  1978; Ho rnbe rge r  and S p e a r ,  

1980 ) .  The t e r m  " s e d i m e n t "  a s  assumed by t h e  a u t h o r s  i n c l u d e s  

t h e  l a y e r  o f  decomposed o r g a n i c  m a t t e r  which u n d e r l i e s  much o f  

t h e  a c t i v e l y  p n o t o s y n t h e s i z i n g  p h y t o p l a n k t o n .  Phosphorus  r e l e a s e  



f rom t h e  sed imen t  was p r e s e n t e d  a s  

where a i s  t h e  c o e f f i c i e n t  showing t h e  t r a n s p o r t  o f  phosphorus  
4 3  

- 1 
f rom t h e  sed imen t  t o  w a t e r  (day  1 .  

The dynamics o f  d i s s o l v e d  phosphorus  (Ps)  i n  t h e  w a t e r  i s  

d e s c r i b e d  i n  t h e  g i v e n  mod.el a s  

d P ~  - a d v e c t i o n  - v .- - Cladophora  - P h y t o p l a n k t o n  
d t  term u p t a k e  u p t a k e  + 're1 

where V i s  w a t e r  volume i n  l i te rs .  The e q u a t i o n  f o r  sc3 imen t  

phosphorus (P i )  dynamics i n c l u d e s  two terms: 

dPi * 3  n e t  i n f l o w  * 3  
vs - + P i  - -  ) +  (Pi&) d t  d t  

n e t  i n f l o w  
( r a t e  ) 

where V i s  volume o f  s e d i m e n t  i n  l i t e rs ;  
S 

* 
P .  i s  maximum phosphorus  c o n c e n t r a t i o n  i n  i n t e r s t i t i a l  

1 

w a t e r  i n  ug/R. 

I t  was assumed t h a t  t h e  t e r m s  i n  b r a c k e t s  i n  e q u a t i o n  (55 )  

( o r  c o n c e n t r a t i o n  l i m i t i n g  f u n c t i o n ) a l l o w s  a b u i l d - u p  t o  a  maximum o f  
* 

Pi w i t h  f u r t h e r  a d d i t i o n  o f  phosphorus  t o  s e d i m e n t  c a u s i n g  t h e  

expans ion  o f  t h e  a c t i v e  l a y e r .  The e q u a t i o n s  f o r  t h e  s e p a r a t e  



sed iment  compar tments  a r e  w r i t t e n  a s  

- Cladophora  u p t a k e  f rom 
i n t e r s t i t i a l  w a t e r  1 

and 

dPi 
- * 3 r i v e r  V s o d t  - + groundwater  - ('iiPi) ' ' d e p o s i t i o n  t h r o u g h  f l ow  

c o n c e n t r a t i o n  
l i m i t i n g  
f u n c t i o n  

+ p h y t o p l a n k t o n  + Cladophora  - P s e d i m e n t a t i o n  l o s s  t o  s e d i m e n t  re1 

where R ( t )  i s  t h e  e x p r e s s i o n  '1 i n  e q u a t i o n  (56)  . 
The r a t e s  o f  p r o c e s s e s  such  a s  p h y t o p l a n k t o n  s e d i m e n t a t i o n ,  

Caldophora l o s s  t o  s e d i m e n t  and C ladophora  u p t a k e  f rom i n t e r -  

s t i t i a l  w a t e r ,  t a k e n  i n t o  a c c o u n t  i n  e q u a t i o n s  (56 )  and ( 5 7 ) ,  

a r e  c o n s i d e r e d  a s  t e m p e r a t u r e  dependen t .  C o n c e n t r a t i o n  l i m i t i n g  

* 3 * f u n c t i o n  [ I  - (Pi/Pi) I ,  p r e v e n t s  Pi f rom e x c e e d i n g  Pi which 

may b e  c o n s i d e r e d  a s  a n  a r b i t r a r y  upper  l i m i t  o f  phosphorus  i n  

* 
sed imen t .  When Pi i n c r e a s e s  f rom z e r o  t o  Pi,  i n c r e m e n t s  i n  

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

i n c r e a s e  i n  s e d i m e n t  volume r e l a t i v e  t o  changes  i n  c o n c e n t r a t i o n s .  

A l though t h e  above scheme i s  somewhat a r b i t r a r y ,  a u t h o r s  

s u g g e s t e d  t h a t  i t i s  j u s t i f i e d  b e c a u s e  t h e  p a r a m e t r i c  u n c e r t a i n t y  
* 

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

b a s i s .  When phosphorus  c o n c e n t r a t i o n  n e a r  t h e  bo t tom i s  i n c r e a s e d ,  

s h a r p  g r a d i e n t s  w i l l  a p p e a r  i n  t h e  downward m i g r a t i o n  o f  phosphorus .  

I t  may b e  i n t e r p r e t e d  a s  e x p a n s i o n  o f  t h e  " a c t i v e  sed imen t  zone" .  

Au thors  n o t e d  t h a t  t h e  f o r m a t i o n  o f  t h e  phosphorus  c o n c e n t r a t i o n  

g r a d i e n t s  n e a r  t h e  bo t tom depends upon t h e  r a t e  o f  phosphorus  



i n p u t  t o  sediment  and phys ica l -chemica l  p r o p e r t i e s  o f  sed iment .  

A l l  o f  these f a c t o r s  w i l l  r e s u l t  i n  an  e f f e c t i v e  upper l i m i t  on 

t h e  phosphorus c o n t e n t  i n  t h e  a c t i v e  sediment  l a y e r .  Thus a 

number o f  unknown p r o p e r t i e s  o f  sed iment ,  such a s  sed iment  

p o r o s i t y ,  h y d r a u l i c  c o n d u c t i v i t y ,  c a p a c i t y  f o r  c a t i o n  exchange, 
* 

etc . ,  a r e  lumped i n  one parameter ,  Pi. Spear  and Hornberger 

(1 978) and Hornberger and Spear  (1980) sugges ted  t h a t  t h i s  

semiemp i r i ca l  approach is s a t i s f i e d  because t h e r e  i s  a good 

d e a l  o f  i n f o rma t i on  i n  l i t e r a t u r e  abou t  phosphorus c o n c e n t r a t i o n  

i n  t h e  sed iments  o f  e u t r o p h i c  wa te r  bod ies .  

5.19 Poon's (1977) Approach 

On t h e  b a s i s  o f  microcosms exper imen ts ,  Poon (1977) proposed 

t h e  fo l l ow ing  equa t i on  t o  c a l c u l a t e  t h e  phosphorus f l u x  rep re -  

s e n t i n g  t h e  uptake o r  r e l e a s e  o f  t o t a l  phosphorus from sed iment  

a s  a f u n c t i o n  o f  t i m e :  

* * 
F ( t )  = (D - V K )  (Co - Ca) exp(-K t )  + D (Ca - C i )  

(58)  

where F ( t )  i s  phosphorus f l u x  a s  f u n c t i o n  o f  t i m e  t; 
* 

D is f l u s h i n g  r a t e  i n  day-' ;  

Co i s  t h e  i n i t i a l  phosphorus c o n c e n t r a t i o n  i n  t h e  wa te r  

a t  t = O  i n  pg P/R; 

Ca i s  asympto t i c  c o n c e n t r a t i o n  o f  phosphorus f o r  an  

i n f i n i t i v e  p e r i o d  o f  t i m e  equa l  t o  ambient  c o n c e n t r a t i o n  

7 3 . 2  p g P / R t o t a l  phosphorus; 

Ci i s  phosphorus i n p u t  by wa te r  d i l u t i o n  i n  pg P/g; 

V i s  volume o f  t h e  wa te r  i n  microcosm equa l  i n  t h i s  case  

t o  l i ters;  

K i s  r a t e  c o n s t a n t  o r  t h e  r a t e  o f  change o f  phosphorus con- 

c e n t r a t i o n  (day- ' ) . 



5.20 The Dahl-Madsen (1978)  Approach 

Dahl-Madsen ( 19 78)  d e s c r i b e d  t h e  i n p u t  o f  m i n e r a l  phospho rus  

(Prel) f rom t h e  s e d i m e n t  i n  e u t r o p h i c  c o a s t a l  areas as a tempera-  

t u r e - d e p e n d e n t  p r o c e s s  : 

= K (T - 20)  
're1 msp ' 'sed " 

where  K is  r a t e  c o n s t a n t  (day- '  1 ; 
m s  P 

'sed 
i s  phospho rus  c o n c e n t r a t i o n  i n  s e d i m e n t  wh ich  i n c l u d e s  

t h e  s e d i m e n t e d  p h y t o p l a n k t o n  and d e t r i t u s  (mg P / R ) ;  

0 i s  t e m p e r a t u r e  c o e f f i c i e n t ;  

T  i s  water t e m p e r a t u r e  i n  OC. 

5.21 Nyholm's (1978 )  Approach 

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

n u t r i e n t  release f rom t h e  s e d i m e n t  i n  a model o f  a n  e u t r o p h i c ,  

s h a l l o w  l a k e :  

- 
're1 - K r ( 2 0 0 )  8 ( T  - 2 0 )  ( S e d i m e n t a t i o n )  

where K r ( 2 0 ~ )  i s  ra te  c o n s t a n t  a t  20°c (day- '  ) ; 

2  
're1 i s  r a t e  o f  n u t r i e n t  release i n  g/m -day;  

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

s e d i m e n t e d ;  

8 and T  are m e n t i o n e d  above .  

5 .22  The T h e i s  a n d  McCabe (1978)  Approach 

T h e i s  and  McCabe (1978)  p r o p o s e d  a model  o f  phospho rus  

s e d i m e n t  release f o r  a h y p e r t r o p h i c  l a k e  o n  t h e  b a s i s  o f  F i c k ' s  

f i r s t  l a w  ( F i g u r e  13 )  . The phospho rus  release rate p e r  u n i t  area 



o v e r l y i n g  

wa te r  

"zl 
sed imen t  

i n t e r s t i c e s  

z ' sur f  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  s u r f a c e  o f  

sed imen t  p a r t i c l e  

F igure  13. Sediment Phosphorus Release Model f o r  Hyper t roph ic  
Lake Sediment a f t e r  Theis and McCabe (1978) 

i s  given a s  

where D i s  d i f f u s i o n  c o e f f i c i e n t  o f  phosphorus r e l e a s e  from 

sed iment  s o l i d  phase through t h e  pore  wa te r  t o  o v e r l y i n g  

wa te r ;  

' su r f t  and Ps a r e  c o n c e n t r a t i o n s  o f  phosphorus a t  t h e  

s u r f a c e  o f  sed iment ,  i n  i n t e r s t i t i a l  wa te r  and o v e r l y i n g  

wa te r  r e s p e c t i v e l y .  



5 - 2 3  The K r e m e r  and  iJixon (1978)  Approach 

The a u t h o r s  c o n s i d e r e d  t h e  f l u x  o f  phosphorus  i n  t h e  model 

o f  N a r r a g a n s e t  Bay u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  

( F l u x  Po) e x p  ( F l u x  PT T )  
F l u x  P  = 

1000 DEPTH 

where F l u x  PT and  F l u x  Po are c o n s t a n t s  and T i s  w a t e r  t e m p e r a t u r e  

i n  OC.  

5.24 U l e n ' s  (1978b)  Approach 

F o r  t h e  d e s c r i p t i o n  o f  phosphorus  release f rom t h e  s e d i m e n t ,  

t h e  a u t h o r  used  t h e  e x p r e s s i o n :  

where Prel 2 i s  c a l c u l a t e d  i n  pg P/cm -sec; 

PQ i s  s a t u r a t i o n  c o n c e n t r a t i o n  o f  phosphorus  i n  i n t e r -  

3  s t i t i a l  w a t e r  o f  s e d i m e n t  (pg/cm ) ; 

3 
Ps i s  phosphorus  c o n c e n t r a t i o n  i n  f r e e  w a t e r  (pg/cm ) ;  

2 D i s  d i f f u s i o n  c o e f f i c i e n t  ( c m  /sec);  

- 1  
K i s  r a t e  c o e f f i c i e n t  f o r  d i s s o l u t i o n  (sec 1 .  

T h i s  model was used  f o r  e s t i m a t i n g  t h e  p o t e n t i a l  a b i l i t y  

o f  s e d i m e n t  t o  r e l e a s e  phosphorus  and f o r  compar ing  i n t e r n a l  

and e x t e r n a l  n u t r i e n t  l o a d i n g .  

5  - 2 5  The Imboden and  G a c h t e r  (1978)  Approach 

I n  p r e d i c t i v e  model c a l c u l a t i o n s  o f  t h e  phosphorus  dynamics 

and t h e  f u t u r e  t r o p h i c  s ta te  o f  Sw iss  l a k e s ,  t h e  p h o s p h a t e  f l u x  

f rom t h e  s e d i m e n t  i n  mg p/m2-day w a s  assumed t o  be  p r o p o r t i o n a l  



t o  t h e  pr imary p roduc t i on  from May t o  t h e  end o f  s t a g n a t i o n :  

F lux  P = 0.45 CP 
P 

where P is r a t e  o f  p r imary  p roduc t i on  i n  mg p/m2-day. 
P 

5.26 Kamp-Nielsen's (1978) Approach 

On t h e  b a s i s  o f  p rev ious  t h e o r e t i c a l  and expe r imen ta l  s t u d i e s  

o f  t h e  sediment-water  i n t e r f a c e  (Kamp-Nielsen, 1974; 1975a, b)  

t h e  a u t h o r  c r e a t e d  t h e  model o f  t h e  phosphorus exchange p rocesses  

between t h e  bot tom wa te r  and sed iments .  The model s t r u c t u r e  i s  

p resen ted  i n  F igu re  1 4 .  Symbols used i n  t h i s  model a r e  

SEDP and RESUP a r e  p rocesses  o f  phosphorus sed imen ta t i on  

and resuspens ion ,  r e s p e c t i v e l y  ( bo th  mg p/m2-day) ; 

ADS ( n )  
is  s o r p t i o n  o f  phosphorus i n  n- th  l a y e r  (mg P/kg 

d r y  mat ter -day)  ; 

DIF ( n )  i s  d i f f u s i o n  o f  phosphorus from n- th  t o  ( n + l ) - t h  

l a y e r  (mg P/kg d r y  mat ter -day)  ; 

D I F O X  ( n )  i s  d i f f u s i o n  o f  oxygen from n- th t o  (n+ l  ) - t h  l a y e r  

(mg 0 2 / l i t e r  sediment-day)  ; 

B1o ( n )  i s  b i o l o g i c a l  m i n e r a l i z a t i o n  o f  phosphorus i n  n- th 

l a y e r  (mg P/kg d r y  mat ter -day)  ; 

'Iox ( n )  i s  oxygen consumption i n  phosphorus m i n e r a l i z a t i o n  

(mg 0 2 / l i t e r  sediment-day)  ; 

O X 0  and OX(,)  a r e  oxygen i n  bot tom wa te r  and i n  n- th sediment  

l a y e r  (mg 02/R) ; 

PA ( n )  
is  sorbed  phosphorus i n  n- th sed iment  l a y e r  (mg P/kg 

d r y  m a t t e r ) ;  

( n )  
is  i n t e r s t i t i a l  phosphorus i n  n- th sed iment  l a y e r  

(mg P/R) ;  



F igure  1 4 .  Sediment Phosphorus T rans fo rmat ion  Model a f t e r  
Kamp-Nielsen ( 1978)  

PE ( n )  
and PNE a r e  exchangeab le  and non-exchangeable 

phosphorus i n  n- th sed iment  l a y e r  r e s p e c t i v e l y  ( bo th  

mg P/kg d r y  m a t t e r )  ; 

PS i s  s o l u b l e  phosphorus i n  bot tom w a t e r  (mg P/R);  

Th is  model c o n s i d e r s  t h e  i n t e r a c t i o n  between phosphorus 

f r a c t i o n s  i n  t h e  sediment-water  i n t e r f a c e  a s  w e l l  i n  sed iment  

l a y e r s .  

The f o l l ow ing  assumpt ions  w e r e  used by t h e  a u t h o r  du r ing  

t h e  c o n s t r u c t i o n  of  t h e  g i ven  model: 

(i) m i n e r a l i z a t i o n  o f  p a r t i c u l a t e  phosphorus ,  s o r p t i o n  

e q u i l i b r i u m  between t h e  d i s s o l v e d  and adsorbed  phosphate  

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

i n  an  a d j a c e n t  l a y e r  o f  sed imen t  a r e  cons ide red  a main 

p rocesses  r e g u l a t i n g  t h e  i n t e n s i t y  o f  phosphorus exchange 

i n  t h e  sed iment -water  i n t e r f a c e ;  



( i i )  t e m p e r a t u r e ,  oxygen and phospha te  c o n c e n t r a t i o n s  and 

r a t i o  o f  exchangeab le  t o  non-exchangeable phosphorus 

a r e  t h e  main d r i v i n g  c h a r a c t e r i s t i c s  i n  t h e  g i v e n  

model ; 

(iii) b i o c h e m i c a l  m i n e r a l i z a t i o n  o f  phosphorus  i n  sed imen t  

was c o n s i d e r e d  a s  a f i r s t  o r d e r  tempera tu re -dependen t  

r e a c t i o n ;  

( i v )  d i f f u s i o n  o f  phospha te  and oxygen a r e  d e s c r i b e d  a s  

o r d i n a r y  F i c k ' s  d i f f u s i o n  p r o c e s s ,  c o r r e c t e d  by a 

c o e f f i c i e n t  named " d i f f u s i o n  r e s i s t a n c e  p a r a m e t e r " ;  

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

oxygen c o n c e n t r a t i o n  and t h e  F r e u n d l i c h  and Langmuir 

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

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

The main e q u a t i o n s  o f  t h i s  model a r e :  

( n )  
PAMX - KPS 

1 + 
(100-TS (,) (KPS+PI ) 

1 

I T S ( n ) *  KAPA 
1 + 

100 - TS (n )  

\ I  when PA( , )=  0 

when OX > LOX 

when OX < LOX ( n )  - 



where TS 
( n )  

i s  d r y  m a t t e r  i n  n - th  s e z i m e n t  l a y e r  

(g /d ry  mat te r -100 mR) ; 

S  i s  " n e t "  phosphorus  s e d i m e n t a t i o n  (mg p/m2-day) ; 
0 

PAMX is  maximum s o r b e d  phosphorus  i n  n - t h  s e d i m e n t  l a y e r  

(mg P/kg d r y  matter) ;  

KPS i s  h a l f  s a t u r a t i o n  c o n s t a n t  (mg P / R ) ;  

KAPA i s  a n a e r o b i c  e q u i l i b r i u m  c o n s t a n t  f o r  s o r p t i o n  

( l / kg  d r y  matter) ; 

LOX i s  t h r e s h o l d  oxygen l e v e l  (mg O 2 / L ) .  

The c o n c e n t r a t i o n  o f  mob i l e  phosphorus  (PIAS) i n  t h e  n - th  

sed imen t  l a y e r  i s  p r e s e n t e d  a s  

[ P A ( n ) +  P A ( o )  + P 1 ( l ) '  ' I '  when n  = 1 
T S ( l )  

P I A s ( n )  = 1 PA ( n )  + P I  (n l  
100 - TS(,) 

when n  > 1 
TS ( n )  

w h i l e  t h e  t o t a l  phosphorus  c o n c e n t r a t i o n  (PTOT) i s  c a l c u l a t e d  

as t h e  sum o f  a l l  phosphorus  forms:  

( n )  = PE 
( n )  

+ PNE + PIAS(n)  

The f o l l o w i n g  e q u a t i o n s  a r e  used  i n  t h e  g i v e n  model f o r  t h e  

d e s c r i p t i o n  o f  t h e  p r o c e s s e s  d e f i n i n g  t h e  phosphorus  exchange i n  

t h e  sed imen t -wa te r  i n t e r f a c e :  

(i) b i o l o g i c a l  m i n e r a l i z a t i o n  o f  phosphorus  : 

KAE 
OX ( n )  when OX > LOX 

T ( n )  
*Io ( n )  = B P E ( n )  ( 7 1 )  

when OX (,)L LOX 

where and KAN 
(n  a r e  c o n s t a n t s  o f  phosphorus  m i n e r a l i z a t i o n  

i n  a e r o b i c  a n d  a n a e r o b i c  c o n d i t i o n s  r e s p e c t i v e l y  ( b o t h  

T and 0 a r e  t e m ~ e r a t u r e  i n  OC and t e m ~ e r a t u r e  c o e f f i c i e n t .  



(ii) d i f f u s i o n  o f  phosphorus  

where KDIF ( n )  i s  a c o n s t a n t  of phosphorus d i f f u s i o n  (day- ' )  and 

it i s  c a l c u l a t e d  by 

100 - TS(n )  

= KDIF t 
100 

KDIF ( n )  

where t i s  d i f f u s i o n  r e s i s t a n c e  c o e f f i c i e n t ;  

( n )  
i s  t h i c k n e s s  o f  n - th  sed imen t  l a y e r  i n  m and 

(iii) oxygen consumpt ion i n  phosphorus m i n e r a l i z a t i o n  

B1oX ( n )  = 11 8 B I O  ( n )  TS ( , ) /  (100 - TS ) 

( Iv )  d i f f u s i o n  o f  oxygen 

DIFOX ( n )  
273 - T ~ ' ~ . ~  

= K D O X ( n )  (OX(n)  - o x ( n + l )  ) *  ( 7 5 )  

where KDOX 
( n )  

i s  c o n s t a n t  o f  oxygen d i f f u s i o n  (daye1)  and it is  

c a l c u l a t e d  a s :  

100 - TS(n )  

KDoX ( n )  = KDOX t 100 

[D(n - ; )+D(ng  
( n )  

* 
C o n d i t i o n  i s  t h a t  P I  (o )  = PS * * 
C o n d i t i o n  is  t h a t  OX ( o ) =  O X 0  



( v )  " n e t "  phosphorus  s e d i m e n t a t i o n  

100 SEDP - RESUP) - (F  + 1 
f o r  n  = 1 

so = (  
TS ( n )  ( 7 7 )  

0  f o r  n  > 1 

where F i s  r a t i o  o f  exchangeab le  phosphorus  t o  non-exchangeable 

phosphorus.  

( v i )  s o r p t i o n  o f  phosphorus  

a .  i n  t h e  sed imen t  s u r f a c e  

I PAMX (KPS + PS)- 
PS NAP f o r  OX (o)  > LOX 

( 7 8 )  

f o r  OX < LOX 
( n ) -  

b.  i n  n - th  s e d i m e n t  l a y e r  

I 
PAMX P I  ( n )  

KPS + P I  - NAP when OX(,)  > LOX 

PA ( n )  
- - ( 7 9 )  

[ KAPA P I  ( n )  - NAP when OX ( n )  ( LOX 

where NAP i s  n a t i v e  s o r b e d  phosphorus (mg P/kg d r y  m a t t e r ) .  The 

v a l u e  o f  PAMX is  dependen t  on t h e  oxygen l e v e l :  

PMIXAE when OX(,) > LOX 
P,X = { 

PAMXAN when OX < LOX 
( n ) -  

T h i s  model c o n s i d e r s  60 l a y e r s  i n  t h e  a c t i v e  zone o f  t h e  

sed imen t .  The t h i c k n e s s  o f  t h e  sed imen t  l a y e r s  were c o n s i d e r e d  

t o  b e  e q u a l  t o  1  mrn f o r  t h e  upper  5 c m  p a r t  o f  t h e  sed imen t  (50 

l a y e r s )  and 5 mrn f o r  t h e  rema in ing  sed imen t  zone (10 l a y e r s )  . 
The model was a p p l i e d  f o r  a n a l y s i s  o f  t h e  s e a s o n a l  dynamics o f  

t h e  phosphorus c o n c e n t r a t i o n  i n  Lake Esrdm s e d i m e n t .  



5.27 The Wittman e t  a1.  (1980) Approach 

Seve ra l  models o f  phosphorus exchange p rocesses  i n  t h e  

sediment-water  i n t e r f a c e  w e r e  sugges ted  by t h e  a u t h o r s  f o r  

Keszthe ly  Bay o f  Lake Ba la ton.  F i gu re  15 i l l u s t r a t e s  t h e  r e l a -  

t i o n s h i p s  between phosphorus f r a c t i o n s  i n  wa te r  and sediment  i n  

t h e s e  models. The symbols used i n  F igu re  15 a r e :  

P  - d i s s o l v e d  phosphorus i n  t h e  wa te r ;  

A - a l g a e  i n  t h e  wa te r ;  

SP - sed iment  phosphorus;  

OM - o r g a n i c  m a t t e r  i n  sed iment ;  

OM1 - a e r o b i c a l l y  decomposable o r g a n i c  m a t t e r ;  

OM2 - a n a e r o b i c a l l y  decomposable o r g a n i c  m a t t e r ;  

ADB - adsorbed phosphorus 

The numbers n e a r  t h e  ar rows i n  F igu re  15 show t h e  p rocesses  

t h a t  a r e  modeled. The f o l l ow ing  e q u a t i o n s  were used f o r  model ing 

t h e s e  p rocesses  which a r e  impor tan t  i n  phosphorus exchange: 

( 1 )  b i o l o g i c a l l y  a v a i l a b l e  p a r t  o f  t h e  p a r t i c u l a t e  phosphorus 

* 
(PPIN) e n t e r i n g  t h e  Lake Ba la ton  w i t h  ~ i v e r  Za la  d i scha rge  

water :  

PPIN = 0.04 (TPIN - OPIN) DEPTH . - Q 
d V 

where TPIN and OPIN a r e  t o t a l  phosphorus and o r thophospha te  

3 c o n c e n t r a t i o n s  r e s p e c t i v e l y  i n  River  Zala d i s c h a r g e  wa te r  (g/m 1 ;  

DEPTH i s  average wa te r  dep th  (m)  ; 

d i s  sed iment  t h i c k n e s s  (cm);  

3 Q i s  River  Za la  d i s c h a r g e  f low r a t e  (m  / day ) ;  

3 V i s  volume o f  Kesz the ly  Bay (m ) . 

* 
River  Zala is  t h e  main t r i b u t a r y  o f  Lake Ba la ton  



w a t e r  - - - - - - - - - -  - 

watef - 
sediment  \ s e d i m e n t  

F i g u r e  15. Models o f  Phosphorus Exchange i n  Sediment-Water 
I n t e r f a c e  f o r  Lake B a l a t o n  Ecosystem a f t e r  
Wittman e t  a1. (1980)  

( 2 )  D i f f u s i o n  ( o r  s t i r r i n g  up)  (STIR) : 

STIR = SP (1  - e ( -PI W I N D )  ) 

where P1 i s  t h e  p a r a m e t e r  f o r  wind dependency o f  s t i r r i n g  up; 

W I N D  i s  wind s p e e d  a v e r a g e  o f  e i g h t  measurements p e r  day.  



(3 )  Algae s e t t l i n g  (ASET) : 

0.5 (MORT) (DEPTH) ASET = a 

where MORT is r a t e  of a lgae  m o r t a l i t y  which i s  equa l  t o  (0.1 A ) .  

( 4 )  Decomposition of  o rgan ic  mat te r  (DEC) : 

DEC = P2 OM 

where P2 i s  t h e  decomposit ion r a t e .  

(5 )  Transformation of  o rgan ic  mat te r  from ae rob ic  t o  
* 

anaerobic (DEC ) : 

* 
DEC = P2 *OM1 

( 6 )  Rate o f  ae rob i c  decomposit ion of o rgan ic  mat te r  

t o  sediment phosphorus (DEC 1 ) : 

DEC1 = P5 P2* OM1 (86) 

where P5 i s  t h e  a e r o b i c a l l y  decomposable p a r t  o f  o rgan ic  mat te r .  

( 7 )  Rate of  anaerobic  decomposit ion of  o rgan ic  

mat te r  t o  sediment ~ h o s ~ h o r u s  ( D E C 2 ) :  

where P 3  i s  OM2 decomposit ion r a t e .  

( 8 )  Adsorpt ion of  sediment phosphorus (ADS) : 

ADS = P6 SP 

where P6 i s  the  adsorp t ion  r a t e .  

( 9 )  Desorpt ion of  adsorbed sediment phosphorus ( D E S ) :  

Des = P7 ADB 

where P7 is t h e  desorp t ion  r a t e .  



( 10) M i n e r a l i z a t i o n  o f  sediment  phosphorus ( M I N )  : 

M I N  = P8 - A D B  

where P8 i s  t h e  m i n e r a l i z a t i o n  r a t e .  

(1 1  ) Phosphorus p r e c i p i t a t i o n  (PREC) : 

PREC = 0.03 PROD 

where PROD i s  a l g a e  uptake and i s  equa l  t o  

PROD = 0.03 * T o A * P  
0.01 + P 

I n  equa t i on  (92 )  T i s  wate r  tempera tu re  i n  OC. 

5.28 The Mejer e t  a1.  (1980) Approach 

The a u t h o r s  proposed t h e  model i n  t h e  form o f  t h e  p a r t i a l  

d i f f e r e n t i a l  e q u a t i o n s  r e p r e s e n t i n g  t h e  phosphorus and oxygen 

dynamics i n  t h e  l a k e  sed iments .  The f o l l ow ing  p rocesses  w e r e  

cons idered  i n  t h e  g iven model: anae rob i c  and a e r o b i c  decomposi- 

t i o n ,  d i f f u s i o n ,  a d s o r p t i o n  and chemosorpt ion,  sed imenta t ion  and 

resuspens ion .  

The model e q u a t i o n s  a r e :  

a api 
api api E [ ~ p  ( T I  DM) -1 + r - K - ~ - P ~  - r a p . -  aPi aox - dZ . - az aox a t  - - -- + a t  d t  az ap-  

:93) 

i f  Pi > P i I t h  a t  any t ime  o r  dep th ,  Pi i s  set  equa l  t o  P .  . 
1, s 



aox - a aox dz 1 1  8 r K ( T )  g P when OX>OXth  
D ( T , D M )  - OX - a t -  0 

e 
when OX < OXth - 

S - R  
- imax K ( T )  g(T,OX) Pe 

dZ - - - dZ 
d t  10 DMo Psed 

0 P t o t  

where OX and OXo a r e  i n t e r s t i t i a l  and bottom water  oxygen concen- 

t r a t i o n s  (mg02/R) respec t i ve l y  and 

OX = OX ( t ,  z )  where t i s  t ime coord ina te  (24 hours)  and z 

is depth coord ina te  ( m )  changing from zero t o  zmax; 

OXth i s  t h resho ld  oxygen concent ra t ion  above which condi- 

t i o n s  a r e  cons idered t o  be ae rob ic  (mg 0 2 / R ) ;  

DM i s  dry ma t te r  ( g DM/100 mll) and 

DM = D M ( t , z ) ;  whi le DMO = D M ( t , O )  , 

pH is func t ion  of  t and z  and pH=pH(t,z) and it i s  c a l c u l a t e d  

a s  

where 5 = z/zmax and pHb i s  pH a t  z=zmax; 

T is  temperature i n  OC and T = T ( t ) ;  

g is  emp i r i ca l  c o e f f i c i e n t  showing t h e  i n f l uence  o f  T 

and OX on "B io log ica l  age" of  sediment,  r  = r ( t , z ) ,  

r e l a t i v e  t o  chrono log ica l  age and 

1 (OX/OXth) 0 (T-Tref when OX > OXth 

g = g(t,OX) = 
( T - T , ~ ~  when OX < OXth 

- 

where 6 i s  temperature c o e f f i c i e n t ;  



Pe i s  exchangeab le  phosphorus  i n  t h e  sed imen t -wa te r  i n t e r f a c e ,  

mg P/kg DM and  Pe = P e ( t , z ) ;  

'ne i s  non-exchangeable phosphorus  i n  t h e  sed imen t -wa te r  i n t e r f a c e ,  

mg P/kg DM and  Pne = Pne ( t , z )  ; 

f  i s  r a t i o  Pe/Pne; 

Pi i s  i n t e r s t i t i a l  phosphorus ,  mg P/k a n d  Pi = Pi ( t . 2 )  ; 

i s  s o l u b i l i t y  of p h o s p h a t e ,  mg P/k a n d  P i t s  - - ' i ts pi ,, (PHI  ; 

'i, t h  i s  t h r e s h o l d  o f  Pi above which p h o s p h a t e  p r e c i p i t a t e s  

a t  an amount o f  Pi - P i t s  and  Pi I th - - Pi , th (pH) ; 

'a is  a d s o r b e d  phosphorus  i n  mg P/kg DM and  it i s  i n  e q u i l i b r i u m  

w i t h  i n t e r s t i t i a l  phosphorus  

where k  a n d  ci a r e  F r e u n d l i c h  a d s o r p t i o n  c o n s t a n t s ;  

Pcn i s  n a t i v e  chemosorbed phosphorus ,  mg  kg DM; 

is chemosorbed phosphorus ,  mg P/kg DM a n d  

P 

max i - 
= Pc(Pi,OX) = max ( 0 ,  PC y Kp + Pi 

where y i s  s w i t c h  d e s c r i b i n g  r e d u c e d  chemosorp t i on  a t  a n o x i c  

sed imen t  a n d  

K i s  h a l f  s a t u r a t i o n  c o n s t a n t ,  mg P/k and K p  = Kp (pH) ; 
P 

p y x  i s  maximum chemosorp t i on  c a p a c i t y  i n  mg P/kg DM and  



r is  r e l a t i v e  d r y  m a t t e r  c o n t e n t ,  k g  DM/R and 

l / ( l + r )  is r e l a t i v e  w a t e r  volume, l / k g  DM a v a i l a b l e  f o r  d i f f u s i o n ;  

P t o t  is  t o t a l  phosphorus  mg P/kg DM and  

D i s  d i f f u s i o n  c o e f f i c i e n t  f o r  phosphorus  i n  i n t e r s t i t i a l  
P 

2 w a t e r ,  m /day and 

where B is d i f f u s i o n  r e s i s t a n c e  c o e f f i c i e n t ;  

4 is t e m p e r a t u r e  c o e f f i c i e n t ;  

Do is  d i f f u s i o n  c o e f f i c i e n t  f o r  oxygen i n  i n t e r s t i t i a l  w a t e r ,  

2 m /day and 

K ( T )  and k  are rate c o n s t a n t s  o f  decay  f o r  t h e  t o t a l  d i s t r i b u t i o n  

o f  P e - f r a c t i o n s  and  o n e  s i n g l e  f r a c t i o n  r e s p e c t i v e l y  ( b o t h  

day'l) and  

where po ( k )  is d i s t r i b u t i o n  ( d e n s i t y  f u n c t i o n )  o f  ra te c o n s t a n t s  

( k )  f o r  v a r i o u s  P e - f r a c t i o n s  i n  new sed imen ted  matter; 

Z is  d i s p l a c e m e n t  o f  w a t e r / s e d i m e n t  i n t e r f a c e  r e l a t i v e  t o  

v a l u e  a t  t = 0 ( m )  a n d  Z = Z ( t )  . 



Boundary c o n d i t i o n s  a t  Z = 0 f o r  t h i s  model i s  

Th is  model was a p p l i e d  f o r  t h e  a n a l y s i s  o f  t h e  d a t a  on t h e  

phosphorus changes i n  Lake Esr$m (Denmark) sed iments .  Model 

o u t p u t  showed a  reasonab le  agreement w i t h  o b s e r v a t i o n s  excep t  

a t  t h e  t o p  o f  t h e  sed iment  l a y e r  i n  t h e  April-May p e r i o d .  The 

a u t h o r s  g i v e  two p o s s i b l e  r easons .  The f i r s t  one i s  t h a t  some 

o f  t h e  e s s e n t i a l  mechanisms o f  phosphorus t r a n s f o r m a t i o n s  a r e  

no t  i nc l uded  i n  t h e  g i ven  model and t h e  second i s  due t o  i n s u f -  

f i c i e n t  measurements i n  t h e  pe r i od  ment ioned. 

5.29 Jacobsen ' s  (1 980) Approach 

The t h e o r e t i c a l  model sugges ted  by Jacobsen (1980) i s  based  

on c o n s i d e r a t i o n  o f  t h e  m inera l  and chemica l  p r o p e r t i e s  o f  t h e  

sed iments  and t h e  s o r p t i o n  p rocesses  i n  t h e  sediment-water  i n t e r -  

f a c e .  So rp t i on  i s  d e f i n e d  a s  t h e  d i f f e r e n c e  between chemosorpt ion,  

a d s o r p t i o n  and d e s o r p t i o n .  I t  was sugges ted  t h a t  t h e  p rocess  o f  

chemosorpt ion is  a  chemica l  r e a c t i o n  f i x i n g  t h e  s o l u b l e  ( o r  

adsorbed)  compounds by p a r t i c l e s  and it i s  impo r tan t  t h a t  t h i s  

r e a c t i o n  i s  n o t  r e v e r s i b l e  by lower ing  t h e  s o l u b l e  and adsorbed 

compound c o n c e n t r a t i o n s .  On t h e  o t h e r  hand, a d s o r p t i o n  i s  con- 

s i d e r e d  a  p h y s i c a l  f i x a t i o n  o f  t h e  s o l u b l e  compounds by p a r t i c l e s  



and t h e  amount o f  a d s o r b e d  ( o r  d e s o r b e d )  matter i s  c o n s t a n t l y  

e q u i l i b r a t e d  by t h e  c o n c e n t r a t i o n  o f  m a t t e r  i n  a  s o l u b l e  form. 

The scheme o f  t h e  r e a c t i o n s  c o n s i d e r e d  by t h e  model may be  

p r e s e n t e d  as f o l l o w s :  

where PSI  AD a n d  CP are s o l u b l e ,  a d s o r b e d  and  chemosorbed p h o s p h a t e  

c o n c e n t r a t i o n s  r e s p e c t i v e l y ;  

AC i s  a d s o r p t i o n  c a p a c i t y ;  

ka ,  kd and kc are r e a c t i o n  rate c o n s t a n t s .  

The k i n e t i c s  e q u a t i o n s  of t h e  g i v e n  model are w r i t t e n  as: 

dCP = max t o ,  k c [ c c ( ~ p )  - C P ] }  dt 

where S i s  e x t e r n a l  phosphorus  f l u x ;  

CC i s  maximum chemosorp t i on  c a p a c i t y  d e s c r i b e d  as 



w i s  c o n c e n t r a t i o n  o f  CaC03 i n  d r y  sed iments ;  

R i s  c o n c e n t r a t i o n  o f  Fe (OOH) i n  d ry  sed iment .  

I n  t h e  equa t i on  (1  14) co (pH) i s  t h e  model f u n c t i o n  r e g u l a t i n g  

t h e  r a t e  o f  exchange p rocesses  by pH and i t  i s  d e s c r i b e d  by 

0.25 when pH < 8.5 - 
co(pH) = 

(10.5 pH - 89) when pH - > 8.5 

The F reund l i ch  formula i s  used i n  this model t o  d e s c r i b e  

t h e  a d s o r p t i o n  i so therm:  

where kf and p  a r e  F reund l i ch  c o e f f i c i e n t s .  

I t  was assumed t h a t  t h e  model pa ramete rs  such a s  CC,  kf  

and p  a r e  d e f i n e d  by c o n d i t i o n s  i n  sed iments  and t h e i r  va lues  

depend on t h e  env i ronmenta l  c h a r a c t e r i s t i c s  (Eh f  pH and tempera- 

t u r e )  and m i n e r a l o g i c a l  p r o p e r t i e s  o f  sed iments .  Th is  t h e o r e t i c a l  

model i s  under expe r imen ta l  s t u d y  a t  p r e s e n t .  

5.30 Leonov's (1981) Approach 

Phosphorus exchange i n  t h e  sediment-water  i n t e r f a c e  was 

cons idered  i n  t h e  phosphorus t r ans fo rma t i on  model named BALSECT 

(BALATON SECTOR MODEL) used f o r  t h e  a n a l y s i s  o f  phosphorus 

c y c l i n g  and phy top lank ton  growth i n  t h e  Lake Ba la ton  ecosystem. 

P rev ious l y ,  t h e  phosphorus exchange p rocesses  i n  t h e  sediment-  

wa te r  i n t e r f a c e  w e r e  cons ide red  i n  t h e  s i m p l e s t  way (Leonov, 

1980) . An improved v e r s i o n  o f  t h i s  model t a k e s  i n t o  accoun t  

t h e  sed imenta t ion  and resuspens ion  o f  non- l i v ing  p a r t i c u l a t e  

phosphorus (PD) and t h e  r e l e a s e  o f  t h e  d i s s o l v e d  i n o r g a n i c  

phosphorus (DIP) from t h e  sed iment .  These p rocesses  a r e  modeled 



on t h e  b a s i s  o f  t h e  approach sugges ted  by Somly6dy (1980)  who 

s t u d i e d  t h e  wind i n f l u e n c e  on t h e  exchange p r o c e s s e s  i n  t h e  

sediment-water  i n t e r f a c e  i n  t h e  c e n t r a l  p a r t  o f  Lake Ba la ton ,  

t h e  Szemes Bas in  w i t h  a  mean dep th  o f  a b o u t  4 . 3  m. 

Because BALSECT c o n s i d e r s  t h e  phosphorus  dynamics i n  d i f -  

f e r e n t  p a r t s  o f  Lake Ba la ton ,  namely i n  Kesz the ly  Bay, S l i l i g e t ,  

Szemes and S io fok  B a s i n s ,  c o r r e c t i o n s  f o r  t h e  v a r i e d  d e p t h s  were 

i n t r o d u c e d  i n  t h e  model e q u a t i o n s  f o r  each  b a s i n .  

The e q u a t i o n  f o r  t h e  dynamics o f  PD i s  w r i t t e n  as 

where R i s  t h e  r a t e  o f  PD t r a n s f o r m a t i o n s  t h a t  t a k e  i n t o  accoun t  

t h e  e f f e c t s  o f  b iochemica l  and hydrodynamical  p roces -  

ses and e x t e r n a l  l o a d i n g  (mg P/R-day) ; 

Ksed i s  rate c o n s t a n t  o f  PD s e d i m e n t a t i o n  (day- ' ) ; 
d is averaged  dep th  o f  t h e  b a s i n  c o n s i d e r e d  ( m )  ; 

W i s  wind speed  i n  m/sec; 

v  i s  e m p i r i c a l  c o e f f i c i e n t ;  

'Dres i s  t ime-averaged f l u x  o f  p a r t i c u l a t e  phosphorus from 

t h e  sed imen t  (mg P/R-day) . 
The e q u a t i o n  f o r  dynamics o f  DIP i n  BALSECT i s  w r i t t e n  a s  

where R' i s  r a t e  o f  DIP t r a n s f o r m a t i o n  a s  a r e s u l t  o f  b iochemica l  

and hydrodynamical  p r o c e s s e s  and e x t e r n a l  l o a d i n g  (mg P/R-day); 

K is r a t e  c o n s t a n t  o f  phosphorus t r a n s f o r m a t i o n  i n  sed iment  

(day- 1 ; 

T is water t empe ra tu re  i n  OC; 



DIPre l  i s  r a t e  of  i n t e r n a l  l oad ing  o r  phosphorus r e l e a s e  

from sed iment  (mg P/k-day) and it i s  equa l  t o  

2 3 where A and V a r e  s u r f a c e  a r e a  ( m  ) and volume ( m  ) 

o f  t h e  b a s i n  cons ide red ;  

DIPsed i s  t ime-averaged f l u x  o f  m inera l  phosphorus 

from sed iment  (mg P/k-day) . 
The v a l u e s  o f  pa ramete rs  such  a s  d ,  A ,  V ,  PDres and DIPsed 

a r e  s p e c i f i c  f o r  each  b a s i n  o f  Lake Ba la ton .  The v a l u e s  o f  

tempera tu re ,  TI and wind speed,  W ,  a r e  cons ide red  t o  be s i m i l a r  

f o r  a l l  b a s i n s  and t hey  a r e  t aken  du r i ng  t h e  model run from a 

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

Temperature is  t h e  d a i l y  mean va lue  f o r  each  day w i t h i n  t h e  

y e a r  wh i l e  wind d a t a  i n c l u d e s  e i g h t  measurements f o r  speed  and 

d i r e c t i o n  p e r  day,  f o r  t h e  whole y e a r .  

5.31 Koze rsk i ' s  (1981) Approach 

The a u t h o r  proposed a  model of  t h e  n u t r i e n t  exchange between 

t h e  wa te r  and sed iments ,  f o r  sha l low,  e u t r o p h i c  l a k e s .  The 

i n t e r a c t i o n s  o f  phosphorus compounds i n  t h e  sediment-water  l a y e r  

modeled i s  s c h e m a t i c a l l y  shown i n  F igu re  16. The o r i g i n a l  v e r s i o n  

o f  t h e  model (Kozersk i ,  1977) t a k e s  i n t o  account :  

- t h e  r e l e a s e  of  d i s s o l v e d  phosphorus from t h e  sed iment  

t o  wa te r  by d i f f u s i o n ;  

- t h e  resuspens ion  and sed imen ta t i on  o f  t h e  d e t r i t u s  and 

t h e  p a r t i c u l a t e  phosphorus adsorbed by t h e  suspended 

s o l i d s ;  

- t h e  resuspens ion  of  a l g a e ;  





- t h e  a d s o r p t i o n  and d e s o r p t i o n  o f  2 h o s p h a t e  by the 

s e d i m e n t  p a r t i c l e s  and e s p e c i a l l y  t h e  i r o n  compounds; 

- t h e  decompos i t i on  o f  o r g a n i c  m a t t e r ,  i n c l u d i n g  t h e  

l i b e r a t i o n  o f  n u t r i e n t s  and oxygen demand i n  p r o p o r t i o n  

t o  t h e  i n t e n s i t y  o f  t h e  decompos i t i on  p r o c e s s .  

The d i f f u s i o n  exchange o f  t h e  d i s s o l v e d  phosphorus  t h r o u g h  

t h e  sed imen t -wa te r  i n t e r f a c e  i s  w r i t t e n  a s  

ZPS = z (Pi - Ps) (120)  

where ZPS i s  t h e  r a t e  o f  t h e  phosphorus  exchange by d i f f u s i o n ;  

Z i s  t h e  exchange v e l o c i t y  (m/d) d e r i v e d  f rom t h e  eddy 

d i  f  £us i o n .  

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

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

a  much s m a l l e r  r a t e  c o e f f i c i e n t ) .  The a d s o r p t i o n  o f  t h e  d i s s o l v e d  

phosphorus  on t h e  s e d i m e n t  p a r t i c l e s  i s  b a s e d  on t h e  Langmuir  

i s o t h e r m  and i s  g i v e n  by 

ADS = KADS Pi ( ISS-AS - PAS) (121)  

where KADS i s  t h e  r a t e  c o e f f i c i e n t ;  

ISS i s  t h e  maximum a d s o r p t i o n  c a p a c i t y  (which i s  h i g h e r  

i n  o x i c  t h a n  i n  a n o x i c  c o n d i t i o n s ) ;  

PAS i s  t h e  c o n c e n t r a t i o n  of  a d s o r b e d  phosphorus ;  

AS i s  the c o n c e n t r a t i o n  o f  a d s o r b a t e s .  

The d e s o r p t i o n  o f  t h e  d i s s o l v e d  phosphorus  w r i t t e n  a s  a  

f i r s t - o r d e r  k i n e t i c  e q u a t i o n  is : 

DES = KDES PAS 

where KDES i s  t h e  r a t e  c o e f f i c i e n t ;  i t s  v a l u e  d i f f e r s  f o r  o x i c  and 

a n o x i c  c o n d i t i o n s .  



The t r a n s f e r  from o x i c  t o  anox ic  c o n d i t i o n s  is c o n t r o l l e d  

by t h e  oxygen ba lance  i n  t h e  sed iment .  The oxygen c o n d i t i o n s  

i n  t h e  sediment  is  cons ide red  t o  be o x i c  i f  t h e  oxygen supp ly  

t o  t h e  sed iment  is g r e a t e r  t han  t h e  oxygen demand f o r  t h e  de- 

composi t ion o f  o r g a n i c  m a t t e r .  Th is  is w r i t t e n  a s  

O X W .  z > D E M  ( s p e c i f i c  O 2  demand) (123) 

where OXW is t h e  oxygen c o n c e n t r a t i o n  i n  w a t e r  ( p e l a g i a l ) ;  

DEM is t h e  i n t e n s i t y  o f  t h e  decomposi t ion o f  o r g a n i c  

m a t t e r .  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  model i s  g i ven  e lsewhere  

(Kozersk i ,  1977) .  The l a s t  v e r s i o n  o f  t h i s  model (Kozersk i ,  

1981) i s  be ing  s t u d i e d  now and it is assumed t h i s  model w i l l  be 

used t o  r e f l e c t  t h e  b a s i c  f e a t u r e s  o f  t h e  phosphorus budget  o f  

Lake Ba la ton . 

5.32 B r i e f  Comparison o f  t h e  Models Cons idered 

The purposes o f  t h e  models cons ide red  i n  t h i s  r e p o r t  a r e  

more o r  less connected t o  t h e  problem o f  phosphorus c y c l i n g  i n  

wa te r  bod ies  and t h e  i n f l u e n c e  o f  sediment  a s  a p o t e n t i a l  n u t r i e n t  

source .  The models d e s c r i b e d  d i f f e r  cons ide rab l y  i n  t h e i r  under- 

l y i n g  concepts .  I t  i s  mainly  d e f i n e d  by s i g n i f i c a n t  d i f f e r e n c e s  

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

t h e  phosphorus exchange i n  t h e  sediment-water  i n t e r f a c e .  

The g e n e r a l  i n f o rma t i on  on t h e  models d e s c r i b e d ,  summarized 

a r b i t r a r i l y ,  is  given i n  Tab le  3. I t  i n d i c a t e s  t h a t  f o u r  

t h e o r e t i c a l  p r i n c i p l e s  a r e  used i n  c o n s t r u c t i n g  t h e  phosphorus 

exchange models. These a r e :  ( i) ba lance  r e l a t i o n s ;  (ii) e m p i r i c a l  

dependencies;  (iii) s imp le  chemical  k i n e t i c s  and ( i v )  combined 

i n t e r a c t i o n s  t o  reproduce t h e  mechanisms o f  phosphorus 
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t r ans fo rma t i ons  i n  t h e  sediment-water  i n t e r f a c e .  Models w i t h  

ba lance  r e l a t i o n s  may o n l y  g i v e  ve ry  rough approx imat ions i n  

t h e  d e s c r i p t i o n  o f  t h e  e f f e c t s  of  sed iment  i n  phosphorus dynamics, 

wh i l e  o t h e r  models i n tended  f o r  e v a l u a t i n g  phosphorus c y c l i n g  

i n  wa te r  a s  r e s u l t  o f  complex phys ica l -chemica l  i n t e r a c t i o n s ,  

i n c l u d i n g  c o n t r i b u t i o n  o f  sed iment .  For example, t h e  models 

c o n s t r u c t e d  on the b a s i s  o f  e m p i r i c a l  dependenc ies  c o n s i d e r :  

(i) c o r r e l a t i o n  between t o t a l  phosphorus i n  s o l u t i o n ,  w i t h  

tempera tu re ,  o r g a n i c  phosphorus and t o t a l  s o l i d  con- 

t e n t s  i n  sed iment ,  and tempera tu re -o rgan ic  phosphorus 

i n t e r a c t i o n  (Wildung and Schmidt,  1973) ;  

(ii) r e g e n e r a t e d  amount of  phosphorus a s  r e s u l t  o f  wave 

o s c i l l a t o r y  and sed iment  mean g r a i n  s i z e  (Lam and 

J a q u e t ,  1976) ; 

(iii) sediment  phosphorus r e l e a s e  d e f i n e d  by: 

( a )  d i f f u s i o n  (Kamp-Nielsen, 1974) ;  

( b )  d e s o r p t i o n ,  d i f f u s i o n  and b i o l o g i c a l  deg rada t i on  

i n  a n a e r o b i c  and a e r o b i c  c o n d i t i o n s  (Kamp-Nielsen, 

197513) ; 

(c )  t he rma l  s t r u c t u r e  w i t h i n  wa te r  body and t u r b u l e n t  

d i f f u s i o n  (Thibodenaus and Cheng, 19 76) ; 

( d )  pr imary p roduc t ion  (Imboden and Gach te r  , 1 9  78 

and phosphorus c o n t e n t  i n  sed iment ,  wa te r  column 

dep th  and tempera tu re  ( K r e m e r  and Nixon, 1978) ;  

( i v )  i n t e r a c t i o n  o f  p lank ton  organ isms,  s o l u b l e  phosphorus 

and sed iment  (Spear  and Hornberger ,  1978) ;  

(v )  r e l a t i o n s h i p  o f  phosphorus d i f f u s i o n  w i t h  sediment  

phosphorus and wind speed ,  a s  w e l l  a s  phosphorus 

p r e c i p i t a t i o n  a s  a f u n c t i o n  of  p r imary  p roduc t ion  

(Wittman e t  a l .  1980) .  



The models c o n s t r u c t e d  on t h e  p r i n c i p l e s  o f  s imp le  chemical  

k i n e t i c s  i n c l u d e  c o n s i d e r a t i o n  o f  t h e  f o l l ow ing  impo r tan t  proces-  

ses: 

(i) phosphorus a d s o r p t i o n  and d e s o r p t i o n  (Olsen,  1958; 1964) ; 

(ii) e q u i l i b r i u m  between phosphorus f r a c t i o n s  i n  sed iments  

(L i  e t  a l .  1972) ;  

(iii) i n t e r a c t i o n s  between sed imen ta t i on  and resuspens ion  

(Lorenzen, 1973; Lorenzen e t  a l .  1976) ;  

( i v )  phosphorus exchange a s  a  tempera tu re  dependent  p r o c e s s  

(Gaume and Duke, 1975; Dahl-Madsen, 1978; Nyholm, 1978) 

and w i t hou t  t empera tu re  c o r r e c t i o n  (Dahl-Madsen and 

N ie l sen ,  19 74 ) ; 

( v )  d i f f u s i o n  (Berner ,  1975; Spear  and Hornberger ,  1978; 

The i s  and McCabe, 1978; Ulen, 1978b);  

( v i )  d i f f u s i o n  and sed imen ta t i on  (DiGiano and Snow, 1977) ;  

( v i i )  d i f f u s i o n ,  sed imen ta t i on  and phosphorus t r a n s f o r m a t i o n  

i n  sed iment  (Lung e t  a l .  1976) ; 

( v i i i )  d i f f u s i o n  and phosphorus t r a n s f o r m a t i o n  i n  sed iment  

(Poon, 1977) ;  

( i x )  d i f f u s i o n ,  a l g a e  sed imen ta t i on ,  decompos i t ion  of  o r g a n i c  

m a t t e r ,  a d s o r p t i o n  o f  sed imenta ry  phosphorus and 

m i n e r a l i z a t i o n  of  sed iment  phosphorus (Wittman e t  a l .  

1980) ; 

(x) phosphorus sed iment  r e l e a s e  by d i f f u s i o n ,  resuspens ion  

and sed imen ta t i on  o f  phosphorus compounds, a d s o r p t i o n  

and d e s o r p t i o n ,  decomposi t ion o f  sed iment  o r g a n i c  

m a t e r i a l  (Kozersk i ,  1981 ) . 



The models c o n s t r u c t e d  on t h e  b a s i s  o f  combined i n t e r a c t i o n s  

between e m p i r i c a l  dependencies and chemical  k i n e t i c s  s i m u l a t e  

t h e  course  o f  t h e  f o l l ow ing  p rocesses :  

(i) accumulat ion and m i n e r a l i z a t i o n  o f  exchangeable phos- 

phorus i n  sed iment ,  resuspens ion  o f  t o t a l  sed imentary  

phosphorus,  desorp t ion -adsorp t ion  i n t e r a c t i o n s  a s  w e l l  

a s  d i f f u s i o n  (Kamp-Nielsen, 1977) ; 

(ii) tempera tu re  dependent  phosphorus t r a n s  fo rmat ion  i n  

sed iment  and phosphorus d i f f u s i o n  (Jfdrgensen e t  a l .  1975) 

and a l s o  phosphorus sed imenta t ion  (J$rgensen,  1976) ;  

(iii) b iochemica l  m i n e r a l i z a t i o n  o f  p a r t i c u l a t e  phosphorus,  

s o r p t i o n  e q u i l i b r i u m  between d i s s o l v e d  and adsorbed 

phosphate ,  phosphorus sed imen ta t i on ,  d i f f u s i o n  o f  

phosphorus and oxygen a s  w e l l  a s  oxygen consumption 

i n  phosphorus m i n e r a l i z a t i o n  i n  sed iment  (Kamp-Nielsen, 

1978) ; 

( i v )  anae rob i c  and a e r o b i c  decomposi t ion o f  sediment  phos- 

phorus,  d i f f u s i o n ,  a d s o r p t i o n  and chemosorpt ion,  sed i -  

menta t ion and resuspens ion ,  oxygen and pH dynamics 

(Mejer e t  a l .  1980) ;  

(v )  phosphorus s o r p t i o n  a s  t h e  d i f f e r e n c e  between chemo- 

s o r p t i o n ,  a d s o r p t i o n  and d e s o r p t i o n  a s  a f u n c t i o n  o f  

env i ronmenta l  c h a r a c t e r i s t i c s  (Eh ,  pH and tempera tu re )  

(Jacobsen,  1980) ; 

( v i )  i n t e r a c t i o n  between sed imenta t ion  and resuspens ion  

o f  non l i v i ng  p a r t i c u l a t e  phosphorus and r e l e a s e  o f  

m inera l  phosphorus from t h e  sed iment  a s  f u n c t i o n s  o f  

phosphorus c o n t e n t  i n  sed iments ,  wa te r  column depth ,  

wind speed and tempera tu re  (Leonov, 1981 ) . 



I t  shou ld  be no ted  t h a t  on l y  a  few of  t h e  models have been 

developed w i t h  t h e  aim o f  a r r i v i n g  a t  a  b e t t e r  unders tand ing  o f  

t h e  complex p rocesses  i n  t h e  phenomenon o f  phosphorus exchange 

a c r o s s  t h e  sediment-water  i n t e r f a c e .  Tab le  3 a l s o  g i v e s  an  

i n d i c a t i o n  o f  t h e  t y p e  o f  e q u a t i o n s  used i n  t h e  models desc r i bed .  

I t  can be seen  t h a t  e m p i r i c a l  and d i f f e r e n t i a l  e q u a t i o n s  a r e  nor2  

o f t e n  used t han  o t h e r  equa t i ons .  Most o f  t h e  models i n c l u d e  t h e  

r a t e  c o e f f i c i e n t s  w i t h  t h e  o r d e r  o f  t h e  t i m e  s c a l e  equa l  t o  a  

day,  and it a l l ows  one t o  s i m u l a t e  t h e  phosphorus dynamics and 

phosphorus exchange i n  l a r g e  p e r i o d s  o f  t i m e ,  such a s  months 

and yea rs .  The i n fo rma t i on  on t h e  v a l u e s  o f  r a t e  c o e f f i c i e n t s  

and o t h e r  model pa ramete rs  used i n  t h e  s i m u l a t i o n  o f  phosphorus 

t r a n s f o r m a t i o n s  and phosphorus r e l e a s e  from s d i m e n t  is g i ven  i n  

Tab le  4 .  The symbols used i n  Tab le  4 a r e  s i m i l a r  t o  t h o s e  i n  t h e  

model e q u a t i o n s  reviewed i n  t h i s  r e p o r t  and are used by t h e  

a u t h o r s  i n  f o rmu la t i ng  t h e i r  models. 

5 . 3 3  Other  Models Re levan t  t o  t h e  Problem o f  
N u t r i e n t  T ranspo r t  i n  t h e  Sediment Water Layer 

I n  t h e  l i t e r a t u r e  t h e r e  a r e  a  number o f  models n o t  d i r e c t l y  

connected w i t h  t h e  phosphorus exchange i n  t h e  sediment-water  

i n t e r f a c e ,  b u t  i n d i r e c t l y  r e l e v a n t  t o  t h e  problem o f  t h e  n u t r i e n t  

t r a n s p o r t  and r e l e a s e  from t h e  sediment .  Lerman ( 1 9 7 7 )  f o rmu la ted  

g e n e r a l  t h e o r e t i c a l  approaches t o  model ing t h e  m i g r a t i o n  proces-  

ses and phys ica l -chemica l  r e a c t i o n s  w i t h i n  t h e  sediment-water  

l a y e r  and h i s  model ing p r i n c i p l e s  f o r  m ig ra t i on  o f  a n i o n i c  

s p e c i e s  and r e a c t i o n s  o f  chemica l  i n g r e d i e n t s  i n  deep s e a  s e d i -  

ments may be used a f t e r  s l i g h t  m o d i f i c a t i o n  f o r  s t udy ing  sha l l owe r  

sed iments  i n  f r e s h  wa te r  bod ies .  



Table 4 .  Review of Rate C o e f f i c i e n t s  used i n  t h e  Modeling 
t h e  Phosphorus Release from Sediments 

- - 

Number  o f  
equation. 

Authors  Parameter. Syabo l  D imens ions  Values 
i n  g i ven  

repor t  

Kramer  e t  a l (1972)  7  r reund l i ch  coefficient. f o r  K - 2.6 
ox id ised sediment. V - 0.26 

Coe f f i c i en ts  for  exchange  t e r m  K - 2.2 
for ox id i zed  sed imen ts  ; : - -0.05 

r raund l i ch  coe f f i c i en ts  for  - 1.8 
reduced sed imen ts  V - 0.26 

Coe f f i c i en ts  f o r  exchange  term - 2.4 
fo r  reduced sed imen ts  - -0.05 

Stumm and Leck ie  - Di f fus ion  coe f f i c i en t  D cm2/sec 1 - 1 0 - ~  

Porce l la  et a l (1971)  - Cons tan t  r a t e  o f  P re lean*  f rom 
sediment  K1 

we lch  et a l (1973)  - Cons tan t  sed imen ta t i on  r a t e  S g/a2-year 2.7 
Cons tan t  re lease  ra te  R _ - - 2.2 

Lorenren (1973)  17-18 Spec i f i c  ra te  o f  nut r ient  t rans-  K 1  ./year 40.0 
fer  t o  sed imen t  

Spec i f i c  ra te  o f  nut r ient  t r ans -  
2  

- 9 -  

f e r  f r o m  sed imen t  
0.0085 

Phosphorus  re lease ra te  f rom 
sed imen ts  

s 

Kamp-Nie lsen(1974)  Di f fus ion coe f f i c i en ts '  D cm2/sec 0 .6 .10 -~  

Jdrgensen et a1  (1975 )  26-27 Decompoei t ion ra te  o f  exchange-  
ab le-P t o  in ters t i t ia l -P 

d a y 1  2. 

Tempera tu re  coe f f i c i en t  (3 - 1.02 

Lorenzen at a l (1976)  17-10. To ta l  exchangeable-P in sed i -  
ment. C s  

Spec i f i c  ra te  o f  phosphorus  t ran -  
s fe r  t o  sed imen t  1  

Spec i f i c  ra te  o f  phosphorus  t ran -  
K 2  

- - - 
s fe r  f rom sediment  0.0012 

F rac t i on  o f  to ta l -P input t o  se-  
d imen t  ava i l ab le  f o r  exchange  K 3  

Jdrgensen (1976 )  38-40 Phosphorus  con ten t  in phytop lan-  p p  
k ton  

Se t t l i ng  fa te  S A 
Biodegradat ion ra te  o f  detritu. K4  
Biodegradat ion ra te  o f  organic-P 

in sed imen t  K 5  

Tempera tu re  coe f f i c i en t  K 6 
Dry ma t te r  o f  upper  l aye r  in 

sed iemnt  DNU 

Upper  unstab i l ize? l a y e r  o f  sed i -  
men t L 7 L  

Ratio o f  total-P to exchangeable-P 
in sed iment  f 

Schind ler  et a1119761 - Di f fus ion  coe f f i c i en t  D cm /sec 2 -  lo -= 2  

DiGiano and Snow 42 -44  Phosphorus  re lease ra te  
It 1 

mgP/l-day 0.091 
(1976 )  Phosphorus  sed imen ta t i on  ra te  K, day-1 0.176 

Lam and Jaquet (1976)  4 5  Propor t iona l i ty  constant  
r  

6 . 4 . 1 0 - ~  
Sed imen t  dens i ty  P g/Cm3 2.6 
ve loc i t y  us  cm/sec  1.0 



Table 4. (contd. .  

Number of  

Authors 
equa t ions  
in g iven  

Paramete rs  Symbo l  D imens ions  Va lues  

repor t  
- -  - - 

Lung et a1 (1976)  J 48-52 Degradat ion ra te  o f  par t icu la-  

Lung and Canale - - 
Degradat ion ra te  of  par t icu la-  

te-P t o  d issolved-P 
in sediment  

Di f fus ion coef f ic ient  i n  in ter-  
s t i t ia l  water  

Se t t l i ng  veloc i ty  in hypo l imn ion  
Eddy d i f fus ion  coe f f i c ien t  

Freedman and Ca- - ai f fus ion coef f ia ient  
na le  (1977) Poros i t y  

Poon (1977) 5 8 F lush ing  ra te  D l/day 0.025-0.1 
Rate o f  P-concentrat ion change  K day 0.04-0.11 

Dahl-Madssn (1978)  59  Rate cons tan t  of  sediment  mine-  KXSP day-' 1.5-1.9 
ra l i za t ion  

Tempera tu re  coe f  f ic ient  0 - 1.14 

Nyhoul(1978) 6 0  Rate cons tan t  of  P-re lease f rom 
K r  (200) day-' 

1.0-1.7 ' 
sediment  

Tempera tu re  coe f f i c ien t  0 - 1.14 

Spear  and Hornberger  4 8  Poros i t y  6 - 0.2-0.4 
(1978) Di f fus ion coe f f i c ien t  D cm2/sec (1-2) .lo-' 

Charac te r i s t i c  length fo r  d i f f u -  
s ion  procass 

cm 10.0 

- - - 

Imboden and Cach te r  - 
(1978)  

Di f fus ion coe f f i c ien t  

- - - - - - 

Kamp-Nie lsen( l978)  6 6 - 8 0  Aerobic minera l izat ion cons tan t  
in sediment  layers  

Anaerobic minera l izat ion cons-  
tant  in  sediment  layers  

Anamrob ic  equi l ibr ium conr tan t  
for  so rp t ion  

D i f fus ion  cons tan t  for  P 
Di f fus ion constant  for o2 
Ral f  saturat ion constant  
Thresho ld  oxygen  lmvel  
Na t i ve  sorbed P' 

KAE 

KAN 

KAPA 

KDIF 
KDOX 

KPS 
LOX 
NAP 

Maximum sorbed P in sediment  at 
P A n X A E  aerob ic  cond i t i on  

Maximum sorbed P in  sediment  at 
anaerob ic  cond i t i on  PAHXAN 

Non-exchangeable P P N E  
Tempera tu re  coef f ic ient  0 
Di f fus ion  res is tance  coe f f i c ien t  t 

l/kg d ry  mat te r  45.0 

l/day 0.0012 - - -  0.00016 
W P / l  0.104 
m902/l 0.67 

mgP/kg dry mat-  20.0 
ter  

- 

wit tman et a l (1980) 81-92  Sed iment  th i ckness  
Paramete r  for wind dependency  o f  

s t i r r ing 
Rate o f  o rgan ic  mat ter  decay i n  

aerobic  c o n d i t i o n s  
Rate o f  anaerob ic  decay o f  orga-  

n ic  mat ter  
Thresho ld  leve l  of  average wind 

veloc i ty  
Aerob ica l l y  decomposab le  par t  o f  

o rgan ic  mat ter  
Adsorp t ion  ra te  of  sed iment  P: 

in aerobic  cond i t i ons  
in anaerobic cond i t i ons  

Desorpt ion rate of  adsorbed sedi- 
ment  phosphorus: 

in aerobic  condi t ions 
in anaerob ic  cond i t i ons  

Minera l izat ion rate o f  sed iment  P 



Table 4 .  (contd. . 1 

Number o f  
e q u a t i o n .  

Author.  i n  g i v e n  P a r a m a t e r a  Symbol D imens ions  V a l u e s  

r a p o r t  

M e j a r  a t  a l J 1 9 8 0 )  93-109 D i f f u s i o n  c o e f f i c i e n t  f o r  O 2  i n  
i n t e r s t i t i a l  w a t e r  

D i f f u s i o n  c o a f f i c i a n t  f o r  ? i n  
i n t a r s t i t i a l  v a t a r  

R a t i o  a x c h a n g e a b l e - P  t o  non-ax-  
c h a n g a a b l a - P  i n  s a d i m a n t  

DacompO*it ion r a t *  c o n s t a n t  
T h r a s h o l d  oxygan  l e v e l  a b o v e  wh ich  

c o n d i t i o n s  a r a  a e r o b i c  
pH o n  maximum d e p t h  o f  s a d i m e n t  
Uaximum d a p t h  o f  s e d i m e n t  
T a m p a r a t u r e  c o e f f i c i e n t  
T e m p e r a t u r e  c o a f f i c i a n t  
F r e u n d l i c h  c o a f f i c i a n t  
F r e u n d l i c h  c o e f f i c i e n t  
D i f f u s i o n  r e s i s t a n c e  due  t o  d r y  

m a t t e r  
N a t i v e  chemosorbed  P  mgP/kg d r y  

m a t t e r  

L O O ~ O V  ( 1 9 8 1 )  117-119  R a t e  c o n s t a n t  o f  n o n - l i v i n g  p a r c i -  
c u l a t a - P  s e d i m e n t a t i o n  x a e d  day-' 0 .25  

T ime-averaged  f l u x  o f  p a r t i c u l a -  
t e - P  f rom s e d i m e n t y  'Dres m g ~ / l - d a y  7 .  

E m p i r i c a l  c o e f f i c i e n t  s h o v i n g  wind 
e f f e c t  on r a s u a p e n s i o n  o f  non- v 

l i v i n g  p a r t i c u l a t e - P  
Rat*  c o n s t a n t  o f  P  t r a n s f o r m a t i o n  

i n  s e d i m e n t  
X day- '  0 . 1 2 5  

Averaged  d e p t h  f o r t  d e p t h  m 
B a s i n  I  2 .28 
B a a i n  I 1  2 .87 
B a s i n  I 1 1  3.22 
e a a i n  I V  3.68 

T ime-averaged  f l u x  o f  DIP f rom 
s e d i m e n t  f o r :  DIPrel mgP/ l -day 

B a s i n  I 1 . 4 5 - 1 0 - ~  
B a s i n  I1 5 .2 .10 -6  
B a s i n  I11 4 .2 .10 -6  
B a s i n  I V  3.3.10-6 



Many p a p e r s  d e s c r i b e  t h e  models o f  p h y s i c a l  and  chemica l  

p r o c e s s e s  i n  t h e  sed iment -water  l a y e r .  Moore a n d  S i l v e r  ( 1  972) 

c o n s i d e r e d  t h e o r e t i c a l  models  o f  n u t r i e n t  t r a n s p o r t  due t o  

sed imen t -wa te r  i n t e r a c t i o n s  w i t h  s p e c i f i c  emphas is  on  t h e  n u t r i e n t  

d i f f u s i o n  f o r  an  i n f i n i t e l y  deep l a k e ,  f o r  a  l a k e  o f  f i n i t e  d e p t h  

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

t h e s e  c a s e s  t h e  h y p o t h e s i s  o n  t h e  i n f i n i t e l y  deep  sed imen t  l a y e r .  

The d i f f u s i o n  model o f  n u t r i e n t  t r a n s p o r t  f o r  l o n g i t u d i n a l  m i x i n s  

i n  t h e  p o r o u s  media is g i v e n  by Cassel e t  a l .  ( 1 9 7 4 ) .  DiGiano 

( 1  971 ) s u g g e s t e d  s e v e r a l  models o f  n u t r i e n t  t r a n s p o r t  owing t o  

d e p o s i t - w a t e r  r e a c t i o n s  w i t h  emphas is  on (i) p o r e  d i f f u s i o n  

t h r o u g h  i n t e r s t i t i a l  water o f  d e p o s i t ;  (ii) i n t e r f a c i a l  t r a n s p o r t  

i n  t h e  sed iment -water  i n t e r f a c e ;  (iii) d i f f u s i o n  w i t h  s i m u l t a n e o u s  

a d s o r p t i o n  and  ( i v )  n u t r i e n t  r e l e a s e  v i a  d i f f u s i o n .  Tzur  (1  9  71 ) 

proposed a model t o  d e s c r i b e  t h e  p h y s i c a l  p r o c e s s e s  s u c h  as 

d i f f u s i o n  and  a d v e c t i o n  i n  a c c u m u l a t i n g  s e d i m e n t s .  

Model ing p r i n c i p l e s  o f  t h e  a d s o r p t i o n - d e s o r p t i o n  phenomenon 

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

t h r o u g h  a d s o r b i n g  p o r o u s  media (Hashimoto e t  a 1  . 19 64; L inds  t r o m  

e t  a l .  1967, 1971; Oddson e t  a l .  1970) .  Models o f  a d s o r p t i o n  

e q u i l i b r i u m  between t h e  s o l u t i o n  and a d s o r b e d  p h a s e s  have been 

p roposed  by Lap idus  a n d  Amundsen (1952)  . Hashimoto e t  a l .  (1964)  

c o n s i d e r e d  a  l o n g i t u d i n a l  m ix ing  p r o c e s s  a s  w e l l  a s  e q u i l i b r i u m  

and  l i n e a r  a d s o r p t i o n  f o r  a one-d imens iona l  f l ow .  L inds t rom 

e t  a l .  (1967)  and  Davidson and  Chang (1972)  d e s c r i b e d  t h e  move- 

ment o f  o r g a n i c  c h e m i c a l s  t h r o u g h  po rous  media,  u s i n g  t h e  hypo- 

t h e s i s  on i n s t a n t a n e o u s  a d s o r p t i o n  w i t h  l i n e a r  as w e l l  a s  s i n g l e -  

v a l u e d  r e l a t i o n s  between a d s o r p t i o n  and  d e s o r p t i o n .  The mathe- 

m a t i c a l  models o f  t h e  movement o f  a n  a d s o r b e d  chemica l  t h rough  

a porous  medium f o r  s t e a d y - s t a t e  c o n d i t i o n s  i n  t h e  s o i l - w a t e r  

- - 3 ,..- T T - . .  - - L L - -  - L  - 7  f 4 n-18 \ 



Some o f  t h e  mathemat ica l  models d e s c r i b i n g  t h e  t r a n s p o r t  

o f  cohes ive  sed iments  i n  wa te r  bod ies  a r e  used f o r  t h e  q u a n t i -  

t a t i v e  de te rm ina t i on  o f  t h e  sed iment  t r a n s p o r t  a s  w e l l  a s  t h e  

f a t e  of  sed iments  and a s s o c i a t e d  p o l l u t a n t s  and t h e i r  e f f e c t s  on 

t h e  wa te r  q u a l i t y  (Sakhan e t  a l .  1972; L ick e t  a l .  1976; Sheng 

and L ick ,  1979; Fukuda and L ick ,  1980) .  Simons and sen t i i r k  (1977) 

cons ide red  t h e  b a s i c  i d e a s  and fund ings  upon which knowledge o f  

sed imenta t ion  i s  based  i n c l u d i n g  t r a n s p o r t  concep ts ,  fo rmulas  

o f  bed l o a d ,  models o f  suspended s o l i d  l o a d  and methods o f  

measurements and e s t i m a t i o n  o f  t h e  sed iment  d i s c h a r g e  o f  s t r eams .  

Pa r then iades  (1972) summarized t h e  r e s u l t s  of  r e c e n t  l a b o r a t o r y  

r e s e a r c h  and rev iewed t h e  l i t e r a t u r e  on e r o s i o n  and d e p o s i t i o n  

of  cohes ive  sed iments .  Models o f  sed iment  suspens ion  due t o  

d i f f u s i o n  and o s c i l l a t o r y  wa te r  waves were cons ide red  by W i l l i s  

(1972) and Das (1972) . Herczynski  and Pienkowska (1980) reviewed 

t h e  c l a s s i c a l  approaches i n  model ing t h e  p r o c e s s  o f  sed iment  

suspens ion.  

A l a r g e  number o f  r e p o r t s  appeared ,  d e a l i n g  w i t h  t h e  modeling 

o f  p a r t i c u l a t e  t r a n s p o r t .  Hahn e t  a l .  (1978) sugges ted  a  model 

f o r  p a r t i c l e s  t r a n s p o r t  and sed imen ta t i on  which cons ide red  

(i) t h e  mixing p rocess ;  (ii) t h e  agg rega t i on  p rocess  determined 

by chemical  and hydrodynamic paramete rs ;  (iii) t h e  agg rega t i on  

c o n t r o l l e d  sed imen ta t i on  p rocess  and ( i v )  e r o s i o n .  Somly6dy 

(1978) a t t emp ted  t o  c o n c e p t u a l l y  i n c o r p o r a t e  i n  t h e  hydrodynamical 

model a l l  t h e  impo r tan t  p rocesses  i n  a  r i v e r  such a s  t u r b u l e n t  

d i f f u s i o n ,  convec t ion ,  d e p o s i t i o n ,  r een t ra i nmen t  and combined 

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

d i s s o l v e d  a s  w e l l  a s  s o l i d  forms. The models p r e s e n t e d  by 



Nihoul and Adam (1 975) , Arl .akhurai  and Kzone (197 i j ,  a n 6  S n i t h  

and O'Conner (1977) c o n s i d e r  t h e  convec t ion  and d i s p e r s i o n  of 

p a r t i c u l a t e s  i n  a  t w o - d i ~ e n s i o n a l  f low.  

C O ~ C L I J S I O N S  

Sed inen ts  shou ld  noc be i gnored  a s  a  rAccr is.-- t  scurc?s cwi r~g 

t o  t h e  h i gh  l e v e l  o f  n u t r i e n t s ,  i n  p a r e i c a l a r ,  ~ : ' 1 0 s p i i ~ r ~ s  i n  -tile 

sed iments  and i t s  importa. '~ce i n  t h e  n u t r i e n t  c y c l i n g  w i t h i n  w a t e r  

bod ies .  The r o l e  o f  s e d i n e n t s  i n  wa te r  q u a l i t y  problems,  i n c l u e i n g  

e u t r o p h i c a t i o n ,  must t h e r e f o r e  be  cons ide red  and r e a l i s t i c  x o d e i s  

o f  phosphorus t r a a s f o r m a t i o n  i n  t h e  sediment-water  i n t e r f a c e  an2 

phosphorus exchange need t o  be  deveio2ed.  Th is  r e p o r t  s ~ ' i ~ , a r i z e s  

t h e  in fo rmat ion  a v a i l a b l e  on s t u d i e s  o f  the pkospi- ior~s s y s t e x  i n  

t h e  s e d i m e n t - w ~ t e r  i n t e r f a c e .  

Es t ima tes  o f  t h e  sediment  ?hosphorus r e l e a s e  r a t e s  a r e  bzsed  

on l a b o r a t o r y  exper iments  as w e l l  a s  on s imp le  ba iance  c a i c u l a -  

t i o n s .  There fo re  t h e s e  r a t e s  nay be  c o n s i e s r e d  on l y  a s  approx- 

ima t ions  o f  t h e  c h a r a c t e r i s t i c s  GZ phosphorus exchang? r e a c t i o n s  

i n  n a t u r e .  The e f f e c t i v e n e s s  of 23osphorus r e l e a s e  f r o n  t h e  

sediment  i s  de f i ned  by t h e  c o ~ b i n e d  e f f e c t  o f  environzei- . tai  

f a c t o r s  de te rm in ing  t h e  deve lopnent  of p h y s i c a i ,  chemica l  anr2 

b i o l o g i c a l  p rocesses .  To t h e  p r e s e n t  t i m e ,  t h e  t h e o r e t i c a l  

c o n s i d e r a t i o n  o f  t h e  r o l e  o f  these p rocesses  a r e  comp l i ca ted ,  

owing t o  t h e i r  i n t e r a c t i o n s  and s imu i taneous  accompl ishment.  

On t h e  b a s i s  o f  a v a i l a b l e  i n fo rma t i on ,  an  a t t e m p t  was made t o  

show t h e  r o l e  o f  some o f  t h e s e  p r o c e s s e s  i n  t h e  phosphorus 

r e l e a s e  from t h e  sed iments ,  naneiy mixing and d i f f u s i o n ,  a s  

w e l l  a s  f a c t o r s  o f  e n v i r o n n e z t  such a s  t empera tu re ,  l e v e l s  o f  

oxycjen and o r g a n i c  m a t t e r ,  o x i d a t i v e  s t a t e  o f  sed iment ,  redox 



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

a r e  cons ide red  t o  be r a t h e r  impo r tan t  f o r  t h e  mathemat ica l  f o r -  

mula t ion  o f  t h e  model e q u a t i o n s  i n t e n d e d  f o r  u s e  i n  e s t i m a t i n g  

impacts  o f  t h e  sed imen t  on t h e  n u t r i e n t  c y c l i n g  w i t h i n  w a t e r  

bod ies .  The p r e s e n t  l e v e l  o f  knowledge on t h e  dynamics o f  t h e s e  

p rocesses  i s  f a r  f rom complete because  o f  t h e  d i f f i c u l t i e s  i n  

s t u d y i n g  them. However, t h e o r e t i c a l l y  t h e  mechanisms of  phos- 

phorus t r a n s f o r m a t i o n s  i n  t h e  sediment-water  l a y e r  and t h e  

phosphorus exchange a c r o s s  t h e  sediment-water  i n t e r f a c e  seem 

t o  be i m a g i n a t i v e l y  and e x t e n s i v e l y  s t u d i e s .  Th i s  f a c t  i s  

r e f l e c t e d  i n  t h e  numerous mathemat ica l  models d e s c r i b i n g  t h e  

phosphorus exchange i n  t h e  sed iment -water  i n t e r f a c e  a s  a  r e s u l t  

of  t h e  combined e f f e c t  o f  t h e  p r o c e s s e s  ment ioned.  

A rev iew o f  t h e  a v a i l a b l e  i n f o rma t i on  shows t h a t  e x i s t i n g  

approaches t o  s i m u l a t e  t h e  phosphorus r e l e a s e  depends on t h e  

a v a i l a b i l i t y  o f  t h e  d a t a  on t h e  sed iment -water  i n t e r a c t i o n s  

and phys ica l - chemica l  c h a r a c t e r i s t i c s  o f  t h e  sediment-water  

i n t e r f a c e  a s  f a r  a s  t hey  a r e  r e l e v a n t  f o r  phosphorus t rans forma-  

t i o n  i n  t h e  w a t e r  and sed imen t .  A s u f f i c i e n t l y  d e t a i l e d  desc r i p -  

t i o n  o f  t h e  models i s  g iven  i n  t h i s  r e p o r t  which p rov i des  i n f o r -  

mat ion on t h e  t y p e  o f  e q u a t i o n s  and on t h e  deg ree  o f  s o p h i s t i c a -  

t i o n  i n  t h e  rep roduc t i on  o f  impo r tan t  p r o c e s s e s  r e s p o n s i b l e  f o r  

phosphorus t r a n s f o r m a t i o n  a s  w e l l  a s  phosphorus exchange.  The 

rev iew o f  models shows t h a t  o n l y  a  l i m i t e d  number o f  models a r e  

fo rmu la ted  such a s  t o  e n a b l e  a  b e t t e r  unde rs tand ing  of  t h e  

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

phosphorus exchange i n  t h e  sed iment -water  i n t e r f a c e .  Most o f  

t h e  models c o n c e n t r a t e  on t h e  e v a l u a t i o n  o f  sed imen t  impact  on 

phosphorus c y c l i n g  i n  a  compara t i ve l y  sma l l  t i m e  p e r i o d .  I n  



only  a l i m i t e d  number o f  c a s e s  t h e r e  was a t e s t i n g  cf t h e  models 

developed by c a r e f u l  exper imen ta l  s t u d i e s  o f  t h e  k i n e t i c s  of  

phosphorus t r ans fo rma t i ons  i n  t h e  sediment-water  l a y e r ,  t o  

e s t a b l i s h  an  a c t i v e  mechanism o f  phosphorus exchange and t o  

de te rm ine  t h e  f l u x e s  o f  phosphorus a c r o s s  t h e  sediment-water  

i n t e r f a c e .  

E f f o r t s  i n  model ing t h e  phosphorus c y c l i n g  and r e l e a s e  from 

t h e  sed iments  va ry  w ide ly  i n  t h e i r  complexi ty .  The models 

desc r i bed  i n  t h i s  r e p o r t  may be a r b i t r a r i l y  subd iv ided  i n t o  

groups on t h e  b a s i s  of  s i m i l a r i t y  i n  t h e  p r i n c i p l e s  o f  t h e i r  

fo rmu la t ion .  Four groups o f  models were i d e n t i f i e d ,  based on 

(i) ba lance  r e l a t i o n s ;  (ii) e m p i r i c a l  dependenc ies ;  (iii) s imp le  

chemical  k i n e t i c s  and ( i v )  combined i n t e r a c t i o n s  between e m p i r i c a l  

dependencies and chemical  k i n e t i c s  i n  rep roduc ing  t h e  mechanisms 

o f  phosphorus t r a n s f o r m a t i o n s  and phosphorus exchange r e a c t i o n s  

i n  t h e  sediment-water  i n t e r f a c e .  The development o f  t h e s e  models 

was based a l s o  on t h e  t h e o r e t i c a l  knowledge, on p h y s i c a l  and 

chemical  p rocesses  and on exper imen ta l  s t u d i e s  o f  sed iment  

phosphorus r e l e a s e .  The models d e s c r i b e d  d i f f e r  cons ide rab l y  

i n  t h e i r  concep ts  owing t o  s i g n i f i c a n t  d i f f e r e n c e s  a t t r i b u t e d  

t o  t h e  r o l e  o f  i n d i v i d u a l  p rocesses  i n  r e g u l a t i n g  t h e  phosphorus 

exchange a c r o s s  t h e  sediment-water  i n t e r f a c e .  

The ba lance  and e m p i r i c a l  e q u a t i o n s  used i n  some mathemat ica l  

models a r e  e s t a b l i s h e d  f o r  d i f f e r e n t  c o n d i t i o n s  and t h e  usage o f  

t h e s e  e q u a t i o n s  shou ld  be  r e s t r i c t e d  t o  c o n d i t i o n s  f o r  which 

they  a r e  a p p l i c a b l e .  Fur thermore,  ve ry  few d i r e c t  measurements 

o r  exper imen ta l  s t u d i e s  t o  i d e n t i f y  t h e  model c o e f f i c i e n t s  have 

been made and t h e r e f o r e  a meaningfu l  comparison o f  measured and 

c a l c u l a t e d  phosphorus c o n c e n t r a t i o n s  i n  t h e  sediment-water  l a y e r  

i s  d i f f i c u l t .  



The mecnanisms o f  a c t i v e  phosphorus r e l e a s e  from t h e  s e d i -  

ments i s  s o  complex t h a t  it i s  ex t reme ly  u n l i k e l y  t h a t  a  f u l l  

unders tand ing  w i l l  e v e r  be accompl ished.  The phosphorus r e l e a s e  

from t h e  sed iment  r e s u l t s  f rom s e v e r a l  s imu l taneous  p rocesses  o f  

a  p h y s i c a l ,  chemical  and b i o l o g i c a l  n a t u r e .  S ince  t h e s e  p rocesses  
\ 

have q u i t e  d i f f e r e n t  c h a r a c t e r i s t i c s ,  t h e y  a r e  u s u a l l y  s t u d i e d  

s e p a r a t e l y .  Th i s  f a c t  e x p l a i n s  why n o t  a l l  impo r tan t  p rocesses  

r e s p o n s i b l e  f o r  phosphorus exchange a r e  t aken  i n t o  accoun t  i n  

mathemat ica l  models and why t h e  r e g u l a r i t i e s  i n  t h e  phosphorus 

exchange and s t a t e  v a r i a b l e  dynamics is o f t e n  cons ide red ,  w i t hou t  

any r e l a t i o n  t o  each  o t h e r .  

Among t h e  p r o c e s s e s  modeled, d i f f u s i o n  i s  cons ide red  t o  be 

most impo r tan t  and it i s  i nc l uded  i n  a  number o f  t h e  models 

reviewed. The w e l l  known mechanisms o f  phosphorus exchange 

de f i ned  by mixing and phosphorus a d s o r p t i o n  a r e  a l s o  taken  i n t o  

account  by many models. The o t h e r  impo r tan t  mechanisms o f  phos- 

phorus exchange d e f i n e d  by b a c t e r i a l  a c t i v i t y  i s  n o t  o f t e n  t aken  

i n t o  c o n s i d e r a t i o n  i n  t h e  models. A s  a  r u l e ,  b a c t e r i a l  a c t i v i t y  

i s  d e s c r i b e d  i n  t h e  s i m p l e s t  way by f i r s t  o r d e r  k i n e t i c s  and 

r e s t r i c t e d  e f f o r t s  have been made t o  q u a n t i f y  r e l a t i o n s h i p s  

between b i o l o g i c a l  p r o c e s s e s  w i t h i n  t h e  sediment-water  i n t e r f a c e .  

More s t u d i e s  a r e  needed t o  i d e n t i f y  and t o  f i n d  a c c e p t a b l e  mathe- 

m a t i c a l  d e s c r i p t i o n s  o f  b i o l o g i c a l  p r o c e s s e s  and t o  de te rm ine  

t h e  i n f l u e n c e  o f  microorganisms on t h e  convers ion  and movement 

o f  sed imentary  m a t t e r .  

Among t h e  env i ronmenta l  f a c t o r s  tempera tu re  i s  more o f t e n  

taken  i n t o  c o n s i d e r a t i o n  i n  t h e  models a s  t h e  r e g u l a t o r  of  t h e  

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



phosphorus t r a n s f o r m a t i o n s  i n  t h e  sed imen t -wa te r  i n t e r f a c e .  

The i n f l u e n c e  o f  o t h e r  f a c t o r s  on t h e  phosphorus  exchange,  

such a s  oxygen, pH, Eh, o r g a n i c  m a t t e r  c o n t e n t  and wind s p e e d ,  

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

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

t i o n s  a r e  r a r e l y  a v a i l a b l e  t o g e t h e r .  

I n  u s i n g  t h e  ma themat i ca l  models as w e l l  as model p a r a m e t e r s  

f o r  a s p e c i a l  problem, t h e  ex t reme case s h o u l d  be t a k e n  t o  se lec t  

e q u a t i o n s  a n d  rate c o e f f i c i e n t s  t h a t  have been deve loped  under  

c o n d i t i o n s  s imi lar  t o  t h e  prob lem g i v e n .  The ma jo r  o b j e c t i v e  

o f  t h e  p r e s e n t  p h a s e ,  i n  model ing phosphorus  t r a n s f o r m a t i o n  i n  

t h e  sed iment -water  i n t e r f a c e  is t o  d e v e l o p  a  s i m u l a t i o n  model 

t o  i n t e g r a t e  t h e  known t h e o r e t i c a l  knowledge on sed iment -water  

i n t e r a c t i o n s  and t o  t a k e  i n t o  a c c o u n t  t h e  e n v i r o n m e n t a l  i n f l u e n c e  

on  t h e  r e g u l a t i o n  of phosphorus  exchange th rough  t h e  sed iment -  

w a t e r  i n t e r f a c e .  
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