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A STUDY OF PARTICULATE ORGANIC ^^PHOSPHORUS IN A 

SIMULATED SEDIMENT-WATER SYSTEM

CHAPTER I  

INTRODUCTION

For a t  l e a s t  th e  p a s t  25 to  30 y e a r s , th e  r o le  o f  phosphorus in  

la k e  e u t r o p h ic a t io n  and o rgan ism  grow th has been  e x te n s iv e ly  i n v e s t i 

g a te d . D uring t h i s  p e r io d ,  s o p h is t ic a te d  r e s e a rc h  t o o l s  became a v a i l -
llj  32

a b le . W ith th e  a id  o f  r a d io a c t iv e  e le m e n ts , e . g . ,  C and P , and 

o f  b e t t e r  a n a ly t i c a l  te c h n iq u e s ,  th e  many p ro c e s s e s  in v o lv e d  i n  la k e  

e u tro p h ic a t io n  c o u ld  be  in v e s t ig a te d  much more q u a n t i t a t i v e l y .

The p ro c e s s e s  in v o lv e d  in  la k e  e u t r o p h ic a t io n  have re g a in e d  th e  

i n t e r e s t  o f  many s c i e n t i s t s  and e n g in e e rs  b e c a u se  o f  th e  r e c o g n i t io n  

t h a t  th e  u rb a n iz a t io n  o f  a  l a k e 's  w a te rsh e d  g r e a t ly  in c re a s e s  th e  r a t e  

o f  n u t r i e n t  in f lu x  to  th e  la k e .  As e a r ly  as 36 y e a rs  ago , t h i s  p ro b 

lem  was em phasized by E a s ie r  (1 9 ^ 7 ) .

The predom inan t n u t r i e n t s ,  phosphorus and n i t r o g e n ,  found in  

w a s tew a te r  and a g r i c u l t u r a l  ru n o f f  can  g r e a t ly  a c c e le r a te  la k e  e u tr o 

p h ic a t io n .  S ince  i t  i s  t e c h n o lo g ic a l ly  f e a s i b l e  and econom ical t o  

remove phosphorus from w a s te w a te r , phosphorus rem oval seems to  be th e  

l o g ic a l  c h o ice  f o r  s o lu t io n  t o  th e  problem . However, phosphorus

1
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p r e s e n t  in  th e  s o i l ,  and hence a v a i la b le  th ro u g h  le a c h in g  and  ru n o ff  

to  f re s h w a te r  and s a l tw a te r  e n v iro n m en ts , co u ld  be  more d i f f i c u l t  t o  

r e g u la te .

The a v a i l a b le  in fo rm a tio n  in  th e  l i t e r a t u r e  in d ic a te s  t h a t  s e d i

m ents se rv e  as  a  s in k  f o r  phosphorus w ith  th e  n e t f lu x  o f  phosphorus 

from  w a te r  t o  th e  se d im e n ts . However, i f  th e  phosphorus p r e s e n t  in  

w a s te w a te r  and a g r i c u l t u r a l  ru n o f f  were c o n t r o l le d  p r io r  t o  e n te r in g  

a  l a k e ,  w ould th e  sed im en ts  o f  t h a t  la k e  a c t  as a phosphorus b u f f e r  t o  

th e  o v e r ly in g  w a te r?

M ortim er (19^2) s tu d ie d  th e  exchange o f  d is s o lv e d  s u b s ta n c e s  

betw een mud and la k e  w a te r  in  Lake E s th w a ite  and Lake W indermere o f  

th e  E n g lis h  Lake D i s t r i c t .  He su g g ested  t h a t ,  i f  th e  re d u c in g  power 

o f  t h e  mud w ere in c r e a s e d  s u f f i c i e n t l y  t o  r e s u l t  i n  r e d u c t io n  o f  th e  

mud s u r f a c e ,  p r o d u c t iv i t y  would in c re a s e  s in c e  th e  supp ly  o f  s o lu te s  

to  th e  w a te r  c o u ld  augment p la n k to n  p ro d u c tio n . H u tch in son  and 

Bowen (1950) u s in g  rad io p h o sp h o ru s  d e te c te d  th e  movement o f  phos

pho ru s  from th e  mud in to  th e  hypolim nion  in  L in s le y  Pond. H a r te r

(1968 ) w ork ing  w ith  e u tro p h ic  la k e  sed im en ts  d em o n stra ted  t h a t  th e  

sed im en ts  a c t  as a  phosphorus b u f f e r  t o  keep a  r e l a t i v e l y  c o n s ta n t  

phosphorus l e v e l  i n  th e  o v e r ly in g  w a te r .

I t  i s  g e n e r a l ly  ag reed  upon in  th e  l i t e r a t u r e  t h a t  sed im en ts  

a f f e c t  th e  n u t r i e n t  s t a tu s  o f  la k e  w a te r . The mechanisms in v o lv e d  

have not been  c l e a r l y  d e f in e d . In d eed , th e  r o le  o f  th e  sed im en t i s  

s t i l l  l i t t l e  u n d e rs to o d .

T his i n v e s t ig a t io n  o f  th e  sed im en t-w a te r i n te r f a c e  was d i r e c te d  

to w ard  c l a r i f y i n g  th e  r o le  o f  th e  h e te r o tr o p h ic  community o f  sed im ent
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in  th e  phosphorus exchange p ro c e s s e s  betw een sed im ent and w a te r .  Spe

c i f i c a l l y ,  th e  s tu d y  d e a l t  w i th  t h e  b io d é g ra d a t io n  and subsequen t r e 

le a s e  o f  p a r t i c u l a t e  o rg a n ic  phospho rus from th e  se d im e n t-w a te r  i n t e r 

fa c e  to  th e  o v e r ly in g  w a te r .  To do t h i s ,  i t  was n e c e s s a ry  to  desig n  

and to  use a  c o n tin u o u s -f lo w  a p p a ra tu s  w hich would s im u la te  th e  

sed im e n t-w a te r  in te r f a c e  o f  a  l a k e . T his approach  was t h e r e f o r e  a 

f e a s i b i l i t y  s tu d y  as w e l l .  That i s ,  th e  a p p a ra tu s  had t o  be  e v a lu a te d  

f o r  i t s  u s e fu ln e s s  in  s tu d y in g  se d im e n t-w a te r  i n te r a c t io n s  in  a d d it io n  

t o  th e  d e g ra d a tio n  o f  a  phosphorus form . A lso , a  r e a l i s t i c  form  o f  

phosphorus had  to  be u se d . P a r t i c u l a t e  o rg an ic  phosphorus was con

s id e r e d  to  be th e  most p r e v a le n t  phosphorus form s e t t l i n g  t o  th e  s e d i 

ment in  a l a k e .  The o th e r  p h o sp h o ru s  forms would p ro b ab ly  b e  m in e ra l

iz e d  in  th e  h y po lim n ion , r e c y c le d ,  and would n e v e r  s e t t l e  t o  th e

sed im en t. T h e re fo re , a lg a l  c u l tu r e s  were grown, and t h e i r  p a r t i c u l a t e

32
o rg a n ic  phosphorus components w ere l a b e l l e d  w ith  P . By so  d o in g , 

t h i s  approach was more o f  a  m o d e llin g  a tte m p t th a n  a  k in e t i c  s tu d y . 

D uring F e b ru a ry , J u n e , and A ugust o f  1972, a  t o t a l  o f  tw en ty  

sed im ent c o re s  r e p re s e n t in g  th e  t o p  10 cm o f  sed im ent w ere ta k e n  from 

one sam pling s i t e  a p p ro x im ate ly  $00 m ete rs  p e rp e n d ic u la r  t o  th e  

m idd le  o f  th e  dam on Lake T h u n d e rb ird . Each c o re  was su b d iv id e d  in to  

two 5-cm s e c t io n s .  The c o n c e n t r a t io n  and dom inant g e n e ra  o f  b a c te r i a  

w ere a n a ly z e d . Fungi w ere c u l tu r e d  b u t n o t i d e n t i f i e d  in  t h i s  s tu d y .

A lga l c u l tu r e s  were c u l tu r e d  w ith  v a ry in g  q u a n t i t i e s  o f  phos

phorus to  de te rm in e  th e  c u l tu r in g  te c h n iq u e  n e c e s s a ry  f o r  optimum 

32P l a b e l l i n g  o f  th e  p a r t i c u l a t e  o rg a n ic  phosphorus f r a c t i o n  o f  th e
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c e l l s .  The a lg a l  c u l tu re  was th e n  e x tr a c te d  a c c o rd in g  t o  F i tz g e r a ld

and N elson  (1966 ) to  i s o l a t e  th e  p a r t i c u l a t e  o rg a n ic  P com ponents.

A liq u o ts  o f  th e  l a b e l l e d  p a r t i c u l a t e  o rg a n ic  components w ere

p la c e d  in  e ig h t  columns o f  th e  se d im e n t-w a te r  a p p a ra tu s  a t  th e  mud-

w ate r i n t e r f a c e .  By flow ing  w a te r  th ro u g h  th e  a p p a ra tu s  and m oni-

32to r in g  th e  e f f l u e n t  f o r  P , i r o n ,  m anganese, s u l f a t e ,  e le c tro d e

p o t e n t i a l ,  and pH, i t  was p o s s ib le  t o  fo llo w  th e  resp o n se  o f  th e

b io lo g ic a l  community to  changes in  c e r t a i n  en v iro n m en ta l c o n tr o l  

32f a c t o r s .  The P r e le a s e  from th e  sed im ent as a  r e s u l t  o f  m in e ra l

i z a t i o n ,  e t c . ,  co u ld  th e n  be  i n v e s t ig a t e d  as a  fu n c t io n  o f  th e s e  

changes o c c u rr in g  in  th e  o v e r ly in g  w a te r .

The r e s u l t s  o b ta in e d  from t h i s  i n v e s t ig a t io n  v e r i f i e d  th e  im

p o r ta n t  r o le  t h a t  th e  sedim ent h e te r o t r o p h ic  community has in  th e  

in te rc h a n g e  o f  n u t r i e n ts  from  th e  sed im en t to  th e  o v e r ly in g  w a te r

d u rin g  summer s t r a t i f i c a t i o n  when th e  hypolim nion  i s  a n a e ro b ic .

32The d e g ra d a tio n  o f  p a r t i c u l a t e  o rg an ic  P was shown to  o c c u r a t  

a  r a t e  w hich was much slow er th a n  t h a t  p r e v io u s ly  su g g e s te d  in  th e  

l i t e r a t u r e .  I t  was a ls o  in d ic a te d  t h a t  th e  movements o f  p a r t i c u l a t e  

o rg a n ic  phosphorus from th e  sed im en t to  th e  hypo lim nion  d u rin g  (sim u

la t e d )  summer s t r a t i f i c a t i o n  was d ependen t m o stly  on th e  m in e r a l iz a 

t io n  p ro c e s s e s .  The c a p a c i ty  o f  t h e  sed im ent t o  so rb  phosphate  and 

th e  red o x  c o n d it io n  a ls o  a f f e c te d  th e  in te rc h a n g e  o f  phosphorus t o  

th e  o v e r ly in g  w a te r .

The f e a s i b i l i t y  o f  th e  se d im e n t-w a te r  a p p a ra tu s  t o  s tu d y  

se d im e n t-w a te r  i n te r a c t io n s  was q u i te  j u s t i f i e d  b a se d  on th e  re sp o n se s  

o f  th e  system  to  changes in  th e  o v e r ly in g  w a te r .



CHAPTER I I  

LITERATURE SURVEY

Sources o f  Phosphorus in  Lakes

Q uestions u s u a l ly  r a i s e d  concern ing  in v e s t ig a t io n s  o f  n u t r i e n t  

c y c lin g  in c lu d e  th e  sou rce  o f  th e  n u t r i e n t , th e  form i n  w hich  th e  

n u t r i e n t  o c c u rs  th ro u g h o u t th e  c y c le , th e  m anner o f  t r a n s fo r m a t io n  o f  

th e  n u t r i e n t ,  and th e  r a t e  a t  ■vdiich th e  n u t r i e n t  i s  exchanged and 

r e c i r c u l a t e d .

G oldschm idt (1937) e s t im a te d  th a t  on th e  a v e ra g e , f o r  each  

square  c e n tim e te r  o f  th e  e a r t h 's  s u r f a c e ,  l 60 kg  o f  ig n eo u s  ro c k s  con

ta in in g  a p p ro x im a te ly  O .I6 kg o f  phosphorus have "been e ro d ed  s in c e  th e  

e a r t h 's  o r ig in .  V ia  w e a th e r in g  o f  s o l id  rocks in to  s m a l le r  and 

sm a lle r  a g g r e g a te s , th e  g ra d u a l ly  formed lo o se  p a r t i c u l a t e s  may even

t u a l l y  e n te r  i n to  s o lu t io n  o r  become c o l lo id a l  o r  p a r t i c u l a t e  suspen

s io n s  in  n a tu r a l  w a te rs  (S p e a r , 1970).

Lake n u t r i e n t  budget s tu d ie s  by F rin k  (1967 ) in d ic a te d  t h a t  th e  

sed im ents o f  an e u tro p h ic  la k e  a re  g r e a t ly  e n r ic h e d  in  p h o sp h o ru s . 

M ackereth (1966) and Wentz and Lee ( 1969) su g g e s te d  s e v e r a l  so u rc e s  

o f  th e  n u t r i e n t  phosphorus w ith in  la k e  sed im en ts : ( l )  s e d im e n ta tio n



6

p ro c e s s  in  com b ina tion  w ith  au to ch th o n o u s o rg a n ic  m a t te r ,  (2 ) e ro s io n  

o f  p h o sp h o ru s -c o n ta in in g  m in e ra ls  lo c a te d  in  th e  w atershed  and conse

q u en t d e p o s i t io n  in  an u n a l te r e d  form , (3 )  c o p r e c ip i t a t io n  w ith  i ro n  

and  m anganese, (U) se d im e n ta tio n  in  co m b in a tio n  w ith  a llo c h th o n o u s  

o rg a n ic  m a t te r ,  (5 ) s o r p t io n ,  and (6 ) a s s o c i a t i o n  w ith  c a rb o n a te s .

A utochthonous may be  d e f in e d  as b e in g  form ed in  th e  la k e  i t s e l f  

by l i f e  p ro c e s s e s  o r  p h y s ic a d -ch e m ic a l p ro c e s s e s  (R u ttn e r ,  1953).

S pear (l9T 0) su g g e s te d  th r e e  ty p e s  o f  a u to c h th o n o u s ly  form ed pho sp h a te  

b e a r in g  se d im e n ts : ( l )  th o s e  d e r iv e d  from  s e d im e n ta tio n  o f  b io lo g i 

c a l l y  f ix e d  p a r t i c u l a t e s  in c lu d in g  p la n t  and an im al rem a in s , (2) th o se  

d e r iv e d  from  chem ica l p r e c i p i t a t i o n  o c c u r r in g  w ith in  th e  b o u n d a rie s  o f  

t h e  l a k e ,  and (3 ) th o se  d e r iv e d  from  s o r p t io n  r e a c t io n s .

A lloch thonous may be d e f in e d  as h a v in g  been  in tro d u c e d  from o u t

s id e  th e  la k e  (R u t tn e r ,  1 9 5 3 ). The o rg a n ic  component o f a llo c h th o n o u s  

sed im en ts  sh o u ld  n o t be d is re g a rd e d . R u ttn e r  (1953) r e p o r te d  t h a t  

m ic ro sc o p ic  ex am ination  o f  th e s e  sed im en ts  r e v e a le d  m easurable q u a n ti 

t i e s  o f  p la n t  t i s s u e s  an d , t o  a  l e s s e r  e x t e n t ,  anim al rem ains.

Phosphorus C y c lin g  i n  Lakes

The phosphorus c y c le  has  been  in v e s t ig a t e d  in  p a r t  by s e v e ra l  

r e s e a r c h e r s  (H utch inson  and Bowen, 19^7 and 1950; Arm strong and 

H arvey , 1951; R ig l e r ,  1956, I 9 61 , 1964a, and 1964b; Watt and Hayes, 

1963 ; an d , R ig le r  and C ham berlain , 1968a  and 1968b ) .  Wentz ( I 967 ) 

sum m arized p o s s ib le  i n te r a c t io n s  o f  phosphorus w ith in  a la k e  b a s in  

(F ig u re  l ) .

D is re g a rd in g  a llo c h th o n o u s  phosphorus i n p u t , phosphorus i s  s a id
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t o  be r e le a s e d  in to  th e  e p il im n io n  from  th e  l i t t o r a l  re g io n  as a  r e 

s u l t  o f  decay ing  a q u a tic  p l a n t s .  The p h y to p la n k to n  in  th e  open 

e p ilim n io n  te n d  to  a s s im i l a t e  some o f  th e  r e l e a s e d  phosphorus and 

s to r e  m ost o f  th e  rem a in in g . S o lu b le  in o rg a n ic  and o rg a n ic  phosphorus 

compounds a r e  s e c re te d .  F o llo w in g  t h i s ,  t h e r e  i s  a d e g e n e ra tio n  Cor 

h y d ro ly s is )  to  th e  io n ic  ( o r  o r th o )  form  by  m icroorgan ism s such as  

b a c t e r i a ,  a c tin o m y c e te s , and fu n g i in  th e  w a te r .

F i n a l l y ,  th e  p h y to p la n k to n  and h ig h e r  p la n t  and an im al rem ains 

s e t t l e  t o  th e  sedim ent in  th e  la k e .  D uring  t h i s  t im e , th o se  e a s i l y  

b io d e g ra d a b le  phosphorus com ponents, e g . ,  o r th o p h o s p h a te , su g a r  p hos

p h a te ,  a re  r e le a s e d  o r  decomposed p r i o r  t o  re a c h in g  th e  sed im en t-  

w a te r  i n t e r f a c e .  Most o f  th e  rem a in in g  o rg a n ic  phosphorus m a te r ia l  

i s  f u r t h e r  degraded  by th e  h e te r o tr o p h ic  m icroorgan ism s in  th e  

se d im e n t.

Hayes and P h i l l i p s  (1958) r e p r e s e n te d  th e  dynamic r e l a t i o n s h ip  

o f  phosphorus and sed im en ts  a s :

P in  aqueous phase — ►  P i n  s o l i d  phase

(S m all f r a c t i o n  o f  t o t a l )  (L arge f r a c t i o n  o f  t o t a l )

P a r t i c u l a t e  phosphorus was shown t o  b e  th e  p redom inate  phosphorus 

form  in  th e  sed im ent.

F ig u re  2 r e p r e s e n ts  a  p roposed  phosphorus model b a s e d  on th e  

m odels by B erg er and H eath  ( 1968) f o r  p a r t i c u l a t e  m a t te r  e n te r in g

m arine sed im en ts  and by  Keeney (.1973) on n i t r o g e n  c y c lin g  in  s e d i 

m ents. The h i s t o r i c a l  (unm ixed) se d im e n ts  a r e  o v e r l a id  w ith  an a c t iv e  

sed im ent zone w hich i s  c o n s ta n t ly  b e in g  a f f e c te d  by p h y s ic a l  and b io 

lo g i c a l  p ro c e s s e s . This l a y e r  o f  sed im en t i s  g e n e ra l ly  re g a rd e d  as



R O O T E D  P L A N T S  
Z O O P L A N K T O N .  
P H Y T O P L A N K T O N  
B A C T E R I A .  E T C

M I X I N G  ( C U R R E N T S  
B E N T H I C  O RGA N I SMS )L A K E  W A T E R

M I N E R A L I Z A T I O N

A C T I V E  S E D I M E N T
P A R T I C U L A T E

O R G A N I C
P I M M O B I L I Z A T I O N

S O L U B L E  
C O M B I N E D  

p  P O O L

E X C H A N G E A B L E

P

S E E P A G E

H I S T O R I C  S E D I M E N T

F ig u re  2 . S ed im en t-W ate r I n te r c h a n g e  Model f o r  P hosphorus



10

b e in g  anywhere from a  few c e n tim e te rs  t h i c k  to  p o s s ib ly  20 cm. This 

a c t iv e  sedim ent l a y e r  rem ains r e l a t i v e l y  c o n s ta n t in  th ic k n e s s . De

pend ing  on th e  r a t e  o f  s e d im e n ta tio n , th e  d e p o s it io n  p ro cess  b u i ld s  up 

th e  h i s t o r i c a l  l a y e r  o f  sed im en t.
32

With th e  u se  o f  rad io p h o sp h o ru s , P , many in v e s t ig a to r s  have

s tu d ie d  th e  exchange o f  phosphorus in  th e  la k e  ecosystem . C o ffin
32

e t  (19^9 ) added 100 m i l l i c u r i e s  P t o  a  s t r a t i f i e d  ac id -b o g  la k e .  

At t h e  end o f  8 w eeks, th e  rad io p h o sp h o ru s  was o n ly  b a re ly  d e te c te d  

in  th e  mud. S im i la r ly ,  R ig le r  (1956) added rad iophospho rus to  th e  

s u r fa c e  w a te r o f  a sm a ll a c id -b o g  la k e .  He re c o rd e d  a 77 p e rc e n t 

lo s s  o f  rad io p h o sp h o ru s  from  th e  w a te r and p la n k to n  in  4 w eeks, b u t 

o n ly  2 p e rc e n t was l o s t  th ro u g h  th e  o u t l e t  o f  th e  la k e  and 3 p e rc e n t 

was l o s t  to  th e  mud. He concluded  t h a t  th e r e  was a  tu rn o v e r  o f  

"m obile" phosphorus in  th e  e p ilim n io n  w ith  phosphorus o f  th e  l i t t o r a l  

o rgan ism s. W ith r e s p e c t  to  t h i s  exchange, th e  tu rn o v e r  tim e o f  

phosphorus o f  th e  e p ilim n io n  was found to  b e  3 .5  d ays. He l a t e r  

p o s tu la te d  t h a t  th e  tu rn o v e r  o f  rad io p h o sp h o ru s  in  la k e s  under 

n a tu r a l  c o n d it io n s  was p r im a r i ly  caused  by b a c t e r i a .  However, th e  

i n v e s t ig a t io n  by Hayes and P h i l l ip s  (1958) u s in g  P showed th a t  ap

p ro x im a te ly  ^ p e rc e n t  o f  th e  p la n c to n ic  c e l l s  t h a t  u t i l i z e  phosphate  

s e t t l e  out to  th e  sed im ent each day.

Pomeroy ( i 9 6 0 ) u se d  rad io p h o sp h o ru s  in  s tu d y in g  th e  re s id e n c e  

tim e o f d is s o lv e d  pho sp h a te  in  n a tu r a l  w a te rs .  H is s tu d ie s  showed 

t h a t  a dynamic e q u il ib r iu m  e x i s t s  betw een p hosphate  d is s o lv e d  in  th e  

w a te r  and phosphorus in  th e  p la n k to n , b e n th ic  o rg an ism s, b a c t e r i a ,  

se d im e n ts , and d is s o lv e d  o rg an ic  m a te r i a l s .  He su g g ested  t h a t  th e
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tu rn o v e r  r a t e  o f  p h o sp h a te  was more im p o rtan t th a n  th e  p h o sp h a te  con

c e n t r a t io n  in  m a in ta in in g  h ig h ly  p ro d u c tiv e  sy s te m s. A ls o , P h i l l ip s  

( 196U) conc luded  t h a t  t h e r e  i s  a c o n tin u a l  exchange o f  phosphorus b e 

tween w a te r  and s o l id s  w i th in  n a tu r a l  w a te rs  and t h a t  t h e  q u a n t i ta 

t iv e  d i s t r i b u t i o n  o f  phosphorus betw een th e  ph ases  r e p r e s e n t s  a s t a t e  

o f  dynamic e q u il ib r iu m .

S im i la r ly ,  Pomeroy e t  a l .  ( l9 7 2 )  s tu d ie d  th e  flow  o f  phosphorus 

in  s e v e r a l  sh a llo w  e s tu a r i e s  on th e  G eorgia c o a s t .  I t  was in d ic a te d  

th a t  r e l e a s e  o f  phosphorus from  th e  sed im en ts  was p r im a r i ly  b io lo g i 

c a l ly  m ed ia ted ; d i r e c t  e q u il ib r iu m  betw een sed im en ts  and  o v e rly in g  

w a te r  was o f  secondary  im p o rtan ce .

These i n v e s t ig a to r s  have s t a t e d  o r  im p lie d  t h a t  t h e  phosphorus 

c o n c e n tra t io n  in  th e  o v e r ly in g  la k e  w a te r i s  m ed ia ted  t o  an e x te n t  by 

th e  h e te r o t r o p h ic  assem blage o f  organism s in  th e  sed im en t a s  w e ll  as 

in  th e  o v e r ly in g  w a te r . However, th e  main d i f f e r e n c e  be tw een  t h e i r  

in v e s t ig a t io n s  was th a t  th e  exchange r a te s  o f  phosphorus in  th e  

a q u a tic  ecosystem  v a r ie d  from  one b io lo g ic a l  system  t o  a n o th e r .  Hayes 

e t  ( 1952 ) u s in g  ^^P in  Nova S c o t ia  la k e s  found th e  tu rn o v e r  tim e 

f o r  phosphorus in  w a te r  t o  be  5-^ days fo r  B lu f f  Lake, 7 -6  days fo r  

Punch Bowl L ake , and 17 days f o r  Crecy Lake, and th e  tu rn o v e r  tim e 

f o r  phosphorus in  s o l id s  to  be 39 days fo r  B lu f f  Lake, 37 days f o r  

Punch Bowl L ake, and 176 days fo r  Crecy Lake. W att and Hayes (1963 ) 

a ls o  showed t h i s  t o  be t r u e .  They in d ic a te d  t h a t  exchange r a t e s  vary  

s e a s o n a lly  w ith in  th e  same system .

O ther i n v e s t i g a t o r s  have s t a t e d  t h a t  th e  p h o sp h a te  c o n c e n tra tio n  

in  w a te rs  o v e r ly in g  sed im en ts  i s  b u f fe re d  by s o l u b i l i t y  and a d s o rp tio n
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e q u i l i b r i a  a t  th e  sed im en t-w a te r i n t e r f a c e  CStumm and M organ, 1970 ). 

Chem ical i n te r a c t io n s  o f  phosphate  w i th  F e ( l l l ) , A l ( l l l ) ,  c la y s ,  and 

C a ( l l )  w ere s u g g e s te d  as r e le v a n t  m echanism s.

In  summary, th e  n e t flow  o f  phospho rus in  a la k e  i s  g e n e ra l ly  

to  th e  se d im e n ts  a s  a  consequence o f  c o n t in u a l  d e p o s it io n  o f  o rg a n ic  

m a t te r .  The system s govern ing  th e  r e l e a s e  o f  sed im ent phosphorus 

back  to  th e  phosphorus cy c le  in  th e  o v e r ly in g  w a te r in c lu d e  c h e m ic a l, 

p h y s ic a l ,  and b io lo g ic a l  i n t e r a c t io n s .

Chemical Systems D om inating  Phosphorus 
in  Lake S ed im en ts

The a n io n ic  exchange c a p a c i ty  in  s o i l s  was e x te n s iv e ly  s tu d ie d  

by Toth (1937 ) ,  Dean and Rubins (1 9 ^ 7 ) , D alton  e ^  al^. (1 9 5 2 ), Han- 

n a p e l e t  a l .  (1 9 6 4 ), Hsu (1965)» K a fk a f i  e ^  a l . (1967 ) ,  Tandon and 

K urtz  (1968 ) ,  Juo  and E l l i s  (1968 ) ,  S yers and W alker (1969a and 

1969b ) ,  B la n c h a r  and H ossner (1969 ) ,  H a r te r  (1969) ,  S y ers  e t  a l .

( 1969 ) ,  and M ahapatra and P a t r ic k  ( 1969 ) .  S e v e ra l ty p e s  o f  a n io n ic  

exchanges in v o lv in g  c la y  m in e ra ls  w ere p o s tu la te d :  ( l )  rep lacem en t o f

hyd roxy l io n s  as  shown by Dickman and B ray ( l9 4 o )  and M cA uliffe e t  a l . 

(1947 ) ,  ( 2 ) a d s o rp t io n  o f  pho sp h a te  and o th e r  a n io n s , w hich have s iz e  

and geom etry s im i la r  to  th o se  o f  th e  s i l i c a  t e t r a h e d r o n , by f i t t i n g  

o n to  th e  edges o f  th e  s i l i c a  te t r a h e d r o n  s h e e ts  and grow ing a s  e x te n 

s io n s  o f  th e s e  s h e e ts  (Grim, 1 9 5 3 ), (3 ) exchange s i t e s  due t o  un

b a la n c e d  c h a rg e s  w ith in  th e  l a t t i c e ,  e . g . ,  an excess o f  aluminum in  

th e  o c ta h e d ra l  p o s i t io n s  ( S c h o f ie ld ,  1940 and 1949).

In  la k e  se d im e n ts , two chem ica l system s dom inate th e  p h o sp h a te  

io n . G olterm an (1967 ) and G olterm an e ^  (.196 9 ) su g g e s te d  th e  Fe-S



13

phosphate  system  and th e  Ca-CO^ phosphate  system . Both o f  th e s e  sy s 

tems a re  in f lu e n c e d  by pH; how ever, on ly  th e  Fe-S p h o sp h a te  system  i s  

in f lu e n c e d  by th e  red o x  c o n d it io n s .

I f  any f r e e  i r o n ,  aluminum, o r  a lk a l in e  e a r th s  a re  p re s e n t  to  

r e a c t  w ith  th e  a n io n s  such as p h o sp h a te , i t  would b e  d i f f i c u l t  t o  

s e p a ra te  th e  e f f e c t s  due t o  such r e a c t io n s  from th o s e  w hich may be 

due t o  r e a c t io n s  w ith  th e  c la y  m in e ra ls .  These ty p e s  o f  a n io n ic  ex

changes a r e  a ls o  e x p e c te d  in  la k e  s tu d ie s .

Fe-S P hosphate  System 

E in s e le  (1936 , 1937) re c o g n iz e d  th e  im portance  o f  i r o n  in  th e  

c o n tro l  o f  p h o sp h a te  io n s  in  la k e  sed im en ts . A lthough E in s e le  used 

pure  chem ica l system s and l a b o r a to r y  s tu d ie s  o n ly , v a lu a b le  in s ig h t  

was g a in e d . The r e a c t io n s  in v o lv in g  f e r r i c  h y d ro x id e  im p lie d  t h a t  

p r e c i p i t a t i o n  and s o rp t io n  r e a c t io n s  were u t i l i z e d  f o r  p h o sp h a te  con

t r o l  in  s e d im e n ts . Under o x id iz in g  c o n d it io n s ,  FePO^ p r e c i p i t a t e d  

fo llo w ed  by th e  r e d u c t io n  o f  F e ( l l l )  t o  F e ( l l ) .  I n c r e a s in g  th e  pH o f  

th e  s o lu t io n s  to  g r e a t e r  th a n  6 r e s u l t e d  in  l e s s  p h o sp h a te  b e in g  

so rb ed  o n to  th e  g e l  com plex.

L a b o ra to ry  and f i e l d  s tu d ie s  on w a te r  sam ples were conducted  

by M ortim er ( 19HI, 19U2 ) . He found t h a t  a t h in  f i lm  o f  o x id iz e d  

m a te r i a l ,  a  f e r r i c  hydroxophosphate  com plex, was p r e s e n t  a t  th e  

se d im e n t-w a te r  i n te r f a c e  d u rin g  tim e s  when th e  hypolim nion  c o n ta in e d  

oxygen. The d e p th  o f  t h i s  l a y e r  ranged  from a  few m il l im e te r s  t o  

s e v e ra l  c e n t im e te r s .  T h is l a y e r  a c te d  as a  b a r r i e r  to  p re v e n t phos

p h a te  from  b e in g  r e le a s e d  in to  th e  o v e rly in g  w a te r .  When th e  oxygen
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was d e p le te d  from th e  hypo lim nion , t h i s  o x id iz e d  la y e r  became non

e x i s t e n t ,  and th e  r e le a s e  o f  phosphate  from  th e  sed im ent to  th e  w a te r  

o c c u rre d . That i s ,  f e r r i c  iro n  was red u c e d  to  f e r r o u s ,  and s u l f a t e  

was red u ced  to  s u l f id e  v i a  b a c t e r i a l  a c t i o n  (G olterm an, I 96T ). The r e 

duced iro n  and s u l f id e  p r e c i p i t a t e d ,  th u s  r e le a s in g  phosphate  io n  in to  

s o lu t io n .  These r e a c t io n s  are  r e p r e s e n te d  as fo llo w s (Stumm and 

M organ, 1970):

+ e -  F e ^  + P0^‘  ( D

OH'*' + SOĵ  + 8e“ ^  r^ H g O  + HgS (2)

H 8 ,  *  H"*" + HS“ ^  *  2H'*' + S" (3)

Fe~ + S (4)

The fe rr ic -h y d ro x y -p h o s p h a te  system  i s  pH d e p e n d en t. T here i s  a  

c o m p e titio n  betw een th e  hyd ro x id e  io n  and phosphate  f o r  th e  f e r r i c  

io n ,  w ith  th e  hydrox ide  io n  fa v o re d  a t th e  h ig h e r  pH range  w h ile  a t  o r  

below  a  pH o f  5-3  f e r r i c  phosphate  is  form ed.

Stumm and Morgan (19T0) s u g g e s te d  t h a t  in  th e  n e u t r a l  and 

s l i g h t l y  a lk a l in e  pH ran g e  th e  p r e c i p i t a t e  i s  p ro b ab ly  a  m e ta s ta b le  

f e r r i c  compound c o n ta in in g  bo th  p h o sp h a te  and hyd rox ide  in  v a r i a b le  

p r o p o r t io n s , depending upon th e  pH.

A ccording to  Stumm and Morgan ( l9 7 0 ) ,  th e  h e te ro g en eo u s  e q u i l i b 

r i a ,  c h a r a c te r iz e d  by th e  s o l u b i l i t y  o f  AlPOj^ ( v a r i s c i t e ) ,  FePO^ 

( s t r e n g i t e ) ,  and Ca^^tPO^j^fOH)^ (h y d ro x y a p a ti te )  and th e  a d s o rp t io n  

o f  p hospha te  on c la y s ,  d e te rm in e  th e  d i s t r i b u t i o n  betw een th e  aqueous
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phase and th e  s o l i d  phase in  th e  se d im e n ts . In  c o n tr a d ic t io n  t o  t h i s  

was th e  work o f  W illiam s e ^  ( l 9 7 l ) . They s tu d ie d  th e  n a t iv e  i n 

o rg an ic  phosphorus l e v e l s  in  c a lc a re o u s  and n o n ca lca reo u s  W isconsin 

la k e  sed im en ts  and concluded  t h a t  th e  phosphorus c o n c e n tra tio n s  were 

l a r g e ly  d e te rm in ed  by th e  amount o f  e x t r a c ta b le  iro n  d e r iv e d  from an 

amorphous i ro n  complex. They d id  n o t f in d  v a r i s c i t e  o r  s t r e n g i t e  t h a t  

i s  s a id  t o  c o n ta in  th e  m ajor form o f  alum inum - and iro n -b o u n d  phos

phorus i n  th e  se d im e n ts . In  f a c t ,  th e y  s t a t e d  t h a t  d i s c r e t e  aluminum 

and i ro n  p h o sp h a tes  have n o t been  re c o rd e d  in  u n f e r t i l i z e d  s o i l s  o r  in  

la k e  se d im e n ts . Shukla  e t  a l .  ( I9 7 l )  and D e lf in o  et a l .  (1969 ) a r 

r iv e d  a t  s im i la r  c o n c lu s io n s . However, S c h o f ie ld  (1968) s tu d ie d  th e  

mechanism o f  phosphate  f ix a t io n  in  o rg a n ic  sed im en ts  in  fo u r  o l ig o -  

t ro p h ic  la k e s  o f  th e  A dirondack M ountain ran g e  o f  New Y ork. Through a 

s e q u e n t ia l  e x t r a c t io n  o f  th e  s e d im e n ts , he concluded  t h a t  i ro n  phos

p h a te s  and o c c lu d ed  forms were dom inant in  o x id iz e d  sed im en t and alum 

inum p h o sp h a te s  w ere p re v a le n t  in  red u c e d  sed im en ts . The r e l a t i v e  

s t a b i l i t y  o f  th e  aluminum phosphates was g r e a t e r  than  i r o n  p h o sp h a tes  

under re d u c in g  c o n d i t io n s . He went on to  s t a t e  th a t  t h e r e  was a  h ig h

c o n c e n tra t io n  o f  o rg a n ic  phosphorus in  th e  sed im en t.

Ca-COg P hosphate  System

S pear (1970) su g g ested  t h a t  th e  Ca-CO^ phosphate  sy stem  i s  m ost 

im p o rta n t in  h a rd  w a te r la k e s .  Degens (1965 ) s ta te d  fo u r  req u irem e n ts  

fo r  p h o sp h a te  d e p o s i t io n  in  la k e s :  ( l )  a  pH g r e a te r  th a n  7 , (2) th e

p rese n c e  o f  a c a lc a re o u s  su b s ta n c e  and a system  th a t  i s  ca lc ium  s a tu 

r a te d  w ith  r e s p e c t  to  i t s  ca rb o n a te  c o n te n t ,  (3 ) phosphate
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c o n c e n tra tio n s  ex ceed in g  0 .1  mg P / l ,  and  (4) a  n o n d e p o s it io n a l  en

v iro n m en t, i . e . ,  w here o rg a n ic  m a t te r  i s  e n t i r e l y  decomposed and 

re c y c le d  in  th e  la k e  w a te r .

S o lu b le  p h o sp h a te  ap p e ars  n o t to  b e  c o n tr o l le d  by a p a t i t e ,  

CaHPOj ,̂ in  n a tu r a l  w a te r  w here some ca lc ium  i s  p r e s e n t .  The s o l u b i l 

i t y  o f  h y d ro x y a p a t i te ,  Ca^OHtPO^)^^^^, i s  l e s s  th a n  t h a t  o f  CaHPO^^^^. 

Stumm and Morgan (1970) d e s c r ib e d  th e  s o l u b i l i t y  o f  h y d ro x y a p a ti te  a s :

Ca^OH(FO|,),^„^ ' -  5Ca2+ + 3PoJ" + OH"

CaOH(PO.) , , + 3 H 0 - "  2(Ca HFO, (OH) ) + C a ^  + HPO?" 
 ̂  ̂  ̂ ^surface *

(Ca HPO. (OH) ) ----------►  SCa^"^ + HPOp" + 20H‘
s u r f a c e

The s u rfa c e  complex i s  s a id  t o  b e  in  m e ta s ta b le  e q u il ib r iu m  w ith  

th e  aqueous s o lu t io n .  T hus, Stumm and Morgan (1970) co n c lu d ed  t h a t  

h y d ro x y a p a ti te ,  as a  s t a b l e  s o l i d  phase  in  n a tu r a l  w a te r ,  te n d s  t o  

b u f f e r  th e  t o t a l  p h o sp h a te  c o n c e n tra t io n s  in  th e s e  w a te rs .

G erhold  and Thompson (1969 ) r e p o r te d  th a t  ca lc ium  hydroxyapa

t i t e ,  Ca^OH(PO^)g, was th e  p r in c i p a l  p h o sp h a te  m in e ra l p r e s e n t  in  

sam ples o f  bottom  sed im en ts  from  W estern  Lake E r ie .  The m a jo r i ty  o f  

th e  phosphate  in  th e  sam ples s tu d ie d  by  G erhold and Thompson was amor

phous, no t m in e ra l p h o sp h a te . They found  t h a t ,  u n d er optimum c o n d i

t i o n s ,  th e  phosphate  r e le a s e d  from  ca lc iu m  h y d ro x y a p a tite  was s u f f i 

c ie n t  to  keep th e  a lg a e  a t  a  maximum grow th  r a t e .

In  summary, th e  s o i l  s c i e n t i s t s  d u r in g  th e  1950 's  p io n e e re d  th e  

phosphorus e x t r a c t io n  p ro c e d u re s  a s  a p p l ie d  to  s o i l s  and found  t h a t
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in o rg a n ic  phosphorus w i l l  occur as i r o n - ,  alum inum -, a n d /o r  c a lc iu m - 

bound form s in  s o i l s .  L ik ew ise , in  sed im en ts  th e  same form s a re  ex 

p e c te d  t o  be p redom inan t. I n  c a lc a re o u s  se d im e n ts , th e  ca lc ium -bound  

phosphorus form  i s  e x p e c te d ; w hereas in  n o n c a lc a re o u s  se d im e n ts , i r o n -  

and alum inum -bound phosphorus form s a re  e x p e c te d . The i r o n -  and 

alum inum -bound phosphorus may be e i t h e r  ad so rb ed  o r  h y d ra te d  amorphous 

i ro n  and aluminum o x id es  o r  occ lu d ed  as a  s e sq u io x id e  c o a tin g  on s i l i 

c a te  m in e r a l s . The l a t t e r  form s a re  g e n e ra l ly  n o t found in  a  red u ced  

sed im ent en v iro n m en t. Calcium -bound phosphorus form s a re  predom i

n a n tly  fo und  as d i s c r e t e  ca lc ium  p h o sp h a te  ( a p a t i t e )  o r  as hydroxy

a p a t i t e  ( Chang and  Ja c k so n , 1958).

P h y s ic a l  F a c to rs  A f fe c t in g  S ed im en t- 
W ater I n te r a c t io n

Lee ( 1970 ) ,  in  h i s  rev iew  o f  th e  f a c to r s  a f f e c t i n g  exchange r e 

a c t io n s  betw een  sed im en t and w a te r ,  su g g e s te d  t h a t  th e  hydrodynam ics 

o f  a  la k e  system  a re  th e  r a t e - c o n t r o l l i n g  s te p  in  exchange r e a c t i o n s .  

He s u g g e s te d  th a t  c u r r e n ts  t r a n s p o r t  le a c h e d  m a t e r i a l s ,  e .g .  

p h o s p h a te s , away from  th e  se d im en t, a llo w in g  c o n c e n t r a t io n -  

dependen t exchange r e a c t io n s  to  p ro ce e d  tow ard  e s ta b l i s h in g  e q u i l i b 

rium . F u r th e rm o re , m ix ing  in  th e  w a te rs  would h in d e r  s e t t l i n g  o f  

p a r t i c l e s  and would th e re b y  enhance th e  exchange r e a c t i o n s . He sug

g e s te d  t h a t  m ix ing  would c a r ry  u n le a c h e d  p a r t i c l e s  t o  th e  se d im e n t-  

w a te r  i n t e r f a c e  where exchange r e a c t io n s  ta k e  p la c e  more r e a d i ly .  

F i n a l l y ,  m ix ing  was su g g e s te d  as th e  a g en t r e s p o n s ib le  f o r  b r in g in g  

sed im en t i n t e r s t i t i a l  w a te r  t o  th e  s u r f a c e  where i t  co u ld  m ix w ith  th e  

o v e r ly in g  w a te r .
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The m orphom etry and g e o g ra p h ic a l  lo c a t io n  o f  a  f re s h w a te r  la k e  

a re  v e ry  im p o rta n t when e v a lu a t in g  th e  p h y s ic a l ly  induced  m ixing  o f  

w a te r  and se d im e n t. I f  th e  f e tc h  o f  a  la k e  i s  g r e a t ,  more tu r b u le n t  

wave a c t io n  w i l l  p e r s i s t  f o r  lo n g e r  p e r io d s  o f  t im e . T hus, th e  sh o re  

m a te r i a l  w i l l  e ro d e  f a s t e r  and in c re a s e  th e  amount o f  suspended m a t te r  

a lr e a d y  in  th e  body o f  w a te r .  S ea so n a l te m p e ra tu re ,  day l e n g th ,  and 

w a te rs h e d  m in e ra l  co m p o sitio n  g r e a t ly  a f f e c t  th e  m ixing  a c tio n  as w e ll  

as sed im ent c o m p o s itio n . T em peratu re  n o t o n ly  a f f e c t s  th e  v i s c o s i ty  

o f  la k e  w a te r ,  b u t i t  a ls o  may a f f e c t  th e  deg ree  o f  m ixing  in  a  l a k e .  

The w a te r  in  th e  w a te rsh e d  a re a  w i l l  e n te r  t h e  la k e  and sp re a d  h o r i 

z o n ta l ly  a lo n g  th e  th e rm o g ra d ie n t in  th e  la k e  m ost c lo s e ly  a s s o c ia te d  

w ith  t h a t  o f  th e  incom ing w a te r . Depending on th e  seaso n  o f  th e  y e a r  

and g e o g ra p h ic a l  l o c a t io n ,  th e  m ixing  c a p a b i l i t y  o f  th e  la k e  c u r r e n ts  

can be im p o r ta n t  in  th e  exchange o f  m a te r ia ls  betw een sed im en ts and 

w a te r .  Long grow ing se aso n s  w i l l  enhance th e  o rg a n ic  b u ild u p  o f  la k e  

w a te r ,  f u r t h e r  a f f e c t i n g  sedim ent co m p o sitio n  and q u a n t i ty .  S im i

l a r l y ,  th e  m in e ra l  co m p o sitio n  and s i z e  o f  th e  w a te rsh e d  a re a  can 

a f f e c t  th e  amount o f  d e p o s i t io n  o f  a llo c h th o n o u s  m a te r ia l  i n to  th e  

w a te r  as w e ll  as th e  s e t t l i n g  c h a r a c t e r i s t i c s  o f  th e  m in e ra ls  in  th e  

la k e .

The d e p th  o f  sed im en ts  a c t i v e ly  in v o lv e d  in  exchange r e a c t io n s  

has  been  g e n e r a l ly  a g re e d  t o  be on th e  o rd e r  o f  5 to  20 cm (D a v is , 

1968 ; D e lf in o  e ^  , 19Ô9; Hynes eind G re ib , 1970; and V e ith  and 

L ee , 1 9 7 1 ) .  B o r th le so n  ( l9 7 0 )  s tu d ie d  th e  d i s t r i b u t i o n  o f  phosphorus 

in  s e v e r a l  d i f f e r e n t  la k e s  in  n o r th e rn  and c e n t r a l  W isconsin . Where 

th e  i n f l u x  o f  phosphorus had  s u f f i c i e n t l y  in c r e a s e d ,  th e  mixed
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d e p o s it io n  o f phosphorus i n  th e  se d im en ts  ex te n d e d  to  a  dep th  o f  5 

to  10 cm. This su g g e s ts  an  a c t iv e  m ixing  o r exchange r e a c t io n  zone 

much d e e p e r  th a n  M ortim er ( l9 ^ l )  o r  Hayes e t  a l .  ( l9 5 2 ) su g g e ste d .

Nauman (1930) was f i r s t  to  p ro p o se  th a t  th e  sed im en ts  in  n a tu 

r a l  w a te rs  co u ld  he s e p a ra te d  in to  an upper zone and a  low er h i s t o r i 

c a l l a y e r  where e s s e n t i a l l y  no m ixing  o r  exchange r e a c t io n s  o c c u r.

The u p p er la y e "  o r a c t iv e  d e p o s it io n  zone is  t h e  la y e r  from  which ex

change r e a c t io n s  ta k e  p la c e .  He su g g e s te d  t h a t  th e  dep th  o f  t h i s  

l a y e r  was about 10 cm f o r  la k e s  i n  Europe and 5 to  10 cm f o r  th e  con

t i n e n t a l  s h e l f .  Lee (1970) r e p o r te d  t h a t  r e c e n t  s tu d ie s  in  th e  U ni

v e r s i t y  o f  W isconsin  W ater C hem istry  L ab o ra to ry  su p p o rte d  th e  concept 

of a  m ix ing  zone e x ten d in g  down to  abou t 5 to  10 cm below th e  sedim ent- 

w a te r  i n te r f a c e  f o r  many la k e s  in  which the  se d im e n t-w a te r  i n te r f a c e  

was w e ll  d e f in e d .

The amount o f  m ixing o c c u rr in g  in  sed im en ts  was su g g e ste d  by  

Lee (1970 ) to  b e  one o f  th e  most im p o rta n t a s p e c ts  o f  exchange r e 

a c t io n s .  R i t te n b e rg  e t  a l .  (1955) showed t h a t  i n t e r s t i t i a l  w a te r  may 

c o n ta in  about 50 tim es  more s o lu b le  o rth o p h o sp h a te  th an  th e  o v e rly in g  

w a te r . T his would su g g est an im p o rtan t ro le  o f  m ixing in  d e te rm in in g  

th e  r a t e  o f  phosphorus exchange.

M ortim er (19^1 , 1942) su g g e s te d  t h a t  exchange r e a c t io n s  a re  de

pendent on m o le c u la r  d i f f u s io n  in  sed im en ts . The e a r ly  in v e s t ig a to r s  

d id  n o t c o n s id e r  th e  r o le  o f  m ix ing  in  sed im e n t-w a te r  in te rc h a n g e . 

Hayes e t  a l .  (1952) s ta t e d  t h a t  o n ly  a  s u p e r f i c i a l  l a y e r  1 cm th ic k  

was in v o lv e d  in  th e  exchange o f  phosphorus be tw een  sedim ent and 

w a te r .
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A ccord ing  to  Stumm and Morgan ( l9 7 0 ) j  th e  movement o f  d i s -

“ 5 2s o lv e d  m o lecu les  in  w ater i s  on th e  o rd e r  o f  10~ cm / s e c .  T h is r a t e  

was b a se d  on th e  f a c t  th a t  most ch em ica l r e a c t io n s  in  n a tu r a l  w a te rs  

ta k e  p la c e  a t  phase d i s c o n t i n u i t i e s , and i n t e r s t i t i a l  w a te rs  

p r e s e n t  a  v a r i e ty  o f  s o l id  s o lu t io n  in te r f a c e s  (Stumm and M organ,

1970 ) in  w hich s o rp t io n  and exchange r e a c t io n s  may o c c u r. Sharma 

(197 0 ) s t a t e d  t h a t  because o f  h in d ra n c e ,  d i f f u s io n  o f  io n s  th ro u g h  

even a  few c e n tim e te rs  in  sed im en ts  may ta k e  y e a r s . However, s e v e r a l  

i n v e s t i g a t o r s  (Stumm and L e c k ie , 1971; Hynes and G re ib , 1970) im p lie d  

t h a t  d i f f u s io n  p ro ce sse s  may be s i g n i f i c a n t  in  sed im e n t-w a te r  i n t e r 

ch an g es . D if fu s io n  i s  p robab ly  more im p o rta n t in  deep s e c t io n s  o f  

l a k e s  d u r in g  s t r a t i f i c a t i o n .

The o x id iz e d  m icrozone on th e  s u r f a c e  o f  sed im en ts  was su g g e s te d  

by M ortim er (1942) as b e in g  cau sed  by th e  d i f f u s io n  o f  oxygen in to  th e  

upper l a y e r s  o f  sed im en ts , and as a  r e s u l t  th e  o x id a t io n  o f  th e  r e 

duced e lem en ts  such as F e ( l l )  t o  F e ( l l l )  o c c u rre d . However, th e  more 

p o p u la r  view  re p re s e n te d  by Gorham (1958) was t h a t  tu r b u le n t  m ix ing  o f  

th e  s u r f a c e  sedim ent in to  th e  o v e r ly in g  w a te r  r e s u l te d  in  th e  o x id a 

t io n  o f  F e ( l l )  to  F e ( l l l )  and s e d im e n ta tio n  o f  FefOH)^ o n to  th e  s e d i 

ment s u r f a c e .

Organism s can a lso  mix th e  se d im en ts  and a id  in  th e  exchange

p r o c e s s e s .  W hitten  and G oodnight (1967 ) s tu d ie d  th e  r o le  o f  t u b i f i -

32c id s  in  th e  t r a n s f e r  o f  P in  an a q u a t ic  ecosystem . They su g g e s te d  

t h a t  t u b i f i c i d s  in  c o n ju n c tio n  w i th  b a c t e r i a  a id  in  r e c y c l in g  r a d io 

phospho rus  from d e t r i tu s  and s e d im e n ts . A naerobic fe rm e n ta tio n  r e 

a c t io n s  o f  b a c te r i a  in  th e  se d im e n ts  c o u ld  cause b u b b les  o f  carbon
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d io x id e  and m ethane gas t o  r i s e  th ro u g h  th e  se d im en ts  and w a te r  r e 

s u l t in g  in  s e d im e n t-w a te r  m ix ing .

B io lo g ic a l  In f lu e n c e  on th e  Phosphorus C ycle 

A ccording t o  A lexander ( l 9 T l ) , th e  t i s s u e s  o f  a q u a t ic  p la n t s  and 

a n im a ls , th e  c o rre sp o n d in g  la n d  fo rm s, w a te r - s o lu b le  in o rg a n ic  phos

p h a te , and th e  in s o lu b le  aluminum, i r o n ,  and ca lc iu m  p h o sp h a te s  o f  

lan d  and sed im en ts  a re  th e  main s u b s t r a te s  o f  concern  in  th e  th r e e  

m ajor k in d s  o f  r e a c t i o n s  by w hich th e  phosphorus c y c le  i s  r e g u la te d .  

These th r e e  r e a c t io n s  a r e :  ( l )  h e te r o t r o p h ic  m in e r a l iz a t io n ,  by  b a c 

t e r i a  and f u n g i ,  t o  o r th o p h o s p h a te , (2 ) im m o b iliz a tio n  o f  in o rg a n ic  

phosphorus by th e  p r o l i f e r a t i o n  o f  p h o to a u to tro p h s  and h e te ro tro p h s  

r e s u l t i n g  in  a d e c re a s e  o f  a v a i l a b le  p h o sp h o ru s , and (3 ) s o l u b i l i z a 

t io n  o f  in s o lu b le  in o rg a n ic  p h o sp h a te s . S o lu b i l i z a t io n  i s  e f f e c te d  

th ro u g h  th e  p ro d u c tio n  o f  o rg a n ic ,  n i t r i c ,  o r  s u l f u r i c  a c id s  w h ich , 

f o r  exam ple, s o l u b i l i z e  th e  phosphorus in  a p a t i t e ,  o r  by  th e  

p ro d u c tio n  o f  H^S, w hich may d is s o lv e  th e  phosphorus in  f e r r i c  phos

p h a te s  o f  b o tto m  se d im e n ts . The r a t e  o f  th e  s o l u b i l i z a t i o n  p ro c e s s  

cou ld  l i m i t  p r im a ry  p ro d u c tio n  i f  th e  am bient phospho rus r e a d i ly  

a v a i la b le  to  th e  p h o to a u to tro p h s  i s  low . T h is c o u ld  in  tu rn  a f f e c t  

th e  h ig h e r  h e rb iv o re s  w hich fe e d  on t h i s  food  s o u rc e ,  and u l t im a te ly

a l l  c a rn iv o re s  w ould be  a f f e c te d  in  th e  system .

32H a r r is  (1957) u se d  P and th e  o rgan ism s A rtem ia  and Gammarus 

and found an i n i t i a l  c o n v e rs io n  o f  r a d io a c t iv e  in o rg a n ic  p h o sp h a te  in 

to  o rg a n ic  phosphorus fo llo w e d  by in c o rp o ra t io n  i n to  th e  e x p e rim e n ta l 

32c ru s ta c e a n s .  No P was in c o rp o ra te d  in to  th e  c ru s ta c e a n s  when
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a n t i b i o t i c s  w ere added , le a d in g  t o  th e  c o n c lu s io n  th a t  p h o sp h a te  was 

in c o r p o r a te d  in to  m icroorgan ism s b e fo r e  i n g e s t io n  by th e  h ig h e r  h e r b i 

v o res  and  c a rn iv o re s .  Hoffman (1956) fo llo w e d  d is s o lv e d  o rg a n ic  

p h o sp h o ru s  and p h o sp h a te  in  p la n k to n . He co nc luded  t h a t  t h e r e  w ere  no 

a v a i l a b l e  e s t im a te s  o f  th e  q u a n t i ty  o f  p h o sp h a te  in  n a tu re  t h a t  was a  

r e s u l t  o f  a u to l y t i c  r e m in e r a l iz a t io n  o r  a  r e s u l t  o f  b a c t e r i a l  decompo

s i t i o n .  Rodina (1963 ) found t h a t  d e t r i t u s  c o n s is te d  o f  a g r e a t  v a r i e ty  

o f  m ic ro sc o p ic  b io to p e s  fo r  b a c t e r i a ,  w hich d i f f e r  from one a n o th e r  in  

t h e i r  s t r u c tu r e  and chem ical c h a r a c t e r i s t i c s .  These f in d in g s  f u r t h e r  

s u g g e s te d  an im p o rta n t ro le  f o r  th e  b a c t e r i a  in  r e c y c lin g  p h o sp h o ru s .

H e te ro tro p h ic  organism s which m in e r a l iz e  phosphorus a re  u b iq u i 

to u s  and n u m erab le . A ccord ing  to  A lex an d er ( l 9 7 l ) ,  th e  m in e r a l iz a t io n  

o f  m ost p h o sp h o ru s -c o n ta in in g  c o n s t i tu e n t s  o f  m ic ro b ia l  and p l a n t  

c e l l s  i s  r a p id ,  e x c ep t when th e y  a re  a d so rb ed  o n to  inan im ate  m a te r i a l s  

o r  com plexed in  such a  way t h a t  in c r e a s e s  th e  r e s i s t a n c e  o f  th e  m ole

c u le  t o  enzym atic  breakdow n. T his ty p e  o f  p r o te c t io n  i s  c o n s id e re d  

to  be  common in  s o i l  and se d im e n ts .

Phosphorus i n  th e  b io sp h e re  p a r t i c i p a t e s  i n  h ig h -e n e rg y  m eta 

b o l ic  in te r m e d ia te s  (L ear, 19 7 0 ). C o n se q u e n tly , i t  i s  g e n e r a l ly  found  

as th e  o rth o p h o sp h a te  e s t e r i f i e d  to  an o rg a n ic  compound as a m onoes

t e r ,  d i e s t e r ,  o r  t r i e s t e r .  P o ly p h o sp h a te s  have been found in  m ic ro 

o rg an ism s and c e r t a i n  a lg ae  (T ab le  l ) .  The c u r r e n t  h y p o th e s is  a s  t o  

th e  m e ta b o lic  s ig n i f ic a n c e  o f  th e  p o ly p h o sp h a te s  (known as  v o l u t i n s )  

i s  t h a t  th e s e  a re  s to ra g e  form s f o r  th e  read y  a v a i l a b i l i t y  o f  p h o sp h a te  

to  th e  c e l l  m e ta b o lic  pathw ay.

O rgan ic  phosphorus compounds su c h  a s  r ib o s e - l - p h o s p h a te .
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TABLE 1

ALGAE IN WHICH POLYPHOSPHATES HAVE BEEN FOUND

Cyainophyta

Anabaena v a r i a b i l i s

C ylindrospearm um  l ic h e n ifo rm e

G loeo thece  s p .

Lyngbya a e ru g in e o -c o e ru le a

L. a m p liv a g in a ta

O s c i l l a t o r i a  s p .

C h lo rophy ta

A c e ta b u la r ia  m e d ite r ra n e a

C h lo r e l la  s p .

G_. e l l i p s o i d e a

C_. p y re n o id o sa

C. v u lg a r i s

C ladophora  s p .

Cosmarium s p .

E nterom orpha s p .

B a c i l l a r io p h y ta

F r a g i l a r i a  s p .

N a v icu la  s p .

C ryp tophy ta

Chilomonas s p .

Rhodophyta

Ceramlum sp

0 . amoeua

0 . lim n o sa

Phorm idium  ambiguum 

P . f r ig id u m  

P . u n ic in a tu m

H y d rod ic tyon  re c t ic u la tu m

M ougeotia  s p .

Oedogonium s p .

R h o p a lo c y s tis  e l e i f e r a

Scenedesm us s p .

S p iro g y ra  s p .

U lo th r ix  s p .

Zygnema s p .

X an thophy ta

V au ch eria  s p .

E ug lenophy ta

E uglena  g r a c i l i s

C harophy ta

Chara s p .
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c r e a t in e  p h o sp h a te , and a c e ty l  phosphate  a r e  u n s ta b le  and hydro lyze  

in to  an o rg a n ic  m oie ty  and in o rg a n ic  p h o sp h a te . Those form s known 

to  be a c t iv e  in  m eta b o lism , such  as g lu c o s e -6 -p h o s p h a te , and 

g ly c e r o l - l - p h o s p h a te ,  a re  r e s i s t a n t  t o  h y d ro ly s is  [W hite e t  a l . , 1964 ). 

H ence, c e r t a i n  o rganophosphorus compounds te n d  t o  be  q u i te  s ta b le  in  

a q u a tic  env ironm en ts in  t h a t  th e y  a re  in s o lu b le  in  w a te r .

The p h o sp h o lip id s  a r e  th e  b u i ld in g  b lo ck s  o f  th e  c e l l u l a r  mem

b r a n e s .  T h is group o f  p a r t i c u l a t e  o rg an ic  phosphorus compounds is  

p ro b ab ly  th e  most p r e v a le n t  phosphorus component o f  dead and decaying 

p la n t  and an im al d e t r i t u s  a t  th e  sed im en t-w a te r i n t e r f a c e .  Most o f  

th e  o th e r  m ajor c e l l  c o n s t i t u e n t s ,  i . e . ,  p r o t e i n s ,  amino a c id s ,  and 

su g a r  p h o sp h a te s  , would be  d eg raded  by h e te r o tr o p h ic  m icroorganism s 

in  th e  o v e r ly in g  w a te r  as th e  p la n t  o r  an im al t i s s u e  slow ly  s e t t l e d  t o  

th e  se d im e n t-w a te r  i n t e r f a c e .

T h is  s tu d y  i s  p a r t i c u l a r l y  concerned  w ith  th e  r e g e n e ra t io n  o f 

th e  phosphorus w hich is  bound in  th e  c e l l  mem branes. T his i s  

t y p i c a l l y  th e  p a r t i c u l a t e  o rg a n ic  phosphorus group r e f e r r e d  t o  in  la k e  

se d im e n ts . The m in e r a l iz a t io n  o f  t h i s  component by th e  sed im ent h e t 

e ro t r o p h ic  community i s  l i t t l e  u n d e rs to o d .

T ab le  2 ,  w hich i s  ta k e n  from  L ear ( l9 T 0 ) , shows th e  phosphorus 

d i s t r i b u t i o n  in  s e v e r a l  ty p e s  o f  o rg an ism s . I t  can b e  con c lu d ed  th a t  

th e  phosphorus d i s t r i b u t i o n  in  p la n t s  and an im als i s  q u i te  v a r ia b le  

w ith  l i t t l e  a s s o c ia te d  p a t t e r n s .  Benson and  Shibuya (1962) s ta t e d  

t h a t  f o r  Scenedesmus o b liq u u s  and C h lo r e l la  n y ren o id e a  c e l l s  grown a t  

m oderate  l i g h t  i n t e n s i t i e s , p h o s p h a tid y l g ly c e r o l  was th e  m ost abun

dant o rg a n ic  phosphorus compound.



TABLE 2

PHOSPHORUS DISTRIBUTION IN ORGANISMS*

O rganism

T r ib o liu m  c o n fu s um, 
f l o u r  b e e t l e

T e trab y m en a , p ro to z o a n

M ating  ty p e  I

M ating  ty p e  I I

T h i o b a c i l l u s , b a c te r iu m

S e r r a t i a  m arce s s e n s , 
b a c te r iu m

In o rg a n ic
P

1 3 . HU

1 2 .3

E s c h e r ic h ia  c o l i , 
b a c te r iu m 9.HU

TCA**
S o lu b le

28.6

7 .6

1 9 .5

69

17.76  
1 7 .1 2  
2 2 . U3 
1 6 .6 1

8 . 2H

Phospho-

2 9 .0

1 .9

1 0 . 8

6 .0 3
7.36  
7 . HU 

1 2 .0 9

6 .0 9

N u c le ic  A cid

2 5 .6

1 1 .7  

21.6
1 8 .7

RNA + DNA

6 2 .7 0  + 1 .8 5  
6 0 .7 2  + 8 .1 0  
5 5 .9 0  + 2 .8 2  
5 7 .7 5  + 8 .0 6

6 6 .2 3  + 9.U8

P hospho-
p r o t e i n

2 . 1

51 .7

5 3 .1

0 .5

* V alues i n  t h e  t a b l e  a r e  p e r c e n t  o f  t o t a l  p h o s p h o ru s ,
** TCA = t r i c h l o r o a c e t i c  a c id .

ro
VJI
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Methods A v a ila b le  f o r  Sedim ent-W ater S tu d ie s

T here have been  very  few a tte m p ts  t o  s tu d y  s p e c i f i c  components

o f  a  l a r g e r  ecosystem . I n s te a d ,  a tte m p ts  have been made t o  c o n s tru c t

la b o r a to r y  m odels o f  ecosystem s w ith  th e  hope o f  co m p artm en ta liz in g  th e

v a r io u s  components o f  th e  ecosystem . T h is  e n a b le d  s tu d ie s  o f  n u t r i e n t

c y c lin g  and th e  a s s o c ia t io n  o f  th e  movement o f  th e  n u t r i e n t  w ith  th e

v a r io u s  ecosystem  com ponents. For exam ple, W h itta k e r  (1961 ) s tu d ie d  

32th e  movement o f  P in to  d i f f e r e n t  com ponents o f  an aquarium  e c o sy s -

32tem . However, he was n o t a b le  t o  d e s c r ib e  what form  o f  P a c tu a l ly  

moved i n t o  and ou t o f  h i s  d e s ig n a te d  ecosystem  com ponents. This i s  a  

v e ry  in g o r ta n t  q u e s tio n  to  be c o n s id e re d . The form  and r a t e  o f  r e 

g e n e ra t io n  a re  o f  m ajor concern  when d is c u s s in g  phosphorus c o n c e n tra 

t i o n  and i t s  e f f e c t  on th e  b i o t i c  components o f  an eco sy stem .

The s iz e  o f  la b o ra to ry  m odels o f  a q u a tic  ecosystem s h as  t y p i 

c a l ly  ra n g e d  from m icrocosm s, w hich in c lu d e  f l a s k  c u l tu r e s  and 

a q u a riu m s, to  l a r g e r  p h y s ic a l  m odels such as an e s tu a r in e  ecosystem  

com plete  w ith  w a te rsh e d  and t i d a l  f lu c tu a t io n s  (M c ln tire  I 969 ).

S e v e ra l  o th e r  r e s e a rc h e r s  r e s o r te d  t o  th e  m icrocosm  approach  (Odum and 

Hoskin 1957; McConnell 1962; Copeland I 9 6 5 ) t o  s tu d y  grow th r e 

sponses  o f  a lg a e  and b a c t e r i a  under d i f f e r e n t  n u t r i e n t  o r  e n v iro n m en ta l 

c o n d i t io n s .

L a b o ra to ry  m icrocosm s have e n a b le d  b io a s s a y  te c h n iq u e s  to  p ro 

v id e  v e ry  u s e f u l  in fo rm a tio n . C a irn s  e t  a l .  (1972) u sed  f i s h  in  sm a ll 

m icrocosm s t o  s tu d y  t h e i r  re sp o n se  t o  m e ta ls .  T h is  k in d  o f  in fo rm a

t io n  may be  o f  some s ig n i f ic a n c e  in  d ev e lo p in g  b io in d ic a to r s  to  warn 

o f  to x ic  m e ta l c o n c e n tra t io n s  in  w a s te w a te r  from  i n d u s t r i e s .  Cummins
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^  ( 1972) u sed  l e a f  l e a c h a te  to  s tu d y  th e  r o l e  o f  p r o d u c e r s ,  con

sumers , and m ic ro b ia l  consum ers d u r in g  o rg a n ic  e n r ic h m e n t. Gloyna 

e t  (1971) used  r a d io is o to p e  t r a c e r s  in  m icrocosm s to  s tu d y  th e  

movement o f  t r a c e  m e ta ls  th ro u g h  sed im en ts and p l a n t s .

A lthough m icrocosm s p ro v id e  a  l a b o r a to r y  m ethod f o r  s tu d y in g  

eco sy s te m s , th e  main c r i t i c i s m  a s s o c ia te d  w ith  m icrocosm s i s  t h a t  th e y  

a re  n o t very  s t a b l e  f o r  lo n g  p e r io d s  o f  t im e . P o p u la tio n  d e n s i ty  and 

community s t r u c tu r e  a re  s e v e re ly  r e s t r a i n e d  by n u t r i e n t  d e p le t io n ,  

c o n ta in e r  e f f e c t s ,  e t c .  (K u b itsc h e k , 1 9 7 0 ). K u b itsch ek  (1970) s t a t e d  

t h a t  b a tc h  c u l t u r in g ,  w hich  i s  t y p i c a l  o f most o f  th e  m icrocosm  a t 

te m p ts , r e s u l t s  in  v a ry in g  c e l l  s i z e ,  c o m p o s itio n , and f u n c t io n a l  

c h a r a c t e r i s t i c s .

M c ln tire  (1969 ) em phasized  th e  need fo r  a  s h i f t  from  c u l tu r e  

f la s k s  to  e c o lo g ic a l  i n v e s t ig a t io n s  in  n a tu re  o r  i n  s im u la te d  n a tu r a l  

env ironm en ts . He f u r t h e r  s t a t e d  t h a t  la b o r a to r y  m odels o f  ecosystem s 

w ould be h e lp f u l  i f  d e s ig n e d  p r o p e r ly .  H is work c o n s id e re d  p ro d u c t iv 

i t y  and b io e n e r g e t ic s  o f  b e n th ie  a lg a l  com m unities . By c o n t r o l l i n g  

some o f  th e  a b io t i c  com ponents such as l i g h t ,  ca rbon  d io x id e ,  d i s 

s o lv e d  oxygen, te m p e ra tu re ,  and c u r r e n t  v e lo c i ty ,  he hoped  t o  r e l a t e  

th e  organism  r e s p o n s e s .

G ahler ( 1969 ) s tu d ie d  n u t r i e n t  in te rc h a n g e  a t  th e  se d im e n t-  

w a te r  i n t e r f a c e .  Through f i e l d  and l a b o r a to r y  i n v e s t ig a t io n s  some 

com parisons c o u ld  be  m ade. Four p o ly e th y le n e  p o o ls  were p la c e d  in  th e  

la k e  b e in g  in v e s t ig a t e d .  Two o f  th e  po o ls  had b o tto m s , and two were 

exposed  to  th e  sed im e n t. Over 7 m on ths, chem ical and b i o lo g i c a l  ob

s e rv a t io n s  w ere made on th e  w a te r  t ra p p e d  in  th e s e  p o o ls .  Com parisons
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w ere made o f  la k e  w a te r  q u a l i ty  in  each  o f  t h e s e  p o o ls .  F o r th e  

l a b o r a to r y  i n v e s t i g a t i o n ,  la k e  sed im ent was p la c e d  i n  th e  bo ttom  o f  

6 - in c h - d ia m e te r ,  6 - fo o t -h ig h  g la s s  colum ns. Lake w a te r  was p la c e d  in  

th e  columns and m o n ito red  f o r  chem ica l changes t h a t  c o u ld  b e  a t t r i b 

u te d  to  th e  se d im e n t. He m a in ta in e d  a e ro b ic  and a n a e ro b ic  c o n d it io n s  

i n  th e  o v e r ly in g  w a te r .

32M ackenthun (1968 ) u se d  P in  an aquarium  m icrocosm  i n  a  manner

s im i la r  t o  t h a t  o f  G a h le r . He found  t h a t  th e  amount o f  phosphorus r e -

32le a s e d  t o  th e  o v e r ly in g  w a te r  was s m a ll. In  f a c t ,  i f  P w ere p la c e d  

o n ly  0 .6  cm below  th e  mud s u r f a c e ,  i t  was e s s e n t i a l l y  l o s t  t o  th e  

sy stem . P hosphorus in  s o lu t io n  was in c r e a s e d  when he c i r c u l a t e d  th e  

o v e r ly in g  w a te r  w ith  a i r  b u b b le s .

A ll o f  th e s e  s tu d ie s  in v o lv in g  b a tc h  c u l tu r in g  may b e  a f f e c te d  

by some o f  th e  problem s su g g e s te d  by K u b itsc h e k  (1 9 7 0 ).

T here i s  an in c r e a s in g  need  f o r  th e  developm ent o f  l a r g e r  phys

i c a l  m odels o f  ecosystem s w hich a tte m p t t o  more c lo s e ly  i d e n t i f y  

p h y s ic a l ly  and o p e r a t io n a l ly  w ith  th e  e c o sy s tem . These w ould r e t a in  

s im i la r  a t t r i b u t e s  o f  th e  s m a lle r  m icrocosm s as  p re v io u s ly  d e s c r ib e d  

and a ls o  w ould  b e  more s ta b l e  w ith  r e s p e c t  t o  c o m p le x ity , i . e . ,  b i o t i c  

com m unities and p o p u la t io n s .  The more r e a l i s t i c  p h y s ic a l  m odels 

w ould  e n a b le  m ost o f  th e  dynamic p ro c e s s e s  t h a t  e x i s t  in  n a tu re  t o  b e  

s im u la te d  in  th e  la b o r a to r y .  A ccord ing  t o  Holm-Hansen (1969 ) ,  th e  

n u t r i e n t s  b e in g  s u p p lie d  to  a n a tu r a l  system  a re  c o n t in u a l ly  b e in g  r e 

p le n is h e d ;  t h e r e f o r e ,  a  method o f  n u t r i e n t  rem oval and n u t r i e n t  r e 

p len ish m e n t m ust be  p ro v id e d . T h is  dynamic p r o c e s s , a s  w e l l  as w ater 

su p p ly  and o th e r  a s s o c ia te d  e lem en ts  t h a t  a r e  t y p i c a l  o f  an ecosystem .
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m ist b e  c o n s id e re d  when b u i ld in g  th e  p h y s ic a l  m odel.

As s ta t e d  e a r l i e r ,  t h e r e  i s  a  need  f o r  th e  developm ent o f  

te c h n iq u e s  and m odels w hich c o n s id e r  th e  i n t e r r e l a t i o n s  o f  th e  e c o sy s

tem com ponents. The l i t e r a t u r e  i s  q u i te  devo id  o f  i n v e s t ig a t io n s  

which a tte m p t t o  answ er th e  fo llo w in g  q u e s tio n s  : how a re  n u t r i e n t s

exchanged from one ecosystem  component to  a n o th e r ;  i n  what ch em ica l 

o r p h y s ic a l  form  a r e  th e  n u t r i e n t s  b e in g  exchanged; a re  some form s o f 

n u t r i e n t s  more r e a d i l y  a v a i la b le  th a n  o th e r  forms ; a n d , i s  t h e r e  a  

need and a  way t o  c o n t r o l  t h e  form in  which th e  n u t r i e n t s  a r e  b e in g  

exchanged in  th e  ecosystem ?

C ontinuous c u l tu r e  te c h n iq u e s  w ere su g g e s te d  by  K u b itsch ek  

(1970 ) as o f f e r in g  th e  a p p ro p r ia te  c o n tr o l le d  c o n d it io n s  f o r  e c o lo g i

c a l  s tu d i e s .  He s t a t e d  t h a t  even though  v e ry  few a tte m p ts  a t  c o n tin 

uous c u l tu r in g  have  been  made t o  d a te ,  th e  developm ent o f  th e s e  t e c h 

n iq u es  in  th e  s tu d y  o f  community grow th k in e t i c s  sh o u ld  o f f e r  g r e a t  

p ro m ise .

Macura e t  a l .  (1965 ) a p p lie d  s im i la r  te c h n iq u e s  to  s tu d y  th e  

decom position  o f  u n ifo rm ly  ta g g e d  g lu co se  in  s o i l  w ith  d i f f e r e n t  i n 

o rg an ic  n i t r o g e n  an d  phosphorus l e v e l s .  T h e ir  i n v e s t ig a t io n  in c lu d e d  

th e  p e rc o la t io n  o f  ^ ^ C - la b e l le d  g lu co se  th ro u g h  s o i l  colum ns w ith  d i f 

f e r e n t  in o rg a n ic  n i t r o g e n  and  phosphorus l e v e l s .  The p e r c o la t io n  o f  

t h i s  s o lu t io n  was a t  a co n tin u o u s  flo w . They found t h a t  th e  amount 

o f  g lu c o se -c a rb o n  m in e r a l iz e d  to  carbon  d io x id e  was h ig h e r  i f  n i tro g e n  

and phospho rus w ere added to g e th e r  w i th  th e  g lu c o s e . The q u a n t i ta t iv e  

r e l a t i o n s h ip  b e tw een  th e  a s s im i la t io n  and o x id a t io n  o f  g lu c o se -c a rb o n  

depended on th e  n i t r o g e n  and  phosphorus c o n c e n t ra t io n . I t  was in
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in v e rs e  p ro p o r t io n  to  th e  m in e ra l e lem en t l e v e l .  A lso , th e  r a t e  o f  

g lu co se  o x id a t io n  was s tro n g ly  in f lu e n c e d  hy th e  flow  r a t e .  Through 

t h i s  c o n tin u o u s -f lo w  m ethod, a  dynamic s te a d y  s t a t e  was m ain ta in e d  

fo r  a  lo n g  p e r io d  o f  t im e .

Macura and Kune (1965 ) u sed  th e  same m ethod to  s tu d y  th e  b io lo g 

i c a l  im m o h iliz a tio n  o f  m in e ra l form s o f  n i t ro g e n  and phosphorus. 

Through th e  use o f  t h i s  m ethod, th e y  w ere a b le  t o  d i f f e r e n t i a t e  b e 

tw een p h y s ic a l-c h e m ic a l  a d s o rp tio n  o f  m in e ra l e lem en ts  and b i o lo g i c a l  

im m o b iliz a tio n  o v e r  a g iv en  p e r io d  o f  t im e . They concluded  t h a t  b i o 

lo g i c a l  im m o b iliz a tio n  o f  n i tro g e n  and phosphorus was c lo s e ly  a s s o c i 

a te d  w ith  g lu co se  d eco m p o sitio n . A ls o , a  c o r r e la t io n  was found b e 

tw een th e  im m o b iliz a tio n  o f  n i t r a t e  n i t r o g e n  and carbon d io x id e  

e v o lu t io n  d u rin g  g lu co se  deco m p o sitio n  t o  th e  q u a n t i ty  o f  g lu co se  

u t i l i z e d .  The r a t i o  o f  th e  amount o f  g lu c o s e -c a rb o n  a s s im ila te d  by 

th e  s o i l  m ic r o f lo r a  t o  th e  amount o f  n i t ro g e n  im m obilized  depended on 

th e  C;N r a t i o  in  th e  added g lu co se  s o lu t i o n .  F i n a l l y ,  th e y  s t a t e d  

t h a t  th e  u se  o f  s o i l  columns o f  d i f f e r e n t  w e ig h ts  and h e ig h ts  made i t  

p o s s ib le  t o  d e te rm in e  phosphorus r e t e n t i o n  c a p a c i ty  in  d i f f e r e n t  

l a y e r s  o f  th e  s o i l  co lum ns.

B a s ic  to  th e  co n tin u o u s  c u l tu r e  te c h n iq u e  i s  t h a t  in d iv id u a l  

c e l l s  a re  m a in ta in e d  in  as u n ifo rm  an  env ironm ent as f e a s ib le .  This 

r e a l i s t i c a l l y  r e q u i r e s  a  co m p le te ly  m ixed  c u l t i v a t io n  chamber.

Macura e t  a l .  ( 1965 ) and M acura and Kune (1965 ) d id  n o t meet t h i s  

r e q u ire m e n t. The a c t io n  o f  p e r c o la t io n  o f  a  l i q u i d  th ro u g h  a  s a tu 

r a t e d  s o i l  column c o u ld  r e s u l t  in  p r e f e r r e d  p a th s  o f  flow  th ro u g h  th e  

column and m igh t p r e s e n t  many d i f f e r e n t  m icroenv ironm en ts  f o r
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b io lo g ic a l  and ch em ica l r e a c t io n s  to  o c c u r . However, i t  r e p r e s e n ts  

a  more r e a l i s t i c  environm ent in  w hich t o  s tu d y  s o i l  m ic ro b ia l  decom

p o s i t io n  u n d e r s a tu r a t i o n  c o n d it io n s .

C o n se q u e n tly , t h i s  in v e s t ig a t io n  o f  a  sed im ent and w a te r  system  

c o n s id e rs  a  m o d if ic a t io n  o f  th e  co n tin u o u s  f lo w , b a tc h  c u l t u r e , and 

chem ostat m ethodology as a means t o  s tu d y  b io lo g ic a l  d e g ra d a tio n  p ro 

c e s s e s .  T h is  s tu d y  i s  fax  more q u a l i t a t i v e  th a n  q u a n t i t a t i v e ,  f o r  

i t  a tte m p ts  t o  e v a lu a te  a  more r e a l i s t i c  co n tin u o u s  flow  te c h n iq u e  

t o  s tu d y  se d im e n t-w a te r  i n te r a c t io n s .  S p e c i f i c a l l y ,  th e  s tu d y  i s  o f  

th e  b io d é g ra d a t io n  o f  p a r t i c u l a t e  o rg a n ic  phosphorus and th e  su b se 

quent r e l e a s e  o f  p a r t i c u l a t e  o rg a n ic  phosphorus from th e  se d im en t-  

w a te r  i n t e r f a c e  t o  th e  o v e rly in g  w a te r . The approach  i s  more o f  a 

m o d e llin g  a tte m p t th a n  a k in e t ic  s tu d y .



CHAPTER I I I  

EXPERIMENTAL PROCEDURE AND METHODS 

G en era l

The sedim ent and la k e  w a te r  u se d  in  t h i s  s tu d y  w ere ta k e n  from 

Lake T h u n d erb ird , C le v e la n d  C ounty , Norman, Oklahoma. One sam pling  

s i t e  was used as th e  so u rc e  o f  a l l  sedim ent sa m p le s . D e lfin o  e ^  a l . 

(1969 ) showed th a t  th e  sed im ent phosphorus c o n c e n t ra t io n  in c re a s e s  

w ith  in c re a s in g  dep th  o f  o v e r ly in g  w a te r . Anderson (19T0) s t a t e d  th a t  

th e  ex trem ely  f in e  c la y s  (< 1 .0  m) w ere dom inant in  t h i s  re g io n . For 

th e se  r e a s o n s , i t  was d e c id e d  t h a t  th e  sam pling s t a t i o n  would b e  l o 

c a te d  in  th e  deep p ro fu n d a l re g io n  o f  th e  la k e .  The d e e p e s t  r e g io n  o f  

th e  impoundment was lo c a t e d  abou t 500 m eters  p e rp e n d ic u la r  to  t h e  mid

d le  o f  th e  dam where L i t t l e  R iv e r  and  Hog Creek c h a n n e ls  com bine.

T h is sam pling s i t e  was lo c a te d  below  55 f e e t  o f  o v e r ly in g  w a te r .

Sedim ent B io ta  C h a ra c te r iz a t io n  

For t h i s  s tu d y , i t  was found n e c e ssa ry  to  d e v e lo p  a te c h n iq u e  

whereby th e  sedim ent c o u ld  be  a d e q u a te ly  sam pled , and p ro c e d u re s  by  

which th e  b a c t e r i a l  c o n c e n t r a t io n ,  th e  i d e n t i f i c a t i o n  o f  g en u s , and 

th e  o rg a n ic  carbon  c o n c e n t r a t io n  c o u ld  be de te rm in ed  from  th e  same 

sam ples. A v e r t i c a l  c h a r a c t e r i z a t i o n  o f  th e  sed im en t was d e s i r e d ,  so 

a c o re  sam pler was d e s ig n e d  in  w h ich  th e  sed im ent sam ples c o u ld  be

32
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a c q u ire d . The same c o re  sam p ler used  to  a c q u ir e  sed im en t co res f o r  th e  

above a n a ly s e s  w i l l  be used  as p a r t  o f  th e  c o n tin u o u s -f lo w  a p p a ra tu s .

D uring  F e b ru a ry , J u n e , and August o f  1972 , a  t o t a l  o f  20 s e d i 

ment c o re s  r e p r e s e n t in g  th e  to p  10 cm o f  sed im en t w ere ta k e n . Each 

core was su b d iv id e d  in to  two 5-cm s e c t io n s .  F o r each  o f  th e s e  

s e c t io n s ,  th e  b a c t e r i a l  c o n c e n tra t io n  was d e te rm in e d , and as many o f  

th e  g e n e ra  o f  h e te r o t r o p h ic  b a c te r i a  a s  p o s s ib le  w ere i d e n t i f i e d .  The 

fungi w ere n o te d  b u t  n o t c l a s s i f i e d .  M acroorganism s w ere n o t found  in  

enough q u a n t i ty  t o  w a rra n t f u r t h e r  i n v e s t i g a t io n .  N e x t, each  o f  th e  

subsam ples o f  sed im en t was o v e n -d r ie d  a t  110®C f o r  1 h o u r , c o o le d , and 

w eighed. O rgan ic  carbon  was d e te rm in ed  by  w e ig h t d i f f e r e n c e  a f t e r  th e  

o v e n -d r ie d  sam ple was i g n i t e d  a t  600°C f o r  1 h o u r ,  c o o le d , and 

w eighed.

S e v e ra l  m ixed  a lg a l  c u l tu r in g  te c h n iq u e s  w ere a tte m p te d  t o  de

term ine  th e  b e s t  m ethod fo r  l a b e l in g  th e  o rg a n ic  com ponents o f  th e  

32
a lgae  w ith  P. The a lg a e  w ere c u l tu r e d  under c o n s ta n t  l ig h t in g  u s in g  

four UO-w G.E. c o o l-w h ite  f lu o r e s c e n t  lamps and a  20°C in c u b a tio n  tem 

p e r a tu r e .  A m o d if ie d  KNOP's a lg a l  m edia was s e le c te d  f o r  c u l tu r in g  

•?2th e  a lg a e .  The P , a s  KH  ̂ PO^, was added t o  th e  c u l t u r e ,  and th e

32c e l l  w e ig h t as w e l l  as th e  aqueous P was m o n ito re d  f o r  th e  n ex t few

32days. When most o f  th e  P was p a r t i c u l a t e  and n o t in  th e  aqueous

p h ase , th e  a lg a e  w ere e x t r a c te d  a c c o rd in g  to  F i t z g e r a l d  and N elson

(1966) .  S e v e ra l o th e r  e x t r a c t io n  p ro c e d u re s  w ere a ls o  a tte m p te d  in

32o rd er to  i d e n t i f y  th e  p a r t i c u l a t e  o rg a n ic  P compounds in  th e  a lg a e .

32F o llow ing  t h e  e x t r a c t io n  o f  th e  p a r t i c u l a t e  o rg a n ic  P compo

nent in  th e  a lg a e ,  th e  r e s id u e  was th e n  p la c e d  in  each  column o f  th e
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se d im e n t-w a te r  a p p a ra tu s  a t  th e  se d im e n t-w a te r  i n t e r f a c e .  A pproxi

m ate ly  15 t o  20 mg o f  th e  r e s id u e  was added.

The day b e fo re  t h e  a lg a e  was e x t r a c te d ,  e ig h t  sed im en t co res  

w ere o b ta in e d  from th e  sam pling  s i t e  on Lake T h u n d e rb ird . These c o re s  

w ere kep t in  th e  r e f r i g e r a t o r  a t  4°C u n t i l  th e y  w ere i n s e r t e d  in to  th e  

co n tin u o u s flow  a p p a ra tu s .

32
The same day t h a t  th e  p a r t i c u l a t e  o rg a n ic  P was e x t r a c t e d ,  th e  

sed im ent c o re s  w ere e x tru d e d  u n t i l  th e  to p  10 cm w ere rem a in in g  in  th e  

tu b e .  The tu b e s  were th e n  re a d y  to  be p la c e d  in  th e  c o n tin u o u s -f lo w  

a p p a ra tu s . A ll  la k e  w a te r  and d i s t i l l e d  w a te r  u sed  in  th e  e x p e r i 

m en ta l ru n s  w ere a u to c la v e d  f o r  1 hour a t  121°C and I 8 p s i  in  4-% 

p y rex  r e s e r v o i r s .

Run 1

32The m in e r a l iz a t io n  s tu d y  o f  th e  p a r t i c u l a t e  o rg a n ic  P in  th e  

f i r s t  run c o n s is te d  o f  e ig h t  se d im en t-w a te r system s c o n ta in in g  e ig h t  

sed im en t c o re s  (F ig u re  3 ) .  Columns 1-4  were o p e ra te d  w ith  a  c o n tin 

uous flow  o f  f i l t e r e d ,  s t e r i l e  Lake T hunderb ird  w a te r  p a s s in g  over th e  

sed im en t. The h e te r o t r o p h ic  community in  th e  sed im en t o f  columns 1 

and  2 was a l i v e . The sed im en t in  columns 3 and 4 had  b een  a u to c la v e d  

f o r  20 m inu tes a t  121°C and I 8 p s i  in  th e  p o ly c a rb o n a te  tu b e s  p r io r  t o  

s e t t i n g  them  up in  t h e  c o n tin u o u s -f lo w  a p p a ra tu s . T hese columns were 

m a in ta in e d  in  th e  s t e r i l e  c o n d it io n . Columns 5-8  w ere o p e ra te d  w ith  

a  c o n tin u o u s  flow  o f  f i l t e r e d ,  s t e r i l e  d i s t i l l e d  w a te r  p a s s in g  over 

th e  sed im en t. The h e te r o t r o p h ic  community in  th e  sed im en t o f  columns 

5 and 6 was a l i v e .  The sed im en t co res  in  columns 7 and 8 w ere s t e r i l 

iz e d  in  th e  same m anner as columns 3 and 4 .
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The o p e ra t in g  te m p e ra tu re  f o r  t h i s  system  was k ep t c o n s ta n t a t

18 + 1°C u s in g  a  r e c i r c u l a t i n g ,  c o n s ta n t- te m p e ra tu re  w a te r  h a th .  This

tem p e ra tu re  r e p re s e n ts  th e  maximum summer te m p e ra tu re  o f  th e  hypolim 

nion  im m ediately  above th e  sed im ent in  Lake T h u n d e rb ird .

At a  c o n s ta n t flow  r a t e  o f  2 ml p e r  h o u r , th e  h y d ra u lic  r e te n 

t io n  tim e (HET) in  each column was ap p ro x im ate ly  2k h o u rs . The t o t a l  

volume o f  w a te r o v e r ly in g  th e  sed im ent was ap p ro x im ate ly  50 m l.

The e f f lu e n t  from  each  column was c o l l e c te d  in  60-m l g la s s  tu b es

s i t t i n g  in  ic e  in  th e rm a l  c o n ta in e r s .  The e f f l u e n t  was a n a ly zed  every

322k hours f o r  P , pH, re d o x  p o t e n t i a l ,  i r o n ,  m anganese, and s u l f a t e .

On day 29 , a few m i l l i l i t e r s  o f  fo rm a lin  w ere added to  columns 3

and 4. On day 37,  n i t r o g e n  gas was purged  th ro u g h  column 1 f o r  th e

d u ra tio n  o f  th e  ru n . On day 38 , n i tro g e n  gas was purged  th ro u g h  c o l

umn 6 f o r  th e  d u ra t io n  o f  th e  ru n . The d u ra t io n  o f  t h i s  run  was

59 days f o r  columns 1 and  2 , 52 days f o r  columns 3 and it, and k6 days

f o r  columns 5 th ro u g h  8 .

Run 2

Columns 1 and 2 w ere  c o n tin u e d  from  th e  p r i o r  ru n , and s ix  more

32columns w ere s e t  up in  th e  a p p a ra tu s . The s p e c i f i c  a c t i v i t y  o f  F in  

th e  a lg a e  was in c re a s e d  b ecau se  o f  low c o u n tin g  r a t e s  in  th e  p r io r  

ru n . Each o f th e  e ig h t  c o re s  was purged  w ith  f i l t e r e d ,  com pressed 

n i tro g e n  gas in  o rd e r  t o  b e t t e r  e v a lu a te  th e  redox  c o n d it io n  in  th e  

overflow  w ate r w ith o u t r e a e r a t i o n .

Columns 1 ,  3 ,  5 , and 7 w ere o p e ra te d  w ith  a  con tinuous flow  o f  

f i l t e r e d ,  s t e r i l e  Lake T h u n d e rb ird  w a te r  p a s s in g  over th e  sed im en t.
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Coltmms 2 , 4 , 6 , and 8 w ere o p e ra te d  in  a  s im i la r  manner e x c ep t t h a t  

an a d d i t io n a l  0 .5  mg P/& was added as KH^POj  ̂ was added t o  th e  lak e  

w a te r . The same te m p e ra tu re  ( l8  +_ 1°C) used  in  th e  l a s t  run  was a ls o  

used  in  t h i s  ru n .

The HRT's w ere v a r ie d  fo r  t h i s  ru n . Columns 1-5  had an HRT o f  

about 2h h o u rs  w ith  a  t o t a l  w a te r  volume o f  a p p ro x im a te ly  50 ml over 

th e  se d im e n t. Columns 5 and 6 had an HET o f  12 ho u rs  w ith  50 ml o f  

w a te r  o v e r  th e  sed im e n t. Columns 7 and 8 had an HRT o f  6 h o u rs  w ith  

25 ml o f  w a te r  o v e r  th e  sed im en t.

The same p a ra m e te rs  were a n a ly z e d  as in  th e  l a s t  ru n . These 

32in c lu d e d  P , pH, redox  p o t e n t i a l ,  i r o n ,  m anganese, and s u l f a t e .

The d u r a t io n  o f  t h i s  run  was ^5 d ay s. A f te r  t h i s  run  was com

p le t e d ,  a t te m p ts  w ere made t o  d e te rm in e  where and in  what form  th e  r e -  

32m ain ing  P was in  th e  sed im ent colum ns.

Sedim ent Sam pling

In  o r d e r  t o  sample th e  sedim ent in  Lake T h u n d e rb ird  a c co rd in g  t o  

th e  re q u ire m e n ts  o f  t h i s  r e s e a rc h ,  a  c o re  sam p le r was d es ig n ed  (Appen

d ix  a ) . The c o re  sam pler was 28 in c h e s  long  and was w e ig h ted  a t  th e  

to p  end w ith  25 l b  o f  s t e e l .  T his s e c t io n  o f  th e  c o re , w hich com

p r is e d  th e  w id e s t  p a r t  o f  th e  sam pler (a p p ro x im a te ly  h in c h e s ) ,  was 

th re a d e d  t o  a llo w  f o r  th e  a ttach m en t o f  a c a b le  from  a  w inch .

For each  sam pling  t r i p ,  a t  l e a s t  f iv e  p o ly c a rb o n a te  tu b e s  and 

th e  t i p  o f  th e  co re  sam pler w ere a u to c la v e d  f o r  15 m inu tes  a t  121°C 

and l8  p s i  w ith  number ^ ru b b e r  s to p p e rs  in s e r t e d  in  each  end o f  th e  

p o ly c a rb o n a te  tu b e s .  These tu b e s  were th e n  ta k e n  to  th e  sam pling
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s i t e .  On each sam pling  d a te ,  5 sed im ent co re s  were tak e n  f o r  b a c 

t e r i a l  a n a ly s i s .  F o r each o f  th e  5 sed im ent sam p les , a s t e r i l e  p o ly 

c a rb o n a te  tube  was i n s e r t e d  i n to  th e  c o re  sam p le r. The c o re  sam pler 

was a llow ed  to  " f r e e - f a l l "  th ro u g h  th e  w a te r and d r iv e  i t s e l f  in to  

th e  sed im en t. A f te r  b r in g in g  th e  sam p ler up w ith  th e  w in c h , th e  p o ly 

c a rb o n a te  tu b e  c o n ta in in g  betw een  15 t o  20 cm o f  sed im ent was c a re 

f u l l y  rem oved, and th e  w a te r  o v e r ly in g  th e  sed im ent was d e c a n te d  o f f .

The sedim ent was e x tru d e d  by b low ing  in  th e  o p p o s ite  end  o f  th e  

p o ly c a rb o n a te  tu b e  u n t i l  o n ly  th e  to p  10 cm rem ained  in  t h e  tu b e .

T h is  10-cm s e c t io n  was e x tru d e d  in  two eq u a l 5-cm s e c t io n s  i n to  

s t e r i l e ,  50-ml p o ly c a rb o n a te  c e n t r i f u g e  tu b e s .  These tu b e s  w ere 

th e n  s to p p e re d  and p la c e d  on i c e  u n t i l  th e y  c o u ld  be  ta k e n  b a c k  t o  t h e  

la b o r a to r y  fo r  a n a l y s i s .

Four sam pling t r i p s  on Ja n u a ry  2 5 , June 7 , June 2 0 , and  Au

g u s t  l 6 ,  1972, were made so  t h a t  th e  minimum (5°C) and maximum (l8°C ) 

te m p e ra tu re  o f  th e  la k e  w a te r  im m ed ia te ly  above th e  sed im en t co u ld  be  

d e te rm in ed . The hypo lim nion  was found to  c o n ta in :  11 mg/& d is s o lv e d

oxygen on January  2 5 , 1972; < 1 .0  mg/ü, d is s o lv e d  oxygen on Ju n e  7 , 1972; 

and 0 .0  mg/& d is s o lv e d  oxygen on June 20 , 1972, and A ugust l 6 ,  1972. 

H ence, th e  sedim ent was o b ta in e d  u n d er a e ro b ic  and a n a e ro b ic  hypolim 

n io n  c o n d it io n s .

Three 8 - in c h -d ia m e te r  Ekman dredge sam ples o f  sed im en t w ere a ls o  

ta k e n  on th e  above d a te s  and a n a ly z e d  f o r  m acroorgan ism s. Only one 

ch ironom idae  la r v a  was found i n  a l l  o f  th e  sam ples ta k e n .
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I s o l a t i o n  o f  H e te ro tro p h ic  M icroorganism s 

Each o f  th e  5-cm sedim ent subsam ples was c a r e f u l ly  w ashed w ith  

125 ml o f  s t e r i l e ,  d i s t i l l e d  w a te r  in to  a  s t e r i l e  250-ml E rlenm eyer 

f l a s k . A p r e s t e r i l i z e d ,  1 - in c h  m agnetic  s t i r r i n g  b a r  was added  to  

each  f l a s k .  The c o n te n ts  were v ig o ro u s ly  s t i r r e d  f o r  15 m in u te s . An 

a l i q u o t  from each  f l a s k  was th e n  d i lu t e d .  S ix  1-m l sam ples from  th e  

f i n a l  d i l u t i o n  w ere f i l t e r e d  th ro u g h  O.U5-P M il l ip o re  f i l t e r s .  These 

f i l t e r s  were th e n  in c u b a te d  in  ^T-mm p l a s t i c  p e t r i  d is h e s .  Each d is h  

c o n ta in e d  an a b so rb e n t pad im pregnated  w ith  2 ml o f  sodium c a s e in a te  

b ro th  (Appendix B ) .

T hree o f  th e  p l a t e s  were in c u b a te d  a e r o b ic a l ly  in  t h e  d a rk  a t

25 +. 1°C . The o th e r  th r e e  p l a t e s  were in c u b a te d  in  th e  d a rk  a t

25 +_ 1°C u s in g  two BEL GASPAC a n a e ro b ic  cham bers. The a e ro b ic  p l a t e s  

were in c u b a te d  f o r  I 8 t o  2h h o u r s , w h ile  th e  a n a e ro b ic  p l a t e s  were i n 

c u b a te d  f o r  48 to  72 h o u rs .

The i n i t i a l  i s o l a t i o n  o f  c o lo n ie s  was v e ry  d i s t i n c t .  T h is  m edia

was u se d  w ith  e q u a l su c c e ss  as a  b r o th  o r  a g a r . Through s e v e r a l

t r a n s f e r s  o f c o lo n ie s  from b ro th  to  ag a r o r  v ic e  v e r s a ,  t h i s  m edia 

seemed q u i te  c a p a b le  o f  s u p p o r t in g  h igh  b a c te r i a  co lony  c o u n ts  and 

d i s t i n c t i v e  co lo n y  m orphology.

B a c te r ia  C o n c e n tra tio n  

Each o f  th e  5-cm sedim ent subsam ples was c a r e f u l ly  w ashed w ith  

125 ml o f  s t e r i l e ,  d i s t i l l e d  w a te r  in to  a  s t e r i l e  250-ml E rlenm eyer 

f l a s k .  The c o n te n ts  o f  t h i s  f l a s k  were s t i r r e d  f o r  15 m in u tes  w ith  a 

m agnetic  s t i r r i n g  b a r .  The fo llo w in g  was th e  d i l u t i o n  fo llo w e d  fo r
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th e  f i r s t  sam pling  ru n :  A s t e r i l e ,  10-ml p i p e t t e  was i n s e r t e d  in to

th e  250-m l f la s k  (w h ile  s t i l l  m ix in g ) , and 10 ml o f  sam ple was p u lle d  

o u t and d e p o s ite d  in to  90 ml o f  s t e r i l e ,  d i s t i l l e d  w a te r  c o n ta in e d  in  

a  d i l u t i o n  h o t t l e .  A f te r  sh ak in g  th e  d i l u t i o n  b o t t l e  v ig o ro u s ly  f o r  

1  m in u te , 10 ml was removed and ag a in  d e p o s ite d  in to  a  d i l u t i o n  b o t t l e  

c o n ta in in g  90 ml o f  s t e r i l e ,  d i s t i l l e d  w a te r .

5 cm sedim ent ---------► 125 ml i -.—̂  90 ml H^O 90 ml H^O

For th e  n e x t  th r e e  sam pling  r u n s , th e  fo llo w in g  d i l u t i o n  scheme 

was fo llo w e d : A s t e r i l e ,  10-m l p i p e t t e  was i n s e r t e d  i n to  th e  250-ml

f la s k  c o n ta in in g  th e  suspended  se d im e n t, and 10 ml o f  sam ple was r e 

moved and p la c e d  in to  a  d i l u t i o n  b o t t l e  c o n ta in in g  90 ml o f  s t e r i l e ,  

d i s t i l l e d  w a te r . A f te r  sh a k in g  v ig o ro u s ly  f o r  1 m in u te , 1 ml was r e 

moved w ith  a  1-m l s t e r i l e  p i p e t t e  and p la c e d  in  a d i l u t i o n  b o t t l e  con

ta in in g  99 ml o f  s t e r i l e ,  d i s t i l l e d  w a te r .

5 cm sed im en t --------------125 ml H^O 90 ml H^O 99 ml Ĥ O

From th e  l a s t  d i l u t i o n  b o t t l e ,  each o f  s ix  1-m l a l i q u o t s  was 

f i l t e r e d  th ro u g h  a  0 .U5-P  M il l ip o re  f i l t e r .  Three p l a t e s  w ere in c u 

b a te d  a e r o b ic a l ly  f o r  co lo n y  i s o l a t i o n ,  and th r e e  p l a t e s  w ere 

in c u b a te d  a n a e r o b ic a l ly  f o r  co lony  i s o l a t i o n .

Samples from Jan u ary  2 5 , 1972, were in c u b a te d  a e r o b ic a l ly  f o r  

2k hou rs (3  p l a t e s )  and a n a e ro b ic a l ly  f o r  48 h o u rs  (3  p l a t e s ) .  A erobic 

sam ples from June 7» 1972 , and June 2 0 , 1972 , w ere in c u b a te d  iB h o u rs , 

w hile  th e  a n a e ro b ic  sam ples were in c u b a te d  f o r  60 h o u rs . Samples from 

August 1 6 , 197 2 , w ere a e r o b ic a l ly  in c u b a te d  f o r  18 h o u r s ,  and  th e
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a n a e ro b ic  sam ples were in c u b a te d  f o r  60 h o u rs . The l a t t e r  w ere v e ry  

t i n y  (ap p ro x im a te ly  o n e -h a lf  t im e s  th e  d ia m e te r  o f  a  p e r io d  on t h i s  

p a g e ) ,  so  th e y  w ere p la c e d  b ack  o n to  th e  in c u b a to r  fo r  tw e lv e  more 

h o u r s .

The sam ples were th en  co u n ted  u s in g  15x m a g n if ic a tio n  p ro v id e d  

by  a Bausch and Lombe d i s s e c t in g  m ic ro sco p e  w ith  to p  l i g h t i n g .

For each sam ple ru n , i . e . ,  J a n u a ry  2 5 , June 7 , June 2 0 , and Au

g u s t  l 6 , 1972 , th e r e  were 5 sed im en t subsam ples r e p r e s e n t in g  th e  to p  

5 cm and 5 subsam ples r e p r e s e n t in g  th e  lo w er 5 cm. Thus, a  v e r t i c a l  

p r o f i l e  o f  10 cm in  le n g th  was c h a r a c te r iz e d  w ith  a  t o t a l  o f  20 c o re  

sam ples. Table 3 shows th e  number o f  c o lo n ie s  p e r  gram o f  sed im en t 

when av erag ed  o v e r a l l  f iv e  c o re s .  A f u l l  c o m p ila tio n  o f  th e  d a ta  i s  

p re s e n te d  in  A ppendix C.

TABLE 3

SUTdVIAEY OF BACTERIA CONCENTRATION AND CARBON 
CONCENTRATION IN LAKE THUNDERBIRD SEDIMENT

Sam pling Date
Number o f  C o lo n ies  

p e r  gm
P e rc e n t
Carbon

Jan u ary  25 , 1972 
to p  5 cm 
lo w e r 5 cm

8 .15  X 10^
1 .0 2  X 10°

I M
6 .9 9

June T, 1972 
to p  5 cm 
low er 5 cm

3 .0 3  X 10^ 
3 .1 7  X 106

9 .9 1
9 .2 2

June 2 0 , 1972 
to p  5 cm 
lo w e r 5 cm

7 . 1U X 10  ̂
8 .8 5  X 105

7 .2 3
7.2%

August l 6 , 1972 
to p  5 cm 
lo w er 5 cm

6 .65  X 1 0  ̂
9 .2 6  X io 5

7 .80
7.15
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The p e rc e n t  c a rb o n  shown in  T able 3 was a ls o  averaged  o v e r  a l 1 

f iv e  co re  sam ples a n a ly z e d  p e r  sam pling ru n . This v a lu e  was d e te r 

m ined by c a r e f u l l y  w ash ing  th e  sed im ent sam ples rem ain ing  in  th e  

125-m l f la s k s  i n to  p rew e ig h e d , e v a p o ra tin g  d is h e s .  The l i q u i d  was

e v a p o ra te d  a t  70°C and th e n  o v e n -d r ie d  a t  105°C f o r  2k hou rs t o  remove

th e  w a te r  c o n te n t .  The d ish e s  w ere c o o led  in  a d e s s ic a to r  an d  w eighed 

to  d e te rm in e  th e  t o t a l  w e ig h t o f  th e  sed im ent sam ple. N ex t, th e  

d ish e s  were i g n i t e d  a t  600®C f o r  1 h o u r , c o o led  in  a  d e s s i c a to r ,  and 

th e n  w eighed . The l o s s  o f  w e ig h t upon ig n i t io n  was tak e n  as a m easure

o f  th e  ca rb o n  c o n te n t  o f  th e  sed im en t. The p e rc e n t  carbon  was r e a d i ly

a t t a in e d  by d iv id in g  th e  w eigh t o f  th e  o rg a n ic  carbon  component by th e  

t o t a l  o v e n -d r ie d  sed im en t w e ig h t.

S t a t i s t i c a l  a n a ly s i s  o f  t h i s  d a ta  was n o t w a rra n te d  due to  th e  

l im i te d  number o f  sam ples a c q u ire d  each sam pling t r i p .  The p u rp o se  

was to  a c q u ire  s u f f i c i e n t  d a ta  i n  o rd e r  to  de te rm in e  c e r t a in  t r e n d s  o f  

th e  b a c t e r i a l  community s t a b i l i t y  in  th e  la k e  sed im en ts  and o f  s e d i 

ment c a rb o n .

I t  was f e l t  t h a t  a  com prehensive su rvey  s im i la r  to  th e  one de

s c r ib e d  was n eeded  f o r  th e  e n t i r e  l a k e .  The d a ta  sh o u ld  be  a c q u ire d  

p e r i o d i c a l ly  th ro u g h o u t th e  y e a r  w ith  s u f f i c i e n t  sam ples c o l l e c t e d  to  

a llo w  s t a t i s t i c a l  com parisons o f  se a so n a l d i f f e r e n c e s .

B a c te r ia  I d e n t i f i c a t i o n

I t  i s  im p o rta n t to  s t a t e  a t  t h i s  tim e  th a t  v ig o ro u s  c u l tu r in g  

and co nsequen t i d e n t i f i c a t i o n  o f  every  d i f f e r e n t  ty p e  o f  co lo n y  found 

on th e  p l a t e s  was v i r t u a l l y  im p o s s ib le . An a ttem p t was i n i t i a l l y  made
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to  do t h i s , b u t i t  was th e n  f e l t  t h a t  t h i s  endeavor w ould end in  f r u s 

t r a t i o n .  H ence, th e  m ajor o r  dom inant c o lo n ie s  from  a l l  p l a t e s  in c u 

b a te d  were i s o l a t e d ,  and consequen t i d e n t i f i c a t i o n  to  genus was a t 

tem p ted . The c o lo n ie s  t h a t  were s u c c e s s f u l ly  i d e n t i f i e d  a re  r e p o r te d  

in  th e  fo llo w in g  d is c u s s io n . These g e n e ra  o f  b a c t e r i a  w ere found on 

a l l  p la te s  in c u b a te d . No c o r r e la t io n  w ith  t h e  dep th  o f  th e  sedim ent 

in  w hich th e  co lony  was i n i t i a l l y  i s o l a t e d  was made. For t h i s  r e 

s e a r c h ,  i t  was o n ly  deemed n e c e s s a ry  t o  c h a r a c te r iz e  as  many o f  th e  

g e n e ra  o f  h e te r o t r o p h ic  b a c t e r i a  as p o s s ib le  and e v a lu a te  th e  q u a l i 

t a t i v e  s t a b i l i t y  o f  th e  dom inant g e n e ra  from  w in te r  th ro u g h  summer. 

Much more work i s  needed ; h en ce , f u tu r e  in v e s t ig a to r s  sh o u ld  c o n s id e r  

a  s im i la r  e f f o r t  as shown h e re  and p o s s ib ly  answ er some o f  th e  b a s ic  

q u e s tio n s  w hich th e s e  r e s u l t s  have r a i s e d .

Those i n d iv id u a l  c o lo n ie s  w hich e x h ib i te d  d i s t i n c t  m o rp h o lo g ica l 

c h a r a c t e r i s t i c s  upon i n i t i a l  i s o l a t i o n  w ere a s e p t i c a l l y  removed w ith  a 

s t e r i l e  w ire  and s tr e a k e d  on sodium c a s e in a te  agar fo r  i s o l a t i o n .

A f te r  in c u b a tin g  th e  a e ro b ic  c u l tu r e s  f o r  18 hours and th e  a n a e ro b ic  

c u l tu r e s  fo r  48 h o u r s , th e  co lony  m orphology was re d e te rm in e d . Only 

th o se  c o lo n ie s  w hich had th e  same co lo n y  m orphology as t h a t  observed  

i n i t i a l l y  were f u r t h e r  c h a ra c te r iz e d .  The c o lo n ie s  w ere th e n  t r a n s 

f e r r e d  to  tu b e s  c o n ta in in g  sodium c a s e in a te  a g a r  and tu b e s  c o n ta in in g  

sodium  c a s e in a te  b r o th .  These c o lo n ie s  w ere a p p r o p r ia te ly  m arked as 

t o  i d e n t i t y  and ag e . A ll f u r th e r  a n a ly s e s  w ere c a r r ie d  out from th e s e  

tube  c u l tu r e s .  Once a  week, th e  c o lo n ie s  w ere r e in o c u la te d  on new 

m edia in  o rd e r  to  keep v ia b le  young c u l t u r e s  alw ays on hand u n t i l  a l l  

t e s t s  were co m p le ted .
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A p ro ce d u re  had t o  be deve lo p ed  in  t h i s  work so t h a t  th e  key 

c h a r a c t e r i s t i c s  o f  th e  b a c t e r i a  c o u ld  b e  r a p id ly  d e te rm in ed  and th u s  

c l a s s i f i e d  by genus b a s e d  on th e  key o f  V. B. D. Skerman ( 1967 ) .  

L ikew ise , a f t e r  th e s e  b a c t e r i a  w ere a n a ly z e d , th e  c h a r a c t e r i s t i c s  w ere 

compared and th o se  w hich  had s im i la r  c h a r a c t e r i s t i c s  and w hich co u ld  

be keyed t o  th e  same genus w ere th e n  lumped to g e th e r .  These w ere 

c l a s s i f i e d  as p o s s ib ly  b e in g  d i f f e r e n t  s p e c ie s  o f  th e  same g e n u s .

For i d e n t i f i c a t i o n ,  th e  fo llo w in g  d e te rm in a tio n s  w ere made on 

18-hou r c u l tu r e s  o f  ae ro b es  and 46 -h o u r c u l tu r e s  o f  anaerobes : co lony

m orphology, c e l l  m orphology, gram r e a c t i o n ,  W irtz  sp o re  s t a i n s ,  ca rb o 

h y d ra te  f e rm e n ta t io n , l i tm u s  m ilk  r e a c t i o n ,  pep tone  r e a c t i o n s ,  hydro 

gen s u l f id e  p ro d u c tio n , m o t i l i t y ,  in d o le  fo rm a tio n , and c a ta la s e  

r e a c t io n .  The b io c h e m ic a l c h a r a c t e r i s t i c s  w ere de te rm ined  u s in g  

r o u tin e  b a c t e r i o l o g ic a l  fe rm e n ta tio n  and grow th t e s t  m ethods. The r e 

s u l t s  o f  th e  b io c h e m ic a l t e s t s  a re  l i s t e d  i n  Table 4. The c h a r a c te r 

i s t i c  co lony  and c e l l  m orphology a re  l i s t e d  in  Table 5.

The g en era  l i s t e d  in  th e  fo llo w in g  t a b l e s  were r e a d i ly  c l a s s i 

f i e d  u s in g  th e  in fo rm a tio n  g iv e n . T h is  l i s t i n g  does no t r e p r e s e n t  

every  genus o f  b a c t e r i a  in  t h e  se d im e n t; how ever, th e s e  ty p e s  a re  

t y p ic a l l y  found in  a l l  o f  t h e  sed im en t sam ples.

In  c o n c lu s io n , th e  sed im en t s tu d ie s  as  d e s c r ib e d  above were con

ducted  to  g a in  some b a s ic  i n s i g h t  in to  th e  p o p u la tio n  d e n s i ty  o f  b a c 

t e r i a  and to  g iv e  an id e a  o f  th e  g e n e ra l  ty p e s  o f  b a c t e r i a  t h a t  a re  

ty p ic a l  th ro u g h o u t th e  y e a r  in  Lake T h u n d e rb ird  sed im en ts . The r e l a 

t i v e  s t a b i l i t y  o f  th e  h e te r o t r o p h ic  b a c t e r i a l  c o n c e n tra t io n  from  w in te r  

t o  summer a llow ed  f o r  some a s su ra n c e  t h a t  sam pling  o f  th e  sed im ent fo r
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TABLE 4

RESULTS OF BIOCHEMICAL TESTS OF BACTERIA ISOLATED 
FROM THE SEDIMENT SAMPLES

Sim

P ro b ab le  Genus G_ L F_ M P j. Lim Cat

B a c te ro id e s - - - — — — — - -

C lo s tr id iu m Ag A Ag d + + d -

F I avob a c t  e rium A a A A — — - -

B re v ib a c te r iu m a - - — — — — - -

B a c illu s A A - — “ — — pep +

Pseudomonous d - - — — — — d -

M ycoplana ? - A - 3, — — — - -

Sugars B io ch em ica l T e s ts

G = g lu c o se P = p ep to n e

L = la c to s e H^S = s u l f a t e r e d u c tio n

F = f ru c to s e I = in d o le  p ro d u c tio n

M = m alto se Lim = l itm u s m ilk

Cat = c a ta la s e  p ro d u c tio n

R e a c tio n  in  Sugars

A = a c id  p ro d u c tio n  

a  = weak a c id  p ro d u c tio n  

-  = no r e a c t io n  

d = d o u b tfu l  a c id  p ro d u c tio n  

pep = p e p to n iz a t io n  

+ = p o s i t i v e  r e a c t io n  

g = gas p ro d u c tio n



TABLE 5

CHARACTERISTICS OF BACTERIA ISOLATED FROM THE SEDIMENT SAMPLES

P ro b a b le  Genus

B a c te ro id e s

C lo s tr id iu m

F la v o b a c te r iu m

B re v ib a c te r iu m

B a c i l lu s

Pseudom onous

M ycoplana ?

Gram
R e a c tio n

S pore
S ta in C olony M orphology

A n a e ro b ic  , m o t i l e , v e ry
t i n y ,  r a i s e d ,  t r a n s p a r e n t ,  
sm ooth

A n a e ro b ic , m o t i l e ,  t i n y ,  
c o n v ex , e n t i r e ,  t r a n s p a r 
e n t  , c a s e in  h y d r o ly s i s

A e ro b ic , medium, t r a n s l u 
c e n t ,  c o n v ex , sm oo th , n on - 
m o t i l e ,  y e llo w  c o lo r  in  
m ed ia , c a s e in  h y d r o ly s i s

A e ro b ic , n o n m o ti le ,  t i n y ,  
co n v e x , sm oo th , 
t r a n s l u c e n t

A e ro b ic , n o n m o ti le ,  l a r g e ,  
t r a n s l u c e n t ,  sm oo th , 
e n t i r e ,  convex

A e ro b ic , n o n m o ti le ,  l a r g e ,  
r a i s e d ,  w h i t e ,  sm oo th , 
y e llo w  c o lo r  in  m edia

A e ro b ic , n o n m o ti le ,  p u n c t i -  
fo rm , c a s e in  h y d r o ly s i s ,  
sm oo th , e n t i r e

C e l l  M orphology

S le n d e r  ro d s  (0 .5 u  x 1 .5 u ) ,  
s i n g l e s ,  p a i r s

Rods ( l .O y  X 3 . O p), s i n g l e ,  
t e r m in a l  s p o re

S in g le  ro d s  ( l . 8 p  x 2 .5 p ) ,  
lo n g  c h a in s

S in g le  ro d s  ( l .O p  x 5 . O p), 
p a i r s , s h o r t  c h a in s

S t r a i g h t  ro d s  ( l .O p  x U .O p), 
s p o re  ( l .O p  X l . 3 p ) ,  
s i n g l e ,  c h a in s

S t r a i g h t  ro d s  (0 .6 p  x i . ^ p ) ,  
odd sh a p e s

Rods c u rv e d  (0 .8 p  x l .O p ) ,  
s in g l e

o\
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use  in  th e  c o n tin u o u s -f lo w  a p p a ra tu s  c o u ld  be  done a t  any tim e o f  th e  

y e a r .  F u r th e rm o re , th e  h e te r o tr o p h ic  b a c t e r i a  and fu n g i w hich were 

found  t o  be  p r e s e n t  w ere in d ic a t iv e  o f  a  v i a b l e ,  s t a b l e ,  b u t  r e l a 

t i v e l y  s m a ll  community o f  sed im ent m ic ro o rg a n ism s . F u tu re  work i s  

needed  t o  u n d e rs ta n d  why th e  h e te r o tr o p h ic  b a c t e r i a  w ere n o t p re s e n t  

in  g r e a t e r  num bers.

32P L a b e ll in g  o f  A lg a l P a r t i c u l a t e  O rgan ic  Phosphorus 

The a lg a l  p a r t i c u l a t e  o rg a n ic  phosphorus i s  com prised  o f  predom

i n a n t ly  th e  in s o lu b le  o rg a n ic  phosphorus com pounds, w hich a re  th e  

s t r u c t u r a l  com ponents o f  c e l l s .  The l i p i d s  (p h o s p h o lip id s )  a re  ex

am ples o f  th e s e  ty p e s  o f  compounds. T his f r a c t i o n  c o n p rise s  about 

10 p e rc e n t  o f  th e  t o t a l  phosphorus in  th e  a l g a l  c e l l s .  These forms o f  

phosphorus compounds in  a lg a l  c e l l s  a re  more r e s i s t a n t  to  h y d ro ly s is  

and d e g ra d a tio n  th a n  a re  th e  su g er p h o s p h a te s , phosphoam ides, e t c .

I t  i s  f e l t  t h a t  t h i s  h e te ro g en eo u s  g roup  o f  p a r t i c u l a t e  o rg a n ic  

phosphorus compounds in  p la n t  and an im al c e l l s  a r e  more l i k e l y  t o  be  

th e  dom inant phosphorus compounds which re a c h  th e  sed im ent in  a la k e

o r  impoundment such as Lake T hunderb ird  as p a r t  o f  th e  a lg a l  body.

32
H ence, a tte m p ts  were made t o  l a b e l  th e s e  a l g a l  components w ith  P and

th u s  t o  s tu d y  th e  b io d é g ra d a t io n  o f  t h i s  phospho rus  form u s in g  th e

c o n tin u o u s -f lo w  se d im e n t-w a te r  a p p a ra tu s  d e s c r ib e d  l a t e r .

32
In  o r d e r  t o  l a b e l  th e s e  c e l l  com ponents w ith  P , i t  was n e c es

s a ry  t o  t r y  t o  m a in ta in  adequate  phosphorus " l im i t in g "  c o n d it io n s  in  

th e  a lg a l  m ed ia . The g o a l was t o  develop  and  m a in ta in  a  s u b s ta n t ia l  

a g a l  c o n c e n t r a t io n  b u t s t i l l  keep phosphorus somewhat l im i t in g  in  th e
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c u l tu r e  so  t h a t  on ly  a minimum amount would be s to re d  a s  o rth o p h o s

p h a te . I d e a l l y ,  th e  phosphorus w ould  be c o n tin u a l ly  a s s im i la te d  as 

f a s t  a s  i t  was m in e ra l iz e d . W ith c o n tin u o u s  m o n ito rin g  o f  th e  a lg a l  

grow th w ith  t im e , i t  would be p o s s ib le  t o  de term ine  when maximum b io 

s y n th e s is  o c c u rs . At t h i s  t im e , t h e  a lg a l  grow th sh o u ld  s t a b i l i z e  and 

be dependen t m ain ly  on th e  phosphorus c o n c e n tra tio n  in  th e  m edia. The 

o th e r  n u t r i e n t s  in  th e  m edia m ust be  k e p t in  ex c ess , and a l l  o th e r  

c o n d i t io n s ,  in c lu d in g  l i g h t i n g ,  te m p e ra tu re ,  and m ix in g , m ust be k ep t 

f a i r l y  c o n s ta n t .

The b a s ic  KNOP's m edia was u sed  f o r  th e  c u l tu r in g  o f  a l l  mixed 

a lg a e  c u l t u r e s  u sed  in  t h i s  work (A ppendix B ). The phosphorus concen

t r a t i o n  was v a r ie d  t o  d e te rm in e  w hat phosphorus c o n c e n tra t io n  shou ld
oo

be used to  l a b e l  t h e  a lg a e  w ith  P . T h e re fo re , 2 s e t s  o f  k f la s k  

c u l tu r e s  were an a ly zed  o v e r 20 d a y s . The d a ta  were combined fo r  

p r e s e n t a t io n .  To each  o f  e ig h t  1000-m l Erlenm eyer f l a s k s ,  500 ml 

o f  KNOP's m edia was added . To th e  f i r s t  s e t  o f  i* f l a s k s  th e  fo llo w in g  

amounts o f  phosphorus as KH^POj  ̂ w ere added: 50 yg P /& , 100 yg P /£ ,

200 yg P/& , and UOO yg P/&. To th e  second  s e t  o f U f la s k s  th e  fo llo w 

in g  q u a n t i t i e s  were added: 1000 yg P/&, 1500 yg ? /£ ,  2000 yg P/&, and

3000 yg P/&. N ext, 10 ml o r  a p p ro x im a te ly  20 mg o f  a lg a e  were removed 

from  th e  s to c k  a lg a l  c u l t u r e . The s to c k  a lg a l  c u l tu r e  was m a in ta in e d  

in  20 l i t e r s  o f  b a s i c a l l y  th e  KNOP's m edia w ith  1 .0  mg P/Z as KH^POj .̂ 

T h is ta n k  was s t a b l e ,  and on ly  d i s t i l l e d  w a te r  was added . The a lg a e  

(0 . 5  ml volum e) w ere added to  each  f l a s k .  The f la s k  c u l tu r e s  were 

c o n t in u a l ly  mixed a t  th e  same r a t e s  u s in g  a m agnetic s t i r r e r  and were 

m a in ta in e d  under c o n s ta n t  l i g h t i n g  as d e s c r ib e d  p re v io u s ly .
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F o r th e  nex t 6 d a y s , th e  f la s k s  i n  s e t  1 were m o n ito red . S et 2 

was m o n ito re d  fo r  a  t o t a l  o f  9 d ay s. The m o n ito rin g  o f  th e  c u l tu r e s  

in c lu d e d  d e te rm in a tio n  o f  a lg a l  w e ig h t , t o t a l  d is s o lv e d  p h o s p h a te s , 

h y d ro ly z a b le  d is s o lv e d  p h o sp h a te , and o r th o p h o sp h a te . T hree 5-ml 

a l i q u o t s  w ere removed from  th e  f la s k  c u l t u r e s , and each  was f i l t e r e d  

th ro u g h  an ac id -w ash ed , p rew eig h ed , 0.1+5-M M il l ip o re  f i l t e r .  The a lg a l  

w e ig h t was th e n  r o u t in e ly  d e te rm in ed  u s in g  a  M e t t le r  a n a l y t i c a l  b a l 

a n c e . The th r e e  5-ml f i l t r a t e s  from  each  f l a s k  w ere d i lu t e d  t o  50 ml 

w ith  p h o s p h o ru s - fre e  d i s t i l l e d  w a te r  and w ere a n a ly zed  f o r  phosphorus 

a c c o rd in g  to  th e  E nvironm en ta l P r o te c t io n  A gency 's M anual f o r  W ater and 

W astew ater A n a ly s is  (1 9 7 1 ). A l l  phosphorus a n a ly se s  u sed  in  t h i s  

s tu d y  fo llo w e d  th e  p ro ced u re  o u t l in e d  in  t h i s  m anual.

W ith in  3 d a y s , th e  a lg a e  c u l tu r e d  w ith  50 pg P / i  and 100 yg P /Z 

tu rn e d  brown and were d is c a rd e d . A f te r  4 d a y s , th e  c u l tu r e  w ith  200 yg 

P /£  tu rn e d  brown, and , a f t e r  th e  f i f t h  d ay , th e  c u l tu r e  w ith  400 yg P/& 

tu rn e d  y e llo w . These w ere th e n  d is c a rd e d . In  s e t  2 , th e  c u l tu r e s  

w ith  1000 yg P/Z and 1500 yg P/Z tu rn e d  brown a f t e r  th e  s ix t h  day.

These w ere a ls o  d is c a rd e d . The c u l tu r e s  c o n ta in in g  2000 yg P/Z and 

3000 yg P/Z developed  a  da rk  g ree n  a lg a l  grow th . T ab le  6 sum m arizes 

th e  r e s u l t s  o f  th e  w eigh t d e te rm in a tio n  and phosphorus a n a l y s i s .

A f te r  9 d ay s , two 50-ml a l iq u o ts  c o n ta in in g  a p p ro x im a te ly  50 mg 

o f  a lg a e  w ere tak e n  from th e  two c u l tu r e s  t h a t  su p p o rte d  a lg a l  grow th. 

These sam ples were c e n tr ifu g e d  a t  1250 rpm f o r  10 m in u te s . The a lg a l  

p lu g s  in  each  c e n tr ifu g e  tu b e  w ere e x t r a c te d  in  a b o i l i n g  w a te r  b a th  

f o r  one hou r acco rd in g  t o  F i tz g e r a ld  and N elson  (1966 ). F i tz g e r a ld  

and N e lso n  (196 6 ) s t a t e d  t h a t  a p p ro x im a te ly  60 p e rc e n t  o f  th e  s o lu b le
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TABLE 6

ALGAL CULTURE WEIGHT DETERMINATION AND PHOSPHORUS ANALYSIS

2000 ug P/& 3000 UR P/&

Da^

A lgal*
Weight

mg

T o ta l  P 
(yg/&) 

D isso lv e d
Ortho P

A lg a l*
W eight

mg

T o ta l  P
(yg/& )

D isso lv e d
O rtho  P

ys/x-
1 0 .3 876 250 0 .3 1876 750
2 0 .9 660 230 0 .7 1254 540
3 1 .3 600 200 1 .0 750 360
h 2 . k 500 100 1 .8 400 150
5 2 .5 h20 120 2 .9 430 160
6 2 .9 380 100 3 .6 350 l4 o
7 3 .3 270 ho 3 .7 4 l4 130
8 3 .4 160 to o  low 3 .8 350 110
9 3 .6 60 to o  low 4 .0 200 to o  low

* A verage w eigh t o f  3 sam ples.

o rg a n ic  phosphorus was removed from a lg a e  u s in g  t h i s  e x t r a c t io n  p ro 

ced u re . The a lg a l  r e s id u e  rem ain in g  a f t e r  e x t r a c t io n  and su b seq u en t 

c e n t r i f u g a t io n  a t  1250 rpm f o r  10 m in u tes  c o n ta in e d  p red o m in an tly  p a r 

t i c u l a t e  o rg a n ic  p h o sp h o ru s . The t o t a l  phosphorus c o n c e n t ra t io n  in  

th e  s u p e rn a te  was a  m easure o f  th e  s o lu b le  o rg a n ic  phosphorus and th e  

s to r e d  o r th o p h o sp h o ru s .

The r e s u l t s  o f  th e  e x t r a c t io n  on th e  2 sam ples o f  a lg a e  showed

t h a t :

2000 wg P/& : The 360-mg a lg a e  c u l tu r e  c o n ta in e d  270 yg P/lOO mg

o f  which a p p ro x im a te ly  50 yg P/lOO mg was e x t r a c t a b le .  S in ce  no o r th o 

phosphorus was found  in  th e  s u p e rn a te , th e  e x tr a c te d  phosphorus was a 

m easure o f  th e  s o lu b le  o rg a n ic  phosphorus f r a c t i o n .  Assuming th e  

60 p e rc e n t rem oval e f f i c i e n c y  o f  th e  s o lu b le  o rg a n ic  phosphorus f r a c 

t i o n ,  th e n  a n o th e r  33 yg P/lOO mg s o lu b le  o rg a n ic  phosphorus rem ained  

in  th e  r e s id u e .  T hus, 187 yg P/lOO mg in  th e  r e s id u e  was p a r t i c u l a t e
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o rg a n ic  phosphorus. T h is  was ap p ro x im ate ly  68 p e rc e n t  o f  th e  t o t a l  

phosphorus in  th e  a lg a e .

3000 UK P/& : The HOO-mg a lg a e  c u l tu r e  c o n ta in e d  350 ug P /100  mg

o f  w hich a p p ro x im ate ly  77 yg P/lOO mg was e x t r a c t a b le .  A gain , no o r 

thophospho rus  was d e te c te d  in  th e  s u p e rn a te . Assuming th e  60 p e rc e n t  

rem oval e f f i c i e n c y  as s t a t e d  e a r l i e r  f o r  s o lu b le  o rg an ic  p h o sp h o ru s , 

th e n  a n o th e r  51 yg P/lOO mg o f  s o lu b le  o rg a n ic  phosphorus rem ained  in  

th e  a lg a l  r e s id u e .  T hus, ap p ro x im ate ly  220 yg P/lOO mg o f  a lg a e  was 

p a r t i c u l a t e  o rg an ic  p hospho rus. T h is  r e p r e s e n te d  ap p ro x im ate ly  62 p e r 

c e n t  o f  th e  t o t a l  phosphorus in  th e  a lg a e .

The above assum ptions and c o n c lu s io n s  a re  b a sed  h e a v ily  on th e  

work o f  F i tz g e r a ld  and N elson ( 1966 ) . I t  was n o t  th e  purpose o f  t h i s  

work t o  e v a lu a te  o r  p ro v e  th e  v a l i d i t y  o f  th e  work o f  a n o th e r  r e s e a c h e r .

32 32The same p rocedu re  was re p e a te d  u s in g  P as KHg POĵ  as a t r a c e r .  

T h is  was done to  check th e  e x t r a c t io n  p ro c e d u re . Using s im i la r  assum p

t i o n s  as  b e f o r e ,  th e  d a ta  o b ta in e d  can be  sum m arized. The su p e rn a te

32b e fo re  e x t r a c t io n  c o n ta in e d  v e ry  l i t t l e  P compared w ith  t h a t  o f  th e  

a lg a e .  B efore  e x t r a c t io n ,  1 mg o f  a lg a e  had 17 ,7 1 1  cpm. The t o t a l  

w e ig h t o f  a lg a e  e x t r a c te d  was 40 mg, th e  t o t a l  coun t r a t e  o f  th e  a lg a e  

was 708 , HHo cpm (co u n ts  p e r  m inu te) b e fo re  e x t r a c t io n .  A f te r  e x t r a c 

t i o n ,  1 ml o f  th e  40 ml o f  s u p e rn a te  had  1U2I  cpm. Thus a  t o t a l  coun t 

o f  5 6 ,8^*0 cpm was in  th e  su p e rn a te . Assuming 60 p e rc e n t rem oval e f f i 

c ie n c y  o f  th e  s o lu b le  o rg an ic  phosphorus from  th e  r e s id u e , th e  t o t a l  

co u n t in  th e  re s id u e  r e p re s e n t in g  p a r t i c u l a t e  o rg a n ic  phosphorus a f t e r  

e x t r a c t i o n  was 620,033  cpm, b ased  on l 6,870  cpm p e r  m illig ra m  a f t e r  

e x t r a c t i o n .  This r e p re s e n te d  about 79 p e rc e n t o f  th e  t o t a l  a c t i v i t y
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in  th e  a lg a e  as  p a r t i c u l a t e  o rg a n ic  phospho rus .

In  summary, th e  F i tz g e r a ld  and N elson (1966 ) e x t r a c t i o n  p ro ce d 

u re  seemed to  be r e p ro d u c ib le .

T here  was no i d e n t i f i c a t i o n  o f compounds im p lie d  in  t h i s  e x t r a c 

t i o n  p ro c e d u re . T h is was s t r i c t l y  an o p e r a t io n a l ly  d e f in e d  f r a c t i o n a 

t i o n .  A lso , th e  a lg a e  w ere no t c u l tu r e d  under s t e r i l e  c o n d it io n s .  

Thus, b a c t e r i a ,  f u n g i ,  e t c . ,  co u ld  a l l  be p r e s e n t  in  th e  c u l tu r e  and 

hence be e x t r a c t e d  as  w e l l .

An im p o r ta n t  c r i t e r i o n  was t o  keep phosphorus somewhat l im i t in g  

in  th e  c u l t u r e s .  I t  was found t h a t  by u s in g  th e  same c u l tu r e  te c h -  

niq.ues th e  a lg a e  c o u ld  be grown and ready  f o r  e x t r a c t io n  w i th in  2 o r  

3 w eeks.

D esign  o f  th e  C ontinuous-F low  
Sedim ent-W ater A pparatus

When th e  te rm  " la b o r a to r y  model" i s  c o n s id e re d , i t  i s  

im m edia te ly  assum ed t h a t  an a tte m p t w i l l  be made t o  s im p l i f y  an e n t i r e  

ecosystem . An eco sy stem  i s  g e n e ra lly  re c o g n iz e d  as b e in g  com prised  o f  

fo u r  b a s ic  c o n s t i tu e n t s :  ( l )  a b io t ic  su b s ta n c e s  , b a s ic  e le m en ts  and

compounds o f  th e  e n v iro n m en t; (2 ) p ro d u c e rs , l a r g e ly  a u to t r o p h ic  o r 

gan ism s; ( 3 ) co n su m ers , h e te r o tr o p h ic  an im als u t i l i z i n g  p a r t i c u l a t e  

o rg a n ic  m a t te r ;  (^ )  m ic ro co n su m ers , h e te r o tr o p h ic  a n im a ls ,  m ostly  

th o se  b a c t e r i a  and fu n g i t h a t  b re a k  down complex compounds o f  dead 

o rg a n ism s , ab so rb  some o f  th e  decom position  p r o d u c ts , and r e le a s e  sim 

p le  s u b s ta n c e s  u s a b le  by  th e  p ro d u c e rs . A la b o r a to r y  model which a t 

tem p ts  to  in c lu d e  a l l  U ecosystem  components can p o s s ib ly  g iv e  some 

i n s i s t  i n to  th e  o v e r a l l  g e n e ra l mechanisms o f  an ec o sy s te m . I t  seems
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t h a t  a  c lo s e r  look  ought t o  b e  made a t  exam ining th e  ecosystem  from

i n s i d e ,  i . e . ,  a  look  sh o u ld  be  ta k e n  a t  how p a r t i c u l a r  b io lo g ic a l  com

m u n itie s  and p h y s ic a l  p h ases  i n t e r a c t  w i th in  th e  ecosystem .

A good example o f  t h i s  a re  th e  phosphorus c y c lin g  s tu d ie s  i n  

l a k e s ,  a q u a r ia  eco sy s tem s, and  a lg a l  c u l t u r e s ,  th a t  have b e e n  men

t io n e d  in  t h i s  p a p e r . Most n u t r i e n t  c y c lin g  s tu d ie s  have t r i e d  t o  

show g ro ss  com parisons be tw een  an aquarium  ecosystem  and a la k e  o r  im

poundment ecosystem . These s tu d ie s  a re  v e ry  n e c e s s a ry , b u t i t  would 

seem t h a t  some work i s  n e c e s s a ry  in  d ev e lo p in g  ways in  w hich p a r t i c u 

l a r  com partm ents o f  an eco sy stem  c o u ld  be m odelled . I t  m ust be remem

b e re d  t h a t  a l l  m odelling  o f  eco sy stem s i n  l a b o r a to r ie s  m ust be v a l i 

d a te d  in  th e  f i e l d  i f  i t  i s  t o  be t r u l y  a d e q u a te .

The c o n tin u o u s -f lo w  c u l t i v a t i o n  te c h n iq u e s ,  as t y p i c a l l y  u sed  

in  m ic ro b io lo g ic a l  work as w e l l  as b a tc h  c u l tu r in g  te c h n iq u e s  have 

y ie ld e d  some v e ry  v a lu a b le  in fo rm a t io n  r e l a t i n g  t o  o rgan ism  grow th and 

p a r t i c u l a r  n u t r i e n t  tu rn o v e r  s t u d i e s .

The work t o  be d e s c r ib e d  h e re  u se s  a  com bination  o f  th e  above

32te c h n iq u e s  t o  s tu d y  th e  m in e r a l iz a t io n  a n d /o r  r e le a s e  o f  P from th e

sedim ent to  th e  o v e r ly in g  w a te r .  T h is  i s  n o t designed  to  be a k i n e t i c  

32
s tu d y  o f  P . However, i t  i s  an a tte m p t a t  develop ing  a te c h n iq u e  

whereby a  dynamic system  can  be u se d  to  m a in ta in  th e  se d im e n t-w a te r  

and th e  a s s o c ia te d  s e d im e n t- b io lo g ic a l  community fo r  s u b s ta n t i a l

p e r io d s  o f  t im e . This w ould  a llo w  f o r  d e g ra d a tio n  s tu d ie s  o f  a p a r -

32 32t i c u l a r  form o f  o rg an ic  P compounds t o  be m on ito red  as th e  P i s

m in e ra l iz e d  and r e le a s e d  o u t o f  th e  sed im en t and in to  th e  o v e r ly in g

w a te r .
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A d m itte d ly , in  a  l a k e 's  se d im e n t-w a te r  sy s te m , th e  ch em ica l, 

p h y s ic a l ,  and b i o lo g i c a l  components i n t e r a c t ;  how ever, an  o v e r a l l  

s te a d y  s t a t e  c o n d it io n  many tim es p r e v a i l s .  T h is  s te a d y  s t a t e  i s  r e 

s i s t a n t  to  change. T ry in g  t o  s im p lify  t h i s  sy s tem  i s  a t  b e s t  ve ry  

d i f f i c u l t .  However, a tte m p ts  a re  needed  in  o r d e r  t o  s tu d y  th e  

se d im e n t-w a te r  system  in  a la b o r a to r y  s i t u a t i o n .

F ig u re  3 r e p r e s e n t s  an a p p a ra tu s  fo r  s tu d y in g  a lg a l  p a r t i c u l a t e  

32o rg a n ic  P d e g ra d a tio n  a t  a sed im e n t-w a te r  i n t e r f a c e  by  chem ohetero- 

t r o p h ic  o rg an ism s in h a b i t in g  th e  sed im en t. T h is  i s  a  schem atic  d ia 

gram o f  t h e  g e n e ra l  a p p a ra tu s . T here  i s  a  t o t a l  o f  8 columns and 4 

m edia r e s e r v o i r s .  The b a s ic  a p p a ra tu s  c o n s i s t s  o f  th e  fo llo w in g  

p a r t s :  a  f e e d in g  mechanism and a  Sage H -channel p e r i s t a l t i c  pump

to  m e te r  th e  r a t e  o f  w a te r  flow  to  th e  c u l t i v a t i o n  cham ber, a  p o ly 

c a rb o n a te  tu b e  c o n ta in in g  th e  sed im en t c o re , a  c o n s ta n t- te m p e ra tu re  

w a te r  j a c k e t  a ro u n d  th e  p o ly c a rb o n a te  tu b e , an d  an e f f lu e n t  r e c e p to r .  

The p e r i p h e r a l  equipm ent in c lu d e s  a  n i tro g e n  g as  s o u rc e , a c o n s ta n t-  

te m p e ra tu re  w a te r  b a th ,  and an i c e  ja c k e t  f o r  su rro u n d in g  th e  e f 

f lu e n t  r e c e p to r .  A therm om eter i s  in s e r te d  th ro u g h  th e  ru b b er s to p p e r  

and i n to  th e  w a te r  ja c k e t  f o r  m o n ito rin g  th e  w a te r  te m p e ra tu re .

The r e s e r v o i r s  c o n ta in in g  th e  s t e r i l e  f e e d  w a te r  a re  UOOO-ml 

E rlenm eyer f l a s k s .  The ru bber s to p p e rs  c o n ta in  a minimum o f  2 h o le s  

th ro u g h  w hich 0 . 25- in c h - in s id e - d ia m e te r  g la s s  tu b e s  a re  ex tended . 

S m a lle r  d ia m e te r  g la s s  tu b es  are  p a s se d  th ro u g h  th e  l a r g e r  tu b es  and 

in to  th e  fe e d  w a te r .  An 8 -in c h  gum ru b b er tu b in g  i s  u sed  as a b a c te 

r i a  b a r r i e r  t o  a t t a c h  t o  th e  0 .2 5 - in c h - in s id e —d iam e te r  g la s s  tu b e . To 

th e  g la s s  elbow  on th e  f la s k  i s  a t ta c h e d  a  O.U5-y f i l t e r  in  a
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M ill ip o re  f i l t e r  h o ld e r .  A v a ria b le  speed  Sage U -channel p e r i s t a l t i c  

pump i s  u sed  t o  pump th e  fee d  w ater t o  each column a t  a  c o n s ta n t  r a t e  

o f  flow  th ro u g h  each  c h a n n e l. Two 4 -ch an n e l pumps a re  used  a lo n g  w ith  

a maximum o f  fo u r  1+000-ml Erlenmeyer f l a s k s .

The c u l t i v a t io n  chambers c o n s is t  o f  a  p o ly c a rb o n a te  tu b e  (c o re  

sa m p le r . Appendix A) s e a le d  in to  a l a r g e r  2 - in c h - o u ts id e - d ia m e te r  

g la s s  tu b e .  The l a r g e r  g la s s  tu b e  se rv es  as th e  w a te r  ja c k e t  (F ig 

u re  3 ) . Each end o f  th e  w a te r  jacket is  s e a le d  w ith  ru b b e r  s to p p e rs  

and Du Pont s i l i c o n e  ru b b e r  s e a le r .  T hree  h o le s  a re  p la c e d  in  th e  top  

ru b b e r  s to p p e r  o f  th e  w a te r  ja c k e t  fo r  a therm om eter t o  m o n ito r th e  

w a te r  te m p e ra tu re , f o r  a  0 .2 5 -in c h -in s icL e -d iam ete r g la s s  tu b e  w hich 

p a s se s  th ro u g h  th e  to p  ru b b e r stopper of th e  c u l t i v a t i o n  cham ber, and 

f o r  an 8 - in c h - lo n g , 0 .2 5 - in c h - in s id e -d ia m e te r  b e n t  g la s s  tu b e  w hich 

s e rv e s  as th e  e f f l u e n t  e x i t  p o r t  for th e  c o n s ta n t- te m p e ra tu re  w a te r  

j a c k e t .  Two h o le s  a re  p la c e d  in  the b o tto m  ru b b e r  s to p p e r  o f  th e  

j a c k e t ,  one fo r  th e  0 .2 5 - in c h - in s id e -d ia m e te r  g la s s  tu b e  s e rv in g  as 

th e  e f f l u e n t  tu b e  from  th e  c u l t iv a t io n  chamber and th e  o th e r  f o r  a 

b e n t  g la s s  tu b e  w hich i s  con n ec ted  by tygon tu b in g  t o  th e  w a te r  

j a c k e t 's  pump and se rv e s  as  th e  water i n l e t  to  th e  w a te r  j a c k e t .

In s id e  th e  g la s s  tu b e  , p a ssin g  th ro u g h  b o th  th e  to p  ru b b e r  s to p 

p e r  o f  th e  j a c k e t  and th e  to p  rubber s to p p e r  o f  th e  p o ly c a rb o n a te  c u l 

t i v a t i o n  chamber i s  a n o th e r  sm all-bo re  g la s s  tu b e  w hich co n n ec ts  to  

th e  tu b in g  from th e  p e r i s t a l t i c  pump and which e x te n d s  down to  th e  

se d im e n t-w a te r  i n t e r f a c e .  The gum rubber tu b e ,  th ro u g h  which th e  

s m a ll-b o re  tygon  tu b in g  p a s se s  and connects t o  th e  s m a ll g la s s  tu b e ,  

i s  a t ta c h e d  to  th e  la r g e -b o r e  g la s s  tu b e  lo c a te d  in  th e  w a te r  j a c k e t 's
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to p  ru b b e r s to p p e r .  On th e  o th e r  end i s  a t ta c h e d  a  Y -connecto r (F ig 

u re  3 ). The c o n n e c to r  i s  s e a le d  on one end  by  u s in g  a  No. 0 ru b b e r 

s to p p e r .  T h is  s to p p e r  has a  t i n y  h o le  th ro u g h  i t s  le n g th  in  w hich th e  

m edia tu b in g  i s  p a s s e d . This has to  be a  t i g h t  f i t .  One end i s  h o l

low ed p a r t i a l l y  so t h a t  th e  Y -connecto r can  s l i p  in  w ith  a snug f i t .  

A f te r  p a s s in g  th e  m edia tu b in g  th ro u g h  th e  arm o f  th e  Y -co n n ec to r, i t  

i s  s l ip p e d  th ro u g h  th e  gum ru b b e r  tu b in g  and a tta c h e d  to  th e  sm a ll 

g la s s  tu b e  le a d in g  in to  th e  c u l t iv a t io n  cham ber. A l l  m edia tu b in g  

from  th e  Y -co n n ec to r i s  e n c lo se d  by th e  gum ru b b er tu b in g .

To m a in ta in  a n a e ro b ic  c o n d it io n s  i n  th e  space above th e  w a te r 

l e v e l  in  th e  c u l t i v a t io n  chamber (F ig u re  U ), c o n ç re sse d  n i tro g e n  gas 

i s  u se d . The com pressed gas b ro u g h t t o  th e  c u l t i v a t i o n  chamber i s  

f i l t e r e d  in  a  l in e  f i l t e r  c o n ta in in g  s t e r i l e  c o t to n . I t  i s  th e n  

p a s se d  th ro u g h  tygon  tu b in g  which i s  a t t a c h e d  to  one arm o f th e  Y- 

c o n n e c to r . The n i tro g e n  gas p a s se s  th ro u g h  th e  gum ru b b e r  tu b in g  and 

in to  th e  c u l t i v a t i o n  cham ber. The gas p a s s e s  out o f  th e  c u l t iv a t io n  

chamber v i a  th e  o v e rflo w  tu b e  and in to  th e  e f f l u e n t  cham ber. I t  th en  

p a s s e s  o u t o f  th e  e f f l u e n t  chamber and on t o  th e  n e x t c u l t iv a t io n  

chamber v i a  tu b in g  con n ec ted  to  th e  n e x t Y -connecto r i n  s u c c e s s io n .

The w a te r  J a c k e t  around th e  c u l t i v a t i o n  chamber i s  wrapped w ith  

aluminum f o i l  t o  keep l i g h t  o u t .  T his i s  t o  en su re  t h a t  h e te ro tro p h ic  

a c t i v i t y  w i l l  be dom inant over a u to tro p h ic  a c t i v i t y  as w e ll  as t o  b e t 

t e r  s im u la te  th e  n a tu r a l  c o n d it io n .

The e f f l u e n t  chamber i s  c o n ta in e d  i n  an i n s u la te d  ic e  con

t a i n e r .  The chamber c o n s is t s  o f  a 60-ml p y re x  g la s s  tu b e .  I t  i s  

s e a le d  a t  th e  to p  w ith  a  No. 8 d o u b le -b o re  ru b b e r s to p p e r .  The
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o v erflo w  tu b e  and th e  gas o u t l e t  tu b e  p a ss  th ro u g h  t h i s  ru b b e r  s to p p e r  

and th e  one on th e  in s u la te d  c o n ta in e r .  The i n l e t  g la s s  tu b e ,  which 

i s  c o n n e c te d  to  th e  c u l t iv a t io n  cham ber’ s o v erflo w  tu b e  v i a  a  sm all 

p ie c e  o f  gum tu b in g ,  ex tends t o  th e  bo ttom  o f  th e  e f f l u e n t  chamber.

The gas  o u t l e t  ( g la s s )  tu b e  i s  e i t h e r  co n n ec ted  v i a  ru b b er tu b in g  t o  

th e  n e x t column under an aero b ic  o p e ra t io n  o r  has a 6 - in c h  p ie c e  o f  gum 

ru b b e r  tu b in g  a t ta c h e d  t o  i t  u n d e r a e ro b ic  o p e ra t io n . T h is  sm all 

p ie c e  o f  tu b in g  i s  b e n t to  p re v e n t  a ir b o r n e  m icroorgan ism s from  en

t e r i n g  th e  cham ber.

The w a te r  j a c k e ts  o f  a l l  e ig h t  columns a re  s u p p lie d  by  a r e c i r 

c u la t in g  c o n s ta n t- te m p e ra tu re  w a te r  b a th .  The w a te r  i s  pumped from 

th e  b a th  to  th e  w a te r ja c k e ts  and back t o  th e  b a th .  The tem p e ra tu re  

in  th e  ja c k e ts  i s  h e ld  c o n s ta n t a t  18 +_1°C.

O p e ra tio n  o f  Columns 

The g e n e ra l  p ro ced u res  in  s e t t i n g  up th e  columns in  th e

c o n tin u o u s -f lo w  sedim ent and w a te r  system  w ere fo llo w ed  f o r  b o th  ex 

p e r im e n ta l  r u n s . P r io r  to  a c q u ir in g  th e  sed im en t c o r e s , an a lg a l  

c u l tu r e  was deve loped  fo llo w in g  th e  p ro ce d u re  as s ta t e d  e a r l i e r  f o r

th e  2000 ug P /£  c u l tu r e .  A pproxim ately  2 t o  3 days p r io r  t o  going t o

32th e  f i e l d  to  g e t  sed im ent sam p le s , th e  c u l tu r e  was sp ik ed  w ith  P as

The same day in  which th e  sed im en t c o re s  were to  be p la c e d  in

th e  a p p a r a tu s , 8 a l iq u o ts  o f th e  c u l tu r e  r e p r e s e n t in g  ap p ro x im ate ly  

17 t o  20 mg o f  a lg a e  were e x t r a c te d  a c c o rd in g  to  F i tz g e r a ld  and N elson 

(1966 ) .  The r e s id u e  r e p r e s e n t in g  th e  p a r t i c u l a t e  o rg an ic  ^^P c e l l
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components was r e f r i g e r a t e d  u n t i l  tim e to  p la c e  them  in  th e  columns a t  

th e  se d im e n t-w a te r  i n t e r f a c e .  Four o f  th e  8 sam ples were s t e r i l i z e d  

in  an a u to c la v e  fo r  15 m in u te s . These w ere to  be used  in  th e  f i r s t  

run  o n ly .

In th e  f i r s t  r u n ,  th e  8 sed im ent co re  sam ples were ex tru d e d  from 

th e  p o ly c a rb o n a te  tu b e  u n t i l  on ly  th e  to p  10 cm o f  sed im ent rem ained 

in  each  tu b e .  W hile U o f  th e  c o re s  w ere r e f r i g e r a t e d ,  th e  o th e r  

k c o re s  w ere p re p a re d  f o r  s t e r i l i z i n g  in  an a u to c la v e . Each o f th e s e  

h co re s  was p lu g g ed  on th e  low er end w ith  a  ru b b e r  s to p p e r ,  w h ile  th e  

o th e r  end was co v e re d  w ith  aluminum f o i l .  The s u r fa c e  o f  th e  sed im ent 

in  each  tu b e  had a  sm a ll  volume o f  w a te r  c o v e r in g  i t .  T h is was t o  

p re v e n t th e  p o s s i b i l i t y  o f  d ry in g  th e  s u r fa c e  w h ile  s t e r i l i z i n g  a t  

121°C and l8  p s i  f o r  20 m in u tes .

The la k e  w a te r  and d i s t i l l e d  w a te r  w hich w ere used in  t h i s  ru n , 

as  w e ll  as a l l  ru b b e r  s to p p e r s ,  e t c . ,  were s t e r i l i z e d  in  th e  a u to 

c la v e .  The 3 & o f  w a te r  in  th e  U-Jl E rlenm eyer f la s k s  had been  f i l 

t e r e d  th ro u g h  0 .4 5 -u  f i l t e r s .  The ru b b e r  s to p p e rs  and g la s s  tu b e s  

w hich were to  b e  u se d  w ith  th e s e  f l a s k s  w ere p u t on th e  f l a s k  s e a le d  

w ith  s i l i c o n e  ru b b e r  p r i o r  t o  a u to c la v in g  f o r  1 h o u r . The tu b in g  

le a d in g  from  th e s e  f l a s k s  to  th e  colum ns was c le a n e d  by pumping d i s 

in f e c ta n t  th ro u g h  i t  f o r  15 m in u te s , fo llo w e d  by 70 p e rc e n t e th y l  

a lc o h o l ,  and f i n a l l y  s t e r i l e ,  d i s t i l l e d  w a te r .

In  o th e r  w o rd s , a l l  tu b in g  and g la ssw a re  coming in to  d i r e c t  o r 

i n d i r e c t  c o n ta c t  w ith  th e  sed im ent d u r in g  th e  o p e ra t io n  o f  th e  columns 

were s t e r i l i z e d  p r i o r  t o  s e t t i n g  up th e  a p p a ra tu s .

The H s t e r i l i z e d  sed im ent co re s  were c a r e f u l ly  removed from th e
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a u to c la v e , c o o le d , and s e t  up in  th e  a p p a ra tu s  as in d ic a te d  in  F ig 

u re s  3 and 4 . The l a b e l le d  a lg a l  p a r t i c u l a t e  o rg an ic  samples were 

a s e p t i c a l l y  d e p o s ite d  on th e  sedim ent in  each  tu b e .

The U n a tu r a l  sedim ent co re s  were a l s o  s e t  up in  th e  a p p a ra tu s
Op

as in  F ig u re s  3 and U, and th e  a lg a l  p a r t i c u l a t e  o rg an ic  P was de

p o s i te d  on th e  sed im en t.

A f te r  s e t t i n g  up th e  8 columns , 50 ml o f  s t e r i l e  lak e  w a te r  were

pumped in to  columns 1 -4 ,  and 50 ml o f  s t e r i l e ,  d i s t i l l e d  w a te r  were

pumped in to  columns 5 -8 . A w a itin g  p e r io d  o f  12 h o u rs  was a llow ed  fo r  

sed im ent p a r t i c u l a t e s ,  e t c . ,  in  the  w a te r o v e r ly in g  th e  sed im ent to  

s e t t l e  out p r i o r  t o  o p e ra t in g  th e  columns as  a  c o n tin u o u s-flo w  system .

In  t h i s  f i r s t  r u n ,  th e  system  was a e ro b ic  above th e  w ater l e v e l  

in  each  colum n. A ll  columns were o p e ra te d  a t  a  flow  r a t e  o f  2 m l/h r ,  

and a  h y d r a u l ic  r e t e n t io n  tim e o f  2k +_ 0 .5  h o u rs  f o r  each column was 

u se d . The w a te r  j a c k e t  tem p e ra tu re  fo r  each  column was h e ld  c o n s ta n t 

a t l 8  ^  1°C. Columns 1 and 2 were n a tu r a l  ; columns 3 and 4 were s t e r 

i l e  ; columns 5 and 6 were n a tu r a l  ; and columns 7 and 8 were s t e r i l e . 

Column 8 began le a k in g  w ater from th e  j a c k e t  in to  th e  c u l t iv a t io n  

cham ber; t h e r e f o r e ,  th e  d a ta  from t h i s  column were d is re g a rd e d  as no t 

b e in g  r e p r e s e n ta t i v e  o f  a  s t e r i l e  system . These d a ta  a re  not r e p o r te d  

in  t h i s  p a p e r .

The m ed ia  r e s e r v o i r s  had t o  be r e f i l l e d  on days 15, 29, and 

37. On day 5 1 , la k e  w a te r  was p rep a re d  f o r  columns 1 -4  and columns 

5-8 w ere d isc o n n e c te d . Each tim e  w a te r was p re p a re d , th e  same chemi

c a l a n a ly s e s  w ere made on th e  m edia (Appendix D) i n i t i a l l y  as th o se  

made on th e  co lum ns' e f f l u e n t  every  24 h o u rs .
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From day 1 th ro u g h  day h , a  s l i g h t ly  v i s i b l e  c la y  t u r b i d i t y  was

n o ted  in  a l l  o f  th e  column e f f l u e n t s .  This can be a t t r i b u t e d  to  th e

c la y  which rem ained  on th e  s id e s  o f  th e  p o ly ca rb o n a te  tu b e s  as th e

co re  was b e in g  e x tru d e d  to  10 cm in  le n g th . Between day 10 and
32

day 1 5 , th e  a lg a l  p a r t i c u l a t e  o rg a n ic  P re s id u e  in  columns 1 and 2 

tu rn e d  b la c k . The re s id u e  in  columns 3-7 rem ained  g reen  fo r  th e  en 

t i r e  d u ra tio n  o f  th e  ru n .

On day 30, a  few m i l l i l i t e r s  o f  fo rm a lin  were added to  s t e r i l e

columns 3 and 4. T h is was done t o  see what e f f e c t  fo rm a lin  m ight have

32on th e  sedim ent and a lg a l  p a r t i c u l a t e  o rgan ic  P r e s id u e .  At t h i s  

t im e , fo rm a lin  was b e in g  c o n s id e re d  as a p o s s ib le  " s t e r i l i z i n g "  agent 

f o r  th e  sed im ent.

S ta r t in g  on day 37 , n i t ro g e n  gas was pu rged  th ro u g h  column 1 , 

and on day 38 , i t  was pu rged  th ro u g h  column 6 . S ince  th e  redox po

t e n t i a l  was no t in d ic a t in g  a n a e ro b ic  c o n d itio n s  in  th e  w ater as ex 

p e c te d , th e r e  was s u s p ic io n  t h a t  th e  w ater was b e in g  oxygenated  as i t  

p a sse d  out th e  o v erflo w  tu b e . By making th e  space  a n a ero b ic  above th e  

w a te r  l e v e l  in  th e  c u l t i v a t io n  cham ber, a more a c c u ra te  redox  p o te n 

t i a l  o f  th e  w a te r c o u ld  be m easured .

At th e  c o n c lu s io n  o f  day 60 and d u rin g  d ism a n tl in g  o f  th e  c o l 

umns, a  d i s t i n c t  red d ish -b ro w n  p r e c i p i t a t e  was n o te d  a round  th e  in s id e  

w a lls  o f  th e  overflow  tu b e  on column 2. Column 1 had a  s l i g h t  c o lo r 

a t io n  in  th e  same l o c a t io n .  T his d id  not e x i s t  in  any o f  th e  o th e r  

colum ns.

For th e  second e x p e rim e n ta l ru n , th e  same g e n e ra l  p ro ced u res  

were fo llow ed  as th o se  f o r  th e  p r io r  run . The main d i f f e r e n c e  was
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32t h a t  th e  s p e c i f i c  a c t i v i t y  o f  P in  th e  a lg a l  c u l tu r e  was su b s ta n 

t i a l l y  in c r e a s e d .  Columns 1 and 2 w ere c o n tin u e d  from th e  l a s t  ru n , 

and 6 more columns were s e t  up in  th e  a p p a r a tu s .

Columns 1 and 2 were r e in o c u la te d  w ith  more o f  th e  a lg a l  p a r t i c -  

32u l a t e  o rg a n ic  P r e s id u e . The rem a in in g  6 columns were in o c u la te d  

w ith  s im i la r  am ounts, i . e . ,  IT t o  20 mg. Each o f  th e  8 co re s  were s e t  

up t o  ru n  u n d e r a n a ero b ic  c o n d it io n s  by p u rg in g  w ith  f i l t e r e d ,  com

p re s s e d  n i t r o g e n  g a s . F u rth e rm o re , a l l  columns w ere n a tu r a l  w ith  

s t e r i l e  la k e  w a te r  p a ss in g  th ro u g h  each  column.

Columns 2 ,  h ,  6 , and 8 were o p e ra te d  w ith  la k e  w a te r  which con

ta in e d  an a d d i t io n a l  0 .5  mg P /2  as KH^PO^.

The m edia r e s e r v o i r s  c o n ta in in g  la k e  w a te r  had  to  be r e f i l l e d  on 

day l6  f o r  colum ns 5 -8 . On day 31, th e  la k e  w a te r  had to  be  r e f i l l e d  

f o r  a l l  o f  th e  colum ns. The i n i t i a l  ch em ica l a n a ly s e s  (Appendix D) 

o f  t h i s  w a te r  w ere th e  same as th o s e  made on th e  co lum ns' e f f lu e n t  

e v e ry  2h h o u rs .

The HRT's were v a r ie d  f o r  t h i s  ru n . Columns 1-h had an HRT o f  

ab o u t 2k 0 .5  hou rs a t  a flow  r a t e  o f  2 .0  m l/h r ;  t h u s ,  a t o t a l  w a te r  

volume o f  a p p ro x im a te ly  50 ml p a sse d  o v e r  th e  sed im ent ev e ry  2k h o u r s . 

Columns 5 and 6 had  an HRT o f  12 + ^0 .5  ho u rs  w ith  a  flow  r a t e  o f  

4 .0  m l/h r ;  t h u s ,  a  t o t a l  w a te r  volume o f  50 ml p a s se d  o v e r  th e  s e d i 

ment ev ery  12 h o u rs . Columns 7 and 8 had  an HRT o f  6 + 0 . 5  hours a t  

. a flow  r a t e  o f  4 .0  m l/h r ;  t h u s ,  a  t o t a l  w a te r  volume o f  25 ml p assed  

o v e r th e  sed im en t every  6 h o u rs .

The o p e ra t in g  te m p e ra tu re  f o r  t h i s  system  was k e p t c o n s ta n t a t  

l8  + 1°C f o r  th e  e n t i r e  45 days.



63

The e f f l u e n t  chambers were s t e r i l i z e d  as th e y  were f o r  th e  p r i o r  

ru n . A few m i l l i l i t e r s  o f  m in e ra l  o i l  w ere  added to  each  p r i o r  to  

s t e r i l i z a t i o n  i n  th e  a u to c la v e .  The m in e ra l  o i l  was u sed  t o  red u c e  r e 

a e r a t io n  t o  a  minimum w h ile  th e  sa n g le  was b e in g  c o l l e c t e d .

From day 1 th ro u g h  day 4 , a  v e ry  s l i g h t  c la y  t u r b i d i t y  was n o te d  

in  columns 3 -8 . T h is  was s im i la r  t o  t h a t  o b se rv e d  in  th e  p r i o r  ex 

p e r im e n ta l  ru n . Between days 7 and 1 0 , th e  r e in o c u la te d  a lg a l  r e s id u e  

in  columns 1 and 2 had tu rn e d  b la c k .  Between days 10 and l 4 ,  th e  

r e s id u e  in  colum ns 3-8  tu rn e d  b la c k .  No o t h e r  v i s i b l e  changes in  th e  

system  o c c u rre d  o v e r th e  d u ra t io n  o f  t h i s  ru n .

A n a ly t ic a l  M ethods

The e f f l u e n t  from  each o f  th e  c u l t i v a t i o n  chambers i n  th e  

c o n tin u o u s -f lo w  sed im ent and w a te r  system  w ere a n a ly zed  f o r  th e  f o l 

low ing  p a ra m e te rs  :

(a )  Redox p o t e n t i a l  (Eh)

(b ) pH

(c )  S u l f a te  (SO^")

(d ) I ro n  (Fe)

(e )  M anganese (Mn)

( f )  T o ta l  phosphorus

(g)

The re d o x  p o t e n t i a l  (Eh) was d e te rm in e d  e v e r; ' 2’; h o u rs  a f t e r  a l 

lo w in g  a  15 -m inu te  e q u i l i b r a t i o n  tim e f o r  a  p la tin u m  e le c t r o d e .  T his 

d e te rm in a tio n  i s  a  r e l a t i v e  m easurem ent and i s  n o t an a b s o lu te  v a lu e . 

The pH was m easu red  u s in g  a P h o to v o lt  pH m e te r .  S u l fa te  on 25 ml o f
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e f f lu e n t  was d e te rm in e d  u s in g  th e  p ro ced u re  in  S tan d ard  Methods f o r  

th e  E xam ination  o f  W ater and W astew a te r, T h i r te e n th  E d i t io n  (19 7 1 ). 

I ro n  and manganese were an a ly z e d  u n d er s ta n d a rd  c o n d it io n s  u s in g  

atom ic a b s o rp t io n ,  e i t h e r  a  P e rk in -E lm er Model 303 o r  a 403 Atomic 

S p e c tro p h o to m e te r . The sam ples w ere a c id i f i e d  when c o l l e c t e d  w ith  

1 :1  n i t r i c  a c id  and d i s t i l l e d  w a te r  p r io r  t o  i ro n  and m anganese a n a l

y ses  . T o ta l  phospho rus and t o t a l  d is s o lv e d  phosphorus w ere d e te rm in ed  

r e g u la r ly  on 25 ml o f  e f f l u e n t  a c c o rd in g  t o  th e  p ro c e d u re  in  Methods 

f o r  Chem ical A n a ly s is  o f  W ater and W astes, EPA ( l9 T l ) .  T h is l i s t  o f  

p a ra m e te rs  was r e s t r i c t e d  b ecau se  o f  th e  sm a ll e f f l u e n t  vo lum es. 

T h e re fo re , th o se  p a ra m e te rs  which b e s t  in d ic a te d  th e  s t a t e  o f  th e  

se d im e n t-w a te r  system  were m easured  r e g u la r ly .

The r a d io a c t iv e  phosphorus was de te rm in ed  a t  l e a s t  every  

2h h o u rs  on th e  50-m l e f f l u e n t  vo lum es, r e p r e s e n t in g  2 l-h o u r  compos

i t e  sam p les , u s in g  a  l i q u i d  s c i n t i l l a t i o n  sy stem . A Beckman LS-133

32l i q u i d  s c i n t i l l a t i o n  c o u n te r  was u se d  to  coun t th e  P i n  a s ta n d a rd  

C o c k ta il  D f lu o r  s o lu t io n .  Two m i l l i l i t e r s  o f  th e  e f f l u e n t  were m ixed 

w ith  10 ml o f  th e  C o c k ta il  D s o lu t io n .  The r e s u l t s  w ere c o r r e c te d  f o r  

decay t o  day 0 and r e p r e s e n te d  coun ts  p e r  m inu te  p e r  2 ml o f  un f i l 

t e r e d  e f f l u e n t .

The t o t a l  b a c t e r i a  c o n c e n tra t io n  was d e te rm in e d  in f r e q u e n t ly .  

U sing th e  membrane f i l t e r  (MF) te c h n iq u e , th e y  w ere in c u b a te d  a e ro 

b i c a l l y  and a n a e r o b ic a l ly  a t  25°C f o r  2h h o u rs  and U8 h o u rs  on t o t a l  

b r o th .  I t  was p o s s ib le  t o  check f o r  s t e r i l i t y  o f  th e  system s d u rin g  

th e  f i r s t  run  as w e ll  as check f o r  v ia b le  b a c t e r i a  w ashout c o n c e n tra 

t i o n s .  Washout c o n c e n t ra t io n s  o f  b a c t e r i a  were n o t to o  m ean in g fu l in
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t h i s  c o n tin u o u s -f lo w  unmixed system . T h e re fo re , i t  was d ec id ed  i n 

s te a d  t o  o c c a s io n a l ly  check th e  e f f l u e n t  f o r  ty p es  o f  b a c t e r i a ,  i . e . ,  

ro d s  and c o c c i .  A lso  a  sm a ll a l iq u o t  o f  th e  r e s id u e  in  t h e  c u l t i v a 

t i o n  chamber was o c c a s io n a l ly  removed by re v e r s in g  th e  p e r i s t a l t i c  

pump. T h is  r e s id u e  was observed  m ic ro s c o p ic a l ly .  A ll o f  th e  v ia b le  

s e d im e n t-w a te r  system s were o bserved  to  m a in ta in  fu n g i, r o d s ,  and c o c c i  

i n  g r e a t  num bers. T h is  r e s id u e  was r e tu r n e d  to  th e  sed im en t-w a te r 

i n t e r f a c e  by  pumping back  th ro u g h  th e  m edia tu b e s .  These tu b e s  w ere 

d i s i n f e c t e d  p r i o r  to  re c o n n e c tin g  to  t h e  w a te r  r e s e r v o i r .  T his p ro 

ced u re  was in f r e q u e n t ly  fo llo w ed  d u r in g  th e  p e r io d ic  rep lacem en t o f  

w a te r .

F i n a l l y ,  ammonia n i t ro g e n  a n a ly s i s  was r e g u la r ly  perfo rm ed  a c 

c o rd in g  t o  th e  N e s s le r iz a t io n  p ro ced u re  d e s c r ib e d  in  S tandard  M ethods 

f o r  th e  E xam ination  o f  W ater and W astew ate r, T h ir te e n th  e d i t io n  

(1 97 1 )• However, w i th in  l e s s  th a n  2 weeks a f t e r  th e  ex p e rim e n ta l 

ru n s  had s t a r t e d  in te r f e r e n c e s  were n o te d . T e s ts  o f  t h i s  p a ram ete r 

w ere th e n  d isc o n tin u e d .



CHAPTER IV

DATA AHD DISCUSSION

The d is c u s s io n  o f  t h i s  r e s e a rc h  has been d iv id e d  in to  two se c 

t io n s  c o rre sp o n d in g  t o  t h e  two e x p e rim e n ta l ru n s . Upon c o n c lu s io n  o f  

t h i s  d i s c u s s io n ,  t h e r e  w i l l  be a summary in  which th e  p o s s ib le  s i g n i f 

ic a n c e  o f  th e  p a ra m e te rs  t e s t e d  w i l l  be reem phasized  in  r e l a t i o n  to  

th e  r e s u l t s  o f  b o th  e x p e rim e n ta l ru n s .

E x p erim en ta l Run 1 

T h is p o r t io n  o f  th e  e x p e rim e n ta l d e s ig n  was concerned  w ith  th e

s tu d y  o f  th e  b i o lo g i c a l  d e g ra d a tio n  o f th e  a lg a l  p a r t i c u l a t e  o rg a n ic

32 32P components and th e  su b seq u en t r e l e a s e  o f  P to  th e  o v e r ly in g

w ate r under th e  fo llo w in g  c o n d it io n s ;  F i r s t ,  i t  was n e c e s s a ry  to  d i s 

t in g u is h  betw een th e  h e te r o t r o p h ic  m ed ia ted  p ro ce sse s  and th e  p h y s ic a l  

p ro c e s s e s ,  e . g . ,  w ashing o f  l a b e l l e d  adgae o u t o f  th e  colum ns. Second,

i t  was n e c e s s a ry  to  d e te rm in e  i f  th e  am bient n u t r ie n t  l e v e l s  in  th e

32in f lu e n t  feed  w a te r  to  th e  colum ns a f f e c te d  th e  r e l e a s e  o f  P a n d /o r  

any o f  th e  o th e r  s t a t e d  ch em ica l p a ra m e te rs . In  o rd e r  to  d e te rm in e  

w hether th e  w a te r  was b e in g  r e a e r a te d  p r io r  to  b e in g  a n a ly z e d , i t  a lso  

was n e c e ssa ry  to  o b se rv e  th e  re sp o n se  o f  th e  s ta te d  p a ra m e te rs  when 

th e  a i r - w a te r  i n t e r f a c e  i n  th e  c u l t iv a t io n  chamber was r e p la c e d  w ith  a 

n i tro g e n  a tm o sp h ere . F in a l ly ,  i t  was n e c e s s a ry  to  conduct chem ica l

66
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p a ra m e te r  com parisons o f  th e  e f f l u e n t s  from th o s e  columns which w ere 

t r e a t e d  s im i la r ly  i n  o rd e r  to  evsü.uate th e  r e p r o d u c ib i l i t y  o f  th e  

a p p a r a tu s .

The w a te r  ja c k e t  te m p e ra tu re  was h e ld  c o n s ta n t in  b o th  e x p e r i 

m en ta l ru n s  a t  l8  ^  1°C to  r e p r e s e n t  th e  maximum summer hypolim nion  

te m p e ra tu re  o f  Lake T hunderb ird . The flow  r a t e  and th u s  th e  HRT w ere 

p r e s e t  so a s  to  a llo w  fo r  m inim al se d im e n t-w a te r  m ixing d u rin g  th e  ex

p e r im e n ta l  ru n .

S t e r i l i z e d  and n a tu r a l  sed im ent co re s  were c o n s id e red  f o r  t h i s
32

ru n  f o r  o b v io u s re a s o n s . To d i s t i n g u is h  th e  b i o lo g i c a l ly  m ed ia ted  P 

r e l e a s e s  from  th e  p h y sico ch em ica l r e l e a s e  m echanism s, th e  s t e r i l 

iz e d  columns were n e c e s s a ry  as c o n t r o l s .  I f  a u to ly s i s  (enzym atic) was 

a  m ajor f a c t o r  in  r e l e a s in g  th e  t o  th e  w a te r ,  t h i s  cou ld  th e n  be 

d e te rm in e d . Though very  im p ro b ab le , i t  m ight have been p o s s ib le  t h a t  

c e r t a i n  a u to l y t i c  enzymes were n o t d e n a tu re d  d u r in g  th e  a lg a l  p re p a 

r a t i o n  p ro c e d u re . S ince  th e  ^ ^ - l a b e l l e d  a lg a e  had been p re v io u s ly  

e x t r a c te d  in  a  b o i l in g  w ater b a th ,  th e  enzym atic  a c t i v i t y  a s s o c ia te d  

w ith  th e  a lg a l  c e l l s  shou ld  have been d e s tro y e d . F u rth e rm o re , th e s e  

c o n t r o l s  en ab led  v i s u a l  o b s e rv a t io n s  o f  th e  p h y s ic a l  changes o c c u rr in g  

in  th e  n a tu r a l  sedim ent columns and th e  p h y s ic a l  changes o c c u rr in g  in  

th e  s t e r i l e  colum ns. F in a l ly ,  a  chemiceil p a ra m e te r  by param eter com

p a r is o n  was made in  th e  e f f l u e n t  o f  th e  n a tu r a l  and s t e r i l e  columns to  

d i f f e r e n t i a t e  b io lo g ic a l ly  m ed ia ted  r e l e a s e  p ro c e s s e s  from  s t r i c t l y  

p h y s ic a l  a n d /o r  chem ical r e l e a s e  p ro c e s s e s .

P r e f i l t e r e d ,  s t e r i l i z e d  la k e  w a te r  and d i s t i l l e d  w a te r were used 

a s  i n f l u e n t  fe e d  w a te r  to  th e  columns in  o rd e r  to  d e te rm in e  th e
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e f f e c t s  o f  am bien t ch em ica l com position  in  t h e  w a te r  on th e  r e le a s e  o f  

32P and on  t h a t  o f  o th e r  chem ical p a ra m e te rs  from  th e  sed im en t. I t  

was f e l t  t h a t ,  i f  th e  sed im en t were a c t iv e  i n  th e  ch em ica l b u f fe r in g  o f  

th e  o v e r ly in g  w a te r ,  t h e r e  would be a  g r e a t e r  r e l e a s e  o f  phosphorus, 

i r o n ,  m anganese, s u l f a t e ,  e t c . ,  from  th o se  colum ns in  w hich d i s t i l l e d  

w ater was u se d . T h is b u f f e r in g  c a p a c i ty  was a ls o  com pared under n a tu 

r a l  and s t e r i l e  c o n d i t io n s .  The b u f f e r in g  a c t i o n  w ould g e n e ra lly  be 

c o n t r o l le d  by th e  d i f f u s io n a l  t r a n s p o r t  o f  t h e  s o lu b le  elem ents 

th rough  th e  i n t e r s t i t i a l  w a te r .  However, t h e  h e te r o t r o p h ic  community 

a c t i v i t y  o b v io u s ly  c o u ld  m ed ia te  how much and  to  w hat e x te n t  t h i s  r e 

le a s e  w ould o c c u r .  A lso , some o f  th e s e  e lem en ts  may be re c y c le d  

w ith in  t h e  community a s  f a s t  as th e y  a re  r e l e a s e d  t o  th e  i n t e r s t i t i a l  

w a te r , s in c e  th e y  a re  n o t b e in g  r e p le n is h e d  from  th e  o v e r ly in g  w a te r .

The r e s u l t s  o f  t h i s  e x p e rim e n ta l run  a r e  shown in  F ig u res  5-18 • 

Those colum ns w hich w ere o p e ra te d  s im i la r ly  a r e  g rouped  and compared 

in  th e  d i s c u s s io n .

Columns 1 and 2

The d a ta  from  colum ns 1 and 2 a re  shown in  F ig u re s  5 , 6 and T>8, 

r e s p e c t iv e ly .  As s t a t e d  e a r l i e r ,  columns 1 and 2 c o n ta in e d  sedim ent 

w ith  i t s  in d ig e n o u s  h e te r o tr o p h ic  community. S t e r i l e  la k e  w ater was 

passed  th ro u g h  each  c u l t i v a t io n  chamber a t  2 m l/h r  w h ile  m a in ta in in g  a 

24-h o u r HRT. The a i r - w a te r  i n te r f a c e  in  th e  c u l t i v a t i o n  chamber o f  

column 1 was r e p la c e d  w ith  a  n itro g e n -w a te r  i n t e r f a c e  a f t e r  day 37. 

Column 2 was m a in ta in e d  w ith  an a i r - w a te r  i n t e r f a c e  in  th e  c u l t iv a t io n  

chamber f o r  th e  e n t i r e  ex p e rim e n ta l ru n .
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From day 1 th ro u g h  a p p ro x im ate ly  day 5 , l a r g e  c o n c e n tra t io n s  o f  

m anganese (Mn) and i r o n  (Fe) w ere m easured in  th e  e f f l u e n t  from  th e s e  

columns as shown in  F ig u re s  5 and J.  D uring  t h i s  same tim e p e r io d ,  

th e  e f f l u e n t  c o n ta in e d  some c la y  t u r b i d i t y .  T h is  t u r b i d i t y  was a t 

t r i b u t e d  t o  a  sm a ll q u a n t i ty  o f  sed im ent w hich rem ained  a t ta c h e d  to  

th e  w a lls  o f  th e  c u l t i v a t i o n  chambers d u r in g  p r e p a r a t io n  o f  th e  c o l

umns. L a te r ,  th e  sed im en t was washed o f f  th e  s id e s  o f  th e  c u l t i v a 

t i o n  cham bers as th e  w a te r  flo w ed  th ro u g h  th e  sy s te m , th u s  c a u s in g  th e

t u r b i d i t y  i n  th e  e f f l u e n t  and p o s s ib ly  th e  h ig h  m anganese and iro n  

c o n c e n t ra t io n s  t h a t  w ere m easured . S in ce  i r o n  and m anganese in  t h e i r  

o x id iz e d  form  as p r e c i p i t a t e s  o r  so rbed  on c la y  p a r t i c l e s  can p ass 

th ro u g h  0 .4 5 -p  f i l t e r s ,  f i l t e r i n g  o f  th e  sam ples w ould n o t d e te c t  

t h e i r  p h y s ic a l  s t a t e .  T h is  was a tte m p te d ; b u t  ab o u t 90 p e rc e n t  of 

th e  i r o n  and m anganese p a s se d  th e  f i l t e r .

F ig u re  5 shows t h a t  by day 2 t h e r e  was a  s h a rp  d e c re a se  in  th e  

m anganese c o n c e n t r a t io n  to  0 .2  m g/2. T here  seem ed t o  be a r e l e a s e

o f  m anganese from day 2 to  day 4 to  a maximum c o n c e n t r a t io n  o f

O.i+T m g/2. Over t h e  n e x t  5 d a y s , l e s s  m anganese was r e le a s e d  from 

th e  colum n. From day 9 th ro u g h  day 31,  <0.05 to  0 .2 0  mg/2 o f  manga

n e se  was r e l e a s e d .

F ig u re  7 i n d ic a te s  t h a t  th e  manganese r e l e a s e  p a t t e r n  was ve ry  

s im i la r  to  t h a t  o f  colum n 1 from  day 9 t o  day 37. The m anganese con

c e n t r a t i o n  in  th e  e f f l u e n t  from  column 2 rem ain ed  f a i r l y  c o n s ta n t  from 

day 9 th ro u g h  day 59» i . e . ,  < 0 .05  to  0 .2 0  m g/2. Comparing th e  e f f lu e n t  

m anganese c o n c e n t r a t io n s  o f  columns 1 and 2 from  day 9 th ro u g h  day 37> 

a  v e ry  s im i la r  p a t t e r n  was fo u n d . From days 19 th ro u g h  20 and days 27
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th ro u g h  31 , o n ly  a s l i g h t  in c re a s e  in  th e  m anganese c o n c e n tra t io n  oc

c u r r e d ,  i . e . ,  <0.05 mg/& to  a p p ro x im a te ly  0 .2 0  mg/&.

S ince  i r o n  and manganese r e a c t  ve ry  s i m i l a r l y  t o  changes in  

redox  c o n d i t io n s , a s im i la r  p a t t e r n  o f  i r o n  r e l e a s e  was e x p ec ted  f o r  

b o th  columns th ro u g h  th e  f i r s t  37 d a y s . F ig u re s  5 and 7 show t h i s  to  

be g e n e ra l ly  t r u e .  However, th e  e f f l u e n t  m anganese and i ro n  concen

t r a t i o n s  o f  c o l umn 2 d e c re a se d  f a s t e r  th e n  th e y  d id  i n  column 1. T h is  

may b e  i n d i c a t i v e  o f  column 1 h a v in g  more c la y  t u r b i d i t y  th a n  d id  c o l 

umn 2 a t  th e  s t a r t  o f  th e  e x p e rim e n ta l ru n . S in c e  a  s im i la r  p a t t e r n  

e x is t e d  f o r  s u l f a t e ,  t h i s  may in d ic a te  t h a t  t h e  re d u c in g  a c t i v i t y  o f  

th e  sed im ent b i o t a  was g r e a te r  in  column 2 th a n  column 1 a t  t h e  s t a r t  

o f  t h e  e x p e rim e n t. Manganese i s  known to  be  red u c e d  from Mn(lV) t o  

M n (ll)  a t  a h ig h e r  red o x  p o t e n t i a l  th a n  t h a t  f o r  i r o n .  T e c h n ic a l ly ,  

sed im ent-m anganese  r e l e a s e  from  th e  columns s h o u ld  have been d e te c te d  

p r i o r  to  th e  i r o n  r e l e a s e .  However, t h i s  would b e  ex p e c te d  o n ly  i f  

th e  redox  changes o c c u rre d  slow ly  o v e r a few d a y s . I f  th e  redox  

changes were f a s t  w ith  r e s p e c t  to  th e  HRT, t h e  in c r e a s e d  manganese and 

i r o n  c o n c e n tra t io n s  in  th e  e f f l u e n t  would o v e r la p .  T h is  a p p a re n tly  

o c c u rre d  i n  t h e s e  colum ns.

From day 10 th ro u g h  day 1 5 , th e  e f f l u e n t  i r o n  c o n c e n tra t io n  r e 

le a s e d  from colum ns 1 and 2 were v e ry  s i m i l a r ,  <0 .10  to  2 .1  m g/2.

D uring  t h i s  same p e r io d ,  th e r e  was no i n d ic a t i o n  o f  a  s i g n i f i c a n t  man

g an e se  r e l e a s e .  For th e  f i r s t  l4  d a y s , t h e  re d o x  c o n d it io n s  m igh t 

have changed s lo w ly  as a r e s u l t  o f  h av in g  a r e l a t i v e l y  sm all i n i t i a l  

sed im en t h e te r o t r o p h ic  b a c t e r i a  community o f  a p p ro x im a te ly  10^ 

c e l l s /g m . As th e  community in c r e a s e d  in  num bers, th e  re d u c in g  c a p a c i ty
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o f t h i s  community w ould  have in c r e a s e d  as  a  r e s u l t  o f  in c re a s e d  b io 

l o g i c a l  a c t i v i t y .  T hus, th e  sed im en t red o x  p o t e n t i a l  would have de

c re a s e d  s lo w ly  a t  f i r s t  th e n  more r a p id ly  a s  t h e  community in c re a s e d  

in  s i z e .  As t h i s  o c c u r r e d , th e  o x id iz e d  m icrozone  w ould have de

c re a s e d  and u l t im a te ly  v a n ish e d . T h is  w ould  have  a llo w e d  th e  red u ced  

i ro n  t o  move in to  t h e  o v e r ly in g  w a te r .  I f  t h i s  w ere t h e  c a se , th e  

manganese r e l e a s e  m igh t have been  h id d en  i n  th e  f i r s t  few days as a 

r e s u l t  o f  t h e  c la y  t u r b i d i t y ,  w hich c o n ta in s  c o n s id e ra b le  manganese 

in  th e  c la y  m in e ra l  s t r u c tu r e .  By day 1 1 , th e  sed im en t redox p o te n 

t i a l  was p ro b a b ly  low  enough so t h a t  i r o n  c o u ld  b e  red u ced  from 

F e ( l l l )  t o  F e ( l l ) .  I t  i s  v e ry  i n t e r e s t i n g  to  n o te  t h a t  th e  maximum 

i ro n  c o n c e n t r a t io n  r e le a s e d  from b o th  columns was 2 .2  mg/&. T his 

would i n d i c a t e  t h a t  b o th  columns w ere r e a c t in g  i n  a  b io lo g ic a l ly  

s im i la r  m an n e r,u n d er th e  s t a t e d  e x p e r im e n ta l  c o n d i t io n s .  I n s t r u 

m en ta l e r r o r  was n o t  c o n s id e re d  s in c e  th e  i ro n  s ta n d a rd s  were ana

ly z e d  p e r i o d i c a l ly  as a  check a g a in s t  e r r o r .  A ls o , th e  i ro n  and 

m anganese r e l e a s e s  in  column 1 o c c u rre d  d u r in g  s im i la r  tim e  p e rio d s  

a f t e r  day 1 5 . T h is  was f u r t h e r  e v id e n c e  t h a t  th e  com m unities had 

s t a b i l i z e d .  F ig u re s  5 and T show s im i la r  m anganese r e l e a s e  p a t t e r n s  

a f t e r  day IT  and b e fo r e  day 38. As s t a t e d  e a r l i e r ,  how ever, v e ry  

l i t t l e  i r o n  was d e te c te d  in  th e  e f f l u e n t  o f  column 2 a f t e r  day 17 t o  

th e  end o f  th e  e x p e rim e n ta l ru n . W hereas s im i la r  i r o n  and manga

nese  r e l e a s e s  o c c u rre d  in  column 1 from  day  17 th ro u g h  day 37» v i r t u 

a l l y  no i r o n  was r e l e a s e d  in  column 2 from  day 21 th ro u g h  day U8. The 

d i f f e r e n c e s  in  i r o n  r e l e a s e  betw een th e  colum ns may r e f l e c t  s l i g h t l y  

d i f f e r e n t  in d iv id u a l  column c h a r a c t e r i s t i c s ,  w hich  i s  n o t s u r p r i s in g .
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F u r th e rm o re , t h e  i ro n  and m anganese r e l e a s e d  in  column 1 a f t e r  day 37 

w ere d i s t i n c t l y  d i f f e r e n t  from th e  p a t t e r n  p r i o r  t o  day 38.

On day 38 , n i tro g e n  gas was p u rg e d  c o n tin u o u s ly  i n to  and o u t o f  

t h e  c u l t i v a t i o n  chamber o f  colum n 1 . From th e  d a ta ,  i t  was su sp e c te d  

t h a t  th e  w a te r  was b e in g  r e a e r a t e d  p r i o r  t o  p a s s in g  o u t o f  th e  column. 

T h is  c o u ld  have  r e s u l t e d  in  p r e c i p i t a t i o n  o f  o x id iz e d  i ro n  and manga

n e se  in  th e  c u l t i v a t i o n  cham bers. The l a r g e  r e l e a s e  o f  manganese 

from  day 38 th ro u g h  day 59> shown in  F ig u re  5 , s t r o n g ly  s u g g e s ts  t h a t  

m anganese was in d ee d  b e in g  p r e c i p i t a t e d  o u t in  th e  c u l t i v a t io n  chamber 

p r i o r  to  day 38. A p la u s ib le  re a s o n  f o r  th e  red u ced  q u a n t i ty  o f  i ro n  

b e in g  r e l e a s e d  from  day 38 t o  day 48 i s  t h a t  most o f  th e  a v a i la b le  

sed im en t i r o n  had  a lre a d y  b een  r e l e a s e d  betw een  days 10 and 15. A f te r  

day 1 5 , t h e  fo rm a tio n  o f  s u l f i d e s ,  w h ich  r e q u i r e s  a  low er redox  p o te n 

t i a l  th a n  th e  r e d u c t io n  o f  f e r r i c  t o  f e r r o u s  i r o n ,  may have p r e c i p i 

t a t e d  much o f  th e  a v a i la b le  i r o n  as  f e r r o u s  s u l f i d e .  A b la c k  c o lo r 

a t i o n  a t  th e  se d im e n t-w a te r  i n t e r f a c e  i n  b o th  columns form ed d u rin g  

t h i s  t im e  p e r io d  and may be an i n d i c a t i o n  o f  f e r r o u s  s u l f i d e  forma

t i o n .  F u rther-m ore , th e  s u l f a t e  c o n c e n t r a t io n  in  b o th  columns de

c re a s e d  s u b s t a n t i a l l y ,  th u s  i n d i c a t i n g  t h a t  th e  redox  c o n d it io n  in  

t h e  w a te r - s e d im e n t system  was much lo w e r  th a n  th e  e le c tro d e  p o te n t i a l  

i n d ic a te d .

From day 1 th ro u g h  day 3 7 , as shown by  F ig u re s  5 and 7 , th e  s u l 

f a t e  ^  c o n c e n tra t io n  s t e a d i ly  d e c re a s e d  from  20 mg/£ to  about

6 mg/&. The d e c re a s in g  s u l f a t e  c o n c e n t r a t io n  in  bo th  columns in d i 

c a te d  t h a t  th e  red o x  p o t e n t i a l  a t  th e  s e d im e n t-w a te r  in te r f a c e  was 

v e ry  lo w . S u l f a te  i s  reduced  t o  s u l f i d e  a t  redox  p o te n t i a l s  o f  abou t
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-150 mV. In  co m p ariso n , th e  su L fa te  c o n c e n t r a t io n  as m easured in  th e  

e f f l u e n t  o f  column 2 d e c re a se d  much f a s t e r  th a n  in  th e  e f f l u e n t  

o f  column 1 . The lo w e s t  e le c t r o d e  p o t e n t i a l  (Eh) in th e  e f f l u e n t  mea

su red  a f t e r  a  1 5 -m in u te  e q u i l ib r a t i o n  tim e  was 260 mV. T h u s, th e  

e le c tr o d e  p o t e n t i a l s  a s  in d ic a te d  in  F ig u re s  5 and 7 were n o t an 

a c c u ra te  m easurem ent o f  th e  redox  c o n d it io n s  in  th e  colum ns. These

can o n ly  be i n t e r p r e t e d  in  th e  most, g e n e ra l  way s in c e  th e  w a te r  was

a p p a re n tly  b e in g  r e a e r a t e d  p r io r  to  t h e  m easurem ent o f  th e  e le c t r o d e  

p o t e n t i a l  and ch em ica l a n a ly s i s .  F ig u re  5 shows th a t  when n i t r o 

gen g as  was pu rg ed  o v e r  th e  a i r - w a te r  i n t e r f a c e  o f  column 1 ,  th e

e le c tr o d e  p o t e n t i a l  d ro p p ed  to  ab o u t 120 t o  lUo mV w ith in  2k h o u r s ,

f u r t h e r  in d ic a t in g  t h a t  th e  e f f l u e n t  was b e in g  r e a e r a te d  as i t  l e f t  

th e  c u l t i v a t i o n  cham ber. The a p p a re n t r e l e a s e  o f  s u l f a t e ,  n o te d  

on days 38 and 4 o , a s  shown in  F ig u re  5 , f o r  column 1 when th e  e le c 

tro d e  p o t e n t i a l  o f  t h e  e f f l u e n t  d e c re a se d  from  290 to  110 mV seemed 

to  be anom alous. A f e a s i b l e  e x p la n a tio n  i s  t h a t  th e  t r u e  sed im en t 

redox  p o t e n t i a l  may have been u n s ta b le  and f lu c tu a t in g  a ro u n d  th e  

narrow  red o x  p o t e n t i a l  o f  abou t -150  mV, w hich  i s  re q u ire d  f o r  s u l f i d e  

fo rm a tio n . I f  th e  sed im en t redox  p o t e n t i a l  was g r e a te r  th a n  -150  mV, 

th e n  s u l f a t e  ( - i t e )  w ould  no t have been  re d u c e d  t o  s u lf id e  and  would 

be w ashed o u t o f  th e  colum n. A nother e x p la n a t io n  may in v o lv e  a  Mn-S 

complex w hich was p r e c i p i t a t e d  a t  a  h ig h e r  red o x  c o n d it io n  on g la s s  

o r  p l a s t i c  s u r f a c e s  o f  th e  colum n. A f te r  p u rg in g  the  system  w ith  

n ig ro g e n , t h e  redox  c o n d i t io n  may have d e c re a s e d  s u f f i c i e n t l y  t o  

s o lu b i l i z e  th e  Mn-S com plex and th u s  r e s u l t e d  in  t h e i r  w ashout from
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th e  colum n. The s u l f a t e  c o n c e n t r a t io n  o f  th e  e f f l u e n t  w ould have 

heen  in c r e a s e d  in  b o th  c a s e s .
32

F ig u re s  6 and 8 g r a p h ic a l ly  r e p r e s e n t  th e  P , pH, and Eh t r e n d s

from  colum ns 1 and 2 , r e s p e c t i v e ly ,  a s  m easured  in  t h e i r  e f f l u e n t .  In

32b o th  co lum ns, t h e r e  was a  g ra d u a l d e c re a s in g  r e l e a s e  o f  P from  day 1

th ro u g h  a b o u t day 22. In  F ig u re  6 , t h e r e  was a  v e ry  s l i g h t  in c r e a s e
32

in  th e  amount o f  P r e l e a s e d  from t h e  a lg a e  be tw een  day 12 and day l6

from  60 t o  100 cpm/2 m l. T h is  g e n e r a l ly  c o in c id e d  w ith  th e  i r o n  r e 

l e a s e  d e p ic te d  in  F ig u re  5» The a p p a re n t  sm a ll r e l e a s e  betw een day 2k 

and day 27 was p ro b ab ly  n o t s ig n i f i c a n t  b ecau se  o f  th e  v e ry  low  count 

r a t e  in v o lv e d . However, betw een days 28 and 3 ^ , a s p ik e  r e l e a s e  oc

c u r r e d . A maximum r e l e a s e  on day 30 o f  100 cpm/2 ml c o in c id e d  c lo s e ly  

w ith  th e  i r o n  and m anganese r e l e a s e  shown in  F ig u re  5» D uring t h i s  

same tim e  p e r io d ,  th e  pH o f  th e  e f f l u e n t  rem ained  f a i r l y  s t a b l e  b e 

tw een 6 .5  and 8 .0 .  Upon p u rg in g  th e  column w ith  n i t r o g e n  gas on 

day 3 7 , th e  pH in c r e a s e d  to  8 .5  by day 39 and rem ained  c o n s ta n t  

th ro u g h  th e  d u r a t io n  o f  th e  e x p e rim e n t. T here  was a  l a r g e  r e l e a s e  o f
32

P betw een  day 37 and day 1+4. T h is  c lo s e ly  c o rre sp o n d s  t o  th e  man

g an ese  r e l e a s e  shown in  F ig u re  5 f o r  t h i s  same tim e  p e r io d .

A nalogous r e s u l t s  a r e  a ls o  shown i n  F ig u re  8 f o r  column 2.

32There d id  n o t seem to  be a  s i g n i f i c a n t  P r e l e a s e  from  day 11 th ro u g h  

32day 1 5 . I f  P w ere a s s o c ia te d  w ith  th e  i ro n  r e l e a s e ,  i t  w ould have 

been  e x p e c te d  to  be r e l e a s e d  d u rin g  t h i s  t im e . T his p o s s ib ly  i n d i 

c a te s  t h a t  th e  phosphorus b e in g  r e le a s e d  betw een  day 1 and day 15 was

32 32 32b a c t e r i a l  P o r  so rb ed  P . The P r e l e a s e d  d u r in g  t h i s  tim e  was

p a r t i c u l a t e .  T h is  was b a se d  on th e  r e s u l t s  o f  f i l t e r i n g  2 ml o f
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e f f l u e n t  th ro u g h  a  0.4$-w f i l t e r  and c o u n tin g  and f i l t r a t e .  A ll o f  th e  

32
P rem ained  on th e  f i l t e r .  F u r th e r  m ic ro sc o p ic  ex a m in a tio n  in d ic a te d

t h a t  none o f  th e  l a b e l l e d  a lg a e  was b e in g  w ashed o u t .  I t  i s  not c l e a r ,

32
how ever, w hether t h e  b a c t e r i a l  P was in d ee d  p a r t  o f  th e  i n i t i a l  ex

t r a c t e d  a lg a l  r e s id u e .  From day 2k th ro u g h  day 59 , v i r t u a l l y  no ^^P

32
was r e le a s e d  from th e  column. The sm a ll s p ik e  r e l e a s e s  o f  P d id  n o t 

co rre sp o n d  to  e i t h e r  an i ro n  o r  a  m anganese r e l e a s e .  T h e re fo re , th e s e

s p ik e  r e l e a s e s  c o u ld  be a  r e s u l t  o f  i s o to p ic  exchange , o r  th e  r e l e a s e s

may be a  r e f l e c t i o n  o f  s h i f t i n g  s p e c ie s  o r  c y c l in g  o f  th e  in d ig en o u s

h e te r o tr o p h ic  community num bers. T h is  w ould be e x p e c te d . However,

i t  was n o t f e a s i b l e  to  a tte m p t to  v a l i d a te  t h i s  p o s s i b i l i t y  because

th e  sm a ll c o n tin u o u s -f lo w  a p p a ra tu s  u sed  w ould n o t p e rm it adequate

sam pling  a t  th e  se d im e n t-w a te r  i n t e r f a c e .  O nly on day k2 was any 

32
P r e le a s e d  c o rre sp o n d in g  w ith  a  p o s s ib le  m anganese r e l e a s e .  However, 

32
th e  d u ra t io n  o f  th e  P r e l e a s e  was n o t s im i la r  to  th e  d u ra t io n  o f  th e

32
m anganese r e l e a s e .  This was ev id e n c e  f o r  th e  f a c t  t h a t  th e  P was 

n o t com plexed w ith  th e  m anganese.

T here was s l i g h t l y  more v a r i a b i l i t y  in  th e  pH o f  th e  e f f lu e n t  

from column 2 th a n  in  t h a t  from  column 1 . From day 1 th ro u g h  day 2 0 , 

t h e r e  was a  s l i g h t  d e c re a se  i n  pH from  ab o u t 7 -5  to  a  low  o f  6 .0 . The 

pH g e n e r a l ly  f lu c tu a t e d  betw een 6 .0  and J , 2  from  day 20 th ro u g h  day 36. 

Upon chang ing  th e  in f lu e n t  w a te r  f e e d , th e  pH o f  th e  e f f l u e n t  in 

c re a s e d  s l i g h t l y  t o  about 8 .2  on day ^ 3 , th e n  i t  d e c re a s e d  to  abou t 

8 .0  by day 52. T h is  v a r i a b i l i t y  was n o t to o  u n ex p ec ted  c o n s id e r in g  

th e  p e r io d ic  change o f  th e  i n f lu e n t  w a te r  w ith  s l i g h t l y  d i f f e r e n t  i n i 

t i a l  pH e v e ry  iL  t o  15 days. The pH o f  th e  i n f lu e n t  l a k e  w ater on
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day 37 was 8 .2  (A ppendix D ). The pH o f  column 1 and column 2 f lu c 

tu a te d  s im i l a r l y  th ro u g h  day 52. Column 2 e f f lu e n t  had a  s l i g h t l y  

lo w er pH from  day 12 th ro u g h  day 37 . A f te r  day 37» th e  pH from  c o l 

umn 1 and column 2 e f f l u e n t  in c re a s e d  s l i g h t l y .  The pH o f  columns 1 

and 2 rem ained  c o n s ta n t  betw een 8 .0  and 8 .5  from  day 39 and k2,  r e 

s p e c t iv e ly ,  f o r  th e  d u r a t io n  o f  t h e  e x p e rim e n ta l ru n .

The o n ly  p h y s ic a l  changes w hich o c c u rre d  in  columns 1 and 2 w ere

o b se rv e d  betw een  days 10 and 15 . D uring t h i s  t im e , th e  a lg a l  p a r t i c u -  

32l a t e  o rg a n ic  P r e s id u e  tu rn e d  from  g re e n  to  b la c k . T his b la c k  c o l 

o r a t i o n  rem ained  f o r  th e  d u r a t io n  o f  th e  ru n . I t  co u ld  be su rm ised  

t h a t  th e  red o x  p o t e n t i a l  a t  th e  w a te r-se d im e n t i n te r f a c e  was v e ry  low . 

T h is  b la c k  c o lo r a t io n  c o u ld  have been due to  p r e c i p i t a t i o n  o f  v iv ia n -  

i t e  o r  s u l f i d e s .  The r e s u l t s  o f  th e  second  e x p e rim e n ta l ru n  and th e  

red u c e d  s u l f a t e  c o n c e n tra t io n  in  columns 1 and 2 o f  t h i s  ru n  would 

in d ic a te  t h a t  s u l f i d e s  w ere p ro b a b ly  p r e s e n t .  These r e s u l t s  w i l l  be 

d is c u s s e d  in  t h e i r  a p p ro p r ia te  s e c t io n .

Columns 3 and 4

The d a ta  shown i n  F ig u re s  9» 10 and 11, 12 r e p r e s e n t  column 3 

and column 4 , r e s p e c t i v e ly .  Columns 3 and 4 c o n ta in e d  sed im en t w hich 

had been s t e r i l i z e d  i n  th e  a u to c la v e  a t  121°C and 18 p s i .  D uring t h i s  

e x p e rim e n ta l r u n ,  p e r io d ic  checks on th e  s t e r i l i t y  o f  th e  e f f lu e n t  

w ere made by c u l t u r in g  an  a l iq u o t  a c c o rd in g  to  M il l ip o re  te c h n iq u e s .

The a l iq u o t  was c u l tu r e d  under a e ro b ic  and a n a e ro b ic  c o n d it io n s  a t  

25°C on n u t r i e n t  b r o th  m edia.

As i n  colum ns 1 and 2 , th e  m anganese and i ro n  c o n c e n tra t io n s  i n  

th e  e f f l u e n t  o f  colum ns 3 and 4 d e c re a se d  rap id ].y  from day 1 th ro u g h
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day 6 (F ig u re s  9 and 1 1 ) . T h is  g e n e ra l washout o f  th e s e  m e ta ls  c o in 

c id e d  v e ry  c lo s e ly  w ith  th e  d e c re a se  o f  c la y  t u r b i d i t y  in  th e  e f f l u e n t .  

By day 1 3 , th e  e f f l u e n t  i r o n  and manganese c o n c e n tra t io n s  from b o th  

columns l e v e l l e d  o f f  a t  l e s s  th a n  0 .1 0  m g/2 f o r  i ro n  and 0 .10  m g/2 f o r  

m anganese. These c o n c e n t ra t io n s  were a lm o st r e p r e s e n ta t i v e  o f  th e  

i n f l u e n t  la k e  w a te r  c o n c e n tra t io n s  fo r  th e s e  e lem en ts  (A ppendix D ).

The norm al d e c re a s e  o f  t h e  red o x  c o n d it io n  in  t h e  se d im e n t, as a r e 

s u l t  o f  b i o lo g i c a l  a c t i v i t y ,  was n o t o c c u r r in g . F u therm ore , th e  s u l 

f a t e  c o n c e n t r a t io n  rem ained  u n ifo rm ly  h ig h  th ro u g h o u t th e  experim en

t a l  r u n . T h is  w ould i n d i c a t e  t h a t  b o th  o f  th e  co lum n 's  sed im en ts  

were b i o l o g i c a l l y  i n a c t iv e  f o r  th e  e n t i r e  e x p e rim e n ta l ru n .

D uring  th e  e n t i r e  e x p e r im e n ta l  r u n ,  th e  sed im en t red o x  p o t e n t i a l  

was n e v e r  low  enough to  re d u c e  th e  o x id iz e d  i ro n  from F e ( l l l )  to  

F e ( l l ) .  The e v id e n t  m anganese r e d u c t io n  from Mn(lV) to  M n(ll) on 

day 3 1 , as a  r e s u l t  o f  a d d in g  c o n c e n tra te d  fo rm a lin , o f f e r e d  f u r t h e r  

e v id en ce  t h a t  th e  redox  c o n d it io n s  in  th e  column were n o t low enough 

f o r  i r o n  to  be r e l e a s e d .  T hus, th e  im portance  o f  th e  sedim ent h e te r o 

t r o p h ic  community in  m e d ia tin g  th e  r e l e a s e  o f  i ro n  from th e  sed im en t 

to  th e  o v e r ly in g  w a te r  was v iv id ly  shown when com paring th e  d a ta  from  

columns 1 and 2 to  colum ns 3 and 4 .

F u r th e r  ev id en ce  o f  s t e r i l e ,  i n a c t iv e  sed im ent in  each column 

co u ld  a ls o  be seen  in  th e  e f f l u e n t  s u l f a t e  c o n c e n tra t io n s  and in  th e

e le c tr o d e  p o t e n t i a l s  (Eh) f o r  columns 3 and 4. F ig u re s  9 and 11 com

p a re  th e  e f f l u e n t  s u l f a t e  c o n c e n tra t io n s  in  columns 3 and 4 . I t  was

r e a d i ly  o b se rv e d  t h a t  t h e  s u l f a t e  c o n c e n tra t io n  from th e s e  columns

d id  n o t d e c re a s e  as  i t  h a d  in  columns 1 and 2. However, th e r e  d id
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seem to  b e  v a r i a t i o n  in  th e  day t o  day s u l f a t e  l e v e l s  i n  b o th  colum ns 

3 and U. The v a r i a t i o n  in  t h i s  a n a ly s i s  may have been  a  r e s u l t  o f  

i n te r f e r e n c e s  such as  o rg a n ic  a c id s .  T h is  was re a s o n a b le  c o n s id e r in g  

th e  la r g e  q u a n ti ty  o f  a lg a e  i n i t i a l l y  p la c e d  in  th e  column and r e a l 

i z in g  t h a t  th e r e  w ere some s o lu b le  o rg a n ic  a c id s  p r e s e n t  w i th  th e  a lg a l  

r e s id u e .

F u rth e rm o re , th e  s t e r i l i z a t i o n  p ro ce d u re  u sed  f o r  th e  sed im ent may 

have r e s u l t e d  in  th e  r e l e a s e  o f  a  s ig n i f i c a n t  q u a n ti ty  o f  s o lu b le  o r 

g a n ic  m a te r ia l  to  th e  w a te r .  The ran g e  in  th e  s u l f a t e  c o n c e n tra t io n  

o f  column 3 was betw een 20 and  12 mg/Jl. For column L, th e  ran g e  o f  

s u l f a t e  c o n c e n tra t io n  was a b o u t th e  same as t h a t  f o r  column 3 from 

day 1 th ro u g h  day U9 . The f l u c t u a t io n s  in d ic a te  a c o n s ta n t  g e n e ra l  

t r e n d  o v e r  th e  e n t i r e  e x p e r im e n ta l  ru n . When compared w ith  th e  s u l 

f a t e  c o n c e n tra t io n  in  th e  m ed ia  w a te r ,  th e  f lu c tu a t io n  may be  ex

p la in e d  by  in te r f e r e n c e s  t y p i c a l  o f  th e  a n a ly s i s .

The redox  p o t e n t i a l s ,  o r  more a c c u r a te ly ,  th e  e le c t r o d e  p o te n 

t i a l s  (Eh) fo r  colum ns 3 and 4 from  day 1 th ro u g h  day 29 a r e  shown 

in  F ig u re s  9 and 11. The f l u c t u a t io n s  shown a re  no t to o  s i g n i f i c a n t  

c o n s id e r in g  how th e  e le c t r o d e  p o t e n t i a l s  were m easured. The d a ta  a re  

shown f o r  com parisons w ith  o th e r  colum ns. A 15-m inu te  e q u i l i b r a t i o n  

tim e  fo r  th e  e le c tr o d e s  t o  m easu re  sm a ll p o t e n t i a l s  i s  n o t a  s u f 

f i c i e n t l y  lo n g  tim e to  e l im in a te  some d r i f t  i n  th e  m easu rem en ts; 

h e n c e , such  f lu c tu a t io n s  as th o s e  o b se rv ed  betw een abou t 3^0 and 

270 mV may have b een  an e x p e c te d  amount o f  v a r i a t i o n .  However, when 

a  few m i l l i l i t e r s  o f  c o n c e n t ra te d  fo rm a lin  were added t o  b o th  o f th e s e  

columns on day 30, a  s i g n i f i c a n t  drop in  th e  e le c tr o d e  p o t e n t i a l  was
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o bserved  in  th e  e f f l u e n t  o f  b o th  columns on day 31 . I n  column 3, th e  

drop was from  280 mV on day 30 to  130 mV on day 31 . In  column h, th e  

Eh dropped from ab o u t 200 mV on day 30 t o  150 mV o n  day 31 . On day 

33, th e  Eh was down t o  110 mV in  th e  e f f l u e n t  o f  colum n 3 ; how ever, a 

s i g n i f i c a n t  in c re a s e  in  th e  e le c tro d e  p o t e n t i a l  o c c u rre d  from  day 33 

th ro u g h  day 52. By day 52, th e  e f f lu e n t  Eh m easurem ent from  column 3 

had in c r e a s e d  to  200 mV. The slow re c o v e ry  was p ro b a b ly  a  r e s u l t  o f  

th e  c o n tin u e d  d i l u t i o n  o f  th e  fo rm a lin  p re s e n t  i n  t h e  colum n.

Upon a d d i t io n  o f  th e  fo rm a lin  to  column 3 i a  s ig n i f i c a n t  r e le a s e  

o f  m anganese was o b se rv e d  from le s s  th a n  0 .10  mg/Z to  g r e a t e r  th an  

lo 3  mg/& on day 31. T h is r e le a s e  o f  manganese d e c re a s e d  as th e  e le c 

t ro d e  p o t e n t i a l  in c r e a s e d  over th e  n ex t 10 d ay s. On day 4 g , th e  

manganese c o n c e n t r a t io n  in  th e  e f f lu e n t  was about 0 .1 0  mg/£ and th e  

e le c tr o d e  p o t e n t i a l  was m easured to  be 270 mV. D uring  t h i s  same t im e , 

no in c r e a s e  in  th e  e f f l u e n t  i ro n  c o n c e n tra t io n  was in d ic a te d .

In  column k,  a  s im i la r  p a t t e r n  was o b se rv ed  c o n c e rn in g  th e  r a t e

o f  re c o v e ry  o f  th e  e le c t r o d e  p o te n t i a l  t o  what i t  was p r i o r  to  th e

a d d i t io n  o f  c o n c e n tra te d  fo rm a lin . The r a p id  r i s e  in  th e  e le c tro d e

p o t e n t i a l  o f  th e  e f f l u e n t ,  m easured on days 32 and 33 , was fo llo w e d  by

a n o th e r  d e c re a s e , i . e . ,  from 220 mV on day 33 to  l6 0  mV on day 37 .

Three m i l l i l i t e r s  o f  c o n c e n tra te d  fo rm a lin  were added  to  t h i s  column

to  see  i f  th e  su b seq u e n t r e d u c tio n  o f  th e  e le c t r o d e  p o t e n t i a l  would be

32
fo llo w ed  by i r o n ,  m anganese, and P r e l e a s e s .  In  F ig u re  11 , a n o ted  

r e le a s e  o f  m anganese (Mn) from th e  column from day 31 th ro u g h  day 40 

is  e v id e n t .  T his e x p e c te d  r e le a s e  c o in c id e s  w ith  t h e  d e c re a s e d  e le c 

tro d e  p o t e n t i a l .  By day 46 , th e  e le c tr o d e  p o t e n t i a l  had in c re a s e d  to
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270 mV, and th e  Mn r e tu r n e d  to  0 .1  m g/£, which a re  what th e y  were 

p r io r  t o  th e  fo rm a lin  a d d i t io n .

32
F ig u re s  10 and 12 show th e  P r e l e a s e  from th e  a lg a l  r e s id u e s ,

pH, and e le c t r o d e  ( re d o x ) p o t e n t i a l  as th e s e  p a ra m e te rs  v a r ie d  w ith

tim e i n  columns 3 and F or a p p ro x im a te ly  th e  f i r s t  22 days o f  op-

32e r a t i o n ,  t h e r e  was a  g ra d u a l  d e c re a s in g  r e le a s e  o f  P from columns 3

and it. In  F ig u re  10 on days 8 and 9 , an a p p a re n t in c r e a s e  i s  shown in  

32
th e  amount o f  P r e l e a s e d  from  th e  colum ns. T h is  a p p a re n t r e le a s e

was n o t a s s o c ia te d  w ith  e i t h e r  th e  i ro n  o r  manganese r e l e a s e  shown in  

32F ig u re  9. T h is  P r e l e a s e  was c o n s id e re d  to  he p a r t  o f  th e  w ashing

32o f  s o lu b le  o rg a n ic  P from  th e  a lg a l  re s id u e ^  The s l i g h t  sp ik e  r e -  

32le a s e s  o f  P on days 1 5 , 1 7 , 1 9 , and 21 were no t c o n s id e re d  to  be

s t a t i s t i c a l l y  s i g n i f i c a n t .  From days 27 to  31 and days 31 to  36 , a 

32sm all r e l e a s e  o f  P o c c u rre d  in  column 3 as shown by F ig u re  10. T h is

a p p a re n t r e l e a s e  showed up as a maximum o f  about 50 cpm/2 ml in  th e

e f f l u e n t .  S in ce  t h i s  r e l e a s e  seemed to  co rre sp o n d  f a i r l y  w e ll w ith

32
th e  m anganese r e l e a s e  shown in  F ig u re  9 , some o f  th e  P may have 

been  a s s o c ia te d  w ith  m anganese o r  a n o th e r  redox  r e a c t io n .  T his i s  

d o u b tfu l ,  how ever, s in c e  t h e  absence  o f  oxygen i s  g e n e ra l ly  r e q u ire d  

in  o rd e r  to  red u ce  m anganese o x id e s ,  MnO  ̂ t o  M n (l l) .  I f ,  how ever,

th e  a d d i t io n  o f  fo rm a lin  on day 30 reduced  th e  MnO  ̂ t o  M n (l l) ,  th e n  a

32 . 32com plexing o f  s o lu b le  o rg a n ic  P o r  any a v a i l a b le  o r th o  P w ith

M n(ll) may have been  p o s s ib l e .  P y rophosphates  a re  known to  form in 

s o lu b le  compounds w ith  M n ( l l ) .

A s im i la r  ^^P r e l e a s e  was n o ted  from column k a s  shown by F ig -

32u re  12 . As s t a t e d  e a r l i e r ,  on day 8 th e  e f f l u e n t  P in c re a s e d  from
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about 200 cpm/2 ml on day 7 to  abou t 600 cpm/2 m l. T h is  s p ik e  r e l e a s e

32was th e  r e s u l t  o f  th e  w ash in g  o u t o f  s o lu b le  o rg a n ic  P a s s o c ia te d

32w ith  th e  a l g a l  r e s id u e .  T h ere  w ere sp ik e  P r e l e a s e s  on days 20 , 2 3 , 

26 , 2 9 , 3 0 , 37 , 42 , and 43 . These r e l e a s e s  were p ro b a b ly  n o t b io lo g i 

c a l ly  m e d ia te d  n o r  were th e y  r e l a t e d  to  redox p o t e n t i a l  c h a n g es , man

ganese  r e l e a s e s ,  pH ch an g es, o r  fo rm a lin  induced  r e a c t i o n s .  These 

32sp ik e  P r e l e a s e s  may a ls o  have been  th e  r e s u l t  o f  f u r t h e r  w ashing o f

32th e  a lg a l  r e s id u e ,  o r  th e  P r e l e a s e s  may have been a  r e s u l t  o f  c e l 

l u l a r  d e g ra d a t io n  by sed im en t enzymes which escaped  b e in g  d e n a tu re d  

d u rin g  th e  a u to c la v in g  p r o c e s s .

The pH in  th e  e f f l u e n t  from  b o th  columns 3 and 4 rem ained  con

s ta n t  from  day 1 th ro u g h  day 36. D a ily  f lu c tu a t io n s  betw een  6 .5  and 

7 .5  were n o t u n ex p ec ted  and d id  n o t r e p re s e n t  s i g n i f i c a n t  pH changes. 

The a d d i t io n  o f  fo rm a lin  d id  n o t a f f e c t  th e  pH o f  th e  e f f l u e n t .  How

e v e r ,  upon chang ing  th e  i n f l u e n t  la k e  w ater on day 37 , th e  pH in 

c re a s e d  a c c o rd in g ly  (Appendix D).

C o n tra ry  t o  th e  p h y s ic a l  changes which o c c u rre d  in  columns 1 and

2 , th e r e  w ere no v i s i b l e  changes in  columns 3 and 4. The g ree n  c o lo r -

32a t io n  o f  th e  a lg a l  p a r t i c u l a t e  o rg a n ic  P r e s id u e  rem ained  f o r  th e  

d u ra t io n  o f  th e  e x p e rim e n ta l ru n . T h is  a ls o  s u p p o rte d  th e  h ig h e r  

e le c t r o d e  p o t e n t i a l s  which w ere m easured in  columns 3 and 4 , as w e ll 

as th e  h ig h  s u l f a t e  c o n c e n tra t io n  in  th e  e f f l u e n t  from b o th  colum ns.

Columns 5 and 6

The d a ta  from  columns 5 and 6 a r e  shown i n  F ig u re s  1 3 , l4  and 

1 5 , 1 6 , r e s p e c t i v e l y .  Columns 5 and 6 c o n ta in e d  sed im en t w ith  th e
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in d ig e n o u s  h e te r o t r o p h ic  o rg an ism s . D i s t i l l e d  w a te r  was p a sse d  

th ro u g h  each  c u l t i v a t i o n  chamber a t  2 m l/h r  w ith  a  24 -hour h y d ra u lic  

r e t e n t i o n  t im e . On day 3 8 , t h e  a i r - w a te r  i n t e r f a c e  in  th e  c u l t i v a 

t i o n  chamber o f  column 6 was r e p la c e d  by a  n i t r o g e n -w a te r  i n t e r f a c e .  

T here was an a i r - w a te r  i n t e r f a c e  in  th e  c u l t i v a t i o n  chamber o f  column 5 

f o r  th e  e n t i r e  e x p e r im e n ta l  ru n . The g e n e ra l  d e c re a s in g  t r e n d  f o r  th e  

e f f l u e n t  i r o n  and m anganese c o n c e n t ra t io n s  from b o th  columns was ob

s e rv e d  from  day 1 th ro u g h  day 8 . F ig u re  13 shows t h a t  th e  e f f l u e n t  

m anganese c o n c e n t r a t io n  rem ained  c o n s ta n t  betw een  days 2 and k.  F ig 

u re  15  shows t h a t  th e  e f f l u e n t  m anganese c o n c e n tra t io n  in c re a s e d  

betw een days 2 and 4 . Between days 3 and 5> th e  e f f l u e n t  i r o n  concen

t r a t i o n  f o r  column 5 in c r e a s e d  as  shown in  F ig u re  1 3 . A s im i la r  t r e n d  

f o r  column 6 a ls o  o c c u rre d  (F ig u re  1 5 ) . T h is  t r e n d  in d ic a te s  t h a t  t h e  

e le c t r o d e  p o t e n t i a l  was low enough t o  red u ce  some o f  th e  i r o n  and man

g anese  t h a t  e i t h e r  had  ad h e re d  t o  th e  w a l ls  o f  t h e  c u l t i v a t i o n  cham

b e rs  o r  was a t  th e  w a te r - s e d im e n t i n t e r f a c e .  I t  may a ls o  in d ic a te  

t h a t  w ashout o c c u rre d  as p r e v io u s ly ,  even  though  t u r b i d i t y  was n o t e v i 

d e n t.  By com paring F ig u re s  13 and 1 5 , i t  can b e  seen  t h a t  t h e  e f f l u 

e n t  m anganese c o n c e n t r a t io n  began  t o  in c r e a s e  a  day o r  two b e fo r e  th e  

e f f l u e n t  i r o n  c o n c e n t r a t io n  b egan  t o  in c r e a s e .  T h is  would b e  ex p ec ted  

i f  th e  red o x  p o t e n t i a l  was t h e  c o n t r o l l i n g  f a c t o r ,  because  t h e  redox 

p o t e n t i a l  f o r  th e  m anganese c y c le  i s  h ig h e r  th a n  t h a t  f o r  th e  iro n  

c y c le .

A nother m anganese and i r o n  r e l e a s e  from th e  sed im ent in  c o l

umns 5 and 6 o c c u rre d  betw een days 9 and 15. F ig u re  13 shows t h a t  a  

s l i g h t  m anganese r e l e a s e  from  th e  sed im en t may have o c c u r re d , from
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about 0 .1 3  mg/£ on day 8 to  about 0.2k mg/Z on days 9 th ro u g h  11; 

th e n  th e  e f f l u e n t  m anganese c o n c e n tra t io n  d e c re a se d  th ro u g h  day 15 

to  0 .1 3  mg/I .  F ig u re  15 shows t h a t  a  v e ry  s im i la r  m anganese r e le a s e  

o c c u rre d  from  column 6 betw een days 9 and 1 5 .

N ex t, a  l a r g e  i ro n  r e le a s e  was o b se rv e d  in  column 5 betw een days 

10 and 15. D uring  t h i s  t im e , th e  e f f lu e n t  i ro n  c o n c e n tra t io n  i n 

c re a s e d  from  0 .1 0  mg/1 on day 10 to  2 .58  m g/£ on day 12. The same 

g e n e ra l  t r e n d  o c c u rre d  i n  column 6 . On day 1 0 , th e  e f f l u e n t  i ro n  con

c e n t r a t i o n  was 0 .1 0  mg/&, and su b seq u e n tly  i t  in c re a s e d  to  a  maximum o f 

1 .2 6  mg/I  by day 12 (F ig u re  1 5 ) .

The l a r g e  i r o n  and manganese r e l e a s e s  o bserved  in  columns 5 and 

6 a ls o  o c c u rre d  in  c o lumns 1 and 2 . T h is s t r o n g ly  in d ic a te d  th a t  

b i o lo g ic a l ly  m ed ia te d  red o x  changes in  th e  sed im ent were c o n tr o l l in g  

th e s e  r e l e a s e s .  As s t a t e d  e a r l i e r ,  th e  r e l e a s e s  o f  i ro n  and manganese 

would be e x p e c te d  from t h i s  c o n tin u o u s -f lo w  a p p a ra tu s  i f  th e  r e le a s e s  

o c c u rre d  a t  th e  sed im e n t-w a te r  in te r f a c e  s in c e  th e  flow  o f  w a te r  i s  

o v e r and up from  th e  sed im en t. Once th e  a f f e c te d  i r o n  and manganese 

in  th e  sed im en t w ere washed ou t o f  th e  s e d im e n t, f u tu r e  r e le a s e s  o f 

th e s e  m e ta ls  from  th e  sedim ent would be  g o verned  by o th e r  m echanism s, 

eg . d i f f u s io n ,  m ix in g , e t c .

From days 15 th ro u g h  1+6, th e  e f f l u e n t  i ro n  and manganese con

c e n t r a t io n s  rem ained  f a i r l y  c o n s ta n t ,  i n d ic a t in g  t h a t  v e ry  l i t t l e  i ro n  

and manganese was made a v a i la b le  fo r  f u r t h e r  r e l e a s e .  T hat i s ,  r e l a 

t i v e l y  l i t t l e  i r o n  and manganese p assed  from  low er sed im ent t o  th e  

se d im e n t-w a te r  i n t e r f a c e  v i a  d i f f u s io n  and tu rb u le n c e  a t  th e  appar

e n t ly  low sed im en t red o x  p o t e n t i a l .
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F ig u re s  13 and 15 a ls o  in d ic a te  t h a t  th e  e le c tr o d e  p o t e n t i a l  

(Eh) as m easured in  th e  e f f lu e n t  v a s  n o t a t  a l l  r e p r e s e n ta t iv e  o f  th e  

sed im en t o r  th e  column w a te r . R easons s im i la r  to  th o se  s t a t e d  f o r  c o l 

umns 1 and 2 a ls o  a p p ly  f o r  columns 5 and  6 . A p p a re n tly , th e  e f f l u e n t  

w a te r  was r e a e r a t e d  betw een the  c u l t i v a t i o n  chamber and th e  e f f l u e n t  

chamber as i t  p a s se d  th ro u g h  the o v e rf lo w  tu b e . T his seems to  be v a l i 

d a te d  by c o n s id e r in g  w hat happened t o  t h e  e f f l u e n t  e le c t r o d e  p o t e n t i a l  

o f  column 6 a f t e r  day 38. N itrogen  gas was u se d  to  pu rge  th e  a i r  from  

th e  c u l t i v a t i o n  cham ber and th e  e f f l u e n t  r e c e p to r .  The r e s u l t  was a  

sh a rp  d e c re a s e  i n  th e  e f f lu e n t  e le c t r o d e  p o t e n t i a l  from ^20 to  210 mV 

betw een days 38 and  h i .  The sh a rp  r i s e  from  days h i  to  hh may sim ply  

r e f l e c t  a r e l a t i v e l y  u n s ta b le  redox p o t e n t i a l  a t  th e  se d im en t-  

w a te r i n t e r f a c e .  T h is may have b e e n  due t o  th e  b io lo g ic a l  community 

b e in g  n u t r i e n t - l i m i t e d ;  th u s ,  th e  s e d im e n t-w a te r  i n te r f a c e  c o u ld  n o t 

m a in ta in  a s t a b l e  community o f  h e te r o t r o p h ic  o rg an ism s. Note a ls o  

in  F ig u re s  5 and 15 t h a t  th e  e le c tro d e  p o t e n t i a l  s h a rp ly  in c re a s e d  

betw een days h i  and  h3. However, in  column 1 ,  th e  e le c tr o d e  p o te n 

t i a l  rem ained  lo w , w hereas in  column 6 th e  e le c t r o d e  p o t e n t i a l  i n 

c re a s e d . T h is  w ould f u r t h e r  in d ic a te  t h a t  th e  b io lo g ic a l  community 

s t a b i l i t y  was a f f e c te d  by th e  n u t r i e n t - f r e e  d i s t i l l e d  w a te r . S in ce  

th e  h e te r o tr o p h ic  community i s  r e s p o n s ib le  f o r  m e d ia tin g  th e  red o x  

c o n d it io n  a t  th e  se d im e n t-w a te r  i n t e r f a c e ,  t h e  e le c tr o d e  p o t e n t i a l  

m easurem ent w ould a ls o  r e f l e c t  i n s t a b i l i t y  i f  a n u t r i e n t  was 

l im i t in g .

The s u l f a t e  c o n c e n tra t io n s  i n  colum ns 5 and 6 were 0 mg/& as 

shown in  F ig u re s  13 and  15 • Since th e  d i s t i l l e d  w a te r  d id  n o t
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c o n ta in  s u l f a t e  in  m easu rab le  q u a n t i t i e s ,  th e s e  c o n c e n t ra t io n s  were 

e x p e c te d .
OO

F ig u re s  lU and  l6  show th e  d a i ly  f l u c tu a t io n s  o f  pH and  P in

th e  e f f l u e n t  from  colum ns 5 and 6 , r e s p e c t iv e ly .  The t y p i c a l  r a p id
32

d e c re a se  o r  w ashout o f  P o c c u rre d  betw een ab o u t days 1 and 8 (F ig 

u re  i k ) .  From day 8 t o  day 1 2 , n e g l ig ib le  ^^P was d e te c te d  i n  th e  e f 

f lu e n t .  Between days 13 and 30, e x c e p t f o r  day 2k ,  a g e n e ra l  r e le a s e

32 32
o f  P from  a lg a e  t o  th e  w a te r  o c c u rre d . The b e g in n in g  o f  t h i s  P

r e l e a s e  c o in c id e d  w ith  th e  r e l e a s e  o f  i ro n  (F ig u re  1 3 ) . I t  would seem 

32
t h a t  th e  P r e l e a s e  was a s s o c ia te d  w ith  a  low re d o x  c o n d it io n  in  th e

w a te r  and s u r f i c i a l  sedim ent o f  column 5- S in c e  t h e  i ro n  r e l e a s e  was

32 32
r a p id  w ith  r e s p e c t  to  th e  s u s ta in e d  P r e l e a s e ,  t h e  b u lk  o f  th e  P

32
r e le a s e d  was n o t  a s s o c ia te d  w ith  i r o n .  The P may have been  caused

b y  some o th e r  re d o x  r e a c t io n  o r  in c re a s e d  b i o l o g i c a l  m ed ia ted  r e le a s e .

32
From days 31 th ro u g h  4 $ , o n ly  two r e le a s e s  o f  P o c c u rre d  on days

3237 and 43. In  F ig u re  l 6 ,  a s im i la r  w ashout o f  P o c c u rr in g  in  c o l

umn 6 from  days 1 th ro u g h  4 i s  shown. From day 4 th ro u g h  day 43, ex-

32c e p t f o r  days 36 th ro u g h  38, a c o n s ta n t  r e l e a s e  o f  P , i . e . ,

100 cpm/2 m l, o c c u rre d  in  t h i s  colum n.

32I t  i s  q u i te  e v id e n t  t h a t  th e  P r e le a s e  from  columns 5 and 6

was s i g n i f i c a n t l y  g r e a t e r  th an  t h a t  f o r  any o f  th e  o th e r  p re v io u s ly

d is c u s s e d  colum ns. A p o s s ib le  e x p la n a tio n  co u ld  be  t h a t  th e  h e te ro 

t r o p h ic  community i n  columns 5 and 6 was n o t a c t i v e l y  in c re a s in g  in  

s i z e  and d i v e r s i t y  b ecau se  o f  a  la c k  o f  c e r t a in  n u t r i e n t s  which would 

n o rm a lly  b e  a v a i l a b l e  t o  th e  sed im ent b io ta  in  l a k e  w a te r . T h e re fo re , 

th e  p h o sp h a ta se  a c t i v i t y  would c o n t in u a l ly  b re a k  down th e  a lg a l  c e l l
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32 32and r e l e a s e  P to  t h e  w a te r . I f  F w ere n o t b i o lo g i c a l ly  u t i l i z e d

a n d /o r  p h y s ic a l ly  so rb e d , t h i s  s u s ta in e d  r e le a s e  would be  a  r e s u l t  o f

p h o sp h a ta se  d e g ra d a tio n  o f  o rg a n ic  p a r t i c u l a t e  w ith  l i t t l e  b io ta

32u t i l i z a t i o n  o f  th e  a v a i la b le  m in e ra l iz e d  P. I f  t h i s  i s  t r u e ,  some

o th e r  e lem en t b e s id e s  phosphorus was p ro b ab ly  l im i t i n g  t o  th e  b io ta

32in  th e  co lum ns. The d i f f e r e n c e  in  th e  P r e l e a s e  from  column 5 and

32column 6 may o r  may n o t  b e  r e a l .  The q u a n t i ty  o f  P r e l e a s e d  from 

b o th  columns was f a i r l y  s m a l l ,  so  d i f f e r e n c e s  may be  overem phasized  

by  th e  g ra p h s .

The d a i l y  f lu c tu a t io n s  i n  pH from  b o th  colum ns rem ained  f a i r l y  

s m a ll. In  g e n e r a l ,  o v e r  ap p ro x im a te ly  k3 days t h e  pH was b u f fe re d  be

tw een 6 .5  and 7 .5 .  T h is i s  g e n e ra l ly  s im i la r  to  th e  e f f l u e n t  w ater 

q u a l i ty  o f  a l l  o f  th e  columns p r e v io u s ly  d is c u s s e d .

There w ere no v i s i b l e  p h y s ic a l  changes in  th e s e  colum ns fo r  th e  

d u ra t io n  o f  th e  ru n . That i s ,  th e  a lg a l  r e s id u e  rem ained  g ree n  under 

t h e  o p e ra t in g  c o n d it io n s .

Column 7

The d a ta  from  column 7 a r e  shown in  F ig u re s  17 and l 8 .  The 

sedim ent in  column 7 was s t e r i l e ,  and d i s t i l l e d  w a te r  was p a sse d  

th ro u g h  th e  column in  an  a e ro b ic  a tm osphere . The s l i g h t l y  t u r b id  e f 

f lu e n t  from t h i s  column c o n ta in e d  suspended  c la y  p a r t i c u l a t e s  from 

days 1 th ro u g h  7. T h is r e s u l t e d  in  a w ashout o f  i r o n  and manganese 

th ro u g h  th e  f i r s t  s e v e r a l  days o f  o p e ra t io n  s im i la r  to  t h a t  observed  

f o r  th e  p re v io u s  co lum ns. From day 8 th ro u g h  day 4 6 , th e  e f f lu e n t  

i r o n  c o n c e n tra t io n  was v e ry  low (< 0 .10  to  0 .20  m g/Jl). In  f a c t ,  th e
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e f f lu e n t  i r o n  and m anganese c o n c e n tra t io n s  w ere v e ry  s im i l a r  to  th o se  

c o n c e n tra t io n s  in  t h e  i n f l u e n t  w a te r .  Note t h a t ,  from  days 7 th rough  

2 1 , th e  e f f l u e n t  m anganese c o n c e n tra t io n  rem ained  c o n s ta n t  a t  about 

0 .2 0  mg/Z. A f te r  day 2 1 , th e  e f f l u e n t  manganese c o n c e n tra t io n  dropped 

to  about 0 .1 0  mg/&. The h ig h e r  manganese c o n c e n tra t io n  betw een days 

7 and 21 may have b een  e v id en ce  o f  th e  f a c t  t h a t  t h e r e  w ere c la y  p a r

t i c l e s  a d h e r in g  t o  th e  w a lls  o f  th e  c u l t iv a t io n  cham bers above th e  

se d im e n t-w a te r  i n t e r f a c e  a s  a r e s u l t  o f  a u to c la v in g . The c o n tin u a l  

w ashing e f f e c t  o f  t h e  w a te r  flo w in g  th ro u g h  th e  colum n r e s u l t e d  in  

th e  h ig h e r  e f f l u e n t  manganese c o n c e n t ra t io n s .  T h is  same t r e n d  oc

c u rre d  i n  columns 3 and 4 (F ig u re s  9 and 1 1 , r e s p e c t i v e ly ) .

The e le c t r o d e  p o t e n t i a l  (Eh) o f  th e  e f f l u e n t  seemed to  in c re a s e  

from  270 mV on day 1 to  407 mV on day 7* There was an a p p a re n tly  

g ra d u a l d e c re a s e  to  about 300 mV on day 2k.  From day 2k th ro u g h  day 

3 6 , th e  e le c t r o d e  p o t e n t i a l  o s c i l l a t e d  around 310 mV. A f te r  reco n 

n e c tin g  a  new su p p ly  o f  s t e r i l e ,  d i s t i l l e d  w a te r on day 37, th e  e le c 

t r o d e  p o t e n t i a l  in c re a s e d  t o  4lO mV by day 38 eind rem ained  c o n s ta n t 

th ro u g h  day kk.  T h is  in c r e a s e d  o x id iz in g  c o n d it io n  in  th e  column 

was very  s im i la r  t o  th e  e le c t r o d e  p o t e n t i a l  m easured f o r  th e  d i s 

t i l l e d  w a te r  (se e  Appendix D ). A gain , th e  redox  c o n d it io n  o f  th e  

column e f f l u e n t  as m easured  by  th e  e le c tr o d e  p o t e n t i a l  a f t e r  on ly  a 

15 -m inu te  e q u i l i b r a t i o n  p e r io d  sh o u ld  be  i n t e r p r e t e d  i n  v e ry  g e n e ra l 

te rm s . The i n i t i a l  in c r e a s e  in  th e  e le c tr o d e  p o t e n t i a l  from  days 1 

th ro u g h  7 was p o s s ib ly  due to  w ashing o u t th e  o rg a n ic  a c id s ,  e t c . ,  

t h a t  had been  r e le a s e d  from  th e  sed im ent and b io ta  as a  r e s u l t  o f  th e  

a u to c la v in g  p r o c e s s .
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32T here w ere a ls o  no a p p a re n t changes in  th e  s u l f a t e ,  pH, and P 

t h a t  co u ld  be c o r r e la t e d  w ith  e i t h e r  th e  i ro n  o r  m anganese r e l e a s e  

p a t t e r n .  The e f f l u e n t  s u l f a t e  c o n c e n tra t io n  was 0 m g/& from day 1 

th ro u g h  day 48. T h is  was th e  same as th e  s u l f a t e  c o n c e n t ra t io n  in  th e  

i n f lu e n t  d i s t i l l e d  w a te r .

3 2The e f f l u e n t  pH and P c o n c e n tra t io n s  a re  shown in  F ig u re  l 8 .

32
A f te r  th e  e x p e c te d  w ashout o f  P from day 1 th ro u g h  day 7 , v i r t u -

3 2a l l y  background l e v e l s  o f  P w ere d e te c te d  th ro u g h  day 45. On days 

1 3 , 1 7 , and 1 9 , o n ly  20 to  25 cpm/2 ml w ere d e te c te d .  These few r e 

l e a s e s  seem to  be anomalous w ith  r e s p e c t  t o  th e  o v e r a l l  t r e n d  o f  e f -  

32f lu e n t  P as i n d ic a te d .  Hence, th e r e  was no in d ic a t io n  from  th e se

32
d a ta  t h a t  th e  a lg a l  p a r t i c u l a t e  o rg an ic  P was r e l e a s e d  th ro u g h  an 

a u to d e g ra d a tio n  p ro c e s s  o r  by b a c t e r i a l  c o n ta m in a tio n  o f  th e  c u l t iv a 

t i o n  cham ber. These d a ta  in d ic a te  t h a t  an a u to d e g ra d a t io n  p ro c e ss  o f  

a lg a l  o rg a n ic  m a t te r  i s  v i r t u a l l y  n o n e x is te n t  o v e r  a  4 5-day tim e  pe

r io d .  L ik e w ise , t h i s  system  c l e a r l y  i n d ic a te s  t h a t  t h i s  a p p a ra tu s  

c o u ld  be m a in ta in e d  f o r  p e r io d s  o f  g r e a te r  th a n  45 days as  a  s t e r i l e  

system .

The e f f l u e n t  pH rem ained  f a i r l y  c o n s ta n t  be tw een  6 .0  and 7 .5  

f o r  4 l  d ay s . Then i t  in c re a s e d  s l i g h t l y  t o  a p p ro x im a te ly  8 .0  by 

day 43.

There w ere no v i s i b l e  p h y s ic a l  changes in  th e  sed im en t o r  a lg a l  

r e s id u e  o f  column 7 d u r in g  th e  e x p e rim e n ta l ru n .

E xperim en ta l Run 2 

The f i n a l  p o r t io n  o f  t h i s  e x p e rim e n ta l d e s ig n  a tte m p te d  to  more
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c lo s e ly  s im u la te  a  n a tu r a l  en v iro n m en t above th e  sed im en t c o re  and

3 2th u s  to  s tu d y  th e  d e g ra d a tio n  and su b seq u e n t r e le a s e  o f  P t o  t h e

3 2
o v e r ly in g  w a te r . In  th e  p r i o r  e x p e r im e n ta l  ru n , v e ry  l i t t l e  P was 

r e le a s e d  to  th e  o v e r ly in g  w a te r  when la k e  w a te r  was u t i l i z e d .  L ik e 

w is e , th e  l a s t  run  in d ic a te d  t h a t  s e v e r a l  f a c to r s  may have p re v e n te d  

3 2 P from b e in g  r e le a s e d .  To i n v e s t ig a t e  th e s e  f a c to r s  i n  a  r e a s o n a b le  

tim e  p e r io d ,  i t  was d e c id e d  to  fo re g o  a n a ly z in g  s t e r i l e  sed im en t con

t r o l s  . The in fo rm a tio n  on th e  c o n t r o l s  from  th e  p re v io u s  ru n  i n d i -

3 2c a te d  t h a t  th e  s t e r i l e  sed im en t colum ns w ere n o t n e c e s s a ry .  The P

r e l e a s e  was n e g l ig ib le  from  th e  c o n t r o l  columns o f  run  1 .

The f i r s t  f a c to r  c o n s id e re d  was an in c re a s e  in  th e  s p e c i f i c  a c -  

3 2t i v i t y  o f  P in  th e  p a r t i c u l a t e  o rg a n ic  c e l l u l a r  com ponents o f  t h e  

a lg a e .  T h is  was c l e a r l y  i n d ic a te d  a s  b e in g  n e c e s sa ry  b a se d  on th e  

le n g th  o f  th e  f i r s t  e x p e r im e n ta l  ru n . Second, i t  was n e c e s s a ry  t o  op

e r a t e  th e  columns w ith  an i n e r t  a tm o sp h e re . T h ird , i t  was n e c e s s a ry  

t o  u se  la k e  w a te r w ith  an  in c r e a s e d  c o n c e n tra t io n  o f  phospho rus i n  

o rd e r  to  b e t t e r  e v a lu a te  w h e th e r  o r  n o t phosphorus c o u ld  have been  

somewhat l im i t in g  to  th e  sed im en t community in  th e  colum ns o f  th e  p re 

v io u s  e x p e rim e n ta l ru n . I f  t h e  phospho rus  were l i m i t i n g ,  t h i s  c o u ld  

be  th e  re a s o n  why th e  phosp h o ru s  was n o t r e le a s e d  t o  th e  o v e r ly in g  

w a te r .  S in c e  d i s t i l l e d  w a te r  i s  n o t a t  a l l  s im i la r  t o  th e  w a te r  in  

a  n a tu r a l  sy stem , la k e  w a te r  (w ith  i t s  am bient n u t r i e n t  c o n c e n tra 

t i o n )  was u sed  t o  flow  th ro u g h  a l l  e ig h t  columns c o n tin u o u s ly . A 

0.5-m g/il q u a n t i ty  o f  u n la b e l le d  phospho rus as KHgPOj  ̂ was added to  

th e  la k e  w a te r  su p p ly in g  colum ns 2 ,  4 , 6 , and 8. T h is  w ould h e lp  de

te rm in e  i f  th e  am bient n u t r i e n t  l e v e l s  in  th e  la k e  w a te r  had an
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e f f e c t  on th e  r e l e a s e  o f  P a n d /o r  any o th e r  s t a t e d  ch em ica l param e

t e r s ,  T h is  w a te r  was used  to  f e e d  colum ns 2 , 4 , 6 , and  8 . Lake w a te r

w ith o u t a d d i t io n a l  phosphorus was u sed  in  columns 1 , 3 ,  5 , and 7 .

32F o u r th , i t  was n e c e s s a ry  to  d e te rm in e  i f  th e  P would he r e l e a s e d

by d e c re a s in g  th e  HRT. I t  was s u s p e c te d  t h a t  th e  f lo w  r a t e  and volume

(2 m l/h o u r , 2i*-hour HRT) r e l a t i o n s h ip  may have a llo w ed  th e  m in e ra l iz e d  

32P to  p r e c i p i t a t e  o u t o f  s o lu t io n  o r  o n to  th e  colum n' s w a ll  p r i o r  to  

p a s s in g  o u t  th e  o v e rf lo w  tu b e . T h e r e f o r e ,  on s e v e ra l  colum ns, th e  

flow  r a t e  was in c r e a s e d , and th e  volume o f  w a te r o v e r ly in g  th e  s e d i 

ment c o re  was re d u c e d . F i n a l l y ,  i t  was n e c e s s a ry  to  d e te rm in e  i f  r e 

s u l t s  w ould  be  o b ta in e d  s im i la r  t o  th o s e  in  e x p e rim e n ta l run  1 . T h is 

was acco m p lish ed  by c o n tin u in g  columns 1 and 2 . These columns w ere 

r e in o c u la te d  w ith  more l a b e l l e d  a lg a e  and w ere purged  w ith  n i t r o g e n  

g a s . C olum n's 3 th ro u g h  8 w ere s t a r t e d  in  a manner s im i la r  to  t h a t  

f o r  colum ns 1 th ro u g h  4 o f  e x p e r im e n ta l  ru n  1; how ever, th e y  were 

purged  w i th  n i t r o g e n  gas from day 1 .

Columns 1 eind 3

The p e r t i n e n t  d a ta  from  columns 1 and 3 a re  shown in  F ig u re s  1 9 , 

20 and 2 1 , 2 2 , r e s p e c t iv e ly .  Column 1 was c o n tin u e d  from  e x p e rim e n ta l 

run  1 , w hereas column 3 was r e s t a r t e d  w ith  a  f r e s h  sed im en t c o re . The 

i n i t i a l  w ashout o f  manganese and i r o n ,  w hich was o b se rv e d  from th e  c o l 

umns d u r in g  th e  f i r s t  experimenteuL ru n  and from  column 3 (F ig u re  21) o f  

t h i s  e x p e r im e n ta l  r u n ,  d id  n o t o c c u r in  column 1 (F ig u re  1 9 ) . T h is  was

ex p e c te d  s in c e  th e  sedim ent in  column 1 was n o t d i s tu r b e d  upon a d d i t io n  

32o f  f r e s h ,  P - l a b e l l e d  a lg a l  r e s id u e .  A ls o , column 1 had a lre a d y
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washed o u t th e  m anganese and i r o n  a s s o c ia te d  w ith  th e  p r e p a r a t io n  o f  

th e  c o re  a t  th e  b e g in n in g  o f  th e  f i r s t  e x p e r im e n ta l  ru n .

F ig u re  19 shows t h a t  from  days 3 th ro u g h  l 8 ,  th e r e  was a g rad u a l 

in c r e a s e  in  th e  r e l e a s e  o f  m anganese (Mn) from  column 1 . A peak  r e 

l e a s e  o c c u rre d  on o r  a b o u t day 1 3 . At t h i s  t im e ,  0 .3 5  mg/A o f  manga

n e se  was re c o rd e d  in  t h e  e f f l u e n t  o f  column 1 . From days l 8  th rough  

4$ , th e  e f f l u e n t  m anganese c o n c e n tra t io n  d e c re a s e d  to  l e s s  th a n

0 .0 5  mg/&. A lso , from  abou t day 6 th ro u g h  day l 8 ,  a  n o t ic e a b le  in 

c re a s e  i n  th e  e f f l u e n t  i r o n  c o n c e n t r a t io n  o c c u r r e d .  From days l 8  

th ro u g h  4 5 , t h e  e f f l u e n t  i r o n  c o n c e n tra t io n  was s t a b l e  betw een 0 .10 

and 0 .2 0  m g/£. About th e  same tim e  t h a t  th e  e f f l u e n t  m anganese and 

i r o n  c o n c e n t ra t io n s  w ere  in c r e a s in g ,  b la c k  c o lo r a t i o n  began t o  be 

n o t ic e d  i n  th e  f r e s h  a l g a l  r e s id u e  l a y e r  p la c e d  i n i t i a l l y  on th e  o ld e r  

b la c k  a lg a l  r e s id u e .

From column 3 , a  r e l e a s e  o f  i ro n  and  m anganese o c c u rre d  s im i la r  

to  t h a t  o b se rv e d  i n  colum n 1 (F ig u re  5) o n o r t ly  a f t e r  t h a t  column was 

s e t  up and was o p e r a t in g .  A no ther r e l e a s e  o f  m anganese o c c u rre d  be

tw een day 9 and  day 13 w ith  a  maximum e f f l u e n t  m anganese c o n c e n tra t io n  

o f  0 .5 3  mg/Jl on day 1 1 . From day  13 th ro u g h  day 4 0 , a  g ra d u a l  de

c re a s in g  m anganese r e l e a s e  o c c u rre d  u n t i l  days 38 th ro u g h  40 when th e  

e f f l u e n t  m anganese c o n c e n t r a t io n  was a t  a  minimum (<0.05  m g /2 ) . From 

days 40 t o  45, a  s l i g h t  in c r e a s e  to  0 .2 0  mg/2 Mn was o b se rv e d . This 

in c r e a s e  may have b e e n  due t o  th e  d i f f u s io n  o f  m anganese from  th e  

low er sed im en t to  th e  se d im e n t-w a te r  i n t e r f a c e .  A lso  from F ig u re  21, 

i t  can  be seen  t h a t  a  s im i la r  i r o n  r e l e a s e  o c c u r r e d  p a r a l l e l i n g  th e  

r e l e a s e  o f  m anganese from  column 3. The c h a r a c t e r i s t i c  w ashout o f
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i r o n  o b se rv e d  d u r in g  th e  f i r s t  few days o f  th e  l a s t  e x p e r im e n ta l  ru n  

d id  n o t o c c u r .  The colum ns w ere s e t  up much more c a r e f u l l y ,  and t u r 

b i d i t y  was th u s  m in im ized . From days 1 th ro u g h  9 , t h e  e f f l u e n t  i ro n  

c o n c e n t r a t io n  was l e s s  th a n  0 .1 0  t o  0 .2 0  m g/£. Between days 9 and  l 6 ,  

a  s i g n i f i c a n t  i r o n  r e l e a s e  o c c u rre d  w ith  a  maximum e f f l u e n t  i r o n  con

c e n t r a t i o n  o f  0 .6 8  mg/Jl m easured  on day 11 . From day 10 th ro u g h  day 

^ 5 , th e  e f f l u e n t  i r o n  c o n c e n t ra t io n  rem ained  betw een 0 .1 0  and  0 .2 0  mg/£. 

T h is  was s l i g h t l y  m ore th a n  th e  i r o n  c o n c e n t r a t io n  o f  th e  i n f l u e n t  

w a te r  m edia ( s e e  A ppendix  D ).

From F ig u re s  19 and 2 1 , i t  can  be seen  t h a t  t h e  r e l e a s e  p a t t e r n s  

o f  i r o n  and  m anganese o c c u rre d  a t  abou t th e  same tim e  i n  b o th  co lum ns. 

L ik e w ise , th e  r e l e a s e s  o c c u rre d  when th e  e f f l u e n t  e le c t r o d e  p o t e n t i a l  

was be tw een  00 and 100 mV. D uring t h i s  same t im e , th e  l a b e l l e d  a lg a l  

r e s id u e  i n  b o th  colum ns b eg an  t o  t u r n  b la c k .  I t  c o u ld  th u s  b e  s u r 

m ised  t h a t  th e  red o x  c o n d i t io n  a t  th e  w a te r-se d im e n t i n te r f a c e  was 

p ro b a b ly  much lo w er th a n  t h a t  in d ic a te d  in  th e  co lum ns' e f f l u e n t .

The e f f l u e n t  s u l f a t e  c o n c e n tra t io n  o f  column 1 on day 1 was much 

low er th a n  t h a t  o f  th e  i n f l u e n t  w a te r  (A ppendix D ). The e f f l u e n t  s u l 

f a t e  c o n c e n t r a t io n  o f  column 3 dropped  from  a b o u t 10 m g/il on day 1 to  

a minimum o f  a b o u t 0 m g/2 by day 6 and rem ain ed  f a i r l y  c o n s ta n t  th ro u g h 

o u t th e  e x p e r im e n ta l  r u n .  T h is  was f u r t h e r  ev id e n c e  o f  th e  f a c t  t h a t  

th e  red o x  p o t e n t i a l  i n  colum ns 1 and 3 a t  th e  s e d im e n t-w a te r  i n te r f a c e  

was much lo w e r th a n  w hat th e  e le c tr o d e  p o t e n t i a l s  w ere m easu rin g  in  

th e  e f f l u e n t  o f  th e s e  co lum ns. Based on th e  e f f l u e n t  s u l f a t e  concen

t r a t i o n ,  th e  e le c t r o d e  p o t e n t i a l ,  and th e  b la c k  c o lo r a t i o n ,  i t  may be 

h y p o th e s iz e d  t h a t  th e  b la c k  c o lo r a t io n  was c a u se d  by red u ced  s u l f u r
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compounds, e . g . ,  hydrogen s u l f i d e  and  f e r r o u s  s u l f i d e .  Evidence from  

th e  d a ta  o b ta in e d  a t  th e  co n c lu s io n  o f  t h i s  ru n  and d is c u s s e d  in  Chap

t e r  V su p p o rt  t h i s  c o n c lu s io n . The e le c t r o d e  p o t e n t i a l  f o r  th e  f i r s t  

s e v e ra l  days in  column 1 (F ig u re  19) r e f l e c t e d  w hat i t  had been a t  th e  

c o n c lu s io n  o f  th e  f i r s t  ru n , i . e . ,  l6 0  t o  200 mV. Upon a d d it io n  o f  

th e  a lg a l  r e s i d u e ,  a  f u r th e r  d e c re a s e  in  th e  e le c tr o d e  p o te n t ia l  was 

n o te d  a f t e r  t h e  f i f t h  day o f  o p e ra t io n .  From 220 mV on day 4 , the  

e le c tro d e  p o t e n t i a l  d e c re a sed  t o  a p p ro x im a te ly  80 mV by day 15. The 

e le c tr o d e  p o t e n t i a l  g e n e ra l ly  rem ained  c o n s ta n t  f o r  th e  rem ainder o f  

e x p e r im e n ta l  ru n  2 . A v e ry  s im i la r  p a t t e r n  o c c u rre d  in  column 3 a s  

shown in  F ig u re  21. T hus, i t  would a p p ear t h a t  in  th e  d e sc r ib e d  man

n e r  o f  o p e r a t io n  o f  th e s e  columns a p p ro x im a te ly  4 o r 5 days e lapse  

b e fo re  a  re s p o n s e  i s  n o te d  by th e  sed im en t h e te r o t r o p h ic  community on 

th e  s u b s t r a te  o f  i n t e r e s t .

On day  1 ,  th e  e le c tr o d e  p o t e n t i a l  (Eh) o f  column 3 was much low er 

th a n  t h a t  o f  th e  i n f lu e n t  w a te r . T h is  was e x p e c te d , s in c e  th e  flow  o f  

w a te r  th ro u g h  th e  column was n o t s t a r t e d  u n t i l  12 hou rs l a t e r  so t h a t  

m ost o f th e  i n i t i a l  t u r b i d i t y ,  e t c . ,  co u ld  be  s e t t l e d  o u t p r io r  to  th e  

ex p e rim e n t. D uring t h i s  12 -hour p e r io d ,  th e  e le c t r o d e  p o te n t ia l  was

d ec re a sed  by th e  h e te r o tr o p h ic  community.

32The r e l e a s e  o f  P and th e  pH re sp o n se  o f  columns 1 and 3 a re  

shown in  F ig u re s  20 and 22 , r e s p e c t iv e ly .  From days 1 th rough  7, th e

c h a r a c t e r i s t i c  w ashout o f  P was o b se rv ed  i n  column 1 (F ig u re  20 ).

32From day T th ro u g h  day 20, th e  e f f l u e n t  P in c r e a s e d  from  about 

200 cpm/2 ml on day 7 to  750 cpm/2 ml on day 8 . A d e c re a s in g  r e le a s e  

o f  P from  th e  a lg a l  r e s id u e  was o b se rv ed  from  day 8 th ro u g h  day 36
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32when on ly  background  l e v e l s  o f  P were c o u n te d . T hus, fo r  th e  d u ra -

32t i o n  o f  t h e  second e x p e rim e n ta l ru n , l e s s  and l e s s  P was r e l e a s e d  to

th e  o v e r ly in g  w a te r .  T his fo llo w e d  th e  p a t t e r n  o f  column 1 d u r in g  th e

32f i r s t  ru n . The q u a n t i ty  o f P r e le a s e d  d u r in g  t h i s  e x p e rim e n ta l run
o p

was a  v e ry  sm a ll p e rc e n ta g e  (e s t im a te d  <10 p e rc e n t)  o f  th e  t o t a l  P

added  to  t h e  column i n i t i a l l y .

A v e ry  s im i la r  r e l e a s e  p a t t e r n  was n o te d  f o r  column 3 a s  shown

in  F ig u re  22. T here  was a r a p id  w ashout from day 1 th rough  day 9 ,

i . e . ,  13 ,000  to  550 cpm/2 ml. As s ta t e d  e a r l i e r ,  t h i s  w ashout was ex-

32p e c te d . From days 9 th ro u g h  1 5 , th e  e f f l u e n t  P in c re a s e d  t o  g r e a te r

32th a n  1000 cpm/2 ml by day 12. The e f f lu e n t  P coun t r a t e  d e c re a se d

to  abou t 730 cpm/2 ml on day l 4 ; th e n , i t  in c re a s e d  to  g r e a te r  th an

1000 cpm/2 ml by day  15 . I t  would appear t h a t  th e  r e l e a s e  may have

been  a s s o c ia te d  w ith  th e  i ro n  and manganese r e l e a s e  o r  a  r e s u l t  o f

32m in e r a l iz a t io n  and subsequen t le a c h in g  as  p a r t i c u l a t e  P. F o llow ing  

t h i s  in c r e a s e d  r e l e a s e  was a  r a p id ly  d e c l in in g  r e l e a s e  to  abou t

3 2200 cpm/2 ml by day 20. From day 20 to  day 3 5 , a  s te a d y  b u t low P

co u n t o f  a p p ro x im a te ly  200 cpm/2 ml was d e te c te d .  From day 35 to

day 45, o n ly  a  c o n s ta n t  100 to  200 cpm/2. ml was d e te c te d  in  th e  e f -

32f l u e n t .  A g a in , t h e  q u a n t i ty  o f  P acco u n ted  f o r  in  th e  e f f l u e n t  r e p 

r e s e n te d  o n ly  a  sm a ll p e rc e n ta g e  (e s t im a te d  <10 p e rc e n t)  o f th e  t o t a l  

32P in  th e  column.

The pH re s p o n s e s  o f  bo th  columns 1 and 3 were v e ry  s im i la r  to  

th e  re sp o n se  o f  column 1 in  th e  f i r s t  ru n  a f t e r  i t  h as  been pu rged  

w ith  n i t r o g e n  g a s . T here was a  g ra d u a l in c r e a s e  to  a  pH of abou t 8 .7 ;
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th e n ,  i t  rem ained  f a i r l y  c o n s ta n t f o r  th e  d u ra t io n  o f  th e  ru n .

As s t a t e d  e a r l i e r ,  th e  p h y s ic a l  changes o bserved  in  b o th  o f  th e  

columns w ere c o n fin e d  p r im a r i ly  t o  th e  fo rm a tio n  o f  th e  b la c k  c o lo r a 

t io n  i n  th e  a lg a l  r e s id u e .  T his change began to  o ccu r a b o u t 5 days 

a f t e r  th e  s t a r t  o f  column 1 and a b o u t 8 days a f t e r  th e  s t a r t  o f  c o l 

umn 3 . By th e  end o f  day 15, th e  a lg a l  r e s id u e  was a lm ost e n t i r e l y  

b la c k .

Column 1 was u t i l i z e d  in  th e  e x p e rim e n ta l a p p a ra tu s  f o r  105 d ay s . 

R e a l iz in g  th e  b io lo g ic a l  community i n  th e  sed im ent o f  t h i s  column may 

have been  d r a s t i c a l l y  a l t e r e d  i n  r e l a t i o n  to  th e  d i v e r s i t y  and concen

t r a t i o n  o f  th e  o r ig i n a l  h e te r o t r o p h ic  comm unity, th e  re sp o n se  o f  th e  

column was s t i l l  v e ry  re p ro d u c ib le  from  ru n s  1 and 2 w ith  r e s p e c t  to  

th e  p a ra m e te rs  m easured .

Columns 2 and U

The d a ta  from columns 2 and h a re  shown in  F ig u re s  2 3 , 2h and 

25 , 2 6 , r e s p e c t i v e ly .  The la k e  w a te r  b e in g  p a ssed  th ro u g h  th e s e  two 

colum ns c o n ta in e d  a d d i t io n a l  p h o spho rus  (0 .5 0  mg P/&) as 

O th e rw ise , th e y  w ere o p e ra te d  l i k e  columns 1 and 3 . The p r im a ry  ob

j e c t i v e  o f  th e  t e s t s  w ith  th e s e  tw o columns was to  g a in  some in s i g h t  

as to  w hether o r n o t phosphorus was l im i t i n g  to  th e  sed im en t community. 

These two columns w ould a ls o  h e lp  t o  b e t t e r  u n d e rs ta n d  th e  e f f e c t s  o f  

am bient phosphorus l e v e l s  in  la k e  w a te r  on th e  a c c e s s i b i l i t y  o f  s e d i 

ment phosphorus to  th e  o v e rly in g  w a te r .

In  com paring F ig u re s  23 and 2 5 , id iich  r e p r e s e n t  colum ns 2 and 4 , 

r e s p e c t i v e ly ,  i t  was r e a d i ly  se en  t h a t  b o th  columns y ie ld e d  e f f l u e n t s
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w ith  v e ry  s im i l a r  w a te r  q u a l i t y  w ith  r e s p e c t  to  the p a ra m e te rs  mea

s u re d . Column 2 had been  c o n tin u e d  from  th e  f i r s t  e x p e r im e n ta l  ru n .

32More P - l a b e l l e d  a lg a e  w ere added , and n i t r o g e n  gas was u se d  t o  purge 

th e  system  i n  t h i s  colum n. Column was s t a r t e d  w ith  a  new sedim ent 

c o re  f o r  run  2 .

As shown i n  F ig u re  2 3 , t h e r e  was an ap p a ren t r e l e a s e  o f  manga

n e se  from  column 2 betw een  day 1 and day 5- During t h i s  t im e , th e  

manganese c o n c e n t r a t io n  in c r e a s e d  from 0 .2 2  m g/2 on day 1 t o  abou t 

0 .6 2  m g/& on day 3. By day 6 , th e  e f f l u e n t  manganese c o n c e n tra t io n  

was down to  0 .3 0  mg/&. T hen, from day 6 th ro u g h  day 1 2 , t h e  manganese 

c o n c e n t ra t io n  in c r e a s e d  t o  a  maximum o f  0 .5 0  mg/2 on  day 9- A r a p id  

d e c re a se  in  th e  e f f l u e n t  m anganese c o n c e n t r a t io n  fo llo w ed  th ro u g h  

day l 6  a t  w hich tim e  0 . l 8  mg/A was d e te c te d .  From day l6  th ro u g h  

day 46 , th e  e f f l u e n t  m anganese c o n c e n t ra t io n  rem ained c o n s ta n t  betw een 

0 .1 5  and 0 .2 0  m g/2.

An a n a lo g o u s  m anganese r e l e a s e  was o b se rv ed  i n  th e  e f f l u e n t  from 

column 4 as shown in  F ig u re  25. F o llo w in g  th e  ex p ec ted  w ashout o f  

manganese from  days 1 th ro u g h  8 , a  s l i g h t  in c re a s e  i n  e f f l u e n t  concen

t r a t i o n  o c c u rre d  betw een day 8 and day 13 . During t h i s  t im e , th e  man

gan ese  c o n c e n t r a t io n  in c r e a s e d  from  0 .3 0  m g/2 t o  abou t 0 .4 4  mg/2 on 

day 11 ; th e n ,  i t  d e c re a se d  t o  0 .2 0  mg/2 by day 13. From days 13 

th ro u g h  22, th e  e f f l u e n t  m anganese c o n c e n t ra t io n  rem ained  a t  0 .2 0  mg/2. 

A f te r  day 2 2 , t h e  manganese c o n c e n t ra t io n  d ec reased  t o  a b o u t 0 .0 7  mg/2 

on day 32. From day 32 th ro u g h  day 4 5 , th e  manganese c o n c e n tra t io n  

rem ained  f a i r l y  c o n s ta n t  betw een 0 .1 0  and 0 .2 0  mg/2 . T h is  was v e ry
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s im i l a r  to  th e  re sp o n se  o f  th e  i n f l u e n t  l a k e  w a te r  a s  shown in  

A ppendix D.

S in ce  b o th  m anganese and i r o n  re sp o n d  s im i la r l y  to  chang ing  

re d o x  c o n d i t io n s , a  s im i la r  p a t t e r n  o f  i r o n  r e l e a s e  i n  b o th  columns 

was e x p e c te d . From F ig u re  23, i t  can  b e  se e n  t h a t  th e  f i r s t  6 days 

o f  o p e ra t io n  y ie ld e d  l e s s  than  0 .1 0  m g/& o f  i ro n  in  t h e  e f f l u e n t  from  

column 2. An in c r e a s e d  iro n  r e l e a s e  from  th e  column o c c u rre d  be tw een  

days 7 and 13 w ith  a  maximum e f f l u e n t  i r o n  c o n c e n t r a t io n  o f  0 .7 0  mg/& 

o c c u r r in g  on day 9 . From day l i t  th ro u g h  day 46 , th e  e f f l u e n t  i ro n  

c o n c e n t r a t io n  rem ained  c o n s ta n t b e tw een  0 .1 0  and 0 .2 0  mg/A.

In  column 4 , th e  i ro n  r e l e a s e  d id  n o t occu r u n t i l  day 9 and 

l a s t e d  th ro u g h  day l 6 .  The maximum e f f l u e n t  i ro n  c o n c e n t ra t io n  was 

0 .9 0  m g/& on day 11. The double peaks on days 11 and l4  p ro b a b ly  

r e p r e s e n t  th e  same p e r io d  o f  r e l e a s e  i n  th e  column. From day 16 

th ro u g h  day 4 5 , th e  e f f l u e n t  i ro n  c o n c e n t r a t io n  rem ained  c o n s ta n t  

be tw een  0 .1 0  mg/Jl and about 0 .2 0  mg/&.

The s u l f a t e  c o n c e n tra t io n  i n  t h e  e f f l u e n t  from  colum ns 2 and 4 

d e c re a se d  to  ab o u t th e  same c o n c e n t r a t io n  a f t e r  day 13 . From day 1 

th ro u g h  day 4 , a  d e c re a s in g  s u l f a t e  c o n c e n t r a t io n  was n o te d  in  th e  

e f f l u e n t  o f  column 2 . Between days 4 and I 6 , an  in c r e a s e  i n  th e  

e f f l u e n t  s u l f a t e  c o n c e n tra t io n  was m easu red . The s u l f a t e  c o n c e n tra 

t i o n  in c r e a s e d  from  ab o u t 8 m g/£ on day 4 t o  a maximum o f  l 4  m g/£ on 

day 7 ; th e  s u l f a t e  c o n c e n tra t io n  th e n  d e c re a s e d  t o  9 mg/£ by day 1 6 . 

T h is  a p p a re n t r e l e a s e  over th e  same tim e  p e r io d  t h a t  i ro n  and manga

n e se  were b e in g  r e le a s e d  may have been a  r e s u l t  o f  an  u n s ta b le  red o x  

c o n d it io n  in  t h e  c u l t i v a t io n  cham ber.
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The s u l f a t e  c o n c e n t ra t io n  in  th e  e f f l u e n t  o f  colum n s t e a d i ly  

d e c lin e d  from  20 mg/& on day 1 to  abou t 6 m g/il on day l 6 .  From day l 6  

th ro u g h  day k 3 ,  th e  e f f l u e n t  s u l f a t e  c o n c e n tra t io n  ra n g e d  betw een 

about 6 and  10 m g /t. S l ig h t  f lu c t u a t io n s  w ere p ro b a b ly  a t t r i b u t a b l e  

to  e x p e r im e n ta l  v a r i a t i o n  in  a n a ly s i s  o r  s l i g h t  i n t e r f e r e n c e s .  The 

f lu c t u a t io n s ,  how ever, w ere n o t s i g n i f i c a n t .

The sp re a d  o f  s u l f a t e  c o n c e n tra t io n s  in  b o th  colum ns w ould i n 

d ic a te  t h a t  th e  redox  c o n d i t io n  a t  th e  se d im e n t-w a te r  i n t e r f a c e  may 

have b een  f lu c tu a t in g  above and below  th e  red o x  p o t e n t i a l  i n  w hich 

s u l f a te s  a re  re d u c e d , i . e . ,  l e s s  th a n  -150 mV. The e le c t r o d e  p o te n 

t i a l s  o f  th e  sed im en t a f t e r  d ism a n tl in g  were much lo w e r th a n  th o s e  

in d ic a te d  by t h e  e f f l u e n t  e le c t r o d e  p o t e n t i a l s  d u r in g  th e  e x p e r im e n ta l  

run  (T ab le  j ) .

The e le c tr o d e  p o t e n t i a l  o f  th e  e f f l u e n t s  from  b o th  column 2 and 

column It s t e a d i l y  d e c l in e d  t o  betw een  80 and 100 mV by days 12 and  1 3 , 

r e s p e c t iv e ly .  G e n e ra l ly , th e  e le c t r o d e  p o t e n t i a l  from  colum n 2 e f 

f lu e n t  rem ain ed  f a i r l y  c o n s ta n t  betw een TO and 80 mV a f t e r  day 13 to  

th e  c o n c lu s io n  o f  th e  e x p e r im e n ta l  ru n . A s im i la r  p a t t e r n  e x is t e d  f o r  

column it; how ever, a  s l i g h t l y  h ig h e r  c o n s ta n t  e le c t r o d e  p o t e n t i a l  o f  

abou t 80 to  90 mV was m easu red .

The n i t r o g e n  a tm o sp h ere  e n a b le d  a  much low er e f f l u e n t  e le c t r o d e  

p o t e n t i a l  to  b e  d e te rm in ed . However, a  much lo w er re d o x  c o n d it io n  

would have e x is t e d  in  th e  column b ec au se  th e  e f f l u e n t  s u l f a t e  concen

t r a t i o n  was so  low. T h is  i n d i c a t e s  t h a t  s u l f a t e s  w ere b e in g  c o n v e r te d  

to  s u l f i d e s .
oo

F ig u re s  2k and 26 show th e  P and pH o f  th e  e f f l u e n t  from
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TABLE 7

PROFILE OF THE SEDIMENT ELECTRODE 
COLUMNS 1 -8

POTENTIAL FROM

Column L ayer HgS Odor Eh a t  15 m inutes

1 0-1 cm yes -100 mV

1-2 cm* no 0 mV

2-3 cm* no +30 mV

2 0-1 cm yes -125 mV

1 -2 cm no 0 mV

2-3 cm no 0 mV

3 0-1 cm yes -120 mV

1-2 cm no 0 mV

2-3 cm no 0 mV

h 0-1 cm yes -100 mV

1-2 cm no 0 mV

2-3 cm no +20 jnV

5 0-1 cm yes -150 mV

1-2 cm no 0 mV

2-3 cm no +20 mV

6 0-1 cm . y es -100 fflV

1-2 cm no 0 mV

2-3 cm no 0 mV

7 0-1 cm yes -100 mV

1-2 cm no 0 mV

2-3 cm no 0 mV

8 0-1 cm yes -115 mV

1-2 cm no 0 mV

2-3 cm no +10 mV

* A sm a ll amount o f io n - f r e e  w a te r  was added to  a llo w  f o r  th e s e
la y e r s  t o  be removed by a  s y r in g e .



122

colum ns 2 and 1», r e s p e c t iv e ly .  The r a p id  w ashout o f  P , a s  o bserved

i n  p re v io u s  co lum ns, was no t o b se rv ed  in  colum ns 2 o r  4 . Through 

32day l 6 ,  th e  P co u n ted  in  th e  e f f l u e n t  o f  column 2 was g r e a te r  th a n  

1000 cpm/2 m l. A f te r  day l 6 ,  a  r a p id  d e c re a se  i n  th e  c o u n tin g  r a t e  

o c c u rre d  th ro u g h  day 27 when abou t 300 cpm/2 ml was n o te d . Between

32
days 27 and 3 1 , th e  P a c t i v i t y  i n  th e  e f f l u e n t  in c re a s e d  to  a maximum 

o f  600 cpm/2 m l on days 28 th ro u g h  31; th e n ,  i t  d e c re a s e d  to  betw een 

100 and 300 cpm/2 ml f o r  th e  rem a in d e r o f  t h i s  r u n .

32A s i m i l a r  p a t t e r n  was o b se rv ed  i n  column U. The e f f lu e n t  P

a c t i v i t y  was a round  1000 cpm/2 ml th ro u g h  day 13 . A r a p id  d e c lin e  i n

32th e  P c o u n tin g  r a t e  was o b se rv ed  th ro u g h  day 21 . From days 21 

32th ro u g h  2 6 , th e  P c o u n tin g  r a t e  was abou t 300 cpm/2 m l. Between

32 32days 26 and 3 0 , an a p p a re n t P r e l e a s e  o c c u rre d . The maximum P ac 

t i v i t y  was on day 28 a t  ab o u t 600 cpm/2 m l. From day 28 th rough

32
day 32 , th e  e f f l u e n t  P a c t i v i t y  d e c re a se d  t o  a p p ro x im a te ly  100 cpm/

32
2 m l. The e f f l u e n t  P a c t i v i t y  rem ained  c o n s ta n t  f o r  th e  d u ra t io n  o f  

th e  ru n .

Both co lum ns' pH m easurem ents resp o n d ed  i n  a  manner s im i la r  to  

th o s e  o f  columns 1 and 3. The pH o f  column 2 in c r e a s e d  to  abou t 8 .7  

by  day  13 . The same t r e n d  a l s o  o c c u rre d  in  column 4 . From day 13 to  

th e  co m p le tio n  o f  th e  r u n ,  th e  pH rem ained  c o n s ta n t  a t  abou t 8. J.

The m ain p h y s ic a l  changes w hich o c c u rre d  i n  th e s e  two columns 

w ere c o n fin e d  to  th e  change in  c o lo r  o f  th e  a l g a l  r e s id u e  from  g reen  

to  b la c k .  T h is  c o lo r  change s t a r t e d  a round  day 8 i n  b o th  columns and 

was com ple ted  on o r  abou t day l 6 .

From th e s e  r e s u l t s ,  i t  would seem t h a t  th e  am bient phosphorus



123

c o n c e n tra t io n  in  th e  o v e r ly in g  w a te r  d id  a f f e c t  th e  phospho rus  r e le a s e

32from th e  sed im en t to  some d e g re e . S in ce  th e  P a c t i v i t y  d e te c te d  in

th e  e f f l u e n t  r e p r e s e n te d  a  sm all f r a c t i o n  (e s t im a te d  <10 p e rc e n t)  of 

32th e  t o t a l  P in  th e  colum n, i s o to p ic  exchange cou ld  e x p la in  th e

32s l i g h t l y  h ig h e r  e f f l u e n t  P coun t in  th e s e  colum ns.

Column 2 was c o n tin u e d  from  th e  f i r s t  e x p e rim e n ta l r u n ;  conse

q u e n tly , i t  was a c t iv e  f o r  over 100 days t o t a l .  T h is co lum n, when 

r e in o c u la te d  w ith  l a b e l l e d  a lg a e  f o r  e x p e r im e n ta l  ru n  2 and pu rged  

w ith  n i t r o g e n  g a s , re sp o n d ed  v e ry  s im i l a r l y  to  th e  m easured  w a te r  

q u a l i ty  p a ra m e te rs  o f  column k.

Columns 5 and 7

F ig u re s  2 7 , 28 an d  2 9 , 30 r e p r e s e n t  t h e  d a ta  from  columns 5 and 

7, r e s p e c t i v e ly .  The m ain o b je c t iv e s  o f  th e  t e s t s  w ith  th e s e  two c o l

umns were t o  s tu d y  th e  e f f e c t  o f  in c r e a s e d  flow  r a t e  and re d u c e d  w a te r

32volume on th e  r e le a s e  o f  P from  th e  c u l t i v a t i o n  chamber t o  th e  e f 

f lu e n t  cham ber. Column 5 was m a in ta in e d  w ith  a  50-ml volume o f  w ater 

above th e  se d im e n t, w hereas column 7 was o p e ra te d  w ith  o n ly  a  25-ml 

volume o f  w a te r  above th e  se d im e n t. A lso , th e  flow  r a t e  o f  w a te r  to 

th e s e  colum ns was in c re a s e d  from 2 .0  to  4 .0  m l/h r ;  t h u s ,  t h e  HRT in 

columns 5 and  7 was d e c re a s e d  from  2k h o u rs  to  12 h o u rs  and  to  6 h o u rs , 

r e s p e c t iv e ly .  I t  was th e n  p o s s ib le  t o  s tu d y  a p p a ra tu s  a b e r r a t io n s  i n

th e  d a ta  due t o  flow  r a t e ,  vo lum e, and chamber w a ll e f f e c t s .  I t  was

32su sp e c te d  t h a t  th e  P r e l e a s e d  from  th e  a lg a l  r e s id u e  th ro u g h  bac

t e r i a l  d e g ra d a tio n  m igh t have b e e n  p r e c i p i t a t e d  o r  so rb e d  o n to  th e  

w a lls  o f  t h e  c u l t i v a t i o n  cham ber.



1.3 2.6 26 260

1.2 2.4 24 240

1.1 2 .2 22 220

1.0 2.0 20 200

0.9 1.8 18 180

0.8 T IS  
1

Î  16 ' 160

0.7 1 .4 ! 14 
1

140

j

a>
E

0.6

0.5

0.4

0 .3

0.2

0.1

en
E

1.2

1.0

0.8

0.6

0.4

0.2

o>
E

12

10

>
E

tu

120

100

I___ L
24 28 32 36 40 44 48 52

D A Y S

56 60

.2 -Figure 2J . Comparison of Mn, Fe, , and Eh for Column 5 Effluent During
Experimental Run 2



12,000 

2,000 

1,000 

9 0 0  

8 0 0  

7 0 0  

6 0 0  

_  5 0 0

a.(Mm
4 0 0

3 0 0

200

10O

10.0

9 . 5

9 . 0

8 . 5

8.0

7 . 5

7 . 0

5 . 0

5 . 5

5 . 0

4 . 5

4 . 0

3 . 5

260

2 4 0  —

220
A

200

1 8 0

1 6 0

I

I  1 4 0
I

“  120 
>
E

Ui 100

8 0

6 0

4 0

20

20 5 2 6 02 4 4 0 5 62 8 3 2 3 6 4 84 4

32,
D A Y S

Figure 28. Comparison of P, pH, and Eh for Column 5 Effluent During
Experimental Run 2 rovn



1 .3 2 . 6 2 6 2 6 0

1 . 2 2 . 4 2 4 2 4 0

1.1 2 . 2 2 2 2 2 0

1 . 0 2 . 0 2 0 2 0 0

0 . 9 1 . 8 18 1 8 0

0 . 8 T 1 6  
1

T 16 1 6 0

0 . 7 1 1

2

i
i 1 4 1 4 0

0.6

c  0 .5  Z

0 . 4

0 . 3

0.2

0.1

1.2

; 1.0

12

10

0.8

0.6

0 . 4

0 .2

4:Ul

120

100

8 0

6 0

4 0

20

f ,
-  I

\
I I \

4
J

\ f
y \ A

y \

J I L

F ig u re  29-

0  4  8  1 2  16  2 0  2 4  2 8  3 2  3 6  4 0  4 4  4 8

D A Y S

Comparison of Mn, Fe, S0^“ , and Eh for Column T Effluent During
Experimental Run 2

5 2  5 6  6 0

ro
ON



12,000

2,000

1 .COO

9 0 0

8 0 0

7 0 0

6 0 0

5 0 0

CMm
4 0 0

3 0 0

200

100

10.0

9 . 5

9 . 0

8 . 5

8.0

7 . 5

7 . 0

I
a.

6 . 5

6.0

5 . 5

5 . 0

4 . 5

4 . 0

3 . 5

26 0

2 4 0

220

200

1 8 0

I 1 6 0

I

I 1 4 0
I

I
>
E

~ / \ l

120

"5 100

8 0

6 0

4 0

20

16 20 2 4 2 8 3 2 3 6 4 0 4 8 6 05 24 4 5 6

D A Y S
■50Figure 30. Comparison of P, pH, and Eh for Column 7 Effluent During
E x p e r im e n ta l  Run 2



128

The iro n  and  manganese c o n c e n tra tio n s  i n  t h e  e f f l u e n t s  from  h o th  

co lum ns, as shown in  F ig u re s  27 and 2 9 , e x h ib i te d  a  s im i la r  p a t t e r n  

o v e r  th e  same tim e  p e r io d . The e f f lu e n t  m anganese and  i r o n  c o n c e n tra 

t io n s  o f  column 5 r a p id ly  d e c re a sed  from  days 1 th ro u g h  3. The manga

n e se  c o n c e n tra t io n  d e c re a se d  from 0 .65  mg/£ on day 1 t o  abou t 

O.lB mg/il on day 3 , w hereas th e  i ro n  c o n c e n tra t io n  d e c re a s e d  from  

2 .7  mg/& on day 1 to  l e s s  th a n  0 .1 0  mg/& on day 3. T h is  w ashout was 

e x p e c te d , as s t a t e d  e a r l i e r ,  because o f  th e  p o s s ib l e  d is tu r b a n c e s  

c r e a te d  when th e  c o n tin u o u s -f lo w  a p p a ra tu s  was b e in g  s e t  up . The 

e f f l u e n t  m anganese c o n c e n tra t io n  from  column 5 d e c re a s e d  s l i g h t l y  from 

day 3 t o  0 .12 m g/£ on day 8 . Between days 8 and  l 6 ,  t h e  m anganese 

c o n c e n tra t io n  in c r e a s e d  s l i g h t l y  to  a  maximum o f  0 .2 0  mg/& on days 9 

th ro u g h  13 ; th e n ,  th e  e f f l u e n t  m anganese c o n c e n t r a t io n  d e c re a s e d  to  

l e s s  th a n  0 .1 0  mg/& by day l 6 .  From th e n  o n , i t  rem a in ed  f a i r l y  con

s t a n t  th ro u g h  day 22 . A s l i g h t  m anganese r e l e a s e  from  th e  c u l t iv a t io n  

chamber o c c u rre d  betw een days 22 and 27. The maximum m anganese con

c e n t r a t i o n  was m easured  on day 2h a s  0 . l 6  mg/&. From day 28 th ro u g h  

day 45, th e  e f f l u e n t  manganese c o n c e n t r a t io n  was l e s s  th a n  0 .0 5  mg/1.

A s im i la r  p a t t e r n  in  th e  e f f l u e n t  i r o n  c o n c e n t r a t io n  from  c o l

umn 5 was o b se rv e d ; h ence , th e  a s s o c ia te d  r e l e a s e s  o f  i r o n  and manga

n e se  w ere p ro b a b ly  due to  changes i n  th e  sed im en t re d o x  p o t e n t i a l  in  

th e  c u l t i v a t io n  cham ber. From day 3 th ro u g h  day 9» t h e  e f f l u e n t  i ro n  

c o n c e n t r a t io n  was l e s s  th a n  0 .10  mg/Z.  Between days 9 and 1 5 , an iro n  

r e l e a s e  was o b se rv e d . The maximum i r o n  c o n c e n t r a t io n  i n  th e  co lum n 's 

e f f l u e n t  o c c u rre d  on day 11 as 1 .3 0  mg/Ji. A f te r  day 1 1 , a  s t e a d i l y  

d e c re a s in g  e f f l u e n t  i ro n  c o n c e n tra t io n  was o b se rv e d  th ro u g h  day l 6 .
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From day l 6 th ro u g h  day h^,  th e  i ro n  c o n c e n tra tio n  rem ained f a i r l y  

c o n s ta n t betw een 0 .1 0  and O.18  mg/î..

From com paring F ig u re s  27 and 29 , i t  was q u i te  a p p a re n t t h a t  th e  

e f f lu e n t  i ro n  and manganese c o n c e n tra tio n s  in  column 7 were q u i te  s im i

l a r  to  th o s e  o f  column 5* The manganese c o n c e n tra tio n  f o r  column 7 

d e c re a sed  from  0 .^ 4  mg/I  on day 1 t o  0 .20  mg/2 by days 7 and 8 . There 

was a s l i g h t  in c r e a s e  to  a  maximum o f 0 .30  mg/£ on day 11. A f te r  

day 1 1 , a  g ra d u a l d e c re a s in g  manganese c o n c e n tra t io n  was n o te d  th rough  

day 1 8 . From days 18 th rough  22, th e  manganese c o n c e n tra t io n  was con

s ta n t  a t  about 0 .1 2  mg/I .  There was a  s l i g h t  in c re a s e  to  O .I8 mg/& on 

day 2k fo llo w ed  by  a  d e c lin e  to  abou t 0 .05  mg/Z on day 26. Through 

day 38 , th e  manganese c o n c e n tra t io n  was c o n s ta n t .  From day 38 to  

day 42 , t h e r e  was a s l i g h t  in c re a s e  in  th e  manganese c o n c e n tra t io n . 

A f te r  day 42, th e  e f f l u e n t  m anganese c o n c e n tra tio n  d e c re a sed  to  

0 .10  mg/& by day 45.

The e f f lu e n t  i r o n  c o n c e n tra t io n  from  column 7 d id  n o t v a ry  s ig 

n i f i c a n t l y  over th e  45 days o f  o p e ra t io n . From day 9 th ro u g h  day 12, 

a  s l i g h t  r e le a s e  c o in c id in g  w ith  th e  manganese r e le a s e  may have oc

c u rre d . The i ro n  c o n c e n tra t io n  in c re a s e d  from about 0 .10  mg/Z on 

day 9 t o  0 .28  mg/£ on day 12 . O th erw ise , th e  e f f lu e n t  i r o n  c o n c e n tra 

t io n  rem ained  l e s s  th a n  0 .2 0  mg/Z f o r  th e  d u ra tio n  o f  th e  e x p e rim e n ta l 

ru n .

I t  was a p p a re n t t h a t  f a i r l y  a n a e ro b ic  c o n d itio n s  e x is t e d  i n  th e  

c u l t i v a t io n  chambers o f  b o th  colum ns. Both th e  e f f lu e n t  s u l f a t e  con

c e n t r a t io n  and th e  e le c tr o d e  p o te n t i a l  d ec re a sed  s ig n i f i c a n t l y  over 

th e  tim e p e r io d  o f  th e  ex p e rim en t. From F ig u re  27, i t  can be seen  

t h a t  th e  e f f lu e n t  s u l f a t e  c o n c e n tra t io n  from  column 5 d e c re a se d  from
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l 8  to  12 m g/£ by day 2 . From day 3 th ro u g h  day  13 , th e  s u l f a t e  con

c e n t r a t io n  was i n c o n s i s t e n t .  A p o s s ib le  e x p la n a t io n  fo r  t h i s  i s  t h a t  

th e  redox  p o t e n t i a l  a t  th e  se d im e n t-w a te r  i n t e r f a c e  was u n s ta b le .

A f te r  t h e  o b se rv e d  r e l e a s e  o f  i ro n  and m anganese from th e  colum n, th e  

s u l f a t e  c o n c e n tra t io n  rem ained  c o n s ta n t  a t  a b o u t 10 to  11 m g/& from 

day 13 th ro u g h  day 34. A f te r  day 34 , th e  s u l f a t e  c o n c e n tra t io n  de

c re a s e d  f u r t h e r  to  l e s s  th a n  8 mg/A. T h is  l a t t e r  d e c re a se  was p ro b 

a b ly  due to  a  f u r t h e r  d e c re a s e  in  th e  red o x  p o t e n t i a l  which r e s u l t e d  

i n  an in c r e a s e d  p r e c i p i t a t i o n  o f  hydrogen  s u l f i d e  a n d /o r  f e r ro u s  

s u l f i d e .

A s im i la r  d e c re a s e  in  th e  e f f l u e n t  s u l f a t e  c o n c e n tra t io n  o f  c o l 

umn 7 was o b s e rv e d . T here  was a r a p id  d e c re a s e  from  a  s u l f a t e  concen

t r a t i o n  o f  19 mg/A on day 1 to  11 mg/A on day 2 . From day 2 th ro u g h  

day 1 0 , th e  s u l f a t e  c o n c e n tra t io n  o s c i l l a t e d  betw een  9 and 11 mg/A. 

From day 11 th ro u g h  day 1 7 , th e  s u l f a t e  c o n c e n t r a t io n  v a r ie d  betw een 

10 and 15 mg/A. However, a f t e r  th e  o b se rv ed  i ro n  and manganese r e 

l e a s e  from  day 8 to  day l 8 ,  th e  s u l f a t e  c o n c e n t r a t io n  s t a b i l i z e d  a t  

a round 10 mg/A from  days l8  to  27 . F o llo w in g  day 27 , th e  s u l f a t e  con

c e n t r a t io n  f u r t h e r  d e c re a s e d  to  a b o u t 8 mg/A on day 33. A f te r  day 33 , 

th e  s u l f a t e  c o n c e n t r a t io n  rem ained  c o n s ta n t  th ro u g h  th e  co m p le tio n  o f  

t h i s  e x p e r im e n ta l  ru n .

The e f f l u e n t  e le c t r o d e  p o t e n t i a l s  o f  colum ns 5 and 7 were a ls o  

v e ry  s i m i l a r .  From day 1 th ro u g h  day 1 0 , t h e  e le c t r o d e  p o t e n t i a l  o f  

column 5 o s c i l l a t e d  g r e a t l y ,  b u t i t  g e n e ra l ly  d e c re a s e d  to  abou t 

110 mV by day 1 0 . From days 10 th ro u g h  2 4 , t h e  e le c t r o d e  p o t e n t i a l  

rem ained  f a i r l y  c o n s ta n t .  There was a s l i g h t  d e c re a s e  to  80 mV on
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day 35 . From day  35 to  day 1+5» th e  e le c tr o d e  p o t e n t i a l  av e rag ed  

abou t 90 mV,

L ik e w ise , a  s im i la r  p a t t e r n  was o b se rv e d  i n  column 7- From 

day 1 th ro u g h  day 1 2 , t h e  e le c tr o d e  p o t e n t i a l  o s c i l l a t e d  g r e a t ly ,  b u t 

i t  s t i l l  d e c re a s e d  to  ab o u t 100 mV by day 12 . From day 12 th ro u g h  

day i+5, th e  e le c t r o d e  p o t e n t i a l  rem ained  f a i r l y  c o n s ta n t  betw een 80 

and 100 mV.

32F ig u re s  28 and 30 a l s o  i n d ic a te  s im i la r  P r e l e a s e s  from  bo th

colum ns. In  column 5» a  r a p id  w ashout o f i s  shown o c c u r r in g  as

e x p e c te d  from day  1 th ro u g h  day 9» i . e . ,  1+000 to  200 cpm/2 m l. From

32days 9 t o  1 9 , an  in c r e a s e d  P r e l e a s e  o c c u rre d . The maximum r e l e a s e

32was n o te d  on day 12 when th e  e f f l u e n t  P c o u n tin g  r a t e  was 500 cpm/

322 m l. A f te r  day l 6 ,  th e  a c t i v i t y  o f  P i n  th e  e f f l u e n t  d e c re a se d  to

32100 t o  150 cpm/2 ml by day 20 . The P c o u n tin g  r a t e  rem ained  con

s ta n t  from  day 20 th ro u g h  day 35. A f te r  day 35 , on ly  background  

32le v e l s  o f  P w ere coun ted  i n  th e  e f f l u e n t .

32A s im i la r  w ashout o f  P i n  column 7 o c c u rre d  betw een  days 1 and

327. Between days 7 and 9 ,  th e  e f f l u e n t  ' P a c t i v i t y  o s c i l l a t e d  betw een

32l8 0  and 320 cpm/2 m l. An in c r e a s e  i n  P a c t i v i t y  fo llo w e d  day 9 and 

rea c h e d  a  maximum o f  65O cpm/2 ml on day 13 . By day 2 0 , th e  a c t i v i t y

had d e c re a se d  t o  l e s s  th a n  100 cpm/2 ml. Between days 20 and 4 5 , th e

32P a c t i v i t y  was f a i r l y  c o n s ta n t .  A s l i g h t  r e l e a s e  m ig h t have o c -

32c u rre d  betw een days 40 and  42 . The P a c t i v i t y  in c r e a s e d  from  back -

32ground l e v e l s  t o  abou t 200 cpm/2 ml a t  t h i s  t im e . By day 43 , t h e  P

a c t i v i t y  was l e s s  th a n  100 cpm/2 ml.

The pH o f  t h e  e f f l u e n t  from  b o th  columns g ra d u a l ly  in c re a s e d
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from ab o u t 8 .0  t o  ab o u t 6 . J .  Column 5 s t a b i l i z e d  a f t e r  day l6  a t  a  

pH o f  abou t 8 .7 .  Column 7 a t t a in e d  a pH o f  8 .7  by  day 12. The pH r e 

mained c o n s ta n t in  b o th  columns th ro u g h  th e  c o m p le tio n  o f  th e  4$th day 

o f  th e  e x p e r im e n ta l run .

The m ajor p h y s ic a l  changes w hich o c c u rre d  i n  th e s e  tw o columns 

were th e  same as  th o s e  w hich o c c u rre d  in  th e  p re v io u s  colum ns. The 

i n i t i a l  g reen  a lg a l  r e s id u e s  in  b o th  o f  th e  colum ns w ere e i t h e r  c o a te d  

w ith  a  b la c k  p r e c i p i t a t e  o r th e y  tu rn e d  b la c k  w i th in  th e  f i r s t  2 weeks 

o f  t h i s  ex p e rim e n t. The b la c k  c o lo r a t io n  a p p e a re d  around  day 8 o r 9 

in  b o th  colum ns.

In  c o n c lu s io n , th e  in c re a s e d  flow  r a t e  t o  b o th  colum ns and th e

d e c re a sed  w a te r  vo lum e, a lo n g  w ith  a  su b seq u en t d e c re a s e d  HRT in  c o l -

32umn 5 and J,  d id  n o t a l t e r  th e  P r e l e a s e  from  th e  colum ns. F u r th e r 

m ore, no e f f e c t  was d is c e rn a b le  on th e  p a t t e r n s  o f  r e l e a s e  o f  th e  

w a te r q u a l i ty  p a ra m e te rs  m easured.

Columns 6 and 8

The d a ta  from  columns 6 and 8 a re  shown i n  F ig u re s  31 , 32, and 

33, 34, r e s p e c t iv e ly .  These two columns were o p e ra te d  u n d e r th e  same 

c o n d it io n s  as colum ns 5 and 7- The one e x c e p tio n  was t h a t  an ad d i

t io n a l  0 .5  mg P/Z a s  KH^PO  ̂ was added t o  th e  l a k e  w a te r  b e in g  p a ssed  

th rough  each  colum n. The o b je c t iv e  o f  t e s t s  w i th  th e s e  two columns 

was to  s tu d y  th e  e f f e c t  o f  in c re a s e d  am bient p h o sp h o ru s  i n  la k e  w a te r  

on th e  a c c e s s i b i l i t y  o f  sed im en t phosphorus to  th e  o v e r ly in g  w a te r .

In  a d d i t io n ,  th e  d e c re a se d  HRT's and d e c re a se d  w a te r  volume w ith in  th e  

c u l t i v a t io n  chamber o f  column 8 were n e c e s s a ry  t o  e v a lu a te  th e
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a p p a ra tu s  e f f e c t s  on th e  b e h a v io r  o f  th e  colum ns w ith  r e s p e c t  t o  th e  

s t a t e d  w a te r  q u a l i ty  p a ram ete rs  .

From F ig u re s  31 and  33, i t  can be se e n  t h a t  th e  e f f l u e n t  i r o n  

and m anganese c o n c e n tra t io n s  from  b o th  columns were v e ry  s im i la r  o v e r 

th e  d u r a t io n  o f  th e  l5 -d a y  run. The e f f l u e n t  manganese c o n c e n t r a t io n  

o f  column 6 d e c re a se d  from  0.53 m g / o n  day  1 to  0 .13  m g/2 on day  3.

A f u r t h e r  d e c re a se  th ro u g h  day 6 t o  0 .0 8  mg/Z was m a in ta in e d  th ro u g h  

day 9 . Between days 9 and 20, an in c r e a s e d  r e l e a s e  o f  m anganese from  

th e  column was e v id e n t . The maximum m anganese c o n c e n t ra t io n  o f  

0 .2 6  mg/Z o c c u rre d  on day  13. By day 2 0 , th e  manganese c o n c e n t r a t io n  

was down t o  0 .0 8  TOg/Z. From day 20 th ro u g h  day ^5 , a  m anganese con

c e n t r a t i o n  o f  ab o u t 0 .05  m g/i was m a in ta in e d .

A s im i la r  m anganese r e le a s e  p a t t e r n  was o b se rv ed  i n  column 8 

w ith  th r e e  e x c e p t io n s . F i r s t ,  a  much g r e a t e r  c o n c e n tra t io n  o f  manga

n e se  was m easured  in  th e  e f f lu e n t  o f  column 8 th a n  i n  t h a t  o f  c o l 

umn 6 . Second , th e re  seemed to  he a s l i g h t  manganese r e l e a s e  betw een  

days 22 and 28 and a f t e r  day . F i n a l l y , t h e r e  was no w ashout o f  

m anganese from  days 1 th rough  3 a s  o b se rv e d  in  column 6. T h is  was 

p ro b a b ly  th e  r e s u l t  o f  th e r e  b e in g  more c la y  a tta c h e d  to  th e  s id e s  o f  

t h e  column a s  th e  sed im en t was e x tru d e d  t o  10 cm in  l e n g th .  From day 1 

th ro u g h  day 9 , th e  manganese c o n c e n t r a t io n  rem ained  c o n s ta n t  a t  ab o u t 

0 .1 0  rag/Z. From day 10 through day 2 2 , a  s ig n i f i c a n t  in c r e a s e  i n  man

g a n ese  c o n te n t  in  th e  e f f lu e n t  o f  column 8 was n o ted . The maximum 

m anganese c o n c e n tra t io n  o c c u rre d  on day 11 . At t h i s  t im e , i t  was 

0 .7 3  m g/£. By day 22, th e  manganese c o n c e n t ra t io n  was down to  

0 .0 8  m g/2. Between days 22 and 2 7 , t h e  m anganese c o n c e n t r a t io n
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in c re a s e d  t o  0 .32  rag/1 by day 2k,  and th e n  i t  d ec reased  back to  

O.OB rag/Z by day 28. U n ti l  day 40, th e  e f f l u e n t  manganese co n c en tra 

t io n  was s t a b l e  a t  0 .05 m g/2. From days 40 th ro u g h  i+5, a s l ig h t  r e 

le a s e  o c c u rre d . On day 45 , th e  manganese c o n c e n tra t io n  was 0 .15 m g/2.

The re sp o n se s  o f  e f f lu e n t  i ro n  c o n c e n tra t io n s  from both  columns 

were v e ry  s im i la r  to  th e  manganese r e l e a s e s .  From days 1 through 9 , 

th e  e f f l u e n t  i r o n  c o n c e n tra tio n  o f  column 6 was l e s s  th a n  0.10 mg/2.

A r a p id  in c r e a s e  in  iro n  c o n c e n tra tio n  was n o te d  on day 11. At t h i s  

t im e , th e  i ro n  c o n c e n tra t io n  was 1 .4 0  mg/2. On day 12 , th e  i ro n  con

c e n t r a t io n  had dropped to  0 .40  m g/2 in  th e  column e f f lu e n t .  T h is de

c re a se  c o n tin u e d  th rough  day l4 .  From day l 4  t o  th e  co nc lu sion  o f  th e  

45t h  day o f  o p e ra t io n , th e  e f f lu e n t  i r o n  c o n c e n tra t io n  rem ained l e s s  

th a n  0 . l 4  mg/2.

I n  column 6 , th e  in c re a s e d  i ro n  c o n c e n tra t io n s  in  th e  e f f lu e n t  

from  th e  c u l t i v a t io n  chamber o ccu rred  a t  ab o u t th e  same p e r io d  o f  

t im e . From day 1 th rough  day 9 , th e  i ro n  c o n te n t  was ab o u t 0 .10 mg/2. 

A f te r  day 9 , th e  i ro n  c o n c e n tra tio n  in c re a s e d  to  0 .58 mg/2 by day 1 1 , 

and d e c re a se d  t o  0 .10  mg/2 by day I 6 . From day 16 th rough  day 22, 

th e  e f f l u e n t  i r o n  c o n c e n tra tio n  was c o n s ta n t and very  s im i la r  to  t h a t  

o f  th e  i n f lu e n t  la k e  w a te r  (Appendix D ). A f te r  day 22, a very  s l i g h t  

i ro n  r e l e a s e  was observed . This a p p a re n t r e l e a s e  l a s t e d  a  few days 

w ith  a maximum iro n  c o n c e n tra tio n  o f  0 .2 4  mg/ 2  o c c u rr in g  on day 23. 

M inor r e l e a s e s  w ere ag a in  n o ted  on days 38 to  45 w ith  a  maximum iro n  

c o n c e n tra t io n  o f  0 .20  mg/2 on day 42. By day 4 5 , th e  i ro n  co n cen tra 

t i o n  had d e c re a se d  to  0 .12 mg/2.

The d e c re a s in g  s u l f a te  c o n c e n tra tio n  and e le c tro d e  p o te n t ia l  o f  

th e  e f f l u e n t  from  b o th  columns over th e  d u ra t io n  o f  t h i s  experim ent
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s tr o n g ly  i n d i c a t e  t h a t  a n a e ro b ic  c o n d it io n s  e x i s t e d  in  b o th  co lum ns.

In  column 6 , th e  s u l f a t e  c o n c e n tra t io n  d e c re a s e d  from  l 8  mg/î, on day 1 

t o  12 mg/£ on day  2 . From day  2 th ro u g h  day 9 ,  th e  s u l f a t e  c o n te n t 

was f a i r l y  c o n s ta n t .  The e f f l u e n t  s u l f a t e  c o n c e n t r a t io n  in c re a s e d  to  

lU  mg/£ by day 1 1 , and  th e n  d e c re a s e d  t o  10 m g/£ by day l 6 .  There was 

v e ry  l i t t l e  change th ro u g h  day  2%. From day 28 th ro u g h  day 35» th e  

s u l f a t e  c o n c e n t r a t io n  d e c re a s e d  s l i g h t l y  to  a b o u t 8 m g/£. On day 37 , 

i t  had in c r e a s e d  to  ab o u t 10 m g/£, and n e x t i t  d e c re a s e d  to  8 .0  mg/£ 

by  day 39. No f u r t h e r  changes o c c u rre d .

In  colum n 8 , t h e  s u l f a t e  c o n c e n t r a t io n  d e c re a s e d  from 17 m g/£ on 

day 1 to  a b o u t 9 mg/£ by day 6 . A f te r  day 6 ,  th e  e f f l u e n t  s u l f a t e  

c o n c e n t r a t io n  in c r e a s e d  t o  15 m g/£ on day 11 ; th e n ,  i t  g ra d u a lly  de

c re a s e d  to  8 mg/£ by day l6 .  From day l8  th ro u g h  day 15» th e  s u l f a t e  

c o n c e n t r a t io n  rem ain ed  c o n s ta n t  be tw een  8 and 10 m g/£.

The e le c t r o d e  p o t e n t i a l s  o f  th e  e f f l u e n t s  from  b o th  columns o s 

c i l l a t e d  be tw een  days 1 and 1 0 , b u t th e y  d id  d e c re a se  o v e r a l l  to  ab o u t 

100 mV by day 10 . From day 10 th ro u g h  day 2 7 , th e  e le c t r o d e  p o te n 

t i a l s  o f  b o th  colum ns rem ain ed  c o n s ta n t  a t  ab o u t 100 mV. A f te r  day 28 , 

th e  e le c t r o d e  p o t e n t i a l  s l i g h t l y  d e c re a s e d  t o  ab o u t 80 mV i n  th e  e f 

f lu e n t  o f  b o th  co lum ns. No f u r t h e r  e le c t r o d e  p o t e n t i a l  changes w ere

s i g n i f i c a n t  th ro u g h  day 1*5 t o  w a rra n t f u r t h e r  comment.

32F ig u re s  32 and 3l̂  show s im i la r  r e l e a s e s  o f  P from  b o th  c o l -

32umns. The i n i t i a l  w ashout o f  P from  column 6 o c c u rre d  w ith in  t h e

32f i r s t  1* d a y s . By day 1*, th e  e f f l u e n t  P a c t i v i t y  was 300 cpm/2 m l,

and rem ained  f a i r l y  s ta b le  th ro u g h  day 13. From day 13 to  day 2 0 ,

32th e r e  was a  r e l e a s e  o f  P from  th e  colum n. The maximum a c t i v i t y  o f
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a p p ro x im a te ly  JOO cpm/2 ml o c c u rre d  on days 15 and l 6 .  T h is  was f o l -

32lowed by  a  d e c re a s e  in  th e  r a t e  o f  P r e l e a s e d  from  th e  column. The

d e c re a se  was from  400 cpm/2 ml by day 17 to  300 cpm /2 ml by day 20.

32From day 20 th ro u g h  day i+5, th e  e f f l u e n t  P a c t i v i t y  d e c re a se d  to

l e s s  th a n  100 cpm/2 m l.

From column 8 , t h e r e  was a  r a p id  w ashout from  day 1 th rough  

32day 9 d u r in g  w hich th e  P a c t i v i t y  in  th e  e f f l u e n t  d e c re a s e d  from

7000 to  130 cpm/2 m l. On days 10 and 1 1 , th e  e f f l u e n t  ^^P a c t i v i t y

32had in c re a s e d  to  1000 cpm/2 m l. Between days 11 and  23 , th e  P a c 

t i v i t y  g ra d u a l ly  d e c re a s e d  to  abou t 130 cpm/2 ml by  day 2 3 . From
32

day 23 th ro u g h  day i+5, th e  e f f l u e n t  P a c t i v i t y  d e c re a s e d  f u r th e r  to  

background l e v e l s .

The e f f l u e n t  pH o f  colum ns 6 and 8 g r a d u a l ly  in c r e a s e d  to  be

tween 8 .5  and  8 .8  by  day 12 . From day 12 th ro u g h  day 4 5 , th e  pH r e 

m ained c o n s ta n t  in  b o th  colum ns.

The a lg a l  r e s id u e  i n  b o th  columns began to  t u r n  b la c k  on day 11

o r  12 and c o m p le te ly  tu rn e d  b la c k  by day 20 .

In  c o n c lu s io n , th e  in c r e a s e d  phosphorus c o n c e n t r a t io n  i n  th e

la k e  w a te r  i n  colum ns 6 and  8 seemed to  have l i t t l e  e f f e c t  on th e  r a t e

32o r  q u a n t i ty  o f  r e l e a s e  o f  P from th e  sed im en t v i a  i s o to p ic  exchange 

r e a c t io n s .  The d a ta  from  th e s e  columns w ere v e ry  s im i l a r  t o  th e  d a ta  

from  columns 5 and J.  A ls o , a  d e c re a se d  HRT, r e s u l t i n g  from  in c re a s in g  

th e  flow  r a t e  o f  la k e  w a te r  t o  columns 6 and 8 and  from  d e c re a s in g  th e  

volume o f  w a te r  in  column 8 , d id  n o t s i g n i f i c a n t l y  a f f e c t  th e  w ater 

q u a l i ty  p a ra m e te rs  m easured  in  th e  e f f l u e n t s  from  th e s e  colum ns.
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SUMMARY

S e v e ra l colum n com parisons may be made from b o th  e x p e rim e n ta l 

ru n s .  These can  o n ly  be q u a l i t a t i v e  com parisons, s in c e  v e ry  few re p 

l i c a t e  columns w ere h a n d le d  in  t h i s  e x p e rim e n ta l d e s ig n .  From m ost

columns in  b o th  e x p e r im e n ta l  r u n s ,  th e r e  was a  d e f i n i t e  p h y s ic a l  wash-

32 32in g  o u t o f  some o f  th e  s o lu b le  o rg a n ic  P , in o rg a n ic  P , and  sm all
32

amounts o f  p a r t i c u l a t e  o rg a n ic  P components o f  t h e  a l g a l  c e l l s .  This

was o b se rv ed  d u r in g  th e  f i r s t  s e v e r a l  days o f  o p e r a t io n .  M ic ro scop ic

ex am in a tio n  o f  O.U5-P  c e l l u lo s e  a c e ta te  f i l t e r s ,  th ro u g h  w hich 1-m l

a l iq u o t s  o f  th e  column e f f l u e n t s  were p a s se d , d id  n o t  i n d i c a t e  t h a t

a l g a l  c e l l s  w ere b e in g  w ashed o u t .  However, some b a c t e r i a l  p a r t i c u l a t e  

32P a s s o c ia te d  w ith  th e  suspended  c la y s ,  may have been  w ashed o u t o f

32th e  colum ns, s in c e  some P a c t i v i t y  was on th e  f i l t e r .  T h is washout

was ex p e c te d  b a se d  on th e  a fo rem en tio n ed  r e s u l t s  o f  th e  b o i l in g  w ater

e x t r a c t io n  o f  th e  a l g a l  c u l tu r e  p r io r  t o  th e  e x p e r im e n ta l  r u n s .  The

e x t r a c te d  a lg a l  r e s id u e  was n o t washed w ith  d i s t i l l e d  w a te r  p r i o r  to

32b e in g  p la c e d  in  t h e  co lum ns, th u s  g iv in g  a  s im i la r  w ashout o f  P in  

m ost o f  th e  co lum ns. The flo w  r a t e  o f  th e  w a te r and th e  HRT would 

t y p i c a l l y  r e g u la te  th e  r a t e  a t  w hich t h i s  i n i t i a l  w ashou t o c c u rre d .

T h is  was n o t n o te d  in  m ost o f  th e  column e f f l u e n t s .  T h is  w ashout o f

32 32P was c o n s id e re d  to  r e p r e s e n t  a  v e ry  m inor f r a c t i o n  o f  th e  t o t a l  P

32in  th e  r e s id u e .  T here  was a p p ro x im a te ly  1 ,0 0 0 ,0 0 0  dpm P p e r  ex 

t r a c t e d  a lg a l  sam ple p e r  column i n i t i a l l y  in  th e  f i r s t  e x p e rim e n ta l

32r u n ,  and a p p ro x im a te ly  6 ,0 0 0 ,0 0 0  dpm P p e r  e x t r a c te d  a lg a l  sam ple 

p e r  column i n i t i a l l y  in  th e  second  e x p e rim e n ta l ru n . In  f a c t ,  v e ry
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32
l i t t l e  P was r e l e a s e d  from  th e  se d im e n t-w a te r  in te r f a c e  to  th e  o v e r -

ly in g  w a te r  d u r in g  b o th  ex p e rim e n ta l ru n s  (e s t im a te d  to  be <10 p e r c e n t

o f  th e  t o t a l  a c t i v i t y ) .

G e n e ra l com parisons o f  th e  d a ta  from  b o th  e x p e rim e n ta l ru n s  c o u ld

be made c o n c e rn in g  th e  e f f e c t s  o f  s e v e r a l  e n v iro n m en ta l changes on th e  

32
r e l e a s e  o f  P from  th e  sedim ent and on th e  su b seq u en t e f f lu e n t  w a te r

q u a l i ty  o v e r  a  p e r io d  o f t im e . A com parison  o f  th e  e f f lu e n t  w ater
2_

q u a l i ty  p a ra m e te rs  (F e , Mn, and 80^ ) from  b o th  n a tu r a l  and s t e r i l e  

columns in d ic a te d  t h a t  Fe and Mn were s u b s t a n t i a l l y  h ig h e r  in  th e  e f 

f lu e n t  o f  n a tu r a l  colum ns.

The sed im en t h e te ro tro p h ic  community was im p o rta n t in  m e d ia tin g

th e  r e l e a s e  o f  i r o n  and manganese and i n  th e  r e d u c t io n  o f  s u l f a t e  to

32
s u l f i d e . S im i la r ly ,  th e  r e le a s e  o f P from th e  v ia b le  columns o f  b o th

e x p e r im e n ta l  r u n s ,  th ro u g h  which la k e  w a te r  was p a s s e d , was a s s o c ia te d

w ith  t h e  r e l e a s e  o f  i ro n  a n d /o r  m anganese. S in c e  th e  r e le a s e  o f  th e

l a t t e r  m e ta ls  from  th e  sedim ent i s  re d o x  s e n s i t i v e ,  th e  a s s o c ia te d  r e -  

32le a s e  o f  t h e  P in d ic a te s  th a t  a  c h em ica l com plexing o f th e s e  e l e 

m ents d id  o c c u r p ro b a b ly  betw een th e  ra n g e  o f  o x id iz e d  to  reduced  co n 

d i t i o n s  c h a r a c t e r i s t i c  o f  th e s e  m e ta ls .  I t  may a ls o  in d ic a te  t h a t  th e  

red o x  c o n d i t io n  in  th e  w a te r o f each  column f lu c tu a t e d  above and below  

t h a t  p o t e n t i a l  n e c e s s a ry  f o r  th e  r e d u c t io n  and s o lu t io n  o f  th e  chem i

c a l  com plex . The atm osphere  in  th e  c u l t i v a t i o n  chambers was i n i t i a l l y  

a i r  d u r in g  e x p e rim e n ta l ru n  1 , and a  n i t r o g e n  a tm osphere  was used  in  

th e  second  e x p e rim e n ta l ru n . C o n seq u en tly , th e  m easured e le c tr o d e  p o 

t e n t i a l s  d u r in g  th e  f i r s t  ru n  d id  n o t i n d ic a te  th e  t r e n d  o f  th e  red o x  

c o n d i t io n s  e x c ep t a f t e r  day 38. N itro g e n  was u se d  t o  r e p la c e  th e  a i r
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atm osphere  a f t e r  day 38 in  columns 1 and 6 o f  e x p e r im e n ta l  run  1 .

32D uring e x p e rim e n ta l ru n  1 , th e  i r o n ,  m anganese, and P r e l e a s e s  

o f  colum ns 1 and 2 u s u a l ly  o c c u rre d  over th e  same tim e  p e r io d . Col

umns 5 and 6 showed r e l e a s e s  o f  iro n  and m anganese s im i la r  to  th o se  o f

32colum ns 1 and 2 ,  b u t th e  P r e le a s e  was f a i r l y  c o n s ta n t  over th e  d u ra 

t i o n  o f  th e  e x p e rim e n t. S in ce  d i s t i l l e d  w a te r  was p a s se d  th rough  c o l 

umns 5 and 6 , i t  a p p e a rs  t h a t  th e  sed im ent a ssem b lag e  o f  organism s may 

have been  la c k in g  s u f f i c i e n t  n u t r i e n ts  t o  m a in ta in  a c t iv e  grow th. Con

s e q u e n t ly ,  t h e  e x t r a c e l l u l a r  enzym atic breakdow n o f  p a r t i c u l a t e  o rg an ic  

32P , w hich n o rm a lly  w ould e n a b le  th e  o th e r  o rg an ism s to  u t i l i z e  th e

32 32a v a i l a b l e  P , would c o n tin u e . The P would be w ashed from th e  s e d i 

m ent w ith o u t b e in g  u t i l i z e d  by th e  n o rm a lly  a c t i v e  grow ing community. 

The a n a ly s i s  o f  th e  e f f l u e n t  from column 7» w hich was s t e r i l e ,  i n d i 

c a te d  t h a t  w ith o u t th e  v ia b le  organism s t o  " m in e ra liz e "  th e  p a r t i c u -  

32 32l a t e  o rg a n ic  P th e n  P c o u ld  n o t be r e l e a s e d  to  th e  o v e rly in g  w a te r

from  th e  se d im e n t. F u rth e rm o re , th e  m ic ro o rg a n ism 's  im portance  in

m e d ia tin g  red o x  c o n d it io n s  was made obv ious s in c e  no i ro n  o r  manganese

was r e l e a s e d .  Columns 3 and 4 in d ic a te d  a s im i la r  re sp o n se  p r io r  to

day 30 o r  3 1 . A f te r  fo rm a lin  was added, i r o n  and manganese was r e -  

32l e a s e d ,  b u t P was s t i l l  n o t r e le a s e d .

In  th e  second e x p e rim e n ta l ru n , th e  volume and  HRT were manipu

l a t e d ,  a s  w e ll  a s  th e  am bient phosphorus c o n c e n t r a t io n  in  th e  lak e

w a te r  t h a t  was p a s se d  th ro u g h  columns 2 , 4 , 6 ,  and 8 . As s ta te d  e a r -

32l i e r ,  i r o n ,  m anganese, and P r e le a s e s  s im i la r  to  th o se  shown in  th e

p re v io u s  ru n  betw een days 8 and l6  o c c u rre d  in  m ost o f  th e  colum ns.

32The s p e c i f i c  a c t i v i t y  o f  P was in c re a s e d  in  o rd e r  to  o b ta in  b e t t e r
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s t a t i s t i c a l  c o u n tin g  r a t e s  o v e r th e  d u ra t io n  o f  th e  ru n . C o n seq u en tly , 

32
th e  P a c t i v i t y  in  th e  e f f l u e n t  was e x p e c te d  t o  h e  g r e a t e r  th a n  i t

32
was in  th e  p re v io u s  ru n . The e f f l u e n t  P i n  colum ns 2 and 4 ,  w hich 

had th e  same volume and  HRT as th e  p re v io u s  ru ii ,  rem a in ed  much h ig h e r  

over th e  f i r s t  few days o f  o p e ra t io n .  T h is  was n o t a p p a re n t i n  c o l

umns 6 and  8.

The a e ro b ic  v e rs u s  a n a e ro b ic  a tm osphere  i n  th e  c u l t i v a t i o n  cham-

32b a rs  had p r a c t i c a l l y  no e f f e c t  on th e  amount o f  P t h a t  was d e te c te d

in  th e  e f f l u e n t .  A f te r  day 38 in  column 1 o f  e x p e r im e n ta l  ru n  1 ,

32th e r e  was a  r e l e a s e  o f  m anganese a lo n g  w ith  some P . However, t h i s  

r e le a s e  was p ro b a b ly  a  r e s u l t  o f  re d u c in g  th e  Mn-P com plex t h a t  was 

p r e c i p i t a t e d  o n to  th e  w a l ls  o f  th e  p o ly c a rb o n a te  tu b e  o r  g la s s  over

flow  tu b e . T h is  was f u r t h e r  i n d ic a te d  a f t e r  day 38 , when a  s l i g h t l y  

brown p r e c i p i t a t e  was v i s u a l ly  n o ted  on th e  o v e rf lo w  tu b e .

Upon p u rg in g  th e  colum ns w ith  n i t r o g e n ,  t h e r e  was a ls o  an  a s so 

c ia te d  in c r e a s e  o f  t h e  pH in  th e  column e f f l u e n t s  b e c au se  ca rb o n  d i 

ox ide  d i f f u s io n  in to  th e  w a te r  was p re v e n te d . Under an a e ro b ic  atm os

p h e re , th e  w a te r  was a p p a re n tly  b e in g  r e a e r a t e d  ( i . e . ,  w ith  oxygen and 

carbon d io x id e )  a s  i t  flow ed  o u t o f  th e  c u l t i v a t i o n  chamber and in to  

th e  e f f l u e n t  cham ber. T h is  would accoun t f o r  th e  s l i g h t l y  low er pH 

v a lu e s  due to  c a rb o n a te  b u f f e r in g .  At t h e  pH v a lu e s  re c o rd e d  i n  th e  

e f f l u e n t  from  th e  co lu m n s, p r e c i p i t a t i o n  o f  a s  h y d ro x y a p a tite

was a ls o  c o n s id e re d  a s  a  p o s s ib le  e x p la n a tio n  a s  to  why v e ry  l i t t l e  

32P was r e l e a s e d .  However, a t  th e  d e c re a se d  HRT's and  th e  in c re a s e d

32flow  r a t e s ,  th e  p r e c i p i t a t e d  P , a s  h y d r o x y a p a t i te ,  sh o u ld  have  been 

washed o u t o f  th e  co lu m n s. The fo rm a tio n  o f  h y d ro x y a p a t i te  i s  a
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m e ta s ta b le  s u r f a c e  p r e c i p i t a t i o n .  C o n se q u e n tly , b a c t e r i a l  o r  c la y

32p a r t i c l e s  b e in g  w ashed o u t o f  th e  column sh o u ld  have c a r r i e d  th e  P 

o u t o f  t h e  co lum ns.

In  a l l  o f  t h e  e f f l u e n t s  from  n a tu r a l  colum ns w i th  la k e  w a te r ,  

th e  s u l f a t e  c o n c e n t r a t io n  g e n e ra l ly  d e c re a s e d . However, no s u l f a t e  

was d e te c te d  in  t h e  e f f l u e n t s  from th o s e  colum ns th ro u g h  w hich d i s 

t i l l e d  w a te r  f lo w ed . T h is  was no t e n t i r e l y  e x p e c te d  even th o u g h  th e  

s u l f a te  c o n c e n t r a t io n  o f  d i s t i l l e d  w a te r  was 0 .0  m g/A, s in c e  t h e r e  a re  

numerous m ic ro o rg an ism s c a p a b le  o f  o x id iz in g  any a v a i l a b l e  s u l f i d e s ,  

e le m e n ta l s u l f u r ,  t h i o s u l f a t e ,  t e t r a t h i o n a t e ,  a n d , i n  some c a s e s ,  s u l 

f i t e  to  s u l f a t e .  The h e te r o tr o p h ic  m icroo rgan ism s in v o lv e d  a r e  a 

p o o r ly  d e f in e d  g ro u p  o f  b a c t e r i a ,  f u n g i ,  and a c t in o m y c e te s .

O ther p a ra m e te rs  w hich were m o n ito red  r e g u l a r l y  b u t w hich a re  

n o t in c lu d e d  in  t h e  g e n e ra l  d is c u s s io n  were ammonia, n i t r o g e n ,  and 

t o t a l  d is s o lv e d  s o l i d s .  As s t a t e d  e a r l i e r ,  th e  ammonia n i t r o g e n  de

te r m in a t io n  was d is c o n t in u e d  a f t e r  ab o u t 2 weeks had  e la p s e d  in  b o th  

e x p e rim e n ta l r u n s .  The N e s s le r iz a t io n  te c h n iq u e  w ould o n ly  work in  

s t e r i l e  columns a n d  in  v ia b le  columns th ro u g h  w hich d i s t i l l e d  w a te r  

was p a s s e d . The d a ta  showed n e g l ig ib le  ammonia c o n c e n t r a t io n s  in  

th o se  colum ns m a in ta in e d  w ith  d i s t i l l e d  w a te r . The t o t a l  d is s o lv e d  

s o l id s  w ere d e te rm in e d  r e g u l a r l y  on th e  e f f l u e n t  u s in g  a  Myron D is

so lv e d  S o l id s  m e te r .  T h is  m e te r  i s  n o t s e n s i t i v e  enough to  d e te c t

s u b t le  changes in  t o t a l  d is s o lv e d  s o l id s  o f  th e  e f f l u e n t .  T hese sm all 

changes in  d is s o lv e d  s o l i d s  w ere a  consequence o f  h a v in g  such  a  sm all

s u rfa c e  a r e a  o f  sed im en t exposed  to  th e  o v e r ly in g  w a te r .



CHAPTER V

attempts to fractionate  the  SEDIMENT

Sample P r e p a r a t io n  

At t h e  c o n c lu s io n  o f  t h e  4 5 th  day  o f  th e  second e x p e rim e n ta l 

r u n ,  i t  v a s  q u i te  e v id e n t t h a t  t h e  g e n e ra l  t r e n d  o f  th e  column e f f l u 

e n t  a n a ly s e s  w ere s im i la r  to  t h a t  o f  th e  p re v io u s  e x p e rim e n ta l ru n .

T h is  ru n  was th e n  te r m in a te d . The colum ns were d ism a n tle d  in  o rd e r

32 . 32t o  a t te m p t t o  f r a c t i o n a t e  th e  se d im e n t in o rg a n ic  P and o rg a n ic  P .

T h is  d e te rm in a t io n  would i n d i c a t e  w h e th e r  o r  n o t th e  p a r t i c u l a t e  

32o rg a n ic  P was deg raded  by th e  h e te r o t r o p h ic  assem blage o f  

o rg a n ism s .

The colum ns w ere c a r e f u l l y  rem oved in  o rd e r  to  a v o id  d i s t u r b in g  

th e  se d im e n t-w a te r  i n t e r f a c e .  N e x t, each  c u l t iv a t io n  chamber was 

opened  from  th e  to p  o f  th e  colum n. Most o f  th e  w a te r o v e r ly in g  th e  

sed im en t was rem oved from  each  column u s in g  a sy rin g e  w ith  a  ru b b e r  

tu b e  a t t a c h e d  to  th e  end . A f te r  rem ov ing  th e  w a te r and th e  s u r f i c i a l  

sed im en t (O- t o  1-cm d e p th ) ,  a  few m i l l i l i t e r s  o f  d i s t i l l e d  w a te r  w ere 

added t o  t h e  tu b e s  in  o rd e r  to  a i d  i n  f l u i d i z i n g  th e  s u r f a c e  se d im e n t; 

t h u s ,  m aking i t  e a s i e r  t o  rem ove each  s u c c e s s iv e  1-cm sedim ent a l i q u o t .  

A c o re  d e p th  o f  3 cm was rem oved and  s e p a r a te d  in to  s t e r i l e  125-m l 

E rlenm eyer f l a s k s .

146
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The l a y e r s  r e p r e s e n te d  a p p ro x im a te ly  th e  0 -  to  1-cm d e p th , th e

1 -  to  2-cm d e p th ,  and th e  2 -  t o  3 -cm d e p th . The 0 -  to  1-cm  dep th  

r e p re s e n te d  th e  h u lk  o f  th e  l a b e l l e d  a lg a l  b o d ie s .  T his l a y e r  had a 

v e ry  deep b la c k  c o lo r .  The c o lo r a t io n  was o b v io u s in  a l l  e ig h t  

colum ns. A s s o c ia te d  w ith  t h i s  l a y e r  was a  v e ry  s tro n g  s u l f i d e  odor 

in d ic a t in g  t h a t  th e  red o x  c o n d it io n  in  th e  sed im en t was in d e e d  much 

more re d u c in g  th a n  was in d ic a te d  by th e  e le c tr o d e  p o t e n t i a l  in  th e  

o v e r ly in g  w a te r .  The e le c tr o d e  p o t e n t i a l  o f  t h i s  b lack  l a y e r  and th e  

low er l a y e r s  was m easured  f o r  each  colum n.

From th e  r e s u l t s  shown i n  T ab le  7 , th e  e le c tro d e  p o t e n t i a l  in  

th e  0 -  t o  1-cm sam ple m easured betw een -100  to  -150  mV a f t e r  a 

15-m in u te  e q u i l i b r a t i n g  tim e . These e le c tr o d e  p o t e n t i a l s ,  a lo n g  w ith  

th e  pungent hydrogen  s u l f id e  o d o r ,  in d ic a te d  t h a t  th e  se d im e n t-w a te r  

i n t e r f a c e  was a n a e ro b ic  in  a l l  e ig h t  colum ns. Below th e  1-cm d e p th , 

th e  sed im en t e l e c t r o d e  p o t e n t i a l s  were n o t a s  low . Hence, most o f  th e  

b i o lo g ic a l ly  m e d ia te d  re d u c t io n  p ro c e s s e s  o c c u rre d  in  th e  s u r f i c i a l  

1 cm o f  se d im e n t.

A f te r  d e te rm in in g  th e  e le c t r o d e  p o t e n t i a l  f o r  each colum n, th e  

sed im ent sam ples r e p r e s e n t in g  th e  2 - to  3 -cm d e p th  were f ro z e n . The 

o th e r  sam ples w ere r e f r i g e r a t e d  u n t i l  n eed ed .

S e v e ra l  m ethods were a tte m p te d  to  o b ta in  th e  p a r t i c l e - s i z e  d i s 

t r i b u t i o n  o f  th e  sed im en t a s  w e ll  as th e  o r g a n ic - in o rg a n ic  component 

s e p a r a t io n s .  At f i r s t ,  s e v e r a l  m ethods were s e le c te d  to  co n serv e  

th e  p a r t i c u l a t e  o rg a n ic  and in o rg a n ic  c o n s t i tu e n t s  in  t h e i r  n a tu r a l  

s t a t e .  S in c e  th e s e  m ethods d id  n o t y i e l d  s a t i s f a c to r y  r e s u l t s ,  

chem ical e x t r a c t i o n  o f  th e  sed im en t a c c o rd in g  t o  Mehta e t  a l .  (195^)
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was f e l t  t o  be th e  b e s t  a l t e r n a t i v e .  T h is  p ro c e d u re  s a c r i f i c e d  th e

sam ple as f a r  a s  a tte m p tin g  o th e r  s e p a r a t io n  te c h n iq u e s  were concerned . 

32A l l  P c o u n tin g  r a t e s  r e p o r te d  i n  t h e  fo llo w in g  d is c u s s io n  were 

n o t c o r r e c te d  f o r  decay o r  c o u n te r  e f f i c i e n c y .  The same i n te r n a l  p ro 

p o r t i o n a l  c o u n te r  was used  f o r  a l l  sam p les. A lso , co u n tin g  e f f i c i e n c y ,

32 32w ith  se d im e n t p lu s  P and a lg a e  p lu s  P , was de te rm in ed  by n o tin g  de

c re a s in g  sam ple coun t w ith  in c r e a s in g  w e ig h t o f  sedim ent and a lg a e .

To a  s e t  o f  th r e e  t a r e d  p la n c h e ts  c o n ta in in g  ap p ro x im a te ly  th e  same 

32P a c t i v i t y ,  in c r e a s in g  increm en ts  o f  u n la b e l le d  a lg a e  o r  sedim ent 

w ere ad d e d . A f te r  each  a d d it io n  o f  a lg a e  o r  se d im e n t, th e  p la n c h e ts  

w ere d r i e d ,  w eighed , and coun ted . T h is  was c o n tin u e d  u n t i l  s e lf a b s o r p 

t i o n  e f f e c t s  w ere s i g n i f i c a n t .  B ased on t h i s ,  a l l  sample coun ting  

(m en tioned  i n  th e  f r a c t i o n a t io n  a tte m p ts )  was p erfo rm ed  on an a l iq u o t

in  w hich s e l f a b s o r p t io n  was n e g l i g ib l e .  I t  was n o t n e c essa ry  t o  c o r -  

32r e c t  f o r  P d ecay , s in c e  com parisons o f  f r a c t i o n a t i o n  methods were

32b ased  on a b i l i t y  to  s e p a ra te  th e  o rg a n ic  P com ponents and th e  in o r -
32

g a n ic  P com ponents, and a l l  compared sam ples w ere coun ted  w ith in

a  s h o r t  t im e  r e l a t i v e  to  th e  h a l f - l i f e  o f

F i l t r a t i o n

32p.

F i l t r a t i o n  o f th e  sam ple , th ro u g h  a  s e r i e s  o f  prew eighed M i l l i -  

po re  f i l t e r s  o f  d i f f e r e n t  s iz e s  r a n g in g  from  5 t o  0 .2 2  p , was th o u g h t 

t o  be a  good p ro ce d u re  f o r  s iz in g  th e  p a r t i c l e s  in  th e  sedim ent sam

p le .  I t  w ould a ls o  a llo w  m ic ro sc o p ic  e x a m in a tio n  o f  th e  f i l t e r s  to  

o b se rv e  th e  m ic ro b ia l  com ponents. F i n a l l y , th ro u g h  rew eigh ing  o f  th e  

f i l t e r  p lu s  sample and th e  i g n i t i o n  o f  th e  r e s p e c t iv e  f i l t e r  and
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sample a t  600®C f o r  1 h o u r in  a  m u ffle  f u rn a c e ,  i t  w ould be  p o s s ib le  

t o  o b ta in  an o r g a n ic - in o rg a n ic  r a t i o  o f  th e  p a r t i c u l a t e s  b y  w eigh t
•3?

com parison . T h is  w ould h o p e fu l ly  e n a b le  th e  a s s o c i a t i o n  o f  th e  P

c oun ts  w ith  e i t h e r  th e  o rg a n ic  o r  t h e  in o rg a n ic  p a r t i c u l a t e s  b ased  
32

on th e  r a t i o  o f  P t o  each  com ponent. T his was n o t p e rfo rm ed  in  

t h i s  c a se  b e c au se  o f  th e  problem s a s s o c ia te d  w ith  th e  f i l t e r i n g  

p r o c e s s .

S ix  d i f f e r e n t  f i l t e r i n g  s e r i e s  w ere u t i l i z e d  in  th e  fo llo w in g  

manner on c o lumn 1 a t  th e  0 -  to  1-cm d e p th ;

S e r ie s  Mo.

 1------- A 2-m l a l i q u o t  from th e  c o m p le te ly  m ixed  sam ple was f i l 

t e r e d  th ro u g h  two 5-y M il l ip o r e  c e l l u lo s e  a c e t a te  f i l t e r s  

s u c c e s s iv e ly .

 2--------A 1-m l a l i q u o t  was f i l t e r e d  th ro u g h  5 - ,  1 . 2 - ,  0 . 8 - ,  0 .^ 5 - ,

and 0 .2 2 -y  c e l lu lo s e  a c e t a te  f i l t e r s .

 3--------A pprox im ately  1 ml wes f i l t e r e d  th ro u g h  two 1 .2 - y  c e l l u 

lo s e  a c e t a te  f i l t e r s  s u c c e s s iv e ly .

 4--------One m i l l i l i t e r  o f  th e  sam ple was f i l t e r e d  th ro u g h  0 .8 -

0 .A 5 - , and  0 .2 2 -y  f i l t e r s  i n  s u c c e s s io n .

 5--------One m i l l i l i t e r  o f  th e  sam ple was f i l t e r e d  th ro u g h  O.U5 -

and 0 .2 2 -y  f i l t e r s .

 6--------One m i l l i l i t e r  o f  th e  sam ple was f i l t e r e d  th ro u g h  a  0 .8 -y

f i l t e r .

The r e s u l t s  from  th e s e  f i l t e r i n g  a tte m p ts  a r e  shown i n  T ab le  8. 

T here w ere no d e te c ta b le  p a r t i c u l a t e s  b e in g  f i l t e r e d  beyond th e  

f i r s t  f i l t e r .  A ll  f i l t e r s  were p r e t r e a t e d  w ith  a  s to c k  phosphorus
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TABLE 8

RESULTS OF FILTRATION ATTEMPTS ON COLUMN 1 , 
SEDIMENT REPRESENTING THE 0 - TO 1-CM DEPTH

S e r ie s P o re  s i z e
No. 5 P 1 . 2  p 0 .8  y 0.1+5 P 0 .2 2  p

1 366 cpm* 
BKG.

2 872 cpm ho cpm 32 cpm 30 cpm 13  cpm

3 379 cpm 
BKG.

1+ 92h cpm 1+0 cpm 38 cpm

5 212 cpm 1+1+ cpm

6 1+88 cpm

•30
* A ll  P co u n ts  i n  t h i s  t a b l e  were a v e ra g e s  o f  th r e e  1 0 -m in u te  

c o u n ts .

s o lu t i o n  t o  m inim ize s o rp t io n  o f  o n to  th e  f i l t e r .

The rem a in d e r o f  th e  0 -  t o  1-cm l a y e r  was f i l t e r e d  th ro u g h  a

No. 325 s ta n d a r d  3 - in c h  s ie v e  (^5-P  p o re  s i z e ) .  The r e s id u e  was d r i e d

i n  an oven on a  p la n c h e t and th e n  co u n ted  f o r  u s in g  th e  same

32i n t e r n a l  p r o p o r t io n a l  c o u n te r  o p e ra t in g  a t  1950 V. The P co u n ted  was 

t h e  a v e ra g e  o f  th r e e  coun ts o f  10 m in u tes  e a ch . An av e ra g e  count o f  

68 cpm was re c o rd e d  f o r  th e  r e s id u e .

32I t  w ould seem t h a t  th e  m a jo r i ty  o f  th e  P was a s s o c ia te d  w ith  

t h e  p a r t i c u l a t e s  ra n g in g  from  l e s s  th a n  1+5 t o  5 p . However, th e  f i l 

t r a t i o n  s e r i e s  r e s u l t e d  in  a  c l e a r  f i l t r a t e  a f t e r  p a s s in g  th ro u g h  any 

one o f  th e  f i l t e r s .  T his c o u ld  be d e c e iv in g  b ec au se  th e  f in e  

c o l l o i d a l - s i z e  c la y s  ten d ed  t o  ag g lom era te  on th e  l a r g e r  p o r e - s iz e  

f i l t e r  and d id  n o t p a s s  th ro u g h . Some f in e r  p a r t i c l e s  ( 0 .U5 p ) w ere
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known t o  be t h e r e  b ecau se  c e n t r i f u g a t io n  a t  10 ,000  rpm f o r  10 m inu tes 

i n  35-m l volume d id  n o t s e t t l e  a l l  o f  th e s e  f in e  p a r t i c u l a t e s .  The 

s u l f i d e  p r e s e n t  i n  th e  sed im en t may have cau sed  th e  p a r t i c l e s  to  

a g g lo m e ra te ; t h e r e f o r e ,  f i l t r a t i o n  was d is c a rd e d  as  a  means o f  

s e p a r a t io n .

C e n tr i f u g a t io n

The sed im en t from  column 2 ,  c o n s is t in g  o f  th e  b la c k  l a y e r  (O to  

1 cm) and th e  c la y  l a y e r  ( l  t o  2 cm ), was c e n t r i f u g e d  on a  S o rv a ll  

c e n t r i f u g e  a t  v a r io u s  co m b in a tio n s  o f  speed  and t im e .

I t  was fo u n d  t h a t  th e  m a jo r i ty  o f  th e  clum ps o f  sed im ent s e t t l e d  

o u t a t  l e s s  th a n  500 rpm i n  5 m in u tes  f o r  a  volume o f  35 m l. But 

m ix ing  and re s u s p e n d in g  in  f r e s h ,  d i s t i l l e d  w a te r  r e s u l t e d  in  more o f  

th e  sed im en t re m a in in g  i n  su sp e n s io n  a f t e r  th e  same tim e  and rpm 

s e t t i n g .

S ince  c l e a r  s e p a r a t io n  was n o t a t t a i n a b l e , i t  was th o u g h t t h a t  

some d i s p e r s in g  a g e n t m igh t be u sed  to  b rea k  th e  clum ped p a r t i c l e s  

i n to  d i s c r e t e  p a r t i c l e s  and th u s  a llo w  f o r  c e n t r i f u g a t io n  o r  f i l t r a 

t i o n  t o  s e p a r a te  th e  p a r t i c l e s .

D is p e rs in g  A gents

S ince  d i f f e r e n t i a l  c e n t r i f u g a t io n  d id  n o t a d e q u a te ly  s e p a ra te  

p a r t i c l e  s i z e s ,  s e v e r a l  p r e t r e a tm e n t  p ro c e d u re s  w ere fo llo w e d . Urea 

(6 t o  8 M) i s  t y p i c a l l y  u se d  in  m ic ro b io lo g y  t o  d is p e r s e  enzyme m ate

r i a l  by  re d u c in g  th e  hydrogen  bond ing  c h a r a c t e r i s t i c  o f  o r g a n ic -  

in o rg a n ic  com plexes. Calgon (sodium  h ex am e ta p h o sp h a te ) was a ls o  u s e d , 

s in c e  i t  i s  commonly u sed  t o  d is p e r s e  s o i l  p a r t i c l e s  p r io r  t o  p a r t i c l e
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s i z i n g .  S o n ic a tio n  was th e  l a s t  method t o  be  u sed  b e c au se  i t  i s  

d e s t r u c t iv e  to  th e  m icroorgan ism s in  th e  se d im e n t-w a te r  m ix tu re .

The p ro c e d u re s  f o r  sample 2 were as fo llo w s :

Urea

(1 ) Enough u re a  was added to  th e  sam ple f l a s k  to  r e p r e s e n t  an 

8-M s o lu t io n .

(2 ) The f l a s k  was shaken f o r  12 h o u rs  on a  w r i s t - a c t i o n  s h a k e r .

(3 ) A 2-ml a l iq u o t  was th e n  p a sse d  th ro u g h  an  8 -y  f i l t e r .

The f i l t e r  and r e s id u e  were th e n  co u n ted  t h r e e  tim es  fo r  

10 m in u te s .

(4 ) N ext, th e  f i l t r a t e  was p a sse d  th ro u g h  a  0 .4 5 -p  f i l t e r ,  

e v a p o ra te d , and co u n ted  a s  above.

(5 ) The b u lk  o f  th e  s o lu t io n  was th e n  c e n t r i f u g e d .

3 2The P a c t i v i t y  r e t a in e d  on  th e  8 -y  f i l t e r  was 567 cpm. How

e v e r ,  o n ly  background a c t i v i t y  was c o u n te d  on th e  O.U5-y f i l t e r .  The 

sed im en t was n o t w e ll  d is p e r s e d ,  s in c e  c e n t r i f u g a t i o n  a t  l e s s  th a n  

500 rpm fo r  5 m inu tes s e t t l e d  m ost o f  th e  m a te r ia l  o u t o f  s o lu t io n .

Upon re su sp e n d in g  th e  sed im en t w ith  d i s t i l l e d  w a te r  and c e n tr i f u g in g  

under th e  same c o n d i t io n s ,  in c re a s e d  t u r b i d i t y  rem a in ed  in  th e  

aqueous p h ase . T h is  i n d ic a te d  t h a t  th e  sed im en t p a r t i c l e s  were s t i l l  

ag g lo m era ted  and w ere n o t s e p a r a t in g  d i s c r e t e l y .

Calgon

Calgon was u sed  n e x t b e c au se  o f  i t s  wide a c c e p ta n c e  as a  d i s 

p e r s in g  agen t f o r  s o i l  p a r t i c l e - s i z e  a n a ly s i s .  The fo llo w in g  p ro ced u re  

was fo llo w e d  on column 2 a t  0 - t o  1-cm and 1 -  t o  2-cm subsam p les.



153

(1 )  T w en ty -fiv e  ml o f  c a lg o n  s o lu t io n  w ere added t o  th e  sample 

f l a s k .

( 2 ) N ex t, th e  f la s k  was shaken f o r  I 8 h o u rs .

( 3 ) D i f f e r e n t i a l  c e n t r i f u g a t io n  was a g a in  a t te m p te d .

The b u lk  o f  th e  sed im en t s e t t l e d  o u t a f t e r  5 m in u te s  a t  500 rpm. 

R educing  th e  tim e  o f  c e n t r i f u g a t io n  d id  no t seem to  a id  t h e  s e t t l i n g  

c h a r a c t e r i s t i c s .  Each tim e  th e  sed im ent was re su sp e n d e d  i n  d i s t i l l e d  

w a te r  and  r e c e n t r i f u g e d  a t  500 rpm, th e  su p e rn a te  was v e ry  c lo u d y .

T h is  was r e p e a te d  fo u r  tim e s  w ith  th e  same problem  e n c o u n te re d  each 

tim e .

C o n se q u e n tly , s e p a r a t io n  o f  th e  d i f f e r e n t  p a r t i c l e  s iz e s  was no t 

a t t a i n a b l e  v i a  c e n t r i f u g a t i o n  fo llo w in g  th e  sed im ent d i s p e r s io n  in  

c a lg o n .

S o n ic a tio n

S in c e  th e  l a t t e r  two d is p e r s in g  te c h n iq u e s  d id  n o t seem to  work, 

s o n ic a t io n  on th e  same sam ples was th e n  a tte m p te d . By v a ry in g  th e  

tim es  f o r  w hich th e  sam ple was exp o sed , i t  was th o u g h t t h a t  th e  

o rg a n ic  and in o rg a n ic  com ponents would be s e p a r a te d .  T h is  b e l i e f  was 

b ased  on  t h e i r  d i f f e r e n t i a l  d e n s i t i e s  and p h y s ic a l  s t r u c t u r e s .  The 

fo llo w in g  p ro c e d u re  was u s e d :

( 1 ) The sam ple was t r a n s f e r r e d  to  a  s t a i n l e s s  s t e e l  b e a k er 

and p la c e d  in  t h e  s o n ic a t in g  u n i t .

( 2 ) E xposure  was v a r i e d :  5 m in u te s , 10 m in u te s , 20 m in u te s ,

30 m in u te s , 45 m in u te s , and 60 m in u te s .

( 3 ) A f te r  each  tim e  p e r io d ,  d i f f e r e n t i a l  c e n t r i f u g a t i o n  was
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attem pted , in  o rd e r  t o  s e p a ra te  th e  p a r t i c l e  s i z e s  and th u s  

t o  m inim ize any a g g lo m e ra tio n  o f  th e  p a r t i c l e s .

No c l e a r  s e p a r a t io n  o f  p a r t i c l e  s i z e  was a t t a in e d  hy meeuis o f  th e  

c e n t r i f u g e  a f t e r  a l l  o f  th e  tim e  p e r io d s .  To b re a k  up th e  c la y  p a r t i 

c le s  i n to  t h e i r  b a s ic  p h y s ic a l  u n i t s ,  e x p o su re  w ould have t o  have 

b een  ex te n d e d  w e ll  p a s t  1 h o u r . T h is te c h n iq u e  d id  n o t seem app ro 

p r i a t e  s in c e  c e l l u l a r  d e s t r u c t io n  would have b een  e s s e n t i a l l y  com plete  

even  a t  th e  lo n g e r  exposure tim e s  a lre a d y  u se d .

W eight Com parison

32The b a s i s  f o r  t h i s  te c h n iq u e  f o r  l o c a t in g  th e  P as p a r t  o f  th e  

o rg a n ic  o r  in o rg a n ic  m a te r ia l  i n  th e  sed im en t was t o  o b ta in  a  r a t i o  o f  

o rg a n ic  t o  in o rg a n ic  m a te r i a l .  The q u a n t i ty  o f  in o rg a n ic  m a te r ia l  was 

o b ta in e d  by i g n i t i n g  an a l i q u o t  o f  sed im en t f o r  1 hour a t  600°C. The 

q u a n t i ty  o f  o rg a n ic  m a te r ia l  was d e te rm in e d  by th e  w eigh t l o s s  o f  th e  

sam ple m easu red  b e fo re  and a f t e r  th e  i g n i t i o n  p r o c e s s ,  th e  id e a  b e in g  

t h a t  th e  o rg a n ic  components w ould be v o l a t i l i z e d  a t  600°C.

T h is  r a t i o  coup led  w ith  coun ts  w ould g iv e  some id e a  a t

32
l e a s t  a s  t o  w he ther th e  P was o rg a n ic  o r  p o s s ib ly  a s s o c ia te d  w ith  

th e  in o rg a n ic  f r a c t i o n .  The p ro ce d u re  was as fo llo w s :

(1 ) The b la c k  la y e r  (O to  1 cm) and  th e  c la y  l a y e r  ( l  to  2 cm) 

o f  column 5 were m ixed w ith  a  m ag n e tic  s t i r r e r  in  a  f l a s k  

w ith  a  t o t a l  volume o f  a p p ro x im a te ly  50 m l.

(2 ) S e v e ra l  a l iq u o ts  o f  d i f f e r e n t  s iz e s  w ere ta k e n  from  each

f l a s k  and p laced  on p rew eighed  M il l ip o r e  f i l t e r s  in

p l a n c h e t s .
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(3 ) The a l iq u o ts  were d r ie d  i n  a  p la n c h e t  oven and co u n ted  

u s in g  th e  p r o p o r t io n a l  c o u n te r .

(^ ) The f i l t e r s  and sam ples w ere th e n  w eighed .

( 5 ) P rew eighed  c r u c ib le s  were th e n  u se d  to  h o ld  th e  f i l t e r s  

i n  th e  m u ff le  fu rn a c e .

(6 ) The c r u c ib le  c o n ta in in g  th e  f i l t e r  and sam ple was w eighed  

p r i o r  to  i g n i t i o n  and a f t e r  i g n i t i o n .

T h is w e ig h t com parison  seemed t o  be in c o n c lu s iv e  (Table 9)*

TABLE 9

RESULTS OF THE SEDIMENT WEIGHT COMPARISON 
ANALYSIS FOR COLUMN 5

In o rg a n ic O rganic R a tio
sam ple sample in o rg a n ic  : Net In o rg a n ic O rganic

w e ig h t . mg w e ig h t, mg A liq u o t o rg a n ic cpm* „  cpm/m£ , cpm/mg

0 - t o 1-cm Depth

3 .6 0 .4 1 ml 100:11 158 43.9 395.0
1 0 .2 1 .0 2 ml 100:10 450 44 .1 450.0
1 3 .5 0 .6 4 ml 100 :4 483 35.8 805.0
21 .9 2 .7 6 ml 100:12 705 32.2 261.1
2 2 .1 2 .1 8 ml 100:10 655 29.6 311.9
U0 .7 6 .2 12 ml 100:15 1176 28.9 189.7

1 -  t o 2-cm D epth

29 .9 2 .1 1 ml 100 :7 95 3 .2 45 .2
1 02 .0 9 .1 2 ml 100 :9 306 3 .0 33 .6
1 2 9 .4 1 0 .5 4 ml 1 0 0 :8 4 l6 3 .2 39 .6
1 0 0 .0 1 05 .7 6 ml 100:108 528 ------ -------

101 .6 122 .3 8 ml 100:120 647 — —

32 .7 57 .1 10+ ml** 100:175 343

* Net coun t r e p r e s e n t s  av erag e  o f  th r e e  10 -m in u te  c o u n ts .
** More w a te r  th a n  se d im e n t.

B ased on th e  c o u n ts  p e r  m inu te  p e r  m il l ig ra m  o f  o rg a n ic  m a te r i a l  and 

in o rg a n ic  m a t e r i a l ,  i t  w ould seem t h a t  th e  was g e n e r a l ly
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a s so c ia û e d  vi-cb. t h e  in o rg a n ic  c o n p o a en ts . T h is  c o n c lu s io n  i s  m a in ly  

th e  r e s u l t  o f  a n a ly z in g  th e  s p re a d  o f  th e  c o u n ts  p e r  m in u te  p e r  m i l l i 

gram v a lu e s .  The l a r g e r  t h e  s p re a d  in  t h e  r a t i o s ,  th e  l e s s  l i k e l y  

32
t h a t  t h e  r  w ould  be a s s o c ia te d  w ith  t h a t  f r a c t i o n .  T h e o r e t i c a l ly ,  a  

un ifo rm  q u a n t i ty  o f  w ould  b e  a s s o c ia te d  w ith  a  u n i t  w e ig h t o f  

s im i la r  m a t e r i a l .  T hus, in c r e a s in g  th e  w e ig h t o f  th e  m a te r i a l  on th e  

f i l t e r  w ould  g iv e  a  c o n s ta n t  r a t i o  o f  p e r  u n i t  w e ig h t. F o r t h e  

in o rg a n ic  m a t e r i a l  i n  th e  b la c k  l a y e r ,  t h e  ran g e  was 15 cpm/mg in o r 

gan ic  ( f a c t o r  <2) betw een th e  lo w e s t and h ig h e s t  v a lu e s . F o r t h e  o r 

g an ic  m a t e r i a l ,  t h e  ran g e  was g r e a t e r  th a n  600 cpm/mg o rg a n ic  ( f a c t o r  

o f  4) be tw een  th e  lo w e s t a n d  h ig h e s t  v a lu e s .

The same g e n e ra l  c o n c lu s io n  can be a p p l ie d  t o  th e  r e s u l t s  on 

th e  c la y  l a y e r .  F o r th e  in o rg a n ic  m a t e r i a l ,  th e  sp re a d  was 0 t o  2 

cpm/mg in o rg a n ic  ( f a c to r  o f  < 0 . l ) ,  w h e re a s , f o r  th e  o rg a n ic  m ate

r i a l ,  t h e  ran g e  was 12 cpm/mg in o rg a n ic  ( f a c t o r  o f  < 0 .3 ) betw een 

th e  lo w e s t and h ig h e s t  v a lu e s .  L a rg e r  a l i q u o t s  were removed from  th e  

c la y  l a y e r  and a n a ly z e d . However, th e  6 - ,  8 - ,  and 10-m l a l i q u o ts  from  

th e  c la y  l a y e r  d is tu r b e d  t h e  r a t i o  o f  in o rg a n ic  to  o rg a n ic  m a t e r i a l .  

These t h r e e  a l i q u o ts  were rem oved from a  s m a ll volume o f  sam ple r e 

m ain ing  in  th e  f l a s k .  Any clum ps o f  o rg a n ic  m a tte r  w hich were n o t 

b roken  up by  m ix in g , e t c . ,  w ould have a  h ig h e r  chance o f  b e in g  p u l le d  

o u t o f  th e  f l a s k .  An e r r o r  may a ls o  have been  made in  r e c o rd in g  th e  

w e ig h ts  o f  th e  f i l t e r s  from  th e s e  th r e e  sa m p le s . As a  r e s u l t ,  e r r o r s  

in  o rg a n ic  m a te r i a l  w e ig h ts  p ro b ab ly  o c c u rre d . These l a s t  t h r e e  sam

p le s  w ere d is r e g a rd e d .

A g a in , th e s e  r e s u l t s  w ere in c o n c lu s iv e  w ith  r e s p e c t  to
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d i s t in g u is h in g  o rg a n ic  from  in o rg a n ic  They d id  i n d ic a te  t h a t  th e

32P vas  c o n fin e d  p r im a r i ly  t o  th e  to p  2 cm o f  s e d im e n t. A s t a t i s t i c a l  

a n a ly s is  w ith  r e p l i c a t e  sam ples w ould he  one way i n  w hich t h i s  ty p e  

o f  d a ta  c o u ld  he a n a ly z e d . F u tu re  work sh o u ld  c o n s id e r  t h i s  a s p e c t .

The sed im en t sam ples r e p r e s e n t in g  th e  2 -  to  3-cm d e p th  from th e  

e ig h t  columns were removed from  th e  f r e e z e r  and thaw ed . The same 

p ro ce d u re  a s  t h a t  d e s c r ib e d  ahove was fo llo w e d , e x cep t t h a t  o n ly  a l i 

q u o ts  o f  2 and 4 ml w ere ta k e n  from  th e  sam p les . The r e s u l t s  a re  

shown in  T a h le  10.

TABLE 10

RESULTS OF THE SEDIMENT WEIGHT COMPARISON ANALYSIS FROM THE
2 - TO 3-CM SEDIMENT DEPTH OF EACH COLUMN

In o rg a n ic  O rgan ic
sam ple sam ple R a tio

Sam- A l i - w e ig h t w eigh t In o rg a n ic  : Net In o rg a n ic O rganic
p le quot mg mg o rg a n ic cpm* cpm/mg cpm/mg

1 2 ml 9 3 .8 1 6 .8 100 :18 BKG
4 ml 1 9 6 .0 1 8 .9 100 :10 264 1 .3 1 3 .9

2 2 ml 1 1 8 .9 1 2 .7 100 :11 65 0 .6 5 .0
1 ml 1 5 4 .2 2 1 .2 100:14 109 0 .7 5 .2

3 2 ml 53 .5 5 .9 100 :11 29 0 .6 4 .8
4 ml 125 .1 1 2 .2 100 .10 135 1 .1 1 1 .3

k 2 ml 263.5 4 5 .2 100 .17 25 0 .1 0 .6
4 ml 328.3 3 8 .0 1 00 .12 85 0 .3 2 .2

5 2 ml 109 .1 2 6 .7 100 .24 119 1 .1 4 .4
It ml 1 9 7 .9 1 6 .5 1 0 0 .8 130 0 .7 7 .9

6 2 ml 1 4 2 .8 1 5 .9 1 00 .11 224 1 .6 l 4 .0
4 ml 1 27 .2 1 7 .5 1 00 .14 l6 4 1 .3 9 .1

(C on tinued )
* A verage o f th r e e 1 0 -m inu te c o u n ts .
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Sam
p le

A l i 
quo t

In o rg a n ic
sample
w eight

mg

O rgan ic
sample
w eigh t

mg

R a tio  
In o rg a n ic  : 

o rg a n ic
Net
cpm

In o rg a n ic
cpm/mg

O rgan ic
cpm/mg

T 2 ml 153.3 1 8 .2 100 .12 139 0 .9 7 .6
4 ml 290.4 36.5 100 .13 198 0 .7 5 .4

8 2 ml 167.3 1 9 .1 100 .11 95 0 .6 5 .0
4 ml 212.4 24 .7 100 .12 94 0 .4 3 .8

Sedim ent P hosphorus E x t r a c t io n  A ccord ing  t o  Mehta

M ehta e ^  a l . (195^) d ev e lo p ed  a  p ro ce d u re  f o r  d e te rm in in g  o rg a n ic  

phospho rus  i n  s o i l s .  The p ro c e d u re  has been  g e n e ra l ly  a p p lie d  to  s e d i 

m ents by many in v e s t ig a to r s  s in c e  t h a t  t im e . I t  i s  now a w e l l  e s ta b 

l i s h e d  te c h n iq u e  f o r  sed im en t o rg a n ic  phosphorus d e te rm in a t io n .

Sommers e ^  aT . (19T0) com pared t h e  M ehta p ro ce d u re  w ith  s e v e r a l  o th e r  

p ro c e d u re s  t h a t  have b een  d e v e lo p ed  r e c e n t l y  f o r  sed im en t-p h o sp h o ru s  

f r a c t i o n a t i o n .  They showed t h a t  t h i s  p ro ce d u re  was m ost a p p l ic a b le  to  

th e  d e te rm in a tio n  o f  t o t a l  o rg a n ic  phosphorus in  se d im e n ts .

The p ro ce d u re  c o n s i s t s  o f  a  s e r i e s  o f  s u c c e s s iv e  e x t r a c t io n s  w ith  

c o n c e n tra te d  HCl and 0 .5 -N  NaOH a t  room te m p e ra tu re , and 0 .5-N  NaOH a t  

90°C. The d i f f e r e n c e  in  th e  amount o f  in o rg a n ic  phosphorus and t o t a l  

phospho rus in  th e  com bined e x t r a c t s  i s  c o n s id e re d  t o  be th e  t o t a l  o r 

g a n ic  p h o sp h o ru s . T h is  p ro ce d u re  was fo llo w e d  fo r  a n a ly z in g  colum ns 4 , 

6 , and 8 .

( 1 ) The b lac k  l a y e r  (O to  1 cm) and th e  c la y  la y e r  ( l  t o  2 cm) 

o f  each sam ple w ere c e n t r i f u g e d  a t  1250 rpm f o r  10 m in u te s , 

and th e  s u p e rn a te  was d e c a n te d .
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(2) Then 15 ml o f  c o n c e n tra te d  HCl were added  to  each tube con

t a i n in g  th e  sed im ent (app rox im ate ly  1 g ) .

(3 ) These tu b e s  w ere h e a te d  on a steam p l a t e  f o r  10 m in u tes . 

F in a l  s o lu t io n  tem p e ra tu re  was 70°C.

(1 ) N e x t, 15 ml o f  c o n c e n tra te d  HCl were added and allow ed  to  

s ta n d  a t  room tem p e ra tu re  fo r  1 ho u r.

(5 ) F i f t y  m i l l i l i t e r s  o f  d i s t i l l e d  w ater w ere th e n  added and 

m ixed .

(6 ) The s o lu t io n  was c e n tr ifu g e d  a t  1250 rpm f o r  10 m in u te s , 

and  th e  s u p e rn a te  was poured  in to  a  250-m l v o lu m e tr ic  

f l a s k  c o n ta in in g  50 ml o f  d i s t i l l e d  w a te r .

(7 ) T h i r ty  m i l l i l i t e r s  o f  0 .5-N  NaOH were th e n  added to  th e  

tu b e ,  s t i r r e d ,  and a llow ed  to  s ta n d  a t  room tem p era tu re  

f o r  1 h o u r.

(8) The tu b e  c o n ta in in g  th e  NaOH and th e  r e s id u e  was 

c e n t r i f u g e d  a t  1250 rpm f o r  10 m in u tes . Then th e  superna

t a n t  was pou red  in to  th e  v o lu m e tric  f l a s k  w ith  th e  a c id  

e x t r a c t .

(9 ) S ix ty  m i l l i l i t e r s  o f  0.5-N  NaOH were added t o  th e  tube  w ith  

t h e  r e s id u e  and s t i r r e d ,  and th e  tu b e  was covered  w ith  an 

in v e r t e d  50-ml b e a k e r .

(lO ) Each tu b e  was h e a te d  in  an oven at 90°C f o r  8 h o u rs . The 

tu b e s  were th e n  co o led  and c e n tr ifu g e d  a t  1250 rpm fo r  

10 m in u te s , and th e  su p e rn a te  was added  to  th e  v o lu m e tric  

f l a s k  w ith  th e  p rev io u s  e x t r a c t s .

(11 ) The v o lu m e tr ic  f l a s k  now co n ta in ed  b o th  th e  p r e c ip i t a te d
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o rg a n ic  m a tte r  (o rg a n ic  and th e  in o rg a n ic  in

s o lu t io n .

(1 2 ) The f l a s k  c o n ta in e d  a  t o t a l  volume o f  220 m l. The c o n te n ts  

w ere a g i t a t e d  and th e n  d iv id e d  in to  two 110-m l vo lum es.

Each o f  th e  sam ples was a n a ly z e d  a c c o rd in g  t o  t h i s  b a s ic  p ro c e 

d u re  w ith  a s l i g h t l y  d i f f e r e n t  p r e p a r a t io n  f o r  c o u n tin g . The s u p e rn a te
Op

a f t e r  c e n t r i f u g a t io n  was c o n s id e re d  t o  c o n ta in  m ain ly  in o rg a n ic  P .

32The combined e x t r a c t  subsam ples c o n ta in e d  b o th  o rg a n ic  P and i n o r -

32
g a n ic  P ; h e n c e , th e  c o u n tin g  r a t e  was a  m easu re  o f  t o t a l  P from  

th e s e  p a r t i c u l a r  sam ples.

Column 4

( 1 3 ) One o f  th e  subsam ples (110 m l) was c e n t r i f u g e d  a t  1250 rpm 

f o r  15  m in u te s .

(14) The s u p e rn a te  was p o u red  in to  a 250-m l b e a k e r  and e v a p o ra te d

32to  a 20-m l volume ( in o rg a n ic  P ) .

(1 5 ) The sam ple was th e n  n e u t r a l i z e d  w ith  5 ml c o n c e n tra te d  

NaOH s o lu t io n .

( 1 6 ) The o th e r  llO -m l subsam ple was e v a p o ra te d  t o  20 ml and

32n e u t r a l i z e d  w ith  5 ml c o n c e n tra te d  NaOH ( t o t a l  P ) .

( 1 7 ) T hree 1-m l a l i q u o ts  were th e n  e v a p o ra te d  to  d ry n ess  in  

in d iv id u a l  p la n c h e ts  u s in g  a  h e a t  lam p.

(1 8 ) The p la n c h e ts  from each  sam ple w ere th e n  coun ted  in  th e  

i n t e r n a l  p r o p o r t io n a l  c o u n te r  a t  1950 V th r e e  tim e s  f o r  

10 m in u tes  each and th e  c o u n ts  w ere a v e ra g e d .
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Column 6

(1 3 ) A 25-m l a l iq u o t  was rem oved from  each  o f  th e  two 110-m l 

w e ll-m ix e d  su b sam p les .

(14 ) One 25-m l a l iq u o t  was n e u t r a l i z e d  w ith  c o n c e n tra te d  NaOH 

and e v a p o ra te d  to  10 ml ( t o t a l  P ) .  (a )

(1 5 ) The o th e r  25-m l a l iq u o t  was c e n t r i f u g e d  a t  1250 rpm f o r  

10 m in u te s .

(1 6 ) The s u p e rn a te  was n e u t r a l i z e d  w ith  c o n c e n tra te d  NaOH and
op

e v a p o ra te d  to  10 ml ( in o rg a n ic  P ) . (a )

(1 7 ) From b o th  sa m p le s , t h r e e  1-m l a l i q u o t s  w ere e v a p o ra te d  to  

d ry n e ss  in  in d iv id u a l  p la n c h e ts .

(1 8 ) Each p la n c h e t  was th e n  co u n ted  in  th e  same manner as th e  

p re v io u s  sam ple.

(1 9 ) One o f  th e  rem a in in g  two sam ples o f  85 ml was c e n t r i f u g e d  

a t  1250 rpm f o r  10 m in u te s . The s u p e rn a te  was d e c a n te d
O p

and saved  ( in o rg a n ic  P) ( a ) .  The r e s id u e  was d is c a r d e d .

(2 0 ) These sam ples w ere a ls o  n e u t r a l i z e d  w ith  5 znl c o n c e n t ra te d  

NaOH.

(2 1 ) B oth sam ples were e v a p o ra te d  t o  a  volume o f  25 m l.

Column 8

(1 3 ) One o f  th e  110-ml subsam ples was c e n tr if u g e d  a t  1250 rpm

f o r  ab o u t 15 m in u te s . The o rg a n ic  r e s id u e  in  t h e  c e n t r i f u g e
32

tu b e  was d is c a r d e d .  The s u p e rn a te  ( in o rg a n ic  P )  was 

s av e d .

(lU ) B oth o f  th e  sam ples w ere n e u t r a l i z e d  w ith  c o n c e n tra te d  NaOH.
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(1 5 ) The sam ples w ere n e x t e v a p o ra te d  to  a p p ro x im a te ly  a  25-ml 

volum e.

(1 6 ) Then, th r e e  1-m l a l i q u o t s  from  each  sam ple w ere d r i e d  on 

p la n c h e ts .

( 1 7 ) The p la n c h e ts  from  each  sam ple w ere co u n ted  th r e e  tim e s  f o r  

10 m in u tes  each  and th e  c o u n ts  were a v e ra g e d .

The sed im en t r e s id u e s  re m a in in g  a f t e r  th e  e x t r a c t i o n  p ro c e d u re

were d r ie d  on p la n c h e ts .  These p la n c h e ts  w ere co u n ted  u s in g  th e  same

i n t e r n a l  p r o p o r t io n a l  c o u n te r .  A l l  o f  th e  r e s id u e s  c o n ta in e d  backfpround 

32
l e v e l s  o f  P . T hus, th e  e x t r a c t io n s  were s u c c e s s fu l  in  s t r i p p in g  th e  

r e s id u e  o f  th e

The r e s u l t s  u s in g  th e  M ehta p ro c e d u re  (T ab le  11 ) i n d i c a t e  t h a t

32th e  P was in  b o th  th e  o rg a n ic  and  in o rg a n ic  p h a s e s . The f r a c t i o n  o f  
32

P a s s o c ia te d  w ith  th e  o rg a n ic  m a te r i a l  was by d e f i n i t i o n  e q u a l  to

TABLE 11

RESULTS OF THE MEHTA EXTRACTION FOR PHOSPHORUS 
FROM COLUMNS It, 6 ,  AND 8

Column 32T o ta l   ̂ P 32In o rg a n ic  P
Number L ayer cpm*/gm cpm*/gm

It 0 t o  1 cm 32,750 1 9 ,000
1 to  2 cm 15,625 13 ,750

6 0 t o  1 cm 3 ,1 0 0 (a ) BKG(a)
2 9 .0 7 5 (b ) 1 5 .9 2 5 (b )

1 t o  2 cm 1 , 500 (a ) BKG(a)
1 1 , 250 (b ) 1 0 ,125(b )

8 0 t o  1 cm 22,950 7 ,625
1 t o  2 cm 10,550 6 ,725

* The c o u n ts  p e r  m in u te  a r e  n o t c o r r e c te d  f o r  d ecay .
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32 . 90
"the t o t a l  P m inus th e  in o rg a n ic  P . T h is  d a ta  column was d e le te d  

s in c e  i t  was a c a lc u la te d  v a lu e  w hereas th e  o th e r s  were m easu red . In  

a l l  th r e e  co lum ns, m ost o f  th e  a c t i v i t y  was found  to  be i n  th e  to p  

l a y e r ,  i . e .  , 0 to  1 cm. W ith in  t h i s  l a y e r ,  ap p ro x im a te ly  eq u a l

32 . 90
amounts o f  o rg a n ic  P and in o rg a n ic  P w ere p r e s e n t .  However,

o p
th e  low er l a y e r ,  i . e . ,  1 t o  2 cm, c o n ta in e d  a lm o s t no o rg a n ic  P .

The ]?rocedure f o r  column 4 and column 8 d i f f e r e d  o n ly  as to  

when th e  sam ples w ere n e u t r a l i z e d .  Column 4 was e v a p o ra te d  to  a  20-m l 

volum e, th e n  n e u t r a l i z e d .  Column 6 was n e u t r a l i z e d  f i r s t ,  th e n  

e v a p o ra te d .

F o r column 6 , i t  was d e s i r e d  t o  s e e  i f  much o f  th e  ^^P was l o s t

th ro u g h  v o l a t i l i z a t i o n  o r  s o r p t io n  o n to  th e  w a l ls  o f  th e  b e a k e r  d u r in g

e v a p o ra tio n  o f  th e  l a r g e r  sam ple . T h u s , a  25-m l a l iq u o t  was p u l le d

o u t o f  th e  l a r g e r  vo lum e, and th e  c o u n ts  w ere found  t o  be much low er

i n  t h i s  s m a ll  a l iq u o t  th a n  in  th e  l a r g e r  a l i q u o t .  The 25-m l a l iq u o t

32was a p p a re n tly  to o  d i l u t e  w ith  r e s p e c t  t o  t h e  t o t a l  q u a n t i ty  o f  P

i n  s o lu t io n  and th u s  n o t r e p r e s e n t a t i v e  o f  th e  sam p le . Some s o r p t io n  

32o f  P t o  t h e  e v a p o ra tin g  d i s h  i s  a l s o  in d ic a te d .

From th e  a n a ly s e s  com p le ted  on th e  e ig h t  sed im en t s a m p le s , th e

M ehta p ro c e d u re  seemed to  be th e  m ost r e p r o d u c ib le  and m ost am enable

32t o  a n a ly z in g  th e  sed im en t f o r  g ro s s  P f r a c t i o n a t i o n .  O ther a n a ly s e s  

w hich co u ld  p o s s ib ly  w a r ra n t f u tu r e  s tu d y  w ere th e  w eigh t com parison  

and th e  ch lo ro fo rm  e x t r a c t i o n  p ro c e d u re s .  These would r e q u i r e  a 

s t a t i s t i c a l  com parison b e fo re  th e  r e s u l t s  w ould be m ean in g fu l.

The Mehta p ro ce d u re  in d ic a te d  t h a t  some m in e r a l iz a t io n  o f  th e  

p a r t i c u l a t e  o rg an ic  a t  th e  s e d im e n t-w a te r  i n te r f a c e  d id  o c c u r .
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A gain , a  s t a t i s t i c a l  com parison  o f th e  r e s u l t s  from  s e v e r a l  columns 

o p e ra te d  in  a s im i la r  manner would be n e c e s s a ry  b e fo r e  any d e f i n i t e  

s ta te m e n t co u ld  be made.

32
In  com paring th e s e  r e s u l t s  w ith  th e  P d e te c te d  in  th e  e f 

f lu e n t  d u r in g  th e  e x p e r im e n ta l  ru n  l a s t i n g  h3 d a y s , v e ry  l i t t l e  o f  th e  

32i n i t i a l  a lg a l  P t r i c k l e d  in to  th e  e f f l u e n t .  The c o u n tin g  r a t e  data 

were n o t c o r r e c te d  f o r  decay .



CHAPTER VI

CONCLUSIONS

T h is  r e s e a r c h  c o n s id e re d  th e  f e a s i b i l i t y  o f  a  s im u la te d  sed im ent

and w a te r  sy s te m  t o  s tu d y  th e  d e g ra d a tio n  o f  th e  p a r t i c u l a t e  o rg a n ic  

32P com ponents o f  a lg a e ,  as w e ll  as i t s  o v e r a l l  a p p l i c a t i o n  t o  th e  

s tu d y  o f  s e d im e n t-w a te r  i n t e r a c t i o n s . The new f i e l d  o f  en v iro n m en ta l 

s c ie n c e  m ust d ev e lo p  c lo s e ly  w ith  th e  advances i n  e n g in e e r in g  r e s e a rc h  

and m ethods i n  o r d e r  t o  f in d  s o lu t io n s  to  many o f  o u r  en v iro n m en ta l 

p ro b lem s. T h is  dynamic s im u la tio n  o f  th e  s e d im e n t-w a te r  in te r f a c e  may 

p ro v id e  a  r e s e a r c h  t o o l  f o r  s tu d y in g  s e d im e n t-w a te r  i n te r a c t io n s  as 

r e l a t e d  t o  t h e  movement o r  c y c lin g  o f  p o l lu t a n t s  from  th e  sed im ent to  

th e  o v e r ly in g  w a te r .  T h o u ^  th e  a p p a ra tu s  d e s c r ib e d  in  t h i s  r e s e a rc h  

was n o t am enable to  p ro c e s s  d e s c r ip t io n  (m a th e m a tic a l ly )  f o r  re a so n s  

d is c u s s e d  e a r l i e r ,  i t  does p ro v id e  in s ig h t  a s  t o  th e  f u tu r e  d ev e lo p 

ment o f  m a th e m a tic a l m odels . The r e l e a s e s  o f  Fe and Mn, as  w e ll  as 

th e  r e d u c t io n  o f  s u l f a t e  and t r e n d s  o f  th e  e le c t r o d e  p o t e n t i a l  and 

pH, w ere a l l  p r e d i c ta b l e  in  t h i s  m odel. The re s p o n s e s  o f  th e s e  p a 

ra m e te rs  w ere v e ry  c h a r a c t e r i s t i c  o f  w hat i s  known a b o u t n a tu r a l  

s e d im e n t-w a te r  system s to d a y . L ik e w ise , th e  r e s p o n s e s  betw een  compa

r a b le  colum ns w ere s im i l a r .  T h e re fo re ,  m odels c o u ld  be u sed  to  de

s c r ib e  th e  sed im en t a s  a  dynamic ecosystem  w ith  th e  la k e  su p p ly in g  

th e  n e c e s s a ry  so u rc e  o f  en e rg y .

I t  i s  th e  o p in io n  o f  t h i s  i n v e s t i g a t o r  t h a t  t h e  la k e  ecosystem  

canno t be  a d e q u a te ly  u n d e rs to o d  u n le s s  t h e r e  i s  a  p a r a l l e l  developm ent 

o f  o u r  u n d e rs ta n d in g  o f  sed im ent and i t s  r o l e  in  th e  la k e  ecosystem .

165
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In  many o f  o u r p r e s e n t  im poundm ents, th e re  h a s  been  a  trem endous 

b u ild u p  o f  sed im en t w hich h a s  r e s u l t e d  in  th e  impoundments b e in g  

f i l l e d  in  a t  a  more r a p id  r a t e  th a n  p r e d ic te d .  L ik e w ise , many s e d i 

m ents in  ou r n a tu r a l  f r e s h w a te r  la k e s  have b een  found t o  c o n ta in  

l a r g e r  c o n c e n tra t io n s  o f  n u t r i e n t s  and p o l lu t a n t s  th a n  th e  o v e r ly in g  

w a te r .  P h y s ic a l  m odeling  o f  th e s e  se d im e n t-w a te r  sy stem s c o u ld  i n 

d ic a te  how th e s e  p o l lu t a n t s  m ig h t b e  r e le a s e d  and p o s s ib ly  m ethods 

by w hich th e  p ro c e s s e s  c o u ld  be  c o n tr o l le d .

The a lg a l  p a r t i c u l a t e  o rg a n ic  phosphorus f r a c t i o n  o f  th e  a l g a l  

c e l l s  would b e  m ost r e s i s t a n t  t o  d e g ra d a tio n  a s  th e  c e l l s  s e t t l e d  o u t 

o f  th e  o v e r ly in g  w a te r . H ence, t h i s  form o f  p h o sp h o ru s  was c o n s id 

e re d  t o  be th e  p redom inan t n a t u r a l  in p u t t o  t h e  sed im en t h e te r o t r o p h ic  

community. W hereas many i n v e s t ig a t o r s  p o s tu l a te  t h a t  t h i s  form  o f  

phosphorus would be  m in e r a l iz e d  and re le a s e d  b y  th e  h e te r o t r o p h ic  mi

croo rgan ism s in  th e  sed im en t t o  th e  o v e rly in g  w a te r ,  v e ry  few in v e s 

t i g a t o r s  have s tu d ie d  th e  le n g th  o f  tim e fo r  t h i s  p ro c e s s  t o  o c c u r . 

Hayes and P h i l l i p s  (1958) su g g e s te d  t h a t  th e  tu r n o v e r  o f  t h i s  p h o s 

p h o ru s  form  was lo n g  com pared w ith  t h a t  o f  o th e r  fo rm s. P h i l l i p s  

(1964) a ls o  i n f e r r e d  a  lo n g  tu rn o v e r  t im e . Pomeroy e ^  a l . (1972) 

em phasized  t h a t  th e  r e l e a s e  o f  phosphorus from  th e  se d im e n ts  to  t h e  

o v e r ly in g  w a te r  was p r im a r i ly  b io lo g i c a l ly  m e d ia te d ;  d i r e c t  e q u i l i b 

rium  betw een th e  sed im en ts  and o v e r ly in g  w a te r  was o f  seco n d ary  im

p o r ta n c e .  I t  was q u i te  e a sy  t o  assume t h a t  t h e  m in e r a l iz a t io n  an d  

r e l e a s e  o f  t h i s  form  w ere s lo w , b u t a p p a re n tly  no one v e r i f i e d  how 

slow . However, Stumm and M organ (1970) and o th e r  i n v e s t i g a t o r s  su g 

g e s te d  t h a t ,  a s  th e  o rg a n ic  phospho rus  form was m in e r a l iz e d ,  th e



167

p ro c e s s e s  o f  d i f f u s i o n  in  th e  sed im ent i n t e r s t i t i a l  w a te r w ould a id  in

th e  in te r c h a n g e  p r o c e s s e s .

From th e  t r e n d s  n o te d  i n  th e  d a ta  o f  th e  p r e s e n t  i n v e s t i g a t io n ,

th e  a v a i l a b i l i t y  o f  th e  t o  th e  o v e r ly in g  w a te r  was p red o m in an tly

b i o lo g i c a l ly  m e d ia te d . T hat i s ,  t h e  a v a i la b le  m in e ra l iz e d  phosphorus

i n  th e  se d im e n t was so rb e d  o n to  th e  c la y  p a r t i c l e s  o r  p r e c i p i t a t e d  as

a  m e ta l o r  c a lc iu m  compound and was n o t r e a d i ly  r e le a s e d  t o  t h e  o v e r-

ly in g  w a te r .  From th e  f r a c t i o n a t i o n  a t te m p ts ,  th e  M ehta p ro ce d u re

32c le a r l y  in d ic a te d  t h a t  th e r e  was a  m in e r a l iz a t io n  o f  a lg a l  o rg a n ic  P 

32t o  in o rg a n ic  P i n  th e  se d im e n ts . Some i s o to p ic  exchange w i th  t h i s  

so rb ed  was a ls o  e v id e n t  from  th e  d a ta  i n  ru n  2 a f t e r  in c r e a s in g

th e  phosp h o ru s  c o n c e n t ra t io n  i n  th e  o v e r ly in g  w a te r  o f  columns 2 ,  4 ,

326 , and 8 . However, th e  q u a n ti ty  o f  P r e l e a s e d  from th e  sed im en t was

n e g l ig ib l e  (u n d er a l l  o f  th e  im posed environm enteil c o n d it io n s  ) co n -

32s id e r in g  th e  t o t a l  P a c t i v i t y  o f  th e  a lg a l  r e s id u e  i n i t i a l l y  added

t o  th e  co lum ns. The d e g ra d a tio n  p ro c e s s  o f  t h i s  phosphorus form  was

much s lo w er th a n  p re v io u s  i n v e s t ig a to r s  had c o n s id e re d . F o r exam ple, 

32th e  t o t a l  P a c t i v i t y  i n  th e  e x t r a c t e d  a lg a l  sam ple d u r in g  ru n  2 was

a p p ro x im a te ly  6 ,0 0 0 ,0 0 0  dpm. A pprox im ately  400 to  500 cpm/2 ml

(10 ,000  cpm/50 m l) was d e te c te d  i n  th e  e f f l u e n t  each  day f o r  U5 d ay s .

32T h e re fo re ,  l e s s  th a n  10 p e rc e n t  o f  th e  to te i l  P a c t i v i t y  was d e te c te d  

in  th e  e f f l u e n t  d u r in g  th e  e n t i r e  tim e  p e r io d .  Based on t h i s , i t  

would ta k e  ab o u t 450 days f o r  th e  exchange on phosphorus from  th e  sed 

im ent to  th e  o v e r ly in g  w a te r ,  i f  t h e  phosphorus r e l e a s e  w ere r e g u la te d

by th e  same p r o c e s s e s  up to  t h i s  t im e .

3 2The r e l e a s e  o f  P from days 8 th ro u g h  I 6 in  m ost o f  th e  v ia b le
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se d im e n t-w a te r  colum ns was c lo s e ly  a s s o c ia te d  w ith  th e  r e l e a s e  o f  i ro n

32and m anganese. S in ce  t h e r e  was n o t a  s u s ta in e d  F e , Mn, o r P r e l e a s e  

a f t e r  t h i s  in  most o f  th e  colum ns, i t  i s  q u i te  p o s s ib le  t h a t  o n ly  th e  

s u r f a c e  o f  th e  sed im en t was red u ced  by b i o l o g i c a l  a c t i v i t y  d u r in g  th e  

e x p e rim e n ta l r u n s .  The c a p a c i ty  o f  th e  sed im en t t o  s o rb  p h o sp h o ru s , 

as w e l l  as th e  red o x  c o n d i t io n  o f  th e  s im u la te d  sed im en t and hypolim - 

n io n , a ls o  a f f e c te d  th e  in te rc h a n g e  o f  sed im en t phospho rus t o  th e  

o v e r ly in g  w a te r .  T h e r e f o r e ,  th e  i n i t i a l  r e l e a s e  o f  r e d o x - s e n s i t iv e  

sed im en t n u t r i e n t s ,  a s  th e  hypo liran ion  o f  a  f re s h w a te r  la k e  w ent an

a e r o b ic ,  would be  th e  l a r g e s t  s lu g  c o n t r ib u t io n  o f  sed im en t n u t r i e n t s  

to  t h e  o v e r ly in g  w a te r  d u r in g  th e  e n t i r e  s t r a t i f i c a t i o n  p e r io d . Very 

sm a ll amounts o f  sed im en t n u t r i e n t s  may c o n t in u a l ly  be  added to  the  

o v e r ly in g  w a te r  as th e y  become a v a i l a b le  th ro u g h  d e g ra d a tio n  o f  f re s h  

o rg a n ic  m a t e r i a l ,  d i f f u s i o n ,  o r  s l i g h t  tu r b u le n t  m ix in g .

Between s p r in g  and  faJ.1 tu r n o v e r ,  th e  sed im en t o f  f a i r l y  sha llow  

la k e s  ( c h a r a c t e r i s t i c  o f  so u th w e s te rn  im poundm ents) w ould be mixed 

w ith  th e  o v e r ly in g  w a te r .  C o n seq u en tly , th e  n u t r i e n t s  so rb ed  on th e  

s u r fa c e s  o f  se d im e n t, as w e ll  as th e  p a r t i a l l y  d eg rad ed  o rg a n ic  mat

t e r ,  would be re su sp e n d e d  in  th e  w a te r . S ig n i f i c a n t  a e ro b ic  decompo

s i t i o n  o f  o rg a n ic  m a t te r  and up tak e  o f  so rb e d  n u t r i e n t s  by th e  p la n k 

to n  c o u ld  o c c u r p r i o r  t o  th e  s e t t l i n g  o f  th e  m a t e r i a l .  As a r e s u l t ,  

a c e r t a i n  q u a n t i ty  o f  sed im ent n u t r i e n t s  w ould become a v a i la b le  to  th e  

suspended  b i o t a  and th e  o v e r ly in g  w a te r  in  a  s h o r t  p e r io d  o f  t im e .

The r e s u l t s  o b ta in e d  from t h i s  i n v e s t ig a t io n  em phasized  th e  im

p o r ta n t  r o le  t h a t  th e  sed im ent h e te r o t r o p h ic  community has in  th e  i n 

te rc h a n g e  o f  n u t r i e n t s ,  s p e c i f i c a l l y  p h o sp h o ru s , from  th e  sed im ent to
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t h e  o v e r ly in g  w a te r  d u r in g  summer s t r a t i f i c a t i o n .  I t  i s  d u r in g  th e  

summer s t r a t i f i c a t i o n  p e r io d  t h a t  th e  sed im en t a c ts  a s  a  " s in k "  f o r  

phosphorus b e in g  d e p o s ite d  from  th e  o v e r ly in g  w a te r .

The p ro c e s s e s  in v o lv e d  i n  n u t r i e n t  r e g e n e r a t io n  from  sed im en t 

n eed  c lo s e r  i n v e s t i g a t io n  a s  t o  th e  s p e c i f i c  m echanism s in v o lv e d  i n  

n u t r i e n t  tu rn o v e r  and r e l e a s e .  Even though  t h e  sed im en t o f  la k e s  

a c t s  a s  a " s in k "  f o r  n u t r i e n t s ,  i t  was q u i te  a p p a re n t  from t h i s  

s tu d y  t h a t  a t  l e a s t  some o f  th e s e  n u t r i e n t s  may b e  r e c y c le d  t o  

th e  o v e r ly in g  w a te r  and n o t " lo s t "  t o  th e  sedime. ; .

The l im i t e d  f i e l d  i n v e s t i g a t io n ,  t o g e th e r  w ith  th e  l a b o r a to r y  

m odel, c le a r ly  i n d i c a t e d  t h a t  th e  sed im ent community o f  o rgan ism s was 

q u i te  s ta b l e  in  s p i t e  o f  th e  changes in  th e  w a te r  t e m p e ra tu re ,  n u t r i 

e n t  c o n c e n t r a t io n ,  and d eg rees  o f  a n a e r o b io s i s . Most im p o r ta n t ,  how

e v e r ,  was t h a t  t h e  l a b o r a to r y  se d im e n t-w a te r  sy stem  re sp o n d e d  q u i te  

r e p ro d u c ib ly  and  p r e d ic ta b ly  t o  changes in  th e  a q u a t ic  env ironm en t 

above th e  se d im e n t.

S e v e ra l im provem ents in  th e  s im u la te d  se d im e n t—w a te r  sy s tem  be

came a p p a re n t d u r in g  t h i s  i n v e s t ig a t io n .  The a p p a ra tu s  was v e ry  tim e 

consum ing t o  s e t  u p . The re a s o n  f o r  t h i s  was t h a t  t h e  sy stem  had  to  

b e  s e a le d  t o  p r e v e n t  seep ag e  o f  w a te r  from  t h e  c o n s ta n t  te m p e ra tu re  

j a c k e t  i n to  th e  c u l t i v a t i o n  cham ber. S in ce  t h e  w a te r  volum e t o  s u r 

f a c e  a r e a  r a t i o  h ad  n e g l ig ib l e  e f f e c t  on th e  p e rfo rm a n c e  o f  th e  la b o 

r a t o r y  sy stem , a  sed im en t co re  sample w ith  a  much l a r g e r  s u r f a c e  a re a  

sh o u ld  be u sed  i n  o r d e r  t o  m inim ize p o s s ib le  w a l l  e f f e c t s .  By so  

d o in g , i t  would be  p o s s ib le  t o  sam ple th e  w a te r  and sed im en t p e r i 

o d i c a l ly  in  th e  c u l t i v a t i o n  cham ber. More a c c u ra te  ch e m ica l and
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b io lo g ic a l  m easurem ents cou ld  th e n  be made i ^  s i t u  w ith  m o n ito rin g  

equipm ent to  e s t a b l i s h  th e  s t a t u s  o f  th e  system . S u c c e ss io n a l h e te r o 

t r o p h ic  p o p u la t io n s  c o u ld  a ls o  be s tu d ie d  w ith  l i t t l e  d is ru p t io n  t o  

th e  o v e r a l l  se d im e n t-w a te r  system . Most im p o r ta n t , r e p l i c a t e  core  

sam ples co u ld  be s tu d ie d  s im u lta n e o u sly  in  th e  la b o r a to r y  w h ile  f i e l d  

in v e s t ig a t io n s  w ere b e in g  c a r r ie d  o u t .  By com paring th e  d a ta ,  i t  

cou ld  be f e a s ib le  to  develop  a  p r e d ic t iv e  m ath em atica l model o f 

se d im en t-w a te r i n t e r a c t io n s .

P o s s ib le  a p p l ic a t io n s  o f  t h i s  type  o f  experim en t cou ld  be made 

in  s tu d y in g  th e  s u c c e s s io n a l  b i o t a  and w a te r - q u a l i ty  changes a t t r i b 

u te d  t o  dredged  m a te r i a l  d is p o s a l  s i t e s .  The b i o t a  su c ce ss io n  would 

p r im a r i ly  be co n cern ed  w ith  m icroorganism s e s ta b l is h m e n t , s in c e  l a r g e r  

organ ism s cou ld  n o t be a d e q u a te ly  r e p re s e n te d . F u rth e rm o re , t h i s  ex 

p e r im e n ta l  system  was a  p ro c e s s  model whereby o n ly  q u a l i t a t i v e  i n f o r 

m ation  cou ld  be o b ta in e d  re g a rd in g  phosphorus t ra n s fo rm a tio n  r a t e s .

This ty p e  o f  d a ta  c c u ld  p o s s ib ly  in d ic a te  s ig n i f i c a n t  t r e n d s ,  e t c . ,  

which sh o u ld  be s tu d ie d  in  d e t a i l .  This c o u ld  be in v e s t ig a te d  by 

p la c in g  d redged  m a te r i a l  i n to  an a p p a ra tu s  s im i la r  to  th e  one d e sc r ib e d  

on ly  w ith  a l a r g e r  sed im ent s u r fa c e  a re a  in  o rd e r  t o  sample th e  o rg an 

ism s. By flow ing  n a tu r a l  u n f i l t e r e d  w a te r over th e  dredged  m a te r ia l  

a t  r e a l i s t i c  h y d ra u l ic  re s id e n c e  t im e s ,  i t  would be p o s s ib le  to  ob

se rv e  th e  s h o r t - te rm  e s ta b lis h m e n t o f  b io ta  as w e ll  as th e  p o s s ib le  

changes in  w a te r q u a l i t y  r e s u l t i n g  from b io lo g ic a l  a c t i v i t y  in  th e  

d redged  m a te r i a l .  T h is  ty p e  o f  s tu d y  cou ld  ap p ly  in  f re s h w a te r ,  s a l t 

w a te r ,  o r  e s tu a r in e  e n v iro n m en ts . L ik ew ise , t h i s  l a b o r a to r y  system
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c o u ld  be a d ju s te d  t o  s im u la te  a  s tre a m -sed im e n t o r  r iv e r - s e d im e n t  

system  w ith  a p p ro p r ia te  ad ju s tm en t o f  th e  HRT.

J u s t  a s  t h i s  a p p a ra tu s  has shown t h a t  i t  was s t a b l e  and p r e d i c t 

a b le  in  s im u la t in g  c e r t a i n  a s p e c ts  o f  s e d im e n t-w a te r  in te rc h a n g e  p ro 

c e s s e s  , i t  c o u ld  a l s o  be used  t o  s tu d y  m ethods o f  c o n t r o l l i n g  th e  r e 

l e a s e  o f  ch em ica l c o n s t i tu e n t s  from th e  se d im e n t. For exam ple, in  

c o n s id e r in g  d re d g in g  o p e ra t io n s  on n a v ig a b le  w a te rw ay s , th e  problem  

o f  d redged  m a te r i a l  s t a b i l i z a t i o n  a t  th e  d i s p o s a l  s i t e s  c o u ld  be 

i n v e s t ig a t e d  q u ic k ly  f o r  many o f  th e  s i t e s  p r i o r  t o  th e  d red g in g  

o p e ra t io n s .  By p la c in g  dredged  m a te r ia l  i n  a  c o n tin u o u s -f lo w  ap

p a r a tu s ,  i t  would be  p o s s ib le  to  add b e n th ic  a lg a e  a t  a  m e te re d  r a t e  

and o b se rv e  th e  r a t e  a t  which th e y  become e s t a b l i s h e d ,  as w e l l  as 

any a s s o c ia te d  w a te r  q u a l i t y  changes.

The m ain ad v an tag e  t o  t h i s  system  f o r  s tu d y in g  se d im e n t-w a te r  

i n t e r a c t io n s  c o u ld  be i n  th e  q u a l i t a t i v e  s tu d y  o f  ch em ica l i n t e r 

change p r o c e s s e s .  By ta g g in g  c la y s ,  b i o t a ,  e t c . ,  w ith  r a d io n u c lid e s  

o f  m e ta ls ,  i t  w ould  b e  p o s s ib le  t o  fo llo w  th e  e x te n t  and tim e  r e 

q u ire d  f o r  t h e s e  m a te r i a l s  to  be r e le a s e d  t o  th e  o v e r ly in g  w a te r .

T his s tu d y  c o u ld  in v o lv e  e f f e c t s  o f  te m p e ra tu re , pH, m ix in g , e t c .  

I d e a l ly ,  th e  s tu d y  o f  p e s t i c id e  d e g ra d a tio n  a t  t h e  se d im e n t-w a te r  

i n te r f a c e  c o u ld  be p e rfo rm ed  u s in g  a r a d i o l a b e l l e d  p e s t i c id e  and 

a p p ro p r ia te  m o n ito r in g  eq u ip m en t.

In  g e n e r a l ,  t h i s  system  co u ld  be c o n s id e re d  as a  v e ry  u s e f u l  

l a b o r a to r y  r e s e a r c h  t o o l  to  s tu d y  " tr e n d s "  i n  th e  a q u a t ic  ecosystem  

u s in g  r a d io a c t iv e  l a b e l s ,  where p o s s ib l e ,  and o th e r  a n a l y t i c a l  e q u ip 

m ent. B io lo g ic a l  s t u d i e s ,  as w e l l  as ch em ica l in te r c h a n g e  s tu d i e s .
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co u ld  be perfo rm ed  in  th e  la b o r a to r y  under c o n tr o l le d  c o n d itio n s  w h ile  

m a in ta in in g  a r e a l i s t i c  sed im en t-w a te r env ironm en t.

S ed im en t-w ater in te r a c t io n s  m ust be in v e s t ig a te d  b o th  q u a l i t a 

t i v e l y  and q u a n t i t a t i v e l y  in  th e  f i e l d  as w e l l  as in  th e  la b o ra to ry .  

The im portance  o f  th e s e  p ro ce sse s  h as  been w e l l  acknowledged. Since 

most in v e s t ig a t io n s  have been e m p ir ic a l  and n o t d i r e c t l y  s tu d ie d , 

th e r e  was f e l t  a  need by  t h i s  i n v e s t ig a t o r  t o  a tte m p t t o  d e v ise  a 

system  whereby a  b e t t e r  u n d e rs ta n d in g  o f th e s e  p ro c e s s e s  co u ld  be ob

ta in e d .  The e x p e rim e n ta l system  was c o n s id e re d  to  be a  p ro cess  model 

o f  th e  se d im en t-w a te r i n te r f a c e .  Through th e  use  o f  ex p e rim en ta l s y s 

tems such as th e  one d e s c r ib e d , a b e t t e r  u n d e rs ta n d in g  of th e  s e d i 

m e n t 's  r o le  in  a q u a tic  ecosystem s co u ld  b e  o b ta in e d .

T his r e s e a r c h ,  u s in g  a s im u la te d  se d im e n t-w a te r  system , could  be 

a  v a lu a b le  r e s e a rc h  t o o l  based  on th e  r e s u l t s  o f  t h i s  s tu d y . J u s t  as 

t h i s  a p p a ra tu s  has shown th a t  i t  was s ta b le  and p r e d ic ta b le  in  simu

l a t i n g  c e r t a i n  sed im en t-w a te r in te rc h a n g e  p r o c e s s e s , i t  could a lso  

be u se d  to  s tu d y  methods o f  c o n t r o l l in g  c e r t a i n  sed im en t-w a te r 

i n t e r a c t i o n s .
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ALGAE AND BACTERIA CULTURE MEDIA

176

S o lu tio n

M o d ified  KNOP's Media 
(A lgae )

C o n c e n tra tio n

t r i s  b u f f e r  ( t r i x  hydroxy 
m e th y l amino m ethane)

v i ta m in  p i l l  (Upjohn U nicap 
M w ith  m in e r a l s )

EDTA

P

N

15 g/A

1 p i l l  p e r  l i t e r

500 mg/&

5 .6 2  g KgHPOi /̂g, 
-1 mg P /m l

1 2 .1  gm KNO3 /&
~2 mg/ml

tryp tone") 
FeClg 
CaCl2
MgSOlt

g ly c e r o l  

sodium  c a s ie n a te  

p e p to n e  

s ta r c h

l i v e r  e x t r a c t

MgSOii

CaClg

FeC l^ o r  FeSOj^

15 Y

B acto -A gar

Sodium C a s ie n a te  B ro th  (A gar) 
(H e te ro tro p h ic  B a c te r ia )

C o n c e n tra tio n

0 . 2%

0 . 1%

0.1%
0 . 1%

0 .1%
0 . 01%

0 . 01% 

t r a c e  

1 ampoule

Amount p e r  l i t e r  

10 ml

1 ml

1 ml 

( see  t e x t  )

5 ml 

t r a c e

Amount p e r  l i t e r

2 gm 

1 gm 

1 gm 

1 gm 

1 gm 

1 gm 

1 gm 

t r a c e  

1 ampoule 

15 gm

A f te r  a u to c la v in g ,  a d ju s t  pH t o  t h a t  o f  th e  sed im ent u s in g  KgHPOĵ  
a n d /o r  K^PO^ .
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BACTERIA CONCENTRATION (F o r Top 5 cm)

A verage  Number A verage Number
o f  C o lo n ie s o f  C o lo n ie s Sed im ent B a c te r i a  C o n c e n tra t io n P e rc e n t

Run A ero b ic A n a e ro b ic W eight ( Number o f  C o lo n ies /g m ) C arbon

1 209 54 4 .2 6 2 3 7 .6 3  X 105 9 .4 5
l 8 l 42 4 .4 6 1 8 6 .2 4  X 1 0 > 7 .7 7
291 0 4 .9015 7 .5 7  X 10> 5 .8 6
293 139 5 .5429 9 .9 4  X 10> 7 .0 8
275 99 5 .0135 9 .3 5  X 1 0 > 7 .3 1

8 .1 5  X 1 0 >* 7 . 49*
2 8 5 k8 5 . 5 1 + 2 9 2 . 9 3  X l o f 1 .0 . 1 5

58 34 4 .4 6 1 0 2 .5 8  X 1 0 : 1 0 .3 6
1 0 5 1+6 1+.7023 3 . 98 X i o 5 9 .8 7

65 45 5 .1077 2 .9 6  X 10° 1 0 .0 1
90 37 5 .3075 2 .9 9  X io 9 9 .1 7

3 .0 3  X 10 * 9 . 91*
3 IT 1 6 .7 3 9 3 3 .3 4  X 10^ 7 .2 3

22 0 6 .2985 4 .3 7  X 1 0 : 7 .7 8
11 44 5 .2122 1 .3 2  X 1 0 : 7 .3 6
11 31 3 .6972 1 .4 2  X 1 0 ? 8 .4 6

5 0 1 0 . 809? 5 .7 8  X 1 0 % 5 .8 4
7 .1 4  X 10>* 7 . 23*

k 65 35 6 .7 8 9 1 1 .6 4  X 10^ 7 .8 7
25 9 5 .3275 7 .9 8  X 1 0 > 7 .2 3
22 4 5 .8417 5 .5 6  X 1 0 ; 8 .3 2
IT 2 4 .9018 4 .8 4  X 10^ 7 .4 5
18 13 6 .0 1 0 0 6 .4 5  X 1 0 > 8 .5 1

8 .6 5  X io > * 7 . 80*

* A v e ra g e . CD
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BACTERIA CONCENTRATION (F o r B ottom  5 cm)

A verage  Number A verage Number
o f  C o lo n ie s o f  C o lo n ie s Sed im ent B a c te r ia  C o n c e n tra t io n P e rc e n t

Run A ero b ic A n aero b ic W eight (Number o f  C o lo n ies /g m ) Carbon

1 237 227 5 .5119 1 .0 7  X lO f 6 .7 2
215 255 5-0148 1 .1 7  X 10^ 8 .0 0
257 0 4 .9780 6 .4 2  X io 2 5 .3 8
303 189 5 .8091 1 .0 8  X 1 0 : 7 .9 6
218 209 4 .6 3 7 5 1 .1 5  X lo S 6 .8 9

1 .0 2  X 10 * 6 . 99*
2 83 45 5 .1191 3 .1 3  X io 5 9 .9 5

80 20 5 .0301 2 .4 8  X 10? 8 .4 8
80 57 4 .8773 3 .5 1  X 10? 9 .0 1
94 84 5 .3091 4 .1 9  X 10? 9 .7 2
65 34 4 .9015 2 .5 2  X 10? 8 .9 4

3 .1 7  X 10 * 9 . 22*

3 15 0 9 .3 4 3 3 2 .0 1  X 10? 7 .5 7
58 43 6 .5357 1 .9 3  X 10% 7 .6 0
2k 7 4 .9 2 9 0 7 .8 6  X 1 0 : 6 .9 6
15 1 4 .0105 4 .9 9  X 10? 7 .6 5
29 28 7 .0 5 7 1 1 .0 1  X 1 0 : 6 .4 0

8 .8 5  X 10>* 7 .2 4 *

k 57 6 5 .0177 1 .5 7  X 10% 7 .1 4
53 ±k 5 .2138 1 .6 1  X 10? 6 .8 1
24 2 4 .7988 6 .7 7  X 10? 7 .0 1
i 4 1 4 .4 3 7 6 4 .2 2  X 10? 7 .5 8
13 1 4 .9831 3 .5 1  X 10? 7 .2 2

9 .2 6  X 10^* 7 . 15*

* A v e ra g e . VO
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APPENDIX D

CHEMICAL QUALITY OF WATER FLOWING TO THE COLUMNS

_______ Days______________
E x p e rim en ta l Run 1 0 - lk  lU -28 29-36  37-80 81-60

A. Lake W ater:

I I .

T o ta l  d is s o lv e d  s o l id s  (mg/&) 200 200 200 230 220
Eh (mV) 2l+0 260 260 220 2h0
pH 7 .8 8 .0 7 .7 8 .2 8 .2
S u l f a te  (mg/Jl) 20 16 18 16 18
Ammonia-N (mg/Z) 0 .18 0 .20 0 .1 0 0 .18 0 .1 0
I ro n  (mg/&) <0 .10 <0 .10 <0 .10 <0.10 <0 .1 0
M anganese (mg/Jl) 0 .10 <0.08 <0.08 0 .10 0 .1 0
T o ta l  Phosphorus (mg/A) 0 .0 1 0 .0 1 0 .0 1 0 .0 1 0 .0 1

B. D i s t i l l e d  W ater:

T o ta l  d is s o lv e d  s o l id s  (mg/A) 0 0 0 0
Eh (mV) 300 330 330 380
pH 6 .8 7 .0 7 .0 6 .9
S u l f a te  (m g/a) 0 0 0 0
Ammonia-N (mg/A ) 0 0 0 0
I ro n  (mg/A) <0 .10 <0 .10 <0 .1 0 <0.10
M anganese (mg/A) <0.08 <0.08 <0.08 <0.08
T o ta l  Phosphorus (mg/A) 0 0 0 0

E x p e rim en ta l Run 2 (Column 8- 8 ) 0 -18 16-30 31-48

A. Lake W ater:

T o ta l  d is s o lv e d  s o l id s  (mg/A) 190 200 200
Eh (mV) 220 ..10 240
pH 8 .2 8 .1 8 .1
S u l f a te  (mg/A) 17 16 16
Ammonia-N (mg/A) 0 .18 0 .1 0 0 .1 8
I ro n  (mg/A) <0 .10 <0 .1 0 <0 .1 0
M anganese (mg/A) <0 .08 <0.08 <0.08
T o ta l  Phosphorus (mg/A) 0 .01 0 .0 1 0 .0 1
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