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Abstract:
A mathematical derivation from diffusion theory was applied to soil diffusive flow to an exchange
resin sink. The measured flux was used to estimate some factors influencing soil fertility. These
included initial (before diffusive flow) solution phosphorus and potassium concentration, adsorbed
concentration, buffer capacity, soil impedance values, soil solution concentration changes with time of
diffusion, and quantity of fertilizer needed to bring about predetermined flux rates. At least two
diffusion measurements were needed for each soil. One was needed from an unspiked portion (no
fertilizer or chloride added) and one from a spiked portion.

Reasonable precision was obtained in measuring impedance factors from determining the quantity of
added chloride that diffused, and resulting values were similar to ones previously published. The
calculated solution and adsorbed quantities of potassium (from diffusion) were usually nearly the same
as were measured from routine chemical methods determining solution and labile amounts. There was
variation in the quantity of calculated solution and adsorbed phosphorus from diffusion methods
depending on the quantity of spiking done. This variation was believed to be associated with non-linear
adsorption isotherms as were depicted from the chemical extractions done.

Plant uptake of phosphorus on various soils fairly well Correlated with diffusive flux from these soils,
while potassium-plant correlations were much better. A potential was evident for estimating fertilizer
needs from diffusion flux measurements, expe-cially for potassium. 
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A B S T R A C T

A  m a th e m a t ic a l  d e r iv a t io n  f r o m  d if fu s io n  th e o ry  w a s  a p p l ie d  
to  s o i l  d if fu s iv e  f lo w  to  a n  e x c h a n g e  r e s i n  s in k . T he m e a s u r e d  
f lu x  w a s  u s e d  to  e s t i m a t e  so m e  f a c t o r s  in f lu e n c in g  s o i l  f e r t i l i t y .  
T h e s e  in c lu d e d  i n i t i a l  (b e fo re  d if fu s iv e  flo w ) s o lu t io n  p h o s p h o ru s  
a n d  p o ta s s iu m  c o n c e n t r a t i o n ,  a d s o r b e d  c o n c e n t r a t io n ,  b u f f e r  c a p a ­
c i ty ,  s o i l  im p e d a n c e  v a lu e s ,  s o i l  s o lu t io n  c o n c e n t r a t io n  c h a n g e s  
w ith  t im e  o f d i f fu s io n ,  a n d  q u a n t i ty  o f f e r t i l i z e r  n e e d e d  to  b r in g  
a b o u t p r e d e t e r m i n e d  f lu x  r a t e s .  A t l e a s t  tw o d if fu s io n  m e a s u r e ­
m e n ts  w e r e  n e e d e d  f o r  e a c h  s o i l .  O ne w a s  n e e d e d  f r o m  a n  u n ­
s p ik e d  p o r t io n  (no f e r t i l i z e r  o r  c h lo r id e  a d d e d )  a n d  o n e  f r o m  a  
s p ik e d  p o r t io n .

R e a s o n a b le  p r e c i s i o n  w a s  o b ta in e d  in  m e a s u r in g  im p e d a n c e  
f a c t o r s  f r o m  d e te r m in in g  th e  q u a n t i ty  o f a d d e d  c h lo r id e  th a t  d if ­
f u s e d ,  a n d  r e s u l t i n g  v a lu e s  w e r e  s i m i l a r  to  o n e s  p r e v io u s ly  
p u b l i s h e d .  T he  c a lc u la te d  s o lu t io n  a n d  a d s o r b e d  q u a n t i t i e s  of 
p o ta s s iu m  ( f ro m  d if fu s io n )  w e re  u s u a l ly  n e a r ly  th e  s a m e  a s  w e re  
m e a s u r e d  f r o m  r o u t in e  c h e m ic a l  m e th o d s  d e te r m in in g  s o lu t io n  an d  
la b i le  a m o u n ts .  T h e re  w a s  v a r i a t io n  in  th e  q u a n ti ty  o f c a lc u la te d  
s o lu t io n  an d  a d s o r b e d  p h o s p h o ru s  f r o m  d if fu s io n  m e th o d s  d e p e n d in g  
o n  th e  q u a n t i ty  o f  s p ik in g  d o n e . T h is  v a r i a t io n  w a s  b e l ie v e d  to  be 
a s s o c i a t e d  w ith  n o n - l i n e a r  a d s o r p t io n  i s o th e r m s  a s  w e r e  d e p ic te d  
f r o m  th e  c h e m ic a l  e x t r a c t i o n s  d o n e .

P la n t  u p ta k e  o f p h o s p h o ru s  o n  v a r io u s  s o i l s  f a i r l y  w e ll  C o r­
r e l a t e d  w ith  d if fu s iv e  f lu x  f r o m  th e s e  s o i l s ,  w h ile  p o t a s s lu m - p la n t  
c o r r e l a t i o n s  w e r e  m u c h  b e t t e r .  A  p o te n t ia l  w a s  e v id e n t  f o r  e s t i ­
m a t in g  f e r t i l i z e r  n e e d s  f r o m  d if fu s io n  f lu x  m e a s u r e m e n t s ,  e s p e ­
c i a l ly  f o r  p o ta s s iu m .
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' INTRODUCTION 

L ite ra tu r e  Review

A lthough the d if fu s io n  p rocess was exp la ined  on a s c i e n t i f i c  b a s is  

by F ick  more than a cen tury  ago , i t  was on ly  s in c e  1950 th a t i t  was 

recogn ized  as an im portant phenomenon r e g u la tin g  the tra n sp o r t o f many . 

n u tr ie n t  io n s  to  p la n t  r o o t s .  In a d d itio n  to  the academic in tr ig u e  

a sso c ia te d  w ith  t h is  r e la t io n s h ip ,  v a lu a b le  a p p lic a t io n s  may be im ple­

mented. These in c lu d e  th e  measurement and re g u la tio n  o f  s o i l  f e r t i l i t y ,  

and probably p la n t  management and g e n e tic  s e le c t io n .,

In 1855 F ic k , a m ed ical p h y s io lo g is t  a t  the U n iv e r s ity  o f Zurich, 

was' the f i r s t  to  show how the h eat flow  eq u ation s developed  by Fourier  

cou ld  be a p p lied  to  d i f f u s io n .  Thus, . even though on ly  a com paratively  

few a n a ly t ic a l  s o lu t io n s  (o f  d i f f u s io n - l ik e  phenomena) were known then , 

the fundam ental p r in c ip le ( s )  were e s ta b lis h e d . "It ^is n o t su r p r is in g  

th a t i t  took such a long tim e fo r  agronom ists to  recogn ize  the s i g n i f i ­

cance o f t h i s .  • F i r s t ,  the q u a n tity  o f  s o lu t io n  flow  (som etim es termed ..

' tr a n sp ir a t io n , v is c o u s ,  or mass flow ) could  a ls o  co n ce iv a b ly  account 

fo r  la r g e  q u a n t it ie s  o f Ions b ein g  tra n sferred  to  p la n t r o o ts  -  w hich ,
I  •  -

was a v a lid  assum ption fo r  c e r ta in  n u tr ie n ts .  This tr a n s fe r  process  

was b e lie v e d  to  be accompanied by a renew al o f  s o lu t io n  io n s  from, 

m ineral r e s e r v e s , another p la u s ib le  p r o c e s s i These two f a c e t s  were 

fir m ly  lin k ed  to g eth er  by Cameron (1911) in  one o f  the f i r s t  d e ta ile d  

works d e a lin g  w ith  the s o i l  s o l u t i o n . ,
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S ince then , a g rea t d ea l o f  sp e c u la tio n  has e x is te d  on how to  

measure the a c t iv i t y  o f s o i l  s o lu t io n s  so  th a t d ir e c t  in te r p r e ta t io n s  

cou ld  be made. For exam ple, Hoagland, in  h is  f i r s t  le c tu r e  g iven  a t  

Harvard U n iv e r s ity  under the P rather L ecturesh ip  (19 4 4 ), to ld  o f  the 

background o f the ! in i t ia l  work in  C a lifo r n ia  p r io r  to  1920. He sa id  

"much had been w r it te n  about the s o i l  s o lu t io n  and con troversy  had not 

cea sed . I t  was apparent th a t  exp erim en ta l ev idence was most inadequate^  

G en era lly , chem ical a n a ly s is  had been made on f i e l d  sam ples o f  s o i l  

under no adequate c o n tr o l."  To ob ta in  b e t te r  c o n tr o l, he to ld  how 13 

s o i l s  from the S ta te  were s e le c te d  and tw o-ton samples o f  each were 

sent to Berkeley for s o i l  solution analysis while being cropped. This 

had been done fo r  27 years a t  the tim e o f the L ectu resh ip . Some con­

c lu d in g  remarks about th e se  s tu d ie s  were ". . . i t  has become apparent 

th a t s o i l  s o lu t io n s  can o fte n  be more d i lu t e  than those o f  our o r ig in a l  

s e t  o f  s o i l s ,  and s t i l l  p la n ts  w i l l  n o t n e c e s s a r ily  f a i l  to  absorb  

adequate amounts o f  n u tr ie n tv io n s . Thus the concept o f e supp ly ing  

power8 and th e in t e r r e la t io n  o f the s o l id  to  the l iq u id  phase o f the 

s o i l  became c o n s id e r a tio n s  o f  paramount s ig n if ic a n c e  and they are so 

today."  A n u tr ie n t  o f p a r t ic u la r  co n s id e r a tio n  in  th ese  remarks was 

phosphorus. I t  had been found to  be below  one ppm in  many so lu t io n  

sam ples, even a t  the beg in n in g  o f the cropping p er io d . A lso , potassium  

was low -  u su a lly  l e s s  than 20 ppm.

Byers e t . a l  (1938) expressed  s im ila r  thoughts in  1938 in  w r it in g  

about the s o i l  s o lu t io n ,  and sp ecu la ted  on methods o f  e x tr a c tin g  88. , »:
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none o f  which i s  w holly  s a t i s f a c t o r y .  When such s o i l  e x tr a c ts  are  

o b ta in ed , i t  i s  g e n e r a lly  found th a t the co n cen tra tio n  o f the so lu b le  

s a l t s  in  the s o lu t io n  i s  l e s s  than i s  requ ired  in  a r t i f i c i a l  n u tr ie n t

s o lu t io n s  to  produce corresponding r e s u l t s  . . . .  I t  seems th a t part
. . '

o f  th ese  r e la t io n s  are to  be a scr ib ed  to  the presence o f  c o l lo id s  in  

the s o i l s .  In  g en era l, the co n cen tra tio n  o f  any s o lu t io n  i s  u su a lly  

g r e a te s t  in  the f i lm  ad ja cen t to  any s o l id  su r fa ce  „ . . Thus, th ey , 

as d id  Hoagland, q u estion ed  why the ex tra c ted  s o i l  s o lu t io n  i s  too  low  

to  account fo r  proper p la n t  growth, and propose th a t e x tr a c tio n  methods 

do n o t d u p lic a te  what a p la n t r o o t may e n c o u n te r .•

More recent data by Barber (1962), and Barber (1968 ), s t i l l  ,indicate, 

la r g e  d if fe r e n c e s  in  measured a c t i v i t i e s  o f  s o i l  s o lu t io n s  fo r  variou s  

p rod u ctive  s o i l s .  This f a c t  su b s ta n t ia te s  the im p r a c t ic a lity  o f u sing  

averages fo r  drawing c o n c l u s i o n s F o r  phosphorus, Olsen^ e t  a l  (1962) 

concluded (w ith  a p p lic a b le  l i t e r a t u r e  q u o ta tio n s n ot shown h erein )  

’’F e r t i l e  s o i l s  u su a lly  co n ta in  0 .2  to  0 .3  ppm P in  the s o i l  s o lu t io n ,  

and a corn p la n t  takes up 250 to  350 g o f water per g o f dry m atter. ,
I

Thus, v isc o u s  flow  o f  w ater used by the p la n t would supply 2 to  4% of  

the t o t a l  P taken up by the p la n t ;” Barber e t  a l  (1 9 6 2 ), a f t e r  study-r 

in g  145 predom inantly midwest s o i l s  and by u sin g  the same reason in g  as  

Olsen e t  a l  (1 9 6 2 ), concluded th a t  on ly  one p ercent o f  th e  phosphorus 

and 10 p ercen t o f  the potassium  could  be tra n sferred  to  the ro o t by mass 

flow  a lo n e . R esearch on other n u tr ie n ts ,  summarized in  the more rec en t  

rev iew  by Olsen and Kemper (1968) in d ic a te d  th a t u su a lly  the tran sp ort
I 1 ^

• V / ' .

I •

1 . . '  .
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. r̂ on J manganese, boron, copper, z in c , molybdenum and sometimes n i t r o ­

gen and su lfu r  must be supplemented by mechanism(s) in  a d d itio n  to mass 

flo w .

E arly attem pts to  d e sc r ib e  the means ( in  a d d itio n  to  mass flow ) by 

which io n s  were tra n sferred  to  r o o ts  have created  an array o f in t e r e s t ­

in g  co n cep ts . One which provoked much thought and con troversy  was th at  

o f " con tact exchange" which was developed by Jenny and O verstreet (1939) 

in  1939, They proposed th a t exchangeable s o i l  c a t io n s ,  and a ls o  c a tio n s  

on the p la n t  ro o t su r fa c e , moved about in  an o s c i l l a t in g  volume. These 

volumes overlapped, and whenever a neighbor pair o f io n s  sim u ltan eou sly  

happened to  be c lo s e s  to  each o th e r -s original a ttractive s i t e  than ,
I

th e ir  own, they traded ,s i t e s . In t h is  manner io n s exchanged between 

p la n t r o o ts  and charged s o i l  p a r t ic le s  -  and by a s im ila r  a c t io n ,  

between s i t e s  on s o i l  p a r t ic le s  a t  w i l l .  From th is  con cep t i t  was con- , 

eluded  th a t the s o i l  s o lu t io n  was n o t n ecessa ry  to  account fo r  the  

tr a n s fe r  o f  io n s . Bray (1 9 5 4 ), however, argued "A s in g le  r o o t ,  to  be 

fu n c t io n a l,  must secu re  many tim es the amounts o f  n u tr ie n ts  th a t are to  

be found on the immediate su r fa ce  o f  a c la y  m ineral p a r t ic le  w ith  which 

i t  may be in  c o n ta c t . R egard less o f whether the r o o t and c la y  su rfa ces  

are so  c lo s e  th a t  co n ta c t exchange, as p o stu la ted  by Jenny and 

O verstreet (1939) can take p la c e , the amount obtained from the immediate 

co n ta c t would be sm a ll and in s u f f i c i e n t  to  make the r o o t fu n c t io n a l.

The s ig n i f ic a n t  source o f  n u tr ie n ts  to  the ro o t su rfa ce  comes from 

movement or d if fu s io n  in to  the f ilm  o f w ater between th e r o o t  su rfa ce
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and the s o i l  su r fa c e ,"  B ray's co n c lu s io n  d id  n ot s p e c ify  a llow ances  

fo r  the renew al o f io n s  on the c la y  exchange s i t e  by co n ta c t exchange 

w ith  o th er  c la y  m a te r ia l,  even i f  he did co n sid er  t h is  in  h is  comput­

a t io n s ;  However, Brown (1953) had j u s t  com pleted an experim ent th at  

showed th a t io n  tran sfer , w ith ou t l iq u id  f i lm  media was n o n -e x is te n t  

, under the c o n d itio n s  he imposed. He had converted p art of a s o i l

sample to  H -clay  and en c lo sed  i t  in  a permeable membrane. This was 

then buried  in  the n a tu ra l p o rtio n  o f  s o i l  so  th a t ion. exchange could  

take p la c e  between th e  two sam ples. With s o i l  w ater co n ten ts  s im ila r  . 

to  th ose  where p la n t r o o ts  th r iv e , io n  exchange was ra p id . H ow ever,.

. when the water content.was reduced to near w ilting point, the quantity 

.. th a t  exchanged a ls o  decreased  toward zero . This in d ic a te d  th a t the  

s o lu t io n  was n ecessa ry  fo r  tr a n s fe r . Brown (1953) a scr ib ed  the tran s­

fe r  to  "m igration" and " d iffu s io n " . Thus, Brown's s ta tem en ts , l ik e  

B r a y 's , favored  d if fu s io n  over co n ta c t exchange, At about t h is  same 

tim e, Husted and Low (1954) pu blish ed  r e s u l t s  which a ls o  in d ic a te d  th at 

io n  movement was dependent b n .th e  s o lu t io n  phase, and d erived  a 

s o lu t io n  fo r  s o i l  io n  tr a n sfe r  which fo llo w ed  P ic k 's  d if fu s io n  law s. 

Perhaps the most con v in cin g  d a ta  to  d is p e l . t h e  co n ta c t exchange theory  

was provided by Olsen and Peech (1960) who measured p la n t  uptake a t  Rb+

. and Cat+ from both  th e su sp en sion  and:eq u ilib r iu m  d ia ly z a te .  Although & 

they v a r ied  the r e la t iv e :c o n c e n tr a t io n s  in  the phases to  extrem es; the  ̂

r a te  o f Rbt and Ca"*"*" uptake from both phases was the same,

A d i f f e r e n t  p ro cess  th a t has been en v is io n ed  as a ls o  c o n tr ib u tin g
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v .

to  ion  uptake i s  in i t i a t e d  b y . the a c id ify in g  a c t io n  o f  p la n t r o o ts .  I t
\

was p o s tu la te d  th a t the s o lu t io n  a c t iv i t y  near the ro o t was enhanced 

above th a t measured in  s o i l , e x t r a c t s . For exam ple, as the ro o ts  e x c r e te  

CO2 , Ĥ CÔ  may be formed, Or i f  H+ io n s  are ex creted  to  p reserv e  e l e c t ­

r i c a l  n e u tr a l i ty  ( in  case  more c a t io n s  are absorbed than a n io n s ) , the 

, s o i l  s o lu t io n  pH would d ecrea se . A pH d ecrea se  would provid e conse­

q u e n tia l a c t iv i t y  d if f e r e n c e s ,  From Donnan e q u i l ib r ia  i t  can be 

c a lc u la te d  th a t a pH d ecrea se  o f  o n e .u n it  would in c r e a se  the so lu t io n  

potassium  by a fa c to r  /  10 , w h ile  the ca lcium  would in c r e a se  by a fa c to r  

o f 3Z 10. Nye (1968) has argued th a t perhaps j u s t  the r e v e r se  s i tu a t io n  

, may exist? He states "It i s  widely ,believed that roots make nutrients 

<. more a v a ila b le  by rendering  th e ir  environm ent more a c id ."  By u sing  the  

data  o f Cunningham (1 9 6 4 ), where 62 common p la n t  sp e c ie s  were s tu d ied ,  

he reasoned th a t , on the average , more an ions than c a t io n s  were taken up 

from the s o i l  -  when cou n tin g  n itr o g e n  uptake as NO" ra th er  than NH .̂ 

a Nye sp ecu la ted  from th ese  data th a t r o o ts  e x c r e te  HCOg (not H+) ,  which

tends to  r a is e  th e p H .• As an in d ic a t io n  o f t h i s ,  he p o in ted  out th at i t
\ .

i s  normal fo r  p la n ts  growing in  n u tr ie n t  media to  in c r e a se  the pH va lu e

when the n itr o g e n  i s  a p p lied  as NO » v Because o f  the d i f f i c u l t i e s  
' / 3

r I . encountered in  m easuring a c tu a l pH changes near r o o t , sp e c u la tio n  only

( .  . ■ has. dom inated. T h erefore, i t  must be, concluded th a t t h is  type o f
’  . 1 ■

e x p lo r a tio n  i s  in c o n c lu s iv e  and more s p e c i f i c  e v id e n c e . i s  needed.

Coupled w ith  t h is  need i s  a ls o  a need fo r  determ ining more about 

the e x a c t nature o f  th e  s e v e r a l com plexing agen ts th a t a p la n t may

•1 '
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e x c r e te .  To study the e f f e c t s ,  Elgaw hary:e t  a l  (1970b) used a simu­

la te d  ro o t made o f  porous ceram ic:tubing which they embedded in  the 

s o i l .  Complexing m a te r ia ls  were mixed w ith  w ater and passed  through 

t h is  "root" which acted  as a s in k  fo r  i o n s . . EDTA9 a t  IO-3  M concen­

t r a t io n ,  in crea sed  z in c  uptake by a fa c to r  o f  17 over .w ater  a lo n e .

Other m a ter ia ls  in creased  z in c  uptake l e s s ,  but were s t i l l  h ig h ly  

e f f e c t i v e .  As to  the a c tu a l m a te r ia ls  excreted  by p la n t r o o t s ,  Rovira 

(1962) was a b le  to  i s o l a t e  on ly  sm all amounts o f c h e la t in g  anions as  

c i t r a t e  and la c ta t e  from wheat r o o ts .  Thus i t  was concluded by Hale 

e t  a l  (19 7 1 ), because o f la ck  o f c o n c lu s iv e  evidence^ th a t the impI i car-' 

t io n s  in  m ineral n u tr it io n  o f  p la n ts  are unknown,■

From the p rev iou s l i t e r a t u r e  c i te d  h ere in  i t  has been p oin ted  out 

th a t mechanisms such as co n ta c t exchange, a c id ify in g  a c t io n  o f r o o t s ,  

or th e ir  com plexing exudates have f a i le d  to  e x p la in  the la r g e  d i f f e r ­

en ces between s o i l  s o lu t io n  "concentration and p la n t uptake by mass flow . 

E vidence p o in tin g  toward d if fu s io n  i s  more c o n c lu s iv e , as w i l l  be shown. ■ 

The f i r s t  work in  s o i l  ion  d if fu s io n  d id  n ot r e la t e  to  the p la n t  

r o o t  r o le  in  the p r o c e ss . Emphasis was p la ced .o n  d if fu s io n  o f  f e r t i l i z e r  

m a te r ia ls  once they had been added to  the s o i l ,  or to  the th e o r e t ic a l  

b a s is  o f s o i l  d if fu s io n  i t s e l f .  I n i t i a l  workers in  th ese  s tu d ie s  

in clud ed  Chernov (1 9 3 9 ), Brown (1 9 5 4 ), Husted and Low (1 9 5 4 ), K lute and 

L etey (1958) and M arshall (1 9 5 8 ), However, in  the e a r ly  1960*s B o u ld in . 

(1961) and Olsen e t  a i ' (1 9 6 2 )  i n i t i a l l y  proposed the im portance o f  

d if f u s io n  fo r  tra n sp o r tin g  io n s  to  p la n t  r o o t s .  ' In th e ir  p u b lic a tio n s

- - I ' ' ' , I ,  ,  . l ' \  i \ I * .1

/ . I . 1 - I ‘ "

. : ■ , 1 -• -
Z ' - . . .
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i t  was po in ted  out th at the roo t must reduce the s o lu t io n  co n cen tra tion  

o f io n s  a t  the r o o t - s o i l  boundary and. they so lved  m athem atical models 

in d ic a t in g  the e x te n t .  A q u ite  con v in cin g  p o r tra y a l o f  the ro o t s in k  -  

d if f u s iv e  flo w  mechanism was provided about th is  same tim e by Barber 

(1962) w ith  au torad iographs. He used a techn ique o f  growing p la n ts  in

s o i l s  la b e le d  w ith  a r a d io a c tiv e  is o to p e . X-ray f i lm  was p laced  c lo s e
I

to  the a c t iv e  r o o ts  so th a t the developed  f i lm  would d e p ic t  the iso to p e  

d is tr ib u t io n  about them. Using t h is  method, Barber la b e le d  a s o i l  w ith  

a sm a ll amount o f Rb-8 6 . The r e s u lt in g  autoradiographs showed th a t 

th ere  was d e p le t io n  o f t h is  m a ter ia l in  the r o o t v ic in i t y  a s so c ia te d  

with plant uptake. As time of uptake progressed, the s o i l  zone of 

d e p le t io n  w idened. To try  to  ensure th a t the d e p le t io n  was n o t a s s o c i­

a ted  w ith  a s o i l  water gra d ien t in  the r o o t  a rea , the p la n ts  were 

w atered d a i ly .  In another p o rtio n  o f t h is  g en era l study he ap p lied  

e x c e ss  ( to  p la n t uptake) Sr-90 to  an agar r o o t media, grew p la n ts ,  and 

added Hoagland1s s o lu t io n  afe a source o f n u tr ie n ts .  In t h is  system  the 

iso to p e  i n i t i a l l y  c o l le c te d  around the ro o ts  by mass f lo w . 1 A fter  the 

r o o ts  were c a r e fu l ly  p u lled  out o f  the agar the Sr-90 d iffu se d  away 

from the p rev iou s area o f  c o n cen tra tio n . T herefore, i t  was evidenced  

th a t a r o o t  was capable o f  inducing a co n cen tra tio n  g r a d ie n t, e ith e r  by 

reducing or by in c r e a s in g  th e n e a r -r o o t ion  co n cen tra tio n .

From th en , d if fu s io n  became accepted  as an im portant mechanism for
.. ' V

p la n t n u tr it io n ,-  and th e i n i t i a l  s o i l  d if fu s io n  s tu d ie s  took on new
, f

1 r  '
im portance as- they./helped  1 t o .d e p ic t  the b a s ic  p ro cess .

/

- O  Vl .
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As y e t ,  t h is  d is c u s s io n  has been devoted to  the way th a t s o i l  

d if f u s io n  became e s ta b lis h e d  ra th er  than to  t h e . th e o r e t ic a l  development 

o f the p ro cess  i t s e l f .  As d if fu s io n  o f io n s  in  s o i l  encompasses a broad 

f i e l d ,  th ere  w i l l  be emphasis p laced  on the scope o f  the h y p o th esis  and 

experim enta l work to  be g iven  h ere in .

Where io n  or m atter tran sp ort r e s u l t s  from Brownian motion i t  i s  

termed d if fu s io n .  Brownian motion i s  random, so  i f  a co n cen tra tio n  

g ra d ien t i n i t i a l l y  e x i s t s  th e  m otion r e s u l t s  in  reducing th e  grad ien t  

which in  turn r e s u l t s  in  a n e t  tr a n s fe r  o f  m atter to  the reg io n  of 

i n i t i a l l y  low er co n cen tra tio n . To some, the a c tu a l n e t  tr a n sfe r  should  

e x i s t  b efo re  the term d if fu s io n  may be im p lied . Even s o , many s o i l s  

experim ents have invoked th e i n i t i a l  co n d itio n  th a t one zone o f  a s o i l  

con ta in ed  la b e led  m a te r ia l added w h ile  the ad jacen t zone had an equal 

amount o f  n on lab eled  m a te r ia l. The tr a n s fe r  o f la b e led  and non labeled  

m a te r ia l in to  each o th e r ’ s zone has been stu d ied  and i s  termed d if fu s io n ,  

although th ere  was no n e t tran sfer , o f  the g en era l io n ,

P ick ’ s f i r s t . l a w  d e sc r ib e s  the d if fu s io n  p rocess fo r  a stead y  s t a t e  

c o n d it io n , and as amended fo r  a s o i l  anion i s  - "

J =' -D I6(dC /dx) ( I )

where

J = the f lu x  o f  su b stan ce c r o ss in g  a s o i l  u n it  area- 

perp en d icu lar  to  flow  d ir e c t io n  per tim e, ■

(meq, grams. , , , ) (cm- ^) (sec"7"*-)

0 = th e vo lu m etric  s o i l  water co n ten t (d im en sio n less)
i., . ■ - ' . ■ . . . , : .'

i



.. C =• s o i l  s o lu t io n  co n cen tra tio n  (meg, grams . •. ) (cm"3) 

x = space v a r ia b le  (cm)

D = d if fu s io n  c o e f f i c i e n t  (cm^) (se c

I = impedence. fa c to r ,  d u e .to  s o i l  p a r t ic le s  in te r fe r in g  w ith
:

aqueous d if fu s io n  (d im en sio n less)

There i s  some am biguity regard ing terms in  the l i t e r a t u r e .  Concen­

tr a t io n  has sometimes been used to  denote the amount.per volume o f  s o i l ,  

in  e f f e c t  combitiing C and 6; As j u s t  shown, C w i l l  always r e fe r  to  

s o lu t io n  c o n te n t. By use o f the denoted terms combined w ith  D in  

eq u ation  ( I ) ,  J w i l l  r e f e r  to  a u n it  area o f  s o i l .  "I" in c lu d e s  a 

com bination o f  impedence fa c to r s  which are to r tu o s ity ,  reduced f lu id i t y  

and e l e c t r o s t a t i c  r e p u ls io n  fo r  an ions (o r , in  the ca se  o f c a t io n s ,  

n e g a tiv e  a d so r p tio n ). These three fa c to r s  th a t provide th e o v e r a ll

impedence term a r e i ( in  theory) m u lt ip lie d  by each other to  determ ine
' r  ' -

th e  impedence v a l i / e . - However, in  p r a c t ic e  i t  has been n ecessa ry  to

measure t o t a l  im pedence, then sep a ra te  v a lu es  o f the c o n tr ib u tin g

fa c to r s  -  u su a lly  by assuming v a lu es  o f a t  l e a s t  one o f  the fa c to r s .  '

The v a lu es  o f ”1" (ex cep t p o s s ib ly  fo r  H+) w i l l  b e v le s s  than I  (which

i s  the va lu e  o f  an aqueous s o lu t io n  a lo n e  where 0 = I ) .  The v a lu es  of

D are l i t e r a t u r e  v a lu es  fo r  d i lu t e  aqueous s o lu t io n s .  I t  may be noted

th a t some p u b lic a t io n s  have re ferred  to  a d if fu s io n  c o e f f i c i e n t . f o r

s o i l s  (or D as an e f f e c t i v e  d if fu s io n  c o e f f i c ie n t )  which was a com bin-' e ,

a t i o n o f  (D )(I )  or (D )(I)(O ) in  comparison to  equation  ( I ) .

The u s e .o f  a to r tu o s ity  f a c t o r , , acknowledged from the o i l  in d u stry
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l i t e r a t u r e  by P orter e t  a l  (1960 ), in co rp o ra te s  the in crea sed  path  

le n g th  an io n  must t r a v e l  to  reach i t s  f in a l  d e s t in a t io n  w ith  the 

reduced path area in  which to  t r a v e l .  As can be shown by the model they  

p ropose, th ese  two fa c to r s  are r e la te d .  T h erefore, the to r tu o s ity

fa c to r  they d e sc r ib e  i s  (L/L )^ . L stand s fo r  the e f f e c t i v e  d is ta n c e  an
■1 '  6

io n  tr a v e ls  w h ile  denotes the t o t a l  d is ta n c e  i t  t r a v e ls  in  i t s  

tortu ou s path . This fa c to r  i s  dependent on w ater co n ten t, s o lu t io n  

f i s c o s i t y  and io n ic - c la y  in te r a c t io n s .  F urther, th ese  o th er fa c to r s '  

are n o t independent o f  each o th er . For exam ple, reducing the water 

co n ten t in c r e a se s  the average s o lu t io n  v i s c o s i t y  (as the s o lu t io n  i s  

more viscous near surfaces) and causes diffusion to take place in  

r eg io n s  c lo s e r  to  c la y  p a r t ic le s  where they become su b je c t  to  e l e c t r i c a l  

fo r c e s .  S in ce an anion i s  r e p e lle d  away, from the c la y  charge, i t  does . 

n o t ex p er ien ce  as much in f lu e n c e  from in crea sed  v i s c o s i t y  as a c a t io n ,  

but i t  does exp er ien ce  the e f f e c t i v e  pathway red u ction  to  a g rea ter  

e x te n t .  With c h lo r id e , which i s  n ot a p p reciab ly  adsorbed, P orter  e t  a l .  

(1960) found th a t  the product o f  the to r tu o s ity  tim es reduced f lu id i t y ,  

tim es e l e c t r o s t a t i c  r e p u ls io n  was l in e a r ly  r e la te d  to  vo lu m etr ic  water ■ 

c o n te n t . The product term had v a lu es  e x tr a p o la tin g  to  0 when 0. was 

reduced to  near 15 atm ospheres. R ow ell e t  a l  (1967) ob ta in ed  very

s im ila r  r e s u l t s  to  th ose  o f .P o r te r  e t  a l  and denoted the s im ila r it y  in
1 . 1 '  ■ . '

th e ir  w r it in g s  by p lo t t in g  both  s e t s  o f data on one graph.-

A fu n c t io n a l r e la t io n s h ip  th a t was d erived  by Kemper and van Schaik

(1966) i s  .
Die = Daeb0 (2)

A

• . ■ • I J • T . • > , I 1 t i i *  1 X " I . ' I . , 11 •

' ' ' ' . ' 

i . i i . i n - ' !  i. 'i . - x: . i-i i i '  , v ;  ■ ! 11; ' • i i  . : i ; x ___ ; i
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where "a" and "b” are  em p ir ica l co n sta n ts  w ith  "a" b ein g  r e la te d  to  the 

su rfa ce  area o f  the s o i l  s tu d ie d . Olsen and Kemper (1968) la t e r  con­

cluded th a t ,  fo r  the o v e r a l l  work done, th ere  was reason ab le  agreement, 

when "b" was eq u a l to  10 and "a" ranged from 0 .005  to  0 .0 0 1  fo r  sandy 

loam to  c la y  s o i l s .

When phosphorus d if fu s io n  was measured under s e v e r a l w ater con­

t e n t s ,  Mahtab e t  a l  (1971) found a f a i r l y  l in e a r  r e la t io n s h ip  between 

w ater co n ten t and impedance v a lu es  as o th ers  had w ith  c h lo r id e .

However, Olsen e t  a l  (1965) and a ls o  R owell e t  a l  (1967) found more 

curvature in  the form o f a h yp erb o lic  fu n c tio n , Olsen e t  a l  a t tr ib u ­

ted  the d if fe r e n c e  between phosphate and c h lo r id e  to  ad so rp tio n  o f the 1 

phosphate. That i s ,  as the s o lu t io n  phosphate i s  adsorbed a t  lowered  

w ater c o n te n ts , i t s  t o t a l  s o lu t io n  co n cen tra tio n  per volume o f  s o i l  

becomes l e s s .  In .com parison , the t o t a l  c h lo r id e  co n cen tra tio n  per 

volume remained the same.

Low (1962) has reported  th a t w ater tak es on " q u a s i-c r y s ta llin e "  

p r o p e r tie s  a t  c lo s e  p r o x im it ie s  to  c la y  su r fa c e s . These reduced  

m o b ility  e f f e c t s  were measured by Kemper e t  a l  (1964) and the f lu id i ty ,  

found to  be 0 .0 5  (as compared to  I  fo r  normal w ater) in  th e  f i r s t  la y er  

o f  a C a-clay  and 0 .0 3  on a Na-c la y . The m o b ility  in creased  ra p id ly  by 

the th ird  w ater la y e r  but w as. s t i l l  a f fe c te d  at.40&  from th e c la y .

For ca tio n s ,' Bear (1964) d e p ic ts  th a t the d is tr ib u t io n  o f ion s
■ r

from a c la y  su rfa ce  fo llo w s  the p rop osa l o f S te m  in  1923 for  a double  

la y e r . The d is tr ib u t io n  i s  r e la t iv e  to  the io n ic  dim ension o f  the io n ,
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in  a d d itio n  to  th e fo llo w in g  th e e a r l ie r  p rop osa ls o f  Gouy and Chapman, 

and H elm holtz. A djacent to  th e c la y  a la y e r  o f  ca tio n s  (S tern  la y e r ) i s  

concentrated  and th ere  they  r a r e ly  exchange p o s it io n s .  Next to  the  

Stern  la y e r  a l e s s  t ig h t ly  h e ld  and con cen trated  la y e r  e x i s t s  where the  

c a tio n s  are termed exchangeab le . Away from th is  la y e r  i s  th e  bulk  

s o lu t io n .  In comparison to  the stead y  s t a t e  equation  g iv en  fo r  anions  

(eq u ation  I ) „ Olsen and Kemper (1968) show th a t w ith  c a tio n s  th ere i s  a ' 

c o n tr ib u tio n  from s o lu t io n ,  and

■ jCfrom, solution)  ̂‘ (™C/RT) dS/dx CS)
where

E s the gas constant

T = a b so lu te  tem perature

dp/dx = the d r iv in g  fo r c e , where p = pq + RT In  a + zFi|), and a 

• is  a c t i v i t y ,  z i s  v a la n c e , F i s  Faraday, and i s  th e  phase 

e l e c t r i c  p o t e n t ia l .

Other n o ta tio n  i s  th e  same as used fo r  equation  ( I ) .

The s o i l  su sp en sion  d r iv in g  fo r c e , d y /d x , has been c o n tr o v e r s ia l.  

While i t  has been argued th a t the gra d ien t in  th e chem ical p o te n t ia l  

(c a lle d  the, da/dx th eory) d e p ic ts  th e  d r iv in g  fo r c e , Khasawneh (1971 ), 

in  rev iew , s t a t e s  th a t th e  more rec en t body o f  ev id en ce supports the

dy/dx (e le c tr o c h e m ic a l p o te n t ia l)  theory as argued by Frere and Axley
I

(1964) ,* Lagerw erff (1960) and Olsen (1 9 6 8 ).

With c a t io n s ,  Rowell e t  a l  (1967) and P a te l e t  a l  (1963) found 

n ea r ly  th e  same h y p erb o lic  curve r e la t in g  impedance fa c to r s  to  vo lu m etric



w ater co n ten t a s .was found by most workers w ith  phosphorus.

The r e la t iv e  c o n tr ib u tio n  to  d if fu s io n  w ith in  the adsorbed phase 

has been considered  to  be minor fo r  stron tiu m  and sodium by R owell e t  a l  

(1967) minor fo r  sodium by.M ott and Nye (1968) and minor fo r  calcium  by 

van Schaik e t  a l  ■ (19 6 6 ). . These la t t e r  authors found th a t sodium was '• 

la r g e ly  reg u la ted  by d if fu s io n  in  th e  adsorbed phase on a N a -c la y ,

E l l i s  e t  a l  (19 6 9 ), from u sin g  eq u ation s they developed , concluded th a t  

Mott, and N ye’s (1968) f in d in g s  co in c id ed  w ith  th e ir  developm ent. Con­

v e r s e ly ,  Elgawhary e t  a l  (1972) and Bole and Barber (1 9 7 1 ), w ith  p la n t  

uptake s tu d ie s  w ith  calcium  and. stron tiu m , concluded th a t w ith  d if fu s io n  

o f th ese  io n s ,  they were the p o rtio n  balanced by n e g a tiv e  c la y  charges.

By u sin g  the ex p ress io n  developed  by E l l i s ,  e t  a l  (19 6 9 ), P h i l l ip s  e t  a l  

(1972) proposed th a t when only a sm all f r a c t io n  o f the s o i l  ca tio n  

exchange, ca p a c ity  i s  f i l l e d  w ith  an io n  in  q u e s tio n ,1 i t  w i l l  tend to  

diffuse primarily in the adsorbed phase. Thus they calculated that 

copper and presumably manganese and z in c  w i l l  d if fu s e  in  the adsorbed  

p h ase , . .
1 '

As tr a n s ie n t  c o n d itio n s  are more common in  s o i l s  - than stead y  s t a t e ,  

eq u ation s fo r  th ese  w i l l  be g iv e n . Some s im p lif ic a t io n  w i l l  be made to

cope w ith  problems found in  l e s s  than id e a l  s i t u a t io n s ,  as in  . s o i l s ,  but
• \ . .

no more than i s  u su a lly  found in  the l i t e r a t u r e .  For exam ple. Low (1962) 

has d iscu sse d  th a t both c o -d if fu s io n  (a ls o  termed. s a l t  d if fu s io n )  and 

c o u n te r -d if fu s io n  are assumed to  be o p era tiv e  in  s o i l - p la n t  system s. 

C o -d iffu s io n  i s  the p ro cess  whereby, in  order to  m aintain  e l e c t r i c a l

/ /
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n e u t r a l i t y ,  an anion and c a tio n  move in  th e same d ir e c t io n .  For coun­

t e r - d i f f u s io n ,  e l e c t r i c a l  n e u tr a l i ty  i s  m aintained by io n s  o f l ik e  . 

charge tr a v e lin g  in  o p p o site  d ir e c t io n s .  The gen era l eq u ation  for  

tr a n s ie n t  co n d itio n  d if fu s io n  (P ic k 's  second law) can be d erived  by use  

o f P ic k 's  f i r s t  law fo r  an anion and the eq u ation  fo r  c o n t in u ity

9C /9t = DK32C/9x2) (4)

Another way o f  ex p ress in g  th is  i s  by m u ltip ly in g  by 0 , and

9M/9t;= D 0I(92C/9x2) (5)

where M i s  the q u a n tity  d if fu s in g  per u n it  volume o f  s o i l .  Gardner 

(1965) has g iv en  a u s e fu l a n a ly t ic a l  s o lu t io n  for eq u ation  (5) fo r  p lanar  

d if fu s io n  in  a s e m i- in f in i t e  system . They were d erived  by assuming th a t  

the i n i t i a l  c o n cen tra tio n  in  the s o i l  i s  uniform , but a f t e r  tim e zero  

th e boundary i s  m aintained a t  a new co n cen tra tio n , or

C = Cq, t  = 0 , x> 0 (6)

C = Cr , t  >0, x = 0  (7)

where C i s  th e  o r ig in a l  s o i l  s o lu t io n  c o n cen tra tio n , and C i s  theo ■ ■■ . r ■

boundary (as ro o t .or o th er s in k ) c o n cen tra tio n . Then, su b je c t  to  th ese
X

c o n d itio n s  , .

(C-Cr )/C 0-Cr ) = .e r f  [X Z(Z)(D It)1 / 2 ] ■ . ( 8 )

which d e p ic ts  the s o lu t io n  co n cen tra tio n  w ith  varying t  and x . The r a te
:

o f  d if fu s io n  in to  the s in k  i s
1 /2

D I(d C /d x )^ o= (C0-Cr ) D I/(irD It) (9)

i '

i
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In te g r a tio n  to  show the q u a n tity  o f  m a te r ia l d iffu se d  per u n it  area ■' 

u n t i l  tim e p •t  shows
1 /2  1/2

M f t= 2 (Co“cr ) (DIGt) ' /H (10)

where M = the q u a n tity  per -u n it su r fa ce  area o f  s o i l  per tim e.

Equation (10) has been used by N ye'and co-workers- (1966b) for  d if fu s io n  ■. 

of both  c a tio n s  and a n io n s , and a v e r s io n  o f  i t  was used by Warnche and 

Barber (1972)„

In th e se  eq u ation s the d if fu s io n  c o e f f i c i e n t ,  D, was taken to  be 

c o n sta n t. I t  i s  known to  vary w ith  co n cen tra tio n , but n o t ap p reciab ly  

u n t i l  co n cen tra tio n s  become la r g e r  than are.n orm ally  found in  s o i l  

solu tions. For example, Kemper and van Sehalk state that a constant 

d if fu s io n  c o e f f i c i e n t  " w il l  be s u f f i c i e n t l y  accurate fo r  most p r a c t ic a l, 

a p p lic a t io n s" . I f  on ly  two io n s were in vo lved  in  a d if fu s io n .p r o c e s s  

in  s o i l  ( fo r  c o -d if fu s io n  or c o u n te r -d if fu s io n )  a w eig h tin g  method to  

ob ta in  a mutual d if fu s io n  c o e f f i c i e n t  cou ld  be used as shown by Low 

(1 9 6 2 ). Although t h is  method cannot be ap p lied  to  more complex system s 

where the ex a c t a c t io n s  o f the many io n s  are unknown, i t  does provide  

in s ig h t  in to  the g en era l nature o f the d if fu s io n  p r o c e ss . The equation  

i s :  . ,

D12 = D1D2 (Z1C1 t  Z2C2) /  (D1Z1C1 + D^z2C2) (11)

when D1 2  i s  the mutual d if fu s io n  c o e f f i c i e n t ,  C i s  the io n  co n cen tra tio n ,
/

z i s  th e  v a len ce  o f  the io n , and the su b sc r ip ts  I  and 2 r e f e r  to  the two 

r e s p e c t iv e  io n s .  From t h is  equation  i t  may be seen  th a t th e va lu e  o f 

D ^  i s  between D1 and Dg, and th a t the io n  p resen t in  low co n cen tra tio n

.  .  '  .  .  ■ r  ■



17

w i l l  la r g e ly  c o n tr o l .D ^ . . Nye (1966a) has proposed th a t in  d if fu s io n  

to  a zero s in k , the appropriate average d if fu s io n  c o e f f i c i e n t  i s  the 

s e l f - d i f f u s io n  c o e f f i c i e n t ,  such as would be obtained  from measuring 

the r a te  th a t a la b e le d  io n  d if fu s e s  counter to  an id e n t ic a l  un labeled  • 

io n . F u rth er, he b e lie v e d  th a t io n s  p resen t in  sm all co n cen tra tio n s  

. may be assumed to  be moving in d ependently  w ith  th e ir  own d if fu s io n  

c o e f f i c i e n t s ,  b ein g  l i t t l e  a f fe c te d  by other macrocomponents in  the 

system .

, A method o f  determ ining the c o n tr ib u tio n  from adsorbed io n s  to
'

d if f u s iv e  f lu x ,  where they entey in to  a simultaneous r e v e r s ib le  r e a c tio n  

. with the solution phase, was f ir s t  proposed by Olsen et a l (1962) in 

1962. The s o l id  p lu s  s o lu t io n  phase c o n tr ib u tio n  for t h is  r e a c tio n  

comes from th e d i f f e r e n t i a l  equation

(9C /d t)0  + (3 S /9 t)  = DIG(92C/3 x2) (12)

where S i s  the q u a n tity  o f  ion  per u n it  volume o f  s o i l  en te r in g  in to  

the d if fu s io n  p r o c e ss . I f  the isotherm  between adsorbed and so lu t io n  

phase i s  l in e a r

S = RGC + co n sta n t (13)
i . , '

where R i s  the r a t io  o f  io n s  in  the adsorbed phase to  th o se  in  the 

j s o lu t io n  p h ase, per u n it  volume o f s o i l .  A new eq u ation  may be w r itte n  

. ' by combining eq u ation s (12) and (13)

. 9C/3.t'= .[D l/ (R + l) ] (9 2C/3x2) , (14)

The (R fl)  term d e p ic ts  the s lo p e  o f  the isotherm  fo r  the r a t io  o f the 

(adsorbed + s o lu t io n  phase) t o  the s o lu t io n ,  o n ly , phase. I t  i s  what



18

O lsen  e t  a l  (1962) term ed a " c a p a c i ty  f a c t o r " .  In  h e a t  flow  e q u a t io n s ,  

D/ (Rl-I) i s  ana logous to  th e rm a l d i f f u s i v i t y .  When in c lu d in g  th e  

c a p a c i ty  f a c to r  (R + l) , e q u a tio n s  (8) (9) and (10) become, r e s p e c t iv e ly

I t  may be no ted  th a t ,  f r0 m th e  ad so rb ed  p o o l, th e  c o n t r ib u t io n  to  

th e  d i f f u s io n  p ro c e s s  i s  enhanced by th e  c a p a c ity  f a c to r  over t h a t  of 

n o t  h av in g  th e  adso rbed  m a te r ia l  -  b u t  o n ly  when r e l a t i n g  C as  th e  

• so lu tio n  c o n c e n tra t io n  as  done h e re .  In  th e  l i t e r a t u r e  o f Nye and co­

w orkers  (1966b) and o th e rs  who ta k e  th e  c o n c e n tra t io n  term  to  e q u a l th e  

t o t a l  d i f f u s i b l e  c o n c e n tra t io n  p e r  u n i t  volume o f  s o i l ,  th ey  use term s 

th a t  d e p ic t  th a t  th e  d i f f u s io n  p ro c e s s  i s  reduced  by th e  a d s o rp t io n  o f 

io n s .  G ardner (1972) has d e r iv e d  th e  e q u a tio n s  o f Nye e t  a l  in  term s 

used  h e re in  and- shown them to  be i d e n t i c a l ,  and v a ry in g  on ly  in  how 

in d iv id u a ls  p r e f e r  to  work w ith  them.

When th e  a d s o rp tio n  iso th e rm  i s  n o t  l i n e a r ,  a s  shown in  e q u a tio n  

(1 3 ) , f i n i t e  d i f f e r e n c e  methods a r e  n e c e s s a ry  to  so lv e  th e  c o n t r ib u t io n  

o f b o th  so rbed  and s o lu t io n  p h a se s . T his a s p e c t ,  th e n , becomes an 

■ im portant c o n s id e r a t io n .  O lsen  e t  a l  (1962) found th e  amount o f  P th a t  

underw ent i s o to p i c  d i l u t i o n  w ith  P-32 in  a 24 -hour r e a c t io n  was l i n e a r  

th ro u g h o u t th e  im p o r ta n t ran g e  o f  c o n c e n tr a t io n .  T h e re fo re , th e  

c a p a c i ty  f a c to r  ( s lo p e  of R+l) was a c o n s ta n t .  As more f e r t i l i z e r  P 

was added th e  s lo p e  o f (R+l) d e c re a se d  ta k in g  th e  form  o f a F re u n d lic h

C" Cr /Co~Cr  = e r f  { tx (R + l)1 /2 ] /  2 (D I t) 1Z2 } 

D I(d C /d x )x=0 = (Co-Cr ) B I / [ ( r D I t ) / ( R + l ) ] 1 /2  

Mt  = '2  (C0-Cr ) [D I0 t (R+l) J1Z2Zrr1 / 2 (17)

(16)

(15)
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iso th erm . A lso , i t  was thought th a t the s lo p e  o f the isotherm  would be 

more v a r ia b le  fo r  a c id  s o i l s  w ith  th e ir  grea ter  anion ad sorp tion  capa­

c i t y ,  Nye (1966) has in d ic a te d  th a t the appropriate measure o f t h e • 

ca p a c ity  fa c to r  i s  a s tr a ig h t  l in e  p a ssin g  from the p o in t  (x=C0 , y =

t o t a l  d i f f u s ib le  c o n c e n t r a t io n ) , t o  the o r ig in  in  the ca se  th a t the
/  ^

iso th erm  d is p la y s  some cu rvatu re. With boron, as w ith  phosphorus, the
.
isotherm  has been found to  be l in e a r  over low co n cen tra tio n s  by Bigger

'
and Fireman (1 9 6 0 ), K ingston (19 6 4 ), Okazaki and Chao (1968, and Sulaiman 

and Kay (1 9 7 2 ), but fo llo w in g  a F reund lich  or Langmuir isotherm  a t  h ig h - ■ 

er c o n c e n tr a tio n s . These authors have n o t agreed on a d sorp tion  and. 

d eso rp tio n  c h a r a c t e r is t ic s .  But t h is  might be expected  when co n sid er in g  

th a t boron may; in  a d d itio n  to  being  sorbed or. forming com plexes, en ter  

in to  the c la y  l a t t i c e  or p r e c ip ita te  w ith  s e sq u io x id e s , as was found by; 

Sims and Bingham (1^67, 1968).

With c a t io n s , Vaidyanathan e t  a l  (1968) found c e r ta in  s o i l s  had 

f a i r l y  l in e a r  so rp tio n  isotherm s for  K. Brewster and Tinker (1970) found 

th a t most o f  the K isoth erm  was l in e a r , -but s im ila r  to  B e c k e tt 's  f in d ­

in g s  (1 9 6 4 ), th ere  were m ineral so rp tio n  s i t e s  p a r t ic u la r  to  K only  

which were o p era tiv e  a t  a very low K s t a t u s ,' Thus, a la r g e r  r a t io  o f  K 

i s  sorbed a t  low co n cen tra tio n s  as compared to  the r a t io  found a t  in te r ­

m ediate or h igher t o t a l  c o n c e n tr a tio n s . From Brewster and T in k er's ex­

perim ent (1970) Na and Mg had lin e a r  iso th erm s. They s t a t e ,  though, „ 

th a t  as Ca i s  the major s o i l  io n , the a s p e c t .o f  in c r e a s in g  the Ca .

.sorbed phase with, in crea sed  s o lu t io n  phase co n cen tra tio n  would not be
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I  
I

p o s s ib le ,  excep t w ith  very  lim ite d  s o lu t io n  changes. Zinc was found to  

have a l in e a r  iso th erm  by Elgawhary e t  a l  (1970a). With ir o n , O’Connor 

e t  a l  (1971) found th a t the s lo p e  o f  the isotherm  in crea sed  w ith  one 

month’s tim e (from 1000 to  50 0 0 ), and th ere fo re  in stea d  o f  terming the 

s lo p e  a ." c a p a c ity  fa c to r " , s ta te d  th a t i t  should be used as a "correc­

t io n  fa c to r " . The in c r e a se  in  the s lo p e  was a s so c ia te d  w ith  gradual 

p r e c ip ita t io n  o f  added iro n  as amorphous iro n  o x id e s ,

Nye (1966) p o in ted  out th a t , to  avoid  h y s te r e s is  problem s, the 

isotherm s should  be determ ined under the same co n d itio n s  as d if fu s io n  i s  

•to occu r, in d ic a t in g  th a t i f  d i f f u s io n  to  a s in k  were to  be s tu d ie d , a 

d eso rp tio n  i s Ofhermiwould be p referred  to  an, ad sorp tion  is o th e r m ,■ The 

procedures used in  desorb in g  s o i l  m a te r ia ls  have u su a lly  c o n s is te d  o f  

s e q u e n tia lly  e x tr a c tin g  p o rtio n s  o f  the io n s  and m easuring them to ­

geth er  w ith  newly obtained  eq u ilib r iu m  s o i l  s o lu t io n  co n c e n tr a tio n . 

C onversely , B ar-Y osef e t  a l  (1972) p o in ted  out th a t the h y s te r e s is  , 

phenomena in  the a d so rp tio n -d eso rp tio n  p ro cess  w ith  phosphorus a r is e s

during d eso rp tio n  from d r a s t ic a l ly  reducing the P c o n cen tra tio n .
/ ^

Because o f t h i s ,  th ere  i s  d is s o lu t io n  o f  s i l i c a  and an a lt e r in g  o f the 1 

a v a ila b le  P ad so rp tio n  s i t e s  on the c la y .  Thus, w ith  th e se  opposing  

view s and q u estio n a b le  understanding o f  h y s t e r e s is ,  i t  appears th at 

co n c lu s io n s  a t  p resen t would be prem ature.

As an o v e r a l l  c o n s id e r a tio n  about th e b u ffer  ca p a c ity  term, when i t  

i s  obtained  from 'an isoth erm  , i t  i s  an approxim ation^ vary in g  in  ex a ct­

n e ss  o f a p p lic a t io n  among s o i l s ,  ,.and w ith  io n  type .and con cen tra tio n

. . /  /  f



21

w ith in  a s o i l .  Even w ith  th ese  drawbacks, however, t h is  fa c to r  quant­

i t y  has provided co n sid era b le  needed r e s o lu t io n  o f  q u a n tita t iv e , d i f f ­

u sio n  p r o c e ss .

In /regard  to  other fa c to r s  c o n tr ib u tin g  to  d if fu s io n  r e g u la tio n ,  

Olsen and Kemper (1968) have s ta te d  "While the osm otic movement and

e l e c t r i c a l  p o te n t ia l  in creased  by s a l t  g ra d ien ts  are in tr ig u in g ,  they
I

change the s a l t  d i f fu s io n  c o e f f i c ie n t s  on ly  s l i g h t ly  T herefore,

th ese  item s w i l l  n o t .b e  d e ta i le d  h ere . Io n -p a ir  form ation  i s  s t i l l  

another fa c to r  th at d eserv es  m ention, but f a l l s  in to  t h is  same ca tegory .

Ion exchange r e s in s  have been used in  d if fu s io n  s tu d ie s  because o f  

their a b ility  to reduce a s o i l  ion concentration a t  a s o i l - r e s in ■In te r ­

fa c e . Vaidyanathan and Nye (1 9 6 6 ) ,:used both c a tio n  and anion exchange 

r e s in s  in  paper s t r ip s  as s in k s  fo r  p lanar d if fu s io n  s tu d ie s  and o u t lin e  

methods o f  determ in ing accum ulative f l u x . ' They did n o t compute a 

c a p a c ity  fa c to r ,  but obta ined  o v e r a l l .p o t e n t ia ls  fo r  s o i l s  to  co n tr ib u te  

to  d i f f u s iv e  f lu x .  This techn ique was a ls o  used by Warncke and Barber 

(1972) in  z i n c - s o i l  in te r a c t io n  s tu d ie s  w ith  equal su c c e s s .

Vaidyanathan and Nye (1 9 7 0 ), in . la t e r  s tu d ie s ,  r e je c te d  the use o f an 

anion exchange r e s in  paper fo r  m easuring P d if fu s io n  as they assumed 

th a t d if fu s io n  through the paper was r a te  l im it in g .  Their n ex t approach 

(1971) to  m easuring P d if fu s io n  was by ev a lu a tin g  impedance fa c to r s  

to g e th er  w ith  the c a p a c ity  fa c to r  as had been proposed by O lse n .e t  a l

(1962) p r e v io u s ly .
'  . . . / •  ■

In conclusion/,^-much work has gone in to  determ ining how to  measure
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s o i l  d if fu s io n  and in te r p r e t in g  the b a s ic  p r o c e ss , both from s o i l  and 

from p la n t - s o i l  a s p e c ts ,  As i s  norm ally encountered in  p la n t  and s o i l  

resea r ch , system s have n o t been id e a l  and a ls o  much measurement has had 

to  be done by in d ir e c t  m eth o d s,, As y e t ,  a p p lic a t io n  o f  d if f u s iv e  

mechanisms for  determ ining s o i l  f e r t i l i t y  s ta tu s  and p la n t  co n tr ib u tio n  

have been r e l a t iv e l y  u n u t iliz e d  excep t in  i s o la t e d  in s ta n c e s .

i f ■

V ■/ '
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H y p o th e s e s
'

I t  w a s  h y p o th e s iz e d  th a t  b y  m e a s u r i n g  p l a n a r  d i f fu s iv e  f lu x  f r o m  a  

s o i l  to  a n  e x c h a n g e  r e s i n  s in k  th e  r e s u l t s  c o u ld  b e  u s e d  to  d e p ic t  th e  

s o i l 's  f e r t i l i t y  s t a t u s ,  e s p e c i a l l y  in  r e g a r d  to  th o s e  n u t r i e n t s  th a t  a r e  

t r a n s p o r t e d  to  a  p la n t  r o o t  b y  th i s  m e th o d .  S p e c i f ic a l ly ,  th o s e  a s p e c t s  

th a t  c o u ld  b e  e s t i m a t e d  b y  th i s  m e th o d  in c lu d e  th e  fo llo w in g :

1 . T h e  o r ig i n a l  ( b e fo re  r e d u c t io n  b y  s in k  u p ta k e )  s o i l  s o lu t io n  

c o n c e n t r a t i o n .  A ls o ,  th e  c o n c e n t r a t i o n  a f t e r  t im e  = t  a n d  

d i s t a n c e  = x  f r o m  th e  a d s o r b in g  s in k .

2 . T h e  s o i l  a d s o r b e d  ( a n d  o th e r  s ta t e )  io n  c o n c e n t r a t i o n  th a t  

c o n t r ib u te d  to  d if fu s iv e  f lu x  b y  e q u i l ib r i a ,  c a l c u la te d  f r o m  

th e  m o d e l  f o r  a n  in s ta n ta n e o u s  r e v e r s i b l e  r e a c t io n  h a v in g  a  

l i n e a r  a d s o r p t io n  i s o th e r m .

3. T h e  e s t i m a t io n  o f  th e  s lo p e  o f a  l i n e a r  a d s o r p t io n  i s o t h e r m  

(b u f fe r  c a p a c i ty )  c a l c u la te d  to  go to  th e  o r ig i n  f r o m  I .  an d

. 2. , a b o v e .

4 . T h e  im p e d e n c e  v a lu e  f o r  a n  i n d i f f e r e n t  io n  (C l)  f o r  an y  s o i l

u n d e r  c o n s id e r a t io n .  .

5 . F r o m  th e s e  f i r s t  f o u r  (ab o v e) q u a n t i t i e s ,  th e  c a l c u la te d  

q u a n t i t i e s  o f a  f e r t i l i z e r  th a t  n e e d  to  b e  a d d e d  to  a  s o i l  to  

h a v e  i t  p r o v id e  a. f lu x  r a t e  e q u a l  to  p la n t  n e e d s .

I t  w i l l  b e  sh o w n  in  th e  " T h e o r e t i c a l  C o n s id e r a t io n s "  s e c tio n .h o w  

th e  d e v e lo p m e n t  o f e q u a t io n s  (15 ), (16) a n d  (17) (sh o w n  in  th e  l i t e r a t u r e

iy-l  . I . . ' ' 1 v i , . - - - I < v  ‘ ' ■  ̂ I

• - " I ** •
• I • I  • ' I  i t "  I i  I » i I y  I  .  " '  i i V .  •  ̂ • i  .  .  i "
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r e v ie w  p o r t io n  o f  th e  " I n t r o d u c t io n "  s e c t io n )  c a n  b e  d e v e lo p e d  to  d e t e r -  

m in e  th e s e  v a r io u s  a s p e c t s .  W h ile  i t  m a y .be  n o te d  th a t '^ th e  in t e g r a te d  

(o v e r  t im e )  p l a n a r  f lu x  h a s  b e e n  p r e v io u s ly  m e a s u r e d  by V a id y a n a fh a n  

a n d  N ye (1966^ a n d  o t h e r s ,  th e  s e p a r a t i o n  o f  a n y  o f  th e  c o m p o n e n ts  

sh o w n  a b o v e  h a s  n o t  b e e n  p r e v io u s ly  a c c o m p l i s h e d  u s in g  d if fu s io n  : 

t h e o r y .

: ' i ‘

. : i  . <

I 11 ■ ’
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' '  E X P E R IM E N T A L  M E T H O D S  A N D  M A T E R IA L S  

T h e o r e t i c a l  D e v e lo p m e n t

A  m a jo r  p o r t io n  o f th e  b a s ic  s tu d ie s  in  s o i l  d if fu s io n  h a v e

b e e n  to  r e s o lv e  h o w  fu n d a m e n ta l  p r in c i p a l s  o f  d if fu s io n  a p p ly  to
' r

a  s o i l  s y s t e m .  /T h e r e f o r e ,  th e  l i t e r a t u r e  r e v ie w  s e c t io n  c o n ta in s  

th e  g e n e r a l  e s t a b l i s h e d  th e o r y  r e l a t i n g  to  th i s  s tu d y . P r o c e e d in g  

f r o m  th i s  g e n e r a l  e s t a b l i s h e d  th e o r y ,  a  d e v e lo p m e n t  w i l l  be g iv e n  

to  sh o w  h o w  th e  c o m p o n e n ts  th a t  c o n t r ib u te  to  d if fu s iv e  m o v e m e n t 

( s o i l  s o lu t io n  c o n c e n t r a t i o n ,  s o i l  a d s o r b e d  c o n c e n tra t io n *  c a p a c i ty  

f a c t o r ,  e t c . )  c a n  b e  s e p a r a t e d  to  c h a r a c t e r i z e  a  s o i l .

T h e  q u a n t i ty  o f s o i l  io n  f lo w  by d if fu s io n  in  a  u n id i r e c t i o n a l  

s y s t e m  to  a  c o n s ta n t  s in k  o v e r  a  t im e  p e r io d  h a s  b e e n  g iv e n  p r e -  

. v io u s ly

Mt  = 2 (C o -  C r ) [ D ie t  (R + l ) ] l / 2 /l7 1 /2  (17)

.  ’
In  e q u a t io n  (17 ), th e  (R + I)  t e r m  i s  th e . s lo p e  o f  a n  a d s o r p t io n  

i s o t h e r m ,  a n d  i s  a s s u m e d  to  be  l i n e a r .  I t  d e s c r i b e s  th e  a m o u n t 

o f  c h a n g e  in  to t a l  d i f fu s ib le  io n  c o n c e n t r a t i o n  ( s o lu t io n  p lu s  a d ­

s o r b e d  p h a s e )  p e r  a m o u n t  o f  c h a n g e  in  s o lu t io n  c o n c e n t r a t i o n  w h e n  

a  c o n d i t io n  i s  im p o s e d  to  c a u s e  t h i s  c h a n g e .  M a th e m a t ic a l ly

. (R + I )  = (A  Cq + A C s ) / A C o (18)

1w h e r e  C i s  th e  s o r b e d  ( a n d /o r  o th e r  -u n s p e c if ie d )  p h a s e .  . If..,/ 

a  f e r t i l i z e r  o r  o th e r  m a t e r i a l  i s  a d d e d  to  a  s o i l ,  a n d  if  th e  

m a t e r i a l  r e m a in s  in  d i f fu s ib le  f o r m ,  th e n  th i s  q u a n t i ty  b e c o m e s

«... ‘‘x . . ‘ I 1 . . I ,• I . . I v., ‘ ’ 1 . - ' " 1 : . ' . »

,  , . /  r ’ < I i \  I I '  . x .  I I /  I a  - . - i  v I I .1 I "x < i '  • • h - . «  -I '  ,  "  .  :  . .

,  I  v. ,  .1 J i l V - W -  !  i  x v  \  I  I .  I  * ’ V.  /  I I  I  I  / X  I  , j  * ‘ w I  i  • I  I l x  i .  I v  X, /  j  :  _  J  ,  -  > .  I  k • '  .  .  ,1 i  .  .  .  " x  •  ■ ■

. . W ‘ . " ' /
^  ,  I  < I I  ;  X - « I  .  t .  .  W  I  I '  I  ) t  I  I I V 1 1 t  U  I * .  i  t  i V y < I  a  /  I. I e - U  V ^  I I ■ .  X I I . •  ( x  . .
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(A C q + A C g). T h e  q u a n t i ty  o f d if fu s iv e  m o v e m e n t  o v e r  a  t im e  p e r io d  

m a y  b e  r e w r i t t e n  f o r  a n  u n f e r t i l i z e d  s o i l  a n d  a l s o  f o r  a  f e r t i l i z e d  s o i l  

u s in g  th e  t e r m s  in  th e  r ig h t  s id e  o f e q u a t io n  (18), a n d  e q u a t io n  (17) 

b e c o m e s

M tu  " 2 (C 0~ C r ) (D l6 t)1 / 2 [(A C o+ A C s ) /A C o] 1 / 2 /7T 1 /2  (19)

w h e r e  r e p r e s e n t s  th e  u n f e r t i l i z e d  c o n d i t io n .  W h e re  f e r t i l i z e r  h a s

b e e n  a d d e d , th e  n e w  s o lu t io n  c o n c e n t r a t i o n  b e c o m e s  C q + A Cq , an d

M fcf = 2 (c 0 + A C o *  C r )(D I9 t)1 /2 [(A C o + A C s ) /A C o ] 1 z 2 Ztt1 /2  (20)

u s in g  to  r e p r e s e n t  th e  f e r t i l i z e d  c o n d i t io n .

T h e  t e r m  A C q c a n  b e  s o lv e d  in  t e r m s  o f  C q b y  d iv id in g  e q u a t io n  

(19) b y  e q u a t io n  (20)

M t u ZMt f = (G0 -  C r ) / ( C 0 + A G o - G r ) (21)

A ls o ,  s im p l i f ic a t io n  m a y  b e  m a d e  b y  h a v in g  C ^  g o t o  >0 ’■ (a s  w a s  fo u n d  

to  b e  t h e .c a s e  in  e x p e r im e n t s  done) a n d

M t u /M tf  = V t c O + A C o> <2 2 > .

P e r h a p s  i t  w i l l  a d d  c l a r i t y ,  b e f o r e  s o lv in g  f o r  (C q + A C q) in

t e r m s  o f C q , to  in t r o d u c e  a  f a c t o r  " z " .  L e t  z b e  a  q u a n t i ty  s u c h  th a t

z C q ; = C q + A C q . T h e n  e q u a t io n  (22) m a y  b e  w r i t t e n  a s

. = W  + A c o) = 1 / z  . . <23>

o r

.■ I

I < // ■ ■■

W  I .
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* = . (24)
I

a n d  r e v e r t i n g  b a c k  to  t e r m s  u s e d  b e f o r e  in t r o d u c in g  z ,

A C 0 = [(M t i ZMt u ) - I 3 Co (25)

If  th e  q u a n t i ty  o f  f e r t i l i z e r  a d d e d  to  a  d if fu s io n  s y s t e m  i s

t e r m e d  "K "  , a n d  w h ic h  e q u a ls  A C + A C  (w h e re  th e  t o t a l '  ad d ed "o s

m a y  c o n t r ib u te  to  d if fu s io n ) ,  a n d  u s in g  t e r m s  j u s t  d e f in e d

Mtu  = 2 C o (D ie t) l / 2 (K M t u ) l / 2 / [ C o (M t r M t u h ] l / 2  . (26)

B y s q u a r in g  b o th  s id e s  o f  e q u a t io n  (26) a n d  s o lv in g

C o = (Mt u )(M t f - M t u H77)M D ie tK  . (27)

A ls o ,  f r o m  e q u a t io n s  (25) a n d  (27)

A C o = [ (M t f ZMt u ) - I j ( M t u )(M t f - M t u )(Tr)M D ietK . (28)

o r
2 '

A C o = (Mt f _M t u r (T r ) /4 D I6 tK  . (29.)

F o llo w in g  th i s  d e v e lo p m e n t ,  (R + I )  m a y  be  e a s i l y  d e n o te d

f r o m  r e a l i z i n g  i t  i s  e q u a l  to  K / A Cq . S u b s ti tu t in g  th e  v a lu e  o f

A C  f r o m  e q u a t io n  (29) in to  t h i s  e x p r e s s i o n
2 2

(R + I )  = 4K  D ie tZ (M t f - M fcu)̂ TT (30)

T q s o lv e  f o r  C g , th e  s a m e  a n a lo g y  w i l l  b e  u s e d  a s  i s  w h e n  d e t e r ­

m in in g  la b i le  s o i l  io n s

A 6 0 / A C S *  C 0 / C S ' . . .  ■ ^

o r ,  o n  r e a r r a n g in g -  '

C g = (C o ) (A C g )Z A C o ' (32)

a n d  a l s o

I I I xl , I j I I v I I I .  > \  /  I I  I I I I ( .  '  I I \  I k J • ' - I  . »

,  .  : 4 « .  -  1 1  * '  i * .  I  i J <. i  W  i )  '  I  I '  I < • . I .  '  v  ,  -  * '  .
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A C s = K  -  A C o (33)
a n d

c S =  (C o ) ( K -  A C o ) /A C o (34)

T h e  t e r m s  in  th e  r ig h t  h a n d  s id e  o f e q u a t io n  (34) h a v e  b e e n  fo u n d  p r e v ­

io u s ly  so  th a t

. C s = M fcu C(K)/ (M tf  -  M tu ) _  (Mt f  _  M tu )(7T)/4D I6tK ] (35)

T h e  u s e  o f th e  a n a lo g y  in  e q u a t io n  (31) d e p ic ts  th a t  a s  th e  s o r b e d  

p h a s e  o f a n  io n  a p p r o a c h e s  z e r o ,  th e  s o lu t io n  p h a s e  m u s t  a l s o ,  a n d  w ith  

a  l i n e a r  r e l a t i o n s h ip .  T h e r e f o r e ,  (R + I)  f r o m  th i s  r e l a t i o n s h ip  i s  

m e r e l y  (C q + C g) / ^ .

F r o m  th e s e  e q u a t io n s ,  th e  v a lu e s  i n  e q u a t io n  (17) m a y  b e  s o lv e d , 

providing th a t  t o t a l  ions transferred to  a sink from a fertilized and u n ­

f e r t i l i z e d  s o i l  a r e  m e a s u r e d .  I n  a d d i t io n ,  v o lu m e t r i c  w a te r  c o n te n t  (6),

, a n d  t im e  m u s t  b e  m e a s u r e d .  D if fu s io n  c o e f f i c ie n t s  f r o m  d i lu te  a q u e o u s  

^ s o lu t io n  e x p e r im e n t s  m a y  b e  u s e d .  F o r  C l" ,  K"**, a n d  o r th o p h o s p h a te

io n s  t h e r e  h a s  b e e n  r e p e a te d  a g r e e m e n t  i n  s o i l s  l i t e r a t u r e ,  w ith  D
I  ’ ■

b e in g , r e s p e c t iv e l y ;  I .  82 , I .  98, a n d  0 .5  X10” ^ cm 3 / s e c .  T h e  im p e d ­

a n c e  v a lu e  m a y  b e  s o lv e d  b y  a d d in g  a n  io n  a s  c h lo r id e ,  w h ic h  i s  n o t a d ­

s o r b e d  b y  th e  c la y  a n d  b e c o m e s  A C q . F r o m  e q u a t io n  (29)

I  = (M fcf-  M tu )3 ( T T ) H D Q t K a  (36)

T h e  t e r m  " la b i l e "  u s u a l ly  a s s o c i a t e d  w ith  th e  a m o u n t o f  s o i l  io n  

e x c h a n g in g  w ith  i t s  i s o to p e ,  h a s  b e e n  u s e d  h e r e  to  a l s o  i n d i c a te  th e  

. t o t a l  d i f f u s ib le  a m o u n t.

I
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S o ils  U se d  a n d  G e n e r a l  C h e m ic a l  a n d  P h y s ic a l  A n a ly s i s

T w e n ty  o n e  s o i l  s a m p le s  w e r e  g a th e r e d  f r o m  th e . U n ited  

S ta t e s ,  a n d  r e p r e s e n t e d  a  w id e  r a n g e  o f c h a r a c t e r i s t i c s .  T h ey  

w e r e  d r i e d  f o r  3 d a y s  in  a  f o r c e d  a i r  d r i e r  a t  60° C a n d  s to r e d  

f o r  f u tu r e  p la n t  u p ta k e ,  c h e m ic a l  a n d  p h y s ic a l  a n a l y s i s ,  a n d  io n  

d i f fu s io n  t e s t s .

To d e t e r m in e  t h e i r  g e n e r a l  c h a r a c t e r i s t i c s ,  r o u t in e ' t e s t s  

w e r e  d o n e  in i t i a l ly  by  u s u a l  r o u t in e  m e th o d s  a s  fo u n d  in  m a n y  

te x tb o o k s .  T h e s e  in c lu d e d  t e x t u r a l  a n a l y s i s  b y  th e  h y d r o m e t e r  

m e th o d ,  o r g a n ic  m a t t e r  c o n te n t  by  th e  W a l ld e y -B la c k  (w ith o u t 

e x t e r n a l  h e a t )  m e th o d ,  e x c h a n g e a b le  C a , M g, K a n d  N a ( e x t r a c te d  

w ith  IN  N H ^ O A c), c a t io n  e x c h a n g e  c a p a c i ty ,  a n d  a v a i la b l e  p h o s ­

p h o r u s  b y  O l s e n 's  N aH C O g t e s t  (w ith  c o lo r  d e v e lo p m e n t  in  a s c o r ­

b ic  a c id )  (1965). S o il pH  m e a s u r e m e n t  w a s  done  b y  m ix in g  0 . 01 N 

C a C lg  a n d  s o i l  in  a  2 :1  r a t i o ,  a n d  p la c in g  th e  pH  m e t e r  g la s s
I  .

e l e c t r o d e  in  th e  s o i l  s u s p e n s io n  a n d  th e  c a lo m e l  e l e c t r o d e  in  th e  

s u p e r n a ta n t  l iq u id .  . A ls o ,  a  IN  N aO A c e x t r a c t  w a s  m a d e  to  d e ­

t e r m i n e  e x c h a n g e a b le  C a a n d  M g o n  th e  c a l c a r e o u s  s o i l s ,  a s  

e v id e n c e d  by t h e i r  '.pH v a lu e  a n d  a l s o  b y  th e  s u m  o f  C a + Mg +.

K + N a f r o m  th e  N H ^O A c e x t r a c t  e x c e e d in g  th e  c a t io n  e x c h a n g e  

c a p a c i ty .  T he  IN  N aO A c e x t r a c t i o n  p r o c e d u r e  w a s  id e n t i c a l ,  e x ­

c e p t  f o r  e x t r a c t a n t ,  to  th e  IN  N H ^O A c e x t r a c t i n g  p r o c e d u r e .

T h e  r e s u l t s  o f  th e s e  d e t e r m in a t io n s  a r e  g iv e n  in  T a b le  I.



T a b le  I  -  R e s u l t s  of s o i l  p h y s ic a l  and" c h e m ic a l  d e te r m in a t io n s  on  s o i l s  u s e d  in  e x p e r im e n t s .

E x c h a n g e a b le  c a t io n s

S o i l /O r ig in C la y  . p H C E C C a M g K N a P OM

% ------ m e q /lO O g  — p p m % ■
A m s te r d a m  s i  I -  M T 26 7. 5 26 16 3. 0 1 .5 T 20 2 .1
A s t o r i a  c l -  OR .33 4 . I 56 0 . 2 0. 5 . 0 .4 0 .3 9 1 1 .2

o /C a m a s  C r e e k  s i  I -  ID 12 5. 8 ^ 18 9 . . 1 .4 0 .4 0. I . 15. ' 2. I  .
D a y to n  s i  c I - O R 36 • 5 .4  ’■ 25 9 1 .4 0 .9  ■ T H O 3 .4

. D oO r I -  I L 23 5 .1 18 ■ 4 2 .4 0 .2 T  . 14 3 .2
D r u m m e r  s i  c I -  IN 35 6. 6 2 9 12 6. 0 1 .1 T  . 54 '. 4 . 7

• F r a n k f o r t - B r y c e  c -. IN 45 7 . 2 35 .14 7. 2 I .  0 T . 102 3 .7
J o r y  s i  I , -  OR ■ 23 5. 6 '2 6 5 I .  3 0. 8 T 16 3 .4
L lo y d  c -  A L ' 45 5. I 17 I .  5 0. 7 0 .1 T 4 . 0 .4

x M in id o k a  s i -  ID 7 7. 5 • 7 5 1 .6 1 .0 T - 13 I .  3
dxP o rtn eu f s i  I - ID 24 7. 6 25 16 6. 3 I .  I 0. 2 43' I .  3
^X P ortneu f s u b s o i l  s i  I -  ID  16 7. 7 - 18 14 5. 2 0 .7  - 0. 3 17 0 .9

S a g e m o o r  s i -  W A 12 7. 7 . 13 13 2 .2 0 .6 0. 3 11 . 0. 6
S ta n to n 's  C r o s s in g  s i - ID  7 7 .5 14 . 12 2 .0 0. I 0. I . 8 I .  9

^ x T e to n ia  s i  I -  ID 20 7 .6 " 21 1.5 2 .5 1 .6 0 . I 11 1 .4 ;
T r a c y  s i -  I L t ' 18 4 . I 12 0. 8 0. 2 . 0. I T 24 . 2 .4
W a h lu k e  1 -  W A 9 7 .4 12 8 2 .0 0. 3 0 .2 34 0 .7
W h itn e y  1 -  CA 21 6. 7 2 1 13 3. 6 0. 8 0. 3 54 3 .4
W il l ia m s  I -  M T 28 6. 3 2 4 8 5 .4  . I .  0 T 22 2 . 0
W illa m e t te  s i  c I -  O R 30 4 . 6  ' 28 5 2 .0 0 . 3 T 7 • 2 . 8
W in c h e s te r  I s -  W A 4 7. 5 8 . 4 . 2 I .  9 0 . 7 0. I 3 0.  3
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T o  e s t i m a t e  l a b i l e  P ,  th e  m e th o d  in i t i a l l y  p r o p o s e d  b y  A m e r  

e t - a l  (1955) a n d  w h ic h  w a s  a l s o  c o m p a r e d  b y  O ls e n  (1970) w a s  u s e d .

F o r  th i s  t e s t  I  g o f th e  t h r e e  r a t e s  o f th e  s p ik e d  s o i l  th a t  w e r e  u s e d  to  

e s t i m a t e  la b i l e  K  w e r e  p la c e d  in  a  12 5 - m l  E r l e n m e y e r  f la s k .  T o  th i s  

I  g o f llA m b e r l i t e  1 R A -4 1 0 M a n io n  r e s i n ,  w h ic h  h a d  b e e n  p r e v io u s ly  

p u r i f i e d  in  a  c o lu m n  r e g e n e r a t i o n  p r o c e s s  w ith  IN  HG I ,  a i r  d r i e d  a n d  

r e t a i n e d  o n  a  3 2 - m e s h  s ie v e ,  w a s  a d d e d . T h e  s a m p le s  w e r e  th e n  

p la c e d  u n d e r  p a r t i a l  v a c u u m  to  d e g a s  th e  r e s i n ,  s to p p e r e d  a n d  p la c e d  

o n  a  h a n d  s h a k e r  f o r  24 h o u r s .  A f te r  th i s  sh a k in g  p e r io d ,  th e  r e s i n -  

s o i l - w a t e r  s a m p le  w a s  p o u r e d  in to  a  6 0 - m e s h  s ie v e .  T o  o b ta in  c o m ­

p le te  t r a n s f e r  o f s o i l  a n d  r e s i n ,  th e  E r l e n m e y e r  w a s  p a r t i a l l y  r e f i l l e d  

w ith  a d d i t io n a l  d i s t i l l e d  w a te r  a n d  a g a in  p o u r e d  in to  th e  s ie v e .  T h e  

s o i l  w a s  w a s h e d  th r o u g h  th e  s ie v e  w ith  a  j e t  o f d i s t i l l e d  w a te r ,  w h ic h  

l e f t  o n ly  th e  r e s i n .  T o  c o l l e c t  th e  r e s i n  f o r  e x t r a c t io n ,  a  p ie c e  o f f in e  

.m e s h  n y lo n  f a b r i c  w a s  f a s t e n e d  v e r y  l o o s e ly  o v e r  th e  to p  o f a  g r a d u a te  

c y l in d e r  w ith  a  r u b b e r  b a n d  so  th a t  th e  r e s i n  c o u ld  b e  r i n s e d  o u t o f th e

s ie v e  w ith  d i s t i l l e d  w a te r  in to  th e  h o llo w  f o r m e d  b y  th e  n y lo n  f a b r i c .
' r

A f te r  t r a n s f e r ,  th 4  n y lo n  f a b r i c  h o ld in g  th e  r e s i n  w a s  t i e d  in to  a  b a g . 

T o  p r e p a r e  to  e x t r a c t ,  th e  b a g g e d  r e s i n  w a s  p o s i t io n e d  a t  th e  b o t to m  

o f a  3 0 - m l  s e p a r a t o r y  fu n n e l  (w h ich  h a d  th e  to p  p r e v io u s l y  c u t  o ff), a n d  

w a s  h e ld  t ig h t ly  in  p la c e  b y  a  t e f lo n - c o a t e d  s t i r r i n g  r o d  w h ic h  in  t u r n  

w a s  a t t a c h e d  to  a  s t r e t c h e d  r u b b e r  b a n d . E x t r a c t i o n  o f th e  r e s i n  w a s  

d o n e  w ith  50 m l  o f  I  N  H ^ S a t  th e  r a t e  o f I  d ro p  p e r  s e c o n d  in to  a  

v o lu m e t r i c  f l a s k .  P h o s p h o r u s  c o n te n t  w a s  d e t e r m in e d  b y  a m m o n iu m
,  » .  I .  x >  - I '  I  I  i .  .  „ I [  I  '  ‘ * « < I • • I  ■ x J  ‘ .  I  '  •  ‘ x -  . . X  ^

X i  I '  I ■ - V I . ■ x i  • • ■ . X  . .  * !  W .  V i I  I ; :  I . i  ■ ■  : I ■ ■.  ■ • ' ■ : ■ •

.  .  : . I . . - i  . . r  I ' r  . .  C i Y  / •  1 ! I i i ,

•' ■

I 1 X . I I < t . » x I « . I I V ) ‘ V  . I* » j '  X / I , I I ' t  ' I » • - I . ‘ • ' >

I
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m o ly b d a te  c o lo r  d e v e lo p m e n t  in  a s c o r b i c  a c id .

T h e  s o i l  s o lu t io n  c o n c e n t r a t i o n  o f  K  a n d  P  ( a s s o c ia t e d  w ith  

th e  la b i le  c o n c e n t r a t i o n  j u s t  d e s c r ib e d )  w a s  d e t e r m in e d  a t  th e  s a m e  

s p ik in g  r a t e s  f r o m  e x t r a c t s  of n e a r  s a t u r a t e d  p a s te  o n  s o i l  s a m p le s  

u n d e rg o in g  d if fu s io n  t e s t s .  T h e  m e th o d  o f  p r e p a r i n g  th e  p a s t e s  i s  in ­

c lu d e d  in  th e  s e c t io n  d e s c r ib i n g  d if fu s io n  t e s t s .  C o n c e n t r a t io n  of K
- i

in  th e  e x t r a c t s  w a s  d e t e r m in e d  w ith  a  f l a m e  p h o to m e te r .  P h o s p h o r u s  

w a s  d e te r m in e d ,  o n  th e  e x t r a c t s  b y  a m m o n iu m  m o ly b d a te  c o lo r  d e v e lo p ­

m e n t  in  a s c o r b i c  a c id  w h e r e  t h e r e  w a s  s u f f ic ie n t  c o n c e n t r a t i o n  f o r  th i s  

t e s t .  A n  e x t r a c t i o n  o f a m m o n iu m  p h o s p h o m o ly b d a te  in to  i s o b u ty l  a l c o ­

hol was made on eictraets having ins.uffieient concentration for the
' ' V ■a s c o r b i c  a c id  m e th o d .
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C h e m ic a l  D e te r m in a t io n  o f S o lu tio n  a n d  S o rb e d  C o n c e n t r a t io n  a n d

C a p a c i ty  F a c t o r s  f o r  P h o s p h o r u s  a n d  P o ta s s i u m
■ •/"

T h e  d r i e d  s o i l  s a m p le s  w e r e  i n i t i a l l y  m o is te n e d  w ith  w a te r  to  

h a v e  15 p e r c e n t  w a te r  b y  w e ig h t .  T h e y  w e r e  th e n  s t o r e d  in  p la s t i c  

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

m in e  i f  w a te r  l o s s  h a d  o c c u r r e d  a f t e r  th e  r e f r i g e r a t i o n  p e r io d ,  th e  

s a m p le s  h a d  w a te r  c o n te n t  d e t e r m in e d  a n d  a l lo w e d  f o r  s p ik in g  w ith  

f e r t i l i z e r  to  b e  d o n e  o n  a  d r y  w e ig h t b a s i s .  A  n e u t r a l  s o lu t io n  c o n ta in ­

in g  4 . 32 g KC1, I .  45  g K H 2 P O 4  a n d  2. 89 g K 2H P O 4 ' SH2 O p e r  l i t e r  

w a s  a d d e d  a t  r a t e s  o f 0, 10 , a n d  20 m l  p e r  100 g s o i l  (w h ic h  h a d  p r e v ­

io u s ly  p a s s e d  th r o u g h  a  100 m e s h  s ie v e ) .  T h e  s o i l  w a te r  c o n te n t  w a s  

th e n  i n c r e a s e d  to  p r o d u c e  a  s a t u r a t e d  p a s t e  a n d  th e  s o i l  w a s  m ix e d  

, a n d  a i r  d r i e d  a  to t a l  o f f o u r  t i m e s  d u r in g  a  tw o -d a y  p e r io d .  T b  e s t i ­

m a te  l a b i l e  K , th e  m e th o d  o f G r a h a m  a n d  K a m p b e l l  ( I 9 6 8 ) w a s  u s e d , 

w h e r e  1 .0  g o f s o i l  a n d  24 m l  o f 0. 01 M  C a C l2 w e r e  a d d e d  to  a  c e n t r i ­

fu g e  tu b e .  T h e  m i x tu r e  w a s  s to p p e r e d  a n d  p la c e d  on  a  s h a k e r  h a v in g  

120 e x c u r s io n s  p e r  m in u te  f o r  o n e - h a l f  h o u r .  T h e n  th e  s a m p le  w a s  

c e n t r i f u g e d  a n d  th e  s u p e r n a ta n t  l iq u id  c o l le c t e d  in  a  250 m l  p la s t i c  

b o t t l e .  S e v e n  m o r e  p o r t i o n s  o f  C a C l2 .w e r e  s e q u e n t ia l ly  a d d e d , s h a k e n  

a n d  c e n t r i f u g e d  a s  b e f o r e  a n d  th e  r e s u l t i n g  e x t r a c t  a d d e d  to  th e  p la s t i c  

b o t t l e .  T h e  c o l l e c t e d  v o lu m e  w a s  b ro u g h t,  to  200 m l  b y  a d d in g  a d d i t io n a l  

C a C l2 s o lu t io n .  P o t a s s i u m  c o n te n t  o f th e  e x t r a c t  w a s  d e t e r m in e d  b y  

f la m e  s p e c t r o s c o p y ,  ,
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D e te r m in a t io n  o f  S o lu tio n  a n d  S o rb e d  C o n c e n t r a t io n ,  B u f fe r  C a p a c i ty  

A n d  Im p e d a n c e  V a lu e s  b y  D if fu s io n  

F o r  th e s e  d e t e r m in a t io n s ,  s o i l  w a s  u s e d  f r o m  th e  s a m e  b u lk  

c o n t a i n e r s  h a v in g  th e  s o i l  w a te r  a n d  r e f r i g e r a t i o n  p r e t r e a t m e n t  a s  

f o r  th e  c h e m ic a l  d e t e r m in a t io n  o f  p h o s p h o r u s ,  p o ta s s iu m  a n d  

c a p a c i ty  f a c t o r s .  A ls o ,  th e  s a m e  s p ik in g  s o lu t io n  a n d  r a t e  w a s  

a p p l ie d  to  a  4 0 0  g (d ry  w e ig h t b a s i s )  s a m p le .  T h e s e  s a m p le s  

w e r e  th e n  m ix e d  w ith  d i s t i l l e d  w a te r  to  p ro d u c e  a  p a s te  th a t  w a s  

s l ig h t ly  l e s s  w e t  th a n  a  s a tu r a t e d  p a s t e .  (T h e  r e a s o n  f o r  th i s  

d e v ia t io n  f r o m  a  n o r m a l  s a tu r a t e d  p a s te  w a s  to  e n s u r e  th a t  th e  

solid portion of the samples would not shrink away from the resin 

s in k  d u r in g  th e  d i f fu s io n  p e r io d ,  w h ic h  w o u ld  h a v e  p ro d u c e d  p o o r
i ' '  ■ ■I •

s o i l -  r e  s in  s in k  c o n ta c t .  ) T he w e tte d  s o i l  w a s  th e n  p la c e d  in  a  

s e a le d  p l a s t i c  b a g , th e  b a g  w a s  p la c e d  in  a  ro u n d  c a p p e d  j a r ,  a n d  

th e  j a r  p la c e d  o n  a  s lo w ly  r e v o lv in g  r o c k  tu m b le r  f o r  24 h o u r s .

In  th i s  m a n n e r  th e  b a g  r o l l e d  in  th e  j a r  a n d  th e  s o i l  w a s  m ix e d  

w ith  n o  s e p a r a t i o n  o f  l iq u id  f r o m  s o l id  p h a s e ,  w h ic h  h a d  b e e n  a  I 

p r o b le m  w ith  o th e r  m ix in g  m e th o d s  a t t e m p t e d .  A f te r  t h i s  m ix in g  

a  p o r t io n  o f  th e  s o i l  s o lu t io n  w a s  e x t r a c t e d  u n d e r  s u c t io n  in  a  

B u c h n e r  fu n n e l  a n d  th e  e x t r a c t s  s a v e d  f o r  d e t e r m in in g  s o i l  s o lu ­

t io n  c o n c e n t r a t i o n  - -  a s  m e n tio n e d  in  th e  s e c t io n  o n  " C h e m ic a l  

D e te r m in a t io n  o f  S o lu tio n  a n d  S o rb e d  C o n c e n t r a t io n  a n d  C a p a c ity  

F a c t o r s  f o r  P h o s p h o r u s  a n d  P o t a s s i u m " .  T he o th e r  p o r t io n  o f  s o i l  

w a s  u s e d  to  f i l l  th e  d i f fu s io n  c e l l ,  sh o w n  in  F ig u r e  I .  In  a d d i t io n  

to  m e a s u r i n g  th e  q u a n t i ty  o f  w a te r  a d d e d  to  th e  s o i l  f o r  th e  d if fu s io n

. ■ • . '
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I • t e s t ,  th e ,  s o i l  f i l l e d  c e l l  (o f k n o w n  v o lu m e  a n d  t a r e  w e ig h t)  w a s  w e ig h e d . 

j  F r o m  th i s ,  ( p e r c e n t  b y  v o lu m e )  w a s  c a l c u la te d  f r o m  e s t im a t in g  th a t

th e  s p e c i f ic  g r a v i ty  o f th e  m i n e r a l  p o r t i o n  w a s  2. 65 a n d
I

P y  = [ m l  s o i l  -  (m l s o i l  -  g w e t s o i l ) / I .  65 ] (m l s o i l /1 0 0 )  (37)

U s in g  th i s  s a m e  in f o r m a t io n  to  c a l c u la te  P  ( p e r c e n t  b y  w e ig h t)w

P w = 100 [ 2 . 65 (m l s o i l  -  w e t s o i l ) ]  / 2 .  65 (g w e t s o i l -  m l  s o il)  (38) 

a n d  b u lk  d e n s i ty  w a s  c o m p u te d  f r o m

B D  = P v ZPw  (39)

T w o  r e p l i c a t i o n s  w ith  th e  t h r e e  s p ik in g  r a t e s  f o r  e a c h  s o i l  w e r e  . 

'd o n e .  W h en  f i l l in g  th e  c e l l s ,  a  v ib r a t in g  h a i r  c l ip p e r  w a s  to u c h e d  to  th e  

s id e  o f t h e  c e l l  w h ic h  f a c i l i t a t e d  g e t t in g  th e  s o i l  p a c k e d  w ith o u t a i r  

b u b b le s . T h e  e x p o s e d  s o i l  a t  th e  to p  o f th e  c e l l  w a s  s t r u c k  o ff w ith  a  

s p a tu la  to  p r o d u c e  a  s m o o th  g l i s te n in g  s u r f a c e ,  a n d  th e  r e s i n  s in k  (d e ­

g a s s e d  a n d  p r e v io u s l y  s t o r e d  in  w a te r )  w a s  p la c e d  in  c o n ta c t  a n d  w a s  

c a p p e d  a s  sh o w n  in  p a r t  B o f F ig u r e  I .  ' A f te r  d if fu s io n  o f io n s  w a s  

a l lo w e d  to  ta k e  p la c e  f o r  24 h o u r s ,  th e  c a p  w ith  r e s i n  s in k  w a s  r e m o v e d , 

a n d  th e  s o i l  a d h e r in g  to  th e  n y lo n  m e s h  w a s  r i n s e d  a w a y  w ith  a  j e t  o f ■ 

d i s t i l l e d  w a te r .  E x t r a c t i o n  w a s  d o n e  w ith  100 m l  o f IjN  IHL^SO .̂ a s  

sh o w n  in  p a r t  C o f F ig u r e  I .

T h e  r e s i n  u s e d  in  th e  s in k  w a s  a  n e u t r a l  m ix tu r e  o f A m b e r l i t e
L<

I R - 120 H  ( m e d iu m y p o ro s ity ) , a  s t r o n g ly  a c id ic  re s in * a n d  A m b e r l i t e  

/ IR A -4 1 0  OH  (m e d iu m  p o r o s i ty ) ,  a  s t r o n g ly  b a s ic  r e s i n .  B e fo re  u s e ,  

th e  r 6 s in s  w e r e  s iz e d .  T h e  I R - 120 H  r e s i n  w a s  p u r i f i e d  w ith  I N  H ^SO ^ 

w h ile  th e  b a s ic  1 R -4 1 0  r e s i n  w a s  c o n v e r te d  f r o m  th e  C l”"to O H " ty p e  b y

. :

v* . . .

C v

- V
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I N  N aO H  in  s t a n d a r d  r e s i n  c o lu m n  te c h n iq u e .  T o  d e t e r m in e  th e  p r o p o r ­

t io n  o f  e a c h  r e s i n  to  a d d  to  th e  m i x tu r e ,  e n o u g h  o f e a c h  w e r e  a d d e d  to  

p r o d u c e  a  n e u t r a l  p H  w h e n  a  s a m p le ,  w a s  p la c e d  in  a  t e n  p e r c e n t  N a C l 

s o lu t io n .

P o t a s s i u m  c o n te n t  o f th e  e x t r a c t  w a s  d e t e r m in e d  b y  f la m e  e m is s io n ,

■/ ^/ p h o s p h o r u s  b y  a m m o n iu m  m o ly b d a te  c o lo r  d e v e lo p m e n t  in  a s c o r b i c
■ /

■acid, a n d  c h lo r in e  b y  a  p o te n t io m e t r i c  m e th o d .  T h is  m e th o d  in v o lv e d  

t i t r a t i n g  a  s t a n d a r d  0 . 002 _N K C l s o lu t io n  in  I  N  H ^SO ^ ( r e s i n  e x t r a c ­

t io n  s o lu tio n )  w ith  0. 005 N  A gN O ^ a n d  d e te r m in in g  th e  r e l a t i v e  m i l l i ­

v o l t  r e a d in g  ( s e t  a t  z e r o  b e f o r e  t i t r a t i n g )  w i th  e a c h  in c r e m e n t  a d d i t io n  

o f th e  A gN O 3 . A  A g r e f e r e n c e  a n d  A g - A g - C l e l e c t r o d e  w e r e  u s e d .

JT h e  in f l e c t io n  p o in t  o f th e  r e s u l t in g  g r a p h  a g r e e d  w ith  th e  c a lc u la te d  

e n d  p o in t  a n d  th e  u n k n o w n s  w e r e  t i t r a t e d  to  th i s  m i l l i v o l t  en d  p o in t  w ith  

th e  A g N O 3 s o lu t io n .  | •

/
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I

D e te r m in a t io n  o f P la n t  U p ta k e  f r o m  S o ils  

T h e  N e u b a u e r  s e e d l in g  m e th o d  a s  d e s c r ib e d  b y  V a n d e c a v e y e  (1948) 

w a s  fo llo w e d  c lo s e ly ,  u s i n g  t h r e e  r e p l i c a t io n s  of e a c h  s o i l  an d  s a n d  

c h e c k s .  B a r l e y  (H o rd e u m  d is t ic h o n  v a r  P i r o l in e )  w a s  g ro w n  f o r  17 

d a y s  in  a  g ro w th  c h a m b e r  w ith  fu l l  l ig h t  (5 0 0 -6 0 0  m i c r o e i n s t e i n s / m 3/

■ s e c  w ith in  th e  4 0 0 -7 0 0  n m  w a v e le n g th  ra n g e )  f o r  16 h o u r s  a t  2 4 °C  an d  

w ith  a n  e i g h t - h o u r  n ig h t t im e  o f 1 8 °  C . T h e n  th e  e n t i r e  p la n t  w a s  h a r ­

v e s te d ,  w e ig h e d  a n d  g ro u n d  in  a  U dy c y c lo n e  m i l l .  T h e  T C A  e x t r a c ­

t io n  p r o c e d u r e  f o r  p h o s p h o r u s  a n d  p o ta s s iu m ,  a s  o u t l in e d  b y  L e g g e t t  

, a n d  W e s te r m a n n  (1973 ), w a s  u s e d .  P o t a s s i u m  c o n te n t  o f th e  e x t r a c t  

w a s  d e t e r m in e d  b y  f la m e  p h o to m e te r ,  w h ile  p h o s p h o r u s  w a s  d e t e r m in e d  

b y  a m m o n iu m  m o ly b d a te  c o lo r  d e v e lo p m e n t  in  a s c o r b i c  a c id .II
A ls o ,  th e  s h o r t  t e r m  m e th o d  o f D e M e n t, S ta n fo rd  a n d  B r a d f o r d  

(1959) w a s  u s e d  w ith  40  b a r l e y  s e e d l in g s  g ro w n . T w o r e p l i c a t io n s  of 

" m in u s  K "  a n d  a l s o  tw o  r e p l i c a t io n s  o f " m in u s  P "  t r e a t m e n t s  w e re  

g ro w n  p e r  s o i l  arid  a l s o  t h r e e  s a n d  c h e c k s .  T h e  r o o ts  a n d  to p s  w e r e  

g ro u n d , e x t r a c t e d ,  a n d  K  a n d  P  c o n te n t  m e a s u r e d  in  th e  s a m e  m e th o d  

a s  th e  N e u b a u e r  t e s t s .
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R E S U L T S  A N D  IN T E R P R E T A T IO N S

I m p e d a n c e  V a lu e s  f r o m  C h lo r id e  D if fu s io n  

T h e  q u a n t i ty  o f  C l th a t  d if fu s e d  to  th e  r e s i n ,  u s in g  th e  c e l l  sh o w n  

in  F ig u r e  I ,  w a s  m e a s u r e d .  I m p e d a n c e  v a lu e s  (w h ic h  d e n o te  th e  r e l ­

a t iv e  q u a n t i ty  o f d if fu s iv e  f lo w  in  s o i l  s o lu t io n  a s  c o m p a r e d  to  a n  

a q u e o u s  s o lu t io n  of s i m i l a r  c o n c e n t r a t io n )  w e r e  c a l c u la te d  f r o m  e q u a ­

t io n  (36) to  a v e r a g e  0. 28 f o r  th e  v a r io u s  s o i l s  u s e d .  T h e  s ta n d a r d  

d e v ia t io n  w a s  0. 11 , a n d  th e  r a n g e  w a s  f r o m  0. 10 t o . 0 .4 6 .  T h e s e  

v a lu e s  fo u n d  w e r e  in  g e n e r a l  a g r e e m e n t  w ith  th o s e  th a t  P o r t e r  e t  a l  

( I9 6 0 ) o b ta in e d  f r o m  C l d if fu s io n .

P r e c i s i o n  of th i s  m e a s u r e m e n t  w a s  s u c h  th a t  th e  a v e r a g e  d e v i­

a t io n  of a  s in g le  s o i l  s a m p le  v a lu e  f r o m  th e  m e a n  of r e p l i c a t e s  (fo r  

th e  s a m e  so il)  w a s  3. 8 p e r c e n t .  F r o m  c o m p a r in g  th e  im p e d a n c e  

v a lu e s  o f th e  v a r io u s  s o i l s  to  t h e i r  b u lk  d e n s i ty  (w ith in  th e  d if fu s io n  

c e l l ) ,  t e x tu r e ,  a n d  o r g a n ic  m a t t e r  c o n te n t ,  t h e r e  w e r e  n o  a p p a r e n t  

r e l a t i o n s h i p s .  T h e  s o i l  w ith  th e  lo w e s t  im p e d a n c e  v a lu e  (0. 10) w a s  

A s t o r i a  c l a y  lo a m . I t  w a s  a n  e x t r e m e l y  " f lu f fy "  s o i l  a n d  h a d  a  b u lk  

d e n s i ty  o f o n ly  0. 76 w h ile  u n d e rg o in g  d if fu s io n .

T o  c o m p u te  th e  t h e o r e t i c a l  C l d i s t r i b u t io n  w ith in  a  s o i l  u n d e r ­

g o in g  d if fu s io n ,  e q u a t io n  (8) m a y  b e  u s e d .  F o r  i l l u s t r a t i v e  p u r p o s e s ,  

th e  r e s u l t s  a r e  sh o w n  in  F ig u r e  2 f o r  th e  D a y to n  s o i l  a f t e r  24 h o u r s .  

T h is  s o i l  h a d  a n  a v e r a g e  im p e d a n c e  v a lu e .  A s m a y  b e  n o te d  f r o m  F ig ­

u r e  2, d if fu s io n  r e d u c e d  th e  i n i t i a l  C l c o n c e n t r a t io n  (C q) f o r  a  2 - c m  

s o i l  d i s t a n c e  f r o m  th e  r e s i n  s in k  d u r in g  th e  p e r io d .  T h e  a v e r a g e  q u a n ­

t i ty  o f C l a d s o r b e d  in  24 h o u r s  b y  th e  r e s i n  s in k  w a s  4 . 3 p e r c e n t  o f th e
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F ig u r e  2 . C o m p u te d  s o lu tio n  c o n c e n t r a t io n  o f  c h lo r id e  a s  r e l a t e d  to  d is ta n c e  f r o m  s in k , a f t e r  
d if fu s in g  one d a y . A z e r o  s in k  i s  a s s u m e d  h e r e .  Cq w a s  c a lc u la te d  f r o m  th e  C l 
sp ik in g  d o n e .
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i

a m o u n t  a d d e d  to  th e  s o i l  in  th e  s p ik in g  s o lu t io n .  I t  m a y  a l s o  be  v i s u ­

a l ly  n o te d  th a t  th e  a r e a  o f  r e d u c e d  c o n c e n t r a t i o n  in  F ig u r e  2 , a s  c o m ­

p a r e d  to  th e  t o t a l  a r e a  f o r  a  1 5 -c m  h ig h  c e l l ,  a g r e e s  w ith  th e  4 .3  p er*  

c e n t  o f  C l a d s o r b e d .

D if fu s io n  a n d  C h e m ic a l ly  D e te r m in e d  S o il. P o t a s s iu m  

T he r e p e a te d  0 .0 1  C aC lg  e x t r a c t i o n  o f s o i l  K , a s  p ro p o s e d  

b y  G r a h a m  a n d  K a m p b e l l  (1968) w a s  u s e d  a s  a n  e s t i m a t e  o f la b i le  K .

I t  h a d  b e e n  sh o w n  b y  th e  a u t h o r s  to  v e r y  c lo s e ly  p r e d i c t  K - 42 is o to p e  

m e a s u r e d  la b i le  K . F r o m  c o m p a r in g  th e  r e s u l t s  o f th e  C aC lg  e x t r a c t  

to  th e  IN  N H ^O A c e x t r a c t  f o r  e x c h a n g e a b le  K (T a b le  I ) ,  i t  w a s  n o te d  

th a t  th e  C aC lg  e x t r a c t  p ro v id e d  s o m e w h a t  l a r g e r  v a l u e s .  T h e s e  a v e r ­

a g e d  0 .8 4  m e q  K / l 0 0 g  f r o m  th e  C aC lg  e x t r a c t  a n d  0 . 71 m e q  K /lO O g 

s o i l  f r o m  th e  N H ^O A c e x t r a c t .  S im i la r  d i f f e r e n c e s  w e r e  r e p o r t e d  by  

G r a h a m  a n d  K a m p b e l l  (19 6 8 ), a n d  th u s  th e  u s e  o f t h e i r  p r o c e d u r e  

s e e m e d  j u s t i f i e d .  T he  r e s u l t s  o f  t h i s  t e s t  a r e  sh o w n  in  T a b le  2 , a n d  

m a y  b e  c o m p a r e d  to  d i f f u s io n - b a s e d  e s t i m a t e s  o f  l a b i le  K . T he  d iff­

u s io n  d a ta  d e p ic t in g  la b i le  K w e r e  o b ta in e d  f r o m  m e a s u r i n g  f lu x  o f  K 

a n d  C l to  th e  r e s i n  s in k  d u r in g  a  m e a s u r e d  t im e  to g e th e r  w ith  th e  

v a lu e s  n e e d e d  to  s o lv e  e q u a t io n s  (27) a n d  (35) f o r  Cq a n d  C g , r e s p e c ­

t iv e ly  -  a s  m e n tio n e d  in  th e  " M e th o d s  a n d  M a t e r i a l s "  s e c t io n .

\ A lth o u g h  th r e e  r a t e s  o f  s p ik in g  (0 , 10 , a n d  20 m is  s p ik in g  so l*

u t io n  p e r  100 ,g s o i l )  w e r e  u s e d ,  o n ly  th e  r e s u l t s  f r o m  th e  0 a n d  10 m l
' I

r a t e  w e r e  u s e d  f o r  in c lu s io n  in  T a b le  2 . A ls o ,  v a lu e s  o f  M ^  a n d  M ^  

th e s e  s p ik in g  r a t e s  a r e  in c lu d e d  w ith  o th e r  d a ta  in  .'T able 3 . I t  w a s
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T a b le  2 -  C o m p a r i s o n s  b e tw e e n  c h e m ic a l  d e t e r m in a t io n s  a n d  d if fu s io n

. d e te r m in a t io n s ,  of l a b i l e . K , .(C  + C ), an d  s o lu t io n  K , (C ).. ' s o  o

C h e m ic a l  M e th o d s  D if fu s io n  M e th o d s

S o il L a b i le  K  * c Ot L a b i le  K  $ C o*
' f ie q /c m 3 JLleq/cm 3 J ie q /cm 3 J ie q / cm 3

A m s te r d a m 1.7. 5 0 .4 1 2 3 .7 0 . 33.

A s t o r i a 1 .4 . 06 4 . 8 .  . . 03

C a m a s  C r e e k 8. 5 . 12 8. 7 . 14

D a y to n 7. 8 .4 7  ' .' 1 2 .4 . 67

D o o r I ,  3 . .1 0 '4 / 8 -. 13

D r u m m e r • 1 0 .2 . . 5 4 1 2 .0 . 56 •

F r a n k f o r t -  B r y c e 1 3. T . 46 2 0 .4 . 46

J o r y 1 0 .2 .. 34 7 ,6 . , 63

L lo y d 7 .4 . 11 1 .8 .1 4

M in id o k a 2 5 .5 I .  82 12 . 3 3. 60

P o r tn e u f 16. 9 . 28 1 2 .7 . 17

P o r tn e u f  s u b s o i l 10. I .1 9  ; 11 . 8 .2 5

S a g e m o o r  , / 1 2 .9 . 17 7 .4 . 23

S ta n to n 's  C r o s s i n g 5. 7 . 04 1 2 .6 ■ .0 7
T e to n ia 22 . 8 . 39 . . 24 . I .4 3

T r a c y 3. 8 . 54 ■ 2. 0 . 36 •

W a h lu k e 5 .7 . 12 5 . 8 . .0 5

W h itn e y 1 5 .2 . , 7 6  ■ 1 5 .0 ', .7 5  ■

W il l ia m s 18. 6 . 34 1 4 .4 . 33

W il la m e t te 2 .6 . 06 4 .5 .0 5  .

W in c h e s te r 21. 8 . 33.'.; 1 1 .6 .4 1

* F r o m  G r a h a m  -  .E a m p b e ll  m e th o d  

t  F r o m  s o i l  s a tu r a t i o n  e x t r a c t

$ C o m p u te d  a f t e r  m e a s u r i n g  K  f lu x  to  r e s i n  s in k .
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th o u g h t th a t  th e  c a p a c i ty  f a c t o r  (R + l)  m ig h t  b e  r e d u c e d  a t  h ig h e r  s p ik ­

in g  r a t e s  b e c a u s e ,  w ith  a  l im i t e d  q u a n t i ty  o f e x c h a n g e  s i t e s  o n  th e  . 

c l a y s ,  th e  n e w  e q u i l ib r iu m  b e tw e e n ' s o r b e d  a n d  s o lu tio n  p h a s e  w o u ld  

te n d  to  m a in ta in  a. g r e a t e r  s h a r e  o f K  in  s o lu t io n .  F r o m  're c o m p u tin g !  

f r o m  th e  h ig h e r  to g e th e r  w ith  th e  z e r o  s p ik in g  r a t e  (a s  tw o  r a t e s  a r e  

n e e d e d  f o r  o n e  d e te r m in a t io n ) ,  i t  w a s  fo u n d  th a t  th e  n e w  a v e r a g e  C g 

v a lu e s  w e r e  r e d u c e d  to  83 p e r c e n t  o f th e  o ld  v a lu e s .  L ik e w is e ,  t h e r e

w a s  a n  id e n t i c a l  i n c r e a s e  in  th e  n ew  a v e r a g e  G q v a lu e s  (a s  m a th e m a t-
,

i c a l l y  w o u ld  b e  e x p e c te d ) .  F ig u r e  3 i l l u s t r a t e s  th e  C v a lu e s ,  a s
s

d e t e r m in e d  f r o m  th e  z e r o  p lu s  th e  10 m l  s p ik in g  r a t e  v e r s u s  th o s e  d e ­

t e r m in e d  f r o m  th e  z e r o  p lu s  th e  20' m l  s p ik in g  r a t e .  B e c k e t t  (1964) h a s  

e s t a b l i s h e d  th a t  (R + l)  v a lu e s  d e c r e a s e  w ith  h ig h e r  c o n c e n t r a t io n s  of .

K  a d d e d , a n d  s o  th e  r e s u l t  h e r e  m ig h t  b e  e x p e c te d .

T h e  v a r i a t i o n  a b o u t th e  t r e a t m e n t  m e a n  f o r  K  d e te r m in a t io n s
.. 4

o f th e  r e s i n  s in k  e x t r a c t  ( M ^ , . M ^ )  a v e r a g e d  o n ly  2. 9 p e r c e n t .  T h u s  

th e  p r o c e d u r e  a p p e a r e d  to  b e  s u f f ic ie n t ly  s im p le  a n d  w ith o u t in h e r e n t  

s o u r c e s  o f e x p e r im e n ta l  e r r o r  f o r  a c c e p ta b l e  p r e c i s i o n  w h e n  u s e d  to  

d e t e r m in e  K  d if fu s io n .  T h e  s i m i l a r i t y  o f v a lu e s  sh o w n  in  T a b le  2 

o b ta in e d  f r o m  c h e m ic a l  e x t r a c t i o n  o f s o i l  i t s e l f  v e r s u s  d if fu s io n  u p ta k e  

w a s  a n  e x c i t in g  s u r p r i s e ,  in  s p i te  o f  th e  o r ig in a l  h y p o th e s i s  s u g g e s t in g  

th a t  a  d if fu s io n  m e c h a n i s m  c o u ld  b e  u s e d  to  m e a s u r e  s o lu t io n  an d  a d ­

s o r b e d  io n  c o n c e n t r a t i o n  (C q an d  C g).

T h e  u s e  o f  e q u a t io n  (30) m a y  b e  a r r a n g e d  so  th a t  

■ ' K  = (M tf  -  M tu ) TT 1 /2  y ( R + l ) 1 / 2 /  (4 D I6 t)1 /2  . (40)

/ ■  1 z  " f
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Cs -/z.eq/cm3 -  ESTIMATED FROM 
O AND IOmI SPIKING/100 g SOIL

F ig u r e  3. A d s o rb e d  p o ta s s iu m  c o n c e n t r a t io n  (C g ) fo r  s o i l s .  C o m p a r is o n  is  m a d e  
b e tw e e n  tw o  s p ik in g  r a t e s  to  c a l c u la te  C g .
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a n d  K p r e d i c t s  th e  q u a n t i ty  of s p ik in g  n e e d e d  to  i n c r e a s e  th e  a c c u m u ­

la t iv e  f lu x  o f a  n o n s p ik e d  s o i l  (M^y ) to  a  n e w  v a lu e  (M ^ ) .. In  o r d e r  to  

m a in ta in  n o ta t io n ,  w i l l  d e n o te  s p ik in g  w ith  p o ta s s iu m  a n d  w il l  ■ 

d e n o te  p h o s p h o r u s  s p ik in g . I n  th e  c a s e  w h e r e  f e r t i l i z e r  r e c o m m e n d a -  . 

t io n s  a r e  n e e d e d K .̂ w o u ld  e q u a l  th e  q u a n t i ty  n e e d e d . A  p r e l i m i n a r y  ' 

c h e c k  w a s  m a d e  to  d e t e r m in e  th e  v a l id i ty  o f th e  u s e  o f th e  d if fu s io n  

e x p e r im e n t s  to  d e t e r m in e  n e e d e d  v a lu e s .  T h is  in v o lv e d  c o m p u tin g

' K^. n e e d e d  to  o b ta in  th e  fo u n d  f r o m  th e  lo w  s p ik in g  r a t e  (10 m l 

s p ik in g  s o lu t io n  a d d e d  p e r  100 g s o i l ) ,  o r  w h e re  w a s  a l r e a d y  k n o w n . 

T o  do  th i s ,  th e  v a lu e s  o f  (R + l)  a n d  I  w e r e  u s e d  f r o m  th e  r e s u l t s  of th e  

diffusion cells having the high spiking rate together with the nonspiked 

s o i l .  T h e s e  r e s u l t s  a r e  sh o w n  in  T a b le  3. I n  th i s  T a b le ,  th e  a v e r a g e  

c o m p u te d  K  w a s  90 p e r c e n t  o f a c tu a l  K  u s e d  to  o b ta in  I t  i s

r e c o g n iz e d  th a t  th e s e  v a lu e s  w e r e  o b ta in e d  e n t i r e ly  f r o m  th e  d if fu s io n  

e x p e r i m e n t s .  T h e r e f o r e ,  w h ile  i t  d o e s  n o t  su p p ly  p r o o f  o f th e  u ti l i ty , 

o f  th e  m e th o d , i t  d o e s  m a k e  a  c o m p a r i s o n  f r o m  th e  d a ta  th a t  c o u ld  h a v e  

d i s p r o v e n  i t s  u t i l i t y .  T h e  r e l a t i v e  e f f ic ie n c y  of to w a r d  in c r e a s in g

f lu x  c a n  b e  c o m p a r e d  f o r  v a r io u s  s o i l s  b y  u s e  of th i s  m e th o d ,  w h ic h  

v a r i e s  l a r g e l y  f r o m  th e  p o r t i o n  o f K^. g o in g  in to  s o lu t io n  v e r s u s  b e in g  

a d s o r b e d .

P l a n t  P o t a s s i u m  U p ta k e  C o m p a r e d  to  C h e m ic a l  a n d  D if fu s io n  T e s t s  

T h e  r e s u l t s  f r o m  th e  D e M e n t-S ta n fo rd  s h o r t - t e r m  t e s t  (1959) 

w e r e  s o m e w h a t  d i f f e r e n t  th a n  th e  N e u b a u e r  t e s t .  S e v e r a l  s im p le  l i n e a r  

c o r r e l a t i o n s  w e r e  m a d e  b e tw e e n  p la n t  u p ta k e  q u a n t i t i e s  b y  th e s e  tw o

t  , » , \ '  I ' I " ;  i,'\ . 1 i  » 1 !

■ 1 I

• ■ , / /  I- . ■ .
!
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T a b le  3 -  C o m p u te d  q u a n t i t i e s  o f s p ik in g  n e e d e d  to  o b ta in

( a c c u m u la t iv e  f lu x  p e r  day) v e r s u s  q u a n t i ty  o f a c tu a l ly  

, , , s u p p lie d  to  o b ta in

, C o m p u te d  A c tu a l
S o il  M fcu* K, t  S u p p lie d

—----- /^ e q /cm 3/ d a y -------- ----------/ i e q /c m 3 -----------

A m s te r d a m  . 2 .8 8 ■ 1 .9 3 11 . 6 . 9 .7

A s t o r i a . 0. 66 0 .2 7 7 .1 4 . 6

C a m a s  C r e e k I .  84 0 .7 5 12. 8 6 .2

D a y to n 3. 21 I .  68 11. 3 1 0 .0

D o o r 2 . 0 6 0. 54 „ 1 3 .3 1 0 .0

D r u m m e r 3. 68 2. 05 9 .6 ■ ‘ 1 2 .9

F r a n k f o  r t -  B r y e  e 2 .3 6 1 .5 5 1 0 .6 9 :4

J o r y  ■ ■ .2 .0 3  , . 0 . BI 1 1 .6 13 . 6

L lo y d 1 .5 4 0 .1 9 . 1 3 .0 1 0 .9  ■.

M in id o k a 7 .4 3 3 .4 8 1 3 .9 1 4 .0

P o r tn e u f I .  88 0 .9 6 12 . 2 1 2 .4

P o r tn e u f  s u b s o i l 2. 37 . 1 . 14 12 . 9 10. 6 .

S a g e m o o r 2. 35 ■- 0 . 80 1 4 .5 1 8 ,6

S ta n to n 's  C r o s s i n g 0. 96 0 .4 5 1 4 .1 6. 5

T e to n ia
.f ■

T r a c y  r
. •/ ^

W a h lu k e

3. 21 2 . 08 • 1 3 .  0 1 0 .4 .

2 .4 8 0 .3 3 13 . 0 13. 0

I .  05 0 .3 3 12. 8 • 1 2 .6

W h itn e y  . 3 .7 0  ■ 2 . 07 11 . 8 1 0 .2

W i l l i a m s 2. 12 1 .1 1 13 . I ' 1 3 .4

W i l la m e t te I .  01 0 .2 8 12 . 0 13. 2

W in c h e s te r 2 .2 9 I .  00 1 5 .0 10. I

* M e a s u r e d  v a lu e s  f r o m  0 a n d  10 m l  s p ik in g  r a t e / 1Od g s o il ,  

t, V a lu e  c o m p u te d  f r o m  r e s u l t s  o f 0 a n d  20 m l  s p ik in g  r a t e / 100

g s o i l .
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m e th o d s  v e r s u s  c h e m ic a l  a n d  d if fu s io n  t e s t s .  T h e  s q u a r e d  c o r r e l a t i o n  ' 

c o e f f i c ie n t  v a lu e s  (r3 ) a r e  g iv e n  in  T a b le  4 .. 'I n  th e  D e M e n t-S ta n fo rd  

m e th o d ,  p la n ts  a r e  f i r s t  p a r t i a l l y  g ro w n  in  a  s a n d - n u t r i e n t  s o lu tio n  

la c k in g  K. T h e n  th e  K-d e p le te d  p la n t s  a r e  t r a n s f e r r e d  so  t h e i r  r o o t s  

g ro w  in  s o i l  f o r  o n ly  6 d a y s .  I n  c o m p a r i s o n ,  th e  N e u b a u e r  m e th o d  

a l lo w s  s e e d l in g  p la n ts  to  grow  in  l i m i t e d  s o i l  f o r  18 d a y s  a n d  c o m p le te ly  

e x h a u s t  th e  K su p p ly . T h e r e f o r e ,  th e  D e M e n t-S ta n fo rd  m e th o d  m e a s ­

u r e s  a n  im m e d ia te ly  a v a i la b l e  su p p ly  w h ile  th e  N e u b a u e r  m e th o d  te n d s  
■ r

to  c o m b in e  th i s  w ith  th e  r e s e r v e  a m o u n ts .  A s  s e e n ,  th e  N e u b a u e r  

m e th o d  v a lu e s  a n d  th e  s o i l  e x c h a n g e a b le  K c o n te n t  w e r e  f a i r l y  w e ll  

c o r r e l a t e d  ( r a -  . 81 ), T h e  g r e a t e r  s o i l  e x t r a c t i o n  done b y  Graham-* 

Kampbell1 S method, as c o m p a r e d  to  e x c h a n g e a b le  K, r e s u l t e d  in  m u c h  

r e d u c e d  v a lu e s  (r3 = . 39). C o r r e l a t i o n  b e tw e e n  th e  d if fu s io n  m e th o d  a n d  

N e u b a u e r ’ s v a lu e s  (r3 = . 54) w e r e  i n t e r m e d i a t e  to  th e  c o r r e l a t i o n s  j u s t  

d e s c r ib e d .  B y  th e o r y ,  th e  d if fu s io n  m e th o d  sh o u ld  r e f l e c t  io n  m o v e ­

m e n t  f r o m  a n  in f in i te  s o u r c e .  In  c o n t r a s t ,  th e  b a r l e y  p la n ts  in  th e .  

N e u b a u e r  p o ts  a r e  e x p e c te d  to  a lm o s t  c o m p le te ly  e x p lo i t  th e  a v a i la b le  

K s o u r c e .  T h u s , th e  p o o r  c o r r e l a t i o n  b e tw e e n  th e  d if fu s io n  m e th o d  a n d  

N e u b a u e r 's  m e th o d  m ig h t  b e  a n t ic ip a te d .

R e s u l t s  f r o m  th e  d if fu s io n  m e th o d  h a d  b e t t e r  c o r r e l a t i o n  w ith  th e  . 

D e M e n t-S ta n fo rd  c r o p p in g  e x p e r im e n t  ( r3 = . 88) th a n  a n y  o f  th e  c h e m ic a l  

e v a lu a t io n  m a d e .  T h u s  th e  d if fu s io n  m e th o d  a p p e a r e d  to  b e  v a lu a b le  

f o r  d e p ic t in g  s h o r t - t e r m  u p ta k e  b y  p la n t s .

B y  d if fu s io n  th e o r y ,  io n  d if fu s io n  to  a  s in k  f r o m  s o lu t io n  sh o u ld

I I .  . . . .  .  : , ■ ■ .

.  .

• I 1 1 1 i , i .  I i > I . I i ^ * v  i I » I • I i, < I » ■ ■ /
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T a b le  4 - R e s u l t s  o f s im p le  l i n e a r  c o r r e l a t i o n  r e l a t in g  p la n t  u p ta k e  

....................... o f p o t a s s iu m  to  c h e m ic a l  a n d  d if fu s io n  . t e s t s .

In d e p e n d e n t  v a r i a b l e D e p e n d e n t v a r i a b l e r 3X 100 ' 1

E x c h a n g e a b le  K N e u b a u e r  to t a l  K  u p ta k e S I ■'

G r a h a m - K a m p b e l l  " l a b i l e  K " H I t  I l 39 ’
D if fu s io n I l I l  I l 54

E x c h a n g e a b le  K D e M e n t-S ta n fo rd  p la n t  K  (%) 62

G r a h a m - K a m p b e l l  " l a b i l e  K " M M  I l 41

D if fu s io n  M, tu
U i t  i t 88 .

S o il  s o lu t io n  e x t r a c t  K H I l  . 11 54

S o il  s o lu t io n  e x t r a c t  K  
X ( c a p a c i ty  f a c t o r ^  * I l M I l 63

S o il  s o lu t io n  e x t r a c t  K 
X ( c a p a c i ty  f a d 'o r ) 1*8 1 I l I i  . M 43

. * C a p a c i ty  f a c t o r  c o m p u te d  a s :  G r a h a m - K a m p b e ll  " l a b i l e  K " / s o i l  

s o lu t io n  e x t r a c t  K

t  C a p a c i ty  f a c t o r  c o m p u te d  a s :  (e x c h a n g e a b le  K  + s o i l  s o lu t io n

e x t r a c t  K ) /  s o i l  s o lu t io n  e x t r a c t  K



"I

Mtu -^.eq/cm2/ 2 4  hrs

F ig u r e  4 . R e la t io n s h ip  b e tw e e n  p la n t p o ta s s iu m  c o n te n t an d  o n e -d a y  a c c u m u la t iv e  d if fu s iv e  

f lu x .
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b e  e n h a n c e d  b y  th e  s q u a r e  r o o t  o f th e  c a p a c i ty  f a c t o r .  T h e r e f o r e ,  

c a p a c i ty  f a c t o r s  w e r e  e s t i m a t e d  f r o m  c h e m ic a l  d a ta ,  m u l t ip l ie d  b y  th e  

s o lu t io n  c o n c e n t r a t i o n ,  an d ’ th e  r e s u l t i n g  p r o d u c t  v a lu e s  c o r r e la te d .I
w ith  D e M e n t-S ta n f o r d  v a l u e s .  T h e  r e s u l t i n g  c o r r e l a t i o n  c o e f f ic ie n ts

(T a b le  4) w e r e  a b o u t th e  s a m e  a s  th e  c o r r e l a t i o n  c o e f f ic ie n t  o b ta in e d' r -
Z""b y  c o m p a r in g  s o lu t io n  c o n c e n t r a t i o n  a lo n e  to  th e  D e M e n t-S ta n fo rd  r e ­

s u l t s .  T h e r e f o r e ,  n o  b e n e f i t  w a s  fo u n d  b y  u t i l i z in g  th i s  c o n c e p t  w h en  

th e  c a p a c i ty  f a c t o r  w a s  ta k e n  f r o m  th e  c h e m ic a l  m e th o d s  o u tl in e d  a t  

th e  b o t to m  o f T a b le  4 .

T h e  r e d u c t io n  in  s o lu t io n  K  c o n te n t  n e x t  to  a  n ew  r o o t  in  a  s o i l  

c a n  b e  d e t e r m in e d  f r o m  e q u a t io n  (15). I t  w a s  fo u n d  th a t  m o s t  o f th e  

s o i l s  w o u ld  h a v e  th e  s o lu t io n  c o n c e n t r a t io n  r e d u c e d  to  a  d e g r e e  to  a b o u t 

0 .4  c m  a t  th e  en d  o f a  d a y  a n d  a b o u t d o u b le  th i s  in  t h r e e  d a y s .  I n  th i s  

c a l c u la t io n  i t  w a s  a s s u m e d  th a t  th e  p la n t  r o o t  g e o m e t r y  w a s  th a t  o f a n  

in f in i te  c y l in d e r .  E q u a t io n  (15) i s  th e  f i r s t  t e r m  o f a  s e r i e s  s o lu t io n  

f o r  a  c y l in d e r ,  a n d  th u s  a n  a p p r o x im a t io n .  T o  kn o w  th e  p e r c e n t  of C q 

r e d u c e d ,  w o u ld  a l s o  n e e d  to  b e  k n o w n  - -  th e  f ig u r e  o f  0 .4  c m  d e n o te s  

th e  e f f e c t iv e  s o i l  s o lu t io n  v o lu m e  a b o u t th e  r o o t  in  r e g a r d  to  p o ta s s iu m .

D if f u s io n  a n d  C h e m ic a l ly  D e te r m in e d  S o il P h o s p h o r u s  

R e s u l t s  o f a v a i la b l e  p h o s p h o r u s  d e t e r m in a t io n s  b y  O ls e n 's  

NaHCOg m e th o d  w e r e  g iv e n  in  T a b le  I . T h e s e  d a ta  p o in t  to  th e  l a r g e  

v a r i a t i o n  in  th e  s o i l 's  P 0 E x t r e m e - v a lu e s  w e r e  3 a n d  H O  p p m -P 0 

T h e  t e s t  o f  A m e r  e t  a l  (1955). w ith  a n io n  e x c h a n g e  r e s i n  to  e s t im a te  

l a b i l e  P  w a s  n o te d  to  b e  r e l a t e d  to  O ls e n 's  t e s t  ( r  = O0 9 7 , w h e n  e l im ­
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in a t in g  o n e  o b v io u s ly  b a d  p o in t)  w h e r e  th e  r e s i n  e x t r a c t e d  a b o u t tw o  

t i m e s  a s  m u c h  s o i l  p h o s p h o r u s  a s  N aH C O g . S o il s o lu t io n  e x t r a c t s  of 

u n s p ik e d  A s t o r i a ,  D o o r , L lo y d  a n d  S ta n to n 's  C r o s s in g  s o i l s  c o u ld  n o t 

b e  d e t e r m in e d  w ith  s u i ta b le  r e l i a b i l i t y  a s  th e y  c o n ta in e d  l e s s  th a n  . 02 

p p m  P ,  a s  d id  L lo y d  e v e n  a t  th e  lo w  s p ik in g  r a t e .  O th e r  s o i l s  h a d

s o lu t io n  e x t r a c t s  c o n ta in in g  a s  m u c h  a s  2 . 8 p p m  P .
I

B y h a v in g  th e  e s t i m a t e  o f l a b i l e  P ,  w h ic h  h a s  b e e n  d e n o te d  a s  

(C g + C q), a n d  b y  k n o w in g  th e  s o lu t io n  c o n c e n t r a t io n ,  (C q ), f u r th e r  

e s t i m a t e s  o f th e  c a p a c i ty  f a c t o r ,  (R + l) , w e r e  c o m p u te d . . I n  th e  f i r s t  

c o m p u ta t io n  (R + l)  w a s  l e t  e q u a l  (C q + C g) /C ^  -  w h ic h  w a s  a l s o  u s e d  a s  

a  f i r s t  a p p r o x im a t io n  in  th e  d if fu s io n  e x p e r im e n t  w ith  P .

F iv e  s o i l s  in  th e  d if fu s io n  e x p e r im e n t  d id  n o t sh o w  d e f in i te  in -  ■ 

c r e a s e d  (o r  s o m e t im e s  e v e n  p o s i t i v e ) d if fu s iv e  f lu x  f r o m  in c r e a s e d  

r a t e s  o f P  s p ik in g . T h e  a v e r a g e  v a r i a t i o n  f r o m  th e  t r e a t m e n t  m e a n  

v a lu e  a v e r a g e d  8. 6 p e r c e n t  f o r  a l l  s o i l s .  B e c a u s e  o f th i s  v a r i a t i o n  

a n d  e r r a t i c  d i f fu s iv e  r e s p o n s e  f o r  t h e  f iv e  s o i l s  in  p a r t i c u l a r ,  t h e i r  

v a lu e s  o f C q , C ^  a n d  (R + l)  a r e  n o t in c lu d e d  in  th e  d if fu s io n  d a ta .  F o r  

th e  o th e r  s o i l s ,  c o m p a r i s o n  a r e  sh o w n  in  T a b le  5. T h e  v a lu e s  in  th i s  

t a b le  w e r e  ta k e n  f r o m  th e  n o n - s p ik e d  s o i l s  a n d  th e  lo w  s p ik in g  r a t e .  

U s in g  th e s e ,  th e  r3 v a lu e  r e l a t in g  c h e m ic a l ly  d e t e r m in e d  C q to  d if fu s io n  

C q w a s  0. 66 . T h e  r e v a lu e s  r e l a t in g  c h e m ic a l ly  d e t e r m in e d  (C g + C q ) 

a n d  (R + l)  to  d if fu s io n  m e th d s  w e r e  0. 33 a n d  0. 25 , r e s p e c t iv e l y .

O th e r  m e th o d s  of a p p r o x im a t in g  (R + l)  f r o m  d if fu s io n  w e r e  t r i e d ,  

b u t  c o r r e l a t i o n s  W e re  n o t  a s  g o o d  a s  th o s e  j u s t  sh o w n .
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T a b le  5 -  C o m p a r is o n s  b e tw e e n  c h e m ic a l  d e t e r m in a t io n s  a n d  d if fu s io n

d e te r m in a t io n s  o f l a b i le  P ,  (C + C ), s o lu t io n  P ,  (C ), an ds o !  o
(RfI). .

C h e m ic a l  m e th o d s  D if fu s io n  m e th o d s

. S o il L a b i le  P  * C t
O

(R + l) . L a b i le  P  $ C o* (R + l)*

-----/T eq /c m 3 ----- ----  /T eq /c m 3 -----

A m s te r d a m 39 . 06 650 218 2. 6 84

C a m a s  C r e e k 62 .  10 620 478 .38 13

D o o r '67 .0 3 2140 . 389 . 15 2590

D r u m m e r 134- • I & . 830 415 1 .2 4 330

F r a n k f o r t - B r y c e 219 . 30 730 ' . 528 2 .2 240

J o r y 36 . Q6 . 620 117 . 13 900
Minidoka 61 ,27 230 - 54 7, 6 ' 7

Portneuf. subsoil 39 , 21 190 . 98 1 .4 70

S a g e m o o r 39 „ 13 ■ 308 125 1 .7 4 72

S ta n to n ’s C r o s s i n g 20 . 04 4 60 316 .  10 3160

T r a c y 62 . 08 760 203 . 04 5120

W a h lu k e . 68 .4 0 170 62 .96 . 65

W h itn e y 150

O
'

C
O

. t4 HO 223 1 0 .4 .21

W il l ia m s 58 , 2 0 280 . 273 I. 58 170

W in c h e s te r 60 .1 2  . 510 57 2 ,8 20

* F r o m  m e th o d  o f A m e r  e t  a l  (1955 ) 

t  F r o m  s a tu r a t i o n  e x t r a c t

$ C o m p u te d  a f t e r  m e a s u r i n g  P  f lu x  to  r e s i n  s in k
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I

A  r e a s o n  b e l ie v e d  p a r t l y  r e s p o n s ib l e  f o r  th e  d e v ia t io n  in  d if fu s ­

io n  r e s u l t s  f r o m  c h e m ic a l  r e s u l t s  ( if  a s s u m in g  th e  c h e m ic a l  d e t e r m in ­

a t io n s  to  b e  m o r e  c o r r e c t )  w a s  th e  la c k  o f l i n e a r i t y  in  th e  a d s o r p t io n  

i s o t h e r m s .  F r o m  c h e m ic a l  d a ta  th e  c a l c u la te d  s lo p e s  f o r  s o lu t io n

c o n c e n t r a t io n s  b e tw e e n : (I)  0 to  C , (2) C to  C n  ̂ a n do ’ x ' o lo w  s p ik in g  r a t e ,

(3) c Iow  s p ik in g  r a t e  to  C h ig h  s p ik in g  r a t e  a r e  sh o w n  in  T a b le  6 ‘ T h e  

m e th o d  of c o m p u tin g  ( I)  w a s  th e  s a m e  a s  w a s  u s e d  in  T a b le  5. F o r

c o m p u tin g  (2) a n d  (3 ), (A C so rfe e d  + s o l a t i o n ) / s o l a t i o n  H g u re s  

w e r e  u s e d .  I t  i s  r e a d i ly  a p p a r e n t  th a t  F r e u n d l i c h - I i k e  a d s o r p t io n  i s o ­

t h e r m s  a r e  b e in g  a d h e r e d  to  . T h is  ty p e  o f i s o t h e r m  h a s  b e e n  a s s o c ­

iated with acid s o i l s  b y  O ls e n  a n d  Kemper (1968 ). F o x  a n d  Kamprath 

(19 7 0 ), f r o m  a c id  s o i l s ,  h a v e  p lo t te d  th e  s o lu t io n  c o n c e n t r a t i o n  on  a  lo g  

s c a l e  v e r s u s  th e  a d s o r b e d  c o n c e n t r a t i o n  o n  a  l i n e a r  s c a le  a n d  o b ta in e d  

s t r a i g h t  l i n e s .  T h e  c o n s ta n t  v a lu e s  O ls e n  a n d  W a ta n a b e  (1970) fou n d  

w e r e  f r o m  c a l c a r e o u s  s o i l s .  A ls o ,  a d d in g  to o  m u c h  p h o s p h o r u s  sp ik in g  

s o lu t io n  c o u ld  b e  e x p e c te d  to  m a k e  th e  i s o t h e r m  f l a t t e n  in  th a t  a r e a  of 

th e  c u r v e .  H o w e v e r ,  i f  f e r t i l i z e r  a p p l ic a t io n  r a t e  f i g u r e s  a r e  to  b e  

d e t e r m in e d  f r o m  d if fu s io n  d a ta ,  i t  s e e m s  lo g i c a l  th a t  th e  d if fu s io n  e x ­

p e r im e n t s  s h o u ld  b e  d o n e  a t ,  a t  l e a s t ,  t h e s e  r a t e s .  . T h e  p r o b le m  of 

c o r r e c t l y  s o lv in g  C Q, C g , a n d  (R + l)  v a lu e s ,  w h e re  c u r v a t u r e  e x i s t s ,  

c o u ld  b e  r e s o lv e d  i f  t h e r e  w e r e  a n a l y t i c a l  s o lu t io n s  - -  o r  e v e n  a p p ro x ­

im a t io n s .  W ith o u t t h e s e ,  f in i te  d i f f e r e n c e  m e th o d s  n e e d  to  b e  u s e d  in  

c o n ju n c t io n  w ith  a  c o m p u te r .

\ ' /
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T a b le  6 -  S lo p e  o f  p h o s p h o r u s  a d s o r p t io n  i s o t h e r m  f r o m  c h e m ic a l  

d e t e r m in a t io n s  a s  d e p ic te d  in  te x t .

S o il

S lo p e  (R + l)  B e tw e e n  S o lu tio n  C o n c e n t r a t io n s

O to  C O C to  C 
lo w  s p ik in g

Q
H ow . sp ik in g  to  

h ig h  sp ik in g

A m s te r d a m 560 23 -  470

C a m a s  C r e e k 620 168 18

D o o r 2140 520 194

D r u m m e r 830 188 199
F r a n k f o r t - B r y c e 730 22 18

M in id o k a 230 H 37

P o r tn e u f  s u b s o i l 190 302 . 47

S a g e m o o r 308 60 142

S ta n to n 's  C r o s s i n g 460 942 • 75

T r a c y , 760 ; 547

W a h lu k e 170 16 -  -

W h itn e y H O 14 . 2. 7

W il l i a m s 200 35 29

W in c h e s te r 510 25

i . . .  u :  i -

I ' ! C ,
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P la n t  P h o s p h o r u s  U p tak e  C o m p a re d  to  C h e m ic a l  a n d
D if fu s io n  T e s t s

T h e  N e u b a u e r  t e s t  f o r  p h o s p h o r u s ,  a l th o u g h  fo u n d  to  g iv e  r e p e a t -  

a b le  r e s u l t s ,  w a s  n o t  s ig n i f i c a n t ly  r e l a t e d  to  o th e r  s o i l  o r  p la n t  d e t e r m ­

in a t io n s .  . J n  f a c t ,  th e  c o r r e l a t i o n  c o e f f ic ie n t  r e l a t in g  i t  to  th e  D e M e n t-  

S ta n f o r d  s h o r t - t e r m  u p ta k e  t e s t  w a s  O. T h e r e f o r e ,  i t s ’ r e s u l t s  a r e  

n o t  in c lu d e d  h e r e i n .  T h e  D e M e n t-S ta n fo rd  t e s t  i t s e l f  w a s  b e l ie v e d  to  

c o n ta in  s o m e  in h e r e n t  e r r o r  a s  i t  a d ju s te d  d i f f e r e n t  s o i l s  to  v a r y in g  

m o i s t u r e  te n s io n s  d u r in g  th e  t im e  th e  s o i l  a n d  p la n ts  w e r e  to g e th e r .  A  

s e c o n d  D e M e n t-S ta n fo rd  t e s t  w a s  d o n e  a n d  a t te m p t s  w e r e  m d d e  to  c o m ­

p e n s a t e  f o r  th i s .

■ T h e  s h a p e  o f  th e  c u r v e s  r e l a t in g  p e r c e n t  P  in  th p y p la n ts  to  s o il  

q u a n t i t i e s  (O ls e n  P ,  " l a b i l e "  P ,  a n d  d if fu s io n  P ) w e r e  lo g a r i th m ic .

T h e r e f o r e ,  a  l o g a r i th m ic  t r a n s f o r m  w a s  m a d e  o n  th e  in d e p e n d e n t  v a lu e  

o f s o i l  P .  R e s u l t s  o f th e  t h r e e  r e g r e s s i o n s  a n d  c o r r e l a t i o n s  a r e 's h o w n  

in  F ig u r e  5. T h e  b e s t  c o r r e l a t i o n s  w ith  p la n t  u p ta k e  w e r e  f r o m  O ls e n 's  

N aH C O ^ t e s t  (r3 = . 70} w ith  th e  " l a b i l e "  P  t e s t  (r3 = . 58) b e in g  in t e r m e d ­

i a t e .  T h e  p o in t s  f r o m  tw o  s o i l s  f o r  d i f f u s io n - m e a s u r e d  P  w e r e  n o t 

in c lu d e d  in  F ig u r e  5 a s  t h e i r  r e p l i c a t i o n  d e v ia t io n  w a s  la r g e .  H ad  

th e y  b e e n  in c lu d e d ,  th e  r  v a lu e  v /o u ld  h a v e  r e m a in e d  a b o u t th e  s a m e  

■as th e  v a lu e  o f . 52 , sh o w n . T h e  c u r v i l i n e a r  a p p r o a c h  ( F ig u r e  5) w as  

th o u g h t j u s t i f i e d  in  t h e s e  p h o s p h o r u s  u p ta k e  s tu d ie s ,  a s  i t  i s  c o m m o n ly  

a c c e p te d  th a t  t h e r e  i s  d e c r e a s e d  u p ta k e  of in c r e m e n t s  of a d d i t io n a l  P  

a b o v e  t h r e s h o l d  l e v e l s .  F r o m  a  d if fu s io n  a s p e c t ,  th i s  c o u ld  b e  b ro u g h t  

a b o u t b y  p la n t  r e g u la t io n  of th e  P  c o n c e n t r a t i o n  a t  th e  r o o t - s o i l  i n t e r f a c e .
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9 - .0 4 3 9  + .0153 (log X)

Mfu -  P -  /ig Zcm2ZDAY

9 - .026  + .0 2 0 3  (log X)

OLSEN P -  ppm

Y - . 0 2 8 +  .0154 ( IogX) 
r2 - .5 8

50 IOO 150
RESIN "LABILE" P -  ppm

F ig u r e  5 . R e la t io n s h ip s  b e tw e e n  p la n t  p h o s p h o ru s  c o n te n t  an d  

s o i l  q u a n t i ty  a s  m e a s u r e d  by  th r e e  m e th o d s .

.

V >
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I f ,  f o r  e x a m p le ,  a  p l a n t  t h a t  i s  a b u n d a n t ly  s u p p l i e d  w i th  s o i l  P  w e r e  to

l e t  th e  C i n c r e a s e ' ,  t h e n  th e  d i f f u s iv e  f lo w  w o u ld  d e c r e a s e  - -  a s  i t  i s  r  • r .

th o u g h t  to  b e  p r o p o r t i o n a l  to  (C Q -  C ^ ) .

J u d g in g  f r o m  th e  r3 v a l u e s  i n  F i g u r e  5, th e  d i f f u s io n  t e s t  w o u ld  

n o t  b e  t h e  b e s t  c h o ic e  f o r  d e t e r m i n i n g  th e  s o i l  P  s t a t u s .  ‘ H o w e v e r ,  th e  

u s e  of th e  d i f f u s io n  t e c h n iq u e  d o e s  a l lo w  f o r  e s t i m a t i n g  th e  a m o u n t  of . 

s p ik in g  n e e d e d  to  b r i n g  a b o u t  a  d e s i r e d  f lu x  i n c r e a s e  p e r  t i m e  ( e q u a t io n  

4 0 ) .  U s in g  th e  s a m e  a p p r o a c h  a s  w a s  u s e d  f o r  p o t a s s i u m ,  th e  q u a n t i ty  • 

o f  s p ik in g  w a s  e s t i m a t e d  t h a t  w o u ld  b e  n e e d e d  to  p r o v i d e  a  d i f fu s iv e  

r a t e  e q u a l  to  ( low  r a t e  s p ik in g ) .  T h e  e s t i m a t e s  w e r e  fa i , r ly  a c c u r a t e  

i n  a b o u t  one  h a l f  of th e  c a s e s ,  t h e i r  d e v ia t in g  l e s s  th a n  10 p e r c e n t  f r o m  

th e  k n o w n  a m o u n t  (T a b le  7). I n  th e  e x t r e m e  c a s e  h o w e v e r ,  th e  e s t i m a t e  

w a s  o n ly  21 p e r c e n t  of th e  t r u e  v a l u e .

C h a n g e s  i n  f lu x  r a t e  p e r  q u a n t i ty  of P  s p ik in g  a d d e d  v a r i e d  c o n -  . 

s i d e r a b l y .  F o r  e x a m p le ,  f r o m  T a b l e  5 i t  m a y  b e  c a l c u l a t e d  t h a t  A s t o r i a  

n e e d e d  45  t i m e s  a s  m u c h  p h o s p h o r u s  a d d e d  a s  th e  W h i tn e y  s o i l  to  c h a n g e  

th e  d i f f u s iv e  f lo w  I  jig P / c m ^ d a y .  T h e r e f o r e ,  th e  d e v i a t i o n s  i n  c a l c u ­

l a t e d  p h o s p h o r u s  a s  c o m p a r e d  to  th e  v a l u e s  a c t u a l l y  u s e d  a p p e a r  l e s s  

s i g n i f i c a n t  - -  w h e n  c o n t r a s t e d  w i th  th e  r a n g e  of r e l a t i v e  e f f i c i e n c y  th a t  

n e e d s  to  b e  e s t i m a t e d .

F r o m  e q u a t io n  (15), a n d  b y  u s in g  th e  s a m e  r e a s o n i n g  a s  w a s  u s e d  

f o r  K , i t  c a n  b e  e s t i m a t e d  t h a t  f o r  a  s o i l  w i th  a  n o r m a l  b u f f e r  c a p a c i t y  

o f  500 , t h e  r o o t  w i l l  r e d u c e  th e  s o lu t i o n  p h o s p h o r u s  c o n c e n t r a t i o n  to  

d i s t a n c e s  of o n ly  0. 04 c m  i n  a  d a y .  T h i s  i s  th e  s a m e  d i s t a n c e  a s  r e ­

p o r t e d  b y  O l s e n  a n d  W a ta n a b e  (1970) w i th  co rn . . .
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T a b l e  7 -  C o m p u t e d  q u a n t i t i e s  of p h o s p h o r u s ' s p ik in g  n e e d e d  to  o b ta in  

• ( a c c u m u l a t i v e  f lu x  p e r  day) v e r s u s  q u a n t i t y  o f  s p ik in g

a c t u a l l y  s u p p l i e d  to  o b ta in  .

S o il
M t£* ■ M tu *

C o m p u te d A c tu a l  K. 
S u p p l ie d  -

— At e q / c m 3 / d a y P e q / 3c m  --------

A m s t e r d a m i l .  62 8. 27 . 43 89.

A s t o r i a / I .  03 0 . 9 5 51 ■ 55

I  C a m a s  C r e e k
I  ■ ■

D o o r

5. 31 4 .  35 22 • 105

3 . 2 6 2 . 5 8 . 169 102

D r u m m e r 13. 17 1 1 .1 9 74 74

F r a n k f o r t - B r y c e 9 . 9 2 8 . 5 9 105 ' 82

M in id o k a 1 5 .6 0 5 .7 0 97 ' 106

P o r t n e u f  s u b s o i l 7. 71 3 . 8 6 ' 106  • 99

S a g e m o o r 8. 37 4 .  4 6  ■ 151 111

S t a n t o n 's  C r o s s i n g I .  83 I .  36 . 46 108 •

T r a c y 2 . 2 9 I .  54 . 98 100

W a h lu k e 6. 12 2 . 3 ? 99 98

W h i tn e y 2 1 . 1 9  ' 15. 25 89 91

W i l l i a m s 7. 33 5 . 3 8 73 100

W i n c h e s t e r 8 . 7 3 3. 57 73 115 .

* M e a s u r e d  v a l u e s . M ^  f r o m 0 a n d  10 m l  s p ik in g  r a t e / l OOg

s o i l

t  V a lu e  c o m p u te d  f r o m  r e s u l t s  of 0 a n d  20 m l  s p ik in g  r a t e / IOOg '

s o i l



SU M M A RY

Tw o m e th o d s  w e r e  u s e d  to  d e t e r m i n e  s o i l  s o lu t io n  p o t a s s i u m  c o n ­

c e n t r a t i o n s ;  (a) th e  q u a n t i ty  f r o m  a  s a t u r a t i o n  e x t r a c t  a n d  (b) the  

q u a n t i ty  a s  e s t i m a t e d  f r o m  m e a s u r i n g  d i f f u s iv e  flow  in to  a  r e s i n  s in k .  

T h e s e  a m o u n t s  w e r e  n e a r l y  e q u a l  in  m o s t  s o i l s .  F r o m  th e  d i f fu s iv e  

f low  m e a s u r e m e n t s ,  i t  w a s  c a l c u l a t e d  t h a t  th e  e q u i l i b r u m  b e tw e e n  

s o lu t i o n  a n d  a d s o r b e d  p h a s e  c l o s e l y  a d h e r e d  to  th a t  of a n  i n s t a n t a n e o u s  

r e v e r s i b l e  r e a c t i o n .  T h i s  r e s u l t  i m p l i e d  th a t  th e  " c a p a c i t y  f a c t o r "  ' 

v a lu e  (to d e n o te  th e  r e l e a s e  of s o r b e d  io n s  to  d i f f u s iv e  flow ) c o u ld  

b e  u t i l i s e d .  In  t e r m s  of q u a n t i t y  of m a t e r i a l  t r a n s p o r t e d ,  th e  c a p a c i t y  

f a c t o r  c o n c e p t  d e n o t e s  t h a t  d i f f u s io n  i s  e n h a n c e d  p r o p e r t io n ad ly  to  the  

s q u a r e  r o o t  of th e  a d s o r b e d  p o o l - - a s  c o m p a r e d  to if  o n ly  th e  s o lu t io n  

c o n c e n t r a t i o n  w e re ,  p r e s e n t .  T h e  to t a l  q u a n t i ty ,  ( s o lu t io n  p lu s  a d s o r b e d )  

of p o t a s s i u m  e n t e r i n g  in to  d i f f u s iv e  f low  w a s  t h a t  w h ic h  h a s  b e e n  

n o r m a l l y  m e a s u r e d  a s  " l a b i l e "  p o t a s s i u m .

T h e  d i f f u s io n  c e l l ,  b u i l t  fo r  th i s  e x p e r i m e n t ,  w o r k e d  w e l l  w h en  

p o t a s s i u r n  a n d  c h l o r i d e  w e r e  b e in g  d e t e r m i n e d .  By c o m p a r i n g  d i f fu s io n  

f r o m  a  s o i l  w h ic h  h a d  t h e s e  m a t e r i a l s  a d d e d ,  th e  s o i l  s o lu t i o n  and  

a d s o r b e d  q u a n t i t i e s  a n d  i m p e d a n c e  t e r m s  w e r e  c a l c u l a t e d .  A ls o ,  

c a l c u l a t i o n s  d o n e  to  e s t i m a t e  th e  q u a n t i ty  of a d d i t i o n a l  p o t a s s i u m  th a t  

w ou ld  b e  n e e d e d  to b r i n g  a b o u t  a  p r e d e t e r m i n e d  f lu x  r a t e  g a v e  f a i r  

e s t i m a t e s  o f  t h e  a c t u a l  q u a n t i ty  n e e d e d .



60

S h o r t - t e r m  p l a n t  u p ta k e  o f  p o t a s s i u m  w a s  m o r e  c l o s e l y  c o r ­

r e l a t e d  w i th  th e  a c c u m u l a t i v e  d i f f u s iv e  f lu x  (a s  m e a s u r e d  f r o m  th e  

u s e  o f  th e  d i f f u s io n  c e l l )  t h a n  w i th  d i r e c t  s o i l  e x t r a c t s  m a d e  to  d e ­

t e r m i n e  s o lu t io n ,  e x c h a n g e a b l e ,  o r  l a b i l e  p o t a s s i u m .

Q u a n t i t i e s  o f  l a b i l e  a n d  s o lu t io n  p h o s p h o r u s ,  d e t e r m i n e d  f r o m  

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

l i n e a r .  T h e r e f o r e ,  th e  m a t h e m a t i c s  d e r i v e d  to  c a l c u l a t e  s o lu t io n  a n d  

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

d i f f u s iv e  f lu x  c a n  be  c o n s i d e r e d  o n ly  a  f i r s t  a p p r o x i m a t i o n .  S h o r t -  . 

t e r m  p l a n t  u p ta k e  o f  p h o s p h o r u s  w a s  b e t t e r  c o r r e l a t e d  w i th  m o s t  c h e m ­

i c a l  e x t r a c t s  t h a n  d i f f u s iv e  f lu x .  H o w e v e r ,  th e  d i f f u s io n  m e a s u r e m e n t  

(a s  w i th  p o t a s s i u m )  p r o v i d e d  f o r  e s t i m a t i n g  t h e , q u a n t i ty  o f  p h o s p h o r u s  ' 

a  s o i l  n e e d e d  to  b r i n g  a b o u t  a  p r e d e t e r m i n e d  f lu x  r a t e .  A s  th e  q u a n ­

t i t y  o f  p h o s p h o r u s  n e e d e d  to  i n c r e a s e  a  u n i t  f lu x  r a t e  v a r i e d  m a n y  ,

fo ld  b e t w e e n  s o i l s , . th e  e r r o r  a s s o c i a t e d  w i th  th e  e s t i m a t e d  p h o s p h o r u s  

• ne 'ed w a s  b e l i e v e d  to  b e  m o r e  a c c e p t a b l e .

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

p r o b l e m s  a s s o c i a t e d  w i th  th e  t h e o r y  a n d  . e x p e r i m e n t a l  m e th o d s '  u s e d ,  

a n d  to  r e s o l v e  p r o b l e m s  i n t r o d u c e d  b y  th e  e x p e r i m e n t  i t s e l f .  I n ­

c lu d e d  i s  t h a t  o f  o b t a in in g  a  b e t t e r  k n o w le d g e  o f  th e  f a c t o r s  in v o lv e d  

i n  th e  t i m e  l a p s e  b e t w e e n  a d d in g  a  s p ik in g  " m a t e r i a l  a n d  s t a r t i n g  th e  

. d i f f u s io n  p r o c e s s .  A  b e t t e r  a t t a c k  i s  n e e d e d  to  d e t e r m i n e  th e  c a ­

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

T h e  v a r i a t i o n  b e t w e e n  r e p l i c a t i o n s  i n  p h o s p h o r u s  f lu x  to  a  r e s i n  s in k

■ . "  . ■



.61

n e e d s  m o r e  c o n t r o l . . T he  t i m e  in v o lv e d  in  d o in g  th e  d i f f u s io n  t e s t  

n e e d s  s h o r t e n i n g  i f  th e  m e th o d  w e r e  to  be  u s e d  in  r o u t i n e  a n a l y s i s .  

C o r r e l a t i o n  b e t w e e n  r e s u l t s  of f i e l d  f e r t i l i t y  s t u d i e s  a n d  d i f fu s io n  

t e s t s  a r e  n e e d e d  i f  th e  d i f f u s io n  t e s t  i s  to  be  a p p l i e d  in  th a t  m a n ­

n e r .  O th e r  p la n t  n u t r i e n t s ,  b e s id e  p h o s p h o r u s  a n d  p o t a s s i u m ,  tha t 

a r e  t r a n s p o r t e d  to  th e  r o o t  m a in ly  by  d i f f u s io n  m i g h t  be  e v a l u a te d  

s i m u l t a n e o u s l y  by. t h e  d i f f u s io n  m e th o d  a n d  th u s  m a k e  th e  t e s t  

m o r e  i n c l u s i v e .
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S c i . S oc .  A m e r . P r o c . 3 5 :3 9 3 - 3 9 7 .
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l i q u id  i n t e r f a c e s  i n  s o i l  s y s t e m s .  So il  S c i . S oc . A m e r . .
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s o i l  a r o u n d  p l a n t  r o o t s  d e t e r m i n e d  f r o m  p h o s p h o r u s  d i f f u s io n .  
S o i l  S c i .  S oc . A m e r .  P r o c .  3 0 :5 9 8 -6 0 2 .

O l s e n ,  S. R . , a n d  F .  S. W a t a n a b e . 1970 . D i f fu s iv e  s u p p ly  of
p h o s p h o r u s  i n  r e l a t i o n  to  s o i l  t e x t u r a l  v a r i a t i o n s .  So il  S c i .
1 1 0 :3 1 8 -3 2 7 .

P a  t i l ,  A .  S . ,  K. M . K in g ,  a n d  M . H .  M il le  r . 1963 . S e l f - d i f ­
f u s i o n  o f  R u b id i u m  a s  i n f lu e n c e d  b y  s o i l  m o i s t u r e  t e n s i o n . '  
C a n d . J .  o f  S o i l  S c i .  4 3 :4 4 - 5 1 .
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R o w e l l ,  D . L .  , M . W. M a r t i n ,  a n d  P .  H .  N y e . 1967 . T he
m e a s u r e m e n t  a n d  m e c h a n i s m  of  io n  d i f fu s io n  in  s o i l s .  III .  
T h e  e f f e c t  o f  m o i s t u r e  c o n te n t  a n d  s o i l  s o lu t io n  c o n c e n t r a t i o n  
o n  th e  s e l f - d i f f u s i o n  o f  i o n s  in  s o i l s .  J .  o f  S o i l  S c i .  18:

■ 2 0 4 - 2 2 1 .  -

S i m s ,  J .  R . ,  a n d  F . ,  T .  B in g h a m .  1967 . R e t e n t i o n  o f  b o r o n  by  
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A p p e n d ix  A  -  R e s u l t s  of c h e m i c a l  d e t e r m i n a t i o n s  of s o i l  p o t a s s i u m  -  ( s o i l  b u lk  d e n s i t y  i s  
i n c lu d e d  f o r  c o n v e r t i n g  v o lu m e  d a t a  to  a  w e ig h t  b a s i s  i f  d e s i r e d ) .

S o i l B D t

0 s p ik in g
10 m i s  s p ik in g  
p e r  100 g s o i l*

20 m i s  s p ik in g  
p e r  100 g s o i l*  _

S o ln  K t L a b i l e  K** S o ln  K t L a b i l e  K** S o ln  K t L a b i l e  ^

c m 3g / c m

A m s t e r d a m  ■' — 1 .2 4 . 4 1  . 17. 5 I .  04 22. 8 I .  84 2 7 .0
A s t o r i a 0. 76 . 06 1 . 4 .4 1 5 . 0 .9 9 7 . 2
C a m a s  C r e e k 1 . 4 6 :  . 1 2 8 . 5 . 8 1 1 3 .1 2. 56 1 6 .2
D a y to n 1 .2 0 . 4 7 7. 8 1 .4 9 1 1 . 9 2. 63 1 6 .4
D o o r 1 . 4 2 . 10 I .  3 . 9 0 5 . 1  - 2. 33 1 1 .2  .
D r u m m e r I .  02 . 5 4 8. 5 1 .2 13. 3: 2. I -17.-5
F r a n k f o r t -  B r y c e I .  13 . 4 6 13. I 1 .0 7 18. 9 I .  88 2 2 . 4  •
J o r y 1 . 2 3 . 34 10. 2 I .  12 1 5 .4 2. 21 21. 2
L lo y d I .  38 .1 1 7 . 4 . 7 3 13. I 2. 03 18. 5
M in id o k a 1 . 4 8 I .  82 25. 5 2 .7 4 32. 3 6. 10 3 5 .7  -
P o r t n e u f I .  30 . 28 16. 9 .7 4 22. 5 1 .2 1 2 6 . 3
P o r t n e u f  s u b s o i l 1 . 3 7 . . 19 10. I .7 1 16. 6 I .  56 . 2 2 .5
S a g e m o o r I .  54 . 1 7 12. 9 . 7 3 20. 0 I .  58 24. 5
S t a n t o n 's  C r o s s i n g I .  50 . 0 4 5 . 7 . 61 11. 8 I .  26 1 6 .0
T e t o n ia I .  39 . 39 2 2 . 8 . 9 9 — - I .  64 27. 6
T r a c y . 1 .3 9 . 1 6 3. 8 I .  30 10. 3 3. 27 1 5 .6
W a h lu k e I .  36 . 12 5 . 7 . . 5 5 11. 9 I .  34 1 6 .4
W h i tn e y " 1 . 2 6 . 76 1 5 .2 I .  78 20. 0 2 . 9 6 2 4 . 3
W i l l i a m s 1 .3 9 . 34. 18. 6 1 .1 1 25. 2 2. 06 3 0 .8
W i l l a m e t t e 1 . 2 8 . 6 6 2 . 6 . 50 8 .4 I .  26 1 3 .4
W i n c h e s t e r 1 . 6 0 . 3 3 . 21. 8 I .  13 29. 0 2 . 3 8 3 3 . 9

* T h e  10 a n d  20 m l  s p ik in g  r a t e s  h a d  e q u i l iv a l e n t  to  0. 9 4  a n d  I .  82 m e q  K a d d e d /1 0 0  g 
s o i l ,  r e s p e c t i v e l y .

t  B u lk  d e n s i t y  f i g u r e s  t a k e n  f r o m  d i f fu s io n  c e l l  d a ta ,  u s in g  e q u a t io n  (39).
$ S o lu t io n  K  v a l u e s  w e r e  f r o m  s o i l  s a t u r a t i o n  e x t r a c t s  .

**  L a b i l e  K e s t i m a t e d  f r o m  C a C l^  e x t r a c t  d e n o te d  in  t e x t  a s  G r a h a m - K a m p b e l l  m e th o d .



A p p e n d ix '  B - R e s u l t s  of c h e m i c a l  d e t e r m i n a t i o n s  o f  s o i l  p h o s p h o r u s  -  ( s o i l  b u lk  d e n s i t y  i s  
i n c lu d e d  f o r  c o n v e r t i n g  v o lu m e  d a t a  to  a  w e ig h t  b a s i s  i f  d e s i r e d ) .

S o i l B D t

0 s p ik in g
10 m i s  s p ik in g  

p e r  100 g s o il*
20 m i s  s p ik in g  
p e r  100 g s o i l*

S o ln  P t . L a b i l e  P * * S o ln  P  t L a b i l e  P * * S o ln  P  t  L a b i l e  P * *

cm 3g / c m uSi/

A m s t e r d a m I .  2 4 - T . 07 ■ 39 I .  00 . 60 . 9 3 95
A s t o r i a . 7 6 ' , 0 4 •24 . . 0 3 33 .0 3 44
C a m a s  C r e e k 1 .4 6 . 10 . 62 . 3 4 103 I .  76 129
D a y to n 1 .2 0 . 1 2 133 . 1 7 178 .4 0 213
D o o r 1 .4 2 ' . 03 67 . 1 2 112 .2 1 130
D r u m m e r I .  02 . 1 6 134 . 3 6 171 .4 9 198
F r a n k f o r t -  B r y c e I .  13 . 30 219 .8 7 2-31 1 . 13 236
J o r y I .  23 . . 0 6 36 . 04 51 . 05 62
L lo y d I .  38 0 40 0 57 . 03 69
M in id o k a 1 .4 8 . 2 7  ■ 61 3. 57 100 ■ 4 . 2 9 127
P o r t n e u f I .  30 . 4 5 100 I .  92 137 2 .4 5 169
P o r t n e u f  s u b s o i l I .  37 . 20 39 . 2 9 63 1 . 2 5 H O
S a g e m o o r 1 . 5 4 . 1 3 39 . 8 9 86 . 1 .0 9 114
S ta n to n ’ s C r o s s i n g I .  50 . 0 4 20 .. 08 58 . 5 2 . 92
T e t o n ia I .  39 . 26 59 .. . 4 6 105 1 .2 9 135
T r a c y I .  39 . 08 63 . 1 7 H O — — 124
W a h lu k e I .  36 . . 4 0 68 2 . 00 94 I .  69 129

' W h i tn e y I .  26 1 . 3 9  . 150 2. 85 • 171 4 . 2 1 175
W i l l i a m s • I .  39 . 20 58 . 8 2 80 2. 58 130
W i l l a m e t t e I .  28 ; 04 73 , 0 6 101 . 11 119
W i n c h e s t e r I .  60 . 12 60 4 . 0 5 114 3 . 3 8 145 '

* T h e  10 a n d  20 m l  sp ik in g  r a t e s  h a d  e q u iv a le n t  to  72. 3 a n d  144. 5 / ie q  P / g  s o i l  a d d e d ,  
r e s p e c t i v e l y .

t  B u lk  d e n s i t y  f i g u r e s  t a k e n  f r o m  d i f fu s io n  c e l l  d a ta ,  u s i n g  e q u a t io n  (39).
$ S o lu t io n  P  v a l u e s  w e r e  f r o m  s o i l  s a t u r a t i o n  e x t r a c t s .

L a b i l e  P  e s t i m a t e d  f r o m  r e s i n  e x t r a c t i o n  a s  d e n o te d  in  t e x t .
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A p p e n d ix  G  -  C a l c u l a t e d  i m p e d a n c e  v a l u e s  (I) a n d  q u a n t i ty  o f  p o t a s s i u m  
d i f f u s in g  to  r e s i n  s in k ,  s u r f a c e  (7. 9 2  c m  ) p e r  2 4 - H our 
p e r i o d  (Mt ) 1

• S o i l I* 0 s p ik in g
10 m l  s p ik in g  20 m l  sp ik in g

p e r  100 g s o i l t  p e r  100 g s o i l t

O
/4» g JX / I o' CH J L  / <-̂*x XlT  D

. A m s t e r d a m . . 4 2 '15. 3 • 22 . 8 33. 2

A s t o r i a  $ . 11 2 .1 5 . 2  , 1 4 .4

C a m a s  C r e e k . 2 8 5. 9 . 1 4 .6 . 5 0 .5

D a y to n . 2 9 1 3 . 3 . 2 5 . 4 ' 4 0 .  I  '

D o o r . 4 6 4 . 3 ■ 1 6 . 3 35. 6

D r u m m e r  $ . 2 6 1 6 . 2 2 9 . 1 4 1 .  5

F r a n k f o r t - B r y c e  ' . 2 1 12. 3 1 8 .7  , 2 6 . 7

J o r y . 1 2 ' 6 . 4 1 6 . 1 2 2 .5

L lo y d . 1 4 ' 1 .5 12. 2 2 6 . 8

M in id o k a . 2 8 27 . 6 5 8 . 8 9 0 . 0

P o r t n e u f . 3 8 7. 6 14. 9 2 1 .8

P o r t n e u f  s u b s o i l . 4 3 ■ 9 . 0 1 8 .8 3 2 . 2

S a g e m o o r  . . 39 ■ 6. 3 1 8 . 6  " ' . 2 5 . 5

S t a n t o n 's  C r o s s i n g . . 23 3. 6 ' 7 . 6 2 0 . 8

T e t o n ia . 4 0 1 6 .5 2 5 . 4  . . 3 8 . 9

T r a c y  $ .,36 . 2 . 6 19.  6 4 7 .  6

W a h lu k e . 35 2. 6 8 . 3 1 4 .2

W h i tn e y . 33 1 6 ,4 . 2 9 . 3 4 5 . 9

W i l l i a m s . 15 8 . 8  . 1 6 . 8 2 9 . 2

W i l l a m e t t e . 32 2 . 2 8. 0 ' 17. 3

W i n c h e s t e r . 2 4 7. 9 18. I 38. I

'* I m p e d a n c e  v a l u e s  c a l c u l a t e d  f ro n d  e q u a t io n  (36), a f t e r  m e a s u r i n g  
C l"  d i f fu s io n .

t  T h e  10 a n d  20 m l  s p ik in g  r a t e s  c o n t a in e d  e q u i v a le n t  to  0 . '94  .and 
I .  82 m e q .K  a d d e d / 1 0 0  g s o i l ,  r e s p e c t i v e l y .

$ S a m p l e s  d i f f u s e d  f o r  40  h o u r s ,  r a t h e r  t h a n  24 .
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A p p e n d ix  D -  C a l c u l a t e d  im p e d a n c e  v a l u e s  (I) a n d  q u a n t i ty  of p h o s p h o r u s  
d i f f u s in g  to  r e s i n  s in k  s u r f a c e  (7. 92 c m  ) p e r  24-h o u r  
p e r i o d  (Mfc)

S o i l I* 0 s p ik in g
10 m l  s p ik in g  

p e r  100 g s o i l !
20 m l  sp ik in g  

p e r  100 g s o i l !

■ H n - O I l  0 9  ^ / 9 A. T-, T- Cr* & ■*■ / 1 • / “ t ~  *

A m s t e r d a m  . . 4 2 66 92 172

A s t o r i a * . 11 ' 7 .5 8 . 2 9 .0

C a m a s  C r e e k . 28 34 4 2 108

D a y to n . 2 9 89 58. 75

D o o r . 4 6 . 20 26 27

D r u m m e r  * . 26 89 • 104 .■ 120

F r a n k f o r t -  B s y c e . 21 68 78 85

J o r y . 12 5. 7 1 0 .0 9 . 3

L lo y d . 14 . 7 . 2  ' 7 . 2 9 . 0

M in id o k a . 2 8 45 124 . 216

P o r t n e u f . 3 8 88 82 130

P o r t n e u f  s u b s o i l . 4 3 31 • 61 ■ - 88 .

S a g e m o o r . 39 35 66 . 81

S ta n t o n ’s C r o s s i n g . 23 10. 8 . 1 4 . 5 2 8 . 2

f T e t o n ia  ' . 4 0 116 89 " 153

T r a c y * . . 36 12 18 24 -

W a h lu k e . 35 19 4 9  ■ 77 ' .

W h i tn e y . 33 121 168 217

W i l l i a m s . 15 4 3 58 85

W i l l a m e t t e . 32 39 14 29

W i n c h e s t e r ' . 24 28 69 168

* I m p e d a n c e  v a l u e s  c a l c u l a t e d  f r o m  e q u a t io n  (36), a f t e r  
m e a s u r i n g  C l "  d i f fu s io n .

t  T h e  10 a n d  20 m l  s p ik in g  r a t e s  c o n t a in e d  e q u i v a le n t  to  72. 3 
a n d  144 . 5 ^ g  P  a d d e d / g  s o i l ,  r e s p e c t i v e l y .

$ S a m p l e s  d i f f u s e d  f o r  40  h o u r s ,  r a t h e r  t h a n  24.

V.
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